


ou I 

d&p- ^ ACKNOWLEDGEMENTS 

I would like to express iiy sincere gratitude to my 

advisor. Dr. Howard K. Strahlendorf, for his guidance and 

assistance during my study. I would also like to give my 

special thanks to Dr. John M. Orem for his concern and 

assistance, both scholastically and personally, during my 

graduate studies. I also would like to thank my other 

committee members, Dr. Peter A. Doris, Dr. Richard D. 

Nathan and Dr. Jean C. Strahlendorf, for their time, 

suggestions and critical reviews of this dissertation. 

In addition, I would like to thank Dr. Lorenz 0. Lutherer 

who, while not directly involved in this study, gave me 

invaluable advice throughout my graduate career. 

I wish to express my extreme gratitude to my family 

and friends for their love and encouragement during my 

studies. I would like to dedicate this manuscript to my 

wife, Pamela, who has not only supported me emotionally, 

but also assisted me in preparing this manuscript. Her 

love and typing skills were critical to the completion of 

this manuscript. 

Lastly, I would like to thank the Tarbox Parkinson's 

Disease Institute at Texas Tech University Health 

Sciences Center for funding this research. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS 

I. INTRODUCTION 

111 

11 

ABSTRACT iv 

LIST OF TABLES vii 

LIST OF FIGURES viii 

II. METHODS AND PROCEDURES 48 

III . EXPERIMENTAL RESULTS 81 

IV. DISCUSSION 172 

REFERENCES 225 



ABSTRACT 

Previous research has demonstrated the presence of 

serotonin (5-HT) containing nerve terminals in both the 

cerebellar cortex and deep cerebellar nuclei. More 

recent electrophysiological studies have shown that 

iontophoretically applied 5-HT produces three different 

effects on spontaneous discharge of cerebellar Purkinje 

cells (PC). These effects were: pure excitation, pure 

inhibition and a biphasic effect of inhibition followed 

by excitation. In the past five to ten years, ligand 

binding studies have identified at least five different 

binding subtypes for 5-HT. 

The purpose of the current research was to assess 

the electrophysiological effects of 5-HT and putative 5-

HT receptor subtype selective compounds on PC spontaneous 

discharge in the in vitro cerebellar slice preparation. 

This study consisted of four interrelated investigations. 

The first experiments evaluated the responses of Purkinje 

cells to 5-HT applied either by superfusion or 

iontophoretically. It was observed that PC responses to 

5-HT superfusion differed markedly from those responses 

to iontophoretically applied 5-HT both in situ and in 

vitro. However, the effects of iontophoretically applied 

IV 



5-HT in vitro were qualitatively and quantitatively 

similar to those iii__s_itii- Thus, in all additional 

studies, agonist compounds were applied 

iontophoretically. 

The second set of experiments examined the effects 

of 5-HT and 5-HT receptor subtype selective agonists on 

PC spontaneous activity either alone or during 

superfusion with receptor subtype selective antagonists. 

Compounds selective for the 5-HTIA receptor subtype 

produced strictly inhibitory effects, those selective for 

the 5-HTiB receptor subtype produced both inhibition and 

excitation, and those selective for the 5-HT2 receptor 

subtype had no effect on PC spontaneous discharge. These 

results strongly support the hypothesis that 5-HT effects 

on PC are mediated through different receptor subtypes. 

The third part of this study examined the effects of 

5-HT and receptor subtype selective agonists on PC 

spontaneous discharge in low and physiologic 

concentrations of Mg2-̂ . Inhibitions of PC firing 

elicited by 5-HT and 5-HTIA selective agonists were 

significantly reduced in superfusion fluids containing 

low Mg2+ concentrations. However, the effects of 5-HTIB 

selective agonists were not significantly altered by 

changing the Mg2-̂  concentration. These results give 



electrophysiological support to previous binding studies 

which suggested that lowering Mg2-»- concentrations 

decreases binding affinities for the 5-HTIA receptor 

subtype. 

The final portion of this study compared PC 

responses to dendritic iontophoresis of 5-HT with 

iontophoresis of 5-HT on the PC soma. Dendritic 

application of 5-HT was found to elicit both inhibition 

and excitation of PC spontaneous firing. These effects 

were reduced by a non-selective 5-HT antagonist compound. 

These results did not support the hypothesis that there 

were site-specific 5-HT receptor subtypes mediating 

different PC responses to 5-HT. 

In summary, these results suggest that 5-HT-induced 

inhibitions of PCs are mediated by the 5-HTIA receptor 

subtype. The 5-HTIB receptor subtype may also be 

involved in PC inhibitions. The 5-HT2 receptor subtype 

did not appear to mediate any effects of 5-HT on PC 

firing. 5-HT-induced excitations of PC firing did not 

appear to be mediated by any of the 5-HT receptor subtype 

selective compounds tested. Finally, it does not appear 

that 5-HT receptor subtypes are differentially located on 

the Purkinje cell. 
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CHAPTER I 

INTRODUCTION 

Since antiquity, the cerebellum has been recognized 

as a distinctive division of the brain (see Dow, 1968). 

This important structure is found in all vertebrates. 

Classical ablation studies have demonstrated the function 

of the cerebellum in "fine-tuning" motor functions. In 

1824, Flourens concluded that the cerebellum does not 

initiate movements, but instead coordinates these 

movements. When an animal has a damaged cerebellum, it 

may still initiate and execute a movement, but only in a 

slow, clumsy manner (Ito, 1984). Several studies, dating 

back to the early ablation studies of Flourens in the 

early 1800s, have shown that the cerebellum is involved 

in many motor functions, such as maintenance of balance 

and posture, maintenance of muscle tone, coordination of 

voluntary movements, coordination of ocular movements in 

relation to body movements and motor learning as used in 

acquiring skilled movements (Armstrong, 1978; Shepherd, 

1979; Ito, 1984). The ability of the cerebellum to 

accomplish this requires a wide array of sensory inputs. 

Therefore, the cerebellum should be considered as an 

organ for sensory-motor coordination, not just a motor 

unit. 



Over the past 20 years several researchers have 

demonstrated the existence of sertonergic input into the 

cerebellum (Hokfelt and Fuxe, 1969; Bloom et al., 1972; 

Chan-Palay, 1977; Takeuchi et al., 1982; Bishop and Ho, 

1985). The suspected involvements of serotonin (5-

hydroxytryptamine, 5-HT) in cerebellar neurological 

disorders has prompted several researchers to study the 

central effects of 5-HT. Disturbances in serotonergic 

systems of the cerebellum have been implicated in the 

genesis of several motor disorders and disease states. 

The various symptoms of thiamine deficiency in rats, such 

as ataxia, opisthotonus and stimulus-sensitive myoclonic 

convulsions, are suspected to be due to a disturbance in 

metabolism of cerebellar 5-HT (Plaitakis et al., 1978). 

In man, thiamine deficiency, resulting in Wernicke-

Korsakoff syndrome, most often occurs in malnourished 

alcoholics. This syndrome is similarly characterized in 

the acute phase by ophthalmoplegia, ataxia and confusion. 

Cerebellar degeneration is a common occurrence in 

alcoholics, specifically degeneration of Purkinje cells 

in the cerebellar vermis. In addition to degeneration of 

Purkinje cells, studies by Chan-Palay (1977) and Chan-

Palay et al. (1977) found that thiamine deficiency also 

causes a decrease in 5-HT-containing axons projecting to 

the cerebellar cortex. Earlier studies by Chan-Palay 

(1977) demonstrated three types of 5-HT-containing axons 
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projection to the cerebellar cortex: (1) parallel-like 

fibers projecting to the molecular layer, (2) mossy 

fibers projecting to the granular layer and (3) a diffuse 

branching system of axons projecting to all layers. 

Chan-Palay et al. (1977) reported that mossy fiber and 

parallel-like fibers were most severely affected by 

thiamine deficiency, with sparing of the diffuse system 

of fibers. Thus, it appears that the effects of thiamine 

deficiency as may seen in Wernicke's disease may have a 

dual effect on the 5-HT fiber system in the cerebellum. 

First, the 5-HT-containing axons projecting to the 

cerebellar cortex are lost. Second, the population of 

Purkinje cells diminishes and with them so does their 

population of 5-HT receptors. This dual effect of 

diminished 5-HT presynaptic terminals and postsynaptic 

receptors may mediate the profound motor syndromes seen 

in Wernicke's disease. Other cerebellar disorders 

believed to be related to disturbances in 5-HT metabolism 

include Hartnup's disease (Agus et al., 1987), hereditary 

myoclonic epilepsy and post-anoxic ataxia (Van Woert et 

al., 1977; Van Woert and Sethy, 1975). 

Furthermore, with the use electrophysiological 

techniques, serotonin (5-HT) has been shown to produce a 

myriad of effects on the basal discharge rate of 

cerebellar Purkinje cells (Hoffer et al., 1969; Bloom et 

al., 1972; Strahlendorf and Hubbard, 1983; Strahlendorf 
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et al., 1984, 1985). Because Purkinje cells constitute 

the sole neuronal output from the cerebellar cortex, 

modulation of their electrophysiology can be expected to 

have profound effects on the function of the cerebellar 

cortex and its output to deep cerebellar nuclei. 

Since Peroutka and Snyder (1979), using radioligand 

binding studies, first suggested the existence of 

different central nervous system (CNS) 5-HT receptor 

subtypes, named 5-HTi and 5-HT2, the number of such 

binding sites identified has proliferated at a brisk 

rate. Several reviews of the current literature (Bradley 

et al., 1986; Fozard, 1987; Conn and Sanders-Bush, 1987; 

Peroutka, 1988a, 1988b) have concluded that there are 

currently five possible receptor subtypes for 5-HT. 

Based on different binding affinities of several 

compounds, 5-HT receptor subtypes have been designated 5-

HTiA, 5-HTiB, 5-HTic, 5-HTID, 5-HT2 and 5-HT3. 

Furthermore, several researchers believe that the S-HTa 

receptor may be subdivided into three additional receptor 

subtypes (Peroutka, 1988b). Lee et al. (1986) suggested 

that the different effects of 5-HT on Purkinje cell 

spontaneous discharge may be mediated by different 5-HT 

receptor subtypes. 

This present study was designed to investigate the 

effects of 5-HT on electrophysiological characteristics 

of cerebellar Purkinje cells using the in vitro slice 
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technique. The objective of this study was to determine 

possible identities and sites of 5-HT receptor subtypes 

on Purkinje cell somata and dendrites. The proposed 

study may provide greater insight into the role of 

serotonin in modulating cerebellar control over motor 

functions. 

Rfê LJew of Literature 

The highly convoluted cerebellar cortex is 

morphologically uniform throughout the entire organ. 

Everywhere in the cerebellum, three morphological layers 

are identifiable, as well as five major cell types. The 

inner-most layer, termed the granular layer (Shepherd, 

1979; Ito, 1984), contains two primary cell types, the 

granule cells and the Golgi cells. Granule cells are 

small but extremely abundant, making dendritic contact 

with cerebellar afferent fibers, termed mossy fibers, and 

Golgi cell axons. The granule cells in turn send axons 

into the superficial cortical layer, the molecular layer, 

where they bifurcate in a "T"-shape forming fiber tracts 

known as the parallel fibers which make excitatory 

synaptic contacts on dendrites of Purkinje cells. There 

is extensive interaction between parallel fibers and the 

dendrites of Purkinje cells. A single parallel fiber may 

make synaptic connections with as many as 50 Purkinje 

cells. In addition, each Purkinje cell may receive 
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synaptic input from upwards of 200,000 parallel fibers. 

Thus, there is a vast array of convergence and divergence 

involved in parallel fiber-Purkinje cell interactions. 

Golgi cells are relatively large neurons with cell 

bodies ranging in size from 9-16 ^m. Golgi cells make 

inhibitory synaptic connections on granule cells and at 

mossy fiber terminals within the granular layer. Hokfelt 

and Ljungdahl (1972) showed GABA to be the inhibitory 

neurotransmitter of Golgi cells. The function of Golgi 

cells appears to be temporal and spatial focusing of 

mossy fiber input onto granule cells. 

The most superficial layer of the cerebellar cortex 

is the molecular layer. This layer is composed 

predominantly of dendritic fibers from Purkinje and Golgi 

cells and axonal fibers arising from granule cells and 

various nuclei of the brain stem. In addition, the 

molecular layer is sparsely populated with inhibitory 

interneurons, the stellate and basket cells. Basket 

cells are actually highly differentiated stellate cells 

(Shepherd, 1979). Their cell bodies are located deep in 

the molecular layer near the proximal dendrites of 

Purkinje cells. Basket cell axons are oriented 

transversely to the folia, in the same plane as the 

Purkinje cell dendrites. The axons give off collaterals, 

each forming an intricate plexus around the soma of a 

Purkinje cell. One basket cell axon can give off 
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collaterals to form plexuses around the somata of about 

10 Purkinje cells (Carpenter and Sutin, 1983). Synaptic 

contacts between basket cells and Purkinje cells are 

inhibitory in nature. Several studies have shown that 

the neurotransmitter released by basket cells is GABA 

(Ito, 1984). Furthermore, basket cells receive 

collateral parallel fiber input. Thus, granule cells 

have direct excitatory influence over "on-line" Purkinje 

cells while having indirect inhibitory influence over 

"off-line" Purkinje cells through connection with basket 

cells. 

Stellate cells are located more superficially in the 

molecular layer. These cells also receive excitatory 

inputs from granule cell parallel fibers and in turn form 

inhibitory synapses on Purkinje cell dendrites. Auto

radiographic studies by Hokfelt and Ljungdahl (1972) 

suggest that GABA also is the inhibitory neurotransmitter 

of the stellate cell. However, other studies have 

suggested that the amino acid, taurine, may actually be 

the inhibitory neurotransmitter of stellate cells 

(McBride and Frederickson, 1980). Regardless of the 

neurotransmitter, stellate cells appear to have a role in 

spatially focusing the firing patterns of Purkinje cells. 

Lying between the granular and molecular layers, 

Purkinje cells form the single cell-body thick Purkinje 

cell layer. Purkinje cells have the largest cell-bodies 
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in the cerebellar cortex ranging from 20-40 m̂ in 

diameter. Purkinje cell dendrites fan out in the 

molecular layer covering vertical and horizontal 

distances of approximately 400 iim. However, across their 

planes of orientation, Purkinje cell dendritic trees are 

only as thick as their somata. Therefore, Purkinje cell 

dendrites form a single sheet in the transverse plane of 

the folium in which they are located. Purkinje cell 

dendrites divide an average of three times ending in fine 

dendritic branches. The smaller branches are covered 

with small knobs known as dendritic spines. It has been 

estimated that each Purkinje cell has upwards of 100,000 

dendritic spines (Shepherd, 1979). 

Purkinje cell axons comprise the sole neuronal 

efferent fibers from the cerebellar cortex. The majority 

of axons project regionally to deep cerebellar nuclei 

while some Purkinje cell axons project directly to the 

vestibular nuclei (Ito and Yoshida, 1964). As the sole 

efferent neurons of the cerebellar cortex, Purkinje cells 

are intimately involved in the cerebellum's role in 

coordinating motor functions. Purkinje cell axons form 

inhibitory synapses on target nuclei. Indirect efferent 

pathways (through the deep cerebellar nuclei) to 

diencephalic structures, such as the red nucleus and 

several nuclei of the thalamus, and direct connections to 

the brain stem structures, such as the vestibular nuclei 



enable Purkinje cells to play a major role in 

coordination of muscle movements and orientation of the 

body in space. 

Cerebellar lesions are known to produce such motor 

disturbances as ataxia, unstable station and 

uncoordinated gross and fine motor movements. Studies 

have suggested abnormal Purkinje cell electrophysiology 

may play an important role in the motor defects found in 

both reeler and staggerer mutant mice (Dupont et al., 

1983; Crepel et al., 1984). Using intracellular 

recording techniques, Dupont et al. found that in reeler 

mutant mice cerebellar Purkinje cells lack calcium spikes 

which are normally present. Furthermore, they found that 

this defect was selective since other ionic conductances 

were not affected. Crepel et al. found that stagger 

mutant mice also lacked a voltage-dependent Ca current 

and suggested that these Ca channels are missing from 

Purkinje cells found in these mice. In addition, they 

reported that in these mice Purkinje cell dendrites lack 

spiny branchlets and synaptic contacts with parallel 

fibers. 

Purkinje cell activity appears to be governed 

through five major types of synaptic connections. Two of 

the synaptic inputs are somatically located while the 

other three are dendritically localized. The first major 

synaptic contact on the Purkinje soma is by the 
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inhibitory basket cell interneuron, previously discussed. 

In addition to this inhibitory influence, Purkinje cells 

themselves appear to exert inhibitory effects on 

neighboring Purkinje and basket cells through axonal 

recurrent collaterals. Studies have shown that the 

inhibitions produced by Purkinje cell recurrent 

collaterals are mediated by GABA (Curtis and Felix, 1971; 

Hokfelt and Ljungdahl, 1972). Therefore, Purkinje cell 

activation produces two types of spatial influences on 

surrounding cells. Firstly, Purkinje cells directly 

inhibit the activities of neighboring Purkinje cells. In 

addition, by inhibiting basket cells which impinge upon 

it, a Purkinje cell is able to disinhibit its own firing. 

This effect would work to more strongly focus the 

Purkinje cell outflow from the cerebellar cortex. 

Within the molecular layer, Purkinje cell dendrites 

receive three major types of synaptic input. The first 

major type of synaptic contact on Purkinje cells is from 

the parallel fibers originating from granule cells. 

Several lines of evidence suggests that parallel fibers 

form excitatory synaptic contacts with Purkinje cell 

dendritic spines. The excitatory amino acid, glutamate, 

appears to be the neurotransmitter involved in these 

synapses. Furthermore, Purkinje cells are indirectly 

influenced by peripheral sensory neurons and descending 

motor tracts through excitatory mossy fiber inputs to 
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granule cells. Armstrong (1978) suggested that the 

normal tonic discharge of Purkinje cells, ranging from 

20-100 Hz, is driven by the mossy fiber-granule cell-

parallel fiber system. However, more recent studies in 

YitXi have demonstrated intrinsic pacemaker properties 

mediating Purkinje cell spontaneous discharges in mammals 

(Hounsgaard, 1979; Hounsgaard and Nicholson, 1984; Gruol, 

1983). Thus, it appears that while Purkinje cells appear 

to be self-driven, their spontaneous firing is influenced 

by the mossy fiber-granule cell-parallel fiber system. 

The second major type of synaptic input to Purkinje 

cells is by climbing fibers, originating from cell bodies 

within the inferior olivary nucleus of the medulla 

(Szentagothai and Rajkovits, 1959). These climbing 

fibers project exclusively to the contralateral 

cerebellar hemisphere. Eccles et al. (1966) showed a 

one-to-one ratio of climbing fibers to Purkinje cells in 

the adult. They also found that climbing fibers can make 

minor contact with other Purkinje cells through axon 

collaterals. However, these secondary contacts appear 

insignificant when compared with the intimate contact the 

climbing fiber makes on its primary Purkinje cell. The 

climbing fiber enters the molecular layer where it 

bifurcates repeatedly and intertwines with a Purkinje 

cell's main dendritic branches. Scheibel and Scheibel 

(1954) showed that each climbing fiber makes multiple 
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contacts on its target Purkinje cell. Thus, the climbing 

fiber is able to exert a powerful "all or none" influence 

on Purkinje cell firing. The primary effect of climbing 

fiber impulses is a powerful excitation of Purkinje cells 

(Eccles et al. , 1966) manifested by an initial spike 

similar to a simple spike followed by 2-5 smaller ones. 

This type of Purkinje cell discharge was termed the 

complex spike by Thach (1967, 1970). Llinas and Sugimori 

(1980a and 1980b) using intracellular recording in 

cerebellar slices found that climbing fiber stimulation 

elicited Ca2+-dependent spike bursts in Purkinje cell 

dendrites which followed Na^^-dependent somatic action 

potentials. Based on these findings, they suggested that 

the smaller waves of the complex spike were due to 

climbing fiber excitation of the dendritic branches. 

Nadi et al. (1977) suggested that Purkinje cell 

excitation by climbing fiber stimulation was mediated by 

the excitatory amino acid, glutamate. However, more 

recent studies (Rea et al., 1980) have suggested that the 

neurotransmitter mediating the excitatory influence of 

climbing fibers is the amino acid, aspartate. Crepel et 

al. (1982) have shown in the cerebellar slice that 

iontophoretic application of both glutamate and aspartate 

evoked powerful, dose-dependent excitations in the 

Purkinje cell dendrites. Thus, there is still some 
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debate over which neurotransmitter is mediating Purkinje 

cell excitations evoked by climbing fiber stimulation. 

The third major synaptic input to Purkinje cell 

dendrites is by stellate cell axons. The effects of 

these inhibitory interneurons have been discussed 

previously. 

Serotonergic Afferents Projecting to 
the Cerebellum 

In addition to the major afferent projections to the 

cerebellum, aminergic projections to cerebellar Purkinje 

cells have been identified. In 1967, Anden et al., using 

histochemical fluorescence techniques, described the 

presence of serotonin (5-HT) and norepinephrine (NE) 

nerve terminals in rat cerebella. Additional 

fluorescence studies by Hokfelt and Fuxe (1969), 

demonstrated the presence of fine, varicose 5-HT 

containing fibers within the cerebellar cortex. These 

fibers were found to extend into the molecular layer of 

the cerebellar cortex. Incubation of cerebellar slices 

with 6-hydroxytryptamine has also been shown to produce 

fluorescence in both the granular and molecular cell 

layers (Bloom et al., 1972). However, when dopamine (DA) 

and NE containing cells were destroyed with 6-

hydroxydopamine, the fluorescence elicited by 8-

hydroxytryptamine was confined to the granular layer. 
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These 5-HT containing terminals appeared to resemble 

mossy fiber terminal rosettes around granule cells. 

Thus, Bloom et al. (1972) concluded that 5-HT fibers 

projected only to the granule layer. Using a more 

sensitive enzymatic binding technique Palkovits et al. 

(1974) also showed the presence of 5-HT in both the 

cerebellar cortex and deep cerebellar nuclei. 

Retrograde transport of horseradish peroxidase 

demonstrated a direct projection of 5-HT containing 

fibers from the dorsal raphe to the posterior cerebellar 

vermis (Shinnar et al., 1975). Sites of origin of these 

fibers were observed in the raphe nuclei dorsalis, 

magnus, pallidus, obscurus and centralis superior. 

Furthermore, Strahlendorf et al. (1979) showed that 

electrical stimulation of raphe nuclei produced 

inhibitions of Purkinje cell spontaneous discharges. By 

injecting [3H]5-HT into rat lateral ventricles, Chan-

Palay (1976) described widespread labelling in the 

cerebellar cortex and deep cerebellar nuclei. She 

described three morphologically distinct types of 5-HT 

afferents in the cerebellar cortex as follows: fibers 

ending in the granular layer resembling the 5-HT 

containing mossy rosettes described by Bloom et al.; a 

diffuse, thin, varicose system of fibers meandering 

throughout the cortical layers with close apposition to 

Purkinje cell dendrites; and parallel-like fibers which 
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formed synaptic contacts with stellate and basket cells 

but not directly with Purkinje cells. Thus, studies by 

Chan-Palay again established the presence of 5-HT fibers 

in all three layers of the cerebellar cortex. 

In 1982, Takeuchi et al. used the indirect antibody 

peroxidase-antiperoxidase (PAP) method of Steinberger to 

further describe the presence of 5-HT within the rat and 

cat cerebellum. They found 5-HT containing fibers 

distributed throughout the entire cerebellum including 

the deep cerebellar nuclei. In the cerebellar cortex, 5-

HT fibers were found primarily in the molecular layer, 

similar to the parallel-like fibers described by Chan-

Palay. In the Purkinje cell layer, 5-HT fibers ran in 

close approximation with the Purkinje cell somata while 

passing into the molecular layer. However, unlike Chan-

Palay, Takeuchi et al. were unable to locate any 5-HT 

containing mossy-like rosettes. More recent studies 

using the same antibody techniques as Takeuchi (Bishop 

and Ho, 1985; Walker et al., 1988) further characterized 

serotonergic afferent fibers to the cerebellum in the rat 

and opossum. These studies demonstrated the presence of 

5-HT positive plexuses around the somata of Purkinje 

cells, believed to correspond with the diffuse meandering 

fibers described by Chan-Palay (1976). As mentioned, 

several studies suggested that the origin of 5-HT 

afferents to the cerebellum was in several raphe nuclei 



16 

(Shinnar et al., 1975; Chan-Palay, 1976; Strahlendorf et 

al., 1979). However, studies by Bishop and Ho (1985) did 

not substantiate these findings. Using a double-labeling 

technique, employing retrograde horseradish peroxidase 

transport and PAP antibody binding, they found three 

types of cell labeling: cells which were labeled only by 

the retrograde transport of horseradish peroxidase; cells 

which were only labeled with the PAP antibodies for 5-HT; 

and cells which were labeled by both techniques. They 

concluded that these double-labeled cells corresponded to 

the true 5-HT afferent fibers projecting to the 

cerebellum. These cells were found to reside primarily 

within brain stem reticular nuclei and not within the 

previously described raphe nuclei. The nuclei which 

displayed the highest labeling were the nucleus (n.) 

reticularis gigantocellularis, n. reticularis 

paragigantocellularis, n. pontis oralis. A few cells 

were labeled within the n. raphe magnus. Therefore, 

while there are some 5-HT efferents arising within the 

raphe nuclei, the majority are actually located in 

reticular nuclei situated near the raphe. 
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Relationship of Serotonin and Central 

Motor Defects 

Several lines of evidence have suggested that 

various motor syndromes are correlated with disturbances 

in central 5-HT systems. Intraperitoneal injections of 

5-HT precursors and agonists have been shown to elicit 

stereotypical behavior in rats manifested by reciprocal 

forepaw treading, tremor, rigidity, hindlimb abduction, 

lateral head weaving, flat posture and straub tail (see 

Peroutka, 1988a and b). Hong et al. (1984) suggested 

that behavioral and motor deficits produced by 

chlordecone, an insecticide, in intoxicated persons was 

related to disturbances in central serotonergic pathways. 

They found that a single intraperitoneal injection of 

chlordecone in rats significantly increased levels of the 

5-HT metabolite, 5-hydroxyindoleacetic acid (HIAA) in 

striatum, hypothalamus, brain stem, cerebellum and spinal 

cord. In addition, they found a time- and dose-related 

correlation between the onset of the chlordecone induced 

5-HT syndrome and the rise in 5-HIAA levels. 

Furthermore, the 5-HT receptor blocker, pizotifen, was 

shown to attenuate the chlordecone motor syndrome. 

Chronic administration of iminodipropionitrile 

(IDPN) in rats was also shown to produce a persistent 

behavioral syndrome similar to the 5-HT syndrome (Cadet 

et al., 1988). Once again, onset of the tremors. 
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twitches and hyperactivity was correlated with increased 

levels of 5-HIAA caudate-putamen and nucleus accumbens. 

Thus, it appears that the motor syndromes induced by 

these compounds are mediated by increased levels of 5-HT 

in the CNS. 

Conversely, it has been demonstrated that 

deficiencies in cerebellar levels of 5-HT may lead to 

motor defects manifested by ataxia, tremor and myoclonus. 

The motor disturbances observed with Wernike's disease, 

seen commonly in malnourished alcoholics, appear to be 

due to a deficiency in thiamine (Vitamin Bl), rather 

than direct toxic effects of alcohol (Victor et al., 

1959). Furthermore, in thiamine deficient rats, 

Plaitakis et al. (1978) noted a decrease in 5-HT uptake 

by cerebellar synaptasomes. They suggested that the 

ataxia and other motor symptoms of Werinicke's disease 

were related to decreases in cerebellar 5-HT. Other 

disease states believed to involve defective serotonergic 

systems are post-anoxic myoclonus and inherited myoclonic 

epilepsy. Van Woert et al. (1977) found decreased levels 

of 5-HIAA in the cerebral spinal fluid of patients with 

these disorders. They further saw that these conditions 

improved with administration of the 5-HT precursor, L-5-

hydroxytryptophan. 

Purkinje cell degeneration (pcd) mutant mice are 

characterized by a loss of Purkinje cells in the 
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cerebellum. In these mice, there is a decrease in 

cerebellar levels of 5-HT which correlates with loss of 

Purkinje cells (Ghetti et al., 1988). Ghetti et al. 

suggested that the terminal fields of 5-HT afferent 

fibers atrophy due to the loss of their target Purkinje 

cells. Thus, it appears that degeneration of Purkinje 

cells, as seen in patients with Wernike's encephalopathy, 

may be accompanied by a decrease in 5-HT containing 

afferents projecting to the cerebellum. Studies by 

Trouillas et al. (1988) demonstrated that the ataxia seen 

in patients with cerebellar ataxia significantly improved 

with administration of L-5-hydroxytryptophan. The above 

studies suggest that there are several motor disorders 

which appear to be due to disturbances in serotonergic 

systems of the cerebellum. 

Electrophysiological Effects of 
Serotonin on Cerebellar 

Purkinje Cells 

The first electrophysiological effects of direct 5-

HT application on Purkinje cells were described by Hoffer 

et al. in 1969. Extracellular unit potentials of 

Purkinje cells were recorded in the presence of 

iontophoretically applied 5-HT in decerebrated rats or 

rats anesthetized with chloral hydrate. Hoffer et al. 

found that the majority of cells responded to 5-HT with 

either an increase or decrease of Purkinje cell 
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spontaneous discharge. Purkinje cell responses to 5-HT 

were divided nearly equally between inhibition and 

excitation of spontaneous firing. However, 5-HT always 

produced either one or the other Purkinje cell response 

regardless of the ejection currents utilized. Cells were 

never observed to display one type of response at one 

ejection current and the opposite response at another 

current. 

Additional studies by different researchers seem to 

suggest that the type of anesthetic used may have 

profound effects on the responses of Purkinje cells to 5-

HT iontophoresis observed in situ. Kawamura and Provini 

(1970) found that few Purkinje cells responded to 5-HT 

with decreases in spontaneous discharge in decerebrate 

rats or rats anesthetized with penthrane, nembutal or 

chlorase. Conversely, in halothane anesthetized rats and 

decerebrate rats. Bloom et al. (1972) found that Purkinje 

cells responded to 5-HT with only inhibition of 

spontaneous discharge. A recent study by Strahlendorf et 

al. (1988) demonstrated that in urethane anesthetized 

rats, iontophoretic application of the barbiturate 

anesthetic, pentobarbital, augmented Purkinje cell 

inhibitions induced by 5-HT iontophoresis. In addition, 

they found that excitatory effects produced by 5-HT were 

reversed to inhibitory effects in the presence of 

pentobarbital. They also found that in rats anesthetized 
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with pentobarbital, 5-HT-induced inhibitions were 

significantly larger than those found in urethane 

anesthetized rats. 

Bloom et al. (1972) demonstrated an extensive 

distribution of 5-HT terminals on granule cells and found 

that these cells display an excitatory response to 5-HT. 

They therefore suggested that the excitatory effects of 

5-HT on Purkinje cells were actually mediated indirectly 

through 5-HT effects on cerebellar granule cells. This 

is further supported by studies in neonatal rats 

(Woodward et al., 1971) too young for any identifiable 

synapses to have developed. In rat pups, 1 to 6 days 

old, application of 5-HT produced only inhibition of 

Purkinje cell firing. In addition, in animals whose 

cerebellar cortical interneurons were destroyed by x-

irradiation, 5-HT only induced inhibition of Purkinje 

cell spontaneous firing (Bloom et al., 1972). Based on 

these findings. Bloom concluded that the direct effect of 

5-HT on Purkinje cell firing is inhibition, and any 

excitatory effects are mediated indirectly by granule 

cells or actions on other interneurons. 

The conclusions drawn by Bloom appear to be flawed 

and thus should be reconsidered for several reasons. 

First, Bloom et al. reported the excitatory effects of 5-

HT on granule cells based on results obtained from a 

single cell which had not been properly identified. 
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Thus, the reported excitatory effect of 5-HT on granule 

cells was not sufficiently supported. Second, more 

sensitive anatomical studies by Bishop and Ho (1985) and 

Walker et al. (1988) have shown the greatest 

concentration of 5-HT fibers are located in the molecular 

layer and not in the granular layer as suggested by Chan-

Palay (1976) and Takeuchi et al. (1982). The data 

obtained by Bishop and Ho, and Walker et al. further 

demonstrated the presence of a fairly dense plexus of 5-

HT-containing fibers surrounding Purkinje cell somata. 

These reports gave anatomical evidence for direct 

contacts of 5-HT-containing fibers on Purkinje cells. 

Third, in neonatal rats, 5-HT fibers do not reach the 

Purkinje cell and molecular layers until about postnatal 

day ten (Lidov and Molliver, 1982). After this time, 

there is a rapid increase in the number of 5-HT fibers in 

these layers. In neonatal rat pups, 1-6 days old, when 

5-HT was found to be strictly inhibitory, there are no 

established synapses between 5-HT fibers and Purkinje 

cells. Therefore, it is difficult to interpret the true 

meaning of the results obtained by Woodward et al. 

(1971). Interestingly, the postnatal period during which 

5-HT afferents reach the Purkinje cell and molecular 

layers corresponds to a time when the rat pups begin to 

move about their environment. Thus, the increase of 5-HT 

fibers in the cerebellar cortex corresponds temporally to 
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this exploratory period and may correlate with "motor-

learning" in the cerebellum. Fourth, Sotelo and Beaudet 

(1979) found that x-irradiation of the cerebellar cortex 

significantly alters the synaptic contacts of 5-HT-

containing fibers in the cerebellar cortex. This 

alteration of synaptology of 5-HT fibers in the 

cerebellum again makes interpretation of the findings by 

Bloom et al. (1972) extremely difficult. Finally, 

possibly the most compelling support for direct 

excitatory effects of 5-HT on Purkinje cells comes from 

studies by Lee et al. (1984). Using concomitant 

iontophoretic application of 5-HT and the cationic 

inhibitors of synaptic transmission, cobalt (Co2+) or 

manganese (Mn2-^), Lee found no significant differences 

in either 5-HT-mediated Purkinje cell excitations or 

inhibitions from control values. This strongly suggests 

that the excitations and inhibitions of Purkinje cell 

firing produced by 5-HT are mediated directly through 

postsynaptic receptors. 

More recent studies have further described 

electrophysiological effects of 5-HT on Purkinje cell 

spontaneous discharges. In 1983, Strahlendorf and 

Hubbard described three Purkinje cell responses to 

iontophoretically applied 5-HT; pure inhibition, pure 

excitation and a biphasic effect of an initial inhibition 

followed by a prolonged excitation which outlasted the 
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drug ejection period. Furthermore, Strahlendorf et al. 

(1984) found that Purkinje cell responses to 5-HT were 

dependent on pre-drug baseline firing rates. Cells with 

high firing frequencies were predominantly inhibited by 

5-HT while those with low firing frequencies were 

predominantly excited by 5-HT. As would be expected, the 

majority of biphasic responses were observed in cells 

with intermediate firing frequencies. In addition, they 

found that when Purkinje cell firing rates were raised 

by glutamate or aspartate, iontophoresis inhibitions 

induced by 5-HT were augmented and in some cases 5-HT-

induced excitations were reversed to inhibitions. In a 

related study, Lee et al. (1986) showed that 5-HT was 

able to diminish glutamate-induced excitations of 

Purkinje cell firing at ejection currents where 5-HT did 

not itself alter spontaneous discharge. These studies 

have collectively led to the hypothesis that the specific 

effects of 5-HT on cerebellar Purkinje cells are possibly 

mediated through different 5-HT receptor subtypes. 

Serotonin Receptor Subtypes in the 
Central Nervous System 

In 1957, Gaddum and Picarelli first suggested that 

5-HT elicits contractions in guinea-pig ileum by two 

separate mechanisms. They found that dibenzyline 

antagonized responses to 5-HT which were mediated by 
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receptors on smooth muscle cells, whereas morphine 

antagonized responses mediated by receptors on 

cholinergic neurons. These two receptors were classified 

as the D and M receptors, respectively. It is now known 

that morphine is not a direct M receptor antagonist, but 

that it inhibits 5-HT-induced ileum contraction by 

blocking ACh release. Furthermore, dibenzyline has been 

shown to be a non-specific compound that blocks the 

effects of several neurotransmitter compounds (Conn and 

Sanders-Bush, 1987). Although it is now clear that these 

compounds were inappropriate for receptor classification, 

Fozard (1987) has confirmed the existence fo two 5-HT 

receptor subtypes in the guinea-pig ileum. This first 

attempt to identify receptor subtypes mediating 5-HT 

effects has been followed over the years by a multitude 

of studies designed to identify 5-HT receptor subtypes. 

In 1979, Peroutka and Snyder first suggested the 

presence of two major subclasses of 5-HT receptors in the 

brain. Using radioligand studies, they noted marked 

differences in the binding characteristics of three 

compounds known to interact with 5-HT receptors; [3H]5-

HT, [3H]spiperone and [3H]LSD. One subclass of receptors 

displayed high binding affinity for [3H]5-HT and was 

termed the 5-HTi receptor subtype. Another subclass of 

receptors displayed high affinity binding for 

[3H]spiperone and was termed the 5-HT2 receptor subtype. 
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[3H]LSD was shown to have equal affinity for both 

receptor subclasses. 

The 5-HTi receptor subtype soon was shown to have 

heterogeneous binding characteristics. Pedigo et al. 

(1981) found that spiperone was able to displace bound 

[3H]5-HT in a non-sigmoidal manner. Those sites with 

high affinity for both 5-HT and spiperone were designated 

the 5-HTiA receptor subtypes while sites with low 

affinity for spiperone were designated 5-HTIB sites. 

Sills et al. (1984) further defined 5-HTIB binding as 

specific [3H]5-HT binding in the presence of 1 mM GTP and 

2 |iM spiperone. 

Recently, two additional 5-HTi receptor subtypes 

have been identified. The first, termed the 5-HTic 

receptor subtype, was initially characterized in pig 

choroid plexus by Pazos et al. (1984b). They found that 

this new site was labeled by both [3H]5-HT and 

[3H]mesulergine but not by RU 24969. A binding site with 

similar characteristics hns also been identified in rat 

cortex (Peroutka, 1986). The second was identified in 

1987 by Heuring and Peroutka in bovine brain membranes 

and was termed 5-HTID. This receptor subtype shows high 

binding affinities for 5-HT, 5-carboxyamidotryptamine 

(which also has high affinity for 5-HTIA and 5-HTIB 

receptor subtypes) and metergoline. However, it showed 

low binding affinities for compounds selective of each of 
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5-HTiA, 5-HTiB or 5-HTic subtypes. In addition, both 5-

HT2 and 5-HT3-selective agents were found to be 

essentially inactive at this subtype (Peroutka, 1988a and 

b). Thus, the 5-HTi receptor has been further subdivided 

into four additional subtypes. 

Binding studies with several putative 5-HT 

antagonist compounds have shown the 5-HT2 receptor 

subtype to be a much more homogeneous 5-HT subclass than 

the 5-HTi subclass. Peroutka and Snyder (1979) first 

classified this receptor based on high affinity binding 

with [3H]spiperone but low affinity for [3H]5-HT. 

Serotonergic antagonists display consistently higher 

binding affinities for this site than do agonist 

compounds. Radioligand binding studies by Leysen, et al. 

(1982) showed that the antagonist compound, ketanserin, 

more selectively bound the 5-HT2 receptor than did 

spiperone. Ketanserin displayed high affinity binding to 

the 5-HT2 receptor subtypes but only moderate binding to 

the alphai adrenergic receptor, and high affinity binding 

to the histamine Hi receptor was not detected. In 

addition, no significant ketanserin binding was detected 

for other major neurotransmitter receptor sites. The 

greatest concentration of 5-HT2 receptors appear to be in 

the rat frontal cortex (Leysen et al., 1984; Lakoski and 

Aghajanian, 1985), with binding sites also reported in 
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the striatum, nucleus accumbens and tuberculum 

olfactorium (Leysen et al., 1984). 

In 1979, Fozard et al. showed that "M" receptors, 

similar to those described in the guinea-pig ileum, 

mediated release of noradrenaline from sympathetic nerves 

innervating the rabbit heart. Cocaine was shown to be a 

specific, albeit weak, antagonist at these receptors. 

However, 5-HT effects in the peripheral nervous system 

are not affected by 5-HTi and/or 5-HT2 selective 

compounds. Further studies by Fozard (1984) led to the 

development of potent and selective blocking agents, MDL 

72222 and GR 65630. Bradley et al. (1986) suggested that 

this receptor be named the 5-HT3 receptor subtype. The 

S-HTa receptor also has recently been shown to exist 

centrally (Kilpatrick et al., 1987). 

Studies of 5-HTiA Receptor Subtype 

Recent studies have demonstrated several compounds 

which bind more selectively to the 5-HTIA receptor 

subtype than spiperone. The compound 8-hydroxy-2-(di-n-

propylamino)-tetraline (8-OH-DPAT) has been shown to bind 

the 5-HTiA receptor subtype with extremely high affinity 

and selectivity (Middlemiss and Fozard, 1983). The 

binding affinity of 8-OH-DPAT for the 5-HTIA receptor 

subtype is reported to be 1,000 fold greater than for the 

5-HT2 subtype (Middlemiss and Fozard, 1983) and 7,000 
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times greater than for the 5-HTIB receptor subtype (Hamon 

et al., 1986). Autoradiographic studies by Pazos and 

Palacios (1985) have shown the highest concentrations of 

5-HTiA receptors are located in the dorsal raphe nucleus 

and hippocampal CAl region. A class of novel anxyolitic 

compounds have been shown to display high affinities for 

the 5-HTiA receptor. These compounds include ipsapirone 

(formerly called TVX Q 7821), buspirone and gepirone each 

of which showed 600-700 times greater affinity for the 5-

HTiA receptor subtype than 5-HTIB (Hamon et al., 1986; 

Peroutka, 1986; Peroutka et al., 1987). 

Electrophysiological studies have shown the 5-HTIA 

agonists elicit potent, dose-dependent inhibitions of 

spontaneous firing in the dorsal raphe nucleus (Sprouse 

and Aghajanian, 1987 and 1988; Blier and De montigny, 

1987). Studies by Andrade and Nicoll (1987) showed that 

5-HT-induced hyperpolarizations of cells in the 

hippocampal CAl region was blocked by spiperone. In 

addition, 8-OH-DPAT mimicked the hyperpolarization when 

applied by superfusion. Peroutka et al. (1987) also 

showed that superfusion of 5-HTIA agonists decreased the 

amplitude of population spikes recorded in the 

hippocampal CAl region. However, Sprouse and Aghajanian 

(1988) found that iontophoretic application of 5-HTIA 

agonists did not significantly alter spontaneous firing 

of hippocampal CAl pyramidal cells. Thus, it has been 
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suggested that in the hippocampus, the 5-HTIA specific 

compounds are acting only as partial agonists. The 

results of these studies suggest the inhibitory 

properties of 5-HT are at least partially mediated by the 

5-HTiA receptor subtype. 

Stndles of the 5-HTiB„E£.c.fip.tQr._̂ ubtype 

The 5-HTiB receptor subtype has been considerably 

more difficult to characterize than the 5-HTIA site. 

Certain arylpiperazines, such as l-(3-trifluoromethyl-

phenyl)piperazine (TFMPP) have been shown to be fairly 

selective for the 5-HTIB receptor subtype (Sills et al., 

1984). However, TFMPP's affinity for the 5-HTIB receptor 

subtype is only about 18-fold greater than for the 5-HT2 

subtype (Glennon, 1987). More recently, the 5-HTIB 

receptor has been more directly labeled by the antagonist 

compound [1251]cyanopindolol (Offord et al., 1988). 5-

HTiB receptor subtypes have been associated with the 

presynaptic terminals on 5-HT, acetylcholine and 

glutamate containing axons in rat cerebellum (Bonanno et 

al., 1986; Raiteri et al., 1986). Release of endogenous 

5-HT (Bonanno et al., 1986) or glutamate (Raiteri et al., 

1986) elicited by depolarization of rat cerebellar 

synaptosomes was shown to be potently inhibited by 5-HT. 

The 5-HT action in both studies was antagonized by the 

non-selective 5-HT antagonist, methiothepin, but not by 

5-HT2 selective compounds, ketanserin, cinanserin or 
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methysergide, or by the 5-HTIA/5-HT2 selective antagonist 

spiperone. Furthermore, they showed that the receptors 

involved in the 5-HT effect were activated by 5-methoxy-

3-[l,2,3,6-tetrahydropyridin-4-yl]-lH-indole (RU 24969), 

a compound with equal affinities and selectivity for both 

the 5-HTiA and 5-HTIB receptor subtypes. However, 8-OH-

DPAT was shown to be ineffective at this autoreceptor 

site. Based on these results, Bonanno et al. and Raiteri 

et al. concluded that the presynaptic 5-HT effect was 

mediated through the 5-HTIB receptor subtype. Similar 

results were reported in the rat spinal cord by Murphy 

and Zemlan (1988). The 5-HTIB receptor subtype appears 

to be species specific, found in rats and mice but not in 

guinea pigs, cows, chicken, turtles, frogs or humans 

(Peroutka, 1988a and b; Hoyer et al., 1986a). 

&tiidle^..-Ql-liie--5jiHTic_and 5-HT I D 
Re.££P.t^.r Subtype.s. 

The recent work of Conn et al. (1986) has 

convincingly demonstrated that 5-HT stimulation of 

phosphatidylinositol hydrolysis, in choroid plexus 

membranes, is mediated by the 5-HTic site. 

Electrophysiological studies in cell cultures (Lubbert et 

al., 1987) showed that the 5-HTic receptor seems to 

modulate a CI" conductance via a pertussis toxin-

sensitive G protein. Perhaps the most important 
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development in the study of the 5-HTic receptor has been 

its recent cloning and sequencing (Julius et al., 1989). 

This receptor consists of a 460 amino acid sequence that 

contains seven membrane-spanning units. This work is a 

major advance in the characterization of 5-HT receptor 

subtypes. However, to date no physiological effects of 

the 5-HTic receptor outside the choroid plexus have been 

demonstrated. 

Studies by Herrick-Davis et al. (1989) have 

suggested 5-HTID receptors are localized postsynaptically 

in rat cortex and striatum. In order to determine the 

site of 5-HTiD binding, Herrick-Davis et al. lesioned 

presynaptic serotonergic fibers by injecting rats (i.p.) 

with p-chloroamphetamine (PCA). Binding of 

[3H]paroxetine, a compound selective for presynaptic 5-HT 

receptors, was found to be significantly decreased by 

this treatment, suggesting that these receptors had been 

destroyed. However, it was found that binding of [3H]5-

HT in the presence of pindolol and mesulergine to block 

binding to the 5-HTIA, IB and ic receptors, increased 

after several days. Herrick-Davis et al. suggested that 

this was due to postsynaptic up-regulation of the 5-HTID 

receptor. However, there is currently some debate as to 

whether 5-HTID receptors are present in rat brain 

membranes. Studies by Peroutka et al. (personal 
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communication) have been unable to confirm the findings 

of Herrick-Davis in rat brain. 

Studies of the 5-HT?JBjeceptiir_Si3j;ityE.e-

Extracellular studies have indicated that 5-HT 

increased the excitability of facial motor neurons. The 

5-HT effect was antagonized by selective 5-HT2 

antagonists, such as methysergide and cinanserin (McCall 

and Aghajanian, 1980). In addition, inhibitions in rat 

prefrontal cortex elicited by 5-HT, but not by GABA or 

NE, were potentiated by ketanserin (Lakoski and 

Aghajanian, 1985). They suggested that this ketanserin 

effect was due to its ability to block 5-HT-mediated 

excitation and thus allow for greater expression of 5-

HT's inhibitory effects. More recently, Davies et al. 

(1987) demonstrated that 5-HT caused a slow 

depolarization in 68% of rat cortical neurons. This 

effect was blocked by the 5-HT2 selective antagonists, 

ritanserin and cinanserin. Titeler et al. (1985) and 

Schechter and Simansky (1988) have shown that the 

hallucinogenic compounds, l-(2,5-dimethoxyphenyl-4-X)-2-

aminopropane (X= bromo or iodophenyl for DOB or DOI 

respectively), display high affinity binding for the 5-

HT2 receptor (Ki for each compound is less than 10 nM). 

Furthermore, the neural effects produced by the compounds 

have been shown to be similar to those depolarizing 
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effects of 5-HT and are antagonized by ketanserin. Thus, 

it has been suggested that DOB and DOI function as 

agonists at the 5-HT2 receptor (Titeler et al., 1985; 

Schechter and Simansky, 1988). In a recent review 

article, Bradley et al. (1986) suggested that the 5-HT2 

receptor is equivalent in pharmacological and 

electrophysiological properties to the peripheral "D" 

receptor described by Gaddum and Picarelli (1957). 

Stjjjdi-̂ S—p-l—t-he- 5-HI.a.Receptor S u.b-typ-£-

The 5-HT3 receptor has been isolated in several 

regions of the peripheral nervous system where it is 

responsible for the depolarizing action of 5-HT on 

peripheral nerves. Studies by Richardson et al. (1985) 

have suggested that the compound, 2-methyl-5-HT acts as a 

5-HT3 agonist in the peripheral nervous system. However, 

no central physiological effects have yet been identified 

as being mediated by 5-HT3 receptors. As with the 5-HTi 

receptor, the 5-HT3 receptor appears to be heterogenous 

having as many as three additional subtypes (Bradley et 

al., 1986; Peroutka, 1988a and b). 

Therefore, abundant evidence suggests that 5-HT 

effects appear to be mediated by an extremely 

heterogeneous population of 5-HT receptors. While some 

of these putative 5-HT receptors, as of yet, have not 

been shown to mediate any physiological effects in the 

CNS and therefore should be considered binding sites and 
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not yet receptors, several 5-HT receptor subtypes have 

been shown to produce significant physiological effects 

throughout the brain. 

Use of Brain Slice Techniques in Studies 
of Central Nervous System Physiology 

The ability of different portions of the mammalian 

brain to continue functioning in isolation was first 

demonstrated by those studying energy metabolism in 

various synaptosomal and other brain homogenate 

preparations. In the 1920s, Warburg was the first to 

prepare minimally altered pieces of tissue while studying 

aerobic and anaerobic metabolism in nervous tissue 

(Dingledine, 1984). Retinas of small animals were found 

to be thin enough for all cell layers to be oxygenated by 

diffusion and thus became the prototypical tissue for 

slice studies. In 1950, Mcllwain first showed that thin 

sections of brain maintained metabolic functions when 

incubated with modified, oxygenated Kreb's and Ringer's 

solutions. Using electrophysiological techniques, they 

demonstrated that the resting membrane potentials of 

cells in neocortical tissue slices were comparable in 

magnitude to those observed in the brain in situ. In 

slices of the piriform cortex (Yamamoto and Mcllwain, 

1966), stimulation of the afferent lateral olfactory 
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tract was shown, by extracellular recording, to elicit 

action potentials in regional neurons. 

There are currently three commonly used techniques 

for preparing brain slices. These include: the use of 

the Mcllwain tissue chopper which is most commonly used 

in preparing slices of the hippocampus; the hand-slicing 

technique which utilizes a thin blade broken from a razor 

and a hand-held glass cutting guide; and the oscillating 

tissue slicer or vibratome. The advantages and 

disadvantages of each technique will be discussed in 

detail in Chapter III. 

Studies by Llinas and Sugimori (1980a and 1980b) and 

Crepel et al. (1981) have demonstrated that Purkinje 

cells retain their morphological and electrophysiological 

characteristics in cerebellar slices. Purkinje cells 

responded to white matter stimulation with characteristic 

antidromic activation and climbing fiber responses 

(Llinas and Sugimori, 1982; Kimura et al., 1985). 

Climbing fiber activation was found to elicit excitatory 

post-synaptic potentials. Purkinje cell somata 

demonstrated three types of voltage dependent 

electroresponsiveness: a fast Na-dependent spike, a non-

inactivating Na conductance which generates prolonged 

plateaus and a Ca-dependent spiking which is TTX-

insensitive but responds to compounds which block slow Ca 

conductances (Llinas and Sugimori, 1980a). Llinas and 
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Sugimori (1980b) also found these currents in the 

Purkinje cell dendrites. In addition, they described 

three other dendritic currents: a plateau generating Ca 

current, a voltage-dependent K current and a Ca-dependent 

K current. 

Purkinje cells were found to remain spontaneously 

active in vitro even when synaptic transmission was 

blocked with manganese or cobalt ions (Hounsgaard, 1979). 

Furthermore, endogenous pace-maker properties were 

identified in the absence of parallel and climbing fiber 

input (Hounsgaard and Nicholson, 1983 and 1984). Three 

types of activity appeared to be endogenously produced in 

Purkinje cells grown in culture (Gruol, 1983). The 

first, and most common, was characterized by slow 

membrane oscillations which were found to occur in a 

regular pattern and were excitatory in nature. Action 

potentials were shown to be generated during the 

depolarizing phase of the oscillations. The second was 

characterized by large, slow membrane depolarizations 

which also generated one or two action potentials. These 

first two types of endogeneous activities were found by 

Gruol to be voltage-dependent. When the cells were 

depolarized to membrane potentials of less than -45 mV, 

action potentials were blocked and only the membrane 

oscillations were observed. At -50 mV, the action 

potentials were prominent and occurred in a regular 
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pattern. The third type of endogenous activity was a 

recurring pattern of large, well-maintained 

depolarizations which evoked a prolonged discharge and 

ended in an abrupt membrane hyperpolarization. Further 

studies should reveal the ionic conductances responsible 

for these spontaneous oscillations. 

Effects of Neurotransmitter Compounds on 
Purkinje Cell Activity in the 

Cerebellar Slice 

The effects of some neurotransmitters on Purkinje 

cell membrane potentials and spontaneous discharge 

patterns have been studied in the cerebellar slice. 

Crepel et al. (1982) showed that iontophoretic 

application of glutamate or aspartate evoked transient 

and dose-dependent increases in the firing rate of 

extracellularly recorded Purkinje cell simple spike 

activity. Furthermore, they found that these compounds 

could elicit inhibitions of simple spike activity when 

iontophoretically applied in different dendritic 

locations. These inhibitions were antagonized by 

bicuculline, a compound which blocks GABA-mediated 

synaptic transmission, suggesting that they were mediated 

by activation of inhibitory interneurons. Furthermore, 

intracellular studies of Purkinje cells, using the amino 

acids thought to occur in inhibitory interneurons, GABA 

and taurine, showed that both compounds elicited 
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hyperpolarizations of Purkinje cell membrane potentials, 

inhibited somatic Na-spikes and dendritic Ca-spikes, and 

decreased somatic membrane resistance (Okamoto et al., 

1983). 

In 1982, Crepel and Dhanjal showed that 

iontophoretic application of acetylcholine (Ach) led, in 

most cases, to a slow depolarization of Purkinje cells. 

They further suggested that this effect of Ach is 

mediated by muscarinic receptors located on the Purkinje 

cell dendrites. Other studies have shown that the 

catecholamine, NE (norepinephrine), also alters 

spontaneous discharge of Purkinje cells (Basile and 

Dunwiddie, 1984). Superfusion with low concentrations of 

NE were found to produce excitations of spontaneous 

firing while high doses were found to inhibit spontaneous 

firing. Superfusion of the beta receptor agonist, 

isoproterenol, mimicked the excitatory NE effects, and 

these excitations were reduced by the beta antagonist, 

timolol. On the other hand, inhibition of Purkinje cell 

firing was elicited by the alpha2 receptor agonist, 

clonidine. Thus, regarding the effects of NE on Purkinje 

cell activity, different noradrenergic receptor subtypes 

appear to mediate separate and distinct effects of NE. A 

similar situation has been hypothesized with respect to 

the effects of 5-HT on Purkinje cells (Lee et al., 1984). 

These studies demonstrate a multiplicity of 
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neurotransmitter effects on Purkinje cell spontaneous 

firing in the in vitro cerebellar slice and verify its 

usefulness in studying neurotransmitter actions. 

Effects of 5-HT on Cellular Activity in 
Non-Cerebellar Slices 

Using autoradiographic binding of various 5-HT 

receptor subtype selective compounds, Pazos and Palacios 

(1985) demonstrated regional variations in 5-HT receptor 

subtype populations throughout the brain. The 5-HTIA 

site was most densely present in the CAl region and 

dentate gyrus of the hippocampus and in the raphe 

nucleus. The highest densities of 5-HTIB sites in rat 

brain were found in the globus pallidus, dorsal subiculum 

and substantia nigra. Finally, Pazos et al. (1985) found 

that the highest levels of 5-HT2 binding sites were in 

layer IV of the cerebral cortex and in the caudate 

nucleus. Regional differences in brain binding sites of 

other putative 5-HT receptor sites have not yet been 

firmly established. 

Studies have shown that 5-HT produces many effects 

on neural activity in tissue slices from various brain 

regions. Andrade and Nicoll (1987a and 1987b) 

demonstrated that 5-HT superfusion typically evoked 

biphasic responses, consisting of hyperpolarizations 

followed by longer-lasting depolarizations in pyramidal 
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cells of the hippocampal CAl region. They further 

demonstrated that the hyperpolarizations were mediated by 

the 5-HTiA receptor subtype. However, the depolarizing 

responses were not found to correspond with the 

pharmacologic properties of any of the identified 5-HT 

binding sites. Alternately, similar studies by Mauk et 

al. (1988) using superfusion of 5-HT and the 5-HTIA 

selective agonist, buspirone, suggested that while 5-HT 

appears to directly hyperpolarize CAl pyramidal cells, 

buspirone appears to attenuate their synaptic activation 

possibly via action on the presynaptic fibers in the 

stratum radiatum. Thus, there is some disagreement as to 

whether inhibition of hippocampal pyramidal cells is 

mediated solely by the 5-HTIA receptor subtype. 

In slices of the brain stem dorsal raphe nuclei, 

Vandermaelen and Aghajanian (1983) found that 

iontophoresis of 5-HT produced significant, dose-

dependent inhibitions of the spontaneous activity 

observed in these cells. More recent studies by Sprouse 

and Aghajanian (1987) suggested that this inhibition was 

mediated postsynaptically by the 5-HTIA receptor subtype. 

Agonists selective for the 5-HTIB receptor subtype did 

not appear to significantly alter the spontaneous 

activity of these cells. 

Additional studies by Davies et al. (1987) in slices 

of the rat cerebral cortex found that 5-HT superfusion 
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produced two distinct effects on membrane characteristics 

of cortical pyramidal neurons, recorded intracellularly. 

In 68% of cells they found that 5-HT elicited primarily 

depolarizations of membrane potentials. This effect was 

shown to be blocked by the 5-HT2 selective antagonists 

ritanserin and cinanserin. The second 5-HT effect 

reported was a membrane hyperpolarization. This effect 

was observed in 26% of the neurons examined, and was 

insensitive to 5-HT2 antagonists. However, the 5-HTIA 

agonist 8-OH-DPAT mimicked the hyperpolarizations 

produced by 5-HT. Thus, it was hypothesized that 

depolarizations were mediated by the 5-HT2 receptor 

subtype, while hyperpolarizations were mediated by the 5-

HTiA receptor subtype in cortical pyramidal neurons. 

Joels et al. (1987) further studied the effects of 

5-HT and 5-HT receptor subtype selective compounds on 

passive membrane properties of neurons in slices of the 

lateral septal region. They reported that 5-HT 

superfusion hyperpolarized the membrane potential and 

decreased the membrane resistance in a concentration-

dependent manner. Agonists selective for the 5-HTIA 

receptor were shown to mimic the effects of 5-HT, and 

even appeared more potent in eliciting these 

hyperpolarizations. Compounds selective for the 5-HTIB 

and 5-HT2 receptor subtypes were not reported to 



43 

significantly alter membrane potentials of lateral septal 

neurons. 

In slices of other CNS regions, 5-HT has been shown 

to have varying effects. In slices of the lateral 

geniculate body, Yamamoto (1973) demonstrated that 5-HT 

was able to decrease field potentials induced by optic 

tract stimulation. Serotonin was suggested to elicit 

this effect presynaptically by decreasing the amount of 

neurotransmitter release. 

?jxx.j9s>js.e and Scope of This Study 

Serotonin has been shown to be endogenously present 

in the cerebellum of mammals. Furthermore, 5-HT has been 

shown to elicit three separate effects on Purkinje cell 

spontaneous discharge in situ. While several 

neurotransmitters have been shown to alter Purkinje cell 

activity in the cerebellar slice and 5-HT has been shown 

to alter cellular activity in slices of other brain 

regions, to date no studies have reported 5-HT effects on 

Purkinje cell activity in the cerebellar slice. Thus, it 

was the intention of this study to thoroughly investigate 

the effects of 5-HT on Purkinje cell activity in the iu. 

yitXQ cerebellar slice preparation and to attempt to 

classify the 5-HT receptor subtypes mediating these 

effects. 
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The cerebellar slice technique provided several 

advantages for studying the effects of 5-HT and its 

agonists on Purkinje cell firing. First, as mentioned, 

several researchers noted that 5-HT effects on Purkinje 

cell activity could be altered by the use of different 

anesthetics. In addition, the stress associated with 

decerebration may alter neural functions. Thus, rapid 

decapitation minimizes the possible anesthetic and 

traumatic effects observed in situ. Second, the 

cerebellar slice allowed direct visualization of the 

placement of recording and iontophoretic electrodes for 

studies of site specific 5-HT effects. Finally, the 

slice preparation allowed alteration of the extracellular 

environment by changing the concentrations of important 

ions in the superfusion fluid. 

Experiment I: Purkinje Cell Responses to 
5-HT Applied Alone and in the Presence 

of Selective Antagonists 

Strahlendorf et al. (1984) and Lee (1984) 

hypothesized that different Purkinje cell responses to 5-

HT may be mediated by different 5-HT receptor subtypes. 

This study was designed to observe the effects of 5-HT 

superfusion and iontophoresis on Purkinje cell 

spontaneous discharge in vitrc The effects of 5-HT on 

Purkinje cell activity in this study were compared to 

those obtained previously in situ to determine 
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similarities and differences between these two methods of 

investigation and substantiate the validity of the slice 

preparation. After determining effects of 5-HT on 

Purkinje cell spontaneous discharge in control trials, 

these effects were again examined in the presence of 5-HT 

receptor subtype selective antagonists. 

Experiment II: Purkinje Cell Responses to 
Iontophoretic Application of 5-HT 

Receptor Subtype Selective 
Agonists 

In the past five to ten years, the number of 

identified 5-HT receptor subtypes and compounds with 

subtype selective binding affinities has increased 

dramatically. The increased number of available 

compounds has provided several new tools for studying the 

effects of 5-HT on Purkinje cell activities. However, 

this virtual explosion of binding studies and subtype 

selective compounds has in some ways produced more 

confusion than enlightenment in the study of central 5-HT 

effects. Furthermore, the number of studies examining 

compound binding affinities for 5-HT receptors has far 

out-distanced studies to determine possible physiological 

functions of these newly identified compounds and binding 

sites. 

These experiments were designed to study the effects 

of iontophoretically applied 5-HT receptor subtype 
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selective agonists in control medium and in medium 

containing corresponding subtype selective antagonists. 

However, based on the availability of subtype selective 

compounds, and the fact that the presence of several 

putative 5-HT receptor subtypes have not been firmly 

established in rat brain, these studies were limited to 

examinations of the effects of 5-HTIA, 5-HTIB and 5-HT2 

selective agonist and antagonist compounds. The presence 

of these receptor subtypes has been firmly established in 

several regions of rat brain. These studies therefore, 

tested the hypothesis that different 5-HT receptor 

subtypes are responsible for the different effects of 5-

HT on Purkinje cells. 

Experiment III: Responses to 5-HT and 
5-HT Receptor Subtype Selective 
Agonists in Media Containing 
Low and Physiologic Mg2-̂  

Concentrations 

The binding affinities of 5-HTIA selective compounds 

have been shown to be decreased in the presence of 

solutions containing low Mg2+ concentrations (Norman et 

al., 1985; Verge et al., 1986). This experiment was 

designed to compare the effects of 5-HT and 5-HT subtype 

selective agonists on Purkinje cell spontaneous discharge 

in the presence of low (0.56 mM) and physiological (1.15 

mM) Mg2-^ concentrations. It was hypothesized that if any 

of Purkinje cell responses were mediated by the 5-HTIA 
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receptor subtype, then altering Mg2+ concentrations in 

the superfusion fluid should alter Purkinje cell effects 

mediated by this receptor subtype. 

Experiment IV: Comparison of Purkinje 
Cell Responses to Dendritic and 
Somatic Iontophoresis of 5-HT 

Autoradiographic binding studies by Pazos and 

Palacios (1985) demonstrated differences in receptor 

subtype densities between Purkinje cell somata and 

dendrites. They found that the majority of 5-HTi 

receptors in the molecular layer displayed high 

affinities for 5-HTIB selective compounds. However, the 

majority of 5-HTi receptors on and around Purkinje cell 

somata displayed binding characteristics of the 5-HTIA 

receptor subtype. Serotonin was iontophoretically 

applied at both sites during superfusion with control 

medium and again during superfusion of the non-selective 

antagonist metergoline. Thus, this experiment was 

designed to test the hypothesis that the varied effects 

of 5-HT on Purkinje cell firing are due to activation of 

regionally isolated 5-HT receptors. 



CHAPTER II 

METHODS AND PROCEDURES 

Experimental Animal Preparatinp 

Young, male rats (Sprague-Dawley strain, Sasco 

Laboratories) weighing from 75-125 g were used in these 

studies. The animals were maintained under a standard 

12-hour light-dark cycle. There were no restrictions on 

food or water. For each experiment, a rat was rapidly 

decapitated, without prior anesthesia or other 

manipulations, using a small animal guillotine. This 

procedure was approved by the institutional Animal Care 

and Utilization Committee. The occipital plate of the 

skull was removed and the dura overlying the cerebellum 

was gently cut away. Cerebellar peduncles were 

transected and the cerebellum was removed using a small 

spatula. The total time required for excising a 

cerebellum was usually from 2-5 minutes. 

Once removed, the cerebellum was placed in a bath of 

ice-cold modified Kreb's solution (Crepel et al., 1981) 

which had been previously gassed with 95% 02/5% CO2. The 

Kreb's solution contained the following (in mM): 

NaCl(124), NaHC03(25), KC1(4), KH2P04(1.15), CaCl2(2), 

MgS04(1.15 or 0.56) and glucose (10). The pH of this 

48 
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solution was between 7.3 - 7.5. The cerebellum was 

washed in this solution for 2 minutes in order to remove 

any blood present on the tissue. Old or stagnant blood 

is believed to directly damage the neural tissue 

(Dingledine, 1984). In addition to washing off the 

blood, the ice-cold bath reduces tissue metabolism and 

facilitates slicing of the tissue by making it more firm. 

Methods of Tissue Slicing 

The initial method of tissue preparation utilized 

the chopping technique as described by Mcllwain (1975). 

The cerebellum was placed on a chopping stage and the 

tissue chopped to a thickness of 350 iim with a Mcllwain 

tissue chopper. This method yielded only one viable cell 

from approximately 18 slices. Garthwaite et al. (1979, 

1980) studied and compared, using light and electron 

microscopy, the morphology of incubated cerebellar slices 

prepared with a mechanical chopper from rats of different 

ages. They found that at greater than 14 days of age, 

tissue chopping produced extensive cellular and 

subcellular damage. Further, they noted that the most 

sensitive cells were the Purkinje cells and the 

inhibitory interneurons in the molecular layer. However, 

they showed that slices prepared by hand using a thin 

blade and a glass guide had good morphological 
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preservation. Thus, this technique was next attempted 

for the preparation of cerebellar slices. 

Using the hand slicing technique, several viable 

cells were prepared and recorded. The slow speed of hand 

slicing has been shown to be less damaging to highly 

myelinated areas of the brain (Alger et al., 1984). The 

axons were gently separated with hand slicing, but with 

tissue chopping they were found to be torn apart, causing 

injury to the cell. While hand slicing did produce 

viable slices, several disadvantages were inherent to 

this technique. First, this technique only produced two 

to three viable slices per cerebellum, necessitating the 

use of two or more rats per experiment. Second and more 

importantly, the slices produced were not of uniform 

thickness. Therefore, there was an apparent non-uniform 

exchange of O2 and nutrients throughout the entire slice, 

as evident by the frequent appearance of necrotic cell 

layers and paucity of recordable neurons. In addition, 

the uneven slice thickness did not allow sufficient light 

to pass through the slice in many areas for visualization 

of the Purkinje cell layer. 

Finally, the cerebellar slices were prepared used a 

vibratome. The benefits of this technique were 

immediately apparent. Using the vibratome, each 

cerebellum yielded six to ten viable slices. Thus, only 

one rat was needed per experiment. Cerebellar slices 
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were of uniform thickness and remained viable in the 

holding chamber for up to eight hours before recording. 

This slicing technique is the method used in all 

experiments reported here. Figure 1 demonstrates 

Purkinje cell action potentials obtained from the slices 

prepared using each technique. The action potential 

pictured from the slice prepared with the tissue chopper 

was the only cell ever obtained using that technique. 

While there does not appear to be much difference between 

the action potentials of Purkinje cells in slices 

prepared by hand slicing or slicing with the vibratome, 

the advantages of slicing with the vibratome were 

significantly greater than those for hand-slicing. 

During tissue preparation the lateral hemispheres of 

the cerebellum were transected perisagitally to produce 

flat surfaces for fixation of the tissue to a slicing 

block. The tissue was fixed to the slicing block with a 

thin layer of cyanoacrylate glue. The slicing block was 

secured in a slicing chamber and the tissue was submerged 

in ice-cold (4-6«> C) modified Kreb's solution (as 

described earlier). Sagital vermal slices, 350 \im thick, 

were made using a vibratome. During the course of these 

studies, two different types of vibratome were used; 

first used was a LancerT« Vibratome which was later 

replaced with a Campden Instruments Vibroslice 

Oscillating Tissue Slicer. There was no difference in 
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Figure 1. Comparison of Purkinje cell action 
potentials from three different methods of tissue 
preparation. In this and similar figures, spike heights 
are expressed as oscilloscope settings after 
preamplification. A. Slice prepared using the Mcllwain 
tissue chopper. B. Slice prepared using the hand slice 
technique. C. Slice prepared with a vibratome. This was 
the method of choice for tissue slicing. 
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the quality of the slices produced by either instrument. 

The change in instruments was a matter of convenience, 

and not of quality. 

Slices were transferred with a soft artist's brush 

from the slicing chamber to a holding chamber containing 

modified Kreb's solution which was continuously gassed 

with 95% 02/5% CO2 and held at room temperature (25<> C) 

for a recovery period of one hour. Slices were stored in 

the holding chamber until used for recording. Slices 

were found to remain viable for over 8 hours under these 

conditions. 

Slice Perfusion 

When used for Purkinje cell recording, cerebellar 

slices were transferred from the holding chamber to a 

recording chamber (Medical Systems Corporation). The 

recording chamber consisted of a rectangular water bath, 

which was maintained at 32*̂ 0 by a regulated heater and 

gassed with 95% 02/5% CO2, and an interface perfusion top 

which sits on the water bath (Haas et al., 1979). 

Superfusion fluids were stored in Erlenmeyer flasks which 

were stoppered and kept under a constant pressure of 3-5 

PSI with 95% 02/5% CO2 from a gas tank. Pressure was 

maintained in the flasks and superfusion fluid removed 

from the flasks through 17-gauge needles which were 

pushed through rubber stoppers and attached to 
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polyethylene tubes (Clay Adams, I.D. 1.77 mm, O.D. 

2.80 mm). Superfusion fluid was carried through the 

water bath, where it was warmed to 32^0, into a 

prechamber. The prechamber is designed to allow escape 

of gas bubbles before the superfusion fluid enters the 

recording chamber. Superfusion fluid moved from the 

prechamber to the recording chamber via capillary action 

along a nylon mesh and also left the recording chamber 

via capillarity over a projecting ledge and dripped into 

a collection beaker. 

The brain slice, sitting on the nylon mesh in the 

recording chamber, was semi-submerged with fluid flowing 

under and around the slice. An opening between the Haas 

top and water bath allowed the warmed and humidified 95% 

02/5% CO2 to flow over the top of the slice to keep the 

slice well oxygenated and prevent drying of the surface. 

This type of recording chamber offers the advantages of a 

stable surface on which the slice rested, good 

oxygenation of the tissue surface and easy visualization 

of the brain slice for accurate electrode placement since 

no refraction at an air/water interface exists. Figure 2 

shows a photograph, taken through the dissecting 

microscope, of a cerebellar slice in the recording 

chamber. 

Flow rate of the superfusion fluid was controlled by 

a four-channel switching/flow-rate module (Fredrick Haer 
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Figure 2. An example of a cerebellar slice in the 
recording chamber as viewed through the dissecting 
microscope. Abbreviations are used to designate the 
following: (B) bipolar stimulator; (M) molecular cell 
layer; (E) electrode tip; (PC) Purkinje cell layer; 
(G) granule cell layer. 
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and Co. model <>80-10-5). Flow was maintained at a rate 

of approximately 1-2 ml/minute with an applied pressure 

of 3-5 PSI. The module allowed us to utilize up to four 

different superfusion media without interrupting fluid 

flow through the perfusion line. With the flow-rate of 

1-2 ml/minute, we were able to completely exchange one 

perfusion medium in the recording chamber with another in 

2-3 minutes. 

The standard control medium used in most experiments 

was the modified Kreb's solution, previously mentioned, 

based on studies by Crepel et al. (1981). Solution 

osmolarities were measured with an osmometer (Wescor, 

Inc. 5100B Vapor Pressure Osmometer) and were found to 

range from 295 mOsm - 310 mOsm. This compared quite well 

with osmolarities of CSF and artificial CSF reported by 

several researchers (see Dingledine, 1984). Solution pHs 

were measured by a digital pH meter (Markson Science, 

Inc.) and found to range from 7.3 to 7.5. Temperature of 

perfusion media were maintained between 32<=»-34«̂  C. While 

this is somewhat lower than normal physiologic 

temperature of the rat (380-39© C; Dingledine, 1984), we 

found that this temperature was optimal for both 

spontaneous activity and survival time of Purkinje cells. 

At temperatures below 30© C spontaneous activity 

decreased markedly, while at temperatures above 36© C 

survival times of slices diminished greatly. In 



addition, temperatures of the superfusion fluid 

fluctuated about ±2© C during any given time period. 

Thus, maintaining the solution at 32<̂ -34o C gave an 

additional margin of safety to prevent the solution 

temperature from getting too high or too low. Similar 

temperature ranges are used routinely by many 

investigators (Dingledine, 1984). 

The superfusion fluid could be manipulated by 

altering the concentration of different ions in the 

medium (such as magnesium, as discussed later). In 

addition, several compounds (both 5-HT agonists and 

antagonists) were dissolved in the media and applied to 

Purkinje cells via superfusion. Thus, Purkinje cells 

could be superfused with a known concentration of 

compound and responses observed. In one series of 

experiments, Purkinje cell responses to 5-HT superfusion 

were studied. A stock solution of 5 mM 5-HT creatinine 

sulfate was made by dissolving 5-HT in distilled water. 

The stock was then diluted with perfusion medium to 

desired concentrations. Concentrations of 5-HT used for 

Purkinje cell superfusion were 1, 10, 50, 100, 200 and 

400 tiM. These concentrations did not alter the pH or 

osmolarity of the perfusion medium. Media containing 1-

5 M̂ concentrations of the antagonist compounds 

ketanserin tartrate (Janssen), spiperone (RBI) or (-) 

propranolol-HCl (Ayerst) were prepared in a similar 
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manner. Spiperone was first dissolved in 85% lactic acid 

(0.1-0.5 ml) and then added to distilled water to produce 

a stock solution of 1 mM. Propranolol-HCl and ketanserin 

tartrate were freely soluble in water, and stock 

solutions of 1 mM were prepared. 

Superfusion studies were performed by first 

obtaining control rates of Purkinje cell spontaneous 

discharge in control media (described below). 

Superfusion media was switched next to a medium 

containing a test compound. The test medium was applied 

until a stable response was attained and then switched 

back to control medium for a recovery period. In 

addition, different concentrations of test compounds were 

applied to a cell in order to establish dose-response 

relationships. Finally, as will be discussed, we were 

able to combine superfusion of compounds with 

iontophoresis to further study compound interactions on 

Purkinje cell spontaneous discharge. 

Recording and MicrQiotoP.hox^sis 

Single-barrel glass microelectrodes (OmegadotTM; 

Fredrick Haer and Co. with a glass fiber core to 

facilitate electrode filling by capillary action) were 

used for recording extracellular unit activity of Pukinje 

cells. These electrodes were used in preliminary studies 

comparing the spontaneous activity of Purkinje cells in 
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vitro to those described in situ (Eccles et al., 1967 and 

Strahlendorf et al., 1983) and during studies of the 

effects of 5-HT superfusion on Purkinje cell firing. 

Three and four-barrel electrodes (Fredrick Haer and Co. 

also with OmegadotTM) were used to measure Purkinje cell 

spontaneous discharge as well as to 

microiontophoretically apply test compounds. Blanks were 

pulled on a microelectrode puller (Narishige Inst.) to a 

closed tip. The tips of the electrodes were broken back 

to a diameter of approximately 1-2 iJim per barrel. Thus, 

the single-barrel tip diameter was 1-2 m̂ while the tip 

for the four-barrel electrode was 4-8 um. These 

diameters usually produced tip impedances of 2-8 megaohms 

in each barrel, as measured on an Impedence Check Module 

(Frederick Haer and Co.) using an AC current of 1,000 Hz. 

Recording barrels were filled with 4M NaCl, dyed with 

Acid-Fast Green dye to aid in tip visualization under the 

dissecting microscope. Drug barrels of the 3- and 4-

barrel electrodes were filled with various drug 

solutions. A 10 nA current opposite in polarity to 

ejection currents was applied to all drug barrels between 

periods of ejection. These retaining currents were 

intended to prevent spontaneous leakage of drug solutions 

from the electrode tips. For all iontophoretic studies, 

a current-balancing barrel was utilized. The balance 

barrel, also filled with Fast Green dyed 4 M NaCl, was 



60 

used to automatically eject a current equal and opposite 

in polarity to the algebraic sum of all currents flowing 

in the other barrels. This technique was demonstrated by 

Salmoiraghi and Steiner (1963) to eliminate non-specific 

electronic current effects which may overshadow the 

specific drug effects. An indifferent electrode 

consisting of a chlorided silver wire in contact with the 

nylon mesh and superfusion fluid under the slice was used 

to ground the recording chamber. The microelectrode was 

connected to a Leitz manual microdrive which gave gross 

and fine control over electrode position in x, y and z 

planes. This allowed for extremely accurate electrode 

placement. Extracellular Purkinje cell action potentials 

were recorded with the glass microelectrodes, and the 

signals were amplified with a high gain A.C. amplifier 

(Dagan 2400 extracellular preamplifier, gain 5000, band 

pass 300 Hz-10 KHZ. Single neuron action potentials 

were displayed on an oscilloscope (Tektronix Ins.). 

Individual spikes were discriminated with an amplitude 

analyzer (Fredrick Haer and Co.) which generated a 

constant voltage pulse for each action potential that 

crossed a selectable threshold. These pulses were led to 

a raster/stepper (W-P Ins., Inc.). Output from the 

raster/stepper was led to a strip chart recorder (Houston 

Ins.). The raster/stepper was connected to a Pulsar 6b 

(Fredrick Haer and Co.) which was set to reset the 



61 

raster/stepper to zero once a second, yielding an on-line 

firing frequency estimate (spikes/sec). To guard 

against artifacts due to local membrane or other non

specific effects, seen as a decrement in spike amplitude 

and/or widening of the action potential, the signals from 

the oscilloscope and amplitude analyzer were fed into an 

analog delay (BAK) and displayed on a second oscilloscope 

in a time-locked fashion. Cells displaying non-specific 

effects were not used in these studies. A constant 

current electrophoresis unit (Fintronics, Inc.) was used 

for drug ejections in the microiontophoretic studies. 

Purkinje cell firing rates were quantified on-line by an 

Apple lie computer using software written in this 

laboratory which generated peri-ejection histograms and 

controlled the iontophoretic ejection periods. Changes 

in firing rates were calculated as total percent change 

during drug ejection periods of 20-30 seconds as compared 

to an identical period immediately preceding drug 

ejection. Iontophoretic application of compounds used a 

schedule consisting of an alternating high current (80 

nA) trial followed by lower currents in descending 

strength. Every other trial was a high current trial. 

This technique was developed by Siggins and Shultz (1979) 

to decrease intrapipette variability in drug release, to 

compensate for pipette "warmup" and to allow 

determination of dose response relationships. Usually 
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six to eight trials would constitute a single test with 

several tests run for each cell. Each trial consisted of 

a control period (20-30 s), a drug ejection period (20-30 

s) and a recovery period (50-60 s) for a total trial time 

of 90-120 seconds. Control and ejection periods were 

always the same duration. 

Purkinje Cell Identification 

Purkinje cells were identified using four criteria. 

First, under a dissecting microscope the three 

morphological layers (granular, molecular and Purkinje 

cell) are readily visible. Figure 2 demonstrates the 

view of the cerebellar slice through the dissecting 

scope. As shown, large Purkinje cells of this layer 

appear as a dark line between the thick lighter bands of 

the molecular layer and the darker bands of the granular 

layer. Furthermore, Purkinje cells are quite large with 

cell body diameters ranging from 20-40 um and with 

dendritic branches extending in the vertical and 

horizontal directions of up to 400 um (Shepherd, 1979). 

Thus, because Purkinje cells are considerably larger than 

any other cells near this layer the probability of 

recording from Purkinje cell is greater than for any 

other cell type (Towe, 1973). Second, Basile and 

Dunwiddie (1984) have shown that only two types of 

spontaneously active cells can be recorded in the 
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Purkinje cell layer; Purkinje cells and Golgi cell action 

potential. As can be seen from Figure 3, the Purkinje 

cell action potential has a negative deflection followed 

by a positive deflection of the action potential while 

the Golgi cell displays an initial positive deflection of 

its action potential followed by a negative then positive 

deflection (Basile and Dunwiddie, 1984). These 

characteristics are accounted for by the geometry of the 

cell and the most likely apposition of the electrode to 

the cell (Humphry, 1979). In the case of Purkinje cells, 

a concentrated current sink exists at the hillock during 

the peak of the action potential, whereas the apical and 

basal dendrites appear extracellularly as distributed 

current sources. At points near and ventral to the soma 

the contribution from the somatic sink dominates, and the 

spike is seen as an initial negative deflection. Thus, 

the Purkinje cell action potentials are distinguishable 

from those of Golgi cells. The third criterion was based 

on the firing characteristics of the Purkinje cell. 

Strahlendorf et al. (1985) found Purkinje cells to have 

fairly stable firing frequencies of between 10-100 Hz 

with a mean firing frequency of 40 Hz. Similar firing 

frequencies were observed for Purkinje cells recorded in 

vitro. While most cells displayed fairly stable firing 

patterns, some cells displayed erratic, bursting 

discharge patterns. Finally, Purkinje cells 
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A. 

B. 

i : 
2 ms 

Figure 3. Comparison of Purkinje cell (A) and Golgi 
cell (B) action potentials. Voltages are expressed as 
oscilloscope values recorded after pre-amplification of 
5000 gain. A description of their waveforms is given in 
the text. 
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were identified by stimulating fiber tracts entering and 

exiting the cerebellar cortex using a bipolar stimulator 

(W.P. Ins., Inc.). Stimulating electrodes were made from 

two thin nichrome or stainless steel wires twisted around 

each other and covered with an epoxy resin, except at the 

tips which were either connected to the bipolar 

stimulator or placed in the white matter of the 

cerebellar folium. Bipolar stimulation elicited either 

antidromic (Purkinje cell axon; Fig. 4A) or orthodromic 

(climbing fiber; Fig. 4B) activation of the Purkinje 

cell. Antidromic activation was identified using 

frequency following, as described by Humphry (1979). 

During repetitive stimulation with a train of stimuli at 

pulse rates up to 300 Hz, antidromically activated cells 

would usually respond in a stimulus-locked manner to 

every pulse train. Orthodromic stimulation of climbing 

fibers produced a stimulus-locked complex discharge 

followed by spontaneous Purkinje cell discharge. Eccles 

et al. (1967) described the complex discharge as a burst 

of two or more usually decrementing action potentials 

separated by no more than 2 ms and followed by a 

quiescent period. Spontaneous complex discharge is the 

main identifying characteristic of Purkinje cells in 

siiu-
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A. 

B. 
2 msec 

5 nfisec 

Figure 4. Examples of antidromic (A) and 
orthodromic (B) stimulation of Purkinje cells with a 
bipolar stimulator. Stimulating currents ranged from 0.4 
to 0.6 nA with a duration of 0.1 ms. In "A" the arrow 
denotes the action potential superimposed on the shock 
artifact. Voltages are expressed as oscilloscope values 
as recorded after pre-amplification of 5000 gain. 
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E.2S£LerimentaI Compounds 

Compounds were applied by either superfusion or 

iontophoresis. Serotonin agonist compounds used in these 

studies included the following: 5-hydroxytryptamine 

creatinine sulfate, Sigma 0.05 M, pH 4.5-5.0 for 

iontophoresis or 1-400 MM in perfusion medium, pH 7.3-

7.5; 8-hydroxy-2(di-n-propyl-amino)tetraline hydrobromide 

(8-OH-DPAT, 5-HTiA specific) RBI, 0.005 M or 0.02 M, pH 

5.5 or 10 uM, pH 7.5 for superfusion; ipsapirone 

hydrochloride (5-HTIA specific). Miles, 0.04 M, pH 5.0; 

metatrifluoromethylphenyl piperazine hydrochloride 

(TFMPP, 5-HTiB specific) RBI, 0.05 M, pH 5.0; l-(2,5-

dimethoxy-4-iodo-phenyl)-2-aminopropane (DOI, 5-HT2 

specific), RBI, 0.05 M, pH 4.5; 5-carboxyamidotryptamine 

maleate (5-CT, high affinity for 5-HTIA, 5-HTIB and 5-

H T I D ) , Glaxo, 0.01 M, pH 5.0. Serotonin antagonists used 

included: spiperone (5-HTIA/5-HT2), RBI, 0.01 M, pH 4.0 

for iontophoresis or 1-5 uM, pH 7.4 for superfusion. In 

both cases, spiperone was first dissolved in two or three 

drops of warm 85% lactic acid and them diluted to the 

proper stock concentration with distilled water; 

ketanserin tartrate (5-HT2), Janssen, 1-5 uM, pH 7.4; 

(-) propranolol-hydrochloride, Ayerst ( 5 - H T I A ) , 2.5 uM, 

pH 7.5; metergoline (non-specific 5-HT antagonist), 

Farmitalia, 10-20 uM, pH 7.5. In the dendritic studies, 

the excitatory neurotransmitter Na"^-glutamic acid, Sigma, 
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0.2-0.5 M, pH 8, was applied iontophoretically to locate 

Purkinje cell dendrites. All compounds were dissolved in 

twice distilled water unless otherwise specified. For 

superfusion studies, highly concentrated stock solutions 

were first prepared in distilled water and then diluted 

with artificial CSF to the desired concentration. 

Solution pHs were measured by a digital pH meter (Markson 

Science, Inc.) and adjusted to desired values with 

concentrated NaOH or HCl. Figure 5 summarizes the 

compounds used in this study. 

Compound Application 

During initial studies, serotonin was applied by 

superfusion over the brain slices. However, in order to 

better correlate in_yitX5L studies with those in situ 

(Strahlendorf et al., 1981), 5-HT also was applied 

iontophoretically to Purkinje cells. Dose-response 

studies with 5-HT iontophoresis correlated more closely 

with those in situ than did superfusion studies. 

Therefore, all agonist compounds were applied 

iontophoretically while superfusion was utilized for 

manipulating the environment of the brain slice or for 

applying antagonist compounds. The majority of studies 

were performed by iontophoretically applying a specific 

agonist compound in a control medium and performing a 

dose-response analysis. Next, the superfusion fluid was 
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Compounds Tes ted 

A g o n i s t s 

5-HT 

8-OH-DPAT 

I p s a p i r o n e 

5-CT 

TFMPP 

DOI 

A n t a g o n i s t s 

S p i p e r o n e 

Ketanserin 

(-)propranolol 

Receptor Activity 

[•̂ H]5-HT demonstrates high affinity (in the 
nanomolar range) for the 5-HT]^ family of 

receptor subtypes, but only micromolar 
affinities for the 5-HT2 receptor subtype. 

This novel anxiolytic binds the 5-HT2^ 

receptor with high affinity (in the nanomolar 
range) and selectivity. 

This novel anxiolytic binds the 5-HT2;̂  

receptor with high affinity (in the nanomolar 
range) and selectivity. 

This compound binds 5-HTj^^, 5-HT2B and 5-HT]̂ |3 

receptor subtypes with high affinity (in the 
nanomolar range). 

This compound displays rather low selectivity 
between 5-HT2^B and 5-HT2 receptor subtyp>es 
(3 - 18 fold greater affinity for 5-HTIB), but 
has 70 fold greater affinity for 5-HT2B vs 

5-HTiA-

This corrpound displays 250 fold greaty 
selectivity for the 5-HT2 receptor subtype 

then the S-HT^ family. 

This compound has been shown to display mixed 
antagonist properties at the 5-HT2;^ and 5-HT2 
receptor subtypes. 

This compound displays selective binding for 
the 5-HT2 receptor subtype. 

This primarily B-adrenergic antagonist has 
been shown to bind the S-HTĵ ;̂  receptor 
subtype. 

Figure 5. Summary of 5-HT receptor subtype analogs 
used in this study. 
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switched to a medium containing one of the previously 

mentioned antagonist compounds. The brain slice was 

superfused with this medium for 5-10 minutes. During 

this time, any changes in Pukinje cell spontaneous firing 

were noted as some of the antagonists were found to have 

non-specific effects or partial agonist effects at higher 

concentrations. The concentrations of antagonists 

selected did not produce any significant change in 

Purkinje cell spontaneous discharge. During antagonist 

superfusion, the dose-response analyses for 

iontophoretically applied agonists were repeated. 

Finally, the cerebellar slice was again superfused with 

control medium and recovery agonist dose-response 

analyses were performed. Recovery from antagonist 

effects often took several minutes to occur, and 

sometimes recovery to control levels were achieved only 

partially. Changes in Purkinje cell spontaneous 

discharge induced by agonist iontophoresis during control 

and antagonist trials were compared directly, and 

alterations in agonist effects were determined by 

statistical analysis (see page 75). 

In other experiments, spiperone was applied 

iontophoretically (ejection current of 2 nA), rather than 

by superfusion, to antagonize Purkinje cell inhibitions 

induced by either serotonin or 8-OH-DPAT iontophoresis. 

This ejection current was selected in order to compare 
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results of these experiments to those observed in situ 

(Lee, 1984). In these experiments, control dose-response 

effects were first determined with either 5-HT or 8-OH-

DPAT iontophoresis. The trials were then repeated in the 

presence of iontophoretically applied spiperone (2 nA). 

Spiperone was applied for 10 seconds prior to application 

of either 5-HT or 8-OH-DPAT. Attenuations of 5-HT or 8-

OH-DPAT effects by spiperone were determined through 

statistical analysis. These studies were undertaken to 

directly compare results from the in vitro cerebellar 

slice with those found by M. Lee (1984) in situ. 

Procedure for Studies Performed 
in Low Mg2H- Concentrations 

Serotonin Superfusion Studies 

Purkinje cells were superfused with 100 |iM 5-HT 

dissolved in solutions containing either 0.56 mM or 1.15 

mM MgS04. Purkinje cell responses were determined 

qualitatively as the percentage of cells responding with 

either an inhibition or excitation of spontaneous 

discharge. The results of one population of Purkinje 

cells superfused with 100 nM 5-HT in low (0.56 mM) MgSO^ 

were compared with another population of Purkinje cells 

superfused with 100 uM 5-HT in physiologic (1.15 mM) 

MgS04. For these studies, cerebellar slices were 

prepared and maintained in one or the other MgSO-A 
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concentration throughout the entire study. Magnesium 

concentrations were not experimentally altered during any 

of these experiments. 

Iontophoretic Experiments Performed in Low 
and Physiologic MgSO-* Concentrations 

In these experiments, Purkinje cell responses to 

iontophoretic application of either 5-HT or 8-OH-DPAT 

were determined in slices superfused first with solution 

containing 0.56 mM MgSO^ and then in superfusion fluid 

containing 1.15 mM MgS04. Cerebellar slices were 

prepared and maintained in tissue bath solutions 

containing 0.56 mM MgS04. During recording, Purkinje 

cells were first superfused with fluid containing 0.56 mM 

MgS04. Dose-response characteristics were determined to 

iontophoretic application of either 5-HT or 8-OH-DPAT. 

Next, the superfusion fluid was switched to fluid 

containing 1.15 mM MgS04. The slices were allowed to 

equilibrate to the increased MgSO^ concentrations for 10-

20 minutes. Dose-response studies were then repeated for 

either 5-HT or 8-OH-DPAT. Changes in effects on Purkinje 

cell firing induced by either 5-HT or 8-OH-DPAT were 

analyzed statistically. This experiment was designed to 

directly compare Purkinje cell responses to either 5-HT 

or 8-OH-DPAT in slices superfused with solutions 

containing low (0.56 mM) and then physiologic (1.15 mM) 
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MgS04. Once a cell was studied in both 0.56 and 1.15 mM 

MgS04 containing solutions, the slice was discarded and 

the superfusion fluid was switched back to that 

containing 0.56 mM MgSO^ before a new slice was placed in 

the recording chamber. Therefore, only one Purkinje cell 

was studied per cerebellar slice. 

limt^j2.hfir.e_tjULjSLPP-Ii£5JtiQn__£Lf_Sj 

to Purkin.ie Cell Dendrites 

This study was designed to compare the effects of 5-

HT iontophoresis on Purkinje cell dendrites with those 

seen for somatic 5-HT iontophoresis. A three-barrel 

microelectrode was utilized to record extracellular 

single-unit activity from Purkinje cell soma located in 

the Purkinje cell layer and to iontophoretically apply 

serotonin. Two barrels were filled with Fast Green dyed 

4 M NaCl. One barrel was used to record Purkinje cell 

activity, the other barrel was used as a balance barrel. 

The balance current was automatically controlled by the 

iontophoretic unit. The third barrel was filled with 

serotonin, 0.05 M, pH 5.0, for iontophoretic application 

to Purkinje cell soma. A second three-barrel electrode 

was used to iontophoretically apply Na+-glutamate and 

serotonin to Purkinje cell dendrites located in the 

molecular layer of the cerebellar cortex. The first 

barrel was filled with the excitatory neurotransmitter 

Na-^-glutamate, 0.2 M, pH 8. The second barrel was filled 
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with serotonin, 0.05 M, pH 5.0. The third barrel was 

filled with 4 M NaCl, dyed with Fast Green to aid tip 

visualization. This barrel was used as a manually 

operated balance barrel. Placement of microelectrodes 

were controlled by separate Leitz manual microdrives. 

Iontophoresis from both microelectrodes was controlled by 

the same iontophoresis unit. The methods for somatic 

Purkinje cell recording and serotonin application were 

identical to those described previously. 

Purkinje cell extracellular unit activities were 

recorded and responses to somatically applied serotonin 

were determined. The dendritic electrode was placed in 

the molecular layer about 1/2-3/4 of the distance to the 

pial edge of the slice. Glutamate was iontophoretically 

applied to the Purkinje cell dendritic tree. 

Iontophoretic application in this region has been shown 

by Crepel et al. (1982) to produce excitations of 

Purkinje cell firing rates. Unlike other compounds used 

in these studies, glutamate was ejected with a negative 

current (-10 nA to -40 nA). This ejection current was 

manually balanced with the dendritic balance barrel. 

Manual current balancing was required to prevent the 

automatic balance barrel, on the somatic microelectrode, 

from ejecting positive current. Since the automatic 

balance barrel ejects a current which is equal and 

opposite to the algebraic sum of currents flowing through 
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all barrels, if the dendritic barrel were not manually 

balanced, a positive current would be applied to the 

Purkinje cell soma. The net effect would be a negative 

current applied to the dendrites and a positive current 

applied to the Purkinje cell soma. The resultant current 

effects would be impossible to differentiate from actual 

drug effects. Thus, the manual balance on the dendritic 

microelectrode performed two functions; directly 

balancing the currents ejected at the dendrites and 

indirectly preventing current ejection at the soma by the 

automatic balance barrel. This prevented any current 

effects on Purkinje cell spontaneous discharge from 

obscuring drug effects. 

When the dendritic microelectrode was properly 

placed in the Purkinje cell dendritic tree, glutamate 

iontophoresis has been shown to elicit a potent 

excitation of cell firing (Crepel et al., 1982). Once 

the dendrites were localized in this manner, and the 

electrode depth noted, serotonin was iontophoretically 

applied. Purkinje cell responses to serotonin were 

calculated as percent change in basal spontaneous 

discharge rate. If no response to serotonin was seen at 

that site, the dendritic electrode was moved in toward 

the Purkinje cell soma. Trials were repeated until a 

site of maximal response was located. Dose-response 

studies then were performed at this site and 
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qualitatively compared to those observed with somatic 

serotonin application. The slice next was superfused 

with the non-specific serotonin antagonist, metergoline, 

10-20 uM, pH 7.5 for 10 minutes and dose-responses were 

observed for both somatic and dendritic application of 

serotonin. Finally, a recovery trial was run after 

metergoline was washed out of the recording chamber with 

control medium. Changes in Purkinje cell responses were 

analyzed statistically as the percent change in 

spontaneous discharge rates from basal values. 

The cerebellar slice was oriented in the recording 

chamber so that Purkinje cell dendrites were "downstream" 

from the soma. Therefore, the superfusion fluid washed 

the iontophoretically applied compounds away from the 

soma rather than toward it. This was done to prevent any 

possible interaction between dendritically applied 

serotonin and somatic receptor sites. Flow of applied 

compounds away from Purkinje cell soma was determined 

visually by ejecting fast-green and observing its 

direction of flow. 

D_a.tA-JLnaly-5i5_ 

In all studies, drug effects were determined by 

comparing Purkinje cell firing rates during drug 

application to a control period of equal time just prior 

to drug application. Purkinje cell responses to drug 
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application were calculated as percent change in 

spontaneous firing rates from basal rates recorded during 

control periods. 

Serotonin Superfusion Studies 

Strip chart records from serotonin superfusion 

studies were analyzed using a digitizing graphics tablet 

and an analyzing computer (Micro Data Collection). Five 

randomly selected firing frequency values were determined 

for a single drug-perfusion period. These values were 

determined with the digitizing tablet and fed into the 

computer which averaged the values. These values were 

then compared with the average of five values for control 

periods taken from records immediately prior to serotonin 

perfusion. Serotonin effects were calculated as the 

percent change in Purkinje cell spontaneous discharge 

rates as compared to base-line rates. Dose-response 

characteristics were examined for serotonin 

concentrations ranging from 5-400 iiM. 

However, because the results obtained for the 

superfusion studies differed markedly from iontophoretic 

studies in situ (Strahlendorf et al., 1983) iontophoretic 

application of serotonin was tried in the in vitro slice 

preparation. The results obtained in vitro were found to 

be quite similar to those jn situ. Thus, the remaining 

studies of serotonin and serotonin receptor agonist 
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effects on Purkinje cell spontaneous discharge rates were 

performed using iontophoretically applied agonist 

compounds. 

Compound Iontophoresis Studies 

For all iontophoretic studies, Purkinje cell firing 

rates were quantified on-line by an Apple lie 

microcomputer using software written in this laboratory 

which generated peri-ejection histograms (total number of 

action potentials during a given time period) and 

controlled the iontophoretic ejection periods. Changes 

in firing rates were calculated as total percent change 

during compound ejection periods of 20-30 seconds as 

compared to an identical time period immediately 

preceding compound ejection. 

Drug effects were also evaluated in the presence of 

specific antagonist compounds. Responses to 

iontophoretically applied agonists were compared in 

control media and media containing one of the antagonist 

compounds; spiperone, ketanserin or (-)propranolol. 

Propranolol was found to produce direct effects on 

Purkinje cell spontaneous discharge and therefore was not 

used for further antagonist experiments. The 

concentrations of ketanserin and spiperone superfused 

were 1-5 tiM. At concentrations greater than 5 uM these 

compounds began to have non-specific effects on Purkinje 
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cell spontaneous discharge. Serotonin or agonist 

compounds were applied with currents ranging from 5-80 nA 

during these studies. Attenuation of agonist effects 

were determined by comparing the percent change in 

Purkinje cell spontaneous discharge induced by 

iontophoresis of agonist compounds onto cells superfused 

with control medium to the same currents during 

superfusion with medium containing either ketanserin or 

spiperone. Dose-response curves were determined for 

control and antagonist trials. The differences in 

Purkinje cell responses during control and antagonist 

trials were determined. Whenever possible, recovery from 

antagonism was tested by again superfusing the brain 

slice with control medium. However, cells were not 

always able to be recorded long enough to obtain control, 

test and recovery trials. Therefore, full recovery from 

serotonin antagonism was not an absolute requirement for 

use of the results from these trials. 

Statistical Analysis 

Dose-response curves for all agonist compounds 

tested were analyzed using least-squares linear 

regression analysis for dose-dependency. In addition, 

these curves were compared using analysis of co-variance 

and multi-component analysis to determine similarities of 

their effects on Purkinje cells' spontaneous discharge. 
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This was used to determine whether compounds were acting 

through the same receptor subtypes. Attenuation of 

agonist effects by specific antagonists were tested for 

significance using Wilcoxon's Signed Rank Test for paired 

data and the Mann-Whitney Rank Sum Two Sample Test for 

unpaired data. For all statistical analyses performed 

throughout these studies a value of P < 0.05 was 

considered significant. 



CHAPTER III 

EXPERIMENTAL RESULTS 

CkLmpaxlson of Electrophysiological 
Characteristics of Purkin.ie Cells 

In Vitro with Those In Situ 

As was mentioned in Chapter II, the three 

morphological layers of the cerebellar slice were clearly 

visible when viewed through the dissecting microscope. 

In electrically active slices, the Purkinje cell layer 

appeared as a dark band between the granule cell and 

molecular cell layers. However, not infrequently slices 

with clear, rather than dark, Purkinje cell bands were 

observed. In addition, it was found that these clear 

Purkinje cell layer bands were electrically silent. 

Purkinje cell action potentials were rarely, if ever, 

recorded from these clear bands. Garthwaite, et al. 

(1980) found that under the light microscope, Purkinje 

cells which were damaged or had died during slicing 

appeared pale and swollen. Thus, whenever clear-banded 

Purkinje cell layers were encountered during an 

experiment, no attempt to locate a viable cell in tliose 

areas was made. 

When viable cells were located, they displayed many 

of the same electrophysiological characteristics as those 

recorded in situ (Eccles, 1967). As seen in Figure 6, 

81 



82 

A. 

B. 

I : 
2 ms 



83 

the action potential waveforms of Purkinje cells recorded 

in situ (A) and in vitro (B) are quite similar. The 

preamplifier and oscilloscope settings were identical in 

both examples. Both action potentials displayed a 

downward deflection of 0.4 mV followed by upward 

deflections of 0.3 mV and 0.2 mV for the ;.UL and in. 

vitro action potentials, respectively. In addition, the 

range of frequencies for Purkinje cell spontaneous 

discharge in vitro was 10-100 Hz, with a mean frequency 

of about 40 Hz. These findings were quite similar to 

those frequencies observed in situ as reported by 

Strahlendorf, et al. (1984). One major difference 

between in situ and in vitro preparations was the lack of 

spontaneously occurring complex discharges in the in 

vitro tissue. This lack of spontaneous complex discharge 

activity was due to loss of climbing fiber activity on 

Purkinje cells arising from the inferior olivary nucleus. 

However, as has been noted, complex discharges could be 

elicited with bipolar stimulation of the white matter at 

the base of the follium in which the recorded cell was 

located. Thus, it is apparent that most of the 

morphological and electrophysiological characteristics of 

Purkinje cells are retained in the in vitro slice 

preparation. 
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^Plication on Purkin.ie 

QeJJL, Spontan.e.Qia.s_Dlsciiaxg& 

Preliminary experiments were performed to establish 

the suitability of the cerebellar slice for investigating 

the actions of 5-HT. The objectives of these experiments 

were to verify the comparability of data obtained from 

the slice to that observed previously from in situ 

experiments. One presumed advantage of the tissue slice 

technique was the ability to apply compounds in known 

concentrations to the tissue and develop accurate dose-

response relationships for drug effects. Based on this 

assumption, 5-HT initially was applied to Purkinje cells 

by superfusion, in known concentrations, over the tissue 

slice. 5-HT superfusion was found to produce both 

inhibition and excitation of Purkinje cell spontaneous 

discharge at all concentrations tried (Figures 7 and 8). 

However, as was seen with iontophoresis in situ (Bloom et 

al., 1972), in any given cell 5-HT superfusion elicited 

either one or the other response at all concentrations 

tested. In some instances 5-HT altered not only the 

Purkinje cell firing rate, but also the discharge 

pattern. As shown in Figure 7B, 5-HT not only decreased 

the firing rate, but also elicited a bursting pattern of 

discharge. The original firing pattern recovered after 

several minutes. Conversely, in some cells with erratic, 

bursting basal firing rates, 5-HT superfusion not only 
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Figure 7. Strip chart records depicting inhibitions 
of Purkinje cell spontaneous discharge with 5-HT 
superfusion. (A) Inhibition of spontaneous discharge 
without altering firing pattern. (B) In addition to 
decreasing firing rates, 5-HT can induce irregular firing 
patterns. In this and similar figures, horizontal bars 
above each record indicate the duration of superfusion. 
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Figure 8. Strip chart records depicting Purkinje 
cell excitations with 5-HT superfusion. (A) Regular 
pattern of Purkinje cell spontaneous discharge is 
maintained. (B) In Purkinje cells displaying irregular 
basal firing patterns 5-HT not only increases unit 
discharges but also diminishes the duration of quiescent 
periods between action potential bursts. 
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increased the cell's firing frequency, but also reduced 

the duration of quiescent periods between bursts of 

cellular discharge (Figure 8B). Thus, 5-HT superfusion 

was found to produce effects on Purkinje cell firing 

similar to those demonstrated with iontophoresis in situ 

(Bloom et al., 1972; Strahlendorf and Hubbard, 1983). 

While performing 5-HT superfusion studies, it was 

discovered that altering the magnesium (Mg2+) 

concentration in the superfusion fluid altered the 

effects of 5-HT on Purkinje cell firing. Thus, the 

effects of 5-HT superfusion were studied in solutions 

containing low (0.56 mM) and physiologic (1.15 mM) 

concentrations of Mg2-̂  • 

5-HT superfusion in 0.56 mM Mg2-̂  was found to 

produce both inhibition and excitation of Purkinje cell 

spontaneous discharge. In 63 cells studied, 69% (n=43) 

responded to superfusion of 5-HT (10-100 nM) with 

excitation while 31% (n=20) responded with inhibition of 

spontaneous discharge. No biphasic responses were noted 

in any of the cells studied. Dose-response studies were 

performed with 5-HT concentrations ranging from 10 to 

400 uM. Increases of the Purkinje cell firing induced by 

5-HT displayed unusual dose-response characteristics. 

The percent excitation of spontaneous discharge appeared 

to increase with increasing concentrations of 5-HT (10, 

50 and 100 uM) peaked at 100 uM and appeared to decline 
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at 200 and 400 uM concentrations (Figure 9). Inhibitions 

of Purkinje cell firing appeared to display more dose-

dependent characteristics than did the excitatory 

responses (Figure 10). However, Purkinje cell 

excitations and inhibitions induced by 5-HT at any given 

dose displayed great variability as shown by the large 

standard error values. In addition, using linear 

regression analysis neither the inhibitory nor excitatory 

curves were found to be significantly dose-dependent 

(P>0.05). 

Physiologic concentrations of Mg2-̂  (1.15 mM) 

dramatically altered Purkinje cell responses to 5-HT 

superfusion. Of 18 cells studied in this Mg2+ 

concentration, 78% of the cells tested responded to 

superfused 5-HT with inhibition of firing while only 22% 

responded with excitation. The Purkinje cell excitations 

in this experiment were observed only at a 5-HT 

concentration of 100 ^M. Thus, no dose-dependency could 

be established. In addition, the inhibitory responses 

were found not to be significantly dose-dependent over 5-

HT concentrations of 10 to 400 uM (Figure 11). Table 1 

compares Purkinje cell responses to 100 uM 5-HT in both 

0.56 mM (n=33) and 1.15 mM (n=14) Mg2*. Sufficient data 

was obtained at this concentration for an adequate 

comparison of effects to be performed. The average 

percent increase in Purkinje cell firing induced by 100 
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Figure 9. Mean excitations of Purkinje cell 
spontaneous discharge induced by 5-HT superfusion at five 
concentrations in medium containing 0.56 mM Mg2-̂ . Each 
point represents the mean responses of 6-24 cells + 
S.E.M. 
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Figure 10. Inhibitions of Purkinje cell spontaneous 
discharge induced by 5-HT superfusion at five 
concentrations in medium containing 0.56 mM Mg2-«-. Each 
point for 50, 100 and 200 iiM represents the mean of 
responses 4-9 cells + S.E.M. Responses at 10 and 400 uM 
represent one cell each. 
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Figure 11. Inhibitions of Purkinje cell spontaneous 
discharge induced by 5-HT superfusion at four 
concentrations in medium containing 1.15 mM Hg2-̂ . Number 
of observations were as follows: 10 uM (n=l), 50 nM 
(n=l), 100 nM (n=10) and 400 M̂ (n=4). The responses 
plotted at 100 and 400 M̂ are mean + S.E.M. 
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Table 1. P u r k i n j e C e l l Responses t o Superfusion of 
100 uM 5-HT in Low (0 .56 mM) and Phys io log i c (1 .15 mM) 
Mg2-̂  C o n c e n t r a t i o n s . 

% o f C e l l s 
n / n T o t a l R e s p o n d i n g 

0 . 5 6 xnM MgS04 

Excitation 24/33 72.7 

Inhibition 9/33 27.3 

1.15 mM MgS04 

Excitation 4/14 30.8 

Inhibition 9/14 69.2 
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uM 5-HT in solutions containing 0.56 mM Mg2-̂  (20 1 2%) 

was significantly (P<0.05, Mann-Whitney Ranked Sum two-

sample test) greater than the average increase produced 

by 5-HT in solutions containing 1.15 mM Mg2-̂  (8 + 3%). 

However, Purkinje cell inhibitions of 16 + 3% and 12 + 

6%, in solutions containing 0.56 and 1.15 mM Mg2-̂  

respectively, were not statistically significant 

(P>0.05). Thus, it appears that in low Mg2-^, 5-HT not 

only produces more excitatory Purkinje cell responses, 

but also excitations of greater magnitude. These results 

suggest that Purkinje cell responses to 5-HT are 

dependent on Mg2-^ concentrations in the superfusion 

fluid. 

The results obtained with 5-HT superfusion, 

especially with solutions containing low Mg-̂ -̂  

concentrations, were considerably different from those 

results obtained with 5-HT iontophoresis in situ. 

Iontophoresis of 5-HT onto Purkinje cells in situ was 

shown to produce inhibition of spontaneous discharge in 

64%, a biphasic response of inhibition followed by 

prolonged excitation of firing in 22%, or excitation of 

spontaneous firing in 14% of cells tested (Strahlendorf 

and Hubbard, 1983). Both the inhibitory and excitatory 

responses were found to be significantly dose-dependent. 

However, as mentioned, results of 5-HT superfusion in 

yĵ tro never produced a biphasic effect on Purkinje cell 
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firing. In addition, superfusion with 0.56 mM Mg2+ 

elicited Purkinje cell responses which were nearly the 

inverse of those found with in situ iontophoresis. While 

Purkinje cell responses to 5-HT superfusion in 1.15 mM 

Mg2-̂  were qualitatively similar to in situ responses, 

they were not found to be significantly dose-dependent. 

In fact, 5-HT superfusion did not elicit significant 

dose-dependent responses in either Mg2+ concentration. 

Strahlendorf et al. (1984) further showed that in 

situ. Purkinje cell responses were dependent on the basal 

firing rate prior to 5-HT iontophoresis. Cells which 

responded biphasically or with pure excitation had a mean 

pre-drug firing rate of 40.4 + 2.5 Hz, while those 

inhibited by 5-HT had pre-drug firing rates of 50.5 + 2.4 

Hz. However, Purkinje cell responses to 5-HT superfusion 

in vitro demonstrated no rate-dependency. Cells 

responding to 5-HT with increased firing had mean basal 

firing rate of 43 + 3 Hz while those responding with 

inhibition of firing had a mean basal firing rate of 38 ± 

3 Hz. Surprisingly, the average rate for cells 

responding with inhibition appeared to be slower than the 

rate for the excitatory responses. Strahlendorf et al. 

(1984) found that 5-HT-mediated inhibition of Purkinje 

cell firing displayed a rapid onset appearing 2-5 s into 

the drug ejection period. Recovery from this drug effect 

was also quite rapid. Excitatory responses were slower 
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to develop requiring 14-25 s for onset of excitation and 

usually outlasted the ejection period by 46-111 s. 

However, in the present experiments the onset and offset 

of inhibitory and excitatory effects, mediated by 5-HT 

superfusion, were quite slow in developing often 

requiring several minutes for peak responses to be 

reached. This was likely due to the longer time for the 

superfusion medium containing 5-HT to completely replace 

the control medium (3 minutes) and the corresponding 

slower increase in 5-HT concentration at the Purkinje 

cell. 

Finally, another major difference between the in 

si.tu. iontophoretic technique and the in vitra. superfusion 

is the localization of drug application. Iontophoretic 

application of 5-HT allows for rather site specific 

localization of drug effect. However, with superfusion, 

5-HT is applied over the entire slice. Therefore, 5-HT 

superfusion possibly affects not only the Purkinje cell 

being recorded, but also local interneurons and other 

Purkinje cells synapsing on the cell being studied. Due 

to the stated differences between the results of in S-itU 

iontophoretic application of 5-HT and in_yilx̂ .. 

superfusion, the effects of 5-HT iontophoresis on 

Purkinje cell firing in the in vitro slice were examined 

next. 
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Comparison of 5-HT Iontophoresis Verses 
Superfusion In Vitro 

The experiments performed to examine the difference 

between Purkinje cell responses to 5-HT iontophoresis and 

superfusion were carried out in superfusion fluid 

containing 0.56 mM Mg2+, because most superfusion 

experiments were initially carried out using this Mg-̂ -̂  

concentration. As mentioned, 5-HT superfusion produced 

excitation of spontaneous discharge in 69% of the 63 

cells tested and inhibition in 31% of cells tested. 

However in 16 cells, iontophoretically applied 5-HT 

produced inhibition of spontaneous discharge in 56%, an 

increased spontaneous discharge in only 38% and a 

biphasic response in 6% of the cells tested. Table 2 

shows a comparison of the qualitative responses of 

Purkinje cells to 5-HT superfusion and iontophoresis. 

Furthermore, when directly comparing Purkinje cell 

responses to 5-HT iontophoresis and superfusion on the 

same cell, it was found that of 13 cells tested three 

responded to 5-HT iontophoresis with increased firing. 

Two of these cells also responded to 5-HT superfusion 

with excitation, while one cell responded with inhibition 

of spontaneous discharge. However, of ten cells found to 

respond to 5-HT iontophoresis with inhibition of 

spontaneous discharge, two also responded to 5-HT 

superfusion with inhibition of spontaneous discharge, but 
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Table 2. Comparison of Purkinje Cell Responses to 5-HT 
Applied Iontophoretically or Dissolved in the 
Superfusion Medium. 

Number of 
Cells % Excitation % Inhibition % Biphasic 

Superfusion 63 69 31 0 
(10 uM to 400 uM) 

Iontophoresis 16 36 56 6 
(5 nA to 80 nA) 
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eight were found to respond with excitation of 

spontaneous firing. Figure 12 demonstrates an example of 

one cell responding to 5-HT iontophoresis with inhibition 

of spontaneous discharge, and to 5-HT superfusion with 

excitation. Purkinje cell responses to iontophoretically 

applied 5-HT usually were not altered by prior 

superfusion with 5-HT. Iontophoresis of 5-HT onto 

Purkinje cells in. vitro appeared to elicit responses more 

closely related to those found in situ. Thus, subsequent 

experiments on Purkinje cell responses were performed 

utilizing iontophoretically applied 5-HT. 

Because qualitative effects of iontophoretically 

applied 5-HT in 0.56 mM Mg2+ still differed slightly from 

those previously obtained in situ, the effects of altered 

Mg2+ concentration on Purkinje cell responses to 

iontophoretically applied 5-HT also were compared. Table 

3 shows the qualitative effects of 5-HT iontophoresis in 

low (0.56 mM) and physiologic (1.15 mM) Mg2+ 

concentrations. In physiologic Mg2-̂  concentrations, 79% 

of Purkinje cells responded to iontophoretically applied 

5-HT with inhibition of spontaneous discharge, 13% with 

excitation of firing and 8% with a biphasic response 

(n=162). Figure 13 shows examples of the three types of 

Purkinje cell responses to 5-HT iontophoresis in vitro. 

Linear regression analysis showed inhibitions to be 

significantly ejection current-dependent (Figure 14). 
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Figure 12. Strip chart record comparing Purkinje 
cell responses to 5-HT application by either superfusion 
or iontophoresis. Horizontal bars above records indicate 
durations of 5-HT superfusion or iontophoresis at 
concentrations or currents given. 
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Table 3. Effects of Iontophoretically Applied 5-HT 
(5-80 nA) in Low (0.56 mM) and Physiologic (1.15 mM) 
Mg2-»- Concentrations. 

Number o f 
C e l l s % I n h i b i t i o n % E x c i t a t i o n %BiphasiC 

0 . 5 6 mM Mg"'"+ ^^ 56 38 6 

1 . 1 5 mM Mg++ 1 " 79 13 8 
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/ \ 80nA 40nA B. 
80nA 40nA 

C. '^ 120nA 

1 min. 

Figure 13. Strip chart records depicting three 
different Purkinje cell responses to 5-HT iontophoresis 
in medium containing physiologic (1.15 nM) Mg2+. (A) 
Pure inhibition of spontaneous discharge; (B) pure 
excitation of spontaneous discharge; and (C) a biphasic 
response, inhibition followed by excitation of 
spontaneous discharge. Each record is from a different 
cell. In this and similar figures, horizontal bars 
indicate durations of iontophoresis at the currents 
given. 
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Figure 14. Ejection current-response curve for mean 
percent inhibition of Purkinje cell spontaneous discharge 
produced by iontophoretically applied 5-HT in the 
presence of physiologic Mg2*. Each point represents the 
mean responses of 61-94 cells + S.E.M. 
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While the excitations of Purkinje cell firing were 

modest, they were found to be significantly ejection 

current-dependent (Figure 15). At low ejection currents 

(10 and 20 nA), 5-HT-induced Purkinje cell inhibitions in 

low Mg2+ (18 ± 4%, n=6 and 20 + 7%, n=9, respectively) 

were not significantly different from those found in 

physiologic Mg2+ (17 ± 1%, n=63 and 20 ± 2%, n=73, 

respectively; P>0.05). However, at the current of 40 nA, 

inhibitions observed in physiologic Mg2-̂  (11 + 1%, n = 5) 

were significantly larger than those in low Mg2-»- (28 + 

2%, n=94; P<0.05, Mann-Whitney Ranked Sum two-sample 

test) . 

The results obtained from the above experiments 

suggest several things about Purkinje cell responses to 

5-HT application. While 5-HT superfusion does elicit 

excitation and inhibition of Purkinje cell firing, these 

responses are qualitatively different from those found 

with iontophoresis in both in_._S_itil and in-vitro 

preparations. Purkinje cell responses to 5-HT 

iontophoresis in vitro were found to be quite similar to 

those in_5A.tU., both qualitatively and quantitatively. In 

addition, other response characteristics, such as the 

latency of onset and duration of effect, were quite 

similar for both the in vitro and in sitU iontophoretic 

preparations. 
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Figure 15. Ejection current-response curve for mean 
percent excitation of Purkinje cell spontaneous discharge 
produced by iontophoretically applied 5-HT in the 
presence of physiologic Mg2-̂ . Each point represents the 
mean responses of 4-19 cells + S.E.M. 



105 

Iontophoretic application of 5-HT best met the 

objectives of this study. Therefore, all additional 

studies were performed using iontophoretic application of 

agonist compounds. However, the slice technique was 

still a valuable means to alter the cellular environment 

of the slices and to apply antagonist compounds. For 

example, Purkinje cell responses to 5-HT appear to be 

sensitive to different Mg2-<- concentrations in the 

superfusion fluid. Moreover, different responses of the 

same Purkinje cell with 5-HT superfusion or iontophoresis 

suggest site specific effects of 5-HT on Purkinje cell 

firing. A series of experiments to determine site-

specific effects of 5-HT will be discussed later. The 

above findings further support the suggestion by Lee 

(1984) that there may be multiple 5-HT receptor subtypes 

on Purkinje cells which mediate the various effects of 5-

HT on these cells. 

Effects of 5-HT Receptor Subtype 
Selective Antagonists on 

Responses to 5-HT 

In the following experiments antagonist compounds 

were normally applied via superfusion over the tissue 

slice. Antagonist concentrations used were the greatest 

concentrations which did not significantly change the 

basal firing rates of the Purkinje cell being studied. 

In most cases antagonist concentrations ranged from 1-
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5 M.M. In cases where in vitro studies were directly 

compared to similar studies ., antagonist compounds 

were applied iontophoretically. In these cases, the 

ejection currents selected were identical to those used 

in situ. 

E f f eiLt.5—O-f„th e 5-HT 2.—S-e. 1 e-Ct i.v.eL...Ant^aQni5-t > 
ReJ;.an.s.e,ri.n_ Qn„.Fu r..k.lnj_e _C e_Il._.B£SPii.ns.e.s. 
to Serotonin 

Studies by Leysen, et al. (1981) demonstrated highly 

selective binding of [^Hjketanserin to the 5-HT2 receptor 

subtype. The 5-HT2 receptor has been shown to have a 

greater affinity for [3H]ketanserin than for 

[3H]serotonin (Leysen, et al., 1981). In these 

experiments, 5-HT was first applied iontophoretically 

(ejection currents ranging from 10-80 nA) to Purkinje 

cells superfused with control medium. Purkinje cells 

were next superfused with medium containing 0.5-2 uM 

ketanserin, and 5-HT was again applied iontophoretically. 

In the 15 cells studied, 5-HT mediated inhibitions in the 

presence of ketanserin were slightly augmented in 53% 

(n=8), slightly attenuated in 40% (n=6) and unaffected in 

7% (n=l) of cases when compared with control values 

(Figure 16). Ketanserin appeared to slightly augment the 

mean inhibitions produced by 5-HT iontophoresis at the 

ejection currents of 20 and 40 nA, but slightly decreased 

the inhibitions at 10 and 80 nA (Figure 17). However, 
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Figure 16. Computer generated peri-ejection 
histograms comparing 5-HT effects on Purkinje cell firing 
in control medium (A) and medium containing 2 ̂ M 
ketanserin (B). In this example ketanserin had no effect 
on 5-HT-induced Purkinje cell inhibitions. Ejection 
currents of 5-HT are indicated for each pair of records, 
percent change from control is indicated above each 
record. In this and similar figures, the stippled areas 
are the control and ejection (underscore, 20-30 sec.) 
periods that were compared. Percent change was 
calculated from the total area in each period. 
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Figure 17. Mean inhibitions of Purkinje cell 
spontaneous discharge induced by 5-HT iontophoresis in 
control medium and medium containing 0.5-2 iiM ketanserin 
See text for discussion. In this and similar figures, 
numbers in each bar are number of cells per trial and 
error bars depict S.E.M. 
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neither the changes in 5-HT mediated inhibition nor 

excitation (three cells) were found to be statistically 

significant (P>0.05, Mann-Whitney Ranked Sum Two-sample 

test) at any ejection current. 

The lack of ketanserin effects on 5-HT-induced 

excitation or inhibition suggests that these effects are 

not mediated through the 5-HT2 receptor subtype. These 

results are supported by studies reported by Lakoski and 

Aghajanian (1985) who found that ketanserin had no effect 

on 5-HT-mediated inhibition of spontaneous firing in 

cells of the dorsal raphe nucleus, an area known to 

contain large numbers of 5-HTIA but not 5-HT2 receptor 

subtypes. Furthermore, quantitative autoradiographic 

studies of Pazos and Palacios (1985) demonstrated a lack 

of binding by 5-HT2 specific compounds in the cerebellar 

cortex. 

Interestingly, while ketanserin did not appear to 

alter the immediate effects of 5-HT, repeated application 

of 5-HT in the presence of ketanserin superfusion caused 

a slowly developing (15-20 minutes) increase in Purkinje 

cell spontaneous firing. When applied singly, neither 

repeated 5-HT iontophoresis nor ketanserin superfusion 

were found to significantly alter Purkinje cell basal 

firing rates. Repeated 5-HT application was found to 

produce a mean change in basal firing rates of only 1 + 

3% (n=14) after 15-20 minutes. Likewise, superfusion of 
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0.5-2 uM ketanserin alone produced a mean change in basal 

firing of -1 + 2% (n=17). However, in 15 cells, when 5-

HT was iontophoretically applied in the presence of 

ketanserin, the mean basal firing rate increased by 46 + 

8% (Figure 18). The differences between long-term 

changes in basal firing, due to 5-HT alone and 5-HT in 

the presence of ketanserin, were found to be 

statistically significant. Thus, it appears the 

combination of 5-HT and ketanserin elicits a slowly 

developing increase in basal firing that is independent 

of the 5-HT2 receptor subtype. Very few cells ever 

obtained a full recovery from this increase in basal 

firing and most eventually over-depolarized and stopped 

firing. Overdepolarizations were seen as a decrease in 

action potential spike height and an increase in action 

potential duration. This effect may be due to direct 

receptor effects, a biasing of the Purkinje cells to be 

more responsive to inputs from other cells, non-specific 

membrane effects, or metabolic changes in the cell. 

££f..e-citS-Q-f —th-^ 5-HT1A/5-Hl2_^eJLeiZJLlzg 
Antagonist Spiperone on Purkinie-_C-e-lJ. 
Re.spj3n^£.s-, tO—S-e. r 010 n i n 

In 1979, Peroutka and Snyder presented evidence from 

radioligand binding studies for two distinct 5-HT binding 

sites for which lysergic acid diethylamide has a high 

affinity. At one site, the 5-HTi site, [3H]5-HT also had 
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a high affinity, while at the other, the 5-HT2 site, 

[3H]spiperone had a high affinity. In addition to its 

high affinity for the 5-HT2 receptor site, spiperone has 

also been found to produce a non-sigmoidal displacement 

of [3H15-HT from the 5-HTi binding site (Pedigo, et al., 

1981). Those sites with high affinity for spiperone were 

designated 5-HTIA sites while those with low affinity for 

spiperone were designated 5-HTIB. Thus, spiperone has 

been defined as an antagonist of 5-HTIA and 5-HT2 sites. 

During initial experiments, spiperone was applied to 

Purkinje cells by superfusion (1-5 |JIM ), and 5-HT was 

applied by iontophoresis, using ejection currents of 10-

80 nA). The concentrations of spiperone used did not 

produce any significant alteration of Purkinje cell 

spontaneous discharge. In 24 cells whose spontaneous 

discharge was inhibited by 5-HT iontophoresis, spiperone 

attenuated these inhibitions in 46% (Figure 19), had no 

effect in 17%, and augmented the inhibitions in 37% of 

the cells tested (Figure 20). Attenuations of 5-HT 

induced inhibitions were found to be statistically 

significant for all ejection currents tested (P<0.05, 

Wilcoxon's' signed rank test; Figure 21). Augmentation 

of 5-HT-induced inhibitions were found to be significant 

only for the ejection currents of 20 and 40 nA (P<0.05, 

Wilcoxon's signed rank test; Figure 22). In four cells 

which responded to 5-HT with increased firing rates. 
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Figure 19. Computer generated peri-ejection 
histograms demonstrating (A) 5-HT-induced Purkinje cell 
inhibitions, at three ejection currents, in control 
medium and (B) attenuation of 5-HT effects in medium 
containing 2 |iM spiperone. See text for further 
discussion. 
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Figure 20. Computer generated peri-ejection 
histograms demonstrating (A) 5-HT-induced Purkinje cell 
inhibitions, at four ejection currents, in control medium 
and (B) augmentation of 5-HT effects in medium containing 
2 nM spiperone. See text for further discussion. 
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Figure 21. Attenuation of mean Purkinje cell 
inhibitions induced by 5-HT iontophoresis with 
superfusion of 1-5 uM spiperone. Asterisk denotes 
significance (P<0.05, Wilcoxon's signed rank test). 
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Figure 22. Augmentation of mean Purkinje cell 
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spiperone superfusion tended to attenuate Purkinje cell 

responses in all cells (not illustrated). However, such 

attenuations were not statistically significant (P>0.05, 

Mann-Whitney Ranked Sign two-sample test). 

The results of these experiments differed markedly 

from those observed in_-..siiu. using iontophoretically 

applied spiperone (2 nA) by Lee (1984). Lee found that 

spiperone attenuated 5-HT mediated Purkinje cell 

inhibitions in 82% and had no effect in 18% of cells 

tested (n=22). In order to investigate this discrepancy, 

I examined the effects of iontophoretically applied 

spiperone (2 nA) on 5-HT mediated Purkinje cell 

inhibitions in vitro. Iontophoretically applied 

spiperone blocked inhibitions produced by 5-HT in 6 of 7 

cells. In one cell, spiperone slightly augmented the 

inhibition of Purkinje cell firing. Attenuation of the 

inhibitions was found to be statistically significant at 

5-HT ejection currents of 20, 40 and 80 nA, but not at 

10 nA (Figure 23). In several cells, spiperone 

iontophoresis not only attenuated inhibitory responses of 

Purkinje cells to 5-HT, but, in fact, switched the 

responses from inhibition to excitation (Figure 24). 

In other experiments, five cells responded to 5-HT 

with increased spontaneous discharge. Spiperone 

iontophoresis (2 nA) significantly augmented the 

ex citations in 2 of the cells by an average of 25%, 
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Figure 24. Strip chart records demonstrating the 
reversal of Purkinje cell responses to 5-HT iontophoresis 
from inhibitions of spontaneous discharge to excitations 
in the presence of iontophoretically applied spiperone 
(2 nA). Percent changes of basal firing are indicated. 
In "B" the decrease in firing caused by spiperone was not 
seen in all cells tested, and when seen was not 
significant. 
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insignificantly attenuated excitations in 2 of the cells 

by an average of 3% and had no effect on one cell. Thus, 

quantitatively, spiperone iontophoresis appears to 

augment 5-HT mediated excitations somewhat more than it 

inhibits them. 

The effects of iontophoretically applied spiperone 

(2 nA) on 5-HT induced inhibition and excitation of 

Purkinje cell spontaneous discharges in vitro were quite 

similar to those reported by Lee in situ (1984). 

Therefore, it appears that antagonistic effects of 

spiperone are in some way dependent on the method of 

application. This may be due to a difference in the 

concentrations of spiperone at the receptor sites where 

5-HT is being applied. Iontophoretically applied 

spiperone would be more locally concentrated near the 

site of 5-HT application than would spiperone applied by 

superfusion. 

The results from the 5-HT antagonist studies suggest 

that inhibition of Purkinje cell spontaneous discharge by 

5-HT is at least partially mediated through the 5-HTIA 

receptor subtype. Furthermore, the 5-HT2 receptor 

subtype does not appear to be involved in the inhibition 

of Purkinje cell firing by 5-HT. 5-HT mediated 

excitations were not significantly attenuated by either 

ketanserin or spiperone. This suggests that excitation 

of Purkinje cell firing is not mediated through either 
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the 5-HTiA or 5-HT2 receptor subtypes. Tables 4 and 5 

summarize the qualitative effects of ketanserin and 

spiperone on 5-HT mediated inhibition and excitations. 

Selectiv e-._Ag.onist_Jk>iiipjiLuids 

Since Gaddum and Picarelli (1957) first suggested 

the presence of two 5-HT receptor subtypes, the M and D 

receptors, on the rat fundic strip, it has become clear 

that multiple 5-HT receptors exist (see reviews by 

Bradley, et al. 1986, Fozard 1987, Peroutka 1988a and 

1988b). In an attempt to better understand the effects 

of serotonin on Purkinje cell electrophysiology, the 

effects of several putative 5-HT receptor subtype 

selective agonists have been studied. As with the 

serotonin studies, agonist compounds were applied 

iontophoretically both in control medium and in medium 

containing antagonist compounds with similar receptor 

selectivity. In this manner, it was possible to 

determine if the Purkinje cell responses to the agonist 

compounds were due to specific receptor interactions or 

to other non-specific effects. 



Table 4. Effects of Ketanserin and Spiperone on 5-HT-
Induced Inhibitions of Purkinje Cell Spontaneous 
Discharge. 

Changes in 5-HT 
mediated inhibitions 
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A g e n t s T e s t g d 
T o t a l C e l l s No 

T e s t e d A t t e n u a t i o n Auginentat ion Change 

K e t a n s e r i n 15 
( S u p e r f u s i o n 0 . 5 - 2 |IM) 

6 (40%) 8 (53%) 1 (7%) 

S p i p e r o n e 
( S u p e r f u s i o n 2 |.1M) 24 11 (46%) 9 (37%) 4 (17%) 

S p i p e r o n e 
( I o n t o p h o r e s i s 2 nA) 6 (86%) 1 (14%) 0 (0%) 
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Table 5. Effects of Ketanserin and Spiperone on 5-HT-
Induced Excitations of Purkinje Cell Spontaneous 
Discharge. 

Change in 5-HT-Mediated Excitations 

Agents 
Tested 

Ketanserin 
(Superfusion 
1-5 ÎM) 

Spiperone 
(Superfusion 
1-5 ^M) 

Total 
Cells 

3 

4 

Attenuat ion 

0 (0%) 

4 (100%) 

A u g m e n t a t i o n 

0 (0%) 

0 (0%) 

tii2 Change 

3 (100%) 

0 (0%) 

Spiperone 
( I o n t o p h o r e s i s 
10-80 nA) 

2 (40%) 2 (40%) 1 (20%) 
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Purkinje Cell Responses to the 5-HTIA 
Selective Agonists 8-Hydroxy-2 
(Di-n-Propylamino) Tetraline 
(8-OH-DPAT) and Ipsapirone 

Pedigo, et al. (1981) found that spiperone produced 

a non-sigmoidal displacement of [3H]5-HT and designated 

those binding sites with high affinity for spiperone 5-

HTiA and those with low affinity 5-HTIB subtypes. Since 

then, other compounds have been shown to bind the 5-HTIA 

receptor more directly and with higher affinity than 

spiperone. [3H]8-hydroxy-2(di-n-propyl-amino) tetraline 

(8-OH-DPAT) and [^H]ipsapirone have been shown to bind 

the 5-HTiA receptor subtype with high affinity and 

specificity (Middlemiss and Fozard, 1983; Hall, et al. 

1985; Hoyer, et al. 1985; and Dompert, et al. 1985). 

Microiontophoretic application of these compounds has 

been shown to produce ejection current-dependent 

inhibitions of cell firing in the raphe nuclei (Sprouse 

and Aghajanian, 1986), an area shown by autoradiographic 

techniques to be densely populated with 5-HTIA binding 

sites (Pazos and Palacios, 1985). Sprouse and Aghajanian 

suggested that the 5-HTIA receptor subtype was important 

in mediating 5-HT-elicited inhibitions of cell firing in 

the raphe nucleus. Pazos and Palacios (1985) also showed 

a significant, albeit modest, number of 5-HT binding 

sites in the cerebellar cortex. Those sites found to 



125 

have 5-HTiA binding characteristics were located 

primarily in the granular and Purkinje cell layers. 

Iontophoretic application of 8-OH-DPAT and 

ipsapirone (10-80 nA and 10-60 nA, respectively) produced 

only inhibitions of Purkinje cell spontaneous discharge. 

8-OH-DPAT caused decreased Purkinje cell firing in 60 of 

65 cells (92%) while ipsapirone inhibited spontaneous 

discharge in 12 of 13 cells (92%); 8-OH-DPAT had no 

effect on five cells (8%) and ipsapirone had no effect on 

one cell (8%). Using least squares linear regression 

analysis, the inhibitions produced by these compounds 

were found to be significantly (P<0.05) ejection current-

dependent. Furthermore, analysis of covariance and 

multiple component analysis demonstrated that the 

ejection current-response curves for 8-OH-DPAT and 

ipsapirone were identical over the same range of ejection 

currents. However, the ejection current-response curve 

for 5-HT-mediated inhibitions was found to be 

significantly different from those for 8-OH-DPAT and 

ipsapirone (Figure 25). Thus, it appears that 

inhibitions of Purkinje cell firing by 5-HT are not 

mediated through exactly the same modes of action as 

inhibitions produced by 8-OH-DPAT and ipsapirone. 

Spiperone superfusion (2 uM) attenuated the 

inhibitions mediated by 8-OH-DPAT in 17 of 17 cells and 
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Figure 25. Comparison of ejection current-response 
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discharge induced by 5-HT and the 5-HTIA selective 
agonists 8-OH-DPAT and ipsapirone at various ejection 
currents. Each point represents the mean responses of 
10-94 cells ± S.E.M. 
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in 5 of 6 cells inhibited by ipsapirone. Figure 26 

demonstrates computer-generated peri-ejection histograms 

depicting inhibitions induced by 8-OH-DPAT and ipsapirone 

in control, spiperone superfusion and recovery trials. 

The mean inhibitions mediated by 8-OH-DPAT and ipsapirone 

tended to be decreased at all ejection currents and were 

statistically significant for 8-OH-DPAT ejection currents 

of 20, 40 and 60 nA and the ipsapirone ejections current 

of 40 nA (Figure 27). 

Iontophoretically applied spiperone (2 nA) also 

reduced 8-OH-DPAT-induced Purkinje cell inhibitions in 10 

of 11 cells and had no effect in one cell (Figure 28). 

The 8-OH-DPAT-induced inhibitions in the presence of 

iontophoretically applied spiperone were significantly 

(P<0.05, Mann-Whitney Ranked Sum two sample test) less 

than those of control trials at all ejection currents 

tested (Figure 29). Thus, it appears that spiperone 

produced the same effects on 8-OH-DPAT-induced 

inhibitions regardless of the method of its application. 

The above results demonstrate that the 5-HTIA 

specific agonists 8-OH-DPAT and ipsapirone strongly 

inhibit Purkinje cell spontaneous discharge, and that 

these effects are reduced in the presence of spiperone 

applied by either superfusion or iontophoresis. This 

correlates well with studies performed by Sprouse and 
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Figure 26. Computer generated peri-ejection 
histograms demonstrating the attenuation of 8-OH-DPAT-
and ipsapirone-induced inhibitions of Purkinje cell 
spontaneous discharges by superfusion of 2 nM spiperone 
See text for further discussion. 
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by superfusion of 2 nM spiperone. Asterisk denotes 
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Figure 28. Computer generated peri-ejection 
histograms demonstrating (A) 8-OH-DPAT-induced Purkinje 
cell inhibitions and (B) attenuation of 8-OH-DPAT effects 
by iontophoretically applied spiperone (2 nA). See text 
for further discussion. 
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Aghajanian (1986) in the raphe nucleus. Thus, it appears 

that inhibitions of Purkinje cell firing by serotonin are 

mediated at least partially through the 5-HTIA receptor 

subtype. However, it is evident that 5-HT also mediates 

some of its effects through receptors not related to the 

5-HTiA subtype. While 5-HT was found to produce 

inhibitory, excitatory or biphasic effects on Purkinje 

cell firing, 8-OH-DPAT and ipsapirone produced only 

inhibitions of firing. Spiperone superfusion was able to 

reduce inhibitions produced by 8-OH-DPAT in 100% of cells 

tested and inhibitions produced by ipsapirone in 83% of 

cells tested (16% showed no effect of spiperone). 

However, spiperone superfusion was found to reduce 5-HT-

induced inhibitions in only 46% of cells tested and 

actually appeared to augment the inhibitions in 37%. 

Iontophoretically applied spiperone also augmented some 

of the inhibitions induced by 5-HT and attenuated others, 

but only attenuated 8-OH-DPAT induced inhibitions. In 

addition, although spiperone was able to significantly 

attenuate inhibitions induced by 8-OH-DPAT and 

ipsapirone, Purkinje cell responses to either compound 

never switched from inhibitions to excitations of 

spontaneous discharge in the presence of spiperone, as 

was seen with 5-HT. Finally, repeated applications of 5-

HT in the presence of ketanserin produced slowly 

developing long-term increases in Purkinje cell firing 
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(Figure 18). These long-term increases were not observed 

with 8-OH-DPAT or ispapirone, suggesting that the long-

term excitations induced by 5-HT in the presence of 

ketanserin are not mediated by the 5-HTIA receptor 

subtype. 

Responses to the 5-HTIB Receptor Selective 
Agonist Meta-Trifluoromethylphenyl 

Piperazine (TFMPP) 

Studies by Sills, et al. (1984) showed that TFMPP 

binds specifically to the 5-HTIB receptor subtype. The 

5-HTiB subtype has been associated with 5-HT, 

acetylcholine and glutamate nerve terminals in rat brain 

(Bonanno et al., 1986; Raiteri et al., 1986). They found 

that depolarization of 5-HT containing neurons by 

potassium or electrical stimulation causes its release. 

The release has been shown to be inhibited by 5-HT, and 

it was suggested that this was mediated through a 

presynaptic autoreceptor. Autoradiographic studies 

(Pazos and Palacios, 1985) have demonstrated the presence 

of 5-HTiB receptors in the cerebellar cortex. They found 

nearly equal numbers of 5-HTIB receptors in the molecular 

and Purkinje cell/granular layers. 

Iontophoretic application of TFMPP (10-80 nA) was 

found to inhibit Purkinje cell firing in 29 of 34 (85%) 

cells and produce excitation of firing in 6 of 34 (15%) 

cells. No biphasic responses were observed with TFMPP 
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iontophoresis. The inhibitions induced by TFMPP were 

found to be significantly ejection current-dependent with 

linear regression analysis (P<0.05). In addition, using 

analysis of covariance, the amplitude of the ejection 

current-response curve was found to be significantly less 

than that for 5-HT. However, the slopes of both curves 

were found to be equal (Figure 30), suggesting that TFMPP 

may be exerting its effect in a similar but less potent 

manner. While the excitations induced by TFMPP appeared 

ejection current-dependent, too few values were obtained 

for statistical analysis. 

Effects of Ketanserin on TFMPP Induced 
Inhibit-i-QJiS—Q-f Purkin.ie Cell Flx.lag. 

The binding affinity of TFMPP for the 5-HTIB 

receptor subtype was found to be only 3-fold greater than 

for the 5-HT2 receptor subtype and 30-70-fold greater 

than for the 5-HTIA receptor subtype (Martin, et al., 

1982; Sills, et al., 1984). In order to rule out the 

possibility that TFMPP was exerting its effect through 

the 5-HT2 receptor, TFMPP was applied iontophoretically 

in the presence of ketanserin (2 uM) superfusion. Figure 

31 shows a comparison of mean Purkinje cell inhibitions 

induced by TFMPP alone and in the presence of ketanserin. 

At all ejections currents observed, ketanserin did not 

significantly alter the inhibitions induced by TFMPP. 

During these experiments only two cells responded to 
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TFMPP with an increase in spontaneous discharge. 

Ketanserin superfusion did not appear to alter these 

responses. Thus, it appears that TFMPP is not exerting 

its effects through the 5-HT2 receptor subtype. This 

further supports the suggestion that few, if any, of 5-HT 

effects on Purkinje cell firing are mediated through the 

5-HT2 receptor subtype. 

S£ip.e£jane :Effe_gJL5 on—IEMPP-Mediated 
Eu..riLiaj.e-Jlel.l Respons^^. 

As stated earlier, TFMPP binding affinity for the 5-

HTiB receptor is 30-70 times greater than its affinity 

for the 5-HTiA receptor. Therefore, as with the 5-HT2 

receptor, it was necessary to determine if TFMPP was 

exerting its effect through the 5-HTIA receptor. As was 

observed with 5-HT, spiperone superfusion (2 uM) 

attenuated TFMPP induced inhibitions in 6 of 10 cells 

(60%), had no effect in one cell (10%) and augmented 

inhibition in three cells (30%) (Figures 32 and 33). 

However, the effects of spiperone superfusion on TFMPP-

induced inhibitions were not statistically significant 

(P>0.05, Wilcoxon's signed rank test) at any ejection 

current (5-40 nA) of TFMPP (Figure 34). Spiperone was 

also applied iontophoretically (2 nA) concurrently with 

TFMPP, in order to further examine its effect on TFMPP-

induced inhibitions. In 6 of 6 cells (100%), 

iontophoretically applied spiperone was found to 
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Figure 32. Computer generated peri-ejection 
histograms demonstrating attenuation of TFMPP-induced 
Purkinje cell inhibitions by superfusion of spiperone 
(2 iiM). See text for further discussion. 
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Figure 33. Computer generated peri-ejection 
histograms demonstrating augmentation of TFMPP-induced 
Purkinje cell inhibitions by superfusion of spiperone 
(2 IiM). See text for further discussion. 



140 

30 n 

G 
O 
•H 
4J 
•H 

•H 
Si 
G 

4) 

u 
4) 
•m 
C3 

• H 

M 

04 

dp 

20 -

10 -

n control 
Q spiperone 

10 

10 20 40 

TFMPP Ejection Current (nA) 

Figure 34. Mean inhibitions of Purkinje cell 
spontaneous discharge induced by iontophoretic 
application of TFMPP in control medium and medium 
containing 1-5 \iH spiperone. Spiperone did not 
significantly alter TFMPP-induced inhibitions at any 
ejection current tested. See text for further 
discussion. 



141 

attenuate TFMPP-induced Purkinje cell inhibitions. 

However, the difference between TFMPP effects in control 

and spiperone (2 nA) trials were statistically 

significant only at the TFMPP ejection current of 30 nA 

(Figure 35). 

The results of these studies suggest that while 

TFMPP may be having a slight effect at the 5-HTIA 

receptor subtype, than main effects are due of the 5-HTIB 

receptor subtype and not to activation of either the 5-

HTiA or 5-HT2 receptor subtypes. Unfortunately, because 

no truly specific 5-HTIB antagonists are available, it is 

not possible to definitively state that the effects 

produced by TFMPP are mediated by the 5-HTIB receptor 

subtype. While the evidence would suggest that this is 

indeed the case, Purkinje cell responses to TFMPP may be 

mediated by an, as yet, undetermined receptor subtype. 

Pu.rJtinj.e.„..CellJEle5!j>..oj)s.ejs .to_CQ-.Ap.Eli.Qatloji 
aL_fiHDii^£AT_. _and_XFJlP_P_ 

Serotonin has been shown to have essentially equal 

binding affinities for the 5-HTIA and 5-HTIB receptor 

subtypes (Peroutka and Snyder, 1979; Pedigo, et al., 

1981). This series of experiments was designed to 

determine whether there is any synergistic or additive 

effects of 8-OH-DPAT and TFMPP on Purkinje cell firing. 

Both compounds were iontophoretically applied 

concurrently, using identical ejection currents, from two 
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application of TFMPP in control trials and in the 
presence of iontophoretically applied spiperone (2 nA) 
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side-barrels of a 4-barrel microelectrode. Concurrent 

application of 8-OH-DPAT and TFMPP elicited inhibitions 

of firing which were less than additive in 7 of 11 cells 

(64%) and had effects which were greater than or equal to 

additive effects in 4 of 11 cells (36%). In fact, in 5 

cells tested, the inhibitions induced by 8-OH-DPAT and 

TFMPP together were less than those of 8-OH-DPAT when 

applied alone, but greater than those of TFMPP alone. 

The inhibitions produced by concurrent compound 

application were not found to be significantly (P>0.05, 

Wilcoxon's signed rank test) greater than the inhibitions 

produced by either compound applied individually (Figure 

36). Thus, it appears that 8-OH-DPAT and TFMPP do not 

have additive or synergistic properties, and that TFMPP 

even may have some partial antagonist effects on 8-OH-

DPAT-induced inhibitions. 

Purkinje Cell Responses to 5-Carboxyamido-

tryptamine (5-CT) 

Studies by Heuring and Peroutka (1987) demonstrated 

that 5-CT has high binding affinity at the 5-HTIA, 5-HTIB 

and 5-HTiD receptors. Currently there is some 

controversy over the existence of the 5-HTID receptor in 

the rat brain. Herrick-Davis et al. (1989) report the 

presence of 5-HTID receptors in rat brain, but this is 

not supported by Peroutka et al. (personal communication) 
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who have been unable to identify this receptor in rat 

brain. However, for these experiments 5-CT was expected 

to, at least, have effects at the 5-HTIA and 5-HTIB 

receptors. Table 6 demonstrates the qualitative effects 

of 5-CT on Purkinje cell spontaneous discharge. As can 

be seen, 5-CT was found to produce inhibition, excitation 

and biphasic effects on Purkinje cell firing. 

Interestingly, at higher ejections currents (40 and 80 

nA), the percentage of excitatory or biphasic responses 

increased. In several cells, low ejection currents 

elicited inhibitions while high ejection current elicited 

excitations of cell firing (Figure 37). The 5-CT induced 

inhibitions did not demonstrate significant ejection 

current-dependency (P>0.05, Figure 38A), while the 

increases in firing were found to be significantly 

ejection current-dependent (P<0.05, Figure 388). 

Spiperone, applied by either superfusion (2 uM) or 

iontophoresis (2 nA), did not significantly alter the 

mean inhibition of Purkinje cell firing induced by 5-CT 

(P>0.05, Wilcoxon's signed rank test; Figure 39). 

However, in 2 of 6 cells, inhibitions induced by 5-CT 

ejection (80 nA) switched to excitations of spontaneous 

firing in the presence of iontophoretically applied 

spiperone (2 nA). 5-CT-mediated excitations of Purkinje 

cell firing did not appear to be affected by spiperone. 
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Table 6. Qualitative Responses of Purkinje Cells to 
Various Ejection Currents of Iontophoretically Applied 
5-Carboxyamidotryptamine. 

Ejection 

10 nA 

20 nA 

40 nA 

80 nA 

£1. A 

21 

23 

23 

22 

86% 

87% 

74% 

45% 

0 

0 

0 

14% 

10% 

13% 

22% 

36% 

4% 

0 

4% 

5% 
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10 nA 

-8% 

20 nA 

-9% 

40 nA 

-9% 

Figure 37. Computer generated peri-ejeotion 
histograms demonstrating the change in Purkinje cell 
responses to 5-CT iontophoretically applied at various 
ejection currents. See text for further discussion. 
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Figure 38. Ejection current-response curves for 
Purkinje cell inhibitions (A) and excitations (B) induced 
by iontophoretic application of 5-CT. (A) Each point 
represents mean inhibitory responses of 10-20 cells ± 
S.E.M. (B) Each point represents mean excitatory 
responses of 3-9 cells + S.E.M. The S.E.M. of responses 
to 10 nA 5-CT was less than 1. 
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Figure 39. Purkinje cell inhibitions induced by 
iontophoretically applied 5-CT alone and in the presence 
of spiperone superfusion (A) or iontophoresis (B). While 
iontophoretically applied spiperone tended to decrease 5-
CT induced inhibitions, these were not statistically 
significant (P>0.05, Wilcoxon's signed rank test). See 
text for further discussion. 
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However, there were not enough excitatory responses 

observed for statistical analysis. 

Effects of 5-CT on Purkinje cell firing were not 

qualitatively or quantitatively similar to those produced 

by any of the compounds previously described. While 5-CT 

has been shown to have high binding affinity for the 5-

HTiA receptor, its effects on Purkinje cell firing do not 

appear to be mediated through this receptor subtype. 

Studies utilizing antagonists of the 5-HTIB and 5-HT2 

receptor were not performed because no 5-HTIB selective 

antagonists are available, and 5-CT has not been reported 

to bind to the 5-HT2 receptor subtype. Although this 

study was unable to determine 5-CT's exact mechanism of 

action, these results in addition to other reports of 5-

CT's actions do suggest that some 5-CT effects may be 

mediated by some "5-HTi-like" receptor subtype. The 

results suggest that receptor subtypes mediating 

excitatory responses to 5-CT may have a lower binding 

affinity than those mediating inhibition. First, at 

higher ejection currents, 5-CT was shown to induce 

excitations in a greater number of cells than low 

ejection currents of 5-CT. Also, presumably blocking the 

5-HTiA receptors may have allowed expression of the 

excitatory responses. Unfortunately, electrophysiologic 

studies with 5-CT did not match the expectations of 5-CT 

binding studies. 
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Purkinje Cell Responses to the 5-HT2 
Selective Agonist l-(2,5-Di-Methyl)-

4-Iodo-2-Amino-Propane (DOI) 

In earlier studies, it was found that the 5-HT2 

specific antagonist ketanserin had no significant effect 

on Purkinje cell inhibitions mediated by 5-HT and TFMPP. 

However, due to a lack of excitatory responses to 5-HT, 

it was unclear whether these were mediated by the 5-HT2 

receptors. To resolve this issue, experiments were 

performed to determine the effects of the 5-HT2 selective 

agonist DOI. Binding studies have shown that DOI 

displays about a 250-fold selectivity for 5-HT2 versus 5-

HTi sites (Shannon, et al., 1984 and Glennon, et al., 

1983). Currently, two specific 5-HT effects have been 

attributed to activation of the 5-HT2 receptor. 

Facilitation of glutamate-mediated excitations in the 

facial motor nucleus by 5-HT has been shown to be 

mediated by the 5-HT2 receptor (McCall and Aghajanian, 

1980). More recently, Davies, et al. (1987) demonstrated 

that 5-HT causes a slow depolarization in 68% of cortical 

pyramidal neurons. This effect also appears to be 

mediated by the 5-HT2 receptor subtype. Therefore, in 

other brain regions, 5-HT appears to mediate neuronal 

excitation via the 5-HT2 receptor subtype. 

Surprisingly, iontophoretic application of DOI 

elicited inhibition of Purkinje cell spontaneous 

discharge in 14 of 16 cells tested. In addition, DOI 
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caused excitation at low ejection currents (5 and 10 nA), 

but caused inhibition at higher ejection currents (20 and 

40 nA) in the remaining two cells. At ejection current 

greater than 40 nA, DOI produced non-specific membrane 

effects, manifested by a decreased spike height and 

increased action potential duration. The inhibition 

induced by DOI did not display a significant dependence 

on the ejection current (Figure 40). 

Application of 1-5 iiM ketanserin by superfusion was 

not found to significantly alter DOI-mediated inhibition 

of Purkinje cell firing. In fact, as can be seen in 

Figure 41, the inhibitions by DOI in the presence of 1-

5 M.M ketanserin actually appear larger than those 

produced by DOI alone. These results suggest that DOI 

effects are not being mediated through specific 

interactions with the 5-HT2 receptor subtype but rather 

through non-receptor specific effects on the Purkinje 

cell membrane. The results of these experiments, taken 

with the results described earlier, strongly suggest that 

Purkinje cell responses to 5-HT, both inhibitory and 

excitatory, are not mediated through the 5-HT2 receptor 

subtype. 



153 

30 1 

2 5 -
G 
O 
•H 
4J 
•H 

•H 

H 

4> 
U 

4) 

C 
•H 
M 
U 
O 
04 
dP 

20 -

15 -

10 -

5 -

1 0 
—r-
20 

—T— 

30 4 0 

DOI Eject ion Current (nA) 

Figure 40. Eject ion current-response curve for 
Purkinje c e l l i n h i b i t i o n induced by iontophoret ic 
a p p l i c a t i o n of DOI. Each point represents the mean 
responses of 9-14 c e l l s ± S.E.M. 
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Figure 41. Inhibition of Purkinje cell spontaneous 
discharge induced by iontophoretically applied DOI in 
control medium and medium containing 1-5 uiM ketanserin. 
Ketanserin did not significantly alter DOI induced 
inhibitions (P>0.05, Mann-Whitney rank sum two sample 
test). 
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Initial experiments demonstrated that in the 

presence of low (0.56 mM) Mg2+, a greater percentage of 

Purkinje cells respond to 5-HT with excitation of 

spontaneous discharges than those in the presence of 

physiologic (1.15 mM) Mg2+ concentrations. In addition, 

excitations of Purkinje cell firing due to 5-HT 

superfusion in low Mg2+ were significantly larger than 

those in physiologic Mg2+. Inhibitions induced by 5-HT 

iontophoresis in physiologic Mg2+ tended to be greater 

than those in low Mg2+ at ejection currents of 40 and 80 

nA and were significantly larger at 40 nA (P<0.05). 

Thus, it appears that 5-HT effects are sensitive to the 

concentration of Mg2+ in the superfusion fluid. To 

further study changes in Purkinje cell responses to 5-HT 

in different Mg2-̂  concentrations, I examined the effects 

of 8-OH-DPAT and TFMPP on cellular discharge rates in 

slices superfused with media containing low and 

physiologic Mg2+ concentrations. 
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Responses to 8-OH-DPAT in the Presence 
of Low and Physiologic Mg2-»-

Concentrations 

Autoradiographic and radioligand binding studies by 

Verge et al. (1986) and Norman et al. (1985) have shown 

binding to the 5-HTIA receptor subtype by putative 

agonists to be significantly increased in the presence of 

divalent cations, such as Mg2-»-, Mn2-»- or Ca2-»-. Previous 

observations in the course of this study strongly 

suggested that. 5-HT-induced inhibitions are, at least, 

partially mediated through the 5-HTIA receptor subtype. 

Therefore, based on the studies by Verge and Norman, it 

was suspected that 8-OH-DPAT-induced inhibitions would be 

altered by changing the Mg2-̂  concentration. Purkinje 

cell responses to 8-OH-DPAT were compared in the same 

cell first in low and then physiologic Mg2-^. Only cells 

which were tested in both Mg2+ concentrations were 

included for statistical analysis. 

Qualitatively, it was found that in 7 of 9 cells, 

the inhibitions induced by 8-OH-DPAT in physiologic Mg2-̂  

were greater than those in low Mg2-^; there was no 

difference in one cell; and the inhibition was greater in 

low Mg2+ than physiologic Mg2+ in one cell. Figure 42 

demonstrates a computer record of Purkinje cell responses 

to different ejection currents of 8-OH-DPAT in low and 

physiologic Mg2+. The inhibitions tended to be larger in 

physiologic Mg2+ at all ejection currents tested (10-40 
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A B. C. 
0.56mM MgS04 I.ISmM MgS04 O.SSmM MgS04 
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lOnA 
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Figure 42. Computer generated peri-ejection 
histograms demonstrating inhibitions of a single Purkinje 
cell induced by iontophoretic application (10-40 nA) of 
8-OH-DPAT in superfusion fluids containing low (A and C) 
or physiologic (B) concentrations of Mg2+. See text for 
further discussion. 
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nA) and were statistically significant for ejection 

currents of 20 and 40 nA (P<0.05, Wilcoxon's signed rank 

test; Figure 43). These results provide strong 

electrophysiological support for the binding studies of 

Verge and Norman by demonstrating increased effects of 8-

OH-DPAT in physiologic Mg2-»- versus low Mg2-^. In 

addition, these results further suggest that Purkinje 

cell inhibition induced by 5-HT is at least partially 

mediated through the 5-HTIA receptor subtype. 

Responses to TFMPP in the Presence of Low 
and Physiologic Mg2-̂  Concentrations 

In the same study where binding of 8-OH-DPAT to the 

5-HTiA receptor was found to be Mg2-̂  dependent. Verge et 

al. (1986) also found that binding to the 5-HTIB receptor 

was unaffected by altered Mg2+ concentrations. In the 

presence of low Mg2+, TFMPP was found to inhibit cell 

firing in 5 of 9 cells (56%); increase firing in 3 of 9 

cells (33%); and produce a biphasic response in one cell 

(11%). As mentioned previously, in physiologic Mg2-^, 

TFMPP produced inhibition in 29 of 34 cells (85%) and 

excitation in 6 of 34 cells (15%). No biphasic responses 

were observed in the presence of physiologic Mg2+. When 

directly comparing Purkinje cell responses to TFMPP in 

low and physiologic Mg2+, it was found that in 4 of 5 

cells the inhibitions were larger in physiologic Mg2-^; 
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Figure 43. Inhibition of Purkinje cell spontaneous 
discharge induced by iontophoretically applied 8-OH-DPAT 
in media containing physiologic (1.15 mM) or low (0.56 
mM) Mg2-»- concentrations. Asterisk denotes significance 
(P<0.05, Wilcoxon's signed rank test). 
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however, in one cell the inhibition was larger in low 

Mg2-^. Although the inhibitions tended to be larger in 

physiologic Mg2-^, the differences between inhibitions 

found in the two concentrations of Mg2-̂  were not 

statistically significant (P>0.05, Wilcoxon's signed rank 

test) at any ejection current tested (10-40 nA, Figure 

44). During these experiments, only one cell was found 

to respond with excitation of firing, but this excitation 

was decreased in physiologic Mg2-^. 

The qualitative difference in effects of TFMPP in 

the two Mg2-^ concentrations does support our earlier 

findings with spiperone antagonism that there may be some 

cross-effects of TFMPP on the 5-HTIA receptor. However, 

this cross-effect appears to be minor, and the majority 

of Purkinje cell responses to TFMPP seem to be mediated 

through the 5-HTIB receptor subtype. The lack of any 

significant differences between TFMPP effects in low or 

physiologic Mg2+ gives electrophysiologic support to the 

findings reported by Verge et al. (1986). This further 

suggests that the effects of TFMPP are mediated via the 

5-HTiB receptor. 

Compari5on•5-j?JE.„PjaxkirU-e_-C.e-I.l--Eg-5Pjpnses to 
Dendritic V&rsii£--S.QEatl£-5-HT Application 

Autoradiographic binding studies by Pazos and 

Palacios (1985) have demonstrated differences in receptor 

subtype concentrations in the molecular layer and the 
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Purkinje cell/granular layers of the cerebellar cortex. 

They found that the majority of binding in the molecular 

layer was to the 5-HTIB receptor, whereas in the Purkinje 

cell/granular layers, the majority of binding was to the 

5-HTiA receptor. Furthermore, these studies have 

demonstrated that 5-HT superfusion produces a greater 

percentage of cells responding with increased firing than 

5-HT iontophoresis onto the Purkinje cell soma. This 

evidence suggested that there may be site specific 

differences in the response of Purkinje cells to 

somatically and dendritically applied 5-HT. A series of 

experiments were designed to study the possible site 

specific effects of 5-HT applied dendritically and 

somatically. 

Three different approaches were attempted before a 

technique was developed which provided satisfactory 

results. These techniques warrant a brief description at 

this time. During initial experiments, two 

microelectrodes were utilized to iontophoretically apply 

5-HT somatically and dendritically. Purkinje cells were 

identified with the somatically placed microelectrode and 

5-HT was iontophoretically applied to the Purkinje cell 

soma to determine a 5-HT effect. An unbalanced, single-

barrel microelectrode containing 5-HT was placed in the 

molecular layer perpendicular to the Purkinje cell layer 

about two thirds the distance to the pial surface from 
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the identified cell. Serotonin was applied to the 

dendrites using low ejection currents in the dendritic 

electrode. Two problems with this technique were readily 

detected. First, the iontophoresis produced an 

unbalanced positive polarity current at the Purkinje cell 

dendrites. Second, because the dendritic microelectrode 

was driven by the same iontophoresis unit as the somatic 

microelectrode, whenever the ejection current in the 

dendritic electrode was turned on, an automatic balancing 

current was applied through the somatic electrode. Thus, 

whenever the dendritic current was applied, an equal 

negative polarity current was applied automatically to 

the soma. Therefore, the effects of 5-HT were over

shadowed by the direct current effects at both the 

dendrites and the soma. 

Due to these disadvantages, dendritic application of 

5-HT with micropressure ejection was attempted next. 

This technique had the presumed advantages of eliminating 

any possible current effects, and also a known 

concentration of 5-HT could be administered to the 

dendrites. The Purkinje cells were identified with a 

somatically placed microelectrode and the dendritic 

pressure pipette was localized in the same position as 

just described for the unbalanced electrophoretic 

microelectrode. Again several disadvantages became 

apparent with this technique. First, no retaining 
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current was available to prevent diffusion of 5-HT from 

the pipette tip. Thus, the slow leak of compounds from 

the pipette tip could lead to desensitization of 

dendritic receptors leading to falsely negative results 

to pressure ejection of the compound. Second, the 

pipette tip was easily clogged preventing compound 

ejection, again producing falsely negative results. 

However, the most important disadvantage was that the 

pressure required to eject 5-HT also caused some movement 

of the slice. This movement produced either mechanical 

artifacts or caused the cell to be ruptured by the 

somatic recording electrode. This technique never 

produced any satisfactory results, and was abandoned. 

The final technique utilized was the one described 

in Chapter II. Using a three-barrel microelectrode for 

dendritic iontophoresis eliminated the problems produced 

by direct current effects observed with the unbalanced, 

single-barrel microelectrode. Utilizing one barrel as a 

manual balance-barrel prevented direct current effects in 

the dendritic tree. In addition, because the net current 

ejected at the dendrites was zero, the automatic balance 

barrel located on the somatic microelectrode did not 

eject any balancing current and therefore current effects 

on the soma were eliminated. The other two barrels 

contained glutamate and 5-HT, respectively. Proper 

location of the dendritic microelectrode was determined 
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with iontophoretically applied glutamate. With proper 

dendritic placement, iontophoretically applied glutamate 

has been shown to produce strong excitations of Purkinje 

cell firing (Crepel et al. 1982). However, Crepel et al. 

further showed that if glutamate was applied to GABAergic 

interneurons rather than directly to Purkinje cell 

dendrites, spontaneous discharge was inhibited rather 

than excited. This study confirmed their findings. It 

was found that when the dendritic microelectrode was 

placed in the proper position, very brief ejections of 

glutamate produced powerful excitations of Purkinje cell 

firing. However, with misplacement of the microelectrode 

by as little as 10-20 um out of the dendritic plane, 

glutamate produced either no effect or inhibition of 

Purkinje cell firing (Figure 45). 

Once the dendritic microelectrode was properly 

placed, Purkinje cell responses to 5-HT iontophoresis at 

the soma and dendrites were compared directly. 

Somatically applied 5-HT was utilized first to determine 

the basic responsiveness of the Purkinje cell to 5-HT 

iontophoresis using an already proven method. 

Additionally, somatic application of 5-HT provided a 

frame-of-reference with which to compare Purkinje cell 

responses to dendritically applied 5-HT. 

Dendritically applied 5-HT produced inhibitions of 

spontaneous discharge in 7 of 12 cells (58%) and 
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Figure 45. Strip chart record demonstrating 
inhibition and excitation of Purkinje cell spontaneous 
discharge by dendritic iontophoresis of the excitatory 
amino acid glutamate. Inhibitions of firing are believed 
Lo be due to stimulation of inhibitory interneurons. 
Excitations are believed to be due to direct effects of 
glutamate on the Purkinje cell dendrites. The letters 
"a", "b" and "c" represent glutamate ejection at 
different dendritic sites. Note that at site "a" 
glutamate produced no effect, while at site "b" it 
produced powerful inhibitions. At site "c" glutamate 
produced a powerful excitation indicating close proximity 
to the Purkinje cell dendritic tree. 
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excitation of spontaneous discharge in 5 of 12 cells 

(42%) (Figure 46). Purkinje cell responses to 

somatically applied 5-HT did not provide any predictive 

value for the effects of dendritically applied 5-HT. Of 

five cells responding to somatically applied 5-HT with 

inhibition of firing, three responded to dendritic 

application also with inhibition of firing while the 

other two responded with excitation of cell firing. 

Similarly, of five cells responding to somatically 

applied 5-HT with excitation of spontaneous firing rates, 

two also responded to dendritic application with 

excitation, while three responded with inhibition of 

spontaneous firing rates. Finally, in two cells showing 

no response to somatically applied 5-HT, one responded to 

dendritic 5-HT with inhibition and one with excitation of 

spontaneous firing rates (Table 7). Thus, Purkinje cell 

responses to dendritically applied 5-HT appeared not to 

be dependent on the effects of somatically applied 5-HT. 

The inhibitory and excitatory effects of 

dendritically and somatically applied 5-HT were 

attenuated by superfusion of the non-selective 5-HT 

antagonist metergoline (10-20 uM). Figure 47 

demonstrates computer records of somatically and 

dendritically applied 5-HT effects on Purkinje cell 

spontaneous discharge in control medium and medium 

containing metergoline. 
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Figure 46. Computer generated peri-ejection 
histograms demonstrating inhibition (A) and excitation . 
(B) of Purkinje cell firing by dendritic iontophoresis of 
5-HT. See text for further discussion. 
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Table 7. Comparison of Qualitative Purkinje Cell 
Responses to Somatic and Dendritic 5-HT Iontophoresis 

Responses to Dendritic ftPPliCfttign 

Responses to No 
Somatic Inhibition ExcJtfltJgn Change 
Applieation 

Inhibition 3/12 2/12 0/12 

Excitation 3/12 2/12 0/12 

No Change 1/12 1/12 0/12 



170 

A. B. 
Control 
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+5% +1% + 18% 
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Figure 47. Computer generated peri-ejection 
histograms demonstrating Purkinje cell responses to 
somatic and dendritic iontophoresis of 5-HT in control 
media and media containing the non-selective 5-HT 
antagonist metergoline. (A) Control trials of somatic 
and dendritic 5-HT iontophoresis. (B) Iontophoresis in 
the presence of metergoline superfusion (10 ^M). (C) 
Recovery of 5-HT effects to pre-metergoline levels. 
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The results of these experiments show that, when 

applied dendritically, 5-HT does have an effect on 

Purkinje cell spontaneous discharge which can be blocked 

by the 5-HT antagonist compound, metergoline. However, 

no singular site-specific effect, either excitatory or 

inhibitory, could be determined. These results also 

suggest that 5-HT may possibly exert its effects through 

direct interaction with Purkinje cell dendrites and not 

through interactions with interneurons. However, whether 

5-HT is exerting its effects on presynaptic terminals 

impinging on the Purkinje cell dendrites or through 

direct effects on postsynaptic dendritic receptors 

remains to be determined. 



CHAPTER IV 

DISCUSSION 

This study was performed using the relatively new 

technique of recording from brain slices in vitro. Using 

extracellular recordings, this study demonstrated that 

single-unit activity of Purkinje cells in vitro was quite 

similar to that seen in situ. Action potential 

waveforms, amplitude and duration were nearly identical 

to those found in situ. In addition, spontaneous simple 

spike activity and firing frequencies were found to be 

quite similar to those recorded in situ. Although 

spontaneous complex discharges were lost, due to the loss 

of climbing fiber input, they could be elicited with 

bipolar electrode stimulation of the white matter 

entering the cerebellar cortex. Thus, based on the 

morphological and electrophysiological characteristics 

determined in this and other studies, it can be concluded 

that the cerebellar slice is a valid technique for 

studying the effects of 5-HT on Purkinje cell 

electrophysiology. 

172 
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Interpretation of Experimental Results 

Comparison of Purkinje Cell Responses 
to 5-HT Applied by Superfusion 

and Iontophoresis 

Purkinje cell responses to superfusion of 5-HT were 

found to be significantly different from 5-HT effects 

elicited by iontophoresis when compared both in low and 

physiologic concentrations of Mg2+. Not only did 5-HT 

superfusion elicit more excitations of Purkinje cell 

firing, but these excitations were larger than those 

observed with 5-HT iontophoresis. However, neither the 

excitations nor inhibitions elicited by 5-HT superfusion 

were found to be significantly ejection current-related 

in either concentration of Mg2-^. Conversely, both the 

inhibitions and excitations induced by 5-HT iontophoresis 

were found to display significant ejection current-

dependent characteristics. Additionally, when the 

effects of both 5-HT superfusion and iontophoresis were 

directly compared in the same cell it was found that of 

ten cells responding to 5-HT iontophoresis with decreased 

spontaneous discharge rates, eight cells responded to 5-

HT superfusion with excitation of spontaneous discharge. 

Oddly, when the superfusion medium contained low Mg2+, 

the excitations of Purkinje cell firing produced by 5-HT 

superfusion appeared dose-dependent for concentrations of 

10-100 ^M, but at 200 and 400 uM concentrations the mean 

excitatory responses diminished. One possible reason for 



174 

this observation is that the receptors mediating 

excitation have a higher binding affinity for 5-HT than 

those mediating inhibition. Therefore, as the 

concentration of 5-HT increases, the excitatory responses 

may be counteracted by increased binding to and 

activation of receptors mediating Purkinje cell 

inhibition. 

However, this hypothesis is refuted by several lines 

of evidence. In 1984, Lee suggested low and high binding 

affinities for excitatory and inhibitory receptors, 

respectively, based on observed biphasic effects of 5-HT 

iontophoresis on Purkinje cell firing. She suggested 

that early in the ejection period, corresponding to the 

inhibitory phase of the response, the concentration of 5-

HT is low. Later in the ejection period, the excitatory 

phase of the biphasic response corresponds with increased 

amounts of 5-HT released. 

In addition, when the superfusion concentrations 

were compared to the calculated concentrations of 5-HT 

released from the iontophoretic electrode, they were 

found to be quite similar. Iontophoretic application of 

compounds is dependent on Faraday's law of electrolysis 

given by the equation 

M = nIt/zF 

where M is the number of moles of a given ion released by 

current (I) during time (t). The transport number (n). 
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which is based on the ionic transference of an ionized 

compound in the presence of an applied electrical 

current, has been calculated to be 0.20 for 5-HT (Heagler 

and Aghajanian, 1974; Bradley and Candy, 1979); the 

valence of 5-HT creatinine sulfate at pH 4.0 is 1; and F, 

is Faraday's constant, is 9.65 x 10* coul./mol. In order 

to calculate the number of moles released per second, the 

equation reduces to 

Q = In/zF 

where Q is the molar flux given. Thus, the number of 

moles released per second ranged from 2.1 ^ 10-^* mole/s 

for 10 nA ejections to 1.66 ^ 10-^3 mole/s for 80 nA 

ejections. During a steady state of ionic flux the 

concentrations which are obtained in the environment of 

the tip of the microelectrode can be estimated by the 

equation (Curtis et al., 1960) 

C = 107Q/(4TCdD) 

where C is the concentration (moles/liter) of a substance 

at point d (microns) from the tip of the electrode; D is 

the diffusion coefficient of the particular substance 

within the external medium; and Q is the molar flux. 

Curtis et al. (1960) calculated the value of D and showed 

it to be 1 X 10-s cm2/sec for large ions. In addition, 

Curtis (1964) estimated that the mean distance (d) from 

electrode tip to neuron is approximately 35 microns. 

Thus, the molar concentration of 5-HT applied 
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iontophoretically at the receptor can be calculated as 

48 nM for 10 nA to 377 piM for 80 nA ejection currents. 

Thus, the predicted molar concentrations obtained with 

iontophoretic application of 5-HT fall within the 

concentration range utilized in superfusion. 

The estimates of 5-HT concentrations obtained with 

iontophoresis may actually be more accurate than the 

concentrations of 5-HT at the Purkinje cell obtained with 

superfusion. Iontophoresis is far more localized to the 

recorded Purkinje cell than superfusion, and therefore, 

is expected to be less altered by environmental 

interventions. For instance, with superfusion the actual 

concentration of 5-HT at the receptor can be altered by 

such factors as the diffusional barriers between the 

slice surface and the particular Purkinje cell being 

recorded. Since the cerebellar slices were 350 um thick, 

the diffusional differences between cells recorded deep 

within the slice and those on the slice surface could 

have been quite significant. Other barriers to 5-HT 

superfusion may be glial or presynaptic uptake of 5-HT 

before it reaches the investigated cell. Thus, it 

appears that estimated concentrations of 

iontophoretically applied 5-HT may be more accurate than 

concentrations assumed to be reached with superfusion. 

However, one explanation supports the hypothesis of 

a concentration effect mediating the difference in 
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excitatory dose-response curves obtained with 

iontophoresis and superfusion and the unusual dose-

response curve observed with excitations induced by 5-HT 

superfusion. Due to the greater diffusional distances 

and greater possibility of intervening mechanisms, the 

maximal 5-HT concentrations obtained with superfusion are 

expected to be reached much more slowly than those 

obtained with iontophoresis. Thus, with more slowly 

increasing concentrations, the receptor subtypes with 

greater affinities may bind 5-HT at concentrations which 

are too low to elicit responses detectable by 

extracellular recordings. Following interactions with 5-

HT, these receptors may become desensitized and 

functionally lost. Thus, as the maximal concentrations 

are reached, the low affinity receptors are activated 

more in concert than the high affinity receptors. 

Following this reasoning, it is assumed that the 

inhibitory effects of the high affinity 5-HTIA receptors 

are inactivated prior to maximal stimulation; therefore, 

at low 5-HT concentrations in the superfusion fluid, the 

excitatory effects would be unmasked. With higher 5-HT 

concentrations in the superfusion fluid, higher 5-HT 

concentrations at the recorded cell would be reached more 

rapidly; therefore, the inhibitory receptors could act 

more in concert with each other and thus counteract the 

excitatory receptors. This would be expected to cause the 
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decreased excitations at the higher concentrations of 5-

HT in the superfusion fluid. This hypothesis argues 

against the excitatory receptors as being the high 

affinity receptors. 

Finally, in this study it was found that when the 

putative inhibitory receptor subtype (5-HTIA) was blocked 

with spiperone, excitatory effects of 5-HT were unmasked. 

Thus, it appears that the inhibitory receptors actually 

have the higher binding affinities for 5-HT and must be 

antagonized or masked before excitatory effects of 5-HT 

can be observed. While there may be some concentration 

effects mediating the difference between Purkinje cell 

responses to 5-HT iontophoresis and superfusion, the 

majority of the evidence suggests that this is not the 

major factor influencing these differences. 

Another possible explanation for the different 

effects observed with superfusion and iontophoresis could 

be that there are site specific receptors mediating the 

excitatory and inhibitory effects of 5-HT. One accepted 

dogma of neuronal cytoarchitecture is that excitatory 

receptors are generally localized to dendritic sites 

while inhibitory receptors are located primarily on the 

soma and axon hillock (Shepherd, 1979). It would be 

expected that 5-HT superfusion would interact with all 5-

HT receptors, both excitatory and inhibitory, while 

iontophoretically applied 5-HT would tend to be more 
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localized to the inhibitory receptors on the soma, given 

the bias of a microelectrode to record primarily somatic 

electrical activity. However, as will be discussed in 

greater detail later, experiments comparing the effects 

of iontophoretically applied 5-HT at Purkinje cell somata 

and dendrites did not substantiate this hypothesis. In 

addition, this hypothesis does not account for the 

unusual excitatory dose-response curve obtained with 5-HT 

superfusion. 

A final hypothesis is that the excitatory effects of 

5-HT superfusion are actually due to a disinhibition of 

Purkinje cell spontaneous discharge. Purkinje cells are 

known to give off inhibitory recurrent collaterals to 

neighboring Purkinje cells (Ito, 1984). In addition, it 

has been demonstrated in this study that in the 

cerebellar slice, Purkinje cells are spontaneously 

active. Presumably this simple spike activity is 

endogenously driven because Purkinje cells have been 

shown to be at least partially driven by endogenous pace

maker potentials (Hounsgaard, 1979; Groul, 1983). Thus, 

if the Purkinje cells are spontaneously active and 

sending inhibitory axons to neighboring cells, then it 

can be assumed that any particular cell which is being 

recorded is also receiving some inhibitory influences 

from its neighboring Purkinje cells. When 5-HT is 

applied to the cerebellar slice by superfusion, it is 
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assumed that it is evenly distributed over the entire 

surface of the slice. Thus, not only is 5-HT affecting 

the recorded cell but also all its neighboring cells. If 

5-HT were producing inhibitory effects on neighboring 

cells, then their inhibitory influences on the recorded 

cell would be diminished. The loss of inhibitory 

influences on the Purkinje cell may overshadow the direct 

inhibitory effect at low 5-HT concentrations. However, 

as the concentration of 5-HT in the superfusion fluid is 

increased, the direct inhibitory effect of 5-HT may begin 

to counteract disinhibitions causing the excitatory 

effects to diminish. While Lee et al. (1984) have shown 

that the excitations of Purkinje cell firing by 

iontophoretically applied 5-HT in situ are due to direct 

postsynaptic receptor interactions, these findings do not 

preclude the possibility of a disinhibitory effect of 

superfusion. In fact, it is possible that the 

excitations induced by 5-HT are due to a combination of 

both direct excitatory effects of 5-HT and indirect 

disinhibitions of Purkinje cell spontaneous activity. 

The above discussion illustrates one major 

difficulty in interpreting data obtained from tissue 

slices. This issue is further demonstrated by the 

results of several studies examining 5-HT effects on 

activity of hippocampal pyramidal cells. Three different 

research groups utilizing three different methods for 
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examining 5-HT effects on hippocampal pyramidal cell 

electrophysiology reported three different conclusions of 

effects mediated by 5-HT. Peroutka et al. (1987) and 

Mauk et al. (1988) using compound superfusion reported 

that 5-HT produced rapid hyperpolarizations of pyramidal 

cells. However, while the 5-HTIA receptor selective 

compound buspirone had no measurable effect on membrane 

potentials, it was able to diminish field potentials 

elicited by stimulation of Schaffer collaterals. These 

results led the investigators to conclude that 5-HT 

directly hyperpolarized pyramidal cell membrane 

potentials while buspirone displayed presynaptic effects. 

On the other hand, studies by Andrade and Nicoll (1987a 

and b) using microiontophoretic compound application 

reported that buspirone elicited a long lasting 

hyperpolarization of pyramidal cell membrane potentials. 

However, the hyperpolarization induced by buspirone was 

significantly smaller than that induced by 5-HT. In 

addition, buspirone superfusion was able to attenuate 

hyperpolarizations induced by 5-HT. Based on these 

results, Andrade and Nicoll concluded that buspirone 

acted as a partial agonist on hippocampal pyramidal 

cells. Finally, in situ studies by Sprouse and 

Aghajanian (1988) showed that 5-HT produced potent 

inhibitions of pyramidal cell spontaneous discharge while 

the 5-HTiA selective compound, 8-OH-DPAT, produced only 
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weak inhibition of spontaneous discharge. They 

additionally concluded that in the hippocampus 8-OH-DPAT 

acts as only a partial agonist. Thus, it appears that 

results obtained in these studies depended in part on the 

technique utilized. Therefore, it is important that when 

examining literature discussing neurotransmitter effects 

on neuron electrophysiology in brain slices, one should 

critically review the methods of compound application. 

Due to the differences in effects based on the 

method of 5-HT application, it is important to ask which 

method of 5-HT application more accurately resembles the 

true in situ effects of 5-HT on Purkinje cell 

electrophysiology. Anatomical studies have shown the 

presence of 5-HT fibers and terminals within the 

cerebellar cortex (Chan-Palay, 1971; Tekuchi et al., 

1982; Bishop and Ho, 1985). These fibers appear to make 

discreet synaptic contacts on both the Purkinje cell soma 

and dendrites. In addition, a system of meandering, 

varicose fibers was identified in the cerebellar cortex. 

However, this fiber system does not appear to make 

synaptic contacts with Purkinje cells. Furthermore, the 

effects of iontophoretically applied 5-HT observed in 

this study closely resembled those reported in situ while 

the results of 5-HT superfusion did not. Therefore, it 

appears that the more localized 5-HT application obtained 

by 5-HT iontophoresis provides a more accurate 
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description of the natural effects of 5-HT in the 

cerebellum. The diffusional distances that 5-HT must 

cover when released from the microelectrode are generally 

less than 50 \im. The Purkinje cell soma ranges in size 

from 20-40 jim and the dendritic branches span a distance 

of greater than 400 um. Thus, iontophoretic application 

can produce far more discreet and localized effects than 

can be obtained with superfusion. One disadvantage of 

iontophoresis may be that this method of application is 

too discreet. There are broad plexuses of 5-HT 

containing fibers impinging on both the soma and 

dendrites of a single Purkinje cell. Thus, there may be 

extensive interactions between the Purkinje cell and 5-HT 

containing fibers modifying its cellular activity. 

However, iontophoresis still allows for determination of 

spatial effects of 5-HT on Purkinje cell activity. In 

conclusion, several lines of evidence suggest that 

iontophoretic application is the better technique for 

examining the effects of 5-HT and 5-HT receptor selective 

agonist compounds on Purkinje cell spontaneous discharge. 

Characterization of 5-HT Receptor Subtypes 
Mediating Purkinje Cell Responses 

to Serotonin 

In the ij cerebellar slice, iontophoretic 

application of 5-HT was found to produce three effects on 

Purkinje cell spontaneous discharge: pure inhibition. 



184 

pure excitation and a biphasic effect of inhibition 

followed by prolonged excitation of spontaneous firing. 

5-HT receptor subtype-selective agonist and antagonist 

compounds were used to determine possible 5-HT receptor 

subtypes mediating these different effects. Table 8 

lists the different 5-HT receptor agonist and antagonist 

compounds used in this study, and their effects on 

Purkinje cell spontaneous discharge. 

Possible Receptor Subtypes Mediating 3-HT-
Induced Purkin.ie Cell Inhibitions 

In cerebellar slices superfused with medium 

containing physiologic concentrations of Mg2+, 5-HT was 

found to elicit inhibition of spontaneous discharge in 

79% of Purkinje cells tested. Initial studies of 

receptor subtype effects were performed by comparing 

Purkinje cell responses to 5-HT iontophoresis during 

superfusion with control medium and then with medium 

containing 5-HT receptor subtype selective antagonists. 

While I had determined that superfusion was not the 

method of choice for application of agonist compounds, it 

still appeared to be a valid method for applying 

antagonist compounds to Purkinje cells. By definition, 

antagonists are compounds that bind to receptors without 

producing any intrinsic effect but prevent agonist 

compounds from eliciting their effects. Thus, it was 

felt that with prolonged, continuous superfusion. 



185 

Table 8: Summary of effects of 5-HT and 5-HT receptor 
subtype selective agonist compounds on Purkinje cell 
spontaneous discharge. 

£2LCLitatimi Biphasic HJI_ effect 

5-HT 

8-OH-DPAT 

Ipsapirone 

TFMPP 

5-CT 

DOI 

45-

88-

79% 

92% 

92% 

85% 

-86% 

-100% 

10-

0-

13% 

0% 

0% 

15% 

-36% 

-12% 

8% 

0% 

0% 

0% 

0-14% 

0% 

0% 

8% 

8% 

0% 

0-5% 

0% 
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putative 5-HT receptor subtype selective antagonists 

would be able to reach concentrations sufficient to 

antagonize site specific effects of 5-HT iontophoresis 

without themselves significantly altering Purkinje cell 

spontaneous activity. In fact, the selection of 

antagonist concentrations was based not only on their 

reported binding affinities but also on the maximum 

concentration which did not produce any specific or non

specific effects on cellular activity. 

Superfusion of the 5-HT2 receptor subtype selective 

compound, ketanserin, did not significantly alter 5-HT-

induced inhibitions of Purkinje cell firing, suggesting 

that 5-HT2 receptor subtypes are not involved in 

inhibitory effects of 5-HT. However, the 5-HTIA/5-HT2 

selective antagonist, spiperone was found to alter 5-HT-

induced inhibitions. Oddly, spiperone was found to both 

attenuate (in 46% of cells tested) and augment (in 37% of 

cells) inhibitions induced by 5-HT. Attenuation of 5-HT-

induced inhibitions were statistically significant at all 

5-HT ejection currents tested, while augmentations were 

significant at only half the ejection currents tested. 

The effects of spiperone superfusion on 5-HT-induced 

inhibitions differed from the effects of 

iontophoretically applied spiperone observed both in situ 

and n̂ vitro. In the cerebellar slice, iontophoretically 

applied spiperone attenuated inhibitions in the majority 



187 

of cells tested. No augmentation of inhibitory 5-HT 

effects were observed. In fact, in several cells, not 

only were inhibitory effects of 5-HT blocked, but 

Purkinje cell responses were reversed to excitations. 

Possible explanations for the discrepancy between 

effects of spiperone applied by iontophoresis and 

superfusion relate to explanations given for 

discrepancies observed with 5-HT iontophoresis and 

superfusion. Because 5-HT and spiperone were 

iontophoretically applied from side-barrels of the same 

microelectrode, these compounds were both more closely 

localized to the same receptor sites on the Purkinje 

cell. Ligand binding studies by Pazos and Palacios 

(1985) demonstrated that the majority of 5-HTIA receptors 

are located on the Purkinje cell soma. Furthermore, the 

tips of microelectrodes used in this study were localized 

to the Purkinje cell soma when recording and 

iontophoretically applying compounds. Thus, spiperone 

appears to more directly interact with the somatic 

receptors activated by 5-HT, and therefore more 

efficiently antagonize 5-HT-induced inhibitions mediated 

by the SHTIA receptor subtype. Conversely, superfusion 

of spiperone provides a more diffuse interaction with 5-

HT receptors. Thus, the difference in effects may once 

again be due to the difference in concentrations of 

spiperone at the receptor sites stimulated by 5-HT. 
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While the same range of spiperone concentrations were 

applied in all experiments, it was not possible to 

determine the concentration actually reaching the 

specific sites activated by 5-HT. Again, electrode 

placement may have played an important role in 

determining the concentration of spiperone at the 

particular cells recorded. Differences in electrode 

depth may have had a significant effect on the amount of 

spiperone that was able to diffuse to the cell recorded. 

Also, environmental and metabolic interventions may again 

have been playing a significant role in the concentration 

of spiperone at the recorded cell. Because 5-HT effects 

appear to be mediated through several receptor subtypes, 

the variable concentrations of spiperone obtained with 

superfusion may have been masking or unmasking specific 

5-HT effects based on the concentrations reached at 

specific receptor sites. This question will not be 

resolved until a sufficient technique for measuring the 

concentrations of compounds actually reaching the 

receptor site is developed. 

Despite the differences in spiperone effects 

depending on the method of application, the results 

obtained in these experiments suggest that the inhibition 

of Purkinje cell firing induced by 5-HT was at least 

partially mediated by the 5-HTIA receptor subtype. Thus, 

further experiments were designed to examine effects of 
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5-HTiA agonists on Purkinje cell activity. Two novel 

anxiolytics (8-OH-DPAT and ipsapirone) with high affinity 

and selectivity for the 5-HTIA were utilized to examine 

the effects of 5-HTIA activation on Purkinje cell 

activity. The vast majority of Purkinje cells tested 

(92%) were found to respond to iontophoretic application 

of these compounds. Of the cells responding, 100% 

responded with inhibition of spontaneous discharge. In 

addition, based on their dose-response characteristics, 

8-OH-DPAT and ipsapirone appear to be more potently 

inhibitory than 5-HT. 

The greater potency of these compounds may possibly 

be due to a higher binding affinity by these compounds 

for the 5-HTiA receptor subtype. However, this is not 

supported by ligand binding studies (Peroutka, 1988a), 

which demonstrated high affinity binding (Ri < 10 nM) for 

8-OH-DPAT, ipsapirone and 5-HT. However, while 

ipsapirone and 8-OH-DPAT display binding affinities for 

the 5-HTiA receptor subtype which are two and three 

orders of magnitude, respectively, greater than for any 

other receptor subtype (Hamon et al., 1986), 5-HT 

displays nearly equal binding affinities for all subtypes 

of the 5-HTi class of receptors (Peroutka, 1988b). 

Therefore, while 8-OH-DPAT and ipsapirone appear to 

be interacting only with the inhibitory 5-HTIA receptor 

subtype, the additional interactions of 5-HT with non-
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inhibitory receptor subtypes may be counteracting its 

inhibitory effects. This hypothesis is further supported 

by the weak inhibitory effects produced by 5-

carboxyamidotryptamine (5-CT) observed in this study. 

Studies by Heuring and Peroutka (1987) demonstrated that 

5-CT actually has a higher binding affinity for the 5-

HTiA receptor subtype than 8-OH-DPAT. However, 5-CT also 

displays very potent binding to the 5-HTIB and 5-HTID 

receptor subtypes. As will be discussed in greater 

detail later, activation of the 5-HTIB receptor subtype 

by the relatively selective compound TFMPP produced both 

inhibition and excitation of Purkinje cell firing. 

Therefore, as with 5-HT, while 5-CT potently binds the 5-

HTiA, its interactions with 5-HTIB and 5-HTID receptor 

subtypes may negate inhibitory effects elicited by 

activation of the 5-HTIA receptor. 

The hypothesis that 8-OH-DPAT and ipsapirone exert 

their inhibitory effects through the 5-HTIA receptor 

subtype is supported by the antagonism of these 

inhibitions by spiperone. Interestingly, spiperone was 

able to significantly attenuate Purkinje cell inhibitions 

regardless of the method of application. While 

iontophoretic application of spiperone appeared to be 

slightly more potent than superfusion in attenuating 

inhibitions, both methods of application were effective 

at attenuating the effects of 5-HTIA receptor subtype 
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activation. In addition, neither method of spiperone 

application was ever found to augment the inhibitions of 

Purkinje cell firing. Because 8-OH-DPAT and ipsapirone 

are so selective in their receptor interactions, they 

appear to mediate only one effect on Purkinje cell 

firing, inhibition. Therefore, while spiperone 

concentrations obtained by superfusion may not be as 

great as those produced by iontophoresis, this 

concentration difference does not unmask any alternate 

effects of 8-OH-DPAT or ipsapirone. The above data 

strongly support the hypothesis that the inhibitory 

effects of 5-HT are at least partially mediated by the 5-

HTiA receptor subtype. In addition, results obtained 

with 5-HT application further suggest the possibility of 

a second 5-HT receptor subtype involved in the inhibitory 

effects of 5-HT, as well as the existence of a different 

5-HT receptor subtype mediating other 5-HT effects. 

Several studies have demonstrated an association 

between the 5-HTIA receptor subtype and 5-HT sensitive 

adenylate cyclase. Markstein et al. (1986) demonstrated 

that in homogenates of rat hippocampal membranes, 5-HT-

stimulated adenylate cyclase activity was mediated by the 

5-HTiA receptor subtype. They found that nanomolar 

concentrations of 8-OH-DPAT were able to potently 

stimulate adenylate cyclase activity while only very high 

concentrations of compounds selective for other 5-HT 



192 

receptor subtypes produced any demonstrable effect. 

These results were supported by Shenker et al. (1983) and 

Barbaccia et al. (1983) who further demonstrated that 5-

HT-stimulated activation of adenylate cyclase was 

mediated by a GTP-sensitive (G) protein. 

Activation of adenylate cyclase by neurotransmitters 

requires interactions of three membrane protein 

components: a stimulating receptor (Rs), a stimulating 

guanyl nucleotide binding protein (Gs-protein) and 

adenylate cyclase itself (Schramm and Selinger, 1984). 

The Gs-protein has been shown to be interposed between 

the Rs and adenylate cyclase. Thus, 5-HT appears to 

activate adenylate cyclase indirectly through the Gs-

protein. In the absence of neurotransmitter agonists, 

the Rs is found to be complexed with the Gs-protein. 

This complex has a high affinity for its specific 

neurotransmitter. With agonist binding to this high 

affinity complex, both Rs and Gs-protein undergo 

conformational changes so that Rs transiently locks the 

neurotransmitter and the Gs-protein exposes a previously 

hidden GTP binding site. Binding of GTP to this site 

activates the Gs-protein. The activated Gs-protein 

dissociates from this agonist-receptor-G-protein complex 

and activates adenylate cyclase to produce the second 

messenger cAMP. Without the Gs-protein, the receptor has 

a lower affinity for its agonist and thus the two 
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dissociate. Interestingly, Barbaccia et al. (1983) 

showed that the ability of 5-HT to stimulate adenylate 

cyclase was greatly enhanced by the addition of 100 ^M 

GTP, and was inhibited by spiperone. Studies by others 

further demonstrated that GTP lowers the receptor binding 

affinity of 5-HT and 8-OH-DPAT (Schramm and Selinger, 

1984; Hall et al., 1985). Therefore, it appears that in 

the presence of GTP, the Gs-protein is more efficient in 

activating adenylate cyclase. These results strongly 

suggest that activation of the cAMP second messenger 

system by 5-HT is mediated by the 5-HTIA receptor 

subtype. 

Conversely, studies by Yakel et al. (1988), who used 

cultured mouse striatal neurons, and Weiss et al. (1986), 

who used striatal and cortical neuron cultures, found 

that while 5-HT was able to stimulate cAMP production, 5-

HTiA agonists did not mimic this effect. Furthermore, 

Weiss et al. (1986) and De Vivo and Maayani (1986) found 

that 5-HTiA agonist compounds actually inhibited 

stimulation of adenylate cyclase by forskolin. Although 

the exact mechanism of forskolin's action on the 

adenylate cyclase system is unknown, the use of this 

agent facilitates the measurement of effects of receptors 

that inhibit adenylate cyclase activity (Birnbaumer et 

al., 1985). De Vivo and Maayani reported that 8-OH-DPAT 

and buspirone potently inhibited forskolin-stimulated 
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adenylate cyclase activity, and this ••< mtagonized by 

spiperone. Furthermore, ketanserin a. J ' : S 205-930, a 

compound with high binding affinity for the 5-HT3 

receptor, have no effect on forskolin-stimulation of cAMP 

production. 

In addition to the adenylate cyclase activating 

agonist-receptor-G-protein complex, Schramm and Selinger 

(1984) identified an inhibitory complex of the same basic 

composition. Fundamental to this complex is an 

inhibitory G-protein (Gi). This Gi-protein is 

structurally similar to the Gs-protein. In fact, both 

the Gi and Gs proteins were found to share the same 3-

subunit. It is believed that when the Gi-protein is 

activated, the 0-subunit dissociates and increases the 

level of free ^-subunits in the membrane. This increase 

in free P-subunits by the law of mass action, prevents 

dissociation of the Gs-protein 3-subunit, thereby locking 

the Gs-protein in the inactive state and preventing it 

from activating adenylate cyclase. Thus, it appears that 

in addition to its ability to activate adenylate cyclase, 

under certain conditions the 5-*'.TIA receptor may also be 

able to inhibit this same prote;n. However, it has not 

been determined if the 5-HTIA receptor is linked to 

either or both G-protein complexes in the same cell. 

Finally, studies by Colino and Halliwell (1987) 

demonstrated three distinct effects of 5-HT on identified 
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K"^-conductances in hippocampal pyramidal cells: 

(1) enhancement of a Ca-independent K-current which is 

responsible for neuronal hyperpolarization and is 

therefore inhibitory; (2) suppression of a slow Ca-

dependent K-current that is largely responsible for the 

accommodation of rapid cell firing; and (3) a more slowly 

developing and long-lasting suppression of an intrinsic 

voltage-dependent K-conductance, thereby producing 

neuronal depolarization and excitation. Furthermore, 

they found that antagonizing 5-HT interactions with the 

5-HTiA receptor diminished only one effect on the K-

conductances, the initial hyperpolarization. Andrade et 

al. (1986) confirmed the presence of this 5-HTiA-linked 

K-conductance. In addition, the suggested that the 5-

HTiA receptor is directly coupled to the K-̂ -channel in 

these neurons. Activation of the 5-HTIA receptor results 

in the opening of this K-^-channel, eliciting an outward, 

hyperpolarizing current. Based on a number of 

observations, Andrade et al. excluded the possibility 

that the linkage occurred through such diffusible second 

messengers as cAMP, Ca2+ or diacylglycerol. However, 

their experiments with pertussis toxin and stable GDP and 

GTP analogs implicated a GTP-binding (G) protein in these 

responses. Pertussis toxin which is known to inactivate 

several G-proteins was found to completely block the 

action of 5-HT. Furthermore, spiperone was also shown to 
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block the effect of 5-HT, leading the authors to suggest 

that this 5-HT effect was also mediated by the 5-HTIA 

receptor subtype. On the other hand, the stable GTP 

analog, guanosine 5'-0-(3-thiotriphosphate) (GTPrS), 

which maintains the G-protein in its activated state, was 

shown to mimic the action of 5-HT. Finally, they showed 

that a phorbol ester which was found to phosphorylate and 

suppress the G-protein markedly reduced responses to 5-

HT. Thus, it is possible that inhibitions of Purkinje 

cell spontaneous discharges mediated by the 5-HTIA 

receptor subtype may be acting through one (or more) of 

three possible mechanisms. 

Several studies have demonstrated the presence of 

biochemical components of several second messenger 

systems in Purkinje cells. Studies by Siggins et al. 

(1971) demonstrated the presence of receptor-mediated 

cAMP second messengers in Purkinje cells. They 

determined that inhibitions of Purkinje cell spontaneous 

discharge induced by NE was linked to cAMP activation and 

was mimicked by iontophoretic application of cAMP. 

Further evidence was reported with the administration of 

methylxanthines, which inhibit the enzymatic breakdown of 

cAMP by phosphodiesterase. These compounds were found to 

significantly increase the depressant effects of both NE 

and cAMP on Purkinje cells. Lastly, Siggins et al. 

(1971) showed by lesioning presynaptic fibers, that NE 
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effects were produced postsynaptically in Purkinje cells. 

Thus, it appears that the biochemical constituents 

required for activation of the cAMP second messenger 

system are present in Purkinje cells. In addition, 

studies by Blackstone et al. (1989) demonstrated the 

presence of an inositol phospholipid (PI) second 

messenger system in Purkinje cells which was stimulated 

by glutamate. In addition, it appears that activation of 

phospholipase C, a component of the PI second messenger 

system, is linked to a G-protein (Worley et al., 1986). 

Purkinje cells also have been shown to be enriched with 

the calcium-binding proteins calmodulin, parvalbumin and 

calbindin-DasK (Legrand et al., 1983; Wassef et al., 

1985). Lastly, Groul and Franklin (1987) have suggested 

that some aspects of Purkinje cell activity may be 

mediated by a cyclic GMP second messenger system. The 

results of the above studies demonstrate that a wealth of 

biochemical components needed to mediate most second 

messenger systems, so far identified, are present in 

Purkinje cells, supporting the hypothesis that the 

effects of 5-HTiA selective compounds are mediated 

through at least one, and possibly more, of these second 

messenger systems. 

Inhibition of Purkinje cell spontaneous discharge 

does not appear to be the sole domain of 5-HTIA selective 

agonists. The 5-HTIB selective agonist TFMPP was also 
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found to produce inhibitions of Purkinje cell spontaneous 

discharge. Surprisingly, when the dose-response curve 

for TFMPP was compared to that of 5-HT, the slopes of 

these curves were found to be statistically identical. 

While the inhibitions induced by 5-HT were significantly 

larger than those produced by TFMPP, the mechanisms of 

their actions appear to be similar. Additionally, the 

qualitative effects of TFMPP and 5-HT were also quite 

similar. TFMPP was found to produce inhibition in 85% 

and excitation in 15% of the cells tested while no 

biphasic effects were observed. In comparison, 5-HT was 

found to produce inhibition in 79%, excitation in 13% and 

a biphasic effect in 8% of the cells tested. Serotonin 

effects mediated by the 5-HTIB receptor subtype have been 

much more difficult to define than those effects mediated 

by the 5-HTIA receptor subtype because, unlike the 5-HTIA 

receptor, there are no truly selective agonists or 

antagonists for the 5-HTIB subtype. Ligand binding 

studies have shown TFMPP to display only three-fold 

greater affinities for 5-HTIB than for 5-HT2 and 70-fold 

greater affinities than for the 5-HTIA receptor. Thus, 

in examining the effects of TFMPP on Purkinje cell 

firing, it was important to determine which effects were 

mediated by the 5-HTIB receptor and which were not. 

Superfusion of ketanserin did not produce any significant 

change in inhibitions produced by TFMPP, suggesting that 
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the inhibitory effects of TFMPP are not mediated by the 

5-HT2 receptor subtype. 

Superfusion of spiperone produced effects on TFMPP-

induced inhibitions which were similar to its effects on 

5-HT-induced inhibitions, both attenuating and augmenting 

these inhibitions. However, neither attenuations nor 

augmentations of TFMPP-induced inhibitions were found to 

be statistically significant. Iontophoretic application 

of spiperone attenuated TFMPP-induced inhibitions in six 

out of six cells tested. However, attenuation of TFMPP-

induced inhibitions were statistically significant only 

at the ejection current of 30 nA. The data obtained 

from these experiments suggest that TFMPP-induced 

inhibitions may be partly mediated by the 5-HTIA receptor 

subtype, but not by the 5-HT2 receptor subtype. If there 

is some spill-over of TFMPP binding to the 5-HTIA 

receptor, it does not appear to be large enough to 

account totally for the inhibitory effects produced by 

TFMPP. Thus, these results have lead to the conclusion 

that the majority of inhibitory effects produced by TFMPP 

are mediated by the 5-HTIB receptor subtype. 

Ligand binding studies utilizing [3H]TFMPP have 

shown 5-HTiB receptors to be localized to presynaptic 

autoreceptors in several regions of the brain (Martin and 

Sanders-Bush, 1982; Gozlan et al., 1983; Middlemiss, 

1984; Hibert and Middlemiss, 1986; Murphy and Zemlan, 
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1988). These presynaptic autoreceptors appear to mediate 

the release of neurotransmitters such as 5-HT, ACh and 

glutamate from presynaptic nerve terminals. Recent 

studies (Raiteri et al., 1986; Bonanno et al., 1986) 

demonstrated that in cerebellar synaptosomes the release 

of endogenous glutamate or 5-HT by depolarization with 15 

mM KCl can be potently inhibited by 5-HT. Furthermore, 

it has been shown that this effect could not be blocked 

by antagonists selective for either 5-HTIA or 5-HT2 

receptor subtypes. More recent studies by Murphy and 

Zemlan (1988) revealed that inhibition of presynaptic 5-

HT release in the spinal cord produced by 5-HT 

interactions with the presynaptic autoreceptor is 

mimicked by agonists selective for the 5-HTIB receptor 

subtype. 

In 1983 Groul reported a technique for culturing 

cerebellar cortical cells which retained morphologically 

correct and functional synaptic connections. Groul found 

that Purkinje cells, in addition to having endogenous 

pace-maker potentials, received spontaneous exogenous 

influences. These influences were shown to be expressed 

as EPSPs, IPSPs and biphasic EPSP/IPSPs. This 

investigator suggested that the EPSPs arose from granule 

cell activity because these were the only excitatory 

neurons included in the cultures. Groul further 

suggested that not only did Purkinje cells have 
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endogenous pace-maker potentials but that granule cells 

did as well. Therefore, Groul concluded that the 

Purkinje cell has both endogenous and exogenous factors 

modulating its spontaneous activity. 

Based on the above data it can be postulated that 

effects of TFMPP observed in this study may be due to 

both direct and indirect effects of TFMPP. Indirect 

effects of TFMPP application may be due to a reduction in 

exogenous excitatory influences on Purkinje cell 

spontaneous discharge by inhibiting release of glutamate 

from presynaptic terminals. Ligand binding studies by 

Pazos and Palacios (1985) have shown the majority of 5-

HTiB receptors to be located in the molecular layer, 

which is where granule cell axons make excitatory 

synapses. Serotonergic parallel-like and diffuse, 

meandering fibers reported by Chan-Palay (1976) in the 

molecular layer may make axo-axonic synapses on true 

parallel fibers and thus inhibit the release of glutamate 

from these axon terminals. Thus, 5-HT may inhibit 

presynaptic release of glutamate and thereby diminish the 

excitatory drive on Purkinje cells. The relative 

weakness of inhibitions produced by TFMPP can be 

explained if the exogenous driving influences of the 

parallel fibers are only secondary to the endogenous 

pace-maker potentials of Purkinje cells. Thus, 

inhibition of glutamate release from the presynaptic 
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terminals would only mildly decrease the spontaneous 

discharge of Purkinje cells. 

One flaw in this hypothesis is that somatically 

applied TFMPP would have to diffuse relatively large 

distances in order to affect the presynaptic 

autoreceptors located in the molecular layer. The time 

delay between onset of TFMPP ejections and inhibitions 

seems to be too short for this hypothesis to be 

supported. However, excitatory synaptic contacts have 

also been demonstrated on the Purkinje cell proximal 

dendrite and soma. Therefore, there may be some indirect 

inhibitory effects of TFMPP through the presynaptic 

autoreceptors. However, further studies manipulating the 

synaptic contacts onto Purkinje cells would be required 

to satisfactorily examine this question. 

While Pazos and Palacios found the majority of 5-

HTiB receptors to reside in the molecular layer, they 

none-the-less reported a significant population of these 

receptors in the Purkinje cell layer. Therefore, TFMPP 

may also have some influence through somatically located 

5-HTiB receptors. Once again this influence may possibly 

be mediated both directly and indirectly. In the 

cerebellar slice, it is believed that Purkinje cell 

somata still maintain functional inhibitory synapses; 

however, the excitatory climbing fiber input from the 

brain stem inferior olivary nucleus is functionally lost. 
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Thus, it seems that the only possible effect would 

actually be to inhibit release of GABA from inhibitory 

presynaptic terminals. The predominance of evidence 

presented would seem to suggest that TFMPP elicits its 

inhibitory effects primarily through direct interactions 

with postsynaptic 5-HTIB receptors. 

In this study, it was observed that co-application 

of 8-OH-DPAT and TFMPP at equal ejection currents did not 

significantly increase inhibitions of Purkinje cell 

spontaneous firing over values obtained with each 

compound applied alone. It was hypothesized that if 

these compounds were eliciting their effects through 

separate receptor subtypes, co-application should have 

produced additive inhibitory effects. However, since 

this hypothesis was not supported, it was initially 

concluded that TFMPP must be exerting its effect through 

the 5-HTiA receptor subtype. In addition, because with 

ejection currents of 20 nA the effects of co-application 

were actually less than those produced by 8-OH-DPAT 

alone, it was suggested that TFMPP may even act as a 

partial antagonist at the 5-HTIA receptor. However, a 

recent study by Hamblin et al. (1987) demonstrated that 

in the hippocampus and cerebral cortex, the 5-HTIB 

receptor is linked to a pertussis toxin-sensitive G-

protein. Thus, TFMPP and 8-OH-DPAT may not be exerting 

their effects through the same receptor subtype but 
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rather through the same second messenger system. In 

1986, Andrade et al. reported that a pertussis toxin-

sensitive G-protein couples 5-HTIA, GABAB and adenosine 

receptors to the same K*̂  channel. They found that 

hyperpolarizations of membrane potentials elicited by 

either 5-HT or baclofen, a GABAB agonist, were of equal 

sizes. Furthermore, when applied concurrently the 

hyperpolarizations produced were no larger than those 

produced individually by these compounds due to occlusion 

of the G-protein. 

Therefore in this study, if both receptor subtypes 

are linked to the same G-protein postsynaptically, then 

addition of effects with co-application would not be 

expected. In addition, TFMPP may not activate the G-

protein as potently as 8-OH-DPAT and therefore, under 

certain conditions, may act as a partial antagonist to 8-

OH-DPAT. It has been suggested that in the hippocampus 

8-OH-DPAT acts as a partial agonist (Sprouse and 

Aghajanian, 1988) or even as a complete antagonist 

(Colino and Halliwell, 1987). Therefore, it seems 

possible that other compounds, such as TFMPP, may also 

display this characteristic. 

Interestingly, Hamblin et al. (1987) showed that 5-

HTiB receptors in the cerebral cortex and hippocampus 

exist in two binding affinity states. This could explain 

the difficulties in developing highly selective compounds 



for this receptor subtype. In addition, the existence of 

two affinity states could explain the variety of effects 

observed with stimulation of this receptor subtype. At 

one affinity state the 5-HTIB receptor subtype may 

mediate inhibitory effects while at the other it may 

mediate excitatory effects. Furthermore, these different 

affinity states may allow compounds such as TFMPP to 

behave as either full or partial agonists. The data 

presented suggest that the inhibitory effects of 5-HT on 

Purkinje cell spontaneous discharge are at least 

partially mediated by the 5-HTIA receptor subtype. The 

exact mechanisms of inhibition remain to be determined. 

In addition, the 5-HTIB receptor subtype may also have 

inhibitory effects on Purkinje cell activity, although 

its mechanism of action remains largely unclear. 

205 

Possible Receptor Subtypes Mediating 5-HT-
IiuJ.iLC-ejl_P-.ux-kinje C e l l Exclt-atijBJis. 

While the inhibitions of Purkinje cell firing appear 

to be mediated by the 5-HTIA receptor subtype, other 

effects of 5-HT do not appear to be mediated by this 

receptor subtype. While the majority of Purkinje cells 

responded to 5-HT iontophoresis with inhibitions of 

spontaneous discharge, 13% of the cells tested responded 

with excitations and 8% responded with a biphasic 

alteration in firing. Furthermore, results of this study 
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demonstrated that 5-HT induced inhibitions reversed to 

excitations in the presence of spiperone, suggesting that 

the excitatory effects are mediated by a receptor subtype 

unique from the 5-HTIA subtype. 

The 5-HT2 receptor subtype has been found to produce 

excitations of facial motor neurons and other brain stem 

neuclei (McCall and Aghajanian, 1980; Davies et al., 

1987). Therefore, it was hypothesized that excitations 

of Purkinje cell firing may be mediated by the 5-HT2 

receptor subtype. However, results obtained in this and 

other studies do not support this hypothesis. Ketanserin 

did not significantly alter the excitations of Purkinje 

cell firing produced by iontophoretic application of 5-HT 

or TFMPP. In addition, the 5-HT2 selective agonist DOI 

did not elicit excitations of Purkinje cell firing. In 

fact, in the majority of cells tested, DOI elicited 

inhibition of Purkinje cell firing. However, these 

inhibitions did not appear to be dose-dependent and were 

not blocked by ketanserin, strongly suggesting that this 

effect was not mediated by specific interactions with the 

5-HT2 receptor subtype. These findings are supported by 

radioligand binding studies of Pazos and Palacios (1985) 

which did not demonstrate a significant number of 5-HT2 

selective binding sites in the cerebellar cortex. 

TFMPP was found to produce significantly dose-

dependent excitations in 15% of Purkinje cells tested. 
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This effect was not altered by either ketanserin or 

spiperone, suggesting that excitations are not mediated 

by either 5-HTIA or 5-HT2 receptor subtypes. Colino and 

Halliwell (1987) reported that in hippocampal neurons 

antagonists of the 5-HTIA revealed a subsequent slow, 

depolarizing action of serotonin, and that antagonists of 

the 5-HTiB receptor subtype blocked this depolarization. 

Thus, they suggested that 5-HT-induced depolarizations of 

hippocampal CAl cells were mediated by the 5-HTIB 

receptor subtype. The depolarizing effects of 5-HT on 

pyramidal cells were confirmed by Andrade et al. (1986). 

However, they reported that the pharmacology of these 

depolarizations did not conform to any of the 5-HT 

receptor subtypes that have so far been characterized by 

ligand binding studies and were not mediated by the 

second messenger cAMP. Similarly, in this study it was 

observed that in the presence of ketanserin, 5-HT 

elicited a slowly developing, long-lasting increase in 

Purkinje cell firing. This effect was not produced by 

either 5-HT or ketanserin application alone and was not 

mimicked by 8-OH-DPAT. Therefore, it appears that this 

slow increase in spontaneous discharge is mediated by a 

receptor subtype unique from the 5-HTIA and 5-HT2 

subtypes. 

Iontophoretic application of 5-CT was shown in this 

study to elicit inhibition, excitation and biphasic 
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effects on Purkinje cell firing rates. Heuring and 

Peroutka (1987) reported that 5-CT has potent binding 

affinities for 5-HTIA, 5-HTIB and 5-HTID receptor 

subtypes. One interesting observation of 5-CT effects on 

Purkinje cell firing was that as ejection currents used 

to apply 5-CT were increased, qualitative responses of 

Purkinje cells to 5-CT were markedly altered. As 

ejection currents were increased from 10 to 80 nA 

Purkinje cell responses changed from inhibition in 86%, 

excitation in 10% and no effect in 4% of the cells tested 

to inhibition in only 45%, biphasic effects in 14%, 

excitation in 36% and no effect in 5% of the cells 

tested. Furthermore, several cells which responded with 

inhibition to low ejection currents of 5-CT responded 

with excitation to high ejection currents. 

Finally, while the inhibitory effects of 5-CT were 

not found to be significantly dose-dependent the 

excitatory effects were. These results again suggest 

that Purkinje cell responses to 5-CT are mediated by more 

than one receptor subtype. In addition, it appears that 

while 5-CT has high binding affinities for 5-HTIA, 5-HTIB 

and 5-HTiD receptor subtypes, it more potently elicits 

inhibitory effects on Purkinje cell activity at low 

ejection currents. As the 5-CT concentration is 

increased the inhibitory effects induced may be 

counteracted by activation of presumably lower affinity 
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excitatory mechanisms. This would also explain the 

ejection current independent characteristics of 5-CT 

inhibitory effects. 

This data may also suggest that the pre and 

postsynaptic 5-HTIB receptors display different affinity 

states. The presynaptic 5-HTIB may be maintained in the 

high affinity state, while the postsynaptic 5-HTIB 

receptors may be in the low affinity state. At low 

concentrations, 5-CT may produce both direct and indirect 

inhibitory effects on Purkinje cell firing. The direct 

5-CT effect may mediate inhibition by activating the 5-

HTiA receptor, and the indirect effect may be mediated by 

presynaptic inhibition of glutamate release by the high 

affinity 5-HTIB subtype. On the other hand, at higher 5-

CT concentrations, activation of the low affinity 

excitatory 5-HTIB receptors may directly attenuate the 

inhibitory effects mediated by the high affinity pre and 

postsynaptic receptors. This may also explain the 

results obtained with co-application of 8-OH-DPAT and 

TFMPP, which showed that at low ejection currents the 

inhibitions tended to be greater than those produced by 

either compound alone. However, as the ejection currents 

were increased the inhibitions elicited by concurrent 

application were found to be less than or equal to those 

produced by 8-OH-DPAT alone. Therefore, as with 5-CT, 
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increasing the concentration of TFMPP may stimulate a low 

affinity, excitatory 5-HTIB receptor. 

This hypothesis is indirectly supported by studies 

of 5-CT effects on neurons within the dorsal raphe 

nucleus, an area densely populated with 5-HTIA but 

sparsely populated with 5-HTIB receptor subtypes (Sprouse 

and Aghajanian, 1987). Iontophoretic application of 5-CT 

in the area was found to be equally as effective in 

inhibiting spontaneous neuronal activity as 8-OH-DPAT. 

Thus, it appears that in areas sparsely populated with 5-

HTiB receptor subtypes, inhibitions mediated by 5-CT 

activation of 5-HTIA receptors are unopposed by putative 

excitatory 5-HTIB receptors. However, there is a 

significant population 5-HTIB localized near Purkinje 

cell somata. Therefore, the effects observed with 5-CT 

and 5-HT may be due to net effects on all 5-HT receptor 

subtypes. 

Unfortunately, due to the lack of highly selective 

5-HTiB agonists and antagonists, it can not be 

definitively stated that the excitations of Purkinje cell 

spontaneous discharge are mediated by the 5-HTIB receptor 

subtype. In fact, studies in the lumbar spinal cord 

slice by Connell and Walls (1989) found that 

depolarizations of motorneurons by 5-HT did not correlate 

to any identified binding sites. This is analogous to 

studies in the hippocampus reported by Nicoll (1988), who 
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found that the pharmacology of depolarizations and 

blockade of after-hyperpolarizations (AHPs) did not 

conform to any of the sites that have so far been 

characterized in ligand binding studies. Therefore, 

excitations of Purkinje cell spontaneous discharge may be 

mediated through an as-of-yet unidentified receptor 

subtype. 

Purkinje Cell Responses to 5-HT Analogs in 
Superfusion Fluid Containing Low and 

Physiologic Mg2-̂  Concentrations 

These studies demonstrated that the cerebellar slice 

was an extremely valuable experimental preparation, 

allowing me to prepare and maintain cerebellar slices in 

low Mg2-^. It was possible to observe effects of 5-HT 

analogs on Purkinje cell activity in low Mg2-^, then 

increase the extracellular concentrations of Mg2-*-and 

again observe the effects of these compounds. 

During initial studies examining effects of 5-HT 

superfusion on Purkinje cell spontaneous discharge, it 

was determined that by altering the concentration of Mg2+ 

in the superfusion fluid, the effects of 5-HT could be 

altered. In the presence of low Mg2-^, 5-HT produced a 

greater percentage of excitations of Purkinje cell 

spontaneous activity. In addition, these excitations 

were found to be significantly larger than those produced 

in the presence of physiological Mg2-^. Conversely, when 
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examining the effects of 5-HT iontophoresis on Purkinje 

cell activity, it was discovered that iontophoretically 

applied 5-HT produced a greater percentage of inhibitory 

effects in physiological Mg2+ than in low Mg2-̂ . Again, 

these differences were found to be statistically 

significant. Thus, it was apparent that inhibitory 

effects of 5-HT on Purkinje cell spontaneous discharge 

were sensitive to Mg2-̂  concentrations in the 

extracellular environment. 

This Mg2-̂  effect is supported by autoradiographic 

studies examining site specific binding of 5-HTIA 

selective compounds (Hall et al., 1985; Norman et al., 

1985; Verge et al. 1986). These studies demonstrated 

that binding affinities of 5-HTIA selective compounds for 

this receptor subtype were significantly enhanced by 

elevated Mg2-̂  concentrations. These findings lead to the 

assumption that by altering the concentration of Mg2-̂ , it 

would be possible to alter Purkinje cell responses to 5-

HTiA selective compounds. It was postulated that if 

increased Mg2-̂  concentrations lead to increased binding 

of 5-HTiA selective compounds, then decreased Mg2+ 

concentrations should lead to decreased binding and thus 

diminished effects of these same compounds. This 

hypothesis was confirmed by the results obtained in this 

study. Purkinje cell inhibitions induced by 5-HT and 8-

OH-DPAT were significantly attenuated during superfusion 
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with media containing low Mg2-»- concentrations. These 

results provided the first physiological support for 

results obtained with ligand binding studies. 

Interestingly, in all the ligand binding studies, it 

was observed that increasing the concentration of GTP 

produced effects opposite to those observed with Mg2-*-. 

Increasing GTP concentrations led to decreased binding 

affinities for the 5-HTIA receptor subtype. Activation 

and/or inactivation of adenylate cyclase appears to be 

mediated by interactions with either Gs- or Gi-proteins. 

Furthermore, Schramm and Selinger (1984) demonstrated 

that G-protein activation is dependent on Mg2-̂ . They 

showed that very high concentrations of Mg2-»- were able to 

activate the G-protein even in the absence of agonist-

receptor interactions. Thus, it appears that altering 

Mg2-»- concentrations may actually have two effects on 

Purkinje cell responses mediated by the 5-HTIA receptor 

subtypes. First, increasing Mg2-̂  concentrations appears 

to increase binding affinities of the 5-HTIA receptor 

subtype for its agonists, thereby increasing the efficacy 

of the agonist-receptor interaction. Second, increasing 

Hgz-*- concentrations appears to increase the ability of 

the Gs-protein to activate adenylate cyclase and thereby 

increase the efficacy of the receptor-stimulated second 

messenger system. Therefore, decreased Mg2+ 

concentrations would be expected to significantly 
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diminish the effects of 8-OH-DPAT on Purkinje cell 

spontaneous discharge. However, to date no direct 

correlation between 5-HT receptors and the activation or 

inactivation of adenylate cyclase in Purkinje cells has 

been established. 

When examining the effects of Mg2-̂  concentrations on 

TFMPP-induced inhibitions of Purkinje cell activity, it 

was found that while decreasing Mg2-̂  tended to reduce the 

effects of TFMPP-induced inhibitions, these inhibitions 

were not found to be statistically significant. Thus, it 

appears that effects of TFMPP are not dependent on Mg2-̂  

concentrations in the superfusion fluid. Studies by 

Verge (1986) support this conclusion by demonstrating 

that increasing Mg2-̂  concentrations did not significantly 

alter the binding affinity of the 5-HTIB receptor 

subtype. This further supports the previous conclusion 

that the majority of effects induced by TFMPP are not 

mediated by the 5-HTIA receptor subtype. 

While decreasing the Mg2+ concentration did not 

significantly alter the inhibitory effects of TFMPP, 

qualitatively there was a tendency toward reduced 

inhibitions when the Mg2+ concentrations were low. This 

might be explained by the effects of Mg2+ on activation 

of adenylate cyclase by the Gs-protein. Thus, while the 

binding affinity of TFMPP may not be altered by lower 

Mg2-^ concentrations, the efficacy of it to activate 
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adenylate cyclase may be reduced, and therefore the 

inhibitory effects may be slightly attenuated in low 

Mg2-^. 

Interestingly, studies by Nicoletti et al. (1987) 

demonstrated that in primary cultures of cerebellar 

granule cells, omission of Mg2-̂  from the incubation 

buffer leads to an increase in endogenous glutamate 

release from these cells. In addition, Blackstone et al. 

(1989) showed that inositolphospholipid turnover in 

cerebellar slices is stimulated by glutamate and is 

linked to an increase in synaptic transmission at the 

parallel fiber-Purkinje cell junction. Thus, the slight 

decrease in TFMPP-induced Purkinje cell inhibitions in 

superfusion fluid containing low Mg2-̂  may also be due to 

a slight increase in release of glutamate at the parallel 

fiber-Purkinje cell synapse. While Purkinje cell 

spontaneous discharge was not significantly altered in 

low Mg2+, the possible increase in glutamate release may 

have been enough to slightly alter the inhibitory 

effects of TFMPP. In conclusion, while decreasing the 

Mg2+ concentration in the superfusion fluid has a 

profound effect at the 5-HTIA receptor and significantly 

diminishes inhibitions produced by 8-OH-DPAT, it does not 

have nearly so great an effect at the 5-HTIB receptor and 

does not significantly attenuate TFMPP-induced Purkinje 

cell inhibitions. This further suggests that 5-HT 
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effects on Purkinje cell spontaneous discharge are 

mediated by more than one 5-HT receptor subtype. 

Comparison of Purkinje Cell Responses to 
Dendritic Versus Somatic 

5-HT Iontophoresis 

Differences between Purkinje cell responses to 

superfusion or iontophoretic application of 5-HT observed 

early in this study lead me to the hypothesis of site 

specific 5-HT receptor subtypes mediating 5-HT effects. 

This hypothesis is supported by the autoradiographic 

binding studies of Pazos and Palacios (1985), which 

showed that the majority of 5-HT receptors in the 

molecular layer correspond to the 5-HTIB receptor 

subtype, while those in the Purkinje cell layer 

correspond primarily to the 5-HTIA subtype. In addition, 

a generally accepted dogma of neuron cytoarchitecture 

states that excitatory receptors are primarily located on 

the dendritic branches of neurons, while inhibitory 

receptors are primarily located on the cell body and axon 

hillock. Thus, this final set of experiments was 

designed to investigate the possibility of site specific 

effects of 5-HT iontophoresis on Purkinje cell firing. 

Results of these experiments did not demonstrate any 

significant site specific effects of 5-HT on Purkinje 

cell spontaneous firing. Iontophoretic application of 5-

HT was able to produce either inhibition or excitation of 
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Purkinje cell firing at both somatic and dendritic sites. 

However, effects of dendritically applied 5-HT appeared 

to be independent of those observed with somatic 

application. Thus, while there does not appear to be any 

site specificity of 5-HT effects, there do appear to be 

different 5-HT receptor subtypes distributed over the 

Purkinje cell. 

Dendritically applied 5-HT appears to be eliciting 

its effects directly rather than through interneurons. 

As explained in the Methods, the proper dendritic 

placement was determined by iontophoretically applying 

glutamate. When the microelectrode was in the proper 

location, glutamate elicited powerful excitations of 

Purkinje cell firing. However, when the microelectrode 

was placed in the incorrect location, glutamate produced 

either no effect or even inhibitions of Purkinje cell 

activity. In one cell where glutamate elicited 

inhibitory effects, suggesting activation of an 

interneuron, 5-HT produced only weak effects on Purkinje 

cell firing. The results of these experiments do not 

support my original hypothesis that there are site 

specific receptors mediating the differences between 5-HT 

superfusion and iontophoresis. However, these 

experiments were the first to directly examine and 

compare the effects of localized 5-HT iontophoresis. 

Finally, the generally accepted pattern of receptor 
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localization on neurons does not appear to hold true for 

5-HT receptors on Purkinje cells. This may also not hold 

true for other neurotransmitters impinging on Purkinje 

cells, since anatomical studies further demonstrate the 

broad distribution of excitatory and inhibitory 

connections over the entire Purkinje cell. Stellate 

cells localized in the molecular layer have been shown to 

make inhibitory contacts on Purkinje cell dendrites, 

while climbing fibers have been shown to make excitatory 

synaptic contacts with the Purkinje cell soma (Ito, 

1984). 

Concluding Remarks 

Over the past five to ten years there has been a 

rapid increase in the study of serotonin and its effects 

in the central nervous system. Gaddum and Picarelli 

first suggested the possibility of two 5-HT receptors in 

the periphery in 1957. However, it was not for another 

22 years, when in 1979 Peroutka and Synder suggested the 

presence of two receptor subtypes based on 5-HT binding 

characteristics, that the idea of multiple receptors of 

5-HT became accepted. The accepted presence of two 5-HT 

receptor subtypes, the 5-HTi and 5-HT2 subclasses, soon 

gave way to three receptor subtypes, and so on. The 

recent body of literature suggests that receptors for 5-

HT should be placed into three 5-HT "families": 5-HTi, 5-
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HT2 and 5-HT3 receptor families. The initial criteria 

for being classified into a receptor family was based on 

binding affinities. The 5-HTi family displays high 

binding affinity (in the nanomolar range) for [3H]5-HT, 

while the 5-HT2 family displayed low affinity for [3H]5-

HT, but high affinity for several antagonist compounds 

such [3H]ketanserin. The 5-HT3 family was initially 

believed to be localized only to the peripheral nervous 

system. However, recently Kilpatrick et al. (1987) 

reported its presence in the CNS. This family has 

binding characteristics which are unique from either the 

5-HTi or 5-HT2 families. 

The 5-HTi family is further divided into four 

subtypes: 5-HTIA, 5-HTIB, 5-HTIC and 5-HTID (Gozlan et 

al., 1983; Hoyer et al., 1986; Heuring et al., 1985 and 

Pazos et al., 1985). However, Hoyer and Middlemiss 

(1989) have suggested that the 5-HTIB and 5-HTID subtypes 

are actually species specific analogs of each other. 

Moreover, based on pharmacological and biochemical 

characteristics of the 5-HTic receptor, Schmidt and 

Peroutka (1989) have suggested that this receptor would 

be more accurately classified in the 5-HT2 family. While 

the 5-HTic site displays high affinity for [3H]5-HT, its 

effects appear to be mediated through a different 

mechanism than the other members of this family. Effects 

of 5-HTiA, 5-HTiB and 5-HTID receptors appear to be 
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mediated through interactions with the cAMP second 

messenger system. However, 5-HTic effects in the choroid 

plexus appear to be mediated through stimulation of 

phosphotidyl inositol turnover, which appears to be the 

same mechanism of action as the 5-HT2 receptor. Finally, 

the 5-HT3 receptor appears to produce its effect in the 

periphery by inducing the release of other 

neurotransmitters. Thus, it appears that a new criteria 

for receptor classification should include its mechanism 

of action. 

Currently, there appear to be far more 5-HT binding 

sites identified in the CNS than observed effects for 

them to mediate. While there are at least five binding 

subtypes for 5-HT reported in the CNS only three have 

definitively been shown to be receptors, in that they 

actually produce an effect on neuronal activity. In the 

rat these include 5-HTIA, 5-HTIB and 5-HT2 receptor 

subtypes. Thus, great care must be taken when 

identifying a 5-HT analog selective binding site as a 

specific receptor subtype. Two recent studies 

(Kilpatrick et al., 1987; Herrick-Davis et al., 1989) 

have incorrectly interpreted the results of their binding 

studies by identifying the binding characteristics of 5-

HT as "receptor" subtypes. In their proposal for critical 

examination of the nomenclature of 5-HT binding sites. 
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Bradley et al. (1986) cautioned against this very problem 

of misstating the identity of a particular binding site. 

Further confusing the issue is the fact that some 

specific subtypes have been shown to have both high and 

low affinity states; some receptor subtypes are species 

specific; and there are 5-HT effects that do not 

correspond to any currently identified binding sites. 

However, this and other studies have shown 5-HT effects 

on cerebellar Purkinje cells to be somewhat less 

confusing. Radioligand binding studies have so far 

definitively confirmed the presence of the 5-HTlA and 5-

HTIB receptor subtypes in the rat cerebellar cortex 

(Pazos and Palacios, 1985). However, unpublished results 

by Davis and Titler, and Schmidt et al. have demonstrated 

the presence of 5-HTlD and 5-HT3 in the cerebellar 

cortex. Davis and Titler have suggested that as many as 

70% of the 5-HTl receptors in the rat cerebellum are of 

the 5-HTlD subtype. However, this finding is in direct 

conflict with the radioligand binding studies of Pazos 

and Palacios (1985) which demonstrated a significant 

number of 5-HTlB receptors in the cerebellar cortex. In 

addition, studies by Hoyer and Middlemiss (1989) did not 

confirm the presence of the 5-HTlD subtype in the rat 

brain, leading them to suggest that the 5-HTlB and 5-HTlD 

sites are species selective analogs of each other. They 

showed that in addition to pharmacological, anatomical 
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and biochemical similarities, both receptor subtypes 

appeared to mediate the 5-HT autoreceptor in different 

species. Physiological effects of 5-HT observed in this 

study confirmed that only 5-HTlA and 5-HTlB receptor 

subtypes are strong candidates to mediate Purkinje cell 

responses to 5-HT. However, the actual effects of the 5-

HTIB still remain somewhat confusing, and resolution of 

this question awaits the development of more selective 5-

HTIB selective compounds. 

Molecular biological studies by Fargin et al. (1988) 

have initiated a most important trend in the definitive 

classification of receptor subtypes. Their studies 

demonstrated that the cloned 5-HT receptor fits the 

pharmacological profile of the 5-HTIA receptor. Thus, 

the definitive structure of the 5-HTIA receptor subtype 

has been determined. This receptor displays structural 

characteristics similar to other receptors that have been 

shown to be G-protein linked. The 5-HTIA receptor has 

been shown to contain seven membrane-spanning units, and 

appears to have a specific site which interacts with the 

G-protein. This provides very significant support for 

the earlier suggestion that the 5-HTIA receptor effects 

are mediated through the cAMP second messenger system. 

Since this time, the 5-HT2 receptor has also been cloned 

(Pritchett et al., 1988). Moreover, the amino acid 
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sequence of the 5-HTic appears to similar to that of the 

5-HT2 receptor subtype. 

There still does not yet appear to be a 5-HT 

receptor subtype selective compound that only elicits 

excitations of Purkinje cell activity, as 8-OH-DPAT and 

ipsapirone elicit only inhibitions. However, because the 

excitatory 5-HT3 receptor commonly found in the 

peripheral nervous system has only just recently been 

identified in the cerebellum (Schmidt, unpublished data), 

compounds selective for this receptor subtype were not 

utilized in this study. Because, physiologically, this 

receptor appears to mediate many of the excitatory 

effects of 5-HT peripherally, it also may be involved in 

mediating excitations of Purkinje cells. 

While 5-HT has been demonstrated to elicit both 

inhibition and excitation of Purkinje cell firing, these 

effects appear to be much less potent than the effects of 

the primary inhibitory neurotransmitter, GABA, and the 

primary excitatory neurotransmitter, glutamate. The 

ability of the strictly inhibitory agonists, 8-OH-DPAT 

and ipaspirone, to elicit Purkinje cell inhibition appear 

less potent than what has been described in situ for 

GABA. This has lead to the hypothesis that 5-HT may be 

more a neuromodulator than primary neurotransmitter. 

Studies by Strahlendorf and colleagues have shown that 5-

HT can modulate effects of both GABA and glutamate (Lee, 
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Strahlendorf and Strahlendorf, 1986; Strahlendorf et al., 

1986). In addition, Strahlendorf et al. (1984a) 

demonstrated that 5-HT effects were also dependent on 

pre-existing conditions of the Purkinje cell prior to 5-

HT application. 

The presumed neuromodulatory effects of 5-HT may act 

to "fine-tune" Purkinje cell activity and thus the output 

to deep cerebellar nuclei. Because Purkinje cells 

constitute the sole output from the cerebellar cortex, 

even subtle modification of Purkinje cell temporal and 

spatial activity could have profound effects on motor 

functioning and integration. For instance, it has been 

shown that significant cerebellar 5-HT connections are 

not firmly established in rat pups until about the time 

they start exploring their environment. Therefore, 5-HT 

may play a role in modifying Purkinje cell activity in 

correspondence with motor learning. Finally, while 5-HT 

produces subtle effects on Purkinje cell firing patterns, 

these effects are none-the-less quite significant. As 

discussed in the Introduction, several motor defects 

appear to be linked to disturbances in 5-HT metabolism 

within the cerebellar cortex. Therefore, it must be 

concluded that 5-HT is important in maintaining normal 

physiological functions of the cerebellar Purkinje cell. 
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