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ABSTRACT 

Electrophysiological and behavioral methods were 

utilized in conjunction with either specific brain lesions 

or drug administration to evaluate serotonin's modulatory 

influence on phencyclidine's actions. Dorsal raphe (DR) and 

medial raphe (MR) nucleus lesions were preformed to destroy 

serotonin cell bodies, while ritanserin and para-

chloroamphetamine (PCA) were used to remove or inhibit 

serotonin. The DR lesions changed phencyclidine's 

electrophysiological response in only the VTA (A10), while 

the MR lesions effected only the SN (A9) neurons. Thus the 

DR innervates the VTA, and the MR innervates the SN. The 

PCA, ritanserin, and DR groups showed a potentiated 

locomotor response to phencyclidine with no change in the 

animals spontaneous activity. The MR group showed an 

increase in spontaneous activity, but when normalized for 

this, there nas no potentiation of the phencyclidine effect. 

Thus, the drug potentiation of the locomotor hyperactivity 

appears to be mediated through the DR serotoninergic system 

and A10 dopamine system. 
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INTRODUCTION 

Phencyclidine (l-[1-phenylcyclohexyl] piperidine, PCP) 

was first synthesized in 1956 by Dr. Victor Maddox of Parke 

Davis and Company, and was later given the generic name 

phencyclidine and the trade name Sernyl (figure 1). It was 

synthesized as a possible anesthetic agent, since it was 

known that other 1-arylcyclohexylamine compounds can produce 

states of anesthesia (Greifenstien et al. , 1958). The 

hydrochloride salt of phencyclidine is a white crystalline 

powder with a molecular weight of 243,8 grams per mole and a 

melting point of 234 to 236 degrees Celsius, and is soluble 

in water (Domino, 1964). In initial pharmacological testing 

in animals Dr. G. M. Chen found that phencyclidine possesses 

both stimulant and depressant properties, has marked 

variation in species responsiveness, and that the effects of 

phencyclidine are dose dependent. In pigeons, low doses can 

produce a quieting or taming effect while at high doses it 

can produce a cataleptic state or a general anesthetic 

effect (Chen et al., 1959). 

In subsequent clinical trials by various groups 

(Greif enstein et al., 1956; and Lear et al., 1959) 

phencyclidine was tested in man for use as an anesthetic. 

It was found to be a very potent local anesthetic when 

administered subcutaneously, and to induce a very effective 

general anaesthesia when administered systemically. The 
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Figure 1. The structure of phencyclidine is shown. The HCL 
is not shown. (M.W. 243.8g/mole, m.p. 234-236®C). 

general anesthetic effect was produced without the 

depression of respiration, heart rate, or blood pressure 

normally associated with general anesthetics. However, 

between fifteen and thirty percent of the patients reported 

experiencing long lasting hallucinations and/or delirium 

after awakening (Domino, 1981). This effect of 

phencyclidine is known as the "emergence phenomena" (Domino, 

1984). Due to this phenomenon phencyclidine was withdrawn 

from human use in 1965, and since 1967 its only legitimate 

use has been limited exclusively to veterinary medicine and 

research. It has also been prevalent on the streets as a 

drug of abuse since 1967 (Reynolds, 1976), and by 1978 was 

considered a major public health hazard (Balster and Pross, 

1978). In 1985 the National Institute on Drug Abuse 

conducted a national household survey on drug abuse in the 

U.S. population. They reported that approximately 2.8 
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percent of the population have used phencyclidine at least 

once during their life, and that 700,000 people had used the 

drug in the past month (Gust and Walsh, 1989). 

The emergence phenomena occurs at low doses of 

phencyclidine just sufficient to produce tranquility and 

amnesia, but not analgesia. It consists of profound 

disturbances in perceptual and cognitive functions and 

sensory inputs, which are caused by sensory deprivations 

(Luby et al. 1959; Heyer et al. 1959; and Domino, 1964). 

Because of these disturbances, phencyclidine is often 

considered a hallucinogen, but its effects are not limited 

to the visual disturbances seen with lysergic acid 

diethylamide (LSD) or mescaline. In man, a single dose of 

7.5 mg of phencyclidine will produce drunkenness, blurring 

of vision, visual hallucinations and delusions. At a dose 

of 10 mg, phencyclidine induces a general impairment of 

mental functions including the above symptoms, loss of 

balance, and mental confusion (Domino, 1964). It is well 

established that chronic administration of high doses of 

phencyclidine, as is commonly found with addicts, can 

produce a long lasting psychosis which resembles 

schizophrenia in humans. Phencyclidine increases the 

positive symptoms of schizophrenia (see below) when 

administered to psychiatric patients with schizophrenia, and 

was the only drug known to change mental performance in the 

same direction as schizophrenia (Luby et al., 1959; and 
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Rosenbaum et al. 1959). Thus, phencyclidine mimics more of 

the primary psychopathology of the schizophrenias, while LSD 

and mescaline mimic more of the secondary symptoms. These 

observations have led to the suggestion that phencyolidine 

is a "schizophrenomimetic" agent (Luby et al. 1953; and 

Luisada and Brown, 1976) and thus, it may serve as a model 

for schizophrenia. This model could possibly be used to 

identify the primary pathophysiology of the schizophrenias, 

as well as for the development of and the testing of new 

neuroleptics. 

Phencyclidine has been shown to indirectly affect the 

central dopamine systems, and that blockade of dopamine 

receptors can block the increase in locomotor hyperactivity, 

stereotypy, movement disorders, and can decrease the 

occurrence of thought disturbances produced by phencyclidine 

(Garey, et. al., 1980, and Luby et al., 1959). Thus a major 

action of phencyclidine may be mediated through the dopamine 

systems in the central nervous system, which may also 

contribute to its rewarding effects (Julien, et. al., 1988). 

Schizophrenia is one of the two most common psychotic 

emotional disturbances, along with manic-depressive illness. 

Schizophrenia occurs in about one percent of the world's 

population (Snyder, 1986). The disease is progressive, 

often lasts a lifetime, and the patient is in a state of 

such severe psychic pain that the results are devastating to 

the patient and to everyone around them. They are unable to 
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realistically assess the meaning and importance of everyday 

events, and they lose the ability to interact mentally and 

emotionally with other people. The fundamental abnormality 

of schizophrenia is the disruption of normal cognitive (ie. 

though) processes, with the most dramatic symptoms being the 

"positive" symptoms, which are the disturbances of 

perceptions leading to delusions and hallucinations. 

Schizophrenics do not think in a logical fashion, and feel 

as if they are not in control of their own thoughts. They 

can experience elaborate delusions, and/or hallucinations 

involving smell, taste, touch, vision, or more commonly, 

hearing. Host schizophrenics report hearing voices, often 

telling them bad things about themselves. Schizophrenics 

also suffer from serious emotional disturbances. These 

affectual disturbances have been grouped into the "negative" 

symptoms of schizophrenia, which are best characterized by 

loss of affect, poverty of speech, and generally withdrawn 

and fearful behavior (Snyder, 1986). 

The dopamine hypothesis of schizophrenia postulates 

that an overactivity of dopaminergic neurons in the limbic 

structure, the nucleus accumbens, and the frontal cortex 

structure are important in the pathophysiology of 

schizophrenia. This hypothesis iB baBed upon several 

pharmacological observations. The first of these 

observations is the fact that almost all neuroleptics are 

potent dopamine receptor antagonists in the brain and reduce 
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the brain activity of dopamine. It has been demonstrated 

that a positive correlation exists between the affinity of 

neuroleptics for the dopamine receptor, specifically the D2 

dopamine receptor in the limbic and mesocortical brain 

regions, and their clinical potency as antipsychotics 

(Seeman et al., 1976). The second observation is the 

administration of levodopa, which increases brain dopamine 

levels, and thus increases brain dopamine activity, can 

occasionally induce schizophrenic symptoms, when used to 

treat patients with Parkinsons disease. It is a lipophilic 

precursor to dopamine which crosses the blood-brain barrier, 

gains access to the neurons, and is converted by the enzyme 

dopamine decarboxylase to dopamine, which increases the 

amount of dopamine in the nerve terminals of dopamine 

neurons. Next, dopaminergic psychomotor stimulants can 

mimic some of the symptoms of schizophrenia. Phencyclidine-

induced psychosis and amphetamine-induced paranoia are 

examples. Taken together, these observations form the basis 

for the dopamine hypothesis. 

There are three major neuronal pathways of dopamine 

containing neurons in the brain. They are the hypothalamic-

pituitary system, the extrapyramidal system, and the limbic-

mesocortical system (Figure 2). In the hypothalamic-

pituitary system the dopamine containing neurons have their 

somas, or cell bodies, located in the arcuate nucleus of the 

hypothalamus (Figure 3), with their axons projecting to the 
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Figure 2. A schematic representation of the A8, A9, and A10 
dopaminergic neuronal efferent projections. The innervation 
of the A8 neurons are represented by the diagonal hatching, 
the A9 by the horizontal hatching, and the A10 by the 
vertical hatching. Non-dopaminergic projections from these 
regions are not shown. 

median eminence in the pituitary. They act to regulate the 

secretion of prolactin from the median eminence. In man, 

blockade of dopamine receptors in this pathway by 

neuroleptics, produces an increase in prolactin Becretion, a 

decrease in thermoregulation, and an increase in weight gain 

(Meltzer, 1987). These effects are common side effects 

produced by the administration of neuroleptics. 

The extrapyramidal system is the major dopamine pathway 

in the brain. It is composed of more lateral dopamine 

containing neurons located in the substantia nigra pars 
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Figure 3. A schematic representation of a coronal section 
displaying the areas of the SN and VTA. SN represents the 
substantia nigra (A9), VTA ventral tegmental area (A10), and 
the A8 is labeled as itself. The section is taken 7.64 mm 
behind bregma. 
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compacta (SN, A9) (Figure 3) while sending their axons 

through the medial forebrain bundle to the corpus striatum 

(caudate nucleus and putamen). The function of this part of 

the brain is to coordinate the use of multiple voluntary 

muscle systems, such as is found in the arms, legs and the 

body, at the same time in a smooth manner. Thus it allows a 

person to do more than one thing at a time, such as walk and 

chew gum. In man, dopamine receptor blockade of this system 

by neuroleptics, produces tardive dyskinesia, 

pseudoparkinsonism, and other movement disorders (Meltzer, 

1987). These more serious side effects of neuroleptics are 

the dose limiting factor for their use. 

The dopamine containing neurons of the limbic-

mesocortical system originate in the ventral tegmental area 

(VTA, A10) of the midbrain, medial to the A9 substantia 

nigra cells (Figure 3). A10 neurons also send their axons 

through the medial forebrain bundle to the nucleus 

accumbens, frontal cortex, and cingulate cortex. This 

system is involved with the regulation of thought and 

emotion in man, and the blockade of dopamine receptors 

within these forebrain structures is postulated to account 

for the antipsychotic effects of the neuroleptics (Snyder, 

1986). 

The limbic-mesocortical system in rats is also 

necessary for the expression of locomotor hyperactivity 

caused by psychomotor stimulants, such as d-amphetamine and 
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phencyclidine. This can be demonstrated by 6-

hydroxydopamine lesions of the nucleus accumbens. 6-

hydroxydopamine is a neurotoxin which specifically destroys 

dopamine and norepinephrine containing terminals and 

neurons. These lesions destroy the limbic-meBocortical 

dopamine pathway and inhibit phencyclidine-induced locomotor 

hyperactivity as well as the hyperactivity induced by other 

dopaminergic psychomotor stimulants such as amphetamine and 

SKF-10,047, the later a psychotomimetic benzomorphine 

derivative (French and Vantini, 1984; Kelley et al., 1975). 

In man, A10 dopamine neurons are thought to be fundamentally 

involved in psychosis, while in the rat they are involved in 

the expression of locomotor behavior, especially that 

elicited by direct and indirectly acting dopamine agonists. 

This correlation has been further investigated, and it has 

been suggested that there is a clear indication that the 

activation of A10 dopamine neurons and the locomotor 

hyperactivity produced by phencyclidine are related (French, 

1988). This correlation between the limbic-mesocortical 

dopamine systems in man and rat is the basic rational for 

utilizing the phencyclidine-induced locomotor hyperactivity 

and the electrophysiological evaluation of dopamine neurons 

in rats to gain more information about the phencyclidine-

induced psychosis produced in man. This information may be 

useful in not only the treatment and understanding of the 
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phencyclidine-induced psychosis, but also in non-

phencyc1idine-induced schizophrenia. 

Although the "classical neuroleptics" produce their 

clinical effects through the antagonism of the D2 dopamine 

receptors, the newer "atypical neuroleptics" euoh as 

clozapine do not. The atypical neuroleptics have higher 

affinities for non-dopamine receptors, especially the 

serotonin receptors, than for the dopamine receptors. Even 

without significant dopamine receptor antagonism, they are 

useful for the treatment of a much broader range of 

schizophrenic symptoms, both positive and negative symptoms, 

than the classical neuroleptics which only alleviate the 

positive symptoms. This has led to the hypothesis that 

other neurotransmitters like glutamate and serotonin are 

involved in the pathophysiology of schizophrenia. 

The hypothesis that a disturbance in glutamate 

neurotransmission plays a role in the pathophysiology of 

schizophrenia was first formulated based on clinical 

observations by Rim et al. in 1980, and their knowledge that 

before the advent of neuroleptics, a common treatment for 

psychotic patients was a series of hypoglycemic shocks 

caused by high doses of insulin. Insulin shock iB now known 

to produce an increase of cerebral glutamate. This theory 

did not have much support until more recently, when a new 

important contributor to this hypothesis was discovered. 

This was the fact that the psychotomimetic drug, 
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phencyclidine, binds to one subtype of receptor activated by 

glutamate, the N-methyl-D-aspartate (NMDA) receptor. 

Phencyclidine and dizocilpine (MK-801) act as non

competitive antagonists at the NMDA receptor by binding to a 

site, the PCP receptor, in the open conformation of the ion 

channel linked to the receptor. This action inhibits the 

flow of ions (predominantly calcium, but also potassium) 

through the channel, and thus does not allow a NMDA agonist 

to activate the channel. Dizocilipine which has a much 

higher affinity for the PCP receptor than phencyclidine has 

been shown to induce locomotor-hyperactivity through non-

dopaminergic mechanisms (Carlson and Carlson, 1889). Taken 

together these findings have been used to develop the 

hypothesis that schizophrenia may result from a primary 

deficiency in glutamate. 

A decrease in the transmission of glutamate would not 

only account for the success of the insulin treatments of 

the past, but has the possibility to explain the success of 

the more modern day neuroleptics. Since the glutamate and 

the dopamine systems tend to act in opposing manners to each 

other, ie. dopamine being inhibitory and glutamate being 

excitatory, a decrease in glutamate activity would cause an 

apparent increase in dopamine activity (see below). Thus an 

imbalance between the two systems, either decreased activity 

of the glutamate system or increased activity of the 
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dopamine system, may be involved in the etiology of the 

schizophrenias. 

There have been at least three different hypotheses 

developed to account for all the evidence for the roles of 

the dopaminergic and glutamatergic systems (Wachtel and 

Turski, 1990). Kornhuber and Rornhuber (1986) hypothesized 

that activation of dopamine receptors located on nerve 

terminals of glutamatergic neurons which mediate the 

inhibition of glutamate release could result in decreased 

glutamatergic activity. This theory suggests that 

neuroleptics act by blocking dopamine receptors on 

glutamatergic neurons, thus facilitating increased release 

of glutamate. The second hypothesis states the there is a 

decease in the activity at the NMDA receptor located on the 

dopamine nerve terminals which mediate the inhibition of 

dopamine release, which would increase the release of 

dopamine (Schmidt, 1986). The increased dopamine would 

decrease glutamatergic transmission, and that activation of 

the NMDA receptor complex would produce antipsychotic 

activity. The final hypothesis (Carlsson, 1990) states that 

the dopamine and glutamate systems function independently of 

one another on GABAergic inhibition of the excitatory 

thalamocortical pathway. This pathway is a complicated 

feedback loop which helps to limit the amount of information 

sent to the cortex, to protect it from an overload of 

information and hyperarousal, things commonly associated 
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with the schizophrenias. Therefore the glutamate hypothesis 

of schizophrenia has a Btrong foundation upon which to 

continue the investigation into the pathophysiology of the 

psychosis. This hypothesis should also be kept in mind when 

evaluating the psychomimetic effects of drugs such as 

phencyclidine, which interact with the glutamate system at 

the NMDA receptor. 

The serotonin hypothesis of schizophrenia is another 

hypothesis which involves a non-dopamine neurotransmitter 

modulation of the dopaminergic system to produce 

schizophrenia. Serotonin is widely distributed throughout 

the peripheral and central nervous systems. The peripheral 

nervous system contains approximately 99% of the body's 

serotonin, with some 90% occurring in the gastrointestinal 

tract and about 9% in the blood platelets. The central 

nervous system contains the remaining 1% of the body's total 

serotonin, where it is involved in the regulation of mood, 

sensory perception, and control of motor function. Lysergic 

acid diethylamide (LSD) which acts as an agonist and an 

antagonist in various brain regions markedly disrupts 

sensory perception and thought processes. 

The brain's serotonergic neuronal systems originate 

with their cell bodies located in distinct clusters that are 

located along the midline of the brainstem with their axonal 

projections terminating upon specific target areas 

throughout the brain. The projections from the 



22 

A. tw 

i' iv 

Figure 4. A schematic representation of a coronal section 
displaying the area of the raphe nucleus. DR represents the 
dorsal raphe (B7), MR represents medial raphe (B8), and the 
B9 is labeled as itself. The section is taken at 7.64 mm 
behind bregma. 

serotonergic clusters have overlapping but unique target 

distributions, with distinct functional roles. The largest 

group of serotonergic neurons is designated the dorsal raphe 

nucleus (DR, B7), which lies in the gray matter of the 

midbrain between the oculomotor nucleus and the fourth 

ventricle (Molliver, 1987)(Figure 4). It is continuous with 

the smaller B6 group of serotonin cells, and the two are 

usually lumped together as the dorsal raphe nucleus. 

Arising from the dorsal raphe are three ascending 

serotonergic projections which run in the DR forebrain 

bundle which helps make up the medial forebrain bundle, the 

DR arcuate tract, the DR periventricular tract, or the DR 
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cortical tract. They predominantly innervate the striatum, 

but also run to the neocortex, especially the frontal 

cortex, and the substantia nigra and the ventral tegmental 

area (VTA)(Iversen et al., 1978; Parent et al, 1981; 

Wirtshafter et al. 1987; Herve et al. , 1987; Phillipson, 

1979; and Simon et al. 1978) (Figure 5). 

The median raphe nucleus (MR, B8) is located just below 

the dorsal raphe, within the core of the reticular formation 

at the intersection of the pons and the midbrain (Molliver, 

1987)(Figure 4). The median raphe nucleus has two distinct 

ascending serotonergic projections, the MR forebrain tract 

which makes up the remainder of the medial forebrain bundle 

and the raphe medial tract. These serotonergic neurons 

primarily innervate the hippocampus, but they also have 

lesser projections which are distributed equally throughout 

the neocortex, and to the ventral tegmental area (VTA)(Geyer 

et al. 1976a; Iversen et al. 1978; and Moore et al., 

1978)(Figure 5). 

The third major group of serotonergic neurons is the B9 

which lie in the ventrolateral tegmentum of the pons and 

midbrain, and are not part of the midbrain nuclei. This 

group has a Bmall projection to the neocortex, but the rest 

of its connections have not been fully characterized. The 

remaining serotonergic clusters, B1 through B5, contain few 

serotonergic neurons and give rise to descending projections 
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to striatum 
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Figure 5. A schematic representation of the sertonergic 
neuronal efferent projections. The innervation of the B7, 
B8, and B9 nuclei should be noted. Non-serotoninergic 
projections from these regions are not shown. 

to the brainstem and spinal cord (Molliver, 1987). 

There has been extensive research into the behavioral 

and functional differences between the dorsal and medial 

raphe nucleus. The selective destruction of a single nuclei 

has been accomplished by electrolytic and neurotoxic 

lesions. After medial raphe lesions an increase in 

locomotor activity was observed in the home cage and open 

field (JacobB et al. 1974a), wheel-running (Kostowski et al. 

1968), and in the Y-maze (Steranka and Barrett, 1974). 

Samanin et al. <1970), demonstrated that the MR lesions also 
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produced hypersensitivity to pain, but other studies found 

no hypersensitivity to pain (Blasig et al., 1973; Lorens and 

Yunger, 1974; and Hole and Lorens, 1975). Srebro and Lorens 

(1975) found that MR lesions produced hypersensitivity to 

novel stimulation and environiiental changes. Dorsal raphe 

lesions did not increase spontaneous locomotor activity or 

any of the other effects observed with the MR lesions 

(Jacobs et al. 1974b; Hole and Lorens, 1975; Geyer et al. , 

1976a,b). Both Jacobs et al. (1974b) and Lorens and 

Guldberg (1974) found that MR and DR lesions produced 

markedly different reductions of serotonin in various brain 

regions, with the greatest reductions corresponding to the 

respective target areas for each nucleus project. Jacobs et 

al. (1974) reported that 5 days post-lesion of both medial 

raphe and dorsal raphe lesions produced similar reductions 

in the cerebral cortex (MR -31%; DR - 40%), hypothalamus (MR 

- 58%; DR - 54%), and striatum (MR - 29%; DR -50%), while 

the hippocampus was markedly different (MR -82%; DR - 10%). 

Lorens and Guldberg (1974) found a much larger difference in 

the amount of serotonin reduction between the two lesions in 

the striatum (DR -54%), and that only the MR lesions reduced 

the serotonin content in the hippocampus (-62%). Thus the 

MR projects to the hippocampus and the DR projects to the 

striatum, while both project to the cerebral cortex and the 

hypothalamus. These findings clearly demonstrate that the 

MR and DR nuclei modulate different behavioral parameters, 
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and are most likely due to the differential projections of 

the two nuclei.Neurotoxic lesions which selectively destroy 

serotonergic neurons has helped to separate the specific 

role of serotonin from the other neurotransmitters in the MR 

and DR nuclei (Hole et al. 1976). The major problem with 

these neurotoxic lesions is that they destroy all serotonin 

neurons in the brain, which does not allow one to separate 

the individual functions of each raphe nucleus. 

Neil et al. (1972) believed that since midbrain raphe 

lesions produced arousal, it should potentiate a drug which 

also causes arousal, such as amphetamine. They demonstrated 

that midbrain raphe lesions, both dorsal and medial raphe 

combined, produced a potentiation of the locomotor 

hyperactivity effect of amphetamine. Following along this 

line of thought, Grabowska (1974) demonstrated that the 

locomotor hyperactivity of apomorphine, another dopamine 

receptor agonist, was potentiated by midbrain raphe lesion. 

Other researchers later found support for the involvement of 

serotonin in the actions of amphetamine, by destroying the 

serotonin projections from the raphe nuclei (Green and 

Harvey, 1974), or by depleting all brain serotonin with 

either p-ohlorophenylalanine (PCPA) or 5,6-

dihydroxytryptamine (5,6-DHT) (Breese et al., 1974), both of 

which potentiated amphetamine-induced locomotor 

hyperactivity. All of these chemicals have been shown to be 

specific for serotonin neurons and do not effect other 
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neurotransmitters, such as dopamine. This demonstrated 

that, although the dopamine activity was normal, an increase 

in the dopamine dependent effects of amphetamine and 

apomorphine were due to the decrease in the activity of 

serotonin. The behavioral differences found between the 

medial and dorsal raphe lesions, led to the idea that the 

potentiation of amphetamine may be due to a specific raphe 

nucleus. This was demonstrated when Jacobs et al. (1975) 

found that MR but not DR lesions potentiated the 

hyperactivity of amphetamine. Since amphetamine is known to 

act through presynaptic dopamine receptors to increase the 

release of dopamine it was concluded that the serotonin 

neurons that project from the medial raphe nucleus, act to 

regulate the dopamine system. Much later, using the 

serotonergic neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) 

Asin and Fibiger (1983) found that cell body specific 

lesions of the MR failed to produce increases in spontaneous 

activity or in the amphetamine-induced locomotor 

hyperactivity. They concluded that the spontaneous increase 

in locomotor activity and the potentiation of the 

amphetamine-induced locomotor hyperactivity by MR lesions 

was through a non-serotonergic system. Due to the 

conflicting data, the involvement of serotonin in the 

potentiation of amphetamine locomotor hyperactivity is still 

unclear. 
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More recently, a great deal of work has been done in 

regard to the role of serotonin in the actions of 

phencyclidine, particularly by Nabeshima and colleagues. 

They found the locomotor activity and some aspects of the 

stereotypic behaviors produced by phencyclidine appear to be 

similar to those produced by amphetamine (Yamaguchi, et al., 

1986). The phencyclidine-induced stereotypic behaviors such 

as backpedaling, head weaving and turning, were decreased by 

depleting serotonin with reserpine, p-chlorophenylalanine 

(PCPA), and p-chloroamphetamine (PCA), and by the serotonin 

receptor antagonist cyproheptadine. Phencyclidine-induced 

head weaving was potentiated by the serotonin precursor 

tryptophan, and acutely by the serotonin releaser PCA 

(Nabeshima et al. , 1984a). From these results they 

concluded that a subset of the phencyclidine-induced 

stereotyped behaviors are related to either an increase or 

decrease of serotonergic neuronal activity produced by 

phencyclidine. They further demonstrated that phencyclidine 

interacts with the serotonin 5-HT2 receptor but not the 

serotonin 5-HT1 receptor (Nabeshima et al., 1984b; and 

Nabeshima and Noda, 1984), and that the phencyclidine-

induced stereotypic behaviors may be mediated by the 

striatum and the median raphe but not the nucleus accumbens 

(Nabeshima et al., 1983). 

They next examined the serotonin involvement in the 

dopamine dependent effects of phencyclidine, such as 
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licking, gnawing and bitting. Both PCA and PCPA attenuated 

the phencyclidine-induced stereotyped behaviors and 

potentiated the phencyclidine-induced dopamine dependent 

behaviors (Yamaguchi et al. , 1966). Since the removal of 

the serotonin influence produced an inorease in the 

phencyclidine-induced dopamine dependent behaviors, they 

concluded that the serotonergic neuronal systems may act as 

an inhibitory regulator on the dopaminergic systems in the 

behavioral responses to phencyclidine. 

The effects of phencyclidine have also been studied 

electrophysiological^ in many brain areas. Midbrain 

dopaminergic neurons were identified electrophysiological^ 

in 1973 by Bunney et al. (1973). Subsequently much work has 

focused on the neurons comprising the A10 mesolimbic-

mesocortical system because of their role in the reward 

mechanisms (Wise and Bozarth, 1987) and in the 

pathophysiology of schizophrenia. The dopaminergic A9 

extrapyramidal system has also been studied, but primarily 

for its role in movement disorders. Freeman and Bunney 

(1984) and French (1986) both found that intravenously 

administered phencyclidine produced a biphasic dose response 

curve in both the A9 and A10 dopaminergic neurons. This 

biphasic response was characterized by excitation at low 

doses, while high doses caused inhibition. It was also 

shown that the high dose inhibition was antagonized by 

pretreatment with haloperidol, and that microiontophretic 
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application of phencyclidine directly onto A10 neurons 

produced only inhibitory responses, and that in dopamine and 

norepinephrine depleted animals, phencyclidine produced no 

response. These results suggest that phencyclidine 

indirectly influences the activity of the dopanine neurons. 

French and co-workers have further investigated 

phencyclidines bimodal effect on midbrain dopamine neurons, 

and demonstrated that the low dose excitation phenomenon of 

phencyclidine in the A10 is serotonin dependent (Ceci and 

French, 1989). Following disruption of serotonin by DR 

lesions, PCA-depletion, and pretreatment with the serotonin 

5-HT2 antagonist ritanserin, phencyclidine only inhibited 

A10 cell firing. It was also demonstrated that the high 

dose phencyclidine-induced inhibition of the A10 neurons was 

dependent on an intact nucleus accumbens but not an intact 

prefrontal cortex. Very recent work by Lin and French 

(1990), has shown that the inhibition is likely mediated 

through a GABAergic feedback mechanism originating within 

the nucleus accumbens. This conclusion was baBed upon 

results obtained using a combination of lesion methods of 

the nucleus accumbens, and administration of the GABA 

antagonist, picrotoxin. The lesions reduced the 

phencyclidine-induced inhibition, while the picrotoxin was 

able to reverse the inhibitory effect. 

The low dose excitations were not only serotonin 

dependent, but have been shown to be mediated via 
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phencyclidine's competitive antagonism at the PCP/NMDA 

receptor, and not its actions at the dopamine receptor site, 

or as a sigma receptor ligand (French et al. 1990, in 

press). This was demonstrated by comparing the effect of a 

series of compounds with varying degrees of binding to 

either the PCP/NMDA receptor or the sigma receptor. Those 

compounds showing high affinity for the PCP/NMDA receptor 

but low affinity for the sigma site (phencyclidine and MK-

801) produced excitation, while the compounds whioh only 

bind to the sigma receptor (ditolylguanidine, ie., DT6) were 

ineffective. The compounds with intermediate binding 

properties (+SKF 10,047, and ketamine) were less potent. 

The high dose phencyclidine-induced excitation is 

thought to be mediated through phencyclidine's actions as a 

dopamine reuptake blocker. This conclusion comes from the 

fact that BTCP, a phencyclidine derivative which only 

possesses dopamine reuptake properties, produces only 

inhibition of AlO dopaminergic neurons when administered 

intravenously (Lin and French, 1990). This is supported by 

the fact that other potent dopamine reuptake blockers such 

as cocaine, produce only AlO inhibition when administered 

intravenously. Thus, it would appear that the low dose 

phencyclidine-induced excitation of AlO neurons iB dependent 

on normal serotonin function, most likely originating in the 

dorsal raphe nucleus, and by phencyclidine's actions at the 

PCP/NMDA receptor. Exactly how the combination of these 
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actions produces stimulation of dopamine cell firing still 

remains to be elucidated. In contrast, the high dose 

inhibition is most likely produced through a GABAergic 

feedback mechanism and is ultimately related to 

phencyclidine's action as a dopamine reuptake blocker. 

The goal of this thesis is to investigate the role of 

serotonin on the dopamine dependent phencyclidine-induced 

locomotor hyperactivity and electrophysiological changes in 

the A9 and A10 dopamine neurons. This will be done by the 

disruption of central serotonin function through the use of 

electrolytic lesions of the MR and DR, the administration of 

the serotonin specific neurotoxin, PCA, and the 

administration of the serotonin 5-HT2 receptor antagonist, 

ritanserin. 

My results will provide additional information on the 

central mechanism of phencyclidine, and thus help better 

understand the phenomenon of the phencyclidine-induced 

psychosis which eventually may afford some insight into the 

naturally occurring schizophrenias. 
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METHODS 

Subjects 

All experiments were carried out on male Sprague-Dawley 

rats weighing between 225 and 350g. The rats were 

maintained 3 to a cage, under controlled lighting (12 hour 

light/dark schedule) and temperature, with unrestricted 

access to food and water. All procedures are in accordance 

with, and reviewed by the University of Arizona IACUC 

Committee according to established federal regulation for 

the treatment of animals. 

Fadiofrequency Lesions 

Animals were randomly divided into four groups, 2 sham 

groups, one DR lesioned group and one MR lesioned group. 

The surgical procedure for each lesioned and sham groups 

were preformed on the same day. All animals were 

aneathetized with 350 mg/kg chloral hydrate (i.p., 35 

mg/ml). Anesthesia was maintained during the procedures by 

additional i.p. doses of chloral hydrate (approximately 50 

mg/kg) as needed. Body temperature was monitored and 

maintained at about 37°C by a heating pad equipped with a 

temperature controller. The animal was placed in a 

stereotaxic apparatus (Kopf) with blunt ear bars, and a nose 

bar Betting of 2.4 mm below the interaural zero. An 

incision was made along the midline of the skull from bregma 
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to lambda, and the tissue retracted. The bone was removed 

with the use of a variable speed drill, and fine forceps 

under microscopic control. The opening was located 

approximately -7.5 mm from bregma (AP), and 2.2 mm lateral 

(L) of the midline for the dorsal raphe (DR) lesions, and 

AP: -7.5 mm, L: 2.8 mm for the median raphe (MR) lesions. 

An incision was made in the dura mater to allow entry of the 

electrolytic probe into the brain with minimal damage. 

The DR lesions were accomplished by lowering the 

electrolytic probe at a 20° angle (to the sagital plane) to 

a depth of 7.2 mm below the dura mater (AP: -7.5 mm, L: 2.2 

mm). For the MR lesions, the probe was lowered at a 22° 

angle (to the sagital plane) to a depth of 9.2 mm (AP: -7.6 

mm, L: 2.8 mm). For both lesions the animal was grounded, 

and a current was passed through the probe such that it 

reached a temperature of 60°C, which was maintained for 12 

seconds. In the sham groups identical coordinates were used 

except that the probe was lowered to a depth of only 4 mm 

below the dura mater and current was not applied. The 

animals were allowed to recover from the surgery for seven 

days before being tested. 

Chemical Lesions 

P-chloroamphetamine (PCA) lesions were accomplished by 

the injection of 5 mg/kg PCA (i.P.) in the morning, followed 

by 2.5 mg/kg PCA 12 hours later and 5.0 mg/kg 24 hours after 
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the initial dose. The control group was injected with an 

equal anount (1 ml/kg) of the vehicle (saline) at the sane 

time. The animals were allowed to recover for seven days 

before locomotor testing began. Ritanserin pretreatment was 

accomplished by the injection of 2 mg/kg of ritanserin 

(i.p.) one hour prior to locomotor testing on each test day. 

The control group received the vehicle (20% propylene 

glycol, 3-4 drops of acetic acid and 80% distilled water, 1 

ml/kg) at the same time. 

F1 ectrophysiology 

Electrophysiological experimentation was done on naive, 

DR lesioned, MR lesioned, and sham animals. All animals 

used for the electrophysiological experiments were 

anesthetized with 350 mg/kg chloral hydrate (i.p., 35 

mg/ml). The animals were tracheotomized and a breathing 

tube inserted according to the following procedure. A 1 -

1.5 inch incision was made along the lateral axis above the 

trachea and the tissue and muscle were separated to expose 

the trachea. The trachea was partially cut in the soft 

connecting tissue between the cartilage rings, and a 

tracheal breathing tube, approximatly 2 cm in length was 

inserted and secured by surgical thread. The incision was 

closed with surgical staples. 

Next, a venous catheter was inserted. To accomplish 

this, a 1.5 - 2 inch incision was made in the upper hind 
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leg, lower abdomen area, and the fatty tissue was separated 

to reveal the iliac vein. The vein was isolated from the 

nerve, artery, and ligament, a 23 gauge needle was inserted 

into the vein to produce an opening through which PE50 

polyethylene tubing was inserted. The tube was secured by 

surgical thread, and the incision was closed with surgical 

staples. The tube was connected to a syringe and used for 

the administration of i.v. saline and drugs during the 

procedure. 

The animal was then placed in a stereotaxic apparatus 

(Kopf) with blunt ear bars, and a nose bar setting of 2.4 mm 

below the interaural zero. Body temperature was monitored 

and maintained at 37°C by a heating pad equipped with a 

temperature controller. The heating pad and controller are 

powered by a 12 volt car battery to avoid any AC electric 

noise. An incision was made along the midline of the skull 

from bregma to lambda, and the tissue was retracted. An 

opening was made in the skull overlying the area of 

recording by a variable speed drill, and fine forceps under 

microscopic control. The opening was located approximately 

between 4.0 to 6.0 mm posterior to bregma (AP), and was 2.5 

mm lateral (L) of the midline on both sides. An incision 

was made in the dura mater over either the VTA (AP: -5.2 to 

-5.3 mm, L: 0.5 to 1.0 mm) or the SN (AP: -5.3 mm, L: 1.0 to 

2.0 mm). 
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Extracellular recordings were made utilizing single 

glass electrodes. Glass capillary tubes (1.5 mm diameter) 

were pulled with an electrode puller (Narishige). The 

electrodes were then broken back ("bumped") against a glass 

surface under microscopic control to a tip diameter of 

approximately 1 micrometer, and filled with a solution of 

0.5 M sodium acetate, containing 2% Pontamine sky blue dye. 

The microelectrode waB lowered into either the VTA to a 

depth of 6.2 to 7.8 mm or the SH to a depth of 5.8 to 7.5 

am below the dura mater with a micrometer drive manipulator 

(Narishige). The in vitro impedance of the electrodes 

ranged from 13 - 20 megohms. 

Unitary action potentials were amplified, filtered from 

background noise (bandpass filtering 1-10 kHz), displayed 

on a storage oscilloscope (Tektronix) and passed through a 

voltage-gating window discriminator (Neuroloff Digitimer) for 

integration and display on a multichannelled recorder as a 

ratemeter record. The signal from the window discriminator 

was also sent to a second channel on the oscilloscope for a 

visual reference of the gating process, and then to an audio 

amplifier and speaker for audio monitoring. This amplified 

signal was also fed into an Apple 11+ computer, configured 

for the generation of interspike-interval histograms, with 

continuous tabulation of the average firing rate per Becond. 

The oscilloscope also feeds its amplified signal to a FM 

recording adaptor (A.R. Vetter Co.) which feeds to an FM 
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tape recorder (TEAC) for storage and later use. All other 

equipment, including the table, a metal cage surrounding the 

manipulator, the manipulator, and the heating pad are 

grounded to reduce the background noise. 

The recordings from the VTA and SN dopamine neurons, 

were identified by their location and by well established 

electrophysiological characteristics. These included a 

biphasic (positive-negative waveform) or triphasic action 

potential with durations of greater than 2 milliseconds, and 

basal rates between 1-10 spikes/second (Hz) with occasional 

bursts of action potentials with decreasing amplitude 

(Bunney et al., 1973; Wang, 1981). The neurons were 

recorded for approximately 5 minutes to insure for 

consistent spontaneous activity and stability of the basal 

firing rate. A bolus of saline, 1 ml/kg, was injected 

slowly through the iliac catheter, and the firing rate again 

monitored. The level of activity following the saline 

control injection is used for comparing changes in the 

firing rate caused by subsequent phencyclidine injections. 

Phencyclidine was administered through the iliac vein 

according to the following drug schedule: 4 X 0.25 mg/kg, 4 

X 0.5 mg/kg, and 3 X 1.0 mg/kg to yield a cumulative dose 

response curve with a total dose of 6.0 mg/kg. 

Phencyclidine doses were calculated on the basis of the 

weight of the hydrochloride salt. When possible at the 

conclusion of the challenge test, 30 micrograms/kg of 
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apomorphine was applied to inhibit the firing of the cell 

followed by 0.5 mg/kg haloperidol to reverse this effect. 

This was included to further identify the neuron as a 

dopamine neuron, since apomorphine, a dopamine receptor 

agonist, is a potent inhibitor of dopamine cell firing and 

haloperidol, a dopamine receptor antagonist, will reverse 

this effect. 

At the completion of the last test, an intermittent 

current of -10 microamps was passed through the electrode to 

eject the Pontamine sky blue dye into the brain to mark the 

location of the neuron. The animal is sacrificed by an 

overdose of chloral hydrate and the brain was removed, 

dissected, and prepared for cryostat sectioning (See 

Histology section). 

Behavior 

Locomotor activity was measured in cages with wire mesh 

(10 X 10) floors, fronts, and backs, and plexiglass tops. 

Each cage was 20 cm high X 25 cm wide X 36 cm long and was 

equipped with two photocell beams dividing the cage into 

three equal segments. Interruptions of the photocell-beam 

were electronically counted and recorded every 20 minutes. 

All testing took place in the same room between the hours of 

9 am and 5 pm. The room was moderately light with the 

exception of the one specific dark experiment. All animals 

were allowed to acclimate to the cages for a period of three 
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hours on the day prior to the beginning of testing, and for 

one hour on each of the testing days. After the one hour 

acclimation the animals were challenged with a drug and 

monitored for two hours. In the ritanserin study, the 

animals received either ritanserin (ritanserin group) or the 

vehicle (control group), after the one hour acclimation 

period. They were again monitored for an additional one 

hour period, which was then followed by drug challenge and 

the two hour monitoring period. Gross behavioral 

observations were also made throughout the course of 

testing. 

Histology 

Following either electrophysiological or behavioral 

studies of the PCA, DR, MR, sham and naive groups, the 

animals were deeply anesthetized, decapitated, and their 

brains removed. The striatum, hippocampus, and nucleus 

accumbens were then isolated and immediately frozen at 

-80®C, for later biochemical analysis (see Biochemical 

section). The remainder of the brain was plaoed in a 

solution of 4% formalin and 20% sucrose in 0.8% NaCl for at 

least 3 days. The fixed brains were prepared for sectioning 

by "blocking", i.e., by removing the most anterior and most 

posterior portions of the brain, and affixing them to a 

pedestal with either water or Tissue Tek, and freezing the 

tissue in a cryostat at between -10 and -20°C. 



41 

Approximately every tenth coronal section (40 micrometers 

thickness) through the ventral tegmental or raphe nuclei 

areas were affixed to. a glass slide. The slices were 

dehydrated by being placed into xylene, and rehydrated by 

being moved through a series of solutions (100JS, 75%, SOX 

alcohol, and distilled water). Next, they were 

counterstained with a thionin dye, and dehydrated by 

reversing the order of the solutions (distilled water, 50S!, 

75%, and 100% alcohol) ending in xylene. The slides were 

examined using light microscopic techniques and the location 

of the dye from the electrophysiological experiment was 

identified, and/or the extent and location of the DR, MR, or 

sham lesion were identified. 

Biocheaical 

All biochemical assays were kindly performed by Dr. 

Robert Zaczek of the NIDA Addiction Research Center, by the 

following method. The striatum, hippocampus, and nucleus 

accumbens were homogenized, and the biogenic amines were 

extracted from the tissues by perchloric acid extraction, 

according to the method of Zaczek and Coyle (1982). The 

amount of dopamine, serotonin, norepinephrine, and several 

of their metabolites were determined by high performance 

liquid chromatography (HPLC) with electrochemical detector. 

The content of catecholamines in the sample was computed 
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relative to the internal standard and corrected for tissue 

weight to give a final concentration of ng/g tissue. 

Data Analysis 

In the electrophysiology experiments, the difference 

between the control (sham) group and each of the DR and MR 

lesion groups was determined by comparing the percent change 

in firing rate from saline, of the A9 or A10 neurons with 

the administration of phencyclidine, using a two-way 

repeated measures ANOVA on the first 9 doses. In the 

locomotor experiments, the one hour acclimation period was 

compared for each group on every testing day and the 

appropriate control, with the use of an ANOVA with a two-way 

repeated measures (tine) design. A 2-tailed t-test for 

independent samples was also used for comparing total 

counts. In the MR lesioned group the one hour acclimation 

was significantly higher than the control group (p < 0.01). 

Due to this difference in the basal activity the animals 

were considered to be more spontaneously active. To account 

for this increased basal activity a ratio of the drug effect 

over the saline effect (drug/saline) was used when comparing 

the groups using a two-tailed t-test for independent 

samples. This ratio was also calculated and tested for all 

of the other behavioral groups to provide an accurate 

comparison. 
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Drags 

Phencyclidine was dissolved in 0.9% NaCl to a 

concentration of 1.0, 2.5, 5.0, or 10.0 mg/ml. Haloperidol 

was used as a commercially-available Haldol solution (2 

ing/kg McNeil). Apomorphine (100 micrograms/ml), amphetamine 

(1.5 mg/ml), caffeine (10 mg/ml), PCA (5 mg/ml), and chloral 

hydrate (35 mg/ml) were dissolved in 0.9% NaCl. 

Phencyclidine was given i.v. in the electrophysiological 

experiments, while all drugs given in the locomotor 

experiments were given i.p. Ritanserin was dissolved in a 

few drops of glacial acetic acid and 100% propylene glycol 

to a concentration of 10 mg/ml. Once dissolved, the 

solution was diluted with distilled water to yield a 20% 

propylene glycol solution with a final concentration of 2 

mg/ml ritanserin. The pH of ritanserin was adjusted to 

between 4.0 and 4.5 while all other drugs, including saline, 

were adjusted to between pH 6.0 and 7.0. 
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RESULTS 

El ectrophysiol ogy 

The electrophysiological responses of presumptive A9 or 

A10 dopamine neurons to intravenously administered 

phencyclidine in control animals produced a typical dose-

dependent bimodal change in the firing rate of the neurons. 

Low doses of phencyclidine produce increasing excitation of 

the firing rate until a cumulative dose of between 0.75 and 

1.0 mg/kg is reached. Subsequent increases in the 

cumulative dose resulted in a attenuation of the excitation. 

The A9 dopamine neurons of the pars compacta had an average 

maximum increase in firing rate of 38% at a cumulative dose 

of 1.5 mg/kg of phencyclidine. However, this low dose 

excitatory phase was attenuated with increasing doses and at 

a final cumulative dose of 6 mg/kg of phencyclidine, the 

average change in rate was only IX above baseline (figures 

6A and 8A). The A10 dopamine neurons showed a similar 

pattern of response to phencyclidine. For example, at 1.0 

mg/kg of phencyclidine the rate was elevated to 43% above 

basal levels, while at 6 mg/kg the average increase was only 

26% (figures 7B and 8B). Again, higher doses reversed the 

excitatory low-dose response to phencyclidine. When the MR 

and DR lesioned animals were evaluated for their response to 

phencyclidine there were notable differences both 
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qualitatively and quantitatively from the controls (figures 

6, 7, and 8). In the MR lesioned group (figures 6 and 8), 

the change in rate of firing of A9 neurons elicited by 

phencyclidine was significantly decreased compared to the 

Bham-lesioned controls (p < 0.01). Here, the maximum average 

increase in the firing rate was only 17% at 0.5 ng/kg of 

phencyclidine, and at 6 mg/kg of phencyclidine there was an 

average decrease of -37%. As can be seen (figure 8A), 

phencyclidine produces predominantly inhibitory effects on 

A9 firing in the MR lesioned animals. However, the response 

of A9 cells to phencyclidine was not statistically different 

in animals with DR lesions compared to the controls where 

the maximum average increase was 26% at 0.5 mg/kg of 

phencyclidine, and at 6.0 mg/kg of phencyclidine the average 

change was -6%. Furthermore, the response of the A10 neurons 

to phencyclidine (figures 7 and 8) was not statistically 

different in the MR lesioned group. Here, 1.0 mg/kg 

phencyclidine produced a maximum change of 37% while at 6.0 

ng/kg the average change was lowered to 17% above baseline. 

In contrast, DR lesioned animals had changes in firing of 

A10 neurons following phencyclidine that were signifioantly 

less than seen in the controls, where there was a maximum 

increase of only 3% at 0.5 mg/kg phencyclidine and at 6.0 

ng/kg a reduction in rate to -13% below basal levels. 
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B) DR LESION 

Figure 6. Ratemeter records of the change in firing rate of 
A9 dopamine neurons following i.v. phencyclidine in controls 
(A) and in DR lesioned animals (B). In figures 5 and 6, 
arrowheads denote the time of intravenous injection of 
saline (S, 1 ml/kg), phencyclidine (PCP), apomorphine (AP, 
50 micrograms/kg), and haloperidol (HD, 0.5 mg/kg). 
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Figure 7. Ratemeter records of the change in firing rate of 
AlO dopamine neurons following i. v. phencyclidine in 
controls (A) and in HR lesioned animals (B). 
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A) A9 

C0T 

B) AlO 

oumulottv* doM POP (ma/kg) 

cumulate doM PCP (ros/Vg) 

Figure 8. Cunulative dose-response curves of the nean 
change in firing rate (+/- S.E.H.) of A9 (A) and AlO (B) 
dopamine neurons induced by intravenous phencyclidine. The 
open circles denote control groups, filled triangles MR 
lesion groups, and filled squares DR lesioned groups. Note, 
that the response of the A9 neurons (A) is not different in 
the DR lesioned animals but is in the MR lesioned group (p < 
0.01). Conversely, the response of AlO neurons (B) to 
phencyclidine is significantly altered by DR lesions (p < 
0,01), while the MR group is not different froa control. 
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Behavior 

Phencyclidine Dose Response 

The locomotor dose-response to phencyclidine is shown 

in figure 9. The lowest two doses (2.5 and 5.0 mg/kg) of 

phencyclidine produced locomotor hyperactivity in a dose 

dependent manner, while the highest dose (10.0 mg/kg) 

produced an intermediate stimulation. This is due to the 

ataxia produced by the high dose of phencyclidine, resulting 

in the animals not being able to move around as much. In 

the middle time points (60 and 80 minutes) there is a 

rebound effect where the ataxia is decreasing and the 

locomotor hyperactivity is predominating. The total count 

bar graph (figure 9B) clearly reflects the impact of ataxia 

on horizontal locomotor activity. Thus, a dose of 5.0 mg/kg 

of phencyclidine was used to minimize the problem of ataxia 

while providing a robust locomotor response. 

Amphetamine Dose Response 

Amphetamine dose-response curves demonstrate a dose 

dependent increase in locomotor activity (figure 10). 

Although the largest dose (3.0 mg/kg) produced the greatest 

number of photocell interruptions, this group also 

demonstrated a high degree of stereotypic behavior. It was 

concluded that the 1.5 mg/kg dose of amphetamine was a more 
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Figure 9. Phencyclidine dose response curves of the nean 
locomotor counts per 20 minutes (A), and of the mean total 
counts for a 2 hour period (B). In panel A, time -60 
minutes represents the time at which the animals were placed 
into the photocell cages, and time 0 represents the time of 
drug or saline administration. Open circles denote the 
acclimation period from -60 to 0 minutes and the saline 
treated group from 0 to 120 minutes. The filled triangles 
denote 2.5 mg/kg phencyclidine, filled squares 5.0 mg/kg 
phencyclidine, and filled diamonds 10.0 mg/kg phencyclidine. 
All phencyclidine doses are significantly different from the 
saline control (p < 0.01). In panel B, all phencyclidine 
doses are significantly different from the saline control, 
and the 10.0 mg/kg dose of phencyclidine is significantly 
reduced related to the 5.0 mg/kg dose (p < 0.05). 
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reasonable choice to use in the experiments bo that the 

stereotypy produced by the higher doses of amphetamine would 

not interfere with the horizontal locomotor behavior. 

Light vs Dark 

A comparison was also made between testing locomotor 

behavior in a well lighted room vs. a dark room (figure 11). 

In both the acclimation and the phencyclidine challenge 

periods, the dark room was associated with a greater amount 

of locomotor hyperactivity. Due to concern about a ceiling 

effect, the remainder of the experiments were conducted 

under lighted conditions. A ceiling effect might occur when 

the when the spontaneous activity of the animals is so 

markedly elevated that additional activity resulting from 

drug treatment would not be fully expressed. Simply, there 

may be a finite level of activity beyond which an animal 

cannot move faster. 

PCA Treatment 

When comparing the PCA treated group with the vehicle 

group, acclimation-related activity was not statistically 

different (figures 12 and 13). However, phenoyclidine (p < 

0.01), and amphetamine-induced locomotor hyperactivity (p < 

0.01) were significantly potentiated. Activity related to 

caffeine and saline were not different. Saline was used as 



51 

A) 

400-

300-

200-

100-

-CO eo 120 o 

B) 

2000 x 
$ 
« 1800- • 

J 1000-

| S00--

^ 0-

Sonra 0.75 mflAo 1.0 mo/kg Mma/kg 

TWE(mJn) 

• • 

* * 

r-*—i 

* • 

ivvKv 

|§ Hi 

Figure 10. Amphetamine dose-response curves of the iiean 
locomotor counts per 20 minutes (A), and for a 2 hour period 
(B). Open circles denote the acclimation period from -60 to 
0 minutes and the saline treated group from 0 to 120 
minutes. Filled triangles denote 0.75 mg/kg amphetamine, 
filled squares i.5 mg/kg amphetamine, and filled diamonds 
3.0 mg/kg amphetamine. All amphetamine doses are 
significantly different from the saline control (p < 0.01) 
in both panels A and B. 
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Figure 11. Effects of a lighted (open bars, control) or 
dark room (cross hatched) on total photooell counts for one 
hour of acclination and two hours following phenoyclidine (5 
mg/kg). Spontaneous acclimation-related behavior (p < 0.05) 
and the hyperactivity produced by phencyclidine (p < 0.01) 
are statistically greater in the dark roon than in the light 
room. 
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Figure 12. Effects of PCA (filled synbols) or vehicle (open 
symbols) pretreated animals on the locomotor effects of 
phencyclidine (square) (A), amphetamine (triangles) (B), and 
caffeine-treated (diamonds) (C) animals. PCA was 
administered at least 6 days prior to testing. Challenge 
drugs were administered at time 0. Phencyclidine (p < 0.01) 
and amphetamine-induced hyperactivity (p < 0.01) were 
significantly elevated over the control responses, 
caffeine response and the acclimation behaviors 
-60 to 0 minutes) were not significantly different 
are consistent in all following figures. 
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Figure 13. Effects of PCA (filled symbols) or vehicle 
pretreated animals (open symbols) on the locomotor response 
to saline (circles) (A) and the total photocell counts of 
each group (B). The saline response and the acclimation 
behaviors were not statistically differently from the 
controls. Phencyclidine (p < 0.01) and amphetamine (p < 
0.01) were potentiated above controls. 
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Figure 14. Effects of ritanserin and vehicle pretreatment 
on the locomotor response to phencyclidina (A), amphetamine 
(B), and caffeine (C). The animals were placed in the cages 
at time -120, ritanserin was administered at time -60, and 
the challenge drugs were administered at time 0. the 
response to phencyclidine (p < 0.01), amphetamine (p < 
0.01), and caffeine (p < 0.05) were significantly different 
from the control responses, while the ritanserin itself, 
saline injections, and acclimation behaviors were not 
different. 
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a control response to evaluate the spontaneous or basal 

activity of the treated and control animals. Phencyclidine-

induced hyperactivity was potentiated at all points, whereas 

amphetamine was potentiated at only the later tine points. 

Thus when compared to control, PCA treatment augmented 

locomotor behavior by +90% for phencyclidine, +54% for 

amphetamine, while the response to caffeine and saline were 

decreased by -30% to -40%, respectively. Since the effects 

of caffeine and the saline were attenuated, this suggests 

the possibility that spontaneous activity was also reduced. 

Pitanserin Treatment 

The serotonin 5-HT2 receptor antagonist ritanserin was 

also used to block some of the behavioral effects produced 

through serotonin in the locomotor hyperactivity induced by 

phencyclidine and amphetamine. The acclimation of the 

ritanserin group vs the vehiole group was not statistically 

different (figures 14 and 15). Although ritanserin produced 

a slightly higher level of activity than that of saline it 

was not significantly different. This does not support the 

idea that there is a generalized increase in spontaneous 

activity since the response to saline was not different in 

the ritanserin versUs the vehicle groups. However, 

ritanserin potentiated the behavioral responses to both 

phencyclidine (p < 0.01) and amphetamine (p < 0.01), while 
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Figure 15. Locomotor response to Baline in ritanserin and 
vehicle treated animals (A). The total counts of all the 
PCA treated groups are summarized in panel B. The saline, 
ritanserin, and acclimation responses were not statistically 
differently from those of the controls. Total photocell 
counts for phencyclidine (p < 0.01) and amphetamine (p < 
0.01) treatments were significantly different from their 
respective controls. 
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caffeine induced activity (p < 0.05) was attenuated. The 

phencyclidine effect was potentiated at all tine points but 

the first, and amphetamine at all tine points. The percent 

change of drug-induced activity in the ritanserin group vs 

the control group was +109% for phencyclidine, +41% for 

amphetamine, -31% for caffeine, and +2% for saline. 

DR Lesions 

Electrolytic lesions of the dorsal raphe nuclei were 

done to remove the serotoninergic influence from the DR to 

the midbrain dopamine neurons. In animals with lesions of 

the DR nuclei, phencyclidine (p < 0.05) and amphetamine-

induced hyperactivity (p < 0.01) were potentiated when 

compared to the sham controls. However, locomotor behavior 

related to acclimation, saline, and caffeine injections were 

not different from the controls (figures 18 and 17). The 

percent change in response to drugs in the DR lesioned group 

vs the control group was +53% for phencyclidine, +38% for 

amphetamine, +56% for caffeine, and +2% for saline. 

Although the caffeine effect was larger than controls, the 

standard error was also large, thus making the mean response 

of these groups not statistically different. 
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MR lesions 

Electrolytic lesions of the medial raphe nuclei were 

done to remove the serotoninergic influence from the MR to 

the midbrain dopamine neurons of both A9 and A10 nuclei. 

Lesions of the MR nucleus significantly potentiated the 

locomotor response to phencyclidine (p < 0.05), amphetamine 

(p < 0.01), and caffeine (p < 0.01) (figures 18 and 19). 

However, it also potentiated the effects of saline (p < 

0.01) and acclimation behavior (p < 0.05). All time points 

in both the acclimation and the drug challenge periods were 

increased over the sham lesioned controls. The percent 

change in photocell counts of the MR lesioned group vs the 

control group were 56% for phencyclidine, 125* for 

amphetamine, 149% for caffeine, and 67X for saline. Since 

the spontaneous activity of the MR lesioned animals is 

elevated, it can no longer be assumed that the potentiation 

of the ohallenge drug is necessarily due solely to the 

lesion. To determine if there is an actual potentiation of 

the drug effect, I examined the ratio of drug effect over 

the response to saline injection. The saline effect was 

used for this comparison since it nost closely represents 

the treatment and timing of the drug challenge period. This 

same drug to saline ratio was calculated for the PCA, 

ritanserin, and DR lesion treatment groups. This was done 

so that the drug to saline ratio for each treatment group 

could be directly compared (figure 20 and 21). 
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Figure 16. Effects of DR lesions on the locomotor response 
to phencyclidine (A), amphetamine (B), and caffeine (C). 
The animals were lesioned at least 7 days prior to testing. 
Challenge drugs were administered at time 0. The 
phencyclidine (p < 0.05), and amphetamine (p < 0.01) curves 
were significantly different from the control responses. 
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Figure 17. Effects of saline challenge (A) in DR and sham 
lesioned animals. The total counts of all the lesioned 
groups are summarized in panel B. Phencyclidine (p < 0.05) 
and amphetanine (p < 0.01) were significantly different from 
the control responses. 
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Figure 18. Locomotor response to phencyclidine (A), 
amphetamine (B), and caffeine (C) in animals with MR 
lesions. Lesions were made at least 7 days prior to 
testing. Challenge drugs were administered at time 0. The 
phencyclidine (p < 0.01), amphetamine (p < 0.01), and 
caffeine (p < 0.01) curves were significantly different from 
controls. Most notably, acclimation activity was 
significantly increased (p < 0.05). 
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Figure 19. Effects of saline injection (A) in MR and sham 
lesioned animals. The total counts of all lesioned groups 
are summarized in panel B. Both the saline and the 
acclimation photocell counts were statistically elevated 
over the control levels. The total photocell counts related 
to acclimation (p < 0.05), an injection with saline (p < 
0.05), phencyclidine (p < 0.05), and amphetamine (p < 0.01) 
were different from the controls. 
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Drug To Saline Ratios 

The ratios for the PCA treated, ritanserin treated, DR 

lesioned, and MR lesioned groups are shown in figures 20 and 

21. In the PCA treated animalB phencyclidine cauBed a +201% 

increase in activity over control, amphetamine a +163% 

increase, and caffeine a slight +3% change. In the 

ritanserin treated group phencyclidine produced a +57% 

increase, amphetamine a +52% increase but caffeine produced 

a -30% decrease. For the DR lesioned group the percent 

increases were +67% for phencyclidine, +36% for amphetamine, 

and +50% for caffeine. In contrast, all drugs were 

decreased in the MR lesioned animals (-45% for 

phencyclidine, -12% for amphetamine, and -13% for caffeine). 

Thus, the MR lesioned group was the only treatment group 

which did not produce a potentiated response to either 

phencyclidine or amphetamine. 

Histology 

The results of the lesions on the dorsal and medial 

raphe nuclei are summarized by the use of a schematic 

showing the maximum and minimum lesioned areas (Figure 22). 
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Figure 20. Total photocell counts fron drug challenge 
divided by the total photocell counts from saline injection, 
for PCA (A), and ritanserin treated animals (B). 
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Figure 21. Total photocell counts from drug challenge 
divided by the total photooell counts fro«i saline injection, 
for the DR (A) and MR lesioned animals (B). Note the 
decrease in the ratio in the MR leBioned group. 
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Figure 22. A schematic representation of the lesions of the 
dorsal (DR) and medial (MR) raphe nuclei. The lesion with 
maximum destruction in each region is represented by the 
outer line, and the lesion with the minimum destruction is 
represented by the inner filled space. The schematics 
represents areas of the brain at 7.30, 7.64, 7.80, 8.00, and 
8.30 mm behind bregma, as labeled. 
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DISCUSSION 

Through the use of histochemical mapping techniques it 

is known that the medial raphe (MR) and dorsal raphe (DR) 

nuclei send serotoninergic projections to a number of brain 

regions, including the midbrain dopaminergic neurons (Geyer 

et al. , 1976a; Phillipson, 1979; Rosofsky and Molliver, 

1987). Although the DR and MR have each been shown to 

innervate both the substantia nigra (SN) and the ventral 

tegmental area (VTA), the primary source of serotonin 

innervation of the SN is thought to originate from the MR, 

while for the VTA it is thought to originate from the DR. 

The electrophysiological data presented here indirectly 

support the contention that the A9 and AlO dopamine systems 

are differently innervated by the MR and the DR systems. 

Specifically, MR lesions significantly altered the change 

in the firing rate of A9 neurons in response to 

phencyclidine. However, these same lesions had no effect on 

the AlO neuronal response to phencyclidine. Conversely, DR 

lesions significantly changed the response of AlO neurons to 

phencyclidine, while having little effect on phencyclidine 

induced changes in A9 firing rates. 

The change in the response of A9 neurons to 

phencyclidine following MR lesions was a decrease in the 

excitatory effects seen at low doses leading to an increase 
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in the degree of inhibition occurring at high doses of 

phencyclidine. Similar qualitative changes were also 

observed in the A10 response to phencyclidine in the DR 

lesioned group where the low-dose excitation was almost 

completely abolished. These results suggest that 

serotoninergic innervation from the HR is required for 

phencyclidine to produce its low-dose excitation effect in 

the A9, while serotoninergic innervation fron the DR is 

required for phencyclidine to produce its low-dose 

excitation of A10 dopamine neurons. 

As noted above, the DR lesion produced a small change 

in the phencyclidine response on the A9 dopamine neurons. 

This small change may be due to a number of factors, such as 

the DR nuclei sending a small serotonergic projection to the 

SN, as has been suggested by Iversen and workers (1978). 

This smaller or partial innervation of the VTA by the DR 

would also help explain the partial decrease in the 

excitation and the increase in the inhibition of A9 activity 

produced by phencyclidine. Another possibility is that the 

DR and MR send serotonergic projections to one another 

(Iversen et al., 1979). This cross innervation may mean 

that the destruction of the DR may remove a neuronal input 

connecting in the MR, which would effect the A9 neurons and 

thus change the phencyclidine response. There are also 

reciprocal dopaminergic innervations from the VTA to the SN. 

In normal animals these neuronal connection from the VTA may 
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act as a regulatory influence on the SN, while in the DR 

lesioned animals this influence may be altered. This 

alteration may be due to the removal of the serotoninergic 

influence from the DR to the VTA, which in turn might change 

the VTA's ability to regulate the SN. This decreased 

regulatory control of the SN may cause an increase the 

inhibitory phase of the A9 neurons. Although the above 

suggestions are possible explanations for the A9 changes, 

they are not likely because there was no similar partial 

reduction in the excitation of the A10 neurons in MR 

lesioned animals. The most likely explanation is the 

phencyclidine response of the A9 neurons in the DR lesioned 

group is not different from the control response, as has 

been shown by French and co-workers (1990). 

It is interesting to note that this change in the 

response to phencyclidine of the A9 neurons in the DR 

lesioned group only occurs in the low-dose excitation, and 

not in both the low and high dose responses. One possible 

explanation for this is the fact that phencyclidine is an 

NMDA antagonist. Serotonin may modulate the activity of 

glutamate at the NHDA receptor Buch that phencyclidine 

cannot block the channel, thus changing only the excitatory 

effect. 

The behavioral responses to phencyclidine were also 

Btudied. The locomotor hyperactivity produced by both 

amphetamine and phencyclidine has been shown to be dopamine-
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dependent through the A10 dopamine neurons in the VTA 

(French and Vantini, 1984). It is also known that the 

phencyclidine-induced dopamine-dependent behavior is 

potentiated by the administration of PCA, while the 

serotonin-dependent behaviors are not potentiated (Yamaguchi 

et al., 1986). Thus serotonin is thought to be involved in 

the regulation of the dopamine-dependent phencyclidine-

induced locomotor hyperactivity. The serotoninergic system 

originating from the dorsal raphe nucleus plays a regulatory 

role in the dopamine system, specifically the A10 neurons in 

the VTA. Thus the phencyclidine-induced 

electrophysiological changes in the A10 dopamine neurons may 

have a direct effect on the phencyclidine-induced behavior 

in the rat. 

As was found by previous investigators (Jacobs, et al., 

1974b; Geyer et al. , 1976b; Lorens et al., 1974b; Lorens, 

1978;) the basal locomotor activity is not changed by DR 

lesion, PCA administration, or ritanserin administration, 

while the MR lesioned group had an elevated basal activity. 

This elevation in spontaneous activity from the MR lesions 

might be mediated through the non-serotonin elements within 

the MR as has been suggested by Asin and co-workers (1983). 

This conclusion was based on the fact that the serotonin 

depletor PCA and the serotonin 5-HT2 antagonist ritanserin 

did not produce elevated spontaneous activity. If the 

increased spontaneous activity was through a serotoninergic 
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system these treatments should increase spontaneous 

activity. Another possibility is that the increased 

spontaneous activity is mediated through a serotoninergio 

system. If so, the ritanserin would not produce an 

increased activity if it were mediated through a serotonin 

receptor other than the serotonin 5-HT2 receptor. The PCA 

may not produce an increase in spontaneous behavior if it 

was mediated through one specific serotonin type of fiber, 

either the M or D type fiber, because PCA has been suggested 

to only destroy the D type fiber (Kosofsky, B.. E., and 

Molliver, M. E-, 1987; Mollivar, M. E., 1987). The M type 

fiber originates from the MR while the D type fibers 

originate from the DR. Thus by destroying the D type fibers 

from the DR with PCA, the M type fibers originating from the 

MR are still intact. This would produce the same type of 

results found in the DR lesioned animals, i.e., no increase 

in the basal activity of the treated animals. The results 

also are in agreement with the results on amphetamine in 

which the amphetamine response was potentiated by PCA, 

ritanserin, and raphe lesions (Neil et al., 1972: and Breese 

et al., 1974). 

The saline response was used to represent the actual 

spontaneous activity and to evaluate the effect of the PCA, 

ritanserin, DR lesion, and MR lesion adjusting for the 

spontaneous activity, (figure 20 and 21). A similar method 

was used by Jacobs and Wise (1974c) where the amphetamine 
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response was calculated as a percent of the pre-drug 

activity. Using this approach they found that the 

potentiation of locomotor activity by amphetamine in the MR 

lesioned animals was no different from the control response. 

In the present studies a similar type of evaluation was used 

except that the drug to saline ratio was used since it more 

accurately reflects the time and procedure used for the 

challenge drugs. By utilizing this ratio it is easily 

visible that the PCA treated, ritanserin treated, and DR 

lesions groups show an increased response to phencyclidine 

and amphetamine while the MR lesioned group actually showB a 

decreased response to these drugs. Caffeine appeared to be 

no different in the PCA treated, ritanserin treated, and the 

MR lesioned groups, while it was slightly potentiated in the 

DR group. This potentiation of the caffeine response may be 

through a non-serotonergic effect on the dopaminergic 

system, but even taking this into account, the phencyclidine 

and amphetamine responses are still potentiated above the 

control response. Thus the potentiation of phencyclidine 

and amphetamine is most likely mediated through a serotonin 

system, possibly through the dorsal raphe nucleus, but it 

does not appear to be through the medial raphe nucleus. 

In summary, the increased inhibition of the A10 

dopamine neurons to phencyclidine in the DR lesioned animals 

may be the electrophysiological event which produces the 

behavioral locomotor hyperactivity seen with phencyclidine. 
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This is supported by the fact that other stimulants such as 

cocaine and amphetamine produce only inhibitory responses on 

the A10 dopamine neurons when administered systemically. 

Thus by modifying the serotoninergic influence from the DR 

to the VTA, one might be able to better understand the 

actions of phencyclidine from both electrophysiological and 

behavioral levels, and more importantly to better understand 

how serotonin may play a significant role in the regulation 

of the dopamine system. This increased knowledge may help 

in the understanding of the neurotransmitters involved in 

the phencyclidine-induced psychosis, such as dopamine, 

serotonin, and glutamate. It will also help in determining 

the role of the NMDA receptor, and individual subtypes of 

serotonin and dopamine receptors, in the phencyclidine-

induced psychosis. Because of the close resemblance between 

the phencyclidine-induced psychosis and the naturally 

occurring schizophrenias these findings may be of use in the 

understanding of schizophrenia. 
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CONCLUSION 

1) The DR lesions increased the inhibitory phase of the 

response to phencyclidine in the A10, but not the A9. Thus 

the DR nuclei innervates the ventral tegmental area A10 

neurons. 

2) The MR lesions increased the inhibitory phase of the 

response to phencyclidine in the A9, but not the A1G. Thus 

the MR nuclei innervates the substantia nigra A9 neurons. 

3) The PCA, ritanserin, and DR groups did not exhibit an 

increase in the spontaneous activity of the animals, while 

the MR did. 

4) The PCA, ritanserin, and DR groups show a potentiated 

response to phencyclidine and amphetamine, while the MR 

lesions did not produce a potentiation of phencyclidine or 

amphetamine when the spontaneous activity was included in 

the evaluation. 

5) Thus, the drug potentiation of the locomotor 

hyperactivity appears to be mediated through the DR 

serotoninergic system and the A10 dopamine system. 
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