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ABSTRACT 

This study was designed to characterize the effects of 

PCP and PCP derivatives on dopamine systems using 

electrophysiological and behavioral methods. TCP, a high 

affinity PCP/NMDA receptor ligand only increased A10 firing 

while BTCP, a high affinity DA reuptake ligand only decreased 

activity. PCP with similar affinity for the NMDA and reuptake 

sites, produced a dose dependent bimodal change in the 

activity of A10 neurons. Lesions of the nucleus accumbens or 

treatment with picrotoxin, a GABA antagonist attenuated the 

BTCP and high dose PCP inhibitory effects thus supporting the 

existence of a GABAergic accumbal-VTA feedback pathway. 

Furthermore, BTCP and PCP produced significant increases in 

locomotor activity which were attenuated by accumbens lesions. 

The present data provide an explanation for PCP's bimodal 

effects and possibly for its psychotomimetic properties as 

well as abuse liability which may reside with its blockade of 

dopamine reuptake in the mesoiimbic system. 
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INTRODUCTION 

The dissociative anesthetic phencyclidine (PCP) exhibits 

complex behavioral effects and some of these effects have been 

linked to an interaction with dopaminergic pathways within the 

central nervous system (CNS). It has been suggested that 

phencyclidine induces a "schizophreniamimetic" syndrome in man 

(Domino and Luby, 1973). Biochemical and behavioral studies 

have concluded that phencyclidine acts as a nonamphetamine 

indirect dopamine (DA) receptor agonist in rat (Meltzer et 

al., 1981). For example, phencyclidine and phencyclidine 

derivatives inhibit dopamine uptake into synaptosomal or 

brain slices (Garey and Heath, 1976; Smith at al., 1977) and 

increase dopamine release from slices (Vickroy and Johnson, 

1982) . It has been shown that the inhibition of dopamine 

uptake by phencyclidine and some analogs can be significantly 

correlated with their binding to the PCP receptor and DA 

uptake complex (Vignon and Lazdunski, 1984). 

The effects of phencyclidine also have been assessed 

electrophysiologically in a number of different areas of the 

brain. For example, it was reported that systemically injected 

phencyclidine increased the firing rate of neurons of the 

substantia nigra pars compacta, inhibited cells of the locus 

coeruleus and had no effect in the dorsal raphe (Raja and 

Guyenet, 1980). Further studies found that intravenously 
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administered phencyclidine excited (i.v. dose < lmg/kg) as 

well as inhibited (larger doses) the activity of dopamine 

neurons in the ventral tegmental area of the midbrain. 

(French, 1986). 

It is these neurons within ventral tegmental area of the 

midbrain which provide dopaminergic innervation to the 

mesolimbic and mesocortical area of the brain, that are 

thought to play a crucial role in schizophrenia. Since it has 

been suggested that the psychosis evoked by PCP is regarded 

as the best pharmacological model for schizophrenia available 

at the present time (Allen and Young, 1978; Snyder, 1980), it 

is important to determine the sites and mechanisms by which 

phencyclidine alters the activity of those dopamine pathways. 

Previous work from our lab found that nucleus accumbens 

lesions abolished the high dose PCP inhibitory effect while 

leaving the low-dose excitations intact (Ceci and French, 

1989). Moreover, MK-801, which is a potent PCP receptor 

agonist with virtually no presynaptic dopaminergic properties, 

evokes only excitations of the ventral tegmental area dopamine 

neurons. Thus, it was hypothesized that as the dose of PCP 

increases, its presynaptic effects (blockade of dopamine re

uptake) predominate over its other PCP/NMDA-receptor-mediated 

actions. This results in an augmentation of mesolimbic 

dopamine function with elevated synaptic concentrations of 
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dopamine which in turn drives inhibitory feedback pathways to 

slow ventral tegmental area dopamine cell firing rate. This 

negative feedback pathway is similar to that from striatum to 

substantia nigra (Aghajanian G.K. and B.S. Bunney, 1973). 

Also, drugs which have a presynaptic mode of action, such as 

cocaine and d-amphetamine are potent inhibitors of dopamine 

cell firing. 

The goal of this investigation is to determine how the 

phencyclidine derivatives with differential affinities for 

the PCP/NMDA receptor complex and dopamine transporter site 

affect the activity of ventral tegmental area dopamine 

neurons. In this study, I will compare and contrast the 

effects of N-[l-(2-thiophenyl)cyclohexyl]piperidine (TCP) 

which has about a 60-fold higher affinity for the 

phencyclidine receptor (K0 5=0.026^iM; Vignon et al., 1982; 

Vignon et al., 1986) than for the dopamine uptake complex 

(IC50=1.6/xM; Vignon et al., 1988) with N-[l-(2-

benzo(b)thiophenyl)cyclohexyl]piperidine (BTCP, GK13) which 

has a 1000-fold higher affinity for the dopamine uptake site 

(IC50=8nM; Vignon et al., 1988) than for the phencyclidine 

receptor (K0 5=6/iM) , and with phencyclidine which has 

K05=O.25/iM for the phencyclidine site and a IC50=0.5/^M for 

dopamine uptake complex. Furthermore, I will investigate the 

possible involvement of a GABA feedback pathway in mediating 
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part of the response of ventral tegmental area dopamine 

neurons to high doses of PCP. 
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LITERATURE REVIEW 

Phencvclidine fPCP) 

Phencyclidine is a colorless crystalline product, melting 

at 234-236°C with a molecular weight of 279.86 (phencyclidine 

hydrochloride). Its chemical structure is 1-

(phenylcyclohexyl)piperidine (Figure 1) . Phencyclidine was 

first synthesized in 1956 by Dr. Victor Maddox of the Product 

Development Department of Parke Davis and Company. It was 

synthesized by an unusual elimination reaction occurring in 

the treatment of alpha-aminonitriles with Grignard reagents. 

The Effects of Phencvclidine 

Phencyclidine acted mainly on the central nervous system 

with the effect varying with the animal species and dosage. 

PCP elicited responses that ranged from ataxia, excitation, 

and catalepsy to a condition of surgical anesthesia. The 

general pattern of observed responses is dose-dependent 

generally progressing from an excitatory phase (increase 

locomotor activity, hallucinations) to the depression of 

nervous system function (anesthesia, analgesia). The 

depressive effects are confined to higher cortical activity 

with little effect on peripheral autonomic processes, thus 

accouting for the term dissociative anesthetic. 

The neurochemical substrate(s) of phencyclidine (PCP)-

induced behaviors is not well understood, but there is 
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Fig.l Structure of Phencyclidine (PCP) 
MW = 279.86 
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considerable evidence that phencyclidine interacts with a 

variety of neurotransmitters in the central and peripheral 

nervous system. Phencyclidine is known to interact with 

catecholaminergic, serotonergic, and cholinergic systems. 

Behavioral pharmacological studies indicate that phencyclidine 

may be acting as an indirect dopaminergic agonist similar to 

amphetamine (Finnegan et al., 1976; Balster and Chait, 1978; 

Murray and Horita, 1978; Fessler et al., 1979) and/or as a 

cholinergic antagonist (Finnegan et al., 1976; Maayani et al., 

1974; Chait and Balster, 1979). 

The characteristics of phencyclidine suggest that the 

drug may have actions at several levels in the central nervous 

system and possibly at several receptor systems at the 

molecular level. The specific binding of phencyclidine is 

highest in the cerebral cortex and corpus striatum, 

intermediate in thalamus and hippocampus, and lowest in 

medulla oblongata-pons, olfactory bulb, hypothalamus and 

cerebellum, but no significant binding can be detected in the 

spinal cord (Vincent et al., 1979). 

Phencyclidine has previously been shown to competitively 

inhibit the synaptosomal uptake of 3H-DA (Garey and Heath, 

1976) and increase the release of dopamine from its vesicular 

storage site suggesting a possible role for dopamine in some 

of the amphetamine-like behavioral effects of phencyclidine 
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(Johnson, 1987). In addition, phencyclidine inhibits the 

actions of glutamate at the N-methyl-D-aspartate (NMDA) 

receptor by binding to specific sites within the NMDA 

receptor-ion channel complex (Lodge et al., 1987). Therefore, 

some of the characteristic behavioral effects of phencyclidine 

may result from reduced neurotransmission at excitatory 

synapses utilizing NMDA receptors (Johnson, 1987; Lodge et 

al., 1987; Koek and Woods, 1988). That phencyclidine has both 

indirect dopamine agonist properties and phencyclidine 

receptor-mediated NMDA antagonist properties may explain in 

part its complex profile of behavioral activity. Moreover, it 

has been shown that phencyclidine inhibits the binding of [3H] 

cocaine (IC50=317nM; Vignon J. et al., 1988; Schoemaker, H., 

et al., 1985) and [3H] nomifensine (IC50=77nM; Vignon J. et 

al., 1988; Dubocovich, M.L. and Zahniser, N.R., 1985), two 

inhibitors of the dopamine uptake, with affinity similar to 

the phencyclidine receptor (K0 s=0.25juM) . These latter findings 

have been interpreted to indicate an interaction with the 

dopamine transporter site. 

Phencyclidine Derivatives 

Depending upon the dose and species, phencyclidine is an 

excitant or a cataleptoid anesthetic. There are now many 

derivatives of phencyclidine which are arylcyclohexylamines. 

While all of these agents have somewhat similar 
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pharmacological actions they also have important differences, 

both quantitatively as well as qualitatively. These include, 

in addition to phencyclidine: N-ethyl-l-phencyclohexylamine 

(cyclohexylamine-PCE); 1-(1,2-thienylcyclohexyl)piperidine 

(TCP); N-[1-(2-benzo(b)thiophencyclohexyl]piperidine (BTCP); 

and 2-(o-chlorophenyl) -2-methylamine cyclohexanone (Ketamine) . 

Some of them have been either given therapeutically (eg. 

ketamine) or have been taken by humans in the context of 

illicit drug use. These chemicals, in general, produce effects 

on the central nervous system which, in small doses, include 

a "drunken state" with numbness of the extremities, while 

moderate doses are analgesic and anesthetic. The psychic state 

crudely resembles sensory isolation except that sensory 

impulses, if tested electrophysiological^, reach the 

neocortex but the neuronal signals are grossly distorted. In 

addition, cataleptoid motor phenomena are seen. Large doses 

of these agents produce convulsions. This is especially true 

of phencyclidine. Grand mal seizures can be observed during 

comatose states. There are marked species differences in the 

effects of these agents. These compounds produce autonomic and 

cardiovascular effects including sympathomimetic actions such 

as tachycardia, hypertension and potentiation of catecholamine 

physiology through blockade of reuptake mechanisms similar to 

that produced by cocaine. 
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Phencyclidine and its derivatives share a complex 

behavioral profile which is characterized in its early phase 

by an indirect dopaminergic agonist component (Meltzer, H.Y., 

et al., 1981). Those behaviors include locomotor 

hyperactivity, sterotypy and ataxia, (Castellani and Adams, 

1981 a,b; Meltzer, H.Y. et al., 1981). In vitro studies have 

demonstrated the interaction of the drug with various targets 

including the ionic channel linked to the glutamate-N-methyl-

D-aspartate receptor (NMDA) (Wong, E.H.F., et al., 1988), and 

the dopamine uptake complex (Meltzer, H.Y., et al., 1981; 

Smith, R.C., et al., 1977; Vignon, J. and Lazdunski, M. et 

al., 1984). The binding of phencyclidine and its derivatives 

to these two targets seemed to be correlated (Vignon, J. and 

Lazdunski, M. , 1984) . However, it has been shown that this 

correlation is true only for phencyclidine derivatives which 

bear an unsubstituted phenyl ring. The nature of the aromatic 

part of the molecule determines its selectivity either for the 

phencyclidine receptor or for the dopamine uptake complex 

(Chaudieu, I., et al.,1989; Vignon, J., et al., 1988). Thus 

the replacement of the phenyl ring by a sulfur containing 2-

thienyl ring leads to a molecule (N-[l-(2-

thienyl)cyclohexyl]piperidine, TCP) (Figure 2) which is more 

selective for the phencyclidine receptor. However, the 

replacement of the phenyl ring by a benzothiophenyl moeity (N-
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[l-(2-benzo(b)thiophenyl)cyclohexyl]piperidine, BTCP) (Figure 

3) leads to a compound potent at inhibiting dopamine uptake 

but almost devoid of affinity for the phencyclidine receptor 

(Chaudieu, I., et al., 1989; Vignon, J., et al., 1988). In 

fact, [3H]BTCP has been shown to be a high affinity probe for 

the study of the dopamine uptake complex in vitro (Vignon, J., 

et al., 1988; Vignon, J. and Pinet, V., 1988). In the [3H]DA 

uptake inhibitory process, BTCP is much more effective than 

cocaine (Schoemaker, H., et al., 1985), nomifensine 

(Dubocovich, M.L. and Zahniser, N.R., 1985) or mazindol 

(Javitch, J.A. , et al., 1983) and as potent as GBR 12783 

(Bonnet, J.J. et al., 1986), considered to be both a specific 

and selective dopamine transporter ligand (Table-2). 

That phencyclidine and phencyclidine derivatives with an 

unmodified phenyl group show a good correlation between the 

inhibition of [3H]DA uptake and [3H]PCP binding may suggest 

that dopamine uptake sites and phencyclidine receptors share 

a common molecular structural feature similarly recognized by 

the phenyl group of these compounds. The order of their 

ability to inhibit [3H]DA uptake is BTCP > PCP > TCP > desTCP 

and in contrast, their rank order of potency at inhibiting 

[3H]PCP binding from rat brain membranes is des-TCP > TCP > 

PCP > BTCP (Vignon, J., et al., 1988) (Table-1). 



Fig.2 Structure of N-[l-(2-thiophenyl)cyclohexyl] 
piperidine (TCP) MW = 285.88 

Fig.3 Structure of N-[l-(2-benzo(b)thiophenyl)cyclohexyl] 
piperidine (BTCP) MW = 335.5 
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Table-1 The Activities of PCP and PCP Derivatives 

Drug K0 _5  [3H]PCP (MM) IC50 [3H]DA bat) icda/kpcp 

PCP 0.25 0.50 2 

TCP 0.026 1.6 61 

des-TCP 0.017 4.7 276 

BTCP 6.8 0.008 " 0.001 

Table from Vignon et al. (1988) 



22 

Table-2 Interaction of Several Neurochemicals and PCP 
Derivatives with the Striatal Dopamine Uptake Complex and the 
High Affinity [3H]BTCP Binding Site 

Drug K0 5 [3H]BTCP (nM) IC50 [3H]DA (nM) 

BTCP 8.4 13.9 

GBR 12783 17 27 

nomifensine 140 77 

cocaine 384 317 

PCP 726 530 

TCP 1330 1293 

Table from Vignon et al. (1988) 



23 

It is expected that phencyclidine exerts its 

pharmacological activity via an action both at the dopamine 

reuptake site and on the phencyclidine receptor. However, the 

pharmacological activity of TCP is believed to be primarily 

mediated via its interaction with the phencyclidine receptor 

while that of BTCP is thought to take place through the 

blockade of dopamine reuptake. Behavioral studies of BTCP in 

mice have shown that BTCP increases locomotor activity. 

Phencyclidine Elicits a Schizophrenic-like Psychosis 

The introduction of l-(phenylcyclohexyl)piperidine 

(phencyclidine, PCP) as an intravenous anesthetic in man in 

the late 1950s produced a number of unexpected consequences. 

Although the drug was shown to be an analgesic and anesthetic 

in moderate doses, smaller amounts caused a remarkable 

psychotomimetic picture. Furthermore, a large number of 

patients who recovered from anesthesia had an emergence 

delirium which in some cases lasted for weeks. The emergence 

phenomena include hallucinations, agitation and/or delirium. 

The uniqueness of phencyclidine is that in low doses the drug 

does not readily produce hallucinations, but more of the 

primary symptoms of schizophrenia. These schizophrenomimetic 

properties of phencyclidine caused it to be withdrawn from 

further clinical trials and an intensive search for a shorter 

acting compound without the marked emergence delirium was 
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initiated and culminated in the development of ketamine (Trade 

name Ketalar). 

There is extensive evidence that an imbalance between 

dopamine and acetylcholine is relevant to the development of 

the psychotic state in man (Meltzer and Stahl, 1976). However, 

it also appears that psychotic-like symptoms can come about 

through other neurotransmitter imbalances such as excessive 

serotonergic activity, as might be expected following 

administration of the indole hallucinogens such as LSD 

(Domino, 1975) and excessive GABA-ergic activity, as might be 

expected to follow upon muscimol administration (Brimblecombe 

and Pinder, 1975). No doubt, imbalances of other 

neurotransmitters or neuromodulators can induce psychoses in 

man. Disturbances in electrolyte balance, such as calcium 

(Carman and Wyatt, 1979), can alter membrane function or 

neuronal excitation and thus may also be involved in the 

etiology of the psychoses. Conceivably, all these factors 

could operate through a final common pathway. The 

schizophrenic or manic-like psychosis induced by phencyclidine 

administration might be related to a disturbance of the 

dopaminergic-cholinergic balance or through other sites still 

to be elucidated (Meltzer and Stahl, 1976). 

Interestingly, much evidence has been compiled linking 

phencyclidine to an interaction with the A10 mesolimbic 
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dopamine system (Domino, E.F., 1981). For example, increased 

locomotor activity elicited by phencyclidine in the rat could 

be prevented by blockade of dopamine receptors (Sturgeon, 

R.D., et al., 1981), or by destruction of the mesolimbic 

pathway with the neurotoxin, 6-hydroxydopamine (6-OHDA) 

(French, E.D. and G. Vantini, 1984). In addition, 

phencyclidine has been shown to increase the release and 

inhibit uptake of dopamine in in vivo and in vitro 

preparations (Vickroy, T.W. and K.M. Johnson, 1980). Thus it 

is obvious that phencyclidine has merit as a possible drug 

model of schizophrenia. 

Why is a schizophrenic psychosis markedly exacerbated by 

phencyclidine? Could this be merely due to blockade of the 

neuronal uptake of dopamine and therefore consistent with the 

dopamine hypothesis of schizophrenia? If so, 

schizophrenomimetic emergence reactions due to phencyclidine 

should be controlled by dopamine antagonists and they are not! 

So the answer to this puzzling phenomenon is not known. When, 

it is, it may provide us with a better understanding of the 

nature of schizophrenia. 

Phencyclidine Abuse 

Although phencyclidine was originally classed as a 

hallucinogen, the effects are not similar to those of other 

hallucinogens and quite different patterns of use and abuse 
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have evolved. Patterns of daily use of phencyclidine are being 

reported with increasing frequency, consequently, the effects 

of chronic administration of phencyclidine are of increasing 

interest and concern. 

Phencyclidine (PCP) abuse in humans can lead to severe 

and occasionally permanent changes in personality, 

indistinguishable from a schizophrenic symptomatology. Chronic 

abusers of phencyclidine have been reported to use increasing 

amounts of the drug, probably to offset the development of 

some tolerance to the euphoric effects. However, dysphoria can 

actually occur with continued use of large doses (Fauman, 

M.A. , and B.J. Fauman, 1978; Lerner, S.E., and R.S. Burns, 

1978). 

It is amazing that phencyclidine, a general anesthetic-

convulsant which in low doses distorts body image and 

profoundly disrupts cognitive processes (Dominos and Luby, 

1973) is self-administered by animals as well as human beings. 

The study of phencyclidine seems particularly interesting if 

one asks what mechanisms make man dependent on a drug. As a 

matter of fact, phencyclidine is one of those substances the 

effects of which are particularly complex and which unites in 

itself many of the properties of numerous addicting drugs. 

This product thus offers the possibility to explore certain 

common mechanisms which bring about drug dependence. 
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Schizophrenia 

Schizophrenia is characterized by disturbed form and 

content of thought. Bleuler described the primary symptoms of 

schizophrenia as disorders of (a) mental association, (b) 

thinking and behavior, and (c) loss of affect. The secondary 

symptoms are an interaction with environmental and psychogenic 

factors with delusions, hallucinations, autonomic and motor 

distortions. 

Schizophrenia also can be characterized by two somewhat 

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

symptomatology. The negative symptoms, e.g., flattened affect, 

social withdrawal, anhedonia, lack of motivation, may be 

thought of as behavioral deficits. In contrast, positive 

symptoms which include the core psychotic phenomena of 

delusions and hallucinations, are behaviors that patients do 

engage in, but normal persons do not (Pogue-Geile, M.F. and 

J. Zubin, 1988) 

The positive and negative symptoms are hypothesized to 

come from two different kinds of dysfunction. The positive 

symptoms have been suggested to arise from hyperactivity 

within the mesolimbic mesocortical system dopamine pathways 

which originate from the ventral tegmental area (VTA). These 

cells provide dopamine innervation to the nucleus accumbens 

(N.Acc) and frontal cortical areas (Ljungber, T., and U. 
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Ungerstedt, 1985). The identity of possible transmitter 

candidates subserving the negative symptomatology is much less 

clear. Transmitter systems other than dopamine must be altered 

in schizophrenia, though we do not yet know whether any of the 

changes are causal or secondary. 

Brain Dopamine Pathways 

For a considerable time it was believed that dopamine was 

merely a precursor in the synthesis of norepinephrine (NE). 

However, the histofluorescence technique of catecholamine 

identification revealed that dopamine was present in 

relatively large amounts in localized areas of the brain and 

was unaccompanied by similar concentrations of norepinephrine. 

This finding implies that dopamine might have a specific role 

as a neurotransmitter in the brain. It is now believed that 

dopamine constitutes more than 50 percent of brain 

catecholamines. The remaining catecholamines include 

norepinephrine and epinephrine. 

Contemporary studies of the neuroanatomy of the rat brain 

have shown that there are at least four dopaminergic pathways 

within the central nervous system (Ungerstedt, 197la; Thierry 

et al., 1973; Lindvall and Bjoklund, 1974; Berger et al., 

1976; Jacobowitz, 1978). Figure (4) presents sagittal sections 

showing dopaminergic pathways. Cells from A8 in the 

ventrolateral midbrain tegmentum give rise to axons that 
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Fig. 4 DOPAMINE PATHWAYS. From the zona compacta of the 
substantia nigra (A,) , nigrostriatal fibers project to the 
caudate nucleus. From the ventral tegmentum (A10) , 
mesolimbocortical dopamine axons project to forebrain 
structures such as the nucleus accumbens, the olfactory 
tubercles, and cortical areas (After Ungerstedt, 1974b; 
Lindvall and Bjorklund, 1974) . 
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continue rostrally through cerebral peduncles of the midbrain 

and join axons emanating from cells in A9 that are located 

mostly in the zona compacta of the substantia nigra. The 

combined axons give rise to the nigrostriatal pathway which 

innervates the caudate-putamen as well as the central nucleus 

of the amygdala. The nigrostriatal pathway plays an inhibitory 

role upon cholinergic neurons in the caudate-putamen. In 

humans, degeneration of the dopamine cells in the substantia 

nigra results in the tremors, spasticity, and poverty of 

movement in patients with Parkinson's disease. Cell bodies 

from A10 dopamine neurons are found in the midline of the 

tegmentum just above the interpeduncular nucleus and within 

the decussation of the superior cerebellar peduncle (ventral 

tegmentum). Axons of these cells also course rostrally and 

join the mesolimbic projection pathway. These fibers terminate 

in forebrain areas such as the nucleus accumbens, olfactory 

tubercle, the interstitial nucleus of the stria terminalis, 

the septum, and the nucleus of the diagonal band of Broca, all 

areas presumed to mediate primitive reactions to olfactory 

stimuli. More recently fibers have been found by more 

sensitive histofluorescence methods to extend in this pathway 

(along with some fibers in A9) to the frontal cortex (Lindvall 

and Bjorklund, 1974). This constitutes the dopaminergic 

mesocortical pathway. The mesolimbic and the mesocortical 
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systems have been implicated in the etiology of schizophrenia, 

that is, they become too active or their target cells seem to 

be too sensitive to the transmitter dopamine (Bunney and 

Aghajanian, 1978) . The mesolimbic system with its mesocortical 

extensions, is commonly referred to as the mesolimbocortical 

dopamine pathway. 

Additional dopamine pathways emanate from cells in All, 

which is a nuclear group dorsolateral and more rostral to AlO 

and is found in the posterior hypothalamus. The A12 group is 

found in the arcuate nucleus of the hypothalamus and forms the 

tuberoinfundibular tract that projects to the median eminence 

and the pituitary gland. A13 seems to be a rostral extension 

of All and gives rise to an incertohypotnalamic system that 

projects to the dorsal and anterior hypothalamic areas 

(Bjorklurd et al., 1975). Making up another part of the 

incertohypothalamic tract are fibers from A14, a covered 

cluster of cells found along the midline as part of the 

rostral portion of the paraventricular nucleus of the 

hypothalamus. A14 fibers project into the diencephalon. These 

systems probably are all involved in the control of secretion 

of pituitary hormones and provide a strong and significant 

linkage between neural and hormonal systems (Lindvall and 

Bjorklurd, 1974). 

Dopamine (DA^ Hypothesis of Schizophrenia 
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The dopamine hypothesis of schizophrenia is based on a 

concept of functional hyperactivity of central dopamine 

neuronal systems, particularly those that originate in the 

midbrain tegmental area (VTA) and project to the limbic and 

cortical areas of the forebrain. In accordance with this 

concept, the usual management of schizophrenia is based on 

treatment with neuroleptics that primarily block the 

postsynaptic D2-DA receptor (Helmeste and Seeman, 1983). The 

DA receptor blockade, however, occurs immediately after 

neuroleptic administration, whereas antipsychotic efficacy 

requires 1-2 weeks of continuous neuroleptic medication. The 

effects of acute and chronic neuroleptic treatment on dopamine 

function differs considerably. Acute receptor blockade 

increases dopamine turnover and activates tyrosine 

hydroxylase, the enzyme that regulates catecholamine 

synthesis. Both of the acute effects are attenuated by chronic 

D2-DA receptor blockade, which also leads to the development 

of dopamine receptor supersensitivity. It has been repeatedly 

argued that chronic dopamine receptor blockade is required for 

the antipsychotic effect of neuroleptics. 

Glutamate and Glutamate Hypothesis of Schizophrenia 

Glutamate is an excitatory transmitter of cortico-striate 

neurons (Kim, J.S., et al., 1977) and in the hippocampo-septal 

pathway (Zaczek, R., 1979) and presumably in a hypothetical 
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corticomesolimbic projection. 

The predominant biological hypothesis of schizophrenia 

today is the "dopamine hypothesis". However, there is no 

convincing indication of a primary dopaminergic dysfunction 

in schizophrenia (Farde et al., 1987; Kornhuber et al., 

1989a). Therefore, the fundamental abnormalities may well be 

located in a different system which is somehow linked to the 

dopaminergic neurons. 

There might be a glutamatergic disturbance in 

schizophrenia: The glutamatergic and dopaminergic systems are 

tightly linked to each other, thus possibly explaining the 

therapeutic action of neuroleptic drugs (Kim et al., 1980, 

1986; Kornhuber et al., 1984). Dopamine functionally 

antagonizes the glutamatergic system. For instance, activation 

of dopamine receptors inhibits calcium-dependent glutamate 

release from cortico-striatal terminals (Rowlands, G.J. and 

P.J. Roberts, 1980). Blockade of dopamine receptors by 

neuroleptic drugs, therefore, is expected to enhance the 

release of glutamate (for review, see Kornhuber and Kornhuber, 

1986). 

An underfunction of the glutamatergic system has been 

recently discussed in the pathogenesis of schizophrenia (Kim, 

J.S., et al., 1980; Zhu, C.G. , et al., 1981; Kirnhuber, J. and 

E.G. Fischer, 1982; Kim, J.S., et al., 1986). An important 
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contribution to this hypothesis is the observation that 

phencyclidine (PCP), a powerful psychotomimetic drug, acts at 

one subtype of receptor activated by glutamate, the N-methyl-

D-aspartate (NMDA) receptor (Anis, N.A., et al. , 1983). PCP 

and the non-competitive NMDA receptor antagonist dizocilpine 

(MK-801) seem to act by binding to the open conformation of 

the ion channel of the PCP/NMDA receptor complex resulting in 

a non-conpetitive blockade of glutamate action at the NMDA 

site (Lehmann, J. and P.L. Wood, 1988). 

The psychotomimetic effects of PCP and related drugs have 

been interpreted in terms of their action on dopamine 

neurotransmission recently (Meltzer, H.Y. and S.M. Stahl, 

1976). However, there are now two reports showing that 

dizocilpine, which binds to the PCP receptor with higher 

affinity than PCP itself, induces locomotor-stimulatory 

effects acting via dopamine-independent mechanisms (Wong, 

E.H.F. et al., 1986; Carlsson, M. and A. Carlsson, 1989; 

Klockgether, T., et al., 1990). The psychotomimetic action of 

PCP is not only faster and stronger than that of amphetamine, 

it also causes negtive symptoms in addition to productive 

psychotic symptoms (Petersen and Stillman, 1978). An existing 

schizophrenia may be exacerbated by PCP (Luby et al., 1959). 

Furthermore, in monoamine-depleted rodents dizocilpine 

potentiates the locomotor-stimulatory effects of the dopamine 
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receptor agonists apomorphine and levodopa, and reveals the 

locomotor-stimulatory effects of the alpha2-adrenoceptor 

agonist clonidine and the muscarinic cholinoceptor antagonist 

atropine (Carlsson, M. and A. Svensson, 1990; Klockgether, T. 

and L. Turski, 1990). Such observations suggest that 

schizophrenia and related psychoses may result from a primary 

glutamate deficiency independent of dopaminergic tone 

(Carlsson, M. and A. Carlsson, 1989; Carlsson, M. and A. 

Svensson, 1990). 

PCP probably exerts its effects via the glutamatergic 

system and it becomes increasingly clear that PCP and related 

drugs (e.g. Ketamine) act as blockers of the NMDA receptor-

conpled ion channel (Foster and Fagg, 1987). Thus PCP behaves 

as an indirect glutamate antagonist. The hypothesis that PCP 

produces its psychotomimetic effects via the NMDA receptor 

(Kornhuber et al., 1984; Kim et al., 1986) has since then 

received much more interest (Etienne and Baudry, 1987). Taken 

together, the "glutamate hypothesis" unifies the 

psychotomimetic effects of PCP and the therapeutic activity 

of dopamine antagonists in the treatment of schizophrenia. The 

"glutamate hypothesis" might provide a new pharmacological 

approach in the therapy of schizophrenia. 

At least three hypotheses have been developed that 

attempt to account for all the evidence for the role of the 
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dopaminergic and glutamatergic systems, and propose that 

imbalances between the two systems are involved in the 

etiology of schizophrenia: 

(1) Activation of dopamine receptors located on nerve 

terminals of corticofugal glutamatergic neurons (mediating 

inhibition of glutamate release) may result in a deficient 

glutamatergic neurotransmission; neuroleptics should exert 

their antipsychotic effect by strengthening glutamatergic 

activity (Kornhuber, J. and M.E. Kornhuber,1986). 

(2) Diminished activation of NMDA receptors located on nerve 

terminals of dopamine neurons may result in increased dopamine 

release. Conversely, the potentiation of NMDA 

neurotransmission, e.g. by activation of the glycine site of 

the NMDA receptor-ionophore complex, should exert 

antipsychotic activity (Deutsch, S.J., et al., 1989; Schmidt, 

W., 1986). 

(3) Glutamate and dopamine operate independently of one 

another on GABAergic inhibition of the excitatory 

thalamocortical pathway (the thalamic filter dysfunction 

hypothesis) (Carlsson, A., 1988). This pathway forms an 

important part of a cortico-striato-thalamo-cortical feedback 

loop serving to protect the cortex from an overload of 

information and hyperarousal (Wachtel, H. and L. Turski,1990) . 

GABAeroic Inhibition of Neurons in the Ventral Tegmental Area 
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In 1950, Roberts and Frankel reported that gamma-aminobutyric 

acid (GABA) could be found in brain extracts of many species. In 

1956, reports at an international congress announced that GABA 

inhibited electrical activity in the brain; and in 1957, studies 

with convulsant drugs indicated that GABA had an inhibitory role 

in the central nervous system. 

GABA is a ubiquitous inhibitory neurotransmitter widely 

distributed in the central nervous system with the highest 

concentrations found in the substantia nigra, globus pallidus, and 

other brain areas rich in cell bodies, whereas low amounts are were 

found in white matter. 

Interest in the possibility that dopamine neurons of the 

ventral tegmental area (VTA) receive an inhibitory GABAergic input 

was initiated by the suggestion that overactivity of mesolimbic 

dopamine neurons in schizophrenia might be associated with some 

deficit in GABA input to these neurons (Fuxe, K. , et al., 1975; 

Stevens, J.L., et al., 1974). Evidence of a GABAergic input to 

ventral tegmental area neurons has come from electrophysiological 

and neuropharmacological experiments (Mogenson, G.J., et al., 1979; 

Stevens, J.L., et al., 1974; Yim, C.Y. and G.J. Mogenson, 1980). 

The source of these GABAergic projections has not been 

demonstrated, but based on indirect evidence, it has been proposed 

that some of this GABAergic input may come from the nucleus 

accumbens (Waddington, J.L. and A.L. Gross, 1978; Wolf, P., et al., 
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1978) . This conjecture is supported by the finding that unilateral 

injections of kainic acid (toxic for neuronal cell bodies) into the 

nucleus accumbens produced moderate depletions of the GABA 

synthesizing enzyme glutamic acid decarboxylase (GAD) in the 

accumbens and ventral tegmental area (Waddington, J.L. and A.J. 

Cross, 1978). This result is consistent with a GABAergic accumbal-

ventral tegmental pathway. However, modulating GABA interneurons 

intrinsic to the ventral tegmental area, must also be considered. 

Thus, it is not clear whether the inhibitory innervation is 

a direct GABAergic projection from the nucleus accumbens or instead 

involves short GABAergic interneurons within the ventral tegmental 

area. Further studies have suggested the presence of both (Yim,C.Y. 

and G.J. Morgenson, 1980; Waddington, J.L. and A.J. Cross, 1978) . 

In addition to the inhibitory responses of the ventral tegmental 

area, excitation was observed in some cases (Yim, C.Y. and G.J. 

Morgenson,1980). The excitatory responses indicate that a pathway 

other than the GABAergic may also project from the nucleus 

accumbens to the VTA. However, the nature of the transmitter 

involved is not yet known. 

The nucleus accumbens does not appear to be the only structure 

that provides a descending GABAergic input to the ventral tegmental 

area. Dopamine neurons in the ventral tegmental area also receive 

inhibitory input from the preoptic area (Maeda, H. and G.J. 

Morgenson, 1980), amygdala and septum although it has not been 
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shown that these pathways are GABAergic. 

The level of activity of mesolimbic dopamine neurons seems to 

have major influences on behavior. Blocking GABAergic input to the 

mesolimbic dopamine neurons has been shown to initiate 

hyperactivity and increase self-stimulation rates from the nucleus 

accumbens. Although the precise role of the GABAergic input to 

these neurons is not known, it clearly serves a modulatory role in 

regulating the activities of the dopamine neurons in different 

behavioral responses (Yim,C.Y. and G.J. Mogenson, 1980). 
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MATERIALS AND METHODS 

Subjects 

All experiments were carried out on male Sprague-Dawley 

rats (Harlin Sprague Dawley, Inc.) weighing between 220-320g. 

The animals were maintained in a central animal facility under 

controlled lighting (12hr light/dark schedule) and 

temperature, with free access to food and water. 

Animal Preparation 

All the surgeries were performed on chloral hydrate 

(350mg/kg, i.p.) anesthetized rats according to procedures 

approved by the University of Arizona Animal Care and Use 

Committee and federal regulations governing the treatment of 

animals. For the electrophysiological recordings, the rats 

were also fitted with a tracheal breathing tube and a 25 gauge 

needle was inserted into a lateral tail vein. Throughout the 

recording procedure, body temperature was monitored and 

maintained at 37°C by a direct current heating pad with a 

temperature controller. 

Lesions 

Lesions of the nucleus accumbens were made with the 

excitotoxins, kainic acid and radiofrequency lesion 

techniques. Also, bilateral injection of the neurotoxin 6-

hydroxydopamine (6-OHDA) and sham vehicle lesions of the 

nucleus accumbens were performed for the behavioral tests. 
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A unilateral kainic acid injection was made through a 30 

gauge stainless steel cannula connected to a microliter 

Hamilton syringe. Kainate was dissolved in 0.1M phosphate 

buffered saline and adjusted (when necessary) with NaOH to PH 

7.0. The final concentration used for injection of kainate was 

2iig in 0.75 fil. The stereotaxic injections were made over a 

period of 3min and the cannula left in place for an additional 

3 min before its removal. Kainate injections were made at a 

point 3.6mm anterior to bregma and 1.5mm lateral to midline 

at a depth below dura of 7.2mm with the incisor bar (Kopf 

stereotaxis) set at 5mm above interaural zero. 

For the bilateral and unilateral radiofrequency lesion 

of the nucleus accumbens, the electrode (Kopf) was lowered to 

the same coordinates used for the kainate injections and the 

electrode tip temperature maintained at 60°C for 15 seconds. 

Bilateral 6-OHDA and vehicle injections were performed 

the same way as kainate injection. However, 30min prior to 6-

OHDA all rats received 50 mg/kg IP pargyline, a monoamine 

oxidase inhibitor. 6-OHDA was made up to a free-base 

concentration of 4/xg/|il dissolved in a vehicle solution of 0.2 

mg/ml ascorbic acid in 165mM NaCl. A total of 2/J,1 6-OHDA or 

vehicle were injected. 

A recovery period of 7-14 days was allowed before 

beginning the electrophysiological assessments and behavioral 
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tests. 

Electrophysiological Measures 

Animals were mounted in a stereotaxic apparatus (Kopf) 

with a nose bar setting of -2.4mm below the interaural zero. 

A burr hole was then made in the skull over the ventral 

tegmental area and the dura incised. The coordinates for 

locating the ventral tegmental area were translated into mm 

from bregma (5-5.4mm posterior), the midline suture (0.5-lmm 

lateral) and depth below the dura (6.2-7.8mm). 

Single-unit extracellular recordings were made with 

single glass capillaries pulled and broken back (under 

microscope control) to a tip diameter of approx 1/xm and filled 

with a solution of 0.5M sodium acetate containing 2% Pontamine 

sky blue. The in vitro impedance of the electrodes ranged from 

12—20Mfi. The microelectrode was lowered into the ventral 

tegmental area with a micrometer drive digital readout 

micromanipulator (Narishigi). Unit action potentials were 

amplified, filtered from background noise (1-lOKHz) , displayed 

on an oscilloscope and passed through a voltage-gating window 

discriminator for integration and display on a multichannelled 

recorder as a ratemeter recorder. In addition to audio 

monitoring, the amplified signal was fed into an Apple II + 

computer, configured for the generation of interspike-interval 

histograms, with continuous tabulation of the average firing 
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rate/sec. 

Presumptive dopaminergic neurons were identified 

according to well-characterized criteria which included: (1) 

biphasic (or occasionally triphasic) positive-negative 

waveform action potentials; (2) duration of action potential 

of more than 2 msec; (3) firing rates of less than 10 

spikes/sec; (4) regular firing patterns with or without 

occasional bursts of action potentials with decrementing size; 

and (5) histological localization of recording electrode dye 

spot within the VTA (German, Dalsass and Kiser, 1980; Yim and 

Mogenson, 1980; Wang, 1981; Freeman and Bunney, 1984) . Once 

a neuron with these characteristics was isolated from the 

background, the activity was monitored for a period of time 

(minimum of 5 minutes) sufficient to insure stability of the 

recording. An intravenous bolus (lml/kg) of saline was then 

administered to control for possible changes in the firing 

rate associated with the injection procedure and to establish 

the basal rate against which the effects of subsequent 

injections of test drugs would be compared. Where possible, 

the inhibition of activity by apomorphine and its reversal by 

haloperidol were used as additional indices for identifying 

dopaminergic neurons. Doses of PCP and POP derivatives: TCP, 

desTCP, and BTCP were calculated on the basis of the weight 

of the hydrochloride salt. The rats received PCP or TCP or 
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desTCP in increments up to a maximum cumulative dose of 

6mg/kg. For BTCP a total dose of 16mg/kg was given. Also, in 

some animals 2-2.5mg/kg picrotoxin was administered (0.25mg/kg 

each injection) following the last injection of PCP, or in the 

case of BTCP, when the firing rate was decreased 50% or more 

from the basal firing rate. 

At the completion of the last test, dye was passed from 

the recording barrel by a constant-current source (-IOjuA for 

15 minute). The animal was then perfused with a 4% formalin-

saline solution and prepared for cryostat sectioning, Coronal 

sections (35jum) of the ventral tegmentum were mounted on 

slides and examined at the light microscopic level for the 

location of the dye spot. 

Histology 

Light microscopic techniques were used to evaluate the 

location and extent of neuronal cell loss (gliotic area) in 

control and lesioned animals. Following intracardial perfusion 

with a solution of 4% formalin in 165 mM NaCL under deep 

anesthesia, the brain was removed and placed in the fixation 

solution containing 20% sucrose (w/v) for a period of 3 days. 

The fixed brains were than prepared for cryostat sectioning 

with approximately every fifth coronal section (35jiim 

thickness) affixed to a glass slide, dehydrated, rehydrated, 

counterstained with thionin and examined. 
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Behavioral Measures 

Locomotor activity was measured in cages with mesh (10 

x 10mm) floors, fronts, and backs, and plexiglass tops. Each 

cage measured 20cm high x 25cm wide x 36cm long with two 

infrared photocell beams placed 2cm above the floor and 

dividing the long axis of the cage into three equal segments. 

Photocell-beam interruptions were wired to electronic counters 

and were recorded every 20 minute. All testing took place in 

a quiet, lighted room following drug administration. On the 

day prior to drug treatment all rats of the particular drug 

test were acclimated to the room and test cages for a minimum 

of 4hr. On the day of injection the rats were again exposed 

to the testing cages for an additional 60minute. Following 

injection no entry into the room occured until the 2-hr test 

period was complete. 

In the experiment, the 6-OHDA lesioned and control 

animals (N=6/group) received three drug treatments: saline, 

PCP and BTCP. The animals were injected with BTCP (16mg/kg) 

on day 14, saline on day 18, and PCP (5mg/kg) on day 22 

postlesion. All drug concentrations are given as the salt form 

and all volumes of drug injection were lml/kg and injected IP. 

Data Analysis 
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Pharmacological Calculation System-Version 4.0 (Relative 

Potency II: Statistical Analysis) was used for the relative 

potency of BTCP in lesioned and control groups. Also, 

differences between dose-response curves in lesioned and 

control groups were statistically evaluated by a 2-way ANOVA 

with a repeated measures (dose) design. 

For the photocell counts, statistical significance 

between groups was calculated by a two-way ANOVA on a repeated 

measure (time). Total photocell measurements of activity were 

also compared by two-tailed t-test for independent samples. 

In both cases, a P value of 0.05 was considered 

statistically significant. 

Drugs 

Phencyclidine hydrochloride (PCP) and l-[l-(2-

thienyl)cyclohexyl]piperidine Hydrochloride (TCP) were 

obtained from NIDA Research Technology Branch; desTCP, BTCP 

were obtained from J.-M. Kamenka, Ecole Nationale Superieure 

de Chimie, France; haloperidol, as the Haldol concentrate from 

McNeil Pharmaceutical, Spring House, PA.; Kainic acid, 

apomorphine hydrochloride, picrotoxin and chloral hydrate from 

Sigma Chemical Co., St. Louis, MO. 



47 

RESULTS 

Identification of Dopaminergic Neurons 

Single-unit extracellular recordings were made from 

presumptive dopaminergic neurons identified by physical 

landmarks and electrophysiological characteristics. The VTA 

neurons examined in this study had regular or slow bursting 

patterns of firing with spontaneous rates of 0.7 to 7.23 

spikes/sec (mean ± SEM=3.31 ± 0.2 spikes/sec.). These 

presumptive dopaminergic cells also had distinctive positive-

negative going action potentials of > 2msec in duration and 

frequently a notch on the ascending limb. Upon histological 

verification all the cells selected for testing and included 

in the analysis of data were found between 6100 and 8000 nm 

below the dura (mean depth of 7050 nm) and ventral to a zone 

of rapidly discharging (15-30 spikes/sec) neurons with large 

amplitude action potentials and < 1 msec in duration. Based 

upon recording depths and histological reconstruction of 

electrode paths this latter area corresponded to the nucleus 

ruber ( French, 1986). 

Histology 

The intracerebral injection of kainic acid (unilateral) 

produced complete destruction of the nucleus accumbens with 

some accompanying damage to the olfactory tubercle, septal 

nucleus and the medial-ventral part of the caudate (Figure 
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5b). In addition to the primary excitotoxic areas of 

destruction secondary zones of gliosis were also observed 

bilaterally in the deep prepiriform cortex, entorhinal cortex, 

amygdala and dorsal hippocampus. These sites of secondary cell 

loss are known to occur with intracerebral injections of 

kainic acid and are believed to result from kainate induced 

seizure activity rather than from the diffusion of toxin to 

distant structures (Ben-Ari et al., 1979). Although smaller 

concentrations and /or volumes of kainic acid have been tried, 

these result in lesions which are quite variable in size 

between animals (Ceci and French, 1989). Thus, the present 

dose was used to produce consistent and maximal destruction 

of the nucleus accumbens for use in the electrophysiological 

evaluation. 

As can be seen from the histological evaluation, the 

radiofrequency lesion of the nucleus accumbens resulted in 

more circumscribed destruction and negligible involvement of 

striatal tissue (Figure 5a) , and no distant cell loss. 

However, it was also obvious that the extent of the lesion was 

less than that found following kainate treatment. Bilateral 

radiofrequency lesions had the same effect except they 

lesioned both side (Figure 5c). 

Effects of Phencvclidine and Phencvclidine Derivatives (TCP. 

desTCP. BTCP) on Ventral Tegmental Area (VTA) Dopaminergic 
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Neurons 

The response of 55 VTA dopaminergic neurons was measured 

after the intravenous administration of phencyclidine (PCP) 

and phencyclidine derivatives thienyl-cyclohexylpiperidine 

(TCP), benzothiophenyl-cyclohexylpiperidine (BTCP) and 2-

thienyl-cyclohexyl 3'4' des H-piperidine (desTCP). Of the 

total, 10 cells were tested after PCP injection. PCP (i.v.) 

produced a distinctive bimodal dose-dependent 

increase/decrease change in firing rate with a maximum change 

of +50% over baseline rate occurring at a cumulative dose of 

0.75-lmg/kg followed by a decline to -20% below baseline 

activity at 6mg/kg (Figure 6). During the excitation phase, 

there was a progressive decrease in the amplitude of the 

action potential but in the inhibitory phase a change in the 

size of the action potential was not usually apparent. This 

result is identical with previous findings in our lab (French, 

1988). 

Intravenous injections of TCP (N=9) produced only 

increases in VTA neuronal activity which averaged a maximum 

of +64% over baseline rate at 5mg/kg cumulative dose (Figure 

6) . This stimulatory effect was also accompanied by a 

progressive decrease in the amplitude of the action potential. 

However, the response of VTA neurons to desTCP, which has 

been reported to have a higher affinity for the PCP receptor 
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than TCP, was not only 3-fold less (+23%) efficacious than TCP 

in its stimulatory actions, but it was also biphasic (Fig 6). 

Although the desTCP results are inexplicable, they do concur 

with its lower potency in other assay systems (Chaudieu et 

al., 1989). 

In contrast, BTCP (N=28), which is a potent dopamine re

uptake inhibitor but a weak displacer of [3H] PCP binding 

produced profound decreases in VTA neuronal activity reaching 

a maximum -62% below baseline after a cumulative dose of 

8mg/kg (Fig 6). This resembles the 64% inhibition seen with 

d-amphetamine (AMP) (Ceci, A. and E.D. French, unpublished 

observation). This inhibition induced by BTCP also was 

accompanied by a progressive increase in the amplitude of the 

action potential similar to that seen during the inhibition 

of A10 cell firing induced by the dopamine autoreceptor agonist 

apomorphine. 

The Effect of Picrotoxin After PCP and BTCP Administration 

If picrotoxin was subsequently administered after PCP or 

BTCP injection, the PCP (N=5) or BTCP (N=8) induced slowings 

of VTA dopamine neuron firing rate were reversed completely. 

At the cumulative dose of 2mg/kg, the activity of VTA 

dopaminergic neuron averaged +10% over baseline rates (Figure 

7). This increase of firing was not accompanied by a change 

in the size of the action potential. 



51 

The Effects of BTCP and Picrotoxin on Dopaminergic Neurons 

After Nucleus Accumbens Lesion 

When the electrophysiological response of VTA 

dopaminergic neurons to BTCP and picrotoxin were tested in 

accumbens lesioned animals, there were notable differences 

quantitatively from the control responses. Intravenous 

injections of BTCP in control animals resulted in a maximum 

decrease in VTA neuronal activity of -62% at a cumulative dose 

of 8mg/kg. However, the same dose of BTCP produced a maximum 

decrease of VTA neuronal activity of -48% following unilateral 

radiofrequency lesion of nucleus accumbens (U.RF) (N=12); -

40% in unilateral kainate (U.K) lesioned animals (N=9) and 

only -27% inhibition of firing inrats with bilateral 

radiofrequency (B.RF) lesions (N=5). Thus, the dose response 

curves for BTCP in lesioned animals were shifted to the right 

in the order of U.RF < U.K < B.RF (Figure 8). 

When relative potency calculations were made of 

BTCP1effects in the lesioned groups it was found that BTCP was 

1.5 times more potent in control than in unilateral nucleus 

accumbens radiofrequency lesion; 3 times more potent than in 

unilateral kainic acid lesion; and 5.5 times more potent than 

in bilateral radiofrequency lesion group. 

The lesions also produced the same effects in the 

picrotoxin reversal animals. Namely, the dose response curve 
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of picrotoxin was shifted to the right (Figure 9). 

Statistical evaluation found these quantitative 

differences to be highly significant (F=8.2, df=3, 38, 

P<0.01). The Post hoc statistical results also showed that 

each lesion group was significantly different from the 

controls: unilateral radiofrequency lesion versus the control, 

F=6.8, df=l, 26, P<0.05; unilateral kainic acid lesion versus 

the control, F=21.6, df=l, 23, P<0.01; bilateral 

radiofrequency lesion versus the control, F=20.9, df=l, 19, 

P<0.01. 

The lesion effects also did not appear to be related to 

different basal firing rates, since the baseline rates in 

lesioned animals were 4.29+0.38 spikes/sec versus 3.31+0.2 

spikes/sec in the controls, a non significant difference (2-

tail test). 

Locomotor Behavior 

BTCP (N=6) produced a significant increase in locomotor 

activity at the dose of 16mg/kg (Figure 10, 13) (F=40.3, df=l, 

11, P<0.01; t=6.41, df=10, PcO.OOl 2-tail). The mean total 

photocell counts (2 hours) were: BTCP=1219+134 versus 

Saline=322+39. PCP (N=4) also produced a significant increase 

in locomotor activity (703+69) at the dose of 5mg/kg (Figure 

10, 13) (t=5.2, df=8, P<0.001 2-tail). 



53 

Bilateral 6-OHDA lesion of the nucleus accumbens 

significantly attenuated the hyperactivity induced by BTCP and 

PCP (Figure 10): (1) BTCP, mean total photocell counts (2 

hours): sham lesioned= 1219+134, lesioned=532+59. F=15.9, 

df=l,8, P<0.01; t=3.95, df=8, P<0.01 2-tail. The peak change 

in activity was found at 40-60 min postinjection for the sham 

lesion group and 60-80 min postinjection for the 6-OHDA 

lesioned group (Figure 11) ; (2) PCP, mean total photocell 

counts (2 hours): sham=703+68, lesion=428+74. t=2.7, df=6, 

P<0.05 2-tail. The peak change in activity was found at 20-30 

min postinjection and had a similar time course for decline 

of the drug effect between sham and 6-OHDA lesioned groups 

(Figure 12). Saline injection produced no difference between 

sham and lesioned groups. The mean total photocell count (2 

hours): sham=322.6+40, lesion=322+51. F=1.3, df=l, 11, a non 

significant difference; t=0.01, df=9, a non significant 

difference (Table-3) (Figure 9) . 
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Table-3 Locomotor Effects of Saline, PCP and BTCP on Sham and 
6-OHDA Nucleus Accumbens Lesioned Animals 

Drug 
Mean Photocell 

Sham 
Counts8 (2 hrs) 

6-OHDA P-Valueb 

Saline 322±40 322+51 NS 

BTCP 1219+34 532+59 <0.01 

PCP 703+68 428+74 <0.05 

a: Mean ± SEM; N = 6 

b: Student's t-test (two tailed); NS = not significant 
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Bregma 320 mm 

Fig.5a Graphic reconstruction of neuronal cell loss following 
unilateral radiofrequency lesions (60°C, 15sec.) (N=12) of the 
nucleus accumbens. The smallest area of destruction that was 
observed is denoted by stippling and the largest area by 
horizontal lines. All other cases were between these two 
extremes. The numbers under each panel refer to the anterior-
posterior coordinates from bregma for that section based upon 
the atlas of Paxinos and Watson (Paxinos G. and C. Watson, 
1986). Abbreviations: ac, anterior commissure; Acb, nucleus 
accumbens; aop, anterior olfactory nucleus; cc, corpus 
callosum; Cg., 2 3, cingulate cortex, areas 1, 2, and 3: cl, 
claustrum; CP*, caudate-putamen; Dp, dorsal peduncular cortex; 
Fr1 2, frontal cortex, areas 1 and 2; IL, infralimbic cortex; 
LO," lateral orbital cortex; MVO, media ventral orbital cortex; 
VLO, ventral lateral orbital cortex. 
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Fig.5b Graphic reconstruction of neuronal cell loss following 
unilateral kainic acid lesions (N=9) of the nucleus accumbens. 
The smallest area of destruction that was observed is denoted 
by stippling and the largest area by horizontal lines. All 
other cases were between these two extremes. The numbers under 
each panel refer to the anterior-posterior coordinates from 
bregma for that section based upon the atlas of Paxinos and 
Watson (Paxinos G. and C. Watson, 1986). Abbreviations: ac, 
anterior commissure; Acb, nucleus accumbens; aop, anterior 
olfactory nucleus; cc, corpus callosum; Cg,, 2 3, cingulate 
cortex, areas 1, 2, and 3: cl, claustrum; CP, caudate-putamen; 
Dp, dorsal peduncular cortex; Fr1 2, frontal cortex, areas 1 
and 2; IL, infralimbic cortex; LO, lateral orbital cortex; 
MVO, media ventral orbital cortex; VLO, ventral lateral 
orbital cortex. 
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Fig.5c Graphic reconstruction of neuronal cell loss following 
bilateral radiofrequency lesions (60°C, 15sec.) (N=5) of the 
nucleus accumbens. The smallest area of destruction that was 
observed is denoted by stippling and the largest area by 
horizontal lines. All other cases were between these two 
extremes. The numbers under each panel refer to the anterior-
posterior coordinates from bregma for that section based upon 
the atlas of Paxinos and Watson (Paxinos G. and C. Watson, 
1986). Abbreviations: ac, anterior commissure; Acb, nucleus 
accumbens; aop, anterior olfactory nucleus; cc, corpus 
callosum; Cg, 2 3, cingulate cortex, areas 1, 2, and 3: cl, 
claustrum; CP*, caudate-putamen; Dp, dorsal peduncular cortex; 
Fr1 2, frontal cortex, areas 1 and 2; IL, infralimbic cortex; 
LO," lateral orbital cortex; MVO, media ventral orbital cortex; 
VLO, ventral lateral orbital cortex. 
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Fig.6 Dose response curve for PCP, TCP, des-TCP and BTCP in 
single unit extra-cellular recording. PCP produced a dose 
dependent increase/decrease in the activity of A10 neurons. 
TCP elicited a dose dependent increase while BTCP produced a 
dose dependent decrease in firing rates. Des-TCP shows a less 
potent effect than TCP or PCP. 
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Fig.7 Reversal of BTCP and high dose of PCP inhibition by 
picrotoxin. Following a cumulative dose of 6mgfkg of PCP or 
following a 50% inhibition of firing produced by BTCP, 
picrotoxin totaly reversed the inhibition. 
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Fig. 8 Dose response curve for BTCP in control, unilateral 
nucleus accumbens kainic acid, radiofrequency lesioned and 
bilateral radiofrequency lesioned rats. The effects of the 
lesion are: Bilateral radiofrequency > unilateral kainic acid 
> unilateral radiofrequency. 
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Fig.9 Reversal of BTCP inhibition by picrotoxin in control and 
lesioned rats. Both BTCP inhibition and picrotoxin reversal 
effects were significantly attenuated by lesion. 
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Fig.lO. Locomotor activity photocell counts (2hrs) in sham and 
6-0HDA lesioned animals after saline (lmlfkg), PCP (5mgfkg) 
and BTCP (16mgfkg) injections. 

* sham vs. lesion P<O. 05; ** sham vs. lesion 
P<O.Ol 
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Fig.ll. Time course for locomotor activity of BTCP (16mgjkg) 
in sham and 6-0HDA lesioned animals. 
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Fig.12. Time course for locomotor activity of PCP (5mgfkg) in 
sham and 6-0HDA lesioned animals. 
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Fig.13. Comparison of time course for locomotor activity of 
saline, PCP and BTCP in control animals. Saline injections: 
lmljkg; PCP injections: 5mgjkg; BTCP injections: 16mgjkg. 
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DISCUSSION 

In the present study, we have shown that intravenous 

injection of TCP which has about a 60-fold higher affinity for 

the PCP/NMDA receptor than for the dopamine uptake complex 

produced only increases in VTA neuronal activity. In marked 

contrast BTCP which has a 1000-fold higher affinity for the 

dopamine uptake site than for the PCP/NMDA receptor produced 

only decreases in VTA dopaminergic neuronal firing rates. This 

result may help to explain the bimodal dose-dependent change 

in firing rate induced by PCP. That is, low doses of PCP 

produce increases in VTA dopamine neuron activity through an 

action at the PCP/NMDA receptor. When the dose of PCP is 

increased, however, its binding to the dopamine re-uptake site 

and inhibition of dopamine uptake becomes predominant, thus 

leading to even greater synaptic levels of dopamine which 

through negative feedback mechanisms inhibit the activity of 

VTA dopamine neurons. Thus as PCP and PCP analogs have a 

higher affinity for the PCP/NMDA receptor than for the 

dopamine re-upcake site, they predominantly cause excitation 

of the VTA A10 neurons, (eg. TCP, low dose PCP, and MK-801; 

French, 1986). In contrast, if the site of action is mainly 

at the dopamine transporter complex, it causes the inhibition 

of VTA dopamine neuronal activity (eg. BTCP, cocaine, d-

amphetamine and high doses of PCP). It is this blockade of 
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dopamine re-uptake which may be particularly relevant to the 

abuse liability of PCP, BTCP and cocaine and d-amphetamine. 

If the drug has an almost equal affinity to both PCP/NMDA and 

dopamine re-uptake site , like PCP, it causes both excitation 

and inhibition of VTA dopamine neuron. An exception is the 

TCP derivative des-TCP which has considerably higher affinity 

for the PCP/NMDA receptor complex than TCP and thus, should 

produce excitation of A10 neurons equivelant or better than 

that seen with TCP. But it did not! Although this weak effect 

of des-TCP is presently inexplicable it does concur with the 

results of other researchers using a behavioral test (rotarod 

test) (Chaudieu, et al. , 1989) in which des-TCP was weaker 

than TCP. 

As previous work in our lab showed, the increase in VTA 

activity by low doses of PCP is unaltered following mesolimbic 

lesions (Ceci and French, 1989). However, inhibition of VTA 

activity induced by high doses of PCP was abolished by the 

destruction of the nucleus accumbens (Ceci and French, 1989). 

It would appear that this aspect of PCP's effects would be 

mediated through neuronal elements within the accumbens. Quite 

possibly, these cells provide some form of negative feedback 

inhibition from accumbens to VTA. As others have previously 

postulated GABA may function in this role (Waddington J.L. and 

A.J. Cross, 1978). This hypothesis is further supported by my 
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results where picrotoxin, a GABA antagonist, reversed the 

inhibition of A10 firing produced by high doses of PCP and 

BTCP. Also, the destruction of the nucleus accumbens led to 

marked quantitative changes in the response of VTA 

dopaminergic neurons to systemically administered BTCP and 

picrotoxin. The lesions caused the BTCP and picrotoxin dose-

response curves to shift to the right significantly. The 

larger the accumbens lesion, the less the effect of BTCP: BTCP 

is 1.5 times less potent following unilateral accumbens 

radiofrequency lesion; 3 times less potent in unilateral 

kainic acid lesioned animals and 5.5 times less potent in the 

bilateral radiofrequency lesioned group. Thus, it would appear 

that PCP and its derivatives excite VTA dopamine neurons by 

binding to the PCP/NMDA complex while PCP and BTCP-induced 

inhibition of A10 firing would be mediated by an action at the 

dopamine transporter site. PCP's aproximately equal affinity 

for the two sites would therefore explain its bimodal effect 

on dopamine activity. Moreover these effects seem to depend 

on the existence of intact dopamine systems within the nucleus 

accumbens. As reviewed above, the dopamine hypothesis of 

schizophrenia is based on the concept that excessive increases 

in central dopaminergic activity originating within the 

mesolimbic-mesocortical A10 pathways may play a crucial role 

in the etiology or expressions of psychosis. More recently, 
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increased attention has been given to what may be termed the 

glutamate hypothesis of schizophrenia, an underfunctioning of 

central glutamate transmission is thought to be involved in 

the pathogenesis of schizophrenia. Since glutamatergic and 

dopaminergic systems are functionally opposed to each other, 

the diminution of glutamatergic tone would result in an 

increased activity of dopaminergic systems. Among PCP and its 

analogs, TCP with its high affinity to PCP/NMDA receptor,is 

a potent glutamate receptor antagonist and thus through 

stimulation of A10 neurons can increase dopamine release in the 

mesolimbic-mesocortical structures- In contrast, BTCP, which 

has high affinity for the dopamine reuptake site, will block 

dopamine uptake thereby increasing synaptic levels of dopamine 

in these same structures. Although the affinity of TCP and 

BTCP to the PCP/NMDA complex and dopamine transporter site are 

highly different and separate, they essentially cause the same 

end result in forebrain dopamine pathways. This may partialy 

explain the psychotomimetic nature of these drugs. PCP which 

is a potent glutamate antagonist and a potent blocker of 

dopamine reuptake in mesolimbic-mesocortical systems may be, 

therefore, a highly useful drug model for schizophrenia. 

Since BTCP binds to the dopamine transporter site and 

thus inhibits dopamine re-uptake, this leads to an 

augmentation of mesolimbic dopamine function (excessive amount 
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of dopamine in the nucleus accumbens) which in turn drives 

inhibitory feedback pathways to slow VTA dopamine neuron 

firing. Although the identity of the transmitter mediating 

this inhibition is unknown, our results strongly implicate a 

role for GABA in this feedback-conducted slowing. However, 

since the total destruction of the nucleus accumbens by 

bilateral lesions did not totally abolish the BTCP inhibitory 

effect on VTA dopamine neurons, it is possible that BTCP may 

exert some of its effects via a somato-dendritic 

autoregulatory mechanism. That is , BTCP may act to also block 

dopamine reuptake into the dendrites of the A10 neurons thus 

resulting in an inhibitory action of dopamine on the 

autoreceptors leading to a decrease in A10 firing. 

Nevertheless, my results suggest that most of PCP's high dose 

and BTCP inhibitory effects (about 80%) are mediated via 

accumbal-VTA negative feedbacks. 

Notably, apomorphine, a dopamine receptor agonist did not 

prevent BTCP nor high dose PCP-induced inhibitions of A10 

neurons and thus provides further indirect evidence that BTCP 

and high dose PCP do not have a direct effect on the 

autoreceptor. Thus it seems reasonable to conclude that PCP 

and its derivatives are indirectly acting dopamine receptor 

agonists. 
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The results of the locomotor behavioral test performed 

in both sham and 6-OHDA lesioned rats indicate that BTCP, a 

dopamine re-uptake inhibitor produces an increase in locomotor 

activity which is sensitive to depletion of mesolimbic 

dopamine. Combined with the results from the 

electrophysiology, we can conclude that BTCP induced increases 

in locomotor activity are due to the blockade of dopamine re

uptake, as with cocaine, and that this increase in activity 

is mediated via presynaptic dopaminergic mechanisms within 

the nucleus accumbens. Similar mechanisms have been documented 

for the behavioral stimulatory action of cocaine and d-

amphetamine, both of which have potent presynaptic actions. 

As previously shown, the locomotor stimulation from high doses 

of PCP is also blocked by nucleus accumbens lesions (French 

and Vantini, 1988). This may suggest that all drugs, which 

cause increases in the amount of mesolimbic dopamine, 

especially those drugs which cause excessive release of 

dopamine such as amphetamine, and/or block the dopamine 

reuptake such as BTCP, cocaine and high doses of PCP will 

produce an increase in locomotor activity. Also, TCP, which 

through an action on PCP/NMDA receptor increases the activity 

of midbrain dopamine neurons would be likely to elicit some 

behavioral hyperactivity. 
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Finally, if the drugs are potent dopamine re-uptake 

inhibitors, they seem also to be positive reinforcers in drug 

self-administration paradigms. Examples of this include 

notably cocaine and d-amphetamine. Thus, we might predict 

that, BTCP with its cocaine-like effects on dopamine neurons, 

would be self-administered by animals and therefore a 

potential drug of abuse. Recent experiments in our lab have 

shown, in fact, that rats do readily self-administer BTCP. 
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SUMMARY 

Standard electrophysiological techniques were used to 

characterize the response of VTA dopamine neurons to PCP and 

PCP derivatives that cover the spectrum of activity from high 

affinity PCP/NMDA receptor ligands (TCP, des-TCP) to high 

affinity DA reuptake ligands (BTCP).The effects of PCP and 

BTCP on locomotor behavior and the role of presynaptic 

dopamine mechanisms in this effect was also assessed through 

the use of 6-OHDA lesions of the accumbens. Also, the 

involvement of GABA inhibitory feedback in the attenuation of 

A10 activity by BTCP and high dose PCP was also determined. 

All the surgeries were performed on chloral hydrate 

anesthetized rats. Light microscopic techniques were used to 

evaluate the location and extent of neuronal cell loss in 

lesioned animals. Single-cell recordings were used to record 

the single-unit activity of presumptive DA neurons within the 

VTA identified according to established criteria. Challenge 

drugs were administered intravenously to controls and animals 

prepared with unilateral (kainic acid or radiofrequency) or 

bilateral (radiofrequency) lesions of the nucleus accumbens 

while continuously monitoring changes in A10 firing rate. 

Cumulative dose response curves were compared and contrasted 

for both qualitative and quantitative differences. Two way 

ANOVA with a repeated measure design and Student's t-test were 
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used for data analyses. The results of electrophysiology and 

behavioral test are as below: 

(1) PCP produced a distinctive bimodal dose-dependent 

increase/decrease change in firing rate. This result is 

identical with previous findings in our lab. 

(2) TCP produced only increases in VTA neuronal activity 

accompanied by a progressive decrease in the amplitude of the 

action potential. 

(3) Des-TCP did not produced the strong stimulating 

effect on VTA DA neurons as we expected. It was 3-fold less 

efficious than TCP. However, this result concurs with its lack 

of potency in behavioral assays. 

(4) BTCP produced only profound decreases in VTA neuronal 

activity which were accompanied by a progressive increase in 

the amplitude of the action potential. 

(5)Picrotoxin, a GABA antagonist, completely reversed the 

inhibition produced by BTCP and high doses of PCP. 

(6) Nucleus accumbens lesions significantly attenuated 

the BTCP-induced inhibition which was also picrotoxin 

sensitive. 

(7) Both BTCP and PCP produced significant increases in 

rat locomotor activity and the depletion of nucleus accumbens 

dopamine attenuated this increase significantly. 
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Additional studies are currently in progress to further 

characterize the effect of TCP in nucleus accumbens lesioned 

rats. 
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