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ABSTRACT 

This study assessed the involvement of serotonergic systems in the locomotor-stimulating 

effects of cocaine, phencyclidine (PCP), and the PCP analog, N-[l-(2-

benzo(b)thiophenyl)cyclohexyl]piperidine (BTCP). Central serotonin (5-HT) activity was disrupted 

in rats with para-chloroamphetamine (p-CA), or ritanserin pretreatment, and by lesioning of the 

medial raphe (MR) and dorsal raphe (DR) nuclei. P-CA potentiated cocaine- and PCP- but not 

BTCP- induced hyperactivity. Ritanserin enhanced PCP hyperlocomotion and attenuated caffeine 

hyperactivity, but failed to alter cocaine and BTCP hyperlocomotion. MR lesions, but not DR 

lesions, dramatically increased spontaneous activity and potentiated the hyperlocomotion of cocaine, 

BTCP, and caffeine but not of PCP. This differential sensitivity to 5-HT disruption may reflect the 

relative importance of 5-HT systems in mediating the dopamine-dependent actions of these drugs. 

These results are discussed in relation to the neurochemical bases of drug reinforcement and 

schizophrenia. 
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INTRODUCTION 

The locomotor-activating effects and the positive reinforcing effects of addictive substances 

are thought to be a consequence of their ability to facilitate dopaminergic neurotransmission. The 

dopamine (DA) system responsible for these effects has also been implicated in the pathogenesis 

of schizophrenia. Since there is evidence indicating that serotonin (5-HT) modulates the activity 

of this system, determining the role of 5-HT in the mediation of specific psychostimulant-induced 

and dopamine-dependent behaviors, e.g., hyperlocomotion, should provide insight into the relative 

importance of other biochemical effects of psychostimulants, e.g., 5-HT reuptake inhibition, which 

may be relevant to their pharmacological effects in man, e.g., abuse potential. Moreover, given the 

importance of DA function in the expression of schizophrenic symptoms, clarification of the 

mechanism by which 5-HT and DA interact in the brain could well have important implications in 

the psychopharmacological treatment of schizophrenia. 

The current study was designed to investigate the role of 5-HT in the locomotor response 

induced by three indirect DA agonists, namely, cocaine, phencyclidine (PCP), and the phencyclidine 

analog, N-[l-(2-benzo(b)thiophenyl)cyclohexyl]piperidine (BTCP, GK13). These experiments will 

test the hypothesis that the serotonergic system plays an important role in determining the 

magnitude of psychostimulant drug effects on behavior, and that interruption of 5-HT neuronal 

activity will significantly potentiate the locomotor effects elicited by the administration of these 

drugs in rats. 
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LITERATURE REVIEW 

Upon reviewing the evidence that approach behaviors and positive reinforcement can each 

be elicited by electrical stimulation of the fibers of the medial forebrain bundle, Glickman and 

Schiff (1967) formulated a theory of reinforcement which, like Pavlov (1927), identified reinforcing 

stimuli in terms of the response they elicit, not in terms of the operant response they follow. 

Accordingly, the unconditioned consequence of stimulation to the medial forebrain bundle is an 

increase in exploration of and interaction with biologically significant stimuli (e.g., food, water, sex 

partner) in the environment (Wise, 1988). They further suggested that approach behaviors and 

reinforcement have a common neuronal mechanism, and as such, are homologous. 

The psychomotor stimulant theory of addiction (Wise and Bozarth, 1987) is a logical 

extension of this theory and advances the idea that the common denominator of a wide range of 

addictive substances, including the prototypical psychostimulants, amphetamine and cocaine, as well 

as opiates, is their ability to cause psychomotor activation. The term "psychomotor" is of Germanic 

derivation and was widely used before the amphetamines were first synthesized; it refers to 

movement induced by psychic or mental action. In animals, "psychomotor" stimulation is expressed 

as a locomotor response that reflects exaggerated responsiveness to environmental stimuli rather 

than the simple driving of the motor system (Wise and Bozarth, 1987). In humans, more subtle 

"psychomotor" functions are activated by stimulant drugs; they improve performance in various 

simple cognitive tasks involving reaction time and vigilance (Hindmarch, 1980). The theory 

postulates that all drugs that act as positive reinforcers should elicit forward locomotion because 

the locomotor effects and the positive reinforcing effects of these drugs activate a shared mechanism 

- a mechanism that is also responsible for approach behaviors, i.e., forward locomotion, and positive 

reinforcement associated with the more natural rewards essential to an organism's survival, e.g., 



11 

procurement of food, water, and shelter. This biological mechanism, which has been described as 

a functional interface between the limbic system and the motor system (Mogenson et al., 1980), has 

as one of its components dopaminergic fibers that project up the medial forebrain bundle from the 

midbrain to limbic and cortical regions. 

The Mesolimbic Dopamine System: Neuronal Substrate for Locomotor Behavior and Positive 
Reinforcement 

The ventral tegmental area (VTA) is the site of origin for the mesolimbic (A10) 

dopaminergic neurons (Figure 1) which project to the nucleus accumbens (N.Acc.) as well as to the 

amygdala, lateral septum, olfactory tubercle, and medial prefrontal cortex (Ungerstedt, 1971; Moore 

and Bloom, 1978). The N.Acc. also receives direct connections from the amygdala, hippocampus, 

and other limbic structures (Raisman et al., 1966; DeOlmos and Ingram, 1972; DeFrance and 

Yoshihara, 1975). In turn, the N.Acc. has direct connections to the globus pallidus as well as 

indirect connections via the substantia nigra (SN) and the nigrostriatal (A9) dopaminergic system 

(Mogenson et al. 1980). Thus, on anatomical grounds it has been unclear for a number of years 

as to whether the N.Acc. should be regarded as a part of the limbic system or basal ganglia (see 

Swanson and Cowan, 1975). On the basis of the anatomical evidence, Graybiel (1976) proposed 

that the N.Acc. is a key structure in the functional link between limbic forebrain structures and the 

motor system. Moreover, there is now abundant evidence suggesting that dopaminergic activity at 

the N.Acc. is the critical and common mechanism responsible for both the psychomotor and positive 

reinforcing effects of abused substances. 

Injections of DA into the N.Acc., the region of axon terminals of the mesolimbic 

dopaminergic pathway, have been reported to initiate locomotor responses in rats that are devoid 

of stereotypies such as gnawing, rearing, and licking seen after DA application in the neostriatum 

(Costall and Naylor, 1976a; Pijnenburg and van Rossum, 1973; Jones et al. 1978: Jackson et al. 

1975). Injections into the N.Acc. of the DA receptor agonist, apomorphine, of the DA precursor, 
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Figure 1 DOPAMINE PATHWAYS. From the zona compacta of the substantia nigra (A9), 
nigrostriatal fibers project to the caudate nucleus. From the ventral tegmentum (AlO), mesolim-
bocortical dopamine axons project to forebrain structures such as the nucleus accumbens, the 
olfactory tubercles, and cortical areas. (After Ungerstedt, 1974; and Lindvall and Bjorklund, 1974.) 
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Ievodopa, or of amphetamine, which causes the release and blocks the reuptake of DA, also increase 

locomotor responses (Kelley et al. 1975; Costall and Naylor, 1976a; Pijnenburg et al. 1976). The 

hyperactivity induced by systemically-administered amphetamine and cocaine is blocked when the 

dopaminergic (A10) projections to the N.Acc. from the VTA are damaged by injections of the DA 

neurotoxin, 6-hydroxydopamine (6-OHDA), whereas lesions of the frontal cortex were reported to 

have no effect on spontaneous or drug-induced activity (Joyce et al. 1983). In contrast, the 

locomotor stimulation produced by the directly acting DA agonist, apomorphine, is enhanced 

following these lesions, which probably indicates supersensitivity of the denervated DA (D-2) 

receptors at the N.Acc. (Kelley et al. 1975; Kelley and Iverson, 1976). Moreover, atypical and 

typical neuroleptics, which act as direct DA (D-2) receptor antagonists, inhibit the hyperactivity of 

DA applied intracerebrally to the N.Acc. (Costall and Naylor, 1976b). Further, injections of 

haloperidol, a DA (D-2) receptor antagonist, into the N.Acc. have been shown to inhibit d-

amphetamine-induced locomotor activity (Pijnenburg et al. 1975). These findings clearly implicate 

mesolimbic (A10) DA projections to the N.Acc. in locomotor behavior. 

Psychomotor stimulant drugs are readily self-administered by laboratory animals, and the 

technique of intravenous (i.v.) self-administration in rats has been used to predict the abuse liability 

of new psychoactive drugs (Collins et al. 1984). In addition, i.v. self-administration by animals of 

the prototypical psychostimulants, amphetamine and cocaine, has been repeatedly used as a model 

in studies of the neuronal mechanisms involved in addiction. Although (A10) dopaminergic neurons 

project to several brain regions besides the N.Acc., the N.Acc. has received most attention as a 

possible site of psychostimulant and opiate reward (see Bozarth, 1986). Again, considerable 

evidence supports the notion that psychomotor stimulants are rewarding because they enhance 

dopaminergic transmission at this site. Indeed, biochemical evidence shows that drugs abused by 
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humans (e.g., opiates, ethanol, nicotine, amphetamine) preferentially increase synaptic extracellular 

DA concentrations in the mesolimbic DA system (DiChiara and Imperato, 1988; Carboni et al. 

1989). Moreover, rats will lever-press to deliver amphetamine directly into the N.Acc. (Hoebel et 

al. 1983). Specific DA-depleting lesions of this brain region appear to attenuate the rewarding 

effects of i.v. psychomotor stimulants. For instance, cocaine i.v. self-administration is decreased by 

6-OHDA lesions of the N.Acc. while similar lesions to the noradrenergic system are ineffective 

(Roberts et al. 1977; Roberts et al. 1980). Both the acquisition and maintenance of lever pressing 

for i.v. amphetamine are disrupted by DA-specific lesions of the N.Acc. but not DA neurons of the 

medial prefrontal cortex (Lyness et al. 1979; Leccese and Lyness, 1987). Rats pretreated with 

desmethylimipramine before lesioning of the N.Acc. (to protect norepinephrine (NE) and 5-HT 

from destruction by 6-OHDA) also showed a significant reduction in cocaine self-administration 

(Roberts et al. 1980). Moreover, 6-OHDA lesions of the DA-containing (A10) cell bodies of the 

mesolimbic system, located in the VTA, were also found to disrupt i.v. cocaine self-administration 

in rats while medial prefrontal cortex DA lesions did not (Roberts and Koob, 1982). Additional 

evidence for the idea that DA is critically involved in drug reward comes from studies showing that 

directly acting dopaminergic agonists (e.g., apomorphine, piribedil, bromocriptine) are intravenously 

self-administsred by laboratory animals (Yokel and Wise, 1978; Martin-Iverson et al. 1986). These 

drugs act by mimicking the action of DA on the post-synaptic DA receptors and have little effect 

on other receptor types. In addition, Woolverton (1984) reported that monkeys do not self-

administer D-1 receptor agonists. Conversely, amphetamine and cocaine reinforcement are blocked 

by selective D-2 DA receptor antagonists but not by D-1 DA, muscarinic, cholinergic, or beta- and 

alpha-adrenergic receptor blockers (Davis and Smith, 1975; Risner and Jones, 1976,1980; Yokel and 

Wise, 1975, 1976; DeWitt and Wise, 1977). Further, Gallistel and Davis (1983) have reported that 
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the efficacy of neuroleptic drugs in suppressing brain stimulation is highly correlated with their 

affinity for the DA D-2 receptors but not D-l receptors. Indeed, haloperidol pretreatment 

drastically reduced the breaking point, the value of the final ratio completed to obtain a drug 

infusion, of rats trained to self-administer cocaine on a progressive ratio schedule (Roberts et al. 

1989). Selective pharmacological antagonism of DA, but not norepinephrine receptors has been 

reported to attenuate amphetamine-induced euphoria in humans (Gunne et al. 1972). All of these 

studies therefore suggest the importance of dopaminergic activity, specifically of the D-2 receptor, 

in positive reinforcement. 

Thus, at present the dopaminergic input to the N.Acc. appears to be the most plausible 

candidate for the site subserving both drug reward and locomotor responsivity to psychostimulants. 

Pharmacology of Cocaine 

Cocaine (Figure 2A) presents a pharmacological profile as both a local anesthetic and 

monoaminergic stimulant. Like other local anesthetics, cocaine has potent membrane stabilizing 

properties by virtue of its ability to block sodium/potassium interchange across membranes (Ritchie 

and Greene, 1985). However, many of its behavioral effects in rats, e.g., positive reinforcement and 

hyperlocomotion, derive from its capacity to increase levels of DA in the mesolimbic system, an 

effect shared by other psychostimulants, e.g., amphetamine. Like amphetamine, cocaine produces 

hypermotility in rats at low doses, and stereotypical responses such as rearing, sniffing, licking, and 

grooming at higher doses (Scheel-Kruger, 1977). However, cocaine is shorter acting and less potent 

than amphetamine in producing these effects (Simon 1973; Randrup and Munkvad, 1970). 

Increased levels of DA in the N.Acc. are believed to mediate this hyperactivity whereas elevated 

levels in the nigrostriatal (A9) DA system are thought to mediate stereotyped behaviors (Costall 

et al., 1977). Despite the similarities in the overt responses induced by cocaine and amphetamine, 
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they have been reported to have different molecular mechanisms of action at the DA nerve terminal 

(Anderson, 1987). Indeed, central nervous system (CNS) stimulants may be categorized into one 

of two drug classes on the basis of their biochemical effects on catecholamine-containing neurons 

in the brain: the amphetamine-like and the non-amphetamine-like (e.g., cocaine and 

methylphenidate). Drugs in the former class are potent catecholamine releasers with limited 

reuptake inhibiting properties, while drugs in the latter class are potent monoamine reuptake 

inhibitors but are limited in their releasing properties. In addition, the effects of drugs in the non-

amphetamine class are blocked by reserpine pretreatment (van Rossum and Hurkman, 1964; Scheel-

Kruger, 1977). Since reserpine preferentially affects vesicle stores of catecholamine, this suggests 

that different- pools of DA are involved in mediating the effects of drugs from these two drug 

classes (Anderson, 1987; Chiueh and Moore, 1975; Ritz et al. 1987). Indeed, Galambos et al. (1967) 

have shown that reserpine inhibits the hypermotility induced by cocaine, but not by amphetamine. 

Cocaine also has biochemical effects on other neurotransmitters. It inhibits NE and 5-HT 

reuptake. Indeed, Ross and Renyi (1969) as well as Ritz et al. (1987) have described cocaine as 

a more potent inhibitor of 5-HT than DA and NE uptake. Moreover, cocaine also inhibits the 

uptake of the precursor of 5-HT, tryptophan, and attenuates the activity of the 5-HT synthetic 

enzyme, tryptophan hydroxylase (Knapp and Mandell, 1976). 

The individual role and significance of neurotransmitters involved in the reinforcing and 

stimulant effects of cocaine are still a controversial topic. It is possible that alterations of other 

neurotransmitter systems besides or in addition to the mesolimbic (AlO) DA system may in fact 

underlie some of the potent pharmacological effects of cocaine. Ritz et al. (1987) have employed 

a multiple regression analysis to relate potencies of cocaine and various cocaine-related drugs at 5-

HT, DA, choline, and NE uptake sites with the potencies of these drugs in self-administration 
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studies. They found that cocaine binding to the DA transporter, after adjustment of NE and 5-

HT uptake sites, was the only significant contributor to the regression. That is, cocaine inhibition 

of DA reuptake alone was sufficient to explain most of the variability (R squared = 0.94) in 

cocaine self-administration. Interestingly, their analysis also revealed that cocaine reinforced 

behavior and 5-HT inhibition tends to be negatively correlated (r = -0.31) (Ritz et al. 1987). 

In humans, cocaine produces positive reinforcing effects that are associated with affective 

changes, e.g., euphoria and mood elevation, which are elicited with low doses. However, psychiatric 

disorders (anxiety, depression, and paranoid psychosis) have been associated with ingestion of large 

or chronic intake of cocaine (Fischman, 1987). Interestingly, a drug-induced psychosis resembling 

paranoid schizophrenia has also been described in association with amphetamine abuse (Snyder, 

1973). And, it has been suggested that the hypermotility induced by cocaine and amphetamine in 

rats may be considered as an animal model providing some information on the stimulant and 

possibly also psychiatric effects of these drugs in humans (Scheel-Kruger, 1977). Presuming the 

validity of such a model, investigating the extent to which other neurotransmitters contribute to 

stimulant-induced and DA-dependent hyperlocomotion might also shed some light on the 

neurochemical changes that underlie the formation of idiopathic psychosis. 

Pharmacology of Phencvclidine 

Phencyclidine (N-l-(phenylcyclohexyl)piperidine, PCP) (Figure 2B) has diverse 

neurochemical actions in the brain. For instance, PCP has been shown to interact with NE, 5-

HT, DA, acetylcholine (ACh), gamma-aminobutyric acid (GABA), and other putative transmitters 

(see Domino, 1981). However, considerably more biochemical as well as behavioral data has been 

compiled linking PCP to a DA interaction, particularly at the nigrostriatal system (Fessler et al. 
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1976; Kanner et al. 1975; Finnegan el al. 1976; Garey and Heath, 1976; Johnson et al. 1983). Also, 

since PCP's behavioral effects are reserpine-sensitive, the general conclusion is that PCP has DA-

reuptake blocking and DA releasing properties that are similar to other non-amphetamines, e.g., 

cocaine and methylphenidate (Meltzer et al. 1981). Like amphetamine and cocaine, PCP increases 

extracellular DA concentrations in the N.Acc. in freely moving rats (Carboni et al, 1989). In 

addition, PCP is known to reduce excitatoiy amino acid transmission mediated by N-methyl-D-

aspartate (NMDA) receptors via an allosteric mechanism; antagonism of this receptor has been 

associated with stereotyped behavior in rats and catalepsy in pigeons (Pullan et al, 1988). 

PCP produces complex behavioral effects which, depending on dose and species, include 

hyperactivity, stereotypy, catalepsy, anesthesia, and convulsions (Chen, 1981). In rodents, PCP 

induces locomotor activity at low doses and stereotyped behavior and ataxia at higher doses (see 

Meltzer et al. 1981). PCP was first shown to increase locomotor activity in rats and mice by Chen 

and coworkers in 1959 (Chen et al. 1959). More recently, it has been demonstrated that the 

locomotor activity elicited by PCP in the rat could be prevented by blockade of DA receptors or 

depletion of N.Acc. DA by 6-OHDA lesions (Sturgeon et al. 1981; French and Vantini, 1984). 

The i.v. self-administration of PCP by laboratory animals was first reported in the early 

1970's (Balster et al. 1973; Pickens et al. 1973). Studies since that time have demonstrated orderly 

dose-response relationships for PCP self-administration and the resulting level of drug intake in 

rhesus monkeys (Balster et al. 1973; Pickens et al. 1973;, baboons (Lukas et al. 1984), beagle dogs 

(Risner, 1982), and rats (Marquis et al. 1989). That animals will self-administer cocaine, 

amphetamine, and PCP supports the observation that many of the drugs that humans abuse are self-

administered by laboratory animals (Griffiths et al. 1980). To date, the neural substrate underlying 

PCP self-administration in animals has not yet been investigated. However, given the similarities 



19 

between the mechanism of actions of PCP, cocaine, and amphetamine, as well as PCP's ability to 

produce psychomotor activation, it is probable that the mesolimbic DA system is responsible for 

the rewarding effects of PCP. 

While PCP is also an anesthetic in man, in small doses it is a remarkable psychotomimetic 

(Domino and Luby, 1981). The mental symptoms induced by low doses of PCP in normal subjects 

include, deficits in reality testing, depersonalization, inability to focus and sustain organized 

thoughts, echolalia, and loose associations that were indistinguishable from schizophrenia (Allen and 

Young, 1978; Pearlson, 1981). Thus, it is thought that PCP may have merit as a possible drug 

model of schizophrenia (Domino and Luby, 1981). Further pharmacological studies are clearly 

indicated, not only in relation to schizophrenia, but also because PCP is currently an illicit drug of 

abuse. 

Pharmacology of N-[l-(2-BenzoCb')thiophenvncvclohexvl)piperidine CBTCP1 

N-[l-(2-benzo(b)thiophenyl)cyclohexyl]piperidine (BTCP, GK13) (Figure 2C) is a 

benzothiophene derivative of PCP recently developed by Kamenka (Slimani et al. 1988). The analog 

has received much interest since it displays a good affinity for the DA uptake complex, and because 

[3H]BTCP has been shown to be a valuable ligand for the autoradiographic localization of these 

DA uptake sites (Filloux et al. 1989). Indeed, the in vitro binding of [3H]BTCP to tissue sections 

of rat brain follows a distribution highly compatible with that of known dopaminergic projections, 

namely that of the nigrostriatal (A9) and mesolimbic (A10) pathways (Bjorklund and Lindvall, 

1984). 

It has been demonstrated that substitution or modification of the aromatic moiety of PCP 

will yield molecules with various inhibiting potencies, i.e., ability to displace [3H]PCP at the PCP 

receptor site. Specifically, incorporation of a thienyl ring (N-[l-(2-thiphenyl)cyclohexyl)piperidine 
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A. Structure of Cocaine (Molecular weight = 339.8 g)* 

B. Structure of l-(l-phenylcyclohexyl)piperidine, PCP 
(Molecular Weight = 279.86 g) 

C. Structure of N-[l-(2-benzo(b)thiophenyl)cyclohexyl] 
piperidine, BTCP 

(Molecular weight = 335.5 g) 

FIGURE 2 

* All molecular weights are based on the hydrochloride salt form. 
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(TCP)) increases about 10-fold the affinity for the PCP receptor (Vignon et al. 1982). Conversely, 

the incorporation of a benzothiophenyl ring, (N-[l-(2-benzo(b)thiophenyl)cyclohexyl]piperidine 

(BTCP)), decreases 20- to 30-fold the affinity for the PCP receptor, but increases about 70-fold the 

affinity for the DA uptake site as measured by the ability of the molecule to inhibit [3HJDA uptake 

into synaptosomes (Chaudieu et al. 1989). In fact, BTCP is one of the most potent DA uptake 

inhibitors known. Indeed, it is about 23-fold more potent than cocaine in blocking DA uptake 

(Vignon, 1988). 

That PCP has both indirect DA agonist and PCP receptor-mediated NMDA antagonistic 

properties has been taken to explain in part its complex behavioral effects. Koek et al. (1989) have 

examined whether BTCP, as a result of its increased in vitro selectivity, is more behaviorally 

selective than PCP, i.e., whether BTCP will produce only those behavioral effects of PCP-type drugs 

that appear to be mediated by DA uptake blockade. In their study, the behavioral effects of BTCP 

were compared with the effects of cocaine. In mice, BTCP produced grossly observable behavioral 

effects (e.g., locomotor activity, rearing, sniffing, and gnawing) that were almost identical to those 

of cocaine. In rats that were trained to discriminate cocaine from saline, BTCP produced full 

generalization to cocaine. Haloperidol was able to reduce the locomotor-activating effects of BTCP, 

suggesting that an increased activity of dopaminergic systems produced by DA uptake blockade may 

underlie the cocaine-like behavioral effects of BTCP. In pigeons, BTCP failed to produce PCP-

like catalepsy, and, unlike PCP, was unable to antagonize NMDA-induced convulsions in mice. 

Thus, BTCP shared only those behavioral effects with PCP that were initially thought to be 

mediated by DA uptake inhibition (i.e., increased locomotion, rearing, sniffing, cocaine-like 

discrimative stimulus effects) (Koek et al. 1989). Moreover, results from the laboratory of French 

indicate that 6-OHDA lesions of the N.Acc. significantly reduce the hyperlocomotion induced by 
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BTCP in rats (Lin, unpublished data, 1989). 

Because BTCP shares biochemical and behavioral properties similar to other drugs of abuse, 

i.e., potentiation of CNS dopaminergic activity, and locomotor-activating effects in rodents, it is 

quite likely that BTCP has abuse liability. Indeed, preliminary results in the laboratory of French 

indicate that rats trained to self-administer cocaine will substitute BTCP for cocaine, and that 

drug-naive rats will also self-administer BTCP (unpublished data, 1990). These early findings 

indicate that BTCP may have positive reinforcing properties, and that it may be a potential drug 

of abuse that should be designated a controlled substance, particularly in light of its known cocaine

like behavioral effects. It would be of interest to evaluate whether BTCP interactions with the 

mesolimbic DA system subserve the i.v. self-administration. Moreover, BTCP, like amphetamine, 

cocaine, and PCP, may also produce a drug-induced psychosis in humans. 

Schizophrenia: Beyond the Dopamine Hypothesis 

Schizophrenia is a serious psychiatric illness that is characterized by two somewhat 

independent sets of symptoms, i.e., positive and negative symptomatology. The negative symptoms, 

e.g., flattened affect, social withdrawal, poverty of speech, anhedonia, lack of motivation, may be 

thought of as behavioral deficits, and are associated with a chronic disease course and with limited 

response to neuroleptics. In contrast, the positive symptoms, which include the core psychotic 

phenomena of disorganized thoughts, delusions, and hallucinations, are behaviors that patients 

experience, but which normal persons do not (Pogue-Geile and Zubin, 1988). Crow (1980) has 

defined two groups of schizophrenic patients: Type I, those patients exhibiting primarily positive 

symptoms, and Type II, patients with predominantly negative symptoms. It has been hypothesized 

that the positive symptoms probably arise from hyperactivity of the mesolimbic (A10) DA neurons 

that originate in the VTA and which innervate the N.Acc. (Matthysse, 1973, 1980; Crow et al. 
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1977). This assumption is supported by the observation that schizophrenia can develop in patients 

with longstanding Parkinson's disease, an illness associated with impaired dopaminergic transmission 

in the nigrostriatal (A9) DA system. Thus, increased DA release in the striatum does not appear 

necessary for the expression of schizophrenic psychopathology (Crow et al. 1976). Evidence for the 

"dopamine hypothesis" includes the following facts: (1) neuroleptic drugs are DA antagonists with 

their antipsychotic potency directly correlated to their affinity for the DA (D-2) receptor (Miller 

et al. 1974; Meltzer and Stahl 1976; Seeman, 1987); (2) clinical similarities have been observed 

between amphetamine-induced paranoid psychosis, cocaine psychosis, PCP intoxication, and 

idiopathic paranoid psychosis and schizophrenia (Snyder, 1973; Fischman, 1987; Domino, 1981); (3) 

it has been shown that neuroleptics can attenuate the acute symptoms of amphetamine psychosis 

and PCP intoxication (Angrist et al. 1974; Fox, 1979); and (4) drugs which can be expected to 

increase activity in dopaminergic symptoms, particularly amphetamines, cocaine, and levodopa, 

intensify schizophrenic symptoms (Randrup and Munkvad, 1972; Munkvad et al. 1975; Post, 1975; 

Lieberman et al. 1987, 1989). Moreover, PCP given to chronically schizophrenic subjects, was 

shown to intensify the thought disorder and to essentially reinstate the acute phase of the illness 

(Domino, 1981). 

However, despite the strong evidence in favor of the "dopamine hypothesis" of 

schizophrenia, researchers and theorists now seem to be favoring the idea that 

schizophrenia represents several different disorders (Pogue-Geile and Zubin, 1988; Bleich et al. 

1988). In part, this view has emerged from the fact that neuroleptics seem to work primarily on 

the positive symptoms. If the negative symptoms exist in the same patient they are largely 

unaffected by the drug. Indeed, there is some thought that neuroleptics worsen the negative 

symptoms (Pogue-Geile and Zubin, 1988; Matthysse, 1983). Thus, the source of the negative 
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symptomatology remains unclear. It is likely that transmitter systems other than DA are altered 

in schizophrenia, though we do not yet know whether any of the changes are causal or secondary. 

Meltzer and Stahl (1976) have proposed that the negative symptoms of schizophrenia may 

result from decreased dopaminergic activity. This hypothesis is supported by controlled studies 

showing a diminution of negative symptoms in patients suffering from chronic and simple 

schizophrenia receiving dopaminergic agonists such as levodopa or amphetamine (Buchanan et al. 

1975; Gerlach and Luhdorf, 1975; Inanaga et al. 1975; Alpert et al. 1978; Cesarec and Nyman, 

1985). Moreover, stimulant drugs such as cocaine and amphetamine have been reported to be the 

most commonly abused substances by schizophrenic patients (see Lieberman et al. 1990). It is 

possible that aspects of schizophrenic symptomatology, namely the negative symptoms, as well as 

the subjective side effects of neuroleptic treatment, e.g., sedation and dysphoria, may impel patients 

to use stimulant drugs (Schneier and Siris, 1987). 

Bleich et al. (1988) have proposed that 5-HT dysfunction might be related to Type II, or 

the negative symptomatology of schizophrenia, on the basis of recent psychopharmacological and 

biochemical findings derived from this subpopulation of schizophrenic patients. Measurement of 

either baseline cerebral spina! fluid (CSF) 5-hydroxyindoleacetic acid, 5-HLAA, a 5-HT metabolite, 

were made directly or after the administration of probenecid, which inhibits the transport of 5-

HLAA from the CNS to the periphery. These 5-HLAA levels can be used as a crude indicator of 

5-HT metabolism in the CNS, and thereby provide some reflection of presynaptic 5-HT activity, i.e., 

release of 5-HT. Data from studies examining CSF 5-HLAA in schizophrenic patients compared 

to control subjects have been inconsistent, however, which might reflect the heterogeneity of the 

disease. More focussed studies, on the other hand, which subdivide schizophrenia on the basis of 

specific identifying characteristics have been able to demonstrate trends in the 5-HLAA data. For 
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example, van Praag (1983), Ninan et al. (1984), and Banki et al. (1984) all have shown a correlation 

between low CSF 5HIAA and suicidal behavior, especially recent suicide attempts, in schizophrenic 

patients. Interestingly, post-mortem studies of suicide victims have found a significant increase in 

the number of 5-HT2 receptors and a significant drop in the imipramine binding sites in the frontal 

cortex (Stanley and Mann, 1983; Stanley et al. 1982). Imipramine is a tricyclic antidepressant that 

blocks the reuptake of 5-HT into nerve terminals, thereby increasing the amount of 5-HT in the 

immediate vicinity of the postsynaptic receptor. Lesion studies have shown 5-HT2 receptors to be 

postsynaptic, whereas imipramine binding has been associated with presynaptic 5-HT neurons 

(Brunello et al. 1982). Consequently, the high and low densities of these respective receptors 

suggest that as the presynaptic input (estimated by imipramine binding) decreases there is a 

compensatory increase in the number of postsynaptic 5-HT2 receptors (Stanley and Mann, 1983). 

In addition, Levy et al. (1984) found that an increased ventricle-to-brain ratio in chronic 

schizophrenic patients is significantly associated with a history of suicide attempts. However, it is 

important to note that CSF 5-HIAA concentrations might be altered during neuroleptic treatment 

in view of the fact that neuroleptics might directly affect the serotonergic system by inhibiting 5-

HT uptake and by blockade of 5-HT receptors (Arora and Meltzer, 1983; Altar et al. 1986). 

Nonetheless, suicidal behavior might be a possible factor linking decreased central 5-HT metabolism 

and Type II schizophrenia. 

Treatment studies with 5-HT precursors have also given variable and inconsistent results 

(Bowers, 1970; Gillin et al. 1976; Chouinard et al. 1978; Morand et al. 1983; Wyatt et al. 1972; 

Bigelow et al. 1979), possibly because tryptophan and 5-hydroxytryptophan (5-HTP) have 

pronounced effects on the DA and NE systems as well as on the 5-HT system (Wurtman et al. 

1981; van Praag et al. 1987a, 1987b). That is, the amino acid, tryptophan, can decrease the 
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synthesis of DA and NE as it competes with other amino acids, e.g., tyrosine, the precursor of DA 

and NE, to gain access from the blood into the brain. In addition to serotonergic neurons, 5-HTP 

can be converted to 5-HT in catecholamine, e.g., DA and NE, neurons where it acts as a false 

neurotransmitter, increasing catecholamine metabolism as a compensatory mechanism and thereby 

producing a net increase in catecholamine levels. Agents that deplete 5-HT (para-

chlorophenylalanine, p-CPA and fenfluramine) do not appear to produce an overall clinical 

improvement in schizophrenic patients (DeLisa et al. 1982; Shore et al. 1985), although some results 

indicate some improvement in negative symptoms, i.e., a decrease in withdrawal behavior or an 

increase in socialization (DeLisa et al. 1982; Casacchia et al. 1975; Stahl et al. 1985). In contrast, 

treatment studies with 5-HT2 antagonists^ e.g., setoperone, ritanserin, and risperidone, suggest that 

these drugs may have antipsychotic activity in that they significantly improve negative 

symptomatology, and in addition are helpful to those patients who experience extrapyramidal side 

effects (EPS) from neuroleptics (Ceulemans et al. 1985a, 1985b; Gelders et al. 1985a, 1985b; 

Janssen, 1987). However, 5-HT1 receptor antagonism with methysergide has been reported to have 

no antipsychotic effects in chronic schizophrenic patients (Gallant et al. 1963; Mendells, 1967). 

Interestingly, down regulation of 5-HT2 receptors is a common characteristic for antidepressants of 

several classes (Peroutka and Snyder, 1980). Chronic, but not acute, treatment with antidepressants 

results in a reduction in the density of 5-HT2 receptors (Peroutka and Snyder, 1980). Moreover, 

the onset of antidepressant effects after tricyclic drugs usually takes two to three weeks in clinically 

depressed patients (Klein and Davis, 1969). These compounds may thus exert their therapeutic 

action by reducing the number of 5-HT2 receptors, which allows a restoration of the balance 

between presynaptic and postsynaptic 5-HT receptors and a return of serotonergic function to 

normal (Stanley and Mann, 1983). These observations have led Bleich et al. (1988) to conclude that 
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DA pathophysiology may play a role in the Type I, positive syndrome, while 5-HT dysfunctions, 

specifically 5-HT2 postsynaptic receptor hypersensitivity, may be associated with Type II, negative 

syndrome, schizophrenia. The mechanism of action of 5-HT2 antagonists may therefore be to block 

these hypersensitive receptors. Further, these authors suggest that the presumed dysfunction of each 

system should be considered in relation to the dynamic interactions between the systems, rather than 

as independent processes. Optimal pharmacotherapy thus might include both 5-HT and DA 

antagonistic components (Bleich et al. 1988; Gelders et al. 1986). 

Ever since the first discoveiy of neuroleptics there has been an intensive search for side 

effect-free neuroleptic therapy. This has been a difficult task as both the therapeutic activity and 

extrapyramidal side effects seem to be mediated by the same receptor type, i.e., non-selective D-2 

receptor antagonism (Seeman, 1987). Initially, behavioral screening tests were employed that 

focussed on the ability of neuroleptic drugs to antagonize the stereotyped behaviors in rats, e.g., 

sniffing, repetitive head and forelimb movements, biting, and gnawing, induced by DA agonists like 

d-amphetamine and apomorphine. However, subsequent research found that this action is probably 

related to striatal DA mechanisms and therefore more related to the propensity of neuroleptic drugs 

to induce unwanted side effects than their beneficial antipsychotic effect (Anden, 1972; Crow et al. 

1977; Worms and Lloyd, 1979). The finding that locomotion could be induced by increased DA 

transmission in the mesolimbic (A10) DA system, e.g., the N.Acc., (Jackson et al. 1975; Pijnenburg 

and van Rossum, 1973) and that stereotyped behaviors could be induced by an increased 

dopaminergic activity in the nigrostriatal (A9) DA system (Costall et al. 1977), gave the ability to 

develop a new behavioral screening method where the effect on limbic and striatal DA receptors 

could be assessed separately. 
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Several years ago the antagonism of amphetamine-induced hypermotility was suggested by 

van Rossum (1965, 1967, 1970) as a useful animal model for the evaluation and classification of 

antipsychotic drugs with anti-dopaminergic effects. Since that time, it has been shown that 

neuroleptics causing high incidences of EPS and tardive dyskinesia, the so-called "classical" or 

"typical" antipsychotic drugs (e.g., metaclopramide, haloperidol, and chlorpromazine) could 

predominantly antagonize apomorphine-induced compulsive gnawing, while the "atypical" neuroleptic 

drugs (e.g., thioridazine, clozapine, and sulpiride), causing low incidences of EPS and tardive 

dyskinesia instead predominantly antagonize apomorphine-induced locomotion (Ljungberg and 

Ungerstedt, 1978). In addition, White and Wang (1983) found that prolonged treatment with 

classical neuroleptics decreased the number of spontaneously active DA neurons in both the 

substantia nigra (A9) and the VTA (A10) of the rat brain while treatment with the atypical 

neuroleptics decreased only the number of A10 DA neurons. Further support for differential 

neuroleptic effects in these DA systems is provided by the finding that haloperidol was less potent 

while clozapine and thioridazine are 2- to 3-fold more potent at competing for the D-2 sites in the 

N.Acc. or olfactory tubercle than in the caudate-putamen (Altar et al. 1986). Moreover, Costall 

and Naylor (1976b) demonstrated that systemic injections of the classical and atypical neuroleptics 

could both antagonize the hyperactivity induced by DA applied intracerebral^ to the N.Acc. in rats. 

Thus, it appeared that the simultaneous assessment of the capacity of a neuroleptic to antagonize 

stimulant-induced hyperlocomotion but not stimulant-induced stereotypy in rats could provide a 

valuable behavioral method for identifying new potential neuroleptics with low incidence of EPS 

(Ljungberg and Ungerstedt, 1985). 

However, in view of the evidence linking A10 dopaminergic function to locomotion, positive 

reinforcement and motivation, as well as to the psychopathology of schizophrenia, it seems likely 
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that a selective DA blockade at this site might also exascerbate the negative symptoms associated 

with chronic schizophrenia. Indeed, some clinical findings indicate a reduced DA function in this 

degenerative type of schizophrenia (van Kammen et al. 1983; Karoum et al. 1987). 

Clearly, there is a great need to investigate other neurotransmitter and receptor systems that 

may interact with the mesolimbic DA system, to develop animal and drug models that are more 

relevant to psychiatry, and so take into account the various aspects of schizophrenic 

symptomatology, and in short, a need for research to move beyond the "dopamine hypothesis" of 

schizophrenia. 

Anatomical and Behavioral Evidence for A Serotonergic Role in Dopamine-Dependent Behavior 

Serotonin (5-HT)-containing neurons within the raphe nuclei of the brainstem were initially 

demonstrated by the formaldehyde-induced histoflouracence (FIF) method of Falck et al. (1962). 

The greatest number of 5-HT cells is in the rostral pons and midbrain, within the dorsal (B7) and 

median raphe (B8) nuclei (Dahlstrom and Fuxe, 1964). Most of the 5-HT axons that innervate the 

cerebral cortex and other parts of the forebrain appear to arise from the dorsal (DRN) and median 

raphe nuclei (MRN) (Figure 3), as shown by interruption of ascending 5-HT pathways with lesions 

at different levels of the brainstem (Anden et al. 1966; Fuxe, 1965; Ungerstedt, 1971). However, 

the axonal projections of these two nuclei appear to be different. For instance, Kuhar et al. (1971) 

have shown that electrolytic lesions of the MRN produced significant reductions in forebrain 

tryptophan hydroxylase activity and 5-HT that were maximal and similar in extent by eight days 

post-lesion. In addition, Lorens and Guldberg (1974) demonstrated that only electrolytic lesions 

in the DRN produced a fall (54%) in striatal 5-HT, while only lesions in the MRN reduced (62%) 

hippocampal 5-HT. Further, Geyer et al. (1976) have shown that electrolytic lesioning of the DRN 

reduces tryptophan hydroxylase activity in the striatum, thalamus, cortex, hypothalamus, but not in 
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Figure 3 SEROTONERGIC NUCLEI AND PATHWAYS. Medial view showing ascending and 
descending fiber systems emerging from the serotonergic nuclei of the brain stem. Most of the cell 
groups, except B3, B6, and B9, lie alongside the midline (the raphe). The exceptional ones lie more 
laterally in the reticular formation. Nuclei Bl, B2, and B3, the caudal group, give rise to 
descending pathways; the rest to ascending pathways. (After Fuxe and Jonsson, 1974.) 
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the septa! nuclei or hippocampus. In contrast, these authors found that damage to the MRN (B8) 

resulted in decrements in this serotonergic enzyme in the septal nuclei, hippocampus, cortex, and 

hypothalamus, but not in the striatum or thalamus. Based on these findings, they proposed that 

the DRN and MRN provide two distinct though perhaps overlapping serotonergic systems 

innervating different parts of the forebrain: a mesostriatal pathway originating in the DRN (B7) and 

a mesolimbic system derived from the MRN (B8). These systems may be further subdivided on the 

basis of the structures that they innervate. For example, the serotonergic projections to both the 

neostriatum and N.Acc. are derived from the DRN, however, the N.Acc. is innervated by the so-

called dorsal raphe forebrain tract which innervates, in addition, the bed nucleus of stria terminalis 

and the amygdala through stria terminalis, whereas the neostriatum is innervated through 

the so-called dorsal raphe cortical tract (Azmitia, 1978; Miller et al. 1978). Kosofsky et al. (1987) 

have further characterized these two systems on the basis of axon morphology. They found that 

axons which arise from the DRN have heterogenous, pleomorphic varicosities: they range from 

extremely fine, granular dilations to spindle-shaped, fusiform varicosities. Axons arising from the 

MRN were found to have highly distinctive, large spherical varicosities. The dissimilarities in axon 

morphology indicate that the individual raphe nuclei may form different patterns of synaptic 

organization and thereby influence different functions (Kosofsky et al. 1987). Moreover, the 

regional differences in axon distribution of the MRN and DRN further indicate that the two 

neuronal pathways may subserve different processes. 

Studies of the afferent pathways to the VTA have indicated that this region receives 

innervation from the DRN and MRN (Moore et al. 1978; Parent et al. 1981; Phillipson, 1979; 

Simon et al. 1979) and that as many as 50% of the serotonergic terminals in the VTA make direct 

synaptic contacts on both DA and non-DA cells (Herve et al. 1987). Moreover, the VTA has been 
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shown to have high levels of 5-HT (Ruggeri et al. 1987) and possess high affinity 5-HT uptake sites 

(Beart and McDonald, 1982). Further, a calcium-dependent, potassium-stimulated [3HJ5-HT release 

has been demonstrated in slices of the VTA (Beart and McDonald, 1982). In addition, DA 

utilization, as measured by changes in dihydroxyphenylacetic acid (DOPAC) levels and by the 

DOPAC/DA ratio, has been shown to be enhanced in the N.Acc. and to be reduced in the 

prefrontal cortex of rats five days after MRN and DRN electrolytic lesions (Herve et al. 1979, 

1981). These authors thus concluded that DA neurons projecting to the N.Acc. are under a tonic 

inhibitory control by the 5-HT neuronal pathway arising from these lesioned nuclei. In contrast, 

Guan and McBride (1989) demonstrated that intra-VTA microinfusions of 5-HT in freely moving 

rats significantly increase both DOPAC and homovanillic acid (HVA), the major metabolites of DA, 

in ipsilateral N.Acc. perfusates while they did not alter DA levels. They interpreted these results 

as suggesting that 5-HT innervations in the VTA may have excitatory action. Overall these data 

indicate that 5-HT is influencing the activity of the VTA DA neurons that innervate the N.Acc. 

The significance and direction of this influence remains unclear. 

In order to acquire some information on the interaction between 5-HT and DA in the 

brain, attempts have been made to study the effects of drugs which are known to act primarily 

through one system in animals with chemical and surgical alterations in another system. In this 

regard, numerous studies have reported that interruption of serotonergic activity potentiates 

stimulant-induced and DA dependent behaviors, e.g., hyperlocomotion. For instance, Grabowska 

(1974) reported that in MRN lesioned rats apomorphine stimulated locomotor activity more strongly 

as did pretreatment with methyseride, a 5-HT antagonist and para-chloroamphetamine (p-CA), a 

central 5-HT neurotoxin with prolonged effects (Grabowska and Michaluk, 1974). The potentiation 

of amphetamine-induced locomotor stimulation in rats by lesions of the MRN and by inhibition 



33 

of central 5-HT synthesis, e.g., with p-CPA, has also been reported by others (Mabiy and Campbell, 

1973; Neill et al. 1972; Lucki and Harvey, 1979; Segal, 1977; Breese et al. 1974). Moreover, Breese 

et al. (1974) demonstrated that inhibition of amphetamine-stimulated locomotor activity by 

treatment with 6-OHDA was not reversed with p-CPA treatment. This observation suggested that 

the involvement of serotonergic fibers in the actions of amphetamine are probably secondary to an 

indirect release of DA Further, haloperidol treatment and 6-OHDA lesions of the N.Acc. were 

found to inhibit the production of hyperactivity by electrolytic MRN lesions given subsequently 

indicating that the hyperactivity elicited by the lesion is DA mediated (Wirtshafter and Asin, 1981; 

Wing et al. 1984). In addition, destruction of 5-HT neurons within the N.Acc. by the neurotoxin 

5,7-dihydroxytryptamine (5,7-DHT) has been shown to exaggerate the hyperactivity induced by d-

amphetamine (Carter and Pycock, 1979). 

Kostowski et al. (1968) found an increase in spontaneous rat locomotor activity following 

MRN electrolytic lesions that were accompanied by marked decreases in forebrain 5-HT and 5-

HIAA levels. Further, Jacobs et al. (1974) established that electrolytic lesions of the MRN but not 

the DRN significantly increased locomotor activity, thus weakening the assumption that whole-

brain 5-HT acts in a unitary manner to produce behavioral and physiological changes. These 

authors (1975) also demonstrated that it was damage to the MRN and not the DRN that caused 

the enhanced response to d-amphetamine. However, they also warned that the hyperresponsitivity 

to d-amphetamine observed in the MRN lesioned animals might merely be a manifestation of 

starting from an elevated baseline. In addition, local application of 5-HT into the MRN has been 

found to facilitate motor activity presumably by stimulating 5-HT autoreceptors thus inhibiting firing 

and subsequent release of 5-HT in projection areas (Hillegaart et al. 1989). Conversely, the 

intraventricular injection of 5-HT in the rat has been shown to reduce spontaneous motor behavior 

as well as to reduce the hyperactivity induced by peripheral administration of d-amphetamine 
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(Green et al. 1976; Warbritton et al. 1978). Similarly, cocaine-induced motility has been shown to 

be potentiated by pretreatment with the 5-HT antagonist, metergoline, or by p-CPA (Scheel-Kruger 

et al. 1977). Moreover, pretreatment with 5-HTP has been found to decrease cocaine-induced 

hyperactivity and stereotypy as well as reduce elevated levels of DA in the caudate nucleus and 

diencephalon-midbrain (Pradhan et al. 1978). Likewise, PCP-induced DA-dependent behaviors were 

potentiated by pretreatments with p-CPA and with p-CA (Yamaguchi et al. 1986). In general, all 

of these findings suggest that 5-HT may have a modulatory role in behavioral arousal, and that 

serotonergic fibers, specifically those originating in the MRN, may have an inhibitory action on 

dopaminergic fibers responsible for psychostimulant-induced locomotor activity, i.e., the mesolimbic 

DA system. 

Serotonergic involvement in the reinforcing effects of stimulant drugs has also been a focus 

of research. Redgrave and Horrell (1976) have reported that localized perfusion of 5-HT in the 

VTA mesencephalon potentiated medial forebrain bundle electrical self-stimulation, suggesting that 

5-HT may be increasing the excitability of DA cell bodies in the VTA region. On the other hand, 

5,7-DHT median forebrain bundle lesions increased the i.v. self-administration of d-amphetamine 

(Leccese and Lyness, 1984; Lyness et al. 1980). In addition, rats pretreated with metergoline, a 

long-acting 5-HT antagonist, increased self-administration of d-amphetamine by rats (Lyness and 

Moore, 1983). In contrast, pretreatment with the 5-HT precursor, L-tryptophan or with 5-HT 

uptake blockers decreased amphetamine-reinforced self-injections (Smith et al., 1986; Yu et al. 

1986). Similarly, the selective 5-HT receptor agonist, quipazine, has been reported to produce both 

a dose and time dependent decrease in cocaine self-administration (Mattia et al. 1986). 

Fluoxetine, a 5-HT uptake blocker, and dietary L-tryptophan, have been shown to markedly decrease 

cocaine self-administration. Moreover, in this study the cocaine-reinforced behavior returned rapidly 

to baseline levels when either of the two treatments were terminated (Carrol et al. 1989). 



35 

Moreover, the correlation between cocaine-reinforcement in rats and the ability of cocaine to inhibit 

5-HT uptake tends to be negative (Ritz et al. 1987, 1989). Thus, 5-HT uptake inhibition may be 

important for the modulation or attenuation of the rewarding effects of psychostimulants. In this 

regard, Porrino et al. (1989) have shown that pretreatment with fluoxetine significantly decreased 

rates of responding maintained by amphetamine, but had no effect on responding maintained by 

cocaine at any of the doses tested. Also, pretreatment with cinanserin, a 5-HT2 receptor antagonist, 

decreased rates of amphetamine self-administration at the highest dose tested (17.5 mg/kg), but had 

no effects on cocaine self-administration. These data suggest a differential sensitivity of cocaine and 

amphetamine self-administration to pharmacological manipulation of central 5-HT systems. 

However, caution must be taken in interpreting results from self-administration studies where rate 

of responding is used to measure the rewarding effects of a drug. As Wilson and Schuster (1973) 

point out, an increase in drug intake could be interpreted either as increase or decrease in 

reinforcement efficacy. Rather, a more useful and valid method for evaluating the reinforcing 

properties of a drug in rats appears to be the progressive ratio schedule in which an animal 

demonstrates its willingness to work for drug intake (Roberts et al. 1989). 

In the present study, the role of 5-HT in mediating the locomotor-activating effects of 

cocaine, PCP, and BTCP will be examined and compared. For this purpose, p-CA and ritanserin 

pretreatments, as well as MRN and DRN electrolytic lesions were employed to interrupt 5-HT 

activity. To date, this is the first such behavioral study where BTCP has been examined and related 

to the more well-defined actions of cocaine and PCP. 
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MATERIALS AND METHODS 

Animals Male Sprague-Dawley rats were used in all experiments. All were housed in home cages 

with a maximum of four rats per cage. While in their home cages, rats had continuous access to 

food and water, and were maintained on a controlled temperature and 12-hour light-dark cycle with 

"lights ofr at 1900 hours. All experiments were conducted between 0800 and 1800 hours. 

Drugs Cocaine hydrochloride (Sigma Chemicals Co., St. Louis, MO, USA), phencyclidine 

hydrochloride (PCP, NIDA, Baltimore, MD, USA), caffeine (Sigma Chemicals Co., St. Louis, MO, 

USA), para-chloroamphetamine hydrochloride, (p-CA, Sigma Chemicals Co., St. Louis, MO, USA), 

and chloral hydrate (Sigma Chemicals Co., St, Louis, MO, USA) were dissolved in 0.9% saline. 

N-[l-(2-benzo(b)thiophenyl)cyclohexyl]piperidine (BTCP, synthesized by Dr. Jean-Marc Kamenka, 

Montpellier, France) was dissolved in distilled water. Ritanserin (R55667, Janssen, Life Sciences 

Products, 2340 Beerse, Belgium) was made up to a concentration of 2 mg/ml dissolved in a vehicle 

solution of 20% propylene glycol (J. T. Baker, Inc. Phillipsburg, NJ, USA). Accordingly, 20 mg of 

ritanserin was treated with 5 drops of glacial acetic acid and dissolved in 2 ml of propylene glycol 

and 8 ml of distilled water. The route of administration for all drugs was intraperitoneal (IP) 

injection. 

Behavioral Studies Locomotor activity was measured in cages with wire mesh (10 x 10 mm) 

floors, fronts, and backs, and Plexiglas tops. Each cage measured 20 cm high x 25 cm wide x 36 

cm long with 2 infrared photocell beams placed 2 cm above the floor and dividing the long axis 

of the cage into three equal segments. Photocell-beam interruptions were wired to electronic 

counters that could be viewed from outside the test room. Photocell counts could thus be recorded 

every 20 minutes without having to enter the room. All testing took place in a quiet, moderately 
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lighted room. On 1-3 days prior to drug injection or drug pretreatment, all rats of the particular 

drug test were acclimated to the room and test cages for three hours. All rats were tested in only 

those cages to which they had been acclimated. Each test day consisted of a morning and afternoon 

test session with 5 experimental rats and 5 control rats assigned to each session. On the day of 

drug challenge the rats were again acclimated to the testing cages for an additional hour during 

which photocell counts were recorded every 20 minutes. Following injection, photocell counts were 

recorded every 20 minutes until the 2-hour test period was complete. Each experiment was 

designed so that every rat received the same sequence and combination of drugs, i.e., the order of 

drug challenges was always cocaine, saline, caffeine, BTCP, and PCP. Except for saline and 

caffeine, all drug challenges were spaced at least 3 days apart. 

Dose-Response Study of Cocaine and BTCP Rats (N = 20) weighing 345-412 g at the beginning 

of experiment (1) were divided into groups and assigned to drug and dose treatments according to 

a cross-over design so that an animal would never receive the same drug or drug dose twice. Rats 

were injected with cocaine (10, 20, and 40 mg/kg) (N = 6/dose) and BTCP (10, 20, and 40 mg/kg) 

(N = 6/dose) to determine and compare the magnitude and time course of cocaine and BTCP 

action that would represent a robust locomotor response while attempting to minimize interfering 

behaviors such as stereotypy. Additional rats (N = 6) weighing 240-260 g were used to complete 

the dose-response relationship. For this purpose, rats (N = 11) were injected with 5 mg/kg BTCP 

(N = 6) and with 60 mg/kg cocaine (N = 5). In this experiment, gross behaviorial observations 

were made periodically following the injection. Following the experiment, a dose-response curve 

for cocaine and BTCP was constructed to assess drug potencies. Accordingly, D50 values were 

calculated for each drug with reference to the dose of cocaine producing maximum photocell counts. 

Thus, the D50 value was defined as the dose (mg/kg) required to produce 50% of the maximum 
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level of locomotor responding to cocaine. 

p-CA Pretreatment Schedule Rats (N = 20) weighing 230-310 g at the beginning of experiment 

(2) were pretreated with either p-CA or vehicle. The experimental animals (N = 10) were 

administered 5 mg/kg p-CA at 72 and 62 hours, and 2.5 mg/kg p-CA at 24 hours prior to the first 

drug challenge. Control rats (N = 8-10) were given the same volume of vehicle using the same 

schedule as in the p-CA pretreatment. The animals were then tested with 20 mg/kg cocaine (N = 

18), saline (N = 18), 10 mg/kg caffeine (N = 18), 20 mg/kg BTCP (N =18), and 5 mg/kg PCP (N 

= 20), and the locomotor response evaluated. 

Ritanserin Pretreatment Rats (N = 20) weighing 245-260 g at the beginning of experiment (3) 

were injected with either 2 mg/kg ritanserin (N = 10) or vehicle (N = 10) one hour prior to 

challenge by 20 mg/kg cocaine (N =18), saline (N =19), 10 mg/kg caffeine (N = 18), 20 mg/kg 

BTCP (N = 18), and 5 mg/kg PCP (N = 20). Photocell counts were recorded every 20 minutes 

during the hour following the injection of ritanserin as well as during the two-hour test period 

following the injection of each drug. 

Lesion Studies Rats (N = 20) weighing 240-300 g at the time of surgery (experiment 4) received 

either an electrolytic (radiofrequency) lesion of the medial raphe nucleus (MR) (N = 10) or a sham 

lesion (N = 10) which served to control for the operative procedure. For all surgical procedures, 

the animals were anesthetized with chloral hydrate (400 mg/kg, IP), placed in a stereotaxic apparatus 

(Kopl) with a toothbar elevation of -2.4 mm below the interaural line so that the head position was 

essentially level. Following incision and retraction of the skin, a burr hole was drilled into the skull 

and the dura mater incised with a needle under microscopic visualization. The rat was electrically 

grounded by placement of a ground electrode in the rectum. A stainless steel electrode measuring 

0.75 mm in diameter was lowered into the brain at a 22 degree angle to the sagittal plane to 
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prevent penetration through the sagittal venous sinus and to minimize damage to the dorsally 

located DR nucleus. MR lesions were performed by heating the electrode to 60 degrees centigrade 

for a duration of 20 seconds at the coordinates -7.6 mm posterior to bregma, +2.8 mm lateral to 

midline, and -9.2 mm below the skull surface according to the stereotaxic atlas of Paxinos and 

Watson (1986). Sham lesioned animals served as controls and received identical surgical treatment 

but had an unheated electrode lowered into the brain at coordinates -7.6 mm posterior to bregma, 

+2.8 mm lateral to midline, and -4.0 mm below the skull surface. Following the appropriate 

treatment, the incision was surgically stapled and the rat was returned to his home cage for a 

recovery period of 8 days. Following this period, the animals were acclimated for 3 hours to the 

test room and cages one day prior to the drug test. On the day of injection, the animals were 

acclimated to the test cage for an additional hour immediately prior to injection. Drug-induced 

locomotor responses to 20 mg/kg cocaine (N = 15), saline (N = 19), 10 mg/kg caffeine (N = 18), 

20 mg/kg BTCP (N = 17), and 5 mg/kg PCP (N = 19) were evaluated as described above. 

Rats (N = 20) weighing 225-250 g at the time of surgery (experiment 5) received either 

an electrolytic (radiofrequency) lesion of the dorsal raphe nucleus (DR) (N = 10) or a sham lesion 

(N = 10) which served to control for the operative procedure. The surgical preparation for 

lesioned and sham lesioned animals was identical to that described for the proceeding experiment. 

Briefly, the rats were anesthetized with chloral hydrate (400 mg/kg, IP) and placed in a stereotaxic 

frame with a toothbar elevation of -2.4 mm below the interaural line. The animal was then 

grounded, a burr hole was drilled into the skull, and the dura mater incised. However, in the DR 

lesioned animals the electrode was lowered into the brain at a 20 degree angle to the sagittal plane 

and lesions were performed by heating the electrode to 60 degrees centigrade for 20 seconds at the 

coordinates -7.5 mm posterior to bregma, +2.2 mm lateral to midline, and -7.2 mm below the skull 
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surface. Sham lesioned animals had an unhealed electrode lowered into the brain at -7.5 mm 

posterior to bregma, +2.2 mm lateral to midline, and -4.0 mm below the skull surface. After 

surgery, rats were returned to their home cages for a recovery period of 8 days. The acclimation 

schedule was identical to that described for animals in experiment (4). The locomotor response 

induced by 20 mg/kg cocaine (N = 16), saline (N = 17),-10 mg/kg caffeine (N = 16), 20 mg/kg 

BTCP (N = 17), and 5 mg/kg PCP (N = 16) were each evaluated. 

Biochemical and Histological Studies At the termination of behavioral testing the DR lesioned 

rats, and the p-CA and vehicle pretreated rats were deeply anesthetized with chloral hydrate, 

decapitated, and their brains rapidly removed. The hippocampus and striatum were dissected free 

on an ice-cold plate, frozen, and stored at -80 degrees centigrade until assayed. 5-HT content of 

the tissue was determined following extraction and separation by a high-performance liquid-

chromatography electrochemical detection method (Zaczek and Coyle, 1982). The biochemical 

analyses were performed courtesy of Robert Zaczek, Ph.D. in his laboratory at the National Institute 

on Drug Abuse (NIDA), Addiction Research Center, Baltimore, Maryland. Brain tissues from the 

MR lesioned rats were not able to be analyzed due to a technical error. That portion of the brain 

containing the DR and MR lesion was stored in 4% formalin for at least a week after removal from 

the skull. Forty micron frozen sections were cut in the coronal plane through the extent of the 

lesion and affixed to glass slides. The sections were processed for thionin staining of Nissl 

substance and examined with a light microscope to determine the extent of neuronal loss in cross-

sections of the brain. 

Statistical Analysis Statistical significance between groups was calculated by a two-way ANOVA 

with a repeated measures (time) design. Mean differences in total photocell counts between groups 

were also analyzed by Student's t-test (two-tailed) for independent measures. In addition, a two-
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way ANOVA was performed on data derived from experiment (4) to examine the drug-lesion 

interaction and to circumvent the potentially confounding elevated baseline in spontaneous activity 

observed in MR lesioned animals. Differences in 5-HT content were analyzed by Student's t-test 

(two-tailed) for independent measures. In all cases, a P value of 0.05 was considered statistically 

significant. 
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RESULTS 

Dose-Response Relationship for Cocaine and BTCP 

Cocaine produced a significant increase in locomotor activity in an orderly dose-dependent 

fashion across the 10, 20, and 40 mg/kg doses (t(10) = 2.27 and t(10) = 2.26; p < 0.05, 

respectively] (Figure 4). While the total locomotor activity produced by 60 mg/kg cocaine was 

significantly greater than that produced by the saline control [t(ll) = 2.93; p < 0.05], the difference 

in mean total photocell counts (+ SEM) produced by this dose (839.20 +. 277.08) and that 

produced by 40 mg/kg (1329.50 + 132.93) was non-significant [t(9) = 1.69; p > 0.05]. Cocaine 

injections of 40 mg/kg produced the greatest degree of locomotor activity. 

The mean photocell activity counts for each dose group during the 1-hour acclimation 

period before and 2-hour test period following an injection of the various doses of cocaine and 

BTCP are given in Figures 5 and 7. A 2 x 3 (pre-drug x time, 20 min. blocks) ANOVA with 

repeated measures indicated a significant decline in spontaneous activity over each of the 1-hour 

acclimation periods. The onset of cocaine effect for the 10 and 20 mg/kg doses was relatively rapid 

with peak changes in activity occurring at 20 min. postinjection. In addition, each of these doses 

had a similar time course for decline of drug effect. Saline (not shown) resulted in a characteristic 

progressive decline in photocell counts following injection. A 2 x 6 (drug x time , 20 min. blocks) 

ANOVA with repeated measures comparing the time course for the effect of saline and of 10 mg/kg 

cocaine indicated no significant drug effect (F = 3.22, df = 1,12; p > 0.05) and no significant drug 

x time interaction (F = 1.52, df = 5, 60; p > 0.05). However, a significant time effect was obtained 

(F = 25.17, df = 5,60; p < 0.01) reflecting the gradual but progressive decline in activity over the 

2-hour period. In contrast, the analysis of the time course for the 20 mg/kg cocaine effect versus 



43 

1600 i 

xT 1400 
CM 

1200 

§ 1000 
O 

Zj 800 -

600 -

400 -

200 -
•J-

SAL 10 20 40 

COCAINE (mg/kg) 
60 

Figure 4 Effects of cocaine and saline (SAL) on locomotor activity in rats (experiment 1). Values 
are expressed as the mean + SEM of total photocell counts over the 2-h recording period; N = 
5-8 animals per treatment group. 
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saline revealed a significant drug effect (F = 14.70, df = 1,12; p < 0.01), a significant time effect 

(F = 11.35, df = 5,60; p < 0.01), as well as a significant drug x time interaction (F = 3.55, df = 

5,60; p < 0.01) all of which reflect the greater degree of locomotor activity produced by this dose 

and the rapid decay of drug effect over the 2-hour test period. 

The time course for cocaine effect at 40 mg/kg was characterized by a gradual rise in 

locomotor activity with peak photocell counts occurring at 60 min. postinjection followed by a 

gradual decline in activity. This delay in onset of locomotor activity can be attributed to the 

stereotyped behavior, i.e., sniffing in cage corners, observed during the first 20-40 min. postinjection. 

A comparison of saline and drug effect over the 2-hour period showed a significant drug effect (F 

= 82.83, df = 1,12; p < 0.01), a significant time effect (F = 3.74, df = 5,60; p < 0.01), but no 

significant interaction between drug treatment and time (F = 1.85, df = 5,60; p > 0.05). 

The locomotor response to 60 mg/kg cocaine, like 40 mg/kg, peaked at 60 min. postinjection 

and was followed by a gradual decline in activity. The relatively fewer photocell counts recorded 

during the first 20-40 min. postinjection can be attributed to the fact that the rats were essentially 

motionless, lying or crouching on the cage floor. Indeed, one rat was so incapacitated at the 60 

mg/kg dose that the photocell counts recorded for this rat (total = 29) were not used in the data 

analysis. The ANOVA performed on these data indicated a significant drug effect (F = 8.61, df = 

1,11; p < 0.05), a significant time effect (F = 2.44, df = 5,55; p < 0.01), and a significant drug x 

time interaction (F = 4.14, df = 5,55; p < 0.01). The significant interaction term was due to the 

initial hypoactivity and subsequent hyperactivity observed in the 60 mg/kg cocaine group versus the 

progressive decline in activity recorded for the saline control group. 

Injection of 20 mg/kg BTCP produced the greatest degree of locomotor activity with 1041.83 

+. 281.05 total photocell counts for the 2-hour period. Like cocaine, BTCP elicited a significant 
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increase in locomotor activity in an orderly dose-dependent manner (Figure 6). Of all of the doses 

tested, only the 5 mg/kg dose failed to elicit total photocell counts that were significantly different 

from saline. In addition, the locomotor response induced by the highest dose of BTCP tested was 

not significantly different from that produced by 20 mg/kg BTCP [t(10) = 1.84; p > 0.05], 

The time courses for the locomotor effects of the various BTCP doses are presented in 

Figure 7. Again, the spontaneous activity during all acclimation periods as well as following saline 

injection (not shown) showed a characteristic progressive decline in photocell counts over time. 

The onset of the locomotor effect induced by 5 mg/kg BTCP was very rapid, within the first 20 min. 

postinjection and this level of activity was maintained throughout the first hour after which a 

gradual decline in activity was recorded. However, statistical analysis revealed no significant drug 

effect (F = 1.49, df = 1,12; p > 0.05) when compared with saline, but did indicate a significant 

time effect (F = 14.38, df = 5,60; p < 0.01) as well as a significant interaction between drug and 

time (F = 4.34, df = 5,60; p < 0.01). 

The locomotor effects of 10 and 20 mg/kg BTCP over the 2-hour test period were very 

similar. Both doses elicited peak responses at 40 min. postinjection and each had a similar time 

course for decline of locomotion following 80 min. postinjection. However, 10 mg/kg BTCP showed 

a sharp decline in locomotor activity during the 20 min. following the peak response. For both 

the 10 and 20 mg/kg BTCP doses there were significant drug effects (F = 8.17, df = 1,12; p < 0.05 

and F = 11.98, df = 1,12; p < 0.01, respectively), significant time effects (F = 7.74, df = 5,60; p 

< 0.01 and F = 12.26, df = 5,60; p < 0.01, respectively), and significant interaction terms (F = 

3.19, df = 5,60; p < 0.05 and F = 5.93, df = 5,60; p < 0.01, respectively). 

The highest dose tested (40 mg/kg BTCP) produced a significant drug effect (F = 13.62, 

df = 1,12; p < 0.01) compared to saline. A significant time effect (F = 8.40, df = 5,60; p < 
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0.01) and a significant drug x time interaction were also confirmed (F = 9.87, df = 5,60; p < 

0.01). The activity during the first hour was characterized by escalating stereotyped behavior, i.e., 

side-to-side head wagging, that waned by 60 min. postinjection. At 80-100 min. postinjection there 

was a marked increase in locomotor activity that began to peak at the completion of the 2-hour test 

period. Thus, the significant drug-time interaction term reflected the initial hypoactivity and 

subsequent hyperactivity. 

Figure 8 depicts the dose-response curves for cocaine and BTCP used in determining their 

relative potencies in eliciting locomotor responses. Maximum photocell counts (1329.50 +. 132.93) 

were obtained with 40" mg/kg cocaine whereas maximum photocounts (1041.83 +. 281.05) were 

obtained with 20 mg/kg BTCP. With reference to the maximum level of activity produced by 

cocaine, a D50 value of 8.99 mg/kg was calculated for BTCP while a D50 value 16.63 mg/kg was 

obtained for cocaine. 

In summaiy, cocaine produced an orderly dose-dependent increase in locomotor activity 

across the 10, 20, and 40 mg/kg doses while BTCP increased activity across the 5, 10, 20 mg/kg 

doses. The D50 values obtained for BTCP and cocaine indicate that BTCP is more potent in 

producing locomotor activity. However, a comparison of the maximum photocell counts obtained 

for each drug reveals that cocaine is overall more efficacious in eliciting locomotor effects. 

Because the 20 mg/kg dose of both cocaine and BTCP was capable of producing a robust 

locomotor response that was essentially devoid of stereotyped behavior, and because the two drugs 

have almost identical molecular weights, the 20 mg/kg dose (an equal molar concentration) of 

cocaine and BTCP was chosen for further testing in subsequent experiments. 

The Effects of p-CA Pretreatment on Stimulant-Induced 
Locomotor Activity 

The total locomotor activity produced by saline, cocaine, BTCP, PCP, and caffeine in p-
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CA and vehicle pretreated animals is shown in Figure 9. All drugs were found to elicit locomotor 

hyperactivity. Injection of saline resulted in a progressive decline in locomotor activity for which 

an expected significant time effect was confirmed (F = 64.26, df = 5,80; p < 0.01) (Figure 10). 

In addition, no significant difference was found for p-CA and vehicle pretreated animals with saline 

injection [t(16) = 0.269; p > 0.05]. The onset of cocaine effect (Figure 11) was very rapid, 

occurring within the first 20 min. for both p-CA and vehicle pretreated rats, with a rapid return to 

preinjection activity levels. P-CA pretreatment significantly increased cocaine-induced locomotor 

stimulation [t(16) = 2.20; p < 0.05]. In addition, a comparison of the time course for cocaine 

action in the p-CA and vehicle pretreated groups shows that this difference in activity was most 

pronounced during the first hour postinjection. Consequently, a significant treatment effect (F = 

4.86, df = 1,16; p < 0.05), a significant time effect (F = 66.16, df = 5,80; p < 0.01), and a 

significant treatment x time interaction (F = 4.24, df = 5,80; p < 0.01) were obtained. 

P-CA pretreatment produced a non-significant increase in BTCP-induced locomotor 

behavior [t(16) = 1.43; p > 0.05]. BTCP's peak effect (Figure 12) on locomotor activity occurred 

at 40 min. in both the p-CA and vehicle pretreated groups, with a steady decline in activity over 

the 60-100 min. period. Thus, time effect was the significant term (F = 148.51, df = 2,32; p < 

0.01) while there was no significant treatment effect (F = 0.12, df = 1,16; p < 0.05) nor significant 

treatment x time interaction (F = 0.11, df = 2, 32; p > 0.05). 

The time course for PCP effect in p-CA and vehicle pretreated rats (Figure 13) resembled 

that for cocaine; onset of effect was rapid although activity levels were less robust than that attained 

with cocaine. Likewise, p-CA pretreatment significantly increased the stimulatory effect of PCP 

[t(18) = 2.73; p < 0.05]. Statistical analysis of the time course for PCP action revealed a 

significant treatment effect (F = 7.47, df = 1,19; p < 0.05), a significant time effect (F = 21.37, 
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measures) 
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df = 5,90; p < 0.01), and a significant treatment x time interaction (F = 3.62, df = 5,90; p < 0.01). 

Caffeine's peak effect on locomotor behavior occurred at 20 min. postinjection with a 

gradual decline, but sustained hyperactivity in both the p-CA and vehicle pretreated animals 

throughout the remaining 80 min. of recording (Figure 14). However, p-CA pretreatment produced 

a non-significant decrease in the total locomotor activity induced by caffeine (t(16) = -1.61; p > 

0.05). Like saline, analysis of the time course of caffeine action revealed only a significant time 

effect (F = 10.07, df = 5,80; p < 0.01). 

To summarize, p-CA pretreatment significantly potentiated the locomotor response to 

cocaine and PCP, while, the pretreatment produced a non-significant increase in BTCP-induced 

hyperactivity and a non-significant attenuation of caffeine-induced locomotor behavior. 

The Effects of Ritanserin Pretreatment on Stimulant-Induced Locomotor Activity 

The total locomotor activity produced by saline, cocaine, BTCP, PCP, and caffeine in 

ritanserin and vehicle pretreated animals is presented in Figure 15. Again, all drugs were found 

to elicit locomotor hyperactivity. Injection of saline resulted in the expected progressive decline 

in locomotor activity and consequently a significant time effect (F = 53.51, df = 5,85; p < 0.01) 

was obtained (Figure 16). Moreover, no significant mean difference in locomotor activity was 

found between ritanserin and vehicle pretreated animals following saline injection (t(17) = 0.073; 

p > 0.05]. Like saline, the time course for ritanserin (-60-0 min. postinjection) showed only a 

significant time effect. 

The peak response to cocaine in the ritanserin pretreated animals occurred at 20 min. 

postinjection (Figure 17). The peak cocaine effect in the vehicle pretreated animals was somewhat 

delayed occurring at 40 min. postinjection, however, each group had a similar time course for 

decline of the drug action. Ritanserin pretreatment failed to significantly increase the cocaine-



700 
2 

© VEHICLE 
V p-CA 600 

O 
CM 

i f )  
I— 
z: 

500 

ZD 
O 
° 400 
_j 
_i 
Ld 
P 300 

O 
X 
CL 200 • 

100 • 

o-y/ 

-40 -20 0 20 40 60 80 100 120 
TIME (min.) 

Figure 14 Time course for the locomotor-activating effect of caffeine in rats pretreated with 
CA or vehicle (experiment 2). Note the decrease in activity in the p-CA group; significant (p 
0.05) treatment effect (ANOVA with repeated measures) 
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(CAFF) on locomotor activity in rats following ritanserin (solid bars) or vehicle (open bars) 
injection (experiment 3): numbers under drugs refer to dose (mg/kg); significant group effect for 
PCP and caffeine (Student's t-test, » p < 0.05, ** p < 0.01) 
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Figure 16 Time course for the locomotor-activating effect of saline in rats pretreated with 
ritanserin or vehicle (experiment 3): ritanserin injected at -60 min. 
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Figure 17 Time course for the locomotor-activating effect of cocaine in rats pretreated with 
ritanserin or vehicle (experiment 3): ritanserin injected at -60 min. 
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induced hyperactivity [t(I6) = 0.156; p > 0.05], And, statistical analysis of the time course for 

cocaine response in each group showed only a significant time effect (F = 45.20, df = 2, 32; p < 

0.01). 

Whereas BTCP's peak effect was again at 40 min. postinjection in vehicle pretreated 

animals, the ritanserin pretreated group showed a 20 min. delay (at 60 min. postinjection) in the 

BTCP peak response (Figure 18). Time course for BTCP action following 60 min. postinjection 

showed a similar decline in activity in both groups. Ritanserin pretreatment produced a non

significant increase in the total locomotor activity induced by BTCP [t(16) = 1.14; p > 0.05], 

And, like the time course for cocaine action, the only significant term revealed by the statistical 

analysis was time effect (F = 22.72, df = 5,80; p < 0.01). 

Ritanserin pretreatment significantly increased the total locomotor activity induced by PCP 

[t(18) = 3.05; p < 0.01). The time course of PCP effect again showed an early onset of drug 

action with progressive decline to preinjection activity levels. As may be seen in Figure 19, rats 

pretreated with ritanserin showed a greater degree of activity following PCP injection than did 

controls. The ANOVA conducted on the activity scores of these two groups indicated a significant 

treatment effect (F = 9.33, df = 1,18; p < 0.01), and a significant time effect (F = 31.61, df = 

5,90; p < 0.01), but no significant treatment x time interaction (F = 2.24, df = 5,90; p > 0.05). 

Curiously, ritanserin pretreatment produced a significant decrease in the total locomotor 

activity elicited by caffeine [t(16) = -2.14; p < 0.05]. The difference in activity levels between the 

treatment and control group was most apparent at 60-80 min. postinjection (Figure 20). Statistical 

analysis of the time course for caffeine effect revealed a significant treatment effect (F = 4.56, df 

= 1,16; p < 0.05), a significant time effect (F = 30.68, df = 5,80; p < 0.01), but a non-significant 

treatment x time interaction (F = 2.29, df = 5, 80; p > 0.05). 
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Figure 18 Time course for the locomotor-activating effect of BTCP in rats pretreated with 
ritanserin or vehicle (experiment 3): ritanserin injected at -60 min. 
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Figure 19 Time course for the locomotor-activating effect of phencyclidine in rats pretreated with 
ritanserin or vehicle (experiment 3): ritanserin injected at -60 min.; significant (p < 0.01) treatment 
effect (ANOVA with repeated measures) 
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Figure 20 Time course of the Iocomotor-activating effect of caffeine in rats pretreated with 
ritanserin or vehicle (experiment 3): ritanserin injected at -60 min.; significant (p < 0.05) treatment 
effect (ANOVA with repeated measures) 
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To summarize, ritanserin pretreatment was found to significantly potentiate the locomotor 

response induced by PCP and to significantly attenuate caffeine-induced hyperactivity. The 

potentiating effect of ritanserin pretreatment in PCP-injected animals was evident throughout the 

test period. The depression of caffeine-induced hyperactivity by ritanserin was most noticeable at 

60-80 min. following drug injection. 

The Effects of Medial Raphe CMR1 and Dorsal Raphe (PR1 Lesions on Stimulant-Induced 
Locomotor Activity 

The total locomotor activity produced by saline, cocaine, BTCP, PCP, and caffeine in MR 

and sham lesioned animals is presented in Figure 21. Although PCP and caffeine in sham lesioned 

rats had fewer total photocell counts (655.90 +. 69.31 and 349.90 +. 87.55, respectively) than was 

expected, the total photocell counts obtained for each drug were nonetheless significantly different 

from the counts obtained for saline in sham lesioned animals (p < 0.05). Indeed, all the drugs 

were again found to elicit locomotor hyperactivity. The time course for each drug resembled those 

obtained in previous experiments (See Figures 23-26). Most notable are the marked differences 

between MR and sham lesioned animals when the time courses for drug effect are compared. 

Similarly, the total locomotor activity for each drug is dramatically increased in MR lesioned rats 

versus the sham controls. Consequently, the ANOVA with repeated measures performed on the 

time course for each drug effect all revealed a significant treatment and time effect. However, as 

may be seen in Figure 21, the total locomotor activity of saline-injected animals with MR lesions 

was also significantly different from the saline-injected sham controls [t(17) = 3.23; p < 0.01]. In 

addition, the ANOVA with repeated measures performed on the photocell counts obtained from 

the time course for saline in MR and sham lesioned animals (Figure 22) showed a significant 

treatment effect (F = 10.46, df = 1,17; p < 0.01), a significant time effect (F = 11.40, df = 5,85; 

p < 0.01), as well as a significant treatment x time interaction (F = 7.11, df = 5,85; p < 0.01). 
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Figure 21 Effects of saline (SAL), cocaine (COC), BTCP, phencyclidine (PCP), and caffeine 
(CAFF) on locomotor activity in rats following an electrolytic lesion of the medial raphe (MR) 
nucleus (solid bars) or sham lesion (open bars) (experiment 4): numbers under drugs refer to dose 
(mg/kg); significant (** p < 0.01) group effect for all drugs and for saline (Student's t-test) 
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Figure 22 Time course for the locomotor-activating effect of saline in rats with medial raphe (MR) 
or sham lesion (experiment 4). Note the elevation in spontaneous activity for the MR lesion group 
during the acclimation period. 
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Figure 23 Time course for the locomotor-activating effect of cocaine in rats with medial raphe 
(MR) or sham lesion (experiment 4). Note the elevation in spontaneous activity for the MR lesion 
group during the acclimation period. 
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Figure 24 Time course for the locomotor-activating effect of BTCP in rats with medial raphe (MR) 
or sham lesion (experiment 4). Note the elevation in spontaneous activity for the MR lesion group 
during the acclimation period. 
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Figure 25 Time course for the locomotor-activating effect of phencyclidine in rats with medial 
raphe (MR) or sham lesion (experiment 4). Note the elevation in spontaneous activity for the MR 
lesion group during the acclimation period. 
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Figure 26 Time course for the locomotor-activating effect of caffeine in rats with medial raphe 
(MR) or sham lesion (experiment 4). Note the elevation in spontaneous activity for the MR lesion 
group during the acclimation period. 
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Moreover, a similar analysis of the time course for spontaneous activity during the pre-injection 

acclimation periods also revealed significant treatment effects, time effects, and significant treatment 

x time interactions. These data thus indicated that the MR lesion produced significant increases 

in spontaneous activity and it was thought that the magnitude of locomotor effects induced by the 

drugs might have been largely determined by the elevated baseline from which the drug response 

began. Consequently, a two-way ANOVA was performed on these data to determine the 

significance of the drug x MR interaction. Significant interaction terms were confirmed for cocaine 

(F =6.66, df = 1,30; p < 0.05), BTCP (F = 6,21, df = 1,32; p < 0.05) and caffeine (F = 11.82, 

df = 1,33; p < 0.01), but not for PCP (F = 0.66, df = 1,34; p > 0.05). 

To summarize, rats with electrolytic MR lesions exhibited a marked increase in spontaneous 

activity compared to controls. Consequently, locomotor effects produced by the MR lesion were 

embedded in the response induced by each drug which in turn confounded the results obtained with 

t-tests and the ANOVA with repeated measures. However, the drug x MR lesion interaction term 

derived from a two-way ANOVA revealed that the locomotor response induced by cocaine, BTCP, 

and caffeine, but not PCP, were indeed potentiated by the MR lesion. Thus, the combined 

locomotor response due to the MR lesion and these drugs was not simply an additive effect, but 

rather represented a multiplicative effect. 

The total locomotor activity produced by saline, cocaine, BTCP, PCP, and caffeine in DR 

and sham lesioned animals is shown in Figure 27. Unlike MR lesioned animals, rats with 

electrolytic DR lesions did not exhibit elevated baseline activity levels compared to their controls, 

or significant total photocell counts following saline injection [t(15) = 1.49; p > 0.05]. Saline in 

both DR and sham lesioned animals showed a progressive decline in activity over the 2-hour test 

period (Figure 28). Peak drug effects and time course for each drug was similar to those obtained 
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Figure 27 Effects of saline (SAL), cocaine (COC), BTCP, phencyclidine (PCP), and caffeine 
(CAFF) on locomotor activity in rats following an electrolytic lesion of the dorsal raphe (DR) 
nucleus (solid bars) or sham lesion (open bars) (experiment 5): numbers under drugs refer to dose 
(mg/kg); non-significant (p > 0.05) group effect for all drugs and for saline (Students t-test) 
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Figure 28 Time course for the locomotor-activating effect of saline in rats with dorsal raphe (DR) 
or sham lesion (experiment 5). 
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Figure 29 Time course for the locomotor-activating effect of cocaine in rats with dorsal raphe 
(DR) or sham lesion (experiment 5). 



77 

1200 -i 

1000 -

© SHAM 

V DR LESION 

800 -

600 -

400 

200 -

oy/ 

-40 

—l 1 1 1-

20 40 60 80 

TIME (min.) 
100 120 

Figure 30 Time course for the locomotor-activating effect of BTCP in rats with dorsal raphe (DR) 
or sham lesion (experiment 5). 
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Figure 31 Time course for the locomotor-activating effect of phencyclidine in rats with dorsal raphe 
(DR) or sham lesion (experiment 5). 
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Figure 32 Time course for the locomotor-activating effect of caffeine in rats with dorsal raphe 
(DR) or sham lesion (experiment 5). 
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in previous experiments (Figures 29-32). However, the DR lesion did not significantly increase or 

decrease the locomotor effect of any drugs tested. Like the time course for saline, the only 

statistically significant term was time effect for each drug test. 

In summary, rats with electrolytic DR lesions did not exhibit the hyperactivity observed 

in MR lesioned animals. In addition, DR lesions failed to potentiate or attenuate the locomotor 

response induced by any of the test drugs. 

Histology 

A total 10 rats received electrolytic lesions of the medial raphe (MR) nucleus. One of 

these ten became very ill following surgery and was subsequently euthanized. Of the 9 brains 

prepared for histological examination of the MR lesion, 3 were lost due to technical problems 

during slicing. Consequently, the data summarized in Figure 33 which displays the histological 

reconstruction of the smallest and largest lesions is based on 6 cases. Histological examination 

of the brainstem tissue indicated that at least 95% of the target nucleus was destroyed in all cases. 

Likewise, electrolytic lesions of the dorsal raphe (DR) were performed on a total of 10 

rats. Of these animals, one died 2 days following surgery. For the 9 rats that survived surgery, 

two were eliminated from the experimental data after histological analysis indicated only minor 

cell loss of the DR. Consequently, Figure 34 depicts the histological reconstruction of the smallest 

and largest lesions of the DR nucleus in the seven remaining cases. At least 60% of the target 

nucleus was destroyed in all cases. The largest lesions were found to be continuous with the brain 

aqueduct, however, non-specific damage was minimal. 

Biochemistry 

Determination of 5-HT content found that the concentration of 5-HT in the striatum, as 

compared to controls (1.19 ± 0.05 pmol/mg), was significantly decreased (0.22 +. 0.02 pmol/mg) 
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Figure 33 Coronal sections displaying the minimal damage (dotted area) and maximal damage 
(diagonal lined area) in the medial raphe lesioned subjects. The schematic represents the brain 
levels at 7.30, 7.64, 7.80, 8.00, and 8.30 mm posterior to bregma as labeled. (See Paxinos and 
Watson, 1986, for abbreviations) 
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Figure 34 Coronal sections depicting the minimal damage (dotted area) and maximal damage 
(diagonal lined area) in the dorsal raphe lesioned subjects. The schematic represents brain levels 
at 7.30, 7.64, 7.80, 8.00, and 8.30 mm posterior to bregma as labeled. (See Paxinos and Watson, 
1986, for abbreviations) 
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following p-CA pretreatment (t(16) = -18.0; p < 0.01]; a reduction of 81.5%. Similarly, 5-HT 

levels in the hippocampus were significantly reduced by 81.4% (0.31 +. 0.02 pmol/mg) with p-CA 

pretreatment compared to vehicle pretreatment (1.67 + 0.10 pmol/mg) [t(16) = -12.6; p < 0.01]. 

Measurements of 5-HT content of tissue from the dorsal raphe and sham lesioned groups were 

not available at the time this thesis was submitted. 
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DISCUSSION 

The assessment of serotonergic involvement in the DA-dependent locomotor stimulatory 

effects of cocaine, BTCP, and PCP has been the focus of this study. The present results demonstrate a 

differential sensitivity of cocaine-, BTCP-, and PCP-induced hyperactivity to pharmacological and 

surgical disruption of central serotonergic systems. In addition, it was found that the 

hyperlocomotive response to BTCP is dose-related; increasing the dose of BTCP will eventually 

increase the degree of stereotypy to a point where locomotor activity begins to decrease. This finding 

is consistent with the dose-dependent locomotor actions of other dopamine agonists, e.g., 

amphetamine, cocaine, and PCP (Scheel-Kruger, 1977; Meltzer et al. 1981). 

Disruption of serotonergic activity by pretreatment with the neurotoxin, p-CA, has the 

advantage of system-wide depletion of 5-HT, ensuring a maximum effect on dopaminergically 

stimulated behaviors. Unlike the tryptophan hydroxylase inhibitor, p-CPA, it does not appear to 

effect intestinal 5-HT or hepatic tryptophan hydroxylase activity (Sanders-Bush et al. 1972a) but 

produces long-term reductions in brain 5-HT concentration and tryptophan hydroxylase activity 

(Sanders-Bush et al. 1975; Lorens, 1978). Although depletion of brain 5-HT by p-CA is initially 

reversible, there is a gradual transition into an irreversible effect between 24 and 48 hours after 

injection (Fuller et al. 1975). Moreover, pharmacological evidence on the long-term effects of p- CA 

suggest that a significant depletion of 5-HT and reduction of brain tryptophan hydroxylase activity 

may persist for up to four months in adult rats after having received only a single dose of p-CA 

(Sanders-Bush et al. 1972b). Thus, in the present study p-CA was chosen in preference to p-CPA, the 

more commonly used tool in depleting 5-HT, because of its long lasting and relatively selective 
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effects. P-CA pretreatment has been shown to enhance apomorphine- and amphetamine stimulated 

locomotor activity (Grabowska and Michaluk, 1974; Segal, 1977). In the present study, p-CA 

pretreatment was shown to potentiate the DA-mediated locomotor effects of cocaine and PCP. Thus, 

these present results provide further evidence for the notion of an inhibitory role for 5-HT in the 

mediation of DA-dependent behaviors. In addition, the present findings suggest that the inhibition of 

5-HT uptake by cocaine (Ross and Renyi, 1969) and by PCP (Smith et al. 1977) may play an 

important role in dampening or counteracting their stimulant effects, and quite possibly, their 

reinforcing effects. That p-CA pretreatment failed to potentiate the BTCP-induced hyperactivity is 

puzzling in view of BTCP's known ability to facilitate DA neurotransmission via blockade of DA 

uptake. However, it is conceivable that with 5-HT depletion the animal becomes more sensitive to 

BTCP's capacity to induce stereotyped responses, i.e., 5-HT depletion by p-CA may lower the 

threshold dosage of BTCP required to elicit stereotypy. If this were the case, the stereotyped behavior 

would indeed displace the hyperlocomotor response. Another possible explanation that could 

account for this negative result might lie in the means by which 5-HT was depleted. There are, for 

example, reports that certain 5-HT axon types may be differentially affected by this neurotoxin 

(Kosofsky and Molliver, 1987), and that p-CA may have neurotoxic effects which are relatively 

selective to the cell bodies (B9) of the raphe centralis superior (Bertilsson et al. 1975; Harvey, 1978; 

Harvey et al. 1975; Neckers et al. 1976). It is thus possible that the differential effects observed with 

cocaine, BTCP, and PCP reflect the relative importance of various 5-HT neuronal substrates involved 

in their drug effects. Nonetheless, these results demonstrate the need for future investigations into 

the role of 5-HT in both stereotyped and locomotor behavior. 

Serotonin receptors in brain have been classified into three main types by radioligand 

binding: 5-HT1,5-HT2, and 5-HT3 (See Peroutka, 1988). 5-HT1 receptors have been further 
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subclassified into various subtypes (5-HT1A, 5-HT1B, 5-HT1C, and 5-HT1D), although the 

functional significance of the 5-HT receptors is far from being well understood. Ritanserin is a 

relatively selective, extremely potent, long acting, and centrally active 5-HT2 antagonist. In in vitro 

binding assays, ritanserin shows high affinity to 5-HT2 sites in rat frontal cortex tissue, and in in vivo 

binding assays, ritanserin dissociates very slowly from 5-HT2 and histamine (HI) sites and rapidly 

from DA D2 sites (Leysen et al. 1985). In addition, the distribution of 5-HT2 binding sites appears to 

be similar in rats and human brain with moderate to high densities found in the caudate nucleus and 

limbic areas, e.g., mammillary bodies, claustrum and lateral nucleus of the amygdala, respectively. 

This anatomical evidence would support a role for 5-HT2 receptors in the control of motor and 

emotive activity (Pazos et al. 1985,1987). Explorative studies with ritanserin, as well as with other 

compounds that have demonstrated concomitant 5-HT2 and D2 blocking properties, e.g., setoperone, 

risperidone, and clozapine, have shown them to be effective in alleviating the negative symptoms in 

chronic schizophrenia (i.e., elevation of mood with improvement of fatigue, drive, and motivation) 

and in diminishing the extrapyramidal side effects (EPS) associated with conventional neuroleptic 

treatment (Ceulemans et al. 1985; Gelders et al. 1986; Janssen, 1987). Other studies claim a 

beneficial effect of ritanserin in Parkinson's disease (Maerten de Neordhout and Delwaide, 1986; 

Meco et al. 1986). Moreover, it is thought that the potency of these drugs at 5-HT2 receptors may 

counteract their induction of EPS resulting from D2 blockade (Altar and Wasley, 1984, Ceulemans et 

al. 1984; Waldmeier, 1980). Indeed, the enhanced mood and motivation as well as antiparkinsonian 

effects might suggest a facilitary effect of these drugs on brain dopaminergic transmission through 

release from serotonergic inhibition. In agreement with this idea, Ugedo et al. (1989) have 

demonstrated that ritanserin (0.5-2.0 mg/kg, i.v.) dose-dependently increased both the burst firing and 

firing rate of DA neurons in the VTA (A10) and substantia nigra (A9). Thus, in the present study, it 
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was expected that ritanserin pretreatment would potentiate the DA-dependent locomotor effects of 

cocaine, BTCP, and PCP. However, PCP-induced locomotor activity was found to be potentiated 

while cocaine and BTCP was not. Again, these results may indicate a differential sensitivity of DA 

agonist-induced hyperactivity to pharmacological manipulation of the serotonergic systems. One 

explanation for these different effects might be related to the reported inhibitoiy effect of 5-HT on 

DA release in the striatum that is blocked by 5-HT2 antagonists (Ennis et al. 1981). Antagonism of 

these receptors by ritanserin may in fact lower the threshold dosage of cocaine and BTCP required to 

induce stereotyped behavior that is known to be mediated by nigrostriatal (A9) DA activity. 

Consequently, stereotyped behavior would predominate and the locomotor effects of these drugs 

would be diminished. Indeed, such an effect would be consistent with results suggesting that the 

facilitation of DA transmission by 5-HT antagonists, namely, ketanserin, mianserin, and minaprine, is 

due to blockade of the inhibitoiy effect of 5-HT on DA release at the 5-HT2 receptor on striatal nerve 

terminals (Muramatsu et al. 1988). In addition, this would be in good agreement with the 

therapeutic value of ritanserin in alleviating symptoms of Parkinson's disease and in reducing EPS. 

Again, experiments quantitating both stereotyped and locomotor drug effects might be useful in 

resolving this issue. 

That PCP-induced activity was potentiated by both p-CA and ritanserin pretreatment 

suggests that 5-HT uptake inhibition by PCP and subsequent 5-HT2 receptor activation by synaptic 5-

HT may be important for the modulation or attenuation of the locomotor, and possibly also, the 

rewarding effects of PCP. Further testing with other specific 5-HT receptor antagonists is clearly 

warranted, however, because it remains possible that 5-HT may produce its effects on PCP action, and 

for that matter, on BTCP and cocaine actions, via another 5-HT receptor subtype. Furthermore, the 

present data do not rule out the possibility that 5-HT may, in fact, exert its inhibitory effects on DA-
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mediated PCP effects through a non-serotonergic receptor. For instance, NMDA receptors located 

on nerve terminals of DA neurons have been shown to mediate inhibition of DA release (Deutsch et 

al. 1989; Schmidt, 1986) suggesting that diminished activation of these receptors via PCP antagonism 

may result in increased DA release. Thus, 5-HT may act to modulate the activity of the natural 

ligand, glutamate, at the NMDA receptor such that PCP cannot interact with the NMDA receptor 

complex. Consequently, if 5-HT activity were disrupted, as it was presently, it would be expected that 

PCP binding at this site would be disinhibited and that DA neurotransmission would be facilitated. In 

turn, DA-mediated locomotor behavior would be enhanced. 

The finding that caffeine-induced hyperactivity was significantly attenuated by ritanserin was 

unexpected given that this drug is not thought to act through a DA-mediated mechanism. Caffeine, 

like other methylxanthines, inhibits the action of phosphodiesterase (PDE) in catabolizing cyclic 

AMP, a chemical that is thought to be a intracellular second messenger for several neurotransmitter-

receptor systems. However, increased intracellular levels of cyclic AMP is not thought to be wholly 

responsible for the stimulant action since the levels of methylxanthine required to inhibit PDE are 

generally higher than those at which stimulation of CNS activity occurs. Rather, it has been suggested 

that the stimulatory effect of methylxanthines probably derives from their capacity to antagonize CNS 

adenosine receptors and neuronal chloride channels. Adenosine is a naturally occurring compound 

that can inhibit neuronal activity and behavior both through a direct action at postsynaptic sites on 

neurons as well as through an indirect action involving presynaptic inhibition of neurotransmitter 

release. Thus, the methylxanthines may produce excitation either by direct blockade of an inhibitory 

effect of adenosine at the neuron, or by an antagonism of the presynaptic inhibitory effect of 

adenosine on the release of an excitatory substance, e.g., ACh (See Taylor, 1986). 

The chloride channel is intimately associated with neuronal inhibition and appears to be 
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modulated by at least three different sites: a GABA-binding site, a benzodiazepine-binding site, and a 

picrotoxin-binding site. Caffeine has been shown to compete for binding at the benzodiazepine site. 

Benzodiazepines have anxiolytic and anticonvulsant properties by virtue of their ability to open the 

chloride channel, thereby increase the membrane conductance to the chloride ion and subsequently 

depress neuronal activity. Consequently, caffeine may produce its excitatory effect by reducing 

chloride conductance (See Taylor, 1986). That ritanserin was able to block caffeine- induced 

hyperactivity is indeed interesting in view of ritanserin's recently described anxiolytic effects. (Arriaga 

et al. 1985; Ceulemans et al. 1984; Colpaert et al. 1985; Leysen et al. 1985). Assuming that caffeine-

induced hyperarousal in the rat is a valid representation of an "anxiety" state, the inhibition of this 

drug action by ritanserin might be further support for ritanserin's anxiolytic activity. It is evident that 

further work would be needed to analyze and clarify this point which at present is simply speculation 

by this author. 

In agreement with Jacobs et al. (1974), it was found that electrolytic lesions of the medial 

raphe (MR) nucleus, but not the dorsal raphe (DR) nucleus, dramatically increased spontaneous 

locomotor activity. Like these authors (1975), it was also observed that the increased baseline activity 

of MR lesioned animals as compared with controls made it difficult to determine whether the lesion 

had also affected the magnitude by which the psychostimulant induced locomotor activity. To 

circumvent this problem, a two-way ANOVA was performed on these data and the drug-lesion 

interaction term examined. The results then indicated that MR lesions significantly potentiated the 

locomotor effects of cocaine, BTCP, caffeine, but not of PCP. In view of the evidence that 

amphetamine-induced locomotor stimulation in rats is potentiated by MR lesions (Lucki and Harvey, 

1979; Neill et al. 1972) and of the present findings with cocaine and BTCP, it is tempting to argue, as 

others have, that these data provide further support for a DA and 5-HT interaction in the control of 
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locomotor activity. However, MR lesions were also found to potentiate caffeine- induced 

hyperactivity. This observation is comparable to that made by Jacobs et al. (1975) who found that 

MR lesions potentiated the locomotor effects of not only amphetamine but also of scopolamine, an 

ACh antagonist. As suggested by these authors, the most plausible explanation for these results is 

that MR lesioned animals, but not DR lesioned animals, become hyperreactive to a variety of agents 

which increase behavioral responsivity. Consequently, the potentiation of cocaine- and BTCP-

induced hyperlocomotion observed following MR lesions in the present study may merely reflect 

special cases of a more general phenomenon. The MR area may in fact play a more general role in 

behavior arousal. That DR lesioned animals did not exhibit increased baseline activity or display 

enhanced stimulant-induced hyperactivity suggests that the DR nucleus does not share this function 

with the MR nucleus. 

That PCP-induced locomotor activity was not potentiated by MR lesions corroborates the 

results of Nabeshima et al. 1983) who demonstrated that MR lesions did not alter the sensitivity to 

PCP-induced hyperactivity 7 days after the operation. However, in the present study, it is difficult to 

reconcile this negative finding with the results obtained with cocaine, BTCP, and caffeine. Further, 

the negative result with PCP is inexplicable in terms of its known mechanism of action. This 

discrepancy in the present data will have to be resolved by future investigations. 

Finally, since it is well known that no brain lesion produces destruction specific to its target, 

the data obtained in the present lesion studies, may be due in part, to destruction of non- serotonergic 

neurons despite the fact that MR and DR lesions generally produce significant reductions in 

hippocampal and striatal 5-HT content, respectively. As was alluded to above, non- serotonergic cells 

and fibers of passage within the region of the MR may play a role in mediating the locomotor effects 

of psychostimulants. Indeed, Asin and Fibiger (1983) have found that intra- MR injections of the 
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serotonergic neurotoxin, 5,7-DHT, did not induce spontaneous hyperactivity while intra-MR 

injections of the excitotoxic agent, ibotenic acid, which preserves fibers of passage but destroys all cell 

bodies, did increase activity in rats. In addition, the finding that acute intra- MR microinjections of 

the GABA agonist, muscimol, also produce hyperactivity provides further support for the notion that 

cells within the immediate vicinity of the MR play a role in spontaneous locomotor activity (Klitenick 

et al. 1985; Sainati and Lorens, 1982; Wirtshafter et al 1988). Whether these same surgical and 

chemical manipulations would also enhance psychostimulant-induced activity has not yet been 

addressed. 

The serotonergic inhibition of dopaminergically generated behaviors has sustained research 

interest because of the implications of the interaction for psychostimulant abuse in humans and for 

the understanding and treatment of schizophrenia. The evidence for such a functional relationship 

between 5-HT and DA is still highly circumstantial making it difficult at present to accept or discard 

with certainty any hypothesis. The present experiments provided the first comparative data linking 

the locomotor-stimulating effects of cocaine, BTCP, and PCP to 5-HT function. The results of these 

experiments have shown hat 5-HT disruption differentially affects the locomotor stimulating action of 

these drugs. This differential sensitivity to 5-HT disruption may reflect the relative importance of 5-

HT and various 5-HT systems in the DA mediated-action of these drugs. It is quite possible that the 

relative potencies of these drugs in blocking 5-HT reuptake may be directly related to their 

reinforcing properties and to the drug preference (e.g., cocaine) of substance abusers. That 5-HT is 

capable of modulating DA neurotransmission would further suggest a role for 5-HT in schizophrenia. 

Loss and subsequent augmentation of serotonergic tone may underlie the course of the illness in 

chronic (Type II) schizophrenic patients, and explain the beneficial effects derived from 5-HT2 

antagonists in treating negative symptoms. Further, the natural integrity of both the DA and 5-HT 
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systems may prove to be a major predisposing factor in drug addiction, and in both idiopathic and 

drug-induced psychoses. This would suggest that future treatment strategies should target both the 5-

HT and DA components of these conditions. 
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