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PEPTIDES AND ANTITUMOR ACTIVITY*

DEVELOPMENT AND INVESTIGATION OF SOME PEPTIDES WITH
ANTITUMOR ACTIVITY

l. Tepran

Department of Medical Chemistry, Semmelweis University of Medicine,
Puskin u. 9, H-1088 Budapest, Hungary

(Received: January 12, 1999; accepted: February 12, 1999)

We developed a group of synthetic analogs of GnRH and Somatostatin to inhibit the tumor growth of dif-
ferent kind. The GnRH analogs decreasing the gonadotrop and steroid hormone levels act on the hor-
mone dependent tumors and influence their growth. One of the most effective antitumor analog was
patented under the name FOLLIGEN which inhibited the breast cancer caused by DMBA in rats without
any side-effects. Other inhibitory analogs of GnRH with long-lasting effect were effective in the treat-
ment of breast, ovary and prostate tumors. Another analog [a-Asp(DEA)]6,GIn8-hGnRH showed a very
low endocrine but high antitumor effect in both in vitro and in vivo experiments. Its tritium labeled deriv-
ative exhibited specific binding sites on human tumor cell lines. We synthesized the analogs of GnRH-
11 with effective selective antitumor activity which does not alter the ovarian cycle of rats but inhibits
the colony-formation of human breast cancer cell lines and has a significant antiproliferative effect. We
also synthesized conjugates of potent GnRH analogs with a branched chain polylysine backbone which
induce a 33-35% decrease of cell numbers of MCF-7 and MDA-MB-231 human breast cancer cell lines
and 45-50% inhibition of cell proliferation. Another conjugate decreased the tumor growth of MDA-
MB-231xenografts by 80% in a treatment of 9 weeks and even tumor free animals could be found among
the ones treated. Using these radiolabeled peptide hormone analogs we found that human tumor cell lines
and xenografts specifically bind the GnRH conjugates. We also synthesized a series of Somatostatin
analogs which inhibit tyrosine kinases and the growth of several breast, prostate and colon tumor cell
lines. One of our best analogs was a heptapeptide, TT-232, which strongly inhibited the tyrosine kinase
activity and the cell-proliferation in different colon tumor cells. However, it did not inhibit the growth
hormone release either in vitro or in vivo from rat pituitary cells. The TT-232 was found to be effective
on 60 human tumor cell lines, it significantly inhibited the tumor growth on different animal tumor mod-
els, and induced apoptosis, as a result of which some animals became tumor free. The TT-232 inhibited
the tumor growth of PC3 prostate xenografts with 60% and caused a 100% survival of mice 60 days after
the transplantation. It is being preclinically tested at present.

We have shown that the new GnRH analogs acting without any hormonal effect and the Somatostatin
analogs with strong antitumor and tyrosine kinase inhibitory activity but no hormonal effect may repre-
sent a breakthrough in the research of the antitumor peptides, having direct effect on tumor cells.

Keywords: GnRH agonist analog - antagonist analog - antitumor activity - inhibition of tyrosine kinase
- polymer conjugates - radiolabeling - Somatostatin analog - multidrug resistance

»Prof. Istvan Teplan’s inaugural lecture for the membership of the Hungarian Academy of Sciences,
held on 17th March, 1998.

0236-5383/2000/$ 5.00 © 2000 Akadémiai Kiadd, Budapest



2 I. Teplan

ANTITUMOR ACTIVITY OF GnRH ANALOGS AND
THEIR CONJUGATES

The discovery and isolation of hypothalamic releasing hormones initiated a research
of very wide spectrum. The most important among these releasing hormones is the
Gonadotropin Releasing Hormone, a decapeptide stimulating the release of the
Luteinizing Hormone and the Folliculus Stimulating Hormone [1-4] (Fig. 1).

1 2 3 4 5 6 7 8 9
Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

Fig. 1 The amino acid sequence of human GnRH

On the basis of the endocrinological effect of GnRH some biological problems of
reproduction were expected to be treated during the application of both the GnRH
agonist and antagonist analogs.

Initiated by these expectations, efforts were started in many laboratories all over
the world (in our laboratory, too) to synthesize and investigate super active agonist
and antagonist analogs.

Our earlier results in the field of GhRH agonists have been published [5]. These
super active GnRH analogs were developed and synthesized to solve the problems of
infertility among cattle. However, before the clinical and veterinary application it
was necessary to study the mechanism of action of GnRH analogs.

In the course of these studies our first observation led to the discovery of the
desensitization and down-regulation of the LHRH receptors of the pituitary gland [6]

(Fig. 2).

Mol. Cell. Endocrinol. 30 109-120 (1983)
Fig. 2. Desensitization of LH release on GnRH treatment

Acta Biologica Hungarica 51, 2000



Peptides and antitumor activity 3

Both in vitro and in vivo experiments showed a paradox phenomenon, namely if
the GnRH dose is higher it releases fewer LH hormones than in lower concentration.
This observation is in accordance with the earlier finding according to which GnRH
is not released continuously but in a pulsative manner from the hypothalamus. The
GnRH released this way controls the reproductive processes - among others the
gonadal steroidogenesis and gametogenesis - by way of gonadotrop hormones
released from the hypophysis.

We developed a series of antagonist derivatives of GnRH analogs to inhibit the
ovulation. These antagonistic analogs act in a way completely different from the ago-
nists: they do not increase but significantly decrease the release of the LH and FSH
hormones of the hypophysis. Table 1 shows the structure and antiovulatory effect of
some antagonistic analogs.

Table |
Structure and antiovulatory effect of GnRH inhibitors
Inhibition
1 2 3 4 5 6 7 8 9 10 of ovulation Code
um
Glp- DPhe- Phe- Ser- Tyr- DPhe- Leu- Arg- Pro- Gly-NH2 1000
DPhe- DTrp- DPhe- 1000
DGlp- DCpa- DTrp- DPhe- 120
AcDCpa-DCpa- DTrp- DPhe- 50
AcDCpa-DCpa- DTrp- DPhe- DAla-NHj 10
AcDCpa- DCpa- DTrp- DLys- DAla-NIlj 8
AcDNal- DCpa- DTrp- DArg- DAla-NH2
AcDTrp- DCpa- DTrp- DLys- DAla-NH2 2 MI-1544
AcDNal- DCpa- DTrp- DCit- DAIla-NII2 3 SB-30*
AcDNal- DCpa- DPal- DCit- DAla-NI112 - SB-75**

BBRC too, 915 (1981), Peptides 3. 969 (1982), Endocrinology 110, 1445 (1982),
Peptides 4, 149 (1983),* BBRC US, 351 (1984), **PNAS 85. 1637b (1988)

The inhibitory mechanism of the GnRH agonists and antagonists developed so far
is the following: the presence of GnRH decreases the number of GnRH receptors
desensitizing them, as a consequence the release of the gonadotropins decreases.
However, the antagonist analogs have a strong bond to the hypophyseal receptors and
competitively inhibit the binding of the GnRH of endogen origin. And this way they
inhibit the secretion of LH and FSH as well. It follows that it is possible to achieve
the inhibition of the ovulation both by superactive and antagonistic analogs since the
result of both mechanisms leads to the decrease of the steroid level which blocks the
ovulation.

These observations resulted in forming a new concept which was proved later by
our experiments, namely the significant decrease of steroid level might affect the hor-
mone dependent tumors and influence their growth.

Acta Biologica Hungarica 51, 2000



4 I. TEPLAN

The application of GnRH analogs makes it possible to avoid most of the undesir-
able side-effects of other treatments which cause irreversible castration since the
steroid level can be restored after the GnRH analog treatment.

In the eighties several pharmaceutical companies developed superactive GnRH
analogs of long-lasting effect, which were effective in the treatment of breast, ovary
and prostate tumors [7-9]. Since we also had both GnRH agonist and antagonist
analogs it seemed obvious for us to study the antitumor activity of our analogs as
well. One of them the OVURELIN, D-Phe6-hGnRH[I-9]-EA which is in use for vet-
erinary application, was tested by us for its antitumor activity (Fig. 3).

OVURELIN®
Glp-His-Trp-Ser-Tyr-D-Phe-Leu-Arg-Pro-NFI-Et

Hung Pat. No.: 185 535
US Pat. No. 4 552 864

Fig. 3. The amino acid sequence of OVURELIN®

We studied the binding of tritium labeled OVURELIN in a radioreceptor assay,
and we found that OVURELIN receptors are present both in MCF-7 (Estrogen-pos-
itive) and MDA-MB-231 (Estrogen-negative) human mammary tumor cell-lines.
From our results it became obvious that the D-Phe6-hGnRH[I-9]-ethylamide ought
to be investigated in vitro antitumor assays [10-11] as in vivo studies had demon-
strated that the labeled honnone was significantly enriched in tumor cells (Table 2).

Table 2
Specific binding of (3H)OVURELIN in tumor cell suspension and membrane

Dissociation (3H)OVURELIN

constant binding capacity

(K,,x10-9 M) (pmol/mg protein)
MCF-7 cell suspension 36.48 3.95
MDA-MB-231 37.12 4.62
MCF-7 xenograft membrane fraction 30.22 3.56
MDA-MB-231 xenograft membrane fraction 30.12 4.23

J. Steroid Biochem. Molec. Biol. 38, 119 (1996)

At the same time, in vivo experiments also showed that the Zoladex and
Decapeptyl [12] dramatically decreased the weight of tumors of xenografted mice in
depo formulation after a short period of stimulation of tumor growth, while Ovurelin
and some other superagonists in non-depo formulation did not exhibit antitumor
activity even if administered twice a day. These results called our attention to the
necessity of finding a suitable device to enhance the long-lasting high concentration
of the GnRH analog in the organs.

Acta Biologica Hungarica 51, 2000



Peptides and antitumor activity 5

Besides the OVURELIN another interesting GnRH analog with antitumor activi-
ty was developed from the chicken GnRH derivative. Proceeding this development
in the middle of the eighties we produced a lot of GnRH analogs using the best com-
binations of chicken, salmon and mammal GnRH analogs.

The most effective antitumor analog was patented under the name FOLLIGEN. Its
structure and synthesis is shown in Fig. 4.

BOC-His(Dnp)OH + H-Trp-OMe

BOC-His(Dnp)-Trp-OMe Z-Pro-ONp + NHEt
Glp-OH + H-His(Dnp)-Trp-OMe Z-Pro-NH-Et
Glp-His(Dnp)-Trp-OMe BOC-Ser-OH + H-Tyr-OMe BOC-GIn-ONp + H-Pro-NH-Et
Glp-His-Trp-OMe BOC-Ser-Tyr-OMe Z-Leu-OPcp + H-GIn-Pro-NH-Et
Glp-His-Trp-N3 + H-Ser-Tyr-OMe Z-Leu-GIn-Pro-NH-Et
Glp-His-Trp-Ser-Tyr-OMe BOC-DPhe-OPcp +H-Lcu-GIn-Pro-NH-Et
Glp-His-Trp-Ser-Tyr-N2H3 BOC-DPhc-Leu-GIn-Pro-NH-Et
Glp-His-Trp-Ser-Tyr-N3 H-DPhe-Leu-GIn-Pro-NH-Et

Glp - His - Trp - Ser - Tyr - DPhe - Leu - Gin - Pro - NHEt
1 2 3 4 5 6 7 8 9
Fig. 4. The structure and chemical synthesis of FOLLIGEN

Figure 5 presents the inhibitory effect on in vivo tumor volume of the FOLLIGEN
and two other superactive analogs [13].

The % change in tumor volume

Tumor Biology 13, 44 (1992) Us Pal. No. 2218335 (1991)

Fig. 5. The effect of FOLLIGEN on the volume of breast tumors induced by DMBA

Acta Biologica Hungarica 51, 2000



6 I. Teplan

Furthermore, we have found that the FOLLIGEN inhibited the breast cancers
caused by dimethyl benzantracene (DMBA) in rats to the same extent as the
ZOLADEX {D-Ser(tBu)6 AzaGlyl0GnRH}, a product of ICI, which is in clinical
use. However, while the latter caused hormone castration and complete inhibition of
ovarian function the FOLLIGEN treatment never had these side-effects. This is due
to the different action mechanisms based on their different structures.

Parallel to tumor inhibition we also started to examine the molecular mechanism
of tyrosine kinase enzyme playing a decisive role in oncogen transformation and also
started to plan and synthesize different peptide substrate inhibitors and antigen deter-
minants.

The importance of this field is supported by the fact that the tyrosine kinase type
enzymes play a cmcial role in the regulation of cell proliferation and this is why they
are important target molecules of pharmacological research. When testing the action
mechanism of our antitumor peptides we discovered that many breast, prostate and
colony tumor cell lines have a significant tyrosine kinase activity which can be ben-
eficially influenced by peptide hormones. Thus for example, both FOLLIGEN and
another GnRH agonist the OVURELIN inhibit the tyrosine kinase activity of MDA-
MB23 1breast tumor cell line [14] (Fig. 6).

However, we found that this tyrosine kinase inhibitory effect does not correlate
necessarily with the proliferation inhibition of tumor cells, since the FOLLIGEN
decreased the tyrosine kinase activity to a lesser extent than BUSERELIN {D-
Ser(tBu)6-GnRH-(I-9)-EA}, whereas the FOLLIGEN inhibited the cell proliferation
more effectively than the BUSERELIN.

P-32 uptake/mg protein /min

0.2 .

0 j-ig/ml 5 fig/ml 20 ng/ml 20 ng/ml

m CONTROL 0O FOLLIGEN 11 BUSERELIN

Tumor Biology 12, 61-67 (1991)

Fig. 6. Effect of FOLLIGEN on the tyrosine kinase enzim activity in MDA-MB-231 human breast tumor
cell line

Ada Biologica Hungarica 51, 2000



Peptides and antitumor activity 7

Besides all these we also proved that both the FOLLIGEN and BUSERELIN have
an influence on the activity of protein kinase C. Although these hormones do not alter
the total enzyme activity, they both, but especially the FOLLIGEN, decrease the
enzyme activity in the cytosol and on the other hand, increase it in the cell membrane
to a significant extent (Fig. 7.).

P-32 uptake /mg protein /min

O CYTOSOL W MEMBRAN
Tumor Biology 12 61-67 (1991)

Fig. 7. Effect of FOLLIGEN and BUSERELIN on the protein kinase C enzyme in MDA-MB 231 cells

Our results undoubtedly seem to prove the fact that the antitumor mechanism of
the FOLLIGEN is significantly different not only in vitro but also in vivo from that
of the well-known superactive GnRH analogs in use.

We have also found in our earlier studies that the D-amino acids in the sequence
of superactive GnRH analogs can be replaced by a R-aspartyl moiety having differ-
ent substituents on its a-carboxyl group. This type of R-aspartyl residue may lead to
a very similar conformation to that of the D-amino acids e.g. the D-Ser(‘Bu) in the
structure of the BUSERELIN (Fig. 8).

On the basis of this it was to be expected that a biologically active conformation
containing a B-turn might be stabilized by this structural feature. That is why we
decided to combine the advantages ofthe low LH-release and the significant antipro-
liferative effect originating from the special structure of the FOLLIGEN with those
of the B-aspartyl substitution in order to obtain analogs of low endocrine, but with
high antiproliferative effect.

This analog proved to be the [R-Asp(DEA)]6,GIn8&hGnRH (TH-332) showing a
very low endocrine effect in both in vitro tests and in vivo experiments without alter-
ing the ovarian cycle of rats [15] (Fig. 9).

Acta Biologica Hungarica 51. 2000



8 . Teplan

Fig. 8a. The R-tum around the 6th amino acid

or R8

Biomed. Pept. Prot. 2, 33-40 (1996)
Fig. 8b. The B-tum around the R-aspartyl residue

Acta Biologica Hungarica 51, 2000



Peptides and antitumor activity 9

MAMMAL GnRH:
Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

CHICKEN-I GnRH:
Glp-His-Trp-Ser-Tyr-Gly-Leu-G//i-Pro-Gly-NH2

TT-232:
Glp-His-Trp-Ser-Tyr-B/HpfDEHj-Leu-G/n-Pro-Gly-N»

Fig. 9. The structure of GnRH analogs

The tritium labeled [3H-Tyr]5[R-Asp(DEA)]6GIN8-hGnRH specifically bound on
human tumor cell lines. In in vitro experiments the analog TH-332 inhibited the pro-
liferation of prostate tumor cell lines causing a significant apoptosis [16].

In addition to agonist analogs we extended our studies to antagonist GnRH
analogs, too. In the frame of these efforts we studied the binding properties of our
antagonist analog, the M1-1544, and found that both our agonist analog, the OVURE-
LIN and the M1-1544 antagonist analog bind to the MCF-7 and MDA-MB-231 cell
lines and presumably to the same receptors.

On the basis of our good results with the TH-332 agonist and M1-1544 antagonist
analogs, we incorporated the L--aspartyl-a-diethylamide and Gin moieties into the
antagonist sequence in the positions 6 and 8, respectively. Since in the meantime we
recognized the increased antitumor activity of the GnRH analog and its polymer con-
jugates we planned and synthesized a GnRH analog suitable for conjugation. So 5-
Tyr was replaced by Lys in the above-mentioned peptide sequence, resulting the Ac-
D-Trp13 D-Cpa2, Lys5 [B-Asp(a-DEA)]6, Ging D-AlaldNH2 (MI1-1892) (Fig. 10).

MI-1544:
Ac-D7}77-DQ?a-£>7}7?-Ser-Tyr-DLys-Leu-Arg-Pro-DAla-NH2

MI-1892:
Ac-DTrp-DCpa-DTrp-Ser-Lys-L-R-Asp(DEA)-Leu-GIn-Pro-DAla-NYI12

Biomed. Pepi. Prot. 2. 33-40 (1996)

Fig. 10. The structure of some inhibitory analogs of GnRH

In an extremely high dose this analog inhibits the release of LH induced by
hGnRH when used in in vitro superfusion assays, but in in vivo experiments it does
not influence the ovarian cycle of rats even at 20-fold higher doses than the effective
dose of the best antagonists. On the other hand, this weak antagonist exhibits signif-
icant antiproliferative and clonogenic effect [15] (Table 3).

Acta Biologica Hungarica 51, 2000



10 I. Teplan

Table S

The antitumor effect of M 1-1892 analog

Dose
1pM 30 pM 50 pM
MCF-7 colony formation 8.0 34.0 38.2
MDA-MB-231 colony formation 30.0 40.5 36.0
MCF-7 antiproliferation 21.7 26.8 35.0
MDA-MB-231 antiproliferation 18.0 20.5 35.0

Biomed. Pept. Prot. 2, 33-40 (1996)

In our in vivo experiments the MI-1892 caused about 30% inhibition of tumor
growth of the MDA-MB-231, the steroid independent human breast cancer
xenografts when mice were treated with 2°25 pg MI-1982 i.c. in every 12 h [17].

In the early "90s an interesting GnRH analog was isolated and synthesized from
the sea-lamprey [18]. After this, we started to investigate the biological effects of this
Lamprey-GnRH-I1l with the collaboration of the scientists of the Creighton
University (Omaha).

The GnRH-IIl has an interesting structure which is significantly different from
that of the mammalian GnRH (Fig. 11).

HUMAN GnRH:
Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

LAMPREY GnRH-III:
Glp-Ilis-Trp-Ser-Ais-Asp-Trp-Lys-Pro-Gly-NH2

Fig. 11 The structure of GnRH-III

The GnRH-111 does not alter the ovarian cycle of rats even in the case of large dose
administration, but on the other hand, it inhibits the colony-formation of human
breast cancer cell lines and has a significant antiproliferative effect which is compa-
rable with the antitumor activity of some well-known antagonist GnRH analogs
(Fig. 12).

From these results we have concluded that GnRH-III is an effective, naturally
occurring peptide hormone with a selective antitumor activity [19-20]. We consider
this antitumor activity of GnRH-IIl very remarkable, because GnRH-IIl contains
only the natural L-amino acids in contrast with the antagonists including 4-5 very
hydrophobic D-amino acids. Usually the metabolism of these D-amino acids is not
known well enough.

As it was shown in Fig. 11 the structure of GnRH-II1 is different from that of the
human-(mammalian)GnRH in the 5-8 amino acid sequence. Therefore it was obvi-

Acta Biologica Hungarica 51, 2000



Peptides and antitumor activity 1

Number of cells %

m CONTROL O SB-30 U MI-1544 13 GnRH-11I
US Pat. No. 5 593 965

Fig. 12. Antiproliferative effects of GnRH analogs in 50 pM dose

ous to suppose that the antitumor activity of GnRH-I11 may be connected with this
special structural feature. To prove it, a structure-biological activity study was initi-
ated to elucidate the roles of amino acids of this sequence [21]. As a result, it was
found that

i) Asp6 and Lys8 amino acids an “ionic interaction” is existing stabilizing a bio-
logically active conformation. This special conformation and the sequence of GnRH-
Il may cause the significant antitumor activity of the analog;

ii) the replacement of Trp7with Phe causes a dramatic decrease in antitumor activ-
ity, suggesting the involvement of the indole ring in the interaction of the peptide
with the receptor;

iii) the displacement of the side chain carboxyl group from a 8 to a y position in
residue 6 (Asp —Glu) does not alter the bioactive conformation of GnRH-III
(Table 4).

Since the metabolism of GnRH analogs presumably took place rather quickly in
the living organism, we synthesized more stable analogs against the enzymatic
hydrolyses. The C-terminal replacement of Gly-NH2 with ethyl amide resulted in
slight loss of antitumor activity, whereas the D-Alal0 replacement and N-terminal
pGlu with Ac-D-Trp caused a higher loss of activity.

The GnRH analogs exhibited antitumor activity only in the case of continuous and
high hormone level in the circulation. That is why different efforts have been made
to provide this possibility e.g. formulation in microcapsules and/or conjugation to
macromolecular carrier.

The MI-1544, GnRH antagonist analog, (Ac-D-Trp13D-Cpa2D-Lys6,D-Alall
GnRH) covalently bound to poly[Lys-(Ac-Glu09%6-DL-Ala3,)], (AcEAK), resulted
in the MI1-1544-AcEAK conjugate with a branched chain polylysine backbone
(Fig. 13).

Acta Biologica Hungarica 51, 2000



12 I. Teplan

Table 4
Effect of GnRH analogs on the colony formation of tumor cells
Cell lines
Analogs
MCF-7  MDA-MB-231 Ishikawa PC3 LNCaP
1. Lys5/GnRH-III 0 0 0 0 0
2. [Lys(N6-Fmoc)]5-/GnRH-111 - - - -
3. Lys5.cyclo[Asp6,Lys8]-/GnRH-111 +++ ++ + -
4. cyclo[Asp6,Lys8-/GnRH-111 +++ ++ +
5. Lys4,[Lys(NpFmoc)]8/GnRH-111 ++ +++ +t + —
6. Lys4-/GnRH-HI
7. [Lys(NEAGC)]4/GnRH-11I +++ +Ht + + -
8. Glu6-/GnRH-I111 +++ ++ 0 + -
9. Phe7-/GnRH-IU + ++ . . -
10. [Trp(For)]37, APro’-iGnRH-I11 +++ +++ ++ + -
11. /GnRH-111-(I-9)-EA ++ ++ + ++ .
12. D-Alal3/GnRH-IH 0 0 0 -
13. Ac-D-Trpl D-Alalo-/GnRH-III + 0 + - +
14. [Trp(For)]37,[3H-Pro]3-/GnRH-I111 - - - - -
15. Asu6/GnRH-111 [30] + - . - ++
16. APro%-/GnRH-111 +H+ +++ + + +++
/GnRH-LL +++ +++ + ++ +++
Decapeptyl ++ ++ + + -

0: ineffective (0-10%), +: weak (11-20%), ++: medium (21-30%), +++: strong (>30%)

J. Med. Chern. 40. 3353 (1997)

Ac -Nib

M1-1544
Ac. £§- NH2

J. Cancer Res. Clin. Oncol 120. 578 (1994)

Fig. 13. The shematic diagram of the branched chain AcEAK-peptide conjugate

Acla Biologica Hungarica 51, 2000



Peptides and antitumor activity 13

According to our in vitro experiments the M1-1544 induces a 33-35% decrease of
cell numbers of MCF-7 and MDA-MB-231 human breast cancer cell lines at a dose
of 30 pM. The biodegradable polymeric carrier ACEAK alone inhibited cell prolifer-
ation by only 13-15%, while the M1-1544-AcEAK conjugate, applied in the same
dose, was capable of producing 45-50% inhibition of cell proliferation. Our in vivo
experiments using immune suppressed mice showed that MI-1544 applied twice
daily s.c., inhibited the growth of xenografts by 30%. This effect was potentiated
(70%) by the presence of the polymeric carrier in the conjugate, while the carrier by
itself did not cause any tumor growth inhibition [22]. Thus, the polymeric polypep-
tide carrier may be supposed to increase the stability of the GnRH antagonist and to
prevent the rapid excretion of the covalently bound peptide molecule. While the
tumorous animals died after 3-4 months of tumor implantation, 25-30% of the con-
jugate treated animals became tumor-free and their lifetime was equal to the tumor-
non-treated animals (Fig. 14).

Tumor volume %

J. Cancer. Res. Clin. Oncol. 120, 578 (1994)

Fig. 14. The antitumor effects of GnRH analogs on MDA-MB-231 human breast tumor xenografts

The blood survival and the biodistribution of [18]-MI-1544 and its conjugate
([1251]-M1-1544-AcEAK) was also studied and it was found that the conjugate
showed longer blood survival and there was also a different pattern of biodistribu-
tion. The higher levels in organs and the greater blood survival resulted in an
increased whole body retention of 1A, at about 60%. AcEAK was labeled with Ulln,
too. [12In]-AcEAK-MI-1544 conjugate had a greater whole body retention of about
80%. From our studies it may be concluded that the tissue biodistribution results with
the niln-labeled and 1251-labeled MI-1544-AcEAK are unlikely to be identical [23]
(Fig. 15).
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Radioactivity in blood (%)

Fig. 15. The clearence of GnRH analogs labeled with 125 and InlIn isotopes

On the basis of these favorable results we decided to develop a more water solu-
ble, in large-scale economically producible macromolecular carrier. We found that
poly(N-vinyl-pyrrolidone-co-maleic acid) polymer (NVP-MA) could fulfdl this cri-
terion. Our analogs were also coupled to the carrier by a tetrapeptide spacer (GFLG)

(Fig. 16).

i i i
(I:O (IZO (IZO
CH-CH2- CH-CH CH-CH2- CH -CH- CH-CH2- CH -CH-
I I I I I
N \ CcO N\ Cco N CcO
O I i=0 I O I
OH OH OH

R1: OH, NH2or NH(CH2 XCH3 X:0-7
R2: GFLG-OH
R3: GFLG-GnRH antagonist MI-1544 or M1-1892

Hung. Pat. No. 212662

Fig. 16. The structure of NVP-MA-GnRH analog conjugates
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The glycin residue of the R2 spacer moiety acylated the e-amino group of Lysine
residue of the peptide hormone molecules. The spacer could keep a distance between
the backbone of the carrier and the hormone, so the conjugate could bind to the
receptor mediated by the hormone residue. On the other hand, the spacer might
undergo an enzymatic cleavage causing the peptide hormone to act as a free peptide,
too.

The effect of antagonist peptide hormones and their conjugates was tested on the
colony-forming ability of four human malignant cell lines [24] (Fig. 17). While the
hormone analogs reduced cell survival but only slightly and the copolymer (carrier-
spacer) showed also a small effect on the cloning efficiency, the survival of all cell
lines was dramatically reduced by the conjugates: the colony formation of cells
decreased to practically 0%. The effect of the compounds on proliferation of differ-
ent human cancer cell lines was studied, as well. In our in vitro experiments the con-
jugates decreased the cell proliferation at a higher rate than did the free peptide hor-
mones themselves.

Survival cells %

Cancer Detection and Prevention 20, 146 (1996)

Fig. 17. Inhibition of colony formation by GnRH analogs
and conjugates on MDA-MB-231 cell lines

On the other hand, in in vivo experiments the MI-1544-NVP-MA and M1-1892-
NVP-MA conjugates decreased the tumor growth of steroid dependent and indepen-
dent breast cancer xenografts by 40-50% [17] (Fig. 18).

The GnRH-1II-NVP-MA (P-X-GnRH-III) conjugate showed in in vivo experi-
ments outstandingly good results. It decreased the tumor growth of MDA-MB-231
xenografts by 80% in a treatment of 9 weeks and even tumor free animals could be
found. In case of MCF-7 xenografts c/a. 70% decrease of tumor growth was found
in a 6 week experiment [25] (Fig. 19).
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Tumor volume (mm3)

Treatment
Cancer Detection and Prevention 20, 153 (1996)

Fig. 18. The effect of GnRH conjugates on MDA-MB-231 xenografts

Tumor volume (cm3) CONTROL

Fig. 19. The effect of GnRH-I11 and P-X-GnRH-IIl conjugate on MDA-MB-231 xenografts

It is important to note that the conjugate did not diminish at all the number of bind-
ing sites of tumor cells, neither did the inhibition of tumor growth alter during the
long-lasting treatment. It was in good agreement with our other results when we stud-
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ied the kinetic parameters of the binding and cell-distribution of peptides and their
conjugates in our further experiments. For these studies tritium labeled peptides and
13 labeled hormone analogs were used (Fig. 20).

LAMPREY GnRH-III:
Glp-His-Trp-Ser-His-Asp-Trp-Lys-/Vo-Gly-NH2 *LG3

HUMAN GnRH ANTAGONIST:
Ac-DTrp-DCpa-DTrp-Ser-7yr-DLys-Leu-Arg-Pro-DAla-NH2 *HGA

SPACER:
-Gly-Phe-Leu-Gly- X
POLIMER CARRIER:
POLY(N-VINYL PYRROLIDON-CO-MALEIC ACID) *P
7yr-NH2

LABELED CONJUGATES:

P-X-*LG3 *P-X-LG3
P-X-*HGA *P-X-HGA

15th Amer. Pept. Symp. Abstr. 2-143 (1997)

Fig. 20. Labelling of conjugates in different positions

The tritium labeled peptides were synthesized according to our method called pre-
cursor amino acid method [26].

Using these radiolabeled peptide hormone analogs we found that GnRH conju-
gates specifically bind to human tumor cell lines and xenografts. But we could not
find any binding effect with the radiolabeled carrier. Comparing the kinetics of the
binding of free peptide hormones and their conjugates, we found that the conjugation
increases the stability of the receptor-conjugate complex, and the binding is deter-
mined by the GnRH molecule in the conjugate.

Other experiments with tumor free animals showed that the conjugation increased
the biological half-life of hormone analogs in different organs. These results are in
harmony with the phenomenon that the concentration of conjugates 5-times surpass-
es that of the free hormones in the tumor cells. Forty-eight hours after the treatment
the highest radioactivity was found in tumors and in the kidney verifying the retard
effect of conjugates which create the constant, high hormone concentration required
for tumor inhibition [27] (Fig. 21).
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Dose % in 1g tissue

Fig. 21. Doses of radioactivity in 5 organs of CBA/CA female mice after s.c. treatment

80% GnRH R+ and Steroid R+

............. 56% Steroid R+

Fig. 22. The distribution of receptor status of human breast cancers

The fundamental condition of selective antitumor effect of GnRH analogs is the
presence of GnRH receptors in the tumors. In the National Institute of Oncology
(Budapest) GnRH receptor estimations were carried out on primer breast cancer
patients parallel with steroid receptor estimations. Fifty-four per cent of breast can-
cer samples proved to be GnRH receptor positive. Fifty-six per cent of tumors were
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steroid receptor positive, while 24 per cent of them were steroid receptor negative,
but GnRH receptor positive [28] (Fig. 22).

Thus the GnRH conjugates with direct antitumor effect may be suitable for the
treatment of steroid independent breast cancer patients.

Antitumor effect ofpeptides derivedfrom Somatostatin analogs

As it is known, the native Somatostatin is a general antisecretory hormone which
inhibits the secretion of growth hormone and the release of some other hormones as
glucagon, insulin and gastrin controlling some cell functions, too.

The inhibitory effect of the Somatostatin analogs against tumor cells have been
observed in the past few years, but their clinical application as antitumor drugs was
inhibited by their nondesirable side-effects. Although some antisecretory hormones
are in use for the treatment of tumors, an intensive research is still in progress for the
development of Somatostatin analogs with more selective antitumor effect (Fig. 23).

SOMATOSTATIN
12 3 4 5 6 7 8 9 10 11 1213 14
Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH
I I

SANDOSTATIN
1 2 3 4 5 6 7 8
DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr-ol

TT-232
1 2 3 4 5 6 7
DPhe-Cys-Tyr-DTrp-Lys-Cys-Thr-NH2

Fig. 23. The structure of Somatostatin analogs

We have also produced a large number of small peptide derivatives of Soma-
tostatin in order to increase their biological action, selectivity and duration time. We
selected the cyclic octapeptide of somatostatin as a leadcompound systematically
substituting this molecule. The best of these analogs can be seen in [29] (Fig. 24).

From a large number of compounds we selected the most active analogs on the
basis of their tyrosine kinase inhibitory and antiproliferative effects. One of our best
analogs was a heptapeptide, TT-232 containing a 5 member ring of amino acids
which strongly inhibited the tyrosine kinase activity in different colon tumor cells,
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1 R-Asp(Ind)-Cys-Tyr-DTrp------ —Lys - Val - Cys-Thr-NH2
P

2. DPhe-Cys-Tyr-DTrp------ Lys - Val - Cys-Thr-NH2
1 1

3 DTic-Cys-Tyr-DTrp----- —Lys - Val - Cys-Thr-NHi
1 1

4. DPhe-Cys-His-DTrp----- Lys - Val - Cys-Thr-NHz
1

5. DPhe-Cys-Tyr- Leu----- DTrp - Leu - Cys-Thr-NH2
1 1

6. DPhe-Cys-Tyr-DTrp-----—Lys - Pro - Cys-Thr-NH2
1 e

7. TT-232: DPhe-Cys-Tyr-DTrp----- Lys Cys-Thr-NH2
T T i

8. DPhe-Cys-Tyr-DTrp----- Lys-BAla -Cys-Thr-NH2
1 1

9. DPhe-Cys-Tyr-R-Asp(Ind) -Lys - Pro - Cys -Thr-NH2

10. DPhe-Tyr-Tyr-Ant------- Lys -Val - Phe-Trp-NH2

Peptide Research 6, 281 (1993)

Fig. 24. Structure of small peptide derivatives of Somatostatin

Inhibition of tyrosine kinase %
i TT-232
100-

50 -

12 3 4 5 6 7 8

m SOMATOSTATIN
H SANDOSTATIN
O ANALOGS

BBRC 191, 681 (1993)

Fig. 25. Tyrosine kinase activity of somatostatin analogs on HT-29 colon tumor cells
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which well correlated with the cell-proliferative inhibitory effect. However, at the
same time it did not inhibit the growth hormone release either in vitro or in vivo from
rat pituitary cells [30] (Fig. 25).

We have shown that the TT-232 is not bound in the hypothalamus, the hypophysis
or in the cortex, but it is significantly bound to the tumor cells, supporting our earli-
er investigations. We have also shown that this tumorselective peptide significantly
inhibits the tumor growth on different animal tumor models (S 180 sarcoma,
Colon 26) in vivo inducing apoptosis, as a result of which some animals became
tumor free (Fig. 26).

Tumor volume (cm3

Fig. 26. The effect of TT-232 on the growth of Colon 26 tumors in mice

The TT-232 Somatostatin analog selected for drug developing purposes also
showed antiproliferative effect on many other tumor cell lines (MCF-7 human breast,
PC3 human prostate, SW 620 and HT 29 human colon tumor cells) in in vitro exper-
iments. This analog proved to be effective on more than 60 human tumor cell lines
by the measurements of the National Cancer Research Institute of the USA [31].

Figure 27 illustrates the antitumor effect of TT-232 on human breast xenograft
(MDA-MB-231) model [31].

As it can be seen, tumor-free animals could be found after the 30 day treatment,
but the response of some mice to the TT-232 treatment showed big differences. In
case of mice more sensitive against the Somatostatin analog the decrease of tumor
volume and the high inhibition of tumor growth was also observed after finishing the
treatment. The antitumor effect of the compound was significant relatively to the
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Tumor volume (cm3)

start end
PNAS 93, 12513 (1996)

Fig. 27. The effect of TT-232 on the MDA-MB-231 xenografted mice

control group. Besides this, the TT-232 inhibited the tumor in 60% in a 3-week treat-
ment on PC3 prostate tumor (Fig. 28).

The TT-232 treatment at 20 mg/kg caused 100% survival of mice 60 days after the
transplantation contrary to the control group which showed only 20% survival.

Tumor volume %

Control 5mg/kg  10mg/kg 20mg/kg

s CONTROL 0O TT-232

PNAS 93, 12513 (1996)

Fig. 28. The effect of TT-232 on PC3 xenografted prostate tumors
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This Somatostatin analog also inhibited the formation of tumor in spleen-liver
metastasis models of Lewis’ lung-tumor cells in mice (Fig. 29).

Investigating the mechanism of action of this compound we have shown that its
wide range, dose-dependent and strong antiproliferative effects are in connection
with the induction of the apoptosis, and the inhibition of the tyrosine kinases which

play an important role in apoptosis (Fig. 30).
The number of métastasés

20 -

Control TT-232 (10 mg/kg)

BBRC 191 681 (1993)

Fig. 29. The effect of TT-232 in the Lewis’-lung tumor metastasis model

Tyrosine kinase activity

0gM 0.1 (iM 1gM 10gM 30 gM

m CONTROL O TT-232
PNAS 93. 12513 (1996)

Fig. 30. The effect of TT-232 on the dose-dependence of tyrosine kinase activity
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It has also come to light that the TT-232 activates tyrosine phosphatases in HT-29
human colon tumor cells for a short period of time [32] (Fig. 31).

PTPase activity %

A
300 - e

200 -

ouMm 0.1 uM 1uM 10 yM 30 uM

m CONTROL O TT-232
Tumor Biol. 16, 621 (1995)

Fig. 31. The dose-dependence of the PTPase activity induced by TT-232

The TT-232 inhibits the tyrosine kinases in the long run, leading finally to apop-
tosis. Figure 32 shows the time dependence of apoptosis [33].

Apoptotic index

hours
control treated

Peptides (1996), p. 83.
Fig. 32. Time dependence of the apoptotic effect of TT-232 on HT-29 human colon tumor cells
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Apoptotic cells % 72%

m CONTROL 0O 10 pg/ml TT-232
PNAS 93, 12513 (1996)

Fig. 33. The apoptotic inducing effect of TT-232 in different cell lines

We have shown the strong apoptosis-inductive effect of TT-232 in many of human
cell lines [31] (Fig. 33), and it is being preclinically tested at present.

Summarizing the significance of this research we can say that while the antitumor
effect of peptide hormones was formerly regarded as a nonspecific side-effect, as a
consequence of the natural hormonal effect, we have shown that the new GnRH
analogs acting without any hormonal effect and Somatostatin analogs with strong
antitumor and tyrosine kinase inhibitory activity but no hormonal effect may be
regarded as a real breakthrough in the research of the antitumor peptides. We have
shown that these new peptide derivatives exert their in vivo antitumor activity not by
their endocrine effects.

These peptides selectively inhibit not only the proliferation of some breast,
prostate an colon tumor cells, but they also change their signal transduction mecha-
nisms and induce apoptosis.

HYDROPHOBIC PEPTIDE DERIVATIVES AGAINST
THE DRUG-RESISTANT TUMORS

To complete the review of our work searching for new and effective drug candidates
against tumors the significance of the peptide derivatives against the multidrug resis-
tance (MDR) developed in our laboratory has to be pointed out.

It is known that the majority of the tumor cells become resistant against the most
effective antitumor agents. The reason for this drug resistance is the function of a
transmembrane protein so-called P-glycoprotein or MDR1. This protein actively
inhibits the cellular uptake of antitumor drugs, which are generally hydrophobic in
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nature. We observed and proved in in vitro test systems that small peptides contain-
ing many hydrophobic groups but no polar groups at all are able to inhibit the resis-
tance of P-glycoprotein, which plays an active role in drug transport. Structure, activ-
ity and retention times of some peptides are shown in [34—35] (Table 5).

Table 5
Some effective small peptide substrates of MDR1

Structure Km (nM) Trei (min)
1 [BOC-Pro-Glu(OH)]2-Lys-OMe >50000 11
2. (Z-Pro)2Lys-OMe 1650 16
3. [BOC-Pro-Pro-Glu(OBzl)]2-Lys-OMe too 2.8
4. [BOC-Pro-Glu(OBzl)]2-Lys-OMe 40-50 34
5. (Boc-Glu(OBzl))2-DAB-OMe 30-10 3.6
6. (Boc-Glu(OBzl))2-Lys-OMe 20-30 39
7. Boc-Asp(OBzl)-Lys(Z)-OtBu 50 53
8. [BOC-Asp(OBzl)-Glu(OBzl)]2-Lys-OMe 20-60 111
9. FMOC-Glu[Lys(Z)OtBu)]2 10-20 12.5

Peptides (1996), p. 801.

On the one hand, a close correlation can be seen between the retention time mea-
sured by HPLC method and the activation constants of the ATPase enzyme attached
to the P-glycoprotein of different peptides. On the other hand, it was successfully
proved that these strongly hydrophobic peptides effectively inhibit the drug transport

O
I
Boc —NH— CH — C —
I
(CH22
I

C —OBzl
|
O

REVERSIN 205

Fig. 34. The structure of our
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out of the cells and doing so, they can stop the resistance of tumor cells in in vitro
systems. These peptide derivatives inhibit the function of P-glycoprotein and this
way the tumor cells which are resistant against vincristin can also uptake the antitu-
mor drugs e.g. vincristin.

The mechanisms of action of two peptides were investigated in detail by in vitro
methods. The most active compound the Reversin 205 (Fig. 34) was 1-2 magnitude
higher active than the Cyclosporin analog which was developed by American scien-
tists and which is being tested clinically against drug resistance at the moment.
According to the preliminary tests these peptides showed no toxicity and at the same
time they increased the survival of mice having resistant tumor.
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To demonstrate the involvement of circadian rhythm in photoperiodic time measurement, photosensitive
female blackheaded buntings were kept under different photoperiodic schedules consisting of 6 h of main
photophase coupled with scotophases of various durations. Ovarian mass and circulating plasma estradi-
ol concentration were found to be elevated in cycles of 6L:6D, 6L:36D, 6L:54D and in control 15L:9D
groups. But cycles of 6L:18D, 6L:42D and 6L:66D did not stimulate ovarian growth or elevate circulat-
ing plasma estradiol concentration. These results are consistent with the Bunning hypothesis according
to which a photoperiodic response is elicited as a result of the coincidence of light with the photoin-
ducible phase of an endogenous circadian rhythm. The results thus indicate the involvement of a circa-
dian rhythm of photoinducibility in ovarian growth and estradiol secretion.

Keywords: Photoinducible - blackheaded bunting - estradiol - external coincidence model

INTRODUCTION

An endogenous circadian rhythm with a period of 24 h is involved in various pho-
toperiodic responses of birds. To date much evidence has been gathered indicating
that photoperiodic induction of gonadal maturation involves an endogenous circadi-
an component [6, 9, 11, 12, 14, 17, 19, 26, 33, 37]. In some avian species a circadi-
an rhythm has also been implicated for photorefractoriness and its dissipation [13,
14, 22, 26, 27, 32]. It has been established that endogeous circadian rhythm are
entrained by natural light-dark cycles, their properties and functions have been test-
ed by several workers through artificial manipulation of light-dark schedules, and
Nanda and Hamner [23] first introduced resonance light-dark cycles to test the role
of endogenous circadian rhythm in the photoperiodic time measurement which
involves alternating light and dark schedules so that the amount of light experienced
is dissociated from when during the circadian period light is experienced.

* Corresponding author.
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For last three and half decades the resonance experiments have been performed to
study the involvement of circadian rhythmicity on several avian species such as
house finches (Carpodacus mexicanus), Japanese quails (Coturnix coturnix japoni-
ca), white crowned sparrows (Zonotrichia leucophrys gambelii), golden crowned
sparrows (Zonotrichia atricapilla), European starlings (Sturnus vulgaris), black-
headed bunting (Emberiza melanocephala), rose finches (Carpodacus erythrinus),
and house sparrows (Passer domesticus) [9, 10, 11, 18, 26, 28, 29, 32, 33]. Under the
Nanda—Hamner protocol the males of avian species have usually been investigated
and very few reports on females are available. The objective of the present study was
to determine whether an endogenous circadian rhythm is involved in the photoperi-
odic time measurement of female blackheaded buntings. As variables, we measured
ovarian growth and circulating plasma estradiol levels.

MATERIAL AND METHODS

The blackheaded bunting is a migratory finch that arrives in Varanasi (25°18'N;
83°TE) in the fall (September/October) and returns to its breeding grounds (West
Asia and Eastern Europe) in late spring [1]. Adult female buntings were captured
locally in December and placed in an outdoor aviary. They were acclimatized in the
laboratory for two week. Birds were exposed to short photoperiods (8L: 16D) for two
months to ensure photosensitivity. Photosensitive buntings were divided into seven
groups (n = 5 birds/group) one control and six experimental, placed in wirenet cages
(5 birds/cage) and were kept under different photoperiodic schedules 6L:6D,
6L:18D, 6L:30D, 6L:42D, 6L:54D, and 6L:66D as experimental, and 15L:9D as con-
trol.

Food and water were supplied ad libitum during light hours. The photoperiodic
chambers were illuminated by 20 W fluorescent tubes, and the light intensity was
about 400 lux at perch level. All birds were laparotomized before the beginning of
the experiments. Ovarian weight was observed in situ and compared with the stan-
dard sets of known ovarian weight. The error possible by this method is £20% [30].
Before the beginning of the experiment, four birds were killed and their blood was
collected in heparinized tubes and centrifuged at 4 °C. Blood plasma was collected
and stored at -20 °C for further assay of estradiol. On day 35, all birds from each
group were weighed and killed, and ovaries were dissected out. Blood was collected
in heparinized tubes, centrifuged and plasma was stored at -20 °C untill assayed. The
dissected ovaries were cleared of extra tissues and weighed on an electronic balance
after the luminal fluid was pressed gently on folded filter paper. The circulating plas-
ma estradiol level was measured by using an estradiol direct radioimmunoassay kit.
The radioactive was 115 and this kit was used without extraction (Biotecx laborato-
ries Inc. 6023, South loop, East Eluston, TX 77033). The kit was highly specific for
estradiol. The cross reactivity of 17R-estradiol was 100%. Statistical analysis was
done using one way analysis of variance (ANOVA) and Student’s Mest.
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RESULTS

Results obtained from present investigation is summarised in Fig. 1 Significant vari-
ations in ovarian growth (F = 194.051, df 28, 6, P < 0.001) and circulating plasma
estradiol level (F=38.706, df 14, 6, P < 0.001) were observed. With regard to pre-
treatment, significant increases (P < 0.001) in ovarian growth and plasma estradiol
level were found in control group, when exposed to long days (15L:9D), indicating
that at the time of experimental exposure, birds were completely photosensitive.

Fig. 1. Plasma estradiol level (A) and ovarian growth (B) of female blackheaded bunting in response to

different light-dark cycles, consisting of main photophase of 6 h followed by darkphase of different dura-

tions. The ovarian growth and plasma estradiol levels were significantly increased (P < 0.001) compared

to pretreatment levels in control (15L:9D) as well as 6L:6D, 6L:30D and 6L:54D groups. The photope-

riodic groups 6L:18D, 6L:42D and 6L:66D showed no significant variation with pretreatment levels of

ovarian growth and plasma estradiol concentration. Vertical lines: +Standard Error of Mean, n=5
birds/group. ND = non detectable (<10 pg/ml)
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Significant increases (P < 0.001) in ovarian mass and plasma estradiol level were also
observed in birds under photoperiod of 6L:6D, 6L:30D and 6L:54D groups. No sig-
nificant effects were observed in 6L: 18D, 6L:42D and 6L.:66D photoperiodic groups.
Further, the average ovarian gowth and plasma estradiol level of 15L:9D and 6L:6D
groups were also significantly higher (P < 0.01 and P < 0.05, respectively) than those
of 6L:54D group. The ovarian growth of 15L:9D and 6L:6D groups were also sig-
nificantly higher (P < 0.1) than that of the 6L:30D group but the difference in plas-
ma estradiol level was statistically not varied significantly. The ovarian growth was
at its minimum level (about 4-6 mg) and plasma estradiol was at its basal level in
15L:9D, 6L:6D, 6L:30D, 6L:42D and 6L:54D while it was non-detectable in 6L:18D
and 6L:66D before photostimulation.

DISCUSSION

The results of the present study show photoperiodic response in the control group
15L.:9D and birds under photoperiods of 6L:6D, 6L:30D and 6L:54D. No response
was obtained for 6L:18D, 6L:42D and 6L:66D. This clearly suggests that the pho-
toperiodically induced ovarian growth and estradiol production in female blackhead-
ed bunting involves an endogenous circadian component of photosensitivity. This is
in agreement with the external coincidence model proposed by Biinning [4] which
was further developed by Pittendrigh and Minis [24] and Biinning [5]. Using the
framework of the external coincidence model, we interpréte our data as follows: In
the 15L:9D and 6L:6D light falls daily, and in 6L:30D and 6L.:54D groups it falls at
alternate cycles in the photosensitive phase resulting in a positive response. On the
other hand, in photoperiodic groups of 6L: 18D, 6L.:42D and 6L.:66D light is restrict-
ed only to the photoinsensitive or non-photoinducible phase of the circadian rhythm,
and thus a response fails to occur [18, 28, 34].

The ovarian response of the female blackheaded bunting is consistent of several
avian species with males such as house finches [11]; Japanese quails [9, 14]; white
and golden crowned sparrow [33]; male blackheaded buntings [16, 17, 29]; yellow
throated sparrows [31], rose finches [18], and tho8e of females such as yellow throat-
ed sparrows and rose finches [28]. Wolfson [36] also observed gonadal growth in
Juncos (Junco hyemalis) under 8L:8D. In contrast, 8L:8D cycles have no gonadal
response in white and golden crowned sparrows [33]. It was suggested that the Zeit-
geber with a period of 16 h is insufficient to entrain the circadian rhythm of photo-
sensitivity in both Zonotrichia species. The plasma estradiol response also showed
consistency with earlier reports in Japanese quails, white browned sparrows and
female buntings [2, 20, 21, 35]. The blackheaded buntings in 6L:30D and 6L:54D
showed slower ovarain growth and estradiol secretion than those of 15L:9D and
6L:6D. This difference can be easily interpretable since no cycle constituted long day
treatment, except the control (15L:9D) group in usual photoperiodic sense and it has
also been reported that the role of gonadal growth decreases as a number of inter-
vening short days [7, 15]. A weak response in 6L.:30D and 6L.:54D suggests that pho-
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toinducible phase in these groups is not act as strong circadian component and is
dampened if not turned over each day by a dawn signal. A similar situation has been
reported in Japanese quail and Brahminy myna in which photosensitivity behaves
like a damped oscillator [8, 16].

While concluding two points become very clear (i) a circadian rhythm is involved
in the photoperiodic time measurement during initiation and maintenance of ovarian
growth and plasma estradiol secretion and (ii) the buntings are able to recognize the
stimulatory and non-stimulatory photoperiodic schedules assessing whether light is
in photoinducible phase or photo non-inducible phase supporting the involvement of
an endogenous circadian component during day length measurement.
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SEASONAL ADIPOSITY AND ANDROSTENEDIONE
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Relationship between changes in the body weight and circulating androstenedione concentration was
examined in order to find out their involvement in asynchronous gametic cycle of male and female S.
healhi. Body weight of both male and female bats increased from September due to accumulation of
white adipose tissue and reached to a peak in November. The body weight declined gradually due to con-
sumption of adipose tissue during December and January reaching basal level in February. A significant
correlation between body weight and serum androstenedione concentration was observed. Correlated
with maximum body weight, peak androstenedione level was found during November in both male and
female bats. Peak androstenedione level during November may be responsible for stimulating spermato-
genesis in the male, but may suppress follicular growth and ovulation in the female, thus resulting in
asynchronous gametic cycle of male and female S. heathi.

Keywords: Body weight - androstenedione - bat - reproduction - adipose tissue

INTRODUCTION

Seasonally reproductive mammalian species generally exhibit elevated circulating
gonadal steroids concentrations during the breeding season(s) and there is a corre-
sponding synchronous stimulation of gonadal activity simultaneously in both males
and females. On the contrary, in most temperate-zone vespertilionid bats, male and
female reproductive activities are not synchronous. In these bat species, final matu-
ration of Graafian follicle and ovulation in female occurs several months after the
period of peak spermatogenesis in male and time of copulation [15, 22]. The asyn-
chrony between male and female reproductive activities has led to the several unique
reproductive adaptations in these bats such as sperm storage, delayed fertilization
and delayed ovulation [5, 24, 28]. One of the proposed reason for the unique repro-
ductive asynchrony in the case of temperate-zone bats is the superimposition of the
period of hibernation on the season of reproduction [22, 24]. Studies from our labo-
ratory have shown that S. heathi, a tropical-subtropical vespertilionid bat, also

* Corresponding author, E-mail: akrishna@banaras.emet.in
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exhibits phenomenon of sperm storage and delayed ovulation [1, 17]. Our recent
studies have suggested that increase in food intake prior to winter resulted in the
increase in body weight as well as in circulating androstenedione concentration in
both male and female 5. heathi [2, 27]. Increase in androstenedione level in male
resulted in the increase in testosterone concentration and activation of gonadal activ-
ity particularly spermatogenesis whereas increase in androstenedione level in female
resulted in the suppression of follicular maturation and ovulation. This may be the
reason for asynchrony between male and female reproductive activity in the bat.
Therefore, relationship between body weight and androstenedione in both male and
female S. heathi are reported here and involvement of such relationship in asynchro-
nous reproductive activity between male and female is discussed.

MATERIALS AND METHODS

All bats were trapped alive in the areas adjacent to Banaras Hindu University
Campus. Body weight of each bat was recorded. Bats were sacrificed as soon as they
arrived in the laboratory. Their blood serum was collected and stored at -20 °C until
assayed. Location and amount of adipose tissue deposited in the body of female bats
were also recorded.

Steroid Radioimmunoassay (R1A)

Circulating concentration of androstenedione was measured by RIA. Antibodies for
androstenedione was obtained from Dr. Resko (Portland, USA). Extracted the serum
samples with 2 ml of diethyl ether, decanted the ether extract, evaporated to dryness
at 37 °C and resuspended in PBSG (0.01 M) for further analysis as described by
Abhilasha and Krishna [1].

Statistical analysis
The data were analyzed by one-way analysis of variance (ANOVA) followed by

Duncan’s test. Correlation coefficient was used to compare to data. Date are
expressed as mean £SE.

RESULTS

Monthly changes in the body weight of female and male bat are shown in Figs 1, 3.
Changes in body weight of male and female bat was marked with weight gain before
winter dormancy due to gradual accumulation of adipose tissue reaching maximum
level in November. White adipose tissue mainly accumulated subcutaneously in the
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MRS EIONS ¢ 70

MONTH

F/'g. /. Mean body weight and circulating androstenedione concentration of male S. heathi during
different months. Number of bats used during each months are indicated

Fig. 2. Correlation between body weight and circulating androstenedione concentration of male S. heathi
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NGO ogitm

MONTH

Fig. 3. Mean body weight and circulating androstenedione concentration of female S. heathi during
different months. Number of bats used during each months are indicated

Fig. 4. Correlation between body weight and circulating androstenedione concentration of female
S. heathi
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Table 1
Monthly changes in the body weight, amount of subcutaneous white adipose tissue and weight
of uterus with fetus in S. heathi

Month _Body weight _ Body weight W_hite Adipose Uterus with
in male (gm) in female (gm) tissue (gm)* fetus (gm)

August 31.0il.2 31.0i0.3 - -
September 31.80.2 30.5i0.3 0.9+0.1 -
October 35.30.1 33.0i0.7 3.9i0.4 \
November 45.00.3 45.0£0.5 11.4i0.8
December 41.0il.2 42.00.0 4.6i0.2
January 39.20.0 37.6i0.9 2.6i0.3 -
February 35.3i2.8 31.8i0.8 - 0.02i0.0**
March 31.3+0.7 33.0i0.6 - 0.03i0.0
April 31.3i0.7 32.0i0.5 - 0.06i0.0
May 34.3i0.3 36.0i0.6 - 2.47i0.21
June 29.0i0.4 42.60.6 - 3.18i0.48
July 34.0i2.6 34.20.2 - -
ANOVA <0.05 <0.05 <0.01 <0.01

Values are mean +SE of six samples.
*Data from male and female bats are pooled.
**Showed the weight of uterus only.
- Showed either only traces of adipose tissue or absence of fetus in the uterus.

neck, back, lateral abdominal and pelvic regions. The adipose tissues were gradual-
ly consumed during winter dormancy resulting in weight loss with basal level
attained in February. Females also showed an increase in weight during June due to
increase in fetal weight (Table 1).

Serum androstenedione concentrations of both male and female bat varied signif-
icantly during different calendar months (Figs 1,3). Highest level of androstenedione
in both male and female bats was observed during November when the body weight
and accumulation of adipose tissue were also maximum. Changes in the body weight
showed significant statistical correlation with serum androstenedione concentrations
in both male and female bats (Figs 2, 4). Androstenedione level was also high during
the months from April to June in female which coincided with the pregnancy in S.
heathi. A short peak of androstenedione in male during April was statistically not
significant compared with the values during March and May.

DISCUSSION

Annual changes in the body weight are reported in several microchiropterans and
these are usually associated with changes in the availability of food resources and
hibernation [3, 7, 14, 24]. Present study demonstrates seasonal variation in the body
weight of both male and female S. heathi. A gradual increase in the body weight was
observed in this bat from September to November. This increase in the body weight
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was mainly due to the accumulation of white adipose tissue as a result of overfeed-
ing prior to winter dormancy. It has been shown that the fat deposition in this species
is preceded with the period of increased insect availability (August-October) and
consumption [16]. Since the stored fat is gradually depleted during December-
January, it suggests that fat deposition is an adaptation to overcome the scarcity of
food during winter dormancy.

It has long been recognized that nutritional status can have profound effects on
reproductive function. Body fat plays a role in transmitting information about the
nutritional status of the body to the reproductive axis [6]. Periods of chronic or severe
under nutrition often result in the suppression of reproductive hormone secretion
with an accompanying decrease in fertility [8]. The effect of obesity on reproductive
activities are more complex, though only fewer studies, mainly in females, have
examined the effects of enhanced nutrition. Overfeeding produces a significant
increase in plasma insulin, IGF-I and androgen [10, 13, 21, 26]. All of these hor-
mones have anabolic properties and may facilitate the accumulation of fat in
response to energy surfeit. Increase in androgenic activity when combined with a
excess of caloric intake could lead to enlargement of abdominal adipocytes and upper
body fat predominance. The white adipocytes efficiently synthesize and store triglyc-
erides in periods of nutritional abundance and can hydrolyze and release unesterified
fatty acids when they are needed [29].

The present study demonstrates an unusually high circulating androstenedione
level in the bats coinciding with period of increased body weight. A significant cor-
relation between androstenedione and body weight was found in both the male and
female bats. A low correlation coefficient in the female (r = 0.49) as compared to the
male (r = 0.67) was due to lack of correlation between body weight and androstene-
dione during the period from March to June, when increase in the body weight was
because of fetus but not due to fat accumulation. How does obesity or overfeeding
causes increased androgen production is not clearly known, but the mechanism
seems to be identical in both the male and female bats. Hyperinsulinemia has long
been recognized as a feature of obesity [4, 9]. It is recently suggested that hyper-
secretion of insulin during obesity is probably caused by enhanced level of glucose
metabolism that is induced by increased free fatty acid due to enhance food intake
[20]. Thus, greater the degree of obesity, greater may be the pancreatic insulin pro-
duction. A similar increase in the level of circulating insulin was also observed in
S. heathi during the period of increasing body weight (September to December) [11].
A number of studies have shown a significant correlation between elevated serum
insulin and androgen levels [23, 25].

The increase in androstenedione level may be responsible for a number of effects
on the reproductive system. In female, intra-ovarian effects of excess androgen
includes inhibition of follicular growth and ovulation and an enhanced rate of follic-
ular atresia [1, 12]. Recent studies on S. heathi showed two peaks of circulating estra-
diol during reproductive cycle. First peak of estradiol during recrudescence phase in
November coincided with abnormally high serum androstenedione level and pres-
ence of nonovulatory antral follicle in the ovary. Second peak of estradiol during pre-
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ovulatory period in February coincided with low serum androstenedione and pres-
ence of ovulatory follicle in the ovary. This observation thus suggests that the pres-
ence of nonovulatory follicle during recrudescence may be because of the high serum
androstenedione level. Whereas in male, high androstenedione level may lead to
higher availability of testosterone in the testes which may lead to stimulation of tes-
ticular growth and spermatogenesis [19]. The increased testosterone level and active
spermatogenesis coinciding with the period of peak androstenedione level has
recently been demonstrated in S. heathi [18]. This differential effect of high
androstenedione on the male and female reproductive system may be responsible for
the asynchrony between male and female gametic cycle.

In conclusion, both male and female S. heathi showed an increase in the body
weight during September to November due to accumulation of adipose tissue to meet
food scarcity during winter dormancy. Coinciding with increase in the body weight,
circulating androstenedione level also increased in both the sexes. High androstene-
dione may lead to stimulation of gonadal activity in the male but may suppress fol-
licular development and ovulation in the female. The results thus suggest that obesi-
ty may have stimulatory effects on male but inhibitory effects on female reproduc-
tive activities. This may be responsible for asynchrony between male and female
gametic cycle in S. heathi.
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METHALLIBURE INHIBITION OF TESTICULAR AND
SEMINAL VESICLE ACTIVITY IN CATFISH, CLARIAS
BATRACHUS (LINN.): A STUDY CORRELATING
CHANGES IN SERUM SEX STEROID PROFILES
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The administration of methallibure (2 pg/g BW, daily for 15 days) in Clarias batrachus in prespawning
phase (May-June) resulted in decreased weights of seminal vesicle (SV) and testis, and reductions in the
concentrations of total proteins, fructose, hexosamines, and sialic acid in SV and testis. The inhibitory
changes can be attributed to impairment of steroidogenesis, serum levels of testosterone and estradiol
—17R decreased significantly. Withdrawal of methallibure treatment for 7 and 15 days resulted in grad-
ual recovery and restoration of all the above parameters except the sialic acid levels in the SV and testis,
and fructose level in the SV. The methallibure induced regressive changes in the SV and testis were dis-
cussed in the light of its GTH inhibiting property.

Keywords: Seminal vesicle - testis - catfish - total protein - fructose - hexosamine - sialic acid - testos-
terone - estradiol-178 - methallibure - gonadotropin-I1

INTRODUCTION

Seminal vesicle (SV) is a unique feature of the male reproductive system of some
teleosts, like catfishes, blennies and gobies [9, 17, 24]. In catfishes, it secretes a pro-
tein-carbohydrate-lipid-rich secretory material in which sperm are stored temporari-
ly [16, 19, 24]. Itis a steroidogenic organ as well and synthesizes a number of andro-
gens and androgen glucuronides [20]. The androgen glucuronides serve pheromonal
functions [23]. Previous studies have shown that the catfish seminal vesicle shows
seasonal histological changes that can be correlated with the annual testicular cycle
[17, 19]. Seasonal changes have been also demonstrated in the concentrations of total
proteins, fructose, sialic acid and hexosamines which are chemical constituents of the
SV secretion [19]. These biochemical parameters are good indices of SV secretory
function compared to histological, gravimetric or histochemical analyses used by
earlier authors. The secretory activity of the SV has been demonstrated to be under
the control of pituitary-gonadal-endocrine axis [16, 22]. Surgical hypophysectomy or
castration followed by replacement therapy of hormones, such as gonadotropin
(GTH) and androgens was the experimental approach adopted by Sundararaj and

* Corresponding author, E-mail: kpjoy@banaras.emet.in

0236-5383/2000/$ 5.00 © 2000 Akadémiai Kiad6, Budapest


mailto:kpjoy@banaras.emet.in

46 M. S. Singh and K. P. Joy

coworkers [16, 22] to elucidate the role of GTH and androgens in the control of tes-
ticular and SV activities. Methallibure (1.C.1. 33828; N-methylthiocarbamoyl-N’-[(l-
methylallyl)thiocarbamoylhydrazine]; a non-steroidal gonadotropin inhibitor) has
been used as an antigonadotropic agent to investigate hypophysial-gonadal relation-
ship in a variety of teleosts [5, 7, 11, 14, 15, 18, 21, 28]. Those studies have shown
that methallibure inhibits gonadotropin (GTH) secretion and gonadal functions, such
as steroidogenesis, vitellogenesis and gestation. In C. batrachus, methallibure
inhibits gonadotropin-11 (GTH-I11) secretion in a dose and sex (male 84.63%; female
65.20%) - dependent manner (our unpublished data). In the present study effects of
administration of methallibure and its withdrawal on SV and testicular activities of
C. batrachus were investigated.

MATERIALS AND METHODS
Collection and maintenance

Catfish (55-60 g) were collected in late preparatory phase (April). Males were sepa-
rated and maintained under natural photoperiod and temperature (12L : 12D;
24 £ 2 °C) for 15 days. They were treated daily for 1 h with benzanthine penicillin
(1,000,000 1U/litre) for 3 days to prevent skin infection and were fed daily with goat
liver during acclimation and the course of experiment.

Experimental design

The experiment was conducted in May-June (prespawning phase). The acclimatized
fish were divided into 7 groups of 60 each. The first group served as initial control.
Fish in this group were weighed and blood was collected by caudal puncture. The
blood samples were allowed to clot at 4 °C and centrifuged at 4000 rpm to separate
serum which was stored at -20 °C for measurement of hormones. The fish were sac-
rificed by decapitation immediately after blood collection. The testes and seminal
vesicles (SV) were removed quickly and weighed. They were stored at -20 °C for
biochemical analysis. Groups 2, 3 and 4 were injected with methallibure, a generous
gift of Mr. D. E. Riley, Zenenca Pharmaceuticals, U.K. The injections were made
intraperitoneally daily for 15 days in a dose of 2 pg/g body weight. Methallibure was
dissolved in 2% polyethylene glycol (PEG). Groups 5, 6 and 7 were injected with the
same volume of the vehicle and served as control for groups 2, 3 and 4, respective-
ly. The group 2 and 5 fish were killed after 15 days. The treatments were discontin-
ued in groups 3, 4, 6, and 7 for recovery. The fish in groups 3 and 6 were killed on
day 21 (7 days after discontinuation ofthe treatments) and groups 4 and 7 were Killed
on day 30 (15 days after discontinuation of the treatments). In all cases, serum, testis
and SV were collected and stored at -20 °C for various estimations, as described
above.

Acta Biologica Hungarica 51, 2000



Methallibure inhibition o fcatfish seminal vesicle and testis 47

Study parameters

The weight of the seminal vesicle and testis were expressed as percentage of the body
weight to calculate seminal vesicle-somatic index (SVSI) and gonado-somatic index
(GSI). Levels of total proteins, fructose, hexosamines and sialic acid in the SV and
testis were measured spectrophotometrically according to the methods of Lowry et
al. [12]; Mann [13]; Els6n and Morgan [6], as modified by Davidson [4] and Warren
[26], respectively.

Radioimmunoassay (RJA) ofserum testosterone
and estradiol-178 (E2)

E2 and testosterone RIAs were carried out according to the procedure of Abra-
ham [1]. [2,4,6,7-3H(N)] E2(sp. act. 87.0 Ci/mMol) and [1,2,6,7-3H(N)] testosterone
(sp. act. 92.1 Ci/mMol) were purchased from NEN, Boston, MA, USA and were used
for the assays. E2 antibody was a generous gift of Professor G. D. Niswender and
testosterone antibody was a generous gift of Dr. Chandana Das, AIIMS, New Delhi,
through the courtesy of the ICMR, New Delhi. The sensitivity of both assays was
found to be 10 pg/ml. E2 antiserum cross-reacted with estrone (4%) and estriol
(0.5%). The testosterone antiserum cross-reacted with 5a-dihydrotestosterone (3%),
Ad-androstenedione (4.3%), 5a-androstanediol (1.9%), progesterone (1.1%),
androstane-3a-diol (1.5%), cortisol (0.096%), androstane-3}-diol (2.5%), estradiol-
178 (0.061%) and dehydroisoandrosterone sulphate (0.72%). The intra- and interas-
say coefficients of variation (n = 5, mean £ SD) for E2were 2.28% (SD + 0.011) and
5.3% (SD £ 0.025), respectively and those for testosterone were 1.43% (SD + 0.014)
and 2.40% (SD + 0.023), respectively.

Statistical analysis
Data were expressed as means * standard error of means (SEM). The data were ana-
lyzed by one-way analysis of variance (ANOVA), followed by Newman-Keuls’ test
for multiple group comparisons.
RESULTS
Changes in SVSI and GSI
One-way ANOVA showed that the methallibure treatment caused overall significant
variations in SVSI (F = 206.36; p< 0.001), and GSI (F =222.39; p< 0.001). The
treatment caused a significant reduction of the SVSI and GSI (Newman-Keul’s test,

p < 0.05; Fig. 1). Withdrawal of the treatment elevated the values at both the inter-
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(15d) (7 d) (154d)

Fig. 1. Effects of injection of methallibure (15 days) and its withdrawal (7 and 15 days) on weights of

testis and seminal vesicle (SV) in C. batrachus (means + SE; n = 5). The values are significantly low

(p < 0.05) in the methallibure-treated and withdrawal groups compared to respective control groups
(Newman-Keuls’ test). IC - initial control; Cont - control; Meth - methallibure

vais (7 and 15 days) compared to those of the methallibure-treated group, but the val-
ues were still significantly low compared to those of the respective control (7 and 15
days) values.

Changes in serum hormone profiles

One-way ANOVA showed that methallibure treatment produced significant varia-
tions in testosterone (F =23.70; p< 0.001) and E2 (F = 1026.96; p< 0.001). The
drug treatment decreased significantly the hormone levels (Newman-Keuls’ test,
p < 0.05, Table 1). Withdrawal of the treatment resulted in gradual recovery of the
hormone levels but only the testosterone level was fully restored. The significant dif-
ference in vehicle control testosterone levels may be due to temporal variations.

Table |
Effects of injection of methallibure (15 days) and its withdrawal (7 and 15 days)
on serum levels of estradiol-178 (E2) and testosterone in C. batrachus
(means £ SE; n=5, *P < 0.05; Newman-Keuls’ test)

Group E2 (ng/ml) Testosterone (ng/ml)
Treatment
Initial Control 1.75 £0.01 3.76 + 0.47
Vehicle Control 1.92 £0.02 3.29 +0.24
Methallibure 0.75 + 0.005* 141 +0.09*
Withdrawal
Vehicle Control (7) 2.00 £ 0.025 4,78 £0.12
Methallibure (7) 0.9 +0.012* 2.18 £0.17*
Vehicle Control (15) 2.10 £0.027 812+ 121
Methallibure (15) 0.95 +0.01* 7.32+£0.22
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Changes in biochemical parameters
Total proteins

One-way ANOVA showed that methallibure treatment produced overall significant
changes in protein levels in the SV (F=32.22; p< 0.001) and testis (F = 17.49;
p < 0.001). The administration of the drug decreased significantly the protein levels
in both SV and testis (Newman-Keuls’ test, p < 0.05). Withdrawal of the treatment
resulted in recovery of protein levels only at day 15 (Fig. 2A).

Fructose

One-way ANOVA showed that the drug treatment resulted in highly significant vari-
ations of fructose levels in the SV (F=20.48; p< 0.001) and testis (F= 7.58;
p< 0.001). The treatment decreased significantly the sugar level in both SV and
testis (Newman-Keuls’ test, p < 0.05). The sugar level was still low in the SV and
testis at day 7 of withdrawal but was restored only in the testis at day 15 of with-
drawal compared to that of the respective control (Fig. 2B).

Hexosamines

One-way ANOVA showed that the drug treatment caused significant variations of the
hexosamine levels in the SV (F =3.78; p<0.01), and testis (F = 19.53, p< 0.001).
The drug treatment did not significantly alter the amino- sugar level in the SV, but
decreased it significantly in the testis (Newman-Keuls’ test, p <0.05). On with-
drawal of the treatment, the amino-sugar level was restored in the testis at day 15
(Fig. 2C).

Sialic acid

One-way ANOVA showed that the drug treatment produced significant variations of
sialic acid levels in the SV (F = 103.31; p < 0.001) and testis (F = 72.77; p < 0.001).
The administration of the drug decreased the sialic acid content beyond the detection
range in the SV and significantly in the testis. Withdrawal of the treatment resulted
in the reappearance of the SV sialic acid content in the 7-day group and gradual
recovery. However, the values were not restored in comparison to those of the respec-
tive control groups at day 7 and 15 of the withdrawal (Fig. 2D).
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DISCUSSION

The data of the present study show that the administration of methallibure inhibited
steroidogenic activity, as evident from low circulating titres of testosterone and E2
The steroid hormone inhibition can be attributed to the GTH inhibiting property of
the drug, since the serum level of GTH-1I was significantly lowered by 61.45% in the
2 pg/g BW dose group [19]. The changes were reversible as gradual recovery of hor-
mone levels was noticed upon withdrawal of the treatment; the testosterone level
recovered fully at 15 days of the withdrawal. The GTH inhibiting activity of the drug
was also reported in goldfish [2] and Heteropneustes fossilis [21]. In H.fossilis the
study has shown that the inhibition of GTH-Il secretion was due to differential
actions of methallibure on the hypothalamic monoaminergic system; the treatment
stimulated dopamine activity which is inhibitory too, and suppressed the activities of
serotonin and noradrenaline which are stimulatory to GTH-II secretion. The methal-
libure-induced inhibition of steroidogenesis was attributed to inhibition of 33-HSD
(the enzyme involved in the conversion of pregnenolone to progesterone) activity in
the testes of Cymatogaster aggregata [27, 28] and Poecilia latipinna [25], and in
both gonads of Cyprinus carpio [8]. Likewise, methallibure caused a reduction of
plasma 11-ketotestosterone in the male Atlantic salmon parr [15]. In the testis of
methallibure-treated catfish, spermatogenesis was inhibited at the spermatid-sperma-
tozoa transformation stage, the tubules were small without any lumina and contained
spermatids, spermatocytes and large spermatogonial cells like the ones in the mid-
preparatory phase [19] resulting in decreased weight of the testis (GSI). Although the
inhibitory effect of methallibure on spermatogenic activity of the testis is well docu-
mented [10], there are no reports on the effect of methallibure on the chemical con-
stituents of the testis or on the composition of seminal plasma. The present data on
methallibure-induced inhibition of proteins, fructose, hexosamine and sialic acid
indicate decreased testicular secretory activity of the testis under inhibited produc-
tion of testosterone. Apparently, this is the first report on the effect of methallibure
on biochemical constituents of the testis. The concentrations of these correlates
(except sialic acid level) were fully or partially restored after withdrawal of the drug
treatment suggesting that the changes were reversible as a result of restoration of
testosterone level.

Inhibitory effect of methallibure on the SV activity is reported for the first time in
this study. As in the testis, the SV weight and concentrations of proteins, fructose,
hexosamines, and sialic acid decreased following the drug treatment as a sequel to
the inhibition of testosterone. Histologically, the SV lobules were extensively
shrunken, reduced and empty without secretion [19]. As in the testis, almost all the
correlates were partially or fully restored after the withdrawal of the drug treatment.
However, the concentrations of sialic acid was not restored after the withdrawal, as
in the case of the testis. The gradual and slow recovery of sialic acid may suggest that
the drug might have interfered with the sialic acid metabolism directly or through
other mechanisms. In conclusion, the inhibitory actions of methallibure on the testis
and SV are mediated through the inhibition of GTH-II and testosterone production.
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In Heteropneustesfossilis, significant annual variations were observed in seminal vesicle-somatic index
(SVSI), gonadosomatic index (GSI), concentrations of total proteins, hexosamines, fructose and glucose
in both SV and testis, and in plasma testosterone with high values in late prespawning-early spawning
phases (June-July) and low or undetectable levels in resting phase (December-January) except for glu-
cose. There is an inverse relationship between the annual patterns of fructose and glucose with fructose
dominant in the prespawning and early spawning phases (June-July), and glucose in the resting phase
(November-January). The increase in the concentrations of SV and testicular protein, hexosamine and
fructose can be correlated with the increase in testosterone concentration on one hand and with the
increase of SVSI and GSI, on the other. The decrease in glucose level in the recrudescent phase may be
due to its increased conversion into fructose, the main seminal sugar in this species.

Keywords: Seminal vesicle - testis - proteins - hexosamines - fructose - glucose - testosterone - cat-
fish - annual variations

INTRODUCTION

Seminal vesicle (SV) is a unique feature of the male reproductive system of teleosts,
such as gobies, blennies and catfishes, and has been the subject of several morpho-
logical and histological/histochemical investigations [4, 11, 19, 27]. Studies in
blennies have shown that it is involved in differentiation and nutrition of spermatids;
enhancing seminal fluid viscosity by sialomucin secretion, agglutination of sperma-
tozoa helping chances of fertilization, and in storage of lipids and phospholipids dur-
ing interspawning period [7, 11]. Previous studies in catfish have shown that annual
changes in histological features of SV can be correlated with the testis [19, 20, 27].
The SV consists of an exocrine component (lobules), and a steroidogenic endocrine
component (interstitial cells) that produces androgens and glucuronides [20, 22, 27].
The exocrine secretion which peaks during prespawning-spawning phase is a gelati-
nous, viscous, yellowish fluid in which sperms are stored in an immobile state tem-
porarily and discharged during spawning [19, 20, 27]. Histochemically, the secretion
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contains complex mucopolysaccharides, proteins and lipids [19, 27]. However, quan-
titative chemical analyses on the SV secretion are scarce although the chemical com-
position of semen (testicular fluid) has been demonstrated to contain glucose, fruc-
tose, lactate, pyruvate, malate, isocitrate, glutamate, lipids, proteins, free amino
acids, enzymes, etc., in a few teleosts [5, 6, 10, 13]. However, no data are available
on the seasonal patterns of any of these constituents either in the testis or in the SV
except for reports from our laboratory [20, 24]. Such information will be useful to
understand the functional significance and hormonal control of secretory activity of
the organ. Keeping this in view, annual changes in total proteins, fructose, glucose
and hexosamines in both the SV and testis of H. fossilis were studied and correlated
with those of plasma testosterone and organ weights.

MATERIALS AND METHODS

Adult male H.fossilis (25-35 g) were collected in the second week of each month in
1994 from local fish markets in Varanasi, India. The fish were weighed and immedi-
ately sacrificed by decapitation. The SVs and testes were dissected out carefully,
weighed to nearest mg weight, washed in ice-cold 0.6% normal saline and stored at
-20 °C for biochemical analysis. Blood samples were collected in heparinized tubes
by caudal puncture. Plasma was separated and stored at -70 °C for testosterone assay.

Seminal vesicle-somatic index (SVSI): The weight of the SV was expressed in g %
of body weight (BW).

Gonado-somatic index (GSI) was expressed as weight of the testis in g % of BW.

Total proteins
Protein contents of the SV and testis were determined by the method of Lowry et
al. [14]. Optical density of the blue colour developed was read in a spectrophotome-
ter (Systronics) at 750 nm against concentrations of bovine serum albumin (Sigma)
standard.

Hexosamines
Hexosamine content was estimated by the procedure of Elsén and Morgan [3] as
modified by Davidson [2]. Optical density of the pink colour developed was mea-
sured at 530 nm. The standard curve was prepared from concentrations of a mixture
of glucosamine and galactosamine.

Fructose

Fructose content of the SV and testis was measured according to the method of Mann
[16]. The optical density of the pink brown colour (end point) was measured at 490 nm.
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Glucose

Glucose was measured by a standard glucose test reagent (acetic acid 94% + o-tolu-
idiene 6%). Tissues were homogenised in TDW and centrifuged at 3000 rpm for 10
minutes. To the supemate, 3 ml of the glucose reagent was added and shaken prop-
erly. The mixture was incubated in a boiling water bath for 10 minutes. The optical
density of the colour was measured at 630 nm.

Testosterone

Plasma testosterone was assayed by an Equate-RIA 29 testosterone diagnostic kit
procedure (Binax, Portland, USA). Plasma (0.1 ml) was incubated with 0.2 ml 13
testosterone and 0.2 ml antiserum at 37 °C for 1h. After incubation, 1.0 ml PEG-sec-
ond antibody (polyethylene glycol 6% wi/v + goat anti-rabbit antibody) was added to
all tubes, mixed by vortexing and centrifuged at 1500 x g for 20 minutes at 4 °C. The
supemate was decanted and the pellet dried. Radioactivity was taken in a Beckman
gamma counter (DP 5000). The minimum sensitivity of the assay was 18 pg per
assay.

Statistical Analysis

Seasonal data were analyzed by a one-way analysis of variance (ANOVA), followed
by Newman-Keuls’ test. Differences were considered significant at P< 0.001 for
ANOVA and at P < 0.05 for Newman-Keuls’ test.

RESULTS
SVSI and GSI

The weights of the SV and testis showed significant annual variations (SVSI,
F =370.76, P< 0.001; GSI, F= 21110, P <0.001 ; one-way ANOVA) (Fig. 1). The
lowest values were recorded during November-March. The values increased steadi-
ly during April-June and attained peak levels in early spawning phase (July).
Thereafter, it declined during postspawning phase. Newman-Keuls’ analysis showed
that the July values are significantly higher than all other values.

Testosterone

The plasma testosterone concentrations showed significant annual variations
(F =52.08, P < 0.001) with the highest value in the prespawning phase (June) (Fig. 2).
The levels decreased gradually until November and not detectable in December and
January (resting phase). Newman-Keuls’ test showed that the June value was signifi-
cantly higher (P < 0.05) than all other values except those of May and July.
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Fig. 1. Significant annual variations in seminal vesicle somatic index (SVSI) and gonadosomatic index

(GSI) in H. fossilis (Mean * SEM; n=5; One-way ANOVA: SVSI, F=37.76, P< 0.001; GSlI,

F=211.10, P< 0.001). a- comparison with SVSI values; b - comparison with GSI values. Bars show-
ing the same alphabetic letter and number are not significantly different (Newman-Keuls’ test)

Months

Fig. 2. Significant annual variation in plasma testosterone level in H.fossilis (Mean + SEM; n = 3; One-
way ANOVA: F = 5203, P <0.001). Bars showing the same number (al, a2, etc.) are not significantly
different (Newman-Keuls’ test). ND = no data
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Total Proteins

The levels of total proteins showed significant annual changes in the SV (F = 340.81,
P < 0.001) and testis (F = 176.56, P < 0.001) (Fig. 3). The protein levels were high-
er in the SV than in testis (April-August). The values increased to a peak in the
spawning phase (July), decreased drastically in August and then gradually during the
postspawning and resting phases. From Newman—KeuTs test analysis, the SV protein
level in July is significantly higher (P < 0.05) than that of all other months. The tes-
ticular protein level in June and July were not significantly different but were higher
than all other values.

Hexosamines

Concentrations of hexosamines showed significant annual variations in the SV
(F = 555.44, P <0.001) and testis (F = 528.35, P < 0.001) (Fig. 4). The levels were
higher in the SV than testis during May-August and were not detected in the SV in
the resting phase (December-January). The contents increased steadily during
preparatory to prespawning phases reaching high values in June, declined drastical-
ly in the spawning phase, and maintained a low level in the testis in resting phase.
Newman-Keuls’ analysis revealed that the SV hexosamine level in June is signifi-
cantly higher (P < 0.05) than all other values.

Months

Fig. 3. Significant annual variations in total protein level in seminal vesicle and testis of H.fossilis (Mean

+ SEM; n = 5; One-way ANOVA: SV, F = 340.81, P < 0.001 ; testis, F = 176.56; P < 0.001). a - compar-

ison with SV values; b - comparison with testis values. Bars showing the same alphabetic letter and
number arc not significantly different (Newman-Keuls’ test)
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Fig. 4. Significant annual variations in hexosamine level in the seminal vesicle and testis of H. fossilis

(Mean = SEM; n = 5; One-way ANOVA: SV, F=555.44, P < 0.001; testis, F=528.35, P < 0.001). a-

comparison with SV values; b - comparison with testis values. Bars showing the same alphabetic letter
and number are not significantly different (Newman-Keuls’ test)

Fig. 5. Significant annual variation in fructose level in the seminal vesicle and testis ofH.fossils (Mean

+ SEM; n = 5; One-way ANOVA: SV, F = 126.44, P < 0.001; testis, F = 204.71, P < 0.001). a- compar-

ison with SV values; b - comparison with testis values. Bars showing the same alphabetic letter and
number are not significantly different (Newman-Keuls’ test)
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Fructose

The concentrations of fructose showed significant annual variations in the SV
(F= 126.44, P <0.001) and testis (F =204.71, P < 0.001) with the highest values in
the prespawning phase (June) in either case (Fig. 5). The levels decreased thereafter
gradually until December and disappeared altogether in January. The levels were
higher in the testis than SV. Newman-Keuls’ test showed that the fructose concen-
trations in the SV and testis in the prespawning phase are significantly higher
(P < 0.05) than all other values.

Glucose

The concentrations of glucose were detectable throughout the year and showed sig-
nificant annual variations both in the SV (F=377.37, P<0.001) and testis
(F = 482.25, P < 0.001) with the levels higher in the testis, especially in nonbreeding
phase. The level was maximum in resting phase (December-January) and minimum
in July-August (spawning phase) (Fig. 6). Newman-Keuls’ test showed that the
December value was significantly higher than all other values in both the organs.

JUN JuL
Months

Fig. 6. Significant annual variation in glucose level in the seminal vesicle and testis of H. fossils (Mean

+ SEM; n = 5; One-way ANOVA: SV, F =377.37, P < 0.001 ; testis, F = 482.25, P < 0.001). a- compar-

ison with SV values; b - comparison with testis values. Bars showing the same alphabetic letter and
number are not significantly different (Newman-Keuls’ test)
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DISCUSSION

The annual patterns of testosterone, GSI and SVSI reported in this study are similar
to those reported earlier [12, 19, 24]. In catfishes, the SV is also steroidogenic like
the testis and synthesizes androgens, including testosterone [20, 22,23]. Testosterone
has been shown to promote spermatogenesis and SV secretory activity in both H. fos-
silis [18, 25] and C. batrachus [20]. The decline in testosterone production correlates
very well with the quiescence of these organs during the reproductive cycle.

Significant annual variations in testicular and SV concentrations of total proteins,
hexosamines and fructose were noticed in the present study, as has been reported in
C. batrachus [20]. The occurrence of these correlates in the semen (seminal fluid +
spermatozoa) of some teleosts has been reported earlier [1, 5, 6, 10, 13]. In mam-
malian epididymis and accessory sex organs, it has been documented that proteins,
hexosamines, and fructose, among others are secreted into the lumen under andro-
genic control [15, 17]. In C. batrachus, the concentrations of proteins, hexosamines
and fructose in the testis and SV showed dose-dependent increases after testosterone
administration and decreased upon cyproterone acetate (an anti-androgen) treat-
ment [20]. The increase in the concentrations of these biochemical constituents can
be correlated with the increase in plasma titre of testosterone. This is further sup-
ported by the fact that in the absence of testosterone in the resting phase (December
and January), hexosamine and fructose levels were not detectable.

Although total protein levels (including both structural and secretory proteins)
were measured in this study, the high levels in the prespawning-spawning phases
occurred along with peak spermatogenic and secretory activities in the testes and SV,
respectively. In the SV of catfish, presence of proteins complexed with carbohydrates
and lipids were demonstrated by both histochemical and qualitative biochemical tests
[19, 27]. Likewise, the presence of proteins in seminal plasma of several teleosts has
been also demonstrated [1, 5, 6]. The specific role of proteins in the semen or SV is
not clearly understood, but may have a protective or osmotic function during main-
tenance/storage of spermatozoa [6, 10]. Hexosamines are six-carbon sugars with an
amino group, present in high concentrations in reproductive organs, such as testis,
epididymis, and accessory sex organs of mammals, and are important intermediates
in the biosynthesis of sialic acid [17, 21]. Sialic acid shows annual variations in the
SV and testis of the catfish [24]. The high content of hexosamine may promote sperm
survival during maintenance and storage of the sperm and fertilization ability. In
blennies, sialomucins make the seminal fluid more viscous and facilitate agglutina-
tion of spermatozoa [7, 8]. High levels of hexosamines and sialic acid in both the
testis and SV during the prespawning-spawning phase may suggest a similar role in
the catfish.

An interesting aspect of the present study was that the testicular and SV fructose
and glucose showed significant seasonal variations with inverse relationships. The
fructose levels were the highest in the prespawning-spawning phase and the glucose
levels the lowest. To our knowledge, such an inverse relationship between the sugar
levels was shown for the first time in this study. The nature and concentration of sem-
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inai sugars show species and individual variations [1, 5, 6, 10]. In C. batrachus, fruc-
tose is the dominant sugar in the testis and SV and its level is stimulated by testos-
terone treatment in a dose-dependent manner and depressed by cyproterone acetate
treatment [20] as in most mammals [17]. In the seminal fluid of some cyprinid fish-
es, both glucose and fructose were found in equal amounts (Alburnus alburnus and
Leuciscus cephalus) or glucose in high amounts (Vimba vimba) [9, 10]. In Cyprinus
carpio, the fructose level was higher than glucose level in early spring [6]. The pre-
sent data show a positive correlation of testosterone with the fructose level and a neg-
ative correlation with the glucose level. This suggests that testosterone promotes
fructose synthesis probably from glucose. Synthesis apart, the high level of fructose
may be also due to minimal utilization as spermatozoa are present in an immobile
state. In the resting phase with regressed testis and SV containing no spermatozoa,
the low fructose to high glucose ratio suggests a minimal or lack of synthesis of fruc-
tose in the absence of testosterone resulting in high levels of glucose. Thus, during
the reproductive cycle of the catfish, distinct pools of glycolysable energy source are
maintained, fructose being specifically available for mature sperm during the peak
recrudescent phase.

In conclusion, the significant annual increases of total proteins, hexosamines and
fructose in both testis and SV which can be correlated with plasma testosterone are
associated with secretory and gametogenic activities. As chemical constituents of the
seminal fluid, they help in sperm maintenance and survival. Fructose is the main
seminal sugar as against glucose for energy requirements of spermatozoa.
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We have demonstrated the presence of the ntRNAs transcribed from the three calmodulin (CaM) genes
in the GABAergic cell line M26-1F derived from embryonic rat striatal cells and immortalized by onco-
gene transduction. Similarly as in the rat striatum in vivo, these clonal cells express CaM I, CaM Il and
CaM Il mRNAs differently, the CaM | mRNA population being the most abundant, followed in
sequence by the CaM Il and CaM Il mRNA populations. The proportions of these transcripts resemble
those in the adult striatum. The possibility of deriving immortalized cell lines from primary neuronal tis-
sue which exhibit characteristics similar to those of the tissue of origin could provide an important tool
in many types of in vitro studies.

Keywords: Calmodulin mRNASs - gene expression - immortalized cell line - in situ hybridization - stri-
atal cell line

INTRODUCTION

Two embryonic cell lines derived from rat striatal tissue were recently generated
through use of the A58 temperature-sensitive allele of the SV40 large T antigen [8].
One of these cell lines, M26-1F, is characterized by fibroblast-like, usually bipolar
morphology, expresses the SV40 large T antigen and glutamate decarboxylase, both
at the permissive (33 °C) and at the nonpermissive temperature (39.3 °C), and micro-
tubule-associated protein-2 (MAP-2) at the nonpermissive temperature. Moreover,
M26-1F cells contain GABA, have GABA uptake but are negative for vimentin.
These characteristics suggest a neuronal lineage of the M26-1F cells.

The multifunctional intracellular Ca2-receptor protein calmodulin (CaM) is
involved in the regulation of numerous processes [5, 10, 11, 19]. CaM is particular-
ly abundant in the mammalian brain [20], where it plays an important role in the
Ca2+mediated neuronal functions [9]. Apart from the many neuronal functions, CaM
is required for various nuclear functions, including cell-cycle progression and mito-
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sis [1]. As several lines of evidence point to the importance of CaM in neuronal and
cell-cycle functions, we decided to study the expression pattem of the multiple CaM
genes in immortalized striatal M26-1F cells by utilizing specific [3S]JcRNA probes
complementary to CaM mRNAs, with detection by Northern analysis and high-res-
olution emulsion autoradiography.

MATERIALS AND METHODS

The M26-1F cell line was generated by Giordano et al. [8]. The cells were plated
either on poly-L-lysine-coated (0.1 mg/ml) plastic Petri dishes or glass slides, and
incubated in a medium consisting of Dulbecco’s Modified Eagle Medium/Nutrient
Mix F 12 (Life Technologies GmbH, Eggenstein, Germany) complemented with 10%
fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin and adjusted to
pH 7.4 with 1.125 ¢/1 NaHCO03in an atmosphere containing 5% C02at 33 °C for 3
days. Cell density on the third day was 100-200 cells/ymma3. The cells grown on slides
were used for in situ hybridization, while the cells cultured in Petri dishes were treat-
ed with 0.5% trypsin for 3 min, collected, centrifuged at 2,000 g for 5 min and frozen
and stored at -86 °C for Northern analysis.

[BS]cRNA probes were prepared as previously described by Palfi et al. [14, 15].
Genomic sequences of the 3’-nonhomolog regions of CaM |, 1Land Il mRNAs [12,
13] were amplified by polymerase chain reactions (PCRs). PCRs were performed by
employing EcoR | and BamH | restriction enzyme cleavage site-extended primers.
The primer sequences complementary to rat genomic DNA were as follows: for CaM
I, 5’-~AGACCTACTTTCAACTACT, corresponding to the 30-M8 bp sequence, and
5’-TGTAAAACTCATGTAGGGG, corresponding to the 237-255 bp sequence of
exon 6; for CaM Il, 5-ATTAGGACTCCATTCCTCC, corresponding to the 1929-
1947 bp sequence, and 5’-CACAACTCCACACTTCAACAGC, corresponding to
the 2138-2159 bp sequence of exon 5; and for CaM, Il 5’-ATGATGACTGC-
GAAGTGAAG, corresponding to the 7058-7077 bp sequence, and 5’-CAGGAG-
GAAGGAGAAAGAGC, corresponding to the 7228-7247 bp sequence of exon 6.
Standard PCRs were run for 35 cycles, and the resulting PCR products were cloned
into a pcDNA3 vector (Invitrogen Corp., Carlsbad, CA, USA) and sequenced to con-
firm their identity. A cDNA fragment corresponding to exon 5 and 6 of the murine -
actin gene cloned into a pGEM vector (Promega, Madison, WI, USA) was used as
control. In vitro RNA syntheses from the purified and linearized vectors were carried
out to prepare antisense and sense [&S]cRNA probes. The complementary probe
sequences were 225 bp (CaM 1), 231 bp (CaM I1), 157 bp (CaM I1I) and 250 bp (13-
actin) long. Labeled probes were purified by size exclusion chromatography on a
ProbeQuant G-50 Sephadex micro column (Pharmacia Biotech, Uppsala, Sweden)
and the probe-specific activity was determined to be 4.1-6.3 x 10s cpm/mg.

Total RNA was prepared by the guanidinium isothiocyanate method, extracted
with phenol-chloroform-isoamyl alcohol, precipitated with isopropanol, dissolved in
guanidinium isothiocyanate solution, reprecipitated, washed in 70% ethanol and
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finally dissolved in RNase-free water. The RNA content and purity were determined
by UV spectrophotometry. For electrophoresis, RNA was denatured in a solution
containing 15% formaldehyde, 20% formamide and 10 mM MOPS buffer (10 mM
MOPS, 4 mM Na-acetate, 0.5 mM EDTA, pH 7.0) at 65 °C for 15 min. Samples
(3 po/lane) were loaded onto 1.2% agarose gel containing 20 mM guanidinium isoth-
iocyanate and 20 mM MOPS buffer and run in the same buffer at 5 VV/cm for 100 min
at room temperature (RT). RNA was pressure-transferred (PosiBlot Pressure blotter,
Stratagene Ltd., La Jolla, CA, USA) in 2 x SSC at 75 mm Hg for 60 min to Duralon-
UV nylon membrane (Stratagene) and fixed by UV crosslinking (120,000 pJ/cm2,
Stratalinker, Stratagene). Hybridization was carried out at 60 °C with [ES]cRNA
probes (1.5 x 106 cpm/lane) in a hybridization buffer (as described for in situ
hybridization, but complemented with 0.1% SDS and 5 x Denhardt’s reagent) for 20
h. Washing was performed under high stringency conditions (2 x SSC, 0.5% SDS at
RT for 5 min; 2 x SSC, 0.1% SDS at RT for 20 min; 0.1 x SSC, 0.5% SDS at 37 °C
for 20 min; 0.1 x SSC, 0.5% SDS at 65 °C for 40 min; and 0.1 x SSC at RT for 20
min). Finally, the membranes were dried at 37 °C for 30 min and processed for
autoradiography.

In situ hybridization with [355]cRNA probes was carried out according to Palfi et
al. [14, 15]. Briefly, M26-1F cells cultured on poly-L-lysine-coated slides were fixed
for 15 min in 0.01 M phosphate-buffered saline containing 4% formaldehyde,
washed twice in 2 x SSC (0.3 M NaCl and 0.03 M Na-citrate, pH 7.0) for 1 min, then
rinsed in 0.1 M triethanolamine containing 0.25% acetic anhydride for 5 min at RT.
The cells were dehydrated, air-dried and hybridized in 50 ml hybridization solution
(50% formamide, 5 x SSPE (0.75 M NaCl, 60 mM NaH2P04and 6 mM EDTA, pH
7.4), 1x Denhardt’s reagent, 10% dextran sulfate, 50 mM DTT, 100 pg/ml salmon
sperm DNA and 100 pg/ml yeast tRNA) containing 106 cpom cRNA probe/specimen.
Hybridization was performed under parafilm coverslips in a humidified chamber at
48 °C for 20 h. The slides were rinsed in 2 x SSC/50% formamide at RT for 5 min,
twice in 2 x SSC/50% formamide at 50 °C for 10 min, and in 2 x SSC at RT for 5
min. The cells were incubated in 1 x TE (0.01 M Tris and 0.001 M EDTA, pH 8.0)
buffer containing 0.5 M NaCl and 16 pg/ml RNase A for 30 min at 37 °C, rinsed
twice in 2 x SSC/50% formamide at 50 °C for 10 min, and in 2 x SSC at 50 °C for
10 min, then dehydrated, air-dried and processed for autoradiography.

Northern blots were apposed to Kodak X-AR autoradiographic film (Eastman
Kodak Co., Rochester, NY, USA) for 36 h at 4 °C. Cells cultured on glass slides
were dipped into Hypercoat nuclear emulsion (Amersham, Amersham Int., Arlington
Heights, IL, USA) and exposed for 10-30 days at 4 °C. Films and emulsion-coated
cells were developed in Kodak D19 developer for 3.5 and 5 min, respectively, at
19 °C and fixed in Kodak Fixer for 10 min at 19 °C.
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RESULTS

Northern blot analysis of the total RNA revealed 3 transcripts for CaM | (approxi-
mately 4.0 kb, 1.7 kb and 0.8 kb), a single transcript for CaM Il (approximately
1.4 kb), and one transcript for CaM Il (approximately 1.8 kb; Fig. 1). In contrast
with the in vivo studies, the two minor forms of CaM 111 (2.3 kb and 0.9 kb) were not
detected in these cells. The CaM gene expression detected in the M26-1F cells exhib-
ited similar intensity to that of the mature neurons in vivo, however the observed
CaM mRNA pattern (CaM 1 « CaM 1l » CaM Ill) differed from that of the adult rat
striatum in vivo [15]. Cultured M26-1F cells displayed their characteristic fibroblast-
like morphology at 33 °C (Fig. 2A). In situ hybridization of [38S]cRNA probes to cul-
tured M26-1F cells established a specific distribution (Fig. 2B-D). The CaM gene-
specific riboprobes labeled both the soma of the cells and their processes. Heavy
labeling was seen when CaM |- and Il-specific [38S]cRNAs were hybridized (Fig.
2B, C), while only a very low hybridization signal was observed with the CaM IlI-
specific antisense probe (Fig. 2D). No autoradiographic signal was observed when
the sense probes were hybridized, and pretreatment of sections with RNase A result-
ed in a complete loss of the measurable signals (data not shown).

— CaM |, 4.0 kb

— R-actin, 1.9 kb
— CaM 1ll, 1.8 kb
— CaM |, 1.7 kb

— CaM 1l, 1.4 kb
— CaM 1, 0.8 kb

Fig. I. Northern blot analysis of multiple CaM mRNAs expressed in M26-1F cells cultured at 33 °C for

3 days. Three mg total RNA prepared from the cells was loaded and separated in each lane. Blots were

separately probed with antisense [38S]cRNA probes for CaM 1 (lane 1), CaM 1l (lane 11) or CaM IlI (lane

111) and visualized by film autoradiography. All blots were cohybridized with a probe for R-actin which

detects a single transcript of 1.9 kb. Three transcripts for CaM | (approximately 4.0 kb, 1.7 kb and

0.8 kb), a single transcript for CaM Il (approximately 1.4 kb), and one transcript for CaM |1l (approxi-
mately 1.8 kb) were detected
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C .+ D

Fig. 2. A) Microphotograph of a safranin-counterstained M26-1F cell cultured at 33 °C for 3 days. B-D)

Representative, safranin-counterstained autoradiograms of (B) CaM I-, (C) CaM II- and (D) CaM llI-

specific mMRNA distribution in M26-1F cells cultured at 33 °C for 3 days. In situ hybridization signals

were detected over the cytoplasm around the nucleus and processes. While heavy labeling was seen with

CaM I- and W-specific [BS]cRNAs (B and C, respectively), hybridization with a CaM 111-specific probe
(C) resulted in only very low labeling. Arrows indicate cell processes. Bar: 25 pm

DISCUSSION

Several cell lines have been generated that express proteins characteristic of primary
neurons. These include cell lines from raphe neurons [18], cerebellar [10], hip-
pocampal [4, 6], and striatal cells [8, 17] and the PC 12 cell line [19]. However, there
are reports on the characterization of multiple CaM gene expression only in PC 12
cells [2, 3, 19]. For example, upon nerve growth factor treatment, PC 12 cells under-
went a 10-fold increase in CaM mRNA content and a 3-fold increase in CaM
level [2], while cAMP selectively upregulated CaM | and Il in these cells [3]. Our
present study is the first that provides an initial characterization of the CaM gene
expression in immortalized cells other than those of neuroendocrine origin.

The interest in immortalized cells stems from the possibility that they might deliv-
er a variety of factors endogenously present in these cells into the brain. As an alter-
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native to transgene expression that decreases over time, oncogene transduction to
immortalize primary cell lines has become feasible [4, 6, 7]. The possibility of deriv-
ing immortalized cell lines from primary neuronal tissue which express characteris-
tics similar to those of the tissue of origin will undoubtedly be an important tool in
many types of in vivo and in vitro studies.
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Forty-two Rhizobium strains obtained from different culture collections were evaluated quantitatively for
poly(3-hydroxy-butyric acid) [PUB] production in shake flask culture. The majority of the strains pro-
duced the maximum amount of PHB during the late exponential or stationary phase of growth. Synthesis
and accumulation of PHB in different species of Rhizobium were found to vary between 1-38% of their
dry biomass. Growth and PHB production by the Rhizobium strain TAL-640 were greatly influenced by
the C-source and D-mannitol was fundamental to both processes. The identity and purity of PHB isolat-
ed from TAL-640 have also been confirmed by UV-, IR- and 'H-NMR spectroscopic analyses.

Keywords: Rhizobium - poly(3-hydroxybutyric acid)

INTRODUCTION

Petrochemical based thermoplastics that have become part of our daily lives are now
causing serious environmental problems, mainly due to their non-biodegradability.
Use of biodegradable plastics has been identified as one of the alternatives to reduce
environmental pollution caused by plastic waste. Among the candidates for
biodegradable plastics, the polymer poly(3-hydroxybutyric acid) [PHB] has attract-
ed the attention due to its characteristic features similar to synthetic plastics and
biodegradable narure [2, 3, 6, 12]. PHB, the best-known member of polyhydroxy-
alkanoic acids [PHAS] is a reserve material that is synthesized and accumulated by a
wide variety of bacteria under nutrient-limiting conditions in the presence of excess
carbon source [1, 19].

Occurrence of PHB as the reserve compound in rhizobia has been demonstrated
by several workers [8, 9, 11, 17, 22, 24] although very little in known about the quan-
titative evaluation of the accumulated polymer in different species. Synthesis and
accumulation of PHB in different species of Rhizobium were found to vary between
35-50% of cell dry weight. Moreover, Rhizobium meliloti strain 41 was able to syn-
thesize the copolymer poly(3-hydroxybutyrate-co-3 hydroxyvalerate) at concentra-
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tions up to 55% of the biomass dry weight, containing up to 22 mol% 3-hydroxy-
valerate [12].

Accumulation of PHB in root nodules of tropical and temperate leguminous
plants [11] and Rhizobium japonicum bacteroids [13] was reported. The polymer
content has been shown to decline during maturation and to increase during senes-
cence of nodules [14]. In nodules of Viciafaba and Lupinus PHB is reported to be
involved in the maintenance of N2-fixation when the availability of photosynthate to
bacteroids is restricted [10, 15, 24]. On the other hand, Rhizobium etli was reported
to synthesize and accumulate PHB in symbiosis as well as free life [5, 7]. It was pro-
posed that in free life PHB synthesis sequestered reductive power, allowing the tri-
carboxylic acid cycle to proceed under oxygen limiting conditions [5].

In this report we describe the synthesis and accumulation of PHB by different
Rhizobium species in shake flask cultures. Production and characterization of the
polymer isolated form Rhizobium strain TAL-640 are also reported.

MATERIALS AND METHODS

Microorganisms and growth conditions

A total of 42 rhizobial strains obtained from culture collection of NIFTAL Project,
University of Hawaii; Bose Institute Culture Collection, Bose Institute, Calcutta and
Department of Botany Culture Collection, Calcutta University, Calcutta were used in
this study. The bacterial cultures were maintained on Yeast-extract mannitol agar
(YMA) medium (pH 6.8) by regular sub-culturing at monthly intervals. Inocula were
prepared in Yeast-extract mannitol broth (YMB) by incubating the strains at 30 °C
for 48 h in a rotary shaker (120 rpm). Screening of rhizobial strains for PHB pro-
duction was carried out after growing them in YMB with 2% (w/v) mannitol. The
medium (25 ml/250 ml Erlenmeyer flask) was inoculated with 2.5 ml of freshly pre-
pared inoculum and incubated in a rotary shaker (120 rpm) at 30 °C.

Determination ofgrowth
Growth of the rhizobial strains was determined by measuring the optical density of
the culture at 540 nm using a Photochem-5 (PEI Pvt. Ltd., India) visible spectropho-
tometer and also by determining the dry weights of the biomass.
Determination ofPHB
The PHB content of the bacterial cell mass was determined following the method of
Law and Slepecky [16]. The dried cell mass (2 mg) was suspended in 20 ml of alka-

line sodium hypochlorite and incubated at 37 °C for 12-16 h. The resulting suspen-
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sion was centrifuged at 12,000 x g and the residue was washed twice with equal
amount of distilled water, followed by acetone, ethanol and diethyl ether. PHB was
then extracted from the residue with 10 ml of boiling chloroform and filtered through
Whatman No. 1 filter paper. The chloroform extract was evaporated to dryness and
the residue thus obtained was dissolved in equal volume of concentrated H2S04
keeping in a boiling water bath for 10 min. The absorbance of the sample was mea-
sured at 235 nm using Varian-DMS 100S UV spectrophotometer. Authentic PHB
obtained from Sigma chemical company, USA was used as the standard.

UV spectrophotometric analysis ofthe polymer

For UV-spectrophotometric analysis polymer samples were converted to crotonic
acid following digestion in concentrated H2504 for 10 min in a boiling water bath.
Absorbance of the crotonic acid was scanned between 200-280 nm by using Varian-
DMS 100S UV spectrophotometer.

Infrared spectra ofwhole cells and PHB

The infrared spectra of whole cells and isolated PHB preparations were recorded
with a Perkin-Elmer, Model 297 IR spectrophotometer following the methods of
Stockdale et al. [20] and Wakisaka et al. [23] respectively.

NMR spectroscopic analysis o fthe polymer

'H-NMR spectrum of the purified polymer (in CDC13) was recorded in a Bruker AM
300 L (300 MHZ).

RESULTS
Accumulation of PHB

The majority of the Rhizobium strains tested was able to accumulate PHB towards
the end of the exponential phase or during stationary phase of growth when grown in
Yeast-extract mannitol broth. Twenty-three out of 42 rhizobial strains were found to
accumulate PHB and the PHB content of the rhizobial strains varied from 1to 38%
of their dry biomass with an optimum time requirement of 24-96 h (Table 1)
Rhizobium strain TAL-640 was identified as the best PHB producer and was select-
ed for some detailed studies.
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Table 1
Growth and PHB production by different Rhizobium sp.
. Optimum Biomass, PHB, % cell
Organism inm?bation, h mg/100 ml dry mass
R. leguminosarum
TAL-182 60 50.0+2.1 27.80.3
TAL-634 72 23.00.8 33.5+0.4
TAL-1397 48 18.00.0 26.6U.4
DBCC-151 72 18.W.1 13.7£0.6
DBCC-211 72 18.9U0.3 126+0.6
DBCC-241 72 23.110.9 16.9+0.3
R. meliloti
TAL-1372 48 13.6+0.5 25.7+0.6
R. loti
BICC-620 72 43.3+2.0 19.7T1.0
Rhizobium sp.
TAL-640 60 26.50.7 38.60.7
TAL-1148 48 26.2+1.8 15.9+0.4
Bradyrhizobium sp.
TAL-385 48 28.9+1.9 120+0.6
DBCC-116 24 27.02.0 18..40.6
DBCC-117 24 40.0+2.1 25.70.1
B.japonicum
BICC-705 48 64.0£2.5 12.70.0

The weak PHB producers (<10% PHB) are not shown in Table. Figures are averages of triplicates
+S.D. TAL, NIFTAL Project, Hawai; BICC, Bose Institute Culture Collection, Calcutta; DBCC,
Department of Botany Culture Collection, Calcutta University, Calcutta.

Time course ofgrowth and PHB production

Time course of growth and PHB production by Rhizobium strain TAL-640 (Fig. 1)
showed that PHB synthesis was slow until the end of the exponential phase,
increased rapidly and attained its maximum at the end of the active phase of growth.
This was followed by a sharp decline in the later stages of growth. Concomitant with
growth and PHB production the pH of the medium gradually decreased to 6.5.

Effect ofcarbon source on PHB production
Growth and PHB production by Rhizobium strain TAL-640 were significantly affect-

ed by the carbon source (Table 2). PHB accumulation was maximum (38% dry bio-
mass) with 2% (w/v) mannitol followed by sodium-fumerate and sodium-acetate at
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Fig. 1. Time course of growth and PHB production by Rhizobium sp. TAL-640.
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Effect of carbon source on growth and PHB production by Rhizobium sp. TAL-640

C source*

Glucose
Fructose
Maltose
Lactose
Sucrose
Mannitol
Na-acetate
Na-butyrate
Na-fumarate
Na-gluconate
Na-malonate
Na-propionate
Na-valerate

Table 2

Biomass PHB, % Cell
mg/100 ml dry mass
10.6 £0.4 5.7 £0.6
9.6 £0.4 5.2 £0.2
115 +0.5 6.0 £0.1
2.2 +0.2 ND
12.8 £0.6. 14.6 + 0.6
272+ 13 77+ 16
19.7 0.8 228 + 12
20.2 + 0.7 4.7 0.1
215+ 10 246 £+ 12
19.7 £0.8 18 +0.1
233+ 11 183 + 1.0
8.0 £0.2 4.6 £0.2
8.8 £0.2 2.4 +0.1

All values are average of tripicates, + SD. ND, not detected.
*Glucose, fructose, maltose, lactose, sucrose and mannitol were used at 2% (W/V) level. Sodium-
acetate, -butyrate, -fumarate, -gluconate, -malonate, -propionate and -valerate were added at 0.5% (W/V)

level.

Final pH
of the medium

6.4
6.8
6.7
6.7
6.7
6,7
7.0
7.1
7.5
7.0
7.0
6.0
6.2
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MANNITOL, % (w /v)

Fig. 2. Growth and PHB production by Rhizobium sp. TAL-640 as influenced by mannitol concerations.
M1 Cell mass; N\ \I PHB

0.5% (w/v). The strain failed to accumulate PHB with lactose although it allowed
feeble growth. The optimum concentrations of mannitol for growth and PHB pro-
duction were 2 and 3% (w/v), respectively (Fig. 2).

Isolation and characterisation ofPHB

Rhizobium sp. TAL-640 was grown in PHB production medium under shake condi-
tion (120 rpm) at 30 °C for 60 h. Cell mass was harvested by centrifugation (at
12,000 Xg), washed thoroughly with distilled water and dehydrated with acetone.
The PHB was extracted with chlorofonn at room temprature and the process was
repeated for three times. The chlorofonn extracts were pooled, concentrated under
reduced pressure and precipitated with double volume of pre-chilled diethyl ether.
The pellet was redissolved in chlorofonn and reprecipitated with diethyl ether. The
process was repeated twice and the polymer was obtained as white mass.

The polymer was highly soluble in chloroform, IN sodium hydroxide, dimethyl
formamide and acetic anhydride; moderately soluble in pyridine, dioxane and
toluene; but insoluble in water, alkaline hypochlorite, acetone, ethanol, methanol,
propanol and diethyl ether.

The purified polymer when digested with concentrated H2S04 in a boiling water
bath for 10 min. gave a sharp peak at 235 nm characteristic of crotonic acid (Fig. 3).

The infrared spectra (Fig. 4) of whole cells and isolated PHB showed the presence
of a sharp peak at 1734 cmrlcharacteristic of ester carbonyl stretching (C=0).

Acta Biologica Hungarica 51, 2000



PHB production by Rhizobium sp. 79

WAVELENGTH, [TT)

Fig. 3. Comparsion of UV-absorption spectra of polymer (*) isolated from Rhizobium sp. TAL-640 with
that of authentic PHB (O)

The Ti-NMR spectroscopic study (Fig. 5) revealed that the peak at 1.4 PPM rep-
resented the —€H3 group. The doublet at 2.4-2.6 PPM showed the two protons of
-CH2group. The third peak at high s-value (5.2-5.6 PPM) represented the -CH
group due to the presence of adjacent etherial oxygen. The last peak was due to an
alcoholic -OH group, possibly from the (-CH2CO) group of the polymer.

Fig. 4. Infrared absorption spectra of whole cells (J1) and PHB (B) of Rhizobium sp. TAL-640
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-CH3

PPM

Fig. 5. 'NMR spectra of PHB isolated from Rhizobium sp. TAL-640

DISCUSSION

Nearly some 55% of the rhizobial strains so far tested were found to synthesize PHB
during nitrogen-limiting and carbon excess conditions. Moreover, strains beloging to
the same species were found to accumulate different amounts of PHB, for example
strains TAL-1397 andTAL-182 of R. leguminoserum (Table 1). Similar results were
also obtained by Tombolini and Nuti [21].

Unlike other organisms, the accumulation of PHB by Rhizobium TAL-640 after
the cessation of growth may be due to the flow of carbon towards cellular metabo-
lism or delayed appearance of enzymes concerned with PHB synthesis in the active-
ly growing cells. These results also support the earlier observations of Patel and
Gerson [18] who demonstrated that PHB synthesis in Rhizobium NZP 2037 was slow
during its active growth phase, but increased during the late exponential phase. The
sharp decline of PHB in the later stages of growth indicate possible utilization of
polymer as source of carbon and energy.

The utilization of mannitol for better growth and PHB accumulation by the strain
TAL-640 is interesting. Casella et al. [4] in their studies with wild type Rhizobium
hedysari’strain HCNT 1and heat shock mutants also demonstrated that D-mannitol
was fundamental to cell growth and PHB production. Carbon source utilization pat-
tem, therefore, indicates that PHB synthesis by a particular strain is not determined
by high C:N ratios alone but also requires easily utilizable carbon source.

Results of isolation and characterization of PHB have confirmed and extended our
knowledge of the PHB producing potential of the Rhizobium strains in the free liv-
ing state. Further, they also indicate that some selected rhizobial strains could be
effectively utilized as a biological source for the production of biodegradable bio-
plastics.
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EFFECTS OF 5-AMINOLEVULINIC ACID
ON PIGMENT FORMATION AND CHLOROPHYLLASE
ACTIVITY IN FRENCH BEAN LEAF

H. M. E1-Saht
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Chloroplast development and chlorophyll biosynthesis are co-regulated. Treatment by levulinic acid
resulted in a linear relation in both chlorophyll and carotenoid contents, during greening of etiolated
French bean leaf discs. Chlorophyll biosynthesis appeared to control that of caroteins. In the prsence of
levulinic acid; at different levels, photosystem Il (PS II) activity decreased when expressed on a chloro-
phyll basis. Chlorophyllase activity was increased progressively by increasing levulinic acid concentra-
tion. Thus, levulinic acid could be used to arrest the light-induced chloroplast development at a desired
phase of greening and acts as determinator of chloroplast development in green tissues.

Keywords: Chlorophyll biosynthesis - carotenoid biosynthesis - levulinic acid - chlorophyllase activity
- photosystem Il activity - French bean leaf discs

INTRODUCTION

Chloroplast development has been studied using the study of chloroplast biogenesis
method during phototransformation of etioplasts to chloroplasts after exposing the
etiolated tissues to light [10].

When etiolated tissues are illuminated, only a limited amount of chlorophyll “a”
accumulates during a lag phase of a few hours after which time, levels of both chloro-
phyll “a” and “b” increase rapidly. Newly synthesized chlorophyll “a” is incorporat-
ed into apoproteins of P 700-chl. “a”-protein complex (CPI)and chi. “a”-protein com-
plex of photosystem Il (CPA) which are used for the formation of the core of photo-
systems [4, 26]. Some of the chi. “a” is converted to chi. “b”, which is incorporated
into light harvesting chi. “a”-protein complex of photosystem Il (LHCH) apopro-
teins, together with chi. “a” to form antenna complexes [26].

Chlorophyll plays an important role in plastid development [5, 10, 24].

Chlorophyll and carotenoids synthesized during the greening process bind to
apoproteins and form light-harvesting chlorophyll protein complexes that harvest

* Corresponding author.
Abbreviations: ALA, 8-aminolevulinic acid; Chi., chlorophyll; Car., carotenoid; LHCP IlI, light har-
vesting chlorophyll-protein complex II.

0236-5383/2000/% 5.00 © 2000 Akadémiai Kiadd. Budapest



84 H. M. E1-Sant

solar energy and transfer it to the reaction center. Therefore, inhibition of chlorophyll
biosynthesis could lead to the down regulation of chloroplast development.

Levulinic acid (ALA), inhibits the first enzyme in the chlorophyll biosynthetic
pathways, ALA dehydratase, which condenses two molecules of ALA to porpho-
bilinogen [13]. Application of levulinic acid to a developed green plant will not have
much impact as its photosynthetic apparatus is already well developed. The rate of
chlorophyll synthesis in a mature plant is also significantly lower than those of a
developing and greening seedling [10].

Treatment with levulinic acid, delays the accumulation of LHC Il and the appear-
ance of PS Il activity during greening [14]. It was reported that chi. “b” was formed
when the size of the poole of chlorophyllide “a” exceeded a threshold value [18].
These observations suggest that the accumulation of chi. “b” and LHC Il may be cor-
related with the rate of synthesis of chi. “a” [26].

In the light of the above-mentioned survey of literature showing close interrela-
tionship between chloroplast development and levulinic acid, this investigation stud-
ied pigment formation by exposing etiolated french bean leaf discs to light in the
presence of the chlorophyll biosynthesis inhibitor (levulinic acid).

MATERIAL AND METHODS

Time course experiment

French bean (Phaseolus vulgaris var. contender) seedlings were grown in plastic
dishes in the dark for 11 days at 25 °C and were watered with 1/4-strength
Hoagland’s solution. Leaf discs (0.5 cm) were excised from the basal part of leaf in
the dark from etiolated plants and were incubated in 1/4-strength Hoagland’s solu-
tion without or with the increasing concentration (0-15 mM) of levulinic acid (ALA)
pH adjusted to (5.0) in Petri dishes for 4 hours in the dark to allow sufficient time for
diffusion of levulinic acid [10]. The incubation medium was supplemented with
50 pM Kinetin to prevent senescence. Subsequently the leaf discs were transferred to
light (3500 Lux) obtained from white fluorescent lamps (Philips 40 W) and incubat-
ed for 48 hours at 22 °C.

Analytical methods
Determination ofpigments
Photosynthetic pigments (chi. “a”, chi. “b” and carotenoids) were determined using
the spectrophotometric method as developed by Metzer et al. [16].
A known fresh weight of leaf discs was homogenized in 85% aqueous acetone for
5 min. The homogenate was suction filtered through Whatman No. 1 paper. The fil-

tered extract was made up to volume with 85% acetone. The extract was measured
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against a blank of pure 85% aqueous acetone at three wavelengths of 452.5, 644 and
663 nm using a Spekol spectrocolourimeter. Taking into consideration the dilution
made, it was possible to determine the concentrations of pigment fractions (chi. a,
chi. b and carotenoids) as pg/cm3using the following equations:

Chi.a= 103 E63- 0.918 EsM = pg/cm3
Chi. b= 19.7 E&M- 3.870 E6B = pg/cm3

Carotenoids = 4.2 E425- (0.0264 chi. a + 0.426 chi. b) = pg/cm3

Hill reaction assay (PS Il reaction)

As described by Amon [2], leaf discs were used for preparation of chloroplast pellets
that were suspended in 1 mM Tricine-NaOH (pH 7.8), 10 mM NaCl and 10 mM
MgCl2and then kept at 0.4 °C until required.

PS Il activity, as indicated by the rate of 2,6-dichlorophenol indophenol (DCPIP)
photoreduction was monitored at 606 nm using a Spekol spectrocolourimeter.

Chlorophyllase preparation and assay

As described by Johnson-Flangan and Spencer [11], chloroplast pellets were resus-
pended in a small volume (0.8-1.0 cm3 of ice-cold chlorophyllase resuspension
buffer (5 mM Na phosphate buffer, pH 7.0, 50 mM KC1 and 0.24% Triton-X-100),
vortexed briefly and stored on ice. Chlorophyllase activity was measured by HPLC
over a 6 minutes assay period using a modification of a previously published method
[11]. Chlorophyllase assay buffer 0.5 cm3 (0.1 M Na-phosphate buffer, pH 7.0,
0.24% Triton-X-100) was equilibrated at 35 °C and the reaction was initiated by the
addition of 0.5 cm3chloroplasts, adjusted with resuspension buffer to contain 200 pg
protein. Each assay was run with a final chi. a concentration of 8 pM, was added to
preparations derived from leaf discs without levulinic acid. A 0.4 cm3aliquot was
removed at time zero mixed with an equal volume of methylene chloride, vortexted
and pigments were extracted. Dephylation was allowed to proceed in the remaining
assay mix for 6 min. at 35 °C in the dark, after which a second 0.4 cm3aliquot was
removed. Pigments were pardoned into methylene chloride, the extracts were dried
under a stream of N2and stored at -80 °C or analyzed immediately. Samples were
redissolved in 0.05 cm3methylene chloride prior to HPLC analysis. Chlorophyllase
activities were determined in triplicates. The change in chi. “a” over 6 minutes assay
period expressed in ng. min-1 e mg protein .
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RESULTS
Chlorophyll and carotenoid content

Levulinic acid treatment resulted in the reduction of the synthesis of chlorophyll in
greening French bean leaf discs. All treatments resulted in a reduction in chlorophyll
content (Table 1). The chi. “a/b” ratio of French bean leaf discs increased with
increasing concentration of levulinic acid (Table 1).

Although levulinic acid is not a specific inhibitor of carotenoid biosynthesis,
carotenoid synthesis was inhibited. Carotenoid content decreased in the presence of
levulinic acid (Table 1). Treatment of etiolated French bean leaf discs with increas-
ing concentrations of levulinic acid induced significant decrease in both chi. a, chi. b
and car contents as compared with controls (Table 1). The magnitude of decrease was
most pronounced with the highest concentration of levulinic acid.

Table 1
Pigment content (Chi - chlorophyll, Car - carotenoid) [mg. 100 g~! (fr. m.)]
of etiolated French bean leaf discs exposed to light for 48 hours in the absence or presence of different
concentrations of levulinic acid

Concentrations (mM) Chi a Chib Chia+b Chi ab car
of levulinic acid

0 59.03 27.66 86.70 2.134 2263
25 54.76%* 25.73%+ 80.50%* 2.128% 19.36%*
5 47.96%* 20.30%* 68.26%* 2.363%* 15.30%*
75 43.46%* 15.50%* 58.96%* 2.804%* 10.46%*

10 32.66%* 8.80%* 41.46%* 3.712%* 6.40%*

125 18.83** 4.20% 23.03%* 4.483% 4.26%*

15 10.86%* 2.33* 13.19%* 4.661%* 1.36%*

*p = 0.05, **p = 00.01.

Chi. a + b content of etiolated French bean leaf discs follow a pattem similar to
that of chi a and chi b contents (Table 1). On the other hand, chi. a/b ratio of such tis-
sues showed significant increases by increasing levulinic acid concentration i.e. the
highest concentration of levulinic acid showed the highest chi. alb ratio as compared
with untreated French bean leaf discs (Table 1).

Photosynthetic activity (PS II)

As the concentration of levulinic acid was increased from 2.5 to 15 mM, the rate of
PS Il decreased. The magnitude of decrease was more pronounced in the higher than
in the lower concentrations of ALA (Table 2).

Thus, the following sequence of treatments (0 > 2.5 mM ALA > 5.0 mM ALA >
7.5 mM ALA > 125 mM ALA > 15 mM ALA), was displayed with respect to PS Il
activity of etiolated French bean leaf discs (Table 2).
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Table 2
PS 11 activity (pM DCPIP reduced mg ' chloroplast) of
etiolated French bean leaf discs exposed to light for 48 hours
in the absence or presence of different concentrations of

Icvulinic acid
Concentrations (mM) Photosynthetic activity
of levulinic acid (PS 1)
0 248.66*
25 210.46**
5 173.53**
75 145.96**
10 110.23**
12.5 90.56**
15 35.16**

*p = 0.05. **p = 0.01

Chlorophyllase activity

Treatment of French bean leaf discs with increasing concentrations of levulinic acid
led to a significant progressive increase in the activity of chlorophyllase (Table 3).
Thus, levulinic acid led to a significant increase or to stimulated the activity of
chlorophyllase in etiolated French bean leaf discs. The higher levulinic acid concen-
tration, the higher chlorophyllase activity was detected in such tissues.

The following sequence of treatments (15 mM ALA > 125 mM ALA > 10.0 mM
ALA > 75 mM ALA >5mM ALA > 25 mM ALA > 0), was displayed with respect
to chlorophyllase activity in etiolated French bean discs (Table 3).

Table 3
Chlorophyllase activity (ng. min“1mmg protein-1) of etiolated
French bean leaf discs exposed to light for 48 hours in
the absence or presence of different concentrations of

levulinic acid
Concentrations (mM) Chlorophyllase

of levulinic acid activity

0 0.72*
25 0.79**
5 0.84**
7.5 0.92**
10 1.05**
12,5 1.25%*
15 1.74**

*p = 0.05, **p = 001
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DISCUSSION

Levulinic acid, a competitive inhibitor of the ALA-dehydratase, inhibited chloro-
phyll biosynthesis and increased the chi. a/b ratio (Table 1). The increased chi. a/b
ratio was not due to the preferential inhibition of chi. b over that of chi. a. It has been
proposed that, the level of chi. a must accumulate before chi. b synthesis can
begin [17]. Therefore, reduced chi. a synthesis due to levulinic acid treatment result-
ed in a low chi. b synthesis and high chi. a/b ratio.

Although levulinic acid is not an inhibitor of carotenoid biosynthesis, a decrease
in carotenoid content was observed in levulinic acid-treated French bean plants
(Table 1). This suggests that the amount of carotenoid is proportional to the amount
of chlorophyll synthesized. During greening of etiolated tissues, chlorophyll biosyn-
thesis is triggered by light. It has been shown that accumulation of carotenoids is reg-
ulated by light [10, 21].

Most of the studies on light induced carotenoid synthesis has been done in chloro-
phyll-less fungal systems and in barely leaves [8, 10]. In green tissues, carotenoids
are synthesized in chloroplasts and are essential for the formation of LHCP Il [19].
In higher plants, there are insufficient reports on the photoregulation of enzymes or
genes responsible for carotenoid biosynthesis [3].

When expressed on a chlorophyll basis, PS Il activity decreased in response to lev-
ulinic acid treatment (Table 2). The results suggest that chi.-mediated developmental
regulation of PS Il is under stricter regulation than that of PS I. PS Il is enriched in
chi. b, whereas chi. a is more abundant in PS I. Due to application of levulinic acid,
the chi. a/b ratio increases i.e. the relative amount of chi. a remains higher than that
of chi. b. This could explain the differential regulation of PS Il activity in the pres-
ence of levulinic acid. The inhibition of photosynthetic activity as a result of levulinic
acid application could be attributed to inhibition of PS 1l activity [6, 9] by the inhi-
bition of electron transport in PS Il and the production of ATP and NADPH needed
to reduce C02[10, 15] and decrease in rate of photosynthetic flow [7, 10, 22], by act-
ing the protein-plastoqunione level [27].

Chlorophyllase activity increased in response to levulinic acid treatment (Table 3).
The results suggest that chlorophyllase plays a central role in the regulation of
chloroplasts of French bean leaves. This enzyme was the key enzyme in chlorophyll
biosynthesis and degradation. The decrease in chlorophyll content was consistent
with the increase in chlorophyllase activity due to the effect of levulinic acid.

Numerous studies of pigment degradation associated with senescence have impli-
cated the involvement of chlorophyllase [1, 12, 20, 25].

Results from the present study show that chlorophyllase activity is higher during
treatment with levulinic acid. Johnson-Flanagan Spencer [11] showed that during
maturation the green pigment (chi. and related pigments), content of canola seeds
decreased linearly. Green pigment degradation was associated with increased chloro-
phyllase activity in canola [12].
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The morphological changes of in vitro irradiated FRTL-5 cells and their ability to grow in semi-solid
medium were studied morphometrically. FRTL-5 cells were grown in medium with 4 different concen-
trations of TSH (0, 0.1, 1, 10 mU/ml). After irradiation with 0 Gy, 2 Gy and 4 Gy, the cells were seeded
on glass cover-slips and in methocel. Fourteen days after irradiation, the morphometric analysis of FRTL-
5 cells and their nuclei was performed. The results showed that irradiation and different doses of TSH
have influence on FRTL-5 cell size, more on their nuclei than on the cells as a whole. Growing of FRTL-
5 cells in the methocel indicates the possible transformation of these cells after long-culturing in the TSH
medium and after irradiation.

Keywords: Astereology - FRTL-5 cells - FRTL-5 cell colonies - irradiation - methocel

INTRODUCTION

Recent technical advances in in vitro culturing of epithelial cells have made it possi-
ble to study the effects of irradiation at the cellular level. Exposure of cells to ioniz-
ing irradiation results in molecular damages which can be expressed at the cellular,
metabolic or chromosomal levels [19]. The most important step in cell injury caused
by irradiation is thought to be an irreversible DNA alteration [13].

Irradiation energy can affect cytoplasm enzymes, macromolecules or organelles,
of which the nucleus is the most vulnerable target. With sufficient exposure, the
nucleus appears swollen and the chromatin clumped. After whole-body X-irradiation
of mice, the doses of 0.1 to 2 Gy induced a considerable increase of lymphocyte
nuclear volume [18]. At high doses, pyknosis and even fragmentation of the nucleus,
abnormal mitotic figures and bizarre nuclear morphology may appear. Irradiation
inhibits the proliferate activity of cells. Irradiated cells sometimes undergo nuclear
division without the formation of daughter cells, thus producing multinucleated giant
cells. However, normal individual cells are capable of repairing sublethal irradiation
injuries [5].
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Transformation of normal cells in tissue cultures to tumour cells can arise from
infection with a transforming virus [20], from incorporation of new genomic DNA
[7] or following exposure to a chemical carcinogen [11] or also irradiation [12]. The
transformed cells acquire altered growth characteristics and can be selected as
colonies in a semi-solid medium such as agar or methocel [9]. They also form
tumours in animals of origin or in nude athymie mice [8, 12].

Fischer Rat Thyroid cells in low serum or FRTL-5 cells is a cloned cell line that
was derived from follicular cells of Fischer rat thyroids. The cells grow as a mono-
layer culture. In vitro they maintain thyroid morphology and function and require the
mitogenic thyroid hormone TSH (thyroid stimulating hormone) for growth. In the
absence of TSH these cells remain viable, but non-proliferative for an extended peri-
od of time [1].

FRTL-5 cells also show a primary-like epithelial cell morphology, the lack of
growth in semi-solid media and at least lack of any detectable signs of spontaneous
transformation. They should be non-tumourogenic in syngenic animals [2].

However, our experiences with the FRTL-5 cell line showed that continuous cul-
turing of this cell line in a medium with 1 mU/ml of TSH had certain effects. The
morphological characteristics were changed, especially the size of their nuclei [17].
Unexpectedly, we also found that FRTL-5 cells grew in the methocel, although the
morphometrical data, such as colony areas, perimeters, maximal diameters and form
factors, showed that FRTL-5 cells are untransformed [15].

The aim of our study was to evaluate the morphological changes of FRTL-5 cells
after irradiation with 2 Gy and 4 Gy and their ability to grow in the semi-solid medi-
um. Besides, the influence of different TSH doses on irradiated FRTL-5 cells was
analysed. The basic aim of this research was to detect any morphological identifiable
sign of transformation of the irradiated cells using morphometric methods.

MATERIAL AND METHODS

FRTL-5 cells were grown in Coon’s modification of Ham’s F-12 medium (Sigma)
supplemented with 5% calf serum (Gibco), MEM non-essential amino acids (Gibco),
L-glutamin, penicillin (100 U/ml), streptomycin (100 pg/ml) and the following 6
hormones: insulin (10 pm/ml), hydrocortisone (10 nM/ml), transferrin (5 pg/ml),
glycyl-L-histidyl-L-lysine acetate (10 ng/ml), somatostatin (10 ng/ml) and bovine
TSH (thyroid-stimulating hormone, 1 mU/ml) (all Sigma, Deisenhofen, Gennany).

The cells were trypsinised with a mixture of 0.25% trypsin (Gibco) and 2.5 mM
ethylene-diaminetetraacetic acid (EDTA, Gibco) and counted in a hemocytometer
slide at an objective magnification of xIO. 0.5><106 of trypsinised FRTL-5 cells were
seeded in 4 different concentrations of TSH: 0, 0.1, 1and 10 mU/ml in 3 parallel cul-
ture dishes. After 4 days growth in the corresponding concentrations of TSH, the
cells were irradiated with one dose of 0 Gy, 2 Gy and 4 Gy on Réntgen apparatus
DARPAC 2000-XE with the radiation dose 2.5 Gy/min.
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After irradiation, the cells grew further in 4 different concentrations of TSH for 6
days. After 6 days, the cells were again trypsinised and counted. 0.5x 10¢0f FRTL-5
cells were seeded on glass cover-slips for 8 days, fixed in methanol and stained with
haematoxylin-eosin. Parallel IxIO5 of FRTL-5 cells were seeded in a semi-solid
medium of 0.6% methocel suspension (methylcellulose, 4000 cps, Sigma) over a
layer of 1% agar (Difco Bacto Agar) in 4 different TSH culture media (0, 0.1, 1, 10
mil TSH/ml). They were left to grow in the methocel for 8 days without feeding (14
days after irradiation of the cells) and than photographed.

The astereological morphometrical analysis was first performed on systematically
sampled, haematoxylin-eosin stained FRTL-5 cells. A xIO ocular fitted with B-100
double square lattice test system and a x 100 oil immersion objective were employed
[21]. The mean areas of 200 cells, their nuclei and cytoplasm were estimated. The
second part of the analysis was carried out with a semi-automatic image analysis sys-
tem (IBAS-1000, Kontron, Eching, Germany). A x40 objective was used for esti-
mating the mean nuclear area of 300 FRTL-5 cells.

On the same IBAS-1000 system the astereological analysis of a total 50 pho-
tographed colonies of the FRTL-5 cells developed in the methocel after 8 days in cul-
ture was carried out. For the randomly selected colonies their mean areas were mea-
sured.

The results were statistically evaluated using Student’s /-test.

RESULTS

Unirradiated cells (Fig. la) were small, round shaped with small nuclei containing
one or two nucleoli. The cytoplasm was often stretched in various directions. The
cells growing in colonies sometimes developed follicular lumina at their center. The
cells reached the described morphological characteristics 4 days after trypsinization
[16]. After irradiation with 2Gy or 4 Gy, the cells with big, irregular shaped nuclei
and abundent cytoplasm containing many vacuoles appeared between morphologi-
cally normal cells (Fig. Ib). We found large cells also in unirradiated group with fre-

Fig. 1. Morphology of unirradiated (a) and 4 Gy irradiated (b) FRTL-5 cells stained with haematoxylin-
eosin 14 days after irradiation (*400)
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quency of 4.4%. The frequency of large cells was 6.3-8.9% after irradiation with 2
and 4 Gy, respectively.

Unirradiated FRTL-5 cells as well as cells irradiated with 2 Gy formed colonies or
clones in a semi-solid medium of 0.6% methocel over 1% agar base (Fig. 2a) while
the cells irradiated with 4 Gy did not grow in the same medium. The colonies of
FRTL-5 cells irradiated with 2 Gy were more or less round. The size and number of
cells was different in each colony (Fig. 2b).

Fig. 2. FRTL-5 cell colonies of unirradiated cells (a) and 14 days after irradiation (b) in a semi-solid
medium (x400)

Our morphometric results represent comparison of irradiated FRTL-5 cells with
unirradiated ones and evaluation of their growth characterisctics in the semi-solid
medium without or with TSF! 14 days after irradiation.

The mean areas of the unirradiated FRTL-5 cells increased significantly (P < 0.01)
with the increased concentrations of TSFL. After irradiation with 2 Gy and 4 Gy the
mean areas of the unirradiated FRTL-5 cells increased significantly at the concentra-

Fig. 3. The mean areas of FRTL-5 cells irradiated with single doses of 0, 2 and 4 Gy 14 after irradiation
with different concentration of TSH
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tions of 0 and 0.1 mU/ml TSH according to unirradiated cells (P < 0.001, P < 0.01).
While after irradiation with 4 Gy the mean areas of the FRTL-5 cells also increased
significantly (P < 0.01) at the concentrations of 1and 10 mU/ml TSH (Fig. 3).

Fig. 4. The mean areas of FRTL-5 cells nuclei irradiated with single doses of 0, 2 and 4 Gy 14 after
irradiation with different concentration of TSH

The mean areas of the FRTL-5 cells nuclei increased significantly (P < 0.001) after
irradiation with 2 Gy and 4 Gy with the increased concentrations of TSH (Fig. 4).

The mean areas of the FRTL-5 cells colonies were significantly (P < 0.001) small-
er after irradiation with 2 Gy in comparison with 0 Gy, but increased significantly
(P < 0.001) with the increased concentrations of TSH. After irradiation with 4 Gy, the
FRTL-5 cells did not form colonies in the methocel (Fig. 5).

0-0 Gy02 Gye4d Gy

Fig. 5. The mean areas of FRTL-5 cells colonies irradiated with single doses of 0, 2 and 4 Gy 14 after
irradiation with different concentration of TSH
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DISCUSSION

Little information is available concerning the cellular level-effects of irradiation on
FRTL-5 cells in vitro. Low and high irradiation doses lead to chromosomal damage
and DNA alteration. Under the influence of irradiation, the DNA molecules are
changed chemically directly or indirectly through free radicals that arise in the cells
and react with the DNA. In both cases, the chemical changes are reflected as noxious
biological effects. Loss of reproductive ability occurs in an appreciable fraction of
the cells after a moderate dose of a few hundred rads [10].

Our results showed that the areas of the FRTL-5 cells and their nuclei increased in
size with increasing concentration of TSH. After irradiation this increase was more
obvious after 4 Gy than after 2 Gy in comparison with unirradiated cells. With the
increased concentrations of TSH, the size of the cells as well as their nuclei increased
after 4 Gy of irradiation. After irradiation with 2 Gy the size of the cell increased only
at the concentration of 0.1 mU/mI TSH, while the size of their nuclei after 4 Gy of
irradiation increased at the concentrations of 1and 10 mU/ml TSH as well.

Namba and coworkers [14] found that after low doses of irradiation (0.2 - 2 Gy)
the cell cycle of human thyroid cells were arrested because of accumulation at Gl.
Wild-type p53 expression in primary thyroid cells was increased following irradia-
tion. The relationship between radiation-induced cell survival and DNA damage in
primary human fibroblasts of different radiosensitivity is connected with the amount
of DNA damage remaining after repair [22]. The study of Brosing et al. [3] indicates
that radiation response in FRTL-5 cells is indipendent of proliferative status. Proli-
ferative status of the cells is not a major determinant of radiation response.

According to Ambesi-Impiombato and Villoné [2], FRTL-5 cells, as normal fol-
licular thyroid cells, do not grow in semi-solid media. If cells are transformed with
different agents, or if they are cancer cells, they form colonies in a semi-solid medi-
um [4]. Different criteria are used to determine the growth characteristics of colonies
raised from different kinds of transformed cells in a semi-solid medium. One is the
size of the colonies [6].

Since the FRTL-5 cells formed colonies in the semi-solid medium, we used the
mean areas of the cell colonies to evaluate their growth characteristics. The colonies
of the FRTL-5 cells were smaller after irradiation with 2 Gy in comparison with
colonies of unirradiated cells, while after 4 Gy the colonies did not grow at all in the
methocel. TSH increased the size of the colonies.

Our results showed that irradiation and different doses of TSH have influence on
FRTL-5 cell size, more on their nuclei than on the cells as a whole. Growing of the
FRTL-5 cells in the methocel indicates the possible transformation of these cells after
long-culturing in the TSH medium and after irradiation. According to Kuettel et al.
[12] the transformation of normal cells in tissue culture to tumour cells can arise also
from irradiation. Therefore, we assumed that the injection into the animal of Fischer
strain could confirm the transformation of irradiated FRTL-5 cells.
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The discovery of new highly efficient tetra repeat STR loci, development of fluorescence multicolour dye
technology and capillary electrophoresis have made it possible to amplify ten loci in a single reaction.
This combination provides an extraordinary effectiveness of simultaneous amplification and detection.
With this method it became possible to determine individual identity and paternity at an enhanced level
of precision and accuracy in 1to 2 days with a high biostatistical probability. This review demonstrates
the role of automated fluorescent multicolour dye genotyping technology in forensic paternity testing.

Keywords: STR systems - paternity testing - automated genotyping - fluorescent detection

INTRODUCTION

In the human genome numerous STR (microsatellite) loci have been discovered,
where alleles can be amplified under the same conditions. These STRs are composed
of two to seven nucleotide repeat units, widespread throughout the genome and have
been evaluated for forensic purposes [2, 6, 13, 19]. The recently developed fluorescent
multicolour dye technology and capillary electrophoresis (CE) allows multiple loci,
including those with overlapping allel-size ranges, to be amplified and analysed in a
single reaction and capillary injection by locus-specific, different colour dye-labelled
primers. The aim of this study was to introduce the automated fluorescent multi-
colour dye genotyping technology into forensic paternity testing.

Short tandem repeat markers (microsatellites) are polymorphic DNA loci that con-
tain a repeated nucleotide sequence and are less than 350 bp long. Tetranucleotide
repeat loci are the most widely used STRs in human identity testing because they are
less prone to produce PCR stutter bands than tri- or dinucleotide repeats. The num-
ber of nucleotides per repeat unit is the same for the majority of repeats within an
STR locus. The number of repeat units at an STR locus may differ, so alleles of many
different lengths are possible. Polymorphic STR loci are therefore very useful for

* Corresponding author.
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Fig. I. The electropherogram of 10 loci of the examined persons on the ABI Prism 310 Genetic Analyser
(mother, child and the putative father from top to bottom). In the final row of the father’s results, the
internal standard GeneScan 500(ROX) is shown
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human identification purposes [5, 6, 18]. PCR based STR analysis has more advan-
tages over conventional methods of DNA analysis such as Restriction Fragment
Length Polymorphism (RFLP), which offers a high degree of discrimination, but it
also presents some limitations. Thus, relatively high amounts (-500 ng) of undegraded
DNA are required for profiling and several days are necessary to detect the allelic
patterns [14]. The small size of STR loci improves the chance of obtaining a result,
particularly for samples containing very small amounts of DNA or degraded DNA
and makes them ideal candidates for co-amplification while keeping all amplified
alleles smaller than 350 base pairs. Many STR loci can therefore be typed from a sin-
gle PCR. The amplified STR alleles have discrete sizes, allowing relatively simple
interpretation of the results. PCR-based tests are rapid, giving results in 24 hours or
less and they are easy to standardise and automate, ensuring reproducible results [5,
8] (Fig. 1.

To separate amplified STR fragments capillary electrophoresis (CE) represents a
powerful technique. A CE instrument consists of an injection system, a separation
capillary tube, a high voltage source, electrodes and detector (Fig. 2). In the ABI
Prism 310 Genetic Analyser capillary electrophoresis system the electrokinetic injec-
tion technique and low viscosity polymers are used [4, 24].

With capillary electrophoresis and laser-induced fluorescence multicomponent
analysis it is possible to separate and detect with multiple primers - each labelled
with a distinct fluorescent dye - 10 loci amplified in a single test tube, including loci
that have alleles with overlapping size ranges. The three fluorescent dyes used in the
AmpFLSTR Profiler PCR Amplification Kit are the NHS-ester dyes: 5-FAM, JOE
and NED. The fourth dye, ROX, is used for the GeneScan 500 internal size standard.
Each of these fluorescent dyes emits its maximum fluorescence at a different wave-
length (525-605 nm). During data collection the wavelengths are separated by a dif-
fraction grating onto a CCD camera in a predictably spaced pattem. 5-FAM emits at
the shortest wavelength and is detected as blue, followed by JOE(green), NED (yel-
low), and ROX (red), listed in order of increasing wavelength. Automatic allele siz-
ing and quantitation are made possible by running an internal lane standard
(GeneScan500) that is recognised by computer to generate a calibration curve. Thus,
electrophoretic mobility variations (from injection to injection) that can lead to
inconsistent allelic sizing are automatically normalized [8]. The precision of the ABI
Prism 310 Genetic Analyser capillary electrophoresis system, with a software devel-
oped for automated genotyping of alleles, allows the accurate genotyping of STR
loci. Sizing precision of <0.16 nucleotide standard deviation can obtained with this
system, allowing on accurate genotyping even of length variants that differ in length
by a single nucleotide [3, 15]. Employing capillary electrophoresis rather than gel
electrophoresis reduces the manual work load and therefore dependence on varying
manual skills of different analysts. With CE manual gel pouring, sample loading and
sample injection can be automated or eliminated. Electrophoretic separations are
possible at higher field strengths due to the higher surface area-to-volume ratio. This
results in faster separation times and better resolution. CE performs detection simul-
taneously, and results are stored in the computer. This simplifies data analyses [3].
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The combined power of discrimination of the AmpFLSTR Profiler systems exceeds
1 in 3.58x109 while the combined paternity exclusion (PE value) is 0.9994 in
Caucasoid populations (PE/ABI User manual).

CASE REPORT

At the Institute of Forensic Medicine at the University of Minster, Germany, paternity
is investigated in hundreds of cases by automated fluorescence analysis of STRs. In
the following, we present one of them to illustrate the efficiency of these techniques.
DNA was extracted from saliva swabs of one family with the Chelex method as
described previously [25]. Special precautions and care had been taken during DNA
extraction and PCR setup to prevent transfer of DNA from one sample to another.
The following loci were co-amplified in a single PCR reaction and separated by cap-
illary electrophoresis: D3S1358 [16], VWA [12], FGA [17], THOL [6, 21], TPOX [1],
CFS1PO [10], D5S818 [11], D13S317 [11], D7S820 [9, 11] and the sex test amelo-
genin [23] (Table 1).

Approximately 1ng of DNA was amplified in a final volume of 25 pi. Each of the
individuals was typed for 10 systems which were co-amplified in the same tube,
according to the AmpFLSTR Profiler PCR Amplification Kit manufacturer’s recom-
mendations. The use of Amplitaq Gold (Perkin Elmer) polymerase was crucial for
successful multiplex analysis.

The cycling conditions were 95 °C - 11 min, followed by 28 cycles for 94 °C - 1
min, 59 - 1min, 72 °C- 1min; 60 °C and a 30 min hold at 10 °C in Thermalcycler
9600 Perkin Elmer.

Table 1
The examined STR loci and their characteristics
Locus Chlrgggz?]me Sequence motif Slz(%r:;arge Ilz:a)g:I
D3S1358 3p TCTA (TCTG),_XTCTA)n 114-142 5-FAM (blue)
VWA 12pl2-pter TCTA (TCTG)3 4(TCTA),, 157-197 5-FAM (blue)
FGA 4928 (TTTC)3TTTT TTCT 219-267 5-FAM (blue)
(CTTT),,CTCC(TTCC)2
Amelogenin X:p22.1-22.3 - 107 JOE (green)
Y:pl 1.2 - 113
THO1 1p155 (AATG)n 169-189 JOE (green)
TPOX 2p23-2per (AATG)n 218-242 JOE (green)
CSF1PO 5033.3-34 (AGAT)n 281-317 JOE (green)
D5S818 5021-31 (AGAT),, 135-171 NED (yellow)
D13S317 13g22-31 (GATA)n 206-234 NED (yellow)
D7S820 79 (GATA),, 258-294 NED (yellow)

*The size range is the actual base pair size of sequenced alleles contained in the AmpFLSTR Allelic
Ladders. The sizes in table include the 3’ A nucleotide addition.
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Electrophoresis conditions

Amplified DNA samples (1 pi) or 1 pi from each of three differently labelled allelic
ladders was added to 12 pi of deionised formamide (Sigma), 0.5 pi internal standard
GeneScan 500(ROX) and denatured for 3 min on 94 °C. At least three ladders were
included in each run (in the beginning, the middle and the end of run).

The samples were electrophoresed in an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems/Perkin Elmer) in an uncoated 47 cm/50 pm capillary, using per-
formance optimised polymer 4 (POP 4 Applied Biosystems). The injection time was
5s at 15 kV and the run time was 24 min at 60 °C. The argon laser power was 9.9
mW. Evaluation of results was done with the software, GeneScan 2.1 and Genotyper
2.0 using the local Southern algorithm [22].

RESULT AND DISCUSSION

The nine autosomal STR loci and one gender locus (amelogenin) were typed in the
three persons (mother, child and putative father) with the laser induced multicompo-
nent fluorescence method and capillary electrophoresis (Fig. 2). In all studied sys-
tems the alleles of the child matched those of the putative father. These matches are
marked in bold in Table 2. Analysis of the amelogenin system revealed the expected
gender in all cases. Using the nine common allele frequencies after the method of
Essen-Moller [7], a paternity likelihood of 99.98% was calculated. No mutations
were detected. PCR based DNA typing with fluorescently labelled primers and auto-
mated analysis of a single test tube containing 10 amplified loci offers a reliable, sen-

Fig. 2. Scheme of the capillary electrophoresis instrumentation
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Table 2
The detected alleles of the three persons in the examined STR systems
System D3S1358 VWA FGA
fragm. (bp) allele fragm. (bp) allele fragm. (bp) allele

Mother 123.34 15 175.21 i6

131.47 17 179.19 17 236.79 23
Child 167.32 14

123.34 15 175.15 16 236.83 23
Putative 167.4 14
Father 123.46 15 179.25 17 236.81 23

THO1 TPOX CSF1PO

Mother 175.09 7.0 223.11 8 300.13 n

186.07 9.3 235.13 n 304.18 12
Child 175.04 7

179.04 8 223.05 8 304.23 12
Putative 171.07 6 223.12 8 296.26 10
Father 179.14 8 227.12 9 304.19 12

D5S818 D13S317 D7S820

Mother 152.73 12 264.48 8

157.18 13 221.36 12 272.50 10
Child 152.74 12 213.28 10 272.49 10

157.06 13 221.28 12 276.56 11
Putative 148.25 n 21331 10 272.57 10
Father 157.18 13 221.48 12 276.61 11

sitivé and accurate method for forensic paternity testing. Furthermore this approach
enables routine processing of large numbers of DNA samples, facilitates and enables
investigators to perform the simultaneous screening of several different loci from
single individuals.
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Biochemistry
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J. Stenesh
Plenum Press, New York and London, 1998., pp. 526.
ISBN 0-306-45732-6 (Hardbound) 95 US$
ISBN 0-306-45733-4 (Paperback) 55 US$

Is is not an easy task to write a book of biochemistry neither for trained biologists
working at various specialised fields nor for undergraduates who should receive a
comprehensive, logic and, as far as possible, comprised text to get acquainted with
chemical structures, processes and interactions bounding to living systems and life
processes. The present book aimed to meet the requirements of students in obtaining
basic knowledge in this subject and also of teachers, who should transmit general
principles and all important particular information in a comparatively short time scale.

The more than five hundred pages text is divided into four main Parts, containing
altogether 19 well defined, specific Chapters. The setting up and the logic of the book
differ from the usual biochemical textbooks, namely, in having an introductory part:
Foundation of Biochemistry, dealing with origin of life, with cell types and their gen-
eral structures, with water as solvent of life and with noncovalent interactions. The
two main parts are on Biomolecules and on Metabolism. Part Biomolecules includes
chapters on amino acids and peptides, proteins, enzymes, carbohydrates, lipids and
membranes as well as nucleic acids. Part Metabolism deals with general principles
of synthesis and degradation of biomolecules, with bioenergetics, with the citric acid
cycle, with electron transport and oxidative phosphorilation, with the photosynthesis,
further on with major pathways of carbohydrate, lipid, amino acid and nucleotide
metabolism. The fourth part called Transfer of Genetic Information describes basic
concepts of molecular biology and particularly molecular genetics, including the syn-
thesis of DNA, RNA and proteins.

Each Chapter includes a great number of tables, illustrations, diagrams and figures,
important in understanding difficult and complicated mechanisms and processes.
Selected reading list, review questions and solution manual supplements the basic
text, and a detailed, 20 pages long index help the handling of the book for readers who
wish to have rapid information on one or another biochemical expression or process.

The book is excellent in its style, well understandable if the reader has the neces-
sary knowledge in inorganic and organic chemistry. It can be recommended first of
all for department staffs teaching biochemistry and for students, but also for biolo-
gists in general, who wish to refresh or complete their knowledge by consulting a
contemporary overview on present state in biological chemistry.

J. Satanki (Tihany)
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PREFACE

The present three issues of Acta Biologica Hungarica are devoted to publication of
research papers presented at the 9th Symposium of the International Society for
Invertebrate Neurobiology held between 1-5 July, 1999 at Lake Balaton, Tihany,
Hungary. The Balaton Limnological Research Institute of the Hungarian Academy of
Sciences is the traditional place of these symposia since 1967.

Invertebrate animals, characterized by simpler nervous systems as compared to
vertebrates, are not only useful models in understanding the structure and function of
the human brain, but - as definite entities on the line of the evolution - they possess
own distictions, typical to the given species. In explaining the behavior characteris-
tic to the animal not only the morphological construction, the form and way of adap-
tation to the outside circumstances, etc. are important, but also, beside common prop-
erties, the specific features of the neural regulation may play a role. For example, the
significance of the existence of giant neurons in gastropods is not yet understood,
nevertheless, it is clear, that the large soma offers a greater surface to extrasynaptic
receptors and a larger reactive area for signal molecules occurring in the intercellu-
lar space, than in small neurons. It has certainly consequences in the neural commu-
nication and integration mechanisms in these animals. Another example is the regu-
lation of muscle activity. Although the muscle concentration is based on the same
molecular principles (actin-myosin interaction) in the whole animal kingdom, the
neurotransmitters resulting in excitation or inhibition of muscle fibres can be differ-
ent in different phyla: glutamate in insects, SHT in molluscs, Ach in some other
invertebrates and in vertebrates. The type of the transmitter substance can make dis-
tinction among species also at other levels of the neural regulation.

The papers presented at the recent ISIN Symposium give an emphasis to these
“invertebrate” specificities. Studies conducted on worms, molluscs and arthropods
deal in most cases with mechanisms characteristic to the given species, like chro-
matophore regulation, feeding in molluscs, molluscan peptides, the function of
octopamin. Many of the results presented, however, concern basic problems of neu-
robiology, common to all animals, emphasizing the overall unity of the neuroregula-
tory processes and mechanisms.

The articles collected in this volume represent latest results and reflect recent ideas
of research groups working since long time at this area of experimental biology.

Janos Salanki

Editor-in-Chief

Akadémiai Kiad6, Budapest
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COMPARATIVE ASPECTS
OF INVERTEBRATE NEUROPEPTIDES+

Y. MUNEOKAZ®*, F. MORISHITA2, Y. FURUKAWA?2, O. MATSUSHIMA2, M. KOBAYASHI1,
M. Ohtanil, T. Takahashil b. Ilwakoshi3, Yuko Fujisawa3and F. M inakata3

1Faculty of Integrated Arts and Sciences, Hiroshima University, Higashi-Hiroshima 739-8521,
2Faculty of Science, Hiroshima University, Higashi-Hiroshima 739-8526, and
3Suntory Institute for Bioorganic Research, Osaka 618-8503, Japan

(Received: August 31, 1999; accepted: November 30, 1999)

1 We searched for bioactive peptides, most of which were considered to be neuropeptides, in various ani-
mals of several phyla. These peptides were compared with each other and with peptides identified by
many other investigators. Consequently, we found that structures of neuropeptides arc generally con-
served in each phylum.

2. We also found some exceptional interesting aspects. First, there are a number of peptide groups whose
members are distributed among several phyla. Second, there are many structural similarities between
molluscan and annclidan peptides as if molluscs and annelids were the animals in a phylum. Third, cer-
tain toxic peptides of invertebrates are closely related to vertebrate neuropeptides.

3. In addition to the above phylogenetic aspects, we found some other interesting aspects. A wide struc-
tural variety of members of a peptide group is generally found in invertebrate species. Invertebrate mus-
cles seem to be generally regulated not only by some or several classical non-peptidic neuromediators
but also by various peptidic neuromediators. Peptides containing a D-amino acid residue are not rare.

Keywords: Neuropeptide - Cnidaria - Mollusca - Annelida - Echinodennata.

INTRODUCTION

Neuromediators can be divided into two large groups, non-peptidic and peptidic
groups. As to the non-peptidic neuromediators, such as biogenic amines and amino
acids, the number of the known substances including candidates does not exceed 20,
and they seem to be utilized commonly in the nervous systems of almost all animals.
As to the peptidic neuromediators, in contrast, hundreds of substances are supposed
to be present in an animal species, and phylogenetic distribution of each of the pep-
tides is suspected to be generally restricted within a certain small group of animals.
That is, peptidic neuromediators are considered to have changed with phylogenetic
evolution, while non-peptidic ones have been conserved. For systematization of the

+Presented at the 9th ISIN Symposium on “Neurobiology of Invertebrates”, July 1-5, 1999, Tihany,
Hungary.

‘ Corresponding author, present address: Shiwahori 3524-2, Shiwacho, Higashi-Hiroshima 739-0269,
Japan.

0236-5383/2000/$ 5.00 © 2000 Akadémiai Kiad6, Budapest
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neuropeptide world, therefore, it seems to be important to search for neuropeptides
in various animals and to compare structure and action of each peptide with those of
others. During the last 15 years, we have searched for bioactive peptides, especially
neuropeptides, in various animals from cnidarians to chordates. To the present, more
than 500 species of peptides have been isolated and sequenced in collaboration with
other laboratories. These peptides have been compared with each other and with pep-
tides identified by many other investigators. Consequently, we found several inter-
esting comparative aspects of structure and action of the bioactive peptides.

Peptides in the anterior byssus retractor muscle o/Mytilus

The anterior byssus retractor muscle (ABRM) of the sea mussel Mytilus edulis is
known to be a catch muscle which has been studied intensively for many years [for
a review, see 71]. As to the neural control of contraction and relaxation in the ABRM,
there is evidence that acetylcholine is the principal excitatory neurotransmitter which
brings about a contraction followed by catch while serotonin is the principal relaxing
neurotransmitter which relaxes catch tension [97; for a review, see 71]. Serotonin,
however, does not inhibit active contraction but potentiates it [97]. There is another
line of evidence suggesting that several other monoamines, such as dopamine,
octopamine, noradrenaline and adrenaline, are also involved in the regulation of the
ABRM as catch-relaxing and/or contraction-potentiating neuromediators [65, 87, 97,
98; for a review, see 63].

It was shown that the foregoing biogenic amines are all present in the ABRM [66].
It was also shown that contraction followed by catch, relaxation of catch and poten-
tiation of contraction can be induced by appropriate neural stimulations, respective-
ly [for areview, see 64]. That is, the ABRM was speculated to be innervated by amin-
ergic contractile, catch relaxing and contraction-potentiating neurons. In addition to
these kinds of neurons, inhibitory neurons were suspected to innervate into the
ABRM [64]. However, none of the known non-peptidic transmitter substances have
been shown to have inhibitory effect on the ABRM. Therefore, it was considered that
some neuropeptides might be involved in the regulation of the ABRM as inhibitory
neuromediators.

In 1977, Price and Greenberg [85] isolated a cardioexcitatory peptide designated
FMRFamide from the ganglia of the clam Macrocallista nimbosa. This is the first
finding of molluscan neuropeptide. Soon after the finding, FMRFamide was shown
to have excitatory effect not only on the heart of M. nimbosa but also on various other
molluscan muscles including the ABRM of M. edulis [25]. Muneoka and Matsuura
[68), therefore, precisely examined the action of FMRFamide on the ABRM and
found that it has three kind effects. That is, at 109 M or higher, FMRFamide poten-
tiates contraction, at around 10-7 M the peptide relaxes catch tension, and at 10"6 M
or higher it elicits a contraction of the muscle. Muneoka and Saitoh [69] studied
structure-activity relations of FMRFamide for the contraction and the relaxation in
the ABRM, and found that the relations for the contraction are similar to those found
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in other molluscan muscles [49, 82], while the relations for the relaxation are differ-
ent from those for the contraction. Accordingly, it was supposed that M. edttlis might
have relaxing peptides which are more or less related to FMRFamide and that
FMRFamide might relax catch tension acting on the receptors of the endogenous
relaxing peptides as an agonist. Based on the foregoing speculation that the ABRM
might be regulated not only by biogenic amines but also by some or several neu-
ropeptides, Hirata and Muneoka started to isolate bioactive peptides from the Mytilus
pedal ganglion which has been shown to be the main origin of the nerves innervat-
ing the ABRM. With the helps of several other investigators, they soon isolated one
relaxing and two inhibitory peptides [31, 32]. The former peptide
(AMPMLRLamide) was termed catch-relaxing peptide (CARP) and the latter two
(GSPMFVamide and GAPMFVamide) were termed Mytilus inhibitory peptides
(MIPs). CARP was found to be an analog of myomodulin which was isolated from
Aplysia [8].

CARP powerfully relaxes catch tension and, further, inhibits contraction of the
ABRM [29, 32]. MIPs powerfully inhibit contraction but do not affect catch tension
of the muscle [30, 31]. These facts suggest that the peptides are involved in the phys-
iological regulation of the ABRM. If this is the case, the peptides are present in the
ABRM and, therefore, they can be isolated from the muscle. In collaboration with
other investigators, Fujisawa and Muneoka attempted to isolate bioactive peptides
from the ABRM and identified a number of peptides including the three peptides
found in the pedal ganglion [19-23]. In addition to the peptides, several biogenic
amines were found in the ABRM [66] as already mentioned. The peptides and
biogenic amines found in the ABRM and their effects on the muscle are shown in
Table 1 Localizations of FMRFamide, CARP, SCP (unpublished) and MIP [17]
immunoreactive substances in the ABRM were also examined. Further, the MIP
immunoreactive substances were demonstrated to be released in the surrounding
medium of the muscle in response to neural stimulation. The release was shown to
be Ca2+dependent [17].

Although we don not know whether all of the bioactive substances shown in Table
lare involved in the regulation of the ABRM, the muscle seems to be controlled by a
number of biogenic amines and peptides. As in the case of this Mytilus muscle, inver-
tebrate muscles, as well as vertebrate visceral muscles, seem to be generally regulat-
ed by a number of peptidic neuromediators in addition to some or several non-peptidic
neuromediators. We do not have any answer to the questions why such many media-
tors are required to regulate a muscle and how they are utilized in the physiological
regulation mechanism. It seems to be very important to answer these questions.

A wide structural variety ofmembers ofMIP family
Members of MIP family have been found in various molluscs. Most of them are
hexapeptides having PXFVamide at their C-terminal portion. Figure 2 shows the MIP

family members isolated from several molluscs [18, 20, 23, 34, 36, 37, 53, 79]. The
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Table 1
Bioactive substances in the ABRM of Mylilus edutis and their effects on the muscle [20, 21, 22, 23, 66]
Effect
Substance Potentiation ~ Relaxation Inhibition
Contraction of of of
contraction catch contraction
Biogenic amines
Acetylcholine +++ - - -
Serotonin - -H-f -H-f -
Dopamine - -H-f -H-f .
Noradrenaline o -H-f -H
Adrenaline + -H-f f
Octopamine - -H-f H- -
Peptides
MIPs GS PMFVamide - - - -H-f
GAPMFVamide - E - -H-f
DSPLFVamide - - - -f-H
YAPRFVamide - - - -H-f
RSPMFVamide - E - H-f
RAPLFlamide - - - 4-H
ASMIPRFVamide - - - -H-f
MIP-RP MRYFVamide - - - -H
CARP AMPMLRLamide - dr* -H-f H-f
SCP-RPs  APNFLAYPRLamide _ -H-f -f _
LAYPRLamide - -H-f -f -
Fa FMRFamide + -H-f -fr* -
Fa-RP AdLAGDIIFFRFamide + -H-f - -
GPFGs GPFGLNKHGamide ++ _ _ _
GPFGTHIKamide -H - - -

+++: potent. ++: moderate. +: weak. #: slight.  no. dL: D-Leucine. *: ataround 10~9M. **: at around
10~7 M. Fa: FMRFamide. RP: related peptide. SCP: small cardioactive peptide.

members have been shown to have potent inhibitory effect not only on muscles but
also on central neurons in molluscs [46, 47, 48, 83, 84, 104]. They are considered to
constitute a representative inhibitory peptide group in molluscs. Most of the MIP
family members shown in Table 2 were purified by applying biologically active frac-
tions to HPLC systems. Therefore, it is suspected that many other members have
been missed during the purification. In fact, based on the sequence of the MIP ana-
logues purified from Aplysia kurodai (Table 2), Fujisawa et al. [18] cloned a cDNA
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Table 2

MIP family members isolated from several molluscs

Mytilus edulis [20, 23]

GSPMFVamide
GAPMFVamide
DSPLFVamide
YAPRFVamide
ASHIPRFVamide
RAPLFlamide
RSPMFVamide

Meretrix lusolia [79]

YTPKFlamide
YRPMFVamide
GSNRPFFVamide
YVPRFlamide
YTPYFVamide
YVPSFVamide
YTPRFVamide
YTPKFVamide
YRPRFVamide

Helix pomatia [34, 36]

GAPAFVamidc
GAPRFVamide
AAPRFVamide
GAPKFVamide
AAPKFVamide
GPPRFVamide

GAPMFVamide
GAPRFlamide

DPPYFVamidc

GSPYFVamide
GAPYFVamide
RAPYFVamide
GPPMFVamide
AAPFFVamidc
GYPYFVamide
RAPFFVamide

GAPLFVamide
SVPI FVamide

115

VAPKFVGRRDPPYFVamidc

Anodonta cygnea (unpublished)
RVPNFVamidc

Lymnaea slagnaiis [53]
GAPRFVamide

Aclialina fulica [37]
AAPKFVamide

Aplysia kurodai [18]
GAPRFVamide

GAPKFVamide GPPRFlamide
GAPVFVamidc GSPHFlamide
GAPYFVamide GSPRFFamide
AAPYFVamide GAPRFlamide

GPPMFVamide
GAPFFVamide
DAPKFVGRRDPPYFVamide
AAPKFVGRRGSPYFVamide
AAPKFVGRRGAPYFVamide

encoding the precursor protein from Aplysia californica and found 14 different MIP
family members including the members isolated from/1. kurodai. They were desig-
nated Aplysia MIP-related peptides (AMRPS). The expression of the 14 AMRPs was
confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS). Further, two peptides modified N-terminally to pyrog-
lutamate were found by the MS. MIP family members, all of which have a Pro at the
fourth position from their C-terminus, seem to be distributed only in molluscs.
However, peptides related structurally to MIPs but having another amino acid than
Pro at the fourth position from the C-terminus are distributed not only in molluscs
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[23, 24, 36, 103] but also in annelid [101] and echiuroid [35] worms. The MIP-relat-
ed peptides can be divided into three groups, pentapeptide [23, 35, 36, 101], enterin
[24, 36] and fulicin gene-related peptide (FGRP) [36, 103] groups. Members of the
pentapeptide group have a basic amino acid at the fourth position from the C-termi-
nus, and they seem to be distributed in molluscs, annelids and echiuroids. Members
of the enterin group have been found in Aplysia and Helix. In Aplysia californica 20
species of enterins were shown to be present by the analysis of the encoding gene
[24]. Most of them have HSFVamide sequence at their C-terminal portion. Members
of the FGRP group were found in Achatina and Helix. In Achatinafulica 10 species
of FGRPs were found [103]. Most of them have a Tyr at the fourth position and an
acidic amino acid at the third position from their C-terminus.

As in the case of MIPs and MIP-related peptides, a wide structural variety of
members of a peptide family or superfamily is generally found in invertebrate
species. Thus, some questions arise. Flow have they been evolved? Are they func-
tionally redundant or not? Is there any member which is functionally neutral, lacking
biological activity? It Seems to be also very important to answer these questions.

Peptides containing a D-amino acid residue

In 1989, a neuropeptide termed achatin-1 was isolated from the ganglia of the land
snail Achatina fulica and its structure was determined to be GdFAD [44]. Before
achatin-1, several D-amino-acid-containing bioactive peptides, such as dermorphins
and dertorphins, had been found in the frog skin [for a review, see 51]. However, it
is not clear whether they function as neuropeptides or not. It seems that achatin-1 is
the first D-amino-acid-containing neuropeptide to be found. Soon after the finding,
achatin-1 was shown to be present also in the atrium of the snail [14]. However, the
peptide does not have any prominent effect on the atrium, while it has potent excita-
tory effect on the ventricle of the animal [50]. One of the roles of achatin-1 seems to
act on the ventricle as a cardioexcitatory local hormone which is released from the
terminals of the nerves innervating the atrium.

After the finding of achatin-1, a number of D-amino-acid-containing peptides
have been isolated from various invertebrates. In molluscs, eight species of D-amino-
acid-containing neuropeptides have been found to the present. These peptides are
shown in Table 3. All of the neuropeptides have a D-amino acid residue at position
2. Most of D-amino-acid-containing peptides found in non-molluscan animals also
have a D-type residue at position 2.

The D-amino-acid-containing peptides shown in Table 3 can be divided into three
groups according to the activities of the neuropeptides and their stereoisomers, (i)
Both D-type and L-type peptides show potent activity (Mytilus FFRFamide). (ii) D-
type peptide shows no or slight activity while L-type stereocisomer shows potent
activity (Octopus achatin-RP-11 and Helix CCAP-RP-111). (iii) D-type peptide shows
potent activity while L-type stereoisomer shows no or slight activity (the other five
peptides). D-amino-acid-containing inactive peptides cannot be purified by bioassay
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Table 3
Molluscan neuropeptides containing a D-amino acid residue

Peptide Structure Mollusc
Achatin-1 GdFAD Achatina [44]
Octopus achatin-RP-1 GdFGD Octopus [39]
Octopus achatin-RP-I11 GdsSwD* Octopus [39]
Fulicin FANEFVamide Achatina [74]
Fulyal YdAEFL amide Achatina [102]
Mytilus FFRFamide AdJLAGDHFFRFamide** Mytilus [19]
Helix CCAP-RP-1I1 LdFCNGYGGCGNLamide* Helix [58]
NdWFamide NdWFamide Aplvsia [60]

*: These peptides have no or slight effect, although the L-type stereorsomers have potent effect.
**: The L-type stereoisomer is almost equipotent to this peptide. RP: related peptide. CCAP: crustacian
cardioactive peptide.

method. Therefore, it is suspected that there are many such peptides remained
unidentified.

It is believed that, in precursor gene of D-amino-acid-containing peptide, the posi-
tion of D-amino acid is encoded by corresponding normal codon for L-amino acid
and that isomerization is caused after the precursor protein has been produced by
ribosomal pathway [58]. However, it is not yet clear whether the isomerization
occurs during the processing or after the processing of the L-type peptide.

Many important questions arise concerning D-amino-acid-containing peptides.
How have they been evolved? What is the role of D-amino acid residue? What is the
physiological meaning of the presence of inactive peptides? Are they functionally
neutral or are they precursors of their active sterecisomers? How and when does the
isomerization take place? Why does the isomerization occur at position 2 in most of
the D-amino-acid-containing peptides?

Activities ofcrude peptide extract

The procedures for extraction and purification of the peptides, which we have isolat-
ed, are shown in Fig. 1 The supernatant obtained from fresh animal or tissue was
forced through disposable C-18 cartridges, and the retained material was eluted with
5-10% methanol at first and then with 60% methanol. Because most of the retained
peptides were considered to be eluted in 60%-methanol eluate, we used it as the
crude peptide extract. Before purification of the peptides in the crude extract, its bio-
logical activities were examined on several kinds of muscles from animals of differ-
ent phyla. After this examination, the crude extract was subjected to HPLC purifica-
tion. In most of the cases, fractions obtained at each HPLC step were subjected to
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Fresh animal or tissue

Freeze in liquid nitrogen

Pulverize and boil in 3% acetic acid
or
pulverize and steep in aceton

Homogenize and centrifuge
Supernatant Precipitate
C-18 cartridges
/ 1\

Flowthrough Retained material Retained material
eluted with 5-10% eluted with 60%

methanol methanol

Assay of biological
activity

HPLC purification

Fig. 1. Procedures for extraction and purification of peptides

bioassay using appropriate muscles, but in some other cases, they were subjected to
ELISA.

Figure 2 shows the biological activities of the crude peptide extract from the body
wall of the echinoderm sea cucumber Stichopus japonicus. The extract had little
effect on twitch contraction of the body-wall muscle of the echiuroid worm Urechis
unicinctus, tetanic contraction of the ABRM of the bivalve Mytilus edulis and spon-
taneous contractions of the crop of the insect Gryllus bimaculatus, and the extract
had weak excitatory effect on the rectum of the bird Coturnixjaponica. On the con-
trary, the extract had potent excitatory effect on the radial longitudinal muscle and
the intestine of the sea cucumber S. japonicus. The extract was also found to have
potent excitatory effect on the intestines of some starfishes. That is, the extract
showed marked activity on the muscles of the echinodens, but it showed little activ-
ity on the muscles of the non-echinoderm animals, though there was an exception.
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Fig. 2. Effects of the crude peptide extract of the body wall of the sea cucumber, Stichopusjaponicus, on
several kinds of muscles from animals of different phyla. (A) twitch contraction of the longitudinal body-
wall muscle of Urechis unicinctus (Echiuridea). (B) tetanic contraction of the ABRM of Mytilus edulis
(Mollusca). (C) spontaneous contractions of the crop of Gryllus bimaculatus (Arthropoda). (D) sponta-
neous contractions of the rectum of Coturnixjaponica (Chordata). (E) twitch contraction of the radial
longitudinal muscle of Stichopus japonicus (Echinodermata). (F) spontaneous contractions of the intes-
tine of S. japonicus. The extract was applied at the upward arrows and washed out at the downward
arrows. In A, B and E, the extract was applied 8 min prior to the electrical stimulations

As in the case of the sea cucumber, an extract from an animal of a phylum usual-
ly shows marked activity also on muscles from other animals in the same phylum and
does not generally show marked activity on muscles from animals in the other phyla,
though there are a number of exceptions. From these facts, it is supposed that struc-
tures of neuropeptides are generally conserved in each phylum.

Table 4 shows the peptides isolated from the body-wall extract of the sea cucum-
ber, S.japonicus, and their actions on the radial longitudinal muscle and the intestine
of the animal [77]. None of the peptides appears to be member of any of the peptide
families or superfamily identified previously in non-echinoderm animals. Ffolokinins
are significantly related to vertebrate bradykinin, although the peptides cannot be
regarded as members of bradykinin family. Further, holokinins have bradykinin-like
effect on vertebrate intestines [40]. This was probably the reason why the crude pep-
tide extract from the sea cucumber showed weak excitatory activity on the rectum of
the bird C. japonica.

Myoactive and neuroactive peptides of echinoderms have been poorly studied.
Therefore, except for sticho-MFamides, the peptides in Table 4 or peptides related to
them are not yet clear whether they are distributed in other echinoderms. Sticho-
MFamides are closely related to the SALMFamides found in some starfishes [10, 11]
and a sea cucumber [9]. Sticho-MFamides are regarded as the members of SALMF-
amide family or superfamily. Members of this peptide group seem to be distributed
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Table 4
Structures of the peptides isolated from the sea cucumber, Stichopusjaponicus, and their effects
on the radial longitudinal muscle (RLM) and the intestine [77, 40]

Name Structure Effect

RLM Intestine
SWYG-I SWYGSLG Inhi or Poten No
SWYG-2 SWYGTLG Inhi or Poten No
SWYG-3 SWYGSLA Inhi No
Holokinin-1 PLGYMFR Inhi Cont
Holokinin-2 PLGYM(0)FR Inhi Cont
Holokinin-3 PLGY(Br)M(0)FR Inhi Cont
Holokinin-1 (3-7) GYMFR Inhi Cont
NGIWYamide NGIWYamide Cont Cont
Stichopin DRQGWPACYDSKGNYKC Inhi No
Sticho-MFamide-1 GYSPFMFamide No Relax
Sticho-MFamide-2 FKSPFMFamide No Relax
KFamide-9 K.HKTAYTG lamide Inhi Cont
GLRFA GLRFA Poten Cont
GN-19 GGRLPNYAGPPRMPWLHIN No Cont or Relax

Inhi: Inhibition of twich contraction. Poten: potentiation of twitch contraction. Cont: contraction.
Relax: relaxation. No: no effect. M(O): oxidized Met. Y (Br): (0-Br)-Tyr.

widely in echinodenns. In the nervous system of a brittle star, SALMFamide-like
immunoreactivity has been observed [5].

It has been shown that some connective tissues of echinodenns change their
mechanical properties in response to chemical messengers [61, 62]. Recently, it was
shown that holokinins softened the body-wall connective tissue in a sea cucumber
whereas NGIWYamide stiffened it [3, 38]. However, it is not yet clear whether those
peptides or peptides closely related to them are widely distributed throughout echin-
oderms or not.

Peptide structures in some animals of different phyla
To the present, we isolated and sequenced more than 500 of peptides from various
animals of several phyla. The results of this study supported our speculation that
structures of peptides are generally conserved in each phylum. Table 5 shows myoac-

[iye peptides isolated from the clam Meretrix lusoria [79]. Except for the peptide
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ELRRPFIL, which is related to the vertebrate peptide neurotensin, all of the peptides
seem to be members of the previously identified molluscan neuropeptide groups such
as MIPs and S-lamides. ALPMLRMamide, which is closely related to the members
of the myomodulin family, has a Met-NH2 at its C-terminus, though the other
myomodulin family members found in molluscs have a Leu-NH2at their C-terminus
[6, 70]. Takahashi et al. [91] found a myomodulin-related peptide, AMGMLRM-
amide, in a polychaete annelid Perinereis vancaurica. The peptide also has a Met-
NH2 at its C-terminus. Actions of the peptides with Met-NH2 on the ABRM of
Mytilus were found to be almost identical with those of the myomodulin family
members which have Leu-NH2 [92]. The peptides with Met-NH2 are considered to
be also members of the myomodulin group. It seems to be interesting to search for
myomodulin-related peptides in lower molluscs such as chitons and in annelids.

The peptide pQVPLPRYamide is a member of the new family PLPRYamide [76].
In other molluscs, a member of this family has been found. It is pQPPLPRYamide
isolated from the ganglia of Helix pomatia [57] and H. aspersa [78]. Therefore, it is
supposed that members of this family are widely distributed in molluscs. lkeda et al.
[35] isolated a peptide which is closely related to the PLPRYamides, from the echi-
uroid worm Urechis unicinctus. The structure of this peptide is AAPLPRLamide.
Furthermore, peptides having PRXamide at their C-terminus are known to be wide-
ly distributed in invertebrates [70].

The neurotensin-related peptide ELRRPFIL was designated clamtensin. We could
not observe any activity of the peptide on molluscan muscles, and it is not yet clear

Table 5
Peptides isolated from the clam Meretrix lusoria [79]
Peptide Family
YTPKFlamide
YRPMFVamide
YVPRFlamide
YTPYFVamide MIP

YVPSFVamide
YTPRFVamide
YTPKFVamide
YRPRFVamide
GSNRPFFVamide

GLSSFIRlamide S-lamide

ELRRPFIL Neurotensin
ALPMLRMamide Myomodulin
FLRFamide FMRFamide
pQVPLPRYamide PLPRYamide
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Table 6
Peptides isolated from the hydra, Hydra magnipapillata [93]
Function Peptide Structure
Morphogenesis Hym-323 KWVQGKPTGEVKQIKF
Hym-346 AFEDVSHLEEKEKALANI IS
Hym-53 NPYPGLWamide
Hym-54 GPMTGLWamide
Hym-248 EPLPIGLWamide
Hym-249 KPIPGLWamide GL Wamides
Hym-331 GPPPGLWamide
Hym-338 GPPhPGLWamide
Hym-370 KPNAYKGKLPIGLWamide |
Hym-301 KPPRRCYLNGYCSPamide
Cell diffentiation Hym-33H AALPW
Hym-35 EPSAAIPW
Hym-37 SPGLPW > PWs
Hym-310 DPSALPW
Hym-355 FPQSFLPRGamide
Muscle contraction Hym-176 APFIFPGPKVamide
GLWamides

hP: hydroxy proline.

Table 7
Bioactive peptides isolated from the Japanese newt, Gynops pyrrhogaster [95, 96, unpublished]
Peptides Origin Structures

Newt Neurotensin Body, Head VK.KPRRPYIL
6—13 Neurotensin Body KPRRPYIL - o
Newt CNP Body SNSKPKPKKGQSSGCFGLKLDRIGSMSGLGC
Newt Substance P Head KPRPDQFYGLMamidc
Newt Neuromedin N Body K.TPYIL
Newt VIP-1 Body HSDAVFTDNYSRLLGKTALKNYLDGALK.KE
Newt VIP-2 Body 11SDAVFTDNYSRLLAKTALKNYLDGALKKE
Newt VIP-3 Body IISDAVFTDNYSRLLGKIALKNYLDEALKKE
Newt VIP-4 Body 1USDAVFTDNYSRLLGKTALKNYLDSALKKE
Newt Eye Peptide Eyeball G1AGLSPFRSVAL
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whether the peptide is a biologically active substance in the clam or not. It is possi-
ble that the peptide is a fragment of a protein. However, the peptide has potent neu-
rotensin-like excitatory effect on the intestines of vertebrates [unpublished, see also
79]. Kinjo et al. [45] isolated a neurotensin-like peptide, TSKGKRK.PYF, from a pla-
narian Dugesia japonica, and designated it planatensin. Planatensin as well as
clamtensin has potent neurotensin-like effect on the intestines of vertebrates. There-
fore, another possibility is considered. That is, neurotensin-related peptides having
unknown functions are widely distributed in invertebrates.

Bioactive peptides have also been isolated from cnidarians and members of the
cnidarian peptide families have been shown to be widely distributed among animals
of this phylum [for a review, see 26]. For example, members of the antho-RFamide
(pPQGRFamide) family have been found in hydromedusae, sea anemones and sea
pansies [27, 59]. However, any peptide which is considered to be a member of the
cnidarian peptide family or superfamily has not been found in non-cnidarian animals,
except for that the peptide termed head activator () QPPGGSKVILF) has been shown
to be conserved from hydra to human [4, 88].

Table 6 shows bioactive peptides isolated from the hydra, Hydra magnipapillata,
by Takahashi et al. [93]. None of the hydra peptides appears to be member of any of
the peptide families identified in non-cnidarian animals. Among cnidarians, howev-
er, peptides related closely to these hydra peptides are supposed to be distributed. In
fact, metamorphosin A (pQQPGLWamide) which was previously found in a sea
anemone [52] appears to be a member of the GLWamide family shown in Table 6.

We have also isolated a number of bioactive peptides from several vertebrates.
Most of the isolated peptides were found to be of new sequences. Except some of the
peptides, however, they were regarded as members of the previously identified ver-
tebrate peptide families. Table 7 shows bioactive peptides isolated from the Japanese
newt Cynopspyrrhogaster [95, 96; unpublished]. The newts were cut into four tissue
groups, eyeballs, heads without the eye balls, visceral organs and bodies without the
visceral organs, and those tissue groups were used for peptide isolation experiments,
respectively. Except the newt eye peptide, each of the peptides appears to be a mem-
ber of any of the previously identified vertebrate peptide families. The newt eye pep-
tide is a bradykinin-related peptide, though it cannot be regarded as a member of
bradykinin family. The peptide was found to have potent bradykinin-like effect on
the intestine of the newt.

Among the peptides isolated from the vertebrates, only one peptide obtained from
the brain of the Japanese crucian carp Carassius auratus and designated Carassius
RFamide (C-RFa, SPEIDPFWYVGRGVRPIGRFamide) was found to be signifi-
cantly related to a previously isolated invertebrate peptide [16]. The invertebrate pep-
tide is ACEP-1 (SGQSWRPQGRFamide) which was obtained from the African giant
snail Achatinafulica as a cardioexcitatory peptide [15]. Recently, two peptides relat-
ed closely to ACEP-1 were found in the molluscs Lymnaea stagnalis [94] and
Aplysia californica [1], respectively. They are regarded as members of ACEP-1
group. Soon after the finding of the C-RFa, sequences of prolactin-releasing peptides
(PrRPs) found in some mammals including human were reported [28]. The
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sequences of the PrRPs were found to be quite homologous to that of the C-RFa, sug-
gesting that it is a fish prolactin-releasing peptide. In fact, the peptide was found to
have potent and specific prolactin-releasing effect on fishes (personal communica-
tion from M. Fujimoto). Comparison of the cDNAs encoding the PrRPs with that
encoding the C-RFa supported that the peptide is a fish prolactin-releasing pep-
tide [86].

Similarity between annelidan and molluscan peptides

As we have mentioned, it seems that structures of neuropeptides are generally con-
served in each phylum, although there are some exceptional aspects. One of the
exceptional aspects is that most of the annelidan peptides, which we have isolated so
far, are closely related to molluscan peptides, as if annelids and molluscs were the
animals in the same phylum [100]. Table 8 shows myoactive peptides isolated from
annelids. Except for GGNGs and pev-myotropins, the annelidan peptides appear to
be members of the previously identified molluscan peptide families, such as
FMRFamide, S-lamide, myomodulin and MATP families. Any GGNG-related pep-
tide is not yet found in molluscs. However, the amidated GGNG family-member iso-
lated from a leech was found to have potent excitatory effect on some molluscan
muscles, while the non-amidated members isolated from earthworms had no effect
on the muscles [67]. Therefore, amidated GGNG-like peptides are probably present
in molluscs. Pev-myotropins were isolated from a polychaete annelid. The peptides
also show myotropic activity on visceral muscles of an earthworm. However, they do
not have any effect on molluscan muscles [90].

It should be noted here that there are a number of molluscan peptides whose struc-
tures are more or less related to arthropodan peptides [70]. Recently, Iwakoshi et al.
[42] isolated a cadioexcitatory peptide, PKYMDT, from the brain of the Japanese
octopus, Octopus minor. This peptide is significantly related to the well-known
arthropodan cadioexcitatory peptide proctolin. Furthermore, this peptide is some-
what related to ATWLDT which is one of the pev-myotropins.

Interphyletically distributed peptide-group members

The second exceptional aspect is that there are a number of peptide groups whose
members are widely distributed among several phyla [for a review, see 33]. The most
well-known such group is the oxytocin-vasopressin superfamily. The members of
this group are shown to be distributed among the Chordata, Mollusca, Arthropoda
and Annelida [33, 80]. Another well-known group is tachykinin-related peptides. The
members of this group are shown to be distributed among the Chordata, Mollusca,
Arthropoda and Echiuridea [for a review, see 73]. The tachykinin-related peptides
can be divided into two main types, vertebrate and invertebrate types. The vertebrate-
type peptides have FXGLMamide at their C-terminal portion, while most of the
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Table 8
Myoactive peptides isolated form annelids
Peptide Structure References
FMRFamide-related peptides FMRFamide [43]
FLRFamide [13]
YMRFamide [2]
GGKYMRFamide [2]
S-lamide-related peptides VSSFVRIamide [55]
AKSGFVRIamide [55]
Myomodulin-related peptides AMGMLRMamidc [91]
Conopressin-related peptides CFVRNCPTGamide [80]
MRYFVamide-related peptides SRLFVamide [101]
SHLFVamide [101]
VHLFVamide [101]
MATP-related peptides GFKDGAADRISIIGFamide [99]
GFRDGSADRISHGFamide [99]
GGNGs APKCSGRWA111SCGGGNG [81]
GKCAGQWAIIIACAGGNG [81]
RPKOAGRWAII ISOGGGNG [81]
AKOEGEWAIIIACLGGNamide [56]
Pev-myotropins ATWLDT [90]
FYEGDVPY [90]

invertebrate-type peptides have FX|GX2Ramide. The amino acid sequences of the
vertebrate-type peptides are not highly homologous with those of the invertebrate-
type peptides. However, as pointed out by Nassel [73], there are some other similar-
ities between the two types, and hence they seem to have an ancestral relationship
[see also 89].

It is well known that the tachykinin-related peptide eledoisin isolated from the
salivary gland of the octopus, Eledone mochata, as a toxic peptide has FIGLMamide
at its C-terminal portion [12]. That is, the peptide is of vertebrate type. Recently, two
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other vertebrate-type tachykinin-related peptides with FXGLMamide were found in
an invertebrate. They are sialokinin | and Il isolated from the salivary gland of the
yellow fever mosquito, Ades aegypi [7]. More recently, lwakoshi et al. [41] isolated
two novel tachykinin-related peptides having FXGLMamide from the salivary gland
of the octopus, Octopus vulgaris. All of the vertebrate-type invertebrate tachykinin-
related peptides have been isolated from the salivary glands. The peptides seem to be
utilized by the invertebrates as toxic substances against target animals such as fishes
and mammals.

As in case of vertebrate-type invertebrate tachykinin-related peptides, certain
toxic peptides of invertebrates are closely related to vertebrate peptides. These toxic
peptides may have evolved from non-toxic related peptides to be able to act on tar-
get animals under a selection pressure. We have shown that bradykinin-related pep-
tides are also present in a sea cucumber. It is well known that insect wasps have a
number of peptides, which are closely related to bradykinin, in their venoms [72].
Bradykinin-related peptides may be widely distributed also in invertebrates, and the
toxic bradykinin-like peptides of the wasps may have changed from some non-toxic
ancestral bradykinin-related peptides.

Development o fantagonists ofinvertebrate neuropeptides

A large number of invertebrate neuropeptides have been isolated and their primary
structures have been determined. Flowever, physiological roles of most of the pep-
tides are not yet clear. To clarify the roles, it seems to be very important to develop
specific antagonists of the peptides and to use them for investigation of the functions
of the peptides. Therefore, development of antagonists of some invertebrate neu-
ropeptides was attempted by using a combinatorial chemistry method.

NH,
co

co CH, NH

CH, CH, CH,

H,N—C—CO—NH—C—CO—NH—C—CO—NH,
H H H

Fig. 3. Structure of Asn (trt)-GIn-Trp-NH, [54]
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At the outset, development of antagonists of the molluscan neuropeptide
APGWamide was tried, and several antagonists were obtained. Among the antago-
nists, APGWGNamide was found to be most potent. At 10 4 M APGWGNamide
almost completely blocked the inhibitory actions of 10 6 M APGWamide on tetanic
contraction of the ABRM of Mytilus edulis and on spontaneous contractions of the
crop of the Japanese land snail Euhadra congenita [75].

In the course of the combinatorial chemistry experiments, a new analgesic tripep-
tide was obtained by Maeda et al. [54]. The structure of the analgesic peptide is
shown in Fig. 3. The peptide was found to be more potent than morphine.

It seems not to be difficult to develop antagonists and agonists of neuropeptides
by using combinatorial chemistry method. In future, various specific antagonists will
be developed and they will be used to clarify functions of invertebrate neuropeptides,
and thus systematization of invertebrate neuropeptide world will be progressed more.
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Two microclectrode voltage-clamp and single-channel recordings were performed on D-cluster neurons
of snail right parietal ganglion in order to study the properties of MIP-activated potassium current. It was
found that the octapeptide member of the MIP-family, ASHIPRFVa elicits an outward current, which
possesses all the properties characteristic for the hexapeptide(s) inward membrane response. The main
component of the peptide elicited response is highly [K+]0 dependent, however the response was atte-
nauted in Na-free extracellular saline. The peptide elicited response was mimicked by raising the [Na+]j
by pressure injection of Na+into the cell. Single channel recordings indicated that MIP-induced outward
K-current is Na-dependent. The probability to find a channel in open state increases with increasing intra-
cellular Na+concentration. Excised inside-out patches obtained from D-ncurons contained IKNy) chan-
nels could be activated by exposure of the cytoplasmic face of the patch membrane to 40 mM Na+ and
40 mM Li+ as well. The single channel current amplitude at-60 mV is 15 pAand the single channel con-
ductance is 212 pS between -80 and 0 mV. It was concluded that MIP’s activate a novel type of K+cur-
rent in the snail neurons. This current is the Na-activated K+current. The single channel properties of the
MIP activated channel is in concert with IKN{ data obtained on different vertebrate and invertebrate
preparations.

Keywords: Invertebrates - snail - neuron - neuropeptide - cation-activated potassium channels.

INTRODUCTION

K+channels are a major target of inhibitory synaptic transmitters and of variety of
neuropeptides. The slow K+current responses to neurotransmitters, including
dopamine, histamine, acetylcholine and serotonin, all appear to share properties of
the FMRFa and APWGa-induced current [1, 3, 11, 13,28,31].

Earlier it was shown that members of the Mytilus inhibitory peptide (MIP)-family
elicit a slow K+current in Helix neurones. The response is composed from two inde-
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pendent responses at least, each of them was associated with different voltage and
concentration dependences, and with different ionic mechanisms (K+and CE) [19,
25]. We have, however suspected that the potassium component of the peptide-acti-
vated response was not identical to that activated by the above-mentioned transmit-
ters and neuropeptides. The main difference is that MIP-elicited current was blocked
or substantially decreased tcy Na-free extracellular solution. MIP-family peptides are
widely distributed in invertebrates [24] and all of them have a potent inhibitory effect
on various molluscan muscles [10, 13, 22]. It was also found that these peptides may
alter the activity of neurones in the central nervous system, as well. MIPs inhibit the
spontaneous firing of the molluscan neurons by inducing a hyperpolarization,
increasing the potassium conductance of the membrane [20, 23, 25, 32].

Recently, we have analysed in detail the properties of the potassium component of
the MIP-activated response in the D-cluster neurones of Helix pomatia, applying the
two microelectrode voltage-clamps and a patch-clamp approach. D-cluster neurons
forms a homogenous group of cells in right parietal ganglion [27] and were not
labelled by an antibody raised against neuropeptide RAPYFVa (a member of MIP
family) [8]. Here we have analyzed the properties of the ASHIPRFVa peptide-(an
octapeptide member of the MIP-family) elicited membrane response and compared
with that obtained by the application of hexapeptide members.

Furthermore we report that MIP’s activate a potassium current, which is probably
triggered by the increase of intracellular cation (sodium) concentration.

MATERIALS AND METHODS

Adult specimens of Helix pomatia L. collected locally in autumn, were used. They
were stored at 4 °C from October until the end of March. A week before of the use
snails were placed under wet conditions at the room temperature (20 °C) and sup-
plied with food. Experiments were carried out on D-cluster neurons [27]. Prior to
intracellular recording, the thick connective tissue was removed and the innermost
layer enveloping the ganglia was softened by protease treatment (1% V/V XIV pro-
tease, Sigma for 10 min at room temperature). Thereafter, cells were exposed and
placed in a 0.5 ml volume perfusing chamber and the experiments were performed at
a constant perfusion rate of 1-2 ml/min. Replacement of the chamber volume
required ~2 min at 1 ml/min. The physiological solution had the following composi-
tion (mM): 80 NaCl, 4 KC1, 10 CaCl2 5 MgCI2, 10 Tris-HCI, with the pH adjusted
to 7.4 with HCL. In elevated K+saline, the appropriate amount of NaCl was replaced
by KC1. In Na+free solution, Na+ was replaced with equimolar amounts of LiCl,
CsCl, TrisHCI (tris(liydroxymethyl)-aminometane hydrochloride), sucrose or NMG-
Cl (N-methyl-D-glucamine chloride). In CE free saline CE ions were replaced with
equimolar amount of acetate or propionate. The standard pipette solution for the
patch-clamp contained (mM): 120 KCI, 1 EGTA, 5 HEPES, 1 MgCI2 pH 7.4.
Peptides were prepared in an appropriate physiological solution from a stock solu-
tion of 1 mM MIP dissolved in distilled water and stored until the use at -18 °C.
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Before the experiments peptides were diluted 10-100 times and pressure applied
onto the cell surface. Na-ions (100 mM) were pressure ejected or iontophoretized
intracellularly.

Electrophysiological recordings
Conventional recordings

Conventional single and two electrode techniques were employed to obtain current-
or voltage-clamp recordings using an Axoclamp 2B amplifier. The membrane poten-
tial was recorded differentially between voltage sensing microelectrode and a saline-
agar bridge placed in the bath. Glass micropipettes of resistance 1-2 MIM (were used
and filled with 25 M KCL1 or 2.0 M potassium acetate). Single electrode voltage-
clamp was performed in a discontinous SEVC mode.

Patch clamp recording

Single channel currents were obtained using standard patch-clamp techniques [15].
The current of the Na+activated K+channel was recorded in the inside/out recording
configuration with a patch-clamp amplifier (EPC-7, List-Electronic). Patch pipettes
were pulled from borosilicate glass and fire polished to a tip diameter <1 pm result-
ing 6-10 MI2 pipette resistance. After forming a gigaseal the patch was excised into
a divalent cation free physiological solution and moved into a compartment contain-
ing intracellular saline of the following composition (mM): 80 KC1, 40 NaCl, |
EGTA, 5 HEPES 1 MgCL, pH 7.4 adjusted with KOH. In some experiments NaCl
was substituted with LiCl or NMG-C1 in equimolar amount.

The data were directly filtered at 1kHz and stored in a computer using pCLAMP
(Axon Instrument) software.

Drugs

Thapsygargin was obtained from Alomone Labs (Jerusalem, Israel) and all other sub-
stances were Sigma products.

RESULTS

Recently, we have studied the properties of K-channels activated by octapeptide
ASHIPRFVa (AS, a member of the MIP-family). The AS elicited response possess-
es all of the properties characteristic for the hexapeptide-induced currents [19]. The
current-voltage relationship show outward rectification, increase in membrane con-
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-70 mV

20 mM [K].

— - - = = = = = =
-40

-100 -8 0 -60 -20

Membrane potential (mV)

Fig. 1. Effect of extracellular potassium concentration on ASHIPRFVa elicited currents. A - Current-

voltage relation of AS induced outward currents in the presence of 4 mM [K]0 and 20 mM [K]O.

Normalized data points are averages obtained from 8-12 neurons. Vertical bars are S.D. of the mean.

B-C - Representative current traces recorded at two different holding potentials (B =-70 mV and
C=-50 mV) and at two different [K]0(a =4 mM and b = 20 mM)

ductance and the reversal potential is at -85 mV in extracellular solution containing
4 mM K+ Increasing the concentration of [K+0 shifts the reversal potential right
along voltage axis according to the potassium electrode (Fig. 1). This means that the
peptide elicited response is highly potassium dependent. The peptide elicited
response was biphasic at 20 mM [K(], suggesting the response is composed of two
or three components (Fig. IBb). At -50 mV membrane potential the response is
already monophasic with attenuated amplitude as is expected at increased [K{] (Fig.
ICb). The current is blocked by Cs+and 4AP and partly blocked by Ba (5 mM), TEA
(10 mM), apamin (1046 M) and the response is highly sensitive to the changing of the
extracellular Na-concentration [19]. Superfusion of Na-free TrisHCL, NMGC1 or
sucrose containing solution over neurones, while having no effect on the reversal
potential, reversibly decreased the peptide induced response up to 20% (by 80%) of
the control (Fig. 2A). In Na-substituted Cs+ or sucrose containing extracellular solu-
tion, the amplitude of the peptide-elicited outward current was almost completely
ceased or blocked (Fig. 2B, C). The recovery following the removal of Cs+or sucrose
solutions was successful. In order to exclude the involvement of the Na+/K+ pump-
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ing mechanism in the peptide induced response, the effect of MIP was examined in
Li+saline and in the presence of ouabain (strophantidine). In Na+substituted Li+
saline the MIP elicited response was only slightly attenuated, but not blocked (Fig.
3A, B). Na+free sucrose containing solution the peptide induced response was
almost completely abolished. Ouabain (KP4 M), a cardiac glycoside, which blocks
electrogenic Na+/K+pump had no or little influence on the MIP-induced potassium
current (Fig. 3C, D). Although apainin (2.5x11p6 M) decreased the amplitude of MIP
elicited response, changing of the Ca-concentration in the extracellular solution had
no visible effect (Fig. 4A). Removal of Ca2+from the extracellular saline had no dra-
matic effect on the MIP-induced currents. Neither thapsigargin, a releaser of Ca2+
from intracellular depot, caused a remarkable effect at 10 pM concentrations (Fig.
4B) on the current.

0 20 40 60

Time (s) Time (s)

Fig. 2. Removal of Nations from the extracellular solution ceases or blocks amplitude of the octapep-

tide induced currents. A Response elicited by pressure application of the peptide at holding potential of

-40 mV in every 2.5 min. The duration of the Na-frec solution application is marked by horizontal bar.

B and C - representative current records in sucrose and CsCl substituted Na*-frce extracellular salines.
Ticks on the vertical axis denote 10 nA
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Fig. 3. Effect of LP and ouabain on the MIP-elicited current amplitude. Calibration 2nA/tick. A, B - in
Li+ substituted Na-frec solution the amplitude decreased not significantly. C, D - Ouabain (Strophantin
10~5 M) had little or no effect both on the amplitude and shape of the peptide elicited currents

We have proposed therefore that the decreasing effect of the Na-free extracellular
solution of peptide-induced response was due to the inhibition of the Na-activated K-
current. In order to prove this hypothesis we have injected Na-ions iontophoretical-
ly, as well as by pressure, and an outward current was obtained, which mimicked the
time course of MIP elicited current (Fig. 5A, B). The significant difference between
the amplitudes of currents evoked by iontophoretic and pressure application of Na+
ions was due to the different amount of the injected Na+ions. Pressure application is
more powerful, because the intracellular concentration of the injected ions reaches a
much higher value during a shorter time. It is possible however, that the MIP elicit-
ed outward current and the response induced by intracellular Na-injection have basi-
cally different mechanisms. In order to test this possibility additivity experiments
were made. Immediately after iontophoretic Na-injection a puff of MIP was ejected
onto the surface of the neurone to initiate current. It was seen that following Na-
injection the amplitude of the peptide elicited response was attenuated, suggesting
that in both case the same channels were activated (Fig. 5C). Loading the cell with
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Na+the peptide was not able to induce further increase of the intracellular Na-con-
centration resulting a smaller response compared to the control.

Direct evidences on the presence of Na-activated K-channels induced by MIP
application are provided by patch-clamp experiments, because single-channel mea-
surements eliminate the possibility of macroscopic voltage-clamp artifacts [4].
Single channels were investigated in cell-attached and inside-out recording configu-
ration of the patch-clamp technique. The patch of the membrane was held at a poten-
tials between -80 and +60 mV (pipette potential), and different solutions were
applied to the intracellular site of the membrane. In cell-attached patch single-chan-
nel activity was already observed probably due to the high K+contained (120 mM)
of the pipette solution. In inside-out patches in Na-free solution no channel activity
was observed or the channel activity decreased substantially (Fig. 6A, upper line).

A

Time (s)

Fig. 4. The peptide induced response is not sensitive against extra- and intracellular Ca2+ Amplitude cal-

ibration is 10 nA/tick. A - Thapsigargin at 10~5 M did not influence neither the amplitude nor the time

course of the AS-clicited outward current. B - Ca-free extracellular solution and the same saline plus
10'5 M thapsigargin added had no effect
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A
2 .
intracellular Na+injection
0 -
RN T T T S RO M
B
10 . pressure injection of

Na+(100mM)

% S-a—s —n

Amo

Fig. 5. Effect of intracellular Na-injection on the peptide activated current. A - lontophoretic Na+injec-

tion. The pipette contained 100 mM NaCl. The injection artifact is seen at the beginning of the trace.

B - Pressure ejection of Na+was more effective. The arrow shows the moment of injection (100 ms).

C - Upper trace - the control curve; middle trace - the peptide application was preceeded by intracellu-
lar Na+iontophoresis lower trace - peptide application alone. Calibration 10 nA

Superfusion of intracellular saline containing 40 mM Na+a bursts of openings were
observed (Fig. 6A bottom line). Two channels became active and this activity per-
sisted during several minutes exposure to sodium. No run-down of the channel activ-
ity was observed up to 15 min. Mostly the channel openings occurred in bursts with
a rapid flickering between open and closed states. Li+was capable of substituting the
sodium ions, inducing single channel activity (Fig. 6B).

Figure 7A illustrates, on a faster time scale, examples of the elementary current
with several substates, some of which are indicated by asterisks. Subconductance
states were usually preceeded and followed by the main conducting state and were
ocasionally seen in isolation. Current-voltage relationship for the main conducting
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A

PP=-60 mV, Na-free NMD-G

B 110 pA

250 ms

PP=-80mV, 40 mM Li*

Fig. 6. Single channel currents from inside-out patches (120 mM [K]o/80 mM [K]j) from the soma of D-

neuron, showing the Na+activated channel at different membrane potentials and different solutions. A -

upper record Na-free, glucamin containing intracellular saline, lower record-activity in the presence by

40 mM NaCl added intraccllulary. B - single channel activity in control (upper record) and Li+ substi-
tuted Na-free solution (lower record)

state of IKINY channels in 80 mM [KJ/120 mM [K]O solutions is shown in Fig. 7B.
The fitting of the data with linear regression revealed single channel conductance of
212 pS between -80 and 0 mV. The reversal of currents through the Na-activated
channels in solutions containing 80 mM («; and 120 mM [K]Owas arround +12 mV.

The average open and closed times were determined from the open- and closed-
time distributions of the main conductance state (Fig. 8A, B). The open-time distri-
bution was fitted with one exponential giving 1.5 ms mean open time. The closed-
state histogram was best fitted with two exponentials (t,= 1.65 ms, x2= 16.2 ms).
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Fig. 7. A - Subconductance states (asterisks) of Na-dependent K channel in inside-out patch activated by

40 mM NaCl from the cytoplasmic side of the membrane. C - resting level, O,- 0 3are subconductance

levels. Lower record was made at expanded time scale. Amplitude calibration is 5 pA. B - Current-volt-

age (i-v) relationship for the main conducting state of IKN\) channels in 120 mM [K]080 mM [K]; (equi-
librium potential, EK= 10.2 mV) solution. Single channel conductance is 212 pS

Fig. 8. PP =-88 mV, inside-out patch, 40 mM NaCl inside. The open-time (B) and closed-time
(C) distributions from the same patch
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DISCUSSION

The octapeptide ASHYPRFVa elicit an outward current above -80 mV membrane
potential in snail D-cluster neurons and possessed all properties characteristic for the
hexapeptide members of the MIP-family [19]. At increased extracellular [K4 (20
mM) a second component was observed, which proved to be a Cl -dependent cur-
rent. The main outward current component reversed at -80 mV and decreased or
ceased in Na-free saline without changing the reversal potential of the current.
Because of the ineffectiveness of ouabain, and Li+to abolish the MIP effect on the
outward current it seems unlikely, that this current component is generated by an
electrogenic Na-pump. In snail neurons, intracellular Na injection but not the injec-
tion of similar quantities of K+ or Li+ stimulated the electrogenic Na pump [30].
Taken into account all the above-mentioned facts suggest that MIP elicited response
does not involve Na+K+pump.

On the other hand, the sensitivity of the MIP-induced response to potassium chan-
nel blockers indicates that the peptide enhances a potassium current. The physiolog-
ical and pharmacological properties of this ligand gated KT-current distinguish it
from other receptor coupled K+currents such as the S-current and G-protein depen-
dent inward rectifiers.

The dependence of the MIPs elicited response upon the Na+ion in the extracellu-
lar solution indirectly suggests that the peptide activated current is a Na-dependent
K-current. In order to prove this hypothesis we have injected Na+intracellularly and
the response obtained was identical to that induced by peptide application. Additivity
test supported the hypothesis, that the peptide-elicited response is carried by a cur-
rent through Na-activated K-channels.

More direct evidences have been obtained from single channel experiments.
Rising the Na+ion concentration (40 mM) at the cytoplasmic phase of the membrane,
channels were activated with a main amplitude of 12-15 pA at -60 mV membrane
potential.

It appears that the channel may enter at least two open states in addition to the
main conducting state, like in quail trigeminal ganglion neurons [14]. The slope con-
ductance was around 200 pS, which is in the range obtained in different vertebrate
and invertebrate preparations [6].

Originally, Na enters through voltage dependent TTX-sensitive channels in differ-
ent vertebrate neurons. Our investigated neurons do not have voltage-activated Na-
channels. Therefore, one of the possible explanations might be that the rise of [Na]j
is mainly due to the influx of Na+through the Ca-channels. More plausible explana-
tion would be, however, that Na enters via leakage channels into the cell from the
extracellular space. Li+could substitute Na+ in activating K+channels meanwhile
Cs+was unable to activate these channels. Therefore we conclude that the MIP pep-
tides induced channel are Na-activated channels (1"Na))-

Sodium-activated K+channels (IKNJ) are a class of large conductance ion chan-
nels expressed in several population vertebrate neurons, mammalian cardiac muscle
cells and Xenopus oocytes [2, 4, 5, 7, 14, 17, 26, 33]. According to Dreyer [6]
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Kameyama et al. [17] reported first that K+channels can be activated by increasing
the Na+ concentration on the cytoplasmatic side of inside-out patches from guinea-
pig myocytes. These channels are not affected by Ca2+ or ATP. The probability of
finding channels in the open state is a function of the Na+ concentration, with half
maximal activation occurring at 30-60 nM and a Hill-coefficient of 3. The presence
of IK\®) channels was also reported in invertebrate neurons [12, 16] and in peptider-
gic nerve terminals in crustacean neurosecretory system [29].

In snail neurons the hyperpolarizing effect of intracellular Na+injection was
described by Kerkut and Thomas [18] and Thomas [30]. They have concluded that
the effect was due to the stimulation of an electrogenic Na-pump. Kononenko et al.
[21] have shown however, that this current is potential dependent, which was diffi-
cult to explain solely by the presence of the electrogenic Na-pump. They concluded
therefore, that Na+induced membrane current is a result of a “specific increase in the
membrane conductance”, that is coupled with high activity of the Na-pump. This
special type of ion channel could be identical with the Na-activated K-channel.

Consequently, the presence of the Na+activated K channels in the snail neurons is
not unique. Although in mammalian cortical neurones there is some evidence that
IK\Y is modulated by neurotransmitter norepinephrine [9] this is the first demon-
stration of the involvement of IK{NY in peptide action. Hence, it is proposed that MIP-
family peptides elicit a novel type of K-channels in Helix neurones gated by a tran-
sient increase of intracellular Na concentrations.
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CCAP-like immunoreactivity was detected in central neurons with small and medium diameters in both
Helix and Lymnaea CNS. The intensity of immunoreactivity showed seasonal changes with a maximum
intensity during spring. The overwhelming majority of nerve cell bodies exhibiting CC/IP immunoreac-
tivity is located in the cerebral and parietal ganglia of both Helix and Lymnaea. The neurons of pleural
and buccal ganglia were devoid of CCAP-immunoreactivity. Following preabsorbtion of CCAP antibody
in 1:15000 dilution with 10 * M CCAP or CCAP-related peptide (Helix -CCAP), immunoreactivity
could not be observed in neurons, demonstrating the specificity of the antibody to CCAP-related mole-
cules in both Helix and Lymnaea.

Keywords: CCAP CCAP-related peptides - immunocytochemistry - Helix - Lymnaea.

INTRODUCTION

The crustacean cardioactive peptide (CCAP) was originally identified from the peri-
cardial organs of the shore crab, Carcinus maeans, as a potent cardioexcitatory sub-
stance [16]. CCAP evokes inotropic effects on the Locusta heart at 1(T9M threshold
concentration [5]. Cardioexcitatory effects of CCAP was also demonstrated in the
larvae of the blowfly [8] and hawkmoth [2]. CCAP affects not only the heart muscles
in different arthropods acting as neurohormone, but noncardiac muscles as the
hindgut [18] and neurons in the stomatogastric ganglion of crustaceans [11, 20] are
also targets for CCAP.

A CCAP-related new peptide family, the members of which have a very similar
amino acid sequence to that of the CCAP, have been isolated and characterized from
Helixpomatia [10, 12]. Significant differences can be seen only at the amidated end
of the molecule as it is demonstrated with a member of the family (H24).
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Hungary.
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Pro-Phe-Cys-Asn-Ala-Phe-Thr-Gly-Cys-NH2 (CCAP)
Pro-Phe-Cys-Asn-Ser-Tyr-Gly-Cys-Tyr-Asn-Ser-NH2 {Helix-CCAP)

CCAP-related peptides were shown to be effective on different invertebrate mus-
cles by potentiating their contractions [12]. CCAP affected heart muscle contraction
and Helix-CCAP affected the behavior of Helix pomatia (Hernadi and Agricola in
preparation). Although CCAP-related peptides have been isolated and characterized
in molluscan species but neurons showing CCAP-like immunoreactivity have not
been described. The aim of the present study was to perform immunocytochemistry
on the CNS of two different gastropod species Helix pomatia and Lymnaea stagnalis,
to see if the antibody raised against CCAP labels neurons of the gastropod CNS
which does not contain CCAP but CCAP-related peptide molecules.

MATERIAL AND METHODS

Adult specimens of the snail Helix pomatia L. and Lymnaea stagnalis were used in
different seasons. The CNS was dissected and immersed into fixative containing 4%
paraformaldehyde buffered with 0.1 M phosphate buffer (pH 7.4) for 6 h at 4 °C.
After fixation the samples were washed in phosphate buffered saline (PBS) overnight
at 4 °C.

Immunocytochemistry was carried out on both whole-mounts and on 25 pm thick
serial cryostat sections cut from the CNS of both Helix and Lymnaea. Samples were
incubated with CCAP antibody [1, 6] diluted 1:5000, 1:10000, 1:15000 in PBS-TX-
BSA for 2 days at room temperature. To visualize the CCAP-immunoreaction the
peroxidase-antiperoxidase (PAP) three-steps method [19] was applied. The
immunoreaction was developed in TR1S-HC1 buffer containing 0.05% diaminoben-
zidine (DAB) and 0.01% H20 2 Samples were dehydrated and embedded into
Canada balsam.

For specificity tests of the immunoreaction polyclonal CCAP antibody [1] diluted
1:5000 or 1:15000 in PBS-TX-BSA was preabsorbed with 10~3 M CCAP (875,
Peninsula Laboratories, San Carlos, CA) or 10~3M Helix-CCAP (H24), see Minakata
et al. [10] for 12-48 h at 4 °C. The preabsorbed antibody was used as method con-
trol on cryostat sections.

In control experiments, when the CCAP antibody was replaced by normal goat
serum in PBS-TX-BSA, no immunoreaction could be observed. After preabsorbtion
with 10 ‘3M CCAP or Helix-CCAP molecules the antibody in 1:15000 dilution did
not give immunoreactivity in neurons of both Helix and Lymnaea. In case of Helix-
CCAP, the preabsorbtion time affected the activity of the antibody; 48 h long preab-
sorbtion time at 4 °C was needed for the total abolishment of the immunoreaction.
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RESULTS AND DISCUSSION

CCAP-immunoreactivity obtained in the different seasons of the year was different
in the CNS of both Helix and Lymnaea. The staining intensity was found to be the
highest in spring whereas it was the lowest in autumn and winter. Therefore, we used
CCAP antibody in 1:15000 dilution in spring and 1:5000 in autumn and winter.

CCAP-ir cell bodies could be observed in all ganglia of the CNS of both Helix and
Lymnaea except the pleural and buccal ganglia (Fig. 5). However, CCAP-ir fibers
were present in each ganglia. The CCAP-ir cell bodies appeared regularly in the same
positions in the different preparation and they showed cluster-like arrangements in
the different ganglia (Figs 1, 4). The majority of CCAP-ir cell bodies is concentrat-
ed in the cerebral and parietal ganglia in both Helix (Fig. 1) and Lymnaea (Figs 3, 4).
CCAP immunoreactivities could be detected mainly in small (10-12 pm) neuronal
cell bodies (Figs 1, 4), however larger (55-60 pm) CCAP-ir cell bodies were also
seen in the cerebral (Figs 1,2, 3) and parietal ganglia. The majority of CCAP-ir neu-
rons were unipolar and their processes exhibited extensive varicose arborizations
(Fig. 2).

Authentic CCAP has been identified and isolated not only from the shore crab
Carcinus [16] but from the nervous system of insects such as Locusta migratoria
[18] and Manduca secta [7, 9]. These observations indicate that the primary structure
of CCAP is highly conserved since it could be detected in phylogenetically divergent
arthropod groups. Immunocytochemistry demonstrated CCAP-ir neurons in different
arthropod species like the crab [4], the horseshoe crab Limulus [3] and the grasshop-
per Locusta [5]. Although authentic CCAP has not been demonstrated, CCAP-ir neu-
rons could be found also in other phyla as the annelid leech located in both the brain
and ventral nerve cord [3].

Authentic CCAP could not be found in gastropods only CCAP-related peptides
were isolated with a very similar amino acid sequence to CCAP [10, 12], CCAP anti-
body stained neurons in the different ganglia of Helix and Lymnaea. Although sig-
nificant differences could be seen at the amidated end of CCAP and CCAP-related
peptide molecules, the cistein bridge makes the confonnation of CCAP related pep-
tide molecules very similar to that of the CCAP [12]. Since no cross-reacting sub-
stance with CCAP antibody has yet been found with any other known peptides [4,
18], our confidence that the antibody recognised CCAP-related peptides was based
upon the complete abolishment of immunostaining by preabsorbtion with CCAP or
CCAP-related molecules. Therefore, we suggest that the antibody raised against
CCAP can recognize CCAP-related molecules specifically and we may consider the
obtained immunoreactivity in the neurons of both Helix and Lymnaea specific to
CCAP-related molecules.
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Fig. 1 The whole-mount preparation shows the distribution of CCAP-ir neurons on the dorsal surface of

Helix cerebral ganglion. Arrows show the characteristic groups of small CCAP-ir neurons. Arrowheads

show solitary CCAP-Ir. neurons. Large arrow shows the main CCAP-ir pathway running to the olfacto-

ry and tentacular nerves, cc. Cerebral commissure, MC. mesocerebrum, PC. Procerebrum x125. Fig. 2

The cryostat section shows a medium diameter unipolar CCAP-ir neuron in the dorsal surface of Helix

cerebral ganglion. The main process (arrows) runs towards the ventral surface and gives off fine varicose
sidebranches (arrowheads). x250
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Fig. 3. Horizontal cryostat section of Lymnaea cerebral ganglion shows the characteristic group of small

CCAP-ir neurons (arrow) close to the lip nerves. Arrowhead shows a medium diameter CCAP-ir neuron,

cpc. cerebro-pedal connective, epic, cerebro-pleural connective * 125. Fig. 4. The whole-mount prepara-

tion of Lymnaea CNS shows the small CCAP-ir neurons (arrowheads) in the visceral (VG) and left pari-

etal (LPa) ganglia, x125. Fig. 5. The cryostat section of Lymnaea buccal ganglion exhibits no CCAP-ir

cell bodies only thick CCAP-ir fibers (arrowheads) making fine varicose arborization in the neuropil of
the ganglion. x250
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1 This paper reviews the role of transmitters in identified neurons of gastropod molluscs in generating
and modulating fictive feeding.

2. InLynmaea and Helisoma the 3 phase rhythm is generated by sets of interneurons which use acetyl-
choline for the N1 (protraction) phase, glutamate for the N2 (rasp) phase intemeurons. The N3 intemeu-
rons are likely to use several different transmitters, of which one is octopamine.

3. In all the species examined, serotonin (5-HT) is released from giant cerebral cells. Other amines,
including dopamine and octopamine, are present in the buccal ganglia and all these amines activate or
enhance feeding.

4. Nitric oxide (NO), mostly originating from sensory processes, can also activate fictive feeding, but (at
least in Lymnaea) may also be released centrally from buccal (B2) and cerebral neurons (CGC).

5. The central pattern generator for feeding is also modulated by peptides including APGWamide, SCPU
and FMRFamide.

6. There is increasing evidence that most of these transmitters/modulators act on feeding neurons through
second messenger systems - allowing them to act as longer-lasting neuromodulators of the feeding net-
work.

7. Many of the transmitters are used in similar ways by each of the gastropods examined so far, so that
their function in the CNS seems to have been conserved through evolution.

Keywords: Monoamines - neuropeptides - nitric oxide - feeding - gastropods.

INTRODUCTION

In the search to understand neural organisation, work with gastropod molluscs has
been particularly fruitful. Analysis of their feeding systems has provided many
insights into how rhythmic patterns are generated, modulated by sensory inputs and
changed due to experience. Although the feeding network initially appeared simple,
it is complex and adaptable, as the behaviour can be configured for ingestion, eges-
tion and for egg laying. At a physiological level, a variety of different, identifiable
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neurons is required to construct each phase of the rhythmic pattern. The behavioural
and physiological complexity is reflected in the use of a wide range of neurotrans-
mitters - both classical, peptidergic and gaseous in the network.

This review seeks to summarise the role of neurotransmitters in generating and
modulating the rhythmic pattern for Active feeding. Our understanding of the close-
ly related basommatophoran snails Lymnaea and Helisoma, where the central pattern

Control 0.5mM HMT+0.2mM Flu Washout

20 s

Fig. 1 Role of acetylcholine in feeding. A. Application of acetylcholine to the cerebral ganglia of Umax
activates fictive feeding in a manner similar to carrot juice applied to the lips (Reproduced with permis-
sion from Ref. 22). B. In Lymnaea, application ofacetylcholine to buccal neurons (B2 and 4CL motoneu-
rons and N1M intemeuron in a saline with no calcium produces direct effects (Reproduced with permis-
sion from Ref. 14). C. In Lymnaea, application of the cholinergic antagonist hexaméthonium blocks the
fast EPSPs produced by the protraction phase intemeuron NIL. This is combine with the dopaminergic
antagonist fluphenazine, but neither antagonist blocks the slower component (Reproduced with permis-
sion from Ref. 48). D. In Lymnaea, the partial cholinergic antagonist PTMA dissolved in normal saline
blocks the fictive feeding rhythm evoked by stimulating the N1M intemeuron; rhythmic activity is just
confined to the N1 neuron and its follower (BIO). The lack of activity in the B4cl motoneuron indicates
that the N2 and N3 intemeurons which control the rasping and swallowing are not takint part in the
PTMA rhythm. In the washout, the full feeding pattem is recovered (Reproduced with permission
from Ref. 11)
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generator is well known, is compared with the stylommatophorans (Helix & Umax)
and with the more distantly related opisthobranchs (Aplysia, Clione, and Pleuro-
branchaea).

ACETYLCHOLINE

Acetylcholine, long-established a molluscan neurotransmitter, plays an important
role in the feeding system. In Umax and Aplysia, application of acetylcholine or
cholinergic agonists to the cerebral (but not buccal) ganglia evokes a rhythmic pat-
tem, comparable to that for ingestion [22, 43] (Fig. 1A). This is due to the direct acti-
vation of several cerebro-buccal intemeurons, including the serotonergic giant cell.
However, high concentrations of acetylcholine block feeding [24] probably due to
the direct agonist effect on all the buccal neurons to dominating over synaptic inputs.
Acetylcholine, and other cholinergic agonists, excite the protraction phase inter- and
motoneurons and inhibit the retraction phase neurons [14] (Fig. 1B).

In Lymnaea acetylcholine is present in all 3 of the protraction phase premotor
interneurons (SO, NIL, N1M) so far analysed. Application of antagonists - either
general, like curare, or specific, like methylxylocholine and hexaméthonium block
the fast PSPs produced by these neurons, but do not reduce the second, slower com-
ponent, which suggests these neurons also release a cotransmitter (Fig. 1C) [12, 48,
53]. One example is the peptide myomodulin, which is present in the SO [40].

Application of cholinergic antagonists also prevents the full rhythmic pattern from
occurring; instead, activity is confined to the protraction phase neurons [11]. The
rhythmic activation of the N2 (rasping) phase neurons does not occur because of the
disruption of the N1 —» N2 connections (Fig. ID).

GLUTAMATE

There is strong evidence that glutamate is used as a transmitter by retraction phase
intemeurons in Helisoma and Lymnaea. Immunocytochemistry shows that the retrac-
tion phase intemeuron B2 of Helisoma contains elevated levels of glutamate [35].
Many of the feeding motoneurons respond to bath or iontophoretic application of
glutamate in the same way (excitation or inhibition) that they do to the retraction
phase synaptic inputs. In Lymnaea the B3 motoneuron is excited by glutamate and
rasp phase inputs, while the 7 cell motoneuron and SO intemeuron are inhibited [6].
Both these effects are mimicked by the agonists quisqualate and AMPA (Fig. 2A). In
Helisoma, the inhibitory effects of glutamate were mimicked by quisqualate, and the
excitatory ones by kainate (Fig. 2B). Some Helisoma cells (e.g. B 19, homologous to
the B4 motoneuron of Lymnaea) were inhibited by glutamate but excited by kainate
[35, 36]. Moreover, CNQX blocks the excitatory responses selectively. The excitato-
ry responses of the Lymnaea B3 motoneuron to stimulation of the retraction phase
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Fig. 2. Pharmacology of glutamate in Helisoma and Lynmaea feeding system: A. Lymnaea the agonists

quisqualate and AMPA both have similar effects to glutamate (Reproduced with permission from Ref. 6).

B. In Helisoma glutamate and quisqualate inhibit the B 19 motoneuron, but this cell is excited by kainate.

The BI9 motoneuron is the homolog of B4 in Lymnaea (Reproduced with permission from Ref. 36).

C. The excitatory response to N2 bursts and to glutamate are both blocked by CNQX. (Reproduced
with permission from Ref. 6)
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interneurons, and the depolarising S2 (rasp) phase inputs in Helisoma were reduced
by CNQX [6, 36] (Fig. 2C).

Thus, there are multiple types of glutamate receptor present in the feeding system,
and despite the lack of pharmacological detail obtained so far, it is clear that none of
these receptors match the vertebrate classification of NMDA and non/NMDA gluta-
mate receptors.

The sequence for one of these receptors, mediating excitation, has been obtained
and is expressed in the B4 motoneuron of Lymnaea [42)].

Finally, the presence of glutamate in the retraction phase interneurons and acetyl-
choline in the protraction phase interneurons means that the feeding central pattern
generator has pharmacological similarities to the swimming central pattern generator
of Clione [4] where the up- and down-stroke neurons use acetylcholine and gluta-
mate [31].

SEROTONIN

Serotonin modulates the feeding system in all levels: at the neuromuscular junction,
and at the sensory input, as well in the CNS modulating feeding interneurons and
motoneurons as well. Serotonin-containing giant cerebral cells have been located in
all species examined (including the pulmonates Lymnaea, Helisoma, Helix, and the
opisthobranchs Aplysia and Pleurobranchaea). Application of serotonin to buccal
ganglia of Lymnaea shows that all the cells respond to serotonin in the same way as
to CGC stimulation (see Fig 3A, Flitchcock, Elliot and Vehovszky, unpubl. and
ref. [1]).

Buccal cells show both ionotropic responses to serotonin and also metabotropic
responses linked through a wide range of pathways. In Helisoma the B5 neuron was
inhibited by serotonin though a pathway, which involve arachidonic acid and acti-
vated K+influx [1]. The excitatory responses of B19 however, are CAMP dependent
with an increased Na+influx [1]. In Helix, the three buccal neurons A, M & P respond
with differently, either due to activation of a ligand-gated channel or to metabotrop-
ic receptor or to a mixture of the two [7, 19]. A similar complexity of response exists
in the buccal motoneurons of Aplysia [44].

Serotonin also affects the central pattern generator: the response is normally to
activate fictive feeding (though, at least in Lymnaea), but strong fictive feeding may
be disrupted by an excess of serotonin [47]. In weakly feeding preparations, stimu-
lation of the CGC increases the intensity and feeding rate but may also alter the pat-
tern, reducing the duration of the N3 phase selectively [5]. The effects on feeding rate
and pattern long outlast the burst of CGC spikes, as the prolonged effects of CGC
modulation were shown by laser ablation of the CGC axon, while fictive feeding was
evoked by SO stimulation [52] (Fig. 3).
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. I10my
0.2 mM serotonin

40 mv

30 my CGC

CGC

SO

B4

after laser ablation of CGC

Fig. 3. Effects of serotonin in the feeding system of Lymnaea A. The effects of bath application of sero-
tonin to the buccal motoneurons mimics the effects of CGC stimulation: excitation then inhibition of the
B2 motoneuron and excitation of the B4 motoneuron (Hitchcock and Elliott, unpubl.). B. Rapid EPSPs
from the serotonergic CGC to the B4 motoneuron follow 1:1. Prolonged stimulation of the CGC depo-
larises the B4 motoneuron and it now fires in the rhythmic pattern. (Reproduced with permission from
Ref. 5). C. Brief stimulation of the CGC excites the B4 motoneuron, but also enhances the fictive feed-
ing rhythm caused by steady depolarisation of the SO. Note that the CGC excites the B4 motoneuron
much quicker than its effect on the feeding rate (Reproduced with permission from Ref. 5). D. Laser abla-
tion of the CGC reduces the ability of the SO to drive the feeding rhythm. After 2 minutes, the SO still
drives the network (note the rhythmic strong N2 inhibitory inputs); after 30 minutes no patters is seen
in response to SO stimulation (Yeoman, Kemenes, Benjamin and Elliott, unpubl.)

OCTOPAMINE

Octopamine was among the first neurotransmitters to be identified in molluscs [16].
The paired buccal ganglia of Aplysia, Lymnaea and Helix contain high concentrations
of octopamine suggesting that it plays an important role in feeding behaviour [10, 20,
25]. In Lymnaea the buccal octopamine is confined to three homologous swallowing
phase interneurons (OC cells) which can activate and/or modulate fictive feeding
[49, 50]. Intemeurons with similar anatomy and physiology have been reported in
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Helisoma [37]. Two sequences for molluscan octopamine receptors have been pub-
lished: both of these are G-protein linked, suggesting that these receptors (like those
found in insects) act through activation of second messengers [17, 18].

DOPAMINE

Dopamine has been located in buccal cells of Aplysia, Helisoma, Lymnaea and Limax
has been suggested to modulate the pattern in these species [22, 24, 45, 46].
Dopamine acts to increase the intensity and/or the frequency of fictive feeding. In
Aplysia, the dopaminergic neuron, B20, can activate a rhythmic pattern [45], while
B65 can switch the pattern from a rejection to ingestion like rhythm [21]. Finally, the
Aplysia buccal ganglia receive dopaminergic innervation from the cerebral ganglia
[38] and Lymnaea from the oesophageal nerves [8].

In Lymnaea and Helisoma, there is a group of laterally located neurons in the buc-
cal ganglia, which are dopamine immunoreactive [9]. These cells in Helisoma may
be part of the SI (= N1) protraction phase network [34]. In Lymnaea, NIL intemeu-
rons have similar electrophysiology and morphology [54]. However, the synapses
formed by the NIL neurones are highly likely to be cholinergic, as cholinergic antag-
onists blocked their synaptic outputs, while neither their fast EPSPs nor slower
smooth depolarising output was reduced by well-known dopamine antagonists [48]
Thus, it is possible that neurons with similar physiological connections could use dif-
ferent transmitters.

GASES

At least part of the chemosensory input comes from neurons in the lips, which have
peripheral cell bodies that stain for NO [27]. NO applied to the isolated CNS acti-
vates the feeding pattern in Lymnaea [15] and in Pleurobranchaea [28]. Moreover,
injection of NO scavengers into intact Lymnaea can block the activation of the feed-
ing rhythm by sucrose [15]. Two Lymnaea feeding neurons are known to release NO.
The B2 motoneuron has an excitatory effect on the B7 motoneuron [32], but its sig-
nificance in the feeding pattern is not known since the B2 cell fires arrhythmically.
The other nitrergic cell may be the serotonergic CGC as this cell contains the NO-
synthase, but it has not yet been shown to release NO [23].

PEPTIDES

Three peptides (FMRFamide, APGWamide and SCPB have so far been shown to

modulate the central pattern generator of the molluscan feeding system.
FMRFamide slows rhythmic activity in Helisoma [30]. One possible source is a

cell in the pleural ganglion, which might provide a possible locus for interactions
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between withdrawal and feeding systems [29]. It has not been shown if the native
peptide in this pleural cell is FMRFamide or a related RFamide. This pathway is con-
served in many species, including Helix and Lymnaea and the carnivorous predator
Clione (where FMRFamide also inhibits feeding) [2, 3]. In Lymnaea, most of the
pleural cells expressing the FMRFamide like peptides express a tetrapeptide tran-
script as do just 2 unidentified buccal neurons with axons in the latero-buccal
nerve [39].

APGWamide is contained in a single pair of cerebro-buccal intemeurons [26].
Bath application of APGWamide mimics the effect of stimulating these cells, with
activation of fictive feeding in slowly active preparations, and disruption of actively
cycling preparations [26]. SCPBhas also been reported to activate and enhance the
feeding rate in Helisoma, Aplysia and Tritonia [30, 41, 51]. However, in Umax and
Lymnaea SCPBcould not initiate or accelerate fictive feeding [13, 33], even though
SCPB seems to be present in several Lymnaea feeding neurons, including the N2
interneurons [40]. In the intact snail, SCPBin fact decreases feeding behaviour [13].

Many of the peptides have been located in feeding intemeurons (including
myomodulins in the SO, see above) and motoneurons, but most of their physiologi-
cal analysis has been on their peripheral, rather than central actions.

CONCLUSIONS

The variety of transmitters found so far in this “simple system” is substantially
greater than that expected 25 years ago.

One simple explanation for this observation is Dale’s principle, that a neuron may
only respond to a transmitter in one way, so that at least two transmitters are needed
to alternate excitation and inhibition. The need to use pharmacologically different
transmitters can explain the presence of acetylcholine and glutamate in the protrac-
tion and retraction phase intemeurons.

Similar arguments may be applied to the presence of multiple transmitters in the
N3 (swallowing) phase. Differential changes to the three kinds of N3 intemeuron
using separate transmitters would allow the network to be reconfigured to produce
different patterns of what motor activity, e.g. switching between feeding, egestion
and egg laying behaviours.

Modulators are important in allowing the response of the system to change
dynamically, so that the responses of the behaving animal can adapt to changes in the
environment. However, there is a gradual recognition that neurotransmitter/ neuro-
modulator function cannot be clearly separated, and similarly defining the modula-
tory function for an intemeuron is difficult. Furthermore, we have recognised that
many peptides and even gaseous substances (as NO) may act as transmitters/modu-
lators. The signalling across the synapse may also be important, not just for behav-
ioural control, but also for bi-directional signalling to establish and maintain synap-
tic structure and function.
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The membrane receptors sensitive to the same transmitter/neuromodulator sub-
stance also display a great diversity, particularly, when second messenger pathways
are involved (e.g. in response to serotonin, octopamine, dopamine and probably to
peptides). These pathways provide an opportunity for longer-lasting synaptic effects
(for example, to reducing the tiring threshold when presynaptic stimuli are repeated).

Lastly, much of the evidence suggests that molluscs use similar transmitters in
their feeding system, and use them in similar ways, despite the evolutionary changes
in the pharmacology of the receptors.
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THE OCTOPAMINE-CONTAINING BUCCAL NEURONS
ARE A NEW GROUP OF FEEDING INTERNEURONS
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In the pond snail, Lymnaea stagnalis, the paired buccal ganglia contain 3 octopamine-immunoreactive
neurons, which have previously been shown to be part of the feeding network. All 3 OC cells are elec-
trically coupled together and interact with all the known buccal feeding motoneurons, as well as with all
the modulatory and central pattern generating interncurons in the buccal ganglia.

N1 (protraction) phase neurons: Motoneurons firing in this phase of the feeding cycle receive either
single excitatory (depolarising) synaptic inputs (BI, B6 neurons) or a biphasic response (hyperpolarisa-
tion followed by depolarisation) (B5, B7 motoneurons). Protraction phase feeding intemeurons (SO,
NIL, N1M) also receive this biphasic synaptic input after OC stimulation. All of protraction phase
intemeurons inhibit the OC neurons.

N2 (retraction)phase neurons: These motoneurons (B2, B3, B9, BIO) and N2 intemeurons are hyper-
polarised by OC stimulation. N2 interneurons have a variable (probably polysynaptic) effect on the activ-
ity of the OC neurons.

N3 (swallowing) phase: OC neurons are strongly electrically coupled to both N3 phase (B4, Balus-
ter, B8) motoneurons and to the N3p intemeurons. In case of the intemeuronal connection (OC<-»N3)
the electrical synapse is supplemented by reciprocal chemical inhibition. However, the synaptic connec-
tions formed by the OC neurons or N3p interneurons to the other members of the feeding network are
not identical.

CGC: The cerebral, serotonergic CGC neurons excite the OC cells, but the OC neurons have no effect
on the CGC activity.

In addition to direct synaptic effects, the OC neurons also evoke long-lasting changes in the activity
of feeding neurons. In a silent preparation, OC stimulation may start the feeding pattern, but when fic-
tive feeding is already occurring, OC stimulation decreases the rate of the fictive feeding.

Our results suggest that the octopaminergic OC neurons fomr a sub-population of N3 phase feeding
intemeurons, different from the previously identified N3p and N3t intemeurons. The long-lasting effects
of OC neurons suggest that they straddle the boundary between central pattern generator and modulato-
ry neurons.

Keywords: Lymnaea stagnalis - mollusc - feeding - octopamine - neuromodulation.
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INTRODUCTION

Octopamine is best known as a neurohormone/neuromodulator in arthropods, being
mostly involved in behaviours which require rhythmic pattem of muscular activity
e.g. flight [1], swimming [19], walking [9] or feeding [2, 13, 15].

Because of the anatomical features of their central nervous system (CNS), mol-
luscs can provide a more easily accessible model for neuronal studies of central
organisation of behaviour, especially feeding. In fact, feeding is one of the best
known neuronal networks in molluscan neurobiology [3, 11].

In the pond snail, Lymnaea stagnalis, the consummatory phase of the feeding is
characterised by sequences of co-ordinated movements carried out by the feeding
muscles of the buccal mass. Three phases of the feeding activity can be clearly sep-
arated: first the animal opens its mouth and protracts its radula (N1 phase, protrac-
tion), then it rasps across the food with its toothed radula (N2 phase, radula retrac-
tion), and finally it transfers food into the oesophagus (N3 phase, swallowing). For
simplicity, the motoneurons involved may be classified as protraction (N1), retrac-
tion (N2) and swallowing (N3) phase motoneurons, depending on the phase of the
feeding cycle in which they fire fastest. The activity of feeding motoneurons is con-
trolled and co-ordinated by members of the central pattern generator (CPG) network
located in the buccal ganglia, which form three main neuronal groups (N1, N2, N3),
each firing in the corresponding phase of the feeding cycle [3]. Moreover, the high-
er order modulatory intemeurons of the buccal ganglia (SO), or the cerebral ganglia
(CGCs, CV neurons) are able to initiate or modify the activity of the feeding network
[14, 21]. When the feeding system is activated, members of the feeding network dis-
play a highly co-ordinated cyclic pattern of firing activity (fictive feeding), which
can be recorded in isolated CNS.

Although octopamine was suggested to be a modulator of the feeding muscles in
the mollusc Rapana 15 years ago [12], direct evidence for the role of octopamine in
the CNS was only established recently [10, 18]. After injection of the octopaminer-
gic antagonists (phentolamine, NC-7 and DCDM) into intact animals, the feeding
response evoked by sucrose was either blocked or reduced, while extracellular appli-
cation of octopamine evokes fictive feeding from members of the buccal neuronal
network [18].

Immunocytochemical studies showed three octopamine-containing neurons in the
buccal ganglia [5, 6] while electrophysiological experiments suggested that these
new cells (OC neurons) were members of the feeding network [18].

To establish the role of the OC neurons in the feeding network we have thorough-
ly studied the individual synaptic connections between OC neurons and the previ-
ously identified members (both motoneurons and higher order intemeurons) of the
feeding system. These studies provide us with a more detailed insight into the cellu-
lar basis of the octopaminergic modulation of feeding.
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MATERIALS AND METHODS

Recordings were made from an OC interneuron and up to 3 other neurons in the iso-
lated CNS of Lymnaea stagnaiis as described previously Fig. 1A [17, 18].

The experimental chamber was continuously perfused first by standard snail saline
[8] then by a Hi-Di solution [17] with raised concentration of both Mg2+and Ca2+
which reduced the polysynaptic connections evoked by intracellular stimulation of
the neurons [4].

RESULTS

In spontaneously active preparations OC neurons fire in the swallowing (N3) phase
of the feeding cycle. Their activity pattern and synaptic inputs follow those of the B4
motoneurons very closely: they show IPSPs in the N2 phase and small EPSPs in the
N3 phase. The regular and accurate synchronisation suggests these neurons share a
common source of synaptic inputs from the feeding network (Fig. I1B).

A

K3
Fig. 1. OC interncurons in the buccal ganglia of Lymnaea stagnalis. A. Schematic representation of the
dorsal surface of the paired buccal ganglia indicating the position of the three OC intemeurons, feeding
motoneurons (B 1, B2, B... on the left) and the intemeurons (SO, NIL, N1M, N2d, N3p on the right), be:
buccal commissure, dbn: dorsobuccal nerve, ebe: ccrchrobuccal commissure. B. Simultaneous intracel-
lular recording from a B4 motoneuron and two of the OC intemeurons (OC/I, OC/2) displaying highly
synchronous activity pattern
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1. Synaptic connections of OC neurons with protraction
phasefeeding neurons

Motoneurons active in the N1 phase of the feeding cycle receive excitatory synaptic
inputs from OC neurons. Intracellular stimulation of OC neurons increases firing
activity on both BL and B6 motoneurons (Fig. 2A, B). Other protraction phase
motoneurons (B5, B7) respond biphasically: an initial hyperpolarisation is followed
by depolarisation of the membrane (Fig. 2C). Single EPSPs were never recorded
after stimulation of the OC neuron. The persistence of the response in Hi-Di saline
suggested that both the single excitatory (OC-»BI, and OC-»B6) and the biphasic
(OC—B5, OC—B7) synaptic responses are monosynaptic.

All the three protraction phase intemeurons studied (SO, NIL and N1M) receive
similar biphasic inputs from OC neurons: a slight hyperpolarisation followed by

A B C

Fig. 2. Synaptic connections between OC intemeurons and the protraction phase feeding neurons. B1(A)

and B6 (B) motoneurons receive excitatory inputs, while B5 motoneuron (C) displays a short hyperpo-

larisation followed by depolarisation after OC stimulation. The NIL feeding intemeuron responds with

biphasic synaptic inputs when it is silent (D), but when N IL is firing, it is inhibited by OC. D. N1L stim-
ulation evokes strong hyperpolarisation on OC neuron
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A B C

Fig. 3. Synaptic connections between OC interneurons and the retraction phase feeding neurons. OC

intemeuron stimulation evokes hyperpolarising synaptic responses on B2, (A), B3 (B), and B9 (C)

motoneurons. D: In normal saline OC neuron evokes hyperpolarisation on N2d intemeuron followed by

short depolarisation (D), while in Hi-Di only the inhibitory response is visible (E). N2d stimulation did
not always evoke synaptic response from N2d (F)

depolarisation (Fig. 2D). When the postsynaptic neurons are firing, however, OC
stimulation evokes hyperpolarisation and inhibits the activity of the protraction phase
intemeurons (Fig. 2E). Experiments in Hi-Di saline suggest the monosynaptic origin
of both components of the postsynaptic responses.

All the three protraction phase (SO, NIL, N1M) intemeurons, inhibit the activity
of the OC neurons (Fig. 2F). The synaptic connections of either the NIL or the SO
intemeurons are likely to be monosynaptic, as single IPSPs are occasionally seen in
the OC trace; but the connections formed by N1M—0C neurons seem to be poly-
synaptic.
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A B

Fig. 4. Synaptic connections between OC intemeurons and the swallowing phase feeding neurons. A. The

B4 motoneuron and the OC neuron are electrically coupled together. B. OC neuron has electrical con-

nection with both B4 cluster neuron and the B8 motoneuron (which is electrically coupled to the B4 cell).

N3p interneurons and OC neurons have symmetrical connections, a mixture of electrical coupling (C, E)
and inhibition (D, F)

2. Synaptic connections with retraction phasefeeding neurons

Motoneurons active in the N2 phase of feeding cycle are inhibited by the OC neu-
rons (Fig. 3). Both B2 and B3 motoneurons receive large (up to 15mV) hyperpolar-
isations after OC stimulation (Fig. 3A, B), while B9 and BIO motoneurons respond
with a similar, but smaller (up to 8 mV) hyperpolarisation (Fig. 3C). Similarly to the
excitatory connections mentioned earlier, single inhibitory postsynaptic potentials
(IPSPs) were never recorded even after 50 min Hi-Di perfusion of the experimental
chamber.

The retraction phase N2d feeding intemeurons receive only inhibitory synaptic
inputs from OC neurons, as the excitatory component seen occasionally (Fig. 3D),
disappears in Hi-Di saline (Fig. 3E). Although spontaneously active OC neurons
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receive clear N2 inputs from the CPG system (Fig. 1B), the postsynaptic responses
on the OC neurons are rather variable after stimulation of the N2d interneurons (Fig.
3F) and in Hi-Di solution the postsynaptic response of OC neurons often disappears.

3. Synaptic connections with swallowing phase feeding neurons

OC neurons are electrically connected to all of the neurons firing in the swallowing
(N3) phase of the feeding cycle (Fig. 4). The strongest (about 0.2) coupling ratio is
with B4 motoneurons (Fig. 4A), which display highly synchronous activity pattern
and synaptic inputs with the OC neurons (Fig. 1B). B4 cluster cells and B8 motoneu-
rons also have electrical connections with the OC neurons but these are weaker (Fig.

A B
C D
N2d N2d

Fig. 5. OC interneurons and N3p interneurons form different synaptic connections with the same follow-

ers. Simultaneous recording from an OC neuron and a N3p interneuron together with one of the followers

(B3 motoneuron on A,B, N2d intemeuron on C,D). OC stimulation is followed by hyperpolarisation on

B3 motoneuron (A), while a burst on the N3p intemeuron is followed by strongly excitatory response on

the same B3 follower (B). C: OC evokes hyperpolarisation on N2d neuron (and a mixed synaptic response
on N3p neuron), but stimulating N3p only affects the OC neuron and not the N2 intemeuron (D)
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4B). Intracellular current injections into one of these neurons is followed by the cor-
responding potential changes in the other cells (Fig. 4B).

As with the B4 motoneurons, OC neurons have synchronised activity and electri-
cal coupling to the N3p intemeurons (Fig. 4C, E). Additionally, OC and N3p neurons
form complex, symmetrical synaptic connections with each other. After stimulation
of either an OC or N3p neuron, an electrically transmitted potential change is record-
ed first, which is followed by a hyperpolarising (chemical) response on the follower
neurons (Fig. 4D, F). Despite the similarities between the OC and N3p neurons in
activity and synaptic inputs, OC neurons and N3p intemeurons form different synap-
tic connections to identified feeding neurons. OC stimulation evokes large hyperpo-
larisation on B3 neurons (Fig. 5A), while the same neuron is strongly excited by N3p
stimulation (Fig. 5B). N2d intemeurons display inhibitory synaptic responses after
OC stimulation (Fig. 5C), but do not receive any synaptic inputs from the N3p
interneurons (Fig. 5D).

4. Synaptic connections with the cerebral serotonergic cells (CGCs)

OC neurons receive excitatory (depolarising) synaptic inputs from the serotonin-con-
taining modulatory CGC neurons (Fig. 6A), which are the only excitatory synaptic
effect received by the OC neurons so far. In Hi-Di single EPSPs were often seen in
the activity of the CGC neurons suggesting monosynaptic connections from the CGC
to the OC neurons (Fig. 6B). OC stimulation, however, has no influence on the activ-
ity pattem or membrane potential level of the CGC neurons (Fig. 6C).

Fig. 6. Synaptic connections between OC neurons and the serotonergic cerebral giant neuron (CGC).

A. Stimulating the CGC strongly excites the OC neurons. B. Individual action potentials ofthe CGC neu-

ron are followed by single postsynaptic responses (EPSPs) on OC neuron. C. Firing of the OC neuron
has no effect on the spontaneous activity of the CGC neuron
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A B

SO

4s

Fig. 7. Activity-dependent effect of the OC neuron on members of the feeding network. A. OC stimula-

tion increase the bursting activity of both SO and B5 neurons and increase the rate of the fictive feeding

as seen on the N2 inputs (asterisk) on both SO and B5 neurons as well as the patterned synaptic inputs

on the OC record. B. When the fictive feeding is running fast (SO is firing in bursts, and all three neu-

rons receive frequent N2 inputs), stimulation of OC first inhibits the activity of SO then decreases the
rate of the fictive feeding
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Fig. 8 Summary of the synaptic connections between OC intemeurons and the other members of the

feeding network. Protraction (N1) phase intemeurons (SO, NIL, N1M) and some motoneurons (B5, B7)

receive biphasic (inhibitory/excitatory) synaptic inputs, others (B 1, B6) only excitatory effect from the

OC neurons. All retraction (N2) phase motoneurons and intemeurons studied receive inhibitory connec-

tions from the OC neurons. All of the motoneurons and intemeurons of the swallowing (N3) phase of

feeding are electrically coupled to the OC neurons. N3p interneurons have an additional (inhibitory)
chemical connection as well
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5. Longer-lasting synaptic effects of OC stimulation

The effect of the OC neuron stimulation depends on the activity of the whole feed-
ing network. Intracellular stimulation of OC neurons triggers the feeding rhythm in
silent preparation or increases the frequency of spontaneously feeding cycles (Fig.
7A). When the fictive feeding is running fast (either spontaneously or due to stimu-
lation of pattern-generating intemeurons, e.g. SO or NIL), stimulation of OC neu-
rons first inhibits the protraction phase intemeurons then decreases the frequency of
the feeding rhythm (Fig. 7B).

DISCUSSION

OC neurons form synaptic connections with all the buccal feeding motoneurons and
intemeurons studied so far, but do not influence the activity of the cerebral CGC
modulatory neurons (Fig. 8). These electrophysiological results confirm the previous
suggestion based on morphological studies [6, 18], that the octopamine-containing
neurons are local intemeurons with their axons confined to the buccal ganglia.

OC neurons not only fire and receive synchronous synaptic inputs with the N3
phase motoneurons as described earlier [18], they also form tight electrical connec-
tions with both N3 phase motoneurons and the N3p intemeurons. Electrical coupling
between neurons firing in the same phase of the feeding cycle has been suggested to
be a general feature of the buccal feeding network of Lymnaea, providing phase lock-
ing between feeding motoneurons and the corresponding CPG intemeurons as well
as allowing some contribution of the motoneurons to be involved in the mechanism
of central pattem generation [16]. Here we note that the OC <>B4 connection pro-
vides for such co-ordination, but the N3p o B4 electrical connection is supplement-
ed by a N3 — B4 inhibitory connection.

The other main feature of many of the synaptic connections formed by the OC
neurons is that they are biphasic: this enhances their highly-potential-dependent
nature. OC neurons depolarise both modulatory (SO, NIL) and pattern-generating
(N1M) intemeurons when the cells are silent (in quiescent preparation), therefore
shifting their membrane potential levels towards the firing threshold, and so the OC
neurons facilitate triggering of the feeding pattem. However, when fictive feeding is
on, OC neurons hyperpolarise these cells, and decrease the activity of the feeding
network. The synaptic interactions between the OC neurons and N3p intemeurons
are also regulated by a similar potential-dependent way. The final output of their
complex synaptic connections strongly depends on the membrane potential of these
cells; if the membrane potential is well negative, then the excitatory effect (depolar-
isation due to the electrical coupling) is dominant, but if their membrane potential is
less negative, the inhibitory (chemical) synaptic connection is more influential.

Although both OC and N3p interneurons receive synchronous synaptic inputs
from the feeding system and they fire in the same (swallowing) phase of feeding,
their synaptic outputs are not identical. The OC cells also produce different synaptic
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outputs from the N3t intemeuron [7] The differences between the postsynaptic
responses evoked either by the OC neurons (recorded during our studies) or N3p
interneurons (already described 3) suggest that OC neurons are a hew subpopulation
of swallowing phase (N3) interneurons.

OC neurons have both relatively fast synaptic effects as well as longer-lasting
modulatory influences on the activity of the feeding system. The OC neurons proba-
bly represent a new group of hybrid/modulatory interneurons, similar to the NIL
interneurons (which have both CPG and modulatory properties) which are “interme-
diate” between the modulatory SO and CPG N1M interneurons [20].

The complex and potential-dependent synaptic effects of the OC neurons may
explain some of their activity-dependent, longer-lasting effects as well. However, we
cannot exclude the involvement of some additional mechanisms of modulation of the
feeding network (e.g. modulatory substances released extra-synaptically by OC neu-
rons, and/or through electrically coupled, so far unidentified unknown feeding cells).
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The possible role of serotonin and dopamine in the feeding of Helix pomatia was studied applying
immunocytochemical, biochemical, and behavioral techniques as well as bioassay experiments.
Immunocytochemistry showed that dopamine-containing (thyrosin-hydroxylase-immunoreactive) neu-
ronal elements of the crop and the gizzard belong to the intrinsic part, whereas serotonin-containing
(serotonin-immunoreactive) neuronal elements belong to the extrinsic part of the gastrointestinal nervous
system. Bioassay studies on the spontaneous contractions of the crop and the gizzard showed that
dopamine affected only the longitudinal muscle contractions by increasing both the tonus and contractil-
ity, whereas serotonin was effective on both the longitudinal and circular muscle contractions. Serotonin
increased the tonus and contractility of longitudinal muscles in the crop but decreased them in the giz-
zard. Serotonin decreased the tonus and contractility of the circular muscles in the crop but increased
them in the gizzard. Serotonin effects on the circular muscle of the gizzard were concentration dependent
between a range of 10~5M-3xI10~5M. HPLC measurements of monoamines in starved and satiated ani-
mals showed that the concentration of both dopamine and serotonin significantly decreased in both the
CNS and different parts of the gastrointestinal tract of satiated animals, suggesting a significant
monoamine liberation during feeding. The injection of monoamines (KH and 10-2 M) into the body cav-
ity of starved animals showed that only dopamine was able to induce feeding whereas serotonin
increased the general activity of the animals suggesting that the initiation of feeding is rather dopamine
than serotonin dependent.

Keywords: Serotonin -dopamine - feeding - gastrointestinal system - immunocytochemistry, Helix.

INTRODUCTION

Both serotonin (5HT) and dopamine (DA) have been shown to exert significant
effects on the feeding behavior of invertebrates. 5HT is involved in the feeding
arousal and the modulation of feeding behavior in molluscs as Aplysia [9, 17], Helix
[7], Lymnaea [19, 20] in the leech Hirudo [5, 6]. In semi-intact preparations, DA was
capable of initiating or modulating feeding motor program by affecting the central
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pattem generator neuronal network in Aplysia [9, 15] Lymnaea [3], Limax [18] and
Helisoma [16].

Stimuli arriving from distended stomach appear to be involved in controlling feed-
ing and ingestion in different invertebrate species. Non-nutritive bulk in the gut
reduces the amount of algae required to satiate the herbivorus gastropod Aplysia [12]
indicating that the actual state of intestine plays a role in the tennination of feeding.
In Aplysia, the ongoing activity of the central pattern generator can be terminated and
modulated by significant sensory inputs originated from the gastrointestinal tract in
satiated states [2, 13, 14].

During food consumption the crop and the gizzard are the first to be filled with
food, therefore their distension significantly increased. In the present study the dis-
tribution of 5HT- and DA- immunoreactive neuronal elements in the crop and giz-
zard was investigated, as well as the effects of 5SHT and DA on the spontaneous con-
traction of the crop and gizzard was tested at different concentrations.

We measured the monoamine content by HPLC in the crop and the salivary gland
as well as in the CNS in starved and satiated animals, and also investigated the effects
of increased monoamine levels on the feeding induction by the injecting DA and 5HT
into the body cavity.

MATERIALS AND METHODS

Adult specimens of the snail Helix pomatia L. were used in different seasons.

Immunocytocheniistry

The crop and the gizzard were dissected and were used as stretch preparations [1].
The samples were fixed for six hours at 4 °C in 4% parafonnaldehyde buffered with
0.1 M phosphate buffer (PB) (pH 7.4).

To demonstrate 5HT-containing neuronal elements, polyclonal anti-5HT anti-
serum (Immunonuclear, Stillwater, USA) diluted 1:5000 was used. To demonstrate
DA containing neuronal elements, a monoclonal anti-tyrosine-hydroxylase antiserum
(Immunonuclear) diluted 1:1000 was used. Each antiserum was diluted in PBS-TX
containing 0.25% bovine serum albumine (PBS-TX-BSA). The samples were incu-
bated with the antisera for 48 hours at room temperature. The immunoreaction was
visualised by a rhodamine conjugated secondary antibody (DAKO, Denmark) or
according to the peroxidase anti-peroxidase three steps method [11].

HPLC assay ofmonoamines in starved and satiated animals

The monoamines were assayed by a Waters high performance liquid chromatograph
equipped with an electrochemical detector. The CNS, the crop, the gizzard and the
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salivary gland were dissected and homogenized in 0.1 M perchloric acid and cen-
trifuged. Aliquots of the clear supernatant were injected into a reverse phase C18
Nucleosil column [1].

Recording ofisotonical muscle contraction

To measure the contractions of circular muscle, rings were cut from the crop and the
gizzard whereas for longitudinal muscle contraction measurements the whole crop
and gizzard were used. The samples were fixed at their two ends to a myograph trans-
ducer. The chemical compounds (serotonin, dopamine) were added to the preparation
chamber from stock solutions by injection (100 pi).

Injection ofmonoamines

5HT or DA was injected into the body cavity of the snail. Starved animals were
injected with 25 pi of 10~3 KL2M 5HT or DA. The effects on feeding induction were
tested immediately after the injection. Control and injected animals were placed on
a thin paper tissue soaked up with 3% sugar solution. We measured the time from the
injection to the beginning of food consumption. Animals were considered to be con-
suming if they exhibited typical head and tentacle position to the food [8]. The con-
sumption was controlled on the basis of the traces of rasping on the thin paper tissue.
The injection of monoamines and the feeding test were made in the early afternoon.

RESULTS

The distribution ofTH- and 5SHT-immunoreactive neuronal elements
in the crop and the gizzard

TH-ir neuronal elements could be observed exclusively in the submucosal layer of the
crop and the gizzard. TH-ir neuronal cell bodies were found only in the crop whereas
only fibers could be observed in the gizzard. Cell bodies were seen along the nerve
trunks located in the longitudinal muscle trabeculae (Figs 1, 2). The cell bodies and
fibers showed frequently different intensity of immunoreaction (Fig. 2). Their process-
es leave the thick nerve trunk and run towards the longitudinal and circular muscle
fibers (Fig. 1). They show a varicose appearance over the muscle fibers (Fig. 1).

5HT-ir cell bodies could not be observed, but 5HT-ir fibers occurred in both the
mucosal and submucosal layer of the crop and the gizzard (Fig. 3). The density of
5HT-ir fibres was the highest in the submucosal layer (Fig. 3). From the CNS, thick
nerve fibers reached the outer submucosa (Fig. 4) and entered the main nerve trunks
(Fig. 3). They gave off fine varicose side branches to the longitudinal and circular
muscles (Fig. 3).
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Fig. 1 TH-ir cell bodies (large arrows) and fibers can be seen along the main nerve trunk (nt) among lon-

gitudinal muscle trabeculi of the crop. TII-ir fibers leave the nerve trunk (small arrows) and they arborize

with varicose sidebranches over muscle fibers. x140. Insert: Varicose TH-ir fibers (arrowheads)over

muscle fibers. *350. Fig. 2. The intensity of TH-immunoreactivity in neurons and fibers significantly

changes in the different samples. Cell bodies exhibit immunoreactivity with high (arrows) and low
(arrowheads) intensity along the main nerve trunk (nt). *100
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Fig. 3. 5! IT-ir fibers (large arrows) arc running in the main nerve trunk (nt) of the submucosa. They leave

the nerve trunk (thin arrows) and give off varicose fibers over muscle fibers. * 150 Insert: Varicose 5HT-

ir fibers (arrowheads) over muscle fibers. x500. Fig. 4. Thick 5HT-ir fibers (arrows) reach the submu-

cosa of the crop through fine branches of CNS nerve (nb) and they branch (arrowhead) on the surface of
the outer submucosa. * 100
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Effects ofmonoamines on the spontaneous contractions o fthe crop
and the gizzard

The longitudinal muscle preparations of the crop and the gizzard showed low ampli-
tude spontaneous contractions, whereas the circular muscle preparations were rhyth-
mically active only in the crop placed in physiological solution. DA and 5HT modi-
fied differently the activity pattem of the two muscle preparations.

Dopamine (10~5M) increased significantly the tone but only mildly the contrac-
tility of the longitudinal muscles in the crop and the gizzard, but was ineffective on
circular muscles. The effects of DA on the longitudinal muscle contraction of the
crop were not concentration dependent between 10 5M and 3x10 5M concentrations
(Fig. 5B).

Serotonin influenced the activity of both the longitudinal and circular muscle
preparations by increasing the tone and contractility of the longitudinal muscle of the
crop. However, it was ineffective in the gizzard. SHT significantly decreased the con-
tractility of circular muscles in the crop but increased it in the gizzard. The effects of
5HT on the contractility of circular muscle in the gizzard was concentration depen-
dent at 10-5M and 3=<10~5M concentrations (Fig. 5A).

Fig. 5. Serotonin (A) increases the amplitude of contraction of the longitudinal muscles in the gizzard.

The increasing effect is concentration dependent at 10~5and 3x10-5 M concentrations. Dopamine (B)

increases the tone of longitudinal muscles of the crop which effect is not concentration dependent at 105
and 3* 10-5 M concentrations. W - washing
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HPLC assay of5HT and DA content in starved
and satiated animals

After termination of feeding of satiated animals both DA and 5HT concentrations
significantly decreased in the CNS as compared to starved animals (Table 1)
However, in the crop and the salivary gland only DA showed significant decrease,
but 5SHT concentrations were nearly the same as in the control animals (Table 1). The
DAJ/5HT ratios in satiated animals showed a significant decrease especially in the
crop and the salivary gland, showing the increased dominance of 5HT in satiated ani-
mals (Table 1).

Table |
DA and 5HT concentrations (pmol/mg wet tissue) in the different tissues in starved
and satiated animals

CNS Crop Salivary gland
DA 56.72 +3.23 1.7 +0.77 9.57 £3.9
Starved S5HT 69 +4.51 3.96 +2.8 19.18 + 3.1
DA/SHT 0.82 0.42 0.49
DA 38.16 £6.05 0.27 £ 0.27 044 +04
Satiated 51T 53 +3.3 2.01 + 12 185 +4.8
DA/SHT 0.72 0.13 0.02

EJfects o fmonoamine injections on the induction
offeeding

Injection of 25 pi of 10-2 or 10~3M DA or 5HT into the body cavity of starved ani-
mals changed the behavior of animals, compared to the control non-injected starved
animals. Control animals placed on paper tissue soaked up with 3% sugar solution
started to feed the paper tissue in 5-10 min. The injection of 10~3 M (Fig. 6A) or
10"2M (Fig. 6B) 5HT increased the general activity of the animal by inducing active
tentacle and head movements. The animals remained active for about 15 min but they
did not feed.

After the injection of 10~3 M DA the animals stopped moving in 1-2 min, their
tentacles were bent to the paper tissue and started to feed (Fig. 7A). Injection of 25 pi
10 2M DA paralyzed the animals with withdrawn tentacles and oral area (Fig. 7B).
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Fig. 6. The injection of 25 (1of 10~3M 5HT (A) or ICH M 5HT (B) increases the general activity of the

animals but does not initiate feeding. Fig. 7. After the injection of 25 pi of 10-3 M DA, the tentacles and

the mouth were bent to the surface and the animals started to feed (A). The injection of 25 gl of KH M
DA paralyzed the animals and prevented feeding (B)

DISCUSSION

In the present study, it was demonstrated that both the crop and the gizzard is richly
innervated by 5HT-ir neuronal elements, whereas they receive a relative poor inner-
vation by TH-ir neuronal elements. TH-ir cell bodies can be detected only in the crop
but TH-ir fibers could be seen in both the crop and the gizzard, suggesting that TH-
ir fibers originate from TH-ir cell bodies of the crop. 5HT-ir cell bodies could not be
found either in the crop or the gizzard. Therefore, the TH-ir DA-containing neurons
can be considered as intrinsic elements, whereas SHT-ir fiber system can be consid-
ered as the extrinsic elements of the gastrointestinal nervous system. The SHT-ir ele-
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ments originate from the central ganglia. This suggestion is supported by the present
observation that thick SHT-ir fibers can be seen in the innervating nerves which give
off a numerous thin branches in the submucosal layers.

The innervation patterns of the SHT-ir and TH-ir neuronal elements are different.
In the submucosa, both the circular and longitudinal muscle layers are richly inner-
vated by 5HT-ir fibers, whereas TH-ir fibers innervate dominantly the longitudinal
muscles, suggesting that SHT plays a very important role in the regulation of both
longitudinal and circular muscle contraction whereas DA play a role in the regulation
of the longitudinal muscles [see also 1]. The present observations obtained by bioas-
say experiments are in good accordance with the morphological observations. 5HT
application was effective on both the longitudinal and circular muscles, whereas DA
application was effective only on the longitudinal muscles. The spontaneous con-
tractions of circular muscles in the crop could be blocked by very low concentrations
of SHT [1], whereas 5HT increased the contractility of circular muscle in the gizzard.
This excitatory effect was concentration dependent between HT5M and 3x10 5M
concentrations. The application of 5HT receptor blocker Deseril prevents the 5HT
effects in the crop, suggesting that SHT exerts its effects on 5HT receptors at post-
synaptic sites [1].

In the crop, SHT and DA may affect the longitudinal muscle contraction in syner-
gism with increasing the tonus and contractility. 5HT relax the wall of the filled and
distended crop during ingestion, by blocking the contraction of circular muscle but
increasing the contraction of the circular muscle in the gizzard. These opposite
effects of 5SHT on the two segments of the gastrointestinal tract may contribute to the
regulation of the periodical transport of nutrient from the crop to the gizzard.

According to the HPLC assay of monoamine, both 5SHT and DA concentrations
significantly decreased in the CNS but only DA concentration in the different parts
of the gastrointestinal tract (crop, salivary gland) following the termination of feed-
ing in animals of satiated state. Since 5HT-ergic elements (SHT-ir) of the gastroin-
testinal nervous system originate from the CNS, therefore the significant decrease of
5HT content in the CNS but not in the intestine, suggests that 5HT is continuously
transported from the CNS to the intestine during ingestion and digestion. 5SHT was
shown to be significantly decreased during ingestion also in leech ganglia [4]. These
findings suggest that one ofthe functions of the liberated 5HT is the regulation of the
contractility of the gastrointestinal tract during ingestion and digestion. Contrary to
the changes of 5SHT concentrations, DA concentration decreased in both the CNS and
the different parts of the gastrointestinal tract. Considering that DAergic (TH-ir) ele-
ments belong to the intrinsic part of the gastrointestinal nervous system, the signifi-
cant decrease of DA contents in the crop and the salivary gland suggest that DA is
continuously liberated during both ingestion and digestion, or it was liberated only
during ingestion. In this context, the function of the liberated DA in the intestine is
probable to increase the size of stretch receptor evoked contractions of the longitu-
dinal muscle during ingestion which helps the transport of nutrients. In Aplysia gill
muscle the amplitude of the evoked contraction reflex was significantly increased in
the presence of DA [10].
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According to the monoamine injections 5HT increased only the general activity of
starved animals but only the DA injection (25 ul 1(H3M DA) was capable of initiat-
ing feeding. These observations suggests that DA is necessary to the initiation of
feeding. However, 25 pi of 10'2M DA injection prevented feeding by paralyzing the
animals which shows that the increase of DA concentration is not enough to the ini-
tiation of feeding but it has to be close to a critical DA concentration.
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LOCOMOTOR RHYTHMS IN THE POND SNAIL
LYMNAEA STAGNALIS: SITE OF
ORIGIN AND NEUROTRANSMITTER REQUIREMENTS4
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1 We have found that, in preparations of isolated CNS of the pond snail Lymnaea stagnalis, both sero-
tonin (5HT) and dopamine (DA), as well as their respective precursors, SHTP and DOPA, are effective
in producing fictive intense (muscular) locomotion.

2. Phase-coupled to each of the above pedal rhythms are numerous identifiable pedal neurons including
the respiratory intemeuron RPcDI, thus suggesting interaction between networks responsible for loco-
motion and air breathing.

3. The novel DA/DOPA-dependent motor rhythm resembles the SHT/5HTP-dcpcndent one in terms of
activity of identifiable pedal neurons, being however considerably slower than the latter.

4. The results of transection experiments suggest that each of the rhythms is generated by a paired CPG
lying entirely within the pedal ganglia.

Keywords: Aminergic regulation - central pattern generator - motor rhythms - gastropods - Lymnaea
stagnalis.

INTRODUCTION

Forward progression of freshwater pulmonate molluscs in generally caused by the
activity of pedal cilia. However, in hard situations, the cilia are unable to provide suf-
ficient propulsive force, and snails readily change ciliary locomotion to one of mus-
cular patterns. In the pond snail Lymnaea stagnalis, these were described as cyclical,
coordinated movements of the foot, body wall and shell [10]. The shell rhythm was
found driven by a central pattern generator (CPG) of unknown location [1], but fur-
ther details of the mechanisms underlying intense locomotion remained lacking.
Our group and others have demonstrated that the metabolic precursor of serotonin
(5HT), L-5-hydroxytryptophan (5HTP), induces activity of the CPG for rhythmic
shell movements [4] and, the reverse, forced shell movements result in increased
5HT levels [2]. These findings suggested that, in Lymnaea, intense locomotion
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requires higher levels of 5HT, as it does in other molluscs examined so far [3, 7].
Recently, it has been shown that, in fact, there are two varieties of monoamine
induced intense locomotion distinguishable in terms of motor behavior, one of which
requires 5HT or 5 HTP, whereas the other dopamine (DA) or its precursor, L-DOPA
(V. Tsyganov, in preparation). Here we extend these behavioral findings to neuro-

physiology.

MATERIALS AND METHODS

Experiments on preparations of the isolated CNS of adult specimens of Lymnaea
stagnalis were perfonned at the Kropotovo biological station, Moscow Region. The
technique involved conventional intracellular and extracellular recordings from iden-
tifiable neurons, and nerves, respectively. Animals, equipment, electrodes, Ringer
solution, drug treatment were described by Nezlin and VVoronezhskaya [6]. Chemicals
were from Sigma.

RESULTS

Bath application of either 5HT or DA their respective precursors to isolated CNS
preparations initiated fictive intense locomotion manifested as patterned bursting
activity in pedal and columellar nerves. The following concentrations of examined
substances were found appropriate to induce and maintain the locomotor rhythm:
5HT 0.05 mM, 5HTP 0.4 mM, DA 0.05 mM, and DOPA 0.4 mM.

Bursts in the columellar nerve were used to great advantages in the study of neu-
ronal correlates of intense locomotion. The bursts occur at the shell movement phase
of the locomotor cycle thus permitting convenient reference point to monitor the
locomotor rhythm.

Following drug treatment, numerous pedal neurons started to exhibit cyclical
bursting activity. The bursts (like those in cell RPeDI, Fig. 1) evidently displayed fic-
tive locomotion as they were coupled to a certain phase of the bursting activity in the
columellar nerve. For any of the four substances, the onset latency of fictive loco-
motion was 1-3 min longer than the period of time needed for full development of
polarizing effects on neural membrane, thus indicating that an additional, time-con-
suming mechanism is involved in motor program producing and release.

The following identifiable pedal neurons exhibited the monoamine induced loco-
motor rhythm (cell nomenclature according to [8]): PeDlI, PeD2, PeD3, PeD4, PeDS8,
PeD9 and PeDIO. In the latter, the bursts were exceptionally strong.

None of the above listed pedal neurons caused a change in frequency of the loco-
motor rhythm following application of either hyperpolarizing or depolarizing cur-
rent, thus indicating that they are not members of the rhythm generating network, and
that their patterned activity was synaptically driven. Powerful excitatory inputs
underlying the rhythm were indeed well seen in hyperpolarized neurons.
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Within a pair of bilateral neurons, the left and right cells behaved similarly being
active at the same phase of the locomotor cycle. The only deviation from this rule
was demonstrated by the largest paired pedal neurons, RPeDI and LPeDlI, which
exhibited alternating firing coupled to different phases of the cycle. Each burst in
LPeDI was synchronous with that in the columellar nerve, whereas bursts in RPeDlI
corresponded to the interburst period in the nerve.

The most remarkable difference between the rhythm, on the one hand, and that
induced by drugs, on the other, concerns frequency. With 5HT or SHTP the cycle
duration was 12.8 £ 3.78 s (n = 37), with DA or DOPA it was 1.5-2 times longer.
Otherwise, the neural correlates of the SHT/5HTP- and DA/DOPA-induced rhythms
observed so far looked similar. Minor differences in activity phasing (e.g. in that of
RPeDI) could only be detected.

R. colum. n.

RPeDI

Idnv
4s

J

Fig. I. Dopamine-induced alternating bursts in the right columellar nerve (upper trace) and cell RPeDI
(lower trace)
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LPcDI

RPcDI

LPeDlI

RPeDI
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Fig. 2. Retaining of the serotonin-induccd rhythm by a left (LPeDI, upper trace) and a right (RPeDlI,

lower trace) pedal neurons following consecutive transection of the pedal connectives (A) and commis-

sures (B). (A) The isolated paired pedal ganglia. (B) The same preparation, the ganglia being separated

from each other. Note that the characteristic pattern of rhythmic activity is mostly retained by both
LPeDIl and RPeDI. Although rhythm synchrony is lost

To locate the CPG for intense locomotion, pedal connectives and commissures
were consecutively transected in drug-treated preparations with well-developed loco-
motor rhythm. In this series, cells LPeDl and RPeDI were used to monitor the
rhythm. As it can be seen in Fig. 2, alternating firing of the two cells was not
impaired after complete isolation of the paired pedal ganglia, thus indicating that the
rhythm is generated and coordinated within the pedal part of the CNS. Separation of
the left pedal ganglion from the right one resulted in loss of synchrony. The charac-
teristic pattem of the rhythmic activity was, however, retained by each of two PeD 1
cells.

DISCUSSION
It is generally believed that, in molluscs, cyclical locomotor movements are gov-
erned by the pedal ganglia. We have now extended this opinion to intense locomo-
tion of a popular model animal, the pond snail Lymnaea stagnalis. The reported here
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effects of SHT and 5SHTP are consistent with previous observations of SHTP require-
ment for generation of cyclical shell movements in Lymnctea [2, 4]. Similarly, in the
pteropod Clione, locomotion could be intensified by both 5HT and 5HTP [3], where-
as 5HTP only was able to induce sustained intense locomotion, swimming, in anoth-
er marine mollusc, Aplysiafasciata [7]. Three original findings are briefly discussed
below.

The DA/DOPA-induced rhythm

Our experiments demonstrate for the first time a case of DAergic induction of a cen-
tral program for locomotion in gastropods. In previous studies, inhibitory action of
DA and DOPA on locomotion was observed thus providing a basis for speculation on
functional antagonism between 5HTergic and DAergic systems in the locomotion
control (e.g., [3]). This is not ruled out by the present results. It may be that, in
Lymnaea too, the 5HT-induced locomotor rhythm is inhibited by DA. A simple
hypothesis to account for the occurrence of DA-dependent locomotion is to postulate
that this locomotor variety is a part of a DA-dependent behavior. In the pond snail
such is air breathing [5].

Observations by one of us (V. Tsyganov, in preparation) on intact specimens of the
pond snail have shown that the SHT/SHTP-motor rhythm and the novel DA/DOPA-
dependent one represent two different modes of coordinated contractions of the loco-
motory muscles. Actually, only SHTP produced real, long-lasting locomotion in these
behavioral experiments. Injection of either 5-HT, or DA, or DOPA induced cyclical,
locomotor-like movements of the foot, body wall and shell, however, no propulsion
was observed supposedly due to loss of adhesion of the foot to substratum, and some
other impairments.

Coordination ofgiant dopamine and serotonin neurons

There was no evidence so far, that the largest pedal neurons, cells LPeDI and RPeDI,
are involved in any common activity. In the present experiments well-coordinated
rhytmic excitation of the two cells was observed. Unlike other bilateral pairs, these
neurons demonstrated alternating (reciprocal, anti-phase) firing. In this connection,
it is noteworthy that LPeDIl and RPeDI express different neurotransmitter pheno-
types, the left cell (L) being 5HTergic whereas the right one (R) DAergic. Otherwise,
they seem to be bilateral, their perikaiya occupying nearly similar positions, and
axons branching symmetrically within the visceral loop ganglia to extend to the man-
tle wall.

In our unpublished experiments, episodes of reciprocal firing were also occasion-
ally observed in spontaneous activity of the two neurons and, furthermore, L and R
cells responded in an alternate manner to sensory signals evoked by crossing the
water-air border by the mantle pneumostome area of the body. It appears that, under
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certain conditions, patterned activities of the two cells are centrally coordinated in a
fixed, opposite manner, thus implying that DA and 5SHT may function here as phase
transmitters.

Control of CPGfor respiration by CPGfor locomotion

Of particular interest is the phase coupling of the giant pedal dopamine cell RPeDI
to intense locomotion. In our experiments, each of the drug-induced locomotor
rhythms was invariably accompanied with powerful bursts in RPeDI. This neuron of
L. stagnalis, as well as its homologs in related freshwater pulmonates, has been
described as a member of a CPG controlling aeral respiratory behavior. Three iden-
tifiable, pattem generating intemeurons were found both necessary and sufficient to
produce rhythmicity, two controlling inspiration and respiration, respectively, and
RPeDI initiating the respiratory cycle (when depolarized to produce action poten-
tials) [8]. In these experiments, RPeDI could be substituted with phasic (but not
tonic) application of DA, suggesting that rhythmic excitation of RPeDl is essential.
The source of rhythmic excitatory input that drives RPeDI remained, however,
obscure. Our experiments have now shown that, at least in certain instances, the
RPeD 1 rhythmicity is driven by the pedal CPG for intense locomotion. Accordingly,
we observed rhythmic closure/opening movements of the pneumostome coupled to
the monoamine-induced locomotor rhythm in both intact specimens and semi-intact
preparations of L. stagnalis.

To conclude, our results suggest that, in the pond snail, a sharp increase of 5HT or
DA levels in the pedal portion of the CNS is required to develop neural events under-
lying intense locomotion and associated pneumostome rhythmicity. Theoretically,
such an increase might result from increased release only. Up-regularion of 5HT syn-
thesis was, however, demonstrated in the CNS of Lymnaea specimens forced to crawl
with additional load [2]. Little is known on how is transmitter synthesis regulated by
sensory inputs. Further studies in Lymnaea and related gastropod molluscs may help
to elucidate the problem of a general interest.
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1 We have studied morphology, physiology and chemistry of a bilateral pair of pleural-to-buccal pro-
jecting neurons (P1B cells) of the pond snail Lymnaea stagnalis. Intracellular dye fills revealed axon
arborization within neuropiles of ipsilateral pedal and cerebral ganglia, as well as in both buccal ganglia.
Terminal axons of the left and right PIBs showed close proximity within the buccal commissure.

2. The left and right P1B neurons have been found electrotonically coupled and, sometimes, generating
synchronous spikes.

3. The results show that two P1B cells operate as a single unit, and that paired buccal networks responsi-
ble for feeding rhythm are treated by the PIBs as a single target.

Keywords: Coordinating neurons - electrical coupling - FMRFamide - gastropods - Lymnaea stagnalis.

INTRODUCTION

Coordination between different motor centers is important for the orderly production
of behavioral output. However, little work has been done on individual coordinating
neurons.

Of particular interest in this connection was the identification of a pair of pleural-
to-buccal projecting neurons inhibiting activity of feeding neurons in a freshwater
pulmonate mollusc Helisoma. The neurons are placed so that they link the feeding
network to distant parts of the CNS. It has been therefore suggested that they might
coordinate a defensive withdrawal with feeding arrest using FMRFamide as a signal
molecule [9]. Although homologous neurons were later found in other pulmonates
[1], the suggested function of pleural-buccal neurons (named P1B cells, PIBs)
remained without firm experimental justification.
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With this goal in mind, we have been investigating P1B neurons of the pond snail
Lymnaea stagnalis. Of all model pulmonates, this one is the best characterized in
terms of individual neurons and neuronal networks. It provides therefore a good
opportunity to study the neuronal basis of coordination (e.g. [6, 8, 12]).

We have proved FMRFamide-like immunoreactivity of the Lymnaea PIBs by
combining abiocytin axon filling technique with FMRFamide immunostaining in the
same CNS preparation [3]. Use of additional antibodies has allowed us to suggest
that exon Il of the FMRFamide gene is expressed in P1B neurons of Lymnaea [4].
Here we present the morphological and neurophysiological evidence that terminal
axons of the left and right P1B neurons operate as a single unit.

MATERIALS AND METHODS

Snails (Lymnaea stagnalis) were cultured in our laboratory or collected in wild at the
Kropotovo biological station, Moscow region. Animals were anaesthetized by 0.1 M
MgCl2 and the CNS with paired buccal ganglia was dissected. To permit visually
controlled implement of the P1B neurons the commissures between the pedal ganglia
were cut and the CNS was pinned ventral surface uppermost.

Prior to the start of the experiments, each preparation was treated with 1 mg/ml
Pronase E (Sigma), desheathed, and kept in a standard Lymnaea saline for several
hours at 5 °C. A conventional set-up [10] was used to intracellularly record and dis-
play activity of two neurons. Glass microelectrodes used in neurophysiological
experiments were filled with lucifer yellow (LY). At the final stage of each experi-
ment, LY was electrophoretically injected into the P1B cell(s). The dye was then
allowed to spread within the neuron for 14-16 h at 4 °C. Afterwards the preparation
was fixed and processed for fluorescence microscopy. LY was from Sigma, the pro-
cedure was according to the protocol of Stewart [11] using a Jenaval microscope.

RESULTS

Microelectrode implement into a P1B cell was greatly facilitated by the results of our
previous study which showed, using aretrograde staining technique, that in Lymnaea
both P1B cells are symmetrically situated within the ventral portion of the pleural
ganglion close to the root of the pleuro-pedal connective [1]. The P1B has soma diam-
eter of 25-30 pm. As starting-point of each experiments, it was evidenced that dis-
charge of a candidate P1B cell was producing hyperpolarization in the feeding
motoneuron Bl. After the experiment, LY was electrophoretically injected into the
neuron, and appearance of a stained neurite in the ipsilateral pleuro-pedal and cere-
bro-buccal connectives (CBC) was taken as verification of exact implement.

Altogether, there were 5 successful bilateral implements into both left and right
P1B cells, and more than 40 impalements into one of two neurons. Usually, in isolat-
ed CNS preparations, P1B cells had fairly regular firing at 1-5 Hz.
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Morphology

In agreement with previous results [1], injection of LY has revealed that axon of the
P1B cell enters the ipsilateral pedal ganglion via the pleuro-pedal connective, then
turns to the cerebro-pedal connective, traverses the ipsilateral cerebral ganglion and
enters the CBC (Fig. 1). It has now turned out that the ipsilateral buccal ganglion is
not the ultimate place of P1B destination. The axon ramifies in its neuropile and enters
the buccal commissure to ramify again in the contralateral buccal ganglion. The fur-
thest branches project towards, and slightly penetrate to, the contralateral CBC.

Simultaneous injection of the dye into both left and right P1B showed close prox-
imity of terminal axons of the left and right PIBs within the buccal commissure (not
shown).

Fig. 1 Diagram of the P1B cell based on the results of the LY (lucifer yellow) intracellular injection. The

P1B neuron has multiple somatic processes that arborise within the pleural ganglion. There is a short

branch in the parietal ganglion, a small neuritic arbor in the pedal ganglion, a large arbor in the cerebral

ganglion (arrowhead) and small arbors in both buccal ganglia. Soma of P1B neuron is indicated by arrow.

BG - buccal ganglia, CerG - cerebral ganglia, PeG - pedal ganglia, RP1G - right pleural ganglion, LP1G

- left pleural ganglion, RPaG - right parietal ganglion, LPaG - left parietal ganglion, VG - visceral gan-
glia. Pedal commissures are cut. Dorsal view
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Other details of the P1B axon revealed by LY injection include abundant arboriza-
tion in a well-delineated area of the neuropile of metacerebrum, and branching in the
neuropile of the pedal ganglion (Fig. 1). Within the pleural ganglion, a novel P1B
process running towards the cerebro-pleural connective was revealed. No dye cou-
pling between left and right cells was observed.

Physiology
The left and right P1B cells were sometimes seen generating synchronous spikes.

Injection of a de- (Fig. 2 B, D) or hyperpolarizing (Fig. 2 A, C) current into one cell
resulted in corresponding polarization of the other member of the pair. It seems

A B
11b-—b
LPIB
C D
LPIB
RPIB Ll Ounnlll _A_--

as

Fig. 2. Demonstration of electrotonic coupling of the left and right P1B neurons. Injection of hyperpo-
larizing (A, C) or depolarizing (B, D) current into either P1B neuron causes corresponding polarization
of the contralateral one
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Fig. 3. Inhibitory action of the P1B neuron on salivary gland motoneuron (Bl). Ipsilateral (A) and
contralateral B1(B) are activated by depolarizing current injection

obvious that each P1B neuron is electrotonically coupled to its contralateral homo-
logue.

In addition to being electrically coupled to each other, the P1B cells were also
found making chemical connections with a variety of follower neurons. In both buc-
cal ganglia, earlier identified protraction phase feeding neuron Blwas hyperpolarized
by P1B stimulation (Fig. 3). Similarly, the giant cerebral serotonergic cell ClI demon-
strated inhibitory response to discharge in a P1B (Fig. 4).
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+0.3nA
25

Fig. 4. Inhibitory action of the P1B neuron on serotonergic higher-order modulatory interneuron (ClI).
Depolarizing current injection to P1B suppresses activity of ipsilateral CIl. Cl is activated by depolariz-
ing current injection

DISCUSSION

Abrupt stopping of rhythmical feeding movements is usually observed in herbivo-
rous pulmonates when specimens are disturbed. In experiments on L. stagnalis to be
reported in full elsewhere, we have found that P1B cells demonstrate excitatory
responses to tactile and photic stimuli that evoke defensive retraction. In turn, a dis-
charge of P1B produces suppression of the central pattem generator for feeding.
There seems little doubt that it is the function of P1B neurons to mediate interaction
and coordination between networks controlling feeding and withdrawal.

The paired P1B neurons and their coordinating function seem to have been well
conserved in gastropod evolution. Symmetrical FMRFamide-immunoreactive pleur-
al-buccal projecting neurons were also found in a marine carnivorous pteropod
Clione limacina [2], the only opisthobranch mollusc investigated so far. Like PIBs of
Lymnaea, they are electrotonically coupled to each other, contact in the buccal gan-
glia, and inhibit buccal feeding neurons.

The results of the present work show that, in L. stagnalis, this simple, paired coor-
dinating system is provided with two independent mechanisms ensuring effective
suppression of the entire feeding machinery. First, each of the P1B cells has been
found sending its axon terminals to neuropiles of both left and right buccal ganglia.
Electrotonic coupling between left and right PIBs is the second mechanism. The lat-
ter finding suggests that the neurotransmitter release occurs simultaneously from
secretory terminals of the two PIBs, no matter which one is activated by a sensory
signal. Thus, two P1B cells operate as a single unit, and two buccal ganglia are treat-
ed by the PIBs as a single target. Interestingly, powerful cerebral projections to
the buccal ganglia, represented by a pair of giant serotonin neurons, were
described as organized in a similar way in L. stagnalis [7] (but not in some other
pulmonates, e.g. in Helisoma [5]).
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We have found that the buccal commissure is the only site of direct contact
between left and right PIBs. The advantage of such location of electrical contacts for
control of transmitter release is obvious. A. priori, however, it cannot be ruled out
that the left and right P1B cells are electrotonically coupled via intermediate neu-
ron(s), like in case of another coordinating network of Lymnaea [12].
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Here we investigate the synaptic connectivity of the giant dopamine containing neurone (RPeDI) of
Lymnaea stagnalis during the winter months, in wild and laboratory bred animals. RPeD 1 is one of the
three neurones forming the respiratory central pattern generator (CPG) in Lymnaea and initiates ventila-
tion under normal circumstances. Many of the follower cells of RPeDI are ventilatory motor neurones.
The connections of RPeDI to its follower cells were investigated using standard intracellular recording
techniques and dopamine was applied to the follower cells using a puffer pipette. During February and
early March, RPeDI was functionally disconnected from its follower cells, but connections reappeared
towards the end of March. Most functionally disconnected cells failed to respond to applied dopamine,
consistent with the hypothesis that there is down regulation of dopamine receptors in the follower cells
of RPeDI in the winter months. Behaviourally, Lymnaea that survive the winter, are not active at this
time and do not indulge in lung ventilation, but stay quiescent. Thus functional disconnection of neurones
from the CPG may be either a cause or a consequence of this change in behaviour.

Keywords: Seasonality - giant dopamine containing neurone - synaptic disconnection - dopamine -
Lymnaea.

INTRODUCTION

The giant dopamine-containing neurone, RPeDl, plays a key role in generating the
respiratory rhythm in the pond snail Lymnaea stagnalis (L.) and is one of the three
cells known to make up the central pattern generator (CPG) [6]. At scientific meet-
ings their has been some confusion over the synaptic connections of RPeDI and it is
quite clear that they are somewhat variable [5]. Furthermore some authors have had
difficulty in culturing these connections successfully [4] and this could be due to sea-
sonal factors. During the winter months (December to March), it is always difficult
to initiate the respiratory rhythm by stimulation of RPeDI and we have suspected for
some years that it is functionally disconnected from its follower cells, many of which
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Fig. 1 Functional disconnection of RPeDI from an H or 1cell in winter 1997. (A) In six preparations,

depolarisation of the dopamine-containing neurone, RPeD 1, had no effects on its usual follower cells in

the HIJK cluster. (B) Furthermore, exogenously applied dopamine (10-3 M, arrows) had no actions on
these cells

Dopamine

Fig. 2. An example of a functionally disconnected cell responding weakly to extracellular dopamine.
(A) In seven HIJK cells, no connections to RPeDI were seen, but in the case shown here direct applica-
tion of dopamine (B) caused depolarisation of the neurone
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are ventilatory motor neurones, during wintertime. This prompted us to carry out a
further study on the connections of RPeDI and here we report on the absence of
functional synaptic connections between RPeDI and its follower cells [11] during
February and March 1997 and compare them with some earlier findings from 1990.

MATERIALS AND METHODS

The isolated brains of wild or laboratory bred specimens of Lymnaea were prepared
according to the methods of Benjamin and Winlow [2] and recordings were made
from RPeDI and its follower cells using conventional intracellular recording tech-
niques. In a number of experiments, dopamine was pressure ejected onto follower
cells in the intact brain via a puffer pipette. The preparation was maintained in a
stream of aerated saline flowing at 2-3 ml/min, and the final dopamine concentration
was between 104 and 1(T5M.

RESULTS

Unlike the situation at other times of the year, when synaptic connections between
RPeDI and its follower cells are reliably found in all preparations, connections
between RPeDI and the neurones VD2/3 and the HIJK cells from laboratory bred
animals were found in only 1 out of 11 preparations and this occurred in late March.
Furthermore, in 7 of the 9 preparations in which no functional connections were
found, these neurones did not respond to applied dopamine (Figs 1, 3). In one prepa-
ration (Fig. 2), dopamine induced weak depolarisations, but no functional connec-
tions from RPeDI were observed. Finally in the one case where connections were
found in late March, the postsynaptic cells responded to the exogenous application
of dopamine. In Fig. 4A and B, previously unpublished preliminary data from ani-
mals taken from the wild in mid and late March 1990 is shown and compared with
data from Benjamin and Winlow [2] (Fig. 4C) in which pure epsps and ipsps were
recorded on K and J cells respectively. The data from mid-March (Fig. 4A) show that
both cell types respond to RPeDI stimulation with bpsps (i-e on J cells and e-i on K
cells), but that the responses are approaching normality by the end of March. The
normal, “summer” connections of RPeDI are summarised in Fig. 4D.

DISCUSSION

The preliminary findings presented here are consistent with the hypothesis that there
is down regulation of postsynaptic dopamine receptors in the winter months, leading
to functional disconnection of RPeDI from its follower cells, many of which are res-
piratory motor neurones [8]. However, there may also be a reduction in transmitter
release from RPeDI. Earlier findings [13] indicate that the half width of soma action
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Fig. 3. Functional disconnection of RPeDI from the giant neurones VD2/3. (A) In three out of four

preparations no connections could be found between RPeDI and VD2/3, even when the follower cell was

hyperpolarised and observed at high gain as in (B). In (C), application of dopamine by a puffer pipette
(arrows) also failed to elicit any response in VD2/3 following depolarisation

J cell

K cell

RPeDI k j

Fig. 4. Preliminary data comparing postsynaptic potentials induced in J and K cells by RPeDlI, in mid-

March (A, 15/3) and late March (B, 27/3) with those recorded during the summer months (C). In (D) the

normal connections of RPeDI with its follower cells are summarised diagrammatically: i.c. - current

pulse injected into RPeDI via recording electrode. C and D modified from Winlow and Benjamin [11].

Scale bars: Time, A and B, 1sec; C, 2 sec; Amplitude, A, upper 10 mV, middle 10 mV, lower 100 mV;
B, upper 50 mV, middle 10 mV, lower 100 mV; C, upper 20 mV, middle 10 mV, lower 100 mV
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potentials of RPeDI recorded in February is significantly reduced when compared
with those recorded in July [1], suggesting that the presynaptic mechanisms govern-
ing transmitter release may also be altered. Measurement of the half width is a reli-
able way to assess the duration of the plateau phase of an action potential, which is
known to be a calcium dependent process in many species. Thus if the calcium cur-
rents of the nerve terminals are reduced in a similar way to those of the soma, it is
conceivable that synaptic output from RPeDI is reduced in the winter months,
although the intracellular dopamine concentration may rise during that period since
whole brain dopamine concentration is high in March/April and falls during the sum-
mer [3]. In winter the animal hibernates in the mud at the bottom of its pond and does
not come to the surface to respire. Thus the disconnection of a neurone of the respi-
ratory CPG from its follower cells may be either a cause or a consequence of this
behaviour.

Another consequence of these alterations in connectivity is that it may become dif-
ficult to culture neuronal connections in vitro in wintertime and this may explain the
data presented by Magoski and Bulloch [4], where they found that normal connec-
tions would not form. Authors working on these preparations need to clearly state
when the experiments were carried out so that apparent anomalies can be explained.

The concentrations of the biogenic amines dopamine and serotonin appear to
exhibit seasonal variability in the brain of Lymnaect [3]. Dopamine levels fall pro-
gressively from March/April to June/July, whilst serotonin concentrations rise during
the same period. It is not yet clear how or if these concentration changes relate to the
connectivity of RPeDl, but it is possible that serotonin may modulate the synthesis
of new calcium channel proteins in RPeDI during the spring and summer months.

Whether the effects we observe are presynaptic, postsynaptic or a mixture of the
two needs to be determined, but it is probable that maintenance of transmitter release
or postsynaptic receptors make significant energy demands on the animal that are
best reduced during hibernation. This suggests that other major changes in the phys-
iology of the nervous system should be expected during this period and some of them
are described here. For example Wood [12] recently observed that the peak TTX
insensitive sodium current in cultured pedal A cluster neurones varied during the
year. The current was at its lowest levels in the early part of the year (I-3nA) and
rose to maximum levels (4-6 nA) from August to November. The pedal A cluster
neurones are ciliomotoneurones [7] driving the pedal cilia of Lymnaea. Thus in the
colder months when the animal is inactive, there is less need for activity in these
cells. As with the disconnection of motor neurones from the respiratory CPG, it is not
yet known whether these changes are a cause or a consequence of hibernation.
Finally, Winlow [9, 10] demonstrated that the growth hormone-secreting light green
cells(LGCs) of Lymnaea are more easily activated in June than they are in March.
Over 44% of the cells were unable to be activated in March, but all cells could be
activated in June. In addition 62% of cells were spontaneously active in June as com-
pared with only 24% in March. The triggers for these changes in activity are as yet
unknown, but perhaps growth hormone release is coupled to the peak summer
growth period, when food supplies are plentiful.
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From the examples cited above it is clear that seasonal changes are of great impor-
tance in studying the activity levels of neurones in the brain of Lymnaea. The current
study was carried out on laboratory bred animals under controlled light (12 h on/12
h off) and constant temperature (16 °C) and compared with previously unpublished
data from animals taken from the wild (Fig. 4A, B) and maintained for a few days
under laboratory conditions. Thus, neither changes in environmental temperature nor
day length are likely to be the environmental cues that trigger the alterations in con-
nectivity pattern of RPeDI. While carefully controlled experiments need to be car-
ried out with respect to illumination and temperature, it is clear that more subtle
changes, perhaps in food supply or water supply need to be considered, if we are to
understand the extrinsic signals triggering seasonal changes in the nervous system of
Lymnaea.
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The modulation and reconstruction of the cardio-respiratory neural circuit of Lymnaea stagnalis L. was
compared to that of Helix pomatia L. where the input variation and signal molecules were found to have
primary importance in network reorganization. From the cardio-respiratory circuit only neurons con-
nected by afferent or efferent pathways to the peripheral chemosensory organ, the osphradium, were
used.

It was shown that,

- the general principles of the network reorganization is similar in the two species. The firing pattern of
the neurons altered in Lymnaea depending on the input activation or presence of signal molecules in the
vicinity of the neurons.

- the responses of the neurons to the same sensory information, originating from osphradium varied
depending on their firing patterns.

- on central neurones the generation of phasic pattem and/or oscillation was an indicator of network dis-
integration leading to insensibility to the osphradial sensory inputs

- co-application of signal molecules (511T, DA, GABA with opioid peptides) to the neurons caused a
phasic firing pattern and/or oscillation leading to disintegration of one network and activation of anoth-
er one.

- the effect of p-opioid peptides on GABA-induced and voltage activated ion currents were shown to be
the cellular target in reconstruction of neural networks in Lymnaea.

- the neural network reconstruction in vertebrate brain evoked by signal molecules can be compared to
that observed in the identified network of Lymnaea stagnalis making this latter a useful model in further
studies, too.

Keywords: Neural networks - circuit reconstruction - firing pattern - osphradium - 5HT - DA - GABA
- opioid peptides - Lymnaea stagnalis L.
INTRODUCTION

Over the past decade it became evident that an identified neural network can under-
go permanent and dynamic alterations with a variety of firing patterns indicating the
temporary state each of its functioning units. The firing patterns and oscillations were
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CNS

Fig. 1. Semi-intact preparation including central nervous system (CNS), osphradium and the nerve con-
necting them (A), 1- CNS - central nervous system (suboesophageal ganglionic ring). 2 - microelec-
trodes for intracellular recording of nerve cell activity. 3 - extracellular electrode for recording of the
activity of osphradial nerve. 4 - osphradium. (B) Chamber used in the experiments with permanent per-
fusion. CNS - central nervous system r.i.p.n. - right inner parietal nerve, os - osphradium
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shown to be modulated either by input variations or a number of signal molecules
including neurotransmitters and modulators alike [5, 10, 18, 23].

In the identified neural network of Helix pomatia the oscillation and phasic pat-
tern of firing were found to be indicators of network reorganization accompanied by
the interrupted reception of peripheral information [24, 25).

The aim of our present studies was to clarify whether a reorganization of neural
network comparable to that of described for the cardio-regulatory network of Helix
pomatia can be demonstrated in Lymnaea stagnalis. The cardio-respiratory network
of Lymnaea was used comprising morphologically and functionally characterized
neurons [3, 33, 38].

MATERIAL AND METHODS

The experiments were performed on the adult specimens of the pond snail Lymnaea
stagnalis L. (Pulmonata, Basommatophora) collected from their natural habitat
(Balaton-Minor) during the months May-October, and kept in aquarium at tempera-
ture 22 £ 5 °C. The animals were fed with fresh lettuce.

The semi-intact preparation including the central nervous system (CNS) and the
osphradium with the right inner parietal nerve (r.i.p.n.) connecting them was isolat-
ed. The semi-intact preparation was fixed to the bottom of the Sylgard-lined dish
(Fig. 1). The connective tissue of the ganglia was removed by mechanical and enzy-
matic treatments. The experimental chamber was permanently perfused with snail
physiological saline or with the test solutions applied directly either to the surface of
the osphradial canal or the central ganglia. Standard physiological solution (SPS)
contained (in mM): NaCl 44, KC1 1.7, CaCl24, MgCl2 1.5, HEPES 10 (pH = 7.3 was
adjusted with NaOH). For stimulation of the osphradium L-glutamate and NaCl were
used.

Recording ofnerve and neuron activities
The extracellular activity of the osphradial branch of the right internal parietal nerve
(r.i.p.n.) was recorded using bipolar electrodes. The activity of the identified central
neurons was recorded simultaneously with nerve activity using conventional micro-
electrophysiological methods, sampled by A/D converter.
Substances
5-hydroxytryptamine (5HT), 3-hydroxy-tyramine-HCI (DA), gamma-aminobutyric

acid (GABA), methionine enkephalin (met-Enk), [D-Ala, N-Me-Phe, Gly-ol]-
enkephalin (DAGO), L-glutamate from Sigma were used.
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Fig. 2. Responses of the neurons VD1-3 and RPaDI to the application of NaCl (1%) and L-glutamate
(L1O2M) to the surface of the osphradium (A and B). The afferent impulsation running from osphradium
to central neurons during osphradial stimulation can be seen in the activity of the osphradial nerve (i.p.n.)
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RESULTS

I. Central representation ofosphradial inputs in CNS and efferent
signals running to the osphradium

In the identified neural network of Lymnaea involved into the regulation of visceral
functions the neurons display a wide variety of pattern alterations [3, 33, 38]. In this
neural assembly the inputs originating from the regulated organs were shown to dis-
perse to more than 500 central neurons [20, 33]. As most of the physiologically rel-
evant synapses in this circuit has been detected, it can be used adequately for study-
ing network function and reorganization. Further on, as this circuit can be regarded
as an analogous network to that of regulating visceral functions in Helix pomatia, it
can be used to clarify whether the same principles of network reconstruction exist in
the two species [24, 25].

The cardio-respiratory network of Lymnaea used in our experiments included the
neurons forming respiratory central pattern generators [RPeDI, VD4 and input-3,
IP3), some of their followers from A, J, K, | clusters and the neuron RPaDI [3, 33].
The inputs running from peripheral organs (heart, pneumostoma, mantle, skin-sur-
face, etc.) to these cells and their outputs have been described earlier [3, 33]. In the
present studies we introduced a new input originating from the osphradium, trans-
ferring information to central neurons from the external environment. The osphra-
dium is a chemosensory organ sensing directly the environmental changes and tras-
ferring information to CNS leading to modulation of various forms of behaviour
including respiration, feeding, escape from predators, etc. [30]. Some of the overlap-
ping central representations of the inputs originating from the osphradium and vari-
ous visceral organs have been described earlier [12, 30].

The aim of our present studies was to demonstrate the variation in the representa-
tion of osphradial sensory information running from the environment to the CNS and
to show, whether the responses of the central neurons to osphradial stimulation can
be altered depending on their firing pattern, input variations they receive and pres-
ence of signal molecules in their vicinity.

Although in semi-intact preparation of Lymnaea the firing pattern of the neurons
varied considerably the responses to osphradial stimulation were successfully traced.
The results showed that chemical stimulation of the osphradium caused characteris-
tic changes in the firing pattern of the central neurons (RPaDI, RPeDI, VD1-4, IP3
and A, 1, J, K clusters) and in the activity of the osphradial branch of the r.i.p.n. The
analysis of the osphradial sensory inputs revealed that both specific and variable
responses can be demonstrated on the same central neuron as an answer to the stim-
ulation of the osphradium (Figs 2, 3 and 4).

The responses of the neurons were found to be different depending on the chemi-
cal stimuli applied to the osphradium. The responses of the neurons VD1-3 and
RPaDI were weak following application of NaCl to the osphradium (Fig. 2A) while
L-glutamate elicited robust increase in firing frequency of the neurons VD1-3 with
simultaneous hyperpolarization and blockade of the firing on the cells RPaDI (Fig.
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Fig. 3. Efferent impulsation running from central neurons VD1-3 and RPaDI to the osphradium revealed

by de- or hyperpolarization of the soma membrane of the neurons. In the activity pattern of the osphra-

dial nerve the firing pattern of both cells can be clearly recognized as an efferent sign. The largest in
amplitude efferent signes originate from the cell VD3. i.p.n. - activity of the osphradial nerve

2B). During application of L-glutamate to the osphradium the intensity and frequen-
cy of the extracellular activity of the osphradial nerve was considerably increased
Fig. 2B).

( %\dditgonally to the afferent impulsation of the osphradial nerve the efferent sig-
nalization running from central neurons to the osphradium was also traced (Fig. 3).
Both de- or hyperpolarization of the soma membrane of the neurons VD1-3 altered
the largest in the amplitude component of the nerve activity (Fig. 3). Depolarization
of the neurones VD1-3 led to the increase in firing frequency of the largest compo-
nent in the compound activity of the nerve (Fig. 3A), while its hyperpolarization
eliminated the above component in the nerve activity (Fig. 3B). At the same time,
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Fig. 4. Spontaneous variations in firing pattern and osphradial input on the neurons VD1, VD2 and

RPeD 1. A - osphradial input (arrow) to the neurons firing in tonic mode. B - Effect of activation of IP3

can be identified on the neurons VD2 and RPeDI leading to the changes of firing pattern when the effer-

ent pathways remained unaltered tested by hyperpolarization of the neuron RPeDI (arrow, H). C - the

phasic pattern of the neurones became prevailing and the efferent pathway of the neuron RPeDI (arrow,

H) was no more identifiable but in the nerve activity the activation of a number of new neurons can be
traced including respiratory rhythm generator
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Fig. 5. Input variations on the neurones VD1, VD2 and RPeD|. During bursting activity the neuron VD1

became insensitive to the inputs originating from the osphradium (A, B, C). For comparison see Fig. 4A.

The neuron RPeDI displayed sporadic discharges and received IPSPs and EPSPs from other members of

the networks (A and B) but its firing was blocked during osphradial stimulation (C). i.p.n. - osphradial
nerve activity
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de- or hyperpolarization of the neuron RPaD 1 left the largest component of nerve
activity unchanged (Figs 3A and 3B) altering another, lower-amplitude component of
the nerve activity (Figs 3A and 3B). Similarly, most of the components in nerve
activity showed correlation with the firing pattern of one or an other identified neu-
ron, functioning either as an afferent or efferent unit in the regulation of the osphra-
dium (Figs 3A and 3B). However, some of the central neurons studied proved to be
multifunctional, involved both in afferent and efferent signalization. One of such a
cell was the well-known neuron RPeDI.

In extracellularly recorded nerve activity the pattern of five-seven neurons can be
recognised additionally to the neuron activity recorded intracellularly. This con-
tributes to evaluation of alterations taking place during network reconstruction on
larger scale without recording from more than two cells.

Using this “trace-following” it can be seen that certain members of the network
regularly discharge in bursting mode as an independent unit. However, in other cases
the same neuron can produce a regular, tonic firing (Figs 3 and 4).

The results proved that in the regulating networks both the somatic and dendritic
spikes are present and their functional importance can be demonstrated during circuit
reconstruction when the same neuron can turn its firing pattem according the affer-
ent or efferent impulses they are transferring.

Studying central representation of the osphradium it became evident that respons-
es of the same neurons to the same stimulation of the osphradium can highly vary or
it can be absent (Fig. 4) depending on the simultaneous activation of a variety of
inputs. It can be seen on the activity patterns of the neurons VD1-RPeDI that osphra-
dial stimulation can activate the intemeuron IP3 leading to the activation of central
pattern generator appearing both in the activity of the neuron RPeDI and osphradial
nerve (Figs 4B and 4C). The burst-type of firing of central neurons prevents receiv-
ing of sensory inputs from osphradium: such an example is demonstrated in Fig. 5.
When the neuron VD1 displayed burst-firing, the input originating from osphradium
was omitted from the firing pattem of the cell, while it was seen in the activity pat-
tern of the neuron RPeDI recorded simultaneously (Figs 5B and 5C). However, dur-
ing burst-type firing some irregular oscillations appeared on the cell VD1 as an
answer to osphradial stimulation (Figs 5B and 5C).

The high variability both in firing pattern and input activation of the neurons stud-
ied was suggested to be a result of the modulatory environment, e.g. the signal mol-
ecules that are present in the synaptic area or in the vicinity of the neuron modulat-
ing permanently the sensitivity of the neurons. The present results proved that
osphradial information is represented in a large population of neurons and its distri-
bution overlap with central representation of the heart and pneumostoma.

Various types of oscillations were recorded also from the osphradial cells [12]. In
osphradium two types of cells were demonstrated, being either ganglionic or senso-
ry ones [30]. The sensory cells of osphradium were characterized with slow oscilla-
tions and slow periodic waves in their activity intensifying during their chemical
stimulations [12].
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The results emphasise the importance of oscillations from sensory perception to
output formation throughout the information processing in nerve centres. As oscilla-
tory and burst discharge is a key element of membrane processing from the level of
receptors to output of the central neurons in most sensory system it emphasises the
advantage of the osphradial system in studies of network reorganization.

H cell

10sec

Fig. 6. Modulation of firing pattern and input activation of the neurons from H-cluster and RPeDI fol-

lowing co-application of 5SHT and met-enkephalin. The activation of IP3 can be identified in the firing

pattern both of the neurons (A). Following co-application of 5HT and met-enkephalin the IP3 was inac-

tivated (C) and other, newly activated inputs appeared (C and D) in firing pattern of these neurones and

osphradial nerve maintained after wash out the signal molecules and following restoration of osphradial
input on the neurone RPeDI (F). i.p.n. - osphradial nerve activity
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2. EJfect ofsignal molecules on pattern formation in central neurons

In the model used in our studies both in periphery and CNS the signal molecules
were found to initiate oscillations or changes in firing pattem. The neural networks
are constantly modified with numerous factors being present in their environment.
The homeostatic field surrounding the nerve cells or brain area represents a mixture
of unknown number of signal molecules causing either analogues or opposing to
each other changes in ion-currents, pattern-formation, synaptic connections and cir-
cuit reorganization. The action directed to the same or opposite directions caused by
simultaneously acted signal molecules can amplify or weaken the connections
between the network units. All the inputs might be modified simultaneously both in
number and strength and the neuron must integrate them to cross the firing thresh-
old. Predominance of one or another chemical factor can switch the network from
one functional stage to another. Such a situation can be simulated by external appli-
cation of signal molecules existing in the neurons of network in normal conditions,
too.

In the Lymnaea neurons involved into our studies 5HT, DA, GABA, FMRFamide
and enkephalins were found to be present [6, 7, 13-15, 29, 36]. In Helix pomatia we
demonstrated earlier the principal role of monoamines, GABA and opioid peptides
in reorganizing the neural network regulating visceral functions [23-25].

In our experiments in the Lymnaea the mixture of active substances being present
in the same neurons or receiving synaptic inputs employing the same transmitters
[14, 15] was applied.

Here the effects of simultaneous applications of fast transmitters (5SHT and DA)
and opioid peptides (met-Enk and DAGO) are summarized:

Following co-application of 5HT (2xI(HM) and met-Enk (10~6 M) the inputs
appearing on H-cell as an excitation and as an inhibition on RPeDI neuron became
ineffective (Fig. 6B). In two to ten minutes of application the pattem of the inputs
recorded from the nerve changed basically. At the same time, it could be seen that
immediately after application of the paired signal molecules (e.g. 5HT and met-Enk)
the new members of the network started to be activated (Figs 6B and 6C) and the
original burst pattem (CPG) disappeared. On H-cells the characteristic IP3 input acti-
vation could be seen (Figs 6D and 6E). The changes in firing pattern could be seen
on both of the neurons, but it means that the H-cells firing in tonic mode with synap-
tic interruptions before treatment became of the bursting type, while the RPeDI hav-
ing originally irregular phasic-type firing started to work in a tonic mode (Fig. 6C).
After washing out of the paired signal molecules the original input pattern started to
be restored but the firing pattern and the additionally activated inputs remained active
for a long period of time (Figs 6E and 6C). The same was demonstrated for the neu-
rons VD1 and RPaDI after the application of 5SHT and met-Enk combinations, where
the disconnection of the input-activated pattern and reorganization of the network
could be traced represented by activation of a set of neurons being silent before using
these co-acting signal molecules.
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Fig. 7. Effect of dopamine and DAGO on the firing pattern and input activation on the H- and RPeDI

neurons. The stimulation of the osphradium caused an increase on the H-neurone and decrease on the

RPeDI firing frequency (B). DA caused the same but more intensive changes on these neurones (C)

while DAGO failed to alter their firing pattem (A). Co-application of these two signal molecules elimi-

nated the inputs originating from the osphradium (D) but it was restored following wash out (E). i.p.n. -
osphradial nerve activity

The effect of dopamine was either inhibitory or excitatory on various member of
the network studied (Fig. 7).

The bath applied DA (1(A1-10~6M) hyperpolarized the neuron and eliminated the
firing of the cell RPeDI with simultaneous increase in firing frequency of H-cells
(Fig. 7C). Comparing the same changes of these two cells to the osphradial inputs it
can be seen, that DA caused the same type of responses and activated a large num-
ber of central neurons monitored on nerve activity (Figs 7C and 7C). In the continu-
ous presence of DA the excitation of cell H and the inhibition of RPeD 1 remained
long-lasting and effect of the stimulation of the osphradium was very weak on their
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soma, although the inputs on the nerve was nearly of the same intensity as before
DA-treatment (Fig. 7D).

Long-lasting pretreatment of the ganglia with DAGO (the stable p-opioid ana-
logue) and DA weaken the effect of osphradial inputs leading to the inhibition of fir-
ing frequency and membrane oscillations with bursting (Figs 8C and 8D). Activation
of large number of units of circuit can be identified in nerve activity. Long-lasting
wash-out restored the efficacy of osphradial inputs (Fig. 8E) on H-, and RPeDI cells.

Summarizing the results it can be concluded that the network effect of the mix-
tures of signal molecules in the surrounding of neurons is a main factor leading to
disintegration of the functioning neural network and to activation of a new set of neu-
rons.

Recently, to understand dynamic effects of co-applied signal molecules or input
variations in circuit organization and their rearrangement, mathematical methods
were introduced [4, 34, 35]. Application of non-linear dynamic methods opens a way

H cet

Fig. 8. Effect of co-apptication of DA and DAGO to CNS on firing pattern and osphradial inputs on the
neurons H-and RPeDI. A - osphradial inputs to the neurons. B - effect of DAGO applied alone to CNS.
D - effect of DA added alone to CNS. C and E - membrane oscillation and burst firing evoked by long-
lasting co-application of DAGO and DA on H-neuron and inhibition of the neuron RPeD 1. F - wash out
of DA and DAGO restored the osphradial inputs on the neurons, i.p.n. - osphradial nerve activity
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for detecting slight changes in the neuronal firing due to synaptic influences or
effects of neuromodulatory substances. Using this method it can be predicted how
sensitive is the given process, or how stationary or chaotic the process studied in the
long-term scale and in this way reorganization of synaptic inputs can be demonstrat-
ed [see: Molnér et al., this volume, 19]. This method revealed that both the alteration
in firing pattem and the oscillations are closely related to the changes of the home-
ostasis as they could be simulated by a variations of signal molecules, further on they
can contribute to understanding of alterations at systemic levels or to discovering
some hidden correlations in the altering firing pattem.

3. The cellular targetsfor network reorganization

It is generally proved that membrane effect of signal molecules depend on the level
of its polarisation being a result of the opposing effects of more than one transmitters
on the membrane surface. We demonstrated the interaction of signal molecules on
ion currents on the same Lymnaea neurons which were used for studying the network
reorganization.

On isolated internally perfused Lymnaea neurons the GABA-induced ion currents
and their modulation by opioid peptides and 5HT have been described [22, 26].

On the majority of Lymnaea neurons, GABA depolarized the membrane underly-
ing with slow or fast GABA-induced inward current. However, outward component
of GABA induced current was as well-demonstrated either as a part of biphasic cur-
rent or as a clear K-dependent outward one. The GABA-induced inward current was
characterized on the neurons RPeDI, RPaDI, LPaV2, VD1-4 and A-cells [22, 26].
The GABA-induced inward current was biphasic and Cl-dependent on the neuron
RPeDI.

Both types of inward-currents induced by GABA were reduced or blocked by met-
enkephalin or morphiceptin (p-opioid) in a dose-dependent manner. Opioid caused
reduction of GABA-activated slow inward current which was reversible, whereas
that of on the fast current was not. The decrease produced by met-Enk or morphi-
ceptin on the slow GABA-induced inward current was naloxon sensitive, but their
effect on fast GABA-current was not eliminated by naloxone (Table 1). No complete
blockade in the effect of opioid peptides on GABA-induced inward current was
traced.

In the same neurons (RPaDIl and RPeDI) serotonin which causes a circuit recon-
struction caused a bimodal effect and apart from opioid peptides potentiates the
GABA induced inward current. However, on A-cells 5HT similarly to opioid pep-
tides suppressed the GABA-induced inward current (Table 1). It is known from lit-
erature [2] that DA on the neuron VD4 decreased the Ca-dependent inward current
and increased the voltage-dependent K-current. DA causes hyperpolarization the
neurons used in our experiments (Figs 7 and 8).

The identified, isolated neurons of Lymnaea provide a useful model for studying
postsynaptic interaction between the signal molecules and to interpret it in regard to
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Table 1
Modulation of ion currents by signal molecules on the Lymnaea neurons
Neuron Ligand gated current Voltage activated current Modulation
RPcDI Dbnen slow inward reduced by u-opioids
monen fast inward reduced by u-opioids
monien net inward potentiated by 5HT
IGainward HVA reduced by GABA
mk(n) outward reduced by GABA
«(C) outward potentiated by GABA
RPaDI monen inward reduced by u-opioids
monen inward potentiated by 5SHT
A-cells monen inward reduced by u-opioids
monen inward reduced by 511T
VD1-3 monen inward reduced by u-opioids
VD4 IGainward potentiated by DA
IKM outward reduced by DA
LPaVv2 monen inward reduced by L-opioids

Note: p-opioids used were met-Enk and morphiceptin [26]. See: 3,15, 22, 26.

their effects in causing a firing pattern alterations in the identified circuits. The
results proved that ion-channels of the membrane are the targets for modulation of
neuron sensitivity by signal molecules.

DISCUSSION

Comparing the analogous neuronal circuits in Helix pomatia L. and Lymnaea stag-
nalis L., their main characteristics were found to be similar. The results indicated that
the networks can be dynamically rewired by simultaneously activated inputs and/or
mixture of signal molecules in the vicinity of the synapses. Reorganization of the
identified neuronal network in Lymnaea similarly to that of Helix [24, 25] was
accompanied by alterations in firing pattern of the neurons and while the neuron gen-
erated membrane oscillations and burst firing it remained unresponsive to sensory
information. In Helix pomatia among signal molecules the combination of 5HT and
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DA with opioid peptides and FMRFamide was most effective in causing membrane
oscillations and burst firing resulting reorganization of a functioning circuits
[23-25]. The present data confirm the same background in network reorganization of
the above two species.

5FIT was found to have a primary role in network reorganization of crustaceans,
where it was shown to regulate a wide variety of rhythm-generating circuits [8]. It
was demonstrated that 5F1T was able to alter the motor program to be transferred
from one dedicated for swimming to one required for burrowing [8, 9].

Our data indicate as well that the network reconstruction involve both pre- and
postsynaptic sites of action. In vertebrates most of the authors emphasises the presy-
naptic interactions of signal molecules directed to modulation of transmitter libera-
tion. In mammals opioid-peptides were shown to decrease the GABA-ergic trans-
mission on hippocampal neurons either through the hyperpolarization of the somatic
membrane or through the effects of IPSPs on inhibitory presynaptic terminal leading
to disinhibition [21, 31]. Recently, in vertebrates serotonin, operating through a 5SHT2
receptor was found to activate GABA-ergic intemeurons in the prefrontal cortex [1].

In Lymnaea the opioid peptides modulate receptor-coupled processes postsynapti-
cally altering the GABA-induced inward current [22, 26]. The interaction of low
molecular weight neurotransmitters (5HT, Ach, DA, GABA) with FMRFamide and
opioid peptides have been reported earlier on cardio-regulatory circuit of Helix
pomatia L. [23, 25-27, 32]. In Lymnaea the intemeuron VD4 was hyperpolarized by
DA with membrane oscillations and DA converted the firing pattem from tonic to
phasic one [3].The burst of APs in neuron VD4 was suggested to arise as a results of
the action of two transmitters, e.g. DA from RPeDI and the unidentified one from
IP3 [3]. Our data indicate that the second factor in the integrated action of two sig-
nal molecules can be the opioid peptides, generating with co-acting monoamines
phasic pattern accompanied with network reconstruction [23-25].

The co-existence of 5HT, DA and GABA with opioid peptides was demonstrated
in nerve cells of both vertebrates and invertebrates including Lymnaea stagnalis. In
the pedal ganglia of Lymnaea met-enkephalin immunoreactive neurons have been
localised in an area of 5FIT-containing A-cells and in Achatina co-localization of
5HT and met-enkephalin was described [36]. In the neuron RPeDI co-existence of
DA with peptides was demonstrated [14, 15]. Met-enkephalin and/or FMRFamide
are present in the neurones V D 1, RPaD 1and A-cells and they were shown to release
into the connective tissue sheath of the ganglia or the blood stream [14]. This is a rea-
son why the semi-intact preparation of Lymnaea is useful model for connecting the
cellular and network effects of signal molecules at systemic level.

In network analysis it was found that adaptation of neurons to a changing envi-
ronment (homeostasis) requires that they were able to discriminate between incom-
ing stimuli, and than relevant messages were transmitted inside the cell to elicit a
range of co-ordinated modifications according to functional needs of regulation. The
multiplicity of receptor subtypes for a given amino- (or peptide) transmitters and the
diversity of their coupling to intracellular effectors provide one set of elements
underlying their wide functional variety.
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However, the variable responses and interactions of signal molecules cannot be
interpreted merely by the presence of different receptors since more then 200 GABA
and/or 5HT or DA containing neuron were found in CNS of Lymnaea [36, 37].
Moreover, it is known that some of the signal molecules can use each other’s recep-
tors with varying efficacy. This can be one way how simultaneous activation of var-
ious receptors can modify the effects of the neurotransmitter in question. Nearly all
the neurotransmitters (5HT, Arch, DA, GABA, etc.) can act either fast, via ion chan-
nels or more slowly, via second messengers, causing both short- or long-term effects
in target cells.

However, even the widespread distribution of 5HT receptors cannot explain how
5HT modulates the multiple neuronal circuits, which underlie complex behaviour, all
the more that 5HT (and other signal molecules) liberates presynaptically and into the
hemolymph alike leading to two different effects at systemic level, although both
ways can lead to modulation of the firing patterns of a restricted or more distributed
populations of neurons.

In Lymnaea, oxygen sensitive receptors were demonstrated in the lung cavity [11,
30] and since the neuron RPeDI was found to ramify to blood vessels supplying the
lung area it was suggested that this neuron can be activated by a decrease in oxygen
content in the blood, thus switching on the respiratory cycle [38]. Our results indi-
cate that the neurons including RPeDI can directly react to the alterations of the envi-
ronment using osphradial receptors sensing alterations in water contamination and
oxygen tension, adapting in this way the regulation of the cardio-respiratory system
to a momentary need of the organism. The permanent changes in firing pattern of the
cardio-respiratory neurons according to the changes in the signal molecules that are
present in their vicinity can reflect this type of regulation. This means that the respi-
ratory cycle of Lymnaea can be initiated by RPeDI as an answer to environmental
changes transferred from osphradium to CNS [12]. The present results proved that in
CNS of Lymnaea, similarly to the same network of Helix pomatia the input variation
and combination of signal molecules play leading role in circuit reconstruction.

As a result of technical achievements more and more data appeared to character-
ize of network organization and its cellular mechanism. This lead to the acceptance
of the idea of network reconstruction in vertebrates, too [17]. A decade ago, the list
of animal models used for studying circuit reconstruction was rather briefand includ-
ed first of all the crustaceans (with their well-known stomato-gastric ganglion) and
some of the molluscs (Helix and Aplysia). At present, the idea of the neural circuit
reorganization can be regarded generally accepted.

Recently, using network analysis unexpected similarities were discovered in cir-
cuit organization or rebuilding in invertebrate and vertebrate nervous systems. It was
shown that somatic and dendritic depolarisation can elicit quite different firing pat-
terns in the same pyramidal neurons and soma spike increased while dendritic AP
decreased in bath applied 5HT due to direct modulation of Ca-channels [28]. It can
be compared to that in Lymnaea when the cerebral giant cells spontaneously changed
the direction of spike conduction (orthodromic or antidromic) and the two types of
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action-potential generation can be a physiologically relevant mechanism during the
action of signal molecules in circuit reorganization, too [11].

The interaction of opioid peptides with 5HT and GABA was demonstrated in ver-
tebrates, too. In the rat dorsal raphe nucleus, bath-applied met-Enk suppressed
GABA-ergic inhibitory postsynaptic currents and it resulted in the inhibition of their
projections to the serotonergic cells [39]. The GABA-induced inward current was
also depressed by enkephalins in the bullfrog dorsal root ganglia [39] like in
Lymnaea [26]. At presynaptic site met-Enk blocked 5HT-induced excitatory postsy-
naptic currents in pyramidal cells [16] proving that the main target of these interac-
tions are the ion channels of the neuronal membrane both in vertebrates and inverte-
brates.

Our results and the above cited data emphasised the deep similarity between the
network organization and behaviour of the network elements to alterations of home-
ostatic factors (e.g. peptides and neurotransmitters). The modulation of network and
functional rewiring of the circuits seem to be similar as well. The interactions
between opioid peptides and low molecular weight neurotransmitters were found to
be similar, too.

Although the restricted forms and repertoire of behaviour of molluscs, including
Lymnaea, cannot be compared to that of vertebrates, the neural networks are orga-
nized and functioning in a very similar way. It means that the elementary events such
as ion channels and neural circuits are built up and function according to a common
law. This is the reason why the models developed from molluscs can be successful-
ly used for describing organization and modulatory principles using the same math-
ematical tools and signal molecules.
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Identified neurons and members of functionally characterized clusters of the central nervous system of
Lymnaea stagnalis L. were studied. Long-term spike trains (10-100 min) were collected using current
clamp method. Firing patterns were analyzed by several mathematical tools e.g.: spike density function
(SDF), interspike interval (ISI), Fourier-transform. Both the spike trains and oscillation of firing were
modulated by 5HT (2x10~5 M) and p-opioid peptides (10~5 M). Co-application of 5SHT (2x10~5 M) and
DAGO (10~5M) turned the firing of the neurons (RPeDI and A cells) opposite to the running pattem and
eliminated the 0.3 Hz oscillation causing a new slow periodicity (0.1-0.05 Hz).

Keywords: Lymnaea neurons - spike trains - network modulation - 5HT - opioid peptides.

INTRODUCTION

Neurons form the cardinal units of information processing within the central nervous
system, and the action potentials they fire represent the major signal of information
exchange. However, no single action potentials but neuronal spike trains are accept-
ed as information carriers between the nerve cells and for neuronal coding. Although
the spike trains of a single neuron more often belong to a chaotic type of firing with-
out relevant functional consequences they can be characterized with formal mathe-
matical tools revealing both hidden regularities and temporary modulations [2].

The spike density function (SDF) reflecting dynamic variable of the neuronal
activity has been shown most appropriate for characterization of firing patterns for
detecting slight changes in the neural firing due to synaptic influences or effects of
neuromodulatory substances. Using this method the sensitivity of the given process
and the stationary or chaotic character of the process studied in the long-term scale
has been shown. This way, reorganization of synaptic inputs can be traced even if the
MP remains unchanged within a short period of time. Further on, the interspike inter-
vals (ISI) can be measured according to the time of arrival spike [8].
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In understanding infonnation processing one should address the question, what is
the message the spontaneous firing transfers and how the neurons can be forced to
produce programmable pattem, or how it can be modulated by feeding altered para-
meters to the system.

We achieved the modulation of spike trains using chemical signals originating
either from input variations or from their external application. For applying this
method the well-characterized neural network of Lymnaea was used comprising cen-
tral neurons involved into the regulation of several visceral functions where most of
the physiologically relevant synaptic connections among moto- and intemeurons are
identified [3, 4, 5] and both rhythmic and oscillatory activities are generated [7, 8].

MATERIALS AND METHODS

The identified neurons and members of known clusters (RPeDl, J-, H-, A- and K-
cells) from the isolated suboesophageal ganglionic ring of the adult pond snail
Lymnaea stagnalis L. were used [1]. Long-term (10-100 min) spike trains were
recorded using standard intracellular microelectrode technique with two-channel cur-
rent-clamp amplifiers (Axoclamp-2A and home-built intracellular amplifiers). The
experiments were carried out at room temperature (22-24 °C).

The method of spike train recording and data analysis have been described earli-
er [6]. Firing patterns were characterized by various mathematical tools including
spike density function (SDF), interspike-interval (ISI) histograms, Fourier-transform
and correlation analysis. Spike density functions were calculated by convolving the
spike train with a smooth and continuous kernel function, Gaussian-type in most
cases. Periodicities and oscillations of the firing rate were detected by Fourier-trans-
form of the SDF. Cumulative interspike interval histograms also called 1SI-autocor-
relograms were used to detect periodicities in the spike trains and/or signs of precise
spike timing. Detected periodic and oscillatory firing patterns in Lymnaea stagnalis
L. were characterized in a previous paper [8].

In modulation of oscillatory firing pattem the following substances were used:
5-hydroxytryptamine creatinine sulphate (5HT), methionine enkephalin (MetEnk)
and [D-Ala, N-Me-Phe, Gly-ol]-enkephalin (DAGO) (SIGMA). After a 10-15 min-
utes control measurement the neurotransmitters were applied by perfusion either
alone or in combination to the surface of ganglia where the final concentrations were
2x 10"5-0 5M.

RESULTS AND DISCUSSION

It has been shown that the spike density function (SDF) of A-cells and RPeDI neu-
ron can reveal correlations between their activity with two peaks (f=0.03 Hz and
0.26 Hz positions) during synaptic activation of interneuron IP3. Additionally, a slow
oscillation (0.1-0.3 Hz) can be demonstrated on a large number of visceral and pari-
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etal neurons as well as on RPeDI cell being more detectable if IP3 events are
paused [8].

Our present experiments showed that both the alteration in firing patterns and the
oscillations are closely related to the changes of the homeostasis of the neurons as
they can be modulated by signal-molecules.

The fast synaptic transmitter (5HT) and the p-opioid peptides (Met-enkephalin
and DAGO) were found to cause characteristic changes both in firing pattern and
oscillatory activity of the neurons in the identified neural network.

On the neuron RPeDI the p-opioid receptor agonist DAGO (10 5M) caused a
slight depolarization and the regular spiking became irregular (Fig. 1). During
DAGO application the excitatory inputs running from interneuron IP3 to RPeDI
were decreased with a slightly modulated or unaltered oscillation (Fig. 1). In some
cases additionally to 0.3 Hz oscillation a slow periodicity (150-250 s) appeared in
SDF in the control and as a result of long-term DAGO treatment it disappeared and
the firing pattern became irregular (Fig. 1, upper). The interspike interval histogram
showed also different distributions in control and in the presence of DAGO (Fig. 1,
bottom left). However, the 0.3 Hz oscillation seen on the Fourier spectra remained
unaltered on the neuron RPeDI treated by DAGO (Fig. 1, bottom right).

DAGO

,SI[S] rsDF[Hz]

Fig. I. The effect of DAGO on the oscillatory firing pattern of the neuron RPeDI. Additionally to the 0.3

Hz oscillation a slower periodicity can be seen on the SDF (top). The regular oscillation turned to an

irregular type of firing observed only in long-term recording. The distribution of interspike interval his-

tograms (bottom) was different. In contrary to the above changes the 0.3 Hz oscillation remained unal-
tered (shown with arrows in the Fourier spectra)
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SHT DAGO

Fig. 2. Modulation of oscillatory firing pattern of an A cell by 5HT and DAGO. In control firing pattern
of A cell two peaks of oscillation were found using Fourier diagram. In the top the spike density func-
tion (SDF) and in the middle the interspike interval plot (ISI) diagram can be seen. The difference
between the control firing and after the application of the substances can be distinguished either in the
plots or in the cumulative interspike interval histograms (IS1Q (bottom). The cumulative 1SI histograms
demonstrate the changing in the spike timing of the firing. The Fourier spectra (fSK) show the frequen-
cy components of the spike density functions (SDF). In control in the firing patterns of RPeDI a rare
oscillation can be revealed with two components of frequency (0.3 Hz and 0.35 Hz). After application of
5HT depolarizing the cell both components of the oscillation were diminished. The washout did not, but
the application of DAGO recovered one of the component of oscillation (0.3 Hz)

The effect of application of 5HT (2x10 5 M) and DAGO (10~5 M) was demon-
strated on the A cell. In control firing pattern of A-cell, two peaks of oscillation can
be seen using Fourier diagram corresponding to two frequency components (Fig. 2,
control). Following 5FIT treatment the membrane was depolarized and the firing pat-
tern became more regular while both types of oscillations diminished. The washout
did not but the application of DAGO partially recovered one of the component
(0.3 Hz) of oscillations (Fig. 2, upper). The changes in the spike timing of firing was
demonstrated by the cumulative ISI histograms (Fig. 2, lower).

Combined application of 5HT (2x10 5 M) with DAGO (10~5 M) to the neuron
RPeD 1 caused a hyperpolarization and turned the regular firing to irregular, the 0.3
Hz oscillation was intensified and a slow periodic oscillation (10-20 s) appeared.
However, if before the combined treatment the neuron RPeDI displayed an irregular
firing, it became regular and the 0.3 Hz oscillation was eliminated but the slow peri-
odic oscillation (10-20 s) appeared in this case, too. The changes caused by pairing
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of 5HT and DAGO could be demonstrated on the neurons A, H, J and | as well. The
simultaneous application of 5HT and Met-enkephalin to the neurons was less effec-
tive in modulation of firing pattem and oscillation, although it effected slightly the
0.3 Hz oscillation.

CONCLUSIONS

The methods developed for analysis of spike trains proved to be useful tools for
detecting synchronization of firing in various neurons and for revealing the phasic,
correlating events in the firing patterns. The spike density function (SDF) reflects
both the activity of the neurons and the synaptic inputs modifying their firing patterns
and reveals slow oscillations in neuronal spike trains.

The technique used in our present experiments provides meaningful information
on the contribution of synaptic and neurochemical factors in modulating the neural
activity. The results showed that 5SHT and DAGO on the neuron RPeDIl modulated
the firing pattem without influencing the 0.3 Hz oscillation, while on the A-cell addi-
tionally to firing pattern modulation the preexisting two oscillations (0.3 and 0.35
Hz) were as well eliminated. At the same time, the two above substances activated
on both neurons a new slow periodic oscillation (10-20 s). Simultaneous application
of 5HT and DAGO to the ganglia turned the running firing pattern to the opposite
one (e.g. regular one to irregular, or vice versa) and the 0.3 Hz oscillation was either
eliminated or restored. The activation of a slow periodic oscillation (10-20 s) was
observed in co-application of the 5HT and DAGO.

The changes obtained in the identified network under the influence of neuromod-
ulators might reflect reorganization of Lymnaea respiratory circuit, but their exact
mathematical characterization remains to be formulated.
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Two long-lasting discharges of action potentials were recorded from a buccal cell of the pond snail,
respectively, before and after superfusing the preparation with low-calcium solution. The corresponding
sequences of interspike intervals were then analysed by the nonlinear prediction methods. The results
yield evidence of a small but clear nonlinearity only in the second of analysed tachograms. This finding
is evaluated and discussed.

Keywords: Buccal neuron - interspike intervals - nonlinear prediction - surrogate data - S-maps.

INTRODUCTION

Most biological signals exhibit the irregular wandering behaviour typical of noise.
With the diffusion by the mid-seventies of the deterministic chaos paradigm, the pos-
sibility of an alternative interpretation of this irregularity has been intensively inves-
tigated and some efficient and reliable methods for detecting nonlinearity - a neces-
sary condition for chaos - became available; among them, the methods of nonlinear
prediction simply implement the rationale that any level of determinism which is pre-
sent in a system should manifest itself as some predictability in its evolution [3, 7].

In this paper, these methods are applied to the sequences of interspike intervals (or
ISIs) recorded, either in normal conditions or after a treatment that lowers synaptic
coupling, from a central neuron of the pond snail Lymnaea stagnalis. The compara-
tive evaluation of the results should help us to identify the best conditions for detect-
ing nonlinearity in this type of experimental data.

+Presented at the 9th ISIN Symposium on “Ncurobiology of Invertebrates”, July 1-5, 1999, Tihany,
Hungary.
""Corresponding author, E-mail: barbi@ib.pi.cnr.it

0236-5383/2000/$ 5.00 © 2000 Akadémiai Kiadd, Budapest


mailto:barbi@ib.pi.cnr.it

238 M. Barbi et al.

MATERIALS AND METHODS
Experimental data

Spontaneously firing (central) neurons of the brain of L. stagnalis were recorded
intracellularly with standard techniques [8]. However, most recordings were unsuit-
able for the type of analysis to be performed on them, as either they were too short -
less than a thousand spikes - or clearly nonstationary, or also exhibiting periodically
modulated or bursting activity. So eventually the analysis was restricted to two long-
lasting recordings from the same buccal neuron. But while the first was performed in
normal saline, the second one was made in low-calcium solution, apt to depress the
synaptic input to the cell. The action potentials were detected and the ISIs were mea-
sured and saved by computer [8]. The nonlinear prediction methods were then direct-
ly applied to two sequences of 2048 intervals, selected from the two recordings and
called tachl and tach2, respectively. Now, it is worth noting that these ones are
intrinsically different from the time series obtained by uniformly sampling a physi-
cal gquantity. However, these methods can still be applied to such data and the fea-
tures of the driving signal recovered from the ISIs [2, 3, 4]. In fact, they have also
been applied to the analogous sequences of RR intervals measured on human
ECG [1].

Nonlinear prediction method [3, 7]

Let X), x2 ..., xN be the ISI sequence to be analysed. For every index point Xx,,
i=1+(m- Dr, A, the m-dimensional delay vector x, =(x_/T T ..., x-T,X,) is
considered, where m is the embedding dimension and t is the embedding lag. By run-
ning over the time series, the (M100) vectors having the least Euclidean distance
from Xj are found and the weighted average of their h steps ahead evolutions is adopt-
ed as the corresponding prediction x-+, (noteworthy, a local prediction). This calcu-
lation is repeated for all index points and the root mean square error

is computed. Eventually, s(h) is divided by the series standard deviation cr, namely
the average error incurred by always predicting the average, and so the Normalised
Prediction Error (NPE) is obtained. NPE values close to zero imply strong nonlinear
predictability, while values near 1 correspond to small predictability. As for the
embedding parameters r and m, their choice is important to correctly reproduce the
system’s space. Herein, the following criteria will be used: Tis set at the first mini-
mum of the signal autocorrelation function, so trying to avoid oversampling. As for
m, a quite small value of 4 is usually adopted, but then a check is made that higher
m values do not modify the results significantly.
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Surrogate data

Unfortunately, although for chaotic time series NPE rises to unity with prediction
time in a typical way [11], autocorrelated random series can mimic this behaviour
[1, 9]. So, to discriminate the nonlinear predictability, a deeper analysis is needed.
This consists in generating a collection of artificial ox surrogate data sets, which pre-
serve some prescribed linear features of the raw data but are otherwise random. In
this work, the so-called LAAFT surrogate time series [5] will be used, which main-
tain exactly the amplitude distribution and almost exactly the spectrum, of the origi-
nal data. NPE is then calculated - as a function of prediction time - on all the surro-
gate series, and the value obtained on the original sequence is checked against the
distribution of those of the surrogates. Taking just 19 IAAFT surrogates will entitle
us, when the original data set’s NPE is smaller than all of the surrogates, to reject the
corresponding null hypothesis that the data are linear at the 5% level for 1-tailed test
[9, 10].

S-maps method

This approach [6] is independent of the former one and much more direct. Here too,
for every index point, a map is fitted to the system’s flow in the phase space and the
prediction - at one step in the future - is calculated. But now the map depends on a
0 parameter, becoming ever more local (hence nonlinear) as 0 is increased, therefore
a clear decrease of

5(0

with increasing B implies nonlinearity.

RESULTS AND DISCUSSION

Figure la and b shows the two ISI sequences analysed. The long intervals are more
pronounced for the first sequence (tachl, Fig. 1a) because of the greater strength of
inhibitory synaptic inputs. In Fig. 2 a, b, the NPEs of both the original sequence and
the surrogate ones are plotted against the prediction time h for tachl and tach2,
respectively. Note that the higher value adopted for parameter d in the second case is
due to the stronger autocorrelation of the tach2 sequence; and the little linear pre-
dictability exhibited from the surrogate series derived from it corresponds to this fea-
ture. More importantly, Fig. 2 shows that a clear rejection of the linear hypothesis is
only possible for tach2. In fact, in this case for all prediction times except one, the
raw data’s NPE is smaller than all the corresponding NPEs for the surrogate data;
what doesn’t occur for tach2. To further check this result we applied the S-maps
method to the two sequences. Their NPEs are plotted against 9 in Fig. 3. For tachl
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0.0
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Fig. 1. Tachograms of the two segments analysed: (a) from the first recording (normal conditions), (b)
from the second one (in low-calcium solution). Both figures show the complete ISI sequence (above) and
a short segment with higher resolution (below)

prediction time

Fig. 2. Prediction curves for: (a) tachl; (b) tach2. Values of the analysis parameters: (a) d =4, m = 4;
(b)yd=24,m=4
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NPE only just decreases, whereas for tach2 there is a clear initial decrease, implying
nonlinearity. What confirms the former result that, for this particular neuron, its par-
tial release from synaptic input makes nonlinearity of firing activity clearly
detectable. In some way, the treatment should unmask the underlying nonlinear activ-
ity of the bare system. This interpretation suggests that neurons which do not receive
strong synaptic inputs - as for instance neural pacemakers or central pattern genera-
tors - should also be the best candidates to exhibit nonlinear behaviour. This gener-
al conclusion must of course be checked by confirming our results on the firing pat-
terns recorded from different types of neurons. In case of a successful result, non-
linearity could be used as a parameter either apt to identify the investigated cell or to
evaluate the strength of its synaptic input.

Fig. 3. S-map method. NPE is plotted against 0 for tachl (triangles) and tach2 (circles). The same val-
ues as in Fig. 2 are used for parameters d and m
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The albumen gland in Helisoma secretes a perivitelline fluid which surrounds each egg and is made up
of several 66 kDa protein subunits and polysaccharide complexes. Forskolin, an adenylate cyclase acti-
vator, stimulated the secretion and release of the perivitelline fluid. An acidic extract of the central ner-
vous system increased the intracellular concentration of cAMP in the albumen gland and this results in
the release ofthe 66 kDa molecule and other proteins. Digestion of the brain extract with proteases abol-
ished this activity, suggesting that the factor is a peptide. Cyclic AMP analogues and 1BMX also stimu-
lated the protein secretion in dose-dependent manner. Forskolin when added with the brain factor had an
additive response. SQ22536, a non-competitive inhibitor of adenylate cyclase, inhibited brain extract
dependent adenylate cyclase activity whereas aluminum fluoride, a Q protein activator, was found to
stimulate adenylate cyclase. Dopamine also stimulates protein secretion by the albumen gland and
through the application of various agonists and antagonists of dopamine, it was established that the ncu-
rotransmitter acts via Dplike receptors by stimulating adenylate cyclase.

Keywords: Mollusc - albumen gland - cAMP - adenylate cyclase - dopamine.

INTRODUCTION

Helisoma dutyi is a freshwater hermaphroditic pulmonate mollusc which reproduces
preferably by cross fertilization [20]. The albumen gland (AG), an exocrine female
accessory organ, secretes perivitelline fluid (PVF) into the carrefour, the site of fer-
tilization where each egg is coated with PVF following fertilization. The fertilized
eggs are then transported via the female duct and are oviposited. The PVF is used for
the nutrition of the developing embryos [9]. In Helisoma, the PVF is composed of
several 66 kDa proteins and polysaccharide complexes [14].

The secretion of PVF in the carrefour must be synchronized with the arrival of
eggs from the ovotestis via the hermaphroditic duct and this requires a precise con-
trol mechanism either directly by neurons, or indirectly by neurohormone(s). In AG
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of several pulmonates neuronal plexuses are found in the connective tissue that sur-
rounds the gland [6, 8, 17] and thus the neuronal control of PVF secretion has been
suggested [16]. Morishita et al. [14] on the other hand, showed that an acidic extract
of the central nervous system (brain) stimulates protein secretion in the AG of H.
duryi.

Infonnation on the mode of action of neuronal factors, either peptides or neuro-
transmitters, on the reproductive tissues in pulmonate molluscs through the genera-
tion of second messengers is scanty. In vitro synthesis of galactogen by the AG of
Helix pomatia was increased by cAMP analogues but the factor responsible for this
increase is not known. In Lymnaea stagnalis, a crude extract of the cerebral com-
missure containing caudodorsal cell honnone (CDCH) stimulated in vitro polysac-
charide synthesis in AG expiants and the neuropeptide calfluxin stimulated intracel-
lular calcium accumulation in the AG. Morishita et al. [14] showed that the secretion
of PVF in the AG in H. duryi is controlled by a brain factor and that this is mediat-
ed by the cAMP transduction pathway. In this paper we offer a partial characteriza-
tion of the AG adenylate cyclase (AC) activity and report that dopamine which also
causes release of PVF, acts on the AG via Dr like receptors.

MATERIALS AND METHODS

A laboratory population of H. duryi was maintained in 40 1glass aquaria under a
18L:6D photoperiod and fed boiled lettuce. Only adult snails measuring about 10
mm in shell diameter were used.

Brain extractpreparation

The central nervous systems (CNS) minus the buccal ganglia, hereafter tenned
brains, were dissected out from reproducing snails and immediately frozen in liquid
nitrogen. These brains were boiled in 1% acetic acid and peptides extracted accord-
ing to Morishita et al. [14].

Membrane preparation

Albumen glands were dissected free of the connective tissue in FIEPES-buffered
saline (pH 7.4 and at 120 mOsmol kg H20), immediately frozen in liquid nitrogen
and stored at -80 °C until used. Typically, 50-100 albumen glands were homoge-
nized in a 24 ml glass-on-glass homogenizer (Kontes Glass Co., USA) in a buffer
containing 50 mM Tris-HCI, 5 mM MgCL, 1mM DTT (dithiothreitol), 1 mM EGTA,
1 mM PMSF (phenylmethylsulphonyl fluoride) at pH 7.5. The homogenate was cen-
trifuged at 2000xg for 10 minutes. The supernatant was further centrifuged at
38 O00Oxg- for 30 minutes. The pellet was resuspended in buffer (see below) and the
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protein concentration of the resuspended pellet was determined using the Bio-Rad
(USA) protein assay kit. Each control sample consisted of the following: 25 pi of
reaction mixture (50 mMTris-HCI, 5 mM MgCI2, 1 mM DTT, 1 mM ATP, 1 mM
theophylline, 1 mM EDTA, 5 mM creatine phosphate, 0.1 mg/ml creatine phospho-
kinase), 25 pi of resuspension buffer and 50 pi containing the equivalent of 10 pg of
membrane protein. For test samples, the 25 pi of resuspension buffer contained the
test substance: brain extract, forskolin, SQ 22536, AlFI4 or GTP yS. For time course
assays, triplicates of each time point (0, 5, 10 and 20 minutes) were made with the
reaction initiated by the addition of membrane protein. The reaction was terminated
by placing the samples in boiling water for 3 minutes. They were then frozen in dry
ice and stored at -80 °C until needed for CAMP assay.

Protein secretion assay

Five albumen glands were dissected out, each cut in half and placed in HEPES-
buffered saline. The in vitro protein secretion of the albumen gland expiants was
measured according to Morishita et al. [14]. The expiants were placed individually
in the wells of a culture plate each containing 100 pi of saline. After 60 minutes, the
saline surrounding the AG was replaced with 100 pi fresh saline every 20 minutes,
100 pi of test agent (i.e., forskolin, AlFl., dopamine, dopamine agonists and antago-
nists) in saline was added, and the protein concentration in the well was measured
using a modification of the Bio-Rad Protein assay [16]. When testing dopamine ago-
nists and antagonists, positive controls were established by adding either dopamine
or forskolin at the end of the experiment. After the last time point, each explant was
blotted and weighed to the nearest milligram in order to nonnalize data.

RESULTS

Effect ofthe brain extract and other test agents

Preliminary experiments suggested that the membrane protein concentration of 10
pg/100 pi was sufficient to register a significant increase in CAMP concentration in
response to 100 pM of forskolin and that this increase was linear during the first 10
minutes of the enzyme reaction. Thus the AC activity was measured in 10 pg of AG
membrane protein after 10 minutes. Application of 1be to AG membrane prepara-
tions elicited a significant increase in AC activity (p = 0.008) but 2 be produced no
further increase (Fig. 1). Forskolin at three concentrations, 1pM, 10 pM, 100 pM,
significantly stimulated AC activity but the levels of increase at 10 pM and 100 pM
were almost the same. Even 1 pM of forskolin caused a 2-fold increase in cAMP
(Fig. 2). When 1 pM forskolin and 1be are applied together, there is a synergistic
effect compared to either brain extract or forskolin alone (Fig. 3). The AC inhibitor,
SQ22536, significantly decreased AC activity (p = 0.0329) at 1 mM concentration
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1be 2 be.

Fig. 1. Effect of brain extract on AC activity in AG membranes. One brain equivalent (be) elicited a sig-
nificant response (p = 0.008), whereas 2 be did not

G Qrirol

10 pM 100 pM
Forskolin concentrations

Fig. 2. Effect of forskolin on AC activity in AG membranes. Both 1 pM and 10 pM of forskolin caused
significant increases (p = 0.0006) whereas 100 pM had lesser effect (p = 0.0153)

r

Control 1pM 1brain 1 pM forskolin
forskolin  equivalent ~ + 1be

Fig. 3. Brain extract (1 be) plus forskolin potentiates AC activity compared forskolin or brain extract test-
ed alone
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10 MM 100 mm 500 (M

SQ 22536 concentrations

Fig. 4. Effect of SQ 22536 on AC activity. 500 uM significantly inhibited (p =0.0329) AC activity
whereas the inhibition was marginally significant at 100 pM (p = 0.0687)

but not at lower concentrations (Fig. 4). Interestingly, when various concentrations
of SQ22536 and 1be were applied together, a significant increase in AC activity was
recorded at lower (10 pM and 100 pM) but not at a high inhibitor (500 pM) concen-
trations. A mixture of SQ22536 and forskolin caused a significant increase in AC
activity compared to forskolin alone (Fig. 5). Aluminum fluoride (500), elicited a sig-
nificant increase in AC activity but not at two lower concentrations (10-100 pM)
(Fig. 6). GTPyS at all three concentrations (10, 100, 500 pM) significantly increased
the AC activity in AG membrane preparations but the largest increase, 4-fold, was
recorded at 100 pM (Fig. 7).

The effect o fforskolin and AlF14 on protein secretion

Basal protein secretion in vitro was monitored for 60 minutes and then different con-
centrations of AlFly were added for 20 minutes AG AlF14 increased AG protein secre-
tion but the effect was highest at 1 mM (Fig. 8).

Effect ofdopamine on protein secretion

In order to determine the effect of dopamine on AG protein secretion in vitro, vari-
ous concentrations of dopamine (0.1, 1, 5, 10, 100 pM) were used. Of the concen-
trations tried, only 10 and 100 pM caused a very significant increase (p = 0.00095)
whereas the other concentrations elicited a marginally significant increase (p =
=~0.07). When 100 pM dopamine is added to the AG expiants after 60 minutes in
culture, the protein secretion increased significantly but returned to the basal level by
120 minutes. Addition of 100 pM of forskolin at this point caused even more signif-
icant increase than dopamine (Fig. 9).
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1 pM:100pM 10pM :100pM 10pM :1 pM
Forskolin concentrations: SQ 22536 concentrations

Fig. 5. Effect of forskolin plus SQ 22536 on AC activity. AC levels were slightly lower than the effect
of forskolin alone. AC levels between experimental and control levels were significantly different at all
concentrations used (p < 0.0008) but not different between experimental groups

| | Control

10 pM 100 pM 500 pM
Aluminum fluoride concentrations

Fig. 6. Effect of AlIFl4 on AC activity. A significant increase was recorded at a concentration of 500 pM

I 1Control

200 -
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®W

= ni nl nl

10 pMm 100 pM 500 pM

GTPyS concentrations

Fig. 7. Effect of GTPYS on AC activity. All three concentrations (10, 100, 500 mM) significantly
increased AC activity (p < 0.001)
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2 501
|

10 [jM 100 pM 500 pM 1pM

Aluminum fluoride concentrations

Fig. S. Effect of AIFIs on protein secretion in AG expiants. At 100 pM and 1 mM the protein secretion
was significantly increased (p < 0.0862)

Effect ofdopamine agonists and antagonists on protein secretion

Of the three agonists tried, only 2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaptha-
lene caused a significant increase in protein secretion in AG in vitro whereas
bromocriptine, a general DA agonist, and benzazepine (SKF-38393), a D, receptor
specific agonist, did not (Fig. 10). In general, antagonists to D2-like receptors (spiper-
one, eticlopride haloperidol) did not block DA-induced protein secretion whereas a
D[ receptor antagonist (benzazepine, SCH-23390) and a general antagonist (buta-
clamol) caused a significant decrease in protein secretion (Fig. 11).

DISCUSSION

There is evidence to suggest that membrane transduction via AC/CAMP plays an
important role in the function of various molluscan tissues [1, 7, 10, 18]. A 280 kDa
glycoprotein has been characterized from the AG of H. dutyi which is composed of
several 66 kDa subunits and polysaccharide complexes. In vitro secretion of this gly-
coprotein can be stimulated by forskolin, cAMP and brain extract [14]. These authors
identified immunoreactive G protein a subunits in AG membrane preparations.
However, what is less clear is the signal transduction pathway from receptor ligand
binding to the production of cAMP. We raise the following questions: Are the recep-
tors for the brain factor(s) G protein linked? Which G proteins are involved in medi-
ating AC production? In this paper we will discuss the above questions in the context
of our results obtained by the use of two naturally present ligands and their agonists
and antagonists, and activators and inhibitors of AC.

The AC activator forskolin was found to increase AC activity and increase AG
protein secretion. Similar results were found by Morishita et al. [14]. Mukai [16]
reported that forskolin increased cAMP levels in the AG. Forskolin and brain extract
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Fig. 9. Effect of 100 pM dopamine on protein synthesis in AG expiants. Basal protein secretion was mea-
sured for 60 minutes at which point dopamine was added and this caused a 2-fold increase in protein
secretion. Addition of forskolin at 120 minutes resulted in a larger (4-fold) increase

Fig. 10. Effect of dopamine receptor agonists on protein secretion. Only “DA-agonist” (2-amino-6,7-
dihydroxy-1,2,3,4-tetrahydronapthalene) elicited a significant increase (p < 0.0473)

DA HALO CHLOR SPIP ETI SCH BUTA SALINE

Fig. Il. Effect of some dopamine receptor antagonists on protein secretion. Only butaclamol (p = 0.0095)
and SCH 23390 (p = 0.0824) inhibited protein secretion. DA - dopamine; HA - haloperidol; SPIP -
spiperone; ETI - eticlopromide; SCH - SCH-23390; BUTA - butaclamol
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when applied together to AG membrane preparations synergistically activated AC
activation. Although forskolin binds directly to the cytoplasmic loop of AC, and does
not act directly on G proteins, forskolin and brain extract input via Gsto AC are not
independent of each other. In many systems, forskolin increases not only the appar-
ent potency of the receptor agonist but also the maximum response elicited by the
agonist [21]. This line of evidence suggests that forskolin interacts directly to AC
causing an increase in CAMP, which in turn stimulates protein secretion in the AG.

The compound SQ22536 was found to inhibit AC activity at a concentration of
500 pM. Hasiam et al. [12] and Goldsmith and Abrams [11] reported similar inhibi-
tion while working on human platelets and Aplysia sensory neurons, respectively.
Adenylate cyclase is also inhibited by adenosine, 3’-AMP and other related ana-
logues. It is thought that SQ22536 interacts with the C, and C2cytoplasmic domains
of AC and that adenosine analogues and SQ22536 do not compete with the substrate
[23]. For example, the application of forskolin and SQ22536 together to AG mem-
brane preparations did not inhibit AC activity (this study), and Sunahara et al. [22]
reported AC inhibition by SQ22536 is independent of the presence of forskolin in the
medium. Thus, forskolin was able to bind to its sites which may be near or at, those
for SQ22536 without competition.

The application of SQ22536 plus the brain extract to AG membrane preparations
increased AC activity. If the SQ22536 binds directly to AC sites, whereas the brain
extract does not, why then there is no inhibition? We provide two possible explana-
tions: first, we showed in this study that at low SQ22536 concentrations, the brain
extract augmented high AC activity but at a high concentration (500 pM) it did not.
Thus at a higher concentration of SQ22536, most of the P-sites are occupied causing
the inhibition. Secondly, there may be different AC isoforms in the AG membrane
some of which are activated by the brain extract and others which are inhibited via
by SQ22536 via on P-sites.

The ability of GTPyS, a potent G protein activator, to increase AC activity in the
AG membrane provides further evidence of the presence of a Gsa. GTPyS activates
Gsaand the subunit exchanges GDP for GTPyS for its activation and as AC-Gsa-
GTPyS is stable, the rise in cAMP will be prolonged [4]. Thus GTPyS has proved to
be useful in prolonging AC activity and in determining the presence of the a s subunit
of G protein.

Aluminum fluoride activates AC in the membranes of various mammalian tissues
[5, 13]. Aluminum fluoride not only activates AC in membrane preparations of AG
at 500 pM but it is also able to increase protein secretion in AG expiants even at
10 pM. The ability of AIFI4 to bind with the y-phosphate of GTP which activates G
protein is primarily the cause of increased protein secretion in AG and this effect of
AIFI4 is concentration dependent again suggesting the presence of GTP activated Ga
subunit in the membrane of AG.

Dopamine is a common biogenic amine found in the CNS of molluscs which has
been implicated in various physiological functions such as feeding, respiration, gill
movement, and egg laying behaviour [15, 19, 24, 25]. Although the AG is directly
innervated by the CNS, dopamine containing neurons have not been identified.
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Neuron endings containing neurosecretory granules are commonly found in the basal
regions of the AG cells (Saleuddin, unpublished results). Mukai [16] reported that
dopamine stimulates the secretion of a 66 kDa protein in the AG of H. duryi.
Biochemical, pharmacological and neurophysiological evidence suggest that mam-
malian and molluscan dopamine receptors show some similarities in their membrane
transduction pathways. The present study confirms that physiological doses of
dopamine increases protein secretion significantly.

Dopamine receptors occur in two broad categories, Dr like (D, and D5 and D2
like (D2 D3 D4). In this study various agonists and antagonists of dopamine have
been tried in order to identify, the nature of dopamine receptor involved in the release
of protein in the AG. Of the three agonists tried, only DA-agonist caused a signifi-
cant protein release. The D2antagonists such as, benzamide eticlopride, butyrophe-
nones spiperone, haloperidol and chlorpromazine, did not effect dopamine mediated
release of protein and this suggests that protein secretion is mediated by Dr like
rather than D2like receptors. Based on pharmacological and neurophysiological
studies, Ali and Orchard [2] reported that dopamine stimulation of CAMP in the sali-
vary gland of the locust, Locusta migratoria is mediated by Dr like receptors. Like
the results of the present study, they also found that dopamine agonists were gener-
ally ineffective. Furthermore, it has been shown that vertebrate dopamine receptor
agonists are not effective in several other insect studies [3] suggesting the agonist
binding sites in invertebrates are different from those in vertebrates.

One distinctive feature between Dr and D2-like receptors is the mode of receptor
mediated signal transduction. The D) family receptors mediate biological activity
through the activation of AC/cAMP whereas the D2 family receptors generally inhib-
it this pathway. Morishita et al. [14] demonstrated that the AC activator forskolin and
a CAMP analogue, 8-bromo cAMP stimulated protein secretion in the AG ofH. duryi.
In this study, forskolin was also found to have a stimulatory effect on protein secre-
tion which combined with the fact that dopamine was able to stimulate the AC activ-
ity causing AG protein release suggest that D[-like receptors are involved.
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The pond snail Lymnaea stagnalis has a maximum life span of about 22 months. At the age of about 250
days animals start to decrease egg laying activity and at about 500 days most animals ceased egg laying
activity. At the age of cessation of egg laying the neurosecretory caudodorsal cells (CDCs) which con-
trol egg laying in Lymnaea exhibit reduced branching patterns. At this stage the cells still exhibit their
physiological properties. CDCs still contain biologically active peptides and in the isolated CNS they still
exhibit an afterdischarge upon electrical stimulation. Probably in the intact animal cessation of egg lay-
ing occurs because the CDCs are not activated anymore by natural egg laying inducing stimuli. In very
old animals CDCs exhibit signs of degeneration indicating that cell death occur. After an extended peri-
od of no egg laying of Lymnaea physiological changes occur in the CDCs. CDCs from animals after an
extended period of no egg laying failed to exhibit an afterdischarge. In such CDCs chemical and electri-
cal coupling among the CDCs are reduced.

Morphologically reduced CDCs predominantly fail to exhibit an afterdischarge. However, there are
minimally branched CDCs that still could give an afterdischarge. Probably morphological reduction is
not the only factor that defines afterdischarge failure. At present we suggest the following sequence of
changes. I. Morphological reduction of CDC branching patterns. 2. Cessation of egg laying. 3. Phy-
siological changes in the CDCs resulting in afterdischarge failure. 4. Further morphological and physio-
logical deterioration of CDCs.

Keywords: Mollusc - Lymnaea stagnalis neurosecretory cells - egg laying - reproductive senescence -
morphology - neurophysiology.

INTRODUCTION

In many animal species female reproductive activity ceases at old age. In mammals,
during senescence profound changes take place in the endocrine system that controls
reproductive activity. These changes either result from oocyte depletion in the
ovaries or from changes in brain centres that control reproductive activity [29]. In
mammals as yet experimental results are not decisively in favour of one or the other
hypothesis. Reproductive cessation also occurs among the lower animals [5]. Mol-
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luscs, especially several gastropod species, provide suitable model systems for stud-
ies on neuroendocrine control of reproduction [8]. Among the gastropods Lymnaea
has a well-known nervous and neuroendocrine system and much is known on the
biology and physiology of the animal and on the neuroendocrine control of female
reproductive activity. In addition, the nervous and the neuroendocrine system are
well accessible for different techniques [8]. This paper describes the role of the neu-
roendocrine caudodorsal cells (CDCs) in reproductive senescence of Lymnaea.

Survival and reproductive activity during the life of Lymnaea

Lymnaea cultured under laboratory conditions, has a median life span of about 12
months and a maximum life span of about 22 months. The age-specific death rate
increases with age resulting in a rectangular survival curve (Fig. 1A) which is char-
acteristic for ageing animals [9, 24]. In cultured Lymnaea, egg laying starts at an age
of about 90 days. Up to an age of about 250 days the number of egg masses produced
per snail and the number of eggs per egg mass increases. At about 250 days animals
start to decrease egg laying and the first animals cease egg laying [9]. Lymnaea
exhibits a considerable individual variability in the age at which it enters its post-
reproductive state. At about 500 days of age most animals have ceased egg-laying
activity and are in their post-reproductive period (Fig. IB). Only of few molluscan

Fig. 1. Survival (A) and egg laying (B) of Lymnaea with age
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species the fate of the animals after their reproductive period is known. The opisto-
branch Aplysia [27] and the cephalopod Octopus die shortly after cessation of repro-
ductive activity. In Octopus this is caused by inhibition of eating behaviour after egg
laying is completed [28].

In Lymnaea the neurosecretory egg laying controlling CDCs are
physiologically intact at cessation ofegg laying

In the pond snail Lymnaea stagnalis egg laying is under neuroendocrine control. The
paired dorsal bodies (DBs), comprising the only real endocrine organ of the animal,
control oocyte growth and maturation and secretory activity of the female accessory
sex organs [6, 7, 19]. The neurosecretory caudodorsal cells (CDCs) in the brain of
Lymnaea control egg-laying behaviour. CDCs occur in two groups of about 50 cells,
each group is located in one of the paired cerebral ganglia. The CDCs contain a great
number of different peptides [7, 22]. Just before the start of ovulation and egg laying
the CDCs exhibit massive characteristic electrical discharge activity that lasts about
one hour and secrete CDC hormone and multiple other peptides into the haetno-
lymph. This induces a stereotyped pattern of overt and covert behaviours which ter-
minates in the deposition of an egg mass (Fig. 2) [8]. In the isolated central nervous
system intracellular stimulation of one CDC induces the characteristic electrical
activity (afterdischarge) (Fig. 3B).

Old non-reproductive animals still lay eggs upon injection with artificial hormone
and their CDC:s still contain active CDC hormone [10, 17]. Obviously, these animals

I Active | Inhibited | Resting
I I I States of CDC
60,
L[] L] L]
“1 T
0 2 3 A 12 18 2A Hours
Ovulation Packaging Oviposition
Resting Turning Eggmass
Inspection
Deposition

Fig. 2. CDC electrical activity induces an increase in CDC-hormone (CDC-H) level (OIU: ovulation
inducing units) and the characteristic covert and overt behaviours of Lymnaea during egg laying. For fur-
ther explanation see text
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Fig. 3. Repeated electrical stimulation does not induce an afterdischarge in CDCs in the inhibited state

from egg-laying animals (J1) and in old animals that did not lay eggs for more than 8 weeks (D). An after-

discharge is induced in resting state CDCs from egg-laying animals (B) and in CDCs from animals that
did not lay eggs for about 4 weeks (C)

do not release CDC hormone (in sufficient amounts). Old animals that ceased repro-
duction respond less to CDC-hormone injection than old still reproductive animals
of the same age [10]. In Lymnaea, sensitivity of female reproductive organs to CDC
hormone is controlled by hormone secreted by the DBs [3,4, 19]. DBs in old animals
degenerate [18], thus in old non-laying animals DB-honnone levels in the blood
might be decreased. This might explain the decrease in sensitivity of peripheral
female reproductive organs to CDC hormone. Implantation of cerebral ganglia of
young animals (3 months of age), including the DBs, into old (10 months) animals
with reduced egg laying indeed induces an increase of the egg-laying frequency [12].

In Lymnaea cessation of female reproductive activity is not primarily due to the
CDCs not being able to produce the electrical discharge activity; CDCs in the isolat-
ed CNS from animals that ceased egg laying still produce an afterdischarge upon
electrical stimulation (Fig. 3C) [10]. CDCs of post-reproductive animals brought into
afterdischarge by electrical intracellular stimulation still exhibit morphological char-
acteristics of active secretion [13]. Moreover, CDCs in the isolated CNS from post-
reproductive animals, electrically brought into afterdischarge still secrete peptides
that activate CDCs in an isolated CNS kept in the same recording basin [Janse,
unpublished results). This indicates that CDCs in animals thatjust ceased egg laying
can still release peptides but probably do not do so because they remain electrically
silent.

Physiological changes in CDCs do occur
but after the animal ceases egg laying

Electrophysiological experiments showed that CDCs of old non-reproducing animals
can easily be brought into afterdischarge with electrical stimulation [10]. Such CDCs
exhibit a longer lasting afterdischarge than those of both old and young reproductive
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animals. However, in animals after 8 weeks of no egg laying, electrical stimulation
fails to induce an afterdischarge in the CDCs. This indicates that after a prolonged
period of no egg laying, CDCs lose the ability to respond with an afterdischarge upon
electrical stimulation (Fig. 3D) [16].

To insure synchronous discharges, CDCs in adult egg-laying animals are chemi-
cally and electrically coupled [1, 26]. Each CDC is electrically coupled to the other
CDCs (including the contralateral ones) and receives peptidergic input from other
CDCs as well as from itself. Electrical coupling has an efficacy of about 5% (post-
synaptic response related to the presynaptic voltage change) (Fig. 4). The excitatory
peptidergic input is activated by action potentials in the same or in one of the other
CDCs and consists of a depolarizing after potential (DAP) (Fig. 4). The amplitude of
the DAP provides a measure for the efficacy of peptidergic transmission among
CDCs [1]. Efficacy of peptidergic transmission varies during the egg-laying cycle
and the concurrent changes in CDC excitability. Resting state CDCs (animals one or
more days after egg mass production, electrical stimulation readily induces an after-
discharge (Fig. 3B), [21] exhibit DAPs with a high amplitude and CDCs in the inhib-
ited state (animals immediately after egg laying, electrical stimulation fails to induce
an afterdischarge (Fig. 3A), [21] exhibit DAPs with a low amplitude [1].

DAP amplitude and electrical coupling also differ among CDCs from animals
which differ in egg-laying history. Table 1 shows results of measurements of DAP
amplitudes in CDCs (induced by actionpotentials from a contralateral CDC) and of

5 sec

Fig. 4. Simultaneous recordings of pairs of CDCs during chemical (upper panels) and electrical (lower

panels) coupling. Depolarizing after potentials (DAP) in two CDCs by stimulation ofone CDC in the left

cerebral ganglion (upper panel) and postsynaptic potential in a CDC in the left cerebral ganglion during
a hyperpolarizing stimulus in a CDC in the right cerebral ganglion (lower panel)
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electrical coupling rates between left and right CDCs from different animal groups.
The table shows that DAP amplitude and electrical coupling of CDCs from animals
after 4 weeks of no egg laying (CEL-4) do not differ from those in resting state (EL-
R) CDCs. DAP amplitude and electrical coupling rate are, however, significantly
reduced in CDCs from animals after 8 weeks of no egg laying (CEL-8). DAPS in
CDCs from these animals are comparable to those of inhibited state CDCs (EL-I)
from egg-laying animals. The resting membrane potential of the CDCs does not
change with the egg-laying history of the animal (Table 1).

Table 1
Resting membrane potential (RMP), chemical transmission (DAP amplitude)
and electrical coupling (%) of CDCs from Lymnaea with different egg laying history

RMP (mV) DAP amplitude (mV) Electrical coupling (%)

Animal group

Mean + SEM (n)

Mean + SEM (n)

Mean + SEM (n)

EL-R 65 + 1.10 (10) 8.16 +1.29 (9) 5.36 £0.81 (10)
EL-I 64 + 0.94 (14) 2.89 +0.68 (9) 3.89+0.85 (9)
CEL-4 65 + 1.76 (18) 7.14+1.17 (13) 3.35 +0.65 (15)
CEL-8 63 + 1.28 (16) 0.91 +0.40(15) 1.79 £0.55 (14)

ANOVA combined with Tukey post hoc tests revealed significant differences (p < 0.05) for DAP
amplitudes between EL-I and EL-R and between CEL-8 and CEL-4 and EL-R. Electrical coupling of
CEL-8 differed significantly from EL-R and EL-1. EL-R and EL-1: CDCs from egg-laying animals in the
resting and inhibited state, respectively; CEL-4 and CEL-8: CDCs from animals that did not lay eggs for
4 and 8 weeks, respectively; SEM: standard error of the mean, n: number of animals. For further expla-
nation see text.

Morphological changes of CDCs accompany the decrease and
subsequent cessation ofegg laying in Lymnaea

Branching patterns of CDCs change with age and with the decrease in egg-laying
activity of the animals. This was revealed by injecting the cells with LY. In young
animals CDCs have an ipsilateral axon that branches extensively in the cerebral
commissure which is the neurohaemal area of the CDCs. Ventral CDCs have in
addition an axon that crosses the commissure. In the contralateral cerebral ganglion
the axon makes a loop and re-enters the commissure to branch extensively in the
neurohaemal area. In the loop area CDCs are electrically coupled to each other. The
axon that crosses the cerebral commissure makes a great number of collaterals that
run parallel to the axon [2]. In CDCs from old animals axonal branching in the neu-
rohaemal area is dramatically reduced [14, 15]. Atrophy also occurs within the col-
lateral system of the CDCs. The progressive reduction of axonal branching is sig-
nificantly related to the decrease in egg-laying frequency in Lymnaea [16]. Notably,
morphological reduction already occurs when the animal still lays eggs and there is
no dramatic further morphological reduction after the animal ceases egg laying.
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This suggests that reduction of CDC branching precedes cessation of egg-laying
activity.

Previously, it has been suggested that sensory input to the CDCs is impaired in old
animals that ceased egg laying [10]. In egg-laying Lymnaea sensory input projects on
the ventral CDCs in a special area of fine axonal branches (spines) near the soma [23,
25]. The chemical contacts on the CDC spines are probably of cholinergic nature.
These contacts might comprise the cholinergic tactile sensory input received by the
CDCs and the input that activates the CDC-system [8, 25]. Atrophy might include the
loss of these spines. A gradual loss of spinal structures may explain the decrease and
subsequent cessation of egg laying activity in Lymnaea. The observation that old
egg-laying animals respond less and old non-laying animals do not respond at all to
the natural egg-laying inducing stimulus (exposure to clean aerated water) [10] is in
agreement with this idea. EM studies are needed to help resolve this.

As mentioned above, it was shown that CDCs of old non-reproductive animals still
contain an ovulation-inducing factor. Moreover, factors secreted by these cells are still
able to induce an afterdischarge in other CDCs. Immunocytochemical results indeed
showed strong CDC-peptide staining of the neurohaemal area in old animals (includ-
ing non-layers), and corroborate these findings. Immunocytochemical results also
showed axons in the neurohaemal area protruding into the connective tissue layer of
the perineurium, which were packed with stained material. This suggests that there is
still synthesis and transport of CDC-peptides, but no release. Immunocytochemical
staining of the cell somata and of crossing axons is much weaker in old animals than
in young animals suggesting that peptide synthesis and transport occur at a reduced
rate in old animals [15]. These conclusions are corroborated by mass spectrometric
analysis that showed that CDCs from old non-laying Lymnaea still contain different
peptides some of which however in lower amounts [17].

Are morphological changes in CDCs related
to physiological changes?

In a series of experiments electrophysiological properties of CDCs were determined
and subsequently the same CDCs were filled with LY [16]. The results in Table 2
show that minimally branched CDCs predominantly fail to produce an afterdischarge
upon electrical stimulation. Yet, there are minimally branched CDCs which exhibit an
afterdischarge after electrical stimulation whereas, on the other hand relatively intact
CDCs occur that fail to do so. Minimally branched CDCs only differ significantly
from extensively branched cells in their electrical coupling rate being reduced [16].
Afterdischarge failure in CDCs is not easily explained solely by this difference.
Possibly, reduction of CDC branching and afterdischarge failure in CDCs from ani-
mals that ceased egg laying originate differently. Reduced branching in CDCs indeed
already occurs in egg-laying animals whereas the permanent state of afterdischarge
failure in CDCs only occurs in animals that have experienced a long period of no egg
laying. Possibly, the failure of afterdischarge induction in CDCs is related to the long
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Table 2
Induction of afterdischarges (ADs) in CDCs of different classes of axonal branching

Age (days) CDCs CDCs

CDC branching class Mean + SEM exhibiting AD without AD Totals
Ext.+Moderate 363 = 21.5 15 6 21
Minimal 449 +17.1 13 17 30

The distribution of CDCs exhibiting an afterdischarge over the different morphological classes dif-
fered significantly (Q-test; P < 0.05). Ext.: extensively branched CDCs. AD: afterdischarge. See also
Table 1and text.

period of inactivity of the cells. Consistent with this proposal is the observation that
relatively extensively branched CDCs in animals that exhibited a prolonged period of
no egg laying also show failure of afterdischarge induction.

The finding that degenerated, ventral CDCs occur in old animals and that in old
animals granular glial cells occur among the CDCs [15] indicates that neuronal atro-
phy in ventral CDCs, as observed with LY-fills, is followed by neuronal death. This
implies that at some stage of morphological reduction physiological properties also
deteriorate. That we did so far not found CDCs in such a stage might be due to the
last stages of deterioration proceeding very fastly. Moreover, it can be expected that
at a particular stage of morphological reduction CDCs are not easy to record from
with intracellular electrodes.

The sequence ofchanges during reproductive senescence in Lymnaea

During the process of decrease and cessation of egg laying the following sequence of
changes probably take place. During the decrease of egg-laying frequency morpho-
logical reduction of the branching patterns of CDCs occurs. Then, animals cease egg
laying and enter the post-reproductive period. At this time point the extent of mor-
phological reduction of CDCs varies but severely reduced branching patterns prevail.
At this stage the CDCs are physiologically still intact. During the extended post-
reproductive period physiological changes take place in the CDCs. Electrical and
chemical transmission among CDCs become reduced and electrical stimulation of
the cells fails to induce an afterdischarge. The LY-fills never showed a total axonal
loss. This might suggest that morphological reduction of CDCs does not proceed.
Immunocytochemical stainings, however, revealed degeneration among the CDCs.
Probably, during the extended period of no egg laying morphological and physiolog-
ical properties continue to deteriorate and CDCs degenerate.

Thus the present results indicate that the decrease and cessation of egg-laying
activity originates from morphological changes in the CDCs resulting in a gradual
loss of synaptic input. During the process of reproductive inactivity CDCs undergo a
further loss of morphological and physiological properties and finally degenerate.
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We showed how eugenol blocks the synaptic transmission and gave a possible interpretation how it
inhibits the excitation-contraction coupling that several authors described previously [3, 9]. Eugenol acts
both in the pre- and postsynaptic side of the neurons. It blocks the Ca2t-currents, decreases the membrane
potential of the neurons, increases the inward resistance and decreases the GABA, ACh and glutamate
evoked excitatory responses in submillimolar concentration.

Keywords: Eugenol - membrane effects - neurotransmitters - identified neurons - Helix pomatia.

INTRODUCTION

Eugenol is the major component of the clove oil (80-95%). It is also found in a lot
of spice-plants (e.g. Thymus spp., Cinnamomum spp.) and in some plants widely used
by the perfumery industry (Cistus spp., Pelargonium spp., Camellia spp.). Eugenol
is known as insect attractant, as analgesic agent against toothache and it is widely
used in dental cement preparation, mainly in combination with zinc oxide, which also
has a bacteriostatic activity. Eugenol structurally relates to guaiacol and vanillin.
Vanillin is used as additive in a number of foods and perfumes. Guaiacol is known
as medicament against influenza, catarrh and coughing. Guaiacol occurs naturally in
the resin of the beech tree [1, 10].

It was shown in previous studies that eugenol reversibly attenuated the compound
action potential (cAP) of the rat vagus and phrenic nerves [2, 3, 4]. It decreased the
amplitude of both miniature and evoked end-plate potential (mepp, EPP) recorded in
diaphragm muscle preparations [3]. It decreased the systemic blood pressure and
myocardial contractile force in rat when it was applied intravenously [13]. Eugenol
is toxic for animals, the LD is 1.93 mg/kg for rats. Death is caused by respiratory
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failure [7]. Okhubo and Kitamura reported an eugenol activated Ca2~permeable ion
channel in neurons of the rat dorsal root ganglion [11].

We studied the actions of eugenol and structurally related compounds on mem-
brane events, Ca-currents, spontaneous and stimulus evoked excitatory postsynaptic
potentials in neurons of the snail, Helix pomatia L. In this paper we present evidence
that the studied vanilloids modulate the pre- and postsynaptic processes on this neu-
ronal preparation.

MATERIAL AND METHODS

The experiments were carried out on isolated suboesophagal ganglia of Helix poma-
tia L. The snails were collected locally, kept in the laboratory and fed by lettuce and
chickweed. After removing of ganglia from the animals, we pinned it to a Silastic-
covered floor of a 5 ml plexiglass recording chamber. The connective tissue cover-
ing the neurons was removed by dissection without enzymatic treatment.

The preparation was perfused (8-12 ml/min) with physiological solution of
the following composition (mM): NaCl 130; KCl1 4; CaCL 7; HEPES 5
(pH = 7.45 + 0.025). The Ca-current-isolating solution contained the following com-
pounds (mM): TEA-C1 50; CsCl 10; CaCl2 10; KC1 1; Tris-Cl 50; 3,4-diAP 2
(pH = 7.45 £ 0.025). At first, the concentrated eugenol (0.05 ml) was dissolved in
0.4-0.5 ml ethanol (70%), this solution was diluted in 800 ml normal physiological
solution, such the final concentration of the solution was 0.5 mM. The guaiacol was
dissolved in same way.

After preparation, the individual cells were visualized under a binocular micro-
scope and penetrated with a low resistance (-3-3.5 MOhm) glass microelectrode
filled with 1M KC1 and K-citrate, except in the Ca-current-isolating experiments,
where it was filled with 1 M CsCIl. The experiments were made with current-clamp
and single electrode voltage-clamp technique at room temperature (22-25 °C). The
recording setup was composed of a homemade amplifier connected to a Hitachi VC
6025 digital oscilloscope and a personal computer. The hardware was a Labmaster
DMA with TL-1-125 kHz interface (Axon Instruments, Inc.) in connection with a
mathematical coprocessor and acquisition software. The values of the stimulus and
transmitter evoked responses were expressed by mean and S.D. The neurotransmit-
ters were applied with pressure from a tightened glass capillary, kept about 50 pm
near to the cell. The transmitters were diluted in normal physiological solution.

RESULTS

Eugenol and guaiacol decreased the membrane potential (MP) of the studied neurons
to more positive potential value but eugenol was more effective than guaiacol (Fig.
1A). Both compounds increased the input resistance (Rjn) of the neuronal membrane
(Fig. 1B). Vanillin and o-aminophenol had no or moderate effects on MP and Rin
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Fig. 1 A. Guaiacol and eugenol (1 mM) reversibly decreased the membrane potential of the neurons.
B. Eugenol and guaiacol (0.5 mM) increased the input resistance of the cells

when they were applied in equimolar dose. The responses developed within twelve
minutes application of the compounds but 30-40 minutes washing time needed for
partial recovery, especially in with eugenol. Although eugenol depolarized the neu-
rons, it inhibited the spike generation. Figure 3A shows three consecutive synapti-
cally evoked spikes in control solution (left record). Eugenol blocked the spike
potentials (middle record) which recovered after washing (right record).

Ca-currents were isolated and studied in identified VI, LPa3 and RPa3 neurons in
Ca2+and Ba2+ containing media. Both protocols gave similar results. Eugenol and
guaiacol decreased the Ca- or Ba-currents in a dose-dependent, reversible way (Fig.
2. A-C). Figure 2. E shows the dose-response relationship of the compounds on Ca-
currents activated in VI neuron (IC%0= 0.61 mM, IC50= 6.79 mM, for eugenol and
guaiacol, respectively). The compounds did not change the voltage dependency of
the activation and inactivation of the Ca-currents.
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Fig. 2. A. Effects of eugenol on Ca-current in VI neuron (Vh =-50 mV). B. Guaiacol decreased the iso-
lated Ca-current but was less potent than eugenol (V 1neuron, Vh =-50 mV). C. Dose-response curves
of eugenol and guaiacol on Ca-currents (Vh =-50 mV, Vc =-20 mV, n = 3, mean and SD., V 1cell).
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Fig. 2. D. Dose-dependent effects of eugenol and guaiacol on evoked EPSPs (MP =-100 mV, LPa2 and

LPa4 cells, n = 5, mean and SD). E. Effects ofeugenol, guaiacol and vanillin on evoked EPSPs. /111 com-

pounds were applied in 0.5 mM dose (MP =-120 mV, LPa cell, after right palliai nerve stimulation).
F. Effects of eugenol on GABA evoked depolarization in VI neuron (MP =-100 mV, n = 4)
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Fig. 3. A. Eugenol reversibly blocks the synaptically evoked spikes (LPa3 cell, stimulation of the anal
nerve, 0.9 mM eugenol)
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B

Fig. 3. B. Effects of eugenol on the desensitizing ACh response (RPa3 neuron, MP = -100 mV, n = 3).
C. Eugenol attenuates the non-desensitizing ACh response (MP =-100 mV, n = 3)

Eugenol and guaiacol decreased the stimulus evoked EPSPs in a dose-dependent
way (Fig. 2D) and the actions were reversible. The half-blocking dose (IC50) was
0.77 mM and 6.2 mM for eugenol and guaiacol, respectively. Vanillin and o-amino-
phenol had no effects on evoked EPSPs in equimolar concentration (Fig. 2E).
Eugenol decreased the frequency of quantal release and spontaneous EPSPs in a
dose-dependent and reversible way without significant modulation of their mean
amplitude.

We studied the acetylcholine (ACh) and gamma-aminobutyric acid (GABA)
induced depolarizing responses in details as an indicator of changes of the postsy-
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naptic membrane receptor sensitivity to eugenol. ACh application caused two types
of depolarizing responses on the studied neurons. One of these responses can be
characterized as highly desensitizing because after the peak it declined to the base
line in 10-20 second after continuous release of ACh from the micropipette. Most of
the identified neurons responded this way (LPa2, 3, RPa 2, 3, RP11, LP11 and VI).
The response can be totally blocked by 250 pM d-tubocurarine. The other type of
ACh evoked response did not desensitize. The desensitizing ACh response was more
sensitive to eugenol than the non-desensitizing one. As can be seen in Fig. 3B and C,
the half-blocking dose was 0.11 and 0.5 mM for the two types of ACh responses stud-
ied in different neurons. The actions of eugenol on ACh responses were partially
reversible.

The LPa4 and VI neurons responded with depolarization when GABA added at
—100 mV. Eugenol also decreased the GABA induced depolarization by a dose-
dependent and reversible manner (Fig. 2. F). The half-blocking dose was 0.21 mM
in this case.

DISCUSSION

In contrast to findings in skeletal muscle of vertebrates where eugenol did not affect
the membrane potential, we found eugenol induced depolarization in all of neurons
studied [3, 9]. However, the spike attenuating character of the compound proved to
be common both in vertebrate and invertebrate neuronal systems [3, 4, 8].

It was previously described that eugenol activates a Ca2+permeable current in rat
dorsal root ganglion cells [11] but we found that eugenol increased the inward resis-
tance of the snail neurons. Thus, the conductance decreasing effect of the drug pre-
dominates in the snail neuronal preparation.

It was shown that both eugenol and guaiacol decreased the peak amplitude of the
Ca- or Ba-current in some identified neurons of the snail in a dose-dependent and
reversible manner. Earlier both facilitation and attenuation of the Ca-currents were
reported by vanillin in some Helix neurons [6]. If we compare the IC30 value of
eugenol and guaiacol on Ca-current and stimulus evoked EPSPs, this initiates the
suggestion that a Ca-mechanism may influence the synaptic efficacy. Indeed, the
presynaptic Ca-channels can be one of the target sites for the compounds if they
behave similarly as the somatic ones. However, another postsynaptic target site can
be the neurotransmitter receptor system. We presented evidence here that the ACh
and GABA induced depolarizing responses were also attenuated by eugenol. It was
shown earlier that capsaicin, zingeron and vanillin also attenuated the ACh, GABA
and 5-HT evoked inward currents with different potencies [5].

It looks like that the structures of the molecules are closely related to the effects.
The basic molecule can be the guaiacol which has two substituents on the benzene
ring, one hydroxy- and one methoxy-group which is the vanillyl head of the other
studied compounds. Methoxy-group sends electrons into the benzene ring and retains
the dissociation of the proton from the hydroxy-group. The allyl substituent of the
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eugenol in para position emphasis this effect. While the aldehyde-group of vanillin
sucks electron from the benzene ring and can help the dissociation of the hydroxy-
group’s proton. The solubility feature and hydrophobicity of the molecules are also
different in character. Thus, we suppose that eugenol acts on the target channel or
receptor proteins in the lipid environment of the membrane and both hydroxy- and
methoxy-groups are important for the actions.
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The effects of amphetamine on potential changes in both vertebrate and invertebrate central neurons and
factors affecting the potential changes were tested. The animals studied included mice, newborn rat and
African snail. Seizure was elicited after lethal doses of (/-amphetamine (75 mg/kg, i.p.) administration in
mice. Repetitive firing of the action potentials were elicited after (/-amphetamine (1-30 pM) administra-
tion in thin thalamic brain slices of newborn rat. Bursting firing of action potentials in the giant African
central RP4 neuron were also elicited after (/-amphetamine or /-amphetamine (0.27 mM) administration.
The amphetamine elicited bursting firing of action potentials was not blocked even after high concentra-
tions of (/-mbocurarine, atropine, haloperidol, hexaméthonium administration. Therefore, the ampheta-
mine elicited potential changes may not be directly related to the activation of the receptors of the neu-
ron. The bursting firing of action potentials elicited by amphetamine occurred 20-30 min after amphet-
amine administration extracellularly, even after high concentrations of (/-amphetamine administration
(0.27, 1 mM). However, the bursting firing of potentials occurred immediately if amphetamine was
administrated intracellularly at lower concentration. Extracellular application of ruthenium red, the cal-
cium antagonist, abolished the amphetamine elicited bursting firing of action potentials. If intracellular
injection of EGTA, a calcium ion chelator, or injection with high concentrations of magnesium, the burst-
ing firing of potentials were immediately abolished. These results suggested that the active site of
amphetamine may be inside of the neuron and the calcium ion in the neuron played an important role on
the bursting of potentials. In two-electrode voltage clamped RP4 neuron, amphetamine, at 0.27 mM,
decreased the total inward and steady outward currents of the RP4 neuron. (/-Amphetamine also
decreased the calcium, la and the steady-state outward currents of the RP4 neuron. Besides, ampheta-
mine elicited a negative slope resistance (NSR) if membrane potential was in the range 0f-50 to -10 mV.
The NSR was decreased in cobalt substituted calcium free and sodium free solution. The effects of sec-
ondary messengers on the amphetamine elicited potential changes were tested. The bursting firing of
action potentials elicited by amphetamine in central snail neurons decreased following extracellular
application of [1] H8 (N-(2-methyl-amino) ethyl-3-isoquinoline sulphonamide dihydrochloride), a spe-
cific protein kinase A inhibitor and [2] anisomycin, a protein synthesis inhibitor. However, the bursting
firing of action potentials were not affected after [1] extracellular application of H7 (I,(5-isoquinoline-
sulphonyl)-2-methylpiperasine dihydrochloride), a specific protein kinase C (PK.C) inhibitor, or [2] intra-
cellular application of GDPRS, a G protein inhibitor. The oscillation of membrane potential of the burst-
ing activity was blocked after intracellular injection of 3’-deoxyadenosine, an adenylyl-cyclase inhibitor.
These results suggested that the bursting firing of action potentials elicited by (/-amphetamine in snail
neuron may be associated with the cyclic AMP second messenger system; on the other hand, it may not
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be associated with the G protein and protein kinase C activity. It is concluded that amphetamine elicited
potential changes in both vetebrate and invertebrate central neurons. The changes are closely related to
the ionic currents and second messengers of the neurons.

Keywords: Amphetamine - membrane potentials - neurons - mice, rat, snail.

INTRODUCTION

It is well known that amphetamine possesses effective central stimultory actions in
vertebrates. Large doses of amphetamine can induce a psychotic state resembling
paranoid schizophrenia as well as seizure and death [17]. The mode of action of
amphetamine was mainly attributed to its facilitatory effects on the dopamine releas-
ing process. However, the dopamine receptor blockers did not protect against
seizures but do protect against death [7]. The mechanism of amphetamine elicited
seizure remained unclear. We tested the effects of amphetamine on the potential
changes in central neurons of vertebrates and invertebrates.

The story of amphetamine started from Chinese Herbs, ephedra sinica. The herb
was used for the treatment of asthma for five thousand years in China. The Japanese
scientist, Nagaii isolated its main component, i.e. ephedrine at 1887 and it was used
as effective bronchodilator for the treatment of asthma in western world after Chen
published the pharmacological effects of ephedrine in JPET in 1926 [1]. The stable
and effective properties of ephedrine lead Americans to plant the ephedra herb in
California, U.S.A. However, the Americans could not extract EPHEDRINE from the
American ephedra, i.e. ephedra genetaceae. Then, American chemists, Miller and
Piness, in 1928, tried to synthesize the substitute of ephedrine through organic chem-
ical synthesis [9]. They synthesized a phenyl amino ethanol compound.
Amphetamine was first synthesized by American chemists Munch and Hartung at
1931. Amphetamine and methamphetamine can be synthesized through phenylace-
tone and ephedrine using hydrogenation methods (H2/Pd-C methods). At 1935,
Prinzmetal and Bloomberg find that benzedrine, i.e. amphetamine, had a central
stimulant activity and it was used for the therapy of insomnia [10]. At 1947, Harris
and Searle used it for the tretment of obesity, etc. However, the “honeymoon” peri-
od waned after the second World War Il as the amphetamine failed to live up to the
therapeutic expectations, and, more important, as their potential for serious depen-
dency became apparent in the waves of abuse that occurred first in Japan and then
throughout many of the other industrialized nations of the world. The abuse of
amphetamine became conspicuously manifest in the United States as the “speed
freak” epidemic of the 1960s [6]. The governmental regulation of the amphetamine
had become highly restrictive. Amphetamine is classfied as abused drug and it is con-
trolled under the Narcotic acts among nations. The medical use of amphetamine had
been confined to the Bureau of Narcotics, Department of Health in our country.
There are many illegal amphetamine users in Taiwan. The amphetamine intoxicated
patients also show convulsion-like symptoms before fatality. Our previous studies
revelaed that ~/-amphetamine elicited convulsion of mice after large dose of injection

Ada Biologica Hungarica 51, 2000



Amphetamine effects on neurons 277

(i.p.) and it also elicited bursting firing of action potentials in some particular central
neurons of newborn rat and snail. Pentylenetetrazol, a convulsant also elicited burst-
ing firing of potentials in cerebral cortex of cat [12] and snails [13, 14] central neu-
rons. The research goal of the present study is to understand the effects of ampheta-
mine on both vetebrate and invertebrate central neurons and factors which affect the
bursting firing of action potentials, the factors included receptors, ions and second
messengers, mainly cyclic AMP and GMP antagonists were tested.

RESULTS AND DISCUSSION

The animals we studied included mice, newborn rat and African snail. We used both
in vivo and in vitro techniques. General electrophysiological techniques were fol-
lowed. In the in vivo study, we repetitively injected d-amphetamine to the mice (10
mg/kg, i.p. up to 75 mg/kg) and the animal showed seizure before death. Pre-
treatment of haloperidol did not protect the fatality. Bursting firing of action poten-
tials are closely related to the seizure of the animal. We tested whether (/-ampheta-
mine elicites the bursting firing of potential changes in central neuron of vertebrate.
Conventional electrophysiological techniques with single patching electrodes for
brain slices from newborn rat were used. Slices were obtained from the thalamus of
5- to 10-day old Wistar rats. Sagital sectional slices of about 200 pm thickness were
prepared and transferred to a incubation chamber in aCSF for at least 1 h at room
temperature under continuous oxygenation. Conventional patch pipettes were made
from standard wall glass capillaries (0.d. 1.5 mm) by a puller (Brown micropipette
puller, P-87). Whole potentials or currents were recorded with Axopatch 1-D ampli-
fier. A gigaohm seal (mostly >10 GQ) was established in the cell attached mode prior
to perforation of the patch membrane for whole cell recording. There were two types
of neurons in the thalamic slices. One type of neuron showed regular discharge
potentials and (/-amphetamine did not change the firing pattern of action potential of
this type of neuron. However, (/-amphetamine reversibly decreased the resting mem-
brane potential and the amplitude of the action potential of this type of neuron. There
were some neurons which were sensitive to (/-amphetamine. Twenty min after d-
amphetamine (27 pM) administration, the action potential changed into bursting pat-
tem. The amplitude of action potentials was also decreased after (/-amphetamine
adminstration. If holding the neuron at same membrane potential (i.e. -80 mV) and
passing a constant current for 200 msec, action potential was elicited in control neu-
ron. The repetitive firing of the potentials was elicited after (/-amphetamine (1-30
pM) administration. The results suggested that (/-amphetamine may facilitate the
excitability of vertebrate central neurons.

The effect of (/-amphetamine on total inward and outward currents of thalamic
neurons was also tested. The membrane currents were elicited from a holding poten-
tials 0f-70 mV to test potentials of-10, 20 and 50 mV. (/-Amphetamine at concen-
tration from 13.5 to 270 pM decreased the total inward and outward currents of the
neuron reversibly.
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control

amphetamine ( 0.08 mM )

amphetamine ( 0.27 mM )

20 sec

Fig. 1. Effects of 4-amphetamine on a central RP 4 neuron of snail. Figs A, B, C and D were recorded
from the same neuron. A: Control. The neuron shows spontaneous firing of action potentials. B: 40 min
after application of 4-amphetamine (0.08 mM). C: 20 min after application of 4-amphetamine (0.27
mM). D: 120 min after after washing off 4-amphetamine (0.27 mM) following recording in C. The hor-
izontal bar on the top left side indicates the membrane potential at 0 mV. Note that 4-amphetamine at
0.08 mM did not, while at 0.27 mM did elicit bursting of action potentials of RP4 neuron reversibly

The invertebrate animals, such as snail possess a giant neuron. Which is conve-
nient for stable and continuous electrophysiological recording or intracellular injec-
tion of chemical compounds. Therefore, we tested the effects of amphetamines on the
central neurons of giant African snail (Fig. 1).

The giant African snail was carried from Africa to Taiwan by the Japanese schol-
ar, Shimojoi, who imported it from Singapore 150 years ago [11]. The central ner-
vous system of the neuron was separted into several ganglia. After removing the
external sheaths and lightly stained with methylene blue, the neurons were easily
identified and numbered for further identification [15, 16]. Conventional two-elec-
trode voltage clamp techniques were followed [15]. The drugs were applied either
intracellularly or extracellularly, and the calcium content of the neuron was tested
using ratiometric confocal measurements using calcium green and Texas red fluores-
cent probes [4]. The right parietal 4 neuron, which is similar to PON (periodical
oscillation neuron) neuron as described by professor Takeuchi in Gifu university. The
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neuron has several receptors, ACh, GABA elicited hyperpolarization responses and
dopamine and glutamate elicited depolarization responses and serotonin elicited
biphasic responses, d-Amphetamine elicited bursting firing of action potentials of the
neuron by a concentration dependent manner (Fig. 1). However, (/-amphetamine did
not alter the potential changes in LP5 neuron of the same preparation at the same
concentrations tested [16].

control
N
low Na
B
Na-free
C
control
Na-free Ca-free Co
G
o _J 40 v
20 sec

Fig. 2. Effects of Na+and Ca2+ ions on the spontaneously generated action potentials of RP4 neuron.
A: Control. Action potentials from a RP4 neuron. B: 30 min after low Na" (20 mM) saline was perfused.
C: 30 min after Na+free saline was perfused following recording in B. D: Action potentials from anoth-
er RP4 neuron. E: 30 min after Co2+substituted Ca2~free saline was perfused. F: Action potentials from
another RP4 neuron. G: 30 min after Na’-free and Co2+substituted C'a2*-free saline was perfused. The
horizontal bar on the top left side indicates the membrane potential at 0 mV. Note that the action poten-
tials of RP4 neuron disappeared in Na+free saline and Na+free and Co2+~substituted Ca2+~free saline,
while the potentials existed in low Na+(20 mM) saline and in Co2+substituted Ca2+~ffee saline with a
decreased amplitude

Acta Biologica Hungarica 51. 2000



280 M.-C. Tsai et al.

(/-Amphetamine elicited bursting firing of action potentials in RP4 by a dose
dependent manner. The effect was reversible. The potentials return to normal pattem
after continuous perfusion for 2 h. Similar results were found after /-amphetamine
application [8]. It appeared that both (/-amphetamine and /-amphetamine had similar
potency eliciting the bursting firing of action potentials in RP4 neuron. However,

amphetamine

amphetamine low Na

amphetamine Na-free

amphetamine

nJLU2UUUUULU

amphetamine Ca-free Co

J1 | L-

amphetamine

R EIETR]

amphetamine Na-free Ca-free Co

20 sec

Fig. 3. Effects of Na+ and Ca2+ ions on the (/-amphetamine-elicited bursting activity of RP4 neuron.
A: Bursting activity elicited by 4-amphetamine from RP4 neuron. B: 30 min after low Na+ (20 mM)
saline was perfused from A. C: 30 min after Na+free saline was perfused following recording in B.
D: Bursting activity elicited by 4-amphetamine from another RP4 neuron. E: 30 min after Co2+~substi-
tuted Ca2+free saline was perfused following recording in D. F: Bursting activity elicited by 4-amphet-
amine from another RP4 neuron. G: 30 min after Na+free and Co2+substituted Ca2+free saline was per-
fused following recording in F. The horizontal bar on the top left side indicated the membrane potential
at 0 mV. Note that the 4-amphetamine-elicited bursting activity of RP4 neuron was changed to a single
regular firing pattern in low Na+ (20 mM) saline, while the bursting activity disappeared in Na+free
saline. The 4-amphetamine-elicited bursting activity existed in Co2substituted Ca2+free saline with
decreased amplitude. However, it also disappeared in Na+free and Co2+substituted Ca2+free saline
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dopamine, norepinephrine and methamphetamine did not elicit the bursting firing of
action potential of the RP4 neuron. Methamphetamine was a potent central stimulant
and it did not elicit the bursting firing of potential changes. The results suggested that
the bursting firing of potential changes elicited by (/-amphetamine may not be direct-
ly related to the central stimulatory effect of amphetamine [8].

The factors related to the bursting firing of potential changes elicited by amphet-
amine were also tested. The factors tested included receptors, ionic currents and sec-
ondary messengers, etc.

The amphetamine-elicited bursting firing of action potentials was not blocked
even after high concentrations of (/-tubocurarine, atropine, haloperidol, hexamétho-
nium administration. Therefore, the amphetamine elicited potential changes may not
directly related to the activation of the receptors of the neuron [16].

The bursting firing of action potentials elicited by amphetamine occurred 20-30
min after amphetamine administration extracellularly, even after high concentration
of (/~amphetamine administration (0.08, 0.27, 1mM). However, the bursting firing of
potentials occurred immediately if amphetamine was administrated intracellularly at
lower concentration. Therefore, the results suggested that the active site of ampheta-
mine may be intracellularly in the neuron [2].

The effects of ions, i.e. calcium, sodium as well as potassium ions, on the burst-
ing firing of action potential were tested (Figs 2, 3). If extracelluar calcium ion was
removed by perfusion with calcium free solution, the amplitude of bursting firing of
potentials elicited by amphetamine decreased, however, the pattern still remained
even after 2 h of continuous perfusion with calcium free solution. The results sug-
gested that the extracellular calcium ions may not be the main source contributing to
the potentials. However, upon intracellular injection of EGTA, calcium ion chelator
or high concentration of magnesium, the bursting firing of potentials was abolished
immediately. Besides, ruthenium red, the calcium antagonist, abolished the amphet-
amine elicited bursting firing of action potentials. These results suggested that the
calcium ion in the neuron play an important role of the bursting of potentials [2]. To
support this view, we studied if intracellular injection of calcium also elicits bursting
firing of action potentials. However, intracellular injection of calcium ion did not fur-
ther potentiate the bursting firing of potential changes in amphetamine-treated neu-
ron. The calcium ion-content in the neuron appeared to remain at its optimal condi-
tion to express the potential changes [2, 4].

The intracellular calcium content was also tested by the ratiometric measurement
using a confocal laser microscope. The neuron was injected with calcium green and
Texas red. The calcium content in the RP4 neuron was increased after amphetamine
administration. These results suggested that intracellular calcium ion played an
important role for the potential changes elicited by amphetamine [4].

The effects of sodium ions on the bursting firing of action potential were also test-
ed. If extracelluar sodium was removed by perfusion with sodium free solution, the
bursting firing of potentials elicited by amphetamine was initially decreased, then
abolished (Figs 2, 3). However, the bursting firing of potentials remained if
tetrodotoxin was administered. The results suggested that extracellular sodium plays
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D wash SO0 nA

Fig. 4. Effects of rf-amphetamine on fast inward and outward currents in the RP4 neuron. The membrane
currents were elicited from a holding potential 0f-60 mV to test potentials o f-50, -40, -30, -20, -10,
0, 10, 20 and 30 mV for 70 msec. A: Control, total inward and outward currents recorded in normal phys-
iological saline. B: Fast inward and outward currents recorded 40 min after incubation of d-amphetamine
(80 pM). C: Fast inward and outward currents 40 min after incubation of d-amphetamine (0.27 mM) fol-
lowing recording in B. D: Fast inward and outward currents 120 min after washing off rf-amphetamine
(0.27 mM) from C. E: Voltage step commands. Note that rf-amphetamine at 80 pM did not, while at
0.27 mM did decrease the total inward and outward currents of the neuron reversibly

an important role of the bursting firing of potential changes elicited by amphetamine
and the sodium channel was not sensitive to tetrodotoxin, the conventional sodium
channel blocker. Ouabain, the sodium pump inhibitor, increased the frequency of the
spontaneously generated action potentials and increased the frequency of the action
potentials in amphetamine treated preparation [16].
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The amphetamine elicited bursting firing of action potentials was also dependent
on the temperature of the solution perfused. Amphetamine elicited bursting firing of
potentials in room temperature, whereas it did not elicit the bursting firing of poten-
itals if it was perfused at 4 °C for 2 h. It appears that the effect of amphetamine on
the potential changes is closely related to the enzyme kinetics and the sodium ion
played an important role of the bursting firing of potential changes [16].

The effects of potassium ion, on the bursting firing of action potentials were test-
ed. The membrane of the neuron were depolarized by increasing the concentration of
extracelluar potassium. The frequencies of the spontaneously generated action poten-
tials were also increased [15]. (/~Amphetamine increased the frequency of the spon-
taneous contraction of the portal vein of rat [18], it also increased the quantal content
of endplate potentials of the neuromuscular transmission [15]. These effects were
associated with the potassium ion concentration of the medium.

The roles of the ionic currents on the bursting firing of action potentials in central
snail neuron elicited by (/-amphetamine were tested using two-electrode voltage
clamping method. Amphetamine, at 80 pM did not, while at 0.27 mM did decreased
the total inward and steady outward currents of the RP4 neuron (Figs 4, 5). (/-~Amphe-
tamine also decreased the calcium, la and the steady-state outward ciments of the
RP4 neuron. Besides, amphetamine elicited a negative slope resistance (NSR) if
membrane potential was kept in the range 0f-50 to -10 mV. The NSR was decreased
in cobalt substituted calcium free and sodium free solutions. (/-Amphetamine
decreased the fast calcium current while it did not alter the amplitude of the slow cal-
cium current, it appears that (/-amphetamine elicited a calcium- and sodium-depen-
dent negative slope resistance change which may contribute in some part to the burst-
ing firing of action potentials [5].

The role of the intracellular second messengers on the bursting firing of action
potentials in central snail neuron elicited by (/-amphetamine was tested [3]. The
bursting firing of action potentials was decreased following extracellular application
of [1] H8 (N-(2-methyl-amino) ethyl-3-isoquinoline sulphonamide dihydrochloride),
a specific protein kinase A inhibitor and [2] anisomycin, a protein synthesis inhibitor.
However, the bursting firing of action potentials was not affected after [1] extracel-
lular application of H7 (l,(5-isoquinolinesulphonyl)-2-methylpiperasine dihy-
drochloride), a specific protein kinase C (PKC) inhibitor, or [2] intracellular applica-
tion of GDPRS, a G protein inhibitor. The oscillation of membrane potential of the
bursting activity was blocked after intracellular injection of 3’-deoxyadenosine, a
inhibitor of adenylyl-cyclase. These results suggested that the bursting firing of
action potentials elicited by (/-amphetamine in snail neurons may be associated with
the cyclic AMP second messenger system; on the other hand, it may not be associat-
ed with the G protein and protein kinase C activity. The relationships between the
bursting firing of potential changes elicited by amphetamine and the protein kinase
activity in the neuron were closely related. Extracellular application of H8 (N-(2-
methyl-amino) ethyl-3-isoquinoline sulphonamide dihydrochloride), a specific pro-
tein kinase A inhibitor, decreased not only the bursting firing of potential changed
elicited by (/-amphetamine, it also decreased the NSR elicited by (/-amphetamine in
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Fig. 5. A: Current-voltage relationships of the peak total inward currents before () and after (O) d-
amphetamine (0.27 mM) application. The currents were elicited by a 70 msec duration of command step
from holding potential 0f-60 mV to test potentials of-50, -40, -30, -20, -10, 0, 10, 20, 30, 40 and 50
mV in normal physiological solution. B: Current-voltage relationships of the steady-state outward cur-
rents before (*) and after (O0) 4-amphetamine (0.27 mM) application. The currents were elicited by a
500 msec duration of command step from holding potential 0f-60 mV to test potentials of-50, -40, -30,
-20, -10, 0, 10, 20, 30, 40 and 50 mV in normal physiological solution. The steady-state outward cur-
rents were measured 500 msec after holding the potentials. Each points reflects the mean + SEM of 3
preparations
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central snail RP4 neuron. Extracellular application of H7 (1,(5-isoquinolinesulpho-
nyl)-2-methylpiperasine dihydrochloride), a specific protein kinase C (PKC)
inhibitor, did not alter the bursting firing of potential change elicited by (/-ampheta-
mine and it also did not alter the NSR elicited by (/-amphetamine. It appeared that
intracellular calcium ion, second messengers and the ionic currents of the neuron
play important factors on the bursting firing of action potentials elicited by amphet-
amine. The interactions among those factors remained an interesting subject for fur-
ther studies (Fig. 6).

It is concluded that both d- and /-amphetamine elicited bursting firing of potential
changes in both vetebrate and invertebrate central neurons. The effect is closely relat-
ed to intracellular second messengers and ionic currents. The bursting firing of action
potential elicited by amphetamine in the giant African snail may provide an experi-
mental animal model for testing anticonvulsants.

Fig. 6. A model describing the sites related to the bursting firing of action potentials elicited by amphet-
amine (AMP). Positive (+) and negative (-) signs indicates enhancement and suppression of the effects.
Amphetamine acts intracellularly: (1) activating the second messenger system, (2) increasing intracellu-
lar free calcium ion concentration, and (3) activating the currents related to the membrane excitability
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Due to the relative simplicity of their nervous system, invertebrate animals were widely used in the past
decades for studying the processes of excitability at membrane level, as well as the mechanisms of neu-
ronal events and interneuronal communication. Parallel with investigating basic questions of neurobiol-
ogy, lower animals have also been the object of toxicological studies, because simple invertebrate prepa-
rations with well-known physiological, biochemical and pharmacological characteristics proved to be
excellent models for testing the action of natural and synthetic compounds important to human pharma-
ceutical research as well as in searching suitable chemicals for pest control.

In the last ten-fifteen years with the growing interest towards environmental protection, a new field
was opened for the application of invertebrates, namely, testing and monitoring the presence and harm-
ful effects of anthropogenic toxic substances. Invertebrates are used today both as passive and as active
biomonitors to detect and evaluate the level of pollution in a given ecosystem, and to study the effects
and mechanisms of action of pollutants. Invertebrate nervous systems are suitable objects in clarifying
the mechanisms of action of toxic chemicals at various levels of the neural regulation.

Toxic influences can be reflected in behavioural alterations, by the modification of the function ofdif-
ferent organs as well as the neural regulation, presented by examples on mussels and snails. In case of
neurotoxicity, the targets of action are the elements of the nervous system. Alterations can occur in the
permeability (ion channels) of the neuronal membrane influencing excitability, potential generation and
propagation of nerve impulse, in the transmitter system (synthesis, release, elimination and binding to the
receptors), in the interneuronal and neuroeffector connections responsible for co-ordinated and adequate
responses to the internal and external challenges.

For the future, it can be predicted that neurotoxicological research with new compounds cannot be
effective without using invertebrate preparations, since, due to animal protection and restrictions in ani-
mal experimentation, the permission of the use of vertebrates is much more limited in most of the devel-
oped countries, and this trend is certainly to be expanded.

Keywords: Neurotoxicology - ionic channels - transmitters - behaviour - heavy metals - mussel - snail.
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INTRODUCTION

Invertebrate animals, being progenitors of vertebrates in the evolution, represent a
special group in the animal kingdom. The recognition of similarities in the structur-
al organisation and regulation of life processes in simpler, invertebrate phyla and in
higher animals, including men, resulted in a growing interest towards studies with
invertebrate animals, a long time ago. It was in 1949, when the paper of Hodgkin and
Katz appeared in Journal of Physiology with the title “The effect of sodium ions on
the electrical activity of the giant axon of the squid” [4]. Although Hodgkin worked
already for several years on crustacean axons studying the propagation of the nerve
impulse, it is obvious, that the fundamental achievements published in the following
years together with Huxley on a cephalopod mollusc gave the greatest impetus to use
invertebrate animals as objects in neuroscience, as we call today this broad field of
research. The solving of a long-standing problem, the ionic basis of nerve impulse,
generated rapid development in the understanding of a series of elementary neuronal
events, like excitation and inhibition, the ionic processes at the postsynaptic mem-
brane during synaptic transmission, the activation of individual neurones and sig-
nalling in the nervous system.

In the mid-fifties another invertebrate animal appeared on the scene of neuro-
physiology, the gastropod mollusc, Aplysia, and soon after the terrestrial and aquat-
ic snails, with the great advantage of the occurrence of giant, identifiable neurones in
their ganglia. Arvanitaki and Chalazonitis [1,2] and Tauc [25] were the pioneers of
research with gastropod neurones, followed soon by very active groups working all
over the developed world, from Japan to the Unites States, extending the studies on
giant neurones to a wide scale of problems, from membrane permeability to synap-
tic transmission, organisation and functioning of neuronal assemblies, behavioural
regulation and even the mechanisms of learning. Parallel with these studies, beside
molluscs also other invertebrate groups, crustaceans, insects and some wonns
became favourite objects in neurobiology. As most powerful preparations the crus-
tacean stretch receptor cell and the neuromuscular junction, the stomatogastric gan-
glion of the lobster, the eye of the horseshoe crab should be mentioned. In insects the
sensory system and the neuromuscular synapse, the problem of circadian rhythm and
motor pattem regulation called much attention, while among worms the Hirudo
Retzius cell and nerve elements of Ascaris and Lumbricus have been investigated in
many laboratories.

Invertebrates as modelsfor vertebrates

The wide scale of preparations in different invertebrates gave the chance to discover
the variability in the mode of regulation of identical functions. For example, although
the central nervous system is involved in each group in heart regulation, the excita-
tory and inhibitory substances are different in insects, crustaceans, and various
groups of molluscs, and neither is identical with the extracardial regulation of the
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vertebrate heart [9]. Apart from such negative examples, studies on invertebrate
preparations resulted in a large amount of data, proving, that basic structures, princi-
ples and mode of action in the neural regulation is similar over the animal kingdom.
So, the basic properties of excitable membranes, the ionic channels and intracellular
regulation, the processes of impulse transmission and input-output organisation fol-
low the same scheme in all groups of animals, including vertebrates, even, if there
are significant differences in particular events or signal substances. These results led
to the recognition that studies on invertebrates are important not only for description
of neural regulation in lower animals, but they can be models in clarifying the func-
tioning of the vertebrate nervous system, as well.

The great advantage of the relative simplicity and easy handling of isolated brain
or complex preparations of lower animals over vertebrates was one of the reasons,
why invertebrates became popular in neurobiology. They can often be used for
research without special care, they do not require constant temperature or oxygen
supply and preparations can survive in good conditions for many hours or even days
in the experimental chamber. To access the nervous system and manipulate with it is
comparatively simple even if very sophisticated and miniaturised techniques are
applied. These circumstances and the large size of neurones allowing visual control
of manipulation facilitated the introduction and application of new, not yet fully
developed, but promising, advanced techniques in experimentation with inverte-
brates much earlier, than with vertebrates. The measuring of membrane potential,
recording of spikes and synaptic events with microelectrodes not only from gas-
tropods but from crustaceans and insects could be accomplished in many laborato-
ries much earlier, than from vertebrate neurones. The voltage clamp and patch clamp
techniques could be performed also easier from invertebrate neurones. Staining tech-
niques for identification and localisation of neurones as well as axonal branching in
in vivo conditions [5], cell isolation and single cell perfusion techniques [8] were all
applied first in invertebrate preparations. Cell mapping and functional characterisa-
tion of identified neurones, up to exact description of networks with restricted num-
ber of neurones, as well as monitoring of input-output relations of identified nerve
cells is possible even today only on invertebrate animals and preparations.

Due to the structural and technical advantages invertebrates played a key role in
the progress of our knowledge during the past half century especially in the bio-
physics of the excitable membranes, in the action of signal molecules, in sensory,
central and motor pattern regulation and in neural processes underlying behavioural
phenomena.

Beside the basic discoveries of Hodgkin and Huxley on the role of potassium,
sodium and chloride permeability in establishing the resting potential, and the role of
sodium and potassium currents in action potential generation, studies on inverte-
brates contributed also to the realisation of calcium permeability and Ca-currents in
many neurones. Discovery of a number of biophysical properties of the membrane,
and description of subgroups of voltage and ligand gated channels were made first
also in invertebrates. The nerveous system of invertebrates contributed to a great deal
in recognising specific chemical substances as transmitters, like serotonin, dopamine,
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amino acids and others, as well as some neuropeptides, not known earlier in verte-
brates [28]. The role of calcium in transmitter release, the co-localisation of trans-
mitters, the excitatory and inhibitory mode of action of transmitters, all important
discoveries in neurobiology, were also described or confirmed in invertebrates. A
series of new findings were reported first on invertebrates concerning the synthesis,
release and elimination of transmitters as well as their specific binding to the post-
synaptic membrane. With studying the connection between two or more neurones,
and to the receptor or effector organs simple sensory-motor patterns were described
and analysed in invertebrates long before appropriate preparations were available in
vertebrates. The basic elements of motor pattern regulation were discovered this way,
even, if later the command neurone theory failed to stay as a general principle and
the multifunctional character of neurones and the overlapping and restructuring net-
work organisation - described also in invertebrates —seems to fit better to experi-
mental findings. In disclosing the neuronal basis of many behavioural phenomena
like orientation, avoidance, feeding, egg laying, rhythmic and periodic activities,
learning and others, fundamental experiments were conducted and knowledge has
accumulated on invertebrate animals bound mainly to the special regulatory system
of a given species or phyla, but they may have significance also to the understanding
of behaviour of higher animals.

With the successful application of the microelectrode technique and later the
introduction and employment of cultured nerve tissue and brain slice techniques in
vertebrates allowed to employ higher animals for investigating elementary neural
processes, nevertheless, invertebrate animals and preparations do not loose their sig-
nificance in these studies.

Toxic substances as tools in neurobiology

While investigations and results obtained on invertebrate brains contributed mainly
to understanding of physiological processes of the neural regulation, a special
approach was present from the beginning: studying the effect of drugs on the nervous
system, called neuropharmacology. From another aspect neuropharmacology
belongs to a greater discipline, neurotoxicology. Neurotoxicology deals with the bio-
logical effects, as well as the mechanisms of the action of poisons and toxic chemi-
cals on the neural regulation.

Toxic substances of biological origin affecting adversely the functioning of other
livings and especially of the nervous system are products of plants and animals, like
poisons of mushrooms and higher plants, toxins of coelenterates, molluscs and fish,
venoms of arthropods, snakes and others, well-known and even used for various pur-
poses, for example as specific channel blockers, enzyme inhibitors, therapeutic
drugs, and so on. The other two main groups of toxicants include inorganic sub-
stances of geological origin, like heavy metals, and the products of chemical tech-
nologies, synthesised for application in industry, agriculture, health-care and gener-
ally in everyday life. In the course of utilising these compounds for the purpose they
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were produced for, the chemicals or their by-products or brake-down components are
dispersing in the environment, causing pollution in nature, able to accumulate and
affect all livings, including humans.

Invertebrate nervous system has been used in studying the effects of toxic chemi-
cals since long, although the motive of these studies was very varying. Some of the
drugs, like atropine, nicotine, curare, bungarotoxin, TEA, TTX, ouabain and others
were applied as a tool in clarifying the mechanisms of impulse generation, propaga-
tion and transmission, the synthesis, release and elimination of transmitter sub-
stances, the course of intracellular events, etc. The use of toxic substances in inver-
tebrate neuropharmacology was very profitable in the past 50 years. With the
involvement of a wide range of animal species into the sphere of studies and appli-
cation of various natural and synthetic agonists and antagonists, our knowledge
became extremely rich about the mechanisms of neural regulation. In the fifties, the
neuropharmacological studies at the neuronal level were focused to the cholinergic
transmission, what has been expanded, when new putative transmitters were recog-
nised. Microchemical, autoradiographical and histochemical methods were used to
confirm the presence and localisation of the bioactive substances and electrophysio-
logical measurements could prove their action, however, the detailed analysis of the
effect on membrane receptors required the use of specific chemical compounds.
Specific blockers became soon indispensable in receptor identification. This was the
tool decades ago in clarifying the molecular basis of the antagonistic, excitatory and
inhibitory action of acetylcholine, and became a necessary approach later, in proving
the transmitter role of any substance in the brain. The use of toxic, or non-toxic, but
competitive chemicals played a role in the recognition of the further classical trans-
mitters, like the catecholamines, serotonin, amino acids and others up to the nitric
oxide, as well as the neuropeptides, as it has been reported in hundreds of research
papers. Further on, the ionotropic and metabotropic mode of action at the postsy-
naptic membrane was discriminated by using phannacons, and also specific receptor
structures and slightly different types of transmitter-receptor bindings were clarified
this way.

Use of toxic substances in pest control

A second group of toxicological studies concerns the investigation and use of natur-
al and synthetic chemicals as weapons against harmful invertebrates. Among these
substances the organophosphates and carbamates should be mentioned, as potent
toxic compounds against insects, acting as cholinesterase inhibitors at neuromuscu-
lar and interneuronal connections. The chlorinated hydrocarbon DDT and deriva-
tives, as well as the pyrethroid compound deltamethrin, acting on the sodium-chan-
nels are also effective neurotoxic insecticides, studied intensively on various inver-
tebrate preparations. Large number of chemicals were synthesised as possible neuro-
toxic substances for killing not only insects, but other invertebrates, like parasitic
worms, molluscs and arthropods, other than insects.
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When producing and applying pesticides for a targeted purpose, there is always
the question of the specificity and the effects on other organisms living in the sur-
rounding. Although DDT is a very effective and cheap insecticide, it has been banned
in most countries, because it is very persistent, accumulates in the food chain and
represents danger for a large scale of other animals and possibly also for humans.
This question, however, leads to a new area, called environmental toxicology.

Environmental neurotoxicology

The third field of using invertebrates in neurotoxicology is studying and monitoring
anthropogenic pollutants, present in the environment, with the aim, to clarify their
neurotoxic effects and the mechanisms of action on elementary and complex neural
processes. On one side, investigations are focused to the detection of the reaction of
neuronal elements and the mechanisms of action to the pollutants, on the other,
model animals and suitable preparations are searched for use in biological monitor-
ing of the threat of the pollution to other animals and men.

Toxic substances, belonging to anthropogenic pollutants, are either natural ele-
ments, or they are products of chemical technologies, but in both cases human activ-
ity is involved in dispersing them throughout the environment.

Of natural elements toxic metals are stable components of the Earth, with low, but
measurable background concentration in the soil, in the aquatic environment and in
the air. They are, however, mined, purified, concentrated and used for various pur-
poses since the beginning of civilisation resulting occasionally in high pollution
above background level. The other group of toxic substances, present in the environ-
ment are synthesised for special purposes, to make life more comfortable and easier.

Among metals aluminum, arsenic, cadmium, lead, mercury and tin are most
important, causing neurological disorders in animals and men. The number of organ-
ic compounds proved or suggested to be toxic in the environment is very large. The
main groups found toxic to animals in low concentrations include polyaromatic and
chlorinated hydrocarbons, various other types of pesticides, polychlorinated bi-
phenyls, /7dioxins, nitrosamines, organic esters, surface active agents, organometal-
lic compounds.

The origin of toxic substances in the environment is rather different. The highest
amount originates from the industry. Metal mining and processing, metal industry
and recycling are sources of toxic metal contamination of the environment through
waste-water, soil and air. The chemical and pharmaceutical industry, while produc-
ing thousands of organic substances as end products, or as components of chemical
technologies, as well as solvents, stains, detergents, release a wide variety of toxic
compounds into the environment. Energy generation also contribute to toxic conta-
mination.

In agriculture high amount of chemicals are used for plant protection, against
weeds, pests, insects, but also contamination of fertilisers have an impact on fields,
and soon animal husbandry and food industry. Pollution originating from use of
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energy, wear and tear of machines, services and solid wastes are also sources of tox-
icants.

Domestic wastes of settlements contain high amount and great variety of toxic
chemicals, used in household and everyday life. Heating with coal and oil, trans-
portation, corrosion of metal elements of buildings and household instruments, solid
waste deposits and incineration of wastes are all sources of inorganic and organic
toxic compounds, released into the sewage, waste reservoirs, air, and contaminating
the soil.

All these toxic substances can be solubilized and get through the food chain into
all livings, bacteria, plants and animals. Taken up by the organisms they can have an
action on the metabolism, on cell membranes and also on the neural regulation.

Due to the great impact of toxic substances on human health, toxicology devel-
oped as a subject concentrating mainly on vertebrates. Nevertheless, for today, inver-
tebrate animals became also popular objects in studying the effects of harmful sub-
stances, especially in environmental toxicology, gaining great significance in the past
two decades. In the course of our research on invertebrate nervous system, we were
involved in these studies, and further on, | want to demonstrate some of our results
obtained at this area, as examples of using invertebrates in environmental neurotox-
icology.

In evaluating the toxic effects of harmful chemical compounds, as a rule, mortali-
ty tests are used. The lethal doses or lethal concentrations express the toxicity ofa sub-
stance in exact values. As usual, LD or LCH), the dose or concentration causing 50
per cent mortality within 24, 48 or 72 hours are determined. In environmental toxi-
cology, however, the sublethal and chronic effects of pollutants seem to be even more
important than acute toxicity, since environmental pollution rarely causes mass mor-
tality, although it may happen as a result of an incident or in extreme circumstances.

In monitoring the effect of low-level and chronic pollution of animals, and also to
elucidate the mechanisms of action of toxic substances on the nervous system, four
main approaches are used: observation of the behaviour of the animals, studies of
structural alterations, studies on biochemical processes including molecular events,
and functional investigations at neuronal level [10]. Behaviour and behavioural pat-
terns are very valuable indicators especially in case the selected function is vital for
the animal or the population, like pray capture, feeding, avoidance or reproduction.
However, observations and measurements on the behaviour are not providing infor-
mation about the mechanism of the action. Morphological changes in various regions
of the nervous system or of the nerve elements have been observed especially in
chronic intoxications of vertebrates and could be indicative also in invertebrates,
preferably in combination with the other methods. Biochemical and molecular
approaches are very useful, since toxicants as chemical compounds cause lesions pri-
marily at this level. However, this type of studies will only give an answer to conse-
quences in functions, if they are combined with studying the effect of the toxicants
at neuronal level. Functional studies of the neural regulation utilise electrophysio-
logical techniques, answering the question, what is the way and mechanism the pol-
lutants influence the excitability of nerve cells, the collection of information, the
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transmission of nerve impulse, and finally, by these processes the behaviour and
adaptability of the animal. The best way is to combine all these approaches, both for
acute and chronic studies.

Action ofpollutants on molluscan behaviour

Concerning behavioural studies in environmental neurotoxicology | wish to demon-
strate three methods we developed and used during the past years in Tihany. Two of
them are the filtering pattern of the bivalve mussel, Anodonta, the third one is the
locomotory activity of the pulmonate snail, Lymnaea stagnalis. The filtering activity
of the bivalves consists of two main elements: pumping of the water by the opening
and closing of the shell valves, called as ventilation movement, and, passing of the
water inside the body, getting in through the inhalant siphon and leaving the animal
through the exhalant siphon. The locomotory activity of Lymnaea consists of upward
and downward movements, called negative and positive geotaxis, as well as of hori-
zontal movements, which is rather irregular. The effects of pollutants were tested on
these behavioural patterns under laboratory conditions.

Ventilation activity o fthefreshwater mussel in control and under the
effect ofpollutants

The closing and opening of the shells in bivalves are performed by the contraction
and relaxation of the adductor muscles, situated inside, between the two shells. Due
to the presence ofa phasic and a tonic part of the adductors, both fast, short time con-
tractions, and long-lasting contractions can be present, depending on the stimulus,
arriving from the nervous system. The force opening the shells at muscle relaxation
is given by the property of the ligament, connecting the two shells at their edges. The
method of recording the shell movements is based on the approaching and departing
of the valves. The technique can be a simple mechanical one [14], or a more sophis-
ticated instrument with electronic parts [27]. Recently we are registering the activity
of 16 animals with the help small sensors attached to the shells and collecting the
data on line, in digitalized fonn on a computer.

In control conditions, the ventilation activity of the mussels is characterised by the
periodicity of long lasting, 10-20 hours openings with shorter, 4—6 hours closures.
During open time, due to fast adductor contractions and relaxations water pumping
takes place, therefore this period is called activity, in contrast to the closed time, called
rest period. Ventilation supports food and oxygen uptake and elimination of excretions.

The periodic activity as a behavioural phenomenon proved to be a simple and reli-
able method for testing the harmful effects of a number of environmental pollutants.
We tested mainly the effect of toxic heavy metals, namely of cadmium, copper, mer-
cury, lead, tin, as well as organic pollutants, trymethyl tin, deltamethrin and PCB 118
congener.
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As a general rule, toxic substances caused shortening of the active periods, and elon-
gation of the duration of the rest, as demonstrated for the effect of mercury (Fig. 1).

The effect of the toxicants was usually concentration dependent, with more
expressed reaction at higher concentrations. At quantitative evaluation, the mean
duration of the active and resting periods are calculated, and the effect of the drug is
expressed as deviation from the values obtained in control conditions (Fig. 2). As it
was expected, there were differences between the effects of various pollutants. The
threshold concentrations causing reduction of activity were different, being the most
toxic mercury and less toxic lead. Lower concentrations of the metals caused often
potentiation of active periods, especially if they were not longer than 10 hours in the
control [13].

Of organic compounds the pyrethroid insecticide, also deltamethrin proved to be
an inhibitor of the activity of the mussel. At the lowest effective concentration
(1pg/d, as a result of reduction of the resting periods, increase of activity occurred,
but at higher concentrations massive reduction of the activity was observable, show-
ing the high sensitivity of the mussel to the drug [6]. Another organic pollutant, a
polychlorinated biphenyl congener caused similar effect on the periodic activity. In
one-week-long experiment 5 pg/l PCB 118 resulted in nearly 50 per cent reduction
of the duration of the active periods, and a more than 50 per cent elongation of the
rest periods. This means, that under the effect of the drug the activity of the mussel
was reduced to a degree, observable in the presence of 100 pg/l mercury.
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Fig. I. Effect of mercury (10 pmol/l) on the periodic activity of the freshwater mussel (Anodonta cyg-
naea L.). Continuous registration of the open and closed position of the valves (activity and rest of the

animal) for seven days. Active periods shorten and rest periods lengthen after application of mercury
chloride (arrow). Time scale in hours
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Fig. 2. Concentration dependence of the effect of mercury on the periodic activity of the freshwater mus-

sel (Anodonta cygnaea L.). Change of the duration of the active and rest periods is expressed in per cent

of the control (100 per cent). With increasing mercury concentration the duration of the active periods
shorten

The definite, well measurable response of the mussel’s periodicity to harmful sub-
stances offers a practical method in invertebrate neurotoxicology. The method can be
used not only in laboratory but also at open field as it was shown years ago in our
studies [12] and has been utilised in The Netherlands for constructing the Mussel
Monitor [7]. There is, however, a disadvantage of this technique in laboratory stud-
ies, namely, the long-duration exposure, needed for reliable evaluation of the results.
The other method introduced for studying mussel behaviour avoids this inconve-
nience.

Siphon activity ofthefreshwater mussel in control and under the effect
ofpollutants

For the measurement of the siphon reaction to toxicants 30 minutes long exposure is
sufficient. It can be performed during activity, at the open period of the valves. The
siphon activity is recorded with a mechano-electric transducer, monitoring the force
of the water-flow coming out of the exhalant siphon [26]. A small umbrella is placed
opposite to the water flow, close to the outflow siphon. In control, the siphon is usu-
ally open, and a small fluctuation in the strength of the water outflow can be record-
ed. After adding toxic substances into the water, time to time closure of the siphon
appears (Fig. 3). The effect can be expressed as change of the duration of the open
time.

The effect is concentration dependent, but it depends also on the duration of the
exposition time. As seen in the Fig. 3., in the presence of 12.5 pg/1 HgCI2 about
20—30 second long water flow alternates regularly with similar duration of break, and
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with time the amplitude of the umbrella-movement diminishes, referring to the
reduction of the strength of the water flow. Copper, lead and zinc evoked similar to
the mercury reaction, however, the siphon activity was rather insensitive to another
toxic metal, cadmium [18]. Organic toxicants were also tested successfully with this
behavioural reaction [6].

control

d 10sec

Fig. 3. Effect of mercury on the siphon activity of the freshwater mussel. The water emission through the

exhalant siphon was recorded using a mechano-elcctric transducer system. In control (a) the outflow

siphon is open and the water emission is permanent. After application of mercury into the water (b) the

siphon closed time to time for short periods and with time (c and d) also the strength of water flow
reduced

Snail locomotion in monitoring the effect ofpollutants

The third method we introduced as a toxicological test, based on locomotion of
aquatic snails. The procedure is suitable for both acute and chronic measurements.
Snails are placed separately in a narrow aquarium, allowing upward, downward and
horizontal movements. The locomotion is recorded on a video-tape, and evaluated
according to distance, time and direction of the movements. In acute testing the mea-
surement is performed for 12 hours, recording the activity for 30 minutes in every
hour, while in three-week chronic exposure the measurements take place every third
day for 30 minutes. Parallel recordings of untreated animals serve as control. As an
example the effect of 20 pig/l mercury is shown (Fig. 4). The locomotion was reduced
by 30 per cent, remaining at the same level during the half day long exposition.
Measuring the locomotion of the snails for three weeks, differences were found in the
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Fig. 4. Effect of mercury on the locomotion of the pond snail Lymnaea stagnalis L. Velocity of move-
ment was reduced by about 30 per cent as compared to the control

response to mercury and copper. The depressive effect of mercury increased with
time, while the inhibitory effect of copper slightly reduced after two weeks exposure.
Nevertheless, the animal’s activity did not return to the control level even in a week
after placing them into copper-free water.

The positive and negative geotaxis are essential components of the locomotor
behavioural in snails, and the changes occurring under the effect of pollutants are
indicative to the harmful effects exerted by the drugs on the regulatory mechanisms.

As a short conclusion on behavioural approach it can be stated that toxic heavy
metals and some organic pollutants modify specifically the activity pattem of mus-
sels and snails, and these patterns can be used in testing the effect of harmful drugs.
The responses are not specific to the drug, nevertheless, they are not monotonous,
unspecific reactions, showing, that the central effect of different pollutants can vary
depending on their involvement in physiological processes responsible for the regu-
lation of the behaviour.

In the functioning of nervous system underlying behaviour regulation signal mol-
ecules play determining role. In mussels serotonin, dopamine and acetylcholing,
while in snails also a number of other substances, glutamate, GABA, noradrenaline,
various neuropeptides and others have been detected as substances of brain func-
tioning. Toxic drugs influencing behaviour should have an effect on the action of
transmitters. For clarification the mechanisms of the effect of harmful substances on
behaviour, studies on the functioning of the neuronal membrane is necessary.
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Neuronal membranes in monitoring the effect ofheavy metals

Neuronal membranes can be a target of toxic substances, which may influence mem-
brane properties in several aspects [10]. The effect of pollutants can be monitored by
investigating their action on the response of neuromembranes to neurotransmitters,
being a basic event in intemeuronal communication, and so, in neuronal regulatory
processes. ldentified neurones of Lymnaea stagnalis L. and Helix pomatia L. were
used in studying the acute effect of heavy metals on the transmitter activated
response and on voltage and ligand gated ionic channels. Cadmium, mercury, lead,
tin and copper were tested on Ach, dopamine, GABA, glutamate and serotonin
induced membrane effects [12, 20, 23]. Due to the heterogeneity of the neurones the
response to the transmitters varied to a great extent (Table 1). Various toxic metals
modified differently the transmitter response, and the effects were often concentra-
tion- and time-dependent. With increasing the concentration and/or duration of the
metal treatment potentiation may turn to depression.

Some characteristic responses and their modification by heavy metals are demon-
strated in Figs 5-10. Experiments were performed on neurones of isolated ganglia.
Transmitters were applied locally to the neurone under study in a short pulse, while
treatment with heavy metals took place in perfusion of the whole ganglion. The activ-
ity of a single or more neurones were recorded using conventional microelectrode
technique.

ACh sensitive neurones are rather numerous in the snail brain, and some of them
are well identifiable. Application of ACh causes either excitation, or inhibition,
depending on the ionic channels it opens. Both actions could be modified by low con-
centration of heavy metals. Figure 5 demonstrates the effect of 1(T6 nrol/1 FIgC” on
the ACh-evoked depolarisation (A) and hyperpolarisation (B). The firing of the neu-
rones remained intact, however the effect of ACh was strongly modified: the excita-

Tabie 1
Heavy metal effects on ligand-gated responses reported so far in invertebrates
Signal Neurone
molecule response cd Hg PO s cu
ACh excitation + - +, - — _ —
inhibition - -
DA excitation -
inhibition -
GABA inhibition - + - + -
Glutamate excitation + +
inhibition +
511T excitation - - 4, -
inhibition - 0 -

+: potentiation.  depression, a: no effect.
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Fig. 5. Upper records: Effect of HgCI2 (10-6 mol/1) on the ACh (ICH mol/1) induced depolarisation and

excitation of a neurone in the ganglion of Helix pomatia L. A - control, B, C, D - ACh application after

12, 15 and 25 min treatment with mercury. Lower records: effect of HgCI2 (1(H mol/1) on the inhibitory

effect of ACh (1(H mol/1) on a Lymnaea stagnalis L. neuron. Control, and the effect of ACh after 10 min

treatment with mercury. Inhibitory effect of ACh turned to excitatory. Spiking of the neurone became also
reduced

tory effect on neurone A became abolished, while the inhibitory effect on neurone B
turned to excitatory [19, 22]. The ACh-induced depolarisation was abolished also by
lead, as shown in Fig. 6. The activity of two neurones is recorded simultaneously, both
responding to ACh with depolarisation. Under the effect of ICH mol/L PbCI2 the
responses were strongly reduced within 6 min, and became eliminated after 30 min.

Serotonin application evokes in most cases excitation, as shown on the two neu-
rones studied simultaneously (Fig. 7). The responses were, however, somewhat dif-
ferent: the excitation of the first neurone was of short duration, while that of the sec-
ond one a longer lasting, with two phases. Lead eliminated the short response of both

Acta Biologica Hungarica 51, 2000



Invertebrate in neurotoxicity 301

neurones within two minutes, but the protracted phase of the 5HT response on the
second neurone remained intact, referring to the involvement of two different mech-
anisms in the 5HT effect.

In some neurones serotonin application results not depolarisation, but hypepolari-
sation, similarly to dopamine. Cadmium ions cause in most cases elimination of the
transmitter evoked responses. As Fig. 8. demonstrates, Cd2+eliminated the inhibito-
ry effect of both 5SHT and DA, and DA effect even turned to excitation, referring to
a complex mechanism.

Since the action of the transmitters is determined by ionic currents they induce, the
effect of the metals should be realised either on the transmitter ligand binding, or on
the channel itself. Studies on ligand gated channels showed, that the same metal may
have different action on different channels.

!

10 6MPbCU \5x10~SM ACh

Fig. 6. Effect of lead on the ACh induced excitation of two neurones in the brain of Lymnaea stagnalis L.

N parallel recordings of the activity of two neurones and the effect of ACh. B and C - effect of ACh

under PbClj treatment, after 6 and 30 min. The depolarisation caused by ACh shortened rapidly, however,
the fast depolarisation and excitation was rather resistant to lead treatment
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\S x 1(T5M 5 H T

Fig. 7. Effect of lead on the 5-HT induced excitation of two neurones in the brain of Lymnaea stagnalis
L. A - parallel recordings of the activity of two neurones and the effect of 5-HT. B and C - effect of 5-
HT under PbCI2treatment, after 2 and 20 min. The fast response to 5-HT was inhibited by lead in both
neurones, but the slow response in the second neurone remained intact even after 20 min lead treatment

ACh-activated chloride and sodium channels were potentiated, the potassium
channel was inhibited by 10 pmol/1 mercury ions in Aplysia pleural ganglion on
medial and anterior neurones, possessing various Ach receptors [3]. Chloride chan-
nels activated by glutamate [11] and GABA (Fig. 9) were also potentiated by mer-
cury. The action of mercury on GABA induced Cl-current was concentration depen-
dent. Only low concentrations caused potentiation, higher concentrations resulted in
inhibition [11]. These results suggest, that mercury ions act directly on the chloride
channel.

Lead had a similar potentiating effect on the glutamate activated chloride channels
which was augmented by pretreatment of the preparation with lead [15], however,
cadmium ions caused depression on the GABA activated inward current (Fig. 10).
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Tin caused depression of the ACh activated inward current in a concentration
dependent manner, and the effect depended also on the time of preapplication [16].

The results with ligand gated channels suggest that the metals are involved prob-
ably not in transmitter binding, but in modifying the channel properties directly. It
was supported by the effect of the metals (cadmium, copper, lead and mercury) on
voltage activated K-currents, what could be different on various identified neurones
[17,21].

In nature the toxic substances act for long time on the animal, therefore chronic
treatments can be more informative in this respect. After two weeks long exposure to
cadmium and lead some interesting results were obtained on the voltage dependent
Ca- and K-currents of well-identified Lymnaea neurones [24].

Control

50mv

15HT

Control

CdCl;

Fig. 8. Effect of cadmium on the serotonin (KH mol/l) and dopamine (KT6 mol/1) induced hyperpolari-
sation in Lymnaea neurones. 5-HT effect was eliminated, while DA effect was reversed after 10 min
treatment of the preparation with 10 6 mol/l C'dCU
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The Ca-current was potentiated significantly, showing probably the increase of the
density of the Ca-channels in the membrane. Under chronic cadmium and lead treat-
ment also the early phase of the K-current has changed, depending, whether in con-
trol it was present in the given neurone, or not. In the first case it was diminished
after two weeks exposition of the animals to the metals, in the other case however,
the early potassium current appeared. The significance of these changes can be a sub-
ject of speculation, fitting into the frame of accommodation of the animal to the pol-
luted environment.

Summarising the results obtained with toxic metals on ionic channels, it can be
concluded, that each metal exerts its own specific effect on the neuronal membrane.

control GABA + GABA + GABA +
GABA 5x105M  Hg2*10'8M Hg2u O7M Hg2* 10'6 M

1nA

HP2 100 M Hp+107M  Hp+ [(f6 M

Fig. 9. Effect of mercury on the y-amino butyric acid (GABA) induced Cl-current in a Lymnaea neurone.
HgCl2in low concentrations significantly potentiated the inward Cl-current, while mercury itself evoked
only a very small effect
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10 uM CdClj 50 LM CoClj

GABA
50 uM 10 min 20 min wash 10 min wash

Fig. 10. Effect of cadmium on GABA induced inward Cl-current in a Lymnaca neurone. GABA was

applied in a short pulse in 50 pmol/l concentration in control, and under treatment of the preparation with

CdCl2. The inhibitory effect of cadmium was concentration and time dependent. Wash out resulted in
partial restoration, within 30 min

Even in cases when the effect of different metals seems to be similar, for example on
transmitter evoked responses, the mechanism of action may differ from each other.
Due to the great variability of the neurones in their receptor and channel structures
and their role in brain functioning, these result can give important, but only partial
explanation to the question what is the way heavy metals exert their effect on the reg-
ulation of life processes and behaviour.

CONCLUSIONS

Returning to the original question, how can we use and what can we learn from inver-
tebrates in neurotoxicology, my reply is:

1 Invertebrates, and among them molluscs, are sensitive to toxic substances and
give well-measurable reactions to environmental pollutants, therefore can be applied
in toxicological testing.

2. A wide range of behavioural phenomena can be used to test the harmful effect
of chemical substances, much cheaper, than with vertebrates.

3. The mechanism of action can be studied on a simple brain - organ systems, sup-
plying data on the general but specific toxicity of substances.

4. Studies can be performed at the cellular level, suitable to clarify the effect of
toxicants at membrane receptors, channels and intracellular processes.

5. By combining different techniques and methods on invertebrates, not only prac-
tical, neurotoxicological questions can be answered, but by using various toxic sub-
stances, our basic neurobiological knowledge will also be expanded and enriched.

For the future it can be predicted that neurotoxicological research cannot be effec-
tive without using invertebrate preparations. Due to animal protection and restric-
tions in animal experimentation the use and sacrifice of vertebrates is less and less
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permissible in most of the developed countries and this trend will certainly expand.
For this reason, neurobiologists working with invertebrate animals should think
about, how to utilise their preparations, knowledge and experiences for application
in neurotoxicological research.
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The low solubility of aluminium (Al) at neutral pH means that it largely exists as colloidal particulates
in aquatic systems. However, the pond snail Lynmaea stagnalis accumulates significant amounts of Al
following exposure to water containing added Al (up to 500 pgH) at pH 7. This is accompanied by
depression of behavioural activity (locomotion, feeding) which subsequently recovers, suggesting toler-
ance to the metal. The presence of silica ameliorates behavioural toxicity of Al, but does not prevent
uptake of the metal. In vitro studies using the isolated central nervous system demonstrate toxicity at the
cellular level. Extracellular application ofAl (100 pM) led to membrane depolarisation, bursts of action
potentials and action potential broadening.

The chemical form in which Al is applied influences the extent of bioaccumulation and toxicity.
Detailed knowledge of its solution chemistry is therefore essential.

Keywords: Aluminium - neurotoxicity - Lymnaea stagnalis - behaviour - neutral pH.

INTRODUCTION

Aluminium is ubiquitous in the environment and highly neurotoxic. It has previous-
ly been presumed to be relatively unavailable to aquatic organisms under natural con-
ditions. At neutral pH, Al is largely insoluble, forming colloidal polyhydroxides.
Furthermore, many organisms possess effective barriers to Al uptake; for example,
Al has been shown to bind to mucus in the mammalian gut, preventing absorp-
tion [18].

We have used a multidisciplinary approach to examine the bioavailability and tox-
icity of Al in freshwater macroinvertebrates, particularly the pond snail Lymnaea
stagnalis. Our laboratory studies show that Al is both accumulated by and toxic to
L. stagnalis exposed to concentrations commonly found in the environment at neu-
tral pH [6].
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Hungary.
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The main factor influencing bioavailability of Al at neutral pH is the presence of
complexing ligands, which include organic material and silicic acid. The former
includes extracellular mucopolysaccharides, which are known to bind Al. Soluble sil-
ica is found in high concentrations in natural waters and has been shown to amelio-
rate the toxic effects of aluminium in arange of organisms [1, 10], presumably owing
to formation of aluminosilicate complexes. Our studies, reviewed here, have con-
centrated on investigations into the role of mucus, different counter ions, and silicic
acid in the bioaccumulation and toxicity of Al. We have compared the effects of
exposure to Al as the nitrate, chloride or lactate, all of which allow formation of col-
loidal hydroxy polymers of Al, and maitdl, which forms a stable soluble complex
with Al. Experiments were carried out both in the presence and in the absence of sili-
cic acid.

Bioaccumulation ofaluminium

Snails showed significant accumulation of Al in the soft tissues following continu-
ous (30 days) exposure to water of known composition to which Al (0-500 pgflas
the nitrate) was added, at pH 7.0 £ 0.5. Snails were sampled every 5 days for tissue
analysis by graphite furnace atomic absorption spectroscopy [7]. In addition, the
water was sampled daily so that a mean for actual Al concentration in the water col-
umn could be calculated for each treatment. After 30 days exposure, sampling con-
tinued for a further 20 days in clean water with no added Al

Time (days)

Fig. 1. Aluminium concentration in whole soft tissues of L. stagnalis (mean £ s.e.m., n = 5), exposed to
an average of 38 (x), 78 (m), 181 (A), 234 (¢) and 285 (O) pgR1Al for 30 days and uncontaminated
water for a further 20 days

Acta Biologica Hungarica 51, 2000



Aluminium toxicity in the pond snail 311

Figure 1shows the concentrations of Al in the whole soft tissues of L. stagnalis
during 30 days Al exposure and 20 days recovery. Significant accumulation com-
pared to controls occurred by day 10. This led to tissue concentrations of 800-1400
pgg 1ldry weight by day 30, representing concentration factors up to 1.5x 104 com-
pared to the water.

Analysis of the partitioning of Al between different organs over the 30 days expo-
sure and 20 days recovery indicated some redistribution of Al after about day 20 (Fig.
2). A greater proportion of the Al was found in the digestive gland after this time.
Indeed concentrations of Al in the digestive gland remained significantly elevated
even after 20 days in clean water. We have suggested that the digestive gland acts as
a ‘sink’ for Al and that some event may be triggered at day 20 leading to sequester-
ing of Al by the digestive gland [7]. Indeed, recent X-ray microprobe analysis stud-
ies in our laboratory have shown the presence of Al-containing granules in digestive
and excretory cells of the gland [8].

Accumulation of Al by the snail is influenced by the presence of complexing lig-
ands. Pedal mucus secreted by the snail during locomotion binds Al, significantly
reducing Al concentration in the water column [11]. However, this does not reduce
accumulation of Al since the snail grazes on the mucus. Ingestion of Al bound to
mucus appears to be a major route of Al uptake for this organism. In contrast snails
exposed to Al as the maitdl complex over a 48 hour period did not significantly accu-
mulate the metal. Maitdl forms a stable soluble complex with Al at neutral pH, retain-
ing it in solution and preventing both formation of hydroxy polymers and binding to
mucus. Although addition of silicic acid [7770 pgH) increased the rate at which Al
precipitated from the water column, it did not prevent or reduce accumulation of Al
by snails.

Fig. 2. Distribution of /1L (% of total) in different tissues of L. stagnalis exposed to an average of 285
pgl 1Al for 30 days and uncontaminated water for a further 20 days
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In summary, we have shown that Al is bioavailable to snails at neutral pH.
Furthermore, its uptake is probably enhanced owing to binding of colloidal Al
hydroxide by mucus secreted both by snails and by microorganisms in the substrate
biofilm, which they graze.

Behavioural effects ofaluminium

Snails exposed to Al (as the nitrate) in the water over the short tenn (up to about 14
days) showed reduced behavioural activity compared to controls. Locomotory activ-
ity (Fig. 3), behavioural state score (a measure of arousal: 16), spontaneous feeding
movements and feeding responses to food stimuli all showed similar trends [3, 15].
After this time, the snails appeared to acclimatise to the presence of Al, suggesting
tolerance to the metal. Indeed, snails reared for up to a year in the presence of 100 or
500 p g f1ladded Al showed no significant behavioural differences from controls [15].

Exposure time (h )

Fig. 3. Effect of exposure to added Al (0, m; 100, V; 500 (rgk1 for 18 hours on locomotory activi-
ty (mean £ s.e.m., n= 10). *p < 0.05 compared to control

Experiments have been carried out to investigate the effect of different complex-
ing ligands and silica on the behavioural toxicity of Al in L. stagnalis [3]. Snails
were exposed to Al nitrate, lactate or maitdl (500 pgl-1) for 14 days and spontaneous
feeding movements monitored on days 0, 2, 7 and 14. Snails exposed to Al as the
nitrate or lactate showed significant depression of feeding activity on day 2, com-
pared to controls. Activity subsequently recovered to control levels by day 14.
Snails exposed to Al maitél did not show any change in behaviour until day 7, sug-
gesting that Al in this form was less bioavailable. In a further experiment, snails
were exposed to Al in the presence or absence of added silica (7770 pgFJ1)- The
feeding response to presentation of a food stimulus (sucrose) was significantly
depressed in the presence of Al (added as the nitrate), but this effect was reversed
in the presence of silica (Fig. 4).
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- 40 1

Day 0 Day 7

Fig. 4. Silica ameliorates the depression of feeding response seen after 7 days exposure to Al. Open

columns - control, no added J11 or Si; crosshatched columns - Si alone added (7770 pgl '); stippled

columns - Si plus Al (500 pgl“]) added; hatched columns - Al alone added. Columns show median +
interquartile range (n = 12). *p < 0.005 compared to control

These results again suggest that Al is more bioavailable in a form that will readi-
ly polymerise as the colloidal hydroxide (i.e. nitrate or lactate rather than maitdl).
The reduction in activity following exposure to AL may be an active strategy by the
snail to reduce uptake and hence toxicity of the metal; uptake of metals is known to
be reduced at lower metabolic rates [5]. Furthermore, although silicic acid did not
prevent accumulation of Al by the snail, it did ameliorate the behavioural effects of
the metal. This suggests a role for silica in facilitating detoxification of accumulated
metal.

Behavioural toxicity studies provide an excellent means by which to demonstrate
quantifiable and sublethal responses, which have relevance to both the survival of the
individual and the structure of the freshwater community. Furthermore, in L. stag-
nalis behavioural responses can be correlated with changes in neural activity in iden-
tified neurons and networks [17].

Neurophysiological responses to aluminium

We have exploited the highly accessible central nervous system preparation of the
snail to examine the cellular actions of AL in vitro. Previous studies of the actions of
Al, e.g. on cultured cells, have used a range of AL compounds, concentrations and
methods of application. In our studies, all at pFl 7.5, we have used Al-containing
saline solutions with defined chemistry, which have been analysed in parallel studies
for the presence of soluble and labile Al species [4]. Aluminium (100 pM) was added
to the saline bathing the CNS as the chloride, lactate or maitol, and electrophysio-
logical responses recorded intracellularly from identified neuron right parietal dorsal
1 (RPD1). When Al was added to the saline as the chloride or the lactate (both pre-
pared as stock solutions at pH 3), analysis showed that it precipitated almost imme-
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Fig. 5. Effect of superfusion of 100 pM Al lactate on firing activity of neuron RPD1. Arrow - onset of
Al application. Aluminium induces membrane depolarisation, firing activity and marked action potential
broadening

diately, with only 20-30% remaining in solution over the 60 min experimental peri-
od [4]. In contrast, the Al maitél complex was stable to hydrolysis and 100%
remained in solution. Electrophysiological responses reflected this difference. Both
Al chloride and Al lactate caused significant depolarisation of the membrane, accom-
panied by bursts of action potentials and action potential broadening (Fig. 5). In addi-
tion, spike afterhyperpolarisation was reduced. In contrast, AL maitdl had no signifi-
cant effect on electrophysiological properties of RPD1. Preliminary experiments
involving prior addition of silicic acid to the bathing medium showed no ameliora-
tion of the toxic actions of Al. This was unexpected considering the amelioration of
behavioural responses in the presence of silicic acid.

These in vitro experiments support the hypothesis that Al, when present in a weak-
ly bound form that is able to precipitate at neutral pH, may still be toxic. Its mecha-
nism of action is unknown, nor is it known whether it acts intracellularly, extracellu-
larly or both. Our results so far suggest effects on repolarisation mechanisms, which
could be accounted for by an inhibition of K+conductance, including Ca-dependent
K+ currents. Studies by others using a range of cell preparations point to alterations
in Ca2+currents and intracellular Ca2+homeostasis following exposure to Al [e.g. 2,
9, 14]. In one study [12], Al was shown to inhibit Ca2+entry into synaptosomes via
voltage-gated Caz+channels and it was suggested that this was due to competition
between Al and Ca2+at binding sites on or within the channel. The ‘giant’ neurons of
the snail provide an ideal experimental subject in which to explore further the cellu-
lar mechanism and site of Al toxicity and also the chemical form in which it exerts
its actions at physiological pH.

GENERAL DISCUSSION

Our most important finding to date is the accumulation of significant amounts of Al
by L. stagnalis under neutral conditions when Al is largely insoluble. Although this
finding may not extrapolate to vertebrates, which appear to have effective barriers to
Al uptake, it could have major implications for freshwater invertebrate populations.
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As suggested earlier, the snail probably ingests the majority of Al by grazing on
mucus and related compounds in secreted biofilms.

The apparent behavioural acclimatisation of L. stagnaiis to Al after about 14 days
exposure is worth further investigation. Our studies suggest that the digestive gland
selectively accumulates Al after approximately 20 days. This may be due to activa-
tion of a detoxification mechanism that sequesters Al into granules for storage and
subsequent excretion. As a class A (oxygen-seeking: 13) metal, Al is likely to be han-
dled differently by organisms compared to class B (sulphur-seeking) and borderline
metals, such as copper, zinc and cadmium. A potential role for silica in detoxification
cannot be ruled out; silica ameliorated the behavioural effects of Al in intact animals,
but appeared not to do so when applied directly to the isolated CNS.

The isolated CNS clearly provides an excellent model system for investigation of
the cellular actions of Al. Numerous studies of the actions of Al on isolated or cul-
tured preparations have already been carried out. However, our experiments show
that a detailed knowledge of its chemistry in the applied solution is essential.
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Aluminum (Al) is one of the elements, which is frequently subjected to experiments, however, the neu-
rological observations with it are rather conflicting. The cause of this controversiality is not known but
relates to some human disorders such as Alzheimer’s disease and others as well.

We studied the time-dependent actions of A1C13 base solutions on resting membrane potential (Em),
input resistance (Rin) and spike shape in giant neurons of the snail Helix pomalia L. at pH 7.7 and room
temperature (22-24 °C) by use of intracellular technique.

We reported significant differences in the effectiveness of the various Al solutions depending on the
time of storage before use in the experiments (0, 2 and 6 days at room temperature). Freshly prepared
and applied Al solutions caused a significant and dose-dependent depolarization with a concomitant
decrease of Rinand the amplitude of the action potentials, but the 6 days solutions induced a hyper-
polarization. Ouabain (0.1 mM) antagonized the hyperpolarization. The pH (7.1 or 7.7) and the time of
the storage in combination also modified the direct membrane effects.

Our experiments show that Al can induce differential membrane effects depending on the presence of
various aluminum compounds. Namely, the predominate aluminum-monomer at pH 7.7 the AI(OH)j
might cause depolarization but the polynuclear aluminum complexes after polymerization of the
monomers could hyperpolarize the neuronal membrane. We suppose, that the time-dependent equilib-
rium of various aluminum complexes plays a role in generating controversies in this field and emphasize
again the importance of standardization of the experimental protocol.

Keywords: Helix neurons - aluminum - pH-dependence - membrane properties.

INTRODUCTION

Aluminum (Al) is the most common metal and third most abundant element on the
earth crust; still it has no known biological function. This metal is characterized as a
toxic element, which causes morphological, physiological and biochemical alter-
ations in the living organisms [4, 12]. In case of animals and man it is well docu-
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mented that aluminum-evoked alterations occur in the nervous system [3]. However,
the connection between Al and nervous diseases is not generally accepted [10] and
the molecular mechanism of the aluminum actions, which may generate the disor-
ders, is not known. Thus, the results are conflicting and the controversiality is the
main feature of the experimental literature in this field. This is valid for morpholog-
ical, biochemical and physiological studies in more or less extent.

As related to the electrophysiological observations both Al-induced hyperpolar-
ization [14] and depolarization [2] were reported in Helix and Lymnaea neurons, but
Franceschetti et al. [6] found no significant modulation of Emand Rinin CAl pyra-
midal neurons after Al exposure. Blaustein and Goldman [1] reported an attenuation
of the AP-amplitude in lobster axon, and Campbell et al. [2] found a prolongation of
APs in snail neurons after AL administration but these effects were not confirmed in
CAl pyramidal [6] and mammalian olfactory neurons [11]. This controversiality,
which is not typical for other neurotoxic metals [7] might due to the complex chem-
istry of aluminum in aqueous solution. To investigate this problem we studied the
effects of differentially standardized Absolutions on resting membrane potential
(Em, input resistance (Rin) and action potential (AP) shape of Helix neurons.

MATERIALS AND METHODS

The experiments were carried out on isolated suboesophagal ganglia of Helix poma-
tia L. The snails were collected locally, kept in the laboratory and fed ad libitum.
After removing of ganglia from the animals, we pinned it to a Silcastic-covered floor
of a 5 ml plexiglass recording chamber. The connective tissue covering the neurons
was removed by dissection without enzymatic treatment.

The preparation was superfused (8-12 ml/min) with physiological solution (Rin-
ger) of the following composition (mM): NaCl 130; KC1 4; CaCl2 7; HEPES 5;
(pH 7.7 £ 0.025). To examine the effects of aluminum we employed the following
solutions. 1 Stock solution: A1C13+6H2) crystals were dissolved in bidistilled water
(100 mM), and stored for at least two weeks at pH 3.8 and room temperature. This
solution was diluted by Ringer to the final concentration and adjusted pH 7.7 before
experiments called (Stock-diluted Al-suspension). 2. Fresh Al-suspension:
AlC13+6H2 crystals were dissolved in Ringer solution to a final concentration of
0.001— mM, immediately before experimentation and applied at pH 6.8, 7.3 or 7.7,
respectively. 3. Stored Al-suspension: AlCI13+6H20 crystals were dissolved in Ringer
solution stored for 24-144 hours (£3 hours) before experiments at room temperature
and at pH 7.7 or 7.1, respectively. All Ai-suspensions were homogenized by manual
shaking before experiments. The pH values were adjusted with 1M NaOH.

After preparation, the individual cells identified according to Sakharov and Sa-
lanki [9] were visualized under a binocular microscope and penetrated with a low
resistance (-3-3.5 MOhm) glass microelectrode filled with 1 mM KC1 and K-citrate.
The experiments were made under current-clamp at room temperature (21-23 °C).
The recording set-up was composed of a homemade amplifier connected to a Hitachi
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VC 6025 digital oscilloscope and a personal computer. The hardware was a
Labmaster DMA with TL-1-125 kHz interface (Axon Instruments, Inc.) in connec-
tion with a mathematical coprocessor and acquisition software. Rjnwas measured by
injection of current pulses into the cell (25 ms, -4, 4, 8, 16 nA). APs were activated
by 4 nA current injections into the cell.

Data are expressed as mean £SD values and n refers to the number of preparations
in all cases. Statistical significance was determined by ORIGIN 4.1 16 bit software
using paired Student’s /-tests. Probabilities of less than 5% (p < 0.05) were consid-
ered significant.

RESULTS

Time-dependent effects o fAl-suspensions on resting membrane
potential (E,J and input resistance (Rin)

As it is shown in the Fig. 1A, fresh Al-suspension or for up to 72 h stored Al-sus-
pensions (0.3 mM) depolarized the LP11 neuron by 20% as a maximum response, but
a 144 hrs-stored Al-suspension caused 17 per cent hyperpolarization of the same neu-
ron in equimolar dose. The hyperpolarizing action of Al ceased in the LP11 neuron
after ouabain (0.1 mM) preincubation (Fig. IB). Similar changes of the membrane
potential were not found after application of fresh or stored Ringer solution without

Table !
Membrane potential and the input resistance measured at control (l.) and differently prepared 0.3 mM
AlC13«61120-containing solutions (Il -I1V.)

Superfused solution Membrane potential Input resistance

(concentration, pi! of the test-solution) (mv) (MOhm)

1 Ringer solution, pH 7.7 (Control) -556.72 £ 197, n= 15 175 +0.08,n = 15

Il.  Fresh Al-suspension (0.3 mM, pH 7.7) -43.89 £6.55, « =9 0.71 £0.12, 7= 9
(***’ r) (***’ I’)

48 h-stored Al-suspension, stored at pH 7.7 4745 £ 744, n=6 112+0.17,n= 6
(0.3 mM, pH 7.7) *, 1 **, 1)

144 h-stored Al-suspension stored at pH 7.7 59.81 +3.64, n=6 156 +0.27,n = 6

(0.3 mM, pH 7.7) *.1)
I1l.  Stock-diluted Al-suspension -50.88 £4.365, n- 6 145 £0.32,5i= 6

(0.3 mM, pH 7.7)

IV. 144 h-stored Al-suspension, stored at pH 7.1 -52.37 £5.65, n=6 141 +0.56,/t= 6
(0.3 mM, pH 7.7)

Mean £SD, n: number of the independent experiments, *: p < 0.05, **: p<0.01, ***: p< 0.001;
r: reversible actions.
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Fig. 1L (A) Time-dependent actions of 0.3 mM Al-suspensions on the membrane potential of the LPI1

neuron at pH 7.7. Fresh or for up to 72 h-stored Al-suspensions (0.3 mM) depolarized the LP11 neuron,

but the 144 h-stored Al-suspension caused hyperpolarization of the same neuron in equimolar dose.
(B) Ouabain (0.1 mM) antagonized the 144 h-stored Al-suspension evoked hyperpolarization

Al. Both the depolarizing and the hyperpolarizing actions of Al were concentration-
dependent (see Fig. 2A). The threshold concentration (CCtr) of fresh Al-suspension
was 0.05 mM which sifted to 0.1 mM in the 48 hrs-stored Al-suspension in the LPa3
neuron as marked by stars in Fig. 2A (P < 0.05). The Kdvalue of fresh Al-suspension,
was 0.231 mM, which decreased to 0.113 mM in 48 h-stored Al-suspension.
Threshold concentration of 144 h-stored Al-solution was 0.3 mM and the Kd value
was 0.057 mM. A significant and concentration-dependent decrease of Rinof LPa3
neuron appeared after administration of fresh Al-suspension (CCtr=0.1 mM;
Kd= 0.153 mM, n=4) and 48 h-stored Al-suspension (CCtr= 0.1 mM; Kd= 0.091
mM, n = 4), but Rindid not differ significantly from control in 144 h-stored Al-sus-
pension (Fig. 2B). The preparation technique of test-suspensions also influenced the
result. Namely, we found a significant depolarization of snail neurons after exposure
of 0.3 mM fresh Al-suspensions but did not after application of stock-diluted Al-sus-
pension in equimolar dose (compare Il and Il rows in Table 1). The pH of storage
also influenced the effectiveness of Al-suspensions. While 0.3 mM Al-suspension
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stored for 144 h at pH 7.7 caused a hyperpolarization, an equimolar Al-suspension,
stored for also 144 h, at pH 7.1 did not significantly affect the Emand Rin (see Il and
IV rows in Table 1).

Time-dependent effects ofAl-suspensions on the action
potential shape

As can be seen in Table 2, fresh Al-suspension (0.3 mM) significantly decreased the
overshoot (OS) and peak potential (PP) and increased the AP duration at 50% ampli-
tude (APD59 activated by 4 nA current injections into the neuron. These changes
were not significant after treatment of 48 or 144 h-stored Al-suspensions in the same
dose. A significant increase of fast after-hyperpolarization (FAH) occurred after
administration the 144 h-stored Al-suspension (0.3 mM), but did not after treatment
with fresh Al-suspension (Fig. 3).

ﬂl —m— 0.3 mM, fresh Al-suspension, pH 7.7
—e— 0.3 mM, 48 h-stored Al-suspension, pH 7.7

Concentration of Al-suspension (mM)

B

Concentration of Al-suspension (mM)

Fig. 2. Concentration-dependent actions of 0.3 mM, 144 ( A), 48 h-stored (* ) and freshly prepared and
applied Al-suspensions (m) on membrane potential (A) and input resistance (B) at pl1 7.7, t =21 °C.
LPa3 neuron (mean £SD, n = 5)
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Fig. 3. Time-dependent increase of the absorbance of 0.3 mM, stored Al-suspensions (O) at 350 nm.
The absorbance of stored Ringer solutions (m) did not change significantly (mean +SD, n = 3)

Table 2

Time-dependent actions of 0.3 mM fresh, 24 and 144 h-stored (t = 21 °C, pH 7.7) Al-suspensions on
the action potential shape recorded in a VI neuron

Control
Ringer solution
pH 7.7
Threshold potential (Elr) -28.67 £0.87
(mV)
Overshoot (OS) 28.4 + 1.06
(mV)
Peak potential (PP) 74.16 +£2.05
(mV)
After-hyperpolarization -8.91 +2.81
(AHP) (mV)

Action potential duration at  4.18 = 1.13
50% amplitude (APD50) (ms)

0.3 mM fresh,
Al-suspension,
pH 7.7

-25.06 +2.95

14.98 +8.8

Nkkk

45,55 + 10.31
(**’ r)
-7.36 £7.58

511 + 1.62
™

0.3 mM
48 h-stored,
Al-suspension,
pH 7.7

-23.95 +5.14
23.63 + 16.34
62.63 +20.64
-8.19 +5.35

5.09 £2.18

0.3 mM
144 h-stored,
Al-suspension,
pH 7.7

-29.94 £5.48
28.70 £ 12.39
71.89 £26.43
-18.8 £6.18

(*.n
5.3 £2.16

Mean +SD, n=7, *: p < 0.05, **: p<0.01, ***: p <0.001; r: reversible. APs were evoked by 4 nA

currents injection into the cell.

DISCUSSION

The data reported in this paper demonstrate that changes of the preparation circum-
stances of the Al-containing test solutions markedly influenced the electrophysiolog-
ical characteristics of neurons such as Em Rjnand AP. Fresh Al-suspensions caused
depolarization and an attenuation of the AP-amplitude which decreased with time,
and after 144 h a hyperpolarization predominated and the AP shape was not altered.
Also, the time of storage and pH in combination can be an important further modu-

lating factor.
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Contrary to previous observations which found Al as depolarizing [2], hyperpo-
larizing [14] or inactive metal ion [6] on membrane potential, and inhibitory [1] or
inactive [11] compound in AP, we observed all of these changes in snail neurons by
variation to the time and pH of storage of test-suspensions.

The time-dependence of actions of aluminum could relate to slow oligomerization
in the stored suspensions. An olygomerisation of A10112+ at acidic pH could take
place in our 2 weeks-stored stock solution at pH 3.8 [5]. Thus, the composition of
aluminates differs from the fresh Al-suspension which were made by direct dissolve
of AIC13«6H2 crystals immediately before the experiments. Unfortunately, there is
no description of the exact chemical transformations of Absolutions at pH 7.7. We
found a time-dependent increase of the absorbance (350 nm) of stored Al-suspen-
sions as it is shown in Fig. 3. An increase of the absorbance refers to an increasing
light scattering of the stored Al-suspension, caused by a polymerization-dependent
precipitation. One component of this intrinsic chemical process could cause the
ouabain-sensitive hyperpolarization. Our results suggest, that the biologically active,
depolarizing agent might be the dissolved A1(OH)t, which is the predominant alu-
minate at pH 7.7 [8]. Polymerization of the Al(OH)4 eliminates the depolarization
and an unknown, olygomer-aluminate activates the ouabain sensitive Na/K-ATPase
as found by Zatta et al. [13].

Our results suggest that the preparation method and time-dependence of the
effects can play a role at the controversality of the results in this field and emphasize
the importance of the standardization of experiments with aluminum.
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Immunocytes of mussels are the chief immune defense in these organisms. When an immunocyte
becomes activated there is a conspicuous change in its morphology (i.e., from round to amoeboid) that
can be quantified using image analytical tools. Active immunocytes will typically show larger perime-
ters and areas and a smaller shape factor. Immunocytes exposed to heavy metals become inactive (Cd,
Hg and Pb) thus with smaller perimeters (e.g., Pb2+2ppm P = 69.72 p) and areas (e.g., Pb2+2ppm: A = 270
p2 and larger shape factors (Pb2+2ppm SF =0.65) than the unexposed control cells (a = 0.05).
Xenobiotics may also interfere with neuroimmunomodulation processes such as nitric oxide (NO)
release. The release of NO is catalyzed by a calcium dependent constitutive nitric oxide synthase (cNOS).
Presently, we are exploring the effects of heavy metals and other pollutants on cNOS activity, measured
as real time NO release, in immunocytes and pedal ganglia from M. edulis. Preliminary results suggest
that immunocytes exposed to Pb2+ (5 ppm) cause NO release and does not seem to inhibit further NO
release in the presence of morphine. The possible implications of NO mediated Pb2+ neurotoxicity are
also explored.

Keywords: Invertebrates - immunocytes - nitric oxide - cNOS - heavy metals.

INTRODUCTION

Heavy metals are ubiquitous in the biosphere, as natural components of the earth, to
which humans are constantly being exposed. However industrial uses of metals and
other industrial and domestic processes have introduced substantial amounts of
potentially toxic heavy metals into the atmosphere and into aquatic and terrestrial
environments. The toxicological effects of these heavy metals particularly lead, zinc,
arsenic, cadmium and mercury are well known [1, 17]. Lead exposure can have dev-
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astating effects on the central and peripheral nervous system, particularly during
development [1].

The actual mechanism of toxicity is not that clear. Lead impacts a variety of Ca-
dependent processes including nitric oxide (NO) release catalyzed by a constitutive
nitric oxide synthase (cNOS). cNOSs comprise the low output path involved in
homeostatic processes such as neurotransmission, peristalsis, and moment-to-
moment blood pressure regulation. All of the NOSs require NADPH and 02 as
cosubstrates in the reaction.

Herein, preliminary results of the effects of heavy metals on the immunocytes of
M. edulis using cell conformation state and real time NO release are presented.

MATERIALS AND METHODS

Invertebrate cells

Mytilus edulis specimens were collected from Theodore Roosevelt Memorial Park in
Oyster Bay, New York. The mussels were placed in a continuous flow aquarium with
artificial seawater (30 ppt) and maintained until used. Hemolymph was removed
from the posterior adductor muscle of the mussels by aspiration with a syringe and
placed in a pre-cleaned depression slide (40 pi) to evaluate conformational changes.

The cells were exposed to decreasing concentrations of heavy metals (Pb2+ Cd2+,
and Hg2+). Ten pi of heavy metal solution prepared with filter-sterilized artificial sea-
water was added to the slides.

Evaluation ofcell conformation

Changes in cellular conformation, which ranged from inactive (round) to active
(ameboid), were determined by measurements of cellular area (A), perimeter (P) and
shape factor (SF) using an image analysis software package Image-100 [13].

The data was analyzed using an ANOVA with pairwise comparisons (a = 0.05).

Direct measurement ofnitric oxide (NO) release

NO release from the invertebrate immunocytes was measured directly using an NO-
specific amperometric probe (World Precision Instruments, Sarasota, FL) interfaced
to a computer via “DUOQO 18”, a computer data acquisition system (WPI). To evalu-
ate NO release, the cells were exposed to morphine 10~6 M, a concentration previ-
ously demonstrated to induce optimal NO release [8, 12] prior to their exposure to
Pb2+
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RESULTS
Cell conformation

As shown in Table 1cells exposed to the metals had smaller areas and perimeters and
larger shape factors than the control cells (a = 0.05). These cells are inactive and
therefore unable to move and phagocytize foreign particles. Control cells had larger
perimeter/area values but their shape factor values were lower indicating a more
amoeboid shape. With the exception of Cd2+the magnitude of the effect decreased
with concentration. In case of Cd2+at 5 ppm the cells had a SF closer to the control
than at 0.5 ppm, a concentration one order of magnitude lower. It is important to
emphasize that the three parameters, P, Aand SF, must be considered at the same time
in order to interpret the results appropriately.

Table |
Means and standard errors (in parenthesis) for Hg, Cd and Pb. /1 “*” indicates that the difference with
the control is statistically significant (a = 0.05)

Perimeter Area Shape factor
ax) (2
control 91.49 (1.49) 447.87 (15.22) 0.58 (0.005)
mlg 520 ppm 49.56 (0.68)* 153.14 (3.64)* 0.75 (0.003)*
52 ppm 48.72 (0.52)* 148.68 (2.76)* 0.77 (0.004)*
52 ppm 54.41 (2.38)* 187.14 (15.65)* 0.78 (0.01)*
0.5 ppm 73.92 (2.62)* 412.80 (31.17) 0.73 (0.007)*
Cd 500 ppm 59.54 (1.41)* 192.68 (8.50)* 0.67 (0.008)*
50 ppm 67.75 (2.10)* 257.14 (17.35)* 0.64 (0.01)*
5 ppm 85.31 (2.59) 368.42 (22.09)* 0.60 (0.01)

0.5 ppm 87.66 (2.95) 461.74 (31.95) 0.64(0.01)*
Pb 20 ppm 54.48 (1.24)* 172.78 (7.27)* 0.7 (0.008)*
2 ppm 69.72 (1.68)* 270.00 (12.80)* 0.65 (0.008)*

0.2 ppm 81.40 (2.38)* 388.61 (20.53) 0.66 (0.009)*

Nitric oxide

Addition of 5 ppm of Pb2+ caused a surge in NO (Fig. 1) well above the scale of
detection. The cells were first treated with 10-6 morphine which, as previously doc-
umented, caused NO release [8, 10, 15]. This type of NO release is catalyzed by a
calcium dependent cNOS. Previous work has shown that morphine-induced NO
release is preceded by an increase in cytosolic Ca2+concentration. After the exposure
to the heavy metal the cells were again treated with morphine which initiated a sec-
ond burst of NO release (Fig. 1).
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Nitric oxide

Fig. 1. Nitric oxide release and Pb2+exposure. Morphine (10-6 M) was added prior and after the addition
of lead

DISCUSSION

In this study the effect of heavy metals on the hemocytes of the blue mussel have
been assessed for the first time using cell conformation and image analysis.

This paper further explores the mechanism underlying Pb2+ toxicity. It has been
documented that Pb2+interferes with Ca2+~dependent cellular processes. cNOS activ-
ity is Ca2~dependent, thus it could be predicted that Pb2+ inhibits cNOS.
Nevertheless our preliminary results suggest that a possible effect of low levels of
Pb2+ exposure could be NO production by the immunocytes. In turn, NO release
causes the cell to become round [8]. Macrophage production of NO may be the cul-
prit of neuropsychiatrie disorders such as AIDS dementia, delirium, schizophrenia,
depression and stroke [4].

There is evidence in the literature that supports the involvement of NO in neuro-
toxicity of Pb2+and other environmental pollutants [5, 6, 14, 16]. These reports used
indirect methods to measure NO production that may inaccurately represent the phe-
nomenon. The method utilized in this experiment measures NO release in real time.

Summarizing, exposure to heavy metals causes immunocyte inactivation mea-
sured as changes in cell conformation. Cell conformation and image analysis is pro-
posed as an alternative method to assess immunotoxicology. At the same time, lead
may effect its toxicity by inducing NO release. Given that, in humans, macrophages
can cross the blood/brain barrier, lead neurotoxicity may be related to neuropsychi-
atrie disorders as already postulated in previous studies [2, 3, 4, 7, 9].
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Studies done in our laboratories have demonstrated that the parasitic trematode, Schistosoma mansoni is
capable of producing several proopiomelanocortin (POMC) peptides including R-endorphin, adrenocor-
ticotropin (ACTH), melanocyte stimulating hormone (aMSH) and enkephalin [12, 14] as well as mor-
phine [20]. Some of these opioids have been demonstrated to be immunosuppressive and may play an
important part in immune evasion by these parasites [13]. The parasitic nematode Trichinella spiralis
also produces immune suppressive substances in vitro as well as causes immune suppression in its
encysted stage in vivo [8, 9]. We recently have demonstrated the presence of morphine in both infected
mice and in the nematode by HPLC and RIA. In a recent study of the leech Thcromyzon tessulatum, we
demonstrated the presence of proopiomelanocortin (POMC) and its derived peptides, ACTH and aM Sl 1,
in the immune tissues [28]. The peptide was cloned and extensively purified by HPGPC and reversed-
phase HPLC, and then sequenced. The 25.4 kDa protein was purified by gel permeation chromatogra-
phy, anti-ACTH-affinity column separation followed by reversed-phase HPLC. Its amino acid determi-
nation was performed by Edman degradation, enzymatic treatments and elcctrospray mass spectrometry.
The structure of the leech POMC-like precursor and its derived peptides demonstrates considerable
amino acid sequence similarity with mammalian POMC. Taken together, these studies demonstrate that
opiates and opioid ncuropetides are present in invertebrates and their immunorcgulatory actions have
been conserved during evolution. The role of opiates and opioid peptides in immune and behavior mod-
ification of hosts is also discussed.

Keywords: Trichinella spiralis - Thcromyzon tessulatum - Schistosoma mansoni - morphine - proopi-
omelanocortin.

INTRODUCTION

Opiate like substances have been isolated from a number of parasitic invertebrates
over the last several years in our laboratories at the Old Westbury Neuroscience
Research Institute. The proopiomelanocortin (POMC) peptides B-endorphin, adreno-
corticotropin (ACTH), melanocyte stimulating hormone (aMSH) and met-
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enkephalin [12, 14] as well as morphine [20] have been found in the parasitic trema-
tode Schistosoma mansoni. A morphine-like substance has also been found in the
parasitic nematode Trichinella spiralis and in the blood plasma of mice infected with
T. spiralis. Recently, we have demonstrated the presence of proopiomelanocortin
(POMC) and its derived peptides including RB-endorphin, adrenocorticotropin
(ACTH), melanocyte stimulating hormone (aMSH) and met-enkephalin in the para-
sitic annelidian, Theromyzon tessulatum [28]. The presence of opiate-like substances
in these three phylogeneticly diverse organisms indicates that opiates play a role in
the physiology of a broad range of invertebrates. The trematode and nematode are
internal parasites and opiates, which are known to be immune suppressive, may not
only function as neurotransmitters internally for these organisms but may also effect
the immune system of the parasitized host. There have also been a number of stud-
ies that have demonstrated opiate-like behavioral effects in experimental animals
parasitized by these and other internal parasites. The leech, T tessulatum, is an
ectoparasite and presumably does not use these opiate like substances for immune
regulation of the host but we have demonstrated that they interact with other signal-
ing molecules as chemical messengers in the leech.

METHODS AND RESULTS

Schistosoma mcmsoni

The presence of POMC derived neuropeptides B-endorphin, adrenocorticotropin
(ACTH), melanocyte stimulating hormone (aMSH) and met-enkephalin have been
demonstrated in all stages of life for S. mansoni by HPLC and RIA analysis [12, 14,
20]. Additionally, opioid neuropeptides and morphine have been detected in the incu-
bation medium of these parasites under various conditions using radio immune assay.
Table 1 shows the concentration of ACTH and R-endorphin is actually greater in the
incubation medium than in the adult worm. This indicates that these substances are
probably synthesized de novo and released in to the medium. No aMSH was found
in the incubation medium but was found in abundance on co-incubation with poly-
morphonuclear leukocytes while ACTH was absent. It has been demonstrated that
neutral endopeptidase on the surface of PMNs convert ACTH to this immune sup-
pressive peptide. This was confirmed by adding the NEP inhibitor phosphoramidon
to the incubation medium. Phosphoramidon significantly lowered the level of aMSH
and raised the level of ACTH. In contrast, the aminopeptidase inhibitor bestatin did
not lower the levels of aMSH or raise the levels of ACTH.

As shown in Fig. 1, morphine and codeine-like molecules are also present in
Schistosoma mansoni following HPLC separation and RIA analysis [20]. The
codeine-like material is found in much smaller concentrations than the morphine-like
material, indicating, as in mammals and Mytilus edulis, the potential rapid conver-
sion of codeine to morphine. Table 2 demonstrates the effect of various incubation
conditions on the concentration of morphine like material in the worms and in the
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Fig. 1. Opiate RIA activity in HPLC fractions of S. mansoni (0.72 g dry wt.) extract. Fraction size was
0.5 ml and fractions 14 (fraction 15 is trailing of 14) and 20 correspond to the positions of authenic mor-
phine and codiene

incubation medium [20]. Co-incubation of Schistosoma mansoni with human PMN
increases the endogenous levels of morphine in the adult worms and in the incuba-
tion medium. This finding suggests that the cells by direct contact, signal factor(s) or
both maybe in dynamic communication with the worm. EDTA, a chelator of divalent
cations, also has a strong stimulating effect in the synthesis of morphine-like mater-
ial by the worm. The endogenous material corresponding to morphine mimics
authentic morphine in its ability to induce in vitro immunocyte rounding and immo-
bility. These effects were reversed by adding 10~6M naloxone.

Table |
RIA of ACTH, aMSH and R-endorphin in 5. mansoni adult worms and incubation medium
(from Duvaux-Miret et ah, 92)

Sample NcTn aMSH R-endorphin

Experiment A, peptide cone. in pntol/g wet wt.

Parasites 0.296 + 0.07 1.840 +0. 11 0.222 £0.12
Medium 1.265 £0.32 ND 0.740 +0.13

Experiment B, peptide cone, in fmol/ml

PMN ND 29.7 £ 0.0 21 +09
PMN+ phos. 5.0+ 13 220+ 0.0 20+ 0.7
PMN+ bestatin. 41 0.1 36.0+ 51 13+0.1
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Fig. 2. Opiate RIA activity in IIPLC fractions of T. spiralis (0.15 g dry wt) extract. Fraction size was 0.5
ml and fractions 13 (fraction 14 is trailing of 13) corresponds to the position of authentic morphine

18

Contol T.spiralis Extracts Extractst+Naloxone

Fig. 3. The effect of EDTA treated T. spiralis extracts and T. spiralis extracts+Naloxone (10~6 M) on the
spontaneous activation of mouse granulocytes
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Trichinella spiralis

The presence and secretion of an opiate like substance has also been examined in
Trichinella spiralis. The results of our experiments in Trichinella spiralis shown in
Fig. 2 demonstrate that morphine and codeine-like molecules are present following
HPLC separation and R1A [27]. The endogenous material corresponding to morphine
mimics authentic morphine in its ability to induce in vitro immunocyte rounding and
immobility as shown in Fig. 3. These effects were reversed by adding 10-6M nalox-
one. These results are very similar to that obtained with Schistosoma mansoni.

Theromyzon tessulatum

In a recent study of the leech Theromyzon tessulatum, we demonstrated the presence
of proopiomelanocortin (POMC) and its derived peptides, adrenocorticotropin
(ACTH) and melanocyte stimulating hormone (MSH), in the immune tissues [28].
The peptide was cloned and extensively purified by HPGPC and reversed-phase
HPLC, and then sequenced. The 25.4 kDa protein was purified by gel permeation
chromatography, anti-ACTH-affinity column separation followed by reversed-phase
HPLC. Its amino acid determination was performed by Edman degradation, enzy-
matic treatments, and electrospray mass spectrometry. As shown in Table 3, the struc-
ture of the leech POMC-like precursor demonstrates considerable amino acid
sequence similarity with mammalian POMC. The sequence identity of met-
enkephalin, a-MSH and ACTH is 100, 84.6 and 70%, respectively, whereas y-MSH,
B-endorphin, and y-LPH exhibit only a 45, 20 and 10% sequence identity with their
vertebrate counterparts. No dibasic amino acid residues were found at the C-termi-
nus ofy- and B-MSH peptides. In contrast, the leech a-MSH is C-terminally flanked
by the Gly-Arg-Lys amidation signal. ACTH and CLIP are C-terminally flanked by

Table 2
The presence of morphine-like material in S. mansoni and its incubation medium
following various treatments

Number KCL EDIA PMN Morphine-like material Morphine-like material
of worms (50 mM) (50 mv) in worm (pmol/100) in medium (pmol/ml)
0 + 0 0
400 0 0.4
400 + 0 0
400 + 3.3 0
400 + + 0.2 0
200 + 11.8 0
200 + + 11.0 0
200 + + 20.6 0
200 + + + 9.6 0.2
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dibasic amino acid residues. Using RT-PCR strategy with degenerated oligonu-
cleotide primers based on the biochemical data, the complete coding region of the
leech POMC was obtained.

Circulating levels of ACTH and MSH were 10 and 1 fmol/pl hemolymph, respec-
tively. Morphine, in a dose-dependent manner, increased the levels of both peptides
threefold and this effect was blocked by naloxone treatment (Table 4). Leech ACTH
was processed to MSH by neutral endopeptidase (24.11; NEP) and angiotensin-con-
verting enzyme (ACE); the activity of these enzymes was inhibited by phospho-
ramidon and captopril, respectively, resulting in significantly diminishing MSH lev-
els (5 fmol/ml hemolymph compared to 15 P<0.01). Leech MSH had the same
activity as authentic MSH in two bioasssay systems. Taken together, the study
demonstrates that ACTH and MSH are present in invertebrates and their immuno-
regulatory actions have been conserved during evolution.

Table 3
Percentage of sequence identity of leech POMC-derived peptides with that of selected vertebrates

Percentage sequence identity

Leech
Human Rat X laevis
POMC 19.8 14.7 35.4
ACTH 75.5 68.9 60
yMSH 46.7 46.7 38.4
aMSH 84.6 64.6 84.6
CLIP 95 95 80
R-endorphin 20 20 25.9
Met-enkephalin 10 100 10
Table 4

Effects of the injection in leeches of opiates with or without inhibitors on the ACTH- and a-M SH like
peptide levels

Solution ACTH-like peptide ct-MSH-like peptide

(fmol/pl hemolymph) (fmol/pl hemolymph)
Control 10 *2.04 1.14 £ 0.95
Morphine (10-6 M) 39 *4.6 15 +3.33
Morphine (10-6 M) + naloxone (10~6 M) 5.6 +2.89 3  *1.15
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DISCUSSION

This overview of our work with parasitic invertebrates demonstrates commonalities
of diverse phyla in the presence of opiates and opioid neuropeptides and their
immune modulation. The presence of POMC and its derived peptides in both
Schistosoma mansoni and Theromyzon tessulatum suggests that it arose early in evo-
lutionary history and was developed for both neurological and immunological func-
tions in invertebrates. Morphine may be an even older mechanism of pain and stress
control given that it is present in nematodes which ostensibly lack POMC genes [4].

The function of opiates and opioid neuropeptides as modulators of host immunity
and behavior is somewhat more problematic. Parasitic infection has long been known
to cause immune suppression but the mechanisms are only now being investigated.
The POMC neuropeptides ACTH, aMSH, and R-endorphin found to be released into
the incubation media by S. mansoni have all been implicated in immune modulation
of the host. ACTH can be converted to aMSH by means of neutral endopeptidase
(NEP) which is present on the surface of PMN s [29]. aMSH has been shown to
counteract the inflamatory action of interleukin 1 and tumor necrosis factor on
PMNSs. In vitro incubation with aMSH caused cell rounding and a decrease in cell
area in both PMNs and invertebrate hemocytes. The same in vitro inactivation of
these cells is also observed when co-incubated with ACTH and NEP.

The direct inhibitory effects of ACTH and aMSH favor the hypothesis that these
chemicals mask the adult organisms from the definitve hosts immune system. This is
supported by the observation of a decrease in IFNy and 11-2 levels during schistoso-
miasis after maturation of the worms and oviposition [16, 23]. This is consistent with
in vitro observation of a decrease in IFNy production by T cells co-incubated with
ACTH.

The effects of ACTH and aMSH on the immune system of the intermediate host
was demonstrated by an elegant experiment by Duvaux-Miret and her colleagues
[12]. Hemocytes drawn from the pericardiac area of the infected snail host were
found to be inactivated. When these cells were incubated with anti-ACTH and/or
anti-MSH antibodies, the inactivation was reversed. Anti-MSH was more effective in
a shorter time period and incubation with both anti-sera was synergistic [12]. The
presence of aMSH in the host snail is also evidenced by an increase in the number
of circulating hemocytes during infection. This same phenomenon in another mol-
lusc, M. edulis can be attributed to inactivation by aMSFI, which results in an inhi-
bition of margination [34].

There have also been a number of reports over the years of immunomodulatory
effects of B-endorphin (BE). Among the reported effects of BE are antibody produc-
tion inhibition, diminution of T lymphocyte chemotactic factor production by mono-
cytes, and augmentation of granulocyte migration [6, 30, 31]. Some of these effects
are reversible by the prototypical opioid antagonist naloxone while others are not.
Since the N terminal of the peptide is the opiate ligand, the effects that cannot be
blocked by naloxone must be attributed to the G terminal end. The complexity of
effects makes it difficult to speculate on BEs role in immune manipulation by the par-
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asite. However, the upregulation of the immune response toward the schistosomula
as well as some of the immune suppression against the adult may be effected by BE.
RB-Endorphin has been shown to be more potent than ACTH or aMSH, since it has
the potential to iniate activity at ICHOM [33] and to resist degradation better than the
other two peptides. These two aspects make it a better candidate for acting at some
distance from the site of infection. BE levels have been shown to be elevated in the
blood plasma of mice infected with S. mansoni [17].

Opiate alkaloids such as morphine have long known to be immunosuppressive
[36]. As early as 1898, Cantacuzene noted the inhibitory effect of exogenous mor-
phine on cells of the immune system [2, 11]. More recently, it has been noted that
injection of morphine in vertebrate animals results in deficient macrophage function
[38] and alteration of T cell activity [39]. Morphine also antagonizes the chemotaxis
induced by IL-la or TNFa in human granulocytes and monocytes [21,24, 35]. These
observations have also been made on Mytilus and Leucophae immunocytes [36].
Morphine may also interact with neuropeptides and other immune regulators. The
administration of morphine has been demonstrated to increase the blood plasma lev-
els of ACTH, CRH, AND glucocorticoid [5, 10, 15, 22]. Morphine also up regulates
the expression of neutral endopeptidase 24.11 in human granulocytes, thus increas-
ing the conversion of ACTH to the immune suppressive aMSH [37].

Effects ofparasitism on analgesia

The apparent opiate effects of several parasitic infections have been explored in
experimental animals in recent years including the studies undertaken over the last
five years in our laboratory. These studies centered around opiate-mediated effects
on analgesia and activity levels of infected animals. The behavioral effects of para-
sitism resemble in many respects that seen in animals exposed to experimental stress
conditions. A basic reaction to aversive or stressful stimuli in mammals is a reduc-
tion in pain sensitivity or nociception [1, 19]. This analgesia has been considered an
adaptive response since pain might distract the animal from behavior critical to sur-
vival in situations of danger [7, 19]. The mechanism of nociception has been attrib-
uted to endogenous opioid peptides. These include enkephalins, endorphins and
dynorphins. Recently the role of endogenous morphine on nociception has also been
examined. Several opioid/opiate receptors including p, Sand K are targets of opiates
and opioid peptides and play different roles during the duration of the analgesic reac-
tion.

Infection with a range of parasites have been shown to induce alterations in noci-
ceptive behavior. Schistosoma mansoni infected male hamsters exhibit a chronic
increase in nociceptive thresholds over controls that is blocked by the prototypic opi-
ate antagonist naloxone [18]. Infection with Trichinella spiralis produced a similar
chronic analgesia in male white mice that was blocked with naloxone [25]. Mice
infected with the intestinal nematode, Nippostrongylus brasiliensis, showed an anal-
gesia that rose over the course of infection, reaching a peak with maximum egg pro-
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duction and then subsiding as the infection was cleared. This analgesia was blocked
by naloxone and the 5-receptor blocker naltrindole [26].

An unanswered aspect of host behavior and immune modifications by parasitic
infection is the source and nature of the opioids that are involved in the effect. While
opiate and opioid blood serum levels are increased by infection with both S. mansoni
and T. spiralis, it is not clear whether these substances are produced endogenously as
a reaction To parasitic infection or-directly secreted by the parasites. There, in fact,
may be a complex interaction of these two sources given the ability of morphine to
induce the activation of opioid neuropeptides. These questions are currently under
investigation in our laboratories.
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The role of efferent, octopaminergic dorsal unpaired median (DUM) neurons in insects is examined by
recording from them during motor behaviour. This population of neuromodulatory neurons is divided
into sub-populations which are specifically activated or inhibited during ongoing motor behavior. These
neurons arc always activated in parallel to the respective motor circuits, and in addition to their modula-
tory effects on synaptic transmission may also cause metabolic changes in their target tissues.

Keywords: Insects - biogenic amines - octopamine - neuromodulation - motor behavior - DUM neu-
rons.

INTRODUCTION

The biogenic amine, octopamine has a variety of effects in the central nervous sys-
tem of insects: (i) It is involved in processes of sensitization, habituation and mem-
ory including olfactory associative learning [2, 6, 23, 49], (ii) if iontophoretically
applied to a certain thoracic neuropil, motor patterns such as those shown during
walking [48] or flying [50] are released, most likely by influencing membrane prop-
erties of some target neurons in the respective networks [43]. More is known about
the peripheral modulatory effects of octopamine: (i) It influences the sensitivity of
proprioceptors [9, 33, 42, 45], (ii) it presynaptically modulates transmitter release
from motor terminals [18], (iii) it reduces basic tension and causes an increase in
twitch amplitudes and relaxation rates of skeletal muscles, and inhibits myogenic
rhythms of visceral muscle [17, 19, 30, 31, 32, 37, 35, 54, 58]. Interestingly, it also
modulates metabolic processes in flight muscles of insects, where it increases the
concentration of fructose-2,6-bisphosphate thus stimulating glycolysis [5, 7, 8, 56].

*Presented at the 9th ISIN Symposium on “Neurobiology of Invertebrates”, July 1-5, 1999, Tihany,
Hungary.

‘ Corresponding author, E-mail: pflueger@neurobiologie.fu-berlin.de

“ Present address: University of Arizona, 611 Gould Simpson Bldg, Tucson, AZ 85721, USA.

0236-5383/2000/$ 5.00 © 2000 Akadémiai Kiad6, Budapest


mailto:pflueger@neurobiologie.fu-berlin.de

344 H.-J. Pfluger and C. Duch

It also is reported to act as a neurchormone by influencing adipokinetic activity [1,
36], and recent experiments suggest a role in improved oxygen permeability and
hence respiratory efficiency [59].

Only in a few cases could these octopaminergic effects be mimicked by stimulat-
ing the neurons which contain octopamine. The great majority of octopaminergic
neurons belong to the class of unpaired median neurons with either dorsal or ventral
somata (DUM or VUM neurons [16, 18, 25, 26, 35, 38, 51, 52, 53, 55]. With the
exception of the suboesophageal VUMmx neuron in the honey bee [23], central
effects of octopamine could not be mimicked by stimulating individual DUM or
VUM neurons. In contrast, many of the previously described peripheral modulatory
effects were also observed when stimulating individual DUM or VUM neurons.

DUM neuron activity during motor behavior such as the locust kick

The locust, used here as our model insect, provides very favourable features for
investigating when the population of octopaminergic unpaired median neurons is
used in behavior. Firstly, the system of its DUM and VUM neurons has been well
documented [15, 53, 55], and the different types of DUM neurons have been
described according to the nerves which their axons exit [13, 15, 55], or according to
their target muscles [25]. Secondly, the networks of many motor behaviors have been
studied on a cellular level (see [11]). Previous studies postulated a collective activa-
tion of all unpaired median neurons [27, 36]. During cricket walking it was shown
that some prothoracic DUM neurons were active, but a correlation to the step period
or walking speed was not described [22]. It may be from observations such as these
that the notion of the DUM neurons being part of a general arousal system arose [27].
When examining the role of DUM neurons during the locust kick [12], very differ-
ent results were obtained, namely, that only DUMETI, innervating the extensor tibi-
ae musle, and DUMS3, -4, -5 neurons which, among others, innervate the flexor tibi-
ae muscle, were activated during a kick. Others, such as DUMS3, -4 neurons, which
most likely innervate flight power muscles (see [15,53]) were inhibited. Their results
clearly showed that the DUM neurons involved in this particular behavior were acti-
vated in parallel with the motor networks in the corresponding thoracic ganglion.
Therefore, whenever the locust started a kick program the respective octopaminergic
neurons were activated and others were inhibited.

DUM and VUM neuron activity duringfictive motor behavior

Support for this came from a string of other experiments in which patterns were
released from whole or parts of isolated nervous systems, and which (by correlating
them with motor patterns of intact insects) were called Active motor patterns [46,47].
Thus, the muscarinic agonist pilocaipin induces fictive walking patterns, and, in
agreement with a specific activation of DUM neurons, only the activity of DUM neu-
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rons which supply leg and other thoracic muscles was coupled to the centrally
evoked rhythm [4]. In Manduca larvae pilocarpin similarly induced fictive crawling
rhythms [28], and activated all VUM neurons which innervate body wall mus-
cles [29].

The DUM neuron population is divided into subpopulations

From these experiments it can be concluded, in contrast to previous suggestions, that
unpaired median neurons are activated differentially during specific behaviors, and
are divided into subpopulations. How exactly are these subpopulations defined?
When recordings are made from pairs of DUM/VUM neurons in locusts [40] or
Manduca larvae [41], it is obvious that some DUM or VUM neurons receive postsy-
naptic potentials (PSPs) which are common to both neurons. In a detailed survey
Baudoux and Burrows [3] and Duch et al. [15] found that such subpopulations are
defined by common PSPs from (i) local intemeurons, (ii) intersegmental intemeu-
rons and (iii) intemeurons that are only active during a particular motor program. In
the first two cases such common PSPs can be observed whenever recordings from
the respective pairs of DUM neurons were made, in the latter case the common PSPs
are only apparent when a particular motor behavior is shown. Unfortunately, all
attempts to identify some of the presynaptic neurons to DUM or VUM neurons have
failed so far. For the intersegmental common inputs evidence from Manduca [29]
and locusts [15] points to unknown descending neurons in the subesophageal gan-
glion.

Activity of DUM neurons during locustflight

The finding that during a locust kick the population of DUM3, -4 neurons, which
most likely innervates the flight power muscles, is inhibited seems surprising
because, provided the kick pattern is similar to that shown during jumps [10, 24, 39],
locusts open their wings during jumps. But when recording from DUM neurons in a
restrained and dissected locust, but with intact wing bases and partly movable wings,
a similar result was obtained: (i) DUM neurons which most likely exclusively inner-
vate flight power muscles are inhibited, and (ii) in contrast, DUM neurons which
innervate leg and other thoracic muscles are activated during short bouts of flight
activity. This is also true for pharmacologically-induced fictive flight patterns using
the octopamine agonist, chlordimeform. These experiments reveal that the respective
DUM neurons receive either an inhibitory or an excitatory synaptic drive during peri-
ods of motor behavior. Electrical stimulation of the sensory nerve containing the sen-
sory axons of the receptors of the wing tegula clearly demonstrates that they con-
tribute in an important fashion to this inhibition. The fact that inhibition is also shown
in isolated and Actively flying nervous systems may also suggest a participation of
central inhibitory pathways [14]. These results contradict all previous results
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obtained for DUM neurons from similarly restrained flying locusts [36, 42, 44].
Nevertheless, we believe that an inhibition of DUM neurons during flight makes a
lot of sense. It has been shown that octopamine stimulates one of the substances that
increases the glycolytic activity of muscle, fructose-2,6-bisphosphate [56, 78].
During flight, however, flight muscles rely on lipid metabolism [57], and therefore
octopamine concentrations should decrease. Indeed, measurements of octopamine
concentrations within a flight power muscle after ten minutes of flight reveal a dra-
matic decrease [20]. This is an interesting discrepancy to what happens in the
hemolymph. There, octopamine concentrations increase significantly during the first
ten minutes of flight [20, 21, 34]. Perhaps the octopamine concentration in the
hemolymph is too low to affect the octopamine receptors of the muscles, or
hemolymph flow within the intact organism is very different from what we believe.
In addition, the concentration of fructose-2,6-bisphosphate in the resting insect’s
flight muscles is very high if compared to a resting vertebrate muscle, for example
([56], and personal communication). This could be explained by the DUMS3,4 neu-
rons which in a resting, nonflying animal can be active with frequencies up to 1 Hz.
This activity would ensure that the resting muscle relies on glycolytic activity, and
that energy for the very first moments of flight activity comes from glycolysis.
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In the locust nervous system, tyramine is the direct precursor for octopaminc synthesis and, as an
octopamine analogue, it can activate octopamine receptors. Furthermore, the identification of specific
tyramine receptors in Locusta migratoria and Drosophila melanogaster suggests that it is an important
transmitter or modulator candidate. In this paper, we report that repeated tyramine injections reduced the
viability of last instar larvae of Locusta and Schistocerca. In addition, a retardation of the last eedysis
was observed as a sublethai effect of the repeated tyramine treatment. Moreover, egg deposition by adult
females was also retarded and/or drastically reduced. These effects show similarity to sublethai effects
described for certain “insecticidal’- octopamine receptor agonists, such as formamidines and phenylimi-
noimidazolidines. Since certain formamidine compounds were also shown to be agonists for the cloned
tyramine receptors, it cannot be excluded that some lethal or sublethai consequences of tyramine admi-
nistration are the result of an interaction with specific tyramine receptors.

Keywords: Amines - formamidines - octopamine - tyramine - G protein-coupled receptors.

INTRODUCTION

Monophenolic amines such as octopamine and tyramine are present in the insect
CNS. Tyramine (TA) is derived from the amino acid tyrosine via the action of a tyro-
sine decarboxylase enzyme, whereas octopamine (OA) is produced by hydroxylation
of TA. Several effects of TA are reported, but, from these studies, it is not entirely
clear whether TA acts as an OA-mimic or whether it exerts these activities as a na-
tural, endogenous messenger molecule [5, 14]. Recent studies have indicated that a
specific TA-uptake system is present in the locust nervous system [6]. The distribu-
tion patterns of OA and of TA show some important differences and there are spe-
cific, but distinct, binding sites for [3H]-OAand [3H]-TA [9]. Moreover, a 2-adrenore-
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ceptor-like phenolamine receptors which display a much higher affinity for TA than
for any other endogenous amine (e.g. OA or dopamine) were cloned from Drosophila
melanogaster and from Locusta migratoria [1, 13, 16, 19]. These receptors are phar-
macologically distinct from the OA-receptor subtypes that have been described in
insect tissues [7, 18, 20]. The fruitfly TA-receptor, when expressed in cultured mam-
malian cells, shows high affinities towards the insecticidal formamidine compounds
demethyl-chlordimeform and amitraz [8]. Therefore, in addition to OA-receptors,
TA-receptors may be target sites for certain formamidines. Yohimbine (Yoh), an a2
antagonist, possesses a high affinity for the cloned TA-receptors [16, 20]. It is a re-
latively good antagonist for locust OAr mediated effects in the extensor tibiae mus-
cle preparation and a very weak antagonist for OA2-mediated effects [7, 14].

In order to investigate the effects of TA, we performed a number of simple injec-
tion experiments and monitored the viability of last instar larvae and adult locusts.

MATERIALS AND METHODS

Insect breeding

Locusts (Locusta migratoria and Schistocerca gregaria) were kept under stable
humidity and temperature (30 °C) conditions. Artificial light sources were used to
mimic a constant day/night rhythm with 13 h of daylight. The animals were fed with
fresh or frozen grasses and rolled oats. In addition, the desert locusts (Schistocerca
gregaria) were fed with fresh cabbage leafs. The two species were kept in separate
rooms and they did not leave the gregarious phase.

Injection experiments

Control and experimental animals were derived from the same synchronized breed:
all locusts {Locusta or Schistocerca) used in a single experiment had the same age.
Each control or experimental group (of at least ten insects) contained equal numbers
of males and females and all animals were treated in a very similar way.
Experimental animals were injected by using a graded Hamilton syringe with a dilu-
ted solution of one of the following substances (purchased from Sigma) dissolved in
PBS (phosphate buffered saline) at different concentrations: p-tyramine (TA), (+/-)-
octopamine (OA), yohimbine (Yoh), a mixture of p-tyramine and yohimbine
(TA/Yoh) or a mixture of (+/-) octopamine and yohimbine (OA/Yoh). Control ani-
mals were injected with PBS. All injections were repeated with an interval of one
day. The last instar larvae, adults (after the last ecdysis) and dead insects were coun-
ted daily in each group of animals. The results were visualized by using the SLIDE
or CORRELCHART computer programmes.
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RESULTS

The result of several independent injection experiments is displayed in Fig. 1 We can
summarize the observed effects as follows:

1)

)

©)

Fig.

The control animals injected with PBS did not significantly differ from the non-
injected animals in the main cage. The moment at which the last ecdysis took
place was identical. In addition, these control animals remained healthy and
extremely small numbers of dead animals were obtained even after multiple
repeats of the injections.

In some experimental groups, the viability of the animals was severely affected.
Repeated injections with 4 pi of TA at concentrations above 104 M (which is the
TA concentration in the injected solution and not the resulting TA-titre in the
insect’s haemolymph) clearly had an insecticidal effect. This lethal effect was
usually not immediate. It occurred after several daily injections. In sublethal con-
ditions, the moment at which the last ecdysis took place was retarded. Although
the effect of tyramine injections was stronger, similar effects were also observed
when octopamine was injected.

Interestingly, co-injection of yohimbine together with tyramine or octopamine
clearly antagonized these lethal or sublethal effects, whereas injection with
yohimbine alone had only a slight effect on locust viability. The observation indi-
cates that yohimbine blocked the deleterious effects of (repeated) tyramine
and/or octopamine injections.

% survival of injected locusts

I. Histogram showing the percentages of surviving animals (Schistocerca gregaria) obtained from

injection experiments with Schistocerca gregaria last instar larvae. Injected solutions contained 4 pi of
PBS (PBS), 4 pi ofa 0.1 mM yohimbine solution (Yoh), 4 pi ofa 0.1, 1and 10 mM T/1 solution (TA-4,

TA-3, TA-2) or 6 pi ofa TA/Yoh mixture (4 pl 1 mM TA + 2 pl 0.1 mM Yoh)
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(4) Repeated injections of adult locusts with tyramine (and to a lesser extent with
octopamine) appeared to retard the moment of egg deposition. This was shown
by comparing several experimental (injections with TA or OA) and control
groups (injections with TA or OA in combination with yohimbine) of adult
locusts. In an experiment with Schistocerca, the TA-treated animals showed a
delay of 2-3 days for egg deposition and for subsequent larval hatching. In a si-
milar experiment with Locusta, the TA-injected animals deposited no eggs dur-
ing the time of the experiment. Adelay of about 5 days was observed for the OA-
injected group compared to the TA/Yoh or OA/Yoh groups. Again, yohimbine
antagonized the effects of TA and of OA.

DISCUSSION

Many physiological effects of OA as well as the pharmacology of OA binding sites
have been intensely studied in locusts. Compounds such as fonnamidines and
phenylimino-imidazolidines, which are thought to interact as agonists with OA-
receptors, or cocaine, which probably affects the octopaminergic system, possess an
insecticidal activity [3, 12]. Sublethal effects of these compounds have been
described and include many behavioural effects related to crucial physiological
processes of insects: hatching and éclosion, control of locomotion, the “arousal syn-
drome”, egg deposition, phototaxis and learning, growth delay and developmental
retardation, etc. [2, 3, 4, 11].

The effects observed after injection of TA (and of OA) appear to be very similar
to the ones that are elicited by formamidine insecticides. Since the pharmacodyna-
mics of TA administration into the haemolymph are not fully understood, there are
some unknown elements: (1) the true concentration of TA (or OA) present in the
haemolymph before and after the injections and the effect of inactivation and/or
uptake mechanisms for TA (or OA) [6, 10, 15, 17]; (2) the accessibility of the possi-
ble target sites and the role of the existing blood-brain barrier; (3) the effect of repeat-
ed injections on octopaminergic and/or tyraminergic systems, on feedback and
desensitization mechanisms. Therefore, it is quite difficult to speculate about the
physiological mechanisms that are responsible for the observed effects. The repeat-
edly injected TA (and OA) has probably mimicked the effect of formamidines in a
direct or indirect way. Specific receptor targets could have mediated the lethal and
sublethal effects of TA (or OA). Alternatively, TA may have induced (additional)
changes to the octopaminergic or tyraminergic systems. The idea that specific recep-
tors might be involved, is supported by the observation that the effects of TA
appeared to be stronger than these of OA and by the remarkable fact that yohimbine
was a very good antagonist for these effects. Cloned TA receptors from fruitfly and
locust display a high affinity for yohimbine and have a much higher affinity for TA
than for OA. Furthermore, it was reported that TA-receptors indeed represent poten-
tial target sites for certain formamidine compounds [8].
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Our results form a basis for further studies on the role(s) of phenolamines in
insects. The elucidation of the specific functions of OA and of TA will probably
depend on the characterization and localization of the pharmacologically distinct
receptor subtypes that are involved in mediating the cellular responses to these
amines [18]. This will most probably enrich our understanding of the complicated
aminergic systems in insects and of the mode of action of certain insecticidal com-
pounds.
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ACETYLCHOLINE, GABA, GLUTAMATE AND NO AS
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The distribution of glutamate, GABA and ChAT and of NADPH-diaphorase was immunocytochemical-
ly and histochemically investigated in the mushroom bodies of the cricket (Gryllus bimaculatus) and of
the fmitfly (Drosophila melanogaster). Glutamate and NO are considered as putative transmitters of
mushroom body Kenyon cell types. In the input area (calyces) of the mushroom bodies of Drosophila,
the majority of olfactory projection neurons is stained with antibodies against ChAT. In addition, small
GABA-immunoreactive presynaptic fibres of extrinsic neurons occur intermingled with the ChAT-
immunoreactive elements in the calyces, and occupy distinct compartments in the stalk and lobes.
Complex synaptic connectivity of putatively cholinergic and GABAergic extrinsic neurons and of Keyon
cell dendrites within the calycal glomeruli of mushroom bodies is discussed.

Keywords: Mushroom bodies - immunocytochemistry - GABA - glutamate - ChAT - Gryllus bimacu-
latus - Drosophila melanogaster.

INTRODUCTION

The mushroom bodies represent a prominent neuropile in the brain of insects, wide-
ly considered as secondary olfactory neuropile. Many recent approaches deal with
the contribution of mushroom bodies to odor discrimination, multimodal integration,
olfactory memory and to locomotory activities, or with their structural design and
development [3, 4, 14] in a number of favorite model species, among them crickets
and fruitflies. In crickets and in flies, the mushroom bodies are similarly and rela-
tively simply structured [7, 14].

Immunocytological studies on the distribution of neuroactive compounds consid-
erably contribute to the understanding of the compartmental organization of the
mushroom bodies, and, moreover, allow to allocate transmitters and modulators to
mushroom body neurons [4]. These morphological techniques are useful tools for
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complementing functional models on synaptic interactions. Biogenic amines and
neuropeptides have been demonstrated in extrinsic neurons, connecting the mush-
room bodies with other neuropiles of the brain. GABA and acetylcholine are abun-
dant transmitters in the insect nervous system, occurring in distinct groups of extrin-
sic mushroom body neurons as well [1,4, 15]. On the other hand, the transmitters of
the Kenyon cells, the abundant local intrinsic neurons, which determine the form of
the mushroom bodies, have poorly been investigated.

The present immunocytochemical and histochemical study describes the distribu-
tion of glutamate and NO in intrinsic mushroom body Kenyon cell populations and
of GABA and acetylcholine in extrinsic neurons of mushroom bodies, comparing the
cricket Gryllus bimaculatus and the fruitfly Drosophila melanogaster.

MATERIAL AND METHODS

Adults of Gryllus bimaculatus and Drosophila melanogaster (wildtype, Kanton
strain) from the institute’s breeding colonies, were fixed and further processed for
immunocytology according to different protocols described in detail elsewhere [1, 2,
11, 15]. For Cy-3-immunofluorescence preparations, vibratome-sections were pref-
erentially used. The following primary antibodies were used: antisera against gluta-
mate (No. 607, kindly provided by 0. Ottersen, Oslo); against GABA (Incstar, Still-
water, USA), and against Drosophila choline acetyltransferase (ChAT) (kindly pro-
vided by P. M. Salvaterra, Duarte USA). NADPH-diaphorase histochemistry served
for the demonstration of putative NO synthase (NOS) [10]. Immunostainings were
viewed by either conventional light microscopy or by confocal microscopy, pho-
tographed or stored by a computer.

RESULTS
Labeling ofKenyon cells

The mushroom bodies of crickets contain three separate populations of Kenyon cells
(KI-111) with separate clusters of somata and axonal fibres collected in discrete bun-
dles running in parallel through the calyces and stalks and terminating in the a- and
B-lobes (Fig. 1) [11]. In Gryllus, the three populations of Kenyon cells can be clear-
ly discriminated by their glutamate-like immunoreactivity. Strong glutamate-like
immunoreactivity, most prominent in the somata, is found in the KHI-neurons,
whereas the KM-cells are less intensely stained (Figs 2, 3). In contrast, central Kl-
cells appear devoid of glutamate-like immunostaining.

In the fruitfly Drosophila, the mushroom bodies show a subcompartmental orga-
nization due to clustering of Kenyon cells and axonal fibres [14]. We failed to detect
a clear glutamate-like staining of sets of Kenyon cells. A selective glutamate-like
staining by use of a ABC-DAB-procedure and a different antiserum for the fruitfly
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Fig. 1 Scheme of cricket mushroom bodies. Right: Clusters of Kenyon cell type somata (I 1l1) give rise

to fibre bundles, projecting through the calyces, stalks and terminating in the a- and R-lobes. Type IlI

cells show strong, type Il cells medium glutamate-like immunoreactivity and type | cells lack staining.

Left: The compartments formed by the Kenyon cells receive extrinsic cells in different neuropile portions

(stippled labels: immunoreactive putative GABAergic neurons with discrete subdivisions in the stalk and

in the lobes and in all parts of the calyx; circles: olfactory fibre projections of putative cholinergic neu-
rons restricted to the calyx)

mushroom bodies has been recently reported [13]. There, pronounced immunoreac-
tivity was demonstrated in the mushroom bodies in comparison to surrounding neu-
ropile, and the glutamate-like immunostaining in the mushroom bodies could not be
related to extrinsic elements.

With NADPH-diaporase histochemistry, widely used as indicator for NOS and
NO, a selective strong staining of the mushroom bodies of the cricket was obtained,
using different modes of fixation (Figs 4, 5, but s. Drosophila and other species [6]).
In Gryllus, the somata of the KHI-neurons appear strongly stained (Fig. 4), whereas
a distinct labeling of other Kenyon cell types was not consistently found.

Labeling ofextrinsic neurons

GABA-like immunoreactivity in the mushroom bodies of Gryllus and Drosophila is
clearly allocated to extrinsic neurons. In both species, these stained fibres project into
all parts of the calyces, forming tiny bouton-like swellings. In the stalk and the lobes,
GABA-like immunostaining is distributed in neuropile portions, with various
degrees of staining intensity (Figs 1, 6- 8). In the cricket, GABA-like immunoreac-
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Figs 2-5. Labeling of Kenyon cells in Gryllus bimaculatus. 2, 3: Glutamate-like immunofluorescence.

Differential staining of Kenyon cell somata (I Il) and of their fibre bundles in the cross-sectioned stalk,

CA calyx. 4, 5: Strong NADPH-diaphorase staining of the mushroom body calyces, the a- and B-lobes,

and in Kenyon cell type Il somata neighbouring the posterior calyx (arrowheads). Note unstained mas-

sive tract (OT) of olfactory projection neurons; AL antennal lobe glomeruli, B bridge, P pars intercere-
bralis. Scale bars (2, 4): 100 pm, (3): 50 pm
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Figs 6-9. Labeling of extrinsic neurons in the mushroom bodies. 6-8: Grylius bimaculatus, GABA-like

immunostaining. In the calyces (CA), lobes, and in surrounding neuropile. Note unstained tract of olfac-

tory projection neurons (arrow) connecting to the deutocerebrum (D). The immunorcactive fibre (arrow-

head) arborizes in the calyces. The stalks (S) and oc-lobes show immunoreactive fibres invading only por-

tions of the ncuropile; central body (CB). Scale bars 100 pm. 9: Drosophila melanogaster; ChAT-like

immunostaining of olfactory projection neurons in the calyces (arrows) and in the lateral protocerebrum
(triangles), S stalks. Scale bar 25 pm
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tivity is distributed in different parts of the neuropilar compartments constituted by
the fibre bundles of the Kenyon cells. The distribution of GABA-like immunoreac-
tivity in the columnar stalk and lobes indicates further functional subdivisions in the
Kenyon cell fibre bundles. In Drosophila, the GABA-like immunoreactivity in the
lobes is also non-randomly distributed.

ChAT-like immunoreactivity taken as an indicator for acetylcholine in Drosophila
is restricted to the calyces (Fig. 9). Confocal images of immunofluorescent whole
mounts and semi-thin sections of peroxidase-antiperoxidase stained preparations
show large boutons of the projection neurons of the inner antenno-cerebral tract, con-
necting the mushroom bodies with the antennal lobes. These projection neurons ter-
minate in a large projection field in the lateral protocerebrum (lateral horn) [12, 15].
Stalk and most parts of the lobes lack substantial immunoreactivity compared to
background staining. In the cricket, no ChAT-like immunostaining is detected with
the antiserum against Drosophila ChAT. Acetylcholine-esterase histochemistry
marks large parts of the cricket brain, with strong staining of the calyces, but no
staining is present in the stalks and the lobes [5].

DISCUSSION

We address the discussion to (1) the putative transmitters in distinct sets of Kenyon
cells and (2) the possible mode of synaptic interaction of intrinsic Kenyon cells and
extrinsic, putatively GABAergic and cholinergic neurons, which encounter to close
contact in the calyces.

The compartmental organization of the mushroom body neuropile has been seen
previously in classical histological investigations [7]. The knowledge on discrete
subdivisions of the mushroom bodies is reflected and substantially complemented by
mapping the distribution of functional substances (transmitters) used in the synaptic
transfer between neurons. From the glutamate-like staining in Kenyon cells, we ten-
tatively suggest glutamate as a transmitter in these intrinsic neurons in both species
studied. In the cricket, large portions of the Kenyon cells appear as strongly labeled
as antennal motomeurons, which use glutamate as an excitatory transmitter [11]. As
in crickets, prominent labeling of serveral brain neuropiles is found in the bee. In the
corpora pedunculata of the bee, a subset of Kenyon cells shows faint glutamate-like
immunoreactivity [2], not as prominent as in Gryllus and in Drosophila [11, 13].
Interestingly, Kenyon cells in Gryllus might employ NO as a colocalized transmitter.
In this species, a population of Kenyon cells shows histochemically stained somata,
and there is no evidence for this species that the NADPH diaphorase staining main-
ly occurs in extrinsic neurons as discussed for several other insect species [6]. The
histochemical NADPH diaphorase staining used is a selective, but not a specific
marker for NO-synthase distribution, which awaits further unequivocal demonstra-
tion by immunocytochemistry.

Chemical heterogeneity of Kenyon cell types has been shown previously [4, 9].
The differential glutamate-like staining of Kenyon cells in the cricket is consistent
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with the distribution of the three classes of non-isomorphic Kenyon cells. This find-
ing supports the view of functional differences between the Kenyon cell types, by no
means investigated and understood from electrophysiological experiments.

Putative GABAergic extrinsic elements encountered in the calyx and in parts of
the stalk and lobes [3, 4, 7] have been interpreted as feedback neurons, connecting
the neuropilar compartments of the mushroom bodies [1]. The view of a GABAergic
feedback input into the calyces is supported by immuno-electron microscopy [8].
However, the synaptic circuitry is too complex for a simplifying explanation based
on light microscopical studies, and physiological investigations are lacking. ChAT-
like immunoreactive projection neurons of the main antennal cerebral tract in
Drosophila [12, 15] and acetylcholinesterase activities in the corresponding tract and
neurons of the cricket brain [5] are interpreted as cholinergic neurons, the only ele-
ments serving for the direct transfer of olfactory information from the primary anten-
nal lobe neuropile to the mushroom bodies. In crickets and in Drosophila, these puta-
tively cholinergic projection neurons meet other (intrinsic and extrinsic) neurons in
the calyces, the main site of inputs of different modalities [7]. In Drosophila, the fre-
quent large presynaptic ChAT-like immunoreactive boutons in the calyx glomeruli
are connected to tiny fibres, interpreted as Kenyon cell dendrites from immuno-elec-
tron microscopical studies [12]. GABAergic elements ranging among small presy-
naptic boutons are expected to be synaptically coupled with the Kenyon cell den-
drites as well. Thus, from the present and previous studies a complex synaptic cou-
pling of a single Kenyon cell, receiving both excitatory and inhibitory input, is pro-
posed. This view, based on the distribution of the two classical transmitters acetyl-
choline and GABA in the calyces, extends the interpretation of synaptic coupling of
intrinsic and extrinsic neurons in the main input sites, drawn previously from con-
ventional electron microscopy [7]. However, this model remains incomplete in many
details, because the calyces hold a number of extrinsic neurons containing biogenic
amimes and neuropeptides [4], but with synaptic circuitry still undescribed.
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1 In the cricket Giyllus bimaculatus, effects of opiate receptor antagonist naloxone, 9 or 30 pg per ani-
mal, on aggressive behavior were investigated.

2. Naloxone had no significant impact on aggression of isolated and dominant males. In contrast, the drug
caused a dramatic release of social aggression in female and subordinate male crickets.

3. The results suggest that activity of the opioid system contributes to suppress aggression in subordinate
males, as well as in females, during social contacts.

Keywords: Aggressive behavior - endogenous opioid system - social status - insects - Gryllus bimacu-
latus.

INTRODUCTION

Aggressiveness is known to depend upon animal social status and to differ between
sexes. A vast amount of information about neurochemical mechanisms underlying
sex- and social rank-related differences in aggression concerns mammals. Little is
known of how aggressiveness is regulated in invertebrate animals. Serotonin was
found involved in control of aggression in crustaceans [3, 6], and octopamine in a
model insect, the cricket [11]. In both instances, studies have been focused on male
agonistic behavior. Much of the female aggressiveness and mechanisms of its regu-
lation in invertebrates remains obscure.

In previous experiments on crickets, we found that drugs interfering with opiate
receptors influenced social status and rank-related escape responses [4]. These find-
ings indicated that the endogenous opioid system known to control aggressive behav-
ior in vertebrate animals [7-9] might also participate in the regulation of social
aggression in insects. The aim of the present work was to examine whether tonic
activity of the endogenous opioid system contributes to the control of aggressiveness
in crickets. We studied the effects of an opiate receptor antagonist, naloxone, on

+Presented at the 9th ISIN Symposium on “Neurobiology of Invertebrates”, July 1-5, 1999, Tihany,
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social aggression in both males and females. Additional attention was directed to
males differing in their social experience, specifically, to fight winners, fight losers,
and specimens taken from isolation.

MATERIALS AND METHODS

Crickets (Giyllus bimaculatus) two weeks after imaginai moult were taken from a
breeding colony (28 °C, 12 h-12 h light-dark cycle) and isolated for at least 12 hours
prior to an experiment. Solution of the drug, naloxone hydrochloride (Sigma), or
vehicle (ringer for crickets), 50 pi, was injected into the abdominal cavity. In three
hours after injection, control and experimental pairs of matched in size and weight
crickets (x20 mg) were placed in a transparent plastic container with movable opaque
wall in the middle. After short adaptation (10-15 min), the wall was removed and
crickets were allowed to meet.

The cricket fight develops in a stepwise manner. According to [1, 2, 10], the fol-
lowing 6 steps (fight levels) can be distinguished: 0. no interaction; 1. pre-established
dominance; 2. bilateral antennal fencing; 3. unilateral mandible spreading (by one
animal in a pair); 4. bilateral mandible spreading (by the two animals); 5. mandible
engagement; 6. physical combat. We evaluated (i) the level of fight at which domi-
nant-subordinate relationships were established, (ii) total duration of fight. After the
establishment of social rank, we recorded for 1 min the following parameters of the
winner (dominant) behavior: (i) rival song duration, (ii) time of chasing, (iii) number
of attacks, and (iv) number of mandible spreadings. After 1st interaction, crickets
were separated for 15 min and then combined again, and loser behavior (fight or
escape) was analyzed.

The aggression of paired females (number, level and duration of fights, if any) was
similarly evaluated for 3 min since the beginning of contact.

There were two experimental male groups, one treated with 9 pg naloxone, the
another with 30 pg naloxone, and one female group treated with 9 pg naloxone (62
pairs altogether). Each experimental group had a respective control (50 pairs alto-
gether).

For quantitative temporal analysis the ongoing behavior was directly observed or
video-taped. Data was analyzed with a use of RTIME software [5]. Significance of
differences between experimental groups and their respective controls was tested by
Student’s i-test, or Wilcoxon test, or Fisher’s exact test.

RESULTS
First interaction, previously isolated males

No significant difference in the intensity of fight was seen between controls, on the
one hand, and experimental pairs treated with 9 or 30 pg naloxone, on the other. The
median level of fight was 5 in all groups. Slight insignificant decrease in the per-
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centage of contact fights (levels 5 and 6) was seen in crickets received 30 gig nalox-
one (52% in comparison with 64% in the control). Total duration of fight was sig-
nificantly shorter in the group treated with 30 pg naloxone (6.127+1.263 sec, com-
pare to 9.0 £ 1.2 sec in the control, p < 0.05), while in crickets received 9 pg, it was
insignificantly changed (8.1 + 1.3 sec).

Postfight behavior, winners

No significant difference in parameters characterizing dominant behavior was found

between control and naloxone-treated crickets. Duration of rival songs averaged

9.0 £ 3.1 sec at 9 pg naloxone; 13.7 + 1.3 sec at 30 pg naloxone; 11.0 + 2.3 sec and
10.7 £ 2.7 sec in related controls. Duration of chasing was 8.8 + 2.5 sec; 9.8 £ 1.7 sec
in the naloxone groups, and 103 +1.1 sec and 122 £2.1 sec, in the controls.

Similarly, there were no difference in the performance of open mandibles between

control and naloxone groups, median number of attacks with mandible spreading was
2 in all groups with lower and upper quartiles 1and 3, respectively.

Second interaction, losers

In the second interaction test, 41% of losers treated with 9 pg naloxone and 61% with
30 pg naloxone, in contrast to 19% of the control group (p < 0.05 and <0.001, respec-
tively), showed the renewed willingness to fight with their respective dominants
(Fig. 1A). The median level of the second fight in both naloxone groups reached 4,
whereas in controls it was only 1 This difference was statistically significant,
p < 0.01). In accord with increased intensity of fight, the mean duration of the sec-
ond fight was higher in naloxone groups: 4.9 + 0.8 sec and 5.9+ 19 sec versus
1.4 + 0.6 sec in the control, p < 0.001 (Fig. 1B).

Females

Females placed together on a limited territory also tend to determine which animal is
dominant and which is subordinate. Flowever, in comparison to males, females use
to establish rank at lower levels of fighting [1]. Higher level fights (levels 3 through
6) were seen in ca. 30% female pairs only, whereas in males in ca 90%.

Naloxone increased markedly the number, intensity and duration of female fights.
In 93% of naloxone-treated pairs, fight escalated beyond the level 3 (Fig. IB).
Correspondingly, the median level of fight was 3 in the naloxone group, and 1 in con-
trol, p< 0.005; the respective mean duration of fight averaged 5.2 + 1.0 sec and
1.7+ 0.6 sec, p< 0.01.
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Fig. 1. Effects of naloxone on level of aggression in male (A) and female crickets (B). First Fight, initial
fight in pairs of isolated, socially naive, male crickets; Second Fight, fight in the same pairs in 15 min
after the 1st interaction. Crickets were injected prior to the initial fight with ringer (Cont), 9 pg naloxone
(Nall) or 30 pg naloxone (Nal2). Level 0: no interaction; level 1: pre-established dominance; level 2;
bilateral antennal fencing; level 3: unilateral mandible spreading; level 4; bilateral mandible spreading;
level 5: mandible engagement; level 6: physical combat (level evaluation according to Stevenson et al. [10])

CONCLUSION

Our results provide an evidence for involvement of the endogenous opioid system
into the control of aggressive state of male and female crickets. We found that the
opiate antagonist naloxone caused a release of social aggression in subordinate male
crickets and in females. In contrast, aggressiveness of isolated and dominant males
was not potentiated by the drug. We presume that, in females and subordinate males,
aggression is maintained at a low level due to activation of the endogenous opioid
system. Lack of potentiating action of naloxone on well-expressed aggression of iso-

Acla Biologien Hungarica 51, 2000



Insect agressiveness: release by naloxone 367

lated and dominant males may indicate that their opiate targets related to the control
of aggression are not occupied by endogenous ligands.

The results thus confirm our previous reports [4] that opioid status defines social
rank-related differences between male crickets. These opioid-related differences are
now extended to male aggressiveness. Furthermore, the results suggest that a similar
mechanism may underlay sex-related differences in social aggression of insects. It
may be concluded that a linkage of the opioid system to the aggressive behavior is
well represented in invertebrates indicating that it could appear early in animal evo-
lution.
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The biological potencies of a number of naturally-occurring octa- and decapcptides of the large
AKH/RPCH family of peptides were determined in Locusta migratoria using the lipid-mobilising assay
in vivo and the acetate uptake assay in vitro. The most potent of the newly-tested peptides in the in vitro
assay, Phl-CC, differs from the endogenous major locust peptide, Lom-AKH-I, only by an exchange of
serine versus threonine at position 10. However, the most active peptide in the in vitro assay remains
Lom-AKH-III. At the other extreme is the peptide Mem-CC which contains a tyrosine residue at posi-
tion 4 rather than the more typical phenylalanine. This peptide is over 20 000 times less potent than Lom-
AKH-111 in the in vitro assay, and also results in an unusual dose-response curve in the in vivo assay. Only
a few peptides are approximately equipotent in both assays, but mostly the bioanalogues have a higher
potency in vitro. The majority of them are 2- to 10-fold more potent in vitro, but Ani-AKII and Lom-
AKH-111 are 19- and 48-fold more potent. The results arc discussed in relation to either the actions of
proteases or of possible preferential binding of different receptors involved in the different assays.

Keywords: Locusta migratoria - acetate uptake assay - lipid mobilisation - AKH/RPCH peptides -
receptor interaction.

INTRODUCTION

Peptides of the AKH/RPCH family have been found in all insect or crustacean
species which have been investigated. They are pleiotropic with various well-
described actions, mostly catabolic, or glucacon-like in nature [6, 9] although they
are not thought to have any sequence homology to this mammalian hormone [8].
Their best-known actions in insects include hypertrehalosaemia, hyperlipaemia and
hyperprolinaemia [5].

In addition to their ubiquity and pleiotropy, there are also a wide variety of homol-
ogous structures (over thirty), which have been found in the arthropod species that have
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been investigated over the last twenty-three years. The elucidation of all these different
structures has been motivated by an attempt to detennine potential evolutionary path-
ways for these peptides, and suggest a possible candidate for the ancestral adipokinet-
ic hormone [3, 7]. To date, a number of arthropod families have been investigated for
members of the AKH/RPCH family, and for unknown reasons, there is more variation
in their structure within certain insect orders (such as Caelifera) than others (such as
Ensifera and Odonata) and in Crustacea. There are no established reasons why this is
S0, nor is it known why certain individual species should contain more than one AKH
variant. It can only be tentatively suggested that multi-variants exist in order to fulfil
different physiological roles within the insect during its development.

In addition to providing information about the possible ancestral variant, investi-
gations into the adipokinetic group of peptides clearly demonstrate which residues
are most subject to natural variation. It is clear that positions 1, 4, 5, 8, and in nona-
and decapeptides, position 9 are quite highly conserved (see Fig. 1in [14]), whilst
position 2, 3, 6, 7and 10 are relatively variable [14]. These studies have also demon-
strated the necessity for blocked termini, with pyroglutamate at the N-terminus and
an amidated C-terminus.

One of the model insect species for investigating the actions of AKHs is Locusta
migratoria. Using this insect, a vast body of information is available on the classical
adipokinetic response as well as on other physiological actions of AKHSs, such as
activation of glycogen phosphorylase, inhibition of protein synthesis, lipid synthesis
and uridine incorporation into RNA [9]. However, information regarding the AKH
receptors in insects is very patchy [19]. Some authors, however, have attempted to
define receptor requirements of locusts by measuring the two major biological
responses, lipid mobilisation in vivo and acetate uptake in vitro [6, 14]. The present
paper examines the potencies of a number of recently discovered bioanalogues of the
AKH/RPCH family in the acetate uptake assay in vitro and compares the results with
those achieved for the lipid mobilisation assay in vivo [2, 4]. We then compare the
present data on potencies with that for existing ones from previous studies and
hypothesize as to why two different biological assays should vary in their sensitivi-
ty to the various structures of neuropeptides from the AKH/RPCH family.

MATERIALS AND METHODS

Migratory locusts, Locusta migratoria, were reared as outlined elsewhere [15], and
adult female locusts between day 2 and 7 after the imaginai moult were used for the
acetate uptake assay in vitro as described previously [11, 12]. For the in vivo lipid
mobilisation assay adult male locusts at least 14 days after the imaginai moult were
used [2, 4]. In both assays a full dose response curve was obtained for each peptide.

The peptides used in this study were synthesised by standard solid phase chem-
istry, purified on reversed-phase liquid chromatography, and their identity verified by
sequence determination (via Edman degradation technique) and by matrix-assisted
laser desorption/ionisation mass spectrometry.
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RESULTS

Table 1 lists the name [18] and primary structure of the peptides used in the present
study and reports the calculated EC50 values of the in vitro assay and the EDX) val-
ues obtained in the in vivo assay measuring lipid mobilisation [2, 4]. Moreover, the
ratio between the ED and ECH0 values is given; since the blood volume of the
locusts is assumed as 300 pi, aratio of 1.0 indicates the same potency of a given pep-
tide in each assay. For comparative reasons (see Results and Discussion), data of pre-
vious studies on potencies of bioanalogues are given as well in Table 1

Some typical concentration-potency curves for a few representative peptides in
vitro are shown in Fig. 1and compared with Lom-AKH-I and Lom-AKH-III.

Overall, it is clear from Table 1that none of the peptides investigated here is more
potent in the acetate uptake assay than Lom-AKH-IIl. The pyrgomorphid decapep-
tide PhI-CC is structurally very similar to Lom-AKH-1, and unsurprisingly therefore,
quite similar in potency. However, the other pyrgomorphid peptide, Phm-AKH, is
considerably less active, although it closely resembles Phl-CC and Lom-AKH-1. The
other decapeptide tested, Del-CC from blister beetles, is fairly potent, but the cicada
peptide Plc-HrTH is not. This latter peptide, however, is also the least potent in the
series of decapeptides tested here for its lipid mobilising action. Comparing the
EDSYECH ratios of the decapeptides, only two, Phm-AKH and the blaberid Bld-
HrTH are approximately equipotent in both assays; the other decapeptides are most-
ly between 3- and 10-fold more potent in vitro, with the exception of the horse fly’s

0001 001 01 1 10 100 1000
Peptide pmol/300 pi

Fig. i. The potencies of selected naturally-occurring octapeptides (upper panel) and decapeptides (lower
panel) of the AKH/RPCI1 family in the acetate uptake assay in vitro
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Sequences and experimental activities of AKH analogues in the acetate uptake assay in vitro and the

Name

Decapeptides
Lom-AKH-I
Phl-CC
Taa-HoTH
Cam-HrTH-11
Rom-CCI
Del-CC
Phm-AKI I
Bld-HrTH
Hez-HrTH
Plc-HrTH-11
Nonapeplide
Mas-AKH
Octapeptides
Lom-AKIMII
Grb-AKH
Lom-AKII-11
Pab-RPCH
Psi-AKII
Scg-AK.H-11
Ani-AKH
Ers-AKH
Pea-CAH-II
PeaCAH-I
Lia-AKH
Emp-AKH
Tem-HrTH
Taa-AKI |
Miv-CC
Pht-HrTH
Asn7-Pht-HrTH
Ona-CC
Poa-HrTI |
Asn7-Mem-CC
Mem-CC

Sequence

pQLNFTPNWGT
pQLTFTPNWGS

pQLTFTPGWGY
pQLTFTPNWGT

pQVNFTPNWGT
pQLNFSPNWGN
pQLNFTPNWGS
pQVNFSPGWGT
pQLTFSSGWGN

pQVNFSPSWGN

pQLTFTSSWG

pQLNFTPWW
pPQVNFSTGW
pQLNFSAGW
pPQLNFSPGW
pQVNFTPGW
pQLNFSTGW
pQVNFSPSW
pQLNFTPSW
pQLTFTPNW
pPQVNFSPNW
pPQVNFTPSW
pPQVNFTPNW
pPQLNFSPNW
pQLTFTPGW
pQINFTPNW
pQLTFSPDW
pQLTFSPNW
pQYNFSTGW
pQITFTPNW
pQLNYSPNW
pQLNYSPDW

In vitro

ech
(pmol/300 jil)

0.21*
0.22*
0.28a
0.31”
0.38”
0.78*
1.41*
3.6d

5.75a
6.29*

6.80a

0.04a
0.30a
0.46a
0.48a
0.49*
0.76a
0.93*
1.05*
1,06a
1.55a
1.76*
2.22*
2.90*

7.48*

9.88*
15.5*
16.4*
34.9*
358.0*
920.0*

lipid mobilisation assay in vivo. All peptides are blocked at both termini

In vivo
edd

(pmot)

0.71
2.2b
24.8C
2.0a
2.0a
6.5b
1.0b
3.8d
60.8e
23.5b

10.0¢

1.9¢
1.0¢
6.5"
4.6
1.5b
2.0¢
17.5b
6.5'
5.0¢
5.0¢
8.6e
5.0e
6.8e
8.4b
16.0b
39.5e
17.5b
162.0e
203.0e
atypical

Ratio

3.3
10

6.5
5.3
8.3
0.71
11
10
3.7

15

48
3.3

14
9.6
31
2.6

19
6.2
4.7
3.2
4.9
2.3
2.3

21

25
11
4.6
0.6

Peptides are given in order of length and then in order according to potency in the in vitro assay. Data
are either from present study* or taken from published data: [11]a [4]b [2]c, [10]dand Gé&de, unpublished6.

The symbol

Acta Biologien Hungarica 51, 2000

indicates that the potency has not been determined.



Potencies o fAKII peptides in vivo and in vitro 373

Taa-HoTH, which is very much more potent in the in vitro assay than in the in vivo
assay.

There are vast difference in potencies in the in vitro assay between the tested
octapeptides. Four peptides, originating from odonate species, Psi-AKH, Ani-AKH,
Ers-AKH and Lia-AKH (in order of decreasing potency) as well as the mantid and
tenebrionid peptides (Emp-AKH andTem-HrTH), are about 12- to 73-fold less active
than the octapeptide Lom-AKH-IIIl. The termite peptide Miv-CC, the blowfly pep-
tide Pht-HrTH and its analogue as well as the beetle peptide Ona-CC and the cock-
roach peptide Poa-HrTH are intermediately potent (between 100- and 1000-fold less
than Lom-AKH-111). The beetle peptide Mem-CC and its analogue exhibit very little
activity in this assay and are 23 000- and 9 000-fold less potent than Lom-AKH-I1I.
In general, the peptides from the intermediary and very low potency groups are also
the ones with the lowest potencies in the in vivo assay. Interestingly, the EDSYECH
ratio for the Mem-CC analogue is below one and it is approximately 1 for Ona-CC.
The majority of the remaining octapeptides are 2- to 10-fold more potent in vitro, but
Ani-AKH and Lom-AKH-III are 19- and 48-fold more potent.

DISCUSSION

First, we look at the in vitro data only, and compare the results with previously
achieved ones. Second, we take the relative potencies in the two different assays into
account and ask why the relative potencies of the different assays vary. Finally, we
highlight some of the outstanding and urgently awaited studies concerning the adipo-
kinetic hormones in locusts.

Examination of the in vitro data reveals some interesting details in both the
decapeptides and octapeptides. These are discussed separately below.

Decapeptides

Four peptides are structurally very similar: Lom-AKH-1, Phl-CC, Phm-AKH and the
stick insect peptide Cam-HrTH-II. In fact, Cam-HrTH-II and Lom-AKH-1 differ only
in an Asn to Thr exchange at position 3, and Phm-AKH and Phl-CC are the respec-
tive counterparts containing both Ser at position 10 instead of Thr. One would have
expected that the biological potencies in vitro are very similar as shown for the in
vivo response (see Table 1) [2, 4]. This is true for the Asn3to Thr 3 exchange [11].
The conservative exchange at position 10 of one neutral amino acid with a hydroxy-
lated side chain, namely Thr, with another one, namely Ser, does also not affect
potency when Cam-HrTH-II and Phl-CC are compared. The lower potency of Phm-
AKH could be speculatively explained, by default, by some sort of interaction of the
Asn residue at position 3 with Ser at position 10. An alternative explanation is a gross
experimental error.
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Overall, the exchange at position 5, again from Thr to Ser, as in Del-CC and at the
same time at position 10 to Asn, does slightly affect potency. Conversely, when
another Ser residue was introduced at position 7, potency was quite low as in Plc-
HrTH. Other naturally - occurring decapeptides previously [11] had Gly at position
7 (the lepidopteran peptide Hez-HrTH and the blaberid peptide Bld-HrTH) which
seemed to be responsible for their low potencies. Since this position 7 is an integral
part of the proposed beta-turn [1, 20], the small Gly residue may not constrain the
molecule sufficiently.

Octapeptides

The majority of the naturally - occurring octapeptides tested are only up to 100-fold
less potent than Lom-AKH-I11. Even within this broad range, it is not clear what spe-
cific interactions cause changes in potency. However, it becomes more obvious for
peptides in the range 100- to 1000-fold less potent than Lom-AKH-II1. Specifically,
the residues lie or Tyr at position 2 are not tolerated well by the receptor. This is espe-
cially apparent when the following comparisons are made: Miv-CC (He2) is more
than 3-times less potent than its counterpart Emp-AKH (Val?). Similarly , Poa-HrTH
(He?) is even 32-times less potent than Pea-CAH-I1 (Leu2 11). The same is true for
Ona-CC (Tyr? and its partner Scg-AKH-I1 (Leu? which results in a 20-fold loss of
potency [11]. The Leu/Val to He exchange is rather conservative, and loss in activity
in vivo has been explained “by the fact that the branched side chain of He apparent-
ly restricts conformational freedom necessary for good receptor interaction” [4]. The
change from Leu2to Tyr2 is more dramatic. Here, a non-aromatic amino acid with
hydrophobic side chain is replaced by an aromatic one with a hydrophilic side chain.
Another possible trend is that the combination of Thr3 and Ser5 as in Asn7- Pht-
HrTH, is not well tolerated, since the molecule Pea-CAH-II (Thr3and Thr5 is 140-
times more potent [11]. A negatively charged form of the former peptide, Pht-HrTH,
was actually somewhat more potent than the neutral form. The reverse was true in
Mem-CC, but this compound is very difficult to compare due to its exceptionally low
potency in vitro and peculiar behaviour in vivo. It appears that Tyr, which is typical-
ly Phe in all other AKH members, interferes in some way with the optimal interac-
tion of the hormone with the locust receptor.

Relative potencies in the two assays

Why should the relative potencies of the different assays vary? The assay in vitro is
generally more sensitive to the peptides than the assay in vivo (9.4 + 3.3; although
the perhaps more representative median value is just 3.7). This value is certainly not
constant amongst the different peptides as has been mentioned above; there is a wide
range of sensitivity ratios between 0.7 and 89 of the natural peptides tested here.
Although this ratio is rarely less than 1.0, it can be much higher; an analogue
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described previously was over 700 times more potent in the acetate uptake assay in
vitro than the lipid mobilisation assay in vivo [10].

There are two obvious possible explanations for this difference in potencies. The
first is that there are two receptors involved in the two assays that have different pref-
erences for the different peptides. This might be expected as the fat body is most sen-
sitive to the actions of adipokinetic hormones in vitro when obtained from adult
locusts which are less than about a week old, whereas the AKHs have the greatest
lipid mobilisation effects in vivo in adults which are 2-3 weeks old. This hypothesis
would explain such large variations in peptide potencies between the assays. An
alternative one, which does not necessarily conflict with the previous one (i.e. the
two are not mutually exclusive) is that the peptides are differentially hydrolysed or
absorbed in vivo, and this takes place with sufficient rapidity that it affects the mea-
sured potency of the peptides. Of the three Locusta peptides, Lom-AKH-11I is known
to be far more susceptible to inactivation in vivo [16], or by bovine Chymotrypsin in
vitro [12] than either Lom-AKH-1 or -Il. A third contributor to the observed variation
in potency ratios is experimental error in one or both of the estimations of potency.
At this point we do not consider this to be the dominant factor which would explain
the variation in peptide potency across the bulk of the peptides investigated, although
it cannot be discounted at the level of an individual peptide.

In view of the apparently very different potencies in the two assays, is it possible
to come to any general conclusions about the differences for each assay for particu-
lar AKH structures? It has been noted previously that the acetate uptake assay has a
relatively higher preference for hydrophobic peptides than the in vivo lipid mobilisa-
tion assay, as indicated by a high ratio [11, 12]. This was readily observable for the
AKHs containing two tryptophan residues [13], and for peptides with hydrophobic
additions to the hydroxyl moeity of one or both of the threonine residues on the
AKHs [15, 17]. The two peptides with the highest ratio in Table 1are both quite
hydrophobic: Lom-AKH-111 and Taa-HoTH both have a structure containing an aro-
matic amino acid residue substitution, and are tolerated better in the acetate uptake
assay compared with the lipid mobilisation assay. No straightforward conclusions
appear possible with those peptides that are more potent in vivo than in vitro.

Future studies

The present study has contributed for a somewhat better understanding of potency
patterns in the two bioassays. A number of questions have remained outstanding for
some time. One of the most pressing of these is information relating to the receptors
in Locusta. We urgently need to know whether there are specific receptors for each
of the three Lom-AKHSs and what their primary and tertiary structures and their local-
isation are. Moreover, do the receptors vary during the development of the locust or
are they identical at any one time and only change in the different phases, solitary or
gregarious, of the insect? Molecular biological techniques rather than protein chem-
ical ones will need to be utilised to answer these questions during the next decade.
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Classical transmitters and neuroactive peptides act as transmitters or modulators within the central and
peripheral nervous systems of nematodes, for example Ascaris suum and Caenorhabditis elegans.
Acetylcholine (ACh) and gamma-aminobutyric acid (GABA) are respectively the excitatory and
inhibitory transmitters onto somatic body wall muscle while 5-hydroxytrypamine (5-HT) is the excitato-
ry transmitter onto pharyngeal muscle. 5-HT also reduces ACh-induced contractions of somatic muscle
and this action of 5-HT is mediated through activation of adenylate cyclase while that on pharyngeal
muscle is mediated through inositol phosphate activation. Glutamate, dopamine and octopamine also
have transmitter roles in nematodes. Neuroactive peptides of the RFamide family can excite somatic
muscle, for example, AF-1 (KNEFIRFamide), AF-2 (KHEYLRFamidc), AF-3 (AVPGVLRFamide) and
AF-4 (GDVPGVLRFamide) or inhibit and relax this muscle, for example, PF-1 (SDPNFLRFamide), PF-
2 (SADPNFLRFamide) and PF-4 (KPNIRFamide). In addition PF-3 (AF-8) (KSAYMRFamide) has a
biphasic action on pharyngeal muscle, excitation followed by inhibition while AF-1 only inhibits this
muscle. The peptide effects can be either pre- or postsynaptic or both and are likely to be mediated
through second messenger systems. In addition these peptides modulate the action of classical transmit-
ters, particularly ACh.

Keywords: Ascaris suum - acetylcholine - GABA - monoamines - FMRFamide-like peptides.

INTRODUCTION

Nematodes are a highly successful group of animals, certainly asjudged by the range
of habitats they have colonised. These include free living species, for example,
Caenorhabditis elegans, parasitic species in plants, such as Heterodera rostochien-
sis, and parasitic species in animals, such as Ascaris suum. Although there are only
around 15,000 recorded species it is likely that there could be up to one million yet
to be identified worldwide [1]. There is considerable literature on the structure, life
cycles and distribution of nematode species but relatively little on their physiology
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and pharmacology. This is surprising since many parasitic species are of considerable
economic importance and attempts have been made over the past 50 years or so to
find selective and potent anthelmintics. A number of compounds are available but as
with other pesticides, resistance has developed to these compounds. If an attempt is
to be made to design new target specific anthelmintics then it is important to have a
full understanding of the physiology and pharmacology of the target organs, such as,
the nervous and muscle systems. It is also necessary to determine their physiology
and pharmacology if full use of the C. elegans genome project is to be realised. This
is now complete and provides key data in our search for future target sites for
anthelmintics [13]. The aim of this report is to present data from our laboratory illus-
trating progress on our understanding of the physiology and pharmacology of nema-
todes, taking A. suum, Ascaridia galli and C. elegans as our model animals.

MATERIALS AND METHODS

A. suum were obtained from a local abattoir and maintained for up to a week in arti-
ficial perienteric fluid (APF) of the following composition in mM: NaCl 67, Na
acetate 67, CaCl2 3, MgCl2 15.7, KCL1 3, glucose 3, Tris 5, pH 7.6, with glacial acetic
acid. The temperature was maintained at 37 °C. A. galli were obtained from experi-
mentally infected fowl (Gallus gallus) or commercially from Central Veterinary
Labs., Weybridge, UK. They were maintained in Earle’s balanced salts (EBSS) of the
following composition in mM: NaCl 116, CaCl2 1.8, MgS040.8, KC1 5.4, NaH2P 04
1, glucose 3, phenol red-Na 0.003, pH 7.6 with NaOH. A. galli could be kept for 3-4
days in the EBSS at 42 °C. C. elegans, wild type (Bristol strain), were routinely cul-
tured in the laboratory and dissected in Dent’s solution with the following composi-
tion in mM: NaCl 140, CaCl2 3, MgClI2 1, KC1 6, Hepes 10, pH 7.4. In some exper-
iments a modified Dent’s solution was used where a high magnesium to calcium ratio
was used with the following composition in mM: NaCl 140, KC1 6, CaCl2 1, MgClI2
10, Hepes 5, pH 7.4.

For the muscle strip pharmacology studies and electrophysiological recordings,
conventional techniques were employed [26]. The 1C-50 value is the concentration
of antagonist required to reduce the response to an agonist by 50%. The EC-50 value
is the concentration of agonist required to produce 50% of the response. The pA2
value is the log of the reciprocal of the concentration of an antagonist that necessi-
tates doubling the concentration of agonist to produce the same response.

The peptides used in this study were either obtained commercially or synthesised
within the School of Biological Sciences, University of Southampton.

RESULTS

The results will be divided into two sections, those describing classical transmitter
studies and those describing studies using neuroactive peptides.
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Classical transmitters

Nematodes employ the same transmitter chemicals as other animal groups and there
is good evidence for acetylcholine (ACh), gamma-aminobutyric acid (GABA), 5-
hydroxytryptamine (5-HT, serotonin), glutamic acid and dopamine as transmitters in
nematodes. A summary of their distribution and actions on somatic and pharyngeal
muscle in A. suum is shown in Table 1

Table 1
Summary of the distribution and physiological actions of classical transmitters on nematode nervous,
somatic and pharyngeal muscle

Physiological actions

Transmitter Distribution somatic nervous pharyngeal
muscle system muscle

Acetylcholine Excitatory motor neurons; excitatory excitatory inhibitory

(ACh) Sensory neurones; e.g. amphids

Gamma- Inhibitory motorneurons and inhibitory inhibitory inhibitory

aminobutyric interneurons

acid (GABA)

Glutamate Interneurons; M3 motorneurons modulatory excitatory inhibitory
(pharynx)

Serotonin ENS-pharyngeal; Neurons in modulates inhibitory stimulatory/

(5-HT) male tail and female reproductive excitatory
system

Dopamine Sensory neurones in female modulatory inhibitory inhibitory
reproductive system

Octopamine modulatory inhibitory

Acetylcholine (ACh)

ACh is the excitatory transmitter onto body wall somatic muscle in nematodes and
the pharmacological profile has been determined [6]. Using a range of cholinergic
agonists, antagonists and toxins, it was found that the receptor on somatic muscle
resembles the mammalian neuronal nicotinic receptor. Dimethylphenylpiperazinium
(DMPP) was a potent agonist while mecamylamine and benzoquinonium were
potent antagonists. Interestingly hexaméthonium was a very weak antagonist while
dihydro-beta-erythroidine was inactive. By comparison with vertebrate studies, the
subunit composition whose pharmacology most resembled A. suum somatic muscle
ACh receptor was a 332 This was based on the observation that both neuronal bun-
garotoxin, 100 nM blocked 5 pM ACh by 82%, and neosuragatoxin, 1C-50 117 nM,
were active as ACh antagonists on A. suum muscle. In contrast alpha-bungarotoxin
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was a very weak antagonist with a pA2 of 5.85 pM [7]. Cytisine was a very weak
agonist while crude Conus toxin was inactive. Two analogues of the wasp venom
philanthotoxin were also tested on this ACh receptor. Philanthotoxin 433 was a
potent antagonist at the A. suum receptor with an I1C-50 value of 0.25 pM, (Fig. 1).
The antagonism was largely reversible with 75% recovery after 10 minutes wash.
Philanthotoxin 343 was less potent with an 1C-50 value of 1.55 pM and the block
reversed more quickly with 100% recovery following a 10 minute wash.

ACH, threshold 500 nM, depolarises and excites pharyngeal muscle of C. elegans
and this action is mimicked by pilocarpine.

A putative levamisole binding subunit, asar-1, has been obtained from A. suum.
The cDNA encodes for a nicotinic ACh receptor alpha subunit, as defined by the
presence of two vicinal cysteines in the N-terminal region. This subunit has a 78.9%
predicted amino acid identity with the putative nicotinic ACh receptor subunit
UNC38 from C. elegans, asar-1 is the first subunit for a ligand-gated ion channel
cloned from A suum.

Philanthotoxin concentration (pM)

control OlpMPhTX  3pM PhTX wath
343 343

20s

Fig. 1. Effect of philanthotoxin 343 on the ACh response in A. suum. The graph shows the percentage

response (conductance change) against increasing concentrations of toxin. The trace shows control

responses to 5 pM ACh, as indicated by bar, and the reduction of the response with 0.1 pM and 3.0 pM
toxin. There is partial recovery on washing
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Gamma-aminobutyric acid (GABA)

GABA is the inhibitory postsynaptic transmitter ontoA suum body wall muscle. The
phannacological profile of this receptor has been investigated and in terms of ago-
nist profile it resembles the vertebrate GABA-A receptor with dihydro-muscimol
being a potent agonist. In contrast the vertebrate GABA-A antagonist bicuculline is
inactive while picrotoxin has a very low potency as an antagonist, that is, high pM
towards 1 mM. This is of interest since GABA inhibition onto A suum muscle is
mediated through an increase in conductance to chloride [14]. However bicuculline
was found to block the A. suum somatic muscle ACh receptor in the high pM range.
The vertebrate GABA-A receptor is modulated by a number of compounds, includ-
ing benzodiazepines and barbiturates but neither flurazepam nor pentobarbitone
altered this GABA response. In this respect the A. suum GABA receptor resembles
the vertebrate GABA-C receptor [27]. However two groups of compounds were
identified which did antagonise the A suum GABA receptor, that is, avermectins and
a series of azole derivatives. Avennectin and its derivatives irreversibly antagonise
the action of GABA but are required in the pM range [15]. The azole compounds of
which SN 606078, 2-(2,6-dichloro-4-trifluromethylphenyl)-4-(4,5-dicyano-IH-imi-
dazol-2-yl)-2H-1,2,3-triazole, is the lead compound, can block the GABA inhibition
in the low pM range, with SN 610272 having an 1C-50 value of 13 pM [2]. This
block is reversible and it is likely that further derivatives can be synthesised with
higher potencies.

GABA also has an inhibitory action on the pharyngeal muscle of A. suum, with a
threshold of around 1 pM and an EC-50 of 23 pM [4]. This action of GABA can be
potentiated by ivermectin, for example, 1pM ivermectin can increase the threshold
inhibition induced by GABA by a factor of ten. In addition ivermectin, 1-1000 nM,
can directly inhibit pharyngeal muscle pumping. However around 20% of prepara-
tions failed to respond to 500 nM ivermectin. Very high concentrations of picrotox-
in, around 1 mM, can also block the GABA inhibition on this muscle, for example,
the inhibition induced by 10 pM GABA.

GABA, threshold low pM, induces a rapid depolarization of C. elegans pharyn-
geal muscle which is mediated through an increase in chloride conductance. In this
muscle the chloride equilibrium potential is more positive than the muscle cell mem-
brane potential, resulting in a rapid depolarization. This action of GABA is potenti-
ated by the GABA uptake blocker nipecotic acid, indicating the presence of an
uptake system for GABA inactivation in this preparation.

Glutamic acid

Glutamic acid does not have a direct effect on A. suum body wall muscle but does
have a presynaptic action to reduce muscle activity. Glutamate can inhibit somatic
muscle spontaneous muscle action potentials and also reduce excitatory junction

potentials (ejps) recorded intracellularly from the muscle. This effect of glutamate is

Acta Biologica Hungarian 51, 2000



384 R. J. Walker et al.

mimicked by kainate. Glutamate also inhibits pharyngeal muscle pumping activity in
A. suum with a threshold concentration of around 10 pM and an EC-50 value of
491 pM [4]. As with GABA, the response to glutamate can be potentiated by 1 pM
ivermectin. In the presence of this concentration of ivermectin, the threshold
response to glutamate decreased tenfold, that is, to 1 pM.

Glutamate also inhibits pharyngeal pumping in C. elegéns but here the response is
not potentiated by ivermectin. This glutamate inhibition appears as a depolarization
since as already mentioned, the chloride equilibrium potential is more positive than
the cell membrane potential. The actions of barbiturates have been investigated on
glutamate gated chloride channels from C. elegans, GluCla and GIuCI® following
expression in Xenopus oocytes. GluCla is activated by ivermectin while GIuCIR is
activated by glutamate [10]. Interestingly barbiturates decreased the glutamate-
induced response of these co-expressed channels in a concentration-dependent man-
ner.

5-Hydroxytryptamine (5-HT, serotonin)

5-HT does not have a direct effect on A. suum body wall muscle but does attenuate
ACh-induced contractions of the muscle though concentrations up to 1 mM are
required. 5-HT also reduced ejps recorded from the muscle with a threshold of
around 1 pM. 5-HT stimulates cAMP production in somatic muscle. 5-HT has a
much clearer role in the physiology of the pharyngeal muscle system. On this prepa-
ration 5-HT induces and maintains pumping when the isolated preparation is per-
fused in the high pM range, for example, 100 to 200 pM [3]. This effect is concen-
tration-dependent, threshold 10 pM and an EC-50 value of 44.4 pM. 5-HT has no
effect on cCAMP production in pharynx muscle but does activate IP3levels. 5-HT can
directly stimulate action potentials in pharynx muscle of C. elegans in a concentra-
tion dependent manner, threshold 50 nM. There is relatively little effect on muscle
membrane potential, the effect being an increase in action potential frequency.

Fig. 2. Effect of dopamine, 1 pM, and octopamine, 10 pM, on excitatory junction potentials (ejps)
recorded from a somatic muscle cell of A suum. Both amines reduced the amplitude of the ejps and these
effects reversed following washing. In case of dopamine, the ejp was virtually abolished
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Dopamine

Dopamine does not have a direct effect on A. suum body wall muscle but does atten-
uate ejps recorded from this muscle. The threshold for this inhibitory effect is around
1pM and a similar effect is observed with octopamine (Fig. 2). Both compounds also
inhibit pharyngeal pumping in A. suum. Both dopamine and octopamine inhibit pha-
ryngeal muscle action potentials in C. elegans, with threshold in the high nM range.

Neuroactive peptides

In addition to classical transmitters, a number of peptide families have been identi-
fied in nematodes, including the FMRFamide family, first described in molluscs. For
example, in C. elegans FMRFamide peptides are encoded by at least 18 different
genes and so far 53 peptides have been identified in C. elegans and around 20 in A
suum [24]. The main members of this family, isolated from A. suum and Panagrellus
redivivus, and which will be discussed here are listed in Table 2. The actions of these
peptides have been investigated on both somatic body wall muscle of A. suum, A.
galli and C. elegans. Since these peptides are widespread in nematodes they are like-
ly to play a key role in the physiology of a number of systems including locomotion,
feeding and egg-laying. For example, injection of RFamides into whole A. suum can
induce heightened motor activity for up to two hours followed by paralysis, for
example, AF-2, while injection of PF-1 induces flaccidity. Results from using these
peptides will now be described.

Table 2
Name, sequence and action of a number of RFamide peptides on somatic and pharyngeal
muscle of A. suum

Actionona. suum

Peptide Sequence
somatic muscle pharyngeal muscle

A. suum

AF-1 KNEFI RFamide excitatory inhibitory

AF-2 KHEYLRFamide biphasic

AF-3 AVPGLRFamide excitatory no effect

AF-4 GDVPGVLRFamidc excitatory no effect

AF-8/PF-3 KSAYMRFamide excitatory biphasic

P. redivirus

PF-1 SDPNFLRFamide inhibitory no effect

PF-2 SADPNFLRPamide inhibitory no effect

PF-4 KPNFIRFamide inhibitory no effect

Note: A- alanine; D - aspartic acid; E - glutamic acid; F - phenylalanine; G - glycine; H - histidine;
I - isoleucine; K - lysine; L - leucine; M - methionine; N - asparagine; P - proline; R - arginine; S
serine; T - threonine; V - valine; Y - tyrosine.
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AF-1 (KNEFIRFamide) and AF-2 (KHEY LRFamide)

These two peptides were the first peptides to be isolated in a nematode, that is in A.
suum [8, 9]. Both have rather complex actions on A. suum somatic muscle strips, and
an example for AF-1, 1 pM, is shown in Fig. 3. AF-1 can elicit an increase in mus-
cle tension (Fig. 3a), accompanied by a series of phasic contractions and relaxations.
Alternatively AF-1 can elicit a simple increase in muscle tension (Fig. 3b). A com-
parison of the excitatory actions of ACh, 3 pM, and AF-1, 1 pM, are shown in Fig.
3c. In this case AF-1 elicited an increase in phasic activity without an increase in
muscle tone. These actions of AF-1 can be long lasting, for example, over two hours.
AF-2 can also increase frequency and amplitude of spontaneous muscle contractions
which can last for over one hour. The threshold for these AF-2 induced responses is
around 10 nM. AF-2, 100 nM, can potentiate the increase in muscle tension induced
by ACh [26]. In electrophysiological recordings from the muscle, AF-2 100 nM, can
also potentiate ejps recorded from somatic muscle cells. Interestingly AF-2 failed to

ACh AFl

3 (im Y
Fig. 3. The effect of AF-1 on the A. suum dorsal muscle strip. Each trace is from a similar but separate
preparation. The tissue was perfused with artificial perienteric fluid containing AF-1, 1 pM (a) AF-1,
1pM, elicited an increase in muscle tension, but also an increase in phasic contractions and relaxations.
(b) AF-1, 1pM, elicited an increase in muscle tension, but did not elicit phasic activity to any extent.
(c) ACh, 3 pM, elicited an increase in muscle tension of approximately 1.5 g, in the same dorsal muscle
strip, AF-1, 1pM, elicited an increase in phasic contractions and relaxations, but not an increase in basal

muscle tone
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Log concentration of ACh (M)

Fig. 4. Concentration-response curve for ACh on a dorsal muscle strip of A. suum in the absence and

presence of 1 pM AF-2. ACh was added to the dorsal muscle strip in increasing concentrations for 10

sec, washed for 30 sec and re-equilibrated for 2 min. Following a 3 min exposure of the tissue to the pep-

tide, the concentration-response curve was repeated. The curve with open circles represents the concen-

tration-response curve in the absence of AF-2 and the closed circles represents the concentration-
response curve in the presence of peptide

potentiate depolarization of muscle cells induced by ACh. This indicates that AF-2
can act presynaptically on excitatory motoneurones to enhance ACh release and in
turn ejp amplitude. In contrast to its excitatory action on somatic muscle, AF-1 is
inhibitory on A. suum pharyngeal muscle. However both AF-1 and AF-2 are excita-
tory on C. elegans pharyngeal muscle, threshold around 50 nM.

AF-2 can elicit a biphasic effect, relaxation of A. suum somatic muscle strip pre-
ceding the sustained contraction, threshold 10 nM. In the presence of 1 pM AF-2, a
concentration-response curve for ACh is potentiated (Fig. 4). For example, 1pM AF-
2 potentiated the effect of 10 pM ACh by 140 + 22% compared to control response
(P <0.001). Interestingly 1 pM AF-2 increased the maximum response to ACh. This
concentration of AF-2 also increased the rate of relaxation of the contraction elicited
by ACh, 10 pM. For example, in the absence of AF-2, the relaxation rate of the ACh
contraction was 0.19 £0.04 gsec-1. In the presence of AF-2, the relaxation rate
increased to 0.45 + 0.14 gsec“], giving a relative relaxation rate of 2.3 compared to
control (P =0.01) [21]. These effects of AF-2 are long-lasting and a three minute
application can take over 90 minutes to reverse. If the muscle is incubated with AF-
2 for longer, for example, five minutes, then the peptide effect on ACh response
appears to be irreversible. The possible involvement of a second messenger system
in the potentiation of ACh response by AF-2 was investigated and the results sum-
marised in Table 3. The phosphodiesterase inhibitor, IBMX 500 pM, blocked the AF-
2 induced potentiation of the ACh contraction, i.e. AF-2 enhanced the ACh response
from an initial value of 100% to 157 £30% but in the presence of 500 pM IBMX,
AF-2 only increased the ACh response from 100% to 102 + 25%. Theophylline, 100
pM, also inhibited this AF-2 induced potentiation of the ACh response, Table 3.

Acta Biologien Hungarica 51. 2000



388 R. J. Walker et al.

However caffeine failed to have an inhibitory effect on the peptide response. Both
forskolin, an adenylate cyclase activator, and dibutyryl cCAMP, a membrane perme-
able analogue of CAMP, also reduced the AF-2 effect on the ACh response, Table 3.
However 8-Br-cGMP, a membrane permeable analogue of cGMP, had no effect. The
protein kinase C activator, phorbol 12-myristate 13 acetate (PMA), 10 ng ml“1, had
a direct effect on the muscle strip, initial relaxation followed by a slow steady con-
traction over a 4-5-hour period. PMA depletes levels of protein kinase C by irre-
versibly activating the protein kinase C system. PMA had no effect on the ACh con-
traction but did reduce the potentiation of the ACh response by AF-2 and this reduc-
tion was significant (P = 0.05).

Table 3
The effect of methylxanthines and second messengers on the AF-2 induced potentiation of the ACh
contraction

Compound Concentration Control Experimental % Difference
IBMX 500 pM 157 £30% 102 £25% -55% (n = 7; p < 0.001)
Theophylline 100 pM 158 +25% 117 £32% -41% (n = 6; p < 0.001)
Caffeine 5pM 145 £23% 133 £ 14% -12% (n=6; N.S.)
Forskolin 10 pM 130+ 5% 102 + 10% -28% (n=5; p <0.01)
Dibutyryl
cAMP 100 pM 159 £35% 119 £ 11% -40% (n = 5; p < 0.001)
8-Br-cGMP 100 pM 142 + 19% 140 £22% -2% (n=3; N.S)

The control value is in the presence of AF-2 but without the test compound. N.S. = not significant.
1BMX, isobutylmethylxanthine

AF-1 is inhibitory on A. suum pharyngeal muscle [5] and this effect is concentra-
tion dependent with a threshold of 1 nM. However unlike PF-3, AF-1 exhibits no
clear excitatory component. Interestingly AF-2 has no effect on pharyngeal muscle

pumping.

AF-3 (AVPGVLRFamide) and AF-4 (GDVPGVLRFamide)

Both AF-3 and AF-4 are excitatory on A. suum and A. galli somatic muscle and this
action has been investigated using muscle strip pharmacology, intracellular record-
ing from muscle cells and second messenger level measurements [27, 28]. As with
AF-1 and AF-2, both AF-3 and AF-4 also potentiate ACh contractions. Both peptides
are considerably more potent than ACh in exciting body wall muscle. For example,
on A. suum body wall muscle strip, the EC-50 values for ACh, AF-3 and AF-4 are
13+ 1pM, 24+6 nM and 37 £2 nM, respectively. Using intracellular recordings
and measuring depolarization, the EC-50 values for AF-3 and AF-4 were consider-
ably higher, i.e. 681 £329 nM and 901 £229 nM, respectively. However in each
case AF-4 was slightly less potent than AF-3. The depolarization elicited by AF-3 and
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AF-4 were not blocked by ACh antagonists, such as, benzoquinonium, and so it is
unlikely that these peptides act through the release of ACh. A. galli muscle was also
excited by AF-3 and AF-4 though this muscle was less sensitive, EC-50 values for
contraction of the muscle strips were 721 + 236 nM and 371 + 177 nM for AF-3 and
AF-4 respectively. Though AF-4 was slightly more potent than AF-3 on A. galli
somatic muscle, this difference was not significant. The effects of AF-3 on both A
stiuni and A. galli muscle have been further investigated. Both forskolin, 10 pM, and
IBMX, 500 pM, inhibit AF-3 induced contractions of A. suttm muscle strip by 22%
and 27% respectively. AF-3, 1pM, also decreased basal levels of CAMP in A. suttm
somatic muscle from 1721 + 134 pmol mg“1to 1148 + 133 pmol mg“1(P0.05; n = 5).
Foskolin, 10 pM, potentiated the basal level and this presentation was reduced by
AF-3.

AF-3 and AF-4 have no apparent effect on pharyngeal muscle pumping (Table 2).

PF-1 (SDPNFLRFamide) and PF-2 (SADPNFLRFamide)

Although PF-1 and PF-2 were first identified in P. redivivus [12] they both have
potent inhibitory and relaxing actions on somatic muscle of A. suum and A. galli. For
example, 1 pM PF-1, elicits a relaxation of the A. suum muscle strip which lasts for
3-4 hours and almost completely blocks the increase in muscle tone elicited by ACh.
Threshold relaxation can be obtained with PF-1 at around InM and this peptide
inhibits ACh induced contractions in a concentration dependent manner (Fig. 5). In
this experiment, a standard contraction was obtained to 10 pM ACh and then this
concentration was applied in the presence of ever increasing concentrations of PF-1.
On washing there was partial recovery. Intracellular recording from somatic muscle
cells confirmed that PF-1 hyperpolarized the membrane potential, for example,

Fig. 5. Concentration-response relationship for the inhibition of ACh contractions by PF-1. Increases in

isometric tension, elicited by consecutive concentrations of ACh (10 pM ¢), were incrementally reduced

by increasing concentrations of PF-1 (0.001-100 pM). The effect of PF-1 was reversed after a
period of washing. Each point is the mean of four determinations, indicated by error bars
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N. 10)iM GABA B. 200 nM PF!

Fig. 6. Histograms to show that the response to PF-1 is not antagonised by SN 612239. /1. Histogram

shows the mean response to GABA, 10 pM, in normal APF and in the presence of SN 612239, 10 pM.

Hyperpolarizations elicited by 10 pM GABA, in the presence of SN 612239, were significantly reduced

compared to the control, n =5, P < 0.005. Following 20 min wash in APF, the block was reversed.

B. Hyperpolarizations elicited by PF-1,200 nM, in the presence of SN 612239, 10 pM, were not signif-
icantly different from control values, n =4, P> 0.3

200 nM hyperpolarized the membrane potential by 1.9 £ 0.3 mV (n = 11). Compared
to GABA hyperpolarization, the PF-1 effect was slow in onset and the duration very
variable, ranging from 5 to 60 minutes. The EC-50 for PF-1 was 349 + 87 nM com-
pared to 26.3 £3.5 pM for GABA. In contrast to the position with GABA, PF-1 inhi-
bition failed to induce a consistent change in input conductance. PF-1 inhibited spon-
taneous muscle action potentials but often without clear hyperpolarization of the
membrane potential. The GABA antagonist, SN 612239 10 pM, failed to block the
PF-1 (200 nM) hyperpolarization while it consistently reduced GABA (10 pM)
hyperpolarization (Fig. 6). The ionic events associated with PF-1 hyperpolarization
were investigated and compared with those to GABA, the latter being a chloride
event. No evidence was found for a role for chloride in the PF-1 hyperpolarization.
Low potassium, 0.1 mM, saline resulted in an increased hyperpolarization, but this
response was not consistent. However in four cells 100 nM PF-1 elicited a mean
hyperpolarization of 4 £ 0.7 mV in nonnal APF while in low potassium APF, the
hyperpolarization increased to 5.81 + 1.0 mV, P < 0.05. The presence of a mixture of
tetraethylammonium (TEA), 5 mM, and 4-aminopyridine (4-AP), 250 pM, blocked
PF-1 hyperpolarization reversibly. All this provides evidence for a potassium com-
ponent in the PF-1 response. Experiments using A. galli somatic muscle confirmed
the work described for A. suum and work on A. suum using PF-2 showed that it had
a similar effect to PF-1. Neither PF-1 nor PF-2 have any apparent effect on pharyn-
geal muscle pumping (Table 2).
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PF-4 (KPNFIRFamide)

PF-4 is another peptide first identified in P. redivivus but which has potent relaxing
and inhibitory effects on A. suum somatic muscle [16]. The action of this peptide is
particularly interesting because it is fast and the effect is mediated primarily through
an increase in permeability to chloride. Both events which are shared with the GABA
response on somatic muscle. However PF-4 is considerably more potent that GABA,
with an EC-50 value of 98 nM, compared with GABAs EC-50 value in this study of
59 pM. Unlike the hyperpolarization seen with GABA, that to PF-4 can be described
in two phases, an initial fast phase which occurs within one minute of application.
This hyperpolarization then declines to a steady plateau after a minute, the membrane
potential then slowly returns to control value. While the action of GABA, 30 pM, is
blocked by ivermectin, 10 pM, that to PF-4, 1 pM, is unaltered. This strongly sug-
gests that the PF-4 hyperpolarization is through a receptor which is distinct from the
GABA receptor on somatic muscle.

PF-3 (AF-8) (KSAYMRFamide)

PF-3 or AF-8 has been identified in both A. suum and P redivivus and is excitatory
on somatic muscle [22] and biphasic on A. suum pharyngeal muscle [3]. PF-3 caus-
es an initial increase in amplitude and frequency of pumping with a threshold of
around 0.1 nM. This enhanced activity is then followed by an inhibitory phase with
reduced amplitude of contraction and reduction in frequency. Higher concentrations
of peptide induce increasing degrees of inhibition, for example, 1 nM, completely
stops pharyngeal pumping. As the concentration of PF-3 increases, the initial excita-
tory phase decreases as the period of inhibition increases.

DISCUSSION

It is clear that both classical transmitters and REamide neuropeptides have key roles
in the normal physiology of nematodes. The evidence for ACh as the somatic mus-
cle excitatory transmitter and for GABA as the inhibitory transmitter onto somatic
muscle is good. The initial experiments were conducted using A. suum as the model
preparation [18, 19]. Motoneurones are present which contain either ACh or GABA.
The GABA receptor resembles mammalian GABA-A receptors, being linked to fast
chloride-mediated event, activated by muscimol but this agonist binding site does not
recognise bicuculline and has a very low affinity for picrotoxin. This suggests a pos-
sible similarity with the proposed GABA-C receptor [20]. Although ACh is also the
excitatory neuromuscular transmitter in vertebrates, there are differences as might be
expected between the nematode somatic muscle ACh receptor and the vertebrate
ACh nicotinic receptor on striated muscle. On balance the nematode ACh receptor
more closely resembles the vertebrate neuronal nicotinic ACh receptor but further
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work is required to clarify the position. There are interesting differences, particular-
ly in terms of the antagonist profiles of the two receptors. In addition to its role as a
neuromuscular transmitter in nematodes there is evidence for the occurrence of ACh-
containing sensory neurones, for example, in the amphids.

Biogenic amines, including 5-HT, dopamine and octopamine are also involved in
the regulation of physiological processes in nematodes. 5-HT has a key role in pha-
ryngeal muscle activity and probably also has a role in somatic muscle excitability,
both events acting through second messenger systems. 5-HT also has a role in egg-
laying [29]. Recently two 5-HT receptors have been cloned in A. suum [17] and one
of these has 77% homology to the C. elegans 5-HT receptor [25] and around 65%
homology to mammalian 5-HT-2 receptors. It is therefore possible that one of the
receptors in A. suum has 5-HT-2 properties. This is a possible area which could be
exploited in developing novel anthelmintics. Dopamine is likely to have a role in the
regulation of the reproductive system and possibly also as a sensory transmitter.
Glutamate is present in motoneurones regulating the pharynx, for example, M-3 in
C. elegans, and probably plays a key role in modulating pharyngeal activity. It is like-
ly that this glutamate receptor may be one of the sites for ivermectin action in
A. suum. Glutamate also has an indirect role in regulating somatic muscle. The phar-
macology of this glutamate receptor which is located on DE-2 motoneurones of
A. suum has been studied in detail [11] where glutamate is excitatory and kainic acid
is a potent agonist.

From immunocytochemical and molecular biological studies it is clear that pep-
tides and in particular RFamides play an important role in the normal physiology of
nematodes. Probably more than half of the neurones contain immunoreactive mater-
ial to RFamides and so are likely to release it following activation. These peptides
can inhibit or excite or have biphasic actions on muscle systems in nematodes, either
directly or indirectly through the nervous system. The total number of RFamide pep-
tides so far identified in nematodes is astounding and it will be of great interest to
analyse all their actions both in the peripheral and in the central nervous system. For
example, AF-2 clearly has an important modulatory role in the excitation of somatic
body wall muscle of A. suum. It is likely that this effect is, at least partly, mediated
through a second messenger system. The induction of phasic contractions by AF-2
would suggest it can modify the contraction-relaxation cycle. In C. elegans there is
a twitching gene and animals with mutations in the twitching gene, une 22, possess
constant twitching in their somatic musculature [23]. It is possible that AF-2 modi-
fies this protein, resulting in the phasic activity. The potentiating effect of AF-2 on
ACh contraction would appear to be associated with a decrease in CAMP levels since
raising CAMP reduces this potentiation. In addition depletion of protein kinase C sys-
tem also reduces AF-2 potentiation of ACh contractions. CAMP can inhibit protein
kinase C and so it is possible that AF-2 acts to potentiate the ACh response either
indirectly by inhibition of cAMP production or directly to increase protein kinase C
levels [21]. In addition to a postsynaptic action, AF-2 acts presynaptically to release
ACh since AF-2 potentiates ejps but not ACh-induced depolarizations of the muscle
cell membrane potential. However it is possible that AF-2 could inhibit the inhibito-
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ry motoneurones which indirectly would enhance excitatory events. Experiments
using AF-3 and AF-4 provide further evidence that these excitatory peptides activate
nematode somatic muscle through inhibition of cAMP.

It is also likely that other neuroactive peptides including AF-3, AF-4, PF-1, PF-2
and PF-4 have important regulatory roles in muscle function in nematodes. Peptides
such as PF-1 and PF-4 have very potent inhibitory or relaxing actions on nematode
muscle and clearly have key modulatory roles in the action of ACh and GABA on
somatic muscle. Although many of these actions are relatively slow and long-lasting,
the action of PF-4 on A. suum somatic muscle is fast and in this respect mimics the
action of GABA on this muscle. In future experiments it will be of interest to explore
the interactions between PF-4 and GABA in normal physiology of this muscle.

In this paper the actions of neuroactive peptides and chemical transmitters have
been reviewed in nematodes. It is likely that the receptors for neuropeptides, amines
and glutamate will provide potential target sites for new anthelmintics. However it is
clear that studies on the physiology and pharmacology is still in its infancy, particu-
larly concerning receptors located on neurones and hopefully the next few years
should provide exciting developments following on the genomic information gained
from research on C. elegans.
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A detailed mapping of £7iem'a-tetradccapeptide-immunoreactive neurons in the central and peripheral
nervous system combined with quantitative morphological measurements was performed in Eiseniaféli-
dei and Lumbricus terrestris.

In Eisenia, most labelled neurons were observed in the ganglia of the ventral cord (20.38% of the total
cell number of the ganglion) and 15.67% immunoreactive cells occurred in the brain, while 6% of the
neurons could be shown in the subesophageal ganglion. In the case of Lumbricus, most immunoreactive
cells were found in the subesophageal ganglion (16.17%) and in the ventral ganglia (12.54%). The brain
contained 122 ETP-immunoreactive cells (5.6%). The size of the immunoreactive cells varied between
35-75 pm. A small number of Ameln'a-tetradecapeptide immunoreactive fibres were seen to leave the
ventral ganglia via segmental nerves, and labelled processes could also be observed in the stomatogas-
tric system and the body wall. Labelled axon branches originating from the segmental nerves formed an
immunoreactive plexus both between the circular and longitudinal muscle layer and on the inner surface
of the longitudinal muscle layer. This inner plexus was especially rich in the setal sac. Among the super-
ficial epithelial cells the body wall contained a significant number of immunoreactive cells.

Only a few £/.vem'a-tetradecapeptidc immunoreactive neurons and fibres occurred in the stomatogas-
tric ganglia. In the enteric plexus the number of immunoreactive neurons and fibres decreased along the
cranio-caudal axis of the alimentary tract. fAcn/a-tetradccapeptide immunoreactive cells were also pre-
sent among the epithelial cells in the alimentary canal. Some of these cells resembled sensory neurons in
the foregut, while others showed typical secretory cell morphology in the midgut and hindgut.

Keywords: Efse/im-tetradecapeptide — nervous system - immunocytochemistry - Eisenia fetida -
Lumbricus terrestris - Annelida.

INTRODUCTION

The central nervous system (CNS) of earthworms contains only a small number
(<10 000) of neurons. These neurons, however, present a wide variety of chemical
character. More than 50% of them are neurosecretory (peptidergic) cells playing a
role in regeneration, reproduction, osmoregulation and metabolic processes [8, 14].

+Presented at the 9th ISIN Symposium on “Neurobiology of Invertebrates”, July 1-5, 1999, Tihany,
Hungary.
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Fig. 1 Schematic representation of the distribution of ETP-IR neurons in the central nervous system of
Eiseniafetida. A: ETP-IR neuron groups in the brain (frontal view), cc: circumpharyngeal connectives.
1. Dorsomedial, 2: Dorsolateral, 3: Lateral, 4: Ventromedial, 5: Ventrolateral, 6: Posterolateral cell
groups. B: ETP-IR cell groups in the subesophageal ganglion (frontal view). 1: Ventromedial cell groups,
2: Cells at the origin of the 1st segmental nerves, 3: Medial, 4: Lateral groups at the origin of circum-
pharyngeal connectives, 5: Ventromedial cell groups, 6: Cells at the origin of 2nd, 3rd segmental nerves.
C: ETP-IR neurons in the ventral cord ganglion, a: horizontal section of the whole ganglion, b: frontal
view of the rostral part of the ganglion, c: frontal view of the caudal part of the ganglion, G: giant fibres.
1. Ventromedial, 2: Ventrolateral, 3: Dorsolateral cell groups, 4: Cells at the origin of 1st segmental
nerves, 5: Ventromedial, 6: Ventrolateral, 7: Dorso-lateral cell groups, 8: Cells at the origin of 2nd, 3rd
segmental nerves
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The neurosecretory cells contain some of the peptides that are known to occur in the
nervous system of vertebrates, whereas others contain neuropeptides characteristic of
invertebrates only [1, 22].

Recently, Ukena et al. [20] isolated a tetradecapeptide (GFKDGAADRISHGF-
amid) from the crop and gizzard of Eisenia fetida, and called it Eisenia-tetrade-
capeptide (ETP). This peptide was similar to the tetradecapeptide of Pheretima [19,
20] and the myoactive tetradecapeptide of molluscs [10, 13]. Physiological assays
proved that ETP stimulated the contraction of the isolated gut [20, 21] suggesting that
this peptide plays a role in the regulation of gut motility. The presence of ETP-
immunoreactive (IR) neurons in the CNS and the alimentary canal of Eiseniafetida
was already demonstrated [21].

The aim of our study was to map and quantify the distribution of ETP-IR neurons
in the CNS and to study the patten of ETP-IR innervation in the periphery, the stom-
atogastric nervous system (SNS) and the body wall of two annelid species: Eisenia
fetida and Lumbricus terrestris.

MATERIALS AND METHODS

Investigations were carried out on adult earthworms (Eiseniafetida and Lumbricus
terrestris, Oligochaeta, Annelida). The anterior (10-20th segments), middle (30—35th
segments) and posterior (last 10 segments) parts of the body were dissected, and
fixed either in Zamboni-fixative [23] or 4% paraformaldehyde. Following fixation,
the segments were dehydrated and embedded in Paraplast.

Immunostaining with anti-ETP antiserum (20; diluted 1:500) was performed on
7 pm thick serial sections. For the visualisation of the immunoreaction an ExtrAvidin
peroxidase kit (diluted 1:20; Sigma) was used. The quantitative analysis of the ETP-
IR neurons was performed by a Macintosh NIFI-image 1.52 programme.

RESULTS
Distribution ofETP-IR neurons in the CNS o/Eisenia fetida
Brain

The cerebral ganglion contains 160 ETP-IR neurons representing 15.6% of the total
number of neurons in the brain. These ETP-IR neurons are localised in six groups
(Table 1, Fig. 1A) situated on the dorsal (no. 1, dorsomedial, no. 2, dorsolateral cell
groups), lateral (no. 3, lateral, no. 6, posterolateral cell groups) and ventral (no. 4,
ventromedial, no. 5, ventrolateral cell groups) sides of the brain (Figs 1A, 3).

The largest neurons in the cerebral ganglion belong to the dorsomedial cell group.
Their average diameter is 66.2 +4.1 pm. The diameter of the neurons in the other
groups is 46-65 pm. A thin primary neunte originates from the perikaryon, giving
offa few branches which enter the neuropil. The majority of the branches crosses the
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Table 1
Distribution, number and diameter of ETP-IR neurons in the central nervous system of EiseniaJ'etida
Ganali Cell groups Number Average diameter
anglion of cells (pm) n=30
signs localization p -
Cerebral ganglion 1. Dorsomedial 30 66.2 4.1
2. Dorsolateral 38 61.1 +6.3
3. Lateral 44 64.9 £43
4. Ventromedial 14 56.7 £4.1
5. Ventrolateral 16 65 + 3.6
6.  Posterolateral 18 46.9 + 5.7
Number of ETP-IR neurons 160
Number of total neurons in the cerebral
gang]lion (02N
% of ETP-IR neurons 15.67
Subesophageal ganglion ..  Ventromedial 26 69.6 +2.1
Rostral part 2. At the origin of I. segmental nerve 16 35.6 £4.4
3. Medial group, at the origin of
circumpharyngeal connective 14 46.2 +4.3
4. Lateral group at the origin of
circumpharyngeal connective 16 68.1 +5.4
Caudal part 5. Ventromedial 16 755 £5.9
6. At the origin of 2nd, 3rd segmental
nerves 14 61.4 £6.39
Number of ETP-IR neurons (0%
Number of total neurons in the
subesophageal ganglion 1675
% of ETP-IR neurons 6
Ventral cord ganglion 1. Ventromedial 42 443 + 4.7
Rostral part 2. Ventrolateral 32 52.5 +6.1
3. Dorsolateral 10 48.2 +8
4. At the origin of I. segmental nerve V] 40.6 + 3.2
Caudal part 5. Ventromedial 32 60 *64
6.  Ventrolateral 18 69.8 + 6.3
7. Dorsolateral 18 67.3 5.2
8. At the origin of 2nd, 3rd segmental
nerves 16 46 =4
Number of ETP-IR neurons 178
Number of total neurons in the ventral
ganglion 873
% of ETP-IR neurons 20.38
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Fig. 2. Schematic representation of the distribution of ETP-IR neurons in the central nervous system of
Lumbricus terrestris. A: ETP-IR neurons in the brain (frontal view), cc: circumpharyngea! connectives.
1 Dorsomcdial, 2: Dorsolateral, 3: Lateral, 4: Ventromedial cell groups, 5: Cells at the origin of the cir-
cumpharyngeal connectives. B: ETP-IR neurons in the subesophageal ganglion, a: section of the whole
ganglion, b: frontal view of the rostral part of the ganglion, c: the caudal part of the ganglion. G: giant
fibres. 1: Ventromedial, 2: Ventrolateral cell groups, 3: Cells at the origin of the 1st segmental nerves, 4:
Dorsolateral, 5: Lateral, 6: Ventromedial, 7: Ventrolateral cell groups, 8: Cells at the origin of 2nd, 3rd
segmental nerves, 9: Dorsolateral cell groups. C: ETP-IR neurons in the ventral cord ganglion, a: hori-
zontal section of the whole ganglion, b: frontal view of the rostral part of the ganglion, c: frontal view of
the caudal part of the ganglion. G: giant fibres. I: Ventromedial, 2: Ventrolateral cell groups, 3: Cells at
the origin of 1st segmental nerve, 4: Dorsolateral, 5: Lateral, 6: Ventromedial, 7: Ventrolateral cell
groups, 8: Dorsolateral cell groups, 9: Cells at the origin of 2nd, 3rd segmental nerves
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Fig. 3. ETP-1R neurons in the cerebral ganglion of Eiseniafetida. Dorsomedial (arrows), lateral (double
arrowhead), posterolateral (arrowhead) cells, xlio. Fig. 4. ETP-IR neurons in the cerebral ganglion of
Lumbricus terrestris. Dorsomedial cells (arrow) and cells at the origin of the circumpharyngea! connec-
tive (arrowhead), x110. Fig. 5. ETP-IR neurons (arrowheads) at the origin of the 1st segmental nerve in
the subesophageal ganglion of Eiseniafetida and the lateral cells (arrow). x210. Fig. 6. High magnifica-
tion of the neurons (arrowheads) situated at the origin of the 1st segmental nerve. x430. Fig. 7. ETP-IR
neurons in the ventral ganglion of Eisenia fetida. Ventromedial (arrow) and dorsolateral (arrowhead)
cells in the rostral part of the ganglion. A heterolateral cell (double arrow) from the ventro-medial cell
group, g: giant fibres. x210 Fig. 8. ETP-IR neurons in the ventral ganglion of Eiseniafetida. Ventro-
medial (arrows), ventrolateral (arrowhead) cells, g: giant fibre. x210
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midline of the brain and join the ventral commissure. A few neurons belonging to the
lateral and ventrolateral cell groups send their axons to the circumpharyngeal con-
nectives via the ventral commissure.

Subesophageal ganglion

In the subesophageal ganglion 102 ETP-IR cells can be found. They are distributed
in six pairs of symmetrically arranged groups. ETP-IR neurons represent 6% of the
total population of nerve cells in this ganglion (Table 1). In the rostral part there are
four groups. These are the ventromedial (no. 1) cell group and those situated both at
the origin of the 1st segmental nerve (no. 2) and at the circumpharyngeal connective
(nos 3, 4; Figs IB, 5, 6). In the caudal part of the ganglion two groups can be distin-
guished. These are the ventromedial group (no. 5) and a cell group at the origin of
the 2nd and 3rd segmental nerves (no. 6). Both the rostral and caudal ventromedial
cells (nos 1, 5) and the lateral (no. 4) neurons are large cells (68-75 pm), whereas the
diameter of the others varied between 35 and 60 pm.

A few axons belonging to the nerve cells of the 3rd and 4th groups project through
the circumpharyngeal connectives and enter the neuropil of the brain. Their neuntes
can be followed both ipsi- and contralaterally. The ETP-IR cells localised at the ori-
gin of the segmental nerves (nos 2, 6) partly project to the periphery via segmental
nerves, partly arborise near their perikaryon or enter through the connectives of the
ganglion into the longitudinal tracts.

Ventral ganglion

In each ventral cord ganglion there are 178 ETP-IR cells amounting to 20.4% of the
total number of the nerve cells. The main ETP-IR cell groups in both the rostral and
caudal part of this ganglion are the ventromedial (nos 1, 5), ventrolateral (nos 2, 6)
and dorsolateral (nos 3, 7; Fig. 6). Cell groups can also be observed at the origin of
the 1st, 2nd and 3rd segmental nerves (nos 4, 8; Table 1, Figs 1C, 7, 8).

The primary neuntes of the ETP-IR cells (nos 1, 2, 3, 5, 6) enter the neuropil and
project both contra- and ipsilaterally (Fig. 7). A few neuntes belonging to the cells
situated in the lateral side of the ganglion (nos 4, 8), innervate peripheral organs
(body wall, sexual organs, alimentary tract) via the segmental nerves.

Distribution o fETP-IR neurons in the CNS o/Lumbricus terrestris
Brain
The brain contains 122 labelled neurons (Table 2) representing 5.6% of the total
number. These cells are arranged in five groups localised on the dorsal (nos 1,2), lat-
eral (no. 3) and ventral (nos 4, 5) side of this ganglion (Figs 2A, 4). The diameter of

the neurons is 49-67 pm.
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Table 2
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Distribution, number and diameter of ETP-IR neurons in the central nervous system

Ganglion

Cerebral ganglion

Subesophageal ganglion

Rostral part

Caudal part

Ventral cord ganglia

Rostral part

Caudal part

of Lumbricus terrestris
Cell groups

mark localization

Dorsomedial

Dorsolateral

Lateral

Ventromedial

At the origin of the circumpharyngeal
connectives

arwnNn -

Number of ETP-IR neurons

Number of total neurons in the cerebral
ganglion

% of ETP-IR neurons

1 Ventromedial

2. Ventrolateral

3. At the origin of 1st segmental nerve

4. Dorsolateral

5. Lateral

6. Ventromedial

7. Ventrolateral

8. At the origin of 2nd, 3rd segmental
nerves

9. Dorsolateral

Number of ETP-IR neurons
Number of total neurons in the
subesophageal ganglion

% of ETP-IR neurons

Ventromedial

Ventrolateral

At the origin of 1st segmental nerve
Dorsolateral

Lateral

Ventromedial

Ventrolateral

Dorsolateral

At the origin of 2nd, 3rd segmental
nerves

© o ~N® O k~owd -

Number of ETP-IR neurons

Number of total neurons in the ventral
ganglion

% of ETP-IR neurons
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Cell
number

46
20
12
30

14
122

2173
5.6

20
30
26
16

50

24
28

22

228

1410
16.17

20
36
14

24

14
14
12

24
170

1355
12.54

Average diameter
(pm)n=30

49 = 89
59.14 + 12.79
67.13 +11.6
671 *10.3

61.9 = 10

63.14
61
42.6
61.3

52.5

61.9
52.8

+ H+ H+ + I+

= SR
o T oo
o RO N

W+
o N
o ~

46.7
51.9

+ I+

65.6
62.4
50
56.85

76.7

58.3
61.2
61.7

12
7.2

+ + + I+

43
12

9.7
10
41

I+

+ + I+

49.2

I+
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The primary neuntes of the dorsomedial (no. 1) and ventromedial (no. 4) neurons
enter the neuropil and project contra- or ipsilateraily. The dorsolateral (no. 2) and lat-
eral (no. 3) neurons and those which situate at the origin of the circumpharyngeal
connective (no. 5) project partly to the neuropil, and partly leave the brain through
the circumpharyngeal connectives.

The distribution of the ETP-IR fibres in the neuropil is unequal. Its dorsal and ven-
tral parts contain much more 1R fibres than the other parts. Similarly the ventral
commissure is rich in ETP-IR fibres because many branches of these neuntes enter
this commissure.

Subesophagecil ganglion

The subesophageal ganglion contains much more ETP-IR cells than that of Eisenia.
The 228 ETP-IR neurons (16.2% of the total neurons) can be found in nine cell
groups (Table 2, Fig. 2B). The pattern of ETP-IR cells in the rostral and caudal parts
of the subesophageal ganglion is similar. In both parts of the ganglion there are ven-
tromedial (nos 1, 6), ventrolateral (nos 2, 7) and dorsolateral (nos 4, 9) groups. Also
some neurons are located at the origin of the segmental nerves (nos 3, 8). The diam-
eter of ETP-IR neurons in the different cell groups of this ganglion varies between
42 and 63 pm (Table 2).

The primary neuntes of the neurons of both ventromedial cell groups (nos 1, 6)
arborise near the perikarya, while the neuntes of the labelled neurons in the ventro-
lateral cell groups (nos 2, 7) branch far from their cell bodies in the neuropil [3].
Some axonal branches leave the ganglion through the connectives. The arborisation
of the neuntes of the ETP-IR neurons in both dorsolateral cell groups (nos 4, 9) is
rich and can be found under the giant fibres. The majority of the axons of those neu-
rons belonging to the 3rd and 8th cell groups run to peripheral organs (the body wall
and the gut) via the segmental nerves.

Ventral ganglia

In each ventral cord ganglion of Lumbricus there are 170 ETP-IR neurons (12.5% of
the total neuron number) which belong to nine cell groups (Table 2, Fig. 2C). These
are the ventromedial (nos 1, 6), ventrolateral (nos 2, 7) and dorsolateral (nos. 4, 9)
cell groups, and the cells that are situated at the origin of the segmental nerves (nos
3, 9). The diameter of the lateral cells is the largest (76.7 = 12 pm) while the diame-
ter of the other labelled neurons is smaller (49-65 pm).

The primary neuntes of the ventromedial (nos 1, 6), ventrolateral (nos 2, 7) and
dorsolateral (nos 4, 8) neurons take part in the formation of the neuropil. The major-
ity of the neurites of the lateral neurons (no. 5) similarly to the above-mentioned neu-
ntes enter the neuropil, branch and run further in the longitudinal tracts of the ven-
tral ganglia. Neurons situated near the origin of the segmental nerves (nos 3, 9) send
their neurites into these nerves.
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Fig. 9. ETP-IR neurons (arrowheads) in the pharyngeal plexus of Eiseniafetida. x430. Fig. 10. ETP-IR
neurons (arrowheads) in the enteric plexus of the hindgut of Eiseniafetida. *210. Fig. 11. ETP-IR sen-
sory cells among the epithelial cells are (double arrowheads) in the calciferous gland of the Eiseniafeti-
da. x430. Fig. 12a, b ETP-IR fibres between the circular and longitudinal muscle layers (double arrow-
heads) and on the surface of the longitudinal muscle layer (double arrow) of the body wall (bw) in
Eiseniafetida. There are ETP-IR cells (arrows) among the epithelial cells, a, b x210
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Distribution o fETP-IR neurons in the stomatogastric nervous system

ETP-IR neurons and fibres can be observed in both the stomatogastric ganglia (STG)
and enteric plexus. In each STG three ETP-IR neurons and some labelled fibres can
be found. Their processes arborise near the perikarya. The IR fibres belong to either
the neurons of STG or originate from the CNS via circumpharyngeal connectives. In
the enteric plexus the frequency of the neurons decreases along the cranio-caudal
axis of the gut (Fig. 9). The plexus of the hindgut contains only a few ETP-IR cells
and fibres (Fig. 10). The neurons of the enteric plexus have a few processes but some
multipolar neurons also occur. We observed IR cells among the superficial epithelial
cells of the alimentary tract. These cells have a central process which run toward the
enteric plexus (Fig. 11) but their perikarya are among the epithelial cells of the
foregut.

ETP-IR elements in the body wall

The body wall is richly innervated by ETP-IR fibres in both species. The segmental
nerves ramify into smaller branches and sometimes IR neurons can be seen in them.
The nerve branches further arborise and run either to the inner surface of the longi-
tudinal muscle or spread between the circular and longitudinal muscle layers where
they form a plexus (Figs 12a, b). The ETP-IR plexus is particularly dense in the setal
sac. There are numerous elongated IR cells in the superficial epithelial layer
(Fig. 12b).

DISCUSSION

The present study provides evidence that ETP-IR neurons are present in all parts of
the CNS and peripheral nervous system including the SNS of earthworms Eisenia
fetida and Lumbricus terrestris.

There is no substantial difference in the number of ETP-IR cells in these species.
The ratio between ETP-immunopositive and ETP-negative neurons in the various
ganglia is different. The ratio is higher in the ventral ganglia than in the brain. It sug-
gests that ETP-mediated actions have a more prominent role in these ganglia than in
the higher centres.

The IR neurons represent a small but well-defined population in different ganglia
of the CNS (i.e. cerebral, subesophageal and ventral cord ganglion). Their distribu-
tion can be compared to the location of neurons immunoreactive to other signal mol-
ecules.

In the brain the dorsomedial, dorsolateral and lateral ETP-IR neurons (near the cir-
cumpharyngeal connectives) seem to overlap partly with serotonin-, octopamine- and
GABA-IR cells [3, 16, 17, 18]. In the subesophageal and ventral cord ganglia the
main ETP-IR cell groups (except the medial group) show similarities with the cell

Acta Biologica Hungarica 51, 2000



406 Maria Csoknya et al.

groups that contain the above-mentioned signal molecules. In case of proctolin the
dorsomedial cells in the brain and lateral cells in the ventral cord ganglia [11] have
similar localisation to those of ETP-immunopositive neurons. There is only a minor
overlap between the FMRFamide- [7, 15] and ETP-IR cells groups at the dorsome-
dial region of the brain and ventromedial region of the ventral cord ganglia. Both
octopamine and ETP are present in ventromedial and ventrolateral cells [3] of the
ventral cord ganglia. These similarities suggest a possible colocalisation of ETP with
several neuroactive substances. To clarify this issue experiments are in progress in
our laboratory.

Two cell types can be distinguished on the basis of the axonal arborisation and
projection patterns of ETP-IR neurons of the CNS. The majority of ETP-
immunopositive neurons are intemeurons (nos 3, 4 in subesophageal ganglion and 1,
5 in the ventral cord ganglia in Eisenia’, nos 1, 6 in the subesophageal ganglion and
nos 1, 2, 6, 7 in the ventral cord ganglia in Lumbricus). The other cell groups in both
species contain at least a few projection neurons. The neuntes of these cells enter a
neighbouring ganglion through the connectives but before leaving it may also
arborise in the neuropil of the parent ganglion. These cells may be homo- or hetero-
lateral cells [9].

Some ETP-IR nerves project to the periphery. These efferent neurons belong to the
lateral cell groups in both subesophageal- (nos 2, 6 in Eisenia; nos 3, 8 in Lumbricus)
and ventral ganglia (nos 4, 8 in Eisenia; nos 3, 9 in Lumbricus). Millott [12]
described the branches of the segmental nerves in the earthworm. Accordingly the
body wall and the gut are innervated by those fibres originating from these nerves.

According to Ukena et al. [21], with the exception of the pharynx, the submucous
plexus of the alimentary tract contains ETP immunoreactive elements. Our results
prove that ETP-IR cells and fibres occur in all the regions of the alimentary tract. The
pharynx has an abundant ETP innervation. Similarly to other signalling systems like
5-HT [2], octopamine [3, 4], GABA [18] and FMRFamide [15], the earthworm phar-
ynx is supplied by ETP innervation, which is partly intrinsic (pharyngeal plexus) and
partly extrinsic (from the CNS). The presence of several signalling systems suggests
that the pharynx is a reflex centre.

Some ETP-IR cells located in the gut epithelium appear to be sensory neurons on
the basis of their morphology. Earlier some monoamine (5-HT, OA), peptide
(FMRFamide) and GABA containing sensory neurons have been demonstrated in the
gut epithelium of the earthworms [4, 6].

Among the gut epithelial cells of the mid- and hindgut an other ETP-IR cell type
can be seen. These cells appear to be glandular cells with similarity to the gastroin-
testinal peptide secreting cells in vertebrates [5]. In this case ETP may act as a local
honnone.

Our results suggest that ETP may play a versatile role (modulatory neurohormone)
in both central and peripheral regulatory processes of annelids, including feeding and
locomotion of the animals.
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After the extirpation of the brain reorganization of the peptidergic (FMRFamide, neuropeptide Y, proc-
tolin) systems was studied in the newly forming cerebral ganglion of the annelid Eiseniafetida. During
regeneration, all immunoreactive fibres appear on the Ist-2nd postoperative day. At the beginning of
regeneration, immunoreactive neurons and fibres form a mixed structure in the wound tissue. On the 3rd
postoperative day, FMRFamide positive and neuropeptide Y-immunoreactive, while on the 7th postop-
erative day proctolin-immunoreactive neurons appear in the loose wound tissue. From the 25th postop-
erative day a capsule gradually develops around it. The neurons of the preganglion move to the surface
of the newly appearing preganglion. The number of these cells gradually increase, and by the 72th-80th
postoperative days the localization and number of peptide-immunoreactive neurons is similar to that in
the intact one.

The neurons of all examined peptidergic systems may originate from the neuroblasts, situated on the
inner and outer surface of the intact ganglia (e.g. suboesophageal and ventral cord ganglia). In addition
FMRFamide and proctolin immunoreactive neurons may take their derive by mitotic proliferation from
the pharyngeal neurons, too.

Keywords: Brain regeneration - peptidergic neurons - FMRFamide-proctolin - Neuropeptide Y - earth-
worm - Eisenia.

INTRODUCTION

The central nervous system (CNS) of oligochaetes possess a good regenerative capa-
bility. The regeneration is controlled by several external (e.g. food, temperature) and
internal (e.g. signal molecules) factors, and this is also true for the neuroregeneration.
It has been known that serotonin, dopamine and octopamine play a role in the acti-
vation of the cell adhesion molecules and influence the proliferation and migration
of the neurons [9, 13, 14, 19].
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Fig. 1 The frontal section of the forming preganglion on the 12th postoperative day. FMRFamide-IR

cells (arrows) and IR fibres (arrowheads) can be seen. x200. Fig. 2. On the 7th postoperative day proc-

tolin-IR cells (arrows) are present in the wound tissue (asterisks). x200. Fig- 3. A capsule (arrow) is grad-

ually built a round the preganglion from the 28th postoperative day. Proctolin-IR neurons (arrowheads).

x200. Fig. 4. On the 56th postoperative day, all cells of the dorsomedial (arrows) NPY-IR neuron group
can be observed. Note the many NPY-IR fibres (asterisk) in the neuropil. x200
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FMRFamide and proctolin, both typical invertebrate neuropeptides, have been
suggested to play a hormon-like role in the ontogenesis and regeneration of inverte-
brates [16, 17, 18]. Despite the well-known regenerative capacity of some lower
invertebrates the mechanism of regeneration and the effects of the signal molecules
influencing this process have not yet been investigated in detail, neither have been
the origin appearence and organisation of neurons containing these signal molecules
during brain regeneration. Therefore the aim of the present study was to investigate
the reorganization of the brain, with special attention to some neuropeptide-contain-
ing components.

MATERIAL AND METHODS

Our investigations were carried out on adult specimens of Eisenia fetida
(Oligochaeta, Annelida). Before operation the animals were anasthetised in carbon-
ated water. The dorsal side of the body wall in 4th-8th segments were cut and the
brain was removed by cutting the circumpharyngeal connectives. After brain extir-
pation the animals isolated from each other, were kept, in soil in a climate box at 10
°C temperature and 60% humidity.

At different postoperative time points (5th, 10th, 24th hours 3rd, 5th, 7th, 10th,
12th, 28th, 35th, 42nd, 48th, 56th, 63rd, 72nd, 76th, 80th days) the first eight seg-
ments were cut and fixed. The sample tissues were fixed in Zamboni-solution [20]
for FMRFamide-, in 4% PFA in phosphate-buffered saline for NPY-, and in GPA
solution (15 ml saturated picric acid, 5 ml 25% glutaraldehyde, 0.2 ml glacial acetic
acid, 5) for proctolin immunocytochemistry. After fixation the tissue samples were
dehydrated and embedded in Paraplast and immunochemistry was carried out on 7
pm serial sections.

For immunostaining the following antisera were used: anti-FMRFamide (1 : 1000;
Chemicon) and anti-Neuropeptide Y (1 : 2000; Sigma), anti-proctolin (1 : 500; 10).
The visualization of the immunoreaction was performed with ExtrAvidin kit (1 : 20;
Sigma) and the diaminobenzidine reaction.

RESULTS AND DISCUSSION

The regeneration of the brain can be divided into two main periods, from which the
first period is not related directly to neuroregeneration. In this period the wound
caused by the brain extiipation is partly closed by muscular contractions, and partly
by the epithelial cells spreading actively over it. The new epithelial cells originate
from the basal cells with gradual differentation [6]. The newly formed epithelial layer
is unpigmented. Later the muscle layers also regenerate and on the 2nd and 3rd post-
operative days the reorganization of the body wall is finished. At the place of the
removed brain a loose wound tissue is built from the coelomocytes [12]. The wound
tissue is organized as a loose structure which gradually becomes separated into two
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Fig. 5. The main FMRFamide cell groups on the 80th postoperative day. Dorsomedial (arrows), dorso-

lateral (arrowhead), lateral cell group (double arrowhead). IR fibres (asterisks) in the neuropil. ><180.

Fig. 6. High magnification picture of the dorsomedial FMRFamide-IR neurons (arrows). IR fibres
(arrow-heads) in the neuropil. *350

parts, forming the hemispheres of the new brain. The preganglion, where fibres and
neuronal somata form a loose mixed structure, becomes more compact with increas-
ing number of the nervous elements in it.

The second period is the neural regeneration: at the beginning of this process
(from the 2nd and 3rd postoperative day) peptidergic fibres appear in the loose
wound tissue. Some of these fibres are regenerated axons of neurons located in the
subesophageal ganglion, projecting either ipsi- or contralaterally in the brain. These
axons can be detected earlier than those belonging to the newly appearing neurons in
the regenerating brain itself.

Beside the immunoreactive (IR) fibres, and perikarya can be found on the 3rd
postoperative day. The order of appearance of the IR neurons is the following: on the
3rd postoperative day 13 FMRFamide-IR cells and 15 NPY-IR cells, and by the 7th
postoperative day 13 proctolin-positive cells can already be found (Figs 1, 2). From
the 25th-35th postoperative days a connective tissue capsule is formed around the
preganglion (Fig. 3). The capsule is completely closed by the end of the gangliogen-
esis. At the same time most IR cells move to the surface of preganglion (dorsal, lat-
eral and ventro-lateral), meanwhile some move to the ventral side. The number of
these IR neurons increases substantially later on until the 56th postoperative day.
From the 7th to the 35th postoperative day the proctolin-IR cell numbers increase
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faster, however, from the 35th to the 65th postoperative day the increase is smaller
than before.

On the 56th postoperative day (Fig. 4), the dorsomedial, dorsolateral, lateral, pos-
terolateral and central-IR cell groups can be found in the new brain but the number
of the IR cells in the different groups is lower than in the intact earthworm (Fig. 7).
By the 80th postoperative day the last (ventromedial) cell group also appears and
the number of the peptidergic neurons is similar to that of the intact worm (Figs 5,
6, 8).

It has been known that the regeneration capacity depends on enviromental condi-
tions [15] and the phylogenetic position of the species [11]. The centralization espe-
cially the cephalization of the nervous system gradually decreases the capability for
regeneration.

The brain regeneration of Eisenia fetida can be divided into two main periods,
namely the organization of the wound tissue and the gangliogenesis. The wound tis-
sue serves as the sceleton for the immigrating neurons.

On the basis of the appearance and migration of the nervous elements the gangli-
ogenesis of the brain can be divided into four stages; (i)-(ii) appearance of the dif-
ferent peptidergic-IR elements (fibres and neurons); (iii) capsule develops and the
ganglion begins to be formed; (iv) IR cells occupy their final positions. These stages
are similar to those described recently in the case of the reorganization of GABA-
ergic elements [2, 3,4]. The time-scale of the reappearance of the peptidergic neu-
rons is different. FMRFamide- and NPY-IR cells from the 3rd, proctolin IR neurons
from the 7th postoperative day can be seen.

Fig. 7. Schematic drawing of the intact and regenerating brain (56th postoperative day). 1: dorsomedial,
2: dorsolateral, 3: lateral, 4: posterolateral, 5: ventromedial, 6: central cell groups, cc: circumpharyngeal
connectives, Ph: pharynx, A:NPY-IR cells, « : proctolin-IR cells, ¢:FMRFamide-IR cells, — capsule
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The first FMRFamide and NPY-IR neurons appear and can be seen together with
some monoaminergic [7] and GABA-IR neurons [2]. Our observations contradict
those of Reuther et al. [18] who stressed that the serotoninergic nervous elements
appear earlier in development than the peptidergic ones.

Some monoamines [12] and also peptides or amino acids (GABA, 1) seem to
accelerate the process of regeneration. Serotonin and GABA have a stimulatory
effect on the neuronal regeneration [2]. These peptides might act as hormones, stim-
ulating the migration and/or proliferation of neuroblasts.

One major unsolved question is the origin of the new neurons. The missing neu-
rons would presumably be replaced by those deriving from the neuroblasts or the

Proctolin

FMRFamid

Postoperative days

NPY

Postoperative days

Fig. 8. The number of peptidergic (proctolin-, FMRFamide-, NPY-) IR cells during brain regeneration in
Eiseniafetida
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proliferation of the mature neurons. In adult earthworms neuroblasts can be found in
the inner and outer surface of the intact ganglia and the peritoneum. Our earlier
results indicate that such cells can be labelled after the GABA-, 5HT immunocyto-
chemistry [2, 3, 4, 8].

At the same time, some FMRFamide- and proctolin-IR neurons may derive from
the neurons of dorsal pharyngeal plexus by mitotic proliferation.
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From its numerical composition, the central nervous system (CNS) of the ascidian larva is one of the sim-
plest known nervous systems having a chordate plan. Fewer than 350 cells together constitute a caudal
nerve cord, an interposed visceral ganglion containing motor circuits for swimming and, rostrally, an
expanded sensory vesicle containing major sensory and intemeuron regions of the CNS. Some eells are
ependymal, with ciliated surfaces lining the neural canal, while others are clearly either sensory recep-
tors or motoneurons, but most are distinguishable only on cytological grounds. Although reassignments
between categories are still being made, there is evidence for determinacy of total cell number. We have
made three-dimensional cell maps either from serial semithin sections, or from confocal image stacks of
whole-mounted embryos and larvae stained with nuclear markers. Comparisons between the maps of
neural tubes in embryos of successive ages, that is, between cells in one map and their progeny in older
maps, enable us to follow the line of mitotic descent through successive maps, at least for the caudal
neural tube. Details are clear for the lateral cell rows in the neural tube, at least until the latter contains
-320 cells, and somewhat for the dorsal cell row, but the ventral row is more complex. In the hatched
larva, serial-EM reconstructions of the visceral ganglion reveal two ventrolateral fibre bundles at the cau-
dalmost end, each of 10-12 axons. These tracts include at least five pairs of presumed motor axons run-
ning into the caudal nerve cord. Two pairs of axons decussate. Complementing this vertebrate feature in
the CNS of the larval form of Ciona, we confirm that synapses form upon the somata and dendrites of
its neurons, and that its motor tracts are ventral.

Keywords: Confocal microscopy - serial EM - decussation - ependymal cells - visceral ganglion - neur-
al tube - neurulation - blastomere.

INTRODUCTION

Ascidians have come under close scrutiny from zoologists ever since the structure of
the larval form of their life-cycle and its embryonic development were first clearly
reported, and correctly inferred [20] to support their taxonomic position close to the
ancestral stock of all chordates [2, 4, 16], including vertebrates. This position derives
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from the chordatebody form of the tadpole larva [19], which is among the simplest
of any group of animals with chordate characters. In ascidians, as in other urochor-
dates [6], these characters include the anatomical characteristics of the dorsal tubular
central nervous system (CNS) [6, 7, 19], and its derivation from a neural plate [9, 26,
27] by the process of neurulation [23]. Recent, more powerful molecular evidence
joins with what is already morphologically intuitive to confirm the homology of uro-
chordate and vertebrate CNS plans. The expression of dorsoventral patterning genes
in the vertebrate neural tube is, for example, conserved in the ascidian embryo [10,
32]. Thus from a number of different perspectives we can view the CNS of the ascid-
ian larva as not only numerically accessible but also prototypically chordate.

In the ascidian larva, these chordate credentials are all to be found in a CNS which
both is numerically simple, in the larva of Ciona intestinalis about 340 cells [25], and
arises in an experimentally well characterised embryo [31]. The latter undergoes
rapid cleavage to form a free-swimming dispersive larva, before metamorphosing to
an adult [8]. Although the attribution of the CNS cells to such simple categories as
those that manifest either a neuronal or an ependymal phenotype has so far only been
possible on rather insecure cytolcgical grounds (see, however, [36], it is clear that the
number of neurons is few, estimated to be about 100 in the case of Ciona [25].

During development, the ascidian embryo undergoes a pattem of radial cleavages
[9, 31] which, unlike the embryos of vertebrates, are both invariant and synchronised
and which partition the egg’s cytoplasm into blastomeres, the progeny of which
assume particular fates in the differentiated larva. Because cleavage is thought to be
both invariant and synchronised, the pattern of mitotic descent, or cell-lineage, pre-
viously described for the neural plate of the Ciona embryo up to between the 9th and
11th cleavages [23], is normally an important and perhaps wholly fixed prognosis of
normal embryonic cell fate. Thus at any time in development each cell of the neural
plate, or its progeny, is proposed to have not only a fate, but also a position and,
thereby, a set of neighbours, that are all totally predictable. The relationship between
the eventual fate of the cell in the CNS of the larva, for example whether it will be
neuronal or glial, and if neuronal whether it will be sensory or motor, or whether it
will secrete a particular transmitter, and the preceding cell-lineage in the embryo
which gives rise to the cell is still not clear, however. This awaits the development of
usable cell maps for the CNS in the final larva as well as in its preceding embryonic
stages. Our report communicates recent progress towards those ends.

MATERIALS AND METHODS

Animals

Adult Ciona intestinalis (Fig. 1A) were obtained either from the Department of
Marine Resources, Marine Biological Laboratory, Woods Hole, MA, or from a pop-
ulation off the coast of Tasmania, Australia (courtesy of Dr. D. Nicol). These were
used to produce larvae (Fig. IB) by cross-fertilization [11, 24]. For light and electron
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Fig. 1 The CNS in the tadpole larva of Ciona intestinalis. A: Adult Ciona intestinalis. Note large atrial and branchial siphon of each zooid. B:

Trunk and rostral tail of larva, Nomarski optics. Internal organisation reveals the outline of the sensory vesicle (SV), containing the pigment-

ed ocellus (Oc) and otolith (Ot), in relation to the rostral end of the notochord (No). The transparent tunic is revealed by the presence of numer-

ous test cells (Tc). C: Computer 3-D reconstruction of the CNS revealed from the locations of nuclei relative to the outline of the notochord,

No (cf B), and the rostral neurohypophysis (Nh). Nuclei of the following receptor systems include: pigment cells of the otolith (Ot) and ocel-

lus (Oc); photoreceptors (Pr); and hydrostatic pressure receptors (HPR). In the elongate visceral ganglion lie nuclei of ganglion cells (G) and
ependymal cells (Ep). Scale bar 10 pm
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microscopy, Tasmanian larvae were fixed and embedded as previously reported [25].
For confocal microscopy, Woods Hole larvae were fixed in 4% paraformaldehyde in
sea water.

Cell mapsfrom 3-D reconstructions

To gain an understanding of the three-dimensional distribution of cells within the lar-
val CNS, we have created a virtual 3-D reconstruction from a transversely sectioned
larva (Fig. 1C), using a series of semithin sections 1 pm thick stained with toluidine
blue. The 500 or so sections from one entire larva were photographed using a Zeiss
Axiophot microscope equipped with both brightfield optics for a 63x/1.4 objective
(for the outline of the entire larva) and phase contrast microscopy for a 100*/13
objective (for the cells of the CNS). The images of consecutive negatives, every
fourth for the 63x series and every second for the 100x series, were aligned, captured
with a CCD camera, and brought into 3-D reconstruction software (ICAR: ISG
Technologies Inc.), from which the digitised outlines of profiles were then recon-
structed, all as previously reported [22]. Cell identity was made from the cytological
appearance of the perikaryon and the size of its nucleus. Cells were also identified
from their position with respect to the neural canal, which is lined by ependymal
cells [25].

Confocal microscopy

To follow the final one or two divisions that produce the cells of the larval CNS, we
labelled nuclei in fixed wholemount preparations of Giona intestinalis embryos using
a 1:200 solution of the fluorescent nuclear probe BOBO-3 (Molecular Probes Inc.,
Eugene, OR) in PBS containing 4% Triton-X100. Image stacks of wholemount
preparations were then collected by confocal microscopy (Zeiss LSM410). Software
(NIH Image, v. 1.41S) was then used to mark artificially the nuclei of the CNS with-

< —

Fig. 2. The CNS of the ascidian larva reconstructed from confocal image stacks of nuclei stained with
BOBO-3. Reconstructions are of nuclei that were first selected and highlighted in pseudo-colour using
software (Nil I Image). A: Larvae at four successive stages of increasing age, when the CNS contains the
following numbers of cells: (a) 126 cells, the neuropore, reconstructed from the surface of the embryo,
is almost completely closed over; (b) 169 cells; (c) 245 cells; (d) 320 cells. The nucleus of the otolith and
its corresponding pigment granules is marked with an asterisk (*). Also labelled are cells which consti-
tute the left lateral row, and descendants of these cells (highlighted in yellow); cells that are visibly mitot-
ically active (red); and cells located rostrally, which are presumed to be the cells of the neurohypophysis
but have a final position in the larva which is currently not known (green). Scale bar: 20 pm. B: Rostral
end of CNS enlarged from (d), above, when the CNS has in total 320 cells, close to the final number in
the hatched larva. Reconstructed profiles are colour coded to match the corresponding regions of cells in
figure lIc. Profiles of notochord nuclei (*), from one optical section, are reconstructed to indicate the
position of the notochord. Nh: neurohypophosis; SV: sensory vesicle; VG: visceral ganglion; Ot: otolith
nucleus and corresponding pigment granules; Oc: ocellus nuclei; No: notochord. Scale bar: 10 pm
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in these three-dimensional stacks. The labels, coloured discs superimposed on the
nuclear centres, were then reconstructed to convey detailed cell maps of the relative
nuclear positions within the embryonic CNS (Fig. 2A, B). We used the number and
relative positions of cell nuclei, and their cytological appearance, to identify the
nuclei of the same cells in different larvae, then by linking cells in one map to their
progeny in older maps from the locations of dividing nuclei (Fig. 2A [a-d]), we fol-
lowed cells through consecutive maps, thereby recording the lineage of mitotic
ancestry.

Serial-EM reconstructions

To trace the pathways and connections of identified cells within the larval CNS, we
examined two series of ultrathin sections, both 70 nm thick, one of about 2,000 sec-
tions on which most analysis was undertaken. This was cut from the rostralmost por-
tion of the nerve cord through to the level of the otolith in the sensory vesicle. We
viewed sections from this series on a Philips 201C EM and photographed every third
section at >~2250 on 35 mm film, making montages of <6 frames per section to cover
the largest area of the visceral ganglion. Images were scanned into digital format, and
printed on paper to provide working micrographs. The presence of neuntes and
synapses was used either to confinn or identify neurons and then to trace their con-
nections through consecutive prints. Because the cells of the visceral ganglion could
not immediately be identified from cell maps previously depicted using manual
methods [25], the neurons traced in our EM series have so far been given arbitrary
numbers, commencing in the neck region. Profiles of axon pathways were traced in
the descending tracts that passed through the visceral ganglion, either from the sen-
sory vesicle or into the nerve cord.

RESULTS AND DISCUSSION

The arrangement ofcells within the CNS

Of the approximately 340 CNS cells, about 65 constitute the caudal nerve cord of the
tail [25], with four cells in a cross-section each lining the neural canal [23, 25] (Fig.
3). These are mostly ependymal cells, non-neuronal cells with ciliated surfaces lin-
ing the neural canal [14]. Rostral to these lies the visceral ganglion, within which
some cells innervate the lateral muscle bands of the tail. The positions of these cells
have now been reconstructed from the locations of their nuclei in three dimensions
(Fig. 1C). Although total cell number confirms that reported previously by Nicol and
Meinertzhagen [25], with 266 + 3 cells in the trunk region of the CNS (the sensory
vesicle plus the visceral ganglion), there are some reassignments between the cate-
gories of cells. In their original communication, Nicol and Meinertzhagen [25]
reported at least 45 cells in the visceral ganglion, but the exact border between vis-
ceral ganglion and nerve cord is difficult to establish by light microscopic appearance
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of the cells alone. By one criterion, the border of the visceral ganglion could be
assigned to the place at which the neuropile split into two ventrolateral bundles (see
below). At this level the cross-section of the ganglion contains only four cell bodies,
and is thus like the nerve cord. The final determination of cell type will have to await
the development of sufficient molecular markers that can distinguish different cell
types (see Conclusions and Prospects, below). Six cells (arranged in three pairs) pre-
viously identified as neck cells between the visceral ganglion and sensory vesicle
[25] also belong to the visceral ganglion. The caudalmost pair of the three appears to
be motoneurons. Together, the six cells augment the number of visceral ganglion
cells to approximately 51, arranged as dorsal (“capstone”), ventral (“keel””) and dou-
ble lateral rows (Fig. 3). Further anteriorly, approximately 215 cells lie in the ros-
tralmost sensory vesicle, with many cells in cross-section (Fig. 3). Despite the small
variation in total cell complement, and residual uncertainty in assigning cells to indi-
vidual types, the census of cells supports the idea that cell number is determinate.
The total cell numbers do differ somewhat between specimens, however, and do not
include the approximately 40 cells of the neurohypophysis, about which still little is
known and which will give rise to the adult CNS (Figs IC, 2B).

Ofthe cells in the sensory vesicle, some populations are readily recognisable (Fig.
1C). For example, Nicol and Meinertzhagen [25] enumerate 17 photoreceptors, their

neurohypophysis neck

SV VC NC

Fig. 3. Cross-sectional composition of the developing CNS at different stations along the axial length of

the neural tube. In the region of the caudal nerve cord the cross-section comprises four rows of cells (dor-

sal, ventral, and two lateral), in the visceral ganglion region there are two to three lateral rows, while in

the expanded rostral region of the neural tube that will give rise to the sensory vesicle the organisation
of cells into rows is hard to discern
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three lens cells, and one pigment-cup cell, a single otolith cell, and 17-21 other
receptors, referred to as presumed hydrostatic pressure receptors. These are all dis-
tinguishable from their cytological appearance and relative position, and have been
identified in other ultrastructural ways (reviewed in [39]). The remaining cells can-
not yet be identified individually by these criteria alone. Because nuclear position
itself appears too variable between larvae, it seems unlikely that such identification
will even be possible post hoc, at least from position alone. The possibility of such
identification seems unlikely even by reference to distinct expression markers, unless
these were to involve only small subsets of cells. We have reconstructed too few
specimens to be certain on this point, however, and so far do not have appropriate
markers for cells that could directly test this point. On the other hand, from the exam-
ple of the photoreceptor nuclei, which can be reliably identified as members of a
small group, we think it should ultimately be possible to identify cells as members of
a number of such small groups. In the future, this process of identification will like-
ly make use of confocal image stacks (Fig. 2B).

Patterns ofmitotic division

The early cleavage of the Ciona embryo has been widely studied (]9, 21, 24, 27,
reviewed in [31]). Previous descriptive reports based on embryonic cell maps in
Ciona have revealed the pattern of later cell divisions in the neural plate [23]. The
mapping methods used in that study were not fully representational, however, and
introduced distortions. These originated in an attempt to map the cells of the neural
tube as a planar projection, as if the tube were unrolled, compatible with the arrange-
ment of cells within the original neural plate. This strategem was adopted because
computer methods to manipulate the images were not then routinely available. As a
result the maps of Nicol and Meinertzhagen [23] cannot be superimposed directly
upon an actual larva. More recent imaging methods using confocal microscopy do
not suffer from these limitations and are therefore better suited to tracing the later
development of the CNS from the neural plate. Using confocal image stacks of
wholemount preparations we derived complete reconstructions of the entire embryo,
in which the non-specific labelling of nuclei was used to select and highlight those
within specific tissues. It was thereby possible to reconstruct the positions of the
nuclei of the CNS (Fig. 2A). The outlines of the CNS were clear in such confocal
image stacks, with an obvious border created by differences between the size and
appearances of cells in the CNS and in the surrounding tissues, the notochord and
muscle in the tail, and the endoderm in the trunk. Only in the neck region was there
the possibility to confuse nuclei in the CNS with nuclei in the surrounding mes-
enchyme. In this region, we sometimes used reconstructions of the nuclear positions
to arbitrate the identity of cells, depending on whether the nucleus fell within or
beyond the smooth contour of the CNS.

We concentrated on the CNS at stages after closure of the neuropore. This has pre-
viously been reported to occur at about 60% of development [23], when the CNS has
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approximately 130 cells (Fig. 2A[a]). The neural tube arises posteriorly from left and
right blastomeres A4.1 and anteriorly from left and right blastomeres a4.2 [9, 23, 31],
and begins as a double row of dorsal and a double row of ventral cells, and single
rows of bilaterally symmetrical lateral cells. Eventually the caudal neural tube con-
tains only four rows in cross-section (Fig. 3), which are produced when the original
dorsal and ventral rows shear their positions longitudinally, so that their original dou-
ble rows finally converge upon two single rows [24]. This shearing was visible in
confocal reconstructions from the patterns of nuclear pairing, which were originally
bilateral, but eventually shifted, so that one nucleus moved anterior to the other. The
process is invariant for the fewer cells of the dorsal rows, whereas the ventral rows
exhibited variation in which pairs of nuclei sheared at which time. Possibly this dif-
ference in precision between the dorsal and ventral rows is associated with the
requirement for the dorsal cells of the neural plate, as it undergoes neurulation, to
meet their contralateral counterparts at the edges of the curling plate and seal along
the dorsal surface of the neural tube. The ventral cells, by contrast, already abut their
contralateral partners within the neural plate.

In addition to shearing their positions, the dorsal and ventral cells also multiplied,
dividing longitudinally to elongate their row. Posteriorly, the lateral cells likewise
divided longitudinally in the region of the tail and presumptive visceral ganglion,
contributing to the elongation of the neural tube (Fig. 4). Anteriorly, cells which gave
rise to the caudal portion of the lateral cell walls of the sensory vesicle divided
dorsoventrally, creating two rows of anterior lateral cells by a stage at which the neur-

sensory vesicle ncck/visceral ganglion caudal neural tube

Fig. 4. The transformation of lateral rows of cells in the neural tube, by mitoses directed rostocaudally

in the caudal neural tube, which elongate the tube, and dorsoventrally in the presumptive sensory vesi-

cle region, which enlarge the diameter of the rostral portion of the neural tube. Top panel: the original

row, prior to closure of the neuropore. Bottom panel: orientations of mitoses within the row. Middle pan-

els: mitotic figures, shown from both low magnification and enlarged insets from confocal image stacks
of the corresponding regions
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Fig. 5. Electon micrograph ofthe neural tube in the region of the presumptive visceral ganglion, with one
cell body (11), several axon profiles (3, 5, 7, 9, 17) and an ependymal cell (E) labelled. Inset: Synaptic
contact at which a single presynaptic site (arrowhead). Scale bar: 2 pm (inset 1 pm)
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al tube comprised approximately 110 cells (Figs 2A [a], 4), before neuropore closure.
At the time of pigmentation, when the neural tube is already composed of approxi-
mately 250 cells, only a few cells within the presumptive visceral ganglion and sen-
sory vesicle regions were still mitotically active (Fig. 2A). As a result, the overall
increase in cell number within the neural tube, which since about 20% of develop-
ment increased non-linearly, began to level off. Whether any further increases that
occurred through later mitoses [3] were sufficient to increase cell number above that
in the final larva is still not resolved, as is the possibility of the intervention of apop-
toses [30] to cut back the final number of cells. The role of the latter, if it exists, must
be rather small, however.

The visceral ganglion

In order to gain some functional insight to the organisation of neurons into circuits
that mediate swimming and to compare these with vertebrate counterparts [17], we
have traced the connections of 29 neurons in the visceral ganglion of the larval CNS
(Fig. 5). About 80 axon profiles constituted the centrally located neuropile in the neck
region between sensory vesicle and visceral ganglion, some descending from senso-
ry receptors and intemeurons in the sensory vesicle. This number approximates the
number of 100 neurons previously estimated in the entire CNS [25], suggesting that
most neurons of the sensory vesicle may have descending pathways. Caudally, the
number of profiles was smaller and the neuropile eventually separated into two ven-
trolateral bundles each of 10-12 fibres that ran into the caudal nerve cord. Output
pathways from the visceral ganglion arose from 5 pairs of presumed motoneurons, so
identified because their axons entered the central neuropile region ofthe visceral gan-
glion, descended in the ventrolateral tracts and were then traced out to their neuro-
muscular junctions. Four such pairs have also been tentatively identified from larval
preparations immunostained with antibody UA301 [36]. Motor pathways in the tail
have been distinguished physiologically into those innervating the rostral regions of
the ventral muscle band, which drive symmetrical swimming movements, and those
innervating the length of the dorsal muscle bands, which produce asymmetrical tail
flicks [4]. Two pairs of fibres decussated, but the remaining fibre pairs did not,
descending in the ipsilateral tracts. No other fibre tracts passed between cell bodies
in the interior of the visceral ganglion, and the nerve cord. The ventrolateral bundles
contained motor pathways that innervated the dorsal and middle muscle bands, form-
ing neuromuscular junctions.

Axon tracts also arose from the peripheral nervous system, a system of slender
axon bundles joining the visceral ganglion from dorsocaudal and ventrocaudal epi-
dermal neurons alongside the nerve cord [36], previously identified using tubulin
antibodies [12]. Likewise, peripheral nerves running from a rostral direction joined
the sensory vesicle. They arose from papillary neurons and from rostral-trunk epi-
dermal neurons, which stain for both acetylcholinesterase [18] and antibody
UA301 [36].
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The synaptic organisation appears to be rather simple. Synaptic contacts of vis-
ceral ganglion neurons had a single postsynaptic element (Fig. 6). As previously
reported in the larvae of Amaroucium [1] and Diplosoma [37], many arose from axon
terminals contacting the soma. Only one morphological class of clear, round 50 nm
synaptic vesicle was apparent. Although the presence of clear, round vesicles sug-
gested the presence of fast classical neurotransmitters in at least some vesicles, a
search for such transmitters in the larva of the related Molgula failed to reveal
immunoreactivity against many tested transmitters [40]. There may be different
classes of synaptic vesicle, however, based on the inclusion of synaptic vesicles up
to 70 nm in diameter, and on the observation of occasional dense-core vesicles. The
latter were not seen at sites of synaptic contact, however, but rather seemed to be typ-
ical of the paracrine release of neuromodulators [15].

Fig. 6. Reconstruction of a single synaptic contact (arrow) reveals the features typical of a vertebrate
synapse: synaptic vesicles (arrowhead), mitochondria (M), presynaptic (dark region with halo of vesi-
cles) and postsynaptic membranes. Scale bar: 0.5 pm
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Conclusions and prospects

Ready comparison can be made between work on the ascidian larva and similar but
more advanced studies on the nematode Caenorhabditis elegans. The nervous sys-
tems of these two organisms are of comparable numerical complexity [25, 41], and
the cell-lineage is well described for both animal groups, ascidian [23, 31] and nema-
tode [34, 35], that for C. elegans being now complete. Recent analyses of C. elegans
[34, 35] exposes hitherto unsuspected variations in cell-lineage, highlighting a prob-
lem which may also apply for future work on Ciona. Our previous work on cell-lin-
eage in Ciona was derived by mapping the neural plate and its progeny in detail from
a single embryo for each developmental stage examined [23]. Examination of con-
focal image stacks now allows us to analyse a small population of embryos for each
stage, exposing for the first time small variations in cell position among different ani-
mals of the same age. In both cases, embryos have been fixed and examined as indi-
viduals within a series. A preferred approach would be to examine cell-lineage in real
time, as in the initial analysis in C. elegans derived by following the mitotic patterns
of individual cells, one at a time [35], and in a subsequent four-dimensional analysis
of development simultaneously for all cells in a single embryo [34]. Conklin’s [9]
analysis of embryonic development was undertaken partially from observations on
living embryos, but only for early cleavages; real-time analysis of later divisions has
not so far been possible. Only from the latter will it be possible to assess the full
extent of temporal synchronisation in embryonic cleavages, and the geometrical
reproducibility of their plane and, from these, whether fate in the larval CNS arises
from a fixed lineage in the embryo.

The possibility to derive the cell-lineage for all cells, by use of confocal maps of
nuclear positions within the CNS, promises to facilitate the further analysis of ascid-
ian embryogenesis, particularly with respect to the localization of identified gene
products to particular cells in the larval CNS. Currently, a not unreasonable expecta-
tion is that each cell type in the larval CNS will eventually have a specific expres-
sion marker, and for each blastomere to express a specific sequence of such markers
in the embryo. This at least was the hope that impelled a search for immunoreactiv-
ity to different transmitter antibodies among the larval neurons of Molgula; but for
unknown reasons that quest proved unsuccessful [40]. A growing number of alterna-
tive markers has now been reported in recent years. They include: antibody UA301,
which recognises the entire CNS of Ciona and may be neuron-specific [36]; and in
situ probes for a sodium channel gene [29], and for the calmodulin gene [13]. The
latter stain the entire CNS, while an in situ probe for //ox-related genes labels, along
with non-neural cells, ependymal cells in the nerve cord. In a different approach,
green fluorescent protein expression under the control of a neuron-specific promoter
of the gene for the synaptic protein synaptotagmin has been used to label motor neu-
rons in Halocynthia roretzi [28]. The possibility that alternative promoters can be
used to drive expression of marker proteins in different classes of neurons offers the
eventual prospect that cell-specific neuronal markers may eventually become avail-
able.
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A current uncertainty that exists in the literature on the ascidian larval CNS is the
full extent of differences between species. These are obviously considerable, clear
not only for the receptor systems of the sensory vesicle [40] but also for the motor
neurons, which from current evidence number three in Halocynthia [28], compared
with at least five pairs in Ciona. Such differences suggest the value, but also the lim-
itations, of concentrating initially upon a single species, and remind us that only
approaches applicable to a wide variety of species will ultimately yield valid con-
clusions about the relationship between the ascidian embryo and the larval CNS to
which it gives rise.
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SENSORY ORGANS OF ADULT
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The distribution and morphological diversity ofthe sensory structures on the body surface, proboscis and
caudal cavity of adult Amphilinafoliacea have been investigated. Fifteen different types of receptors are
described. Along with nonciliated and uniciated receptors bi- and multiciliated receptors have been found
for the first time. The zonal distribution of the sensory structures and their coincidence within the same
areas ofthe body surface have been revealed. The concentration of sensory structures at the posterior end
may indirectly confirm a hypothesis of the unavailability of developed attachment disk in ancestors of
amphilinids.

Keywords: Amphilinafoliacea - sensory organs - ultrastructure.

INTRODUCTION

Amphilinafoliacea is a parasite of sturgeon fish. It is located in the body cavity and
inner tissue of the host. Amphilinidea is not a well-known group. The life cycle,
ultrastructure various organs of A. foliacea and several types of sense receptors of
larval Austramphilina elongata have been described [4, 10]. In the present work the
distribution and morphological diversity of the sensory organs of adult A. foliacea
are described.

MATERIAL AND METHODS

Adult A. foliacea were removed from the body cavity of Acipenser ruthenus caught
in the lower Volga River. Worms were fixed in 2.5% glutaraldehyde in 0.1 M phos-
phate buffer, postfixed in a solution of 1% 0s04, dehydrated in a series of ethanol.
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Fig. 1. Scheme of receptors of adult Amphilina foliacea. A - uniciliate, B - biciliate, C - multiciliate,
D - nonciliate

For SEM the specimen were dried at a critical point, mounted on stubs and examined
with SEM-25S. For TEM the material was embedded in Artaldit. Ultrathin sections
were stained with uranylacetate, lead citrate and examined with JEM 100C.

RESULTS

The distribution*'of the sense cilia is different in worms specimens of various sizes.
The cilia of small worms (1 sm.) concentrate mainly in areas along the lateral mar-
gins and body ends. The sense cilia of large worms (3 sm.) occur seldom on the cell
crests and are evenly located. Six types of uniciliate receptors have been distin-
guished (Figs 1, 2): 1 short cilia (length 200-420 nm, width 170-180 nm); 2. long
cilia (L =600-1000 nm, w. = 150 nm); 3. conical cilia (L =370-700 nm,
w. = 180-280 nm); 4. very long cilia (L = 1000-1200 nm, w. = 150 nm); 5. short cilia
on a spherical base (L = 650-715 nm, w. = 100-150 nm, base -300 nm); 6. short, thin
cilia (L = 120-300 nm, w. = 60-80 nm).The receptor types have different distribution
on the body surface: type 1 occurs all over the body surface; 3 coincides with body
ends; 5 coincides with dorsal and ventral body surface; 4 was found near the sper-
mduct pore at the posterior end.

Biciliate receptors are found mainly at the lateral margins. They have 2 modifica-
tions: with cilia equal or diverse long (Figs 1, 2). Multicilliate receptors coincide
mainly with latero-ventral surface of the posterior end. They can have 3 or 4 cilia
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(Fig. 1). The receptors with 3 cilia are the most diverse. The receptors with 4 cilia are
distributed mainly at ventral surface (Fig. 2).

The sensory neurones are found in the tissue of the posterior end. Their processes
extend to the subtegument (Fig. 3). The processes and neurones contain dense-cored
vesicles in the cytoplasm.

The 2 types of nonciliate receptors are found (Fig. 1). The receptors of type one
occur in the proboscis walls and caudal cavity walls. They do not reach the body sur-
face. The fibrous sheath of intercellular matrix extends along the receptor (Fig. 4).
There are 2 electron-dense collars, septate desmosome, neurotubules, electron-dense
vesicles (50-80 nm) and a rootlet, which exhibits a periodical striation. The second
type occurs only in the proboscis walls (Fig. 1). It also does not reach the body sur-
face. There is an electron-dense collar and septate desmosome, neurotubules and
light vesicles (62-156 nm), that fill all receptors. A rootlet is absent. A separation of
light vesicles from distal part of the receptor occurs under basal membrane of tegu-
ment. Around the proboscis, on the periphery of nervous bundle the sensory neurones
are found. The cytoplasm contains ribosomes and electron-dense vesicles, which are
similar to vesicles in the receptors. Their processes extend to the proboscis walls.

DISCUSSION

There are many data on the ultrastructure of the receptors of sensory structures of
mature cestodes, monogeneans and trematodes [1,2, 5, 6, 7, 10, 11].

Nonciliate receptors of type one of adult A foliacea were described earlier [3].
The ultrastructure of nonciliate receptors of larval A. elongata [9] has similar (thin
fibrous sheath) and different indications (a periodical striation is absent). The recep-
tors of Gyrocotylida have not a fibrous sheath, but a periodical striation is present
[10] . The nonciliate receptor of type 2 is similar to that of cestodes. The ultrastruc-
ture of nonciliate receptors of adult A. foliacea is similar to that of other parasitic
Plathelminthes [8, 11].

Multiciliate structures are typical features for many groups of flatworms, except
for cestodes. Multiciliate receptors of adult amphilinids have been found for the first
time. A larval A elongata have quadruciliate papillae at the anterior end [9]. A pecu-
liar feature of multiciliate papillae of adult A. foliacea is their position mainly at the
posterior end. The free-living turbellaria, adult and larval monogeneans, trematodes,
aspidogastreans also have the multiciliate structures,which probably are chemosen-
sory [6, 10, 11]. It is possible, that multiciliate structures of adult A. foliacea serve as
a polyfunctional complex for several receptors. A. elongata also has clusters of
quadry- and uniciliate receptors [9]. Dendrites of fourth multiciliate receptors of
macrostomids can extend together through the epidermal cells [8]. The form of sen-
sory complex of different receptors is typical for cercaria Echinostoma revolution
[11] . However, cilia of receptors from the complex have never a close association as
cilia of A. foliacea. The zonal distribution of the receptors was described for turbel-
laria and cestodes. The receptors of turbellaria concentrate in sensory areas at the
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Fig. 2. The ciliate receptors on ventral body surface. A - multiciliate, B - biciliate, C - uniciliate of type
one, D - uniciliate of type six. >20 000. Fig. 3. The processes of sensory neurons in subtegument at
posterior end. *15 000. Fig. 4. The nonciliate receptor of type one in the proboscis wall. *30 000
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anterior end, along the lateral margins [8]. The receptors of cestodes coincide with
margin surface of attachment organ [1]. The distribution of receptors of A. foliacea
is similar to that in some turbellaria. The quantity of sensory organs at the posterior
end of A. foliacea exceeds that of turbellaria. As the mature A.foliacea preserves the
caudal cavity and larval hooks [6]. The concentration of sense structure at the poste-
rior end can indirectly confinn a hypothesis on availability of developed attachment
disk in ancestors of amphilinids.
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The ultrastructure of main lateral nerve cords (MCs) of adult A.foliacea was studied. By examination of
the serial sections it has been found that some glia-like cells are located on a periphery of MC. The
processes of glia-like cells surround MCs and penetrate into the cord and surround the group of adjacent
axons and pairs of neurones. There is a fine extracellular matrix between processes of glia-like cells. The
numerous tight junctions occur between processes. The difference between the perykaryon’s cytoplasm
of glia-like cells in anterior, posterior and central part of MCs was found.

Keywords: Ultrastructure - nervous system - Amphilinida - glia-like cells.

INTRODUCTION

Amphilinafoliacea Rudolphi 1819 is a typical representative of Amphilinida, which
comprises a few species. Adult A. foliacea occurs predominantly in the body cavity
of the European species, but also in internal organs, such as liver [8]. Different
species of Gammaridae serve as intermediate hosts for A. foliacea. The systematic
position and the phylogenetic relationship of Amphilinida have been discussed for a
long time. The morphology has been described by Dubinina [6]. The ultrastructure
of the surface tegument, as well as the glands and the net-like excretory system have
been investigated earlier [5]. As to the nervous system, only scattered data on the
general structure [6], chemical composition [10] and fine structure [3] are available.

I present here the results of the first detailed investigation of the glia-like cells in
the nervous system of A.foliacea.
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Hungary.
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Fig. 1. Glia-like cell closes cerebral ganglion. Magnification of negative. Fig. 2. Glia-like cell in poste-
rior part of MCs. Fig. 3. Neurone on periphery of MCs with 2-3 layers of envelope. Fig. 4. Group of
adjacent axons and surrounding multilayer envelope. Figs 5, 6. Relationship between axons and glia-like
processes. A - axons; f- fibrillar matrix into glia-like cell; g - glycogen; GP- glial processes; m - mito-
chondrion; n - nucleus; r - ribosome; -» - thigh junction between glial processes. Bars = 1pm
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MATERIAL AND METHODS

Adult specimens of Amphilina foliacea were obtained from the body cavity of
Acipenser ruthenus and Acipenser gueldenstaedti from the Volga river in the vicini-
ty of Volgograd and Astrakhan (Russia). The worms were fixed in 2% glutaraldehyde
in 0.05 M sodium cacodylate buffer (pH 7.2). Postfixation was performed in 1%
osmium tetroxide in the same buffer, dehydration was through a series of ethanol and
acetone and embedment was in Araldite. Sections were examined with a JEM 100C
microscope.

RESULTS

The ultrastructure of the main lateral nerve cords (MCs) of adult A. foliacea was
studied. They pass along the whole length of body and are represented by compact
blends of processes and cells forming lateral ganglia at certain distances one from
another. The study of transversal sections has shown that the boundary or peripheral
zone of MCs always has thin light processes enveloping the cord (Fig. 1). The bound-
ary processes often penetrate into the cord and surround the groups of neuntes. By
examination of the serial sections it has been found that some glial-like cells are
located on a periphery of MCs (Figs 1, 2). The nucleus has round or oval shape and
contains a dense round nucleolus and blocks of chromatin near a nuclear membrane.
The glia-like cells are located often in pairs. The perykaryon’s cytoplasm is poor in
organelles and contains rarely microtubules, fibrillar matrix, a few glycogen gran-
ules, lipid droplets, ribosomes and smooth ER elements. Synaptic vesicles can not be
found. The cell bodies sends off numerous thin processes. The cytoplasm of the
processes is “clear”. The processes ofglia-like cells surrounding MCs penetrate into
the cord and surround the group of adjacent axons and pairs of neurones. The multi-
layered envelope of MCs includes 8-10 layers; of axon clusters - 4-6 layers; of neu-
rones - 2-3 layers (Figs 3-6). Synaptic contacts formed by processes of glia-like
cells have not been observed. There is a fine extracellular matrix between the
processes of glia-like cells. Numerous tight junctions occurr between processes (Figs
1, 3). In the central part of the body, the parenchymal cells containing a great quan-
tity of glycogen are adjacent to the processes ofglia-like cells. This glycogen-con-
taining processes form long gap-junctions with boundary processes of the glia-like
cells. There are differences between the perykaryonal cytoplasm of glia-like cells in
the anterior, posterior and central part of MCs. Namely, near the cerebral ganglion
glia-like cells contain more mitochondra and ribosomes (Fig. 1), while in the central
part of MCs they are poor in organelles; and the posterior end glia-like cells contain
an electron deuse cytoplasm, free ribosomes, more glycogen granules and lipid
droplets and a thin fibrillar matrix (Fig. 2).
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DISCUSSION

Data presented here, show that (1) there are glia-like cells which surround MCs in
Amphilinida; (2) the ultrastructure of the cells differs across different parts of CNS.

Multilayered cells have been observed around neurones and nerve fibres in a wide
range of free-living flatworms. Putative glia cells were found in the CNS of endem-
ic Geocentrophora (Prorhynchida, Platyhelmintes) from Lake Baikal [4]. The
fusiform cells with a long and narrow nucleus were found in Strongilostoma simplex
[1]; their cytoplasm has thin processes, which penetrate into between the nerve cells.
A typical marker of vertebrate glia cells (S-100) could be demonstrated in nervous
system of Crenobia alpina [7]. In most of the parasitic flatworms a glia-like cell type
have not been observed, with the exceptions of Multicotyle purvisi and Fasciola
hepatica [7]. In Cestoda, it has been shown that for similar function can used the cells
of excretory system [2]. Their processes surround cerebral ganglion and penetrate
into the neuropile.

The systematic position and the phylogenetic relationships of Amphilinida have
been discussed for a long time. The glia-like cells described here were formerly
known in free-living primitive flatwonns only. The new data on the presence of the
similar glia-like cells in the evolutionary old endoparasitic Amphilinida are interest-
ing for the comparative neurobiology of flatworms.
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OBITUARY

LADISLAV TAUC (1926-1999)
AN APPRECIATION FROM JACQUES STINNAKRE

I spoke with Ladislav Tauc a few weeks before he died. As usual he was amusing and
friendly. With characteristic humour he said he was very sorry not to be able to attend
our triannual meeting in Hungary, since for him it was a “kind of pilgrimage”,
because “lI have been subjected to the vivisectionist’s knife”. Professor Jacques
Stinnakre, Ladislav Tauc’s first student and long time collaborator, was good enough
to let me have details of his funeral eulogy to Ladya, some of which | have repro-
duced below.

“Ladya was bom in the Czech Republic in the small town of Pardubice, in
Bohemia. As a student at the Masaryk University of Brno, he started research in the
Laboratory of Plant Physiology, where his passion for biophysics and electronics had
led him to become interested in the phenomenon of bioelectricity and it was there
that he investigated the effect of light on plant growth. However, in Czechoslovakia
at that time, methods in electrophysiology were not practical and it was in France, in
the laboratory of biophysics at ‘L’Ecole Normale Supérieure’, rue d’Ulm, that
Ladislav Tauc came to complete his training - thanks to a grant obtained from the
French Government. There he met Alfred Fessard with whom he would collaborate
in the future. His work progressed rapidly and soon he found that the electrical
responses he observed on the cell membrane in young pea plants under the influence
of light, resulted from photochemical processes taking place in peripheral neigh-
bouring cells. These results channelled his interests towards processes that occur at
the cellular level and in particular the membrane potential.

To record the membrane potential he would have to access the cytoplasm of the
cell, a task more difficult to perform than attaching a metal wire to the end of a squid
axon: one must go through the membrane with an isolated electrode without short-
circuiting it. Thanks to contact with De Fonbrune, who built micro-tools from glass,
Ladislav Tauc thought about the glass tubes pulled by embryologists to manipulate
cell nuclei and became one of the first people in the world, and certainly the first in
France, to use intracellular microelectrodes. The cellulose cell wall of plants caused
him great problems but by 1953 he was able to make recordings. Thus he became a
pioneer in plant electrophysiology.
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Surrounded by neurophysiologists and encouraged by Alfred Fessard, Ladya
turned towards the nervous system, and more specifically towards the nerve cells as
he postulated that to understand how the nervous system functions, one must first
understand the details of the elementary mechanisms occurring at a cellular level. He
explored many preparations (the striated muscle fiber, the electric organ of squids
and giant neurones in snails) before settling on the giant neurones of the sea hare,
Aplysia. It is to Tauc that several generations of neuroscientists owe gratitude for
exploring this exceptional model nervous system. In 1954, following very long expe-
ditions to Arcachon where, during the summer, Aplysia are in abundance, and further
experiments done on Aplysia at I’Institute Marey, he described the properties of neu-
rones: evoked and spontaneous action potentials, local potentials, and inhibitory and
excitatory synaptic potentials.

We must underline, | think, the importance of his discovery that synaptic trans-
mission resulted directly from (pre-)synaptic activity and is maintained regardless of
whether the cell soma (nucleus) of the neurone is inactive or even absent. His results
confirmed the hypothesis of Sir John Eccles, that the action potential is initiated at
the excitable axon hillock. Thus neurones are differentiated, and act as integrators,
not merely as relays: the membrane properties and cytoplasmic contents vary from
one region of the cell to the next. This work, published essentially on his own, made
Ladislav Tauc so well known that in 1960 he started some lengthy and fruitful peri-
ods of collaboration with some well known, and soon to be well known, scientists
from Argentina, the United States of America, England, Spain, Poland, Japan, Italy
and, of course, France.

The direction followed by Ladislav Tauc enriched new ideas about synaptic trans-
mission, reminding us that a single transmitter substance can provoke excitatory or
inhibitory responses depending on the nature of the receptors present on the target
cells. Variable synaptic responses are now known under the name of synaptic plas-
ticity, which manifests itself as habituation, desensitisation, facilitation, potentiation,
etc. Another important step was the discovery of a group of neurones in the buccal
ganglion of Aplysia, which permitted simultaneous monitoring and control of the
activity in the presynaptic and postsynaptic neurones. Combined with the introduc-
tion of intracellular injections, this discovery was the starting point for many other
investigations, which are still being pursued today with the analysis of the properties
of synapses using toxins, antibodies, peptides and nucleic acids.

After his retirement, Ladislav Tauc did not lose his interest in experiments to mea-
sure certain membrane parameters, notably by optical means. Throughout his career,
Ladislav Tauc was always the originator of new concepts concerning the physiology
of neurones and was involved in the use of important new technology wherever
appropriate. His intelligence, sharply focused mind and commitment permitted the
transformation of the Department of Cellular Neurophysiology at CNRS, directed by
Alfred Fessard, to the Laboratory of Cellular Neurobiology and then later to the
Laboratory of Cellular and Molecular Neurobiology, which still exists under the
direction of Maurice Israel. After 35 years of continuing contributions in Neuro-
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biology, with all its difficulties, we owe him, and all those who have accompanied
him along the way, a debt of gratitude: thank you Ladislav Tauc.

Ladislauv Tauc was a member of the Biological Society, the Society for Neuro-
science, the International Society or Invertebrate Neuroscience and many more. He
was on many editorial committees for international reviews. He received a prize at
The German Science Academy in 1964 and a silver medal at the C.N.R.S. in 1966.
To honour his memory, a decision has recently been taken to re-introduce the
‘Conference en Neurobiologie de Gif sur-Yvette’ which he initiated and maintained
with the help from his colleagues at the laboratory for almost 20 years. The new con-
ferences will be called ‘Conferences Ladislav Tauc en Neurobiologie’.”

Translated by Mino C D Belle, Bill Winlow, Department of Biological Sciences
University of Central Lancashire, Preston PR12HE, UK

and Craigie Chapas, Editorial Assistant, The Physiological Society, P.O. Box 11319,
London, WC1E 7JF, UK.
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