
ELECTROPHYSIOLOGIC AND PHARMACOLOGIC CHARACTERIZATION 

OF SEROTONERGIC RECEPTOR SUBTYPES IN 

THE DEEP CEREBELLAR NUCLEI 

by 

PATRICIA ANNE CUMMING-HOOD, B.S. 

A DISSERTATION 

IN 

PHYSIOLOGY 

Submitted to the Graduate Faculty of 
Texas Tech University Health Sciences Center 

in Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

May, 1993 



Copyright 1993, Patrida Anne Cumming-Hood 



ACKNOWLEDGEMENTS 

I would like to express my sincere appredation to my advisor. Dr. Jean 

Strahlendorf, for her guidance and encouragement during my graduate 

studies. I would like to express spedal thanks to Dr. Howard Strahlendorf 

his assistance and advice. I would also like to thank my other dissertation 

conunittee members; Dr. Paul T. CarroU, Dr. James H. Pirch and Dr. Richai 

D. Nathan for their time and suggestions. 

I would like to express my gratitude to my husband, Dwight, for his lo 

patience and understanding during my studies. FinaUy, I wish to thank m 

family for their support and encouragement. I wish to dedicate this 

manuscript to my parents and to thank them for instilling in me the beUe 

that any goal is attainable if you beUeve in yourself and persevere. 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS 

ABSTRACT 

USTOFTABLES 

LISTOFHGURES 

CHAPTER 

L INTRODUCTION 

n. METHODS AND PROCEDURES 

m. RESULTS 

IV. DISCUSSION 

REFERENCES 

m 



ABSTRACT 

Based on anatomical studies demonstrating a serotonergic (5-HT) 

innervation to the deep cerebeUar nudei (DCN) and autoradiographic stuc 

that identified at least three 5-HT receptor subtypes in the DCN, the presen 

electrophysiological studies utilizing an in-vitro cerebeUar sUce preparatio 

were designed to address three major objectives: (1) the actions of 5-HT or 

neurons of the dentate/interpositus nudei, (2) the receptor subtypes 

responsible for mediating effects of 5-HT, and (3) the potential role of 

adenylate cydase as a transducer of inhibitory effects of 5-HT. 

Superfusion and iontophoretic appUcation of 5-HT caused either 

exdtation or inhibition of the spontaneous activity of dentate/interpositus 

neurons. Studies utilizing selective agonists and antagonists for 5-HT 

receptor subtypes revealed that the 5-HTiA receptor subtype is responsible 

part, for mediating 5-HT-induced inhibition. In addition, the 5-HT2 recepi 

subtype eUdts indirect inhibition presumably by activation of GABAergic 

intemeurons. These studies also demonstrated that the 5-HT4 receptor 

subtype is responsible for mediating exdtatory and inhibitory effects of 5-H 

Data from experiments utilizing compounds that affect the adenylate 

cyclase second messenger cascade at various stages indicated that these 

receptor subtyp>es are potentiaUy negatively coupled to adenylate cydase. 

Sp)ecificaUy, inhibitory effects eUdted by activation of 5-HTi A and 5-HT4 

receptor subtypes mediate inhibition possibly via a decrease in activity of s 

adenylate cydase-dependent system in these neurons. 
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Results from these studies indicate that exdtatory and inhibitory 

responses seen with 5-HT appUcation are mediated by different receptor 

subt3rpes and that modulation of adenylate cydase is involved in evoking 

HT-induced inhibition. 
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CHAPTERI 

INTRODUCTION 

The cerebeUum has been recognized as an anatomicaUy distinct part of 

the central nervous system since 400 B.C. (Hitchcock, 1977). The cerebeUum 

developed phylogeneticaUy in rdation to the vestibular and lateral line 

receptor organs of primitive vertebrates and is present in some form in aU 

vertebrates (Ecdes, 1973; Ecdes et al., 1%7; Ito, 1984). The growth and 

development of the cerebeUum has paraUeled that of the cerebral cortex in 

vertebrate evolution (Dow and Moruzzi, 1958; McGeer et al., 1987). 

The first attempts to describe the function of the cerebeUum occurred in 

the second century A.D., when it was conduded that the cerebeUum was the 

source of the spinal cord and motor nerves and functioned to impart strength 

to the motor nerves (Dow and Moruzzi, 1958; Hitchcock, 1977). This ideology 

persisted weU into the 17th and 18th centuries as evidenced by this passage 

written by Thomas WiUis in 1664: 

Within the cerebellum, imagination, memory, speech and other superior 
activities of animal functions are....But the cerebellar function seems to be 
one of supplying animal spirits to some nerves, through which are 
performed involuntary activities (such as heart beatings, spontaneous 
respiration, concoction of the ailinent, the protrusion of the chyle, and many 
others), which occur constantly and independendy of system knowledge or 
wiU. (dted in Dow and Moruzzi, 1958, pg. 3). 

The first physiological description of the cerebeUum was provided in the 

early 1800's and described an ipsUateral impairment of motor activity in a 

pigeon after partial and total ablation of the cerebeUum (Dow and Moruzzi, 

1958; Hitchcock, 1977). This study conduded that the cerebeUum exerted 

control over the motor function of various parts of the body, primarily the 



limbs. The role of the cerebeUum was later correctiy identified as one of 

exerting a regulatory influence on motor activity but was not directiy 

responsible for motor activity as was previously beUeved. Based on cerebeUa 

ablation experiments, it was thought that the voUtion of motor activity 

resided in the cerebral heiruspheres, whUe the role of the cerebeUum was to 

coordinate those movements. It was posttilated also that the cerebeUum was 

the center for the nervous control of equiUbrium (Dow and Moruzzi, 1958). 

This hypothesis was later confirmed by a study that demonstrated that the 

cerebeUum was vital for the maintenance of equiUbration and the response o 

the body to changes in posture (Hitchcock, 1977). Since these early treatises or 

cerebeUar function, the cerebeUum has been shown to be crudal for motor 

learning and coordination and may, in fact, contribute to sensory processing, 

emotion, and behaviors such as motivation and reward (Dow, 1974; Marr, 

1969; Watson, 1978). 

Serotonin (5-Hydroxytryptamine, 5-HT) was first identified as a 

vasoconstrictive compoimd termed "enteramine" in the gastrointestinal trad 

(Bloom et al., 1972; Bonate, 1991; McGeer et al., 1987). However, it was not 

imtil 1948 that 5-HT was isolated and structuraUy characterized from blood 

(Bonate, 1991; Gleimon, 1987). It was then realized that 5-HT and enteramine 

were the same compound. In 1953,5-HT was first identified in the brain 

(Tawarog and Page, 1953). It has since been shown that virtuaUy every area oi 

the brain recdves serotonergic projections (JuUus, 1991; McGeer et al., 1987). 

5-HT appears to be involved in many physiological mechanisms induding 

sleep, appetite, thermoregulation, and sexual behavior (Bloom et al., 1972; 

Bonate, 1991; Glennon and Dukat, 1991; McGeer et al., 1987). In addition, 

disturbances in the serotonergic system in the central nervous system have 
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been impUcated in a variety of pathological conditions such as anxiety, 

Alzhiemer's t3rpe semle dementia, schizophrenia and motor disturbances 

assodated with Wernicke's syndrome and Huntington's disease (Chase and 

Murphy, 1973; Fozard, 1987; Glennon, 1987; Radja et al., 1991). Ataxia 

assodated with alcohoUsm, and postanoxic and hereditary myodonus have 

also been linked to abnormaUties of the metaboUsm of serotonin (Chase and 

Murphy, 1973; Snodgrass, 1990). The dassic serotoiun syndrome, first 

described in 1975, consists of motor abnormaUties such as rigidity, hindlimb 

abduction, Straub taU, forepaw treading and head twitch (Jacobs and 

Klemfuss, 1975). This impUcation of 5-HT involvement in the pathogensis oi 

a variety of neurological disorders prompted the further investigation of the 

role of 5-HT in the central nervous system. 

5-HT has now been shown to eUdt a variety of dectrophysiological effects 

in various brain regions and has even been shown to eUdt more than one 

type of response in the same ceU type (Aghajanian et al., 1990; Darrow et al., 

1990; Joels et al., 1987; Strahlendorf and Hubbard, 1983). In general, the most 

common response reported foUowing S-HT appUcation has been an 

inhibitory response, but exdtatory responses also have been noted, thus 

indicating the presence of multiple receptor subtypes for 5-HT in the brain 

(Bloom et al., 1972; McGeer et al., 1987). The deep cerebeUar nudd (DCN) 

provide the prindpal output of the cerebeUum to other brain regions. 

Modulation of the synaptic activity in the DCN by 5-HT could therefore result 

in widespread effects in the brain. There have been few investigations of the 

DCN or of the effect of 5-HT on these neurons. 

The present study was designed to examine the effects of serotonin on 

neurons of the DCN (spedficaUy the dentate/interpositus nudd) and to 
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determine the receptor subtype(s) responsible for mediating these effects. 

This study may aUow an increased understanding of the interaction between 

central serotonergic systems and the control of motor activities. 

Review of the Literature 

Cerebellum 

The cerebeUum consists of an outer covering of gray matter, the cortex, 

surroimding an inner core of white matter in which are embedded three pairs 

of deep nudd. The cerebeUum is divided by two deep fissures (primary and 

posterolateral) into three lobes, anterior, posterior and flocculonodular lobes. 

ShaUower fissures further divide each lobe into lobules and lobules into foUa. 

The cortex, which contains more than half of aU neurons in the brain, has a 

very regular orgaiuzation consisting of three layers (molecular, Purkinje ceU, 

and granular) and five types of neurons (basket, steUate, Purkinje, granular 

and Golgi) (Ecdes et al., 1%7; Ito, 1984; Kandd and Schwartz, 1985). The 

molecular layer contains ceU bodies of basket and steUate cells and axons of 

granular ceUs, caUed paraUel fibers. The Purkinje ceU layer consists of a single 

layer of large ceU bodies of Purkinje ceUs arranged in an orderly aUgnment 

(Ito, 1984). The daborate dendritic aborization of the Purkinje ceU reaches up 

into the molecular layer and spreads out like a fan in the transverse plane of 

the foUa (Ecdes et al., 1%7; Ito, 1984). The Purkinje ceU layer constitutes the 

sole output of the cerebeUar cortex. The major output of this layer is to the 

deep cerebeUar nudei, although axons are also sent to the vestibular nudd. 

Ito et al. (1970) demonstrated that the output of Purkinje cells was inhibitory. 

The granular ceU layer contains ceU bodies of granular cells. Most of the spaa 

in this layer is occupied by glomeruU which are spedalized synapses between 
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mossy fibers from the brain stem and granular ceU dendrites. Golgi cells are 

also located in this layer. Purkinje ceUs and granular cells are considered 

input ceUs whUe basket, steUate and Golgi cells are considered intemeurons 

(Ecdes et al., 1967; Ito, 1984). 

The deep cerebeUar nudei have been shown to transmit the prindpal 

output of the cerebeUum (Ito, 1984; Jahnsen, 1986a). Three groups of DCN 

labeled medial, interpositus and lateral have been described (Chan-Palay, 

1977; Ito, 1984). The interpositus nudd have been further divided into 

anterior and posterior interpositus (Ogawa, 1935; Weidenrdch, 1899). In 

addition, the lateral nucleus has been divided into a ventrocaudal 

parviceUular part that is phylogenticaUy newer and an older, rostral 

magnoceUular part (KomeUussen, 1968). This division seems to be accepted 

only for higher mammals. In primates and humans, the medial nudeus 

corresponds to the fastigial nudeus, and the lateral nudeus corresponds to 

the dentate. The dentate nudeus is the most prominent of the deep cerebeUar 

nudd in primates and in humans (Ito, 1984). PhylogeneticaUy, neocerebellar 

growth (growth of the lateral hemispheres and of the dentate nudeus) has 

paraUded that of the frontal cortex so that in humans, the dentate nudeus 

becomes enormous as compared to the other deep nudd of humans and as 

compared to aU DCN in other spedes (Dow, 1974; Fiez et al., 1992; Leiner and 

Leiner, 1986). 

The first anatomical description of the DCN was provided in 1911 

(Ramon y Cajal, 1911). Very complete descriptions of the rat DCN have since 

been provided (Chan-Palay, 1977; KomeUussen, 1968). The lateral nudeus, 

hereafter referred to as the dentate nudeus, is kidney bean shaped with the 

hUar region oriented mediaUy. There are two to three horns on the rostral 
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pole which extend into the surrounding white matter. The dorsomedial half 

of the dentate nudeus is the only part that contacts another deep nudeus, i.e. 

the anterior/posterior interpositus. The interpositus nudeus is oriented with 

its long axis pointed lateraUy. The dorsorostral surface is convex and the hilar 

region is located ventraUy. Neurons in the interpositus nudeus are oriented 

with their long axis paraUel to fibers of the superior cerebeUar pedunde. The 

interpositus nudeus is separated from the medial nudeus by a dense mass of 

nerve fibers and from the dentate nudeus by thiimer sheets of myelinated 

fibers. Large and smaU ceU populations that are arranged into heterogeneous 

groups have been identified in the dentate/interpositus nudd (KomeUussen, 

1968). The large ceU populations, which comprise 56% of the total 

population, are found primarily in the lateral half of the dentate and in the 

dorsal part of the interpositus. The ceU sizes range in width from 11 to 25 ^m 

and in length from 17 to 35 ^m. The smaU ceUs comprise 44% of the 

population and are concentrated in the hilar zones of both the dentate and 

interpositus nudei. CeU sizes range in width from 5-14 ^m and in length 

from 8-20 ûn. Tlie small neurons are multipolar or fusiform in shape with 

short axons, although some have been reported to have long axons. The 

large neurons demonstrate two types of dendritic patterns consisting of 

multipolar- and columnar-oriented dendrites. Six ceU types have been 

described in the dentate nudd: large neurons of the nudear ceU boimdry, 

large cascading neurons of the rostral pole, large multipolar neurons of the 

rostral and caudal poles, large columnar neurons, smaU multipolar neurons, 

and smaU bridging nexirons. These same ceU types are also found in the 

interpositus nudeus, although in different proportions (Chan-Palay, 1977). 



The first four types are thought to be projection neurons while the latter 

two are thought to be local circuit neurons. The projection neurons also have 

recurrent coUaterals that ramify within the nudeus. The axons of the smaU 

neurons usuaUy are distributed within their dendritic fidds. Ganuna 

aminobutyric add (GABA) contaiiung neurons that correspond to the smaU 

multipolar and bridging neurons described have been labeled with [^H]-

GABA in the dentate/interpositus nudd. Thus, these cells appear to be 

intrinsic inhibitory intemeurons (Batini et al., 1989; Chan-Palay, 1977; Ito, 

1984; Kumoi et al., 1988; Wassef et al., 1986). The dendrites of the large 

neurons are covered by synaptic junctions with axon terminals primarily 

from Purkinje ceUs but also from intrinsic intemeurons, recurrent coUaterals 

of the large neurons and coUaterals from climbing fibers and mossy fibers. 

The axosomatic S3mapses on the smaU neurons are aU inhibitory and are 

dther from Purkinje cells or local circuit neurons (Chan-Palay, 1977; Ito, 

1984). 

The white matter core of the cerebeUum is a mass of myelinated axons 

consisting of afferent projections to the cortex, fibers from the cortex to the 

deep nudd, efferent projection fibers from the nudei, assodation fibers 

between parts of the cerebeUum and possibly commissural fibers between the 

nudei (Chan-Palay, 1977). 

Afferent Projections to the Deep Cerebdlar Nudd 

The DCN recdve input from the periphery, brain stem, cerebral cortex, 

and the cerebeUar cortex (Chan-Palay, 1977). The arborizations of the afferent 

fibers to the DCN are arranged into vertical columns in which the ceU bodies 

of the DCN neurons are embedded. 



Sbc dasses of axonal endings have been described in the 

dentate/interpositus nudd (Chan-Palay, 1977; Ito, 1984): type A, from 

Purkinje ceU axons, constitute 86% of somatic and 50% of the dendritic 

synapses on large nudear ceUs; type B, from climbing fibers, accoimt for 5-6% 

of dendritic synapses; type C, from mossy fibers, account for 22% of the 

synapses; t ) ^ D, recurrent axon coUaterals of nudeofugal axons, constitute 

11% of dendritic synapses on large neurons and 10% of synapses on smaU 

neurons; type E, from local non-projecting neurons, synapses on somata and 

dendrites of large and smaU neurons; and type F, from monoamine 

terminals, synapse on somata, dendrites and dendritic thorns. 

The Purkinje ceUs demonstrate a brush-like arborization to the deep 

nudd with Purkinje ceU axons impinging on aU parts of the 

dentate/interpositus nudei via short cortioofugal fibers (Chan-Palay, 1977). 

These axons appear to use GABA as the transmitter to the DCN. Axons of 

adjacent Purkinje cells may arborize in one or more DCN (Chan-Palay, 1977; 

Ecdes et al., 1%7; Ito, 1984). The Purkinje ceU innervation has been shown to 

provide an inhibitory action measured against an exdtatory backgroimd 

resulting from the mossy and climbing fiber input (Ito, 1984). Purkinje cells 

were also shown to be inhibitory to local circuit neurons (Chan-Palay, 1977). 

Two afferent systems giving rise to mossy fibers and climbing fibers to the 

cerebeUar cortex send coUaterals to the DCN (Chan-Palay, 1977; Ecdes et al., 

1967; Ito, 1984). Mossy fibers originate from brain stem nudei and influence 

Purkinje cells indirectiy via synapses in glomeruU on granular cells in the 

granular ceU layer. Climbing fibers originate in the contralateral inferior 

oUvary nudeus and are also exdtatory to the DCN (Kandd and Schwartz, 

1985). The prindpal oUve projects primarUy to the dentate nudeus with a 
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snudl projection to the interpositus. In addition, there exists a strong 

projection from the dorsal and medial accessory oUves to the 

dentate/interpositus nudd. These inputs from mossy and climbing fibers are 

exdtatory and comprise the primary cerebeUar circuit (Ito, 1984; Kandd and 

Schwartz, 1985). The DCN, in tum, send exdtatory efferent fibers to the cells 

of origin of the mossy fiber and climbing fiber cerebeUar afferents. The 

mutual exdtatory connections between the DCN and brain stem nudei set up 

a reverberating circuit resulting in waves of depolarization upon stimulation 

ato, 1984). 

The dentate/interpositus nudd also receive afferent input from the 

pontocerebeUar, reticulocerebeUar, rubrocerebeUar, and vestibulocerebeUar 

fiber tracts (Chan-Palay, 1977; Ecdes et al., 1967). In addition, the extemal 

cuneate, and perihypoglossal nudd send afferents to the interpositus nudeus 

(Matsushita and Iwahori, 1971; Tsukahara et al., 1968). The lateral nudeus 

also receives extracerebeUar afferents from the trigeminal nudear complex 

and perihypoglossal nudd (Chan-Palay, 1977; Matsushita and Yaginuma, 

1990). The trigeminal mesencephaUc, prindpal sensory, and motor nudeus as 

weU as the nudeus of the spinal tract aU project to the dentate nudeus. The 

vestibular nerve sends projections to the smaU ceUed part of the dentate as 

weU as to the interpositus (Chan-Palay, 1977). In primates, the dentate 

nudeus receives the strongest and most numerous projections from the 

premotor and supplementary motor regions of the cerebral cortex in addition 

to afferents from the motor cortex (Broadman's area 6), whUe the 

sensorimotor, dngulate, temporal and frontal cortices have weaker 

projections (AUen et al., 1978; Ito, 1984; Kandd and Schwartz, 1985). These 



projections are consistent with the hypothesis that the dentate nudeus is 

involved in the programming of motor movements. 

Serotonergic Afferents 

A serotonergic innervation to the cerebeUum, spedficaUy to the 

molecular layer of the cortex in the anterior lobe, was originaUy demonstrated 

in 1969 using histochemical fluorescence techniques (Hokfelt and Fuxe, 1969). 

A serotonergic innervation to the deep nudei was later demonstrated using 

autoradiographic labeling tedmiques (Chan-Palay, 1977) and the indirect 

antibody peroxidase-antiperoxidase (PAP) method of Steinberger (Takeuchi et 

al., 1982). The dentate and interpositus nudd were found to be densdy 

innervated by serotonergic fibers. However, no 5-HT neuronal somata were 

detected in the cerebeUum. Thus, aU serotonergic innervation appeared to be 

from extracerebeUar afferents. Nine groups of monoamine neurons have 

been described in the rat brain stem and have been labded B1-B9 (Dahlstrom 

and Fuxe, 1964). The cells of origin for the serotonergic fibers to the 

cerebeUum are foimd primarily in the raphe nudear complex (corresponding 

to the B1-B9 groups of Dahlstrom and Fuxe) and indude the nudd raphe 

dorsaUs, pontis, magnus, obscurus, superior centralis and palUdus (JuUus, 

1991). In addition, 5-HT-containing ceUs of origin are found in the nudd 

gigantoceUularis and paragigantoceUularis of the reticular formation. As 

compared to the amoimt of 5-HT foimd in the raphe nudd (representing 

100%), the cerebeUar cortex and DCN are beUeved to contain only 9% of that 

amount (Palkovits et al., 1974). The serotonergic axons give rise to beaded 

branches that cross over the entire area of each nudeus. The dentate nudeus 

also recdves 5-HT fibers via the superior cerebeUar pedimde. These fibers 
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form a dense plexus over the intemeuron ceU bodies in the hUar region of 

the dentate nudeus. Five dasses of 5-HT axons have been identified in the 

dentate/interpositus nudei and are dassified according to their size, shape 

and vesicular content (Figure 1) (Chan-Palay, 1977): 

(1) Qass lb: smaU boutons with smaU, dear vesides and few large 

vesides; receptive sites are on nudear ceU dendrites of both large 

and small neurons; these endings occur in smaU numbers. 

(2) Class 3: have terminals with tubular vesides, non-synaptic 

endings with receptive sites on nudear ceU dendrites. 

(3) Qass 4: contain loosdy arranged tubular and round vesides; form 

Gray Type I synapses (synaptic deft is widened to approximatdy 30 

nm, contains dense projections and round vesides) with synapses 

on nudear ceU dendrites. 

(4) Qass 5: contain large vesides and a few smaU vesides; also form 

Gray Type I synapses on nudear ceU dendrites and intemeuron ceU 

bodies; most numerous type of axonal ending. 

(5) Qass 6: contain an assortment of veside shapes and sizes; ending 

is non-synaptic with the receptive site on nudear ceU dendrites; 

ending demonstrates two arrangements; the axon is in dose 

proximity with other non-5-HT axons without jimctional 

membrane spedalizations intervening, or the axon is in apposition 

to neurogUal and neuronal processes. 

Efferent Projections from the Deep CerebeUar Nudei 

The dentate/interpositus nudd send efferent projections to nmny areas 

of the brain. These nudeofugal fibers originate from aU of the DCN and exit 
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Figure 1. Diagramatic representation of axonal endings found in the 
dentate/interpositus nudei (modified from Chan-Palay, 1977). 
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via the superior and inferior cerebeUar pedundes. The fibers in the superior 

pedimde then bifurcate, with the ascending limb traveling to the upper 

brainstem and the descending limb to the meduUa. The fastigial nudeus 

sends projections to the vestibular nudd via the inferior pedunde. There are 

also direct projections from the interpositus nudeus to the spinal cord. The 

deep nudei send coUaterals of these nudeofugal fibers to the cerebeUar cortex 

that terminate in the granular layer as mossy fibers. This pathway comprises 

the cortico-nudeo-cortico feedback loop. In addition, the dentate/interpositus 

nudei project to the oUvary complex. These connections demonstrate 

redprodty in that the dentate nudeus projects to the prindpal oUve while the 

interpositus nudeus projects to the accessory oUves. 

The dentate/interpositus nudd send efferent projections to the red 

nudeus. The interpositus terminates in the magnoceUular portion of the red 

nudeus whUe the dentate terminates in the parvoceUular portion. 

Approximately one-fourth of these nudeorubrothalamic fibers continue on 

to the thalamus and terminate in the ventral anterior, lateral and medial 

nudei as weU as the centromedian nudeus. A few fibers from this tract 

terminate in the subthalamic nudei as weU as the lenticular nudeus. Both 

the dentate and interpositus nudd project to the pontine nudd, meduUary 

and pontine reticular formations, superior colUculus and periaqueductal gray. 

In addition, the interpositus has efferent connections with the Edinger-

Westphal nudeus of the oculomotor complex and the subthalamic nudd. 

The dentate nudeus sends efferent fibers to the pars lateralis and Unerais 

caudaUs of the raphe nudd, the trigeminal nudear complex and the locus 

ceruleus. There appears to be a precise redprodty in the afferent and efferent 

systems of the deep cerebeUar nudd which serves to provide the nudd with 
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a means to immediately modulate or influence motor events (Chan-Palay, 

1977; Ito, 1984; KomeUussen, 1968). 

Electrophvsiological Description 

The cells of the deep cerebeUar nudd have a spontaneous discharge that 

is more regular in pattem than that of the Purkinje cells of the cerebeUar 

cortex, but have a sixmlar firing rate as that reported for Purkinje cells (Chan-

Palay, 1977; Jahnsen, 1986a; McDevitt et al., 1987). This spontaneous activity is 

enhanced by the exdtatory afferents to the DCN and is modulated by the 

inhibition or disinhibition of Purkinje ceUs (Ito, 1984; Llinas and Sugimori, 

1980). In addition, the climbing fiber input to the cerebeUum provides a 

rhythmic stimulation of Purkinje cdls which provide, in tum, a rhythmic 

inhibition of the DCN (Llinas and Sugimori, 1980). This oUvocerebeUar 

system may serve as an osdUatory circuit, i.e., a timing device such as that 

needed for the orgaiiization of coordinated movements (Llinas and Sugimori, 

1980). Activation of this pathway wiU result in synchronous effects being 

transmitted to the rest of the CNS via the DCN and also to the inferior 

oUvary nudeus. The cerebeUar output is generated as a result of the synaptic 

interaction in the DCN (induding the oUvocerebeUar s)rstem) and by the 

intrinsic electrical membrane properties of the deep nudd Qahnsen, 1986a; 

LUnas and Muhlethaler, 1988). 

The dectrophysiology does not vary much between nudd, i.e. the 

tendency toward spontaneous activity, and the shape, ampUtude and 

duration of the action potentials is sinular among aU DCN. The action 

potentials described in guinea pig DCN are generated by a depolarizing 

potential that graduaUy reaches threshold and is mediated by a voltage-
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dependent inactivating sodium conductance (Jahnsen, 1986b). Three 

subthreshold potentials have been described in the DCN; spikdets that are 3-

10 mV waves that serve as the trigger for the action potential and are 

mediated by a voltage-dependent inactivating sodium conductance, plateau 

potentials which are slow depolarizing potentials that can generate long 

trains of action potentials and are mediated by a voltage-dej)endent non-

inactivating sodium conductance and an after-hyperpolarization consisting of 

an early voltage-dependent potassium conductance and a late caldum-

dependent potassium conductance. Two threshold potentials have also been 

identified in the DCN. The high threshold spikes and plateau potentials 

described are due to inactivating and non-inactivating caldum conductances 

(Jahnsen, 1986b). The non-inactivating sodium current that is activated when 

the membrane is depolarized from a resting levd and the non-inactivating 

caldum current may be responsible for the pacemaker activity of these cells 

Oahnsen, 1986b; LUnas and Muhlethaler, 1988). 

The functional sigiuficance of the spontaneous activity is that the output 

of the cerebeUum is generated continuously, and is then modulated by the 

cerebeUar cortex, climbing and mossy fibers. Consequentiy, even smaU 

synaptic inputs to the deep nudd can produce significant changes in 

cerebeUar output aUowing the cerebeUum to respond rapidly to smaU 

amounts of stimuU, an important factor in motor control (Ito, 1984; Jahnsen, 

1986b; LUnas and Muhletiialer, 1988). 

CerebeUar Function 

The cerebeUum can be functionaUy divided into three lobes 

(vestibulocerebeUar, spinocerebeUar and neocerebeUar) or zones 
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(intermediate, vermal, or lateral) (Ecdes et al., 1967; Kandd and Schwartz, 

1985). The vestibulocerebeUar lobe or archicerebeUum is comprised of the 

flocculonodular lobe, receives information from the periphery, and projects 

to the vestibular nudei. It is this division of the cerebeUum that is involved 

in eye movements and body eqmlibrium whUe standing and moving (Kandd 

and Schwartz, 1985). 

The spinocerebeUar lobe or paleocerebeUum encompasses the 

intermediate zone and the vermis. The intermediate zone and the vermis 

send projections to the interpositus and fastigial (medial) nudd, respectivdy. 

The spinocerebeUum receives information from, and projects to, the cerebral 

cortices and brain stem nudei to influence limb musculature (Kandd and 

Schwartz, 1985). Lesions of the fastigial nudeus wiU result in a wide-based 

gait and an inabiUty to maintain an upright posture (Hitchcock, 1977; Ito, 

1984). The spinocerebeUum functions to help control the execution of 

movement. This control is dependent on information sent to the 

spinocerebeUum from the motor cortex and on feedback from the periphery, 

thus aUowing any deviations of the intended movement to be corrected. 

Neurons of the interpositus nudeus are modulated during movement only 

after neurons in the motor cortex have discharged. If the spinocerebeUar lobe 

is lesioned, ataxia, dysmetria, and an intention tremor wiU result (Kandd and 

Schwartz, 1985). In addition, lesions of the interpositus nudeus wiU result in 

a wide-based, stiff-legged gait and a tendency to stagger (Hitchcock, 1977). 

The cerebrocerebeUar lobe or neocerebeUum indudes the lateral zone 

which projects to the lateral nudeus. This zone recdves information from 

and projects to the motor and premotor areas of the cerebral cortex (AUen et 

al., 1978). This division of the cerebeUum is involved in the planning and 
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initiation of volimtary movements (Kandd and Schwartz, 1985). If the lateral 

zone is lesioned, a delay in initiating movement, in addition to hypotonia 

and ataxia wiU result (Hitchcock, 1977; Kandd and Schwartz, 1985). The 

lateral zone is involved in the programming of movements before the 

movement is iiutiated while the intermediate zone is involved with 

updating the programmed movement throughout its execution (AUen et al., 

1978). This was demonstrated by experiments with monkeys trained to move 

a lever with their forearm. During sequential arm movements, 80% of the 

neurons in the dentate discharge. If the trajectory was then altered, the 

discharge patterns of neurons in the dentate nudeus faUed to change but 

those of the interpositus neurons were altered (Ito, 1984; Thach, 1969). 

Cooling the dentate nudeus impaired the timing of alternating movements 

whUe lesioning the dentate impaired coordination of the movement (Ito, 

1984). In addition, when both the dentate and interpositus nudd were 

lesioned there was a prolonged reaction time. Thus, the dentate nudeus 

appears to integrate information from the association areas of the cerebral 

cortex with input from the sensorimotor areas and to then send this 

information to the motor and premotor areas, whUe the interpositus appears 

to provide updates to the motor areas of the cortex regarding the movement 

in progress (AUen et al., 1978; Fiez et al., 1992). 

The hallmark of cerebeUar damage is motor impairment (Fiez et al., 1992). 

Classic neurologic symptoms of cerebeUar disorders indude dysmetria, ataxia, 

ddayed movement initiation and hypotonia (Holmes, 1939; Ito, 1984). Thus, 

it appears that the information carried by the cerebeUum, particularly the 

dentate/interpositus nudei, regarding motor movements and errors, the 

processing and integration of this information and finaUy, the output of these 
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nudd are essential elements for the proper execution of aU motor 

movements (AUen et al., 1978; Ito, 1984). 

The cerebeUum is involved also in motor learning (Fiez et al., 1992; 

Tsuru et al., 1992). The climbing fiber input and interpositus nudeus are 

thought to be crudal for this function of the cerebeUum. Both motor 

plastidty and assodative leaming are affected by cerebellar lesions (Fiez et al., 

1992). One theory of cerebeUar motor leaming involves the production of 

long-term depression (LTD) which is a long lasting depression of s)maptic 

transmission. According to this theory, LTD is produced by conjunctive 

activation of the climbing fiber and paraUel fiber input to Purkinje cells. The 

interpositus nudeus is thought to be essential for the assodative leaming of 

discrete somatic sensorimotor responses (Bloedd et al., 1991; Marchetti-

Gauthier et al., 1990). This type of response consists of an unconditioned 

stimulus and response and a conditioned stimulus and response. An 

example of this type of behavior, first duddated by McCormick and 

Thompson (1984) is the nictitating membrane response seen in rabbits (Yeo et 

al., 1985). Lesions of the interpositus nudeus aboUshes the reaquisition and 

retention of a conditioned (or learned) response but not the unconditioned 

response. If the lesion is made prior to learning, acquisition of the 

conditioned response is prevented (Fiez et al., 1992; McCormick and 

Thompson, 1984; Yeo et al., 1985). 

Serotonergic Receptor Subtypes 

Gaddimi and PicarelU (1957) were the first to describe the presence of 

multiple receptor subtypes for 5-HT. They identified two subtypes responsible 

for mediating contraction in the guinea pig Ueum and labded them D and M. 
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The exdtatory action of the D receptor, which was located on smooth musde, 

was blocked by dibenzyUne. The action of the M receptor was blocked by 

morphine. The M receptor eUdted contractions indirectiy by causing the 

rdease of acetylcholine. This receptor subtype was found on gangUa and 

parasympathetic nerve endings. 

The existence of multiple 5-HT receptor subtypes in the brain was first 

proposed based on binding affinities for 5-HT, LSD, and the neuroleptic, 

spiperone (Peroutka et al., 1981). The sites displaying high affinity for 5-HT 

and LSD were termed 5-HTi, whUe those displaying a higher affinity for 

spiperone were caUed 5-HT2. It now appears that this more recentiy defined 

5-HT2 subtype is the equivalent of D receptor described by Gaddum and 

PicarelU. The 5-HTi famUy has seen been shown to be heterogeneous (Pedigo 

et al., 1981). The 5-HTIA subtype was first described as having nanomolar 

affinity for 5-HT and spip)erone, whUe the 5-HTIB receptor displayed a low 

affinity for spiperone. Since 1981, at least two more members of the 5-HTi 

fanuly have been identified. The 5-HTic receptor binding site was first 

identified in pig choroid plexus (Pazos and Palados, 1985) and was 

subsequentiy identified in the rat CNS based on its affinity for mesulergine 

(Peroutka, 1988). The 5-HTiD binding site, first identified in bovine brain 

membranes, demonstrated a high affinity for 5-HT and metergoUne and a low 

affinity for compoimds selective for other 5-HTi sites. 

In 1986, Bradley proposed a nomendature for 5-HT receptors that is stiU 

being used. This nomendature was based on the existence of three receptor 

famiUes for 5-HT: 5-HTi, 5-HT2, and 5-HT3. Currentiy, seven serotonergic 

binding sites bdonging to four receptor famiUes have been identified in the 

brain: 5-HTi (1A,1B, IC, ID), 5-HT2,5-HT3, and 5-Hr4 (Bonate, 1991; Fozard, 
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1987; Van Wijngaarden et al., 1990). Four other receptor subtypes have been 

tentativdy identified: IE, IP, IX, lY, although the existence of these subtypes 

is StiU controversial (Bonate, 1991; Fozard, 1987). The 5-HT2 site was first 

dassified on the basis of its high affinity binding for pHl-spiperone and its 

low affinity for [3H]-5-HT. This binding site is now recognized to be fairly 

wide spread in the CNS. The 5-HT3 receptor is thought to correspond to the 

M receptor of Gaddum and PicarelU based on a response to 5-HT in rabbit atria 

that was sixmlar to the 5-HT response observed in guinea pig Ueum. In 

addition, this tachycardic response was antagonized by cocaine as was the 5-

HT response attributed to activation of the traditional M receptor. The 5-HT3 

receptor was identified in the CNS in 1987 (KUpatrick et al., 1987). The 5-HT4 

receptor was first identified in the guinea pig Ueum as a receptor at which 

BRL 24924 acted as an agonist and high concentrations of ICS 205930 acted as a 

competitive antagonist. This receptor was first described in the brain in 1989 

in mouse colUculi neurons (Dumuis et al., 1988b). AU of the established 

receptors except the 5-HT3 subtype are members of the superfamUy of G-

protein coupled receptors. The 5-HT3 receptor subtype bdongs to the Ugand-

gated ion channd superfamUy. The 5-HTiA/ IB/ lO and 5-HT2 receptors 

have been doned (Bonate, 1991; Derkach et al., 1989; Fozard, 1987; Glennon 

and Dukat, 1991; Schmidt and Peroutka, 1989; Van Wijngaarden et al., 1990). 

5-HTl-Uke Receptors 

The requirements for a receptor to be dassified as a member of the 5-HTi-

like fanuly according to the nomendature of Bradley indude antagonism by 

methiothepin or methysergide, resistance to antagonism by sdective 5-HT2 

and 5-HT3 antagonists and responses should be numicked by 5-
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carboxyamindotryptamine (5-CT) (Bonate, 1991; Bradley et al., 1986). Binding 

studies have revealed a non-sigmoidal displacement curve for the 5-HTi 

receptor to [^Hj-spiperone, thus indicating the existence of more that one 

affiiuty state for this receptor (Peroutka et al., 1981). Those 5-HT sites that 

demonstrated a high affinity for spiperone were labded 5-HTIA sites, whUe 

those with a lower affinity for spiperone were labded 5-HTIB (Glennon, 1987) 

5-HTlA Receptors 

The 5-HTiA receptor subtype was first described in 1981 and has since 

been reported to exist in dense numbers in the CAl region of the dentate 

gyrus of the hippocampus as weU as in the raphe nudd (Peroutka, 1988; 

Schmidt and Peroutka, 1989). This receptor subtype is primarily located 

postsynapticaUy except in the raphe where the 5-HTIA corresponds to 

presynaptic autoreceptors (Bonate, 1991). The 5-HTIA receptor has also been 

localized in the cerebeUar cortex and in the deep cerebeUar nudd (Palados et 

al., 1990). 

The first useful radioUgand demonstrating a sdectivity for the 5 -HTIA 

sites was 8-hydroxy-2-(di-n-propylamino)tetraline hydrobromide (8-OH-

DPAT) (Glennon and Dukat, 1991). This compound displays an affinity that is 

7000 times greater for lA vs. IB and is 1000 times greater for 5-HTi vs. 5-HT2 

or 5-HT3 binding sites (Van Wijngaarden et al., 1990). The 5-HTIA subtype is 

characterized as displa3ring a high affinity for both 8-OH-DPAT and 5-CT 

(Peroutka, 1990). Other agonists displaying a high affiiuty for the 5-HTiA site 

indude gepirone, ipsapirone and buspirone, however 8-OH-DPAT remains 

the most specific agonist avaUable for the 5-HTiA receptor, whUe spiperone is 
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the most often used antagonist, although spiperone also displays some 

affinity for the 5-HT2 binding site (Glennon and Dukat, 1991). 

The 5-HTiA receptor subtype has generaUy been linked to inhibitory 

responses. Buspirone, a 5-HTIA sdective agonist compound, was shown to 

cause complete inhibition of firing of dorsal raphe neurons which may be 

mediated by the opening of a potassium channd (Vandermaden and 

Aghajanian, 1983). The 5-HTIA receptor has also been shown to mediate 

inhibitory responses in the CAl pyramidal ceUs of the hippocampus and in 

the Purkinje ceUs of the cerebeUum (Darrow et al., 1990; Peroutka, 1988; 

Schmidt and Peroutka, 1989). 

The 5-HTi famUy has been linked to modulation of adenylate cydase 

Oulius, 1991; Schmidt and Peroutka, 1989; Yocca and Maayani, 1990) and has 

been coupled to at least two different G proteins: Gs and Gi (Hoyer and 

Schoeffter, 1991; Yocca and Maayani, 1990). The 5-HTiA receptor in rat 

hippocampus has been shown to mediate inhibition of adenylate cydase via a 

pertussis-toxin sensitive Gi protein (Schmidt and Peroutka, 1989). This 

receptor subtype has been shown to be both negativdy and positivdy coupled 

to adenylate cydase (Bonate, 1991) However, in aU ceU lines transfected with 

the 5-HTiA gene only a negative effect on adenylate cydase has been observed 

(JuUus, 1991). In addition, in transfected HeLa cells, the 5-HTiA subtype has 

been shovm to be weakly positivdy coupled to phosphoUpase C when 5-HT is 

present in very high concentrations, leading to increases in the second 

messengers inositol triphosphate (IP3) and diacylglycerol (DAG). This nuiy 

suggest another pathway coupled to the 5-HTiA receptor. The 5-HTiA 

subtype has been linked to anxiety and depression and appears to have a role 

in pain perception. In addition, the 5-HTiA subtype may be important in tiie 
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pathology of nugraine and the regulation of sleep (Glennon, 1987; JuUus, 

1991). 

5-HTlB and 5-HTlD Receptors 

5-HTiB receptors were first described in the rat brain in 1981 (Pedigo et al., 

1981) and were defined as demonstrating a binding affinity specific for [3H]-5-

HT in the presence of GTP and spiperone. The 5-HTIB subtype also can be 

directiy labded by [^25i]-iodocyanopindolol (Bonate, 1991; Glennon and 

Dukat, 1991; Schmidt and Peroutka, 1989). This receptor subtype 

demonstrates a lower affinity for spiperone (3000 times less) than does the 5-

HTiA subtype. The 5-HTIB subtype also demonstrates a lower affinity for 8-

OH-DPAT than the 5-HTiA (Glennon and Dukat, 1991; Peroutka, 1988). 

TE^MPP and RU24969 have been shown to be fairly sdective agonists for the 5-

HTiB binding site (Glennon and Dukat, 1991; Van Wijngaarden et al., 1990). 

RU24969 is currentiy the most selective agonist avaUable whUe cyanopindolol 

is used most frequentiy as an antagonist for this receptor subtype (Glennon 

and Dukat, 1991; Schmidt and Peroutka, 1989). However, cyanopindolol is 

not sdective for the 5-HTIB site but also acts on fi-adrenergic receptors and 

thus there is no antagonist currentiy avaUable that is only sdective for the 5-

HTiB receptor subtype. 

The highest densities of this subtype in the brain are found in the globus 

palUdus and substantia nigra with lower densities foimd in the frontal cortex 

(Bonate, 1991; Peroutica, 1988; Schmidt and Peroutica, 1989). The 5-HTIB 

subtype has been identified in the deep cerebeUar nudd as weU as on 

Purkinje ceU terminals projecting to the deep nudei (Hen, 1992). This 

subtype is thought to correspond to a presynaptic 5-HT autoreceptor based on 
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experiments that demonstrated activation of this subtype modulated the 

endogenous release of serotonin. However, those receptors that are located 

presynapticaUy are probably only a snudl portion of the 5-HTiB subtype with 

most of these receptors being located postsynapticaUy (Bonate, 1991). 

Functional responses to activation of the 5-HTIB receptor have been observed 

witii appUcation of RU24969, CGS12066B and 5-CT and appear to be 

somewhat variable. CGS 12066B has been reported to inhibit firing of the 

dorsal raphe neurons whUe TFMPP and CGS 12066B have been shown to 

increase the firing rate of ceUs in the medial raphe. The 5-HTIB receptor 

subtype appears to be spedes specific and has been described in rodents but not 

in higher animals (Schmidt and Peroutka, 1989; Van Wijngaarden et al., 

1990). Activation of the 5-HTIB receptor induces h)rpophagia in rats, 

demonstrating a role for 5-HT in the control of appetite. 

The 5-HTiD receptor subtype in higher mammals appears to be 

functionaUy and anatomicaUy analogous to the 5-HTIB subtype found in 

mice and rats (Schmidt and Peroutka, 1989). This receptor has been identified 

in porcine, bovine, guinea pig, dog and human brain, primarily present in the 

basal ganglia and substantia nigra (Glennon and Dukat, 1991; Peroutka, 1990; 

Schmidt and Peroutka, 1989). There are currentiy no sdective agonists 

avaUable for the 5 -HTID receptor whUe sumatriptain is the only sdective 

antagonist currentiy avaUable (Glennon and Dukat, 1991). The 5 -HTID and 5-

HTiB receptors are pharmacologicaUy distinct with the 5-HTID site being 

characterized by a high affinity for tryptamine derivatives and yohmbine and 

rauwolsdne, whUe the 5-HTiB receptor demonstrates very low affinities for 

these compoimds (Hoyer et al., 1990; Middlemiss and Hutson, 1990; Peroutka, 

1988). In addition, 5-HTiB receptors in the rat recognize fi-adrenergic 
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antagonists with high affinity whUe 5-HTiD receptors demonstrate a much 

lower affinity for these compounds. The 5-HTID receptor appears to be 

simUar to the 5-HTIB receptor in that both receptor subtypes appear to 

correspond to the 5-HT autoreceptor in different spedes. In addition, both 

types of receptors have been shown to mediate the inhibition of forskoUn 

stimulated adenylate cydase activity (Bonate, 1991; Fozard, 1987; Hoyer and 

Schoeffter, 1991; Schmidt and Peroutka, 1989). In humans who have died 

from Huntington's disease, post -mortem exam reveals a decrease in the 

number of 5-HTID binding sites in the basal gangUa and substantia nigra 

leading to speculation that 5-HTID receptors may be affected in this 

degenerative neurological disease (Radja et al., 1991). 

5-HTlC Receptors 

In 1984, radioUgand binding studies identified 5-HT binding sites in the 

choroid plexus that were labeled by mesulergine and [3H]-5-HT (Bonate, 1991; 

Gleimon and Dukat, 1991) and were identified as 5-HTic binding sites. The 5-

HTic site demonstrates a high affinity for 5-HT, methysergide and mianserin 

(Bonate, 1991; Peroutka, 1988). There are currentiy no agents avaUable that 

are sdective for the 5-HTic binding site that are without an effect on the 5-

HT2 binding site. The 5-HT2 and i c receptors display a 51% sequence 

homology overaU; therefore, nearly aU compounds that demonstrate a high 

affinity for the 5-HTic receptor also have a high affinity for 5-HT2 receptors 

(Glennon and Dukat, 1991; Schmidt and Peroutka, 1989). The highest density 

of 5-HTic binding sites occurs in the choroid plexus, with binding also 

reported in the substantia nigra, globus palUdus, daustrum, frontal cortex and 

hippocampus (Pazos and Palados, 1985; Peroutka, 1988; Schmidt and 
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Peroutica, 1989). Binding studies have not yet identified this subtype in the 

cerebeUum. In addition, very Uttie or no 5-HTic mRNA has been reported in 

this brain region (Palados et al., 1991). The 5-HTic subtype is linked to 

phosphoinositide turnover in the choroid plexus and rat cerebral cortex and 

has been shown to be positivdy coupled to guanylate cydase activity in the 

choroid plexus (Bonate, 1991; Fozard, 1987; Peroutka, 1988; Sdunidt and 

Peroutka, 1989). The increase in the levd of inositol phosphates leads to an 

increase in intraceUular caldum which leads to the opening of caldum-

dependent chloride channels via a pertussis-toxin sensitive G protein 

(Schmidt and Peroutka, 1989). The time course of IP3 accumulation and 

cGMP production are simUar, indicating a possible sequential process in 

activating these two second messenger systems. The 5-HTic subtype is 

thought to be involved in the regulation of the synthesis and secretion of 

cerebrospinal fluid in the choroid plexus. 

5-HT2 Receptors 

The 5-HT2 subtype was originaUy described in rat frontal cortex in 1979 

and is readUy labded by [̂ HJ-ketanserin (Glennon, 1987; Glennon and Dukat, 

1991). The requirements for characterization of the 5-HT2 receptor famUy 

according to the nomendature of Bradley indude antagonism of the response 

by the 5-HT2 selective antagonist, ketanserin and resistance to antagonism by 

agents demonstrating a high selectivity for other receptor subtypes (Glennon, 

1987). The prototypical agonists for this receptor indude l-(2,5-dimethoxy-4-

bromophenyl)-2-aininopropane (DOB) and l-(2,5-dimethoxy-4-iodophenyl)-2-

aminopropane (DOI), however, both may also label 5-HTic sites (Glennon 

and Dukat, 1991). Pirenpirone and ritanserin are the most commonly used 
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antagonists and display a higher affinity (60 times greater) for the 5-Hr2 vs. 5-

HTic receptor (Bonate, 1991). The 5-HT2 subtype has been labded in the 

neocortex, daustrum, basal gangUa, nudeus accumbens and olfactory tuberde 

(Bonate, 1991; Peroutica, 1988; Schmidt and Peroutica, 1989). The 5-HT2 

receptor also has been identified in the DCN by radioUgand binding studies 

(Palados et al., 1991). This subtype appears to be exdusively located 

postsynapticaUy (Radja et al., 1991). It has been postulated that the 5-HT2 

family may not be homogeneous based on radioUgand binding studies 

(Glennon, 1987; Schmidt and Peroutka, 1989; Van Wijngaarden et al., 1990). 

Analysis of competition curves with pH]-ketanserin revealed a biphasic 

displacement pattem which prompted the suggestion that 5-HT2 receptors 

may exist in two states, one with a high affinity for agonists that is sensitive to 

guanyl nudeotides and the other with a low affinity for 5-HT2 sdective 

agonists (Titder et al., 1985). The existence of two different 5-HT2 receptor 

subtypes, one with a high affinity for agonists termed 5-HT2A and a 5-HT2B/ 

which demonstrates a low affinity for agonists has also been postulated 

(Peroutka et al., 1988). Electrophysiological studies have demonstrated that 

activation of the 5-HT2 receptor mediates a slow depolarization of fadal 

motor neurons and cortical neurons, whUe fadUtating the exdtatory effect of 

glutamate in fadal motor neuron (Peroutka, 1988; Schmidt and Peroutka, 

1989). This receptor has been shown also decrease the firing of neurons in the 

locus ceruleus (Davies et al., 1988; Sdunidt and Peroutka, 1989). 5-HT has 

been shown to increase PI tumover in the rat CNS by activation of 5-HTic 

and 5-HT2 receptors subtypes. In rat choroid plexus, this PI hydrolysis occurs 

via activation of the 5-HTic receptor whUe the 5-HT2 receptor is responsible 

for the hydrolysis in the cerebral cortex (Fozard, 1987; Peroutka, 1988). In 
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adcUtion, activation of the 5-HT2 receptor has been shown to stimulate PI 

hydrolysis in aortic smooth musde and platdets (Fozard, 1987; Peroutka, 

1988). PhysiologicaUy, the 5-HT2 receptor subtype is the major 5-HT subtype 

thought to be affected during depressive iUness (Bonate, 1991). It is beUeved 

that low endogenous levds of 5-HT upregulate 5-HT2 receptors. In addition, 

it is postulated that haUudnogenic agents eUdt their effects by acting on 5-

HT2 receptors in the central nervous system (Bonate, 1991; Glennon, 1987). 

5-HT3 Receptors 

In 1979, a receptor was described in the periphery that mediated exdtatory 

effects and had properties simUar to the M receptor described by Gaddum and 

PicareUi (Bonate, 1991; Schmidt and Peroutka, 1989). This receptor has since 

been identified in the brain (Bonate, 1991). The criteria for characterization of 

the 5-HT3 receptor famUy indude antagonism by (-)cocaine, MDL 72222, or 

ICS 205-930, resistance to antagonism by agents that are selective at 5-HTi or 5-

HT2 sites, and responses should be mimicked by the 5-HT3 sdective agonist, 

2-methylserotonin (Bonate, 1991). Phenylbiguanide and 2-methylserotonin 

are the most selective agonists currentiy in use, whUe ICS 205-930 is the most 

selective antagonist avaUable (Glennon and Dukat, 1991; Schmidt and 

Peroutka, 1989). The 5-HT3 receptor is found in the highest density in the 

area postrema and has also been localized to the entorhinal cortex, amygdala, 

hippocampus, nudeus accumbens and olfactory tuberde (Schmidt and 

Peroutka, 1989). In the cerebeUum, the 5-HT3 receptor has been reported to 

exist in low concentrations, but has not yet been localized to the deep nudd. 

In the periphery, the 5-HT3 receptor has been further divided into three 

subtypes, 3A, 3B, and 3C (Glennon and Dukat, 1991; Peroutka, 1988; Van 
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Wijngaarden et al., 1990). This heterogendty has not been demonstrated in 

the brain. 

Activation of the 5-HT3 receptor, in general, eUdts a fast response that 

desensitizes rapidly and is thought to be positivdy coupled to adenylate 

cydase (Bonate, 1991). This subtype has been shown to induce a rapid 

exdtatory response in cUfferent ceU-Une cultures and in hippocampal and 

striatal ceUs. This response is characterized by a rapid inward current that is 

mimicked by 2-methylserotonin and is blocked by ICS 205-930. In cells of the 

medial prefrontal cortex, the 5-HT3 receptor has been reported to control 

spontaneous activity (Ashby et al., 1989) whUe in the entorhinal cortex, 

agonists and antagonists for this receptor subtype have been shown to inhibit 

and fadUtate potassium-stimulated acetylcholine rdease, respectivdy (Barnes 

et al., 1989). In adcUtion, in cultured mouse embryonic hippocampal neurons, 

a 5-HT mediated fast depolarization has been demonstrated to CKCur via 

activation of the 5-HT3 receptor (Yakd et al., 1990). The 5-HT3 receptor 

appears to be an integral part of an ion channel and belongs to the famUy of 

Ugand-gated ion chaimds (Glennon and Dukat, 1991; Schmidt and Peroutka, 

1989). The ion channd assodated with the 5-HT3 receptor appears to be 

permeable to socUum and potassium ions but is not affected by changes in 

chloride ion concentration (Yakd et al., 1990). This receptor has been linked to 

the actions of anxiolytics, antidepressants, and antipsychotics (Bonate, 1991). 

5-tTr4 Receptors 

In the central nervous system, the 5-HT4 receptor was originaUy 

characterized by measuring cydic adenosine-monophosphate (cAMP) 

prcxiuction. This receptor has also been shown to mecUate contractions in the 
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guinea pig Ueum and also has been localized to the heart (Bockaert et al., 

1992). In the CNS, the 5-HT4 receptor appears to be localized on neurons and 

has been described in colUcuU and hippocampal preparations (Bonate, 1991; 

Glennon and Dukat, 1991). 5-methoxytryptamine is the most sdective 

agonist avaUable for this receptor subtype, whUe zacopride and cisapride 

appear to be the most selective antagonists (Andrade and Chaput, 1991; 

Glennon and Dukat, 1991). There is some debate regarding the effectiveness 

of zacopride as an antagonist since this compound appears to act as a partial 

agonist for the 5-HT4 receptor in some systems. This receptor subtype has 

been shown to mecUate a slow membrane depolarization in the rat 

hippocampus which would lead to an exdtatory response of the baseline 

firing rate. In addition, 5-HT4 receptor-induced inhibition of a caldum-

activated after-hyperpolarization could be responsible for exdtatory responses 

observed in hippocampal CAl neurons. These actions in hippocampal 

neurons are mimicked by the 5-HT4 selective agonist S-methoxytryptamine 

and are blocked by BRL 24924, zacopride, and dsapride. However, these 

responses do not appear to be simUar to responses eUdted by the 5-HT3 

sdective compounds 2-methyl-5-HT or phenylbiguanide. A 5-HT stimulated 

activation of adenylate cydase in rat colUcular cells attributable to the 5-HT4 

receptor has been described (Bockaert et al., 1992). An increase in cAMP was 

foUowed by activation of phosphoUpase A leacUng to dosure of potassium 

channels resulting in receptor-induced depolarization. In the enteric nervous 

system of guinea pig Ueum, activation of a 5-HT receptor subtype termed 5-

HTip has been described as eUdting a slow depolarizing response and 

stimulation of adenylate cydase. In addition, 5-HT3-sdective agonists 

mimicked these effects in guinea pig Ueum. However, the 5-HT4 receptor 
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differs from the 5-HTip receptor described in the enteric nervous system in 

that the effects seen in the rat colUcular ceUs were not mimicked by 2-inethyl 

serotonin (2-methyl-5-HT) or by phenylbiguanide. In addition, BRL 24924, 

zacopride and dsapride blcxiced the response in the colUcuU neurons. The 5-

HT4 receptor has only recentiy been characterized and to date has not been 

demonstrated dther functionaUy or by binding stucUes in the cerebeUum. 

Serotonergic Function in the Central Nervous 

System 

Serotonin is thought to affect a variety of central nervous system 

functions induding temperature regulation, sleep, appetite, pain perception, 

sexual behavior and several psychological disorders inducUng pathologic 

anxiety, depression and schizophrenia (Bonate, 1991; Chase and Murphy, 

1973; Peroutka, 1988; Radja et al., 1991). In adcUtion, disturbances in the 

serotonergic systems in the CNS have been identified in Parkinson's disease, 

Alzheimer's t3rpe senUe dementia, Huntington's disease, migraine and 

epUepsy (Chase and Murphy, 1973; Fozard, 1987; Glennon, 1987; Radja et al., 

1991). Disturbances of serotonergic systems have been impUcated in the 

pathology of central motor system defects (Chase and Murphy, 1973). 

Serotonin and Central Motor Disorders 

Serotonin has been linked with several motor disorders of the central 

nervous system (Chase and Murphy, 1973; Snodgrass, 1990). The dassic 

serotonin syndrome of Jacobs indudes the foUowing motor abnormaUties in 

rodents: hincUimb abduction, forepaw treading, head twitch and wet dog 

31 



shakes (Glennon, 1987). In adcUtion, serotonin is asscxiated vrith the motor 

disorders seen with alcohoUc cerebeUar degeneration (Chase and Murphy, 

1973; Snodgrass, 1990). It is beUeved that decreased thiamine levels are 

responsible for the ataxia seen with this degeneration. Furthermore, a 

thiamine defidency encephalopathy that resembles Wernicke's disease has 

been described in rats. The neurological symptoms seen with this disease 

indude ataxia, weakness, rotation and stimulus sensitive mycKlonic 

convulsions. The high affinity uptake system for 5-HT is selecrtively 

decreased in the cerebeUum in this pathology. In adcUtion, the distribution of 

serotonergic fibers to the cerebeUum resembles the pattem of pathological 

lesions found in thiamine defidency; that is, the areas where these 

pathological lesions are located in thiamine defidency correspond to the areas 

where plexuses of 5-HT axons are found. Hartnup's cUsease is another 

example of cerebeUar ataxia and cUsturbed serotonin metabolism. 

In the 1930's, Hodskins and Yakovlen described patients that had 

myodonic cUsorders and noted that these patients demonstrated other 

symptoms of cerebeUar dysfunction (Sncxigrass, 1990). Furthermore, 

abnormal 5-HT neuronal function such as increased synaptic 5-HT or 

increased stimulation of postsynaptic 5-HT receptors has been shown to 

produce myodonic disorders in rats. In adcUtion, the serotonin syndrome, 

eUdted by increased stimulation of 5-HT receptors, is a motor syndrome that 

indudes at least two mycxdonic components, head twitches and forepaw 

treacUng (Snodgrass, 1990). AbnormaUties of the 5-HT system (in this case, 

decreased levels of 5-HT as evidenced by decreased levels of 5HIAA, a 

serotonin metaboUte) are also asscxiated with postanoxic and herecUtary 

myodonus (Snodgrass, 1990). 5-hydroxytryptophan (an intermecUate 
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compoimd in serotonin synthesis) has proved to be the most effective long-

term therapy for postanoxic myodonus. CerebeUar ataxia is a prominent 

feature of both types of myodonus. Thus, it appears that disturbances of the 

serotonergic system in the cerebeUum may eUdt certain characteristic motor 

cUsturbances. 

Seasonal Variations in Serotonergic Levels 

The existence of drcacUan rhythms for 5-HT in the central nervous 

system has been weU documented. 5-HT synthesis appears to peak during the 

day with 5-HT release peaking at night. It has been postulated that receptors 

are decreased when 5-HT release is high and increased when 5-HT rdease is 

low (Wdner et al., 1992). There is also evidence that serotonergic systems in 

the CNS as weU as in the periphery cUsplay seasonal variations in bincUng, 

uptake, and metabolism (Brund and DeMontigny, 1987; Kempf et al., 1978; 

Meyer and Quay, 1977; PhUo and Rdter, 1980). A significant seasonal rhythm 

in serotonin content in the hypothalamus of humans has been demonstrated, 

with a peak occurring in autumn and a trough in late winter (Carlsson et al., 

1980). In addition, seasonal changes in content and tumover of 5-HT in 

various parts of the brains of European hamsters kept under constant 

concUtions of Ught and temperature have been shown (Kempf et al., 1978) 

According to this study, 5-HT levels were less stable and higher in the spring 

than during any other season, with a trough cxrcurring in winter. Based on 

the observation that seasonal cUfferences persisted under constant 

enviormental concUtions, the mechanism controlling 5-HT content was 

considered to be endogenous (Kempf et al., 1978). Annual variations in the 

kinetic properties of [^Hl-imiprimine (a 5-HT uptake inhibitor) bincUng 
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density and 5-HT uptake in the hypothalamus of the rat have also been 

demonstrated. However, these changes were highly dependent on the 

Ughting schedule to which the experimental animals were subjected 

(RovescaUi et al., 1989). 

Seasonal rhythms in the responsiveness of single neurons to a 

neurotransmitter were first demonstrated in hippocampal pyramidal 

neurons with these ceUs exhibiting an annual variation in their responses to 

serotonin (Brund and DeMontigny, 1987). In this study, it appeared that the 

cUumal rhythm of 5-HT was superimposed onto the seasonal rhythm. This 

has been confirmed in a recent study that demonstrated a cUumal variation in 

serotonergic binding during winter but no cUumal variation in the spring 

(Weiner et al., 1992). The results of the studies reported here may prove to be 

important in understanding certain clinical cUsorders that appear to foUow a 

seasonal pattem and are assodated with changes in central serotonergic 

systems. 

Purpose and Scope of This Study 

Serotonergic projections originating from raphe nudei and the brain 

stem reticular formation have been shown to exist to both the cerebeUar 

cortex and to the deep cerebeUar nudd (Bishop and Ho, 1985; Palados et al., 

1990). ExtraceUular serotonin has been shown to eUdt inhibitory, exdtatory 

or biphasic effects on neuronal firing in various brain regions (Bonate, 1991; 

Glennon, 1987; Hoyer and Schoeffter, 1991). In addition, 5-HT has been 

impUcated in many physiological functions. Disturbances in the 5-HT system 

have been linked to the symptoms of a variety of pathological concUtions. To 

date, few stucUes of the direct effects of 5-HT on neuronal activity of cells in 
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the deep cerebellar nudd in a cerebeUar sUce preparation or in an in-vivo 

preparation have been reported. Based on the multiple actions of 5-HT noted 

in the CNS, it was the intention of this study to investigate the effects of 5-HT 

on ceUs of the DCN, the prindpal output of the cerebeUum. This study 

addressed the foUowing questions; (1) are neurons of the dentate/interpositus 

nuclei spontaneously active in an in-vitro sUce preparation and what type of 

section (horizontal, coronal, or sagittal) produces the most spontaneously 

active ceUs, (2) are cells of the DCN responsive to 5-HT and if so, what effects 

does 5-HT eUdt, (3) which receptor subtype(s) are mecUating the effects eUdted 

by 5-HT, and (4) is the cAMP second messenger system, through 

phosphorylation, either mecUating or modulating 5-HTIA and 5-HT4-

induced inhibition. Accordingly, the present study was divided into three 

experiments. 

Experiment I: Determination of Spontaneous 
Activity and Responsiveness of Neurons 

in the Dentate/interpositus Nudei 
to 5-HT Alone and in the 

Presence of Antagonists 

Previous stucUes incUcate that the cerebdlar slice preparation is an 

appropriate modd for use in studying the effects of 5-HT in the cerebeUum. 

Indeed, results of these earUer stucUes incUcated that Purkinje cells in the 

cerebdlar slice preparation were viable, demonstrated spontaneous activity 

and were responsive to 5-HT (Darrow et al., 1990). 

Anatomical stucUes have identified a serotonergic innervation to the 

DCN; however, there are currentiy no reports in the Uterature examining the 

direct effects of serotonin on cells of the DCN in dther in-vivo or in-vitro 

preparations, although a previous report has examined the modulatory effect 
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of 5-HT on exdtatory amino adds in the DCN. Based on the existence of 

serotonergic innervation to both the cerebeUar cortex and DCN, previous 

StucUes demonstrating complex effects of 5-HT in the cortex, and the defidt of 

StucUes exploring the effects of 5-HT in the DCN, I wished to characterize the 

effects of 5-HT in this area in order to more fuUy understand the role of 5-HT 

in cerebeUar function. These stucUes were designed to determine if cells of 

the dentate/interpositus nudei are spontaneously active in a horizontal 

cerebellar slice and to characterize the effects of 5-HT, appUed by superfusion 

or iontophoresis, on these neurons After the effec:ts of 5-HT appUed alone 

were determined, these effects were examined in the presence of receptor 

selective antagonists. 

Experiment IL Responses of Dentate/interpositus 
Neurons to 5-HT Receptor Subtype Sdective 

Agonists and Antagonists 

There are currentiy seven receptor subtypes for 5-HT that have been 

positivdy identified in the brain. At least four of these subtypes have been 

localized to the cerebeUum. However, there is a defidency in 

electrophysiological stucUes of the effects of activation of various subtypes in 

the CNS as compared to the number of bincUng stucUes reported. The 

availabiUty of relativdy sdective compounds for each of these subtypes has 

aUowed for the exploration of functional responses that can be attributed to 

specific receptor subtypes. 

This study was designed to determine if multiple receptor subtypes were 

responsible for mecUating effects seen with superfusion and iontophoretic 

application of 5-HT, as has been demonstrated in the cerebeUar cortex, and to 
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estabUsh (as dearly as is possible given the sdectivity of the compounds used) 

which 5-HT receptor subtype is responsible for which effect. This was 

accompUshed by using sdective 5-HT agonists and quaUtativdy and 

quantitatively comparing their actions with those of 5-HT. Furthermore, 

antagonists selective for the various 5-HT receptor subtypes were appUed in 

the presence of 5-HT and the sdective 5-HT agonists to better characterize the 

receptor subtjrpes involved in mecUating the electrophysiological effecrts of 5-

HT. 

Experiment HI: Involvement of the Adenylate 
Cydase Transducer System in Responses 

of the Dentate/interpositus Neurons 

to 5-HT 

Serotonin receptors are known to utilize different intraceUular signaling 

systems. SpedficaUy, the 5-HTiA/ 5-HTiB/ 5-HTiD and 5-HT4 receptor 

subtypes are coupled to the cAMP second messenger system, whUe the 5-

HTic and 5-HT2 receptors are linked to hydrolysis of phosphotidylinositol 

bisphosphate (PIP2). In adcUtion, the 5-HTiA and 5-HT4 receptors have been 

shown to transduce extraceUular signals via GTP-binding proteins in several 

brain regions. I chose to examine the involvement of adenylate cydase in 

mecUating the inhibitory responses to 5-HTiA and 5-HT4 activation because 

the predominant effect eUdted by 5-HT in the dentate/interpositus nudd was 

inhibition of spontaneous activity. Furthermore, the inhibitory effect of 5-

MeOT, the 5-HT4 -sdective agonist, was a novd response that I wished to 

explore more fuUy. Thus, this study was designed to determine if the cAMP 

transducer system was involved in mecUating the inhibitory responses to 

activation of the 5-HTiA and 5-HT4 receptors by receptor-sdective agonists 
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and to see if activation of this second messenger system could modulate these 

inhibitory responses, possibly via protein phosphorylation or a direct action. 

This was accomplished by utilizing compoimds that affected the cAMP 

cascade at various stages. These compounds were appUed in the presence of 

the 5-HTiA sdective agonist, 8-OH-DPAT, and tiie 5-HT4 selective agonist, 5-

MeOT, in an attempt to characterize the role of the cAMP second messenger 

in mecUating the inhibitory effects of 5-HT. 
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CHAPTERH 

METHODS AND PROCEDURES 

Experimental Animal Preparation 

Young adult, male Sprague-Dawley rats (Sasco Laboratories) wdghing 75-

125 g were used in these stucUes. Animals were maintained under a 12-h 

light-dark cyde. Food and water were provided ad libitum. For each 

experiment, a rat was Ughtiy anesthetized with ether (untU the eye-blink 

reflex cUsappeared) and rapicUy decapitated using a smaU animal guiUotine. 

The ocdpital plate of the skuU and the dura overljdng the cerebeUum were 

removed and the cerebeUar pedundes transected. The cerebeUum was then 

removed using a smaU spatula and placed in ice-cold artifidal cerebrospinal 

fluid (ACSF) that had been gassed with 95% O2,5% CO2. The ACSF contained 

(in mM): NaCl (124), KQ (5), KH2PO4 (1.2), MgS04 (2.4), CaQ2 (2.6), NaHC03 

(25), and glucose (10). The pH of this solution was between 73 and 7.4, whUe 

the osmolaUty of the solution was between 295-310 mOsm. The cerebeUum 

remained in this solution for approximately 1-2 min. 

Tissue SUce Preparation 

The dorsal surface of the cerebeUum was blcxdced to provide a flat surface 

for fixation to the sUdng stage. The tissue was then fixed to the sUdng blcxdc, 

dorsal surface down, with cyroacryUc glue. After mounting on the sUdng 

block, the cerebeUum was transected through the vermal region in order to fit 

the sUces onto the recording chamber and to provide two recorcUng 

specimens per sUce. The sUdng stage was secured in a sUdng chamber and 

the tissue submerged in continuously oxygenated ice-cold ACSF (4-6®C). 
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Horizontal cerebeUar sUces, 350 \im thick, were made using a vibratome 

tissue sUcer (Camden Instruments, Modd 752/M). The speed control of the 

tissue sUcer was set at the lowest setting (1) whUe the vibration control was set 

at the highest (11). The sUdng procedure took approximatdy 10-15 min. The 

most successful recordings cxrcurred when the final temperature of the sUdng 

solution was between 3-6®C. SUces were transferred with a soft sable artist's 

brush (size 2) to a holcUng chamber containing continuously oxygenated (95% 

O2,5% CO2)/ room temperature ACSF, and aUowed to recover for a 

minimum of 1 h. 

Types of Tissue Sections 

Recordings were attempted from coronal, sagittal and horizontal sections. 

No spontaneous activity was noted in coronal or sagittal sections, but the cells 

in coronal sections could be driven with iontophoretic appUcation of 

glutamate. It was cUfficnilt to dearly identify the dentate/interpositus or 

mecUal nudd in these preparations. The spontaneous activity was highest in 

the horizontal sUce with firing frequendes corresponding to those reported 

previously in guinea pig deep cerebeUar nudd (Jahnsen, 1986a). Direct 

microsdpic visualization of the area being recorded was not difficult with the 

horizontal slice (Figure 2). Due to the ease in identification and the high 

levd of activity as compared to other planes of sectioning, I chose to use 

horizontal cerebeUar sUces for aU experiments. 

Tissue SUce Superfusion 

IncUvidual sUces were transferred from the holcUng chamber to an 

interface-type recorcUng chamber (MecUcal Systems Inc). The recording 

40 



* ' • * • ' .a_L. 

Figure 2. A line drawing of a horizontal section of the cerebeUum from the 
atias of Paxinos and Watson (1986). This section dosdy corresponds 
to the area of the dentate/interpositus nudei from brain sUces in 
which I recorded ceU activity. The deep nudd are incUcated by the 
initials Lat, Int, and Med corresponding to the lateral nucleus, 
interpositus nudeus and mecUal nudeus, respectively. 
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chamber consisted of a rectangular water bath and an interface superfusion 

top (Haas et al., 1979) which sat on the water bath. Brain sUces were placed on 

a nylon mesh in the recorcUng chamber and were superfused with artifidal 

cerebrospinal fluid. This arrangement provided a stable surface for placement 

of the tissue sUce and good oxygenation of the sUce which minimized the 

effects of hypoxia (Haas et al., 1979). I found tiiat using a mesh made almost 

entirely from nylon with Uttie or no latex proved to be the type of mesh that 

provided the most satisfactory results. The water bath was maintained at a 

temperature of 34°C by a regulated heater (Electronics Co. Ltd.) and was 

continuously gassed with a nuxture of 95% 02/5% 002- AU solutions that 

were appUed by superfusion were stored in flasks that were kept under 

constant pressure of 2-3 PSI by 95% 02/5% CO2 from a gas tank. The flow rate 

of the superfusion mecUum was 1-2 ml/min. Since the volume of the 

chamber was 70 ^1-100^1, an exchange rate of 10 chamber volumes/min was 

achieved with this flow rate. A 6 channel switching flow-rate module 

(Omnifit), fitted with an I.V. screw-type pinch damp, was used to control the 

flow rate. This module aUowed 5 cUfferent superfusion solutions to be 

utilized. 

Recording 

Single unit extraceUular recorcUngs of dentate/interpositus neuron 

spontaneous discharges were made using single-barrel glass electrcxies (0.6 

mm I.D., 1.0 mm O.D., Sutter Glass) for stucUes of effects of superfusion of 

5-HT and 5-HT analogs on dentate/interpositus neuronal firing. Blanks were 

puUed on a Flaming-Brown dectrode puUer to a tip cUameter of 

approximately 1 pm (6-8 MQ resistance) and fiUed with 4 M NaQ. Multi-
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barrel thin-waUed glass electrodes (0.9 mm I.D., 1.2 mm O.D., Fredrick Haer 

and Co.) were used for iontophoretic stucUes. Blanks were puUed (Narishige 

Instruments, PE-2) to a dosed tip. Tips were broken back, under microscope 

control, to a cUameter of approximatdy 1 pm per barrd (3-6 MQ, resistance). 

Thus, a three-barrel dectrcxle had a 3 ûn tip cUameter whUe a five-barrd had 

a cUameter of 5 pm. Drug barrels of multi-barrd dectrodes were fiUed with 

various drug-solutions. Electrcxies were placed, under direct microscopic 

visualization, into the dentate/interpositus nudei using a Leitz manual 

microdrive. A schematic of dectronics used to record extraceUular action 

potentials is shown in Figure 3. These potentials were cUsplayed on an 

osdlloscope (Tektronix Instruments) after amplification by a high gain A.C. 

ampUfier (Dagan 2400 extraceUular pre-amplifier, gain 5000, band pass 300 Hz-

10 K Hz). The amplified signal was fed into an analog delay (Bak 

Instruments) which served to delay the action potential and aUowed it to be 

displayed on a second osdUoscope in a time-locked fashion, thus aUowing 

better visualization of the signal. IncUvidual spikes were cUscriminated from 

background noise with an ampUtude analyzer (Fredrick Haer and Co.) which 

generated a constant voltage TTL pulse for each signal that crossed the 

selected threshold. Voltage pulses generated by the ampUtude analyzer were 

fed into a computer, counter and a raster/stepper (W P Instruments). The 

raster/stepper was used for the prcxiuction of a summed histogram 

monitoring action potentials per unit time (e.g., 1-s epoch) on a continuous 

time scale. This output was then fed into a stripchart recorder (Fisher 

Recordal) for cUsplay. A pulsar 4i (Fredrick Haer and Co.) was connected to 

the raster/stepper and served to reset the raster/stepper and counter to zero 

once a second. This generated an on-line record of the firing frecjuency of the 
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Figure 3. Diagram of recording system used for extraceUular recorcUng. 
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cell being recorded. A chlorided stiver wire that was in contact with the 

nylon mesh and superfusion medium was used to ground the recorcUng 

chamber. 

Prcxredure for Superfusion Studies 

Single-barrel glass dectrcxies fiUed with 4 M NaQ were used to record 

action potentials from dentate/interpositus neurons. After locating a ceU and 

discriminating the action potential from the background noise, a control 

pericxi of 4-6 mins was recorded before superfusion with the compoimd was 

begun. Superfusion medium was then switched to a mecUum containing the 

test compound. This mecUum was appUed untU a stable, maximal response 

was obtained and then switched back to the control solution for a recovery 

period. In the case of agonists, several concentrations of any given compound 

were appUed to a ceU in order to establish a dose-response rdationship (see 

Compoimd AppUcation section). Computer-generated (Apple He) interspike-

interval histograms (ISIH), which are histograms that record and compUe the 

interval between action potentials, were utilized to record any changes in the 

firing pattem of the ceU being recorded. The ISIHs were compUed over 120-s 

epcxiis and contained between 2000-9000 intervals. The main advantage of 

compound appUcation by superfusion is that the concentration of the 

solution is known. However, this technique does not aUow for Icxralized 

appUcation of compounds but instead permits the drug solution to contact the 

entire sUce. Thus, compounds appUed by superfusion might affect other cells 

that can influence the ceU being recorded. 
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Procedures for Iontophoretic Studies 

Multi-barrd glass dectrcxies were used for the iontophoretic stucUes. A 

10 nA current opposite in polarity to the ejection current was appUed to aU 

drug barrels between pericxis of ejection. These retaining currents were 

appUed to prevent the spontaneous leakage of drug solutions from electrcxle 

tips. Currents of 10-20 nA were commonly used as retaining currents. A 

smaU retaining current is desirable so that effective mobilization of drug ions 

occurs when an ejecting current is appUed (Kelly et al., 1975; Spencer, 1975). 

For all iontophoretic stucUes, automatic current balancing was used. Outer 

drug barrels were fiUed with various drug solutions whUe the balance barrd 

and the recorcUng barrd were fiUed with 4 M NaCl. The balance barrd was 

used to automaticaUy eject a current equal to but opposite in polarity from the 

algebraic sum of the currents flowing in the other barrels. This technique was 

used to minimize any non-spedflc current effects (Salmoriaghi and Stdner, 

1963). A constant current electrophoresis unit (Fintronics Inc) was used for 

drug ejections. AppUcation of compounds foUowed a high-low current 

schedule in order to decrease intrapipette variabUity in drug rdease. This 

technique compensated for pipette warm-up and allowed determination of 

dose (current)-response relationships (Siggins and Schultz, 1979) . Each trial 

consisted of a control pericxi (30 s), an ejection pericxi (10-20 s) and a retain 

period (30 s). For each ceU, approximately 4-6 trials were run for each ejection 

current to insure reprcxiudbiUty of the responses. Retention and ejection 

pericxis were automaticaUy sequenced and maintained by an Apple He 

computer which interfaced with the iontophoresis unit using laboratory 

written software . In adcUtion, the computer generated peri-ejection 

histograms (which recorded the total number of action potentials during a 
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spedfied time pericxi) for on-line quantification of ceU firing rates. Any ceU 

that displayed artifacts due to Icxal anesthetic or other non-specific effects 

(displayed as a change in spUce ampUtude and/or widening of the action 

potential) were not induded in these stucUes. If current artifacts were 

observed with iontophoretic appUcation of compoimds, the current was first 

decreased. If the artifacts persisted at lower ejection currents, the ceU was not 

used. 

Experimental Compounds 

AU compounds were appUed by superfusion and/or iontophoresis. Stcxic 

solutions were made for aU compoimds by first dissolving them in double 

distiUed water unless otherwise stated. Solution pHs for compounds that 

were iontophoreticaUy appUed were measured by a digital pH meter 

(Markson Sdence, Inc) and adjusted to the desired pH with NaOH or HQ. 

Stock solutions were kept in a freezer (-20°C) for a maximum of two weeks. 

For compoimds that were appUed by superfusion, stcx:k solutions were 

dUuted to the desired concentrations with ACSF. For compounds that were 

iontophoreticaUy appUed, stcxJc solutions were thawed long enough to fiU 

electrodes and were then refrozen. 

Serotonin Agonists 

Serotonin agonists used induded (Table 1): 5-hyciroxytryptamine 

creatinine sulfate, 5-HT (Sigma, 0.1 nM-10 \JM in superfusion mecUum and 50 

mM, pH 4.0-5.0 for iontophoresis); 5-HT oxalate (Sigma, 1 jiM in superfusion 

mecUum); 5-HT HQ (Sigma, 1 pM in superfusion medium); 5-

carboxyamidotryptamine, 5-CT, 5-HTi sdective (Glaxo, 20 mM, pH 4.0-5.0 for 
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Table 1: Summary of serotonergic agonists used in these stucUes 

Compound Receptor Selectivity* (reflects 
major site of action only) 

Serotonin 

5-CT 

8-OH-DPAT 

Ipsapirone 

TFMPP 

RU 24%9 

CGS 12066B 

DOI 

Pheylbiguanide 

2-methyl-5-HT 

5-Me-OT 

AU 5-HT receptors 

5-HTi 

5-HTiA 

5-HTiA 

5-HTiB 

5-HTlB 

5-HTlB 

5-HT2/IC 

5-HT3 

5-HT3 

5-HT4 

•Receptor sdectivity is dependent on the dose and method of 
appUcation as weU as the system being studied. 
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iontophoresis); 8-hyciroxy-2-(cU-N-propyl-ainino)tetraline hydrobromide, 8-

OH-DPAT, 5-HTiA selective (Sigma,lpM in superfusion mecUum and 20 

mM, pH 5.0 for iontophoresis); ipsapirone, 5-HTIA sdective (MUes, 1 pM in 

superfusion mecUum and 20 mM, pH 5.0 for iontophoresis); l-[3-

(trifluromethyDphenylj-piperazine hydrochloride , TFMPP, 5-HTIB sdective 

(RBI, IpM in superfusion mecUum); 5-methoxy-3-[l,2,3,6-tetrahydropyridine-

4-yl]-lH-indole, RU24969, 5-HTiB selective (Roussd-UCLAF, 100 nM in 

superfusion mecUum); trifluromethylpjo-oloquinoxaline malate, CGS 12066B, 

5-HTiB selective (dissolved in 0.1 N HCL, RBI, 20 mM, pH 4.0 for 

iontophoresis); l-[2,5-cUmethoxy-4-iodophenyl)-2-aminopropane 

hydrochloride, EXDI, 5-HT2/1C sdective (RBI, IpM in superfusion mecUum 

and 50 mM, pH 4.0-5.0 for iontophoresis); phenylbiguanide, 5-HT3 sdective 

(Aldrich, 1 pM in superfusion mecUum and 50 mM, pH 4.0 for iontophoresis); 

2-methyl-5-hydroxytryptainine, 2-Me-5-HT, 5-HT3 selective (RBI, 10 mM, pH 

4.0-5.0 for iontophoresis); and 5-methoxytryptamine, 5-HT4 sdective (RBI, 20 

mM, pH 5.0 for iontophoresis). 

Serotonin Antagonists 

AU serotonin antagonists were appUed by superfusion for both 

superfusion and iontophoretic agonist stucUes unless otherwise stated. 

Serotonin antagonist compounds used induded (Table 2): metergoUne, non

selective 5-HTi (FanutaUa, 1 nM and 10 \iM); spiperone, 5-HTiA/2 sdective 

(dissolved in warm 85% lactic add and then dUuted to the proper 

concentration with cUstUled water, RBI, IpM in superfusion mecUum and 10 

mM, pH 4.0 for iontophoresis); ritanserin, 5-HT2/1C sdective (Janssen, 100 

nM); pirenpirone, 5-HT2 sdective (RBI, 100 nM); endo-lH-indole-3-carboxyUc 
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Table 2: Summary of serotonergic antagonists used in these stucUes 

Compound Receptor Sdectivity* (reflects major 
site of action only) 

MetergoUne 

Spiperone 

Ritanserin 

Pirenpirone 

ICS 205930 

Zacopride 

Non-selective 5-HTi 

5-HT1A/2 

5-HT2/IC 

5-HT2 

5-HT3 

5-HT4 

*Receptor sdectivity is dependent on the dose and methcxi of 
application as weU as the system being stucUed. 
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add, ICS 205930, 5-HT3 sdective (dissolved in 1-2 drops 50% etiianol, tiien 

cUluted with distUled water, RBI, l^iM); and zacopride, 5-HT4 sdective 

(Wyeth-Ayerst, 100 nM). Concentrations sdected for aU antagonists did not 

prcxiuce any significant changes in the spontaneous firing rates of 

dentate/interpositus neurons. 

AdcUtional Compoimds 

The foUowing compoimds (Table 3) were utilized in a series of 

experiments that attempted to determine if inhibitory effects of 5-HT2 and 5-

HT4 serotonergic agonists, spedficaUy DOI and 5-MeOT, were indirect via 

activation of gamma aminobutyric add (GABA) intemeurons: GABA 

(Sigma, 20 mM, pH 4.0-5.0 for iontophoresis); picrotoxin, an antagonist of the 

GABA-activated chloride channd ionophore (Sigma, 10 mM for 

iontophoresis pH 4.0 and 50 ^M for superfusion); bicuculUne methicxUde, a 

GAB A A recognition site antagonist (cUssolved in 165 mM NaQ, Regis, 10 

mM, pH 5.0 for iontophoresis and 10 )xM for superfusion); and nipecotic add, 

a GABA uptake inhibitor (Sigma, 100 mM, pH 4.0 for iontophoresis). Glycine 

(Sigma, 500 îM, pH 7.0 for iontophoresis) and strychnine, a glycine 

recognition site antagonist (RBI, 1 \iM), were utilized to determine if the 

inhibitory effect noted with appUcation of the 5-HT4 agonist, 5-MeOT, was 

mediated via a glycine receptor. 

For studies performed to determine if the adenylate cydase second 

messenger system could be involved in mecUating inhibitory effects of 

serotonergic agonists, the foUowing compounds were employed. 3-isobutyl 1 

1-methylxanthine, IBMX, phosphcxUesterase inhibitor (dissolved in 50% 

ethanol, then cUluted with cUstiUed water, Sigma, 100 jiM); forskoUn, an 
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Table 3: Summary of adcUtional compounds used in these stucUes 

Compound 

GABA 

Picrotoxin 

BicucuUine 

Nipecotic Add 

Glycine 

Strychnine 

8-br-cAMP 

di-cAMP 

IBMX 

ForskoUn 

CPT 

Receptor Sdectivity* (reflects 
major site of action only) 

G A B A A andGABAB 

Chloride ionophore antagonist 

G A B A A antagonist 

GABA uptake inhibitor 

AU glycine receptors 

Glycine antagonist 

Membrane permeable cAMP 
analogue 

Membrane permeable cAMP 
analogue 

PhosphcxUesterase inhibitor 

Adenyl cydase activator 

Adenosine (Ai) antagonist 

•Receptor sdectivity is dependent on the dose and methcxi of 
appUcation as weU as the system bdng stucUed. 
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adenylate cydase stimulator (dissolved in 0.2 ml 95% ethanol then dUuted 

with cUstiUed water, Sigma, 1 l̂M) and 8-cydopentyl-l,3-ciimethybcanthine, 

CPT, an adenosine (Ai) antagonist (dissolved in 0.1 N NaOH, then dUuted 

with distiUed water, RBI, 1 ^M) were appUed by superfusion, whUe 8-bromc>-

cydic adenosine monophosphate, 8-br-cAMP, a membrane permeable cAMP 

analogue (Sigma, 50 mM, pH 5-6); and cUbutyryl cydic adenosine 

monophosphate, cUbutyryl-cAMP, a membrane permeable cAMP analogue 

(Sigma, 50 mM, pH 5-6) were iontophoreticaUy appUed. 

Several cationic currents have been identified in the DCN, induding a 

hyperpolarization-activated inward current (Ih) current and a Ca2+-

dependent K+ current (Jahnsen, 1986b; LUnas, 1988). Cesium chloride, which 

blocks Ih (Sigma, 2-5 mM), and barium chloride, which blcxJcs the Ca2+-

dependent K+current (Sigma, 500 |iM), were appUed in an attempt to 

determine if these currents might be involved in the inhibitory effects noted 

with 5-HT and 5-HT analogs. 

Compound Application 

Superfusion StucUes 

Agonists 

A control pericxi of 4-6 min was obtained in regular ACSF, then, by way c 

the switching flow rate mcxiule described, the superfusion mecUum was 

switched to a mecUum containing a specific agonist. After a steady state 

response was achieved, the superfusion mecUum was switched back to the 

control mecUum and a recovery period recorded. After recovery from the 

initial concentration of the compound, another concentration of the drug wa 

applied. UsuaUy the lowest concentration of the agonist was appUed first, 
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foUowed by increasing concentrations. In a few cells, concentrations were 

appUed in random order to determine if the effects noted were truly dose-

dependent and to assess the potential presence of desensitization with 

increasing concentrations of the agonist. At least two different concentration! 

of agonist were utilized for each ceU. 

Agonists plus Antagonists 

The same protCKol as stated above for agonist superfusion stucUes was 

followed. Two protcxx>ls for studying effects of the antagonist were utilized. I 

believe that the superfusion time allowed for antagonists in both superfusior 

and iontophoretic stucUes was suffident, since with longer appUcation times 

(45-60 min) no adcUtional antagonistic effecrts were noted. The first protcxx>l 

was as foUows; after aU trials with various concentrations of the agonist had 

been completed, a recovery pericxi was obtained. The mecUum was then 

switched to solution containing ACSF plus an antagonist. This mecUum was 

aUowed to superfuse for a period of 10-15 min before the agonist was 

reapplied to ensure that the antagonist cUd not cause any direct effects on the 

firing rate of the ceU and that suffident concentrations of the antagonist were 

achieved before appUcation of the agonist. The agonist then was reappUed by 

superfusion whUe continuing the superfusion of the antagonist. The agonist 

was reperfused for a pericxi long enough to reach a steady state response with 

the agonist alone or untU a steady state, maximal effect was observed. The 

superfusion mecUum was then switched back to normal ACSF for a recovery 

period and the agonist was reappUed. The procedure for the second protocol 

consisted of applying the antagonist whUe the agonist stiU was being 

superfused. No recovery pericxi ensued between appUcation of agonist and 
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antagonist. The antagonist was aUowed to superfuse over the sUce for up to 

30 min. Superfusion of the antagonist was then stopped, whUe superfusion 

of the agonist was continued to see if the original response to the agonist 

returned. If recovery from the antagonist occurred, the prcx»dure was 

repeated using ciifferent concentrations of the agonist. At least two 

concentrations of agonists were appUed to the cells for both protcxx)ls. An 

advantage of the first protcx:ol was that any effects of the antagonists on the 

spontaneous firing rate could be readUy observed. However, the length of 

this protocol (2-3 h) made it difficult to record from ceUs for the duration of 

the experiment. The second protocol described was much faster, which 

allowed more concentrations of agonist to be appUed, but it was difficult to 

observe any direct effects of antagonists on spontaneous rate. 

Iontophoretic Studies 

For iontophoretic stucUes, a specific agonist was iontophoreticaUy appUed 

in the control mecUum and a dose (current)-response analysis performed. 

The superfusion mecUum then was switched to a medium containing one of 

the previously mentioned antagonists, cAMP compounds, or one of the 

adcUtional compoimds Usted in Table 3. These compounds were appUed for 

periods of 5-10 min before the agonist was reappUed to aUow any effects on 

the spontaneous firing rate to be noted. The agonist was iontophoreticaUy 

pulsed on again, and the dose (ciirrent)-response analysis repeated. The 

superfusion mecUum was switched back to the control solution and a 

recovery dose (ciirrent)-response analysis completed. Since fuU recovery 

from effects of the superfused compoimds could take as long as 5-45 min, 

sometimes only a partial recovery to control values could be achieved. In th< 
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few StucUes in which both an agonist and another compoimd were appUed 

iontophoreticaUy, the agonist was appUed as described above. The second 

compound was then iontophoreticaUy appUed continuously for 2-4 min 

before the agonist was reappUed. The agonist was then pulsed on in the 

presence of continuous iontophoretic appUcation of the second compoimd. 

After a series of consistent responses was achieved (4-5 responses of the same 

magnitude at any given ejection current), the second compoimd was turned 

off, while the agonist continued to be appUed to obtain recovery. 

Prcx:edure for Current Clamp Studies 

Experimental Animal Preparation 

Animals were prepared as described previously under Experimental 

Animal Preparation. The composition of the ACSF used for the sUdng 

procedure was the same as described previously. The ACSF used in the 

holding chamber and continuously superfused over the sUces contained a 

caldum chloride concentration of 2.5 mM. This concentration of CaCl2 was 

used because of the stabilizing properties of cUvalent ions on exdtable 

membranes (Dingledine, 1984) and because it corresponded to the 

concentration previously used for intraceUular recording of DCN neurons 

(Jahnsen, 1986b; LUnas and Muhletiialer, 1988). 

Recording 

Single barrel dectrodes (0.5 mm I.D., 1.0 mm O.D., Sutter Glass) were 

puUed on a Flaming-Brown dectrode puUer (60-100 MQ) and fiUed with 3 M 

KQ. Electrcxies were placed, under direct microscopic visualization, into the 

dentate/interpositus nudei. The dectrode was slowly advanced whUe 
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attempting to impale cells by "ringing" into them using a high capadtance 

compensation (A-M Systems Inc Preparation 1600). CeUs of tiie 

dentate/interpositus nudei proved to be very difficult to record from 

intraceUularly (probably due to their smaU size, 15 l̂m in diameter), and cells 

with resting potentials more negative than -30 mV were not encountered. 

I believe that attempts at intraceUular recording were unsuccessful due to 

the smaU size of the neurons in the dentate/interpositus nudei (5-20 îm in 

diameter) or their susceptibiUty to dectrode injury. 

Procedure for Preparing Animals for 
Immunocytochemistry 

This study was performed in an attempt to obtain anatomical support for 

the hypothesis that there is a seasonal variation of effecrts of serotonin. Male 

Sprague-Dawley rats (Sasco) weighing 100-150 g were used in these stucUes. 

These animals were housed as described previously. For each experiment, a 

rat was anesthetized with scxUum pentobarbitol (30-40 mg/kg, i.p. injection). 

Approximately 10 min after injection, the chest of the animal was opened anc 

the ribs were spread to expose the heart. The descending aorta was then 

damped bdow the origin of the major vessds from the aortic arch. A 

cannula was inserted into the apex of the left ventride and threaded up to the 

aorta and damped. The right atrium was dipped to aUow fluid return. The 

animal then was perfused with 200-300 ml of physiologic saline untU the 

blcx)d was deared from the vascular system. The perfusate then was switchec 

to a 4% paraformaldehyde solution in order to fix the tissue. The animal was 

perfused with approximatdy 500 ml of the paraformaldehyde solution and 

the cerebeUum was excised as described previously. The cerebeUum was 
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stored in the paraformaldehyde solution for 4-6 hours at 4 ®C and then placed 

in a phosphate buffer containing 15% sucrose and stored at 4 **C for several 

hours. The tissue sample was boxed with cold packs and air maUed to Dr. 

Georgia Bishop, Department of CeU Biology, Neurobiology, and Anatomy and 

Neurosdene Program, Ohio State University, for the immuncxrytcxiiemistry. 

Dr. Bishop used the indirect antibody peroxidase-antiperoxidase technique of 

Stemberger (Stemberger, 1979) to examine the distribution of serotonin in the 

deep cerebeUar nudd. The cerebeUum was blocked and cut into 60 ^m 

sections, in either the sagittal or transverse plane on a freezing microtome. 

Sections were then rinsed thoroughly in a phosphate buffered saline (PBS), 

and slices were placed in an antibody to serotonin, which had been raised in 

rabbit. The antibcxly was dUuted 1:10,000 with a solution consisting of PBS, 

0.3% triton X-100 and 1.7% bovine serum albumin (BSA). Sections were left 

in the antibody for 24-48 h with constant agitation at 4°C. They were then 

placed in a sheep anti-rabbit antibcxiy dUuted 1:300 with PBS and 0.3% triton 

X-100 for 1 h at rcx>m temperature with constant agitation. Sections were 

then rinsed in PBS and placed in a rabbit peroxidase-anti-peroxidase solution 

dUuted 1:1000 with PBS for 1 h at rcx)m temperature with constant agitation. 

Sections were then rinsed and placed in 0.05% diaminobenzidine 

tetrahydrcxdiloride plus 0.06% H2O2 for 5-6 min. The tissue was then rinsed, 

mounted on sUdes, dehycirated through a graded series of alcohols, deared in 

xylene and mounted on coversUps (Bishop and Ho, 1985). 

Data Analvsis 

In aU studies, effects of compounds were determined by comparing the 

spontaneous firing rate during drug appUcation to a equivalent control pericx 
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prior to drug appUcation. Responses to drug appUcation were calculated as the 

percent change in spontaneous firing rate from baseline rates recorded during 

control periods. Whenever possible, results are reported for each 

concentration (current) of compound used. If there were not enough ĉ ells for 

each dose (current) used, the results for aU doses (currents) were averaged 

together and reported as the average for the given dose (current) range. 

Superfusion Studies 

Strip chart records were analyzed for the steady state response to 

compound appUcation. Four to six firing frequency values were randomly 

selected from both control and drug superfusion periods. Effects of the drug 

treatment on the firing rate were assessed after a stable maximal response was 

achieved. These 4-6 IncUvidual values then were averaged and compared 

with the average of the same number of firing frequency values from the 

control period and expressed as a percent change. Only those cells 

demonstrating at least a 5-10% change were induded in these stucUes. Dose-

response analyses were performed for 5-HT concentrations ranging from 0.1 

nM to 10 ^M. Interspike interval histograms were obtained during control 

periods and superfusion pericxis and compared to determine if the 

compounds had any effect on firing patterns of ceUs (i.e., a change in the 

number of interval peaks or a shift in the location of the primary peak). 

Iontophoretic Studies 

An Apple He micrcxx)mputer was used to generate integrated histogram 

of firing rates, summed over 1-s epcxiis, for pericxis of 60 s surrounding each 

ejection pulse. Changes in spontaneous cUscharge rates were calculated from 
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integrated peri-ejection histograms as the percent change during drug ejectior 

periods (10-20 s), compared to an equivalent time period immediately prior to 

dmg ejection. Only those ceUs demonstrating a least a 10% change were 

induded in these studies. The effects of 5-HT agonists also were analyzed in 

the presence of antagonists, cAMP compounds and additional compounds 

Usted in Table 3. When using these compounds, averaged histograms 

(consisting of 3-5 IncUvidual trials per average) were computed for pericxis 

before, during and after pharmacological interventions to determine if there 

was any effect on the response of dentate/interpositus neurons to the agonist. 

Recovery from effects of these compounds was always attempted, but it was 

not possible to hold aU cells long enough to obtain complete recovery. If a 

partial recovery was obtained with a ceU and the response corresponded to 

ceUs in which fuU recovery had been obtained, the ceU was induded in the 

results. 

Statistical Analysis 

AU statistical tests used to analyze these data are non-parametric tests. 

This type of test is used when data is calculated as percent change rather than 

actual change. Effects of pharmacological interventions on responses eUdted 

by various agonists used were analyzed with the WUcoxon signed rank test 

for paired data and the Mann-Whitney U test for impaired data. Dose-

response curves were analyzed with the Duncan's multiple range test For aU 

statistical analyses, a value of p<0.05 was considered significant 
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CHAPTERm 

RESULTS 

Determination of Spontaneous Activity and 
Response to 5-HT of Neurons in the 

Dentate/interpositus Nuclei 

These experiments were performed to determine if neurons of the DCN, 

spedficaUy the dentate/interpositus nudd, are spontaneously active in an in-

vitro slice preparation and if the ceUs respond to appUcation of 5-HT. I 

attempted to record from ceUs from coronal, sagittal and horizontal cerebeUar 

slices. Cells of the dentate/interpositus nudei cUd not appear to be 

spontaneously active in either coronal or sagittal sUces; however, I could eUdt 

activity in coronal sUces vdth appUcation of glutamate. In contrast, cells from 

horizontal sUces cUd display spontaneous activity, thus this type of tissue 

secrtion was used for aU subsequent experiments. 

CeUs of the dentate/interpositus nudd (in horizontal sUces) 

demonstrated regular firing patterns with a frequency range of 7-100 Hz 

(Figure 4). The average frequency (mean ± SEM) was determined to be 

36.0 ± 0.2 Hz (n=105, no significant difference between ceUs recorded from 

dentate or interpositus nudei). In general, action potentials were initiaUy 

negatively deflecting, had a duration of approximatdy 2 ms and an ampUtude 

of 500 îV (Figure 5A). The firing patterns of the cells recorded were 

monitored using interspike-interval histograms (ISI) which demonstrated a 

dominant primary peak indicating that the time interval between action 

potentials was constant, thus emphasizing the regular firing pattem cUsplayed 

by these cells (Figure 5B). There was no apparent ciifference in the initial 

firing frequendes recorded from dther dentate or interpositus nudd. 
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Figure 4 Distribution of firing rates of dentate/interpositus neurons. 
Frequendes ranged ft-om 7-100 Hz witii approximately 60% of ti\e 
cdls firing between 21-40 Hz. The average ft-equency was 36 ± 0.2 Hz 
(n=105). 
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Figure 5. Representative extraceUular recordings of spontaneously cxxnirring 
action potentials from dentate/interpositus neurons. (A) This cell 
is exhibiting an initiaUy negatively deflecting action potential and is 
firing at a frequency of 35 Hz. (1) Fast sweep osdUoscope recording 
(horizontal bar = 1 ms), (2) Slow sweep oscilloscope recording of the 
same ceU (horizontal bar = 100 ms). The vertical caUbration bar for 
Al and A2 = 500 îV. (B) Computer generated interspike interval 
histograms depicting the firing pattem of this ceU. Bl is identical to 
B2 except that the ordinate has been expanded by a factor of 8 to 
aUow better resolution of the left-most time bins. The ordinate is 
the number of times a particular time interval occurred during a 
sampling pericxi and the absdssa represents the interspike interval 
with eadi interval equal to 1 ms. 
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Superfusion with serotonin creatinine sulfate (0.001-10 îM) resulted in 

either exdtation, inhibition or a biphasic response consisting of inhibition 

followed by exdtation of the basal firing rate. As mentioned in the previous 

chapter, at least two concentrations of 5-HT were appUed to each ceU induded 

in these stucUes. In adcUtion, for this particular experiment, a recovery period 

was obtained between each concentration of 5-HT. A dose-dependent 

exdtatory response was eUdted in 26 of 63 ceUs (41%) studied whUe a dose-

dependent inhibitory response was seen in 51% (32 of 63 ceUs). The 

remaining 5 ceUs cUd not respond to superfusion of 5-HT. The onset of the 

exdtatory response usuaUy occurred within 2-5 min of appUcation of 5-HT 

with a peak response cxrcurring within 7-10 min (Figure 6). The baseline 

firing rate returned to control values within 5-10 min after 5-HT appUcation 

was terminated. The average percent exdtations (± SEM) for 0.001, 0.01, 0.1, 

1.0, and 10 ̂ iM were 17.5 ± 3.0,18.9 ± 1.6,20.3 ± 4.6,25.1 ± 3.6 and 30.4 ± 6.1%, 

respectivdy (Figure 7). Superfusion of 5-HT induced a bursting-type firing 

pattem to devdop in approximatdy 50% of the cells responding to 5-HT with 

excitation. Tachyphalaxis, which may be defined as a decrease in effect with 

repeated or prolonged exposure to a compoimd, cx:curred in the majority of 

ceUs StucUed with prolonged appUcations of 5-HT (>10 min); however, this 

phenomenon does not appear to be dose-dej)endent. 

As mentioned previously, superfusion of 5-HT also eUdted an inhibitory 

response that was characterized in general by a somewhat slower onset and 

longer duration than the exdtatory response seen to 5-HT. In general, the 

onset of the inhibitory response occurred 3-6 min after bath appUcation of 5-

HT began, with the response lasting 5 min up to 30 nun after perfusion was 
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Figure 6. Ratemeter record depicting an exdtatory response of a 
dentate/interpositus neuron to 5-PIT appUed by superfusion (0.1 
and 1.0 \sM). In this ceU, appUcation of 5-HT caused a 50 and 54% 
increase in basal firing rate, respectivdy. The horizontal bars above 
the records indicate the duration of superfusion. There was a 7 min 
time interval between the two doses. 
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Figure 7. Exdtatory dose-response curve for bath appUed 5-HT. The 
responses plotted are the means ± SEM for each concentration of 5-
HT StucUed (n=5,7,6,8, and 10 for concentrations of 0.001, 0.01,0.1, 
1.0, and 10 ^M, respectively). There was no significant ciifference 
l>etween doses (Duncan's multiple range test, p>0.05). 
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teraunated (Figure 8). A peak response was noted within 3-10 nun. The 

magnitude of the inhibitory response to superfusion of 5-HT was greater than 

the magnitude of the exdtatory response. The inhibitory response to 5-HT 

superfusion demonstrated an inverse dose-dependent rdationship; that is, 

the inhibitory response diminished with increasing concentrations of 5-HT. 

Furthermore, the duration of the inhibitory response appeared to decrease as 

the concentration of 5-HT increased. The mean percent inhibitions (± SEM) 

for 0.001,0.01,0.1,1.0, and 10 ̂ M were 54.9 ± 10.4,40.7 ± 12.1,3Z9 ± 65,23.3 ± 

6.5, and 14.6 ± Z3%, respectively (Figure 9). There was no apparent ciifference 

in the initial firing frequency, ampUtude, shape or duration of the action 

potential or in electrcxie placement between ceUs responding to superfusion 

of 5-HT with exdtation or inhibition. In adcUtion, the flow rate was 

maintained constant for aU experiments to assure that an increase or decrease 

in flow rate would not influence the responses. In contrast to the cerebeUar 

cortex (Strahlendorf et al., 1984), the effects of 5-HT in the 

dentate/interpositus nudd cUd not appear to be rate-dependent. However, 

when ISI histograms were used to analyze firing patterns, 5-HT cUd appear to 

affect firing patterns of ceUs recorded (Figures 10 and 11). 

Application of 5-HT oxalate (10 l̂M, n=9) and 5-HT hydrochloride (10 îM, 

n=4) by superfusion induced dther exdtatory or inhibitory effects that 

mimicked the duration, onset and magnitude of responses to 5-HT creatinine 

sulfate. These results support the assumption that the effects seen in 

response to 5-HT appUcation were due to 5-HT itself and were not salt effects. 

I, therefore, used 5-HT creatinine sulfate for the remainder of the stucUes. 

These stucUes demonstrate that cells of the dentate/interpositus nudd are 

spontaneously active in horizontal cerebeUar sUces. In adcUtion, bath 
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Figure 8. Ratemeter record depicting an inhibitory response of a 
dentate/interpositus neuron to 5-HT appUed by superfusion (0.1, 
1.0, and 10 jiM). In this ceU, appUcation of 5-HT caused a 67,45, and 
28% descrease in basal firing rate, respectivdy. The horizontal bar 
above the records incUcates the duration of superfusion. 
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Figure 9. Inhibitory dose-response curve for bath appUed 5-HT. The 
responses plotted are the means ± SEM for each concentration of 5-
HT StucUed (n=7,6,20,14 and 7 for concentrations of 0.001,0.01,0.1, 
1.0, and 10 îM, respectivdy). Asterisks denote significance 
(Duncan's multiple range test, p<0.05). 
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Figure 10. An example of the exdtatory effects of serotonin on ceU firing 
pattem. Columns A, B, and C indicate control, drug appUcation, 
and recovery periods, respectivdy. (1) Representative ratemeter 
record depicting the exdtatory response to superfusion of l̂ iM 5-
HT. Maximum exdtation was 28% and was seen within 6 min. 
Recovery cKCurred in 8 min. Calibration values; horizontal 
bar=30s, vertical bar=50 Hz. (2) and (3) Corresponding computer-
generated interspike-interval histograms. (2) is identical to (3) 
except the orciinate has been expanded in (3) by a factor of 16. Note 
that in this instance, 5-HT produced a narrowing of the primary 
interval and a diminution of the secondary interval. On cxrcasion, 
the ceU faUed to retum to its control firing rate. 
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Figure 11. An example of the inhibitory effects of serotonin on ceU firing 
pattem. Columns A, B, and C incUcate control, drug appUcation, 
and recovery pericxis, respectivdy. (1) Representative ratemeter 
record depicting the inhibitory response to superfusion of InM 5-
HT. In this instance, serotonin inhibited ceU firing by 100%. The 
time pericxi between the two arrows in Bl was 3 min. Recovery 
occurred within 8 min. CaUbration values; horizontal bar=30s, 
vertical bar=50 Hz. (2) and (3) Corresponding computer-generated 
interspike-interval histograms. (2) is identical to (3) except the 
orciinate has been expanded in (3) by a factor of 8. 
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appUcation of 5-HT eUdted dther exdtation or inhibition of the spontaneous 

activity of these neurons. 

Effects of 5-HT Antagonists on Responses 
EUdted by 5-HT 

I wished to examine the effects of non-sdective and receptor-sdective 5-

HT antagonists on the exdtatory and inhibitory effects eUdted by superfusion 

of 5-HT. These experiments were conducted as an initial attempt 

to determine which 5-HT receptor subtype(s) might be responsible for the 

effects seen with 5-HT appUcation. In these experiments, both 5-HT and the 

antagonists were superfused onto the sUce. The concentrations of both 

agonists and antagonists used were based upon accepted values in the 

literature. In adcUtion, concentrations of antagonists were also based upon 

concentrations that had minimal effects on the spontaneous activity of the 

ceU when appUed alone, although on cxrcasion, the spontaneous rate of the 

ceU was altered foUowing prolonged appUcation of antagonist 

I first examined how metergoUne (a non-selective 5-HT1/2 antagonist) 

influenced the effects eUdted by 5-HT, since previous stucUes had shown that 

5-HT-induced exdtation was antagonized by this antagonist. Bath appUcation 

of metergoUne (0.001 nM) attenuated 5-HT-induced exdtation in 4 of 6 cells 

(Figure 12), augmented the response in one ceU and had no effect on 5-HT 

exdtation in the remaining ceU. When superfusion of metergoUne was 

aUowed to continue for longer than 10 min, a slowing of basal rate was 

observed in 2 of the 6 ceUs. For aU doses of 5-HT used in this study (0.1,1.0, 

and 10 îM), the average percent exdtation (± SEM) before appUcation of 

metergoUne was 14.4 ± 5.1%, (n=4) whUe after superfusion of metergoUne, the 
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Figure 12. Ratemeter records demonstrating the effect of metergoUne appUed 
by superfusion (0.001 ^M) on 5-HT-induced exdtation (10 pM, 
appUed by superfusion) in a ceU of the dentate/interjx)situs nudd. 
(A) In this instance, 5-HT eUdted an initial exdtation of 45%. (B) 
The ceU was pretreated with metergoUne for 6 min, 5-HT was then 
reappUed. In the presence of metergoUne, 5-HT-induced 
exdtation was blocked and reversed. MetergoUne appUcation was 
then terminated and 5-HT appUcation continued for 10 nun. (C) 
This ceU began firing again 3 min after 5-HT appUcation was 
terminated. Recovery of the initial response was seen within 20 
min after metergoUne appUcation was terminated. Record is 
continuous unless otherwise noted. 
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mean percent exatation was 5.3 ± 2.6%, indicating a 63% attenuation of tiie 5-

HT response. CeUs were pretreated with metergoUne for 2-4 min after the 

initial response to 5-HT had recovered, then the same concentration of 5-HT 

was reappUed in the presence of metergoUne. An effect by metergoUne on 5-

HT exdtation was observed in 3-5 min, with recovery of the original 

response seen in 10-30 min after superfusion of metergoUne was terminated. 

MetergoUne had no effect on 5-HT-eUdted inhibition m the 3 cells examined. 

These stucUes incUcate that 5-HT-mecUated exdtation may have a 5-HTi 

component. 

Effects of superfusion of spiperone, a 5 - H T I A / 2 receptor-selective 

antagonist, were examined based on autoracUographic stucUes that have 

demonstrated the presence of the 5-HTiA receptor in the DCN (Pazos and 

Palados, 1985). At a concentration of 1 ̂ M, bath appUcation of spiperone had 

no effecrt on 5-HT-eUdted exdtation in 4 of 4 cells examined when 5-HT was 

applied by superfusion. This same concentration of spiperone attenuated 

superfused 5-HT-induced inhibition in aU 5 cells stucUed (Figure 13). For aU 

doses of 5-HT used in these stucUes (0.1,1.0, and 10 ̂ M), the mean percent 

inhibition eUdted was 13.2 ± 5.8% (n=5) before spiperone appUcation and 8.0 ± 

5.8% after superfusion of spiperone (incUcating a 39% attenuation). Cells were 

pretreated with spiperone for 2-4 min after the initial response to 5-HT had 

been obtained and a retum to the control firing rate was observed. An effect 

of spiperone on 5-HT inhibition had been observed within 5 min. Recovery 

of the initial response to 5-HT usuaUy cxxnirred within 10-30 min after bath 

appUcation of spiperone had been terminated. Thus, 5-HT-eUdted inhibition 

may be mediated by a 5-HTi A or a 5-HT2 receptor subtype, although the 5-HT-

mecUated exdtation appears devoid of any 5-HTiA component. 
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Figure 13. Ratemeter records demonstrating the effect of spiperone (1 l̂M) 
appUed by superfusion on 5-HT-induced inhibition (1 ^M, appUed 
by superfusion) in ceUs of the dentate/interpositus nudd. (A) In 
this instance, 5-HT eUdted an initial inhibition of 73% which was 
greater in magnitude than was typicaUy observed. (B) AppUcation 
of spiperone blcxJced 5-HT-induced inhibition. (C) Recovery of the 
initial response to 5-HT was seen within 10 min after spiperone 
appUcation had been terminated. (A) and (B) are continuous 
records. Hiere is a 7 min break between (B) and (C). 

75 



AutoracUographic technicjues have identified 5-HT2 receptor bincUng sites 

in tiie DCN (Pazos et al., 1985; Radja et al., 1991); tiierefore, I wished to 

determine if an antagonist to this receptor subtype could affect 5-HT-induoed 

responses in the dentate/interpositus nudd when 5-HT was appUed by 

superfusion. Thus, I next examined the effects of ritanserin, a 5-HT2/1C 

antagonist, on 5-HT-induced exdtation and inhibition. Ritanserin (100 nM) 

attenuated the exdtatory response to superfusion of 5-HT in 4 of 6 cells 

StucUed (Figure 14) and augmented the exdtatory response in the remaining 2 

cells. The average magnitude of exdtation eUdted by 5-HT at concentration of 

0.1.1.0 and 10 ̂ iM was 13.8 ± 0.8% (n=4) before appUcation of ritanserin. After 

superfusion of ritanserin, the average magnitude of exdtation was 3.5 ± 2.1%, 

indicating a 75% suppression of the 5-HT exdtatory response. Ritanserin 

augmented the exdtatory effect of 5-HT in 2 ceUs by 38% and 61%, 

respectively. In adcUtion, bath appUcation of ritanserin attenuated 5-HT 

eUdted inhibition by 50% in 1 of 3 ceUs recorded (Figure 15), completely 

blocked the response in 1 ceU, and had no effect in the remaining cell. AU 

ceUs used in this study were pretreated with ritanserin for 2-3 min after the 

initial response to 5-HT had recovered. An effect on the 5-HT response was 

noted within 4-6 min of superfusion with ritanserin. Recovery of the 

original response was observed in 5-15 min after superfusion of ritanserin 

was tenninated. These results suggest that the 5-HT2/1C receptor subtype 

may be involved in mecUating 5-HT exdtation and possibly inhibition. Due 

to the affinity of ritanserin for both 5-HT2 and 5-HTic binding sites (Bonate, 

1991), it is difficult to ascertain which of these binding sites might be 

responsible for the effects noted with appUcation of 5-HT. I therefore 
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Figure 14. Ratemeter records demonstrating the effect of ritanserin appUed by 
superfusion (0.1 îM) on 5-HT-induced exdtation (10 îM, appUed 
by superfusion) in ceUs of the dentate/interpositus nudd. (A) In 
this instance, 5-HT eUdted an mitial exdtation of 22%. (B) 
AppUcation of ritanserin blocked the initial exdtation. (C) 
Recovery of the initial response was seen within 8 min after 
ritanserin appUcation had been tenninated. (A) and (B) are 
continuous records. There is a 5 min break between (B) and (C). 
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Figure 15. Ratemeter records demonstrating tiie effect of ritanserm appUed by 
superfusion (0.1 l̂M) on 5-HT-mduced inhibition (1 nM, appUed 
by superfiision) in cdls of tiie dentate/interpositus nudd. (A) In 
this instance, 5-HT eUdted an initial inhibition of 43%. (B) 
AppUcation of ritanserin blocked tiie inhibition. (C) Partial 
recovery of the initial response was seen withm 6 nun after 
ritanserin appUcation had been terminated. (A) and (B) are 
continuous records. There is a 3 min break between (B) and (Q. 
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examined the effects of pirenpirone (l̂ iM), a more sdective 5-HT2 antagonist, 

on both 5-HT-induced exdtation and inhibition when 5-HT was bath appUed. 

Pirenpirone was superfused onto 3 cells cUsplaying an exdtatory response to 5-

HT appUcation. The response was attenuated completely in 2 of the 3 cells 

and was augmented by 50% in the remaining ceU. Pirenpirone attenuated 5-

HT-induced inhibition by 75% in the 2 ceUs examined. AU cells in this study 

were pretreated with pirenpirone for 3-4 min after the initial response to 5-

HT had recovered. An effect of pirenpirone on 5-HT-eUdted exdtation or 

inhibition was observed within 6 min. Recovery of the original response to 

5-HT was seen within 10-15 min after superfusion of pirenpirone had been 

terminated. These results further support the hypothesis that the 5-HT2 

receptor subtype may be involved in mediating both the exdtatory and 

inhibitory effects of 5-HT. 

The effects of zacopride, a 5-IiT4 sdective antagonist, on the exdtatory 

and inhibitory responses to 5-HT were examined. The 5-HT4 receptor subtype 

only recentiy has been identified in the CNS (Bonate, 1991; Glennon and 

Dukat, 1991) and has not yet been legalized to the cerebeUum. However, 

because this receptor subtype is thought to mecUate a slow depolarizing 

response to 5-HT (Andrade and Chaput, 1991) that is simUar to the exdtatory 

response observed with superfusion of 5-HT, I wished to determine if 

zacopride would affect 5-HT responses in the DCN. In 11 cells demonstrating 

an exdtatory response to bath appUcation of 5-HT, zacopride attenuated the 

response in 9 of the cells (Figure 16), sUghtiy augmented the response in one 

ceU (<5%) and had no effect in the remaining ceU. The mean percent 

exdtation for 5-HT concentrations of 0.1,1.0 and 10 ^M was 33.1 ± 12.3% (n=9). 

After appUcation of zacopride, the exdtatory response was depressed by 94%, 
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Figure 16. Ratemeter records demonstrating the effect of zacopride appUed by 
superfusion (0.1 ^M) on 5-HT-induced exdtation (10 \xM, appUed 
by superfusion) in ceUs of the dentate/interpositus nudd. (A) In 
this instance, 5-HT eUdted an initial exdtation of 33%. (B) 
AppUcation of zacopride attenuated the initial exdtation by 32%. 
(C) Recovery of the initial response was seen within 5 min after 
zacopride appUcation had been terminated. (A) and (B) are 
continuous records. There is a 3 min break between (B) and (Q. 
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witii an average percent exdtation of 1.9 ± 1.1%. Zacopride also attenuated 5-

HT-induced inhibition in aU 4 cells examined (Figure 17), with complete 

blockadeof the inhibitory response seen in 2 of the 4 cells. AU cells in this 

study were pretreated with zacopride for 2-3 min after the initial response to 

bath appUcation of 5-HT had recovered. An effect of zacopride on the 

response to 5-HT was seen within 6 min; recovery of the initial response was 

noted within 5-20 min after superfusion of zacopride had been tenninated. 

The results of these stucUes demonstrate that antagonists for ciifferent 5-

HT receptor subtypes affect both the exdtatory (Table 4) and inhibitory effects 

(Table 5) observed with superfusion of 5-HT, incUcating the probable 

involvement of several receptor subtypes in mecUating these effects. Because 

these studies were incondusive in incUcating which receptor subtype could be 

mediating dther the exdtatory or the inhibitory effect of 5-HT, subsequent 

StucUes utilizing sdective agonists as weU as a more IcKalized appUcation 

technique were performed. 

Comparison of Effects of 5-HT Applied by 
Superfusion and Microiontophoresis 

These stucUes were conducted in order to compare the effects of 5-HT 

appUed by superfusion with the more localized appUcation technique of 

microiontophoresis. AppUcation of a compound to a tissue sUce by 

superfusion aUows the compound to affect the entire sUce; therefore, the 

response recorded could actuaUy be an indirect effect on the ceU being stucUed. 

Microiontophoresis aUows the compound to be appUed in a much more 

lcx:alized fashion, thereby decreasing the possibiUty of indirect effects (Hicks, 
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Figure 17. Ratemeter records demonstrating tiie effect of zacopride appUed by 
superfusion (0.1 \itA) on 5-HT-induced inhibition (1 îM, appUed by 
superfusion) in ceUs of the dentate/interpositus nudd. (A) In this 
instance, 5-HT eUdted an initial inhibition of 25%. (B) 
AppUcation of zacopride completely blocked the initial inhibition. 
(C) Recovery of the initial response was seen within 5 min after 
zacopride appUcation had been tenninated. (A) and (B) are 
continuous records. There is a 3 min break between (B) and (C). 
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Table 4: Effects of antagonists on exdtatory responses to superfusion 
of 5-HT. 

Antagonist: Total # of Attenuation Augmentation No Effect 
(Receptor CeUs 
Subtype) 

MetergoUne: 
(1/2) ^ 
0.001 îM 

Spiperone: 4 
(lA/2) 
1 nM 

Ritanserin: 5 
(2/10 
0.1 îM 

Pirenpirone: 3 
(2) 
1 \iM 

Zacopride: (4) n 
l̂ iM 
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Table 5: Effects of antagonists on inhibitory responses to superfusion 
of 5-HT. 

Antagonist: Total # of Attenuation Augmentation No Effect 
(Receptor CeUs 
Subtype) 

MetergoUne: 3 - - 3 
(1/2) 
0.001 îM 

Spiperone: 5 5 - -
(lA/2) 
1 ^M 

Ritanserin: 3 2 - 1 
(2/10 
0.1 jiM 

Pirenpirone: 2 2 - -
(2) 
1 \iM 

Zacopride: 4 4 - -
(4) 
1 ^M 
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1984). A more detaUed cUscussion of advantages and disadvantages of both 

application techniques may be found in the next chapter. For these stucUes (in 

which 5-HT was microiontophoreticaUy appUed), a high-low current 

application schedule was utilized in order to minimize the effects of pipette 

warmup (Siggins and Schultz, 1979). Ejection current pulses of 10-20 s were 

used. The ceUs of the dentate/interpositus nudei appeared to be very 

susceptible to cmrent effects, which can be observed as a change in the shape, 

amplitude or duration of the action potential; therefore in most instances, 

currents above 60 nA could not be used without eUdting current artifacts. 

Iontophoretic appUcation of 5-HT (50 mM, 10-50 nA ejection ciments) 

produced exdtation, inhibition or a biphasic response consisting of inhibition 

followed by exdtation in ceUs of the dentate/interpositus nudd. Both the 

exdtatory and inhibitory effects demonstrated normal dose-dependent 

relationships in contrast to the inverse dose-response curve for the inhibitory 

response eUdted by superfusion of 5-HT. The biphasic response cUd not 

appear to be dose-dependent. As was noted with 5-HT superfusion, there was 

no difference in the initial firing rate, ampUtude, shape or duration of the 

action potential, or in the dectrode placement between those cells responding 

to iontophoretic appUcation of 5-HT with exdtation, inhibition or a biphasic 

response. The responses eUdted by microiontophoresis were quaUtativdy 

similar, but quantitativdy ciifferent, from the responses induced by 

superfusion of 5-HT. The effects of iontophoretic appUcation of 5-HT were 

examined in 72 cells. Of these 72 cells, 48 responded to 5-HT with dther 

exdtation or inhibition whUe 4 responded with a biphasic response. 5-HT 

had no effect in the other 20 cells. An exdtatory response was seen in 12 of 

the ceUs responding to 5-HT (16% of the total number of cells stucUed); an 
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inhibitory response was evoked in 36 of the ceUs that responded to 5-HT (50% 

of the total number of cells stucUed) whUe a biphasic response was seen in 4 

cells (6% of the total number of ceUs stucUed). As compared to the effects 

eUdted by superfusion of 5-HT, iontophoretic appUcation induced an 

exdtatory effect less frequentiy, whUe the inhibitory response to 5-HT was 

eUdted equaUy as offen in the two groups. Furthermore, a biphasic response 

was observed only with iontophoretic application of 5-HT. Another major 

difference was the percentage of ceUs that faUed to respond in the 

iontophoretic group compared to the superfused group (Table 6). As 

mentioned previously, both the exdtatory and inhibitory responses to 

iontophoretic application of 5-HT were dose-dependent phenomenon. 

The exdtatory response observed with iontophoretic appUcation of 5-HT 

was characterized by a slow onset (3-4 s after ejection began) and a long 

duration (5 s up to 5 min. Figure 18). However, in 5 ceUs, the exdtatory 

response demonstrated a short onset (2-3 s) and duration (3-5 s after the 

ejection had been tenninated). The average percent exdtation (± SEM) for 

ejection ciurents of 10,20,30,40 and 50 nA were 2.0 ± 0.8,1.3 ± 0.7,4.6 ± 2.8,8.9 

±1.7 and 13.8 ± 4.1 %, respectivdy (Figure 19). In general, the inhibitory 

response to iontophoretic appUcation of 5-HT demonstrated a fast onset (1-2 s 

aff er ejection began) and a short duration (2-3 s aff er ejection had been 

terminated. Figure 20). The mean percent inhibition for ejection ciments of 

10,20,30,40 and 50 nA were 10.7 ± 1.9,12.7 ± 1.6, 16.5 ± 2.6,20.6 ± 23, and 17.6 

± 2.9%, respectivdy (Figure 21). The biphasic response was characterized by 

an initial inhibitory response that retumed at least to pre-cirug firing rates 

before the ejection pulse was tenninated, foUowed by a exdtatory phase that 

either began during the ejection current or immecUatdy after the ejection had 
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Table 6: Comparison of the response to 5-HT appUed by 
superfusion or iontophoresis 

AppUcation # of CeUs %Exdtation %Inhibition No Response 
Method 

Superfusion 63 41% (26) 51% (32) 8% (5) 
(0.001-10 l̂M) 

Iontophoresis 72 17% (12) 56% (40) 28% (20) 
(10-50nA) 
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Figure 18. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an exdtatory response to iontophoretic appUcation of 5-
HT. The horizontal bars above the record incUcate tiie duration of 
ejection at the currents given, whUe the percentages represent the 
magnitude of the response induced by 5-HT. 
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Figure 19. Ejection current (concentration)-response curve for the exdtatory 
response of dentate/interpositus neurons to iontophoretic 
appUcation of 5-HT. Each point represents the mean percent 
exdtation ± SEM of 5-9 responses. Asterisks denote significance 
(Duncan's multiple range test, p<0.05). 
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Figure 20. Ratemeter record of an individual dentate/interpositus neuron 
depicting an inhibitory response to iontophoretic appUcation of 5-
HT. The horizontal bars above the record indicate the duration of 
ejection at the ciments given,whUe the percentages represent the 
magnitude of the response induced by 5-HT. 
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Figure 21. Ejection current (concentration)-response curve for the inhibitory 
response of dentate/interpositus neurons to iontophoretic 
appUcation of 5-HT. Each point represents the mean percent 
inhibition ± SEM of 15-30 responses. There was no significant 
difference between doses (Duncan's multiple range test, p>0.05). 
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been tenninated. Unlike the pure exdtatory response seen in the majority of 

ceUs responding with exdtation, the exdtatory phase of the biphasic response 

had a short duration (2-3 s). Furthermore, when 5-HT was bath appUed, the 

inhibitory response demonstrated a slower time course than the exdtatory 

response. However, when 5-HT was iontophoreticaUy appUed, in the 

majority of the cells demonstrating an exdtatory response, the time course for 

exdtation was longer than the time course for inhibition. 

These results incUcate that whUe 5-HT appears to eUdt either exdtation or 

inhibition of spontaneous activity in the majority of cells of the 

dentate/interpositus nudei, appUcation of the compound by superfusion may 

have aUowed indirect effects to be observed more readUy, as evidenced by the 

decreased frequency of cxxnmence of 5-HT-induced exdtation with the more 

locaUzed microiontophoretic appUcation of 5-HT. 

Effects of Receptor-Sdective Antagonists on 
Responses EUdted by Microiontophoretic 

AppUcation of 5-HT 

I wished to examine the effects of receptor-selective antagonists on the 

excitatory and inhibitory effects eUdted by iontophoretic appUcation of 5-HT 

in an attempt to further duddate the receptor subtypes mecUating these 

effects. For these stucUes, aU antagonists used were appUed by superfusion 

whUe 5-HT was iontophoreticaUy pulsed on. The response to 5-HT was 

obtained first, then superfusion of the antagonist was started whUe 5-HT was 

pulsed contmuously. As stated previously, the concentrations of the 

antagonists were sdected to ensure that the antagonists themsdves had no 

direct effect on the spontaneous activity of the cells stucUed. 
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MetergoUne (non-sdective 5-HTi/2 antagonist) at a concentration of 

0.001 îM had no effect on 5-HT-induced exdtation in the 3 ceUs studied, but 

did augment 5-HT-mduced inhibition in aU 4 ceUs examined (Figure 22). For 

ejection cunents of 10, 20,30,40 and 50 nA, the average magnitude of 

inhibition caused by 5-HT prior to metergoUne appUcation was 11.5 ± 6.5, 

11.3 ± 5.3,12.0 ± 43,15.0 ± 5.3, and 21.3 ± 4.6, respectivdy, whUe after 

metergoUne appUcation, the average percent inhibition was 13.0 ± 9.0,1Z5 ± 

5.9,19.5 ± 7.0,23.8 ± 9.1, and 27.7 ± 3.2 for the same current range. This 

represents a nonsignificant average increase of 28% for aU currents (Figure 

23). The effect of metergoUne on 5-HT inhibition was observed in 

approximatdy 3 min affer perfusion started, with a peak effect cxxrurring in 5-

7 min. Recovery of the initial response was seen within 6-30 min after 

superfusion of metergoUne had been tenninated. 

I next examined the effects of spiperone on the responses eUdted by 

iontophoretic appUcation of 5-HT. Spiperone (l̂ iM) had no effect on 5-HT-

induced exdtation in 4 of 4 cells stucUed. In contrast, spiperone attenuated 5-

HT-induced inhibition in 18 of 23 ceUs studied (Figure 24) and augmented 

(not significant) or had no effect in the remaining 5 cells. The average percent 

inhibitions for aU cdls stucUed prior to appUcation of spiperone were 4.3 ± 0.6, 

5.5 ± 1.3,18.0 ± 6.4,21.8 ± 4.4, and 25 ± 3.6% for ejection ciments of 10,20,30,40 

and 50 nA respectively; whUe after appUcation of spiperone, the average 

percent inhibitions for the same ejection ciments were 3.5 ± 0.8, 5.8 ± 3.6, 6.0 ± 

2.3,14.8 ± 0.5, and 4.3 ± 1.8%, respectivdy (p<0.05 for 10,30 and 50 nA, 

WUcoxon). This represents an average 47% attenuation of the original 

response (Figure 25). The effect of spiperone on 5-HT inhibition was observed 

within 2-5 min of superfusion, with a maximum effect seen in 6-7 min. 
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5-HT (30nA) 

Control MetergoUne (InM) Recovery 
29% 46% 30% 

Figure 22. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudd to iontophoretic appUcation of 5-HT (30 nA) during a 
control pericxi, a pericxi of metergoUne superfusion (1 nM) and a 
recovery period. In this instance, superfusion of metergoUne 
augmented the inhibitory response to 5-HT by 58%. To generate 
these recorcis, 3-5 individual trials at the given ejecrtion cnirrent 
from one neuron were averaged. Each compound was 
iontophoreticaUy ejected during the pericxi incUcated by the 
horizontal bar beneath each histogram. The total number of 
action potentials cxrurring during the ejection pericxi was 
compared to the total number of action potentials during an 
equivalent control, pre-ejection pericxi (stippled area). The 
average percent response is incUcated above each record. Vertical 
caUbration bar=20 Hz. 
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Figure 23. Superfusion of metergoUne (0.001 ^M) augmented the inhibition 
induced in dentate/interpositus neurons by iontophoretic 
appUcation of 5-HT in aU ceUs examined. Numbers within the 
bars represent the number of cells stucUed at each current and 
enor bars depict SEM. No significant ciifference was noted (p>0.05, 
WUcoxon) although a trend indicating augmentation of 5-HT-
induced inhibition by metergoUne was apparent 
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5-HT (30nA) 

Control Spiperone (1uM) Recovery 
"^1% 10% 19% 

Figure 24. Computer-generated averaged peri-ejection histograms 
demonstrating a response of dentate/interpositus neurons to 
iontophoretic appUcation of 5-HT (30 nA) during a control pericxi, 
a pericxi of spiperone superfusion (1 |xM) and a recovery pericxi. 
In this instance, superfusion of spiperone attenuated the 
inhibitory response to 5-HT by 76%. Vertical caUbration bar=18 
Hz. Note that recovery was not complete in this ceU. 
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Figure 25. Superfusion of spiperone (1 nM) attenuated the inhibition induced 
in ceUs of the dentate/interpositus nudd by iontophoretic 
appUcation of 5-HT in 78% of the ceUs examined. Asterisks denote 
significance (WUcoxon, p<0.05) Numbers within the bars 
represent the number of cells stucUed at each ciment and enor 
bars depict SEM. 
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Recovery of the initial response was noted in 5-45 min after bath appUcation 

of spiperone had ended. 

Ritanserin affected both the exdtatory and inhibitory responses eUdted by 

superfusion of 5-HT. Ritanserin thus was appUed to ceUs that demonstrated 

either an exdtatory or inhibitory response to iontophoreticaUy appUed 5-HT 

in an attempt to darify the effects seen with superfused 5-HT. Ritanserin 

attenuated the exdtatory effect of 5-HT (10-30 nA) by an average of 48% in 4 of 

6 cells (Figure 26) and sUghtiy augmented the response in the remaining 2 

cdls (<5%, not significant). The average percent initial exdtation was 13.8 ± 

4.4%, while after appUcation of ritanserin the response was reduced to an 

average percent exdtation of 7.2 ± 2.5%. Ritanserin had an effect on 5-HT 

excitation within 2-4 min, with a maximum response observed in 5-6 min. 

The cdls responded to 5-HT at control levds within 5-20 min after 

application of had ritanserin ended. Ritanserin attenuated 5-HT-induced 

inhibition in 7 of 11 ceUs (64% of ceUs tested) and augmented the response in 

4 cells (36%, Figure 27). In those ceUs in which ritanserin attenuated the 5-

HT-induced inhibition, the average percent inhibitions for ejection ciments 

of 10, 20,30 and 40 nA before ritanserin appUcation were 10.0 ± 2.1,11.4 ± 3.6, 

20.0 ± 3.3 and 22.0 ± 2.5%, respectivdy; whUe after ritanserin appUcation, the 

percent inhibitions for the same ejection ciments were 1.8 ± 0.8, 3.6 ± 1.2, 

4.6 ± 1.8, and 11.0 ± 5.3%. This mcUcates an average 75% suppression of 

inhibition (Figure 28, p<0.05 for ejection ciments of 10, 20 and 30 nA, 

WUcoxon). The augmentation of the inhibitory response observed in 4 cells 

was not significant. However, the initial amoimt of inhibition was 

significantiy ciifferent between ceUs in which ritanserin attenuated the 

inhibition and those in which ritanserin augmented the inhibition (p<0.05, 
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5-HT (lOnA) 

CONTROL RITANSERIN (.I^M) RECOVERY 

14% 1% 11% 

Figure 26. Averaged computer-generated peri-ejection histograms depicting a 
response of cells of the dentate/interpositus nudd to 
iontophoretic appUcation of 5-HT (10 nA) during a control pericxi, 
a pericxi of ritanserin superfusion (0.1 ^M), and a recovery pericxi. 
Superfusion of ritanserin attenuated the exdtatory response to 5-
HT. Since the exdtatory response shown lasted for 3 min after the 
end of the ejection period, the averaged histogram of the entire 
response is not iUustrated. The responses therefore were averaged 
over a 30 s time pericxi and compared to a 30 s control pericxi so 
that the peak response would be induded. Vertical caUbration 
bar=45Hz. 
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6-HT (30nA) 

Control Ritanserin (0.1 uM) Recovery 
24% 4% 18% 

Figure 27. Computer-generated averaged peri-ejection histograms 
demonstrating a response of dentate/interpositus neurons to 
iontophoretic appUcation of 5-HT (30 nA) during a control pericxi, 
a period of ritanserin superfusion (0.1 ^M) and a recovery pericxi. 
In this instance, superfusion of ritanserin attenuated the 
inhibitory response to 5-HT by 83%. Vertical caUbration bar=20 
Hz. 
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Figure 28. Superfusion of ritanserin (0.1 jiM) attenuated 5-HT-induced 
inhibition in 64% of the ceUs of the dentate/interpositus nudd 
StucUed (A) and augmented the response in 36% (B). Asterisks 
denote significance (WUcoxon, p<0.05). Numbers within the bars 
represent the number of ceUs stucUed and error bars depict SEM. 
In the cells where ritanserin attenuated the inhibitory effect of 5-
HT, the initial inhibition was greater than in those cells where 
ritanserin augmented the inhibition (Mann-Whitney U test, 
p<0.05). 
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Mann-Whitney U test). The mean percent initial inhibition of ceUs in which 

ritanserin attenuated the response for currents of 10-40 nA was 15.4 ± 1.6% 

while the mean percent initial inhibition for cells in which ritanserin 

augmented the response was 9.1 ± 1.5%. The effects of ritanserin on 5-HT-

eUdted inhibition were observed 3-4 min after bath appUcation had begun, 

with recovery of the original response noted within 10-30 min of reperfusion 

with normal ACSF. 

Based on results of these stucUes examining the eftects of metergoUne, 

spiperone and ritanserin on 5-HT-mediated exdtation (Table 7) and 

inhibition (Table 8), it appears that the 5-HTi, spedficaUy the 5-HTiA/ and 5-

HT2 receptors may be involved in mecUating 5-HT-induced inhibition. 

Furthermore, these results incUcate that the exdtatory response to 

iontophoretic appUcation of 5-HT may be mecUated by a 5-HT2 receptor 

subtype. These results are in agreement with the superfusion stucUes 

described previously, with the exception of the effecrts of metergoUne on 5-

HT-induced exdtation and inhibition. As mentioned, the cUscrepancy seen 

with effects of metergoUne on 5-HT responses was probably due to the 

different 5-HT appUcation methods utilized in the two series of experiments. 

Effects of Receptor- Selective Agonists and 
Antagonists 

Response to Iontophoretic AppUcation of 5-
Carboxyamidotryptamine 

The 5-HTi receptor sdective agonist 5-carboxyamidotryptamine (5-CT) 

has been reported to mimic 5-HT-induced exdtation in hypoglossal neurons 
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Table 7: Effects of antagonists on exdtatory responses to iontophoretic 
appUcation of 5-HT. 

Antagonist: 
(receptor 
subtype) 

MetergoUne: 
(1/2) 

0.001 nM 

Spiperone: 
(lA/2) 
1 ^M 

Ritanserin: 
(2/10 
0.1 ^M 

Total # of 
CeUs 

3 

4 

6 

Attenuation 

-

-

4 

Augmentation 

-

-

2 

No Effect 

3 

4 
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Table 8: Effects of antagonists on inhibitory responses to iontophoretic 
appUcation of 5-HT. 

Antagonist: Total # of Attenuation Augmentation No Effect 
(receptor CeUs 
subt5?pe) 

MetergoUne: 
(1/2) ^ 
0.001 îM 

Spiperone: 23 18 
(lA/2) 
1 îM 

Ritanserin: ^ 7 
(2/10 
0.1 îM 

104 



(Bobker and WilUams, 1989). Therefore, I exanuned the eftects of 

iontophoretic appUcation of this compound onto cells of the 

dentate/interpositus nudei to determine if the 5-HTi receptor subtype could 

be involved m mediatmg the exdtatory eftect of 5-HT. In 12 of 16 ceUs 

studied, 5-CT (20 mM) at ejection currents of 10-50 nA had no eftect on the 

spontaneous firing rate of dentate/interpx)situs neurons but caused a sUght 

exdtatory eftect in the remaining 4 ceUs (approximatdy 10%). These results 

indicate that the 5-HTi receptor probably is not involved prindpaUy in 

mediating the exdtation seen with 5-HT appUcation. 

Several subdasses of the 5-HTi receptor have been identified in the CNS, 

specifically lA, IB, IC and IE (Bonate, 1991; Fozard, 1987; Van Wijngaarden et 

al., 1990). To determine if activation of one of the subdasses of the 5-HTi 

receptor or one of the other 5-HT receptors known to exist in the rat CNS was 

involved in eUdting the eftects seen with 5-HT appUcation, I utilized agonists 

that were more selecrtive than 5-CT and examined the eftects of these agonists 

alone and in the presence of antagonists. 

Eftects of 5-HTi A-Spedfic Compounds 

The 5-HTiA receptor subtype is generaUy thought to mecUate an 

inhibitory response to 5-HT (Peroutka, 1988; Schmidt and Peroutka, 1989) and 

has been shown to mecUate this eftect in the cerebeUar cortex, spedficaUy in 

Purkinje ceUs (Darrow et al., 1990). In adcUtion, this receptor subtype has been 

identified in the DCN using autoracUographic techniques (Palados et al., 1990) 

To determine if the 5-HTiA subtype has a role in mecUating the mhibitory 

effects observed with 5-HT appUcation in the dentate/interpositus nudd, two 

5-HTiA selective agonists were utilized. Ipsapirone and 8-OH-DPAT (DPAT) 
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were appUed first by superfusion and then iontophoreticaUy appUed to 

dentate/interpositus neurons (Table 9). When appUed by superfusion, 

ipsapirone (1 îM, n=5)) had no eftect in 4 cells and eUdted an exdtatory 

response (18%) in the remainmg ceU (Table 9). 8-OH-DPAT (IjiM) was 

superfused onto 22 cells. This compound eUdted an exdtatory eftect in 11 of 

the 22 ceUs (Figure 29, mean percent exdtation of 13.1 ± 2.7%), caused a sUght 

inhibition (<10%) in 2 cells and had no eftect in the remaining 9 cells. The 

effects of 8-OH-DPAT were noted within 2-4 min of appUcation with a peak 

response occurring in approximatdy 6 min. Recovery to the initial firing rate 

was observed within 5-20 min after reperfusion with normal ACSF. I next 

applied these same cx>mpoimds by iontophoresis. Iontophoretic appUcation 

of ipsapirone (40 mM) at ejection currents of 10-30 nA eUdted a dose-

dependent inhibition of spontaneous activity in aU five cells in which it was 

applied (Figure 30). The average inhibitions were 9.2 ± 1.6,16.1 ± 25 and 19.3 

± 3.3% for ejection currents of 10,20, and 30 nA, respecti¥dy (n=5. Figure 31). 

The onset and duration of the inhibitory response to ipsapirone mimicked 

that seen with 5-HT. Iontophoretic appUcation of 8-OH-DPAT also mimicked 

the time course of the inhibitory eftect to 5-HT. DPAT (20 mM) at ejection 

currents of 10, 20,30, and 40 nA induced only an inhibitory response (n=37. 

Figure 32), in contrast to the exdtatory eftects seen with superfusion of this 

compoimd. An inhibitory response was observed in 37 of 39 cells whUe the 

remaining 2 ceUs cUd not respond to DPAT. This response appeared to be 

dose-dependent at aU but the highest current utilized (40 nA). The average 

percent inhibitions for 10,20,30, and 40 nA were 11.8 ± 2.8,193 ± 23,20.3 ± 

1.8, and 12.6 ± Z9%, respectively (n=37. Figure 33). 
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Table 9: Comparison of eftects of DPAT and ipsapirone appUed by 
superfusion (S) or iontophoresis (I). 

Agent Tested Total # of Exdtation Inhibition No 
Cells Response 

DPAT(S) 22 11 2 9 

DPAT(D 39 - 37 2 

Ipsapirone 5 1 - 4 
(S) 

Ipsapirone 5 - 5 -
(D 
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Figure 29. Ratemeter record depicting an exdtatory response of a 
dentate/interpositus neuron to 8-OH-DPAT appUed by 
superfusion (l^M). In this instance, appUcation of 8-OH-DPAT 
caused a 15% increase in basal firing rate. The horizontal bar 
above the record incUcates the duration of superfusion. 
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Figure 30. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an inhibitory response to iontophoretic appUcation of 
ipsapirone. The horizontal bars above the record indicate the 
duration of ejection at the currents given, whUe the percentages 
represent the magnitude of the response induced by 5-HT. 
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Figure 31. Ejection current (concentration)-response curve for the inhibitory 
response of dentate/interpositus neurons to iontophoretic 
appUcation of ipsapirone. Each point represents the mean percent 
exdtation ± SEM of 4-7 responses. 
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Figure 32. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an inhibitory response to iontophoretic appUcation of 8-
OH-DPAT. The horizontal bars above the record indicate the 
duration of ejection at the currents given, whUe the percentages 
represent the magnitude of the response induced by 5-HT. 
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Figure 33. Ejection current (concentration)-response curve for the inhibitory 
response of dentate/interpositus neurons to iontophoretic 
appUcation of 8-OH-DPAT. Each point represents the mean 
percent inhibition ± SEM of 6-10 responses. 
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These stucUes support the hypothesis that the 5-HTIA receptor subtype 

may be involved m mecUating the inhibitory response seen with 5-HT 

application. The ciifterences in the responses eUdted with superfusion versus 

iontophoretic appUcation of 5-HT may be explained by the appUcation 

methods. Since iontophoretic appUcation is a locaUzed appUcation technique 

and may eliminate some indirect eftects, this method of appUcation was used 

for the subsequent stucUes of the 5-HTIA receptor subtype. 

In order to more thoroughly examine the possible involvement of the 5-

HTiA subtype in mecUating the noted inhibitory eftects, I appUed several 

selective antagonists by superfusion in the presence of iontophoreticaUy 

applied DPAT. Spiperone ( 5 -HTIA/2 antagonist, 1 ^M) was superfused onto 

13 cells demonstrating an inhibitory response to DPAT. In aU cells stucUed, 

spiperone attenuated DPAT-induced inhibition (Figure 34). For ejection 

currents of DPAT of 10, 20, and 30 nA, the average percent inhibition before 

appUcation of spiperone was 11.8 ± 2.8,19.3 ± 2.3, and 20.3 ± 1.8%, respectivdy 

while after superfusion with spiperone, the average was 3.4 ± 1.4,9.0 ± 2.5, 

and 10.2 ± 1.1% for the same ejection currents. This represents an average of 

48% attenuation of the inhibitory response (p<0.05, WUcoxon). The eftect of 

spiperone was observed within 3-5 min of the beginning of superfusion, with 

a maximum effect occurring in 6-8 min. Recovery of the original inhibitory 

response to DPAT was noted within 5-30 min after superfusion of spiperone 

was terminated. 

I had previously demonstrated that ritanserin, a 5-HT2/1C sdective 

antagonist, attenuated 5-HT-mduced mhibition. Therefore, I wished to 

determine if ritanserin could attenuate the inhibitory response eUdted by 

iontophoretic appUcation of a more sdective agonist for the 5 -HTIA subtype. 
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Figure 34. Computer-generated averaged peri-ejection histograms 
demonstrating a response of dentate/interpositus neurons to 
iontophoretic appUcation of 8-OH-DPAT (30 nA) during a control 
period, a period of spiperone superfusion (1 \iM) and a recovery 
period. An eftect of spiperone was seen within 3 min with 
recovery occurring in 10 min. In this instance, superfusion of 
spiperone attenuated the inhibitory response to 5-HT by 66%. 
Vertical caUbration bar=32 Hz. 
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Ritanserin attenuated DPAT-induced mhibition by approximately 65% 

(Figure 35) m aU 3 cells stucUed. The mean percent response for ejection 

currents of 10, 20, and 30 nA before ritanserin appUcation was 22.3 ± 9.0%, 

whUe after appUcation of ritanserin the percent inhibition was decreased to 

77 ± 4.3%. Ritanserin appeared to aftect DPAT inhibition within 2-3 min of 

appUcation with a peak eftect CKCurring in 5-7 min. Recovery of the original 

inhibitory response was seen after 10-40 min. 

The effectiveness of spiperone in attenuating DPAT inhibition supports 

the hypothesis that 5-HT inhibition, may in fact, be partly mecUated the the 5-

HTiA receptor subtype. However, the eftect of ritanserin on DPAT inhibition 

indicates that another receptor subtype may also be involved. Altemativdy, 

it is possible that DPAT and ipsapirone may aftect the 5-HT2/1C receptor or 

that ritanserin may act via the 5-HTIA receptor. 

Eftects of 5-HTiB-Selective Compoimds 

The 5-HTiB receptor subtype has been localized to the DCN by 

autoracUographic techniques (Pien, 1992). This subtype is thought to 

correspond to a presynaptic 5-HT autoreceptor that is thought to modulate 

endogenous rdease of 5-HT (Bonate, 1991). To determine if this receptor 

subtype was involved in eUdting the eftects seen with appUcation of 5-HT, I 

examined the eftects of three 5-HTiB selective agonists. Two of the agonists 

were appUed by superfusion whUe the third agonist was iontophoreticaUy 

appUed. TFMPP (l̂ iM), appUed by superfusion in 10 cells, had no effect in 8 of 

the 10 ceUs tested. TFMPP eUdted a sUght exdtation (<5%) in one ceU and a 

sUght inhibitory eftect (<5%) in the remaining ceU. RU24%9 (0.1 nM, appUed 

by superfusion) had no eftect on the three cells stucUed. I next examined a 
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Figure 35. Computer-generated averaged peri-ejection histograms 
demonstrating a resp>onse of cells of the dentate/interpositus 
nudei to iontophoretic appUcation of 8-OH-DPAT (30 nA) during 
a control period, a period of ritanserin superfusion (0.1 ^M) and a 
recovery pericxi. An eftect of ritanserin was seen after 3 min with 
recovery cxrcurring after 12 min. In this instance, superfusion of 
ritanserin attenuated the inhibitory resp>onse to 5-HT by 61%. 
Vertical caUbration bar=27 Hz. 
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more selective 5-HTiB agonist, CGS 12066B, appUed iontophoreticaUy onto 9 

ceUs. CGS 12066B faUed to eUdt a response in 7 of tiie 9 ceUs and inhibited 

spontaneous activity (by approximately 8%) in the remaining 2 cells. Thus, it 

appears from these stucUes that whUe the 5-HTIB receptor subtype may be 

present in the DCN, it does not have a prindpal role in producing the direct 

effects of 5-HT seen in this in-vitro cerebeUar sUce preparation. 

Effects of 5-HT2-Selective Compounds 

As stated previously, the 5-HT2 receptor subtype has been also identified 

in the DCN by autoracUography (Palados et al., 1990). This receptor subtype is 

generaUy thought to mediate an exdtatory response to 5-HT (Peroutka, 1988; 

Schmidt and Peroutka, 1989). To determine if this subtype could be mediating 

the exdtatory responses observed in my preparation, I utilized the 5-HT2/1C 

selective agonist, DOI. Tliis compound was appUed first by superfusion and 

then by iontophoresis. Bath appUcation of DOI (1 îM) had no eftect on the 7 

cells to which it was appUed. DOI (50 mM) was then iontophoreticaUy appUed 

using ejection currents of 10-30 nA. Of the 79 cells tested, 46 responded to 

iontophoretic appUcation of DOI. Of those cells responding, iontophoresis of 

DOI didted a dose-dependent inhibitory response in 34 of 46 cells (Hgure 36), 

with an inverse dose-dependent mhibitory response seen in 8 cdls. The 

inhibitory response had an onset and duration simUar to that seen with 5-HT. 

The average magnitude of the inhibitory response for ejection currents of 10-

30 nA DOI was 17.0 ± 1.7% (n=42). An exdtatory response was seen in the 

remaining four ceUs (Rgure 37). The average magnitude of DOI-mecUated 

exdtation for the current range of 10-30 nA was 12.7 ± 3.0% (n=4). DOI-

induced exdtations were faster in onset (2-3 s) and shorter in duration (3-5 s 
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Figure 36. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an inhibitory response to iontophoretic appUcation of 
DOI. The horizontal bars above the record incUcate the duration of 
ejection at the currents given, whUe the percentages represent the 
magnitude of the response induced by DOL 
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Figure 37. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an exdtatory response to iontophoretic appUcation of 
DOI. The horizontal bars above the record incUcate the duration of 
ejection at the currents given, whUe the percentages represent the 
magnitude of the response induced by DOI. 
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after ejection pulse) than the majority of those seen with 5-HT. As seen with 

5-HT, there were no apparent difterences in the initial firing frequency, 

amplitude, or duration of action potentials or dectrode placement for cells 

responcUng to DOI with mhibition or exdtation. 

I next iontophoreticaUy appUed DOI in the presence of superfused 

ritanserin to see if dther the exdtatory or inhibitory eftects eUdted by DOI 

could be attenuated by this 5-HT2/1C antagonist. Ritanserin completdy 

blocked the exdtatory response to DOI in 1 of 3 ceUs examined (Figure 38), 

attenuated the response by 50% in one ceU, and had no eftect in the 

remaining ceU. In the 5 ceUs in which ritanserin was tested against the 

inhibitory resp)onse eUdted by DOI, ritanserin (100 nM, appUed by 

superfusion) attenuated DOI-induced inhibition in aU cells (Figure 39). The 

inhibitory response was reduced an average of 52% (p<0.05, WUcoxon) with 

100% attenuation occurring in one ceU. In these 5 cells, the average percent 

decrease in firing rate was 25.0 ± 7.8% for aU currents of DOI (10-30 nA) before 

application of ritanserin and 12 ± 3.0% after appUcation of ritanserin (p<0.05, 

WUcoxon). The eftects of ritanserin were seen within 5-6 min of appUcation; 

recovery occurred 10-30 min after reperfusion with normal ACSF. 

Superfusion of spiperone (1 pM) had no eftect on DOI-induced inhibition in 

the 4 ceUs stucUed. These results further support the involvement of a 5-

HT2/IC receptor subtype in 5-HT inhibition. It is possible, however, that this 

inhibitory eftect is an indirect effect, smce the 5-HT2/1C receptor subtype is 

generaUy thought to mecUate exdtation (Hoyer and Schoeffter, 1991; Peroutka, 

1988). 
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Figure 38. Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudd to iontophoretic appUcation of DOI (10 nA) during a control 
period, a period of ritanserin superfusion (0.1 ^M) and a parital 
recovery period. In this instance, superfusion of ritanserin 
attenuated the exdtatory response to DOI by 100%. Vertical 
caUbration bar=d2 Hz. 
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Figure 39. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudd to iontophoretic appUcation of DOI (20 nA) during a control 
period, a period of ritanserin superfusion (0.1 \iM) and a recovery 
pericxi. In this instance, superfusion of ritanserin completdy 
attenuated the inhibitory response to DOI. Vertical caUbration 
bar=30Hz. 
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Eftects of GABAergic Agents on DOI-Inhibition 

To test the hypothesis that a GABAergic intemeuron was involved in 

mecUating the inhibitory eftects seen with DOI, I appUed DOI by iontophoresis 

in the presence of iontophoreticaUy appUed picrotoxin (2 nA), an antagonist 

of the GABA-activated chloride channel, and bicuculUne (5 nA), a GABAA 

antagonist. Picrotoxin had no direct eftect on the basal firing rates of any ceUs 

examined (n=4), whUe bicuculUne increased the basal rate by an average of 

12.0 ± 1.1% in aU ceUs stucUed (n=7). I first demonstrated that these ejection 

currents for both agents were eftective in attenuating GABA-mecUated 

inhibition in the dentate/interpositus nudd (Figure 40 A & B). Picrotoxin 

attenuated DOI-induced inhibition in aU ceUs tested (n=4. Figure 41 A). The 

average percent inhibition eUdted by DOI prior to appUcation of picrotoxin 

was 15.5 ± 4.2% whUe the average percent inhibition after picrotoxin 

appUcation was 83 ± 5.3%, (representing an average decrease of 47%, p<0.05, 

WUcoxon) with complete blcKkade of DOI inhibition occurring in one ceU. 

BicuculUne attenuated DOI-induced inhibition in 5 of 7 cells stucUed (Figure 

41 B). The average percent inhibition eUdted by EKDI alone in these ceUs was 

27.8 ± 8.3% whUe the average percent inhibition caused by DOI in the 

presence of bicuculUne was 13.3 ± 5.3% (representing a 52% suppression, 

p<0.05, WUcoxon), with 2 of these ceUs showing 100% attenuation of the 

inhibitory response. BicuculUne had no eftect on DOI-mecUated inhibition in 

the remaining 2 cells. It is possible that DOI eUdted direct inhibitory eftects in 

these ceUs independent of GABAergic intemeurons, although this 

explanation seems unlikely given the results with picrotoxin. The most 

likely explanation for the ineftectiveness of bicuculUne in these 2 cells is that 

bicuculUne may not have reached the cells in concentrations suffident to 

123 



GABA (15nA) 

Control 
29% 

mm 

Picrotoxin (2nA) 
8% 

Recovery 
26% 

T 

15 see 

B 
GABA (40nA) 

Control 
14% 

BicucuUine (5nA) 
5% 

Recovery 
13% 

Figure 40. Computer-generated averaged peri-ejection histograms 
demonstrating that iontophoretic appUcation of (A) picrotoxin (2 
nA) and (B) bicuculUne (5 nA) attenuated GABA-mecUated 
inhibition (15 and 40 nA, respectivdy) in two cells of the 
dentate/interpositus nudei. GABA was pulsed on whUe 
picrotoxin and bicuculUne were appUed continuously by 
iontophoresis. Vertical caUbration bars are (A)=24 Hz and (B)=55 
Hz. 
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Figure 41. Computer-generated averaged peri-ejection histograms 
demonstrating a response of dentate/interpositus neurons to 
iontophoretic appUcation of DOI: (A) during a control period (5 
nA), a pericxi of picrotoxin (2 nA) appUcation and a recovery 
period (vertical caUbration bar=30 Hz); and (B) during a control 
period (10 nA), a period of bicuculUne (5 nA) appUcation and a 
recovery pericxi (vertical caUbration bar=27 Hz). In these 
instances, picrotoxin attenuated DOI-inhibition by 89%, whUe 
bicuculUne attenuated the mhibition by 83%. In both (A) and (B), 
DOI was pulsed on whUe picrotoxin and bicuculUne were appUed 
continuously by iontophoresis. 
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aftect the inhibitory response. These results support the hypothesis of the 

involvement of a GABAergic inhibitory intemeuron in mecUating the 

suppressive eftects seen with activation of the 5-HT2/1C receptor subtype. 

I also exanuned the eftects of nipecotic add (a GABA uptake inhibitor) on 

DOI-induced inhibition (Table 10). If DOI were didting the inhibitory eftects 

noted via activation of a GABAergic intemeuron, appUcation of nipecotic 

add should augment the inhibitory response recorded. However, in this 

study, nipecotic add attenuated DOI inhibition in aU 4 cells stucUed. Since 

these results were inconsistent with my hypothesis, I examined the eftects of 

nipecotic add on GABA-mecUated inhibition. Nipecotic add also attenuated 

GABA-induced inhibition in 3 of 4 ceUs examined and had no eftect in the 

remaining ceU. This led to speculation that perhaps the GABA uptake system 

was somehow compromised or that nipecotic add may have other eftects 

such as blcKkade of GABA receptors in the in-vitro sUce preparation. To 

determine if the former was an accurate assumption, another investigator in 

our laboratory repeated the GABA/nipecotic add experiments in Purkinje 

ceUs in an in vivo preparation. In this preparation, nipecotic add augmented 

GABA-mecUated inhibition as expected in aU 4 ceUs examined (Table 10). 

These experiments incUcate that dther the GABA uptake system is non

functional in the sUce preparation or that this system functions difterentiy in 

the DCN than in the cerebeUar cortex. 

Eftects of 5-HT3-Selective Compounds 

The 5-HT3 receptor subtype has been identified in the cerebeUum 

(Schmidt and Peroutka, 1989) but has not yet been localized to the deep 

cerebeUar nudd. This receptor subtype is generaUy thought to mecUate 
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Table 10: Comparison of the eftects of nipecotic add on DOI and 
GABA-induced inhibitions in the in-vitro preparation 
(prep. 1) and in-vivo preparation (prep. 2) 

Agent Tested Total # of Attenuation Augmentation No Eftect 
CeUs 

DOI (prep. 1) 

GABA (prep. 1) 

GABA (prep. 2) 
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exdtatory responses to 5-HT. The depolarization eUdted by activation of this 

receptor is described as having a fast onset and short duration (Bonate, 1991), 

simUar to the 5-HT-induced exdtation observed in 5 cells. Two 5-HT3 

agonists, phenylbiguanide and 2-methylserotonin (2-methyl-5-HT), were 

iontophoreticaUy appUed to neurons of the dentate/interpositus nudd to 

determine if this receptor subtype could be involved in mecUating the 

exdtatory eftects seen with 5-HT. 

Phenylbiguanide (50 mM, ejection currents of 5-60 nA) had no eftect on 

the spontaneous firing rate in 6 ceUs examined. 2-methyl-5-HT (10 mM, 

ejection currents of 10-40 nA) eUdted an exdtatory response (an increase of 

approximatdy 21%) in 2 of 31 ceUs (Figure 42) but had no eftect on the other 

29 ceUs. The exdtation seen in both ceUs responding was characterized by a 

fast onset and short duration. Furthermore, this fast onset, short duration 

excitatory response to 2-methyl-5-HT cx:curred with the same frequency as was 

seen with 5-HT. In adcUtion, as is characteristic of the exdtatory response seen 

with activation of the 5-HT3 receptor, desensitization appeared to cxxnir with 

repeated doses of 2-methyl-5-HT. The magnitude of the response decreased 

with subsequent appUcations of 2-methyl-5-HT. Based on results of this 

study, it appears that the 5-HT3 receptor may have a role in mecUating the fast 

onset, short duration component of 5-HT exdtation. 

Eftect of 5-HT4-Selective Compounds 

As mentioned previously, the 5-HT4 receptor has only recentiy been 

identified in the central nervous system and is thought to mecUate a slow 

depolarizing resp)onse to 5-HT (Andrade and Chaput, 1991) similar to the 
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Figure 42. Ratemeter records comparing the exdtatory response to 
iontophoretic appUcation of 5-HT in neurons of the 
dentate/interpositus nudd to the exdtatory response eUdted by 
iontophoretic appUcation of 2-methyl-5-HT. (A) and (B) 
demonstrate a slow onset and fast onset response to 5-HT, 
respectivdy, whUe (C) demonstrates the exdtatory response to 2-
methyl-5-HT. The horizontal bars above the recorcis incUcate the 
duration of ejection at the currents given, whUe the percentages 
represent the magnitude of the response induced by 5-HT. 
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response observed in the majority of ceUs responding with exdtation to 

iontophoretic appUcation of 5-HT in the present study. I therefore examined 

the eftects of the 5-HT4 sdective agonist 5-methoxytryptamine (5-MeOT) on 

the spontaneous activity of dentate/interpositus neurons. Iontophoretic 

appUcation of 5-MeOT (20 mM, 10-40 nA ejection currents) eUdted an 

exdtatory response in 8 of 27 ceUs (30% of cells tested. Figure 43). The onset of 

this response occurred within 3-4 s of the beginning of the ejecrtion period 

with a duration lasting up to 5-6 min after the ejection had been tenninated. 

This response resembled 5-HT exdtation in onset and duration. The average 

magnitude of the exdtation eUdted by 5-MeOT for aU currents examined was 

24.2 ± 5.7%. 5-MeOT also eUdted an inhibitory response in 19 of 27 ceUs (70% 

of ceUs tested. Figure 44). This response demonstrated an onset of 1-2 s after 

the ejection period began and a duration of 3-4 s after termination of the 

current. The average magnitude of the inhibitory response for aU currents 

tested was 17.6 ± 0.9%. As was seen with 5-HT, there was no apparent 

difference in the initial firing rate, shape, ampUtude or duration of the action 

potential, or in electrode placement for ceUs responding to 5-MeOT with an 

exdtatory versus an inhibitory response. 

The eftectiveness of the 5-HT4 antagonist, zacopride, and the 5-HT3 

antagonist, ICS205930, in attenuating the responses eUdted by 5-MeOT were 

examined. Zacopride (1 ^M, appUed by superfusion) attenuated the exdtatory 

response caused by appUcation of 5-MeOT in 4 of 4 cells by 94% (Hgure 45, 

p<0.05, WUcoxon), whUe ICS205930 (l̂ iM, appUed by superfusion, n=3) had 

no eftect on 5-MeOT exdtation. The average magnitude of the exdtatory 

response for 5-MeOT ejection currents of 10-40 nA before zacopride 

appUcation was 16.3 ± 5.2% (n=4), whUe after introduction of zacopride the 
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Figure 43. Ratemeter record of an IncUvidual dentate/interpositus neuron 
depicting an exdtatory response to iontophoretic appUcation of 5-
MeOT. The horizontal bars above the record incUcate the duration 
of ejection at the currents given, whUe the percentages represent 
the magnitude of the response induced by 5-MeOT. 
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Figure 44. Ratemeter record of an IncUvidual dentate/interp>ositus neuron 
depicting an inhibitory response to iontophoretic appUcation of 5-
MeOT. The horizontsd bars above the record indicate the duration 
of ejection at the currents given, whUe the percentages represent 
the magnitude of the response induced by 5-MeOT. 
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Figure 45. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudei to iontophoretic appUcation of 5-MeOT (40 nA) during a 
control period, a period of zacopride superfusion (0.1 ^M) and a 
recovery pericxi. An eftect of zacopride was seen within 6 min 
with recovery occurring in 13 min. In this instance, superfusion 
of zacopride completdy attenuated the exdtatory response to 5-
MeOT. Vertical caUbration bar=81 Hz. 
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response was reduced to an average magnitude of 1.0 ± 0.6% (p<0.05, 

WUcoxon). The attenuation of zacopride was usuaUy noted within 5-6 min of 

the start of superfusion, with recovery of the exdtatory response occurring 10-

15 min after reperfusion with normal ACSF. Zacopride also attenuated the 

inhibitory response to 5-MeOT by 73% in aU 4 ceUs tested (Figure 46, p<0.05, 

WUcoxon), whUe ICS205930 had no eftect on the inhibitory response (n=4). 

The average magnitude of inhibition before appUcation of zacopride for 5-

MeOT ejection currents of 10-40 nA was 17.8 ± 0.9%. The average magnitude 

of inhibition for the same range of ejection currents after superfusion of 

zacopride was 4.8 ± 1.7% (p<0.05, WUcoxon). An eftect of zacopride on 5-

MeOT inhibition was noted within 3-4 min after superfusion was started, 

with a peak response cxnirring after approximatdy 6-7 min of superfusion. 

Recovery was seen within 8-15 min of reperfusion with normal ACSF. Since 

an inhibitory response to 5-MeOT had not been reported previously, I wished 

to determine if this inhibition could have been due to activation of a GABA 

(as was observed with 5-HT2-mecUated inhibition) or a glycine receptor. 

Concentrations of picrotoxin (a competitive GABA antagonist) and 

strychnine (a competitive glycine antagonist) used were eftective in 

attenuating GABA-mecUated and glydne-mecUated inhibition, respectivdy 

(Figure 47 A & B). AppUcation of picrotoxin (n=3) or strychnine (n=3) to cells 

demonstrating an inhibitory response to 5-MeOT had no eftect on the 

inhibition (Figure 48 A &B), thus exduding an involvement of GABA or 

glydne in mecUating the inhibitory response to 5-MeOT. As stated 

previously, the 5-MeOT-eUdted inhibition resembled the inhibitory response 

to both 5-HT and 8-OH-DPAT in terms of the onset and duration of the 

response. I wished to detennine if 5-MeOT could be actmg on tiie 5-HTi A 
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Figure 46. Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus nudd 
to iontophoretic appUcation of 5-MeOT (20 nA) during a control 
period, a pericxi of zacopride superfusion (0.1 ^M) and a recovery 
period. An eftect of zacopride was seen within 6 min with recovery 
occurring in 10 min. In tiiis instance, superfusion of zacopride 
attenuated the inhibitory response to 5-MeOT by 56%. Vertical 
caUbration bar=30 Hz. 
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Figure 47. Computer-generated averaged peri-ejection histograms 
demonstrating that superfusion of (A) picrotoxin (50 \iM) and (B) 
strychnine (1 \iM) attenuated GABA (15 nA)- and glydne-
mecUated (40 nA) inhibitions, respectivdy in dentate/interpositus 
neurons. Vertical caUbrations bars are (A) 24 Hz and (B) 21 Hz. 
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6-MeOT (30nA) 

Control 

21% 
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Control 
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Strychnine (luM) 

16% 
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Figure 48. Computer-generated averaged peri-ejection histograms 
demonstrating that superfusion of (A) picrotoxin (50 nM) and (B) 
strychnine (1^M) had no effect on the inhibitory responses eUdted 
by 5-MeOT (30 nA) in cells of the dentate/interpositus nudd. 
Vertical caUbration bars are (A) 19 Hz and (B) 23 Hz, 
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receptor subtype, (although there are no reports incUcatmg any affinity of 5-

MeOT for this receptor subtype). AppUcation of spiperone at concentrations 

(1 nM) shown previously to attenuate inhibition mediated by 5-HT and 8-OH-

DPAT was meftective in attenuating the 5-MeOT-induced inhibition in aU 

ceUs examined (n=3, ejection currents of 10-40 nA) and appeared to enhance 

this inhibitory response (Figure 49). 

These results indicate that the 5-HT4 receptor appears to directiy mecUate 

both exdtatory and inhibitory responses and is, in aU probabiUty, the receptor 

subtype responsible for mecUating 5-HT-induced exdtation and possibly, in 

part, 5-HT-induced inhibition via an undetermined receptor subytpe and/or 

mechanism. 

Involvement of cAMP Second Messenger System 
in 5-HT-induced Inhibition 

The 5-HTiA receptor subtype has been shown to eUdt its inhibitory eftects 

via both stimulation and inhibition of adenylate cydase in difterent areas of 

the brain (JuUus, 1991; Schmidt and Peroutka, 1989; Yocca and Maayani, 1990). 

In addition, the 5-HT4 receptor subtype has also been linked to stimulation of 

the cAMP messenger system, although this subtype is generaUy thought to 

mecUate exdtation to 5-HT (Bonate, 1991). Since I had demonstrated 

previously that the inhibitory effects seen in the dentate/interpositus nudd 

may be mecUated, in part, by the 5-HTi A receptor subtype and because the 

inhibitory eftect of the 5-HT4 agonist, 5-MeOT, mimicked the magnitude and 

time course of the inhibition seen with 5-HT and the 5-HTiA sdective 

agonists, 8-OH-DPAT and ipsapirone, I explored the possible involvement of 

the cAMP second messenger system in mecUating or modulating the 
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5-IVIeOT (40nA) 

Control 
22% 

Spiperone (1uM) 
25% 

Figure 49. Computer-generated averaged peri-ejection histograms 
demonstrating that superfusion of spiperone (l^M) had no eftect 
on the inhibitory response of dentate/interpositus neurons to 
iontophoretic appUcation of 5-MeOT (40 nA). Vertical caUbration 
bar=31Hz. 
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inhibitory responses seen with these agents. Several compounds known to 

aftect the adenylate cydase system were utilized for these stucUes (Figure 50). I 

examined the eftects of forskoUn (an activator of adenylate cydase), 

isobutylmethylxanthine (IBMX, a phosphocUesterase inhibitor), 8-bromo-

cAMP (8-br-cAMP, a membrane permeable analog) and cUbutyryl cAMP (a 

membrane permeable analog) on the inhibitory responses eUdted by 

iontophoretic appUcation of 8-OH-DPAT and 5-MeOT. AU cAMP compounds 

were appUed by superfusion unless otherwise stated. ForskoUn (1 jiM) 

attenuated 8-OH-DPAT-mduced inhibition in 5 of 5 cdls (Figure 51), whUe 

IBMX (100 îM) attenuated the response in 5 of 7 ceUs (100% blockade in 3 

cells. Figure 52) and sUghtiy augmented the inhibitory response in the 

remaining 2 ceUs. The average magnitude of inhibition by 8-OH-DPAT, for 

ejection currents of 10-30 nA, before appUcation of forskoUn was 18.8 ± 1.4%, 

whUe the average magnitude was reduced to 10.6 ± 2.1% after forskoUn 

appUcation (pxO.05, WUcoxon). An eftect of forskoUn on 8-OH-DPAT 

inhibition was seen within 4-6 min after superfusion was started, with a peak 

response seen after approximately 10 min. Recovery was noted after 15-20 

min of reperfusion with normal ACSF. ForskoUn increased the spontaneous 

firing rate an average of 14.6% in 6 of 12 ceUs (cUscussed in a subsequent 

section). The average magnitude of inhibition by 8-OH-DPAT for ejecrtion 

currents of 10-40 nA, before appUcation of IBMX was 20.6 ± 3.9%, whUe the 

average magnitude of inhibition was reduced to 7.9 ± 3.2% after IBMX 

appUcation (p<0.05, WUcoxon). The peak response to IBMX CKCurred after 

approximately 5-6 min of superfusion with partial recovery seen after 5 min 

and fuU recovery noted after 8 min foUowing the termination of IBMX 
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AC - Adsnylste 
Cyclase 

jTmrmrr 
PDE • Phosphodiesterase 

cAMP Kinase (active) 

Protein ATP ADP Phosphoprotein 

Figure 50. Schematic of the adenylate cyclase/cAMP cascade demonstrating 
the sites of action for forskoUn, IBMX, 8-br-cAMP and cUbutyryl-
cAMP. 

141 



8-OH-DPAT (20nA) 

^og^^o' Forskj)̂ n (1 uM) Recovery 

10 sec 

Figure 51. Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudei to iontophoretic appUcation of 8-OH-DPAT (20 nA) during 
a control period, a period of forskoUn superfusion (1 \iM) and a 
recovery period. An eftect of forskoUn was seen within 5 min 
with recovery occurring in 16 min. In this instance, superfusion 
of forskoUn attenuated the inhibitory response to 8-OH-DPAT by 
83%. Vertical caUbration bar=24 Hz. Basal rate was unchanged. 
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8-OH-DPAT (30nA) 

Control 
27% 

IBMX (lOOuM) 
10% 

Recovery 
21% 

Figure 5Z Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudei to iontophoretic appUcation of 8-OH-DPAT (30 nA) during 
a control period, a period of IBMX superfusion (100 ^M) and a 
recovery period. An eftect of IBMX was seen within 5 min, with 
recovery occurring in 7 min. In this instance, superfusion of 
IBMX attenuated the inhibitory response to 8-OH-DPAT by 63%. 
Vertical caUbration bar=49 Hz. Basal rate was increased by 17%. 
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superfusion. IBMX increase the spontaneous rate an average of 22.8% in 11 of 

13 ceUs (cUscussed in a subsequent section). The membrane permeable cAMP 

analogue, 8-br-cAMP, was appUed continuously by iontophoresis (n=10, 50 

mM, ejection currents of 10- 60 nA) whUe 8-OH-DPAT was pulsed on. The 

inhibitory response to 8-OH-DPAT was attenuated in 3 ceUs by 8-br-cAMP, 

whUe this compound had no effect on the inhibitory response in the 

remaining 7 cells. The average percent inhibition before appUcation of 8-br-

cAMP was 20.9 ± 2.9% whUe after 8-br-cAMP, the average percent inhibition 

was 20.1 ± Z8%. 8-br-cAMP increase the spontaneous rate an average of 20.6% 

in 7 of 19 cells (cUscussed in a subsequent section). I had expected 8-br-cAMP 

to attenuate DPAT inhibition more consistently based on the previous results 

with forskoUn and IBMX, as weU as the results of studies utilizing another 

membrane permeable analog, dibutyryl-cAMP (discussed l)dow). 8-br-cAMP 

has been shown to activate adenosine receptors (which are known to exist in 

the cerebeUum, (DunwidcUe and Fredholm, 1984). In adcUtion, 5-HT has been 

shovym to modulate adenosine rdease in the primary afferent nerve 

terminals in the rat spinal cord. It is possible that rdease of adenosine, which 

is known to be an inhibitory neurotransmitter, could mask an inhibitory 

action of 8-br-cAMP on the 5-HT receptors. Therefore, I wished to detennine 

if 8-br-cAMP were acting also on an adenosine receptor in my preparation. 

Thus, I repeated these experiments in the presence of cydopentyltheophylUne 

(CPT), a sdective adenosine (Ai) receptor antagonist. In 3 cells, 8-br-cAMP 

alone had no effect on 8-OH-DPAT inhibition (average percent inhibition 

prior to 8-br-cAMP appUcation was 22.3 ± 5.8%, whUe after appUcation of 8-br-

cAMP, the percent inhibition was 20.3 ± 4.6%). When CPT (1 îM) was then 

appUed by superfusion, 8-br-cAMP (iontophoreticaUy appUed) attenuated the 
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inhibitory response to 8-OH-DPAT in aU 3 ceUs (Figure 53). The mean percent 

inhibitory response before appUcation of 8-br-cAMP/CPT was 223 ± 5.3%, 

after appUcation, the inhibitory response was reduced to 10.7 ± 33% (p<0.05, 

WUcoxon). The response to 8-br-cAMP was generaUy noted after 1-2 min of 

continuous iontophoretic appUcation (in the presence of CPT), with recovery 

occurring 8-10 min after the appUcation had been terminated. I observed an 

increase in spontaneous rate in aU ceUs in which CPT was utilized thus 

incUcating an endogenous inhibitory action of adenosine on neurons of the 

dentate/interpositus nudd simUar to the action of adenosine observed in rat 

hippcx:ampal sUces (DunwidcUe et al., 1992). Dibutyryl-cAMP, the second 

membrane permeable analog utilized, does not activate adenosine receptors. 

Dibutyryl-cAMP continuously appUed by iontophoresis (50 mM, ejection 

currents of 10-40 nA) also attenuated the inhibitory effect of iontophoreticaUy 

pulsed 8-OH-DPAT (n=2. Figure 54). Dibutyryl-cAMP began to attenuate the 

inhibitory response after 3 ^ min of continuous iontophoretic appUcation, 

whUe recovery was seen 6-8 min after the appUcation had been terminated. 

The mean percent inhibition before cUbutyryl-cAMP appUcation was 

28.0 ± 4.0% (n=2), whUe after appUcation of the analog, the average percent 

inhibition was reduced to 8.5 ± 03%, AppUcation of cUbutyryl-cAMP 

increased the spontaneous rate an average of 14.8% in 4 of 6 cells (ciiscussed in 

a subsequent section). 

I next examined the eftects of these same cAMP compouncis on 5-MeOT-

induced inhibition. ForskoUn, appUed by superfusion at the same 

concentration used previously, attenuated the inhibitory eftect of 

iontophoreticaUy appUed 5-MeOT (20 mM, ejection currents of 10-40 nA) in 

the 4 cells examined (Figure 55) as cUd IBMX (appUed by superfusion, n=3 
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8-OH-DPAT (30nA) 

1 O s e c 

Control 
28% 

8-brcAMP (-30nA) 

29% 

8-brcAMP 
CPT (luM) 

4% 

Recovery 

22% 

Figure 53. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudei to iontophoretic appUcation of 8-OH-DPAT (30 nA) during 
a control period, a period of iontophoretic appUcation of 8-br-
cAMP (-30 nA), a period of iontophoretic appUcation of 8-br-cAMP 
in the presence of CPT (1 îM, appUed by superfusion), and a 
recovery period. An eftect of 8-br-cAMP (in presence of CPT) was 
seen within 2 min with recovery cxrcurring in 9 min. In this 
instance, appUcation of 8-br-cAMP, by itself, had no eftect on 8-OH-
DPAT inhibition. In the presence of CPT, 8-br-cAMP attenuated 8-
OH-DPAT inhibition by 85%. Vertical caUbration bar=50 Hz. Basal 
rate was increased by 42%. 
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8-OH-DPAT (30nA) 

Control 
24% 

di-cAMP (-40nA) 
9% 

Recovery 
25% 

itA^ 

Figure 54. Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudei to iontophoretic appUcation of 8-OH-DPAT (30 nA) during 
a control period, a period of iontophoretic appUcation of cUbutyryl-
cAMP (-40 nA) and a recovery pericxi. An effect of cUbutyryl-
cAMP was seen within 3 min, with recovery occurring in 8 min. 
In this instance, appUcation of cUbutyryl-cAMP attenuated the 
inhibitory response to 8-OH-DPAT by 63%. Vertical caUbration 
bar=59 Hz. Basal rate was increased by 10%. 
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6-MeOT (30nA) 

Control 
19% 

ForskoUn (luM) 
7% 

t . 

Recovery 
27% 

10 sec 

Figure 55. Computer-generated averaged peri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudd to iontophoretic appUcation of 5-MeOT (30 nA) during a 
control period, a pericxi of forskoUn superfusion (1 ^M) and a 
recovery period. An eftect of forskoUn was seen within 6 min, 
with recovery occurring in 17 min. In this instance, superfusion 
of forskoUn attenuated the inhibitory response to 5-MeOT by 63%. 
Vertical caUbration bar=24 Hz. Basal rate was unchanged in this 
ceU. 
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Figure 56). The average percent inhibition before appUcation of forskoUn was 

12.5 ± 0.9% and was 6.0 ± 0.6% after forskoUn appUcation (p<0.05, WUcoxon), 

representmg a 52% attenuation. The average magnitude of inhibition before 

IBMX appUcation was 16.7 ± 5.2% and was 7.2 ± 0.8% after IBMX appUcation 

(p<0.05, WUcoxon), representmg a 57% attenuation. Continuous 

iontophoretic appUcation of 8-br-cAMP (50 mM, ejection current of 10-40 nA) 

in the presence of pulsatUe appUcation of 5-MeOT attenuated the inhibitory 

response in 2 of 9 ceUs when appUed without CPT, and had no eftect in the 

remaining 7 cells. When CPT was appUed also, 8-br-cAMP significantiy 

attenuated the 5-MeOT-induced inhibitory response (n=3. Figure 57). The 

mean percent inhibition before appUcation of 8-br-cAMP for ejection currents 

of 5-MeOT of 10-40 nA was 22.7 ± 2.0%. After appUcation of the cAMP analog 

(in the presence of CPT), the mean percent inhibition was 8.5 ± 13%, 

representing a 63% suppression of the response (p<0.05, WUcoxon). 

Iontophoretic appUcation of cUbutyryl-cAMP also attenuated the inhibition 

eUdted by 5-MeOT in aU ceUs studied (Figure 58, n=4, p<0.05, WUcoxon) by 

approximately 71%, (average percent inhibition before appUcation of 

dibutyryl-cAMP was 24.8 ± 2.4%; after appUcation was 7.3 ± Z4%). The time 

courses of the eftects of these agents on 5-MeOT inhibition were simUar to 

those described with DPAT. 

As mentioned previously, forskoUn, IBMX, 8-br-cAMP, and cUbutyryl-

cAMP aU increased the spontaneous firing rate. Although the cAMP 

compoimds cUd aftect the spontaneous rate, the actual difterence in firing rate 

between the 5-HT agonist response alone and in the presence of these cAMP 

compounds incUcates that the eftects reported are real and not an artifact of 

expressing the data as percent change. ForskoUn increased the rate by an 
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6-MeOT (60nA) 

Control 
13% 

IBMX (0.1 mM) 
7% 

Recovery 
14% 

Figure 56. Computer-generated averaged p)eri-ejection histograms 
demonstrating a response of cells of the dentate/interpositus 
nudei to iontophoretic appUcation of 5-MeOT (60 nA) during a 
control pericxi, a period of IBMX superfusion (100 îM) and a 
recovery period. An eftect of IBMX was seen within 5 min, with 
recovery occurring in 7 min. In this instance, superfusion of 
IBMX attenuated the inhibitory response to 5-MeOT by 46%. 
Vertical caUbration bar=66 Hz. Basal rate was increased by 12%. 
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5-MeOT (30nA) 

Control 
23% 

8-br-cAMP (-30nA) 
19% 

8-br-cAMP (-30nA) 
CPT (luM) 

7% 

Recovery 
20% 

Figure 57. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudei to iontophoretic appUcation of 5-MeOT (30 nA) during a 
control pericxi, a period of iontophoretic appUcation of 8-br-cAMP 
(-30 nA), a pericxi of iontophoretic appUcation of 8-br-cAMP in the 
presence of CPT (1 îM, appUed by superfusion), and a recovery 
pericxi. An eftect of 8-br-cAMP (in the presence of CPT) was seen 
within 2 min, with recovery cx:curring in 10 min. In this instance, 
appUcation of 8-br-cAMP, by itself, attenuated 5-MeOT inhibition 
by 17%. In tiie presence of CPT, 8-br-cAMP attenuated 5-MeOT 
inhibition by 70%. Vertical caUbration bar=70 Hz. Basal rate was 
increased by 11%. 
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5-MeOT (lOnA) 

Control di-cAMP (-20nA) Recovery 
27% 6% 30% 

10 sec 

Figure 58. Computer-generated averaged peri-ejection histograms 
demonstrating a response of ceUs of the dentate/interpositus 
nudei to iontophoretic appUcation of 5-MeOT (10 nA) during a 
control period, a period of iontophoretic appUcation of cUbutyryl-
cAMP (-20 nA) and a recovery pericxi. An effect of cUbutyryl-cAMP 
was seen within 4 min, with recovery occurring in 6 min. In this 
instance, appUcation of cUbutyryl-cAMP attenuated the inhibitory 
response to 5-MeOT by 78%. Vertical caUbration bar=18 Hz. Basal 
rate was unchanged in this ceU. 
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average of 14.6% in 6 of 12 ceUs and had no eftect in the other 6 ceUs, whUe 

IBMX increased the rate by an average of 22.8% in 11 of 13 cdls and had no 

eftect on the basal firing rate in the renwining 2 cells. 8-br-cAMP and cU-

cAMP mcreased the initial firing rate by 20.6% (7/19 cdls, no eftect in 12/19) 

and 14.8% (4/6 cells, no eftect in 2/6 ceUs), respectivdy. However, these 

compoimds were equaUy eftective in attenuating the inhibitory eftects of 8-

OH-DPAT and 5-MeOT regarcUess of the eftect of these compouncis on 

spontaneous rate. If activation of adenylate cydase or cAMP results in 

excitation, then agents that suppress the activity of this second messenger 

system could eftectively reduce the spontaneous firing of these neurons. 

These experiments incUcate that the 5-HTIA (Table 11) and 5-HT4 (Table 

12) receptor subtypes may be negativdy coupled to adenylate cydase, and by 

increasing through various means the adenylate cyclase activity or cAMP 

concentration, I have attenuated the inhibitory response eUdted by these 5-

HT compounds. Hius, the 5-HTiA and 5-HT4 selective agonists, 8-OH-DPAT 

and 5-MeOT, respectively, may eUdt their inhibitory actions by aftecting 

(spedficaUy decreasing) the basal activity of the adenylate cydase system or, 

alternatively, the adenylate cyclase system may modulate receptors for these 

agonist possibly via phosphorylation. 

Eftects of Postassium Current Blockers on 
5-HT-Mediated Responses 

The 5-HTi receptor has been shown to mcxiulate a hyperpolarizing-

activated non-sdective inward current (Ih) (Bobker and WilUams, 1990). 

Activation of this current results in depolarization (exdtation) from 

hyperpolarized membrane potentials. 5-HT has been shown to attenuate this 
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Table 11; Eftects of cAMP agents on inhibitory responses to 
iontophoretic appUcation of 8-OH-DPAT. 

Agents Total # of Attenuation Augmentation No Eftect 
Tested CeUs 

ForskoUn 
(l^M) 

IBMX 
(100 ^M) 

8-br-cAMP IQ 
(10-60 nA) 

8-br-cAMP + 
CPT(l^iM) 

cUbutyryl-
cAMP 
(10-40 nA) 
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Table 12: Eftects of cAMP agents on inhibitory responses to 
iontophoretic appUcation of 5-MeOT. 

Agents Total # of Attenuation Augmentation No Eftect 
Tested CeUs 

ForskoUn 
(IpM) 

IBMX 
(100 ̂ lM) 

8-br-cAMP 
(10-60 nA) 

8-br-cAMP + 
CPT(ljiM) 

cUbutyryl-
cAMP 
(10-40 nA) 
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current, which is assodated with the inhibitory eftects of 5-HT in cerebeUar 

Purkinje ceUs (Li et al., 1993) and to augment tius current in hypoglossal 

neurons thus explaining the exdtatory effects of 5-HT in these neurons 

(Bobker and WUUams, 1990). 

In adcUtion, 5-HT has been shown to mcxiulate an agonist-stimulated 

Ca2+-independent K+ current, as weU as a Ca2+-dependent K+ current in 

hippocampal neurons (Colino and HalUweU, 1987). Activation of the Ca2+. 

independent K+ current by 5-HT is responsible for the neuronal 

hyperpolarization seen with activation of the 5-HTlA receptor in the 

hippocampus. In contrast, 5-HT suppresses the Ca2+-dependent K+ current 

responsible for the accomodation of ceU firing in hippcxrampal CAl cells 

(CoUno and HalUweU, 1987). In an attempt to detennine, using extraceUular 

recorcUngs, if the exdtatory or inhibitory eftects mediated by 5-HT could be 

Unked to modulation of Ih or if the inhibitory eftects could be mecUated by 

modulation of potassium currents, I utilized CsCl, an Ih blocker and BaQ2 

which has been shown to be eftective in blocking both the Ca2+-independent 

K+ current as weU as the Ca2+-dependent K+ current (Colino and HalUweU, 

1987; Jahnsen, 1986b). 

To explore the possible involvement of Ih in modulating either the 

exdtatory or inhibitory responses to 5-HT, CsCl (2 mM) was superfused onto 

ceUs cUsplaying both responses to iontophoretic appUcation of 5-HT. Ndther 

the inhibitory eftect of 5-HT (n=4) nor the exdtatory eftect (n=5) was aftected 

by CsCl. However, in 6 of the 9 cells stucUed, CsCl2 decreased the spontaneous 

rate by an average of 21%. In 2 cells, CsCl caused a sUght increase in 

spontaneous rate and had no eftect on baseline firing rate in the remaining 

ceU. It is possible that Ih may be a pacemaker current in ceUs of the 
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dentate/mterpositus nudd. Since the activation threshold for Ih is near the 

resting membrane potential, it could serve as a pacemaker current in 

neuronal ceUs as is seen in cardiac cdls (DiFrandsco, 1987; Irisawa, 1987); 

neverthdess, it has not been undeniabley referred to as such in neuronal 

ceUs. BlcK:kade of this current would result in a decrease in spontaneous rate. 

Alternatively, it is possible that this current is activated during the after-

hjrperpolariztion phase and then helps to depolarize the ceU to firing 

threshold as has been demonstrated in cerebeUar Purkinje cells (Chang et al., 

1993). By blocking Ih/ depolarization may be delayed, resulting in a decrease 

in spontaneous activity. Although these stucUes are preliminary, they 

indicate that Ih may partidpate in the neurophysiology of DCN neurons, but 

5-HT may be eUdting its eftects via a current other than Ih in the 

dentate/interpositus nudd. 

To detennine if a ]x>tassiiim current, such as the Ca2+-independent K+ 

current was involved in mecUating the inhibitory effects seen with 5-HT, 

BaCl2 (2 mM) was appUed by superfusion onto 3 cells that demonstrated an 

inhibitory response to iontophoretic appUcation of 5-HT. In 2 of the 3 cells, 

BaCl2 augmented the inhibition and had no eftect in the remaining ceU. In 

aU three cells, the spontaneous activity of the ceUs was increased by an 

average of 40% with appUcation of BaCl2. The increase in spontaneous 

activity may result from a decrease in spike after-hyperpolarization foUowing 

blockade by Baa2 of the Ca2+-dependent-K-»- cunent. This would result m 

depolarization occurring more rapicUy, and thus, an increase in spontaneous 

rate. The eftect on 5-HT-induced inhibition proves more ciifficult to explain. 

Based on the actions of barium in blcKking potassium channels, I would have 

precUcted that appUcation of Baa2 would attenuate 5-HT inhibition by 
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decreasmg potassium conductance. However, I found that appUcation of 

BaCl2 augmented the inhibitory response. It is possible that, by increasing 

membrane resistance via a decrease in potassium conductance, Baa2 is 

augmentmg 5-HT inhibition mdU-ectiy. Ohm's law states that E=IR, therefore 

for any given change m cunent (I), an increase in membrane resistance (R) 

would result in an increase in voltage, (E) thereby increasing the presumed 

hyperpolarizing eftect of 5-HT. These preUminary results indicate that the 

effects of 5-HT on neurons of the dentate/interpositus nudd may not be 

directiy mecUated by modulation of BaCl2-seiisitive potassium currents. 

These stucUes incUcate that whUe Ih and a Ca2+-dependent K"'' cunent 

may be present in neurons of the dentate/interpositus nudd, their role, if 

any, in modulating 5-HT-induced exdtation and inhibition is difficult to 

determine using only extraceUular techniques. 

Seasonal Variations in 
5-HT Binding 

I observed what appeared to be seasonal variations in the eftects of 5-HT 

on neurons of the dentate/interpositus nudd. In an attempt to address this 

h5^othesis, immunohistochemical anaylsis of 5-HT binding was performed 

in coUaboration with Dr. Georgia Bishop at Ohio State University. Although 

prelimmary, the results of these studies incUcate that there may be, in fact, a 

seasonal rhythm to 5-HT bmding in the DCN. Early results incUcate that 

binding is highest in the late spring/early summer months and lowest in the 

late faU/early winter (personal communication). My observations, based 

dectrophysiologic stucUes, incUcate that responses to 5-HT appUcaticm in the 

dentate/interpositus nudd are strongest in the spring and summer months 
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and decline in late faU and early winter. Thus, the immunohistochemical 

and dectrophysiological observations appear to concur. These stucUes are 

ongoing. 
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CHAPTER IV 

DISCUSSION 

An in-vitro cerebeUar sUce preparation and extraceUular recorcUng 

techniques were utilized for these studies. Although the brain sUce 

preparation was initiaUy developed in the 1930's, it was not untU 1966 that 

brain sUces were shown to be physiologicaUy viable (Yamamoto and 

McUwain, 1966). This preparation has since become an accepted model for 

StucUes of the brain, particularly at the ceUular levd. Major advantages of the 

brain sUce as compared to an in-vivo preparation indude an easUy controUed 

and manipulated extracdlular environment and improved visualization of 

the recording area of interest with resulting ease in dectrode placement 

(Kerkut and Wheal, 1981). In adcUtion, most of the normal neuronal 

organization is maintained in sUces (DinglecUne, 1984). WhUe cells in brain 

sUces do demonstrate a reduced rate of oxygen consumption (approximatdy 

40% less than in-situ) and increased glucose utilization (68% greater than in-

situ) incUcating that energy metaboUsm is somewhat compromised in the 

brain sUce as compared to the insitu situation, these neurons have been 

shown to maintain a steady metaboUc rate for many hours and do 

demonstrate normal dectrophjrsiological responses as compared to in-situ 

responses (Dingleciine, 1984). The major disadvantage of the brain sUce 

preparation is that it does not reflect the natural state; afterents and efterents 

that would normaUy be present in the intact animal have been at least 

partiaUy removed, although the terminals can stiU be dectricaUy activated 

(Kerkut and Wheal, 1981). In adcUtion, results obtained in-vitro are difficult 

to rdate to the whole animal since the behavioral consequences of any 
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response are missing. Finally, whUe in-vitro sUces have been shown to 

maintain viabiUty and responsiveness for many hours, the life of the tissue is 

definitdy Umited (Kerkut and Wheal, 1981). However, taking into account 

the advantages and disadvantages of the sUce preparation, I conduded that 

this was a vaUd and appropriate mcxid for use in studying the eftects of 5-HT 

on spontaneous activity of dentate/interpositus neurons and for determining 

the receptor subtypes involved. 

As stated, I utilized extraceUular recorcUng techniques for these stucUes. 

An extraceUular recording actuaUy records the fidd potential generated 

around a neuron. Neurons generate action potentials by increasing the 

conductivity over the exdtable areas of the ceU membrane. Cunent then 

flows into the ceU and exits at areas of inactive membrane, thus generating a 

field potential (Humphrey, 1979). The polarity of the extraceUularly recorded 

potentials wiU vary with the electrode placement The potential wiU be 

positive if the elecrtrcxie is nearest the site of outward cunent flow and 

negative if the dectrcxie is nearer a site of inward cunent flow. However, the 

determination of ionic channd activity or ionic cunents responsible for 

observed responses is not possible using extraceUular recording technic]ues 

but must be addressed using intraceUular recording techniques. For the 

present stucUes, I determined that extraceUular recording was appropriate. 

Two difterent compound appUcation methcxis were employed for these 

StucUes; superfusion and iontophoretic appUcation. The precise extraceUular 

concentrations of a cirug are known when the compound is appUed by 

superfusion. In adcUtion, this appUcation method aUows a homogeneous 

distribution of the cirug across the sUce to be achieved (Dingledine, 1984). 

However, it is ciifficult to precUct the concentration of a compound in the 

161 



tissue at any given time during cirug superfusion because the peak 

concentration of the cirug found in the tissue wUl lag behind the maximum 

concentration in the bath due to diffusion gracUents in the sUce (Dingledine, 

1984). In adcUtion, the exchange rate within the sUce is slower in an interface-

type chamber, the type of chamber used in these stucUes, than in a 

submersion-type chamber (Kerkut and Wheal, 1981). Contmuous exposure of 

the sUce to the drug for long pericxis of time may also lead to desensitization 

of the receptors or a change in the equiUbrium potential of the ions assodated 

with activation of the receptor. FinaUy, it can be ciifficult to obtain a fuU dose-

response cnirve due to the long wash out times for compouncis appUed by 

superfusion (Dingleciine, 1984). Bath appUcation of 5-HT was used primarily 

for initial stucUes that determined if this compound had an eftect of 

spontaneous activity of dentate/interpositus neurons. I felt that, for these 

StucUes, superfusion of 5-HT was the appropriate appUcation methcxi to use 

since the concentration of 5-HT appUed could be accuratdy controUed with 

bath appUcation 

Compared to superfusion, only a smaU amoimt of drug is rdeased with 

iontophoretic appUcation. In adcUtion, with the iontophoretic technicjue, the 

drug is rdeased onto a much smaUer area of the sUce than occurs with 

superfusion. These factors aUow predse temporal (duration erf the cirug 

appUcation) and spatial (area onto which drug is release) control of drug 

appUcation (Dingledine, 1984). TheoreticaUy, the amoimt of drug released is 

proportional to the ejection cunent used; therefore with a smaU current, a 

low concentration of drug would be appUed, whUe a large current would 

result in a high concentration being rdeased. However, the exact 

concentration of the cirug is not known. Another disadvantage erf this 
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application technique is that it can be ciifficult to separate cunent eftects from 

drug eftects. This difficulty can be overcome by the use of a balancing pipette, 

which automaticaUy ejects a cunent equal to and opposite in polarity to the 

sum of ejection cunents (Dingleciine, 1984). 

In the present study, I found that ceUs of the dentate/interpositus nudd 

demonstrated spontaneous activity in a horizontal cerebeUar sUce preparation 

and had an average firing frequency of 34 Hz. In contrast, DCN neurons from 

a sagittal sUce were not as active and cUsplayed lower firing frequendes than 

the present study (Gardette et al., 1987). However, stucUes using in-vitro 

cerebeUar sUces and a brainstem-cerebeUar preparation from guinea pigs also 

demonstrated a high degree of spontaneous activity and initial firing 

frequendes conesponding to the rates described in my study (Jahnsen, 1986a; 

Llinas and Muhlethaler, 1988). The regularity of the firing pattem that I 

observed appears to be characteristic of DCN cells (Llinas and Muhlethaler, 

1988). This regular firing pattem also was observed in the guinea pig 

preparations previously mentioned and, in fact, was used as one of the 

criteria for identifying DCN cells in the brainstem-cerebeUar preparation 

(Llinas and Muhlethaler, 1988). In addition, the stucUes of guinea pig DCN 

report no ciifterences in action potential characteristics between cells of the 

dentate or interpositus nudd, conesponding to the findings in the present 

study (Jahnsen, 1986a; LUnas and Muhlethaler, 1988). 
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Comparison of the Eftects of 5-HT on Neurons of 
the Dentate/interpositus Nudd when AppUed 

by Superfusion or Iontophoresis 

Oualitative Actions 

In this study, superfusion and iontophoretic appUcation of 5-HT 

creatinine sulfate eUdted either exdtation or inhibition of the spontaneous 

activity of neurons of the dentate/interpositus nudd. In adcUtion, 

iontophoretic appUcation of 5-HT also eUdted a biphasic response consisting 

of inhibition foUowed by exdtation. This is in contrast to one previous study 

in which only a weak exdtatory response to iontophoreticaUy appUed 5-HT 

creatinine sulfate was observed (Gardette et al., 1987). Three main ciifterences 

between the present study and the earUer study are that younger animals, a 

different sec:tion for the sUce (sagittal vs. horizontal) and a lower magnesium 

(Mg2+) concentration in the ACSF were used by Gardette et al. The age of the 

animals in unlikely to be the reason for the ciifterences in eftects of 5-HT due 

to the fact that the DCN connections, induding the serotonergic innervation, 

are complete by post-natal day 3 (Ito, 1984; KomeUussen, 1968; Wcxxiward et 

al., 1971). However, the sagittal section used in the earUer study would 

preserve the majority inhibitory projections from Purkinje cells in the 

cerebeUar cortex to the DCN, whUe a horizontal section could result in 

damage to some of these projections. Dismption of this inhibition could 

result in a faster spontaneous firing rate of these neurons. However, the 

causative relationship between firing rate in the DCN and the eftects of 5-HT 

has yet to be investigated. In adcUtion, previous studies have shown that the 

eftects of 5-HT on cerebeUar Purkinje ceUs can be quaUtativdy changed by 

altering the concentration of Mg2+ in the superfusion fluid (Darrow et aL, 
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1991). SpedficaUy, 5-HT produced a greater percent of exdtatory responses in 

a low Mg2+ solution, whUe the inhibitory responses predominated at higher 

Mg2+ concentrations. Thus, the difterence in Mg2+ concentrations and the 

plane of sectioning may explain the ciifterences in the quaUtative response to 

5-HT between the present study and the earUer study by Gardette et al. (1987). 

In my study, superfusion of 5-HT eUdted only, pure exdtation or pure 

inhibition in any given ceU at aU concentrations used. Iontophoretic 

appUcation of 5-HT eUdted pure exdtation or pure inhibition in the majority 

of cells StucUed, but also eUdted a biphasic response in a few cells. These 

eftects correspond to the responses seen in cerebellar Purkinje cdls to 

superfusion and iontophoretic appUcation of 5-HT in an in-vitro sUce 

preparation (Darrow, 1989). It has been suggested that the biphasic response to 

5-PiT observed in other areas of the brain may be the net result erf the eftects of 

5-HT on both exdtatory and inhibitory receptor subtypes (Lee, 1984), or, 

altemativdy, that the biphasic response is part of a continuum of responses 

eUdted by 5-HT, ranging from inhibition to exdtation and with the response 

eUdted being determined by the rate of the ceU (Strahlendorf et al., 1984). The 

response to iontophoretic appUcation of 5-HT in the cerebeUar cortex 

appeared to be dependent on the basal firing rate. However, this cUd not 

appear to be the case in the dentate/mterpositus nudei. Furthermore, 

interspike-interval histograms (ISIH) of exdtatory responses to 5-HT revealed 

that bath appUcation altered the firing pattem of dentate/interpositus cells, 

with the ISIH demonstrating a decrease in intervals between action 

potentials, an increase in ampUtude of the primary peak and a decrease in the 

number of other peaks. In addition, in approximatdy 50% of the cells 

responcUng to superfusion of 5-HT witii an exdtatory response, 5-HT caused a 
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bursting firing pattem to devdop. ISIHs of cdls displaying tiiis type of firing 

pattem revealed that whUe the number of peaks was increased, the intervals 

between action potentials were decreased. This bursting pattem may mcUcate 

that 5-HT is modulating the pacemaker potentials known to exist in the DCN 

(Jahnsen, 1986b) or altemativdy, may be a means of modulating input to the 

dentate/mterpositus nudd (White and Fung, 1989). This firing pattem may 

even incUcate a potential role in generating epUeptiform activity, although 

the cerebeUum is not thought to be involved in this type of pathology. In 

comparison to the change in firing pattem seen with the exdtatory response 

to 5-HT, ISIHs revealed an increase in intervals with inhibitory responses. 

Furthermore, the primary peak was decreased, whUe the number of other 

peaks increased with inhibition. AppUcation of 5-HT has been shown to 

simUarly alter the firing pattem of Purkinje cells (Danow, 1989). In the 

cerebeUar cortex, 5-HT seemed to not only initiate a bursting firing pattem but 

also to reduce the pericxis between bursts (Danow, 1989). Therefore, the 

effects of 5-HT on firing patterns of dentate/interpositus nudei oonespond to 

effects seen in the cerebeUar cortex. 

The responses to superfusion of 5-HT in the dentate/interpositus nudd 

were quaUtativdy simUar as compared to the responses eUdted by 

iontophoretic appUcation of 5-HT. However, the number of cells responciing 

to 5-HT with exdtation versus inhibition, as weU as the number of cells that 

did not respond to 5-HT, were cjuantitatively difterent. When 5-HT was 

superfused onto the sUce, the percentage of ceUs responding with exdtation 

was approximatdy the same as that responciing with inhibition. In contrast, 

the inhibitory response was dearly dominant when 5-HT was 

iontophoreticaUy appUed. Furthermore, a biphasic response was seen with 
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iontophoretic appUcation but not with superfusion. In adcUtion, a greater 

number of ceUs faUed to respond at aU to 5-HT when the compound was 

appUed by iontophoresis. The most plausible explanation for the ciifterences 

between superfusion and iontophoresis is the method of compoimd 

appUcation. As mentioned previously, superfusion aUows a more 

homogeneous cUstribution of compound across the entire sUce, whUe 

iontophoresis aUows a very legalized appUcation. It is likely that the 

increased number of cells that appeared to respond to superfusion of 5-HT 

with exdtation were, in fact, being directiy and indirectiy exdted via an action 

of 5-HT dsewhere in the sUce. For example, if 5-HT were to inhibit a 

Purkinje ceU projecting to the DCN ceUs being recorded, a disinhibition of the 

ceU recorded could cx:cur, resulting in observation of an exdtatory response. 

In adcUtion, the concentration of 5-HT deUvered to the neuron under study 

most likdy is not comparable with the two appUcation techniques. 

TheoreticaUy, it is possible to estimate the eftective drug concentration 

deUvered via microiontoporesis from Faraday's law: 

Q=nI/zF, 

where Q=rate of microiontophoretic release in mol/s 

I=ejection cunent in amperes (A) 

z=valence (for serotonin, z=l) 

F=Faraday's constant (%,480 C/mol) 

n=transport number (for serotonin, n=0.2) (Kmjevic, 1971). 

If the transport number is known, the rate of rdease of drug from the 

microelectrcxie can be determined. Therefore, the concentration of cirug in 

the environment of the dectrcxie may then be calculated from tiie foUowing 

equation (Curtis et al., 1960): 
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C=107Q/(47cdD) 

where, C=concentration (mol/1) of drug at point d 

Q=steady state rate of iontophoretic release in mol/s 

d=cUstance in ^m from the dectrode tip (calculated to be 

approximatdy 35 ^m) 

D=ciiffusion constant of drug in extemal mecUum [calculated to 

be 1 X10-5 cm2/s for large ions (Curtis, 1964). 

Based on the above formulas, the estimated concentrations of 5-HT deUvered 

ranged from 48 ^M, when an ejection cunent of 10 nA was used, to 240 ̂ M, 

when a 50 nA ejection cunent was used. However, it must be kept in mind, 

that this is, at best, a crude estimate since the transport number for 5-HT was 

not calculated for this preparation. The transport number can be aftected by a 

variety of factors induciing, but not limited to; the composition erf the 

extraceUular mecUum, type of glass used to make iontophoretic pipette, tip 

cUameter of the pipette, and the concentration and type of other ions present 

in the pipette (KeUy et al., 1975). In adcUtion, the actual drug concentration 

deUvered is aftected also by whether the drug is given continuously or in a 

pulsatUe fashion, the possibiUty of diffusion, and bulk flow due to hydrostatic 

pressures and dectro-osmosis. It is possible that ciifterences in concentrations 

of 5-HT could account for the ciifterences noted with the two appUcation 

techniques. However, as mentioned previously, the transport number was 

not determined for these stucUes, therefore it is impossible to precUct with any 

accuracy what concentration of drug was deUvered with iontophoresis. 

Altemativdy, the ciifterences in the number of cells responciing to 5-HT 

vrith exdtation or inhibition seen with the two appUcation methods could be 

due to a difterence in the location of the receptors mecUating exdtation and 
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mhibition. Exdtatory receptors are thought generaUy to be Icxralized on 

dendrites, whUe inhibitory receptors are beUeved to be found primarily on 

the ceU body and axon hiUock (Shephard, 1979). Superfusion of 5-HT could 

aUow the compound to aftect aU 5-HT receptors, regarcUess of dendritic or 

somatic legation, whUe iontophoretic appUcation could preferentiaUy aftect 

somatic receptors. 

The increased number of cells faiUng to respond to 5-HT with 

iontophoretic versus bath appUcation may be due to the elimination of some 

possible inciirect eftects seen with bath appUcation or may be attributable to 

the iontophoretic technique itself. Iontophoretic appUcation of a compoimd 

may result in an increased inddence of ceUs failing to respond to the 

compound or "false negatives." This lack of response would not be due to a 

lack of eftect by the compoimd but, in fact, could be due to the position erf the 

recorciing dectrcxie. Since a smaU amount of drug is rdeased into a limited 

region of the sUce with iontophoresis (20-500 ^m), an dectrode that is not 

positioned properly with respect to receptor localization may result m the 

compoimd not eUdting an observable effect (Dingleciine, 1984). 

Quantitative Actions 

In the present study, the exdtatory as weU as the inhibitory effects erf bath 

appUcation and iontophoretic appUcation of 5-HT appeared to be dose-

dependent. In contrast to the normal inhibitory dose-response rdationship 

seen with iontophoretic appUcation of 5-HT, bath appUcation of 5-HT resulted 

in an inverse dose-response relationship. One explanation for the inverse 

rdationship is the possibUity that different affinities for 5-HT are exhibited by 

the receptor subtype(s) mediating tiie exdtatory response and by ciifferent 
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subtype(s) mecUating the inhibitory response to 5-HT. If this were tme, the 

subtype responsible for inhibition would be expected to have a greater affinity 

for 5-HT than the exdtatory subtype. Therefore, at lower concentrations of 5-

HT, the high affinity receptor (the mhibitory receptor m this scenario) would 

be preferentiaUy activated, whUe at higher concentrations the inhibitory 

response would be counteracted by activation of tiie exdtatory receptors, thus 

resulting in a weaker inhibitory or an exdtatory response to be recorded. This 

hypothesis is supported by the suggestion that receptors with ciifferent 

affinities for 5-HT exist in the cerebeUar cortex (Lee, 1984), spinal cord (Weight 

and Salmoiraghi, 1966) and mecUal geniculate (Tebeds, 1970) and mecUate the 

biphasic response seen with 5-HT appUcation. In the cerebeUar cortex, the 

inhibitory phase of the biphasic response was thought to be due to activation 

of a high affinity receptor when 5-HT concentrations were low, whUe the 

exdtatory phase cx:cuiTed when 5-PIT concentrations were higher and a low 

affinity receptor was activated (Lee, 1984). The observation of biphasic 

responses seen with iontophoretic appUcation of 5-HT supports the presence 

of high and low binding affinity receptors mecUating exdtation or inhibition. 

An alternative explanation for the inverse inhibitory response could be 

that an inciirect exdtatory influence of dentate/interpositus neurons was 

mcxiulating the inhibitory effect of 5-HT so that with increasing 

concentrations of 5-HT, the inciirect exdtatory influence would 

counterbalance the direct inhibitory effect and a smaUer magnitude of 

inhibition would be recorded. For example, with increasing concentrations of 

5-HT appUed by superfusion, an increase in the inhibition of Purkinje cells, or 

inhibition mecUatied by an intemeuron in the DCN, might result in an 

170 



increasmg cUsinhibition of DCN neurons. This in tum would have 

counteracted the ciirect inhibitory effect of 5-HT. 

In comparison to the inhibitory dose-response cnirve seen with 

superfusion of 5-HT, the exdtatory dose-response curve generated with this 

same appUcation methcxi demonstrated a normal curve. However, the 

inhibitory response appeared to be more sensitive than the exdtatory 

response, that is, lower concentrations of 5-HT eUdted a greater degree of 

inhibition than the magnitude of exdtation seen at the same dose. The 

steeper slope of the inhibitory dose-response curve incUcated that those ceUs 

cUsplajdng an inhibitory response to bath appUcation of 5-HT could have a 

greater affinity for the compound than those cells displaying an exdtatory 

response. 

These stucUes demonstrate that ceUs of the dentate/interjx)situs nudei are 

spontaneously active in a in-vitro cerebeUar horizontal sUce preparation. 

Furthermore, 5-HT, when appUed by superfusion or iontophoresis, has two 

distinct effects on the spontaneous activity of these cells, exdtation or 

inhibition. In adcUtion, iontophoretic appUcation of 5-HT also eUdted a 

biphasic response. FinaUy, 5-HT appears not only to affect the firing rate of 

these cells but also to alter their firing patterns. 

Characterization of 5-HT Receptor Subtypes 

As stated previously, superfusion and iontophoretic appUcation of 5-HT 

had two effects on the spontaneous firing activity of dentate/interpositus 

neurons; exdtation and inhibition. For my initial studies attempting to 

determine the receptor subtypes mediating these two effects, 5-HT was appUed 

in control mecUum and then in tiie presence of receptor sdective antagonists. 
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To further eluddate the receptor subtypes involved in mediating the effects of 

5-HT, I then utilized receptor selective agonists alone, or in the presence of 

antagonists. The sdection of concentrations used for the antagonists was 

based on binding affinities as weU as on maximum concentrations that alone 

cUd not prcxiuce any ciirect effects on the basal firing rate. 

Studies of the 5-HTl Receptor Subtype 

I first examined the possible involvement of the 5-HTi receptor in 

mecUating the exdtatory and inhibitory effects seen with 5-HT appUcation. 

MetergoUne, a non-sdective 5-HTi/2 antagonist significantiy attenuated the 

exdtatory effect of superfused 5-HT and, in fact, reversed the exdtation in 2 

cells, but had no effect on the exdtatory effect eUdted by iontophoretic 

appUcation of 5-HT. MetergoUne's reversal of the 5-HT-induced exdtatory 

response to an inhibitory response may incUcate that metergoUne is 

unmasking an inhibitory effect of 5-HT in these cells. In adcUtion, 

metergoUne had no effect on the inhibition induced by superfusion of 5-HT 

but cUd augment the inhibitory response to iontophoretic appUcation of 5-HT, 

supporting the hypothesis that metergoUne could be blcxiking an exdtatory 5-

HT2 receptor. It is possible that, in my system, metergoUne demonstrates a 

higher affinity for 5-HT2 receptors that for 5-HTi receptors. If the inhibitory 

response to 5-HT involved activation of a 5-HTi receptor and the exdtatory 

response occurred via a 5-HT2 receptor, then removal of an exdtatory 

influence (i.e. blocking the 5-HT2 receptor) could result in an apparent 

augmentation of the inhibitory response as was observed. 

MetergoUne cUd not affect the exdtatory response eUdted by iontophoretic 

appUcation of 5-HT. One explanation for the lack of effect of metergoUne on 
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the exdtatory response in these ceUs could be involvement of another 

receptor subtype in mecUating exdtatory responses to 5-HT. I have 

demonstrated that the 5-HT3 and 5-HT4 receptors may also be involved in 

mecUating exdtatory responses to 5-HT (discussed in subsequent sections). 

These receptor subtypes would be unaffected by metergoUne. The most likdy 

explanation for the varied effects of metergoUne on 5-HT-mediated responses 

Ues with the methcxi of 5-HT appUcation. It is possible that metergoUne cUd 

not reac:h suffident concrentrations in the regions that were exposed to 

iontophoretic appUcation of 5-HT. The effects of metergoUne on 5-HT have 

been shown to vary in stucUes of other brain regions and with the methcxi of 

appUcation used. In the cerebellar cortex, metergoUne has been reported to 

have no effecrt or to augment 5-HT-induced inhibition of Purkinje cells in-

situ when both compounds were appUed iontophoreticaUy (Lee, 1984). 

Alternatively, when metergoUne was superfused, both the exdtatory and 

inhibitory effects of Purkinje ceUs to iontophoreticaUy appUed 5-HT in-vitro 

were attenuated. Higher concentrations of metergoUne were utilized in the 

cortex (10-20 \iM) than in the present study (0.001 ^M). In neurons of the 

ventral lateral geniculate, amygdala, and brain stem reticular formation, 

iontophoretic appUcation of metergoUne had no effect on the inhibitory 

response to 5-HT appUed iontophoreticaUy, but cUd attenuate 5-HT-induced 

exdtation (Haigler and Aghajanian, 1977). Conversdy, when metergoUne 

was appUed systemicaUy, the inhibitory response to iontophoretic appUcation 

of 5-HT was augmented in cells of the ventral lateral geniculate and 

amygdala. In adcUtion, in cortical neurons, metergoUne has been shown to 

antagonize iontophoreticaUy appUed 5-HT-induced inhibition and to have no 

effect on 5-HT exdtation (Sastry and PhUUs, 1977). StucUes of lateral 
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vestibular nudeus neurons demonstrated tiiat metergoUne had no eftect on 

iontophoreticaUy appUed 5-HT-induced inhibition but antagonized 5-HT 

exdtation (Ucata et al., 1990). FinaUy, in tiie raphe nudd, batii appUcation of 

metergoUne has been shown to block both 5-HT-mduced exdtation and 

inhibition when 5-HT was iontophoreticaUy appUed. Thus, the eftects of 

metergoUne appear to vary depending on the methcxi of appUcation used in 

the study, the dose utilized, and the area of the CNS examined. This 

variabiUty could explain the cUverse effects of metergoUne in the present 

study. 

I next examined the eftects of the 5-HTi sdective agonist 5-CT. 5-CT 

demonstrates high binding affinities for the 5-HTIA, 5-HTIB and 5 -HTID 

subtypes (Heuring and Peroutka, 1989). In the present study, 5-CT appeared to 

have no eftect on the firing rate of dentate/interpositus neurons. In contrast, 

iontophoretic appUcation of 5-CT in Purkinje cells has been shown to eUdt 

inhibitory, exdtatory and biphasic responses that appear to be dose-dependent, 

with an exdtatory or biphasic response eUdted by high concentrations of 5-CT 

and an inhibitory response was eUdted by low concentrations. The inhibitory 

response seen in the cerebeUar cortex was not attenuated by spiperone, 

incUcating that 5-CT was probably not acting via a 5-HTiA receptor (Darrow, 

1989). However, in rat hippex:ampal pyramidal cells, 5-CT cUd mimic 5-HT 

membrane hyperpolarization but faUed to mimic 5-HT depolarization (Beck, 

1989). The 5-CT-induced hyperpolarization was attenuated by spiperone 

incUcating a role for the 5-HTiA receptor subtype (Beck, 1989). In contrast, in 

rat locus coemleus neurons, 5-CT actuaUy inhibited a depolarizing synaptic 

potential eUdted by stimulation. Spiperone had no eftect on this antagonism 

thus suggesting that 5-CT may be acting on a 5-HTiB receptor (Bobker and 
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WUUams, 1990). Thus, it is possible that 5-CT may aftect difterent 5-HTi 

receptor subtypes depending on the area studied. 

One explanation for tiie difterence in response to 5-CT in 

dentate/interpositus neurons compared to cerebeUar cortex is that 5-CT could 

be eUdting its eftects in the cerebeUar cortex by activating the 5-HTIB receptor 

subtype, as was demonstrated in the locus coeruleus (Bobker and WilUams, 

1990). If this were the case, I would not expect to see a response in the 

dentate/interpositus nudd, since I demonstrated that 5-HTIB selective 

agonists had no eftect on the basal firing rate of these neurons (discussed in a 

subsequent section). TFMPP, a 5-HTIB selective agonist, has been shown to 

eUdt inhibitory responses in Purkinje ceUs. Altematively, it is possible that 

an adequate concentration of 5-CT may not have been used in the cunent 

study, although the same ejection cunent range was utilized. As described 

previously, the concentration actuaUy appUed with microiontophoresis 

depends on the transport number which can vary from pipette to pipette. 

Since the same type of decrtrode was not used in the cerebeUar cortex and the 

present study, it is possible that the concentrations actuaUy deUvered diftered 

in the two studies. 

These results incUcate that the 5-HTi and 5-HT2 receptor subtypes may be 

involved in mecUating the eftects seen with appUcation of 5-HT in the 

dentate/interpositus nudd. However, based on these stucUes, it is not 

possible to detennine, which 5-HTi receptor subtype may be responsible for 

which response. Therefore, I next examined the eftects of compouncis more 

selective for various 5-HTi receptor subtypes as weU as agonists and 

antagonists sdective for tiie 5-HT2,5-HT3 and 5-HT4 receptor subtypes. 
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Studies of 5 -HTIA Receptor Subtype 

Spiperone, a 5 - H T I A / 2 selective antagonist, appUed by superfusion, had 

no eftect on 5-HT-induced exdtation (ndther long-lasting nor short duration 

exdtation was aftected) either when 5-HT was appUed by superfusion or 

iontophoreticaUy appUed, whUe 5-HT inhibition (eUdted by superfusion and 

iontophoretic appUcation) was attenuated by spiperone. Spiperone has a 

higher affinity for the 5-HTi A receptor than for the 5-HT2 receptor (Kds of 7.2 

and 8.5, respectivdy) (Hoyer and Schoeffter, 1991). However, the lack of eftect 

of spiperone on 5-HT-mecUated exdtation coupled with lack of eftect on the 

inhibitory response eUdted by the 5-HT2 selective agonist, DOI (discussed 

later) incUcates that, in the dentate/interpositus nudd, spiperone most likdy 

is not acting on the 5-HT2 receptor, but only on the 5-HTIA receptor subtype. 

Furthermore, these results incUcate that the 5-HTIA subtype is involved in 

mecUating the inhibitory but not the exdtatory response to 5-HT. SimUar 

findings with iontophoretic appUcation of spiperone have been reported in 

the rat cerebeUar cortex in-vitro (Danow et al., 1990) and in situ (Lee, 1984). In 

Purkinje ceUs, the eftects of spiperone appUed by superfusion diftered 

somewhat from the eftects of spiperone appUed by iontophoresis. When the 

antagonist was superfused, augmentation of the 5-HT-mecUated inhibition 

(not statisticaUy significant) was also observed. However, the investigators 

conduded that, overaU, the results of the stucUes in the cerebeUar cortex 

indicated that the 5-HTlA receptor subtype was involved in 5-HT-mediated 

inhibition. In contrast, I found tiiat the eftects of spiperone appUed 

iontophoreticaUy or bath appUed were sinular to each other. In addition, 

spiperone has been shown to block 5-HT-eUdted inhibition in cat cerebeUar 

cortex (Ken and Bishop, 1992) and to antagonize 5-HT-induced 
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hyperpolarization m rat motoneurons (Wu et al., 1991). Thus, my results 

indicate that the 5 -HTIA may be involved in mediatmg 5-HT-induced 

inhibitory responses of neurons in the dentate/interpositus nudd and are 

consistent with the results of previous studies in other brain regions. 

Two 5-HTiA sdective agonists were examined next to more dosdy study 

the role of this receptor subtype in mediating the inhibitory response seen 

with 5-HT appUcation. 8-OH-DPAT and ipsapirone are potent and selective 5-

HTiA Ugands, although DPAT remains the most widely used 5-HTiA agonist 

(Hoyer and Schoeffter, 1991). In fact, racUoUgand binding stucUes have 

demonstrated that 5-HTiA receptors are better labded by DPAT and 

ipsapirone than by 5-HT. 8-OH-DPAT demonstrates Uttie or no affinity for 

other 5-HT receptor subtypes or for any other known neurotransmitter 

receptor. Ipsapirone, whUe demonstrating Uttie affinity for other serotonergic 

receptor subtypes, does demonstrate an affinity for the alpha 1 adrenergic 

receptor (Bonate, 1991; Hoyer and Schoeffter, 1991). AdcUtionaUy, ipsapirone 

has been shown to act as a partial agonist in some stucUes (Van Wijngaarden 

et al., 1990). In the current study, DPAT and ipsapirone were appUed first by 

superfusion and then were appUed iontophoreticaUy. When bath appUed, 

ipsapirone had no eftect, whUe DPAT eUdted either an exdtatory response or 

had no eftect, with both of these eftects cxrurring with approximatdy equal 

frequency. It is possible that ipsapirone cUd not eUdt any apparent effect when 

appUed by superfusion because of its partial agonist prop>erties or an action on 

an acirenergic receptor that masked the eftect on the serotonergic receptor. 

When I then appUed both compouncis iontophoreticaUy, only a pure 

inhibitory response was eUdted by dther compoimd. Therefore, the 

exdtatory eftect eUdted by DPAT superfusion, was in aU probabUity, an 
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indirect eftect on the neuron being recorded, whUe the ciirect eftect of DPAT 

on neurons of the dentate/mterpositus nudei appears to be inhibitory. An 

alternative explanation for the exdtatory response seen with superfusion of 

DPAT could be a ciifterence in receptor Icxalization, i.e., presynaptic versus 

postsynaptic sites of action (Chalmers and Watson, 1991; Pompdano et al., 

1992; Van Wijngaarden et al., 1990). 5-HTIA receptors are known to occur 

both presynapticaUy and postsynapticaUy, however the Ugand interaction sites 

are beUeved to difter. The presynaptic sites are thought to be involved in 

autoregulation of neurotransmitter rdease, whUe the postsynaptic sites are 

believed to be involved in mexiulation of responses. However, this 

explanation seems unlikely, as activation of presynaptic and postsynaptic sites 

by DPAT have been reported to eUdt an inhibitory response (Van 

Wijngaarden et al., 1990). The eftects of the 5-HTiA Ugands used in the 

present study condate weU with the eftects of iontophoretic appUcation of 

DPAT and ipsapirone observed in other brain regions such as the cerebeUar 

cortex (Darrow et aL, 1990) as weU the raphe and hippcxrampus (Ancirade and 

NicoU, 1987). AdditionaUy, DPAT numicked 5-HT membrane 

hyperpolarizations in the rat mecUal prefrontal cortex (Araneda and Ancirade, 

1991) and inhibited depolarizing synaptic potentials in the rat Icxiis coeruleus 

(Bobker and WilUams, 1990). Both of these eftects were attenuated by 

spiperone incUcating the involvement of a 5-HTiA receptor. Furthermore, 

superfusion of ipsapirone eUdted a dose-dependent depression erf dorsal 

raphe nudeus neurons (Haĵ Dahmane et al., 1991), whUe DPAT inhibited the 

firing rate of rat ventromedial hypothalmic neurons (Newberry, 1992) further 

demonstrating the involvement of the 5-HTiA receptor in mecUating 

inhibition. Thus, it appears that in these previous studies as weU as in the 
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present study, DPAT and ipsapirone eUdted tiidr inhibitory effects tiux)ugh 

activation of a 5 -HTIA receptor. This hypothesis is supported further by the 

antagonism of DPAT inhibition by spiperone in the cunent study, as weU as 

the attenuation by spiperone of 5-HT-induced inhibition, but not 5-HT-

mecUated exdtation as cUscussed earUer. 

Interestingly, and contrary to what I expected to see, superfusion of 

ritanserin, a 5-HT2/1C antagonist, also attenuated inhibition induced by 

iontophoretic appUcation of DPAT in my study. I chose to examine the eftects 

of ritanserin on DPAT inhibition as confirmation that DPAT was indeed 

didting its eftects via a 5-HTIA receptor. Ritanserin was sdected predsdy 

because it reportecUy has no eftect on 5-HTiA-nieciiated responses. There are 

several possible explanations for this unusual finding. First, DPAT may be 

eUdting some erf its inhibitory eftect via a 5-HT2 or 5-HTic receptor subtype 

or altemativdy, ritanserin may have some eftect on the 5-HTiA receptor. 

These possibiUties seem unlikely as Ugand binding stucUes have not 

demonstrated DPAT bincUng to any serotonergic receptor subtype other than 

the 5-HTiA or any eiisplacement of 5-HTIA binding by ritanserin (Van 

Wijngaarden et al., 1990). In adcUtion, there are no dectrophysiological 

StucUes that would support this hypothesis. Altemativdy, DPAT could be 

activating a receptor for another neurotransmitter, such as an acirenergic 

receptor, for which ritanserin demonstrates some aftinity. Again, this 

hypothesis is unlikely, as DPAT has not been reported to act on any other type 

of receptor except the 5-HTiA- Furthermore, ritanserin has been reported to 

increase phosphokinase C activity which is known to phosphorylate receptors 

and/or ionic channels (discussed later) (Levitan and Kaczmarek, 1991). The 5-

HTiA receptor is a 7 membrane spanning receptor that has serine and 
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threonine phosphorylation sites on the third membrane spanning lcx>p. 

Therefore, this receptor is susceptible to protein phosphorylation. Thus, by 

leading to phosphorylation of the 5-HTIA receptor or the ion channd 

asscxiated with the receptor, ritanserin could eftectively attenuate DPAT 

inhibition. The final explanation is that DPAT may be acting directiy to 

inhibit the firing of the ceU being recorded, while ritanserin eUdts its eftect by 

removing an adcUtional inciirect inhibitory influence on the recorded neuron, 

thereby resulting in an apparent attenuation of DPAT inhibition. I would 

expect that, if ritanserin were removing a tonic inhibitory influence, an 

increase in spontaneous rate would be evident when it only was appUed. 

This explanation is somewhat supported by ciirect exdtatory eftects erf 

ritanserin observed in a few ceUs when ritanserin was appUed for lemger than 

20 min. I therefore condude that these results support the hypothesis that the 

5-HTiA receptor, at least in part, mecUates 5-HT-induced inhibition of the 

spontaneous activity of neurons of the dentate/interpositus nudd whUe the 

involvement of the 5-HT2 receptor subtype in the inhibitory response 

remains obscure. 

StucUes of the 5-HTlB Receptor Subtype 

The 5-HTiB receptor subtype is thought to be the 5-HT autoreceptor 

regulating 5-HT release in the brain and is thought generaUy to mecUate an 

inhibitory eftect (Auerback et al., 1990; Wolf and Kuhn, 1991). In adcUtion, 

this receptor subtype has been shown to modulate the rdease of other 

neurotransmitters (Middlemiss and Hutson, 1990). Altiiough 5-HTiB 

receptors have been identified in the rat DCN (Pazos and Palados, 1985) being 

localized on Purkinje ceU terminals, they do not appear to play a role in 
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mecUating any of the eftects I noted with exogenous 5-HT appUcation in the 

dentate/interpositus nudd. If this receptor were functional in my system, I 

would have expected an exdtatory response to appUcation of 5-HTiB sdective 

agonists due to the inhibition of GABA release from the Purkinje ceU 

terminals. However, m the cunent study, appUcation of TFMPP, RU24969 

and CGS12066B, three 5-HTIB agonists faUed to eUdt any response from 

neurons of the dentate/interpositus nudei. AU three of these agonists 

demonstrate a high affinity for the 5-HTIB receptor with CGS12066B being the 

most selective. Furthermore, the criteria estabUshed for the 5-HTIB receptor 

indudes prindpaUy the stimulation of a functional response by 5-CT, 

RU24969 or CGS12066B. In the present study, aU of these compounds faUed to 

eUdt a response. In contrast, the 5-HTIB Ugand, TFMPP cUd prcxiuce an 

inhibitory response in the cerebeUar cortex (Danow, 1989) whUe CGS12066B 

has been shown to inhibit dorsal raphe firing (Middlemiss and Tricklebank, 

1992). In adcUtion, activation of the 5-HTIB receptor by TFMPP and 

CGS12066B has been shown to increase firing rates of cells in the mecUal 

raphe (Middlemiss and Tricklebank, 1992). Thus, it appears that the 5-HTIB 

autoreceptor is not functional in the dentate/interpositus nudd in a 

cerebeUar sUce preparation. 

Studies of the 5-HT2 Receptor Subtvpe 

The 5-HT2 receptor is generaUy thought to mediate an exdtatory response 

to 5-HT in tiie brain (Aghajanian et al., 1990; Hoyer and Sdioeftter, 1991). In 

fadal motor neurons (McCaU and Aghajanian, 1980) and cortical neurons 

(Ashby et al., 1989), the slow depolarizing action of 5-HT, which is similar to 

the long onset, long duration exdtatory response I observed in this study, was 
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blocked by 5-HT2 antagonists. In addition, the 5-HT2 receptor has been shown 

to mediate indirect inhibition in rat piriform cortex (Shddon and 

Aghajanian, 1990). As already described, the 5-HTIA receptor appears to 

mecUate 5-HT-mduced mhibition, but does not seem to have a role in 

mediating 5-HT exdtation. In contrast, I hypothesized that the 5-HT2 receptor 

subtype could be involved in mecUating the exdtatory response and possibly 

the inhibitory response I observed with 5-HT appUcation. To detennine if the 

5-HT2 subtype was involved in these responses observed with 5-HT 

appUcation, I examined the eftects of ritanserin, a 5-HT2/1C sdective 

antagonist, on the mhibitory and exdtatory eftects eUdted by bath appUcation 

and iontophoresis of 5-HT, and the eftects of pirenpirone, a 5-HT2 sdective 

antagonist, on the responses eUdted by bath appUcation of 5-HT. I then 

studied the responses of these ceUs to iontophoretic appUcation erf the 5-

HT2/IC agonist DOI, given alone or in the presence of ritanserin, to further 

explore the role of this receptor subtype in neurons of the 

dentate/interpositus nudd. Ritanserin demonstrates a 10-fold greater affinity 

for the 5-HT2 vs. the 5-HTic receptor, whUe DOI demonstrates approximatdy 

the same affinity for both receptors (Hartig et al., 1990). However, the 5-HTic 

receptor is reported to cxrcur in very low numbers or not at aU in the rat 

cerebeUum (Hoyer, 1988) Therefore, I beUeve that any eftects these 

compouncis had in my preparation can be attributed primarily to an action on 

the 5-HT2 receptor subtype. In the present study, superfused ritanserin 

attenuated both exdtation and mhibition eUdted by 5-HT using both 

appUcation methods. Interestingly, ritanserin most eftectivdy attenuated the 

inhibitory response to iontophoreticaUy appUed 5-HT when the inhibition 

was quite marked. When a smaUer degree of inhibition exrcurred, ritanserin 
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actuaUy appeared to augment the response. These results may incUcate the 

involvement of another receptor subtype when inhibition was not as robust. 

For example, if the 5-HT2 receptor actuaUy were mecUating an exdtatory 

component in those cells demonstrating a weaker inhibitory response that 

was masked partiaUy by an inhibitory component mecUated by a 5-HTIA or 

possibly a 5-HT4 receptor subtype, then removal of the 5-HT2 exdtatory 

influence by ritanserin would result in an apparent augmentation of the 

inhibitory component. I found also that pirenpirone, a selective 5-HT2 

antagonist, attenuated both the exdtatory and inhibitory eftects erf bath 

appUed 5-HT. The attenuation of both inhibition and exdtation by 

pirenpirone was of a simUar magnitude as that seen with ritanserin. Based 

on these results, I condude that the 5-HT2/1C receptor subtype appears to 

have a role in mediating the exdtatory as weU as the inhibitory response to 5-

HT. 

I next examined the eftects of iontophoretic appUcation of the 5-HT2/1C 

selective agonist, DOI, on neurons of the dentate/interpositus nudd. DOI 

eUdted primarily an inhibitory response, although exdtation was eUdted in a 

few cells. As was seen with 5-HT, superfusion of ritanserin appeared to 

attenuate both responses to DOI, thus further supporting my condusion that 

the 5-HT2 receptor is involved in mecUating both 5-HT exdtation and 

inhibition. In the present study, DOI caused exdtation that generaUy had a 

shorter time course than the exdtatory response to appUcation of 5-HT. The 

existence of two dasses of 5-HT2 receptors, 5-HT2H/5-HT2A and 5-HT2L/5-

HT2B has been proposed (McKenna and Peroutica, 1989; Peroutica, 1988; Pierce 

and Peroutica, 1989; Titder et al., 1985; Titder et al., 1987). Binding studies 

have shown tiiat DOI demonstrates a high affinity for tiie 5-Hr2H/5-HT2A/ 
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whUe 5-HT2 antagonists (e.g., ketanserin, dnanserin) do not discriminate 

between the bmciing sites (Glennon and Dukat, 1991; Peroutica, 1988; Titder et 

al., 1985; Titder et al., 1987). One possible explanation for the difterent time 

courses seen when using the two agonists separatdy, is that DOI could be 

binding to tiie 5-HT2H/5-HT2A site, whUe 5-HT is activating a 5-HT2L/5-

HT2B site. If DOI were in fact binding to tiie "high affinity" receptor, tiie effect 

might be of a longer duration than would be seen with activation erf a "low 

affinity" receptor because these agonists might not be reaciUy cUsplaced from 

the receptor. Since the exdtatory effect of DOI is of shorter duration than that 

seen with 5-HT, this seems an unlikdy explanation. The most likdy 

explanation for the different time courses seen is that 5-HT is activating more 

than one receptor subtype resulting in a longer response, whUe DOI is more 

selective in its receptor activation. As wiU be cUscussed bdow, I beUeve that 

the inhibitory effect seen with activation of the 5-HT2 receptor is inciirect via 

a GABAergic intemeuron, whUe the exdtatory effect is probably due to ciirect 

activation of a 5-HT2 receptor lcx:ated on the intemeuron. 

The attenuation by ritanserin of 5-HT-induced inhibition observed in the 

present study was sinular to the effects of ritanserin on 5-HT-eUdted 

inhibitory postsynaptic potentials (IPSPs) reported in the rat piriform cortex 

(Shddon and Aghajanian, 1990). In their study of ceUs in rat piriform cortex, 

these investigators demonstrated that bath appUcation of ritanserin blcxiced 

the IPSPs eUdted by 5-HT and propK)sed that the IPSPs are mecUated incUrectiy 

by a 5-HT2 receptor via an inhibitory intemeuron. As mentioned, the results 

of the present study incUcate that 5-HT-induced inhibitions of spontaneous 

firing rate of DCN neurons may be mediated also, in part, by a 5-HT2/1C 

receptor subtype present on an intemeuron. These stucUes in rat piriform 
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cortex also demonstrated that 5-HT-induced depolarizations were blocked by 

ritanserin, corrdating with the results of the present study. However, in the 

earUer study (Sheldon and Aghajanian, 1990), norepinephrine-induced 

depolarizations were resistant to ritanserin, indicating that the 

depolarizations eUdted by 5-HT are due to a ciirect effect on 5-HT2 receptors 

and not due to a transynaptic mechanism. In adcUtion, in rat fadal 

motoneurons (McCaU and Aghajanian, 1980), cortical pyranudal neurons 

(Dumuis et al., 1988a), ritanserin sdectively blocked a slow depolarization 

induced by 5-HT, whUe in rat midbrain tectum (Brandao et aL, 1991) and 

assodation cortex (Araneda and Ancirade, 1991), the 5-HT2 antagonist, 

ketanserin, which is structuraUy simUar to ritanserin, attenuated 5-HT 

depolarizations. The inhibitory effects of DOI on spontaneous firing rate seen 

in my study were similar to those reported in the dorsal raphe (Garratt et al., 

1991) and in the prefrontal cortex (Ashby et al., 1989). In the dorsal raphe, DOI 

appUed either systemicaUy or locaUy directiy depressed the neuronal firing. 

However, ritanserin eUd not blcx:k the effect of DOI, incUcating that the 

inhibitory response seen with DOI may no be mecUated via a 5-HT2 receptor. 

In ceUs of the mecUal prefrontal cortex, iontophoreticaUy appUed DOI 

inhibited spontaneous as weU as glutamate-induced activity; these effects 

were blcx:ked by ritanserin. The inhibition eUdted by DOI in the prefrontal 

cortex appears to be mediated directiy via a 5-HT2 receptor, but the possibiUty 

of an inciirect action cannot be ruled out. In the present study, the 

attenuation of DOI-induced inhibition by ritanserin is consistent with the 

attenuation of 5-HT-induced inhibition by ritanserin, further supporting the 

involvement of the 5-HT2/1C receptor subtype in 5-HT-mecUated inhibition. 
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To test the hypothesis that the mhibitory effects of DOI observed might be 

mecUated via activation of an mhibitory intemeuron, DOI was 

iontophoreticaUy appUed in the presence of either picrotoxin or bicuculUne. 

Both picrotoxin and bicuculUne, at iontophoretic cunents shown to be 

effective in blocking GABA-mediated inhibition in DCN neurons, 

significantiy attenuated the DOI-eUdted inhibition, thus supporting the 

possible involvement of a GABAergic intemeuron. It cannot be exduded 

that DOI acrts on a picrotoxin-sensitive chloride channel and/or potassium 

channd; however, the effectiveness of bicuculUne argues against this. In 

contrast, iontophoretic appUcation of nipecotic add, a GABA uptake mhibitor, 

did not augment the inhibitory response to DOI as predictecL Instead, the 

DOI-induced inhibition was attenuated as was GABA-mecUated inhibition. It 

is pK>ssible that the uptake S3rstem for GABA is somehow compromised in the 

cerebeUar sUce preparation since in-vivo results with nipecotic add do 

demonstrate an augmentation of GABA-mecUated inhibition (Netzd)and, 

1993). Altematively, nipecotic add could have other non-selective actions in 

the present system such as blcxicade of GABA receptors. 

Our results in the dentate/interpositus nudd are consistent with those 

reported in rat piriform cortex in which 5-HT-induced IPSPs were attenuated 

by bicuculUne (Shddon and Aghajanian, 1990). In adcUtion, it has recentiy 

been demonstrated in the piriform cortex that the 5-HTic receptor is lexalized 

to the pyramidal cells and mecUates the exdtatory response erf these cells to 5-

HT, whUe the 5-HT2 receptor mecUates the exdtatory response erf 

intemeurons to 5-HT (Shddon and Aghajanian, 1991). These investigators 

demonstrated that spiperone and ritanserin blocked 5-HT-induced 

depolarizations seen in the intemeurons at lower concentrations than were 
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needed to block the depolarizing response in pyramidal ceUs. They conduded 

that, smce spiperone demonstrates Uttie affinity for the 5-HTic receptor and 

ritanserin has a higher affinity for the 5-HT2 receptor than for the 5-HTic 

receptor, and because lower concentrations of these antagonists were needed 

to block the 5-HT response in intemeurons as compared to pyramidal cells, 

that the 5-HT2 receptor is Icxrated on intemeurons. 

In the present study, the exdtatory effects of DOI could be due to ciirect 

activation of the 5-HT2 receptor lcx:ated on an inhibitory intemeuron, as was 

shown in the piriform cortex, whUe the inhibitory effect of DOI seen in the 

majority of crells can be explained by acrtivation and subsecjuent rdease of 

GABA from GABAergic intemeurons. It is possible that the exdtatory effects 

seen with appUcation of DOI cxrcuned when an intemeuron was recorded, 

whUe the inhibitory effecrts were seen when larger neurons (which would be 

"seen" more reaciUy by the dectrcxie) were recorded. This would explain the 

infrequent ex:currenc:e of exdtation. However, I was unable to detect any 

electrophysiologic differences in the neurons recorded. 

There exists anatomical support for this mcxid. There are, in the DCN, 

local circuit neurons that are in dose proximity to larger neurons that are the 

most likely to be recorded from extraceUularly (Chan-Palay, 1977). These 

intemeurons are labeUed with [3H]-GABA, indicating the presence of GABA 

uptake systems. CeU bexUes and dendrites of these intemeurons also are 

innervated heavUy by serotonergic afferents from the raphe nudd. The 

arrangement of the lexal circuit neurons and the large neurons in the DCN is 

such that iontophoretic appUcation of a compound onto the large ceU being 

recorded could affect fairly readUy an intemeuron (Chan-Palay, 1977). In 

adeUtion, 5-HT2 receptor binding sites have been localized on mtemeurons m 
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the frontal cortex (Leysen et al., 1982). In support of tiiese findings, it has been 

suggested that ceUs expressing 5-HT2 receptors are intrinsic to tiie area where 

the receptors are present and tiiat tiiese neurons are most probably 

intemeurons (Palados et al., 1990). 

In condusion, the results of the cunent study suggest that the inhibitory 

effects noted with appUcation of DOI may be mediated by a 5-HT2 receptor via 

a GABAergic intemeuron. The exdtatory effect of DOI observed may be due 

to direct activation of the 5-HT2 receptor subtype Icxrated on a large 

dentate/interpositus neuron or an inhibitory intemeuron, as evidenced by 

attenuation of the exdtatory response by ritanserin. 

Studies of the 5-HT3 Receptor Subtvpe 

The 5-HT3 receptor subtype is generaUy thought to mecUate an exdtatory 

effect of 5-HT (Hoyer, 1990). This receptor subtype is the only 5-HT subtype 

that does not bdong to the G-protein receptor superfamUy but is instead a 

member of the Ugand-gated ionotropic receptor famUy that indudes the 

nicotinic receptor. The receptors in this superfamUy are beUeved to be an 

intrinsic part of the channel and activation of these receptors is characterized 

by very rapid responses mecUated by fast inward cunents. The ion channd 

assodated with the 5-HT3 receptor is permeable to scxUum and potassium but 

is unaffected by chloride (KUpatrick et al., 1990). Activation of tiie 5-HT3 

receptor is thought to lead to an opening of the asscxiated cationic channd, 

since the polarity of the cunent response reverses at a potential dose to 0 mV 

(KUpatrick et al., 1990). In adcUtion, this receptor desensitizes very rapicUy. 

Furthermore, the 5-HT3 receptor is thought to modulate the rdease of other 

neurotransmitters induciing acetylcholine, dopamine, GABA, and 
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norepinephrine (KUpatrick et al., 1990). Currentiy, based on difterent 

antagonist affinities in difterent preparations (Hoyer, 1990; KUpatrick et al., 

1990), it is beUeved that three subtypes of 5-HT3 receptors may exist the 3A 

(rabbit vagus nerve, nexiose and cervical gangUa and rat sensory nerves), the 

3B (rabbit heart, sympathetic and parasympathetic nerves) and the 3C (guinea 

pig enteric nerves). This dassification scheme is somewhat preliminary and 

controversial. Different concentrations of the same antagonist are recjuired to 

antagonize the eftects of 5-HT3 receptor activation in difterent tissues and 

spedes. In adeUtion, the conductances of the asscxiated ion channd vary 

markecUy between difterent preparations incUcating the possibiUty of difterent 

receptor/channel populations. However, the intraspedes pharmacological 

profUe is very simUar, incUcating that an interspedes but not an intraspedes 

variant exists, although there is some evidence of intraspedes variations in 

the guinea pig (KUpatrick et al., 1990; Peters et al., 1992). As evidence of these 

ciifterences, the 5-HT3 receptor has been reported in rat cerebeUum, but does 

not appear to exist in mouse cerebeUum (Hoyer, 1990). 

In the present study, I utilized two potent and sdective 5-HT3 Ugands, 2-

methyl-5-HT appUed iontophoreticaUy and phenylbiguanide appUed by 

superfusion (Kds of 7.06 and 7.30, respectively) (Van Wijngaarden et al., 1990). 

These Ugands are nearly as potent in binding 5-HT3 receptors as 5-HT and 

demonstrate very Uttie activity at other 5-HT receptors. Phenylbiguanide had 

no eftect on the spontaneous activity of cells in the dentate/interpositus 

nudd. However, 2-methyl-5-HT did eUdt an exdtatory response 

characterized by a fast onset and short duration that also desensitized rapidly. 

Interestingly, this fast onset exdtation eUdted by 2-methyl-5-HT occurred at 

approximatdy the same frecjuency as it cKCimed foUowing ionotphoretic 
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appUcation of 5-HT. In comparison, in cultured hippocampal ceUs tiie 5-HT3 

receptor has been shown to mediate 5-HT-induced depolarizations (Nejt et al., 

1988), whUe in the rat lateral amygdala, antagonists of tiie 5-HT3 receptor 

(spedficaUy, ICS205930, GR67330, and GR380825) appear to block a fast EPSP 

(Sugita et al., 1992). However, in the cerebeUar cortex, appUcation of 5-HT3 

selective Ugands had no effect on the resting membrane potential of Purkinje 

ceUs (Strahlendorf et al., n.d.). 

These stucUes demonstrate that the 5-HT3 receptor subtype may be 

responsible for eUdting a rapid onset, short duration exdtatory response to 5-

HT in the dentate/interpositus nudd. However, as this response occurred so 

infrequentiy, I cUd not pursue the further characterization of this exdtatory 

eftect of 5-HT. 

Studies of the 5-HT4 Receptor Subtype 

In the present study, I have identified a ciirect role for the 5-HTIA as weU 

as an inciirect role for the 5-HT2 receptor in mecUating 5-HT-induced 

inhibition in the dentate/interpx)situs nudd. I have determined also that the 

5-HT2 and 5-HT3 receptors may be involved in mecUating 5-HT-induced 

exdtation. However, exdtatory responses seen with activation of these 

receptor subtype demonstrated a fast onset and short duration. In adcUtion, 

ritanserin appeared to attenuate only part of 5-HT-eUdted exdtation. Thus, I 

have not yet identified the receptor subtype responsible for mecUating the 

slow onset, long duration component of 5-HT exdtation. I therefore 

examined the role of the 5-HT4 receptor subtype in mediating exdtatory 

eftects of 5-HT. 
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The 5-HT4 receptor subtype was identified originaUy on the basis of its 

abUity to stimulate adenylate cydase (Chaput et al., 1990; Dumuis et al., 1988b). 

Furthermore, the 5-HT4 receptor subtype has been reported to mecUate an 

exdtatory response to 5-HT in tiie brain (Andrade and Chaput, 1991; Chaput et 

al., 1990; Dumuis et al., 1991). The electrophysiological eftects mediated by the 

5-HT4 receptor in the brain are simUar to the slow depolarizing response 

eUdted in the enteric nervous system of the guinea pig Ueum (Branchek et 

al., 1988), which was attributed to activation of the 5-HTip receptor. This 

receptor was termed "IP" because it demonstrated a high affinity for 5-HT, as 

does the 5-HTi receptor, and it is a peripheral receptor (Branchek et al., 1988). 

In adcUtion, the slow depolarizing response, seen in both the enteric nervous 

system as weU as in the brain, was shown to be mecUated by a decrease in 

potassium conductance (Ancirade and Chaput, 1991; Branchek et al., 1988). 

WhUe the dectrophysiological eftects of these two receptors are simUar, there 

are pharmacological difterences between them. 5-MeOT is a potent and 

sdective 5-HT4 agonist in the brain but has no eftect in the guinea pig Ueum 

(Dumuis et al., 1991). Furthermore, 2-methyl-5-HT, an agonist demonstrating 

a high affinity for 5-HTip and 5-HT3 receptors, acts as agonist in the enteric 

nervous system but has no eftect on the 5-HT4 receptor in the brain 

(Branchek et al., 1988). The 5-HT3 receptor antagonists, ICS205930 and 

MDL7222 had no eftect on the exdtatory eftect attributed to activation of the 5-

HT4 receptor in the brain, whUe these same compoimds cUd attenuate the 

exdtatory response seen with 5-HTip activation (Dumuis et al., 1991). FmaUy, 

the 5-HT4 receptor demonstrates a low affinity for 5-HT, whUe the 5-HTip has 

a high affinity for 5-HT (Andrade and Chaput, 1991; Branchek et al., 1988). 

Thus, whUe the 5-HTip and 5-HT4 receptors may mediate simUar responses, 

191 



the pharmacological ciifterences prevent dassifying the 5-HT4 receptor as the 

CNS equivalent of the 5-HTip. 

WhUe there have been few dectrophysiological stucUes of the eftects of 

activation of the 5-HT4 receptor in the brain, this receptor subtype has been 

shown to mediate a slow depolarizing response and a decrease in after-

hyperpolarization in response to 5-HT in rat hippcxampus (Andrade and 

Chaput, 1991; Chaput et al., 1990) as weU as a slow depolarization in isolated 

vagus nerve (Rhexies et al., 1992). These depolarizations are thought to result 

from dosure of potassium channels. In adcUtion, the resulting depolarization 

indirectiy may open a voltage-sensitive caldum channel. Furthermore, the 

physiological profile of the exdtatory response in the hippexampus is simUar 

to 5-HT-induced depolarization seen in the cerebral cortex, although the 

pharmacological profiles appear difterent, with the profile of the cortical 

receptor resembling that of the 5-HT2 receptor (Chaput et al., 1990). 

In the present study, I found that superfusion of zacopride, a 5-HT4 

selective antagonist, attenuated the slow onset and long duration exdtatory 

response eUdted by superfusion of 5-HT. Zacopride was originaUy described 

as an antagonist of 5-HT3-mecUated responses (Bames et al., 1990). However, 

this dassification occurred before the discovery of the 5-HT4 receptor 

(Bockaert et al., 1992). It smce has been determined that zacopride functions 

as an agonist at the 5-HT3 receptor and as an antagonist at the 5-HT4 receptor 

(Hoyer, 1990; Kidd et al., 1992; Richardson and Engd, 1986). In fact, one of the 

defining characteristics of the 5-HT4 receptor is its affinity for substituted 

benzamides such as zacopride and dsapride (Bames et al., 1989). AdcUtionaUy, 

I demonstrated that iontophoretic appUcation of 5-MeOT, a selective 5-HT4 

agonist, eUdted an exdtatory response, simUar in onset and duration as the 
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previously described long duration exdtatory response to 5-HT, that was also 

attenuated by zacopride but not by ICS205930 (a 5-HT3 sdective antagonist). 

In comparison, zacopride was reported to attenuate an exdtateny response 

to 5-HT m rat hippocampal (Andrade and Chaput, 1991) and coUicuU neurons 

(Dumuis et al., 1988b). AdditionaUy, 5-MeOT has been shown to mimic tiie 

slow depolarization seen with 5-HT in tiiese same regions. This effect of 5-

MeOT was attenuated by zacopride. Zacopride also attenuated 5-MeOT-

induced stimulation of adenylate cydase in rat colUcular cells. Thus, the 

exdtatory responses to 5-MeOT (and the susceptibiUty to blcxlcade by 

zacopride) seen in the present study concur with the effects of activation of 

the 5-HT4 receptor observed in other brain regions and demonstrate that the 

5-HT4 receptor may be mecUating the slow onset, long duration cx>mponent 

of 5-HT-mecUated exdtation in dentate/interpositus neurons. 

In the present study, I demonstrated for the first time an inhibitory effect 

attributable to activation of the 5-HT4 receptor. In adcUtion to its effect on 

bath appUed 5-HT-meeUated exdtation, superfusion of zacopride attenuated 

an inhibitory response to superfusion of 5-HT. Furthermore, iontophoretic 

appUcation of 5-MeOT also eUdted an inhibitory effect on the spontaneous 

rate of dentate/interpositus neurons that was attenuated by zacopride but not 

byICS205930. The exdtatory and inhibitory responses of 5-MeOT 

demonstrated different time courses, with the exdtatory response displaying a 

slow onset and long duration, and the inhibitory response a fast onset and 

short duration. These time courses for both types of responses were simUar to 

the responses seen with iontophoretic appUcation of 5-HT. In adcUtion, the 

inhibitory response seen with 5-MeOT was simUar in its magnitude and time 

course to the inhibitory response seen with activation of the 5-HTiA receptor 
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as weU as the inhibitory response seen with iontophoretic appUcation of 

GABA and glycine. It is possible that tiie inhibitory effect of 5-MeOT seen in 

the present study may be an mdirect response and not due to ciirect activation 

of the 5-HT4 receptor on the neuron recorded. However, I demonstrated that 

spiperone, a 5 - H T I A / 2 antagonist used at a concentration that attenuated 5-

HT and 8-OH-DPAT inhibition, had no effect on the inhibitory response 

eUdted by 5-MeOT. Furthermore, strychnine, a glycine antagonist, and 

picrotoxin, a GABA antagonist, had no effect on 5-MeOT-induced inhibition 

but, at the same concentrations utilized with 5-MeOT, cUd attenuate the effects 

of glycine and GABA, respectively. CPT, an antagonist of the adenosine Ai 

receptor, at concentrations shown in other stucUes to attenuate adenosine-

mecUated inhibition, had no effect on 5-MeOT-induced inhibition in the 

current study. AdcUtionaUy, there may be unidentified subtypes for the 5-HT4 

receptor, as have been reported for the 5-HTi (Aghajanian et al., 1990; Hoyer 

and Schoeffter, 1991), 5-HT2 (Aghajanian et al., 1990; Titder et al., 1987) and 5-

HT3 receptors (Hoyer, 1990), that may mecUate the cUfferent responses 

reported in this study. This inhibitory effect of 5-MeOT cxxnirred with greater 

frequency than the exdtatory effect. This nught also be explained by subtypes 

of the 5-HT4 receptor that display different affinities for 5-MeOT as weU as 5-

HT, with the mhibitory subtype demonstrating a higher affinity than the 

exdtatory subtype. Furthermore, these different subtypes could be Unked to 

the same or different second messenger systems or G proteins to eUdt the two 

responses I observed. However, there are no studies to date to support or 

refute these suggestions. 

These results support the hypothesis that the 5-HT4 receptor not only 

mecUates the slow onset, long duration component of the exdtatory respemse 
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to 5-HT, but also may mecUate a novel inhibitory response which is 

mdependent of the inhibitory 5-HTiA, GABA, glycine or adenosine receptors. 

In adcUtion, both responses were sensitive to blockade by the sdective 5-HT4 

antagonist zacopride. 

Transducer Systems Linked to 5-HTiA and 5-HT4 

Receptors 

Four ciifferent 5-HT receptor subtypes have been linked to the adenylate 

cyclase system: 5-HTIA/IB/ID and 5-HT4 (Yocca and Maayani, 1990). In the 

hippocampus, a high affinity and low affinity component of 5-HT-mecUated 

stimulation of adenylate cydase has been described (Dumuis et al., 1988a). The 

high affinity component, RH/ demonstrates a high affinity for 5-HT and 5-CT 

and is thought to be the functional condate of the 5-HTIA- In contrast, the 

low affinity component, RL/ demonstrates a low affinity for 5-HT and 5-CT 

and a ciifferent pharmacolgical profile from the 5-HTIA (Dumuis et al., 

1988a). In rat colUcuU neurons, stimulation of adenylate cydase that could 

not be attributed to the 5-HTi receptor was described (Dumuis et al., 1988b). 

This effect on adenylate cydase could be antagonized by 5-HT4 sdective 

antagonists but not by antagonists of the 5-HTi, 2 or 3 receptor subtypes. 

Thus, the high affinity component of adenylate cydase stimulation is 

beUeved to be mecUated by the 5-HTiA receptor, whUe the low affinity 

component is linked to the 5-HT4 subtype. 

The 5-HTiA receptor subtype is the most thoroughly characterized erf the 

various 5-HT subtypes. The dectrophysiological effects and the transducer 

mechanisms utilized by the 5-HTiA receptor have been described by 

numerous investigators (Aghajanian et al., 1990; Hamon et al., 1990b; Hoyer 
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and Schoeffter, 1991). This receptor has been shown botii to stimulate and to 

inhibit adenylate cyclase activity (Hamon et al., 1990a; Hoyer and Schoeffter, 

1991), has been linked directiy to enhancement of a potassium channd 

conductance without involvement of the cAMP messenger system (Andrade 

and Chaput, 1991), and has been positivdy coupled to phosphoUpase C (El 

Mestikawy et al., 1991; Hamon et al., 1990a; Hoyer and Schoeffter, 1991). The 

5-HT4 receptor, although not as weU characterized, has been shown to 

stimulate adenylate cydase (Hoyer and Schoeffter, 1991). In fact, as mentioned 

previously, the 5-HT4 receptor was described first in the brain based on this 

stimulation. There are cunentiy no reports mcUcating that the 5-HT4 receptor 

is coupled negativdy to adenylate cydase. I chose to examine the role of the 

cAMP second messenger system in mecUating the inhibitory eftects eUdted by 

these two receptor sul>types for several reasons. First, the inhibitory eftect of 

5-HT occurred with a much greater frequency than the exdtatory response to 

5-HT. In adeUtion, the 5-HTiA receptor had been linked to this transducer 

mediaiusm in other brain regions (Goldfarb, 1990; Hamon et al., 1990b). 

FinaUy, the inhibitory response seen with activation of the 5-HT4 receptor in 

this study is a novd finding, and I wished to explore its mechanism of action. 

In the current study, I found that forskoUn, a ciirect activator of adenylate 

cydase, IBMX, a phosphcxUesterase inhibitor, and two membrane permeable 

cAMP analogues, 8-br-cAMP and cUbutyryl-cAMP, attenuate the inhibitory 

responses seen with iontophoretic appUcation of 8-OH-DPAT and 5-MeOT. 

There are several possible explanations for these results. DPAT and 5-MeOT 

may be eUdting inhibition by aftecting the basal levd of adenylate cydase or 

cAMP or, altemativdy, increasing adenylate cydase or cAMP levels may 

mask the inhibitory eftects of DPAT and 5-MeOT. Furthermore, increasing 
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adenylate cydase or cAMP levels could lead to increased activation of protein 

kinase A, which could then phosphorylate the 5-HT receptors involved or the 

ion channels assodated with the receptors. The eftects of these compounds 

on 8-OH-DPAT- and 5-MeOT-mediated inhibition and tiie possible 

mechanisms underlying these eftects wiU be cUscussed in detaU foUowing a 

review of the cAMP cascade and the possible eftects of protein 

phosphorylation. 

There are three protem components that partidpate in the prex«ss of 

activating adenylate cyclase; the agonist receptor, the G (Gs or Gi) protein, a 

heterotrimeric unit composed of alpha, beta and gamma subunits, and the 

catalytic subunit of adenylate cydase. The agonist binds to the receptor on the 

cdl membrane which results in cUsplacement of inactive GDP from the G 

protein, exposing a GTP binding site. If Gi is the G protein involved, cAMP 

formation is inhibited thus preventing the remainder of the events described 

from cxrcurring (McGeer et al., 1987; Schramm and SeUnger, 1984). If Gs is 

involved, adenylate cydase then is activated upon attachment of GTP to the 

alpha subunit of the G protem, which cUsscxiates from the beta and gamma 

subunits. Activation of adenylate cydase catalyzes the formation of cAMP 

from ATP which then couples to the regulatory subunit of protein kinase A. 

Protein kinase A then can cause the phosphorylation of various membrane 

and C5rtosoUc proteins leading to intraceUular actions such as the openmg or 

dosing of ion channels and receptor desensitization (described later). The 5-

HTiA receptor is Unked to a Gi protein (Hamon et al., 1990b); however, the 

involvement of G proteins with the 5-HT4 receptor has not been duddated. 

Phosphorylation involves the transfer of a terminal phosphate group 

from ATP to a hydroxyl group of a serine, threonine or tyrosine residue of a 
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substrate protein; this alters functional properties by inducing a 

conformational change m the protem (Levitan, 1985; ShenoUkar, 1988). 

Phosphorylation of ion channels by the insertion of a negative charge, can 

modulate the channd activity (Levitan and Kaczmarek, 1991; Reuter, 1987). 

For example, in sensory neurons of Aplysia, a potassium channd, which is 

normaUy open, has been shown to dose after protein kinase A-dependent 

phosphorylation of the ion channel cxrcurs subsequent to acrtivation of a 

serotonin receptor (Levitan and Kaczmarek, 1991; Reuter, 1987). In adcUtion, 

5-HT has been shown to increase the opening probabiUty of a caldum-

dependent potassium channel in Helix neurons by increasing protein kinase 

A phosphorylation via an increase in cAMP levels (Reuter, 1987). 

In adcUtion to phosphorylation of ion channels, activation of PKA can 

lead to the phosphorylation of neurotransmitter receptors. Indeed, 

phosphorylation of receptors is a common mechanism for regulating receptor 

activity. Receptor phosphorylation can lead to desensitization of the receptor 

by increasing the rate of receptor internalization or by decreasing the 

effidency of receptor coupling with the transduction mechanism. 

Internalization of the receptor involves the removal of the receptor from the 

plasma membrane by internalization of membrane vesides that contain the 

receptor. Degradation of the receptor then may cxrur, or the receptor may be 

recyded to the membrane after removal of the activating Ugand. 

Desensitization can be described as a progressive decrease in response to a 

neurotransmitter during multiple exposures to the compound or to a 

maintained exposure (Levitan and Kaczmarek, 1991) and can be cUvided into 

two categories, homologous desensitization and heterologous desensitization. 

With the former type, the receptor becomes desensitized to the activating 
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neurotransnutter, whUe m the latter type of desensitization, stimulation of 

one type of receptor by its Ugand can lead to a decreased efficacy for a variey erf 

other types of agonists. For example, the B-adrenergic receptor appears to 

undergo homologous desensitization resulting from translcx:ation of a B-

adrenergic receptor kinase (B-ARK) and the subsequent phosphorylation of 

the B-adrenergic receptor, which leads to internalization of the receptor. On 

the other hand, heterologous desensitization, in which the B-acirenergic 

receptor is phosphorylated by rhexiopsin kinase also cx:curs. In adcUtion, the 

muscarinic cholinergic receptor, which is linked to cAMP as weU as 

phosphoUpase C, has been shown to undergo both homologous and 

heterologous desensitization, with the former mecUated by protein kinase C, 

the protein kinase asscxiated with phosphoUpase C, and the latter mecUated 

by B-ARK (Huganir and Greengard, 1990). Therefore, perturbations in the 

cAMP cascade can lead to a variety of eftects ranging from an increase or 

decrease in intraceUular messengers to phosphorylation of protdns (i.e., ion 

channels and transmitter receptors) involved in mecUating neurotransmitter 

responses. 

In this study, I found tiiat in in-vitro cerebeUar sUces, activation of the 5-

HTiA receptor subtype eUdts an inhibitory response in the 

dentate/interpositus nudd by apparentiy mhibiting adenylate cydase activity. 

I demonstrated tiiat inhibitory eftects of DPAT, a 5-HTiA agonist, were 

attenuated by forskoUn, a direct activator of adenylate cyclase and by IBMX, a 

phosphodiesterase inhibitor. In addition, 8-br-cAMP (in tiie presence of CPD 

and dibutyryl-cAMP, two membrane permeable cAMP analog, also 

antagonized inhibitory eftects of DPAT. When CPT was not utiUzed, 8-br-

cAMP had no eftect on 8-OH-DPAT inhibition in tiie majority of ceUs stucUed. 
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8-br-cAMP has been shown to activate adenosine Ai receptors resulting in a 

depression of synaptic transmission (Dunwiddie and Fredhobn, 1984). It was 

demcmstrated that this extraceUular action on Ai receptors had to be blcxiced 

before the intraceUular actions of 8-br-cAMP could be observed because the Ai 

receptor has been shown to inhibit adenylate cydase activity (DunwidcUe and 

Fredholm, 1984). In an attempt to block the action of 8-br-cAMP on Ai 

receptors and avoid the inhibitory eftect of the Ai receptor on adenylate 

cydase, I repeated the experiments with 8-br- cAMP in tiie presence of CPT, a 

potent and sdective Ai receptor antagonist. I found that when activation of 

the Al receptor was blcxJced by CPT, 8-br-cAMP cUd attenuate the inhibitory 

response to DPAT. 

As mentioned at the beginning of this secrtion, one possible explanation 

for the attenuation of DPAT inhibition by forskoUn, IBMX, 8-br-cAMP and 

eUbutyryl-cAMP (hereafter refened to as cAMP compouncis) is that DPAT is 

eUdting inhibition by decreasing basal levels of adenylate cydase or cAMP. 

The DCN are known to contain mexierate to rdativdy high concentrations of 

adenylate cydase (Ross et al., 1990) which may be important in controlling the 

spontaneous firing rate of dentate/interpositus neurons. If DPAT causes 

inhibition by decreasing adenylate cydase or cAMP levels, then compouncis 

that increase cAMP levels would be expected to antagonize the actions of 

DPAT. This possibiUty is supported by studies in blood vessels that 

demonstrate that 5-HT can mhibit basal cAMP levels (Frazer et al., 1990). 

However, in the hippexampus, 5-HT has been shown to increase basal levels 

of adenylate cydase (Andrade and Chaput, 1991). 

Altematively, it is possible that by increasing cAMP levels, the resulting 

increase in spontaneous rate may simply mask the inhibitory effect seen with 

200 



5-HTiA receptor activation. In fact, forskoUn, IBMX, 8-br-cAMP and 

dibutyryl-cAMP mcreased the spontaneous activity in approximatdy half of 

the ceUs studied. However, this explanation is unUkdy since these agents 

were as eftective m attenuating 8-OH-DPAT-mduced inhibition regarcUess of 

their eftect on spontaneous rate. These results argue against the attenuation 

of DPAT-mecUated inhibition bemg the result of simply masking of 

inhibition secondary to an increase in spontaneous firing foUowing the 

elevation of cAMP. 

In support of my suggestion that 5-HT may cause an inhibitory eftect by 

decreasing adenylate cydase, activation of the 5-HTi A receptor by DPAT 

resulted in inhibition of forskoUn-stimulated adenylate cydase in cultures of 

rat striatal and cortical neurons and of mouse striatal neurons (Yakd et al., 

1990). The inhibitory eftecrt of DPAT in striatal and cortical neurons was 

antagonized by the 5-HTIA antagonist spiperone and involved the Gi 

protein-adenylate cydase complex (De Vivo and Maayani, 1990). 

AdcUtionaUy, other stucUes in rat hippcKampus demonstrated that pertussis 

toxin, which blex:ks Gi protein by ADP ribosylation thus reducing the capadty 

of Gi protein to bind to its receptor, antagonized the 5-HTiA-induced 

inhibition of adenylate cydase (Clarke et al., 1989; Yocca and Maayani, 1990). 

Contrary to these stucUes, DPAT has been shown to stimulate adenylate 

cydase via a GTP sensitive G protein in homogenates of rat hippcxampal 

membranes, (Barbacda et al., 1983; Markstein et al., 1986). In adcUtion, 

agonists of the 5-HTiA receptor have been observed to activate adenylate 

cydase in rat cerebral cortex (Mork and Geisler, 1990). These stucUes argue 

against the 5-HTiA receptor being coupled in a negative fashion to cAMP. 

Thus, 5-HT has been shown to both stimulate adenylate cydase (in rat and 
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guinea pig hippocampus) and to inhibit forskoUn-stimulated adenylate 

cydase activity in tiiese same areas (El Mestikawy et al., 1991; Hamon et al., 

1990b). This dichotomy of eftects could occur through activation of difterent 

G proteins by various 5-HT receptor subtypes. These opposmg effects indicate 

that dther cUstinct 5-HT receptors, which are positively or negativdy coupled 

to adenylate cydase, are present in the same brain region; altemativdy, one 

receptor subtype might couple two difterent G proteins, thus eUdting 

opposing eftects on adenylate cyclase activity (De Vivo and Maayani, 1990; 

Frazer et al., 1990). Therefore, the regional difterences reported with 

activation of the 5-HTIA receptor may be due to ciifterences in post receptor 

signal transduction prcKesses via difterent G proteins. 

An altemative explanation for the attenuation of DPAT-inhibition by 

these cAMP-activating compounds results is the possible phosphorylation of 

the 5-HTiA receptor, leading to receptor desensitization, or phosphorylation 

of the potassium ion channd asscxiated with the receptor causing a decrease 

in conductance. As described previously, the 5-HTIA receptor is a 7-

membrane spanning receptor complex that has phosphorylation sites for PKA 

(i.e., serine and threonine residues) on the third transmembrane lex)p (JuUus, 

1991). Increasing cAMP levels which in tum leads to increased PKA activity 

may lead to phosphorylation of the 5-HTiA receptor resultmg in receptor 

intemaUzation (ShenoUkar, 1988) or a decrease m the efficacy of the coupUng 

of the receptor for DPAT (Hemmmgs et al., 1989; ShenoUkar, 1988). The 

desensitization would result in an apparent attenuation of the inhibitory 

response to 5-HT and DPAT. Thus, the potential phosphorylation of the 5-

HTlA receptor by PKA may accderate this phenomenon of desensitization. 
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Altematively, tiie 5 -HTIA receptor has been shown to stimulate 

phosphoUpase C production thereby mcreasing protein kinase C (PKC) 

activity (El Mestikawy et al., 1991). Altiiough tiiis increase in PKC can 

phosphorylate the 5 -HTIA receptor causing receptor desensitization 

mdependent of an eftect on cAMP, activation of PKC can also lead to cross-

taUc with the adenylate cydase system. SpeficaUy, PKC activates adenylate 

cydase, thereby increasmg cAMP levels and PKA activity (El Mestikawy et al., 

1991). As described above, PKA could then phosphorylate the 5-HTi A 

receptor, presumably leading to desensitization. 

Finally, it is possible that increasing cAMP levels may, via PKA, lead to 

the phosphorylation of the potassium channel linked to the G protein 

assodated with the 5-HTIA receptor (Reuter, 1987). DPAT has been reported 

to eUdt inhibition by increasing potassium channel conductance (Andrade 

and Chaput, 1991). Phosphorylation of the channd could result in channd 

dosing thereby decreasing potassium conductance in response to DPAT. This 

would lead to an attenuation of DPAT-mecUated inhibition. Thus, 

attenuation of DPAT-induced inhibition by forskoUn, IBMX, 8-br-cAMP or 

cUbutyryl-cAMP can ex:cur through a variety of mechanisms. Given the 

molecular biology of the 5-HTiA receptor, desensitization of the recej>tor by 

PKA-mecUated protein phosphorylation is the most probable explanation for 

the attenuation of DPAT inhibition. However, the other possibiUties 

discussed cannot be ruled out. 

I demonstrated in this study that the inhibitory eftects of 5-MeOT were 

attenuated by forskoUn, IBMX, 8-br-cAMP (in tiie presence of CPT) and 

dibutyryl-cAMP as was seen with 80H-DPAT. These results may incUcate 

tiiat the inhibitory effects seen with activation erf the 5-HT4 receptor may be 
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eUdted by inhibiting adenylate cydase activity or by phosphorylation of ion 

diannds or the receptor itself as described above for the 5-HTIA receptor. 

The 5-HT4 receptor has been shown to desensitize in guinea pig Ueum and rat 

colUcular neurons in response to 5-HT and 5-MeOT and is beUeved to be a 

member of the G-protem linked receptor superfamUy (Bcxicaert et al., 1992). 

Although the molecular biology asscxiated with the 5-HT4 receptor is lacking, 

it is reasonable to assume that this receptor may be a 7 membrane spanning 

receptor complex since it resembles a metabotropic receptor. Thus, receptor 

desensitization also may explain the attenuation of 5-MeOT inhibition by the 

cAMP compounds. In adcUtion, the 5-HT4 receptor is known to stimulate 

adenylate cydase in colUcuU neurons and in guinea pig hippcxampal 

membranes (Dumuis et al., 1988b). This adenylate cydase activation is 

thought to lead to dosure of potassium channels resulting in depolarization 

of the neuron and an exdtatory response (Dumuis et al., 1988b). If 5-MeOT 

elidtes inhibition by acting in an opposite manner on the potassium channd 

as has been shown for the 5-HTIA receptor, i.e., by increasing the conductance 

of the channd, then phosphorylation of this potassium channd by PKA 

could account for the attenuation of 5-MeOT inhibition. However, there are 

no reports that 5-HT4 receptors are linked to Gi proteins, inhibition erf 

adenylate cyclase or that the inhibitory response eUdted by 5-HT4 receptor 

activation is linked to an increase in potassium channd conductance as my 

results would imply. 

The results of this study are consistent with reports of 5-HTiA inhibition 

of adenylate cydase but constitute the only report of the novd finding of a 

possible negative coupUng between the 5-HT4 receptor and adenylate cyclase 

as weU as 5-HT4-mediated inhibition. It is possible that the effects observed 
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with 5-HT4 receptor activation are due to an undescribed subtype of the 5-HT4 

receptor. 

Condusions 

The results of tiie current study indicate that neurons of the 

dentate/interpositus nudd are spontaneously active in a horizontal 

cerebeUar sUce preparation and that 5-HT modulates this activity by both 

augmenting and attenuating the spontaneous firing rate of these cells. Effects 

of 5-HT in this preparation appear to be mediated by several different 5-HT 

receptor subtypes. The dose-dependent inhibitory response observed with 5-

HT appUcation may be mecUated directiy by the 5-ITri A and 5-HT4 receptor 

subtypes and indirectiy via activation of the 5-HT2 receptor, located on a 

GABAergic intemeuron. In adcUtion, the 5-HTIA and 5-HT4 receptors may 

eUdt their inhibitory effects via some involvement of the cAMP cascade. The 

slow onset, long duration component of the dose-dependent exdtatory effect 

seen with appUcation of 5-HT, which was antagonized by zacopride, may also 

be mecUated by 5-HT4 receptors. The fast onset, short duration component of 

5-HT exdtation, which was antagonized by ritanserin, appears to be mediated 

primarUy by the 5-HT2 receptor, but may also involve activatiem of a 5-HT3 

receptor. This study is the first comprehensive report examining effects of 5-

HT and the receptor subtypes mecUatmg these effects in deep cerebeUar nudd. 

Possible Functional Significance 

The deep cerebeUar nudd, particularly the dentate nudeus, are beUeved 

to be involved in the control of motor function (AUen et al., 1978; Kandd and 

Schwartz, 1985; Lavond et al., 1990; Racine et al., 1986). CeUs of the dentate 
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nudeus are tonicaUy active at rest. This activity has been shown to be 

modulated during different phases of self-paced movement in primates 

(Harvey et al., 1979). Discharges of dentate ceUs are increased with movement 

of a joint or limb in one direction and deaeased when the joint or limb is 

moved in the opposite direction (Harvey et al., 1979; Thach, 1969). 

Lesions of the dentate nudeus or dentatotomies in both humans and 

primates result in deterioration of movement, hyptonia and dyscUacUokinesia 

(inabiUty to perform rapicUy altemating movements) (Schultz et al., 1976; 

Schultz et al., 1979; Thach, 1%9). Furthermore, dentatotomy is used as a 

treatment for patients with dyskinetic cUsorders or spastidty, resulting in 

improved posture and mobiUty and decreased spastidty (FraioU and Guidetti, 

1975; Schultz et al., 1979). Stimulation of the dentate nudeus in rexients and 

primates results in motor movements of the head (headshake) and fordimb 

(Cidrata et al., 1992; FraioU and Guidetti, 1975), whUe in humans and 

primates, an increase in flexor posture is observed (FraioU and Guidetti, 1975). 

It is beUeved that serotonergic neurons in the raphe nudei and the 

reticular formation of vertebrates exert a gain control through a mcxiulatory 

action on physiological and behavioural prcx̂ esses Qacobs and Azmitia, 1992). 

The influence of 5-HT on target neurons is beUeved to be greatest during 

arousal and active walking and lowest during relaxation and sleep (Jacobs and 

Azmitia, 1992). In adcUtion, when an animal is aroused, it is beUeved that 5-

HT neurons fadUtate motor output Qacobs and Azmitia, 1992). Furthermore, 

an overstimulation of the central serotonergic system, as occurs with the 5-

HT motor syndrome, results in forepaw treaciing, tremor, headweaving, and 

hypertonidty m rats, whUe hypertonidty and myodonus are observed in 

humans and primates Qacobs and Azmitia, 1992). 

206 



It is possible that low concentrations of 5-HT may mcxiulate dentate firing by 

decreasing tonic ciischarge and thus may be important for resetting tone after 

movement induced by the dentate-cortical pathway has exxuned. High 

concentrations of 5-HT, on the other hand, may increase tonic ciischarge and 

may be important for heightened motor performance as seen foUowing 

reticular activation. 
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