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PREFACE

The present volume of the Acta Biologica Hungarica contains o r ig in a l 
papers presented at the 7th Symposium of the In terna tiona l Society fo r  In 
vertebrate Neurobiology (ISIN) held between 23-2G June 1991 at Tihany, 
Hungary.

Invertebrate animals have been used in  the past with great success 
fo r studying both elementary and complex neural processes. Of preparations, 
on which important discoveries have been achieved, i t  is enough to  re c a ll 
the giant axon of the squid, the id e n tif ie d  neurons of gastropods, the 
Retzius c e ll of leech, the stre tch  receptor of crayfish, the stomato- 
gastric  neuronal network of lobste r, the brain of Drosophila mutants, 
sensory and motor neuron systems in  insects. At the same time, due to th e ir  
advantageous properties, studies on invertebrates contributed g rea tly  to 
the development of new techniques which were applied la te r in  vertebrate 
neurobiology, such as in tra c e llu la r  recording, voltage clamp and patch 
clamp methods, in tra c e llu la r  and retrograde s ta in ing , c e ll iso la tio n  and 
microchemical measurements, in tra c e llu la r  perfusion of neurons and others.

While a l l  these achievements are incorporated in to  neurosciences as 
a whole, one can ju s t ify  the organization from time to time of conferences 
fo r sc ie n tis ts  working with comparatively simple nervous systems, which 
also provide models fo r vertebrate and human brain mechanisms and be
haviour. The series of ISIN symposia are one of these conferences.

At the recent Symposium the la te s t resu lts  obtained using worms, 
molluscs and arthropods were grouped around the follow ing main top ics : 
physiological properties of the neuronal membrane and ion ic channels; 
lo ca liza tio n  and action of signal molecules at c e llu la r  and brain le ve l in 
cluding modulatory functions and p a ra lle l representation; organization of 
simple nervous systems; neuroimmunology; regulation of complex acts and 
behavioural phenomena. The new resu lts  presented in  th is  volume give an 
ins igh t in to  the progress which has been made in  neurobiology over the past 
few years using invertebrates.

J. Salánki

Akadémiai Kiadó, Budapest
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CALCIUM TRANSIENTS IN  SNAIL NEURONES?*

P.G. KOSTYUK

Bogomoletz In s t itu te  of Physiology, Ukrainian Academy of Sciences,
Kiev, Ukraine

(Accepted: 1991-00-30)

One of the important features of ion d is tr ib u tio n  between the 
in te r io r  of a l iv in g  c e ll and its  external medium is  the maintenance of a 
low in te rna l leve l of free calcium (/Ca^+/^ n). Usually i t  is  about 10~^M; 
several metabolic systems are e ffe c tiv e ly  co n tro llin g  th is  le ve l, opposing 
the continuous trend to  i t s  increase due to the presence of a steep 
electrochemical gradient of Ca^+ ions across the ce llu la r membrane. How
ever, during c e llu la r  a c tiv ity  /Са^+/^ п increases tra n s ie n tly ; these 
"calcium transients" form the most general secondary messenger which trans
mits signals from the ce llu la r membrane to  d iffe re n t in tra c e llu la r  s truc 
tures. Modern technical achievments in  measuring low free calcium leve ls , 
based on the synthesis of new absorbing and fluorescent probes (Fura-2, 
Antipyrylazo I I I ,  e tc .)  offered exce llen t p o s s ib ilit ie s  fo r in  vivo 
measurements of calcium transients during neuronal a c t iv ity .  They have 
been e ffe c tive ly  used also in studies of calcium turnover in invertebrate 
neurones. The present paper summarizes main resu lts  obtained along th is  
line  in  our laboratory on isolated neurones of the sn a il, Helix pomatia.

Presented during the ISIN Symposium on "Neurobiology of Invertebrates", June 23-20, 
1991, Tihany, Hungary

Send o ffp r in t requests to : Prof. P.G. Kostyuk, A.A. Bogomoletz In s titu te  o f Physiol
ogy, Bogomoletz S tr. 4, 252601 Kiev 24, Ukraine

Akadémiai Kiadd, Budapest



8 P .G . KOSTYUK

Methods

Iso la tion  of ce lls  and th e ir loading w ith Fura-2 were done according 
to previously described procedures /2 ,4 ,6 /. For selective exc ita tion  of 
Fura-2 two interference f i l t e r s  centered at 362 and 387 nm were used. To 
increase the s e n s it iv ity  of the recording system, a photon-counting 
technique has been developed. Cell stim ula tion , membrane po ten tia l record
ing and electrophoretic in je c tio n  of Caz+ were performed by using a routine 
m u lti-b a rre l microelectrode method. Stim ulating and recording barrels were 
f i l l e d  with 2.5 M KC1. For electrophoretic in je c tio n  the electrode was 
f i l l e d  with 200 mM CaCl„, 100 mM Na-cAMP or Na-vandate. Some substances 
(IP 3, Gpp/NH/p) were in jected by pressure. For measuring the release of 
Caz from the c e ll in to  ex trace llu la r space, a special approach has been 
developed /11 /. The c e ll was placed in  a microchamber (a drop of sa line) 
containing the absorbant Ca ind icator Antipyrylazo I I I .  A s„th is ind ica to r 
and Fura-2 respond to d iffe re n t wave lengths, changes of CaZ+ leve l inside 
the c e ll and in  the e x trace llu la r space could be measured simultaneously.

Resting level of /Са^+/ .

Fure-2 measurements of resting /Са^+/^ п in  a large number of iso 
la ted  sna il neurones gave the level of O.OP^uMwith variations between 0.07 
and 0.15 yjM / 6/ .  This is  somewhat lower than the value obtained by 
calcium -selective glass microelectrodes / 1/ ;  probably, the use of such 
microelectrodes is  a more damaging procedure than the Fura-2 tech
nique .

Basic mechanisms which are responsible fo r the s ta b iliz a tio n  of 
/Ca +/ ^ n at th is  leve l can be anticipated from recording of i t s  changes 
a fte r  d iffe re n t calcium transporting systems are affected. 1) I f  the d i
rec tion  of Na-Ca exchange was reversed by placing the neurone in  Na-free 
so lu tion , /Са^+/^ п rose slowly (in  about 100 s) to 0.2-0.3 ,uM. 2) The 
same happened i f  m itochondrial calcium uptake is  inh ib ited  by sp e c ific  
poisons (NaN-j or COOP). 3) /Caz+/ in rose even more considerably (to  about 
0.5 yuM) a fte r in tra c e llu la r  in jec tion  of vanadate which blocked the meta- 
b o lica lly -d r ive n  calcium pump. Thus several physiological mechanisms com
bine in  maintaining the very low in tra c e llu la r  free calcium leve l. Binding 
of Caz+ by in tra c e llu la r  Ca-binding proteins also has to be kept in  mind; 
th is  component could not be estimated d ire c tly  because of i t s  very fa s t 
time constants.
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Calcium transients during neuronal a c tiv ity

Drastic changes in  /Ca^+/ in  occurred when the resting low calcium 
permeability of ce llu la r membrane was altered by activa tion  of membrane ion 
channels. Some in flu x  of Ca + occurred already when certain types of re
ceptor-operated channels became opened (fo r  instance NMDA-channels in  some 
mammalian neurones — MacDermott et a l. ,  / 8/ ) .  This way of a lte r in g  
/Ca^+/ in has not been systematically analyzed on sna il neurones. However, 
i f  membrane depolarization became strong enough to generate a spike and to 
open voltage-operated calcium channels, well defined calcium transients did 
occur in  the cytoplasm. A whole family of voltage-operated calcium channels 
may pa rtic ipa te  in  the production of calcium transients in d iffe re n t types 
of nerve c e lls  and in  d iffe re n t species. In sna il neurones high-voltage 
operated and s low ly-inactiva ting  channels (resembling L-type channels ac
cording to the c la ss ifica tio n  of Nowycky et a l . ,  /9 /) .  are predominant in  
th is  respect.

The elevation of /Са^+/ 1П induced by a s ingle action po ten tia l can 
be hardly detected; however, a burst of spikes or a rhythmic discharge in 
duced a well-measurable transient elevation of /Caz+/^ n- Depending on pulse 
frequency, the la t te r  reached a steady leve l varying between 0.5 and 1 ijM. 
In low-calcium solutions the transients became considerably smaller, in d i
cating th e ir  re la tion  to Ca^+ in flu x  from outside through voltage-operated 
calcium channels. A fter cessation of s tim u la tion , /Са^+/ 1П always decayed 
to resting leve l with a characte ris tic  time constant (mean value 20 + 5 s 
at room temperature). Obviously, a spec ific  metabolic-dependent in tra c e l
lu la r  mechanism is  responsible fo r th is  comparatively fast removal of ex
cessive free calcium. This conclusion follows also from the high tempera
ture co e ffic ie n t of calcium removal (Q^g = 2.3 _+ 0.2). In tra c e llu la r van- 
date abolished almost completely the removal; on the other hand, in te r 
vention in to  plasmalemmal or mitochondrial ion-exchange mechanisms did not 
influence i t s  time course. Obviously, accumulation of excessive Caz+ in  
some in te rna l stores (endoplasmic reticulum?) by a spec ific  calcium pump 
plays a key ro le  in  such a removal; th is  conclusion follows also from the 
e ffec tive  m obilization of stored Ca^+ by sp e c ific  agents opening release 
channels in  the re tic u la r membrane (see below).

To answer the question about the amount of Caz+ that remains in  such 
stores, p a ra lle l measurements of calcium transients inside the neurone and 
in  a lim ited  ex trace llu la r space were made using recordings of Fura-2 and
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Antlpyrylazo I I I  s ignais /11 /. A disadvantage of th is  technique is  a 

substantia l (about one order) decrease o f Ca  ̂ level in the ex trace l
lu la r  solution due to e ffec tive  binding o f these ions by Antipyrylazo; 
therefore calcium transients were produced by iontophoretic in jec tions  
o f Caz+ from the in tra c e llu la r  microelectrode. An increase in  /Ca /  .j. 
was always observed, proportional to the e levation of /Са^+/ 1П- The amount 
o f Ca^+ that le f t  the c e ll varied in  d if fe re n t neurones between 30 and 
40%. This value may exceed the amount excreted in  physio log ical con
d it io n s  (under physio log ica l concentration of Ca^+ in  the e x tra ce llu la r 
medium). Nevertheless, i t  is  obvious tha t a substantia l part of Caz that 
entered the c e ll during neuronal a c t iv ity  is  in  some way returned to the 
e x tra ce llu la r medium.

The a c t iv ity  of voltage-operated calcium channels can be modulated 
in  a wide range by d iffe re n t neurotransmitter and hormonal substances. They 
act by phosphorylating calcium-channel prote ins via d iffe re n t prote in 
kinases; in  various sn a il neurones cAMP-dependent, cGMP-dependent and 
Ca/phospholipid-dependent mechanisms have been detected. In our laboratory 
a substantia l po ten tia tion  of calcium signals (above 1 oM le ve l) has been 
found in  those c e lls  in  which the a c tiva tio n  of the adenylate cyclase 
complex produced up-modulation of calcium channels (Kostyuk et a l . ,  1989).

Calcium release from in tra c e llu la r  stores

In caffe ine-conta in ing (5 mM) so lu tion  membrane depolarization 
triggered a large subsequent transient increase of / С /^  . This e ffec t 
developed in  an " a l l  or none" fashion as /Са^+ /. reached a threshold level
o f 0.4 + 0.05 ajM. S im ilar release could be obtained with 1 mM thymol or

~  2+5 mM theophylline /5 /  ; in  the la t te r  case the threshold value of /Ca /^ n
was somewhat la rger (0.6 +_ 0.05 yuM). The peak amplitude of th is  response 
was independent of /Са^+/ оп i-n a wide range of concentrations (from
0.5 to 20 mM), ind ica ting  the in tra c e llu la r  location of the correspond
ing source. The response could be blocked by ryanodine — a spec ific  
antagonist of calcium and caffeine sens itive  release channels in  the 
endoplasmic reticulum . I t  is  known tha t lo ca l anaesthetics ( lid o ca in ) 

also in h ib it  Ca-release channels in  the sarcoplamic reticulum o f con
t r a c t i le  ce lls ; in  sna il neurones they could be inh ib ited  not by lidocaine 
but by tetracaine or procaine (1 mM).
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The rate of /Са^+/^ п recovery a fte r release was even speeded-up 
under caffe ine, ind ica ting  a possible stim ula ting  e ffec t of th is  substance 

on the calcium pumping mechanism inside the neurone /9 /.
The permissive action of xantines and thymol on Ca-triggered calcium 

release is  so e ffe c tive , that i t  seems strange s t i l l  not to know a physio
log ica l endogenous substance that would endorse s im ila r c e llu la r  signals. 
The s itua tion  is  almost the same with another mechanism trigge ring  Ca- 
release — in o s ito l 1,4,5-trisphosphate (IP3). D irect pressure in jections 
of IP3 in to  snail neurones induced transient increase of /Са^+/  up to
0.2-0.4 oM. This release did not depend on previous elevation of /Са^+/^ п 
to a threshold le ve l; i t  was d e fin ite ly  lower than that observed during 
xantine-induced transients, ind ica ting  the presence of a separate in tra 
c e llu la r  calcium store. In jections of a nonhydrolyzable analog of GTP 
(Gpp/NH/p) triggered s im ila r calcium transients; thus GTP-binding proteins 
(G-proteins) may pa rtic ip a te  in  the ac tiva tion  of respective calcium- 
release channels /5 / .  Although release of IP3 and d iacylg lycero ls  under 
the action of physiolog ical substances through the activa tion  of phospho
lipase C (PLC) has been described in  several tissues ( fo r  instance, in  
pheochromacytoma c e lls  under the action of glutamate — Kurozumi et a l.  /7 / ) ,  
th is  question has not been yet analyzed on sna il neurones.

Identica l calcium transients could be evoked also by intraneuronal 
in je c tio n  of cyc lic  adenosine 3,5-monophosphate (cAMP). In th is  case the 
in t r is ic  mechanism of elevation of /Ca/+ / in  was d iffe re n t in  d iffe re n t 
neurones. In some o f  them i t  was largely dependent on /Ca^+/ ou  ̂ and could 
be produced via d ire c t opening from inside of ion channels p a r t ia lly  perme
able to Ca^+ /3 /. However, in  other c e lls  the induced transients were 
independent from /Ca / Qli^ and came e n tire ly  from in te rna l stores. 
K inetics and amplitude of cAMP-induced release transients were s im ila r 
to those of IP3-induced ones; th is  may ind ica te  a common source of both 
processes.

O scilla tions of in tra c e llu la r  calcium

In many sna il neurones calcium transients transformed themselves 
in to  periodic o sc illa tio n s  of /Caz / .  that could continue fo r minutes with 
a p e r id ic ity  between 5 and 100 s . The prerequ is ite  fo r the appearance
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of these osc illa tions  was the presence in  the e x tra ce llu la r medium of 
xantines or thymol which, as already mentioned, induced Ca-dependent 
calcium release from in tra c e llu la r  stores. O sc illa tions never occurred even 
during long-lasting  in je c tio n s  of IP3 or cAMP which produced /Ca^+/ in 
e leva tion  to a new steady le ve l. However, i f  long-lasting  in je c tio n  of cAMP 
was made in  the presence of caffe ine in  the external so lu tion  in  concen
t ra t io n  subthreshold fo r  tr igge ring  spontaneous calcium release, o s c il

la tio n s  often started to develop (Kostyuk et a l. /5 / ) .  Obviously, ju s t the 
presence of Ca-dependent activa tion  of Ca-release channels and th e ir  
subsequent inactiva tion  are cruc ia l components of the mechanism that 
tr ig g e rs  o sc illa tio n s ; a corresponding k in e tic  model has been proposed by 
Mironov and Usachev /9 /.

C onclus ions

The presented data demonstrate that in  sna il neurones, as in  other 
exc itab le  ce lls , large in tra c e llu la r  calcium transients are a dominant 
fea ture  of excita tion . /Ca / .  during such transients may r ise  to micro- 
molar le ve l, and is  re la t iv e ly  rap id ly ( in  seconds) reduced to the resting 
value a fte r  cessation of neuronal a c tiv ity  due mainly to active uptake of 
Ca^+ ions by the endoplasmic reticulum. Such transients can be substan tia l
ly  modulated in size and duration by factors regulating the a c t iv ity  of 
voltage-operated calcium channels, as well as by additional release of Ca^+ 
from Ca-sensitive and IP3-sensitive in tra c e llu la r  stores. The ro le  of th is  
potent secondary messenger system is  extremely diverse. Some of i t s  aspects 
are already well analyzed (regulation of potassium and chloride conduc
tances of the c e ll membrane, se lf-regu la tion  of calcium conductance, modu
la t io n  of the a c t iv ity  of Ca-dependent enzymes lik e  phosphodiesterase, 
phosphatase e tc .). More long -las ting  e ffects l ik e  prolonged changes in  the 
effectiveness of synaptic transmission, in tra c e llu la r  transport and genom 
expression) are also obvious; however th e ir  in tr in s ic  mechanisms are much 
less understood and are extensively analyzed now in  many labora tories.
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A study was made to characterize the actions of van illin s  on the resting 
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of iden tified  Helix neurons.

Two types of neurons can be c lass ified  according to the actions of v a n ill in s . 
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In t r o d u c t io n

An emerging understanding that capsaicin and some other related 
compounds when ac tiva te  ligand-gated non-specific  cation channel /13 /, 
causing a te trodo tox in -res is tan t membrane depolarization and release of in 
flammatory neuropeptides / 11/  bind to receptor, the so-called v a n illo id  
(capsaicin) receptor in  mammals / 2 , 16/.

Snail brain is  a convenient preparation to study the membrane 
e ffec ts  of capsaicin on voltage- and ligand-gated ion ic currents in  com
parative pharmacological point of view /5 , 6 , 7 /. However, i t  is  not clear 
whether capsaicin may activate a receptor or saturate binding s ites  when acts 
in  Helix neurons. Capsaicin possesses a v a n il ly l  head which is  a mutual 
constituent with another van illo id  s truc tu re , the re s in ife ra to x in .

The s tru c tu ra l s im ila r ity  prompted me to s ta rt experiments with 
v a n illin s  (v a n il l in  and e h ty lv a n illin ) which are known compounds of supple
ments widely used to flavour certain chocolates and cakes. I  expect that 
experiments with v a n illo id s  w i l l  promote the understanding of v a n illo id  
s tru c u tre /a c tiv ity  requirements and mechanisms.

M a te r ia ls  and M ethods

This study was carried  out on id e n tif ie d  neurons of the land sn a il, 
Helix pomatia L. The id e n tif ie d  neurons are the L and RPa 1-3 neurons on 
the dorsal surface of the parie ta l ganglia or the beating neurons around 
the RPa burster /1 5 /.

Snails were co llec ted  loca lly  and p r io r  to the experiments, they 
were kept in  an active state under laboratory conditions. The ganglionic 
complex was removed and isolated from the animals and pinned to a S ila s t ic -  
covered (Sylgard 184, Dow Corning Corp. Midland, Mi. USA) flo o r of a 5 ml 
P lexiglass recording chamber. Conventional in tra c e llu la r  technique was used 
to  record the res ting  membrane po ten tia l and action potentia ls  under 
current clamp and the membrane ionic currents under voltage clamp. A home- 
b u i l t  am plifier connected with Labmaster DMA and a 286-base IBM compatible 
computer equipped w ith  aquisation and graphic softwares were used to 
record the membrane current and voltage or to construct p lo ts.

The physio log ica l solution contained in  mM: NaCl, 80; KC1, 4; 
СаС1„, 7; MgCl2, 5; Tris-HCl, 5 (pH = 7 .4 ). Na-free Tris or TEA solution 
was also used. V a n illin s  (v a n illin  and e th y lv a n illin )  were applied in  the 
e x tra ce llu la r so lu tion  in  2.5-10 mM concentration and added to the organ 
bath by changing the reservo ir from which the bathing solution was drawn. 
Experiments were performed at room temperature in  an a ir-conditioned 
laboratory at 22 °C. For iso la tion  of the leak, Ca- and К-currents see 
1, 2, 14.
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R es u lts

Two types of c e lls  can be c la ss ifie d  according to the action of 
v a n illin s  on id e n tif ie d  neurons. Representative s ile n t ce lls  of the f i r s t  
group of neurons are the le f t  and r ig h t p a r ie ta l 1-3 neurons (L and RPa 
1-3) which can be loca lized  on the dorsal surface of the ganglia in  the 
upper edge segment. Characteristic pacemaker and synaptically driven c e lls  
of the second type of neurons are id e n tif ie d  around the r ig h t p a rie ta l 
burster in  the lower edge segment of the r ig h t  pa rie ta l ganglion /1 5 /.

Effects on the leak current

V an illins  depolarize the various Helix neurons in  various extent 
during th e ir  actions before the slowly developing presynaptic ac tiva tion  
appears in  certa in  second type of neurons. Vanillin-induced depolarization 
was accompanied by an incrase of the membrane input resistance under 
current clamp and a decrease of the leak current in  voltage clamp con
d itions . Fig. 1A shows tha t the action of v a n i l l in  on the leak current is  
reversible in  normal so lu tion  as in other modified salines. However, the 
action of e th y lv a n illin  was more e ffective  on the leak currents than tha t 
of v a n illin  (Fig. IB).

D iffe re n tia l actions on the outward potassium currents

V a n illin  moderately decreased the amplitude and increased the du
ra tion  of the action po ten tia ls  when depolarized the neurons and in ic ia te d  
spontaneous spiking in  the s ile n t L and RPa 1-3 c e lls . Under voltage clamp, 
v a n illin s  decreased the amplitude and in dose-dependent way the time con
stant of decay of the A-currents but they did not influence the delayed 
outward currents (F ig. 2A and B). Actions of v a n illin s  on the voltage- 
dependence of ac tiva tion  and inactivation of the A-currents are shown in  
Fig. ЗА and B. As can be seen, e th y lv a n illin  is  more e ffec tive  than v a n il
l in  and both compounds decrease the amplitude and s lig h tly  modulate the 
voltage-dependence of activa tion  and in a c tiva tio n  of the A-currents. 
Fig. 3C shows the dose-dependent action of v a n i l l in  on the k ine tics  of the 
A-currents (Kd = 5mM,nH= 0.6).
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A

F ig . 1Д. V an illin  reversibly decreases the leak currents in a LPa 1 neuron, a = contro l in 
normal solution, b = responses in  5 rrM v a n illin  (19 min), c = recovery a fte r 15 min washing. 
C a lib ra tion : 10 nA, 100 ms and 50 mV. B. V an illin s  suppress the leak currents in  Na-free 
I r i s  solution. Leak current versus membrane voltage plots in control (crosses), in  5 rrM 

v a n illin  (triang le ) and in 5 rrM e th y lv a n illin  (c irc le )  solutions (10 min)

~ig. 2. D iffe ren tia l actions o f v a n illin  on the fas t (A) and delayed outward currents (B).
.a = А-currents in normal so lu tion, b = in 10 mM v a n ill in  (10 min) and c = in  5 mM v a n illin
10 min) solutions respectively, d = А-currents a fte r 15 min washing. Inset shows the action 
o te n tia l pattern of the RPa 3 neuron under current clamp. Calibration: 50 nA, 100 ms and 
1 mV (voltage clamp records); 2 ms, 20 mV (current clamp record in inset). Ba = delayed out- 
ird  currents recorded in Na-free I r is  solution, b = the same as a but in 5 гтМ v a n illin

(10 min). C a libration: 40 nA, 100 ms, 50 mV. Holding potential = -50 mV
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Fig. 3, V an illin  (A) and e th y lva n illin  (В) moderately modulate the activation and in a c ti
vation of the А-currents in Na-free Tris solution. Crosses are the control values while 
triangles mark the test curves. Holding potentia l = -60 mV, conditioning prepulse = -100 mV 
for 500 ms and test voltage from -60 mV to -20 mV in 10 mV increments (fo r ac tiva tion ). Test 
voltage = -30 mV, conditioning prepulse from -100 to -50 mV in 10 mV increments (fo r in 
activa tion ). C- Oose-dependent action of v a n illin  on the time constant of decay of the A-

currents (Kd - 5 ггМ,пН= 0.6)
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Effects on Ca-currents d if fe r  in the two neuron group classified

Vanillin  reversib ly decreased the plateau phase of the Ca-spike in 
Na-free TEA solution in the f i r s t  group of neurons (Fig. 4A). Under voltage 
clamp, van illin  decreased the peak amplitude of the Ca-currents and in -

Fig. 4. Van illin  reversibly decreased the plateau phase o f the Ca spike (A) and the Ca- 
currents (B) in Na-free TEA solution (LPa 1 neuron), a = control responses, b = test 
responses in 5 mM v a n ill in  (10 min) and c = recovery a fte r washing. Calibration: 10 nA, 
100 ms and 20 mV (fo r current clamp records), 50 nA, 50 ms and 50 mV (fo r voltage clamp

records). Holding potentia l = -50 mV

Fig. 5. Effects of v a n ill in  (b and c) and e th y lvan illin  (e and f )  on the action potential and 
spike pattern of a second type pacemaker neuron, a = control records, b and c = action of 
v a n ill in  (5 mM) in the 8th and 10th min' a fter application, d = recovery a fte r washing (25 
min), e and f  = action of e th y lva n illin  (5 mM) in the 8th and 10th min a fte r application.

C a libration: 2 ms, Is and 20 mV; 5 ms for f
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creased the time-to-peak values at each test po ten tia l (Fig. 4B). However, 
the rate of inac tiva tion  of the Ca-currents increased in  the f i r s t  
neuron group.

V an illins  can induce b u rs t- like  transformation of the beating spike 
generation followed by slowly developing activa tion  of the synaptic inputs 
in  the second type of neurons (Fig. 5). These e ffects  of v a n illin s  are ac-

Fie;— 6A and В. V an illin  fa c ilita te s  the Ca-currents in a second type of neuron
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Fig. 7. Van illin  (5 mH, 10 min) moderately s h ift the voltage-dependence of inactivation (A) 
and re la tive  conductance (B) o f Ca-currents to more negative membrane potentia ls. Crosses 

mark the con tro l, while triangles do the tes t curves respectively

companied by a long-lasting fa c ilita tio n  of the Ca-currents under voltage 
clamp (Fig. ÉA and B). When va n illin  acts, the voltage-dependence of in 
activation and re la tive  conductance of Ca-currents s h ift to more negative 
membrane potential values in the Na-free TEA solution (Fig. 7A and B).

D iscuss ion

The experiments with van illins c learly show that va n illin  and 
e thy lva n illin  are d iffe re n tia lly  effective on the Ca-currents of two types 
of identified  Helix neurons in mM dose. The overall actions of van illins  as
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those of capsaicin are excitatory in  nature /8 , 9, 10/ on the studied 
neurons which corresponds with membrane depolariza tion, an increase of the 
input resistance and broadening of the action po ten tia l duration. However, 
capsaicin is  more potent than va n illin s  are because the previous being e f
fec tive  in  10-100 yU M dose on the ligand- and voltage-activated ion ic  
channels of various Helix neurons /6, 7/.

V a n illin s  proved to be more e ffe c tive  on the kinetics of the A-cur- 
rents, while capsaicin suppressed the amplitude of the fast potassium cur
rents more potently /3 / .  A real d if fe re n t ia l action between v a n i l l in  and 
capsaicin was recorded on the delayed outward currents because these 
currents are capsaicin sensitive but v a n illin -re s is ta n t ones /4 , 5 /.

V a n illin s , a like  capsaicin, suppressed the Ca-currents in  the L 
and RPa 1-3 neurons but in  less extent /5 / .  V an illins  when fa c i l i ta t in g  

Ca-currents in  id e n tif ie d  sensitive neurons can promote the Ca-mediated 
events such as b u rs t- lik e  transformation of the action potentia l generation 
and fa c i l i ta t io n  of the presynaptic transm itte r release. A slowly develop
ing and long-lasting  action of v a n illin s  on the Ca-currents suppose in 
d irec t biochemical modulations but an involvement of van illo id  receptor and 
second messenger molecules in  the process needs further e luc ida tion .
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ACTIVATION OF A DIVALENT CATION-CONDUCTING CHANNEL IN  HEART VENTRICLE 

MUSCLE CELLS OF THE SNAIL LYMNAEA STAGNALIS BY THE MOLLUSCAN CARDIOACTIVE

PEPTIDE I MRTamide*
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Ion channels with characteristics of Ca channels have been found in  isolated 
he^rt ventric le ce lls  of the snail Lymnaea stagnalis. Although spontaneous Ca or 
8a currents were seen only occasionally, spontaneous inward Na currents were 
readily observed in the absence of patch pipette Ca betweei^membrane potentia ls of 
-1()0 mV and +20 mV. These currents were blocked by 2 nfl Ni +, 2 nW Co and 10yuM 
Ca . The channels usually ceased conducting within a few minutes a fte r seal fo r
mation with the patch pipette and could not be re-activ^ted witty depolarizing voltage 
steps. Hovever, at the c e ll 's  resting potentia l, 10 to 10 M of the molluscan 
cardioactive peptide FMRFamide or i t s  analogue FLRFamide2+ applied to the c e ll 
membrane away^from the patch pipette, induced unitary Ba currents or, in  the 
absence of Ca in the patch pipette, Na currents. This suggests that a secondary 
messenger is  involved in  the FMRFamide-induced activation of these channels rather 
than a d irect activation of a channel-receptor complex by the peptide.

Keywords : FMRFamide -  Calcium channels -  snail -  muscle

In t r o d u c t io n

Neuronal control of the myogenic heart of Lymnaea stagnalis is  
complex, involving a varie ty of peptidergic and поп-peptidergic moto- 
neurones /4 , 3, 6, 8/. The tetrapeptide Phe-Met-Arg-Phe-NE^ (FMRFamide, 
10), which is  a potent cardioexcitatory agent in  Lymnaea, has recently been 
loca lized in  a pa ir of cardioactive motoneurones /1 , 5/. The card ioexciting
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1991, Tihany, Hungary
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e ffe c t of these motoneurones appears to be mediated by FMRFamide. Since 
FMRFamide appears to be involved in  the regu la tion  of the Lymnaea heart 
beat /5 / ,  i t  is  possible that i t  might have an e ffec t on some class of ion 
channel in  the sarcolemma. Changes in  the a c t iv ity  of the heart might be 
due to modulation by FMRFamide of such channels.

Two d is t in c t non-voltage-gated channels which carry Na in  the ab
sence of Ca2+, and a non-voltage-gated d iva len t cation channel which 
passes Ca2+ or Ba2+ are present in Lymnaea heart ven tric le  muscle ce lls  
/7 / .  The two Na+-conducting channels were labe lled  the "SG" ("small con
ductance") channel and the "LG" ("large conductance") channel on the basis 
of th e ir  re la tive  conductances /3 /. FMRFamide was found to be an e ffec tive  
stim ulant of SG and LG channels, and FMRFamide also activated a untiary 
Ba2+ conductance.

M a te r ia ls  and M ethods

Lymnaea heart ven tric les were dissociated by digestion fo r  30 min 
in„0.25% trypsin  and, subsequently, fo r 2 h in  0.1% collagenase in  0.5 mM 
Ca2+ Le ibov itz 's  medium, with the ion ic concentration modified fo r use with 
sna ils . During patch clamping, the modified Le ibov itz 's  medium was replaced 
w ith normal Lymnaea sa line  (Table 1).

T ab le  1

The dissociation media and pipette solutions. To prepare cobalt saline, 5 mM Co" 

was added to the 0Ca2+/59 mM Na+ saline or the 50 mM Ba2+ saline. pH was adjusted

to 7.6 with 10M NaOH

Concentration
(mM)

Dissociation
Medium

Normal
Saline

0Ca2+
Saline

50 mM Bâ  
Saline

NaCl 54.5 50.0 59.0 0
KC1 1.6 1.6 0 0
CaCl 0.5 3.5 0 0
MgCl 2.0 2.0 0 0
BaCl2 0 0 0 50.0
Hepes * 5.0 5.0 5.0 5.0
CoCl 0 0 0 or 5 0 or 5
EGTA
Leibovitz 's

0 0 1 . 0 0

medium 
Fetal da lf

V/
J < < 0 0 0

serum
Gentamycin

1.33% v/v 0 0 0

(10 mg/ml) 1.33 yug/ml 0 0 0
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Harvested c e lls  were plated onto cover glasses in  35 mm P etri 
dishes. M icropipettes were pulled from th ick-w alled  Corning 7052 (Kovar) 
glass. The m icropipette tip s  were coated w ith Sylgard 184 elastomer (Dow 
Corning) p r io r to f ire -p o lish in g . Tip openings were approximately 1-1.5 <um 
in diameter. A L is t EPC-7 patch clamp a m p lifie r (Medical Systems Corp.) was 
used to amplify the channel currents, and the data were recorded onto video 
tape with an Instrutech VR-10 d ig ita l recorder fo r subsequent, processing 
and analysis on a microcomputer with pCLAMP (Axon Instruments, In c .) .

For open dwell-tim e measurements the data were f i lte re d  at 2 or 
4 kHz with a 4-pole Bessel f i l t e r .  Closed dwell-times were not analyzed 
because there was always more than one channel present in  the patches. For 
amplitude measurements, the trans ition  detection threshold was set by eye 
halfway between the estimated closed-channel and open-channel leve ls .

When only 59 mM Na was present in  ttie patch p ipette , 1 mM EGTA was 
added to ensure a very low in tra -p ipe tte  Ca concentration, which resulted 
in a calculated residual saline Caz concentration of 3.2 nM /3 /.  The bath 
and p ipette  saline compositions are given in  Table 1.

I t  was usually not possible to achieve acceptable glass-membrane 
seals on these molluscan heart ce lls  with an elevated concentration of Ca^+ 
in  the pptch p ipe tte . Good seals were more read ily  obtained when using 
50 mM Ba + in  thp+ patch pipette. Consequently, Ba , which is  often more 
permeant than Caz in  divalent cation channels /12 /, was used to detect 
d ivalent cation channel openings.

FMRFamide (Peninsula laboratories Europe Ltd. or Sigma Chemicals) 
was administered to an area of the c e ll away from the patch p ipe tte  via a 
superfusion p ipe tte  ("extra-patch" superfusion), also made from Corning 
7052 glass. The superfusion pipettes, w ith t ip  openings of about 1.5 yum in  
diameter, were attached to a 1 ml gas-tigh t syringe (Hamilton) w ith p o ly 
ethylene tubing. The tip s  of the p ipettes were positioned at distances 
ranging from about 20 to 100 urn from the c e ll.  The superfusion p ipe tte  
contents were ejected automatically with a pneumatic syringe pump which 
was contro lled by an e lectron ic timing c ir c u it .  Measurements with a marker 
dye revealed that the superfusate trave lled  a distance of about 100 urn in  
about 0.5 s. '

Since the resting  membrane po ten tia l of the patched ce lls  could not 
be measured, estimates of the potentia l d iffe rence across the membrane 
patch (Vm) were made using the previously determined mean resting po ten tia l 
of -60 mV fo r iso la ted Lymnaea staqnalis heart ven tric le  ce lls  /3 / .  Thus, 
Vm is  approximated by (-60 - V ) mV, where V is  the pipette po ten tia l. The 
data from ce ll-a ttached patches and voltages^are given as V .

Results

Spontaneous LG and SG currents

With normal Lymnaea saline in  the patch p ipe tte , which contained 
3.5 mM calcium, inward currents could not be detected, even with depolariz
ing voltage steps. However, in  the absence of calcium with only 59 mM 
sodium and 1 mM EGTA in  the patch p ipe tte , both SG and LG channels were 
detected at the resting  potentia l (Fig. 1). The SG and LG currents appeared 
upon seal formation, but persisted fo r only a short time, usually disap-
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Fig. 1. Spontaneous small conductance (SG) and large conductance (LG) Na+ currents in the absence of patch pipette calcium.
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Fig. 2A. Open time d is tr ibu tion  for spontaneous SG unitary events. The f i t te d  curve is  a 
single exponential with time constant X  = 1.0 + 0.05 ms (+S.E.M.). V = -60 mV. Data from 
patches on 2 ce lls  were combined. F ilte r  frequency = 2 kHz. Inset. Current/voltage re la tio n 
ship for spontaneous SG un itary events. The data are f it te d  by a f i r s t  order linea r regres
sion. Slope conductance = 15 pS. Extrapolated reversal potentia l = -10 mV. Data from 3 patches 
on 3 ce lls  were combined. F il te r  frequency = 1 kHz. B. Open time d is tribu tion  fo r spontaneous 
LG unitary events. The f i t te d  curve is  a double exponential with time constants X q-i  =
= 0.47 _+ 0.08 ms (+S.E.M.) and = 3.17 +_ 0.40 ms (+S.E.M.). V = -60 mV. Data are Trom 
the same patch. F ilte r  frequency = ~7kHz. Inse t. Current/voltage relationship fo r spontaneous 
LG unitary events. Data are f it te d  by a f i r s t  order linear regression. Slope conductance = 

72 pS. Extrapolated reversal potentia l = -20 mV. Data are from a single patch. F ilte r  fre 
quency = 1 kHz



30 B .L . BREZDEN e t  a l .

pearing w ithin about one minute. Once these channel currents had turned 
o f f ,  they could not be re-activated e ithe r by depolarizing voltage steps 
or by 5-HT, acetylcholine, ATP, d ibutyry l c y c lic  AMP or d ibu ty ry l cyc lic  
GMP. Also, the SG and LG channels did not appear to be voltage-gated as 
they could be detected over a wide range of membrane potentia ls /3 , 7/. 
However, inward sodium currents could not be detected when the patch 
p ipe tte  contained 1 mM cobalt, 10 n  M cadmium or as l i t t l e  as 10 yU M 
calcium /7 /.

The SG and LG channels had d iffe re n t open dwell-time d is tr ib u tio n s  
and slope conductances. The open dwell-time d is tr ib u tio n  fo r the SG 
channel was best f i t te d  by a single exponential w ith a time constant of 
about 1 ms, suggesting a single open configura tion  fo r th is  channel 
(F ig . 2A). The slope conductance was 15 pS and the extrapolated reversal 
p o te n tia l was -12 mV (F ig . 2A, inset). On the other hand, the open dwell- 
time d is tr ib u tio n  fo r the LG channel was best f i t te d  by two exponentials 
w ith  time constants of about 0.4 ms and 3 ms, suggesting two open con
fig u ra tio n s  (Fig. 2B). The slope conductance fo r the LG channel was 72 pS 
w ith  an extrapolated reversal potentia l of -20 mV (F ig . 2B, inse t). On the 
basis of these differences i t  is  assumed that the SG and LG currents pass 
through two d iffe re n t channels.

FMRFamide-activated LG and SG currents

Superfusion of the heart ce lls  with 10 6 M FMRFamide over an area 
about ha lf a c e ll length away from the patch p ipe tte  induced a large in 
crease in  both SG and LG channel a c t iv ity  a fte r  a delay of about 5 
seconds (Fig. 3). Simultaneous activa tion  of several channels was re
fle c te d  by the increased frequency of m u ltip le  openings. The increased 
a c t iv i ty  persisted fo r 1 to  4 minutes, then gradually declined u n t i l  the 
patches became quiescent w ith only occasional s ing le  openings or b r ie f 
bursts of openings evident over the course of about one hour, which was as 
long as re liab le  seals could be maintained. The c e lls  contracted only oc
casiona lly  in  response to FMRFamide.

The open dwell-tim e d is tr ib u tio n  of the FMRFamide-activated small 
conductance channel was best f it te d  by a s ing le  exponential curve with a 
time constant of about 1 ms (Fig. 4A). The current/voltage curve described 
a conductance of 18 pS, and extrapolated to a reversal potentia l of about 
-12 mV (Fig. 4A, in s e t) . The open dwell-time d is tr ib u tio n  of the FMRF 
amide-activated large conductance channel, on the other hand, was best



FMRFamide ACTIVATIONS OF MOLLUSCAN CALCIUM CHANNELS 31

1
VI

-

1

о

-1

- 2

- 3

- 4

- 5
Fig. ЗА. Increased SG and LG channel a c tiv ity  in response to extra-patch superfusion with 
10~6 M FMRFamide. The patch pipette contained 59 mM Na+ and 1 mM EGTA. The delay between 
s ta rt of superfusion and onset of a c tiv ity  was about 3 s. The SG events are those with an 
amplitude of about -1 pA. The LG events have an amplitude of about -2 to -3 pA. Deflections 
of about -6 pA to -8 pA are due to multiple openings. The occasional outward currents (up
ward deflections) are stretch-activated potassium channels which open spontaneously to con
duct outward K+ currents in the absence of external К* CBrezden et a l . ,  1986). Scale bar = 
= 5 s. B. FMRF-activated SG events on a shorter time scale. Vm = -60 mV. Scale bar = 5 ms. 
F ilte r  frequency = 1 kHz. Downward deflections represent inward currents. C. FMRF-activated 
LG events on a shorter time scale. Vm = -60 mV. Scale bar = 50 ms. F ilte r  frequency = 1 kHz.
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Fig. 4A. Open time d is tribu tion  fo r FMRFamide-activated SG unitary events. The f i t te d  curve 
is  a s ingle exponential with time constant X = 1.1 + 0.03 ms S.E.M.). V = -60 mV. Data 
from patches on 2 ce lls  were combined. F ilte r  frequency -  2 kHz. Inset. Current/voltage 
re la tionsh ip  for FMRFamide-activated SG unitary events. The data are f it te d  by a f i r s t  order 
linea r regression. Slope conductance = 18 pS. Extrapolated reversal potentia l = -12 mV. Data 
from 3 patches on 3 ce lls  were combined. F ilte r  frequency = 1 kHz. B. Open time d is tribu tion  
fo r spontaneous LG unitary events. The f it te d  curve is  a double exponential w ith time con
tants Xrrn = 0.38 + 0.07 ms (+ S.E.M.). and = 2.58 + 0.35 ms (+ S.E.M.). V = -60 mV. 
Data are"from the same patch. F il te r  frequency = 2 kHz. Inset. Current/voltage relationship 
fo r FMRFamide-activated LG un itary events. Data are f it te d  by a f i r s t  order linea r regres
sion. Slope conductance = 78 pS. Exptrapolated reversal potentia l = -20 mV. Data are from a 

single patch. F ilte r  frequency = 1 kHz
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^ 3 - 5A- Spontaneous Ca cu rre n ts  w ith  50 nM Ca + in  the patch p ip e tte .  V = -60 mV. B. Spontaneous Ba2+ cu rre n ts  w ith  50 nW Ba2+ in  the 
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2+  -8
Fin, 6A. Activation of un ita ry  Ba currents by superfusion with 10 M FMRFamide. The patch 
p ipette  contained 50 irM Ba . The ce ll was superfused about 50yum from the patch pipette. 
Channel ac tiv ity  started about 6 s a fter the onset of superfusion wi^h FMRFamide. = -60 mV 
Scale bar = 5 s. F ilte r  frequency = 2 kHz. B. FMRFamide-activated Ba currents on a shorter 
time scale. V = -60 mV. Scale bar = 5 ms. Downward deflections represent inward currents.

F ilte r  frequency = 1 kHz
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f i t t e d  by an exponential curve with two time constants" of about 0.4 ms and 
3 ms (Fig. 4B). The current/voltage curve extrapolated to a reversal 
p o te n tia l of about -20 mV, and the LG channel conductance was 78 pS 
(F ig . 4B, inset).

FMRFamide-activated barium currents

I t  was very d i f f i c u l t  to obtain good seals with patch p ipettes 
containing high calcium concentrations. Most of the patches obtained were 
noisy and tended to de te rio ra te  rather qu ick ly . Nevertheless, inward cur
rents with 50 mM calcium in  the patch p ipette  were occasionally observed 
(F ig . 5A). However, as consistent resu lts  could not be achieved with a 
high calcium concentration in  the patch p ipe tte , barium was substitu ted 
as the charge c a rr ie r . With 50 mM barium in  the patch p ipe tte , the 
pipette/membrane seals were much better and inward currents could be 
detected more read ily  (F ig. 5B). Even so, spontaneous barium currents 
could be detected in  only about 1 out of 5 patches. These currents also 
tended to disappear soon a fte r seal formation and could not be re-ac
tiva te d  by depolarizing voltage steps.

With 50 mM barium in  the patch p ipe tte , extra-patch superfusion 
_o

w ith  10 M FMRFamide in it ia te d  unitary barium currents (Fig. 6 ). These 
currents averaged about 1 pA in  amplitude at the resting membrane poten
t i a l  and were blocked i f  5 mM cobalt was included in  the patch p ipe tte  /2/.

The open dwell-tim e d is tr ib u tio n  of the barium-conducting channel 
was best f i t te d  by a s ing le  exponential curve with a time constant of 
about 0.4 ms (Fig. 7). The current-voltage curve described a conductance 
o f 8.3 pS and extrapolated to a reversal po ten tia l of +70 mV (F ig. 7, 
in s e t ) .

Discussion

The reversal po ten tia ls  of the spontaneous SG and LG channels were 
much more negative than would be expected fo r a sodium-selective channel. 
This could be explained i f  sodium was passing through a symmetrical 
calcium channel which also allowed potassium to pass in  the opposite 
d ire c tio n  /9, 11/. In such a case, the inward sodium current would be 
o ffs e t by an outward potassium current since both ion types would permeate 
the channel. In h ib itio n  by the calcium entry blockers cobalt and cadmium 
suggests that the sodium currents were passing through a calcium channel,
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while the sodium current block by very low calcium indicates th a t” SG and 
LG channels have a very high s e le c tiv ity  fo r calcium.

The open dwell-times and slope conductances of the FMRFamide-ac- 
tiva ted  SG and LG currents were very s im ila r to those of the spontaneous 
SG and LG currents suggesting that the spontaneous channels and the FMRF 
amide-activated channels are the same. That FMRFamide activates a calcium 
channel is  fu rther supported by the FMRF-induced activa tion  of Ba^+ 
currents. The extrapolated reversal po ten tia l fo r these channels was found 
to be +80 mV. Such a highly positive  reversal potentia l is  what would be 
expected i f  the barium ions were passing through calcium channels. How
ever, on the basis of time constant and conductance measurements alone, we 
cannot conclude that the barium channel is  the same as e ither the SG or LG 
channel. Further work is  c le a rly  required to resolve th is  issue.

The activa tion  of SG, LG and Ba^+ currents by FMRFamide applied out
side the patch, and the latency of several seconds before response, sug
gests that the action of FMRFamide is  mediated by a second messenger. We 
are currently  investiga ting  th is  p o s s ib ility  but have as yet no in d ica tio n  
of what the putative second messenger may be. However, the idea of a 
second-messenger mediation fo r FMRFamide is  not a novel one. I t  has been 
shown by Volterra and Siegelbaum that arachidonic acid is  involved in  the 
FMRFamide-induced activa tion  of the S-type potassium channels in  Aplysia 
sensory neurons /13/.
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Electrophysiologic parameters such as input resistance and response to micro- 
perfusion of neurotransmitters vary under circumstances where neurons from isolated 
ganglia of Aplysia ca liforn ica are subjected to either long-term (several hours) 
blockade of active sodium transport or to hypo- or hyperosmotic solutions. Since one 
of m ultiple possible events under these circumstances is  neuronal volume changes, we 
have developed a system using cultured Aplysia neurons and confocal scanning laser 
microscopy to d ire c tly  monitor c e ll volume when the osmolarity of the perfusing 
solution is  altered and when sodium transport is  blocked. Volume changes o f greater 
than 30% were observed, accompanied by changes in  surface area of greater than 15%. 
The volume increase secondary to sodium pump in h ib it io n  and hypotonic solutions and 
the volume decrease secondary to hypertonic solutions were reversible. Our resu lts 
demonstrate that neuronal volume may change dramatically and raise the p o s s ib ility  
that dynamic changes in neuronal ce ll volume may have physiological importance.

Keywords: Cell volume - neurons - sodium - Aplysia

In t r o d u c t io n

I t  has long been known that c e ll volume is  altered under circum
stances where the osmotic pressure of the medium is  changed. Most studies 
of volume regulation have come from investiga tions of red blood c e lls .  When 
red blood c e lls  are subjected to hyper- or hypoosmotic so lu tions they
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ra p id ly  lose or gain water causing a change in  volume. This is  followed by 
a resto ra tion  of c e ll volume toward the con tro l value by regulatory pro
cesses, especially active ion transport, even when the ce lls  are maintained 
in  solutions of abnormal osmolarity /13 /. Under circumstances where active 
sodium transport is  blocked, the ce lls  swell as a resu lt of accumulation 
of sa lts  and water, but th is  is  reversib le upon removal of the blockade. 
Thus, with blood c e lls  there is  a dynamic regu la tion  of c e ll volume, which 
is  dependent upon a balance of ion and water entry and ex it.

L i t t le  a tten tion  has been paid to the p o s s ib ility  of changes in  the 
volume of neurons under e ither physiologic or pathologic conditions. I t  is  
w e ll known that g l ia l  c e lls , especially astrocytes, w il l  swell under a 
va rie ty  of circumstances /4 / such as in  bra in trauma or in ju ry . The knowl
edge tha t these c e lls  have an important ro le  in  volume regulation of the 
brain has perhaps detracted in terest in  the study of the p o s s ib ility  that 
neurons might also change volume under ce rta in  circumstances.

The e le c tr ic a l e x c ita b il ity  of neurons depends on parameters such 
as input resistance, numbers of receptors and associated ion channels, and 
numbers and d is tr ib u tio n  of voltage-dependent ion channels. These may 
change with c e ll volume. On a physical basis alone, one would expect input 
resistance to increase i f  the ce ll shrinks and decrease i f  i t  swells. I f  
the membrane is  stretched, there may be a va rie ty  of possible e ffe c ts , in 
cluding activa tion  of stretch-activated ion channels / 11/ ,  possibly 
a lte ra tio n  in  the k in e tics  of other voltage- and agonist-activated 
channels, and possibly a lte ra tion  in  membrane f lu id i t y .  In add ition , there 
might be exposure of some membrane prote ins which may have been info lded 
and non-functional. However, since at least in  other ce ll types there are a 
va rie ty  of regulatory mechanisms that function  to  restore c e ll volume, such 
regulatory processes as active sodium transport may also d ire c tly  influence 
the e le c tr ic a l properties of the neurons /3 / .  The present studies are an 
i n i t i a l  e ffo r t to d ire c tly  measure changes in  neuronal volume. The resu lts  
show that neuronal volume can be revers ib ly  a ltered by a sizeable amount. 
While these resu lts  by no means prove that neuronal volume is  a lte red under 
physio log ical conditions, they do ra ise the p o ss ib ility  that neuronal 
should be considered.
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M a te r ia ls  and Methods

Experiments were done using cultured neurons from Aplysia c a l i fo r -  
n ica . A ll major ganglia from juven ile  (10 g) animals were dissected and 
treated with a r t i f ic ia l  sea water (ASW) (composition in  mM, NaCl 480; KC1 
10; CaCl2 ■ 2H„0, 10; MgSO • 7H„0, 30; МдС1„ ■ 6H„0, 20; HEPES, 5; pH 7.6) 
containing f 30% sucrose and 0705% collagénase (Sigma Type I )  fo r  30 min. 
The ganglia were then pinned down on a Sylgard 184 (Dow Corning) coated 
cu ltu re  dish. A fter removing major parts of the connective tissue , the 
ganglia were desheathed with a fine  razor blade in  the presence of 0.05% 
DNAse (Sigma Type 1A). The nerve c e ll bodies were mechanically iso la ted  by 
t r i tu ra t io n  with a fire -po lished  Pasteur p ipe tte , plated in  3.5 cm Falcon 
cu ltu re  dishes on poly-L-lysine-coated cover s lip s  and fed with modified 
L-15 media (3 m l/dish) containing 20% Aplysia hemolymph. The osmolarity was 
adjusted to 1100 mosmol and one th ird  of the medium was replaced every 
other day. Cultures were maintained at room temperature (22 UC). Neurites 
started to grow usually 2 h a fte r the i n i t i a l  p la ting  and reached a peak at 
day 3-4. Action potentia ls could be recorded from day 1 to day 10, although 
we found the best conditions fo r e lectrophysio log ica l recordings to be days 
2 to 5.

In a few experiments id e n tif ie d  neurons were plucked from the medial 
c lus te r of the p leural ganglion and placed in  cu ltu re . In some experiments, 
Na transport was blocked fo r various periods of time by replacing of a l l  
KC1 in  the ASW with NaCl.

In order to visualize liv in g  neurons in  the confocal microscope, 
they were stained with D il as described by F e jt i e t a l. /5 /.  B r ie f ly , the 
procedure involves preparing stock solutions of the fluorescent dye, D il 
(1 mM), and Pluronic F—127 (20%), which keeps the dye in  so lu tion , in  d i-  
methylsulfoxide (DMS0). Then 10 u \  of the stock so lu tion and 10 yUl Pluronic 
F-127 were premixed in  3 ml ASW and added to 3 day cultures fo r 1 h. Sub
sequently, the sta in ing so lu tion was replaced with normal ASW.

A confocal laser scanning microscope (CLSM: BI0RAD MRC 600 system 
mounted on an Olympus BH2) was employed to image the volume changes of the 
cultured neurons. For each image, 25 op tica l sections were taken in  the 
fluorescence mode with an Argon laser (514 nm) at an increment of 2 rim. 
Using BIORAD'S maximal pro jection procedure, the collected op tica l sections 
were projected on a high resolution f la t  video screen. Micrographs were re
corded from th is  screen. A fter sta in ing and imaging more than 400 op tica l 
sections per c e ll,  the neurons were s t i l l  able to e l ic i t  action po ten tia ls  
/14 /.

A standard protocol was followed fo r CLSM in  which measurements were 
taken at the end of a 10 min exposure period. The usual procedure was to 
obtain measurements in  control ASW, 10% hypotonic, 30% hypotonic and wash, 
or the same but with hypertonic ASW.

R e s u lts

Optimum CLSM v isua liza tion 'o f l iv in g  c e lls  requires that the plasma 
membrane be stained, and that the neuron be re la tiv e ly  free of other ad
herent structures. One of the problems w ith Aplysia neurons is  tha t they 
have rather extensive membrane in fo ld ings and many layers of small g l ia l
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c e lls  t ig h t ly  adhered to the c e ll.  We have found that i t  is  possible to 
remove most of the g l ia l  investment of these neurons by d issocia ting them 
and placing them in  c e ll cu lture. Furthermore, we have developed the use of 
the fluorescent dye, D il,  which is  dissolved in  the plasma membrane provid
ing the marker essentia l fo r confocal imaging. The CLSM is  optimal fo r  de
term ination of c e ll volume, since th is  system allows one to co lle c t images 
o f the c e ll at a series of optica l sections through the c e ll,  and then by 
computer to assemble these sections in  order to reconstruct the whole 
neuron. These m u ltip le  sections are essentia l in  determining volume, since 
the configuration of the c e ll w i l l  change in  a l l  three dimensions when 
volume is  altered, and a single section or a simple d irec t determination of 
diameter w i l l  not provide accurate measurement of volume.

Figure 1 shows a low-power reconstruction of an Aplysia neuron, 
grown fo r three days in  culture and labe lled  w ith D il. This neuron has put 
out extensive processes, and the lim its  of the plasma membrane are c lea rly  
distinguished by the dye. Figure 2 i l lu s tra te s  the change in  volume of a 
neuron which, a fte r  the control image at the top, was subjected to a 50% 
to n ic ity  ASW. Note tha t both the soma and the processes c lea rly  increased 
in  diameter. While th is  is  a rather extreme osmotic challenge, i t  i l lu s -

F ig , 1, Example of confocal v isualization of an un identified Aplysia neuron growth in  culture 
fo r three days and labelled with the fluorescent dye, O il. Bar indicates 100 uM
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Fig. 2. Visualization of the soma of an unidentified neuron in  control ASW (1100 mosmol ) and 
afte r 125 min in  hypotonic ASW (650 mosmol). Note the increase in soma diameter, and a 

s im ilar increase in the diameter of the processes

tra tes the degree to which neuronal volume can be altered by osmotic 
medium. In another neuron subjected to a s im ila r challenge, we calculated 
by taking an average over a l l  op tica l sections tha t the surface area in 
creased by 18% and the volume by 33%.

Figure 3 i l lu s tra te s  the e ffects of a graded and more modest hypo
tonic challenge, and shows contro l, 10% hypotonic, 30% hypotonic, and re 
turn to contro l. Each solution was applied fo r a to ta l of 10 min p r io r  to 
obtaining the image. A more modest swelling of the neuron is  apparent by 
the rounding and reduced in tens ity  of the dye. This increases somewhat w ith 
30% hypotonic so lu tion , and reversed toward o r ig in a l size upon re tu rn  to 
contro l w ith in  the 10-min period.

Figure 4 shows a s im ila r series but w ith hypertonic solutions of 10 
and 30% increase in  osmolarity. In th is  series there is  a progressive 
shrinking of the c e ll,  and a concentration of the dye, most apparent in  the
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Fig. 3. Confocal images of another neuron labelled w ith D il in control ASW (upper le f t ) ,  a fter 
10 min in 10% hypotonic ASW (990 mosmolXupper r ig h t) ,  a fte r 10 min in 30% hypotonic ASW 

(770 mosmol) and a fte r 10 min of return to normal ASW. Bar indicates 25yjm

Fig. 4. Confocal images of a neuron labelled with D il in  control (upper le f t ) ,  10% hypertonic 
ASW (1210 mosmolXupper r ig h t) ,  30% hypertonic (1430 mosmol) ( lower le f t )  and return to control 
ASW (lower r ig h t) . Each treatment was applied for a period of 10 min, at which point the image

was taken. Bar indicates 25 ijm
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'Fig. 5. Single optical sections of two D il-labe lled neurons in hypertonic and hypotonic ASW, 
respectively. Ihe le f t  traces are controls. Ihe upper c e ll was exposed to >0% hypertonic ASW 
(1430 mosmol), while the lower ce ll was exposed to 30% hypotonic ASW (770 mcsmol) fo r 10 min 
each. Ihe righ t records show return to control ASW fo r 10 min. Ihe bar indicates 50 yum. 

Measurements were obtained a fte r 10-15 min in the specified media.

Fig. 6 .  Images of a medial neuron from the pleural ganglia subjected to a 5 h treatment in  К 
free ASW ( le f t  image) and upon return to normal ASW (rig h t image)
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30% hypertonie ASW. This e ffec t appears to  be reversible. Figure 5 i l l u s 
tra te s  sing le  o p tica l sections of two neurons, where the upper c e ll was ex
posed to a 30% hypertonic and the lower to a 30% hypotonic challenge. For 
both hypo- and hypertonic solutions the changes in  volume were reve rs ib le , 
although often they did not to ta lly  recover to control volumes w ith in  that 
time frame used.

Since Na+-K ATPase, the enzyme responsible fo r sodium transport, 
has an absolute requirement fo r K+ on the external membrane surface fo r  ac
t i v i t y  /1 2 /, treatment of Aplysia neurons w ith K+ free ASW blocks sodium 
transport. As a consequence, the ce lls  swell due to accumulation of in t ra 
c e llu la r  sodium caused by the concentration gradient. Figure 6 shows the 
e ffe c t of a medial neuron subjected to  K+ free ASW and upon re tu rn  to 
normal ASW. Changes of neuronal volume of 30% or more were regu la rly  ob
served with these manipulations, and corresponding changes of surface area 
o f at least 15%.

Discussion

While c e ll volume regulation has been studied in  a wide va rie ty  of 
c e lls ,  l i t t l e  a tten tion  has been given to neurons. In part th is  may be 
because i t  is  known tha t g l ia l c e lls , especia lly astrocytes, undergo 
sw elling  with s tim u li tha t have l i t t l e  e ffe c t on neuronal volume /see re
view 6/ .  Nevertheless, our resu lts ind ica te  tha t invertebrate neurons may 
undergo rather dramatic changes in  volume upon manipulation o f e ith e r 
osmolarity of the medium or a c tiv ity  of the sodium pump.

Mammalian c e lls  (red and white blood c e lls )  exposed to hypotonic 
so lu tions undergo a rapid swelling due to sudden entry of water and then 
shrink again in  a process dependent upon sodium transport and presumably 
invo lv ing  loss of osmotically active solutes /10, 13/. I f  neurons e xh ib it 
s im ila r  events, one should expect e ffec ts  on membrane properties. I f  there 
is  no e ffe c t on the numbers or properties of the ion channels and various 
receptors, there w i l l  s t i l l  be e ffects on the e le c tr ic a l cha rac te ris tics  of 
the neuron since input resistance is  a function  of c e ll size. Swelling and 
shrink ing of the membrane may, however, have d irec t effects on the numbers 
of exposed ion channels and receptors. Since the ionic concentration 
gradients are the determinants of action and synaptic potentia ls , a ltered 
concentration gradients in  compensation fo r  an osmotic challenge should 
have secondary e ffec ts  on a l l  of these e le c tr ic a l parameters. When sodium
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transport is  blocked, one would expect both an a lte ra tio n  in  the io n ic  con
centration gradients and a subsequent change in  c e ll volume.

There are c o n flic t in g  reports of the e ffec ts  of volume changes on 
biophysical parameters of ce lls . Arvanov and Usherwood /1 / have shown that 
Xenopus oocytes in jected with ra t brain mRNA w i l l  increase in  volume when 
the sodium pump is  blocked by ouabain, and associated with the volume in 
crease is  an increase in  the response to a standard application of several 
neurotransmitter substances. They in te rp re t th e ir  observation to be a 
resu lt of an increase in  the number of receptors that can be activated by 
the transm itters. However, they do not report d irec t e ffects of the change 
in  volume on membrane conductance.

Kimelberg and Kettenmann / 8/  recorded from cultured astrocytes and 
oligodendrocytes subjected to osmotic e ffe c ts , and found that the two c e ll 
types responded d if fe re n tly . While both showed a hyperpolarization w ith 
hypertonic solutions and a depolarization w ith hypotonic so lu tions, only 
the response in  oligodendrocytes could be explained by changes in  the 
potassium concentration gradient. Astrocytes, however, showed a much la rger 
depolarization in  response to hypoosmotic medium, suggesting to the authors 
that there are spec ific  stretch activated channels /9 , 10/ that mediate the 
changes observed.

Ballyk et a l. /2 / have recently reported a study of osmotic e ffec ts  
in  hippocampal brain s lice s , where they found that lowering osmotic pres
sure promoted e p ile p tic  seizures but could not determine a precise 
mechanism. While synaptic responses were dram atically altered by osmolarity 
(increasing in  hypotonic and decreasing in  hypertonic medium) these manipu
la tions did not give marked changes in  resting  membrane po ten tia l, c e ll in 
put resistance, or action potentia l threshold. These authors concluded that 
some of the e ffects  are due to altered f ie ld s , presumably due to changes in 
the e x tra ce llu la r space. A further complication is  the demonstration that 
swelling induces release of a variety of active substances from g lia ,  in 
cluding glutamate, aspartate and taurine /7 / .  Obviously, release of such 
substances may induce in d ire c t e ffects on neurons.

Our resu lts  indicate that a lte ra tions  in  nerve c e ll volume should 
not be ignored when considering the reperto ire  of responses possible. 
Whether or not such changes have major physiological s ign ificance remains 
to be determined but our evidence at least establishes the fac t tha t large 
changes in  c e ll volume can occur revers ib ly  and that these changes may be 
associated with major a lte ra tions in  the e lc t r ic a l properties of the c e ll.
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The modulation o f evoked transmitter release by presynaptic receptors was studied 
at an iden tified  cholinergic synapse in the buccal ganglion of Aplysia. Two auto- 
receptors a ffecting acetylcholine release in opposite ways were iden tified . Addition
a lly  acetylcholine (ACh) releasp+ was found to be fa c il ita te d  by the peptide FLRFamide 
and inh ib ited by histamine. Ca channels appeared as the fin a l effectors contro lled 
by these non-cholinergic presynaptic receptors whereas the activation of cholinergic 
presynaptic receptors did not affect the Ca in flu x .

The in tra c e llu la r pathway activated by FLRFamide receptors was investigated in 
d e ta il. The fa c il ita t io n  of transmitter release induced by th is  peptide was prevented 
by bath application o f H-7, a protein kinase C in h ib ito r . Moreover, a d iacylg lycérol 
analog mimicked the action of FLRFamide. These resu lts ^jggest that activa tion of 
protein kinase C leading to the phosphorylation o f Ca channels could be the 
mechanism through which presynaptic FLRFamide receptors increase evoked quantal 
release of acetylcholine at th is  synapse.

Keywords : ACh release -  presynaptic receptors -  histamine - FMRFamide- Aplysia

In t r o d u c t io n

Aplysia centra l nervous system is  well suited fo r the study of pre
synaptic receptors. I t  should be remembered that i t  was in th is  preparation 
that heterosynaptic fa c i l i ta t io n  was discovered by Kandel and Tauc in  1963 
/13/ and then characterized / 8 , 20, 21, 25/. I t  was afterwards demonstrated
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to  re su lt from the activa tion  of presynaptic receptors to monoamines / 21 , 
22/. I t  was also found /21 /, at an id e n tif ie d  synapse in  the p leura l 
ganglion, tha t serotonin induced heterosynaptic fa c il i ta t io n  by tr igge ring  
a cyc lic  AMP-dependent process whose end-result was a modulation of the 
calcium in flu x  associated with transm itte r release. Heterosynaptic events 
were in tens ive ly  analyzed in  Aplysia, mostly by Kandel and his collaborators 
/5 , 7, 14, 15/ who proposed that th is  mechanisms could provide a c e llu la r  
basis fo r learning processes / 12/ .

At the leve l of cholinergic synapses, transm itter release is  also 
regulated by presynaptic receptors. On the la s t meeting here in  Tihany in  
1987, we have reported on our find ings describing the presence of both 
muscarinic and n ic o tin ic  types of presynaptic autoreceptors regulating 
transm itte r release in opposite ways at an id e n tif ie d  cholinergic synapse 
in  the buccal ganglion of Aplysia (BGIS) /2 , 3, 10, 19/. This f i r s t  electro- 
physio log ical demonstration of the presence of autoreceptors at an id e n ti
f ie d  neuro-neuronal synapse was possible because of measurements of the 
number of quanta released in the presence of antagonists (curare, atropine) 
or agonists of these receptors /3 , 10/.

More recently , we have found that besides autoreceptors, the pre
synaptic terminal of th is  synapse presents receptors to histamine and to 
the peptide FMRFamide which also regulate ACh release in  opposite ways 
/1 , 9 /.

M a te r ia ls  and Methods

In each of the buccal ganglia two presynaptic neurones form cho lin 
erg ic synapses (BGISs) with a group of postsynaptic motoneurones involved 
in  feeding behavior /23, 24/. The two re la t iv e ly  large pre- and post- 
synaptic ce lls  can be penetrated by several recording and stim ula ting  
microelectrodes. I t  is  possible to simultaneously voltage clamp both ce lls  
and block action po ten tia l generation by tetrodotoxin (TTX). Because the 
distance between the presynaptic c e ll body and the synaptic term inals is  
short, a re la t iv e ly  good clamp of the term inals can be achieved, so tha t a 
trans ien t voltage step in  the presynaptic neurone can trigger ACh release. 
A long presynaptic depolarization (3 s) w i l l  give rise  to a response (or 
LDIPSC — long duration induced postsynaptic current) displaying on i t s  top 
a typ ica l noise due to the summation of d iscrete events which are the 
M iniature Postsynaptic Currents (MPSCs) (c f.  Figs 1 and 2). The s ta t is t ic a l 
analysis of these responses allows the ca lcu la tion  of the mean amplitude 
and decay time of MPSCs. The number of MPSCs summing to form the LDIPSC can 
then be determined: i t  corresponds to the number of quanta released pre- 
synaptica lly  /1 /. This la s t ca lcu la tion is  independent of possible m odifi
cations of the postsynaptic receptors /3 / .  Another advantage of th is  method 
is  tha t unlike an action po ten tia l, the depolarizing pulse represents a 
constant stimulus, independent of conductance changes in the term inal.
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R e s u lts

The superfusion of the ganglion with histamine (10 ^ M) decreased 
the amplitude of the LDIPSC. This depression resulted from a decrease in 
the number of quanta released as compared to contro l (F ig. 1). The decrease 
was proportionally more pronounced at the beginning of the LDIPSC than at 
the end (histograms in  Fig. 1). The e ffec t of histamine was blocked by 
cimetidine / 1/ ,  a sp e c ific  blocker of histaminergic receptors in  ver
tebrates and in  Aplysia /11, 16/. Curare or atropine did not in te rfe re  in 
any way with the in h ib ito ry  action of histamine ind ica ting  tha t histamine 
acted on receptors d is t in c t from autoreceptors.

When FLRFamide (an analog of FMRFamide tha t is  s lig h t ly  more e ffec
t iv e  in  our preparation) was superfused at a concentration of 10  ̂ M, we 
observed a large increase of the LDIPSC (Fig. 2A). S ta t is t ic a l analysis 
confirmed that during the presynaptic depolarization the number of ACh 
quanta released was increased with respect to the con tro l, p a r t ic u la r ly  at 
the beginning of the response (histograms in  the Fig. 2A). The mechanism of 
th is  fa c il i ta t io n  by FLRFamide was d iffe re n t from that which we have pre
viously id e n tifie d  fo r hemicholinium-3 (HC-3), an agonist of the pre
synaptic n ico tin ic  autoreceptors. As opposed to FLRFamide, HC-3 induced 
fa c i l i ta t io n  equally fo r a l l  parts of the LDIPSC /1 /.

We then tr ie d  to id e n tify  the mechanism by which these presynaptic 
heteroreceptors a ffec t quantal release. In our LDIPSC method, the pre
synaptic neurone is  voltage clamped: the changes in  K+ or Na+ conduc
tances can thus not play a ro le  in  the observed e ffec ts . Calcium channels 
were therefore thought to be good candidates fo r being the target of the 
presynaptic modulations induced by histamine or FLRFamide.

The presynaptic Caz current was measured in  the voltage clamped 
presynaptic neurone under conditions where a l l  other ion ic  currents were 
blocked pharmacologically (Fig. 3). I t  was found to be depressed by h is 
tamine, unchanged by HC-3 or carbachol (agonists of autoreceptors) and in 
creased by FLRFamide (F ig. 3). Changes in  Caz+ in flu x  may thus explain the 
modifications of transm itte r release induced by histamine and FMRFamide but 
not those due to the ac tiva tion  of n ico tin ic  or muscarinic autoreceptors.

The re la tiv e ly  slow k ine tics  of action of the ligands acting on d i f 
fe rent presynaptic receptors regulating transm itter release suggested that 
they act through second messengers. We have investigated in  greater d e ta il 
the metabolic pathway induced by the activa tion  of receptors to FMRFamide.
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-4F ig. 1. Effect of histamine on quantal ACh release. Bath applied histamine (10 M) decreased 
the amplitude of the LDIPSC ( I  ) by lowering the number (Q) of released ACh quanta. This e f
fe c t was more pronounced at the beginning of the LDIPSC than at i t s  end. Q was calculated from 
parts  o f LDIPSC of 0.4 s duration and was standardized at 100% for each part. The lower re
cordings represent the presynaptic current (s lig h tly  increased by histamine) and the pre-

synaptic depolarization
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Fig. 2, Increase of quantal ACh release by FLRFamide and possible involvement of protein 
kinase С (PKC). A. Bath applied FLRFamide (10 M) induced a large increase of the amplitude 
of the LDIPSC especially at the beginning. The presynaptic current was also enhanced (lower 
recordings). B. Bath applied OAG, an activator of PKC, mimicked the action of FLRFamide. 
Histograms on the rig h t represent the increase in the number of released quanta fo r parts of 
LDIPSC of 0.4 s duration with respect to the control standardized to 100% (dashed lin e ) for 
FLRFamide and OAG. С. H-7, a blocker of PKC a c tiv ity , decreased the number of released ACh 

quanta and prevented the fa c il ita t io n  of transm itter release by FLRFamide



Fig. 3. Effects ^ f histamine, FLRFamide and HC-3 on the presynaptic Ca inward current. Current-voltage ( I /V) curves, leakage substracted, 
represent the Ca current recorded in  the presynaptic neurone in presence of TTX, tetraethylammonium bromide (TEA) and 4-aminopyridine in 
a r t i f ic ia l  sea water containing 55 irM CaCl  ̂ and a fte r in tra ce llu la r in jection of TEA (50 nA, 5 min). The neurone was voltage clamped at 
-35 mV. The control current (black c irc les) was depressed by histamine (black triangles) in  A, unchanged by HC-3 (white c irc les) and increased 

by FLRFamide (black diamonds)) in Ti. Lanthanum ions suppressed the current at i t s  peak (white triangles)

TAUC et a
l.
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We have shown that blocking the a c t iv ity  of prote in kinase-C by H-7, an in 
h ib ito r  of PKC, decreased the number of quanta released, decreased the Ca++ 
current, as well as prevented the action of FLRFamide (Fig. 2C). Moreover, 
application of d iacylg lycéro l (DAG), an ac tiva to r of PKC, increased the 
release in  a way s im ila r to FLRFamide (Fig. 2B). Most l ik e ly ,  at our syn
apse, th is  peptide induces the formation of in o s ito l triphosphate (IP3) and 
of d iacylg lycéro l (DAG), the la t te r  subsequently activa ting  a prote in  
kinase-C which then phosphorylâtes presynaptic calcium channels /9 /.

D iscuss ion

We have demonstrated that FLRFamide and histamine may have opposite 
actions on transm itter release /1 , 9/ at the same terminal at which the 
existence of two types of presynaptic autoreceptors has already been re
cognized /3 , 10/. A considerable advantage of our model is  that these modi
fica tio n s  of synaptic transmission could be d ire c tly  related to the number 
of quanta released at the voltage clamped presynaptic terminal demonstrat
ing that these two heterosynaptic modulators contro lled ACh release via a 
modulation of the presynaptic Ca^+ conductance. Such a mechanism was not 
id e n tif ie d  in  the case of autoreceptors.

I t  may be noted that the presynaptic Ca^+ current which we have 
measured was recorded from the soma. There are several reasons which lead 
us to believe that th is  presynaptic calcium current is  representative of 
the current flowing through calcium channels in  the terminal and tr ig g e rin g  
transm itte r release:

1. Despite a 5 -fo ld  increase in  e x trace llu la r Ca^+ concentration 
(55 mM-Ca^+ ASW), the peak Ca^+ current recorded under voltage clamp con
d itions  was very small (o f the order of 100 nA) compared to those shown in  
other Aplysia neurones of the same size exh ib iting  Ca^+ spikes (o f the 
order of microamperes in  11 mM-Ca ASW).

2. There is  no s ig n if ic a n t Ca^+ accumulation in  the soma of the pre
synaptic neurone as measured by focal aequorin l ig h t  emissions during de
po la riz ing  steps (unpublished observations).

3. D ifférencies in  the modulation of the parts of the LDIPSC ampli
tude (the beginning of the LDIPSC was more affected than the fo llow ing ) by 
histamine and FLRFamide s im ila r to those observed when e x tra ce llu la r Ca^+ 
concentration was lowered or increased /1 /.  On the contrary, a l l  the parts
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o f the LDIPSC were equa lly increased by HC-3 (agonist of the presynaptic 
n ic o tin ic  autoreceptors) which does not induce changes in  Caz+ in flu x .

F a c ilita tio n  of transm itte r release by the activa tion  of presynaptic 
n ic o tin ic  autoreceptors which did not change Caz in flu x , could be due to:

1. an increase o f ACh concentration in  the cytoplasm of the pre
synaptic terminal (changes in  presynaptic ACh concentration are known to 
modulate quantal release /1 8 /) ;

2 . an increase in  intraterm inal concentration of Ca^+ independent 
off any m odification o f the Caz+ in f lu x  through an a lte ra tion  of in tra 
c e llu la r  Ca^+ homeostasis mechanisms.

At sensory c e lls  in  the abdominal ganglion of Aplysia, FMRFamide 
has an inh ib ito ry  e ffe c t on the action potential-evoked transm itter release 
/4 /  by acting on a class of K+ channels designed as S-K+ channels. This 
e ffe c t can be mimicked by arachidonic acid and by one of i t s  metabolites, 
12-HPETE / 6 , 17/. I t  thus appears that in  these sensory neurones, FMRFamide 
has an e ffect opposite to that which we have id e n tif ie d  in  the BGIS where 
i t  seems to activa te  a d iffe re n t metabolic pathway. These observations 
could serve as on i l lu s t r a t io n  and be an extension at the presynaptic level 
of the princ ip le  demonstrated by Tauc and Gerschenfeld in  1962 /26 /, namely 
tha t the action of a neurotransmitter or neuromodulator is  governed by the 
properties of i t s  receptors.
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The pharmacological p ro files  of the acetylcholine and GABA receptors of 
Ascaris muscle have been investigated. Acetylcholine excites the muscle through ac
tiva tion  of a n ico tin ic  receptor which resembles the mammalian ganglionic receptor. 
DMPP is  a potent agonist and Oi-bungarotoxin is  a weak antagonist. GABA in h ib its  the 
muscle through activa tion of a chloride-linked receptor which in terms of agonist 
p ro file  resembles the mammalian GABA-A receptor. However, bicuculline is  inactive and 
picrotoxin is  a very weak antagonist. Avermectin acts as a non-competitive antagonist 
at th is  GABA receptor with an IC-50 value in the lowyjM range.
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In t r o d u c t io n

There is  now excellent evidence fo r acetylcholine and gamma-amino
butyric  acid (GABA) as respectively excitatory and in h ib ito ry  transm itters 
onto Ascaris body wall muscle. I t  is  l ik e ly  that th is  s itu a tio n  occurs 
throughout the nematodes. For example, the exc ita to ry  motoneurones have 
been id e n tif ie d  and shown to contain choline acetyltransferase / 10/  while 
GABA immunoreactivity has been shown to be present in  the in h ib ito ry  
motoneurones /11 /. Acetylcholine depolarizes and contracts the muscle ce lls  
while GABA hyperpolarizes and relaxes them / 6 , 8 , 18/. Many of the current
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anthelm intics a ffec t the motor system and so in  the development of new 
potent and selective anthelm intics a detailed knowledge of the pharmaco
lo g ic a l p ro file  of the receptor systems involved in  motor co-ordination is  
necessary /4, 9/.

Methods

Speciments of Ascaris were obtained lo ca lly  and maintained in  v itro  
fo r  up to one week. In tra c e llu la r  recordings from Ascaris muscle bag ce lls  
were made as previously described /9 /.

R e s u lts

Acetylcholine Receptors

The pharmacological p ro file  of the acetylcholine system was in 
vestigated using a range of agonists, antagonists and toxins which act at 
acetylcholine receptors. E a rlie r lite ra tu re  suggests that the receptor is  
activa ted by n icotine and blocked by tubocurarine and the present studies 
confirmed th is . N icotine was however less potent than acetylcholine, being 
about five  times less potent based on membrane po ten tia l depolarization, 
Table 1. N icotin ic  agonists which act at autonomic vertebrate ganglion 
neurones were the most potent, that is ,  HPPT (meta-hydroxyphenylpropyl- 
trimethylammonium) and DMPP, both being more potent than acetylcholine. 
Carbachol was s lig h t ly  less active than acetylcholine. The tox in , anatoxin, 
was about 6-7 times less active than acetylcholine. The other agonists 
tested were a l l  considerably less active, Table 1. A number of muscarinic 
agonists were examined includ ing McN-A-343, bethanechol,methacholine, p ilo 
carpine, muscarine and oxotremorine, a l l  were e ither inactive  as depolariz
ing agents or produced very weak depolarization. On some preparations p ilo 
carpine and muscarine produced a weak hyperpolarization of the muscle c e ll 
membrane potentia l. NMTHT, 2(nitromethylene)tetrahydro 1 ,3 ,-th iaz ine , which 
mimics the action of acetylcholine at insect neuronal acetylcholine re
ceptors, was inactive.

The antagonist p ro f ile  fo r the acetylcholine receptor is  shown in 
Table 2. Four compounds have IC-50 values against depolarization in  the 
subyu M range, ie , benzoquinonium, mecamylamine, h is tr io n ico to x in  and N- 
m ethyl-lycaconitine. A ll four compounds are n ic o tin ic  antagonists though 

mecamylamine is  the only c lass ica l ganglion blocking agent. The blocking 
action  of h is tr io n ico to x in  is  i l lu s tra te d  in  Figure 1. In te res ting ly
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Table 1
The re la tive  potency of agonists for the Ascaris acetylcholine receptor

compared to acetylcholine

Relative potency

Agonist Receptor s ite  of action Depolarization Conductance

HPPT n ico tin ic , ganglia 6.5 9
DMPP n ico tin ic , ganglia 3 2
Acetylcholine 1 1
Carbachol muscarinic and n ico tin ic 0.4 0.5
Nicotine n ico tin ic 0.2 0.3
Anatoxin n ico tin ic , neuronal 0.15
TMA n ico tin ic , ganglia 0.04 0.05
Suberyldicholine n ico tin ic , muscle 0.05
Muscarone muscarinic > n ico tin ic 0.01 0.006
Furtrethonium muscarinic 0.007 0.007
Cytisine n ico tin ic 0.002
Arecoline muscarinic 0.001 0.002

The re la tive  potency for each ce ll was determined by taking the ra tio  of the concentration of
ACh to the concentration of agonist that produced the same depolarization, or conductance in 
crease, from pa ra lle l portions of the dose-response curve (therefore a re la tive  potency >  1 
indicates a compound more potent than ACh). The compounds are described in terms of th e ir 
most potent actions on cholinoceptors in  vertebrates unless stated otherwise. The resu lts  are 
the mean of 3 to 6 determinations. HPPT, metahydroxy-phenylpropyltrimethylammonium; DMPP, 
1,l-dimethyl-4-phenylpiperazinium; TMA, tétraméthylammonium

hexaméthonium has a very low potency while d ihydro-beta-erythroidine is  in 
active. The c lass ica l neuromuscular blockers, tubocurarine and pancuronium, 
are approximately ten times less active than the four potent antagonists 
lis te d  above. The ganglion blocking agents trimethaphan and chlorisondamine 
are around f i f t y  times less potent than mecamylamine while the neuromus
cular depolarizing blocker décaméthonium is  over a hundred times less ac
tiv e  than benzoquinonium. Neosurugatoxin was also found to block Ascaris 
acetylcholine response with an IC-50 value of 0.17 ajM. Neuronal bungaro- 
toxin proved more potent than a-bungarotoxin, blocking at around 10 nM and 
likew ise philanthotoxin-343 blocked at low nM concentration:

To assess the a c tiv ity  of cholinesterase associated w ith  Ascaris 
muscle, two cholinesterase in h ib ito rs  were examined. At low concentrations, 
physostigmine had no e ffec t but above 10 iiM, i t  antagonized the ace ty l
choline response. In contrast neostigmine, 1-10 ajM, potentiated the action

of acety lcho line , increasing the response to 10 ^uM acetylcholine, over 
three fo ld .
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Table 2
Antagonists at the Ascaris ACh receptor

Drug Description 1С5 0 Г

Mecamylamine ganglion >  neuromuscular blocker 0.41
Histrionicotoxin blocks n ico tin ic  channel 0.43
Benzoquinonium neuromuscular blocker 0.46
N-methyl-lycaconitine insect and neuromuscular blocker 0.65
Quinacrine blocks n ico tin ic  channel 2.05X
(X-bungarotoxin very potent neuromuscular blocker 2.2

Pancuronium neuromuscular »  ganglion blocker 4.49
Tubocurare neuromuscular :> ganglion blocker 5.26
Trimethaphan ganglion blocker 17
Atropine muscarinic >  ganglion blocker 52
Chlorisondamine ganglion blocker 65
Décaméthonium neuromuscular blocker 96
Hexaméthonium ganglion blocker at channel s ite 329
Dihydro -(3 -erythro id ine neuronal n ico tin ic  blocker > 100

The is the concentration o f antagonist that was required to reduce the depolarization to 
a submaximal concentration o f ACh by 50%. Values are the mean for 3-4 experiments.

*The IC..Q for th is  compound was determined from the block o f the current e lic ite d  by ACh in 
voltage-clamped ce lls . The antagonists are described in terms of the ir most potent actions 
on vertebrate cholinoceptors, unless stated otherwise

GABA Receptors

The pharmacological p ro file  of the GABA receptor was also in v e s ti
gated using a range pf agonists and antagonists. The results using agonists 
summarized in  Table 3 and Fig. 2 i l lu s tra te s  the re la tive  potency of 3- 
amino-propylphosphonous acid (CGA 147823) compared with GABA. Since d i
hydromuscimol, muscimol, and other GABA-A agonists are active at th is  s ite  
i t  would appear to be a GABA-A receptor or at least GABA-A-like. Sulphur- 
containing GABA analogues were inactive at the Ascaris GABA receptor which 
is  in  contrast to the mammalian GABA-A receptor. Likewise, beta-alanine, 
g lycine and taurine were inactive. Baclofen was also devoid of a c t iv ity
while К0ЛС amine had a low potency. In contrast to the agonist p ro f ile ,
GABA-A antagonists showed l i t t l e  blocking action . For example, pcrotoxin 
only showed some antagonism at highyuM concentrations, with an IC-50 value
o f 428 ОМ. B icucu lline  was inactive while strychnine possessed an IC-50
value of 326 yUM. The only compounds which p a r t ia l ly  blocked GABA were the 

anthelm intic avermectins, with an IC-50 of 1.25 oM fo r abamectin and a 
diphenylamine-2-carboxylate de riva tive , 5-nitro-2-(3-phenylpropylam ino) 
benzoic acid with an IC-50 value of 69 yuM. Other compounds which are known



Fig, 1. The blockade of the acetylcholine response in Ascaris muscle ce lls  by h istrion ico tox in . The resting membrane potential of the ce ll 
was -44 mV. The downward deflections are current in jection pulses (10 or 20 nA, 0.1 Hz, 500 msec pulse width). The value below each trace 
indicates the concentration of acetylcholine inyuM. (i) control responses to acetylcholine; (ii) responses to acetylcholine following appli
cation of h istrion icotoxin (0.2 yjM) two min prio r to , and concurrent with the application of acetylcholine; ( iii)  response to acetyl

choline following ten min wash

GABA AND ACh RECEPTORS OF ASCARIS SUUM
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Table 3
Agonists at the Ascaris receptor

Drug Relative potency

(S)-(+ )-Dihydromuscimol 7..53
ZAPA 1..87
GABA 1
(R)-(-)-Oihydromuscimol 0..85
trans-Aminocrotonic acid 0..55
Muscimol 1 .42
(R)—( -)-3-0H-GABA 1.25
Isoguvacine 0..20
Imidazole acetic acid 0..20
cis-0-Carboxyvinylisoselenourea (CVI) 0,.19
(S)-(+)-3-0H-GABA 0 .13
6 -Aminovaleric acid 0 .16

THIP 0 .06
Guanidoacetic acid 0 .16
3 -Guanidopropionic acid 0.09

cis-Amonocrotonic acid 0.03
3-Aminopropylphosphonous acid (CGA 147 823) 0..03
KOJIC Amine 0.02
(S)-(-)-4-Methyl-trans-Aminocrotonic acid 0.01

The re la tive  potency was determined from the ra tio  of the concentration of GABA to the 
concentration of agonist that produced equivalent responses. The results are the mean from 3 
or more determinations. The following compounds were more than 100 times less active than 
GABA: (R)-(+)-4-methyl-trans-aminocrotonic acid; Thiomoscimol; Piperidine-4-sulphonic acid; 
Dihydropiperidine-4-sulphonic acid; 3-aminopropanesulphonic acid; 4-PIOL; $- alanine; 
Glycine; Taurine

to in te ra c t with mammalian GABA-A receptors were also tested fo r a c t iv ity  
against the Ascaris GABA receptor. These compounds included benzodia
zepines, barbiturates and d ie ld rin  but none proved able to modify the 
Ascaris GABA response.

Comparison between GABA and Acetylcholine receptors

There is  evidence that GABA, n ic o tin ic  acetylcholine and glycine re 
ceptors are members of a superfamily of ligand-gated receptor channels. This 
is  based on the degree of amino acid sequence homology between the subunits 
which comprise the receptors. Since both GABA and acetylcholine receptors are 
present on the same Ascaris muscle ce lls , a comparison was made of th e ir  

pharmacology using c lass ica l antagonists. Although b icucu lline  was inactive 
at the GABA receptor i t  was reasonably active against acetylcholine, IC-50 
value of 105 riM. P icrotoxin  was about three times more active against
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Fig. 2. The re la tive  potency of 3-amino-propylphosphonous acid (CGA 147 823 I )  compared to 
GABA (0) on Ascaris muscle c e lls . The conductance increase e lic ite d  by the agonist is  normal

ized with respect to the response to 20yjM GABA, n = 3 ^  S.E. mean

acetylcholine compared with i ts  action against GABA, having an IC-50 value 
of 152 uM. The glycine antagonist, strychnine was considerably more active 
than e ither b icucu lline  or p icrotoxin  against acetylcholine, w ith an IC-50 
value of 1 .2  ajM while against GABA i t  was s im ila r to p ic ro tox in , w ith an 
IC-50 value of 326 ^uM. Another non-competitive in h ib ito r  at the mammalian 
GABA-A receptor, tetraphenylphosphomum was active against Ascaris acetyl
choline response, with an IC-50 value of 1.9 uM but inactive  against GABA.

D iscuss ion

The data presented in  th is  paper provides a summary of the pharma
cological p ro file s  of the acetylcholine and GABA receptors on Ascaris body 
wall muscle ce lls . The acetylcholine receptor is  c lea rly  n ic o tin ic  and ap
pears to most resemble that from mammalian autonomic ganglia, since meca- 
mylamine is  potent however, there are differences /4 /. Thus benzoquinonium 
is  potent though i t  is  a neuromuscular blocking agent while d ihydro-ß-
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erythro id ine and the ganglion blocker hexaméthonium are very weak. Benzo- 
quinonium has also been shown to possess powerful blocking a c t iv ity  in  
other invertebrate preparations /4, 15/. Another ganglion blocker, c h lo r i-  
sondamine, was also re la t iv e ly  weak but the s ite  of action of ganglionic 
blockers is  complicated since they may be acting as channel blockers. The 
major ion involved in  the action of acetylcholine on Ascaris muscle is  
sodium though there is  probably a potassium component, that is ,  i t  gates a 
small cation channel. Mecamylamine, which was the most potent Ascaris 
acetylcholine antagonist is  also potent as a blocker of centra l acetyl
choline actions in  insects /5 / .  Although tubocurarine is  about ten times 
more potent than atropine as an antagonist in  the present study th is  d i f 
ference is  fa r less than expected from mammalian preparations. A s im ila r 
lack of d iscrim ination has been reported using other invertebrate systems, 
fo r  example, insect cen tra l neurones and leech g lia  /1 , 5 /. In general 
antagonists at invertebra te  receptor s ites are usually fa r less potent than 
a t mammalian s ites which suggests a lack of s e le c t iv ity .

Agonist studies also support the n ic o tin ic  ganglionic nature of the 
Ascaris receptor since DMPP and HPPT are the most potent though té tra 
méthylammonium is  around 100 times less active than the other two. The 
potency of n icotine varies greatly between preparations, fo r example, on 
cen tra l insect neurones i t  is  more potent than acetylcholine /5 / while on 
s n a il central neurones i t  is  considerably less potent than acetylcholine 
/2 1 /. The a c tiv ity  of cholinesterase appears to be less in  Ascaris than in  
insects which in  part accounts fo r the low potency of acetylcholine in  the 
la t te r .

There would appear to be evidence fo r muscarinic receptors on 
Ascaris muscle which mediate hyperpolarization but these are re la tiv e ly  
weak and may not have a physiological importance. A s im ila r s itua tion  oc
curs on leech Retzius c e lls  where n ico tin ic  agonists mediate exc ita tion  and 
muscarinic agonists, in h ib it io n  /23/.

The data on the Ascaris GABA receptor does not immediately f i t  in to  
the mammalian GABA c la s s if ic a tio n  though since the receptor does not 
respond to baclofen, i t  is  not a GABA-B subtype and cis-amiriocrotonic acid 
has a low potency, suggesting i t  is  not a GABA-C receptor /12 /. The agonist 
p ro f i le  would suggest a GABA-A subtype since muscimol and related agents 

are active / 8 , 13/. This receptor is  also linked to an anion channel which 
resembles that found associated with vertebrate GABA-A receptors /16 /. How
ever i t  is  not blocked by b icuculline and is  very res is tan t to p icrotoxin
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though i t  is  antagonized non-competitively by 5-n itro-2-(3-phenylpropyl- 
amino) benzoic acid /3 /  and certa in arylaminopyridazine-GABA derivatives 
/7 /.  The diphenylamine-2-carboxylate deriva tives are known to block 
chloride transport in  renal tubules /22/. In addition i t  does not appear 
to be modulated by benzodiazepines, barbiturates or cyclodienes /9 /.  The 
nematode GABA receptor would appear to be fa r simpler than the vertebrate 
GABA-A with re la t iv e ly  few sub-sites though i t  is  possible that there are 
homologies between the beta subunit of the vertebrate receptor and the 
Ascaris one. Another GABA receptor with re la t iv e ly  few modulatory s ites  is  
that on Limulus heart muscle ce lls  /2 / but 3-aminopropylphosphonous acid 
was potent at th is  s ite  in  contrast to the Ascaris receptor. There is  also 
a good corre la tion  between the potency of compounds which displace GABA-A 
binding in  the mammalian centra l nervous system and the re la tive  potency of 
the same compounds in  Ascaris /9 /. The only exceptions to th is  are the 
sulphur-containing compounds which are inactive  on Ascaris receptors. This 
is  in  agreement w ith other studies on invertebrate GABA receptors where 
sulphur compounds are e ithe r weak or inactive  /17, 19, 20/. The sulphur 
compounds d if fe r  from other GABA agonists in  the way in  which they in te rac t 
with the barbiturate and benzodiazepine s ites  of the GABA receptor and i t  
has been suggested they in te rac t with the GABA receptor in  a fundamentally 
d iffe re n t manner /13 /.
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The e ffect of serotonin, Met- and Leu-enkephalin was studied on the dialysed 
neurons of Helix pomatia L. Both the Ca- and К-currents were modulated by the above 
agents. Two types of neurons could be distinguished by th e ir response to serotonin 
in the case of the voltage activated Ca-current. One group responded by increasing 
the inward Ca-current, others by decreasing i t .  Met-enkephalin decreased the Ca- 
current on every studied neuron, while Leu-enkephalin had modulatory action to both 
directions. Opiate peptides and serotonin showed a dose-dependent e ffe c t, but had 
d iffe rent threshold concentrations. The peptides and serotonin also influenced the 
voltage activated transient and delayed К-currents. Serotonin increased the K- 
current, while Met-enkephalin decreased i t ,  and Leu-enkephalin could e ither decrease 
or increase i t .

The variations on the response to serotonin and the opiate peptides on non- 
iden tified  dialysed neurons of Helix can be explained by the presence of d iffe ren t 
receptors on the neurons used.

In t ro d u c t io n

There is  growing evidence that the simultaneously acting neuro- 
transm itters and peptides play an important ro le  in  the organization and 
function of neural networks /3 , 10, 11/. Studies of c e llu la r  mechanisms 
that are the basis of neuronal function, and take place on the c e ll
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membrane, can contribute to the understanding of the most complex neural 
functions such as information transfer or p la s tic  properties.

The method of c e ll d ia lys is , that was developed in  the laboratory 
of Kostyuk / 6 , 7/ to study molluscan neurons, is  now commonly used for 
studying simple events. The ce llu la r mechanisms can be followed and ana
lyzed on isolated, perfused neurons, because the ce lls  are disconnected 
from each other, therefore complex synaptic inputs do not d is tu rb  the in 
vestigated processes.

Neurotransmitters and neuromodulators e ffe c t almost every type of 
cu rren t, and a lte r the neuron s e n s it iv ity  constantly /11 /. Investigations 
on isolated ce lls  can give d ire c t answers as to which currents these sub
stances influence by themselves, and how the ion-currents are modulated.

The aim of our present study was to fin d  out what currents are 
a lte red  by the opiate peptides (Met- and Leu-enkephalin) and serotonin on 
the dialysed in tra c e llu la r ly  perfused neurons.

M a te r ia ls  and Methods

Suboesophageal ganglia of Helix pomatia L. (Gastropoda) were used 
from adult specimens co llected on the Tihany peninsula. The ganglionic ring 
was cut out and the th ick  connective tissue removed. The th in  layer of con
nective tissue was removed a fte r enzymatic digestion with 0 .5-1.0 mg/ml 
pronase (Sigma) fo r 10-12 min at room temperature (20-22 UC). A suction 
p ip e tte  with a t ip  diameter of about 100 urn was used to select ind iv idua l 
neurons. Then a s ing le , iso la ted  c e ll, picked up by the m icropipette, was 
used fo r ce ll d ia lys is . The technique of c e ll d ia lys is  has been described 
elsewhere / 6 , 7/.

By changing the composition of the extra- and in tra c e llu la r  saline, 
i t  was possible to separate ion-currents without the use of pharmacological 
blockers. Table 1 shows the composition of the in tra -  and ex trace llu la r 
so lu tions  used.

Substances (leucine enkephalin acetate s a lt,  methionine enkephalin 
acetate sa lt, serotonin cera tin ine  sulphate) were purchased from Sigma. The 
peptides and transm itter were given to the e x tra ce llu la r so lu tion  with a 
p ip e tte , the ir f in a l concentration in the chamber is  indicated on the 
Figures.

The holding po ten tia l of the ce lls  during the experiments were kept 
between -70 and -40 mV. Depolarizing voltage steps increasing by 5 or 10 mV 
were given for 100 or 50 ms. The maximal values of the current recordings 
were p lotted against command potentia l leve ls to construct the current- 
voltage characte ris tics, (I-V  curve). An Axopatch-1 (Axp-1) am p lifie r and 
and X-Y recorder were used to record the c e ll currents. The leakage 
curren t was corrected fo r by the am plifier.
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Table 1
Ionic composition o f in ternal and external solutions (mM)

External saline Internal saline

Normal Ca-current К-current Ca-current К-current

NaCl no - - - -

KC1 2.5 2.5 2.5 - 60

MgCl2 5 5 5 - -

CaCl2 10 40 10 - -

Tris-Cl 25 90 135 - -

Trisaspart ■ - - - 135 90

External: 7.5-7.6 
In ternal: 7.3-7.4

R es u lts

The modulation of two voltage activated currents were studied by the 
method of c e ll d ia lys is  described e a rlie r /7 /. The voltage dependent Ca- 
current was activated from about -60mV by depolarizing voltage steps, peak
ing between 0-20 mV membrane potentia ls. The Ca-current was shown to be 
slowly activa ting  and inac tiva ting . The voltage activated К-current was 
found to appear at -10 mV membrane potentia l and rise  constantly towards 
more depolarized d irections.

As non-iden tified  c e lls  were used, th e ir  responses to the studied 
substances varied considerably. Nonetheless, d iffe re n t types of responses 
were found to be consequent enough.

Voltage activated Ca-current

Figure 1 shows the modulation of inward current by Met-enkephalin.
I t  decreased the voltage activated Ca-current in  a dose-dependent manner.

-RThe threshold concentration of the Met-enkephalin was 10 M, and the 
current reduced to more than i t s  ha lf using 10”  ̂ M Met-enkephalin (F ig . 1). 
Met-enkephalin only modulated the maximal amplitude of the current, but 
le f t  the activa tion  time constant unchanged (not shown), and i t  also did 
not s h if t  the peak of the currents (I-V  curve) along the voltage axis 
(Fig. IB).
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Fla. 1- Modulation of inward current by Met-gnkephalin lyi isolated Helix neuron. Effect 
o f two concentrations of Met-enkephalin (10 M and 10 M) on the 1^г . В. I-V character

is t ic s  of Ij, following extrace llu la r application of Met-enkephalin (10'

The e ffec t of Leu-enkepahlin (F ig. 2) is  more varied. D iffe rent 
groups of ce lls  could be separated by th e ir  responses. One type of ce lls  
reacted to Leu-enkephalin by increasing the voltage activated Ca-current 
(F ig . 2A, B), another by decreasing i t  (F ig . 2C, Ü). Threshold concen-

_ o
tra tio n s  at both cases were 10 M, the same as fo r Met-enkephalin. Higher 
concentrations of Leu-enkephalin gave more pronounced e ffec ts . The e ffec t 
o f Leu-enkephalin was in  both cases dose dependent (Fig. 2A-D). We also 
found ce lls  that did not respond to Leu-enkephalin in  e ithe r low or high 
concentrations (not shown).

We also tested the e ffec t of serotonin on the voltage activated Ca- 
current. As in  the case of Leu-enkephalin, we found that there are d i f -
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Fig. 2. Modulation of Ca-current by Leu-enkephalin of dialysed Helix neurons. A. Modulation 
of I(-a by extrace llu la r application of two concentrations o f Leu-enkephalin (10*8 m, 10"7 M) 
as compared to its  contro l value. EL_ Diagram for comparing the maximal values of voltage ac
tivated ICa in the control and following Leu-enkephalin treatment. Here the maximal values of 
Iça increased. Ĉ_ Demonstration of inh ib ito ry  effect of Leu-enkephalin on I(-a . Same as in 

B, but demonstrating decreasing values of Ca-current

ferent types of c e lls  that reacted to serotonin d iffe re n tly . Figure 3 shows 
examples of these modulations. Serotonin could e ith e r increase or decrease 
the voltage dependent Ca-current. Higher serotonin concentration had to be 
applied (10 M), than in  the case of enkephalins (10 M), but the e ffe c t
was dose dependent. Also, the modulation of the current was not so strong, 
i t  did not exceed 25% of contro l values in  e ithe r cases (Fig. 4A, B). The 
e ffects  could be p a r t ia l ly  washed out. There were ce lls  found in  which 
serotonin did not a lte r  the inward Ca-current.

Voltage activated K-current

The a b i l i ty  of the above substances to  modulate the voltage ac
tivated К-current was also tested.

Leu- and Met-enkephalin affected the c e lls  d iffe re n tly  also in  th is
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Fig. 3. A lteration in voltage activated Ca-current following extrace llular application of 5HT 
on isolated c e ll.  A. Decrease of Ca-current following 5HT treatment (1СГ^ M, ICP^ M).
B. Maximal values of Ca-currents are increased following extracellular application

of 5HT

case. In one case, where the two enkephalins were tested on the same 
neuron, Leu-enkephalin increased the voltage activated К-curren t, and a fte r 
washing ou t, Met-enkephalin applied at the same concentration as the pre
vious Leu-enkephalin (10-6 M), decreased th is  current (Fig. 4). Higher con
centra tion  of Met-enkephalin fu rthe r decreased the current, showing con
centra tion  dependent action, ju s t as in  the case of the voltage activated 
Ca-current. While reduction of the current was the only type of modulation 
we recorded by Met-enkephalin, there were ce lls  that responded to app li
ca tion  of Leu-enkephalin also by decreasing' the К-current (not shown).

Serotonin, unlike Leu-enkephalin, only increased th is  current type 
(F ig . 5), although i t  acted s im ila rly  to Leu-enkephalin in  the case of the 
Ca-current. Serotonin was e ffec tive  on the К-current at the same concen
tra tio n s  as on the Ca-current.

D isc u s s io n

Our experiments proved that the complex effects that fo llow  modu
la t io n  in  sem i-intact preparations or in  the in ta c t nervous system can also 
be modelled in  completely isolated neurons. Substances, l ik e  enkephalins 
and serotonin, that modulate sensory inputs in  ce lls  possessing in ta c t 
synapses, can act on the same ion-chanels on isolated neurons.

As un iden tified  c e lls  were used in  the experiments, i t  is  not sur
p r is in g , that we recorded a great va rie ty  of responses. Various responses
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A

Fig. A. A lteration of net outward К-current under the influence of Leu-enkephalin and Met- 
enkephalin used in the extrace llu la r saline. Ад_ Leu-enkephalin increases the InetK, while 
Met-enkephalin decreases i t  in  a dose-dependent manner. I-V characteristic of InetK in 
control and following application of Leu- and Met-enkephalin on the same neuron. CL_ Com
parison of the modulation of maximal values of InetK a fte r applying Leu- and Met-enkephalin.

The results are shown in percentage of control value

of molluscan neurons to a transm itter can be explained by the presence of 
d iffe re n t receptor subtypes on those ce lls  /2 , 4 /. The great va rie ty  of 
responses to serotonin and enkephalins in  our study can be probably ex
plained by the same phenomenon.

The sign ificance of opiates was shown in  the regulation of ion- 
channels and th e ir  opposite actions (e.g. Met- and Leu-enkephalin) were 
found in  Aplysia as well /5 , 12/.

D iffe ren t modulation of more than one ion-currents by the same 
transm itter or modulator, can as well be obtained by using d if fe re n t 
second messengers /1 , 9 /. Further on, the Ca- and К-ion  currents can be
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В

Fig. 5, Modulation of voltage activated outward current by 5HT. A. Increase of the InetK 
fo llow ing application of 5HT to the external surface o f the c e ll. Diagram demonstrating 

the increase of maximal values of InetK following 5HT application

separated to various subtypes / 8 , 12/. I t  can be seen on Fig. 2, tha t the 
current recordings of two ce lls  reacting to Leu-enkephalin in  opposite 
d irec tions , run d if fe re n t ly ,  representing probably two d iffe re n t kinds of 
voltage activated Ca-currents.

However, the exact nature of receptor and ion-channel subtypes in 
volved in  modulation caused by enkephalins and serotonin remains to be 
examined.
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Epilepsies are frequent dieseases, thus about 1% of population 
suffers chron ica lly  from ep ilep tic  seizures. A basic phenomenon of the 
epilepsies consists in  typ ica l neuronal discharges which can be induced in  
many nervous systems. Also invertebrate ganglia are able to produce 
e p ile p tic  discharges. Since they are easy to be investigated at the leve l 
of single neurons, the buccal ganglia of Helix pomatia have been studied 
fo r mechanisms underlying epilepsies. Besides the analysis of patho log ica l 
phenomena, e p ile p tic  a c tiv ity  can help to study basic items of neurobio l
ogy. The aim of the present paper is ,  therefore, to demonstrate tha t the 
induction of e p ile p tic  a c tiv ity  in  a nervous system is  in  fact a valuable 
too l in  neurobiology.

In invertebrate nervous systems e p ile p tic  a c tiv ity  can be induced 
by adding epileptogenic drugs lik e  pentylenetetrazol /12/ or etomidate /4 / 
to the sna il sa line solu tion. The proper e p ile p tic  a c tiv ity  is  of new 
qua lity  and not an enhanced physio log ical one. Among other features 
e p ile p tic  a c t iv ity  is  characterized by spatio-temporal synchronization of 
neurons. With induction of e p ile p tic  discharges, physiological a c t iv ity  
rhythms are a ltered and new "e p ile p tic  rhythms" appear. That is  i l l u s 
trated by the experiment in  Fig. 1. In th is  case etomidate was adminis-
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Fig- 1. Epileptic neuronal discharges in the buccal ganglia of Helix pomatia as a particular b ioe lectric  a c tiv ity . B3r and B4r: iden tified  
neurons in the righ t buccal ganglion. CONTROL 1: paroxysmal depolarizations induced in neuron B3r by etomidate (0.5 mmol/l). VERAPAMIL: 
Suppression of ep ile tic  depolarizations by the organic calcium antagonist Verapamil (60 yumol/1). CONTROL 2 :re-establishment of ep ilep tic  

a c tiv ity  a fter washing out Verapamil. The administration of etomidate persisted. Recordings A and В with d iffe ren t time scales

ALTRUP et a
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Fig. 2. Analysis of e le c tr ic a lly  coupled neuronal networks by the induction of ep ile p tic  ac
t iv i t y .  Pre-existence of coupled a c tiv ity  in the neurons B2 (A) and development of coupled ac
t iv i t y  in the neurons B3 (B). Ihe neurons B2 are linked monosynaptically and the neurons B3 
polysynaptically. A: action potentia ls and excitatory postsynaptic potentia ls (1) and 
paroxysmal ep ileptic discharges (2) are linked closely in time via monosynaptical e le c tr ica l 
coupling. B: Development of functional e lec trica l coupling of neurons B3 with increasing 
concentrations of the epileptogenic drugs pentylenetetrazol (3: 10 mmol/1; 5: 40 mmol/1) and 
etomidate (4: 0.5 mmol/1). 1: scheme of the buccal ganglia. 2: b ioe lectrica l a c t iv ity  without 
drug treatment. 3: synchronization by coupling depolarizations (arrows) displayed with d i f 
ferent time scales (a, b). 4 and 5: coupled ep ilep tic  a c tiv ity  (arrows). Ihe hyperpolarizing 
current in jection  in 4 shows that the physical feature of e lec trica l coupling is  not changed

with ep ilep tic  a c tiv ity
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tered which resulted in  neuron B3 in  the appearance of typ ica l e p ile p tic  
discharges, commonly known as paroxysmal depolarization s h ifts  /PDS; 8 , 
10/. In the simultaneously recorded neuron B4 the physiological a c tiv ity  
is  altered but not replaced by PDS. The basis of the e p ile p tic  rhythms is  
and enhancement of calcium conductances and the appearance of calcium 
dependent processes. Thus, the e p ile p tic  a c t iv ity  was found to be sup
pressed by the organic calcium channel blocker verapamil in  any case 
(F ig . 1, VERAPAMIL) whereas the a c tiv ity  of neuron B4 is  not altered by 
th is  drug. The a p p lic a b ility  of e p ile p tic  a c t iv ity  as a too l in  neuro- 
biology w i l l  be shown by the examples described in  the fo llow ing.

Analysis of e le c tr ic a lly  coupled neuronal networks

Neurons B2 in  the buccal ganglia of Helix pomatia were found to be 
e le c tr ic a lly  connected to  each other with a coupling facto r of ca. 1:10 
( c f . Fig. 2 Al) /1 / .  From th is  the question arose whether the other iden
t i f ie d  neurons in  the ganglia concerned, especia lly the neurons B3, are 
also connected e le c tr ic a lly .  In the special case of neurons B3 the 
coupling factor was 1:50 and often much lower (c f.  Fig. 2 B4) /3 /.  In tra 
c e llu la r  staining of both neurons B3 excluded a d ire c t contact of the 
neuronal elements. Therefore, an e le c tr ic a l coupling could only be medi
ated via interneurons. The aforementione question was treated by the 
establishment of e p ile p tic  a c tiv ity .

F irs t of a l l ,  paroxysmal depolarizations e lic ite d  by pentylenetet
razo l or etomidate were strongly coupled in  the le f t  and r ig h t side 
neurons B2 (Fig. 2 A2). As fa r as s itua tion  of neurons B3 are concerned a 
ty p ic a l experiment w i l l  be described at hand of F ig . 2B. The simultaneous 
recordings of both neurons B3 in  Fig. 2 B2 show the membrane potentia ls of 
both neurons with action potentia ls superimposed in  neuron B3r. The action 
po ten tia ls  in B3r induced no corresponding po ten tia ls  in  neuron B31. A fter 
app lica tion  of pentylenetetrazol in a concentration below that able to pro
duce paroxysmal depolariza tion s h ifts , synchronized action potentia ls  ap
peared in  both neurons (Fig. 2 B3a;) /9 / .  Recordings of the membrane 
po ten tia l of both neurons B3 with an extended time scale (Fig. 2 B3b) show 
tha t action potentia ls  in  the B3r are associated w ith excita tory post- 
synaptic potentia ls in  the neuron B31 and vice versa. Elevating the con
centration of pentylenetetrazol led to the appearance of paroxysmal de
po la riza tion  s h ifts  (F ig . 2 B4 and 5). These paroxysmal depolarizations 
are synchronized. The elementary mechanisms fo r th is  synchronization are
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based on "coupling depolarizations" appearing in  one neuron when the other 
is  generating a paroxysmal depolarization (F ig . 2 B4 and 5). The low 
e le c tr ic a l coupling persisted also in  e p ile p tic  conditions as shown by the 
hyperpolarizing current pulse in  Fig. 2 B4. Since the coupling depo la ri
zation is  not suppressed with the blockade of chemical synaptic transmis
sion, by increasing the magnesium and decreasing the calcium concentration 
in  the bath, they have to be interpreted as e lectro ton ic po ten tia ls . As 
the neurons B3 have no d irec t morphological contacts, in terca la ted in te r -  
neurons, e le c tr ic a lly  coupled to each other and to both neurons B3, have 
to be assumed to be involved. As a whole, the induction of e p ile p tic  ac
t iv i t y  c lea rly  demonstrates that also the neurons B3 are e le c tr ic a lly  
coupled which could hardly be shown using conventional e lectrophysio- 
log ica l techniques. The v a lid ity  of th is  neurophysiological too l becomes 
also evident from the fac t that the neurons B2 and B3 of the same ganglion, 
although closely neighbouring, do not show paroxysmal depolarizations 
coupled in  time / 2/ .

Relations between neuronal shape and function

A c tiv ity  patterns of a neuronal network are mainly determined by 
the shape of the neuronal elements and th e ir  interconnections. On the 
other hand, the structure of a neuronal network is  shaped by a c t iv ity .  
Both statements are supported by many observations especially during onto
genesis of the nervous system. A detailed analysis of the in te rre la tio n s  
of shape and function, however, is  hard to be done since ( i )  reconstruc
tions are continuously performed and ( i i )  the neuronal a c tiv ity  in  a net
work is  stochastic in  nature. Therefore as a prerequis ite fo r fu rthe r anal
ys is , neuronal a c tiv ity  must be synchronized and of high in te n s ity . This 
should be fu l f i l le d  by e p ile p tic  model a c t iv ity .

The a p p lic a b ility  of e p ile p tic  a c t iv ity  as a tool in  these circum
stances is  demonstrated by means of the investigations displayed in  Fig.
3. Part A shows le f t  side neuron B3 in tra c e llu la r ly  stained by cobalt 
lys ine /3 , 5/. A ty p ic a lly  shaped neuron B3, i .e .  showing the crab's claw 
arboriza tion , has been selected / 6/ .  I t  should be pointed out tha t the 
main streets of dendrites are located w ith in  the ip s ila te ra l neuropile and 
nerves but missing in  the commissure. When e p ile p tic  a c tiv ity  is  induced 
by adding pentylenetetrazol to the bath so lu tion  fo r about 1 h, marked 
p ro life ra tio n  is  apparent. As can be seen from part В of Fig. 3, in  th is
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Fig. 3. Effects of e p ile p tic  a c tiv ity  (pentylenetetrazol, PTZ, 40 mmol/l) on shape of 
dendritic  arborization of neuron B3 in the buccal ganglia of Helix pomatia. A: shape of a 
typ ica l neuron B3 under non-epileptic conditions. B. and C: pro liferations (B) and degen

erations (C) a fte r 40 min and 10 h, respectively. In tra ce llu la r cobalt lysine stainings
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case dendrites were found in  the commissure too. With higher m agnification 
an increase especially in  the number of filo p o d ia  can be observed. With a 
prolongation of e p ile p tic  a c t iv ity ,  degenerative processes came in to  the 
foreground. An example in  which the epileptogenic drug pentylenetetrazol 
had been applied fo r about 10 h, is  depicted in  part C of Fig. 3. As can 
be seen, the dendritic  arborization is  d ra s tic a lly  reduced and only frag 
ments persisted.

I t  is  obvious that e p ile p tic  a c t iv ity  leads to s truc tu ra l changes 
of neuronal networks in  the sense of p ro life ra tio n  and degeneration. That 
provides the chance to study on one hand the influence of altered a c t iv ity  
on shaping neurons and to fo llow  up the consequences of s truc tu ra l trans
formations on neuronal network a c tiv ity  on the other. This is  already in  
process using confocal laser scanning microscopy /11/.

Establishment of a c t iv ity  generators in  the nervous system

One central problem in  neurobiology is  the establishment of func
tion  modules in  the nervous system. Such modules are ex is ting  in  the 
buccal ganglia of Helix pomatia realized in  a so-called premotor network 
generating feeding motor pattern /c f .  7 /. The development of neuronal 
modules are hard to investigate fo r methodological and technical reasons.

By the induction of e p ile p tic  a c t iv ity  i t  is  possible to estab lish  
"new" a c t iv ity  modules. That is  based on the fact that the respective 
neurons exh ib it a d if fe re n t ia l s e n s it iv ity  to epileptogenic drugs suscep
t i b i l i t y .  Thus, etomidate in  a concentration of ca. 0.5 mmol/1 leads to 
proper e p ile p tic  a c t iv ity  only in  the B3 network described above but not 
in  other neuronal networks. The s itua tions described fo r etomidate hold 
also true fo r other epileptogenic substances lik e  pentylenetetrazol.

The establishment of a new neuronal generator on the basis of 
e p ile p tic  a c tiv ity  w i l l  be described in  connection with Fig. 4. In part A 
of the Fig. ep ilep tic  neuronal depolarizations appeared in neuron B3 a fte r  
30 min treatment of pentylenetetrazol (40 mmol/1). I t  should be noted tha t 
neuron B3 normally fa i ls  to show periodic discharges /3 /.  W ithin the 
period shown in  Fig. 4A, the e p ile p tic  a c t iv ity  was res tric ted  to the B3 
network, i .e .  the neighbouring B1 neuron was not involved (c f. Fig. 4A 
and D). The a c tiv ity  of the new generator has functional consequences. By 
an extention of the focal e p ile p tic  a c t iv ity  fo r  some hours, the neuron B1 
became more and more involved. Thus, th is  element was func tiona lly  coupled
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Fig. 4. Effects of focal ep ilep tic  a c tiv ity  of the B3 network (buccal ganglion of Helix pomatis) on a c tiv ity  of the prim arily non-involved 
neuron B1. Under ep ileptic conditions the a c tiv ity  of neuron B3 re flec ts  the a c tiv ity  of the focus. A to C: Simultaneous recording of neurons 

B3 and Bl. Neuron B1 is  progressively coupled (30 min vs 4h) and decoupled (10 h ) . D: Scheme of buccal ganglion
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with neuron B3 a fte r 4 h (Fig. 4B). With ongoing ep ilep tic  a c t iv ity  the 
functiona l linkage between both neurons decayed (F ig. 4C). The phenomen 
depicted in  Fig. 4B and C may be due to p ro life ra tio n  and degeneration as 
described above (c f. also Fig. 3). As a whole, the production of foca l 
e p ile p tic  a c t iv ity  is  to our knowledge the only available tool to study 
the mechanisms underlying the establishment of neuronal a c tiv ity  modules.

The three examples described above show tha t ep ilep tic  a c t iv ity  
provides a useful too l fo r studying neuronal networks. The a p p lic a b ility  
is  of course not re s tric te d  to the above examples but can also be extended 
to the analysis e.g. of the ion ic  microenvironment, of energy metabolism, 
of transmembraneous ion fluxes, etc. In th is  context i t  should be pointed 
out that resu lts  obtained with e p ile p tic  a c t iv ity  as a too l, are not only 
s ig n ifica n t in  neurobiology but also in  basic and c lin ic a l epilepsy 
research.
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1. FMRFamide and the Catch relaxing peptide (CARP) at 0.01-0.1 nM modulate 
acetylcholine (ACh) induced currents of id e n tifie d  neurons of Helix aspersa, but 
have no d irect e ffec t on membrane current and conductivity.

2. Both FMRFamide and CARP noncompetitively in h ib it  ACh Cl responses while 
having either no e ffec t or increasing ACh Na /К response.

3. The in h ib ito ry  e ffect of FMRFamide and CARP on the ACh Cl response was 
eliminated following pretreatment with forskolin (20 yuM), an activator of adenylate 
cyclase.

4. Ascaris peptide (ASC) and a synthetic CARP analogue N0RL-CARP, in  which the 
amino acid methionine is  replaced by either leucine or norleucine, at 1-lO^uM, showed 
no effect on responses to ACh.

5. FMRFamide and CARP, at 10 nM, increased cAMP levels to 240% and 148% 
respectively above resting basal cAMP levels, while ASC and N0RL-CARP had no sig
n ifican t e ffec tive .

6. Our resu lts suggest that FMRFamide and CARP, in low concentrations, modulate 
ACh responses of Helix neurons, possibly through changes in cAMP levels. They also 
indicate the importance of the presence of methionine in these neuroactive peptides.

Keywords : Neuropeptide -  modulation - acetylcholine -  cAMP
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Introduction

The neuropeptide FMRFamide, Phe-Met-Arg-Phe-NHy, was iso la ted  from 
the ganglia of the calm Macrocallista /13/ and is  a member of a fam ily of 
re la ted  peptides which are widely d is tribu ted  in  both vertebrate and in 
vertebrate tissues, including a l l  molluscan classes, annelids and arthro
pods. FMRFamide can e ithe r excite or in h ib it  muscle and nerve c e lls  de
pending on i ts  concentration and on the type of preparation. /4 , 8 , 16/. For 
instance, FMRFamide relaxes catch tension in  the anterior byssus re trac to r 
muscle (ABRM) of Mytilus at low concentrations and evokes a contraction at 
h igher concentrations. I t  has been suggested that FMRFamide acts d ire c tly  
on the membrane through changing e ither the sodium or the potassium per
m eab ility , at yuM concentrations /4 , 12/. In the ABRM of M ytilu s , catch- 
re lax ing  peptide (CARP) which was isolated from the ganglia of the miussel 
M ytilus  /7 / potentiates contractions at low concentrations and depresses 
them at higher concentrations. I t  is  well known that CARP and acetylcholine 
act on separate receptors and that CARP can modulate ACh responses; FMRF
amide can also do th is  /4 , 12/. The aim of these studies was to investigate 
the mechanisms of modulation of acetylcholine responses by low concen
tra tio n s  of FMRFamide and CARP. Furthermore, we wished to compare th e ir 
actions with other neuropeptides, such as ascaris peptide / 6/  and a syn
th e t ic  CARP analogue, in  which the amino acid methionine is  replaced by 
e ith e r leucine or norleucine, as part of a s tru c tu re -a c tiv ity  study.

Materials and Methods

Experiments were performed on id e n tif ie d  /9 / neurons in  isolated 
suboesophageal ganglia of the sna il, Helix aspersa. Membrane currents in 
duced by bath applications of agonists were recorded by a sing le  electrode 
voltage clamp using glass micropipettes of resistance 3-4 Mohms, holding 
p o te n tia l -70 mV. The composition of normal saline was (mM): 100 NaCl, 
4 KC1, 7 CaCly, 5 MgCly, 5 Tris HCl, f in a l pH 7.5. In tra c e llu la r  cAMP was 
measured by an Amersham k i t  as previously /3 /  described. Peptides used: 
FMRFamide (Phe-Met-Arg-Phe-NH?) , Sigma; ASC (Lys-Asn-Glu-Phe-Ile-Arg-Phe- 
NH2) , CARP (Ala-Met-Pro-Met-Leu-Arg-Leu-NH„), and a new CARP analogue, 
NORL-CARP (Ala-norLeu-Pro-norLeu-Leu-Arg-Leu-l^) were synthesized as pre
v ious ly  / 11/  described.
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R e s u lts

Both FMRFamide and CARP, at 1yUM, evoked an inward current and in 
h ib ited  responses to ACh application (Fig. 1A, 1C). A s im ila r in h ib it io n  of 
ACh responses by 10 и  M FMRFamide has been described in  Helix pomatia 
neurons /15 /. At low concentrations (0.1 nM), FMRFamide and CARP, which 
have no d irec t e ffec ts  on the membrane currents, s t i l l  inh ib ited  ACh 
responses (Fig. IB, ID). The threshold concentration fo r evoked inward 
currents of F2 c e lls  by FMRFamide and CARP was between 10 and 100 nM, 
whereas modulation of ACh induced current responses by these compounds oc
curred at 0.1 nM fo r FMRFamide and 0.01 nM fo r CARP. The evoked inward 
currents appeared immediately follow ing app lica tion  of the peptides and 
were quickly removed by washing with peptide-free solu tion. Modulation of 
the ACh response developed 3-10 min a fte r the addition* of the peptides and 
could be p a r t ia lly  reversed a fte r a 30-40-min-wash in  peptide-free sa line .

When the amino acid Met of CARP was replaced by norLeu, as in  NORL- 
CARP, the modulation was los t fo r a l l  the doses of the peptide tested ( in  
the range 0.1 nM-1 yuM) (Fig. IE). ASC, where Met is  absent but Leu present, 
also had no e ffec t on ACh responses (Fig. IF ). Both FMRFamide and CARP 
depress the maximal ACh responses in  F2 c e lls  (Fig. 2), but they do not 
a lte r  the reversal po ten tia l of ACh-induced Cl current which is  in  the 
range of -30 to -35 mV. These results are s im ila r to those obtained pre
viously /1 /  fo r the e ffe c t of ouabain on ACh responses in  dialyzed Helix 
neurons, which were shown to be due to a ouabain-induced increase in  cAMP 
levels /2 , 3/.

Forskolin (20 yuM), a diterpene ac tiva to r of adenylate cyclase /5 , 
14/, depresses ACh Cl responses on F2 neurons and that fu rthe r a p p li
cations of FMRFamide and CARP (0.1 nM) do not evoke an additional in h i
b itio n  of these responses (Fig. ЗА). On the FI neurons, ACh-induced current 
responses are Na+/K+ dependent. Figure 3B shows the absence of ACh current 
in  Na,Ca-free so lu tion  of FI neurons. The ACh Na+/K+ responses, which were 
not blocked by FMRFamide and CARP, were also not effected by fo rsko lin . 
Furthermore, FMRFamide and CARP stimulate cAMP production in  Helix ganglia, 
while ASC and NORL-CARP were without s ig n if ic a n t e ffec t on the basal cAMP 
levels (Table 1).
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Fig. 1. Comparative effects of d iffe ren t doses of neuroactive peptides on membrane current and responses to ACh application in F2 ce lls . 
In each sequence of traces, the f i r s t  represents the control response to 5yaM ACh. The second set of trace represents the d irect ( i f  any) 

e ffect of peptides and the effect on ACh responses. The fin a l set of traces represents recovery of ACh responses following washing
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Fig, 2. Effect of FMRFamide and CARP at 0.1 nM on ACh dose-response relationship in F2 ce lls . Vertical bars indicate SEM of five  experimets. 
A shows control current responses to 2, 6 and 10yuM ACh; note the bottom trace Eh shows no changes in holding membrane potentia l cbring ACh 
application. В shows the effects of 0.1 nM CARP on the ACh current responses. C corresponding dose-response curves for ACh control (a) and in

the presence of 0.1 nM FMRFa (o) and CARP ( • )  and following removal of peptides («)

MODULATION OF CHOLINERGIC TRANSMISSION AND cAMP LEVELS IN
 HELIX
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Fig. 3. Membrane currents induced by 5 jjM ACh application in F2 (A) and Fl (8) ce lls . In Na,Ca-free solution 100 nW NaCl and 5 mM CaCl  ̂ were 
replaced by Tris HCl. А-shows the persistance of ACh current in Na,Ca-free solution; fo rsko lin , 20yjM, depresses the ACh current and in the 
presence of forskolin FMRFa and CARP had no further e ffec t; forskolin depression reversed following washing. Note, in c e ll F2 the ACh current 
was depressed in Cl-free (T ris  S04) solution. В-shows the absence of ACh current in Na,Ca-free solution; forsko lin , FMRFa and CARP had no

effect on th is  ACh current
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T ab le  1

Comparative effects of peptides at 10 nM and 20 jjM fo rsko lin  on cAMP levels.cAMP values are 
means (pM/mp protein) 1 . SEM fo r 5 d iffe rent ganglia (n=10) ; time of incubation 15 min. 

Observed increases or decreases are given as percentages of the basal le v e l.

Base cAMP 3.60+0.82

Оо

Forskolin 5.75+0.79 159%*
FMRFamide 8.65+0.84 240%**
ASC 2.62+1.40 73%
CARP 5.35+0.34 148%*
N0RL-CARP 2.76+0.18 77%

*P <  0.05; **P <  0.01

D iscuss ion

FMRFamide, a neuropeptide isolated from invertebrate tissue /1 3 /, at 
1-10 yU M produces exc ita tion  or in h ib it io n  of muscle and nerve c e lls  in  
vertebrates and invertebrates. These actions are d iffe re n t from those of 
putative neurotransmitters /4 , 8 , 15/. In the present study we show that on 
F2 neurons, FMRFamide and CARP at 1 ûM could evoke an inward current which 
was induced immediately a fte r application of these peptides. Whereas at sub 
nM concentrations of FMRFamide and CARP, which have no d irect e ffe c t on the 
membrane current, noncompetitively inh ib ited  the ACh-induced Cl current 
but did not a lte r i t s  reversal potentia l. The process of modulation of ACh 
Cl responses by low concentrations of FMRFamide and CARP developed more 
slowly and took longer to reverse, compared to the d irec t e ffe c t on the 
membrane current induced by high concentrations of these peptides. The time 
course fo r the modulation to develop indicates that the process might in 
volve changes in  the second messenger system.

The Na+/K+ responses induced by ACh on FI neurons were e ith e r un
affected by FMRFamide and CARP, or in  5 of 31 ce lls  were increased by 
10-15%. Neuron F21 responded biphasically to ACh, with a fast depolarizing 
Na+/K+ component which was FMRFamide res is tan t followed by a slow hyper- 

po la riz ing  Cl component which was depressed by the peptide. I t  has also 
been shown that the FMRFamide-induced current of Helix neurons is  d-tubo- 
curarine insens itive  and involves an increase in  Na /K+ perm eability /4 , 
12/. I t  fo llows, therefore, that the FMRFamide induced in h ib it io n  of ACh Cl 
responses cannot be explained by cross desensitization. The depression of 
the maximal ACh responses by FMRFamide and by CARP in  F2 ce lls  are s im ila r 
to those obtained previously /1 / fo r the e ffe c t of ouabain on ACh responses
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in  dialyzed Helix neurons, which may be due to a ouabain-induced increase 
in  cAMP level /2 , 3 /. A co rre la tion  between the contro l of voltage depen
dent K+ current by autoactive bag ce ll peptides and cAMP leve l was shown 
recen tly  /10 /. The in h ib ito ry  effects of FMRFamide and CARP on the ACh C l' 
responses could be elim inated by pretreatment w ith fo rsko lin . FMRFamide and 
CARP, at 10 nM, also increase the basal cAMP leve l on Helix brain tissue. 
Our resu lts  suggest tha t FMRFamide and CARP in h ib it  ACh Cl’ -induced but not 
Na+/K+-induced current of Helix central neurons, possibly through changes 
in  cAMP levels. Peptides without methionine, such as norLeu-CARP and 
Ascaris peptide, fa ile d  to  show th is  modulation on ACh responses though 
they induced d irec t e ffe c ts  at 1-10 tjM and also fa ile d  to activate the cAMP 
le ve ls  in  Helix neurons. These results ind ica te  the importance of the 
presence of methionine in  these neuroactive peptides, however, the la s t 
fin d in g  requires more deta iled  investigation.

Acknowledgement

We thank Professor P.N.R. USherwood for he lp fu l discussions in preparationi of manu
s c r ip t;  Dr. L. Holden-Dye fo r he lp fu l consultation in cAMP measurement; Professor Y. Muneoka 
fo r a g i f t  of peptide; and the Royal Society, London, fo r financia l support.

REFERENCES

1. Arvanov, V.L. (1980) Effects of ouabain on chemosensitivity of diaiized Helix neurons. 
Reports Acad. Sei. USSR. 256, 222-226.

2. Arvanov, V.L. Stepanyan, A.S., Ayrapetyan, S.N. (1991) Effects of in tra ce llu la r cAMP, Ca 
and phorbol esters on ouabain induced modulation of chemosensitivity of Helix neurons. 
C e ll. Molec. Neurobiol. ( in  press).

3. Ayrapetyan, S.N., Arvanov, V.L. (1988) The metabolic regulation of membrane chemosensitiv
i t y .  In : Salánki, J. and S.-Rózsa, Katalin (eds) Neurobiology of Invertebrates. Sym
posia Biologica Hungarica, Vol. 36, Akadémiai Kiadó, Budapest, pp. 669-687.

4. Boyd, P.D., Walker, R.D. (1985) Actions of the molluscan neuropeptide FMRFamide on neurons 
in  the subesophageal ganglia of the snail Helix aspersa. Comp. Biochem. Physiol. 81C, 
379-386.

5. Colombaioni, L ., Paupardin-Tretsch, D., Vidal, P.P., Gershenfeld, M.M. (1985) The neuro
peptide phenylalanylmethionylarginyl-phenylalanylamide decrease both the calcium con
ductance and a cyc lic  AMP-dependent potassium conductance in  iden tified  molluscan neuron. 
D. Neurosci. 5, 2533-2528.

6. Cowdon, C., Stretton, A.O.W., David, R.E. (1989) AF-1, a sequenced bioactive neuropeptide 
iso lated from the nematode, Ascaris suum. Neuron 2, 1465-1473.



MODULATION OF CHOLINERGIC TRANSMISSION AND cAMP LEVELS IN  HELIX 97

7. H irata, T., Kubota, T., Takabatake, T ., Kawahara, A., Shimamoto, N., Muneoka, Y. (1987) 
Catch-relaxing peptide isolated from Mytilus pedal ganglia. Brain Res. 422, 374-376.

8. Hökfelt, T ., Johansson, 0 ., Ljungdahl, A., Lundberg, J.M., Schultzberg, M. (1980) 
peptidergic neurons. Nature 284, 513-521.

9. Kerkut, G.A., Lambert, J.D.C., Gayton, R.J., Loker, J.E ., Walker, R.J. (1975) Mapping of 
nerve ce lls  in the suboesophageal ganglia of Helix aspersa. Comp. Biochem. Physiol. 50A, 
1-25.

10. Loechner, K .J., Kaczmarek, L.K. (1990) Control of potassium currents and cyc lic  AMP levels 
by autoactive neuropeptides in Aplysia neurons. Brain Res. 532, 1-6.

11. M e rrifie ld , R.B. (1986) Solid phase synthesis. Science. 232, 341-347.

12. Mat Jais, A.M., Sharma, K ., Pedder, S., Kubota, T ., Muneoka, Y., Walker, R.J. (1990) The 
actions of the catch-relaxing peptide, CARP, on iden tified  Helix central neurons. Comp. 
Biochem. Physiol. 97C, 373-380.

13. Price, D.A., Greenberg, M.J. (1977) Structure of molluscan cardioexcitatory neuropeptide. 
Science. 197, 670-671.

14. Seamon, K.B., Daly, J.W. (1981) Calmodulin stimulation of adenylate cyclase in  ra t brain 
does not require GTP. J. Cyclic Nucl. Res. 7, 201-224.

15. S.-Rózsa, К. (1988) Modulation of membrane p la s tic ity  by low molecular weight neurotrans
m itters and opiate peptides in the Helix neurons. In: Salánki, J. and S.-Rózsa, Katalin 
(eds) Neurobiology of Invertebrates. Symposia Biologica Hungarica, Vol. 36, Akadémiai K i
adó, Budapest, pp. 433-450.





A c ta  B io lo g ic a  H u n g a ric a  4 3 ( 1 - 4 ) ,  p p . 9 9 -1 1 1  (1 9 9 2 )

REGENERATION OF AN INTERNEORONAL NETWORK IN  HELIGOMA: 
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We have iden tified  a network of three interneurons located in the centra l ring 
ganglia of Helisoma. Two of these interneurons, designated Left Pedal Dorsal 1 
(LPeDl) and Right Pedal Dorsal 1 (RPeDl), are the largest neurons of the pedal 
ganglia and appear to contain dopamine and serotonin, respectively. A th ird  in te r-  
neuron, iden tified  as Visceral Dorsal 4 (VD4), is  a small FMRFamide immunoreactive 
c e ll located on the dorsal surface of the v isceral ganglion. Monosynaptic chemical 
connections exist between a l l  these interneurons. For instance, a reciprocal in h ib i
tory connection exists between LPeDl and RPeDl , whereas VD4 has in h ib ito ry  e ffects 
on both LPeDl and RPeDl. Furthermore, LPeDl, but not RPeDl, has an excita tory con
nection with VD4. We demonstrate that following axotomy these interneurons not only 
regenerate the ir axons but re-establish th e ir  appropriate synaptic connections.

Keywords : Axotomy - mollusc - neurotransmitters -  synapse formation - sprouting 
-  regeneration

In t r o d u c t io n

The a b il i ty  of id e n tif ie d , adult molluscan neurons to regenerate and 
re-innervate appropriate targets fo llow ing axotomy has made them amenable 
preparations fo r the study of axonal regeneration and synapse formation 
/5 , 8 , 17/. Among the molluscs u tiliz e d  fo r  such studies, the fresh water 
pond sna ils  Helisoma tr iv o lv is  and Lymnaea stagnalis have proved p a rticu -
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la r ly  useful. In Helisoma most of these studies have focused on e ffe c to r 
neurons of the buccal ganglia /13, 14/ whereas in  Lymnaea i t  has been 
possible to study regeneration and synapse formation of a single id e n tif ie d  
interneuron /1 / .  In the la t te r  case, i t  was demonstrated that an axotom- 
ized dopamingergic interneuron (RPeDl) of Lymnaea not only exh ib its  
neurite  outgrowth but also re-establishes i t s  synaptic contacts with 
sp e c ific  fo llower c e lls  /4 /.  Although these previous studies have provided 
s ig n if ic a n t ins igh ts  in to  many of the mechanisms governing the regenerative 
and synaptogenic properties of id e n tifie d  neurons, they have not approached 
the more complex problem of how damaged neural networks may be func tiona lly  
restored.

Recently, we have developed an in  vivo model system in  Helisoma to 
examine regeneration and synapse formation w ith in  an interneuronal network. 
This network is  comprised of three interneurons designated Left Pedal Dorsal 
1 (LPeDl), Right Pedal Dorsal 1 (RPeDl) and V isceral Dorsal 4 (VD4), which 
we have id e n tif ie d  on the basis of th e ir  homology with spec ific  Lymnaea 
neurons /12, 16, 19/. We f i r s t  characterized these interneurons according 
to th e ir  morphology, transm itter phenotype, and electrophysio logical proper
t ie s .  Subsequently, we tested the a b il i ty  of these interneurons to regener
ate and to estab lish appropriate synaptic connections fo llow ing axotomy.

Materials and Methods

General Methods

Central r in g  ganglia were acutely iso la ted from animals w ith a 
v e r t ic a l shell diameter of 12-15 mm. In tra c e llu la r  recordings were made in  
normal Helisoma sa line  / 6/  using standard glass microelectrode techniques. 
In tra c e llu la r  iontophoresis of dye and subsequent tissue processing was 
carried  out as previously described /18 /. For g lyoxylic  acid h is to flu o r-  
escence of biogenic amines, we adopted the protocol of Audesirk /3 /.  Whole- 
mount immunohistochemistry was carried out using established methods / 6/ .

Axotomy Protocol

Animals were deshelled and th e ir cen tra l ring ganglia isolated under 
s te r i le  conditions using procedures described previously /7 /.  Neurons were 
axotomized by gently crushing the connectives between the p leura l and 
p a rie ta l ganglia. In v it ro  ganglion cultures were prepared as described by 
Bulloch / 6/ .
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R e s u lts

Id e n tif ic a tio n  and characterization of interneurons

Left Pedal Dorsal 1 (LPeDl)

This giant c e ll is  located on the dorsal surface of the le f t  pedal 
ganglion and is  read ily  id e n tif ia b le  due to i t s  large size (100-150^um) and 
i t s  proxim ity to the statocyst (Figs 1, 2A). Using the g lyoxy lic  acid 
technique fo r biogenic amines, we observed that LPeDl emitted the prominent 
whitish blue fluorescence associated with dopamine (Fig. ЗА) /3 / .  In tra 
c e llu la r  in je c tio n  of Lucifer yellow (CH) revealed th is  c e ll to possess a 
single axon that runs through the le f t  p leura l and le f t  pa rie ta l ganglia 
where i t  branches in to  3 main processes. Two of these processes pro ject to 
the periphery via various le f t  pa rie ta l nerves; the th ird  process enters 
the v iscera l ganglion and ex its  the ganglion via the anal nerve (Fig. 2A).

Fig. 1, Schematic representation of the central ganglionic ring of Helisoma t r iv o lv is . The 
cerebral commissure is  shown cut and deflected back in order to expose the pedal ganglia. In 
dividual ganglia are numbered: le f t  and rig h t cerebral ganglia (1 and 2); le f t  and rig h t pedal 
ganglia (3 and 4); le f t  and rig h t pleural ganglia (5 and 6); le f t  and r ig h t parie ta l ganglia 
(7 and 8); unpaired visceral ganglion (9). The positions of the three interneurons forming the 
network are also id en tified : LPeDl (Left Pedal Dorsal 1), RPeDl (Right Pedal Dorsal 1), and

VD4 (Visceral Dorsal 4)
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Fig. 3, A. Glyoxylic acid histofluorescence. Represented in th is  photograph are the le f t  and 
righ t pedal ganglia (shown dorsal side up). Numerous small ce lls  in these ganglia are shown to 
contain monoamines, but LPeDl (arrow) was the only large neuron fluorescing at the wavelength 
associated with dopamine. Measure bar: 100yum. B. D istribu tion  of serotonin-like immunoreac- 
t iv l t y  in a whole mount preparation of the central ring ganglia of Helisoma. Shown in th is  
micrograph are the le f t  and rig h t pedal ganglia. Many ce lls  and processes in these ganglia 
stain positive ly for serotonin, including RPeOl, which is  shown in i t s  characteristic location 
(a t arrow) in the rig h t pedal ganglion. Measure bar: 100 yum. C. Interneuron VD4 was f i r s t  
v isua lly  iden tified  and then marked by the in jection of the fluorescent dye Lucifer yellow. 
This whole mount preparation was then stained with an antibody raised against the tetrapeptide 
FMRFamide. Measure bar: 100 yum. 0. FMRF amide iirmunoreactive neurons, including VD4 (arrow; 

same preparation as in C), w ith in the visceral ganglion of Helisoma. Measure bar: 100yum 
----------------

Fig. 2, Morphology of the three iden tified  interneurons as' revealed by iontophoretic in jection 
of Lucifer yellow. A. LPeDl: the soma of the ce ll is  located on the dorsal surface of the le f t  
pedal ganglion. The single axon of th is  neuron runs through the le f t  p leural, le f t  parie ta l 
and visceral ganglia ; i t  projects to the periphery via various le f t  pa rie ta l and visceral 
nerves. Measure bar: 200 urn. B. RPeOl: the c e ll body of th is  neuron is  located on the dorsal 
surface of the righ t pedal ganglion. RPeOl has a single axon that runs through the r ig h t 
p leural, rig h t parieta l and visceral ganglia; i t  projects to the periphery via rig h t parieta l 
and visceral nerves. Measure bar: 200yjrrl. C. VD4: th is  c e ll is  located on the dorsal surface 
of the visceral ganglion. I t  is  a true interneuron, with axonal branches confined within the 
central ring ganglia. Interneuron VD4 possesses two rain axons which together encircle the 

subesophageal ganglionic ring and also enter the cerebral ganglia. Measure bar: 100^m.
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Right Pedal Dorsal 1 (RPeDl)

This giant c e ll is  also eas ily  id e n tif ia b le  (100-150 ^urn) and is  
located on the dorsal surface of the r ig h t pedal ganglion, an te rio r to the 
s ta tocys t (Figs 1, 2B). With the g lyoxy lic  acid technique, th is  c e ll
em itted the yellowish green fluorescence associated with serotonin (data 
not shown). To confirm th is  find ing , centra l ring ganglia of Helisoma were 
processed fo r serotonin immunohistochemistry and RPeDl was among the pedal 
neurons found to be p o s itiv e ly  immunoreactive (Fig. 3B). Regarding i ts  
morphology, RPeDl possesses a single axon that passes through the r ig h t 
p le u ra l, r ig h t p a rie ta l, and v iscera l ganglia; i t  projects to the periphery 
v ia  p leural and v iscera l nerves (Fig. 2B).

V iscera l Dorsal 4 (VD4)

This c e ll is  id e n tif ie d  on the dorsal surface of the viscera l 
ganglion near the o r ig in  of the v is c e ra l-r ig h t p a rie ta l connective. I t  has 
a soma diameter of 50-70 yim (Figs 1, 2C) and is  opalescent white in  color. 
When processed to determine i t s  transm itte r phenotype, neuron VD4 was found 
immunoreactive to an antiserum raised against FMRFamide (Fig. 3C, D). Ion- 
tophoretic in jec tions  of Lucife r yellow revealed tha t, un like  LPeDl and 
RPeDl, VD4 did not have peripheral pro jections. Instead, i t s  two main axons 
encirc led the lower ganglionic ring  as well as entered both cerebral 
ganglia (Fig. 2C). This data therefore suggests that neuron VD4 is  a true 
interneuron, with axonal pro jections confined w ith in  the cen tra l ring 
ganglia. In addition , VD4 has extensive branches in  a l l  these ganglia 
(F ig . 2 0 .

Electrophysiology of interneurons

In acutely dissected preparations each of the three interneurons 
(RPeDl), LPeDl, and VD4) were usually found to be to n ic a lly  active . Simul
taneous in tra c e llu la r  recordings revealed the presence of chemical synaptic 
connections between these neurons (F ig. 4). Although both interneurons 
LPeDl and VD4 were found to have numerous fo llower c e lls  located in  various 
ganglia, we focus here on the connections between the three interneurons. 
Interneuron RPeDl, on the other hand, was found to have only one follower 
c e l l ,  that is ,  PeDl. The connections between neurons LPeDl and RPeDl were
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Fig. 4, Normal synaptic connections between the three interneurons. Simultaneous in tra c e llu la r 
recordings were made from interneurons LPeOl, RPeDl and V04 in an acutely isolated brain pre
paration. A. Stimulation of LPeOl by in jec tion  of depolarizing current (a t arrows) excited VD4 
and inh ib ited  RPeDl. B. E lectrica l stimulation of neuron RPeDl (a t arrows) inh ib ited LPeDl. 
C. E le c trica l stimulation of VD4 (at arrow) in h ib its  spontaneous a c tiv ity  in both LPeDl and 
RPeDl. D. Summary diagram of the connections between the interneurons demonstrated in  A 
through C. Open symbols represent excitatory synapses whereas closed symbols represent

in h ib ito ry  synapses
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found to be rec ip roca lly  in h ib ito ry  (F ig . 4A, B), whereas the stim ulation 
of VD4 inh ib ited  both LPeOl and RPeDl (Fig. 4C). The only exc ita to ry  con
nection observed w ith in  the network was between LPeDl and VD4 (F ig . 4A). 
A diagram summarizing the synaptic connections w ith in  the interneuronal 
network is  provided (Fig. 4G).

Morphology of interneurons a fte r axonal regeneration

We tested the regenerative capab ilitie s  of each of the three in te r-  
neurons follow ing axotomy. The axotomized preparations were incubated for 
4 days in  conditioned medium and the morphologies of id e n tif ie d  in te r-  
neurons were then revealed by the in jec tion  of Lucifer yellow.

LPeDl: The axon of th is  interneuron was axotomized by crushing the 
le f t  p leural - le f t  p a rie ta l connective (F ig. 5A). Following 4 days in 
cubation, LPeDl exhibited robust neurite outgrowth a fte r an i n i t i a l  re
trac tion  of the proximal axonal stump from the crush s ite . M u ltip le  neu- 
rites originated from the proximal stump and projected both toward the le f t  
cerebral ganglion and across the crush s ite  in to  the le f t  p a r ie ta l and 
viscera l ganglia. In add ition , extensive fine  n e u ritic  branches were also 
observed in  a l l  these ganglia (Fig. 5A).

RPeDl : The crushed axon of th is  c e ll also retracted i t s  proximal 
stump from the crush s ite  (the r ig h t p le u ra l-r ig h t p a rie ta l connective). 
M ultip le  neurites emerged from the proximal stump and projected toward the 
r ig h t cerebral, r ig h t p leu ra l, r ig h t pa rie ta l and viscera l ganglia. Further
more, extensive fin e  branches were also observed in  a l l  these ganglia 
(Fig. 5B).

VD4: This interneuron possesses two main axons, both of which were 
axotomized. Two simultaneous crushes were made, one between the viscera l 
and le f t  pa rie ta l ganglion and the other between the v iscera l and r ig h t

< -----------------------
Fig. 5. Morphology of interneurons a fte r axonal regeneration. The interneurons were axotomized 
by crushing the righ t and le f t  p leura l-parie ta l connectives. Following the 4-day-incubation 
period, the degree of axonal regeneration was examined by in jecting  the three interneurons 
with Lucifer yellow. A ll measure bars: 100 urn. A. LPeDl: This c e ll was found to have retracted 
i t  proximal stump to the middle of the le f t  pleural ganglion. Multiple neurites, orig inating 
from the proximal stump, crossed the crush s ite  (arrow) and entered the le f t  and r ig h t pari
e ta l ganglia as well as the visceral and le f t  cerebral ganglion. B. RPeDl: A pattern of 
regeneration sim ilar to that of LPeDl was observed, but on the rig h t hand side o f the ring 
ganglia. Crush s ite  is  shown at arrow. C. In contrast to the two pedal neurons, VD4 was slow 
to regenerate its  axon and only a few neurites (at arrowheads) , were found to extend beyond the

crush sites (arrows)
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p a r ie ta l ganglion. Following a 4-day-incubation period we did not observe 
the robust sprouting (F ig . 5C) exhibited by both LPeDl and RPeDl. However, 
a few neurites emerged from the two proximal stumps, crossed the crush s ite  
and entered both the le f t  and r ig h t p leural ganglia (Fig. 5C). Fine neu- 
r i t i c  branches were fewer in  number than observed fo r axotomized LPeDl 
and RPeDl preparations.

Re-establishment of Appropriate Synaptic Connections 
Following Regeneration

Although morphological studies of regenerated neurons provided 
evidence fo r possible res to ra tion  of physical contact between these 
neurons, i t  was unclear i f  synaptic contacts were re-established. To test 
th is  p o ss ib ility  we made simultaneous in tra c e llu la r  recordings from 
regenerating neurons (F ig . 6) . In a l l  instances tested (n = 18) each of the 
three interneurons re-estab lished specific  connections s im ila r to those ob
served in  control preparations. For example, mutual in h ib ito ry  connections 
developed between LPeDl and RPeDl (Fig. 6A, B). S im ila rly , fo llow ing re
generation, the in h ib ito ry  connection between VD4 and LPeDl (F ig. 6E) and 
between VD4 and RPeDl were also restored (Fig. 6D). Furthermore, LPeDl re
established its  exc ita to ry  connection with VD4 (F ig . 6C).
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D isc u s s io n

Even though the propensity of adult molluscan neurons to regenerate 
th e ir  axons and re-estab lish appropriate synaptic contacts is  w e ll docu
mented /1 , 4, 5, 17, 19/, the mechanisms tha t determine the s p e c if ic ity  of 
synapses are s t i l l  la rge ly obscure. In the present study, we have begun to 
examine these mechanisms w ith in  a network of three Helisoma interneurons. 
These interneurons were id e n tifie d  by th e ir  location, morphology, trans
m itte r phenotype, and electrophysio logical properties. We have designated 
these c e lls  as LPeDl, RPeDl, and VD4 on the basis of th e ir  homology w ith 
Lymnaea counterparts /1 , 12, 19/ and in  keeping with our newly adopted 
nomenclature system fo r Helisoma neurons /9 / .  Since the three interneurons 
were found to have reciprocal connections w ith each other, we tested th e ir  
a b i l i ty  to re-estab lish  these synaptic contacts in  vivo a fte r axotomy of 
th e ir  primary projections.

Each of the interneurons responded to axotomy with neurite outgrowth. 
However, the response exhibited by VD4 was much less robust than tha t of 
e ithe r LPeDl or RPeDl. Previously, i t  has been suggested that the extent of 
outgrowth exhibited is  dependent on several factors, such as the type of 
neuron and the s ite  and nature of the lesion / 8/ .  Here, however, these d i f 
ferences can only be a ttribu ted  to neuron type, since the s ite  and nature 
of the lesions were consistent. Interneurons LPeDl and RPeDl, being mono- 
aminergic, are phenotypically d iffe re n t from VD4, which is  peptiderg ic. The 
sign ificance of th is  difference with regard to neurite outgrowth is  as yet 
unclear, but we have recently reported the d if fe re n t ia l responsiveness _in_ 
v itro  of id e n tif ie d  Lymnaea neurons to several neuritogenic molecules /15, 
16/. D iffe re n tia l responses to axotomy have also been described among 
neurons of the leech nervous system / 20/ .

Despite differences in  the extent of neurite outgrowth a fte r  
axotomy, the a b i l i ty  of Helisoma interneurons LPeDl, RPeDl, and VD4 to re 
establish th e ir  connections was not compromised. We found that the re 
generating interneurons reconstructed synaptic contacts that were appro-

< --------------
Fig. 6. Re-establishment of synaptic connections a fte r axonal regeneration. In tra c e llu la r re
cordings demonstrate the formation of specific synaptic contacts between appropriate neurons 
following axonal regeneration. Both LPeOl and RPeDl re-established the ir reciprocal in h ib ito ry  
synapses (A, B). The excitatory connection of LPeDl onto VD4 was also re-established a fte r 4 
days (C ). S im ila rly , the inh ib ito ry  connections between VD4 and the other two id e n tifie d  
interneurons (RPeDl), LPeDl) were also restored a fte r 4 days in ganglion cu ltu re  (D)
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p ria te , both in  d ire c tio n  and sign, re la t iv e  to  those observed in  con tro l 
(non-axotomized) preparations. Thus, regeneration and synapse formation 
w ith in  th is  neural network are s u ff ic ie n t to  restore normal function .

Our re su lts  compliment and extend those observed in  other in 
vertebrate preparations in  which axotomized neurons were shown to recon
s tru c t th e ir e le c tr ic a l and/or chemical connections with appropriate 

targets /2, 5, 10, 11, 19, 20/. Our knowledge of the ind iv idua l in te r -  
neurons and th e ir  fo llow er ce lls , as w ell as th e ir  network in te rac tions , 
makes th is  system a p o te n tia lly  exciting model fo r future studies of re
generation, synaptogenesis, synaptic p la s t ic i ty ,  and neuromodulation.
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The antennal heart of Periplaneta americana. a small accessory c ircu la to ry  pump 
in the head, shows a rhythmicity with myogenic automatism. The muscle fib res ex
tending throughout of the d ila to r muscle are e le c tr ic a lly  coupled. Among the 
peptides, procto lin causes a dose-dependent strong excita tion, but a lla to s ta tin  does 
not affect heart rhythm. However, a lla to s ta tin  applied before procto lin antagonized 
the proctolin e ffec t. In contrast to th is , an immediate heart block produced by 
octopamine is  s im ilar to that produced by e le c tr ic a l stimulation of the nervus cardio- 
antennalis. This in h ib itio n  is  caused by a К -dependent hyperpolarization. The second 
e ffect of octopamine is  a delayed increase of the cAMP level. Because octopamine is  
present at the antennal heart, a physiological ro le  is  assumed.

Keywords : Antennal heart -  myogenic automatism -  proctolin -  a lla to s ta tin  - 
octopamine.

In t r o d u c t io n

Insects have developed d iffe re n t kinds of accessory c irc u la to ry  
organs to supply the long body appendages w ith haemolymph /11, 13/. These 
accessory c ircu la to ry  organs support the large tubular heart, the so-called 
dorsal vessel, to maintain the movement of the haemolymph. One o f these 
organs is  the antennal heart of Periplaneta americana, which is  s itua ted  in  
the head in  fron t of the brain. This organ consists of two ampullae located 
near the bases of the antennae and connected w ith a rhythmically con tract-
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ing transverse muscle (F ig. 1) /12, 15/. From the ampullae, vessels arise 
leading in to  the antennae. The e la s t ic ity  o f the ampullae presses the 
haemolymph in to  the antennae during the re laxa tion  of th is  transverse muscle. 
In tra c e llu la r  e lectrophysio log ica l recordings of these muscle fib re s  showed 
a ty p ic a l pacemaker a c t iv ity  suggesting a myogenic automatism /8 , 9 /. This 
myogenically caused rhythm icity can be influenced by p rocto lin  in  an ex
c it in g  way /8 /  and in  an in h ib it in g  manner by octopamine /9 / .  P rocto lin  
could not be demonstrated immunocytochemically so fa r (Eckert, unpublished), 
but octopamine could be found biochemically in  a high content in  the 
antennal heart /14 /.

A dd itiona lly , the d ila to r  muscle is  innervated by the nervus cardio- 
antennalis whose somata are ly ing  in  the suboesophageal ganglion /14 /. 
E le c tr ic a l stim ula tion  of th is  nerve resu lts  in  a transient in h ib it io n  with 
heart block followed by long-lasting  exc ita tio n  /9 / .  Therefore the myogenic 
rhy thm ic ity  of the d ila to r  muscle is  under neuronal control of the nervus 
card ioantennalis. With the heart beat of the dorsal vessel no synchronism 
or dependence could be observed /8 /.

The present study had the aim to investiga te  some functiona l aspects 
of the myogenic automatism of the antennal heart. Because p ro c to lin  is  
believed to be a general transm itter and/or modulator in  insects /1 , 4, 8, 
10, 17/ i t  was of in te res t how fa r other peptides are active. Furthermore, 
octopamine is  an important neuromediator in  a wide range in  insects (re 
view: 2, 7) and therefore i t s  function and mode of action at the antennal 
heart have to be investigated.

Materials and Methods

A ll experiments were carried out at the antennal hearts of adult 
male Periplaneta americana (L .) in v i t r o . The antennal hearts were iso la ted
from the head together w ith a part of the fro n ta l cu tic le  and preserved in 
a HEPES-buffered saline a fte r /3 / modified by /8 / .

For in tra c e llu la r  recordings of heart muscle fib res p a ra lle l re
cordings were carried out by means of two f le x ib le  microelectrodes. Current 
pulses could be applied through one of the electrodes by use of a bridge 
c ir c u i t  (Fig. 1). In the same way Luc ife r yellow was in jected in to  the 
muscle f ib re . Stimulation of the antennal heart nerve was carried cut via 
the cut nerve by using a suction electrode (F ig . 1).

The heart beat rate was recorded w ith  a capacitive coupled trans
ducer and registered by a pen recorder.

For determination of cAMP, antennal hearts were dissected from the 
head capsule and homogenized in  ethanol. The fu rth e r determination was done 
by means of a radioimmunoassay.
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Fig. 1. Morphology of the antennal heart of Periplaneta americana /a fte r 9 /. The arrangements 
of the f le x ib le  microelectrodes for pa ra lle l in tra c e llu la r recordings of cardiac muscle 
fib res, for current in jection via one of the microelectrodes and for e lec trica l stim ulation of 
the antennal heart nerve by a suction electrode are shown. Amp: ampulla, AHN: antennal heart 
nerve, AV: antennal vessel, DAmp: d ila to r muscle of ampullae, DAmpa: accessory d ila to r  muscle

of ampullae

R e s u lts

In tra c e llu la r  recordings revealed slow action potentia ls  w ith  a 
duration of about 200 ms and a typ ica l pacemaker a c tiv ity  with a ra te  of 
r ise  of 1 .5+0 .1  mV.s (Fig. 2b). No special pacemaker fib res  could be 
found because a l l  muscle fib res  tested showed pacemaker a c t iv ity .  But the 
strong synchronism of the myogenic rhythm icity requires an e le c tr ic  cou
p ling  of the fib res . In accordance with that a current application in  one 
fib re  altered the antennal heart beat rate (F ig. 2b), but the s h if t  of the 
membrane po ten tia l of neighbouring fib res  was much smaller than tha t of the 
current in jected f ib re  and i t  did not amount to more than 20-35% (F ig . 2b). 
Consequently, the muscle fib res  were e le c tr ic a lly  coupled but w ith  con
siderable loss of current. U n til now i t  is  s t i l l  unclear on which basis the
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Flg . 2, a. One muscle f ib re  o f the d ila tor muscle o f the antennal heart labelled in tra ce l- 
lu la r ly  with Lucifer yellow. Each fibre connects both ampullae, b. Paralle l in tra ce llu la r re 
cordings from two muscle f ib re s . Typical pacemaker a c t iv it ie s  can be seen between two action 
potentia ls. Current in jec tio n  in to one of the fibres produces positive or negative deflection 
in th is  fibre (to p ). This positive or negative deflection is  reduced in the neighbouring 

fib re s , due to loss of current (bottom)
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heart rate is  coordinated at various membrane po ten tia ls  in  the fib res  by 
current in je c tio n  in to  one fib re . In contrast to tha t, small negative de
fle c tio n s  lik e  IPSPs produced by an e le c tr ic a l stim ulation of the nervus 
cardioantennalis were equal in  a l l  fib res . In accordance with th is , no 
typ ica l neuromuscular synapses could be found so fa r , only synaptoid s truc 
tures directed at the in tra c e llu la r  space were observed. Consequently, the 
released transm itter/modulator can reach a l l  fib re s  in  the same le ve l.

Morphological exposure of the fib res  by means of in tra c e llu la r  
Lucifer yellow f i l l i n g  showed each muscle f ib re  of the d ila to r  muscle ex
tending between both ampullae in a d irec t connection (Fig. 2a). The fib re s  
did not form a net-like  structure and were not branched in  addition to some 
s p lits  especially on each side near the fusion with the wall of the 
ampullae. An exchange of Lucifer yellow between muscle fib res  could not be 
observed. Nexus which would be necessary fo r e le c tr ic a l coupling could be 
found only very ra re ly  u n t i l  now in  form of nexus-like membrane densities 
but no clear gap junctions.

Apart from the myogenic automatism, the antennal heart was under 
neuronal contro l of the nervus cardioantennalis whose e le c tr ic a l stimulation 
resulted in  a transient in h ib it io n  and heart block followed by long-lasting  
exc ita tion . Such an increase in  the heart rate could be mimicked by a p p li
cation of p roc to lin  /8 /.  Proctolin caused a dose-dependent strong exc i
ta tion  with a threshold concentration smaller than 10 11 mol-1  ̂ and a

-9 -7 -1steep r ise  up to about 450% between 10 and 10 mol-1 (Fig. 3). On the 
other hand substance P was completely, and FMRFamide with 30% stim ulation 
rate at a concentraion of 10 mol-1  ̂ nearly, in e ffe c tive  (Fig. 4). A gri- 
cola and Schildberger ( in  preparation) showed a high quantity of a lla to -  
s ta t in - lik e  immunoreactivity at the antennal heart at present. I t  was in 
teresting that a lla to s ta tin  2 i t s e l f  had no e ffe c t on the rhythm icity of 
the antennal heart. Despite th is , a modulatory action could be observed 
insofar as a lla to s ta tin  2 antagonized the exc ita to ry  e ffec t of p roc to lin  i f  
i t  was applied before p roc to lin  in a higher concentration (Fig. 5). On the 
other hand, a manifested p roc to lin  e ffec t was not in terrupted by a lla to 
s ta tin  2. P rocto lin  in  a higher concentration applied a fte r a lla to s ta tin  
showed a dominant e ffec t.

Among the transm itter candidates tested, octopamine was the only 
one with an obvious in h ib ito ry  e ffec t on heart beat (F ig. 6a-c). Octopamine 
produced an immediate heart block followed by decrased heart rate (Fig. 6a) 
but at about one th ird  of the experiments the heart rate a fte r the block
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Fig. 3, Dose-response curve fo r the proctolin e ffec t on the antennal heart ra te . The f it te d  
least squares line  of the strong rise  is  drawn. Correlation does not exist between the very 

small concentrations and the respective small effects

was increased a fte r varying periods (F ig . 6b). The K+-dependent hyper- 
po la riz ing  immediate e ffe c t of octopamine was antagonized at the best by 
yohimbine in  addition to other antagonists, such as gramine. In order to 
look fo r the second messenger to characterize the receptors cAMP content 
was determined. These experiments showed that octopamine 10  ̂ mol-1  ̂ in 
creased the cAMP leve l to 160% (Fig. 7). I t  was unexpected tha t cAMP, IBMX 
and fo rsco lin  produced only stim ulating e ffec ts  at the antennal heart (Fig. 
6d). Under the conditions of high cAMP content in  the bath, however, the 
heart block evoked by octopamine (5-10  ̂ mol-1 ) as well as e le c tr ic a l 
stim u la tion  of the nervus cardioantennalis was shortened by more than 50% 
(F ig . 8). I f  e ithe r cAMP (10  ̂ mol -1 Ъ or IBMX (5-10  ̂ mol•1 was ap
p lie d  during the heart block, evoked by octopamine, the block was cancelled 
and the subsequent heart rate always represented a stim ulation (Fig. 6c). 
These resu lts  showed tha t cAMP can reduce the immediate octopamine e ffec t 
and cancel the long-las ting  in h ib it in g  octopamine action. Thus, octopamine
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Fig. 5. The effect of p ro c to lin  accelerating the heart ra te  (a) is  cancelled at the same pre
paration after washing (W) i f  a lla tosta tin  2 was applied in  a higher concentration before

proctolin (b)

causes two d iffe re n t e ffec ts  at the antennal heart: an immediate heart 
block and a delayed increase of cAMP le ve l, which can stimulate the heart 
ra te  a fte r the block in  some cases.

D iscu ss io n

The antennal heart of Periplaneta americana shows a rhythm icity 
caused by a myogenic automatism /8, 9 /. In order to synchronize the con
trac tions  an e le c tr ic a l coupling of the muscle fib res  is  necessary. This 
could be shown in  the present study but the coupling of the fib res  of the 
antennal heart was not so perfect as in  vertebrates. Likewise a complicated 
net of fib res as w e ll as highly developed gap junctions could not be ob
served u n til now. However, a su ffic ie n t physio log ica l coupling provides a 
complete synchronism o f the heart beat. Nevertheless, each muscle f ib re  has 
to be innervated or reached by the mediator because the postsynaptic poten
t ia ls  are too small fo r  a successful conduction of one fib re  with another.

A dd itiona lly , a pa rtic ipa tion  of a stim ulatory peptidergic facto r 
in  the neuronal con tro l of the antennal heart was supposed, but i t s e l f  is  
unknown /9 /. Though the pentapeptide p ro c to lin  could not be demonstrated at 
the antennal heart immunocytochemically (Eckert, unpublished), i t  e lic ite d  
a strong acceleration o f the heart beat. Such peptides as p roc to lin  can play



Fig. 6. a. Octopamine application results in a heart block followed by decreased heart rate in most cases, b. In one th ird  of the experiments 
the heart rate a fter the block is  increased, c. The heart rate a fte r the block by octopamine is  always increased i f  cAMP is  applied Airing the

heart block, d. cAMP had stimulating effects on the heart rate in a l l  experiments

MODULATION OF THE ANTENNAL HEART
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F ig. 7. The cAMP level in  the antennal heart muscle is  increased by octopmaine (OA), but 
p roc to lin  (Proc) produces a small decrease. A ll experiments were carried out in  the presence

of IBMX (5-1СГ4 m o l- l'1)

a ro le  as transm itters in  neuromuscular systems /4 /,  but th e ir  functions as 
neuromodulators by invo lv ing a reduction of the potassium conductance in  
many cases, is  more l ik e ly  / 10/ .

Apart from neurohormone 0 / 6 ,  8/  no other peptide shows s im ila r 
stim u la ting  e ffects as p roc to lin  so fa r  tr ie d  u n t i l  now. So the immunocyto- 
chemical demonstration of high quantities of a lla to s ta tin - lik e  m ateria l at 
the antennal heart (Agricola and Schildberger, in  preparation) as well as 
i t s  very low e ffec t on the rhythm icity of the antennal heart were quite 
in te res ting . On the other hand, a lla to s ta tin  2 can obviously in h ib it  the 
p ro c to lin  action when i t  was applied before p rocto lin . I f  i t  was applied 
a fte r  p rocto lin , only a small e ffec t on the p rocto lin  action could be ob
served in dependence on the concentration. Thus a lla to s ta tin  is  a promising 
candidate fo r a peptide modulator at the antennal heart. Because a lla to s ta 
t in  2 can antagonize p ro c to lin  i f  a lla to s ta tin  concentration is  higher, but 
p ro c to lin  action is  dominant i f  both substances are used in  the same con
centration so we suggest that p roc to lin  and a lla to s ta tin  2 a ffe c t the same
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s

Fin. 8, The duration, of heart block caused by octopamine (OA) was obviously reduced by the
presence of cAMP or IBMX

binding s ites . This is  a clear difference from the action of substance P, 
which was without e ffec t at the antennal heart, but i t  did not influence 
p roc to lin  action /16 /. H itherto only glandotropic effects of a lla to s ta tin s , 
which represent four neuropeptides being amidated peptides of 8-13 amino 
acids and comprising a fam ily of peptides, could be observed. Juvenile 
hormone synthesis in  the corpora a lla ta  was described to be in h ib ite d  by 
a lla to s ta tin  /18, 19/. Our resu lts  suggest myotropic effects of a lla to s ta 
tin s  in  such a manner as modulation of other mediators.

The biochemical demonstration of octopamine at the antennal heart 
/1 4 /, the presence of octopamine-like immunoreactivity in  DUM-neurones of 
the subesophageal ganglion (Eckert et a l . ,  in  preparation) and i t s  e ffec
tiveness on the antennal heart beat rate /9 / suggest octopamine as a real 
mediator at the antennal heart. In accordance with that e le c tr ic a l stimu
la tio n  of the antennal heart nerve resulted in  a s im ila r immediate heart 
block as i t  was shown by application of octopamine in  the bath /9 / .  The 
heart block in  both cases is  accompanied by hyperpolarization and increase 
of the e le c tr ic a l conductance, and furthermore i t  is  potassium-dependent,
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suggesting an immediate e ffe c t of octopamine on K+-channels /9 /. This is  in  
accordance with resu lts  at neurones of Aplysia /5 / .  Most effects of octopa
mine are mediated by octopam ir^-receptors connected with an increase of 
the cAMP level /2 , 7 /. At the antennal heart, cAMP is  increased by octopa
mine, too, but cAMP produces stim ulation (H erte l and Liebmann, in  prepa
ra tio n )  . Because octopamine and cAMP both had d iffe re n t e ffects  on the 
heart ra te , we suggest two effects of octopamine. f i r s t  an immediate In 
dependent hyperpolarization resu lting in  heart block and second a delayed 
increase of cAMP le ve l, presumably the reason of a la te r increase in  heart 
beat rate by octopamine in  some cases. Possibly th is  is  necessary fo r  a 
s ta b iliz a tio n  of heart beat a fte r an in h ib it io n . As a consequence, the 
existence of d iffe re n t octopamine receptor subtypes is  supposed. Neverthe
less, more detailed experiments are necessary to  elucidate these problems.
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The overlapping neural networks consisting o f multifunctional neurons were shown 
to take part a lte rna tive ly  in regulation of various visceral functions or behaviour. 
The reconstruction' of the neural networks was shown to be a function of input a c t i
vation or transm itter cockta il used at the v ic in ity  of the neurons. In rearrangement 
of neural networks acetylcholine (Ach), serotonin (5HT) and molluscan neuropeptide, 
FMRFamide were found to be effective . The modulation occurs at the level of ion 
channels and at least three d iffe rent types, namely the Ca-, delayed K- and the un
specific cation channels were shown to be responsible fo r i t .  The modulatory action 
of low molecular weight neurotransmitters and peptides was more often directed to the 
same species of ion channels, but the maximum of channel activation can appear at 
d iffe rent voltage ranges.

The modulation of afferent and efferent pathways by signal molecules can assure 
the mosaic-like functioning of the units of neural networks.

Keywords : Helix -  reorganizing network -  modulation -  signal molecules -  Ach - 
5HT -  FMRFamide

In t r o d u c t io n

According to our present knowledge the basic mechanisms and function  
of nervous system such as transfer of in form ation, learning or memory are 
not loca lized to any p a rticu la r s ite  or type of neurons or loca l area of 
the brain /1 / .  In the nervous system the synerg is tic  changes occur simul-
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taneously and in  the d is tan t s ites of neural assemblies arise as an answer 
to various type of information. However, recently i t  became obvious that 
involvement of certa in  un its  of networks in  the regulation is  determined 
not only by known anatomical connections between the neurons but as well by 
the transm itters and modulators that are present at the v ic in ity  of synapse 
or soma membrane.

An overlapping neural network consisting of m ultifunctiona l neurons 
regu la ting  v iscera l functions has been id e n tif ie d  in  CNS of Helix pomatia 
L. / 6 , 7, 9 /. The s ing le  un its  of such networks were shown to take part 
a lte rn a tiv e ly  in  the regulation of various functions or behaviour. In net
work organization the low molecular weight neurotransmitters and peptides 
appear to act as f i l t e r s  of information ensuring mosaic-like function ing of 
the networks / 8 , 10/. In the past few years the idea of reorganizing of the 
networks and sharing the same neurons by d if fe re n t networks have also been 
demonstrated on stomato-gastric nerve system of crustaceans /2 , 4, 5, 11/.

The aim of our present study was to use the sem i-intact preparation 
developed e a rlie r / 6 , 7/ in  order to e lucidate how m ultip le transm itters 
and modulators can a lte r  the connectiv ity of neural c irc u its  and the 
se lec tion  of input-output re la tionsh ip . This model allows to id e n tify  and 
separate the a ffe ren t and e fferent signals in  the id e n tif ie d  networks and 
th e ir  a lte ra tio n  fo llow ing  input ac tiva tion  or as a resu lt of the e ffec t 
o f one or several transm itters and modulators.

M a te r ia ls  and Methods

Adult specimens of Helix pomatia L. (Gastropoda, Pulmonata) were 
used throughout the experiments.

The experiments were performed at room temperature (20-22 °C) on 
sem i-in tact preparation containing centra l nervous system connected to 
card io-rena l system through in te s tin a l nerve. The in te s tin a l nerve included 
both the a fferent and e ffe ren t pathways. In the experiments id e n tif ie d  
neurons of neural networks regulating v isce ra l functions /9 / were used.

The conventional m icro-electrophysiological set-up was used to  record 
and display simultaneously in tra c e llu la r  e le c tr ic a l a c t iv ity  of two 
neurons, the e x tra ce llu la r a c tiv ity  of the in te s tin a l nerve and the heart 
contractions /7 /.  The inputs from card io-renal organs were activated by 
applying ta c t ile  s tim u li to the peripheral receptors.

To measure ion ic  currents, the two-microelectrode voltage-clamp 
method was used w ith Dagan-8500 am p lifie r. The transmembran current was 
recorded with a ground current monitor connected to the bath via a Ag/AgCl 
ju n c tio n . The perfusing medium was connected to  the v ir tu a l ground of an 
operational am p lifie r through an agar bridge.
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Low molecular weight neurotransmitters and peptides were applied 
e ithe r by perfusion or from micropipette close to the soma as i t  was de
scribed e a rlie r /9 , 10/.

The follow ing substances were used and dissolved in  physio log ical 
sa line : acetylcholine ch loride , Ach (Sigma); 5 -hydroxytryptamine cre
a tin ine  sulphate, 5HT (Sigma); FMRFamide acetate s a lt (Peninsula Lab.).

R e s u lts

1. Modulation of a ffe ren t and e fferent pathways by signal molecules

The neurons regulating visceral organs were shown to a lte r  th e ir  
responses to input ac tiva tion  depending on membrane po ten tia l value, f i r in g  
pattern or transm itters applied to the v ic in ity  of the neurons.

The Fig. 1 shows how the response of the id e n tif ie d  neurons can be 
altered depending on the membrane potentia l le ve l. The sensory input from 
the heart caused a high frequency f ir in g  both on the c e ll V21n and RPa2 
followed by in h ib ito ry  phase on the f i r s t  neuron but not on the second one 
at the MP value shown on Fig. 1. However, due to a lte ra tion  of the MP leve l 
switching to hyperpolarizing d irec tion  on the c e ll V21n and, in  contrary, 
to depolarizing one on the c e ll RPa2, the high frequency f i r in g  disappeared 
on both ce lls , while the in h ib ito ry  phase was prolonged from about 15 s

_(wmv
20t«c

Fig. 1. Various responses of the pa ir of the ce lls to heart stimulation depending on the ir 
f ir in g  pattern or NP level. Stimulatory (A), inh ib itory (B) and no responses (B) can be seen, 
a. Heart contractions, c ,b , f ir in g  of the ce lls , d. a c tiv ity  of the in te s tin a l nerve
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Fig. 2, Modulation of sensory inputs on the non-habituating (V4) and habituating (RPe3) 
neurons by Ach and 5HT. A -  Control. В - Modulation caused by ACh and 5-HT. a. Heart con- 
tra tion s , b. a c tiv ity  of the neuron V4, c. a c tiv ity  of the neuron RPa3, d. recording from the

in testina l nerve

to  120 s (Fig. 1) on the c e ll V21n. The c e ll RPa2 became insens itive  to 
sensory inputs o r ig in a tin g  from the heart at -28 MP value (Fig. 1).

The modulation of the neuron response to sensory inputs can as well 
be simulated by adding low molecular weight neurotransmitters (Ach or 5HT).

Figure 2 shows the modulation of sensory inputs of the c e ll V4 and 
the habituating neuron RPa3. The s ile n t habituating neuron RPa3 was found 
to  react to heart s tim u la tion  with hyperpolarizing wave which was decreased 
a t the presence of Ach, while 5HT fa ile d  to modulate i t  (Fig. 2). The high 
frequency f ir in g  of c e l l  V4 was less effected by these neurotransmitters 
(F ig . 2).

However, in  other neurons Ach can contribute to the synchronization 
o f the response to sensory inputs. As can be seen in  Fig. 3, these pairs of 
c e lls  received asymmetric sensory inputs from the heart what became sym-
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Fig. 3. Modulation of sensory inputs on two members of a reconstructing neural network in  the 
presence of Ach. The two ce lls  did not receive symmetric inputs from the cardio-renal system 
and have no direct connection (A). In the presence of Ach simultaneous sensory inputs ap
peared on the ce lls  to heart stimulation (B). a. Heart conctractions, b. c e ll near to neuron 
V21, c. neuron located near to the neuron RPal (B r), d. a c t iv ity  of the in tes tina l nerve
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Fig. 4. Alteration of sensory information originated from heart on two serotonergic neurons 
during FMRFamide application (A). В - Wash out. a. Heart contractions, b,c. a c t iv ity  o f two 

serotonergic neurons, d. a c tiv ity  o f the in testina l nerve

m etric at the presence of Ach (Fig. 3) showing the signs of p a ra lle l
<*rprocessing.

A dd itiona lly  to the c lassica l neurotransmitters the mollsucan 
peptide, FMRFamide was used to modify the sensory inputs from the heart. 
The Fig. 4 shows behaviour of the pa ir of serotonergic ce lls  located to the 
border of viscera l and r ig h t pa rie ta l ganglia. These ce lls  reacted to heart 
stim u la tion  with a hyperpolarizing wave and in h ib it io n  of f i r in g  which can 
be eliminated at the presence of FMRFamide (Fig. 4). Following wash out of 
the peptide the sensory input of the c e lls  restored (Fig. 4) but not the 
f i r in g  pattern.

The resu lts  showed that FMRFamide can modify both the a ffe ren t and 
e ffe ren t pathways of the id e n tifie d  network. As can be seen on Fig. 5 at 
the presence of FMRFamide the e ffec t of one of the heart motoneuron can as 
w e ll be eliminated.
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Fig. 3. Heart excitatory motoneuron looses i t s  e ffect (A) on the heart following long lasting  
treatment with FMRFamide (B). a. Heart contractions, b. depolarization of the heart excita tory 

motoneuron, c. a c tiv ity  of the in te s tina l nerve

2. Target s ites  of signal molecules modulating network effects

The resu lts  showed that in  organizing neural networks the presence 
of signal molecules at the environment of the neurones has p rim a rily  im
portance. As the transfer of information and i t s  analysis take place at the 
surface membrane of the neurones an attempt was made to lo ca lize  the 
targets of modulation on the membrane. For th is  reason the modulation of 
ion currents was studied using the above signal molecules.

В
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Fig. 6. I-V characteristics o f Ach, 5HT and FMRFamide responses in the habituating neurones
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The Ach, 5HT and FMRFamide were shown to  modulate the voltage gated 
Ca-, delayed K- and the unspecific cation currents (Fig. 6). The modulatory 
e ffects at the leve l of ion channels are rather variab le . This can be a re 
quirement fo r permanently changing state of the functioning network and can 
play a ro le  in  closing and opening of the pathways. The response of the 
neurons in  regard of ion currents was observed frequently to the same 
d irec tion  by various signal molecules. However, the maximal value of a lte 
ra tion  of ion currents by Ach, 5HT and FMRFamide was found at various 
voltage ranges (Fig. 6). The modulatory action of transm itters and peptides 
was voltage dependent.

D iscuss ion

The resu lts  obtained showed that in  organizing neural networks not 
simply the anatomically id e n tif ie d  synaptic connections can determine the 
transfer of information, but the mixture of transm itte rs and modulators at 
the v ic in ity  of synapses or axon h illo c k  of the neurons is  equally in 
volved. The resu lts  observed on sem i-intact preparation by simultaneous 
application of sensory ac tiva tion  and mixture of transm itters or modulators 
proved that th is  model can successfully simulate the events occurring in  
the in ta c t nervous system.

I t  was shown e a r lie r  that the neural networks regulating v isce ra l 
functions are overlapping, where the un its can mutually substitu te  each 
other /7 , 9/ and the network organization fo llow s rather the p rinc ip  of 
p robab ility  than that of the h ierarch ica l structures and fixed pathways /7 , 
9, 10/. in  selection of sensory information the peptides were shown to play 
a ro le  / 8/ .  The e a rlie r resu lts  /9 , 10/ led to suggestion on the existance 
of variable, reorganizing neural networks in  regulating visceral organs, 
where the "opening" or "c losing" of the pathways depend on the simultaneous 
presence of various signal molecules (e.g. monoamines, peptides, e tc .) .  
Here, i t  was shown that the signal molecules are able to put on or out both 
the afferent and e fferent pathways.

Recently, the reorganization of the networks under the influence of 
th e ir chemical environment and the idea of sharing neurons between networks 
has received more attention  /3 , 11/. Especially important data were ob
tained on stomato-cardiac ganglia of crustaceans /2 , 4, 5, 11/, where the 
neuropeptides were found to a lte r  functional configura tion  of a neural net
work, so that e n tire ly  d iffe re n t behaviour could be b u i l t  from the same in 
d iv idual components /2 , 5/.
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Modulation in  functiona l properties of the network and i t s  un its  can 
be studied by the underlying ion ic conductances of the membranes. Many 
io n ic  conductances are voltage dependent in  the region of resting  po ten tia l 
and th e ir  sh ift in g  w ith signal molecules e ithe r to depolarizing or hyper- 
p o la riz in g  d irections may be regarded as a basic mechanism of modulation 
o f input-output re la tio n s  of the neurons. The a lte ra tion  of ion channel 
k in e t ic  appearing as a re su lt ot binding the signal molecules to  surface 
receptors can as well contribute to modulation. However, the exact mechan
ism taking part in  network rearrangements remains to be elucidated.
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The two e lectro ton ica lly  coupled peptidergic neurons, VD̂  and RPD show in the 
isolated central nervous system (CNS) a patterned a c tiv ity . The ce lls  f i r e  in almost 
perfect synchrony in CNS's derived from animals of moderate age, while in  old animals 
disturbances in synchrony are observed. The f ir in g  pattern varies from beating to 
bursting. Isolated VD^'s show a beating f ir in g  pattern, indicating that the c e ll 
possesses pacemaker properties, while the isolated RPD̂  is  almost always s ile n t.  
Hybrid current/voltage clamp experiments show that in the in tact CNS spike generation 
in the two ce lls  is  due to VD^, indicating that the pacemaker properties o f VD̂  con
s t itu te  the main driv ing force fo r the f ir in g  rhythm of the two c e ll system.

In low calcium/high magnesium solutions the rhythm is  a beating one, while in 
solutions which do not suppress synaptic input, sometimes a bursting pattern is  ob
served. The idea that the bursting pattern is  due to synaptic modulation of these 
ce lls  is  corroborated by the observation that application of certain transm itters in 
duces a very prominent burst of a c tiv ity  in these neurons. These bursts are very 
reminiscent of the bursts, observed in semi-intact preparations, which are accom
panied by penumostome movements.

Increase in coupling resistance, which occurs at older age, is  accompanied by 
irre g u la r itie s  in f ir in g  rhythm. Apparently the electrotonic junction is  essential 
for the patterned output of the two c e ll system.

Keywords : E lectrica l synapse -  spike synchronization - molluscs -  pacemaker - 
neuronal osc illa to r
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C haracteristics of the VD̂ /RPD^ system

Many d iffe re n t types of neurons and neuronal c irc u its  are able to 
generate a rhythmic output of action po ten tia ls  in the absence of synaptic 
inpu t. Endogenous rhythmic spiking a c t iv ity  may arise e ithe r from in t r in 
s ic  membrane properties of ind iv idua l neurons or from special patterns 
of connectivity w ith in  a neuronal network /1 ,4 , 9, 10, 11,12,10/. A
feature frequently encountered in o s c illa to ry  neuronal networks is  the 
e le c tr ic a l synapse /5 , 10,20, 22/. In addition to  e ffects  on temporal and 
spatian in tegra tive  properties /3 , 4, 9 /, e le c tr ic a l synapses are thought 
to  contribute to modulation of the o s c illa to ry  behavior of some elec
t r ic a l ly  coupled neuronal systems /4 , 9, 15, 17/.

The present paper is  concerned w ith a neuron system in  the central 
nervous system (CNS) of Lymnaea s tagna lis , consisting of two peptidergic 
c e lls .  These ce lls , ca lled  VD-̂ and RP02, are peptidergic giant neurons 
located respectively in  the visceral and r ig h t p a rie ta l ganglion of the 
freshwater pulmonate s n a il Lymnaea stagnalis /2 , 6 , 14, 19, 23/. The
VD./RPCL neurons are immunopositive to anti-ACTH / 6/  and to two mono
c lonal antisera raised to Lymnaea brain homogenates /16 /. The VD./RPD2 sys

tem has a g igantic array o f axonal branches reaching almost the entire  
CNS and in  addition very widely located periphera l organs /16 /. The ce lls  
form axon branches approximately 150 yum from the c e ll somata; some of 
these branches form a network of th in  c o lla te ra ls  in  the neuropile of the 
v isce ra l and r ig h t p a r ie ta l ganglion. The major axon branches are d i
rected an te rio rly  to the cerebral and pedal ganglia and poste rio rly  to 
the v iscera l and p a r ie ta l nerves. Small sprouts o rig ina ting  from these 
branches constitu te  a varicose network underneath the nerve sheath. Also 
in  the pedal ganglia th in  axonbranches form va rico s itie s  in  the neuropile 
and on axon h illo cks  of dorsa lly  located c e lls . Smaller fibe rs  leave the 
p le u ra l-p a rie ta l connectives ending in the connective tissue surrounding 
the CNS. Endings w ith va rico s itie s  are also found around the anterior 
aorta , the mantle area, underneath the head sk in , in  the lip s ,  around the 
l ip s ,  around the viscera and on the auric le  of the heart /16 /.

The VD /̂RPT  ̂ preprohormone was id e n tif ie d  by d if fe re n t ia l ly  
screening the cDNA lib ra r ie s  of the CNS of Lymnaea stagnalis /7 / .  Sub
sequent PCR analysis of the mRNA isolated from to ta l CNS showed tha t d i f 
fe re n tia l sp lic ing  of the VD /̂RPD2 prem-RNA derived from the VD /̂RPD 2
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gene y ie lds at least 10 species of mRNA coding fo r 10 d iffe re n t prepro
hormones each containing a d iffe re n t a-neuropeptide, but iden tica l 0- ,
6 -  and e-neuropeptides / 8/ .  The preprohormone expressed in  VD̂  and RPD2 
shares considerable sequence homology with the R15 preprohormone /7 / .  The 
immunoreaction of VD̂  and RPO2 with anti-ACTH seems to be due to reaction 
of the antibody with the 8 -neuropeptide,which shares a 80% sequence 
homology in  a strech of 6 amino acids with the ACTH molecule /7 , 8/ .

The VDj/RPD2 system receives excita tory and in h ib ito ry  synaptic in 
put /13, 21/. H isto log ica l and immunocytochemical studies /16 / as well as 
e lectrophysio logical studies /13, 21/ ind icate tha t the VD /̂RPD2 system 
is  involved in  modulation of cardiorespira tory functions.

The normal a c t iv ity  pattern of the VD /̂RPD2 system in  the iso la te  
CNS is  beating occasionally alternated by bursting. VD̂  and RPD2 are 
e le c tro n ica lly  coupled to each other. Polarizing current spread in  each 
d irec tion  of the VD-̂ /RPD2 network upon current in je c tio n  in  one of the 
c e lls . Previous studies showed that the e le c tr ic a l synapse of VD,/RPD0 is  
e le c tr ic a lly  linear in  both d irections /2 , 23/. Reciprocal e le c tr ic a l in 
teractions between V0  ̂ and RPD2 may thus occur. Both excita tory as well 
as in h ib ito ry  modulatory influences a ffec t the spike in te rva l (median 
spike in te rva l 0.7-1.4 s). V0  ̂ and RPD2 f i r e  th e ir  spikes in  a close 1:1 
synchrony. The symmetry in the proximal axonal arboriza tion  and the close 
synchrony in  f ir in g  suggest that VD /̂RPD2 function as one u n it and in  
th is  respect may be compared to other peptidergic systems such as the 
ovulation hormone producing c e lls  /17, 22/ which also f i r e  synchronously 
and operate as one u n it. This raises questions about the o rig in  of sp ik
ing a c t iv ity  and i ts  modulation and the ro le  of the prominent e le c tr ic a l 
junction .

The ro le  of the e le c tr ic a l junction

Experiments were performed both using iso la ted CNS preparations 
and isolated somata of VÔ  and RPO2 . Measurements were made with two d is - 
continous single electrode current/voltage clamp am plifie rs . Isolated 

VĜ  and RPO2 were obtained as fo llows: the iso la ted CNS was incubated fo r 
30 min in  physiological saline containing 0.5 mg/ml tryps in  (SIGMA 

bovine pancreas type I I I )  at a temperature of 37 °C. Subsequently, the 
CNS was rinsed several times in  sa line. Connective tissue and perineurium
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were removed, VD̂  and RPD2 were iso la ted from the CNS by gently sucking 
them in to  glass microtubes.

In a large m a jo rity  of iso lated CNS preparations, VD̂  leads the 
spike sequence. Spikes in  RPD2 fo llow  w ith in  a very short delay (range 
4-15 ms). In order to investiga te  the properties of VD̂  and RPD2 separ
a te ly , the e le c tr ic a l a c t iv ity  of s ingle iso la ted neurons was recorded. 
In nearly a l l  cases (18 out of 20), iso la ted V0  ̂ showed a very regular 
spike pattern (F ig. 1; upper trace). Mean spike frequency of iso la ted 
ranged between 0.7-1.2 Hz. Interspike membrane po ten tia l of VD-̂  ranged 
between -45 and -53 mV. In contrast, regular spiking a c t iv ity  was never 
observed in  iso lated RPD2 (n=12). In most cases, th is  c e ll was s ile n t and 
had a membrane po ten tia l below -60 mV (F ig . 1; lower trace). Only in  a 
few instances (3 out of 12) iso lated RPD2 produced irre g u la r spiking ac
t i v i t y .  Although d if fe re n t ia l s u s c e p tib ility  of the two neurons to damage 
in f l ic te d  by the is o la tio n  procedure cannot be to ta lly  excluded as a 
cause of the d ifferences in  in tr in s ic  a c t iv ity ,  these resu lts  suggest 
th a t unlike RPD2 , VD̂  can be regarded as an in tr in s ic  pacemaker of the 
beating type.

Considering the d ifferences in  spontaneous spiking between iso 
la ted  VD̂  and RPD2 , i t  is  conceivable tha t in  the in ta c t CNS, VG-̂  might 
act as a driver and RPD2 as a fo llower neuron. In addition , however, in

V D i Hill wm

r p d 2

50 mV

10 sec

Fig. 1. Spontaneous a c tiv ity  o f isolated neurons VD̂  and RPD̂ . VD spontaneously develops a 
regular beating type of spiking a c tiv ity  with a frequency of 0.7-1.2 Hz. RPD̂  is  mostly

s ilen t



FIR IN G  OF TWO ELECTRICALLY COUPLED NEURONS 1A1

the isolated CNS the a c t iv ity  pattern of VD̂  and RPÔ  could also be in 
fluenced by factors such as reciprocal e lec tro ton ic  in teractions between 
the c e lls , or synaptic input on e ithe r one of the ce lls . To investiga te  
these aspects, a hybrid current-/voltage clamp technique was used in 
which the membrane po ten tia l of one of the c e lls  (master) was recorded 
under current clamp conditions and forced upon the other one (s lave) by 
means of voltage clamp. In th is  way, the transjunctiona l po ten tia l d i f 
ference is  permanently held at zero and consequently no current flows 
across the junction . The technique enabled us to shortcut the e le c tr ic a l 
in teractions between the c e lls  and to assign con tro l of the electrogenesis 
of the VDj/RPD2 system in  the in ta c t CNS to e ithe r one of the c e lls  
alone. Under these conditions any change in  the e le c tr ic a l a c t iv i ty  of 
VDj /RPD2 can be a ttr ibu ted  to the c e ll put in  charge of the network 
(=master). Results of these experiments (n=10) are represented by an 

example shown in  Fig. 2. With both c e lls  recorded under current clamp 
conditions, VDj /RPD2 produced normal spiking a c t iv ity .  Transfer of the 
voltage command to VD-̂  under hybrid current/vo ltage clamp conditions did 
not introduce large changes in  the f ir in g  pattern of VOI/RPD2 except fo r 
a s lig h t increase in  median spike frequency (compare Fig. 2A, con tro l and 
VDj=master). Transfer of the voltage command to RPĈ , however, dramati
c a lly  changed the spiking a c tiv ity  (compare Fig. 2A, control and RPD2= 
master).In standard physiological sa line ,the  membrane potentia l dropped 
to values of -60 mV and lower (mean _+ sem = -68 +0.9 mV). Several rapid 
e lectron ic po ten tia ls  were seen, which probably should be in terpre ted as 
excita tory postsynaptic potentia ls  (epsp) since they remained absent 
under low Ca^+/h igh Mg^+ conditions (F ig. 2B). Spiking a c t iv ity  of the 
system became high ly irre g u la r. RPD2 in it ia te d  spikes every now and then, 
apparently as a re su lt of summating epsp's . Moreover, i t  is  important to 
note that despite several epsp's were seen under these conditions, we 
never observed re p e tit iv e  excita tory inputs on RPD2 which could explain 
the approximately 1 Hz f ir in g  pattern of the in ta c t preparations. I t  
seems not l ik e ly  therefore that re p e tit iv e  excita to ry synaptic inputs 
operating synchronously on both VD̂  and RPĈ  contribute to the spike syn
chrony of both c e lls . Thus we conclude tha t the e le c tr ic a l synapse be

tween VD̂  and RPD2 is  very lik e ly  the only mediator of spike synchrony in  
the network. Chemical synaptic inputs on VD /̂RPD2 apprently only modu
la te  the basic f i r in g  pattern.
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Fig. 2, Spontaneous a c tiv ity  of the VO /RPD- system in the isolated central nervous system. Left hand panels: simultaneous voltage recordings 
in current clamp conditions and middle and right-hand panels: in  hybrid current/voltage clamp conditions. A. Experiments performed in 
standard saline. B. Experiments performed in low Ca /high Mg saline in order to block synaptic a c tiv ity . When voltage control of the VD /  
RPD- is  given to VÔ  only (VD̂  = master), there is  no major difference in spiking pattern of the system. I f ,  however, control is  given to 

RPD- no pattern is  generated anymore. With reduced synaptic a c tiv ity  the system even becomes s ilen t
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Fig, 3, E ffect of bath application of histamine (upper trace) and dopamine (lower trace)
on spiking a c tiv ity  of VD̂

V D i

RPD2

Clamp current

2 nA I___
200 ms

Fig. 4. Spontaneous synaptic currents recorded simultaneously in VD̂  and RPD̂ . Both ce lls  
were under voltage clamp and at a holding potential of -50 mV, which is  near the normal

resting potential

In order to investigate the e ffects of synaptic input on the f i r in g  
a c t iv ity  of VD-̂ /RPĈ  we minimized synaptic a c t iv ity  by low Ca^+/high Mg^+ 

physio log ical saline. Under these conditions excita tory and in h ib ito ry  
modulations disappeared from the spiking pattern in  both the contro l s i tu 
ation as well as with VD̂  in  forced control of the system (Fig. 2B lefthand 
and centra l panels). Spike generation was apparently unaffected under these 
conditions. When under the same conditions the systems voltage contro l was
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transferred to RPD2 , sp iking a c tiv ity  was completely abolished (compare 
Fig. 2B, control and RPD2 = master), neither was there any sign of rapid 
synaptic potentia ls previously observed in  normal saline (see Fig. 2A).

In an attempt o t investigate the modulation of th is  system two 
series of experiments were performed. F ir s t ly ,  synaptic input was mimicked 
by bath application of a number of transm itte rs. Fig. 3 shows the e ffec t of 
histamine (upper trace) and dopamine (lower trace) on the f ir in g  pattern of 
VD̂  (the resu lting  accompanying pattern in  RPD2 is  exactly the same). These 
transm itters were the most e ffective  ones. This could be due to the fact 
tha t receptors fo r these transm itters are present on both c e lls . Due to 
loading effects via the e lectro ton ic junc tion  ion ic  currents in  one c e ll 
only, should have fa r  less e ffect compared to simultaneous currents in  both 
c e lls . In order to see whether the V0^/RPD2 system has a b ila te ra l or an 
u n ila te ra l synaptic organization, we studied synaptic input occurring in  
the isolated CNS preparation in  both c e lls  by simultaneously recording 
synaptic currents, while both ce lls  were under voltage clamp at holding 
po ten tia l near the normal resting po ten tia l. This procedure uncoupled the 
c e lls  by preventing current flow through the e le c tr ic a l synaps. Figure 4 
shows an example of such a simultaneous synaptic current recording. I t  can 
be observed that symmetrical as well as asymmetrical synaptic currents are 
present. This strongly indicates that some inputs are common to both ce lls , 
while others are not.

Functional ro le of the junction

In the hybrid current-voltage clamp experiments i t  appeared that i f  
RPD2 is  deprived of both i t s  chemical synaptic inputs and i t s  e le c tr ic a l 
communication with VDp i t  is  incapable of d riv ing  the VD /̂RPD2 system in  
a rhythmic f ir in g  pa tte rn . Even in  the presence of synaptic a c t iv ity  the 
f i r in g  pattern con tro lled  by RPD2 is  completely d iffe re n t from the normal 
rhythmic f ir in g  pattern  o f VD1/RPD2- I t  is  concluded that in  the CNS the 
beating spiking a c t iv i ty  generated by VD̂  is  necessary fo r the VD1/RPD2 

network to develop i t s  f i r in g  pattern. Blockade of chemical synaptic trans
mission revealed tha t synaptic inputs modulate the beating pattern i n i t i 
ated by VDp This apparently involves tha t there is  a special ro le  fo r the 
e le c tr ic a l junction  between VD̂  and RPD2 . Not only is  th is  junction 
necessary for the communication between VD̂  and RPD2 , but i t  also plays a 
ro le  in  the d is tr ib u tio n  of synaptic currents. Synaptic inputs a rriv ing
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simultaneosly on both c e lls  should have a quite d iffe re n t e ffe c t from in 
puts a rriv ing  asynchronously. In the CNS both types of inputs occur, as 
revealed by the experiments with both c e lls  under voltage clamp.

With respect to the ro le  of the e le c tr ic a l coupling between VD̂  and 
RPD2 in  generation and modulation of the VD /̂RPDg a c t iv ity  pattern there 
are some additional observations worth notic ing . From comparison of le f t -  
hand and middle panels of Fig. 2 i t  can be seen that shortcu tting  the 
e le c tr ic a l connection between the ce lls  by ac tiva tion  of the hybrid cur- 
rent/voltage clamp, increases the average spike frequency. Apparently, the 
pacemaker cycle in  VD̂  is  slowed down when RPD2 is  allowed e le c tr ic a l 
in te rac tion  with VD .̂ This phenomenon could be related to loading e ffec ts  
of RPD2 on the spike generating currents in  VQ̂ .

The system as a whole would become more p la s tic  i f  the magnitude of 
the e le c tr ic a l junction could be changed. In studies on ageing /14, 23/ i t  
appeared that the resistance of the junction can change quite a lo t  and in  
prelim inary studies we obtained evidence that the junction might be under 
synaptic contro l. This strongly indicates that the VD /̂RPÜ2 network is  a 
system which shows considerable varia tions in  in teg ra tive  actions.
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The neuroexcitatory peptide isolated from Achatina ganglia was identica l to the 
synthetic Gly-D-Phe-L-Ala-L-Asp with respect to e ither the bioassay experiments 
using the Achatina neurones or the instrumental analysis ( H-NMR, SIMS, CD and HPLC). 
We termed i t  achatin-I (y ie ld : 50 ug from 30 000 animals). I ts  stereoisomer, Gly-L- 
Phe-L-Ala-L-Asp, termed acha tin -II, was also isolated from the ganglia (y ie ld : 17yug), 
but th is  was ineffective on the Achatina neurones. Of the eight possible stereo
isomers, only achatin-I markedly showed excita tory effects on the two Achatina 
neurones, PON and TAN, and |:D-Ala ] achatin-I (Gly-D-Phe-D-Ala-L-Asp) had the s lig h t 
e ffects. Among the fourteen neurones tested, seven, including the two mentioned 
above, were excited by achatin -I, whereas no neurone was inh ib ited . Achatin-I pro
duced an inward current (1 .^) with an increase in the membrane conductance (çj) leader 
voltage clamp. ED^ of aclnatin-1 for exciting the neurones were 0.20-1.47x10 M, 
and its  E were 6.33 -  5.02 nA. Of the achatin-I analogues examined, only the 
three, Gfyíjly-D-Phe-L-Ala-L-Asp, D-Phe-L-Ala-L-Asp and Gly-D-Phe-L-Ala-L-Asn, 
produced I .  , but much smaller than that of achatin -I. The equiactive molar ra tios  
(EMRs) of Wie four e ffec tive  related peptides (three analogues and a stereoisomer) 
vs. achatin-I were: 8-60 fo r Gly-Gly-D-Phe-L-Ala-L-Asp, 200 -  >250 for D-Phe-L-Ala- 
L-Asp and >  200 for Gly-D-Phe-L-Ala-L-Asn and Gly-D-Phe-D-Ala-L-Asp. The I .  induced 
by yîchatin-I was blocked unde^+ the /Na /^-free  sta te, but unaffected under the 
[Ca ] -free (replaced with Co ), [Cl j -free or [K ) -enriched (3.0 x) medium, 
indicating that the I .  is  produced by the° gNa increase o°f neuromembrane. We propose 
that achatin-I having a D-phenylalanine residue is  an excitatory neurotransmitter of 
the Achatina neurones.
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In t r o d u c t io n

We have recently iso la ted from the Achatina ganglia a neuroexcita- 
to ry  tetrapeptide having a D-phenylalanine residue, and termed i t  achatin- 
I .  I ts  amino acid sequence is  Gly-D-Phe-l-Ala-L-Asp /3 /. The pharmacologic
a l features in  d e ta il of th is  peptide on Achatina giant neurones were 
studied under voltage clamp: the s tru c tu re -a c tiv ity  re la tionsh ips of
a ch a tin -I, i t s  stereoisomers and analogues, mapping of the id e n tif ia b le  
neurones sensitive to the peptide and the ion ic  mechanism of the effects 
/5 , 6/ .

This paper presents our resu lts  on achatin-I by reviewing these 
o r ig in a l papers mentioned above.

M a te r ia ls  and M ethods

African g iant sna ils  (Achatina fu lic a  Ferussac) were co llected in 
Manila, Philippines. Live snails fo r pharmacological study, and the d is 
sected ganglia in  the frozen state fo r the peptide iso la tio n , were trans
ported to Japan by a ir .

The suboesophageal and cerebral ganglia dissected from 30.000 
animals were homogenized with cold 80% aqueous ethanol. The active  com
ponent was fractionated several times bv the high performance liq u id  
chromatography (HPLC) to give a p u rifie d  achatin-I. In each frac tiona tion  
step, the excita tory e ffec ts  of the samples were confirmed by the bioassay 
experiments using the Achatina neurones. Achatin-I, i t s  stereoisomers and 
analogues were synthesized by the solid-phase method. Their s tructures were 
confirmed by amino acid analysis, amino acid sequencing and liq u id  second
ary ion iza tion  mass spectrometry (H itach i M-80B).

For the pharmacological experiments, the three Achatina neurones, 
PON, TAN and v-RCDN, were mainly used /1 3 /. A fter the 0.67% tryps in  tre a t
ment fo r 7-15 min at room temperature, the connective tissue capsule 
covering the ganglia was removed. The ganglia were fixed on the Sylgard 
laye r in  the experimental chamber (0.2 ml in  volume) by a suction p ipette . 
The conventional voltage clamp technique using two in tra c e llu la r  micro- 
electrodes f i l le d  with 2 M potassium acetate was employed /11 /. The holding 
voltage (V^) was kept mainly at -50 mV. To measure membrane conductance 
(g ), re p e titive  hyperpolarizing square pulses (5 mV, I s  in  duration and 
075 Hz) were superimposed on the V^. The current-voltage re la tio n s  (I-V 
curves) of the neuromembrane were measured by superimposing a depolarizing 
ramp voltage (w ith a slope of 100 mV/100 sec) on the V  ̂ of -100 mV.

The s n a il's  physiolog ical so lu tion  was formulated previously ac
cording to the ion ic  composition of i t s  hemolymph /14 /. To reduce the 
e x tra ce llu la r Na concentration ([Na } ) ,  Na was replaced by T ris  . To 
make a f;Cl ] „- fre e  so lu tion , NaCl, KCf and CaCl2> were replaced by th e ir 
methanesulfonate sa lts , and MgCb by Mg acetate. IjJa2+]0-free  so lu tion  was 
made by replacing Ca2+ with Ccr+ . To increase [K+]o, KC1 was simply added 
to  the solution. [Ca2+] -fre e  and [Mg2+] -enriched (3x) solutions were used 
to  reduce the transsynaptic events. Each0 peptide, dissolved in  a so lu tion , 
was applied e ithe r lo c a lly  to the neurone to be tested by the pneumatic
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pressure e jection with 0.5% fas t green, or by bath (0.6 ml/5-8 s)i to  the 
experimental chamber.

The data are presented as the mean value (M) + standard e rro r of the 
mean (S.E. mean) fo r n t r ia ls .  The resu lts  were analyzed by the tw o-ta iled  
Student's t - te s t  fo r paired or unpaired data, and considered to  be s ig 
n if ic a n t ly  d iffe re n t fo r P c  0.05. Dose-response curves were analyzed by 
the p rob it method. To compare the potency of art analogue with acha tin -I, the 
equiactive molar ra tio  (EMR) was calculated from th e ir  dose-response curves, 
as the concentration ra tio  of the analogue and achatin-I to produce the 
ha lf-equ iva lent response of the achatin -I E  ̂ .

R e s u lts

After the hydrolysis of the isolated neuroexcitatory peptide by HC1, 
i t s  amino acid composition was determined as fo llows: Gly:Phe:Ala:Asp=1.2: 
1 .0 :0 .9 :0 .9 . I ts  amino acid sequence was analyzed by the automated Edman 
degradation with a gas-phase sequencer (Applied Biosystems 470A) to be 
Gly-Phe-Ala-?, suggesting that the peptide structure is  Gly-L-Phe-L-Ala-L- 
Asp or i t s  C-terminal derivatives. The isolated neuroexcitatory peptide was 
examined by liq u id  secondary ion iza tion  mass spectrometry (SIMS): (M+H) 
m/z 409, and (M+Na)+ m/z 431, ind ica ting  that i t s  molecular weight of 
achatin -I is  408. Then, the structure of the peptide is  simply Gly-Phe-Ala- 
Asp. However, Gly-L-Phe-L-Ala-L-Asp had no e ffe c t on the Achatina g iant 
neurones. Comparison of the isolated peptide and synthetic Gly-L-Phe-L-Ala- 
L-Asp in  the proton nuclear magnetic resonance (^H-NMR) spectral study 
suggested that the isolated peptide is  a stereoisomer of the synthetic one 
with respect to the phenylalanine or alanine residue. The c irc u la r d i-  
chroism (CD) spectrum of the isolated peptide was evidently d iffe re n t from 
that of the synthetic one; the cotton e ffec t at 218 nm, which was mainly 
due to the phenylalanine residue, was negative in  the isolated peptide, 
but pos itive  in the synthetic one. With these resu lts , the structure  of the 
iso la ted neuroexcitatory peptide was considered to be Gly-D-Phe-L-Ala-L- 
Asp. The synthetic Gly-D-Phe-L-Ala-L-Asp excited markedly the Achatina 
giant neuroes likewise the iso la ted peptide , and was iden tica l to the 
la t te r  with respect to a l l  instrumental analyses (^H-NMR, SIMS, CD and 
HPLC). We termed Gly-D-Phe-l-Ala-L-Asp achatin -I. Gly-L-Phe-L-Ala-L-Asp, 
termed a ch a tin -II, was also isolated from the Achatina ganglia, though 
th is  was in e ffe c tive  on the Achatina giant neurones. The yie lds of achatin- 
I and acha tin -II from the ganglia of 30 000 sna ils  were 50yug and 17yug, 
respective ly .
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2 -3The pneumatic pressure ejection (2 Kg/cm , 400 ms and 10 M) of 
acha tin -I to the g ian t neurones, PON, TAN and v-RCON, produced a marked 
depolarization w ith an increase in  frequency of spike discharges under 
current clamp. Under the voltage clamp at the holding voltage (V^) of 
-50 mV, the peptide applied in  the same manner induced a trans ien t inward 
current ( I  ) of these neurones with a increase in  the membrane con- 
ductances (д). In the [Ca^+J 0- f ree and £Mg J Q-enriched (3 x) sta te , 
acha tin -I produced I^ n comparable to that in  the normal ion ic  s ta te , in 
d ica ting  that th is  peptide acts d ire c tly  on the neurone tested (Fig. 1).

-4The I^ n, produced by the bath application of acha tin -I at 3x10 M, was con
stan t fo r at least 20-30 min in the presence of the peptide.

A В

PON

Fig. 1. Excitatory e ffec ts  of achatin-I on PON (pe riod ica lly  osc illa ting  neurone) and IAN 
(to p ic a lly  autoactive neurone) and v-RCDN (ve n tra l-r ig h t cqpbra l d is tin c t ^leurone). Ihe 
peptide was applied by pneumatic pressure ejection (2 Kg/cm , 400 msi, 10 M) (arrow). 
A. current clamp, B. voltage clamp (holding voltage (V^): -50 mV). Bottom trace, repetitive  
hyperpolarizing square voltage (5 mV, 1 s in duration and 0.5 c/s) superimpoased on V^, to 
measure the membrane conductance (g). Vertical bar, ca lib ra tion  (30 mV for A and 3 nA fo r B).

Horizontal bar, time course (30 s)
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Table 1
-A

Effects of achatin-I and its  stereoisomers, applied by bath at 3x10 M, 

on the Achatina giant neurones, PON and TAN /5 /

No. Amino acid sequence PON TAN

l . Gly-O-Phe-L-Ala-L-Asp (achatin-I) E E
2. Gly-O-Phe-L-Ala-L-Asp-NH (acbatin-I amide) 

Gly-D-Phe-O-Ala-L-Asp ([0-Ala Jachatin-I)
( - ) ( - )

3. SE SE
A. Gly-D-Phe-D-Ala-D-Asp (-) ( - )
5. Gly-O-Phe-L-Ala-O-Asp (-) ( - )
6. Gly-L-Phe-O-Ala-L-Asp (-) ( - )
7. Gly-L-Phe-O-Ala-D-Asp (-) ( - )
8. Gly-L-Phe-L-Ala-D-Asp (-) ( - )
9. Gly-L-Phe-l-Ala-L-Asp (achatin -II) ( - ) ( - )

10. Gly-L-Phe-L-Ala-L-Asp-NH (achatin -II amide) ( - ) ( - )
11. Gly-L-Phe-L-Ala-L-Asn (-) ( - )
12. Gly-L-Phe-L-Ala-L-Asn-NH^ (-) ( - )

E, excitatory e ffects; SE, s lig h t excitatory e ffec ts ; ( - ) ,  no effect

- l o g 10 [ P e p t id e !  (M) - l o g 1Q [ P e p t i d e !  (M)

Fig. 2. Dose-response re lations of achatin-I and i t s  e ffec tive  related peptides on PON (A) 
and TAN (B). (0 ), acha tin -Is ( I ) ,  Gly-Gly-D-Phe-L-Ala-L-Asp: ( 4 ) ,  D-Phe-L-Ala-L-Asp;
(I), Gly-D-Phe-L-Ala-L-Asn ; and ( Д ) ,  Gly-D-Phe-O-Ala-L-Asp ( [D-Ala3| ach a tin -I). Each peptide 
was applied consecutively by bath. Abscissa, peptide concentration in -logarithm ic scale 
(-log10 /Peptide/) in M. Ordinate, inward current ( I .  ) in nA (bar: S.E. mean). Smooth lines 

were drawn by f i t t in g  the ideal sigmoxàal curves (r=0.992) /6 /
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Table 2

E ffe c ts  o f  a c h a t in - I  and i t s  analogues, a p p lie d  by bath a t 3x10 M,

on the  Achatina g ia n t neurones /6 /

No. P eptide PON TAN

l . G ly-D -P he-L-A la -L-A sp (a c h a tin - I) E E
2. G ly-L -P he-L -A la -L -A sp  (a c h a t in - I I ) ( - ) ( - )

A. N -term inus e lo n g a tio n s

3. A e ty l-G ly-D -P he-L -A la -L -A sp ( - ) ( - )
4. G ly-G ly-D -P he-L -A la -L-A sp SE SE

B. N-te rm inus d e le t io n s

5. D -Phe-L-A la-L-A sp SE SE
6. L-A la -L-A sp ( - ) ( - )

C. D-
2

■Phe re s id u e  m o d if ic a tio n s

7. G ly-D-T y r-L -A la -L -A sp ( - ) ( - )
8. G ly-D -T rp -L -A la -L -A sp ( - ) ( - )
9. G ly -O -h is -L -A la -L -A sp ( - ) ( - )

10. G ly-D -Leu-L-A la -L -A sp ( - ) ( - )
11. G ly -G ly -L -A la -L -A sp ( - ) ( - )

D. L--Ala"^ re s id ue  m o d if ic a tio n s

12. G ly-D -Phe-D -A la-L-Asp SE SE
13, G ly-D -P he-L-Va l-L-A sp ( - ) ( - )
14, G ly-D -Phe-L-S e r-L-Asp ( - ) ( - )
15, G ly-D -Phe-G ly-L-Asp ( - ) ( - )

4
E. L-Asp re s id u e  m o d if ic a tio n s

и G ly-D -P he-L-A la -L-A sn SE SE
17 . G ly -D -P he -L -A la - ß -A la ( - ) ( - )
18 G ly-D -P he -L-A la -L-G lu ( - ) ( - )
19 . G ly-D -Phe-L-A la-L-G lu-N H ( - ) ( - )
20 . G ly-D -P he -L-A la -L-G ln ( - ) ( - )

E, e x c ita to ry  e f f e c ts ;  SE, s l ig h t ly  e x c ita to ry  e f fe c ts ;  ( - ) ,  no e f fe c t

Among eight possible stereoisomers of acha tin -I examined on the two 
Achatina giant neurones, PON and TAN, only achatin -I showed marked ex
c ita to ry  e ffects , and [’D-A la^]achatin-I (Gly-D-Phe-D-Ala-L-Asp) had s lig h t 
e ffe c ts  (Table 1).

Of the fourteen Achatina neurones tested, the seven including the 
three mentioned above were excited by a ch a tin -I, applied by the pressure 
e jec tion . The seven neurones were excited by the same peptide applied by 
bath at ЗхЮ-4 M, s l ig h t ly  by [0-Ala3]acha tin -I and unaffected by achatin- 
I I .  The neurones sens itive  to achatin-I were scattered throughtout the 
ganglia. None of them was inh ib ited  by these peptides.
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Table 3
EDr „  (95% confidence l im it ) ,  E (M — S.E.mean), and eouiactive molar ra tio  vs. achatin-I — 50 ----------------------------------■— max----------------------- 1--------- ^ -----—-------------------------------------------

(EMR) of achatin-I and its  active analogues, applied by bath, on the Achatina giant

neurones /6 /

No. Peptide Е050(95

(10

\  conf. lim .) 

M)
^max EMR 
(nA)

n

A. PON

l . Gly-D-Phe-L-Ala-L-Asp 0.20 (0.14-0.26) 5.46 +0,22 1 8

4. Gly-Gly-D-Phe-L-Ala-L-Asp 2.82 (2.33-3.41)+ 3.63 +0.19** 60 4

5. D-Phe-L-Ala-L-Asp 3.28 (2.05-5.23)+ 2.75 +0.13*** 1500 4

12. Gly-D-Phe-D-Ala-L-Asp 15.46 (11.09-21.56)+ 2.00 + 0.17***>1500 6

16. Gly-D-Phe-L-Ala-L-Asn 3.22 (2.32-4.47)+ 1.94 + 0.05***> 1500 4

B. TAN

1. Gly-D-Phe-L-Ala-L-Asp 1.47 (1.19-1.81) 5.02 +0.44 1 6

4. Gly-Gly-D-Phe-L-Ala-L-Asp 2.76 (2.07-3.68) 3.44 +0.14* 8 4

5. D -P he -L -A 1 a -L -Asp 3.29 (2.78-3,88)+ 2.69 +0.10** 200 4

12. Gly-D-Phe-D-Ala-L-Asp 3.13 (3.07-3.19)+ 1.75 + 0.10*** >200 6

16. Gly-D-Phe-L-Ala-L-Asn 2.96 (2.27-3.87)+ 1.97 + 0.07*** >200 4

+ , s ig n ifica n tly  d iffe ren t vs. achatin-I value. Student's _t-test vs. achatin-I for unpaired 
data (x, p c  0.05; xx, < 0 .01 ; xxx, <0.001). n, number of experiments performed

Among about twenty analogues of acha tin -I examined on the two 
Achatina neurones, Gly-Gly-D-Phe-L-Ala-L-Asp, D-Phe-L-Ala-L-Asp and Gly-D- 
Phe-L-Ala-L-Asn, applied by bath at 3x10  ̂ M, produced L n with а д in 
crease. However, the potencies of these analogues were much lower than tha t 
of acha tin -I. The e ffec ts  of these analogues applied by bath were confirmed 
by pneumatic pressure e jection  (Table 2).

Dose-response re lationships of achatin-I and i t s  e ffective  re la ted 
peptides (three analogues and a stereoisomer) were studied on the two giant 
neurones by the consecutive bath application: ED^g of achatin-I were 0.20- 
1.47x10  ̂ M, and those of the four e ffective  analogues were s ig n if ic a n tly  
higher. Emax of acha tin -I were 6.33-5.02 nA, and those of the analogues 
were s ig n if ic a n tly  lower. The equiactive molar ra tio s  vs. achatin-I (EMRs) 
of the related peptides were: 8-60 fo r Gly-Gly-D-Phe-L-Ala-L-Asp, 200- >250 
fo r D-Phe-L-Ala-L-Asp and >200 fo r Gly-D-Phe-D-Ala-L-Asp and Gly-D-Phe-L-
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P O N T A N
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Fig. 3. Effects of achatin-I on current-voltage re la tions (I-V curves) of PON ( le f t  panel) 
and TAN (r ig h t pagel) in normal ionic (A) and Na -free  (B) states, a. con tro l; b. achatin-I 
by bath at 3x10 M; and c. a fte r washing. Abscissa, membrane voltage (-mV). Ordinate,

membrane current (bar: 10 nA) /3 , 5/

Ala-L-Asn. The s tru c tu re -a c tiv ity  re la tionsh ips of these peptides were es
s e n t ia lly  s im ila r fo r the two neurones tested (Fig. 2 and Table 3).

The TAN responses to achatin -I, applied by the pneumatic pressure, 
were observed under varied e x tra ce llu la r io n ic  compositions (n=3 in  each 
case). The responses of the neurone were s ig n ific a n tly  decreased under 
[Na+ 1^-reduced (0.2 x) s ta te , but were unaffected under [Ca^+)o-fre e  (re 
placed with Co2+: 10.7 mM), lC l_Jo-fre e  or [K+ ]Q-enriched (3 x) state.

The responses to achatin-I over a wide • range of the membrane 
voltage of PON and TAN, were observed by measuring current-vo ltage re
la t io n s  (I-V  curves) from -100 to -10 mV. Achatin-I, applied by bath at



ACHATIN- I ,  AN EXCITATORY TRANSMITTER 155

3x10 M, produced L n over the wide range of the membrane voltage in  the 
normal ion ic  state. The slope conductance of TAN membrane was augmented 
during I ir | . However, i t  was not simple to measure the slope conductance of 
PON, since i ts  I-V curve contained the negative slope conductance (NSC) 
region. Under [Na+J Q-fre e  s ta te , achatin-I produced almost no I ^ n in  the 
wide extent of I-V curves of the two neurones. These findings ind ica te  that 
the exc ita tion  caused by achatin -I is  due to the increase in  дИа of the 
neuromembrane (Fig. 3).

- 4

D iscuss ion

Achatin-I, a tetrapeptide having a D-phenylalanine residue, is  
endogenous in  the Achatina ganglia, and markedly e ffec tive  on the Achatina 
g iant neurones. Therefore, we propose that th is  peptide is  an exc ita to ry  
neurotransmitter of Achatina neurones. No neurone was in h ib ite d  by th is  
peptide.

Of the seven Achatina neurones sensitive to acha tin -I, only the two 
were excited by oxytocin, and none by FMRFamide /7 , 15/, MIPs (M ytilus in 
h ib ito ry  peptides) /16 / and APGW-amide / 8/ ,  ind ica ting  tha t the achatin -I 
receptors in  the Achatina neurones are not common fo r the other peptides 
mentioned.

The e ffec tive  concentrations of achatin -I on the Achatina neurones 
were comparable to those of other molluscan neuroactive peptides, oxytocin, 
FMRFamide /7 /,  Ser^-MIP /16 / and APGW-amide / 8/ .  The concentrations of ELH 
and SCPg to excite the Aplysia neurones /12 /, and of a-BCP to in h ib it  the 
bag c e ll discharges /4 /  were also comparable.

The achatin-I e ffec ts  are not only stereospecific but also struc
tu re -sp e c ific . The s tru c tu re -a c tiv ity  re lationships of th is  peptide and i ts  
analogues are considered as follows / 6/ :  w ith respect to the Gly residue, 
the free amino group at the N-terminus is  essentia l fo r a c t iv ity ,  since N- 
acetyl achatin-I was inac tive . The distance between the N-terminal amino 
group and two carboxyl groups at the C-terminus is  also important, since 
elongation (Gly-Gly-O-Phe-L-Ala-L-Asp) or deletion (D-Phe-L-Ala-L-Asp) of
the Gly residue at the N-terminus diminished the a c t iv ity .  With regard to 

2 3the D-Phe and L-Ala residues, acha tin -II having L-Phe residue to an
aromatic (D-Туг or D-Trp), a lip h a tic  (D-Leu) or basic (D-His) D-amino acid
residue resulted in  loss of a c t iv ity .  The replacement of the D-Phe residue

2
with the Gly residue was also devoid of a c t iv ity .  I t  is  obvious tha t D-Phe
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residue is  essential fo r  a c t iv ity .  The methyl group in  the L-Ala^ residue
is  also indispensable probably fo r i t s  hydrophobicity and/or bulkiness,
since G ly-O-Phe-l-Val-l-Asp, Gly-O-Phe-L-Ser-L-Asp and Gly-D-Phe-Gly-L-Asp
were ine ffec tive . The replacement of the L-Ala"5 residue with the D-Ala"5
residue much decreased the potency. We suppose tha t in  the case of the
L-Ala^ residue, the methyl group f i t s  in to  the binding pocket most e f-

4
f ic ie n t ly .  With respect to  the L-Asp residue, the conversion of the a -
carboxylic acid at the C-terminus to an amide (Gly-D-Phe-L-Ala-L-Asp-amide)
resu lted in  loss of a c t iv i ty ,  indicating that the free -carboxylic group
is  essen tia l.The removal o f the a-carboxylic group (Gly-D-Phe-L-Ala-3-
Ala) rendered i t  in a c tive . The (3-carboxyl group in  the C-terminus is  also

4
important, since the conversion of the L-Asp residue at the C-terminus to

4 4L-Asn diminished the a c t iv i ty .  The replacement of the L-Asp residue with

F in. 4. Crystal structure o f ach a tin -I. The intramolecular H-bond is  shown as dashed lin e . /6 /
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L-Glu , which has an additional methylene group in  the side chain, resulted 
in  a loss of a c t iv ity .  This is  in  good concordance with the re su lts  ob
tained by m odification of the N-terminus.

Recently, the c rys ta l structure of acha tin -I has been established
/2 /.  In crysta llograph ic data, the molecular conformation of acha tin -I pos-

2 3sessed a type I I '  ß -turn structure with the D-Phe -L-Ala residue at the 
corner of the bend. The ß-turn structure was fu rthe r s tab ilized  by two 
intramolecular hydrogen bonds (Fig. 4).

According to the achatin-I e ffects on the I-V curves of PON and TAN 
in  the physiological and lNa+f o-free so lu tions, the I^ n induced by achatin- 
I  were mainly due to the д increase to Na+. However, the I. produced by 
achatin-I was only p a r t ia lly  blocked by TTX even at 10 M (data not 
shown). This TTX-resistant feature of Na+ current was d iffe re n t from the 
voltage-gated Na+ current of the same neurone, to ta lly  blocked by TTX at 
th is  concentration. The TTX-resistant Na+ current of an Aplysia neurone was 
induced by FMRFamide /1 /.

Only two na tu ra lly  occurring b ioactive peptides having a D-amino 
acid residue, dermorphin and Hyp-dermorphin, have been reported /9 , 10/. 
Our achatin -I, which is  proposed as an exc ita to ry  neurotransmitter on the 
Achatina neurones, is  the f i r s t  report on an endogenous neuroactive peptide 
having a D-amino acid residue found in  the nervous system of any animal 
species. This should open new p o s s ib ilit ie s  fo r  research on neurotrans
m itte rs having 0-amino acid residues.
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Peptidergic regulation of the contraction o f radula muscles and the heart beat 
in  a prosobranch mollusc, Rapana thomasiana was investigated. In the radula muscles, 
FMRFamide-related peptides were suggested to act on presynaptic s ites to enhance 
the ir contraction e lic ite d  by nerve stim ulation, possibly by increasing the release 
of a main transm itter. A catch-relaxing peptide (CARP) was demonstrated to  depress 
the contraction by acting on postsynaptic s ites . In the heart, FMRFamide enhanced 
the amplitude and frequency of the beat, whereas CARP depressed i t .  Immunohisto
chemical studies of the buccal ganglia have revealed that FMRFamide- and CARP-like 
immunoreactive neurons are d istributed in  the same region, indicating a possible 
coexistence of the both peptides. In the viscera l ganglia, on the contrary, co
existence of FMRFamide and CARP was not observed. FMRFamide- and CARP-like immuno- 
rea c tiv itie s  were also detected in the nerve fibe rs  in the radula muscles and the 
a tr ia . The present results show that FMRFamide- and CARP-like peptides are involved 
in the regulation of the contraction of radula muscles and the heart beat.

Keywords : Central ganglia -  buccal muscle -  heart beat - neuropeptide -  immuno- 
histochemistry

In t r o d u c t io n

Involvement of neuropeptides in  the regulation of muscle movements 
has been demonstrated in  many molluscan species /16, 22/. Among these 
peptides FMRFamide (Phe-Met-Arg-Phe-NH2) and FLRFamide (Phe-Leu-Arg-Phe- 
NH2) have been shown to be present in  a l l  classes of Mollusca /20, 21/, and

^Presented during the ISIN Symposium on "Neurobiology of Invertebrates" June 23-28, 
1991, Tihany, Hungary

Send o ffp r in t requests to : Dr. M. Kobayashi, Physiological Laboratory, Faculty of 
Integrated Arts and Sciences, Hiroshima University, Hiroshima 730, Japan

Akadémiai Kiadd, Budapest



160 M . KOBAYASHI and MARIKO F . -SAKATA

th e ir  function in  the neuromuscular system has been well investigated /15 /. 
On the other hand, a catch-relaxing peptide (Ala-Met-Pro-Met-Leu-Arg-Leu- 
NH2 , CARP) was iso la ted  from the ganglia of a bivalve Mytilus edu lis  / 8/ ,  
and the action of CARP on various neurons and muscles has increasingly been 
examined /7 , 11, 12/.

The contraction of the buccal and cardiac muscles of a prosobranch 
Rapana thomasiana has been suggested to be regulated by m ultip le substances 
inc lud ing FMRFamide-related peptides and CARP-like peptides /5 , 10, 23/. 
In  the present study, mode of action of these peptides in  regulating the 
contraction of radula muscles and the heart beat of R. thomasiana was in 
vestigated. Further, the d is trib u tio n  of FMRFamide- and CARP-like peptides 
in  the central ganglia and radular and cardiac nerves and muscles was 
examined immunohistochemically to obtain support fo r the physiological ro le  
of the neuropeptides.

M a te r ia ls  and M ethods

Specimens of Rapana thomasiana were obtained from a commercial 
source and they were maintained in aerated sea water at room temperature.

Physiology

The methods of dissecting the radula protractor and re tra c to r, 
making the muscle preparation and recording th e ir  tension change were the 
same as previously described /13, 14, 19/. Preparation of the heart and re
cording of the beat were also made as described previously /17 /. A r t i f ic ia l  
sea water (ASW) consisted of (mM): NaCl 461.9, KC1 9.4, CaCl„ 9.0, МдС1„ 
20.0, and Tris 20.0 (pH was adjusted to 7.8 by t i t r a t io n  with RC1). In some 
experiments ASW contain ing 80 mM or 108 mM MgC^ was used, in  which a part 
of NaCl in  the normal ASW was replaced w ith an equimolar МдС1„. The fo llow 
ing compounds were used: acetylcholine ch lo ride  (ACh, Daiichi Seiyaku), 5- 
hydroxy-tryptamine crea tin ine  sulphate (seroton in , Sigma), methysergide- 
hydrogenmaleinate (Sandoz), benzoquinonium ch loride (Sterling-W inthrop), 
FMRFamide and FLRFamide (Peninsula). CARP was synthesized by N. Iwasawa 
(Suntory, Osaka).

Immunohistochemistry

The buccal and viscera l ganglia were dissected from the animal, 
and the outer sheath overlying the ganglia was mechanically removed. The 
radula muscles, atrium and ventric le  were also dissected from the specimen. 
The methods of f ix a t io n ,  dehydration, embedding and sectioning of the pre
paration were the same as previously described /5 /.  For the immunohisto
chemical examinations, the avid in-b iotin-peroxidase Complex method /9 /  was 
employed, and the procedure was also described previously /5 /. The fo llow 
ing substances were used: FMRFamide antiserum (Peninsula), b io tiny la te d
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goat a n ti-ra b b it IgG (Vector), av id in -b io tiny la ted  horseradish peroxidase 
complex (Vector). CARP antiserum was made by Y. Terano (Suntory, Osaka).

R e s u lts  and d is c u s s io n

Regulation of radula muscles

The reciprocating movement of the radula during feeding is  produced 
by the a lte rnating  contraction and re laxation of two pairs of opposing 
buccal muscles, the radula protractors and re tra c to rs . These muscles are 
innervated by the radula nerves which arise from the buccal ganglia / 6/ .

FMRFamide enhanced the contraction of the radula pro tracto r e lic ite d  
by e le c tr ic a l pulses of short duration (probably a ffec ting  nerve elements 
in  the muscle), but the peptide had no e ffects on the radula re tra c to r. On 
the contrary, FLRFamide enhanced the contraction of the re trac to r w ith no 
enhancing effects on the p ro tracto r. When the neuromuscular transmission of 
the pro tractor was blocked by high-Mg + ASW, nerve stim ulation by short 
pulses fa ile d  to e l i c i t  the contraction, but s tim ula tion  by long pulses 
produced contractions. Such long-duration pulses probably stimulated the 
muscle fibe rs  d ire c tly . These contractions were not enhanced by FMRFamide. 
S im ila rly , a fte r blocking the neuromuscular transmission of the re tra c to r 
by high Mg + ASW, the contraction caused by muscle stim ulation was not en
hanced by FLRFamide. These resu lts  suggest that FMRFamide and FLRFamide act 
on the presynaptic s ite s  in  the protractor and re tra c to r, respective ly, to 
enhance the contraction, possibly by increasing the release of transm itters.

In contrast, ca tch-re lax ing peptide depressed the contraction of 
both the radula p ro trac to r and re tracto r. A fter blocking the neuromuscular 
transmission of the p ro trac to r by high-Mg + ASW, the contraction caused by 
long-duration pulses, i . e . ,  by muscle stim u la tion , was also depressed by 
CARP. Sim ilar resu lts were obtained in  the radula re trac to r. These resu lts  
may well be explained by assuming that CARP acts on the postsynaptic s ites .

Then, the lo ca liza tio n  of FMRFamide- and CARP-like peptides was 
examined immunohistochemically. FMRFamide-like immunoreactive neurons were 
found on the ro s tra l side of the r ig h t buccal ganglion and the caudal side 
of the le f t  ganglion, where some CARP-like immunoreactive neurons were also 
d is tribu ted . In high-magnification pictures of the ro s tra l part of the 
ganglion (Fig. 1), pos itive  immunoreactivities to FMRFamide and CARP a n ti
sera are c learly  demonstrated in  the same neurons, as are shown by small
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buccal ganglion

Fig. 1. Consecutive transverse sections of the ros tra l part of the r ig h t buccal ganglion 
stained with FMRFamide (a) and CARP (b) antisera. Small arrows show coexistence of FMRFamide- 
and CARP-like immunoreactivity in  the same neurons. Open arrows indicate immunoreactivity of

the neuropile. Scale bar: 100 urn

arrows in  the figu re . These results ind icate a possible coexistence of 
FMRFamide and CARP in  the same neurons. Immunoreactivities to both peptides 
were also detected in  the neuropil of buccal ganglia, radula nerves aris ing 
from the ganglia and nerve fib e rs  in the radula muscles.
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Previously, we showed that the p rinc ipa l excita tory transm itte r in  
the radula pro tractor is  ACh, whereas that in  the re trac to r is  glutamate 
/14, 19, 24/. Also, we know that serotonin acts to excite the p ro tracto r 
and to in h ib it  the re trac to r. From the present study, we propose a hypo
thesis that FMRFamide and FLRFamide act on presynaptic s ites  in  the pro
tra c to r and re trac to r, respectively, to enhance th e ir  contractions. In con
tra s t, CARP acts on postsynaptic s ites  to in h ib it  both muscles.

In the radula protraction phase, one of o s c illa to r neurons excites 
the cholinerg ic motoneuron which releases ACh to produce the contraction of 
the radula pro tracto r. Serotonin enhances the contraction of the p ro tracto r 
while in h ib it in g  re trac to r. The peptidergic neuron is  also excited, and 
high frequency f ir in g s  at the beginning of a burst release FMRFamide to in 
crease the ACh release, whereas lower frequency f ir in g s  at the end of the 
burst release CARP to fin is h  the contraction. In the radula re trac tion  
phase, reverse phenomena w i l l  be produced.

Colocalization of a main transm itte r and some neuropeptides in  an 
id e n tif ie d  neuron con tro lling  the buccal muscle contraction has been in 
vestigated in  Aplysia by physio log ical, biochemical and immunocytological 
methods /2 , 3, 4, 18/. I t  may be possible that such mechanisms as mentioned 
above are working in  the feeding system of Rapana.

Regulation of heart beat '

The heart of th is  animal is  innervated by the cardiac nerves aris ing 
from the v iscera l ganglia /17 /. Right cardiac nerves (RCN) 3a and 4 and 
le f t  cardiac nerve (LCN) 1 are excita tory nerves fo r the heart, and RCN 1 
and 3b are in h ib ito ry  nerves.

Serotonin and FMRFamide enhanced the amplitude and frequency of 
heart beat, with FMRFamide having lower threshold and greater enhancing e f
fects than serotonin. The enhancing e ffec ts  of serotonin were blocked by 
methysergide, a potent antagonist of serotonin receptors in  molluscan 
hearts. The e ffects of FMRFamide, on the contrary, were not affected by 
methysergide, showing that the receptors fo r serotonin and fo r FMRFamide 
are d iffe re n t. An enhancement of the amplitude of heart beat was also 

e lic ite d  by e le c tr ic a lly  stim ulating the cardiac nerves, RCN 3a, RCN 4 and

LCN 1. The excita tory e ffects of the nerve stim ulation, however, were not 
affected by the application of methysergide fo r 60 min or more. Thus,
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visceral ganglion

Fin- 2. Consecutive transverse sections of the rig h t v isceral ganglion stained with FMRFamide 
(a ) and CARP (b) antisera. Small arrows indicate neurons showing immunoreactivity to e ither 
one peptide antiserum but not to the other. Open arrows indicate the neuropile showing im

munoreactivity only to CARP antiserum. Scale bar: lOOyjm

serotonin is  probably not involved in  the neura lly induced exc ita tion  of
th is  heart, instead FMRFamide might be an exc ita to ry  neurotransmitter.

ACh depressed the heart beat in  a dose-dependent manner w ith a 
_g

threshold at about 10 M. CARP also depressed the heart beat at less 
threshold than ACh. The depressing e ffects of ACh were completely blocked
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by benzoquinonium, while those of CARP were not affected, ind ica ting  tha t 
receptors fo r ACh and fo r CARP are d iffe re n t. The in h ib itio n  of heart beat 
was also produced by the e le c tr ic a l stim u la tion  of cardiac nerves RCN 3b 
and RCN 1. So, we expected that the one could be cholinergic and the other 
CARP-mediating nerves. However, both e ffec ts  were blocked by benzoquino
nium, showing that they are both dominantly cho linerg ic. CARP-mediating 
nerves have not been detected yet phys io log ica lly , so the immunohisto
chemical investigations were performed.

Both FMRFamide- and CARP-like immunoreactive neurons were found to 
be d is tribu ted  in  the v iscera l ganglia (F ig. 2). In  contrast to the buccal 
ganglia, however, coexistence of both peptides was not observed. P ositive  
immunoreactivities to FMRFamide and CARP antisera were also demonstrated 
in  cardiac nerve 3b and the a tr ia , but very few in  the ve n tr ic le . These 
resu lts  are consistent with the results of anatomical study that cardiac 
nerves innervate the atrium abundantly, while in  the ventric le  they reach 
only to the ao rtic  end.

The results described here indicate tha t FMRFamide- and CARP-like 
peptides are involved in  the regulation of the heart beat. Up to the 
present, the action of neuropeptides has been considered mainly to modulate 
the action of main transm itters. Recently, in  Lymnaea FMRFamide was sug
gested to act as an excita to ry neurotransmitter on the heart /1 / .  I t  is  
also very l ik e ly  in  Rapana that FMRFamide is  acting as a neurotransmitter 
on the heart. Further work w i l l  be required to see which ion channels are 
influenced by FMRFamide and nerve stim ulation as well as to id e n tify  the 
FMRFamide-containing neurons.
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The antennal lobe (AL) of the sphinx month Manduca sexta is  characterized by 
a typ ica lly  glomerular neuropil and two principal classes to neurons local in te r-  
neurons and projection neurons. The somata of these neurons reside in defined neural 
cell-body groups in the AL, and the neurons exhib it characteris tic  patterns o f in 
nervation of the glom eruli. Evidence gathered to date indicates that ind iv idual 
antennal olfactory receptor-ce ll axons project to single glomeruli in  the ip s i-  
la te ra l AL and make excita tory, apparently cholinergic synapses with neurites of AL 
neurons (usually loca l neurons) innvervating the target glomeruli. Much has been 
learned about the physiology o f the projection neurons, but only recently have the 
physiological properties and functions of the loca l interneurons been examined 
systematically through the use of in tra ce llu la r recording and staining methods. Im- 
munocytochemical studies have shown that most of the local interneurons contain GABA 
as well as one or more putative neuropeptides. Physiological, pharmacological, and 
biochemical experiments support the view that GABAergic loca l interneurons are 
responsible for in h ib ito ry  synaptic inputs to projection neurons that predominate in 
shaping the a c tiv ity  o f projection neurons conveying synaptically processed o lfac
tory information to higher-order centers in  the protocerebrum.

Keywords: Olfaction -  antenna -  antennal lobe -  moth -  insect -  central nervous 
system -  interneurons - synapses -  GABA -  glomeruli -  sex pheromone

Presented during the ISIN Symposium on "Neurobiology o f Invertebrates" Dune 23-28, 
1991, Tihany, Hungary

Send o ffp r in t requests to : Prof. D.G. Hildebrand, ARL Division o f Neurobiology, 611 
Gould-Simpson Bldg, University of Arizona, Tucson, AZ 85721, USA

Akadémiai Kiadó, Budapest



16 8 J .G . HILOEBRAND e t  a l .

Studies of the responses of insects to b io lo g ic a lly  s ig n ific a n t 
odors, such as pheromones and kairomones, have shown tha t the qu a lity  and 
quan tity  of odorants in  complex mixtures present in  the environment are 
encoded in patterns o f a c t iv ity  in m ultip le  receptor (sensory) neurons in  
the antennae / 12/ .  these "messages" are decoded and integrated in  the o l
fac to ry  centers of the cen tra l nervous system (CNS), where o lfa c to r ily  
induced changes in  the behavior or physiology of the insect are in it ia te d  
and sustained.

Our co-workers and we study the o lfa c to ry  system of the experiment
a l ly  favorable g iant sphinx moth Manduca sexta with the aid of anatomic
a l,  neurophysiological, biochemical, cytochemical, developmental, and 
c e ll- fu ltu re  methods. This b r ie f review focuses on some of our findings 
and speculations about one class of neurons in  the o lfac to ry  pathway in 
the CNS of M. sexta; more comprehensive reviews of our work have been pre
sented elsewhere /2 , 7, 8/ .  A p rinc ipa l goal of our research is  to under
stand the neurobio logical mechanisms through which information about a 
s p e c ific  o lfacto ry  s ig n a l, the female's multicomponent sex pheromone, is  
perceived and in tegrated w ith inputs of other m odalities in  the male 
moth's brain and how the message u ltim a te ly  in it ia te s  and contro ls the 
male's charac te ris tic  behavioral response. In pursuing tha t goal, we ex- 
pext to learn much about how the brain processes chemosensory information 
and uses i t  to shape behavior.

In M. sexta, as in  other insects, o lfa c to ry  inform ation in  the en
vironment is  detected by antennal receptor c e lls , which send axons in to  
the antennal lobes (ALs) in  the deutocerebrum of the brain (F ig. 1A). The 
AL has a d is tin c tiv e  neuropil characterized by an array of "ordinary" 
spheroidal glomeruli surrounding a centra l region of coarse neuropil and 
bordered by la te ra l,  medial, and anterio r groups of neuronal somata (Fig. 
IB ). The glomeruli are condensed neuropil structures 50-100 /jm in  d i
ameter, containing term inals of prim ary-afferent axons, dend ritic  a rbori
zations of AL neurons, and a l l  of the synapses between sensory axons and 
AL neurons and among AL neurons /15, 16/. Each antennal-receptor axon 
pro jects to a s ingle glomerulus in  the ip s ila te ra l AL. Sex-pheromonal in 
formation is processed in  a prominent m ale-sepcific neuropil structure in 
each AL called the macroglomerular complex (MGC) /1 , 15/. Axons of male- 
sp e c ific  antennal receptor ce lls  specialized to detect components of the 
species-specific sex-pheromone blend p ro jec t exclusive ly to the MGC /1, 
8/ ,  and a l l  AL neurons tha t respond to antennal s tim u la tion  with sex-
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Fig. 1. A. Drawing of the brain in the head of M, sexta. viewed from a dorsai aspect and 
showing the antenna! nerve (AN) carrying primary-afferent axons from the flagellum (F ), 
pedicel (P) , and scape (S) of the ip s ila te ra l antenna in to  the antennal Tobe (AL) o f the 
brain. E_, compound eye; OĴ , optic Tobe; PR:, protocerebrum. Scale bar = T mm. B. Fronta l, cut
away diagram of the bra in , il lu s tra t in g  features of the male and female ALs: £, glomerulus; 
MGC, macrogiomerular complex ; MC, medial group of nerve-ce ll somata; JX, la te ra l group of 
neuronal somata. Other abbreviations: ANWC, antennal mechanosensory and motor center in the 

deutocerebrum; SEG, subesophageal ganglion. Scale bar = 0.5 mm

pheromone components have arborizations in  the MGC /3 , 13, 15/. Thus, the 
male's o lfacto ry  system consists of two p a ra lle l sub-systems: a sexually 
dimorphic " la b e lle d -lin e " subsystem specialized to detect and process in 
formation about the sex pheromone, and a more complex subsystem tha t pro
cesses information about p lant (and probably other environmental) odors 
encoded in  "across-fiber" patterns of physio log ical a c tiv ity .
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Fig. 2, Diagrams of the le f t  hemi-brain of adult M. sexta (dorsal view, an terio r at top), 
schematically il lu s tra t in g  common types of sexually isomorphic (A,D) and male-specific (B,D) 
AL neurons. A. LN with soma in  the la te ra l group of neurons (LC) and arborizations in many 
ordinary glomeruli (G). B. Male-specific LN with soma in the LC and arborizations in the 
macroglomerular complex (MGC) as well as many ordinary glomeruli. C. PN with soma in the 
medial group of neurons (MC), arborizations confined to a single ordinary glomerulus, and an 
axon projecting into the protocerebrum through the inner antenno-cerebral tra c t (or antenno- 
glomerular tra c t, AGT) to the calyces of the ip s ila te ra l mushroom body (CMB) and the la te ra l 
protocerebrum (LPR). D. Male-specific PN with soma in the MC, arborizations confined to the 
MGC, and an axon projecting through the AGT to the CMB and the LPR. AC, anterior group of AL 

neuronal somata; OL, optic lobe; EC, oesophageal foramen

Most of the neurons in  the AL c e ll groups f a l l  in to  two main classes 
/3 , 0, 10, 13, 15/: lo ca l interneurons (LNs), which are confined to the 
AL, lack axons, have multiglomerular arboriza tions, and usually or always 
have th e ir  c e ll bodies in  the la te ra l group, and p ro jection  neurons 
(PNs), which have d e n d ritic  arborizations in  the AL neuropil and axons 
th a t project out of the AL (Fig. 2). Uniglomerular PNs have th e ir  c e ll 

bodies in  the medial or anterior AL c e ll group, and multiglomerular PNs 
have th e ir  somata in  a pa rticu la r c lus te r in  the la te ra l group / 8 , 10/ .  
The axons of d iffe re n t types of PNs p ro jec t in  cha rac te ris tic  patterns
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in to  the protocerebrum d iffe re n t AL output trac ts  / 8 , 10/. Much has been 
learned about the physiology of the PNs, but only recently have the 
physiological properties and functions of the LNs been examined sys
tem atica lly .

Each antennal-receptor axon provides exc ita to ry , apparently cho- 
linge rg ic  synaptic input to neurites of AL neurons innervating the glomer
ulus to which i t  pro jects /17 /. These prim ary-afferent synapses usually 
or always involve LNs (Refs. 8 , 15 and Christensen, Waldrop, Harrow & 
Hildebrand, in  preparation). Thus LNs are ty p ic a lly  interposed between 
prim ary-afferent inputs to and PN outputs from the glomeruli. Some of the 
physiological properties and functions of these LNs have been revealed 
through the use of in tra c e llu la r  recording and sta in ing, immunocytochem- 
is t r y ,  pharmacology, and other methods. The LNs ty p ica lly  are spiking 
interneurons tha t respond to o lfac to ry  s tim ula tion  of the ip s ila te ra l 
antenna with monosynaptic exc ita tion  and/or polysynaptic exc ita tio n  or 
in h ib it io n  (Ref. 15 and Christensen, Waldrop, Harrow & Hildebrand, in  
preparation).

Insights about the role of LNs have come from studies of certa in  
m ale-specific, pheromone-specialist MGC PNs tha t can discrim inate between 
the two most important components of the female's sex-pheromone blend (the 
Cj£ aldehydes E10,Z12-16:AL and E10,E12,Z14-16: AL) by v irtue  of the fac t 
tha t stim ulation of the ip s ila te ra l antenna with one of these key com
ponents excites the c e ll whereas antennal s tim ula tion  with the other com
ponent in h ib its  the c e ll /3 , 5, 6/ .  This and other in h ib ito ry  input to 
MGC PNs appears to be due to chemical-synaptic transmission mediated by Y- 
aminobutyric acid (GABA), one of the most prominent neurotransmitters in 
the ALs /18 /. The in h ib ito ry  postsynaptic po ten tia l (IPSP) reverses below 
the PNs' resting po ten tia l and is  mediated by an increased Cl conductance 
/1 8 /. This IPSP can be inh ib ited  revers ib ly  by p icro tox in , which blocks 
GABA-receptor-gated Cl channels, and by b icucu lline , a blocker of verte
brate САВАд receptors. Furthermore, applied GABA also hyperpolarizes the 
postsynaptic neuron, and th is  response can be blocked revers ib ly  by b i
cucu lline , ind ica ting  that b icucu lline  d ire c tly  blocks GABA receptors. 
Such GABAergic synaptic transmission is  essentia l to the c r i t ic a l  a b i l i t y  
of the specialized AL PNs to fo llow  in te rm itte n t pheromonal s tim u li /4 / .

To reveal which AL neurons contain GABA and might be responsible 
fo r in h ib ito ry  synaptic input to PNs, we used immunocytochemical methods 
employing GABA-specific antisera /11 /. A ll of the GABA-immunoreactive 
neurons in  the AL have somata in  the large la te ra l c e ll group of the AL.
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There are approximately 350 GABA-immunoreactive LNs and 110 GABA-positive 
PNs ( i . e .  about 30% of the neurons in  the la te ra l c e ll group appear to be 
GABAergic)/8 , 11/. Most (and possibly a l l )  of the LNs are GABA-immunore
a c tive , and most (or a l l )  of these c e lls  are probably in h ib ito ry  in te r -  
neurons. Further immunocytochemical studies have shown, moreover, tha t 
many o f the LNs contain one or more putative neuropeptides colocalized 
w ith  GABA / 8 , 9 /. Although one of these peptides has been isolated and 
found to  be a new member of the FLRFamide subfamily of the FMRFamide 
fam ily  of neuropeptides (a decapeptide we have named ManducaFLRFamide 
/1 4 /), the chemical id e n tit ie s  and physio log ica l functions of neuropep
tid e s  in  the AL la rge ly  remain to be explored.

To te s t the idea tha t in h ib it io n  of PNs is  mediated through LNs, 
we d ire c t ly  examined synaptic in te ractions between pairs of AL neurons 
(Christensen, Waldrop, Harrow & Hildebrand, in  preparation). Using in t ra 
c e llu la r  techniques,we passed current in to  one neuron while monitoring 
a c t iv i ty  in  the other. None of the PN-PN pa irs  examined showed any cur
rent-induced in te rac tions , but a s ig n if ic a n t proportion of the LN-PN pa irs  
studied exhibited such in te rac tions , a l l  of which were u n id ire c tio n a l. 
That is ,  LN a c t iv ity  could influence PN a c t iv i ty ,  but not vice versa. De
p o la riz in g  current in jected in to  an LN, causing i t  to produce spikes, was 
associated with a cessation of f ir in g  in  the PN. Spike-triggered averag
ing revealed a weak, prolonged IPSP in  the PN. Cross-correlation analysis 
also revealed a weak in h ib ito ry  in te rac tion , polarized in the d ire c tio n  
from LN to PN. When the simultaneous responses of the two neurons to o l
fac to ry  stim ulation of the ip s ila te ra l antenna w ith the sex-pheromone com
ponent E10,Z12-16:AL were recorded, a b r ie f period of in h ib it io n  was ob
served in  the LN, and th is  was followed sh o rtly  thereafter by a trans ien t 
increase in  the f ir in g  frequency in  the PN. This suggests that the exc i
ta t io n  in  the PN is  mediated through d is in h ib it io n . That is ,  the LN that 
synap tica lly  in h ib its  the PN may i t s e l f  be in h ib ite d  by o lfacto ry  inputs, 
probably through another interneuron.

Thus studies to date have gathered evidence that LNs (a) are 
m ultiglom erular amacrine interneurons confined to  the AL and with th e ir  
somata in  i t s  large la te ra l c e ll group, (b) receive most or a l l  of the 
prim ary-a fferent synaptic input to the AL, (c ) usually or always are GABA- 
e rg ic  in h ib ito ry  interneurons, (d) provide in h ib ito ry  synaptic input to 
AL PNs and other LNs, and (e) contain puta tive  neuropeptides colocalized 
w ith  GABA. Many aspects of the physiology, synaptic re la tionsh ips, and
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functions of LNs remain to be investigated. One in trigu ing  observation 
tha t suggests that the physiology of LNs is  complex is  the fin d in g  tha t 
in tra c e llu la r  recordings from LNs c h a ra c te r is tic a lly  exh ib it m u ltip le  
spike amplitudes (Ref. 15 and Christensen, Waldrop, Harrow & Hildebrand, 
in  preparation). This property suggests tha t LNs have m ultip le sp ike -in 
i t ia t io n  s ites  and region(s) of low safety facto r fo r ac tion -po te n tia l 
propagation, as has been described fo r ce rta in  neurons in  other species. 
I t  would not be surprising to learn tha t LNs function as "m u ltip lex 
neurons", with d iffe re n t, e le c tr ic a lly  iso la ted and excitab le  "com
partments" of the neuron pa rtic ipa ting  re la t iv e ly  independently in  d i f 
fe rent neural c irc u its  in  the AL.
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When testing a large number of antisera against tachykinins o f various verte
brates and one insect (the cockroach Leucophaea maderae) we found three d is tin c t 
populations of tachykinin-immunoreactive neurons in the blowfly: (1) one recognized 
by antisera against substance P, (2) another by antisera against the frog peptide 
kassinin and (3) a th ird  with antisera raised against the cockroach peptide Leuco- 
kin in I .  As a comparison tests on the cockroach Leucophaea showed tha t only a n ti
sera against neurokinin A (NKA) and leucokinin I  gave immunostaining, RIA and 
immunocytochemical displacement tests demonstrated that the each o f the three lis te d  
types of antisera was specific  for the corresponding antigenic peptide and showed 
v ir tu a lly  no cross re a c tiv ity  with the other tachykinin peptides. By immunocyto- 
chemistry we have mapped the three populations of tachykinin-immunoreactive neurons 
in the blowfly CNS. Two constitute unique sets of interneurons that were previously 
not detected with other antisera, the th ird , recognized by antisera against sub
stance P, is  a subpopulation of the FMRFamide immunoreactive neurons. The leuco
kin in immunoreactive material in  the blowfly seems to be chemically d iffe re n t from 
that in Leucophaea and also the sets of neurons immunolabelled in  the two insect 
species are to some extent d iffe re n t. The preliminary resu lts presented here in 
dicate the presence of m ultiple forms of tachykin in-like peptides in  the blowfly 
and that these are d is tin c t from those in the cockroach. From the immunocyto- 
chemistry i t  appears tha t the insect tachykinins may be involved in  a varie ty  of 
regulatory functions in  the CNS and in some cases possibly act as neurohormones.

Keywords : Neuropeptide -  tachykinins -  immunochemistry -  insect nervous 
system -  cockroach -  blowfly
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Introduction

A number of neuropeptides with homologies to  vertebrate tachykinins 
have been isolated from the nervous system and corpora cardiaca of d i f 
fe re n t insect species w ith  the use of a sens itive  cockroach hindgut con
tra c tio n  bioassay /4 , 7, 8 ,11 /. They have been given names re fle c tin g  the 
insect species from which they were iso la ted: Leucokinins I —V I I I , Locus- 
tatachykin ins I —IV the Achetakinins I-V. The amino acid sequence of these 
neuropeptides, especia lly th a t of the leucokin ins, is  at f i r s t  glance not 
s t r ik in g ly  homologous to  any of the numerous vertebrate tachykinins, but 
in  those positions where amino acid differences occur, single nucleotide 
substitu tions  in  the codons of th e ir  precursors would su ffice  to y ie ld  a 
product with greater homology /11 /. As suggested by the above authors, we 
henceforth re fer to th is  group of peptides as insect tachyk in in -like  
peptides.

In spite of the large success in is o la tin g  tachyk in in -like  peptides 
from insect nervous tissue , we do not yet know anything about th e ir  ce l
lu la r  lo ca liza tion . A ll published accounts re ly  on immunocytochemistry 
employing d iffe re n t antisera  against substance P or bombesin/gastrin-re- 
leasing peptide (summarized in  Ref. 14). Another problem is  that only 
such tachyk in in -like  neuropeptides that have e ffe c ts  on cockroach hindgut 
muscle have been iso la ted . I t  is  thus possible tha t there are insect 
tachykinins that escaped detection since they were inac tive in  the hindgut 
bioassay. To search fo r such tachykinins we have employed antisera 
against heterologous tachykinins fo r immunocytochemistry combined with 
radioimmunoassay and chromatography. We show in  the present paper tha t in  
the b low fly and cockroach there may be several sets of neurons that con
ta in  d iffe re n t ta ch yk in in - like  peptides. One of these sets could be iden
t i f ie d  with antisera ra ised against the cockroach neuropeptide leucokinin 
I  /1 3 /, the others were recognized by antisera against various vertebrate 
tachykinins and the cephalopod peptide e ledo is in  /9 , 10, 12, 14/.

Materials and Methods

Cockroaches, Leucophaea maderae and b lo w flie s , Phormia terraenovae 
from laboratory colonies were used in the experiments.
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Immunocytochemistry

Antisera against leucokinin I  were produced by immunizing f iv e  rab
b its  with synthetic leucokinin I  (Peninsula) conjugated to bovine serum 
albumin with 1.5-d ifluoro-2 .4-d in itrobenzene as described by Nässel and 
Lundquist /13 /. The antibody t i t e r  in the sera was determined in  sub
sequent bleedings by radioimmunoassay (RIA) using /-^ ^ /-B o lto n -H u n te r 
leucokinin I  as tracer and the s p e c if ic ity  and cross re a c tiv ity  of the 
antisera has been extensively tested /13, in  prep .). Immunocytochemistry 
was also performed on both insects with d if fe re n t antisera against sub
stance P (including monoclonal antibodies; SP mab), neurokinin A, kas- 
s in in , e ledoisin , physalaemin and bombesin (see Tables 1 and 2). Also 
these antisera were tested on insect tissue a fte r preabsorption with 
leucokinins I ,  I I  and VI, substance P, kassinin and FMRFamide.

The brains from the insects were fixed in  4% paraformaldehyde in 
phosphate bu ffe r. Immunocytochemistry was performed on cryostat sections 
(23 urn) or whole brains with the peroxidase antiperoxidase method.

Radioimmunoassay (RIA)

Combined water- and acetic acid extracts from f ly  heads and bodies 
were measured in  RIA with antiserum against kassinin (K12) and w ith  Bol- 
ton-Hunter- 'I-neurokin in  A (NKA) as tracer ( fo r  d e ta ils , see Refs 1, 
18). For cockroaches, combined water- and acetic acid extracts from heads 
were measured in  RIA w ith the NKA5 antiserum using the same trace r as 
above. Samples of extracts were assayed in  various d ilu tio n s  and the 
binding compared to that obtained with standard concentrations o f synthet
ic  tachykinins (kassin in , NKA, leucokinins I ,  I I  and VI) was also meas
ured by RIA /see also Refs 1, 19/. Details of the RIA protocols w i l l  be 
published elsewhere / 10/ .

Results

Blowfly brain

Analysis nf wholemounts and cryostat sections of b low fly brains 
labe lled  with d iffe re n t tachykinin antisera revealed three d is t in c t  pat
terns of immunolabelled neurons (Fig. 1). One pattern was obtained with 
the substance P antisera SP2 and SP8 (pattern PI of Table 1), another 
w ith an antiserum against kassinin and a monoclonal substance P antibody 
(pattern P2) and the th ird  with antisera against leucokinin I  (pattern 
P3). Each population of immunoreactive neurons was d is t in c t and no overlap 
between the populations could be seen.
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Immunolabelling with d iffe re n t tachykinin antisera

Antiserum Code Phormia Leucophaea Source of antiserum 
and reference

Substance P SP2 PI nl E. Brodin, Stockholm /1 /
SP8 PI nl P. Emson, Cambridge, UK /14/
SP mab P2 L3 Accurate Chemicals, Westbury, 

N.V. /3 /
Neurokinin A NKA5 nl L2 E. Brodin /1 /
Kassinin K12 P2 nl E. Theodorsson, Stockholm /18/
Leucokinin I 9028/7 P3 LI D. Nässel, Stockholm /13/

9027/7 P3 LI D. Nässel /13/
Bombesin Milab nl nl Milab, Malmö, Sweden
Physalaemin Milab nl nl Milab
Eledoisin E 7 nl L2 E. Theodorsson /18/

Pl-3 and LI and L2 re fer to d iffe ren t labe lling patterns described in the te x t, 
n l = no labe lling
L3 pattern is  not described in text

Pattern £1

The polyclonal substance P antisera SP2 and SP8 label about 40 c e ll 
bodies in  the blowfly brain. These are d is tribu ted  in  the protocerebrum, 
deutocerebrum and subesophageal ganglion (Fig. 1). Their processes invade 
the fan-shaped body of the centra l body complex, dorso-la te ra l and ventro
la te ra l protocerebral neuropil, the medulla of the optic  lobe, poste rio r 
deutocerebrum and subesophageal neuropil. Preincubation of these antisera 
with substance P eliminated immunoreaction, but preincubation w ith kas- 
s in in , leucokinins I ,  I I  and VI and FMRFamide had no e ffe c t on immuno
la b e llin g . The neurons labe lled  with these antisera are a subpopulation 
of the FMRFamide and SCPg immunoreactive neurons (Fig. 2) as determined 
by immunocytochemical double la b e llin g  /12 /. The immunoreactive materia l 
recognized by the polyclonal SP2 and SP8 antisera has not yet been char
acterized and the fac t tha t a l l  immunoreactive neurons are a subpopu
la tio n  of the SCPg/FMRFamide immunoreactive neurons leave i t  open whether 
the antisera recognize N-terminus extended forms of FMRFamide re lated

< -----------------
Fig. 1. Tracings of the three patterns of neuronal c e ll bodies iimunolabelled with antisera 
against d iffe ren t tachykinins: at top the substance P antisera SP2 and SP8, in middle the 
kassinin and monoclonal substance P antisera, bottom the leucokinin I  antiserum (posterior 
leucokinin-immunoreactive neurons are shown s tipp led ). No overlap could be seen between the 
three populations of neurons. Abbreviations fo r a l l  tracings: AL = antennal lobe; PB = pro
tocerebral bridge ; FB = fan-shaped body; EB = e llipso id  body; No noduli; CB = centra l body; 
E - esophageal foramen; SEG = subesophageal ganglion; DL = optic lobe; dc = deutocerebral 
neurons; dp and dp2 = dorsal protocerebral neurons; pp = posterior protocerebral neurons;

tc - tritocerebra l neurons
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F ig. 2, The polyclonal substance P antisera (SP2, SP8) label neurons that constitue a sub
population of the FMRFamide and SCF g immunoreactive neurons in Phormia. This diagram shows 
the SCPg immunoreactive neurons in  Phormia. Eight sets of neurons indicated by arrows and 

numbers also contain substance P immunoreactivity

peptide(s) or a ta ch yk in in -like  peptide colocalized with a FMRFamide 
re la ted one.

T atte rn  P2

The kassinin antiserum and the monoclonal antibody against substance 
P label about 120 neurons in  the brain, d is tr ib u te d  in  the protocerebrum, 
deutocerebrum, tritocerebrum  and the subesophageal ganglion (F ig. 1). 
Their processes invade the fan-shaped body, d is t in c t non-glomerular 
neuropil in  protocerebrum, the antennal lobes and tr ito ce re b ra l and sub
esophageal neuropil. Kassinin antisera preincubated with kassinin gave no 
immunolabelling, whereas preincubation w ith substance P, leucokinins I ,  
I I  and VI and FMRFamide had no e ffect on the immunoreaction.

£ a _ t t ; e r n  £ 3

The leucokinin I  antisera label about 60 neurons in  the brain located 
in  protocerebrum, deutocerebrum and subesophageal ganglion (F ig. 1).
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Log Cone, (fmol/ml)
Fig. 3, Serial d ilu tio n  curves of extracts from f ly  heads and bodies in comparison with 
synthetic kassinin as measured in kassinin RIA. The abscissa depicts logarithm ica lly the 
concentration of synthetic kassinin. The inserted abscissa shows the logarithmic number of 
f ly  heads and bodies. The ordinate represents the ra t io  of bound labelled peptide together 
with standard/extract (B) and bound labelled peptide without addition of any peptide/extract

(Bo)

Their processes invade pars in te rce reb ra lis , the fan-shaped body (F ig. 
7a), the medulla, the antennal lobes and subesophageal neuropil. Preab
sorption of leucokinin I  antisera with leucokin in I  elim inated immuno- 
la b e llin g  and leucokinins I I  and VI subs tan tia lly  reduced the immunolabel- 
lin g . No e ffec t on immunolabelling was, however, seen in  e ithe r insect 
a fte r preincubation of antisera with kassin in, substance P or FMRFamide.

From the above resu lts  i t  appears tha t at least three d iffe re n t 
tachyk in in -like  peptides may ex is t in  the b low fly brain and that they are 
d is tribu ted  in three d is t in c t populations of neurons. Two of these popu
la tions  may contain peptides that are more re la ted to vertebrate tachy- 
k in ins.

In radioimmunoassay, the d ilu tio n  curves of both f ly  head- and body 
extracts were almost p a ra lle l to that of synthetic  kassinin (F ig. 3). The 
to ta l amounts of kass in in -like  immunoreactivity were 2.0 fmol per head 
and 2.5 fmol per body (expressed in equivalents of kassin in). Kassinin
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Log Cone, of peptides (M)
Fig. 4, Sg-ial d ilu tions of peptides (NKA, KAS, LK I , LK I I  and LK VI) in the concentration 
range 10 -  10 И as measured in  the kassinin RIA. Kassinin and NKA react s im ila r ity  with
the KAS-antiserum, but with a s lig h tly  lower binding capacity for NKA. leucokinins I ,  I I  and 

VI do not cross-react at a l l  with the KAS-antiserum. Legend as F ig. 3

and NKA react with the kassinin antiserum to almost the same extent (F ig. 
4) /see also Ref. 18/. As shown in  Fig. 4, leucokinins I ,  I I  and VI do not 
cross-react at a l l  w ith the kassinin- or NKA antisera ind ica ting  tha t the 
ka ss in in -like  immunoreactive material in  f ly  head- and body extracts and 
the NKA-like material in  cockroach head extracts is  not closely re la ted to 
the leucokinins.

Cockroach brain

There are about 150 leucokinin immunoreactive (LKIR) c e ll bodies in 
the brain of the cockroach /13 / (re ferred to as pattern LI in  Table 1). 
These are d is tribu ted  singly or in a few clusters (F ig. 5). A c lus te r of 
about 80 LKlR neurosecretory ce lls  were found in  the median neurose
cretory c e ll group (MNC) located dorsa lly  in  the protocerebrum. These 
neurosecretory c e lls  send axons via the NCC1 nerves to the corpora car- 
diaca. In the corpora cardiaca th e ir  axons form masses of varicose LKIR
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term inals. A ll the LKIR c e ll bodies in  the cockroach brain are found in  
the protocerebrum and at the base of the medulla in  the optic lobe. Pro
cesses of the LKIR neurons are d is tribu ted  in  the central body (F ig . 7b), 
antennal lobe (from protocerebral c e ll bodies) and optic lobe (F ig . 7b) 
and in  many regions of non-glomerular neuropil. The optic lobe neurons 
have c e ll bodies at the basal portion of the medulla and supply fib e rs  to 
the lobula and the medulla (especia lly an accessory lobe of the basal 
medulla shown in  Fig. 7d), but not the lamina. The leucokinin immuno- 
la b e llin g  in  the cockroach brain was abolished by preincubation w ith 
leucokinin I ,  while preincubation with the re la ted peptides leucokinins I I  
and VI only p a rtly  reduced i t ,  and with substance P, kassinin or FMRFamide 
did not reduce the immunolabelling.

With antisera against neurokinin A and e ledois in , immunoreactivity 
was detected mainly in  the visual system of the cockroach (pattern L2 in  
Table 1). In the optic lobe a group of c e ll bodies located basal to the 
lamina were labelled with both antisera (colocalized immunoreactivity). 
Processes from these c e ll bodies invade the lamina and the d is ta l portion  
of the medulla (F ig. 7c). Numerous fibe rs  connect these two neuropils. No

Fig. 5. Leucokinin I  immunoreactive neurons in the brain of the cockroach Leucophaea maderae 
(fro n ta l view, from wholemount). Anterior neurons are depicted in  black, posterior ones are 
stippled. A ll c e ll bodies are found in  the protocerebrum and the optic lobe (OL). Neurons of 
the median neurosecretory c e ll group (MNC) send axons to the corpora cardiaca (via NCC 1).

Altered from Nässel and Lundquist (1991)
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c e ll  bodies could be detected in  any other portion  of the cockroach brain, 
but fib e rs  could be seen in  commissures of the protocerebrum. The poly
c lona l substance P antisera and those d irected against kassinin, bombesin 
and physalaemin did not label any neurons in  the brain. So fa r i t  thus
seems that there are a t least two d is t in c t patterns of tachykinin-immuno-
reactive  c e ll bodies in  the cockroach bra in . Possibly the other leuco- 
k in in s  ( I I —V I I I ) are also d is tribu ted  in  d iffe ren t populations of brain 
neurons in  Leucophaea.

The RIA d ilu t io n  curve obtained w ith cockroach head extract was
p a ra lle l to tha t of synthetic NKA (Fig. 6) ind ica ting  that the NKA-like

Fig. 6, Serial d ilu tio n  curve o f extracts from cockroach heads in comparison with synthetic 
Neurokinin A (NKA) as measured in  RIA. The abscissa represents logarithmic values of concen
tra t io n  of synthetic NKA. The upper abscissa (inse t) shows the logarithmic number of cock

roach heads. Legend as F ig. 3

----------------- >
Fig. 7. Micrographs o f cryostat sections (fron ta l sections) labelled with tachykinin an ti
sera. a and b. Leucokinin I  immunoreactivity (LKIR) in  central body (CB) of blowfly (a) and 
cockroach (b). Note la be lling  in 'lower CB d iv is ion  in f ly  and upper in cockroach. LKIR 
fibe rs  are also seen in  pars intercerebralis (P I), c . NKA immunoreactive fibe rs  in  lamina 
(La) and d is ta lly  (arrow) in medulla (Me) of cockroach, d. LKIR in medulla o f cockroach. 
Note dense innervatiomof accessory medulla neuropil (arrow) and only sparse d is tr ibu tion  in

d is ta l medulla layer ( le f t )
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immunoreactive m ateria l in  the cockroach is  s tru c tu ra lly  re la ted to NKA. 
The to ta l amount of NKA-like immunoreactivity was approximately 80 fmol 
per head (expressed in  equivalents of NKA). The NKA antiserum does not 
cross react with the leucokinins in  RIAs.

Table 2
The amino acid sequence of tachykinins used fo r antisera production'

Leucokinin I  

Locustatachyklnin I 

Eledolsin 

Kassinin 

Neurokinin A 

Physalaemin 

Substance P 

Bombesin

Asp-Pro-Ala-Phe-Asn-Ser-Trp-Gly-NH.. 

Gly-Pro-Ser-Gly-Phe-Tyr-G ly-Val-Arq-NH„ 

pGlu-Pro-Ser-Lys-Asp-Ala-Phe-I le -Gly-Leu-Met-NH,, 

Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH„ 

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH., 

pGlu-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH„ 

Arq-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NĤ  

pGlu-Gln-Arq-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH„

The Locustatachykinin I  sequence is  shown only as a reference

Discussion

We have indicated here that both in  the blowfly and the cockroach 
bra in  there may be several d iffe re n t tachyk in in -like  peptides d is tribu ted  
in  d iffe re n t populations of neurons (Table 1). The immunocytochemical 
find ings have been p a r t ia l ly  supported by radioimmunoassays of tissue ex
tra c ts  from the two insects. Research in  progress, using HPLC combined 
w ith  RIA, w i l l  hopefu lly y ie ld  a better characterization of the leuco
k in in  I ,  kassinin and substance P immunoreactivity in  Phormia and the 
neurokinin A /e ledoisin and leucokinin I  immunoreactivity in  Leucophaea. 
In  the la tte r  insect e igh t d iffe re n t leucokinins have been iso la ted / 8 , 
11/ and we have only tested antisera against one of them, leucokin in I .  
In  our cross re a c t iv ity  tests we have shown tha t the leucokinin I  a n ti
sera cannot be completely inactivated w ith leucokinins I I  and VI; the 
leucokinins I I I -V  and V II and V III  have not yet been tested. The po ss ib il
i t y  thus remains tha t there is  fa r more d ive rs ity  in  the d is tr ib u tio n  of 
tachykin in-like  peptides in  the two studied insects than we have shown 
here. This is  not unexpected since the tachykinin family is  large and in 
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div idual species of insects, lower vertebrates and mammals express several 
tachykinin peptides in  the nervous system /4 -6 , 8/ .  In mammals the m u ltip 
l i c i t y  is  also seen in  receptor types and physiological actions / 6 , 15/.

Judging from the immunocytochemistry, insect tachykinins may also 
have many d iffe re n t functiona l ro les. A ro le  fo r leucok in in -like  peptide 
as a neurotransmitter or modulator in  the insect brain is  implied by the 
presence of LKIR in  synaptic neuropils such as the central body, the 
op tic  lobe and the antennal lobes as well as in  many regions of non-glom- 
eru lar neuropil. In the cockroach leucokin in (s) may also be released in to  
the c ircu la tio n  from the corpora cardiaca as has been shown fo r several 
other neurohormones of peptide type /1 6 /. One of the known actions of 
leucokinin I  is myotropic e ffects  on the cockroach hindgut /2 , 7, 8/ .  This 
action is  probably not by d irec t innervation since no LKIR fib e rs  were 
seen innervating the cockroach hindgut (Nässel et a l. ,  J. Comp. Neurol., 
in  press). A survey of d is tr ib u tio n  of LKIR in  d iffe re n t insect species 
(Cantera and Nässel, Cell Tissue Res., in  press) indicate several p e r i
pheral targets of innervation by leucokinin immunoreactive neurons: v is 
ceral muscle, heart muscle, spec ific  ske le ta l muscles, spiracles and 
neurohemal organs.

The other tachyk in in -like  peptides can also be found in  the centra l 
body in d iffe re n t laminar patterns, some of them in  the optic lobes or 
antennal lobes ind ica ting  neurotransmitter/neuromodulator ro les. The 
polyclonal antisera against kassinin, neurokinin A and eledoisin and the 
monoclonal substance P antibodies do not seem to label any e ffe ren t axons 
or neurohemal s tructures, in  contrast to the leucokinin and polyclonal 
substance P antisera /10, 12/.

I t  is  quite remarkable how diverse theexpression of d iffe re n t neuro
peptides is  in  the simple insect brain and in  concert with numerous puta
t iv e  neuroactive compounds of amine and amino acid type, chemical trans
mission may be of a staggering complexity. C learly we need to study the 
lo ca liza tio n  of binding s ites  fo r the d if fe re n t tachyk in in -like  peptides 
in the CNS and periphery and analyze actions a t the suggested peripheral 
target organs.
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tissue d is tribu tion  and chromatographic characterization. Regül. Pept. 9, 229-244.
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EVIDENCE FOR OCTGPAMINERGIC NATURE OF PERIPHERALLY PROJECTING 

DUM-CELLS, BUT NOT OHM-INTERNEURONG IN LOCUSTS*
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In locusts, a median neuroblast in each segmental ganglion gives rise  to 
numerous unpaired progeny -  the well known peripherally projecting dorsa l-, oc
casionally ven tra l-, unpaired median (DUM-, resp. VUM-) neurones together with the 
lesser known DUM-interneurones /12 /. We examine the reputed octopaminergic nature 
of th is  nerve c e ll lineage using an anti-octopamine serum recently developed by M. 
Eckert and 0. Rapus /7 / .  This antiserum labels in each segmental ganglion numerous 
midline neurones, id en tifia b le  as DUM- and VUM-cells by th e ir soma sizes and 
positions, projections in DUM-tracts and characteris tic  T-junctions with b i la te ra l
ly  projecting axons. A ll octopamine imnunoreactive ШМ-, and VUM-neurones appear to 
project to peripheral nerves; the ir numbers correspond to the number o f peripheral
ly  projecting DUM- and VUM-neurones iden tified  so far in the examined ganglia. Pre
sumptive DUM-interneurones, i.e .  smaller somata interspersed between the p e ri
pherally projecting DUM-cells are not octopamine immunoreactive, but, confirming 
other studies /25 /, display GABA-like immunoreactivity. We thus suggest, tha t of 
the whole DUM-cell population in the examined ganglia, a l l  and only periphera lly 
projecting DUM-neurons are octopaminergic.
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Introduction

In locusts there occurs a population o f dorsal midline neurones 
which descend from a s ing le  median neuroblast in  each segmental ganglion; 
they are thus unpaired, in  contrast to a l l  other neurones /7 /.  These so- 
ca lled  dorsal unpaired median (DUN-) neurones, include e fferent c e lls , 
which project b i la te ra lly  via contra latera lly homologous nerves, and in 
terneurones /17 /. I t  is  w idely assumed tha t a l l  DUM-neurones are octo- 
paminergic since 1) several peripherally p ro jec ting  DUM-neurones modulate 
the con trac tile  properties of skeletal and v isce ra l muscles in  the same 
fashion as applied octopamine; 2) some e ffe re n t DUM-cells were shown to 
contain octopamine, and 3) numerous dorsal m idline ce lls  s ta in  with 
neu tra l red, but not w ith  the Falck-H illarp technique /4 / .  However, not 
a l l  dorsal midline c e lls  are DUM-neurones /5 /  and neutral red also sta ins 
peptiderg ic ce lls  /1 0 /. Furthermore, one locust OUM-cell is  FMRFamide- 
l ik e  immunoreactive / 6/  and DUM-interneurones were reported to be GABA- 
immunoreactive /17 /. We thus investigated the reputed octopaminergic 
nature of the DUM-cell lineage employing a new anti-octopamine serum 
developed by M. Eckert and co-workers /3 / .

Methods

Octopamine immunocytochemistry

The thoracic and abdominal ganglia of adu lt Locusta m igratoria and 
Schistocerca gregaria were excised, fixed  (2h, 6% glutaraldehyde, 0.5% 
ace tic  acid in saturated aqueous p ic r ic  a c id ), dehydrated and embedded in 
p a ra ff in . Sections (10 /urn) were cut, rehydrated, washed in  buffer (0.1M 
Tris-HCl, pH 7.6), trea ted with sodium borohydride (.1%, 3U min,), washed, 
incubated in  normal goat serum (NGS, Sigma; 1 :10), and incubated over
n igh t in  anti-octopamine serum (1:1000, 20UC). A fte r washing and incubat
ing in  goat a n ti- ra b b it IgG (Sigma, 1:40, lh ) ,  bound antibody was re
vealed by the peroxidase-antiperoxidase method /1 5 /, using diaminoben- 
z id ine as substrate. For whole mounts, fixed  ganglia were treated with 
collagenase/dispase (1%, 3h) and incubation times in  primary and second
ary antisera extended (48h).

The octopamine antiserum was produced by M. Eckert and co-workers, 
who demonstrated i t s  s p e c if ic ity  fo r octopamine and lack of cross reac
t i v i t y  with other biogenic amines by immuno dot -  b lo t analysis /3 /.  
Furthermore, sections incubated in the absence of primary antiserum, or 
in  primary antiserum preabsorbed with octopamine-glutaraldehyde conjugate 
showed no immunoreactivity.
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GADA iininunocytochemistry

For GABA-immunocytochemistry we employed the same protocol as fo r 
octopamine-immunocytochemistry, om itting sodium borohydride treatment, 
using a well characterized anti-GABA serum.

Results

□ctopamine immunoreactive DUM-neurones

Consistent numbers of m id-line DA-IR somata occurred in a l l  examined 
ganglia (Table 1). These could be id e n tif ie d  as e ffe ren t DUM-neurones by 
th e ir  cha rac te ris tic  sizes (40-60 yum diameter), positions (Fig. 1) and 
projections (see below and Reference 16).

Table 1
Numbers of □ctopamine-immunoreactive somata

PRO- MESO- MEIA- Al A2 A3 A4--6 A7d* A7+ IGcf TG?

range 6-0 14-19 14-21 2-3 2-3 2-3 3 7-8 7-8 9-11 9-11
DUM-cells mean 6.8 15.6 16.0 2.7 2.9 2.7 3 7.7 7.9 9.7 10.1

s.d. 1.0 1.6 2.7 0.4 0.3 0.5 0 0.7 0.6 0.8 0.3
n 12 21 25 20 20 20 41 10 18 10 19

Ant. medial 2 0 0 0 0 0 0 0 0 0 0
Ventral la t . 2 ' 2 2 20 0 0 0 0 0 0 0

VUM-neurones. Pro-, Meso-, ffeta: pro-, meso- and metathoracic ganglion. A l, 2, 3: f i r s t  3 
abdominal neuromeres. A4-6: free pregenital-, A7: g e n ita l-, TG: term inal- abdominal 
ganglion

The 8 prothoracic DA-IR DUM-cells could e ith e r stretch a n te rio rly  
from the posterio r ganglion end in  a near continuous band (Fig. 2A1), or 
form two discrete c luste rs (Fig. 1). The la t te r  arrangement was occasion
a lly  observed fo r the 20 or so mesothoracic OA-IR DUM-cells (F ig. 2B) a l
though they were more often clustered together dorso-medially between 
the posterior connectives (F ig. 1). In the metathoracic ganglion there 
are also some 20 OA-IR DUM-cells, stretching p o s te r io r ly , from the crutch 
of the an te rio r connectives, fo r some 300/urn.

In abdominal ganglia 1-3 (fused to the metathoracic ganglion) occur 
3 OA-IR DUM-cells. Often, 1 or 2 of these lay ventra l (Figs 1, 2C1, C2,
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Fig. 1. Map of OA-IR somata in  thoracic and abdominal ganglia, open c irc le s : DUM-cells. 
Large f i l le d  c irc les VUM-cells. Small f i l le d  c irc le s : paired ventral c e lls . Hatched

c irc les : anterior medial ce lls

4A, B); they are probably also median neuroblast progeny, but due to 
th e ir  position termed ven tra l unpaired median (VUM-) neurones /1 2 /. Simi
la r ly ,  in  the term inal abdominal ganglion, composed of neuromeres 8 to 
11, up to 3 of the 11 counted OA-IR-DUM-cells lay ventral (Figs 1, 2E2). 
The 3 OA-IR DUM-somata of free abdominal ganglia and the 8 of gen ita l 
ganglia (A7) in  both sexes f i l l  the extreme posterio r ganglion end, so



Fig. 2. Whole mounts showing OA-IR somata. A, B, C, D, E: pro-, meso-, meta-, male 7th 
abdominal-, and male terminal ganglion. -1 : dorsal, -2 : ventra l views. Double arrows A l: 
anterior medial c e lls , single arrow corresponds in position to arrow in ventral view A2 
where paired ventra l ce lls  are shown. Arrows in C2: paired ventral ce lls  in metathoracic- 
and 1st abdominal neuromere. Scale bar. Al, B, Cl, C2 200yum; A2, 70 ûm; D, E l, E2 100yum
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Fig. 3, OA-IR labe lling  in horizontal (A, B) and saggital (C, D) sections. A: meso-, B: 
female 7th abdominal-, C: meso and D: prothoracic ganglion. Arrowheads in A and B: 2 axons 
pro jecting to nerve 1. Single arrowheads in C and 0: superfic ia l DUM-tract, double arrow
heads: deep DUM-tract. Double arrows in D: anterio r medial ce lls . Scale bar: A 150 yam;

B, C, D 100 urn. Neuropile areas etc. are named according references /11, 18/

th a t the term dorsal or ventra l looses i t s  descriptive value (Figs 1, 
2D, 3B).

Saggital sections show that the OA-IR DUM/VUM-neurones pro ject 
through known DUM-cell tra c ts  (Figs 3C, D, 4A, B): in  thoracic ganglion 
v ia  both the deep- and the s u p e rfic ia l-  DUM-tract (DDT, SDT a fte r Watson 
/1 9 ), but in  abdominal ganglia in  DDT only (Figs 4A, B). Primary neurites 
o f abdominal VUM-cells ascend to p ro jec t via DDT (Figs 4A, B). A fter 
passing through the DUM-tracts, primary neurites of a l l  c e lls  b ifu rca te  
forming T-junctions cha rac te ris tic  of DUM-cells (Figs ЗА, В). With re
spect to la b e llin g  of neuropile, a l l  do rso -la te ra l areas invaded by DUM- 
c e lls ,  contained numerous OA-IR dend ritic  p ro file s  (Fig. 4A, B).

A ll the OA-IR DUM-cells appear to p ro jec t via peripheral nerves. Of 
the 8 prothoracic OA-IR DUM-somata, 6 p ro jec t towards the root of nerve 3
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Fig. 4. Comparison of octopainine- (A, B) and GABA- (C) immuno-reactive stainings in  cor
responding saggital sections of metathoracic ganglion. A is  a drawing of fl. Scale bar:

100 yum

11
Й

1
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(N3), 1 exits N1, and 1 enters the an te rio r connective via the dorsal 
median tra c t (DMT). The la t te r  probably stem from a prothoracic DUM-cell 
which enters the suboesophageal ganglion to e x it  i t s  peripheral nerves 
/1 / .  None of the meso- and metathoracic DUM-cells pro ject to connectives, 
but 2 e x it N1 (F ig . ЗА) and the remainder extend to the ganglion's rims, 
where id e n tifie d  DUM-cells branch to e x it  several peripheral nerves /1 9 /.

In pregenital abdominal ganglion (A1-A6), 2 of the 3 OA-IR DUM- 
(VUM-) sonnata e x it N1 and the 3rd N2. Though the numbers of OA-IR DUM- 
(VUM-) ce lls  in the sexually dimorphic g e n ita l (A7) and terminal ganglia 
(TG) are the same in  both sexes, there are d ifferences in th e ir  pro jec
tio n s . Preliminary data indicate the fo llow ing  arrangements. In A7 of 
males, axons of 2 OA-IR DUM-cells e x it N1, and 1 ex its  N2, but the re 
mainder (5) a l l  seem to  descend to the TG and e x it the genita l nerves, 
present only in  males. In  females 2 OA-IR DUM-cells project via N1, but 
the rest ( 6 ) probably a l l  via N2 (Fig. 3B). In the male TG, 2 OA-IR DUM 
c e lls  project ot N1 of the 8th -, 2 to N1 of the 9th-, 1 to N2 of the 
8th - ,  1 to N2 of 9th-neuromere and the remainder (5) seem to leave via 
the gen ita l nerve. The female TG lacks the g e n ita l nerve, and we estimate 
th a t 6 OA-IR DUM-cells p ro jec t to N2 of the 9th neuromere, th is  being the 
only difference to males.

Paired OA-IR neurones

In the prothoracic ganglia there also occur a pair of a n te rio r, 
medial, m id-line OA-IR-somata (Figs 1, 2A1, 3D). Unlike DUM-cells these 
neurones project to  the ventral median tra c t  (VMT). We suspect they are 
paired progeny of m id line precursors such as H -ce lls  /7 /.  The only other 
OA-IR neurones we found were paired, ve n tra l, s lig h tly  la te ra l c e lls  
located poste rio rly  in  each thoracic-, and also the f i r s t  abdominal 
ganglion (Figs 1, 2A2, C2, 3D). These 8 c e lls  pro ject intersegm entally, 
and give rise  to OA-IR p ro file s  in neuropiles not invaded by DUM/VUM- 
neurones (an te rio r, medial and ventral-most ven tra l association centres: 
aVAC, mVAC and vVAC; F ig . 4A).

Presumptive DUM-interneurones express GABA-like immunoreactivity

Since a l l  OA-IR DUM c e lls  of thoracic and abdominal ganglia appear 
to  be e fferent, the DUM-interneurones /1 7 / are un like ly  to be octopamin-
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erg ic ; th e ir  presumed inon-stained somata in  the metathoracic ganglion are 
v is ib le  in  Fig. 4B, interspersed between e ffe ren t OA-IR DUM-cells. In a 
corresponding section, processed fo r GABA-immunocytochemistry (F ig . 4C), 
the presumptive GUM-interneurones are GABA-IR, whereas the la rger DUM- 
c e lls  are not.

Discussion

In accordance with find ings tha t octopamine occurs in  a few id e n ti
fie d  periphera lly pro jecting  GUM- and VUM-neurones /4 / these c e lls  are 
shown here, and elsewhere /В /, to be OA-IR. The population of presumed 
DUM-interneurones, on the other hand, are not GA-IR but display GABA-like 
IR. Thus, e fferent and interneuronal DUM-cells seem to cons titu te  two 
heterogeneous groups w ith respect to the id e n tity  of th e ir  probable trans
m itte r, and also most l ik e ly  in  th e ir  function (see also /1 7 /) .

The prothoracic ganglion has some 8 DA-IR DUM-cells, but there are 
no other estimates on the number of these c e lls . In metathoracic ganglia, 
however, 16 peripherally pro jecting  DUM c e lls  have been id e n tif ie d : 2
DUM1; 1 DUM3; 9 DUM3, 4; 2 DUM3, 4, 5 and 2 DUM5 (/7 , 9, 19/; numbers
give nerves containing axons). At least 2 others ex is t since 6 DUM c e lls  
e x it nerve 5 /13 /, but only 4 have been in d iv id u a lly  id e n tif ie d , bringing 
the to ta l to at least 10. An equal number probably occur in  the meso- 
thoracic ganglion. These figures compare with some 20 OA-IR periphera lly  
pro jecting  DUM-neurones in  these ganglion.

Cobalt stainings show tha t locust abdominal ganglia contain numerous 
m idline somata with b ila te ra lly  pro jecting axons /3 , 12/. However, de
sp ite  basic s im ila r it ie s  to id e n tif ie d  DUM-cells, stainings of in d iv id u 
als show ihat many are d is t in c t ly  d iffe re n t to DUM-cells /5 / and probably 
not progeny of the median neuroblast; some occur in the 11th abdominal 
neuromere /12/ which has no median neuroblast /2 /.  In fa c t abdominal 
ganglia 4-6 has only 3 e ffe rent neurones with DUM-cell typ ica l f in e  mor
phology /5 / which corre lates with 3 OA-IR DUM-cells. The gen ita l ganglion 
(A7) are lik e ly  to have 7-0 e ffe ren t DUM-cells /12/ and the term inal 
ganglion 11 ( in  prep.). Again these figures match the number o f OA-IR 
DUM-cells.

Since the numbers of e ffe ren t DUM c e lls  revealed by immunocyto- 
chemistry correspond almost completely to the numbers revealed by cobalt
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s ta in ing  techniques, we suggest that a l l  periphera lly  pro jecting DUM- 
c e lls  in  the examined ganglia are lik e ly  to be octopaminergic. Supporting 
th is  idea, s ilve r sulphide staining fo r metal cofactors of octopamine 
biosynthesis /14/ also reveals 10-21 DUM-cells in  each pterothoracic 
ganglion, a l l  of which appear to be e ffe re n t. This method also labels 
paired ventral somata in  positions corresponding to those we locate by 
immunocytochemistry. Our sta inings show tha t these paired ventral neu- 
ronesform a p lurisegm entally projecting network: th e ir  possible function 
as modulators of cen tra l c irc u its  must be considered in  future studies.
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Octopamine-immunoreactive neurons within the ventra l nerve cord of the cock
roach, Periplaneta americana, were mapped with a new anti-octopamine serum. The 
s p e c ific ity  of th is  antiserum was demonstrated by dot b lo t immunoassay and by com
paring the immunocytochemical staining patterns obtained a fte r incubation with 
anti-dopamine and anti-octopamine serum.

Putative octopaminergic dorsal and ventral unpaired median (DUM resp. VUM) 
neurons showed octopamine-like immunoreactivity in a l l  ventral ganglia. The numbers 
of DUM ce lls  in the mesothoracic, metathoracic and terminal ganglia of females cor
respond to those previously characterized by retrograde staining /19, 33, 34/. I t  
could be shown that besides segmentally projecting there are also intersegmentally 
projecting DUM neurons within the thoracic ganglia. In addition various, previous
ly  unknown, paired octopamine-ir ce lls  were revealed in  a l l  ventral ganglia except 
the abdominal ganglia 2-5.

Keywords : Octopamine-like immunoreactivity -  DUM neurons -  cockroach ventral 
nerve cord -  insects

In t r o d u c t io n

The biogenic amine octopamine has been chemically assayed w ith in  a l l  
ganglia of the cockroach nervous system /13, 22, 27/. In insects i t  seems 
to act as a hormone, neuromodulator, or neurotransm itter (reviews: 1, 9,
14, 15). Nevertheless, i t s  topographica d is tr ib u tio n  w ith in  the nervous
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system has not yet been investigated due to the lack of a sp e c ific  a n ti
serum against th is  phenolamine. Putative octopaminergic neurons are 
members of the population of dorsal unpaired median (DUM) neurons demon- 
s ta rted  in  ventral ganglia of several insect species inc lud ing cock
roaches. Hoyle (1975) f i r s t  suggested the octopaminergic nature of DUM 

neurons in  locusts, since they stained w ith neutral red, and octopamine 
mimicked the action of one of them ("DUMETi"), on the extensor tib ia e  
muscle. Subsequent chemical studies revealed octopamine in  the soma of 
DUMETi /16 / and a DUM c e ll supplying the locust oviduct muscle /2 4 /, as 
w e ll as in  DUM ce lls  of cockroaches /1 0 / and f i r e f l ie s  /7 / .  The DUM ce lls  
in  the cockroach ventra l ganglia have not been as well studied as those 
o f locusts (25, 34, 35). Furthermore, i t  is  unknown, whether neurons 
other than DUM ce lls  contain octopamine.

In our study, therefore, neuron populations with octopamine-like im- 
munoreactivity were mapped w ith in  the ventra l nerve cord using a newly 
developed anti-octopamine serum.

Materials and Methods

Adult female cockroaches (Periplaneta americana) were taken from a 
laboratory breeding stock at least 14 days a fte r the imaginai moult. 
Animals were kept in d iv id u a lly  in  glass vessels one day before experimen
ta t io n . In order to enhance the immunostaining, most animals were in 
jected with 0.5 mg taurine 8 h before the ganglia were removed /20 /.

For immunocytochemical studies a newly developed anti-octopamine 
serum characterized by means of a dot b lo t immunoassay /11 / was used. The 
anti-octopamine serum reveals no c ro ss -re a c tiv ity  with bovine serum albu
min (BSA)-glutaraldehyde conjugates of dopamine, noradrenaline and sero
ton in , but cross-reacts with tyramine at the highest concentration we 
tested (10 n g /u l). Preincubation of the antiserum with tyramine-BSA con
jugate eliminated the immunoreaction w ith  the tyramin conjugate in  the dot 
b lo t immunoassay, but not with the octopamine conjugate. The pattern of im 
munocytochemical tissue sta in ing was not influenced by tyramine-BSA incu
bation. The high s p e c if ic ity  of the antiserum fo r octopamine in  the insect 
nervous system is  thus demonstrated.

The presented resu lts  are based on analysis of wholemounts and 
p a ra ffin  sections stained with peroxidase-labelled antibodies. For paraf
f in  sections, ganglia were fixed in  15 ml aqueous saturated p ic r ic  acid,
5 ml 25s» glutaraldehyde, 0.2 ml acetic acid, and 20C mg sodium metabisul
f i t e  (SMB). The f ix a t iv e  fo r wholemounts contained 50% less g lu ta ra lde
hyde. Wholemounts were stained a fte r pre treating  with collagenase/dispase 
(Boehringer) using a sheep a n ti- ra b b it IgG peroxidase conjugate (Zentra l
in s t i t u t  fü r Molekularbiologie, Berlin-Buch) by the in d ire c t immunoenzyme 
technique. The PAP technique was used to  sta in  pa ra ffin  sections. Before 
s ta in ing  with primary antibody, a 15-min incubation in  0.1 M TRIS con
ta in in g  0.5% (wholemounts) or 1% sodium borohydride (p a ra ffin  sections)
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and 1% SMB is  necessary. The anti-octopamine serum was d ilu ted 1:500 fo r 
wholemounts and 1:1000 fo r pa ra ffin  sections. To fu rthe r estab lish the 
s p e c if ic ity  of the s ta in ing  obtained with the anti-octopamine serum, 
pa ra ffin  sections were also stained w ith an anti-dopamine serum ( g i f t  of 
H. Steinbusch, Amsterdam).

In tra c e llu la r cobalt staining was performed according to the tech
nique described by Pflüger and Watson /26 /.

Results

The most noteworthy resu lt of our studies is  that only few neuron 
populations exh ib it octopamine-like immunoreactivity (ÜA-IR) in  the 
ganglia of the ventra l nerve cord. In the metathoracic ganglion, fo r ex
ample only 0.4% of the to ta l neurons show 0A-IR, whereas 30% e xh ib it 
GABA-like IR /3 /.  Three main c e ll types with octopamine-like IR can be 
distinguished. Most prominent are dorsal and ven tra l midline neurons 
w ith in  a l l  ventral ganglia that can be id e n tif ie d  as DUM or VUM neurons 
due to th e ir size, pos ition , pro jection in  OUM-tracts and typ ica l T-junc
tions . A second, midline c e ll type, the anterio r medial ce lls , were found 
exclusively in  the prothoracic ganglion and have also been described in  
cricke ts  /18/ and locusts /32 /. The th ird  type, ventral paired small 
posterio r ce lls , were loca lized w ith in  the suboesophageal, prothoracic, 
and mesothpracic ganglia (Table 1). These three c e ll types are v is ib le  in  
wholemounts of the prothoracic ganglion (Fig. 1). Other types of ventra l 
paired neurons were stained in  various ganglia.

PRO MESO META

Fig, 1, Scheme of d is tr ibu tion  of dorsal (black c irc les) and ventra l (open c irc les ) neurons 
with 0A-IR within the thoracic ganglia. PRO: prothoracic, MESO: mesothoracic, and META:

metathoracic ganglion
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Table 1
Survey o f the main types and number (n) of neurons with 

octopamine-like immunoreactivity

Ganglia DUM/VUM ce lls Unpaired anterior 
ce lls

Paired ventral 
ce lls

Suboesophageal ganglion 16/2 0 2 (anterior)

Prothoracic ganglion 8 2
2 (posterior) 

2
Mesothoracic ganglion 8 0 2
Metathoracic ganglion 8 0 0
Fused abdominal ganglion 2+2 0 0

Free abdominal ganglia 
1-5

or 1+3 

4 0 0
Abdominal ganglion 6 35/6 0 20

F ig , 2. Main types of octopamine-immunoreactive neurons in  wholemounts of the prothoracic 
and mesothoracic ganglion. 1. DUM neurons, 2. unpaired anterior c e lls , 3. paired ventral 

c e lls  (arrowheads). Scale bar: 100 urn

A detailed analysis of the ' DUM c e ll populations in  cockroach 
ganglia is  s t i l l  lack ing . DUM neurons were id e n tif ie d  in the mesothoracic 
and metathoracic ganglion /2 , 12, 19, 35/ and p a rtly  in  the suboesophage- 
a l /2 5 / and terminal ganglia /34 /. Thus, the f i r s t  complete mapping of 
DUM neurons could be performed fo r the ven tra l ganglia using the new 
anti-octopamine serum (Table 1). In wholemcunts, the arrangement of DUM 
c e l l  groups w ith in the ganglia was easy to demonstrate (F ig. 1).

16 OA-IR dorsal m id line somata were found w ith in  the suboesophageal 
ganglion. These c e lls  are probably the same DUM neurons found in  locusts 
/5 , 6 /, but u n t il now not id e n tif ie d  in  cockroaches. The DUM c e ll groups 
comprise eight somata in  each thoracic ganglion (Figs 1 and 2) positioned
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Fin- 3, Octopamine-immunoreactive DUM c e ll group of the mesothoracic ganglion. The anterior 
(ant) ce lls  form the superfic ia l DUM tract (SDT) and the posterior (post) neurons the deep 
□UM c e ll tract (DDT). IV, V, VI. dorsal commissures 4, 5, and 6. Bar scale: 50 ûm

Fig. 4, D ifferent DUM c e ll projections revealed a fte r in tra c e llu la r Co - f i l l in g .  Peri
pheral projections of anterior DUM ce lls  (A, B) as well as peripheral and intersegmental 

projections of a posterior DUM neuron (0)

towards the posterio r border of the ganglia. Each group is  composed of 
fiv e  anterior and three posterior perikarya forming separate fib re  
bundles (Fig. 3) in  the upper supe rfic ia l DUM-tract (SDT) and the lower 
deep DUM-tract (DDT). Both trac ts  run a n te rio rly  and branch in 1 he dorsal 
neuropile at the leve l of the dorsal commissure 2 (DC2) forming the char
a c te r is tic  T-junctions. I n i t ia l  in tra c e llu la r  cobalt sta in ing in  the meso
thoracic ganglion indicates that some DUM neurons pro ject exclusively in
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Figs 5. and 6, Wholemounts of the th ird  free abdominal (Fig. 5) and the term inal ganglion 
(F ig. 6) exh ib iting the typ ica l patterns of DUM ce lls  with OA-IR. Scale bars: 100yjm

Fig. 7. Cross section of the terminal ganglion with immunoreactive DUM c e lls  and a VUM 
neuron in the ventral cortex. Scale bar: 50 urn
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the segmental nerves of the ganglion, but a posterio r DUM ce lls  form both 
segmental and intersegmental pro jections (F ig. 4).

Within the metathoracic ganglion the DUM c lus te r corresponding to 
the metathoracic segment is  arranged in  the middle of the dorsal c e ll 
cortex, whereas the four DUM/VUM c e lls  of the fused f i r s t  abdominal 
ganglion are pos te rio rly  positioned.

Within the free abdominal-ganglia (1-5) a pattern of 4 DUM neurons 
at the posterior border of the ganglia is  repeated (F ig. 5). One of the 4 

c e lls  was frequently found ven tra lly  (VUM), especia lly in  the abdominal 
ganglia 3-5. The neurites of these abdominal DUM ce lls  .jo in  a n te r io r ly  as 
a s ing le  tra c t corresponding to DDT.

A s tr ik in g  DUM pattern is  observed in  the term inal ganglion. Three 
expanded DUM c e ll groups each consisting of twelve neurons occupy the 
dorsal midline of the ganglion (Fig. 6). Two VUM (?) neurons appear op
posite these groups in  the ventral cortex (F ig. 7). The an te rio r c e ll 
group was id e n tif ie d  as the DUM and VUM c e lls  tha t supply the musculature 
of the oviduct /34 /.

Anterior medial neurons with octopamine-like IR considered to be DUM 
neurons were f i r s t  described by 18 and 29 in  the prothoracic ganglion of 
c ricke ts . This c e ll type, which is  re s tr ic te d  to the prothoracic ganglion, 
also ex is ts  in  cockroaches (Fig. 1) and locusts /3 2 /. These medial c e lls  

give r ise  to intersegmentally running fib re s  in  crickets /1 8 /, cock
roaches /11/ and locusts /32 /.

Paired ventral posterio r octopamine-ir neurons were found in  the 
suboesophageal, prothoracic and mesothoracic ganglia of Periplaneta ame- 

ricana . In contrast to locusts /32/ they did not appear in  the metathorac
ic  ganglion of the American cockroach. I t  seems that these c e lls  are 
also intersegmentally organized octopaminergic neurons, because th e ir  
neurites could be followed through the ven tra l intermediate tra c t in to  the 
connectives.

The comparative investigations of cockroach and locust ganglia 
reveal a high degree of conformity regarding the organization of the 
octopaminergic system in  both insect orders.

A more detailed description of the d is tr ib u tio n  of neurons w ith 
octopamine-like immunoreactivity in the ventra l nerve cord of Periplaneta 
americana has been published /11/.
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Discussion

In the l ig h t  of the high sign ificance of octopamine in  insect physi
ology a topochemical analysis of i t s  d is tr ib u tio n  w ith in  the nervous sys
tem is  an important step fo r the in te rp re ta tio n  erf physio log ica l, pharma
co log ica l, and biochemical resu lts . By means of a well characterized new 
polyclona l antiserum we have been able to provide the f i r s t  systematic 
mapping of neurons w ith octopamine-like IR in  the ventral nerve cord of 

Periplaneta americana. We have shown tha t the putative octopaminergic DUM 
c e l l  populations in  Periplaneta americana / 2, 8, 10, 12, 34, 35/ labe l 
w ith  anti-octopamine antibodies. Octopaminergic DUM c e lls , as descendants 
o f the median neuroblast, occur in  a l l  ven tra l ganglia. Immunocytochemi- 
c a lly  we can d is tingu ish  segmentally and intersegmentally p ro jecting  
neurons. Recently, the cytoarchitecture of DUM neurons was analyzed in  
locusts /4 , 17, 26, 36, 90/, crickets /1 8 /, and cockroaches /2 , 36/. The 
investiga tions of 18 demonstrate the physio log ical and morphological 
d iv e rs ity  of DUM c e lls  of the prothoracic ganglion in  c ricke ts . Our own 
in tra c e llu la r  cobalt sta in ing  of DUM neurons of the mesothoracic ganglion 
confirm  these studies.

Besides "pure" segmentally organized DUM ce lls  there are also 
"mixed" DUM neurons, w ith processes in  the segmental nerves and connec
tiv e s  as described previously fo r the metathoracic ganglion /3 5 /. These 
probably correspond to the three poste rio r DUM ce lls  of the thoracic 
ganglia which p ro jec t via the deep DUM c e ll tra c t.  We do not yet know 
whether th is  DUM c e ll  type characterized here fo r the mesothoracic 
ganglion, and also described by Tanaka and Washio /35/ fo r the metathorac
ic  ganglion, has only peripheral targets or also central p ro jections.

Peripheral innervation via the connectives by a DUM neuron was de
monstrated fo r the prothoracic ganglion of locusts /4 / and also a centra l 
supply of the brain by DUM neurons of the suboesophageal ganglion /6 / ,  
but there is  no knowledge about the morphology and function of the in te r 
segmentally organized octopamine-ir an te rio r medial and paired ven tra l 
pos te rio r ce lls . Besides the well established physiological e ffec ts  on 
periphera l muscles the centra l function of octopaminergic neurons must be 
taken in to  consideration /28, 30, 31/. Immunocytochemistry, tracer
techniques, and electrophysiology should be he lp fu l in  the analysis of 
cen tra l octopaminergic networks.
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oesophageal ganglion complex; only the cerebral and buccal ganglia are 
separated by long connectives from the rest of the CNS. The pond sna il, 
Lymnaea stagnalis, though belonging to the Pulmonates, represents an in te r
mediate stage, where ce n tra l ganglia have already got near to each other, 
but the connectives are c le a r ly  v is ib le  throughout.

A ll the three species represent important objects (models) fo r 
studying aspects of neurotransmission and pharmacology of molluscan 
neurons (see e.g. 12, 14) as well as c e llu la r  basis of behaviour (see 
e .g . 1, 9). At the same tim e, l i t t l e  is  known about the transm itter-con
ta in in g  neurons from a comparative point of view, invo lv ing also the 
id e n t if ie d  neurons connected to known regulatory processes. Therefore, a 
comparative analysis of CNSs, representing d if fe re n t leve ls of evolution
ary development, from the po in t of view of neurotransmitter d is tr ib u tio n  
might be of importance to  gain information on i )  certa in  general rules 
and evolutionary aspects o f the organization of the nervous system, and 
i i )  possible functiona l aspects of transm itte r sp e c ific  neurons or 
neuronal ce ll groups. Data to be obtained on the chemical-neuroanatomical 
organization of the gastropod CNS would serve as a basis fo r  physiolo
gists, among others, by the v isua liza tion  o f novel, yet unknown neuronal 
populations and innervation  re la tionships, both p o te n tia lly  contributing 
to  known regulatory and behavioural processes.

We performed a comparative analysis in  two ways: in  v e r t ic a l and in 
ho rizon ta l d irec tion . In the f i r s t  case, the charac te ris tics  (see above) 
o f neurons stained w ith  one antibody was compared in  the CNS of d iffe re n t 
species. In the second case, the characte ris tics  of neurons immunostained 
fo r  several antibodies was compared in  one species.

In a f i r s t  attempt, the d is tr ib u tio n , size, number, arborization 
cha rac te ris tics , and p ro jec tion  (innervation) areas of immunoreactive 
neurons and neuronal populations, respective ly, were compared in  the 
ce n tra l nervous system o f the sea hare, Aplysia c a lifo rn ic a , the pond 
s n a il,  Lymnaea s tagna lis  and the te r re s tr ia l (land) s n a il, Helix pomatia, 
a f te r  the application of the follow ing antibodies: an ti-sero ton in  (a5-HT, 
In cs ta r, USA), anti-dopamine (aDA, 6, 7), anti-FMRFamide (aFMRFa, Incstar, 
USA) anti-methionine-enkephalin (aMet-Enk, Incs ta r, USA) and an ti-leuc ine - 
enkephalin (a-Leu-Enk, In c s ta r , USA). Immunocytochemical la b e llin g  was per
formed according to Sternberger's PAP-method /13 / e ithe r on wholemounts 
/1 1 / or on cryostate sections.
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Fig. 1. 5-HT-inmunoreactive neurons of d iffe ren t size in the rig h t cerebral ganglion of 
Lymnaea stagnalis. Branchings of the primary neurite of the metacerebral giant neuron (MGC) 

are also well be seen (arrowheads), x 250
Fig, 2, Small-size met-enkephalin-immunoreactive neurons (arrow) and varicose fibers in the 
neuropil (np) in the le f t  pa rie ta l ganglion of Helix pomatia. epic: cerebro-pleural connec

tive . X 150
Fig. 3, 5-HT-immunoreactive fibers (arrows) surround unlabelled neuronal c e ll bodies (P) in 

the rig h t pedal ganglion of Aplysia c a lifo rn ic a . x 150
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Based on the immunocytochemical observations (Figs 1 -4 ,/see also 3, 
4 ,5 ,0 ,10 /), data on the number, d is tr ib u tio n , and main pro jection  areas 
o f the immunoreactive neurons are summarized in  Tables 1 and 2. I t  can be 
seen that the neuropil of the ganglia and the peripheral nerves are equal
ly  in tensive ly supplied by immunoreactive f ib e rs , a fte r la b e llin g  with 
any of the an tise ra , except a-Leu-Enk. Leu-Enk-1R seems to show a gradual 
disappearence in  the CNS of the three species. Meanwhile in  Aplysia Leu- 
Enk-IR occurs both in  the ganglia (here in  c e ll bodies and fib e rs ) and in 
peripheral nerves, i t  is  present only in  fib e rs  in  Lymnaea and is  com
p le te ly  missing in  H e lix . As to the axo-somatic in te ractions and con
nective tissue sheath innervation around the ganglia, and nerves, i t  can 
be established tha t mainly 5-HT-IR and FMRFa-IR elements are involved in 
these contacts (Figs 3, 4b, and Table 1). Met-Enk-IR varicose fib e rs  form 
a much less dense network in  the sheath. I t  suggests that a neurohormonal 
ro le  could f i r s t  of a l l  be a ttribu ted  to 5-HT and FMRFamide (and related 
substances), and in a  much less extent fo r  Met-Enk in  the Helix nervous 
system. 5-HT-IR and FMRFa-IR va rico s itie s  are also involved in  neuro
muscular junctions in the sheath of Helix ganglia /3 , Elekes and Ude, un
published'/. On‘the other hand, i t  is  s tr ik in g  that the connective tissue 
capsule of Aplysia is  completely free of any immunoreactive fib e rs  (Table 
1, Fig. 4c). These "uneven" d is tr ib u tio n  of immunoreactivity indicates i )  
differences between neurotransmitters in  th e ir  possible roles w ith in  one 
gastropod species and i i )  a gradual rearrangement and/or broadening of 
neurotransmitter functions in  the gastropod nervous system.

Analysis of the to ta l number and the ganglionic d is tr ib u tio n  of im
munoreactive neurons (F ig . 2, Table 2) reveals in  the Helix CNS, on one 
hand, a s ig n ific a n t increase of number of peptidergic neurons and a con
siderable s h if t  of neurons toward the cerebral ganglia on the other. The 
m ajority  of cerebral neurons proved to be peptidergic interneurons of 
small size (15-20 /urn), at least as fa r  as th e ir  arboriza tion  could be 
traced in the A ra ld ite  sections. These "peptidergic" interneurons are 
e ith e r local or p ro jec tive  interneurons, th is  la t te r  connecting d iffe re n t 
ganglia through the connectives. Hence, we suggest an important, yet un
known role of sm all-s ize peptidergic interneurons in  in teg ra tive  pro
cesses in  the Helix CNS.

An important question at th is  stage of comparative investiga tions is : 
what could be the"reason" evoking th is  s ig n ific a n t increase of pep
tid e rg ic  interneurons in  the cerebral ganglia?For a possible answer one
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ct

C

Fig. 4. Immunoreactive fibe rs occur in d iffe ren t density in the connective tissue sheath of 
central connectives and peripheral nerves, a) Network of FMRFamide-immunoreactive varicose 
fibers (arrowheads) in the sheath of the cerebro-buccal connective in Lymnaea. x 150 b) A 
single varicose met-enkephalin-immunoreactive fibe r (arrowhead) in the cerebro-pleural con
nective in Helix, x 150 c) Following anti-5-HT staining no immunoreactivity can be seen in 
the sheath (c t) in one of the pedal nerves in Aplysia, meanwhile the nerve i t s e l f  contains

many labelled axons, x 100
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Table 1
Projection areas of immunoreactive neurons

Helix pomatia

Neuropile Axo-somatic Sheath Periphery

5-HT +++ +++ +++ +++
DA +++ - - +
FMRFa +++ ++ ++ +++
m-Enk +++ -/+ + +++
1-Enk - - - -

Lvmnaea staqnalis

5-HT +++ ++ ++ +++
DA +++ - - ++
FMRFa +++ ++ +++ +++
m-Enk ++ - - ++
1-Enk + " " +

Aplvsia ca lifo rn ica

5-HT +++ +++ _ +++
m-Enk +++ - - ++
1-Enk +++ - - +

Table 2
Percentage d is tr ib u tio n  of immunoreactive neurons in ganglia of the CNS

Helix pomatia

Total 
N r.

BG CG VG
Г .

PaG PIG PdG

5-HT 300 10 10 7 1 _ 72
FMRFa 1100 65 3 7 10 10 5
m-Enk 1500 72 1 2 5 10 10

Lymnaea staqnalis

5-HT 230 _ 24 7 9 3 _ 57
FMRFa 230 5 45 20 20 3 3 4
m-Enk 200 4 35 2 2 1 1 55

Aplvsia ca lifo rn ica

5-HT 140 _ 30 25 _ 45
m-Enk 210 17 11 17 31 24
1-Enk 70 14 14 12 20 40
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might look in  the evolutionary development. A change from the aquatic to  
the te r re s tr ia l l i f e  may have resulted in  important a lte ra tions in  the 
qua lity  and quantity o f sensory information reaching te r re s tr ia l animals 
from th e ir  surrounding. Increased sensory inpu t would ce rta in ly  need 
d iffe re n t or additional sets of machinery of in teg ra tion , m irrorred, among 
others, by an increased number of interneurons which use neuropeptides fo r  
neurotransmission processes.
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This study gives a detailed description of the central representation of the 
head regions in the cerebral ganglion a fte r para lle l n ickel-lysine and coba ltic - 
lysine ba ck filling  of d iffe ren t pairs of cerebral nerves. The b a c k fillin g  of the 
cerebral nerves demonstrate d iffe ren t groups of labelled neurons in the cerebral 
ganglion as in the procerebrum, mesocerebrum, metacerebrum, as well as in  the 
pleural, pedal and comissural lobes of the postcerebrum. Each head area except the 
anterior and posterior tentacle is  represented in each labelled c e ll group. The 
tentacleas are not represented in the mesocerebrum and the pedal lobe o f the post- 
cerebrum. The d iffe rent head areas in the procerebrum, metacerebrum and the pleural 
lobe are represented in fronto-caudal a somatotopic order.

Keywords: Somatotopy -  cerebral ganglion - Helix pomatia - Со/N i b a ck fillin g

In t r o d u c t io n

The cerebral ganglion in many respects has functions s im ila r to the 
brain of vertebrate animals. The gastropod cerebral ganglion can be con
sidered as a center of nervous in teg ra tion  since they receive a ffe ren t in 
puts from the main sensory areas of the head as the an te rio r and pos
te r io r  tentacles, the mouth and the lip s ,  as well as the eyes.Furthermore, 
the cerebral ganglia have through th e ir  connectives d ire c t connections
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w ith other ganglia as the p leu ra l, pedal, and buccal ganglia. On the basis 
of th e ir  immense sensory input, the cerebral ganglia are capable fo r in 
formation processing and generation of motoric command impulses to the 
head regions, there fo re , they can serve as centers fo r d iffe re n t be
haviors and as feeding /7 ,10 , 11/, withdrawal re fle x  /3 , 17/, and visual 
behavior /15 /.

Ihe way of tra n s la tio n  of sensory s ignals in to  e ffe rent command im
pulses is  not yet known, lo  the resolution of th is  problem the knowledge 
o f the organization p r in c ip le  of the gastropod cen tra l nervous system is  
required. Recently, on explanation raised concerning the organization of 
the gastropod CNS is  the c lus te riza tion  of the neurons in the d iffe re n t 
ganglia, where the members of the clusters have s im ila r properties and can
not be immediately d istinguished from each other /2 , 8 , 9/. The neurons 
in  a few clusters proved to  have s im ila r function  as mechanoreception / 1 , 
14/, or are hormone producers or have motor functions /3 , 17/. In mam
malian brain the sensory and motor functions are separated in to  d is t in c t 
c o r t ic a l areas in  which the d iffe re n t body regions are somatotopically 
represented /12, 16, 18/. E a rlie r, we studied the representation of the 
mouth region of Helix on the labelled neurons sending axonal processes 
through the l ip  nerves to  th is  head region, but we f a i l  to separate a 
d is t in c t  group of labe lled  neurons in the cerebral ganglion representing 
a d is t in c t  l ip  nerve, but found labelled neurons d is tribu ted  throughout 
the cerebral ganglion a fte r  b a c k fillin g  each l ip  nerve /4 / .  S im ilar 
re su lts  were obtained on Aplysia cerebral ganglion where each cerebral 
nerve was represented in  each c luster of the cerebral ganglion / 8/ .  This 
study describes the cen tra l representation of the d iffe re n t head regions 
on cerebral neurons tha t send axonal processes to the d iffe re n t head 
regions, applying p a ra lle l cobalt and n icke l lys ine  b a c k fillin g  on d i f 
fe ren t pairs of cerebral nerves. Furthermore, th is  study gives the precise 
innervation of the d if fe re n t head regions by the d iffe re n t cerebral 
nerves, applying anterograde nickel lys ine transport through the cerebral 
nerves. The d is tr ib u tio n  of n ickel and cobalt labe lled  neurons is  ana
lyzed with the consideration of the innervation of the d iffe re n t head 
areas by the d if fe re n t cerebral nerves to investiga te  i f  there is  a 
somatotopic representation of the head regions on the cererbral ganglion.
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M a te r ia ls  and Methods

Adults of Helix pomatia were used, collected lo c a lly  in  the Tihany 
peninsula. The p a ra lle l coba lt-lys ine  and n icke l- lys in e  b a c k fill in g  of 
the cerebral nerve was made on d iffe re n t pairs of nerves and the f i l l i n g  
was carried out according to Hernádi et a l. /4 / .  The cobalt and n icke l 
ions taken up by the neurons were developed in  rubeanic acid /1 3 /. In the 
wholemount preparation the cobalt containing neurons showed orange, the 
nickel containing neurons showed blue co lon iza tion . The loca tion  and 
d is tr ib u tio n  of labe lled  neurons on the wholemount preparations (N = 15) 
was drawn from a stereo microscpe and was summarized in  a schematic draw
ing (Fig. 8).

To describe the innervation of d iffe re n t head areas, anterograde 
n icke l-lys ine  f i l l i n g  was performed on the d if fe re n t cerebral nerves. The 
nickel deposit in the nerves was developed in  rubeanic acid and the blue 
fibe rs  were traced in  cleared-up preparations. The results are summarized 
on a schematic drawing (F ig .8).

R e s u lts

Innervations of the d if fe re n t head areas

According to the resu lts  obtained by anterograde nickel lys ine f i l l 
ing of the cerebral nerves the mouth is  innervated dominantly by the inner 
l ip  nerve and p a rtly  by the lip  branch of the medial lip  nerve. The l ip  is  
innervated by the l ip  branch of the medial l ip  nerve. The an te rio r ten
tacle  is  innervated by the o lfac to ry  nerve, while the skin area between 
the an te rio r and poste rio r tentacles is  innervated by the skin branch of 
the inner l ip  nerve. The resu lts  are summarized on a schematic drawing 
(F ig. 8 ).

Central representation of the d iffe re n t head areas

The retrograde cobalt and n icke llys ine  b a c k fillin g s  through the d i f 
ferent pairs of cerebral nerves demonstrate labe lled  neuronal somata in  
the cerebral ganglion a fte r  b a c k fillin g  any of the cerebral nerves. The 
highest number of labe lled  neurons can be observed a fte r  the b a c k fill in g  
of the medial l ip  nerve (F ig . 1-7), while the lowest number of labe lled  
neurons can be observed a fte r  the b a c k fillin g  of the medial l ip  nerve 
(Figs 1-2). The labe lled  neurons backfilled  through l ip  nerves and the 
o lfac to ry  nerve can be observed in  d iffe re n t well separable groups lo 
cated in  d iffe re n t parts of the cerebral ganglion as the metacerebrum,
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mesocerebrum, procerebrum, as well as in  the pedal, p leura l and comis- 
su ra l lobes (Fig. 8 ). In  the metacerebrum two labe lled  c e ll groups can be 
detected. One group is  located in  the fro n ta l part of the metacerebrum 
spreading from the MGC to the base of the procerebrum (Fig. 8). The group 
consists of small diameter (8-15 /urn) neurons. Each head area is  re
presented in th is  group w ith  nearly the same sharing except the buccal 
mass which is  represented only with a few neurons. The labe lled  neurons 
are located in the order o f mouth l ip ,  an te rio r and posterio r tentacle  in 
the labelled c e ll group. The other labe lled  c e ll group consisting of 
medium sized neurons (ЗО-бО^ит) is  located caudal to the MGC and spreads 
from the MGC to the p leu ra l lobe. In th is  group numerous neurons can be 
la b e lled  through both the inner and the medial l ip  nerve (F ig. 2). Each 
head area is  represented in  the group except the buccal mass which is  re
presented only on the MGC. The d iffe re n t head areas are located on the 
labe lled  neurons in  the order of mouth, l ip ,  an te rio r and posterior ten- 
tancles in  a rostro-caudal d irec tion .

At the base of the procerebrum a small group of labelled c e lls  con 
be separated in a band spreading from the o rig ine  of the inner l ip  nerve 
to  the mesocerebrum (F ig . 3). Each head area is  represented in  the group 
in  the order of mouth, l ip ,  tentacles.

In the mesocerebrum a large labe lled  c e ll group consisting of 
medium sized neurons (60-80 ^jti) can be observed confined predominantly 
to the 'ventral surface (Figs 1, 2, 8). In th is  labe lled  c e ll group a l l  the 
head areas are represented except the an te rio r and posterior tentacles. 
The labelled neurons in  the mesocerebrum, labelled through d iffe re n t 
nerves and branches are not found in  d is t in c t groups but show a d iffuse  
arrangement. Numerous double-labelled neurons can be observed in  the meso
cerebrum after b a c k fill in g  d iffe re n t pairs of cerebral nerves.

In the pedal lobe (Figs 6 , 7, 8) a labe lled  c e ll group consisting of 
sm all- and medium-sized neurons can be observed which is  located pre
dominantly on the marginal area. The group spreads from the o r ig in  of the 
medial l ip  nerve to the cerebro-pedal connective. In the group each head 
area, except the an te rio r and posterior tentacles, is  represented. In the 
fronto-m edial part of the group, the mouth, while caudally the buccal 
mass is  represented. The mouth and the buccal mass are surrounded by the lip.

In the marginal area of the p leural lobe and in  the commissural lobe 
(F igs 4, 5) numerous small and medium sized labe lled  neurons can be ob
served. The srrall neurons are dominant close to the cerebro-pleural con-
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Fig. 1. Cobalt (red) and nickel-lysine (blue) labelled neurons are seen in the cerebral 
ganglia a fte r ba ck fillin g  of d iffe ren t pairs of nerves. On the le f t  the in n e r(iln )  and 
medial (min) l ip  nerves, while on the righ t the medial and outer (oln) l ip  nerves were

backfilled
Fig. 2. Detail of Fig. 1 demonstrating the d is tr ib u tio n  of labelled neurons in the meta- 
cerebrum (metC) a fte r b a c k fillin g  the inner l ip  nerve ( i ln )  with nickel (blue) and the 
medial l ip  nerve (min) with cobalt (red). Arrowheads show the neurons that were labelled 

through both the inner and medial l ip  nerves. Calibration bars represent 500 urn
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F ig s  3 -7 . Demonstrate the c o b a lt la b e lle d  (re d ) and n ic k e l la b e lle d  (b lu e ) neurons a f te r  
b a c k f i l l in g  the medial l i p  nerve w ith  n ic k e l and the  o u te r l i p  nerve w ith  co b a lt in  the 
d i f f e r e n t  p a rts  o f the ce re b ra l ganglion as in  the  procerebrum (PC), metacerebrum (metC) 
( F ig .  3 ) ,  on the do rsa l (F ig .  4) and V en tra l surface (F ig .  5) o f  the p le u ra l lo b e , as w e ll 
as on the  dorsa l (F ig . 6) and the  v e n tra l surface  (F ig s  3 , 7) o f the pedal lobe  ( p i ) .

C a lib ra t io n  bars rep resen t 500 rim



F ig . 8. The shcematic drawing demonstrates the in n e rva tio n  o f the d if fe re n t  head areas by the d if fe re n t  ce re b ra l nerves as w e ll as the d is 
t r ib u t io n  o f neurons in  the ce reb ra l ganglion la b e lle d  through the d if fe re n t  ce reb ra l nerves. A given c o lo r  represents a f i l l i n g  on both 
anterograde and re trog rade  d ire c t io n s  in  a given nerve as w e ll as represents areas on the head inne rva ted  by the given nerve, and the  neurons 
la b e lle d  through the given nerve, cr nave branch, a t :  a n te r io r  te n ta c le , a tb . a n te r io r  te n ta c u la r branch o f the medial l i p  nerve, f_: fo o t ,  
cc: ce reb ra l commissure, cbc: cerebro-bucca l connective , cpc: cerebro-pedal connective , e p ic : c e re b ro -p le u ra l connective , i l n : in n e r l i p  
nerve, 1_: l i p ,  lm: la b ia l  branch o f the medial l i p  nerve, mb: mouth branch o f the inne r l i p  nerve, m in: medial l i p  nerve, MC: mezocerebrum, 

b in :  ou te r l i p  nerve, on: o lfa c to ry  nerve, PC: procerebrum, p t :  p o s te r io r  te n ta c le , pn: penis nerve, sb: s k in  branch o f  the inne r l i p  nerve fo
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nective , while the medium sized neurons are dominant towards the comis- 
sure. Although labe lled  neurons can be observed a fte r b a c k fill in g  of any 
cerebral nerve, a d in s tin c t group of labe lled  neurons that represent a 
d is t in c t  head area cannot be separated, except the small group of neurons 
located at the border o f the pleural and commissural lobe, tha t represent 
the tentacles. The la be lled  neurons in  these two areas show a ra ther d i f 
fuse arrangement (F ig . 8 ).

Contralateral representation of any head region was not observed.

Discussion

The cobalt and n icke l b a c k fillin g  of cerebral nerves as well as 
th e ir  branches showed tha t labelled neurons are grouped in  d iffe re n t 
areas of the cerebral ganglion as in  the procerebrum, mesocerebrum, meta- 
cerebrum and the p le u ra l, pedal and commissural lobes of the post- 
cerebrum. Since each area of the head, except the anterior and posterior 
tentacles, is  represented in  each labelled c e ll group (they are not re
presented in the mesocerebrum and the pedal lobe)each labe lled  c e l l  group 
can be considered as a representation focus. I f  we analyze the location 
o f the labelled neurons in  the representation foc i with the consideration 
o f which neurons send processes to a d is t in c t  head area, i t  can be estab
lished  that the mouth is  usually located fro n ta lly ,  the l ip  and the an
te r io r  tentacle m edia lly , while the poste rio r tentacle is  caudally lo 
cated in most of the fo c i.  Since the order of th is  arrangement in  most of 
the foc i corresponds to  the spa tia l arrangement of the d if fe re n t head 
areas, therefore these map-like arrangement of neurons can be considered 
as a somatotopical representation.

The demonstrated m u ltip le  representation of the head areas in  the 
cerebral ganglion rises  the question of what is  the functiona l importance 
o f the d iffe re n t fo c i.  One suggestion could be that the d if fe re n t re
presentation foc i where somatotopy can be observed, are fu n c tio n a lly  d i f 
fe ren t and might be sensory, motor, or interneuronal fo c i.  In Helix 
cerebral ganglion we id e n tif ie d  two motoneurons located in  the focus of 
pedal lobe /5 / suggesting that th is  focus consists of motoneurons and in 
th is  respect i t  may correspond to a neuronal c luste r. However, the focus 
may have d iffe re n t types of neurons on the basis of th e ir  transm itte r- 
content as i t  is  demonstrated by Hernádi and Elekes / 6/ .
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However, i f  we compare the p leural lobe of H elix where one focus w ithout 
somatotopy can be observed, with that of the Aplysia where fu n c tio n a lly  
two d iffe re n t c luste rs  can be distingusihed, / 8 , 14/, and a tendency of 
somatotopy was demonstrated in  the mechanosensory c luste r /14 /, i t  can be 
established that one representation focus in  Helix cannot be considered 
func tiona lly  homolog to a c luste r described in  Aplysia /2 , 9 /. Therefore, 
a representation focus probably has to be considered a more complex un it 
than a c luster of neurons in  Aplysia. Furthermore, the observation that 
each head region is  represented in  almost each focus of cerebral ganglion 
suggests that each head area is  regulated by e fferent neurons in  a 
m ultip le  way from the d iffe re n t representation fo c i.
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Here we re p o rt on p re lim in a ry  in v e s t ig a tio n s  in to  the m orpho log ica l, neu ro - 
chem ical and e le c tro p h y s io lo g ic a l c h a ra c te r is t ic s  o f c e n tra l neurones in  the p a ra s it 
ic  nematode A scaris  suum. The neurones do no t d isp la y  a l l  o r none a c tio n  p o te n t ia ls  
and apparen tly  have low re s t in g  membrane p o te n t ia ls .  Neurones have been shown to  
respond to  a c e ty lc h o lin e . Im m unoreactiv ity  to  a d ive rse  range o f neuropeptides has 
been demonstrated.
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In t r o d u c t io n

Functional studies on the centra l neurotransmitter receptor systems 
in  nematodes has h itherto  been neglected due to the small size of many 
nematode species and the in a b il i ty  to record in tra c e llu la r ly  from the 
small number of neurones. However, the centra l nervous system of Ascaris 
has been mapped / 1/  and the organization of the motor nervous system, and 
most recently the re trovesicu lar ganglion, has been described /1 , 7 /. The 
nervous system consists of a small, but constant, number of neurones in  
id e n tif ia b le  positions. 162 of these neurones are localized in  the 
ro s tra l ganglia and some of these nerve c e ll bodies are between 30 and
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lüü yum in s ize . We describe here the immunocytochemical id e n tif ic a tio n  
of neurones in  the head ganglia and the development of a wholemount pre
paration to enable e lectrophysio log ica l recordings to be made from iden
t i f ia b le  neurones. These have enabled us to in i t ia te  the f i r s t  pharma
cological in ves tiga tio n  of centra l neurotransmission in  th is  important 
phylum.

Materials and Methods

Ascaris were obtained from loca l aba tto irs  and maintained in  v itro  
up to one week.

Immunocytochemistry

This method was established by S ith igorngu l et a l._ ^6/ .  The an te rio r 
1-2 cm of the worm was liga tured, in jec ted  w ith 4 mg ml collagenase and 
then incubated fo r  1 h at 37 UC. The an te rio r section of the worm was re
moved. This procedure was developed to d issociate muscle c e lls  from the 
preparation. The head section was cut along i t s  length between the dorsal 
cord and the la te ra l lin e  and pinned to a Sylgard base. The pharynx was 
gently removed and th is  whole mount preparation of the head ganglia was 
transferred to a so lu tion  of fresh ly depolvmerised paraformaldehyde and 
fixed  overnight a t 4 C. They were then processed fo r immunocytochemistry 
using an a v id in -b io tin  HRP detection system and primary antibodies raised 
to the fo llow ing peptides; methionine enkephalin ( L146), ca lc iton in  gene 
re lated peptide (CGRP; L271), neurotension ( L170; k ind ly donated by Prof. 
G.J. Clockray), neuropeptide Y (Eugene Tech. Allendale, N.Y.) gastrin  (N- 
term inal G-34, ERN-34; kindly donated by Prof. S. Pauwels) and glutamic 
acid decarboxylase (GAD; Chemicon In t . ) .

Electrophysiology t.

The an te rio r most portion (1 cm) of the worm was taken and pinned 
cu tic le  side down in  a perspex perfusion chamber. The dissection of the 
ganglia was performed as outlined above. This procedure damaged the 
dorsal ganglia but le f t  the ven tra l, la te ra l and re trovesicu lar ganglia 
in ta c t although the connections between the neurones may have been d is 
rupted as the nerve ring  has been severed. The preparation was l ig h t ly  
stained with methylene blue to aid in  the v is u a liz a tio n  of neurones and 
then continuously perfused with a high Mg medium (composition in  mM; 
NaCl 67, NaAcetate 67, KC1 3, CaCl„ 3, MgC^ 15.7_,̂  Tri-base 5, pH 7.4 
w ith g lac ia l ace tic  acid) at 32-34 C, 7 ml min . This in h ib its  the 
spontaneous a c t iv i ty  in  the muscle c e lls  (Holden-Dye & Walker, unpub
lished observations) and the rhythmic movement that resu lts . For in tra 
c e llu la r  recordings, electrodes f i l le d  w ith  4M «Acetate (30-100 megohm) 
were used. Recordings were made using an Axoclamp 2A (Axon Instruments) 
system in bridge mode. For in tra c e llu la r  la b e llin g , electrodes were 
f i l le d  with 5% Luc ife r yellow (d ilith iu m  s a lt)  or 5% 5,6-carboxyfluores- 
cein in 0.1 M «Acetate (30-60 megohm). Dye in je c tio n  was achieved by the 
passing of hyperpolarizing current a lternated with deopolarizing pulses
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to  prevent electrode blockage. The preparation was viewed using e p if lu o r-  
escence microscopy and the morphological cha rac te ris tics  of the c e lls  
were noted. In some preparations simultaneous recordings from muscle 
c e lls  and neurones were made.

The Ascaris peptides KNEFIRFamide (AF1) and KHEYLRFamide (AF2) were 
synthesized at Southampton.

Results

Immunoreactivity to a l l  of the antisera was detected though in  a 
d i f fe rre n t subset of neurones fo r each antibody. There also seems to be 
v a r ia b il i ty  between preparations in  the number of neurones labe lled  and 
the in te n s ity  of the immunoreactivity. Here we sha ll re s tr ic t  our com
ments to those neurones that were consistently labe lled . Methionine enke
p h a lin - lik e  immunoreactivity was present in  3 neurones of the ven tra l 
ganglia and one c e ll of the la te ra l ganglia. No immunoreactivity was de
tected in  the ventral nerve cord or in the re troves icu la r ganglion. The 
cGRP antiserum recognized 5 c e lls  in  the ven tra l ganglia and one b ipo la r 
c e ll in  the re trovesicu lar ganglion (Fig. 1). Strong neurotensin-like 
immunoreactivity was evident in 3 ce lls  of the ventral ganglia and 3 
c e lls  in  the ventral nerve cord (Fig. 2). The N-terminal gastrin ЗА a n t i
body labelled 5 ce lls  in  the ventral ganglia and one in  the la te ra l 
ganglia but none in  the re trovesicu lar ganglion or the ventra l nerve 
cord. There was wide-spread immunoreactivity to NPY with sta in ing in  5 
c e lls  of the ventral ganglia, 2 or more c e lls  of the la te ra l ganglia and 
3 c e lls  of the ventral nerve cord. Immunoreactivity to GAD (glutamic acid 
decarboxylase) was present in  3 neurones of the re trovesicu lar ganglion.

In tra c e llu la r  recordings gave a mean value fo r the membrane poten
t i a l  of the neurones of 20.5 _+ 1.3 mV (n = 33 _+ S.E. mean). The input 
resistance of the ce lls  was in  the range 20-60 megohms. The in tra c e llu la r  
location  of the electrode was ve rifie d  in  many instances by la b e llin g  of 
the c e ll w ith e ithe r Luc ife r yellow or carboxyfluorescein. This also en
abled morphological id e n tif ic a tio n  of the c e lls ,  e.g. 3 large c e lls  (ap
prox. 100 yum) of the re trovesicu lar ganglion were recorded from: One 
monopolar with a process extending up towards the nerve ring , one b ipo la r 
w ith a short process extending in  the d ire c tio n  of the nerve ring  and a 
pro jection  in to  the ventra l nerve cord, and one w ith a dendritic  tree in  
the re troves icu la r ganglion and a process extending down the ventra l 
nerve cord.
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F ig . 1- A b ip o la r  c e l l  in  the  re tro v e s ic u la r  ga ng lion  th a t  showed cGRP-like im m u n o re a c tiv ity .
The scale bar is  100 urn
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В ' 1 H IB ' -I Швк
F ig . 2. Three c e l ls  in  the v e n tra l nerve cord ju s t  a n te r io r  to  the re tro v e s ic u la r  gang lion  

th a t showed n e u ro te n s in - lik e  i im jn o re a c t iv i ty .  The sca le  bar is  100 urn
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F ig . 3, Some examples o f re co rd in gs  from A scaris  neurones, i )  Slow o s c i l la to r y  a c t i v i t y ,  
i i )  Sm all changes in  membrane p o te n t ia l in  a neurone, i i i )  The sharp d e f le c t io n  a t the 
b e g inn in g  o f the tra ce  in d ic a te s  the  c e l l  impalement. Th is neurone e xh ib ite d  p la teau  poten
t i a l s ,  i v )  A neurone o f the re t ro v e s ic u la r  ganglion th a t e xh ib ite d  fa s t o s c i l la to r y  po ten
t i a l s .  These were abolished by the  in je c t io n  o f h yp e rp o la riz in g  cu rre n t pulses o f  0 .2  nA and

0.4 nA in  th a t order
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Many of the neurones seem to e xh ib it l i t t l e  in  the way of spon
taneous a c t iv ity .  Some have been shown to have o s c illa to ry  wave forms 
w ith  rather slow time courses (Fig. 3). A large neurone in  the re tro - 
vesicu lar ganglion w ith  a long process towards the nerve ring  and a short 
process in  the d ire c tio n  of the ventral cord had faste r o s c illa to ry  po
te n t ia ls  with a duration of 500 ms.These were blocked upon in je c tio n  of 
hyperpolarizing current (F ig . 3).

So fa r we have been unable to e l i c i t  voltage responses in  the 
neurones with GABA, glutamate or dopamine. However, ACh e lic ite d  a dose- 
dependent depolariza tion in  3 neurones; two in  the re troves icu la r gangli
on and 1 in  the la te ra l ganglia (F ig. 4).

AF2 (10 yuM) e lic ite d  a marked increase in  spontaneous a c t iv ity  in 
two muscle ce lls  adjacent to the nerve r in g . Concomitant recording from 
the re trovesicu lar ganglion showed only a s lig h t change in  spontaneous 
a c t iv ity .

D isc u s s io n

Previous studies on the Ascaris motoneurones have indicated that the 
cen tra l nervous system o f th is  nematode may not possess action potentia ls 
and that communication between ce lls  may occur by means of e lectro ton ic 
conduction along high resistance fib res  /2 / .  Indeed we found that the 
cen tra l neurones in  the ro s tra l ganglia also seem to possess l i t t l e  in 
the way of spontaneous a c t iv ity .  The neurones also appear to  have low 
resting  membrane p o te n tia ls , s im ila r to the Ascaris motoneurones which 
have, membrane po ten tia ls  of -25-44 mV /2 / .

Angstadt et a l.  /1 /  have extended the in i t i a l  h is to lo g ica l approach 
of Goldschmidt /3 /  and described each of the 13 c e lls  in  the re tro 
vesicular ganglion o f Ascaris. These c e lls  can be shown to have counter
parts in  the cen tra l nervous system of the free liv in g  nematode C. ele
gáns. Thus i t  is  possible to id e n tify  the c e lls  we have labe lled  as being 
l ik e ly  to be the RIFR, AVF and AVG type neurones, respective ly . This in 
formation is  p o te n tia lly  of much in te re s t as although the nematode C. 
elegáns is  the subject of intensive studies, p a rtic u la r ly  the molecular 
basis of development, i t  is  not possible to record from the neurones 
because of i t s  small s ize . Thus Ascaris may act as a functiona l corre late 
fo r  C. elegáns.
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Immunocytochemical evidence suggests tha t the Ascaris nervous system 
is  r ic h  in  neuropeptides. Immunoreactivity to antisera raised to  12 d i f 
fe rent neuropeptides, vertebrate and invertebra te , has been demonstrated 
by S ith igorngul / 6/ .  We have id e n tif ie d  immunoreactivity to an add itiona l 
2 neuropeptides, methionine-enkephalin and neurotensin. Neurotensin-like 
immunoreactivity was present in  ce lls  of the ventral nerve cord which are 
most l ik e ly  to be motoneurones. These same c e lls  showed strong immunore
a c t iv ity  to NPY. As w ith S ith igornguls ' study, we found that NPY antisera 
gave wide-spread sta in ing  in  the ganglia. This may be due to cross-reac
t i v i t y  with FMRFomide lik e  peptides. However, i t  is  in te resting  to note 
tha t a novel NPY lik e  fam ily has recently been described in  helminths /5/.

There is  no evidence fo r GABA immunoreactivity in  the re tro - 
vesicu lar ganglion although GABA uptake s ite s  are present /4 / .  We have 
demonstrated GAD immunoreactivity in  3 neurones of the rs troves icu la r 
ganglion which seem to correspond to the c e lls  with GABA uptake s ite s  
and thus provide fu rthe r evidence fo r GABAergic neurones in th is  ganglion.

To date only two Ascaris neuropeptides, AF1 and AF2, have been 
iso la ted  and sequenced / 8/ .  These belong to a FMRFamide family and i t  is  
predicted that there are more than two'members to th is  fam ily. Both these 
peptides a ffe c t muscle a c t iv ity  in  the worm and at the ce llu la r le ve l i t  
has been shown that AF1 decreases input resistance of the in h ib ito ry  
motoneurones. Our prelim inary studies here ind ica te  that AF2 may increase 
the spontaneous a c t iv ity  of muscle c e lls  adjacent to the nerve r in g . The 
basis fo r  th is  action, and in  p a rticu la r, whether or not i t  is  a d ire c t 
e ffe c t of the peptide on the muscle c e l l ,  w i l l  be of in te res t.

The action of c lass ica l transm itters in  the central nervous system 
has yet to be studied. Acetylcholine e l ic i t s  a depolarization in  cen tra l 
neurones, however we have been unable to e l i c i t  responses to a number of 
other putative transm itters. There is  evidence fo r both e le c tr ic a l and 
chemical transmission in  the central nervous system of nematodes. The 
aim of fu ture studies w i l l  be to id e n tify  and study the pharmacology of 
cen tra l neurotransmission at the chemical synapses in  Ascaris.
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L ig h t and e le c tro n  microscopic data re vea l the  presence o f a w e ll developed nerve 
p lexus in  the gut o f the earthworm. The p lexus con ta ins  s u b e p ith e lia l s o l i t a r y  nerve 
c e l ls  and f ib e rs  and an extensive n e u ro p il among the muscle c e l ls .  There are two 
types o f nerve c e l ls  in  the e n te r ic  p lexus. The f i r s t  type conta ins m a in ly  dense- 
core v e s ic le s , and e x h ib its  g ly o x y lic -a c id  induced fluorescence. Since none o f  these 
c e l ls  showed se ro to n in  im m unoreactiv ity , they are probably noradrenergic o r  dopamin
e rg ic .  The second type con ta ins la rge  dense g ra n u le s , suggesting th a t these c e l ls  are 
p e p tid e rg ic  (n e u ro se c re to ry ). A p a rt o f these c e l ls  are substance P im m unoreactive, 
however no NPY, CGRP, o r p ro c to lin  im munopositive c e l ls  were found. U l t r a s t r u c tu r a l-  
ly  seven types o f nerve f ib e rs  can be d is tin g u is h e d  in  the n e u ro p il. T h e ir d i s t r i 
bu tio n  shows g rea t v a r ia b i l i t y  w ith in  p a rts  o f  the  e n te r ic  canal. The o b se rva tio n  
th a t on ly  two types o f nerve c e l ls  are loca ted  w ith in  the gut makes i t  p robab le  th a t 
some o f the axons are e x t r in s ic .  According to  im m unohisto logica l s tu d ie s  the y  may 
come from the  s tom a tog as tric  system o r from the  segmental nerves. Th is is  fu r th e r  
supported by the fa c t  th a t the re  is  a w e ll-deve loped s u b e p ith e lia l s e ro to n in e rg ic  
p lexus in  the fo re -g u t. Two types o f neuromuscular ju n c tio n s  can be v is u a liz e d  in  
the muscular la y e r . The f i r s t  type , re p rese n ting  a p h y lo g e n e tica lly  e a r l ie r  fo rm , ex
h ib i t s  wide ju n c t io n a l gap and p re - o r p o s tju n c tio n a l membrane th ic ke n in g . The second 
type is  the c lose  co n ta c t. There are s ig n i f ic a n t ly  more ju n c tio n s  observed in  the 
fo re -g u t than in  o th e r p a rts  o f the g u t.

Keywords : E n te r ic  plexus -  se ro ton in  -  substance P -  earthworm -  Lumbricus 
te r r e s t r is
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In t r o d u c t io n

The presence o f a nerve plexus in  the foregut of earthworm was
mentioned as early as in  1939 by Ogawa /2 0 /. Further studies /1 , 16, 17,
18, 26/ revealed the existence of such a plexus in  the entire  length of 
the gut. I t  is  generally agreed that the e n te ric  plexus of the earthworms 
is  homologous w ith Auerbach plexus of vertebrats.The enteric plexus, 
which has already been present in  archiannelids, consists of a w e ll 
developed part of the nervous system in  annelids. I t  forms an almost
autonomic system in  the foregut and continues in  more caudal parts of the
gut as plexus.

The stomatogastric system of oligochaets (especia lly of Lumbricoi- 
des) is  composed of three parts, ( i )  a chain of ganglia, situated pa ra l
le l  to  the circumpharyngeal connectives; ( i i )  5-7 nerves connecting the 
ganglia to the circumpharyngeal connectives; and ( i i i )  nerves, o r ig in a t
ing from the ganglionic chain and running in  caudal d irection  to form the 
plexus. According to  the pioneering work o f Ogawa /20/ fibe rs  of the 
stomatogastric system o rig ina te  e ither from the brain or from the subeso- 
phageal ganglion and they may reach the gut e ith e r d ire c tly  or through 
nerve c e lls  situated in  any of the stomatogastric ganglia.

The enteric plexus of Oligochaet6! consists of nerve ce lls  and nerve 
f ib e rs . They d is tr ib u tio n  is  uneven w ith in  d i f fe rre n t parts of the gut, 
and i t  is  unclear weather the perikarya form ganglia or they are i r 
re g u la rly  and randomly. The o rig in  of nerve fib e rs  has long been a sub
je c t  o f discussion, however most workers agree that at least those 
f ib e rs , which give innervation the muscle layer of the gut, are mostly 
e x tr in s ic , and reach the gut through the stomatogastric system or through 
segmental nerves of the ventra l cord /3 , 11, 16, 17/. E xtrins ic  nerve 
fib e rs ' can act e ith e r d ire c t ly ,  innervating gut structures, or in d ire c t
ly ,  being in  synaptic contact with in t r in s ic  nerve ce lls .

R elative ly few information are ava ilab le  on the transm itters and 
neuromodulators u t i l iz e d  by nerve elements in  the gut, since studies 
devoted to th is  question u tiliz e d  e ither less sp e c ific  methods (as in  the 
case of monoamines, /14, 18, 21, 30/, or they are based on radioimmuno
assay of tissue homogenate. The la tte r  studies revealed the presence of 
g a s tr in , substance P, met- and leucin-enkephalin, cholecystochinin in  gut. 
homogenate and i t  is  suggested that these peptides probably influence the 
secretory a c t iv ity  of the gut epithelium, while monoamines play important 
ro le  in  innervating the muscle layer.
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M a te r ia ls  and Methods

Adult specimens of earthworms ( Lumbricus te r re s tr is  L .) were collected 
lo c a lly . The animals were anaesthetized in  10% ethanol so lu tion , and gut 
pieces were dissected out fo r electron-microscopic purposes. The speci
mens were prefixed in  Karnovsky's f ix a tiv e  at 4 °C fo r 2 h, followed by 
f ix a tio n  in  2% osmiumtetroxid and they were embedded in  Durcupan (Fluka). 
The sections were post-stained with uran il-aceta te  or le a d -n itra te , and 
examined under ŰE0L 1008 electron microscope.

Glyoxylic acid induced histofluorescence of monoamines was performed 
according to the method of De La Torre and Surgeon /29 / in  wholemount 
preparations. Photographs were taken in  a Le itz  orthoplan fluorescence 
microscope with f i l t e r  combination E-3, and under illu m in a tio n  by an HBO 
200 mercury lamp.

For immunohistological purposes 3-5 mm long pieces of whole animals 
were embedded in to  p a ra ffin  a fte r  fix a tio n  in  Zamboni's f ix a tiv e  /31 / and 
10 yum th ick  se ria l sections were cut. The sections were immunostained 
according to the method of Sternberger /28 / u t i l iz in g  the fo llow ing p r i 
mary antisera: serotonin (1:4000; /9 / ) ;  p ro c to lin  (1:1000;/ 7 / ) ; neuro
peptide Y (1:4000; Peninsula); substance P (1:15 000; Immuno Nuclear Cor
pora tion ); ca lc iton in  gene re lated peptide (1:1000; k ind ly  provided by P. 
Petrusz; see /2 2 /). A ll primary sera were developed in  rabb it; sheep 
a n ti-ra b b it gamma g lobu lin  (1:300) and rabb it peroxidase-antiperoxidase 
complex (1:600) were obtained from Arnel.

R e s u lts  and D isc u s s io n

According to our observation the gut of the earthworm contains a 
subep ithe lia l plexus in  i t s  en tire  length. This plexus consists of s o l i 
tary nerve ce lls  and nerve fib e rs . The nerve c e lls  are small (4-9x6-13 
yUm), they have few processes (mostly 1-3). U ltra s tru c tu ra lly  they show 
the regular characte ris tics  of nerve c e lls , and, according to th e ir  
vesicle content, they can be divided in to  two groups. The c e lls  of the 
f i r s t  type contain dense-core vesicles (average diameter 120-140 nm) 
(F ig. 1), while those of the second type e xh ib it large (120-160 nm) dense 
granules (F ig. 2). In g ly o x ilic -a c id  treated specimens both fluorescent 
nerve c e lls  and nerve fib e rs  can be observed, ind ica ting  tha t monoaminer- 
gic nerve ce lls  and fibe rs  are present in  the en te ric  plexus. Since im
munohistological s ta in ing w ith a highly spec ific  serotonin antibody does 
not show immunopositive perikarya in  the gut, i t  is  supposed that g ly 
o x ilic -a c id  positive  nerve c e lls  are noradrenergic or dopaminergic, and 
they probably correspond to the perikarya containing dense-core ves
ic le s . In te re s tin g ly , dense-core containing perikarya occur only in  the 
foregut. The nerve c e lls  of second type with large dense granules are
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F in ■ 1• Nerve c e ll os the subepithelia l plexus with dense-core vesicles (dev) in  the pharynx.
Bar lyUm. X 20 600

Fio. 2, Perikaryon in the mid-gut with dense granules (dg); g: g lia  process; gs. gliasomes.
Bar l^im. X 20 500

Fig. 5. T axon p ro file s  in mid-gut; c t: connective tissue. Bar lyum. x 18 000 
Fig. 4, Type I  neuromuscular junctions in the pharynx composed by T axon p ro file s  and pro

cess of a muscle c e ll (mcp). Bar lyum. x 20 000 
F ig. 5. A part of neuropil in mid-gut showing p ro file s  (T ) containing dense granules.

Bar 1 yum. x 12 000
Fig. 6. T and T types o f axon pro files in the pharynx, i :  in te rs titium . Bar 0.5 yjm.

x 26 500
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probably peptidergic, and can be found in  the en tire  length of the gut. 
On the basis of our immunohistological study, substance P immunopositive 
nerve ce lls  and fibe rs  can be observed in each part of the gut, and i t  is  
supposed, that at least a part of the nerve ce lls  with large dense gran
ules are substance P-ergic.

The nerve fibe rs  of the ente ric  plexus compose neuropil on the sur
face of muscular layer in  the pharynx, gizzard, middle- and hind-gut, as 
well as w ith in  the Morren-glands of the esophagus. According to vesicle 
morphology, 7 types of p ro file s  can be distinguished in  the neuropil, and 
in  th is  respect the earthworm' s gut is  s im ila r to the gut of the mammals /4 / 
and insects /10 /. The p ro f ile  types are the fo llow ing (Figs 3-6):

- type 1: axon p ro file s  contain small agranular vesicles (40-50 nm), 
and dense core vesicles (130-150 nm) simultaneously. This type is  the most 
common in  each part of the gut, except the esophagus;

- type 2: in  these p ro file s  spherical agranular vesicles as well as 
large spherical or elongated granules can be found; they are located cen
t r a l ly  or exce n trica lly . The size of these vesicles is  s im ila r to tha t of 
agranular vesicles (40-60 nm) or a l i t t l e  la rger; they are missing in  the 
esophagus and gizzard;

- type 3: in a considerable number of axon p ro file s  agranular clear 
(40-50 nm) and granular dense (60-70 nm) vesicles are coexisting. The 
number of the two granule-types can be s im ila r, but occasionally the number 
of small dense granules is  minimal; they occur in  each part of the gut;

- type 4: axon p ro file s  contain only small (40-50 nm) agranular 
vesicles; they are not present in  the esophagus;

- type 5: p ro file s  e xh ib it low and high density granules and agranu
la r  vesicles in  the same number. They can be found only in  the pharynx and 
gizzard;

- type 6: p ro file s  of th is  type containing electron-dense granules
(average diameter 160-200 nm) are common in the mid-gut. The shape of these 
granules is  mostly e llip s o id  and th e ir  e lectron-density is  variab le .
They can be found in each part of the gut d is ta l from the esophagus;

- types 7: p ro file s  contain only e l l ip t ic a l  vesicles (30-35x40-50 nm), 
and they are rare, although they are cha rac te ris tic  p ro file s  in  the mid- 
and hind-gut.

The d is tr ib u tio n  and frequency of these p ro file s  are uneven through
out the gut. In general, 5-6 types can be observed in  most parts of the 
gut, except the esophagus, where there are only two types (T^ and Тл). The
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Fig. 7. Neuromuscular junction (Type I )  between axon with clear and dense-core vesicles and 
muscle ce ll (m) in the pharynx. Arrowhead shows the undulatory sarcolemma; ep: ep ithe lia l

layer. Bar 1 дип. x 16 500
Fig. 8. Type I I  neuromuscular junction (arrowhead) in the pharynx between T  ̂ axon p ro file  and 

muscle c e ll (m); g: g l ia l process; T3 p ro file . Ваг 1/jm. x 24 000 
Fig. 9. Serotonin immunopositive network of fibers (arrowheads) beneath the epithelium on a 

tangentional section of the pharynx. Bar 100yum. x 160 
Fig, 10. A ganglion (arrowhead) of the stomatogastric nervous system with serotonin immuno

positive nerve ce lls . Bar 30 urn. x 300
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fa c t, tha t two types of perykarya and seven types of fibers can be d is 
tinguished in  the gut, strongly support data /3 , 11, 16, 17/, suggesting, 
tha t a part of the fibe rs  are e x tr in s ic  in  th e ir  o rig in .

U ltra s tru c tu ra l vesicle morphology in  general does not provide de
f in i t iv e  information on the transm itter and/or neuromodulator content of 
nerve fib e rs . Our immunohistochemical data, however, permit some specu
la t io n . In the foregut, and especially in  the pharynx, a very r ic h  sero
tonin immunopositive subespithe lia l plexus can be observed (Fig. 9 ), and 
i t  is  supposed that a part of p ro file s  w ith  dense-core vesicles are sero- 
ton inerg ic  fibe rs  can e ithe r be orig inated from the stomatogastric system, 
or from the ventral cord through segmental nerves. I t  is  worth to mention 
tha t stomatogastric ganglia (F ig. 10), and the ventral cord contain many 
serotonin immunopositive nerve ce lls  /13 /. Physiological data support the 
ro le  of serotonin in  regulating movements of the gut, although the data 
are controversal depending on the species in  question /19 /. In leeches 
serotonin acts as an in h ib ito ry  transm itte r /1 5 /, while in Polychaetes i t  
is  considered as a modulator of p ro p rio ce p tiv ity  /2 / .

Large dense vesicle containing p ro file s  are probably peptiderg ic. In 
our immunohistological material no p ro c to lin  /1 7 /, neuropeptide Y and c a l
c ito n in  gene related peptide immunopositive elements were detected in  the 
gut, however substance P immunopositive fib e rs  can be observed in  i t s  
whole length. Since substance P immunopositive nerve ce lls  are present in  
the gut, too, i t  is  suggested, that at leas t a part of the substance P im- 
munoreactive fibe rs  are in tr in s ic  in the ir o r ig in . The p o s s ib ility , however, 
cannot be excluded, that some of the substance P immunopositive fib e rs  are 
e x tr in s ic , since both the stomatogastric ganglia and the ventral cord con
ta in  substance P immunopositive perikarya in  large number /13/.

Fig. 11 gives a summary of the possible e x tr in s ic  innervation of the 
en te ric  plexus.

Two types of neuromuscular junctions can be visualized in the muscular 
layer. The f i r s t  type, representing a phylogenetically e a rlie r form, ex
h ib its  wide junctiona l gap (150-300 nm) and pre- or postjunctional membrane 
thickening (Fig. 4, 7 ) .This type of junc tion  is  well documented in  the 
body w all muscles of Ascaris /24 / and Lumbricus /25 /. The essentia l d i f 
ference between synaptic contacts described in  the body wall muscle and 
those of the gut Is , that terminals of the la t te r  always contain la rger 
number of dense-core vesicles besides the small agranular ones, and tha t 
the synaptic c le f t  is  wider. I t  is  generally believed that small agranular



Fig. 11. Schematic summary of the in tr in s ic  and extrins ic  elements of the enteric plexus. Closed squares: serotoninergic ce lls ;; open squares: 
unidentified monoaminergic ce lls ; closed c irc les : substance P-eroic ce lls ; open c irc les : unidentified peptidergic c e ll.  Abbreviations: 

brain; £: circumpharyngeal connectivum; FG: foregut; 1C: midgut; SG: stomatogastric ganglia; SN: segmental nerves; SPG: subpharyngeal
ganglion; VC: ventral cord
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vesicles are cholinerg ic in  th e ir  mature / 8 , 12/ ,  but th is  is  not proven 
in  every case /23 /. The presence of mixed vesic le  population in  the 
terminals of the f i r s t  type of junctions suggests tha t these term inals 
u t i l iz e  more than one transm itte r or neuromodulator substances. The re la 
t iv e ly  wide synaptic c le f t  may cause a slower a v a ila b il i ty  of transm itte r 
m ateria l(s) at the postsynaptic structure, which is  probably responsible 
fo r the slow, ton ic movement of the gut w a ll. The f i r s t  type contact f re 
quently pa rtic ipa te  in  m u ltite rm ina l innervation which is  common in  soma
t ic  muscles of worms /5 , 6 , 27/.

The second type of neuromuscular contacts is  the close contact. These 
can be fu rthe r c la ss ifie d  according to the term inal types. Four types of 
terminals (T^-T^) take part in  composing close contacts (Fig. 8).

The number of "synaptic" contacts is  s ig n if ic a n t ly  lower in  the mid- 
and hind-gut, where, at the same time, more specialized muscle c e ll to 
muscle c e ll contacts can be observed. I t  is  supposed that the large number 
of c e ll to c e ll specia liza tions permit a fas t spread of excitement w ith in  
muscle ce lls  thus replacing a considerable number of synaptic contacts.
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In the present work i t  we describe serotonin, noradrenaline, p ro c to lin , neuro
peptide Y, substance P, and calciton in gene related peptide immunoreactive structures 
in earthworm. A few large serotonin immunoreactive perikarya are located in  brain and 
in  the stomatograstric ganglia and many o f them in  the segmental ganglia. A serotonin 
immunoreactive fibe r plexus can be seen beneath the epithelium of the body w a ll, both 
the sensory papillae and chaetae contain serotonin immunoreactive elements. Some of 
the sensory ce lls  are serotonin immunoreactive, too. A serotonin immunoreactive net
work can ben found in the enteric network of the fore- and mid-gut. Only a few nor
adrenaline immunoreactive ce lls  are observed in the caudal part of the bra in , while 
th e ir  number in the segmental ganglia is  high. P rocto lin -, and substance P immunore
active ce lls  are small and numerous in  the brain without any preference in  th e ir 
location. Such nerve ce lls  are widely d is tribu ted in  the ganglia of the stomatogastric 
system, in the subesophageal and in segmental ganglia. Many surface e p ith e lia l (prob
ably sensory) ce lls  are procto lin immunoreactive. Substance P immunoreactive nerve 
ce lls  can also be located in  the entire length of the enteric plexus together w ith sub
stance P immunoreactive fibe rs . No neuropeptide Y- or calcitonin gene related peptide 
immunoreactive structures can be seen in the brain. A re la tive small number o f neuro
peptide Y- and calcitonin gene related peptide immunoreactive perikarya, and a r ic i  
network of neuropeptide Y- and calc iton in gene related peptide immunoreactive fibe rs 
can be detected in the subesophageal ganglion. According to preliminary studies, neuro
peptide Y is  probably co-localized with serotonin.

Keywords : Neuropeptides - catecholamines -  serotonin -  immunohistology -  earthworm
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Introduction

The nervous system of the earthworms was fa v o rite  object of c lass ica l 
neurohisto logical studies /7 , 12/ fo r i t s  re la t iv e  s im p lic ity  as fa r as 
the low number of elements and i ts  segmented nature is  considered. In te r
e s tin g ly , modern neurohistology neglects th is  species. Especially few in 
formation are ava ilab le  on the neurotransmitters of the nervous system of 
earthworms, and most o f the papers dealing w ith  th is  subject present b io 
chemical data / 6 , 13, 14/ and are fa r from completeness /1 /.

The data we present here are mostly pre lim inary and are parts of a 
la rge r pro ject devoted to  give a complete immunohistological and synapto- 
lo g ic  description of the centra l and periphera l nervous system of Lumbri- 
cus te r re s tr is .

Materials and Methods

Adult earthworms ( Lumbricus te r re s tr is  L ., Oligochaeta) were co l
lected lo ca lly  and were kept at 14 UC in  moistened s o il supplemented w ith 
leaves u n t il required. The animals were s a c rifice d  e ither by decapitation 
or by anaesthesia in  10% ethanol. Some of the animals were in jected w ith 
co lch ic ine (60 /Ug/100 g bw) intothe ventral vessel 24 h prio r s c a r if ic e . 
Pieces of 4-7 segments were fixed in ZamDoni's /1 6 / ,  or glutaraldehyde 
( fo r  noradrenaline) f ix a tiv e s  alone or combined w ith microwave ir ra d ia t io n  
/ 8 , 10/, and embedded in to  pa ra ffin . S e r ia lly  cut fro n ta l or horizonta l 
sections were mounted on glass slides and processed according to the per
oxidase-antiperoxidase method of Sternberger / 1 5 / .  The follow ing primary 
sera were used: serotonin (1:4000; / 5 / ) ;  noradrenaline (1:1500 / 4 / ) ;  proc- 
to l in  (1:1000; / 3 / ) ;  neuropeptide Y (1:4000; Peninsula); substance P 
(1:15 000; Immuno Nuclear Corporation); c a lc ito n in  gene related peptide 
(1:1000; kind ly provided by P. Petrusz; see / 1 1 / ) .  A ll primary sera were 
developed in  rabbit.Sheep a n ti-rabb it gamma g lobu lin  (1:300) and rabb it 
peroxidase-antiperoxidase complex (1:600) were obtained from Arnel. In 
some cases sta in ing was performed in  whole mount specimens /9 /.

Results and Discussion

There are two d is t in c t  serotonin immunopositive c e ll groups in  the 
bra in , the f i r s t  located in  the dorsal, the second in  the la te ra l part of 
the brain, the la t te r  being closely re lated to  the o rig in  Of the circum- 
pharyngeal connectives. The ce lls  in  both groups are large and unipolar 
and they give r ise  a very rich  network in  the cen tra l neuropil. The number 
of c e lls  is  su rp ris in g ly  low compared to the very rich  innervation they
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ciive to the prostomium and the f i r s t  few body segments; p ra c tica lly  every 
nerve o rig ina ting  from the brain is  f i l le d  w ith serotonin immunopositive 
c e lls  in  the stomatogastric ganglia. Heavily stained fibe rs  can be seen in 
the circumpharyngeal connectives, the d ire c tio n  of which is  unclear so 
fa r . In contrary to the brain, both the subesophageal ganglion and the 
segmental ganglia contain many serotonin immunopositive perikarya, although 
there is  a gradual decrease in th e ir numbers toward the caudal segments. 
According to th e ir  exact location at least f iv e  d is t in c t c e ll groups can 
be distinguished in  each segment. The c e lls  are large and unipo lar, and 
th e ir  processes form a r ich  network in the neurop il. Many immunopositive 
fibe rs  leave the ventra l cord through the segmental nerves e ithe r ip s i-  
la te ra lly  or c o n tra la te ra lly . A ll the peripheral nerves contain many sero
tonin immunopositive f ib e rs . Some of the surface e p ith e lia l c e lls , es
pec ia lly  in the c ran ia l segments are serotonin immunopositive. According 
to th e ir  shape, these c e lls  are probably sensory c e lls . There are seroto- 
ninergic elements in  the sensory pap illae  of the cran ia l end of the 
body, and a rich  serotoninergic plexus can be seen around the chaetae. 
There exists a serotoninergic f ib e r network beneath the surface ep i
thelium. Although serotoninergic f ib e r bundles can be observed w ith in  the 
body wall muscle layers, there is  no evidence, however, ind ica ting  that 
these fibe rs  p a rtic ipa te  in  the innervation of the muscles. In the fore- 
gut, and in theianterior part of the midgut there is  a subep ithe lia l sero
toninergic plexus, which sends fibers to the muscle layers of the gut, too. 
These fibe rs  can o rig ina te  e ithe r from the stomatogastric system or from 
segmental nerves /2 /  (F ig . 1A).

Noradrenaline immunoreactive ce lls  in  the brain are mostly located 
caudally. They number is  low and th e ir axons form a network in  the centra l 
neuropil. In contrary to the brain, the number of noradrenaline immuno
pos itive  perikarya in  the subesophageal and the segmental ganglia is  high, 
and they are situated in  the la te ra l ventral pa rt of the cord. The axons of 

these ce lls  form a circumscribed, in cross section round neuropil in  the 
la te ra l part of the ven tra l cord. No noradrenaline positive elements have 
been detected in the periphery so fa r (F ig. IB ).

Proctolin immunopositive perikarya are numerous and they are evenly 
d is tribu ted  in  d if fe re n t parts of the brain. The ce lls  are smaller than 
e ithe r serotonin or noradrenaline immunopositive c e lls , they are mostly 
round and th e ir processes are not v is ib le . I t  is  very cha rac te ris tic  that 
s ta in ing in tens ity  of the c e lls  in uneven on the same section. The centra l
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Fig. 1. D istribution of serotonin (A ), noradrenalin (B ), procto lin (C), neuropeptide Y (D), 
substance P (E), and ca lc iton in  gene-related peptide (F) immunoreactive elements in the 
nervous system of earthworm. Dots denote c e ll bodies, so lid  lines nerve fib e rs . Abbrevi
a tions. 13: brain; £: circumpharyngeal commissure; GA: giant axons; SN_: segmental nerves;

SPG: subpharyngeal ganglion

neuropil does not contain p roc to lin  pos itive  fibe rs  except a d e f in it iv e  
decussation in the caudal part of the brain. There are small, b ipo lar 
c e lls  in  the stomatogastric ganglia. In the subesophageal ganglion the 
number of p rocto lin  immunopositive perikarya is  high and they occupy the 
e n tire  width of the ganglion. There are s ig n if ic a n tly  less c e lls  in  the 
segmental ganglia, these c e lls  do not form c e ll groups. In the subeso
phageal ganglion very f in e , lo n g itu d in a lly  running p roc to lin  immuno
p o s itive  fibers  can be detected, which arc close ly related to the giant 
axons. S im ilar, very fin e  p roc to lin  pos itive  axons can occasionally be
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seen in  segmental nerves close to ther o rig in s . The cadual segments ex
h ib it  many p roc to lin  pos itive  surface e p ith e lia l c e lls , which, according 
to th e ir  shape, are probably sensory c e lls . S tr ik in g ly , no p ro c to lin  im
munopositive fibe rs  are v is ib le  in  the periphery (F ig. 1C).

No neuropeptide Y immunopositive elements can be observed in  the 
brain and in  the circumpharyngeal stomatogastric system. In the subeso- 
phageal ganglion and in  each segmental ganglion a pa ir of neuropeptide Y 
immunopositive perikarya can be detected. These ce lls  are large, and are 
located in  the very c ran ia l portions of the ganglia. According to th e ir  
location they are probably iden tica l w ith two consistently id e n tif ie d  
serotonin immunopositive c e lls . Although the presence of monoamines and 
neuropeptide Y in the same ce lls  seems to be l ik e ly ,  fu rther double s ta in 
ing studies are needed to provide d ire c t evidence fo r the co -loca liza tion  
of the two substances (Fig. ID).

Substance P immunoreactive nerve elements show s im ila r d is tr ib u tio n  
to that of p roc to lin . There are many small, round ce lls  evenly d is t r i 
buted in  the brain and subesophageal ganglion as well as in  segmental 
ganglia. No processes of these ce lls  are stained, however, and nowhere in  
the neuropil can be detected substance P immunoreactive fibe rs . I t  is  in 
te res ting , however, that the enteric plexus in  i t s  entire  length contains 
substance P immunoreactive ce lls  and fib e rs , which probably play key ro le  
in  innervating the gut /2 /  (Fig. IE).

Calcitonin gene related peptide immunoreactive perikarya can exclu
s ive ly  be found in  the subesophageal and segmental ganglia, although th e ir  
number in  the la t te r  location is  s ig n if ic a n t ly  lower. Calcitonin gene 
re lated peptide immunoreactive perikarya are fusiform  without v is ib le  pro
cesses, and they occupy the la te ra l parts of the ganglia. In the subeso
phageal ganglion, close to the giant axons, many fine , ca lc ito n in  gene 
re lated peptide immunoreactive fibe rs  are v is ib le , which run in  lo n g i
tud ina l d irec tion , mostly p a ra lle l w ith the g iant axons. In the periphery, 
very fin e , te rm ina l-like  immunopositive granules can be detected in  the 
body wall muscles, which probably represent neuromuscular junctions / 11/  
(F ig. IF ).

On the basis of the presented m ateria l i t  would be early to draw any 
d e f in it iv e  conclusion. Retrograde la b e llin g  experiments combined w ith im- 
munohistochemistry, u ltra s tru c tu ra l analysis and electron microscopic im- 
munohistological studies,which are in  progress in  our laboratory are 
needed to make the p ic ture  more complete.
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SENSORY RECEPTORS IN THE HEAD OF STENOSTOMOM LEUCOPS 
I . Presumptive photoreceptors
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General body s e n s it iv ity  to lig h t is  present in Stenostomum leucops, expressed as 
increased a c tiv ity  and locomotion of resting animals by exposure to l ig h t .  The sensory 
structures involved have not been iden tified so fa r. The head of S. leucops bears 
sensory ce lls in the c i l ia r y  p its , along the epithelium and in connection to the brain 
lobes.

Two types of presumptive photoreceptor, quite d is tin c t from eyespots, are found. 
The f i r s t  type, a pa ir o f c i l ia ry  lamellate bodies, is  found on both sides of the worm 
between the c i l ia ry  p its  and the anterior brain lobes. Both ce lls  contain an in te rna lly  
c ilia te d  vacuole. The sparse lamellae are derived from membranes of more than 20 c i l ia ,  
most of them consisting of a typ ica l 9 + 2  axoneme pattern. The ce lls  are connected to 
brain ganglia by nerve fib re s , but there are no connections to the surface. No pigment 
cups are observed, e ither.

The second type,, two ce lls  with ligh t-re fra c ting  bodies, is  observed more pos
te r io r ly ,  near the dorsal surface and in close nerve connection to the posterior brain 
lobes. Both ce lls  contain numerous (20-30) re tra c t ile ,  round or ovoid granules of 
various sizes. They form a cup-shaped structure to one side of the c e ll,  the concave 
surface directing forward. The granules resemble l ip id  spheres under the electron 
microscope.

In  addition to comparable s im ila ritie s  wih presumed photoreceptors in other 
platyhelminths, the photoreceptive function of the c i l ta rv  lamellate bodies and lig h t-  
refracting bodies was tested using t r it ia te d  thymidin ( pH]T) vitamin-A autoradiography. 
No specific labe lling , however, was observed in these c e lls  nor in other sensory ce lls  
in S. leucops.

Keywords: Presumptive photoreceptors -  u ltrastructure  -  autoradiography - 
Turbellaria
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In troduction

Free-liv ing  and p a ra s it ic  flatworms e xh ib it a wide array of photo
receptors, ranging from simple epidermal eyespots in  some tu rbe lla rians  
/7 ,1 2 / to complex cerebral eyes of pigment-cup type with a lens-like  
s tru c tu re  in several groups (see 4 fo r R ef.). Both c i l ia r y  and rhabdomeric, 
as w e ll as mixed c i l ia r y  and rhabdomeric organizations, have been reported 
in  la rv a l and adult flatworms (see 5, 16 fo r overview). Pericerebra lly 
located c i l ia ry  aggregations /3 / and c i l ia r y  lamellate bodies /2 /  have 
a lso been described as presumptive photoreceptors from a number of d i f 
fe re n t species (see 19 fo r  R e f.). They are, however, usually so small and 
d i f f i c u l t  to locate by l ig h t  microscopy tha t normal e lectrophysio log ica l 
and ablation techniques are not easy to use /11 /. Therefore, id e n t i f i 
ca tion  of th e ir function is  usually based on morphological s im ila r it ie s  to 
receptors of other invertebrates where the function is  e ithe r known or 
assumed.

In catenulids, ne ithe r rhabdomeres nor c i l ia r y  structures have been 
suggested so fa r, only other types of putative photoreceptor /1 5 /. Gne of 
these are the so-called lig h t- re fra c tin g  bodies, which are cha rac te ris tic  
fo r  most species of catenulids of the freshwater genus Stenostomum /16/. 
Moreover, the search fo r  photoreceptors in  Stenostomum leucops has been 
motivated because of i t s  photokinetic behaviour in  response to l ig h t  as 
shown in  our prelim inary study. The u ltra s tru c tu ra l investiga tions reveal 
fo r  the f i r s t  time a p a ir  of c i l ia r y  formations in  the an te rio r end of the 
worm, in  addition to two c e lls  resembling the lig h t- re fra c t in g  bodies.

Materials and Methods

Specimens of Stenostomum leucops (T u rb e lla r ia , Catenulida) were co l
lec ted  from freshwater a t L it to is ,  Turku (SW FinlanöTl and from a stock 
cu ltu re  maintained in  containers with tap water. An equimolar amount of 
bovine serum albumin (BSA)was added to a tr it iu m -la b e lle d  vitamin-A solu
t io n  (NET-362 re t in o l,  /15 JH(N)/; concentration: 1.0 mCi, 12/üg vitamin-A 
in  1 ml; specific  a c t iv ity  23.5 Ci/mmol). A liquots of th is  stock solution 
were then added to f i l te r e d  freshwater to give the f in a l concentration of 
4 riC i/m l. L ight- and dark-adapted specimens were transferred to labelled 
vitam in-A and exposed in  th a t fo r 2 h. Subsequent steps in  f ix in g  pro
cesses and lig h t microscopic autoradiography followed the method described 
in  Palmberg and Reuter /1 0 /. U ltra th in  sections were mounted on Formvar- 
coated nickel grids and stained with uranyl acetate and lead c itra te .
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Results

The resu lts  of experiments with resting 5. leucops, i .e .  reactions to 
exposure of l ig h t  by increasing a c t iv ity  and locomotion, motivated fu rth e r 
examination of the possible photosensitive structures.

In u ltra s tru c tu ra l studies, two types of presumptive photoreceptor 
were found. The f i r s t  type, a pa ir of c i l ia r y  lamellate bodies, is  found 
on both sides of the worm between the c i l ia r y  p its  and the anterio r brain 
lobes (F ig . 2). This type has a round to oval form and measures 3 yun by 7 
yum on average. I t  contains a c e ll body with an in te rn a lly  c il ia te d  area 
at one side of the c e ll (F ig. 3). Vacuoles of various sizes, vesicles of 
small or medium size (35-00 nm) with a p o in t- lik e  core and some dense-core 
vesicles are observed between the c i l ia  and in  the cytoplasm (Fig. 4 ). The 
sparse lamellae are derived from some membranes of the 50-60 c i l ia  which 
have a typ ica l 9 + 2  axoneme pattern but lack ro o tle ts . The lamellae 
d iv ide in to  serveral fla ttened branches and are ro lled  up forming whorls 
in  apica l parts (Fig. 5). Mitochondria occur both in  the c i l ia r y  area and 
in  the scanty cytoplasm of the c e ll body which also contains neurotubuli. 
The c e lls  are connected to brain ganglia by nerve fib re s , but there are no 
connections to the surface. No pigment cup-like  structures are observed, 
e ith e r.

The second type, two c e lls  with lig th t- re fra c t in g  bodies, is  observed 
more p o s te rio rly , near the dorsal surface at the level of the an te rio r 
part of the pharynx and in  close nerve connection to the posterior brain 
lobes (Figs 1, 2). Both c e lls  (15 rm x 20 yum) contain numerous (20-30) 
re f ra c t i le ,  round or ovoid granules of various sizes, which form a cup
shaped structure  to one side of the c e ll,  the concave surface d ire c tin g  
forward (F ig. 6 ). The bigger granulées are 2-2.5 nm in  diameter and sur
rounded by many smaller (0.1-0.4 yurn) ones on the inward-directed side. 
The homogeneous and strongly electron-dense content is  surrounded by a 
membrane, the granules thus resembling l ip id  spheres in  the electron mic
roscope. The cytoplasm contains a predominant Golgi apparatus, vesicles 
w ith a p o in t- lik e  core, elements of the rough endoplasmic reticulum  and 
several small mitochondria (F ig . 6 ). The nucleus is  situated in the basal 
part of the c e ll where only a few granules are present (Fig. 7). Neuronal 
processes and a neurosecretory c e ll with many vesicles of the po in t-like 
core type are observed in  close contact with th is  c e ll type (Figs 6 ,7 ).
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Fig. 1. Light microscopic cross section of Stenostomum leucops at the level of t£ie pharynx (P) 
and ligh t-re fra c ting  bodies (LB) showing non-selective incorporation of ( H) vitamin-A 

/grains unspec ifica lly , but mostly on epidermal areas (E )/. MU: muscle, x 600 
Fig. 2. Localization o f the c i l ia ry  lamellate bodies (CB) and ligh t-re fra c ting  bodies (LB) in 

re la tio n  to the brain (B) c i l ia ry  p its  (CP) and pharynx (P)
Fig. 3. C ilia ry  lamellate body showing c il ia  (C) in cross section, vacuoles and vesicles of 
d iffe re n t sizes (arrows) and mitochondria (M) in i t s  lumenal area. CP: c i l ia r y  p it ;

MU: muscle; NT: nervous tissue, x 5000
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Fig. 4, Vacuoles (th ick arrows) and vesicles (th in  arrows) of various sizes and consistencies 
between c i l ia  (C) in the c il ia ry  lamellate body. HJ: muscle, x 15 000 

Fig. 5, C ilia ry  whorls (arrow) in the apical end of the c i l ia ry  lamellate body. £: c ilium ;
G: ganglion c e ll,  x 8000

Fig. 6, Cell with homogeneousand strongly electron-dense ligh t-re fra c ting  bodies (LB). 
GA: Golgi apparatus; arrow, vesicles with a po in t-like  core; M: mitochondria; Iff: nervous 

tissue; RFR: rough endoplasmic reticulum, x 8000
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Fig. 7. Nucleus (N) in the basal part of the c e ll with ligh t-re fra c ting  bodies (LB) 
MU : muscle; NT : nervous tissue; PE_: pharyngeal epidermis, x 6000 

Fig. B. Neuronal processes (NP) in close contact with the ligh t-re fra c ting  bodies (LB) 
Synaps (arrow) at neuronal processes and c e ll somatra. x 20 000
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Synapses are formed between fib res  containing vesicles of various sizes 
(described in  13) and the c e ll somata (Fig. 8).

Observations on l ig h t  microscopic autoradiographic sections revealed, 
however, no selective incorporation of (^lOvitamin-A in  any areas of the 
worm. More s ilv e r grains than background la b e llin g  were, however, observed 
over the whole body (F ig . 1).

Discussion

Living specimens of Stenostomiim leucops do not possess pigmented eye- 
spots or o c e l l i . Ihe only l ig h t  m icroscopically v is ib le  sensory organs are 
the c i l ia r y  p its  in the an te rio r end of the worm (described in  14) and the 
lig h t- re fra c tin g  bodies in  close connection to the brain. Some, but not 
a l l  species of catenulids, have add itiona lly  a g rav ity  receptor or s ta to - 
cyst /16 /. However, unlike other flatworms, have been reported in  catenu
lid s  up to now. C ilia ry  lam ellate bodies resembling those described above, 
have, however, been found in  a l l  flatworm classes. The c il ia te d  vacuole in 
the trematode m iracidia Schistosoma mansoni and Diplostomum spathaceum /1/, 
the lamellate body in  la rva l cestode Gyrocotyle urna /19 /, c i l ia r y  photo
receptors in monogenean oncomiracidium Entobdella soleae /9 / ,  c i l ia r y  
lamellate bodies in tu rb e lla r ia n  Proseriata /2 / and in tu rb e lla ria n  Mao- 
rostomida / 12/  have a very s im ila r u ltras truc tu re  and d if fe r  from each 
other and from the c i l ia r y  lamellate bodies in  S. leucops only concerning 
the abundance of c i l ia  (10-100) and c i l ia ry  lamellae. They are a l l  s itu 
ated near the epidermis in  the apical part of the body, but lack con
nections to the body surface. They also lack pigment cups. The in te rp re 
ta tio n  of th e ir function is ,  however, mostly based on s tru c tu ra l s im ila r i
t ie s  with other presumed photoreceptors because e lectrphys io log ica l re
cordings or id e n tif ica tio n s  of the photoreceptor molecules are very d i f 
f ic u l t  to perform due to th e ir  small size and th e ir  position  in  close 
v ic in ity  to the brain. In add ition , an autoradiographic vitamin-A la b e llin g  
of an invertebrate photoreceptor is  d i f f ic u l t ,  since a typ ica l inverte 
brate visual pigment is  not s p l i t  in to  opsin and vitamin-A by l ig h t  /17 /. 
Synthesis of new photopigment may therefore be a prerequ is ite  fo r vitam in- 
A uptake.

L igh t-re frac ting  bodies are observed at the brain leve l immediately 
to the body wall musculature in  almost a l l  species of the genus Stenosto- 
mum. They are species-specific varying in number of granules (1-40) which
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also determine the form o f the whole structure (see 6 fo r example). Most 
o f the investigations were, however, performed by l ig h t  microscopy on l i v 
ing specimens (see 16 fo r  Ref.) and th e ir  u ltra s tru c tu re  has therefore re
mained unclear. In the only electron microscopical investiga tion  / i .e .  
16 /, the lig h t- re fra c tin g  bodies in S. virginianum are described as a pair 
o f s ing le , large mitochondria with electron-dense m ateria l. In S_;_ sp., on 
the other hand, the r e f ra c t i le  granules are numerous, having a maximum 
diameter of 5 urn and resembling l ip id  spheres /15 /. The lig h t- re fra c tin g  
bodies of S. leucops also resemble l ip id  granules, but moreover, they form 
a structure s im ila r to pigment cups in  the eyes of the o c e lli- ty p e . Addi
t io n a lly ,  they have nerve contact to the brain and nerve vesicles in  the 
cytoplasm, a fact fu r th e r  supporting th e ir  sensory function. They could, 
however, also serve as lenses as supposed fo r monogenean l ip id  droplets 
/ 8/  and catenulid cerebra l bodies /18 /. Further investiga tion  is  needed to 
c la r i f y  the ir d e f in it iv e  function.

REFERENCES

1. Brooker, B.E. (1972) The sense organs of trematode m iracidia. In : Canning, E.U., Wright, 
C.A. (eds) Behavioural Aspects of Parasite Transmission. Zool. 3. Linn. Soc. 51 (suppl. 
1), Academic Press, London, pp. 171-180.

2. Ehlers, В., Ehlers, U. (1977a) Dia Feinstruktur eines c ilia re n  Lamellarkörpers bei Paro- 
toplanina geminoducta Ax (Turbe lla ria , Proseriata). Zoomorphologica 87, 65-72.

3. Ehlers, B., Ehlers, U. (1977b) U ltrastruktur pericerebraler Cilienaggregate bei Dico- 
elanriropora a tr io p a p illa ta  Ax und Notocaryoplanella qlandulosa Ax (Turbe lla ria , Proseri
a ta). Zoomorphologie 88, 163-174.

4. Ehlers, U. (1985) Das phylogenetische System der Plathelminthes. Akad. Wissensch. L it. 
Mainz & Fisher, S tu ttg a rt, New York.

5. Fournier, A. (1984) Photoreceptors and photosensitivity in platyhelminthes. In : A li,  M.A. 
(ed.) Photoreception and Vision in Invertebrates, Plenum Press, New York, London, pp. 
217-239.

6. Kolasa, 3., Young, 3.0. (1974) Studies on the genus Stenostomum 0. Schmidt (Turbellaria; 
Catenulida). Freshwat. B io l. 4, 149-156.

7. Lanfranchi, A. (1990) U ltrastructure of the epidermal eyespots of an acoel platyhelminth. 
Tissue Cell 22, 541-546.

8. Llewellyn, 3. (1972) Behaviour of monogeneans. In : Canning, E.U., Wright, C.A. (eds) 
Behavioural Aspects o f Parasite Transmission. Zool. 3. Linn. Soc. 51 (suppl. 1), Academic 
Press, London, pp. 19-30.

9. Lyons, K.M. (1972) Sense organs of monogeneans. In : Canning, E.U., Wright, C.A. (eds) 
Behavioural Aspects of Parasite Transmission. Zool. 3. Linn. Soc. 51 (suppl. 1), Academic 
Press, London, pp. 181-199.



SENSORY RECEPTORS I 267

10. Palmberg, I . ,  Reuter, M. (1983) Asexual reproduction in Micrnstomum lineare (T u rb e lla r la )■ 
An autoradiographic and u ltras tructura l study. In t .  0. Invertebr. Repród. 6 ,  197-206.

11. Palmberg, I . ,  Dahlvik, G. Govardovskii, V . I. ,  Reuter, M., Reuter, T. (1980) Are the eye- 
spots of Microstomum lineare light-sensitive? Fortschr. Zool. Progress Zool. 36, 211-219.

12. Palmberg, I . ,  Reuter, M., Wikgren, M. (1980) U ltrastructure of epidermal eyespots of 
Microstomum lineare (Turbellaria , Macrostomida). Cell Tissue Res. 210, 21-32.

13. Reuter, M., Palmberg, I .  (1990) Synaptic and nonsynaptic release in Stenostomum leucops. - 
A study of the nervous system and sensory receptors. Acta Acad. Aboensis, Ser. В 50 (7 ), 
121-136.

14. Reuter, M., Palmberg, I . ,  Joffe, В. (1991) Sensory receptors in the head of Stenostomum 
leucops. I I . Localization of catecholaminergic histofluorescence -  u ltrastructure of sur
face receptors. Acta B io l. Hung. 43,

15. Rieger, R.M., Tyler, S., Smith, I.P.S. I l l ,  Rieger, G. (1989) Platyhelminthes: Turbel
la r ia .  In : Harrison, F.W. (ed.) Microscopic Anatomy of the Invertebrates Vol. I I I .  Alan 
R. L iss ., New York, pp.

16. Ruppert, E.E., Schreiner, S.P. (1980) u ltrastructure  and potential significance of 
cerebral ligh t-re fra c ting  bodies of Stenostomum virginianum (Turbellaria, Catenulida). 
Zoomorphology 96, 21-31.

17. Stavenga, D.G., Schwemer, J. (1984) Visual pigments of invertebrates. In: A li,  M.A. (ed.) 
Photoreception and Vision in Invertebrates, Plenum Press, New York, London, pp. 11-61.

18. Tyler, S., Burt, M.D.B. (1988) Lensing by mitochondrial derivate in the eye of Urastoma 
cyprinae (Turbellaria, Prolecithophora). Fortschr. Zool. /Progress Zool. 36, 229-234.

19. Xylander, W.E.R. (1984) A presumptive c i l ia ry  photoreceptor in larval Gyrocotyle urna 
Grube and Wagner (Cestoda). Zoomorphology 104, 21-25.





A cta  B io lo g ie s  H u n g a ric a  4 3 ( 1 - 4 ) ,  p p . 2 6 9 -2 7 3  (1 9 9 2 )

IMMUNOREACTIVE CYTOKINES IN MYIILU5 EPULIS NERVOUS AND 
IRKJNE INTERACTIONS4

T .K . HUGHES1 , E.M. SMITH1 ,2 , M.K. LEUNG3 and G.B. STEFANO3

1  О

Department of Microbiology and Psychiatry and Behavioral Sciences^, 
University of Texas Medical Branch, Galveston, Texas, USA 

M u ltid isc ip lin a ry  Center fo r the Study of Aging”5, 
SUNY/College at Old Westbury, Old Westbury, New York, USA

(Accepted: 1991-08-30)

We review evidence that an immune and nervous system linkage exists in inverte
brates s im ilar to tha t shown in vertebrates. Immunoreactive cytokines appear to play a 
role in th is  in te raction. We have demonstrated tha t M. edu lis , a marine bivalve 
mollusc, reacts to the vertebrate monokines in te rleukin -1 , -6 and TNF. We have also de
monstrated endogenous immunoreactive in te rleukin -1, -6 and tumour necrosis factor in 
M. edulis hemolymph, immunocytes and pedal ganglia. Our findings suggest an important 
common signalling mechanism that has been conserved over 500 m illion  years of evolution

Keywords : Cytokines -  invertebrates -  neuroimmunology - Mytilus edulis

Introduction

Evidence fo r the involvement of opioid peptides and cytokines in  b i
d irec tiona l re la tionships between the neuroendocrine, nervous and immune 
systems is  quite overwhelming in  mammals and appears to be emerging in  in 
vertebrates / 1 , 2 /. S im ila r it ie s  between the messenger substances used by 
vertebrate and invertebrate systems are remarkable. Bioactive neuropep
tides , e .g ., opioids, whose m ultip le  roles in  the nervous system are well 
established, are known to a ffe c t immunologically competent ce lls  / 1- 6/ .
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S pec ific  immune c e lls  are not only capable of responding to neuropeptides, 
but also of synthesizing them /3 /.

Invertebrate immunocyte reactions to opioids are a recent top ic of 
in te re s t since th e ir  nervous system has been shown to contain various 
op io id  peptides /1 / .  Subpopulations of invertebrate immunocytes have been 
shown to respond to opio ids by adhering and clumping. Further, the a b i l i ty  
o f invertebrate immunocytes to produce opioids has been demonstrated. For 
example, nerve severance in  Mytilus edulis has been shown to  induce a 
chemotactic response of immunocytes in  the lesioned area, the opio id speci
f i c i t y  of th is  response was shown by i t s  s e n s it iv ity  to naloxone /1 / .  I t  
has also been shown th a t the stim ulation of locomotory responses in  the 
invertebrate immunocytes is  accompanied by d is tin c tiv e  conformational 
changes /7 /.

Ihe vertebrate cytokine network has been the subject of intense study 
fo r  many years. Because cytokines a ffec t a l l  arms of the immune system 
and, in  addition, many non-lymphoid functions, these molecules play a 
c r i t i c a l  ro le(s) in  c e l l - c e l l  in te rac tion (s ) / 8/ .  Considering the sim i
la r i t ie s  of M. edulis and human immunocytes in  terms of th e ir  responses to 
and production of opioids / 1 , 2/  we have hypothesized that M. edulis con
ta ined cytok ine-like  substances and/or a cy tok ine -like  network a ffec ting  
i t s  own immunocytes and nervous system in  a fashion s im ila r to vertebrates.

In th is  report, we review our find ings th a t, as in  vertebrates, the 
immune and nervous systems also in te rac t in  invertebrates. I t  appears that 
immunoreactive cytokines play a role in  th is  in te rac tion . S p e c ifica lly , 
in  the marine inve rteb ra te , Mytilus e d u lis , we have demonstrated tha t the 
vertebrate cytokine in te rle u k in -1  ( IL -1 ), IL -6  and tumournecrosis factor 
(INF) can modulate M. edu lis  immunocyte function . Furthermore, we have 
found immunoreactive ( i r )  IL -1 , IL -6 and INF in  immunocytes, hemolymph and 
nervous tissue and have strong evidence tha t the immune and nervous sys
tems in teract using these substances to varying degrees /9 , 10, 11, 12/.

Results and Discussion

ir-cy tok ines in M. edu lis

A classical inducer of INF and IL-1 and ac tiva to r of monocyte/macro- 
phages in  vertebrates is  lipopolysaccharide (LPS) /13, 14/. Since M. edu lis
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immunocytes resemble these ce lls  /15 /, we tested whether IPS could activa te  
them and i f  TNF and/or IL - l- l ik e  substances had a role in  any observed 
response. We found tha t LPS activated about 92-96% of a l l  c e lls  in  v it ro  
manifested by the c e lls  increasing th e ir  area, as well as th e ir  perimeter 
by in i t ia t in g  fla tte n in g . We also determined that activa tion  occurred 
through TNF and IL - l - l ik e  intermediates by adding antibody to TNF or IL-1 
concommitant to LPS add itiion . I f  antisera to TNF and IL-1 are added s i 
multaneously, only 50% of the c e lls  respond suggesting that M. edulis im
munocytes may be producing or releasing ir-TNF and/or IL - l- l ik e  substances 
in  response to LPS in  v itro  /16 /.

LPS also induced changes in  vivo when i t  was injected in to  the hemo- 
lymph space in  the area of the posterio r adductor muscle of M. edulis by 
decreasing the number of ce lls  which could subsequently be obtained to 52% 
of the поп-treated contro l leve l. A dd itio n a lly , i f  antibody to TNF and 
IL-1 is  administered with LPS in  v ivo , the number of ce lls  tha t could be 
recovered increased to approximately 75% of the control leve l. Thus, the 
response to LPS seen in  vivo is  s im ila r to tha t found in  v itro  and ir-TNF
and IL-1 play a ro le  in  th is  response /1 6 /.

We have also shown that vertebrate TNF and IL-1 cause conformational 
changes and activa te  M. edulis immunocytes and have fu rthe r found tha t as
in  vertebrates, part of the conformational changes induced by IL-1 in  the
immunocytes is  caused by the induction of TNF. We have shown th is  by the 
use of anti-TNF in  conjunction to IL-1 add ition . The presence of ir-TNF 
and IL-1 in  the M. edulis hemolymph by ELISA has also been determined /9 / .

We have also found IL -6 plays a ro le  in  immunocyte ac tiva tion  (manu
s c r ip t submitted). In vertebrates, IL -6  has been shown to in te ra c t w ith 
IL-1 /17 /. The same occurs in Mytilus since we have found that IL-1 a c tiv 
i t y  is  potentiated by IL -6 . Immunoreactive IL -6 can also be detected in  
the hemolymph of M. edulis by ELISA.

ir-c tyok ines in  M. edulis nervous tissue

Previous studies have demonstrated tha t conformational and locomotory 
changes in it ia te d  in  M. edulis immunocytes by opioid stim ulation were not 
blocked by the potent opioid antagonist naloxone once the stim u la tion  had 
occurred /7 /.  This indicated that events may have been set in  motion tha t 
did not involve opioid peptides beyond the in i t ia l  s tim ulation. We have 
shown tha t the monokines IL-1 and TNF were able to induce responses in  im-
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munocytes and tha t immunoreactively s im ila r substances are present in  the 
hemolymph. Further, these responses appeared s im ila r to those induced by 
the opioid D-Ala -D-met -enkephalin (DAMA), as described in  previous 
studies /7 / .  These s im ila r it ie s  may be p a r t ia l ly  explained by our find ings 
tha t IL-1 added to immunocytes with DAMA resu lts  in  an additive e ffe c t in  
the number of responsive ce lls  which can be blocked by concommitant IL-1 
antibody treatment /10 /. In te res ting ly , a n ti- IL -1 , when given w ith DAMA 
alone reduces the number of responsive immunocytes ind icating a possible 
induction of IL-1 by DAMA. In contrast, naloxone treatment completely 
abolished DAMA stim ula tion  of responsive c e lls  w ithout a ffecting  IL-1 s t i 
mulation. These resu lts  suggest that DAMA may induce the formation of an 
ir - IL -1 ,  which in  turn may be responsible fo r  fu rth e r stim ulation of the 
immunocytes. This was confirmed in  immunocytes by our finding tha t addi
tio n  of DAMA stimulated two peaks of IL -l-induced a c t iv ity .  This was also 
found to occur in  neural tissues of M. e d u lis . IL-1 immunoreactivity has 
also been measured by ELISA in  the hemolymph and pedal ganglia /1 0 /.

We have also found that IL -6 is  associated with Mytilus nervous t i s 
sue since supernatant f lu id s  from pedal ganglia treated with DAMA and 
transferred to non-activated immunocytes resu lts  in  an activa tion  which 
is  blocked by antibody to IL-1 or IL -6 to  a certa in  degree (manuscript 
submitted). Thus, i t  appears that IL -6 is  produced by Mytilus ganglia in  
conjunction w ith IL-1 and that these substances can induce responses in  im
munocytes .

Taken together, our resu lts  demonstrate tha t IL-1, -6 and TNF can in 
duce responses in  M. edulis immune and nervous tissues, and tha t immuno
reac tive ly  s im ila r substances can be detected in  these tissues. Vertebrate 
immune and neuroendocrine linkages have been the subject of considerable 
study over the la s t 10 years. Our resu lts  ind ica te  that these linkages 
have been conserved over evolution and they appear to be universal. I t  is  
l ik e ly  tha t many other endogenous mediators are acting in Mytilus and w i l l  
require development of a suitable system(s) fo r  studying them. This is  
presently under study in  our laboratory. Invertebrate regulatory processes 
are apparently more complicated and sophisticated than previously thought.
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Recent reports have provided strong evidence indica ting that Met-enkephalin is  
serving as a neuroimmune modulator. I t  acts as a b id irec tiona l signal molecule in 
transm itting message between the endocrine system and the immune ce lls  in the c i r 
culating f lu id . In th is  study, we investigated peptidases which are capable of de
grading Met-enkephalin in the hemolymph flu id  and hemocyte membrane. Our results showed 
that aminopeptidase is  present at a high level in  the f lu id  and a low level in  the 
membrane. Carboxypeptidase is  not present in the f lu id  but i t  is  present at a leve l 
higher than that of aminopeptidase in the membrane. Either ACE or neutral endopeptidase 
is  also present in the hemolymph flu id  and hemocyte membrane. Functional role of these 
peptidases in the overall scheme of the neuroimmune mechanism is  currently under in 
vestigation .

Keywords : Met-enkephalin -  peptidases -  mussel -  hemolymph

In t r o d u c t io n

Recent studies have shown a diverse number of peptides isolated from 
invertebrate tissues is  capable of inducing various e ffects  in the nervous 
system. Some of these peptides have also been found to have a c t iv it ie s  
outside the nervous system. One good example of these peptides is  Met- 
enkephalin (ME). ME serves as a b id ire c tio n a l s igna l molecule between the 
endocrine system and the immune c e lls  in  the c irc u la tin g  b io log ica l f lu id
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/1 / .  Studies with M ytilus edùlis have shown ME ïs  present in  the hëmolymph 
f lu id  /2 / and i t  is  capable activa ting  immunocytes in the hemolymph /4 , 5 /. 
In  addition, the ac tiva tin g  e ffec t of ME is  strongly enhanced by the pep
tidase in h ib ito r , phosphoramidon.

As a b id ire c tio n a l signal molecule, ME has to trave l w ith in  the c i r 
cu la to ry  f lu id  to carry i t s  message between the endocrine and the target 
c e lls .  There are two main aims in  th is  pre lim inary study. F irs t ,  in  i t s  
journey between the endocrine and the immunocytes, ME is  exposed to v a ri
ous peptidases which are known to be present in  the hemolymph f lu id .  Our 
e a r lie r  study has shown tha t ME is  very ra p id ly  degraded when exposed to 
mussel hemolymph /4 / .  Thus, i t  is  important to determine how ME is  a f
fected by these peptidases in  the hemolymph f lu id .  I t  is  our hope tha t a 
be tte r understanding of th is  degradation process w i l l  provide a foundation 
fo r  future studies of how the in te g r ity  of ME as well as other s igna l pep
tid e s  can be protected in  th e ir  journey through the c ircu la to ry  f lu id .  
Second, as in the s itu a tio n  which e x is t in  the synapse, mechanisms must be 
in  place to remove the signal molecules a fte r  they have delivered th e ir  
messages. Recently, Stefano et a l. /5 / ,  through studies with peptidase in 
h ib ito rs , have presented convincing evidence which implicates the involve
ment of neutral endopeptidase 24.11 in  the inac tiva tion  of ME by mussel 
immunocytes. In th is  study we wish to determine, through biochemical ap
proaches, how ME is  degraded by peptidases on the membrane of the hemo- 
cytes.

Meterials and Methods

Hemolymph was aspirated from the poste rio r adductor muscle from My
t i lu s  edulis and hemocytes were co llected from the hemolymph by low speed 
cen trifuga tion  at 900 g. The hemocytes were homogenized in  5 mM phosphate 
pH 7.0 buffer and the membrane fragments were washed with bu ffe r u n t i l  no 
peptidase a c t iv it ie s  were detected in  the wash. Enzymatic studies were 
ca rried  out with the membrane suspended in  bu ffe r. Debris and c e llu la r  
fragment free hemolymph f lu id  was obtained by subjecting the supernatant 
from the low spin to an additional high speed cnetrifugation at 100.000 g 
60 min. The supernatant from the second spin was used fo r the hemolympTT 
f lu id  study.

In the hemolymph f lu id  study, 20 ,um of 1 mM ME in  a r t i f i c ia l  sea 
water, were added to 400 rm of hemolymph f lu id .  This m ixture, w ith a 
f in a l  concentration of 50 iM  ME, was incubated at 25 °C fo r 15 min. At 
the end of the incubation period the mixture was inactivated by the addi
t io n  of an equal volume of an in a c tiva tin g  solution consisting of 20% 
a c e to n itr ile  in  0.2% tr if lu o ro a c e tic  acid. Membrane study was carried  out 
w ith  50 yun of membrane suspension. F if ty  u l  o f 100 iM  of ME in  phosphate
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buffe r were added to the suspension (£ ina l ME concentration was 50' ,uM) be
fore the mixture was incubated at 25 °C fo r 45 min. The reaction m ixture 
was inactivated as described e a rlie r.

A 100 .ul a liquo t of the assay mixture was removed from each study 
and c la r if ie d  by cen trifuga tion  before i t  was analyzed by HPLC w ith  a 
reversed-phase column. E lution of the column was carried out at a flow 
rate of 1 ml/min w ith a binary gradient. The solvents used were 0.1% t r i -  
fluoroace tic  acid as solvent A and 80% a c e to n itr ile  in  01% tr if lu o ro a c e tic  
acid as solvent B. The eluant was monitored by a UV detector at 210 nm. 
The retention times of ME degradative products were established by stan
dards purchased fo r Sigma. Under the described conditions, a l l  the major 
degradative products were well separated from each other. Both peptide 
fragment, YGG, and the amino acid, Y, however, migrate very close to  the 
void volume. The amino acid, M, because of i t s  absorption ch a ra c te r is tic , 
cannot be detected at 210 nm.

Results

ME is  known to be degraded by four types of peptidases as shown in  
Fig. 1. The action of aminopeptidase w i l l  y ie ld  Y and GGFM while carboxy
peptidase, YGGF and M. Both angiotensin converting enzyme (ACE) and 
neutra l endopeptidase cleave ME at the same G-F peptide bond y ie ld ing  YGG 
and FM. The exact id e n tity  of the peptidase which leads to the formation 
of these two products, consequently, can only be ascertained by a dd ition a l 
studies with spec ific  peptidase in h ib ito rs . Since YGG under our e lu tio n  
conditions migrates very close to the so lvent, the degradative fragment, 
FM, is  used to monitor the a c tiv it ie s  of ACE and neutral endopeptidase.

Am inopeptidase C arboxypep tidase

y У
Y -  G - G -  F -M

/N

N e u tra l E ndopeptidase

A n g io te n s in  C o n ve rtin g  Enzyme

Fin. I-  Deiagrammatic representation of the cleavage o f Met-enkephalin by peptidases from 
hemolymph f lu id  and hemocyte membrane. The cleavage s ite  of each peptidase is  indicated by an 

arrow. Ŷ = tyrosine, £  = glycine, F_ = phenylalanine, M = methionine
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Time (min)

Time (min)
Fig. 2. HPLC chromatograms of hemolymph flu id  (A) and hemocyte membrane preparation (B) a fter 
incubation with 50 Met-enkephalin. The incubation and the HPLC analysis conditions are de

scribed in Materials and methods. Abbreviations fo r the amino acids are given in  Fig. 1
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In agreement with our e a rlie r report /3 / ,  our present results showed 
ME is  degraded very rap id ly  when exposed to mussel hemolymph f lu id .  The 
HPLC chromatograms of hemolymph f lu id  and membrane suspension incubation 
mixtures are shown in  Fig. 2A and 2B, respective ly . The major ME degrada- 
t iv e  product in the hemolymph f lu id  is  GGFM and the minor products are FM 
and F. No peak corresponds to YGGF is  detected in  the f lu id  assay mixture. 
In the membrane assay m ixture, on the other hand, the major degradative 
product is  YGGF while the peak corresponding to GGFM is  much smaller than 
in  the f lu id  mixture. As in  the f lu id  m ixture, both FM and F are also 
found as minor products in  the membrane mixture. A fte r 10 min of incubation 
in  the hemolymph f lu id  over than 80% of the ME were degraded. The degra
dation of ME by membrane suspension is  considerably slower than the f lu id .  
In the membrane suspension, less than 30% of the ME were degraded in  40 
min of incubation. However, based on our experience, membrane peptidases 
are very la b ile  and th e ir  a c t iv it ie s  are highly dependent upon the fresh
ness of the preparation.

Discussion

As a b id irec tiona l nueorimmune modulator, there are at least two areas 
where peptidases could play an important ro le  in  the fate of ME. F irs t,  
when ME is  being transm itted between the endocrine and the immune c e lls  i t  
would invariab ly be exposed to peptidases in  the c ircu la to ry  f lu id .  Second, 
the inac tiva tion  of ME a t the target s ite  has also been shown to c le a rly  
involve peptidass on the membrane of the target c e lls  /4 , 5/.

In th is  current study, our data show ME degrading peptidases are 
present in  the hemolymph f lu id  and the hemocyte membrane. The exact iden
t i t ie s  of some of these enzymes were not known at th is  time, however, anal
yses of ME degradative products showed in  Fig. 1, c lea rly  showed peptid
ases with ME degradative a c t iv it ie s  are present in  both the f lu id  and the 
membrane. As shown in  Fig. 2A, in the hemolymph f lu id ,  aminopeptidase is  
present at a high le v e l. This is  demonstrated by the large amount of GGFM 
found in the incubation mixture. Since YGGF is  not detected in the f lu id  
mixture i t  indicated carboxypeptidase is  absent in  the hemolymph f lu id .  
The FM found in the f lu id  mixture could be the product of the action of 
ACE or neutral endopeptidase while F is  formed by the action of amino- 
peptidase on ME and FM. As shown in Fig. 2B, a high leve l of YGGF is  found 
in  the incubation mixture of membrane preparation and GGFM is  only
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present in  a re la t iv e ly  low le ve l. Thus, contrary 4P th e 'f lu id ,  carboxypep
tidase  is  no only present on the hemocyte membrane but i t  also has higher 
a c t iv i ty  than aminopeptidase. The present of FM on the membrane mixture 
suggested the presence of e ithe r ACE or neutra l endopeptidase. The amino 
ac id , F, could re s u lt from the action of carboxypeptidase and/or aminopep
tidase on FM.

In conclusion, s ig n if ic a n t levels of peptidases are present in  the 
hemolymph f lu id  and the hemocyte membrane which are capable of degrading 
ME. The major enzyme in  the f lu id  is  tha t of aminopeptidase and ACE or 
neu tra l endopeptidase is  present at a lower le ve l. On the hemocyte membrane 
the major enzyme is  carboxypeptidase while aminopeptidase is  present, com
pa ra tive ly , at a much lower le ve l. S im ilar to the f lu id ,  hemocyte membrane 
also possesses e ith e r ACE or neutral endopeptidase a c t iv ity .  The d iffe re n 
t ia t io n  of the ACE and neutra l endopeptidase in  the hemolymph f lu id  and 
hemocyte membrane is  cu rren tly  under investiga tion  with sp e c ific  peptidase 
in h ib ito rs .
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Schistosomes are digenetic trematodes which share th e ir  l i f e  cycle between a de
f in i t iv e  (vertebrate) and an intermediate (invertebrate) host. Their survival is  highly 
dependent on the ir a b il i ty  to reduce s ig n ifican tly  the e ffic iency of the host defences.

We have previously demonstrated the presence of POMC derived peptides (ACTH, 
a-MSH, (3-endorphin) in a l l  stages of Schistosoma mansoni l i f e  cycle. Given the im
munomodulatory properties of these peptides in vertebrates and invertebrates i t  has 
been postulated that they might be implicated in parasite immune evasion.

We report the release of these neuropeptides during the cycle, associated with the 
in h ib itio n  by these peptides of the locomotory a c tiv ity  of immunocytes from both hosts, 
the hamster Mesocricetus auratus and the freshwater snail B. glabrata. The im plication 
of these common signals in th is  new strategy of parasite adaptation is  discussed.

Keywords : Schistosoma mansoni - neuroimmunology -  neuropeptides -  proopiomelano
cortin  -  host-parasite interactions

In t r o d u c t io n

The existence of a b id ire c tio n a l network between the nervous system 
and the immune system is  now established /4 , 20/. Cytokines act on the 
hypothalamic p itu ita ry  axis / 2/  and also regulate behavioural components 
of the ra t / 8/ .  In a reverse way, the nervous system can modulate the com
petence of ce lls  of the immune system. Stress has been shown to diminish
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natura l k i l le r  c e lls  a c t iv i ty  in  vivo, although the precise mechanisms of 
th is  observation is  not understood today /1 9 /. Several neurohormones can 
modulate the functions of c e lls  of the immune system /2 0 /. C learly, these 
two systems can exchange information, and cytokines and neuropeptides par
t ic ip a te  in th is  b id ire c tio n a l dialogue /4 /.

More recently, evidence has been given tha t invertebrates synthesize 
neurohormones, and tha t functions of invertebrate immunocytes can be regu
la ted  through mechanisms very s im ila r to the vertebrate neuroimmune in te r 
actions. the work of Stefano and collègues has demonstrated the p a r t ic i
pation  of opioids in  the ac tiva tion  of M ytilus edulis immunocytes in  stress 
cond itiions /23 /. Furthermore, the presence of an opiate receptor on th e ir  
surface was shown /2 4 /. More recently, the presence of in te r le u k in - lik e  
molecules in  th is  organism was demonstrated /2 5 /. These authors and others 
a lso showed tha t MSH inactiva tes invertebrate immunocytes, as well as 
human PMN /26, 27/.

Proopiomelanocortin (POMC) is  the 30KD precursor of several bioactive 
peptides, mainly ACTHi, a - ,  ß-, Y-MSH and ß-endorphin /7 / .  POMC-de-
rived  peptides have been immunocytochemically demonstrated in  the leech 
/2 2 / and several flatworms /13, 28/. Le Roith et a l. /18 / have also de
monstrated the presence of peptides biochemically and b io lo g ic a lly  homolo
gous to ACTH and ß-endorphin in  the protozoan Tetrahymena pyrifo rm is .

Given the immunomodulatory properties of POMC-derived peptides in 
vertebrates and invertebra tes, and considering th e ir  phylogenetic conser
va tion , we have postulated tha t they could be expressed by the human 
p a ra s itic  trematode S. mansoni.

The adaptation of parasites w ith in  th e ir  host(s) implies the exchange 
o f signal molecules which permit both the surv iva l of the host and the 
p ro life ra tio n  and settlement of the parasite / 6/ .  Parasite immune evasion 
procédés from several phenomena / 11/ ,  the main one being molecular mimicry, 
as introduced by Damian /9 , 10/ to describe the presentation of host 
epitopes by the paras ite , which avoids being recognized as non-self.

One other main mechanism of parasite adaptation is  the secretion of 
molecules l ik e ly  to suppress the functions of the host immunocompetent 
c e lls  /11/. In th is  regard, our hypothesis was that parasite neuropeptides 
might constitute some of the molecules d ire c tly  modulating the host de
fences .

Schistosoma mansoni is  a digenetic trematode causing schistosomiasis, 
a disease a ffecting  several hundred m illio n  people in  the world. Cercariae
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penetrate the host skin where they develop in to  schistosomula. The larvae 
migrate in to  the lung and then to the l iv e r  where they become male and 
female adult worms. Females lay eggs excreted in  the host feces. These 
hatch in to  m iracidia, c il ia te d  larvae which in fe s t the mollusc interm edi
ate host and transform in to  sporocysts and cercariae which are libe ra ted  
in  the water under appropriate l ig h t  and temperature conditions.

In the vertebrate host, immunity to schistosomes presents three 
aspects /5 / :  ( i )  adult worms are to le ra ted  and can survive fo r decades in 
the mesenteric plexuses; ( i i )  eggs are trapped in  the tissues and induce 
inflammatory processes; ( i i i )  the presence of adult worms and eggs induces 
a sta te  of concommitant immunity characterized by re jection  of new cer
cariae penetrating the host. In the intermediate host, the freshwater 
sna il Biomphalaria g labra ta , hemocytes are known to be inactivated during 
5, mansoni in fec tion  /1 , 2 /. This allows the sporocysts to avoid from be
ing encapsulated.

R e s u lts  and D is c u s s io n

Using antisera directed against the human peptides, radioimmunoas
says of ACTH, alpha-MSH and beta-endorphin were performed in  various 
stages of parasite l i f e  cycle /12 /. A ll three POMC derived peptides were 
detected in  S. mansoni. To assess our hypothesis of th e ir  im p lica tion  in  
the in te rac tion  with the vertebrate host, the three peptides were tested 
fo r th e ir  a b il i ty  to be released by S. mansoni adult worms under physio
lo g ica l conditions (incubation at 37 °C in  Minimal Essential Medium). We 
could demonstrate the release of ß-endorphin and ACTH.

In te res ting ly , we observed a massive decrease of the ß-endorphin 
content of the parasite during the transformation of cercariae in to  
schistosomula. This diminution might be due to an endogenous consomption or 
to a release in the host medium. This corresponds to a cruc ia l step of the 
cycle. A fter e lim inating th e ir  t a i l ,  the cercariae penetrate through the 
skin and acquire a heptalaminar tegument w ith in  three hours which covers 
w ith host determinants when they reach the lung. The f i r s t  hours are 
therefore a stage of high s u c e p tib ility  to the vertebrate host defence, 
from which the escape mechanisms are mostly unknown. Liberation of precise 
neuropeptides in te rfe r in g  with the host e ffec to r c e lls  might cons titu te  a 
defence mechanism from the parasite.

Parasite beta-endorphin-like peptide was fu rth e r analyzed by reverse-
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phase HPLC. In a f i r s t  experiment, a 25 to 40% a ce to n itr ile  gradient (30 
min) was used, and parasite peptide and human active beta-endorphin 
(1-31) were shown to  co-elute /12/. We performed another experiment in  
a slower a c e to n itr ile  gradient (27 to 35% a ce to n itr ile  in  45 min) in  
order to separate d if fe re n t endogenous deriva tives  that have been detected 
in  vertebrate p itu ita ry  c e lls  such as 1-27 beta-endorphin or N-acetyl-1-31 
beta-endorphin /2 1 /. The results showed tha t the main parasite peptide co
e lu tes with 1-31 human beta-endorphin, although minor other forms were 
also detected /14 /. This resu lt demonstrates the high degree of homology 
between the two peptides, and suggests tha t the main form in schistosome is  
the 1-31 bioactive one.

The im plication of these substances in  the daptation to the in te r 
mediate host could be assessed by the detection of POMC-derived peptides 
in  the hemolymph of in fested molluscs. This could l ik e ly  account fo r the 
reported in h ib it io n  of phagocytosis by in fected sna il hemocytes / 1 , 2/ .

In another series of experiments, we were able to show tha t immuno
cytes from B. glabrata or from the laboratory d e fin it iv e  host (the hamster 
M. auratus) respond to  MSH in  a s im ila r fashion as that described fo r 
human PMN or M. edu lis  hemocytes /26, 27/. We can therefore hypothesize 
tha t a s im ila r in h ib it io n  might occur during the in fec tion  by S. mansoni.

Many regulatory peptides have been id e n tif ie d  in  helminthic parasites, 
and p a rticu la rly  in  S. mansoni /15, 17/, mostly by immunofluorescence 
studies which show th e ir  main loca liza tion  in  the parasite nervous system.

The question of th e ir  precise functions is  now being raised. One can 
postulate that they are both implicated in  endogenous functions, and also 
parasite  immune evasion. The amount of released peptides detected in  our 
experiments seems consistent with a loca l d isregu la tion  of the host immune 
response.

In trematodes, the absence of any c irc u la to ry  system and of a con
s t itu te d  endocrine system raises the importance of the nervous system as 
an essentia l too l fo r  endogenous c e llu la r  communications. The im plica tion  
of neuropeptides in  parasite development has been demonstrated in  the 
cestode Diaphyllobothrium dendriticum /1 6 /. Neuropeptides might also be 
involved in  the behavior of the parasite, and the choice of the precise 
organs where i t  s e tt le s  down in the host. Prelim inary immunofluorescence 
studies (not shown) have revealed that beta-endorphin lik e  materia l could 
be detected in the parasite  central nervous system and also in  the sub- 
tegumental sensitive f ib e rs . This double lo c a liza tio n  might be correlated
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with both functions of endogenous neurotransmitters and host-parasite  
signal molecules. These hypotheses now need to be tested in  fu rth e r in 
vestigations.
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In a previous study we demonstrated the presence of NK-like a c t iv ity  in  the 
mollusc Planorbarius corneus. This a c t iv ity  can be ascribed to round hemocytes that 
have a morphology s im ilar to that of vertebrate lymphocytes. We show here tha t th is  NK- 
lik e  cy to tox ic ity  is  evident in  serum-free culture medium. Moreover, the type o f death 
induced by molluscan effector ce lls  on th e ir  targets is  probably s im ilar to tha t in 
duced by vertebrate effector c e lls , i .e .  apoptosis or programmed c e ll death, as 
assessed by the protective effect exerted by 3-aminobenzamide when both types o f e f
fector ce lls  were used.

Keywords : Cytotoxicity -  c e ll death -  mollusc -  3-aminobenzamide -  evolution of 
immunity

C ytotoxic ity  is  a fundamental type of immune response as i t  helps in  
ge tting  r id  of foreign or transformed c e lls . I ts  importance can explain 
the apparent variety of cyto tox ic  responses found in  higher vertebrates. 
Indeed, several types of e ffec to r c e lls , such as macrophages, natural 
k i l le r  (NK) ce lls  and cyto tox ic  T-lymphocytes (CTL), are present in  these 
animals. The re la tionsh ip  among these types of c e lls , and p a r t ic u la r ly  be
tween NK and CTL are fa r from being c lear. A c lass ica l approach to  c la r i fy  
these problems is  to study th is  phenomenon at an evolutionary le ve l and to 
trace the ancestor c e lls  w ith cyto tox ic  ca p a b ility . We recently described 
the presence of NK-like a c t iv ity  in  the invertebrate Planorbarius corneus
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(L .)  /1 /.  Indeed, two typesof ce lls  can be id e n tif ie d  in  the hemolymph of 
P, corneus by c la ss ica l morphological analysis or by cy to fluo rim e tric  
characterization /2 , 3 /. One type of c e l l ,  i .e .  spreading hemocyte (SH), 
is  s im ila r to the vertebrate macrophage and i t  is  able to phagocytize 
fore ign m aterial, inc lud ing  bacteria l c e lls . Moreover, SH contains opio id
l ik e  molecules which stim ulate chemotaxis and phagocytosis /4 , 5 /. The 
other c e ll type, i .e .  round hemocyte (RH) have a morphology s im ila r to 
th a t of the vertebrate lymphocyte. Both types of c e lls  pa rtic ipa te  in  a llo 
g ra ft  re jection , suggesting that they are responsible fo r se lf/non -se lf 
d iscrim ination in  P. corneus / 6/ .  SH and RH can be separated due to the 
ca p a b ility  of SH to adhere to glass surface. In th is  way re la tiv e ly  pure 
populations of SH and RH can be obtained and analyzed fo r th e ir  functiona l 
properties.

In order to te s t the hypothesis tha t RH may have cytotoxic a c t iv ity ,  
short-term  c y to to x ic ity  tes ts  were performed using RH as e ffec to r ce lls  
(E) and K562 as ta rge t c e lls  (T). K562 c e lls  are c lass ica l ta rge t c e lls  
used to check the presence and the a c t iv ity  of NK c e lls  in  mammals. Target 
c e lls  are prelabelled w ith  ^C r and then added to  e ffec to r c e lls , at 
d if fe re n t E:T ra t io . ^ C r  release is  measured a fte r  4 h. The percentage of 
s p e c ific  cy to to x ic ity  is  calculated according to the fo llow ing formula:

experimental release -  spontaneous release 
^specific c y to to x ic ity  = ----------------------------------------------------------------  X 100

maximal release -  spontaneous release

Only RH arei able to  lyse K562 target c e lls  and th is  a c t iv ity  is  in 
creased by in te rleuk in -2  ( IL —2) /1 /. In order to  better characterize th is  
type of c y to to x ic ity , we performed experiments to  investigate the mechanism 
by which RH k i l ls  ta rge t c e lls . In p a rticu la r, we investigated i f  target 
c e lls  die by a mechanism of programmed c e ll death (apoptosis), s im ila r to 
th a t observed when K562 c e lls  are k i l le d  by human NK e ffec to r c e lls . 
Indeed, the mechanism by which the target c e lls  die when attacked by cyto
to x ic  e ffecto r c e lls  such as CTL or NK c e lls , is  fa r from being clear /7 , 
8/ .  According to some authors, target c e lls  die because of the formation 
o f membrane pores caused by the release of pore-forming proteins by the 
e ffe c to r ce lls . However, antibodies against pore-forming proteins do not 
in h ib i t  target c e ll death, suggesting that other mechanisms are involved 
in  th is  phenomenon. Recent data suggest tha t ta rge t c e lls  die by a suicide 
mechanism called apoptosis /7 , 8/ .  Apoptosis is  an active type of c e ll 
death characterized by morphological a lte ra tio n s  o f c e ll membrane (bleb-
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bing) and by a cha rac te ris tic  fragmentation of DNA in small pieces of 2UÜ 
bp or m ultip le of 200 bp which give a peculiar pattern when ONA of ta rge t 
c e lls  is  analyzed by gel electrophoresis. DNA breaks can ac tiva te  a 
nuclear enzyme, i.e .  poly(ADP-ribosyl)polymerase (E.C.2.4.2.30) PADPRP 
which u t iliz e s  NAD+ as substrate to add chains of poly(AOP-ribose) to 
several nuclear prote ins, including PADPRP i t s e l f . I t  has been proposed tha t 
the activa tion  of PADPRP and the consequent f a l l  of the in tra c e llu la r  
leve ls of NAD+ and ATP pools are c r i t ic a l  steps in  the metabolic pathway 
which mediates c e ll death /9 , 10/. To te s t the hypothesis that th is  type 
of mechanism is  triggered by molluscan e ffe c to r ce lls  we performed cyto
to x ic ity  tests with glass-enriched RH and ur prelabelled K562 c e lls  in  
presence or absence of an PADPRFinhibitors, such as 3-aminobenzamide (3-ABA). 
Preliminary data suggest that NK-like c y to to x ic ity  in  molluscan c e lls  is  
sensitive  to the presence of heterologous serum in  the medium used to keep 
c e lls  during the te s t. Indeed, in  some experiments performed as previously 
described with medium supplemented w ith 10% fe ta l ca lf serum / 1/ ,  no cyto
tox ic  a c tiv ity  was detectable (data not reported). This observation 
prompted us to ascertain the role of serum in  th is  type of c y to to x ic ity . 
The resu lts  reported in  Table 1 show th a t: 1) the absence of serum in 
h ib its  NK cy to to x ic ity  by human e ffe c to r c e lls ;  whereas NK-like cy to to x i
c ity  by molluscan e ffe c to r c e lls  is  detectable in absence o f serum; 
2) molluscan NK-like cyto tox ic  a c t iv ity  is  quite variable from experiment 
to experiment, and the reason of th is  v a r ia b il i ty  is  unknown; 3) an in 
h ib ito ry  e ffec t of 3-ABA is  evident when a consistent cytotoxic a c t iv ity  
is  present.

These data allow the fo llow ing considerations: 1) the ca p a b ility  of 
molluscan ce lls  to perform cyto tox ic  reactions and to k i l l  nucleated 
mammalian target c e lls , such as K562, is  a well documented phenomenon. 
However, fu rther studies are needed to estab lish the optimal cu ltu re  con
d itio n s  to perform tests  in  which invertebrate e ffecto r c e lls  are used. 
Major variables appear to be temperature /1 /  and presence of serum - and 
probably lo t  of serum - in  cu lture medium, among others; 2 ) the type of 
death induced by molluscan ce lls  on K362 ta rge t ce lls  is  s t i l l  unclear. I t  
would be extremely in te res ting  to ascertain whether the type of death in 
duced by invertebrate e ffec to r c e lls  on th e ir  targets is  s im ila r to that 
induced by vertebrate e ffec to r c e lls  on the same type of target c e lls .  Our 
prelim inary data suggest that the mechanisms involved in  target c e ll death 
by vertebrate and invertebrate e ffec to r c e lls  may be s im ila r, as suggested
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Table 1
N atura l c y to t o x ic i t y  by c e l ls  from humans o r P. corneus in  presence 

□ r absence o f serum o r 3-ABA

Effector
ce ll

E : T 
ra t io

Serum 3-ABA
(5rrM)

% Lysis

EXP. 1

Human 50:1 + - 42.4*
" 50:1 + + 9.0
" 25:1 + - 25.7
" 25.1 + + 1B.1

Molluscan 50.1 + - 0
" 25:1 + - 0

EXP. 2

Human 50:1 - - 19.4
" 50:1 - + 2.2
" 25:1 - - 0.4
" 25:1 - + 3.3

Molluscan 50:1 - - 7.4
" 50:1 - + 8.7
" 25:1 - - 2.1
" 25:1 - + 1.0

EXP. 3

Human 50:1 - _ 6.3
" 50.1 - + 0
" 25:1 - - 3.3
" 25:1 - + 0

Molluscan 50:1 - - 77.2
" 50:1 - + 59.1
" 25:1 - - 46.7

25:1 - + 32.5

*  51
Data are re fe rre d  to  the  c y to to x ic  a c t iv i t y  vs K562 ta rg e t c e l ls  in  a 4 h Cr
re lease assay and are expressed as percentage o f  s p e c if ic  ly s is  (see te x t )

by the protective e ffe c t exerted by a P4DPRP in h ib ito r  such as 3-ABA. I f  
confirmed, our data suggest that the mechanism by which ce lls  capable of 
cy to tox ic  a c tiv ity  to k i l l  th e ir  target, is  conserved throughout evolution 
and tha t PADPRP a c tiva tio n  is  l ik e ly  involved.

In conclusion, the data reported in  th is  paper, together with pre
vious resu lts from our laboratory, suggest tha t important b io log ica l 
responses, such as stress-response /11 /, chemotaxis /4 / ,  phagocytosis /5 / 
and cytotoxic a c t iv ity  / 1/ ,  are unexpectedly qu ite  s im ila r in ph ila  h igh ly 
d ivergent such as molluscs and mammals. Our laboratory is  actua lly tes ting
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the hypothesis that programmed c e l l  death is  an old phenomenon h igh ly 
conserved throughout evolution.
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Using a variety of techniques we found the presence of ACTH and op io id -like  
molecules in the phagocytic spreading hemocytes (SH) and the serum of the mollusc 
Planorbarius corneus. In v itro  experiments have shown that ACTH and 3 -endorphin 
exert chemotactic a c tiv ity  on SH, while ACTH, but not ß-endorphin increases the 
phagocytic a c tiv ity  of SH. Moreover, ACTH and CRF provoked the release of biogenic 
amines from the hemocytes, mimicking a proto-stress type of response. Thus, the same 
mobile ce ll is  capable of iimune and proto-stress responses by using as mediators 
neuropeptides which remained fundamentally s im ila r throughout evolution.

Keywords : Molluscs -  phagocytosis -  stress - neuropeptides - evolution

A great deal of data suggest an in te rre la t io n  between the immune (IS ) 
and the neuroendocrine (NES) systems. Many mediators have been id e n tif ie d  
through which the NES can modulate immune response, while, on the other 
hand, substances produced during the ac tiva tion  of the IS act also on the 
NES, thus forming a closed c irc u it  in  which b id irec tiona l s ignals c o l
laborate to maintain the homeostasis of the organism. This s itu a tio n  sup
ports the hypothesis that the two systems share a common evolutionary 
o r ig in . The major argument in favor of th is  hypothesis is  that we and 
other authors have experimental evidence tha t both systems share a va rie ty  
of signal molecules which on several occasions mediate both immune and
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neuroendocrine functions. A possible way to  prove th is  idea is  to' in v e s ti
gate i f  these signa l molecules are conserved throughout evolution . I t  
should be remembered th a t other signal molecules, and p a rtic u la r ly  neuro
peptides, are h igh ly conserved in evolution and tha t they mediate immune 
and neuroendocrine functions simultaneously. Within th is  framework, we 
studied the presence and the b io log ica l ro le  of ACTH and ß-endorphin in  
Planorbarius corneus (L .)  (Gastropoda, Pulmonata), an invertebrate whose 
immune system has been investigated in  our laboratory fo r several years. 
Using a variety of techniques, such as immunocytochemistry, c y to f lu o r i-  
m etric analysis and RIA tests, we have demonstrated immunoreactive CRF, 
ACTH and S-endorphin molecules in  hemocytes and serum /1 /.  The presence 
of ACTH and o p io id - lik e  molecules seems to be a general phenomenon, given 
th a t the only c e ll type present in the hemolymph of another s n a il, i .e .  
the amoebocyte in  Lymnaea s tagna lis , is  also pos itive  to poly- and mono
c lona l anti-ACTH antibodies /2 /. In P. corneus the ACTH- and ß-endorphin- 
l ik e  molecules are present in  spreading haemocytes (SH) and are involved

Fig, 1. In v itro  phagocytosis of Staphylococcus aureus by Planorbarius corneus hemocytes, in 
the presence of ß -endorphin. One experiment representative of three is  shown
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in  c e ll locomotion a c t iv ity  and phagocytosis. Indeed, in  in v itro  experi
ments they exert chemotactic a c tiv ity  on SH /3 / ,  while ACTH /2 /,  but not 
ß-endorphin, increases the phagocytic a c t iv i ty  of SH (Fig. 1).

Measurement of the in  v it ro  phagocytosis of 5. aureus by P. corneus 
hemocytes was as fo llow s: hemolymph was collected from several sna ils  as 
previously described /4 /  and pooled. 3 ml of hemolymph, 2.4 ml of bacteria 
(14x105 ce lls /m l) and 6 0 0 /u lo f ß-endorphin (k ind ly  provided by Prof. A. 
Panerai, Milan) (10“ 7 _ iq -15 m) Were mixed in  a p la s tic  tube. In con tro l 
samples, ß-endorphin was replaced w ith 600 yul of sna il saline so lu tion  
/4 / .  Each point was run in  t r ip l ic a te .  Samples were incubated at room tem
perature on a revolving mixer. After 30, 60, 90, 120 and 150 min, 500 u l  
of each hemolymph sample was removed and cultured on freshly prepared 
P e tri dishes with a "Mannitol Salt Agar" medium, spec ific  fo r the Staphy
lococcus genus. Bacteria l colonies were counted a fte r 48 h.

As ACTH is  involved in  stress responses in  higher vertebrates, we in 
vestigated whether i t  also played a s im ila r  ro le  in  invertebrates. The in 
cubation of P. corneus hemolymph with CRF and ACTH provoked the release of 
biogenic amines (norepinephrine, epinephrine, dopamine) from hemocytes, 
mimicking a proto-stress type of response. In the presence of ACTH, the 
maximum release of biogenic amines by the hemocytes into the serum is  
evident a fte r 15-min-incubation as shown in  Fig. 2. S im ilar resu lts  were 
observed with CRF /5 / .

On the whole, these data suggest th a t a major pathway of the stress 
response in  P. corneus is  mediated by an CRF-ACTH-biogenic amine axis /5 / .  
I t  is  in te resting  to note tha t a s im ila r phenomenon was not observed when 
the hemolymph was incubated with ß-endorphin (F ig . 3), where the response 
is  s im ila r to that obtained follow ing incubation with snail sa line so lu
tio n  (SSS) /5 /. The f a l l  in  the dopamine leve l a fte r  incubation w ith ß- 
endorphin and SSS is  probably the re s u lt of a degradation phenomenon.

In a p la s tic  tube, 6 ml of hemolymph were added to 60 u l of ß-en
dorphin 10- 7 M. The sample was kept in  the dark and incubated on a revo lv 
ing mixer fo r a to ta l of 45 min. A fter 0, 15, 30 and 45 min, 1.5 ml of
sample were removed and centrifuged at 600 g fo r 15 min. The supernatant 
(serum) and the p e lle t (hemocytes) were then co llected, and the biogenic 
amines were immediately measured by HPLC. Serum samples were prepared and 
analyzed by adding activated alluminium oxide to the Clin-Rep-Catechol- 
amine k i t  (Pharma Vertriebs GmbH and Co. KG, Munich, FRG), as previously 
described / 6/ .  A fter washing the c e lls  twice w ith cold SSS and homogeniz
ing them with a Fisher Sonic Dismembrator mod. 300 in  100 ml of HCIO4 0.1 M 
containing 4 mM NaHSOj, the hemocyte samples were treated and analyzed as 
previously reported /7 / .

The follow ing conclusions and speculations can be drawn from these 
resu lts  :

( i )  since hemocytes contain ACTH and o p io id -like  molecules which are
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Fig. 2. Concentrations of biogenic amines in serum (a) ^id in hemocytes (b) of Planorbarius 
corneus a fte r incubation with ACTH^ Ю M, determined by HPLC

NA = norepinephrine; A = epinephrige; DA = dopamine. The determination of NA and A was only 
possible at time 0: 24 and 5 pg/10 ce lls . One experiment representative of three is  shown.

(From Ottaviani et a l . ,  /5 /)
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Time (min)
Eig. 3. Concentrations of biogenic amines in serum (a) a r ÿ  in  hemocytes (b) of Planorbarius 

corneus afte r incubation with 3 -endorphin 10 M, determined by HPLC 
NA = norepinephrine^ Â = epinephrine; DA = dopamine. The determination of NA was only possible 
at time 0: 18 pg/10 ce lls . One experiment representative of three is  shown
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involved in  fundamental immune responses, a co llaboration appears to ex is t 
between IS and NES, not only in  vertebrates but also in  invertebrates;

( i i )  ACTH and o p io id -like  molecules are involved in  a proto-type 
of stress response, s im ila r to that present in  vertebrates, where the 
adrenal gland is  the ta rge t organ.

We can speculate that the basic stressor/antigen-triggered responses 
have remained fundamentally sim ilar throughout evolution, even i f  in the 
more complex forms of l i f e  they have become more specialized and specific.
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The f i r s t  step in th is  work of reconstruction of a theory of insect v is ion was to 
demonstrate that visual behaviour re lies  on scanning by self-motion and apparently in 
volves measurement of angular ve loc ities o f contrasts moving across the eye. The next 
step was to demonstrate that parallax is  also s ign ifican t as a way of segmenting the 
visual scene in to separate objects. There followed a series of experiments to ru le  out
the existing theory that motion perception depends on autocorrelation, and at the same
time an alternative theory was developed. The new theory assumes that at the leve l of 
the optic medulla there are numerous pa ra lle l channels on each visual axis, represent
ing d iffe rent neurons, a l l  looking out fo r th e ir specific  combination of signals. The 
combinations are formed by positive, negative or no-chang^ temporal contrasts at two 
adjacent visual axes at two successive times, forming 3 =81 possible templates.
Simulation of th is  highly pa ra lle l system shows that i t  can represent the moving image
in a compact form that would be adequate to explain what is  known for motion and form
vision (but not colour v is ion) in insects. Form, lik e  colour, would be seen as the 
ra tio  of numbers of responses of particu lar templates, in the same way that colours are 
seen as ra tios of responses of receptors for d iffe re n t wavelengths. F in a lly , as a 
possible mechanism for measurement of angular ve loc ity , we discovered that d ire c tio n a l- 
ly-sensitive motion-detector neurons f a l l  in to  two groups, fast and slow, which respond 
over overlapping ranges of angular ve loc ity  of the same pattern, and carry information 
about velocity in the range of 3 /s  to 300 /s  down the ventral cord as an assemblage 
in d iffe rent channels.
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Since about 1986 an organized program of research on insect motion 
perception has appeared from Canberra, w ith  emphasis upon combining data 
from normal v isua l behaviour of free ly  f ly in g  insects and e lectrophysi
ology of visual processing neurons, w ith some support from the anatomy of 
marked neurons and computation of how subunits might in te rac t in  optimized 

models. One theme has been the centra l pos ition  that motion perception 
occupies in insect v is ion . Insects show no sign of visual lo ca liza tio n  of 
edge position at the reso lu tion  of the re tin a , so v/e can forget about 
algorithms such as zero crossing ind ica to rs . Currently our most extreme 
view is  that an insect sees nothing tha t does not move re la tive  to the eye, 
although there is  abundant evidence tha t the perception of motion depends 
on the previous s ta t ic  d is tr ib u tio n  of in te n s ity . A less extreme view is  
tha t the insect's  v isua l world jumps to l i f e  as soon as the animal s ta rts  
to walk or f ly ,  tha t v isua l features are detected by neural templates as 
they move across the v isua l processing networks, and that the re la tiv e  
motions of nearby objects moving across the re tina give the insect a 
measure of th e ir  re la t iv e  ranges in  each d ire c tio n . As an extension of 
th is ,  insects tha t appear to be sta tionary may be making small voluntary 
movements that con tinua lly  refresh the pa tte rn  of the surrounding con
tra s ts .

Bringing these ideas together, recent work from Canberra suggests 
tha t a l l  voluntary movements create tra n s la tio n a l scanning (as d is t in c t 
from head ro ta tions) and that these scanning movements of the head 
generate measurements of range by two'mechanisms / 1/  (a) induced re la tive  
motion and (b) pa ra llax , which is  the movement of foreground over back
ground caused by eye motion. A number of p ro jects  with trained honeybees 
have been designed to te s t these ideas /16, 17/.

Insects can estimate angular v e lo c ity  at the eye

The general background to th is  statement is  that many groups of large 
d iu rna l insects maneuver rap id ly  in f l ig h t  between branches, chase mates 
or prey and escape from predators w ithout crashing in to  objects. The 
simplest way fo r them to get the necessary inform ation about the range of 
contrasts in each d ire c tio n  is  to have a mechanism that estimates angular 
ve lo c ity  of motion on the eye irrespective  of contrast, in te n s ity  or 
pattern .

The f i r s t  experiments were done w ith the praying mantis, which has
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two d iffe re n t mechanisms fo r estimation of range. Before s tr ik in g  at a f ly  
prey, a mantis turns i t s  head to gaze near the d ire c tio n  of the prey but 
freezes the rest of i t s  movements. When the prey is  in  range fo r the s tr ik e  
of the forelegs, the average angles at the two eyes re la tive  to the mid- 
lin e  define the d ire c tio n  of the s tr ike  / 12/ ,  perhaps by a choice of fixed 
templates in  the brain or ventra l cord. In quite a d iffe re n t set of re
sponses, when a walking mantis reaches the end of a tw ig, i t  peers by 
swaying from side to side. This la te ra l displacement movement generates an 
angular displacement and motion of a l l  surrounding contrasts on the eye. 
The nearer the con trast, the greater the induced displacement and i t s  
ve lo c ity , giving a measure of range. This mechanism works in  the absence 
of a patterned background / 1/  but we do not know whether displacement or 
ve loc ity  is  measured.

I f  a patterned background is  available, the insec t's  perception of 
range is  aided by another fac to r, called para llax, as objects in  the fo re 
ground move across and obscure the contrasting pattern of the background. 
In the parallax i t s e l f  there are two separable features, the disappearance 
of pattern that was previously in view and the existence of two d iffe re n t 
ve loc ity  vectors in  adjacent locations. I t  is  not known whether the velo
c it ie s  orthe loss of pa tte rn , or both, are measured, but parallax is  cer
ta in ly  s ig n ifica n t fo r the mantis / 1/  and fo r the honeybee /16/.

More spec ific  te s ts , directed at the question of ve loc ity  measurement, 
were made on honeybees tha t had been trained to come to a reward of sugar 
syrup by fly in g  down a tunnel between ve rtic a l w alls of paper. The walls 
can carry a pattern and they can be moved e ithe r way on ro lle rs . With the 
walls s ta tionary, the bees f ly ,  on average, down the centre of the tunnel 
irrespective  of contrast or whether the patterns are the same on the two 
sides. Very low contrasts on the walls are s u ff ic ie n t fo r the bees to be
have in  th is  way. When one wall is  moved in  the same d irec tion  as th e ir  
f l ig h t ,  the bees f ly  closer to i t ,  and conversely they f ly  fu rther away 
from a wall that is  moved against the d irec tion  of th e ir  f l ig h t  /17 /. Cal
cu la tion  from the f l ig h t  paths shows tha t the bee's equalize the angu
la r  ve loc ity  of contrasts to le f t  and r ig h t as they f ly  along, and tha t 
th is  behaviour is  independent of the spa tia l frequency of the patterns. 
The resu lt reminds us of some old data of Sandeman e t a l. /13/ who found 
that the torque generated by the crab eyestalk in  response to moving regu
la r  s tripe  patterns was a function of angular ve lo c ity  across the eyes 
irrespective  of sp a tia l frequency over a very wide range of angular 
ve lo c itie s .
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Motion perception by~~c5mmon algorithms

At th is  point i t  must be stressed that any device tha t detects the 
motion of a contrasting edge and makes a smoothed or to ta lle d  response to 
the passing of edges can respond only w ith in  a range of v e lo c it ie s , but 

i t s  actual response is  proportional to the to ta l number of edges passing in 
u n it  time, which depends also on pattern . Templates tha t detect passing 
edges, and mathematical sim ulations, tend to respond in  th is  way. In te r
e s tin g ly , the optomotor response of insects and a l l  motion-detecting 
neurons so fa r recorded (w ith  summed responses) behave in  th is  way. There
fo re  those interested in  normal v isual behaviour that requires measurement 
o f angular ve loc ity  at the eye irrespective  of pattern have not been 
s a t is f ie d  with the ex is ting  theories of insect v is ion. We have tackled 
th is  problem in  two or three d iffe re n t ways, by study of what tra ined bees 
can t e l l  us about what they see and do not see, by testing  the fundamental 
bases of ex is ting  theory and by recording from a varie ty of neurons in  a 
search fo r a natural mechanism of angular ve loc ity  measurement irrespec t
ive  of in te n s ity , spa tia l or temporal contrast, and spa tia l or temporal 

frequency.

Measuring angular ve loc ity  

The basic equation is :

(angular ve loc ity ) x (sp a tia l frequency) = (contrast frequency) ( 1)

so i f  we know any two of these we should be able to calculate the th ird . 
There is  an additional problem, however, in  that the responses p lo tted 
against these three variables form bell-shaped curves because there is  no 
response at very low or very high values, and a healthy response at the 
intermediate values over which the processing mechanisms are broadly tuned. 
Therefore, in  the middle part of the range fo r a l l  three variables the re
sponse gives an ambiguous ind ica tion  of range.

A related measure of the ve loc ity  can be made on any lo ca l moving 
g rad ient of in tens ity  from the equation:

А I /  A t  1 -  A I / A 0  = V (2 )
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where A I is  an increment of in tens ity  at any small region,
A t  is  an increment of time,
Д 0  is  an increment of angle on the eye,

V is  the lo c a l angular v e lo c ity .

For sinusoidally-modulated regular s triped  patterns and therefore fo r 
any pattern with a Fourier series, equations (1) and (2) are d if fe re n t 
ways to express the same re la tionsh ip . Equation (2) is  called the gradient 
model and can be implemented fo r 2-dimensional motion at every loca l 
region in  a scene /1 4 /. From the loca l temporal contrast at any in s ta n t, 
divided by the loca l sp a tia l contrast at the same location, the loca l 
angular ve loc ity  is  eas ily  obtained. This has the important consequence 
tha t the image is  now segmented in to  separate objects at d iffe re n t ranges, 
in  agreement with the general p rin c ip le , usually disregarded, in  computer 
v is ion , that the two-dimensional image must be segmented in to  objects be
fore categorization of objects can begin /7 / .  The theory of object segmen
ta tio n  by motion in  insects and the gradient model fo r range measurement 
fo r segmentation fo r computer vision were developed at the same time, but 
at present there is  no evidence of an insect or any other natural mechanism 
that actua lly  makes use of the gradient model.

While we have i t  in  hand, a word about the gradient model is  appro
p r ia te . As fo r a l l  algorithms known in a r t i f ic a l  v is ion, i t  works only fo r 
ce rta in  s itua tions, in  th is  case where there is  a gradient having a slope 
w ith in  i t s  range. Too gradual a gradient, or no gradient of in te n s ity , 
w i l l  not work, nor w i l l  a step edge e ith e r, but the la t te r  is  always 
elim inated by smoothing in  the receptor f ie ld s . When the spa tia l gradient 
is  small, the temporal contrast is  also small, so the resu lt of the d iv i
sion is  noisy, but fo r a f ly in g  d iurnal insect th is  would not matter 
because i t s  visual world contains plenty of fast-moving gradients. Because 
the insect has a predictable posture, and movement is  always in  one d irec 
tio n  at any point on the re tina , the motion detection mechanisms can be 
one-dimensional in space: in  fa c t, two-dimensional mechanisms of v is ion 
are un like ly  to have evolved /2 / .  One-dimensional vision along a predicted 
lin e  implies that many standard d i f f ic u l t ie s  of vision such as the aper
ture and correspondence problems, do not arise.
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The search fo r  the motion algorithm in  natural vision

A survey of the lite ra tu re  on neural motion detectors suggests that 
only the autocorrela tion theory of Reichardt /10, 11/ can explain the data, 
but a l i t t l e  thought might suggest that the data can be explained by other
as yet unconsidered algorithms and that tes ts  might be devised to te s t the
fundamental assumptions o f the existing theory. Accordingly we have been 
doing th is  e lec trophys io log ica lly  alongside the behavioural work w ith bees 
and the implementation of other algorithms.

F irs t,  le t  me emphasize that autocorre la tion theory does not f i t  the 
s itu a tio n . Autocorrelation takes the Fourier transforms of two adjacent 
time-dependent inputs and m u ltip lies  them together, giving a second-order 
in te ra c tio n . This form ulation assumes tha t the modulation in  the receptor 
is  corre lated with i t s e l f  delayed, as seen in  an adjacent receptor. More
re a l is t ic a l ly ,  however, the moving pattern of the outside world is  con
volved simultaneously w ith  the fie ld s  of many d iffe re n t types of neurons 
in  p a ra lle l that form several overlying maps of neurons of varying proper
t ie s  in  deeper layers. An autocorrelation im plies m u ltip lica tion  of the 
stim ulus on each axis by i t s e l f ,  but when we tested th is  point d ire c tly  we 
could not confirm the m u ltip lica tio n . For example, in  the unsaturated 
range the response of motion-sensitive neurons to changes of contrast 
(F ig . 1) varies as (con tras t) , not as (con tras t) as would be predicted 
by autocorre la tion. White/black and black/white edges are distinguished and 
processed separately; interchanging them (F ig . 2) does not cause a re
versa l of d ire c t io n a lity ,  as predicted by autocorre la tion, but simply 
blocks motion perception. F ina lly , when a 50:50 black and white pattern of 
random pixels is  jumped by a small angle approximately equal to tha t be
tween receptor axes, the d irec tion  of s e n s it iv ity  is  not reversed when the 
con trast is  reversed a t the jump (Fig. 3) /3 , 4 /. M u ltip lica tion  does not 
show up when s p e c if ic a lly  queried, and some kind of memory of the previous 
s ta te  before the jump is  im p lic it  in motion detection (Fig. 2).

A template theory of insect v is ion

Before publishing re su lts  which ru le  out the old theory, we proposed 
a completely new one based on neuron properties and the way that groups of 
neurons function together /2 / .  The properties of the lamina ganglion ce lls  
of insects demonstrate th a t the features of in te re s t are the temporal and



INSECT MOTION PERCEPTION 305

100 curve no. p o s itio n “ on screen

1.5° X 1.5° D  °

Key to Sym bols

spot —  •
V

о

edge • __ 5

bar ■ __ X 23"
□  12'
V  9°
•  6°
О 3'

S Ю

c
3
о

1.5 'X 2 
bar

edge

0
10 100

percentage contrast
Fin- 1- The responses of an easily iden tified  "slow" neuron, the HI wide f ie ld  d irectional 
motion-detector neuron of the f ly  optic lobula plate, to a varie ty  of stim uli as a function of 
contrast. The thick s tra ight lin e  has a slope of 1, at which slope the response is  pro
portional to contrast. A wide varie ty of patterns were tested on the same neuron. The shapes 
of the curves are independent of pattern, but for small stim uli the amplitude of the response 
depends on the position in the visual f ie ld . Curves 1 and 9 are for black and white vertica l 
bars on a grey background. Curves 2, 3, 4, 6  and 7 are for the same dark spot at d iffe ren t 
positions in the f ie ld . Curve 8 is  for a single edge with black following white, and curve 5 
is  for a single edge with white following black (from Horridge and Marcelja / 4/ ) .

spa tia l contrasts in  the image at maximum temporal and spa tia l reso lu tion . 
The motion detection system teaches us that motion perception has the 
highest possible spa tia l reso lu tion , that stim ula tion  of two adjacent 
visual axes is  s u ff ic ie n t fo r motion detection, and tha t in motion per
ception the contrast becomes saturated at a low value of 20 to 30%. Motion 
perception is  also colour b lind . In motion perception, as opposed to colour 
v is ion , insects are not in terested in  the quan tita tive  measurement of in 
tens ity  or contrast, only in  detecting the sign of changes.

These princ ip les were incorporated in to  the template model, which 
simply took every possible combination of increase or decrease in  in ten
s ity ,  or no-change, at each pa ir of adjacent v isual axes at two successive



Fig. 2, Directional motion from a "remembered" position. A black or white bar (as indicated) 1.5° wide appears on a grey background at 1 s 
a fte r the beginning of the record (shown by the ve rtica l mark) causing a larger "o ff"  response for (a) a black than for (b) a white bar. 
Responses are spike histograms. The bar persists for 100 ms then disappears, to reappear 1.5 away at 1.4 s a fte r the beginning of the re
cord. In (a) a black bar, and in  (b) a white bar, on a grey background, reappear in  the preferred direction: in (c) and (d) the contrast is  
reversed and we see the " l ig h t o ff"  response. In (e) to (h) the motion is  in  the antipreferred d irection, and we never see the characteristic 
fa c ilita te d  response to preferred motion as in (a) or (b ) . In ( i )  to (1) the bar returns at the same location, and (в) is  a control repeat of

(a) at the end of the run (from Horridge and Marcelja , /3 /)
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Fig. 3, Responses of a d irectional motion detector (optomotor la rge -fie ld ) neuron o f the 
medulla of the b u tte rfly  Papilio to small jumps of a 50:50 pattern of random black and white 
square pixels, in e ither preferred or non-preferred d irection , with and without contrast 
reversal at the jump. 0: preferred with no reversal; Д : preferred with contrast reversal; 
Q : anti-preferred with no reversal; x: antipreferred w ith reversal. The results are tha t the 
preferred direction does not reverse when the contrast is  reversed at the jump; with no 
reversal the optimum jump distance is  about 2 , and with contrast reversal the responses are 

to " l ig h t o f f " ,  with nothing additional for the motion (from Horridge and Marcelja ,  / 5/ ) .
Abscissa : angle of the jump of the patte rn. Ordinate : impulses per jump

times. With three possible states of contrast sign, at A spatiotemporal 
positions, we have 34 = 01 d iffe re n t possible 2x2 combinations a t each 
point of the visual world (Fig. 4). We can make some of these combinations 
in to  the spatiotemporal stimulus s itua tions  detected by d iffe re n t neurons 
The neurons then become simple templates, and we can run a l l  81 templates 
across typ ica l scenes to see which combinations are common and which are 
diagnostic of p a rticu la r features.

These 01 spatiotemporol 2x2 templates are too simple fo r each to con
vey much about an image, but taken together they cover the whole image in 
space and time, w ith every p ixe l covered 4 tines . As templates fo r  the de-
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Fig. 4, A ll spatiotemporal possible combinations of increased in tensity ( | ) ,  decreased in 
te n s ity  ( I  ) or no change ( - )  at pairs of adjacent v isua l axes at two successive times t  
(columns) and t^ (rows). The directionally-sensitive combinations are those with 3:1 diagonaî 
s tructure . Many of these combinations turn up when we use them as templates to scan a natural 
scene, in  the following ways. ( — ►- ) motion to the r ig h t ;  (  — ) motion to the le f t .  (B) 
responses when dark follows lig h t  in the d irection shown: (V) templates that with others 
could give a measure of ve loc ity  from the ra tio  of th e ir  responses. Combinations on the 
cen tra l diagonal are appropriate for estimation of colour or form during periods of "no

change"

te c tio n  of features, therefore, these templates function in  groups and 
each is  lin e - la b e lle d , so they operate l ik e  assemblages of neurons.

One way tha t neuron ensembles function is  illu s tra te d  in  colour 
v is io n : colours, as d is t in c t  from wavelengths, are discriminated by taking 
ra t io s  of numbers of photons caught by d if fe re n t broadly-tuned lin e -  
labe lled  photoreceptors. S im ila rly , loca l features in  an image could be 
discrim inated by taking loca l ra tios of numbers of responses of ce rta in  
commonly responding templates, so providing a low-level bottom-up mecha
nism of loca l form discrim ination without categorization. The same mecha
nism would d iscrim inate textures. Taken together with colour v is ion  and
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Fig. 5. Responses of (a) two fast and (b) two slow neurons of f ly  visual system to d iffe ren t angular ve loc ities of the same two patterns. The 
slow fibres peak at a contrast frequency near 5 Hz; the fast fibres near 20 Hz. For most of the range the slow fib re  response decreases with 
increasing velocity but the fast fib re  increases i t s  response, so that the ra tio  indicates ve locity irrespective of pattern (from Horridge

and Marcelja , / 6/ )
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angular velocity at constant contrast frequency.

(d )

Fig. 6, The possible o r ig in  o f fas t and slow motion-detectors with overlapping fie ld s  on the 
ve loc ity  axis to explain fa s t and slow responses when d iffe re n t neurons are tested with the 
same stimulus at d iffe re n t speeds, (a) to (d) A decrease in in tensity moves from le f t  to 
r ig h t ,  as would be caused by an advancing single black edge, (e) to (g) The fie ld s  of the cor
responding unit motion detectors, plotted in spatiotemporal rad ia l co-ordinates in which a 
steep slope represents low ve loc ity  and a shallow slope a high ve locity. Two d iffe re n t spatio- 
temporal combinations can be tuned to different temporal frequencies as in (a) and (b) or to 
d iffe re n t spatial frequencies as in  (b) and (c ), or to d iffe re n t spatial and temporal fre 
quencies as in (a) and (c ) .  The corresponding responses to d iffe ren t velocities o f an edge 
presented at constant temporal frequency are suggested in  ( j ) .  The responses of these four 
neurons to the movement o f the same regular striped pattern at d iffe ren t ve loc ities would be 

s im ila r ly  spread with overlap over the ve loc ity  axis

segmentation of the image by measurement of the range of edges in  every d i
rec tion  via se lf-m otion , the ra tios of simple template responses could
f u l f i l  most of what we know about insect v is io n . Uhat insects see depends 
on th e ir  visual processing and not, as usually i l lu s tra te d , on the geometry 
o f th e ir  facets.

The templates have the po la rity  necessary to distinguish black/white 
and white/black edges and are thresholded w ith  respect to contrast, but 
they are no bettor than ether simple edge-detectors fo r measuring angular
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ve loc ity  irrespective of temporal or spa tia l frequency. Ratios of numbers 
of responses of some templates can indicate ve loc ity  in a crude way, and 
long s trings of template responses moving through angle and time can mea
sure ve loc ity  to any desired accuracy i f  there is  a mechanism to measure 
th e ir  spatiotemporal slopes. To measure ve loc ity , however, other mechanisms 
can ex is t side by side w ith algorithms that detect edges and respond to 
contrast frequency, and others that respond to colours.

Fast and slow insect visual processing f

Over the past few years we made a search fo r descending neurons in  
insect brain and ventral cord tha t give a response depending on ve loc ity  
irrespective  of in te n s ity , contrast, contrast frequency or sp a tia l f r e 
quency. Although such neurons have been reported by others / 8 , 9/ we found 
only neurons that respond to contrast frequency irrespective  of other 
facto rs , as any edge-detector w ith a contrast threshold should do. In the 
course of th is  search, however, we found two classes of d ire c tio n a l 
motion-perception neurons, fa s t and slow, in locust, f ly  (F ig. 5), dragon
f ly  and b u tte r f ly ; presumably a l l  insects have them.

Long ago Srinivasan and Bernard /15/ demonstrated that the optomotor 
response of the f ly  is  re la t iv e ly  slow in  i t s  frequency response and 
latency, whereas the responses to small objects are much fa s te r. Since 
tha t time i t  has been obvious (but no-one remarked on i t )  tha t the f re 
quency response of the lamina ganglion ce lls  .(LMC c e lls ) is  much fas te r 
than that required i f  they are the inputs fo r optomotor neurons, and that 
one set of unit-motion detectors with time constants in ferred from the 
optomotor response would be too slow fo r many other visual responses, in 
cluding measurement of range /17 /.

We can now report tha t in  addition to the slow neurons of the opto
motor system, with peak response in  the contrast frequency range 1 to 10 
Hz, there are other faste r neurons which give peak responses at a contrast 
frequency of 15 to 20 Hz. Both types were tested with the same patterns 
over a wide range of v e lo c itie s  in  random order. Both types are d ire c tio n a l 
motion-detectors with axons tha t run from the posterior brain down the 
ventra l cord to thoracic motor centres, where presumably they con tro l the 
wing steering mechanisms.

The existence of two groups of neurons w ith overlapping response 
ranges to d iffe re n t ve lo c itie s  of the some pattern provides a mechanism
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fo r  measuring angular ve lo c ity  irrespective of contrast, spa tia l frequency 
or in tens ity  at exactly  the range of speeds indicated by the tests on 
honeybees /17/. A measure of the ve loc ity  is  given by the ra t io  of the ac
t i v i t y  in the two systems a t any one time, so long as both systems change 
th e ir  responses in  s im ila r  ways when other fac to rs  change.

The mechanism of " fa s t"  and "slow"

I t  is  possible th a t there is  one population of elementary motion-de
te c to r units, w ith inputs mainly from adjacent visual axes, that are 
broadly tuned with reference to contrast frequency, and that subsequently 
there are two pathways, one with a temporal high-pass, the other with a 
low-pass f i l t e r ,  tunneling in to  la rg e r- f ie ld  " fa s t"  and "slow" neurons. I f  
so, measurements derived from outputs of the slow system alone w i l l  t e l l  
us l i t t l e  about the elementary motion detectors.

A very widespread p r in c ip le  in the nervous system of arthropods is  
th a t muscle fib re s , motoneurons, interneurons, and sensory neurons, es
p e c ia lly  mechanoreceptors, are divided in to  p a ra lle l slow and fast channels. 
Such dual channels have never been found fo r the photoreceptors of any one 
compound eye, despite extensive studies, but i t  seems lik e ly  tha t in  the > 
o p tic  medulla there are neuron types which generate separate fa s t and slow 
motion detection based upon d iffe re n t temporal sampling (Fig. 6a, b). A l
te rn a tive ly , there are two classes of elementary motion detectors with 
d if fe re n t sp a tia lly  arranged inputs (F ig. 6b, c ), and a th ird  p o s s ib ility
is  tha t the inputs d i f f e r  in  both spa tia l and temporal tuning (Fig. 6a, 
c ) . Considering that inform ation content is  reduced by synaptic noise, any 
method of dual channel sampling d irect from the lamina neurons would be 
more e ff ic ie n t than a separation in to  " fa s t"  and "slow" a fte r a broadly 
tuned elementary motion detection. Given the existence of fas t and slow 
d ire c tio n a l motion detecto rs, the next step might be to demonstrate that 
they actually co llabora te  together in the measurement of angular ve loc ity .
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For organisms to most e ffe c tive ly  transm it th e ir  genes to succeeding 
generations they not only have to do the r ig h t th ings at the r ig h t times, 
but must do them w e ll. Thus, they need to solve two d is tin c t behavioral 
problems: 1) how to generate appropriate behaviors and 2) how to perform 
the behaviors at maximal e ffic iency . Most broadly conceived, the processes 
that insure e f f ic ie n t  responding can be encompassed by the concept of 
arousal. One means by which arousal mechanisms operate is  to increase the 
speed and magnitude of behaviors. This can be accomplished by means of 
peptide co-transm itters and other modulatory substances operating both 
cen tra lly  and periphera lly  /1 -8 /. Arousal mechanisms can also insure the 
e f f ic ie n t  execution of behavior by functioning to  promote the se lection of 
one behavior to the exclusion of others, so tha t the resources of the o r
ganism are focused on one pa rticu la r goal at a time. Evidence ind ica tes 
that behavioral choice and switching are determined by mechanisms operat
ing to gate e ithe r sensory input or motor output /9 -13 /, but the d e ta ils  
of these mechanisms have not been specified.

Behavioral responses, in  p rinc ip le , could be selected on the basis of 
two types of mechanisms (not necessarily mutually exclusive). F ir s t  a
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s p e c if ic  neural network may generate d if fe re n t behavioral outputs on the 
basis of the action of 'd iffe re n t neuromodulators that a lte r  the basic 
c e llu la r  properties of the central neurons or of the peripheral sensory or 
motor structures. Studies of feeding in  Aplysia and of a va rie ty  of be
haviors in other invertebrate and vertebrate species, have provided ev i
dence fo r the m u ltifu n c tio n a lity  of s p e c if ic  networks whose neurons and 
synaptic connections are p la s tic  and are modulated by various peptides or 
biogenic amines / 6- 8 , 14-16/. A second mechanism of response se lection  in 
volves the operation of a neural network th a t is  connected in to  an appro
p r ia te  configuration, so that even when the basic neuronal properties re
main fixed , the network can generate d if fe re n t outputs as a function  of in 
formation provided by sensory inputs. In the present paper we wish to 
present behavioral and neural data on the selection of responses involved 
in  feeding behavior in  Aplysia. We w i l l  then consider some theo re tica l 
neural models, which were designed to gain some insights in to  the possible 
ro le  of ind iv idua l neurons in  sw itching, gating and selecting behaviors by 
means of non-plastic hard wired networks.

The neural basis of behavioral se lec tion  has been approached by the 
use of two powerful organizing concepts: th a t of command neurons, and that 
o f sensory-motor maps /17 /. The concept o f command neurons derived from 
the observation tha t complex behavioral sequences may be in it ia te d  by the 
a c t iv i ty  of a very lim ite d  number of neurons ( in  the extreme, one), and 
indeed in  a number of species, including gastropod molluscs, stereotyped 
behavioral responses have been shown to be e lic ite d  by f i r in g  ind iv idua l 
c e lls  or small groups of ce lls  /18-25/. The notion of sensory-motor maps 
re fe rs  to the idea tha t spec ific  points on a receptive surface (e .g ., skin 
or re tin a ) contro l spec ific  motor outputs /1 7 /. Sensory-motor maps have 
been used to explain non-stereotyped behaviors, typ ica lly  various forms of 
o rie n tin g  responses (e.g. the scratch re f le x , and visual saccades) which 
d ire c t the animal toward a goal object. Feeding in  Aplysia a ffo rds the op
p o rtu n ity  fo r investiga ting  the neural mechanisms underlying se lection  of 
behavior based on command systems as w e ll as that of sensory-motor maps, 
since feeding in  th is  animal consists of several components some of which 
are stereotyped, such as consummatory responses (e.g., b it in g ) ,  and others 
which are very f le x ib le , such as appe titive  responses (e .g ., d irected head 
tu rn ing  toward a point food stimulus).

Head o rien ta tion  responses in  Aplysia are e lic ite d  by food s tim u li 
(o r ta c t i le  s tim u li, i f  the animal is  f i r s t  aroused by food) applied to 
any po in t on the lip s  or tentacles of the animal. I n i t ia l ly  an animal
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l i f t s  i t s  head as part of a food-induced arousal response /26, 27/. Once 
the animal is  aroused and has l i f te d  in to  a feeding posture, a piece of 
food e l ic i t s  a directed head turning response, which resu lts in  the animal 
turn ing toward the stimulus, so that i t s  mouth is  centered over the food. 
When the food touches the area around the mouth a stereotyped b it in g  
response occurs, which consists of a forward and backward movement of the 
radula, resu lting  in  the food being grasped and brought in to  the buccal 
c a v ity .

In contrast to head l i f t in g ,  which appears to involve a s ing le  se
quence of motor a c t iv ity  that moves the head a fixed amount and in  a 
s ing le  d irec tion , d irected head turning can involve numerous .movements, 
each of a spec ific  magnitude and d irec tion . When a food stimulus is  
presented to any point on the head and fixed in  place, the animal turns 
toward the stimulus and centers i t  over i t s  mouth. Each point on the head 
e l ic i t s  a unique response in  terms of i t s  d ire c tio n  and magnitude. For 
ana ly tic  purposes, i t  is  useful to apply s tim u li in  an open loop configu
ra tion  in  which the stimulus is  presented but then immediately removed so 
that the animal receives no feedback concerning the stimulus pos ition  as 
i t  turns i t s  head. In the open loop condition, the animal turns in  the d i
rection  of the stimulus, but the amount of tu rn  is  much greater than would 
have been needed to center the stimulus, i . e . ,  the animal greatly  over
shoots the point in  space at which the stimulus had been presented. The 
amount of overshoot is  a function of the angular eccen tric ity  of the 
stimulus (F ig. 1). Thus, fo r example, a b r ie f stimulus presented on the 
d is ta l ( la te ra l)  le f t  tentacle , e l ic i t s  a large movement to the le f t ;  a 
stimulus on the more medial le f t  tentacular surface e l ic i ts  a moderate 
turn to the le f t .  We have postulated that accurate turning occurs under 
closed loop conditions because as the stimulus sweeps from a la te ra l to a 
medial pos ition , stim ula tion  of the medial receptive f ie ld  e l ic i t s  a re
sponse that suppresses tha t e lic ite d  by the la te ra l f ie ld  /26 /. We found 
that when a combined la te ra l and medial stimulus was presented, the animal 
made a re la tiv e ly  small tu rn , as i f  only the more medial surface had been 
contacted. The magnitude of directed head turn ing was not only dependent 
on the position of the e l ic i t in g  stimulus, but also on the presence or ab
sence of a b ite . I f  a b ite  was f i r s t  e lic ite d ,  tentacular stim u la tion  was 
completely ine ffe c tive  in  evoking a turn during the radula p ro trac tion . 
This behavioral suppression serves to prevent the animal from turn ing to 
a new piece of food i f  i t  is  already in the process of b itin g  a previous 
piece.



TU
RN

IN
G 

AN
GL

E 
(°

)

3 1 8 I .  KUPFERMANN e t  a l .

7 5  1

60-

45

3 0

15

0

▲ 4

и---- '----Г

STIMULUS
POSITION

ï  10°
▲ ▲

í

5°

T------- 1------- 1------- '--------1------- 1--------1--------'--------1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

TIME (sec)
F ig . 1. Mean magnitude nf turning responses under open-loop conditions (adapted from /2 6 /) . 
The graph shows the angle turned as a function of time from when the stimulus was b r ie f ly  
applied. The response is  graded according to the stimulus eccentric ity (angular distance from 
the mouth). Five and ten degrees represent intermediate and la te ra l sites of stim ulation of 

the lip -ten tac les (N = 6 fo r each condition)

Consummatory feeding responses in  Aplysia appear to be con tro lled  by 
a small number of cerebral-to-buccal interneurons (CDIs). Ind iv idua l f i r 
ing  of two of these c e lls  (CBI-2, or CBI-4) produces strong rhythmic 
radula movements tha t resemble b itin g  or swallowing responses /2 5 /. The 
c e l ls  are excited by chemosensory input from the mouth. We hove hypoth
esized that the CBIs in  Ap lys ia , as in  other gastropods /20-24/, may con
s t i t u te  a command system whose conjo in t a c t iv ity  drives consummatory feed
ing  responses.

We have found a neuron, C-PR, tha t appears to be involved in  appeti
t iv e  aspects of feeding, and the food-induced arousal state /2 0 /. F iring  
o f C-PR affects the a c t iv i ty  of hundred of neurons throughout the nervous 
system, including motor neurons that appear to mediate head l i f t i n g  and 
o ther aspects of the feeding posture. A number of the neurons tha t receive 
monosynaptic input from C-PR send axons to the periphery, although they 
are neither sensory nor motor neurons. Instead, they produce modulatory ac
tio n s  that adjust the force and re laxation ra te  of the muscles of the neck 
and body wall /29 /.
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Fig. 2. Neural network that stimulates aspects of the behavioral switching of directed head 
turning responses and b iting  responses e lic ite d  by stim ulation of "lip -ten tac le " receptive 
fie lds . Sensory inputs are represented by the five  lower rectangles. The output o f each of 
these units is  either one (on) or zero (o ff)  as a function of the position of various input 
stim uli or combinations of s tim u li presented to various positions on the lip s  or tentacles: 
LL or RL = the le f t  or rig h t la te ra l position on tentacles, RI or LI = le f t  or r ig h t in te r
mediate position, M - middle (perio ra l) receptive f ie ld .  Five interneurons (hidden un its ) are 
represented by rectangles HI to H5. Three output units ("motor neurons"), are represented by 
the uppermost rectangles, and produce responses of a magnitude proportional to th e ir  output. 
The le f t  or rig h t units drive muscles producing le f t  or r ig h t turns; the b ite  u n it drives 
buccal muscles that execute b ites. In i t ia l ly ,  each un it was connected to every u n it in  the 
layer above, with small randomly selected connection weights. The weights were then increment- 
a lly  adjusted by means of back propagation (using neural Works Professional I I  software), 
u n til the network produced appropriate responses for each of 12 d iffe rent input patterns (see 
te x t) . The signs c irc le  = inh ib ition  triangle = exc ita tion  and re la tive magnitudes of the 
fin a l synaptic weights are indicated under the specific  u n it.  For each of the hidden un its  5 
weights are indicated, which represent the weights from each of the 5 sensory input un its , 
from le f t  to r ig h t ( fo r s im p lic ity , lines connecting each input un it to each hidden u n it have 
been le f t  out of the diagram). In the example shown, many of the synaptic weights of the 
hidden layer units to the output units were very small, so only the re la tive ly  large synaptic 
weights and signs are shown. Each unit receives a to ta l input that is  the summed inputs pro
vided by its  presynaptic un its. The contribution of each of the presynaptic units is  equal to 
its  output level times the value of its  connection weight. The to ta l input then produces an 
output that is  some function of that input (in  th is  model the activation function is  a s ig
moidal, lo g is t ic  function fo r the sensory to hidden layer, and is  linear for the hidden to 
output layer, with the actual output ;multiplied by 10 fo r convenience in representation). 
The input to a un it can also include a bias factor (or threshold), but fo r the current 
model, a bias was not included. C ritic a l to understanding the operation of the model is  an 
appreciation of the fact that the lo g is tic  function resu lts  in* positive outputs tha t range 
from zero to one over the range of a to ta l input from negative to positive, with an output of 
.5 when the to ta l input is  zero. In other words, in the absence of any input, the lo g is t ic  

activation function results in hidden un its tha t are spontaneously active
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de ta il, the HI and H3 units affected only one output un it, whereas the other hidden units evoked responses from more than one output un it
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Fig* 4. Connection weights determined by back propagation for 6 different networks that stimulate aspects of behavioral switching of directed 
turning responses or biting responses e lic ited  by stimulation of "lip-tentacle" receptive fie lds. Symbols and methods are as in Fig. 2. 
In i t ia l  weights (before backpropagation) were randomly assigned and were different for each of the 6 networks. For each of the 6 networks two 
sets of fina l weights are shown, one set for the output units and one set for the hidden units (reading from top to bottom for each layer)
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Although the actions of C-PR are appropriate fo r head l i f t in g ,  i t s  
actions and sensory inputs are not appropriate fo r directed head turning 
reponsesiand in  fa c t we have not yet found interneurons that might be in 
volved in  directed head turn ing. As a pre lim inary step in  defin ing the 
possible nature of neurons involved in  head turn ing and in  b it in g , and to 
explore general p rin c ip le s  of c irc u its  involved in  response selection and 
behavioral in teg ra tion , we have constructed some elementary neural models 
th a t capture certa in  features of consummatory b it in g  and of head turn ing. 
I t  should be made e x p lic i t  that we do not fee l tha t these models are l ik e 
ly  to accurately re f le c t  the actual neural c ir c u it r y  and physical p lant 
underlying b itin g  and head turning. Rather, they have been designed as 
h e u r is tic  devices tha t can be studied to i l lu s t r a te  some of the th e o re ti
ca l constraints concerned with examining the ro le  of ind iv idua l neurons in  
se lec ting  behavior ( fo r  related approaches, using more b io log ica l pa
rameters see, Beer /3 0 / and Lockery & Kristan /3 1 /.

To construct an elementary minimal model we postulated an input layer 
o f 5 sensory un its  tha t respond to stim u la tion  of d if fe rre n t receptive 
f ie ld s  on the head: two un its  represent le f t  and r ig h t fa r - la te ra l f ie ld s ; 
two, le f t  and r ig h t medial f ie ld s , and one, a center receptive f ie ld  im
mediately around the mouth. Three un its encode the output of the system. 
Two of the units are le f t  and r ig h t "motor" un its  which innervate le f t  or 
r ig h t  muscles that shorten proportiona lly  to the a c t iv ity  leve l of the 

"motor neuron" and p ivo t the neck in  the d ire c tio n  of the shortened muscle. 
The th ird  output is  a b ite  "motor" u n it whose a c t iv ity  resu lts  in  a pro
tra c tio n  of the buccal mass and radula. Between the input and output units 
we introduced a number of "hidden" un its (analysis, of the problem indicated 
tha t hidden units were necessary fo r a so lu tion  to the problem). We wished 
to use a moderately large number of hidden un its  so as to generate models 
tha t would contain a va rie ty  of possibly in te res ting  hidden un its . We 
se ttle d  on using 5 hidden units since we found tha t when more than 5 hidden 
u n its  were used (using one pa rticu la r set of parameters, indicated in  
Figure 2 legend), only 5 units made s ig n if ic a n t contributions to the re
sponses. The "synaptic" strengths (connection weights) and signs were ad
justed so that in  response to various inputs, the network responded roughly 
analogously to the way the real animal responds (see e a rlie r discussion). 
The appropriate connections strengths were incrementally adjusted by means 
of the back-propagation algorithm /32/ u n t i l  the network "solved" the 
problem. The inputs consisted of one or the other of 12 d iffe re n t stimu-
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la t io n  patterns. For example, stim ulation o f none of the receptive f ie ld s  
should produce no behavioral output. The center receptive f ie ld  should 
generate a f u l l  b ite  (a rb it ra r i ly  set at 10 u n its ) . A fa r la te ra l, l e f t  in 
put should generate a f u l l  le f t  turn (10 u n its ) , while a medial l e f t  
stimulus should generate a smaller turn (set a t 5 un its ). A combined fa r  
la te ra l and medial stimulus should generate a re la tiv e ly  small tu rn  (5 
u n its ) , and no turn should occur i f  a la te ra l or medial stimulus is  pre
sented at the same time as a b ite  stimulus.

Figure 2 shows one so lu tion  to the behavioral selection problem we 
formulated. Samples of various inputs and behavioral and "neural" outputs 
of the c ir c u it  are shown in  Fig. 3. The network contains a mixture of both 
in h ib ito ry  (so lid  c irc le s ) and excita to ry (open triang les) synaptic 
weights, but the in h ib ito ry  weights predominate. Depending on the i n i t i a l  
connection weights, with a given neuronal arch itectu re , back propagation 
(and other optim ization methods) can produce d iffe re n t solutions to an in 
put-output problem. We ran the backpropagation algorithm 6 times w ith d i f 
fe ren t in i t ia l  connection weights, and the va rie ty  of f in a l connection 
weights which could solve the behavioral choice problems with our network 
are shown in  Fig. 4. Note tha t the spec ific  weights d iffe red fo r each of 
the networks, but the overa ll pattern of weight p ro file s  was s im ila r. The 
weight p ro file s , however, were markedly d if fe re n t,  when basic parameters 
of the c ir c u it ,  such as absence of presence of bias un its, were changed, 
or when a lte rna tive  optim ization methods such as a genetic algorithm /3 4 / 
were used (ca lcu la tions were done with the NeuroSym, Neurocomputing L i
brary, Houston, Texas).

What were the properties of the ind iv idua l hidden units of the model 
when they were tested with the kinds of protocols tha t are ty p ic a lly  used 
to explore the properties of interneurons in  rea l nervous systems? We 
f i r s t  "stimulated" each of the 5 hidden un its  over a range of " f i r in g "  
frequencies, and observed the behaviors evoked. For each of the 6 networks 
studied, some of the hidden un its  produced outputs that consisted o f a 
mixture of b ites and turns, but some units produced only b ite  responses or 
only le f t  or r ig h t turns; tha t is , they behaved as command-like neurons. 
Fig. 5 shows the output of one u n it (HI) whose a c t iv ity  evoked a r ig h t  
tu rn . I t  did so, however by in h ib it in g  the le f t  tu rn  "output" u n it,  w ith 
out a ffec ting  the output of any other un its . A c tiva tion  of hidden u n it H3 

evoked only b ites . I t  has been suggested tha t a bona fide  command neuron 
be defined as one that is  necessary and s u ff ic ie n t  fo r a specific  behavior
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/2 3 / (see /33/ and associated commentaries fo r  current opinion on pros and 
cons o f th is  d e f in it io n ) .  On supe rfic ia l examination, the HI and H3 hidden 
u n its  appear to be s u ff ic ie n t  fo r generating a behavior. The H3 u n it also 
appears to be necessary fo r  a behavior ( b it in g ) ,  since when i t  was removed 
from the c ir c u it ,  the"animal" no longer showed any b itin g  response to 
medial receptive f ie ld  stim ulation (F ig . 6 ) . Closer examination of the 
re su lts  revealed, however, that these neurons generated behaviors only in 
conjunction with the a c t iv ity  of other neurons in  the c ir c u it ,  and that 
the resu lts  of the necessary and su ffic iency  tests  had to be examined very 
c lose ly  to obtain a true picture of the causal ro le of the neuron. For 
example, as shown in  Fig. 5, although the f i r in g  of HI and H3 evoke robust 
responses, the responses to the normal f i r in g  leve l of the un its  (maximal 
close to 1, Fig. 3) evoked a weaker response than that evoked by natural 
s t im u li.  When H3 was f ire d  at one u n it, i t  evoked a b ite  of 5 u n its , even 
though normal b ites are 10 units. In add ition , as shown in Fig. 6 , removal 
of H3 not only e lim inated b itin g , but resu lted in  a strong in h ib ito ry  in 
put to the b ite  output u n it when no s tim u li were present ( f i r s t  l in e ) .  The 
in h ib ito ry  response would not be evident upon examining the behavior of 
the buccal mass unless there was some cond ition  which produced exc ita tion  
of the buccal output u n it.  Thus the fin d in g  tha t removal of the H3 un it 
elim inated b itin g , covers up the more complex ro le  played by the H3 u n it in  
generating b itin g . Ablation of the HI u n it s im ila r ly  produced a ra ther com
plex e ffe c t. As shown in  line  three from the top of Fig. 6 , when HI is  
e lim inated, a medial r ig h t stimulus no longer evokes a r ig h t tu rn . However, 
the reason fo r th is  is  tha t both the le f t  and r ig h t output un its  are equal
ly  activated. This might actually resu lt in  a shortening of the animal (as 
shown by the cartoon). Again, close examination of the properties of the 
"command" un it revealed tha t i t  has a complex ro le  in the actual behavior, 
and tha t the f in a l behavior was due to the combined actions of a l l  f iv e  
hidden un its . Note tha t fo r  the networks we have explored, the selection 
of one behavior over the exclusion of others does not involve any d ire c t 
in h ib ito ry  in te ractions between the command-like neurons of the hidden 
laye r, although on theo re tica l grounds th is  type of in teraction  has been 
shown to be capable of generating behavioral choice / 12/ .

Research on molluscs has given us some unexpected ins igh ts  in to  a 
phenomenon as complicated as behavioral s ta te  and behavioral choice. Our 
simple neural models have provided some clues which may guide fu tu re  em-
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F ig . 5. Normal responses o f  hidden u n its  H3, H I, and o f l e f t  ( L ) ,  r ig h t  (R ), and b ite  ou tpu t (m otor) u n its ,  when va rio u s  re ce p tive  f ie ld s  are 
s tim u la ted  ( l e f t  column). Examples o f s tim u la tio n  o f the r ig h t  l ip - te n ta c le  are shown. The re s u lt in g  behaviors ( l e f t  tu rn ,  r ig h t  tu rn ,  b i te )  
are a lso shown in  the r ig h t  columns, which show a top view o f an "an im a l" anchored by i t s  t a i l  to  the  tank w a ll (d o tte d  l in e s  in d ic a te  tu rn s  
o f  5 and 10 m agnitudes).A b ite  is  in d ica te d  by the p ro tra c te d  buccal mass ( c i r c le ) .  The l ip - te n ta c le  re ce p tive  f ie ld s  are shown in  the fa r  
l e f t  column. The ova l represents the mouth, and the m idd le , in te rm ed ia te  and la te r a l  re ce p tive  f ie ld s  are d e lim ite d  by the  v e r t ic a l  l in e s .

The hatched c ir c le s  show the s tim u lus  p o s it io n s , s ta r t in g  w ith  no s tim u lu s , a t the  top
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F ig . 6. Necessity te s t  o f hidden u n its  HI and H3. The f ig u re  shows the responses o f motor u n its  and the behavior o f the animal when va rious  
re ce p tive  f ie ld s  are s tim u la ted  during removal o f e ith e r  the H3 or HI hidden u n its  (th e  ou tpu t o f H3 o r HI was se t to  ze ro ). Note th a t re 
moval o f these u n its  e lim in a te s  or reduces c e r ta in  responses (compare w ith  F ig . 4 ) ,  bu t th a t th e ir  removal a lso produces an e f fe c t  on the 
motor neurons, and on behavior ( fo r  H I) ,  even in  the absence o f any l ip - te n ta c le  in p u t (to p  row ). The conventions are the same as in  F ig . 3.
A w ithdraw al response is  show n,(e.g . r ig h t  column, th i r d  row) in  the instances in  which both the l e f t  and r ig h t  ou tpu t u n its  are a c t iv e , and

in  these instances the i n i t i a l  p o s it io n o f the animal is  shown by do tted  lin e s
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p ir ic a l studies and may aid in  the complex task of moving from inform ation 
about the responses of s ingle neurons to understanding th e ir ro le  in  be
havior.
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PATTERNS ÜF NEURAL AND BEHAVIORAL A C TIV ITY IN  FREELY-MOVING 
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As part of an ongoing neuroethological study of complex behavior in the opistho- 
branch mollusc, Navanax inermis, I  have extended the available gross anatomical de
scriptions and used cu ff electrodes to obtain chronic recordings from whole nerves or 
connectives. The major anatomical findings concern a) fine r branches o f the pedal 
nerves, pa rticu la rly  Pjc and P ; b) the d is tribu tion  of nerves from the abdominal 
and subintestinal ganglia; and c) a possible neurohaemal area of the supraintestina l 
ganglion. With cuff electrodes i t  has been possible to get good qua lity  recordings 
(often with spikes in the mv range) during the f u l l  repertoire of sexual, predatory and 
cannibalistic behaviors. The high degree of cryptic  neural a c tiv ity  and the fac t that 
in Navanax behaviors are not m itually exclusive, make i t  d i f f ic u lt  to id e n tify  one-to- 
one correspondences between behaviors and neural patterns, However, there is  an ap
parent correlation between the a c tiv ity  of a very large un it(s) on P,_ and an explor
atory behavior, the Face-Down head posture when i t  is  directed at the substrate rather 
than prey, or a conspecific.
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Introduction

One of the challenges of neuroethology is  to  re la te  the behavior of 
the whole animal to  the a c t iv ity  of the in ta c t nervous system. The large 
cephalaspidean opisthobranch mollusc Navanax inerm is, of southern C a lifo r
nia and western Mexico, is  p a rticu la rly  s a tis fa c to ry  fo r etho log ica l work 
both because i t  is  very active (re la tive  to other large opisthobranchs) 
and because i ts  normal behavioral reperto ire  is  easily observable in  the 
laboratory under normal room lig h tin g  and temperature conditions /13/. 
Previous etholog ical and neuroethological studies of Navanax have focussed 
on e ither i ts  sexual behavior (involving a lte rn a tio n  of sexual roles in 
bouts of copulations in  a sperm-trading mating system) /14, 15'/ or i ts  
predatory behavior /1 , 13, 18, 19, 25, 28/. Both the male and female sexual 
ro les  are characterized by long-lasting behavioral sequences tha t pers is t 
fo r  an hour or more /14 , 15/ and predatory behavior also involves a se
quence of a c t iv it ie s  /1 3 /. In an attempt to e lucidate the ro le  of the CNS 
in  in it ia t in g ,  m ain ta in ing , and/or coordinating these long-term behaviors,
I  have used cuff e lectrodes /7, 20/ to record from whole nerves in  fre e ly - 
moving Navanax. Here, I  describe a co rre la tion  between the a c t iv ity  of a 
p a rticu la r large u n it  on one of the pedal nerves, le f t  and the use of 
a pa rticu la r head posture in  one spec ific  context (see below). Also, in 
order to develop a more complete description of the CNS and p a rtic u la r ly  a 
set of landmarks making i t  possible to id e n t ify  unambiguously recording 
s ite s  on major pedal nerves, methylene blue sta in ing , d issection, and 
photomicroscopy have been used to extend the availab le  descriptions of the 
gross anatomy of the CNS fo r Navanax /5 , 17, 22; other ag la jids in  6 , 8, 
27/. Some of these re s u lts  have been reported in  abstract form /10-12/.

Materials and Methods

Experimental animals

Adult Navanax inerm is ( ^  30 ml in  volume) were obtained from Pacific 
Biomarine, Venice, C a lifo rn ia . In Oklahoma they were maintained in  a r t i 
f i c ia l  seawater (34 pp t, Instant Ocean) a t about 17°C (pH = 8.0) in  in d i
vidual perforated cages in  a 350 gal re c irc u la tin g  aquarium. In Oregon 
they were held in d iv id u a lly  in flow-through trays in  natural seawater 
(28-30 ppt; 12-15 °C) in  the fa c i l i t ie s  of the Mark 0. H a tfie ld  Marine 
Science Center.



BEHAVIOR OF FREELY-MOVING NAVANAX 331

Cuff Electrodes

The version of the cu ff electrode /7 /  developed in the laboratory of 
the la te  Harold Pinsker /20 / was used w ithout m odification, except tha t 
the extra insu la tion  (dental cement) on the leads ended a few centimeters 
away from the c u ff, rather than extending a l l  the way to the c u ff, thereby 
making the implanted assembly lig h te r and more f le x ib le . This improved re
covery and recording when cuffs were implanted on the cerebral-buccal con
nective. In th is  study 4-mm-long double cu ffs  were used with the wires 
spaced 2 mm apart and 1 mm in  from the end of the electrode.

Surgical procedures

Animals were anaesthetized with .30 M magnesium chloride in jected  
in to  the body sinuses. An in i t ia l  in jc t io r i w ith a volume equal to approxi
mately 25% of the body volume was followed gradually by subsequent in 
jections u n t i l  the animal was f u l l  relaxed and are flex ive . An in c is io n  was 
made in  the middle or anterio r foo t, and a nerve was exposed, taking care 
to minimize loss of hemolymph; a b ipolar cu ff electrode (see above) was 
implanted on the nerve, sutured closed and then the nerve and at least 
4 cm of lead were pushed back in to  the body cav ity , anchored against the 
body wall w ith a suture, and the body was closed usually using 3 layers of 
suture ( lin in g  of body cav ity ; body wall muscle; and sk in ). A fter surgery 
animals were revived by in jections of seawater in to  the sinuses, added 
gradually u n t i l  the animal had recovered i t s  f u l l  volume and the penis and 
pharnyx were ju s t beginning to protrude.The animal was then returned to 
the holding aquarium and allowed to recover fo r  12-24 h before recording 
sessions were started.

Recordings and observation periods

A ll observations and recordings were made under room l ig h t  and at 
room temperature. The observation chamber (a p la s tic  pan, 4G x 37 x 17 cm 
deep) was f i l le d  w ith seawater taken from the holding fa c i l i t y ,  to a depth 
of several centimeters, enough to cover the animals, and was grounded w ith 
a th ick  s ilv e r  w ire. The signal from the electrode was fed to a DAM 80 
p re -am plifie r, when necessary through a Krohn-Hite e lectronic f i l t e r ,  d is 
played on a Tektronix oscilloscope,and recorded fo r playback and storage 
on on audiochannel of a videocassette tape by means of a Vetter 420 data 
recorder.Behavioral data were recorded by means of a gen-locked s o lid -  
state Sony CCD videocamera with a Fujinon TV zoom lens and close-up r in g .
A JVC special e ffec ts  generator and another gen-locked videocamera were 
used to provide a sp litscreen video image showing both the oscilloscope 
screen and the behaving animal. This image was recorded nn the video- 
channels of the videocassette, simultaneously w ith the e lectrophysio log ica l 
data and behavior simultaneously.

Long observation periods (2-14 h) on 2-4 consecutive days of animals 
with chron ica lly  implanted cu ff electrodes were used to make i t  possible 
to record repeated instances of whole behavioral sequences. In most obser
vation periods, a second, unoperated Navanax, was put in to  the observation 
tank to allow sexual and/or cann iba lis tic  behaviors to occur. In some ob
servation periods, natural prey ( Bulla gouldiana and/or Haminoea spp.) 
were also present. Behaviors were c la ss ifie d  according to the categories 
used in  the ethogram /1 3 /. Videotapes were surveyed fo r coincidence of 
behavior patterns and patterns of neural a c t iv i ty ,  in i t ia l ly  by v isua l in -
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spection on playback. Segments of in te re s t were again played back, re
recorded on another videocassette using a TEAC XR-510WÜ tape recorder and 
tirnemarker system k ind ly  made availably by Dr. George Mpitsos, and then 
th is  videocassette was played at appropriate speed to allow the e lec tro - 
physio log ica l data to be recorded on paper by a Gould chart recorder, 
w hile  the behavior was viewed on a TV monitor.

Autopsy and anatomical techniques

A fter the la s t observation period, the experimental animal was sa c ri
fic e d  by over-anesthetization with magnesium chloride, a dorsal in c is ion  
was made, and the electrode was located and i t s  position noted and recorded 
by means of a Polaroid photograph. The electrode was then recovered from 
the tissue and re-used where possible. Information obtained from these 
autopsies as well as d issection, photomicroscopy and methylene blue s ta in 
ing in  other ind iv idua ls  sac rified  by the same method were used to in  ob
ta in in g  anatomical inform ation on the CNS. A Nikon photnmicroscope and 
Nikon Model UFX-IIA camera system were used fo r photography.

Results

Anatomy

Figure 1 shows a general overview of the Navanax CNS, inc lud ing the 
f i r s t  description of the nerves associated w ith  the " t a i l "  (abdominal and 
sub in tes tin a l) ganglia. The supraintestinal-abdominal commissure, supra- 

in te s t in a l nerve, P, , anĉ  ^5c branch to the r ig h t parapodium and/or 
body wall in  the la te ra l1 midbody region. The le f t  side is  s im ila r. This is  
also the area where the crop is  anchored to  the body w all, b i la te ra lly .  
The congregation of branches in th is  region suggests that there may be 
nervous connections through the crop attachment to the gastric  nervous 
system /2 , 6/ ,  although these, have not yet been described. Another possi
b i l i t y  is  that there is  some mechanical advantage to having branches ju s t 
po s te rio r to the pharynx and crop, perhaps less stress on fin e r branches, 
e tc .

A ll of the region around the t a i l  ganglia lie s  ventral to the body
c a v ity  and is  more or less concealed by a layer of tissue. In Navanax there
is  no d is t in c t gen ita l ganglion /see also 5 /. The genita l nerve branches
from the supraintestinal-abdominal commissure (F ig. 1) and then b ifu rca tes
again as i t  enters the v isce ra l mass near the winding gland (not shown).
Nerves A, and A, . branch in to  the pos te rio r foo t to the r ig h t and le f t  la J>a, и
of the midline respective ly , somewhat an te rio r to the ganglia. A?cs d es ti-
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Fig. 1. Navanax inermis (Cooper). Diagram of the major muscles, ganglia, commissures and the 
targets and branches of major pedal and abdominal nerves. Dorsal view with dorsal surface 
re flected. Ihe digestive tra c t, visceral mass, buccal ganglia, P , P , and P  ̂ have been 
ommitted for c la r ity . Ihe length of the b ifurcation shown in muscleVl is  quite variable among 
individuals and may extend for about ha lf the length of the animal. Â  may be the nervus 

abdominalis of many authors. (A fter Murray, 1971)

nation and function arc unclear. A ll of these nerves apparently have th e ir  
roots in  the abdominal ganglion. has i t s  root at the junction of the 
two ganglia and runs d ire c t ly  an te rio r, crossing under the p leu ra l-sub in - 
te s tin a l commissure before d iv id ing  in to  the le f t  posterior foo t. Although 
the two t a i l  ganglia are normally a l l  but fused /17 /, in occasional in 
d iv idua ls  there w i l l  be a c lear separation, showing several m illim e te rs  of
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Table 1
Pedal Nerves

-  most anterior roo t; nerve runs under F  ̂ and disappears through hole in body wall in to 
anterior foo t. See Murray (1971).

P -  has two major branches; P and P , and innervates prim arily the anterior parapodium.
1  See Murray (1971). Æ

Pj -  has three major branches (F ig. 1). P , described by Murray as the parapedal commissure 
with small branches to the anterior foot. I t  is  a very fine , curly or kinky nerve. Pj , 
described by Murray as a foot nerve, is  substan tia lly  longer than indicated in his 
diagram. I t  ty p ic a lly  runs about 1/3 the length of the body before b ifu rcating and dis
appearing into the fo o t. I t  may also have a branch near i t s  separation from P . P was 
well-described by Murray (1971). The la te ra l branches of Pj mentioned in  tha t study are 
associated (as shown in  h is  diagram) with the posterio r end of and F^.

P  ̂ -  P  ̂ is  a large nerve which runs diagonally across the anterior ha lf of the body, crossing 
over F  ̂ before disappearing underneath F (F ig . 1), where i t  (P^) bifurcates before 
entering openings in  the la te ra l body w a ll.

Pj -  Р,- forms 3 branches close to the ganglion, two o f which disappear in to the anterior
la te ra l body wall (F ig . 2 ). The th ird  branch runs d ire c tly  underneath F  ̂ (appears to b i
furcate when F is  forked), down to the m idlateral body wall where P bifurcates with 
one branch to the area where the croc attaches to the body w a ll, and the other branch 
continuing along the la te ra l body wall past the end o f F  ̂ and almost to the level of the 
abdominal ganglion (F ig . 1).

Pj -  see Murray (17).

Using the nomenclature o f Murray (1971) there are fiv e  major nerves ('P ,.) w ith roots
in  the le f t  pedal ganglion and six with roots in the r ig h t pedal ganglion. The extra nerve,
P , innervates the penis. The general layout of these nerves was described by Murray (1971), 
who also established th e ir  mixed sensory and motor function by physiological methods

commissure between the two ganglia and I  once found an ind iv idua l in 
which the sub in tes tina l ganglion was located about halfway between the ab
dominal ganglion, which was in i ts  normal p o s itio n , and the le f t  p leural 
gnaglinn.

Figure 2 shows the anterio r region o f the CNS in  more d e ta il,  includ
ing the location of some of the major cerebra l nerves (C-,, C. , C^) (see 
also /22 /). The general arrangement seems very s im ila r to tha t described 
fo r  Philine and Doridium by Vayssiere /27; also 8 / .  P a rticu la rly  s tr ik in g  
is  a giant (~ '1 0 0  ш )  white c e ll in the supra in testina l ganglion. A ll 
ind iv idua ls  examined have one large white c e ll in  th is  ganglion; some have 
more. There is  also an area of white axons near the proximal end of the 
supraintestinal-sbdom inal commissure. The white color suggests peptide 
content and the s truc tu re  suggests a neurohaemal function. The id e n tity



Fig. 2, The anterior CNS, dorsal view with digestive tract,inc lud ing pharynx and buccal ganglia removed, drawn from a photograph. This draw
ing shows the head ganglia and major pedal and cerebral nerves; are cerebral nerves, labelled according to Hoffmarm(1940). Note p a rti
cularly b on ^  le f t  side and the proximal portion of showing 3 branches on r ig h t; and the giant white c e ll in  the supraintestinal 
ganglion, ^fie cerebral and pedal nerves shown in th is  diagram are b ila te ra lly  symmetrical but have been drawn asymmetrically to allow 
c la r ify  of presentation. The commissures (not labelled) between the rig h t and le f t  head ganglia are very long in Navanax to allow large 
prey to be swallowed whole. From top to bottom (of the drawing) the commissures shown are the cerebral commissure, pedal commissure and

parapedal commissure using the nomenclature of Hoffmann /8 /
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and function of the neuron(s) and peptide(s) are unknown, but i t  is  pre
sumably homologous to a g ian t white neuron (W^) of Philine aperta /24,/ 
containing a card ioexc ita to ry  peptide /23 /.

Electrophysiology

In th is  study I  have reviewed videotaped behavioral and physiological 
data from 5 ind iv idua ls  w ith  implanted cu ffs . Two ind iv idua ls had a cu ff 
on the le f t  CBC, and two ind iv idua ls had the cu ffs  on the le f t  Pr . The 
e lectrophysio log ica l recordings from a l l  o f these ind iv idua ls showed good 
s igna l-to -no ise  ra t io  (F igs 3 and 4) which tended to improve s tead ily  in  
the days a fte r surgery. This is  presumably a re s u lt of the growth of con
nective tissue around the implanted cu ff assembly. Upon autopsy, at least 
three days a fte r surgery, the cu ff was always found to be quite firm ly  
lodged and surrounded by connective tissue. An unexpected finding in  these 
experiments was the sporadic nature of neural a c t iv ity  as recorded by the 
c u ff .  Even in records w ith  very low noise leve ls  there would be long 
stretches of time ( 10s o f min) with very few spikes.

A fter recovery a l l  ind iv idua ls  showed th e ir  normal behavioral reper
to ir e ,  including repeated a lte rnation  between male and female sexual be
havior, and in some cases cann iba lis tic  a ttacks, predatory behavior, and 
egg-laying / fo r  descrip tion  see 13-15/. I t  was possible to record from the 
CBC during and a fte r the v io le n t predatory S trike  behavior /15, 28/ and at 
le a s t one ind iv idua l carry ing  a CBC cu ff performed more than one S trike ; 
f i r s t  capturing and ingesting  prey and then la te r  performing an unsuccess
fu l  cann iba lis tic  a ttack. In none of the three ind iv idua ls  was there any 
obvious association between a quantita tive or q u a lita tive  pattern of ac
t i v i t y  on the electrode and any feeding behavior. I f  anything the electrode 
tended to be re la t iv e ly  qu ie t before and during predatory and feeding be
havior. Although in  the case of some other behaviors ( i.e .  male courtship 
behavior, male copu la tion), a pa rticu la r type of neural a c t iv ity  might 
correspond quite c lose ly in  time with a p a r t ic u la r  behavior, I  have not 
found these associations to  be re lia b le , even w ith in  an ind iv idua l. How
ever, in  analyzing 14 h o f recordings (taken over 3 days) from an in d iv id 
ual w ith a cu ff on le f t  Р^с (Figs 3 and 4), I  d id fin d  a re lia b le  associ
a tion  between the appearance of a very large u n it(s ) in the electrode 
record and the use of a p a rticu la r head posture /Face-Down; described in 
13/ In the context of exploration of the substrate. The un it(s ) did not
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NAVANAX DAY 2 (20.6.90) left 1*5

mm

FACE-FORWARD CRAWLING

FACE- DOWN COURTING AS MALE

Fig, 3, Recordings from bipo lar cu ff electrode on le f t  P on day 2 a fte r surgery, a l l  to 
same scale and arranged in chronological order
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NAVANAX DAY 3 (21.6.90) left 1*5

FACE-DOWN COURTING AS MALE

FACE-DOWN ON SUBSTRATE AND 
COURTED AS FEMALE

COURTED AS FEMALE

................... .

FACE-FORWARD CRAWLING

Fig. 4. Recordings from the same animal featured in  Fig. 3 but on day 3 after surgery, dis
played as in Fig. 4. note that on both days the presence of the very largest un its in the re
cord appears to be context s p e c ific . They appear only when the animal is  doing the Face-Down 
head posture in the context of contact with the substrate rather than with prey or with the

body of a conspecific
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appear in  the electrode record when th is  same Face-Down posture was per
formed in  the contexts of male courtship behavior (exploring the body of a 
conspecific) (Figs 3 and 4) or of exploring the body of a Bulla (not 
shown). In the other ind iv idua l carrying a cu ff on P^c , I also saw e v i
dence of large spikes in  the context of substrate exploration but i t  is  
not yet clear whether they are re lia b ly  associated w ith a p a rticu la r head 
posture.

Discussion

The CNS, in  p a rticu la r the arrangement of ganglia and nerve roots, of 
Navanax is  very s im ila r to tha t described as early as 1880 by Vayssiere fo r 
another ag la jid  and fo r Ph iline  /27 /. As in  those species, both la te ra l 
commissures have branches to the la te ra l body wall in  the midbody region. 
Also the major cerebral nerves are quite s im ila r to the description from 
other cephalaspideans / 6 , 8 , 22/. This study suggests that the large white
peptidergic c e ll described fo r Philine /24 / seems to be present in  Navanax 
also. Murray's /17/ study w ith i t ' s  description of musculature, along w ith 
the current study, and the extensive work done on innervation of the 
pharynx /3 , 4, 28/ make the gross nervous anatomy of Navanax better under
stood than almost any other cephalaspidean since most studies have con
fined themselves to a descrip tion of nerve roots or ind iv idua l ganglia, 
rather than considering the targets of the nerves /although see 22/ .

To date the most s tr ik in g  find ing from the in  vivo recordings is  the 
association in  the in ta c t and freely-behaving animal between a large 
u n it(s ) active on the pedal nerve P^c and the use of the Face -Down head 
posture in  the context of exploration of the substrate. Further work, using 
the spike-recognition techniques / 9 /  w i l l  be required to demonstrate con
c lus ive ly  that a spec ific  u n it(s ) is  involved. The most obvious find ing  
from the three CBC experiments was the lack of any marked a c t iv ity  on the 
electrode during feeding behavior (S trike  and Swallow). I  had expected 
that the CBC a c t iv ity  would be associated w ith feeding behavior, as has 
been reported fo r Pleurobranchaea /16/ and Aplysia /21/ but th is  was not 
the case. Such negative resu lts  are of course d i f f i c u l t  to in te rp re t. A l
though there have been a number of studies of buccal motoneuron contro l of 
pharyngeal movement in  Navanax /3 , 4, 26, 28/ there has been l i t t l e  in 
te rest in  the involvement of the "head" ganglia in  feeding in Navanax. 
Woollacott/26/ reported contraction of pharyngeal muscles as a re su lt of
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e le c tr ic a l stim u la tion  of DBCs. Susswein et a l. /26 / showed tha t much of 
the normal behavior of the pharynx could be e lic ite d  in  a preparation in 
c lud ing only the pharynx and buccal ganglia. I t  is  therefore possible that 
there is  l i t t l e  a c t iv ity  on the CBC during feeding and swallowing but i t  is  
a lso possible tha t there is  a c t iv ity  associated with these events but i t  is  
not picked up by the c u ff fo r  technical reasons.

Navanax are capable of performing, and rou tine ly  do perform, several 
types of behavior concurrently. That is ,  neitherm otivational states (feed
ing , male sexual behavior, female sexual behavior, egg-laying, avoidance) 
nor ind iv idua l action patterns are mutually exclusive, with a few ex
ceptions. This is  discussed more thoroughly and the m otivational states and 
ac tion  patterns described in  the ethogram /1 3 /. That means tha t the e ffo r t  
to  id e n tify  patterns of neural a c tiv ity  is  complicated by the p o s s ib ility  
o f overlap of neural a c t iv ity  of several d iffe re n t behaviors on one elec
trode . An example of th is  is  seen in Fig. 4, in  which the second record 
shows an ind iv idua l which was both Face-Down on the substrate, and being 
courted as a female. In tha t record one has the impression tha t in  ad
d it io n  to the large un its  associated w ith Face-Down one is  also seeing 
some of the small bursts seen in  the th ird  record, associated w ith being 
courted as a female. Again, i t  w i l l  be necessary to employ spike-recog
n it io n  techniques to estab lish  whether th is  impression is  co rrect. This 
overlap of a c t iv it ie s  may in te rfe re  w ith v isual pattern recognition and 
there fore  suggests tha t i t  w i l l  be necessary to re ly  on quantita tive  
tim e-series techniques to  id e n tify  neural patterns.
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The neuronal a c t iv ity  of the cerebrobuccal connective (CBC) of Aplysia was re
corded, using 2 implanted electrodes, under three conditions; 1) in the absence of 
feeding behaviour, 2) during appetitive feeding behaviour and 3) during consummatory 
feeding behaviour. Cross-correlation analysis of the recordings was then performed to 
subdivide spikes on the basis of th e ir d irection and speed of propagation. This re
vealed differences in  the neuronal a c tiv ity  during the 3 conditions. There was l i t t l e  
a c tiv ity  in the CBC when animals were not feeding. During appetitive and consummatory 
feeding behaviour the a c t iv ity  in the CBC increased. Units trave lling  in each direction 
were present, but with d iffe re n tia l a c t iv ity  during the 2 behavioural patterns.

Keywords : Aplysia -  feeding -  cross-correlation -  cerebrobuccal connective

In t r o d u c t io n

The feeding behaviour of many gastropod molluscs has been used to 
provide simple systems fo r investiga ting  the basic p rinc ip les of neuronal 
organization /2 /. One such gastropod is  Aplysia , where studies have de
scribed the feeding behaviour / 6 , 10/  and shown that i t  consists of two 
phases; an appetitive phase during which the animal becomes aroused by 
food and a consummatory phase during which food is  ingested / 6/ .  By les ion- 
ing central connectives, Kupfermann /7 /  dissociated the two phases of
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feeding behaviour. B ila te ra l lesions of the cerebropleural and cerebro- 
pedal connectives abolished the appetitive phase, while b ila te ra l lesions 
o f the cerebrobuccal connectives (CBCs) abolished the consummatory phase. 
Kupfermann /7 / in te rp re ted  these findings as suggesting that output from 
the cerebral ganglia descended to the other ganglia and i t  was necessary to 
in i t ia te  a c tiv ity  in  the neuronal c irc u its  executing the behaviour.

Investigations of the neural c irc u it ry  underlying Aplysia feeding 
have focused on the cerebra l and buccal ganglia (but see / 1 , 13 /), where 
many c e lls  that are involved in  the contro l of feeding have now been iden
t i f ie d .  Of these, several have axons in  the CBCs. Within the buccal 
gang lia , the metacerebral c e lls  (MCCs; which are involved in  mediating food 
induced arousal / 8 , 14/) CBI-2 (a neurone th a t can in i t ia te  b it in g - l ik e  re
sponses of the buccal mass /11 /) and the mechanosensory ICBM c e lls  /12 / a l l  
have axons in  the. CBCs.

Although ihe CBCs are necessary fo r consummatory feeding and contain 
the axons of neurones w ith  somata in  the cerebral and buccal ganglia, 
l i t t l e  is  known about th e ir  a c tiv ity  during feeding. Ihe present study was 
undertaken to analyze the information trans fe r between the cerebral and 
buccal ganglia when Aplysia were feeding, and to compare th is  w ith CBC ac
t i v i t y  in  the absence of feeding.

Materials and Methods

Aplysia fasciata (150-520 g) were caught from the Bay of Naples and 
transferred to an open sea water system w ith in  the Stazione Zoologica. 
Animals were maintained a t ambient sea temperature (21-22 UC) and housed 
in d iv id u a lly  in 120 1 tanks. Only animals tha t responded to food (fresh 
U lva) were used, these were starved fo r 3-4 days p r io r  to surgery. Record
ings were made from 5 animals, but only data from one of these is  presented 
in  th is  report.

Surgery was performed on animals anaesthetized by an in je c tio n  of 
MgCl„ (25% weight). An in c is io n  (approx. 2 cm long) was made through the 
m id line  of the body w a ll, extending forward from the rhinophores. Ihe le f t  
CBC was located and dried using a fine  je t  of compressed air.Two fin e  wire 
electrodes /9 / were hooked around the CBC (o ffs e t 0.5-1 cm) and secured in 
p o s ition  using re f le c t dental impression m ateria l (Kerr). The inc is ion  was 
sutured and animals were returned to th e ir  preoperative weight (w ith an 
in je c tio n  of s te r iliz e d  sea water) and allowed to recover overnight before 
an experiment.

Experiments were performed at 21 C. CBC a c t iv ity  was recorded; 1) in 
the absence of food, 2) w h ils t animals became aroused by Ulva and showed 
appe titive  feeding behaviour and 3) during the ingestion of ribbons of 
Ulva (1 cm wide and 10 cm long). CBC a c t iv ity  was recorded and stored 
using conventional e lectrcphys io log ics l equipment. Ribbons of Ulva were
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suspended íróin a pulley connected to a movement detector.The output of 
th is  was stored on the same tape as CBC a c t iv i ty  and provided inform ation 
about the ingestion of food.

Recorded sp ike -tra ins were sampled (a t 5 KHz) through a 12 b i t  A/D 
converter by a IBM AT computer and stored ori d isk . Cross-correlation anal
ysis was performed (as described previously /5 / ,  but using a s l ig h t ly  
modified PPS transformation) to separate spikes according to th e ir  d i
rection  and speed of propagation. Cross-correlograms were plotted (Figs 2, 
3). In these examples peaks to the le f t  of the Y axis correspond to spikes 
propagating from the buccal to the cre rb ra l ganglion, while those to the 
r ig h t of the Y axis are from spikes tra v e llin g  from the cerebral ganglion. 
The position  of the peaks on the X axis is  determined by the conduction 
ve loc ity  of the un its  (as measured from the spike delay between the 2 
electrodes), the fas tes t un its being closest to  the Y axis. The amplitude 
of a given peak re fle c ts  the frequency at which the relevant u n it (or un its  
i f  more than one axon had the same conduction ve loc ity ) was f i r in g .

Results

Figure 1 shows CBC recordings made under the 3 experimental con
d itio n s  and used in  the data set fo r construction of cross-correlograms.In 
the absence of food and feeding behaviour "co n tro l" (Fig. 1A) there was 
l i t t l e  a c t iv ity  in  the СЙС. Brushing food past the rhinophores of the 
animal in it ia te d  appetitive  feeding behaviour. Coincidently, there was an 
overa ll increase in  CBC a c t iv ity  and a large u n it became to n ica lly  active 
(F ig. IB ). Gnce aroused by food, animals were allowed to ingest algae and 
enter in to  the consummatory phase of feeding behaviour (Fig. 1C). This 
caused a fu rthe r increase in  CBC a c t iv ity .  No clear pattern of neuronal 
a c t iv ity  was, however, associated with movement of the ribbon of algae.

Recorded a c t iv ity  was further characterized by p lo ttin g  cross-cor
relograms. These are shown in Fig. 2 and the values of the delays and 
amplitudes of the labelled peaks are given in  Table 1. In the contro l 
s itu a tio n  (F ig. 2A), there was 1 clear peak in  the a c tiv ity  tra v e llin g  to 
the buccal ganglion. During appetitive feeding more peaks occurred, and 
these were caused by spikes tha ttrave lled  in  e ith e r d irec tion . Three clear 
peaks (e, f ,  g; Fig. 2B) resulted from un its  tha t were propagating in  the 
d irec tion  cerebral to buccal. S im ila rly , the neuronal t r a f f ic  to the 
cerebral ganglion gave 3 peaks (a, b, d; Fig. 28). A c tiv ity  underlying 
consummatory feeding also produced peaks from spikes passing in  both d i
rections (F ig. 2C). There were 4 peaks from un its  tra ve llin g  to the buccal 
ganglion (e, f ,  g, h). The conduction ve lo c ity  of the units underlying 
these was s im ila r to tha t of units active during appetitive feeding, how-
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В)

С)

C8C

R.

Fin. 1. CBC activ ity  in a freely behaving Aplysia (only one channel shown). In the absence of 
food and feeding behaviour (A) there is l i t t l e  CDC a c tiv ity . This increases when food is  
presented and appetitive feeding behaviour starts (B) ,  in particular a large unit becomes 
to n ica lly  active. Consummatory feeding behaviour (C: 3 continuous recordings; output of a 
movement detector (R .) in the lower traces) causes a further increase in CBC a c tiv ity . No 

obvious pattern of neuronal a c tiv ity  underlies food ingestion (upward deflections; R.)
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A)

B)
a b d e f g

0

Fin- 2. Cross-correlograms of CBC a c tiv ity . In the absence of feeding behaviour (A) there is  
l i t t l e  a c tiv ity . During both appetitive (B) and consummatory (C) feeding there is  sustained 
neuronal a c tiv ity  and peaks (labelled а-h) corresponding to units trave llin g  in e ither d i
rection are detected. Most peaks in В and C correspond in position. There are, however, d i f 

ferences in th e ir amplitudes (see Table 1)

ever, the amplitudes were d iffe re n t during the two behavioural patterns. 
In p a rticu la r, the amplitude of the peak e decreased. The peaks from the 
un its  tra ve llin g  to the cerebral ganglion were also in  approximately the 
same positions as during appetitive  feeding, but had d iffe re n t amplitudes 
(especia lly noticeable fo r  peak d).
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T ab le  1

Delays x and amplitudes xx of peaks labelled in  Fig, 2

Appetitive
feeding

Consummatory
feeding

peak delay ampl. delay ampl.

a -7.2 33 -7.4 55
b -6.0 111 - -

C - - -5.2 158
d -4.4 211 -4.6 407
e 3.4 1017 3.4 295
f 4.8 125 4.6 62
g 6.4 55 6.2 188
h - " 6.6 136

К )Ot
ms arb itra ry un its

CBC a c tiv ity  during consummatory feeding was fu rth e r investigated by 
producing separate cross-correlograms fo r periods 1 s before, during and 
1 s a fte r  movement of the algae (Fig. 3). The peaks occurring under these 
conditions had d iffe re n t amplitudes, but co incid ing X axis positions. 
These coincided with peaks a, c, d, g, h, and ( in  the A.M. case alone) e of 
F ig . 2. Peak f  of Fig. 2 was not observed. In a l l  cases the highest 
amplitude peak fo r impulses tra v e llin g  in  the buccal to cerebral d irec tion  
corresponded to the d peak (see Fig. 2). I t  was la rgest during movement of 
the algae (Fig. 3, MOV) and smallest a fte r movement had fin ished (F ig. 3, 
A.M .). The major d iffe rence  in  the a c t iv ity  tra v e llin g  in  the d irec tion  
cerebra l to buccal was th a t a peak corresponding to peak e (F ig. 2) was 
only present (and then at low amplitude) a fte r algae movement had ceased.

D iscuss ion

The results show th a t there was very l i t t l e  CBC a c t iv ity  in  the 
absence of feeding behaviour, which suggests tha t most of the a c t iv ity  re
corded during feeding is  re la ted  to i t s  con tro l.

During appetitive feeding, the t r a f f ic  in  the CBC became varied and 
sustained (Fig. 2B). D iffe re n t units tra v e llin g  from the cerebral ganglion 
were active. Among these the largest and fa s te s t spike was especially 
noticeab le. On the basis o f i t s  size, ve loc ity  and f i r in g  pattern th is  was 
almost ce rta in ly  the serotonergic metacerebral c e ll (MCC) studied in  vivo
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M0V- A

Eig. 3. Cross-correlograms of CBC a c tiv ity  1 s before (B.M.), during (MOV) and 1 s a fte r 
(A.M.) movement of the algal ribbon. Most peaks have corresponding positions but d iffe re n t

amplitudes

by Kupfermann and Weiss /0 / .  The t r a f f ic  from the buccal ganglion was also 
sustained, and th is , in  the absence of f u l l  feeding movements, might in d i
cated a transfer of sensory information from the buccal regions.

During consummatory feeding (Fig. 2C), the a c t iv ity  of the MCC de
creased, as described previously / 8/ .  I ts  a c t iv i ty  was p a rtic u la r ly  low in 
the periods 1 s before, during and 1 s a fte r  the movement of the a lga l 
ribbon (F ig. 3). In the cerebral to buccal t r a f f i c  there were also un its  
which decreased th e ir  a c t iv ity ,  as shown by the fac t that the b peak, 
present in  the a p p e tit iv e  phase, disappeared. Other components, however,
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utiuwed marked increases; th is  is  especia lly  noticeable fo r the d peak in 
the buccal to cerebral a c t iv ity  and the g and h peaks in the opposite d i
re c tio n . The occurrence of the c peak, which was not present in  appetitive  
feeding, indicates the in tervention of a new group of un its . The f  peak 
(from the cerebral ganglion) was present in  both appetitive and consum- 
matory feeding, but absent in  the periods near or during ribbon ingestion. 
This may indicate tha t the corresponding un its  are not involved in  the 
more spec ific  mechanisms fo r feeding.
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Lymnaea feeding interneurones were stained with 5(6) -carboxyfluorescein by 
cutting the nerves containing the ir axons. They were located under low -in tensity blue 
lig h t and were healthy with normal pharmacology. The interneurones were se lective ly 
k ille d  by h igh-in tensity blue lig h t.
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In t r o d u c t io n

The feeding system of the pond snail Lymnaea stagnalis has been a 
f r u i t f u l  experimental system fo r the analysis of the neural basis of 
rhythmic behaviour: s u ff ic ie n t motoneurones, pattern generating and modu
la to ry  interneurones have been id e n tifie d  to account fo r the neural basis 
of the rhythmic a c t iv ity  / 2/ .

Patterned rhythmic a c t iv ity  cha rac te ris tic  of feeding usually con
tinues in  the iso la ted CNS. The motoneurones themselves contribute l i t t l e  
to the generation of the pattern; instead they are driven by synaptic in 
puts from three classes of pattern generating interneurones ca lled N1, N2 
and N3. The sequence of feeding a c tiv ity  is  explained by synaptic con- *
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nections between the interneurones /3 /. The ch ie f feature of th is  hypo
th e s is  is  that the change from pro traction  of the radula to re trac tion  
(rasp ing) is  by recurrent in h ib it io n . This model is  supported by compara
t iv e  data from Planorbis /1 / .

Can the pattern generation hypothesis be tested? Are other, as yet 
u n id e n tifie d  ce lls  present? Why are there several d iffe re n t subtypes of IT- 
c e l l ,  so that fo r example, the N3 tonic and N3 phasic interneurones have 
d if fe re n t physiologies and d iffe re n t morphologies. What ro le  do the d i f 
fe re n t types play in  pattern  generation?

□ne approach is  to remove the interneurones from the c ir c u it r y  by 
L u c ife r yellow in je c tio n  followed by laser photo inactiva tion . One problem 
is  th a t a l l  Lymnaea neurones contain a pigment which i t s e l f  absorbs blue 
l ig h t  so that there is  no d ifference in  the time taken to k i l l  f i l le d  and 
u n f i l le d  ce lls  /4 / .  However, in  snails reared in  the laboratory, the pig
mentation is  much less and only f i l le d  c e lls  are k il le d .

A second, and more serious problem with th is  approach, is  tha t there 
are several of each subtype of N-cell (e.g. N3 phasic) per ganglion. I f  
c e lls  were impaled 'with a microelectrode, f i l l e d  with dye and then i r 
rad ia ted , we cannot be sure tha t a l l  ce lls  of a p a rticu la r subtype have 
been found and removed from the c irc u it .

However, in Lymnaea, axonally f i l le d  neurones can be photo-inactivated 
/ 6/ .  The 4 c luster motoneurones were f i l le d  w ith 5 (6 ) -carboxyfluorescein 
(5-CF) by cutting the nerve which contains th e ir  axons and applying a 5% 
so lu tio n  of 5-CF fo r two hours. They were a liv e  and yet contained suf
f ic ie n t  dye to select and impale the f i l le d  neurones under low power l ig h t  
and, when the laser was raised to f u l l  power, they were k i l le d  in  less 
than 5 min.

We report that the technique works equally well w ith other nerves and 
th is  enables us to f i l l ,  map, record and k i l l  not ju s t motoneurones, but 
feeding interneurones as w e ll.

M a t e r ia ls  and Methods

The cerebro-buccal connective and post-buccal nerve were f i l le d  with 
5-CF and ce lls  k i l le d  as described previously / 6/ .  The SO was in jected 
w ith  Lucifer yellow /9 / .



AXONAL F ILLIN G  OF SNAIL NEURONES 353

R e s u lts

Mapping Interneurones

The N1 interneurone was impaled in  40 axonal f i l l s  of the cerebro- 
buccal connective, using a spot of low in te n s ity  laser l ig h t  (F ig . 1A). 
The N1 can be seen fluorescing at the t ip  of the electrode. The N1 neurone 
had normal physiology (F ig. ЗА); activa ting  the N1 inh ib ited  the two moto- 
neurones (3 c e ll and the 4 c luste r neurone) and began to produce the 
typ ica l slow feeding rhythm (note the N2 e xc ita tio n  of the 3 c e l l ) .  When 
the preparation had been fixed and cleared, the N1 c e ll was relocated under 
the fluorescent microscope (Fig. IB). Shorter impalements give higher con
tra s t micrographs (Fig. 1C).

The importance of th is  axonal f i l l i n g  technique is  that i t  enables us 
to map the feeding interneurones re lia b ly . For example, our f i l l s  o f the 
cerebro-buccal connective show only 1 or two N1 c e lls , as opposed to  the 
10 suggested on the basis of random poking w ith a microelectrode / 0/ .

In other preparations, the N2 interneurone has been stained from the 
post-buccal nerve (F ig. 2A). This shows tha t there is  only 1 N2 of the 
type described by E l l io t t  and Benjamin /3 /  in  each ganglion, and the lack 
of other unstained N2 c e lls  in  th is  place has been confirmed by probing 
around the fluorescent c e ll.  Other interneurones which can also be iden
t i f ie d  by axonal f i l l i n g  include the CGC and CV1 ce lls  in  the cerebral 
ganglion (Fig. 2B).

Interneuronal physiology and pharmacology

Since the feeding interneurones are small and surrounded by other 
ce lls  of a s im ila r size and shape, a range of neurones may often have to 
be tr ie d  before the correct neurone is  found. However, the technique of 
axonal f i l l i n g  has proved useful fo r routine location  of these c e lls .  This 
is  especially true of the N1 interneurons, which do not l ie  on the surface, 
but are usually embedded in  a second, inner, layer of ce lls  and cannot be 
d ire c tly  seen.

Axonal f i l l i n g  is  p a rticu la r ly  useful in  pharmacological experiments, 
when the interneurone and i t s  fo llower c e ll( s )  must be held fo r prolonged 
periods. Fig. 3B shows two such pharmacological tes ts : the exc ita to ry  con
nection from N1 to the 1 c e ll is  blocked by cholinergic antagonists, as
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Fig. 1. Axonal f i l l s  of the сегегЬго-buccal connective. A: impalement of the N1 interneurone 
and two motoneurones (contra la tera l 4 cluster c e ll and 3 c e l l ) . The laser beam was res tric ted  
to a spot 200 .un in diameter around the N1 internaurone. j l :  the same preparation, but fixed 
and cleared, focussed on the same N1 c e ll.  C: Another f i l l  o f the cerebrobuccal connective 

w ith shorter impalement of the Ml (arrow) and higher contrast. Scale bar: 200 ;jm
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Fig. 2A, B. Mapping of feeding interneurones in the buccal and cerebral gang]ia. A: shows the 
N2 interneurone and В the CGC (large arrow) and CVl ce lls  (small arrows) which modulate feed
ing (see /2 / ) .  C and 0 : cleared preparations of the SO axon f i l le d  with Lucifer yellow from a 
somatic micropipette. In Ç: the c e ll was irradiated on the axon before f i l l in g ,  in  D after 

f i l l in g .  Note the break in the axon in D. Scale bars: A,B: 200yjm; C,D: 100yjm
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Fin . 3. A; the activ ity  of the N1 of Fig. 1A, showing normal synaptic inputs. Stimulating the 
N1 interneurone (arrow) inh ib its  the 3 cell and 4 cluster neurone. Although the stimulation 
is  continued, N1 firin g  is  terminated by an N2 input, showing the slow activation of the 
other feeding pattern. (J: pharmacological analysis of the N-cell excitatory output. The ex
c ita tio n  of a 1 cell by a stained N1 is blocked by cholinergic antagonists MeXCH (methylxylo- 
choline) and HMT (hexaméthonium) at 0.5 rrM in the bath, but the excitation of the 3 ce ll by an 
N2 interneurone persists. The antagonist was dissolved in a Hi-Di saline, which was perfused 
before and betwesi antagonists for at least 5 min. The Hi-Di saline raises spike threshold and

reduces polysynaptic connections

expected from previous experiments suggesting tha t the N1 interneurones 
are cholinergic /5 / .  However, the N2 interneurone is  un like ly  to be 
cho line rg ic , as i t s  exc ita to ry  connection to the 3 c e ll pers is ts  in  the 
same antagonists.

K i l l in g  interneurones

Axonally f i l le d  interneurones are, l ik e  motoneurons, k i l le d  in  2-4 
min (Fig. 4). When the beam of the laser is  turned up to f u l l  power, 
the c e lls  f ire  action po te n tia ls , which decline with the membrane poten-
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Fig. 4. Laser photoinactivation of A: N1 and B: N2 interneurones axonally f i l le d  w ith 5-CF 
for two hours; laser focussed on c e ll body

t ia l .  This pattern of k i l l in g  is  the same as tha t seen in arthropods /7 /  
and in molluscan neurones injected with Luc ife r yellow /4 /. During the N2 
k i l l ,  the 4CL was inh ib ited  as would be expected from the IPSPS made in  
the 4 c lus te r neurone by normal N2 action po ten tia ls  (Fig. 4B). The 4 
c luste r c e ll recovers quickly a fte r the N2 c e ll is  k il le d .

Not a l l  the feeding interneurones have axons which leave the buccal 
ganglion. One of these is  the SO, a single modulatory interneurone which 
accelerates the en tire  pattern when depolarized (Fig. 5A, B). I f  an un
stained SO is  irrad ia ted , i ts  a b i l i ty  to e l i c i t  rhythmic a c t iv ity  is  not 
affected. I f  the SO is  stained with in tra c e llu la r  in jec tion  of Luc ife r 
yellow in to  the soma, then the c e ll can be k i l le d  even by d ire c tin g  the 
beam on the axon (Fig. 50). We have also found tha t axonally f i l le d  in te r 
neurones can be inactivated by pointing the beam a t th e ir  axon.
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25 s
F ig . 5, Laser irradiation  of the SO axon in the buccal commissure. A: an unstained SO is  not 
affected . This SO was f i l le d  with Lucifer yellow a fte r irad iation  and its  morphology is  shown 
in F ig . 2C. B: before and a fte r irradiation of a SO axon, which was already f i l le d  for 30 min 
from a Lucifer yellow f i l le d  pipette placed in the soma. After inactivation the SO retains a 
small resting potential but cannot generate spikes when depolarized (center of record). Up
ward arrows: electrode raised. O: the course of the inactivation . This SO is shown in Fig. 2Г 
and has a broken axon where the irradiation took place. The 10 cell is  a feeding motoneuron
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Discussion

We have extended the axonal f i l l i n g  technique from the large moto- 
neurones to the smaller interneurones in  Lymnaea. These ce lls  can a l l  be 
f i l le d  re lia b ly  with 5(6) carboxyfluorescein in  two hours and can be 
id e n tif ie d  and mapped in  vivo under low level blue l ig h t .  This enables us 
to study both th e ir  physiology and pharmacology. Following fix a tio n  and 
clearing th e ir morphology can be determined. With intense laser l ig h t ,  
the interneurones can be photo-inactivated without harming unstained c e lls , 
so that th e ir  e ffec t on pattern generation can now be tested.

This shows that our choice of dye, 5-CF meets the c r ite r ia  fo r suc
cessful axonal f i l l i n g  fo r in  vivo location and for photo-inactivation ex
periments since i t :

1) is  fluorescent, 2) is  non-toxic, 3) is  quick and in  s u ff ic ie n t 
concentration fo r photo-inactivation, 4) has a good safety margin (stained 
vs unstained c e ll k i l l in g  tim e), 5) has a simple f i l l i n g  technique!
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In the African giant sna il, Achatina fu lic a , two pairs of cerebral neurons, v-CDNs 
and Cls, and ten pairs of buccal neurons, Bls-B10s, were iden tified . B1-B6 and BIO were 
the excitatory motoneurons of buccal muscles. B7 and B8 innervated salivary ducts and 
B9 extended its  axons to the cerebral ganglia although the ir functions were not clear 
yet. Serotonergic v-CDN exerted excitatory effects on various neurons in the buccal 
ganglia and had modulatory effects on buccal muscles.

When v-CDN, Cl or B1 was continuously fired , each one could in it ia te  and maintain 
the rhythmic motor a c tiv ity  (RMA) in the buccal ganglia of reduced preparation. Taste 
stimulation of the l ip  often e lic ite d  RMA. Nevertheless, v-CDN and 81 were not always 
excited by taste s tim u li, and they appeared not to be c r it ic a l elements in the gene
ration of feeding rhythm. In contrast, Cl responded to taste stim uli with burst of 
spikes. Thus, Cl may play a role in taste-induced rhythm generation in in ta c t animal.

Keywords: African giant snail - iden tified  neurons -  motor pattern generation - 
feeding

In t r o d u c t io n

In invertebrates, neural bases of the generation of rhythmic behavior 
have extensively been investigated /1 , 3, 9 /. The pulmonate mollusc Acha
tina  fu l ic a , lik e  other gastropods, feeds by rhythmic movement of the 
buccal mass. As a f i r s t  step to understand the neural bases of feeding 
behavior of A. fu l ic a , we id e n tif ie d  several neurons con tro lling  buccal
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muscle movement. Among them, a pair of g ian t cerebral neurons v-CDNs were 
found to have modulatory effects on feeding and were considered to be 
homologous to serotonergic cerebral g iant c e lls  in some gastropods /5 /.  
Thus, we focused on the re lationship between the a c tiv ity  of v-CDN and the 
buccal muscle contraction  evoked by id e n tif ie d  motoneurons.

To understand the neural mechanisms underlying the feeding behavior 
o f A. fu lic a , i t  is  also important to know about the components that 
mediate sensory inform ation for in it ia t in g  rhythmic buccal motor a c tiv ity . 
Then, we pursued rh y th m -in itia tin g  neurons in  the generation of rhythmic 
motor a c tiv ity  and examined the ir physio log ica l functions.

Materials and Methods

The African g ian t sn a il Achatina fu lic a  captured in  Okinawa island 
was used in the present experiment. The cerebral and buccal ganglia with 
the buccal mass and l ip s  attached were dissected from an animal by dorsal 
inc is ion . After the d issection, to soften the sheath of connective tissue 
covering the ganglia, preparation was treated w ith protease fo r 5-10 min. 
In some cases, the sheath was surg ica lly  removed.The ganglia, muscles and 
lip s  could be perfused independently by using specia lly designed experi
mental chamber. S a line -d ilu ted  carrot ex trac t was used as taste solution 
fo r  the chemical s tim u la tion  of the lip s .  Lips were stimulated by switch
ing the perfusate to the taste solution.

Extracellu lar recording of e le c tr ic a l a c t iv ity  from muscles or nerve 
stumps was performed using glass suction electrode. In tra c e llu la r record
ing of neurons and current in jection  in to  neurons were done using glass 
microelectrode. In tra c e llu la r  staining was performed by in jec ting  4% 
Lucifer yellow CH in to  neuronal c e ll body through a microelectrode by 
pressure or iontophoresis. Localization of se ro ton in -like  materials in the 
ganglia and buccal muscles was examined by standard immunostaining methods

Results

In the centra l nervous system of Achatina fu l ic a , twelve pairs of 
neurons involved in  the regulation of feeding a c t iv ity  of th is  animal were 
physio log ically and morphologically id e n t if ie d . These neurons, excluding 
two pairs of cerebral neurons v-CDNs and Cls, were located in  the buccal 
ganglia and named Bls-B10s. B1-B6 and BIO were id e n tif ie d  as the excita tory 
motoneurons of buccal muscles. The c r i te r ia  fo r  the id e n tif ic a tio n  of moto
neurons were as fo llow s . (1) A 1:1 re la tionsh ip  between a r t if ic ia l ly  evoked 
action potentia ls of a neuron and e x tra c e llu la r ly  recorded EDPs of certain
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30 sec 40 mV

B1

Fig. 1. Generation of RMA by v-CDN fir in g . v-CDN was a r t i f i c i a l l y  fired  by current in jec tion  
during the period indicated by the bar under the record. Rhythmic bursts of 01 indicate the 

generation of RMA in the buccal ganglia

buccal muscles was observed. (2) Activa tion  of the neuron and the muscle 
occurred in the same phase of rhythmic buccal a c tiv ity  consisting of 
radula pro traction phase, radula re trac tion  phase and inactive phase. 
(3) The neuron had axonal projection in  buccal nerve(s) innervating the 
muscle. B1-B6 were found to innervate the muscles activated in radula re 
trac tion  phase, while BIO innervated the muscle activated in radula pro
trac tion  phase.

E le c tr ic a lly  coupled B7 and BO extended th e ir  axonal pro jection b i
la te ra lly  to sa livary ducts. They responded to the taste stim ulation of 
lip s  with exc ita tion , suggesting th e ir  involvement in the secretion of 
saliva. B9 had the largest c e ll body among buccal neurons extending th e ir  
axons to cerebrol-buccalconnective (CBC).

BA exerted the most potent excita tory d rive  d ire c tly  on the radula 
re trac to r. The radula re trac to r responded to acetylcholine (ACh) w ith con
trac tion . Contraction of the radula re tra c to r evoked both by ACh a p p li
cation and by B4 f ir in g  was blocked by cho line rg ic  blocker propantheline. 
Thus, the main excita to ry transm itter of B4 was suggested to be ACh.

Ventral cerebral d is t in c t neurons, v-CDNs, were f i r s t  described by Ku 
et a l. /7 / and we found that these neurons had modulatory e ffec ts  on 
buccal muscle cont' .ction. The contraction o f the radula re trac to r elicited 
by cholinergic mote euron B4 was enhanced by the f ir in g  of v-CDN. A pp li
cation of serotonin to the muscle mimicked the e ffec ts  of v-CDN f i r in g  and 
sero ton in-like  immunoreactivities were found in  both v-CDN and nerve te r 
minals in  the radula re tra c to r. In tra c e llu la r  s ta in ing of v-CDN revealed 
the projection of th is  neuron in  buccal nerves innervating the radula re
trac to r. Thus the enhancing effects of v-CDN on muscle contraction were
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Fig. 2. Response of Cl to taste stimulation of the lip s . Rhythmic bursts (indicated by dots) 
of buccal nerve 2 (n2) show the generation of RMA by application, of carrot extract to the 

lip s . Bar under the record indicates the period of the taste stimulation

probably mediated by serotonin. In addition, v-CDN had excita tory e ffec ts  
on B1-B9 (BIO, not tested).

Rhythmic motor a c t iv ity  (RMA) underlying the rhythmic movements of 
buccal mass is  generated in  the buccal ganglia. In reduced preparation, RMA 
often occurred spontaneously. In the present experiment, we found tha t two 
pa irs  of cerebral neurons v-CDNs and Cls were capable to in i t ia te  RMA in  
the buccal ganglia. In addition, buccal neuron B1 also showed rhythm- 
in i t ia t in g  a b il i ty  when f ire d  at re la t iv e ly  high frequency. Fig. 1 shows 
the in i t ia t io n  of RMA by f ir in g  of v-CDN. During the s tim ula tion 'o f v-CDN, 
buccal motoneuron B1 showed rhythmic bursts ind ica tive  of the generation of 
RMA in  the buccal ganglia. RMA induced by continuous f ir in g  of v-CDN tended 
to p e rs is t fo r several cycles a fte r the f i r in g  of v-CDN was stopped (Fig. 
1). In  contrast, RMA induced by a r t i f i c ia l l y  evoked f ir in g  of Cl or B1 
ceased immediately a fte r the f ir in g  of these neurons was stopped. Although 
RMA often occurred spontaneously in  preparations used in  the present ex
periment, spontaneous continuous f ir in g  of v-CDN, Cl or B1 accompanying the 
RMA was not observed in  the majority of cases.

Application of serotonin, which is  a putative transm itter of v-CDN, 
was found to induce RMA in  the isolated buccal ganglia. However, serotonin 
at concentrations as high as 10 M or more was needed to maintain the 
rhythm.

To learn more of the function of v-CDN, Cl and B1 in the generation 
of rhythmic a c t iv ity ,  we examined how they behave when RMA was induced by 
food s tim u li. Taste s tim u li such as carro t extract to the lip s  o ften in 
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duced RMA in  the buccal ganglia. Fig. 2 shows the response of Cl to taste 
stimulus. Generation of RMA in  the buccal ganglia could be recognized by 

rhythmic bursts of buccal motor nerve n2. Cl showed excita tory response to 
the stimulus and received inh ib ition s  probably due to feedback from the 
buccal ganglia. The exc ita tion  of Cl persisted u n t i l  carrot extract was 

washed away. Cl might receive excita tory inputs from chemosensory elements 
d ire c tly  or in d ire c tly .

In contrast to Cl, v-CDN tended to s lig h t ly  hyperpolarize in response 
to taste stim ulation of l ip s . Since B1 was a motoneuron of the buccal 
muscles, i t  showed rhythmic burst associated w ith the generation of RMA by 
taste stim ulation. However, even when Bis were prevented to f ir e  by a r t i 
f ic ia l  hyperpolarization, RMA could be in it ia te d  by taste s tim ula tion . 
Thus, B1 might not be required to f i r e  fo r the generation of RMA.

Discussion

In the several gastropods, serotonergic cerebral giant ce lls  such as 
CGC in  Lymnaea stagnalis and MCC in  Aplysia ca lifo rn ica  share common 
features and have been suggested to be homologous/5 , 11/. From morpho
lo g ica l, physiological and immunohistochemical examinations, v-CDN in  Acha- 
tina  fu lic a  appeared to be one of the serotonergic cerebral giant c e lls . 
Although v-CDN was shown to have capacity to in i t ia te  and maintain RMA, i t  
did not seem to be a main component of the pathway of food-induced rhythm 
in it ia t io n .  Since v-CDN showed excita tory e ffec ts  on various buccal neurons 
and had enhancing e ffects on buccal muscle contraction, th is  neuron 
probably plays a role in  increasing the a c t iv ity  of feeding system in  th is  
animal.

Another id e n tif ie d  cerebral neuron having rhy thm -in itia ting  a b i l i t y  
was Cl. D iffe ren t from v-CDN and Bl, Cl responded to taste stim ulation of 
the lip s  with exc ita tion , suggesting that Cl functioned as a component of 
the rhythm generation system. However, since RMA began before the exc i
ta tion  of Cl (see Fig. 2), Cl might be involved in  the maintenance of the 
rhythm rather than in it ia t io n  of i t .  In L. stagnalis / 8/ ,  Pleurobranchaea 
ca lifo rn ica  /4 / ,  A. ca lifo rn ica  /10/ and Limax maximus /2 /,  i t  has been 
shown tha t some of the id e n tif ie d  cerebral neurons other than serotonergic 
cerebral giant c e lls , can in it ia te  rhythmic a c t iv ity  in  the buccal ganglia.
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Especially in  L. maximus, cerebral to buccal interneurons have been shown 
to  be closely involved in  the generation of taste induced f ic t iv e  feeding 
rhythm /2 /.  I t  is  in te res ting  from comparative point of view tha t these 
cerebral neurons in  L. s tagna lis , P. c a lifo rn ic a , A. ca lifo rn ica  and L. 
maximus and Cl in  A. fu lic a  appear to have s im ila r location and functions 
in  each species. K irk has also suggested the homology among such cerebral 
neurons in  A. c a lifo rn ic a , P. ca lifo rn ica  and L. stagnalis / 6/ .

From the present experiment i t  cannot be decided whether the patterns 
o f rhythmic motor a c t iv ity  induced by B l, v-CDN or Cl are func tiona lly  
id e n tic a l. I t  is  necessary to compare c lose ly the rhythm induced by these 
neurons and the buccal motor patterns in  in ta c t animals in various s itu 
ations.
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Previous anatomical observations have established that the penial complex o f adult 
Melampus bidentatus is  spec ifica lly  reinnervated and that the penial complex i t s e l f  can 
regenerate. This review describes experiments to determine whether a reinnervated 
penial complex and a regenerated penial complex can function in mating. The sna ils  are 
not s e lf - fe r t i le ,  so the a b il i ty  to transfer sperm, evaluated by production o f fe r t i le  
eggs, was the test of successful regeneration. Snails with nerve transections produced 
fe r t i le  eggs within the timespan expected fo r axonal regeneration to the target organ. 
Penial complex ablation interfered with sperm transfer for two egglaying cycles but 
fe r t i le  eggs were la id  within a timespan consistent with regeneration o f a penial 
complex.

Keywords : Regeneration - reinnervation - reproduction -  gastropod -  behavioral 
recovery

In t r o d u c t io n

Regeneration can be evalutated by anatomical c r ite r ia ,  but i t  is  im
portant to also determine whether or not the regenerative growth restores 
function . In the pulmontae snail Melampus bidentatus, regeneration of the 
nervous system underlies resto ra tion  of tentacle reflexes and locomotion 
/10, 11, 15/. The complex acts associated w ith reproduction cannot be 
e lic ite d  by poking an animal or s tim u la ting  a nerve, so the annual onset
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of reproductive a c t iv ity  in  th is  sna il was u t i l iz e d  to tes t recovery from 
ab la tions of the male reproductive tra c t and i t s  innervation. Previous 
f ie ld  and experimental studies of reproduction in  Melampus had established 
the tim ing of the semilunar pattern of breeding and egglaying in  the 
spring and early summer months /1 , 13/. This allowed me to perform ope
ra tions  expected to have an impact on reproductive function with tim ing ap
p rop ria te  to demonstrate d e f ic its  and possible recovery.

36 В

Materials and Methods

Snails were co llec ted  in  Woods Hole, MA and Baltimore Co.,MD in  A p ril 
in  1991. No differences in  the timing of reproductive behavior was found, 
so re su lts  fo r the two groups were pooled. Maintenance and the metnods of 
anaesthesia and surgery were as previously described /15 / w ith the ex
ception that sna ils  were maintained under long-daylength conditions 
(16D:8L). The fo llow ing operations were performed on adult sna ils  (7-10 mm 
s h e ll length): penis nerve transection, r ig h t  cerebropedal connective 
transection and penial complex excision. The penial complex (d is ta l por
t io n  of the vas deferens, penial p a p illa , prepuce, sheath and penis re
tra c to r  muscle) was pu lled out of the body through an inc is ion  on the 
r ig h t  side of the head, and the re trac to r muscle and attachment at the 
male o r if ic e  were cut. The snails undergoing a p a rticu la r operation were 
maintained together to allow evaluation of reproductive function fo llow ing 
tha t operation. Evidence nf mating success was evaluated by examining 
whether eggs underwent development. (Melampus does not s e l f - f e r t i l i z e . ) 
Three categories of reproductive e ffo r t  were detected: production of empty 
je l l y  masses (m ateria l tha t normally unites the eggs in  a cordon and con
geals in to  a compact mass a fte r the eggs are la id ) ,  production of f e r t i le  
eggs, and production o f n o n fe rtile  eggs. The reproductive e f fo r t  of the 
experimental groups was compared with con tro ls  that experienced anaes
thesia but no surgery. Both a communally housed population of contro ls 
and iso la ted snails were monitored.

Results

Control snails housed communally began to lay egg masses e a r lie r  than 
expected from previous f ie ld  studies /1 , 13/. The controls exhibited three 
cycles of egglaying, which is  typ ica l of the reproductive e ffo r t  of Melam
pus /1 , 13/. Each period of egglaying preceeded e ithe r the f u l l  moon or 
the new moon, obeying the semilunar p e r io d ic ity  already described fo r Me
lampus (F ig. 1). Control sna ils  maintained in  ind iv idua l containers showed 
no reproductive a c t iv ity  during the f i r s t  cycle of egglaying but in  the 
middle cycle, which is  ty p ic a lly  the period of greatest p ro d u c tiv ity ,
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Fig. 1. Temporal pattern of egglaying in re la tion to the lunar cycle of A pril and May, 1991. F e rtile  eggs indicated by f i l le d  regions, in 
fe r t i le  eggs by stippled regions and je l ly  masses by open regions. Arrows indicate the operation dates
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F io . 2. Development in eggmasses la id  in the th ird  cycle of egglaying by snails with penial complexes ablated. A: Early stage of ce ll 
divisions. B: Veliger stage jus t p rio r to hatching. C: Free -swimming ve lige r. Bar is  80yum
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they produced je l ly  masses and one sna il produced in fe r t i le  eggmasses 
(Iso la ted , Fig. 1).

Snails in  which the penis nerve was cut 14 days before contro l popu
la tio n s  began laying also la id  f e r t i le  eggs during the f i r s t  cycle of egg- 
lay ing , beginning on the 16th day a fte r the operation (Fig. 1). A second 
population drawn from sna ils  maintained in  in d iv id u a lly  iso la ted con
ta iners had the penis nerve severed ju s t before the second cycle of egg- 
lay ing. These snails produced je l ly  masses fo r several days before laying 
the f i r s t  mass of f e r t i le  eggs 8 days a fte r the operation.

The innervation of the penis includes a population of neurons in  the 
r ig h t pedal ganglion which innervates the penis via axons in  the r ig h t 
cerebropedal connective, whereas innervation provided from the p a r ie ta l 
and v isce ra l ganglia pro jects through the r ig h t cerebropleural connective 
/14 /. Lesions of the r ig h t cerrebropedal connective were performed to 
evaluate the role of the pedal c lus te r. Snails w ith the cerebropedal con
nective severed on the f i r s t  day of the f i r s t  cycle of egglnying did not 
e xh ib it any reproductive a c t iv ity  that cycle, but la id  fe r t i le  eggs on the 
second cycle (Fig. 1).

The onset and subsequent pattern of egglaying a c tiv ity  in  the penial 
complex excision group was s im ila r to contro ls . Eggs la id  by sna ils  w ith 
excised penial complexes were in fe r t i le  in  the f i r s t  two cycles of egglay
ing (F ig . 1) but during the th ird  cycle, a l l  the eggmasses examined con- 
tanied f e r t i le  eggs which subsequently developed in to  veligers (F ig . 2).

Discussion

Regenerating a penial complex is  a substantia l accomplishment in  
terms of energy expenditure. Moreover, the conditions of the experiment 
required that the regeneration be accomplished when energy is  being used 
fo r the formation of gametes. During the breeding season, 87% of the non- 
respired assim ilation of Melampus is  directed to reprodution /2 / .  The 
seasonal breeding is  accompanied by an 11- fo ld  increase in  gonad volume, 
with t r ip l in g  occurring during the week preceeding the f i r s t  cycle of egg- 
laying /1 / .  This reproductive e f fo r t  normally cuts the growth rate of the 
sna il in  h a lf and n o tic ib ly  increases food consumption in  the laboratory 
populations. I t  is  notable that repair of reproductive organs was o f high 
enough p r io r i ty  to be accomplished at a time of elevated energy demands.
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Indeed, the ra p id ity  w ith which the regeneration was accomplished suggests 
th a t hormonal conditions tha t favor gamete maturation may also support re
generation.

As e a rlie r reported, the regenerated penia l system is  not a perfect 
re p lica  of the normal structures, because the new re trac to r muscle ra re ly  
attaches in the normal location with other elements of the columellar 
muscle group /9 / .  However, demonstration tha t the regenerated penial com
plex functions in  sperm transfer removes any doubts about the e ffe c tiv e 
ness of the regenerated structu re . This is  in  contrast to observations on 
the sna il Helix pomatia, in  which a va rie ty  of operations on the male 
t ra c t  fa ile d  to re s u lt in  regeneration /4 / .  The penial complex of Lymnaea 
also does not regenerate, e ithe r in  young or sexually mature sna ils  (Roger 
C ro ll,  pers. comm.). In the prosobranch Crepidula forn icata the penis w i l l  
regenerate under the influence of a fac to r or factors released from the 
r ig h t  pedal ganglion from a young (male phase) sna il / 6/ .  Dependence of re 
generation of the penial complex in  Melampus on neural factors is  sug
gested by experiments in  which the r ig h t cerebral and/or pedal ganglia 
containing the penis innervation are removed along with the complex: under 
those circumstances, the complex regenerates i f  one or another of the 
ganglia are present, but not i f  both are absent /7 , 9/.

Elucidation of the motor pattern fo r mating awaits fu rthe r studies, but 
evidence from ganglion ablations / 8/  suggests that cerebral and pedal 
neurons are required fo r mating. The tim ing of transection of axons of the 
penia l innervation in  th is  study was intended to demonstrate any fa ilu re  
of egg fe r t i l iz a t io n .  However, although no in fe r t i le  eggs were la id , egg- 
lay ing i t s e l f  was delayed long enough tha t fe r t i l iz a t io n  of the eggs was 
consistent with possible reinnervation of the ta rge t. Immunocytochemical 
studies have shown re innervation of the penia l complex by pedal neurons 
w ith in  14 days fo llow ing  cerebral ganglion excision /14 /, so find ing  
f e r t i le  eggs w ith in  13 days suggests tha t axons severed in  the connective 
cut could have reached the target in some members of the operated popu
la tion . Regeneration of the penis nerve would require a shorter time 
because the distance is  shorter. Failure of the snails to lay in fe r t i le  
eggs in  the period p r io r  to nerve regeneration might be in terpreted as 
re fle c tin g  lack of mating stim ulation, because mating may be a stimulus to 
egglaying in Melampus, as i t  is  in Helisoma /5 / .  However, that assumption 
is  contradicted by the readiness of the sna ils  with ablated penial com
plexes to lay eggs.
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I f  reinnervation of the penial complex underlies restoration o f re 
productive competence, i t  is  consistent w ith other examples of res to ra tion  
of function through nerve regeneration in  gastropods. In Helisoma, re 
generation of id e n tif ie d  buccal neurons to the target buccal musculature 
restored coordinated muscular contractions /1 2 /. In Melampus, ten tac le  
re flexes and recovery of locomotion are corre la ted with regeneration / 10 , 
14/. In the snail Achatina, odor s e n s it iv ity  was demonstrated in  regener
ated tentacles /3 / .  Anatomical evidence fo r nerve regeneration cannot 
always be trusted, as in  the in e ffe c tive  re innervation of the penis in  He
l i x  /4 / ,  so behavioral tests are an important aspect of regeneration ex
periments.
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and relaxation of the adductor muscles, which maintain the f i lte r in g  a c t iv ity  by 
closing and opening of the shells having rhythmic and periodic pattern with a time 
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cause 3 clear cut a lte ration in the adductor's a c tiv ity  characterized in general by 
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by heavy metals. Wash-out in most cases restored the orig ina l a c tiv ity , sometimes a 
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and DA in the ganglia of mussels and they modulate the chemical sen s itiv ity  of mol- 
luscan neurons and influence the permeability of various ionic channels, i t  is  sug
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In troduction

Heavy metals and metal compounds cons titu te  a substantia l group of 
chemicals regarded as environmental po llu ta n ts . The amount of heavy metals 
is  permanently increasing in  the environment as a resu lt of geological 
weathering and human a c t iv ity  (mining, m etallurgy, use of metals in  various 
technological processes, agrochemical byproducts, urban waste and sewage, 
and so on). Some of them are present in  l iv in g  organisms at low con
centrations as elements necessary fo r physio log ica l processes, l ik e  Zn , 
or Cu , but they are harmful in  higher concentrations. Others are tox ic  
already in very low concentrations, l ik e  Cd^+, Hg^+, Pb^+.

Heavy metals cause death of l iv in g  organisms only at high concen
tra tio n s , nevertheless, they may evoke severe disturbances in  l i f e  func
tions  of plants, animals and man at low, sublethal concentrations. They 
may influence various physiological and biochemical processes and as a 
re s u lt,  in  animals the behavioural pattern can be changed.

In our studies we investigated the e ffe c t of heavy metals on the 
behaviour, namely on the periodic a c t iv ity  of bivalves. This group of 
animals is  d is tr ib u te d  widely on the ginbe, in  oceans and seas, lakes and 
r iv e rs . The p e r io d ic ity  of a c tiv ity  is  common in  a l l  bivalves which possess 
a ton ic part of the adductor muscles /1 , 7, 9, 14/. Exceptions are fo r ex
ample Pecten and Cardium species which are unable to keep th e ir  shells 
closed fo r hours /1 5 /.

Since behaviour is  governed by the nervous system, in  in te rp re ta tio n  
of the evoked a lte ra tio n s  the possible neural correlates underlying regu
la t io n  of periodic a c t iv i ty  are taken in to  consideration in the discussion. 
We have published e a r lie r  in  th is  top ic several papers /11, 13, 23/, but 
th is  is  the f i r s t  time tha t we give a de ta iled  description on the concen
tra t io n  dependency and quantita tive  evaluation of the e ffec t of f iv e  heavy 
metals (cadmium, copper, lead, mercury and z ink) to the periodic a c t iv ity .

Materials and Methods

In the investiga tions  freshwater mussel, Anodonta cygnea L. was used. 
Animals were co llec ted  from ponds located at the catchment area of Lake 
Balaton. Before and during experiments they were kept in  aquaria with 
running lake water, while in  the experiments heavy metal sa lts  were added 
in to  the water.
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Recording of a c tiv ity

Pumping a c t iv ity  of the animals was recorded continuously fo r weeks 
by a mussel actograph /18 /. Animals were kept in  separate vessels o f 3 1 
volume. One of the she lls  was fixed tothe bottom, while the other was con
nected to a lever and the opening and closing of the shells were registered 
on a slow speed recorder. The movement of the she lls  is  accomplished by the 
contraction and re laxation of the adductor muscles: when the adductors are 
relaxed, the shells are apart form each other (open s ta te ), when the ad
ductors contract, the shells are approaching to each other. At open state 
time to time fast closings and openings occur (active  period), while at 
long ton ic contraction of the adductors the she lls  are t ig h t ly  closed (res t 
period) fo r hours (F ig. 1). The a lte ra tio n  of a c t iv ity  and rest represents 
the periodic a c t iv ity .  The effect of any fa c to r is  evaluated by measuring 
and comparing the duration of the active and res t periods before and a fte r 
in tervention (adm inistration of drugs).

Application of heavy metals

Metal sa lts  were dissolved in  Balaton water stored in  a large aquar
ium (200 1) and th is  water was pumped through the vessel containing 
mussel with a constant flow (500 m l/h ). The fo llow ing  sa lts  were used in 
the experiments: CdCl,,, CuCl„, HgCl0, PbCl0, ZnCl„. Concentrations were 
calculated to the metal ion. F“br each^metal d ilu t io n  several concentrations 
were applied in  separate experiments to determine the threshold concen
tra tio n  and to tes t the concentration dependency of the e ffec t. Each metal 
and concentration was tested in p a ra lle l experiments at least on f iv e  
mussels.

Course of the experiment and evaluation of the resu lts

A fter position ing the animals in to  the actograph control a c t iv ity  
was recorded fo r one week with running Balaton water. Following th is

r r m  w
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Fig, 1, Method of recording the mussel's a c t iv ity  (insert) and 
a record lasting continuously fo r 3 days
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period the metal so lu tion was perfused fo r one week, and f in a l ly  wash-out 
took place also fo r one week.

On the records the duration nf a l l  active and rest periods was 
measured, and means were determined separately fo r the con tro l, fo r  the 
te s t  and fo r the wash-out periods. The means of active and res t periods 
found in control were taken as 100 per cent, and served as a basis in 
eva luation of the e ffe c t of metals and wash-out.

Animals survived v;ell in  these experimental conditions, death oc
curred very scarcely.Water temperature varied between 20-22 C according 
to  laboratory conditions.

R e s u lts

The duration of active and rest periods of d iffe re n t animals varies 
in  a wide range, under cn tro l conditions /1 6 /, but in  the same mussel the 
v a r ia tio n  is  less. This was the reason why we evaluated the e ffe c t of 
metals as per cent d ifference from the con tro l a c tiv ity  and re s t. As a 
basic information the mean durations of active  and rest periods are given 
fo r  a l l  the experiments in  Table 1, which were taken as 100 per cent in 
fu r th e r  evaluation of data.

Table 1
Mean duration — S.D. (hours) of active (A) and rest (R) periods during one week 

control recording, which were taken as 100 per cent in the experiments

A R A R A R

Cd2+ 11.5 + 0.81 6.89 + 1.08 15.5 + 5.26 9.45 + 0.82 19.8 + 2.67 7.61 + 1.04

21.8 + 2.38 3.94 + 0.51 29.0 +_ 9.63 2.84 + 0.28 24.3 + 2.51 3.24 + 0.24

Cu2+ 9.99+ 1.21 12.9 + 1.98 15.6 + 1.31 10.2 + 1.64 1 .7 1 + 1.11 8.09 + 1.49

16.5 + 2.67 6.99 + 0.29 23.6 +_ 3.18 6.25 + 0.41 19.8 + 2.67 7.61 + 1.04

Hg2+ 15.3 + 2.40 7.29 + 0.99 2.17+ 1.28 6.03 + 0.31 27.2 + 3.61 8.04 + 1.23

40.6 + 3.84 13.9 + 3.55 18.7 + 1.36 7.32 + 1.02 25.4 + 4.13 5.08 ± 0.42

Pb2+ 17.В + 2.79 10.7 •+ 2.51 9.35+ 2.53 11.1 0.61 9.23+ 1.87 5.88 + 1.74

14.3 + 0.90 7.98 + 0.69 12.6 + 2.06 4.78 + 0.54 11.9 + 2.17 13.3 + 1.79

Zn2+ 10.7 + 2.48 12.6 + 2.04 16.4 + 1.50 11.1 + 0.51 15.9 + 3.16 12.8 + 1.89

The order of values for each metal (A+R) corresponds to the order of experiments, demonstrated 
on Figs 2-4
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Effect of heavy metals on the duration of active  and rest periods

The threshold concentration fo r Cd^+ a ffe c tin g  the periodic a c t iv i ty  
was 0.05 mg/1 (F ig. 2A). At th is  concentration no change occurred in  the 
duration of the active periods, but a 50-60 per cent elongation of the 
rest periods took place. With increasing concentration of Cd^+ the ac tive  
periods become shorten in  time, up to 30 (0.5 mg/1), 20 (2-5 mg/1) and 10 
(10 mg/1) per cent of the control while the duration of rest periods were 
at each concentration longer as compared to the contro l.

At wash-out the duration of a c t iv ity  was not only restored but be
came longer a fte r treatment with 0.05-0.5 mg/1 Cd^+, but remained very 
short a fte r higher concentrations fo r the one week washing period. The 
rest periods became also longer a fte r wash-out of low (0.05-0.1 mg/1) Cd^+ 
concentrations.

The threshold concentration fo r e ffe c t of Hgz was lower (0.01 mg/1) 
(Fig. 2B), which caused elongation of the duration of both active and re s t 
periods (by 20 and 30 per cent, respective ly). At higher concentrations 
(0.05, 0.1 and 0.5 mg/1) the duration of a c t iv ity  was reduced to 80, 50 
and 5 per cent of the con tro l, while the duration of rest increased s ig 
n if ic a n t ly  only at 0.05 and 0.1 mg/1 concentrations.

At wash-out increase of active periods was characte ris tic  except 
a fte r 5 mg/1 Hg + treatment, when they remained very short in time during 
one week washing. Rest periods did not change much during wash.

Under the e ffe c t of Cu + at low concentration (0.005 mg/1) an in 
crease (50 and 20 per cent) of the active and res t periods was observable, 
while at higher concentrations (0.05-0.1 mg/1) both active and re s t 
periods became shortened. Increasing Cu^+ concentration further active  
periods shortened in  time, while rest periods became longer (F ig. ЗА). 
Washing resulted only p a r t ia l restoration of the con tro l, and at e lim in a t
ing low concentrations an elongation of active periods, at wash-out higher 
concentrations, lengthening of rest periods were observed.

The e ffe c t of Pti was not s ig n if ic a n t between 0.01-5 mg/1 concen
tra tio n s . I t  caused 50-00 per cent elongation of active periods at 0 .1-0.5 
mg/1, not in fluencing much the duration of res t periods (Fig. 3B). A fte r 
wash usually both active and rest periods became longer in time.

Znz+ resulted in  the decrease of active  periods at concentrations 
10-50 mg/1 (F ig. 4), but the duration of res t was reduced only at a p p li
cation of 50 mg/1. During wash both active and res t periods were length
ened over the contro l w ith the exception of active  periods a fte r a p p li
cation of 50 mg/1 Zn^+.



Fig_ 2. Effect of various concentrations of Cd̂  (A) and Hg^+ (B) on the duration of active and rest periods, as compared to the 
control (100 per cent). The effect of wash is  also presented. Both treatment and wash lasted fo r one week
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7 2+Fig* 3. Effect of various concentrations of Cu + (A) and Pb (B) on the duration of active and rest periods, as compared to the 
control (100 per cent). The e ffect of wash is  also presented. Both treatment and wash lasted fo r one week
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F ig, 4. Effect of various concentrations of Zn + on the duration of active and rest periods, 
as compared to the contro l (100 per cent). The e ffec t o f wash is  also presented. Both 

treatment and wash lasted fo r one week

Discussion

The experiments showed that most of the tested heavy metals in f lu 
enced the periodic a c t iv i ty  of Anodonta in  a concentration-dependent 
manner. However, there were s ig n ifica n t d iffe rences both in  threshold con
centra tions of various metals and in the reaction  of the animals to  d i f 
fe re n t metals. Threshold concentrations caused elongation of active  or 
re s t or both periods, whereas higher concentrations evoked shortening. 
Mussels were most sens itive  to Cu + which caused elongation of active  and 
re s t periods at Q.Ü05 mg/1 concentration. Threshold concentration (0.01 
mg/1) of Hg^+ resulted also in  elongation of both periods, while lowest, 
e ffe c tiv e  concentration of Cdz+ (0.05 mg/1) caused elongation only of the 
dura tion  of rest periods. Higher concentrations of these three metals
resu lted  in considerable shortening of active periods, but affected d i f -

2+  2+fe re n tly  rest periods. Pb and Zn were e ffe c tiv e  only at rather high 
concentrations (Table 2).

The concentrations we used in the experiments fór Cuz+, Hg^+ and Cd^+ 
were much higher, than usually present in  surface waters, but are com
parable to those what may occur in  sewage or in d u s tr ia l waste waters which 
run in to  rive rs  or lakes. Due to th e ir b io lo g ica l reaction mussels can be 
used in  monitoring the presence of metals in  these waters /0 /.  We did not 
te s t u n t i l  now the combined e ffec t of metals, but supposedly in an environ-



HEAVY METAL INDUCED BEHAVIOUR MODULATION 303

Table 2
Change in the duration of active and rest periods under the e ffec t of heavy metals

at threshold 
concentration

at moderate 
concentration

at high 
concentration

mg/1 active rest mg/g active rest mg/g active rest

2+
Cd 0.05 0 + 0.5 - + 5.0 +

2+
Cu 0.005 + + 0.05 - - 0.5 +

2+
Hq 0.01 + + 0.1 - + 1.0 0

Pb2+ 0.01 + 0 0.5 + - 2.0 0 0

Zn2+ 5.0 0 + 10.0 - 0 50.0 -

elongation; reduction; ^no change

ment where more of them are present the threshold concentrations fo r in 
fluencing the animals' a c t iv ity  would be lower.

The variable e ffec ts  of Cu^+, Hg2+ and Cd^+ observed at low, moderate 
and high concentrations mean tha t the processes taking part in the regu
la tio n  of the response to heavy metals are complex. The complexity is  
shown also by the fa c t that the duration of active  and rest periods ore 
influenced d iffe re n tly  by various metals, suggesting that the underlaying 
mechanisms responsible fo r regulation of the active and rest periods are 
not connected to each other but they may change independently. On the other 
hand, lengthening of both active and rest periods a fte r wash-out shows, 
that regulatory processes are probably depressed under the e ffect of heavy 
metals and become re laxing at th e ir  e lim ination.

The pure stim ulatory e ffe c t of lead which occurred only in  the ac
tiv e  periods is  rather unexpected, and requires further investigations. The 
low effectiveness of Zn^ in  in fluencing period ic a c t iv ity  can be explained 
by i t s  physiological s ign ificance , being present in  the animal as a b io 
genic metal.

The contraction and re laxation  of the adductor muscles responsible 
fo r the duration of active and rest periods and regulated by the cen tra l 
nervous system are innervated mainly by the cerebral and visceral ganglia 
/19 /. In re laxation of the adductors and maintaining a c tiv ity  serotonin 
(5HT) plays a ro le  /12, 20/. On the other hand, excess of dopamine may 
cause durable rest periods /2 1 /. Both of these monoamines are present in
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the ganglia at high concentrations and the change of th e ir  le ve l can con
s ide rab ly  influence the period ic a c t iv ity  in  mussels /5 /.

Heavy metals are taken up easily  by the animals /24 / and they may be 
present at considerable concentration both in  the blood and, due to the 
open c ircu la to ry  system, in  the in te rc e llu la r  space of the ganglia. Con
sequently, we suppose tha t in  the a lte ra tio n  of the period ic a c t iv ity  
caused by heavy metals an e ffe c t on the nervous system and change of mono
amine metabolism is  involved. Actua lly , heavy metals may influence d ire c t
ly  the storage and release of serotonin and dopamine in  the brain of mus
se ls / 22/  and th is  way they may in te rfe re  with the regulation of the ad
ducto rs ' a c t iv ity  fo r long duration.

The e ffec t of heavy metals has also been proved at neuronal leve l in 
s n a ils , what can be connected to the regulatory function of the brain on 
the period ic a c t iv ity .  Namely, Cu2+ and Pbi+ a lte r the perm eability of 
neuronal membranes, evoking spec ific  currents /17, 30/. Cd2+, Cu2+, Pb2+and 
Znt+ influence Ca, Na and K-currents /2 , 10, 27/. Ag and possibly other 
metals a ffec t in tra c e llu la r  processes in  the neurons of molluscs /3 / .  The 

e ffe c ts  of various heavy metals on the transm itte r evoked response /25, 
26/ and on transm itter activated transmembrane currents /27, 28/ were also 
demonstrated. Various metals are acting d if fe re n tly  on neurons and neuronal 
groups that may explain the varia tions in  the behavioural response. Never
the less , to find  a d ire c t re la tio n  between the changes e ithe r a t the level 
o f monoamines or in  the neuronal e x c ita b il i ty  seems premature, and fu rthe r 
s tud ies are needed to throw l ig h t  to these in te rre la tio n s .

Besides monoamines which were u n t i l  now in the centre o f in v e s ti
gations concerning regulation of a c t iv ity  and rest in  mussesl and also in 
neuronal and interneuronal processes in  sna ils , recently more and more a t
te n tio n  is  paid to peptides and peptide-regulating mechanisms. From the 
mussel Mytilus a catch re laxing peptide has been isolated /4 / ,  which may 
d ire c lty  be involved in  regulation of a c t iv ity  and rest. This and other 
molluscan peptides (e.g. FMRF-amide, /29/) have d irect e ffe c t on neuronal 
elements of the chain responsible fo r the regulation of period ic  a c t iv ity  
in  mussels.



HEAVY METAL INDUCED BEHAVIOUR MODULATION 385

REFERENCES

1. Barnes, G.E. 81958) The behaviour of Anodonta cygnea L ., and its  neurophysiological basis.
0. Exp. B io l. 32, 158-164.

2. Büsselberg, D., Evans, M .I., Rahmann, H., Carpenter, 0.0. (1990) Lead in h ib its  the v o lt
age-activated calcium current of Aplysia neurons. Toxicology Letters 51, 51-57.

3. Győri, J ., Kiss, T., Shcherbatk^ A.D., Delan, P.V., Tepikin, A.V., Osipenko, O.N., 
Salánki, J. (1991) E ffect of Ag on membrane permeability of perfused Helix pomatia 
neurons, 0. Physiol. (London), 442, 1-13.

4. Hirata, T., Muneoka, Y. (1988) Actions of the catch-relaxing peptide on some molluscan 
muscles. In: Salánki, J ., S.-Rózsa, К. (eds). Neurobiology of Invertebrates. Transmitters, 
Modulators and Receptors. Akadémiai Kiadó, Budapest, pp. 713-717.

5. H ir ip i,  L ., Nemcsők, 0 ., Elekes, К ., Salánki, 0. (1977) Monoamine level and periodic ac
t iv i t y  in 6-hydroxydopamine treated mussels ( Anodonta cygnea L .). Acta B io l. Acad. Sei. 
Hung., 28, 175-182.

6. Kiss, T. (1990) E ffect of Mytilus inh ib ito ry  peptide on iden tified  molluscan neurons. 
Comp. Biochem. Physiol. 95C, 207-212.

7. Koshtoyants, H.S., Salánki, J. (1958) On the physiological princip les underlying the 
periodical a c tiv ity  of Anodonta. Acta B io l. Acad. Sei. Hung. 8, 361-366.

8. Kramer, K.3.M., Jenner, H.A., de Zwart, 0. (1989) The valve movement response o f mussels: 
a tool in  b iological monitoring. Hydrobiolngia, 188/189, 433-443.

9. Loosanoff, V.L. (1958) Some aspects of behaviour of oysters at d iffe re n t temperature. 
B io l. Bull. 114, 57-70.

10. Osipenko, O.N., Kiss, T ., Salánki, J. (1991) Effects of Cû  , Pb̂  , and Zn^+ on voltage- 
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In t r o d u c t io n

For the past twenty years the g ill-w ithd raw a l response (GWR) of the 
marine opisthobranch mollusc, Aplysia c a lifo rn ica  has been a popular 
model system in  searches fo r  the c e llu la r  and molecular changes in  the 
nervous system that create the behavioral phenomena termed learning (fo r 
reviews see 1, 4, 29). In  Aplysia as in  other molluscs, the nervous system 
is  usually divided fo r the sake of convenience in to  two subdivisions; the 
ce n tra l nervous system (CNS) whose ce lls  have large, often in d iv id u a lly  
id e n t if ia b le  somata in  d iscre te  ganglia, and the peripheral nervous system 
(PNS) consisting of small c e lls  d is tribu ted  throughout the tissues, large
ly  inaccessible to e lectrophysio log ica l study. The most accessible s ites  
fo r  analysis of the c e llu la r  and molecular changes of GWR behavioral plas
t i c i t y  are the set of id e n tif ie d  synapses between CNS siphon sensory 
neurons and six id e n t if ia b le  g i l l  motor neurons (GMNs) (Ly, LDG ,̂ LDG0, 
RDG, and 2 L^s) whose somata are in  the abdominal ganglia (PVG) /9 -12 /. On 
the basis of early experimental resu lts , Kupfermann,Kandel and co-workers 
proposed that th is  CNS c ir c u i t ,  involving id e n tif ie d  monosynaptic con
nections, was necessary and s u ffic ie n t fo r the mediation of the GWR /11 /. 
However, studies in  several laboratories have shown that GWR behavior is  
not adequately explained by the known CNS c ir c u it  (Table 1). Also, we now 
know tha t both the GWR and the CNS pathways that contribute to the GWR are 
complex and diverse. Furthermore the CNS is  not necessary and the PNS is  
s u f f ic ie n t  to mediate the range of behaviors tha t occur as GWRs. The pre
d ic tio n s  and resu lts  of tests of the Kandel-Kupfermann model are sum
marized in Table 1. In a series of studies /17, 18, th is  study/ we have ex
plored the e ffec t of e ith e r removing id e n tif ie d  GMNs from the c ir c u it  by 
hyperpolarization or enhancing th e ir a c t iv ity  by mild depolarization, on 
the GWR. We have found th a t these induced changes in  GMN a c t iv ity ,  which 
mimick the changes at these id e n tifie d  synapses tha t have been reported 
during habituation, se n s itiza tio n , e tc ., do not necessarily a lte r  the GWR. 
In  p a rticu la r, whether or not these c e lls  are active seems to have l i t t l e  
impact on the GWR in  suppressed preparations. Furthermore, to provide more 
inform ation on the anatomy and physiology of the PNS we used immunohisto
chemical staining fo r two known neurctransmitters in  Aplysia, serotonin 
( 9- 11! ) and small cardinactive i peptide В (SCPg). Here we present the f i r s t  
evidence fo r the existence of e ither of these neurotransmitters in  neurons 
o f the siphon PNS and the f i r s t  evidence fo r  SCP̂  in  Cells of the g i l l  PNS.
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We conclude that the g i l l  withdrawal network involves many components and 
tha t the id e n tif ie d  GMNs do not act as part of the network in  the sup
pressed behavioral state.

Materials and Methods

Adult Aplysia ca lifo rn ica  were obtained and maintained as described 
elsewhere /2 /.  In the e lectrophysio logical stud ies, the standard (Lukowiak) 
preparation /25 / was used in  a l l  cases. The ta c t i le  stimulus to the siphon 
was in  a l l  cases, a 1-2 g tap from the tapper /3 2 /. In a l l  cases g i l l  motor 
neurons were id e n tif ie d  by the type of movement evoked by in tra c e llu la r  
depolarization /18, 19/ and ce lls  that did not evoke a movement were not 
included in  the study even when the size, shape and pos itiion  of the c e ll 
body suggested one of the id e n tif ia b le  GMNs. Both food-satiated and non- 
satia ted animals were used in  th is  study. In some experiments a video- 
camera and a Vetter data recorder were used to record g i l l  movements on 
videotape simultaneously w ith the e lectrophysio log ica l data. A ll measure
ments were made from a Gould chart recorder. Preparations were c la s s if ie d  
as fa c il ita te d , normal, or suppressed according to standard c r i te r ia  /2 6 /. 
A ll of the suppressed preparations found in  th is  study were believed to be 
cases of satiation-suppression since no preparations were taken from co
pu lating ind iv idua ls /17 /. In each preparation c lass ified  as suppressed, 
the GWR was tested 1 hour a fte r removal of the PVG to ve rify  the v ia b i l i t y  
of the preparation /17 /.

Immunohistochemistry

G ills ,  siphons and mantles from 3 Aplysia ca lifo rn ica  were fixed  in  
4% paraformaldehyde in  Aplysia phosphate buffered saline (PBSS: 0.07 M 
Na2HP04, 0.U3 M KH2P04, 0.1% sodium azide; pH 7.4) at 4 °C fo r 7 days. 
Tissues were washed in  PBS containing 24 T riton  X-100 for 2-4 days. For 
h is to lo g ica l sections, tissues were rinsed in  PBS, passed through toluene 
in to  p a ra ffin , cut in to  10 ju suctions and mounted onto albumin- or po ly- 
lysine-coated s lides. Sections were de-para ffinized and rehydrated using 
standard methods. Sections were washed fo r 30 min in  PBS, incubated fo r 45 
min in  PBS + 0.5% goat serum (Sigma) and then placed in primary antibody 
overnight at room temperature. Serotonin antiserum generated in  rabb its  
(Incs ta r) was d ilu ted 1:500 in  PBS containing 1% goat serum. A murine 
monoclonal antibody to the peptide SCP ,̂ k ind ly  supplied by Dr. S. Kempf, 
Auburn University, Auburn, Alabama was used at a 1:100 d ilu tio n . Sections 
were washed in PBS and incubated for 3 h in  secondary antibody (1:100) 
containing 1% goat serum fo r 3 n. FITC-conjugated goat a n ti- ra b b it and 
goat anti-mouse second antibodies (Sigma) were used for serotonin and SCPR 
s ta in ing , respectively. Sections were washed in  PBS, mounted in  a 1:6 PBS/ 
g lycero l mixture, and viewed and photographed on a Nikon Diaphot inverted 
fluorescence photo-microscope.

Siphons were also processed fo r wholemount anti-seroton in immuno- 
chemistry. A fter the tissues completed the PBS/Triton washes in  the above 
pro tocol, siphons were divided in to  quarters and incubated fo r 60 min in  
PBS/Triton containing 0.1% trypsin  (Sigma). Tissues were washed fo r  60 min 
in  PBS/Triton and incubated overnight in  PBS/Triton + 10% goat serum fo r 4 
days at 4UC. Tissues were then processed as described above except tha t 
PBS/Triton was used instead of PBS in  most steps. In addition, incubation 
times were greatly increased. Whole mounts were dehydrated in  an ascending 
ethanol series, and then cleared and mounted in methyl s a lic y la te .
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Results

Electrophysiology

In assessing the ro le  of the 6 id e n t if ie d  GMNs in the GWR s ing ly  and 
in  pa irs (17-20), we have found that a) the amplitude, latency and form 
of the GWR in response to a uniform stimulus may be variable even w ith in  a 
preparation (Fig. 1) /1 6 /; b) the GMN a c t iv ity  associated with the stimu
lus may also vary; c) the decrease in  amplitude of the GWR associated with 
hyperpolarization of an id e n tif ie d  GMN may vary from 0-100% /17-20/. For 
example, in Fig. 1, the a c tiv ity  in  LDG2 associated with the stimulus 
varies, under free run conditions, from a few action potentia ls (F ig . IB), 
to a burst of action po ten tia ls  (Fig. IE, G), to large EPSPs w ithout sp ik
ing (F ig. 1J, M). Furthermore, there is  no co rre la tion  between the LDG2 ac
t i v i t y  and the size of the GWR. Neither hyperpolarization nor ton ic  de
po la riza tion  appeared to a lte r  the GWR in  any consistent way. We conclude 
th a t the a c tiv ity  of LDGj is  not d ire c tly  re la ted  to the GWR in th is  sup
pressed preparation. This conclusion can be extended to a l l  the GMNs. We 
have found that a) in  general, a lte ring  a c t iv i ty  of GMNs has no e ffe c t on 
the GWR in  preparations in  the suppressed behavioral state (see also 17); 
and b) i t  is  not uncommon fo r id e n tifie d  GMNs to show very variable a c tiv 
i t y  in  response to an uniform siphon stimulus /1В /.

Immunohistochemistry

Specific s ta in ing  was observed fo r both the 5-HT and the SCP̂  a n ti
bodies in  g i l l  and in  siphon, but not in  mantle. Control sections lacking 
app lica tion  of e ith e r f i r s t  or second antibody showed no sta in ing. Mantle 
sections showed a very high level of b rig h t orange-yellow autofluorescence, 
which was confirmed in  control sections not incubated in  antibody. 
Although th is  autofluorescence (probably a re s u lt of ink gland products) 
was very d iffe re n t in  co lo r from the apple-green fluorescence of the sec
ond antibody tag (FITC), no staining was observed. Approximately 15-20 
10 yU sections were stained for g i l l  and the same number fo r siphon; 
therefore we have sampled only a very lim ite d  number of regions of g i l l  
and siphon tissue fo r each antibody. Wholemounts of siphon show a d iffuse  
5-HT-immunoreactive nerve plexus with somata (3-20 u )  regularly spaced in  
the tissue and only a lim ite d  amount of f ib e r  s ta in ing. In g i l l  sections 
serotonin immunoreactivity was seen in  a) m u ltip le  nerve fibers in  a tra c t
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Fig. 1. Chart recordings showing g i l l  tension as recorded by a force transducer (bottom trace in each record), and in tracellu lar records 
from LDĜ  in a suppressed preparation djring 12 (В-M) consecutive GWRs evoked at 20 min intervals by a 1-2 g stimulus (arrow) delivered to 
the siphon skin by a tapper. The time and amplitude scales are the same in a l l  records (A-N). In A the response of the g i l l  to depolar
ization of the ce ll alone is shown; the g i l l  responds with a vigorous movement to b rie f, high intensity ( f i r s t  and th ird ) bursts of a c tiv ity , 
but does not respond to the second burst of 13 action potentials in 0.5 s. Therefore a rate of approximately 25 a .p ./s  was chosen as the 
tonic depolarization condition. The g i l l  responded to the siphon tap with a slight Flare (B, C, L. M) ; no response (D); a slight Shorten, 
Flare, and Roll (E, F); an A ntiflare , then Roll (G, H); Shorten ( I ,  J, K) and a Roll, followed by Flaring (N) (fo r terms see 16). In  N the 
GWR is shown after recovery from (more than one hour a fte r) gang]ionectomy. This figure demonstrates a) the v a ria b ility  in both the GWR 
amplitude (and latency) and LDĜ  ac tiv ity  that can occur in response to a uniform stimulus; b) a lack of correlation between GWR amplitude 

and neuron activ ity; and c) the lack of effect of hyper- or depolarization of LDG2 on the GWR
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Fig. 2, Serotonin-like and SCP^-like immunoreactivity in Aplysia g i l l  and siphon. In sections of both g i l l  (A) and siphon (B), serotonin 
immunoreactivity was most prominent in multiple fibers within discrete nerve trac ts . In the g i l l ,  these nerve tracts traversed the efferent 
vein. Single fibe rs, and groups of two or three fibe rs, were also observed both close to (arrowheads) and d is ta l from the nerve trac ts . 
Large neuronal immunoreactive c e ll bodies were only rare ly observed, while small, s te lla te  immunoreactive c e ll bodies were observed fre 
quently in g i l l  and rarely in siphon (not shown). C and D. SCP^-like immunoreactivity was prominent in Aplysia g i l l .  Specific peripheral 
regions contained networks of immunoreactive fibers with varicos ities and large ce ll bodies (arrow). Other regions contained numerous small 
s te lla te  immunoreactive c e ll bodies (arrowheads; 0), s im ilar to those seen stained by the serotonin antiserum. In siphon, SCP̂  staining was 

seen mainly in single fibers and groups of two or three fibe rs . Calibration: A: 90yjm; B: 40yum; C: 35yum; D: 20yUm

JANET L. LEONARD et a
l.
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running along the e ffe ren t vein, possibly p ro jec ting  from the CMS; b) cross 
and long itud ina l sections of other ind iv idua l nerve fibe rs  (Fig. 2A); and 
c) very small, s te lla te  c e lls ,  most often associated with the outer sur
face of the g i l l ,  in  areas not containing muscle f ib e rs . These small c e lls  
may be sensory components of the PNS. In the siphon sections, serotonin 
immunoreactivity was seen in  a s im ila r pattern w ith  m ultip le  stained fibers 
in  major nerve tra c ts , a few or single fibe rs  stained in other regions, 
and a small number of s te lla te  ce lls .

SCPg-like immunoreactivity was prominent in  g i l l  and less so in  the 
siphon. In the g i l l  some regions showed a plexus of immunoreactive f ib e rs , 
many of which had va rico s itie s  suggestive of release s ites (F ig. 2C). 
Large neuronal c e ll bodies were also stained (F ig . 2C). In add ition , 
numerous s te lla te  c e lls  were stained in locations s im ila r to where seroto- 
nin-immunoreactive s te lla te  c e lls  were seen. In the siphon sections, SCPg- 
l ik e  immunoreactivity was seen in  small groups of fib e rs  but, unlike the 
resu lts  w ith serotonin, no large fib e r trac ts  were stained.

Discussion

Our resu lts  add SCP̂  to the l i s t  of neurotransmitters that have been 
localized in  neurons of the PNS of Aplysia g i l l  and provide the f i r s t  
lo ca liza tio n  of neurotrnnsmitters (SCP  ̂ and 5-HT) in  the PNS of the siphon. 
Previous studies have loca lized FMRFamide /3 3 /, serotonin and probably 
dopamine /30/ in  the g i l l  PNS. Peretz and Estes /30 / also provided evid
ence fo r acetylcholinesterase in  neurons of the g i l l  PNS. Colebrook e t a l.  
/ 2/  in  a study of the branchial ( g i l l )  ganglion, o ften considered part of 
the PNS, found no 5-HT immunoreactive c e ll bodies in  the ganglion, a l
though many 5-HT-reactive fibe rs  were observed passing through in  the 
branchial nerve. They found no evidence fo r SCP̂  in  or around the branchial 
ganglion, although they did see SCP^-like immunoreactive fibers  in  the 
g i l l ,  which our resu lts  confirm. The fac t that s ta in ing  fo r a p a rtic u la r 
neurotransmitter is  confined to very spec ific  areas suggests that the PNS 
is  quite heterogeneous, consisting of d is t in c t areas with pa rticu la r func
tions , rather than being simply a d iffuse homogeneous nerve net.

I t  has been clear fo r more than 15 years tha t a) the PNS is  su f
f ic ie n t  to mediate the GWR /31 / arid b) tha t the PNS and CNS in te rac t in  
the in ta c t preparation /2 7 /. More recently, studies of the branchial
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S U P P R E S S E D  G IL L  C O N T R O L  N E T W O R K

Fig. 3, Schematic diagram showing the components of the Aplysia nervous system that appear 
to be involved in mediation of g i l l  behaviors in the mantle-organ preparation. I t  summarizes 
resu lts  from many studies (p a rticu la rly  2, 11, 13-14, 17, 31-34, and th is  study). Descending 
inputs from the head ganglia are not shown. Question marks indicate hypothetical or disputed 
features; open triangles designate known excitatory inputs; closed c irc les  designate known 
in h ib ito ry  inputs; arrows indicate connections, not necessarily monosynaptic, o f unknown 
sign. The shading and dashed connection indicate tha t the PVG GHNs seem to be irre levant to 
the network involved in mediating the GWR in suppressed preparations, although the PVG GMNs 

are s t i l l  capable of evoking g i l l  movement when strongly depolarized (F ig . 1A)
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ganglion /2 , 13-15/, as well as work using voltage-sensitive dyes to  moni
to r a c t iv ity  in  the PVG /34 / have added to our understanding of the neural 
control of the g i l l  and the GWR (Fig. 3). I t  is  clear that in  add ition  to 
the PNS and the PVG GMNs, branchial ganglion GMNs /2 , 13-15/ and as yet 
un iden tified  in h ib ito ry  neurons / 6/  play important roles in the GWR and 
its  p la s t ic ity .  In p a rticu la r, in h ib ito ry  or suppressive inputs to the 
g i l l  are carried by the branchial nerve, since a) stimulation of the bran
ch ia l nerve tends to diminish the GWR /21 / and b) cutting the branchial 
nerve enhances the GWR in  normal preparations /22/ and w i l l  a t least 
double GWR amplitude in  preparations in  the suppressed behavioral state 
/16, 23/. Current studies /17, 16/ (F ig. 1) demonstrate that in th is  sup
pressed behavioral s ta te  the PVG GMNs play l i t t l e  or no role in  mediating 
the GWR, whereas at other times the same c e l l  may be very important /17, 
18/. Our resu lts  ind ica te  that altered a c t iv ity  in  iden tified  PVG GMNs is  
not s u ff ic ie n t fo r a change in  the GWR, contrary to the pred iction  of the 
Kandel-Kupfermann model (Table 1). Thus, i t  is  inappropriate to speak of 
the ro le  of any of the id e n tif ie d  GMNs. The Kandel-Kupfermann model of the 
GWR c ir c u it  cannot explain e ither'm ediation o f, or p la s tic ity  in , the GWR. 
The GWR network may best be thought of as a m ultifunctiona l system /2 0 /, 
as might be expected given the variable nature of the behaviors th a t occur 
as a GWR (Fig. 1) /1 6 /.

Table 1
The Kandel-Kupfermann model

HYPOTHESIS I : DNS PATHWAYS ARE NECESSARY AND SUFFTOIENT FDR THE GWR

"Central pathways, originating within the abdominal ganglion, are both necessary and 
su ffic ie n t for mediating the gill-w ithdrawal component of th is  defensive response to 
weak and moderate in tens ity  stim uli" (Kandel 1979, p. 190).

Test : Remove ganglion surgically and test GWR to weak (1-2 g) ta c tile  s tim u li applied 
with a tapper.

Results : GWR persists a fter removal of PVG; i t s  amplitude may increase, decrease, or 
remain unchanged depending on behavioral s ta te , but habituation occurs more quickly 
and dishabituation also occurs (Peretz et a l.  1976; Gacklet & Rine 1976, 1977; Lukowiak 
& Peretz 1977; Goldberg & Lukowiak 1982; Leonard et a l. 1989, 1991; F ig . 1, th is  
study).

CONCLUSION I : THE HYPOTHESIS IS FALSE

CNS pathways are not necessary and PNS pathways are suffic ient to mediate the GWR. 
Because i t  is  not possible to eliminate the motor component of the PNS, i t  is  not clear 
whether the CNS is  su ffic ie n t or the PNS necessary to mediate the response.
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Table 1 (cont.)

HYPOTHESIS I I : THE GWR IS A SIMPLE, REFLEXIVE BEHAVIOR, GRADED WITH STIMULUS INTENSITY
2

"A stimulus of weak to moderat intensity (100 to 1600 g/cm ) applied to the siphon or 
mantle shelf triggers  a two-component re f le x . Each of these components is  i t s e l f  a 
re flex act, and together they form a re flex pattern. . . .  The second, the g i l l - w ith 
drawal re fle x , consists of contraction of the g i l l  and withdrawal in to  the mantle 
c a v ity ... Both components have a short latency and th e ir  amplitudes are a graded func
tion  of the in te ns ity  o f the ta c tile  s tim u lus ..." (Kandel 1976, p. 351). " in  the 
re flex act a stimulus e l ic i t s  a single graded response from a single motor system..." 
(Kandel 1976, p. 347).

Test: Record form (w ith closed-circuit video equipment and/or cine cameras) and
amplitude (with force transducer) of g i l l  responses to weak (1-2 g) ta c t i le  s tim u li 
applied with a tapper. Compare responses w ith in a single preparation to a uniform 
stimulus delivered at long intervals ( >20 min).

Results: The GWR may vary in  form, amplitude and latency within as well as between 
preparations. Several (a t least four) q u a lita tive ly  d iffe ren t behavior patterns may 
occur in response to a weak ta c tile  stimulus to the siphon (Leonard et a l. 1989, Fig. 
1, th is  study).

CONCLUSION I I : THE HYPOTHESIS IS FALSE

The GWR is  a heterogeneous collection of action patterns.

HYPOTHESIS I I I : THE GWR IS PRODUCED BY THE ADDITIVE ACTION OF SIX IDENTIFIED MNs (L LOG 
LDG2, RDG, and 2 L s) 7 1

"The g i l l  movements thus contain elements of a c t iv ity  by a l l  three major motor c e lls , 
w ith that of c e ll L^ dominant" (Kandel 1976, p. 362)... "the average contribution of 
motor neurons L^ and LDG . . .  was found to be about 35 per cent each. . . .  The other 
motor neurons each contribute less, although th e ir  exact shares have not yet been de
termined" (Kandel, 1976, p. 363).

Test A: Correlational: Look for correlation between GWR amplitude and GMN a c t iv ity .

Result A: The a c t iv ity  of iden tified GMNs is  not a good predictor of GWR amplitude 
(Dacklet & Rine 1977; Goldberg & Lukowiak 1982; Lukowiak 1986; Colebrook & Lukowiak 
1988; Fig. 1, th is  study).

Test B: Direct: Hyperpolarization of a GMN w i l l  diminish the GWR.

Results B: 1. Hyperpolarization of an id e n tifie d  GMN may a lte r the GWR by 0-100% 
(Leonard et a l.  1988; 1989b; 1991; in preparation).

2. Where an e ffec t on the GWR is  seen i t  may be longlasting (change in 
behavioral state) (Leonard et a l. 1988; 1989b; 1991; in preparation).

3. A ltering the a c tiv ity  of id en tified  GMNs has no effect on the GWR of 
suppressed preparations (Leonard et a l 1988; 1989b; 1991; Fig. 1, th is  
study).

CONCLUSION I I I : THE HYPOTHESIS IS FALSE

The data suggest that each GMN may play a varie ty  o f ro les in GWR behaviors, depending 
on context.
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We have recently described the respiratory behavior of a pulmonate mollusc, 
Lymnaea stagnalis, and iden tified  relevant motor neurons and interneurons involved in 
th is  behavior. Three interneurons, namely r ig h t pedal dorsal 1 (R.Pe.Dl), visceral 
dorsal 4 (V.D4) and Input 3 interneuron ( Ip .3.1) comprise the central pattern generator 
(CPG). We demonstrate tha t appropriate connections exist between these interneurons and 
that they are s u ffic ie n t to form the basis fo r the CPG.
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In troduction

Most rhythmic behaviors of animals, such as locomotiion, feeding and 
resp ira tion  have been shown to be under the contro l of networks of neurons 
known as central pattern generators (CPGs) /5 , 7, 8 , 11, 12/. In te ractions 
between the in h ib ito ry  and excita to ry elements of such a network are 
thought to underlie the resp ira tory rhythm of mammals /18 /. Due to the com
p le x ity  of these networks, very l i t t l e  is  curren tly  known regarding the 
interneurons which comprise the resp ira tory CPG of mammals or other ver
tebrates / 6/ .  By co n tra s t,in  a number of invertebrate preparations, such
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os locust /4 / and the mollusc Aplysia /1 , 10/, i t  has been possible to 
id e n t ify  ind iv idua l interneurons involved in  the resp ira tory behaviors of 
these animals.

Recently, we described the respiratory behavior in  Lymnaea and iden
t i f i e d  relevant motor neurons and interneurons tha t comprise the pattern 
generator /16, 17/. Ihe interneuronal c ir c u it r y  underlying resp ira tory 
behavior in Lymnaea is  composed of three interneurons (R.Pe.01, Ip .3.1 and 
V.D4). Ip .3.1 and V.D4 are involved in  the opening (exp ira tion) and clos
ing (insp ira tion ) movements of the pneumostome respectively. Whereas 
R.Pe.Dl in it ia te s  the resp ira to ry  cycle via the ac tiva tion  of Ip .3.1 /17 /.

In the present review we prim arily  focus on spec ific  CPG in te r-  
neurons in v ivo . We propose tha t in teractions between these three in te r-  
neurons (R.Pe.Dl, V.D4 and Ip .3.1) underlie the rhythmic resp ira tory move
ments of Lymnaea and as such constitute a cen tra l pattern generator. We 
be lieve that the a c c e s s ib ility  and s im p lic ity  of th is  network provides an 
opportun ity fo r examining the ce llu la r basis of rhythm generation.

Materials and Methods

Specimens of Lymnaea stagnalis were obtained from animal suppliers 
(Blades B io logical, Sussex, U.K.), maintained at 10-16 in  aerated pond 
water and fed on le ttu ce . A l l  experiments were performed on snails of l-4g 
weight. Preparations were bathed in snail sa line  buffered to pH 7.9 using 
HEPES /3 /.  Conventional e lectrophysio log ica l techniques were applied and 
iso la ted  brain preparations were made as described e a r lie r  /15, 16/.

Results

The locations of interneurons and motorneurons reviewed in  the 
present study are shown in  Fig. 1.

Electrophysiology of resp ira to ry  interneurons

Input 3 (Jp.3) interneuron: Input 3 is  thought to derive from the 
combined a c tiv it ie s  of two or more coupled neurons which have connections 
w ith  a host of fo llow er c e lls  /3 / including R.Pe.Dl and V.D4. The charac
t e r is t ic  discharge pattern  induced by Ip .3 on i t s  fo llower ce lls  is  unique 
and eas ily  id e n tif ia b le  /3 / .  To study the ro le  of Ip .3  a c t iv ity  in  resp i-
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Fig. 1. Diagrammatic representation of the central ganglionic ring of Lymnaea showing the lo 
cation of central neurons used in the present study. Ind iv idua lly  iden tifiab le  neurons are 
numbered (e .g ., R.Pe.Dl, V.D4 e tc .) , whilst id en tifia b le  neuronal clusters are given a le tte r  
(e .g ., R.P.A group e tc .) .  1 & 2, le f t  and rig h t cerebral ganglia; 3 & 4, le f t  and r ig h t pedal 
ganglia; 5 & 6, le f t  and r ig h t pleural ganglia; 7 & 8, le f t  and righ t parietal ganglia; 9, a 
visceral ganglion, s t ,  statocyst; R.P.A group, r ig h t pa rie ta l A group, V,H,I,D,K c e lls ,

visceral H,I,J,K c e lls

ra tion , we examined i t s  e ffects on the V.G group neurons and the V .H ,I,J ,K  
c e lls , some of which are pneumostome opener, closer and mantle cav ity  
muscle motor neurons (F ig. 2) /16 /. Input 3 excites the pneumostome opener 
motor neuron (V.J c e l l)  and mantle cavity  compressor motor neuron (R.P.A 

group) while in h ib it in g  pneumostome closer motorneuron (V.K c e l l)  /16/ 
(F ig. 2). Thus Ip . 3 is  involved in  the opening movements of the pneumo
stome and therefore in  expiration.

Recently one of these putative Input 3 interneurons ( Ip .3.1) has 
been id e n tif ie d  and i t s  synaptic connections w ith R.Pe.Dl and V.D4 have 
been v e rifie d  in  v it r o  /14 /. Unfortunately, the soma of th is  c e ll is  s itu 
ated on the ven tro la te ra l surface of the r ig h t  pa rie ta l ganglion, the sur
face opposite that of other resp ira tion  associated inhemeurnns and motor 
neurons (Fig. 1). In sem i-intact preparations th is  anatomical constra in t 
makes i t  nearly impossible to obtain simultaneous in tra c e llu la r recordings 
from Ip .3.1, R.Pe.Dl and V.D4. Nevertheless, in d ire c t evidence fo r Ip .3.1 
a c t iv ity  can be obtained by recording from known follower ce lls  (e .g ., V.J 
c e ll)  located on the dorsal surface of the cen tra l ganglia. The pos ition  
of Ip .3.1 presents less d if f ic u lty  in  iso la ted  brain preparations, where 
i t  can be exposed by tw is ting  the r ig h t p a r ie ta l ganglion. Once exposed, 
i t  is  possible to make simultaneous in tra c e llu la r  recordings from Ip .3.1 
and i t s  fo llower c e lls .
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Fig. 2, A spontaneously occurring compound postsynaptic po tentia l, input 3 (Ip . 3), causes a 
rhythmic discharge in its  follower ce lls  located in the v iscera l, righ t parie ta l and r ig h t 
pedal ganglia, a) Input 3 has rep e titive  excitatory e ffec ts  on a l l  of the ce ll types recorded 
in th is  preparation. The f i r s t  of these discharges is  indicated by a bar. The mantle cavity 
motor neuron (R.P.A group, top trace), giant dopamine neuron (R.Pe.Dl, second trace ), v is 
cera l H c e ll (V.H c e ll,  th ird  trace) and pneumostome opener motor neuron (V.J c e ll,  bottom 
trace) are a l l  excited by the Ip .3 . Although the V.H c e ll receives excitation from Ip .3 , the 
motor neuronal role of th is  c e ll in  the respiratory behavior is  as yet unknown; h )  Simul
taneous in tra ce llu la r recordings were made from pneumostome closer and opener motor neurons. 
Spontaneously occurring Ip.3 inh ib ited  a V.G group and a V.K c e ll while exciting a V.J c e ll,  
which are pneumostome closer and opener muscle motor neurons, respectively. In addition, V .I 
c e ll is  excited concurrently with V.J c e ll and is  also suspected of being a motor neuron. The 
bar represents the f i r s t  of the series of Ip.3 discharges. The spontaneous a c t iv ity  o f the 
V.J c e l l in  th is  preparation (bottom trace) was reduced by i t s  selective hyperpolarization to 
augment the excitatory effects of Ip .3  and therefore, the attenuation of spikes normally seen

during Ip.3 is  absent
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Fig, 3. Synaptic connections between R.Pe.Dl, Ip .3.1 and a follower V.J . c e ll.  In order to 
expose the ventra lly located Ip .3.1, the righ t parie ta l ganglia was twisted around. Simul
taneous in tra ce llu la r recordings were then made from R.Pe.Dl, Ip .3.1 and a V.J . c e ll.  
E lectrica l stimulation of R.Pe.01 (a t closed arrow) inh ib ited  the V.D c e ll,  while exciting 
Ip .3.1 by a biphasic action ( in h ib it io n  followed by exc ita tion ). A burst of action potentia ls 

in Ip .3.1 (open arrow) thus excited R.Pe.Dl and V.D ce ll

“ J i l l  ! ■

■
5a

Fig. 4, Effects of V.D4 on respiratory motor neurons. E le c tr ica l stimulation of V.04 (at 
arrows) had inh ib ito ry  e ffects on a pneumostome opener motorneuron (V.J c e ll)  and a mantle 
cavity motor neuron (R.P.A group), whereas its  effects on a pneumostome closer motor neuron

(V.K c e ll)  were excitatory



404 W. WINLOW and N . I .  SYED

Fig. 5. Direct interacticns between Ip .3.1, V.D4 and R.Pe.Dl interneurons. Reciprocal in h ib i
to ry  connections are shown to occur between Ip .3.1 and V.D4 (a, b ) . The e le c tr ic a l stimu
la tio n  of either interneuron (a t arrow) inhib ited the other. A s im ilar in h ib ito ry  connection 
is  shown to occur between R.Pe.Dl and V.D4 (c, d ) . Either spontaneous or induced action 
po ten tia ls  in R.Pe.Dl caused in h ib ito ry  postsynaptic potentia ls in V.D4 (c ). Spontaneous or 

induced (at arrow) bursts of action potentials in V.D4 also inhib ited R.Pe.Dl (d)

In the absence of spontaneously occurring Ip.3 discharge i t  is  pos
s ib le  to in it ia te  Ip .3  a c t iv ity  by e le c tr ic a l stim ulation of R.Pe.Dl. 
Once activated, Ip.3 subsequently excites R.Pe.Dl /3 , 13/. We were able to 
confirm  these e a rlie r find ings by making d ire c t in tra c e llu la r  recordings 
from R.Pe.Dl, Ip .3.1 and a V.J c e ll (F ig. 3). In isolated brain prep
a ra tions strong e le c tr ic a l stim ulation of R.Pe.Dl excited Ip .3.1 in  a b i-  
phasic manner ( i . e . ,  in h ib it io n  followed by exc ita tion ) and, once ac
tiv a te d , Ip .3.1 excited both R.Pe.Dl and a V.J c e ll (Fig. 3).

Interneuron v isce ra l dorsal 4 (V.D4): Neuron V.D4 (=VWI of 2) is  a 
true  interneuron w ith i t s  axonal branches confined w ith in  the cen tra l ring 
ganglia /17/. In a d d itiio n  to the postsynaptic e ffects of V.D4 on the 
fo llo w e r ce lls  described e a r lie r  / 2/ ,  many other fo llower c e lls  have been 
discovered /13, 16, 17/. The postsynaptic e ffec ts  of V.D4 on P.Ü.M., 
M.C.M. and P.C.M. motorneurons (V.J, R.P.A and V.K c e ll)  were found to be 
opposite to those of Ip .3 . The e le c tr ic a l stim ula tion  of V.D4 inh ib ited  
both the V.J and R.P.A group neurons while exc iting  a V.K c e ll (F ig . 4).
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The connections between V.D4 and Ip .31 are rec iprocally in h ib ito ry  
(F ig. 5a, b), which is  the basis fo r th e ir  opposing e ffects on common f o l 
lower ce lls . S im ila rly , a mutual in h ib ito ry  connection exists between 
R.Pe.Dl and V.D4 (F ig. 5c). The in h ib ito ry  e ffe c ts  of V.D4 and R.Pe.Dl were 
stronger in  those preparations where V.D4 was spontaneously active (Fig. 5d).

In teraction between R.Pe.Dl, Ip,3 and V.D4 in  spontaneously active 
preparations

Most of the resu lts  reviewed thus fa r were obtained from preparations 
in  which interneurons were e le c tr ic a lly  stim ulated and the e ffects  of th is  
stim ulation on fo llow er c e lls  were recorded. The resu lts  we now describe 
were obtained from preparations where interneurnns R.Pe.Dl, Ip .3.1 and 
V.D4 were found to be spontaneously active. In d ire c t evidence fo r the oc
currence of Ip.3 was obtained through a previously hyperpolarized fo llow er 
c e ll (V.J c e l l) ,  whereas d ire c t in tra c e llu la r  recordings were made from 
R.Pe.Dl and V.D4. When spontaneously active , Ip .3  and V.D4 f ire d  a lte r 
nating bursts of action potentia ls  whereas R.Pe.Dl was excited by Ip .3  and 
inh ib ited  by V.D4 (F ig . 6). These resu lts  suggest that the resp ira to ry  
patterned a c t iv ity  is  generated ce n tra lly . The connections between the 
interneurnns and motor neurons are summarized in  Fig. 7.

Fin. 6. Respiratory rhythm recorded from an isolated brain preparation. Spontaneously occur
ring Ip.3 discharges caused the excitation of previously hyperpolarized R.Pe.Dl and V.J c e ll 
(arrows) while in h ib itin g  V.D4. Soon after the in h ib ito ry  effects of Ip .3.1, V.D4 recovered 
and fired  a burst of action potentials and the cycle repeated several times. In th is  prep
aration in order to in h ib it  th e ir spontaneous a c tiv ity  R.Pe.Dl and a V.J c e ll were hyper
polarized, therefore the in h ib ito ry  effects of V.D4 on both of these neurons are not obvious
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Fig. 7. A summary diagram showing the interactions between the neuronal elements of the CPG 
and follower ce lls . Input 3 may consist of several interconnected neurons. Open and closed 
symbols represent excitatory and inh ib ito ry  synapses respectively, whereas sem i-filled  symbol 
represent a biphasic connection (excita tion followed by in h ib itio n ). (P.O.M.N. & P.C.M.N.), 
pneumostome opener and closer motor neurons; (M.C.M.N.), mantle cavity motor neuron; (L. & 
W.M.N), locomotor withdrawal motor neurons; (H.M.N), heart motor neuron; (P.M.NI), Penis motor

neuron

Discussion

Rhythmic a c t iv ity  can be a ttribu ted  to an in teraction  between in 
h ib ito ry  and excita tory rhythm generators. Such a model has been shown to 
mimic mammalian resp ira to ry  rhythms /18 / and the py lo ric  rhythm of lob
s te rs  / 12/ .  Ihe "ha lf-cen tre " o sc illa to ry  model (see / 11/ ) ,  suggests that 
two populations of neurons with antagonistic motor functions can generate 
recu rren t, cyc lica l outputs. Reciprocally in h ib ito ry  in teractions occur
r in g  between two c e lls  are the basis fo r several types of CPGs /1 1 /. An 
e x tr in s ic  neuron w ith common tonic e xc ita tio n  incorporated w ith two 
re c ip ro ca lly  in h ib ito ry  neurons can form a ring  of recurrrent in h ib it io n , 
thus producing a stable o s c illa to ry  output tha t is  not s e lf - l im it in g .  In 
such a network impulse production is  not the function of temporal proper
t ie s  of the neurons, but depends wholly upon th e ir  connectivity patterns.

We propose here tha t the rec ip roca lly  in h ib ito ry  in te ractions be
tween Ip .3.1 and V.D4 c lose ly resemble the "ha lf-cen tre" model. Since both
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of these interneurons were found active only during spontaneously oc
curring  behavior th e ir a c t iv it ie s  were in it ia te d  via other sources. We 
showed e a r lie r  that in  quiescent preparations R.Pe.Dl in it ia te d  Ip .3  ac
t i v i t y .  In Lymnaea there are ind ica tions that oxygen sensitive receptors 
e x is t in  the lung cavity /9 / .  R.Pe.Dl is  also known to have axonal branches 
in  those blood vessels which supply the lung area (Syed, unpublished ob
servations). We therefore hypothesize that R.Pe.Dl is  activated by a de
crease in  the oxygen content in  the blood, thus switching on the re s p ir 
atory cycle. Both Ip .3.1 and V.D4 in  turn f i r e  a lternate bursts of action 
po ten tia ls , e ither exc iting  or in h ib it in g  appropriate motor neurons.

We showed that the rhythmic a c t iv ity  that underlies respiratory move
ments in  sem i-intact Lymnaea can also be recorded from isolated bra in  pre
parations suggesting that th is  a c t iv ity  is  generated cen tra lly . Our results 
also show tha t functional connections e x is t between interneurons and motor 
neurons comprised w ith in  the resp ira tory CPG of Lymnaea. But even in  a 
re la t iv e ly  simple nervous system such as tha t of Lymnaea, i t  is  d i f f i c u l t  
to demonstrate unequivocally tha t these neurons make monosynaptic con
nections and are "s u ff ic ie n t" ,  "appropriate", and "necessary" fo r the res
p ira to ry  behavior to occur. A better te s t, therefore, would be to attempt 
to reconstruct the c ir c u it  in  cu ltu re . The resp ira tory CPG of Lymnaea has 
recently been reconstructed in  v it ro .  These in  v itro  experiments /1 4 / 
e lucidate and confirm the in t r in s ic  and network properties of the re s p ir 
atory neural ensembles described in  the present review, in a manner unap
proachable in  e ither sem i-intact or iso la ted brain preparation.
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an approach also fa c i l i ta te s  analysis of the in t r in s ic ,  network and pharma
co log ica l properties of the neurons comprising the c irc u it .

The respira tory CPG of the fresh water pond sna il Lymnaea stagnalis
has recently been id e n tif ie d  /10, 11/ see also /1 3 /. The interneuronal
network con tro lling  resp ira to ry  behavior in  Lymnaea is  composed of at 
le a s t three c e lls : r ig h t  pedal dorsal 1 (R .Pe.D l), v iscera l dorsal 4 
(V.D4), and the Input 3 interneuron(s) ( I p .3 .1 ). These interneurons have
synaptic connections w ith  each other and also with respiratory motor
neurons that appear appropriate and s u ff ic ie n t to  account fo r resp ira tory 
rhythmogenesis in  Lymnaea /10, 11/. However, lim ita tio n s  imposed by in vivo 
preparations made i t  d i f f i c u l t  to demonstrate the exc lus iv ity  of th is  
network.

We review here our recently developed in  v itro  model system fo r 
te s tin g  su ffic iency , necessity and appropriateness of Lymnaea CPG neurons 
/9 / .  We demonstrate tha t the respiratory interneurons R.Pe.Dl, V.D4 and 
Ip .3.1 not only maintain th e ir  in tr in s ic  properties in  v itro  but also re
estab lish appropriate synaptic connections. These in v itro  studies provide 
evidence that th is  three c e ll network is  s u ff ic ie n t to produce appropriate 
resp ira tory rhythm s im ila r to that seen in  the in  vivo preparation. 
Furthermore, th is  model system promises to provide an opportunity to test 
the ce llu la r basis of rhythm generation in  a manner unapproachable in  vivo.

For materials and methods, please see / 8 , 9 /.

Results

The respiratory CPG of Lymnaea

In sem i-intact and isolated brain preparations of Lymnaea the res
p ira to ry  rhythm is  thought to be regulated by two peptidergic interneurons, 
Input 3 ( Ip .3.1) and v iscera l dorsal 4 (V.D4) which control expiration 
(pneumostome opening) and insp ira tion  (pneumostome closure) respectively 
(F ig . la) /10 /. These respira tory interneurons have reciprocal in h ib ito ry  
connections (F ig. lb ) ,  which is  the basis fo r  th e ir  opposing e ffec ts  on 
common follower c e lls .  A th ird  interneuron, the g iant dopamine c e ll o f the 
r ig h t  pedal ganglion (R.Pe.Dl), causes the exc ita tion  of Ip .3.1 by a b i-  
phasic action ( i . e . ,  in h ib it io n  followed by e xc ita tio n ).
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3  CENTRAL QANOLIONIC RING ОТ LYMNAEA 3TAONALI»

Fig. 1. a) Schematic diagram of the central ring ganglia o f Lymnaea, showing the location of 
respiratory interneurons. The giant dopamine c e ll,  r ig h t pedal dorsal 1 (R.Pe.Dl) and 
visceral dorsal 4 (V.D4) are located on the dorsal surface of the rig h t pedal ganglion 
(R.Pe.G) and visceral ganglion (V.G) respectively, whereas Ip .3.1 is  located on the ventro
la te ra l surface of the rig h t parie ta l ganglion (R.PaG). S t: statocyst. -  b) Summary diagram 
showing in vivo connections between the respiratory interneurons. Open and closed symbols 
represent excitatory and in h ib ito ry  synaptic connections, respectively, whereas the semi- 
f i l le d  symbols represent mixed inh ib ito ry  and excitatory synapses. Figure modified from Syed 

et a l. ,  Science 250 (10/12/90), 282-285. Copyright 1990 by the AAAS

Are respira tory neurons endogenous or conditional bursters?

In the sem i-intact or isolated brain preparations V.04 and Ip .3.1 f i r e  
bursts of action potentia ls  only when such preparations are spontaneously 
active /10, 11/, whereas interneuron R.Pe.Dl is  to n ic a lly  active. We there
fore tested i f  V.Ü4 and Ip .3.1 were conditional or endogenous bursters in  
v i t r o . When cultured separately both V.D4 and Ip .3.1 were found to be 
quiescent. However, in je c tio n  of depolarizing current caused these c e lls  to 
f ir e  a single burst of action potentia ls (F ig . 2a, b) that often outlasted 
the stimulus, but no re p e titive  bursting was generated. R.Pe.Dl, on the 
other hand, was to n ic a lly  active and the in je c tio n  of depolarizing current 
merely increased i t s  f ir in g  frequency (F ig. 2ic). Furthermore, these c e lls  
in cu lture maintained th e ir  other in tr in s ic  properties such as character
is t ic  resting membrane potentia ls and action po ten tia l waveforms (not shown 
here).
□o respira tory interneurons establish appropriate synaptic connections 
in  v itro?

Our next question was directed toward determining the s p e c if ic ity  of 
synapse formation between respiratory interneurons. We cultured resp ira tory 
neurons in  pairs and allowed them to extend and overlap th e ir neurites 
(F ig. 3). D irect in tra c e llu la r  recordings from these interneurons revealed 
that in  a l l  instances (n=35) respiratory interneurons established appro-
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Fig. 2, In tr in s ic  properties of the respiratory interneurons maintained in v itro  as single 
c e lls . A representative example of a single sprouted neuron V.D4 is shown on the r ig h t (d). 
Neuron V.D4 and Ip .3.1 were found to be quiescent, however, in jection of depolarizing current 
pulses e lic ite d  single bursts of action potentials in both ce lls . Interneuron R.Pe.Dl, on the 
other hand, fired  tonic action potentia ls and in jection  of depolarizing current increased its

f ir in g  frequency

p r ia te  synapses (F ig. 3) s im ila r to those seen in v ivo . For example, re
c ip roca l in h ib ito ry  synapses were found to occur between R.Pe.Dl and V.D4 
(F ig . 3a, b ). Interneuron R.Pe.Dl excited Ip .3.1 via a dual action , i . e . ,  
in h ib it io n  followed by exc ita tion  (F ig. 3c), and Ip .3.1 established an ex
c ita to ry  synapse w ith R.Pe.Dl (F ig. 3d). Furthermore mutual in h ib ito ry  
synapses were found to develop between V.D4 and Ip .3.1 (F ig. 3e, f ) .  A l
though a l l  the resp ira to ry  neurons reformed appropriate synaptic con
nections in  v i t r o , in  none of these cases did the stim ulation of any one 
p a ir  of neuron resu lt in  the generation of rhythmic a c t iv ity .

------------------- >
Fig, 3. In v itro  synapse formation between respiratory interneurons. When culture in pairs 
(e .g ., see bottom panel) a l l  respiratory interneurons established synaptic connections 
s im ila r to those observed in vivo. A mutual in h ib ito ry  connection was found to develop be
tween R.Pe.Dl and V.D4 (a, b ) . Whereas, excita tion of R.Pe.Dl (a t arrow) excited Ip .3.1 by a 
biphasic action (excita tion followed by in h ib itio n ) (c ) .  The only d irect excita tory con
nection was found to occur between Ip .3.1 and R.Pe.Dl (d ). A mutual in h ib ito ry  connection 
always occurred between Ip .3.1 and V.D4 (e, f ) . Figure modified from Syed et a l.  /9 / .  Copy

rig h t 1990 by the AAAS
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Fig. 4. Interneurons R.Pe.Dl, V.D4 and Ip .3 .I are s u ffic ie n t to produce respiratory rhythm in_ 
v i t r o . A photomicrograph of these interconnected neurons is  shown on the bottom panel. 
A) Stimulated resp iratory rhythm recorded from an in v ivo preparation. Direct in tra ce llu la r 
recordings were made from R.Pe.Ol and V.D4, whereas evidence for the activation of Ip .3.1 was 
obtained from a follower V.D c e ll.  Injection of depolarizing current into R.Pe.Dl (a t bar) 
in it ia te d  Ip.3 a c t iv ity  (as recorded from a V.D c e ll)  while inh ib iting  V.D4. The activation 
o f Ip .3.1 in turn excited R.Pe.Dl and a previously hyperpolarized V.D c e ll while further in 
h ib it in g  V.D4. Upon recovery from th is  in h ib it io n , V.D4 fire d  a burst of action potentia ls 
and the cycle was spontaneously repeated. B) The resp ira to ry rhythm as shown in (a) can also 
be produced in v i t r o , where an alternating pattern o f bursting a c tiv ity  was in it ia te d  in V.D4 

and Ip .3.1 by R.Pe.Dl. Figure modified from Syed et a l. /9 / .  Copyright 1990 by the AAAS
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Are the neurons R.Pe.Dl, V.D4 and Ip .3.1 s u ff ic ie n t to account fo r the 
resp ira tory rhythm?

Since a l l  combinations of paired resp ira tory neurons were found in 
s u ffic ie n t to produce rhythmic bursting, we tested the p o s s ib ility  that 
the presence of a l l  three interneurons was necessary. We therefore cultured 
R.Pe.Dl, V.D4 and Ip .3.1 together and allowed them to extend neurites 
(F ig. 4). In these in i t ia l l y  quiescent preparations, in je c tio n  of de
po lariz ing current in to  R.Pe.Dl inh ib ited  both Ip .3.1 and V.D4. Following 
i t s  in h ib it io n  by R.Pe.Dl, Ip .3.1 f ire d  a burst of action potentia ls  which 

excited R.Pe.Dl while causing fu rther in h ib it io n o f V.D4. The combined e f
fects of R.Pe.Dl and Ip .3.1 caused V.D4 to f i r e  a burst of action poten
t ia ls .  Thus, Ip .3.1 and V.D4 began bursting a lte rna te ly  (F ig. 4B), mimick
ing the resp ira tory cycle seen in  sem i-intact and isolated brain pre
parations (Fig. 4A).

What is  the role of dopamine in the resp ira tory rhythmogenesis?

The preceeding experiments suggested that R.Pe.Dl (also known as the 
"Giant Dopamine C ell" / 6/)m ight be necessary fo r the generation of the 
resp ira tory rhythm. This hypothesis was examined by attempting to replace 
th is  dopaminergic c e ll w ith other id e n tifie d  neurons having other trans
m itte r phenotypes. In th is  context we replaced R.Pe.Dl with e ithe r L.Pe.Dl 
(the giant serotonergic neuron of the le f t  pedal ganglion / 6/ ) ,  or V.D1 (a 
v iscera l ganglion neuron thought to contain an ACTH-like peptide /1 / ) .  In 
neither of these cases were synaptic connections formed with V.D4 and

Fio, 5. Dopamine e lic ite d  alternating bursts of a c tiv ity  in respiratory interneurons in 
v itro . Phasic application of dopamine (10 /iM; 1 s pulses at 0.3 Hz) beginning at the arrow, 
produced alternate bursting in interconnected neurons Ip .3.1 and V.04. Figure from Syed et

a l. /9 / .  Copyright 1990 by the AAAS
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Fig. 6. Effects of dopamine and FMRFamide on respiratory neurons V.D4 and Ip .3.1. Lack of anode break excitation following hyperpolarization 
of both V.D4 (a) and Ip .3.1 (d ) . Phasic application of either FMRFamide op dopamine alone did not produce impulse bursts in V.D4 (b). How
ever, phasic applications of dopamine (10 M) followed by FMRFamide (10 M) caused V.D4 to f ire  a burst of action potentials upon recov
ery from in h ib itio n . Phasic application of only dopamine (and not FMRFamide) however, was found su ffic ie n t to generate impulse bursts in

Ip .3.1 (e, f)
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Ip .3.1, nor was the resp ira tory rhythm generated. However, in  other ex
periments, we found that the application of dopmaine by rhythmic pressure 
pulses was s u ffic ie n t to cause these interneurons to burst a lte rn a te ly , a l-  
thought the burst frequency in such preparations was higher than seen in 
in vivo or in  s itu  preparations (Fig. 5).

Effects of dopamine and FMRFamide on the in t r in s ic  properties of resp ira to ry  
interneurons

Network in te ractions between resp ira tory neurons are c le a rly  essen
t i a l  fo r the rhythm generation. We have recently  examined the e ffe c ts  of 

various transm itters such as FMRFamide and dopamine that are u t i l iz e d  by 
the network. Since both Ip .3.1 and V.D4 neurons appeared to show rebound 
exc ita tion  fo llow ing in h ib it io n , we tested these c e lls  fo r th e ir  in t r in s ic  
a b i l i t y  to exh ib it pos tinh ib ito ry  rebound (PIR) exc ita tion . In je c tio n  of 
square hyperpolarizing current pulses in  FMRFamidergic neurons V.D4 and 
Ip .3.1 /7 / did not re su lt in  anode break e xc ita tio n  (Fig. 6a, d). We next 
tested i f  rebound exc ita tion  in these neurons could be a ttribu ted  to the 
actions of a single transm itte r. Phasic app lica tions of e ither FMRFamide 
or dopamine alone did not cause the exc ita tion  of V.D4, although the ap
propriate hyperpolarizations of the membrane po te n tia l were apparent (F ig. 
6b). Phasic application of dopamine followed by FMRFamide, however, caused 
V.D4 to f i r e  a single burst of action po ten tia ls  (F ig. 6c). These resu lts  
suggest that not only are both of these transm itte rs  required fo r the ac
tiv a tio n  of V.Ü4, but also that th e ir  sequence nf application is  c r i t ic a l .  
S im ilar experiments performed on Ip .3.1 show tha t dopamine, but not FMRF
amide, is  required to in i t ia te  a single burst nf action potentia ls in  th is  
neuron (F ig. 6e, f ) .

D iscu ss io n

Several notable attempts have been made to reconstruct p a r t ia l c i r 
cu its  of neurons in v itro  /3 , 3/. However, none of the neurons comprising 
these c irc u its  were involved in rhythm generation. Recently, a fte r de fin 
ing the resp ira tory behavior of Lymnaea /10, 11/, wc demonstrated in  v ivo 
that interneurons R.Pe.Dl, V.D4 and Ip .3.1 comprised the resp ira tory CPG. 
Unfortunately, both anatomical constraints and the p o s s ib ility  tha t other 
neurons might also be involved, deterred an unequivocal demonstration that
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these neurons are s u ff ic ie n t fo r rhythmogenesis. We therefore attempted to 
reconstruct the c ir c u it  in  cu ltu re . Interneurons Ip .3.1 and V.D4 were 
found to  be conditional bursters, a tes t tha t could not have been per
formed s a tis fa c to r ily  in  v iv o . Although a l l  the resp ira tory neurons main
ta ined th e ir  in tr in s ic  and network properties in  v i t r o , the generation of 
re sp ira to ry  rhythm was only possible i f  a l l  three interneurons were cu l
tu red together. These experiments suggest th a t rhythm generation in  th is  
system is  a function of both the network and in t r in s ic  membrane properties 
o f CPG neurons. The ro le  of various transm itte rs , p a rticu la rly  dopamine, 
was found to be important. This p a ra lle ls  other invertebrate and ver
teb ra te  systems in  which stim ula tion  of dopaminergic or serotonergic 
neurons has been shown to in i t ia te  a number of rhythmic behaviors /4 / .

The c irc u itry  underlying resp ira tory behavior in Lymnaea has fea
tu res in  common with the "ha lf center model" proposed to account fo r  be
haviors such as locomotion and resp ira tion  /2 , 12/. The reciprocal in h ib i
to ry  in te rac tion  between Ip .3.1 and V.D4 forms the basis fo r th is  ha lf 
center model. Since these neurons are cond itiona l bursters they are unable 
to  generate impulse bursts by themselves. Rhythmicity is  the combined re
s u lt  o f network in te ractions between the to n ic a lly  active R.Pe.Dl and the 
in t r in s ic  membrane properties of Ip .3.1 and V.D4. Therefore, the p r in 
c ip le s  tha t govern resp ira to ry  behavior in  Lymnaea appear s im ila r to those 
found in  vertebrates, p a r t ic u la r ly  diving mammals. The s im p lic ity  of the 
Lymnaea respiratory CPG provides us with an excellent model in  which to 
search fo r common mechanisms that control rhythmic behaviors in  both ver
tebra tes and invertebrates. In addition, the a b i l i t y  of three neurons to 
reconstruct th e ir spec ific  connections in  cu ltu re  also provides a model 
system fo r the study of mechanisms underlying the s p e c if ic ity  of synapse 
form ation.
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Respiratory behaviour in  Lymnaea

Respiration is  a complex behaviour (F ig. 1, upper panel). I t  in 
volves two main behavioural components / 8/ :  f i r s t ,  a c t iv it ie s  designed fo r 
reaching the water surface (rapid surfacing behaviour and active loco
motion) and, second,those designed fo r lung ven tila tio n  (F ig. 1). Active 
locomotion (negative geotaxis) is  most often used as a way of reaching the 
surface /4 / and most usually occurs when the animals are browsing on the 
stems and leaves of p lants close to the water surface. The resp ira to ry  act 
(lung ve n tila tio n ) consists of a series stereotyped complex reactions 
la s tin g  10 to 15 si (F ig . 1, upper panel D, E, F) comprising sh e ll move
ments, pneumostome erection and opening of the pneumostome.

Transmitters inducing resp ira to ry  behaviour

To id e n tify  the transm itters inducing respiratory behaviour fo llow 
ing substances have been used: acetylcholine (ACh), GABA, L-glutamate, 
g lyc ine , histamine, octopamine, serotonin (5-HT), 5-hydroxytryptophan 
(5-HTP) - a precursor of 5-HT, p-chlorphenylalanine - an in h ib ito r  of syn
thes is  of 5-HT, dopamine (DA), noradrenaline (NA), adrenaline (AD), the 
"DA-agonist" -  2-amino-6,7 ,-d ihydroxy-1,2 ,3,4-tetrahydronaphthaline hydro- 
bromide (THNB), L-DOPA - precursor of catecholamines (CA), dehydroergot- 
amine, naloxone (opiate receptor antagonist). Transmitters, agonists, an
tagonists and precursors in  doses 0 . 1-100 /jg /g  body weight have been 
tested by means of in je c tio n  in  hemolymph. The volumes of the in jected 
so lu tions were less then 2-4% of the to ta l hemolymph volume. Control in 
je c tio n s  of Ringer's so lu tion  did not cause any noticeable changes in  the 
behaviour of the sna ils .

A single in je c tio n  of DA, NA, AD, THNB, L-DOPA (0 .1 -4  /ug/g body 
weight) causes stereotyped reactions ch a ra c te ris tic  of the normal resp ira
to ry  behaviour (see Fig. 1), while other substances are not e ffe c tive  in 
th is  respect / 8/ .  Other transm itters e ith e r had no e ffec t on resp ira to ry  
behaviour or disturbed some of i t s  ind iv idua l components. Nevertheless, i t  
is  s ig n ifica n t to note, tha t d iffe re n t transm itters induce sp e c ific  be
hav io ra l effects which cannot be mimicked by other transm itters.For ex
ample, ACh (in  doses 10 /jg /g  or greater) induces the whole body withdrawal 
response, GABA (2, 10, SO^ug/g) induces sp e c ific  radular and buccal move
ments and 5-HT (2-20 yug/g) causes a rousa l-like  reactions etc.
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Neurotransmitters (10 ^ - 10 M) were also tested on minimally d is 
sected sem i-intact preparations, consisting of the CNS with a l l  e ffe c to r 
nerves and organs le f t  in ta c t. Only CA and 5-HT were e ffec tive  in  respect 
of the pneumostome movements. Each of the monoamines induces a d is t in c t  
pattern of a c t iv ity  of the pneumostome. For example, 5-HT (10-J Ml or 
greater) mainly increases the frequency of the resp ira tory act, while DA 
(10 ^ M or greater) p rim a rily  increases the force of contraction and the 
duration of the open state of the pneumostome. I t  is  notable, tha t DA 
begins to act at lower concentrations than 5-HT and DA's e ffects are 1.5-2 
times more prolonged as compared with those induced by 5-HT. However, 
when transm itter acted on the denervated pneumostome, only 5-HT caused i t s  
low-amplitude, sporadic movements, suggesting tha t the systemic action of 
monoamines is  p rim a rily  on the CNS.

These pharmacological data indicate that catecholamines (CAs) play a 
leading ro le  in  the in it ia t io n  and in tegra tion  of the respiratory programs. 
The effectiveness of expression of the induced reactions (and the e f
fectiveness of CA themselves) is  reduced in  the sequence DA - NA - AD / 8/ .

THNB, the chemically stable agonist of DA, produces s im ila r e ffe c ts , 
but with a lower threshold, more fu l ly  expressed responses and more pro
longed action. L-DOPA,the metabolic precursor of CA, induced the same be
haviour, but on a slower time scale and with temperature-dependent delay. 
This indicates tha t the e ffec ts  were due to products of metabolism rather 
than an in je c tio n  of L-DOPA i t s e l f .  L-DOPA-induced reactions were main
tained fo r 2-20 h. These e ffec ts  of L-DOPA maximally mimicked the normal 
resp ira tory behaviour.

The respira tory network

Respiratory network consisting of three functiona l groups of neurones 
has been recently id e n tif ie d  (/B , 11/ Winlow, Syed, th is  volume). There 
are (F ig. 2A): ( i )  e ffec to ry  ce lls  or motoneurones (VPo and VPc groups, 
J-, K- and A-grpups, V4/6, LPa2, RPa6 , RPaV2); ( i i )  interneurones and 
neurones related to centra l resp ira tory generator (RPeDl, VD4(=VWI), Inp. 
3); ( i i i )  modulatory neurones (VD1, RPaD2, LPeDl). I f  we believe tha t res
p ira to ry  behaviour consists of several d iffe re n t locomotory reactions, 
she ll movements e tc. and i t  is  regulated by food and sex arousal, osmotic 
s ta te , e tc ., then th is  network can be essen tia lly  expended to include the 
neurone ensembles underlying these behaviours ( fo r  de ta ils  see /1 , 14/ and
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F ig . 1. Upper panel. Stages o f  normal re s p ira to ry  behaviour in  Lymnaea s ta g n a lis . A -  normal 
locom o tion ; B,C -  negative  g e o ta x is : a c tiv e  locom otion (C) and ra p id  su rfa c in g  behaviour (B ); 
D ,E,F -  re s p ira to ry  ac t c o n s is t in g  o f se rie s  s te reo typ ed  complex re a c tio n  (see te x t  fo r  de
t a i l s ) .  Lower panel. Catehcolam ine-induced behaviour in  Lymnaea s ta g n a lis . The doses o f the 
in je c te d  substances as fo l lo w s : DA, NA, AD -  2yug/g ; THMB -  О .Э ^д /д ; L-DOPA -  100^ug/g. Be-
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Winlow et a l. in  th is  volume). Thus,the number of functiona lly  id e n t if ie d  
neurones involved in  th is  one behavioural program w i l l  be more than 
600-700, making i t  the la rgest neuronal network with id e n tifie d  connections 
so fa r described.

The e ffects  of monoamines on the neurones of the respiratory network

Monoamines act on a l l  components of the network and ac tiva te  the 
centra l resp ira tory generator. 5-HT and catecholamines have been found to 
se lec tive ly  de- or hyperpolarize most of the neurones in the network as 
well as monoamines modulate synaptic transmission in  d iffe rre n t compenents 
of the network / 0/ .

I t  is  in te res ting  to point out tha t the responses of most o f the 
neurones of the network to DA (and CA) app lication were s im ila r to  re 
sponses to lowering of peripheral p02 /5 , 6/ .  For example DA, d is in h ib its  
neurones which cause the opening of the pneumostome and in h ib its  RPeDl 
and other closure interneurones. The NA (as DA agonist) hyperpolarized 
the statocyst ce lls  /1 3 /. I t  is  possible that DA (and CAs as i t s  agonists) 
reproduces sensory inputs to the resp ira tory network (Fig. 2). Moreover, 
the structure of the dopamine c e ll (RPeDl), which has peripheral pro
jections to the body wall and pneumostome region and i ts  re la tionsh ip  to 
input 3 /2 , 14/ suggest that th is  c e ll may subserve a high order sensory 
function. A s im ila r functiona l (sensory) ro le  fo r the DA-ergic system in  
other behaviours has been suggested / 7/ .

5-HT acts on the output parts the network. Thus, 5-HT d ire c t ly  ac
tiva te s  the pneumostome movements while DA is  not e ffective  in  th is  re 
spect. Application of 5-HT causes depolarizing responses in  most of the 
neurones of the network, including the 5-HT-containing parie ta l А-c e lls  and 
LPeDl, and may produce pos itive  feed-back upon them. I t  is  suggested tha t 
5-HT allows expression of the resp ira tory program by fa c i l i ta t io n  (and/ 
or modulation) of synaptic transmission and by ra is ing the e x c ita b i l i ty  of 
many neurones in  the network. Thus, th is  may explain why 5-HT-induced

<------------
h a v io u ra l responses are presented fo r  f i r s t  seve ra l m inutes a f te r  in je c t io n s  o f  DA, NA, AD, 
THNB. L-00PA-induced re a c tio n s  were more prolonged and m aintained fo r  2-20 h. P resented 
stereo typed s h e ll and pneumostome movements were recorded on 75th min a f te r  in je c t io n s  o f  L - 
D0PA. Cathecholamines induce many components o f  the re s p ira to ry  and passive d e fe n s ive  be

haviour ( fo r  d e ta i ls  see te x t )
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Dopamine mimics the effects of lowering 
peripheral p02
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F ig . 2. A. Diagrammatic re p rese n ta tio ns  o f the do rsa l surfaces o f  Lymnaea s ta g n a lis  c e n tra l gang lia  ( f o r  c la r i t y  the ce reb ra l gang lia  are 
o m it te d ) . The bas ic  nomenclature o f c e l ls  and c e l l  c lu s te rs  is  in  accordance w ith  Benjamin and Winlow / 2 / . Shaded c e l ls  are e f fe c to r  c e l ls  
o f the g a n g lia ) , crossed c e l ls  are in te rneurones and modulator neurones. LPe and RPe -  l e f t  and r ig h t  pedal g a n g lia , LP1 and RP1 -  l e f t  and 
r ig h t  p le u ra l g a n g lia , LPa and RPa -  l e f t  and r ig h t  p a r ie ta l g a n g lia , -  v is c e ra l ga ng lion . The RPa3 and RPa4 c e l ls  are the p u ta tiv e  se ro - 
to n in e -c o n ta in in g  heart e x c ita to ry  motoneurones (Moroz / 8 /  and unpublished d a ta ). VPc are be lieved  to  be p a rt o f M-group (W inlow, unpub
l is h e d ) .  RPaS are se ro to n in -co n ta in in g  c e l ls  ly in g  w ith in  A group (Moroz / 8 / ) .  VWI i s  a lso  known as VD4 according to  Janse e t a l .  / 6 / .
В. Schematic re p rese n ta tio n  o f  the e f fe c ts  o f  dopamine on the p r in c ip a l neurones o f the re s p ira to ry  network o f Lymnaea■ VPc and VPo -  pneumo- 

stome c lo se r and opener neurones o f the v is c e ra l gang lion ; VWI , v is c e ra l w h ite  in te rn e u ro n , otherw ise known as VD4
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В J-cell 5-HT

♦
*k /

3

F ig . 3. A. E ffe c t o f  naloxone (5x10 ^ M, arrow) on c e n tra l re s p ira to ry  programme using J - c e l l  
as m onitor o f  the c e n tra l re s p ira to ry  generator ( in p u t 3 ) . Second tra jje  -  9 th min o f  a c t io n ; 
t h i r d  trace  -  19th min o f  a c t io n . -  B. A dm in is tra tion ! o f se ro to n in  (10 M) in  p a r t re s to re  o f  
the b u rs tin g  a c t iv i t y  in  m on ito r J - c e l l ;  F ir s t  tra c e  -  25th min o f the e n kepha lin 's  a c tio n  
(contiguous re co rd in g  in  1 -3 ; Second tra ce  -  a d m in is tra tio n  o f OA -  b locke r -  s u lp ir id e  
(5 x l0 ~ 5 M) abolished a c t iv i t y  o f  in p u t 3 re la te d  to  the c e n tra l re s p ira to ry  genera to r ( t h i r d

tra ce )
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resp ira to ry  reactions were less sp e c ific  as compared with DA-induced 
responses.

F ina lly  , we should point out tha t the resp ira tory discharges are 
under m u lti-transm itte r con tro l. One example of th is  is  the ro le  of enke
phalins in  the resp ira to ry  rhythm. As shown in  Fig. 3, the se lective  op i
ate-receptor antagonist naloxone diminishes the resp ira tory rhythm and 
a lte rs  i t s  discharge pattern. In contrast, the dopamine antagonist su l
p ir id e , completely abolishes the resp ira to ry  rhythm. We have evidences 
th a t the apparent in te ractions between enkephalin and serotonin systems 
may have functiona l s ignfic iance , p a r t ic u la r ly  in the resp ira tory network. 
I t  is  possible to suggest tha t enkephalin acts to l im it  serotonin-dependent 
p o s itive  feedback system (Moroz and Window, submitted).

Conclusion

In Lymnaea a complex network of neurones is  known to coordinate 
several behaviours. Evidence is  presented here to suggest that exogenously 
applied dopamine can coordinate resp ira to ry  behavioural patterns and tha t 
i t s  e ffec ts  are reproduced using transm itte r precursor such as L-DGPA. 
However, in teractions between d iffe re n t transm itte r substances underlie 
m odifications of rhythmic discharges and enkephalins are able to modulate 
the resp ira tory rhythm.
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The study indicates that the male cricket Grvllus bimaculatus extrudes the sperma- 
tophore in response to mechanical stimulation of specialized sensilla in  the cavity en
closed by the epiphallus and terminates mating as revealed by spermatophore protrusion. 
The spermatophore extrusion, however, needs an increase in body tonus during cavity 
hair stimulation which is  produced by male's copulatory actions in response to key 
stim uli on the dorsum, epiproct and cerci. At the same time, male's sexual excita tion 
raised by courtship fa c ilita te s  spermatophore extrusion. This is  the f i r s t  demons
tra tion  that mating can be a r t i f ic ia l ly  switched o ff  in male insects.

Keywords : Cricket -  male insect -  mating behaviour -  sexual refractoriness - 
mechanoreceptors

In t r o d u c t io n

Many insects change behavior a fte r mating, fa r example, the female 
refuses copulation and the male s ta rts  watching behavior /4 , 13, 23/. This 
behavior change is  a good model fo r rieuroethology of behavioral switching. 
Previously, studies in  female insects have shown that, mating re fusa l is  
in it ia te d  by mechanical s tim u li or chemical s tim u li given by males during 
copulation. There are only few studies availab le  in male insects on th is  
issue. This is  not because the male insect has not sexual re frac to riness  
since many orthoperans lik e  cricke ts  /1 , 11, 14, 19/ f a l l  in to  a tempo
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ra r ily  sexually inac tive  s ta te  a fte r copulation. What stimulus or event 
causes switching o ff  the mating in males? dur previous study / 20/  has 
shown that while removal o f the hairs on the epiphallus caused deficiency 
in  gen ita lia  coupling, to ta l deafferentiation of the epiphallus caused de
fic ie n cy  in spermatophore extrusion in add ition  to gen ita lia  coupling, 
suggesting that other receptors responsible fo r  spermatophore extrusion 
are located e ither w ith in  or around the ep ipha llus. During a search in  the 
sc lero tized epiphallus, we found a specialized se n s illa  group ly ing  on the 
ven tra l wall of the cav ity  enclosed by the epiphallus /21 /. We thus ex
amined a functional ro le  o f these hairs in  extruding the spermatophore and 
term inating mating. This work w i l l  be published in  a forthcoming paper 
/ 22/.

Materials and Methods

Crickets, G ryllus bimaculatus at the age of 1-2 weeks a fte r imaginai 
molt were used. The male cycle s ta rts  at spermát,ophore protrusion (SPPT) 
occurring 5-7 min a fte r  copulation to prepare the new spermatophore fo r 
the next mating. About one hour la te r, the male sings a ca llin g  song (CS), 
a courtship song and attempts to copulate. As soon as the male extrudes 
the spermatophore a fte r  hooking his epiphallus onto the subgenital p late 
of the female, he switches to guarding. Sexual re fractoriness continues 
fo r  about 0Ü min th e re a fte r.

The procedures of s tim ula tion  experiments were as fo llows: The male 
was paired with a receptive female in a 100 ml beaker and allowed to court 
fo r  10-15 min to ra ise  h is  sexual exc ita tion  to a ce rta in  leve l. Then, one 
o f the various s tim u li was given to the male under the restrained con
d it io n . Subsequently, the male was paired again w ith the female and his 
behavior was observed fo r one hour. I f  the male exhib ited SPPT fo llow ing 
spermatophore extrusion on h is  own, the s tim u la tion  was judged to be e f
fe c tive  fo r mating term ination , but, i f  the male recommenced CS, the s t i 
mulation was considered in e ffe c tive .

Two types of s t im u li were used. The f i r s t  involved adverse s tim u li 
(Table 1) such as pinching the leg with a p a ir of forceps, wetting the 
body with water, cooling the head in ice-cold water fo r 1 min or e le c t r i
c a lly  stim ulating the neck (1 ms pulse, 500 Hz, 30 s) and so on (Type I ) .  
S ticky or moistening s tim u li (Type I I )  was applied to the gen ita lia : the 
g e n ita lia  was covered w ith  faeces or haemolymph which was induced by 
stroking the paraproct or making in ju ry  on the ventra l lobes. Strong 
shocks (Type I I I ) ,  mechanical or e le c tr ic a l, were also applied to the ep i
phallus. These adverse s tim u li were used as con tro ls  since any a r t i f i c ia l  
s tim u li could be noxious, p a rticu la r ly  i f  they seemed strong to the animal 
and might induce an ir re v e rs ib le  disruption of the mating state and te r 
minate the ongoing courtsh ip .

The second type of s tim u li was a mimetic one (Table 2) tha t could 
occur in  contact w ith the female during normal copulation. They were the 
stroking of the b r is t le  ha irs  on the epiproct, paraproct and la te ra l hairs 
(Figs 1-6) on the ep ipha llus with a paper s tr in g , or pressing of the cav
i t y  hairs with the head o f an insect pin fo r  30-60 seconds (Type IV ). The
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Fig. 1-4. The genita l organs in the male cricke t. (1) Copulation in the cricke t. The male is  
hanging the epiphallus onto the subgenital plate (SGP, la s t s te rn ite ) of the female. (2) The 
abdominal end of the male cricket and the gen ita lia . Dotted, the spermatophore. Inset, in 
side of the ep iphallic  complex of the male and the copulatory papilla of the female. (3) The 
epiphallus, a ventro-posterior view. Inset, methylene blue stained primary afferent nerve 
ce lls  innervating cavity hairs. (4) Copuling of the gen ita lia , a ventral view. The t ip  of the 
grooved guiding-rod, virga (DR, broken line ) is  inserted into the aperture of the copulatory 
papilla  to thread a tube of the spermatophore in to the receptacular duct. The broken lin e  for 
the copulatory papilla  shows the portion claspered by the ectoparameres. Two shaded areas 
indicate the locations of the cavity hairs (CH). A, ampulla of the spermatophore; AT, attach
ment plate of the spermatophore; C, cercus; CH, hairs on the dorsal wall in the cavity en
closed by the epiphallus; CpP copulatory p a illa ; DP, dorsal pouch; Ecp, ectoparamere; Ep, 
epiphallus; Eppt, epiproct; GR, grooved guiding rod; LH, hairs on the la te ra l process in the 
epiphallus; MP , median pouch consisting of the dorsal wall of the subgenital plate in the 
male; 0, ovipositor; Prpt, paraproct; S, spermatophore; SD, spermatophore duct; SGP, sub

genital plate of the female. A fter Snodgrass /23/

cavity  ha ir (F ig. 5) which consisted of a pa ir of clusters of about 30 in  
the cav ity  enclosed by the epiphallus l ie  in  the locations especia lly  
su itab le  fo r stim ulation by the copulatory pa p illa  of the female during 
coupling (F igs 1-4). Furthermore, the cavity  ha ir stim ulation was carried  
out during copulatory actions under the restrained condition. The male was 
f i r s t  stimulated by simultaneous pressing of the wings, dorsum, cerc i and 
epiproct which e lic ite d  cereal o s c illa t io n , body extension, body th rus ting  
and g e n ita lia  protrusion /20 /, and then pressing the cavity ha irs. In ad
d it io n , the plucking of the spermatophore was performed during normal co
pu la tion  (Type V).
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Fig. 3. The scanning electron micrograph of cav ity  hairs. Scale bar: 10 rim

Results

E ffects  of adverse stim ulation

S tim ula tiion  w ith type I  e lic ite d  jumping, cleaning, nr temporary 
pa ra lys is , but had no e ffe c t on term inating the mating: a l l  the males that 
received one of these s tim u li restarted CS soon a fte r recovery (Table ! ). 
Type I I  had a strong e ffe c t to lead the male to mating term ination. The 
male pushed out the spermatophore on his own w ithout showing any copula- 
to ry  movements, incessantly cleaning the abdominal end onto the substrate 
and eventually exhib ited spermatophore p ro trus ion . However, the latency of 
SPPT was much longer (30-50 min) than tha t (5-7 min) in normally mated 
males. The pinching of the epiphallus or de live ry  of e le c tr ic a l shocks to 
the epiphallus were also e ffec tive  to e l i c i t  spermatophore extrusion and 
to  lead the male to 5PPT.
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Table 1
Effects of adverse stimulation

Stimulation SPPT (%) П

Type I Pinching leg 0 26
Shaking body 0 27
Wetting body 0 19
Pressing body 2 60
Wrapping body 6 33
Cooling Head 0 20
Heating antenna 3 31
Heating cercus 3 25
ES-neck 0 24
ES-thorax 0 24
ES-abdomen 13 15

Type I I Brushing paraproct 67 (20) 25 (17)
Pricking ventral lobe 82 (38) 23 (21)
Wetting genita lia 20 (26) 31 (23)

lype I I I Pinching epiphallus 23 26
ES-epiphallus 72 25

SPPT, the percentage o f males exhib iting spermatophore protrusion a fte r stimu
la tion . ES, e le c tr ic a l stimulation, n, the number of males used ( ) ,  controls

The resu lts  of the experiments with adverse stim ulation indicated 
that while stim ulation except fo r the g e n ita lia  had no e ffe c t on mating 
termination no matter how strong they were, tonic i r r i ta t io n  or strong 
shocks in  the gen ita lia  caused spermatophore extrusion and mating term i
nation but in  abnormal fashion.

Effects of mimetic stim ulation

Stroking of the epiproct (n=53) and paraproct (n=39) ne ither elicited 
spermatophore extrusion nor terminated mating (Table 2). S tim ulation of 
the la te ra l hairs produced only a minor e ffe c t (SPPT: CS=12:88, rt=141). In 
contrast, stim ulation of the cavity hairs caused mating term ination in 
many males (SPPT:CS=32:6B, n=185). However, stim ulation with Type V was 
much more e ffec tive  formating term ination. Out of 102 males, 41% exhib ited 
SPPT and 59% restarted CS. During Type V stim u la tion , some exhib ited co- 
pulatory movements exactly in  a normal manner but others did not. Therefore, 
to corre late the stimulus e ffe c t on induction of SPPT with the male's re
sponse during stim u la tion , Hie males were c la ss ifie d  in to  three groups. The 
f i r s t  group exhibited vigorous copulatory movements to the key s tim u li ap
p lied  to the body, and subsequently extruded the spermatophore upon cavity
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Table 2
Effects of mimetic stim ulation

Stimulation SPPT ( 4 ) n

Type IV Stroking paraproct 0 39
Stroking epiproct 0 53

Stroking la te ra l hairs 12 141
Pressing cavity  hairs 32 185

Swelling ventra l lobes 3 38
Stretching ventra l lobes 11 18
Plucking spermatophore 9 50

Type V Pressing cavity  hairs 00* 102
Plucking spermatophore 4 23

*males exhibiting both copulatory actions in response to combined key stim uli 
and spermatophore extrusion to pressing cavity hairs

h a ir stim ulation, opening the ventral lobes which is  linked to dorsal 
pouch contraction (F ig . 6 ). The ra tio  of the number of males exh ib iting  
SPPT and CS was 03:17 (n=23). The second group exhibited copulatory move
ments sporadically and extruded the spermatophore a few minutes a fte r the 
end of stim ulation. The ra t io  was SPPT:CS=78:22 (n = 10). The th ird  group 
tha t exhibited no copulatory movements fa ile d  to extrude the spermatophore
at a ra tio  of SPPT:CS=15:85 (n=61). The percentage of males exh ib iting

2SPPT was s ig n if ic a n tly  higher (э£ -te s t, P - 0.01) in  the f i r s t  and second 
group in  comparison w ith the th ird  group.

In addition, the plucking of the spermatophore had only a s lig h t 
e ffe c t on the ongoing courtship (SPPT:CS=9: 91, n=50) the male copulated 
and terminated mating w ithout the spermatophore known as sham-copulation 
/1 1 /. Furthermore the plucking of the spermatophore with a pa ir of forceps 
while the epiphallus was being hooked to the subgenital plate of the fe 
male had no e ffec t on mating termination (SPPT:CS=0:100, n 23).

E ffects of sexual exc ita tio n

The above resu lts  were a l l  obtained from males allowed to court fo r 
10-15 min before s tim u la tion . Stimulation e ffe c ts  may d if fe r  when the 
male's sexual exc ita tion  is  at a lower or a higher leve l. Therefore, ex
periments were devised to bring the males to two d iffe re n t exc ita tion  
le ve ls . One group consisted of males (n=30) which had been allowed to 
copulate once with a female and to court fo r  only 1 min a fte r spermatophore
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Fig■ 6. The spermatophore extrusion by cavity ha ir stimulation. A: Before stim ulation. 
0: During stimulation. In B, note the opening of the l ip  of the ventral lobes which is  linked 
to the contraction of the dorsal pouch. The spermatophore (S) is  pushed out, and the cerci 

(C) and epiproct are everted with a je rk , cb, cotton bar; f ,  forefinger

protrusion. The other group (n=30) consisted of males that had been a l
lowed to court fo r 30 min with females tha t had genita l chambers closed 
with wax. The difference in  sexual behavior in  males of such tv/о groups 
has previously been described /19 /. The percentage of males showing sper
matophore protrusion was 7% and 63% respective ly . Both values were s ig n i f i 
cantly (э б '- te s t, P c  0.01) d iffe re n t from the percentage (41%) of SPPT 
males to a l l  (n=102) in  the previous experiments by the same Type V stimu
la tio n . Males at lower exc ita tion  levels were less responsive so tha t more 
pressure had to be applied to th e ir  dorsum in  order to protrude the gen ita l 
complex fo r s tim ula tion . In contrast, males at higher exc ita tion  leve ls
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were eas ily  persuaded to protrude the g e n ita lia  and to open the subgenital 
p la te .

Discussion

Many female insects do not accept courting  males a fte r successful 
copulation. The key stimulus in  tr igge ring  th is  change in  behavior has 
been investigated in  many species /4 , 13, 25/ and was found to include 
mechanical s tim u li by the gen ita lia  /8 , 12/, a spermatophore /7 , 10, 17,
18, 24/. and chemical s tim u li by substances /2 , 3, 5, 9, 15, 16/ in  the 
seminal f lu id .  However, so far in  male insects there have been no re
ports on such key s tim u li responsible fo r  in it ia t io n  of mating term i
nation . Previous studies on male crickets indicated that e lim ination of a 
spermatophore from the gen ita lia  could not stop courtship /11 /, and that 
su rg ica l removal of the dorsal pouch did not in te rfe re  with performing 
normal copulation or the in it ia t io n  of a sexual refractory period /1 / .

Our study indicated that the a ffe ren t input from the c a v ity  ha irs ' in 
the epiphallus is  essentia l in switching o f f  the mating system, and the 
switch occurs when the cav ity  hair s tim u la tion  successfully induces dorsal 
pouch contraction fn r  spermatophore extrusion. The loss of the spermato
phore in  the dorsal pouch and ventral lobes does not serve as a stimulus 
formating term ination. To induce spermatophore extrusion by s tim u la ting  
the cav ity  ha irs, the bodily tonus had to be heightened adequately, making 
the mille to e l ic i t  copulation actions by g iv ing  the combined key s tim u li. 
This conclusion agrees w ith our previous fin d in g  that the series of copu
la t io n  acts is  e lic ite d  w ith the key s tim u li only while themale is  e x h ib it
ing an intense posture /2 0 /. The study also indicated that a male's sexual 
e xc ita tio n  level was an important fac to r fo r  spermatophore extrusion.

The study of mating termination seems to  be more d i f f ic u l t  to  be 
ca rried  out in  males than in  females in  the sense that the female needs 
only the key stimulus no matter whether i t  is  mechanical or chemical, 
whereas the male has to respond ac tive ly  to the key stimulus u n t i l  he 
pushes out the spermatophore. I t  looks l ik e  e jacu lation in  mammals /6 / .  
Our mating term ination technique established fo r  the f i r s t  time in  male 
insects may be useful fo r  studying behavioral swithing and as a model fo r 
e jacu la tio n  and orgasms system in mammals.
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Comparative physiological and morphological studies were carried out on the audi
tory receptor organs of the forelegs in three closely related te ttig o n iid  species 
(Psorodonotus i l ly r ic u s , Decticus albifrons and Decticus verrucivorus) .

Functional adaptations of the receptor organs to the carrie r frequencies of the 
conspecific song were found. The proportions of low- to high-frequency receptor ce lls  
within the organs of the three species are c learly  d iffe re n t. This proportion is large 
in Psorodonotus i l ly r ic u s , smaller in Decticus a lb ifro n s , and smallest in Decticus ver
rucivorus. These proportions are responsible for the d iffe ren t "frequency weighting" 
found in the a c tiv ity  of the receptor populations of the organs.

The physiology of the receptor ce lls  of the three species have been correlated 
with the dimensions of the c r it ic a l stimulus-transforming structures inside the organs. 
This leads to an explanation of the d iffe ren t frequency se le c tiv ity  of the receptor 
ce lls .

Keywords : Tettigoniids -  auditory receptor organs -  frequency tuning

In t r o d u c t io n

L i t t le  is  known about the acoustic-mechanical stimulus transforming 
processes w ith in  the complex t ib ia l  organs of bushcrickets, although the 
s truc tu re , the morphology and also the physiology of these organs have 
been known a long time /1 , 3-5/. Ind iv idua l receptor ce lls  d if fe r  in  th e ir
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tun ing curves, but the whole receptor population of one tympanal organ 
covers a frequency range from at least 2 kHz up to 70 kHz. There is  much 
overlapping of the frequency-in tensity response characte ris tics  of the 
s in g le  ce lls .

I t  is  d i f f ic u l t  to investigate b iophysica lly  and phys io log ica lly  the 
s tructu res of the receptor organs that are involved in the stimulus trans
duction . These structures are located inside the leg and can only be ex
posed fo r experimental measurements by opening the cu tic le . Such procedures 
are expected to a lte r  the biophysical and physio log ical properties of the 
organ. The c r i t ic a l  structures fo r mechanical stimulus-transform ing pro
cesses inside the organs are probably a) the dorsal wall of the tympanal 
trachea on which the receptor ce lls  and the s a te ll i te  ce lls  are located;
b) the te c to r ia l membrane covering the receptor and s a te ll i te  c e lls  and
c) to  a certa in  extent the d ivid ing wall separating the tympanal trachea 
w ith in  the organ in to  two chambers (F ig. 1). Mechanical displacements of 
these structures induced by airborne sound s tim u li w i l l  d ire c tly  or in 
d ire c t ly  evoke the sp e c ific  a c t iv ity  of the d iffe re n t auditory receptor 
c e lls .  Measurements of the transmission and f i l t e r  charac te ris tics  of the 
more peripheral stimulus-conducting structures of the auditory organs 
(such as the sp irac le , the tympanal trachea, the tympana and the s l i t s )  
g ive only incomplete inform ation about the d ire c t stimulus transformation 
a t the d iffe re n t receptor c e lls .

In the present investiga tion  we tr ie d  to  find  out the mechanisms of 
d ire c t stimulus transformation w ith in  the organs by comparing physio log ic
a l resu lts  with morphological data. For th is  purpose we have investigated 
fu n c tio n a lly  and morphologically the auditory organs of the forelegs in 
three closely re lated dectic ine species ( Psorodonotus i l ly r ic u s , Decticus 
a lb ifro n s , Decticus verrucivorus) ■ From these measurements, the mechanical 
stim ulus processes at the receptor leve l have been deduced.

The aim of our investiga tion  was to f in d  out i f  there are any spec
i f i c  functiona l and morphological adaptations of the auditory organs to the 
frequency parameters of the conspecific song, and to determine what kind 
o f stimulus transformation process takes place w ith in  the organs.
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Fig. 1. Receptor c e ll arrangement and morphology of the auditory organs of the forelegs of 
Decticus verrucivorus revealed by longitudinal sections and by transverse sections. Left 
side: a longitudinal section is  show going jus t through the dendrites and cap c e lls  of the 
c ris ta  acustica and the d is ta l part of the intermediate organ (la te ra l view); r ig h t side: 
f ive  transverse sections of the complex t ib ia l organ are show; the planes o f the d iffe rent 
sections are indicated by arrows and dashed lines w ith in the longitudinal section. The dorsal 
wall of the anterior tympanal trachea (doW) is  a very th in  structure compared to the ventral 
and la te ra l walls. The d ivid ing wall (diW) is  not fu lly  established before, the 12th receptor 
c e ll of the cris ta  acustica. The s l i ts  (S li) ,  the tympanal cavities, and the tympana (Ту) are 
fu l ly  developed starting  from the f i f t h  c e ll of the c ris ta  acustica and extend up to at least 
200 /Urn d is ta lly  of the end of the cris ta  acustica (section 3, 4, 5). tymp trach: tympanal

trachea; d, a: dorsal, anterior

M ateria ls  and Methods

A ll experiments were performed w ith three te tt ig o n iid  species be
longing to the same subfamily (D ectic inae): adults of both sexes of Psoro- 
donotus i l ly r ic u s , Decticus a lb ifrons and Decticus verrucivorus were used.

For e lectrophysio logical investiga tions on single c e lls , the animals 
were anaesthetized by b r ie f exposure to CO .̂ The wings were removed and 
the animals fixed , ventra l surface up, on a metal holder by means o f a wax- 
colophony mixture. The prothoracic ganglion was exposed, inc lud ing  the 
o rig in  of the tympanic nerve, and the gut was removed. The fore legs were 
fixed to the wire holder of a m in i-v ib ra to r, in  an almost na tu ra l pos
it io n .  The responses of single receptor c e lls  were recorded e x tra c e llu la r- 
ly  with glass m icropipettes f i l le d  w ith 1.5 M NiCl9 with a resistance of 
about 30 Mohms. The in d iffe re n t electrode was inserted in to  the abdomen.
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The recording s ite  was the entrance of the leg nerve in to  the prothoracic 
ganglion.

Standard airborne-sound and substrate-borne sound s tim u li (duration 
20 ms, r is e / fa l l  time 1 ms, repe tition  rate 2 /s) o f d iffe re n t frequencies 
were used. The signals were generated by two acoustic stimulators (Burchard 
I I )  and passed e ither to  a HF-loudspeaker (Audax TW8) or to a m in iv ib ra to r.

In single c e ll recordings, the threshold was determined as the in 
te n s ity  at which the c e lls  respond regularly w ith  one spike per stimulus 
presentation.

For h is to log ica l and morphological investiga tions  of the d if fe re n t 
s truc tu res  of the aud ito ry organs, the proximal part of the t ib ia  was 
s e r ia l ly  sectioned. The proximal parts of the t ib ia  were fixed overnight 
w ith  4% Glutaraldehyde buffered with 0.2 M S-Collid ine/HCl pH 7.4. A fte r 
washing in  sodium phosphate buffer the leg parts were postfixed w ith 1% 
OsÔ ., buffered with sodium phosphate, and then dehydrated. The preparations 
were embedded in Spurr's medium. Transverse and longitud ina l sections 
(sem ith in  sections of 5 дп) were cut on an ultramicrotome (Reichert-Jung, 
Supercut 2050). The sections were stained w ith methylene blue fo r micro
scopic analysis. E ither normal or phase-contrast l ig h t  microscopy was used 
to study the detailed s tru c tu re  of the inner parts  of the tympanal organs.

For morphometric measurements, selected parts of the sections were 
drawn on transparent paper using a camera luc ida . The drawings of a series 
o f whole sections were d ig it iz e d  using a ca lib ra ted  graphics ta b le t. The 
data were processed w ith  a personal computer system (60386, 25 MHz) on the 
basis of the commercial programme AutoCAD (Autodesk GmbH) in order to 
measure the dimensions o f d if fe re n t structures o f the auditory organ and 
reconstruct certain parts o f them in 3 dimensions. The programme AutoCAD, 
o r ig in a lly  designed fo r techn ica l drawings, was adapted to th is  special 
ana lys is  using the computer language AutoLisp.

R esults

The responses of the auditory receptor c e lls  of bushcrickets re
corded at. the entrance o f the leg nerve in to  the prothoracic ganglion 
show only small in te r - in d iv id u a l varia tions. That means the threshold 
curves of receptor c e lls  tuned to the same frequency are always nearly 
id e n tic a l in shape. Recording of the responses of a great number of re
ceptor ce lls  in  d iffe re n t animals of one species leads to a clear c la s s i f i 
ca tion  of the receptor c e lls  in to  a set of d if fe re n t functional types 
ch a ra c te r is tic  of tha t species. By testing more than 200 receptor c e lls  in 
each species, a ll the d if fe re n t  receptor types of the c ris ta  acustica and 
the intermediate organ were determined. By ordering them according to 
th e ir  characte ris tic  frequencies, s tarting  w ith  the receptor c e lls  w ith 
h ighest characteris tic  frequencies, a co rre la tio n  between function and 
tonotop ic arrangement o f the receptors w ith in  the organs is possible.

S ing le-ce ll inves tiga tio ns  of the aud itory receptor ce lls  of a l l



THE AUDITORY RECEPTOR ORGANS OF BUSHCRICKETS 445

frequency [kHz]

Fig, 2. Comparison of the threshold curves of the most proximal receptor ce lls , as found in 
the cris ta  acustica of the three species. The threshold curves are arranged according to 
the ir best frequencies. Note that the f i r s t  receptor c e ll of the cris ta  acustica of Decticus 
verrucivorus (D .v .) is  a 6r 9 kHz receptor. In Psorodonotus il ly r ic u s  (P .i.)  there are eight 
more receptor ce lls reacting to low-frequency stim ulation within the range of 4 to 10 kHz.

three species reveal clear differences between the species in the d is t r i 
bution of low-frequency and high-frequency receptors. Low-frequency re
ceptors are defined as receptors with best frequencies below 10 kHz, high 
frequency receptors are those with best frequencies above 10 kHz. The 
proportion of low- to high-frequency receptor c e lls  in the c r is ta  acustica 
of Psorodonotus i l ly r ic u s  is  large (10:13), in  Decticus a lh iirons  i t  is  
smaller (13:21), and i t  is  very small in  Decticus verrucivorus (7 :25).

A comparison of the threshold curves of d iffe re n t low-frequency 
receptor ce lls  as found in  the tympanal receptor organs (c r is ta  acustica) 
of the three species is  shown in Fig. 2. Clear differences are obvious: 
the f i r s t  low-frequency receptor c e ll of the c ris ta  acustica in  Decticus
verrucivorus is  a 6 to 9 kHz-receptor. In Psorodonotus i l ly r ic u s , e ight
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Fin. 3. Threshold curves of four equivalent functional types of auditory receptor c e lls  found 
in a l l  three species. The shapes of the threshold curves o f the receptor ce lls  of each func

tiona l type are nearly iden tica l

more c e lls  reacting to a low-frequency s tim u la tion  w ith in the range of 4 
to 10 kHz could be found.

Thus we may conclude: the d iffe re n t frequency weighting found in  the 
a c t iv i ty  of whole receptor population of the receptor organs of the three 
species /2 /  is  based on a d iffe re n t d is tr ib u tio n  of receptor types tuned 
to d if fe re n t frequencies.

In sp ite  of th is , at least s ix equivalent functional types o f re 
ceptor c e lls  occur in  the organs of the three species (Fig. 3). These 
c e lls ,  however, are positioned at d iffe re n t places in  the c ris ta  acustica 
of each species.

Figure 4 shows reconstructions of the dorsal walls of the an te rio r 
part o f the tympanal trachea in  both the auditory organs of the three
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Fin. 4, Reconstructions of the structures responsible for d irect stimulus transduction inside 
the tympanal organs of Psorodonotus il ly r ic u s  ( P . i . ) ,  Decticus albifrons (D .a .), and Decticus 
verrucivorus (D .v.). A: Dimensions of the dorsal wall of the anterior part o f the tymnanal 
trachea together with the receptor-cell arrangements from a dorsal view (see also Fig. 1). 
The positions of the dorsally-running dendrites are indicated by dots and by the numbers. The 
computer-aided reconstructions are based on transverse sections of which the plane is  marked 
by horizontal lines. B: Dimensions of the dorsal walls and the tec to ria l membrane (dashed 

line ) together with the cap ce ll arrangement from a dorsal view

species together with the recep to r-ce ll arrangements of the c r is ta  acus- 
t ic a . The positions of the dorsally-running dendrites are ind ica ted . The 
dimensions of the dorsal walls are derived from se ria l transverse and lon
g itu d in a l sections of the organs. The lower part of th is  figu re  shows the 
shape of the dorsal walls together with the cap-cell arrangement and the 
dimensions of the te c to r ia l membrane: c lear differences between the struc
tures in  the three species are v is ib le .

I f  the d iffe re n t functiona l types of receptors found in  the three 
species are correlated with the ce lls  of the c ris ta  acustica, then the 
c e ils  of the same equivalent functiona l type are found s itua ted  at r i i f -
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Fig. 5. Threshold curves of two receptor ce lls  of the c r is ta  acustica of Psorodonotus i l l y r i -  
cus before and after cutting the c ris ta  acustica. The position of the cut is  indicated by the 
insets. In both cases the stimulus-transforming stretures were interrupted jus t d is ta lly  to 
the position  of the receptor ce lls  from which the recordings were done. S ingle-cell record
ings o f a 5-7 kHz receptor c e ll (5th receptor ce ll of the c r is ta  acustica) and a 16-30 kHz 

receptor c e ll (21st receptor ce ll of the c r is ta  acustica)

fe ren t re la tiv e  positions on the dorsal wall in  the d iffe re n t species. The 
width o f the dorsal walls is  s im ila r in the three species at those po in ts, 
where receptor ce lls  with id e n tica l threshold curves are located, in  sp ite  
of d if fe re n t positions w ith in  the receptor c e ll row of the c ris ta  acustica.

Neurophysilogical experiments combined w ith  cu tting  o ff d if fe re n t 
re levant structures of the complex t ib ia l  organs confirm the re su lts .

I f  the summed po ten tia ls  from the whole tympanal nerve are recorded 
under in ta c t conditions, normal hearing- threshold curves of the auditory 
organs are obtained. The hearing range is  reduced step by step to low -fre 
quency values i f  the c r is ta  acustica is  cut from d is ta l parts to proximal 
ones.

Figure 5 demonstrates tha t the dorsal w a ll a t a certain pos ition , 
together with i ts  receptor c e ll,  is  responsible fo r a normal stimulus 
transform ation. Cutting the dorsal wall (together w ith the c ris ta  acustica 
and the te c to r ia l membrane) d is ta lly  to a ce rta in  receptor c e ll does not 
change i t s  frequency-in tensity response cha rac te ris tics  evaluated by 
sing le  c e l l  recordings before and a fte r the les ion . Under these conditions, 
the dorsa l wall was in terrupted d is ta lly  to the position  where the re 
ceptor cell- is  located.
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D iscuss ion

Our investigations show that the dorsal w a ll, together with i t s  re
ceptor c e ll equipment including the te c to r ia l membrane, are probably 
the c r i t ic a l  structures fo r establishing loca l mechanical resonances w ith 
in  the auditory receptor organs of the forelegs of bushcrickets.

The mechanical properties of these structu res seem to be responsible 
fo r the tuning of the d iffe re n t receptor c e lls .  In th is  p a rticu la r con
tex t the width of the dorsal wall at the pos ition  of a specific  receptor 
c e ll appears to be mainly responsible fo r the frequency s e le c tiv ity  of the 
c e ll and not the length of the dorsal wall i t s e l f .  Measurements of the d i
mension of the wall at spec ific  receptor c e lls  support th is  re s u lt.  This 
was proved by physiolog ical experiments combined with cu tting  o f f  the 
c r is ta  acustica w ith the walls d is ta lly  to p a rtic u la r receptor c e lls  being 
investigated.
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