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Editorial

You are keeping in your hand the first issue o f  a new international journal, 
Neurobiology, and you may wonder why it was necessary to add one more forum to the 
great number o f  already existing ones. The main reason is that there was an increasing 
interest in studying the nervous system during the last century, since the famous silver 
impregnation technique was employed in the eternal work, o f  Ramon v Cajal, capable 
o f  characterizing the neuron, as a unit and, also the primary principles o f  organization 
o f  the peripheral and central nervous system were discovered. With the widening range 
o f  approaches and methods, the existing scientific disciplines regularly incorporated 
studies o f  neurons by techniques relevant to their own field. An increasing number o f  
data on neurons and the perception o f  the general significance o f  the nervous system 
in animal and human life led to the fa c t that neuroscience has become a strong 
discipline in the last few  decades, accompanied by the publishing o f  many distinctive 
"Neuro-journals". In  addition, the last decade o f  the century was even named the 
".Decade o f the Brain" stressing further, fo r  people o f  our age, the importance o f  
studies on the central nervous system. In recognition o f  these trends, Akadémiai Kiadó 
has decided to change the principal discipline o f  one o f its former journals (Acta 
Biochimica et Biophysica Hungarica) into an international, multidisciplinary neuroscience 
journal by launching Neurobiology.

This new journal wishes to attract contributions from  all related areas. 
Neurobiology will cover all traditionally known and newly emerging subdisciplines o f  
neuroscience, like morphology, histochemistry, physiology, biochemistry, pharmacology, 
behaviour, molecular neurobiology, modelling o f  neuronal function, glial system, sensory 
systems, etc. To promote studies and publications in neuroscience, discounted reprint 
order is offered to young authors and those without prior publications within this 
discipline. Neurobiology wishes to support rapid scientific communication o f scientists 
from  all over the world and, at the same time, wants to be the primary forum fo r  
publications from the recently formed, independent Hungarian N  euroscience Association. 
The Journal would like to be a mouthpiece o f  researchers to express their views on 
different matters.

Through organization o f its large, international Editorial/Advisory Board and 
temporary contribution by other experts, Neurobiology will be able to advise authors to 
f in d  appropriate and high quality formats fo r  presenting their results. Readers, 
potential and recent authors, in turn, are expected to support by their comments and 
papers the initial, wide scope o f the Journal, or to put an emphasis on several 
subdisciplines, which may suggest us to create a more specific aspect during the coming 
months and years, to better serve the needs o f  scientific communication in this field. 
This is our present goal supported also by the future efforts o f  the Board and the 
Publisher.

The Editors
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MINIREVIEW:
REGULATION BY SECOND MESSENGERS 

OF PERMEABILITY IN THE CEREBRAL MICROVESSELS

F. Joó

Laboratory of Molecular Neurobiology, Institute of Biophysics, 
Biological Research Centre of the Hungarian Academy of Sciences, 

H-6701 Szeged, P.O. Box 521, Hungary

Summary: The view that the cerebral endothelial cells represent the cellular 
analogue of the blood-brain barrier has been generally accepted. The 
regulation of transport processes operating in the cerebral endothelial cells 
is of great current interest. Different elements of the intracellular signaling 
messenger systems have been detected in the course of our studies in the 
cerebral endothelial cells. Our knowledge of these regulatory mechanisms 
is briefly reviewed here with special emphasis on the importance of second 
messenger molecules and phosphorylation of certain proteins of 
microvascular origin.

Key words: blood-brain barrier, second messengers, permeability

INTRODUCTION

It is now generally believed that, apart from a few exceptions where the structural 
basis of restricted movement of certain substances is due to an impermeable glial sheath 
(Abbott, 1972; Abbott et al„ 1981), the endothelial cells comprise the "blood-brain 
barrier" (BBB). This term was first used by Stern and Peyrot (1927) to summarize a 

number of different regulatory mechanisms that control the exchange of materials between 
blood and brain and cerebrospinal fluid. It is worthy of mention that, from a phylogenetic 
point of view, the endothelial blood-brain barrier can be regarded as an old structure: 
a living vertebrate Lamperta fluviatilis, that branched off from the general evolutionary
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"tree" more than 500 million years ago, has cerebral microvessels with structural 
characteristics similar to those of vertebrates with a much shorter evolutionary history 
(Bundgaard and Cserr, 1981; Bundgaard, 1982). It was demonstrated in electron 
microscopic studies (Brigthman and Reese, 1969) that the barrier, which prevented the 
passing of proteins from blood to brain, consisted of tight junctions between cerebral 
endothelial cells. Another equally important feature of the cerebral endothelial cells, in 
contrast to those of most other tissues, is the relative lack of pinocytotic vesicles. From 
a physiological point of view, the cerebral endothelial cells represent a very tight cellular 
barrier with high (1900 ohm/cm2) membrane resistance (Crone and Ölesen, 1982; Butt et 
al., 1990; Butt and Jones, 1992). This potent restraint delays the penetration of solutes 
to the brain at the capillary endothelium. On the other hand, a number of polar metabolic 
substrates cross the plasma membranes of cerebral endothelium via highly specific, self- 
saturable and inhibitable transport systems (Oldendorf, 1977; Bradbury, 1985; Pardridge,
1988). These particular structural and functional characteristics of cerebral capillaries are 
determined by the surrounding central nervous tissue, especially by the influence deriving 
from astrocytes (Stewart and Wiley, 1981; Arthur et al., 1987; Stewart and Hayakawa, 
1987; Тао-Cheng et al., 1987). It became evident, mainly from studies carried out on 
isolated brain microvessels, that the cerebral endothelial cells are endowed with many 
different receptors (for review see Job, 1985; 1986; 1992). It remained to be seen, 
however, which cellular transduction system(s), if any, operate in the cerebral endothelial 

cells mediating possibly the effect of vasoactive substances.

RESULTS AND DISCUSSION

The effects o f  cyclic nucleotides on the permeability 
o f  cerebral endothelial cells

The first results indicating that the lipid soluble derivative of cyclic AMP, the 
dibutyryl (dibu-) cyclic AMP, can increase the albumin penetration in mature brain 
microvessels were published in 1972 (Jod). Likewise, the non-hydrolysable cGMP 

analogue, dibu- cGMP, opened also the blood-brain barrier for albumin (Jod et al., 1983) 
after infusions into the common carotid artery. Later, the synthesizing and degrading 
enzymes of both cAMP and cGMP were detected in the cerebral endothelial cells (for
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review see Joó, 1985; 1992) indicating that these second messenger molecules are 
produced and metabolized locally. Recently, a correlation was found (Ádám et al., 1987) 
between the activation of adenylate cyclase in cerebral endothelial cells and the induction 
of transcapillary albumin transport, suggesting that elevated cAMP may trigger 

macromolecule permeation through the microvessels. Specific histamine H2-receptor 
blockers were seen (Dux et al., 1987) to prevent the activation of this transport possibly 

by binding to receptors linked to the adenylate cyclase in the brain microvessels 
(Karnushina et al., 1980). In agreement with our findings, the data of Sen and 
Campochiaro (1991) also suggest that stimulation of intracellular cAMP accumulation may 
be a common feature of mediators that cause breakdown of the blood-retinal barrier.

In contrast to these results, Kempski et al. (1987) found no increase of 
permeability to trypan blue-albumin complex in a new model of cultured 
cerebromicrovascular endothelial cells when the endothelial synthesis of cAMP was 
stimulated directly by forskolin. Recent results of Stelzner et al. (1989) also showed that 
increase in cAMP content was in fact associated with a 3-1 О-fold reduction in albumin 
transfer across monolayers from bovine pulmonary arterial endothelial cells. By working 
also with endothelial cells of peripheral origin, Carson et al. (1989) reported on similar 
results showing that agents, which increase cAMP in endothelial cells prevent the increase 
in microvascular permeability to albumin that follows histamine exposure. The results of 
Rotrosen and Galline (1986) have, however, elucidated that the permeability enhancing 
effect of histamine appeared to be dependent on histamine H,-receptor occupancy in 
endothelial cells of peripheral origin, causing increases in intracellular calcium. Recently, 
evidence has been provided (Revest et al., 1991) for a rise in intracellular calcium on the 
effect of vasoactive agents in the cerebral endothelial cells, as well. The important 
differences between endothelial cells from brain tissue and peripheral vessels should, 
however, be kept in mind during the interpretation of these seemingly contradictory result. 
As we learnt it by now, cultured cells are often unable to express fully the properties of 
mature cerebral endothelium with blood-brain barrier characteristics due to the absence 
of astrocytic influences, in vitro. For example, various enzymes (e.g. y-glutamyl 
transpeptidase, DeBault and Cancilla, 1979; DeBault, 1981) and receptors (e.g. 
acetylcholine-, serotonin- and histamine H2-receptors, Karnushina et al., 1982) are missing 
as a rule from the cultured cerebrovascular endothelial cells, making these cells more 
similar, at least in this respect, to peripheral vessels.
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Fluid-phase endocytosis within primary cultures of brain microvessel endothelial 
cell monolayers, an in vitro blood-brain barrier model, has been shown recently (Guillot 
and Audus, 1990) to be significantly stimulated by nanomonal concentrations of phorbol 
myristate acetate. This effect of phorbol esters was not mediated by prostaglandins. Since 
the protein kinase C (PK C) is a prime target for actions of the phorbol esters (Nishizuka,
1984), the involvement of PK C in the activation of blood-brain barrier opening seems to 
be established.

The presence and translocation of protein kinase C (PK C), a key regulatory 
enzyme involved in both signal transduction and cellular proliferation, were observed 
(Markovac and Goldstein, 1988) to phorbol esters as well as to transforming growth factor 
beta, a widely distributed regulatory peptide that promotes endothelial cell differentiation, 
in microvessels isolated from rat brain. Similarly, stimulation of PK C translocation was 

found by Catalán et al. (1989b) in isolated brain microvessels on the effect of Substance 
P. The finding suggested that Substance P may be involved in the regulation of processes 
underlying protein phosphorylation in the BBB.

The presence in the cerebral endothelial cells of calmodulin-dependent kinases was 
revealed by studying protein phosphorylation (Oláh et al., 1988). Calmodulin stimulated 
the phosphorylation of 58 (57)-, 55-, and 50 kDa proteins over that in the control, and 
the phosphorylation peaked at approx. 4 min. Sometimes a short lag period could be 
observed during the rising phase. Déphosphorylation, carrier out by phosphoprotein 
phosphatases, followed relatively rapid kinetics, in contrast to the phosphorylation induced 
by cyclic nucleotides. The most prominent substrates of calmodulin-dependent 
phosphorylation were the 50- and 55 kDa polypeptides, which are most likely identical 
to the ß- and a-subunits of the calmodulin-dependent protein kinase II (Mackie et al.,
1986). These subunits are known to be phosphorylated usually by asymmetric kinetics. 
The very similar substrates, evaluated together with proteins of relative molecular mass 
of 58 (57) kDa, probably correspond to the a- and ß-subunits of tubulin (Mackie et al.,
1986).

Modulation o f protein phosphorylation by second messengers 
at the cerebral endothelium

The fact that protein phosphorylation occurs in brain microvessels was first shown 
by Pardridge et al. (1985). Later, the isolation and partial characterization of a 56,000-
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dalton phosphoprotein from the BBB was published by Weber et al. (1987). A detailed 
study on the kinetics of protein phosphorylation and its modulation by second messengers 
revealed (Oláh et al., 1988) the presence in the cerebral endothelium of Ca2+-calmodulin, 
Ca2+/phospholipid (PK C)-, cyclic GMP-, and cyclic AMP-dependent protein kinases. Since 
protein phosphorylation is thought to be a common effector process in the action of many 
second messengers, it was proposed that these protein substrates may participate in the 
coupling of signal transduction to endothelial metabolism.

Recently, evidence has been provided (Catalân et al., 1989a) on the regulatory 
action of vanadate on protein phosphorylation in brain microvessels. The authors proposed 
that vanadate activated the phosphorylation of cAMP-dependent protein kinase and 
thereby may modulate transport processes across the BBB.

Although dibu-cAMP has long been known to increase pinocytosis and 
macromolecular transport through the brain capillaries (Jod, 1972), it remained to be seen 
which proteins, if any, are the substrates of phosphorylation resulting from elevated 
intraendothelial accumulation of cAMP. With the use of sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis, the efficiency of cAMP in activating phosphorylation 

processes in brain microvessels was found to be low.
A very fast and pronounced phosphorylation was seen after cGMP activation, which 

was much stronger than that obtained with cAMP. The a-and ß-subunits of tubulin as 
well as Ca2+/calmodulin-dependent protein kinase II (in the presence of 2 mM EGTA) 
were also phosphorylated by the cyclic nucleotide-dependent protein kinases (Oláh et al., 
1988). The cGMP-dependent protein kinase had some substrates in common with the 
cAMP-dependent one, but in addition, some phosphoproteins specific for cGMP with 
relative molecular masses of 33 and 30 kDa were also revealed.

For identification of the protein substrate for PK C, exogenous enzyme (the 45- 
kDa fragment of PK C) was added to the incubation medium (Oláh et al., 1988). The 
relative molecular mass of this polypeptide was shown clearly to be lower than that of the 
a-subunit of CAM-dependent protein kinase. The occurrence of this activated fragment 
of PK C in the brain microvessel preparation was also evident, as demonstrated on the 
control gel. The exogenous PK C could recognize its major substrate in this fraction, and 
the reversibility of phosphorylation of the 40 kDA protein was impressive. A similar, but 
kinetically somewhat different, phosphorylation pattern was observed in the case of 
autophosphorylated form of the 45 KDa fragment of the PK C. The phosphorylation of
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this polypeptide took place faster, whereas its dephosphorylation was slower than that of 
its 40 kDa substrate.

In order to elucidate the molecular interactions between different second messenger 
systems further studies are warranted.
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FINE STRUCTURAL CHARACTERIZATION 
OF THE OLFACTORY EPITHELIUM AND ITS RESPONSE 

TO DIVALENT CATIONS Cd2+ IN THE FISH ALBURNUS ALBURNUS 
(TELEOSTEI, CYPRINIDAE): A SCANNING AND TRANSMISSION 

ELECTRON MICROSCOPIC STUDY

L. Hernádi

Balaton Limnological Research Institute of the Hungarian Academy of Sciences, 
H-8237 Tihany, Váralja u. 18, Hungary

Summary: The olfactory organ of the fish Alburnus alburnus consists of 22 
lamellae arranged into rosette like structure and are built up by supporting, 
gland, basal, ciliated and unspecialized epithelial cells, as well as receptor cells 
with microvillous, ciliated or rod shape dendritic endings. The spatial 
distribution of the supporting and gland cells can be considered homogeneous 
while the ciliated epithelial cells are dominant on the latero-marginal areas of 
the lamellae with a 10±3/1000 gm2 average density. The occurrence frequency 
of the ciliated receptor cells is the highest in the medial area with a 
30±6/1000 qm2 average density while the microvillous receptor cells have the 
highest occurrence frequency in the dorso-marginal area of the olfactory 
lamellae with a 25± 15 /1000 gm2 average density. Rod shape sensory dendrites 
were detected with a negligible density. The presence of divalent cations Cd2+ 
in the environment significantly increased the density of rod shape sensory 
dendrite 19.8±7.7/1000 pm2. These results demonstrate that the appearance 
and composition of the population of sensory dendrites on the olfactory 
lamellae are affected by environmental factors.

INTRODUCTION

The structure and organization of the olfactory organs of fishes show different 
appearances that is an adaptation to the available space in the olfactory cavity during the

Akadémiai Kiadó, Budapest
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phylogenesis (Zeiske, 1973; 1974; Breucker et al., 1979). The Cyprinidae fishes have 
numerous olfactory lamellae that are organized into rosette like structure in the olfactory 
cavity contrary to the Cyprinidontiformes that have no lamellae in the olfactory cavity. The 
increase of the number of the olfactory lamellae enlarges the sensory area and the efficacy 
of the olfaction (Zeiske, 1973; 1974; Zeiske et ah, 1976; 1979). During the lifetime of the 
fishes the olfaction plays the most important role in the general survey of the environment 
in the food searching as well as in the homing behavior (Oshima et ah, 1969). In the 
olfactory epithelium a huge number of primary sensory neurons can be found appearing as 

ciliated, microvillous and rod shape sensory cells. According to the electrophysiological 
studies on the olfactory epithelium of different fish species, the sensory neurons show high 
sensitivity to different chemical compounds as amino acids and bile acids (Нага, 1976; 
Caprio, 1978; Thommesen, 1978; Doving et ah, 1980; Thommesen, 1983; Getchell, 1986). 

Earlier it was suggested that the different sensory cells can be considered as different 
functional and structural entities with different sensitivity to an external stimuli (Bronshtein 
and Minor, 1977; Thommesen, 1982; Yamamoto, 1982), while Yamamoto (1982) suggested 
that the environmental factors are able to change the appearance and composition of the 
sensory dendrite population of the olfactory epithelium. This study was undertaken to 
describe the scanning and transmission electron microscopical appearance and the spatial 

distribution of the different cell types constituting the olfactory lamellae of cyprinid Alburnus 
alburnus. Furthermore, this study investigate the response of different receptor dendrites to 
the presence of a new environmental factor the divalent cation Cd2+.

MATERIALS AND METHODS

For the experiments the adult specimens of the Alburnus alburnus with 70-90 mm 
length and 6-7 g body weight were used. The fish were kept in aquarium in normal lake 
water. A group of fish was kept in aquarium containing 1дМ CdCl2. From the Cd treated 
animals samples were taken after two weeks and 1 month. From the control animals samples 
were taken randomly and also simultaneously with the sampling of Cd treated animals. After 
decapitation of the animals the olfactory organs were removed from the olfactory cavity in 
cold fixative containing 2.5% glutaraldehyde buffered with 0.1 M sodium cacodilate (pH 7.4) 
and cut for lamellae. Thereafter the small samples were fixed in fresh fixative for three hours 
at 4 °C. After short washing the samples were postfixed in 1.5% Os04 buffered with 0.1 M
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s-collidine (pH 7.4) for two hours at 4 °C. After fixation the samples were separated into 
three groups.

For scanning electron microscopy the first group of samples were dehydrated in 
increasing ethanol series (50, 70, 90, 96, 100%) and through isoamylacetate were dried in 
Balzers critical point drier. The dried samples were covered with gold and investigated in 
TESLA BS 300 scanning electron microscope.

For transmission electron microscopy the second group of samples were dehydrated 
in increasing ethanol series (50, 70, 90, 96, 100%) and were contrasted in blocks in 70% 
ethanol saturated with uranyl acetate. The samples were embedded into Spurr medium 
through propyleneoxide.

After washing in buffer the third group of samples was contrasted in 1% tannic acid 
buffered with 0.05 M sodium cacodilate (pH 7.4) for one hour at room temperature. 
Thereafter, the samples were washed in the same buffer (3x30 min) and dehydrated in 
ethanol and embedded into Spurr medium. The embedded samples were cut and the thin 
sections were contrasted with lead citrate and investigated with TESLA BS 500 electron 
microscope.

RESULTS

According to the scanning electron microscopical study the olfactory organ appears 
as paired structure situated in the bottom of the olfactory cavity rostral to the eyes. The 
olfactory organ consists of 22 lamellae radially arranged along a raphe forming a rosette-like 
structure (Fig. 1 ). On the dorso-marginal areas of the lamellae undifferentiated epithelial cells 
possessing a microridge system on their surfaces form a fingerprint like structure (Fig. 2). 
On the latero-marginal area of the lamellae among the undifferentiated epithelial cells ciliated 
epithelial cells and gland cell openings can be observed. The inner zones of the lamellae 
surrounded by marginal areas are occupied by supporting cells and ciliated epithelial cells as 
well as by sensory dendrites (Figs. 2, 3, 4).

Characterization o f the different cell types building up 
the olfactory lamellae

Supporting cells give the basic structure of the lamellae having a microridge system 
on their surfaces usually covered by mucous material (Fig. 4). In some cases supporting cells 
having microvilli on their surfaces can also be observed (Fig. 3).
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Ciliated epithelial cells are arranged sometimes in regular rows sometimes in random 
arrangement. Their density increases toward the latero-marginal direction (10±3/1000 д т 2) 
comparing to the medial areas (7± 14/1000 д т 2). The 18-25 д т  long cilia are arranged into 
regular rows on their surfaces (Figs. 3, 4).

The sensory dendrites of the primary sensory neurons run to the surface of the 
lamellae between the supporting cells and end in ciliated, microvilliated knob or rod-like 
endings (Figs. 3, 4). The ciliated sensory dendrites are the most frequently observed dendritic 
type on the surface of the olfactory lamellae. The cilia originate from a knob region emerged 
out from the supporting cell level and are observed in a radial arrangement on the knobs 
(Figs. 3, 4). The number and length of the cilia are different on the knobs. Usually if the 
number of cilia is lower on the knobs the lengths of cilia are shorter than on that knobs 
having higher number of cilia (Fig. 4). Most frequently the knobs having 5-6 cilia with 
15-20 д т  lengths can be observed. The spatial distribution of the ciliated sensory dendrites 
on the surface of the olfactory lamellae can be considered homogeneous with а 30±6/1000 
д т 2 average density but sometimes extremely high density can be observed reaching the 
120±17/1000 д т 2. On the surface of the lamellae small separated areas can frequently be 
observed where small knobs with 3-4 short outgrowing cilia can be seen (Fig. 5).

Figs. 1-5: The scanning electronmicroscopical view of the olfactory organ and olfactory 
lamellae.
Fig. 1 : The olfactory lamellae are radially arranged around a central raphe (R) and they built 
up a rosette like structure in the olfactory cavity. Calibration bar represents 100 д т .
Fig. 2: The nonsensory epithelium (nSE) on the dorso-marginal area of the lamellae
(enframed on Fig. 1 ) is built up by unspecialized epithelial cells (ec) that limit the sensory 
epithelium (SE) with a sharp boundary. Calibration bar represents 10 д т . Insert: The high 
magnification of the fingerprint structure demonstrates the fine ridges on the surface of the 
unspecialized epithelial cells. Calibration bar represents 1 д т .
Fig. 3: The ciliated (small arrowheads) and microvillous (double arrows) receptor dendrites 
as well as the ciliated epithelial cells (large arrowheads) and the microvillar supporting cells 
(large arrows) are located among the nonmicrovillar supporting cells (asteriscs) that give the 
basal structure of the sensory epithelium. Calibration bar represents 10 д т . Insert: Rarely 
rod-like receptor dendrite (arrow) can be detected among the ciliated dendrites. Calibration 
bar represents 1 д т .
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Microvillar sensory dendrites end in a slightly concave endings under the surface level 
of the supporting cells and possess numerous microvilli in a random arrangement on their 

surface (Figs. 3, 4). The spatial distribution of the microvillar sensory dendrites is 
inhomogeneous on the lamellar surface. Usually grouped in spots (Fig. 3) that are frequently 
observed in the dorso-marginal part of the lamellae. They can be observed with a 
25±15/1000 (tm2 average density in the spots. In the medial area of the lamellae their 
average density is approximately 12±8/1000 д т 2. The observed density of the microvillar 
sensory dendrites is higher on the olfactory lamellae of the spawning fish than that observed 
on fishes taken during nonspawning seasons. The highest density counted during the 
spawning season reached the 45±20/1000 д т 2 in the spots on the dorso-marginal area of 

lamellae.
Rod-like sensory dendrites can be observed only randomly between the ciliated sensory 

dendrites mostly in the medial area of the olfactory lamellae (Fig. 3). To give an estimation 
on their occurrence frequency is difficult because of the high density of the ciliated sensory 
dendrites around them. Their approximate density is 300-500/mm2.

According to the transmission electron microscopical observation the olfactory lamellae 
are constituted by supporting cells, undifferentiated and ciliated epithelial cells, gland cells, 
basal cells, as well as sensory cells situated on the basal lamina (Fig. 6).

Fig. 4: The high magnification scanning micrograph shows that the receptor dendrites arise 
from the level of the supporting cells (sC) that are covered with mucus. The radially arranged 
sensory cilia (arrowheads) originate from the knob regions (asteriscs), while the cilia on the 
epithelial cells (EC) are arranged in regular rows. The microvillous receptor dendrites have 
their microvilli (arrows) in a random arrangement. Calibration bar represents 1 д т .
Fig. 5: An area on the sensory epithelium is undergoing cell renewal (rA), while the 
neighbouring areas show normal appearance. In the regrowing area ciliated epithelial cells 
(EC) can not be observed. Calibration bar represents 10 д т . Insert: At higher magnification 
the short outgrowing cilia (arrowheads) on the sensory knobs are well visible. Calibration bar 
represents 5 д т .
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Supporting cells are the dominant cell type of the olfactory lamellae having two type 
of appearance. The supporting cells having a microridge system on their apical surfaces are 
the dominant type (Figs. 8, 14) while the cells having microvilli on their apical surface can 
be observed only scarcely (Fig. 16). In the apical part of the supporting cells numerous 
vacuoles enclosing fibrous material as well as numerous mitochondria can be observed (Figs. 
8, 14). The supporting cells are joined to the neighbouring cells with characteristic junctional 
structures (septate desmosomes, zonula adherens) which is typical for all the cell types 
constituting the lamellae.

Ciliated epithelial cells have numerous cilia located in regular rows running parallel 
with each other on their apical surfaces (Figs. 6, 15). The cilia originate from basal bodies 
possessing long root with a characteristic angle to each other. The cilia have a 9+2 tubular 
system at their proximal portion while distally they may loss tubule. In the cytoplasm 
numerous mitochondria can be seen in the apical part grouped near the basal bodies (Fig. 15).

Figs. 6-9: Normal transmission electronmicroscopical appearance of the olfactory epithelium. 
Fig. 6: In the epithelium ciliated epithelial cells (cEC), supporting cells (SC), gland cells (gc), 
receptor cells with ciliated (cd) or microvilliar (md) receptor dendrites, as well as basal cells 
(be) can be identified located on the basal lamina (bl). Small arrows show the centrioles in the 
apex of the microvilliar dendrites. Large arrows show degenerated receptor cells. Calibration 
bar represents 5 /urn.
Fig. 7: The microvillous receptor dendrites have numerous microvilli (mv), centrioles (c) and 
microtubules (arrowheads) in their apical parts. Calibration bar represents 0.5 д т .
Fig. 8: The ciliated receptor dendrites have numerous cilia (ci) and in their apical segments 
numerous mitochondria (m) can be observed. RC: receptor cell, SC: supporting cell. 
Calibration bar represents 1 д т . Insert: The 9+2 tubular structure of the sensory cilia is well 
demonstrated. Calibration bar represents 0.1 д т .
Fig. 9: The dendritic process (D) of the mature receptor cells (RC) originates with a broad 
proximal segment containing numerous mitochondria (m) and small dense cytosomes (arrows). 
Calibration bar represents 1 д т .
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The somata of the primary olfactory sensory neurons can be observed in different 
depth of the olfactory lamellae appearing with different cytoplasmic density (Fig. 6). The 
bipolar sensory neurons send axons to the fila olfactoria and their sensory dendrites end in 
knobs at the surface of the lamellae. The knobs may have cilia or microvilli on their surfaces 
(Fig. 6). The sensory cilia are arranged on the knobs in a radial arrangement and have 9+2 
tubular system at their proximal segments (Fig. 8). The sensory microvilli originate from the 
apical membrane of the knob in a random arrangement (Fig. 7). In their distal dendrite 
segments single or grouped centrioles are frequently observed (Figs. 6, 7). In the dendrites 
usually numerous neurotubules and mitochondria can be observed. The number of SER 
elements and multivesicular bodies are different in each sensory dendrites. The sensory cell 
somata usually show dense cytoplasm with numerous dense cytosomes (Figs. 9, 13). Only a 
few somata with a low density cytoplasm can be detected. The RER elements in the sensory 
neurons have a characteristic arrangement both in their perikaryon and proximal dendrite 
segments (Figs. 9, 13).

Figs. 10-13: The ultrastructural appearance of the different developmental stages of the 
receptor cells.
Fig. 10: Over the basal lamina (Bl) numerous dark (dBC) and clear (cBC) basal cells can be 
seen with numerous cytoplasmic protrusions. Calibration bar represents 5 д т .
Fig. 11 : The cytoplasm of the basal cell is poor in cell organelles but has a high number of 
homogeneously distributed ribosomes. Rarely centrioles (arrowhead) can be observed in the 
perikaryon. G: Golgi apparatus, N: nucleus. Calibration bar represents 1 д т .
Fig. 12: In the maturing receptor cells the ribosomes are clumped together and sometimes 
have numerous centrioles (arrowheads). Calibration bar represents 0.5 д т .
Fig. 13: The mature receptor cell bodies have well developed rough endoplasmic reticular 
system in both their perikaryon (arrowhead) and their axonal origin (arrow). D: proximal 
dendrite segment. Calibration bar represents 1 д т .
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The basal cells are situated on the basal lamina randomly (Fig. 6) but sometimes they 
can be found in groups (Figs. 10, 11). Their most characteristic ultrastructural features are 
the extremely high number of ribosomes giving a dense character of the narrow cytoplasm. 
Frequently they have numerous cytoplasmic protrusions (Figs. 10, 11 ). In the perikaryon of 
the few dark cells clumped ribosomes and few cell organelles can be observed (Fig. 12). In 
this area, in cases, cells undergoing mitosis can be observed.

According to the tannic acid fixation the different cell membranes behave differently 
to the tannic acid treatment. The dendritic membranes can be penetrated by tannic acid and 
therefore they show dense appearances treatment (Fig. 14). The supporting cell membranes 
can not be penetrated only bind tannic acid on their outer membrane surface (Fig. 14). The 
microvillous supporting cells can be penetrated by tannic acid and show dense appearance 
(Fig. 16). The ciliated epithelial cells show different appearances after tannic acid treatment. 
Most of them can be penetrated mainly through their cilia (Fig. 15) while others bind tannic 
acid only on their outer membrane surface.

Figs. 14-16: The sensitivity of apical membranes of the different cell types to tannic acid 
treatment.
Fig. 14: Both the ciliated (ciD) and the microvillous (mvD) dendrite membranes are
permeable to, while the supporting cell membrane (SC) is not permeable to tannic acid. 
Calibration bar represents 1 д т .
Fig. 15: The cilia (ci) of the ciliated epithelial cell are the most sensitive part of the cells. 
Calibration bar represents 1 д т .
Fig. 16: The microvilli (mv) of the microvillous epithelial cell are also permeable to tannic 
acid, bb: basal body, m: mitochondrium, v: vacoulae. Calibration bar represents 1 д т .
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Cadmium induced changes in the appearance and composition 
o f  the different types o f  sensory dendrites

After two weeks of Cd2+ exposition the most outstanding changes can be detected in 
the appearance of sensory dendrites (Figs. 17, 19). The number of rod shape dendrites has 
increased (19.8±7.7/1000 pm2) and became dominant to both the ciliated (13.6±4.6/1000 
pm2) and the microvillous dendrites (4.5±3.8/1000 pm2) (Fig. 17). Frequently the ciliated 
epithelial cells also show rod like appearance (Fig. 18). In the presence of Cd2+ the ciliated 
receptor dendrites are transformed into rod shape dendrites that can be observed in both 
scanning (Fig. 17) and transmission electron microscopic micrographs (Fig. 19).

DISCUSSION

The number and shape of the olfactory lamellae are related to the space available in 
the olfactory cavity of the fish and therefore represent adaptation which maximize the 
sensory area under the given restriction (Zeiske, 1973; 1974). The olfactory epithelia of the 
bleak consisting 22 lamellae arranged into rosette like structure adapted maximal to the space 
available and is similar to other cyprinid olfactory epithelia that belongs to the type VI

Figs. 17-19: Cadmium induced changes in the appearance of the olfactory epithelium. 
Fig. 17: The presence of Cd2+ increases the occurrence frequency of the rod shape sensory 
dendrites (arrowheads). EC: ciliated epithelial cell. Calibration bar represents 10 /xm. Insert: 
Some of the receptor dendrites show transitional form between the normal ciliated and the 
rod shape dendrite. They have a rod (arrowhead) and additionally free cilia (arrows). 
Calibration bar represents 1 pm.
Fig. 18: The ciliated epithelial cells can also be observed in rod shape appearance
(arrowheads). EC: normal ciliated epithelial cell. Calibration bar represents 10 pm.
Fig. 19: In the rod (R) of the dendrite the cilia are fused and therefore, the rod has 
numerous tubular structures (arrowheads), bb: basal body, ci: normal cilium. Calibration bar 
represents 1 /urn.
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typified by Yamamoto and Ueda (1979a, b; Delfino et al., 1981). The distribution of the 
undifferentiated and sensory epithelia on the surface of the lamellae show large variety in the 
different fish species (Yamamoto and Ueda, 1979a, b; Yamamoto 1982). The olfactory 
epithelia of the bleak belongs to that type of olfactory epithelia where the undifferentiated 
epithelia is restricted to the marginal areas of the lamellae (Yamamoto and Ueda, 1979a, b). 
In the olfactory epithelium of the fishes, similarly to other vertebrate species (Halász, 1990), 

three types of sensory dendrites have been described as ciliated, microvillous as well as rod 
shape sensory dendrites. Usually the ciliated and microvillous sensory dendrites are dominant 
while the rod shape dendrites can rarely be observed. In teleost fishes both ciliated and 
microvillous sensory dendrites occur together but in different proportion in the different 
species. However, there are species possessing purely microvillar sensory dendrites as in 
Elasmobranchiate species (Reese and Brightman, 1970; Theisen, 1972) or purely ciliated 
sensory dendrites as in the lamprey (Thornhill, 1967). Our results demonstrate that on the 
bleak olfactory epithelia the ciliated sensory cells are the dominant to the microvillous 
sensory dendrites while the rod shape sensory dendrites occur only randomly in a very low 
number. According to the observation on the olfactory epithelia of Scualus acanthias Bakhtin 

supposed that the microvillar sensory dendrites can be considered as progenitors of the 
ciliated sensory dendrites (Bakhtin, 1977) but transient stages have been found neither in 
Acipenserid fishes as in sturgeon (Pyatkina, 1976), in rainbow fish (Breucker et ah, 1979), 
nor in rainbow trout (Evans et al., 1982). Since in the apical parts of the microvillous sensory 
dendrites centrioles can frequently be observed it was supposed that the microvillous sensory 
dendrites originate from the ciliated sensory dendrites (Delfino et ah, 1981) where the cilia- 
formation of centrioles are blocked as it was also observed in reptiles and mammals 
(Kolnberg and Altner, 1971). According to other ideas the ciliated and microvillous sensory 

cells originate from a stem cell. If centrioles are prevented to develop cilia the cells appear 
as microvillous sensory cells, therefore the two types of sensory cells represent different 
functional and structural entities (Pyatkina, 1976; Bronshtein and Minor, 1977; Thommesen, 
1982). This hypothesis seems to be supported by the findings that the sensory cells undergo 
a renewal and maturation process in the fish olfactory epithelia (Evans et ah, 1982) that was 
described first in mammals (Graziadéi and Monti-Graziadei, 1979; Monti-Grazidaei and
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Graziadéi, 1979) and later in gastropods (Hernádi and Benedeczky, 1983; Chase and Rieling, 
1986; Hernádi and Benedeczky, 1989). The maturation process can be followed well on 

ciliated sensory dendrites since they have in their early maturation stages short motile cilia 
and in their maturated stages they have long nonmotile cilia (Mair et al., 1982). In the 
present study the different stages of the developing ciliated dendrites were also observed on 
the bleak olfactory lamellae. The maturation process of the olfactory receptor neurons was 
also reflected in the distribution of density of intramembrane particles (IMPs) in the different 
parts of ciliated dendrites—cilia, knob region, lateral membrane—applying freeze-fracturing 
technique (Hernádi and Röhlich, 1988). The spatial distribution of the ciliated and 
microvillous sensory dendrites showed differences on the olfactory lamellae in catfish 
(Cancalon, 1982; Erickson and Caprio, 1984) in char and trout (Thommesen, 1983). The 
density of the microvillous sensory dendrites were the highest in the medial part of the 
lamellae while the density of the ciliated sensory dendrites was the highest in the lateral areas 
of the lamellae (Cancalon, 1982; Erickson and Caprio, 1984). On the bleak olfactory lamellae 
the ciliated sensory dendrites showed the highest density in the medial part of the lamellae 
while the microvillous sensory dendrites showed the highest density in the dorso-medial areas 

occurring in spots. The density of the microvillous sensory dendrites reached the highest 
value during spawning period. It is in good agreement with the observation on the trout 
olfactory lamellae that the occurrence frequency of the rod shape sensory dendrites increased 
when the salmon fish were in a new physiological condition (Yamamoto and Ueda, 1979). 

This observation suggest that the appearance of sensory dendrites as microvillous, ciliated or 
rod shape dendrites are affected by external or internal micro-environmental factors. In a new 
environment all the new stimulus molecules similarly to the specific odorant molecules are 
bound to the receptor molecules located dominantly in the sensory cilia and knob regions of 

the dendrites (Rhein and Cagan, 1981 ; Getchell, 1986; Lancet, 1986; Lancet and Pace, 1987; 
Novoselov et al., 1988; Snyder et al., 1989). They are present in the membrane of cilia and 
knob as intramembranous particles (Menco et al., 1976; Menco, 1980; Hernádi and Röhlich, 
1988). The interaction of stimulus molecules including Cd2+ with IMP can induce changes 
in membrane permeability and channel function that can alter the appearance of olfactory 
receptor dendrites. This is supported by the present findings that the receptor cilia on the
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knobs are fused in the presence of Cd2+ and the ciliated receptor dendrites appear as rod 
shape dendrites. The present findings that Cd2+ as a new environmental factor highly 
increased the number of the rod shape dendrites and induced unusual forms of ciliated 
sensory dendrites are in good accordance with the observation of Yamamoto (1982) that the 
number of rod shape sensory dendrites increased if salmon fish were in new environmental 

conditions.
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Summary: Pattern reversal visually evoked potentials (PR-VEPs) were
recorded in the anterior ectosylvian visual area (AEV) of the cat, and the 
dependence of the PR-VEPs on the spatial frequency (SF) and the mean 
luminance of the stimulation was studied. Six SFs between 0.025 and 1 
cycles per degree (c/d) and four light density levels between 2x1 O'2 and 
117 cd/m2 (candela per square meter) were tested. The latency of the first 
positive component (PI) and the amplitude measured between PI and the 
first negative (N1) component were analyzed. The dependence of the 
PR-VEP latencies on the SF displayed a significant relationship, with a 
minimum at around 0.05 c/d. This relationship was consistent at all 
luminance levels tested. The dependence of the amplitudes on the SF gave 
a "low-pass" tuning curve at every luminance level. The higher the 
luminance level, the steeper was the curve. The cut-off SF of these curves 
was at around 1 c/d under photopic conditions and around 0.6 c/d under 
scotopic conditions. The contrast dependence of the PR-VEP amplitudes 
exhibited saturation at 0.5, which was much higher than that of either the 
striate cortex or other extrastriate visual cortical areas, but similar to that 
of the superior colliculus. These results provide further evidence in support 
of the notion of a tecto-extrageniculo-extrastriate visual pathway 
functioning separately from the geniculo-striate mechanisms.
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INTRODUCTION

The anterior ectosylvian visual area (AEV) was recently described in the feline 
visual system. It occupies the ventral bank of the anterior ectosylvian sulcus and has 
connections with the superior colliculus (SC) and with extrageniculate thalamic and 
extrastriatal cortical areas (Mucke et al., 1982; Norita and Katoh, 1986; Olson and 

Graybiel, 1987). It seems to be a unique visual cortical area in that it has no direct 
connections either from the lateral geniculate complex or to the striate cortical area. 
Accordingly, this area has been proved to function even after the removal of area 17 
(A 17). Hence, it seems to be an excellent object for studies of extrastriate visual 
information processing. Responses of the cells in the AEV to moving light stimuli have 
been investigated extensively (Mucke et al., 1982; Benedek et al., 1986; Olson and 
Graybiel, 1987; Benedek et al., 1988; Hicks et al., 1988). Little is known, however, on 
the spatial frequency (SF) spectrum of neurons in the AEV. Further, since the AEV seems 
to have all the attributes necessary for "ambient vision" in Trevarthen’s concept 
(Trevarthen, 1968) we have studied the dependence of the visual functions of the AEV 
on the luminance and contrast properties of the stimulation.

MATERIALS AND METHODS

Pattern reversal visually evoked potentials (PR-VEPs) were recorded in seven adult 
cats. Animals were initially anesthetized with an intramuscular injection of ketamine 
hydrochloride (30 mg/kg) and immobilized with gallamine (20 mg/kg). The anesthesia was 
maintained with a supplementary dose of Nembutal (pentobarbital, 2.0-3.0 mg/kg/hour). 
This supplementation was introduced 2 hours after the ketamine application and was given 
every 2 hours on average. The anesthesia was repeatedly and carefully controlled by 
monitoring the cortical electrical activity. The end-tidal C02 level and the rectal 
temperature were kept constant at 3.5-4.5% and 37-38 °C, respectively. The corneas 
were covered with unpowered contact lenses after the administration of phenylephrine and 
atropine eye-drops. The cortex around the anterior ectosylvian sulcus was exposed on the 
right side by removing the bone and the dura mater. Warm agar-agar protected the 
surface. The fundus of the contralateral (left) eye was projected onto a screen placed at 
a distance of 57 cm in front of the cat’s eye. The position of the area centralis was drawn 
on the screen by reflection. The screen was then replaced by a TV set centered on zero 
azimuth. The ipsilateral eye was covered during the experiments. PR-VEPs were recorded 
with stainless-steel fiber-filled glass semi-micropipettes penetrating the cortex along the 
anterior ectosylvian sulcus. All cortical entrance points of the penetrations are presented 
in Fig. 1. Reference electrode was put on the nuchal muscles. The impedances of the
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microelectrodes ranged between 100 and 500 kn. Visual activity was assessed by 
producing a moving light stimulus in front of the cat's eye and recording of the evoked 
potentials was performed in the area found most sensitive to visual stimuli (see shaded 
area in Fig. 1C. The VEPs were elicited by the reversal of a vertical black-and-white 
grating pattern generated on the screen of the TV set under computer control. The pattern 
subtended an angle of 45 degrees of the visual field. The contrast (C) (if this was not the 
subject of change) was 75% (C=(Lmax-L min)/(Lmax+LmJ .  where Lmax is the luminance of 
the light stripes, while Lmin is that of the dark stripes). The retinal illumination was varied 
between light density levels of 117 and 2x10‘2 cd/m2 in four steps by introducing 
neutral density filters. There was at least a 1 О-minute interval between the display of two 
different luminance levels in order to allow adaptation. The SF of the stimuli was varied

Fig. 1: The position of the penetrations along the anterior ectosylvian sulcus. The area 
explored is shown in insert A as well as in В in higher magnification. Serial number of 
the cats and that of the penetrations is indicated at every penetration points (B). The angle 
and the debth of the penetrations is presented in a vertical sections (C). Abbreviations: 
SUPSA—superior suprasylvian sulcus, ECSA—anterior ectosylvian sulcus.
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between 0.025 and 3.5 cycles per degree (c/d) of visual angle in a pseudo-random mode. 
The reversal rate of the black and white stripes was 1.2 Hz. One-hundred responses were 
averaged; 500 msec long epoches were analyzed. Latencies of the PR-VEPs were 
measured at the peak of the first positive component (P 1 ). and the amplitude at the P 1 -N 1 
interpeak amplitudes (the difference in voltage between PI and the first negative 
component (N1)). Statistical analysis was performed by using one-way analysis of variance 
(ANOVA). A probability (p) of less than 0.05 was considered significant. The Statistical 
Graphics System "Statgrafics" software package was used to perform ANOVA.

RESULTS

A representative series of PR-VEPs recorded at five SFs and four mean luminance 
levels over the AEV exhibited a consistently appearing large positive-negative deflection 
(Fig. 2). This was occasionally preceded by an early negative wave. This configuration is 
largely similar to that recorded over the striate cortex by Creutzfeldt and Kuhnt (1973); 
merely the secondary oscillations after the primary waves seemed more pronounced in the 
AEV. It was not possible to record reproducible PR-VEPs with high SFs (0.2 and 0.6 c/d) 
at a luminance level of 0.02 cd/m2. The interindividual variability of the amplitudes of 
these transient evoked potentials was higher than that of the latency values. This coincides 
with data obtained on human experimental subjects (Oken et ah, 1987; Spafford and Lu, 
1989; Joost and Bach, 1990; McCulloch and Skarf, 1991).

The PR-VEP amplitudes

Figure 3 shows the relationship between the PR-VEP amplitudes and the logarithm 
of the SF. These curves display a "low- pass" character at every luminance level: in other 
words, the amplitude is rather high at low SFs and decreases monotonously at higher SFs. 
The lower the luminance level, the less steep was this curve. The SF resolution of the 
evoked potentials seems to be best at a luminance level of 13 cd/m2 and is weaker at 117 
cd/m2. The cut-off SF that may correspond to the "acuity" (just discriminable grating) of 
AEV is at around 1 c/d at photopic luminance levels and at around 0.6 c/d at a scotopic 
(0.02 cd/m2) luminance level.

The PR-VEP amplitudes increase linearly with the logarithm of the luminance level 
at lower SFs (below 0.2 c/d), while at higher SFs, as described above, a luminance-tuning 
can be seen. No significant differences were found between the luminance dependence
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Fig. 2: Representative PR-VEP tracings recorded at five different spatial frequencies 
(SFs) and at four different light densities. The curves are the averages of 200 repetition 
from one animal.

functions at 0.025 and 0.05 c/d stimulation (Fig. 4). At high SF (1 c/d) and low 
luminance level (0.02 cd/m2) PR-VEPs were not recorded.

The PR-VEP latencies

There was a significant relationship between the PR-VEP latencies and the 

logarithm of SF (Fig. 5). The relationship of the latency values to the SF seems to exhibit 
linearity, and the curves therefore run fairly parallel. The minimal latencies were found
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Fig. 3: Spatial frequency dependence of the Pl-Nl interpeak amplitude at four different 
light density levels. The curves represents the mean and standard error (SE) of seven 
animals. Abbreviations: c/d—cyclus/degree, cd/m2—candela/square meter.

at around 0.05 c/d SF at every luminance level. On increase of the SF over this value, the 
latencies increased monotonously. There was no significant difference between the 
latencies recorded at 117 and 13 cd/m2 luminance levels.

However, there was a significant relationship between the logarithm of the 
luminance level and the latencies at each SF (Fig. 6). As described for humans (Mansfield, 
1973; Froehlich and Kaufman, 1991), the lower the luminance level, the longer the 
latencies. The luminance dependence of the latencies was similar, independently of the 
SFs. At a luminance level above 13 cd/m2, the curves displayed a saturation phenomenon. 

At high SF (1 c/d) and low luminance level (0.02 cd/m2) PR-VFPs were not recorded.
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Fig. 4: The luminance dependence of the P l-N l interpeak amplitude at six different SFs 
(mean of seven animal + SE). Abbreviations: c/d—cyclus/degree, cd/m2—candela/square 
meter.

Contrast dependence

A significant relationship was obtained when the PR-VEP amplitudes were studied 
versus the contrast of the stimuli (Fig. 7). The AEV displayed a contrast threshold of 
around 0.3, i.e. we were not able to record reproducible PR-VEPs by delivering stimuli 
under this contrast level. Between contrast levels of 0.4 and 0.5, the amplitude of the 
response showed a steep increase. Above a contrast level of 0.5, however, saturation was 
found in the curve. No significant relationship was obtained between the contrast level and 
the PR-VEP latency values.
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Fig. 5: The latency of the PI as a function of log SF at different luminance levels (mean 
of 7 animals + SE). Abbreviations: c/d—cyclus/degree, cd/m2—candela/square meter.

DISCUSSION

Visual information processing can be regarded as a transformation of the retinal 
picture into spatial and temporal frequency bands (Burr et ah, 1986). Accordingly, the 
visual system may function as a Fourier transformer which has separate channels, tuned 
for different spatial and temporal frequency bands (Campbell and Robson, 1968; Campbell 

and Maffei, 1970; Maffei and Fiorentini, 1973; DeValois et ah, 1979; Berkley, 1990). 
These considerations provide a reason for comparison of the SF dependences of different 
cortical areas. Indeed, several reports have appeared on the SF characteristics of A17 and 
several extrastriate visual areas (Dean, 1981; Pinter and Harris, 1981; Tolhurst and 
Thompson, 1981 ; Morrone et ah, 1986; Frishman et ah, 1987; Zumbroich and Blakemore, 
1987; Zumbroich et ah, 1988; Guido et ah, 1989; Gizzi et ah, 1990; Hammond and
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Pomfrett, 1990). These studies demonstrated the presence of various "band-pass", 
"low-pass" and "high-pass" SF tuning curves from the different cortical areas. A17 was 
found to have a "band-pass" type tuning of the SFs, with a preference for a narrow band 
of SFs, attenuation at low frequencies and a cut-off frequency in the high-frequency 
range. This type of frequency tuning was also found to be characteristic for the majority 
of cells in the lateral suprasylvian visual area (LS) (mainly in the posteromedial lateral 
suprasylvian visual area (PMLS)) (Morrone et al., 1986; Gizzi et al., 1990).
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Fig. 6: Effect of increased luminance level on the latency of the PI wave (mean of 7 
animals + SE). Abbreviations: c/d—cyclus/degree, cd/m2—candela/square meter.
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The SF dependence of the AEV differs from that of both A 17 and the extrastriate 
areas (Morrone et al., 1986; Zumbroich and Blakemore, 1987; Gizzi et al., 1990; 
Hammond and Pomfrett, 1990). The SF tuning curve of the AEV shows "low-pass" 
characteristics. This means that the AEV is rather sensitive to the very low (below 0.1 
c/d) SFs, and the cut-off frequency is also rather low. The optimal SF in the AEV is at 
around 0.05 c/d, where PR-VEPs with the largest amplitude and the shortest latency 

values were found. These findings are in line with previous single-unit studies with 
drifting grating stimulation in this area (Hicks et al., 1988). This optimal SF is much 
lower than that of A17 (0.77 c/d) (Zumbroich and Blakemore, 1987) or the LS (between
0.1 and 1 c/d) (Morrone et al., 1986; Zumbroich and Blakemore, 1987). The SF tuning 
curves of the AEV, however, are in the same range of SF as that found for the SC 
(0.05-0.1 c/d) (Zumbroich and Blakemore, 1987). This is in line with the anatomical data 
of Mucke et al., 1982; Norita and Katoh, 1986; that the SC is one of the two main inputs 
of visual information towards AEV.

Q2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
C o n t r a s t

Fig. 7: The contrast dependency of the Pl-N l interpeak PR-VEP amplitude (mean of 7 
animals + SE).
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The upper cut-off frequency of the AEV was found by us at around 1 c/d under 
photopic circumstances. Under scotopic conditions, this upper cut-off frequency was at 
around 0.6 c/d. These values are far lower than those observed in the case of A17 (around 
3.5 c/d), the LS (2.1 c/d) or even the SC (around 2.2 c/d) (Zumbroich and Blakemore,
1987).

The finding that the AEV tends to prefer a very low SF range seems to provide 
an interesting contrast to early physiological observations on a preference in this area for 
small stimuli moving in a huge receptive field (Mucke et al., 1982; Benedek et al., 1986). 
Later, cells with a preference for large moving stimuli were also described (Benedek et 
al., 1988; Hicks et al., 1988). These latter observations, however, were obtained not with 
stationary stimuli, but with fast moving ones.

The AEV seems to respond more intensively to stimuli with higher contrast than 
to low-contrast stimuli. The minimal contrast (0.3), i.e. the threshold for a PR-VEP to be 
evoked from the AEV, is much higher than that for either the LS or A17 (Morrone et al., 
1986). The SC, which is one of the structures providing the major input towards the AEV 
via a Y-pathway, has a lower contrast threshold, of around 0.1 (Morrone et al., 1986). No 

data have appeared about the contrast dependence of the extrageniculate thalamus, which 
provides the other main visual input of the AEV. The saturation level of the AEV is 
around a contrast value of 0.5, which is higher than that of A17 and the LS, but again 
falls in the range of saturation of the SC (0.4) (Morrone et al., 1986).

It seems a general phenomenon that the lower the stimulating luminance level, the 
longer the latencies and the smaller the amplitudes observed over the visual areas of the 
cat. This is in line with the data obtained in experiments with healthy humans. The 
latency of the visual evoked potentials in the AEV seems to consistently exceed that 
recorded in A 17, irrespectively of the stimulating SF. This yields parallel latency functions 
for the SF tuning of the two areas in question. The longer latencies of AEV as compared 
to those of A 17 may suggest that the AEV has a more complex, connectional pattern than 
A17.

To summarize, the AEV seems to reveal response properties that are unique in the 
feline cortical visual system. It displays characteristics different from either the striate 

cortex or the earlier-described extrastriate ones, but the properties found by us largely 
resemble the characteristics of the SC. This phenomenon can be treated as further 
evidence in favour of a separate, tecto-extrageniculo-extrastriate visual pathway, operating
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fairly independently of the geniculo-striate one. The physiological properties described, 
the low-pass filter properties of the spatial frequency tuning, the sensitivity to high 
contrasts and the luminance dependence add data to Trevarthen’s concept (Trevarthen, 
1968) on the "ambient vision" of primates and man.
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VIMENTIN PERSISTS 
IN THE MATURE GLIA OF FISH BRAIN

M. Kálmán

1st Department of Anatomy, Semmelweis University of Medicine, 
H-1450 Budapest, Tűzoltó u. 58, Hungary

Summary: Adult carp brains were processed for immunohistochemical
staining against vimentin and glial fibrillary acidic protein. The shape, 
density and distribution of immunopositive structures were found to be very 
similar with both types of antibody. Thus, it appears that vimentin, the 
cytoskeletal protein typical for immature glia in the early phase of 
ontogenesis in mammals can also be demonstrated in the adult glia of the 
phylogenetically older fish brain.

Key words: vimentin, glial fibrillary acidic protein (GFAP), glial
development, fish brain

INTRODUCTION

Vimentin, which was described originally in fibroblasts, is a characteristic 
cytoskeletal protein during a definite stage of development of mammalian glia (Dahl et 
ah, 1981). Later, vimentin gradually decreases, while glial fibrillary acidic protein (GFAP) 
accumulates. These phenomena progress in parallel with the transformation of radial glia 
into stellate-shaped cells (Dahl, 1981; Pixley and de Vellis, 1984; McDermott and Lantos,
1989). A similar but incomplete process takes place in the reptilian and avian 
neurohistogenesis: numerous long and straight glial fibers persist as remnants of radial 
glia, and vimentin persists in more areas (Tapscott et al., 1981; Onteniente et al., 1983; 
Pixley and de Vellis, 1984; Roeling and Feirabend, 1988; Monzon-Mayor et al„ 1990; 
Yanes et ah, 1990).
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In lower vertebrates (fishes and amphibia) the glial system is represented by long 
and straight fibers resembling the early embryonic glia of higher vertebrates (King, 1966; 
Stensaans and Stensaans, 1968; Körte and Rosenbluth, 1981; Onteniente et al., 1983; 
Miller and Liuzzi, 1986; Naujoks-Manteuffel and Roth, 1989). The GFAP has similar 
immunological characteristics in the different groups of vertebrates: cartilaginous and bony 
fishes, reptiles, birds and mammals (Dahl and Bignami, 1973; Onteniente et al., 1983; 
Dahl et al., 1985).

These facts raise the question, whether the piscine adult glia which resembles in 
appearance the embryonic type of mammalian glia, contains persistently vimentin.

MATERIALS AND METHODS

Adult carps (Cyprinus carpio L.), five of either sexes, were decapitated after 
cooling, the brains were removed from the skull and fixed in 4% paraformaldehyde 
dissolved in phosphate buffer (0.05 M, pH 7.4). After a 48-h fixation and a 24-h washing 
in phosphate buffer the brains were embedded in agar and sectioned by a Vibroslice 
vibrating microtome (70 pm thickness). Parallel series os sections were processed for 
either vimentin or GFAP immunostaining or cresylviolet staining according to Nissl. Anti- 
vimentin monoclonal mouse antibodies were prepared by Viklicky and co-workers, Prague 
(Lukas et al., 1989). Anti-GFAP monoclonal mouse antibodies were purchased from 
Boehringer (Mannheim). Sections were preincubated for 5 min in 3% H20 2 and for 1.5 h 
in 20% normal goat serum to suppress nonspecific reactions. Three rinses in phosphate 
buffer followed every step. Primary antisera, anti-vimentin and anti-GFAP were diluted 
1:1000 and 1:100, respectively, in phosphate buffer containing 0.5% Triton-X 100 and 
were applied for 40 h at 4 °C. Then the sections were incubated with biotinylated anti
mouse immunoglobulin and with streptavidin-horseradish peroxidase complex (Amersham), 
each in 1:100 dilution, for 1.5 hours at room temperature. The immunocomplex was 
visualized by diamminobenzidine reaction. No diaminobenzidine reaction product was 
observed if the primary antibodies were omitted from the incubation medium.

In the terminology of the description of fish brain we followed Ariens Kappers and 
co-workers (1960).

RESULTS

A strong immunostaining against both vimentin and GFAP was observed
throughout the fish brain. Generally, the GFAP-immunopositive structures proved also to
be positive to vimentin and vice versa as demonstrated in the following representative
brain regions. A detailed mapping of immunopositivity is the topic of a forthcoming 
paper.
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In the brain stem, the most spectacular immunostaining was seen in the vagal lobes 
(lobi vagi) with characteristic straight, thick fibers toward the ventricular surface (Figs. 
1,2). The glial fibers formed strong sheaths and septa, immunopositive for both vimentin 
and GFAP, around and between the nerve tracts of brain stem (not shown in figure). In 
the cerebellum the glial fibers of molecular layer resembled the Bergmann-glia of higher 
Vertebrates although their arrangement was far less regular (Figs. 3, 4). Immediately 
below this layer, the fibers were tangled, forming a dense network, quasi an equivalent 
of the strong GFAP-immunopositive glia of the granular layer of avian and mammalian 
cerebellum. The density of vimentin-immunostained fibers usually seemed to be less than 

that of GFAP-positive ones. In the facial lobe (tuberculum impar n. facialis) we found

Figs. 1, 2: Similar areas of the vagal lobe immunostained against vimentin (Fig. 1) or 
GFAP (Fig. 2). Arrows are oriented to the ventricular surface. Bars represent 100 gm.
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the best specimens of perivascular glia: straight fibers following the blood vessels (Fig. 
5). These fibers proved to be immunopositive for either vimentin or GFAP. Vimentin- and 
GFAP-positive radial fibers directed from the brain surface towards deeper zones were 
frequently seen, for example around the 3rd ventricle (Figs. 6, 7), in the optic tectum and 
in the lateral lobes.

A similar arrangement of glial fibers could be observed in the telencephalon (Fig. 
8) so that their pattern resembled that observed in the mammalian telencephalon in the 
early phase of development.

Figs. 3, 4: Similar areas of the carp cerebellum immunostained against vimentin (Fig. 3) 
or GFAP (Fig. 4). M, G—molecular and granular layers, respectively. Bars represent 
100 /rm.
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Fig. 5: A detail of the facial lobe immunostained against vimentin. Arrowheads show glial 
fibers along the blood vessels. Bar: 50 дгп.
Figs. 6, 7: The bottom of the 3rd ventricle immunostained against vimentin (Fig. 6) or 
GFAP (Fig. 7). Note the fibers curving from the surface toward the ventricle (V). Bars 
represent 200 д т .

DISCUSSION

In conclusion, we found that vimentin, the cytoskeletal protein of the immature glia 
of developing brain in mammals and birds (Dahl, 1981; Dahl et al., 1981; Tapscott et al., 
1981 ; Pixley and de Vellis, 1984; McDermott and Lantos, 1989) can also be demonstrated 
in the adult glia of the phylogenetically older brains of Teleostei, even in the adulthood.
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Vimentin immunopositivity was found in goldfish (Carassius auratus), in the optic 
nerve (Jones et al., 1986) and also in the optic tectum (Cardone and Roots, 1990). 
Recently, Rubio et al., (1992) have reported the occurrence of vimentin immunopositivity 
in the posterior rhombencephalon or the iberian barb (Barbus comiza). Our studies indicate 
that vimentin is expressed regularly throughout the carp brain. The vimentin and GFAP 
immunopositivities have nearly identical distributions. A similar finding has been published 
by Zamora and Mutin ( 1988) who investigated the spinal cord of an Urodele (Pleurodeles 
waltli). The system of the radially oriented glial fibers of carp brain resembled some 

embryonic glial patterns of the equivalent regions of higher Vertebrates (Levitt and Rakic, 
1980; Hajós and Based, 1984; Pixley and de Vellis, 1984). The similar patterns of 
vimentin and GFAP immunopositivities suggest a coexistence of these proteins in the carp 
brain. Some differences indicate, however, for example in the cerebellum, that the 

coexistence is not a general obligation.
The persistence of vimentin in the piscine glia may be associated with the 

preservation of regenerative capacity and morphological plasticity of fish brain which 
features are restricted in higher Vertebrates (Maggs and Scholes, 1986). In adult 
mammalian brain there are also several regions where morphological plasticity takes place 
under physiological conditions and where astrocytes were shown to contain vimentin, for 
example the supraoptic nucleus of rodent hypothalamus (Bonfanti et al.. 1993).

Fig. 8: A detail of telencephalon immunostained against vimentin. Note the dense pattern 
of straight fibers (arrowheads). Bar: 200 д т .
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OF THE CONVULSIVE MEMBRANE
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Summary: A computer model of the convulsive membrane was built up by 
combining the H-H equations of normal ionic currents with a pathological 
current flowing through calcium channels and carrying sodium ions. Thus any 
form of paroxysmal depolarization shift could be simulated, by varying two 
rate constants and potassium conductance. The simulated PDSs are initiated by 
a minimal conductance pulse and terminate spontaneously according to the 
inherent rules of the model system. The program is written in Turbo-Pascal 
language and can be run on any PC.

Key words: computer simulation, ionic currents, paroxysmal depolarization 
shift

INTRODUCTION

Since the basic discovery of Matsumoto and Ajmone-Marsan (1969), according to 
which the central phenomenon of the epileptic electrogram is the so called paroxysmal 
depolarization shift (PDS), the investigation has centered around the nature of the membrane 
defect, which leads unavoidably to this long-lasting depolarization, disorganizing the fine 
coordination of the central neural activity. It seemed obvious from the beginning, that the
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abnormal electrical activity relies upon abnormal ionic permeabilities, present in the 
membrane. On the basis of fundamental studies of Connor and Stevens (1971a, b); Williamson 
and Crill (1976a, b); Ducreux and Gola (1975); it turned out, that the elementary conditions 
of the convulsive state consist in i) decrease of the potassium conductance and ii) appearance 
of a slowly inactivating inward current, transmitted by voltage dependent cationic channels 
having slow kinetics.

Valuable support has gained this theory from observations on Molluscan neurons. As 
it was reported by Smith et al. (1975), bursting pacemaker activity in the snail is 
substantiated by a slow inward current, carried mainly by sodium ions. Heinemann et al. 
(1977), were the first to emphasize the importance of calcium ions in the chemically induced 
paroxysmal phenomena. Swandulla and Lux (1985) suppose, that such a current can be 
activated by elevating the intracellular calcium concentration. On invertebrate and vertebrate 
neurons Walden et al. (1986, 1988a, 1988b) have provided ample evidence, that calcium 
channel blockers (inorganic and organic ones) effectively reduce paroxysmal discharges. Our 
own experiments (Fehér et al., 1982, 1988; Papp et al., 1990, 1991) on Helix metacerebral 
ganglion cells have shown, that pentylenetetrazol (PTZ), this well known convulsant, 
depresses potassium conductances (IA and IK, to different extent), induces the appearance of 
a slow inward current, carried mainly by sodium ions and blockable by calcium channel 
blockers. It was supposed by us, that PTZ exerts its convulsive action by impairing calcium 
channels, which loose their specifity to calcium ions, begin to transmit sodium, but retain 
their slow kinetics. The same is not excluded in case of potassium channels, too. Thus, a new 
kind of current begins to flow in maybe a restricted area of the neuronal membrane, but 

being able to disturb the normal relations between different parts of the neuron. This acts on 
the output of the convulsive cell and destroys the genetically and physiologically determined 
pathways of inhibition and excitation.

Besides the extensive physiological work, directed to clear up the origin of the PDS, 
a good number of mathematical and computer models were constructed (Connor and Stevens, 
1971; Ducreux and Gola, 1975; Traub, 1979; Fehér et al., 1982) to help the experimental 
work or in order to integrate our knowledge about this process.

Our computer model is an attempt to describe the convulsive state at two levels: in



Convulsive membrane model 57

the neuronal membrane and in the whole neuron, consisting of many interactive 
compartments. In this paper the membrane model will be dealt with in detail.

METHODS

The basis of the model relies upon the kinetics constructed by Hodgkin and Huxley 
(1952) for the squid axon and modified by Traub (1979) for neocortical pyramidal cells. The 
rate constants, equilibrium potentials, ion-channel densities of the normal membrane were 
taken over from his paper, with minimal modifications. As inward currents sodium and 
calcium currents were built in and additionally a slow and slowly inactivating non-specific 
current, constructed by us, for the convulsive membrane. Active outward currents were 
lumped into a potassium current, having the well known kinetics. A voltage independent 
leakage current has a -5  mV equilibrium potential as related to the resting membrane 
potential. The numerical integration was performed by making use of the Runge-Kutta 
method.

The equations and functional parameters used in simulation of the normal membrane 
were as follows:

Im- I c+Ii
lN a= gN am 3h ( E M- E Na)

1к=йкП №m-E k)

Î_ ^Na+^Ca+^K+lL 
Ica= 8 c a C S(E M“ E Cil) 

1|=Й[.(ЕМ-Е 1)

H-H rate constants were the following:

am=0.6 ( 13-V)/(exp (( 13-V)/5)-l ) 
Pm=0-35 (exp ((7.5-V)/20) 
ah=0.098 (30-V)/((exp (30-V)/6)-l) 
ß„=0.05 (45-V)/(exp ((45-v)/10)-l) 
an=0.014 (exp ((-25-V)/20)

ß„=0.5 (V-45)/(exp ((V-45)/5)-l) 
ac=5/(exp ((37.5-V)/10)+l) 
ßc=0.14 exp ((5-V)/80) 
a =0.01 (V-15)/(exp ((V-l 5)/10)-1 ) 
ß =0.2/(exp ((45-V)/10)+l)

Ion-channel densities (i.e. conductances calculated for unit membrane area) were as 
follows: gNa: 300 mmho/cm2, gCa: 40 mmho/cm2, gK: 60 mmho/cm2, for the normal 
membrane, gL: 1.5 mmho/cm2. The equilibrium potentials of the ion species were: ENa: 125 
mV, ECa: 140 mV, EK: -10 mV, EL: -5 mV. The convulsant drug was supposed to depress 
potassium conductances to the half. A brief (0.2 ms) conductance pulse served as stimulus.
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RESULTS AND DISCUSSION

Simulation o f  the convulsive membrane

As it was mentioned earlier, the convulsive state has two prerequisites: i) depression 
of potassium conductances, and ii) a slow and slowly inactivating inward current, lacking 
ionic specificity. Since the overwhelming majority of the experimental models of epilepsy 
relies upon application of chemical convulsants, the binding and dissociation of drugs to and 
from the ionic channels has been included into the model. If gNK is the density of ionic 
channels attacked by the convulsant, a monomolecular reaction between the channel protein 
and receptor can be described by the equation:

dgNK/dt=kgNK (1)

at a given concentration of the drug where к is the association constant of the drug, gNK 
represents the density of calcium channels attacked by the convulsant at zero time expressed 
in terms of conductance. Its rate of change in time can be described by this monomolecular 
reaction.

In view of the dissociation of the convulsant, the data of Ulbricht and Wagner (1976) 
were taken into account. They report, that the dissociation of 4-aminopyridin from potassium 
channels of the frog Ranvier node is dependent of the time integral of depolarization. For our 
model this was formulated in the equation:

PgNKV(t)=-dgNK/dt (2)

where p is the dissociation constant, and V(t) is the absolute value of depolarization as related 
to the resting membrane potential.

The kinetics of the slow inward current was borrowed from the calcium channels. It 
was complemented with the kinetics of the drug association and dissociation. The 
electrochemical potential of the sodium was used as electromotive force, because, according 
to our results (Papp et ah, 1990, 1991) this current is carried mainly by sodium ions. The 
equation of the slow inward current in its final form is thus:

INK=gNKc‘'s t exp (kt-pJV(t)dt)] (EM-ENa) (3)

where gNK is the number of channels per square д т  bound by the convulsant at zero time 
of computation. The H-H equations of the normal membrane has to be complemented with 
INK in order to reach simulation of the convulsive membrane.
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Fig. 1: Simulation of different types of paroxysmal depolarization shifts as determined by 
the association constant (k), potassium conductance (gK) and initially occupied calcium 
channels (NK). The amplitude of full blown spike potentials is 100 mV, the duration of PDSs 
is 4 ms.
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Fig. 2: Membrane potential changes and ionic currents flowing during three different types of paroxysmal
depolarizations. V: membrane potential, INa: sodium current, ICa: calcium current, IK: potassium current, INK: non
specific inward current.
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During PDS, the number (density) of calcium channels, occupied by the convulsant 
increases on the expenses of the previously normal ones, with a kinetics determined by the 
association constant. Simultaneously it decreases with a rate regulated by the dissociation 
constant, so that by the end of PDS the number of impaired calcium channels returns to its 
initial value. The interplay of association and dissociation of convulsant determines the 
strength of the non-specific inward current and consequently the time course and duration 
of PDS.

If the set of equations of normal ionic currents is complemented with INK, by suitable 
choice of its variables, any form of PDS can be simulated.

In Figure 1A to D simulations of the convulsive membrane are presented at different 
values of the association constant (k), potassium conductance (gK), and number of initially 
occupied calcium channels (NK). With appropriate choice of these variables any form of PDS, 
observable in intracellular records can be simulated, beginning with a somewhat elevated 
firing up to the PDS with smooth plateau and total sodium spike inactivation. In these 
simulations the full blown spike potentials have 100 mV amplitude and every record lasts for 
4 ms. In Figure 1A the association constant is varied from zero to 0.20, at almost normal 
potassium conductance (gK=53) and at 18 initially occupied calcium channels//um2. In Figure 
IB the same is done but at lower potassium conductance. This leads already at k=0.12 
association constant to fast sodium inactivation. In Figure 1C the effect of lowering of 
potassium conductance is exemplified. At normal (60 mmho/jum2) potassium conductance PDS 
can not be provoked. At 53 mmho//im2 relatively low association constants provoke high 
frequency discharge of normal spikes; further diminution of potassium conductance leads 
rapidly to smooth PDS. In Figure ID the initial decrease of calcium channels caused by the 
drug (NK) is varied from 12 to 20 at middle size of association constant and potassium 
conductance. This leads also to rapid sodium inactivation. The dissociation constant was held 
throughout at constant value. Its variation influences only the length of PDS without acting 
on the discharge pattern.

The model gives opportunity to visualize and analyze all the currents underlying to 
PDS, in correlation with membrane voltage and changes in occupancy of calcium channels 
or in potassium conductance. In Figure 2 the component ionic currents and the consecutive 
membrane potential changes are presented during three different types of paroxysmal 
depolarization.

Sodium, calcium, potassium currents and non-specific inward current (NK) are plotted. 
Their highly synchronized time courses show,that paroxysmal depolarization is governed by 
voltage dependent ionic channels, therefore its onset, duration and termination is determined 
by the inherent rules of a pathological circulus vitiosus.
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Summary. Immunohistochemical studies prove that most of the neurons of 
the central nervous system express one or more protein kinase C 
isoenzymes. However, there are only a few descriptions of the glial 
localization. In the present study, we detected protein kinase C 
immunohistochemically in guinea pig sensory neocortex, hippocampus and 
hippocampal slices following in vitro maintenance. Monoclonal antibodies 
against types II and III of protein kinase C were used. Consecutive 
sections were stained with polyclonal anti-glial-fibrillary-acidic protein 
serum. Scattered astrocytes contained protein kinase C in layers I and VI 
of the cerebral cortex, in the subcortical white matter, the subiculum, 
alveus and molecular layer of Ammon’s horn, in the hilus and molecular 
layer of the dentate fascia. Ultrastructurally, immunostaining of glial 
processes in the neuropil and around blood vessels was observed. Strong 
staining of the endoplasmic reticulum and nuclear envelope was noted in 
glial cell bodies. The ultrastructural localization of protein kinase C 
suggests its participation in receptor-mediated processes, which may 
influence the shape and function of astrocytes.
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INTRODUCTION

Protein kinase C (PKC) plays an important role in receptor-mediated biochemical 
pathways. It can be activated by 1,2-sn-diacylglycerol (DAG) and arachidonic acid, which 
are generated by the receptor-mediated hydrolysis of phosphatidylinositol 4,5 biphosphate 
(PIP2) (Kishimoto et al„ 1989). Whilst the biochemical machinery of PKC activation is 
similar in a variety of cells (Shearman et al., 1989), different outputs of the regulation 
are achieved by the differential localization patterns of the isoenzymes of PKC. The 
specific activity of the four subspecies or isoenzymes (alpha, ßl, II, gamma) showed 
obvious regional differences in the rat brain (Ase et al., 1988). Immunohistochemical 
localization of the isoenzymes proved that neocortical neurons expressed the four 
subspecies variously: the most numerous being those which were stained with the 
anti-ßll-PKC serum (Tsujino et al, 1990).

However, there are only a few descriptions dealing with the localization of PKC 
in glial cells. The PKC-like immunoreactivity (PKC-IR) of Oligodendroglia cells was 
described at the level of the light microscope (Girard et al., 1985). With the help of 
monoclonal antibodies, PKC immunostaining was localized not only in neurons but also 
in astrocytes (Mochly-Rosen et al„ 1987). Recently, it turned out that monoclonal 
antibodies against type III PKC (which corresponds to the subspecies alpha—(Kishimoto 
et al., 1989) stained exclusively astroglial cells in the human brain (Todo et al., 1990) and 
rat optic nerve (Komoly et al., 1991). On the other hand, the same antibody did not stain 
glial cells in mouse central nervous system (CNS) (Todo et al., 1990). In the present 
experiments, we localized PKC isoenzymes in the neocortex and allocortex of the adult 
guinea pig. Furthermore, we performed in vitro experiments when slices of the 
hippocampus were maintained in oxygenated incubation medium. Since this in vitro 
model is an important object of neurophysiological and pharmacological experiments, we 
intended to describe the astrocytic PKC-staining in detail.
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MATERIALS AND METHODS

Two adult male guinea pigs were anesthetized with Nembutal (50 mg/kg) given 
intraperitoneally, then perfused through the heart with 4% paraformaldehyde, 0.1% 
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brain was removed, postfixed for 
6 hours and 40<дт thin coronal sections were cut with vibratome, between the 
approximate stereotaxic coordinates anterior 7.8 mm and 5.8 mm (Luparello, 1967). The 
sections were washed in phosphate-buffered saline (PBS, pH 7.4) overnight, treated with
0.5% sodium borohydride in PBS (Willingham, 1983) and processed for 
immunohistochemistry.

We used monoclonal antibodies (MC5, RPN 536, Amersham) directed against 
bovine brain-PKC. This antibody recognizes the a and ß species of PKC which 
correspond to types III and II in hydroxy-apatite chromatographic subfractions 
(Kishimoto et al., 1989). The antibody was diluted in PBS, containing 10% normal horse 
serum. Free-floating sections were incubated with the antibodies ( 1:50 dilution) for 40 
hours at 4 °C with constant agitation. The reaction was visualized with 
avidin-biotin-peroxidase detection system (Hsu et ah, 1981) using diaminobenzidine-HCl 
as chromogen. Endogenous peroxidase activity was not inhibited. The biotinylated 
antibody was diluted to 1:200 in PBS, containing 0.1% bovine serum albumin. The 
sections were incubated for 2 hours at 4 °C with constant agitation. For light 
microscopy, the sections were mounted on gelatinized slides, dehydrated and coverslipped. 
Control sections were incubated in mouse IgG, diluted to 1:50, or in normal horse serum 
diluted to 1:10. The biotinylated antibody, the ABC reagent and the normal horse serum 
were manufactured by Vector (Burlingame, Calif. U.S.A.)

Consecutive vibratome sections were incubated with polyclonal
anti-glial-fibrillary-acidic-protein (anti-GFAP) antibodies (DAKO) diluted to 1:300, 
visualized with the avidin-biotin-peroxidase method using 3-amino-9-ethylcarbazole (AEC) 
as a substrate. The PKC- and GFAP-containing cells were plotted at a lOOx 
magnification with the help of an xy plotter. No counting procedures were applied. No 
ultrastructural studies were performed.

Four adult male guinea pigs (400-600 g) were killed by a blow to the neck, the 
brain was quickly dissected, both hippocampuses were removed and kept in ice-cold 
incubation solution during sectioning. 400<дт thick transverse slices were cut with 
vibratome and placed in the oxygenated incubation medium (in mM: 124 NaCl; 5 KC1; 
2 CaCl2; 2 MgS04; 1.25 NaH2P04; 26 NaHC03; 10 glucose: 95% 0 2; 5% C02; pH 
7.3-7.4). This method of slice preparation and maintenance has been regularly used in 
our laboratory (see e.g. Kuhnt et al., 1988).

The slices were kept at 24 °C for 1 hour, then fixed in 4% paraformaldehyde,
0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 4-6 h. Vibratome sections 
(40<дт thick) were cut parallel with the plane of the slice, washed in several changes 
of PBS for 6-8 h, and treated with 0.5% sodium borohydride (Willingham, 1983) in PBS. 
Regularly the first two sections were discarded, because the superficial layer of the slice 
contains damaged cells. This is the consequence of the preparation procedure (Tseng et 
ah, 1987). Free-floating sections were incubated with the anti-PKC antibodies as
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described above. No GFAP detection was performed. Altogether 16 slices (4 from each 
animal) were processed for immunohistochemistry.

For electron microscopy, the sections were treated with 1 % 0 s 0 4, dehydrated and 
flat embedded in Durcupan. Following light microscopic photography, the sections were 
reembedded in gelatin capsules, the appropriate areas trimmed and ultrathin sections were 
cut parallel with the surface of the block. These sections were mounted on 
formvar-coated single slot grids, some of them were stained with lead citrate, and 
observed in a Zeiss EM 100 electron microscope.

RESULTS

Scattered glial cells contained PKC-IR in layers I and VI of the neocortex (Figs, 
la  and 3a). Fine, thread-like (0.5-l<gm thick) processes containing PKC-IR were 

observed in layer I (Figs, la and 3a) and in the alveus of the hippocampus (Fig. 3a). 
Several immunostained glia-like cells were present in the subcortical white matter (Figs, 
lb  and 3a), where they were more numerous than those containing GFAP 
immunoreactivity (Figs, la  and d). On the contrary, the grey matter of the neocortex 
contained more GFAP-positive than PKC-containing cell bodies (Fig. lc).

In the hippocampus glial PKC-IR was encountered in the alveus, fimbria and in 
the molecular layer of Ammon’s horn (CA) and dentate fascia (FD) (Figs. 2a, b and 3a). 
Although we did not count the cells, the number of GFAP-stained glial cells was larger 
than the number of cells containing PKC-IR. GFAP immunostaining was distributed more 
or less evenly in every part of the hippocampal formation (Fig. 3b). The fusiform glial 
cells of the dentate granular layer (Cajal, 1911), which stained well with GFAP antibodies 
(Fig. 2c) did not show PKC-like immunostaining.

In slices, maintained in vitro PKC-IR was found mainly in glial cells and their 
fiber-like processes (Figs. 4a, e). These glial cells were located in the white matter of the 
subiculum, alveus of the Ammon’s horn, fimbria, subgranular layer of the dentate gyrus 
and in the molecular layer of all parts of the hippocampal formation, close to the 

hippocampal fissure. In these areas not only glial cell bodies, but also numerous fiber-like 
processes exhibited strong PKC-IR (Fig. 4a). Some of these were attached to blood 
vessels (Fig. 4a). No immunoreactive glial cell bodies were seen in strata oriens, radiatum
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Fig. 1: Light microscopic localization of PKC-IR (a, b) and GFAP (c, d) in the neocortex 
of the adult guinea pig. Arrowheads point to immunoreactive glia-like cells, arrow to red 
blood cells. Bar: К Х кдт. Figs, la  and c show the immunoreactivity in layer I, Figs, lb  
and d the subcortical white matter. Note the abundance of PKC-containing cells (vl: 
lateral ventricle).
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and in the inner segments of the dentate molecular layer. Although we did not count the 
immunoreactive cell bodies, their distribution was similar in vivo and in vitro.

Ultrastructurally, swelling of glial cell bodies and glial processes were observed 
(Figs. 5, 6,). Sometimes, glial filaments could be observed in the cytoplasm. The glial 
cells exhibiting PKC-IR seemed to be astrocytes (Fig. 5a). PKC-IR was present in the cell 
body, and in the processes (Fig. 5). PKC-IR could be localized on the inner surface of 
the cell membrane, on the surface of the rough surface endoplasmic reticulum (rER) and 
perinuclear cistern (Fig. 5a). The glial processes were similarly stained, i.e. the reaction 
product was attached to the inner surface of the cell membrane and found scattered in 
the cytoplasm (Fig. 6). The perivascular endfeet were stained, too (Figs. 5, 6). However, 

no PKC-IR was detected in the endothelium and in the basement membrane (Fig. 6a). 
Pericytes contained diffuse cytoplasmic staining (Fig. 6a). We observed flattened 
segments of glial membranes, which were closely attached to each other and only tiny 
gaps (2-4 nm, as judged on the electron micrographs) were observed between them (Figs. 
5, 6). At these plaques strong PKC-IR was localized at the inner surfaces of both cell 
membranes. These gap junction-like structures could be seen mainly between the 
perivascular astrocytic processes (Fig. 6b), but rarely in the neuropil, too (Fig. 5).

PKC-IR was detected in few neurons in any part of the neocortex and 
hippocampal formation. Most of these hippocampal neurons were found in the strata 
oriens, radiatum and in the hilus of the dentate fascia. Occasionally, non-pyramidal cells 
containing PKC-IR were seen in the pyramidal cell layer of CA1 and CA2 (Figs. 2b and 
4b, d). Rarely, varicose fibers containing immunoreactivity were seen (Fig. 4c).

Fig. 2: Light microscopic localization of PKC-IR (a, b) and GFAP (c, d) in the 
hippocampus of the adult guinea pig. Arrowheads point to immunoreactive glial cells, 
a: Molecular layer of the FD and CAI (M). HF: Hippocampal fissure, b: Single neuron 
in CA1 (arrow) displaying PKC-IR (P: stratum pyramidale; R: stratum radiatum; LM: 
stratum lacunosum-moleculare). c: Fusiform glial cells (arrows) contain GFAP in the 
dentate granular layer (G). M: molecular layer, d: GFAP-containing astrocytes along the 
hippocampal fissure (M: molecular layer of FD). e: Control section incubated in diluted 
mouse IgG (bar; 100<дт).
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Sections incubated with mouse IgG or in diluted normal horse serum did not show 
immunostaining (Fig. 2e).

DISCUSSION

PKC is more abundant in the brain than in any other tissues (Kishimoto et ah, 
1989). Up to now three distinct fractions, types I, II and III have been separated with 
the help of hydroxyapatite column chromatography. The structure of each fraction has 
been determined by comparison with the enzymes that were separately expressed in cell 
cultures after transfection with the respective cDNA-containing plasmids (Kikkawa et al.,
1987). Type I corresponds to the subspecies encoded by the gamma sequence, type II 
is a mixture of the ßl and ßll subspecies, and type III has the alpha sequence. These 
types exhibit different modes of activation and kinetic properties, slightly different 
pattern of phosphorylation and calcium sensitivity (Kishimoto et ah, 1989). Their 
immunohistochemical localizations are different, too. Namely, types I and II are mainly 
neuronal, and there are abundant data about the light- and electron microscopic 
localization of the ßl and ßll subspecies in different structures of the CNS (Girard et al., 
1985; Wood et al., 1986; Mochly-Rosen et al., 1987; Stichel and Singer, 1988; Kose et 
al., 1988; Tsujino et al., 1990).

Our results are strongly indicating the presence of PKC in astrocytes. Although 

the perfused brains were not investigated under electron microscope, the similarities of 
size, shape and distribution of GFAP- and PKC-containing structures suggested that

Fig. 3 : Distribution of immunoreactive glial cells on sections stained with anti-PKC 
serum (a) and anti-GFAP serum (b). Each dot represents 3-5 cells. Empty arrows point 
to those parts of the section where PKC staining was observed in thread-like structures. 
(M, L, VL: medial, lateral and ventrolateral thalamic areas; PED: cerebral peduncle; ОТ: 
optic tract; mfb: medial forebrain bundle; V: third ventricle; F: fimbria; nc: caudate 
nucleus—after Luparello, 1967).
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they were astrocytes. Literature data are supporting our observations, proving the 
presence of PKC in glial cells both in cell cultures and in perfusion-fixed brains (Girard 
et ah, 1986; Mobley et ah, 1986; Mochly-Rosen et al., 1987; Hidaka et al., 1988; 
Murphy et al., 1988; Todo et al., 1990; Yong et al., 1991). Moreover, the observations 
of Todo et al. (1990) suggest that type III (alpha subspecies) of PKC is present in 
astrocytes. Our results are supporting the observations of Todo et al. (1990), since the 
monoclonal antibodies from clone MC5 can be blocked by pre-incubation with a 
synthetic peptide corresponding to the residues 296-309 of bovine PKC-alpha (Young 
et al., 1988). The neuronal staining obtained with this antibody is due to cross reaction 
with the ß-type PKC, since the 296-309 region is largely conserved in the ß forms as 
well (Ohno et al., 1987). This could be the explanation of the neuronal staining in the 
neocortex and hippocampus of the rat (Stichel and Singer, 1988). The fact, that the 
authors (Stichel and Singer, 1988) did not observe glial staining could be explained with 
a different tissue expression pattern in the rat. It has to be noted that monoclonal 
antibodies against type III brain PKC did not stain glial cells in the rat brain (Todo et 
al., 1990). In these experiments only astrocytes from the human brain were stained (Todo 
et al., 1990). The fact that we detected type III PKC in the astrocytes of the guinea pig 
indicated further diversities in the level of PKC expression between the rodent species. 
However, our results are strongly supported by the observations of Komoly et al. (1991),

Fig. 4: Light microscopic localization of PKC-IR in hippocampal slices. Bars: 100</rm 
(la) and 10<дт (lb-e). a: Astrocytes containing PKC-IR (arrows) in the white matter of 
the subiculum. Empty arrows point to blood vessels containing red blood cells (RBCs). 
Arrowheads point to glial processes attached to vessels, b: Neuronal PKC-IR in stratum 
radiatum of CA1 (arrows: dendrite), c: Varicose fiber (arrows) of unknown origin with 
PKC-IR in stratum moleculare of CA3. d: Neuronal PKC-IR in stratum pyramidale of 
CA1(R: stratum radiatum; ca: capillary containing RBCs; N: cell nucleus), e: Astrocytes 
containing PKC-IR in the white matter of the subiculum (A; cell bodies; arrowheads: 
processes).
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who described astrocytic immunoreactivity in rat optic nerve. The ultrastructural studies 
demonstrated PKC-IR in glial endfeet around blood vessels (Komoly et al., 1991). 
Endothelial cells—similarly to our observations—did not contain type III PKC (Komoly et 
al., 1991). The fact that they did not observe PKC-IR in pericytes (Komoly et al., 1991) 
indicates that there might be differences between rats and guinea pigs as to their PKC 
expression pattern. The inter-species differences in the localization and distribution of 

PKC isoenzymes are well-known from previous experiments (for review see Nishizuka,
1988). As to the sweeling of astrocytic cell bodies and their processes in vitro, this is a 
reaction coupled to alterations of the microenvironment. Astrocytic swelling and slight 
dilatation of the extracellular space are common features of in vitro slice preparations 
(Tseng et al., 1987; Kuhnt et al., 1988). In the same time, neuronal processes are 
relatively well preserved (see also Tseng et al., 1987; Kuhnt et al., 1988).

Our observations proved that not every astrocytes expressed PKC-IR. Although not 
counted, the plots showed conspicuous differences between the density and distribution 
of PKC- and GFAP-containing cells, the latter being more numerous. Furthermore, it was 
shown that not every astrocyte contained GFAP immunoreactivity in normal adult brains 
(Faddis and Vijayan, 1988). It seems therefore, that only a subpopulation of astrocytes 
contain detectable amount of PKC. If it is reflecting some functional differences between 
astrocytes, remains to be elucidated.

Fig. 5: Ultrastructural localization of PKC-IR in astrocytes in the molecular layer of 
CA2 (a) and dentate fascia (b, c). a: Tipically swollen cell body of an astrocyte (N: 
nucleus; arrow points to rER cistern). No synaptic contacts were observed on the surface 
of the cell body with high magnification. Bar: 5<дт. b: Pericapillary astrocytic process 
(arrowheads) containing PKC-IR. There is an erythrocyte (RBC) in the lumen of the 
capillary. Bar for 2b and 2c: 5<дт. Inset: Gap-junction-like attachment of glial 
membranes. Arrowheads point to PKC-IR attached to the inner surface of the membranes 
(star indicates extracellular space). Bar: 0.1 <m. c: Swollen glial processes (G) containing 
PKC-IR around a blood vessel. Endothelial cell (EN) does not display PKC-IR.
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Several studies, performed on cell cultures discussed the possible functions of PKC 
in glial cells. Activators of PKC induced the growth of astrocytic processes (Mobley et 
ah, 1986), and stimulated the glial DNA synthesis (Bhat, 1989). It seems therefore, that 
PKC activity is an important step in the regulation of glial proliferation.

The translocation of PKC from the cytosol to the cell membrane (Mobley et ah, 
1986; Bhat, 1989; Mudd and Raizada, 1990) indicated that some of the membrane 
proteins could be the targets of the phosphorylating action of PKC. The activation of 
astrocytic PKC by phorbol esters induced oscillations of membrane conductance 
(MacVicar et ah, 1987), indicating that PKC may regulate the function of glial ion 
channels (Shearman et ah, 1989). From this point, our observations regarding the 
localization of PKC-IR at gap-junction-like membrane appositions are very interesting 
and raise the possibility of the control of gap-junction permeability by PKC. It is 
important to note, that elevation of intracellular Ca++ level (which is also activating PKC) 
decreases the permeability of gap junctions (Rose et ah, 1977). The presence of gap 
junctions between glial cells has been proven by means of the freeze-fracturing technique 
(Brightman et ah, 1978) and electrophysiological methods (Kettenmann and Ransom,

1988). Whether the membrane appositions observed in our preparations were true gap 
junctions or preparation-artifacts has to be elucidated in further experiments. More 
sophisticated immunohistochemical techniques (postembedding immunogold staining, or 
staining of ultrathin frozen sections) are needed to verify this very interesting possibility.

The subcortical white matter and corpus callosum contain only a few astrocytes 
which are stainable with anti-GFAP serum (Faddis and Vijayan, 1988). The total number

Fig. 6: Ultrastructural localization of PKC-IR in perivascular structures. Bars; 1 < дт. a: 
Diffuse cytoplasmic PKC-IR in the process of a pericyte (P). The cytoplasm contains 
peroxisome (perox). The pericyte is surrounded by glial endfeet (G) displaying PKC-IR 
(arrowheads: basement membrane). The cytoplasm and nucleus (NU) of the endothelial 
cell (EN) are devoid of immunostaining. The luminal surface (L) of the endothelial cell 
shows immunoreactivity. b: Perivascular glia-like processes (Gl, G2, G3) with 
gap-junction-like membrane appositions (arrowheads). The inner surface of the 
membranes (mainly in G3) is heavily decorated with PKC-IR. EN: endothelial cell.
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of astrocytes is always larger than after GFAP-staining (Faddis and Vijayan, 1988). Our 
observations with GFAP staining support these literature data. The fact that the number 
of PKC-positive cells was larger raised the possibility that at least some cells could be 
Oligodendroglia cells. However, we have to confirm this suggestion with double staining 
methods.

The fact, that we did not encounter Oligodendroglia cells containing PKC-IR in 
the hippocampal slice under the electron microscope, did not mean that the 
Oligodendroglia is free from PKC. Immunocytochemical observations prove the existence 
of PKC-IR in Oligodendroglia cells of rat brain (Girard et al, 1985). On the other hand, 
stimulation of PKC by tumour promoters in vitro, brought about morphological changes 
in Oligodendroglia cells indicating the operation of the enzyme (Althaus et al, 1991). 
Different expression pattern of the different isoenzymes may explain our findings. 

Further experiments or different experimental conditions are needed to clarify this 
controversy.
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Summary: This study was carried out to investigate the effect of selenium 
supplementation at a therapeutic level on the isolated ileum contractions and 
the acetylcholine responses in New Zealand rabbits. While no difference 
with respect to the controls was found in the spontaneous ileum contraction 
frequencies a significant increase in the contraction amplitude was noted 
after 15 days of supplementation. Increasing concentrations of acetylcholine 
in the perfusion solution resulted in a significant increase of the contraction 
amplitudes in the supplemented animals as compared to controls. The tissue 
selenium levels and the gluthathione peroxidase activities were also found 
significantly higher than the controls. No difference was observed between 
the contraction numbers in the two groups. These findings indicate that 
selenium supplementation does not influence the smooth muscle resting 
potential.
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INTRODUCTION

Selenium occupies a unique position among the metals and nonmetals while also 
sharing similarities with sulphur. It plays an important part in the synthesis of organic 
chemicals which occurs by a series of redox reactions. While until 1957 only the toxic 
effects of selenium were known, different studies have revealed the importance of 
selenium in the gluthathione peroxidase (GSH-Px) activity thereafter (Schwartz and Foltz, 
1957; Flohe et al., 1973; Rotruck et al., 1973). GSH-Px is an antioxidative enzyme which 

participates in the removal of toxic hydrogen peroxides from the cell thus acting as an 
intracellular defense element in the hydrogen peroxide catabolism (Tappel, 1984; Parnham 
and Graf, 1987; Stadtman, 1990). GSH-Px and similar antioxidative enzymes require 
essential elements as cofactors for their catalitic activities. GSH-Px utilizes selenium while 
superoxide dismutase can use copper, zinc and manganese.

The activities of these enzymes in the mammalian cell is a function of the complex 
mutual interactions between the mineral cofactor and the regulation of the enzyme 
synthesis rate. Deficiencies of Cu, Zn, Mn and Se lead to a decrease in the activity of the 
enzyme which requires this element.

However, the correlation between the deficiency of these elements and the decline 
in the antioxidative enzyme activity is still controversial (Wendel and Reiter, 1985). 
Studies have shown that selenium deficiency may cause certain diseases due to the 
increased concentrations of peroxidation products and decreased GSH-Px activity (Chen 
et al., 1980; Bhene and Walters, 1983; Combs and Clark, 1985; Kiremidjian-Schumacher 

and Stotzky, 1987; Salonen et al., 1989). Surveys conducted in Turkey have revealed that 
the mean blood selenium levels are lower in the Turkish population when compared to the 
developed countries (Delilbasi et al., 1991). This study was undertaken to investigate the 
effect of selenium supplementation at a therapeutic dose level on the smooth muscle 
contraction parameters and the responses to acetylcholine in the rabbit ileum.

MATERIALS AND METHODS

Twenty male New Zealand white rabbits with a mean weight of 2600 g were taken 
into the study. The rabbits were fed under standard conditions on a standard diet for 10 
days. After this period sodium selenite was added to the diet of 10 animals at a dose of
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50 Mg selenium per kg while the other group was kept as control. At the completion of 
15 days the organs were removed under light anesthesia after blood samples were taken. 
All tissue samples were immediately frozen in liquid nitrogen and kept at -70 °C until 
enzyme determinations.

In order to isolate the ileum samples 1-1.5 cm pieces were taken from the 
terminal ileum and washed with Tirot solution (NaCl, 137 mJM; KC1, 2.7 mM; MgS04, 1.4 
mM; CaCl, 1.8 mM; NaH2P04, 12 mM; Glucose, 5.5 mM). The pH (7.3-7.4) and the 
organ temperatures were kept constant at 36.5-37.5 °C and the perfusion solution was 
aerated with 95% oxygen and 5% carbon dioxyde. The samples were equilibrated for 30- 
60 minutes in the organ bath containing the perfusion solution and isotonic records were 
taken. The peak to peak contraction amplitudes were measured and the number of the 
spontaneous contractions per minute were determined from the records.

The tissue samples were homogenized in 0.1 M phosphate buffer, pH 7.1. Ileum 
GSH-Px levels were measured by an improved coupled test procedure (Günzler et al., 
1974). Tissue selenium levels were determined using a graphic furnace atomic absorption 
spectrometer (Varian Spectra AA-30-40). In order to achieve maximum sensitivity 
deviations which might arise from the metallic states in graphite were eliminated by use 
of a palladium-ascorbic acid chemical modifier (Knowles and Brodie, 1988). The 
significance levels of the results which espect to the controls were calculated by the 
Student-? Test.

RESULTS

The number of the spontaneous contractions and the amplitude values in the 
control and study groups after 15 days of selenium supplementation are given in Table 

I as means and standard deviations. The data shows that the number of the contractions 
remains practically unchanged in the study group.

However, an increase of almost 100% was noted in the contraction amplitudes of 
the supplemented animals. The acetylcholine concentrations in the perfusion solution are 
shown in the first column. The contraction amplitudes in the control and supplemented 
groups are depicted in the second and third columns, respectively.

The effect of increasing acetylcholine concentrations on the concentration 
amplitudes are summerized in Table II as percentile changes. It can be observed that the 
rate of the increase in the concentration amplitudes are similar for both groups.

The ileum tissue selenium and GSH-Px levels in the groups and the significances 
of the intergroup differences are given in Table III. The data reveals a significant increase 
in both the tissue selenium levels and the GSH-Px activities in the supplemented group.
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Table 1

The contraction parameters, significance levels and changing rate of experimental 
and control groups. Results are expressed as the mean +SD

Parameters Control
group

Experimental
group

Changing rate 
and significance 

levels

Contraction number 
(min'1) 7.33+0.75 7.89±1.79 7.5% P>0.05

Contraction amplitude 
(mm) 18.17±3.48 36.56±9.28 101% P<0.05

Contraction amplitude 
(mm) in 3.3x10"5M ACh 21.80±3.43 42.22± 17.28 94% P<0.05

Contraction amplitude 
(mm) in 6.7x10 '5M ACh 28.40±7.39 61.78±25.37 110% P<0.05

Contraction amplitude 
(mm) in 1.3xlO"4M ACh 29.20±6.74 67.56+26.05 110% P<0.05

Contraction amplitude 
(mm) in 2.6x10"4M ACh 34.80±13.75 69.44± 16.78 99.5% P<0.05

Table II

Percentile rate of change 
in the contraction amplitudes with respect 

to the increasing acetylcholine concentrations

Acetylcholine
concentration

Control group Experimental
group

3.3xlO"5M 20% 16%

6.7x10 ’5M 56% 64%

1.3xlO"4M 61% 84%

2.6x10 4M 92% 90%
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Table III

The selenium concentrations and GSH-Px activities measured 
in the control and experimental groups and significance levels 

of differences. Results are measured as the mean +SD

Parameters Control group Experimental Significance
group levels

Selenium 
(jug/g wet tissue) 0.21+0.01 0.28±0.03 P<0.05
GSH-Px
(U/g wet tissue) 0.212±0.042 0.392±0.137 P<0.05

DISCUSSION

Our results show that selenium supplementation leads to an increase in the ileum 
tissue selenium levels and the GSH-Px activities when compared to the levels in the 

control group. An increase in the selenium content and the GSH-Px activity in different 
tissue types in response to selenium supplementation has been reported by several authors 
(Spears. 1984; Korpela et ah, 1989; Smyth et ah, 1990; Spallholz et ah, 1990). It has been 
suggested that addition of acetylcholine to the perfusion solution may lead to calcium 
intake by modulating the calcium channels in isolated hamster ileum (Rosenberger et ah, 
1979). Data on immobilization of calcium from intracellular sources by acetylcholine are 
also available (Hurwitz et ah, 1967).

In our study we observed higher spontaneous contraction amplitudes in the 
selenium supplemented animals. This can be ascribed to the higher selenium absorption 
in the ileum due to the increased selenium intake. Accordingly, Table III shows that the 
tissue selenium content is increased as compared to the control group. The selenite and 
selenate transport and absorption in the ileum is achieved by a carrier-mediated 
mechanism (Wolfram et ah, 1985; Turner et ah, 1990) where the sodium gradient and the 
Na/K-ATPase are involved in the active selenium transport in the ileum (Ardüser et ah,
1985).
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While high doses of selenium may exert a growth-inhibitory effect, various 
biological functions are stimulated by lower doses at therapeutic levels. Selenium 
supplementation at low, non-toxic doses protects the cell membranes by increasing the 
antioxidative capacity of GSH-Px. This effect is achieved by different mechanisms 
depending on the type of tissue, applied dose and the way of administration (Kiremidjian- 
Schumacher and Stotzky, 1987).

The presence of independent mechanisms linked to the selenium uptake and release 
kinetics in the cells are known already. Before being metabolized selenium binds to the 
cell membrane (Grünwedel, 1984). The timing and degree of selenium uptake, retention 
and release may vary according to the type of the cell (Medina et al., 1985) depending 
on the specific surface properties, the composition of the medium and the amount of 
selenium available and hence can be controlled by these factors. Thus, we can conclude 
that the interaction of selenium with the cell membrane modulates the surface properties 
leading to changes in the ion transport and retention at the same time changing the 
capacity of the cell to respond to external stimuli. This assumption is supported by the 
finding that added selenium modulates the active calcium channels in the endothelial cell 

membranes (Neve, 1989). Furthermore, multivalent ions like selenium have been shown 
to compete for stimulating and inhibiting the effect of calcium on calmoduline (Manalan 
and Klee, 1984). Accordingly, the highest activity after selenium supplementation is 
observed in the mitochondrial fraction (Clausen, 1991). On the other hand, GSH-Px is 
mainly found in the cytosol and to a lesser extent in mitochondria. The membrane phase 
accounts only for 20% of the activity of this enzyme (Clausen, 1991). These data indicates 

that selenium supplementation has resulted in increases in the uptake and retention of 
selenium from the ileum. This may have induced changes in the cell membranes opening 

voltage-gated calcium channels leading to the enhanced calcium uptake possibly 
stimulating the release of calcium from mitochondria as well. The same effect could also 
have prompted calmoduline in inducing the increase in the intracellular calcium 
concentration. The elevated calcium content then might have led to the observed increase 
in the contraction amplitudes.

Introduction of acetylcholine to the perfusion solution does not seem to lead to 

different effects in the contraction amplitudes and the frequencies in both groups. 
However, the contraction amplitudes are elevated due to the increased calcium levels when 
compared to the normal while the spontaneous contraction frequency remains the same
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for both groups. Thus, selenium does not appear to affect the acetylcholine mechanism 
in smooth muscle. Since variations in the contraction frequency can only be induced by 
the change of the membrane permeability to sodium and potassioum ions these results 
imply that selenium supplementation does not affect the smooth muscle membrane resting 
potential.
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Summary: The postnatal appearance of diaminobenzidine (DAB)-staining glial 
cells was studied in certain regions of the rat central nervous system. 
DAB-positive cells appeared in the hypothalamus, the nucleus of the solitary 
tract and the most superficial laminae of the spinal dorsal horn on the 7th, 8th 
and 14th postnatal day, respectively. The number and staining intensity of 
these DAB-positive cells progressively increased and reached the adult levels 
at the end of the third postnatal week. Glial staining is likely to result from a 
non-enzymatic oxidation of DAB, since it was resistant to heat pretreatment, 
but was abolished if hydrogen peroxide was omitted from the incubation 
medium. The present results reveal that a particular population of glial cells 
exhibit a characteristic developmental change which can be detected by means 
of peroxidase histochemistry. The close topographical relationship is suggestive 
of a functional association between capsaicin-sensitive primary afferents and 
DAB-positive glial cells.

Key words: neuroglia, peroxidase, capsaicin, solitary tract nucleus, spinal cord, 
arcuate nucleus

INTRODUCTION

In the rat central nervous system a population of glial cells exhibit a strong reaction 
with diaminobenzidine (DAB) after staining with a histochemical procedure for peroxidase

A k a d é m ia i  K ia d ó , B u d a p e s t
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(Keefer and Christ, 1976). More recent studies, using double labelling immunohistochemical 
techniques, have revealed that DAB-positive cells in the rat hypothalamic arcuate nucleus 
express glial fibrillary acidic protein. Accordingly, these cells have been identified as 
astrocytes (Schipper et al., 1990; Schipper and Mateescu-Cantuniari, 1991). Further 
investigations into the possible functional significance of these cells have demonstrated that 
they specifically bind oestrogen (Keefe et ah, 1991) and respond to oestrogen with an 
increase in the number of DAB-positive cytoplasmic granules (Schipper et al., 1990). It has 
been concluded that these particular astrocytes display marked changes with respect to the 
oestrus cycle and may participate in synaptic remodelling within the arcuate nucleus 
(Schipper et al., 1990; Keefe et al., 1991).

The DAB staining of glial cytoplasmic granules has been suggested to result from the 
activity of endogenous peroxidase or catalase (Keefer and Christ, 1976). Further studies, 
however, have indicated that glial DAB staining is unlikely to result from enzymatic action, 
for staining can invariably be demonstrated at various pH-s and cannot be abolished by prior 
heat treatment of the specimens. Histochemical studies on the possible mechanism of this 
pseudoperoxidase reaction have indicated that it may be attributed to a non-enzymatic 
reduction of DAB by haeme compounds (Schipper et al., 1990; Schipper and Mateescu- 
Cantuniari, 1991).

There is a close resemblance between the topographical distribution of DAB-staining 
glial cells and the termination areas of capsaicin-sensitive primary afferent fibres in the 
medulla and the spinal cord (Jancsó and Király, 1980; Ritter and Dinh, 1988). Since 
DAB-positive glial cells have been implicated in processes related to the transmitter 
metabolism and the formation of synaptic connections (Schipper et al., 1990), it seemed to 
be of interest to study their histochemical features during a period of postnatal development 
involving changes in the chemistry and formation of synaptic connections of 
capsaicin-sensitive primary afferents (Jancsó et al., 1977; Coimbra et al., 1986; Pignatelli et 
al., 1989). Therefore, the aim of the present study was to examine, in the course of early 
postnatal development, the appearance of DAB-positive glial cells in certain medullary and 

spinal regions known to be the termination areas of capsaicin-sensitive primary afferents. The 
development of DAB-positive glial cells was also studied in the hypothalamic arcuate nucleus,
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the only brain region in which DAB-positive astrocytes have been suggested to possess a 
special function (Schipper et al., 1990; Keefe et al., 1991).

MATERIALS AND METHODS

Wistar rats of either sex, aged 1-60 days, were used in these experiments. The 
animals were anaesthetized with ether and perfused transcardially with a fixative containing 
1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The 
brain and the spinal cord were removed and postfixed in the same solution for 4 h at 4 °C 
and then immersed in a 10% sucrose solution in 0.1 M phosphate buffer overnight. Sections 
25-60 д т  in thickness were cut either on a vibratome or on a freezing microtome and 
incubated for the demonstration of peroxidase activity according to the technique of Graham 
and Karnovsky (1966) as modified by Adams (1981). Frozen sections were dehydrated, 
mounted in Entellan and coverslipped. Vibratome sections were embedded in Araldite and 
1 -2  jum thick sections were cut on a Reichert ultrotome and stained with toluidine blue. In 
some cases the reaction was performed after the omission of H20 2 from the incubation 
medium or after prior exposure of the sections to a temperature of 95 °C for 1 h. In some 
experiments peroxidase activity was demonstrated by Mesulam’s method (1978), with 
tetramethylbenzidine (TMB) as substrate.

RESULTS

DAB-positive structures were characterized by clusters of reactive granules distributed 
in the vicinity of small round or oval nuclei. This was especially clearly seen in semithin 
sections (Fig. IB), in which the majority of these cells could be identified as astrocytes, 
although some cells resembled microglia on the basis of the cytological criteria established 
by Ling et al. (1973). Staining with DAB in the peroxidase reaction was not abolished by 

prior exposure of the sections to 95 °C for 1 h. However, glial staining could not be 
demonstrated after the omission of H20 2 from the incubation medium. This is in agreement 
with previous findings by Keefe et al. (1991), who concluded that DAB staining of glial cells 
is a result of a pseudoperoxidase reaction mediated by haeme-containing compounds present 
in these cells (cf. Schipper et al., 1990).
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Fig. 1: DAB-positive glial cells in the nucleus of the solitary tract. A: Many cells show 
intense staining on the 16th postnatal day. B: Toluidine blue-stained semithin section obtained 
from an adult rat. DAB-positive granules are associated with cells exhibiting characteristics 
of astrocytes or microglial cells. C: Dark-field photomicrograph of a transverse section of the 
medulla at the level of the area postrema (AP) of an adult rat. DAB-positive cells are 
confined to the nucleus of the solitary tract. Scale bar represents 25 д т  (A, B) or 200 д т  
(C).
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DAB-staining granules were not observed in any of the brain regions studied during 
the first 6 days of postnatal life. DAB-reactive glial cells appeared on the 8th postnatal day 
in the nucleus of the solitary tract. Their number was low and their staining intensity weak. 
Both the staining intensity and the number of DAB-positive cells gradually increased during 
the second and third postnatal weeks (Fig. 1A). From the end of the second postnatal week 
on, their distribution was similar to that seen in adult animals (Fig. 1C).

DAB-reactive structures were not observed in the spinal cord until the 14th or 15th 
postnatal day, when a few faintly stained clusters of DAB-positive granules were noted in the 
superficial dorsal horn (Fig. 2A). The number and intensity of these granular structures 
rapidly increased during the next few days. On day 20, DAB-positive cells with moderate 
staining intensity were numerous; reactive cells were confined to the marginal zone and the 
substantia gelatinosa (Fig. 2B). In adult animals, intensely stained DAB-positive cells clearly 
outlined these laminae (Fig. 2C). The distribution of DAB-positive cells was similar at all 
segmental levels. Various numbers of reactive glial cells were also encountered in the spinal 
white matter, and in particular in the lateral spinal nucleus.

In the hypothalamus, small clusters of DAB-positive granules appeared first within the 
median eminence on the 7th postnatal day and persisted throughout early postnatal 
development (Fig. ЗА). DAB-stained cells appeared in the arcuate nucleus on the 8th day. 
Their number and staining intensity increased progressively towards adulthood (Fig. 3B-D). 
In contrast, the number of reactive cells within the median eminence subsequently gradually 
decreased with age, and DAB-staining cells could not be detected in this region of adult 
animals (Fig. 3D).

A similar topographical distribution of peroxidase-positive glial cells was observed if 
TMB was used instead of DAB for the demonstration of peroxidase activity. There was no 
apparent difference in the histochemical maturation of these glial cells with respect to sex 
in any of the brain regions investigated.
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Fig. 2: DAB-positive glial cells in the dorsal horn of the lumbar spinal cord. A: Few reactive 
cells can be observed in the substantia gelatinosa on the 16th postnatal day. B: Numerous 
DAB-positive cells can be demonstrated in the most superficial laminae I and II of the spinal 
dorsal horn on the 20th postnatal day (dorsal is on the right, medial is on the top). C: This 
low-power photomicrograph shows the confinement of DAB-staining cells to the marginal 
zone and the substantia gelatinosa in an adult rat. Scale bar represents 10, 25 and 100 д т  
in A, В and C, respectively.
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Fig. 3: DAB-positive glial cells in the median eminence and arcuate nucleus of the
hypothalamus. A: This photomicrograph shows the appearance of DAB-positive cells 
(arrowheads) in the median eminence on the 10th postnatal day. B: Reactive glial cells in the 
arcuate nucleus of a 14-day-old rat. C: The appearance of DAB-staining glial cells in the 
arcuate nucleus of an adult rat. D: Low-power photomicrograph showing the distribution of 
reactive cells within the arcuate nucleus of an adult rat. Note the absence of DAB-positive 
structures in the median eminence at this age. Scale bar represents 50 ц т  in A and C, 25 
gm in В and 100 gm in D.
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DISCUSSION

The present results confirm previous reports on the occurrence of a special population 
of DAB-staining glial cells in certain hypothalamic, medullary and spinal regions (Keefer and 
Christ, 1976). DAB-positive glial cells appear only a week after birth, and their number and 
staining intensity progressively increase and reach adult levels by the end of the third 
postnatal week. This indicates that the expression of pseudoperoxidase activity may reflect 
a maturation process of these particular glial cells. However, some glial cells may express 
pseudoperoxidase activity only transiently; indeed, DAB-staining could be demonstrated in 
the median eminence of young, but not of adult animals. DAB-positive glial cells have been 
shown to bind oestrogen and to express glial fibrillary acidic protein in the arcuate nucleus 
of adult rats. Further studies are needed to clarify whether the development of DAB positivity 
is correlated with the appearance of the oestrogen sensitivity of these particular cells and, in 
turn, with the development of the hormonal regulatory functions of the arcuate nucleus.

DAB-positive glial cells are generally believed to be astrocytes (Keefer and Christ, 
1976; Schipper et al., 1990; Keefe et al., 1991). However, the present results and our 
preliminary electron microscopic findings indicate that a population of these cells may be 
microglia. In the solitary tract nucleus of adult rats both astrocytes and microglial cells 
contained DAB reaction product. It is noteworthy that the microglial cells also contain haeme 
compounds (Goldfischer et al., 1966), which have been suggested to be responsible for the 
pseudoperoxidase reaction of astrocytes (Schipper et al., 1990).

The topographical distribution of DAB-reactive cells within the nucleus of the solitary 
tract and the spinal dorsal horn closely resembled that of the capsaicin-sensitive primary 
sensory afferents (cf. Jancsó and Király, 1980; Ritter and Dinh, 1988). This may suggest a 
possible functional association between primary afferent nerve terminals and these particular 
glial cells. Astrocytes related to glutamatergic synapses have been shown to participate in 
neurotransmitter degradation (Derouiche and Frotscher, 1991). It is tempting to suggest that 
DAB-staining glial cells may be involved in the degradation of transmitter substances released 
from primary afferent nerve terminals.

Studies on the development of spinal glial systems have revealed a transition in the
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expression of vimentin to glial fibrillary acidic protein in the dorsal horn during the second 
and third postnatal weeks (Oudega and Marani, 1991). This has been suggested to represent 

a change in the functional state of the astrocytes (Dahl, 1981). The present results support 
this assumption by showing a progressive increase in the number of DAB-positive glial cells 
in the spinal dorsal horn, which might reflect the functional maturation of these particular 
cells in the course of the third postnatal week. The findings also suggest that DAB staining 
is a characteristic of a population of mature astrocytes and, in turn, stainability with DAB 
may be taken as an index of the level of maturation of this particular population of glial 
cells.

Further studies are needed to clarify the functional significance of these glial cells 
in both the developing and the adult central nervous system.
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ANIMAL MODELS OF ALZHEIMER’ S , PARKINSON’ S 
AND HUNTINGTON'S D ISE A SE . A MINIREVIEW

A. A n t a l 1 ' 2 a n d  I .  B o d i s - W o l l n e r 2

• '■D epartm ent o f  C o m p a r a t i v e  P h y s i o l o g y ,  J ó z s e f  A t t i l a  U n i v e r s i t y  
o f  S c i e n c e s ,  S z e g e d ,  H u n g a r y  a n d  ^ D e p a r t m e n t  o f  I n t e r n a l  
M e d i c i n e ,  D i v i s i o n  o f  N e u r o l o g y ,  U n i v e r s i t y  o f  N e b r a s k a  

a t  Omaha, Omaha, U .S .A .

S u m m a r y : A n im a l  s t u d i e s  h a v e  c o n t r i b u t e d  s i g n i f i c a n t l y  
t o  d e e p e r  u n d e r s t a n d i n g  o f  s e v e r a l  n e u r o d e g e n e r a t i v e  
d i s o r d e r s  b u t  f u l l y  d e v e l o p e d  m o d e l s  a r e  l a c k i n g .  T he  
b e s t  m o d e l s  t o  s t u d y  m o t o r ,  s e n s o r y  a n d  c o g n i t i v e  
c h a n g e s  a n d  t h e  e f f e c t s  o f  t h e r a p e u t i c  a t t e m p t s  a r e  
r o d e n t s  a n d  n o n - h u m a n  p r i m a t e s .  T h i s  r e v i e w  d e s c r i b e s  
n e u r o p h a r m a c o l o g i c ,  n e u r o a n a t o m i c  a n d  b e h a v i o r a l  
f e a t u r e s  o f  a n i m a l  m o d e l s  o f  A l z h e i m e r ' s ,  P a r k i n s o n ' s  
a n d  H u n t i n g t o n ' s  d i s e a s e .

Key w o r d s : N e u r o d e g e n e r a t i v e  D i s o r d e r s ,  A n im a l  m o d e l s ,  
A l z h e i m e r ' s  d i s e a s e ,  P a r k i n s o n ' s  d i s e a s e ,  H u n t i n g t o n ' s  
d i s e a s e

INTRODUCTION

D u r i n g  r e c e n t  d e c a d e s  s e m i n a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  t o  

t e s t  o r  p r o v e  h y p o t h e s e s  c o n c e r n i n g  m e c h a n i s m s  o f  p r o g r e s s i v e  

n e u r o n a l  c e l l  d e a t h .  S i n c e  m any o f  t h e s e  e x p e r i m e n t s ,  u s i n g  

a n a t o m i c a l ,  p h y s i o l o g i c a l  a n d  p h a r m a c o l o g i c a l  t e c h n i q u e s ,  c a n n o t  

b e  p e r f o r m e d  i n  h u m a n s ,  g r e a t  i n t e r e s t  h a s  b e e n  g e n e r a t e d  i n  

d e v e l o p i n g  a n i m a l  m o d e l s  o f  n e u r o d e g e n e r a t i v e  d i s e a s e s .  T h e i r  

p u r p o s e  i s  t o  p r o v i d e  b e t t e r  u n d e r s t a n d i n g  o f  t h e  

n e u r o p h y s i o p a t h o l o g y  a n d  b e h a v i o r a l  a s p e c t s  o f  t h e s e  d i s o r d e r s  

a n d  t o  d e v e l o p  new t h e r a p e u t i c  a v e n u e s .  T he  m o s t  e x t e n s i v e l y  u s e d  

m o d e l s  a r e  s u r g i c a l l y  o r  p h a r m a c o l o g i c a l l y  l e s i o n e d  o r  n o r m a l l y
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a g i n g  a n i m a l s .  I n  p a r t i c u l a r  s e l e c t i v e  n e u r o t o x i n s  h a v e  b e e n  

a p p l i e d  w i t h  s u c c e s s  t o  c r e a t e  m o d e l s  r e l e v a n t  t o  t h e r a p e u t i c  

c o n s i d e r a t i o n s .
N e u r o d e g e n e r a t i v e  d i s o r d e r s  a r e  c h a r a c t e r i z e d  b y  p r o g r e s s i v e  

l o s s  o f  n e r v e  c e l l  p o p u l a t i o n s  r e s u l t i n g  i n  a  s p e c t r u m  o f  

b e h a v i o r a l  c h a n g e s .  O n ly  some o f  t h e  p r e s e n t l y  a v a i l a b l e  m o d e l s  

s u c c e s s f u l l y  m i r r o r  b o t h  t h e  c e l l u l a r  a n d  b e h a v i o r a l  a s p e c t s  o f  

t h e s e  d i s e a s e s .  T h e  i d e a l  m o d e l  s h o u l d  p r o v i d e  b o t h  h o m o lo g y  ( t h e  

s a m e  b i o l o g i c a l  o r i g i n )  a n d  a n a l o g y  ( s i m i l a r  f u n c t i o n a l  e f f e c t ) . 

G i v e n  t h e  c l o s e  p h y l o g e n e t i c  r e l a t i o n s h i p  a n d  t h e  s i m i l a r i t i e s  o f  

b r a i n  a n a t o m y ,  p h y s i o l o g y ,  e l e c t r o p h y s i o l o g y ,  a n d  b e h a v i o r  

b e t w e e n  m onkey  a n d  man ( C r e e l  e t  a l . ,  1 9 7 3 ;  P r e m a c k ,  1 9 8 3 ) ,  t h e  

m o n k e y  s e e m s  t o  b e  t h e  m o s t  a p p r o p r i a t e  s u b j e c t  f o r  t h e s e  

s t u d i e s .  I n d e e d ,  t h e  n o n -h u m a n  p r i m a t e  m o d e l  d o e s  p r o v i d e  a  

r e a s o n a b l e  t o o l  f o r  n e u r o s c i e n t i s t s  s i n c e  d e m o n s t r a b l e  

s i m i l a r i t i e s  e x i s t  b e t w e e n  s e v e r a l  d e m e n t i n g  d i s o r d e r s  a n d  t h e i r  

n o n - h u m a n  p r i m a t e  m o d e l s .  N e v e r t h e l e s s ,  i n  many l a b o r a t o r i e s  m o r e  

common a n d  l e s s  e x p e n s i v e  s p e c i e s ,  r o d e n t s  ( m i c e ,  r a t s )  o r  

c a r n i v o r e s  ( c a t s )  a r e  a l s o  u s e d ,  i n  p a r t i c u l a r  f o r  s t u d y i n g  

s p e c i f i c  d e t a i l s  o f  n e u r o d e g e n e r a t i o n .  I n  t h i s  r e v i e w  we 

s u m m a r i z e  m o n k e y ,  c a t  a n d  r o d e n t  m o d e l s  o f  A l z h e i m e r ' s ,  

P a r k i n s o n ' s  a n d  H u n t i n g t o n ' s  d i s e a s e .

Alzheimer's disease

A l z h e i m e r ' s  d i s e a s e  (AD) i s  d i a g n o s e d  o n  t h e  b a s i s  o f  

c l i n i c a l  s i g n s  o f  d e m e n t i a  a n d  t h e  p o s t m o r t e m  p r e s e n c e  o f  s e n i l e  

p l a q u e s  a n d  n e u r o f i b r i l l a r y  t a n g l e s  m a i n l y  i n  t h e  h i p p o c a m p u s  a n d  

t h e  f r o n t o t e m p o r a l  c o r t e x  (R a th m a n  a n d  C o n n e r ,  1 9 8 4 ) .  AD i s  

a c c o m p a n i e d  b y  a  n o t e w o r t h y  d e f i c i e n c y  o f  c h o l i n e r g i c  

n e u r o t r a n s m i s s i o n .  T h e  c l i n i c a l  m a n i f e s t a t i o n s  o f  t h i s  d i s e a s e  

i n c l u d e  p s y c h o t i c  b e h a v i o r ,  l o s s  o f  r e c e n t  m em ory ,  c o n f u s i o n  

r e l a t e d  t o  l o s s  o f  m em ory ,  d i m i n i s h e d  v e r b a l  e x p r e s s i o n ,  d e f i c i t s  

i n  a t t e n t i o n  a n d  o r i e n t a t i o n  ( C o y l e  e t  a l . ,  1 9 8 7 ;  R u b i n  e t  a l . ,

1 9 9 0 ) .
S i n c e  AD i s  p r i m a r i l y  a d i s e a s e  o f  o l d  a g e ,  i t  h a s  b e e n  

p r o p o s e d  t h a t  t h e  c l o s e s t  b e h a v i o r a l  a p p r o x i m a t i o n  t o  a
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h o m o l o g o u s  a n i m a l  m o d e l  o f  AD i s  t h e  a g e d  a n i m a l ,  e s p e c i a l l y  t h e  

m o n k e y .  A s h o r t  t e r m  b e h a v i o r a l  m o d e l  c a n  b e  p r o d u c e d  i n  m o n k e y s  

b y  a d m i n i s t e r i n g  c h o l i n e r g i c  a n t a g o n i s t s  s u c h  a s  s c o p o l a m i n e .  
M ore  s e l e c t i v e  m o d e l s  a r e  i n d u c e d  b y  l e s i o n i n g  t h e  n u c l e u s  

b a s a l i s  o f  M e y n e r t  (NBM. A r o d e n t  e q u i v a l e n t  o f  t h e  NBM i s  t h e  

n u c l e u s  b a s a l i s  m a g n o c e l l u l a r i s  [ n b m ] . ) .  Nbm l e s i o n i n g  c a n  b e  

p r o d u c e d  s u r g i c a l l y  o r  by  a d m i n i s t r a t i o n  o f  s e l e c t i v e  c h o l i n e r g i c  

n e u r o t o x i n s  s u c h  a s  k a i n i c  a n d  i b o t e n i c  a c i d s  o r  e t h y l c h o l i n e  

m u s t a r d  a z i r i d i n i u m  i o n  (A F 6 4 A ) . K a i n i c  a n d  i b o t e n i c  a c i d s  a r e  

g l u t a m a t e  a n a l o g u e s  a n d  d e s t r o y  c e l l  b o d i e s  a n d  d e n d r i t e s . ( C o y l e  
e t  a l . ,  1 9 8 3 ) .  AF64A i s  a  t o x i n  t h a t  d e s t r o y s  c h o l i n e r g i c  n e r v e  

t e r m i n a l s  a n d  p r o d u c e s  p r e s y n a p t i c  c h o l i n e r g i c  d y s f u n c t i o n .  I t  i s  

s t r u c t u r a l l y  s i m i l a r  t o  c h o l i n e  a n d  h a s  a s p e c i f i c  e f f e c t  o n  t h e  

c h o l i n e r g i c  s y s t e m  ( F i s h e r  e t .  , a l  1 9 8 6 ) .  AF64A a d m i n i s t r a t i o n  

p r o d u c e s  r e d u c t i o n s  i n  c h o l i n e - a c e t y l - t r a n s f e r a s e ,  a c e t y l c h o l i n e  

a n d  i n  c h o l i n e  u p t a k e  i n  c e l l  b o d i e s  a n d  t e r m i n a l s  ( W a l s c h  e t  

a l . , 1 9 8 4 ) .

A. R o d e n t  m o d e l s . R o d e n t s  a r e  t y p i c a l l y  u s e d  i n  s p a t i a l  

l e a r n i n g  t a s k s  t o  a s s e s s  A D - l i k e  memory a n d  l e a r n i n g  c h a n g e s .  

T h e r e  a r e  tw o  p r i n c i p a l  t y p e s  o f  t a s k s  w h i c h  a r e  w e l l  s u i t e d  f o r  

r o d e n t s :  m a z e  l e a r n i n g  a n d  a v o i d a n c e  l e a r n i n g  t a s k s .  I n  t h e  m a z e  

l e a r n i n g  t a s k  a n i m a l s  a r e  r e q u i r e d  t o  l e a r n ,  r e m e m b e r  a n d  r e c a l l  

t h e  l o c a t i o n  o f  f o o d  o r  a  p l a t f o r m  u p o n  w h i c h  t h e y  c a n  e s c a p e  

f r o m  t h e  w a t e r .  I n  a  r a d i a l  a rm  m a ze  a n i m a l s  a r e  a l l o w e d  t o  

e x p l o r e  a l l  a r m s  ( u s u a l l y  e i g h t ) , e a c h  o f  w h i c h  c o n t a i n s  f o o d .  I f  

t h e  a n i m a l  r e p e a t e d l y  r e t u r n s  t o  p r e v i o u s l y  e x p l o r e d  a r m s ,  a 

d e f i c i t  o f  l e a r n i n g  o r  memory i s  i n d i c a t e d .  I n  a c t i v e  a v o i d a n c e  

t a s k s  t h e  a n i m a l  m u s t  r e s p o n d  i n  o r d e r  t o  a v o i d  a n  e l e c t r i c a l  

s h o c k .  I n  a  p a s s i v e  a v o i d a n c e  t a s k  t h e  a n i m a l  m u s t  r e m e m b e r  n o t  

t o  e n t e r  a  t e s t  b o x  w h e r e  i t  h a d  p r e v i o u s l y  e x p e r i e n c e d  a  s h o c k .

1 .  A c u t e  m o d e l s .  S c o p o l a m i n e  i s  a  m u s c a r i n i c  c h o l i n e r g i c  

a n t a g o n i s t .  I t s  e f f e c t s  o n  l e a r n i n g  a n d  m em ory h a v e  b e e n  

d e m o n s t r a t e d  i n  hum ans  a n d  i n  m o n k e y s  ( B a r t u s  a n d  J o h n s o n ,  1 9 7 6 ,  

B a r t u s  e t  a l . ,  1 9 7 8 ;  D ra c h m á n  a n d  L e a w i t t ,  1 9 7 4 ;  D ra c h m á n ,  1 9 7 7 )  

b u t  t h e  u s e  o f  s c o p o l a m i n e  i n  r o d e n t s  h a s  g i v e n  t h e  m o s t  v a l u a b l e  

i n f o r m a t i o n  am ong m am m als .  I n  a  r a d i a l  a rm  m a ze  p a r a d i g m  w o r k i n g
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m e m o ry  w as  i m p a i r e d  a f t e r  s c o p o l a m i n e  a d m i n i s t r a t i o n  i n  r a t s  

( B u r e s o v a  e t  a l . ,  1 9 8 6 ) .  I n  t h e  M o r r i s  w a t e r  m a z e  m em ory  

a c q u i s i t i o n  d e t e r i o r a t e d  i f  s c o p o l a m i n e  w as  a d m i n i s t e r e d  t w e n t y  
m i n u t e s  p r i o r  t o  t r a i n i n g  a l t h o u g h  a  h i g h e r  d o s e  w a s  n e e d e d  t o  

d i s r u p t  r e t e n t i o n  i f  t h e  r e s p o n s e  w as  o v e r t r a i n e d  ( B u r e s o v a  e t  

a l . ,  1 9 8 6 ) .
2 .  C h r o n i c  m o d e l s .  S t u d i e s  i n v o l v i n g  t r a i n i n g  i n  t h e  r a d i a l -  

a r m  m a z e  p r i o r  t o  nbm l e s i o n i n g  s u g g e s t  t h a t  t h e i r  p e r m a n e n t  

l e s i o n  may a f f e c t  w o r k i n g  m em ory . R a t s  w i t h  nbm l e s i o n s  p r o d u c e d  

b y  e l e c t r o c o a g u l a t i o n  a n d  b y  i b o t e n i c  a c i d  a d m i n i s t r a t i o n  m ade 

m o r e  e r r o r s  a n d  r e q u i r e d  m o re  t r i a l s  t o  r e a c h  c r i t e r i o n  t h a n  

c o n t r o l s  ( D u b o i s  e t  a l . ,  1 9 8 5 ) .  T h i s  r e s u l t  s u g g e s t s  a  d i f f i c u l t y  

i n  u s i n g  p r e v i o u s l y  a c q u i r e d  i n f o r m a t i o n  t o  o r g a n i z e  t h e  

r e s p o n s e .  I b o t e n i c  a c i d  nbm l e s i o n e d  r a t s  w e r e  m o re  i m p a i r e d  i n  

r e c a l l i n g  i n f o r m a t i o n  t h a n  w e r e  r a t s  l e s i o n e d  by  

e l e c t r o c o a g u l a t i o n .
I b o t e n i c  a c i d  nbm l e s i o n e d  r a t s  a l s o  sh o w e d  i m p a i r m e n t s  i n  

a c t i v e  a n d  p a s s i v e  a v o i d a n c e  t a s k s  ( F l i c k e r  e t  a l . ,  1 9 8 3 ) .

I n  a  M o r r i s  w a t e r  m aze  r a t s  h a d  t o  sw im  i n  a  t a n k  o f  o p a q u e  

w a t e r  t o  a n  u n d e r w a t e r  p l a t f o r m  t o  e s c a p e  f r o m  t h e  w a t e r .  

L e a r n i n g  a n d  m e m o ry  w e r e  i n d i c a t e d  b y  t h e  l e n g t h  o f  t i m e  t h e y  

n e e d e d  t o  r e a c h  t h e  p l a t f o r m .  I n  t h i s  m aze  t h e  nbm l e s i o n e d  r a t s  

u s i n g  AF64A s h o w e d  a  d e f i c i t  i n  a c q u i s i t i o n  a n d  r e t r i e v a l  

( S p e n c e r  e t  a l . ,  1 9 8 4 ) .  I n  t h e  sa m e s t u d y  nbm l e s i o n e d  r a t s  w e r e  

s i g n i f i c a n t l y  s l o w e r  t o  l e a r n  a n  a c t i v e  a v o i d a n c e  t a s k .
AF64A i n j e c t i o n  t o  t h e  l a t e r a l  v e n t r i c l e s  o f  r a t s  p r o d u c e d  

m o t o r i c  h y p e r a c t i v i t y  a n d  a n  i n a b i l i t y  t o  a d o p t  a  s p a t i a l  

p e r f o r m a n c e  s t r a t e g y  i n  a  r a d i a l - a r m  m a ze  ( W a ls c h  e t  a l . ,  1 9 8 4 ) .  

P e r f o r m a n c e  i n  t h e  M o r r i s  w a t e r  m a ze  a l s o  d e t e r i o r a t e d  a s  a 

r e s u l t  o f  AF64A a d m i n i s t r a t i o n  ( B r a n d e i s  e t  a l . ,  1 9 8 6 ) .

3 .  " S p o n t a n e o u s "  m o d e l s .  New Z e a l a n d  B l a c k  m i c e  (NZB) h a v e  

e l e v a t e d  b r a i n - r e a c t i v e  a n t i b o d y  l e v e l s  d u r i n g  y o u n g  a d u l t  l i f e  

a n d  t h e y  show  r e d u c e d  l e a r n i n g  a n d  memory c a p a b i l i t i e s  (N a n d y  e t  

a l .  , 1 9 8 3 ) .  I t  i s  t h o u g h t  t h a t  t h e r e  may b e  a  c o r r e l a t i o n  b e t w e e n  

t h e  i m m u n o l o g i c a l  a b n o r m a l i t y  a n d  d e f i c i t s  i n  l e a r n i n g  a n d  m em ory  

o f  m i c e  a n d  h u m a n  AD. The r e a s o n  i s  b e c a u s e  t h e  a m y l o i d  i n  t h e
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s e n i l e  p l a q u e s  a n d  v a s c u l a r  w a l l s  o f  b r a i n  o f  AD a l s o  c o n t a i n s  

p r o t e i n s  i d e n t i c a l  t o  o r  v e r y  s i m i l a r  i n  s t r u c t u r e  t o  c o m p o n e n t s  

o r  f r a g m e n t s  o f  hum an i m m u n o g l o b u l i n s  ( I s h i i  a n d  H a g a ,  1 9 7 6 ) .  T h e  

p r o b l e m  i s  t h a t  n e u r o f i b r i l l a r y  t a n g l e s  a n d  s e n i l e  p l a q u e s  a r e  

n o t  f o u n d  i n  t h e  NZB m i c e  m o d e l .

B. M onkey  m o d e l s . O p e r a n t  t a s k s  p r o v i d e  o n e  o f  t h e  b e s t  

m e t h o d s  t o  m e a s u r e  t h e  c o g n i t i v e  a b i l i t i e s  o f  a n i m a l s .  I n  t h i s  

t a s k  a n i m a l s  h a v e  t o  d e p r e s s  o r  r e l e a s e  o n e  o r  m o re  l e v e r s  i n  

o r d e r  t o  o b t a i n  r e w a r d  o r  a v o i d  p u n i s h m e n t .  M o n k e y s  a r e  s u p e r i o r  

f o r  t h i s  t a s k  b e c a u s e  r a t s  do  n o t  e a s i l y  l e a r n  t h e s e  t a s k s .

1 .  A ged  m o n k e y s .  T h e y  a r e  u s e d  t o  s t u d y  s h o r t - t e r m  m em ory  

i m p a i r m e n t  a s s o c i a t e d  w i t h  a g i n g  a n d  d e m e n t i a .  B a r t u s  a n d  h i s  

c o l l e a g u e s  ( 1 9 7 8 )  s t u d i e d  t h i s  m o d e l  i n  d e t a i l .  I n  a n  a u t o m a t e d  

d e l a y e d - r e s p o n s e  p r o c e d u r e  a g e d  r h e s u s  m o n k e y s  w e r e  t r a i n e d  t o  

p a y  a t t e n t i o n  t o  n i n e  s t i m u l u s - r e s p o n s e  p a n e l s .  A l i g h t  f l a s h  a s  
a  s t i m u l u s  a p p e a r e d  f o u r  t i m e s  i n  o n e  o f  t h e  n i n e  p a n e l s  a n d  

a f t e r w a r d s  a  r e t e n t i o n  i n t e r v a l  w as  i n i t i a t e d .  When t h e  r e t e n t i o n  

i n t e r v a l  e x p i r e d  t h e  m onkey  c o u l d  r e s p o n d  t o  a  s t i m u l u s  b y  

p u s h i n g  o n e  o f  t h e  n i n e  p a n e l s .  I n  t h e  c a s e  o f  a  c o r r e c t  r e s p o n s e  

t h e  l i g h t  f l a s h  w as  r e p e a t e d  on  t h e  c o r r e c t  p a n e l  a n d  w a s  

r e i n f o r c e d  w i t h  a  p i e c e  o f  f o o d .  I t  w as  d e m o n s t r a t e d  t h a t  a g e d  

r h e s u s  m o n k e y s  s u f f e r  f r o m  a  p r o f o u n d  s p e c i f i c  i m p a i r m e n t  o f  

s h o r t - t e r m  m em ory .  T h e y  p e r f o r m e d  n o r m a l l y  w hen  t h e  d e l a y  

i n t e r v a l  w a s  s h o r t  a n d  sh o w ed  i m p a i r m e n t  w i t h  i n c r e a s i n g  

r e t e n t i o n  i n t e r v a l  ( B a r t u s  e t  a l . ,  1 9 7 8 ) .

2 .  A c u t e  m o d e l s .  A m a t c h - t o - s a m p l e  t a s k  w a s  u s e d  t o  s t u d y  

c o g n i t i v e  f u n c t i o n s  i n  p r i m a t e s  t r e a t e d  w i t h  s c o p o l a m i n e .  I n  t h i s  

p a r a d i g m  a  s a m p l e  s t i m u l u s  w as p r e s e n t e d ,  f o l l o w e d  by  tw o  o r  

t h r e e  a l t e r n a t i v e s  f r o m  w h ic h  t h e  m onkey  h a d  t o  s e l e c t  t h e  sa m e  

s t i m u l u s  ( m a t c h )  j u s t  p r e s e n t e d .  R i g h t  a n s w e r s  w e r e  r e i n f o r c e d .  

D e l a y s  b e t w e e n  t h e  s t i m u l i  w e r e  u s e d  t o  m a n i p u l a t e  t a s k  

d i f f i c u l t y .  S c o p o l a m i n e  h a d  a s i g n i f i c a n t  e f f e c t  on  s h o r t - t e r m  

m em ory i n  t h i s  t a s k  i n  r h e s u s  m o n k e y s  ( B a r t u s  a n d  J o h n s o n ,  1 9 7 6 )  .

I n  a  n o n m a t c h i n g - t o - s a m p l e  t a s k  f o r t y  s a m p l e  s t i m u l i  f i r s t  

w e r e  g i v e n  t o  r h e s u s  m o n k e y s .  A f t e r  a  s e r i e s  o f  s t i m u l i  w e r e  

p r e s e n t e d ,  t h e s e  sa m e s t i m u l i  w e r e  g i v e n  i n  t h e  r e v e r s e  o r d e r ,
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e a c h  p a i r e d  w i t h  a  n o v e l  s t i m u l u s .  T he  a n i m a l  w as  r e w a r d e d  w hen  

c h o o s i n g  t h e  n o v e l  s t i m u l u s  i n  e a c h  p a i r .  T he  p e r f o r m a n c e  w as  

i m p a i r e d  i f  s c o p o l a m i n e  w as  a d m i n i s t e r e d  b e f o r e  b u t  n o t  a f t e r  t h e  

f i r s t  s e r i e s  o f  s t i m u l i  ( A i g n e r  e t  a l . ,  1 9 9 1 ) .

I n  a d d i t i o n  t o  t h e  b e h a v i o r a l  t e s t s  e v e n t - r e l a t e d  p o t e n t i a l s  

(ERlP s )  a l s o  h a v e  b e e n  u t i l i z e d  t o  m e a s u r e  c o g n i t i v e  d e c l i n e  b o t h  

i n  h u m a n s  o r  i n  n o n - h u m a n  p r i m a t e s .  R e c o r d i n g  f r o m  t h e  s c a l p ,  

u s i n g  c o m p u t e r  e x t r a c t i o n  t e c h n i q u e s ,  t i m e - l o c k e d  f i e l d  

p o t e n t i a l s  c o u l d  b e  r e c o r d e d  i n  a s s o c i a t i o n  w i t h  s e n s o r y ,  m o t o r  

a n d  c o g n i t i v e  e v e n t s .  S h o r t  l a t e n c y  ERP c o m p o n e n t s  v a r y  w i t h  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  s t i m u l u s  a n d  t h e  f u n c t i o n a l  i n t e g r i t y  

o f  t h e  s e n s o r y  p a t h w a y s  a n d  s o  t h e y  a r e  o f t e n  t e r m e d  " e x o g e n o u s " .  

I n  c o n t r a s t ,  t h e  s o  c a l l e d  " e n d o g e n o u s "  ERPs a r e  o f  l o n g e r  

l a t e n c y  a n d  v a r y  i n  a m p l i t u d e ,  l a t e n c y  a n d  d i s t r i b u t i o n  a s  a 

f u n c t i o n  o f  p s y c h o l o g i c a l  v a r i a b l e s  a n d  t a s k - s p e c i f i c  p r o c e s s e s  

t r i g g e r e d  b y  t h e  s t i m u l u s  ( D o n c h i n  e t  a l . ,  1 9 7 8 ) .  T h e  m o s t  

i n t e n s i v e l y  s t u d i e d  " e n d o g e n o u s "  p o t e n t i a l  i s  t h e  P 3 0 0  o r  P 3 . 

P 3 0 0  i s  a  p o s i t i v e  ERP c o m p o n e n t  t h a t  t y p i c a l l y  p e a k s  a t  a b o u t  

3 0 0  m s e c  o r  m o r e  a f t e r  t h e  p r e s e n t a t i o n  o f  t h e  i n f o r m a t i v e  

a u d i t o r y  s t i m u l u s .  I n  t h e  v i s u a l  m o d a l i t y  i t s  l a t e n c y  i s  l o n g e r .  

I t  i s  w e l l  e s t a b l i s h e d  t h a t  t h i s  c o m p o n e n t  o f  ERPs i s  a s s o c i a t e d  

w i t h  c o g n i t i v e  p r o c e s s i n g  ( K u t a s  e t  a l . ,  1 9 7 7 ;  D o n c h i n  e t  a l . ,  

1 9 7 8 ,  D o n c h i n ,  1 9 7 9 )  a n d  i t  may g i v e  some i n s i g h t  i n t o  t h e  

n e u r o n a l  b a s e s  o f  c o g n i t i v e  a c t i v i t y .  P300 i s  u s u a l l y  e l i c i t e d  b y  

a n  u n e x p e c t e d  s t i m u l u s  a s  w e l l  a s  by  a n  u n e x p e c t e d  a b s e n c e  o f  a 

s t i m u l u s .  I t  i s  m o s t  com m only  r e c o r d e d  d u r i n g  a  r a n d o m l y  o r d e r e d  

s e q u e n c e  o f  s t i m u l i  f ro m  tw o  c l a s s e s ,  s u c h  a s  h i g h  a n d  lo w  

f r e q u e n c y  t o n e s .  T h e  s t i m u l i  c a n  b e  a u d i t o r y ,  v i s u a l  o r  

s o m a t o s e n s o r y  i n  n a t u r e .  S t i m u l i  f ro m  a n  i n f r e q u e n t  c l a s s  c a n  

e l i c i t  P 3 0 0 .  I t s  a m p l i t u d e  d e c r e a s e s  when t h e  a t t e n t i o n  i s  

d i v e r t e d ;  t h e  l a t e n c y  v a r i e s  w i t h  t h e  t i m e  r e q u i r e d  f o r  s t i m u l u s  

e v a l u a t i o n  ( K u t a s  e t  a l . ,  1 9 7 7 ;  M c C a r th y  a n d  D o n c h i n ,  1 9 8 1 ) .  

Human s t u d i e s  s u g g e s t  t h a t  m e a s u r i n g  P300 c o u l d  s e r v e  a s  a  t o o l  

i n  t h e  d i a g n o s i s  o f  d e m e n t i a  ( D o n c h i n  e t  a l . ,  1 9 8 6 ) .  G i v e n  t h e  

l i m i t e d  f a c i l i t i e s  f o r  e x p e r i m e n t a t i o n  on  h u m a n s ,  t h e r e  i s  

e v i d e n c e  t h a t  t h e  m onkey  i s  s u i t a b l e  t o  e v a l u a t e  t h e
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r e p e a t a b i l i t y  a n d  t h e  p h a r m a c o l o g i c a l  p r o p e r t i e s  o f  P 3 0 0  a n d  

h e n c e  may p r o v i d e  a  r e a s o n a b l e  m o d e l  t o  s t u d y  t h e  c o g n i t i v e  

e l e c t r o p h y s i o l o g y  o f  d e m e n t i n g  d i s e a s e s  ( A r t h u r  a n d  S t a r r ,  1 9 8 4 ,  
O n o f r j  e t  a l . ,  1 9 8 6 ;  G l o v e r  e t  a l . ,  1 9 8 8 ;  P i n e d a  e t  a l . ,  1 9 8 9 ) .

T w e n ty  t o  t h i r t y  m i n u t e s  a f t e r  t h e  a d m i n i s t r a t i o n  o f  

s c o p o l a m i n e ,  P 3 0 0  l a t e n c y  i n c r e a s e d  a n d  i t s  a m p l i t u d e  d e c r e a s e d  

u s i n g  a  v i s u a l  d i s c r i m i n a t i o n  p a r a d i g m  i n  t h e  M a c a g u e  m o n k e y  

( A n t a l  e t  a l . ,  s u b m i t t e d ) .  I n  h u m a n s  i n  a  s i m i l a r  v i s u a l  o d d b a l l  

t a s k  a  c o m p a r a b l e  d o s e  o f  s c o p o l a m i n e  d e l a y e d  t h e  p e a k  P3 00 

l a t e n c y  w i t h o u t  a n  e f f e c t  on  i t s  a m p l i t u d e  (R ugg  e t  a l . ,  1 9 8 9 ) .  

C o n s i s t e n t  w i t h  t h i s  r e s u l t  i s  t h e  f i n d i n g  o f  s i g n i f i c a n t  P 3 0 0  

l a t e n c y  i n c r e a s e  a f t e r  1 . 2  mg s c o p o l a m i n e  a d m i n i s t r a t i o n  u s i n g  a 

v i s u a l  s t i m u l u s  e v a l u a t i o n / r e s p o n s e  s e l e c t i o n  t a s k  i n  h u m a n s  

( C a l l a w a y  e t  a l . ,  1 9 9 1 ) .

I t  i s  o f  p a r t i c u l a r  r e l e v a n c e  t h a t  s c o p o l a m i n e  c a n  p r o d u c e  

c o g n i t i v e  d e f i c i t s  w h ic h  a r e  r e g a r d e d  t o  b e  s i m i l a r  t o  t h o s e  

o b s e r v e d  i n  AD ( F u l d ,  1984)  a l t h o u g h  i t  h a s  b e e n  a l s o  s u g g e s t e d  

t h a t  t h e  c o g n i t i v e  p r o f i l e  o f  s c o p o l a m i n e  t r e a t e d  y o u n g  s u b j e c t s  

i s  m o re  s i m i l a r  t o  t h a t  o f  n o n d e m e n t e d  e l d e r l y  p e o p l e  t h a n  t o  AD 

p a t i e n t s  ( F l i c k e r  e t  a l . ,  1 9 9 0 ) .

S u m m a ry . D i f f e r e n t  m o d e l s  o f  AD a r e  e g u a l l y  g o o d  f o r  

s t u d y i n g  s e l e c t i v e  a s p e c t s  o f  AD. S u r g i c a l  a n d  n e u r o t o x i c  l e s i o n s  

o f  nbm p r o d u c e  s i m i l a r  c o g n i t i v e  c h a n g e s .  Many o f  t h e  n o n -  
c h o l i n e r g i c  n e u r o t r a n s m i t t e r  a b n o r m a l i t i e s  c a n  b e  o b s e r v e d  a f t e r  

nbm l e s i o n s  (Wenk a n d  E n g i s c h ,  1 9 8 6 ) .  F o l l o w i n g  nbm l e s i o n ,  

b e h a v i o r a l  r e c o v e r y  i s  o b s e r v e d  o v e r  t i m e .  A d m i n i s t r a t i o n  o f  

AF64A p r o d u c e s  a n a t o m i c  a n d  c o g n i t i v e  c h a n g e s  s i m i l a r  t o  t h o s e  

c a u s e d  b y  nbm l e s i o n ,  b u t  t h e  e f f e c t  o f  AF64A i s  e x c l u s i v e  t o  t h e  

c h o l i n e r g i c  s y s t e m .  T h e s e  t o x i n s  p r o d u c e  l o n g  l a s t i n g  p e r m a n e n t  

d e f i c i t s  w h i c h  show  some c h a r a c t e r i s t i c s  s i m i l a r  t o  AD. 

S c o p o l a m i n e  i n d u c e s  s h o r t e r  t i m e  c o u r s e  d e f i c i t s  t h a n  t h e  o t h e r  

t h r e e  m o d e l s .

T h e  NZB m o u s e  m o d e l  d o e s n ' t  m im ic  t h e  a n a t o m i c a l  c h a n g e s  o f  

AD b u t  i t  i s  a  p r o m i s i n g  f o r  i n v e s t i g a t i n g  a g e - r e l a t e d  c h a n g e s .
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P a r k i n s o n 's disease

1 .  T h e  r o t a t i n g  r a t  m o d e l . E f f o r t s  t o  d e v e l o p  a  h o m o l o g o u s  
m o d e l  f o r  P a r k i n s o n ' s  d i s e a s e  (PD) h a v e  b e e n  f o c u s e d  o n  u s i n g  

n e u r o t o x i n s  s e l e c t i v e  f o r  d o p a m i n e r g i c  n e u r o n s .  T h e  f i r s t  

e m p l o y e d  d r u g  w a s  6 - h y d r o x y - d o p a m i n e  (6 0 H -D A ) , w h i c h  w a s  i n j e c t e d  

i n t o  t h e  n i g r o s t r i a t a l  s y s t e m  o f  r a t s  i n  o r d e r  t o  m im ic  s y m p to m s  

o f  PD ( U n g e r s t e d t  a n d  A r b u t h n o t t ,  1 9 7 0 ) .  A f t e r  a  u n i l a t e r a l  6 0H -  

DA l e s i o n  o f  t h e  n i g r o s t r i a t a l  s y s t e m  o f  r a t s  a  l a c k  o f  m o v e m e n t  

i n i t i a t i o n  i s  o b s e r v e d  a n d  t h e  a n i m a l s  t u r n  t o w a r d  t h e  i n j e c t e d  

s i d e  w i t h o u t  a n y  s t i m u l i .  F o l l o w i n g  a m p h e ta m in e  a d m i n i s t r a t i o n  

r a t s  r o t a t e  t o w a r d  t o  t h e  s i d e  o f  t h e  60H-DA i n j e c t i o n .  T h i s  i s  

i n t e r p r e t e d  a s  a  r e s u l t  o f  d o p a m i n e  r e l e a s e  f r o m  t h e  i n t a c t  

s t r i a t u m .  T h e  a d m i n i s t r a t i o n  o f  t h e  d o p a m in e  a g o n i s t  a p o m o r p h i n e  

c a u s e s  m o v e m e n t  i n  a  d i r e c t i o n  c o n t r a l a t e r a l  t o  t h e  s i d e  o f  t h e  

l e s i o n  b e c a u s e  o f  d e n e r v a t i o n  s u p e r s e n s i t i v i t y  o f  s t r i a t a l  

d o p a m i n e  r e c e p t o r s  ( U n g e r s t e d t  a n d  A r b u t h n o t t ,  1 9 7 0 ;  D u n e t t  e t  

a l . ,  1 9 8 8 ) .
2 .  T he  MPTP p r i m a t e  m o d e l . As a  m o re  s u i t a b l e  t o o l  f o r  

c r e a t i n g  a  m o d e l  o f  PD, MPTP ( l - m e t h y l - 4 - p h e n y l - l , 2 , 5 , 6 -  

t e t r a h y d r o p y r i d i n e )  h a s  b e e n  a d m i n i s t e r e d .  T h i s  n e u r o t o x i n  n o t  

o n l y  p r o v o k e s  t h e  p a t h o l o g i c a l  a n d  b i o c h e m i c a l  c h a n g e s  w e l l  know n  

i n  p a t i e n t s  w i t h  p a r k i n s o n i s m  b u t  c h a r a c t e r i s t i c  b e h a v i o r a l  

d e f e c t s  a l s o  c l o s e l y  r e s e m b l e  t h o s e  o f  PD ( B u r n s  e t  a l . ,  1 9 8 3 ) .  

I n  m o n k e y s ,  1 - 2  w e e k s  f o l l o w i n g  MPTP a d m i n i s t r a t i o n  

n e u r o p a t h o l o g i c  e x a m i n a t i o n  d e m o n s t r a t e s  s e l e c t i v e  d e s t r u c t i o n  o f  

d o p a m i n e r g i c  c e l l s  i n  t h e  s u b s t a n t i a  n i g r a  p a r s  c o m p a c t a  a n d  

t h e i r  p r o j e c t i o n  t o  t h e  s t r i a t u m .  A t  a b o u t  t h e  sa m e  t i m e  t h e  

a n i m a l s  show  s e v e r e  m o to r  i m p a i r m e n t ,  s i m i l a r  t o  t h a t  s e e n  i n  

h u m a n  p a r k i n s o n i s m  ( B u r n s  e t  a l . ,  1 9 8 3 ;  L a n g s t o n  e t  a l . ,  1 9 8 4 ) .  

M P T P - t r e a t e d  s u b h u m a n  p r i m a t e s  d o  n o t  e x h i b i t  t h e  f u l l  r a n g e  o f  

p a t h o l o g i c  o r  b i o c h e m i c a l  c h a n g e s  know n t o  o c c u r  i n  p a t i e n t s  w i t h  

PD ( J e n n e r  a n d  M a r s d e n ,  1 9 9 0 ) .  N e v e r t h e l e s s ,  t h e  c a r d i n a l  

s y m p to m s  o f  a d v a n c e d  PD s u c h  a s  t r e m o r ,  b r a d y k i n e s i a , r i g i d i t y ,  

m o t o r  f r e e z i n g ,  e a t i n g  p r o b l e m s ,  d e l a y  i n  i n i t i a t i n g  m o v e m e n t s  

a r e  o b s e r v a b l e  f o r  a  l o n g  p e r i o d  f o l l o w i n g  MPTP a d m i n i s t r a t i o n  t o  

p r i m a t e s  ( B u r n s  e t  a l . ,  1 9 8 3 ;  Redm ond e t  a l . ,  1 9 8 6 ) .  Many o f  t h e
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c a r d i n a l  sy m p to m s  o f  t h e  M P T P - t r e a t e d  m o n k e y s  i m p r o v e  u n d e r  t h e  

e f f e c t  o f  d o p a m i n e r g i c  t h e r a p y  w i t h  d r u g s  w h ic h  a r e  o f t e n  u s e d  i n  

hum an PD.

A s i g n i f i c a n t  p r o p o r t i o n  o f  p a t i e n t s  s u f f e r i n g  f r o m  PD sh o w  

d e l a y e d  v i s u a l  e v o k e d  p o t e n t i a l s  (VEPs) a n d  u p o n  q u e s t i o n i n g  

d e s c r i b e  v i s u a l  d e f i c i t s .  E l e c t r o p h y s i o l o g i c a l  a n d  n e u r o c h e m i c a l  

f i n d i n g s  p o i n t  t o  d o p a m i n e r g i c  d e f i c i e n c y  i n  t h e  v i s u a l  p a t h w a y ,  

p r o b a b l y  i n  t h e  r e t i n a  ( B o d i s - W o l l n e r  a n d  Y a h r ,  1 9 7 8 )  . U s i n g  

s i n u s o i d a l  s t i m u l i  i n  PD p a t i e n t s ,  t h e  a b n o r m a l i t y  o f  VEP i s  

h i g h e s t  f o r  m edium  a n d  h i g h  s p a t i a l  f r e q u e n c y  s t i m u l i  w h e r e  

n o r m a l  hum an  o b s e r v e r s  a r e  m o s t  s e n s i t i v e  t o  t h e  v i s u a l  s t i m u l i  

( O n o f r j  e t  a l . ,  1 9 8 6 ) .  A g o o d  n u m b e r  o f  s t u d i e s  h a v e  a l s o  sh o w n  

a b n o r m a l  f l a s h  a n d  p a t t e r n  e l e c t r o r e t i n o g r a m s  (ERGs) i n  

i n d i v i d u a l s  w i t h  PD ( B o d i s - W o l l n e r  e t  a l . ,  1 9 9 1 ) .  I n  t h e s e  

p a t i e n t s  a b n o r m a l  PERG i s  m o re  e v i d e n t  a t  m edium  t h a n  a t  l o w e r  

s p a t i a l  f r e q u e n c i e s .

To u n d e r s t a n d  t h e  r o l e  o f  d o p a m i n e r g i c  n e u r o n s  i n  t h e  

r e t i n a l  c i r c u i t r y ,  t h e  d i r e c t  i n t r a o c u l a r  e f f e c t  o f  60H-DA w a s  

e x a m i n e d  i n  nonhum an  p r i m a t e s .  A f t e r  t h e  d r u g  a d m i n i s t r a t i o n  b o t h  

t h e  p h a s e  a n d  a m p l i t u d e  o f  PERG a n d  VEP b e c a m e  a b n o r m a l  

( G h i l a r d i  e t  a l . ,  1 9 8 9 ) .  T h i s  i m p a i r m e n t  w as  p r o n o u n c e d  f o r  t h e  

m ed ium  s p a t i a l  f r e q u e n c i e s  ( 2 . 5  a n d  3 . 5  c y c l e s / d e g r e e  -  c p d ,  c p d  

i s  a  m e a s u r e  o f  a p a t t e r n  e l e m e n t  s i z e  i n  a  r e p e t i t i v e  g r a t i n g  

p a t t e r n ) , w h i l e  r e s p o n s e s  t o  s t i m u l i  o f  l o w e r  s p a t i a l  f r e q u e n c i e s  

( 0 . 5  a n d  1 . 2  c p d )  w e r e  l e s s  i m p a i r e d .  T h i s  i s  s i m i l a r  t o  w h a t  

c o u l d  b e  s e e n  i n  p a r k i n s o n i a n  p a t i e n t s  ( G h i l a r d i  e t  a l . ,  1 9 8 9 ) .

I n  M P T P - t r e a t e d  m o n k e y s  a b n o r m a l  VEP a n d  ERGs e l i c i t e d  b y  

g r a t i n g  s t i m u l i  w e r e  r e c o r d e d  s h o r t l y  f o l l o w i n g  MPTP i n j e c t i o n  

( G h i l a r d i  e t  a l . ,  1 9 8 8 ) .  T h e  e l e c t r o p h y s i o l o g i c a l  a b n o r m a l i t i e s  

w e r e  d e p e n d e n t  u p o n  t h e  a p p l i e d  s p a t i a l  f r e q u e n c i e s :  G h i l a r d i  a n d  

c o l l e a g u e s  ( 1 9 8 8 )  h a v e  sh o w n  t h a t  b o t h  t h e  PVEP a n d  PERG t o  0 . 5  

c p d  s t i m u l i  r e t u r n e d  t o  n o r m a l  3 0 - 4 0  d a y s  a f t e r  MPTP 

a d m i n i s t r a t i o n  b u t  PVEP l a t e n c y  a n d  a m p l i t u d e  t o  2 . 5  a n d  3 . 5  c p d  

s t i m u l i  r e m a i n e d  a b n o r m a l .  T h e s e  e f f e c t s  a r e  v e r y  s i m i l a r  t o  

t h o s e  o f  60H-DA on  t h e  VEP a n d  PERG, s u g g e s t i n g  a  s p e c i f i c  r o l e  

o f  t h e  d o p a m i n e r g i c  s y s t e m  i n  t h e  m o n k e y 's  v i s u a l  p a t h w a y .  T h e
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v i s u a l  a b n o r m a l i t i e s  c o u l d  b e  a l s o  i m p r o v e d  w i t h  L -D o p a  t h e r a p y ,  

s i m i l a r  t o  t h e  m a i n  m o t o r  d e f i c i t s .

U s i n g  e x t r a c e l l u l a r  s i n g l e  u n i t  r e c o r d i n g s  i n  t h e  d o r s a l  
l a t e r a l  c a u d a t e  n u c l e u s  o f  i n t a c t ,  a w a k e  c a t s ,  6% o f  n e u r o n s  

r e s p o n d e d  t o  v i s u a l  s t i m u l i .  A f t e r  MPTP a d m i n i s t r a t i o n  n o  u n i t  

d i s c h a r g e s  t o  s u c h  s t i m u l i  w e r e  s e e n  ( S c h n e i d e r ,  1 9 9 1 ) .

T h e  u n i l a t e r a l  p a r k i n s o n i a n  m o nkey  m o d e l . U n i l a t e r a l  MPTP 

i n j e c t i o n s  i n t o  t h e  c a r o t i d  a r t e r y  o f  n o n - h u m a n  p r i m a t e s  h a v e  

o p e n e d  new v i s t a s  f o r  t h e  s t u d y  o f  p a r k i n s o n i s m .  W i th  t h i s  m e th o d  

l i v e r  a n d  k i d n e y  d a m a g e  c a n  b e  a v o i d e d .  T h e  p a r k i n s o n i a n  m o t o r  

d e f i c i t s  d e v e l o p  c o n t r a l a t e r a l  t o  t h e  MPTP i n f u s i o n  a n d  t h e  

a n i m a l s  do  n o t  s u f f e r  f ro m  t h e  s e v e r e  f e e d i n g  d e f i c i t s  

e n c o u n t e r e d  i n  b i l a t e r a l l y  t r e a t e d  p a r k i n s o n i a n  m o n k e y s .  The 

i n j e c t i o n  p r o d u c e s  o n l y  u n i l a t e r a l  d am ag e  o f  t h e  n i g r o s t r i a t a l  

p a t h w a y  a n d ,  t h e r e f o r e ,  t h e  sam e a n i m a l  p r o v i d e s  i t s  own 

p h y s i o l o g i c a l  a n d  b e h a v i o r a l  c o n t r o l .

S e l e c t i v e  d e s t r u c t i o n  o f  t h e  i p s i l a t e r a l  n i g r o s t r i a t a l  

p a t h w a y  b y  u n i c a r o t i d  MPTP i n j e c t i o n  c a u s e s  p e r m a n e n t  

c o n t r a l a t e r a l  m o t o r  i m p a i r m e n t ,  s u c h  a s  b r a d y k i n e s i a , r i g i d i t y ,  

c o g w h e e l i n g  a n d  t r e m o r  ( B a n k i e w i c z  e t  a l . ,  1 9 8 6 ) .  S p o n t a n e o u s  

m o t o r  a c t i v i t y  i s  c h a r a c t e r i z e d  b y  c o n t i n u o u s  a n d  c o n s i s t e n t  

c i r c l i n g  t o w a r d s  t h e  M P T P - i n j e c t e d  s i d e .

T h e  r e s p o n s e  o f  t h e  MPTP m onkey  t o  d o p a m i n e r g i c  a g e n t s .  I s  

i t  a  p h a r m a c o l o g i c a l  m o d e l? T r e a t m e n t  w i t h  L - D o p a / c a r b i d o p a  o r  

a p o m o r p h i n e  a l l e v i a t e s  t h e  m o t o r  d e f i c i t s  a n d  r e v e r s e s  t h e  

d i r e c t i o n  o f  c i r c l i n g  ( B a n k i e w i c z  e t  a l . , 1 9 8 6 ) .  I n  u n i l a t e r a l  

p a r k i n s o n i a n  m o n k e y s  t r e a t e d  w i t h  L -D o p a ,  sy m p to m s  o f  

p a r k i n s o n i s m  w e r e  c o n t r o l l e d  o r  s u p p r e s s e d  a n d  w i d e s p r e a d  

i n c r e a s e s  i n  g l u c o s e  u t i l i z a t i o n  w e r e  s e e n  t h r o u g h o u t  t h e  b r a i n  

( P o r r i n o  e t  a l . ,  1 9 8 7 ) .  C e r e b r a l  m e t a b o l i c  a c t i v i t y  w as  i n c r e a s e d  

i n  a r e a s  r i c h  i n  d o p a m i n e r g i c  r e c e p t o r s  a n d  i n  n o n d o p a m i n e r g i c  

a r e a s  r e l a t e d  t o  m o t o r  f u n c t i o n s .

B a n k i e w i c z  e t  a l .  ( 1 9 9 1 a )  h a v e  d e s c r i b e d  h e m i s p a t i a l  v i s u a l  

n e g l e c t  i n  m o n k e y s  r e n d e r e d  h e m i p a r k i n s o n i a n  by  u n i l a t e r a l  MPTP 

i n j e c t i o n .  T h i s  h e m i s p a t i a l  n e g l e c t  i s  s i m i l a r  t o  w h a t  h a s  b e e n  

o b s e r v e d  i n  som e h u m a n s  w i t h  f o c a l  c o r t i c a l  a n d  s u b c o r t i c a l
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l e s i o n s  i n c l u d i n g  d o p a m i n e r g i c  a r e a s  ( R o e l t g e n  e t  a l . ,  1 9 8 9 ) .  

M i l d  v i s u a l  n e g l e c t  h a s  a l s o  b e e n  d e s c r i b e d  i n  a s s o c i a t i o n  w i t h  

PD, p a r t i c u l a r l y  i n  p a t i e n t s  w i t h  sym ptom s l o c a l i z e d  t o  t h e  l e f t  

s i d e  o f  t h e  b o d y  ( B a r b e r  e t  a l . ,  1 9 8 5 ) .  S c h n e i d e r  e t  a l .  ( 1 9 9 2 )  

s u g g e s t  t h a t  t h e  h e m i n e g l e c t  s t a t e  i n  m o n k e y s  w i t h  u n i l a t e r a l  

c a r o t i d  a d m i n i s t r a t i o n  i s  t h e  r e s u l t  o f  a n  i m p a i r m e n t  o f  

a p p r o p r i a t e  s e n s o r y  i n f o r m a t i o n  d e l i v e r y  t o  t h e  s t r i a t u m  a n d  i t  
i s  n o t  t h e  r e s u l t  o f  p r i m a r y  v i s u a l  o r  m o t o r  d a m a g e .

M o s t  o f  t h e  s t u d i e s  o f  MPTP e x p o s u r e  i n  a n i m a l s  h a v e  f o c u s e d  

o n  m o t o r ,  n e u r o p a t h o l o g i c a l , p h a r m a c o l o g i c a l  a n d  m e t a b o l i c  

a s p e c t s  o f  p a r k i n s o n i s m .  N e v e r t h e l e s s ,  i n  t h e  l a s t  d e c a d e s  i t  h a s  

b e c o m e  i n c r e a s i n g l y  e v i d e n t  t h a t  c o g n i t i v e  i m p a i r m e n t  i s  a n  

i n t e g r a l  p a r t  o f  PD ( B o d i s - W o l l n e r  e t  a l . ,  1 9 8 4 ;  D u b o i s  e t  a l . ,  

1 9 8 7 ,  1 9 9 0 ;  Brown a n d  M a r s d e n ,  1 9 9 0 )  a n d  M P T P - t r e a t e d  m o n k e y s  

p r o v i d e  a  r e a s o n a b l e  m o d e l  f o r  s t u d y i n g  t h e  e f f e c t  o f  
d o p a m i n e r g i c  d e f i c i e n c y  on  c o g n i t i o n .

D i f f e r e n t  k i n d s  o f  c o g n i t i v e  t e s t s  h a v e  b e e n  a p p l i e d  i n  

h e m i p a r k i n s o n i a n  a n i m a l s .  S c h n e i d e r  a n d  K o v e l o w s k i  (1 9 9 0 )  u s e d  

d e l a y e d  r e s p o n s e ,  d e l a y e d  a l t e r n a t i o n ,  a n d  v i s u a l  p a t t e r n  

d i s c r i m i n a t i o n  t a s k s .  I n  t h e  d e l a y e d  r e s p o n s e  t a s k  m o n k e y s  w e r e  

t r a i n e d  t o  r e t r i e v e  a  r a i s i n  f r o m  o n e  o f  t h e  f o o d  w e l l s  a f t e r  

o b s e r v i n g  t h e  e x p e r i m e n t e r  b a i t  o n e  o f  t h e  w e l l s .  I n  t h e  d e l a y e d  

a l t e r n a t i v e  t a s k  m o n k e y s  w e r e  r e q u i r e d  t o  a l t e r n a t e  r e s p o n s e s  

b e t w e e n  t h e  l e f t  a n d  r i g h t  w e l l s  on  s u c c e s s i v e  t r i a l s .  I n  t h e  

v i s u a l  p a t t e r n  d i s c r i m i n a t i o n  t a s k  m o n k e y s  w e r e  t r a i n e d  t o  

d i s c r i m i n a t e  c o r r e c t l y  b e t w e e n  tw o  b l a c k  p a t t e r n s  ( a  p l u s  s i g n  

a n d  a  m i n u s  m a rk )  o n  a  w h i t e  b a c k g r o u n d .  A p l u s  s i g n  a p p e a r e d  

o v e r  t h e  r i g h t  o r  l e f t  f o o d  w e l l s  i n  a p r e d e t e r m i n a t e d  b a l a n c e  

o r d e r .  A l l  e x a m i n e d  a n i m a l s  s h o w e d  s i g n i f i c a n t  p o s t - M P T P  d e f i c i t s  

i n  d e l a y e d  r e s p o n s e  a n d  d e l a y e d  a l t e r n a t i v e  t a s k s  w h i l e  v i s u a l  

p a t t e r n  d i s c r i m i n a t i o n  p e r f o r m a n c e  r e m a i n e d  i n t a c t  c o n c e r n i n g  t h e  
p e r c e n t a g e  o f  t h e  c o r r e c t  r e s p o n s e s .

As s u m m a r i z e d  e a r l i e r ,  ERPs a l s o  h a v e  b e e n  u t i l i z e d  t o  

e v a l u a t e  c o g n i t i v e  f u n c t i o n i n g  i n  hum ans a n d  i n  m o n k e y s .  T h e  

l a t e n c y  o f  P 300  i s  o f t e n  a b n o r m a l  i n  p a r k i n s o n i a n  p a t i e n t s  

( H a n s c h  e t  a l . ,  1 9 8 2 ;  B o d i s - W o l l n e r  e t  a l . ,  1 9 8 4 ;  G o o d in  a n d
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A m i n o f f ,  1 9 8 7 ;  P a n g  e t  a l . ,  1 9 9 0 ;  S t a n z i o n e  e t  a l . ,  1 9 9 1 ) .  An 

a b n o r m a l  P 300  e v o k e d  b y  a u d i t o r y  s t i m u l i  a l s o  w a s  f o u n d  i n  MPTP 

t r e a t e d  m o n k e y s  s h o r t l y  a f t e r  t h e  d r u g  a d m i n i s t r a t i o n .  F o l l o w i n g  

MPTP a d m i n i s t r a t i o n  P 300  d i s a p p e a r e d  b u t  a f t e r  p a r t i a l  r e c o v e r y  

o f  PD sy m p to m s ,  n o r m a l  P 300  p o t e n t i a l s  w e r e  r e c o r d e d  ( G l o v e r  e t  

a l . ,  1 9 8 6 ,  1 9 8 8 ) .
A n im a l  m o d e l s  o f  f e t a l  t i s s u e  t r a n s p l a n t a t i o n  i n  P a r k i n s o n ' s  

d i s e a s e . T he  c u r r e n t  t r e a t m e n t  o f  PD b y  s y s t e m i c  a d m i n i s t r a t i o n  

o f  d o p a m i n e r g i c  p r e c u r s o r s  r e s t o r e s  d o p a m in e  l e v e l s  i n  t h e  

s t r i a t u m .  R e c e n t  a t t e m p t s  t o  r e p l a c e  d a m a g e d  c e l l s  r e p r e s e n t  a  

new  d i r e c t i o n  i n  t h e  t h e r a p y  o f  n e u r o d e g e n e r a t i v e  d i s o r d e r s .

I n  t h e  r o d e n t  m o d e l  o f  PD, a d r e n a l  m e d u l l a r y  i m p l a n t s  i n t o  

t h e  s t r i a t u m  o f  r a t s  a p p e a r  t o  a m e l i o r a t e  t h e  m o t o r  d e f i c i t s  

a t t e n d i n g  d o p a m i n e  d e s t r u c t i o n  ( N i s h i n o  e t  a l . ,  1 9 8 8 ) .  I n  t h e  

h e m i p a r k i n s o n i a n  p r i m a t e  m o d e l  a  b e h a v i o r a l  r e c o v e r y  w as a l s o  

f o u n d  f o l l o w i n g  t r a n s p l a n t a t i o n  o f  m e d u l l a r y  a l l o g r a f t s ,  b u t  

g r a f t  s u r v i v a l  w a s  l i m i t e d  a n d  p o s s i b l y  n o t  l i n k e d  t o  t h e  

b e h a v i o r a l  i m p r o v e m e n t  ( B a n k i e w i c z  e t  a l . ,  1 9 8 8 ) .

M o to r  i m p r o v e m e n t  w as  f o u n d  i n  M P T P - t r e a t e d  r h e s u s  m o n k e y s  

a f t e r  i m p l a n t i n g  f e t a l  m e s e n c e p h a l i c  t i s s u e  ( c o n t a i n i n g  t h e  

d o p a m i n e r g i c  n e u r o n s  o f  t h e  e m b r y o n i c  s u b s t a n t i a  n i g r a )  i n  t h e  

c a u d a t e  n u c l e u s  ( B a n k i e w i c z  e t  a l . ,  1 9 9 0 ) .  S u b s e q u e n t  s t u d i e s  

w i t h  t r a n s p l a n t a t i o n  o f  f e t a l  c e r e b e l l u m  a n d  s p i n a l  c o r d  s u g g e s t  

t h a t  b r a i n  i m p l a n t s  do  n o t  n e e d  t o  c o n t a i n  d o p a m i n e  t o  i n d u c e  

r e c o v e r y  ( B a n k i e w i c z  e t  a l . ,  1 9 9 1 b ) .  I t  a p p e a r s  t h a t  i m p l a n t -  

i n d u c e d  a n d  a l s o  t r o p h i c  f a c t o r  -  m e d i a t e d  s p r o u t i n g  o f  d o p a m in e  

n e u r o n s  o f  t h e  h o s t  b r a i n  p l a y s  a  r o l e  i n  t h e  b e h a v i o r a l  a n d  

f u n c t i o n a l  i m p r o v e m e n t s  i n  M P T P - in d u c e d  p a r k i n s o n i a n  p r i m a t e s .

E ven  t h o u g h  t h e  b r a i n  h a s  b e e n  c o n s i d e r e d  a n  i m m u n o l o g i c a l l y  

p r i v i l e g e d  s i t e ,  i t  i s  c l e a r  t h a t  t h i s  p r i v i l e g e  i s  p a r t i a l  a n d  

i m m u n o l o g i c a l  r e j e c t i o n  p r o c e s s e s  c a n  o c c u r  i n  t h e  c e n t r a l  

n e r v o u s  s y s t e m  ( W id n e r  a n d  B r u n d i n ,  1 9 8 8 ) .  F i a n d a c a  e t  a l .  (1 9 8 8 )  

i m p l a n t e d  tw o  g r a f t s  o n e  m o n th  a p a r t  i n  t h e  s a m e  m o n k e y .  No 

c h a n g e s  w e r e  f o u n d  a f t e r  t h e  t r a n s p l a n t a t i o n  i n  c i s t e r n a l  

c e r e b r o s p i n a l  f l u i d  (CSF) w h i t e  b l o o d  c e l l  c o u n t s ,  s e r u m  a n d  CSF 

Ig G  a n d  a l b u m i n  c o n c e n t r a t i o n .  T h i s  t w i c e - i m p l a n t e d  m onkey  d i d
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n o t  d i f f e r  i n  a n y  m e a s u r e m e n t  f r o m  t h e  o t h e r s  r e c e i v i n g  o n l y  a  

s i n g l e  t r a n s p l a n t .  T h e s e  r e s u l t s  s u g g e s t  a  r e l a t i v e l y  g o o d  

i m m u n o l o g i c a l  t o l e r a n c e  o f  a l l o g r a f t s  i n  t h e  p r i m a t e  b r a i n .  

N e v e r t h e l e s s ,  a t  t h i s  t i m e  t h e  r o l e  o f  immune s u p p r e s s i o n  i n  

b r a i n  t r a n s p l a n t a t i o n  i s  n o t  y e t  s e t t l e d .

S u m m a ry . W e l l  d e v e l o p e d  a n i m a l  m o d e l s  o f  PD e x i s t .  60H-DA 

a n d  MPTP b o t h  d e s t r o y  d o p a m i n e r g i c  n e u r o n s  i n  t h e  n i g r o s t r i a t a l  

s y s t e m  a n d  p r o d u c e  a v a r i e t y  o f  m e a s u r e s  o f  m o t o r ,  s e n s o r y  a n d  

c o g n i t i v e  i m p a i r m e n t  t h a t  c a n  b e  o b s e r v e d  a l s o  i n  PD. S o m e w h a t  

d i f f e r e n t  e f f e c t s  o f  t h e  tw o  t o x i n s  may b e  r e l a t e d  t o  s p e c i e s  

d i f f e r e n c e s .  R a t s ,  r a b b i t s  a n d  g u i n e a  p i g s  a r e  f a r  l e s s  s e n s i t i v e  

t o  t h e  n e u r o t o x i c  e f f e c t s  o f  MPTP t h a n  p r i m a t e s .  MPP+, t h e  t o x i c  

m e t a b o l i t e  o f  MPTP, i s  p r e s e n t  o n l y  t r a n s i e n t l y  i n  t h e  b r a i n  o f  

t h e s e  a n i m a l s ,  w h i l e  i n  m o n k e y s  t h e  t o x i c  f o r m  i s  r e t a i n e d  f o r  a  

l o n g  t i m e  ( J o h a n n e s e n  e t  a l . ,  1 9 8 6 ) .  Of t h e  n e u r o d e g e n e r a t i v e  

d i s e a s e s  s t u d i e d ,  t h e  MPTP m o d e l  i s  t h e  c l o s e s t  a p p r o x i m a t i o n  t o  

hum an  PD.

T h e  f e t a l  i m p l a n t a t i o n  m e th o d  o p e n e d  a  new a p p r o a c h  t o  PD. 

M o s t  o f  p r e s e n t  d a t a  a r e  o f  p r e l i m i n a r y  n a t u r e  a n d  a r e  b a s e d  o n  

i n d i v i d u a l  c a s e s .  Many d e t a i l e d  a s p e c t s  o f  c e n t r a l  n e r v o u s  s y s t e m  

i m p l a n t a t i o n  a r e  unknow n a n d  i t  a p p e a r s  t h a t  t h e  m o n k ey  m o d e l  may 

b e  u s e f u l  i n  e v a l u a t i n g  w h e t h e r  f e t a l  i m p l a n t s  a r e  a p p l i c a b l e  t o  

n o n - m o t o r  d e f i c i t s  i n  PD.

Huntington's disease

H u n t i n g t o n ' s  d i s e a s e  (HD) i s  a n  a u t o s o m a l  d o m i n a n t - i n h e r i t e d  

n e u r o d e g e n e r e t i v e  d i s o r d e r  t h a t  i s  c h a r a c t e r i z e d  c l i n i c a l l y  by  

c l u m s i n e s s ,  c h o r e a ,  p r o g r e s s i v e  d e m e n t i a ,  a n d  i m p a i r e d  

c o n c e n t r a t i o n .  Many n e u r o t r a n s m i t t e r  s y s t e m s  d e m o n s t r a t e  i m p a i r e d  

f u n c t i o n s  i n  HD: l e v e l s  o f  g a m m a - a m i n o b u t y r i c  a c i d  (GABA), 

a c e t y l c h o l i n e ,  s u b s t a n c e  P ,  a n d  e n k e p h a l i n s  a r e  d e c r e a s e d  w h i l e  

d o p a m i n e  a n d  s o m a t o s t a t i n  a r e  i n c r e a s e d  o r  u n a l t e r e d  i n  t h e  b r a i n  

( G u s e l l a ,  1 9 8 7 )  . A n a t o m i c a l l y ,  s e v e r e  c e l l  l o s s  i n  t h e  s t r i a t u m  

i s  c h a r a c t e r i s t i c  o f  HD. T h e  c e l l  l o s s  i s  p r o g r e s s i v e  a n d  

u l t i m a t e l y  t h e  g l o b u s  p a l l i d u s  a n d  l a r g e  a r e a s  o f  t h e  c o r t e x  a l s o  

b e c o m e  a f f e c t e d .
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K a i n i c  a c i d  w a s  t h e  f i r s t  r e p o r t e d  e x o c i t o t o x i n  t o  m im ic  t h e  

p a t h o l o g i c a l  f e a t u r e s  o f  HD ( G i o r d i a n o  e t  a l . ,  1 9 8 8 ) .  I t  i s  a  

s e l e c t i v e  a g o n i s t  f o r  t h e  К s u b t y p e  o f  g l u t a m a t e  r e c e p t o r s  a n d  
p r o d u c e s  m o t o r  h y p e r a c t i v i t y  a n d  d e f i c i t s  i n  l e a r n i n g  a n d  m emory 

( C o y l e  a n d  S c h w a r z ,  1 9 7 6 ;  M cG eer  a n d  M c G e er ,  1 9 7 6 ) .  T h i s  

e x o c i t o t o x i n  i s  o f t e n  u s e d  t o  c r e a t e  a n  a n i m a l  m o d e l  o f  HD 

b e c a u s e  o f  t h e  s i m i l a r i t y  o f  b i o c h e m i c a l  a n d  b e h a v i o r a l  c h a n g e s  

i n  HD a n d  f o l l o w i n g  k a i n i c  a c i d .

L a t e r  s t u d i e s  w i t h  q u i n o l i n i c  a c i d ,  a n  e n d o g e n o u s  m e t a b o l i t e  

o f  t r y p t o p h a n ,  d e m o n s t r a t e d  e f f e c t s  s i m i l a r  t o  t h o s e  o f  k a i n i c  
a c i d  i n  t h e  r a t  c a u d a t e  n u c l e u s  ( S c h w a r z  e t  a l . ,  1 9 8 3 ) .  T he  

a c t i o n  o f  a n  a n o t h e r  g l u t a m a t e  a n a l o g u e ,  i b o t e n i c  a c i d ,  i s  a l s o  

s i m i l a r  i n  p r o v o k i n g  g l i o s i s  s i m i l a r  t o  t h a t  s e e n  i n  HD ( I s a c s o n  

e t  a l . ,  1 9 8 7 ) .  T h e s e  f i n d i n g s  s u g g e s t  t h a t  g l u t a m a t e  o r  a n o t h e r  

e x c i t a t o r y  a m in o  a c i d  a c t i n g  a t  o n e  o f  t h e  g l u t a m a t e  r e c e p t o r  

s u b t y p e s  c o u l d  b e  i n v o l v e d  i n  t h e  p a t h o g e n e s i s  o f  HD.

K a i n i c  a c i d - i n d u c e d  e x o c i t o t o x i c  s t r i a t a l  l e s i o n s  i n  r a t s  

r e s u l t e d  i n  l o c o m o t o r  h y p e r a c t i v i t y  a n d  d e f i c i t s  i n  l e a r n i n g  i n  

a  d e l a y e d  a l t e r n a t i o n  t a s k  i n  a  T - m a z e .  H o w e v e r ,  t h e  v i s u a l  

d i s c r i m i n a t i o n  a b i l i t y  o f  t h e  sa m e a n i m a l s  r e m a i n e d  u n a f f e c t e d  

( D i v a c  e t  a l . ,  1 9 7 8 ;  D u n e t t  e t  a l . ,  1 9 8 8 ) .  I n  a  p a s s i v e  a v o i d a n c e  

t a s k  k a i n i c  a c i d  l e s i o n e d  a n i m a l s  t o o k  s i g n i f i c a n t l y  l o n g e r  t o  

r e a c h  t h e  l e a r n i n g  c r i t e r i o n  ( S a n b e r g  e t  a l . ,  1 9 7 8 ) .  T h i s  m o d e l  

d o e s  n o t  m a n i f e s t  t h e  d y s k i n e s i a  o r  c h o r e i c  m o v e m e n t  t y p i c a l  o f  

HD.

U n i l a t e r a l  k a i n i c  a c i d  i n j e c t i o n  i n t o  t h e  c a u d a t e - p u t a m e n  o f  

m o n k e y s ,  f o l l o w e d  b y  d o p a m in e  a g o n i s t  s t i m u l a t i o n  p r o d u c e d  

c h o r e i c  m o v e m e n t s  i n  a  m onkey  w h o s e  s t r i a t u m  w as  o n l y  p a r t i a l l y  

d e s t r o y e d .  T h i s  r e s u l t  s u g g e s t s  t h a t  i n  t h i s  m o n k ey  c h o r e i c  

m o v e m e n t s  w e r e  g e n e r a t e d  by  t h e  h y p o f u n c t i o n  o f  t h e  n i g r o s t r i a t a l  

d o p a m i n e  n e u r o n s  t h a t  i n n e r v a t e  t h e  u n a f f e c t e d  p a r t  o f  t h e  

s t r i a t u m  (K a n a z a w a  e t  a l . ,  1 9 8 6 ) .

Sum m ary . T h e  a n i m a l  m o d e l s  o f  HD a r e  b a s e d  on  u s i n g  

d i f f e r e n t  e x o c i t o t o x i n s  s u c h  a s  k a i n i c ,  q u i n o l i n i c  a n d  i b o t e n i c  

a c i d .  T h e s e  t o x i n s  p r o d u c e  a r e m a r k a b l e  c e l l  l o s s  i n  t h e  b r a i n .  

T h e  p a t h o l o g i c a l  c h a n g e s  a r e  s i m i l a r  t o  t h o s e  s e e n  i n  HD, b u t
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t h e s e  m o d e l s  a r e  l e s s  a n a l o g o u s  t h a n  t h e  e a r l i e r  d i s c u s s e d  m o d e l s  
o f  AD a n d  PD.

CONCLUSIONS

We h a v e  b r i e f l y  r e v i e w e d  a n i m a l  m o d e l s  o f  p r i n c i p a l  m o t o r ,  

s e n s o r y  a n d  c o g n i t i v e  c h a r a c t e r i s t i c s  o f  t h r e e  m a j o r  

n e u r o d e g e n e r a t i v e  d i s o r d e r s ,  AD, PD a n d  HD. T he  a n i m a l  m o d e l s  a r e  

b a s e d  u p o n  p h a r m a c o l o g i c a l  m a n i p u l a t i o n s  o f  n e u r o t o x i n s  o r  
n e u r o t r a n s m i t t e r  a n t a g o n i s t s .

No m o d e l  p r o d u c e s  a  c o m p l e t e  s p e c t r u m  o f  c o g n i t i v e ,  m o t o r  o r  

p a t h o l o g i c a l  c h a n g e s  a n y  o f  t h e  d i s e a s e s  i n  q u e s t i o n .  One o f  t h e  

p r i m a r y  c r i t i c i s m s  l e v e l l e d  a g a i n s t  t h e s e  m o d e l s  i s  t h a t  t h e y  a r e  

e x p e r i m e n t a l l y  i n d u c e d .  N e v e r t h e l e s s ,  a n i m a l  m o d e l s  p o t e n t i a l l y  

e n a b l e  d i s s e c t i o n  o f  t h e  u n d e r l y i n g  e l e m e n t s  o f  t h e  

n e u r o d e g e n e r a t i v e  d i s e a s e s  i n  a  m ore  d i r e c t  way t h a n  i s  p o s s i b l e  

i n  hu m a n  c l i n i c a l  r e s e a r c h .

One p r o b l e m  o f  a l l  a n i m a l  m o d e l s  i s  t h a t  t h e y  show  

s p o n t a n e o u s  r e c o v e r y  w h i l e  t h i s  d o e s  n o t  o c c u r  i n  

n e u r o d e g e n e r a t i v e  d i s o r d e r s .  I n  t h e  a n i m a l s ,  p a r t i a l  o r  e v e n  f u l l  

m o t o r  a n d  a l s o  c o g n i t i v e  r e c o v e r y  o c c u r s  o v e r  t i m e .  F u t u r e  

r e s e a r c h  s h o u l d  f o c u s  on  a n a l y s i s  o f  t h e  f a c t o r s  l e a d i n g  t o  

s p o n t a n e o u s  r e c o v e r y ,  s i n c e  t h e y  may g i v e  c l u e s  f o r  m o r e  

e f f i c i e n t  t r e a t m e n t  a p p r o a c h e s  i n  n e u r o d e g e n e r a t i v e  d i s o r d e r s .

I n  a l l  a r e a s  o f  b i o l o g i c a l  r e s e a r c h  t h e r e  i s  a  g r o w i n g  

s o c i a l  m o v e m e n t  c o n c e r n e d  w i t h  a n i m a l  r e s e a r c h  a n d  o f t e n  

a n t a g o n i s t i c  t o  i t .  Some o f  t h e s e  o r g a n i z a t i o n s  a r e  

a n t i s c i e n t i f i c  a n d  u s e  p h y s i c a l  v i o l e n c e .  Y e t  i t  i s  e v i d e n t  t h a t  

s i g n i f i c a n t l y  v a l i d  a n d  e t h i c a l l y  c o r r e c t  e x p e r i m e n t s  p r o v i d e  

a n i m a l  m o d e l s  w h i c h  a i d  i n  t h e  u n d e r s t a n d i n g  o f  t h e  c a u s e s  a n d  

m e c h a n i s m s  o f  t h e  m a j o r  hum an d i s o r d e r s  a n d  l e a d  t o  t h e r a p e u t i c  

a d v a n c e s .
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ASTROGLIAL REACTION 
FOLLOWING WALLERIAN DEGENERATION 

IN THE RAT VISUAL CORTEX: 
PROLIFERATION OR HYPERTROPHY?

F. Hajós, В. Gerics and É. Turai

Department of Anatomy and Histology, University of Veterinary Science, 
H-400 Budapest, P.O. Box 2, Hungary

Summary. Following chemical lesioning of the rat dorsal lateral geniculate 
nucleus the visual cortical astrocytes were investigated with light and electron 
microscopy. A quantitative evaluation of astrocyte distribution within the cortex 
was also carried out. Findings suggest that while the number of cortical 
astrocytes remains fairly constant, they become hypertrophic and shifted 
towards the upper layers of the visual cortex. It is concluded that the 
degeneration of synaptic input to the visual cortex triggers the translocation 
and hypertrophy rather than proliferation of astrocytes.

Key words: astrocytes, Wallerian degeneration, visual cortex, rat

INTRODUCTION

The response of astroglia to injuries of neurons, either pathological or experimental, 
is a well-established phenomenon [reviewed by Lindsay, 1986]. It is generally claimed that 
astroglial reaction includes proliferation and hypertrophy of astrocytes as suggested by studies 
with autoradiography and immunohistochemistry [Adrian and Williams, 1973; Latov et ah, 
1979; Korr, 1986; Janeczko, 1989]. Our recent findings, however, have cast serious doubts 
concerning the uniformity of astroglial reaction to all kinds of neuronal impairments [Hajós
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et al., 1990a] lending support to the earlier view of Vaughn et al. [1970]. Massive 
incorporation of tritiated thymidine has been observed around CNS tissue lesions but this was 
not clearly attributable to glioblast divisions. Around a brain wound intensively proliferating 
inflammatory cells and macrophages [Stenwig, 1972; Murray and Walter, 1973; Ling, 1979] 
are always present which may account for the thymidine uptake. When astroglial reactions 
have been studied in areas of retrograde or anterograde (Wallerian) degeneration [Bignami 
and Ralston, 1969; Stenwig, 1972; Rose et al., 1976; Gall et al., 1979; Isacson et al., 1987], 
changes occurring at the affected target area were less dramatic than at the site of the lesion 
and the presence of astrocyte proliferation was not unequivocally proved. Nevertheless, 
immunostaining with antibodies against glial fibrillary acidic protein (GFAP) has revealed a 
substantial increase in the immunoreactivity for this important cytoskeletal protein of 
astrocytes indicating their involvement in degenerative processes even at considerable 
distances from the lesion [Barrett et al., 1981 ; Graeber and Kreutzberg, 1986; Tetzlaff et ah, 
1988; Hajós et al., 1990a, b]. Since under these experimental conditions local tissue reaction 
can be ruled out, the Wallerian degeneration appeared to be a suitable experimental paradigm 
to study how astrocytes respond to the disturbance of neighboring neuronal elements.

The Wallerian degeneration of the geniculo-cortical system was chosen for our studies 
which produces a massive, circumscribed loss of afferent fibres and synapses in the visual 
cortex. We were interested to observe the morphology and number of astrocytes in this area 
severely affected by the interruption of its most important afferents.

MATERIALS AND METHODS

Adult albino rats (either sex) of 200 g body weight were operated under Avertin 
anaesthesia in a stereotaxic apparatus. The right dorsal lateral geniculate nucleus (DLG) was 
lesioned by inserting the cannula of a microsyringe. Through the cannula 5 to 10 д! of the 
excitotoxin was injected into the DLG. After survival periods of 3, 5, 7 and 11 days, rats 
were anaesthetized with ether and perfused through the aorta with a mixture of 
paraformaldehyde and glutaraldehyde (4% each) dissolved in 0.1 M phosphate buffer (PB; pH 
7.4). Brains were removed from the skull and immersed into the fixative for overnight. After 
a rinse in several changes of PB, 0.5 mm thick coronal slabs of the occipital cortex were 
excised, fixed in 1% osmic acid for 2 h, dehydrated in ethanol and propylene oxide and 
embedded in resin (Durcupan, Fluka). The rest of the brain was processed for routine 
histology to check the site and extent of the lesion.
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From the resin-embedded visual cortices 1 pm thick sections were cut and stained with 
1% toluidine blue. Ultrathin sections containing the cortical cytoarchitectonie layers II-IV 
were cut and viewed with a JEOL 100 В electron microscope.

Astrocytes were identified in large-area semithin sections encompassing the full width 
of the visual cortex and counted under an eyepiece graticule on both control and operated 
sides. The width of the cortex was divided into 3 equidistant zones designated as "external, 
middle and internal" so as to compare corresponding areas of both sides.

RESULTS

Upon checking in paraffin sections the site and extent of lesions, 16 brains were 
selected for further processing. Six of them were perfused at 3 days after the lesion, 4-4 at 
5 and 7 days, while the rest at 11 days.

Three days after DLG-lesion the main cellular elements of the control-side visual 
cortex were readily identified in semithin sections under a 100-X oil-immersion objective.

Astrocytes were recognized on the basis of their round or oval, lightly staining nuclei 
showing a characteristic accumulation of chromatin at the inner aspect of the nuclear 
envelope. The nucleolus was often found in an eccentric position. The cytoplasm appeared 
as a thin empty-looking rim (Fig. 1). Interneurons in the size-range of astrocytes were 
distinguished by their nuclear indentations and/or evenly distributed clumps of 
heterochromatin. Oligodendrocytes were well discernible having a compact, dark nucleus and 
a small, dark, non-branching cytoplasm. Pyramidal neurons were evident due to their size, 
shape and orientation.

On the operated side astrocytes underwent a spectacular hypertrophy (Fig. 2). The 
cytoplasm was found substantially enlarged showing the typical "watery" appearance 
described in low-power electronmicrographs [see Peters et al., 1976а]. Also the processes 
became widened with numerous branches and appendages. In the enlarged cytoplasm 
mitochondria and bundles of cytoskeletal filaments could be perceived under oil immersion. 
The nucleus was also slightly enlarged but the distribution of chromatin seemed to be 
somewhat more even within the nucleoplasm and it formed a thinner contour line of the 
nuclear envelope as compared to the control. Even so, the nucleus of astrocytes displayed a 
more pronounced contour than that of neurons. In most hypertrophic astrocytes the nucleolus
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Fig. 1 : On the control side astrocytes and small interneurons of the visual cortex can readily 
be distinguished in semithin section of layer IV. Interneurons (IN) have an indented nucleus 
with evenly distributed clumps of heterochromatin, while in astrocyte nuclei (arrow) the 
chromatin is accumulated at the inner aspect of the nuclear envelope. The pronounced nuclear 
contour almost hides the small, eccentrically located nucleolus. The cytoplasm is difficult to 
outline. Bar scale = 10 дип.
Fig. 2: Hypertrophic astrocytes in cortical layer IV three days after DLG lesion. Note the 
enlarged "watery" cytoplasm with mitochondria and filament bundles to be perceived. Nuclear 
contour (arrow) is still marked by chromatin accumulation but to a lesser extent than on the 
control side. The nucleolus is enlarged and centrally located. Bar scale = 10 дш.
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was also enlarged and centrally located although occasionally small, eccentric nucleoli were 
encountered.

The peak of astroglial hypertrophy was observed on postoperative days 3-5. By day 
11 most astrocytes were found to be similar on the operated and control sides.

For each survival period a careful search was made throughout the visual cortex of the 
operated side for mitotic figures either glial or other (inflammatory, endothelial, etc) but no 
sign of cell division was seen.

The counting of 1635 astrocytes in a total of 25.000 /on2 area for both control and 
operated sides at 3 days after lesion revealed their shifting toward the upper layers without 
significant change in number as calculated for the entire cortex. While on the control side 
29.38%, 38.63% and 31.81% of astrocytes were found in the external, middle and internal 
layers, respectively, on the operated side these figures were 47.00%, 32.24% and 19.70%.

Electron microscopy (Fig. 3) has clearly shown hypertrophic astroglia processes to 
engulf degenerating synaptic terminals in cytoarchitectonie layers I1I-IV of the visual cortex 
and to contain an increased amount of glycogen particles. When studied on postoperative day 
3, the pre- and postsynaptic specializations were still to be recognized surrounded by reactive 
astroglia.

DISCUSSION

Wallerian and retrograde degenerations have been shown to evoke an astrocytic 
reaction [Rose et ah, 1976; Gall et ah, 1979; Barrett et ah, 1981; Graeber and Kreutzberg, 
1986; Hajós et ah, 1990a] termed on the basis of immunocytochemical evidence as the 
"remote response" [Hajós et ah, 1990а]. Our present findings suggest that this type of glial 
reaction differs essentially from what has been summarized under the term "reactive gliosis" 
which refers to a local response to injury - either experimental or pathological - and implies 
a surrounding glial proliferation [Cavanagh, 1970; Matthewson and Berry, 1985]. The nature 
of massive cell proliferation observed around brain injuries is still controversial. 
Immunohistochemical evidence suggests that there may be dividing astrocytes present in the 
reactive cell population [Latov et ah, 1979; Janeczko, 1989] but they are heavily 
outnumbered by other kinds of mitotic cells [Matthews, 1977].
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Fig. 3: Electron micrograph of a degenerating synapse (arrow) in layer IV of the 
DLG-lesioned visual cortex three days after operation. The pre- and postsynaptic elements 
can still be recognized engulfed in a large, electron-lucent astrocyte process. In the glial 
cytoplasm numerous glycogen particles (GL) can be seen. Bar scale = 1 /rm.

Our experimental model, the Wallerian degeneration of the geniculo-cortical system, 
allowed a clear-cut assessment of the glial reaction eliminating other types of tissue reactions. 
In this system no cell division whatsoever could be detected in the area affected by
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degeneration. On the other hand, all signs of astroglial hypertrophy were observed apparently 
evoked by the massive degeneration of axons and synaptic terminals. In addition to the 
well-established cytoplasmic landmarks of astrocyte hypertrophy [see Barrett et al., 1981], 
we were able to demonstrate fine differences in nuclear structure between control and 
reactive astrocytes. These alterations can be interpreted as a transition from heterochromatic 
to euchromatic nuclear structure [Privat and Rataboul, 1986]. In accordance with their 
cytoplasmic reaction, reactive astrocytes had euchromatic-like nuclei. The thicker aggregation 
of chromatin against the nuclear envelope in the control may be indicative of a "resting" 
state.

Another set of information derived from the study of astrocyte distributions throughout 
the visual cortex. It should be noted that our equidistant zones the external, middle and 
internal zones comprise cytoarchitectonie layers I-IV, V and external VI, and internal VI, 
respectively. Increase in number of astrocytes in the external zone with concomitant decrease 
in the middle, and particularly in the internal zones, represents a shift in the distribution of 
astrocytes to the sites of terminal degeneration. Layers III-IV where geniculo-cortical fibres 
terminate [Peters et ah, 1976b] contained indeed the bulk of degenerating synapses. Their 
engulfment by astroglial processes together with an astrocyte accumulation in their 
surroundings suggests that it is the damage to the presynaptic terminals which triggers this 
type of astrocyte reaction. Enrichment in astrocytes at these sites on the expense of the 
deeper zone is a remarkable phenomenon as the studies of Wree et al. [ 1980] have shown 
that these glia are normally evenly distributed in the cortical grey matter. Hence migratory 
translocation as part of the astrocyte response is strongly suggested.

We conclude that the Wallerian degeneration is accompanied by substantial astrocyte 
hypertrophy at and migratory translocation to the sites of terminal degeneration but not by 
glial proliferation. The degeneration of synapses seems to trigger the hypertrophy and 
migration of astrocytes with an apparent goal of removing all degenerated particles by 
phagocytosis. The transitory nature of this phenomenon suggests that having fulfilled their 
scavanger function, hypertrophic astroglia return to normal as a sign of cessation of major 
rearrangements in the deafferented neuropil. Further plastic changes may occur at the 
synaptic level.
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AN IMMEDIATE MORPHOPATHOLOGIC RESPONSE 
OF NEURONS TO ELECTROSHOCK; A RELIABLE MODEL 
FOR PRODUCING "DARK" NEURONS IN EXPERIMENTAL 

NEUROPATHOLOGY

F. Galiyas1, G. Zoltay1, Z. Horváth1, К. Dávid1 and L. Kelényi2

Departments of Neurosurgery1 and Physiology2, University Medical School, 
Rét utca 2, Pécs, H-7624, Hungary

Summary. Ninety rats were electroshocked by a single condenser discharge 1 
min. prior to perfusion fixation and delayed autopsy. Voltage and capacity of the 
condenser as well as surface area and position of the electrodes were varied 
between 125 and 1250 V, 20 and 200 p.F, 2 and 24 mm2, and frontal to 
posterior, respectively. Within these ranges the electroshock rendered a varying 
number of brain neurons together with their dendritic arborization stainable by 
a special silver method. In toluidine blue preparations both somata and nuclei of 
these neurons appeared markedly shrunken and hyperchromatic, indicating 
morphological damage ("dark" neuron). A 250-V shock damaged only granule 
neurons of the hippocampal dentate gyrus. After a 750-V shock it was the 
substantia nigra, the lateral septal nucleus, the anterior amygdaloid area, and the 
lateral preoptic area that consistently contained electrically damaged neurons, 
without other kinds of parenchymal damage.

Key Words: Condenser discharge; Direct current; Light microscopy; Neuronal 
damage; Selective vulnerability; Silver staining.

INTRODUCTION

The nature of neurons showing markedly increased stainability with basic dyes, 
significant shrinkage of the soma, pyknosis of the nucleus and corkscrew-like deformation 
of main dendrites, i.e. the nature of neurons traditionally termed "dark", has been a matter

Akadémiai Kiadó, Budapest
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of dispute ever since their first description [Flesh, 1887]. Cammermeyer [1960, 1961, 
1978, 1979] considered them to be post-mortem artifacts because no "dark" neurons were 

found by him in experimental animals killed with transcardial perfusion of various 
fixatives one day before brain autopsy whereas numerous "dark" neurons were observed 
in brain samples dissected out of either living or dead animals before immersion fixation. 
By contrast, recent studies have convincingly demonstrated that a large number of 

pathological conditions brought about before perfusion fixation and delayed autopsy are 
capable of producing "dark" neurons. These pathological conditions include cerebral 
ischemia [Jenkins et ah, 1981; Kirino and Sano, 1984; Nedergaard, 1987], hypoglycemia 
[Auer et ah, 1984; Kleihues et ah, 1986], brain injury [Queiroz et ah, 1977; Galiyas and 

Zoltay, 1992; Gallyas et ah, 1992a,b], status epilepticus [Attilo et ah, 1983; Griffiths et 
ah, 1983; Ingvar et ah, 1988], excessive stimulation [Clarke and Nussbaumer, 1987], 

deafferentation [Heimer and Kalil, 1978; Johnson, 1975], transient opening of the blood 
brain barrier [Sokrab et ah, 1988; Solohuddin et ah, 1988], and poisoning with various 

substances [Cronog et ah, 1967; Tremblay et ah, 1984; Finnie and O’Shea, 1988; 
Goldschmidt and Steward, 1980; Mihály et ah, 1983; Sperk et ah, 1983; Hamilton and 

Gould, 1987]. Produced either in vivo or post-mortem, "dark" neurons have two additional 
histological peculiarities in common: they are scattered among normal neurons frequently 

in an otherwise undamaged parenchymal environment, and they are stainable in a 
Golgi-like fashion by a special silver method [Gallyas et ah, 1990]. Prompted by the 

striking morphological similarity between "dark" neurons of various genesis we recently 
hypothesized that their nature and their mechanism of formation must also be similar 
[Gallyas et ah, 1992c].

"Dark" neurons are commonly believed to die. By contrast, there is enough 
circumstantial evidence to suggest that a proportion of them, independently of their 

genesis, may spontaneously recover within one day [Attilo et ah, 1983; Söderfeldt et ah, 
1983; Evans et ah, 1984; Griffith et ah, 1984; Auer et ah, 1985; Ingvar et ah, 1988; 

Solohuddin et ah, 1988; Gallyas et ah, 1992a; Gallyas et ah, submitted for publication]. 
In order to conduct experiments for human medicine on factors presumably decreasing 
(cerebral and/or systemic pathophysiological and/or pathometabolic conditions) or increas

ing (medicaments) the proportion of spontaneously recovering neurons, an animal model 
is needed which (a) ensures a reproducible distribution pattern of "dark" neurons, (b) 

causes no serious parenchymal damage other than "dark" neurons, (c) initiates the
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formation of all "dark" neurons simultaneously at a selected time, (d) is inexpensive and 

easy to perform, enabling a relatively large number of animals to be examined.
Pilot experiments have shown that the shocking of rats with a single condenser 

discharge at and over 125 V and 20 ;rF satisfies these requirements. The present paper 

deals with the acute light microscopic findings obtained during a systematic electroshock 
study.

MATERIALS AND METHODS

The Electroshock Apparatus

The electroshock apparatus consisted of an electric booster capable of supplying 
direct current up to 1800 V, a condenser system with an output capacity variable between 
20 pF and 200 pF, and a pair of electrodes (Fig. 1 ). A double pole switch connected the 
condenser system to either the electric booster or the electrode. The process of charging 
and discharging was monitored using a voltmeter connected in parallel to the condenser 
system.

The positive and negative discharge electrodes were both rooted in one handle made 
of insulating material (Fig. 1), which enabled the electrodes to be pressed on the selected 
places of the rat head using one hand only. The active surfaces of the electrodes were 
platinum-plated. Two pairs of discharge electrodes were tested: one with circular active 
surfaces of 1.6 mm in diameter each (small-surface electrodes), the other with 
square-shaped active surfaces, each measuring 4x6 mm2 (large-surface electrodes).

Animal Experiments

A total of 100 rats of either sex weighing 200-250 g were anaesthetized with 40 
mg/kg sodium pentobarbital. Without having been electroshocked, after a 60 second apnea 
due to thoracotomy, 10 of them were transcardially perfused with physiological saline for 
one min. then with 500 ml of a fixative (25.7 g of sodium cacodylate dissolved in a 
mixture of 100 ml of 20 % paraformaldehyde, 100 ml of 25 % glutaraldehyde and 800 
ml of distilled water, adjusted to pH 7.5 with hydrochloric acid). They served as controls. 
Each of the remaining 90 rats was electroshocked with one single discharge of the 
condenser system. Charging voltage and capacity of the condenser system as well as 
surface area and position of the electrodes were varied as detailed in the next paragraphs. 
Each combination was tested in three animals.

The scalp and the underlying soft tissues, except the temporal muscles, were removed 
in 72 rats and the large-surface electrodes were placed upon the temporal muscles on both 
sides. Each combination of 125 V, 250 V, 500 V, 750 V, 1000 V and 1250 V charging 
voltage with 20 pF, 40 pF, 100 pF and 200 pF condenser capacity was tested.

The scalp and the underlying soft tissues, including the temporal muscles, were 
removed in 12 rats and the small-surface electrodes were placed upon both hemispheres 
4 mm laterally to the sagittal suture at four different sites: (i) 2 mm rostrally to the 
bregma, (ii) 3 mm caudally to the bregma, (iii) 3 mm rostrally to the lambda and (iv) 2 
mm caudally to the lambda. In each animal the charging voltage and condenser capacity 
were 750 V and 100 pF, respectively.
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Fig. 1 : Circuit diagram of the electroshock apparatus

In three animals the scalp was shaved and covered with a conductive jelly containing 
sodium chloride (20 %). The large-surface electrodes were then pressed upon the skin 
overlying the temporal muscles. The charging voltage and condenser capacity were 750V 
and 200 juF, respectively.

In three animals the large-surface electrodes were pressed upon the inner side of the 
ears laid on the unshaven and unjellied scalp. The charging voltage and condenser 
capacity were 750 V and 200 juF, respectively.

In each case the discharge of the condenser system took less than one second, during 
which a hissing sound indicated massive heat production under the "active" electrode 
surfaces. Independently of the actual values of the charging voltage and condenser 
capacity the electroshock was followed by one convulsion of tonic-clonic type which was 
accompanied by apnea, both lasting 20-40 seconds. Sixty seconds after the electroshock 
the animals were perfused transcardially first with physiological saline for 1 min., then 
with 500 ml of the above fixative. The brains were removed 16-24 hours later and 
immersed for at least 1 week in the fixative additionally containing 5.9 g of CaCl2x2H20  
per liter.
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Tissue Processing and Staining

Olfactory bulb, cerebrum, and cerebellum were separated with vertical cuts. After 
being impregnated with 30 % saccharose the cerebral hemispheres were frozen-sectioned 
serially. Every tenth of the one 100-jum-thick coronal sections obtained was stained by 
the silver procedure mentioned [Galiyas et al., 1990]. Adjacent sections were stained with
0.1 % toluidine blue dissolved in 1 % acetic acid.

RESULTS

Control Animals

The microscopic features of the silver-stained preparations were very similar to those 
found earlier in control rat brains [Galiyas et al. 1990; Gallyas and Zoltay, 1992]. It 

should be emphasized that neither somata nor appendages of the neurons were 
silver-stained in any area of the brain. As a feature common to all control brains, a 
varying number of thick and short black fibres perpendicular to the brain surfaces, were 
observed within the subpial zone (Fig. 2c). Red blood cells remaining infrequently in the 

capillaries imperfectly perfused with the fixative, stained black. None of the control rats 
showed any significant pathological change with toluidine blue.

Variation o f  Charging Voltage and Condenser Capacity

With the pair of large-surface electrodes placed upon the temporal muscles, each of 

the combinations of charging voltage and condenser capacity rendered a varying number 
of neurons stainable with silver (argyrophilic). These neurons were usually situated distant 

from the sites of the electrodes. Independently of the actual values of voltage and capacity 
(i) the argyrophilic neurons were scattered among non-argyrophilic (unstained) neurons of 

the same morphology and function (Figs. 2 and 3), (ii) most dendrites belonging to 
argyrophilic neuronal somata were also argyrophilic and vice versa, (iii) several dendritic 

segments had a corkscrew-like appearance (Fig. 3e), (iv) silver-stained axons were found 
nowhere in any of the brains, and (v) the argyrophilic neuronal somata appeared shrunken 
and hyperchromatic ("dark") with toluidine blue (inserts in Figs. 2a and 3e).

Except small semicircular, non-argyrophilic cortical areas underlying the electrodes 

(see later) toluidine blue did not reveal any light microscopic sign of parenchymal damage 
other than "dark" neurons; specifically, no hemorrhage, perivascular petechiae, extravasated 

lymphocytes, coagulated erythrocytes in blood vessels, spongy enlargement of pericapillary 
spaces, edematous loosening of the "ground substance", pallor and swelling of neurons
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Fig. 2: Responses of neuronal somata and dendrites to a single condenser discharge, as 
demonstrated by a special silver staining method (a-e) and toluidine blue (insert in a), a 
and b: Caudo-lateral part of the hippocampal dentate gyrus in the left (a) and right (b) 
hemispheres of the same animal; c-e: anterior hippocampus. In each rat the negative 
electrode was placed on the right temporal muscle of the skull. Charging voltage and 
condenser capacity were 250 V and 100 nF (a, b and e), 750 V and 100 gF (e), as well 
as О V and О pF (c). sg = stratum granulosum, fd = fascia dentata, cc = corpus callosum; 
in the insert arrowheads point to "dark" neurons, a and b: x73, c-e: x8Q, insert in a: xl90.
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("pale" neurons), and/or swelling of glial cells either in the areas containing "dark" neurons 
or in those free of them. However, at and over 500 V and independently of the condenser 

capacity tested, a subpopulation of astrocytes were also rendered argyrophilic, shrunken 
and hyperchromatic ("dark") by the electroshock (Galiyas et al„ submitted for publication).

The distribution pattern of the argyrophilic neurons proved to be dependent mainly 
on the charging voltage (Fig. 4). At 125 V a few of the granule neurons in the 

hippocampal dentate gyrus became argyrophilic. Other phenotypes of neurons either in 
the hippocampus or in other brain areas remained unaffected.

At 250 V numerous hippocampal dentate neurons were consistently demonstrated by 
the silver method. Much to our surprise, the dendrites of all these argyrophilic neurons 
pointed to the site of the negative electrode. This phenomenon was most clearly visible 
in the caudo-lateral part of the hippocampus where the "outer" blade of the dentate 

granule cells was selectively vulnerable on the side of the negative electrode whereas the 
"inner" blade was vulnerable on the opposite side (Fig. 2a,b). In 5 of the total of 12 rats 

shocked with 250 V varying numbers of granule neurons in the anterior hippocampus 
were also silver-stained. The above-described dependence of electrically induced neuronal 

argyrophilia on the direction of dendrites relative to the negative electrode, was a common 
observation also in this area (Fig. 2d). In other brain areas silver-stained neurons were 
rarely seen.

At any given voltage within the 500-1250 V range silver-stained neurons were 

consistently present in certain brain areas whereas, in several others, they were found only 
in a varying number of the respective animals (Fig. 4). Such inconsistently affected areas 

generally became consistently affected at the higher voltages. In the consistently affected 
areas, with the exception of the hippocampal dentate gyrus, the argyrophilic neurons were 

more numerous at the higher voltages. Although the distribution patterns of the 
argyrophilic neurons were similar in the two hemispheres, an asymmetry in the direction 
of dendrites was observed. Specifically, neurons with more dendrites facing the negative 
electrode tended to become argyrophilic (Fig За-c). At and over 750 V several of those 

anterior hippocampal neurons whose dendrites pointed to the positive electrode also 
became argyrophilic (Fig. 2e). However, even at 1250 V, their number was significantly 

smaller than that of their contralateral counterparts whose dendrites faced the negative 
electrode.
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Fig. 3: Responses of neuronal somata and dendrites to a single condenser discharge, as 
demonstrated by a special silver method (а-f) and toluidine blue (insert in e). a and b: 
Caudate nucleus-putamen (cp) and lateral parolfactory area (lp) in the left (a) and right (b) 
hemispheres of the same animal, arrows point to the ventricles; c: lateral septal nucleus; 
cc = corpus callosum; d and e; lateral preoptic area, in the insert arrowheads point to a 
"dark" neuron; f: neocortex underlying the site of a large-surface electrode. In each rat the 
negative electrode was placed on the right temporal muscle of the skull. Charging voltage 
and condenser capacity were 1250 V and 100 pF (a-b, f), 750 V and 100 pF (c-e). a-c, 
f; x45, d: x20; e: x l60 , insert in e: x800.

In all rats shocked with 1000 V and 100-200 pF or with 1250 V and 20-200 pF 

semioval non-argyrophilic patches were found in the cortical areas underlying the site of 
the electrodes. These patches contained capillaries filled with red blood cells and were 
surrounded by a zone of silver-stained neuronal somata and dendrites (Fig. 3f). In such
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Fig. 4: Distribution patterns of neurons damaged by a single condenser discharge at 
various voltages. Hatched areas are consistently affected; dotted areas are affected only 
in some of the animals with identical charging voltage; black patches indicate thermal 
injury.

areas toluidine blue revealed parenchymal damage other than "dark" neurons; specifically, 

spongy enlargement of pericellular and pericapillary spaces mainly in their marginal zone, 

dilated blood vessels filled with coagulated erythrocytes, extravasated erythrocytes and 
"pale" neurons.

At any charging voltage tested, the number of argyrophilic neurons in all 

consistently affected areas increased moderately with increasing condenser capacity.

Variation o f  the Surface Area and Site o f  the Electrodes

The distribution patterns of argyrophilic neurons found with the small-surface 
electrodes were very similar to those found with the large-surface electrodes, when the 

charging voltage, condenser capacity and site of electrodes were kept identical.
Variation of the site of small-surface electrodes hardly influenced the distribution 

pattern of argyrophilic neurons induced by shocks of identical charging voltage and 
condenser capacity. However, the number of silver-stained neurons within the frontal part 

of the lateral preoptic area appeared greater whereas that of those within the substantia
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nigra appeared smaller during a comparison of the effects of the most rostral and the 
most caudal sites of electrodes.

In all animals semi-circular non-argyrophilic patches, filled with red blood cells and 
surrounded by a zone of silver-stained neuronal somata and dendrites, were seen in the 

cortical areas just underlying the site of the small-surface electrodes.
No argyrophilic neurons were observed in the brains of rats electroshocked without 

removal of the scalp.

DISCUSSION

The question of whether electric currents passing through the brain have any 
specific (non-thermal) pathomorphologic effect has aroused a good deal of controversy. 

Several studies on victims of acutely fatal electrical injuries have failed to reveal, in the 
central nervous system, any other histo-pathologically demonstrable disturbance than 
thermal lesions. On the other hand, a number of authors have ascribed a variety of 

morphological changes to the direct effects of electric currents in brains with no sign of 

heat damage [Zeman, 1968]. Our findings support Langworthy and Kouwenhoven [1930, 
1932] according to whom neuronal changes, including somal shrinkage and hyper

chromatism as well as nuclear pyknosis, become prominent following the passage through 
the rat brain of direct currents at 500 V or over. Additionally, our findings reveal several 

surprising peculiarities of electrically damaged neurons: (i) selective vulnerability of certain 
brain areas, (ii) selective vulnerability of certain neuronal phenotypes, (iii) dependence of 

the vulnerability of neurons on the direction of their dendrites relative to the electrode 
polarity, (iv) spiralization of dendritic segments, (v) increased argyrophilia of the 

somato-dendritic domain, and (vi) dependence of the distribution pattern of injured 
neurons on the strength of the electric field.

It should be mentioned that the beneficial therapeutic effect of electroconvulsive 
shock in some mental illnesses cannot be explained by the formation of "dark" neurons, 

because the values of the potential gradient (i.e„ the quotient of the potential difference 
and the distance between the electrodes) in human electroshock therapy are much lower 
than those proved to be effective in our experiments.

Based on the fact that the distribution patterns of electrically induced argyrophilic 

neurons hardly depend on the surface area or site of the electrodes it can be concluded 

that the skull virtually enlarges the electrode surfaces making the electric field
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quasi-homogeneous within the whole cerebrum. A comparison of the results obtained with 

scalped and non-scalped rats suggests that, in the latter, the bulk of electric current 

prefers flowing through the scalp.
From the co-incidence of the site of electrodes with that of the non-argyrophilic 

areas surrounded by a zone of silver-stained neuronal somata and dendrites as well as 
from the more frequent occurrence of such areas in the case of small-surface electrodes 

one can conclude that such areas might be caused by the heat produced on the electrode 
surfaces by electroshock.

In addition to our electroshock model, two other "electrical" models are known to 
produce "dark" neurons, although with rather different distribution patterns and after a 

relatively long (hours) exposure: intense electric stimulation [Sloviter et al. 1983] and 
neurotoxin-induced epilepsy [e.g. Nevander et al., 1985]. In the case of both models 

excessive release of excitatory amino acids from synaptic terminals are considered to be 
the primary cause of lethal neuronal damage [Ingvar et al., 1985; Sloviter et al., 1991]. 
Since data on excitatory amino acids are lacking in the case of an electroshock with a 

single condenser discharge, one can only speculate, whether or not the above mechanism 

applies to it.
As an experimental paradigm for producing "dark" neurons, the electroshock with 

a single condenser discharge has several important practical advantages over lasting 

electric stimulation or any other kind of pathophysiological or pathometabolic conditions: 

(i) the nature of "dark" neurons can be investigated in the very firs phase of formation,
i.e., without being modified by an exposure to unknown external or internal path

ometabolic conditions for an unknown period of time; (ii) neither the external nor the 

internal conditions for the potential recovery of newly-formed "dark" neurons are 
worsened by the continuing existence of the causative condition; (iii) it is known where 
to find "dark" neurons in an otherwise undamaged parenchymal environment for being 

investigated by sophisticated morphological, neurochemical, immunocytochemical or 
electrophysiological methods.

Since neither the size of the surface area nor the site of electrodes influences the 
distribution pattern of electrically damaged neurons considerably, the use of large surface 

electrodes is proposed for neuropathologic experimentation. They should be pressed upon 
the temporal muscles in order to increase heat dissipation and ensure a good fit of the 

rigid pair of electrodes on the rigid skull. Two values of charging voltage appear to
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deserve preference: (i) 250 V, because it affects only one neuronal phenotype in only one 
anatomical and functional entity and (ii) 750 V, because it affects several neuronal 
phenotypes in several anatomical and functional entities without causing serious 
parenchymal injury. In both cases a condenser capacity of 200 gF appears to be suitable.
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COMPUTER ANALYSIS OF SINGLE NEURON ACTIVITY 
DURING CONDITIONED FEEDING TASK

Cs. Niedetzky, Z. Karádi, A. Czurkő, B. Faludi,
I. Vida, G. Jando and L. Lénárd

Neurophysiology Research Group of the Hungarian Academy of Sciences, 
Institute of Physiology, Pécs University, School of Medicine, Pécs, H-7643 Hungary

Summary. A computer controlled complex electrophysiological set-up 
employing the multibarrel micro-electrophoretic technique is reported in 
this paper. The laboratory equipped for this technique is used for 
recording single neuron activity from various sites of the central nervous 
system of rhesus monkeys during: 1) performing conditioned behavioral 
tasks, 2) intracerebral microelectrophoretic administration of chemicals, 
and 3) oral application of gustatory stimuli.

Key words. Automatic data acquisition; Process control; Multibarrel 
electrophoretic technique; Behavioral studies

INTRODUCTION

The multibarrel electrophoretic technique, adapted and further developed in our 
laboratory, has been used for several years in research on limbic regulation of hunger- 
and thirst-motivated behaviors in the rat and monkey [Lénárd et al., 1988, 1990, 1991; 
Karádi et al., 1990]. The availability of a highly valuable rhesus monkey colony and the 
technical facilities of our institute enabled us to design even more complex experiments 
on awake, behaving primates.

In the present paper, a short description of our versatile system for simultaneous 
electrophysiological, neurochemical and behavioral experiments on the regulation of 
feeding is given. The system offers opportunities for variable approaches in relevant 
primate studies to examine the effects of: 1) conditioned feeding responses, 2) 
electrophoretic application of neurochemicals, and 3) intraoral gustatory stimulation on 
the activity of extracellularly recorded neurons.

Akadémiai Kiadó, Budapest
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MATERIALS AND METHODS

Adult rhesus monkeys (Macaca mulatta) of both sexes were used in these 
experiments. Hunger motivation was used to achieve and maintain conditioned 
behavioral responses. The monkeys were food deprived so that they were ambitious to 
get food reward.

In order to evoke gustatory responses, different taste solutions were injected 
through a soft polyethylene tube implanted into the mouth, and led to the posterior part 
of the head-piece of the animals [Karádi et al., 1990а].

In the experimental situation [details reported previously; Aou et al., 1984; Nakano 
et al., 1987; Karádi et al., 1990b] the head of the animal was fixed stereotaxically so that 
the rest of the body could freely move. The target neurons were approached by a 
multibarreled microelectrode with the help of a hydraulic microdrive [Narishige MO-8, 
Japan] enabling us to reach any part of the brain with high accuracy. The central, 
recording pipette of the multibarreled electrode contained a 7 /xm (diam.) carbon fiber. 
Neurochemicals were applied through the micropipettes (less than 0.2 /xm in diameter) 
surrounding the central barrel. Preparation, concentration and pH adjustment of 
neurochemical solutions were as described previously [Aou et al., 1984; Lenárd et al.,
1986].

The ions from the pipettes were passed to the cells by means of the ejection current 
of an electrophoretic device [NeuroPhore BH-2; Medical Systems Corp., USA]. The 
ejection current usually ranged from 1 to 100 nA. The electrophoretic device had an 
automatic current balance channel to avoid occasional electrical stimulation effects. This 
feature of the device is due to its capacity to eject compensatory current (through one of 
the barrels containing NaCl) with opposite polarity but just in the required intensity.

RESULTS

The complexity of the task required a computer, and a universal program package 
to coordinate all control and data-collecting functions. Our system was developed in 
several steps [Niedetzky et al., 1987]. The frame of the system was designed to enable us 
for multipurpose investigation of the regulation of feeding in simultaneous 
electrophysiological, neurochemical, and behavioral studies. During designing the analog 
and digital devices as well as the software, the basic requirement was to develop a 
modular system flexibly adaptable to future demands (Fig. 1).

The preamplifier, constructed in our laboratory by utilizing the experiences of a 
previously used device [Yamamoto et al., 1985], produces 10 times amplification in 
bandwidth from 1 Hz to 20 kHz. Its input impedance is more than 30 M il and the signal- 
to-noise ratio is better than 20 dB (for 0.2 mV nominal input sensitivity). On the one 
hand, it has an automatic capacity-compensation circuit to balance the relatively high 
"parasite" capacity of the carbon fiber electrode. On the other hand, the preamplifier is 
equipped with a built-in impedance meter for in-vivo measurement of the electrode’s 
impedance (in ranges of 0-1 Mil and 0-10 Mil), and for elective checking the intactness 
of the electrode-tip.
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Fig. 1: Block-scheme of the computer controlled neuro-physiological experimental set-up 
(detailed explanation see in the text).

The output of the preamplifier is connected to the main amplifier. The action 
potentials are transformed to uniform pulses with amplitude-triggering to produce peri- 
event time histograms or raster diagrams. Data analysis, while recording, is done in real
time mode, but off-line analysis is also possible later by using analog signals stored on 
magnetic tape. The analog signals can be observed on oscilloscope, and data sampling 
are available with an A/D converter. The other channel of the oscilloscope shows phase- 
fitted output impulses of the comparator (included in the main amplifier) occuring 
together with the action potentials.
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The industrial standard computer (Type: PC/AT 386) possesses all usual 
peripheries for archiving, monitoring and printing. It has an additional remote display 
close to the animal to show the actual parameters to the experimenter. To eliminate 
noises, as well as to protect the computer, it is interconnected with the special measuring 
and controlling devices of the experimental environment through optically coupled 
isolator units (constructed in our laboratory).

Fig. 2: Functional block-scheme of the cage controller (detailed explanation see in the 
text).

The behavioral module is directed with a multi-functional digital data-collector and 
control device (cage controller, designed in our laboratory) which keeps close contact 
with the monkey and handles the trigger events signalled by the experimenter. 
(Functioning of the electrophoretic instrument also belongs to trigger activities).

The block-scheme of the cage controller is seen in Figure 2. Output devices of the 
behavioral module have to suit the natural endowments of the monkey (lamps [red, green 
and yellow], 3 cm in diam. and a loudspeaker). The input devices are robust pedals 
located close to the hands of the animal.

Since the experimenter can reach interactive decisions during the whole behavioral 
process, the cage controller may handle a few manual switches to generate trigger events
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for the program running on the computer. Special behavioral activities or characteristic 
time periods can also be labelled by the help of these switches. For the moment, there 
have been utilized three trigger buttons, two pedals, three lamps, and a loudspeaker.

This equipment can communicate with the digital isolator unit of the computer on 
standard TTL signal level. Due to the modular design of the equipment, the type and 
number of the active peripheral circuits can be changed easily according to the actual 
requirements of a new experimental paradigm.

The main amplifier (Figure 3.), designed to meet special requirements, was also 
developed in our laboratory. The input signal - or the calibrator’s signal - is fed to the gain 
selector amplifier. The gain selector gives amplification from 500 to 10,000 in 5 steps. The 
output voltage is led to the variable cut-off frequency high-pass (1 Hz - 300 Hz in 6 steps) 
and low-pass (500 Hz - 10 kHz in 6 steps) filters. The usage of the notch-filter (tuned to 
the mains’ frequency) is optional.

For simultaneous recording of original analog signal, and for off-line playback 
analyses, a tape recorder interface is also included in our main amplifier.

to analog pulse output

Fig. 3: Functional scheme and structural elements of the main amplifier (detailed 
explanation see in the text).

The output signal of the tape controller is coupled to the spike detector, which is an 
automatic window-discriminator with adaptive parameters (depending on the actual 
parameters of the spikes).

The impulses act as input signals to the integrator (part of the original set-up) to 
control the paper recorder; they are also registered through a digital port-bit of the 
computer. To support an easy and powerful experimental environment, an audio 
amplifier and a built-in speaker are implemented in the main amplifier.



152 Niedetzky et al.

I I I
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Fig. 4: The phases and neuronal correlates of the conditioned bar-press task. Upper 
section: The individual phases of the task. CL, conditioned light stimulus (cue-light); BP, 
bar presses in a fixed ratio; CT, conditioned acoustic stimulus (cue-tone); RW, reward 
period. Lower section: Peri-event time histogram of a neuron’s activity recorded from the 
hypothalamic "hunger center". Time-scale is identical with that in the upper section. 
Facilitation of the neuron at the CT. Calibration: time in sec and activity in spike/sec, 
respectively.

The sequences of a conditioned behavioral response are demonstrated in Figure 4. 
The conditional (cue) light-stimulus indicates that the monkey can start repeated bar- 
presses and the cue tone presented after the successful completion of bar-pressing signals 
the availability of the food reward. The activity of the examined lateral hypothalamic 
neuron is shown, in the same time-scale, under the scheme of phases of the conditioned 
feeding task.

Figure 5. demonstrates the responses of another limbic neuron (belonging to the 
hypothalamic "hunger center") during direct microelectrophoretic application of various 
neurochemicals (above), and during gustatory stimulation (below). The effects of 
electrophoretically applied drugs (excitation to glutamate and dopamine and inhibition to 
noradrenaline) as well as the neuronal responses to taste stimuli (facilitation to glucose 
and orange juice and inhibition to sodium chloride) are all clearly demonstrated.
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Fig. 5: Activity changes of a lateral hypothalamic neuron in response to 
microelectrophoretic application of chemicals and to oral taste stimulation. The three 
upper traces show the effect of the electrophoresis while the lower one demonstrates the 
results of the gustatory stimulation. Glut, glutamate; Glue, glucose; NA, noradrenaline; 
DA, dopamine. Horizontal bars: duration of microelectrophoretic applications. 
Numbers: electrophoretic current intensities in nA. Arrows: onsets of taste stimulations. 
Calibration: 10 sec and 30 spike/sec, respectively. Upper traces: excitation to Glut and 
DA, inhibition to Glue and NA. Lower trace: facilitation to Glucose and Orange juice, 
inhibition to NaCl. Rinse (H2O) or air puff (Air) did not modify neuronal activity.

The controlling and data-collecting tasks are unified in a universal software 
package. Its menu system offers easy-to-use operation and simple adjustments. In 
individual functions, the actual experimental parameters can be set without difficulty, the 
possible behavioral sequence can be easily specified, and the desirable program 
variations can also be indicated during the trigger activities. The system can optionally
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operate in real-time analysis, printing (results) and storing (data, on floppy disk) modes, 
while it is usable for off-line analysis and for printing the data stored on magnetic tapes 
and disks. Random starting function is also available in behavioral experiments to avoid 
habituation problems.

DISCUSSION

We performed specific electrophysiological, neurochemical, and behavioral studies 
separately in our previous series of investigations. The question was necessarily raised, 
however, whether we could combine our methods in the same experimental session. This 
paper reports the technical background of our complex neurophysiological, behavioral, 
and neurochemical experiments.

Previous findings demonstrated several basic characteristics of limbic neurons in the 
regulation of hunger- and thirst-motivated behaviors [Lénárd et al., 1986, 1989; Nakano 
et al., 1987; Nishino et al., 1988; Karádi et al., 1989a, 1989b], computed separately [Rolls 
et al., 1984]. Our recent investigations opened a new approach to combine the analysis of 
these individual factors in a complex, still easy-to-perform paradigm.

CONCLUSIONS

The present set-up provides proper technical background to answer several specific 
neurophysiological questions. Nevertheless, this multipurpose experimental system offers 
a natural opportunity to study the various mechanisms in complex paradigms with 
combined approaches. Our system proved to be adequate: 1) to investigate 
electrophysiological, neurochemical, and behavioral aspects of the central nervous system 
regulation of feeding as well as 2) to control complicated behavioral experiments with 
monkeys. We achieved a fully automatic data collection procedure, and performed real
time and off-line analyses of data.

The aim of our future studies is to elucidate further details of the complex attributes 
of individual neurons as well as to investigate interconnections and communication 
among neighbouring groups of neurons of the limbic system. The exact analysis of signal 
parameters is a basic requirement to fulfil this task with the help of an A/D converter 
already implemented but not fully utilized in our system. Archived data of the present 
experiments will also be used in our future work with this system.
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CAPSAICIN-INDUCED VASCULAR CHANGES IN THE RAT NASAL MUCOSA: 
ANTAGONISM BY RUTHENIUM RED

Bari, F. and Jancsd, G.

Department of Physiology, Albert Szent-Györgyi Medical University,
Szeged, Hungary

The involvement of capsaicin-sensitive afferent nerves in circulatory and inflammatory 
reactions is well established. The aim of the present study was to further characterize the 
capsaicin-evoked vascular responses in the rat nasal mucosa. Wistar rats weighing 280-350 
g were used in these experiments. The animals were anaesthetized with sodium 
pentobarbitone and catheters were inserted into the femoral artery for measurement of 
systemic blood pressure, and into the superior thyroid artery and into the femoral vein for 
close arterial and intravenous injections, respectively. Nasal mucosal blood flow was measured 
by means of a laser-Doppler flowmeter, with a probe in contact with the nasal septum. The 
technique of vascular labelling was used to detect a possible increase in vascular permeability.

Close arterial infusion of capsaicin (20-100 pmol/min) caused a dose-dependent 
increase in nasal blood flow. A profound vascular labelling of small mucosal blood vessels 
indicating a significant enhancement of vascular permeability was also demonstrated 
histologically. The close intraarterial infusion of ruthenium red (RR, 2.5-10 gmol) 
significantly inhibited the capsaicin-evoked vasodilatatory response. Similarly, the vascular 
labelling was strongly diminished after the administration of RR.

It is suggested that neuropeptides released from trigeminal sensory nerve endings play 
an important role in the local vascular and inflammatory reactions of the nasal mucosa. In 
addition, the results show a marked antagonism by RR of the vascular effects of capsaicin 
under in vivo conditions. The experimental approach utilized in this study provides a 
promising possibility for elucidation the significance of capsaicin-sensitive afferent nerves in 
the mechanism of allergic and/or inflammatory diseases affecting the nasal mucosa.
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THE CYTODIFFERENTIATION OF INTERSTITIAL CELLS 
ASSOCIATED WITH THE MYENTRIC PLEXUS OF CHICK SMALL INTESTINE

B o r o s ,  A. a n d  F e k e t e ,  É .

D e p a r t m e n t  o f  Z o o l o g y ,  J ó z s e f  A t t i l a  U n i v e r s i t y ,
H -6 7 2 2  S z e g e d ,  E g y e te m  u .  2 . ,  P . 0 .  Box 6 5 9 ,  H u n g a r y

T h e  c y t o d i f f e r e n t i a t i o n  o f  t h e  i n t e r s t i t i a l  c e l l s

a s s o c i a t e d  w i t h  t h e  A u e r b a c h ' s  p l e x u s  o f  t h e  c h i c k  s m a l l  

i n t e s t i n e  w as s t u d i e d  b y  e l e c t r o n  m i c r o s c o p y .  S a m p l e s  w e r e  

t a k e n  f ro m  e m b r y o s  r a n g i n g  i n  a g e  f r o m  7 d a y s  t o  21 d a y s .  

T h e  e a r l y  a p p e a r a n c e  a n d  r a p i d  d i f f e r e n t i a t i o n  o f  i n t e r s t i t i a l  
c e l l s  w as  o b s e r v e d .  T h e  f i r s t  t y p e  o f  i n t e r s t i t i a l  c e l l s ,  w i t h  

f i b r o b l a s t - l i k e  f e a t u r e s ,  e m e r g e d  on  E l l  a n d  f o r m e d  a  c a p s u l e  
a r o u n d  t h e  m y e n t e r i c  g a n g l i a .  T he  c a p s u l a  d e v e l o p e d  

p r o g r e s s i v e l y  t i l l  h a t c h i n g  h o w e v e r  o n  E18 t h e  p r e v i o u s l y  

s t r i c t l y  i s o l a t e d  g a n g l i a  g o t  i n  d i r e c t e  c o n t a c t  w i t h  i n v a d e r  

m u s c e  e l e m e n t s  o r  w i t h  t h e i r  p r o c e s s e s .  T h e s e  t r a n s i e n t  n e r v e -  
m u s c l e  c o n t a c t s  d i s a p p e a r e d  a f t e r  h a t c h i n g .  T h e  s e c o n d  g r o u p  

o f  i n t e r s t i t i a l  c e l l s  a p p e a r e d  on  E 1 6 ,  a d j a c e n t  t o  t h e  
m y e n t e r i c  g a n g l i a  o r  am ong  t h e  s m o o t h  m u s c l e  c e l l s .  T h e s e  

i r r e g u l a r  o r  e l o n g a t e d  c e l l s  w e r e  i d e n t i f i e d  a s  t h e  f i r s t  t y p e  
o f  i n t e r s t i t i a l  c e l l s  o f  C a j a l .  T h e y  e s t a b l i s h e d  c l o s e  

c o n t a c t s  w i t h  m u s c l e  c e l l s  a n d  a l s o  w i t h  n e r v e  e l e m e n t s .  Gap 
j u n c t i o n s  w e r e  o b s e r v e d  b e t w e e n  t h e  a d j a c e n t  i n t e r s t i t i a l  

c e l l s  o f  C a j a l .  T h e  t h i r d  t y p e  o f  i n t e r s t i t i a l  c e l l s ,  w i t h  a n  
i n t e r m e d i a t e  f o r m ,  a p p e a r e d  o n  E 1 8 .

T h e  f i b r o b l a s t - l i k e  c e l l s  p r o b a b l y  p a r t i c i p a t e  i n  t h e  b l o o d -  

g a n g l i o n  b a r r i e r ,  w h i l e  t h e  s e c o n d  g r o u p  o f  i n t e r s t i t i a l  c e l l s  

m i g h t  h a v e  a  f u n c t i o n  i n  t h e  i m p u l s e -  g e n e r a t i n g  a n d  

c o n d u c t i n g  s y s t e m  o f  s l o w  w a v e s .  The t r a n s i e n t  n e r v e - m u s c l e  

c o n t a c t s  a r e  p e r m i s s i v e  o f  s u p p l y i n g  t h e  d i f f e r e n t i a t i n g  
g a n g l i a  w i t h  m u s c l e  d e r v e d  n e u r o e f f e c t i v e  s u b s t a n c e s .
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CORRELATIONS BETWEEN CALCITONIN GENE-RELATED PEPTIDE 
AND THE ACETYLCHOLINE RECEPTOR

Csillik, B., Knyihár-Csillik, E. and *Rakic, P.

Department of Anatomy, Albert Szent-Györgyi University Medical School, 
H-6701 Szeged, P.O. Box 512, Hungary and *Section of Neurobiology,

Yale University, School of Medicine, Conn. 06510, P.O. Box 3333, New Haven, USA

It has been discovered by New and Mudge (1986) that calcitonin gene-related peptide 
(CGRP) increased expression of the alpha subunit of the acetylcholine receptor (AChR) in 
tissue cultures of myotubes. Studies from Changeux’s laboratory (Fonatine et al., 1986; 
Kirilovsky et al., 1989, etc.) suggested that this regulation, characterizing the motoneuronal 
unit (Deiters’ motor nerve cells in the spinal cord and their axon terminals in the striated 
muscle) is realized by activating the formation of pre-mRNA responsible for expression of 
the AChR. In earlier studies (Csillik et al., 1991,1992; Knyihár-Csillik et al., 1991) we have 
proved that, in register with the observations of several Japanese authors, CGRP can be 
demonstrated by means of immuno-histochemical techniques in the flexor digitorum brevis 
muscle of the rat. We have also shown that under normal conditions, CGRP is present in 
the inter- and perivascular area within the motor axon terminal and, that, after 
supramaximal electrical stimulation of the sciatic nerve, many of the numerous motor end 
plates of the flexor digitorum muscle, show signs of peptide evacuation, resulting in hardly 
visible "ghosts" that, under the electron microscope, proved to be motor end plates from 
which CGRP has been depleted. Accordingly, CGRP appears to play a major role in the 
cholinergic transmission mechanism.

In contrast, however, Boj et al. (1989), Caratsch and Eusebi (1990) and other authors raised 
serious doubts as to the role of CGRP in the process of cholinergic transmission, since 
CGRP was absent from most of the skeletal striated muscles of the rat, including the 
diaphragm which is routinely used as a model of cholinergic transmission in the shape of 
phrenicus-hemidiaphragm preparations.

Therefore, we decided to study (1) the precise distribution of CGRP in motor end plates in 
a variety of skeletal and visceral striated muscles of the rat and in those of the frod and (2) 
to decide whether or not, CGRP can be elicited and visualized in motor end plates that, 
under normal conditions, do not display any CGRP reactivity.

In this paper, we have presented unequivocal evidence as to the fact that (1) CGRP can be 
elicited from all the apparently "non-reactive" end plates, either by inducing experimental 
degeneration, followed by the regular regenerative process (2) or by inducing transmission 
blockade in the neuromuscular junction by means of local application of long-lasting local 
anesthetics like Marcain or Bupivacain. It has been shown, furthermore, that CGRP-active 
axons surround and establish synapses with cholinergic nerve cells of basal forebrain nuclei, 
including those constituting Meynert’s Basal Nuclei.

It is concluded that (1) the theory concerning the participation of CGRP in the expression 
and maintenance of the alpha subunit of the nicotinic acetylcholine receptor is supported by 
the presence of CGRP in all the motor end plates of the rat and (2) the possibility cannot 
be excluded that CGRP plays some role also in the function of the muscarinic AChR. 
Practical (therapeutical) consequences of these discoveries constitute an important 
challange for clinical studies.
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MONOAMINE CONTENT OF THE REGENERATING NERVOUS 
SYSTEM IN EARTHWORM (L U M B R I C U S  T E R R E S T R IS  L .)

'Csoknya, M„ 2Hiripi, L., 3Szeíier, M., 3Lengvári, I., 
2Juhos, Sz., 2Elekes, K. and hám ori, J.

1Department of Zoology, Janus Pannonius University, Pécs; 
2Limnological Research Institute, Tihany and departm ent 

of Anatomy, University Medical School, Pécs, Hungary

Either anterior or posterior 4-6 segments of adult earthworms 
(Lumbricus terres tris L.) were removed and allowed to regenerate at 4° C 
for 3, 17, or 20 days. At the end of the regeneration period parts of the 
nervous system (i.e. cerebral ganglion, subpharyngeal ganglion, ventral cord 
ganglia both in front or behind the clitellum) were dissected out and their 
serotonin and dopamine contents were assayed by high performance liquid 
chromatography.

Three days after removal of the cerebral ganglion both serotonin and 
dopamine levels were reduced in all parts of the nervous system compared 
to non operated controls. 17 days after the intervention, however, the 
contents of both amines were significantly higher in every ganglia studied 
than in intact controls. On the 20th day of regeneration dopamine contents 
were close to the normal, while serotonin contents were significantly higher 
in the regenerating cerebral, and subesophageal, as well as in the ventral 
cord ganglia. It is supposed that these amines play some regulative role 
during regeneration.
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A WHOLE-CELL PATCH-CLAMP STUDY OF HYPOXIC SPREADING DEPRESSION

C z é h ,  G. a n d  S o m je n ,  G .G .

I n s t i t u t e  o f  P h y s i o l o g y ,  U n i v e r s i t y  M e d i c a l  S c h o o l  o f  P é c s ,  
H -7643  P é c s ,  S z i g e t i  u .  12 a n d  Duke U n i v e r s i t y  M e d i c a l  

C e n t e r  , D urham  NC 2 7 7 1 0

I n  r a t  h i p p o c a m p a l  s l i c e s  we r e c o r d e d  m e m b ra n e  c u r r e n t  o f  
p a t c h - c l a m p e d  CA1 p y r a m i d a l  c e l l s  i n  w h o l e - c e l l  c o n f i g u r a t i o n  
a n d  t h e  e x t r a c e l l u l a r  p o t e n t i a l  i n  t h e  p y r a m i d a l  c e l l  b o d y  
l a y e r .  S t r o n g  i n w a r d  m e m b ran e  c u r r e n t  w a s  f o u n d  d u r i n g  t h e  3 - 5  
m in  o f  h y p o x i a .  T im e c o u r s e  o f  t h e  c u r r e n t  c o i n c i d e d  w i t h  t h a t  
o f  t h e  t y p i c a l  s u d d e n  l a r g e  n e g a t i v e  f i e l d  p o t e n t i a l  know n t o  
i n d i c a t e  o c c u r r e n c e  o f  s p r e a d i n g  d e p r e s s i o n  (SD) d u e  t o  
h y p o x i a .  R e o x y g e n a t i o n  s t a r t e d  a t  t h e  p e a k  o f  SD. M em brane  
c o n d u c t a n c e ,  s t e a d y  ( h o l d i n g )  c u r r e n t ,  a n d  r a m p  command e v o k e d  
c u r r e n t s  w e r e  m e a s u r e d  d u r i n g  t h e  p r o d r o m a l  p h a s e ,  a t  t h e  p e a k  
o f  SD a n d  d u r i n g  t h e  f i r s t  5 - 2 0  m in  o f  r e o x y g e n a t i o n .  T h e  I / V  
c u r v e s  o f  r a m p  command e v o k e d  r e s p o n s e s  c h a n g e d  i n d i c a t i n g  a  
s l i g h t  d e c r e a s e  o f  m em brane  s l o p e  r e s i s t a n c e  d u r i n g  t h e  
p r o d r o m a l  p h a s e ,  t h e n  a b o u t  70% d r o p  d u r i n g  SD f o l l o w e d  b y  
g r a d u a l  r e c o v e r y  w i t h  r e o x y g e n a t i o n .  S h i f t s  o f  t h e  I / V  c u r v e s  
s u g g e s t e d  c o n s i d e r a b l e  c h a n g e s  o f  r e v e r s a l  p o t e n t i a l  o f  t h e  
c u r r e n t .  T h e s e  c h a n g e s  c o u l d  n o t  by  m o d i f i e d  b y  v a r i a t i o n  o f  
t h e  h o l d i n g  p o t a n t i a l  w i t h i n  t h e  - 1 3 0  t o  + 35 mV r a n g e .  
H o w e v e r ,  c l a m p i n g  t h e  m e m b ra n e  p o t e n t i a l  a t  a b o u t  +30mV 
r e v e r s e d  t h e  p o l a r i t y  f ro m  i n w a r d  t o  o u t w a r d  o f  t h e  s t e a d y  
c u r r e n t  d u r i n g  SD. N o n l i n e a r  p r o p e r t i e s  o f  t h e  m e m b ra n e  w e r e  
l o s t  d u r i n g  t h e  SD b u t  v a r i e d  i n  a  c o m p l i c a t e d  w ay d u r i n g  t h e  
p r o d r o m a l  p h a s e  a n d  e a r l y  r e o x y g e n a t i o n .  A n a l y s i s  o f  t h e  
c o m p o n e n t s  o f  t h e  p r e s u m a b l y  m i x e d  c u r r e n t s  a f f e c t e d  by  
h y p o x i c  i n s u l t s  i s  i n c o m p l e t e  b u t  s u g g e s t s  c o n t r i b u t i o n  o f  
c o n d u c t a n c e s  n o t  s e n s i t i v e  t o  m e m b ran e  p o t e n t i a l .
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THERMODYNAMICAL ANALYSIS OF THE LIGAND BINDING 
TO OPIOID RECEPTORS IN RAT BRAIN MEMBRANES

Fábián, G., Benyhe, S., Szűcs, M,

Institute of Biochemistry, Biological Research Center 
of the Hungarian Academy of Sciences, 6701 Szeged, P.O. Box 521, Hungary

Opioids induce a wide range of physiological responses by interacting with multiple 

opioid receptors (д, S, к) in the CNS. In the present work we have investigated the 
binding properties (KD, Bmax) of subtype selective agonist and antagonist ligands by means 
of homologous displacement experiments at different temperatures. From the KD values 
obtained with the nonlinear regression curve fitting computer program "LIGAND", the 

thermodynamic parameters (Gibb's free energy: AG°, standard enthalpy: ДН° and entropy: 
AS°) of the receptor-ligand interaction were calculated. The binding characteristics of 
opioid agonists with different receptor subtype selectivity (д versus 5) as well as with 

similar selectivity but different chemical structure (peptide versus alkaloid) were studied 

and compared with that of an antagonist. It was found that the binding of the opiate 
antagonist naloxone is an exotherm reaction, driven by enthalpy decrease. Similar 

thermodynamical changes, namely, positive enthalpy and entropy changes were detected 

for both the 5 agonist, [3H]deltorphine and д agonists, such as [3H]dihydromorphine and 
[3H]DAGO. Moreover, we found the same alterations of the binding energetics for the 
alkaloid д agonist, [3H]-dihydromorphine and the peptide д agonist, [3H]-DAGO, although 

the first one has a rigid, while the second one has a much more flexible conformation.

We postulate from these studies that one step of the ligand binding to the opioid 
receptors is probably a hydrophobic interaction, which generates entropy increase in case 
of any ligand. At another stage of the binding there is a discrimination between agonists 

and antagonists, which is shown by the opposite directions of the enthalpy changes.
Acknowledgement: This work was supported by a financial grant, OTKA-895 

obtained from the Hungarian Academy of Sciences.
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COMPLEX NEUROCHEMICAL MODULATION OF PALLIDAL 
SINGLE NEURON ACTIVITY IN THE RAT

Faludi, B„ Lénárd, L„ Karádi, Z., Czurkó, A., Vida, I. and Hajnal, A.

Pécs University, Medical School, H-7643 Pécs, Hungary

The globus pallidus (GP), a substantial structure of the extrapyramidal motor system, has been 
demonstrated to be intimately involved in the regulation of various aspects of feeding (body 
weight regulation, metabolic control, sensory-motor integration, etc.). Despite the large 
amount of related behavioral and electrophysiological data, our knowledge is insufficient yet 
about the specific, in particular, feeding-associated neurochemichal properties of GP neurons. 
In the present experiments, therefore, extracellular single neuron activity of the GP was 
recorded in anesthetised rats by means of carbon fiber, multibarreled glass microelectrodes 
during microelectrophoretic administration of various chemicals (acetylcholine /Ach/, 
dopamine, L-Deprenyl, GABA, glutamate and NMDA). Twenty-one percent of all GP cells 
tested showed specific firing rate changes to the microelectrophoretically applied glucose. 
These responses were mainly (17%) inhibitory ones and the neurons suppressed by glucose 
were assigned as glucose-sensitive (GS) units. In a few cases (4%) excitatory responses were 
also recorded and these cells, due to the nomenclature in the literature, were designated as 
glucose-receptor (GR) units. These GS, GR and glucose non-responsive neurons of the GP 
exhibited distinct sensitivities to Ach, catecholamines, GABA and NMDA applied 
microelectrophoretically. Our findings demonstrated the existence of glucose-responsive 
neurons in the GP. These special cells, under complex neurotransmitter modulation, may also 
belong to a hierarchically organized glucose-monitoring system whose elements have already 
been found at several levels of the neuraxis. To determine feeding-related characteristics of 
these glucose-detecting neurons, however, further examinations are required.
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MORPHOLOGICAL CHARACTERIZATION 
OF GROWTH, DIFFERENTIATION AND CELL 

PROLIFERATION IN LONG-TERM SLICE-CULTURES 
OF THE IMMATURE RAT HIPPOCAMPUS

Gerics, B„ Hajós, F., *Baker, R.E. and *Balázs, R.

Department of Anatomy and Histology, University of Veterinary Science, H-1400 
Budapest, P.O. Box 2, Hungary and *Netherlands Institute for Brain Research, 

Meibergdreef 33, 1105 AZ Amsterdam ZO, The Netherlands

Expiants of 360 fim thick transverse slices of the 6-day-old rat hippocampus were 
grown in a serum-free medium for 2 to 14 days. Histology performed after various 

culturing periods demonstrated that these slices undergo growth and differentiation of the 
main cellular elements similar that seen in vivo. Histological indications of continuing cell 
proliferation were verified by autoradiography showing a labelling of neuroblasts scattered 

throughout the explant. Findings suggest that within the period studied the hippocampal 

slice cultures mature in a fashion very similar to that seen in situ.
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FEEDING DISTURBANCES AFTER IBOTENIC ACID MICROLESIONS 
TO THE PARAVENTRICULAR NUCLEUS OF THE HYPOTHALAMUS IN THE RAT

Hajnal, A., Czurko, A., *Thornton, S.N., Karádi, Z.,
Sándor, P., Nicolaidis, S. and Lénárd, L.

Institute of Physiology, Pécs University, Medical School, H-7643 Pécs, Hungary 
and *Lab. Neurobiologie des Regulations, College de France, Paris, France

Bilateral electrolytic lesions of the paraventricular nucleus (PVN), destroying both cellular 
elements and passing fibers, result in hyperphagia and hyperdipsia accompanied with obesity 
and enhanced diuresis. The aim of our present investigations was to elucidate the feeding- 
related role of PVN neurons themselves. A cell specific neurotoxin, ibotenic acid (IA), was 
used to perform unilateral microinjections to elicit behavioral deficits but to spare the hormonal 
functions of the magnocellular neurons of the PVN. In twelve anesthetized adult male Wistar 
rats, guide cannulae were implanted over the PVN. After 1 week recovery, 1 ug of IA was 
injected unilaterally (in 300 nl volume) into the PVN in freely moving conscious rats. Control 
rats received the same volume of vehicle. In both groups, daily food and fluid intakes were 
measured as well as fluid and electrolyte excretion were followed for 18 days. Mean body 
weight of the IA injected rats decreased during the first 4 days following the injection. 
Thereafter, it increased at a rate faster than that of the vehicle injected animals. The differences 
were significant from the 1st to the 12th postoperative day (ANOVA, 1st day p<0.05, 2nd- 
12th day p<0.01). Food intakes of the lesioned animals, except a slight initial decrease, were 
essentially identical to those of the control, vehicle injected rats. Water intakes and urine 
outputs were also insignificantly altered in either group following the injections. The results 
show that the neuron-specific unilateral lesion of the PVN produces disturbances of the body 
weight regulation without symptoms of the diabetes insipidus (i.e. without obvious hormonal 
dysfunction). The body weight changes were not accompanied with alterations of feeding or 
drinking. It is suggested, therefore, that the lesions primarily affected the metabolism of these 
animals. The fine details of exact role of the PVN in the control of metabolism remain to be 
determined yet.
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STRUCTURAL IMPAIRMENT OF HIPPOCAMPAL NEURONS 
FOLLOWING A SINGLE EPILEPTIC AFTERDISCHARGE

1,2Horváth, Z., 2Pierre, E, 2Vadi, D. and 2Buzsáki, G.

'Department of Physiology, Medical School of Pécs and 
2Center for Molecular and Behavioral Neuroscience, Rutgers University, NJ

A highly sensitive silver-impregnation procedure was used to 
reveal whether lasting structural changes could be produced by a 
brief epileptic afterdischarge. A single afterdischarge was 
induced in rats, implanted with stimulating electrodes in the 
perforant path or entorhinal cortex and epidural recording 
electrodes. The animals were perfused 1 to 1 6 hours after the 
electrical seizure. Most argyrophilic "dark" neurons were present 
in the strata radiatum-lucidum, pyramidale and oriens of CA3, 
followed by strata oriens and pyramidale of CA1 and the hilus. 
The majority of the affected cells were interneurons. "Dark" 
cells were present in both hippocampi at all time points 
examined, whereas no other structure was affected. These 
findings suggest that even short epileptic epochs are capable of 
triggering long-lasting cytoskeletal changes in hippocampal 
neurons. We hypothesize that after repeated epileptic 
afterdischarges these cytoskeletal changes become irreversible 
resulting in neuronal loss.
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FEEDING-ASSOCIATED CHARACTERISTICS OF GLOBUS 
PALLIDUS NEURONS IN THE RHESUS MONKEY

Karádi, Z., Lénárd, L., Faludi, B., Czurkó, A.,
Vida, I., Sándor, P. and Niedetzky, Cs.

Pécs University, Medical School, H-7643 Pécs, Hungary

The globus pallidus (GP) plays important roles in various processes (body weight regulation, 
metabolic control, sensorimotor-perceptual-motivational integration, etc.) of the hunger- and 
thirst-motivated behaviors. Despite the abundance of relevant data in the literature, little is 
known yet about functions of pallidal neurons in these regulatory mechanisms. To reveal 
specific behavioral and neurochemical attributes of GP cells and to provide their complex 
functional characterization, in the present experiments extracellular single neuron activity was 
recorded in the GP of alert primates by means of carbon fiber multibarreled glass 
microelectrodes during: 1) spontaneous or elicited behavioral actions, 2) a conditioned, high 
fixed-ratio bar press alimentary task, 3) microelectrophoretic administration of chemicals and 
4) gustatory stimulation. Many of the pallidal neurons changed in firing rate in response to 
perioral somesthetic stimulation, and a subset of them exhibited differential responses to food 
or non-food objects presented to the animals. The majority of GP cells showed activity changes 
during at least one of the four phases (cue light, bar press, cue tone and food reward) of the 
conditioned task. About 5% of all pallidal neurons tested responded to (usually two or more) 
gustatory stimuli. Task-related and taste-responsive cells were predominantly found among the 
so called glucose-sensitive (GS) units (representing approximately 8% of all GP neurons 
tested) whose activity was specifically suppressed by electrophoretically applied glucose. These 
GS and the glucose-insensitive cells displayed distinct sensitivities to microelectrophoretically 
administered acetylcholine, catecholamines and GABA as well. These data, along with 
previous observations, suggest the existence of glucose-detecting neurons, as parts of a 
hierarchically organized glucose-monitoring system, in the GP. Furthermore, our findings also 
indicate that these and other pallidal cells are intimately involved in integration of feeding- 
associated sensory-motor and perceptual signals with internal and external chemosensory 
information.
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INTRACORTICAL GENERATOR OF THE MISMATCH NEGATIVITY IN THE CAT

Karmos, G., Molnár, M„ Csépe, V., Ulbert, I. and Winkler, I.

Institute for Psychology of the Hungarian Academy of Sciences, Budapest

A characteristic negative deflection, called mismatch negativity (MMN) is elicited in human 

auditory evoked potentials when infrequent physically deviant stimuli are presented in a 

sequence of repetitive standard stimuli (Näätänen 1991). MMN reflects an early automatic 

phase of information processing. Source localization data indicate that MMN is generated in 

the auditory cortex. We identified a negative deflection in the middle latency auditory evoked 

potentials of cats which proved to be an equivalent of the human MMN (Csépe et al. 1987). 

The aim of the present experiments was to study the intracortical processes responsible for 

the MMN. Intracortical field potentials and multiple unit activity (MUA) evoked by short 

duration tone bursts were recorded by chronically implanted multielectrodes from the auditory 

cortex of behaving cats. Current source density (CSD) analysis was applied to localize the 

sinks and sources.

In a frequency MMN paradigm standard stimuli of 4 kHz frequency and 1 ms duration and 

deviants of 3 kHz frequency (5-10 % probability) were delivered to the animals. The MMN 

to deviant stimuli appeared as a negative deflection in the 40-80 ms latency range of the 

evoked potentials recorded from the surface of the auditory cortex. Simultaneously, the 

amplitude of the local positive component in the middle layers decreased. The CSD analysis 

indicated a decrease of the amplitude and area of the middle layer source following the early 

activation pattern when compared to the responses elicited by standard stimuli. Suppression 

of the MUA appeared to standard stimuli in the same latency range whereas this suppression 

was missing from the evoked potentials to deviants. The data suggest that the MMN may be 

generated by a disinhibitory process in the middle layers of the auditory cortex.
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IN VITRO CALRETININ EXPRESSION IN CHICK EMBRYO DRG NEURON

Király, E. and *Celio, M.

Department of Anatomy, Albert Szent-Györgyi Medical University and institute of 
Histology and General Embryology, University of Friburg, Switzerland

The calcium-binding protein, Calretinin (CR) is assumed to be characteristic for the 
avian sensory system during development and after hatching. To determine whether 
the expression of this protein is maintained in vitro and influenced by the 
developmental stages of ganglia dissociated DRG cell cultures were performed from 
chick embryo at E6 or ЕЮ (before and after establishment of functional 
connections with the target).

Methods. Lumbar DRG were dissected from chick embryo at E6 or E10 and 
collected in PBS-CMF solution. After trypsinization the ganglia were washed in 
F14 medium and it was followed by gentle dissociation into single cells. The cell 
suspension was plated immediately (E6) or after 2 hours preplating on 35 mm Petri 
dishes in 2 ml medium containing 60-80 000 cells/dish. For detection of CR 
immunoreaction cultures were fixed at different time periods (1, 3, 5 or 7 days) with 
a standard fixative and incubated in 1:10 000 polyclonal anti-calretinin antiserum 
for 12 hours and processed according to the ABC method.
For quantitative analysis the total number of cultured ganglion cells were counted 
and the number of CR immunoreactive cells were calculated by determining the 
percentage of immunostained neurons.

Results. Cultured ganglion cells from E6 old chicken showed small-sized ovoid cell 
bodies. These immature neurons were intermingled with dark spindle shaped non
neuronal cells and flattened fibroblasts. In all the E6 cultures the DRG cells were 
devoid of any CR immunostaining even after seven days in culture. Ganglion cells 
for culture from E10 old chicken showed a different pattern. They elaborate an 
extensive network upon the non-neuronal elements and some of them displayed CR 
positivity. The precipitate outlined the cell bodies and the long processes in a Golgi- 
like manner. With time (after 3 days) the number of positive cells increased then it 
declined similarly to the total cell number.

Conclusions. In the light of the present results we suppose that:
1. Dorsal root ganglion neurons in chicken embryo display CR positivity under in 

vitro condition in the same developmental period as in vivo (E10).
2. The sensory neurons express CR immunoreactivity only after they have made 

contact with their targets.
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DISTRIBUTION OF CALCITONIN GENE-RELATED PEPTIDE-CONTAINING 
NEURONS IN THE CENTRAL NERVOUS SYSTEM OF THE MOUSE

Kovács, T., Csillik, B„ Knyihár, E. and K. Szabó, В.

Department of Anatomy, Albert Szent-Györgyi Medical University, Szeged

Alternative splicing of the calcitonin gene results in a 37 amino acid containing 
peptide, CGRP, which plays an important role in basic functions of the nervous system 
including nociception, cholinergic transmission and behavioral reactions. The 
morphlogical substance of these functions is clear in the case of the rat, but it is not so 
clear in the mouse, though this species is the main object for pharmacological and 
pathophysiological experiments.

The aim of our investigations was to describe CGRP-containing neurons in the 
mouse CNS by means of immunocytochemistry.

Animals were perfused with Zamboni’s fixative; after removal of the brain in toto 
serial frozen sections were subjected to immunocytochemistry performed according to 
Sternberger’s PAP-method using Amersham’s anti-rabbit policlonal antibody against 
CGRP (1:2000).

According to our investigations CGRP-containing neurons can be divided into two 
major types. Neurons of the first type (e.g. motoneurons, cells of the mediodorsal 
thalamic nucleus) contain granular reaction product, while in the rest of the CGRP- 
positive nerve cells diffuse staining prevails.

In the brainstem, most of the cranial nuclei show strong immunoreactivity similar to 
Deiter’s motoneurons in the spinal cord. The subcortical auditory relay stations, like the 
superior olivary nucleus and the ventral and dorsal cochlear nuclei contain CGRP. 
Around the superior cerebellar peduncle, the parabrachial nuclear complex including the 
medial, the lateral and Kölliker-Fuse’s subnuclei shows heavy labelling.

In the diencephalon, the anterior hypothalamic area and the lateral geniculate body 
contain a few labelled neurons, while the peripeduncular area consists of a great amount 
of extensively arborizing neurons. The posterobasilar part of the ventral thalamic nucleus 
contains elongated cells. Beneath the stria medullaris thalami, there are several weekly 
immunoreactive nerve cells containing granular reaction product, which is located under 
the cell membrane of the neuron.

The mouse olfactory bulb contains CGRP-positive neurons in the mitral and external 
plexiform layer which are similar to Purkinje’s-cells with a "berried" arborization tree i.e. 
the extensively branching dendritic arborization is equipped with numerous dendritic 
expansions. The presence of CGRP in the olfactory bulb suggest that CGRP may be the 
dopaminergic differentiation signal for the olfactory neurons also in vivo.

Our results are in good correlation with previous observations; however CGRP- 
containing cells in the olfactory bulb and in the mediodorsal thalamic nucleus were first 
described by us.

These data would be useful for further experiments in the future to study CGRP’s 
functions in the CNS.
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THE GN-RH SYSTEM IN XENOPUS LAEVIS  AND RAN A ESCULENT A 

Kozicz, T., Sétáló, G. and Lázár, Gy.

Départent of Anatomy, University Medical School, Pécs, Hungary

Sexually inactive male and female colchine treated frogs were studied from both 
species. Histological processing of the brains included fixation in Zamboni fixative, Polywax 
embedding, incubation of 20 pm thick sections in a 1:30000 dilution of anti LHRH serum 

and Ni-DAB intensification.
In Xenopus a well developed GN-RH system was found. A few LHRH immunoreactive 

(ir) fibres were detected in the olfactory bulb, which could be followed along the medio- 
ventral surface of the telencephalon to the medial septum and the diagonal band of Broca. 

In this latter structure LHRH-ir fibres form a dense network. Immunostained fibres proceeded 
from here to the preoptic area, where they formed again a network in its lateral part. The rest 
of the preoptic area was occupied by scattered fibres. A few fibres enter the optic tract and 
nerve, and a well-defined bundle of fibres ran caudalward close to the lateral surface of the 

infundibulum. Several fibres crossed the midline in the median eminence. In addition, thin, 
varicose LHRH-ir fibres were sparsely distributed in the diencephalon with an accumulation 
in the habenular region. Many of them reached the surface of the brain. Ir fibres were also 
found in the optic tectum, mesencephalic tegmentum, and in the periventricular region in the 

dienand mesencephalon.
Several LHRH-ir neurons were found in the diagonal band of Broca and the preoptic 

area. A few cells also occurred in the habenular region, infundibulum, some of them was 

located on the surface of the brain.
In Rana esculenta the distribution of LHRH-ir fibres and cells was similar to that in 

Xenopus laevis, but they were apparently less in number.
No difference could be detected in the organization of the GNRH system in male and 

female animals. The overall appearance of this system is similar to that described in the rat.
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EFFECTS OF VISCEROSENSORY STIMULATION 
ON PREDATORY BEHAVIOUR IN CATS

Kukorelli, T. and Détári, L.

Department of Comparative Physiology, Eötvös Lóránd University, Budapest

The influence of intestinal (INT), splanchnic (SPL) and vagal (VAG) stimulation on 
the attack behavior elicited by lateral hypothalamus (LH) stimulation, was studied 
in the cat. Two types of INT, SPL and VAG stimulation were used to modify the 
induced attack: (a) hypnogenic stimulation (HS), which induced EEG
synchronization and sleep; (b) arousing stimulation (AS), which desynchronized 
the electrocorticogram and aroused the cat from slow-wave-sleep. The intestine was 
stimulated by both electrical and mechanical (rhythmic distensions by a balloon) 
stimuli through a small intestinal fistula created by Thiry-Vella’s procedure. LH 
stimulation in cats, which do not spontaneously attack rats, produces a predation 
like behaviour (PB). The attack response was divided into 2 stages: the first, defined 
as exploratory time (ET), begins with an environmental search and culminates in 
orienting towards the anaesthetized rat placed into the experimental cage; in the 
second, considered as attack time (AT), the cat stalks and bites the rat. The biting 
latency (BL), an interval between the beginning of LH stimulation and touching the 
rat by cat’s muzzle, was utilized to measure the total duration of PB. HS, which was 
delivered to INT, SPL and VAG prior to LH stimulation by 5, 10 and 15 minutes, 
increased BL. This BL increase was the result of a highly significant lengthening of 
ET. AT was not markedly altered by HS. AS of INT and VAG, which was turned on 
by 10 s prior to LH stimulation, decreased BL by reducing ET. However, the SPL AS 
shortened both ET and AT. Viscerosensory effects on PB were decreased by 
increasing the intensity of LH stimulation. A ferocious attack with BL less than 10 s 
was not influenced by either HS or AS.
The present results indicate that the viscerosensory influence can modify PB by 
inhibiting or facilitating the priming events of attack, such as activation and 
wakefulness level, but a direct effect on the specific drive mechanism controlling 
attack is also possible.
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FUZZY OPERATORS AND CYCLIC BEHAVIOR IN FORMAL NEURONAL 
NETWORKS - (Fuzziness may lead to chaotic dynamics)

1 Lábos, E„ 2Holden, A.V., 3Laczko, J„ 'Orzd, L. and 'Lábos, A.S.

'Semmelweis Univ. Med. Sch„ 1st Dept, of Anatomy, Neurobiol. Unit of the Hung. Acad. 
Sei., H-1450 Budapest, Tűzoltó u. 58, Hungary; 2The Univ. of Leeds, Center for 

Nonlinear Studies, Leeds LS2 9JT, UK and 3Central Res. Inst, of Physics 
of Hung. Acad. Sei., Hungary

In traditional formal neuronal networks (FNN) a unit step function is applied. It 
is here regarded as a degenerated distribution function (DDF) and is named also as 
a non-fuzzy threshold operator (nFTO). Special networks of this kind which 
generate especially long (but finite) cycles of states were modified by introduction of 
a fuzzy threshold operators (FTO; a continuous S-shaped function, a non- 
degenerated distribution functions (nDDF)) which replaces the original unit step 
function. The cyclic behaviors of the new nets were compared to the original (DDF) 
ones. The state space becomes infinite and as a consequence of this the transitions 
might be more complicated. Neither the interconnection matrix nor the threshold 
values were here modified. It has been observed that the original long cycles 
change: (1) fixed points, (2) shorter cycles or (3) - as computer simulations 
demonstrate - aperiodic motion or even chaotic behavior appear. The chaotic 
dynamics emerges in two special ranges of small and large slope parameter к of the 
new threshold operator. The bifurcation diagrams with control parameter к are 
asymmetric and the chaos disappears again at the extreme values of k. Other 
network parameters are further investigated. The whole task is large since e.g. with 
10 neurons, 111 different surveys of parameter dependence are required at least in 
principle. The computation of the new network state is as follows:

sQid = s —>- sM —V sM-O —^T(sM-O) = snew (1)

where s is a state of the n e t, M is the interconnection matrix; О is the threshold 
vector and T denotes the threshold operator. The FTO or non-DDF-s applied here 
is as follows:

Tj(x) = ekx/ ( l  + ekx) = 1/(1 + e_kx) (2)
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THE PROJECTION NEURONS OF THE ISTHMIC NUCLEUS 
IN THE FROG. RAN A ESCULENTA

Lázár, Gy. and Tóth, P.

Department of Anatomy, University Medical School, Pécs, Hungary

The morphology and the arrangement of isthmic projection neurons were studied. 
Cobaltous lysine complex (CLC) was injected ion tophoretically into various parts of the optic 
tectum. Anterogradely transported cobalt labelled tectoisthmic fibres and terminals, while the 
retrogradely transported tracer revealed isthmic cells projecting to the tectum. Contralaterally 
projecting isthmic cells were retrogradely filled by injecting CLC in to the postoptic 

commissure.
Tectal fibres form broom-like terminal arborizations within the ipsilateral isthmic 

nucleus. The diameter of terminals is 50-70 gm and the majority of end-branches terminate 
in the rim neuropil around the dendrites of cortical cells. Looser end-arbors terminate in the 

medulla.
Neurons projecting to the ipsilateral tectum are piriform and are located in the anterior 

one third of the medulla and in the anterior non-rim cortex. The axons of medullary cells 

leave the nucleus at its anteromedial part. Because the terminals of tectal fibres covered 
almost all of the labelled cells further classification was not possible.

Neurons projecting to the contralateral optic tectum form a cell plate, parallel with 

the cortex, in the middle of the medulla. Between the rim cortex and the labelled medullary 
cell plate scattered cobalt-filled neurons were located in the rest of the medulla and the rim 

neuropil. The rim cortex was heavily labelled. Six types of medullary cells of various shapes 

and sizes were distinguished. The dendrites of most of the medullary cells are oriented 

parallel with the rim cortex. Four types of neurons were recognized in the rim cortex. The 
most frequently occurring cells have piriform perikarya and straight apical dendrites, which 

arborize in a narrow cylindrical space (50-80 цт in diameter) in the rim neuropil and may 

enter the medulla.
Comparing the extent and orientation of dendritic arborization, and the terminals of 

tectal fibres, we assume that one category of cells may mediate information from a small 

area, and another category from a much larger area of the tectum to the other tectum via the 

isthmic nucleus.

Akadémiai Kiadó, Budapest



N eurobiology 1 (2), p. 178, 1993

COMPARATIVE IMMUNOHISTOLOGiCAL STUDY OF THE 
NERVOUS SYSTEM IN L U M B R I C U S  T E R R E S T R IS  L. (ANNELIDS) 

AND H A E M O P I S  S A N G U IS U G A  (HIRUDINEA)

1Lengvári, I., 1Szelier, M„ 2Csoknya, M. and 2Hámori, J.

departm ent of Anatomy, University Medical School, Pécs 
and departm ent of Zoology, Janus Pannonius University, Pécs

The nervous systems of representatives of the two Annelids classes 
were compared utilizing Stemberger’s peroxidase-antiperoxidase technique. 
It was shown that serotonin immunoreactive elements are numerous and 
evenly distributed in all parts of the nervous system in Lumbricus terrestris. 
The brain of Haemopis sanguisuga contains significantly less serotonin 
positive nerve cells, and they are found in each compartment of the cerebral 
ganglion. In the subesophageal and segmental ganglia the distribution of 
serotonin nerve cells is similar in both species, although their number is 
smaller in Haemopis sanguisuga. In Lumbricus terrestris serotoninergic 
nerve fibers are widely distributed in the gut and body wall. No such fibers 
were detected in Haemopis sanguisuga.

FMRFamide immunoreactive nerve cells and fibers were readily 
detected in every part of the nervous system both in Lumbricus terrestris 
and Haemopis sanguisuga, and there were no significant differences 
between the two species as far as the number and location of serotonin 
immunopositive nerve cells are concerned. It is suggested that different 
habits and environments of the two species can explain differences in 
distribution of a basic transmitter such as serotonin in their nervous system.
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KAPPA OPIOID RECEPTORS: CHARACTERIZATION AND POSSIBLE FUNCTION 
IN DIFFERENTIATING NEURONAL AND GLIAL CELLS

Maderspach, K., Németh, К. and Bajenaru, L.

Institute of Biochemistry, Biological Research Center, Hungarian Academy of Sciences, 
H-6701 Szeged, P.O. Box 521, Hungary

During the early ontogeny of the nervous system several signals reach the 
progenitor cells to make them committed and to determine their final position and 
function. These signals are initiating many events inside the cells and act eventually on the 
expression of genes encoding the synthesis of proteins characteristic of the differentiated 
cell. Recently more data support that opioid peptides, among others, may function as 
signals in the nervous system and influence its early development through specific 
membrane receptors.

Kappa opioid receptors were studied in developing nervous cells from chick 
embryonic brain in culture. Specific ligands and the monoclonal antibody KA8 (IgGl-k) 
which was raised against the frog brain kappa-opioid receptor as an antigen in our 
laboratory, were applied.

The KA8 immunostaining made possible the visualization of the kappa opioid 
receptors of the neurons. Receptor arrangement proved to be discontinuous and changed 
with the in vitro differentiation. Immunolabeling appeared first at the pole of the primary 
outgrowing process later on the whole soma and finally on the branched processes. 
Specific radioligand binding indicated an increase in the receptor concentration with 
development.

Treatment of neurons with 10'7 M bremazocine or dynorphin (agonists with relative 
selectivity to kappa-opioid receptors) on the second and third cultivation days promoted 
the morphological differentiation. It also promoted the expression of the 200 kD 
neurofilament protein which became pronounced somehow later than the morphological 
changes. The effects were reduced by opioid antagonists (naloxone 105 M or 
norbinaltorphimine 10‘7 M) indicating that the effect was receptor-mediated.

These results support the hypothesis that kappa-opioid receptors may function as 
regulatory signal pathway in the early neuronal differentiation. The answer to the question, 
whether these signals influence the expression of genes encoding specific neuronal proteins 
needs further investigations.
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TOPOGRAPHICAL AND DIMENSIONAL ANALYSIS OF THE P3 EVOKED 
POTENTIAL COMPONENT: HUMAN AND ANIMAL EXPERIMENTAL DATA

Molnár, M„ Csépe, V., *Skinner, J.E. and Karmos, Gy.

Institute for Psychology of the Hungarian Academy of Sciences, 
Budapest and *Baylor College of Medicine, Houston

The P3 component of the evoked potential (EP) elicited by sensory stimuli is widely used for 

the studying of various aspects of information processing. Little is known, however, about the 

psychophysiological mechanism(s) it represents, and also about its generation and intracerebral 

localization. In the present study, P3-like waves were elicited in cats in an auditory oddball 

paradigm similar to that used in humans. The EPs were recorded in various cerebral 

structures. Signal stimuli evoked a small P3 recorded from the vertex and ventral 

hippocampus, and a high amplitude late (between 400 and 420 ms) positive wave in the n. 

centralis amygdalae and the dorsal hippocampus. Signal stimuli evoked an earlier large 

amplitude negative wave (N200) in the dorsal hippocampus. In the primary auditory cortex 

the signal-elicited EP was characterized by a conspicuously large positive wave (PI36) not 

seen before conditioning. Thus it appears that - to a varying extent and probably in very 

different ways - all brain structures studied play a role in the generation of the late 

"endogenous" EP components including those, like the primary sensory cortex, which were 

not regarded important from this point of view before.

The characteristics of the P3 were also studied by the mathematical methods of chaos theory. 

The correlation dimension (D2) was calculated from the EEG recorded from the vertex in 

humans in an auditory oddball paradigm. It was found that the value of D2 decreases during 

the occurrence of the P3 wave meaning that the degrees of freedom generating the analyzed 

epoch also decreased. This observation does not support the "context updating" hypothesis 

concerning the generation of the P3 component.
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THE MODELLING OF THE RETINAL 
INFORMATION PROCESSING BY THE USE OF CNN

O r z ó ,  L. a n d  * L o t z ,  K.

1 s t  D e p a r t m e n t  o f  A n a to m y ,  S e m m e lw e is  M e d i c a l  S c h o o l  
a n d  ‘ c o m p u t e r  a n d  A u t o m a t i o n  I n s t i t u t e  

o f  t h e  H u n g a r i a n  A cadem y o f  S c i e n c e s

T he CNN i s  a  u s e f u l  m o d e l l i n g  f r a m e  f o r  t h e  r e t i n a l  i n f o r m a t i o n  

p r o c e s s i n g .  I t  c a n  e a s i l y  e m u l a t e  t h e  a n a l o g  p r o c e s s i n g  s t e p s  o f  

t h e  r e a l  r e t i n a .  T he  b a s i c  i n t e r c o n n e c t i o n  s t r u c t u r e  o f  t h e  CNN 

a n d  t h e  r e t i n a  a r e  e s s e n t i a l l y  t h e  s a m e .  H e r e  we s i m u l a t e  s e v e r a l  

r e t i n a l  e v e n t s  a n d  i n f o r m a t i o n  p r o c e s s i n g  s t e p s .  Some o f  t h e  

i n d i v i d u a l  r e t i n a l  c e l l  r e s p o n s e s  c a n  b e  r e p r o d u c e d  c o r r e c t l y .  By 

t h e  u s e  o f  t h i s  m o d e l  t h e  e f f e c t s  o f  t h e  w id e  f i e l d  a m a c r i n e  

c e l l s ,  w h i c h  h a v e  l a r g e  o u t p u t  f i e l d ,  c o u l d  b e  i m i t a t e d  s u c h  a s  

t h e  w i n d - m i l l  e f f e c t .  Some o f  t h e  v i s u a l  i l l u s i o n  a l s o  c a n  b e  

s i m u l a t e d ,  l i k e  t h e  M u l l e r - L y e r  a n d  som e a s p e c t s  o f  t h e  c o r r e c t e d  

H e r r i n g  g r i d  i l l u s i o n .  By a  v o l t a g e  d e p e n d e n t  f e e d b a c k  a n d  t h e  

r o d - r o d  i n t e r a c t i o n ,  t h e  t r a n s i e n t  r e s p o n s e  o f  t h e  r e c e p t i v e  

f i e l d s  o f  r o d s  c a n  a l s o  b e  d e p i c t e d .  T h e  b a s i c  b e h a v i o r  o f  t h e  

r o d - c o n e  n o n l i n e a r  s t a t e  d e p e n d e n t  i n t e r a c t i o n  c a n  b e  

d e m o n s t r a t e d  t o o .  A m o d e l  o f  t h e  d o p a m i n e  e f f e c t s  o n  t h e  r e t i n a  

i n  t h e  o u t e r  p l e x i f o r m  l a y e r ,  c a n  h e l p  u s  t o  u n d e r s t a n d  t h e  

c o n t r o l l i n g  o f  i t s  p r o d u c t i o n  a f t e r  t h e  l i g h t  a d a p t a t i o n a l  

p r o c e s s e s .  T h e  s i m u l a t i o n  p r e d i c t s  t h a t  n o t  o n l y  t h e  f u r t h e r  

a d a p t a t i o n a l  p r o c e s s  r e g u i r e  t h e  p r o d u c t i o n  o f  d o p a m i n e  a n d  s o  

i t s  e f f e c t s ,  b u t  t h e  c h a n g e  o f  t h e  e q u i l i b r i u m  o f  t h e  ON a n d  OFF 

b i p o l a r  c e l l  l a y e r s  a c t i v a t i o n .
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IMMUNOLOGICAL LESION OF CENTRAL CHOLINERGIC SYSTEM 
INDUCED BY ACETYLCHOLINESTERASE ANTIBODIES IN NEWBORN RATS

Rakonczay, Z., *Hammond, P. and *Brimijoin, S.

Albert Szent-Györgyi Medical University, Central Research Laboratory, Szeged, 
Hungary and *Department of Pharmacology, Mayo Clinic, Rochester, MN 55905, U.S.A

Acetylcholinesterase (AChE) anchored at the synaptic surface of neurons in cholinergic 

membranes might be a target of autoimmunity. Murine monoclonal antibodies against AChE 

were injected i.p. on the first postnatal day. We discovered that antibody penetrated into the 

brain as early as 24 hr after injection and they were detected in brain parenchyma by 

immunofluorescence histochemistry. At the same time punctate deposits of cholinesterase- 

active neuronal processes appeared in the same brain regions. AChE activity decreased by 

30%, and the tetrameric membrane-associated enzyme form was almost undetectable two days 

after injection. In contrast, the intracellular monomeric AChE form remains free of antibody. 

Since the antibodies did not directly impair catalytic function the drop of the total enzyme 

activity implying destruction or removal of the enzyme. At day 7 enzyme activity and 

tetrameric AChE began to recover but the later remained only half as abundant as in the 

controls. At day 12 total AChE activity was still depleted by 30 % in whole brain and 40% 

in cerebral cortex. Choline acetyltransferase (ChAT) activity, a specific marker of cholinergic 

cytoplasm, showed the same losses as found in AChE activity. Therefore, the decrease of 

ChAT activity in brain must reflect destruction of cholinergic structures. On the other hand, 

immunocytoehemistry of three noncholinergic markers (tyrosine hydroxylase, tryptophan 

hydroxylase and glutamic acid decarboxylase) showed no obvious change comparing to 

controls in the same area.

The newborn rat model of AChE-autoimmunity should be especially useful for (1) 

investigating the role of AChE in the early development of cholinergic systems in the brain, 

(2) a prospective tool to study the central cholinergic neuropathology induced by AChE 

antibodies.

This work was supported by grants from NINDS (NS 18170 and NS 29646).
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SENSORY NEGLECT AND CHANGES IN VISUAL EVOKED POTENTIALS 
AFTER UNILATERAL PALLIDAL 6-OHDA LESIONS IN THE RAT

Sándor, P., Lénárd, L., *Karmos, G., Czopf, J., Kellényi, L„ Jandó, G. and Karádi, Z.

^Institute of Physiology, Pécs University, Medical School, H-7643 Pécs, Hungary 
and Institute of Psychology, Hungarian Academy of Sciences, H-1394 Budapest, Hungary

Unilateral 6-hydroxidopamine (6-OHDA) lesions of the globus pallidus (GP) result in sensory 
neglect: Rats exhibit impairments in orientation to various sensory stimuli, applied 
contralaterally to their lesioned side. It was previously suggested that the cause of these 
symptoms were the disturbances in integration of central sensorimotor processes. Physiological 
evidences, however, are scarce in this field. Nevertheless, several results in the literature 
showed delayed visual evoked potentials (VEPs) after general depletion of brain 
catecholamines (CAs). To elucidate hypothesized functional interrelation of deficits of the 
forebrain CA mechanisms and the electrophysiological changes, in the present experiments we 
examined: 1) Whether selective lesions of CA elements of the GP result in changes of VEP 
components; 2) if VEP anomalies recorded, how does the dynamics of these changes correlate 
with the development of sensory neglect. To answer our questions, LED-matrix pattern VEPs 
were recorded in CFY rats and the effect of unilateral pallidal 6-OHDA injection on the VEPs 
was studied. The rats were awake, conditioned in the preoperative period to stay in the 
apparatus with their head in the center between the two stimulus-fields. Visual stimuli were 
applied bilaterally, ipsi- or contralaterally, respectively. Neurological examinations were carried 
out on every postoperative (po.) day to detect and follow the development of sensory neglect. 
As a general finding, significant ipsilateral latency and amplitude changes occurred following 
the injection of 6-OHDA, irrespective to the side of stimulation: 1) Latency delay and 
increased amplitude were observed in the late components (N170, P310) during the 2nd and 
3rd po. days. Amplitude of PI30, however, was decreased in these animals, in which a new 
P500 component was also observed; 2) Latency and amplitude decrease occurred on the N170 
and P310 after the 5th po. day. The P500 component was totally missing in these cases. 
Explicit contralateral sensory neglect was detected from the 5th po. day. The results of our 
present experiments demonstrated changes in pattern of the VEPs, that appeared to be in a 
temporal correlation with the development of sensory neglect. The initial delay of the late 
components and the amplitude increase might occur as the first effects of 6-OHDA, due to the 
initial dopamine release. Decrease of the amplitude of the late components and the earlier 
latencies appeared simultaneously with the full development of the sensory neglect, which is in 
coincidence with the depletion of CA stores due to the 6-OHDA lesion. It is suggested, 
therefore, that these VEP changes may be the electrophysiological correlates of sensory 
neglect. Akadémiai Kiadó, Budapest
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SENSITIVITY OF MONKEY INFEROTEMPORAL CELLS 
TO LUMINANCE, MOTION AND TEXTURE-DEFINED PATTERNS

*Sáry, Gy., Vogels, R. and Orbán, G.A.

*Department of Physiology, Albert Szent-Györgyi Medical University, Szeged, Hungary 
and Lab. voor Neuro-en Psychofysiologie, KU Leuven, Leuven, Belgium

An investigation was made whether units in area ТЕ of the inferotemporal cortex of the 
monkey are sensitive to form attributes, irrespectively of the cues that define these attributes. 
Eight different patterns (e.g., a cross, a star, a triangle) were presented in random order 
during fixation to two monkeys. The patterns were defined by differences in luminance, 
relative motion or texture. The responses of 261 single units were recorded in the monkeys. 
About 60% of these responded to the patterns irrespectively of the defining cue. Half of the 
responsive cells preferred some figures to others. The most interesting finding, however, was 
that 47 cells were found to exhibit a clear-cut selectivity for one particular figure, 
irrespectively of the defining cue, i.e. a star defined by differences in luminance, relative 
motion or texture. Parafoveal presentation did not change the selectivity, i.e. the selectivity of 
these neurons for a particular figure is not only cue-invariant but also position-invariant. This 
finding lends further support to the role of the inferotemporal cortex in visual shape 
recognition. The cue- invariant shape selectivity of these cells indicates that individual cells 
are able to abstract shapes or shape properties from different stimulus conditions.
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CALRETININ IMMUNOREACTIVITY IN  THE MONKEY HIPPOCAMPAL FORMATION

S e r e s s ,  L . , * N i t s c h ,  R. a n d  * * L é r â n t h ,  C s .

D e p a r t m e n t  o f  P h y s i o l o g y ,  U n i v e r s i t y  M e d i c a l  S c h o o l ,  P é c s ,  7 6 4 3 ,  
H u n g a r y ;  * C e n t e r  o f  M o r p h o lo g y ,  U n i v e r s i t y  C l i n i c  F r a n k f u r t ,  60 0 0  

F r a n k f u r t  am M ain  7 0 ,  G erm any  a n d  ‘ ‘ D e p a r t m e n t  o f  O b s t e t r i c s  
a n d  G y n e c o l o g y  a n d  S e c t i o n  o f  N e u r o b i o l o g y ,  Y a l e  U n i v e r s i t y ,  

S c h o o l  o f  M e d i c i n e ,  New H a v e n ,  CT 0 6 5 1 0 ,  U .S .A .

C a l r e t i n i n - c o n t a i n i n g  n e u r o n s  w e r e  v i s u a l i z e d  b y  im m uno- 
c y t o c h e m i s t r y  i n  t h e  monkey h i p p o c a m p u s ,  s u b i c u l a r  c o m p le x  a n d  

e n t o r h i n a l  c o r t e x .  C a l r e t i n i n - i m m u n o r e a c t i v i t y  was p r e s e n t  
e x c l u s i v e l y  i n  n o n - g r a n u l e  c e l l s  o f  t h e  d e n t a t e  g y r u s  a n d  i n  

n o n - p y r a m i d a l  c e l l s  o f  Ammon's h o r n ,  s u b i c u l u m  a n d  e n t o r h i n a l  

c o r t e x .  M o s t  f r e q u e n t l y ,  c a l r e t i n i n - p o s i t i v e  n e u r o n s  w e r e  f o u n d  

a t  t h e  h i l a r  b o r d e r  o f  t h e  d e n t a t e  g y r u s  a n d  i n  t h e  s t r a t u m  

r a d i a t u m  o f  CA 1 - 3  a r e a s .  I n  t h e  s u b i c u l a r  c o m p l e x ,  im m u n o r e a c -  
t i v e  n e u r o n s  w e r e  e v e n l y  d i s t r i b u t e d  i n  a l l  l a y e r s ,  w h e r e a s  
i n  t h e  e n t o r h i n a l  c o r t e x ,  t h e y  w e r e  a c c u m u l a t e d  i n  t h e  e x t e r n a l  

l a y e r s  a b o v e  l a m i n a  d i s s e c a n s .

The m a j o r i t y  o f  c a l r e t i n i n - i m m u n o r e c t i v e  c e l l s  w e r e  s m a l l ,  

b i p o l a r  o r  f u s i f o r m  n e u r o n s  w i t h  a  d e n d r i t i c  t r e e  o r i e n t e d  

p a r a l l e l  t o  t h e  d e n d r i t e s  o f  p r i n c i p a l  c e l l s .  D e n d r i t e s  w e r e  

sm o o th  o r  s p a r s e l y  s p i n y ,  d i s p l a y i n g  s m a l l  s p i n e s  o f  c o n v e n t i o 
n a l  t y p e .

I n  e l e c t r o n  m i c r o s c o p i c  p r e p a r a t i o n s ,  s o m a l  a n d  d e n d r i t i c  

f e a t u r e s  o f  c a l r e t i n i n - i m m u n o r e a c t i v e  n e u r o n s  w e r e  s i m i l a r  t o  

t h a t  o b s e r v e d  i n  t h e  l i g h t  m i c r o s c o p e .  S o m a ta  o f  i m m u n o r e a c t i v e  
n e u r o n s  c o n t a i n e d  a  l a r g e  n u c l e u s  a n d  a  s m a l l  c y t o p l a s m i c  r i m ,  

w h ic h  c o n t a i n e d  o n l y  a  few o r g a n e l l e s .  T he  n u c l e u s  d i s p l a y e d  
d e e p  i n f o l d i n g s  a n d  i n t r a n u c l e a r  r o d s .  A x o n s  o f  c a l r e t i n i n -  
p o s i t i v e  n e u r o n s  w e r e  t h i n ,  a r b o r i z e d  i n  a l l  l a y e r s  a n d  h a d  

s m a l l  v a r i c o s i t i e s .  T h e i r  t e r m i n a l s  f o r m e d  s y m m e t r i c  s y n a p s e s  
m a i n l y  w i t h  d e n d r i t e s  an d  l e s s  f r e q u e n t l y  w i t h  s o m a t a  o f  
p r i n c i p a l  c e l l s .

I n  sum m ary  : ( i ) t h e r e  a r e  s i g n i f i c a n t  s p e c i e s  d i f f e r e n c e s  

b e t w e e n  t h e  d i s t r i b u t i o n  a n d  n e u r o n a l  m o r p h o l o g y  o f  c a l r e t i n i n -  

i m m u n o r e a c t i v e  h i p p o c a m p a l  n e u r o n s  i n  r a t s  a n d  m o nkeys ,  ( i i )  

c a l b i n d i n  D2 8 k '  Pa r v a lk u m in  a n d  c a l r e t i n i n  i m m u n o r e a c t i v e  
n e u r o n s  f o r m  n o n - o v e r l a p p i n g  s u b p o p u l a t i o n s  i n  m onkey  b r a i n .
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RETROGRADE LABELLING IN THE NERVOUS SYSTEM 
OF LUMBRICUS TERRESTRIS

1Szelier, M„ 2Csoknya, M., 1Lengvári, I. and 2Hámori, J.

1Department of Anatomy, University Medical School, Pécs 
and departm ent of Zoology, Janus Pannonius University, Pécs

Circumpharyngeal connectives into both directions, as well as medial 
prostomial and segmental nerves of Lumbricus terrestris were retrogradely 
labelled with cobalt-lysine complex. On the basis of an analysis of labelled 
nerve cells it was concluded that circumpharyngeal connectives contain both 
ascending and descending fibers. The ascending fibers originate from nerve 
cells in the subpharyngeal ganglion while those of descending either from 
the perikarya in the cerebral ganglion or from the prostomial nerves. The 
majority of nerve fibers of the prostomial nerves originate from cell bodies 
of the subpharyngeal ganglion, and only very few from the cerebral 
ganglion. Segmental nerves contain fibers from cell bodies situated either 
ipsilaterally or contralaterally in the segmental ganglia.
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EXPRESSION OF 5 E 1 0 , A SPE C IFIC  PHOSPHORYLATED EPITOPE  
OF THE 1 6 0  KD NEUROFILAMENT PROTEIN

S z e n t e ,  M. a n d  ‘ L a n d m e s s e r ,  T . L .

A t t i l a  J ó z s e f  U n i v e r s i t y ,  D e p t ,  o f  C o m p a r a t i v e  P h y s i o l o g y ,  
S z e g e d  a n d  ‘ U n i v e r s i t y  o f  C o n n e c t i c u t ,  D e p t ,  o f  P h y s i o l o g y  

a n d  N e u r o b i o l o g y ,  S t o r r s

In 5-7 day expiants of chick dorsal root ganglia two types 
of 5E10 expression could be distinguished; 1 . / A low-level 
expression that occurred throughout the axon, and which could 
be increased by treatments which altered levels of second 
messengers (depolarization by 20 mM K+; calcium ionophore, 
A23187; phorbol ester (TPA); db-cGMP, and by ocadic acid), 2./ 
A high intensity expression that was induced in axons only as 
they were forced to make a sharp turn upon encountering a 
mechanical barrier, and which was confined to that portion of 
the axon. The expression of 5E10 induced at turning points 
differed from the overall 5E10 expression in that: i./ it was 
of greater intensity 1.2 (ratio of 5E10/L1 staining) compared 
to 0.6-0.7 induced by second messenger activators; ii./ more of 
it appeared to be incorporated into the triton insoluble 
cytoske1eton; i i i./ once expressed, it was not reduced by long 
(24 hr) treatments with proteinkinase C (PKC) inhibitors such 
as staurosporine or calcium inhibitors as cadmium or dantroline 
which reduced expression elsewhere.

Induction of 5E10 expression at turning points and/or the 
cytoskeletal rearrangement associated with it appears to 
stabilize axons. When these axons were treated with the tubulin 
depolymerizing drug nocadozole they maintained their shape and 
microtubules were not depolymerized. In axons within the same 
explant which did not express high levels of 5E10, nocadozole 
caused tubulin staining to be lost from the axon, and resulted 
in axonal retraction and surface blebbing. Axons expressing high 
levels of 5E10 were more restricted to other agents that 
resulted in axonal retraction (okadic acid, 10 nM; nerve growth 
factor, 100 nM).

Inhibitors of PKC such as staurosporine when applied just 
before axons reached a mechanical barrier prevented axons from 
turning and continuing to grow. Under the same conditions 5E10 
was not induced in the axons that had encountered the boundary.

The induction of the 5E10 antigen at the boundary may be 
via PKC or some other staurosporine sensitive step. Furthermore 
its expression or some cytoskeletal rear rangement associated 
with it appears to be essential for axons to execute sharp turns 
i n-v i tro.
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CROSS-MODAL COMPENSATORY CHANGES OBSERVED IN  THE CORTEX 
OF ADULT RAT INDUCED BY NEONATAL MONOCULAR ENUCLEATION

T o l d i ,  J . , R o j i k ,  I .  a n d  F e h é r ,  О.

D e p a r t m e n t  o f  C o m p a r a t i v e  P h y s i o l o g y ,  J ó z s e f  A t t i l a  U n i v e r s i t y ,  
S z e g e d ,  H -6 7 0 1 ,  P . 0 .  Box 5 3 3 ,  H u n g a r y

M o n o c u l a r  e n u c l e a t i o n  w as  p e r f o r m e d  o n  r a t s  a t  b i r t h .  T he  a n i m a l s  

w e r e  r a i s e d  a n d  f r o m  t h e  a g e  o f  3 m o n t h s  t h e  e v o k e d  a c t i v i t y  w as  
t e s t e d  i n  t h e  p a r i e t o - o c c i p i t a l  c o r t e x .  I t  w a s  f o u n d  t h a t  

m o n o c u l a r  e n u c l e a t i o n  c h a n g e d  t h e  d i s t r i b u t i o n  o f  v i s u a l l y  e v o k e d  

r e s p o n s e s  i n  b o t h  h e m i s p h e r e s .  H o w e v e r ,  t h e  e f f e c t  o f  e a r l y  

e n u c l e a t i o n  w a s  n o t  l i m i t e d  t o  t h e  v i s u a l  s y s t e m .  I t  w as f o u n d  
t h a t  e a r l y  e n u c l e a t i o n  c a u s e d  a n  e x p a n s i o n  o f  t h e  s o m a t o s e n s o r y  

r e s p o n s e s ,  am ong  o t h e r s  i n t o  t h e  v i s u a l  a r e a .  N e u r o n s  r e s p o n s i v e  

t o  v i s u a l  a n d  s o m a t o s e n s o r y  s t i m u l i  w e r e  d e m o n s t r a t e d  i n  t h e  

a n t e r i o r  p a r t  o f  t h e  p r i m a r y  a n d  s e c o n d a r y  v i s u a l  a r e a s ,  

c o n t r a l a t e r a l  t o  t h e  e n u c l e a t i o n .  E l e c t r o p h y s i o l o g i c a l  a n d  

a u t o r a d i o g r a p h i c  s t u d i e s  u n a m b i g u o u s l y  p r o v e d  t h a t  e a r l y  

e n u c l e a t i o n  e x e r t e d  a  s i g n i f i c a n t  c r o s s - m o d a l  e f f e c t  o n  t h e  

s o m a t o s e n s o r y  r e s p o n s i v e  a r e a .
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THE TYPES OF GANGLION CELLS IN THE RETINA OF RAN A ESCULENTA

Tóth, P.

Department of Anatomy, Univ. Med. School, Pécs, 7643 Hungary

The morphological classes of retinal ganglion cells in Rana esculenta were determined and 
compared to those found in Rana pipiens by Frank and Hollyfield (’87).

Both optic nerves of 13 adult animals were retrogradely filled either by horseradish 
peroxidase (HRP) or cobaltic-lysine complex (CLC). The tracers were revealed on 
wholemounted neural retinae. The diameters of ganglion cell perikarya and dendritic fields 
were measured on camera lucida drawings.

Large ganglion cells were divided into 3 classes. Class 1 ganglion cells had large perikarya 
(20-22/tm) and sparsely branching, symmetrical dendritic trees (850-1000/rm in diameter) 
with branches in the scleral sublamina of the inner plexiform layer (IPL). The somata of 
Class 2 ganglion cells were slightly smaller (19-20^m), the diameter of the asymmetrical, 
sparsely branching dendritic tree was 5-600/un, the dendrites arborized predominantly in the 
scleral sublamina of the IPL. Class 3 ganglion cells had round perikarya (16-18/nm). The 
symmetrical, bi- or tristratified dendritic trees (450-500fun in diameter) had branches in the 
scleral, vitreal and the intermediate sublamina of IPL, as well.

Middle-sized ganglion cells had soma diameters of 1 l-15/лп. Class 4 cells had symmetrical 
or asymmetrical dendritic trees of variable diameters (180-310/лп). The dendrites arborized 
in the vitreal sublamina of the IPL and only every fifth was bistratified. Class 5 (biplexiform) 
cells formed less than 0.1% of the total ganglion cell number. They had dendritic arbors both 
in the IPL as well as in the outer plexiform layer.

Small ganglion cells (the perikarya are 7-10/xm in diameter) gave 70% of ganglion cells. 
Class 6 neurons had small
(100-150^m in diameter), symmetrical or asymmetrical dendritic arbors in the vitreal 
sublamina of the IPL. Class 7 ganglion cells had the smallest (80-110/rm), asymmetrical 
dendritic trees with sparsely branching vitreal arbors.

Our results are in accord with that of Frank and Hollyfield (’87). However, CLC-filling 
seems to reveal the entire dendritic arbor including the finest branches, which may not 
a l w a y s  be  t h e  c a s e  a f t e r  t h e  a d m i n i s t r a t i o n  o f  H R P .

1. Frank, B.D. and Hollyfield, J.G.: J.comp.Neurol.,260(1987) 413-434.
2. Tóth, P. and Straznicky, C.: Arch. Histol. & Cytol.,52(1989) 87-93.
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BEHAVIORAL DISTURBANCES ASSOCIATED 
WITH THYROID DYSFUNCTIONS IN YOUNG RATS

Varga,Zs., *Karádi, Z., Halász, N. and *Lénárd,L.

Institute of Biophysics, BRC, Szeged and ‘institute of Physiology,
Pécs University, School of Medicine, Pécs

Thyroid hormones are essential for the normal growth and maturation of vertebrate 
organisms; their influence on the development of neurons and neural connections is also 
well-known. Elevated or reduced level of the thyroid hormones result in changes of the 
behavior; olfactory disturbances have also been detected in hypothyroid subjects. In the 
present study, our aim was to investigate such changes in rats and to further characterize 
the behavior and the odor detection of rats caused by altered serum thyroxine levels.

High and low serum thyroxine hormone levels were produced by pre- and 
postnatal administration of thyroxine hormone (T4) or propylthiouracil (PTU) in the 
drinking water. Subjects were 35 male rat pups from litters of Sprague-Dawley dams. 
Neurological tests like investigations of the single animals’ reactions to visual, acoustic, 
somestesic and olfactory cues and detection of the muscle tone were also performed. 
Animals were placed one by one in the centre of an open field apparatus and the number 
of squares crossed (ambulation score), the number of rearings, groomings, sniffings and 
freezings as well as the number of faecal boli deposited and the frequency of urination 
in a 3 minute period of observation were recorded. Later, the preference for the 
unscented or scented part of a testbox was registered. In a simple learning test the 
animals were placed into the alley of a T-maze and they were required to find the 
scented (vanilla) food; the time they needed was recorded.

Activity of hypothyroid animals was decreased in the open field in the evening 
and in the morning. The performance of hyperthyroid rats was decreased in the morning 
and increased in the evening. A difference was shown in the stereotype behavior between 
the treated and untreated groups. The number of groomings, rearings, sniffings and 
freezings of the hyperthyroid rats was significantly decreased. The frequency of 
defecation for all of the treated animals increased, while that of the urination was 
inconsistent. The place preference learning ability combined by odor cues differed again: 
hypothyroid rats showed a greater preference toward the scented part of the testbox than 
the control or hyperthyroid pups did. The simple learning test seemed to be more 
difficult to acquire for the hypothyroid rats as compared to the other groups.

In summary, the results of this study show that the influence of the serum 
thyroxine hormone level in the early stage of ontogenesis produces difference in many 
aspects of the animals’ behavior and that the hypothyroidism results in difficulties in 
association of odor informations to a learned adaptive behavior.
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CHARACTERIZATION OF [^JMET-ENKEPHALIN-ARG6-PHE7 OPIOID RECEPTORS 
IN FROG BRAIN MEMBRANE PREPARATIONS

M. Wollemann, J. Farkas*, G. Tóth* and S. Benyhe

Institute of Biochemistry and *Isotope Laboratory, Biological Research Centre 
of the Hungarian Academy of Sciences, H-6701 Szeged, P.O. Box 521, Hungary

A tritiated compound with high specific activity (40 Ci/mmol) has been synthesized in order 

to characterize the opioid binding activity of [3H]Met-enkephalin-Arg6-Phe7 in frog brain 
membrane fractions. The Kd calculated from homologous displacement experiments with the 
LIGAND programme was 1.1 nM and the Bmax 347 fmol/mg protein. The Kd determined 
from equilibrium saturation binding data was 1.3 nM. However, the Hill coefficient varied 

between 0.2-0.3 (n=9), which suggests the presence of a second, high affinity binding 
component.
Investigating the subtype-specificity of the heptapeptide binding sites, the rank order potency 

of the ligands tested was as follows: bremazocine (Kd 0.46 nM) > naltrindole > diprenorphine 

> levorphanol > nor-BNI > EKC > DADLE > ß-endorphin > dynorphin > naloxone > 
deltorphin II > DSLET > morphine > DAGO > DPDPE > U-69593 > dextrorphan (Kd 12.7 

дМ). Binding of [3H]Met-enkephalin-Arg6-Phe7 was inhibited by Na+ and GppNHp which 
pointed to the agonist character of the heptapeptide. These results reflect a kappa2 and/or 

delta subtype specificity of the ligand with an exclusion of kappax and mu opioid sites.
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HUNGARIAN NEUROSCIENCE SOCIETY FOUNDED
-background and historical review

In January 1993 the Hungarian Neuroscience Society (HNS) was founded as 
an independent, nongovernmental scientific organization.

Having been involved from the beginning in the grouping o f scientists dealing 
with brain research in Hungary, and as Chairman o f the former N eurobiology Section 
o f the Hungarian Physiological Society and o f the committee carrying out the 
preparatory work fo r  the creation o f the HNS, I  feel honoured to be invited by the 
Editor o f the new periodical Neurobiology to recall the history which led to the 
establishment o f  a separate organization o f Hungarian neurobiologists.

The creation o f  the HNS was a result o f the organic development o f earlier 
gatherings, based on mutual interest, growing cooperation, interaction and the need for  
exchange o f ideas and results between Hungarian neuroscientists, materializing in annual 
conferences, occasional specific meetings, methodological, technical courses and 
discussions, joint research programmes, common international representation and the 
organization o f  international conferences.

Neuroscience in Hungary has a long tradition, marked by prominent personalities 
well known fo r  their achievements throughout the scientific world interested in studies 
on the nervous system. I t  is enough to mention the names o f István Apáthy (1863- 
1922) the famous anatomist from the beginning o f  this century, Ambrus Abrahám 
(1893-1989), Kálmán Lissák (1908-1982) and János Szentágothai ( 1912-), the most 
outstanding neurobiologists in this country during the past 50 years. Their scholars and 
independent leading scientists in neurobiology who are now members o f the Academy 
and/or professors at universities numbers over 20, with more than 200 working in their 
teams.

Since the sixties, neuroscience has become the main research trend in a 
considerable number o f  university departments and in some research institutes o f  the 
Academy, and international recognition has now been achieved. The research in these
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laboratories extends over a wide scale o f neuro-disciplines. Besides the traditionally 
strong functional morphological approach, researches in physiology, neurochemistry, 
pharmacology and modelling also have notable representation, and the topics span the 
range from subcellular neurobiology to studies on behaviour.

The recent status is a result o f a long period coinciding with the expansion o f 
neuroscience worldwide and with the development o f the facilities for basic research 
in Hungary. This was particularly noticeable from the middle o f the sixties, when 
special programmes were launched at the Hungarian Academy o f Sciences. These became 
better organized and financially supported from the seventies, in the frame o f the topic 
Regulatory Mechanisms o f Living Processes. The formation o f  a section o f  this 
programme was the first attempt to gather neurobiologists working at various university 
departments and research institutes together, and in 1972 the first Conference on 
Neurobiology was organized for the groups involved in this programme.

Since 1972 these scientific meetings have become regular, annual events. The 
number o f participants has increased from the original 40 to 150, and the Research 
Institute at Tihany, the site o f the first few meetings, soon proved to be too small to 
accommodate the enlarged Conference.

Neurobiology meetings were organized at the beginning in the frame o f  the 
Academy o f  Sciences for those who participated in and were supported by the centrally 
initiated programme. The original aim o f the meetings was to listen to reports and 
evaluate results achieved by various groups, and theoretically the outcome could 
influence further financial support. Because o f the great attention, these meetings were 
later made open for all interested neurobiologists, and presentations o f groups or 
scientists not supported by the programme (but seeking support) were also accepted and 
discussed. In this way, the neurobiology conferences became very prestigious meetings 
fo r  Hungarian neuroscientists.

At the same time there existed separate societies for physiology, general biology, 
biochemistry, biophysics, morphology and pharmacology in Hungary, and neurobiologists 
were also members o f one or other o f these, and attended their meetings too. At the 
beginning o f the eighties, the idea arose to unify all neurobiologists in one society by 
creating a nongovernmental organization which would not be dependent morally or 
financially on the Academy or the Government and would be able to make contact with 
international bodies, mainly the International Brain Research Organization (IBRO) and
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the European Neuroscience Association (ENA). However, at that time the creation o f  
a new, independent society in Hungary was virtually impossible, and therefore a special 
Section o f  Neuroscience was formed within the Hungarian Physiological Society, with 
its own elected executive committee, with its own programme and with the right to 
establish international relations. This Section was created in 1982, functioned during 
the eighties and became the immediate predecessor o f the HNS.

Simultaneously, the organization o f  scientific programmes and financial support 
in Hungary underwent a basic change, and the official evaluating function o f  the 
neurobiology meetings was terminated. Special programme committees were formed, 
which were separated from the Neurobiology Section, and the annual conferences 
became purely scientific events, totally free from administrative academic or 
governmental relations and duties.

In 1987 the Second IBRO World Congress on N euroscience was organized in 
Budapest, which was a great event for the Hungarian groups working on brain research. 
Satellite symposia to this and other international congress were also regularly held in 
the field  o f  neuroscience in Hungary, and on the basis o f the regular conferences the 
International Society for Invertebrate N  eurobiology was founded and is also hosted in 
Hungary. The N eurobiology Section was involved in all these events, and it also 
promoted participation o f its members in international meetings abroad. Further, special 
links have been built up with the ENA fo r  membership and conference attendance, and 
a proposal has also been made to hold one o f  the coming ENA meetings in Hungary.

When the decision was taken by the Government and the Academy o f Sciences 
that Hungary should join in the international Decade o f the Brain Programme in 1992, 
it seemed very appropriate to form the independent organization fo r  Hungarian 
neuroscientists. This was done on 21st January 1993, at the 21st Neurobiology 
Conference, held in Veszprém, when the N  eurobiology Section o f  the Hungarian 
Physiological Society declared its dissolution and immediately, as successor to the 
Section, the HNS was established. Professor László Lénárd (Pécs) has been elected 
Chairman o f  the HNS, and Dr. Tamás Freund (Budapest) Secretary, fo r  a term o f four 
years.

Prof. János Salánki 
Chairman of the former Neurobiology Section 

of the Hungarian Physiological Society
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C H O L IN E  ACETYLTRANSFERASE-LIKE  
IM M U N O F L U O R E S C E N C E  I N  E PIDER M IS  

OF H U M A N  SK IN

Olle Johansson and Lixin Wang

Experimental Dermatology Unit, 
Department of Histology and Neurobiology, 

Karolinska Institute, Stockholm, Sweden

Summary: Using the indirect immunofluorescence approach the occur
rence of choline acetyltransferase-like immunoreactivity in epidermis, 
except stratum basale, of human skin is described. Immunoreactive 
cells were also found in hair follicles, sweat gland ducts and sebaceous 
glands.

Key Words: choline acetyltransferase, epidermis, human, immunocyto- 
chemistry, keratin

INTRODUCTION

Choline acetyltransferase (ChAT) is the terminal synthetic enzyme of the 
classical neuronal transmitter, acetylcholine. It exists mainly in the neurons in
volved in motor mechanisms, arousal, memory and learning [McGeer et al., 
1984]. However, recently we have found ChAT-like immunofluorescence in 
human epidermal cells. It raises tantalizing questions: Is there any ChAT acting 
in the epidermal cells? Does this correlate to so-called aquagenic pruritus where a 
role for acetylcholine has been suggested? The aim of the present study was to 
further elucidate the localization and distribution of ChAT-like immunoreactivi
ty in human skin.

Akadémiai Kiadó, Budapest
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MATERIALS AND METHODS

Human skin biopsies of hairy and glabrous skin were obtained from vol
unteers with local anaesthesia by lidocaine. The specimens were immersed for 3 
h in 4% paraformaldehyde and 14% saturated picric acid in 0.1 M Sorensen's 
phosphate buffer (pH 7.4) at 4°C, then rinsed in the same buffer containing 10% 
sucrose. Cryostat sections (14 цт) thawed onto chrome-alum coated slides were 
processed for indirect immunofluorescence. The primary ChAT antiserum (Inc- 
star, Stillwater, USA) was diluted in phosphate buffered saline (PBS) containing
0.3% Triton X-100, in which the sections were incubated overnight at 4°C in a 
humid atmosphere, followed by incubation for 30 min at 37°C in tetramethyl- 
rhodamine-isothiocyanate isomer R (TRITC; Boehringer Mannheim Biochem
icals, Germany)-conjugated antiserum. Hyper-immune or non-immune serum 
served as control sera. The sections were rinsed in PBS before and after the incu
bations, mounted in PBS-glycerine and examined in a Nikon Microphot-FXA 
fluorescence microscope.

RESULTS

ChAT-like immunofluorescence (ChAT-LIF) appeared in cells of the epi
dermis, hair follicles, sweat gland ducts (not in the proper sweat glands) and seba
ceous glands of human skin which included shoulder, back, chest, areola, axilla, 
upper arm, thigh, finger-tip and sole.

Cells in the strata spinosum and granulosum of hairy skin had strong 
immunofluorescence in the cytoplasm with the nuclei totally dark, while the 
cells of the stratum basale had no ChAT-LIF at all (!). In the glabrous skin, much 
weaker ChAT-LIF was displayed in the stratum spinosum and granulosum (Fig. 
1). The amorphous cells of the stratum corneum revealed different amounts of 
ChAT-LIF (no-to-strong immunofluorescence). Extremely intensive ChAT-LIF 
could be seen at the orifice of some sweat gland ducts and in some parts of the 
stratum corneum of glabrous skin. No immunoreactivity was found in the stra
tum lucidum of glabrous skin. A corresponding dark band was also present in 
hairy skin.

The ChAT-LIF cells of the hair follicles were found in the outer epithelial 
root sheath, but not in the outermost cell layer, from the level neighbouring the 
sebaceous gland to the part connecting to the epidermis (Fig. 2A). The sweat ducts 
showed similar ChAT-LIF, as intense as the positive epidermal cells (Fig. 2B). 
Occasionally, cells in certain sebaceous glands contained ChAT-LIF.
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Fig. 1: ChAT-like immunofluorescence in human epidermis from upper arm (A) 
and finger-tip (B). Note the empty basal layer in A. Arrows in A mark the base
ment membrane. Bars represent 50 pm.

Fig 2: ChAT-like immunofluorescense in hair follicle (A; shoulder),, and in sweat 
duct (B; chest) of human skin. Bar represents 50 pm.
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The antiserum used has yielded good immunoreactivity in e.g. rat brain 
tissue, with a similar intensity as the one presently observed. Sections incubated 
with hyper-immune or non-immune serum were all negative. It may be noted, 
that parallel western blot and immunoprécipitation methods have failed to show 
any cross-reactivity between the antiserum and keratins (cf. below).

DISCUSSION

Although it is well known that the skin contains cholinergic nerves and 
that some reports have described cholinesterase activity in mammalian skin, no 
evidence has been obtained demonstrating ChAT existence in the epidermis. 
ChAT is claimed to be a specific marker of cholinergic neurons. With the present 
antiserum, however, we are also able to detect ChAT-LIF in the terminally differ
entiating epidermal cells of human skin.

Up to 85% of the total protein content of a differentiated epithelial cell are 
keratins, which are fibrous cytoskeletal elements. In humans alone, about 25 dif
ferent keratins have been catalogued by two-dimensional gel electrophoresis 
[Fuchs, 1988]. The detailed keratin composition varies depending on the cell type, 
cellular growth environment, stage of development and differentiation, and dis
ease state, of them the pairs of 56 and 65-67 kd are regarded as markers of keratin- 
ization or "skin type" differentiation, and have been found in suprabasally locat
ed, more differentiated cells [Cooper et ah, 1985]. Van Neste et al. [1983] showed 
that all the suprabasal cells in normal human skin are 67 kd keratin positive. 
Using antibodies against 67 kd keratins, Viac et al. [1980] and Woodcock-Mitchell 
et al. [1982] observed immunofluorescent staining in cells of spinous and granu
lar layers and also in the stratum corneum with the basal layer negative and 
sharply contrasted. Flair follicles and sweat ducts showed similar strong fluore
scence. ChAT have a similar molecular weight (66-70 kd) as 65-67 kd keratins 
[McGeer et ah, 1984]. ChAT from chicken optic lobe and cerebrum weigh 64 and 67 
kd, respectively [Peng et ah, 1980; Johnson et ah, 1986]. Both the cholinergic neu
rons and kératinocytes come from the ectoderm. Do ChAT and keratins have 
homologic gene codes? Similar antigenic groups? Functional relationships?

Our ChAT-LIF pictures of hairy skin resemble the 67 kd keratin immuno
fluorescence, since all suprabasal kératinocytes, including those in hair follicles 
and sweat ducts, displayed a strong ChAT immunofluorescence. A cross-reaction 
of the ChAT antibody to keratins may, thus, be suspected. The ChAT-LIF in the
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glabrous skin only showed strong fluorescence in the stratum corneum, whereas 
the spinous and granular cells displayed a weak immunoreactivity. This may 
account for a different keratin composition. However, control adsorption exper
iments, in our laboratory, using a mixture of keratins (Sigma Chemical Co., St. 
Louis, Mo, USA) added to the ChAT antiserum, produced ChAT immunoreac
tivity images of equal intensity, thus, speaking against a plain cross-reactivity sit
uation.

In this context, it may be mentioned that a role for acetylcholine in so- 
called aquagenic pruritus has been suggested by Bircher and Meier-Ruge [1988]. 
They discussed the cholinergic innervation around sweat glands as being the bas
is for this disease, however, with the present results in mind aquagenic pruritus 
may very well depend on an acetylcholine-like substance being directly produced 
by the epidermis, and upon water challenge being secreted or extracted into the 
intercellular space, later on interacting with nerves or cells involved in the pro
duction of pruritic sensations. We expect that our present study can induce a ser
ies of investigations to discover new knowledge in the field of experimental 
dermatology.

ACKNOWLEDGEMENTS

This study was supported by grants from the Swedish Medical Research 
Council (12X-09060), Edvard Welanders Stiftelse, IngaBritt och Arne Lundbergs 
Forskningsstiftelse, Svenska Psoriasisförbundet, Torsten och Ragnar Söderbergs 
Stiftelser, and funds from the Medical Faculty of the Karolinska Institute.

REFERENCES

Bircher, A.J. and Meier-Ruge, W. (1988) Aquagenic pruritus - Water-induced 
activation of acetylcholinesterase. Arch. Dermatol. 124, 84-89.

Cooper, D., Schermer, A. and Sun, T.-T. (1985) Classification of human epithelia 
and their neoplasms using monoclonal antibodies to keratins: strategies, 
applications, and limitations. Lab. Invest. 52, 243-256.

Fuchs, E. (1988) Keratins as biochemical markers of epithelial differentiation. TIG 
4, 277-281.

Johnson, C.D. and Epstein, M.L. (1986) Monoclonal antibodies and polyvalent 
antiserum to chicken choline acetyltransferase. J. Neurochem. 46, 968-976.

McGeer, P.L., McGeer, E.G. and Peng, J.H. (1984) Choline acetyltransferase: purifi
cation and immunohistochemical localization. Life Sei. 34, 2319-2338.



2 06 Johansson and Wang

Peng, J.H., McGeer, P.L., Kimura, H., Sung, S.C. and McGeer, E.G. (1980) Purifica
tion and immunochemical properties of choline acetyltransferase from 
human brain. Neurochem. Res. 5, 943-962.

Van Neste, D., Staquet, M.J., Viac, J., LaChapelle, J.M. and Thivolet, J. (1983) A 
new way to evaluate the germinative compartment in human epidermis, 
using 3H-thymidine incorporation and immunoperoxidase staining of 67K 
polypeptide. Br. J. Dermatol. 108, 433-439.

Viac, J., Staquet, M.J., Thivolet, J. and Goujon, C. (1980) Experimental production 
of antibodies against stratum corneum keratin polypeptides. Arch. Derma
tol. Res. 267,179-188.

Woodcock-Mitchell, J., Eichner, R., Nelson, W.G. and Sun, T.-T. (1982) Immuno- 
localization of keratin polypeptides in human epidermis using monoclonal 
antibodies. J. Cell Biol. 95, 580-588.

Received 16 March 1993 
Accepted 8 June 1993



Neurobiology 1 (S), pp. 207-222, 1993

A UNIT PARADOX FOR ARTIFICIAL NEURONAL NETWORKS

E. Lábos

Semmelweis University Medical School, 1st Deptartment of Anatomy, Neurobiology 
Unit of the Hungarian Academy of Sciences, H-1450 Budapest, Tűzoltó u. 58,

HUNGARY

SUMMARY - In formal or artificial neuronal networks (FNN; ANN) built 
of threshold logic gates, a unit step function is used. Recently the step 
function has been replaced by an S-shaped curve. This replacement is 
common and many studies are based on this substitution, often combined 
rarely not with some adaptive or learning procedure. However, the 
dynamical consequences e. g. in the time course of single unit discharges 
have not been sufficiently examined. The concepts of unit (neuron) and 
network in these models of engineering and neurobiology correspond to 
each other only partially: model units may behave similarly to real nets of 
real units. This is called here a unit paradox. Propositions are presented to 
eliminate this apparent contradiction. A further paradox is also mentioned 
(Section 3). It seems necessary to reconsider the relationship of the various 
trends of neural network theory.

Key words: artificial neural nets, paradoxical behavior of units, chaos, spikless 
waves, exotic potentials, mass potentials, phantom oscillations

1. INTRODUCTION

Here a formal neuronal net (FNN) is a more general term than a McCulloch-Pitts 
network (1943): - (1) - the state space of units and nets are fixed, the quality of states 
(amplitude or repetition rate or else) is not specified in advance; - (2) - the 
interconnection matrix M is constant and synthesized by some procedures here not by 
"learning" (Lábos, 1984); - (3) - thresholds are specified for each unit;- (4) - a threshold
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operator (a unit step function or a softer "S-shaped" function) is applied at the end. 
Thus the computation of the "next state" is as follows:

si + 1 = T(sjM-O) = W(Sj) (1)

The sequence of network states is generated by the iteration of this map N, 
incorporating the matrix M, threshold vector 0  and a threshold operator T (as a so 
called response curve). Nets may differ from each other by these objects. For a given 
net M, 0  and T are constant, and the dynamics evolves here only by iteration following 
equation (1). No external input vectors or learning are used. Dynamical systems of 
similar kind may be defined almost without limit.

A response curve, T for a single natural or artificial neuron is conventionally 
regarded either as a temporal or as a spatial average signal of a cell population. A 
normalization of magnitude to remain between 0 and 1 is facultative. The function T 
may also be interpreted in many ways e.g. as a membership or as a distribution-function 
in various contexts. A hidden contradiction is here already present: these averaged 
curves are used as threshold operators for single neurons. This is not obvious when 
threshold gate nets are computed with unit step function (see below Tq).

In this paper as well as the unit step function, Tq and the most popular, S-shaped 
threshold operators - Tj and T2 - (not significantly different from each other; see also 
in Lábos and Lábos, 1992) are applied. In addition, a multitude of similar - invertible 
special distribution functions (continuous and strictly monotonie) similar to Tj and T2 
can be defined. Almost surely, all of them would result in conclusions to be outlined 
below. Moreover, no trivial coordinate transformation exists between two - otherwise 
arbitrary - sigmoid curves in general (i.e. for all cases) like for T j and T2. The functions 
below are the most popular ones:

Tq(x) = 1 if X > 0 and Tq(x) = 0 if x < 0 (3)

T^x) = e ^ A l  + e1“ ) = 1/(1 + e '1“ ) (4)

T2(x) = 0.5 + O á íe^ e^ V fe^ + e-1“ ) (5)
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Tq is used in threshold gates (Muroga, 1971), Tj is a function used in Boltzmann 
distributions or it is essentially the logistic function (Verhulst, 1838) and T2 comes from 
the popular tanh - function after transformation into (0,1) interval. The popular (-1,+1) 
convention of technical approaches is not suitable as a direct biological analogy. Tj and 
T2 - among others - have been used extensively by numerous authors (Freeman, 
Hopfield, Hinton et al etc.; see e.g. Carpenter, 1989; Simpson, 1990 etc.).

The serious influence of the continuous threshold operators to the time course of 
component flows is evident in computer simulations (Purwins and Radehaus, 1988; 
Lábos et al., 1992; Lábos and Lábos; Lábos, 1992; Lewis and Glass, 1992; Chapeau- 
Blondeau and Chauvet, 1992). It is surprizing that this is taken as a fact of no or 
secondary importance.

1.1. THE UNIT PARADOX

The notion of "paradox" is neither enigmatic, mystical nor a cabalistic term. It may 
be e.g. simply a seeming contradiction waiting its elimination.

The paradoxical situation is most transparent when sigmoid threshold operators 
are applied. This results in "abnormal” or unphysiological phenomena so often that it 
cannot be neglected. The time courses seen in the amplitudes of unit activities (of the 
parts or components of the nets) become very diverse and - contrary to naive 
expectations - rarely resemble to spike-like oscillations. Moreover, these signals often 
similar to the potentials recordable usually only from a multitude of cells as e.g. in 
EEG or similar mass records, which appear to be the closest but still not exact real 
comparable cases. Such behavior of units resembling to those of populations is the 
unit paradox. This paradox - also like EEG - is closely related to the chaos in the 
behavior of units or nets (Freeman, 1987; Holden, 1986; Lábos, E. 1984-1992; 
Chapeau-Blondeau and Chauvet, 1992; Lewis and Glass, 1992).

The consequence of this is that the "neural nets" occurring recently in ANN 
(Artificial Neural Net) or NC (Neurocomputer) technology are far to be able of 
reproducing directly and completely the true (biological) neural, electrical behaviors 
which are otherwise also diverse but in different respects. Nevertheless, behind the 
name of "neural network" or by a worse name "connectionist nets" (which is also a
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popular pleonasm) promising technological possibilities are included not only to 
simulate but even to implement quick parallel processing or computations.

1.2. SIMULATION OF NORMAL UNIT POTENTIALS

In neural modelling the reproduction of the recorded electrical signals is a routine 
task since the time these signals are recorded at all. Simulation published more 
frequently after the emergence of Hodgkin and Huxley equations (HH; 1952). 
However, very soon after the equations so called "reduced systems" also appeared 
(FitzHugh, 1969; Holden, 1982). Note that already the travelling wave version of the 
HH-equations leads to a peculiar mathematical instability (FitzHugh and Antosiewicz, 
1959). This phenomenon is not restricted to a "suitable choice" of conduction velocity 
as it was claimed earlier and still recently (e.g. Miura, 1982), but emerges at almost any 
(very small) parameter perturbations (Lábos, 1982). This is still not equivalent to the 
much later observed chaotic behavior of the HH-equations (Aihara and Matsumoto, 
1986).

The HH-type models are detailed but are not well suited for network simulations. 
That is why different simpler, and computationally easier - but still realistic - spike- 
generators were introduced (e.g. Lábos, 1984):

a. ) - An interval map quickly producing eminent and uniform peak values with 
almost any interspike interval patterns (called a universal pattern generator = UPG; 
Lábos, 1981-85). These UPG-s are irregularly firing chaotic units, but may become 
more regular in nets. The generated fictitious spikes are acceptable for an 
electrophysiologist.

b. ) - A slower spike generator, not universal in the above sense, less chaotic, 
encloses both activation and inactivation processes. It is still quick enough to use in 
nets. It is called PSG ( = polynomial spike generator; Lábos, 1984; 1985). This model 
turned first the attention of the author toward paradoxical consequences. Despite of 
the very modest, "realistic" premises incorporated into the model, its temporal behavior 
becomes at certain parameters rather "unrealistic". Note that this is also an apparent 
conflict and it is different from the unit paradox raised in Section 1.1.
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2. METHODS

The models of units or nets are here as follows:
1. - Binary threshold gate nets (McCulloch and Pitts, 1943; followed by the 

emergence of threshold logic; see Tq above and Muroga, 1971).
2. - Neural nets with S-shaped non-degenerated soft threshold operators (Zadeh- 

Stein-Little-Hopfield and others; see e.g. Tj and T2; S-model). Sharp thresholds do not 
exist for action potentials (Cole et al., 1970).

3. - Interval maps producing spikes written here in two forms ((6) and (6a), Lábos, 
1984).

У п + i  =  m y n  =  Ц ( у п ) i f y n ^ a  a n d
У п + 1  = Р У п Г  =  4 < У п >  i f y n > a  <6 ) ° г
У п + 1  =  L l ( y n )  -  Т о ( У п - а Х Ч ( У п ) - Ч ( У п ) )  <6 а >

у
where e.g. m =1 + (а-1) andyU = l/(a-l) and a=0.1. This is the map called above UPG. 
It may generate realistic spikes and is capable of reproducing any finite interspike 
interval patterns which performance is believed often to be a property of complicated 
networks. It is a "chaotic iteration" as Fig. 1. suggests is not equal to the well known 
tent-map, which is not adequate at all for neural spike production. Further versions - 
still spiking ones - have been defined to simulate more uniform spike amplitudes, after
hyperpolarization (AHP), more regular repetition rate etc. In these models the 
"universality" becomes restricted or may disappear.

4. - Spikes or waves generated by various systems of HH-like equations (from 1952 
up to now). A large number of versions exist forming a "separate world".

5. - Realistic motion equations, like that of PSG (Lábos, 1984; Fig 2):

W = Z + a(Z-r)(Z-p)(Z-s) + bX3 + cY4 + k/(Z-s) (7)

where W = An + ], Z = An, Y=An_1, X = An_2, a = -1.2, p = 0, r= 1, s = -0.2, b = -0.675, 
c = 0.225 in "standard parameter assignment". This is a "weakly chaotic" iteration 
incorporating principles similar to those included in HH-equations, but despite of this
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may display unphysiological dynamics. It runs quickly on computers and is still suitable 
for nets. One of its weakness is the too rapid decay phase after the peak of spikes.

Fig.l.: Spike sequence generated by equation (6). A universal pattern generator 
(UPG). Its spikes are acceptable for electrophysiologists, regardable as good unit 
signals. It has now more than ten, more or less different versions.

Fig. 2.: Samples of flows generated by PSG defined by equation (7). Its behavior can be 
both "normal spiking" and also can display unphysiological or even artificial or 
phantom oscillations.
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6. - Further dynamical systems with one or more variables connected or not in nets. 
The number of units and variables may be different from each other.

Fig. 3.: A collection of natural, abnormal but unit potentials supporting together with 
Fig 4 that the abnormalities accompanied to S - models are different from these. Cases A 
to D and F were obtained in low calcium/TEA milieu from snail neurons. The records 
on right are electrically evoked peculiar unit responses, while case E on the left side 
appeared in the presence of cocaine.

3. RESULTS

An exhaustive survey of simulations by various spike or potential generators is not 
presented here only few illustrations. The first conclusion is that despite apparently 
realistic suppositions in the models, the consequences are often unrealistic. This is not yet 
the unit paradox. It is a phenomenon almost ubiquitous in various extrapolations. Its 
peculiarity is still holds since e.g. for PSG the presuppositions are modest and seems 
real. Its wild dynamical ranges are unexpected but exist.
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The second observation is the unit paradox which is expected for S-models as a 
consequence of the use of mass measurement characteristics for units.

The PSG shows parameter dependent spikes or waves, while components of FNN-s 
with sigmoid response curve almost always display strange component flows (Fig. 2 and 
4). Different behaviors in different components also occur: either chaotic or fixed 
points or even "softer than chaotic" oscillations.

3.1. EXOTIC NATURAL OSCILLATIONS

Exotic phenomena are observable not only in the models but very often also in 
biological preparations: plateaus, paroxysmal depolarization shifts, reexcitations etc. 
(see in Chalazonitis and Boisson, Eds., 1978). Modelling dynamical systems capable of 
simulating, - let say spike-like autoactive oscillations - similar peculiarities may occur. 
These models incorporate several non-zero parameters. Modification of these may 
result both in dynamical behavior that is observable or on the contrary never seen in 
living preparations. New phenomena are occasionally useful in predicting new facts but 
this happens usually after introducing further "structural" (i.e. deeper) modifications of 
the equations of motion. However, frequently, the exotic oscillations in models 
represent "phantom-motions" which appears to be unrealistic (i.e. artificial) and not 
only unphysiological (in the sense of pathological or being influenced by special 
substances like in Fig. 3). The phantom solutions may occur also in numerical 
"solutions" of ordinary or differential equations (Yamaguti and Ushiki, 1981; Potts, 
1982. Compare the "shapes" collected in Fig. 3 and 4.: the differences are remarkable.

In equation (6a) the threshold opersator Tq is incorporated into the spike 
generator system (called UPG) to approach the different models. It seems rather 
promising to study further what happens if in this particular case the Tj or Tj or other 
sigmoid operators were introduced instead of Tq used. Probably, either exotic or 
phantom potentials would appear.
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32. THE UNUSUAL WAVES IN NETS WITH SIGMOID OPERATORS

Fig.4.: S-model records. The waves resemble mostly to EEG waves and generated by 
special asymmetric matrices. The nets consist of 9, 13, 13, 13, 13 neurons resp. These 
are generated by units of models but are very far from behaviors of those of biological 
units. The generator equation was equation (4). The matrices have beeen defined in 
details by the author between 1980-1988 several times.
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4. DISCUSSION

4.1. AMBIGUITY OF SIGNALS OF BINARY THRESHOLD GATES

In the McCulloch-Pitts (MCP) model (1943) only two signals, zero and one occur. 
The model was clearly motivated by the law of "all or nothing", thus the signals represented 
potential amplitudes and not repetition rates or probabilities. The sigmoid curves of ANN- 
s or NC-s are claimed (in formal sense correctly) as extensions of the binary case. 
Sometimes the "all or nothing" law is quoted suggesting that the zero corresponds to a 
resting state and the "1" to a full activation. Contrary to this, the S-curves (T j and T2) 
are also claimed to be response curve as "frequencies" or "repetition rates". For rates a 
"law of all or nothing" does not exist. This is explicit in publications when the Tq and T | 
or T2 are compared without a suitable care: i.e both formally and also from semantical 
point of view.

The continuous functions f6C ^ (f(t)), corresponding to an electrical records 
obtained from single nerve cells - either extra- or intracellular unit potentials - or (less 
often) even from mass of cells - incorporate spikes (e.g. in epileptic EEG). These may 
lead also to a zero/one sequence. The procedure is described in Lábos (1980) and a 
scheme is given in Fig. 5. Here the zeroes and ones do not correspond to amplitudes of 
spikes but to temporal frequencies or densities. The derivation is as follows: (1) Take a 
constant value c = c(t) = const for all t (moment). Draw it at about the middle of 
peak-to-peak range of spike sequence record; (2) Label the moments of intersections 
of constant function c and the f(t) record when the spikes are just rising up (i.e. when 
their time derivative is positive); (3) Replace the spikes by this time points of 
intersections; (4) Thus a point-process is obtained which is more or less regular; (5) 
Divide the time period (time axis) by disjoint, completely covering, semi-closed 
intervals of identical lengths d; Step (5) leads to the time base of discretization; (6) If 
the d length of these intervals is large enough then inside a single interval 0,1,2,3 or 
more points might occur; (7) If d is not larger than the minimum length interpoint ( = 
interspike) interval of the observation period of finite length, then only one or zero 
number of spikes will fall into these small intervals. Thus the 0 or 1 values may be 
both temporal repetition rates and amplitudes not speaking about further 
interpretations.
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Analogous statements can be elaborated for sigmoid curves. But their 
measurement is always carried out by averaging. It is surprizing that the ambiguous 
interpretation of the S-shaped characteristics is not stressed enough in ANN- 
technology since also for electrical circuits both amplitude- and frequency-response 
curve are defined. Both of them can be S-shaped. However, the frequency concept of 
an engineer is different from the repetition rates of spikes. As soon as such vague 
meanings are clarified then the seeming contradiction - i.e. the unit paradox itself - 
disappears.

Fig. 5.: A canonical derivation of a zero/one string from a continuous spike record. Its 
meaning is here a temporal frequency plot against discrete time and not necessarily a 
time variation of an amplitude.

4.2. SPIKELESS NORMAL TRANSMISSION

Beyond spikes and subthreshold waves biological oscillations not corresponding to 
text-book spikes also occur. Neither the natural spiking nor these spikeless oscillations 
are digital in technological sense. Both of them are analogue processes. The analogue
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vs digital dichotomy (revisited in 1990 by Hopfield) appear to be only metaphorically 
relevant for the observable neural signals: the spikeless transmission is not equivalent 
with analogue processing. The main reasons why spikes give still often the illusion of 
"digital" character are as follows: (1) they are countable since have eminent peak 
amplitudes; (2) synaptic time lag; (3) spikes are followed by refractory period of 
varying duration. Spikeless transmission is a term in physiology. These waves do not 
rise up and decay suddenly and their time courses or amplitudes are more variable or 
usually not followed by dead time. Prominent examples are listed in Roberts and Bush 
(Eds., 1981; see also Falk and Fatt, 1974: Horridge, 1968; Fieandt and Moustgaard, 
1977 etc.). Nervous transmission is not always mediated by spikes and spikes are 
observable also in non-neural cells too. It is also true that the important notion of 
threshold even for unit potentials is also more practical and metaphorical than real (see 
Cole et al„ 1970). However, the text-book shapes of "no impulse” records are dissimilar 
to S-model unit signals.

Nevertheless, the soft (S-shaped) threshold operators do not increase the goodness 
of artificial neural networks as models of real ones. One of the causes of this is the 
confusion of hierarchical levels: units and nets. The EEG seems to be a spikless mass- 
product to which S-model unit records resemble most.

4.3. ON NATURAL ABNORMAL OR EXOTIC POTENTIALS

It is necessary to underline that an additional and also paradoxical possibility may 
emerge as well. A potential of biological origin may be called exotic or abnormal or 
unphystological if it differs from the most often occurring synaptic potentials and spikes 
or if the conditions are pathological or artificial. These enclose rather informal 
definitions which strongly depend on the context. In the neurological diagnostic 
procedures and also in neuropharmacology an immense set of examples can be 
collected as "abnormalities" (see e.g. in Chalazonitis and Boisson, Eds., 1978): plateau 
potentials, paroxysmal depolarization shifts, reexcitations, certain bursts, spike-and- 
wave complexes and many others. However in artificial neural nets not these realistic 
abnormal instead rather unrealistic waves emerge frequently.
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4.4. WHAT IS A UNIT AND WHAT IS A UNIT SIGNAL?

Two opposite trends are strictly observable in the various fields of 
electrophysiology: (1) The Virchowian "cell as a unit" concept is not tenable in 
neurosciences. It is sometimes necessary to decompose a morphological unit into 
several functional ones; (2) In the opposite trend groups, pools, assemblies of neurons 
are regarded as functional units consisting of either (a) identical or (b) different cells 
with or without intrinsic interconnections. Both concepts have been discussed several 
times - not only in biology - in various ways depending on goals or based on facts 
supporting either a decomposition or a unification. Interesting and relevant views are 
expressed about the notion of "unit” by Weiss (1971).

4.5. A NATURAL PROPOSITION TO ELIMINATE THE UNIT PARADOX

The alternative explanations of wave - shapes emerging in S-model units may be as 
follows: (1) these are spikes; (2) they are similar to natural abnormal potentials; (3) the 
unit signals correspond to normal unit potential corresponding to spikeless, graded 
operation; (4) unit records of ANN are similar to natural mass - potentials; (5) the 
records are unnatural, phantom - oscillations.

Version (1) is not is acceptable (Fig 4.). Curves of Fig 3 speak against case (2). The 
case (3) was discussed above. The heterogeneity of oscillations in S-models speaks 
against this version. The cases (4) and (5) remain plausible. The inconsistent use of 
pool-characteristics to units and frequent similarity to EEG speaks for version (4) as a 
closest natural analogy. If version (5) is accepted then the artificial nets are not less 
good models of natural ones in this respect. Other similarities appear to be more 
adequate: connections, parallel processing, etc.

The above considerations show that it is a possible explanation of the unit-paradox 
that the ambiguity of unit steps and S-shaped curves which are attributed to units but 
never obtained by single measurements from single units. They can represent both 
amplitudes or repetition rates. The notion of input/output curve alone is an 
insufficient definition, usually without specified meaning. These can represent - at least
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in principle - a multitude of measurable quantities, in special case the output - as it is 
often claimed - would correspond to the repetition rate of discharges. The ambiguity of 
interpretation is already expressible in the degenerated case, i.e. for McCulloch-Pitts 
neurons, where the response can be regarded sometimes as an amplitude (allusion to 
the all or nothing law) but in other reasoning as a true repetition rate of uniform 
events supposed that the time on which the activity takes place is divided into 
sufficiently small boxes. This results in one or zero number of events (see Section 4.1). 
The repetition rate of spikes as an output - instead of amplitude - might be a meaning 
in case of S-shaped operators and in fact this meaning occurs often. Thus to "eliminate" 
the paradox (i.e. this apparent contradiction) it is first necessary to discriminate at least 
two model-classes of units and consequently their nets: one for amplitudes and one for 
rates. Nevertheless, the "integration time" required to compute temporal average 
remains a residual parameter to specify, which corresponds to the d length of dividing 
intervals (see Section 4.1). On the contrary, the spatial averaging of multiple 
representations of the same or similar inputs seems a quicker "parallel averaging". 
Confusions emerge as soon as units and nets or character of inputs/outputs are not 
specified in a clear manner. Similar problems appear always if macroparameters of 
neuron pools are confused with individual parameters like the time course of a single 
spike.

The situation may become more complicated if the sigmoid characteristic is 
regarded as representing "probabilities", which is done mainly with the Tj operator. In 
this case also a population characteristics is accompanied with a single cell.

5. SUMMARY

The ambiguous or vague suppositions may lead to artificial unphysiologicai 
consequences (e.g. to waves of non-living appearence), in neural network simulations. 
In the case of functions including S-shaped thresholding (Tj, T^) attributed to units, the 
time courses of unit signals may differ radically from natural unit potentials. Waves of 
ANN-s resemble mostly to those of EEG (whose the origin attributed to mass activity). 
This is the closest but still not exact living analogy. It seems frequently and formally 
valid. Moreover, often the ANN oscillations are unnatural but not similar to 
unphysiologicai waves observable in living cells. The possible source of this 
contradiction is that sigmoid characteristics are measured either on a unit by repetition 
or taken from data valid to a pool of units. The inconsequent applications of these mass- 
operators to units is acceptable at best only if all considerations are probabilistic. 
However, in such an interpretation the values are probabilities or mean values and not
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amplitudes or rates. A semantical clearing Le. a tabula rasa is required and also is 
sufficient to eliminate the seeming contradiction what I called a unit paradox. The 
almost ubiquitous unrealistic zones of simulation records are most evident in nets of 
units with sigmoid threshold operators, while the ambiguity of interpretation is 
already evident in case of binary signal generators. But the models or 
implementations of ANN-s resemble to natural ones but almost only in parallel 
processing and connections or also - if incorporated - in learning. This debate is 
initiated in order to clarify and separate formal aspects and meanings in neural 
network simulations.
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DEVIATION CODE IS A PROSPECTIVE CANDIDATE 
OF THE COMMUNICATION BETWEEN ADAPTING NEURONS

László Orzó
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Budapest IX. Tűzoltó u. 58, H-1450 Hungary

Summary. The low Firing Rate (FR) of pyramidal cells (Thorpe et al., 1989, 
Pettigrew et al., 1968) prevents the use of rate coding. The Deviation Code 
(DC), in which the deviation from the mean is the signal, is a candidate code 
that may be used in neurobiological and formal neural networks. The neurons 
which use this code could have similar properties as the model neurons 
frequently used by the neural network (NN) theories. The biological verification 
of this type of coding is required. This coding might be relevant in the 
physiological investigation of learning rules and can help to understand the 
organization of different nuclei of the nervous system.

Key words'. Neural code, Deviation Code, Neural Networks, Adaptation, Firing 
Rate

INTRODUCTION

It is still an unsolved question how neurons communicate with each other in the cortex 
(Abeles, 1982; Mitchison et al., 1990). Information between peripheral neurons and central 
nuclei of the nervous system could be transmitted in the code of the firing rate, i.e. by a rate 
or frequency code (Kandel & Schwartz, 1985). Here we consider the deviation of the firing 
rate as a code (Perkel & Bullock, 1968). In this model we assume that the adapting neurons 
principally measure the deviation of the input and transform this to the deviation of the 
output. Adaptation prevents measuring the mean value of the input. Adapting neurons cannot
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use the rate code because if only some critical element of a network are adapting, then the 
network firing rate pattem could easily extinguish. Another problem with rate codes, from 
NN theory is that a soft threshold gate (Labos et al., 1992) could destroy the applicability 
and appropriateness of a rate code. (In real systems there could exist chaotic firing properties 
too (Mpitsos et al., 1982; Gallez et al., 1991)). In the case of sparse connectivity or the 
continuous Hopfield neurons network, the model neurons do not tend to have fix states as a 
McCulloch-Pitts neurons (McCulloch & Pitts, 1943)), rather some type of distribution of the 
states (Derrida et al., 1987; Derrida et al.,1989).

Here we present models for the information transmission by a derivation code, for the 
recoding from a rate code to a deviation code, for the decoding from DC to FR, and provide 
some calculation on the usefulness of this code and the first steps of the implementation of 
DC into the NN theory.

Fig. 1: Block shame of the model information transmission in the central nervous system.

In neural network theory one objective problem is the low firing rate of real neurons. 
From the information theoretical point of view it would be efficient for the cells to 
communicate with each other on high frequency (half of the maximal frequency would be 
the optimal). There must be reasons of the low firing rates. These could be:
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1, Erroneous activity could not be filtered out easily (such as epileptiform activity).
2, With a high firing rate it is difficult to change the firing patterns. Especially if the 

neurons are strongly interconnected.
3, It seems to be difficult to have an efficient parameter control on high firing rate.
4, From energetic point of view high firing rate is far from the optimum.
5, Even at the highest firing rate there is small number of incoming spikes in the 

integration time of a neuron and so the delays and faults of transmission and the slow and 
stochastic processing elements (Burnod, et al., 1989) could lead to erroneous measurement 
of the input.

6, Smallest effects of fatigue of the cells could cause the collapsing of the firing rate 
pattern.

7, The input patterns of the brain always not only spatial but spatiotemporal 
templates. In the case of high FR there could be very little influence of the temporally 
succeeding part of the patterns on the neural response.

METHOD

Presume a normal distribution of input on a cell, the coefficient of variation for this 
distribution is a /а. Where ’a’ is the mean or expectation value and V  is the standard 
deviation. The coefficient of variation of the square of the standard deviation is square root 
two. From this it can be seen that if the expectation value (firing rate) is small, then it is 
much more beneficial to measure the deviation then the mean or expectation value.

Equations:

a=<x>
ß2=<((x-a)2-a2)2>=2a4 

a! a>v2

Where:
a= expectation value 
a- standard deviation
ß= standard deviation of the standard deviation’s square
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To model an accommodating neuron we assume a neuron with some threshold and sigmoid 
like input-output characteristic, (the spike emission probability is equal of the output value) 
At least two different ways of adaptation or accommodation can be distinguished:

a, The threshold of the cell follows of the input transitions. - See Fig. 2. a
b, Changed steepness of the sigmoid like cell transfer function. In this case the 

adaptability of the neuron is limited, and some type adaptation mechanism is also required. 
This could be produced by some inhibiting (Gabaerg) feedback or some type of fatigue. If 
the steepness of the transfer function increase then the output decrease, supposing that the 
median threshold is constant. - See Fig. 2. b

Fig. 2: a: The shift of the threshold could cause the adaptation of the neurons to the input, 
b: The change of the steepness of the sigmoid transfer function can cause the adaptation as 
well.

From biological point of view there is considerable difference between these 
mechanisms. Here we do not consider the elementary biological machineries of adaptation, 
only their effects.

How could an accommodating neuron measure its input deviation? In the case of first 
type of the adaptation the output’s mean value is adjusted. The input’s deviation can be 
transformed to a change of steepness of the sigmoid function:

y=/exp((x-a)2/2cr2)/( 1 +exp(-kx+b)dx
Where:
a = expectation value 
a = standard deviation
к and b are the steepness and threshold parameters

That is a can be transported to k!
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Greater deviation leads to greater steepness of the sigmoid function, so to an increase of 
output deviation because of the difference between the expectation value of the output’s 
square and the square of the expectation value is diminished in high steepness sigmoid 
function situation.

Fig. 3: The difference between the expectation value and the square’s expectation value 
decreasing with the increasing steepness. So increasing deviation, leads to increasing the 
deviation of the output.

In the second case of adaptation a change of the input or the input deviation gives a tuning 
of the sigmoid function’s steepness. High input or great input deviation cause an increase of 
the steepness of the sigmoid function, and lead to a greater value of the output deviation. So 
the effects of both type of adaptation is the same, and so they give some plausibility for the 
DC.

The output of a pyramidal cell is a spike sequence. The output value of the transfer 
function determines the probability of the spike emitted. In this case the fine structure of the 
output of the transfer function is not accessible from the spike sequence. There are needed 
one more assumption, that is the input value is changing slowly (the postsynaptic potentials 
exist much longer than the incoming spike). In this case the emitted spike chain corresponds 
much better to the output distribution. As an illustration two simulations of cells with the 
first type of adaptation at low or high incoming input deviations are shown in Fig. 4 a, and 
b.
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Fig. 4: The model’s spiking output illustration a, at low input (output) deviation and b, at high 
input (output) deviation case.

This neuron shows a sigmoid relationship between the deviation input and deviation output 
functions. - See Fig. 5.

Fig. 5: The Model’s sigmoid like deviation of input - deviation of output characteristic.

The coding from FR to DC could be carried out by several ways. All type of recoding 
it is necessary to give some additional noise to the input to get a some real distribution and 
so to get some fix deviation.

a, The second type of adaptation leads to an increase of the output’s deviation on high 
input firing rates and to the decrease of the output's deviation on small input mean firing
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rates. The limited adaptation property also leads to an increase of the output’s firing rate but 
it can be filtered out later by some (or the same) adaptation mechanisms.

b, A non or slightly adapting cell can also be used. As the input grows the 
amplification factor of the cell increases. Thus if the ceil has some standard noise input 
beside the FR input with the same deviation then the deviation of the output will follow the 
change of the firing rate. The firing rate of the output also follows it, but the adaptation of 
the subsequent neuron in the information processing could filter this rate signal out.

Fig 6: The model of the coding from frequency code to the deviation code. The increased 
input frequency by the same deviation input cause the increase of the output’s deviation 
value.

In the cortex there might exist a ’generalization’ that the firing rate of the pyramidal 
cells diminish as we proceed from the primer centers of the information processing to the 
higher (associative) centers (Shepherd 1990). It would be explained by the previous coding 
mechanisms. This coding skeleton could explain some features of the relay centers of the 
nervous system.

The decoding from DC to FR can be produced almost in the same way. If a non or 
slightly adaptable cell got input with different deviation the output’s frequency grows rapidly 
and the deviation could not follow this increment and for a greater integration time the 
deviation decrease as the square root of the averaged number of input samples.
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Fig. 7: The model of the decoding from deviational to frequency code. The increased 
deviation cause increased output and so increased firing rate on a non adapting neuron.

The DC to DC communication of the cells are controlled by the interconnection matrix 
(IM) but the weights are squared.

xi=f(wijxj)

^ (̂ i input)

Where:
W|j= interconnection weight between neuron i and j.
Xj = activity of neuron i (FR).
aj = standard deviation of the neuron i

In the case where the weights equals 1 or 0 the IM is the same for DC and for FR.

RESULTS

If this code is used in the cortex then these theoretical results would be expected: 
1, The structure and the purpose of the thalamus becomes clearer. The main 

processing aim of the thalamic relay nuclei is the first step of coding the FR input signals 
to DC. The duty of the immense but powerless cortico-thalamic feedback to the relay cells 
would be to provide some noise (deviation) input to the relay neurons which can be amplify 
as function of the primary (FR) input. This type of input can not be neglected. If it would 
be replaced by a common but more ramified feedback then it could only perform as some
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parameter control and can not execute this coding task. This noise feedback can be indicated 
as the "light" which made the "transparency" (input firing rate pattern) visible for the 
cortex. (Mumford, 1991)

2, There are other relay nuclei in the nervous system (ganglions), which roles are 
poorly understood (Shepherd, 1990). Such centers are relevant for the coding of the input and 
for the decoding of the output, so they could play an active role in the information processing 
of the nervous system.

3, From the information processing point of view there is needed one memory pattern 
(word, sentence, situation) which is active at the moment (instantaneous memory) and several 
(previous, earlier patterns) which are not ’active’ but have some governing influence on the 
next active pattern (short term memory). The short term memory patterns exist from seconds 
to minutes. In the case of this code a pattern could be exist for this time period (it can’t 
accommodate further). In this model the active pattern would be coded in FR for a short 
duration and it become to a same DC pattern as the result of the adaptation. This DC pattern 
could exist for a longer time period and could have some influence on the next patterns and 
on learning.

4, Other nuclei and transmitter systems (such as NA, A, Dopamine, Serotonin, etc.) can 
regulate the adaptable cells through parameter control and through the restriction of the 
adaptation. If an axon doesn’t transmit spikes continuously it could convey some information 
by this type of code. The emergent noise or delivery problems, do not disturb the DC-ed 
information transmission.

5, In the artificial neural network theory symmetric interconnections are generally used 
between the neurons (Hopfield, 1982). The non-symmetric interconnection matrix leads to the 
loss of the guarantee of an energy (Ljapunov) function and so a loss of stability. In the case 
of sparse connectivity and some other cases, where emerges comparable problems (Tsodyks,
1988) . In the case of the DC this type of connectivity can lead to the oscillation of the firing 
properties of the neurons, but cause only some shift in the deviation on a longer time scale.

6, Transmission delays easily yield to oscillating or chaotic behavior of the neural net, 
when the dynamic of the non delayed version was a stable fixpoint (Marcus & Westerwelt
1989) . In the case of DC delays do not disturb the appropriate processing.
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7, There are considerable hope for the storing the spatiotemporal patterns by the use 
of adaptational mechanism and by the use of different coding rules.

DISCUSSION

Only experiments can determine the reality of DC in the higher centers, e.g. cortex. 
The measurement that can decide if this code is in use practically or it is only a theoretical 
presentation, could be:

Measure on some higher center (cortical) neurons the mean firing rates and their 
deviations from these averages. Use some type of stimuli which has some effects on the cell. 
If there are no change in the values of the deviations after the adaptation, when the primary 
increased or decreased firing responses has been extincted, then there is unlikely that these 
cells are able to use this type of code. Other statistics that measure the deviation distribution 
of cells could be misleading, because different amplification factors and synaptic weights 
could have considerable effects on the actual incoming deviations.
There are other type of neurons (Connors et al., 1990) in the cortex: the intrinsically bursting 
and the fast spiking neurons (FS) however they are presumed to be gabaergic interneurons 
(FS) and takes part supposedly only in the regulation of the firing rates and the regulation 
of the autoactivity of the cortex.
The FR might be the only code in the case of non-adapting neurons (Gerstner et al., 1992). 
The pyramidal neurons, which are thought to take part in learning processes, are not from 
this class. In the cortex there may be relevance the FR (on short time scales) and the DC (for 
longer time scales) too. There are needed further investigations and empirical examinations 
to understand their interactions. If the DC is relevant, then the basic mechanisms of the 
learning, for example the LTP, desire further investigation (considering and concerning the 
state of the input and the output). The investigation of the model of adaptable neurons might 
lead to the deeper insight of the cortical information processing. The low firing rate and the 
adaptability of neurons have to lead to the withdrawal of the universality of the FR code. The 
various effects of noise in neuronal processes has quickly growing literature (Longtin, 1991 ). 
This type of code could add some new perspective to these articles.
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IN SITU HYBRIDIZATION WITH DIGOXIGENIN LABELED 
OLIGONUCLEOTIDE PROBES: DETECTION OF CAMK-II GENE 
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ENDOTHELIAL CELLS
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Summary: A better understanding of the regulation of gene expression 
under physiological and experimental conditions is one of the most 
important goals of today’s neurobiology. In order to accomplish this task 
a number of in-situ hybridization methods have been elaborated. In the 
past few years the use of nonradioactive procedures have gained more and 
more space among these efforts. One of the most promising methods in 
this field is the application of digoxigenin-labeled probes, which have been 
used successfully in several laboratories. Here we present a rapid method 
providing good spatial resolution and low background labeling for the 
detection of messenger RNAs in various cell culture systems using 
digoxigenin-labeled probes. By using oligonucleotides complementary to the 
a and ß subunit of the calcium/calmodulin dependent protein kinase II 
(CAMK-II) we were able to demonstrate the presence of this enzyme in 
cultured cerebral endothelial cells, an enzyme that plays an important role 
in mediating the effects of extracellular signals.

Keywords'. CAMK-II, in situ hybridization, gene expression, neuronal 
cultures, cerebral endothelial cell culture, CNS

INTRODUCTION

In-situ hybridization is the most widespread technique to detect mRNA and thus 
to study gene expression in various cells and tissues. In the past decade various kinds of 
methods have been developed for in-situ hybridization. The labeled probe can be either 
single or double stranded DNA, cRNA or a synthetic oligonucleotide probe (Lewis et ah, 
1988). The use of oligonucleotides has the advantage that it does not require a well-
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equipped molecular biological laboratory. The oligonucleotide probes could be synthesized 
by automated apparatus and were used successfully in several studies (Angood et al., 
1991; Bürgin et al., 1990; Persohn et al., 1991; Réthelyi et al., 1989). They can be 
labeled with deoxynucleotides containing radioactive isotopes (3H, 32P, 35S), or 
nonradioactive markers using terminal deoxynucléotidyl transferase for 3-end labeling 
(Lewis et el., 1988). Alternatively, T4 polynucleotide kinase can be used for 5-end 
labeling with 32P.

In order to avoid the hazard provided by the use of radioactive isotopes and to 
obtain a better cellular resolution several nonradioactive methods have been developed and 
used successfully in the past few years. The best results have been achieved by using 
biotinylated cDNA probes or biotinylated oligonucleotide probes (Larsson, 1989; Ozden 
et al., 1990). Different detection systems have also been developed using peroxidase, 
alkaline phosphatase conjugated anti-biotin antibodies, gold labeled antibodies for electron 
microscopical detection or chemiluminescent methods.

An alternative possibility is the use of digoxigenin 11 -dUTP labeled cDNA or 
oligonucleotides (Digoxigenin Application Manual Boehringer Mannheim, 1989; Sommer 
et Tautz, 1991) or cRNA labeled with digoxigenin 11-UTP. Here we present our results 
obtained by using DIG 11 -dUTP oligonucleotides combined with an alkaline phosphatase 
detection system for the visualisation of specific mRNA-s in tissue cultures of central 
nervous origin.

We have focused our interest on the calcium/calmodulin dependent protein kinase 
II and we have demonstrated for the first time its presence in cultured cerebral 
endothelial cells, a cell layer that participates in the formation of the blood brain barrier.

MATERIAL AND METHODS

Preparation o f labeled probes

Synthetic oligonucleotide probes complementary to the nucleotides 1439 - 1470 
of the a-subunit mRNA and nucleotides 1090 - 1128 of the ß-subunit mRNA of the 
calcium/calmodulin dependent protein kinase II (CAMK-II) were synthesized and 
purified. The sequence is not present in the mRNA of other known subunits of CAMK-II 
(Bürgin et al., 1990). A sense probe was also synthesized and used for control 
experiments. Oligonucleotides were 3-end labeled with DIG 11-dUTP (Boehringer) by 
terminal deoxynucléotidyl transferase (Boehringer) according to the following protocol. 
About 100 pmol oligonucleotides were incubated in 50 д1 solution containing 1 x tailing 
buffer (5 x tailing buffer contains potassium cacodylate 1 mol/1, TrisHCl 125 mmol/1, 
BSA 1.25 mg/ml, pH=6.6 ), CoCl2 2 mmol/1, dATP 0.2 mmol/1, DIG 11-dUTP 20 
qmol/1 and terminal transferase 50 units for 1 hour at 37°C. The labeled probe can be 
used without further purification.
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In-situ hybridization

The experiments were carried out on mixed glial and neuronal cell cultures and 
on rat brain endothelial cell cultures grown on glass coverslips coated with poly-L-lysine 
and collagen, respectively. Details of preparing these cultures have been described earlier 
(Pákáski et al., 1990; Kása et al., 1991). After removal of the medium and washing with 
PBS (pH=7.4) the cells were fixed in 4% paraformaldehyde in PBS for 5 min. Then the 
cultures were washed with PBS for 10 min., treated with HC1 (0.1 N) for 20 min., and 
washed again with PBS (10 min.) followed by a proteinase К treatment (20 /^g/ml in 
TrisHCl 100 mmol/1, EDTA 50 mmol/1 pH=8) for 10 min. After a washing step (PBS 
10 min.) each coverslip was prehybridized with hybridization solution for 1 hour and 
incubated with 200 ц1 of hybridization solution (50% formamide, 4 x SSC, 1 x Denhardt 
solution, 5% dextrane sulfate, 0.5 mg/ml salmon sperm DNA and 0.25 mg/ml yeast 
tRNA) containing the labeled probe in a concentration of 100 ng/ml. Hybridizations were 
performed for 12 - 16 hours at 37°C in a humidified chamber.

Following hybridization the coverslips were washed with 2 x SSC (1 hour), 1 x 
SSC (1 hour), 0.5 x SSC (30 min) and 0.2 x SSC (30 min) at room temperature. The 
immunological detection was carried out with anti digoxigenin polyclonal antibody 
conjugated with alkaline phosphatase using a DIG-DNA-Detection kit (Boehringer) and 
following the manufacturer’s recommendations. Briefly, coverslips were washed in buffer 
1 (100 mmol TrisHCl, 150 mmol NaCl pH=7.5) incubated with 2% normal sheep serum 
(NSS), 0.3% Triton X-100 in buffer 1 for 30 min followed by incubation with anti DIG 
antibody diluted to 1:500 in buffer 1 containing 2% NSS and 0.3% Triton.
After two washing steps ( 2 x 1 5  min) with buffer 1 coverslips were equilibrated with 
buffer 3 (100 mmol TrisHCl, 100 mmol NaCl, 50 mmol MgCl2, pH=9.5) for 2 min. and 
incubated with color solution (45 ц1 NBT, 35 д1 X-Phosphate and 2.4 mg levamisol in 
10 ml buffer 3) overnight in a dark box. Coverslips were washed, dehydrated through 
graded ethanol and xylol, mounted and examined microscopically.

RESULTS
According to our expectations by using the 31 -mer oligonucleotide complementary 

to the CAMK-II a subunit mRNA we obtained an intense labeling of neurons and glial 
cells (Fig. 1A) but endothelial cells were also labeled (Fig. IB). By using the ß probe the 
intensity of the labelling in the endothelial cells was at the lowest level of detectability 
suggesting that the a subunit is present at much higher concentration in these cells. Our 
results were confirmed by immunohistochemical studies too (not shown).

The blue staining characteristic of the alkaline phosphatase reaction appeared to 
be unevenly localized within the cytoplasm. Strongest staining was seen around the 
nucleus but neuronal processes were also labeled occasionally. The uneven distribution 
was observed in endothelial cells also.

The intensity of color reaction was stronger when we used proteinase К 
pretreatment showing that the application of this enzyme improves the penetration of 
probe into the cytoplasm.
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Fig. 1: A: Expression of CAMK II a-subunit mRNA in mixed glial and neuronal cell 
culture. Arrowhead points at strong perinuclear staining, x 600. В: Expression of CAMK 
II a-subunit mRNA in cerebral endothelial cell culture. Arrowhead indicates perinuclear 
staining, x 300. C: Control experiment using the sense probe in mixed glial and neuronal 
cell culture, x 120. D: Phase contrast photomicrograph of the same area as in Fig. 1C. 
showing the presence of cells. Astéries indicates the same cell in C and D, x 120.
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Almost no background labeling was observed at a probe concentration of 200 
ng/ml. The amount of levamisol used have blocked the endogenous alkaline phosphatase 
effectively (not shown).

The specificity of the hybridization was tested by the following control 
experiments in each series. One control coverslip was treated equal to the experimental 
material except that no labeled probe was added to the hybridization solution. A second 
control coverslip was treated with labeled sense probe identical to the nucleotides 1139- 
1170 of the a-subunit of the CAMK-II. No hybridization signal was obtained in control 
experiments (Figs. 1C and ID).

DISCUSSION

In this study we present an application of a method for in situ hybridization using 
digoxigenin labeled oligonucleotide probes. One of the most important advantages of the 
used method is its higher resolution when compared with that obtained with radioactive 
probes (Baldino et al., 1989; Unger et al., 1991). At this level of resolution, the 
distribution of the signal was detectable within the cytoplasm and even neuronal 
processes. High resolution is of particular importance, where several mRNA-s are targeted 
to specific areas of the cytoplasm (dendrites) (Stewart and Bankes, 1992).

An other advantage of the non-radioactive techniques and the method presented 
in this study when compared with the use of radiolabeled probes is the significantly 
lower background labeling (Baldino et al., 1989; Unger et al., 1991). Furthermore the 
non-radioactive procedures eliminate not only the hazard provided by the handling of 
radioactive isotopes but the long exposure time required for autoradiography can also be 
aborted, thus the results can be obtained within three days.

We have used this method to demonstrate the presence of the CAMK-II mRNA 
in cerebral endothelial cell cultures. The endothelial cells participate in the formation of 
the blood-brain barrier, a physiological barrier that regulates the transport of different 
substances to the brain. The permeability of this barrier is regulated by different second 
messenger systems (Jod, 1992). Since CAMK-II is a protein kinase known to mediate the 
effect of different second messengers, the presence of this enzyme in the endothelial cells 
raises the possibility that it participates in the regulation of the permeability of the 
blood-brain barrier.
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EARLY X-IRRADIATION OF RATS.
5. INFLUENCE OF IRRADIATION ON THE DEVELOPMENT 

OF EXTRACELLULAR FIELD POTENTIALS EVOKED 
BY ANTIDROMIC STIMULATION

M. Mészáros1, M.B. Szente*, A. Baranyi* and N. Halász2

Institute of Biophysics, Biological Research Centre of the Hungarian 
Academy of Sciences, and Department of Comparative Physiology, 

Attila József University of Sciences, Szeged, Hungary

Summary. Rat pups were treated by low, fragmented and repeated doses of 
X-rays, from late prenatal days until the end of the third postnatal week. 
Extracellular field potentials, evoked by antidromic stimulation of the lateral 
olfactory tract were recorded in different layers of the olfactory bulb at 1, 
2, 3 and 6 weeks of age, from control (non-irradiated) and experimental 
rats. Development of the field potentials was analysed in both groups of 
animals. In controls, the amplitude of responses was gradually increasing 
along with age while the latency of peaks decreased; inhibitory waves were 
tuned even after the third postnatal week. When compared to controls at 
similar ages, irradiated rats had smaller peak amplitude of responses and the 
shortening of the response latency was delayed. In addition, a new, 
late-appearing excitatory wave component was observed in the granule cell 
layer by the sixth week. The effect of irradiation on field potentials of the 
olfactory bulb is discussed in light of the marked reduction of the inhibition 
in the local neuronal assembly, which is also indicated by the depressed 
development of its structural and neurochemical correlates.

Key words', olfactory bulb - extracellular field potentials - development - 
irradiation - antidromic stimulation - rat

It is widely accepted that olfactory receptor cells establish functional synapses 
onto a considerable number of mitral cells of the olfactory bulb (OB) by birth (see Hinds
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and Hinds, 1976). Although the first dendrodendritic synapses between the secondary 
dendrites of mitral cells and peripheral processes of the granule cells are already 
established on the fifteenth or sixteenth day of the embryonic life (El5 or E l6), the wast 
majority of the local circuit neurons appear only after birth (see Hinds, 1968; Altman, 
1969; Rosselli-Austin and Altman, 1979; Bayer, 1983). Consequently, their contribution to 
the bulbar activity is not significant, yet at these early postnatal days (for review see Mair, 
1986), however,it is becoming more important as these microneurons increase in number.

Low-dose X-irradiation of developing rats during the early postnatal period reduces 
dramatically the population of interneurons in the OB (see Altman et ah, 1968; Bayer and 
Altman, 1975; Yanai and Rosselli-Austin, 1978; Struble and Walters, 1982; Halász, 1986, 
1987a), however, regular olfactory behavior was maintained in young rats (see Yanai and 
Rosselli-Austin, 1978; Schoonover and Slotnick, 1981). Due to the marked loss of 
microneurons, we expected to find functional alterations as reflected by the 
eletrophysiological responsiveness of these, structurally and neurochemically segregated 
neuronal populations, even though the effect of the treatment was compensated by some 
degree at the level of the whole bulb, the olfactory system or the individual. Therefore 
we initiated experiments to study the field potentials evoked by antidromic stimulation in 
the OBs of young, irradiated rats. For comparison we also examined the responses of 
untreated animals during the first six postnatal weeks. The results show that in control 
rats the peak amplitude of waves is increasing at least until the third week and their 
latencies are diminishing even during the following few weeks, when completing of 
myelinization and finer tuning of the inhibitory systems would take place. The irradiation 
apparently delayed this maturation of responses and, in addition, uncovered a late, third 
excitatory wave component which demands further exploration.

METHODS

Animals and Treatment

Young, pregnant CFY rats and their pups were irradiated by low, fragmented doses 
of X-rays from a Co60 source as described earlier in detail (Halász, 1986). In the present 
experiments 14 single doses, increasing gradually from 0.3 Gy up to 1.6 Gy (from the 
day E l5 until almost the end of the third postnatal week), totalling 11-12 Gy were 
delivered to experimental rats. Other, non-irradiated pups served as control animals.
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Histology

10 д т  cryostate sections were taken of several randomly selected, frozen brains, 
stained by cresylviolet and examined for the neuronal architecture, as described earlier 
(Halász, 1986).

Physiology

Experiments were carried out on rat pups of both sexes aged between one to six 
weeks. The animals were anesthetized with sodium pentobarbital (Nembutal; 60 mg/kg; 
i.p.); tracheas were cannulated with polyethylene tubing. Wound margins and pressure 
points were infiltrated with 2% Novocaine and the animals were placed in a stereotaxic 
head holder. The OB and the frontal lobe area were exposed and kept warm and wet by 
39oC physiological saline solution. The body temperature of the animals was maintained 
at 37-39°C.

Field potentials were recorded with metal microelectrodes (tip resistances; 2-5 
mOhms; Frederic Hear and Co.,USA). The stainless steel reference electrode was attached 
to the nasal bone. Electrical signals were recorded by a conventional AC amplifier (<0.5 
Hz and >5 kHz filters), displayed on a Tektronix storage oscilloscope and photographed. 
For laminar analysis of evoked potentials the recording electrode was inserted into the OB 
aproximately perpendicularly to the surface using a Narishige hydraulic microdrive. The 
electrode was first driven into the center of the bulb and then withdrawn to the surface. 
Thus, mechanical distortion of the tissue and errors in estimation of the actual depth of 
the electrode tip were minimized. The actual position of the tip of the recording 
electrode was estimated by micrometer readings.

For stimulations (2.5-3.0 V; 0.5-1 ms; 1 Hz) a bipolar stimulating electrode 
(SNEX-200, Rhodes Med. Inc.) was placed stereotaxically into the lateral olfactory tract 
(LOT). For orientation, L: 2.5-3; H: 4.7-6 and V: 1.5-3.5 (from the surface of the anterior 
lobe) coordinates were used for adults and extrapolated to young animals. Stimulating 
electrodes were inserted slowly into the brain until evoked potentials with maximal 
amplitudes were elicited in the granule cell layer of the bulb.

Latency and amplitude measurements were made on a computer from averaged 
field potentials in each control and experimental age groups and statistical significance 
between the data was calculated by Student’s r-test.

RESULTS

Histology

X-ray irradiation resulted in a reduction of bulb size and thickening of bulbar 
layers due to a serious loss of microneurons primarily in the deep granule cell layer (GCL) 
and periglomerular area (see Figs. 1 and 2). The damage at three weeks of age was 
comparable to those in our preceeding experiments (Halász, 1986; 1987a).
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Figs. 1 and 2: Light microscopy of the olfactory bulb layers as seen on 10 д т  thick, 
cresyl violet stained cryostate sections of control (Fig. 1) and irradiated (17 Gy, total dose; 
Fig. 2) 3-weeks-old rats. Note the substantial decrease in density of cells and also the 
disarrangement of nuclei in the glomerular (GL) and granule cell (GCL) layers in the 
irradiated sample (Fig. 2). EPL: external plexiform layer; ON: olfactory nerve layer. Bar, 
100 д т .
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Fig. 3: Successive traces were superimposed as the recording electrode was continuously 
withdrawn from about 1200-1400 д т  depth. Main negative (N) and positive (P) 
components of the waves are demonstrated and their designations are indicated on 
recordings from a 6-week-old control, non-irradiated animal. Note the changes in the 
peak latency of N1 wave and in the polarity of N2 and P2 waves as a function of the 
depth of the recording electrode. Positivity is up. As illustrated, polarity of the waves is 
reversed at a certain depth (at the level of mitral cells).

Physiology

Extracellular field potentials following stimulations of the LOT were recorded from 
the OB of rats and their depth profile from non-irradiated controls and X-ray-treated 
animals were compared in a laminar analysis.

Evoked potentials recorded in the OB of 6-week-old animals had distinct patterns 
(Fig. 3; see also Fig. 4) that could be correlated with the different laminae, according to 
earlier studies where these were characterized in detail for the mature OBs (see Ochi, 
1963; Phillips et ah, 1963; Rail et ah, 1966; Rail and Shepherd, 1968; Nicoll, 1972 and 
others). In superficial recordings there was an initial positive wave (PI) followed by two 
negative waves (N1 and N2) and a late positive wave (P2). During PI, the superficial 
dendrites of mitral cells act as a current source for the antidromically activated mitral cell
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Control

1 week 3  weeks 6weeke

Fig. 4: Comparison of evoked responses to LOT stimulation, recorded from different 
depths in the olfactory bulb of 1,3, and 6-week-old control (upper 3 traces) and irradiated 
(lower traces) rats. Arrows point to N3 (for further explanation see text).

bodies. The first small, steep negative wave (N1) represents the depolarization of mitral 
cells and their principal dendritic arbor by the antidromic stimuli. The second larger and 
slower negative wave (N2) could be related to the synaptic activation of granule cell 
dendrites by mitral cells through dendrodendritic connections. These offer a late, flattened 
positive wave of long duration and low amplitude (P2) was evoked due to the inhibition 
of mitral cells through reciprocal dendrodendritic synapses.

As the recording electrode gradually penetrated the bulbar layers these wave 
patterns showed a regular sequence of changes. Slightly below the mitral cell layer (900- 
1000 urn), the deep N1 attained a maximum, decreased in latency and became 
synchronous with the surface PI. The N2 and P2 components gradually increased in 
amplitude through the external plexiform layer (EPL) (500-600 дт), reversed in polarity 
in the mitral cell layer (700-900 дт) and reached their maxima in the granular cell layer 
(GCL) (1000-1300 дm). By lowering the electrode further the amplitude of evoked 
potentials gradually decreased. In spite of some minor variations the basic configuration 
of evoked responses were highly characteristic and reproducible in different animals.
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Amplitude increases of deep waves 
in control and irradiated animals

Fig. 5: Amplitudes of N2 and P2 waves of LOT responses in the olfactory bulb were 
depressed in irradiated animals from the 3rd postnatal week onward. Values of the peak 
amplitude of deep N2 and P2 waves are plotted against age. Columns represent the 
averages of measurements on, at least, five rats in each age group of control and 
experimental rats, respectively.

Development o f potentials in control animals

There was a clear tendency for decrease in the peak latency, and increase in the 
amplitude of the different waves from 7-day-old to 42-day-old animals (Fig. 4; see also 
Figs. 5 and 6). Measurements of the peak latency (from the middle of stimulus artifact), 
and peak amplitude (from the electric baseline) were made on records where the deep N2 
wave was at maximum. The deep N2 was a dominating large positive component, due to 
a substantial flow of extracellular current from deep granule cell bodies and dendrites to 
their depolarized processes situated in the external plexiform layer.

Quantitative analysis of the peak amplitude was carried out on deep N2 and deep 
P2 waves (Fig. 5). Measurements on the very short latency of N1 wave ( 1.0-4.0 ms) was 
omitted because of the occasional of the stimulus artifact. Evoked potentials recorded from 
1-week-old pups showed less details than those recorded from 6-week-old rats. The 
simplest response configurations were recorded from the superficial layers of 1 -week-old
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Latency decreases of deep waves 
in control and irradiated animals

Fig. 6: Irradiation resulted in an increase in the latencies of evoked responses to LOT 
stimulation at all samples. Latencies of the deep N1, N2 and P2 waves are plotted as a 
function of age. Latencies were averaged from measurements in 4 (one week old) or 5 (2, 
3 and 6 weeks old) rats.

animals where P2 was regularly not detectable, although a small, deep, late negative wave, 
equivalent to superficial P2 was measurable. The amplitude of deep N2 and P2 waves 
displayed progressive increases mainly in the first 3 weeks (5-6 and 3-4 fold increases, 
respectively; see Fig. 5). Peak amplitude values of deep N2 obtained in 6-week-old rats 
were very similar to those recorded in 3-week-old animals, while the amplitude of deep 
P2 was remarcable smaller in 6-week-old animals (Fig. 5). These observations suggest that 
the development of N2 was almost completed around 3 weeks of age, while P2 was 
further adjusted, probable due to the expanding inhibitory system.

The largest relative decrease in latency occurred between the 2nd and 3rd weeks 
in case of the N1 wave (Fig. 6). It seemed that the latency of deep N1 reached its final 
value around the 3rd week since only minimal further reductions were detectable at the 
age of 6 weeks. The latency of deep N2 and deep P2 showed decreases to a smaller 
degree from 1 to 6 weeks (Fig. 6). The latency of deep N2 decreased more rapidly in the 
first 3 weeks and expressed smaller changes afterwards, while remarkable decrease was 
observed in the latency of deep P2 after the age of 3 weeks.
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Development o f potentials in X-irradiated animals

The effects of irradiation on field potentials evoked by stimulation of the LOT 
were characterized by comparing responses obtained in similar conditions in control and 
irradiated animals of different ages. The most apparent and general finding of these 
experiments was that irradiation produced a delay in the maturation processes of evoked 
potentials. Their latencies were significantly longer and the amplitudes were smaller in 
irradiated than in non-irradiated animals.

In the first two weeks the values and the rate of increases in amplitude of deep 
N2 and P2 were very close in irradiated and in control (Fig. 5). The most depressing 
effects of irradiation on amplitudes occurred between the 2nd and 3rd weeks. In addition, 
the rate of increases of N2 and P2 waves was hindered by irradiation. After 3 weeks, the 
rate and direction of changes in amplitudes were similar in the two groups of animals. At 
6 week of age the amplitudes of deep N2 and P2 were still smaller in irradiated than in 
control animals. The polarity reversal of N2 wave during laminar analysis seemed to be 
more gradual in irradiated than in control animals.

At age of 1 week the latency of N1 wave was almost twice as long as in control 
animals. Large decreases in the latency of N1 occurred in both groups between 2 and 3 
weeks (see Fig. 6) and its value seemed to be stabilized around 3 weeks. The latency of 
N1 remained considerable longer in X-ray-teated animals even at age of 6 weeks. The 
peak latency of N2 was about 1.8 times and the P2 about 1.2 times as long as in 
irradiated 1-week-old as in control animals of the same age. These values gradually 
decreased until the age of 6 weeks, although the latency of N2 displayed a relatively large 
decrease between the 2nd and 3rd weeks. Since in the first 3 weeks the rate of decreases 
was generaly higher in irradiated animals, the values of latencies approximated to those 
measured in control animals. After 3 weeks the rate of the latency decreases was almost 
the same in the two groups. The value of peak latency of N2 and P2 waves at age of 6 
weeks were almost the same in irradiated and in control animals (4.7-4.9 ms and 23-25 
ms, respectively).

In some 6-weeks-old irradiated animals the declining slope of the most remarkable 
wave component, the one which was assigned to the synaptic activation of granule cell 
dendrites through the dendrodendritic synapses in the EPL (deep N2) was interrupted and 
a new peak was induced with a polarity being similar to the deep N2 in the GCL (see Fig. 
4). This component had a peak at about 15 msec after the stimulus artifact (i.e., this wave
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followed by some 6 msec the "main" hill of N2). Preceeding this wave, a marked 
deflection (a third negative wave) became visible in this layer which we shall refer to as 
N3. It was observed first just deep to the mitral cell body layer, with a latency of 11 
msec after the artefact, but deeper in the GCL, where it reached its highest amplitude (see 
Fig. 4, last traces) had rather a latency of 12.0-12.5 msec. N3 appeared only at the oldest 
(young adult) group of our experimental rats.

DISCUSSION

General

As shown by previous experiments with low-dose X-ray irradiation, at an 
approriate dosage, the full organism is hindered in its development (for weight reduction, 
see Halász, 1986), particularly the organs which are at their most sensitive stages. Since 
our timing covered the first period of emergence of the most numerous neuron families, 
the deep (granule) and superficial (periglomerular) small interneurons in the OB, the 
resulting reductions in volume of this brain area, when compared to controls, was 
enormous. Experimental bulbs were down at as little as 13-15% of the regular 
volume/weight of control bulbs by their age of 3 weeks, but none of the irradiated pups 
had a bulb larger than 50% of those of controls. Accompanying this effect is the dramatic 
decrease in the thickness of several layers and consequently, density and absolute numbers 
of constituting cells/processes, that can account for the volumetric changes (see Altman, 
1969; Bayer and Altman, 1975; Walters and Struble, 1978; Yanai and Rosselli-Austin, 
1978; Meisami,1979; Struble and Walters, 1982; Halász, 1987a,b; Kosaka et al., 1992). 
However, if one takes a close look at the single cells, it would be extremelly difficult to 
find anything as being structurally damaged. Indeed, we found only relatively minor 
changes at the subcellular level by revealing the reduction of polyribosomes in 
(presumably young, but mature) granule cell somata and deterioration of (very few) 
synaptic profiles related to the same (granule) type of cells in the EPL (Halász, 1987a).

Considering these results it would be almost unexpected to observe functional 
disturbances at a single cell level. If any such existed at all they would be detectable only 
by intracellular or patch-clamp recording. Rather, if a particular population of neurons, 
a larger group of cells seemed to be affected, responses to stimulation should be examined 
at the level of population spikes and extracellular field potentials.
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The electrical activity of the bulb came into the focus of interest of many 
laboratories following Lord Adrian's fundamental work published in 1950. A detailed 
description of field potentials (and proposals for their origin) across bulbar layers was 
presented for several species’ (see e.g. Orrego, 1961;Ochi, 1963; Philips et al„ 1963; Rail 
and Shepherd, 1968; Nicoll, 1969; MacLeod, 1976; Waldow et al., 1981, Nowycky et al., 
1983). Our present recordings revealed very similar wave components from approx. 3 
weeks of age, in both the control and experimental bulbs.

Much less is known about the development of electrical activity of the OB and, as 
far as our search revealed, no study was devoted specifically to the exploration of 
characteristics of the bulbar field potentials as a function of the early postnatal 
development. A few data may help, however, to consider the significance of our present 
experiments. Mair et al. (1982) suggested little chance for the possibilities to record 
(granule cell-dominated) compound activity from a rat pup as early as at the end of the 
first week since only "few granule cells" appeared to be "functional until the second 
postnatal week" during their Golgi-studies. Mitral cells were, however, intracellularly 
recorded during the first postnatal week, but little interneuronal influence seemed to shape 
their response patterns to stimulation by differring peripheral stimuli (Mair and Gesteland, 
1982). Extracellular (unit) recordings of Shafa et al. (1981) revealed immature action 
potentials from 4 to 20 days postnatally. In accordance with the studies cited above, EEG 
activity of the bulb did not appear mature before day 24 (Salas et al., 1969).

Control rats

As shown by our present experiments, although all principal waves could already 
be detected in our youngest pups, substantial changes ensued involving primarily the N2 
and P2 waves. Mitral dendritic mechanisms -and surely their underlying structural and 
neurochemical basis- seemed to be comparable to adults, as reflected by the completed 
development of N2 by the third postnatal week. Although this wave remained the most 
prominent component of the evoked potentials, in accordance with the still highly 
expanding deep inhibitory system (based principally upon the increasing population of 
granule cells, see Hinds, 1968; Bayer, 1983), its amplitude decreased remarkably by the 
sixth week. This may be related to the finer tuning of inhibition in the young adult and 
may be based upon the reduction in number of functioning, stabilized granule cell spines 
(gemmules in dendrodendritic contact with the mitral secondary dendrites). A similar late
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adjustment of the established synapses in the EPL of the ferret was reported by Rehn and 
his colleagues (1986) on the structural level.

During early development, another change was the decrease of the peak latencies: 
the latency of N1 and N2 was set by the third while that of P2 only by the 6th week - 
or even later. As the myelinization may be finished by this age in the bulb, it would be 
desireable to follow the neurochemical maturation of oligodendrocytes by 
immunohistochemistry of the myelin basic protein, to find out whether these glial cells 
might contribute to the observed changes in latency.

Experimental rats

Little has been reported on the impact of general depression of development during 
the first postnatal weeks and even less is known particularly on the effect of the 
fragmented and repeated, multiple, but low-dose X-rays on the evoked potentials in the 
main OB. Our present work is the first to show that the irradiation resulted in two major 
effects: reduction in the peak amplitude of N2 and P2 waves and an increase of the 
latency.

Regarding the increasing latencies, they were most prominent during the first two 
weeks and especially for the negative waves (N1, activation of the mitral cells/dendrites 
and N2, synaptic activation of the granule cells). Though this delay in maturation was 
diminished after ceasing the irradiation and the histogenesis in experimental rats seemed 
to be compensated for the most dramatic changes, increased latencies for all the (but 
especially for N2) peaks persisted even at 6 weeks of age. Since all mitral (and deep 
tufted) cell axons (and, also, central fibers to the bulb, capable to excite granule cells) are 
myelinated (for review, see Halász, 1990), a less complete myelinization in irradiated pups 
would easily explain this observation.

On the other hand, the decrease in the amplitude of two wave components (N2 and 
P2) by irradiation seems reasonable to be discussed in lights of former studies providing 
data for the depression of the developing granule cells (see e.g. Altman et al., 1968, and 
the following studies as listed in the Introduction). Fewer granule cells would offer less 
peripheral processes to be activated through the dendrodendritic synapses (wave PI) and, 
necessarily, would not be able to exert a similarly powerful inhibition on the projection 
neurons (P2).

We have as yet no experimental evidence which would help understanding the



Development o f field  potentials; effect o f X-rays 253

break in the declining slope of N2 in 6-week-old experimental animals. This extra wave, 
named N3 (see Fig. 4) in this study, was never seen at younger irradiated animals or in 
non-irradiated controls, and we are anaware of a similar observation on bulbar 
extracellular field potentials from the literature. We may speculate, however, that if the 
dynamic balance of excitation and inhibition would be hurt in the bulb, through significant 
losses in those cells capable to support inhibition, then an otherwise suppressed, extra 
excitatory component may come into power and so uncovered. Reduction of the 
juxtaglomerular (in part, glutamic acid decarboxylase or gamma-aminobutyric acid 
<GABA>-containing) neurons (cf. Oláh et al., 1990; Kosaka et al., 1992; Mészáros and 
Halász, in preparation) may also support this possible decrease of the normal level of 
inhibition.

In summary, we demonstrated that although it is possible to record field potentials 
from the olfactory bulb of very young rat pups, indeed, the complex waves undergo 
remarkable changes during development and their final tuning is far from being over by 
the regular time of weanling. Depression of the development of the bulbar neuronal 
assembly leads to further alterations of the field potentials. These data therefore may help 
to better understanding the significance of contribution of certain neuronal populations 
to the inhibitory component of the bulb’s circuits. In addition, they may constitute new 
experimental grounds to further adjust models simulating the mitral cell/granule cell 
interaction through dendrodendritic synapses (cf. Woolf et al., 1991).
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INTRODUCTION TO THE WORKSHOP

Ladies and Gentlemen, Dear Fellow Colleagues!

It is my great privilege and honour to welcome you all here in the Biological 
Research Center, among the concrete walls of which the microvessels were isolated from 
brain tissue by the first micromethod elaborated for this purpose exactly 20 years ago.

May I just recall that, over the past thirty years, the blood-brain barrier, a system 
specific for the brain, has been an increasingly active area of research and a great deal 
has been learned, particularly in anatomical and physiological aspects.

The main objective of this Workshop is to update the new results on the 
molecular mechanisms regulating the permeability of the blood-brain barrier. As you may 
know, the Workshop is mainly sponsored by the European Community, and it was 
designed primarily to improve the relationship between Hungarian and European 
organizations. But of course, we are very thankful for those American, Japanese and 
Indian experts, who accepted our invitation and came, because their contribution, as you 
will see, will also be very important for the success of the Workshop.

The main subject of this Workshop has been selected because of the growing 
current interest in elucidating the transport processes, which regulate the exchange of 
substances between blood circulation and brain tissue.

Chronologically, experimental studies aiming at gaining a better understanding of 
these complex transport processes were carried out at first in in vivo experiments using 
exogenous tracer substances and characterizing their clearance from blood and 
incorporation in brain tissue. In the course of these efforts, it became evident that, in 
most vertebrates, the cerebral endothelial cells represent structurally the site of this 
unique permeability barrier, which is termed collectively "the blood-brain barrier". Recent 
advances in our knowledge of the blood-brain barrier have in part been made by studying 
the properties and function of cerebral endothelial cells in vitro. With the application of 
new technologies, the approach offers a new means to investigations, applicable not only 
to study the development of the blood-brain barrier but also to improve the transport of 
substances through the blood-brain barrier.

Akadémiai Kiadó, Budapest
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As it can be judged from the Program, several outstanding representatives of the 
field are present here, and -thanks to their participation- almost all important aspects of 
this kind of research will be dealt with during these two days. As you might have already 
seen it, the Program will start with a session on the Physiology of the cerebral endothelial 
cells. The next session will survey the Biochemistry of the cerebral endothelial cells. Two 
more sessions are planned summarizing the results obtained from studying the Pathology 
and pharmacology of cerebral endothelial cells. The main interest in this respect is to 
reveal the molecular mechanisms, which are involved in the regulation of water, 
electrolyte and macromolecules under pathological conditions. New strategies aiming at 
the opening of the "gateway" to the brain will be discussed during the last session. At the 
end, poster presentations will be discussed.

What can we expect after all from this Workshop? We would be delighted to see 
an open and free exchange of views and ideas during these two days for creation of new 
and fresh insights into understanding the function and regulation of the blood-brain 
barrier. In addition, we would like to see the development of new joint research activities 
aiming especially at improving with new strategies the penetration of nutrients and drugs 
to brain in order to treat neurological diseases, more effectively .

Finally, I would like to wish you good work, a successful meeting and pleasant 
stay in Szeged!

Szeged, July 23, 1993.

Ferenc Jod
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THE MAMMALIAN BLOOD-BRAIN BARRIER IN VIVO: 
ELECTROPHYSIOLOGICAL STUDIES

Hazel C. Jones

Department of Pharmacology and Therapeutics, University of Florida 
Health Science Center, Gainesville, FL 32610, USA

Microvessels on the piai surface have blood-brain barrier properties, as 
demonstrated by impermeability to ionic lanthanum (Bundgaard, 1982; Butt et al., 1990), 
a high electrical resistance (Crone and Ölesen, 1982; Butt et al., 1990; Butt and Jones, 
1992) and in the frog at least, electrogenic ion transport processes (Abbott et ah, 1986). 
Structurally the endothelium is similar to that of parenchymal capillaries, but piai vessels 
have a loose covering of meningeal cells without the surrounding astrocytic processes 
found in the parenchyma.

We have used microelectrode techniques in anesthetised rats 24-33 days old, to 
study permeability and ion regulation of the piai microvessels. During continuous 
superfusion with artificial cerebrospinal fluid, the dura was exposed and the arachnoid 
penetrated and folded back. Microelectrodes were inserted into the lumen of microvessels 
10-60 /rm in diameter for determination of electrical resistance or dc potential (PD). The 
effects of different agents were studied by changing the composition of the bathing fluid.

The electrical resistance, a measure of barrier permeability, was found to be 1490 
n cm2 for small arteries and 980 n cm2 for venous vessels. Hyperosmotic shock (530 
mosmol) caused a reversible decrease in resistance of similar proportions in both types 
of vessels and the application of metabolic poisons or a reduction in temperature of the 
perfusate, also decreased the resistance. Histamine (10"4M) also decreased the resistance 
by about 75% in both vessels types. The effect of this was to make venous vessels more 
permeable than arterial ones. Cimetidine (H2 receptor antagonist) but not promethazine 
or indomethacin, prevented the increase in permeability to histamine and, in addition, 
increased the baseline resistance in both vessel types by 100%, giving a mean value of 
4000 n cm2 for arteries. These results show that the piai vessels have a low permeability 
to ions similar to that found in tight epithelia.
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The PD across the wall of exposed piai vessels, a measure of ion transport and 
regulatory processes, was found to be 4.5 mV in arteries and 3.2 mV, lumen negative, 
in venous vessels. Solutions with high [K+] made the PD less negative and low [Na+] 
resulted in a more negative PD. Ouabain and a range of K.+ channel blockers were tested 
and only TEA significantly affected the response to high K+. Histamine did not affect 
the PD. The results suggest that the passive permeability properties of the endothelial cell 
membranes are the source of the transwall PD.

These results indicate that the piai vessels have the properties of blood-brain 
barrier vessels, although the extent to which they represent the properties of parenchymal 
microvessels is not known.
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POTASSIUM CURRENT IN CELLS OF THE BLOOD-CSF BARRIER

Furspan, P.B., Keep, R.F. and Betz, A.L.

University of Michigan, Ann Arbor, MI 48109

Motivated by our interest in regulation of CSF К concentration, we have 
investigated whole cell К current in epithelial cells of the choroid plexus, site of CSF 
production. Whole cell voltage clamp was performed on intact CP within two hours of 
removal from Sprague-Dawley rats. Holding potential was maintained at -60 mV. 
Outward К current was elicited by stepping to progressively depolarized potentials. The 
current activated slowly and exhibited rectification at membrane potentials of 0 and 
higher. In the absence of Ca in the pipette solution, the elicited current decreased over 
time. A free Ca concentration of 300 nM in the pipette solution prevented this rundown 
in current. Current elicited by stepping the command potential to +30 mV was reduced 
35 and 45% by the application of 10 дМ isoproterenol and histamine, respectively. 10 
дМ dibutyryl cAMP reduced this current by greater than 50%. NaF inhibited current by 
-30%. The К channel antagonists, TEA, quinidine, barium and 4-amino pyridine also 
significantly reduced current. The ATP-sensitive К channel antagonist glyburide was 
without effect. Our results indicate the presence of a delayed rectifier К channel that is 
regulated by ß-adrenergic and histaminergic agents via their stimulation of adenylate 
cyclase activity. The involvement of G proteins in this response is suggested by the 
response to NaF. This channel and its regulation by neurohormones may play a role in 
the control of CSF К concentration.
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TRANSPORT OF ALUMINIUM INTO BRAIN - ITS RELATION 
TO THAT OF GALLIUM AND IRON

Aleksandar Radunovic

Physiology Group, King’s College, London, UK

High concentrations of aluminium are neurotoxic in man. Its role in causing dialysis 
encephalopathy is well established. Chronic exposure to low concentrations may be involved 
in the aetiology of certain neurodegenerative disease such as Alzheimer’ disease, amyotrophic 
lateral sclerosis, Parkinson dementia of Guam. The biochemical processes and molecular 
mechanisms by which aluminium may exert its toxicity, particularly its potent neurotoxicity 
are not well understood. It is supposed that aluminium because of its physico-chemical 
similarities with iron could perhaps use iron systems of uptake and transport across the blood- 
brain barrier involving transferrin and transferrin receptors on the luminal surface of the 
endothelium of brain capillaries. This hypothesis is based on evidence that aluminium in the 
brain of dialysis encephalopathy patients reflects the regional distribution of transferrin 
receptors and on the fact that transferrin with only 30 % of the two metal ion binding sites 
occupied leaves 50 pM of sites available for binding of other metals and that stability 
constants of aluminium-transferrin are such that most of aluminium must be bound to 
transferrin in serum.

Studies of aluminium entry into brain are hampered by the fact that the only usable 
aluminium radioactive isotope 26A1 with half-life 7.2 x 105 years, is difficult to obtain and is 
extremely expensive. Hence, aluminium transport has to be studied either as net movement 
of A1 or using 67Ga which is anticipated to behave similarly to aluminium. Transport of 59Fe, 
67Ga and net A1 into brain and other tissues of the intact rat during intravenous infusion of 
these markers were studied. Uptake of 59Fe, 67Ga and 26A1 have also been studied in the intact 
and hypotransferrinaemic mouse.

Rates of net aluminium uptake into brain and other tissues of the rat are comparable 
with those of 67Ga at similar raised concentration of the two metals. Whilst transport of 67Ga 
at tracer levels is similar to that of 59Fe there is evidence of a high proportion of aluminium 
and gallium transport depending on a chemical species of low molecular weigh, probably 
citrate. It is known that aluminium and gallium prefer interaction with oxygen donor ligands. 
The oxygen donor ligand citrate, being present at concentration of 0.1 mmol/1 in serum is 
likely to compete for these metals with transferrin. Our findings are compatible with the view 
that aluminium and gallium transport into brain and several other tissues are at least in part 
dependent on endocytosis of aluminium-transferrin and gallium-transferrin. Thereafter, the 
trivalent aluminium and the trivalent gallium may not readily be released to accumulate within 
the cell.

The saturating dose of two monoclonal antibodies against transferrin receptors, e.g., 
the anti-rat IgG OX 26 and the anti-mouse IgM RI7 208 inhibited uptake of 59Fe into brain 
and other tissues of both rat and mouse. A curious anomaly is that these antibodies markedly 
enhanced 67Ga ( and possibly 26A1 ) uptake into brain and other tissues of both species.
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CHOLINE TRANSPORT IN ISOLATED CEREBRAL 
MICROVESSELS AND CULTURED ENDOTHELIAL CELLS

Estrada, C., Galea, E., González, C. and Triguero, D.

Department of Physiology, Faculty of Medicine,
Universidad Autónoma de Madrid (UAM), Madrid, Spain

A p assag e  of choline through the BBB has been demonstrated in several 
species. In 1978, Cornford et al., reported that choline was transported from blood to 
brain by a carrier-mediated system with a Km of 400 дМ, in rats. However, this 
mechanism can hardly account for the exchange of choline in physiological conditions 
because: a) the Km value is quite far from the concentrations of choline in plasma 
(-10 (iM) and CSF (-2.5 дМ), and b) the net transport of choline occurs in the brain-to- 
blood direction, this is, against a concentration gradient. The purpose of our work has 
been to analyze the choline transport properties of the cerebral endothelium, by using 
both in vitro and in vivo techniques.

3H-Choline uptake was characterized in capillaries obtained from bovine brains 
and in cerebral endothelial cells, either freshly isolated from these capillaries, or 
maintained in culture for up to 20 passages. For in vivo experiments, different amounts 
of 3H-choline were administered as a bolus into the left carotid artery of rats, followed 
by a perfusion with chilled physiological solution for 1 minute before decapitation, to 
prevent any further movement of 3H-choline through the cell membranes during 
removal of the brain and dissection of the tissue. 3H-Choline accumulation was then 
measured in isolated cortical microvessels, vessel-depleted cerebral cortex, and 
choroid plexus from the ipsilateral side.

Cerebral capillaries and cultured endothelial cells were able to incorporate 
choline by a temperature-dependent mechanism. Nonlinear regression analysis of the 
uptake rates at different substrate concentrations gave the best fit to a system of two 
components. One component was saturable (Km = 17.8 ± 4.8 дМ for capillaries and 
10.6 ± 2.8 (iM for cultured endothelial cells) and the other one was not saturable at 
concentrations up to 200 uM. In both preparations 3H-choline uptake was inhibited by 
the specific blocker AF64A, and was partially reduced in the absence of sodium. 
Preincubation for 30 minutes with 1СИ M ouabain significantly reduced 3H-choline 
uptake in cerebral capillaries and in freshly isolated cerebral endothelial cells, 
suggesting an energy-dependence of the 3H-choline transport system. The ouabain 
sensitivity was not observed in endothelial cells isolated from bovine aortas or in 
cultured cerebral endothelium.

Intracarotid injections of 3H-choline resulted in an accumulation of radioactivity in 
the different tissues. Analysis of the data indicated the presence of a saturable uptake 
system with Km values between 130-160 дМ in the isolated microvessels, vessel- 
depleted cerebral cortex, and choroid plexus. The maximal accumulation capacity 
was higher in the choroid plexus (25 ± 8 pmol/ mg protein) than in microvessels or 
cerebral cortex (0.7 ± 0.2 and 1.1 ± 0.2, pmol/mg protein, respectively). In all tissues, 
3H-choline incorporation was significantly reduced (> 75%) by hemicholinium-3, 
indicating that the transport was mediated by specific choline carriers.

These results suggest that the BBB endothelium can incorporate choline by two 
different mechanisms. When choline is administered into the vessel lumen, as 
happens in vivo, the uptake by the endothelial cells takes place through a low affinity 
transport system. However, when isolated capillaries are incubated with choline, and 
both the luminal and the abluminal membranes are exposed to the substrate, a high 
affinity, energy-dependent choline carrier is revealed. We propose a polar 
organization of the cerebral endothelial cells, with a distribution of the high affinity 
choline carrier restricted to the abluminal membrane. The existence of such a carrier 
may explain the efflux of choline from the brain, against a concentration gradient.
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THE TRANSPORT OF METHOTREXATE INTO 
AN EXPERIMENTAT. BRAIN TUMOR MEASURED 

BY INTRACEREBRAU MICRODLAUYSIS

de Lange, E.C.M., de Vries, J.D., Danhof, M., Zürcher, C, 
de Boer, A.G. and Breimer, D.D.

Leiden/Amsterdam Center for Drug Research, Division of Pharmacology,
Leiden University, Leiden, The Netherlands

Microdialysis is a relatively new in vivo technique which allows the monitoring of 
concentrations of endogenous and exogenous compounds in brain extracerebral fluid (ECF). 
The use of this technique is of great interest in studying blood-brain barrier (BBB) transport 
of drugs (de Lange et al.1,2,3). In this investigation intracerebral microdialysis was used to 
study the penetration of methotrexate, a hydrophilic anticancer drug, in normal brain as 
compared to an experimental brain tumor male Wag/Rij rats (180-220 g).

Two studies were performed. In the first study we determined the transport of 
methotrexate into the brain cortex under standard microdialysis conditions (n=6), and its 
penetration in the left (n=6) and right (n=6) cortex 11 days after tumor implantation in the 
left cortex. The effect of the implantation procedure was investigated after sham surgery 
(n=6). The second study involved the examination of the effect post tumor implantation 
interval (6/11/18/25 days) on the transport of methotrexate in the left (n=6) and right cortical 
brain (n=3).

In both studies each individual rat received an IV bolus injection of 15 mg and the 
resulting concentration-time profiles in plasma and in cortical brain ECF were determined. 
The extent of BBB transport was calculated as the ratio of AUCbndn ECF: AUCplasma. Directly 
after the experiments the brains of the rats were fixated for histological examination for the 
presence of tumor, fibrosis, necrosis, cell infiltration and vacuolisation. The extent of BBB 
transport was compared to the histological data.

Overall it was found that the presence of tumor as well as exudate in the left cortex 
coincided with higher values for BBB transport in the ipsilateral cortex. The median values 
were in proportion of 224:461:100 for tumor (n=20), exudate (n=3) and the remaining group 
(n= 18) respectively. The presence of tumor seemed to reduce the BBB transport on the 
contralateral side; the median value for tumor group (n=7) was 60% of the remaining group 
(n=7). This suggests that the presence of tumor tissue has unequal effects on BBB 
permeability to methotrexate for the tumor and non tumor bearing hemishere.

1. E.C.M. de Lange, J.D. de Vries, M. Danhof, C. Zürcher, A.G. de Boer and D.D. 
Breimer: Critical factors on intracerebral microdialysis as a technique to determine the 
pharmacokinetics of drugs in the central nervous system. Part A. Pharmacokinetic 
studies. Part B. Histological evaluation. In preparation.

2. E.C.M. de Lange, M.R. Bouw, M. Danhof, A.G. de Boer and D.D. Breimer: 
Application of intracerebral microdialysis to study regional distribution kinetics of 
atenolol and acetaminophen in brain. In preparation. 3

3. E.C.M. de Lange, H.B. Hesselink, M. Danhof, A.G. de Boer and D.D. Breimer: 
Intracerebral microdialysis can be used to determine changes in blood-brain barrier 
transport characteristics after after intracarotid administration of hypertonic mannitol 
solution. In preparation.
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PHARMACOLOGICAL CHARACTERIZATION 
OF RECEPTOR-MEDIATED CHANGES IN INTRACELLULAR 
CALCIUM IN PRIMARY AND IMMORTALIZED CULTURES 

OF RAT BRAIN CAPILLARY ENDOTHELIAL CELLS

Nobles, M., ’Revest, PA., Abbott, N.J. and "Couraud, P.-O.

Physiology Group, Biomedical Sciences Division, King’s College, London, UK; 
’Department of Physiology, Queen Mary and Westfield College, London, UK; "institut 

Cochin de Genetique Moléculaire, CNRS UPR415, 22, Rue Mechain, Paris, France

This study compares and contrasts the pharmacological responses of rat brain 
capillary endothelial cells (RBCEC) from primary cultures and an immortalized cell line 
RBE4. Primary cultures were prepared as previously described (Abbott, Hughes, Revest 
and Greenwood, 1992). The cell line RBE4, which was provided by Dr. P.-О. Couraud 
and Dr. F. Roux (Institut Cochin, Paris and INSERM U26, Paris), is derived from primary 
cultures of rat brain capillary endothelial cells which have been immortalized by 
transfection with the plasmid pElA-neo (Durieu-Trautmann et al., 1993). These cells can 
be grown in several of different media and sera and are passaged at a split ratio of 10; 1 
twice weekly. Levels of intracellular calcium can be measured in single cells grown on 
collagen-coated coverslips, using the calcium-sensitive fluorochrome, fura-2. Cells were 
loaded with fura-2-AM (10 /тМ in phosphate buffered saline, pH 7.3) for 50-80 min at 
37°C. Excess dye was washed off and coverslips mounted on a Nikon Diaphot 
fluorescence microscope, adapted for dual wavelength excitation and photon-counting in 
single cells (Newcastle Photometries, Newcastle, UK). The dye was excited at 350 and 
380 nm and emission was measured at 520 nm. Cells were superfused with solutions at 
approx. 6 ml/min at 35-37°C and solutions were changed using a multiway tap with 
<100 /rl dead space.

As previously reported (Revest, Abbott and Gillespie, 1991) primary cultures of 
RBCEC respond to bradykinin, histamine and ATP by increases in intracellular calcium. 
In this study similar increases in [Ca2+], have also been found in RBE4 cells, where the 
most effective agonist was ATP. The order of agonist potency of the adenosine 
nucleotides was ATP>ADP>AMP which is characteristic of P2 purinoceptors. Responses
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to bradykinin and histamine were also observed although some cells did not respond to 
all the agonists. Responses were greatest at days 2-3 after passage and disappeared over 
time. The response to ATP was not significantly different either in the presence of 
extracellular calcium or in calcium-free solutions. The changes in ratio were 0.63±0.1 
(mean S.E.M.) n=6 and 0.53±0.1 n=8 respectively. On repeated exposure to ATP, RBE4 
cells showed a reduction in the size of the calcium signal, this desensitization being 
characteristic of P2 purinoceptors (Bumstock and Kennedy, 1985). Further work is being 
carried out in order to determine the subtype of this P2 receptor.

Supported by the MRC and the Nuffield Foundation.
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THE POTENTIAL FOR RECEPTOR-MEDIATED TRANSCYTOSIS THROUGH 
THE BLOOD-BRAIN BARRIER WITH BLOOD-BORNE FERRO-TRANSFERRIN 

AND ANTIBODY AGAINST THE TRANSFERRIN RECEPTOR

B r o a d w e l l ,  R . D . ,  B a k e r ,  B . J .  a n d  F r i d e n ,  P .

U n i v e r s i t y  o f  M a ry la n d  S c h o o l  o f  M e d i c i n e ,  B a l t i m o r e ,  
M a r y la n d ,  a n d  A lk e r m e s ,  I n c . ,  C a m b r id g e ,  M a s s a c h u s e t t s ,  U .S .A .

The p o t e n t i a l  f o r  r e c e p t o r - m e d i a t e d  t r a n s c y t o s i s  a c r o s s  t h e  
b l o o d - b r a i n  b a r r i e r  (BBB) f o r  f e r r o - t r a n s f e r r i n  ( f -T R F ) and  a n t i 
b o d y  a g a i n s t  i t s  r e c e p t o r  a p p e a r i n g  on BBB e n d o t h e l i a  was i n v e s t i g 
a t e d  i n  r a t s .  TRF, a b l o o d - b o r n e  p e p t i d e ,  c o n v e y s  i r o n  t o  t i s s u e s  
a n d  c e l l s .  BBB e n d o t h e l i a  e x h i b i t  t h e  r e c e p t o r  f o r  f-TRF on t h e  
l u m i n a l  s u r f a c e  p la sm a lem m a.  R a t s  w e r e  i n j e c t e d  i n t o  t h e  c a r o t i d  
a r t e r y  w i t h  f -T R F  c o n j u g a t e d  t o  HRP ( 6 m g /0 . 5 m l ;  l - 3 h r s . )  o r  i n t r a 
v e n o u s l y  w i t h  n a t i v e  HRP ( 6 - 4 0 m g /0 . 5ml ; l - 3 h r s . ) ,  H R P -c o n ju g a te d  o r  
n o n - c o n j u g a t e d  a n t i b o d y  t o  t h e  f -T R F  r e c e p t o r  (0X26 a n t i b o d y ;  2 00 -  
7 0 0 u g / 0 . 5ml ; 5 m in s .  -  6 h r s . ) ,  o r  w i t h  m a j o r  h i s t o c o m p a t i b i l i t y  com
p l e x  c l a s s  I  a n t i b o d y  (0X27; 210 u g / 0 . 5 m l ;  l - 6 h r s . )  a g a i n s t  t h e  PVG 
r a t  s t r a i n  ; t h e  l a t t e r  a n t i b o d y  a n d  n a t i v e  HRP w ere  u s e d  a s  co n 
t r o l s .  A n t i b o d i e s  n o t  c o n j u g a t e d  t o  HRP w e r e  i d e n t i f i e d  im m u n o h is to -  
c h e m i c a l l y .  f -T R F -H R P , e a c h  o f  t h e  a n t i b o d i e s ,  and  n a t i v e  HRP l a b e l 
e d  BBB e n d o t h e l i a ,  p e r i v a s c u l a r  p h a g o c y t e s ,  an d  p i a i  s u r f a c e  m a cro 
p h a g e s .  f-TRF-HRP an d  0X26-HRP w e r e  i d e n t i f i e d  u l t r a s t r u c t u r a l l y  
w i t h i n  e n d o c y t i c  v e s i c l e s ,  e n d o s o m e s  ( a  p r e l y s o s o m a l  c o m p a r tm e n t ) ,  
d e n s e  b o d i e s ,  a n d  p e r i v a s c u l a r  c l e f t s  o f  BBB e n d o t h e l i a .  f-TRF-HRP 
o n l y  w as o b s e r v e d  i n  c e l l s  o f  t h e  n e u r o p i l ;  OX26-HRP o n l y  was l o c a l 
i z e d  w i t h i n  s a c c u l e s  o f  t h e  G o l g i  c o m p le x  i n  BBB e n d o t h e l i a .  Concen
t r a t i o n s  o f  n a t i v e  HRP ( e x c l u d i n g  t h e  6mg q u a n t i t y )  an d  o f  0X27 
a n t i b o d y  a d m i n i s t e r e d  i n t r a v e n o u s l y  s u c c e e d e d  i n  l a b e l i n g  p e r i v a s c u 
l a r  a n d  p i a i  s u r f a c e  p h a g o c y t e s  w i t h i n  I h r . ; t h i s  l a b e l i n g  i s  b e 
l i e v e d  t o  be  t h e  r e s u l t  o f  t h e  b l o o d - b o r n e  p r o t e i n s  c i r c u m v e n t i n g  
t h e  BBB by  e x t r a c e l l u l a r  r o u t e s .  T r a n s c y t o s i s  o f  b l o o d - b o r n e  f -T R F - 
HRP a n d  OX26-HRP t h r o u g h  BBB e n d o t h e l i a  i s  l i k e l y  t o  o c c u r ;  f -T R F -  
HRP i s  s u s p e c t e d  t o  i n v o l v e  e n d o t h e l i a l  v e s i c l e s  and  endosom es i n  
t h e  p o t e n t i a l  t r a n s e n d o t h e l i a l  p a t h w a y ,  w h i l e  0X26-HRP i s  b e l i e v e d  
t o  b e  p a c k a g e d  b y  t h e  e n d o t h e l i a l  G o lg i  c o m p le x  f o r  t r a n s c y t o s i s .  
None o f  t h e  e m p lo y e d  p r o b e s  w as i d e n t i f i e d  t o  be  e n d o c y to s e d  and 
p a c k a g e d  f o r  t r a n s e n d o t h e l i a l  t r a n s f e r  f ro m  b r a i n  t o  b l o o d  f o l l o w 
i n g  i n j e c t i o n  o f  t h e  p r o b e s  i n t o  t h e  l a t e r a l  c e r e b r a l  v e n t r i c l e  f o r  
e x p o s u r e  t o  t h e  a b l u m i n a l  p la sm a lem m a o f  BBB e n d o t h e l i a .  T r a n s c y t o s 
i s  o f  f -T R F  a n d  a n t i b o d y  a g a i n s t  t h e  t r a n s f e r r i n  r e c e p t o r  t h r o u g h  
t h e  BBB a p p e a r s  t o  b e  u n i d i r e c t i o n a l  o r  v e c t o r i a l ,  f rom  b lo o d  t o  
b r a i n .  The s i g n i f i c a n c e  q u a n t i t a t i v e l y  f o r  t r a n s c y t o s i s  o f  b l o o d -  
b o r n e  f-TRF-HRP and  OX26-HRP a c r o s s  t h e  BBB r e m a i n s  t o  b e  d e t e r m i n 
ed  .
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EFFECTS OF INTRAVENOUSLY ADMINISTERED ARGININE 
VASOPRESSIN ON AMINO ACID LEVELS IN THE PLASMA 

AND CEREBROSPINAL FLUID OF THE RAT

Reichel, A., ’Begley, DJ. and Ermisch, A.

University of Leipzig, Germany and *King’s College, London, UK

Fifteen free amino acids (AA) in the plasma and cerebrospinal fluid 
(CSF) of anaesthetised rats were simultaneously measured by an HPLC 
method using a gradient elution system and pre-column derivatisation 
with o-pthalaldehyde.

Rats were anaesthetised with pentobarbitone (30-60mg/kg) and a 
cannula was placed through a burr-hole in the occipital crest into the 
cisterna magna and cemented into position with dental acrylic. A femoral 
artery was cannulated for the removal of blood samples and the right 
jugular vein cannulated for arginine vasopressin (AVP) infusion. A CSF 
sample, (20-40ul), was withdrawn by gentle suction on the cisternal 
cannula and an arterial sample (250ul) taken from the femoral artery. 
Animals were then infused with AVP at a rate of either 34 or 
68ng/min/kg which raised the basal levels of AVP by approximately 2.5 
and 4.4 times respectively, measured by radioimmunoassay. Further CSF 
and blood samples were taken after 1 hour of AVP infusion.

The infusion of AVP produced changes in both plasma and CSF 
levels of free AA. In plasma, levels of eleven AA increased, whereas in 
CSF ten AA levels decreased after AVP infusion. Interestingly, the 
correlation between CSF and plasma AA concentrations seen after saline 
infusion are abolished when plasma AVP is raised by approximately 2.5 
times, suggesting that blood-borne AVP is able to disturb the reflection of 
plasma AA levels in CSF. There are also qualitative differences between 
the two rates of infusion of AVP, especially on the levels of branched 
chain AA.

The results will be discussed in relation to the known ability of 
vasopressin to down-regulate the activity of the L-system AA transporter 
at the blood-brain barrier.

The authors would like to thank Dr. Mary Forsling of the United Medical 
and Dental School, St. Thomas’s Hospital London, for performing the 
radioimmunoassay and The British Council and The German Academic 
Research Council for financial support.
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SELECTIVITY IN THE OXIDATIVE DAMAGE 
OF NEUTRAL AMINO ACID TRANSPORT IN ISOLATED 

BOVINE BRAIN MICROVESSELS

Cardelli, P., Strom, R., Ceci, F., Giglio, R.M., Barbara, K., Párisi, M., Bozzi’, A.

Dipartimento di Biopatologia Umana, Univarsità degli Studi "La Sapienza" Roma;
*Dipartimento di Scienze e Tecnologie Biomediche e di Biometria, Università degli

Studi Dell’ Aquila, Italia

The oxidative damage of cell membranes has been extensively studied in erythrocytes 
where in vitro exposure to rerr-butylhydroperoxide (r-BHP) was found to induce 
peroxidation of membrane lipids (evidentiated by malonyldialdehyde formation) as well 
as degradation of several membrane proteins. By using bovine brain microvessels, which 
are the in vitro model of the blood-brain barrier, we studied the effect of r-BHP treatment 
on the neutral amino acid transport systems. Bovine brain microvessels, isolated according 
to a previously described procedure (Cardelli-Cangiano et al., J. Neurochem. 36:627-632, 
1981), were exposed in a glucose-free buffer for 30 min at 37°C to r-BHP concentrations 
ranging from 0 to 100 дМ, then rapidly washed and resuspended for 5 min in warm 
(37°C) r-BHP-free buffer containing 10 mM glucose, and then assayed, as described by 
Cardelli-Cangiano et al. (J. Neurochem. 49: 1667-1673, 1987), for their ability to take 
up neutral amino acids. As it is well known, isolated brain microvessels possess essentially 
the "L" and "A" transport systems for neutral amino acids. The characteristics of these 
systems are the following: the А-system is specific for the small neutral amino acids, is 
concentrative, glucose and Na*-dependent, has a strong pH sensitivity and is present only 
on the abluminal side of the brain microvessels; the L-system is specific for the large 
neutral amino acids, posseses very strong exchanging properties, is Na+-independent, has 
minimal sensitivity to pH, and is active on both the luminal and abluminal sides of the 
blood-brain barrier. Exposure to r-BHP was found to cause a selective dose-dependent 
inactivation of the А-system, as specifically assayed by monitoring the time course uptake 
of labeled a-methylaminoisobutyrate (MeAIB); after 20 min exposure to l4C-labeled 
MeAIB (4 дМ) the recovered intracellular radioactivity corresponded to 36 pmol/mg 
protein in control microvessels vs 6 pmol/mg protein in r-BHP treated ones. The presence 
of glucose during the r-BHP treatment did not prevent the oxidative damage. When the
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isolated microvessels were treated, before exposure to 100 дМ r-BHP, with 5 mM inosine, 
the subsequent uptake of labeled MeAIB by the А-system was partially retained (after 20 
min exposure to labeled MeAIB the recovered intracellular radioactivity corresponded to 
18 pmol/mg protein). Exposure to r-BHP, which had no effect on the activity of the L- 
system of amino acid transport (as tested by following the uptake of the specific substrate 
Z)L-ß-aminobicyclo-2,2,1 -heptanecarboxylic acid), caused also a consistent decrease of the 
intracellular ATP content and of the enzymatic activities of у-glutamyltranspeptidase and 
hexokinase, but not of alkaline phosphatase (Table 1).

Table 1

control
microvessels

r-BHP 
100 дМ

y-glutamyltranspeptidase (mU/min/mg/ protein) 1658+377 757±52

alkaline phosphatase (mU/min/mg protein) 135±39 117±26

hexokinase 22±5 13±4

ATP (nmol/g tissue) 8.8± 1.5 1.8 ±0.4

Data shown are the mean of three different determinations ±S.D.

Although the loss of activity of the А-system could simply be a consequence of the ATP- 
generating system(s), it may be worth mentioning that a close association of this transport 
system with y-glutamyltranspeptidase activity had already been found (Cardelli Cangiano 
et al., J. Neurochem. 1987) upon collagenase treatment of brain microvessels.
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BLOOD-BRAIN BARRIER EXPRESSION OF Na, K-ATPases

Berislav V. Zlokovic

Dept, of Neurosurgery and Divn. Neurosurgery CHLA USC School 
of Medicine, Los Angeles, CA 90033

The blood-brain barrier (BBB) and the choroid plexus are important homeostatic sites for 
the regulation of ionic fluxes between the extracellular and cerebrospinal fluids of the 
brain. Control of transport in and out of the brain is essential for normal neuronal 
functions and for maintenance of physiologic brain volume and intracranial pressure. The 
sodium pumps, Na,K-ATPases in cerebral capillaries and the choroid plexus catalyze 
active translocation of K+ and Na+ across the BBB and blood-cerebrospinal fluid barrier. 
We have recently applied the quantitative Western blot analysis to study the relative 
levels of expression of Na, К-ATPase a and ß subunit isoforms in rat cerebral 
microvessels, choroid plexus, and capillary depleted brain homogenates (Zlokovic et al., 
1993). Three a (a,, a2, a2) and two ß (ß,, ß2) subunits were detected in microvessels. The 
choroid plexus expressed a,, ß, and ß2, while a2 and a 3 were not found. 
Autoradiographic signals were normalized to a constant amount of protein from the 3 
tissues to calculate relative levels of expression. We found that expression of functionally 
active Na, К-ATPase isoenzymes in microvessels and choroid plexus are restricted in 
comparison to capillary-depleted brain possibly due to a limited pool of ß[ and ß2 
subunits. We also suggest that six structurally distinct Na, К-ATPase isoenzymes may 
be expressed in cerebral microvessels and two in the choroid plexus. Down-regulation of 
the a2 subunit isoform at the BBB was found as a result of chronic nicotine treatment and 
hypokalemia.

This work is supported by 2RT0071 grant.

Zlokovic et al. (1993). J. Biol. Chem. 268 (11), 8019-8025
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CALCIUM/CALMODULIN - STIMULATED PROTEIN KINASE II 
IS PRESENT IN PRIMARY CULTURES OF CEREBRAL 

ENDOTHELIAL CELLS

Deli, M.A., Krizbai, I., Lengyel, I„ *Nunzi, M.G., “Wolff, J.R. and Jo<5, F.

Laboratory of Molecular Neurobiology, Institute of Biophysics, Biological Research 
Center, Szeged, Hungary, ’FIDIA Research Laboratories, Abano Terme, Italy, 

“Zentrum Anatomie, Universität Göttingen, Germany

Calcium/calmodulin-stimulated protein kinase II, a major kinase in brain has been 
established to play an important role in neurotransmitter release, organization of 
postsynaptic receptors, and it is known to be involved in long term potentiation and 
memory. Less is known about the function of this enzyme in non-neural cells. Production, 
presence and phosphorylation of the a-subunit of CaM-PK II was demonstrated by in situ 
mRNA hybridization, immunohistochemistry, western-blot and in vitro protein phosphory
lation techniques in primary cultures of cerebral endothelial cells. These results raise the 
possibility that а -CaM-PK II can act as one of the key enzymes of calcium-mediated 
intracellular signalling in the cerebral endothelial cells. CaM-PK II may participate in 
such basic cellular processes as permeability in physiological and pathological conditions.
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PERICYTES OF THE BLOOD-BRAIN BARRIER 
EXPRESS AMINOPEPTIDASE N

Krause, D., Kunz, J., Kremer, M. and Dermietzel, R.

Institute of Anatomy, University of Regensburg 
Universitätsstr. 31, 8400 Regensburg, Germany

We have recently described a monoclonal antibody recognizing a 140 kDa 
peripheral plasma membrane protein in cerebral pericytes of the rat. The 140 kDa antigen 
could also be detected at particular sites of transporting epithelia, e.g. proximal tubules 
of kidney, bile canalicuii of liver, enterocytes of small intestine. Epithelial cells of 
proximal tubules of the kidney are enriched in the 140 kDa protein recognizable by our 
antibody.

In order to perform microsequencing of the 140 kDA protein we used kidney 
brush border preparation as a source for 140 kDa protein enrichment.

A peptide sequence of the N-terminus ( 17 amino acids) was obtained by Edman 
degradation. The sequence was screened for homologies on a protein data bank and we 
found a 100% identity of our N-terminal fragment to aminopeptidase N (APN) from rat 
kidney.

The presence of APN has been described in various regions of the central nervous 
system e.g. choroid plexus, synaptic membranes and microvessels. Our monoclonal 
antibody, however, recognizes APN only on pericytes of parenchymal blood vessels in 
regions of intact blood-brain barrier. The lack of immunoreactivity in the neuropil 
suggests the presence of different isoforms of APN in the central nervous system. There 
is evidence that cerebral pericytes are furnished with a APN species immunologically 
homologeous to kidney brush border APN.

In order to prove the molecular identity of the 140 kDa protein being APN in 
cerebral pericytes we used the RT-PCR technique with one oligonucleotide primer (sense) 
of our sequenced BBB-peptide and another primer (antisense) of kidney APN. The PCR- 
product from cerebral microvessel RNA yielded a 100% homology with kidney brush 
border APN. Furthermore this PCR-product was used as a labelled probe to identify the 
APN-mRNA in total RNA extracts of brain microvessels by Northern blot analysis. The 
data clearly indicate that cerebral pericytes are furnished with APN.
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Involvement of APN in the degradation of various physiologically active peptides 
such as enkephalins, angiotensin I and II has been described.

We propose that cerebral pericytes provide a substantial functional contribution 
to blood brain barrier homoeostasis, especially to the control of peptides entering the 
perivascular compartment either from the parenchyma or from the blood side.
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ATTEMPTS TO DEMONSTRATE 
VASOPRESSIN RECEPTORS AT THE BLOOD-BRAIN BARRIER 

BY ELECTRON MICROSCOPIC AUTORADIOGRAPHY

Schneider, H., Kretzschmar, R. and Ermisch, A.

University of Leipzig, Germany

The blood-brain barrier is equipped with specific binding sites for peptides. While 
the distribution pattern of peptide receptors has been found to differ between brain 
regions the heterogeneity at the cellular level remains to be elucidated, e.g. by electron 
microscopic autoradiography.

Saturable binding of arginine-vasopressin (AVP) was found at the blood-brain 
barrier both, in vivo using the intracarotid bolus injection technique and in vitro by 
radioligand binding studies on isolated brain microvessels of rats.

Here, we used isolated capillaries of rat hippocampus which were incubated with 
125I-AVP and then fixed with glutaraldehyde. In electron microscopic autoradiographs of 
the capillaries silver grains were present at the luminal and abluminal side of endothelial 
cells but were also associated with pericytes.

In competition experiments the specific binding of 125I-AVP to different cellular 
compartments has been analyzed by silver grain counting.
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HISTAMINE TRANSPORT 
IN CULTURED ENDOTHELIAL CELLS

'Huszti, Zs., 2Deli, M. and 2Joó, F.

'Neurobiology Unit, Department of Pharmacodynamics, Semmelweis Medical School, 
Budapest and 2Laboratory of Molecular Neurobiology, Institute of Biophysics, 

Biological Research Centre of Hung. Acad. Sei., Szeged, Hungary

Cultures of brain capillary endothelial cells provided a new means to study the 
transcellular transport of various substances through the endothelial cell monolayers 
(Pardridge et al., 1990). Furthermore, a new application, namely culturing the cells on one 
side of a filter, provided an opportunity to measure the uptake (release) in both the 
luminal and abluminal sides of the barrier.

Studies showed that [3H]-histamine could be taken up by endothelial cells (such 
as by astroglial cells; Huszti et al„ 1990) by a carrier-mediated mechanism from both the 
luminal and abluminal sides. The uptake was Na+-dependent and showed high affinity for 
histamine giving approx, identical Krll and Vmax values for the luminal and abluminal 
transports (K„,: 0.3-0.5 дМ; Vmax: 3-5 pmoles x mg protein x min ').

After a short (3 min) second incubation, 35-45% of [3H]-histamine, taken up into 
the cultured cells either from the luminal or the abluminal side, is released into the upper 
part of the system.

These results indicate that histamine transport system exists in the brain 
endothelial cells and operates presumably from the brain side towards the blood 
circulation.
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SUBTRACTION CLONING OF GENES 
SELECTIVELY EXPRESSED AT THE BLOOD-BRAIN BARRIER: 

AN APPROACH TO IDENTIFY NOVEL MOLECULAR 
COMPONENTS OF BBB-FUNCTION

Zinke, H., Schepelmann, S., Seehaus, B., Weller, H. and Gassen, H.G.

Institut für Biochemie, Petersenstrasse 22, D-64287 Darmstadt, Germany

In an approach to investigate molecular components of blood-brain barrier function 
we chose the subtractive cloning method from a set of possible molecular cloning 
techniques. Subtraction of transcripts represented in a tissue of interest against those of 
another tissue or cell type has been used in the past successfully by other groups to 
investigate different issues.

We were able to generate a set of brain capillary specific cDNA clones by 
subtracting porcine brain capillary cDNA from mRNA isolated from porcine lung, which 
was chosen as comparative tissue due to the high degree of vascularisation and the high 
similarity to brain capillaries as determined by solution hybridisation.

From 20 000 independent cDNA clones 400 were selected randomly and 
investigated by a differential screening procedure. 19 clones strongly hybridizing with 
capillary cDNA were further investigated. Among these clones the blood-brain barrier 
markers gamma-glutamyl transpeptidase and the glucose transporter (GLUT-1) were 
represented as well as another known sequence, apolipoprotein Al, the expression of 
which has not been described for brain capillaries before.

The expression of these proteins was further investigated on the transcriptional and 
translational level. Active protein synthesis could be shown for GLUT-1, apoAl and 
GGT. In case of the apolipoprotein Al, protein secretion was detected. Moreover, the 
cholesterol and insulin regulation of apoAl gene expression was shown, indicating an 
autonomous HDL/lipid metabolism of the centra! nervous system.

Hitherto unknown sequences or those with moderate homology to known molecules 
require a more complicated strategy for further investigation. Recently, a transcript could 
be identified as a novel receptor protein resembling several classes of cytokine-receptors. 
The genetically strict regulation and the unique expression in differentiated BBB- 
endothelium possibly indicate the involvement of this receptor in BBB-function. This 
transcript is under intense investigation.
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INDUCTION OF LEUKOCYTE-ENDOTHELIUM 
INTERACTION IN CEREBRAL MICROCIRCULATION 

BY PLATELET-ACTIVATING FACTOR

Uhl, E., Pickelmann, S., Baethmann, A. and Schürer, L.

Ludwig-Maximilians-Universtät München, Klinikum Grosshadern

Introduction: Platelet-activating factor (PAF) is a phospholipid which may play a role as 
mediator of secondary brain damage in traumatic or ischemic injury of the brain. Its 
mechanisms in peripheral organs are associated with platelet aggregation, increased vascular 
permeability, vasoconstriction, and priming of leukocytes. Details of how PAF contributes to 
secdndary brain damage, however, are still unknown. Purpose of the present study was to 
analyse, Whether cerebral or systemic administration of PAF causes pathophysiological 
alterations in the cerebral microcirculation.

Methods.: Sprague-Dawley rats were anesthetized with a-chloralose and artificially venti
lated after relaxation with pancuronium bromide. After implantation of a closed cranial 
window continous superfusion with artificial CSF was started. Intravital microscopy was then 
performed using Rhodamin 6G as intravital fluorescence marker for leukocytes. Vessel dia
meters, leukocyte velocity in venules and the number of leukocytes firmly attached to or 
rolling along the venular endothelium were assessed before, during and after the superfusion 
(20min, 5ml/h) of PAF 10'12 M, 10‘9Mand 10‘6M. In a second experiment the superfusion 
with PAF was replaced by intraarterial administration of PAF in identical concentrations into 
the carotid artery. The experimental protocol was otherwise not changed. In a third group the 
PAF-antagonist WEB 2170 (2mg/kg/b.w.) was given additionally 15min prior to intraarterial 
application of PAF 10'6M.

Results: Cerebral superfusion with PAF does not induce vasomotor alterations or leukocyte- 
endothelium interactions in the piai microcirculation, although leading to arterial hypotension. 
Intraarterial administration of PAF causes a transient blood pressure decrease and dilation of 
arterioles, while sustained leukocyte-endothelium interactions were observed. Specificity of 
the PAF-induced hemodynamic and microcirculatory effects is confirmed by their complete 
antagonisation by pretreatment with WEB 2170BS.

Discussion: Adhesion of leukocytes to the vessel wall is a requirement of emigration of 
leukocytes during early inflammation. As shown increased systemic levels of PAF as found 
in shock may induce leukocyte-endothelium interactions in the cerebral microcirculation. On 
the other hand activation of leukocytes did not occur during cerebral superfusion with PAF, 
although arterial hypotension was also observed.. Mechauims underlying this intruiging 
response are not known. The findings indicate, nevertheless, that release of PAF in the 
cerebral tissue under pathologic conditions may induce leukocyte-endothelium interactions, 
however, only if the powerful phospholipid reaches the vascular lumen.
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LYMPHOCYTE ADHESION TO BRAIN CAPILLARY 
ENDOTHELIAL CELLS IN VITRO

1,2,de Vries, H.E., 'Moor, A.C.E., 'Blom-Roosmalen, 'de Boer, A.G.,
'Breimer, D.D., 2van Berkel, ThJ.C. and 2Kuiper, J.

'Division of Pharmacology and 2Division of Biopharmaceutics, Leiden/Amsterdam 
Center for Drug Research, University of Leiden, Sylvius Laboratories,

P.O. Box 9503, 2300 RA Leiden, The Netherlands

The presence and upregulation of adhesion molecules on bovine brain capillary 
endothelial cells (BBEC) was investigated in primary cultures. To study the adhesion of 
lymphocytes to cerebral endothelial cells, an in vitro lymphocyte adhesion assay was 
developed using isolated bovine lymphocytes. Monolayers of BBEC were incubated with 
lipopolysaccharide (LPS), interleukin-lß (rhIL-lß), and interleukin-6 (rhIL-6) to simulate an 
inflammatory site in the cerebral capillaries. Adhesion of lymphocytes to BBEC increased 3-4 
fold, when endothelial cells were stimulated for 4 hr with 5 or 10 ng/ml LPS. In addition, 
adhesion increased dose-dependently with IL-1 1.5 fold using 25 ng/ml, and 3-4 fold using 
100 ng/ml. BBEC stimulated with IL-6 showed also a concentration-dependent increase in the 
adhesion of lymphocytes, cells treated with 10 ng/ml IL-6 showed a 2 fold increase and using 
100 ng/ml, a 3-fold increase of lymphocytes adherence was observed. Specific monoclonal 
antibodies directed against CD 11a, CD 18, and VLA-4 were used to inhibit the adherence of 
the lymphocytes in the bioassay. It was shown that Intercellular Adhesion Molecule (ICAM-1) 
and Vascular Cell Adhesion Molecule (VCAM) were involved in the adhesion of lymphocytes 
to BBEC. The results show that it is now possible to simulate an inflammation site in our in 
vitro model for the blood-brain barrier.
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VASCULARIZATION AND HOST IMMUNE RESPONSE TO MAMMALIAN 
CNS GRAFTS PLACED INTRACEREBRALLY OR PERIPHERALLY:

THE BLOOD-BRAIN BARRIER AND IMMUNOLOGICAL PRIVILEGE

B r o a d w e l l ,  R .D . and  B a k e r ,  B . J .

D i v i s i o n  o f  N e u r o l o g i c a l  S u r g a r y ,  U n i v e r s i t y  o f  M a ry la n d  
S c h o o l  o f  M e d i c i n e ,  B a l t i m o r e ,  M a r y la n d ,  2 1 2 0 1 ,  U .S .A .

G r a f t  s u r v i v a b i l i t y  i s  d e p e n d e n t  upon t h e  g r a f t  d e v e l o p i n g  a v a s  
c u l a r  n e tw o r k  s u p p l i e d  w i t h  h o s t  b l o o d  an d  n o t  b e i n g  r e j e c t e d  a s  a 
c o n s e q u e n c e  o f  t h e  h o s t  immune r e s p o n s e .  We h a v e  a n a l y z e d  by immuno 
h i s t o c h e m i s t r y  a n d  e l e c t r o n  m i c r o s c o p y  t h e  o r i g i n s  and  m o r p h o lo g ic 
a l  c h a r a c t e r i s t i c s  o f  v e s s e l s  s u p p l y i n g  f e t a l  CNS g r a f t s  p l a c e d  i n 
t o  b r a i n ,  t e s t i s ,  o r  b e n e a t h  t h e  k i d n e y  c a p s u l e  o f  a d u l t  h o s t  r a t s .  
S y n g e n e i c  and  a l l o g e n e i c  CNS g r a f t s  w ere  p e r f o r m e d  w i t h  d o n o r / h o s t  
c o m b i n a t i o n s  b e t w e e n  i n b r e d  PVG an d  PVG(AO) r a t s .  M o n o c lo n a l  a n t i 
b o d i e s  u s e d  i n c l u d e d :  OX-27 f o r  m a jo r  h i s t o c o m p a t i b i l i t y  com plex 
(MHC) c l a s s  I  e x p r e s s i o n  b y  PVG e n d o t h e l i a l  c e l l s ;  OX-26 f o r  t h e  
t r a n s f e r r i n  r e c e p t o r  e x p r e s s e d  c o n s t i t u t i v e l y  b y  b l o o d - b r a i n  b a r 
r i e r  ( BBB) e n d o t h e l i a ;  OX-18 f o r  g e n e r a l  MHC c l a s s  I ;  an d  OX-7 f o r  
e x p r e s s i o n  o f  Thy  1 on v i a b l e  CNS n e u r o n s .  HRP was d e l i v e r e d  iv  t o  
a s c e r t a i n  a g r a f t  BBB t o  b l o o d - b o r n e  p r o t e i n .  A l l  g r a f t s  t o  t h e  
h o s t  CNS w ere  v a s c u l a r i z e d  p r e d o m i n a n t l y  w i t h  h o s t  v e s s e l s  and p o s 
s e s s e d  a BBB w i t h  t i g h t  j u n c t i o n s .  S y n g e n e i c  g r a f t s  t o  t h e  k id n e y  
c a p s u l e  w ere  s u p p l i e d  w i t h  OX-26+ BBB v e s s e l s ,  w h e r e a s  a l l o g e n e i c  
g r a f t s  f a i l e d  t o  s u r v i v e .  S y n g e n e i c / a l l o g e n e i c  g r a f t s  t o  t h e  t e s t i s  
s u r v i v e d  and  e x h i b i t e d  OX-26+ BBB v e s s e l s ;  d o n o r  v e s s e l s  p re d o m in 
a t e d  w i t h i n  t h e s e  a l l o g r a f t s .  H o s t  t e s t i s  MHC+ v e s s e l s  w e re  e v i d e n t  
w i t h i n  CNS g r a f t s  an d  a p p e a r e d  OX-26 n e g a t i v e .  The p r o p o r t i o n s  o f  
d o n o r  v s .  h o s t  v e s s e l s  i n  CNS g r a f t s ,  r e g a r d l e s s  o f  t h e i r  MHC e x 
p r e s s i o n  and  p e r m e a b i l i t y  c h a r a c t e r i s t i c s ,  may d e p e n d  on t h e  h o s t  
s i t e  a n d / o r  g e n e t i c  d i s p a r i t y  b e tw e e n  d o n o r  a n d  h o s t .

The p r i v i l e g e  o f  t h e  CNS w i t h  r e s p e c t  t o  g r a f t i n g  may be  due t o  
t h e  a b s e n c e  o f  d e n d r i t i c  c e l l s  an d  l y m p h a t i c  d r a i n a g e  an d  t h e  e x i s t  
e n c e  o f  a BBB. D e s p i t e  r e p o r t e d  im m u n o lo g ic a l  p r i v i l e g e ,  t h e  t e s t i s  
h a s  d e n d r i t i c - l i k e  c e l l s ,  a  l y m p h a t i c  d r a i n a g e ,  a n d  p e r m e a b le  v e s 
s e l s .  S y n g e n e ic  g r a f t s  w e r e  p l a c e d  w i t h i n  t h e  t e s t i s  o r  CNS o f  i n -  
b r e d  PVG r a t s .  A l l o g r a f t s  w e r e  p r e p a r e d  b e t w e e n  PVG and  PVG(AO) 
r a t s  d i f f e r i n g  a t  MHC l o c i  a n d  b e tw e e n  PVG a n d  AO r a t s  d i f f e r i n g  a t  
MHC an d  m in o r  HC l o c i .  W i th  m o n o c lo n a l  a n t i b o d i e s ,  CNS g r a f t s  w ere  
deem ed  s u r v i v i n g  i f  t h e y  e x p r e s s e d  u n i f o r m  Thy 1 s t a i n i n g ,  low MHC 
c l a s s  I  e x p r e s s i o n ,  few  MHC c l a s s  XI+ c e l l s ,  a n d  n e g l i g i b l e  numbers 
o f  CD4+/CD8+ c e l l s .  S y n g e n e i c  g r a f t s  t o  t h e  a d u l t  h o s t  CNS o r  t e s t 
i s  a p p e a r e d  h e a l t h y  an d  v i a b l e  f o r  30 d a y s .  A l l  a l l o g r a f t s  w i t h i n  
t h e  CNS p a re n c h y m a  o f  a d u l t  h o s t s  s u r v i v e d  w e l l .  CNS a l l o g r a f t  v i a 
b i l i t y  t o  t h e  t e s t i s  a t  30 d a y s  was v a r i a b l e .  V ig o r o u s  g r a f t  r e j e c 
t i o n  o c c u r r e d  b e t w e e n  PVG a n d  AO r a t s  a n d  l e s s  s o  b e tw e e n  dono r  PVG 
a n d  h o s t  PVG(AO) r a t s ;  g r a f t  s u r v i v a l  w i t h o u t  d e m o n s t r a b l e  r e j e c 
t i o n  was e v i d e n t  b e tw e e n  d o n o r  PVG(AO) a n d  h o s t  PVG r a t s .  The d a t a  
s u g g e s t  immune p r i v i l e g e  o f  t h e  t e s t i s  i s  l e s s  d e m o n s t r a b l e  th a n  
t h a t  o f  t h e  CNS. S u r v i v a l  o f  some a l l o g r a f t s  t o  t h e  t e s t i s  may be 
d u e  t o  l o c a l  i m m u n o s u p p r e s s a n t  f a c t o r s .  E x i s t e n c e  o f  s i m i l a r  immuno 
s u p p r e s s a n t  f a c t o r s  w i t h i n  t h e  CNS may r e p r e s e n t  an  a d d i t i o n a l  c o n 
s i d e r a t i o n  i n  d e f i n i n g  CNS immune p r i v i l e g e .
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BRAIN ISCHAEMIA (STROKE) IS  FOLLOWED BY ACTIVE ANGIOGENESIS

K r u p i n s k i 1 ' 2 , J . ,  K a l u è a 1 , J . , Kumar2 , P . ,
Kumar3 , S. and  Wang3 , J .M .

■'■Department o f  N e u r o p a t h o l o g y ,  J a g i e l l o n i a n  
U n i v e r s i t y ,  C racow , P o l a n d ;  M a n c h e s t e r  M e t r o p o l i t a n

U n i v e r s i t y ,  M a n c h e s t e r ,  UK; 3C h r i s t i e  H o s p i t a l ,  M a n c h e s t e r ,  UK

F o c a l  c e r e b r a l  i s c h a e m i a  i s  a  m a jo r  c a u s e  o f  d e a t h  and 
d i s a b i l i t y  i n  W e s te r n  w o r l d .  S t r o k e  r e s u l t s  f ro m  a r e d u c t i o n  i n  
c e r e b r a l  f l o w ,  f o l l o w i n g  t h e  o c c l u s i o n  o f  c e r e b r a l  a r t e r i e s  c r  
i t s  b r a n c h e s .  As a r e s u l t ,  some a r e a s  become i s c h a e m i c ,  w h i le  
o t h e r s  becom e h y p e r e m i c .  H yp erem ia  u s u a l l y  o c c u r s  i n  t h e  b o r d e r  
z o n e  known a s  t h e  p e n u m b ra  o f  t h e  i n f a r c t  and  may be  a s s o c i a t e d  
w i t h  h y p e r - p e r f u s i o n  f o l l o w i n g  t h e  i s c h a e m i c  i n s u l t .

V a r i a b i l i t y  i n  c a p i l l a r y  c h a n g e s  h a s  p r o m p te d  u s  t o  u n d e r t a k e  
q u a n t i t a t i v e  m o r p h o m e t r i c  s t u d i e s  o f  i n f a r c t e d  a r e a s  o f  b r a i n .
I n  t h e  i n i t i a l  s t u d y ,  b r a i n s  w e re  o b t a i n e d  a t  a u t o p s y  from  10 
p a t i e n t s  ( a g e s  4 6 - 8 5 ) .  S am ples  w e r e  c o l l e c t e d  f rom  i n f a r c t e d  
h e m i s p h e r e  and  c o n t r o l s  f ro m  t h e  c o n t r a l a t e r a l  h e m is p h e r e .  
F o r m a l i n  f i x e d  an d  p a r a f f i n  em bedded  s e c t i o n s  w ere  s t a i n e d  a f t e r  
P i c k w o r t h  and  w i t h  H&E. A l t o g e t h e r  6 ,5 2 0  m i c r o v e s s e l s ,  
r e p r e s e n t i n g  1 0 ,8 0 1  m i c r o s c o p i c  f i e l d s  w e re  c o u n t e d .  The W ilcoxon  
r a n g e  t e s t  was u s e d  f o r  s t a t i s t i c a l  a n a l y s i s .  In  9 o f  10 p a t i e n t s  
i n ' i n f a r c t e d  b r a i n s ,  t h e r e  was a m a rk e d  i n c r e a s e  i n  t h e  c a p i l l a r y  
d e n s i t y  ( p < 0 .0 1 )  when co m pared  w i t h  n o r m a l  b r a i n  t i s s u e s .  In  
a d d i t i o n ,  a  p o s i t i v e  c o r r e l a t i o n  was a l s o  f o u n d  b e tw e e n  t h e  t im e  
o f  s u r v i v a l  an d  b o t h  t o t a l  d e n s i t y  an d  d e n s i t y  o f  n o n - p e r f u s e d  
b l o o d  v e s s e l s .

F u r t h e r m o r e ,  t h e  v a s c u l a r  e n d o t h e l i a l  c e l l s  i n  i n f a r c t e d  b r a i n  
w e re  shown t o  b e  r e a c t i v e  w i t h  tw o m o n o c lo n a l  a n t i b o d i e s ,  one ,  
E - 9 ,  d i r e c t e d  a g a i n s t  a n  a c t i v a t i o n / p r o l i f e r a t i o n  a s s o c i a t e d  
e n d o t h e l a i l  c e l l  s p e c i f i c  p r o t e i n  an d  t h e  o t h e r  r e c o g n i s i n g  
a d h e s i o n  m o l e c u l e  V-CAM. The s t r o k e  t i s s u e s  c o n t a i n e d  a n g i o g e n i c  
a c t i v i t y ,  a s  shown b y  t h e  i n d u c t i o n  o f  new b lo o d  v e s s e l s  i n  an i n  
v i v o  c h i c k e n  c h o r i o a l l a n t o i c  m em brane (CAM) a s s a y .  I t  i s  
s u g g e s t e d  t h a t  a t h e r a p e u t i c  a p p r o a c h  a im ed  t o  s t i m u l a t e  
a n g i o g e n e s i s  m ig h t  a m e l i o r a t e  t i s s u e  damage and t h e r e b y  s t r o k e  
a s s o c i a t e d  m o r t a l i t y  an d  m o r b i d i t y .  I t  m ig h t  a l s o  p r e v e n t  
s u b s e q u e n t  s t r o k e  i n  p a t i e n t s  w i t h  t r a n s i e n t  i s c h a e m i a  a t t a c k s  
(T IA )  who a r e  a t  i n c r e a s e d  r i s k  ( a p p r o x i m a t e l y  50%) o f  s u b s e q u e n t  
i s c h a e m i c  a t t a c k s  an d  d e a t h s .
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THE PROBABLE CAUSE OF PARALYSIS OBSERVED 
IN CHRONIC RELAPSING ENCEPHALOMYELITIS INDUCED 

IN STRAIN 13 GUINEA-PIGS

Segal., M.B. and Egleton, R.D.

Sherrington School of Physiology, United Medical and Dental Schools of Guy’s 
and St. Thomas’s Hospitals, St. Thomas’s Campus, London, SE1 7EH, UK

Chronic experimental allergic encephalomyelitis (CR-EAE) in strain 13 guinea-pigs is a 
good model for multiple sclerosis (MS) in man and can be induced by an intramuscular 
inoculation into both hind limbs with a homogenate of homologous spinal cord, Freunds 
complete adjuvant and mycobacterium tuberculi. After some 14-18 days the guinea-pigs 
exhibit a standard pattern of weight loss and bilateral hind limb paralysis with occasional 
bladder involvement, By careful hand feeding and hydration the animals can survive this 
episode and after some three days show a sudden and complete recovery. This attack 
is followed some 14-20 days later by cycles of relapse and remission which are of 
decreasing severity.

Studies by other groups have shown that in EAE there is an increase in the permeability 
of the blood-brain barrier, just preceding the attack phase, followed by increased 
lymphocyte trafficking, inflammation and cuffing of blood vessels. Histological studies 
have shown variable areas of demyelination which has been reported to reduce 
conduction of motor and sensory nerves in the spinal cord.

Of considerable interest has been the poor correlation between the degree of 
demyelination and the observed bilateral hind limb paralysis, To investigate the 
pathogenesis of this paralysis we have studied, the permeability of the blood-brain barrier 
to mannitol, the water content and blood flow at various levels of the spinal cord during 
the phases of attack and relapse in CR-EAE.

These studies have show n that there is an increased permeability to mannitol during the 
attack phase which correlates with an increased water content and a reduction in blood 
flow. These findings support the concept of a localised oedema of the spinal cord during 
the attack phase of this condition. Since it has been well recognised that pressure can 
cause  conduction block in nerve, it is proposed that the observed paralysis is partially a 
consequence of this oedema leading to a raised pressure within the spinal canal and not 
solely due to demyelination.

The localised oedema in the spinal cord may be caused by the leakiness of the blood-brain 
barrier induced by the release of histamine during the attack phase of the condition which 
has been shown to occur both in animals and in MS patients. An alternative cause may 
relate to the vascular cuffing which could cause a reduction in blood flow and hypoxia 
which would lead to neuronal swelling. Further studies are at present in progress to 
identify which of these hypotheses is correct.
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ROLE OF HISTAMINE IN BRAIN EDEMA 
INDUCED BY HEAT STRESS 

Experimental Observations In the rat

Sharma1"4, H.S., Westman2, J„ Nyberg3, F.,
Cervos-Navarro1, J. and Dey, P.K.

'Department of Neuropathology, Free University Berlin, 1000-Berlin 
45,Germany; 2Department of Human Anatomy and 3Pharmacology, Biomedical Centre, 

Uppsala University, Uppsala, Sweden; 4Department of Physiology, Institute 
of Medical Sciences, Banares Hindu University, Varanasi-221 005, India

The possibility that endogenous histamine plays an important role in modulating 
the pathophysiology of heat stress (HT) was examined in young rats using a 
pharmacological approach. Subjection of young animals (6-7 wks old) to HT at 38°C for 
4 h in a biological oxygen demand (B.O.D.) incubator (rel. humid. 47-50%, wind vel. 20- 
25 cm/sec) resulted in a profound increase in blood-brain barrier (BBB) permeability to 
Evans blue albumin (EBA, average 375%) and 13II-sodium (average 478%) along with a 
significant reduction in the cerebral blood flow (CBF, average 32%). The water content 
of the whole brain was elevated by 3.6% (about 16% volume swelling) from the control. 
At this time period, the plasma and brain 5-HT levels were elevated by 200% and 365%, 
respectively from the control group. Morphological examination revealed marked cell 
changes in many parts of the brain. Thus dark and distorted neurons, perivascular edema, 
swelling of astrocytes, vésiculation of myelin, and extravasation of lanthanum across 
cerebreal vessels were quite frequent. Pretreatment with cimetidine (a histamine H2 
receptor antagonist) significantly thwarted the increases in the brain water content and 
BBB permeability. The CBF was moderately elevated and the plasma and brain 5-HT 
levels were slightly but significantly reduced as compared with the untreated stress group. 
However, prior treatment with mepyramine (a histamine H, receptor antagonist) neither 
attenuated the changes in water content and the BBB permeability nor affected the CBF 
and 5-HT level. In fact, there was a significantly higher permeation of the tracers across 
the cerebral vessels in this drug treated animals alongwith a greater accumulation of the 
brain water content as compared to the untreated stress group. The CBF and 5-HT levels 
did not differ from the untreated stress group. The cell changes were reduced with 
cimetidine treatment, but pretreatment with mepyramine was ineffective in reducing cell 
damage.
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These results strongly indicate that the endogenous histamine has a role in the 
pathophysiology of HS which appears to be mediated via specific histamine receptors.
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PATHOPHYSIOLOGY OF PASSAGE OF PEPTIDES 
ACROSS THE BLOOD-BRAIN BARRIER

B a n k s ,  W.A. a n d  K a s t i n ,  A . J .

V e t e r a n s  a f f a i r s  M e d ic a l  C e n t e r  an d  T u la n e  U n i v e r s i t y  S c h o o l  
o f  M e d i c i n e ,  1601 P e r d i d o  S t r e e t ,  New O r l e a n s ,  LA 70146

S ev era l r eg u la to ry  p ep tid e  and p r o te in  su b stan ces have been  shown to  en ter or 
e x i t  the c e n tr a l nervous system  to  a b io lo g ic a l ly  r e le v a n t e x te n t .  This has 
r a is e d  the p o s s i b i l i t y  th a t the b lo o d -b r a in  b arr ier  (BBB), com prised o f  the 
e n d o th e l ia l  and ependymal b a r r ie r s ,  may be in vo lved  in  c o n tr o l l in g  the exchange 
o f  hum orally borne in fo rm a tio n a l m o lecu les  between the b lood and the 
C S F / in t e r s t i t ia l  f l u id  o f  the b r a in . P er ip h era lly  ad m in istered  p ep tid es shown 
to  e n te r  the CNS by n on -sa tu ra b le  transmembrane d if fu s io n  to  an ex ten t large  
enough to  a f f e c t  b ra in  fu n ctio n  in c lu d e  d e lt a  s le ep -in d u c in g  p e p tid e , which can 
a l t e r  the e lectroencephalogram  (EEG), c y c lo  H is-P ro, which can rev erse  ethanol- 
induced n a r c o s is ,  and an analog o f  m eth ion ine enkephalin (MENK) , Tyr-D-Ala-Gly- 
M ePhe-M et(O )-ol, which can a l t e r  th e  EEG a t  o p ia te  recep tor s i t e s  lo ca ted  behind 
the BBB. S e lf - in h ib i t a b le  tra n sp o r t has been found for s e v e r a l  p ep tid es ( e .g . ,  
MENK, le u c in e  en k ep h alin , Tyr-M IF-1, o x y to c in , Tyr-W-MIF-1, vasop ressin , 
so m a to sta t in , LHRH) and reg u la to ry  p r o te in s  ( e . g . ,  LH, in t e r le u k in - lo  and -IE, 
tumor n e c r o s is  fa c t o r -a )  in  th e  CNS to  b lood  or blood to CNS d ir e c t io n s .  We have 
c a te g o r iz e d  the f in d in g s  from our la b o ra to ry  in  a peptide tra n sp o r t system (PTS) 
c l a s s i f i c a t i o n .  PTS-1 tra n sp o rts  m o stly  Tyr-MIF-1 and MENK, although sm aller  
amounts o f  le u c in e  en k ep h alin , o x y to c in , Tyr-W-MIF-1, and probably dynorphinj.j 
and E-casom orphin are  a ls o  tra n sp o r ted . The le v e l  o f  PTS-1 a c t iv i t y  is  
ap p aren tly  lin k ed  to  c o n cen tra tio n s  o f  MENK in  the brain . For exam ple, both PTS- 
1 a c t i v i t y  and b ra in  c o n cen tra tio n s  o f  MENK decrease w ith a g in g . PTS-1 does not 
tra n sp o r t E -endorphin, dynorphin, kyotorph in , dynorphin1. 17, dermorphin,
m orp h icep tin , v a so p r e s s in , or any fragm ent o f  Tyr-MIF-1. PTS-1 transports  
p e p tid e s  in  the CNS to  b lood  d ir e c t io n  on ly  and does n ot have a b lood to  CNS 
component. PTS-1 i s  s t e r e o s p e c i f ic ,  tra n sp o r tin g  Tyr-MIF-1 th a t con ta in s the L, 
but n o t the D, isom er o f  ty r o s in e  and seems n ot to req u ire  en ergy . Leucine is  
an a l l o s t e r i c  r e g u la to r  o f  PTS-1 a t  a s i t e  on the CNS s id e  o f  the BBB, w ith D- 
le u c in e  b e in g  100 tim es more p o ten t than L -le u c in e . Aluminum and sero to n in , but 
n o t a c e ty lc h o lin e ,  ep in ep h rin e , n o rep in ep h rin e , dopamine, GABA, k a in ic  acid , 
cGMP, or cAMP, can a l t e r  PTS-1 fu n c t io n . D esp ite  i t s  tran sp ort o f  o p ia te -r e la te d  
p e p t id e s ,  PTS-1 seems to  be on ly  in d ir e c t ly  r e la te d  to  r e g u la t io n  o f  an a lgesia . 
PTS-1 i s  n ot a f f e c te d  by acu te a d m in istra tio n  o f  e th a n o l, but i t  and 
c o n c e n tr a t io n s  o f  MENK in  th e  b ra in  are  suppressed in  mice a d d icted  to ethanol 
and in  a lc o h o l-n a iv e  mice th a t have a g e n e t ic  p r e d isp o s it io n  to  drink. FTS-1 
rec o v e r s  r a p id ly  in  a d d icted  mice when ch ro n ic  ethanol in g e s t io n  i s  stopped and 
t h i s  recovery  may account fo r  the p a ra d o x ica l further d e c lin e  in  b ra in  le v e ls  o f 
MENK. S igns o f  w ithdraw al, a s s o c ia te d  w ith  the d ec lin e  in  b ra in  MENK, can be 
p rev en ted  by MENK, MENK a n a logs , or in h ib it o r s  o f enzymes th a t destroy  MENK. 
T his su g g e s ts  th a t  PTS-1 may be in v o lv e d  in  the a lcohol w ithdraw al syndrome and 
may be a th era p eu tic  ta r g e t  in  the p rev en tio n  o f  a lcohol w ithdraw al.

Banks, W.A. and A .J . K astin . Q u a n tify in g  carrier-m ed ia ted  tra n sp o r t o f  peptides 
from the b ra in  to  th e  b lood . P. M ichael Conn ( e d .) ,  Meth. Enzymol. ,  168:652-660, 
1989.

Banks, W.A. and A .J . K astin . E d ito r ia l  Review: Peptide tra n sp o r t system s for  
o p ia t e s  a cro ss  the b lo o d -b ra in  b a r r ie r .  Am. J . P h y sio l. 259:E1-E10, 1990. 

Banks, W.A. , K.L. Audus, and T.P.  D a v is . P erm eab ility  o f  th e  b lo o d -b ra in  barrier  
to  p e p tid e s :  An approach to  the developm ent o f  th e r a p e u t ic a lly  u se fu l analogs. 
P e p tid e s  13 :1289-1294 , 1992.
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CNS PERICYTES HAVE IMMUNE POTENTIAL

Dore-Duffy, P. and Balabanov, R.

Wayne State University School of Medicine, Neurology, Detroit, Ml

The blood brain barrier is a complex cellular system consisting of endothelial 

cells, pericytes, perivascular smooth muscle cells and astrocytes. The role of the 

pericyte in regulation of vascular function is unknown. We hypothesize that the 

pericyte may be important in neuroimmune networks centered at the blood brain barrier 

in inflammation, infection and trauma. Rat CNS pericytes were prepared from Lewis rat 

CNS microvessels. Pericytes were examined by immunofluorescence staining and 

quantitated by laser cytometry and FACS analysis. Eicosanoid release was measured 

by HPLC, and pericytes were tested for phagocytosis of pre-opsonized erythrocytes. 

Results indicate that pericytes in intact microvessels and in primary culture express Fc 

receptors and the rat macrophage marker CD11b (OX-42). The marker recognized by 

ED1 was expressed in low intensity. Pericytes in culture phagocytized opsonized cells. 

Pericyte production and release of eicosanoids was similar to monocytes with the 

exception of low thromboxane levels. In conclusion, pericytes express macrophage cell 

surface markers, phagocytize and produce eicosanoid repertoires similar to 

macrophages. They have immune potential.
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STRATEGIES FOR OPENING THE GATEWAY TO THE BRAIN

Nicholas Bodor

Center for Drug Discovery, University of Florida, Gainesville, FL 32610

The brain, the major organ in the body, has a unique protective barrier, the so-called blood- 
brain barrier (BBB), which provides a very efficient exclusion from the brain of a wide 
variety of blood-bome compounds. This lipid-like barrier, consisting of the tightly joined 
endothelial cells in the brain capillary walls, prevents penetration into the brain of 
hydrophilic compounds (various neurotransmitters, amino acids, etc.) unless they are 
transported into the brain by an active transport system. The blood-brain barrier contains 
highly active enzyme systems as well, which further enhance the already very effective 
protective function.

In the past ten years or so, various attempts were made to deliver molecules otherwise 
inaccessible to the brain. These include physical, biological, and chemical site-specific 
delivery systems. In most cases, very limited success was reported. This is partly because 
these attempts concentrate only on the transport through the BBB, which generally results in 
simultaneous significant efflux of the delivered molecule. The successful approaches aim the 
control of bidirectional transport processes, enhancing influx, but avoiding efflux. These are 
the enzymatic-physical-chemical-based targeting approaches based on retrometabolic 
concepts, which can generally be described as follows:

The drug is chemically modified, introducing protective functions (F) and the targetor moiety 
(Tor), resulting in the chemical delivery system (CDS). Upon administration, the CDS is 
distributed throughout the body, which arbitrarily is divided as the "site" (s) and the "rest of 
the body" ('). Predictable enzymatic reactions convert the original CDS by modifying the 
targetor moiety and, consequently, removing some of the protective functions (F), leading 
to a still inactive precursor from of the CDS, D-T®'. This form as well as some of the 
previous intermediate CDS's are continuously eliminated from "rest of the body." On the 
other hand, due to the presence of a specific membrane or other distribution barrier, like the 
BBB, the efflux-influx processes at the site are not the same as the rest of the body. The 
various modifications and particularly conversion of the targetor to T0' will provide a specific 
concentration of this precursor at the site, ultimately allowing release of the active drug only 
at the site of action. This concept was exemplified by the now well-known trigonelline » 
dihydrotrigonelline redox Tor system, where the positively charged trigonelline derivative 
formed in situ in the brain results in "lock-in."

A recent further modification of this concept called "molecular packaging" allows efficient 
brain delivery of peptides. Here the peptides (like enkephalins or TRH analogs) are modified 
to the extent that the new CDS is not recognized as a peptide anymore. This is achieved by 
instead of introducing a perturbation into the peptide molecule, the peptide represents just 
a perturbation in the CDS. This allows its passive transport through the BBB and the various 
F and Tor functions to operate.
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THE ACTION OF VASOACTIVE AGENTS 
IN BRAIN MICROVESSELS

Christian Frelin

Institut de Pharmacologie Moléculaire and Cellulaire, CNRS,
660 route des Lucioles, Sophia Antipolis 06560 Valbonne, France

Endothelial cells were isolated from rat brain microvessels (BCEC) and grown under clonal 
conditions. Their reactivity to vasoactive agents was analyzed and compared to that of aortic 
endothelial cells (BAEC). BCEC express two types of endothelin receptor: (i) an ETA like 
receptor that is positively coupled to phospholipase C and (ii) an ETb like receptors that does 
not discriminate between endothelin isopeptides and that controls the activity of the Na/H 
exchange system. Unlike BAEC, BCEC produce little or no endothelin. BCEC express 
ANPB receptor sites that are specific for brain derived C type natriuretic peptide (CNP). In 
contrast BAEC mainly express ANPB receptors that recognise CNP with a low affinity. 
BCEC unlike BAEC do not express the constitutive form of NO synthase. They can be 
induced to express the inducible form of NO synthase in response to cytokines such as 
interleukin-1 and tumor necrosis factor. BCEC and BAEC express a P2 receptor that 
recognises ATP and UTP and that is coupled to phospholipase C. In addition BAEC have a 
P2y receptor coupled to phospholipase C. BCEC do not express P2y receptors but have an 
ADP specific receptor that induces the mobilisation of intracellular calcium stores in the 
absence of measurable production of inositol phosphates. Finally BCEC, unlike BAEC, 
express high level of soluble guanylate cyclase which can be activated by exogenous NO and 
NO donnor molecules.
It is concluded that rat BCEC have a unique phenotype that is clearly distinct from that of 
BAEC. It is furthermore suggested that vasoactive agents have different functions in brain 
microvessels and in large peripheral vessels. In peripheral vessels, vasoactive agents 
(endothclins, NO, ATP) are produced by endothelial cells and control the contractility of 
vascular smooth muscle cells. In central microvessels, vasoactive agents may originate from 
neuronal and glial cells and control the properties of endothelial colic. Putative targets for 
vasoactive agents in BCEC will be discussed as well as possible heterogeneity of capillary 
endothelial cells.
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PHARMACOLOGICAL MODULATION OF ISCHEMIC BRAIN 
EDEMA: EFFECTS OF VARIOUS PUTATIVE ANTI-EDEMA 
AGENTS AFTER FOCAL CEREBRAL ISCHEMIA IN CATS

Johshita, H. and Asano*, T.

Saitama Cardiovascular Center Project Office, Dept, of Public Health, 
Saitama Prefectural Government; *Dept. of Neurosurgery,

Saitama Medical Center, Saitama Medical School

The e x a c t m echanism  u n d e r ly in g  ischem ic edem a d u r in g  
(p ro lo n g ed ) a n d /o r  a f te r  ( r e p e r fu s io n )  edem a a f t e r  fo ca l ischem ia  is 
s t i l l  n o t p re c is e ly  u n d e rs to o d . S ince sav in g  liv in g  t i s s u e  from  an  
ischem ic a n d /o r  re p e r fu s io n  in ju r y  is  v ita lly  im p o rta n c t from  b o th  a 
b a s ic  a n d  c lin ic a l s ta n d p o in t , we es tim a ted  th e  e ffe c ts  o f v a rio u s  
p u ta t iv e  a n t i—edem a d ru g s  on  t r a n s o r b i ta l  c a t m iddle c e re b r a l  
o cc lu s ion  (MCAO) model.

M ateria ls a n d  m ethod: T he MCA of th e  anim al w as a p p ro a c h e d  
t r a n s o rb i ta l ly  u n d e r  h a lo th a n e  a n e s th e s ia  an d  w as o cc lu d e d  fo r  4 
h o u rs  (p ro lo n g e d  ischem ia, P I) o r  o cc luded  fo r  2 h o u rs  a n d  
re c i rc u la te d  f o r  2 h o u rs  (re c irc u la tio n , RC). LCBF was m onito red  by 
h y d ro g e n  c le a ra n c e  te c h n iq u e  in  six  e le c tro d es  im p lan ted  in  th e  MCA 
te r r i t o r y  a n d  th e  c o r r e s p o n d in g  c o rtic a l sp ec ific  g ra v i ty  (со—SG) was 
m easu red  b y  m ic ro g ra v im e try  in  th e  each e le c tro d e  s i te . B oth in  th e  
P I a n d  RC g ro u p s  (7-11 c a ts  in  e ach  g ro u p ), th e  d e p th  o f ischem ia 
w as e x p re s s e d  b y  th e  a v e ra g e  1CBF value  in  each  e le c tro d e  d u rin g  
ischem ia. In  th e  PI g ro u p s  th e  follow ing a g e n ts  (p r e tre a tm e n t i f  no t 
in d ic a te d  in  p re n th e s is )  w e re  te s te d :  two calcium  a n ta g o n is ts ; 
n ic a rd ip in e  (p r e - tr e a tm e n t  a n d  p o s t  tre a tm e n t) , a n d  2— 
n ico tin am id o e th y l n it r a te  (SG-75, p o s t- tr e a tm e n t) , in d o m eth ac in , 
BW755-C, OP-41483 an d  ONO-47241 (PGI2 an a lo g u e s), a n d  ONO-3144,
AVS (1 ,2 -b is  (n ic o tia m id o )-p ro p a n e ) , eb se len , a n d  T irilazad  M esylate as 
ra d ic a l s c a v e n g e r s .  In  th e  RC g ro u p s , a  th rom boxane  a n ta g o n is t  (OKY- 
1581), in d o m eth ac in , ONO-3144, AVS, ebse len  a n d  T irilazad  M esylate 
(U74,600F) w e re  te s te d .

R esu lts  a n d  conclu sion : Follow ing p ro lo n g ed  ischem ia, n icard ip in e  
a n d  SG-75 som ew hat e x a c e rb a te d  c o r tic a l w a te r c o n te n t in  th e  core  of 
th e  lesion  a lth o u g h  1CBF in c r e a s e d  in  th e  m odera te  a n d  lig h tly  
ischem ic a re a s .  In d o m eth ac in  s ig n if ic a n tly  in c re a s e d  edem a form ation 
in  th e  m o d era te ly  ischem ic a r e a  w hile 0N0—47241, AVS, a n d  eb se len  
c a u se d  s ig n if ic a n tly  im p ro v em en t in  th e  s e v e re ly  ischem ic (ONO-47241, 
AVS, e b se len ) a n d  m odera te ly  ischem ic  (AVS) a re a s .  Со-SG  v a lu es  of
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th e  g ro u p s  t r e a t e d  by  OP-41483, BW-755C, ONO-3144 a n d  U74.600F 
w ere  n o t d i f f e r e n t  from th o s e  o f  th e  c o n tro l g ro u p . In  th e  RC 
g ro u p s , in d o m eth ac in , ONO-3144 a n d  eb se len  s ig n if ic a n tly  am eliorated  
edem a fo rm ation  in  th e  s e v e re ly  ischem ic a re a . AVS w as f u r th e r  
e ffe c tiv e  in  m o d era te ly  isch em ic  a re a s  w hile U74,600F w as e ffec tive  
o n ly  in  th i s  a re a .  OKY-1581 w as in e ffe c tiv e . T he d is tr ib u tio n  
h is to g ram s o f  со—SG a f te r  p ro lo n g e d  ischem ia  w ere  m ostly  unim odal 
w hile th e  h is to g ra m s  w ere b im odal in  th e  RC g ro u p s  a n d  th e  g roups 
p o s t - t r e a te d  w ith  calcium  a n ta g o n is t ,  in d ic a tin g  t h a t  pharm acological 
m ic ro -re c irc u la tio n  m ight be  in d u c e d  by  calcium  b lo c k e rs . The above 
r e s u l ts  may im ply  th a t ,  fo r  th e  tr e a tm e n t o f cy to to x ic  edem a, some 
PGI2 an a lo g u e  a n d  ra d ic a l s c a v e n g e r s  may be  u s e fu l w hile b lockade of 
cy c lo o x y g en ase  o r  lip o x y g en ase  may no t be  u se fu l, a n d  th e  u se  of 
calcium  b lo c k e rs  m igh t b e  e v e n  harm ful. In  c o n tr a s t ,  th e  fa c t  th a t  
a ll th e  ra d ic a l  s c a v e n g e r s  a n d  th e  cy c looxygenase  in h ib ito r  had 
s ig n if ic a n t e f f e c ts  on r e p e r fu s io n  edem a s t ro n g ly  in d ic a te s  f re e  
ra d ic a l g e n e ra t io n  in  th i s  p a th o lo g ica l cond ition .
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CONTRIBUTION OF THE IN VITRO APPROACH 
TO BLOOD-BRAIN BARRIER RESEARCH

Ferenc Joó

Biological Research Center, 6701-Szeged, Hungary

Ever since the discovery of restricted material exchange existing between the blood 
and the brain, the ultimate goal of subsequent studies has been mainly directed towards 
the elucidation of relative importance of different cellular compartments in the peculiar 
penetration barrier consisting the structural basis of the blood-brain barrier. It is now 
generally believed that apart from a few exceptions where the structural basis of 
restricted movement of certain substances is due to an impermeable glial sheath, the 
cerebral endothelial cells regulate the entry of solutes and macromolecules from the 
blood circulation to the brain tissue in the majority of vertebrates. After an era of 
studying with endogenous or exogenous tracers the unique permeability properties of 
cerebral endothelial cells in vivo, the next generation of blood-brain barrier model systems 
was introduced, when the conditions for isolating the microvessels from brain tissue and 
culturing the endothelial cells were established. Recent advances in our knowledge of the 
blood-brain barrier have in part been made by studying the properties and function of 
cerebral endothelial cells with this in vitro approach. Namely, a considerable amount of 
new information has been gained during the last twenty years in respect to the basic 
chemical, biochemical and physiological properties of the blood-brain barrier. This review 
will summarize in brief those main results, which were obtained by the use of the in vitro 
approach.
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PHENOTYPIC DIVERSITY OF CLONED CEREBRAL 
CAPILLARY ENDOTHELIAL CELLS REFLECTS 

DIFFERENT FUNCTIONS IN THE BRAIN

Bauer, H.C., Schwärzier, C, Amberger, A., Webersinke, G.,
Zach*, O., Karlhuber, G., Adam, H. and Bauer*, H.

Inst. Mol. Biol. (Austr. Acad. Sei.), Billrothstrasse 11, Salzburg, Austria 
and ’Inst. Zool., Univ. Salzburg, Austria

Cloned cerebral capillary endothelial cells (cEC) of porcine and murine origin have 
recently been shown to differentiate reversibly into two distinct phenotypes, 
depending on environmental conditions. Addition of ECGF and heparin leads to 
the expression of a cobblestone-like appearance (type I cEC), whereas depletion 
of these factors results in a spindle-formed, “smooth-muscle like" morphology (type 
II cEC). The two cell types were shown to differ markedly in their responsivness to 
glial stimulation, i.e. blood-brain barrier induction in vitro. Bbb-function was 
estimated by the activation of bbb-related marker enzymes, such as NaK-ATPase 
and gamma-glutamyl transpeptidase. This led us to formulate the testable 
hypothesis that type I cEC correspond to the blood-brain barrier endothelium in 
vivo, which was further supported by the finding that GLUT 1 mRNA level was 
significantly higher in this cell type compared to type II cEC. We have further shown 
that type II cEC migrate at a much higher rate than do type I cells and also express 
a-actin mRNA and protein, which may indicate that this cell type is rather involved 
in capillary formation and invasion. Protein expression pattern of cEC of both 
phenotypes was examined with 2-D-PAGE and the GELLAB II 2-D-gel analysis 
system. Besides a-actin, there were two proteins (36 kD and 90 kD), which could 
only be found in typ I cEC.
In another set of experiments an attempt was made to investigate the involvement 
of the endothelial basement membrane In blood-brain barrier function. To this end, 
the expression of the major exctracellular matrix protein-components was studied 
by Northern analysis. We have demonstrated that cEC of different morphology 
display variations in the expression of flbronectln, thrombospondin I and collagen 
IV. Unexpectedly, the calcium-binding protein SPARC (osteonectin) could not be 
detected in any of the capillary endothelial cells examined.
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EXPRESSION OF THE LDL RECEPTOR IN BRAIN CAPILLARY 
ENDOTHELIAL CELLS IS STIMULATED BY A SOLUBLE 

FACTOR(S) SECRETED FROM ASTROCYTES

Dehouck, B., Dehouck, M.P., Fruchart, J.C. and Cecchelli, R.

SERLIA-INSERM U325, Institut Pasteur, 59019 Lille Cédex, France

The presence of lipoproteins, apolipoproteins, and their receptors in the brain could 
provide a system for cholesterol homeostasis, as they do in other tissues. Our previous 
work demonstrating "in vivo" the occurrence of a low density lipoprotein (LDL) receptor 
on the endothelium of brain capillaries has suggested that this cerebral endothelial 
receptor plays a role in lipid transport across the blood-brain barrier. To examine further 
the function of this receptor, we have established an "in vitro" model, that closely mimics 
the "in vivo” situation, by co-culturing brain capillary endothelial cells and astrocytes. In 
these conditions brain capillary endothelial cells specifically bind LDL. This binding was 
totally blocked by antibody C7, known to interact with the receptor binding domain, 
suggesting the presence of LDL receptor on brain capillary endothelial cells in culture and 
its interaction with LDL. Furthermore, we observed that the capacity of endothelial cells 
to bind LDL is enhanced 3 fold when cocultured with astrocytes. For this reason, we 
next investigated the ability of astrocytes to modulate endothelial cell LDL receptor 
expression. When only astrocytes of the coculture were preincubated in lipoprotein 
deficient media, binding of LDL to endothelial cells was increased a further 6 fold, 
indicating that the lipid requirement of astrocytes increases the expression of endothelial 
cell LDL receptor. This upregulation specifically affected the LDL receptor, not the 
acetyl-LDL receptor. Experiments with dialysis membranes of different pore size showed 
that this effect is mediated by a soluble factor(s) with a molecular weight somewhere 
between 3,500 and 14,000. This factor(s) is exclusively secreted by astrocytes cocultured 
with brain capillary endothelial cells, but it also upregulates the LDL receptor on other cell 
types. These results demonstrate that the blood-brain barrier could be considered as an 
active interface that has a critical role in the maintenance and regulation of brain 
functions.
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K-OPIOID RECEPTOR TYPE BINDING SITES 
IN CULTURED RAT CEREBRAL ENDOTHEUIAU CELLS

Deli*, M.A., Bajenaru", M.L., Maderspach’*, K. and Jod*, F.

Laboratory of Molecular Neurobiology, Institutes of Biophysics* 
and Biochemistry**, Biological Research Centre, Szeged, Hungary

Cerebral microvascular endothelial cells forming blood-brain barrier in co-operation 
with astrocytes, neurons, and pericytes, play pivotal role in the homeostatic regulation of 
CNS during physiological and pathological processes. Opioid receptor binding was first 
demonstrated in isolated cerebral microvessels by Peroutka in 1980 using tritiated 
naloxone and DALE. Oktem described that an irreversible д-opioid receptor ligand, 
DAMCK, labelled one major and two additional minor protein bands on isolated rat brain 
microvascular membranes. Though different opioid receptors were characterized both in 
cultured neurons and astroglial cells , no information could be found in the literature 
concerning opioid binding to endothelial cell cultures prepared from brain capillaries. 
Recently, a monoclonal antibody, KA8, recognizing k- but not д- and 5-opioid receptors 
has been raised.

Primary cultures of endothelial cells isolated from rat cerebral cortex microvessels 
were characterized by the presence of factor VIH-related antigen and Baridéira 
simplicifolia lectin binding. Monoclonal antibody KA8, raised in mice against k-opioid 
receptor enriched frog brain membrane fractions, recognizing k- but not д- and 5-opioid 
receptors (Maderspach et al. (1991) / .  Neurochem. 56, 1897-1904) gave a dot-like, 
perinuclear immunohistochemical staining on endothelial cells. (3H)naloxone binding assay 
showed low affinity and low capacity binding sites on intact cultures, cell suspensions and 
cell homogenates. Our present data may suggest the existence of k-opioid receptors in 
cerebral endothelial cells.
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RECEPTOR-MEDIATED TRANSCYTOSIS OF TRANSFERRIN 
AT THE BLOOD BRAIN BARRIER

Descamps, L., Dehouch, M.P., Dehouck, B., Fruchart, J.C. and Cecchelli, R.

SERLIA-INSERM U325, Institut Pasteur, 59019 Lille Cédex, France

It is now well established that transferrin (the principal iron carrier serum protein) 
receptors are present on the luminal surface of brain capillary endothelial cells, and that these cell 
type is the site for transendothelial transport of iron to supply the central nervous system with its 
iron requirements. Moreover, brain microvessels endothelial cells appear to express more 
transferrin receptors relative to other capillary beds from major organs (except liver).

Using a coculture model of bovine brain capillary endothelial cells and rat astrocytes, we 
have shown that bovine transferrin bind specifficaly on brain capillary endothelial cells. Because 
there are few cell surface receptors, we have treated cells with saponin in order to have access to 
total cellular transferrin receptors. In contrast to bovine transferrin, no fixation was observed 
with human transferrin, demonstrating the specificity of the receptor-ligand interactions. To 
examine further the function of this receptor, we have studied accumulation and subsequent 
efflux of transferrin in brain endothelial cells. In these conditions, no efflux was directed 
towards the apical side, or by analogy, the luminal side, but only towards the abluminal side. 
Furthermore, we have shown that these cells, in contrast to other works performed with primary 
culture of brain microvessels endothelial cells, are the site of a specific transendothelial transport 
of transferrin. This phenomen is inhibited at low temperatures. We have also noted, that no 
transferrin degradation was observed. Moreover, non loaded transferrin did not cross the blood 
brain barrier (BBB) as much as holotransferrin, This result was consistent with other works on 
other cell types, which show that apotransferrin has less affinity to its receptor than 
holotransferrin.

In conclusion, all these results suggest that our BBB endothelial cell monolayers are 
polarized in a blood-brain direction, and that they are the site for transendothelial transport of the 
iron-transferrin complex to the brain.
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AN IN VITRO MODEL FOR HYPOXIA/REOXYGENATION 
WITH ENDOTHELIAL CELLS

Mertsch, K., Grime, T., Ladhoff, A. and Blasig, J.

Forschungsinstitut für Molekulare Pharmakologie, 
Alfred-Kowalke-Str. 4, 0-1136 Berlin, Germany

Reactive oxygen species are important mediators of a variety of pathological processes 
of the brain including atherosclerosis, inflammation and ischemia/reperfusion.

The two main functions of cerebral endothelium - maintenance of a blood-brain-barrier 
and preservation of the blood fluidity - are affected by reactive oxygen species occurring 
during disturbances related to hypoxia. Because endothelial cells play an important role 
during postischemic oxidative stress - as a source and/or a target of oxygen free radicals 
- they are still of interest as a cellular model for in vitro investigating 
hypoxia/reoxygenation processes.

The experiments were performed by means of aortic endothelial cells as well as brain 
endothelial cells which underwent hypoxia (95% N2) and reoxygenation (95% 0 2). The 
parameters investigated - LDH - leakage, lactate, ATP, ADP, TBARS - clearly indicate 
cell damage. The concentration of TBARS is significantly enhanced after 15 min and 30 
min of reoxygenation following 2 h of hypoxia (95% N2, 5% C02) in brain endothelial 
cells compared to control cells and cells after 2 h hypoxia. In aortic endothelial cells 
TBARS - increase was significant only after 30 min of reoxygenation.

Electron micrographs of cells after 2 h hypoxia, 2 h hypoxia and 15 min/or 30 min 
reoxygenation respectively showed an increasing amount of lysosomes, multivesicular 
bodies, vacuoles and - during reoxygenation - blebs compared to normoxic control 
incubation. Lipofuscin was detected in some cells. Cell damage seems to reach a greater 
extent in brain endothelial cells.

The presented models for hypoxia/reoxygenation for brain endothelial cells (primary) and 
aortic endothelial cells (cell line) are suitable tools for the investigation of protective 
substances in pharmacology and for studying pathological mechanisms on blood-brain- 
barrier.
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REGULATION OF GAMMA-GLUTAMYL TRANSPEPTIDASE 
AND ALKALINE PHOSPHATASE ACTIVITIES IN  IMMORTALIZED 

RAT BRAIN MICROVESSEL ENDOTHELIAL CELLS

R oux ,  F . S . ,  E l  H a f n i ,  B . , B a r d o u l ,  M .,
B o u r r e ,  J . - M . ,  C o u ra u d ,  P . - O .

INSERM U .2 6 ,  H o s p i t a l  F e r n a n d  W id a l ,  200 r u e  du  F a u b o u r g  
S a i n t - D e n i s ,  75010  P a r i s ,  F r a n c e

The s i g n a l s  t h a t  i n d u c e  e n d o t h e l i a l  c e l l s  t o  e x p r e s s  t h e  
b l o o d - b r a i n  b a r r i e r  p h e n o t y p e  a r e  b e l i e v e d  t o  r e s u l t  f rom  
s p e c i f i c  i n t e r a c t i o n s  b e t w e e n  c a p i l l a r y  e n d o t h e l i a l  c e l l s  
an d  t h e  e n s h e a t h i n g  p e r i v a s c u l a r  a s t r o c y t e s .  The i n  v i t r o  
s t u d y  o f  t h e  m o l e c u l a r  m e c h a n is m s  o f  t h i s  i n d u c t i o n  h a s  
b e e n  d e p e n d a n t  s o  f a r  on  t h e  a v a i l a b i l i t y  o f  p u r e  and  
a b u n d a n t  c u l t u r e s  o f  b r a i n  m i c r o v e s s e l  e n d o t h e l i a l  c e l l s .  
T h i s  s t u d y  w as p e r f o r m e d  w i t h  i m m o r t a l i z e d  r a t  b r a i n  
m i c r o v e s s e l  e n d o t h e l i a l  c e l l s ,  w h ic h  w e r e  i s o l a t e d  a f t e r  
t r a n s f e c t i o n  o f  p r i m a r y  c u l t u r e s  w i t h  t h e  p l a s m i d  E1A- 
A d e n o v i r u s  e n c o d i n g  g e n e .  T h e s e  c e l l s  d i s p l a y e d  a n o n -  
t r a n s f o r m e d  e n d o t h e l i a l  p h e n o t y p e  c h a r a c t e r i z e d  by  t h e  
e x p r e s s i o n  o f  F a c t o r  V I I I - r e l a t e d  a n t i g e n  and  o f  b i n d i n g  
s i t e s  f o r  t h e  l e c t i n  B a n d e i r a e a  S i m p l i c i f o l i a ,  a s p i n d l e -  
s h a p e d  m o r p h o lo g y  when p r o l i f e r a t i n g  i n  t h e  p r e s e n c e  o f  
b a s i c  f i b r o b l a s t  g r o w th  f a c t o r  (bFGF) a n d  t h e  f o r m a t i o n  a t  
c o n f l u e n c e  o f  a c o n t i n u o u s  m o n o la y e r  o f  n o n - o v e r l a p p i n g  
c e l l s .

When RBE4 c e l l s  w e r e  g ro w n  on  c o l l a g e n - c o a t e d  t i s s u e  
c u l t u r e  p l a s t i c ,  i n  medium c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  
o f  bFGF, c o n f l u e n t  c u l t u r e s  d e v e l o p e d  s p r o u t s  t h a t  e x t e n d  
a b o v e  t h e  m o n o la y e r  and  o r g a n i z e d  i n t o  t h r e e - d i m e n s i o n a l  
s t r u c t u r e s .  G am m a-g lu tam y l t r a n s p e p t i d a s e  a c t i v i t y  (gamma- 
,T) , a  b l o o d - b r a i n  b a r r i e r  a s s o c i a t e d  en zy m e ,  and  a l k a l i n e  

p h o s p h a t a s e ,  a  m i c r o v a s c u l a r  m a r k e r ,  c o u l d  b e  shown i n  
n u m e ro u s  c e l l s  i n s i d e  t h e s e  s t r u c t u r e s .

I n  c u l t u r e s  t r e a t e d  by d i f f e r e n t i a t i n g  a g e n t s ,  s u c h  a s  
r e t i n o i c  a c i d ,  8 -b ro m o  c y c l i c  AMP, p h o r b o l  1 2 - m y r i s t a t e  1 3 -  
a c e t a t e  (PMA) a n d  s o d iu m  b u t y r a t e ,  e x p r e s s i o n  o f  gamma-GT 
an d  a l k a l i n e  p h o s p h a t a s e  a c t i v i t i e s  w as i n c r e a s e d .  W ith  
r e t i n o i c  a c i d  and  PMA, i n c r e a s e d  a c t i v i t i e s  c o u l d  be  
a s s o c i a t e d  w i t h  i n c r e a s e d  f o r m a t i o n  o f  t u b u l a r  s t r u c t u r e s .  
I n  a c o c u l t u r e  s y s t e m  w i t h  a d i r e c t  c e l l - c e l l  c o n t a c t  
b e t w e e n  a s t r o g l i a l  c e l l s  a n d  RBE4 c e l l s ,  gamma-GT a c t i v i t y  
was m a r k e d l y  e n h a n c e d  i n  e n d o t h e l i a l  c e l l s ,  w h e r e a s  no 
s i g n i f i c a n t  c h a n g e  i n  a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  was 
o b s e r v e d .

T h e s e  r e s u l t s  show t h a t  t h e  i m m o r t a l i z e d  r a t  b r a i n  
m i c r o v e s s e l  e n d o t h e l i a l  c e l l s  RBE4, b e s i d e  d i s p l a y i n g  a 
n o n - t r a n s f o r m e d  e n d o t h e l i a l  p h e n o t y p e ,  r e m a i n  s e n s i t i v e  t o  
a n g i o g e n i c ,  d i f f e r e n t i a t i n g  and  a s t r o g l i a l  f a c t o r s  
r e g a r d i n g  t h e  e x p r e s s i o n  o f  t h e  b l o o d - b r a i n  b a r r i e r  gamma- 
GTP e n z y m a t i c  a c t i v i t y .  A l k a l i n e  p h o s p h a t a s e  a c t i v i t y  would  
n o t  b e  m o d i f i e d  by a s t r o g l i a l  f a c t o r s  a n d  may b e  r e g u l a t e d  
by  d i f f e r e n t  m e c h a n is m s .
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CHANGES OF VASCULAR PERMEABILITY IN THE ADULT 
DORSAL ROOT GANGLION TRANSPLANTED INTO THE 

OLFACTORY BULB OF NEONATAL RAT

Sekerkova1,2, G., Malatova1, Z„ Orendacova1, J., Halász2, N., Zigova1, T.

Neurobiological Institute, Srobarova 57, 040 00 Kosice, Slovakia 
and Biological Research Centre, H-6701 Szeged, Hungary

Our previous histochemical study have shown butyrylcholinesterase positive blood 
vessels growing out from the host olfactory bulb into the transplanted adult dorsal root 
ganglia [DRG] suggesting their blood- brain barrier properties [ВВВ]. In the present work 
we wanted to confirm the changed vascular permeability of transplanted DRG. For this 
reason we applied Lucifer yellow [LY] and Evans blue [EB] as tracers for fluorescent 
microscopy and Lanthanum nitrate as a tracer for electron microscopy.

In the control DRG the sensory neurons exhibiting yellowish fluorescence were 
surrounded by blood vessels showing EB red or LY green fluorescence. Three months 
postoperatively we found only few labelled blood vessels either with EB or LY on the 
surface of the transplanted DRG. There were no labelled blood vessels around the surviving 
neurons showing yellowish dot-like labelling similar to control. Some neurons with damaged 
membranes were filled with LY appeared as green neurons in the fluorescence microscope. 
By electron microscopic study we found electron-dense lanthanum in the lumina of blood 
vessels adhered to their inner surface. The lanthanum particles entered the clefts between 
endothelial cells. In the majority of the blood vessels the tight junctions did not allow 
lanthanum ions to penetrate into intercellular compartment. In some blood vessels the 
pinocytosis of tracer was obvious. In few cases we observed a massive penetration of 
lanthanum particles through spaces between endothelial cells. It can be concluded that the 
vascular permeability of the transplanted DRG may have partially changed and a chimeric 
vascularization between the host and donor blood vessels occurred.
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Neurobiology 1 (4), pp. 313-325, 1993

OPTIC TERMINALS FORM AXOSOMATIC SYNAPSES WITH 
DEEP TECTAL NEURONS IN B U F O  M A R IN U S

R o b e r t  G á b r i e l 1  a n d  C h a r l e s  S t r a z n i c k y 2

d e p a r t m e n t  o f  Z o o lo g y ,  A t t i l a  J ó z s e f  U n i v e r s i t y ,  S z e g e d ,  
H u n g a ry  a n d  d e p a r t m e n t  o f  A natom y a n d  H i s t o l o g y ,  The F l i n d e r s  

U n i v e r s i t y  o f  S o u th  A u s t r a l i a ,  A d e l a i d e ,  A u s t r a l i a

Sum m ary. P r e v i o u s  s t u d i e s  h a v e  shown t h a t  a  s m a l l  
p r o p o r t i o n  o f  t h e  r e t i n a l  f i b r e s  t o  t h e  o p t i c  t e c t u m  
t e r m i n a t e s  i n  t h e  d e e p  t e c t a l  c e l l u l a r  l a y e r s  
( l a y e r s  6  an d  4) i n  A n u ra .  H o r s e r a d i s h  p e r o x i d a s e  

w as  a p p l i e d  t o  t h e  c u t  c e n t r a l  e n d  o f  t h e  o p t i c  
n e r v e  o f  Bufo marinus  t o  s t u d y  t h e  s y n a p t i c  
c o n n e c t i o n s  o f  t h e s e  r e t i n o t e c t a l  a f f e r e n t s .  Some o f  
t h e  r e t i n o t e c t a l  a f f e r e n t s  a r r i v e  a t  t h e  d e e p  t e c t a l  
l a y e r s  a n d  fo rm  s y n a p s e s  w i t h  d e n d r i t e s  (7% o f  a l l  
t e c t a l  i n p u t s )  an d  on t h e  s o m a ta  o f  t h e  d e e p  t e c t a l  
c e l l s  (0 .4%  o f  a l l  t e c t a l  i n p u t s ) .  T h e s e  s y n a p s e s  
may e i t h e r  s e r v e  a s  e l e m e n t s  o f  t h e  d im m ing  
d e t e c t i o n  s y s t e m  o r  c o u l d  b e  t h e  m o r p h o l o g i c a l  
s u b s t r a t e s  o f  a  d i r e c t  l i n k  b e t w e e n  t h e  v i s u a l  a n d  
t h e  d e s c e n d i n g  m o to r  s y s t e m .

Key w o r d s :  h o r s e r a d i s h  p e r o x i d a s e ,  a n t e r o g r a d e  t r a n s p o r t ,
o p t i c  f i b r e s ,  d e e p  t e c t a l  n e u r o n s ,  a x o s o m a t i c  s y n a p s e s ,  A n u r a .

INTRODUCTION

M o s t  o f  t h e  a x o n s  o f  r e t i n a l  o r i g i n  a r r i v e  a t  t h e  
s u p e r f i c i a l  l a y e r  ( l a y e r  9) o f  t h e  o p t i c  t e c t u m  (ОТ) i n  f r o g s  
a n d  t e r m i n a t e  i n  a  v e r y  s i m i l a r  f a s h i o n  i n  a l l  s p e c i e s  s t u d i e d  
t o  d a t e .  T he  t h i c k  m y e l i n a t e d  f i b r e s  h a v e  b e e n  f o u n d  i n  f o u r  
(B, D, F a n d  G) b a n d s  w h i l e  t h e  t h i n  u n m y e l i n a t e d  a x o n s  i n  A, 
C a n d  E l a m i n a e  ( L á z á r ,  1 9 7 8 ;  M ontgom ery  an d  F i t e ,  1 9 8 9 ;  
P o t t e r  1 9 7 2 ;  S c a l i a  an d  G oldm an ,  1 9 7 4 ;  T ó th  e t  a l . ,  1 9 8 0 ;
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W i lc z y n s k y  a n d  N o r t h c u t t ,  1 9 7 8 ) .  I t  h a s ,  h o w e v e r ,  b e e n  
r e c o g n i s e d  t h a t  some f i b r e s  a l s o  p e n e t r a t e  i n t o  t h e  d e e p e r ,  
c e l l u l a r  l a y e r s  ( l a y e r s  6  an d  4) o f  t h e  ОТ ( L á z á r ,  1 9 7 8 ;  Wye- 
D v o ra k  e t  a l . ,  1992) c o u r s i n g  among n e u r o n a l  s o m a ta .

The s y n a p t i c  c o n n e c t i o n s  o f  t h e  f i b e r s  w h ic h  t e r m i n a t e  i n  
l a y e r  9 o f  t h e  ОТ h a s  b e e n  d e s c r i b e d  ( L á z á r  and  S z é k e l y ,  1 9 6 9 ;  
S z é k e l y  a n d  L á z á r ,  1 9 7 6 ;  P o t t e r ,  1 9 6 9 ) .  O p t i c  a x o n  t e r m i n a l s  
s y n a p s e  on t h e  a p i c a l  d e n d r i t e s  o f  t h e  p r o j e c t i o n  n e u r o n s  an d  
o f  i n t e r n e u r o n s .  None o f  t h e  o p t i c  a x o n s  w e re  f o u n d  t o  s y n a p s e  
on  n e u r o n a l  p e r i k a r y a .  The s y n a p s e s  o f  t h e  o p t i c  f i b r e s  t h a t  
d e s c e n d  i n t o  t h e  d e e p  t e c t a l  l a y e r s  h a v e  n o t  b e e n  d o c u m e n te d  
i n  t h e s e  s t u d i e s .  T h e r e f o r e ,  i n  t h e  p r e s e n t  s t u d y  we a im e d  a t  
e x a m i n i n g  t h i s  c o m p o n en t  o f  t h e  r e t i n o t e c t a l  s y n a p t i c  
a s s e m b l y .

MATERIALS AND METHODS

F o u r  a d u l t  c a n e  t o a d s  (Bufo marinus)  f rom  b o t h  s e x e s  w e r e  
u s e d  i n  t h i s  s t u d y .  The a n i m a l s  w e r e  o b t a i n e d  f ro m  a  N o r t h  
Q u e e n s l a n d  ( A u s t r a l i a )  s u p p l i e r  a n d  k e p t  a t  room t e m p e r a t u r e  
u n d e r  1 2  h  l i g h t / d a r k  c y c l e s .

Anterograde transport of horseradish peroxidase (HRP)

A n im a ls  w e r e  a n a e s t h e t i s e d  w i t h  i n t r a p e r i t o n e a l l y  
a d m i n i s t e r e d  0 . 3 - 0 . 4  ml 5% t r i c a i n e  m e t h a n e s u l p h o n a t e  (MS 2 2 2 ;  
S igm a)  s o l u t i o n .  The r i g h t  o p t i c  n e r v e  w as a p p r o a c h e d  t h r o u g h  
t h e  p a l a t e  a n d  c u t  c l o s e  t o  t h e  e y e  b a l l .  The c e n t r a l  p o r t i o n  
o f  t h e  n e r v e  w as  i n t r o d u c e d  i n t o  a p o l y t h e n e  t u b e  f i l l e d  w i t h  
a s a t u r a t e d  ( c c a .  30%) s o l u t i o n  o f  HRP ( B o e h r i n g e r )  , d i s s o l v e d  
i n  0.1M p h o s p h a t e  b u f f e r  (PB; pH 7 . 4 ) .  The t u b e  w as  l e f t  on 
t h e  n e r v e  s tu m p  f o r  3 h a t  4°C , t h e n  t h e  a n i m a l s  w e r e  a l l o w e d  
t o  r e c o v e r  a n d  t o  s u r v i v e  f o r  a n o t h e r  3 d a y s .  The a n i m a l s  w e r e  
f i n a l l y  s a c r i f i c e d  by  a n  o v e r d o s e  o f  MS 22 2 .  The s k u l l  was 
o p e n e d  o v e r  t h e  l e f t  t e c t u m  an d  f i x e d  i n  s i t u  w i t h  d r o p s  o f  
2 .5% g l u t a r a l d e h y d e  (Merck) i n  0.1M PB (pH 7 . 4 ) .  The ОТ was 
re m o v e d  a n d  f i x e d  f u r t h e r  by im m e r s io n  i n  t h e  sam e f i x a t i v e  
f o r  3 h a t  room  t e m p e r a t u r e .  The ОТ w as t h e n  c u t  c o r o n a l l y  
i n t o  300-400/im  t h i c k  s l i c e s  w i t h  a  f i n e  r a z o r  b l a d e ,  a n d  t h e  
v i s u a l i s a t i o n  o f  t h e  t r a n s p o r t e d  HRP w as  d o n e  by  t h e  m e th o d  o f  
Adams ( 1 9 7 7 ) ,  w i t h  t h e  m o d i f i c a t i o n  i n t r o d u c e d  f o r  f r o g s
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Figure 1 .  The d i s t r i b u t i o n  o f  H R P - l a b e l l e d  o p t i c  t e r m i n a l s  i n  
t h e  ОТ o f  Bufo marinus.  a. The d i s t r i b u t i o n  o f  o p t i c  t e r m i n a l s  
i n  l a y e r  9 o f  t h e  ОТ. L e t t e r s  B, D, F a n d  G l a b e l  t h e  
r e s p e c t i v e  l a m i n a e  o f  t h e  t e c t u m .  A rro w :  a  t h i n  f i b r e
d e s c e n d i n g  t o  l a y e r  6 , shown w i t h  h i g h e r  m a g n i f i c a t i o n  i n  b. 
Scale bars: 100 pm i n  a a n d  20 pm i n  b. c. A b o u t o n  f o rm e d  by  
a  l a b e l l e d  o p t i c  f i b r e  a t  a d e e p  t e c t a l  c e l l  b o d y  (n eb )  i n  
l a y e r  6 . Scale bar: 20 pm.
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( S t r a z n i c k y  a n d  S t r a z n i c k y ,  1 9 8 8 ) .  B r i e f l y ,  s e c t i o n s  w e r e  
f i r s t  p r e i n c u b a t e d  i n  0.1M T r i s  b u f f e r  (pH 7 . 6 )  c o n t a i n i n g
0.05% 3 , 3 1- d i a m i n o b e n z i d i n e  (DAB), 0.05% C oC l 2  a n d  0.1% 
i m i d a z o l e  f o r  4 h  a t  4°C . F i n a l  i n c u b a t i o n  w as  a t  room 
t e m p e r a t u r e  f o r  20 m in  i n  0 .  IM T r i s  b u f f e r  c o n t a i n i n g  0.05% 
DAB, 0.1% i m i d a z o l e  an d  0.01% H2 0 2 . A f t e r  t h o r o u g h  r i n s i n g  i n  
0.1M PB, t i s s u e s  w e r e  p r o c e s s e d  f o r  t h e  e l e c t r o n  m i c r o s c o p e .

Processing for the electron microscope

T i s s u e  p i e c e s  w e r e  t r e a t e d  i n  1% OSO4  (M erck) i n  0.1M PB 
(pH 7 . 4 )  f o r  1 h  a n d  t h e n  d e h y d r a t e d  t h r o u g h  a s c e n d i n g  e t h a n o l  
s e r i e s .  A m id s t  d e h y d r a t i o n ,  b l o c k  c o n t r a s t i n g  t o o k  p l a c e  i n  
70% e t h a n o l  s a t u r a t e d  w i t h  u r a n y l  a c e t a t e  f o r  1 h .  T he  s a m p l e s  
w e r e  em bedded  i n  D u rc u p a n  ACM r e s i n  ( F lu k a )  a n d  p o l y m e r i s e d  
f o r  48 h a t  5 6 °C .  S e m i t h i n  (2 Mm) an d  u l t r a t h i n  ( 8 0 - 9 0  nm) 
s e c t i o n s  w e r e  c u t  w i t h  an  MT7 (RMC) m ic r o to m e ,  m o u n te d  on 
s i n g l e - s l o t  c o p p e r  g r i d s  a n d  c o n t r a s t e d  w i t h  l e a d  c i t r a t e .  
S e c t i o n s  w e r e  v i e w e d  an d  p h o t o g r a p h e d  i n  a n  O lym pus BH2 l i g h t  
a n d  a JEOL 1200 EX e l e c t r o n  m i c r o s c o p e .

RESULTS

The a n t e r o g r a d e l y  t r a n s p o r t e d  HRP was o b s e r v e d  a s  d a r k  
c o b a l t - i n t e n s i f i e d  DAB d e p o s i t  t h r o u g h o u t  l a y e r  9 o f  t h e  ОТ 
( F i g .  l a )  . The i n t e n s e l y  l a b e l l e d  l a m in a e  o f  B, D, F a n d  G 
c o u l d  b e  e a s i l y  r e c o g n i z e d  a s  w e l l  a s  l a m i n a e  A, C a n d  E, 
w h ic h  c o n t a i n e d  s m a l l - d i a m e t e r  ( p r o b a b l y  u n m y e l i n a t e d )  f i b r e s .  
Some H R P - f i l l e d  a x o n s  h o w ev e r  c r o s s e d  l a y e r  7 a n d  e n t e r e d  i n t o  
l a y e r  6  ( F i g .  l b )  f o r m i n g  p e r i c e l l u l a r  b a s k e t s  t h e r e  ( F i g .  
l c ) . O c c a s i o n a l l y  l a b e l l e d  t e r m i n a l s  w e re  s e e n  a l s o  i n  l a y e r  4 
o f  t h e  ОТ.

A t t h e  e l e c t r o n  m i c r o s c o p e  l e v e l  t h e s e  f i b r e s  c o u l d  b e  
i d e n t i f i e d  i n  t h e  n e u r o p i l  f o r m i n g  c o n t a c t s  w i t h  d e n d r i t e s  
( F i g .  2 a ,  b) . The s y n a p s e s  b e t w e e n  o p t i c  a x o n s  a n d  d e n d r i t e s  
o f  t e c t a l  n e u r o n s  w e re  l o c a t e d  i n  t h e  d e e p  n e u r o p i l  r e g i o n ,  
many o f  th e m  c l e a r l y  s h o w in g  a s y m m e t r i c  m em brane 
s p e c i a l i z a t i o n s  ( F i g .  2b) .
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Figure 2. A x o d e n d r i t i c  c o n t a c t s  i n  t h e  d e e p  n e u r o p i l ,  a. G ro u p  
o f  o p t i c  a x o n  p r o f i l e s  o p p o s e d  t o  u n l a b e l l e d  d e n d r i t e s  
( a r r o w s ) . Scale bar: 500 nm. b. S y n a p t i c  c o n t a c t s  ( a r r o w h e a d s )  
b e t w e e n  l a b e l l e d  o p t i c  t e r m i n a l s  and  u n l a b e l l e d  d e n d r i t e s  i n  
c l o s e  p r o x i m i t y  o f  a n e r v e  c e l l  body (NC) i n  l a y e r  6 . Scale 
bar: 250 nm.
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Figure 3. C o n t a c t s  o f  l a b e l l e d  o p t i c  p r o f i l e s  w i t h  s o m a ta  o f  
d e e p  t e c t a l  n e u r o n s ,  a. P a r a l l e l  c o n t a c t  ( a r r o w s )  b e tw e e n  a 
H R P - f i l l e d  p r o f i l e  an d  a n e u r o n a l  c e l l  body  (NCB). Scale bar: 
500 nm. b. L a r g e - d i a m e t e r  p r o f i l e s  ( a r r o w h e a d s )  i m p i n g i n g  on a 
s i n g l e  soma (NCB) i n  l a y e r  6 . Scale bar: 500 nm.
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O p t i c  f i b r e s  w e r e  a l s o  r e g u l a r l y  o b s e r v e d  i n  c l o s e  
a p p o s i t i o n s  t o  t h e  s o m a ta  o f  d e e p  t e c t a l  n e u r o n s  ( F i g .  3 a ) , a s  
w e l l  a s  l a r g e  d i a m e t e r  p r o f i l e s  im p i n g i n g  on  t h e i r  s o m a ta  
( F i g .  3b) . The p r e s y n a p t i c  t e r m i n a l s  c o n t a i n e d  s m a l l  a g r a n u l a r  
v e s i c l e s ,  s o m e t im e s  c l o s e l y  a s s o c i a t e d  w i t h  t h e  p r e s y n a p t i c  
m em brane ( F i g .  4 a ) . The p o s t s y n a p t i c  t h i c k e n i n g  was s m a l l  
( F i g .  4b) a n d  t h e  d e n s e  DAB d e p o s i t  i n  t h e  p r e s y n a p t i c  
t e r m i n a l s  t h a t  p a r t i a l l y  m asked  t h e  p r e s y n a p t i c  m em brane b u t  
t h e s e  s y n a p s e s  c o u l d  s t i l l  b e  c l a s s i f i e d  a s  s y m m e t r i c  
c o n t a c t s .  T he  p o s t s y n a p t i c  s o m a ta  p o s s e s s e d  a  f a i r l y  l a r g e  
c y t o p l a s m i c  r i m  a r o u n d  t h e  o f t e n  i n d e n t e d  n u c l e u s  ( F i g s .  3 a ,  
5) . The c y t o p l a s m  c o n t a i n e d  n u m e ro u s  o r g a n e l l e s  an d  t h e  
n u c l e u s  w as r i c h  i n  e u c h r o m a t i n  ( F i g s .  3b ,  5 ) .

The f r e q u e n c y  o f  t h e s e  c o n t a c t s  w as a t t e m p t e d  t o  
d e t e r m i n e  i n  t h e  d e e p  l a y e r s  o f  ОТ. The t o t a l  num ber  o f  
s y n a p s e s  f o r m e d  by  H R P - f i l l e d  o p t i c  t e r m i n a l s ,  c o u n t e d  f ro m  
t e n  n o n - s e r i a l  s e c t i o n s  o f  l a y e r  9 o f  t h e  ОТ a r e  s u m m a r is e d  i n  
T a b l e  1 .  S i m i l a r l y ,  t h e  num ber o f  a x o s o m a t i c  s y n a p s e s  f o rm e d  
by  l a b e l l e d  o p t i c  t e r m i n a l s  f o u n d  i n  l a y e r  6  a n d  b e lo w ,  w e r e  
a l s o  c o u n t e d .

Table 1
S y n a p t i c  c o n n e c t i o n s  fo rm e d  by a n t e r o g r a d e l y  l a b e l l e d  o p t i c  
t e r m i n a l s  i n  t h e  ОТ.

Samples layer 9 deep layers, 
neuropil

deep layers, 
axosomatic

TOTAL
1st section 394 1 2 2 408
2nd section 207 9 1 217
3rd section 511 30 4 545
4th section 307 24 0 331
5th section 292 17 2 311
6th section 307 18 1 326
7th section 288 1 2 0 300
8th section 401 30 3 434
9th section 421 27 2 450

10th section 247 9 0 256
SUBTOTAL 3375 188 15 3578
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Figure 4 . U l t r a s t r u c t u r e  o f  t h e  a x o s o m a t i c  c o n t a c t s  i n  t h e  
d e e p  t e c t a l  l a y e r s ,  a. The c o n t a c t i n g  p r o f i l e  ( a r r o w )  c o n t a i n s  
s m a l l  a g r a n u l a r  s y n a p t i c  v e s i c l e s  ( a r r o w ) . Scale bar: 100 nm.
b. A x o s o m a t i c  s y n a p s e  ( a r r o w h e a d s )  on a d e e p  t e c t a l  n e u r o n  
(NCB) w i t h  s y m m e t r i c a l  m em brane s p e c i a l i z a t i o n s .  Scale bar: 

1 0 0  nm.
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Figure 5. N e u r o n a l  soma a t  a n  a x o s o m a t i c  c o n t a c t  ( a r ro w )  
p o s s e s s e s  e u c h r o m a t i n i s e d , d e e p l y  i n d e n t e d  ( a r r o w h e a d s )
n u c l e u s  (NUCL). Scale bar: 250 nm.

T h e s e  r e s u l t s  show ed  t h a t  o n l y  a b o u t  0.42% o f  o p t i c  t e r m i n a l s  
s y n a p s e d  on  t h e  s o m a ta  o f  d e e p  t e c t a l  n e u r o n s .

Discussion
I n  t h i s  s t u d y  HRP was u t i l i z e d  a s  an  a n t e r o g r a d e  t r a c e r  

t o  r e v e a l  t h e  s y n a p t i c  c o n t a c t s  fo rm e d  by  o p t i c  a x o n s  w i t h  t h e  
s o m a t a  o f  t h e  d e e p  t e c t a l  n e u r o n s  i n  Bufo marinus.  A l t h o u g h  
o p t i c  f i b r e s  p e n e t r a t i n g  i n t o  l a y e r s  7 an d  6  h a v e  b e e n  
d e s c r i b e d  i n  p r e v i o u s  l i g h t  m i c r o s c o p i c  s t u d i e s  i n  A n u ra  
( L á z á r ,  1 9 7 8 ;  W ye-D vorak  e t  a l . ,  1 9 9 2 ) ,  t h e s e  f i b r e s  h a v e  
n e v e r  b e e n  e x a m in e d  i n  t h e  e l e c t r o n  m i c r o s c o p e .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  a  v e r y  d e n s e  o p t i c  ax o n  p r o j e c t i o n  t o  
o n e  l a y e r  o f  d e e p  t e c t a l  n e u r o n s  h a s  b e e n  o b s e r v e d  i n  t h e  
l a r g e m o u t h  b a s s  ( B a s e r  a n d  E b b e s o n ,  1 9 8 5 ) ;  t h e  t a r g e t  n e u r o n s
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h a v e  b e e n  i d e n t i f i e d  a s  l a r g e  p y r i f o r m  c e l l s .  H o w ev er ,  t h e  
e l e c t r o n  m i c r o s c o p i c  c o n f i r m a t i o n  o f  t h e  p r e s e n c e  o f  
a x o s o m a t i c  s y n a p s e s  h a v e  n o t  b e e n  c a r r i e d  o u t  e v e n  i n  t h i s  

s p e c i e s .
As f o r  t h e  s i g n i f i c a n c e  o f  t h i s  d e e p  a x o s o m a t i c  o p t i c  

p r o j e c t i o n ,  tw o  h y p o t h e s e s  c a n  b e  o f f e r e d .
(1) The m a j o r i t y  o f  r e t i n o t e c t a l  a x o n s  i n  A n u ra  s y n a p s e s  on  
d e n d r i t e s  o f  i n t r i n s i c  i n t e r n e u r o n s  a n d  on  t e c t a l  p r o j e c t i o n  
n e u r o n s  ( A n t a l ,  199 1 ;  P o t t e r ,  1 969 ;  S z é k e l y  a n d  L á z á r ,  1 9 7 6 ;  
G á b r i e l  a n d  S t r a z n i c k y ;  1993)  . A b o u t  97% o f  t h e  r e t i n a l  
g a n g l i o n  c e l l s  c o n t a i n  g l u t a m a t e  w h i l e  t h e  r e s t  e x h i b i t  GABA 
i m m u n o r e a c t i v i t y  i n  Bufo  ( G á b r i e l  an d  S t r a z n i c k y ,  1 9 9 3 ) .  The 
G A B A - p o s i t i v e  r e t i n a l  g a n g l i o n  c e l l s  a r e  s m a l l -  a n d  m ed ium 
s i z e d .  S i n c e  o n l y  3-4% o f  t h e  o p t i c  a x o n s  a r e  m y e l i n a t e d ,  i t  
i s  r e a s o n a b l e  t o  a s su m e ,  t h a t  t h e  G A B A -c o n ta in in g  g a n g l i o n  
c e l l s  p o s s e s s  m o s t l y  u n m y e l i n a t e d  a x o n s .  The d i s t r i b u t i o n  o f  
G A B A -im m u n o re a c t iv e  o p t i c  t e r m i n a l s  i n  t h e  ОТ i s  n o t  know n. I f  
t h e  t a r g e t s  o f  t h e  a x o s o m a t i c  s y n a p s e s  d e s c r i b e d  i n  t h i s  s t u d y  
a r e  t h e  t e c t a l  dimm ing d e t e c t o r  c e l l s ,  l o c a t e d  m o s t l y  i n  
l a y e r s  7 a n d  6 (M a tu ra n a  e t  a l . ,  196 0 ;  G r i i s s e l  a n d  G r ü s s e l -  
C o r n e h l s ,  1 9 7 6 ) ,  an d  t h e s e  o p t i c  t e r m i n a l s  m o s t l y  c o n t a i n  
GABA, a p u s h - p u l l  m echan ism  c o u l d  be  p r o p o s e d .  I f  s y n a p s e s  o f  
f a s t - c o n d u c t i n g  g l u t a m a t e - c o n t a i n i n g  ( e x c i t a t o r y )  a x o n s  
t e r m i n a t e  on  t h e  d i s t a l  d e n d r i t e s  o f  a d im m ing  d e t e c t o r  t e c t a l  
n e u r o n ,  a n d  c a u s e  t h e s e  c e l l s  t o  f i r e ,  t h e  s l o w - c o n d u c t i n g  
G A B A - c o n ta in in g  o p t i c  a x o n s  may s h u t  down t h e  a c t i v i t y  o f  
t h e s e  c e l l s  b y  a  t i m e  d e l a y  t h r o u g h  a x o s o m a t i c  s y n a p s e s .  The 
l a r g e  n u m b e r  o f  a x o d e n d r i t i c  an d  s m a l l  n u m b e r  o f  a x o s o m a t i c  
s y n a p s e s  d e s c r i b e d  i n  t h i s  s t u d y  a r e  i n  s u p p o r t  o f  t h i s  

h y p o t h e s i s .
The s e c o n d  h y p o t h e s i s  i s  t h a t  a x o s o m a t i c  s y n a p s e s ,  

d e s c r i b e d  i n  t h e  p r e s e n t  s t u d y ,  a r r i v e  a t  t h e  s o n a t a  o f  t h e  
c a u d a l l y  p r o j e c t i n g  t e c t a l  n e u r o n s .  I t  h a s  b e e n  shown ( L á z á r
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e t  a l . ,  1983)  t h a t  t h e  v a s t  m a j o r i t y  (94%) o f  t h e  c a u d a l l y  
p r o j e c t i n g  t e c t a l  n e u r o n s  a r e  l o c a t e d  i n  l a y e r  7 an d  b e l o w .  
Thus  t h i s  c o n n e c t i o n  c o u l d  s e r v e  a s  a  d i r e c t  l i n k  b e tw e e n  t h e  
v i s u a l  i n p u t s  a n d  t h e  d e s c e n d i n g  m o to r  s y s t e m s ,  p r o v i d i n g  a 
m o n o s y n a p t i c  p a th w a y  f o r  p r e y  c a t c h i n g  an d  p o s t u r a l
a d j u s t m e n t s .  T h i s  a s s u m p t i o n  i s  s u p p o r t e d  by p r e v i o u s
o b s e r v a t i o n s ,  s u g g e s t i n g  t h a t  a c l a s s  o f  l a y e r  6  g a n g l i o n  
c e l l s  (T 5  c e l l s )  p l a y s  an  i m p o r t a n t  r o l e  i n  p o s t u r a l
a d j u s t m e n t  f o r  p r e y  c a t c h i n g  ( G r ü s s e l  e t  a l . ,  1 9 7 5 ;  S c h ü r g -  
P f e i f f e r  a n d  E w e r t ,  1 9 8 1 ;  L á z á r  e t  a l . ,  1 9 8 3 ) .

F u r t h e r  e x p e r i m e n t s  a r e  i n  p r o g r e s s  i n  o u r  l a b o r a t o r y  t o  
g a i n  f u r t h e r  d a t a  i n  s u p p o r t  o f  o n e  o f  t h e  p r o p o s e d
h y p o t h e s e s .  N e v e r t h e l e s s  we s u p p o s e  t h a t  r e c i p r o c a l
c o n n e c t i o n s  may e x i s t  b e tw e e n  t h e  v i s u a l  a n d  m o to r  s y s t e m s ,  
s i n c e  i t  h a s  b e e n  s u g g e s t e d  t h a t  e v e n t  a n d  d im m ing  d e t e c t o r  
u n i t s  may b e  i n v o l v e d  i n  t h e  e s c a p e  b e h a v i o u r  o f  f r o g s  (Chung 
e t  a l . , 1974)  .
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BINDING PROPERTIES OF THE PURE OPIOID 
ANTAGONIST [3H](N-PROPYL)-NOROXYMORPHONE 

IN RAT BRAIN MEMBRANES

G. Tóth1, S. Benyhe2, S. Hosztafi3 and A. Borsodi2

‘isotope Laboratory, and institute of Biochemistry, Biological Research Center, 
Hungarian Academy of Sciences, 6701, Szeged, P.O.B. 521, Hungary,

3 Alkaloida Chemical Works, 4440 Tiszavasvári, P.O.B. 1, Hungary

Summary. (-)[N-(propyl)-14-OH-dihydromorphinan-6-one] = (N-propyl)- 
no/mymorphone and its multiple tritiated form (molar activity: 126 Ci/mmol; 
1 Ci = 37 GBq) was synthesized. According to our knowledge this specific 
radioactivity exceeds all of the commercially available [3H]opioid ligands. The 
ligand was found to be a pure opioid antagonist in receptor binding assays 
performed with rat brain membranes. Scatchard analysis of equilibrium binding 
isotherms revealed one high affinity (Kd » 4 nM) binding site. Reversibility, 
stereospecificity and opioid nature of the binding was confirmed by ligand 
binding experiments. Because of its antagonist character combined with high 
specific radioactivity the ligand might be a useful tool in characterizing and 
purifying opioid receptors.

Key words: opiate receptors, antagonists, tritium-labelling, rat brain, opioid 
ligand binding.

INTRODUCTION

Alkaloid and peptide radioligands are advantageous biochemical tools studying opioid 
mechanisms, in vitro. Since their first application in receptor binding assays in the early 70’s 
[Pert and Snyder, 1973; Simon et ah, 1973; Terenius, 1973: Chang and Cuatrecasas, 1975; 
Lord et ah, 1976] increasing number of ligands has been developed and has widely been used 
for the investigation of opioid binding sites in different tissues.
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Recently several opioid radioligands have been synthesized in our laboratory including 
alkaloid derivatives [3H]naloxone [Tóth et al., 1982a], [3H]dihydromorphine [Tóth et al., 
1982b], [3H]oxymorphazone [Varga et al., 1987], [3H]naltrindole [Yamamura et al., 1992], 
[3H]cyprodime [Ötvös et al., 1992], and enkephalin analogues such as 
[3H][D-Ala2-Leu5]enkephalin[Benyheetal., 1985],[3H][D-Ala2-Leu5]enkephalinchloromethyl 
ketone [Szűcs et al., 1987], [3H]Tyr-D-Ala-Gly-(Me)Phe-chloromethyl ketone [Varga et al.,
1989], [3H]deltorphin II [Búzás et al., 1991], [3H]Tyr-Tic-Phe-Phe [Nevin et al., 1993a], and 
[3H]Ile5'6deltorphin II [Nevin et al., 1993b].

In the present study we describe the synthesis of a new opioid antagonist radioligand 
having extremely high specific radioactivity. Some of the binding properties of 
[3H](N-propy!)-noroxymorphone to opioid receptors were also studied in rat brain membrane 
preparations.

MATERIALS AND METHODS

Radioligand synthesis

The title compound was prepared by our earlier method (Tóth et al., 1982) slightly 
modified. Briefly, 14-hydroxy-/tormorphinon (Fishman et ah, 1973) was tritiated by tritium 
gas in the presence of PdO in a vacuum manifold. The crude tritiated material was reacted 
with propargyl-bromide. The N-propargyl-[7,8-3H]-dihydro-«ormorphinone was tritiated again 
in the N-side chain by tritium gas in the presence of Lindlar catalyst to get [3H]nalexone 
(71.1 Ci/mmol) and [8,19,20-3H]-N-propyl-noroxymorphone (126 Ci/mmol). The compounds 
were found to be 97% radiochemically pure on TLC using three different elution systems on 
Merck silica gel.

Membrane preparation

A crude membrane fraction from rat (PVG/C strain) brain was prepared according to 
the method described originally by Pasternak et al. (1975). Briefly, the rats were decapitated, 
the brains without cerebella were removed and homogenized in 30 volumes of ice-cold 50 
mM Tris-HCl buffer (pH 7.4). After 20 min centrifugation at 40,000 x g the pellet was 
resuspended in fresh buffer and incubated at 37 °C for 30 min, then centrifuged again and 
the final pellet was suspended in 80 volumes of fresh buffer and used immediately. Protein 
content was estimated according to the method of Bradford (1976).
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Binding assay

Binding experiments were conducted in Tris-HCI buffer (pH 7.4) in a final volume of 
1 ml containing 0.3-0.5 mg protein. Incubations (0 °C, 60 min) were terminated by rapid 
filtration under vacuum followed by washing with 2 x 10 ml ice-cold Tris-HCI (50 mM, pH 
7.4) buffer through Whatman GF/B glass fiber filters using a Brandei M24R cell harvester. 
The radioactivity was measured in a toluene-based scintillation cocktail by Beckman LS 
5000TD Spectrophotometer. Non-specific binding was defined as the bound radioactivity in 
the presence of 10 gM unlabelled naloxone (except the type specificity measurements, where 
the unlabelled form of the tritiated ligand was used). All assays were performed in duplicate 
and repeated several times.

Experimental data were analyzed by the use of the LIGAND computer program 
utilizing a nonlinear least squares fitting algorithm (Munson and Rodbard, 1983).

Chemicals

The following opioids were used in this study: Diprenorphine hydrochloride (C-Vet 
Ltd.): ±N-allyl/!ormetazocine hydrochloride (SKF 10,047), NIDA; dynorphine A (1-13), 
D-Ala2-(Me)Phe4-Gly5-ol enkephalin (DAMGE), [D-Ser2-Leu5-Thr6]enkephalin (DSLET), 
BACHEM Feinchemikalien; levorphanol and dextrorphan both as tartrate salt, Hoffmann la 
Roche. ±Bremazocine hydrochloride and ethylketocyclazocine methanesulfonate (EKC) were 
kindly donated by Sterling Winthrop Institute, naloxone and naltrexone were generously 
provided by DuPont de Nemours Co. Dihydromorphine hydrochloride, noroxymorphone and 
N-propyl-noroxymorphone were prepared by S. Hosztafi (Alkaloida Ltd., Hungary). Tritium 
gas was purchased from Technabexport (Russia). All other chemicals were of analytical grade.

RESULTS

In vitro biological activities of the newly synthetized compound were evaluated by 
radioreceptor binding assays using rat brain membrane preparations. Kinetic experiments 
revealed that specific [3H]N-propyl-noroxymorphone binding reached steady-state level in 60 
mins at 0 °C (data not shown), therefore binding assays were usually carried out at low 
temperature.

Fig. 1 shows equilibrium binding isotherms for [3H]N-propyl-«oroxymorphone in rat 
brain membranes. Mathematical analysis of the homologous competition binding data (i.e. 
radiolabelled ligand is displaced by serial dilutions of its unlabelled form) yielded a single set 
of high affinity opioid site. Apparent dissociation constant (Kd) and maximal binding capacity 
(Bmax) values determined by one-site model were found to be 4.1 ± 0.9 nM, and 227 ± 38
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Fig. 1: Homologous displacement curve and corresponding Scatchard plot (inset) of 
[3H]N-propyl-noroxymorphone binding to rat brain membranes at 0 °C. Rat brain membranes 
were incubated at 0 °C in the presence of [3H]ligand (2 nM) with serial dilutions of 
unlabelled propyl-noroxymorphone, and specific binding was determined. Points are mean 
values of duplicate samples in representative experiments repeated several times. Data were 
evaluated by the LIGAND programme. Calculated Kd and Bmax values were 3.6 nM and 211 
fmol/mg protein, respectively. T: molar concentration of the radioligand; B: bound 
radioactivity (M); F: free radioactivity (M).

fmol/mg protein (n = 4), respectively. Computer fitting assuming independent sets of binding 
sites in a two-site model gives no reliable results. Self and cross competition experiments with 
[3H]naloxone [Tóth et al. 1982] reveal that [3H]N-propyl-noroxymorphone and [3H]naloxone 
recognize identical set of binding sites in rat brain tissues (data not shown).



Characterization o f l3H](N-propyl)-noroxymorphone binding sites 331

Binding parameters are summarized in Table 1. The question whether 
N-propyl-noroxymorphone is an agonist or an antagonist was answered by measuring its 
'sodium shift’ against [3H]naloxone binding, and determining 'direct sodium effect’ on 
[3H]N-propyl-noroxymorphone specific binding (Table 1). Antagonist property of 
N-propyl-noroxymorphone was further examined in mouse vas deferens bioassay system. The 
Ke value of the compound, determined with normorphine, a pure opioid agonist, was 9 nM 
(A. Rónai, to be published elsewhere).

Table 1

Equilibrium parameters of the N-propyl-noroxymorphone binding 
to rat brain membranes

Expts.
D
D m a x

fmol/mg
Kd (-Na+) 

nM
Kcl (+Na+) 

nM
Sodium
index

1.
[3H]naloxone/'N-propyl-
noroxymorphone - 5.4 ± 2.3 2.05 ± 0.9 0.4

2.
[3H]N-propyl-
noroxymorphone/
N-propyl-noroxymorphone 227 ± 38 4.1 ± 0.9 1.6 ± 0.6 0.4

Sodium indices were measured either by examining sodium shift on dose response curves of 
[3H]naloxone using unlabelled N-propyl-noroxymorphone (1), or by estimating direct effects 
of sodium ions on [3H]N-propyl-noroxymorphone binding (2). Data are mean values ± S.E.M. 
of several experiments each performed in duplicate. * The concentration of NaCl was 100 
nM.

Heterologous displacement experiments were used to evaluate the affinity of several 
compounds for the [3H]N-propyl-noroxymorphone binding. Results are shown in Table 2. 
The difference in Kj values between levorphanol and dextrorphan indicates strict 
stereoselectivity of [3H]N-propyl-noroxymorphone binding. Competition studies revealed the



332 Tóth et al.

following rank order of potencies in displacing [3H]N-propyl-noroxymorphone: naltrexone я 
levorphanol > dihydromorphine > DAMGE > SKF-10,047 > DSLET > dextrorphan. The 
presence of 100 mM NaCl in the assay mixture produced a marked decrease in the affinity 
of dihydromorphine, whereas an apparent increase were found in the case of naltrexone 
(Table 2). These results confirm that [3H]N-propyl-?joroxymorphone is a suitable ligand for 
the discrimination of opioid agonists and antagonists in receptor binding assays.

Table 2

Inhibition of [3H]N-propyl-/ioroxymorphone binding 
to rat brain membranes by opioid ligands

Ligand (selectivity ) K, (nM) %CV

Diprenorphine (antagonist) 0.89 24

Naltrexone (antagonist) 0.13 22
0.04* 17

Dihydromorphine (mu) 1.2 21
86.2* 12

Levorphanol (mu) 0.13 49
Dextrorphan (inactive [+]isomer) 2250 32
(i)Bremazocine (kappa) 1.1 23
SKF-10, 047 (sigma) 2.4 19
DAMGE (mu) 2.8 20
DSLET (delta) 43.1
Dynorphin^j_13j (kappa) 1.75 36

* Determinations were done in the presence of 100 mM NaCl

Rat brain membranes were incubated with the labelled ligand in the presence of wide 
concentration range of unlabelled opioids at 0 °C. Kj data are mean value of two to four 
pooled experiments, each performed in duplicate, processed simultaneously by the LIGAND 
programme. Per cent covariance values (% CV) as a measure of accuracy are also given.
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DISCUSSION

The composition of the radioactive crude-products depends on the tritiation conditions. 
In our earlier experiments the main product was the tritiated naloxone [Toth et ah, 1982a]. 
Increasing the reaction time the ratio of naloxone and N-propyl-noroxymorphone was 1:1 
without detectable quantity of N-propargyl-noroxymorphone. The synthesis could also be 
carried out starting from N-propargyl-rcoroxymorphone in one step with tritium gas in the 
presence of any kind of Pd catalyst to get only N-propyl-noroxymorphone with very high 
specific radioactivity.

Binding properties of the newly synthesized compound were evaluated in a particulate 
membrane fraction of the rat brain. Competition profile and high degree of stereospecificity, 
measured with ’racemorphan’ stereoisomers, strongly support that 
[3H]N-propyl-noroxymorphone labels authentic opioid binding sites in rat brain membranes.

Structurally, N-substitution of the methyl group in the morphinan series by bulky 
substituents such as propyl group has been shown to result antagonist compounds [Gero, 
1985], thus the antagonist property of our ligand was expected. Indeed, some lines of 
evidence indicate N-propyl-noroxymorphone to be a pure opioid antagonist: ( 1 ) 'sodium index’ 
value of this compound both in unlabelled and in tritiated form seems to be similar to those 
of the opioid antagonists: (2) the ligand antagonized the effect of normorphine in mouse vas 
deferens preparation (not shown here). Antagonist ligand binding to opioid receptors is more 
stable than the binding of labelled agonist compounds [Creese et al., 1975]. Receptor binding 
activity could even be measured at low temperature, which is advantageous when relatively 
sensitive solubilized or purified receptors are investigated. In addition to, the high molar 
radioactivity of the labelled compound allows us to conduct receptor binding assays using 
very low ligand concentrations i. e. far below the Kd; this could help to measure receptor 
binding at proper conditions.

Taken together, multiple radiolabelled [3H]N-propyl-noroxymorphone seems to be a 
good probe studying opioid receptors by means of receptor binding assays or in vitro 
autoradiographic techniques.
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FOREBRAIN CONNECTIONS OF THE RAT 
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Summary. The anatomical connections of the rat paraventricular thalamic 
nucleus (PaVT) have been studied using the fluorescent dye Dil. The fact 
that this compound is able to dissolve and to diffuse in plasma membranes 
in formalin-fixed tissues (Godement et al., 1987) allowed us to depose 
precisely tiny quantities of Dil on the PaVT, in order to study its neuronal 
connections. Ventralward, the forebrain projections of the PaVT were 
directed to the reuniens nucleus of the thalamus, the dorso-medial 
hypothalamic region, the zona incerta and the lateral hypothalamic area. In 
the rostral direction, the PaVT appeared to innervate mainly the medial 
preoptic area, the bed nucleus of the stria terminális (particularly the ventral 
and medial regions) and the medial septum. The forebrain afferent 
connections of the PaVT were found to originate mainly in the lateral and 
periventricular hypothalamic area, the medial preoptic area, the bed nucleus 
of the stria terminális and the medial septum where the fluorescent nerve 
cell bodies appeared particularly numerous. From these results, it is 
concluded that Dil is a useful tool for demonstrating the neuroanatomical 
connections of small brain nuclei, as well as for post-mortem 
neuropathological studies.

Key words: bed nucleus of the stria terminális, Dil, fluorescent dye, limbic 
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INTRODUCTION

In the rat and other species, the midline nuclei of the thalamus appear closely 
related to the limbic system. However, the neuroanatomical connections of the 
paraventricular thalamic nucleus (PaVT) in particular have been scarcely studied in the 
literature (Chen et al„ 1990; Cornwall and Philippson, 1988; Su and Bentivoglio, 1990), 
probably because of the narrow and elongated shape of this nucleus and of its position, 
medial and close to the third ventricle. The present study was undertaken to demonstrate 
the forebrain connections of the PaVT using the new fluorescent tracer Dil which 
possesses some interesting properties. First, the carbocyanide dyes such as Dil, dissolve 
very easily in plasma membranes and diffuse in the plane of the lipid bilayer, even after 
aldehyde fixation (Honig and Hume, 1989; Thanos and Bonhoffer, 1987). Second, Dil is 
transported bidirectionally in formalin-fixed neurons while the intensity of fluorescence 
remains high, even after its diffusion far from the point of deposition (Godement et al.,
1987). Hence, this dye may be particularly useful for certain neuroanatomical works such 
as analysing the connections of small brain nuclei and post-mortem neuropathological 
studies.

MATERIALS AND METHODS

Adult rats of the Wistar strain bred in the laboratory, were used for the present 
study. The animals weighing approximately 150 g were anesthetized with sodium 
pentobarbital (0.1 m l/100 g body weight) and perfused transcardially with 200 ml of a 
solution of 4% formaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Then, the brains 
were excised from the skull and post-fixed for several hours in the same mixture.

Two brains were cut coronally in two parts at the level of the retrochiasmatic area 
in order to expose the PaVT. The surface of the rostral block was blotted with a filter 
paper and a tiny quantity of Dil powder (Molecular Probes Inc., Eugene, Oregon, 97402 
USA) was deposited precisely onto the PaVT by means of an insect pin, using a dissecting 
microscope. After that, the blocks of tissue were returned to the formalin solution and 
kept at room temperature in the dark.

In a third rat, the dorsal neocortex, corpus callosum and dorsal hippocampus were 
removed in order to expose the ventricular surface of the thalamus. Some crystals of Dil 
were then deposited at the bottom of the midline groove, on the whole extent of the 
PaVT, using the tip of an insect pin which allowed to slightly scarify the ependyma.

Six months later, the three brains were cut coronally in sodium phosphate buffer 
(0.1 M, pH 7.4) using a vibratome (Lancer). The 50 gm-thick sections were mounted in 
buffered glycerol and examined with a Leitz Diaplan microscope equipped with a N2 
Ploempack system generally used for rhodamine. Black and white photographs were taken 
with Kodak 5063TX or Agfapan 400 ASA negative films.
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In complementary experiments, the neuronal connections of the bed nucleus of the 
stria terminális (BNST), lateral, perifomical and ventromedial hypothalamic nuclei have 
been studied with the same technique. These results are not reported here but they will 
be examined in the discussion.

RESULTS

a) Deposition sites

After their deposition on the PaVT, the crystal of Dil dissolved and diffused 
progressively in the tissue. On coronal sections, the diffusion around the site of deposition 
was observable directly because of the red color of the tracer. We found that the red spot 
was largely within the limits of the PaVT after one month (Fig.l). However, after six 
months, the stained area slightly went out the boundaries of the studied nucleus to reach 
the medial habenula (Fig. 2). Furthermore, numerous fluorescent bundles of myelinated 
nerve fibers were observed, coursing obliquely across the dorsal thalamus (Figs. 3-4).

b) Neuroanatomical connections

From the PaVT, three systems of efferents fibers could be distinguished, while the 
retrogradely labelled cells were rare, except in certain locations.

The first group of fluorescent nerve fibers left the PaVT ventralward and crossed 
vertically the midline thalamus to reach the nucleus reuniens and the dorso-medial region 
of the hypothalamus. In the nucleus reuniens, the fluorescent nerve fibers and varicosities 
were of medium density (Fig. 5) while the fluorescent nerve cell bodies were scarce. In 
the paraventricular hypothalamic nucleus (PaVH), the anterogradely labelled nerve fibers 
appeared rather numerous, especially in the most medial part of this nucleus, whereas only 
scattered positive nerve fibers were present in the other regions, including the 
magnocellular division (Figs. 6 and 8). More ventrally, the periventricular region was 
found to contain some fluorescent perikarya surrounded by a medium to low density of 
fine and varicose fluorescent nerve fibers. In addition, some coarse fluorescent fibers 
appeared to cross the ventral hypothalamic region (Fig. 7) to reach the vicinity of the 
arcuate and suprachiasmatic nuclei.
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The second system of efferents from the PaVT crossed obliquely the thalamus (Fig. 
4) in order to innervate the zona incerta (Fig. 9) and the lateral hypothalamic area. In the 
perifornical region, the fluorescent axons and nerve fibers exhibited generally an oblique 
direction (Fig. 10) toward the ventrolateral region of the hypothalamus where the 
numerous varicose nerve fibers appeared finer and more evenly crossed (Fig. 11). Some 
small and ovoid fluorescent nerve cell bodies were also present in the perifornical and 
lateral regions of the hypothalamus (Figs. 10-11). Quite ventrally, the supraoptic nucleus 
appeared surrounded by the fluorescent nerve fibers but only some of them were found 
to enter the core of this nucleus (not shown). In addition, a loose network of fluorescent 
nerve fibers was observed in the ventromedial hypothalamic nucleus. In the rostral 
direction, the anterogradely labelled nerve fibers crossed obliquely the reticular thalamic 
nucleus and reached the caudoventral part of the bed nucleus of the stria terminális 
(BNST). In this region, a part of the fluorescent nerve fibers appeared directed rather 
horizontally while the other had a vertical direction (Fig. 12). More dorsally some 
fluorescent nerve fibers were observed in the lateral division of the BNST and the region 
intercalated between the internal capsule and the stria terminális (Fig. 13). However, the 
highest density of fluorescent fibers was found in the medial region, close to the vertical 
limbs of the stria medullaris and fornix.

Fig. 1: Dil deposit (arrow) on the paraventricular thalamic nucleus (PaVT) of a rat brain 
sectioned transversally and photographed 15 days later. R,;level A: 5.40 mm from the 
interaural line, according to the atlas of Paxinos and Watson (1986).
Fig.2: Transversal section of a rat brain at the paraventricular thalamic nucleus level. In 
this rat, the deposit of Dil (star) was made six months ago at the ventricular surface of 
the PaVT (V). R3; A: 5.9.
Figs. 3-4: Thalamus: unmyelinated fluorescent nerve fiber bundles crossing obliquely the 
ventro-lateral region of the thalamus toward the zona incerta, at low (Fig. 3) and high 
(Fig. 4) magnification. R3; A: 6.4.
Fig. 5: Anterogradely labeled fluorescent nerve fibers in the reuniens nucleus of the 
thalamus. R3; A: 7.2.
Fig. 6: Paraventricular hypothalamic nucleus (R,; A: 7.2): numerous fluorescent nerve fiber 
varicosities may be observed in the medial region close to the ventricle (V), whereas they 
are few in the dorsal region and absent from the core of the nucleus (star).
Fig. 7: Hypothalamus: one coarse and varicose fluorescent nerve fiber in the 
periventricular hypothalamic nucleus. R,; A: 7.2.
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The third system of efferents from the PaVT was localized in the periventricular 
region where the fluorescent nerve fibers coursed medially to the fornix in order to reach 
the region of the caudal septum and anterior commissure (AC). In the medial preoptic 
area, a rather dense plexus of fluorescent nerve fibers was found mixed with a moderate 
number of retrogradely-labelled nerve cell bodies (not shown). Just above, the medial 
division of the BNST exhibited a dense network of fine and coarse fluorescent nerve fibers 
both ventrally and dorsally to the AC (Fig. 14). In addition, some fluorescent nerve cell 
bodies were detected in this region. More rostrally, numerous fluorescent nerve fibers were 
also observed in the dorso-medial region of the BNST, whereas this plexus became 
progressively looser in the lateral and dorsal directions (Figs. 15-16). In the medial septum 
the fluorescent nerve fibers were found very dense close to the AC (Figs. 17-18) while 
numerous fluorescent nerve cell bodies appeared more dorsally and rostrally (Fig. 19). 
Finally, we noted that the anterogradely labelled nerve fibers became difficult to observe 
in the region of the nucleus accumbens (NA) because of the lower intensity of 
fluorescence. However, some fluorescent nerve fibers were observed in the vicinity of the 
NA, whereas they lacked completely within the nucleus itself.

Fig. 8: Paraventricular hypothalamic nucleus (PaVH) (R3; A: 7.6). At this level, the rostral 
part of the PaVH is also unlabeled. However, this nucleus is surrounded by numerous 
fluorescent nerve fibers and varicosities which appear overexposed in the dorsal region. 
In addition, numerous fluorescent nerve fibers are present in the region ventromedial to 
the fornix (Fx). V: third ventricle.
Fig. 9: Array of fluorescent nerve fibers in the zona incerta and dorsolateral hypothalamus 
(R3; A: 6.7). MT: mamillo-thalamic tract; PaVH: posterior part of the paraventricular 
hypothalamic nucleus.
Fig. 10: Lateral hypothalamic area (R3; A; 6.7): a rather dense plexus of anterogradely 
labeled fluorescent nerve fibers is observed in the lateral hypothalamus (LH) and ventrally 
to the fornix (Fx). In addition, some retrogradely labeled nerve cell bodies may also be 
observed in these regions (arrow).
Fig. 11: Higher magnification of the network of fluorescent nerve fibers present in the 
lateral hypothalamus (R3), the latter are mixed with some retrogradely labeled perikarya 
(arrows).
Fig. 12: Bed nucleus of the stria terminális (BNST), caudal region (R,, A: 8.2): Numerous 
varicose fluorescent nerve fibers innervate the caudo-medial region of the BNST located 
near the fornix.
Fig. 13: Bed nucleus of the stria terminális, caudal region (R3, A: 8.2): Scattered 
fluorescent nerve fibers are observed in the dorsal part of the BNST and in the stria 
terminális (ST).
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DISCUSSION

Technical considerations

Following Godement et al. (1987) and Burkhalter et al. (1993), we report here that 
the fluorescent dye Dil constitutes an easy and sensitive neuroanatomical tracer, able to 
demonstrate very precisely the morphology of cell bodies, axons and nerve terminals of 
(projection) neurons in formaldehyde-fixed tissues. These advantages, however, are 
tempered by the fact that the speed of Dil diffusion in stabilized plasma membranes is 
very low and that the apparent diameter of the deposition site increases with time. The 
long time required to label long nervous pathways is the main problem of this method. 
In certain cases, however, this fact may be considered as secondary in comparison with 
the possibility of using Dil in fixed tissues for precise neuroanatomical or 
neurohistopathological studies. Furthermore, this delay may be shortened by placing the 
blocks of tissue at 37 °C and/or using the "Fast Dil", a new insaturated derivative of Dil. 
Concerning the second remark, it is worth noting that Dil is considered as highly soluble 
in lipids but insoluble in water (Honig and Hume, 1989). Hence, it may be thought that 
the progressive enlargement of the deposit is due to Dil diffusion in neuronal processes 
and myeline sheets and that only the initial size deposition site in direct contact with Dil 
is important. However, some diffusion in the intercellular spaces or a passage from cell 
to cell cannot entirely be excluded.

Fig. 14: Bed nucleus of the stria terminális, rostral region (R3, A: 8.7): Numerous 
anterogradely labeled, fluorescent nerve fibers are located in the medio-ventral part of the 
rostral BNST, especially in the vicinity of the anterior commissure (AC).
Figs. 15-16: Bed nucleus of the stria terminális, rostral region (R3, A: 8.7): Numerous fine 
fluorescent nerve fibers are present in the dorso-medial region of the BNST (M), whereas 
they are few in the lateral one (L).
Figs. 17-18: Septum and neighbouring BNST (R3, A: 8.7): A dense network of fine and 
coarse fluorescent nerve fibers, as well as some retrogradely labeled perikarya may be 
observed in the septo-hypothalamic, continuing toward the medial BNST (same 
microscopical field with two depth of focusing).
Fig. 19: A number of retrogradely labeled nerve cell bodies of small size appear located 
in the medial septum (R3, A: 9.2).
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Thalamic and hypothalamic connections o f the PaVT

From the present study, it appears that the lateral hypothalamic area is one of the 
main target of efferent nerve fibers from the PaVT whereas the medial regions of the 
thalamus and hypothalamus are more poorly innervated. Little information was found in 
the literature concerning the existence of a neuronal pathway from the PaVT to the 
thalamic reuniens nucleus, but the presence of some "retrogradely labelled" nerve cell 
bodies in this nucleus corroborates previous results of Ohtake and Yamada (1989) 
demonstrating the existence of the converse projection from the nucleus reuniens to the 
PaVT. On the other hand, our observation concerning the existence of a neuronal pathway 
from the PaVT to the PaVH is corroborated by some data of the literature. In their review 
of the afferent and efferent connections of the hypothalamus, Palkovits and Zaborszky 
(1979) did not state on the existence of anatomical connections between the thalamus and 
hypothalamus but they report (from previously unpublished data) that a lesion in the 
midline thalamus results in the appearence of degenerated nerve fibers in the PaVH. 
Furthermore, after Pha-L injections within the PaVT, Puigbonnet and Ciriello (1991) have 
recently described the presence of anterogradely labelled nerve fibers in the medial 
parvocellular region of the PaVH, as well as in the supraoptic nucleus.

Contrasting with the observations made in the medial hypothalamus, it is worth 
noting that numerous fluorescent nerve fibers were found mixed with some retrogradely 
labelled perikarya in the lateral/perifornical hypothalamic area after Dil depositions on the 
PaVT. These observations demonstrate that the PaVT is reciprocally connected with the 
lateral hypothalamic area sensu lato, thus confirming previous data of Conrad and Pfaff 
(1976b) and Puigbonnet and Ciriello (1991) in the rat or of DeVito and Smith (1982) in 
the monkey. At variance with Puigbonnet and Ciriello (1991), however, we observe only 
a weak projection from the PaVT to the ventromedial and suprachiasmatic nuclei. The 
reason for this discrepancy is unclear but it may be due to different sites of deposition 
or injection or, possibly, to a lower sensitivity of the present tracer as compared to Pha-L. 
Finally, in partial agreement with the autoradiographic study of Conrad and Pfaff (1976a) 
we also demonstrate that the PaVT establishes reciprocal connections with the medial 
preoptic area.
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Forebrain connections o f the PaVT

In the present study, we demonstrate that the PaVT projects heavily to the ventral 
and dorsomedial division of the BNST, as well as to the septum, while low to important 
numbers of retrogradely labelled nerve cell bodies are also observed in the latter regions. 
Furthermore, using the retrograde transport of gold-labelled wheat germ 
agglutinin-peroxidase or Dil from the BNST we have recently confirmed that the BNST 
is reciprocally connected to the PaVT (Arluison et ah, submitted). Little information was 
found in the literature concerning the existence of a neuronal pathway from the PaVT to 
the BNST. In an old retrograde degeneration study, Powell and Cowan (1954) have 
reported the existence of neuronal projections from the midline thalamus to the ventral 
forebrain but, in spite of the large lesion, it is unclear if the BNST was included in the 
lesioned area. However, the existence of this nervous pathway is corroborated by results 
of both retrograde (Chen and Su, 1990) and anterograde (West et al. 1979; Ohtake and 
Yamada, 1989; Berendse and Groenewegen, 1990; Groenewegen et ah, 1990) tracing 
studies. In addition, it is worth noting that the PaVT and/or parataenial thalamic nucleus 
were also shown as projecting to the NA (Berendse and Groenewegen, 1990; 
Groenewegen et ah, 1990; Kelley and Stinus, 1984; Newman and Winans, 1980; Philipson 
and Griffiths, 1985; Su and Bentivoglio, 1990), whereas the latter nucleus was unlabelled 
in the present study. The reason for this discrepancy is unclear but it is possible that the 
time of tracer migration was too short to reach the NA, or that this nucleus was 
innervated only by the rostral pole of the PaVT, whereas this region was not involved in 
our tracer deposits.

In addition, we demonstrate that the BNST and the septum reciprocally project 
to the PaVT, thus confirming previous results of Conrad and Pfaff (1976a), Swanson and 
Cowan (1979) and Cornwall and Phillipson (1988). In contrast to the present results, 
however, the innervation of the PaVT and/or the parataenial thalamic nucleus from the 
septum was shown to originate mainly in the lateral -but not in the medial- septal nucleus 
(Chen and Su, 1990; Meibach and Siegel, 1977; Swanson and Cowan, 1979).

Concerning the existence of neuronal connections between the PaVT and the 
amygdala, it is worth noting that prominent projections from the PaVT to the basolateral 
and/or central amygdaloid nuclei have been described (Su and Bentivoglio, 1990; Turner
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and Herkenham, 1991), whereas the amygdala was almost free of labeling in the present 
study. This negative result is perhaps because this pathway is too long to allow an 
efficient transport of the tracer in the time interval used. By contrast, a medium density 
of fluorescent nerve fibers and some retrogradely labelled nerve cell bodies were observed 
in the rostro-ventral cortex after Dil deposition on the PaVT. The presence of these 
positive perikarya in the infralimbic cortex agrees with the existence of a projection to 
the PaVT (Hurley et al., 1991).

Finally, from the present results and data of the literature, it appears that the PaVT 
projects not only to the BNST and/or NA and to the amygdala, but also to the lateral 
hypothalamic area, i.e different limbic regions thought to mediate some motor components 
of emotional behaviors (Casada and Dafny, 1991). The possible involvement of the BNST 
in this function is supported by the fact, the PaVT was previously shown to receive 
important inputs from the brainstem, midbrain, amygdaloid and hypothalamic nuclei which 
relay sensory, autonomic, and endocrine informations from the rest of the brain and from 
the periphery (Cornwall and Phillipson, 1988; Norgren, 1976; Ricardo and Koh, 1978; 
Saper and Loewy, i 980; Ter Horst et al., 1989; Tribollet and Dreifuss, 1981).
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INTRACELLULAR RECORDINGS WITH PATCH-CLAMP PIPETTES 
FROM NEURONS; TECHNICAL PROBLEMS IN ANALYSIS 
OF CONDUCTANCE CHANGES DURING BRIEF OXYGEN 

DEPRIVATION OF HIPPOCAMPAL SLICES

Gábor Czéh and János Czopf

Institute of Physiology, University Medical School of Pécs, 
7643 Pécs, Szigeti út 12, Hungary

Summary: Brief oxygen deprivation causes reversible, rapid and large scale 
redistribution of ions in hippocampal slice preparations. Intracellular recordings 
revealed remarkable increases of membrane conductance in neurons restricted 
for the period of hypoxic spreading depression (SD). Voltage-clamp technique 
was applied to explore further details of the SD-associated conductance 
changes. Patch-clamp recording in whole-cell configuration allowed better 
control of membrane potentials. High resolution current-voltage (I-V) plots 
were obtained by ramp command technique. Limitations of the techniques and 
various test protocols are evaluated.

Key words: Whole-cell patch clamp, CA1 pyramidal cells. Dentate granule 
cells, Hypoxia, Slices, Rat

INTRODUCTION

Oxygen deprivation in neurons is well known to depress synaptic transmission, 
membrane excitability and to change membrane potential. Some neurons respond with initial 
hyperpolarization followed by depolarization, in contrast with others which are only 
depolarized (e.g. Haddad and Jiang 1993). A portion of membrane potential change is due 
to conductance increases, therefore voltage clamp (V-clamp) technique is needed to study 
them. A tetrodotoxin-insensitive, cadmium-sensitive slow inward current produced by brief
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anoxia in CAl neurons was identified with single-electrode V-clamp using high resistance 
pipettes (Krnjevic et al., 1989). In other studies another variant of membrane conductance 
was observed with patch-pipettes (Zhang and Krnjevic, 1993). Conclusions of measurements 
obtained with these two kinds of V-clamp techniques were not quite the same as discussed 
by Zhang and Krnjevic (1993). Control of membrane potential is superior if V-clamp is made 
by low resistance patch pipettes sealed to the membrane with Giga-Ohm resistance, but there 
are other important differences between the two techniques (e.g. Staley et al., 1992).

Current-voltage (I-V) relationship reflects details of voltage-dependent membrane 
conductance changes. Compiling databases for complete I-V plots with conventional 
techniques takes considerable time in mammalian central neurons because many V-gated 
conductances operate at membrane potential levels between for example -100 and +50 mV 
(e.g. Hille 1984; Brown et al., 1990). Clamping the membrane potential to a certain level 
modifies activation-inactivation parameters and some conductances increase, others decrease 
making the I-V function often non-linear. Theory assumes a range of membrane potential in 
which no V-gated conductance operate, and the membrane slope resistance (Rm) can be 
derived from linear I-V functions describing that range of potentials (see Jack et ah, 1975). 
However, the Rm derived this way can also be affected under certain conditions raising the 
question if the "resting" property of the membrane changed in itself or some conductances 
react to experimental manipulations with opening (or closing) unidentified ionic channels. 
Combined electrophysiological and pharmacological approaches needed to solve such 
problems which face difficulties involved during rapidly changing conditions, for example 
under the effect of hypoxia. If estimation of the Rm should include some information on the 
rectifications as well, an even more time consuming approach is required to test voltage 
changes during many slightly different current injections. Specific tests designed to detect 
a particular variety of conductances can provide important data faster, but they also bias the 
results.

Most of the macroscopic membrane conductances have complex time dependent 
properties. Recorded waveforms will therefore change during steady state test pulses and they 
can be quite different if tested by steplike versus slowly changing ramp pulses. Slow ramps 
offer considerable advantages in measurements of steady or relatively time-independent
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components of the I-V relation, because neither capacitive charge movements nor transient 
activations with different time-constants complicate the analysis. Faster ramp tests can 
disclose more details with less errors of the nonlinear portions of the I-V curves then tests 
composed of long series of small steps. This seems critical in periods of fast and dynamic 
changes of membrane properties, like those involved in electrographic seizure or spreading 
depression (SD) episodes.

MATERIALS AND METHODS

Hippocampal tissue slices were prepared from ether anaesthetized rats as previously 
described (Czéh and Czopf 1991, Czéh et ah, 1990, 1992). Briefly, 400 pm thick slices 
were cut with a vibrotome and maintained in an interface chamber at 35.5 °C. Artificial 
cerebrospinal fluid (ACSF) contained, in mMol/1, NaCl, 126; KC1, 5.5; CaCl2, 1.2 MgS04, 1.2; 
NaHCOj, 24; NaH2P04 1.25, glucose, 10; pH 7.4, saturated with 95% 0 2 + 5% C02 
(carbogen). Extracellular voltage (VJ was recorded in str. pyramidale within 100 /rm of the 
patch pipette using an ACSF-filled micropipette of 5-20 Mn resistance. Patch pipettes with 
tips of about 2 д т  i.d. (electrode resistance of 3-7 Mn) were filled with HEPES buffered 
solutions containing either Cs-gluconate, or K-gluconate and MgCl2, pH 7.22, 270 mOsm. 
In some cases 2 mM QX-314 was also mixed into the filling solutions to block V-gated Na+ 
currents.

Seal with cells was established by "blind" search guided in the cell body layer by 
electrical signals. Seal resistance was at least 1 Gn. The patch was broken by suction and the 
membrane potential measured in current clamp configuration. Voltage clamp was then 
established and macroscopic currents were recorded in whole-cell configuration. The voltage 
of the patch pipettes was referred to V0 registered by the extracellular electrode coupled to 
the bath headstage of the Axopatch ID amplifier. Compensation for series resistance was 
always at least 70%. Recordings were filtered (2 KHz, Bessel) and stored on digital tape 
(Biologic DTR 1200) and on polygraph chart. The Axon Instruments ’p-Clamp' program 
controlled V-clamp commands and stored evoked responses on disk for later analysis.

Membrane parameters were tested by ramp commands generated by the computer. The 
most commonly used ramps started with a 40 mV step down from the Vh for 20 ms and 
moved from that moment to a point of 100 mV positive with 0.33 mV/ms rate, and stepped 
back again to the Vh level. Other variants of ramp commands will be shown in the Results 
section. The holding potential was adjusted manually. Ramp tests could be repeated and 
stored within 1 sec if needed, they were triggered manually while watching the progress of 
hypoxic episode on the chart record. Under steady state conditions ramps were delivered at 
a low rate, but they were timed with an effort to sample the more dynamic phases in more 
detail while avoiding presumed pitfalls of high rate, continuous testing for extended periods.

Oxygen deprivation was made by filling the gas space of the interface chamber with 
95%N2 + 5%C02 usually until a typical extracellular negative SD wave developed. When this 
wave failed, hypoxia was terminated by switching the gas supply back to carbogen in 10 min.
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Current-voltage (I-V) relationships were plotted from samples taken at 300-400 ß \  
intervals in each ramp command. Regression analysis was performed using the near linear 
portion of the I-V curves. Regression lines of 100 to 200 data points were obtained with 
R-squared within 1.00 and 0.95. The standard SE of X-coefficient measurements was always 
below 10 percent, and very often it was close to 1 %. To remain within these limits, the part 
of current data evoked by the -100 to -50 mV section of the ramp command was used. When 
the relation remained fairly linear, the whole range of command voltage was considered.

RESULTS

Ramp tests can give over one hundred data points within a few hundred millisecond 
for I-V functions with high resolution. If current ramps are injected, the membrane potential 
of the cell changes slowly and gradually with little complications until reaches firing 
threshold. Tests with 2 to 3-times steeper depolarizing slope makes the membrane potential 
to cross the firing threshold level sooner but the I-V relationship remains similar. Treatments 
like oxygen deprivation can however make the voltage response of the same cell different to 
identical current injection (Fig. 1 ), which results in different I-V plots.

When under V-clamp conditions the membrane potential is changed with small 
increments slowly, transmembrane current is determined by the steady state properties of the 
membrane. An obvious question is what slope of ramp commands would make any transient 
conductance components of the cellular responses negligible. On the other hand, V-sensitive 
components should appear during ramp commands when their activation becomes dominant. 
However membrane conductances presumably behave in a different way when tested with 
large instantaneous steps or with small gradual increments even if the initial and end voltage 
levels are the same. Thus transmembrane currents induced step and ramp commands are not 
identical.

Commands with similar peak to peak voltage levels but with different timecourse were 
used to induce membrane currents and quantitatively different transient components were 
observed. There was, however, a range of ramp slopes with which a large portion of the 
subthreshold current remained practically the same. In our experiments ramp commands with 
more than 1 mV/ms rate were needed to affect the subthreshold portions of the membrane 
current considerably. I-V plots derived from ramps of such a high rate were steeper then the 
practically identical others obtained with slower (0.3 to 0.1 mV/ms) ramp rates. Calculated
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Fig. 1: Responses to ramp current injections. Intracellular recordings from the CA1 pyramidal 
cell layer with a patch pipette in I-clamp configuration. A before, В after a short hypoxic 
episode. Dotted lines at -64 mV (initial resting potential) level help to compare waveforms. 
The time course of the current injection was similar to the ramp illustrated in Fig.2 with a 
peak to peak intensity of 1 nanoA. Note differences between the slopes of the subthreshold 
membrane potential traces, and between firing parameters of the cell. Time bars in both 
records indicate 100 ms.

values of Rm with fast ramp was 222 Mn, with moderate ramp rate 265 Mn, and with low 
rate 275 Mn between -100 and -40 mV depolarization in a single cell. Ratio of Rm values 
taken in other cells with such rates were similar and 10 to 86 Mn differences were found 
in single cells tested with these three kinds of protocols. Apparently, ramps with different 
rate induce currents from which calculation results in similar conductance values within a 
certain range of ramp rates, but gets larger with quite fast ramps. In contrast, the nonlinear 
portions of the I-V curves are more sensitive to the ramp rate.

Cells exposed to hypoxia or stimulated with high frequency to provoke normoxic SD 
episodes were tested many times during exposure with a particular ramp command. As 
reported elsewhere (Czéh et al., 1993), the membrane conductance was 2 to 10-times higher
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Ramp Command Slow Ramp
Fig. 2: Responses to ramp commands in V-clamp configuration. Presumed granule cell 
recorded in the cell body layer of the dentate gyrus. Columns left and right are from the 
same cell tested with ramps of 0.33 mV/ms and 0.13 mV/ms rate, respectively. The upper 
two traces of both columns are raw current records, time scales on the bottom are valid also 
for the upper traces, inward current causes downward deflection, vertical calibration bars 
mean 0.4 nA. Note differences in activation of the membrane by depolarizing ramps with 
different slopes.

at the maximum of SD as compared to pre-SD controls (mean 3.52 ± 0.4 SE n=26). Mean 
decrease of Rrn was 62.6 Mn (± 27.8 SE) calculated from the same set of data. Consistently 
less differences were observed among data obtained in single cells tested with different ramps 
during quiet periods (before or long after SD episodes). In particular, data obtained with the 
same kind of test before and during SD yielded much larger difference than the variance of 
data obtained by repeating the same command during quiet periods several minutes apart.
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The commands used in most of the cases started and ended with a voltage step down, 
included an initial short period of steady hyperpolarizing potential followed by a 100 mV 
depolarizing ramp. The steps induced large capacitive currents and the 20 ms or longer 
period of constant voltage was sufficient for diminution of the initially activated charging 
current. The 100 mV ramp command depolarized the membrane passing a range of 
membrane potential critical in activation of V-gated currents. Accordingly, the waveforms of 
ramp evoked currents, and the I-V plots derived, had two main parts: the first and simpler 
reflected changes of (leak) current intensity across the "passive" membrane with command 
potentials, the other more complex part occurred when the voltage-gated conductances were 
also affected by the depolarizing ramp. The neutral term "nonlinear components" denoted this 
later part of the current, which was found more sensitive to rate of ramp. Nonlinear I-V 
curve could occur for at least two reasons: activation of a variety of transmembrane currents, 
and error due to loosing of V-clamp at higher membrane potential levels. While the records 
probably represented a mixture of both, we did not believe that the whole nonlinear complex 
as such was a meaningless artifact.

Direction of the ramp commands was also important in respect of non-linear portions 
of the I-V curves. Slowly hyperpolarizing ramps eliminated problems associated with 
threshold depolarization of the membrane, but some nonlinearity often came at the opposite, 
hyperpolarized limb of the curve (Fig. 3). In the cell considered above as representative for 
depolarizing ramps, hyperpolarizing ramps down to -150 mV resulted in around 170 Mn 
values ( 173 Mn with slower and 166 Mn with moderate rate). When only narrow segments 
of the I-V plot around -60 mV produced Vm were considered, the same Rm values were 
calculated from ramps of either direction, and the plotted functions were identical. When 
longer segments (50 - 100 mV) were compared, the calculated Rm values could be different 
with up to about 20% and examples occurred with higher Rm values from either directions 
of ramp command. The difference can be attributed to different degree of 
activation-inactivation of various conductances when tested with depolarizing or with 
hyperpolarizing ramps. In spite of that, there seems to be a range of voltage levels explored 
with fine resolution which yields practically the same Rm value irrespective of the direction 
of the ramp command and unaffected by the ramp rate provided that it remains within certain
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limits. This portion of the curve can well be considered to describe the "resting leakage 
conductance" of the cell and has been reported to change considerably with hypoxia and SD 
(Czéh et al., 1992, 1993).

Data points were also affected by the initial level from where the ramp commands 
started (Vh near resting potential, far hyperpolarized level for depolarizing and quite 
depolarized level for hyperpolarizing ramps). Slope resistances calculated from the I-V plots 
in the -50 to -100 mV range was found, however the same. When ramps coursed the very 
depolarized (e.g. between -20 and +30 mV) or extremely hyperpolarized (below -110 mV) 
potential range, the slopes deviated from each other and from that found with ramps not 
reaching the extreme levels. The slopes seen in identical segments of the extreme ranges
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Fig. 3: Responses to hyperpolarizing ramp commands. Same cell and similarly arranged 
frames as in Fig. 2.
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apparently depended on the steady holding potential level from where portions of ramp 
commands reached the extreme voltage levels. Work is in progress to determine how the 
calculated Rm value depends on the length of time while the membrane is clamped at 
extreme potentials.

Ten or twelve voltage steps, 200 ms each, in 5 mV increments gave plots with rather 
poor resolution (10-12 data points) of the I-V relationship. The linear part of the function 
could be used to determine Rm, and the technique was good enough to get evidences for 
major and persistent changes of the Rm value (Fig. 6). However, during rapid change of
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Fig. 4: I-V relationship of a granule cell. The data were plotted from those illustrated in Figs. 
2 and 3. Time courses of the Fast commands used on the left side, are shown on the left 
side of Figs. 2 and 3. On the right, plots obtained by the faster and slower ramp commands 
are superimposed. Note that only segments of the current responses to depolarizing 
commands are used.
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conditions, like the dynamic onset phase of SD episodes - the technique would give data with 
considerable error since properties of the membrane could change considerably between 
consecutive pulses and therefore the 5 mV increments would test the membrane with 
different instantaneous Rm value. Another problem came from the more or less unpredictable 
nature of the SD episodes, some developed sooner others later under similar conditions; some 
took off quite rapidly and followed complex timecourse, others were slower and simpler. 
Timing of tests which required long periods would be difficult under such circumstances (e.g. 
Fig. 5).

V0

Fig. 5; Simultaneous extracellular (V0) and patch-clamp recordings (IJ from the CA1 subfield 
of a slice, distance between the two pipettes in the pyramidal cell layer was about 100 дт. 
Negativity is downward on the V0 trace. Four relatively fast waves ride on a slow baseline 
shift, before a large negative wave signals a short SD episode. The cell was V-clamped at -50 
mV and tested with two kinds of commands several times during the episode. Details of tests 
marked with A-D are shown in Fig. 6 and those with 1-4 in Fig. 7. Note that the membrane 
resistance test needs time too long to explore changes during the rapid onset phase of the SD. 
Sampling rate was 1 kHz during analog-digital conversion of the tape recorded data for this 
illustration.
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Increasing the number of data points makes I-V plots more exact and helps to 
estimate membrane rectification. Non-linear components should be tested with steps repeated 
at quite low rate which easily prolongs the time required for a complete family of curves 
over several minutes. That would be far too long in SD-research. Extremely slow (below 1 
mV/sec rate) ramps would also be inadequate to explore acute effects of hypoxia.

Step to 
-1 5mV

-20mV

-25mV

-30mV

-35mV

-60mV

Command mVolt

Fig. 6: Responses to step command pulses. Expanded portions of Im recording shown in Fig. 
5. Top left: currents evoked by the commands shown with the same timescale, vertical scale 
serves for the current records only. This family of curves is marked with A in Fig. 5. Arrow 
indicates the time when a segment of current data were averaged from each families of 
curves for the I-V plot on the bottom left. On the right, responses to identical commands 
(labeled as Step to -15 mV etc) were selected from families A-C in Fig. 5. Note that curves 
from group C at the SD decay consistently deviate from the others in several respects 
including baseline level and details of waveform. Responses in group A to steps jumping 
beyond -30 mV contain a strong inactivating inward component.
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Three ramps 
after test 1

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10

Ramp command (mVolt)

Fig. 7: Responses to ramp test commands. Expanded portions of Im recording shown in Fig. 
5. Left: raw current data with similarly time-scaled command, labels 1-4 refer to Fig. 5. 
Vertical scale for the current data only. Far right: I-V plot from ramp command evoked 
currents, black arrow indicates the holding potential, the open ones border the potential range 
explored with step commands shown in Fig.6. Note the steeper slope of data taken at the 
early decay of SD episode before (line 3) and after the period when group C of curves shown 
in Fig. 6 was obtained. Note also, that line 2 which sampled the last seconds before the SD 
wave did not deviate from lines 1 and 4. Middle set shows consecutive ramp evoked currents 
after test 1 in Fig. 5 to illustrate how the waveform changes during the period of time when 
epileptiform negative waves occur.

The currents evoked by ramp voltage commands which linearly depolarized the cell 
over a period of 300 ms usually contained fast inward surges attributed to putative sodium 
current (Fig. 2). In the absence of them much slower currents made the I-V plots non-linear. 
Slow inward rectification could be analogous with the inward-going end of the curves shown 
in Fig. 4, preceding the onset of fast inward surge. Examples in Fig. 8 were selected to 
illustrate more prolonged forms of such smaller slow components. Direction of the slow 
rectifications, and particularly their modification under the effect of mild hypoxia suggested 
complex multi-ionic nature, including putative high threshold, calcium mediated and some 
potassium mediated components. Calcium-dependent mechanism of the inward rectification 
was likely because it survived blockage of fast sodium currents by QX-314, and potassium 
was the most likely ion to carry outward current.
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Fig. 8: Examples of slow inward current induced by ramp commands as recorded with 
K-gluconate filled pipettes. 2 mM QX-314 also present in the pipette in A and B. A: Taken 
at Vh -62 mV during early prodromal phase of hypoxia. Note the small and the larger, broad 
components activated with large depolarization. B: Curves obtained in the 3rd minute of 
hypoxia, the top line was taken first, the bottom one last before an SD wave. The first and 
last curves deviated in the opposite direction from the corresponding straight lines (fitted by 
eyes). The larger, broad components shown in A were depressed at this stage of hypoxia. C: 
Another cell, Vh -67 mV, during hypoxia. The left limb of the curve is linear indicating the 
voltage independent ohmic (leakage) resistance. The mid-portion suggests activation of a slow 
inward-going component, while the right-side limb goes to the opposite (outward) direction. 
D: Gradual recovery of slow inward current in early reoxygenation period from yet another 
cell. The bottom (still linear) curve was taken first and the others consecutively as shown 
shifting upward with more and more rectification from about -50 mV on. Larger fast inward 
components were omitted from the top one for clarity. This cell was clamped at Vh -68 mV.
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Interpretation of V-clamp findings depends critically on the quality of space clamp. 
It seems unlikely that the whole membrane surface of multipolar neurons can be kept at the 
same potential level by point source current injections from an electrode attached to the 
perikaryon (Johnston and Brown 1983; Spruston et al., 1993). Time course of the initial 
component of step command evoked current signals could well be approximated with a curve 
calculated from two exponentials. Time constant for the faster one was around 0.5 ms and 
that of the slower fell between 2.5 and 5 ms, which supported the assumption that charges 
were re-distributed between the non-isopotental compartments.

A possible way to judge adequacy of V-clamp in at least a portion of the dendritic 
membrane is to demonstrate how evoked postsynaptic currents (PSC) generated in the 
dendrites depend on the membrane potential. V-dependent reversal is a well established 
property of chemically activated ionic currents, which cannot be seen if the effect of V-clamp 
is restricted to the somatic membrane, far from the activated transmitter receptors.

Str. radiatum volleys induced strong inward current in CA1 pyramidal cells (see Nicoll 
et al., 1990) if the Vm was more negative then about -55 mV. At this level fast glutamate 
(AMPA) activated current and GABAa receptor-mediated current were both supposed to be 
inward. When the membrane potential was kept positive from about -50 mV, activation of 
putative GABAa receptor induced chloride current became outward, and at very positive Vm 
levels the presumed glutamate-activated initial current also reversed. Tests illustrated in Fig. 
9 were performed in all cells V-clamped in our study and differential reversing of later and 
earlier components of the PSC suggested that the part of the dendrites where the stimulated 
synapses were located was under V-clamp. Therefore requirement of space clamp was at least 
in part fulfilled.

DISCUSSION

Purposes of V-clamp studies of neurons include investigation of macroscopic currents 
induced by any of several possible manipulation of the membrane conductances. The key 
assumption in the technique claims that the recorded currents reflect magnitude and kinetics 
of the transmembrane conductance. A primary condition of adequate V-clamp, however, 
practically never holds in studies on CNS neurons of mammals: the space clamp remains
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Vh-37mV Vh -67mV

Fig. 9: Reversal of postsynaptic current (PSC) elicited in a CA1 pyramidal cell by str. 
radiatum volleys. Presynaptic fibers were stimulated with constant intensity in each of the 
10 superimposed records on both left and right, while the cell was V-clamped at -37 and at 
-67 mV, respectively, several minutes apart. From the V,, levels indicated, 300 ms long step 
commands were delivered and the str. radiatum volleys (arrow) were triggered at 200 ms after 
the step onset. The steps were graded in 5 mV increments between the minimal and maximal 
values indicated on both records. The segments of membrane currents shown contain a period 
of prestimulus baseline, but neither the initial nor the end part of the step command evoked 
currents. Leak currents were eliminated by subtraction of digitalized traces produced with 
similar step commands but without str. radiatum stimulation.

inadequate (Johnston and Brown, 1983). Space clamp requires that the whole surface of the 
cellular membrane should be clamped at the same voltage level otherwise only a portion of 
the recorded current would represent transmembrane conductance changes while another 
portion would in fact be intracellular, not transmembrane, current due to potential differences 
between somatic and dendritic membrane. It is unlikely that one could ever control the whole 
membrane surface of large multipolar cells by point source voltage injection used in any 
kinds of single electrode voltage clamp techniques. Space-clamp problems can be reduced by 
decreasing the amplitude of the current (e.g. Park and Ahmed 1991).

Patch clamp pipettes are better for V-clamp because they have lower resistance than 
conventional sharp intracellular electrodes. A further advantage comes from the giga-seal 
established in whole-cell patch-clamp recordings, which allows far better isolation from the 
extracellular electrolite medium. Design of patch-clamp amplifiers makes V-clamping faster
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and more powerful which further diminishes but cannot eliminate the problems involved in 
poor space clamping of the membrane.

Although patch-clamp technique reduces steady state voltage attenuation, transient 
currents generated in neuronal dendrites and measured at the soma can be significantly 
attenuated and distorted (Spruston et al., 1993). The unclamped nature of membrane raises 
the possibility that voltage-gated channels in dendrites may also be activated by synaptic 
transmitter binding, even under V-clamp conditions. The errors can be reduced by reducing 
the series resistance and electrode capacitance, but alteration of the magnitude and 
time-course of the current generated in the dendrites and measured at the soma remains 
significant. The attenuation, however, affects far less the estimation of reversal potential of 
synaptic currents. Attenuation can be over 80% for magnitude of PSC and 310% increase in 
tise time according to the simulations run by Spruston et al. (1993). There seems to be no 
generally accepted method for determining space-clamp problems involved in PSC 
measurements, because neither the lack of correlation between synaptic decay time constant 
and rise time, nor the step command method (Hestrin et al., 1990) are accurate as discussed 
by Spruston et al. ( 1993). Although conductances involved during SD episodes are slower than 
those measured with PSC, they appear to be larger in magnitude, thus the published records 
- including our own - are probably distorted by an unknown factor.

Measurement errors may remain unchanged throughout the recording session from a 
single cell, and effect of some experimental manipulation can be demonstrated by subtracting 
control data taken from the same cell before manipulations. Control data on membrane 
conductance (or Rm derived from it) should not contain V-dependent or ligand-dependent 
components. Obtaining adequate controls with recording from neurons in slices is not a trivial 
task, however. Under single electrode V-clamp, a convenient test to check for presence of 
activated current component looks for the difference between waveforms induced by the make 
and break of the command voltage steps. Discontinuities in the current traces at the beginning 
and end of the voltage steps reflect the instantaneous, ohmic, "leakage" current. The leakage 
conductance is analogous to the conventional input conductance measured with I-clamp 
techniques; it is determined by the combination in parallel of the true leak conductance of 
the isopotential compartment (presumably the soma) and the input conductance of the cable
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network provided by the nonisopotential dendritic tree. Any V-dependent conductances that 
are active at rest will also contribute to the apparent leakage conductance (Stafsrom et al., 
1984a). An often used procedure is to subtract the leakage component from the total current 
recorded to view any time-dependent currents in isolation. This procedure cannot used when 
the leakage component does not remain constant. Another approach is to subtract control data 
as a whole (leakage plus other components together) from the experimental one to 
demonstrate effects in isolation. Again, the technique is justified as long as one can believe 
that all the "isolated effects" are indeed come from the experimental manipulation and no 
uncontrolled parameter change is involved.

Very slow (2-6 mV/sec rate) ramps test the steady state Rm, and under V-clamp the 
ramp command produces a linearly rising ionic current which largely represent ohmic, leakage 
current (Stafsrom et al., 1984b). Nonlinearity of I/V plots obtained with this technique 
reflects V-gated conductances (e.g. the persistent sodium-current in neocortical cells, Stafsrom 
et al., 1984b).

Faster ramps, on the other hand, may result data points which reflect in part the 
leakage conductance and in part contribution of currents due to lack of isopotential dendrites. 
It seems likely that as faster ramps force the system to work closer to its speed limit in 
preventing any voltage deviation from the command level, the relative potential difference 
between soma and distant dendrites gets larger. This may explain the slope difference 
between I-V plots obtained from the rapid and the slower ramp tests. However, it is also 
likely, that the somatic membrane itself react in a little different way to faster versus slower 
ramps (Stafsrom et al., 1984b). Although work is in progress to analyse fast-ramp induced 
conductance changes, one conclusion is firm even from the data available so far: one must 
use the very same command protocol and repeat the test over and over again to obtain 
meaningful data on Rm changes involved for example in seizures or hypoxia.

Ramp activated macroscopic currents recorded here had several components which 
should be related with those elicited by step pulse commands in hippocampal slices under 
similar conditions (e.g. Krnjevic and Leblond, 1989). This work should include 
pharmacological tests as well. The ramp commands with parameters used here have not been 
used before by others. Thus it seems premature to speculate on the identity of currents found
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in ramp-stimulated cells. Recently striking differences emerge among sets of neuronal 
properties obtained with conventional sharp-electrode versus whole-cell patch clamp recording 
techniques. The resting potential, action potential threshold and rheobase values are found to 
be quite similar, in contrast with the Rm and the action potential amplitude data which seem 
consistently much larger in recordings with whole-cell technique. The difference has been 
explained by the long suspected effects of microelectrode-associated leak conductance (Staley 
et ah, 1992, Vanner et al., 1993) but modifications associated with cell dialysis (e.g. Zhang 
and Kmjevic, 1993) should not be neglected either.

Ramp tests with various rates have been used to study several kinds of cells (e.g. 
cardiac cells: dV/dt = 0.46 V/s, Tareen et ah, 1992; 50 mV/s, Xu and Adams 1992; 
neocortical pyramidal neurons: 34 mV/s, Stafsrom et ah, 1984b; CA3 pyramidal cells: 
lmV/5ms, Thompson and Gähwiler, 1989; dorsal root ganglion cells: lmV/2ms, Duchen, 
1990; diencephalic neurons: 2.5 and 5 mV/ms, Park and Ahmed, 1991). The I-V plots 
contain generally two portions with different slopes reflecting leakage and activation of some 
V-gated conductances usually in the range between -40 and -60 mV. Some (e.g. Xu and 
Adams, 1992) report on direct comparison between I-V plots obtained with conventional 
steps and with ramp techniques. Portions of the curves corresponding to the resting (or leak) 
steady conductances match fairly well and the limited number of data points obtained with 
step pulses in the voltage range which activates strong currents do not deviate too far from 
those with ramp technique. The ramps used by Xu and Adams (1992) are far slower than the 
ones tested in our work. However the conclusion from experiments illustrated in Figs. 5-7 
was similar: ramp tests of 0.33 or 0.13 mV/ms resulted in Rm values comparable to those 
obtained from the steady portions of the step evoked responses. Nature of nonlinear 
components shown in Figs. 2-4 and 8 is more obscure and probably more important in 
controlling firing properties of the neurons (Stafsrom et al., 1984b).

ACKNOWLEGDEMENTS

We thank Dr. Loránd Kellényi for his invaluable helps in technical matters. Some 
recordings were performed in Prof. George Somjen’s laboratory at Duke University, we are 
grateful for his support and helpful discussions.

This research was supported by T-557/1990 ETT and T-3-1188/1991 OTKA grants.



Whole-cell patch-clamp recording in hypoxia research 369

REFERENCES

Brown, D.A., Gähwiler, B.H., Griffith, W.H. and Halliwell, J.V. (1990) Membrane currents 
in hippocampal neurons. Prog. Brain Res. 83, 141-160.

Czéh, G., Aitken, P.G. and Somjen G.G. (1992) Whole-cell membrane current and membrane 
resistance during hypoxic spreading depression. Neuroreport 3, 197-200.

Czéh, G., Aitken, P.G. and Somjen G.G. (1993) Membrane currents in CA1 pyramidal cells 
during spreading depression (SD) and SD-like hypoxic depolarization. Brain Res. (in 
press).

Czéh, G. and Czopf, J. (1991) An intracellular investigation into the postsynaptic responses 
of the principal cells in slice preparations from rat hippocampal formation. Acta 
Physiol. Hung, 77, 63-76.

Czéh, G., Horváth, Zs. and Czopf, J. (1990) Long-term potentiation in slices from 
subcortically deafferented hippocampi. Brain Res. 518, 279-282.

Duchen, M.R. (1990) Effects of metabolic inhibition on the membrane properties of isolated 
mouse primary sensory neurones. J. Physiol. 424, 387-409.

Haddad, G.G. and Jiang, C. (1993) Oxygen deprivation in the central nervous system: 
Mechanisms of neuronal response, differential sensitivity and injury. Prog. Neurobiol. 
40, 227-318.

Hestrin, S., Nicoll, R.A., Perkel, D.J. and Sah, P. (1990) Analysis of excitatory synaptic action 
in pyramidal cells using whole-cell recording from rat hippocampal slices. J. Physiol. 
(London) 422, 203-225.

Hille, В. (1984) Ionic Channels of Excitable Membranes. Sinauer, Sunderland (Mass.).
Jack, J.J.B, Noble, D. and Tsien, R.W. (1975) Electric Current Flow in Excitable Cells. 

Oxford, U.K. Clarendon.
Johnston, D. and Brown, T.H. (1983) Interpretation of voltage-clamp measurements in 

hippocampal neurons. J. Neurophysiol. 50, 464-486.
Krnjevic, K., Cherubini, E. and Ben-Ari, Y. (1989) Anoxia on slow inward currents of 

immature hippocampal neurons. J. Neurophysiol. 62, 896-906.
Krnjevic, K. and Ixblond, J. ( 1989) Changes in membrane currents of hippocampal neurons 

evoked by brief anoxia. J. Neurophysiol. 62, 15-30.
Nicoll, R.A., Malenka, R.C. and Kauer, J.A. (1990) Functional comparison of neurotransmitter 

receptor subtypes in mammalian central nervous system. Physiol. Rev. 70, 513-566.
Park, C.C. and Ahmed, Z. (1991) Characterization of sodium current in developing rat 

diencephalic neurons in serum-free culture. J. Neurophysiol. 65, 1011-1021.
Spruston, N.. Jaffe, D.B., Williams, S.H. and Johnston, D. (1993) Voltage- and space-clamp 

errors associated with the measurement of electrotonically remote synaptic events. J. 
Neurophysiol. 70, 781-802.

Stafsrom, C.E., Schwindt, P.C., Flatman, J.A. and Crill, W.E. (1984a) Properties of 
subthreshold response and action potential recorded in layer V neurons from cal 
sensorimotor cortex in vitro. J. Neurophysiol. 52, 244-263.

Stafsrom, C.E., Schwindt, P.C. and Crill, W.E. (1984b) Repetitive firing in layer V neurons 
from cat neocortex in vitro. J. Neurophysioi. 52, 264-277.



370 Czéh and Czopf

Staley, KJ. Otis, T.S. and Mody, I. (1992) Membrane properties of dentate gyrus granule 
cells: comparison of sharp microelectrode and whole-cell recordings J. Neurophysiol. 
67, 1346-1358.

Tareen, F.M., Yoshida, A. and Ono, K. (1992) Modulation of ß-adrenergic responses of 
chloride and calcium currents by external cations in guinea-pig ventricular cells. J. 
Physiol. 457, 211-228.

Thompson, S.M. and Gähwiler, B.H. (1989) Activity-dependent disinhibition. I. Repetitive 
stimulation reduces IPSP driving force and conductance in the hippocampus in vitro. 
J. Neurophysiol. 61, 501-511.

Vanner, S., Evans, R.J., Matsumoto, S. G. and Surprenant, A. (1993) Potassium currents and 
their modulation by muscarine and substance P in neuronal cultures from adult guinea 
pig celiac ganglia. J. Neurophysiol. 69, 1632-1644.

Zhang, L. and Krnjevic, K. (1993) Whole-cell recording of anoxic effects on hippocampal 
neurons in slices. J. Neurophysiol. 69, 118-127.

Xu, Z.J. and Adams, D.J. (1992) Resting membrane potential and potassium currents in 
cultured parasympathetic neurones from rat intracardiac ganglia. J. Physiol. 456, 
405-424.

R ece ived  2 9  O ctober  199 3  
A ccep ted  22  N ovem ber 199 3



Neurobiology 1 (4), pp. 371-383, 1993

DISTRIBUTION OF SEROTONIN-LIKE IMMUNOREACTIVE 
NEURONES IN THE EMBRYONIC NERVOUS SYSTEM 

OF LYMNAEID AND PLANORBID SNAILS

l 2Elena E. Voronezhskaya and 'Károly Elekes

‘Balaton Limnological Research Institute of the Hungarian Academy of Sciences, 
H-8237 Tihany, P.O. Box 35, Hungary and institute of Developmental Biology 

of the Russian Academy of Sciences, Moscow, Russia

Summary: The distribution of 5HT-like immunoreactive (5HTLI) neurones was 
investigated in lymnaeid and planorbid snail embryos. The time of appearance 
and the pattern of development of homologous 5HTLI cells in the CNS were 
found to be similar in all species investigated. However, 5HTLI cells 
characteristic only of planorbid embryos were also found. These specific 
neurones which were detected outside the future CNS at stage E30 of 
embryogenesis and which disappeared close to hatching, were named transient 
serotoninergic 1 cells. A correlation is suggested between the embryogenetic 
development of 5HTLI neurones and the development of 5HT-dependent motor 
behaviour in these animals.

Key words'. Mollusca, Pulmonata, Embryogenesis, 5HT-like 
immunoreactivity.

INTRODUCTION

The molluscan nervous system has become an important model in neurobiological 
research (Kandel, 1976; Willows, 1985, 1986; Boer et al„ 1986), mainly with respect to the 
identification of neuronal networks underlying 22 different behavioural phenomena. Detailed
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maps of immunocytochemically labelled neurones have recently been described in the central 
nervous system (CNS) of several model animals (see e.g. Ono and McCaman, 1984; Croll and 
Chiasson, 1989; Kemenes et ah, 1989; Elekes et ah, 1991; Elekes et ah, 1993). Mostly adult 
animals were used in these studies, but gastropod molluscs have long been popular objects 
in embryology (Stiebel, 1815; Raven 1958). A combination of neurobiological and 
embryological approaches would allow the use of snails as advantageous models in 
developmental neurobiology.

Serotonin (5HT) is known to be an important transmitter in gastropods (Koshtoyants 
et ah, 1961; S.-Rdzsa, 1984; Walker, 1986). An additional neuromodulatory and 
neurohormonal role for 5HT has been suggested on the basis of recent immunocytochemical 
experiments (Hernádi et ah, 1989; Kemenes et ah, 1989; Elekes, 1991). Little is known, 
however, about the role of 5HT in the neurogenesis and behavioral ontogeny of molluscs. It 
has recently been demonstrated that 5HT-containing neurones appear early in the 
embryogenesis of two pulmonate species, Lymnaea stagnalis (Croll and Chiasson, 1989; 
Marois and Croll, 1992) and Hdisoma trivolvis (Goldberg and Kater, 1989). The 
development of the 5HT-like immunoreactive (5HTLI) neurones during embryogenesis in 
Lymnaea has recently been described in detail (Marois and Croll, 1992). To elucidate a more 
general pattern of development of the 5HTergic system in freshwater pulmonates, the present 
comparative study on five representative species of this group was undertaken.

MATERIALS AND METHODS

Animals

The following species of gastropods were used: Lymnaea stagnalis and Physa 
fontinalis (Lymnaeidae); Helisoma trivolvis, Planorbarius corneus and Planorbis planorbis 
(Planorbidae). Embryos of L. stagnalis and P. corneus originated from egg masses laid both 
in a laboratory colony and in the wild. P. fontinalis and H. trivolvis were from aquarial 
cultures only, and P. planorbis embryos were from the wild. Egg masses were maintained 
at room temperature in Petri dishes filled with filtered water from Lake Balaton.

The stages of embryonic development were determined according to Goldberg and 
Kater (1989) and Marois and Croll (1992). Each stage was characterized by a specific set of 
morphological, morphometric and behavioral features. Stages were expressed as a percentage 
of total embryonic development, wherein 0% (EO) corresponded to the first egg cleavage and 
100% (El00) to hatching. This designation allowed the avoidance of differences in individual
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times of embryogenesis in each investigated species. The following stages were examined: 
E20, E25, E30, E45, E60, E70 and E80. The results presented in this paper are based upon 
observations of at least 30 specimens of each snail species at each of the stages mentioned 
above.

Immunocytochemistry

Sternberger’s (1979) indirect three-step method was used. Whole embryos were used 
to examine the early embryonic stages E20-E30. For advanced stages (E45-E80), dissection 
of the visceral complex and/or foot was undertaken to ensure a better penetration of 
antiserum into the tissue. Embryos were removed from eggs and immediately placed into 4% 
paraformaldehyde diluted with 0.1 M phosphate buffer (PB, pH 7.4) for 4 h at 4 °C.

Immunocytochemistry was performed in the following steps: i) 1 h treatment in 2% 
H20 2 diluted in PB: ii) a 1.5 h treatment with 5% normal goat serum diluted in PB saline 
containing 0.25% Triton X-100 (PBS-TX); iii) incubation for 20 h with anti-5HT antiserum 
(Incstar) diluted 1:2000: iv) incubation for 5 h with anti-rabbit IgG (Dakopatts) diluted 1:40; 
v) incubation for 2 h with rabbit peroxidase anti-peroxidase (PAP) complex (Dakopatts) 
diluted 1:200. All antisera were diluted in PBS-TX containing 0.25% bovine serum albumin 
(PBS-TX-BSA). All treatment steps were performed at room temperature and were followed 
by three washes, each for 15 min, in PBS-TX. After a 15 min preincubation with 0.05% 
3,3’-diaminobenzidine (DAB, Sigma) diluted in 0.05 M Tris-HCl (pH 7.6), the histochemical 
reaction was developed by adding 0.01% H20 2 for 3-6 min. Following development, tissues 
were dehydrated in graded alcohol, cleared with methylsalicylate, mounted in Canada balsam, 
viewed and photographed with a Zeiss Axioplan photomicroscope.

The specificity of this anti-5HT antiserum has been well demonstrated in the adult 
gastropod nervous system (Hernádi et al., 1989; Kemenes et al., 1989). Other control 
experiments included replacement of the primary antiserum (i) with 1 % normal rabbit serum 
or (ii) with the diluting solution, PBS-TX-BSA. No immunostaining was observed after these 
control experiments.

RESULTS

The terminology used below is after Raven (1958) and Marois and Croll (1992). No 
differences between wild and laboratory populations were detected.

Lymnaeidae

The pattern of 5HTLI cells was similar in the two species investigated (L. stagnalis 
and P. fontinalis). All 5HTLI cell bodies were found within the developing central ganglia 
(CG). 5HTLI cells were first detected at stage E30 as a pair of somata (C4) located in the 
anterodorsal quadrant of the embryo (an area corresponding to the location of the future CG),
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Figs. 1-3: Distribution of 5HTLI neurones in Lymnaea embryos. Bars represent 100 gm. 
Fig. 1: 5HTL1 neurones in embryos of at stage E45. One pair of neurones is seen in the 
region of the cerebral ganglion (CG) and three pairs in the pedal ganglion (PG).
Fig. 2: E45 neurone in the pedal ganglion (EPel, EPe2 and EPe3) with their processes to the 
lateral (arrows) and medial (double arrows) portions of the foot.
Fig. 3: 5HTLI cells in the E60 embryonic nervous system. Three pairs of neurones (C4-C6) 
are seen in the cerebral ganglion, and some of the pedal neurones are also visible (arrows).
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and a pair of somata (EPel) located in the medial part of the foot (the region of the future 
pedal ganglia [PG]) (Fig. 12).

By stage E45, each of the C4 bilaterally symmetrical neurones sent a single projection 
to the contralateral ganglion via the cerebral commissure. The perikarya of C4 neurone 
moved gradually to the caudal part of the cerebral ganglion. In the region of PG, three pairs 
of neurones (EPel, EPe2 and EPe3) were detected, with their processes projecting to the 
cerebro-pedal connectives and to the pedal commissure (EPel), and to the medial (EPe3) and 
lateral (EPe2) portions of the foot (Figs. 1, 2 and 12). The latter processes displayed rich 
branching at the base of the ciliated epithelium (Fig. 2).

The ganglionic ring was mostly developed by stage E60. At this time, a group of three 
identical 5HTLI neurones (C4-C6) was detected in the caudo-dorsal region of the cerebral 
ganglion. Their processes ran to the cerebral commissure and reached the contralateral 
ganglion. Seven large 5HTLI cells occupied the right PG, and six the left one (Figs. 3 and 
12). The 5HTLI bundle leaving the PG projected into two branches (Figs. 9-11). One 
projected to the sole and arborized widely at the base of the ciliated epithelium (Figs. 10 and 
11 b). The other bundle projected to the caudal part of the foot and sent off branches to the 
muscle fibres (Figs 9. and 1 la).

In both species, the number of 5HTLI neurones increased during embryogenesis. At 
stage E80, the following neurones were found in the CG: i) the Cl cell, corresponding to the 
giant metacerebral Cl neurone of adult molluscs, could easily be distinguished in the anterior 
region by its axonal projection to the buccal ganglion; ii) the C2 neurone was localized 
anteromedially to the C4-C6 cluster, sending its processes toward the tentacles (Fig. 8). In 
each PG, there were 11-13 5HTLI cells. Some of them clustered in the medial part of the 
ganglion (PA clusters).

Planorbidae

The developmental pattern of 5HTLI cells in planorbid embryos was distinct from that 
found in lymnaeids in the following respects. In all three species investigated (P. corneus, P. 
planorbis and H. trivolvis), the first 5HTLI cells were detected outside the future CNS. At 
stage E30, a symmetrical pair of large bipolar cells was observed dorsolaterally to the mouth
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Figs. 4-5: Distribution of 5HTLI neurones in planorbid embryos. Bars represent 100 ßm. 
Fig. 4: The first 5HTLI cells (TS1) of embryos of P.corneus in stage E30 and their processes 
projecting to the foot. These cells are localized outside the future CNS.
Fig. 5: 5HTLI neurones in stage E45 of H. trivolvis embryo. CG - cerebral ganglion, PG - 
pedal ganglion, TS1 - transient serotoninergic cell.
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Figs. 6-8: Differences in appearance of 5HTLI neurones between lymnaeid and planorbid 
development.
Fig. 6: P. corneus, stage E60 embryos. The transient 5HTLI cells (TS1) are seen outside the 
CNS, localized near the cerebral ganglia (CG). PG - pedal ganglion. Bar represents 100 дип. 
Fig. 7: One of the TS1 cells projects to both the epithelium (arrow) and the cerebral ganglion 
(CG, double arrow). Bar represents 50 дт.
Fig. 8: The same region as in Fig.7 in an embryo of L. stagnalis. All 5HTLI cells occur 
within the cerebral ganglion (CG). Bar represents 50 дт.
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Figs. 9-11: 5HTLI innervation of the embryonic foot. Bars represent 100 дт.
Fig. 9:5HTLI branches in the foot (arrows) at stage E60 of the embryogenesis of P. corneus. 
Note the fine ramifications of the 5HTLI fibres within the musculature (arrowheads). PG - 
pedal ganglion.
Fig. 10: Varicose 5HTLI fibres (arrows) at the base of the ciliated epithelium (cep) in an E60 
L. stagnalis embryo.
Fig. 11 : (a) Higher magnification of the arborization of 5HTLI fibres in the caudal part of 
the foot musculature, (b) The same region as in (a) in another focus plane, showing fine 
varicose 5HTLI fibres (arrows) at the base of the ciliated epithelium of Lymnae stagnalis.
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opening (Figs. 4 and 12). Their shorter process projected to the anterior part of the head, 
penetrated the epithelium, and then terminated there (Fig. 7). The longer process entered the 
foot and arborized there. Medial branches of the longer processes of each of the two cells 
projected as a common trunk under the posttrochal ciliary band. Lateral branches exhibited 
ramifications in the lateral regions of the foot (Fig. 4). At more advanced stages, the longer 
5HTLI processes crossed the CG and PG (Figs. 5-7). The localization of the two early (30%) 
5HTLI cell bodies remained constant throughout the embryogenesis. However, they ceased 
to show 5HTLI close to hatching (stage E90). We therefore named these paired neurones TS1 
(transient serotoninergic 1).

Otherwise, significant differences between the developing 5HTL1 systems in the CNS 
of planorbid and lymnaeid embryos were not detected.

DISCUSSION

The distribution of 5HTLI cells during the embryogenesis of Lymnaeidae and 
Planorbidae is summarized in Fig. 12. Stages E30, E45 and E60 are shown because 
important changes in number and localization of immunopositive neurones took place in these 
stages.

The first 5HTLI cells were detected at stage E30. This is the stage when rotational 
movements are interrupted by periods of inactivity (Diefenbach et al., 1991). Muscular foot 
and body wall movements appear at stage E45. The embryo acquires an ability to attach to 
the capsule wall and glide over it after stage E60 (Voronezhskaya et ah, in press). The 
development of this motor behaviour correlates with a steady increase in the number of 
5HTLI cells. Indeed, cilio-driven rotation and gliding are known to be 5HT-dependent 
(Audesirk et ah, 1979, Caunce et ah, 1988, Syed et ah, 1988, Diefenbach et ah, 1991).

The time of appearance and the patterns of development of homologous 5HTLI cells 
in the CNS were found to be similar in all the species investigated. In this respect, our results 
confirm, but also extend earlier findings on L. stagnalis by Marois and Croll (1992) and on
H. trivolvis by Goldberg and Kater (1989). The latter authors suggested that the earliest pair 
of 5HTLI cells in H. trivolvis might be precursors of the adult cerebral Cl neurones. This 
suggestion seems to contradict the results obtained on other gastropods. First, in Aplysia and
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PLAMORBIDAE LYMNAEIDAE

mouth

foot

12
Fig. 12: Schematic representation of the distribution of 5HTLI neurones in planorbid and 
lymnaeid snails at three stages of embryogenesis: 30, 45 and 60 per cent development. 
CG - cerebral ganglia, C4 - first 5HTLI cells localized in the area of the future CG, PG - 
pedal ganglia, EPel - first 5HTLI cells localized in the area of the future PG, TS1 - 
transient serotoninergic cells outside the CNS.
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Lymnaea embryogenesis the Cl cells appear much later than C3-C6 (Marois and Carew, 
1989, Marois and Croll, 1992). Second, our results demonstrate that the cells described as Cl 
by Goldberg and Kater (1989) are in fact localized outside the CNS, and ceased to show 
5HTLI before hatching. Hence, these transitory cells (TS1) seem to be different from the pair 
of Cl neurones.

We could find no neurones corresponding to TS1 in Lymnaeidae. However, a pair of 
early catecholaminergic transient cells situated outside the CNS has been described in 
Lymnaea embryos (Voronezhskaya, 1990).

Actually, the methods we have used do not allow us to follow and define 
unequivocally the fate of the cells we called "transient" neurones. Cell death may also take 
place. Therefore, when we call these cells "transient", we understand the transiency of the 
transmitter expression. The fate and possible transmitter content of these "transient" neurones 
during postembryonic development and in the adult animals remains to be studied. A change 
in transmitter content in the earlier embryonic stages of development of a nudibranch 
(Buzhnikov, 1987), and a change in the transmitter sensitivity of the adductor muscle of 
Anodonta larvae, glochidia (Lábos, 1966), have earlier been described.

In summary, 5HTLI neurones develop in similar patterns in the embryonic CNS of 
various freshwater pulmonates. Additionally, transient 5HTLI neurones situated outside the 
CNS occur in the investigated planorbid species. The reason for this difference remains also 
to be elucidated in the course of future investigations.
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— amino acid levels in, 270 

choline acetyltransferase, 201 
choline, transport of, 264
cholinergic system, central, immunological 

lesion of, 182 
CNS, 235

— grafts, mammalian, 281
— neurons, calcitonin gene-related 
peptide content, distribution of, mouse, 
173
------serotonin-like immunoreactivity,
snails, 371
— pericytes, immune potential, 288 

computer simulation
— ionic currents, 55
— neuronal networks, 176, 207, 233 

contractions, of ileum, to acetylcholine and
selenium, 83

cortex, visual astroglial reaction to Wallerian 
degeneration, 123

cortex
— cross model changes, monocular 
enucleation, rat, 188
— neocortex, hippocampus, astrocytes, 
localization of protein kinase C, 65
— visual, astroglial reaction to 
Wallerian degeneration, 101, 123



----- area, anterior ectosylvian, spatial
selectivity in, 33

cyclic behavior and fuzzy operators, artificial 
neuronal networks, 176

data acquisition, automatic, 147 
dentate gyrus, patch clamp, 351 
digoxigenin, 235 
Dil, 337
dorsal root ganglion

— expression of calretinin, chick 
embryo, 171
— transported into the olfactory bulb, 
vascular permeability of, 303

electrophoresis, multibarrel technique, 147 
embryonic nervous system, snails, serotonin

like immunoreactivity, 371 
encephalomyelitis, chronic relapsing, 284 
endothelial

— cells, in vitro model, 301 
 cerebral, 235
--------- culture, 235, 265, 267, 274
-------------histamine transport, 278
------------- K-opioid receptors, 299
------------presence of CAMK-II, 274
------— lymphocyte adhesion, 281
-------- regulation of activity, gamma-
glutamyl transpeptidase, 302
-------------alkaline phosphatase, 302

enucleation, neonatal monocular, changes in 
rat cortex, 188

epidermis, human, choline acetyltransferase 
immunocytochemistry, 201 

evoked potentials
— component P3, analysis of, human 
and animals, 180
— development of, 241
— visual, 33
----- changes in, after pallidal 6-OHDA
lesion, 183

feeding
— characteristics associated with, of 
pallidal neurons, 170
— disturbances, ibotenic acid lesion, 
168
— disturbed, association with thyroid 
disfunction, developing rat, 190
— task, single neuron activity, 147

gamma-glutamyl transpeptidase, activity 
regulation in endothelial cells, 302

gene expression
— CAMK-II, 235
— selective, blood-brain barrier, 279

GFAP
— in fish brain, 47 

glia
— characterization of K-opioid 
receptors, 179
— DAB staining, brain, spinal cord, 91
— localization of protein kinase C, 65
— see also astrocytes
— vimentin, GFAP, fish brain, 47 

GN-RH, distribution, Xenopus, Rana, 174

heat stress, 285 
hippocampus

— astrocytes, localization of protein 
kinase C, 65
— neurons, structural impairment, to 
single epileptic afterdischarge, 169
-----CA 1 pyramidal cells, patch damp,
351
— — calretinin immunoreactivity, 
monkey, 185
— slice culture, morphological 
characterization of development, 167

histamine
— role, in brain edema, 285
— transport of, 278

Huntington’s disease, animal model of, 101 
hypoxia, hippocampal slice, 351

ibotenic acid, hypothalamic lesion, feeding 
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immune potential, CNS pericytes, 288 
immune response, mammalian CNS grafts, 

282
immunofluorescence

— choline acetyltransferase, human 
epidermis, 201
— lumbricus, nervous system, 
monoamines, 178

immunological lesion, central cholinergic 
system, rat, 182 

immunoperoxidase
— calretinin, hippocampus, monkey, 
185
— protein kinase C, 65 

in situ hybridization, 235 
inferotemporal cells, sensitivity to luminance,

motion and texture-defined patterns, 
monkey, 184

interaction, leukocyte-endothelium, 280



interstitial cells, chick intestine,
cytodifferentation, 160 

intestine
— ileum, contractions, guinea pig, 83
— myenteric plexus, chick, 
cytodifferentation, 160

intracortical generator, cat, mismatch
negativity, 171 

ischemia
— angiogenesis, 283
— pharmacological modulation of, 291 

isthmic nucleus, projection neurons, Rana,
177

keratin, human skin, 201

limbic system, connections, 337 
Lumbricus

— nervous system, immunohistological 
characterization, 178
------retrograde labelling, 186
— regenerating nervous system, 
monoamine content of, 163

lymphocyte adhesion, 281

medial preoptic area, 337 
microdialysis, intracerebral, 266 
microvessels, cerebral

— action of vasoactive agents, 290
— amino acid transport, 271
— choline transport, 265
— regulation of permeability by second 
messengers, 3

mismatch negativity, cat, intracortical 
generator, 171

models
— neuronal networks, 207, 223
— — fuzzy operators and cyclic 
behavior, 176
— of convulsive membrane, paroxysmal 
depolarization shift, 55
— retinal information processing, 181 

monoamines
— contents of, in regenerating nerves, 
earthworm, 163

morphopathologic response, of neurons, to 
electroshock, 133

myenteric plexus, chick, cytodifferentation, 
160

neurodegenerative disorders, animal models 
of, 101

neurofilament protein, expression of 5E10, 
187

neuronal
— activity, single neuron, 147
— adaptation, 223
— code, deviation, 223
— communication, 223
— culture, 235
— damage, to electroshock, 133
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— networks, artificial, 207, 223
----- fuzzy operators, cyclic behavior,
176
— oscillations, 207
— potentials, 207
----- extracellular, development of, 241
— response, morphopathologic, to 
electroshock, 133
— units, paradoxical behavior of, 207 

neurons
— axosomatic synapses, Anura,
— "dark", 133 retinotectal afferents, 
313
— degenerative disorders, 101
— differentiating, characterization of K- 
opioid receptors, 179
— pallidum, characteristics of, 1 70
— retrograde labelling, Lumbricus, 186
— selective vulnerability, 133
— serotonin-like immunoreactivity, 
snails, 371
— silver staining, 133
— single neuronal activity, 
neurochemical modulation of, rat, 
pallidum, 166
— structural impairment, to single 
epileptic afterdischarge, 169
— tectum, Anura, 313

olfactory bulb
— development of extracellular 
potentials, 241
— transplanted ganglion cells, 303 

olfactory epithelium
— electron microscopy, 11
— response of, to divalent cations, 11
— vascular changes, induced by 
capsaicin, 159

opioid receptors
— antagonists, tritium-labelling, 327
— brain membranes, ligand binding, 
thermodynamical analysis of, 165 
 characterization, 191



----- ligand binding, tritium-labelling,
327
— K-receptors, glial cells, neurons, 
characterization, 179
----- ligand binding, 165

opioid ligand binding, tritium-labelling, 327

P3 component of evoked potentials, humans 
and animals, analysis, 180 

pallidum
— 6-OHDA lesion, changes in visual 
evoked potentials, rat and sensory 
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— rat, single neuron activity, 
neurochemical modulation, 166
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paralysis, 284
Parkinson’s disease, animal model of, 101 
paroxysmal depolarization shift, computer 

simulation, 55
patch clamp, dentate gyrus, hippocampal 

slice, 351
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peptides, blood-brain barrier, 287 
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— immune potential, 288 
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Xenopus, 174
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retina
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— information processing, computer 
simulation, 181

retinal information processing, 181 
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rhesus monkey, pallidal neurons, 170 
uthenium red, capsaicin, nasal mucosa, 159

second messengers
— regulation of permeability by, 
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sensory neglect
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septum, connections, 337 
serotonin-like immunoreactivity, neurons, 
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skin
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— protein kinase C, 65
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stimulation, antidromic, 241
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thalamus
— paraventricular nucleus, 337
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transcytosis, receptor-mediated, transferrin, 
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transferrin
— receptor, 269
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transport
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— of histamine, 278
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— of methotrexate, 266 

tritium-labelling, opioid ligand binding, 327 
tumor, experimental, of brain, 266

vascularization, 282 
vimentin

— persistence in mature glia, fish brain, 
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viscerosensory stimulation, effect on
predatory behavior, cat, 175

visual
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selectivity in, 33
— cortex, astroglial reaction to 
Wailerian degeneration, 101

x-ray irradiation, 241
Xenopus, GN-RH system, mapping of, Rana, 
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