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ABSTRACT 

It has been shown that serotonergic fibers distribute widely in 

the cerebellum. The objectives of these experiments were to evaluate 

the effects of serotonin on cerebellar Purkinje cells and the 

influence of this substance upon the glutaminergic system within the 

cerebellum. This study consisted of four interrelated investigations. 

The first evaluated the responses of Purkinje cells to iontophoreti-

cally applied serotonin alone and in combination with various 

serotonin antagonists. It was observed that serotonin elicited one of 

three different effects on Purkinje cells: inhibition, excitation, or 

biphasic action consisting of inhibition followed by excitation. 

Excitatory effects of serotonin were antagonized or attenuated by 

iontophoretic application of the serotonin antagonist methysergide, 

whereas inhibitory effects were attenuated by the application of 

spiperone and ketanserin. These data suggest tentatively an involve

ment of different receptor sites for the inhibitory and excitatory 

effects of serotonin on Purkinje cells. 

The second set of experiments were conducted to investigate the 

actions of the cationic inhibitors of synaptic transmission, cobalt 

and manganese, and thereby determine whether presynaptic mechanisms 

were involved in the effects of serotonin. Excitations and inhibi

tions mediated by serotonin were not altered significantly in the 

presence of these ions. These data suggest that serotonin-mediated 

inhibitions and excitations may occur postsynaptically. 

Evaluation of the effect of serotonin on Purkinje cells after 
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treatment with 5,7-dihydroxytryptamine (5,7-DHT) was the third part of 

this study. Serotonin applied microiontophoretically elicited the 

same effects on Purkinje cells in both treated and untreated animals: 

inhibition, excitation, or a biphasic effect. The spontaneous firing 

rates of the Purkinje cells were, however, shifted to lower 

frequencies after treatment with 5,7-DHT. In addition, the rate 

dependency of the activity of serotonin disappeared in animals treated 

with 5,7-DHT. These results indicate that serotonin influences the 

spontaneous firing rate of Purkinje cells tonically in the normal 

state. 

The last part of this study was to evaluate the interaction of 

serotonin with the glutaminergic system that is known to exist in the 

cerebellum. Microiontophoretically applied serotonin inhibited the 

glutamate-induced excitation of Purkinje cells consistently. In con

clusion, the present study suggests that the intrinsic serotonergic 

system exerts a tonic influence on the spontaneous firing rates of 

Purkinje cells. Secondly, microiontophoretically applied serotonin 

affects Purkinje cell firing directly and modulates glutamate-induced 

excitations of Purkinje cells. 
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CHAPTER I 

INTRODUCTION 

Herophilus (335-280 B.C.) was the first scholar who recognized 

the human cerebellum as a distinct division of the brain (Dow, 1968). 

Sir Thomas Willis (1621-1675) first described and illustrated the 

cerebellum in both man and lower animals. He observed that the 

cerebellum "is found almost in all animals of the same figure and 

proportion and is made up of the same kind of labels or lappets" 

(Willis, 1664). Ever since 1888, when Ramon y Cajal published his 

initial findings on the cellular organization of the cerebellum of the 

pigeon, this structure has become one of most attractive target organs 

for experimental investigations and for theoretical speculation on its 

mode of operation because of its highly uniform structure. Various 

studies (Holmes, 1939; Allen and Tsukuhara, 1974; Armstrong, 1978) 

have shown that the cerebellum is involved in many motor functions : 

1) maintenance of posture and balance, 2) maintenance of muscle tone, 

3) coordination of voluntary movements, 4) eye movements, and 5) 

speech function. 

In recent years, many anatomical studies (Anden et al., 1967; 

Hbkfelt and Fuxe 1969; Chan-Palay 1975, 1977; Takeuchi et al., 1982; 

King et al., 1983) have revealed the existence of serotonin (5-

hydroxytryptamine, 5-HT)-containing afferent fibers in the cerebellum. 

Moreover, it has been suggested that serotonin may function as a 

neurotransmitter in the central nervous system and serotonin has been 

implicated in various motor disorders of cerebellar origin. In 
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thiamine deficient rats, various symptoms including ataxia, opistho

tonus and stimulus-sensitive myoclonic convulsions have been 

associated with disturbance in serotonin metabolism (Plaitakis et al., 

1978). Various forms of cerebellar ataxia related to disturbances in 

serotonin metabolism and/or transport include Hartnup's disease 

(Halvorsen and Halvorsen, 1963), hereditary myoclonic epilepsy and 

postanoxic ataxia (Van Woert et al., 1977; Van Woert and Sethy, 1975). 

These anatomical and clinical findings led to considerable speculation 

concerning the function of serotonergic afferents in the cerebellar 

neuronal network. Assuming that the serotonergic system is involved in 

motor functions occurring in the cerebellum, changes of the Purkinje 

cell activity by microiontophoretic applied serotonin could suggest 

effects of the endogenous serotonergic system in the cerebellum. 

Specifically, the response of Purkinje cells to exogenous serotonin 

should be mimicked by the response following the release of endogenous 

serotonin upon activation of the 5-HT cell bodies. 

The present study was designed to evaluate effects of serotonin 

at the single Purkinje cell level and the influence of this substance 

upon the glutaminergic neurotransmitter system known to exist in the 

cerebellum. The proposed study may provide a better understanding of 

serotonergic function in motor actions. 



Review of Previous Research 

The Anatomy, Synaptology 
and Neurochemistry of the Cerebellum 

The cerebellum is a bilaterally symmetrical structure located in 

the posterior fossa of the cranium. It is a highly convoluted 

structure, which serves to increase the surface area, presumably in 

response to increasing demands for functions performed therein. The 

cerebellum is composed of three major histological divisions: the 

cortex, the underlying white matter, and the deep nuclei. The input 

and output connections course through three pairs of tracts on either 

side, called cerebellar peduncles, which structurally connect the 

cerebellum to the brain stem. The cerebellum is divided into three 

major lobes—the anterior, posterior, and flocculonodular lobes—by 

the primary and the posterolateral fissures, respectively. It is also 

subdivided mediolaterally into a midline longitudinal strip, known as 

the vermis, and cerebellar hemispheres on either side. The latter "are 

composed of intermediate and lateral parts. These subdivisions of the 

cerebellar cortex project to the various deep cerebellar nuclei. 

Different mediolateral divisions of the cerebellum are quite indepen

dent from each other since the cerebellar cortex has no commissural 

fiber system allowing one region of the cerebellum to communicate with 

another. 

Phylogenetically, the flocculonodular lobe represents the oldest 

portion of the cerebellum and is therefore called the archicerebellum. 

The paleocerebellum arises later in phylogeny and consists of the 

anterior lobe and posterior parts of the vermis. The neocerebellum. 



the latest portion to develop, consists of the lateral parts of the 

cerebellum and the central portion of the vermis. In higher primates 

and humans, the greatest development is of the lateral parts of the 

cerebellar hemisphere. 

Cerebellar Cortex 

The cerebellar cortical organization is histologically uniform in 

all regions of the cerebellum. Moreover, the basic elements and 

cytoarchitecture are similar in a broad range of species. Although the 

cerebellar cortex is histologically almost entirely homogenous, 

different regions have different motor responsibilities. The cere

bellar cortex consists of five types of cells: stellate, basket, 

Purkinje, Golgi and granule cells. These neurons are arranged in three 

distinct layers. The outer layer, or molecular layer is composed of 

axons of the granule cells, referred to as parallel fibers, and 

several types of stellate cells. The most highly differentiated type 

of stellate cell is the basket cell. The basket cell soma is situated 

in the deeper part of the molecular layer, and the axons establish 

inhibitory synapses on the Purkinje cell. Each basket cell gives rise 

to an axon that is oriented across the folium. During its course, the 

axon gives off branches, which entwine Purkinje proximal dendrites and 

cell bodies in a basket-like form. A single basket cell may give rise 

to as many as ten baskets, innervating as many Purkinje cells. The 

stellate cell also establishes inhibitory synaptic contacts with 

Purkinje cells at the level of distal dendrites. 

These interneurons serve the function of spatially focusing the 



cerebellar cortical output in the following way. A localized mossy 

fiber input activates a small cluster of granule cells, giving rise to 

action potentials in a beam of parallel fibers. The activated paral

lel fibers in turn excite an array of "on-beam" Purkinje neurons, and 

through input to the stellate and basket cells inhibit the laterally 

surrounding "off-beam" Purkinje neurons. In summary, inhibitory 

interneurons have a role in spatially focusing the cortical output 

from the Purkinje cells that lie in the path of the activated parallel 

fibers. 

It has been suggested that gamma-aminobutyric acid (GABA) may be 

the transmitter for these inhibitory interneurons in the cerebellum. 

Immunocytochemical studies demonstrated glutamate decarboxylase (GAD), 

the main synthetic enzyme for GABA positive terminals around Purkinje 

cell somata that closely resemble that of the basket cell terminations 

(McLauglin et al., 1974). Chan-Palay and Palay (1978) reported signi

ficant amounts of GABA receptors on the dendrites, soma and initial 

segments of Purkinje cells. Electrophysiological studies indicate that 

GABA inhibits the Purkinje cell firing (Kawamura and Provini, 1970; 

Curtis et al., 1971), whereas the iontophoretic application of GABA 

antagonists block the "off-beam" inhibition (Bisti etal., 1971; 

Curtis and Felix, 1971). The preponderance of evidence suggests that 

GABA is the basket cell transmitter. 

Autoradiographic demonstrations using tritiated GABA (Schon and 

Iversen, 1972; Hokfelt and Ljungdahl, 1972) and immunocytochemical 

studies (Ribak et al,, 1978) provided evidence for GABA as the 

neurotransmitter of stellate cells. However, other evidence suggested 



that the presumed inhibitory amino acid taurine might be the stellate 

cell transmitter. Taurine is present in the cerebellar cortex and is 

more abundant in the molecular layer than in the granular layer (Nadi 

et al., 1977). In fact, the level of taurine was three fold greater 

than the level of GABA in the molecular layer. Microiontophoretic 

application of taurine induced an inhibition of spike discharge in 88% 

of Purkinje cells (McBride and Frederickson, 1980); a more marked 

effect was shown when taurine was applied to the dendrites than when 

applied to somata (Frederickson et al., 1978). These findings suggest 

that taurine might be the neurotransmitter of the stellate cell. Since 

the inhibitory effects of taurine could be blocked by the GABA 

antagonists picrotoxin and bicuculline, the possibility exists that 

taurine may act through the GABA system (McBride and Frederickson, 

1980). 

The next layer consists of Purkinje cell bodies arranged in a 

single sheet about 400 micrometers below the surface, at the junction 

of the molecular and granular layers. These cells are 50 micrometers 

in diameter and have a dendritic tree extending out in a single plane 

within the molecular layer. The planes formed by dendritic arbori

zations are transverse to the long axis of the folium and are 

perpendicular to the parallel fibers of the granule cells. The 

dendritic tree of the Purkinje cell is similar in shape to the 

climbing fiber branches. The Purkinje neuron also receives inhibitory 

stellate cell axon terminals on its dendrites, whereas basket cell 

axons entwine the Purkinje cell body near the axon hillock. Purkinje 

cell axons provide the sole output from the cerebellar cortex to deep 



cerebellar nuclei. Furthermore abundant recurrent collaterals emanate 

from Purkinje neurons that establish synaptic contacts on cortical 

interneurons and on cell bodies and dendritic trunks of neighboring 

Purkinje cells. Since Purkinje cells are inhibitory, the recurrent 

collaterals of this neuron are also inhibitory resulting in 

disinhibition of innervated adjacent the Purkinje cells, 

Purkinje cells normally discharge tonically at rates between 20 

to 100 Hz, presumably as a result of continuous bombardment via mossy 

fiber-granule cell-parallel fiber pathways (Armstrong, 1978). However, 

it is possible that an intrinsic pacemaker makes some contribution 

(Eccles et al., 1967). Purkinje cell discharge consists of two differ

ent characteristics, simple spikes due to parallel fiber activation 

via mossy fibers and the complex spikes by climbing fiber activation. 

Studies of GABA uptake (Hokfelt and Ljungdahl, 1972) and GAD 

localization (McLaughlin et al., 1974) indicate that Purkinje cells 

probably release GABA at synapses in the deep cerebellar nuclei and 

also from terminals of axon collaterals. Also, abundant electrophy

siological evidences support the possibility that GABA is the Purkinje 

cell transmitter (Curtis and Felix, 1971; Bruggencate and Engberg, 

1971; Obata et al., 1967; and Obata et al., 1970). 

The innermost granular layer is composed of Golgi and granule 

cells. The granule cell bodies are very small (6-9 micrometer in 

diameter) and each gives rise to three to five dendrites. Each 

dendrite terminates in a claw-like expansion that is the site of 

afferent synaptic connections from mossy fibers. The granule cell 

gives rise to a thin axon that ascends into the molecular layer. In 
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the molecular layer it divides, in a T-shaped fashion, to give rise to 

two branches that run horizontally through the molecular layer. They 

are referred to as parallel fibers because these fibers are all 

arranged in parallel to the axis of the folium. Each parallel fiber 

extends about two millimeters and intersects the perpendicularly 

oriented dendrites of many Purkinje neurons, establishing one or at 

most a few synapses on the spines of the dendrites of each Purkinje 

neuron. Each parallel fiber excites a longitudinal array of about 

fifty Purkinje neurons. Conversely, each Purkinje neuron receives 

input from approximately 200,000 parallel fibers. Thus, there is enor

mous divergence and convergence in mossy-parallel fiber paths and the 

Purkinje system. In the molecular layer, the parallel fibers also 

establish excitatory synaptic contacts with dendrites of Golgi cells, 

stellate and basket cells. 

Intracellular recordings of Purkinje cells showed that stimula

tion of the mossy-parallel fiber pathway elicited a brief excitatory 

postsynaptic potential (EPSP), lasting 5-10 msec. This response 

results from the "on-beam" activation of parallel fibers making 

excitatory synapses onto the dendritic spines of the Purkinje cell. 

This brief EPSP generates a single impulse, or sometimes two or three, 

which is termed a simple spike (Thach, 1967). The EPSP evoked by the 

parallel fibers is usually followed by a long lasting hyper-

polarization (Llinas and Nicholson, 1971). 

It has been suggested by many investigators that glutamate is a 

possible transmitter for the granule cells. The evidence to support 

glutamate as the transmitter of granule cells includes 1) excitation 



of Purkinje cells when the agent was applied topically to the 

molecular layer (Chujo et al., 1975), 2) excitation of Purkinje cells 

following the iontophoretic application of glutamate (Johnson, 1972; 

Yamamoto, 1967), 3) reduction of the high affinity uptake of glutamate 

in the cerebellum of hamsters infected with virus that selectively 

destroyed granule cells (Young et al., 1974) and 4) Ca++ dependent and 

Mg"*""̂  antagonizable release of glutamate following K*" depolarization in 

synaptosomal preparations (Sandoval and Cotman, 1978). Therefore, glu

tamate seems to be the best candidate for the neurotransmitter of the 

granule cell. 

Golgi cells are relatively large neurons and each cell gives off 

several large dendrites ascending into molecular layer and small 

dendrites into the granular layer. The axons arise from the cell body 

or a dendritic trunk and gives rise to a dense arborization of short 

branches that span into the granular layer. Dendrites of the Golgi 

cell are excited by the parallel fibers and some of the dendrites in 

the granular layer receive direct excitation from the mossy fibers. 

Golgi axons establish synaptic contacts onto the granular cell to 

inhibit large numbers of granule cells. The feedback inhibition may 

serve to sharpen or focus the effect of impulses in the mossy fibers 

by ensuring discharge only of those granule cells receiving the 

strongest mossy fiber inputs (Eccles et al., 1967), 

As seen with the basket and stellate cells, the prime candidate 

for the Golgi cell neurotransmitter is GABA. Electrophysiological 

(Bisti et al., 1971), histochemical and neurochemical (Hokfelt and 

Ljungdahl, 1972; McLaughlin et al., 1974; Kelly et al., 1975) data 
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firmly support the role of GABA as the Golgi cell transmitter. 

Deep Cerebellar Nuclei 

Deep cerebellar nuclei form the core of the cerebellum and act as 

relay stations from specific parts of the cerebellum to the brain stem 

and spinal cord. With the exception of some Purkinje cells in the flo

cculonodular lobe and some in the vermis which project to the 

vestibular nuclei, all Purkinje neurons project to neurons of the 

dentate, anterior and posterior interpositus, and the fastigial 

nuclei. Different subdivisions of the cerebellar cortex project to the 

various deep nuclei: the vermis to the fastigial nuclei, the 

intermediate part of the hemisphere to the interpositus nuclei, and 

lateral part of the hemispheres to the dentate nuclei. Therefore, 

these nuclei are channels by which the cerebellar output is conveyed 

to the remainder of the central nervous system. 

Cerebellar Afferents 

The cerebellum receives information from sensory receptors as 

well as from the cerebral cortex and brain stem nuclei. These inputs 

keep the cerebellum informed of sensory events in the periphery and of 

all commands originating in motor and association areas of the brain. 

The main input to the cerebellum is via the mossy and climbing fibers. 

The information from the periphery and higher brain centers reach the 

cerebellum via the mossy fiber system. The climbing fibers originate 

exclusively within the contralateral inferior olivary nuclei. The 
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third type of afferent is provided by aminergic fibers some of which 

contain norepinephrine, originating from the locus coeruleus, whereas 

others are serotonergic and arise from the raphe nuclei and nucleus 

reticularis pontis oralis and gigantocellularis. 

Mossy Fiber System 

Mossy fibers are the most numerous afferents extending only into 

the granular layer, and originate from many different brain areas. The 

vestibular afferent system provides input to the cerebellum via mossy 

fibers. These fibers originate principally in the semicircular canals 

(Gacek., 1969; Stein and Carpenter, 1967) and other secondary 

vestibulocerebellar fibers originate in the medial and descending 

nuclei (Kotchabhakdi and Walberg, 1978). Information from the spinal 

level is conveyed to the cerebellum by both direct and indirect 

pathways which terminate in the vermis and intermediate part of the 

hemisphere as mossy fibers (Bloedel and Courville, 1981). The direct 

projections convey input from the lower extremities directly to the 

cerebellar cortex from spinal neurons via the dorsal and ventral 

spinocerebellar pathways. The cuneocerebellar and rostral spino

cerebellar pathways convey the equivalent information from the upper 

extremities. Indirect pathways have synaptic relays either in the 

inferior olive (spino-olivo-cerebellar pathways) or in the lateral 

reticular nucleus (spino-reticulo-cerebellar pathways). 

The cerebellum also receives descending input from supraspinal 

centers. The input derives from the cerebral cortex as the cortico-

pontocerebellar pathway. This pathway projects to pontine nuclei from 
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collaterals of pyramidal tract axons as well as from direct 

corticobulbar fibers originating in most regions of the cerebral 

cortex. The pontine nuclei in turn send mossy fibers primarily to the 

contralateral cerebellar hemisphere but also bilaterally to the vermis 

via the middle cerebellar peduncle. The pontine nuclei receive 

reciprocal input from the dentate, interpositus, and fastigial nuclei. 

Thus, information processing in the corticopontocerebellar system can 

be influenced by the reciprocal projections from the cerebellum. In 

addition to the corticopontocerebellar systems, fibers from the red 

nuclei, tectum, and other regions of the brain stem also project to 

the cerebellum, directly or indirectly via the inferior cerebellar 

peduncle. 

Individual mossy fibers project to more than one cerebellar 

folium, arborizing widely in the granular layer. Mossy fibers do not 

terminate directly on Purkinje cells but innervate the dendrites of 

granule cells forming a structure referred to as an glomerulus. 

Therefore, the mossy fiber influence on Purkinje cells is expressed 

through the granule cell-parallel fiber system. The mossy fiber is 

excitatory to the granule cell which in turn is excitatory to the 

Purkinje cells. Mossy fibers also synapse on dendrites of the Golgi 

cell which in turn establish inhibitory synaptic contacts with the 

granule cell dendrite. Neurons of the deep cerebellar nuclei also 

receive collaterals of the mossy fibers. 

Since mossy fibers arise from a wide variety of sources, it is 

possible that fibers from different areas may utilize different 

transmitters. Several transmitters have been identified, but none has 
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been clearly shown to act as a transmitter at the mossy fiber-granule 

cell synapse. Early neurochemical and histochemical studies indicated 

the presence of the acetylcholine (Ach), acetylcholineesterase (AchE), 

and choline acetyltransferase (ChAT) in the cerebellum, suggesting the 

possibility that Ach might act as a transmitter in the cerebellum 

(Hebb and Silver, 1956; Mcintosh, 1941). Various degenerative (Shute 

and Lewis, 1969) and immunohistochemical studies (Kan et al., 1978) 

have associated Ach with some mossy fiber terminals, particularly in 

regions receiving primary and secondary vestibular afferents (Kasa et 

al., 1965). Although it seems likely that some mossy fibers contain 

Ach as the neurotransmitter, more investigations need to be done to 

further characterize the cholinergic system. 

Climbing Fiber System 

In 1959, Szentagothai and Rajkovits identified the inferior olive 

as the main source of climbing fibers to the cerebellum. Subsequently, 

it has been shown by many investigators that climbing fibers originate 

exclusively from the contralateral inferior olivary nucleus (Desclin, 

1974; Freedman et al,, 1975; Robertson and Stotler. 1974). These 

fibers project via the inferior cerebellar peduncle to all parts of 

the contralateral cerebellar cortex in a precise topographic fashion. 

The olivary neurons receive spinal afferents and descending input 

from the midbrain and telencephalic structures. However, one of the 

densest projections to the inferior olive originates in the cerebellar 

nuclei. The topography of this system correlates with that of the 

olivocerebellar pathway. Therefore, the cerebellum and inferior oli-
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vary nuclei are anatomically connected each other via a closed 

feedback loop. 

In contrast to the mossy fibers, climbing fiber afferents enter 

the molecular layer to contact the main dendrites of Purkinje cells 

directly, and almost invariably enter into a one-to-one relationship 

with the Purkinje cells. Each Purkinje neuron receives only one climb

ing fiber although each single climbing fiber may diverge to about 10 

Purkinje neurons. Compared to the mossy fiber system, the connections 

between climbing fibers and Purkinje cells exhibit a small degree of 

convergence and divergence. However, the climbing fiber is known to 

exert an extremely powerful action on the Purkinje cell. These fibers 

ascend along the Purkinje neuron at right angles to the parallel 

fibers and make numerous excitatory synaptic contacts mainly on the 

somatic and dendritic trunk rather than on small spines of the distal 

dendrites. These fibers also make synaptic connections with inhibitory 

interneurons in the molecular layer and send collaterals to the deep 

cerebellar nuclei. 

A single impulse in the climbing fiber produces an intense and 

prolonged depolarization in the Purkinje cell, which generates a large 

initial spike followed by several small ones (Granit and Phillips, 

1956), termed a complex spike (Thach, 1967). The mechanism for the 

complex burst in the Purkinje cell may be due to the sequential 

activation of inferior olive cells via axon collaterals of the 

climbing fiber (Eccles et al., 1967). In support of this suggestion, 

Crill (1970) showed prolonged depolarization in the dendrites of 

olivary cells and summarized that this depolarization underlies the 



15 

brief burst of impulses in the climbing fibers and in the Purkinje 

cells. The existence of gap junctions between adjacent inferior olive 

cells leading to electronic coupling between cells (Llinas et al,, 

1974) further support the above theory. In addition, there is evi

dence that the prolonged depolarization of the Purkinje cell may be 

intrinsic to the membrane of the Purkinje cell itself (Fujita, 1968), 

and due to dendritic spikes generated by calcium currents (Llinas and 

Hess, 1976). Llinas and Hess (1976) demonstrated dendritic spikes of 

the Purkinje cell by direct electrical activation of cerebellar cortex 

in the absence of cerebellar afferents. These dendritic spikes 

persisted in the presence of tetrodotoxin, a sodium channel blocker 

and 3-aminopyridine, a potassium channel blocker. However, these 

dendritic spikes were blocked by superfusion of cobalt and manganese, 

suggesting the calcium-dependent characteristic of dendritic spikes in 

the cerebellar Purkinje cells. As seen following simple spike 

activation, the complex spike also is followed by prolonged inhibition 

due to the climbing fiber activation of inhibitory interneurons, 

specifically stellate and basket cells. 

Two neurotransmitters have been suggested as possible mediators 

for excitatory climbing fibers. Nadi et al, (1977) found that 3-

acetylpyridine (3-AP), a substance that selectively lesions inferior 

olive cells decreased both aspartate and glutamate in the medulla, but 

the agent decreased only aspartate in the cerebellum. This result 

supports the suggestion that aspartate is the transmitter of climbing 

fibers. In contrast to the above findings, Rea et al. (1980) observed 

a decrease in cerebellar levels of both aspartate and glutamate after 
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3-AP treatment. Therefore, further studies are necessary to determine 

the identity of the neurotransmitter of climbing fibers, 

Aminergic Fibers System 

Noradrenergic Afferents 

In 1965, Fuxe reported the presence of small numbers of 

norepinephrine (NE) fibers in the cerebellar cortex. Hokfelt and Fuxe 

also found that NE containing fibers innervate all parts of the 

cerebellar cortex (1969). Later, Olson and Fuxe (1971) showed that the 

source of the NE axons was the locus coeruleus. Bloom and colleagues 

in 1971 suggested that NE afferents are unmyelinated, small axons that 

"climb upon" Purkinje cell dendrites and make synaptic contacts with 

the surfaces of major Purkinje dendrites and with small dendritic 

spines. Chan-Palay (1977) found thin, varicose, green fluorescent NE 

containing fibers in fair numbers in all layers of the cortex and in 

the cerebellar nuclei. In the granular layer, these fibers formed a 

network of branching axons. The axons course through the Purkinje cell 

layer where a single axon may give rise to several collateral 

branches. The terminal portions of some of these varicose fibers 

divide in a T-fashion to travel along the length of folium. 

A high proportion (98%) of rat cerebellar Purkinje cells 

uniformly responded to iontophoretically applied NE by slowing their 

spontaneous discharge rate (Hoffer et al.,1969), producing a selective 

prolongation of the pauses between single spikes. These inhibitory 

responses can be mimicked by electrical stimulation of the locus 
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coeruleus (Hoffer et al,, 1973) and by iontophoretic application of 

the cyclic AMP (adenosine monophosphate) (Siggins et al., 1971), It 

has been assumed that NE exerts this effect by the activation of 

postsynaptic beta adrenergic receptors located on Purkinje cell 

dendrites (Woodward et al,, 1979), In 1974, Mason & Iverson found that 

depletion of brain NE produced a severe impairment in learning motor 

sequences although once learned there was no retention defect. Gilbert 

(1975) also proposed that the locus coeruleus-cerebellar connections 

might have an important role in the learning patterns of motor 

movement. However, the role of the catecholamine system in motor 

function within the cerebellum needs to be solved. 

Serotonergic Afferents 

Based on extensive lesion studies in the cerebellum of kittens, 

Brodal and his colleague (1960a) found that a number of the cells of 

nucleus raphe pontis and a small proportion of the cells of nucleus 

raphe obscurus send their axons to the cerebellum. These fibers 

appeared to end mainly within intracerebellar nuclei with reciprocal 

projections back to the nucleus raphe pontis and magnus (Brodal et 

al.,1960b). Using the fluorescence technique, Hokfelt & Fuxe (1969) 

found fine, varicose 5-HT containing fibers terminating mainly within 

the molecular layer of cerebellum. Bloom & colleagues showed (1972) 

that incubation of cerebellar slices from 6-hydroxytryptamine treated 

rats, resulted in fluorescence of nerve terminals in the molecular 

layer and in the granular cell layer. When the same experiment was 

repeated using 6-hydroxydopamine, the enhanced formaldehyde-induced 
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fluorescence caused by incubation with 6-hydroxytryptamine occurred 

mainly within the granule cell layer. The fluorescent terminals 

resembled "claw-like" or "rosettes" configurations characteristic of 

mossy fiber terminals leading to the speculation that the serotonergic 

innervation was mainly to granule cells. 

Using a sensitive enzymatic isotopic method, Palkovits & his 

colleagues (1974) showed that the cerebellar cortex, as well as the 

cerebellar nuclei, contain serotonin. Using retrograde transport of 

horseradish peroxidase, Shinnar et al. (1975) presented evidence for a 

direct raphe projection to the posterior cerebellar vermis (lobule VI 

and VII). Retrogradely labeled cells were observed in the raphe 

dorsalis, magnus, pallidus, obscurus, and centralis superior. Chan-

Palay (1976), using tritiated serotonin injections into the lateral 

ventricle of rats, found labelling in widespread areas of cerebellar 

cortex and in deep cerebellar nuclei. Three morphologically distinct 

types of cortical serotonin afferents were described: 1) axons in the 

granular layer bearing mossy fiber rosettes equivalent to those of 

classical descriptions; 2) a diffuse, thin, varicose system of 

branching and meandering axons found throughout cortical layers; 3) 

axons that traverse the cortex to the molecular layer bifurcating like 

a T and simulating parallel fibers. The three distinct fiber patterns 

showed regional differences in distribution within the cerebellum. 

Specifically, in the flocculus, paraflocculus, and lateral hemispheres 

there were many serotonin mossy fibers that constituted about 1% of 

the mossy fibers and less than 0.1% of axons in the molecular layer. 

However, in the paravermal and vermal cortex, there were far fewer 
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labelled mossy fibers, and about five times as many labelled axons 

present in the molecular layer. The diffuse system existed throughout 

the cortex. 

On the electron microscopic level, labelled serotonin-containing 

mossy fibers made synaptic contact with granule cell dendrites that 

resembled a typical glomerulus or with a Golgi cell. Other labelled 

fibers established synapses with dendrites of cortical interneurons, 

stellate, basket or Golgi cell, but not directly upon the Purkinje 

cell (Chan-Palay, 1975). However, Soltelo and Beaudet (1979) found 

direct synaptic contacts between 5-HT axon terminals and Purkinje cell 

dendritic spines but were not able to observe the direct synapses 

between 5-HT terminals with interneurons as described by Chan-Palay. 

By using horseradish peroxidase technique, it was shown that five 

raphe nuclei, the raphe dorsalis, superior centralis, magnus, pontis, 

and obscurus, were the origin of 5-HT-containing fibers to the 

cerebellum. In addition to the raphe-cerebellar projection, injection 

of ^^S-Methionine into the dentate nucleus, revealed reciprocal 

dentatofugal projections to the raphe nuclei (Chan-Palay, 1977). In 

the rat, these were bilateral projections consisting of ipsilateral 

uncrossed and contralateral crossed fibers to the raphe dorsalis, 

superior centralis, and raphe obscurus, via the descending limb of the 

superior cerebellar peduncle. Thus, there exists a feedback circuit 

between these three raphe nuclei and the cerebellum. 

In 1982, Takeuchi et al. described the presence of 5-HT contain

ing fibers in the cerebellum by the peroxidase-antiperoxidase (PAP) 

method using highly specific antibodies to serotonin. It was revealed 
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that serotonin-containing nerve fibers were distributed throughout the 

entire cerebellum including the deep cerebellar nuclei. The serotonin 

fiber distribution showed different patterns among the three layers of 

the cerebellar cortex, Serotonin-immunoreactive nerve fibers were 

found predominantly in the molecular layer and the density of the 

fibers appeared relatively uniform irrespective of phylogenetic 

origins. In the molecular layer, 5-HT axons bifurcated in a T-shaped 

manner, whereas in the Purkinje cell layer, 5-HT fibers sometimes ran 

along the Purkinje perikarya in coursing to the molecular layer. The 

density of 5-HT fibers was less in the granular layer than that 

observed in the molecular layer. Serotonin fibers also were present in 

cerebellar nuclei, forming fine but dense networks in the neuropil of 

each nucleus. These networks were denser in the dentate and fastigial 

nuclei than in the interpositus nucleus. 

King et al. (1983) described the pattern of distribution and 

development of serotonin in the opossum cerebellum utilizing the 

Sternberger's PAP technique. Serotonin axons and varicosities were 

present in all cerebellar lobules and deep nuclei. Also these 

serotonergic fibers showed a very close apposition on the Purkinje 

cells under light microscopic level. Using an approach that combines 

the retrograde transport of HRP with Sternberger's PAP technique,the 

nucleus reticularis pontis oralis (group B5) and the ventral and 

rostral aspects of the nucleus reticularis gigantocellularis (group 

B1) were identified as the sites of origin for some serotonergic 

cerebellar afferents (Bishop and Ho, 1983). Therefore, it appears that 

a number of nuclei provide the serotonergic terminals that are known 
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to project to the cerebellum. 

Cerebellar Efferents 

Purkinje neurons that provide the sole output of the cerebellar 

cortex, send axons to deep cerebellar and vestibular nuclei. Through 

these nuclei, the cerebellum exerts descending and ascending 

influences on the spinal cord and the cerebral cortex, respectively, 

Purkinje cells in the lateral part of the anterior vermis and in the 

posterior vermis project directly to the vestibular nuclei, especially 

to the dorsal half known as Deiter's nucleus; whereas, the remainder' 

of the vermal Purkinje cells project to the fastigial nucleus. 

Although the fastigial nucleus projects to the ventrolateral nucleus 

of the thalamus (Angaut et al,, 1970; Massion and Rispal-Padel, 1972) 

and the cervical portion of the spinal cord (Wilson et al., 1977), the 

major projections are to Deiter's nucleus and the pontomedullary 

reticular formation. The latter two areas give rise to the lateral 

vestibulospinal tract and the reticulospinal fibers, respectively. 

These two descending fiber systems exert an excitatory action on limb 

extensor motor neurons. 

Purkinje cells of the flocculonodular lobe (flocculus, nodulus, 

and posterior uvula) also project to the vestibular nuclei, (mainly to 

areas other than Deiter's nucleus), which in turn project rostrally 

via the medial longitudinal fasciculus to the oculomotor nuclei (Ito 

et al., 1973). 

The intermediate portion of the cerebellar cortex receives major 



22 

inputs from the motor cortex and spinal pathways. Outputs are chan

neled via the interpositus nucleus to the red nucleus and via the 

ventrolateral nucleus of thalamus to the motor cortex. The red nuc

leus gives rise to the rubrospinal tract, which crosses the midline 

and controls the muscles of both upper and lower extremities. 

Purkinje cells present in the lateral parts of the cerebellar 

hemispheres project to the laterally positioned dentate nucleus. Major 

outputs from dentate nuclei are to the ventrolateral and ventro-

anterior nucleus of the thalamus (Tolbert et al., 1975) which project 

to the motor cortex, although some of terminals from this nuclei 

project to rostral red nucleus (Flumerfelt et al., 1973) and to 

oculomotor complex (Carpenter and Strominger, 1964). 

Function of the Cerebellum 

The first serious attempt to describe functional deficiencies 

that result from oblation of the cerebellum was done by Rolando (1773-

1831). Following lesions in goats, rabbits, guinea pigs, turtles and 

birds, he determined that cerebellum was concerned with motor activity 

and that its control was homolateral, in contrast to the cerebral 

cortex. Furthermore, it was not essential for sensory function, vital 

processes or intellectual functions. In 1939, Holmes described 

symptoms resulting from cerebellar lesions in the human. These 

disturbances included: 1) postural hypotonia and impairment of certain 

reactions of weak muscles ; 2) mild degree of asthenia and 

fatigability of the muscles ; 3) abnormalities in the rate, regularity 
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and force of voluntary movements; and 4) failure of certain associated 

movements. 

Although the cerebellum is histologically uniform, different 

regions have different roles in motor actions. The major role of the 

lateral cerebellum is to preprogram some aspects of motor command 

signals which issue from the motor cortex (Allen and Tsukuhara, 1974). 

Injury to the cerebellar hemisphere results in defective control of 

limbs. These defective motor symptoms included errors in the rate, 

timing, and force of the muscular contraction which results in over-

and undershooting of targets and loss of the normal smoothness of 

practiced movements (Holmes, 1939). In 1975, Brook employed the 

technique of cooling the dentate nuclei of monkeys while they were 

performing a learned task that consisted of making a prompt movement 

of the limb after a signal. This behavior was drastically changed when 

the ipsilateral dentate nucleus was inactivated by cooling. The 

latency of the response to the signal was markedly prolonged. This was 

accompanied by a corresponding delay in the activity of neurons in the 

motor cortex associated with the movement. Furthermore, the movement 

was characterized as slower, more tentative, and inaccurate. These 

findings were consistent with the view that the lateral hemisphere-

dentate nucleus system exerts a role in the preprogramming of 

movements. In 1978, Thach examined the patterns of activity of the 

Purkinje neuron and of interposed and dentate neurons in the awake 

monkey performing movement tasks involving flexion and extension of 

the wrist. It was determined that these neurons fire in close temporal 

association with the specific phase of the movement and reflect the 
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pattern of the motor activity. Characteristically, the changes in the 

activity of dentate neurons occurred before changes in interposed 

neurons, but both preceded movement of the limb. These observations 

support the theory that planning and initiation of movement occurs in 

the lateral portion of the cerebellum. 

Due to cerebellar connections with the vestibular system, disease 

in the flocculonodular lobes causes prominent disturbances of 

equilibrium, including ataxic gait and wide-based station. Since the 

flocculovestibular connections project to the oculomotor nuclei, the 

cerebellum also is involved in the vestibulo-ocular reflex concerned 

with orientation in space and gravity (Ito et al., 1973). 

The anterior lobe and vermis exert a powerful inhibitory 

influence on the lateral vestibular nucleus which, via the lateral 

vestibulospinal tract (LVST), facilitates the antigravity musculature. 

For this reason, it has been known that stimulation of the cerebellum 

results in an inhibition of decerebrate rigidity and interruption of 

this inhibition dramatically enhances extensor rigidity in the 

decerebrated preparation (L'owenthal and Horsley, 1897; Sherrington, 

1898). 

Various nutritional deficiencies and toxic substances lead to 

cerebellar dysfunctions (i.e., alcoholism, thiamine deficiency, 

Hartnup's disease). In 1959, Victor and colleagues described abnormal 

motor movements in alcoholic patients. Clinically, this disorder was 

characterized by an wide-based stance and gait, varying degrees of the 

instability of the trunk and ataxic movements of the limbs. These 

patients showed a degeneration of all the neurocellular elements of 
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the cerebellar cortex, but particularly the Purkinje cells. The 

neuronal damage was strikingly restricted to the anterior and superior 

aspect of the vermis as well as the inferior olivary nucleus. The 

alcoholic cerebellar degeneration was very similar to the cerebellar 

damage observed in Wernicke's syndrome. 

Although the vermis is intimately involved in the control of 

gait, the cerebellum per se is not essential for stepping movements 

(Armstrong, 1978). It appears that the role of the cerebellum is to 

refine motor performance by improving the commands to individual 

muscles, coordinating levels of activity in different muscle groups, 

and ensuring that body equilibrium is maintained throughout the 

movement sequence (Orlovsky, 1972). 

In the cat, stimulation of the cerebellar cortex at high 

frequencies (200-300 Hz) reduced decerebrate rigidity, whereas low 

frequencies stimulation (5-15 Hz) increased rigidity (Moruzzi, 1950). 

Based upon the powerful inhibitory activity of the cerebellum on motor 

actions, cerebellar stimulation has been used to treat cerebral palsy 

(Cooper et al., 1976), muscular spasticity (Davis et al., 1977) and 

myoclonus, for cases that were not controlled by conventional 

therapies. 

Serotonergic Motor Actions 
in the Central Nervous System 

After the isolation and identification of serotonin (Rapport et 

al., 1948), it became evident that it was identical to "enteramine" 

which Ersparmer and Asero (1952) had found to be widely distributed in 
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the animal kingdom. The finding that the hallucinogenic indole, LSD, 

interacted with 5-HT stimulated many investigations on the central 

actions of serotonin. 

By using the fluorescence histochemical method, Dahlstrom and 

Fuxe (1964) described nine groups of 5-HT containing neurons in the 

brain stem. They referred to groups as B1 to B9: the nucleus raphe 

pallidus and nucleus reticularis gigantocellularis, Bl; the raphe 

obscurus, B2; the raphe magnus, nucleus paragigantocellularis 

lateralis, and a few other cells, B3; the area postrema, B4; raphe 

pontis and nucleus reticularis pontis oralis, B5; neurons beneath the 

fourth ventricle, B6; raphe dorsalis and the caudal portion of the 

Edinger-Westphal nucleus, B7; raphe medianus, nucleus linearis, and 

neurons in the neighboring reticular formation, B8; and neurons within 

and around the medial lemniscus, B9. The 5-HT-containing raphe neurons 

differentiated on days 11-15 of gestation in the rat. In the opossum, 

serotonin containing fibers reached the cerebellum early in the 

development, prior to the arrival of mossy and climbing fibers. The 

early differentiation of 5-HT neurons raised the possibility that the 

transmitter exerts a neurotrophic role within the central nervous 

system (Lauder and Bloom, 1974). 

Administration of serotonin precursors or agonists to rats 

results in a stereotyped behavioral syndrome consisting of reciprocal 

forepaw treading, tremor, rigidity, hindlimb abduction, lateral head 

weaving, and straub tail (Jacobs and Trulson, 1981). This syndrome 

also occurred following pharmacological treatment that produces either 

an increase in synaptic serotonin levels or stimulation of the 
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postsynaptic serotonin receptor (Jacobs and Klemfuss, 1975). 

In freely moving cats, serotonin containing raphe neurons showed 

dramatic changes in unit activity during the various phases of the 

sleep-waking cycle. Raphe activity increased in association with 

behavioral arousal and tonic motor activity; whereas the activity 

decreased with behavioral suppression or inhibition (Trulson and 

Jacobs, 1981), Serotonin appears to be involved in an inherited 

stimulus induced motor disorder shown to be unique to the Scottish 

terrier breed of dog, characterized by episodes of progressive 

muscular hypertonicity leading to postural locomotive abnormalities 

(Meyers et al., 1973). Drugs which increased 5-HT content within the 

central nervous system decreased the clinical presentation of the 

disorder, while the serotonin antagonists such as methysergide 

increased the clinical symptoms. 

Evidence has been presented that in alcoholic cerebellar 

degeneration, a nutritional defect of thiamine rather than toxic 

effects of alcohol per se is responsible for the motor abnormalities 

(Victor et al., 1959). Specifically, it has been shown that ataxia 

seen in Wernicke's disease is ameoliorated following thiamine 

supplement suggesting that a deficiency of this vitamin was 

responsible for the cerebellar lesion (Victor and Adams, 1961), In 

thiamine deficiency animals, it has been shown that a significant 

decrease in the synaptosomal uptake of the serotonin occurred in the 

cerebellum compared to other brain structures, i,e., telencephalon, 

and hypothalamus (Plaitakis et al., 1978). These results suggested 

that a selective involvement of the serotonergic system in the 
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pathogenesis of some of the neurologic manifestations of thiamine 

deficiency. Chan-Palay (1977) also found that thiamine deficiency 

caused a loss of labeling within indoleaminergic neurons and processes 

in the midbrain, medulla, periventricular regions of the spinal cord, 

habenular nuclei, cerebellum, and diencephalon. These data strongly 

suggest that the serotonergic system in the cerebellum might play 

important role in various motor disorders. 

Other motor disorders implicating the serotonergic system are 

postanoxic myoclonus and inherited myoclonic epilepsy. The cerebro

spinal fluid (CSF) concentration of 5-hydroxyindoleacetic acid (HIAA), 

the main metabolite of 5-HT, was reported to be low in myoclonic 

patients (Van Woert and Sethy, 1975; Van Woert et al., 1977), and 

administration of 1-5-hydroxytryptophan improved the neurological 

symptoms of the intention myoclonus with an accompanying increase in 

the concentration of CSF 5-HIAA. These findings suggest the possible 

involvement of the serotonin system in myoclonus. Although various 

motors abnormalities appear to be related to the serotonin system, the 

mechanism by which serotonin influences the motor system is still 

unclear. 

Electrophysiological Effects 
of Serotonin in the Central Nervous System 

The topical administration of serotonin depressed cortical 

responses following stimulation of afferent systems (Ochs et al., 

1960). Iontophoretic administration of serotonin on neurons has 

produced a wide variation in response depending in part on the species 
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tested, type of anesthetics, and region of the brain. Iontopho

retical ly applied 5-HT depressed the excitability of many cortical 

neurons, including Betz cells (Krnjevic and Phillis, 1963). However, 

in unanesthetized (encephale isole) animals, a high proportion of 

cortical neurons (30%) were excited by 5-HT, This excitation usually 

exhibited a rapid onset and was seen both in spontaneously active and 

glutamate-stimulated neurons. A similar proportion of cells (33%) was 

depressed by 5-HT and small proportion of cells (6%) showed a mixed 

effect which consisted of initial excitation followed by depression 

(Robert and Straughan, 1967). The excitatory actions of 5-HT were 

blocked by the 5-HT antagonists, lysergic acid diethylamide (LSD) and 

methysergide (UML). In cats anesthetized with nitrous oxide and 

methoxyflurane, 5-HT depressed 89% of 131 cortical neurons tested and 

excitation was only observed on two occasions (Phillis and York, 

1967). In halothane anesthetized cats, 5-HT induced both excitation 

(68%) and inhibition (32%) of cortical neurons (Szabadi et al., 1977). 

In the thalamus, 5-HT produced both inhibition and excitation of 

the neurons (Phillis and Tebecis, 1967). Inhibitory actions of 

serotonin displayed short latency and duration, whereas, excitation 

frequently developed over several seconds and often continued for 

periods of 2-3 minutes. Iontophoretic application of this agent 

depressed many hippocampal neurons (50%) and excited a few (15%) 

(Biscoe and Straughan, 1966). 

In spinal cord, iontophoretically applied serotonin excited or 

depressed neurons in unanesthetized or diethyl ether anesthetized cats 

(Engberg and Ryall, 1966; Weight and Salmoiraghi, 1966). However, 
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early experiments by Curtis et al. (1961) revealed no effect of 

serotonin on the spinal neurons, although these results might be the 

result of the use of barbiturate anesthetized animals. In support of 

this suggestion , Marley and Vane (1963) discovered that anesthetics, 

particularly barbiturates, caused insensitivity to tryptamine 

derivatives in the cat spinal cord. Recent observations by Neuman and 

White (1979) in the spinal motoneuron showed that 5-HT did not 

directly excite motoneurons, but it markedly facilitated the response 

to glutamate, A similar response was also observed in facial 

motoneurons (McCall and Aghajanian, 1979a,b). These experiments 

suggest the possibility of a neuromodulating action for serotonin on 

central motoneurons that represent a population of neurons that do not 

display spontaneous activity in the anesthetized state. 

In 1969, Hoffer and his colleagues first described the effects of 

serotonin on Purkinje cells in the cerebellum. These investigators 

reported that a large proportion of Purkinje cells responded to 5-HT: 

half of the cells showed an increase and the other half a decrease in 

firing rate in chloral hydrate anesthetized or decerebrated rats. 

However, any given cell displayed only one or the other type of 

response, regardless of ejection currents. Kawamura and Provini (1970) 

examined the effect of serotonin on Purkinje cells and found that only 

a small minority of Purkinje cells were depressed by the 5-HT in 

decerebrated , penthrane, nembutal, and chlorase anesthetized animals. 

The differences in the experimental conditions (decerebration and 

anesthetics) did not influence the action of serotonin on the Purkinje 

cell. However, in adult rats anesthetized with halothane, or 
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unanesthetized decerebrated animals, the exclusive pattern of the 

Purkinje cell responses to 5-HT was depression (Bloom et al., 1972). 

In addition, effects of serotonin were species different. When 

Purkinje cells of neonatal rats were tested at developmental stages 

prior to the formation of identifiable synapses, the response to 

serotonin was exclusively inhibition. Furthermore, following x-

irradiation, a treatment that resulted in a great reduction in 

cerebellar cortical interneurons, the response of Purkinje cells to 5-

HT was depression. Based on these two studies, these investigators 

concluded that the depressant effect of serotonin is a direct effect, 

occurring on postsynaptic membranes of rat Purkinje cells (Bloom et 

al., 1972), However, Sotelo and Beaudet (1979) showed that x-

irradiation treatment alters the pattern of 5-HT synaptic 

establishment in the cerebellar cortex. In 1979, Strahlendorf and 

colleagues found that electrical stimulation of the raphe nuclei 

predominantly depressed the spontaneous discharge rate of Purkinje 

cells, but exerting both an inhibitory as well as excitatory influence 

on fastigial cells in rats anesthetized with alpha-choralose. In 

urethane anesthetized rats, additional studies revealed that 

iontophoretic application of 5-HT elicited one of three effects: 1) a 

decrease in the spontaneous rate of Purkinje cell, 2) a biphasic 

response consisting of inhibition followed by excitation and 3) pure 

excitation (Strahlendorf and Hubbard, 1983). Therefore these data 

suggest that serotonin appears to display rather complex effects 

within the cerebellum compared to previous finding. 
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Purpose and Scope of this Investigation 

Immunocytochemical (Lidov and Molliver, 1982; Takeuchi et al., 

1982; King et al,, 1983), histofluorescent (Anden et al., 1967; 

Hokfelt and Fuxe, 1969), and autoradiographic (Chan-Palay, 1975, 1977) 

techniques have revealed a relatively vast serotonergic fiber 

distribution in the cerebellum arising from the raphe or closely 

associated nuclei. In addition to anatomically demonstrating the 

existence of serotonin in the cerebellum, changes in the cerebellar 

serotonergic system have been reported in various motor disorders. 

Although numerous anatomical studies demonstrated the existence of 

serotonin fibers in the cerebellum, electrophysiological studies 

identifying actions of serotonin on Purkinje cells have been few in 

number, undetailed and have yielded conflicting data. 

Experiments designed to eliminate interneuronal influences on 

cerebellar Purkinje cells (neonatal, [days 1-6] and x-irradiated 

animals) suggested that the direct effect of serotonin was depression 

(Bloom et al., 1972; Woodward et al., 1971). Furthermore, these 

investigators identified an abundant distribution of serotonin 

terminals upon granule cells in the cerebellum and observed that this 

type of cell responded to serotonin with excitation (Bloom et al., 

1972). Based upon these findings. Bloom et al. (1972) suggested that a 

better approximation of the physiological effects of serotonin in the 

cerebellum would be obtained by testing this agent on granule cells 

rather than Purkinje cells. 

However, these previous findings of serotonin effects on Purkinje 
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cells should be reconsidered for the following reasons. Firstly, the 

effect of serotonin was tested only on a single granule cell that was 

not electrophysiologically identified. Thus, it is difficult to 

ascertain the actions of the neurotransmitter on granule cells from 

this report. Secondly, more sensitive anatomical studies have shown 

that serotonergic terminals are distributed most abundantly in the 

molecular layer close to dendrites of Purkinje cells (King et al., 

1983) rather than the granular layer of the cerebellum (Takeuchi et 

al,, 1982; Chan-Palay, 1976). Therefore, these anatomical studies 

suggest that Purkinje cells rather than granule cells may be the major 

recipients of serotonergic afferent terminals. Thirdly, Lidov and 

Molliver (1982) showed that serotonergic axons did not extend to the 

molecular and Purkinje layer of cerebellum until postnatal day 10, and 

from that time to adulthood there was a considerable increase in the 

density of 5-HT axons in the cerebellum. Thus, at postnatal days one 

to six, the period during which the effects of serotonin were examined 

and found to be almost totally depressant (Woodward et al., 1971), the 

serotonergic innervation of cerebellum is virtually absent. Therefore, 

it is difficult to assess what complement of serotonin receptors a 

Purkinje neuron would have at that stage and the significance of any 

response to iontophoretic serotonin. Finally, Sotelo and Beaudet 

(1979) observed that x-irradiation treatment alters the pattern of 

serotonin synaptology in the cerebellar cortex in addition to 

destruction of interneurons in the cerebellum. Therefore, it is not 

ideal to examine the effects of serotonin upon a structure that has 

undergone profound synaptic changes. The response of Purkinje cells to 
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serotonin in the neonatal and x-irradiated animals may not be 

identical to that seen in the mature animals. In addition, when 

Purkinje cell responses to serotonin were studied in a more detailed 

manner in mature animals, serotonin showed a more complex pattern of 

effects (Strahlendorf and Hubbard, 1983). In this study, serotonin 

elicited three different effects, inhibitory, biphasic and excitatory 

response. Furthermore, the effect of serotonin on these cells was 

dependent in part upon the spontaneous firing rate of the cells 

(Strahlendorf et al., 1984). This study suggested that previous 

findings of serotonin responses should be re-evaluated in a more 

careful manner. 

Based on the complexities of action of serotonin, this study was 

designed to examine electrophysiologically and pharmacologically the 

influence of the serotonergic system on cerebellar Purkinje cell 

activity in mature animals. This study will foster an understanding 

of the action of serotonin on cerebellar information processing at the 

cellular level. More specifically, this study was designed to answer 

the following questions: 1) Are serotonin effects mediated via 

postsynaptic or presynaptic sites?; 2) If serotonin effects are 

mediated via postsynaptic sites, is there more than one type of 

serotonin receptor on a single Purkinje cell membrane?; 3) Are there 

changes in neuronal responses to serotonin in 5,7-dihydroxytryptamine 

(5,7-DHT) treated animals?; 4) Does serotonin have a modulating action 

in the cerebellum, particularly on the action of the excitatory amino 

acid glutamate? According to these questions, this study was 

specifically subdivided into four separate experiments. 
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Experiment I: Purkinje cell responses to iontophoretically applied 
serotonin alone and in the presence of various serotonin 
antagonists. 

Two types of serotonin receptors have been distinguished in the 

rat cerebral cortex by means of tritiated 5-HT and spiroperidol 

binding assays and designated as 5-HT 1 and 5-HT 2 receptors, 

respectively (Peroutka and Snyder, 1979). Although experiments have 

suggested the existence of different types of serotonin receptors in 

various regions of the brain, direct evidence supporting the 

suggestion in the cerebellum is lacking. Our previous work and that of 

others (Hoffer et al,, 1969; Strahlendorf and Hubbard, 1983) have 

shown that serotonin elicited different effects on the Purkinje cell, 

suggesting the possibility of the existence of two 5-HT receptors in 

the cerebellum. To investigate whether or not these different res

ponses to serotonin in the cerebellum are mediated by different 

receptor subtypes, this study involved an examination of the action of 

serotonin on Purkinje cells alone and in the presence of various 

antagonists known to act selectively on the proposed serotonergic 

receptors. 

Experiment II: Investigation of serotonin effects on Purkinje cells in 
the presence of cationic inhibitors of synaptic 
transmission, cobalt and manganese, and a competitive 
antagonist of glutamate, 1-glutamic acid diethylester 
(GDEE). 

Previous findings suggested that the direct effect of serotonin 

in the cerebellum was depression. However, previous research in our 

laboratory showed that serotonin produced inhibitory, biphasic, and 

excitatory responses on Purkinje cells in the cerebellum. To exclude 
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the possibility that 5-HT-mediated responses were the result of 

disinhibition or disfaci1itation, the cationic inhibitors of synaptic 

transmission, cobalt and manganese were iontophoretically applied with 

serotonin. Cobalt and manganese are known to reduce the flux of 

calcium at the synaptic membrane. The presence of calcium ions is 

essential for the release of a transmitter by presynaptic action 

potentials (Schmidt, 1978), These cationic inhibitors prevent neuro

transmitter release by antagonizing calcium movement. Therefore, when 

serotonin is applied with these ions, effects of serotonin can be 

interpreted as direct effects on the postsynaptic membrane sites of 

the Purkinje cell. 

Due to the close spatial relationship of parallel fiber and 5-HT 

parallel like fibers, it is possible that serotonin-elicited 

excitation is mediated presynaptically by inducing the release of the 

excitatory amino acid glutamate from parallel fibers. To test this 

possibility, this part of the study examines the interaction of 5-HT 

and the glutamate antagonists, 1-glutamic acid diethylester (GDEE). 

Experiment III: Investigation of possible changes in Purkinje cell 
responses to serotonin after 5,7-dihydroxytryptamine 
treatment.->•'* 

To investigate the function of the endogenous serotonergic system 

in the cerebellar neuronal network, this experiment consisted of 

comparing qualitatively and quantitatively the effects of serotonin on 

the spontaneous discharge rates of Purkinje cells in the control and 

5,7-DHT treated animal. Since 5, 7-DHT selectively destroys serotonin 

terminals in the brain, by comparing results in the two animals it 
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should be possible to determine whether iontophoretically applied 

serotonin produces disfacilitation or disinhibition by altering the 

presynaptic release of 5-HT from the serotonergic terminals. Thus, 

this experiment would allow a better understanding of the direct 

effects of serotonin on Purkinje cells. 

In addition, these experiments would test for possible changes in 

the chemical responsiveness of the postsynaptic receptors to 

serotonin. This experiment may identify any tonic influence exerted by 

serotonin on the spontaneous firing rates of Purkinje cells. 

Furthermore, the question of whether the removal of serotonergic 

afferents by the neurotoxin can influence the previously reported rate 

dependent nature of serotonin effects on Purkinje cells will be 

addressed by this experiment. 

Experiment IV: Investigation of possible interactions between sero
tonin and the excitatory amino acid glutamate in the 
cerebellum. 

Recently, electrophysiological studies have shown that serotonin 

facilitated synaptically induced excitations of facial motoneurons or 

excitation produced by microiontophoretically applied glutamate 

(McCall and Aghajanian, 1979a,b). In the cerebellum, 5-HT at 

concentrations that fail to change the spontaneous activity augmented 

GABA-mediated inhibition on Purkinje cell (Strahlendorf et al,, 

1979a,b). These studies strongly suggest possible neuromodulating 

action of serotonin. Because 5-HT containing fibers morphologically 

resemble parallel fibers that presumably utilize glutamate as a 

transmitter, this study will examine the influence of serotonin on 
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glutamate-induced responses of Purkinje cells. 



CHAPTER II 

METHODS AND PROCEDURES 

Experimental Animal Preparation 

Male rats (Sprague-Dawley strain, Sasco Laboratories) weighing 

from 200-350g were used in these studies. All animals were maintained 

under a 12-hour light-dark cycle. Food and water were provided ad 

librtum. Experimental rats were anesthetized with an intraperitoneal 

injection of urethane, 1,2 gm/kg. Approximately half an hour after 

urethane administration the head of the animal was placed into a 

stereotaxic instrument (David Kopf Ins.) to prevent movement of the 

head and to facilitate precise location of the cerebellar area to be 

explored. Body temperature was maintained between 36.5°-37.5°C by a 

heating pad (EKEG Inc.). A rectal thermistor controlled the output of 

a direct current heating source during the experiment. 

A craniotomy was performed over the cerebellum. The cerebellum 

was exposed behind the level of the fissura prima to facilitate explo

ration of both the anterior and posterior regions. To reduce movement 

artifacts and prevent the cerebellar surface from drying, 3 % agar in 

a saline solution was placed on the exposed cerebellar cortex. 

Recording and Microiontophoresis 

Five-barrel micropipettes (R and D optical systems) were used for 

recording extracellular unit activity of Purkinje cells and for the 

39 
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application of compounds by microiontophoresis. Micropipette blanks 

were loaded with a few strands of fiberglass before pulling in order 

to facilitate drug filling by capillary action. Blanks were pulled on 

a microelectrode puller (Narishige Ins,) to a closed tip. The tip of 

the micropipette was then broken back to a diameter of approximately 

4-6 micrometers under microscopic control. The central recording 

barrel was filled by direct injection with a 4M NaCl solution for 

recording action potentials. The outer drug barrels of the multibarrel 

pipette were similarly filled with the various drug solutions. 

Impedances of the recording barrels were determined to be 3-7 megohms 

and those of the other drug barrels were 10-20 megohms. A lOnA current 

that was of a polarity opposite to that needed to eject the drug 

molecule was applied to all drug barrels between periods of the drug 

ejection. The retaining current prevented the spontaneous leakage of 

drugs. Since electrical currents were used to retain and eject drugs 

from the micropipette, it was necessary to eliminate electronic 

effects (Salmoiraghi and Steiner, 1963). Therefore, 4M NaCl was placed 

into one of the four barrels, in order to apply a "neutralizing" 

(balance) current. This current was opposite in polarity to the 

algebraic sum of the retaining and ejecting currents flowing at any 

time in the three drug-containing barrels. The microelectrode, was 

connected to a hydraulic microdrive, held by anelectrode carrier 

positioned on the stereotaxic frame. The manual hydraulic microdrive 

(Trent Wells, Ins.) was used to manipulate the electrode in increments 

of one micron in order to find the Purkinje cells in the cerebellum. 

Purkinje cells were recognized by their electrophysiological 
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characteristics, consisting of rapid, high amplitude spikes with 

initial negative deflection, irregular single bursting, and complex 

discharges. The appearance of the complex spike bursts, indicative of 

climbing fiber activation was mandatory for the positive 

identification of these cells. Only those action potentials which 

could be adequately isolated from the background activity were used in 

this study. Single neuron spikes were displayed on an oscilloscope 

(Tektronix, Ins.) after amplification via a high gain A.C. amplifier 

(Dagan 2400 extracellular preamplifier, gain 2000, band pass 300-10K 

Hz), Individual spikes were discriminated with an amplitude analyzer 

(Frederick Haer) and the window output was fed into a printing counter 

(Coulborn Ins.) to record the spontaneous rate. The pulses were 

integrated by a cumulative rate meter (Bak Electronics, Inc.) and 

displayed on a strip chart recorder (Houston Ins.). In addition, raw 

data were fed into a multichannel tape recorder for further analysis. 

To observe artifacts due to local anesthetic effects which are seen as 

a decrement in the height or widening of the action potential, 

discriminated signals were fed into an analog delay and displayed on 

another oscilloscope. Any cells that showed local anesthetic effects 

to the drug were rejected from this study. An electrophoresis unit 

(Fintronics, Inc.) was used for drug ejections from the glass pipettes 

in the microiontophoresis studies. Iontophoretic drug schedules 

consisting of high-low current application were used to decrease 

intrapipette variability in the drug release (Siggins and Schultz, 

1979). This protocol compensated for pipette "warmup" and allowed 

determinations of dose response relationships. Retention and ejection 
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periods were automatically sequenced and maintained constant 

throughout the experiment by the use of a digital timing device 

(Frederick Haer pulsar stimulator). Typically, ejection periods were 

set for 20-30 sec and retain periods for 80 sec. Cells that displayed 

nonspecific effects to drug applications were eliminated from the 

study. 

Experimental Drugs 

The outer drug barrels of the multibarrel pipette were filled 

with various drug solutions. Drugs used in this study included the 

following: 5-hydroxytryptamine creatinine sulfate, Sigma, 0.05M, pH 

4.5; methysergide bimaleate(UML), Sandoz, 0.05M, pH 4.0; spiroperidol, 

UAMS, O.OIM, pH 4,0 (dissolved in 85% lactic acid); ketanserin, 

Janssen, O.OIM, pH 3.0; mianserin, Organon, O.OIM, pH 4.2; meter

goline, Farmitalia, O.OIM, pH 6.0 dissolved in 2% ascorbic acid; 1-

monosodium glutamate, MCB Inc., 0.5M, pH 8.2; glycine, Sigma, 0.5M, pH 

4.0; 1-aspartic acid monosodium salt, Sigma, 0.2M, pH 7.5; cobalt 

chloride, Sigma, 0,05M, pH 4.9; manganese chloride, Sigma, 0.05M, pH 

5.0; 1-glutamic acid diethylester(GDEE), Sigma, 0.05M, pH 5.0. All 

drug solutions were dissolved in double distilled water unless 

otherwise indicated. The pHs of solutions were measured by a digital 

pH meter (Markson Science Inc.) and adjusted with concentrated NaOH or 

HCl. 
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Procedure for the 5,7-DHT treatment 

Adult male rats (Sprague-Dawley) weighing 150-300g were used for 

this study. Animals were anesthetized with sodium pentobarbital (30-40 

mg/kg, i.p.) at the onset of the experiment. Approximately half an 

hour after the injection of the pentobarbital, the head of animal was 

placed into a stereotaxic instrument. An amount of 200 microgram/20 

microliter of 5,7-DHT(calculated as the free base) was administered 

intracisternally by a Hamilton microsyringe. The microsyringe was 

mounted in a carrier and lowered to the injection site. One hour 

before the injection of 5,7-DHT, a single intraperitoneal injection of 

desipramine(25 mg/kg, USV. Labs.) was given to prevent uptake of the 

neurotoxin into noradrenergic terminals. The 5,7-DHT was dissolved in 

saline containing 0.5% ascorbic acid to prevent autooxidation of the 

drug. Injections were made at a rate of 5 microliter/minute and after 

the injection of the neurotoxin, the microsyringe was left in position 

for 10 minutes to minimize leakage of the drug from the punctured 

atlanto-occipital membrane. The same procedure was used for control 

animals in which an equal volume of vehicle was injected. The 5,7-DHT 

treated animals were maintained for at least 2 weeks before 

biochemical measurements or recording sessions were initiated. Animals 

were divided into two groups for either the electrophysiological study 

or the biochemical analyses. 

High Performance Liquid Chromatography with electrochemical 

detection was utilized for the biochemical analyses (Lyness et al., 

1980, Lyness, 1982). Animals were sacrificed by decapitation and the 
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brain was carefully removed from the skull and transferred to a cold 

plate in order to dissect the different areas of the brain: cerebral 

cortex, hippocampus, striatum, hypothalamus, cerebellum, midbrain, and 

brain stem. Specific regions of the brain were weighed and homo

genized with a Brinkman polytron in 5,0 ml of either 0,2N perchloric 

acid or a 0,1M citrate-phosphate buffer (pH 3,3) containing 12,5% 

methanol and 40 mg/1 sodium octyl sulfate. Tissue samples were 

centrifuged for 15 min in a Beckman model J2-21 refrigerated 

centrifuge. The supernatants were filtered using filter units prior to 

injections. Samples of 25-100 microliters were injected onto the 

chromatograph (model 303, Bioanalytical Systems) in which the flow 

rate was 1.5 ml/min, A Waters C18 microBondapak column (30 cmx3,9mm 

i.d.) was used. Standards of 5-HT (Sigma Chemical co.) were dissolved 

and diluted in either 0.2N perchloric acid containing 2x10" M EDTA or 

the citrate-phosphate mobile phase. Identification of the peaks was 

made by chromatographing the standards individually by using a 0.02M 

citrate-phosphate buffer (pH 3,3), 10% methanol and 0,5 g/1 sodium 

octyl sulfate and by varying the voltage across the glassy carbon 

electrode. The concentrations of 5-HT within the tissue samples were 

determined by measuring peak heights and comparing them with standards 

which were run through the whole procedure. 

Data Analysis 

For all integrated histograms, drug effects were quantitated by 

comparing the discharge rate during the iontophoresis of the drug with 
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the rate before the drug and expressing the value as a percent change 

(fig. 1), If fluctuations of the spontaneous rate were too erratic to 

evaluate true responses, the data were excluded from the study. The 

peak drug response was determined visually and measured by a 

digitizing graphics tablet and microcomputer (Micro Data Collection). 

Time courses of drug effects were evaluated in terms of onset time, 

latency to maximum effect, and duration of the response. For 

statistical analysis, a Student's t-test (paired and unpaired) was 

utilized. For all statistical analyses performed in this study a value 

of p<0,05 was considered as significant. 
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Figure 1. A typical example of rate meter histogram depicting 
responses of Purkinje cells to iontophoretic application of 
serotonin. Arrows denote points at which responses to serotonin 
were analyzed. Comparisons were made to spontaneous firing rates 
immediately preceding the application of serotonin. 



CHAPTER III 

RESULTS 

Experiment I: Purkinje cell responses to iontophoretically applied 
serotonin alone or in the presence of various 5-HT 
antagonists. 

As previously reported from this laboratory (Strahlendorf and 

Hubbard, 1983; Strahlendorf et al., 1984) iontophoretically applied 

serotonin(0-50nA) elicited three different effects measured during and 

after the drug ejection period in urethane anesthetized animals. These 

responses consisted of: inhibition (200 cells, 64% of total cells); 

biphasic effects consisting of transient inhibition followed by 

excitation(69 neurons, 22% of total cells); or only excitation (45 

neurons, 14% of total cells) (fig. 2). Serotonin-mediated inhibition 

displayed a rapid onset appearing 2-5 sec into the drug ejection, and 

a short duration of action; recovery occurred shortly after the 

ejection period. Mean responses for inhibition were dose dependent 

(fig. 3). The biphasic response differed from the inhibitory response 

in that inhibition was shorter in duration and excitation always 

occurred during the period of 5-HT application. The magnitude of 

excitatory components of the biphasic response appeared to be dose 

related, whereas the durations of the inhibitory phases were inversely 

related to the dose of serotonin, higher dose of serotonin induced 

shorter period of inhibition. The pure excitatory response displayed a 

longer onset latency (10-25 sec, 10-40 nA) than that observed for 

inhibition and outlasted the drug ejection period. The duration of 

enhanced cell firing for the pure excitatory response was frequently 

47 



fi 

48 

5HT 

50 30 90 20 50 10 50 50 

50 

5HT 

30nA 20 30 to 30 30 

60t«c 

Figure 2. Rate meter histogram of the depressant action (A), the 
biphasic effect (B), and ,the excitatory response (C) of 
microiontophoretically administered serotonin on cerebellar 
Purkinje cells. Serotonin was applied at various currents (5-50 
nA) for 20-30 seconds as indicated by the bar above the record. 
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Figure 3, Dose-response curve for the depressant action of microionto
phoretically administered serotonin on cerebellar Purkinje cells. 
Each value is the mean of 10-15 responsestS.E.M. 
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longer than for biphasic effects. Serotonin-mediated excitations 

appeared to be dose related; higher doses excited the cell to a 

greater extent for a longer period of time (fig. 4). Various serotonin 

antagonists were administered iontophoretically and systemically to 

determine effects on the serotonin-mediated inhibitions and 

excitations. Methysergide (UML), a 5-HT receptor antagonist, was 

applied continuously for a long period of time with ejection currents 

adjusted (1-25 nA) so that no effect on spontaneous activity was 

evident. Specifically, currents of various drugs in this experiment 

were incremented until a noticeable effect on spontaneous firing rate 

was observed, at this point currents were lowered. In the presence of 

iontophoretic application of UML, serotonin-mediated inhibitions were 

either not affected in 9 out of 18 neurons tested or augmented in the 

remaining 9 neurons (fig. 5). However, UML blocked or decreased the 5-

HT-mediated excitations in 14/14 cells tested by an average of 

48.3±5.5% (fig. 6) ,or on occasions, reversed the effects of serotonin 

to that of inhibition. Systemic administration of UML (0.5 mg/kg, 

i.p.) also antagonized 5-HT-mediated excitation (n=l). Iontopho

retically applied metergoline, a putative selective 5-HT 1 receptor 

antagonist, had no effect on 5-HT-mediated inhibition (4/5 cells) or 

augmented this response (1/5 cells tested). This antagonist was not 

tested against 5-HT-mediated excitation. 

In contrast, iontophoretic application of the 5-HT 2 receptor 

antagonist spiperone (0-10 nA) attenuated by an average of 32.7±2.6% 

5-HT-mediated inhibition in 18 out of 22 neurons (fig. 7). Spiperone 

also augmented 5-HT-mediated excitation in 3 out of 6 neurons by 54,7± 
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Figure 4, Dose-response curve for the excitatory action of microionto
phoretically administered serotonin on cerebellar Purkinje cells. 
Each value in the mean of 5-12 responsestS.E.M. 
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Figure 5, Rate meter histogram depicting no change of serotonin-
mediated inhibition in the presence of microiontophoretically 
applied methysergide bimaleate (UML). 
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Figure 6. Rate meter histogram depicting attenuation of serotonin-
mediated excitation in the presence of microiontophoretically 
applied UML. 
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Figure 7. Rate meter histogram depicting attenuation of serotonin-
mediated inhibition in the presence of microiontophoretically 
administered spiperone. 
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28,6%, had no effect on 1 cell, and induced slight attenuation of 

excitation in 2 neurons. Iontophoretically applied ketanserin, another 

reported 5-HT 2 receptor antagonist, attenuated the 5-HT-mediated 

inhibition in 3 out of 9 neurons by 50.5±8.3%. However, since 

ketanserin induced an erratic discharge pattern within many cells, it 

was difficult to evaluate the effect of this drug on the response of 

serotonin. An example depicting ketanserin-mediated antagonism of 5-

HT-elicited inhibition is shown in figure 8. Therefore, this study 

showed that spiperone antagonized 5-HT-mediated inhibition in 82% of 

the neurons and ketanserin had a similar but less dramatic effect. On 

the other hand, UML antagonized the 5-HT-mediated excitation 

consistently, whereas spiperone displayed either no effect or 

augmentation of serotonin-mediated excitations. Tables I and II 

summarize the effects of the various antagonists on 5-HT-mediated 

inhibition and excitation, respectively. 

Experiment II: Investigation of serotonin effects on Purkinje cells in 
the presence of cationic inhibitors of synaptic 
transmission, cobalt and manganese, and a competitive 
antagonist of glutamate, 1-glutamic acid diethyl-
ester(GDEE) 

To investigate the possibility that 5-HT-mediated responses were 

the results of disinhibition or disfacilitation of presynaptic 

elements, cationic inhibitors of synaptic transmission, cobalt and 

manganese, were iontophoretically applied concomitant with serotonin. 

From 56 neuronal recordings, manganese had almost no effect on 

serotonin-mediated inhibitions in 40 cases, decreased the inhibitory 

responses in 12 instances, and increased serotonin inhibition in 4 
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Figure 8. Rate meter histogram depicting attenuation of 5-HT-mediated 
inhibition in the presence of microiontophoretically applied 
ketanserin. 
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Table I. Effects of 5-HT antagonists on inhibitory response (INH) of 
Purkinje cells to serotonin. >. 

A g e n t s 

T e s t e d 

UML 

M e t e r g o l i n e 

S p i p e r o n e 

K e t a n s e r i n 

T o t a l Ce l l s 

T e s t e d 

18 

5 

22 

9 

Changes in the 5 - H T - m e d i a t e d INH 

A u g m e n t a t i o n A n t a g o n i s m No E f f e c t 

no . of c e l l s (%) 

9 ( 5 0 %) 0 (0 %) 9 ( 5 0 %) 

1 ( 2 0 %) 0 (0 %) 4 ( 8 0 %) 

0 (0 %) 18 ( 8 2 %) 4 ( 1 8 %) 

0 (0 %) 3 ( 3 3 %) 6 ( 6 7 %) 

> 

-< 



{],. 

58 

Table II. Effects of 5-HT antagonists on excitatory response (EXC) of 
Purkinje cells to serotonin. 

Agents 

Tested 

UML 

Spiperone 

Total Cells 

Tested 

14 

6 

1 

Changes in the 5-HT-mediated EXC 

AUG ANT No Effect 

no. of cells (%) 

0 (0 %) 14 ( 1 0 0 %) 0 (0 %) 

3 ( 50 %) 2 ( 33 %) 1 ( 1 7 %) 

AUG= Augmentation of 5-HT-mediated excitation 
ANT= Antagonism of 5-HT-mediated excitation 
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neurons. However, even in those cases where alteration of the 5-HT-

mediated effects was observed, the changes were not dramatic. 

Statistically, changes in 5-HT-mediated inhibitions in the presence of 

manganese were insignificant. One of few examples depicting manganese-

mediated antagonism of 5-HT-elicited inhibition is shown in figure 9. 

Figure 10 reveals the effect of manganese upon serotonin-mediated 

inhibition plotted against the inhibitory responses to serotonin. As 

shown in this figure, the majority of cells tested with manganese 

(40/56 instances) are plotted close (±5%) to the 45° "equivalence 

line," indicating cases in which the percentage of serotonin-mediated 

inhibition in the presence of manganese was similar to the response by 

5-HT alone. In 15 neurons that showed an excitatory responses to 

serotonin, manganese increased (n=7) or decreased (n=3) serotonin 

mediated excitations or had almost no effect (n=5) (fig. 11). 

Statistically, changes in 5-HT-mediated excitations in the presence of 

iontophoretically applied manganese were insignificant. Figure 12 

reveals the inability of increasing doses of iontophoretically applied 

manganese to alter 5-HT-mediated excitation of a Purkinje cell. During 

the iontophoretic application of cobalt, 5-HT inhibitions were not 

affected in 1 out of 22 neurons, decreased in 13 neurons, and slightly 

increased on the remaining 8 neurons (fig. 13). Changes of 5-HT-

mediated inhibitions during the application of cobalt were 

statistically insignificant. In 5 neurons that showed excitation to 5-

HT, cobalt had no effect in 1 neuron, increased excitation in 1 

neuron, and slightly decreased the excitation in 3 neurons. Figure 14 

demonstrates the failure of cobalt and manganese to antagonize on 
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Figure 9. Effects of iontophoretically applied manganese 
induced inhibition of a cerebellar Purkinje cell. 
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Figure 10. Effects of manganese on 5-HT-induced inhibition of 
cerebellar Purkinje cells (n=56). Points below the 45° 
equivalence line indicate cases in which 5-HT-mediated inhibition 
was attenuated in the presence of iontophoretically applied 
manganese. Dashed line represent ±5% of equivalence line. © : 
double observation. 
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Figure 12. Effect of iontophoretically applied manganese on 5-HT-
mediated excitation of a Purkinje cell. 
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Figure 13. Effects of cobalt on 5-HT-mediated inhibition of cerebellar 
Purkinje cells (n=22). Points plotted below the 45° equivalence 
line indicate cases in which 5-HT-elicited inhibition was 
decreased in the presence of iontophoretically applied cobalt. 
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Figure 14. Effects of iontophoretically applied cobalt and manganese 
on 5-HT-mediated excitation of a cerebellar Purkinje cell. 
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5-HT-mediated excitation. It should be noted that neither cobalt nor 

manganese blocked the excitatory responses of serotonin in any neuron 

even with high ejection currents. To test the possible involvement of 

excitatory amino acid neurotransmitters in 5-HT-effects on Purkinje 

cells, actions of serotonin were evaluated in the presence of the 

glutamate antagonist, GDEE, Of 15 neurons that showed inhibitory 

responses to serotonin, the continuous microiontophoretic application 

of GDEE decreased (n=9) and increased (n=6) the 5-HT-mediated 

inhibitions. Decreases of 5-HT-mediated inhibition by GDEE were 

statistically significant (p<0.01), whereas increases of serotonin 

inhibition by GDEE were insignificant (p>0.05). Since, GDEE decreased 

the spontaneous firing rate of Purkinje cells, decreases of 5-HT-

mediated inhibitions should be interpreted with caution. Of 9 neuronal 

responses that displayed excitations to serotonin, GDEE decreased the 

5-HT-mediated excitations by an average of 15±4.2%. This effect was 

not statistically significant (p>0.05). Furthermore, GDEE did not 

antagonize 5-HT-mediated excitations even with currents that were 

effective in antagonizing glutamate-mediated excitations. Continuous 

iontophoretic application of GDEE decreased glutamate-induced 

excitations by an average of 39±23.3%. This effect was statistically 

significant (p<0.01). 

Experiment III: Investigation of possible changes in Purkinje cell 

responses to serotonin after 5,7-DHT treatment. 

Biochemical analyses utilizing High Performance Liquid Chromato

graphy methods revealed that levels of 5-HT in the cerebellum of 5,7-

DHT treated animals (34.7 ng/g tissue) decreased by an average of 
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47.5% compared to the levels of control animals that were given only 

vehicle (66,1 ng/g tissue). The effect of serotonin on Purkinje cells 

was tested in 20 rats treated with 5,7-DHT, Of the 123 neurons 

examined, 5-HT induced three different effects: inhibition, biphasic 

actions, and excitation. Inhibitory responses to 5-HT were seen in 83 

neurons (67%) and displayed similar characteristics to that of non-

treated animals. Specifically, the inhibitory responses showed a rapid 

onset, a short duration of action, and recovery occurred shortly after 

the drug ejection period. As seen in the non-treated animals, 5-HT-

mediated biphasic effects (23 neurons, 19%) and excitatory responses 

(17 neurons, 14%) displayed a longer onset and duration of action 

compared to 5-HT-mediated inhibitions. Mean responses for inhibitions 

and excitations appeared to be dose related. The magnitude of 

serotonin-mediated inhibitory or excitatory responses were not 

statistically different from that of non-treated animals (p>0.05). As 

seen in the untreated animals the excitatory responses were 

effectively antagonized by the continuous iontophoresis of UML (fig. 

15). Moreover, 5-HT-mediated excitations were resistant to continuous 

iontophoretic applications of GDEE (fig. 16). Therefore, qualitatively 

and quantitatively the Purkinje cells of 5,7-DHT treated animals 

display characteristic responses to serotonin as observed in non-

treated animals. The overall average spontaneous rate of 5,7-DHT 

treated animals was 42.3±1.52 Hz and that for non-treated animals was 

46.2±0,87 Hz, This data showed that spontaneous firing rates of 

Purkinje cells in 5,7-DHT animals were lower than that of non-treated 

animals (p<0.02). Furthermore, when the cell population were divided 
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Figure 15. Rate meter histogram depicting attenuation of serotonin-
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Figure 16. Rate meter histogram depicting no change of serotonin-
mediated excitation in the presence of microiontophoretically 
applied 1-glutamic acid diethylester (GDEE). 
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into seven groups according to the spontaneous rate of cell, there was 

a shift to the lower frequency ranges in the 5,7-DHT treated animals 

compared to the non-treated animals (fig. 17). Previous experiments 

suggested that the effects of serotonin were determined in part by the 

spontaneous discharge rates of Purkinje cells (Strahlendorf et al., 

1984), Specifically, there were significant differences in the predrug 

spontaneous firing rates between the two groups of Purkinje cells that 

showed inhibition or excitation to serotonin. To further test the 

possible rate dependent property of serotonin on Purkinje cells, a 

comparison between predrug spontaneous firing rates of all drug naive 

neurons and effects of serotonin was made. Of the 314 Purkinje cells 

examined, 114 cells were excited or displayed biphasic responses to 

serotonin. These cells displayed a predrug firing frequency of 

40.7±1.37 Hz, whereas those cells (n=200) that were slowed by 

serotonin exhibited a predrug firing frequency of 49.4±1.06 Hz. These 

means are significantly different (p<0,0001). Excitatory responses 

were grouped with biphasic effects because the predominant action of 

serotonin in both instances was excitation and no significant 

differences existed between the predrug spontaneous rates (41,9 vs 

39.9 Hz.) of these two groups (p>0.05). The total population of cells 

was divided into seven groups on the basis of spontaneous firing rate 

(Hz): 10-20; 21-30; 31-40; 41-50; 51-60; 61-70; 71-100. As shown in 

figure 18, with increasing firing rates, the proportion of excitations 

decreased, and the proportion of depressions increased. For example, 

cells with frequencies below 20 Hz displayed excitation to serotonin 

in 90% of cases. On the other hand, 89% of cells with frequencies 
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above 70 Hz responded to 5-HT with inhibition. On several occasions, 

the direction of the Purkinje cell response to serotonin reversed 

after changes in the baseline firing rate. Figure 19 depicts a slowly 

firing neuron in which serotonin initially caused excitation but 

subsequently inhibited neuronal discharge as the cell firing rate 

increased. In 5,7-DHT treated animals, the average firing rates of 

neurons that showed inhibitory and excitatory (or biphasic) responses 

to serotonin were 42.2±1.9 Hz and 42,4±2,3 Hz, respectively. It is of 

interest that these rates are different from the values observed in 

non-treated animals in which there was a significant difference in 

predrug firing rates between neurons that showed inhibition (49,4±1.06 

Hz) to serotonin and those that showed excitation or biphasic 

responses (40.7±1.37 Hz) to serotonin (p<0.0001). The total population 

of cells from rats treated with 5,7-DHT were also divided into seven 

groups on the basis of the firing rates. The proportions of Purkinje 

cells excited or inhibited by serotonin were not related to the 

spontaneous rates of cells as seen in non-treated animals (compare 

figures 18 and 20). p-Chloroamphetamine (PCA), an agent that releases 

serotonin from 5-HT nerve terminals, was tested on Purkinje cells in 

order to examine the efficacy of neurotoxin treatment. In non-treated 

animals, PCA (40nA) depressed the spontaneous rate of Purkinje cells 

by average of 13±1,4% (n=5). In 5,7-DHT treated animals, PCA (40nA) 

decreased the spontaneous rate of Purkinje cells by average of 

11.7±1.5% (n=21) and induced biphasic effects on three neurons. 
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Figure 19. Continuous rate meter histogram depicting the reversal of 
serotonin-mediated biphasic effect to inhibition following a 
shift in the baseline firing rate. 
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Experiment IV: Investigation of possible interactions between 

serotonin and glutamate in the cerebellum. 

To investigate the possible interplay of serotonin with glutamate 

(the suspected neurotransmitter of parallel fibers), pulsatile ion

tophoretic applications of glutamate (0-25nA for 20 sec) at regular 

intervals (80 sec) were used. Glutamate produced consistent increases 
•H 

in the Purkinje cell discharge rate. 5-HT (5-40 nA), applied conti- K 
|2» 

nuously with currents that induced minimum changes in the spontaneous ^ 

rate, profoundly influenced glutamate-induced excitations. Specifi- •:> 

cally, serotonin almost totally blocked glutamate-induced excitation 2' 
5! 

in 4 out of 95 cases, markedly decreased glutamate responses in 83 3' 

neurons, had no effect on 5 neurons, and potentiated glutamate 

excitation in 3 instances. Therefore, in 87% of all trials, 5-HT 

decreased glutamate-induced excitations and in 4% of cases 5-HT almost 

completely blocked the glutamate excitation in the absence of 

equivalent effects on spontaneous firing rate. In 51% of cases, 

serotonin depressed glutamate-induced excitation by more than 50%. A 

representative tracing of 5-HT modulatory effects on the glutamate-

induced excitation is shown in figure 21. Higher doses of serotonin 

tend to antagonize the glutamate-elicited excitation more profoundly. 

Figure 22 depicts the dose related antagonism by serotonin of 

glutamate-elicited excitation. To graphically illustrate the 5-HT 

effect on glutamate-induced excitations, serotonin effects on 

glutamate-induced excitations were plotted against its effects on the 

spontaneous rates (n=40) (fig. 23), The responses of the majority of 

Purkinje cells (38 out of 40 cases) tested with continuous 5-HT during 

the pulsatile application of glutamate are plotted above the 45° 
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Figure 21, Rate meter histogram depicting 5-HT 
glutamate-induced excitation of a Purkinje cell. 
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equivalence line, indicating that the percentage of serotonin 

inhibition of the glutamate-induced excitation was far greater than 

serotonin-induced changes of Purkinje cell spontaneous rates. 

Furthermore, in many cases, 5-HT exerted profound inhibitory actions 

on glutamate-induced excitations while changing the spontaneous rate 

of cells by less than 10%, In 3 out of 95 neurons, 5-HT potentiated H 

the peak response of the glutamate-induced excitations, but the onset -* 

was longer and average excitatory responses was smaller than the P{ 

control. Glutamate demonstrated a significant "warm up" phenomenon, I 

and accordingly, if glutamate were applied for only a short time ji 
P 

before 5-HT application, the true expression of the glutamate response 

could be misinterpreted. In this experiment, glutamate was applied 

during many trials until it exhibited a reproducible response. One 

interesting finding was that the direction of effect of serotonin on 

the spontaneous firing rate of Purkinje cell did not appear to 

influence its interaction with glutamate-induced excitation. Among 77 

neurons analysed for effects of serotonin on spontaneous firing rate 

of Purkinje cells before any glutamate applications, 5-HT excited or 

induced biphasic effects on Purkinje cells in 9 neurons and depressed 

the spontaneous cell firing rates in 68 cases. Of 9 neurons that 

showed excitation or biphasic responses to 5-HT, serotonin was still 

capable of depressing glutamate excitations in all cases. Of 68 

neurons inhibited by 5-HT before the glutamate pulses, 5-HT inhibited 

glutamate-elicited excitations in 61 cases (90%), had no effect on 4 

cells, and slightly increased the glutamate excitation in three 

instances. These results suggest that the action of serotonin on 
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glutamate-induced excitations is not related to any prior or concomi

tant effects of serotonin on the spontaneous activity of Purkinje 

neurons. To attempt to identify the 5-HT receptor subtype that might 

be responsible for these seemingly modulatory effects of serotonin on 

glutamate-induced excitaton, various 5-HT antagonists were super

imposed on the serotonin-glutamate interactions. Methysergide (5-25nA) Ĵ  

was applied continuously by iontophoresis during the 5-HT-glutamate -» 

protocol. From 10 neurons that showed inhibitory modulation by 'i 
:» 

serotonin upon glutamate-induced excitations, UML showed a complex Z 

pattern of effects. In three instances, UML (15-25nA) antagonized jl 
|| 

serotonin-mediated inhibition of glutamate excitations as shown in 

figure 24, However, UML (6-20nA) potentiated the 5-HT modulatory 

effect upon glutamate excitations in 4 cases. UML did not elicit any 

effect upon the 5-HT modulation of glutamate responses in the 

remaining three situations. However, effects of methysergide alone 

upon glutamate excitations indicated a possible direct interaction 

between glutamate and UML. Methysergide (5-30nA) was administered 

continuously by iontophoresis during the pulsatile iontophoretic 

application of glutamate on Purkinje cells. In these experiments, UML 

slightly increased the glutamate-induced excitations from 10 out of 29 

neurons, decreased the glutamate responses from 11 neurons, and had no 

effect on 4 neurons. Interestingly, in the remaining 4 situations UML 

completely blocked glutamate-induced excitations as shown in figure 

25. Therefore, these data suggest a direct interaction between 

methysergide and glutamate. Another putative 5-HT receptor antagonist 

was used in order to avoid the problem of an interaction between 

Bl 

I 
•l 

• J 



n. tlSKLL.. 

82 

UML 16 nA 

GLUTAMATE 
15 nA 

5-HT 12 nA 

15 15 15 15 
r60 

Hz 

-O 

1 Min 

') 

1 

I 

Figure 24, Rate meter histogram depicting antagonism by methysergide 
of 5-HT modulatory effect on the glutamate-induced excitation of 
a cerebellar Purkinje cell. 
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Figure 25. Rate meter histogram depicting antagonism by methysergide 
of glutamate-induced excitation of a Purkinje cell. 



84 

glutamate and UML. Metergoline (5-25nA) was superimposed upon the 

serotonin-glutamate interactions. Of 16 neurons in which serotonin 

either inhibited or blocked the glutamate-induced excitations, 

metergoline potentiated 5-HT-mediated inhibition of the glutamate 

responses in 10 cases and had no effect in 6 instances. A typical i 

example of potentiation by metergoline of 5-HT-glutamate interaction !» 
> 

is shown in figure 26. Metergoline never reversed or antagonized the ;j 

5-HT-induced blockade of the glutamate excitation. In addition, the ;.' 

effect of metergoline upon the glutamate response was tested. j| 

Metergoline decreased (4 out of 9 neurons) or almost completely 

blocked glutamate-induced excitations (4 out of 9 neurons) as shown in 

figure 27, Metergoline had no effect on 1 neuron. Therefore, 

metergoline and UML showed a very similar pattern of response on the 

glutamate responses. However, unlike UML, metergoline never 

antagonized the 5-HT inhibitory modulation of glutamate excitations. 

Mianserin and ketanserin, putative 5-HT 2 receptor antagonists, were 

also tested upon the 5-HT and glutamate interactions. Of 2 neurons 

that showed 5-HT inhibition of the glutamate responses, mianserin had 

no effect. Ketanserin also had no effect in one case and slightly 

potentiated 5-HT modulation in one other trial. 

) 
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Figure 26. Rate meter histogram depicting potentiation by metergoline 
of 5-HT modulatory effect on glutamate-induced excitation of a 
cerebellar Purkinje cell. 
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Figure 27. Rate meter histogram depicting antagonism by metergoline of 
glutamate-induced excitation of a Purkinje cell. 



CHAPTER IV 

DISCUSSION 

Extracellular Recording and Microiontophoresis 

The physiological activity of neurons is accompanied by 

electrical changes which appear across the cell membrane. Such 

electrical changes cause electric currents to flow in the cytoplasm of 

the cell and also in the surrounding extracellular space. Thus, 

cellular activity can be investigated by recording the potential 

appearing across the membrane, or in the extracellular space. In 

extracellular recordings, one measures potential differences which are 

created in the extracellular space when cell-generated electric 

currents flow in the area surrounding the cell. Extracellular 

recordings allow one to record the electrical field potential around 

the cell without puncturing cell membranes or altering the 

distribution and composition of the cell fluid. Extracellular 

recording are particularly useful in the following cases: 1) long term 

experiments; 2) analysis of awake or free moving animals; 3) 

simultaneous multilead recording from different structures; 4) 

investigation of cells small in size, numerous and difficult to 

isolate, or susceptible to injury on contact or impalement; and 5) 

research about general activity of organs (Delgado, 1964). By 

considering the above advantages of extracellular recordings and the 

technical difficulties of intracellular recordings of Purkinje cells, 

including penetrating and maintaining a stable recording from a single 

87 
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neuron in the pulsating cerebellum, the limitation of location of the 

electrode in the soma or large dendrites , and injury to the cell 

membrane that leads to abnormal rhythm (Granit and Phillips, 1956), 

the extracellular recording technique offers a convenient means to 

study the electrical activities of Purkinje cells in the cerebellum. 

Combining extracellular recording of neuronal activities with 

microiontophoresis allows one to test chemical-neuron interactions. 

The microiontophoretic technique was originally developed to study the 

pharmacology of the neuromuscular junction (Nastuk, 1953) and was 

later adapted for the investigation of central neurons (Curtis and 

Eccles, 1958). Microiontophoresis utilizes the principle of migration 

of ions under the influence of an electrical field. The biologically 

active ion (cation or anion, depending upon the chemical structure of 

drugs) can be ejected from the pipette by a current of the appropriate 

polarity. Similarly, spontaneous drug diffusion can be minimized by a 

current of opposite polarity, having the effect of holding the active 

ion within the micropipette. Doses of drugs in microiontophoresis are 

expressed in terms of intensity and duration of the current used to 

eject the active ions. This approach has the merit of bypassing the 

major diffusional barriers encountered by systemically given drugs and 

of limiting the potential sites of drug action to the structures 

adjacent to the recorded neuron (Salmoiraghi and Stefanis, 1967). 

The complexity of the central synaptic organizations, the blood-

brain barrier, and the speed at which neuronal interactions occur, 

make the conventional routes of drug administration poorly suited for 

the pharmacological study of individual central synapses. For 
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instance, the absence of a change at a centrally recorded site 

following parenteral, intrathecal, or topical drug administration 

should not be attributed to the absence of "receptors" at the recorded 

site, because lack of effects may be due to the physical or enzymatic 

barriers that prohibit drug molecules from reaching the site. 

Similarly, the occurrence of a change at the recorded site after the 

drug administration by conventional methods could imply a genuine 

local pharmacological effect or alternatively, an indirect mediation j 

of the effect through drug actions at structures removed from the 

recording site, or an epiphenomenon of concomitant cardiovascular, 

respiratory, or metabolic alterations. By considering the above 
'i 

indirect and systemic effects of a drug, the microiontophoretic 

technique circumvents these limitations and offers the best available 

method for directly evaluating the qualitative effects of chemical 

substances on the single neuron (Salmoiraghi and Stefanis, 1967). 

As with any other pharmacological technique, results obtained 

with microiontophoresis also are affected by technical and biological 

factors (Salmoiraghi and Stefanis, 1967). Technical factors include: 

1) the constancy and the efficiency of the ejecting current in the 

achievement of the desired rate of drug administration; 2) the 

efficacy of the retaining current in preventing leakage of active ions 

or, conversely, in causing their relative depletion inside the 

electrode tip, by excessive currents strengths; 3) the generation of 

electrical noise by the iontophoretic currents which decreases the 

signal-to-noise ratio of the recording, thereby preventing the 

detection of small amplitude spikes, and introducing a sampling bias; 

> 
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4) the electronic effects of the iontophoretic currents upon the 

recorded unit, potentially distorting the behavior of the unit at rest 

and in response to electrical and chemical stimuli; 5) the size of 

electrode tip, which affects the recording characteristics of 

electrode and leakage of the drug through diffusional, hydrostatic, 

and electroosmotic efflux; and 6) the rate of drug deterioration. The ^ 

biological factors include the surgical procedure, the presence of • 

anesthetics, and neurological and metabolic effects resulting from the | 
I 

deterioration of the preparation. 

However, many of the factors described above can be controlled 

properly. For example, it has been shown that the spontaneous leakage 

of serotonin from the 5-barrel micropipette with a tip size of 6-8 

micrometers was small and did not vary appreciably with time, if the 

appropriate retaining currents were empolyed (Bradley and Candy, 

1970). In addition, the release of serotonin was directly proportional 

to the electrical charge passed (Krnjevic, 1964; Bradley and Candy, 

1970). In the present experiment, the tip of the 5 barrel micropipette 

was broken back with the aid of glass rod to a diameter of 4-6 

micrometers under microscopic control. Experimentation in the 

laboratory revealed that the optimal tip profile consisted of one in 

which the shoulder of the shaft had an abrupt taper. This tip profile 

maximized the iontophoresis of drug solutions and provided a stable 

and adequate "signal to noise" recording. As previously mentioned, a 

high-low ejection schedule was used to circumvent as much as possible 

erratic drug delivery. Cells were characterized by relatively large 

amplitude spikes interposed with complex discharges, which lessened 



91 

the problem of a low signal-to-noise ratio as well as permitted the 

positive identification of Purkinje cells. In addition, electronic 

effects of the iontophoretic currents upon activity of cells were 

minimized by using a balancing current. Furthermore, knowledge of 

chemical properties of the various drug solutions avoids artifactual 

effects due to drug deterioration. Biological factors were decreased 1 
0 
t 

by minimizing the surgical damage imposed on the animal and the proper \ 

usage of the anesthetic. Therefore, with proper technique and I 
t 

stringent controls, the iontophoretic technique permits the 

application of relatively small amounts of serotonin and other 

chemicals directly into the immediate area surrounding the neuron so 

that one can study the direct effects of serotonin on the neuronal 

membrane of the Purkinje cell. 

Specific Experiments 

Experiment I: Purkinje cell responses to iontophoretically applied 
serotonin alone and in the presence of various serotonin 
antagonists. 

In this study, serotonin elicited three different effects on 

Purkinje cells of the cerebellum: inhibition, a biphasic effect, and 

excitation. These data confirm previous findings of serotonin effects 

on Purkinje cells (Strahlendorf and Hubbard, 1983). An initial 

electrophysiological study (Hoffer et al., 1969) showed that serotonin 

excited half of Purkinje cells tested and inhibited the rest of the 

cells in adult chloral hydrate anesthetized rats. These authors 

suggested that excitation may be mediated at a presynaptically located 
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site. To test for the possibility of presynaptic sites of action, 

responses of Purkinje cells to serotonin were also tested in neonatal 

rats and x-irradiated animals (Bloom et al., 1972, Woodward et al., 

1971). When the responses of Purkinje cells of neonatal rats were 

sampled at developmental stages prior to the formation of identifiable 

synapses, the effects of serotonin were exclusively depressant 

(Woodward et al,, 1971). Furthermore, in animals exposed to large 

doses of x-irradiation early in development which resulted in a great 

reduction in cerebellar cortical neurons (Altman et al., 1969), it was 

reported that microiontophoretic applications of serotonin elicited 

only inhibition of Purkinje cells (Bloom et al., 1972), Therefore, the 

authors of these two studies concluded that only the inhibitory effect 

of serotonin represented a direct effect on the postsynaptic membrane 

of Purkinje cells, and the excitatory activity of serotonin was 

mediated via presynaptic sites, presumably on the interneurons. 

As previously mentioned, the effects of serotonin on cerebellar 

Purkinje cell activity should be reconsidered for the following 

reasons. In rats, Lidov and Molliver (1982) showed that at postnatal 

days one through three, 5-HT axons are not sharply delineated and 

extend only to the internal granular layer. No axons were present 

either in the molecular layer or the external granular layer in which 

dendrites and soma of Purkinje cells reside. At postnatal day 6, 

serotonergic axons were situated mainly beneath the cortical area, and 

only a few of them penetrated into the layer of Purkinje cells as a 

blunt dilated ending. At postnatal day 10, 5-HT axon terminals showed 

a conspicuous extension of fibers into the Purkinje cell layer, and at 
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postnatal days 14-21, serotonin axons and branches extended throughout 

the thickness of the molecular layer. After 21 days, most of the 

serotonin axons in the molecular layer became straight with 

characteristic T-shapes as shown in mature animals. Therefore, it was 

not until postnatal day 10 that serotonergic axons entered the 

molecular layer and this is the earliest age at which a serotonergic 

contribution to the circuitry of the cerebellar cortex begins to form. 

Furthermore, from three weeks of age to adulthood, there was a 

considerable increase in the density and tortuosity of axons in all 

layers of the cerebellar cortex. Therefore, at postnatal days one 

through six, the period during which the effects of serotonin were 

examined and found to be almost totally depressant (Woodward et al., 

1971), the serotonergic innervation of the cerebellum is virtually 

absent (Lidov and Molliver, 1982). Hence, it is difficult to assess 

what complement of serotonin receptors a Purkinje neuron would have at 

that stage and the significance of any response to iontophoretic 

serotonin. 

Furthermore, the responses of Purkinje cells to serotonin in the 

x-irradiated animals should be interpreted with caution. Sotelo and 

Beaudet (1979) observed that x-irradiation treatment altered the 

pattern of the 5-HT synaptic connections in the cerebellar cortex, in 

addition to destroying late differentiating granule cells. These 

investigators showed that serotonin innervation of the cerebellar 

cortex was changed dramatically and that this treatment altered the 

entire migrational pattern and architecture of the cerebellum, 

Purkinje cells and inhibitory interneurons also have been shown to be 
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capable of an autonomous development of postsynaptic sites in the 

absence of granule cells (Altman and Anderson, 1972; Sotelo, 1975), 

Removal of the parallel fiber innervation into Purkinje cells in x-

irradiated animals promoted the abnormal synaptic attachment of 5-HT 

terminals on the branchlet spines of Purkinje cell dendrites and on 

the shafts of Golgi cell dendrites (Sotelo and Beaudet, 1979). Thus, 

Purkinje cells in this preparation are probably not under a normal 

afferent tone and the effects of serotonin after x-irradiation of the 

cerebellum may not represent a true phenomenon that can be 

extrapolated to the intact adult preparation. 

Using cats decerebrated or anesthetized with penthrane, nembutal, 

or chloralose, Kawamura and Provini(1970) claimed that serotonin 

depressed the Purkinje cell activity in only a small minority of 

cells. However, this study also should be considered carefully. It has 

been reported that anesthetics, particularly barbiturates, caused an 

insensitivity to tryptamine derivatives in the nervous system (Marley 

and Vane, 1963). In this study, the authors examined the effects of 

various anesthetics on spinal reflexes and the facilitatory effects of 

tryptamine on these reflexes. The investigators found that anesthetic 

doses of chloralose and halothane produced minimal depressions of both 

spinal reflexes and facilitatory effects of tryptamine derivatives on 

these reflexes, whereas pentobarbitone profoundly depressed these 

parameters. Furthermore, a recent finding in our laboratory suggested 

that serotonin effects on Purkinje cells depend upon the spontaneous 

rate of the cells (Strahlendorf et al., 1984). In the present study, 

an interaction between the serotonergic and glutaminergic systems was 
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found (Experiment IV). Collectively, these findings suggest that the 

actions of serotonin on Purkinje cells may depend heavily on 

environmental conditions in the nervous system including the 

background neuronal tone of the cerebellum, the presence and 

concentration of anesthetics, and the influence of other transmitters 

in the cerebellum. Therefore, previous findings (Kawamura and Provini, 

1970) describing the actions of serotonin in the decerebrate animal 

that has discontinuity of cerebellar input and output systems, or on 

neurons excited by exogenous glutamate could lead to a 

misunderstanding of the effects of serotonin in the brain. 

It has also been suggested that neuronal excitations produced by 

iontophoretic 5-HT represented a pH artifact (Frederickson et al., 

1972; Jordan et al., 1972). These investigators suggested that a 

greater percentage of excitation was observed using solutions of 

serotonin in which the pH was less than 4.0. However, a more recent 

study by Haigler and Aghajanian (1974) showed that 5-HT at pH 4.0 did 

not produce an alteration in the size of the action potentials, which 

represents a more direct accessment of pH-induced effects on neurons 

(Curtis et al., 1961). In the present study, the pH of the serotonin 

solution was adjusted to a pH of 4.5-4.7, thus the effect of pH on the 

response to 5-HT could be minimized. 

Multiple serotonergic effects on Purkinje cells seen in the 

present study suggest the presence of different serotonergic receptors 

in the cerebellum. The concept of multiple serotonin receptors has 

been known for a long time. Gaddum and Hameed (1954) had suggested 

that two kinds of tryptamine receptors exist in peripheral structures. 
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one in the rabbit ear and smooth muscle of rat uterus which was easily 

blocked by lysergic acid diethylamide (LSD), and the other in nervous 

tissues of the ileum which was not easily antagonized by LSD, Later, 

Gaddum and Picarelli (1957) showed that there were two kinds of 

tryptamine receptors in the guinea pig ileum; namely, the M receptor 

in nervous tissue that was not blocked by LSD, and the D receptor in 

muscles that was blocked by LSD. 

Many biochemical binding studies have revealed the existence of 

two distinct classes of 5-HT binding sites (Peroutka and Snyder, 1979; 

Peroutka et al., 1981; Bennett and Snyder 1976; Haigler and 

Aghajanian, 1977): a) high affinity binding site for tritium-labeled 

serotonin, called the 5-HT 1 or serotonin 1 (SI) receptor , and b) a 

high affinity binding site for labeled serotonin antagonists, called 

the 5-HT 2 or S2 receptor. 5-HT 1 receptors are also labeled by 

tritium-labeled LSD (Bennett and Snyder, 1976) and tritium-labeled 

metergoline (Hamon et al., 1981). S2 receptors also are labeled by 

tritium labeled spiperone (Peroutka and Snyder, 1979; Leysen et al., 

1978; Pedigo et al., 1981), although this agent primarily revealed a 

high affinity for dopamine receptors (Pedigo et al,, 1978, Withy et 

al,, 1980). Recently, ketanserin was shown to have a more selective 

binding affinity for the 5-HT 2 receptor site than spiperone (Leysen 

et al., 1982) and possessed a moderate degree of binding in the 

cerebellum (Schotte et al., 1983). Various investigators have 

identified a serotonin-sensitive adenylate cyclase in the brain 

(Fillion et al., 1980; Nelson et al., 1980a,b; Von Hungen et al., 

1975), and Peroutka and colleagues (1981) suggested that the second 
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messenger system was coupled to 5-HT 1 receptors. However, extensive 

studies showed that the 5-HT 1 receptor site and serotonin-sensitive 

adenylate cyclase were unrelated (Nelson et al., 1980a, b). These 

investigators reported that 5-HT receptors linked to adenylate cyclase 

and 5-HT 1 receptor site displayed different kinetics and 

pharmacological properties in the central nervous system of the rat 

(Nelson et al., 1980b). In addition, guanyl nucleotides increased the 

affinity of 5-HT for the receptor-adenylate cyclase complex, whereas 

GTP (guanyl triphosphate) reduced the specific binding of [ H]-5-HT 

to serotonin receptors in the brain (Peroutka et al., 1979; Shenker et 

al., 1983). It also has been shown that 5-HT receptor antagonists, 

metergoline, methysergide, cyproheptadine, and D-LSD, significantly 

inhibited serotonin-mediated activation of adenylate cyclase in the 

nervous system (Barbaccia et al., 1983; Von Hungen et al., 1975; 

Enjalbert et al., 1978). The ineffectiveness of the selective 5-HT 2 

receptor antagonist ketanserin in inhibiting 5-HT stimulation of cAMP 

formation suggested that the 5-HT 2 receptor site and serotonin-

sensitive adenylate cyclase system were not related (Leysen et al., 

1982). 

Electrophysiological studies of neuronal populations also have 

suggested the existence of more than one type of 5-HT receptor. Using 

a ganglion in Aplasia, Gerschenfeld and Paupardin-Tritsch (1974) 

identified both excitatory and inhibitory effects of 5-HT. 

Furthermore, on the basis of types of ion fluxes and the effects of 

various antagonists, these authors suggested the presence of six 

different types of 5-HT receptors. Roberts and Straughan (1967) 
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observed excitatory, inhibitory and mixed responses to serotonin on 

neocortical neurons in the rat cerebral cortex. Microiontophoretic 

application of d-lysergic diethylamide and methysergide temporarily 

prevented excitation by 5-HT in half of the cells tested, and these 

antagonists did not prevent the inhibitory response to 5-HT in the 

majority of cells. Based upon these marked pharmacological differences 

in the 5-HT antagonists, the authors suggested the possibility of two 

receptors for 5-HT in the cerebral cortex. Many other investigators 

also have proposed the presence of at least two postsynaptic 5-HT 

receptors based on the differential effects of microiontophoretically 

applied 5-HT in the brain (Boakes et al., 1970; McCall and Aghajanian, 

1979b). Aghajanian (1981) has suggested at least two postsynaptic 5-HT 

receptors, one causing excitations of motoneurons and neurons in the 

reticular formation and the other inhibitions of neurons in limbic 

system and secondary visual areas. In addition, presynaptically 

located autoreceptors have been identified on 5-HT neurons in the 

raphe nuclei and characterized as inhibitory in nature. Excitatory 

responses of serotonin tended to be blocked by the classical 5-HT 

antagonists, cyproheptadine, methysergide, and cinanserin, on neurons 

in cerebral cortex and reticular formation (Cerrito and Raiteri, 1979; 

Boakes et al., 1970; Haigler and Aghajanian, 1974; Roberts and 

Straughan, 1967). Due to the lack of antagonists that block the 

inhibitory response, there is no clear evidence demonstrating a 

relationship between 5-HT 1 or 2 receptors and serotonin mediated 

inhibitions (Haigler and Aghajanian, 1974). 

In the present experiment, the excitatory response of Purkinje 
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cells to serotonin showed a slow onset and long duration of action 

which is similar to that reported in other regions of the brain 

(Boakes et al., 1970; Weight and Salmoiraghi, 1966; Szabadi and 

Bradshaw, 1974). This long lasting effect of 5-HT-mediated excitation 

suggests the possible involvement of a second messenger system that 

might induce metabolic changes within Purkinje cells. Indeed, the 

existence of a 5-HT receptor that appears to be linked to the 

adenylate cyclase system provides support of this possibility. The 

effectiveness of UML in both antagonizing the 5-HT-sensitive adenylate 

cyclase system and attenuating serotonin-mediated excitations raises 

the possibility that the excitation is linked to the second messenger 

system. As previously shown in this laboratory, methysergide blocked 

or decreased the 5-HT-mediated excitation in all neurons tested. 

However, this agent had no effect or potentiated 5-HT-mediated 

inhibitions. These results are in the agreement with previously 

reported observations in other parts of the nervous system (Roberts 

and Straughan 1967; Boakes et al., 1970; Haigler and Aghajanian, 1974; 

Bradshaw et al., 1983; Jones, 1982). In the cerebral cortex, it was 

shown that UML antagonized 5-HT-mediated excitations (Roberts and 

Straughan, 1967). Boakes and colleagues (1970) reported that 

methysergide antagonized the 5-HT-mediated excitation in 50% of brain 

stem neurons tested, but did not affect inhibitory actions of 5-HT. 

Recently, Bradshaw and colleagues (1983) revealed excitatory, 

inhibitory, and biphasic responses of serotonin in the somatosensory 

cerebral cortex of the rat. These investigators suggested that 5-HT-

elicited responses were mediated via specific 5-HT receptors and not 
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through adrenoreceptors. Interestingly, methysergide antagonized the 

5-HT-mediated excitations and had no effect or potentiated the 5-HT 

inhibitory responses of these neocortical cells. Moreover, on 

sympathetic preganglionic neurons iontophoretic application of 

serotonin elicited a definite and dose-dependent excitatory action 

which was antagonized by methysergide (Kadzielawa, 1983). In the 

present study, it is likely that the receptor responsible for 5-HT-

mediated excitations on Purkinje cells possesses similar receptor 

characteristics to that seen on neurons in the cerebral cortex, brain 

stem, and the peripheral nervous system. Furthermore, the potentiation 

of 5-HT inhibition in the presence of UML in the present study agrees 

with the finding in the cerebral cortex (Bradshaw et al., 1983), These 

data suggest that there may be at least two different 5-HT receptors 

on the Purkinje cell, an inhibitory and an excitatory receptor. 

Moreover, when the excitatory receptors are selectively blocked by 

methysergide, the depressant response of serotonin may be unmasked. 

UML-induced potentiation of 5-HT inhibition could result from a 

selective blockade of excitatory receptors; this masking of excitatory 

receptors may underlie the augmentation of the depressant response. 

According to the general principle of chemical neurotransmission 

formulated by Eccles (1969), the same transmitter substance is always 

liberated from nerve terminals and the substance opens just one type 

of ionic gate, that characterizes either excitatory or inhibitory 

synapses. In other words, a nerve cell can not be ambivalent with 

respect to the essential mechanism of its action on the synaptic 

membrane (Eccles, 1969). However, the existence on nerve cells of two 
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receptors that mediate opposite actions in response to one transmitter 

has been described in the nervous systems of vertebrae and invertebrae 

species (Wachtel and Kandel, 1967; Gardner and Kandel, 1972; Kehoe, 

1972a,b; Krnjevic, 1974; Szabadi and Bradshaw, 1974), Recent 

experimental evidence suggested that noradrenaline can stimulate both 

alpha and beta adrenoceptors on cortical neurons, and that the alpha 

receptors mediate excitatory and the beta receptors mediate depressant 

responses (Bevan et al,, 1977). There is also evidence suggesting that 

these functionally antagonistic alpha and beta receptors co-exist on 

the same cell; the same cell can be depressed by a beta receptor 

agonist, and excited by alpha receptor agonist. Furthermore, these 

investigators showed that the antagonism of excitatory responses by 

alpha receptor blocking agents can unmask an underlying depression, 

and antagonism of depressant responses by beta blocking agents can 

reveal an excitatory response (Bevan et al., 1977). Therefore, the 

present study as well as previous studies suggest that there may be 

different receptors on a neuronal membrane for the same transmitter 

mediating excitatory and/or inhibitory responses. The net effect of 

the transmitter may be excitatory or inhibitory in the same synapse 

depending upon the algebric summation of the two component effects by 

different receptors (Szabadi, 1978). The direction and size of the 

observed effects will be determined by the population of receptors, 

receptor affinities, and the concentration of the substance at the two 

opposing receptor sites. The functional significance for the existence 

of two opposite receptors on the same neuronal membrane is still not 

known. However, the existence of both excitatory and inhibitory 
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receptors to the same transmitter substance on one neuron may provide 

for more plasticity in synaptic transmission. Specifically, the rate 

dependent property of serotonin (Experiment III) may rely on the 

presence of these two proposed receptors. 

The biphasic response of Purkinje cells to serotonin consisted of 

a short lasting depressant and a long duration excitatory phase, with 

the depression always preceeding the excitation. This type of response 

also has been described in other areas of the brain. In the spinal 

cord (Weight and Salmoiraghi, 1966), medial geniculate nucleus 

(Tebecis, 1970), and cerebral cortex (Szabadi and Bradshaw, 1974; 

Bradshaw et al., 1983), serotonin induced inhibitory, excitatory, and 

biphasic effects that consisted of short-duration depression followed 

by facilitation of longer duration. Roberts and Straughan (1967) also 

observed on cortical neurons a biphasic effect to serotonin consisting 

of initial excitation followed by a depression. Therefore, biphasic 

responses to serotonin have been shown in multiple areas within the 

central nervous system. The biphasic response of Purkinje cells to 

serotonin could be explained in the following ways. First, the initial 

inhibitory component of the biphasic response might be mediated via a 

direct inhibitory effect of serotonin on Purkinje cells, while 

excitation was the result of disinhibition via interneurons. The 

second explanation for the biphasic effect is that there may be two 

opposing receptor populations possessing different affinities on the 

same neuron (Szabadi and Bradshaw, 1974). The time-course of the 

biphasic response suggests that inhibitory receptors are more 

sensitive to serotonin, since the depressant phase appeared first when 
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the concentration of serotonin at the receptor sites was rising. The 

excitatory phase may reflect the presence of a higher drug concen

tration which was necessary for the activation of less sensitive 

excitatory receptors. Also, there may be a difference in numbers of 

receptor populations on the same neuron. Therefore, excitatory 

receptors may be less sensitive to serotonin due to a lower affinity 

and/or fewer receptor sites. In the present study, the second 

mechanism appears more likely for the following reasons: 1) the 

excitatory portion of the biphasic effect was antagonized by the 

application of UML, while the depressant effect was not affected or 

potentiated by UML, 2) in many cases, low doses of serotonin elicited 

only inhibitory effects, whereas higher doses of serotonin induced 

biphasic effects on the same neuron, 3) the excitatory effect of 

serotonin was not affected by the cationic synaptic inhibitors, cobalt 

and manganese (experiment III), and 4) in a few cases UML reversed 5-

HT-mediated excitation to that of inhibition. Therefore, these 

findings suggest the possible involvement of at least two serotonergic 

receptors in eliciting the biphasic effect of serotonin on Purkinje 

eel Is. 

Serotonin-elicited inhibitory responses displayed a rapid onset 

with recovery evident shortly after termination of the drug. Similar 

time courses for inhibitory effects of serotonin have been shown in 

other areas of brain, including thalamic and cortical neurons 

(Tebecis, 1970; Boakes et al., 1970; Bradshaw et al., 1983; Reader et 

al., 1979). However, this inhibitory response was not able to be 

blocked by most of the classical 5-HT antagonists. In microionto-



104 

phoretic studies, only metergoline has been reported to antagonize the 

inhibitory effects of 5-HT on cortical neurons, although metergoline 

was only applied to 5-HT-mediated inhibition (Sastry and Phillis, 

1977). Jones (1982) also reported that on cortical neurons of rats, 

metergoline consistently antagonized the depressant responses to 

serotonin, while the excitatory responses were refractory to this 

agent. Concerning the actions of metergoline on the excitatory 

responses of serotonin, Haigler and Aghajanian (1974) reported that 

metergoline antagonized 5-HT-mediated excitations on neurons of the 

brain stem reticular formation in rats. However, these investigators 

found that putative 5-HT antagonists including metergoline failed to 

block the inhibitory effects of serotonin on neurons in areas 

receiving dense serotonergic input (i.e., lateral geniculate nucleus, 

amygdala, and optic tectum). Thus, there has been no consensus 

concerning the effectiveness of metergoline as an antagonist of 5-HT-

mediated events. The discrepancies among the results may be attributed 

to differences in preparation, for example anesthetics used, the areas 

of brain studied, or the species of animals. Differences in densities 

and/or distribution of 5-HT receptors among different regions of brain 

could account for the inability or ability of an agent to directly 

antagonize a response. 

In the present study, inhibitory responses to 5-HT were 

attenuated by spiperone. However, spiperone never blocked the 

inhibitory response of 5-HT completely, and in a small percentage of 

neurons, this agent attenuated 5-HT-mediated excitations. Furthermore, 

in a few cases, spiperone potentiated the excitatory responses to 



105 

serotonin on Purkinje cells. The failure of spiperone to produce 

complete antagonism of 5-HT-mediated inhibitions could be due to 

either a lower intrinsic efficacy of this agent for the serotonergic 

system and thus only partial blockade of the 5-HT effect, or 

employment of an insufficient dose of spiperone. The attenuation of 5-

HT-mediated excitations by spiperone may further suggest a lack of 

selectivity of for only the inhibitory 5-HT receptor. Potentiation of 

5-HT-mediated excitations in the presence of spiperone may be the 

result of masking inhibitory receptors and unmasking excitatory 

receptors for 5-HT, Ketanserin, another reported 5-HT 2 receptor 

antagonist, attenuated 5-HT-mediated inhibition. Based upon the 

effectiveness of the 5-HT antagonist spiperone and ketanserin in 

blocking the behavioral syndrome, it has been implied that 5-HT 2 

receptors are related to serotonergic behavioral excitation 

characterized by head twitch, resting tremor, and hypertonicity 

(Leysen et al., 1978; Leysen, 1983), However, it should be noted that 

behavioral excitation does not necessarily imply direct neuronal 

excitations. There are no previous microiontophoretic studies 

concerning the interaction of 5-HT with the S2 receptor antagonists 

spiperone and ketanserin. The present study is the first report 

demonstrating the effectiveness of the 5-HT antagonists, spiperone and 

ketanserin, in attenuating the inhibitory neuronal response of 

serotonin. The 5-HT 1 receptor antagonist metergoline, which has been 

shown to antagonize the inhibitory response of serotonin on cortical 

neurons, was not able to antagonize the inhibitory responses of 

Purkinje cells to serotonin. These data suggest that the 5-HT receptor 
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related to the inhibitory response of serotonin in the cerebellum may 

differ from the receptor in the cerebral cortex. However, this result 

is in agreement with findings in other areas of the brain (Haigler and 

Aghajanian, 1974). Based upon the effectiveness of ketanserin and 

spiperone and the failure of metergoline to block or attenuate 5-HT-

mediated inhibitions, it is unlikely that the inhibitory response is 

mediated via activation of the 5-HT 1 receptor site. A more complete 

understanding of 5-HT receptor sites responsible for the different 

neuronal responses to serotonin can not be resolved without further 

development of more selective serotonin antagonists. Indeed, one of 

reasons for the failure of the peripheral 5-HT antagonists to 

antagonize electrophysiological effects of 5-HT within the central 

nervous system may be due to the overlapping activity of 5-HT 

antagonists on different 5-HT receptors sites. It is also possible 

that the various properties of 5-HT receptors in the central nervous 

system may be different from the ones in the peripheral system. 

Furthermore, it is likely that the mechanisms by which 5-HT affects 

neuronal activities in different areas of brain may be different. In 

fact, it was shown that both excitation and inhibition resulting from 

the activation of postsynaptic 5-HT receptors involved multiple and 

different membrane mechanisms. Specifically, the same effect of 5-HT 

(excitation or inhibition) was mediated by different ionic movements 

and the various 5-HT antagonists showed different efficacies on the 

same effect of serotonin (Gerschenfeld and Paupardin-Tritsch, 1974). 

Therefore, without knowledge of the exact mechanisms underlying the 5-

HT effects, it may not be possible to further characterize 5-HT 
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receptors responsible for the different effects of serotonin. 

However, the findings that methysergide antagonized the excita

tory responses and potentiated or exerted no effect on the inhibitory 

responses of 5-HT while spiperone and ketanserin attenuated the 

inhibitory responses of 5-HT on cerebellar Purkinje cells suggest the 

possibility of a heterogenous population of serotonin receptors in the 

cerebellum. However, a more conceptual understanding of 5-HT receptors 

awaits further detailed and more accurate biochemical analyses of the 

serotonin system in the cerebellum. 

Experiment II: Investigation of serotonin effects on Purkinje cells in 
the presence of cationic inhibitors of synaptic 
transmission, cobalt and manganese, and a competitive 
antagonist of glutamate, 1-glutamic acid diethylester 
(GDEE). 

Even though iontophoresis restricts the application of drugs to 

the immediate surrounding of the recorded neuron, indirect effects can 

result from actions of the iontophoretically released compound on 

nearby afferent terminals. In addition to, or in lieu of, direct 

postsynaptic actions of 5-HT on Purkinje cells, presynaptic sites 

could be involved in producing excitation via disinhibition (5-HT-

mediated inhibition of GABA release from inhibitory interneurons) 

and/or 5-HT induced release of glutamate. Presynaptic sites also may 

be involved in serotonin-mediated inhibitions via disfacilitation 

(blockade of glutamate and/or aspartate release from parallel and 

climbing fibers, respectively) and/or 5-HT induced release of GABA 

from interneurons. 

Previous studies by other investigators have addressed possible 
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presynaptic actions of 5-HT on Purkinje cells by testing the 

responsiveness of the neurons to serotonin during neonatal stages in 

which significant numbers of synapses had not formed (Woodward et al., 

1971) or by testing Purkinje cells from agranular cerebelli that were 

x-irradiated (Bloom et al., 1972). As previously mentioned, these 

procedures are difficult to interpret in light of recent anatomical 

and developmental studies (Lidov and Molliver, 1982; Altman et al., 

1969). To test for presynaptic mechanisms in the adult, one needs to 

employ a procedure that can block the release of neurotransmitter from 

presynaptic terminals located close to the site of the iontophoretic 

application of the drug. Additionally, the procedure should not affect 

other input systems or produce permanent changes in the neuronal 

architecture and synaptic organization of the site. Metallic cations 

such as cobalt and manganese can be applied in relatively small 

amounts and provide the above mentioned advantages. Polyvalent metal 

ions including manganese, cobalt, magnesium, and nickel which displace 

calcium from the membrane (Blaustein and Goldman, 1968) have been 

shown to decrease or abolish calcium fluxes and physiological events 

dependent on calcium movement (Fatt and Ginsberg, 1958; Kohlhardt et 

al., 1973; Bulbring and Tomita, 1969; Fleckenstein, 1971). The 

presence of calcium ions is essential for the release of transmitter 

by a presynaptic action potential, and calcium antagonists have been 

shown to interfere with this process (Douglas, 1968; Schmidt, 1978). 

In the present study, 5-HT-mediated excitations were tested with 

cobalt and manganese and were shown not to be significantly altered in 

the presence of these agents. It should be noted that in no instances. 
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even with high doses, were these ions able to antagonize the 

excitatory responses of 5-HT. Therefore, this study suggests that 

serotonin-mediated excitations may be mediated by a direct effect of 

serotonin on the Purkinje cell, and are not due to disinhibition of 

inhibitory interneurons or release of glutamate from parallel fibers. 

Serotonin-elicited inhibitions of Purkinje cells also were tested 

in the presence of these metal ions. Manganese showed a complex 

pattern of effects on the 5-HT-mediated inhibition of Purkinje cells. 

Changes of 5-HT-mediated inhibition by manganese or cobalt were not 

statistically significant. However, in some instances, 5-HT-mediated 

inhibitions were markedly decreased in the presence of these metallic 

ions. Three factors may be responsible for the observed effects of 

manganese and cobalt on 5-HT inhibitions. Since the cations lowered 

the spontaneous firing rate of Purkinje cells, less 5-HT mediated 

inhibition would be expected considering the rate dependent property 

of serotonin (experiment III). Another possibility involves the 

postsynaptic site of action of the calcium antagonists. These cations 

effectively displace calcium ions and have been shown to antagonize 

the effects of some biogenic amines including norepinephrine, 5-HT, 

and dopamine at neocortical synaptic sites (Yarbrough et al., 1974; 

Phillis et al., 1973). These investigators suggested that calcium ions 

were essential for, and perhaps mediated the effects of biogenic 

amines on cortical neurons. However, these metallic ions played an 

insignificant role on norepinephrine-mediated inhibitions of Purkinje 

cells in the cerebellum (Freedman et al., 1975). These observations 

suggest that mechanisms of action of biogenic amines on cortical 
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neurons may differ from the ones present on cerebellar Purkinje cells. 

Furthermore, the ineffectiveness of the metallic ions in altering the 

5-HT effects on Purkinje cell in the present study would indicate only 

a minor involvement of postsynaptic calcium actions on 5-HT-mediated 

effects. As is true of all iontophoretic studies, especially when 

testing for neuronal responsiveness with high currents of drug, 

presynaptic sites may be recruited in addition to postsynaptic sites, 

although in the cases of 5-HT-mediated inhibition, this does not 

appear to be the predominant or significant site of action. In this 

regard, anatomical studies utilizing autoradiography have detailed the 

presence of 5-HT terminals on stellate and basket cells in the 

cerebellum which establish inhibitory synaptic contacts on Purkinje 

cells (Palay and Chan-Palay, 1974). These studies suggest the possible 

indirect effects of 5-HT on Purkinje cells via interneurons. In other 

words, it is possible that iontophoretic application of 5-HT may 

excite interneurons or release GABA from these interneurons that 

caused an indirect inhibition of Purkinje cells. Furthermore, 

inhibitions of Purkinje cells by raphe stimulation that presumably 

produced the endogenous release of 5-HT were augmented by 38% 

following administration of the GABA potentiator diazepam and were 

diminished by 21 to 32% following the administration of the GABA 

antagonist bicuculline (Strahlendorf et al., 1979a,b). These 

experiments suggest the partial involvement of the GABA system in 5-

HT-mediated inhibition. However, the slight degree of antagonism with 

bicuculline on the inhibitory response following raphe stimulation as 

11 as the insignificant effects of the cations presently observed 
we 
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both suggest that the major site of action of 5-HT is via postsynaptic 

receptors on the Purkinje cell. Furthermore, the rapid onset and fast 

recovery of the inhibitory response strongly suggests a direct 

postsynaptic action of serotonin on Purkinje cells. 

Many anatomical studies have identified serotonergic fibers that 

resemble parallel fibers (Chan-Palay, 1975; Chan-Palay, 1977; Takeuchi 

et al., 1982). It has been suggested that glutamate may be the 

neurotransmitter released at the terminals of the parallel fibers 

(Chujo et al., 1975; Young et al., 1974; Sandoval and Cotman, 1978). 

Parallel fibers establish synaptic contacts on dendrites of Purkinje 

cells and inhibitory interneurons in the cerebellum. Considering the 

anatomical similarities and proximities of the serotonin parallel-like 

fibers and the intrinsic parallel fibers, it seemed reasonable to 

suspect that 5-HT-elicited excitations of Purkinje cells could be 

mediated via parallel fibers (promoting the release of glutamate from 

parallel fiber terminals). In addition, the inhibitory responses of 

Purkinje cells to the iontophoretic application of 5-HT could be 

mediated by disfacilitation (blockage of glutamate release from 

parallel fibers). One other possible mechanism in 5-HT-mediated 

inhibition is a structural linkage, possibly allosteric in nature, 

between the glutamate excitatory receptor and 5-HT inhibitory 

receptor. In other words, binding of glutamate to its receptor site 

may facilitate the binding of 5-HT to the inhibitory 5-HT receptor. 

This hypothesis will be discussed more in detail in the section 

concerning experiment III. To ascertain the possible involvement of 

the glutaminergic system in mediating the observed 5-HT responses. 
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GDEE was applied continuously with pulsatile application of serotonin. 

GDEE is a postsynaptic antagonist of glutamate which has been shown to 

have a selective effect on neuronal excitation induced by the 

microiontophoretic application of glutamate (Haldeman et al,, 1972), 

In the present study, GDEE attenuated 5-HT-mediated inhibitions of 

cerebellar Purkinje cells. Assuming that the inhibitory effects of 

serotonin on Purkinje cells were mediated by disfacilitation, 5-HT-

mediated inhibitions should be augmented in the presence of GDEE, due 

to postsynaptic antagonism of residual glutamate. Therefore, the 

observed attenuation of 5-HT-mediated inhibitions in the presence of 

GDEE argues against the suggestion that 5-HT-mediated inhibitions are 

the results of disfacilitation. Alternatively, since GDEE also 

decreased the spontaneous discharge rates of Purkinje cells, it is 

difficult to determine whether GDEE produced a true antagonism of the 

serotonin-mediated inhibition, or its effectiveness was due to a 

secondary effect of altering the spontaneous rates of Purkinje cells. 

The present study also showed that GDEE at currents that were 

effective in antagonizing the response to iontophoretic applications 

of glutamate were not able to block the 5-HT-mediated excitations. 

This finding strongly suggests that serotonin does not promote 

glutamate release. These data further support the contention that 5-HT 

excitations and inhibitions are mediated through postsynaptic receptor 

sites on Purkinje cells. 
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Experiment III: Investigation of possible changes in Purkinje cell 
responses to serotonin after 5,7-dihydroxytryptamine 
(5,7-DHT) treatment. 

As previously mentioned, one of problems in any microionto

phoretic study is distinguishing direct postsynaptic effects from 

indirect or presynaptic effects. One of the possible mechanisms of 

action of serotonin on Purkinje cells is through presynaptic 5-HT 

nerve terminals. In this experiment, animals were pretreated with the 

neurotoxin 5,7-DHT in order to diminish any effects of serotonin on 

presynaptically located 5-HT terminals. 5,7-DHT has been shown to have 

a selective cytotoxic action on central serotonergic neurons, axons 

and nerve terminals (Baumgarten et al., 1973; Bjorklund et al., 1974). 

It also has been observed that 5,7-DHT has more potent 

neurodegenerative actions on nerve terminals than on axons and cell 

bodies (Jonsson, 1980; Jonsson and Hallman, 1983). The selective 

action of 5,7-DHT depends on accumulation of high intracellular 

concentrations of the neurotoxin within serotonergic neurons via a 

energy dependent, high affinity uptake mechanism (Bjorklund et al., 

1981). Within the nerve terminal, 5,7-DHT binds with oxygen and forms 

the colored quinoidal product that is responsible for the neurotoxic 

activity. However, one of the disadvantages of 5,7-DHT as a tool for 

chemical lesioning of serotonin neurons is its poor discrimination 

between 5-HT and norepinephrine (NE) neurons; thus both 5-HT and NE 

axons in the brain are lesioned by this neurotoxin (Jacoby et al., 

1974). Since desipramine has been shown to be more effective in 

blocking the neuronal membrane uptake of NE than of serotonin, 

desipramine was used with the 5,7-DHT treatment in this study to 
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improve the selectivity of this agent for serotonin neurons (Fuxe and 

Ungerstedt, 1968; Bjorklund et al., 1975), 

In this study, intracisternal injections of 5,7-DHT induced a 

47.5% decrease in 5-HT levels within the cerebellum compared to the 

control animals. In the 5,7-DHT treated animals, microiontophore

tically applied serotonin produced three different effects on Purkinje 

cells: inhibitory, biphasic, and excitatory effects that were 

qualitatively and quantitatively similar to that observed in 

nontreated animals. Furthermore, in the lesioned animals, the 

postsynaptic 5-HT receptor antagonist methysergide blocked 5-HT-

mediated excitations, and the glutamate antagonist GDEE failed to 

influence 5-HT-elicited excitations of Purkinje cells. These responses 

are very similar to those seen in non-treated animals. The present 

findings argue against the idea that serotonin actions are indirect 

via an action on 5-HT terminals and support the hypothesis that both 

inhibitory and excitatory effects of serotonin may be mediated via 

direct postsynaptic sites on Purkinje cells. 

In the present study, there was no significant difference in the 

magnitude of the inhibitory responses of Purkinje cells to serotonin 

in the treated and nontreated animals. Many investigators have shown 

changes in serotonin effects on neurons after denervation of 

serotonergic terminals with 5,7-DHT (Ferron et al., 1981, 1982; 

Quattrone et al., 1981; De Montigny et al., 1979). Ferron and 

colleagues (1981, 1982) showed that most cortical neurons exhibited 

prolonged responses to serotonin 2 to 4 weeks after treatments with 

5,7-DHT that resulted in 90% decrease of normal 5-HT level. However, 
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no changes in the responsiveness to serotonin were observed in animals 

treated with p-chlorophenylalanine (PCPA) that produced the same 

degree of decrease in 5-HT content in the cerebral cortex, PCPA is an 

agent that depletes 5-HT by competing with tryptophan for tryptophan 

hydroxylase, the key enzyme for the synthesis of serotonin. The 

authors also observed a marked depression of spontaneous firing rate 

induced by small currents of 5-HT that had no effect in control rats. 

Therefore, it was suggested that denervation supersensitivity to 

serotonin in the cerebral cortex was due to the absence of 5-HT 

afferents rather than that of 5-HT itself. These investigators 

suggested that the enhanced sensitivity may be due to suppression or 

lack of 5-HT uptake into presynaptic nerve terminals that led to 

increased availability of iontophoretic serotonin in the extracellular 

space, or due to a modification of postsynaptic serotonin receptors on 

the target neurons (Ferron et al., 1982). It was speculated that 

modification of postsynaptic receptors was responsible for the 

enhanced effect of serotonin with low currents, and decrease of uptake 

into presynaptic 5-HT terminals was the underlying mechanism for the 

prolongation of the effect of microiontophoretic 5-HT. Denervation 

supersensitivity to serotonin also has been shown on neurons in the 

amygdala, lateral geniculate and facial nucleus (Wang et al., 1979; 

McCall and Aghajanian, 1979c). However, denervation supersensitivity 

did not develop in the hippocampus deafferentiated with 5,7-DHT (De 

Montigny et al., 1980). These investigators found neither pre- nor 

postsynaptic types of supersensitivity of hippocampal pyramidal cells 

in serotonin denervated animals. These findings suggest that there may 
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be regional differences in the susceptibility of the serotonergic 

receptors for up and down regulation that may depend upon the pattern 

of 5-HT innervation or the mode of action of 5-HT. Since serotonergic 

fibers display a complex pattern of distribution in the cerebellum 

forming nonsynaptic varicosities as well as synaptic terminals, it may 

be argued that the neurotoxin 5,7-DHT selectively destroyed the 

synaptic terminals of 5-HT without affecting the nonsynaptic 

varicosities. This possibility needs experimental verification. The 

presumed residual nonsynaptic varicosities which have been suggested 

as the anatomical entity for neurohumoral or neuromodulatory actions 

of 5-HT may have prevented the development of supersensitivity in the 

present study. The absence of supersensitivity to serotonin of 

cerebellar Purkinje cells after 5,7-DHT treatment indicates that the 

changes in pre- or postsynaptic sites proposed to occur in the 

neocortex that displayed supersensitivity were not functionally 

evident in the cerebellum. However, since only a 47% reduction in 5-HT 

levels was produced by 5,7-DHT in the present study, the possibility 

that an inadequate monoaminergic depletion prevented the development 

of supersensitivity to serotonin can not be excluded. Furthermore, the 

finding that PCA, an agent that releases 5-HT from terminals, elicited 

almost the same effects on Purkinje cells in the treated as in the 

non-treated animals implies that there may be a fair amount of intact 

5-HT terminals remaining in the cerebellum. However, the possibility 

of a direct postsynaptic effect of PCA on Purkinje cells also must be 

considered. The structural similarity between PCA and amphetamine, a 

releaser of catecholamines from nerve terminals, suggests that the 
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effects of PCA observed in this study could be mediated by its actions 

on the catecholaminergic system. In fact, it has been shown that 

intraperitoneal administration of PCA increased the levels of both NE 

and 5-HT in various regions of the brain (Beck et al., 1984; Miller et 

al,, 1970). From a behavioral standpoint, the 5,7-DHT treated animals 

displayed characteristics indicative of a disruption of the 

serotonergic system, that consisted of increased sensitivity to pain 

and pilorection. 

Although there were no electrophysiological changes in 5-HT 

responsiveness, there were changes in the spontaneous firing rate of 

Purkinje cells in the 5,7-DHT treated animals. In the treated group, 

the average spontaneous firing rate of Purkinje cells was slightly 

slower than that of the non-treated animals. A more dramatic 

alteration was evident when the cell population was divided into 

different groups according to spontaneous rates: there was a shift 

into the lower frequency ranges. This finding indicates that serotonin 

may have a facilitatory tonic influence on cerebellar Purkinje cells 

in the normal condition. 

A major difference seen in the 5,7-DHT treated animals was that 

the actions of serotonin were not related to the spontaneous firing 

rate of the cells. In normal animals, the effects of serotonin 

depended in part on the spontaneous firing rate of Purkinje cells, and 

there existed a significant difference in spontaneous firing rates of 

Purkinje cells that showed excitation versus inhibition to serotonin 

(Strahlendorf et al,, 1984). The present study also revealed a 

significant difference in the predrug spontaneous rate of cells that 
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exhibited excitation and inhibition to serotonin. Specifically, when 

the total population of cells was divided into different groups on the 

basis of firing rate, it was shown that with increasing firing rates 

the proportion of excitations decreased, and the proportion of 

depressions increased. Furthermore, as the spontaneous firing rate of 

a cell changed, the responses of the Purkinje cell to serotonin often 

reversed. These findings extend and confirm preliminary data from this 

laboratory (Strahlendorf et al., 1984), When the spontaneous firing 

rates of Purkinje cells were changed arbitrarily by iontophoretic 

applications of excitatory or inhibitory amino acids, glutamate and 

glycine respectively, effects of serotonin on Purkinje cells were 

altered. Specifically, glutamate-induced excitations of Purkinje cells 

elicited either an augmentation of serotonin-mediated inhibition or a 

reversal of excitation to inhibition. Lowering of neuronal activity by 

the continuous application of glycine augmented excitations or 

reversed inhibitions to excitations (Strahlendorf et al., 1984). These 

findings further support the rate dependent actions of serotonin on 

Purkinje cells. 

The above findings concerning the rate dependent properties of 5-

HT support the suggestion introduced in Section II of the Discussion 

that the proposed excitatory and inhibitory 5-HT receptors may be 

allosterically regulated by the inhibitory and excitatory amino acid 

systems in the cerebellum. In the presence of either increased 

inhibitory afferent tone or enhanced GABA or glycine levels within the 

cerebellum, the sensitivity of the excitatory 5-HT receptors may be 

enhanced leading to augmentation of 5-HT-mediated excitations or 
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attenuation of 5-HT inhibitions. On the other hand, increased 

excitatory afferent tone or increased glutamate levels would have a 

permissive effect on the inhibitory 5-HT receptors, producing 

augmentation of 5-HT-elicited inhibition. It may be assumed that 

faster firing Purkinje cells possess enhanced excitatory afferent 

tone, presumably mediated by the glutaminergic system, whereas slower 

firing cells possess enhanced inhibitory tone presumably mediated by 

the GABA or possibly glycine system. On the basis of this assumption, 

5-HT would more frequently inhibit faster firing cells and excite 

slower firing neurons. In the presence of the indirect GABA agonist 

amino-oxyacetic acid (AOAA), 5-HT only elicited biphasic or excitatory 

effects on Purkinje cells (Strahlendorf et al., unpublished data). 

This agent slowed the spontaneous firing rate of Purkinje cells to an 

average of 32 Hz which may underlie the effectiveness of serotonin to 

induce excitation. Another explanation is that the proposed 5-HT 

excitatory receptor was facilitated by excessive levels of GABA. 

Further support for this assumption is based on the effectiveness of 

the glutamate antagonist GDEE to attenuate 5-HT-mediated inhibition. 

It may be interpreted that GDEE blocked the permissive effect of 

glutamate on the inhibitory 5-HT receptor. 

A similar rate dependent action of serotonin has been shown on 

cortical neurons (Szabadi et al., 1977). These investigators found 

that the effects of serotonin on cortical neurons were closely related 

to the spontaneous firing rate of cells as seen with Purkinje cells in 

the present study. It was suggested that most cortical neurons contain 

both inhibitory and excitatory receptors for serotonin, and that the 
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neuronal response to serotonin reflected a functional balance between 

the two types of receptors. In the case of excitatory responses, the 

excitatory receptors would be functionally dominant and inhibitory 

receptor functionally masked (Szabadi and Bradshaw, 1974; Szabadi et 

al,, 1977). This concept is similar to the one proposed in the present 

study with the exception that the present study suggests that the 

functional dominance may be governed by other receptors such as the 

amino acids on the Purkinje cell. The response of Purkinje cells and 

cortical neurons to serotonin may be determined by the functional 

states of the proposed two receptors that are influenced by 

spontaneous firing rates of the Purkinje cells. 

Removal of serotonergic afferent tone by 5,7-DHT treatment 

eliminates the rate dependent nature of the action of serotonin. The 

loss of the rate dependent property of serotonin on cerebellar 

Purkinje cells may be a more sensitive index of 5-HT terminal 

destruction than changes in either spontaneous rates or direct effects 

of serotonin. From these findings, it could be speculated that 

serotonin acts preferentially as a biaser or modulator of Purkinje 

cell activity rather than as a true neurotransmitter. 

Experiment IV: Investigation of possible interactions between 
serotonin and the excitatory amino acid glutamate in 
the cerebellum. 

In addition to direct conventional excitatory and inhibitory 

transmitter actions of serotonin on neurons, serotonin may have a 

primary modulatory role in certain areas of central nervous system 

(McCall and Aghajanian, 1979a,b; White and Neuman, 1980; Strahlendorf 
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et al., 1979). In the present study, glutamate induced consistent 

excitations of Purkinje cells. When serotonin was applied continuously 

by microiontophoresis in the presence of pulsatile applications of 

glutamate, serotonin significantly inhibited glutamate-induced 

excitations with concentrations that caused minimal changes of 

spontaneous firing rate of Purkinje cells. Similar inhibitory actions 

of serotonin on glutamate excitations have been shown in other nervous 

systems (Tebecis, 1970; Krnjevic and Phillis, 1963). Serotonin 

exhibited depressant actions on the glutamate-induced excitations of 

cortical neurons (Krnjevic and Phillis, 1963). In the feline thalamus, 

serotonin exclusively depressed glutamate-elicited excitations 

although serotonin alone induced both inhibitory and excitatory 

effects on neurons (Phillis and Tebecis, 1967). Furthermore, 

concentrations of iontophoretic serotonin that only induced slight 

inhibitions of cell firing blocked glutamate-activated firing of 

dopaminergic neurons in zona compacta of the substantia nigra (Ennis 

et al., 1981). 

In contrast, serotonin has been shown to exert facilitatory 

effects on glutamate as well as cholinergic-mediated excitations on 

neurons in various areas of the nervous system. In the facial nucleus, 

microiontophoretic application of serotonin failed to directly excite 

motoneurons even when applied in high concentrations. However, small 

amounts of this agent dramatically facilitated subthreshold and 

threshold excitatory effects of iontophoretically applied glutamate on 

these normally quiescent cells (McCall and Aghajanian, 1979b). Since 

interneurons are not present in the facial nucleus, the action of 
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serotonin on glutamate-induced excitation was interpreted as a direct 

postsynaptic modulatory effect on motoneurons in this nucleus 

(Courville, 1966; McCall and Aghajanian, 1979). Iontophoretic 

serotonin produced similar effects on glutamate-induced excitations of 

spinal motoneurons (White and Neuman, 1980). Additionally, in the 

buccal muscle of Aplysia, contractions induced by the stimulation of 

cholinergic nerves were enhanced by concomitant stimulation of the 

serotonergic neuron (Weiss et al., 1978). Direct application of 

serotonin to the muscle produced a dramatic increase of the muscle 

contraction elicited by motoneuron stimulation (Weiss et al., 1978). 

Therefore, the preponderance of data suggest interactions of serotonin 

with other transmitters in both invertebrae and vertebrae studies. 

The present study indicates that serotonin might act as a 

neuromodulatory substance in the cerebellum. Florey (1967) defined a 

neuromodulatory substance as "any compounds of cellular and 

nonspecific origin that affected the excitability of nerve cells and 

represented a normal link in the regulatory mechanisms that govern the 

performance of the nervous system." A neuromodulator has been 

functionally defined for extracellular studies as an agent that has 

minimal or no effect on the spontaneous activity of a neuron, while 

altering the activity of other neurotransmitter mechanisms. However, 

the definition of neuromodulation for spontaneously active neurons 

should be reconsidered. It has been shown that although microionto

phoretic applications of norepinephrine depressed the spontaneous 

firing of Purkinje cells, this agent produced a relative enhancement 

of neuronal responsiveness to other synaptic inputs (Freedman et al.. 
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1976). These investigators suggest that the direct inhibitory effects 

of norepinephrine on Purkinje cells are the result of a modulating 

influence on afferent synaptic inputs. In the present experiment, the 

ability of serotonin to significantly inhibit glutamate-induced 

excitations without significantly changing the spontaneous activity of 

Purkinje cells, strongly suggests a modulatory role for serotonin in 

the cerebellum. Neuromodulatory substances could change the response 

of other transmitters in the following ways: 1) specific alteration of 

transmitter-receptor binding, 2) functional change of reuptake system 

for the transmitter, 3) changes in membrane resistance and/or membrane 

potential, 4) influence the release of neurotransmitter, or 5) change 

the synthesis of the transmitter substance (Weight, 1974; Iversen, 

1974), In the present study, only the first three mechanisms could be 

responsible for the observed modulation, although it is not possible 

to ascertain the actual mechanism(s). 

Another possibility underlying the presumed modulatory effect of 

serotonin may be via activation of a cyclic nucleotide system. 

Fujiwara and Kobayashi (1983) demonstrated that both inhibitory and 

excitatory modulatory effects of serotonin on neuromuscular 

transmission in the muscle of moUuscum were mimicked by the 

application of dibutyryl adenosine 3'5'-cyclic monophosphate (db-

cAMP), whereas the direct hyperpolarizing effect of serotonin was not 

linked to the cyclic nucleotide system. These authors suggested that 

the action of serotonin may be mediated by at least two separate 

receptors, one for hyperpolarization and the other for the modulatory 

action that may be related to the cyclic nucleotide system. In the 
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central nervous system, the cerebellum has one of the highest regional 

levels of both cyclic AMP and adenylate cyclase and low levels of 

phosphodiesterase, a catabolizing enzyme of cyclic AMP (Sutherland et 

al,, 1962; Weiss and Kidman, 1969). Furthermore, as mentioned 

previously the existence of adenylate cyclase system that is linked to 

serotonin has been shown in various brain areas by many investigators 

(Fillion et al., 1979; Ahn and Makman, 1978; Enjalbert et al., 1978; 

Pagel et al., 1976). It has been reported that neither 5-HT 1 nor 5-HT 

2 receptor sites are related to the serotonin-mediated cyclic 

nucleotide system (Nelson et al., 1980b). Therefore, it is possible 

that the modulatory effect of serotonin is mediated by another type of 

5-HT receptor that may be linked to a cyclic nucleotide system in the 

cerebellum. However, more studies are necessary in order to ascertain 

the interactions between the cyclic nucleotide system and the 

modulatory effect of serotonin. 

One of the significant implications of the present study is that 

previous studies in which the effects of serotonin were examined on 

normally quiescent, glutamate driven neurons should be reconsidered 

since a direct interaction between glutamate and serotonin was 

observed in the present study. Previous studies revealing 

predominantly inhibitory effects of serotonin on neurons (Tebecis, 

1970; Krnjevic and Phillis, 1963) should be viewed cautiously since 

the majority of neurons tested in these experiments were glutamate-

driven cells. Another interesting observation in the present study was 

that often glutamate-induced excitations were inhibited during the 

application of serotonin, but augmented after the current of serotonin 
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was terminated. A similar finding was reported on spinal motoneurons 

(White and Neuman, 1983), In this experiment, facilitation of 

glutamate-induced excitation on spinal motoneurons by serotonin was 

evident only after termination of the serotonin current. Specifically, 

as observed in the present study, serotonin effectively antagonized 

the glutamate response during the eject period. The mechanism 

underlying this phenomenon awaits further investigation. 

It was of interest that in the present study the 5-HT antagonist, 

methysergide, occasionally blocked the inhibitory and presumably 

modulatory effect of serotonin on the glutamate response. It has been 

shown that UML antagonized the facilitatory modulatory effect of 

serotonin on motoneurons in facial nucleus (McCall and Aghajanian, 

1979b) and spinal cord (White and Neuman, 1983). In the radular 

muscles of the mollusc, UML antagonized both inhibitory and 

facilitatory modulatory actions of serotonin that were related to the 

nucleotide system (Fujiwara and Kobayashi, 1983). To our knowledge, 

this is the first demonstration in vertebrates of the effectiveness of 

UML to antagonize an inhibitory related modulation by serotonin. 

However, on occasions UML potentiated the inhibitory effect of 

serotonin on glutamate-induced excitation and, in a few cases, UML 

completely blocked the glutamate response. These findings could be 

explained in the following two ways: 1) UML may possess agonistic 

properties similar to serotonin , and 2) UML may be an antagonist of 

glutamate. Previously, it has been shown that methysergide prolonged 

and intensified the inhibitory action of serotonin rather than 

antagonizing serotonin (Haigler and Aghajanian, 1974; White and 
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Neuman, 1983), These findings suggest that methysergide may possess 

both agonistic and antagonistic properties. Potentiation of the 

inhibitory modulatory effect of serotonin by UML in present experiment 

supports this possibility. 

In support of the second possibility, it has been shown that 

methysergide as well as serotonin depressed glutamate-induced 

excitations, with the former agent exhibiting a slower time course of 

action, Boakes and colleagues (1970) also showed that methysergide 

antagonized neuronal excitations induced by glutamate. However, the 

antagonistic effect of the serotonin antagonist on the action of 

glutamate has not received much attention. In the present study, 

methysergide and metergoline were effective in blocking glutamate-

induced excitations of Purkinje cells. In the present experiment, 

effects of the 5-HT antagonists on glutamate excitations could be 

characterized by a fast onset and recovery, and these agents often 

displayed stronger antagonisms of glutamate actions than those of 

serotonin. Even though biochemical receptor binding studies need to be 

performed to determine whether the 5-HT antagonists bind to the 

glutamate receptor, the potent effects of the serotonin antagonists on 

glutamate actions tentatively suggest a posssible direct interaction. 

Another interesting finding in this experiment was that there was no 

relationship between the effect of serotonin on Purkinje cells and its 

modulatory effect on glutamate-induced excitations. Specifically, 

serotonin displayed the same modulatory effect on the glutamate action 

irrespective of whether serotonin elicited inhibition or excitation of 

Purkinje cells. This finding suggests that the underlying mechanism of 
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the modulatory effect of serotonin .ay be different fro. the one that 

induces direct effects on Purkinje cells. 



CHAPTER V 

CONCLUSION 

This investigation was performed to elucidate the actions of 

serotonin on Purkinje cells in the cerebellum. Microiontophoretic 

application of serotonin elicited three different effects on 

cerebellar Purkinje cells: inhibition, a biphasic effect, and 

excitation. The excitatory response of Purkinje cells to serotonin was 

antagonized by application of methysergide, whereas the inhibitory 

responses were attenuated by applications of spiperone or ketanserin. 

These selective antagonisms of 5-HT effects by different 5-HT receptor 

antagonists suggest the existence of at least two 5-HT receptors on a 

single Purkinje cell. 

The second investigation addressed possible presynaptic actions 

of 5-HT on Purkinje cells. Effects of serotonin were not significantly 

changed in the presence of the cationic inhibitors of synaptic 

transmission, cobalt and manganese. These findings suggest that 

Purkinje cell responses to serotonin are mediated mainly by 

postsynaptic sites. To ascertain the possible involvement of the 

glutaminergic system in mediating 5-HT effects, an antagonist of 

glutamate GDEE was applied during the application of serotonin. This 

study showed that GDEE at currents that were effective in antagonizing 

the response of Purkinje neurons to glutamate failed to block 5-HT-

mediated excitations. Serotonin-elicited inhibitions were attenuated 

with the glutamate antagonist suggesting that inhibitory effects of 5-

HT are not the result of disfacilitation of parallel fibers. 

128 



129 

Effects of serotonin also were tested in animals pretreated with 

the serotonin neurotoxin, 5,7-DHT. In these animals, serotonin 

produced three effects on Purkinje cells that were qualitatively and 

quantitatively similar to that observed in nontreated animals. The 

observation suggests that the actions of microiontophoretic serotonin 

are not mediated indirectly via an action on 5-HT terminals, and 

support the hypothesis that both the inhibitory and excitatory effects 

of serotonin are mediated via direct postsynaptic sites on Purkinje 

cells. In lesioned animals, the average spontaneous firing rate of 

Purkinje cells was slower than that of the non-treated animals and 

there was a shift of the firing rate distribution into lower frequency 

ranges. This study indicates that serotonin may have a facilitatory 

tonic influence on cerebellar Purkinje cells in the normal condition. 

In normal animals, the actions of serotonin depended on the 

spontaneous firing rate of Purkinje cells, whereas in the lesioned 

animals the effects of serotonin were not related to the spontaneous 

firing rate of the cells. This observation raises the possibility that 

serotonin may act as a biaser or modulator of Purkinje cell activity 

to set the cell at a preferred firing rate. 

In addition to direct excitatory and inhibitory actions, 

serotonin at currents that induced minimal effects on the spontaneous 

firing rate of Purkinje cells significantly inhibited glutamate-

induced excitations of Purkinje cells. These data suggest that 

serotonin may act as a modulatory substance in the cerebellum. This 

study also implies that previous studies in which the effects of 

serotonin were examined on glutamate-driven neurons should be 
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reconsidered. 

In summary, the present study demonstrates that the operation of 

the serotonergic system in the cerebellum is more complex than 

previously reported. Specifically, effects of serotonin on cerebellar 

Purkinje cells depend on the spontaneous firing rates of the cells and 

possibly the influence of other transmitters. Anatomical studies have 

shown that the synaptology of serotonin fibers in the cerebellum is 

complex; some of the fibers possess synaptic vesicles and appear to 

make classical synaptic contacts, whereas others display nonsynaptic 

varicosities that pass in close apposition to potential target cells 

but do not form defined synapses. It is possible that the complex 

electrophysiological effects of serotonin are related to the 

anatomically diverse serotonin innervation in the cerebellum. 

Therefore, in the normal cerebellum, the diverse serotonergic systems 

may underlie the different effects of serotonin. 
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