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ABSTRACT 

Biochemical, electrophysiological and behavioral 

studies indicate the presence of central nervous system 

dopamine (DA) D-1 and D-2 receptors, and that they 

functionally interact. In rats trained to discriminate d-

amphetamine (AMPH) (1.0 mg/kg) from saline, the D-2 agonist 

quinpirole (QUIN) (0.1-2.0 mg/kg) produces amphetamine-lever 

responding, while the D-1 agonist SKF 38393 (0.3-10.0 mg/kg) 

and the D-1 antagonist SCH 23390 (0.01-0.1 mg/kg) elicit 

only saline-appropriate responding. Neurochemically, QUIN 

(0.5 mg/kg) reduces dihydroxyphenylacetic acid (DOPAC) 

formation in the striatum (STR) and nucleus accumbens septi 

(NAS) but not the medial prefrontal cortex (PCX), while AMPH 

(0.5 mg/kg), SKF 38393 (7.0 mg/kg) and SCH 23390 (0.1 mg/kg) 

are ineffective in any region. Combining either QUIN (0.05-

0.5 mg/kg) or SKF 38393 (0.5-10.0 mg/kg) with AMPH (0.3 

mg/kg) produces dose-dependent increases in amphetamine-

lever responding, while SCH 23390 (0.02-0.1 mg/kg) blocks 

discrimination behavior. Neurochemically, QUIN (0.1-0.5 

mg/kg) + AMPH (0.5 mg/kg) and SCH 23390 (0.1 mg/kg) + AMPH 

(1.0 mg/kg) reduce DOPAC formation in the STR and NAS but 

not the PCX, while SKF 38393 (1.0-7.0 mg/kg) + AMPH (0.5 

mg/kg) potentiates DOPAC formation in all three regions. In 

other experiments where 0.05 or 0.2 mg/kg QUIN is 

substituted in for AMPH trained rats, SKF 38393 (0.5-7.0 

V 



î g/kg) fails to increase and SCH 23390 (0.01-0.1 mg/kg) 

fails to decrease discriminative responding. 

Neurochemically, QUIN (0.5 mg/kg) induced decreases in DOPAC 

formation in the STR and NAS are offset to saline controls 

with SKF 38393 (1.0-7.0 mg/kg), while SCH 23390 (0.02-0.05 

mg/kg) is ineffective in any region. These data indicate 

that, although D-l/D-2 receptors functionally interact 

neurochemically, these interactions do not affect drug 

discrimination. The potentiation and blockade of AMPH-

mediated discrimination may be due to the ability of D-1 

drugs to alter endogenous DA release. 

Other experiments—using the iji vivo presynaptic 

terminal model (gamma butyrolactone (GBL) (750 mg/kg) + NSD 

1015 (100 mg/kg))—sought to determine the presence of D-1 

and D-2 autoreceptors, and whether they interact to affect 

DA synthesis. Alone, GBL and AMPH (0.5 mg/kg) independently 

increase DOPA accumulation in the STR, while QUIN (0.5 

mg/kg) reduces DA synthesis in the STR and NAS. SKF 38393 

(7.0 mg/kg) and SCH 23390 (0.05 mg/kg) are without effect in 

any region. QUIN (0.5 mg/kg) combined with AMPH (0.5 mg/kg) 

significantly reduces DOPA accumulation from GBL controls 

and AMPH values in all three regions, while SKF 38393 (7.0 

mg/kg) reduces DA synthesis from AMPH values only in the 

PCX. SCH 23390 (0.05 mg/kg) combined with with AMPH (0.5 

mg/kg) is without effect in any region. In other 

experiments, SKF 38393 (7.0 mg/kg) or SCH 23390 (0.05 mg/kg) 

vi 



combined with QUIN (0.5 mg/kg) fails to alter DA synthesis 

from QUIN values in any region. These data indicate the 

presence of D-2 synthesis modulating autoreceptors in the 

STR and NAS, and possibly release modulating autoreceptors 

in the PCX. Dopamine D-1 autoreceptors may exist in the 

PCX, although their role is yet undetermined. 
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CHAPTER I 

INTRODUCTION 

Catecholamines, as a whole, are involved in a variety 

of behaviors such as sleep, reward, feeding and drinking. 

Central nervous system (CNS) dopaminergic neurons play an 

essential role in eliciting and maintaining homeostatic 

conditions in humans and animals. The dopaminergic system 

is also implicated in disorders such as schizophrenia, 

Parkinson's disease, Lesch-Nyhan syndrome. Attention Deficit 

Disorder and Gilles de la Tourette syndrome. Even addiction 

to psychomotor stimulants may be mainly mediated through the 

dopaminergic system. On a physiological level, dopaminergic 

neurons affect the biochemistry and electrophysiology of 

numerous CNS neurons through activation of dopaminergic 

receptors. Receptor binding studies have revealed two major 

dopamine (DA) receptor subtypes which are classified as D-1 

and D-2 receptors. The recent availability of selective D-1 

and D-2 agents has made it possible to better study and 

understand how these receptor subtypes affect the CNS on all 

levels. 

Potential Clinical Use of Selective 
Dopamine Receptor Drugs 

Neuropharmacologists often expose neuronal systems to 

drugs in an attempt to better understand the physiology of 

that system. However, many times the drugs used to examine 



these systems benefit man by later becoming clinically 

useful therapeutic agents. 

Antipsychotic Potential of Selective 
Dopamine Receptor Drugs 

Dopamine Hypothesis of Schizophrenia 

The clinical expression of schizophrenia is 

hypothesized to be mediated by a relative excess in the 

activity of dopaminergic neurons. The development and 

widespread use of the phenothiazine neuroleptics improved 

the clinical picture of schizophrenia. Later, it was proven 

that phenothiazines bind to and antagonize dopamine (DA) 

receptors; therefore, suggesting that these agents decrease 

the expression of central dopaminergic transmission. Other 

evidence suggests that derangements in the dopaminergic 

system produce schizophrenia-like symptoms. In humans, 

toxic psychosis resulting from repeated high doses of 

amphetamine resembles schizophrenia with the production of 

paranoid delusions, various stereotyped and compulsive 

behaviors, and visual or auditory hallucinations. These 

symptoms are readily relieved with neuroleptic agents 

(Angrist and Gershon, 1970). Moreover, schizophrenics who 

have taken amphetamine or methylphenidate exhibit an 

exacerbation of schizophrenic symptoms without showing new 

symptoms (Janowsky and Davis, 1976). In animal models, rats 

given amphetamine exhibit hyperactivity and stereotyped 

behaviors which can be abolished by alpha methyl-p-tyrosine 



pretreatment, 6-hydroxydopamine lesions of the caudate 

nucleus (Asher and Aghajanian, 1974; Creese and Iversen, 

1974), and typical neuroleptic agents (Ljungberg and 

Ungerstedt, 1985). Additional evidence for the DA 

hypothesis of schizophrenia shows that D-2 receptors are 

increased in the caudate nucleus, putamen and nucleus 

accumbens of post-mortum brains of schizophrenic patients. 

Those who were off neuroleptics for up to one year reveal an 

increased Bjĵ ^̂^ and no change in Kp, while patients who were 

taking neuroleptics also had an increased Bĵ ^̂ ^ and Kĵ  

(decreased affinity) due to remaining brain neuroleptic 

levels. Dopamine D-1 receptor populations were not 

increased in either group (Cross, Crow and Owen, 1981; 

Mackay et al., 1982). Similarly, positron emission 

tomography (PET) scans using (3-N-[ll C] methyl) spiperone 

reveal that D-2 receptor numbers are increased in 

neuroleptic-naive schizophrenics (Wong et al., 1986). These 

studies suggest that, as deduced from derangements in the 

activity of dopaminergic neurons, schizophrenia may also 

involve changes in D-2 receptor populations. 

Potential Use of D-1 
Receptor Antagonists 

Receptor binding studies clearly demonstrate that 

neuroleptics with increasing D-2 receptor affinity have 

increasing clinical potency as antipsychotic agents (Creese, 

Burt and Snyder, 1976). Typical neuroleptics such as 



cis-flupentixol, (+)-butaclamol, chlorpromazine, 

fluphenazine, haloperidol, or spiroperidol either potently 

bind D-2 receptors or non-selectively bind D-2 and D-1 

receptors (Anderson et al., 1986). However, although D-2 

antagonists are effective antipsychotic agents, they are 

also responsible for many of the side effects seen in 

schizophrenic patients (Waddington, 1984; Fibiger and Lloyd, 

1984) . The most troublesome side effect is the development 

of extrapyramidal symptoms in about 3 0-40% of patients. 

Numerous medical texts describe these side effects as: acute 

dystonia, parkinsonism, akathesia (extreme motor 

restlessness), and tardive dyskinesias. Other side effects 

include: inherent acetylcholine blockade, orthostatic 

hypotension (alpha receptors), quinidine-like local 

anesthetic effects on the heart, increased prolactin 

secretion (D-2 receptors), and "neuroleptic malignant 

syndrome" (possibly D-2 receptors). Most of these 

neuroleptic side effects are ascribed to D-2 receptor 

actions or different inherent actions on other receptor 

subtypes. 

Several recent studies suggest that D-1 receptors may 

play a part in the schizophrenic syndrome. Hess et al. 

(1987) showed that not only are D-2 receptors increased in 

schizophrenia, but that D-1 receptors are decreased as well. 

Wassermann (1986) speculates that the schizophrenic syndrome 

may involve a genetic defect in the D-1 (high affinity 



(D-3)) gene operator, leading to deficient production of D-1 

(high) receptors which serve as dopaminergic autoreceptors. 

Therefore, D-1 antagonists may effectively treat 

schizophrenia, as well as precluding the development of side 

effects seen with typical neuroleptics. Recently, several 

atypical neuroleptics, which are clinically effective and 

produce fewer side effects, were demonstrated to potently 

displace the D-1 antagonist [3H] SCH 23390 (Anderson et al., 

1986). Currently, two D-1 antagonists which are not yet 

clinically available, SCH 23390 and SKF 83566, reproduce the 

actions of typical neuroleptics. These include: inhibiting 

behavioral stimulation induced by DA agonists (Waddington, 

1986), inhibiting conditioned avoidance behavior 

(Waddington, 1986), inhibiting the amphetamine drug 

discriminative cue (Nielsen and Jepsen, 1985) and inhibiting 

intracranial self-stimulation (Nakajima and McKenzie, 1986). 

Numerous animal studies also suggest that D-1 antagonists 

may be less likely to elicit extrapyramidal side effects. 

For example, primates administered SCH 2 3 390 at doses 

disrupting conditioned avoidance demonstrate no dyskinetic 

syndromes, while haloperidol produces dyskinesis after 12 to 

20 treatments of 1.25 mg/kg p.o. (Gerhardt, Gerber and 

Liebman, 1985). Additionally, when rats are chronically 

administered SCH 23390 for 21 days, central D-1 receptors 

are increased and there is no tolerance to the drug's 

cataleptogenic effects. However, this regimen elicits no 



signs of tardive dyskinesias (Hess et al., 1986), unlike 

those observed with chronic use of the currently marketed 

antipsychotic agents. Therefore, schizophrenia might be 

effectively treated with D-1 receptor antagonists, but 

without the side effects associated with typical neuroleptic 

drugs. 

Antiparkinsonian Potential of Selective 
Dopamine Receptor Drugs 

Human Parkinsonism 

Parkinson's disease is a central nervous system 

disorder which develops after substantia nigra (A8,A9) 

dopaminergic cell bodies degenerate due to some as yet 

undefined idiopathic mechanism. Nigrostriatal dopaminergic 

projections to the caudate-putamen (collectively, the 

striatum) are lost, resulting in DA receptor 

supersensitivity and the development of parkinsonian signs. 

Parkinson's disease usually does not appear until mid-life 

because the compensatory increase in the activity of 

remaining dopaminergic neurons obscures the degeneration of 

other neurons. When dopamine levels are depleted to less 

than 20% of normal, clinical signs of Parkinson's disease 

become apparent. Basically, dopaminergic neurons initiate 

the inhibition of striatal cholinergic neurons, which in 

turn act as a balancing mechanism for output to brain 

regions controlling motor coordination. Patients with 

Parkinson's disease have marked tremor, rigidity, spasticity 
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and bradykinesia (difficulty in initiating and arresting 

movements). Other signs include: masklike facies, 

micrographia and cogwheel rigidity. Traditionally, the 

symptoms of Parkinson's disease have been relieved by 

administering the DA precursor L-DOPA which crosses the 

blood brain barrier (BBB) through the large neutral amino 

acid (LNAA) transport system. Dopamine is not readily 

transported across the BBB (Juncos et al., 1987; Kurlan, 

1987; Pincus and Barry, 1987). However, the longterm use of 

L-DOPA frequently results in many drug-related side effects. 

Some of these side effects include: dyskinesias 

(facieiingual, bobbing or waving motions of the head and 

trunk, rhythmic or jerking movements of the hand, arms or 

trunk, myoclonic contractions, and other signs), behavioral 

signs (dementia, nervousness, anxiety, nightmares), nausea 

and vomiting, hypotension, cardiac dysrhythmias and the "on-

off" effect in 15-40% of patients on chronic treatment. The 

"on-off" syndrome is noted when L-DOPA rapidly looses its 

effectiveness with time and dosage escalation. Recent 

studies suggest that motor fluctuations increase with a 

high-protein diet, because LNAAs compete with L-DOPA for BBB 

transport. Low protein diets reduce "on-off" fluctuations 

(Juncos et al., 1987; Kurlan, 1987; Pincus and Barry, 1987). 

Many physicians treat patients with direct DA receptor 

agonists in the early course of Parkinson's disease, and 

reserve L-DOPA for later periods when the disease condition 
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worsens, thus, delaying the onset of the "on-off" syndrome. 

Yet, direct agonists produce many side effects, and 

treatment failures with bromocriptine have been as high as 

44% due to unacceptable side effects (Lees and Stern, 1981). 

Even lisuride has a spectrum of side effects identical to 

bromocriptine and L-DOPA (Gopinathan et al., 1981). 

Treating Parkinson's Disease with 
Selective DA Receptor Agonists 

Clinical Use of D-2 Agonists 

The recent development of selective D-1 and D-2 

receptor agonists may make available effective antiparkinson 

drugs which also have fewer side effects. Several animal 

models of extrapyramidal dysfunction are effectively 

reversed with D-2 agonists, and this suggests that 

dopaminergic control of motor movement is mediated by D-2 

stimulation (Creese et al., 1983). Koller et al. (1987) 

suggest that the D-2 agonist quinpirole may become an 

effective antiparkinson drug since it reverses rat models of 

extrapyramidal dysfunction. Another recent animal model was 

developed after finding that human individuals who had 

injected the meperidine derivative l-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) develop a condition 

similar to Parkinson's disease (Langstrom et al., 1983). 

Likewise, monkeys injected with MPTP exhibit destruction of 

substantia nigra cell bodies, depletion of striatal DA 

levels and similar parkinsonian signs. Not surprisingly, 



the condition is effectively reversed by L-DOPA (Burns et 

al., 1983) and D-2 agonists such as quinpirole (Nomoto, 

Jenner and Marsden, 1985). Recently, several Parkinson's 

disease patients have been sucessfully treated with the D-2 

agonists pergolide, mesulergine (Baas et al., 1985; Dupont, 

Mikkelsen and Jakobsen, 1986; Lieberman, Gopinathan and 

Neophytides, 1986; Wright, Lees and Stern, 1986) and PHNO 

((+)-4-propyl-9-hydroxynapthoxazine) (Muenter et al., 1988). 

Unfortunately, the use of D-2 agonists may be limited 

because many side effects are identical to the non-selective 

direct agonists. 

Potential Use of D-1 Receptor Drugs 

Available evidence suggests that D-1 receptor 

populations are altered in Parkinson's disease. Postmortem 

as well as positron emission tomographic examination of 

L-DOPA-naive parkinsonian patients reveal that both D-1 and 

D-2 receptor densities are elevated in the striatum 

(Hagglund et al., 1987; Seeman and Guttman, 1987). 

Furthermore, patients therapeutically treated with L-DOPA 

exhibit a reversal in elevated D-1 (Raisman et al., 1985) 

and D-2 (Guttman and Seeman, 1985) receptor densities. Thus, 

degeneration of substantia nigra cell bodies results in 

striatal denervation supersensitivity to both receptor 

subtypes. Additional evidence from animal models indicate 

that D-1 receptors may be involved in the generation and 

control of certain motor behaviors. Behaviors such as 
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turning behavior (Barone, Braun and Chase, 1986; Robertson 

and Robertson, 1986), stereotypic behavior (Mashurano and 

Waddington, 1986), non-stereotypic behavior (Molloy and 

Waddington, 1985; Braun and Chase, 1986) and locomotor 

activity (Braun and Chase, 1986; Jackson and Hashizume, 

1986; Jackson and Hashizume, 1987; Jackson Ross and 

Hashizume, 1988) are activated by D-1 stimulation. 

Furthermore, coadministration of both D-1 and D-2 drugs 

potentiates these various motor behaviors, and suggests that 

these receptors functionally interact. Unfortunately, when 

the D-1 agonist SKF 38393 is given alone in monkeys with 

MPTP-induced parkinsonism, it fails to reverse the syndrome 

(Close, Marriott and Pay, 1985; Nomoto, Jenner and Marsden, 

1985). In parallel clinical trials, although oral SKF 38393 

is readily absorbed, it produces no consistent alterations 

in motor disability in patients with stage II to IV 

parkinsonian signs. Additionally, coadministering SKF 38393 

with intravenous L-DOPA also fails to significantly improve 

the neurological signs above that of L-DOPA alone. Both 

groups acknowledge the inherent problems with L-DOPA, and 

suggest that future clinical studies include combining SKF 

38393 with direct D-2 agonists (Barone, Braun and Chase, 

1986; Braun et al., 1987). If D-l/D-2 drug combinations 

elicited a potentiated antiparkinsonian effect, then lower 

doses of D-2 agonists would be effective, while at the same 

time decreasing the development of side effects. Such 
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combination therapies might conceivably allow physicians to 

alter each drug dose as needed, thereby optimizing the 

treatment of Parkinson's disease. 

Dopamine Drug Treatment for Patients 
Withdrawn from Amphetamine and 

Cocaine Abuse 

Dopamine Depletion Hypothesis 

Psychomotor stimulant abuse and dependency has 

increased dramatically on an international scale in the last 

10 years. The rapid increase is due mainly to cocaine's 

popularity as a drug of abuse, although amphetamine abusers 

still outnumber cocaine abusers by a large margin. Treating 

both groups has been difficult since little is known about 

the neuronal substrates of addiction. Both psychological and 

critical biological factors are known to contribute to the 

development of euphoria, drug craving and abstinence 

syndromes. Attempts at psychotherapy have had dismal success 

rates, with 65-80% of substance abusers reverting to drug 

use within one year after cessation of therapy (Thompson, 

1981). Craving and abstinence symptoms may explain why 

psychotherapy alone is not effective following withdrawal 

from psychomotor stimulants. Dackis and Gold (1985) 

proposed the "dopamine depletion hypothesis" which suggests 

that chronic abuse of stimulants leads to depletions in 

nerve terminal dopamine (DA). Craving and abstinence 

syndromes may be defined as negative reinforcers which 

motivate addicts to abuse more drug. Thus, the cessation or 
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withdrawal from psychomotor stimulants reduces synaptic DA, 

leading to the development of craving and abstinence 

symptoms. These symptoms can be temporarly relieved by 

abusing more stimulant to transiently increase synaptic DA; 

this can lead into an alternating cycle of drug induced 

euphoria followed by craving and abstinence. Animal studies 

have found that repeated cocaine treatments led to 

decreases in whole brain DA, and an increased DA receptor 

density (Taylor and Ho, 1978; Borison et al., 1979). Even 

single cocaine doses can increase postsynaptic receptors by 

37%, suggesting that increases in synaptic DA are followed 

by rapid declines (Memo, Pradhan and Hanbauer, 1981). 

Current Drug Treatment Following 
Psychomotor Stimulant Withdrawal 

Drug treatments have been designed to decrease the 

degree of craving and abstinence symptoms, and aid in the 

overall treatment of psychomotor stimulant abuse. Addicts 

have been treated with desipramine based on the belief that 

stimulant-induced reductions in norepinephrine are 

responsible for craving and abstinence symptoms. These 

studies suggest significant benefit from this therapy 

(Tennant and Rawson, 1983; Garvin and Kleber, 1984). 

Additionally, the DA and norepinephrine precursors 

phenylalanine and tyrosine have been advocated to aid 

withdrawal from psychomotor stimulants (Gold, Potlash and 

Annilto, 1983; Wilbur, 1986). However, precursor 
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replacement may prove effective in treating chronic, but not 

acute, abusers. Tyrosine pretreatment reduces amphetamine 

self-administration in rats with long-term amphetamine 

exposure (147-181 days), but is ineffective in rats with 21-

35 days exposure (Geis et al., 1987). Other treatment 

strategies include using DA receptor agonists such as 

bromocriptine and amantadine to reduce the degree of craving 

and abstinence in patients withdrawn from cocaine dependency 

(Dackis et al., 1985; Tennant and Sagherian, 1987). The 

results of these studies look hopeful. Interestingly, an 

addict undergoing treatment for cocaine withdrawal noted 

that her cocaine craving was dramatically increased after 

taking the DA antagonist thioridazine for hallucinations 

(Dackis et al., 1985). 

D-1 and D-2 Replacement for 
Psychomotor Stimulant Withdrawal 

However, even though DA agonists are beneficial as 

replacement therapies, patients often complain about side 

effects to the extent of becoming noncompliant. 

Bromocriptine, amantadine and desipramine ultimately 

increase synaptic DA and NE, yet side effects occur because 

they have non-selective effects on cholinergic, 

serotonergic, and other systems. Additionally, DA agonists 

with greater D-2 affinity have emetic properties at higher 

doses which limit their usefulness. Alternatively, D-1 

agonists have yet to be tested as replacement drugs which 
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might relieve craving and abstinence symptoms in humans. As 

the neuronal substrates of psychomotor stimulant abuse are 

better understood, D-1 or D-l/D-2 combinations may relieve 

withdrawal symptoms so that psychotherapy can become an 

effective tool. 

Dopaminergic Involvement in 
Lesch-Nyhan Syndrome 

Dopamine Hypothesis of 
Lesch-Nyhan Syndrome 

Lesch-Nyhan syndrome is a rare X-1inked recessive 

disorder where the production of the enzyme hypoxanthine-

guanine phosphoribosyltransferase (HGPRTase) is less than 1% 

of normal in all body tissues. The enzyme is an essential 

part of the salvage pathway which permits the reutilization 

of purines derived from the breakdown of nucleic acids or 

nucleotides. Purines such as adenine, guanine or 

hypoxanthine bind with phosphoribosyl-pyrophosphate (PRPP) 

and are converted to their nucleotides (adenosine 5'-

phosphate, guanosine 5'-phosphate or inosine 5'-phosphate) 

by HGPRTase. The genetic deficiency of HGPRTase results in 

these purines being converted to uric acid which is excreted 

in the urine three- to sixfold higher than normal. Patients 

with this disorder exhibit mental deficiencies, aggressive 

behaviors, self-mutilation, excessive de novo purine 

production, renal stones and renal failure. Numerous 

studies have examined the central components involved in the 

expression of these behaviors. The enzyme HGPRTase, with 
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the highest CNS amounts found in the basal ganglia, is 

absent in Lesch-Nyhan patients (Wyngaarden and Kelly, 1976). 

Additionally, studies after autopsy demonstrate a 10-30% 

decrease in the concentrations of DA within nerve terminals 

(depletion of striatal DA) (Lloyd et al., 1981), although 

dopamine-producing cells in the substantia nigra of Lesch-

Nyhan patients are normal (Jankovic et al., 1988). 

Cerebrospinal fluid (CSF) levels of the DA and 

norepinephrine metabolites HVA and MHPG are also reduced in 

these patients, further supporting the theory of an abnormal 

central monoamine system (Jankovic et al., 1988; Silverstein 

et al., 1985). 

Animal models of self-mutilation behavior suggest that 

central monoaminergic derangements mediate these behaviors. 

Monkeys made supersensitive to DA with lesions of the 

ventral tegmentum exhibit self-mutilative biting after 

administration of DA agonists. Interestingly, these 

behaviors are blocked with the D-1 antagonist SCH 23390 or 

the mixed D-l/D-2 antagonist fluphenazine, but not the 

relatively pure D-2 antagonist sulpiride (Goldstein et al., 

1986). Similarly, rats made supersensitive to DA by 

neonatal 6-hydroxydopamine exposure exhibit self-mutilation 

with the D-1 agonist SKF 38393 or L-DOPA (Breese et al., 

1984) . Likewise, the behaviors are blocked by SCH 23390 but 

not the D-2 antagonist haloperidol (lorio et al., 1983; 

Breese et al., 1985). These results suggest that the 
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mechanism of Lesch-Nyhan self-mutilation behavior is 

mediated by D-1 receptor supersensitivity. Since HGPRTase 

is deficient in the basal ganglia, guanyl nucleotide 

synthesis may be impaired. Guanosine triphosphate modulates 

the affinity of DA receptors for agonist, as well as 

interacting with the D-1 receptor via the regulatory 

G-protein. The fact that D-1 receptors are linked to 

activation of adenylate cyclase suggests that central 

monoaminergic neurons may not properly fuction in Lesch-

Nyhan patients (Jankovic et al., 1988). 

Clinical Treatments for 
Lesch-Nyhan Patients 

At present, clinicians are beginning to recognize the 

potential effectiveness of dopaminergic drugs in treating 

Lesch-Nyhan patients. Similar to animal studies, 

fluphenazine, possessing D-1 antagonist properties, 

effectively reduces self-mutilation, while the D-2 

antagonist haloperidol is ineffective (Goldstein et al., 

1985). Likewise, depleting monoamines with tetrabenazine 

improves the self-mutilatory, aggressive and hyperkinetic 

disorder of Lesch-Nyhan patients (Jankovic et al., 1988). 

Therefore, the availability and use of D-1 antagonists may 

improve many of neurological manifestations of this 

disorder. However, these treatments are unlikely to prolong 

the longevity of these patients since renal failure and 
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other complications of deficient HGPRTase will not be 

corrected by D-1 antagonists. 

Involvement of the Dopaminergic System 
in Attention Deficit Disorder and 
Gilles de la Tourette Syndrome 

Attention Deficit Disorder (ADD) 

Two of the most common adolescent problems are 

affective disorders and attention deficit disorder (ADD). 

In the past ADD has been called "hyperkinetic syndrome" and 

"minimal brain disfunction." Basically, ADD is 

characterized by restlessness, distractibility, impulsive 

behaviors, and reduced attention span. Stimulants such as 

amphetamines and methylphenydate have been widely used, yet 

up to 30% of children treated do not improve (Barkley, 1977; 

Biederman and Jellinek, 1984). Problems with using 

stimulants include short duration of action, rebound 

symptoms, and a slowing of growth parameters such as height 

and weight. An additional concern is that longterm 

treatment will lead to later abuse and dependence (Klein et 

al., 1980). Newer treatment strategies have been developed 

as alternatives to using stimulants. Manipulation of 

adrenergic neurons suggest that derangements in 

noradrenergic or dopaminergic neurons plays a role in the 

development of ADD. Tricyclic antidepressants such as 

desipramine not only effectively treats ADD but has 

advantages over stimulants such as longer duration of 

action, fewer rebound symptoms or insomnia, flexibility in 
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dosing, and less potential for abuse and dependency 

(Biederman, Gastfriend and Jellinek, 1986; Pliszka, 1987). 

Similarly, monoamine oxidase inhibitors (Zamekin et al., 

1985) and clonidine (Hunt et al., 1986) are reported to 

effectively treat ADD with minimal observed side effects. 

Finally, several groups have given the catecholamine 

precursors phenylalanine (Wood et al., 1985) and tyrosine 

(Reimherr et al., 1987) which temporarily improve the 

symptoms of ADD but are later followed by tolerance. The 

potential use of D-2 agonists is limited because these 

agents produce emesis at higher doses. Yet, D-1 receptor 

agents might prove valuable in treating ADD. 

Gilles de ia Tourette Syndrome 

An increasing number of studies are suggesting that a 

percentage of children with ADD will develop into disturbed 

adolescents, and later into adults diagnosed with Gilles de 

la Tourette syndrome. Interviews with Tourette syndrome 

patients demonstrate that 62-84% were diagnosed with ADD as 

children. It is still a matter of considerable controversy 

whether these are similar disorders with a common genetic 

link (Comings and Comings, 1987a,b,c; Pauls et al., 1986). 

Adults with Tourette syndrome have marked tics, involuntary 

movements, grunts and vocalizations that are frequently 

obscene (Van Woert, 1976). However, in contrast to treating 

ADD, Tourette patients are effectively treated with 

neuroleptics, especially haloperidol (Shapiro, 1973; Shapiro 
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and Shapiro, 1981). The clinical efficacy of neuroleptics 

has lead to the "dopamine hypothesis" for the etiology of 

Tourette's syndrome (Snyder et al., 1970; Butler et al., 

1979) . Since effective treatment of this condition 

necessitates a lifetime of neuroleptic treatment, a number 

of patients have developed parkinsonian-like tardive 

dyskinesias due to the development of dopamine receptor 

supersensitivity (Gerlach, 1979). Current therapy involves 

using neuroleptics with greater affinity for D-2 receptors, 

yet, D-1 antagonists might also prove effective and without 

the later development of extrapyramidal symptoms. This area 

has received, however, little research efforts. 

Overview of the Dopaminergic System 
and D-1 and D-2 Receptors 

Dopaminergic Cell Bodies and Projections 
to Major Neuroanatomic Nuclei 

Basic science research has been intensively studying 

the dopaminergic system to better understand the 

biochemical, electrophysiological and behavioral phenemona 

elicited by this system. The availability of newer DA 

receptor agents has been valuable in finding the locus of 

the D-1 and D-2 receptors and their role in the CNS. 

Nigrostriatal Dopaminergic System 

Substantia Nigra Cell Bodies 

The mammalian brain contains several distinct 

dopaminergic neuronal systems. Histofluorescent and 
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immunocytochemical techniques have been helpful in 

delineating the cell bodies and innervation patterns of 

these distinct systems. Most dopaminergic cell bodies 

originate in the ventral midbrain and project to nuclear 

groups throughout the CNS. Nigrostriatal cell bodies 

originate in the substantia nigra pars compacta (A9) and the 

ventrolateral midbrain tectum (A8), and innervate the 

caudate-putamen (collectively, the striatum) and to a small 

extent the globus pallidus (Bjorklund and Lindvall, 1978; 

Lindvall and Bjorklund, 1978; Moore and Wuerthele, 1979). 

The cell bodies of pars compacta neurons have prominant 

dendrites which extend into the pars reticulata and appear 

to release DA through dendritic varicosities (Bjorklund and 

Lindvall, 1975). Autoradiographic (Dawson et al., 1985; 

Boyson, McGonigle and Molinoff, 1986; Also et al., 1987; 

Barone et al., 1987; Filloux, Wamsley and Dawson, 1987a; 

Graham and Grossman, 1987; Savasta, Dubois and Scatton, 

1986; Yamamoto and Kebabian, 1987) and receptor binding 

(Porceddu et al., 1986) studies reveal a high density of D-1 

receptors in both the compacta and reticulata of the 

substantia nigra. Intrastriatal kainic and quinolinic acid 

lesions, which destroy intrinsic neurons but spare fibers of 

passage, dramatically decrease (65-92%) D-1 binding in the 

substantia nigra (Porceddu et al., 1986; Barone et al., 

1987; Filloux, Wamsley and Dawson, 1987a). This 

demonstrates that D-1 receptors are located on presynaptic 
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terminals of striatonigral projections to the substantia 

nigra. Autoradiographic analysis also reveals that the 

substantia nigra contains a high density of D-2 receptors; 

the greater density existing in the pars compacta 

(Boyson, McGonigle and Molinoff, 1986; Nock, Sedvall and 

Mcewen, 1986; Van der Weide et al., 1987; Closse et al., 

1988) . Lesioning substantia nigra cell bodies with 

6-hydroxydopamine reduces D-2 receptor density, and 

indicates that D-2 receptors are located as postsynaptic 

somatic and dendritic autoreceptors (Filloux, Wamsley and 

Dawson, 1987b; Morelli et al., 1987). Therefore, in the 

substantia nigra it appears that D-1 receptors are located 

on terminals of striatonigral projections (most likely GABA 

containing neurons), while D-2 receptors are generally 

located as somatic and dendritic autoreceptors. 

Nigrostriatal Projection Region 

Nigrostriatal DA neurons terminate in the striatum and 

make synaptic contact with neurons which include 

cholinergic, GABA-ergic and substance P interneurons. 

Numerous autoradiographic studies demonstrate the presence 

of striatal D-1 receptors (Dawson et al., 1985; Buonamici et 

al., 1986; Boyson, McGonigle and Molinoff, 1986; Savasta, 

Dubois and Scatton, 1986; Also et al., 1987; Barone et al., 

1987; Filloux, Wamsley and Dawson, 1987a; Graham and 

Grossman, 1987). Several groups have suggested that 

striatal D-1 receptors are located on postsynaptic neurons 



22 

innervated by DA terminals. Striatal quinolinic acid 

lesions reduce the density of striatal D-1 binding by 90% 

(Barone et al., 1987). Additionally, unilateral 

6-hydroxydopamine lesions of the substantia nigra either 

does not alter (Filloux, Wamsley and Dawson, 1987a; Leslie 

and Bennett, 1987b) or increases D-1 receptor density in the 

striatum (Buonamici et al., 1986). The striatum also 

contains a very high density of D-2 receptors (Joyce et al., 

1985; Boyson, McGonigle and Molinoff, 1986; Nock, Sedvell 

and Mcewen, 1986; Richfield, Young and Penny, 1986; 

Filloux, Wamsley and Dawson, 1987b; Van der Weide et al., 

1987; Closse et al., 1988). Numerous biochemical studies 

demonstrate the presence of postsynaptic D-2 receptors, as 

well as presynaptic autoreceptors on DA terminals. Ibotenic 

acid lesions of the striatum reduces D-2 density by 83%, 

indicating the loss of postsynaptic striatal cell bodies 

(Filloux, Wamsley and Dawson, 1987b). Alternatively, 

6-hydroxydopamine- (Filloux, Wamsley and Dawson, 1987b) or 

MPTP-induced (Joyce et al., 1985) lesions of the 

nigrostriatal system do not reduce D-2 density, suggesting 

the absence of presynaptic D-2 receptors. However, 

postsynaptic supersensitivity development would offset any 

reductions in presynaptic D-2 density induced by the lesion. 

Therefore, in the striatum D-1 receptors are located 

postsynaptically, while D-2 receptors are located both pre-

and postsynaptically. 
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Mesolimbic and Mesocortical 
Dopaminergic Neurons 

Both mesolimbic and mesocortical systems have cell 

bodies located in the ventral tegmental area (AlO) and axons 

which ascend in the medial forebrain bundle to terminate in 

their respective regions. Mesolimbic projection regions 

include the nucleus accumbens septi, the central nucleus of 

the amygdala, and the olfactory tubercle. Mesocortical 

projection regions include the medial prefrontal cortex 

(PCX), the anterior cingulate, perirhinal, periform and 

entorhinal cortex (Bjorklund and Lindvall, 1978; Emson and 

Koob, 1978; Moore and Kelly, 1978; Bannon and Roth, 1983). 

Two regions which have been extensively scrutinized are the 

nucleus accumbens septi (NAS), and the medial prefrontal 

cortex (PCX). This dissertation will examine the 

neurochemical characteristics of these two regions. 

The cell bodies of the ventral tegmental area (AlO) 

contain both D-1 and D-2 receptors, although lesion studies 

have yet to be conducted to determine the pre- and 

postsynaptic location of these receptors. Additionally, 

this region shows a much lower DA receptor density than the 

substantia nigra of the nigrostriatal system using 

autoradiographic methods (Boyson, McGonigle and Monlinoff, 

1986; Savasta, Dubois and Scatton, 1986; Van der Weide et 

al., 1987; Closse et al., 1988). Autoradiographic studies 

have also examined whether D-1 and D-2 receptors are located 

in mesolimbic and mesocortical projection regions. The NAS 
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has a high density of both D-1 (Dawson et al., 1985; 

Savasta, Dubois and Scatton, 1986; Also et al., 1987) and 

D-2 receptors (Boyson, McGonigle and Molinoff, 1986; Nock, 

Sedvall and Mcewen, 1986; Richfield, Young and Penny, 1986; 

Van der Weide, 1987; Closse et al., 1988) comparable to that 

found in the striatum. The ratio of D-1 to D-2 receptors 

in the NAS is found to be 3:1 (Boyson, McGonigle and 

Molinoff, 1986). Cortical projection regions from the 

ventral tegmental area also demonstrate both D-1 and D-2 

receptors, although the receptor densities are considered 

intermediate to low compared with nigrostriatal and 

mesolimbic regions. At this time, lesion studies have yet 

to be conducted to determine the pre- and postsynaptic 

location of these receptor subtypes. 

Receptor Binding Studies 

The recent availability of newer dopaminergic agents 

has revealed the existence of two major CNS dopamine 

receptor subtypes, classified as D-1 and D-2 receptors. 

These receptors have been distinguished from one another on 

the basis of their binding properties, pharmacologic 

properties, as well as the biochemical consequences of their 

stimulation. The drugs utilized in this dissertation were 

chosen because binding studies revealed that these agents 

are selective ligands for either D-1 or D-2 receptors. 
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D-1 and D-2 Receptor Ligands 

D-1 Receptor Ligands 

The pharmacology of D-1 receptor drugs is relatively 

easy because of the limited number of selective compounds. 

The benzazepine SKF 38393 (R(+) 1-phenyl-l,2,3,4,5-

tetrahydro-(lH)-3-benzazepine-7,8-diol HCl), is the most 

widely used selective D-1 receptor agonist. The 

benzazepines also provide the only known selective D-1 

receptor antagonist at this time: SCH 23390 (R(+)-7-chloro-

8-hydroxy-3-methyl-l-phenyl-2,3,4,5-tetrahydro-lH- 3-

benzazepine maleate). This compound has a very high 

affinity for D-1 receptors. Receptor binding studies reveal 

that both SKF 38393 and SCH 23390 potently displace the 

radiolabeled D-1 antagonists SCH 23390 (Billard et al., 

1984; Anderson, Gronvald and Jansen, 1985; Leslie and 

Bennett, 1987b; Anderson, 1988), flupentixol (Creese, Sibley 

and Leff, 1984) and piflutixol (Hyttel, 1983; O'Boyle and 

Waddington, 1984) from rat striatal preparations. 

Alternatively, both SKF 38393 and SCH 23390 are ineffective 

in displacing the labeled D-2 antagonists spiroperidol 

(Hyttel, 1983; Anderson, 1988) and spiperone (Beart and 

McDonald, 1982; Lehmann, Briley and Langer, 1983; lorio et 

al., 1983; Billard et al., 1984; O'Boyle and Waddington, 

1984; Anderson, Gronvald and Jansen, 1985; Leslie and 

Bennett, 1987a,b) from these same tissues. However, several 

groups have demonstrated that SCH 23390, at higher 
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concentrations, can also displace the 5HT-2 antagonist 

ketanserin and the nonselective 5HT antagonist methysergide 

(Billard et al., 1984; Anderson, Gronvald and Jansen, 1985; 

McQuade et al., 1988). It is unknown whether this effect 

occurs in vivo at higher doses. However, neither 

amphetamine drug discrimination (personal observation) nor 

dopamine metabolite formation (Lyness and Moore, 1981) are 

altered by ketanserin or other 5HT manipulations. 

Furthermore, the 5-HT receptor binding phenomena occurs with 

doses approaching the mM range. As yet, SKF 38393 has not 

been fully characterized for its effect on other receptor 

systems. 

D-2 Receptor Ligands 

There are numerous drugs capable of nonselectively 

binding D-1 and D-2 receptors. Adenylate cyclase is 

activated by D-1 stimulation. The inability of several of 

these agents to stimulate or block dopamine-sensitive 

adenylate cyclase provided the initial basis for the 

dopamine receptor subtype theory. Many ergot-like compounds 

can stimulate D-2 receptors. The ergoline agonist 

quinpirole (LY 171555, trans-(-)-(4aR)-4,4a,5,6,7,8,8a,9-

octahydro-5-propyl-lH-pyrazolo[3,4-g] quinoline), 

selectively displaces the radiolabeled D-2 antagonists 

spiroperidol (Anderson, 1988) and spiperone (Anderson, 

Gronvald and Jansen, 1985; Seeman et al., 1985) from rat 

striatal preparations. Attempts to displace the labeled D-1 
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antagonist SCH 23390 prove completely ineffective, 

demonstrating the selectivity of quinpirole for D-2 

receptors (Anderson, Gronvald and Jansen, 1985; Anderson, 

1988). As yet, because of the recent development of 

quinpirole, receptor studies have not been published 

pertaining to its binding effects on other receptor systems. 

The butyrophenone haloperidol was selected as an antagonist 

having high affinity for D-2 receptors, although haloperidol 

also slightly displaces radiolabeled D-1 antagonists at much 

higher concentrations (Beart and McDonald, 1982; Hyttel, 

1983; lorio et al., 1983; Billard et al., 1984; Anderson, 

Gronvald and Jansen, 1985; Seeman et al., 1985; Leslie and 

Bennett, 1987a,b; Anderson, 1988). 

Role of D-1 and D-2 Receptors and 
Evidence for Functional D-l/D-2 

Interactions 

Biochemical Studies 

Numerous studies have examined the biochemical 

dyanamics of dopaminergic neurons to understand neurons as 

independently functioning units. Yet neurons are linked, 

and changes in dopaminergic neuron activity level also lead 

to biochemical changes in other neuronal systems. 

Adenylate Cyclase System 

Numerous biochemical studies have revealed not only the 

activity of D-1 and D-2 dopamine receptor subtypes, but have 

suggested that these receptors interact to modulate the 
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functions of various neurons. In striatal, mesolimbic and 

mesocortical tissue adenylate cyclase is increased by D-1 

stimulation and blocked by D-1 receptor antagonism (Setler 

et al., 1978; Onali, Olianas and Gessa, 1984; Lazareno, 

Marriott and Nahorski, 1985; Onali et al., 1985; Stoof and 

Verheijden, 1986; Kelly and Nahorski, 1987b; Memo et al., 

1987; Grilli et al., 1988; Nisoli et al., 1988). In 

striatal tissue, D-l/D-2 functional interactions occur when 

DA or D-1 stimulated adenylate cyclase is attenuated by D-2 

agonists (Onali et al., 1985; Stoof and Verheijden, 1986; 

Kelly and Nahorski, 1987b), and increased by D-2 antagonists 

(Onali, Olianas and Gessa, 1984; Lazareno, Marriott and 

Nahorski, 1985; Onali et al., 1985; Stoof and Verheijden, 

1986). In rat striatal tissue, D-2 receptors directly 

inhibit the activity of adenylate cyclase in a guanosine 

triphosphate (GTP)-dependent manner (Cooper et al., 1986). 

However, in mesocortical tissue D-1 stimulated adenylate 

cyclase activity is attenuated by both D-1 and D-2 

antagonists (Grilli et al., 1988; Nisoli et al., 1988). 

Alternatively, mesolimbic regions appear to be resistant to 

D-l/D-2 functional interactions on adenylate cyclase 

activity (Stoof and Verheijden, 1986; Kelly and Nahorski, 

1987b): The significance of these findings has been elusive. 

Therefore, in all three regions D-1 stimulation activates 

adenylate cyclase. However, these regions are heterogenous 

with regard to the presence or absence of D-l/D-2 functional 
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interactions. A closer examination of the postsynaptic 

neuron types upon which dopamine terminals impinge may help 

to explain these differences. 

Dopamine Release and Metabolite Formation 

D-1 and D-2 Drugs Alone 

Dopaminergic neurons which are exposed to selective D-1 

and D-2 drugs will alter both DA release and metabolite 

formation in various projection regions. The effects of D-1 

drugs on in vitro [3H]-DA release are somewhat inconsistant. 

In the striatum, stimulation of D-1 receptors either 

increases (Hoffmann et al., 1988) or decreases (Hyttel, 1984) 

[3H]-DA release. In cortical regions, D-1 stimulation 

either increases (Hoffmann et al., 1988) or has no effect on 

(Plantje et al., 1985) [3H]-DA release. These conflicting 

results may occur as a result of differences in slice 

preparation and the method of tissue stimulation (high 

potassium vs. electrical field). Dopamine D-1 receptor 

manipulations also affect DA metabolite formation. Dopamine 

D-1 agonists decrease (Zetterstrom, Sharp and Ungerstedt, 

1986; Boyar and Altar, 1987; Imperato and Di Chiara, 1988) 

while antagonists increase (Sailer and Salama, 1986; Boyar 

and Altar, 1987; Imperato, Mulas and Di Chiara, 1987; 

Magnusson, Mohringe and Fowler, 1987) in vivo DA metabolite 

formation in nigrostriatal and mesolimbic projection 

regions. Yet, the DA metabolite formation studies must be 
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interpreted with caution, since the doses of D-1 drugs were 

2-20 times higher than those which elicit most behaviors. 

With regard to DA release, D-2 agonists decrease, while 

D-2 antagonists increase, in vitro [3H]-DA release from 

nigrostriatal, mesolimbic and mesocortical slice 

preparations (Reimann et al., 1979; Hyttel, 1984; Plantje et 

al., 1985; Dwoskin and Zahniser, 1986; Altar, Boyer and 

Wood, 1987; Herdon, Strupish and Nahorski, 1987; Stoof, 

Verheijden and Leysen, 1987; Hoffmann et al., 1988). 

Examination of in vivo DA metabolite formation shows that 

D-2 agonists decrease, while D-2 antagonists increase, DA 

metabolite formation in nigrostriatal and mesolimbic but not 

mesocortical regions (Bannon, Wolf and Roth, 1983; Sailer 

and Salama, 1985; Magnusson et al., 1986; Sailer and Salama, 

1986; Zetterstrom, Sharp and Ungerstedt, 1986; Altar, Boyar 

and Wood, 1987; Boyar and Altar, 1987; Magnusson, Mohringe 

and Fowler, 1987). Therefore, it can be generally stated 

that D-2 agonists decrease, while D-2 antagonists increase 

DA release and subsequent metabolism in various dopaminergic 

projection regions. 

D-1 and D-2 Functional Interactions 

Dopamine metabolite formation is also sensitive to 

functional interactions between D-1 and D-2 receptors. 

Dopamine D-2 agonist mediated decreases in striatal DA 

metabolite formation are offset to saline control levels by 

coadministering the D-1 agonist SKF 38393 (Sailer and 
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Salama, 1985). In an opposite manner, D-2 antagonist 

mediated increases in DA metabolite formation are 

potentiated by D-1 stimulation and attenuated by D-1 

blockade (Sailer and Salama, 1985; Sailer and Salama, 1986). 

Additionally, this dissertation (Chapter III) will 

demonstrate that DA metabolite formation in the striatum and 

nucleus accumbens septi, but not in the medial prefrontal 

cortex, is affected by D-l/D-2 functional interactions. 

Electrophysiological Studies 

D-1 Receptor Electrophysiology 

Dopamine D-1 receptor agents have a variety of 

electrophysiological effects on A9 and AlO dopaminergic 

neurons. lontophoretic application of the D-1 agonist SKF 

38393 in rat substantia nigra has no effect, while 

intraperitoneal administration increases firing rates 

indirectly through influences on long-loop feedback 

mechanisms (Carlson, Bergstrom and Walters, 1987). 

Alternatively, spontaneous increases in A9 and AlO firing 

rates occur after SCH 23390 antagonizes D-1 receptors (Mereu 

et al., 1985; Onali et al., 1985; Carlson, Bergstrom and 

Walters, 1986; Goldstein and Litwin, 1988). With regard to 

DA projection regions, D-1 drugs have different effects 

depending on the type of neuron impinged upon by 

dopaminergic neurons. Stimulating D-1 receptors inhibits 

neurons in nucleus accumbens septi (White and Wang, 1986) 

and caudate nucleus (Ohno, Sasa and Takaori, 1987), slightly 
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increases firing in globus pallidus (Carlson, Bergstrom and 

Walters, 1987; Walters et al., 1987; Carlson et al., 1988), 

but has no effect in somatosensory cerebral cortex 

(Bradshaw, Sheridan and Szbadi, 1985). 

D-2 Receptor Electrophysiology 

Stimulation of D-2 receptors appears to inhibit 

neuronal activity while decreasing the firing rates of A9 

and AlO dopaminergic neurons (Mereu et al., 1985; Napier et 

al., 1986; White and Wang, 1986). In opposite fashion, D-2 

antagonists increase spontaneous neuronal activity (Onali et 

al., 1985; Hand, Kasser and Wang, 1987), or reverse agonist 

mediated decreases in A9 and AlO firing rates (White and 

Wang, 1983; Chiodo and Bunney, 1983a,b; Mereu et al., 1985; 

Carlson, Bergstrom and Walters, 1986; Napier et al., 1986; 

Carlson, Bergstrom and Walters, 1987; Goldstein et al., 

1987; Hand, Kasser and Wang, 1987). Dopamine D-2 agonists 

have both excitatory and inhibitory electrophysiological 

effects on postsynaptic neurons upon which dopaminergic 

neurons impinge. Dopamine D-2 agonists excite postsynaptic 

neurons in the cat caudate nucleus (Ohono, Sasa and Takaori, 

1987), projections to the globus pallidus (Carlson, 

Bergstrom and Walters, 1986; Carlson, Bergstrom and Walters, 

1987; Walters et al., 1987), and projections to the cerebral 

cortex (Bradshaw, Sheridan and Szabadi 1985) . 

Alternatively, intraperitoneal and lontophoretic 

administration of D-2 agonists inhibit neurons in the 
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striatum and nucleus accumbens septi (Uchimura, Higashi and 

Nishi, 1986; White and Wang, 1986; White, 1987; Johansen, 

Clark and White, 1988). 

D-1 and D-2 Interactions Affecting 
Neuronal Electrophysiology 

Electrophysiological examination of A9 and AlO 

dopaminergic neurons reveals that both amphetamine 

(Goldstein et al., 1987) and D-2 agonist (Carlson, Bergstrom 

and Walters, 1986; Napier et al., 1986; Hand, Kasser and 

Wang, 1987) mediated decreases in firing rates are reversed 

by the D-1 antagonist SCH 2 3 390, but are unaffected by the 

D-1 agonist SKF 38393 (Carlson, Bergstrom and Walters, 

1987) . Thus, in this instance, D-1 antagonists appear to 

act like D-2 antagonists. This suggests that D-1 and D-2 

receptors functionally interact to alter dopaminergic firing 

activity. Postsynaptic neurons in dopamine projection 

regions are also affected by D-l/D-2 functional 

interactions. The nonselective agonist apomorphine strongly 

activates globus pallidus neurons, while D-1 and D-2 

agonists administered alone only slightly increase firing 

activity. Yet, by coadministering D-1 and D-2 agonists, 

firing activity is potentiated to levels similar to that of 

apomorphine. This demonstrates not only D-l/D-2 functional 

interactions, but illustrates the necessity that both 

receptors be activated to produce a full response (Carlson, 

Bergstrom and Walters, 1987; Walters et al., 1987; Carlson 
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et al., 1988). In other dopaminergic projection regions, it 

is essential that D-1 receptors are activated before D-2 

mediated electrophysiological responses can occur. 

Depleting endogenous DA by alpha methyl-p-tyrosine, 

attenuates the ability of D-2 agonists to stimulate globus 

pallidus (Walters et al., 1987; Carlson et al., 1988) or 

inhibit NAS (White, 1987; Johansen, Clark and White, 1988) 

neurons. By coadministering the D-1 agonist SKF 38393, D-2 

mediated electrophysiological responses are recovered. 

Thus, these groups suggest that D-2 mediated firing activity 

must include endogenous DA release which then stimulates D-1 

receptors. 

Behavioral Studies 

D-1 and D-2 Drugs Alone 

In whole animals, the dopaminergic system mediates the 

display of numerous quantifiable behaviors. Dopamine D-1 

and D-2 receptor active drugs can produce behaviors which 

are selective to each receptor subtype. Dopamine D-1 

agonists have been observed to elicit the following 

behaviors: grooming behavior (Molloy and Waddington, 1984; 

Braun and Chase, 1986; Starr and Starr, 1986), non-

stereotyped behaviors (Molloy and Waddington, 1985; Braun 

and Chase, 1986), anorexia (Gilbert and Cooper, 1985), 

rotation behavior (Setler et al., 1978; Robertson and 

Robertson, 1986) and EEG desynchronization with behavioral 

arousal (Ongini, Caporali and Massotti, 1985). Similarly, 
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D-2 drugs elicit several unique behaviors including: 

maintenance of intravenous self-administration (Baxter et 

al., 1974; Woolverton, Goldberg and Ginos, 1984; Woolverton, 

1986), drug discrimination (Colpaert et al., 1975; Colpaert 

et al., 1976; Woolverton, Kamien and Goldberg, 1985; 

Weathersby and Appel, 1986; Cunningham, Callahan and Appel, 

1987; Kamien, Goldberg and Woolverton, 1987; Schechter and 

Greer, 1987; Tang and Franklin, 1987; Woolverton, Kamien and 

Goldberg, 1987), turning behaviors (Barone et al., 1986; 

Robertson and Robertson, 1986) , and motor behaviors 

including locomotion and stereotypy (Arnt, 1985; Fletcher 

and Starr, 1985; Molloy and Waddington, 1985; Pugh et al., 

1985 Braun and Chase, 1986; Breese et al., 1985; Cuomo et 

al., 1986; Mashurano and Waddington, 1986; Jackson and 

Hashizume, 1987). 

D-1 and D-2 Receptor Properties 
of d-Amphetamine 

This dissertation is examining the behavioral 

properties of the indirect agonist d-amphetamine, which 

activates both D-1 and D-2 receptors via endogenous DA 

release. However, it has yet to be determined which 

receptor subtype mediates many of the behavioral properties 

of indirect agonists such as d-amphetamine. Several studies 

have noted that in animals trained on indirect agonists, 

substitution of D-1 agonists fails to maintain intravenous 

self-administration (Woolverton, Goldberg and Ginos, 1984) 



36 

fails to elicit a conditioned place preference (Hoffman and 

Beninger, 1989), and fails to produce discriminative cues 

similar to the psychomotor stimulants (Cunningham, Callahan 

and Appel, 1985; Weathersby and Appel, 1986; Cunningham, 

Callahan and Appel, 1987; Kamien, Goldberg and Woolverton, 

1987) . These results suggest that indirect agonist mediated 

behaviors do not involve a D-1 component. However, similar 

studies clearly demonstrate that D-2 agonist substitution 

maintains intravenous self-administration (Baxter et al., 

1974; Yokel and Wise, 1978; Woolverton, Goldberg and Ginos, 

1984; Woolverton, 1986), elicits a conditioned place 

preference (Spyraki, Fibiger and Phillips, 1982; Van der 

Kooy, Swerdlow and Koob, 198 3; Morency and Beninger, 1986; 

Hoffman and Beninger, 1988), and produces discriminative 

cues similar to indirect agonists (Colpaert et al., 1975; 

Colpaert, Niemegeers and Janssen, 1976; Schechter, 1980; 

Weathersby and Appel, 1986; Cunningham, Callahan and Appel, 

1987; Kamien, Goldberg and Woolverton, 1987; Schechter and 

Greer, 1987; Tang and Franklin, 1987; Woolverton, Kamien and 

Goldberg, 1987). Thus, substitution studies suggest that 

D-2, but not D-1, receptors mediate the behavioral 

properties of indirect agonists. 
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D-1 and D-2 Interactions Affecting 
Various Behaviors 

d-Amphetamine Combined With 
D-1 and D-2 Receptor Drugs 

Numerous behaviors are sensitive to the functional 

interactions between D-1 and D-2 receptors. Thus, D-1 or 

D-2 mediated behaviors can be potentiated or blocked by, 

respectively, stimulating or antagonizing the opposite 

receptor. Thus, under the proper conditions, the D-1 

component of indirect agonist mediated behaviors might be 

revealed. Up until this time, experiments in which indirect 

agonists are combined with D-1 agonists had yet to be 

conducted. However, the D-1 antagonist SCH 2 3 390 

attenuates the reinforcing properties of self-administered 

cocaine (Woolverton, 1986; Koob, Le and Creese, 1987), 

antagonizes the perception of amphetamine-induced 

conditioned place preference (Leone and Di Chiara, 1987), 

blocks amphetamine drug discrimination (Nielsen and Jepsen, 

1985), blocks the reinforcing effect of electrical brain 

stimulation (Nakajima and McKenzie, 1986; Kurumiya and 

Nakajima, 1988), reverses amphetamine-induced anorexia 

(Gilbert and Cooper, 1985) and blocks amphetamine-induced 

locomotion (Mailman et al., 1984). Therefore, although D-1 

agonists do not appear to mediate these behaviors, D-1 

antagonists effectively block or attenuate behaviors 

mediated by indirect agonists. This suggests that not only 

do D-1 receptors participate in the production of indirect 
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agonist mediated behaviors, but that D-1 and D-2 receptors 

functionally interact. 

Other evidence supports the D-2 component of indirect 

agonist mediated behaviors. In animals trained to self-

inject psychomotor stimulants (cocaine, amphetamines), 

substituting in D-2 agonists maintains intravenous self-

administration (Woolverton, Goldberg and Ginos, 1984). 

Additionally, when D-2 agonists are co-administered 

noncontingently in rats self-administering amphetamine, 

intake decreases because D-2 agonists add to reinforcement 

levels (Yokel and Wise, 1978). In an opposite manner, D-2 

antagonists increase psychomotor stimulant self-

administration as reinforcement is blocked (Wilson and 

Schuster, 1972; Davis and Smith, 1975; Yokel and Wise, 1975; 

Yokel and Wise, 1976; Risner and Jones, 1976; Roberts, 

Corcoran and Fibiger, 1977; Woolverton, 1986; Koob, Le 

and Creese, 1987). In another behavior, drug discrimination 

is increased above amphetamine controls when d-amphetamine 

is combined with D-2 agonists (unpublished observations), 

while psychomotor stimulant discrimination is blocked by D-2 

antagonists (Ho and Huang, 1975; Colpaert, Niemegeers and 

Janssen, 1976; Colpaert, Niemegeers and Janssen, 1978a,b; 

Jarbe, 1978; Jarbe, 1984; Nielsen and Jepsen, 1985). 

D-1 and D-2 Drug Combinations 

Recently, investigators began combining D-1 and D-2 

drugs in order to directly detect functional interactions 



39 

affecting behaviors. Some behaviors such as stereotypy 

(Mashurano and Waddington, 1986; Longoni, Spina and Di 

Chiara, 1987), turning behavior (Barone et al., 1986; 

Robertson and Robertson, 1986), locomotor activity (Starr, 

1988; Braun and Chase, 1986; Jackson and Hashizume, 1986; 

Jackson and Hashizume, 1987), and climbing behavior (Moore 

and Axton, 1988) are slightly activated by D-1 or D-2 

stimulation. Yet, coadministering D-1 and D-2 agonists 

potentiates these behaviors through receptor interactions. 

Conversely, several D-2 agonist mediated behaviors can be 

attenuated by D-1 antagonists. These behaviors include: 

stereotypy (Mailman et al., 1984; Molloy and Waddington, 

1985; Pugh et al., 1985; Longoni, Spina and Di Chiara, 

1987), locomotor activity (Mailman et al., 1984; Fletcher 

and Starr, 1985; Hoffman and Beringer, 1985; Molloy and 

Waddington, 1985; Cuomo et al., 1986), turning behavior 

(Barone et al., 1986), yawning behavior (Morelli et al., 

1986; Serra, Collu and Gessa, 1987), climbing behavior 

(Moore and Axton, 1988), and reversal of D-1 antagonist-

induced catalepsy with D-2 agonists (Meller, et al., 1985). 

These behavioral results support the contention that D-1 and 

D-2 receptors functionally interact. 

However, several behaviors appear to be resistant to 

D-l/D-2 functional interactions. This is noteworthy since 

one resistant behavior, drug discrimination, is utilized in 

this dissertation (Chapter II). Both direct D-2 agonist 
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mediated intravenous self-administration (Woolverton, 1986) 

and drug discrimination (Weathersby and Appel, 1986; 

Cunningham, Callahan and Appel, 1987; Kamien, Goldberg and 

Woolverton, 1987; Schechter and Greer, 1987) are insensitive 

to the D-1 antagonist SCH 2 3 390. However, as noted earlier, 

amphetamine mediated discrimination is blocked by SCH 23390. 

This discrepancy will be further discussed in Chapter II of 

the dissertation. Finally, because some behaviors 

demonstrate D-l/D-2 functional interactions while others do 

not, this argues that diverse behaviors are generated in 

different brain regions innervated by dopaminergic neurons. 

Statement of Hypothesis and 
Overall Objectives 

As mentioned earlier, dopaminergic neurons in the CNS 

mediate many physiological processes in man. 

Pathophysiological derangements of this system result in 

disorders having life damaging consequences. Examining 

these disorders thus helps us better understand the 

dopaminergic system, and provides the opportunity to develop 

new palliative or curative treatments. Additionally, for 

those addicted to psychomotor stimulants, basic research is 

developing pharmacologic agents to aid in or alleviate the 

withdrawal process. 

d-Amphetamine is classified as an indirect DA agonist 

which releases endogenous DA to produce numerous 

pharmacologic effects, and, presumably, activating both D-1 
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and D-2 receptors. Additionally, these receptor subtypes 

functionally interact in the process of generating many 

biochemical, electrophysiological and behavioral events. 

However, it is still unknown how d-amphetamine-induced 

endogenous DA release affects the dopaminergic D-1 and D-2 

receptor system. This dissertation is an attempt to reveal 

the dopaminergic D-1 and D-2 receptor properties of d-

amphetamine by utilizing drug discrimination behavior, and 

DA synthesis and metabolite formation methods. 

The general hypothesis of this dissertation is that 

d-amphetamine alters drug discrimination behavior, DA 

synthesis and DA metabolism through functional interactions 

involving both D-1 and D-2 receptors. The drug 

discrimination experiments involved training rats to 

discriminate between d-amphetamine and saline using a two-

lever operant food reinforcement paradigm. The objectives 

of this research were to identify the DA receptor subtype(s) 

mediating the d-amphetamine cue, and to evaluate whether 

functional interactions occur which would modulate 

discrimination behavior (Chapter II). Dopamine metabolite 

formation experiments attempted to understand the role of 

D-1 and D-2 receptors on dopaminergic neurons, and reveal 

whether D-l/D-2 functional interactions further affect the 

activity of these neurons (Chapter III). The DA synthesis 

experiments were conducted to determine whether both D-1 and 

D-2 receptors are located on DA presynaptic terminals to 
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affect DA synthesis. Direct interactions between both 

receptors might explain how numerous biochemical, 

electrophysiological and behavioral events are altered by 

D-l/D-2 functional interactions (Chapter IV). To maintain 

consistency, drug doses used in the neurochemistry 

experiments were identical to those used in the initial drug 

discrimination studies. 



CHAPTER II 

ROLE OF SPECIFIC DOPAMINE RECEPTOR SUBTYPES 

IN AMPHETAMINE DISCRIMINATION 

Drug Discrimination Introduction 

The importance of dopamine containing neurons in 

mediating the discriminative properties of psychomotor 

stimulants is well documented (Schechter and Rosencrans, 

197 3; Huang and Ho, 1974; Jones et al., 1974; D'Mello and 

Stolerman, 1977; Schechter, 1977; Colpaert et al., 1978a,b; 

Jarbe 1978; McKenna and Ho, 1980; Stolerman et al., 1981; 

Jarbe, 1984; Nielsen and Jepsen, 1985). Rats can be readily 

trained to discriminate between psychomotor stimulants and 

saline using a two lever operant paradigm where they can 

lever press for food pellet reinforcements. The decision to 

press either the drug-lever or the saline-lever is based 

upon the presence or absence of discriminative cues, 

respectively. As training drugs, the indirect agonists 

amphetamine (Schechter and Rosencrans, 1973; Huang and Ho, 

1974; Jones et al., 1974), methamphetamine (Schechter, 

1977), and cocaine (Huang and Ho, 1975; D'Mello and 

Stolerman, 1977; Colpaert et al., 1978a,b; Colpaert et al., 

1979; McKenna and Ho, 1980; Stolerman and D'Mello, 1981; 

Jarbe, 1984) generate dose-dependent increases in drug-lever 

responding. Substituting non-selective direct DA agonists 

such as apomorphine, piribedil, bromocriptine and amantadine 

elicits amphetamine- and cocaine-like discriminative drug-

43 
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lever responding (Schechter and Cook, 1975; Schechter, 1977; 

Colpaert et al., 1979; McKenna and Ho, 1980; Stolerman and 

D'Mello, 1981). Alternatively, psychomotor stimulant 

discrimination is dose-dependently blocked by non-selective 

DA receptor antagonists (Colpaert et al., 1978a,b; Jarbe 

1978; McKenna and Ho, 1980; Nielsen and Jepsen, 1985). 

Recently, numerous biochemical, electrophysiological 

and behavioral studies have not only demonstrated the 

existence of CNS dopamine D-1 and D-2 receptors, but that 

these receptors functionally interact to alter these events 

(for review see Chapter I). As yet, few investigations have 

been conducted to determine the role of D-1 and D-2 

receptors in producing discrimination behavior. Regarding 

discrimination where the direct mixed agonist apomorphine is 

the training drug, the D-2 agonist piribedil substitutes, 

while the D-1 agonist SKF 38393 fails to substitute for 

apomorphine (Woolverton et al., 1985). Antagonizing D-1 

receptors with SCH 23390 fails to block the discrimination 

produced by the direct D-2 agonist quinpirole (Weathersby 

and Appel, 1986), mixed agonist lisuride (Cunningham et al., 

1987) or mixed agonist apomorphine (Schechter and Greer, 

1987). This suggests that D-2, but not D-1, receptors 

mediate direct agonist discrimination behavior, and that D-1 

and D-2 receptors do not appear to functionally interact. 

In contrast, amphetamine-mediated discrimination is blocked 

by the D-1 agonist SCH 2 3 390, suggesting that D-1 receptors 
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are involved in indirect agonist discrimination behavior 

(Nielsen and Jepsen, 1985). As yet, Nielsen and Jepsen 

(1985) are the only investigators to attempt to understand 

the role of D-1 and D-2 receptors in producing amphetamine 

drug discrimination behavior. Therefore, the objectives of 

this research were to identify the DA receptor subtype(s) 

mediating the d-amphetamine cue, and to evaluate whether 

functional interactions occur which would modulate 

discrimination behavior. 

Drug Discrimination Materials 
and Methods 

Subjects 

The subjects were fourty eight male Sprague-Dawley rats 

(Sasco Inc., NE; 300-350 g) which were housed individually 

in a room with controlled temperature (20-25 °C) and 

lighting (0700-1900 hours lighted). The animals were 

maintained at 80-85% of their free feeding weight, with 

water continuously available in their home cages. In 

addition to the 45 mg food pellets received during the 

experimental sessions, the diet was supplemented with Purina 

Rat Chow 5001. 

Apparatus 

Three operant chambers (Lafayette Instruments Corp., 

Lafayette, IN) were equipped with two operant levers 7 cm 

apart and 7 cm above the gridded floor. A food pellet 

receptacle was mounted 2 cm above the floor between both 
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levers. The operant chambers were housed in sound-

attenuating cubicles equipped with exhaust fans and 9 W 

lighting. Solid state electronics (Lafayette) controlled 

the programming and electromechanical counters. 

Discrimination Training 

Drug discrimination training was adapted from 

procedures described elsewhere (Nielsen and Jepsen, 1985; 

Schechter and Greer, 1987). Initially, the rats were shaped 

to press one lever. For each lever-press the rats received 

one food pellet reward, designated as a fixed-ratio 1 (FR-1). 

Once a FR-1 schedule was established, the ratio was 

increased progressively to an FR-10 schedule (ten lever-

presses to receive one food pellet). Fifteen minutes prior 

to these sessions the animals were injected 

intraperitoneally (IP) with 1.0 mg/kg d-amphetamine in a 

volume of 1.0 ml/kg. Only one lever was activated during 

this segment of training and was assigned as the drug-lever. 

Responses on the opposite lever had no programmed 

consequences (i.e., no food pellets). After achieving the 

FR-10 schedule, the rats were trained on the opposite lever 

following IP isotonic (1.0 ml/kg) saline injections until 

they again reached training criterion. The initial training 

sessions were conducted once a day during fifteen minute 

sessions. To prevent position preferences, 50% of the 

animals were assigned the right lever as the amphetamine-

lever and 50% were assigned the opposite lever. 
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The next phase consisted of fifteen minute training 

periods (5 days per week) in which the rats were given 

either saline (S) or d-amphetamine (D) according to a two 

month alternating pseudorandom pattern: 1: DSSDS, SDDSS, 

SDSSD, DSDSD, and 2: SDDSS, DSDSD, DSSDD, SDSDS. After 

injections of saline or d-amphetamine, the rats received 

food pellets when they responded on the correct lever. 

Responses on the incorrect lever had no programmed 

consequences. Training criterion was recognized when 80% or 

better responses were made on the correct lever during at 

least eight of ten consecutive training sessions. Test 

sessions were conducted every three days, while training 

continued on the other days to ensure maintenance of the 

discrimination criteria. To prevent training with any drug 

combination or dose, the rats were removed immediately after 

ten responses on any lever on test days. 

Effect of Test Drugs on d-Amphetamine 
Mediated Discrimination 

On test days, the doses for drug substitution and 

combination testing were randomly assigned among the fourty 

eight rats using a computer based random number generator. 

Substitution testing was initially conducted to examine 

whether dopamine receptor active compounds over a range of 

doses produce d-amphetamine-like discrimination. 

Additionally, dose-response data was collected below the 

training dose of 1.0 mg/kg d-amphetamine. In the next phase 
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of experimentation, increasing doses of DA receptor agonists 

or antagonists were combined with a fixed dose of 

d-amphetamine known to elicit a 10-40% or a 70-100% 

amphetamine response. Dopamine receptor agonists were 

combined with the low response d-amphetamine doses to 

determine their potential for enhancing amphetamine-lever 

responding. In like manner, DA receptor antagonists were 

combined with high response d-amphetamine doses to determine 

its susceptibility to antagonism. Each test day, the 

selected dose of d-amphetamine combined with saline served 

as the control amphetamine-lever response. Other 

combination experiments examined the potential for D-1 and 

D-2 receptors to functionally interact with each other. On 

test days, quinpirole was substituted for d-amphetamine to 

elicit amphetamine-like responding. Doses of quinpirole 

producing 20-40%, 40-60% and 80-100% drug-lever responding 

were combined with increasing doses of D-1 receptor agonist 

or antagonist drugs. Quinpirole plus saline served as the 

control amphetamine-lever response. 

Data Analysis 

Data collection on the test day consisted of 

determining the percent amphetamine response and the 

responses per minute. The percent amphetamine response was 

calculated as: amphetamine-lever responses divided by the 

total number of responses, multiplied by 100. Responses per 

minute were calculated as the total number of responses 
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divided by the time in minutes. All values were graphed as 

the mean + SEM. Analysis of Variance (ANOVA) measured 

significant trends in percent amphetamine responding and in 

response rates. In experiments with significant F values 

(P < 0.05), Duncan's Multiple Range test determined which 

treatment means differed significantly from the control mean 

Drugs 

The following drugs were dissolved in saline and 

administered IP in a volume of 1.0 mg/kg (injection 

interval, supplier): d-amphetamine sulfate (15 min., Sigma 

Chemicals, St. Louis, MO); injectable haloperidol buffered 

in lactic acid and diluted to volume (30 min., McNeil 

Pharmaceuticals, Spring House, PA). The remaining drugs 

were dissolved in distilled water and administered in a 

volume of 1.0 ml/kg: quinpirole (LY 171555; trans-(-)-

4aR,4,4a,5,6,7,8,8a,9-octahydro-5-propyl-lH (or 2H-pryazolo-

3,4-g) quinoline, monohydrochloride) (30 min., Eli Lilly 

Research Laboratories, Indianapolis, IN); R-SKF 38393 (R(+) 

1-phenyl-l,2,3,4,5-tetrahydro-(IH)-3-benzazepine-7,8-diol 

HCl) (30 min.. Research Biochemicals Incorp., Natick, MA); 

SCH 23390 (R(+)-7-chloro-8-hydroxy-3-methyl-l-phenyl-

2,3,4,5-tetrahydro-lH-3-benzazepine maleate) (30 min., 

Schering Corp., Bloomfield, NJ). 
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Drug Discrimination Results 

In rats trained to discriminate d-amphetamine, figure 1 

(top) shows dose-dependent increases in amphetamine-

appropriate responding compared with saline-paired 

responding [F(5,32) = 26.71; p < 0.0001]. Likewise, 

quinpirole produced amphetamine-lever responding [F(5,27) = 

25.43; p < 0.0001], whereas D-1 stimulation with SKF 38393 

failed to produce amphetamine-appropriate responding 

[F(7,36) = 1.48; p < 0.205]. Additionally, antagonism of 

D-1 receptors with SCH 23390 also elicited a saline-

appropriate response [F(5,26) = 0.57; p < 0.726]. The 

response rates (Fig. 1; bottom) for d-amphetamine and SCH 

23390 were not significantly changed from saline controls. 

Response rates for quinpirole were significantly reduced 

from saline controls [F(5,27) = 10.93; p < 0.001]. Reduced 

response rates have been shown with SKF 38393 (Woolverton et 

al., 1985). 

The response produced by 0.3 mg/kg d-amphetamine, a 

dose that normally produces 10-4 0% amphetamine-lever 

responding (Fig. 2; top) was enhanced by combining it with 

increasing doses of the D-2 agonist quinpirole [F(4,31) = 

6.03; p < 0.001]. In fact nearly 100% amphetamine-lever 

responses were observed with the higher doses of quinpirole. 

Quinpirole combined with the 0.3 mg/kg dose of d-

amphetamine, did not alter the response rates (Fig. 2; 

bottom). In the same manner, combining the D-1 agonist SKF 
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Figure 1. Results of dose-response and substitution 
tests with SCH 23390, quinpirole, d-amphetamine and SKF 
38393 in rats trained to discriminate 1.0 mg/kg d-
amphetamine from saline (S). Drugs are as follows: SCH 
23390 (solid squares), d-amphetamine (solid circles), 
quinpirole (open circles) and SKF 38393 (open squares). 
Top: symbols represent the percent amphetamine response 
with each value calculated as the mean + SEM for 5-7 rats 
per point. Bottom: symbols represent the responses per 
minute for the same rats (mean ± SEM). Asterisks indicate 
values significantly different from saline controls 
(p < 0.05) using ANOVA and Duncan's Multiple Range test. 
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Figure 2. Effects of combining 0.3 mg/kg d-
amphetamine with increasing doses of quinpirole. Top: 
symbols represent the percent amphetamine response (mean 
+ SEM). Bottom: symbols represent the responses per 
minute for the same rats (mean + SEM). "S+A" indicates 
the rats were administered saline (no quinpirole) and 
0.3 mg/kg d-amphetamine. Numbers in parenthesis 
indicate the number of animals per point. Asterisks 
indicate values significantly different from the saline 
+ d-amphetamine control (p < 0.05) using ANOVA and 
Duncan's Multiple Range test. 
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38393 with d-amphetamine (Fig. 3; top) also significantly 

enhanced amphetamine-appropriate responding [F(5,50) = 

11.10; p < 0.001]. Although the response rates for the two 

highest doses of SKF 38393 were significantly decreased 

[F(5,50) = 2.83; p < 0.05], the animals correctly selected 

the drug-lever. 

Since a D-1 agonist potentiated amphetamine-appropriate 

responding, it was speculated that a D-1 antagonist would 

attenuate the discriminative cue. For this reason, a dose 

of 0.7 mg/kg d-amphetamine, normally producing 70-100% drug 

appropriate responses, was chosen. The D-1 antagonist SCH 

23390 (Fig. 4; top) diminished amphetamine-lever responding 

elicited by 0.7 mg/kg d-amphetamine [F(3,19) = 27.17; p < 

0.0001]. Response rates for the d-amphetamine-SCH 23390 

combination were comparable to saline controls. 

Additional experiments were conducted in which 

quinpirole was substituted for d-amphetamine to evaluate the 

sensitivity of direct D-2 agonists to D-1 manipulations 

(Table 1). The quinpirole doses producing 20-40% 

amphetamine-appropriate responses (0.05 mg/kg) or 4 0-60% 

amphetamine-appropriate responses (0.2 mg/kg) were 

unaffected by increasing doses of the D-1 agonist SKF 38393. 

Increasing doses of SCH 23390 (Table 2) failed to 

antagonize the discrimination produced by quinpirole 

substitution. Doses of quinpirole chosen for this series of 

experiments included a dose producing 4 0-60% amphetamine-
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Figure 3. Effects of combining 0.3 mg/kg d-
amphetamine with increasing doses of SKF 38393. Top: 
symbols represent the percent amphetamine response (mean 
+ SEM). Bottom: symbols represent the responses per 
minute for the same rats (mean + SEM). "S+A" indicates 
rats were administered saline (no SKF 38393) and 0.3 
mg/kg d-amphetamine. Numbers in parenthesis indicate the 
number of animals per point. Asterisks indicate values 
significantly different from the saline + d-amphetamine 
control (p < 0.05) using ANOVA and Duncan's Multiple 
Range test. 
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Figure 4. Antagonism of 0.7 mg/kg d-amphetamine-
mediated discrimination by increasing doses of SCH 23390. 
Top: symbols represent the percent amphetamine response 
(mean + SEM). Numbers in parenthesis indicate the number 
of animals per point. Bottom: symbols represent the 
responses per minute for the same rats (mean + SEM). 
"S+A" indicates rats were administered saline (no SCH 
2 3 390) and 0.7 mg/kg d-amphetamine. Numbers in 
parenthesis indicate the number of animals per point. 
Asterisks indicate values significantly different from 
the saline + d-amphetamine control (p < 0.05) using ANOVA 
and Duncan's Multiple Range test. 
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appropriate responding (0.2 mg/kg) and a dose producing 80-

100% amphetamine-appropriate responding. Response rates for 

the quinpirole-SCH 23390 combinations remained unchanged. 

Combining increasing doses of haloperidol (Table 2) with 0.5 

mg/kg quinpirole resulted in a significant decline in 

amphetamine-lever responding, demonstrating that the 

quinpirole effect can be attenuated. Response rates in the 

attenuation of quinpirole responding were unaltered by 

haloperidol. 

Drug Discrimination Discussion 

The present results indicate that d-amphetamine alone 

dose-dependently increases discriminative responding in 

rats. In substitution experiments, the D-2 agonist 

quinpirole elicits amphetamine-appropriate responding, 

whereas the D-1 agonist SKF 38993 and the D-1 antagonist SCH 

23390 alone yield only saline-appropriate behavior. This 

reveals that D-2 receptors are capable of producing 

d-amphetamine-like responding and D-1 stimulation or 

blockade does not produce recognizable discriminative cues. 

These results are similar to those of other discrimination 

studies which use amphetamine-like drugs (Schechter, 1977; 

Colpaert et al., 1979; Nielsen and Jepsen, 1985). 

Rats trained to discriminate quinpirole from saline are 

unaffected in their drug-lever responding by D-1 receptor 

manipulations (Weathersby and Appel, 1986). In rats trained 

to discriminate apomorphine, a direct agonist known to 
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stimulate both D-1 and D-2 receptors, the discriminative cue 

is apparently and exclusively mediated by the D-2 receptor 

(Woolverton et al., 1985). However, with the indirect 

agonist d-amphetamine, which releases endogenous DA and 

activates both receptor subtypes (Kelly and Nahorski, 

1987a), it is possible that D-1 receptors contribute to the 

discriminative cue. Evidence supporting the D-1 component 

of d-amphetamine discrimination comes from Nielsen and 

Jepsen (1985), who demonstrated that SCH 23390 dose-

dependently blocks amphetamine-lever responding. In an 

opposite manner, we demonstrated that D-1 receptor 

activation (SKF 38393) potentiates amphetamine-lever 

responding. These results were confirmed by the ability of 

SCH 23390 to block amphetamine-appropriate lever responding. 

Several other indirect agonist mediated behaviors are 

also sensitive to that degree of D-1 receptor manipulation. 

Noncontingent injections of SCH 23390 attenuate the 

reinforcing properties of self-administered amphetamine and 

cocaine (Woolverton, 1986; Koob et al., 1987). 

Additionally, the conditioned place preference induced by 

d-amphetamine is sensitive to blockade by SCH 23390 (Leone 

and Di Chiara, 1987). While animals in self-administration 

and place preference paradigms rely on perhaps other internal 

cues for continued behavior (compared to discrimination 

studies), it is clear that both D-1 and D-2 receptors are 

contributory. The amphetamine discrimination studies 
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suggest that both D-1 and D-2 receptors functionally 

interact in some manner, resulting in alterations in 

discriminative cue formation. This concept would not be 

considered unusual, since numerous biochemical, 

electrophysiological and behavioral studies have now 

demonstrated D-l/D-2 receptor interactions. The fact that 

D-2 activation alone (quinpirole substitution) produces 

nearly 100% amphetamine-lever responding suggest that the 

majority of cue formation is D-2 mediated. However, 

combined with doses of d-amphetamine yielding low drug-lever 

responding, the D-1 agonist can increase the amphetamine-

lever response to nearly 100%. On the other hand, coupled 

with doses of amphetamine yielding near complete 

amphetamine-lever responding, the D-1 antagonist SCH 2 3 390 

abolished the amphetamine-appropriate discriminative cue 

without altering the response rate. These data suggest that 

the D-1 receptor is of equal import in d-amphetamine cue 

formation. However, a fundamental difference exists in the 

two receptor subtypes: D-2 receptor agonists can mimic the 

discriminative cues in amphetamine-trained rats when 

administered alone. This cue could be attenuated by 

haloperidol, presumably through D-2 receptor antagonism. 

The D-1 receptor agonist, on the other hand, requires the 

presence of d-amphetamine and can potentiate, but not mimic 

the stimulants discriminative cue. This may suggest an 

interaction between the two receptor subtypes. 
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An argument might be made that the amphetamine cue 

requires D-2 receptor activation before the D-1 receptor 

components are operative. It has been suggested that the 

D-2 receptor requires endogenous DA for its functional role. 

Depletion of the amine with the tyrosine hydroxylase 

inhibitor alpha methyl-para-tyrosine attenuates the ability 

of quinpirole to inhibit the activity of nucleus accumbens 

septi neurons (White, 1987). A similar attenuation of 

quinpirole action is observed with globus pallidus neurons 

(Walters et al., 1987). The requirement of endogenous DA, 

acting on the D-1 receptor, is demonstrated by the fact 

that the D-1 receptor agonist SKF 38393 could reinstate 

quinpirole effects in DA depleted animals (Walters et al., 

1987; White, 1987). A similar "enabling" of D-2 receptors 

by D-1 receptor active drugs or endogenous DA is 

demonstrated in studies of stereotypic responding induced by 

quinpirole (Longoni et al., 1987). 

The present studies show that quinpirole substitution 

in d-amphetamine trained rats is insensitive to D-1 receptor 

manipulations. Similar resistance to D-1 antagonism by SCH 

23390 has been shown in rats trained to discriminate the 

direct agonists quinpirole (Weathersby and Appel, 1986), 

lisuride (Cunningham et al., 1987) or apomorphine (Schechter 

and Greer, 1987). Additionally, in another behavior, SCH 

23390 does not affect the self-administration patterns of 

Rhesus monkeys lever-pressing for the D-2 agonist piribedil 
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(Woolverton 1986). These findings suggest that the training 

drug used, the behavioral paradigms employed and the 

experimental conditions are important determinants in the 

investigation of interactions between D-1 and D-2 receptors. 

The fact that quinpirole substitution alone was able to 

elicit virtually 100% drug-lever responding in our 

amphetamine-trained animals suggests that quinpirole at 

these doses produces discriminative cues similar to 

d-amphetamine. The apparent resistance of quinpirole 

substitution to D-1 receptor manipulations suggests that 

D-l/D-2 receptors do not functionally interact under these 

conditions in producing this cue. 



CHAPTER III 

THE ROLE OF D-1 AND D-2 RECEPTORS ON 

DOPAMINE METABOLITE FORMATION IN 

VARIOUS RAT BRAIN NUCLEI 

Dopamine Metabolite Formation 
Introduction 

As discussed in Chapter I, numerous biochemical, 

electrophysiological and behavioral studies have revealed 

not only putative roles of D-1 and D-2 dopamine (DA) 

receptor subtypes, but also suggest that these receptors 

functionally interact to modulate these events. In Chapter 

II, we examined the role of D-1 and D-2 receptors in 

mediating amphetamine drug discrimination. Briefly, 

substitution studies demonstrate that D-2, but not D-1, 

agonists produce amphetamine-like discrimination. This 

suggests that D-1 receptors are not involved in producing 

amphetamine-like discrimination. However, combining the D-1 

agonist SKF 38393 or the D-1 antagonist SCH 23390 with 

amphetamine, potentiates and blocks amphetamine-mediated 

discrimination, respectively. Thus, D-1 receptors are also 

involved in mediating amphetamine drug discrimination, and 

suggests that D-1 and D-2 receptors functionally interact. 

Additional combination studies examined the effect of D-1 

drugs on discrimination when quinpirole (D-2 direct agonist) 

was substituted in d-amphetamine trained rats. In contrast 

to amphetamine (indirect agonist) discrimination, neither 

68 
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D-1 stimulation nor blockade alters quinpirole mediated 

discrimination, suggesting that D-1 and D-2 receptors do not 

functionally interact in this behavioral paradigm. Other 

D-2 agonist discrimination studies demonstrate a resistance 

to D-1 manipulations (Weathersby and Appel, 198 6; 

Cunningham, Callahan and Appel, 1987; Schechter and Greer, 

1987). Therefore, D-l/D-2 functional interactions may occur 

in indirect agonist discrimination, whereas direct agonist 

discrimination is resistant to these interactions. 

At this time, very few neurochemical experiments have 

attempted to understand how D-l/D-2 functional interactions 

affect the activity of dopaminergic neurons. The effect of 

D-1 drugs on amphetamine-mediated neurochemical changes has 

yet to be conducted. On the other hand. Sailer and Salama 

(1985) demonstrated that D-2 agonist induced decreases in 

striatal DA metabolite formation are offset to saline 

controls by coadministering a D-1 agonist. We conducted 

these DA neurochemistry studies to better understand the 

role of D-1 and D-2 receptor regulation of dopaminergic 

neurons in several major brain regions. Additionally, 

because indirect and direct agonist discrimination is 

differentially sensitive to D-1 drugs, identical behavioral 

doses were administered so their actions on DA release and 

metabolism might reveal why the behaviors are different. 
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Dopamine Metabolite Formation 
Materials and Methods 

Neurochemical Analysis 

Male Sprague Dawley rats (200-250; Sasco Inc., NE) were 

housed in a room with controlled temperature (20-25 °C) and 

lighting (0700-1900). Water and food (Purina Rat Chow 5001) 

were made available ad libitum. On the test day, the rats 

were administered drugs alone or in combination and then 

sacrificed by decapitation. The brains were removed, frozen 

on dry ice and sectioned on a freezing microtome. Bilateral 

tissue punches of striatum and nucleus accumbens were made 

using 1.5 and 1.0 i.d. stainless steel tubing, respectively, 

from a frontal section with a rostral cut at ca. A 9650 

microns and ending at A 8650 microns. The tissue designated 

as medial prefrontal cortex was sectioned from A 10050 to A 

9650 microns and was removed by knife cuts (Paxinos and 

Watson, 1982; Geis et al., 1986). 

Tissues were homogenized in 0.2 N perchloric acid and 

stored at -80 °C for later determination. Samples were 

thawed and centrifuged at 10,000 X g and the concentrations 

of brain DA metabolites were determined using a Bio-

Analytical Systems (West Lafayette, IN) liquid 

chromatograph, with a Ĉ ĝ microbondapak (5 micron particle 

size) column and an amperometric detection system (electrode 

potential +0.72 volts). The 0.1 M citrate-phosphate mobile 

phase consisted of 0.04 g/liter sodium octyl sulfate and 

12.5% (v/v) methanol (pH 3.3), and the flow rate was set at 
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1.0 ml/min. Samples from each rat in each brain region were 

individually tested in groups consisting of 4-6 rats, with 

injection volumes set at: STR (50ul), NAS (80ul) and PCX 

(80ul). Protein content of the tissue was determined using 

the method of Lowry et al. (1951) (cupric sulfate, sodium-

potassium tartrate and Folin and Ciocaleteu's phenol 

reagent). The values were expressed as nanograms of DA 

metabolite/mg protein. 

Drug Administration Procedure 

Amphetamine and D-l/D-2 receptor drugs were given alone 

in doses which altered behaviors in the d-amphetamine drug 

discrimination paradigm. Additionally, increasing doses of 

D-l/D-2 agonists and antagonists were combined with a fixed 

dose of d-amphetamine known to elicit 40-60% amphetamine-

lever responding in the drug discrimination paradigm. In 

this manner, D-1 and D-2 receptor drugs were assessed for 

their ability to alter amphetamine-mediated DA release and 

metabolite formation. d-Amphetamine plus saline served as 

the control DA metabolite level. Other combination 

experiments examined the potential for D-1 and D-2 receptors 

to functionally interact with each other to alter DA release 

and subsequent metabolism. Doses of quinpirole known to 

elicit intermediate amphetamine-like discrimination were 

combined with increasing doses of D-1 receptor agonist and 

antagonist drugs. Quinpirole plus saline served as the 

control DA metabolite level. 
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Data Analysis 

Data collection consisted of determining the nanograms 

of 3,4-dihydroxyphenylacetic acid (DOPAC)/mg protein for 

every animal in each treatment group. All values (DOPAC/mg 

protein) were analyzed using Analysis of Variance (ANOVA), 

followed by a priori orthogonal t-tests. Values of p < 0.05 

were considered significant. To simplify the format, the 

values were expressed as the percent of control + S.E.M., 

with the saline controls equal to 100%. 

Drugs 

The following drugs were dissolved in saline and 

administered IP in a volume of 1.0 ml/kg (injection 

interval, supplier): d-amphetamine sulfate (15 minutes, 

Sigma Chemical Co., St. Louis, MO). The remaining drugs 

were dissolved in distilled water and administered in a 

volume of 1.0 ml/kg: quinpirole (LY 171555; trans-(-)-4aR-

4,4a,5,6,7,8,8a,9-octahydro-5-propyl-lH (or 2H)-pyrazolo-

(3,4-g) quinoline, monohydrochloride) (30 min., Eli Lilly 

Research Laboratories Indianapolis, IN); R-SKF 38393 (R(+) 

1-phenyl-l,2,3,4,5-tetrahydro-(IH)-3-benzazepine-7,8-diol 

HCl) (30 min.. Research Biochemicals Incorp., Natick, MA); 

SCH 23390 (R(+)-7-chloro-8-hydroxy-3-methyl-l-phenyl-

2,3,4,5-tetrahydro-lH-3-benzazepine maleate) (30 min., 

Schering Corp., Bloomfield, NJ). 
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Dopamine Metabolite Formation 
Results 

D-1 and D-2 Drugs Alone 

In Figure 5, 0.5 mg/kg d-amphetamine, 7.0 mg/kg SKF 

38393 and 0.1 mg/kg SCH 23390 alone failed to significantly 

change DOPAC formation in the striatum (STR) and nucleus 

accumbens septi (NAS) and medial prefrontal cortex (PCX). 

Neither D-1 receptor stimulation nor blockade affected DA 

metabolite formation. Alternatively, the D-2 receptor 

agonist quinpirole (0.5 mg/kg) significantly reduced DA 

metabolite formation in the STR and NAS, but not the PCX. 

d-Amphetamine Combination Experiments 

A dose of 0.5 mg/kg d-amphetamine which normally 

elicites 40-60% amphetamine discriminative responding 

(Chapter II) did not significantly alter DOPAC formation in 

the three regions (Fig. 6). Combining d-amphetamine with 

the D-2 agonist quinpirole produced significant decreases in 

DA metabolite formaton in the STR at the higher dose (0.5 

mg/kg). A trend towards reductions in DA metabolite 

formation were noted in the NAS, while the PCX was 

completely refractory to the effects of quinpirole. In 

other experiments where 0.5 mg/kg d-amphetamine was combined 

with 1.0 and 7.0 mg/kg of the D-1 agonist SKF 38393, DOPAC 

formation was potentiated above saline controls (152%) and 

amphetamine + saline controls (138%) in all three regions 

(Fig. 7). The combination of 0.5 mg/kg d-amphetamine with 
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Figure 6. Effects of 0.5 mg/kg d-amphetamine combined 
with increasing doses of quinpirole on DA metabolite 
formation. Rats were injected with saline (clear bars), d-
amphetamine (solid bars) or the same dose of d-amphetamine 
combined with quinpirole (stippled bars). Doses of drugs 
are displayed within each bar. For each region, DOPAC 
values were determined for 4-6 animals per point. Actual 
saline control values in ng/mg protein were: STR (10.75 + 
1.10), NAS (14.34 ± 0.97) and PCX (0.21 + 0.02). Data were 
analyzed using ANOVA followed by a priori orthogonal t-
tests, with p < 0.05 considered significantly different 
from saline controls. For visual purposes, values were 
graphed as percent of contol + SEM, with saline controls 
set at a baseline of 100%. 
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Figure 7. Effects of 0.5 mg/kg d-amphetamine combined 
with increasing doses of SKF 38393 on DA metabolite 
formation. Rats were injected with saline (clear bars), d-
amphetamine (solid bars) or the same dose of d-amphetamine 
combined with SKF 38393 (hatched bars). Doses of drugs are 
displayed within each bar. For each region, DOPAC values 
were determined for 4-6 animals per point. Actual saline 
control values in ng/mg protein were: STR (10.75 + 1.10), 
NAS (14.34 + 0.97) and PCX (0.21 ± 0.02). Data were 
analyzed using ANOVA followed by a priori orthogonal t-
tests, with p < 0.05 considered significantly different 
from saline controls. For visual purposes, values were 
graphed as percent of control + SEM, with saline controls 
set at a baseline of 100%. 
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0.02 mg/kg of the D-1 antagonist SCH 23390 elicited 

paradoxical increases in DOPAC formation which disappeared 

when the SCH 23390 dose was increased to 0.05 mg/kg (Fig. 

8). Concerned with the possibility that the effects of both 

d-amphetamine and SCH 23390 were borderline on affecting DA 

metabolite formation, the doses of d-amphetamine and SCH 

23390 were increased to 1.0 and 0.1 mg/kg, respectively. 

d-Amphetamine (1.0 mg/kg) alone induced no effects on DA 

metabolite formation in any region (Fig. 9). When combined 

with 0.1 mg/kg SCH 23390, however, significant reductions in 

DA metabolite formation occurred in the STR (-58%) and NAS 

(-3 6%) from amphetamine + saline controls. The PCX was 

refractory to the higher doses of d-amphetamine combined 

with SCH 23390. 

Quinpirole Combination Experiments 

Doses of 0.5 mg/kg quinpirole, normally eliciting 

intermediate levels of amphetamine discriminative 

responding, significantly reduced DA metabolite formation 

from saline controls in the STR and NAS but not the PCx 

(Fig. 10). When 1.0 and 7.0 mg/kg SKF 38393 were combined 

with this dose of cjuinpirole, D-2 mediated decreases in 

DOPAC formation were offset to saline controls in the STR 

and NAS. The PCX proved resistant to the ability of 

qunpirole + SKF 38393 to alter DA metabolite formation. 

Combining the same quinpirole dose (0.5 mg/kg) with 0.02 and 

0.05 mg/kg SCH 23390 did not significantly alter D-2 
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Figure 8. Effects of 0.5 mg/kg d-amphetamine combined 
with increasing "low" doses of SCH 23390 on DA metabolite 
formation. Rats were injected with saline (clear bars), d-
amphetamine (solid bars) or the same dose of d-amphetamine 
combined with SCH 23390 (cross-hatched bars). Doses of 
drugs are displayed within each bar. For each region, 
DOPAC values were determined for 4-6 animals per point. 
Actual saline control values in ng/mg protein were: STR 
(10.75 + 1.10), NAS (14.34 + 0.97) and PCX (0.21 + 0.02). 
Data were analyzed using ANOVA followed by a priori 
orthogonal t-tests, with p < 0.05 considered significantly 
different from saline controls. For visual purposes, 
values were graphed as percent of control + SEM, with 
saline controls set at a baseline of 100%. 
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Figure 9. Effects of 1.0 mg/kg d-amphetamine 
combined a "high" dose of SCH 23390 on DA metabolite 
formation. Rats were injected with saline (clear 
bars), d-amphetamine (solid bars) or the same dose 
of d-amphetamine combined with SCH 23390 (cross-
hatched bars). Doses of drugs are displayed within 
each bar. For each region, DOPAC values were 
determined for 4-6 animals per point. Actual saline 
control values in ng/mg protein were: STR (9.39 + 
1.58), NAS (14.77 + 2.71) and PCX (0.26 + 0.02). 
Data were analyzed using ANOVA followed by a priori 
orthogonal t-tests, with p < 0.05 considered 
significantly different from saline controls. For 
visual purposes, values were set at a baseline of 
100%. 
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Figure 10. Effects of 0.5 mg/kg quinpirole combined 
increasing doses of SKF 38393 on DA metabolite formation. 
Rats were injected with saline (clear bars), quinpirole 
(stippled bars) or the same dose of cjuinpirole combined 
with SKF 38393 (hatched bars). Doses of drugs are 
displayed within each bar. For each region, DOPAC values 
were determined for 4-6 animals per point. Actual saline 
control values in ng/mg protein were: STR (10.87 + 2.11), 
NAS (14.57 + 1.35) and PCX (0.20 + 0.03). Data were 
analyzed using ANOVA followed by a priori orthogonal t-
tests, with p < 0.05 considered significantly different 
from saline controls. For visual purposes, values were 
graphed as percent of control + SEM, with saline controls 
set at a baseline of 100%. 
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mediated decreases in DOPAC formation in the STR and NAS 

(Fig. 11). The low SCH 23390 dose (0.02 mg/kg) 

paradoxically increased DOPAC formation in the NAS. 

Dopamine metabolite formation in the PCX went unchanged from 

saline controls after exposure to the cjuinpirole + SCH 23390 

combination. 

Dopamine Metabolite Formation 
Discussion 

d-Amphetamine and D-l/D-2 Drugs Alone 

d-Amphetamine Alone 

d-Amphetamine alone at 0.5 (Fig. 5) and 1.0 mg/kg (Fig. 

9) does not significantly alter DA metabolite formation in 

any brain region that was tested. Amphetamine activates 

dopaminergic neurons through several mechanisms: 1) blockade 

of DA reuptake (Ferris, Tang and Maxwell, 1972; Heikkila et 

al. 1975; Raiteri et al., 1975; Hyttel, 1978), 2) 

stimulation of tyrosine hydroxylase (Kuczenski, 1977; 

Uretsky and Snodgrass, 1977; Pearl and Seiden, 1979; 

Kuczenski, 1980; Schwarz, Uretsky and Bianchine, 1980), and 

3) stimulation of endogenous DA release (Besson et al., 

1971; Ziance, Azzaro and Rutledge, 1972; Chiueh and Moore, 

1975; Heikkila et al., 1975; Raiteri et al., 1975; 

Zetterstrom et al., 1983; Gazzara, Fisher and Howard, 1986; 

Sharp et al., 1986). Electrophysiologically, low doses of 

d-amphetamine supress the firing rate activity of 

nigrostriatal (Bunney et al., 1973; Bunney et al., 1975) and 
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Figure 11. Effects of 0.5 mg/kg quinpirole combined 
increasing doses of SCH 23390 on DA metabolite formation. 
Rats were injected with saline (clear bars), quinpirole 
(stippled bars) or the same dose of quinpirole combined 
with SCH 23390 (cross-hatched bars). Doses of drugs are 
displayed within each bar. For each region, DOPAC values 
were determined for 4-6 animals per point. Actual control 
saline values in ng/mg protein were: STR (10.87 + 2.11), 
NAS (14.57 + 1.35) and PCX (0.20 + 0.03). Data were 
analyzed using ANOVA followed by a priori orthogonal t-
tests, with p < 0.05 considered significantly different 
from saline controls. For visual purposes, values were 
graphed as percent of control + SEM, with saline controls 
set at a baseline of 100%. 
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mesolimbic (Browder, Gernan and Shore, 1981) dopaminergic 

neurons. At low doses, amphetamine-mediated DA release 

probably suppresses the activity of dopaminergic neurons via 

autoreceptors and feedback loop regulatory mechanisms. 

These regulatory processes may further prevent DA release, 

therefore, not allowing us to detect significant changes in 

DA metabolite formation. Yet, the dopaminergic component is 

demonstrated by the ability of neuroleptics to block 

numerous behaviors generated by similar doses of 

amphetamine. 

D-2 Drucfs Alone 

The D-2 agonist quinpirole significantly reduces DOPAC 

formation in the STR and NAS, but not the PCX (Fig. 5). 

Other groups have shown that D-2 agonists decrease, while 

D-2 antagonists increase, DA metabolite formation in 

nigrostriatal and mesolimbic projection areas (Hyttel, 1984; 

Sailer and Salama, 1985; Dwoskin and Zhaniser, 1986; 

Magnusson et al., 1986; Zetterstrom, Sharp and Ungerstedt, 

1986; Boyar and Altar, 1987; Altar, Boyar and Wood, 1987; 

Herdon, Strupish and Nahorski, 1987; Magnusson, Mohringe and 

Fowler, 1987). The reductions in DA metabolite formation 

may occur by a combination of activating presynaptic D-2 

terminal autoreceptors (Moore and Wuerthele, 1979; Bannon 

and Roth, 1983; Chiodo and Bunney, 1983a,b; Hyttel, 1984; 

Dwoskin and Zahniser, 1986; Herdon, Strupish and Nahorski, 

1987) , and activating inhibitory feedback loop processes 
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(eg., striatonigral) (Moore and Wuerthele, 1979; Bannon and 

Roth, 1983; Chiodo and Bunney, 1983a,b). Alternatively, and 

identical with our results, DA metabolite formation in the 

PCX is resistant to D-2 manipulations (Bannon, Michaud and 

Roth, 1981; Bannon, Wolf and Roth, 1983). Some have 

suggested that the PCX lacks presynaptic D-2 autoreceptors 

(Bannon, Michaud and Roth, 1981; Bannon and Roth, 1983; 

Bannon, Wolf and Roth, 1983; Wolf, Galloway and Roth, 1986) 

as well as lacking defined regulatory feedback loop systems 

(Galloway, Wolf and Roth, 1986). In Chapter IV of the 

dissertation we will discuss the role of D-2 presynaptic 

terminal autoreceptors in the PCX. 

Electrophysiologically, D-2 agonists reduce the firing 

activity of A9 and AlO dopaminergic neurons (Wang, White and 

Voigt, 1984; Mereu et al., 1985; Napier et al., 1986; White 

and Wang, 1986). In opposite fashion, D-2 antagonists 

increase spontaneous firing activity (Onali et al., 1985; 

Hand, Kasser and Wang, 1987), or reverse DA agonist 

mediated decreases in A9 and AlO firing activity (Chiodo and 

Bunny, 1983; White and Wang, 1983; Chiodo and Bunny, 

1983a,b; Mereu et al., 1985; Carlson, Bergstrom and Walters, 

1986; Napier et al., 1986; Carlson, Bergstrom and Walters, 

1987; Goldstein et al., 1987; Hand, Kasser and Wang, 1987). 

Thus, in parallel fashion, D-2 agonists reduce both the 

neurochemical and electrophysiological parameters of 

dopaminergic neurons. Dopaminergic neurons also send 
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projections to various CNS regions, including those we 

tested neurochemically: A9 to the STR, and AlO to the NAS 

and PCX. The influence that dopaminergic neurons have on 

postsynaptic neurons may determine how numerous biochemical, 

electrophysiological and behavioral events are elicited. 

Dopaminergic neurons have both excitatory and inhibitory 

effects on postsynaptic neurons. Dopamine D-2 agonists 

excite neurons in: cat caudate nucleus (Ohno, Sasa and 

Takaori, 1987), projections to the globus pallidus (Carlson, 

Bergstrom and Walters, 1986; Carlson, Bergstrom and Walters, 

1987 Walters et al., 1987), and projections to cerebral 

cortex (Bradshaw, Sheriden and Szabadi, 1985). 

Alternatively, D-2 agonists have mixed effects in NAS 

neurons. Some studies demonstrate D-2 agonist inhibition of 

NAS neurons (White and Wang, 1986; White, 1987; Johansen, 

Clark and White, 1988), while others demonstrate that D-2 

receptors mediate depolarization responses (Uchimura, 

Higashi and Nishi, 1986). 

It is noteworthy that D-2 agonists, while they inhibit 

the activity of dopaminergic neurons, are able to generate 

numerous behaviors, suggesting these D-2 actions are 

postsynaptically mediated. Behaviors generated by D-2 

agonists include: drug discrimination (Colpaert et al., 

1975; Colpaert et al., 1976a; Schechter, 1980; Woolverton, 

Kamien and Goldberg, 1985; Weathersby and Appel, 198 6; 

Cunningham, Callahan and Appel, 1987; Kamien, Goldberg and 
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Woolverton, 1987; Schechter and Greer, 1987; Tang and 

Franklin, 1987; Woolverton, Kamien and Goldberg, 1987), 

intravenous self-administration (Baxter et al., 1974; Yokel 

and Wise, 1978; Woolverton, Goldberg and Ginos, 1984; 

Woolverton, 1986), conditioned place preference (Spyraki, 

Fibiger and Phillips, 1982; Van der Kooy, Swerdlow and Koob, 

1983; Morency and Beninger, 1986; Hoffman and Beninger, 

1988), turning behaviors (Barone et al., 1986; Robertson and 

Robertson, 1986), and motor behaviors including locomotion 

and stereotypy (Arnt, 1985; Breese et al., 1985; Fletcher 

and Starr, 1985; Molloy and Waddington, 1985; Pugh et al., 

1985; Braun and Chase, 1986; Cuomo et al., 1986; Mashurano 

and Waddington, 1986; Jackson and Hashizume, 1986; Jackson 

and Hashizume, 1987). 

Therefore, D-2 agonists decrease the activity of 

dopaminergic neurons by stimulating somatic, dendritic and 

nerve terminal autoreceptors. Under these conditions, DA 

mediated behaviors might predictably be attenuated as 

dopaminergic neuronal activity is decreased. However, the 

fact that numerous behaviors are generated by D-2 agonists 

indicates that these receptors reside on postsynaptic 

neurons upon which dopamine terminals impinge. Later, it 

might be possible to correlate the variable 

electrophysiological effects seen on postsynaptic neurons 

with the generation of numerous diverse behaviors. 
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D-1 Drugs Alone 

As mentioned previously, D-2 autoreceptors are located 

on dopaminergic neurons and can directly alter the activity 

of these neurons. The D-1 receptors are not thought to 

exist on dopaminergic neurons, although D-1 drugs alter the 

neurochemical and electrophysiological parameters of these 

neurons. Currently, it is of great interest where D-1 

receptors are located. Neuroanatomical studies suggest that 

D-1 receptors are not located on dopaminergic neurons, but 

that D-1 regulation of dopaminergic neurons occurs through 

feedback loop mechanisms. For example, autoradiographic 

(Dawson et al., 1985; Boyson, McGonigle and Molinoff, 1986; 

Savasta, Dubois and Scatton, 1986; Also et al., 1987; Barone 

et al., 1987; Filloux, Wamsley and Dawson, 1987a; Graham and 

Grossman, 1987; Yamamoto and Kebabian, 1987) and receptor 

binding (Porceddu et al. 1986) studies reveal a high density 

of D-1 receptors in the substantia nigra pars compacta and 

reticulata. Intrastriatal kainic or quinolinic acid lesions 

dramatically decrease (65-92%) D-1 binding in the substantia 

nigra (Porceddu et al., 1986; Barone et al., 1987; Filloux, 

Wamsley and Dawson, 1987a). Additionally, 6-

hydroxydopamine lesions of rat substantia nigra decreases 

D-2 but not D-1 receptor densities (Filloux, Wamsley and 

Dawson, 1987a; Morelli et al., 1987). These studies suggest 

that D-1 receptors are not located on dopaminergic neurons 
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but on terminals of striatonigral projections to the 

substantia nigra. 

With regard to nigrostriatal projections, 

autoradiographic analysis of rat striatum using [3H]-SCH 

23390 show that >99% of D-1 receptor binding is on 

postsynaptic interneurons (Porceddu et al., 1986; Barone et 

al., 1987; Filloux, Wamsley and Dawson, 1987a). Unilateral 

6-hydroxydopamine lesions of the substantia nigra either 

does not alter (Filloux, Wamsley and Dawson, 1987a; Leslie 

and Bennett, 1987a) or increases (Buonamici et al., 1986) 

striatal D-1 receptor density. These results suggest that 

D-1 receptors are located on postsynaptic striatal neurons. 

Thus, D-1 receptors do not appear to be located on the cell 

bodies and terminal regions of dopaminergic neurons, but on 

non-dopaminergic feedback loop neurons which indirectly 

regulate the activity of dopaminergic neurons. Two neuron 

types include GABA neurons and substance P neurons (Reid et 

al., 1988). It is well known that autoregulation of 

substantia nigra neurons can occur through release of DA 

from dendritic varicosities. Double immunocytochemical 

studies demonstrate that GABA neurons directly impinge on 

nigrostriatal dopaminergic neurons (Van den Pol, Smith and 

Powell, 1985). Dopamine can stimulate D-1 receptors on 

striatonigral GABAergic terminals and increase GABA release. 

In this manner, dopaminergic neurons indirectly autoregulate 

themselves by modulating GABA release (Starr, 1987; Reid et 
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al., 1988). Furthermore, postsynaptic striatal cholinergic 

interneurons, which play a role in regulating striatonigral 

feedback projections, are also affected by D-1 agents 

(Plantje et al., 1984a,b; Fage and Scatton, 1986; Gorell and 

Czarnecki, 1986; Gorell, Czarnecki and Hubbell, 1986; 

Console, Wu and Fusi, 1987). 

Our dopamine neurochemistry experiments reveal that the 

D-1 agonist SKF 38393 and the antagonist SCH 23390 fails to 

alter DA metabolite formation in the STR, NAS and PCX 

(Fig. 5). Recently, it was demonstrated that D-1 drugs, at 

doses 2-2 0 fold higher than those used in this study, can 

alter DA metabolite formation. At these higher doses, D-1 

stimulation decreases (Zetterstrom, Sharp and Ungerstedt, 

1986; Boyar and Altar, 1987; Imperato and Di Chiara, 1988), 

while D-1 blockade increases (Sailer and Salama, 1986; Boyar 

and Altar, 1987; Imperato, Mulas and Di Chiara, 1987; 

Magnusson, Mohringe and Fowler, 1987) DA metabolite 

formation in rat caudate-putamen and olfactory tubercle 

regions. These studies are difficult to interpret since 

much lower doses are typically used to examine 

electrophysiological and behavioral events. Yet, using 

behaviorally effective doses, our study showed that D-1 

drugs did not change DA metabolite formation in any brain 

region tested. 

Electrophysiologically, in locally anethetized, 

gallamine-treated rats, systemically administered SKF 38393 
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has both excitatory and inhibitory effects on substantia 

nigra (A9) neurons (Carlson, Bergstrom and Walters, 1987). 

Alternatively, systemically administered D-1 antagonists 

increase A9 and AlO spontaneous firing activity (Mereu et 

al., 1985; Onali et al., 1985; Carlson, Bergstrom and 

Walters, 1986; Goldstein and Litwin, 1988). In trying to 

explain these results, Carlson et al. (1987) suggest that 

D-1 receptors do not mediate the locally induced effects of 

dopamine agonists on substantia nigra neurons. Rather, D-1 

agonists indirectly affect dopaminergic neuronal activity 

via striatonigral feedback pathways. With regard to 

projection regions on which dopaminergic terminals impinge, 

D-1 agonists slightly excite globus pallidus neurons 

(Carlson, Bergstrom and Walters, 1987; Walters et al., 

1987) , and inhibit neurons in cat caudate nucleus (Ohno, 

Sasa and Takaori, 1987) and rat NAS (White and Wang, 1986). 

Dopamine D-1 agonists generate several unique behaviors 

which include: grooming behavior (Molloy and Waddington, 

1984; Braun and Chase, 1986; Starr and Starr, 1986), non-

stereotyped behaviors (Molloy and Waddington, 1985; Braun 

and Chase, 1986), anorexia (Gilbert and Cooper, 1985), 

rotation behavior (Setler et al., 1978; Barone et al., 1986; 

Robertson and Robertson, 1986) and EEG desynchronization 

with behavioral arousal (Onali et al., 1985). As noted 

earlier, numerous autoradiographic and electrophysiological 

studies demonstrate that dopaminergic neurons do not 
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contain D-1 receptors. Therefore, these behaviors may 

either be the result of directly stimulating D-1 receptors 

on postsynaptic sites, or indirectly, by altering the 

release of DA via feedback loop regulation of dopaminergic 

neurons. 

In summary, although D-1 receptors appear not to be 

located on dopaminergic neurons, at higher doses, 

neurochemical and electrophysiological parameters are 

similarly affected. Direct activation of postsynaptic D-1 

receptors may generate these diverse behaviors, as is 

demonstrated by the diverse electrophysiological response of 

postsynaptic neurons to D-1 drugs. Alternatively, diverse 

behaviors may be the result of indirect D-1 influences 

altering dopaminergic neuronal activity, leading to 

alterations in the release of endogenous DA. Drug 

combination experiments examined the neurochemical 

influences D-1 and D-2 receptors in an attempt to to 

further understand how these receptors contribute to 

generating numerous biochemical, electrophysiological and 

behavioral events. 

d-Amphetamine Combination Studies 

d-Amphetamine + D-2 Drucfs 

Combining the D-2 agonist quinpirole with d-amphetamine 

decreases DA metabolite formation in the STR and NAS, while 

the PCX is unaffected by D-2 agonist administration (Fig. 

6). As mentioned earlier, dopaminergic neurons are tightly 
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regulated via autoreceptors and feedback loop inhibition so 

that a 0.5 mg/kg amphetamine dose will not significantly 

alter DA metabolite formation. Our results demonstrate that 

D-2 agonists attenuate d-amphetamine-mediated DA release and 

subsecjuent metabolism from dopaminergic neurons. In an 

opposite fashion, D-2 antagonists potentiate amphetamine-

mediated DA release and metabolite formation (Sharp et al., 

1986; Sonsalla et al., 1986). Thus, by activating D-2 

somatic and dendritic autoreceptors, as well as activating 

feedback loop influences, D-2 agonists appear to attenuate 

d-amphetamine-mediated DA release and metabolism from 

dopaminergic neurons. 

Electrophysiological studies of of this drug 

combination have not yet been conducted. The complex action 

of amphetamine, including the concept of using agonist-

agonist combinations, would make electrophysiological 

interpretations difficult. 

Although 0.5 mg/kg d-amphetamine did not significantly 

alter DOPAC formation in any brain region we tested, 

numerous dopamine-mediated behaviors are generated at this 

dose. Additionally, D-2 agonists produce amphetamine-like 

behaviors. One might predict, because D-2 agonists 

attenuate amphetamine-mediated DA release, that behaviors 

would also be attenuated. Combining D-2 agonists with 

amphetamine, however, increases behaviors above that of 

amphetamine alone. For example, amphetamine drug 
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discrimination responding is increased additively after 

coadmistering the the D-2 agonist quinpirole (Smith et al., 

1989 [Chapterll]), while psychomotor stimulant 

discrimination is blocked with D-2 antagonists (Ho and 

Huang, 1975; Colpaert, Niemegeers and Janssen, 1976b; 

Colpeart, Niemegeers and Janssen, 1978a,b; Jarbe, 1978; 

Jarbe, 1984; Nielsen and Jepsen, 1985). Similarly, 

amphetamine self-administration in the rat is decreased 

after non-contingent injections of D-2 agonists, presumably 

because reinforcement levels have been increased (Yokel and 

Wise, 1978) . The D-2 and nonselective DA receptor 

antagonists increase amphetamine and cocaine self-

administration presumably because reinforcement is blocked 

(Wilson and Schuster, 1972; Davis and Smith, 1975; Yokel and 

Wise, 1975; Risner and Jones, 1976; Yokel and Wise, 1976; 

Roberts, Corcoran and Fibiger, 1977; Woolverton, 1986; Koob, 

Le and Creese, 1987). Therefore, although D-2 agonists 

attenuate amphetamine-mediated endogenous DA release, enough 

DA is released, in addition to postsynaptic D-2 receptor 

stimulation by the direct agonist, to additively increase 

the expression numerous behaviors. 

In summary, examining only the neurochemical data, D-2 

stimulation in the presence of d-amphetamine decreases DA 

release and should also decrease the generation of various 

behaviors. However, behaviors are increased above 

amphetamine alone, suggesting that the combined effects of 
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amphetamine-mediated endogenous DA release and D-2 agonists 

activate postsynaptic DA receptors. It is known that 

endogenous DA non-selectively activates both D-1 and D-2 

receptors. Whether these behaviors involve both D-1 and D-2 

receptors was examined in experiments combining amphetamine 

with D-1 drugs. 

d-Amphetamine + D-1 Drucrs 

d-Amphetamine + D-1 Agonist 

Most interesting in our study was finding that the D-1 

agonist SKF 38393 potentiates the ability of d-amphetamine 

to release and subsequently metabolize DA in all three brain 

regions (Fig. 7). While d-amphetamine and SKF 38393 alone 

do not significantly increase DOPAC formation, 

coadministeration of both drugs increases DOPAC levels as 

high as 138% and 152% above d-amphetamine controls and 

saline controls, respectively. As discussed earlier, D-1 

receptors do not appear to reside on dopaminergic neurons, 

but on postsynaptic neurons and feedback loop terminals 

impinging on dopamine cell bodies. Thus, D-1 agonists might 

reduce feedback loop inhibitory control to increase the 

activity of dopaminergic neurons, and enable amphetamine to 

maximally stimulate dopaminergic neurons to release and 

subsequently metabolize DA. 

Unfortunately, experiments have yet to be conducted 

examining the effect of D-1 agonists on amphetamine-mediated 

neurochemical and electrophysiological events. It would be 
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interesting to discover if systemic or lontophoretic SKF 

38393 potentiates dopaminergic neuronal activity in rats 

injected with d-amphetamine. 

Regarding behaviors, SKF 38393 potentiates amphetamine 

drug discrimination behavior (Smith et al., 1989 [Chapter 

II]), and amphetamine self-administration is reduced after 

non-contingent injections of SKF 38393 (personal 

observation). Unfortunately, studies have yet to be 

conducted in which D-1 agonists are combined in other 

psychomotor stimulant-mediated behaviors. It appears that 

D-1 agonists potentiate amphetamine-mediated discriminative 

cue formation and reinforcement behavior. Earlier studies 

demonstrate, however, that these behaviors can be 

maintained when psychomotor stimulants are replaced with 

D-2, but not D-1, receptor agonists (Woolverton, Goldberg 

and Ginos, 1984; Smith et al., 1989). Yet, D-1 agonists may 

be able to potentiate these behaviors by indirectly allowing 

d-amphetamine to maximally release endogenous DA, which then 

activates postsynaptic D-2 receptors. 

d-Amphetamine + D-1 Antagonist 

Higher doses of SCH 23390 significantly attenuate d-

amphetamine-mediated DA metabolite formation in the STR and 

NAS, but not the PCx (Fig. 9). Thus, D-1 agonists 

potentiate, while D-1 antagonists attenuate d-amphetamine-

mediated DA release and metabolite formation from 

dopaminergic neurons. Since D-1 receptors are not located 
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on dopaminergic neurons, they may act indirectly through 

feedback loop regulatory processes to decrease the activity 

of dopaminergic neurons, thereby attenuating amphetamine-

mediated endogenous DA release. As yet, no other studies 

have examined the neurochemical dynamics of this combination 

on dopaminergic neurons. 

The electrophysiological effects of D-1 antagonists on 

amphetamine-mediated firing activity have yet to be 

examined. It is possible that systemic or lontophoretic SCH 

23390 would depress the activity of dopaminergic neurons in 

rats injected with d-amphetamine. 

Dopamine D-1 antagonists potently antagonize numerous 

psychomotor stimulant-mediated behaviors. The D-1 

antagonist SCH 23390 decreases the reinforcement of self-

administered cocaine (Woolverton, 1986; Koob, Le and Creese, 

1987), blocks amphetamine and cocaine drug discrimination 

(Nielsen and Jepsen, 1985; Kleven et al., 1988; Smith et 

al., 1989), antagonizes amphetamine-induced conditioned 

place preference (Leone and Di Chiara, 1987), blocks 

reinforcement elicited by electrical brain self-stimulation 

(Nakajima and Mckenzie, 1986; Kurumiya and Nakajima, 1988), 

reverses amphetamine-induced anorexia (Gilbert and Cooper, 

1985) and blocks amphetamine-mediated locomotor behavior 

(Mailman et al., 1984). It is interesting that past studies 

clearly demonstrate that these same behaviors are blocked by 

D-2 antagonists. Thus, in the presence of psychomotor 
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stimulants, D-1 antagonists have properties similar to D-2 

antagonists. While D-2 antagonists may act directly on 

dopaminergic neurons and postsynaptic sites to block 

behaviors, D-1 antagonists may act indirectly to block 

behaviors by activating feedback loop regulatory processes 

to decrease DA release. Substantial reductions in DA 

release might be perceived as saline control behavioral 

cues. 

Localizing D-1 Effects on 
Amphetamine Mediated Events 

The amphetamine combination studies might be 

interpreted in two ways. The first hypothesis is that D-1 

drugs act through feedback loop regulatory systems to 

indirectly affect the firing activity of dopaminergic 

neurons. Amphetamine releases endogenous DA, but 

autoregulatory processes, via autoreceptors and inhibitory 

feedback loops, keep DA release in check. However, D-1 

agonists might decrease inhibitory feedback loop regulation 

and release dopaminergic neurons, thereby allowing 

amphetamine to maximally release DA. Behaviorally, this 

might explain why SKF 38393 potentiates amphetamine drug 

discrimination, and reduces amphetamine self-administration. 

This hypothesis will also explain the ability of D-1 

antagonists to decrease amphetamine induced release of DA. 

Decreases in DA release might be the reason why psychomotor 
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stimulant mediated behaviors are sharply attenuated by D-1 

antagonists. 

The second possibility is that D-1 and D-2 receptors 

are located on postsynaptic sites and functionally interact 

together to potentiate or attenuate behaviors. In this 

case, the neurochemical consequences of D-1 agonists to 

potentiate, and D-1 antagonists to attenuate, amphetamine-

mediated DA release may be secondary to the effect of 

functional interactions acting on postsynaptic sites. For 

this reason, D-1 and D-2 agonist combination studies sought 

to determine whether functional interactions affect the 

neurochemistry of dopaminergic neurons, and the expression 

of various behaviors. 

Quinpirole Combination Studies 

Quinpirole + D-1 Acronist 

The D-2 agonist cjuinpirole significantly reduces DA 

metabolite formation in the STR and NAS, but not in the PCx. 

Coadministration of the D-1 agonist SKF 38393 effectively 

offsets reductions in DOPAC to saline control levels (Fig. 

10). In a similar fashion. Sailer and Salama (1985) showed 

that the D-2 agonist pergolide induced decreases in striatal 

DA metabolite formation are offset to saline controls by SKF 

38393. Therefore, it appears that D-1 and D-2 receptors 

functionally interact in the STR and NAS, but not the PCx, 

to affect the activity of dopaminergic neurons. It is 

noteworthy that coactivating both D-1 and D-2 receptors did 
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not increase DA metabolite formation above saline values, 

and suggests that a balancing effect exists between D-1 and 

D-2 receptors. In contrast, the d-amphetamine experiments 

demonstrate that SKF 38393 potentiates DA metabolite 

formation as high as 138% and 152% above d-amphetamine and 

saline controls, respectively (Fig. 7). The doses selected 

for these studies were identical to those used in the 

amphetamine drug discrimination experiments (Chapter II). 

Like the neurochemistry results, quinpirole mediated 

discrimination behavior is not further increased after 

coadministering the D-1 agonist SKF 38393, and in contrast, 

d-amphetamine-mediated discrimination is potentiated after 

coadministering SKF 38393. Thus, drug discrimination 

behavior follows the neurochemical changes elicited by 

various drug combinations. Whether these results are 

coincidental remains to be determined; yet the implications 

are interesting and will be discussed in Chapter V of the 

dissertation. 

Dopamine D-2 agonists decrease the firing activity of 

substantia nigra dopaminergic neurons. Yet, pretreating 

chloral hydrate-anethetized rats with the D-1 agonist SKF 

38393 (up to 10.24 mg/kg) does not alter the inhibitory 

electrophysiological effect of apomorphine or the D-2 

agonist quinpirole (Carlson, Bergstrom and Walters, 1987). 

These results are surprising considering the fact that 

neurochemical studies show that D-2 agonist-mediated 
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reductions in DA metabolite formation are reversed by SKF 

38393. However, Carlson's group points out that SKF 38383 

alone is ineffective in chloral hydrate treated rats. In 

locally anesthetized, gallamine-treated, artificially 

respired rats, SKF 38383 exhibits both firing rate increases 

and decreases. Unfortunately, SKF 38393 was not combined 

with D-2 agonists in this group. Further work may 

demonstrate that electrophysiological patterns follow DA 

neurochemical patterns. The electrophysiology of drug 

combinations has been examined in postsynaptic neurons 

projecting from the striatum to the globus pallidus. The 

non-selective DA agonist apomorphine increases firing 

activity, while only slight increases occur with D-1 and D-2 

agonist administration. However, coadministration of D-1 

and D-2 agonists potentiates globus pallidus firing activity 

to a level ecjual with apomorphine. Thus, not only must both 

receptors be activated to produce a full response, but D-1 

and D-2 receptors appear to functionally interact (Carlson, 

Bergstrom and Walters, 1987; Walters et al., 1987). Other 

studies support the concept that D-l/D-2 coactivation is 

necessary for the expression of the full electrophysiologic 

response. Animals pretreated with alpha methyl-para-

tyrosine to deplete endogenous DA, show that D-2 agonists 

are less effective in eliciting their stimulatory (Carlson 

et al., 1988) or inhibitory (White, 1987; Johansen, Clark 

and White, 1988) electrophysiological response. Yet, 



108 

coadministering the D-l agonist SKF 38393 restores D-2 

mediated responses. Investigators speculate that while 

exogenous drug activates D-2 receptors, endogenous DA is 

activating D-1 receptors. Depleting endogenous DA removes 

the D-1 component so that a full electrophysiological 

response is not possible. 

Numerous behavioral studies support the concept of 

D-l/D-2 functional interactions. Behaviors such as 

stereotypy (Mashurano and Waddington, 198 6; Longoni, Spina 

and Di Chiara, 1987), turning behavior (Barone et al., 1986; 

Robertson and Robertson, 1986) locomotion (Braun and Chase, 

1986; Jackson and Hashizume, 1986; Jackson and Hashizume, 

1987; Jackson and Hashizume, 1988) and climbing behavior 

(Moore and Axton, 1988) are slightly stimulated by either 

D-1 or D-2 agonists alone. However, coactivating the 

opposite receptor potentiates these behaviors, and suggests 

that these receptors functionally interact. Additionally, 

like electrophysiological events, both receptor subtypes 

must be coactivated to generate some behaviors. Pretreating 

rats with either alpha methyl-p-tyrosine and/or reserpine 

attenuates D-1 (Braun and Chase, 1986; Rubinstein, Gershanik 

and Stefano, 1988) and D-2 (Braun and Chase, 1986; Jackson 

and Hashizume, 1987; Starr, Starr and Kilpatrick, 1987 

Jackson, Ross and Hashizume, 1988; Rubinstein, Gershanik and 

Stefano, 1988) stimulated locomotor activity, and D-2 

mediated stereotypy (Longoni, Spina and Di Chiara, 1987). 



109 

By coadministration of the opposite receptor agonist, the 

expected behaviors are recovered. These DA depletion 

studies suggest that endogenous DA participates in producing 

behaviors by stimulating the receptor subtype not activated 

by exogenous agonist. 

Therefore, both receptor subtypes appear to 

functionally interact to affect DA release and subsequent 

metabolism in the STR and NAS. Dopamine D-2 agonists 

decrease dopaminergic neuronal activity through 

autoreceptors and feedback loop inhibition, while D-1 

receptors may act on feedback loop systems to offset these 

inhibitory effects. Future electrophysiological studies on 

dopaminergic neurons may reveal the presence and locus of 

these functional interactions. Finally, postsynaptically 

mediated electrophysiological and behavioral events also 

demonstrate that D-1 and D-2 receptors functionally 

interact. This concept is supported by DA depletion studies 

which show that both electrophysiology and behaviors are 

attenuated as endogenous DA is no longer available to 

activate the opposite postsynaptic receptor subtype. Thus, 

many DA mediated events may be elicited by activating one 

postsynaptic receptor subtype, and potentiated by 

coactivation of the opposite receptor. 

Quinpirole + D-1 Antagonist 

Finally, quinpirole mediated reductions in DA 

metabolite formation in the STR and NAS are relatively 
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unaffected by the D-1 antagonist SCH 23390 (Fig. 11). The 

PCX is completely refractory to both D-1 and D-2 

manipulations. As an antagonist, SCH 23390 may have been 

ineffective because D-2 agonists decrease endogenous DA 

release, thereby leaving SCH 23390 without a ligand to 

compete with for receptor occupancy. 

Similarly, D-2 agonist suppression of A9 and AlO 

dopaminergic neuronal activity are not reversed by SCH 2 3 390 

(Hand, Kasser and Wang, 1987; Napier et al., 1986; Carlson, 

Bergstrom and Walters, 1986). These results also support 

the concept that SCH 23390 requires endogenous DA to become 

an effective antagonist. Alternatively, on postsynaptic 

neurons containing D-1 receptors, SCH 23390 is an effective 

antagonist. Pergolide and quinpirole mediated increases in 

globus pallidus firing activity are antagonized by SCH 23390 

(Carlson, Bergstrom and Walters, 1986). Additionally, D-2 

mediated inhibition of caudate neurons (Ohno, Sasa and 

Takaori, 1987) and nucleus accumbens septi neurons (White 

and Wang 1986; Johansen, Clark and White 1988) are reversed 

by SCH 23390 administration. Therefore, on postsynaptic 

neurons on which dopaminergic neurons impinge, SCH 23390 

effectvely antagonizes the effects of D-2 agonists, 

suggesting that D-1 and D-2 receptors, again, functionally 

interact. 

Numerous D-2 mediated behaviors are effectively 

attenuated by SCH 23390. Some sensitive behaviors include: 



Ill 

stereotypy (Mailman et al., 1984; Molloy and Waddington, 

1985; Longoni, Spina and Di Chiara, 1987; Pugh et al., 

1985), locomotor activity (Molloy and Waddington, 1985; 

Cuomo et al., 1986), turning behavior (Barone et al., 1986), 

yawning behavior (Morelli et al., 1986; Serra, Collu and 

Gessa, 1987) , climbing behavior (Moore and Axton, 1988), and 

D-2 agonist reversal of D-1 antagonist mediated catalepsy 

(Meller et al., 1985). These studies, like neurochemical 

and electrophysiological studies, strongly suggest that D-1 

and D-2 receptors interact to produce behaviors on 

postsynaptic sites. Yet, it must be noted that certain 

behaviors are insensitive to D-1 and D-2 functional 

interactions. Coadministration of the D-1 agonist SKF 38393 

fails to potentiate quinpirole mediated drug discrimination 

(Smith et al., 1989 [Chapter II]). Additionally, both D-2 

agonist-mediated intravenous self-administration 

(Woolverton, 1986) and drug discrimination (Weathersby and 

Appel, 1986; Cunningham, Callahan and Appel, 1987; Kamien, 

Goldberg and Woolverton, 1987; Schechter and Greer, 1987; 

Woolverton, Kamien and Goldberg, 1987) are not blocked by 

the D-1 antagonist SCH 23390. The most likely possibility 

is that dopaminergic systems are heterogenous, displaying 

complex anatomical, neurochemical and electrophysiological 

qualities. 
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Dopamine Metabolite Formation 
Conclusions 

In summary, it may be possible to draw several 

conclusions from the combination studies. The amphetamine 

combination studies demonstrate that D-1 agonists 

potentiate, while D-1 antagonists attenuate, endogenous DA 

release and subsequent metabolism. Similarly, D-1 agonists 

potentiate amphetamine drug discrimination behavior. 

However, D-1 agonists do not mimic this behavior. Thus, D-1 

agonists may potentiate behaviors by acting indirectly 

through feedback loop systems to enhance amphetamine-

mediated endogenous DA which then activates postsynaptic 

receptors. Alternatively, the quinpirole combination 

studies demonstrated that D-1 agonists only offset D-2 

mediated decreases in DA metabolite formation to saline 

control levels. This indicates that D-1 receptors act 

through feedback loop systems to offset direct D-2 agonist 

inhibitory effects on dopaminergic neurons. Dopamine D-1 

antagonists were without effect in this system. Similarly, 

coadministering a D-1 agonist or antagonist fails to alter 

the degree of cjuinpirole discrimination behavior. 

Therefore, the neuronal regions which mediate discrimination 

behavior may not contain postsynaptic D-1 receptors which 

are functionally linked to D-2 receptors. Thus, the 

apparent functional interactions occurring in the 

amphetamine combination experiments may be due soley to 

enhanced DA release, which then floods postsynaptic D-2 
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Sites. This will be discussed in greater detail later in 

the dissertation (Chapter V). 



CHAPTER IV 

PRESYNAPTIC TERMINAL D-2 AND POSSIBLY D-1 

AUTORECEPTORS REGULATE DOPAMINE SYNTHESIS 

IN VARIOUS RAT BRAIN NUCLEI 

Dopamine Synthesis 
Introduction 

Numerous biochemical, electrophysiological and 

behavioral studies have not only characterized the role of 

D-1 and D-2 receptors, but demonstrate under many conditions 

that these receptors functionally interact (Chapter I). 

Understanding the neuroanatomical location of these 

receptors could reveal how they affect these events. 

Dopaminergic neuron presynaptic terminal autoreceptors 

affect the synthesis and release of DA, which, in turn, 

could alter these events. Autoreceptor doses of DA agonists 

produce sedation in humans and rats by blocking DA release, 

while DA antagonists produce hyperactivity by enhancing DA 

release (Di Chiara et al., 1978; Tamming and Schaffe, 1978). 

Low apomorphine doses even improve the symptomology of 

patients with schizophrenia (Tamming and Schaffe, 1978). 

Nerve terminal autoreceptors modulate the impulse-induced 

synthesis and release of DA (Bannon and Roth, 1983). As 

mentioned earlier (Chapters I and III), autoradiographic and 

receptor binding studies suggest that D-1 receptors do not 

reside on dopaminergic neurons. However, several 

electrophysiological studies suggest that a small density of 

114 
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D-1 receptors reside in various projection areas on 

dopaminergic presynaptic terminals. Striatal infusion of 

the D-1 agonist SKF 38393 reduces DA presynaptic terminal 

excitability in rat striatum (Diana, Young and Groves, 

1988) . Additionally, under low electrical stimulation 

rates, SKF 38393 evokes [3H]-DA overflow in rabbit striatal 

and prefrontal cortical slices (Hoffmann et al. 1988). 

Numerous studies clearly demonstrate that D-2 autoreceptors 

reside on dopaminergic presynaptic terminals and regulate DA 

synthesis (Gianutsos, Thornburg and Moore, 1976; Bannon, 

Michaud and Roth, 1981; Anden, Golembiowska-Nikitin and 

Thornstrom, 1982; Bitran and Bustos, 1982; Haubrich and 

Pflueger, 1982; Anden, Grabowska-Anden and Liljenberg, 

1983b; Chiodo et al., 1984; Mestikawy, Glowinski and Hamon, 

1986; Galloway, Wolf and Roth, 1986; Wolf, Galloway and 

Roth, 1986; Watanabe et al., 1987) and release (Reimann et 

al., 1979; Hyttel, 1984; Plantje et al., 1985; Dwoskin and 

Zahniser, 1986; Herdon, Strupish and Nahorski, 1987; Stoof, 

Verheijden and Leysen, 1987). Therefore, DA presynaptic 

terminal D-1 and D-2 autoreceptors may directly interact to 

alter DA synthesis and release, thereby altering the 

generation of numerous biochemical, electrophysiological and 

behavioral events. 

The development of an in vivo presynaptic DA terminal 

model has been valuable in evaluating how presynaptic DA 

autoreceptors regulate DA synthesis. Gamma butyrolactone 
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(GBL) selectively blocks the firing activity of dopaminergic 

neurons, and coadministration of a decarboxylase inhibitor 

inhibits the conversion of dihydroxyphenylalanine (DOPA) to 

DA. Accumulations in DOPA give an indirect measure of 

tyrosine hydroxylase activity, and the influence that 

autoreceptors have on this enzyme (Walters and Roth, 1974; 

Gianutsos, Thornburg and Moore, 1976; Walters and Roth, 

1976). At this time, only Watanabe et al. (1987) has used 

this preparation to examine for the presence D-1 

autoreceptors, and whether they interact with D-2 

autoreceptors in rat striatal tissue. The objectives of 

these experiments were to identify the presynaptic DA 

receptor subtype(s) regulating DA synthesis, and to 

determine whether D-l/D-2 receptors directly interact to 

modulate DA synthesis. Selection of drug doses was based on 

those used in the amphetamine drug discrimination (Chapter 

II) and DA neurochemistry (Chapter III) experiments. 

Dopamine Synthesis Materials 
and Methods 

Neurochemical Analysis 

Male Sprague Dawley rats (200-250; Sasco Inc., NE) were 

housed in a room with controlled temperature (20-25 °C) and 

lighting (0700-1900). Water and food (Purina Rat Chow 5001) 

were made available ad libitum. On the test day, the rats 

were administered drugs alone or in combination and then 

sacrificed by decapitation. The brains were removed, frozen 
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on dry ice and sectioned on a freezing microtome. Bilateral 

tissue punches of striatum (STR) and nucleus accumbens septi 

(NAS) were made using 1.5 and 1.0 i.d. stainless steel 

tubing, respectively, from a frontal section with a rostral 

cut at ca. A 9650 microns and ending at A 8650 microns. The 

tissue designated as medial prefrontal cortex (PCX) was 

sectioned from A 10050 to A 9650 microns and was removed by 

knife cuts (Paxinos and Watson, 1982; Geis et al., 1986). 

Tissues were homogenized in 0.2 N perchloric acid and 

stored at -80 °C for later determination. Samples were 

centrifuged at 10,000 X g and the concentrations of brain 

DOPA were determined using a Bio-Analytical Systems (West 

Lafayette, IN) liquid chromatograph, with a Ĉ ŝ 

microbondapak (5 micron particle size) column and an 

amperometric detection system (electrode potential +0.72 

volts). The 0.02 M citrate-phosphate mobile phase consisted 

of 0.5mg/liter sodium octyl sulfate and 10% (v/v) methanol, 

and the flow rate was set at 1.0 ml/min. DOPA standards 

were run, and because DOPA is a zwitterion, the mobile phase 

pH could be adjusted to optimize retention times (pH 2.35). 

Samples from each rat in each brain region were individually 

tested in groups consisting of 4-6 animals, with injection 

volumes set at: STR (50ul), NAS (80ul) and PCX (80ul). 

Protein content of the tissue was determined using the 

method of Lowry et al. (1951) (cupric sulfate, sodium-

potassium tartrate, and Folin and Ciocaleteu's phenol 
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reagent). The values were expressed as nanograms of 

DOPA/mg protein. 

Drug Administration Procedure 

Amphetamine and D-l/D-2 receptor drugs were given alone 

or in combination 45 minutes prior to decapitation. Fourty 

minutes before decapitation, the rats were administered 

gamma-butyrolactone (GBL, 750 mg/kg s.c.) which selectively 

blocks dopaminergic neuronal electrical activity. Thirty 

minutes prior to decapitation, the rats were injected with 

3-hydroxybenzylhydrazine (NSD 1015, 100 mg/kg i.p.), an 

inhibitor of DOPA decarboxylase. In the presence of GBL and 

NSD 1015, it is possible to detect the influence of DA 

receptor drugs on presynaptic terminal autoreceptors to 

alter DA synthesis (DOPA accumulation) (Walters and Roth, 

1974; Gianutsos, Thornburg and Moore, 1976; Walters and 

Roth, 1976). 

The test drugs: d-amphetamine, quinpirole, SKF 38393 

and SCH 23390 were administered alone or in combination with 

doses which altered d-amphetamine drug discrimination 

behavior (Chapter II). To measure potential D-l/D-2 

interactions—should both receptors be located 

presynaptically—d-amphetamine or D-2 drugs were combined 

with D-1 drugs. Increasing doses of D-1 agonists and 

antagonists were combined with a fixed dose of d-amphetamine 

known to elicit 40-60% amphetamine-lever responding in the 

drug discrimination paradigm. The two controls included: 
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NSD + saline and NSD + GBL, while comparisons of drug 

combinations were made with NSD + GBL + d-amphetamine. In 

other experiments, D-1 agonists and antagonists were 

combined with a fixed doses of quinpirole known to elicit 

intermediate amphetamine discriminative responding. The two 

controls included: NSD + saline and NSD + GBL, while 

comparisons of drug combinations were made with NSD + GBL + 

quinpirole. 

Data Analysis 

Data collection consisted of determining the nanograms 

of DOPA/mg protein for every animal in each treatment group. 

Data (DOPA/mg protein) were analyzed using Analysis of 

Variance (ANOVA) followed by a priori orthogonal t-tests 

with p < 0.05 considered significantly different from 

control values. To simplify the format the values were 

expressed as the percent of control ± S.E.M., with the NSD + 

saline controls equal to 100%. 

Drugs 

The following drugs were dissolved in saline and 

administered IP in a volume of 1.0 ml/kg (injection 

interval, supplier): d-amphetamine sulfate (15 minutes, 

Sigma Chemical Co., St. Louis, MO). The remaining drugs 

were dissolved in distilled water and administered in a 

volume of 1.0 ml/kg: quinpirole (LY 171555; trans-(-)-4aR-

4,4a,5,6,7,8,8a,9-octahydro-5-propyl-lH (or 2H)-pyrazolo-
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(3,4-g) quinoline, monohydrochloride) (30 min., Eli Lilly 

Research Laboratories Indianapolis, IN); R-SKF 38393 (R(+) 

1-phenyl-l,2,3,4,5-tetrahydro-(IH)-3-benzazepine-7,8-diol 

HCl) (30 min.. Research Biochemicals Incorp., Natick, MA); 

SCH 23390 (R(+)-7-chloro-8-hydroxy-3-methyl-l-phenyl-

2,3,4,5-tetrahydro-lH-3-benzazepine maleate) (30 min., 

Schering Corp., Bloomfield, NJ). 

Dopamine Synthesis 
Results 

d-Amphetamine and D-l/D-2 
Drugs Alone 

These experiments were conducted to determine whether 

D-1 and D-2 receptors are located as presynaptic terminal 

autoreceptors to alter DA synthesis, measured as DOPA 

accumulation. In the STR only, GBL given alone 

significantly increased DOPA accumulation above saline 

controls (Fig. 12). In the STR and NAS, d-amphetamine 

(0.5 mg/kg) + GBL significantly increased DOPA accumulation 

above saline controls, while d-amphetamine increased DA 

synthesis above GBL controls only in the STR. Thus, both 

GBL and d-amphetamine, through independent means, increases 

the rate of DA synthesis in the STR. Dopamine synthesis in 

the PCX was refractory to both GBL and amphetamine 

application. Combination of the D-2 agonist quinpirole (0.5 

n^g/kg) with GBL significantly decreased DOPA accumulation 

from GBL controls in the STR and NAS, but not the PCX. 

These results indicate that presynaptic D-2 autoreceptors 
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regulate DA synthesis in the STR and NAS, while the PCX— 

which concevably lacks autoreceptors—is refractory to D-1 

and D-2 drugs. Addition of either the D-1 agonist SKF 38393 

(7.0 mg/kg) or the D-1 antagonist SCH 23390 (0.05 mg/kg) 

with GBL failed to alter DA synthesis from the GBL controls 

in the STR, NAS or PCX. In the STR, the combination of SKF 

38393 + GBL or SCH 23390 + GBL were significantly higher 

than saline controls. 

d-Amphetamine Combination Results 

These studies sought to reveal the dynamics of 

presynaptic D-2 autoreceptors when d-amphetamine was 

combined with D-2 agonists. In the NAS, d-amphetamine (0.5 

ing/kg) + GBL significantly increased DA synthesis above 

saline controls, while in the STR d-amphetamine + GBL 

increased DOPA accumulation above both GBL and saline 

controls (Fig. 13). Coadministration of quinpirole (0.5 

mg/kg) with d-amphetamine (0.5 mg/kg) completely antagonized 

the response produced by both GBL and d-amphetamine + GBL in 

the STR and NAS. In the PCX, quinpirole effectively 

antagonized DA synthesis when combined with d-amphetamine; 

although, given alone, quinpirole failed to affect DA 

synthesis (Fig. 12). Thus, it appears that presynaptic D-2 

autoreceptors regulate DA synthesis in the STR and NAS, 

while possible D-2 autoreceptors in the PCX were revealed in 

the presence of d-amphetamine. 
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Figure 13. Effects of d-amphetamine combined with 
cjuinpirole on DA synthesis. Rats were injected with saline 
+ saline (clear bars), saline + GBL (horizontal bars), d-
amphetamine + GBL (solid bars) or the same dose of d-
amphetamine combined with quinpirole + GBL (stippled bars). 
Doses of drugs are displayed within each bar. GBL doses 
were set at 750 mg/kg, and all rats received NSD 1015 (100 
mg/kg). For each region, DOPA values were determined for 4-
6 animals per point. Actual saline control values in ng/mg 
protein were: STR (5.00 + 1.17), NAS (12.52 + 0.57) and PCX 
(0.48 + 0.15). Data were analyzed using ANOVA followed by 
a priori orthogonal t-tests, with p < 0.05 considered 
significantly different from saline + saline controls and 
saline + GBL controls. For visual purposes, values were 
graphed as percent of control + SEM, with saline controls 
set at a baseline of 100%. 
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Other studies sought to uncover possible presynaptic 

terminal D-1 autoreceptors by combining d-amphetamine with 

D-1 drugs. Numerous biochemical, electrophysiological and 

behavioral studies have demonstrated that prior activation 

of dopaminergic systems by endogenous DA release or D-2 

stimulation is necessary before the participation of D-1 

receptors is revealed. Coadministration of the D-1 agonist 

SKF 38393 (7.0 mg/kg) with d-amphetamine (0.5 mg/kg) 

significantly reduced DOPA accumulation from d-amphetamine + 

GBL values in the PCX, but not in the STR and NAS (Fig. 14). 

The amphetamine combination results suggest the presence of 

D-1 autoreceptors in the PCX which can modulate DA 

synthesis. It is noteworthy that it took the presence of d-

amphetamine before D-1 receptors were revealed (Fig. 12). 

Other studies examined the combination of d-amphetamine with 

the D-1 antagonist SCH 23390. Coadministration of SCH 23390 

(0.05 mg/kg) with d-amphetamine (0.5 mg/kg) produced no 

significant change in DOPA accumulation from the 

d-amphetamine + GBL values in all three regions (Fig. 15). 

Quinpirole Combination Results 

In other experiments, the direct D-2 agonist quinpirole 

was combined with D-1 receptor drugs to determine: 1) if 

prior D-2 stimulation would reveal D-1 receptors, and 2) if 

D-1 and D-2 receptors interact with each other to modify DA 

synthesis. In only the STR, GBL given alone increased DA 

synthesis above saline controls (Fig. 16). Administration 
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Figure 14. Effects of d-amphetamine combined with SKF 
38393 on DA synthesis. Rats were injected with saline + 
saline (clear bars), saline + GBL (horizontal bars), d-
amphetamine + GBL (solid bars) or the same dose of d-
amphetamine combined with SKF 3 8393 + GBL (hatched bars). 
Doses of drugs are displayed within each bar. GBL doses 
were set at 750 mg/kg, and all rats received NSD 1015 (100 
mg/kg). For each region, DOPA values were determined for 
4-6 animals per point. Actual saline control values in 
ng/mg protein were: STR (5.00 + 1.17), NAS (12.52 + 0.57) 
and PCX (0.48 + 0.15). Data were analyzed using ANOVA 
followed by a priori orthogonal t-tests, with p < 0.05 
considered significantly different from saline + saline 
controls and saline + GBL controls. For visual purposes, 
values were graphed as percent of control + SEM, with 
saline controls set at a baseline of 100%. 
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Figure 15. Effects of d-amphetamine combined with SCH 
23390 on DA synthesis. Rats were injected with saline + 
saline (clear bars), saline + GBL (horizontal bars), d-
amphetamine + GBL (solid bars) or the same dose of d-
amphetamine combined with SCH 23390 + GBL (cross-hatched 
bars). Doses of drugs are displayed within each bar. GBL 
doses were set at 750 mg/kg, and all rats received NSD 1015 
(100 mg/kg) . For each region, DOPA values were determined 
for 4-6 animals per point. Actual saline control values in 
ng/mg protein were: STR (5.00 + 1.17), NAS (12.52 + 0.57) 
and PCX (0.48 + 0.15). Data were analyzed using ANOVA 
followed by a priori orthogonal t-tests, with p < 0.05 
considered significantly different from saline + saline 
controls and saline + GBL controls. For visual purposes, 
values were graphed as percent of control + SEM, with 
saline controls set at a baseline of 100-% . 
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Figure 16. Effects of quinpirole combined SKF 38393 on 
DA synthesis. Rats were injected with saline + saline 
(clear bars), saline + GBL (horizontal bars), quinpirole + 
GBL (stippled bars) or the same dose of quinpirole combined 
with SKF 38393 + GBL (hatched bars). Doses of drugs are 
displayed within each bar. GBL doses were set at 750 
mg/kg, and all rats received NSD 1015 (100 mg/kg). For 
each region, DOPA values were determined for 4-6 animals 
per point. Actual saline control values in ng/mg protein 
were: STR (5.00 + 1.17), NAS (12.52 ± .57) and PCX (0.48 + 
0.15). Data were analyzed using ANOVA followed by a priori 
orthogonal t-tests, with p < 0.05 considered significantly 
different from saline + saline controls and saline + GBL 
controls. For visual purposes, values were graphed as 
percent of control + SEM, with saline controls set at a 
baseline of 100%. 
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of the D-2 agonist quinpirole (0.5 mg/kg) with GBL 

significantly reduced DA synthesis below GBL controls in the 

STR and NAS, but not the PCX. These data support a 

presynaptic D-2 autoreceptor effect in the STR and NAS. 

Combining SKF 38393 (7.0 mg/kg) with quinpirole (0.5 mg/kg) 

failed to alter quinpirole + GBL induced reductions in DOPA 

accumulation found in the STR and NAS. The results from the 

STR and NAS suggest the absence of D-1 receptors to regulate 

DA synthesis. Unlike the amphetamine combination 

experiments, co-stimulation of D-1 and D-2 receptors in the 

PCX failed to change DA synthesis from quinpirole + GBL 

values, and suggests the absence of D-1 and D-2 

autoreceptors. In a similar fashion, the D-1 antagonist SCH 

23390 (0.05 mg/kg) failed to alter the reductions in DA 

synthesis induced by quinpirole + GBL in the STR and NAS 

(Fig. 17). The PCX was completely refractory to quinpirole 

alone, and quinpirole combined with SCH 23390. 

Dopamine Synthesis 
Discussion 

Gamma Butyrolactone-Induced Presynaptic 
Dopamine Terminal Model 

The availability of an iri vivo presynaptic DA terminal 

model has been valuable in evaluating how presyanptic DA 

autoreceptors regulate DA synthesis. The anesthetic gamma 

butyrolactone (GBL) and gamma-hydroxybutyric acid (GHB) have 

pharmacologic properties of GABAmimetic agents. The GABA 

agonist baclofen inhibits dopaminergic neuron firing 
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Figure 17. Effects of quinpirole combined with SCH 
23390 on DA synthesis. Rats were injected with saline + 
saline (clear bars), saline + GBL (horizontal bars), 
cjuinpirole + GBL (stippled bars) or the same dose of 
cjuinpirole combined with SCH 23390 + GBL (cross-hatched 
bars) . Doses of drugs are displayed within each bar. GBL 
doses were set at 750 mg/kg, and all rats received NSD 1015 
(100 mg/kg). For each region, DOPA values were determined 
for 4-6 animals per point. Actual saline control values in 
ng/mg protein were: STR (5.00 + 1.17), NAS (12.52 + 0.57) 
and PCX (0.48 + 0.15). Data were analyzed using ANOVA 
followed by a priori orthogonal t-tests, with p < 0.05 
considered significantly different from saline + saline 
controls and saline + GBL controls. For visual purposes, 
values were g 
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activity in a similar fashion to GBL (Argiolas et al., 1982) 

Walters and Roth (1976) have clearly demonstrated that GBL 

does not affect dopamine receptors. Inhibition of the 

spontaneous firing activity of nigrostriatal neurons by GBL, 

is unaltered by DA agonists or antagonists. Therefore, GBL 

selectively blocks the firing activity of dopaminergic 

neurons, leaving the terminal regions isolated from the 

influences of negative feedback loops and afferent inputs 

into dopaminergic cell bodies and dendrites. By 

coadministering NSD 1015 with GBL, DOPA accumulation gives 

an indication of the activity of tyrosine hydroxylase, and 

the influence that presynaptic autoreceptors have on DA 

synthesis (Walters and Roth, 1974; Gianutsos, Thornburg and 

Moore, 1976; Walters and Roth, 1976). 

Recently, several groups proposed that nigrostriatal 

and mesolimbic dopaminergic neurons possess presynaptic 

terminal synthesis modulating autoreceptors (SMA), in 

addition to release modulating autoreceptors (RMA) (Bannon, 

Michaud and Roth, 1981; Galloway, Wolf and Roth, 1986; Wolf, 

Galloway and Roth, 1986). Under physiological conditions, 

SMAs regulate tyrosine hydroxylase activity based on impulse 

mediated activity. Dopamine release activates SMAs and 

initiates unknown biochemical events which inhibit tyrosine 

hydroxylase activity. In conditions of low synaptic DA, 

SMAs are are no longer stimulated and tyrosine hydroxylase 

is disinhibited to increase DA synthesis. The In vivo 
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presynaptic terminal model readily detects SMAs. Gamma 

butyrolactone selectively shuts down dopaminergic neurons, 

and the resulting inhibition of DA release increases DA 

synthesis because SMAs are no longer stimulated. Therefore, 

in nigrostriatal and mesolimbic regions, DA agonists 

stimulate SMAs and offset GBL-induced increases in DA 

synthesis (Christiansen and Squires, 1974; Gianutsos, 

Thornburg and Moore, 1976; Walters and Roth, 1976; Bannon, 

Michaud and Roth, 1981; Anden, Golembiowska-Nikitin and 

Thornstrom, 1982; Haubrich and Pflueger 1982; Anden, 

Grabowska-Anden and Liljenberg, 1983b; Chiodo et al. , 1984; 

Galloway, Wolf and Roth, 1986; Watanabe et al., 1987). 

Dopaminergic systems are variably responsive to GBL probably 

because of differences in the densities of SMAs. Similar to 

our findings, GBL-induced DA synthesis is greater in the STR 

than in the NAS (Bannon, Michaud and Roth, 1981; Anden, 

Golembiowska-Nikitin and Thornstrom, 1982; Anden, Grabowska-

Anden and Liljenberg, 1983b). 

Release modulating autoreceptors (RMA) have also been 

detected in nigrostriatal and mesolimbic regions. Under 

physiological conditions, RMAs directly regulate endogenous 

DA release based on relative levels of synaptic DA (Anden, 

Golembiowska-Nikitin and Thornstrom, 1982; Anden, Grabowska-

Anden and Liljenberg, 1983a; Galloway, Wolf and Roth, 1986). 

Several techniques have been developed to detect RMAs. 

Dopamine agonists decrease, while antagonists increase, DA 
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release from STR and NAS slice or homogenate preparations 

(Reimann et al., 1979; Hyttel, 1984; Plantje et al., 1985; 

Wolf, Galloway and Roth, 1986; Dwoskin and Zahniser, 1986; 

Herdon, Strupish and Nahorski, 1987; Stoof, Verheijden and 

Leysen, 1987). Dopamine utilization studies also reveal the 

presence of RMAs. Intraneuronal DA levels are diminished 

with time in nigrostriatal and mesolimbic regions after 

alpha methyl-p-tyrosine inhibits tyrosine hydroxylase 

activity. Dopamine agonist coadministration reduces, while 

DA antagonists accelerate, the loss of terminal DA after 

alpha methyl-p-tyrosine pretreatment (Bannon, Bunney and 

Roth, 1981; Bannon, Michaud and Roth, 1981; Anden, 

Golembiowska-Nikitin and Thornstrom, 1982; Bannon, Wolf and 

Roth, 1983; Chiodo et al., 1984; Anden, Grabowska-Anden and 

Liljenberg, 1983a; Galloway, Wolf and Roth, 1986). 

Therefore, nigrostriatal and mesolimbic neurons appear to 

contain SMAs which regulate DA synthesis, and RMAs which 

directly regulate DA release. 

Alternatively, mesocortical projections to the PCX are 

believed to lack presynaptic terminal SMAs. Without SMAs, 

DA synthesis is unresponsive to GBL application 

(disinhibition of tyrosine hydroxylase theory), and DA 

agonists and antagonists will not further affect the rate of 

DA synthesis (Bannon, Michaud and Roth, 1981; Anden, 

Grabowska-Anden and Liljenberg, 1983b; Chiodo et al., 1984; 

Galloway Wolf and Roth, 1986). However, it is speculated 
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that the PCX contains RMAs. Slice perfusion studies 

demonstrate that DA agonists decrease DA release from 

mesocortical regions (Plantje et al. 1985; Altar et al., 

1987; Hoffmann et al., 1988). Additionally, DA utilization 

studies demonstrate that alpha methyl-p-tyrosine-induced 

depletions in PCX terminal DA are attenuated by autoreceptor 

doses of DA agonists (Galloway, Wolf and Roth, 1986). 

Therefore, since the PCX does not contain SMAs, the 

speculated RMAs might serve two roles: 1) direct regulation 

of DA release, and 2) indirect modulation of tyrosine 

hydroxylase activity through endproduct inhibition by DA. 

Using this line of thought, synaptic DA stimulates RMAs, 

leading to decreases in DA release. Subsequent increases in 

intraneuronal DA would then inhibit DA synthesis through 

endproduct inhibition (Bannon, Michaud and Roth, 1981; 

Anden, Grabowska-Anden and Liljenberg, 1983a; Galloway, Wolf 

and Roth, 1986; Wolf, Galloway and Roth, 1986). 

d-Amphetamine and D-l/D-2 Drugs Alone 

Gamma butyrolactone alone significantly increases DA 

synthesis in the STR. In the presence of GBL, d-amphetamine 

further increases DA synthesis above saline controls in the 

STR and NAS, and GBL controls in the STR (Fig. 12). d-

Amphetamine activates dopaminergic neurons through several 

mechanisms: 1) blockade of DA uptake (Ferris, Tang and 

Maxwell, 1972; Heikkila et al., 1975; Raiteri et al., 1975; 

Hyttel, 1978), 2) stimulation of tyrosine hydroxylase 
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(Kuczenski, 1977; Uretsky and Snodgrass, 1977; Pearl and 

Seiden, 1979; Schwarz, Uretsky and Bianchine, 1980; 

Kuczenski, 1980) and 3) stimulation of DA release 

independently from neuronal activity (Besson et al., 1971; 

Ziance, Azzaro and Rutledge, 1972; Chiueh and Moore, 1975; 

Heikkila et al., 1975; Raiteri et al., 1975; Zetterstrom et 

al., 1983; Gazzara, Fisher and Howard, 1986; Sharp et al., 

1986). Therefore, in isolated presynaptic terminals, d-

amphetamine increases DA synthesis independently from the 

actions of SMAs and RMAs. 

At this time, relatively few studies have determined 

whether SMAs and RMAs have D-1 or D-2 receptor qualities. 

The D-2 agonist quinpirole activates SMAs in the STR and NAS 

to reduce DA synthesis, while the PCX—lacking SMAs—is 

refractory to cjuinpirole (Fig. 12) . Similar studies 

demonstrate that D-2 agonists inhibit DA synthesis, while 

D-2 antagonists reverse D-2 agonist-mediated decreases in 

DOPA accumulation in nigrostriatal and mesolimbic regions. 

Prefrontal cortical neurons are also refractory to D-2 drugs 

(Gianutsos, Thornburg and Moore, 197 6; Haubrich and 

Pflueger, 1982; Tissari et al., 1983; Galloway, Wolf and 

Roth, 1986; Watanabe et al., 1987). Release modulating 

autoreceptors are not readily detected using the GBL model. 

However, as mentioned earlier, D-2 agonists stimulate RMAs 

and reduce, while D-2 antagonists increase, DA release from 

nigrostriatal, mesolimbic and mesocortical regions. This 
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indicates that RMAs are sensitive to D-2 receptor agents. 

Dopamine utilization studies, unfortunately, have used non

selective DA agonists to examine RMAs. Dopamine utilization 

experiments using selective D-1 and D-2 drugs would be 

valuable in further characterizing RMAs (Anden, 

Golembiowska-Nikitin and Thornstrom, 1982; Anden, Grabowska-

Anden and Liljenberg, 1983a; Galloway, Wolf and Roth, 1986). 

Neither the D-1 agonist SKF 38393 nor the D-1 

antagonist SCH 23390 alters DA synthesis from GBL controls 

in any brain region (Fig. 12). In a similar fashion, SKF 

38393 fails to alter DOPA accumulation in striatal and 

prefrontal cortical areas (Galloway, Wolf and Roth, 1986), 

while SCH 23390 fails to antagonize apomorphine-mediated 

decreases in striatal DA synthesis (Watanabe et al., 1987). 

These studies suggest that presynaptic D-1 autoreceptors may 

not exist as SMAs in the CNS. Examination of RMA's reveals 

that neither SKF 38393 nor SCH 23390 alters spontaneous or 

evoked release of DA from striatal and entorhinal cortical 

regions, and suggests that D-1 receptors may not exist as 

RMAs in the CNS (Hyttel, 1984; Plantje et al., 1985; 

Herdon, Strupish and Nahorski, 1987). 

d-Amphetamine Combination Experiments 

In numerous biochemical, electrophysiological and 

behavioral events, D-1 and D-2 receptors must be coactivated 

to elicit a full response (Chapters I and III). Yet, in 

most DA terminal autoreceptor studies, D-1 and D-2 drugs 
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have been administered singly. Prior activation of 

dopaminergic neurons may reveal the presence previously 

"silent" presynaptic terminal DA autoreceptors. For 

example, low electrical stimulation rates (1 Hz; 12 0 pulses) 

reveal D-1 and D-2 autoreceptors which alter [3H]-DA release 

in rabbit striatal and prefrontal cortical slices. However, 

these receptors are depolarization inactivated at higher 

stimulation rates (10 Hz, 120-1200 pulses) (Hoffmann et al., 

1988). Activation of these autoreceptors, therefore, is 

dependent on the level of electrical stimulation. For 

instance, qunipirole alone fails to significantly alter DOPA 

accumulation in the PCX (Fig. 12). However, 

coadministration of the D-2 agonist quinpirole with 

d-amphetamine significantly reduces DA synthesis from 

d-amphetamine + GBL values in all three regions (Fig. 13). 

Quinpirole activation of SMAs was expected to decrease DA 

synthesis in the STR and NAS, however, surprising reductions 

also occurred in the PCX. Hoffmann et al. (1988) speculates 

that autoreceptors in the PCX are inactive at firing rates 

typically found in vivo (10 Hz). Additionally, 

autoreceptors in the PCX appear to be inactive in the 

absence of stimulation, such as with GBL application. 

d-Amphetamine may stimulate dopaminergic terminals and 

activate previously "silent" RMAs in the PCX, so that 

quinpirole can reduce DA synthesis. Under these conditions, 
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inhibition of DA release increases intraneuronal DA, which 

decreases DA synthesis through endproduct inhibition. 

Recently, several investigators demonstrated that D-1 

receptors may exist presynaptically to regulate DA 

synthesis. Dopamine D-1 agonists stimulate adenylate 

cyclase and increase intraneuronal cyclic AMP levels 

(Chapter I). Several studies demonstrate that dibutyryl 

cAMP potently activates tyrosine hydroxylase activity in 

dopaminergic presynaptic terminals (Waggoner, McDermed and 

Leighton, 1980; Mestikawy, Glowinski and Hamon, 1986). 

Therefore, DA terminal D-1 autoreceptors could stimulate 

adenylate cyclase to increase cAMP levels, which would then 

activate tyrosine hydroxylase. Electrophysiological studies 

also demonstrate the presence of presynaptic terminal D-1 

autoreceptors. Striatal infusion of the D-1 agonist SKF 

38393 reduces DA presynaptic terminal excitability in rat 

striatum (Diana, Young and Groves, 1988). Hoffmann et al. 

(1988) showed, under low stimulation rates (1 Hz; 120 

pulses), that SKF 38393 evokes [3H]-DA overflow in rabbit 

striatal and prefrontal cortical slices. In our 

experiments, the D-1 agonist SKF 38393 alone fails to alter 

DA synthesis in any brain region (Fig. 12). However, 

coadministration of SKF 38383 with d-amphetamine 

significantly reduces DA synthesis from amphetamine + GBL 

values only in the PCX (Fig. 14). It is possible that D-1 

autoreceptors are activated by the ability of d-amphetamine 
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to stimulate DA presynaptic terminals. However, there 

appears to be a narrow margin in which D-1 receptors are 

active. Our preparation fails to detect D-1 autoreceptors 

in the STR, and the D-1 antagonist SCH 23390 does not alter 

DOPA accumulation from d-amphetamine + GBL values (Fig. 15) . 

Therefore, D-1 autoreceptors in the PCX are "silent" at 

physiological stimulation rates (10 Hz), or in the GBL-

induced absence of stimulation. It is noteworthy that 

physiological extremes, and disease conditions such as those 

discussed in Chapter I, may activate previously "silent" D-1 

autoreceptors. 

Quinpirole Combination Experiments 

These experiments were conducted to directly determine 

the presence of D-1 and D-2 presynaptic terminal 

autoreceptors, and whether they directly interact to alter 

DA synthesis. As mentioned earlier, the D-2 agonist 

cjuinpirole alone reduces DA synthesis in the STR and NAS, 

but not the PCX (Fig. 12). The D-1 agonist SKF 38393 alone 

fails to alter DA synthesis in any region tested. Assuming 

that activation of D-2 autoreceptors is necessary before D-1 

autoreceptors are revealed, the D-1 agonist SKF 38393 (Fig. 

16) or the D-1 antagonist SCH 23390 (Fig. 17) were combined 

with quinpirole. Unfortunately, neither D-1 stimulation nor 

blockade alters quinpirole-mediated reductions in DOPA 

accumulation. In a similar fashion, Watanabe et al. (1987) 

demonstrated that SCH 23390 is unable to reverse 
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apomorphine-mediated reductions in DA synthesis in the STR. 

This suggests that D-1 autoreceptors are absent on 

presynaptic terminals in these regions. Yet, both Hoffmann 

et al. (1988) and Diana, Young and Groves (1988) demonstrate 

the presence of D-1 autoreceptors in the STR and PCX. 

Hoffmann et al. (1988) revealed these receptors at low 

stimulation rates (1 Hz; 120 pulses). At higher 

physiological rates in the STR (3 Hz) and PCX (10 Hz), D-1 

receptors may be depolarization inactivated. Dopamine D-1 

receptors are also inactive in the absence of neuronal 

stimulation, induced by GBL. Thus, combining GBL with 

cjuinpirole may so inhibit dopaminergic terminal regions that 

D-1 receptors cannot be detected. The GBL-model, therefore, 

appears to be inherently limited to measuring autoreceptors 

which can be activated in the absence of neuronal 

stimulation. 

Dopamine Synthesis 
Conclusions 

In conclusion, GBL selectively blocks the firing 

activity of dopaminergic neurons, leading to the in vivo 

isolation of presynaptic terminals. Inhibiting DOPA 

decarboxylase (NSD 1015) indirectly determines the activity 

of tyrosine hydroxylase, measured as DOPA accumulation. 

This model is valuable in ascertaining the influence that 

autoreceptors have on modulating DA synthesis. Dopamine D-2 

SMAs are readily detected in the STR and NAS, and are absent 
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in the PCX. Numerous DA utilization and release studies 

detect the presence of D-2 RMAs in all three regions. Thus, 

the STR and NAS possess D-2 SMAs which regulate tyrosine 

hydroxylase activity, and RMAs which directly regulate DA 

release. The PCX possesses only D-2 RMAs which directly 

regulate DA release, and indirectly regulate DA synthesis 

through endproduct inhibition. Administered alone, D-1 

drugs do not affect DA synthesis, but combined with d-

amphetamine, DA synthesis is reduced in the PCX. These 

results confirm electrophysiological studies which 

demonstrate the presence of D-1 autoreceptors in the STR and 

PCX. However, it remains to be determined whether D-1 

autoreceptors are active under physiological conditions, and 

whether they are similar to SMAs or RMAs. 



CHAPTER V 

GENERAL DISCUSSION AND CONCLUSIONS 

In the discussion which follows, the major conclusions 

presented in the previous chapters are integrated and 

interpreted to better understand the role of D-1 and D-2 

receptors, and how they functionally interact to affect 

dopaminergic neurons and the generation of various 

behaviors. A brief discussion will also examine how 

selective drugs, administered either alone or in 

combination, might help treat various disease conditions. 

Basic Science Discussion and Conclusions 

Drug Discrimination and Dopamine 
Metabolite Formation Discussion 

Less than 10 years ago, tissue receptor binding 

experiments revealed that the CNS contains two major DA 

receptor subtypes classified as D-1 and D-2 receptors. 

Later biochemical, electrophysiological and behavioral 

studies not only revealed the role of these receptors, but 

that they on occasion, appreared to functionally interact. 

These phenomena prompted us to examine the role of D-1 and 

D-2 receptors in amphetamine drug discrimination behavior. 

The major finding was that indirect agonist (d-amphetamine) 

discrimination is sensitive to D-1 manipulations, while 

discrimination of the direct D-2 agonist quinpirole is not 

(Chapter II). The same doses were utilized in the DA 
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neurochemical experiments in an attempt to explain our drug 

discrimination results (Chapters III and IV) . 

Effects D-1 and D-2 Drugs Alone on 
Drug Discrimination and Dopamine 
Metabolite Formation 

In rats trained to discriminate d-amphetamine from 

saline, substitution with the D-2 agonist quinpirole 

produces amphetamine-lever responding, whereas the D-1 

agonist SKF 38393 and the D-1 antagonist SCH 23390 elicits 

only saline-lever responding (Chapter II). Neurochemical 

experiments indicate that quinpirole decreases DA synthesis 

and metabolism in the STR and NAS, but not the PCX (Chapter 

III) . Nigrostriatal and mesolimbic dopaminergic neurons are 

inhibited when D-2 somatic, dendritic and presynaptic 

terminal autoreceptors are stimulated. Additional 

inhibitory processes involve stimulating postsynaptic D-2 

receptors to activate inhibitory feedback loop neurons. The 

overall effect is a decrease in DA synthesis, release and 

subsecjuent metabolism. As dopaminergic neuronal activity is 

decreased one might predict that DA mediated behaviors would 

be concomitantly attenuated. However, numerous behaviors 

are generated by D-2 agonists, suggesting that these are 

postsynaptically mediated events. 

Although D-1 agonists do not mimic amphetamine-mediated 

drug discrimination, other behaviors are D-1 receptor 

activated (Chapters I and III). At behaviorally effective 

doses, D-1 agonists and antagonists alone do not alter DA 
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synthesis and metabolite formation (Chapters III and IV) . 

Additionally, autoradiographic and receptor binding studies 

demonstrate that D-1 receptors do not reside on dopaminergic 

neurons, but on postsynaptic neurons and presynaptic 

terminals of feedback loop neurons impinging on dopaminergic 

neurons. Behaviors which are generated by D-1 agonists may 

be speculated to occur as the result of activating 

postsynaptic D-1 receptor sites. The failure of amphetamine 

drug discrimination to be mimicked by D-1 agonists suggests 

that postsynaptic D-1 receptors do not participate in 

mediating this behavior. This is not surprising considering 

the heterogenous nature of CNS dopaminergic systems. 

Because D-l/D-2 functional interactions occur in various 

paradigms, it may be necessary to activate D-2 receptors in 

order to reveal the participation of D-1 receptors in 

amphetamine drug discrimination. For this reason, 

combination studies examined the effect of D-1 drugs in the 

presence of amphetamine or the D-2 agonist quinpirole. 

Effects of d-Amphetamine Combinations 
on DrucT Discrimination and Dopamine 
Metabolite Formation 

d-Amphetamine + Quinpirole 

Combining the D-2 agonist quinpirole with d-amphetamine 

produces dose dependent increases in drug discrimination 

behavior (Chapter II). This is not surprising considering 

the fact that both quinpirole and amphetamine alone elicit 

amphetamine-like discriminative cues. Neurochemically, 
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quinpirole significantly reduces amphetamine-mediated DA 

metabolite formation in the STR and NAS (Chapter III). Yet, 

although quinpirole is decreasing DA release, amphetamine 

presumably still releases attenuated levels of endogenous DA 

through non-receptor mechanisms. The combined effect of 

endogenous DA release and D-2 agonist stimulation of 

postsynaptic D-2 receptor sites is enough to additively 

increase drug discrimination behavior. 

d-Amphetamine + SKF 38393 

The D-1 agonist SKF 38393 alone does not elicit 

amphetamine-like drug discrimination. At any dose, 

amphetamine trained rats did not respond above that of the 

saline-lever. Combining the D-1 agonist with a low dose of 

amphetamine, however, potentiates drug discrimination 

behavior above amphetamine control levels (Chapter II). 

This implies that D-1 receptors are of equal importance in 

amphetamine cue formation, but requires activation of the 

dopaminergic system to reveal its properties. Alone, D-1 

stimulation has no effect on DA metabolite formation. Yet, 

the combination of SKF 38393 with low doses of amphetamine 

potentiates DA metabolite formation in the striatum (STR), 

nucleus accumbens septi (NAS) and prefrontal cortex (PCX) 

(Chapter III). It appears that D-1 agonists potentiate the 

ability of amphetamine to stimulate dopaminergic neurons to 

release and subsequently metabolize DA. The direct release 
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of endogenous DA may be the mechanism whereby amphetamine-

mediated drug discrimination is potentiated by D-1 agonists. 

As mentioned earlier, it is of interest to determine 

the loci of these D-1 receptors. Neuroanatomical studies 

propose that D-1 receptors are not located on dopaminergic 

neurons (except possibly a small density on DA presynaptic 

terminal regions, [Chapter IV]), but on postsynaptic sites on 

which DA terminals impinge and feedback loop sites (Chapters 

I and III). Dopamine D-1 drugs may act directly on non-

dopaminergic feedback loop neurons which, in turn, regulate 

the activity of dopaminergic neurons. Besides the presence 

of GABA and substance P neurons in the striatum (Reid et 

al., 1988), striatal cholinergic internerons—regulating 

striatonigral feedback loop projections—are sensitive to 

D-1 agents (Plantje et al., 1984; Fage and Scatton, 1986; 

Gorell and Czarnecki, 1986a,b; Console, Wu and Fusi, 1987). 

Double immunocytochemical studies have noted cholinergic 

terminal appositions with the dendrites of striatonigral 

GABA containing neurons (Phelps, Houser and Vaughn, 1985). 

Local striatal application of cholinergic drugs increases 

[3H]-GABA release (Van der Heyden, Venema and Korf, 1980, 

Besson et al., 1982; Girault et al., 1986). Thus, part of 

the striatonigral feedback loop system involves a 

cholinergic-GABA link. Additionally, GABA neurons possess 

presynaptic terminal D-1 autoreceptors which regulate GABA 

release (Starr, 1987; Reid et al., 1988), and these 
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terminals synapse with dopaminergic neurons in the 

substantia nigra (Van den Pol, Smith and Powell, 1985). 

Dopaminergic neurons can be, therefore, regulated by non-

dopaminergic neurons through a combination of D-1 modulation 

of feedback loop activity, and DA release in the substantia 

nigra which activates D-1 receptors and affects GABA 

release. Currently, it is unknown how D-1 receptors act 

through non-dopaminergic neurons to indirectly alter 

dopaminergic neuronal activity. Our results indicate that 

D-1 receptor stimulation diminishes inhibitory feedback loop 

control to release tonically inhibited dopaminergic neurons. 

Under these conditions, amphetamine may stimulate 

dopaminergic neurons to maximally release endogenous DA. 

Released endogenous DA could then activate postsynaptic D-2 

receptors to potentiate amphetamine drug discrimination 

behavior. Studies with quinpirole and D-1 agonists indicate 

no interactions with drug discrimination elicited by direct 

stimulation of D-2 receptors (Chapters II). 

d-Amphetamine + SCH 23 390 

The D-1 receptor antagonist SCH 23390 effectively 

antagonizes the discrimination produced by high doses of d-

amphetamine (Chapter II). Other studies of this combination 

reveal that SCH 23390 decreases DA metabolite formation in 

the STR and NAS, but not the PCX (Chapter III). Therefore, 

D-1 agonists potentiate, while D-1 antagonists attenuate, 

both amphetamine-mediated drug discrimination and DA 
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metabolite formation. Dopamine D-l antagonists may act on 

non-dopaminergic neurons to decrease the activity of 

dopaminergic neurons, thereby diminishing the ability of 

amphetamine to stimulate dopaminergic neurons to release 

endogenous DA. Such reductions in DA release might be 

perceived as an attenuation of discriminative cues. 

Effects of Quinpirole Combinations 
on Drucf Discrimination and Dopamine 
Metabolite Formation 

Quinpirole + SKF 38393 

Another interpretation of amphetamine-mediated drug 

discrimination is that D-l and D-2 receptors functionally 

interact on postsynaptic sites to potentiate discriminative 

cue formation. Dopamine D-2 receptors would mediate 

discriminative responding, while coactivating D-l receptors 

would potentiate interoceptive cue formation. However, in 

rats discriminating quinpirole, the D-l agonist SKF 38393 

fails to increase responding above quinpirole control levels 

(Chapter II) . This indicates that D-l and D-2 receptors do 

not functionally interact on postsynaptic sites to affect 

discrimination behavior. Neurochemically, D-2 mediated 

decreases in DA metabolite formation in the STR and NAS are 

offset to saline controls by D-l receptor stimulation 

(Chapter III) . These receptors functionally interact and 

have opposite effects to balance dopaminergic neuron 

activity. It is most notable that D-l agonist 

coadministration did not increase DA release and subsequent 
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metabolism above saline control levels, as compared with the 

amphetamine experiments. Even though D-l/D-2 functional 

interactions occur on dopaminergic neurons, the fact remains 

that D-l and D-2 receptors do not functionally interact to 

alter drug discrimination behavior. It is possible that the 

dopaminergic projection regions mediating this behavior only 

contain postsynaptic D-2 receptors, or D-l receptors may be 

localized on postsynaptic sites but are not linked with D-2 

receptors. In this case, D-l agonist potentiation of 

amphetamine-mediated endogenous DA release would strongly 

activate postsynaptic D-2 sites and potentiate drug 

discrimination behavior. However, the fact that many other 

behaviors are potentiated by D-l and D-2 agonist 

combinations suggest that functional interactions do occur 

in the CNS regions mediating these behaviors. An 

alternative possibility is that the discrimination of 

amphetamine utilizes multiple cues, and that the correct 

lever response is the sum total of neurochemical events. 

Quinpirole + SCH 23390 

Amphetamine-mediated drug discrimination is blocked by 

the D-l antagonist SCH 23390 (Chapter III). Dopamine D-l 

and D-2 receptors may functionally interact on postsynaptic 

sites to block discrimination behavior. In this case, D-2 

agonist mediated discrimination would be reduced by D-l 

receptor antagonism. However, the D-l receptor antagonist 

SCH 23390 fails to block quinpirole-mediated discrimination 
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behavior (Chapter II). other investigators have also 

demonstrated that direct agonist discrimination behavior is 

resistant to D-l receptor antagonists. Thus, the CNS 

regions mediating drug discrimination behavior again appear 

to contain D-2 receptors, but these receptors are not 

functionally linked with D-l receptors. Amphetamine-

mediated drug discrimination may be blocked because D-l 

antagonists reduce the release of endogenous DA, leading to 

concomitant decreases in postsynaptic D-2 receptor 

stimulation. However, numerous other predominantly D-2 

mediated behaviors are senstive to D-l antagonism (Chapter 

I) . This implies that the CNS regions mediating these 

behaviors contain D-l and D-2 receptors which are 

functionally linked. Neurochemically, D-2 mediated 

decreases in DA metabolite formation in the STR and NAS are 

unaffected by SCH 23390. Since quinpirole reduces DA 

release, SCH 23390 may be refractory in blocking 

discrimination behavior because DA is not available to 

compete with it for receptor occupancy. 

The Role of D-l and D-2 Receptors in 
Dopamine Synthesis in the Rat Brain 

Dopamine neurons possess somatic/dendritic 

autoreceptors which regulate the firing activity of 

dopaminergic neurons, and presynaptic terminal autoreceptors 

which directly influence DA synthesis and release. 

Autoreceptor stimulation diminishes the effect that 
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dopaminergic neurons have on postsynaptic sites, while 

blockade of autoreceptors inhances this influence. 

Autoreceptor doses of DA agonists are demonstrated to 

produce sedation in humans and rats by diminishing DA 

release, while DA antagonists elicit hyperactivity by 

enhancing DA release. Under the proper conditions, DA 

autoreceptors can have profound effects on neurochemical 

parameters and numerous behaviors. 

Dopamine D-2 Receptors 

Studies clearly demonstrate that dopaminergic neurons 

synapsing in the STR and NAS possess presynaptic D-2 SMAs 

and D-2 RMAs. As discussed previously, GBL increases DA 

synthesis, and GBL combined with d-amphetamine further 

increases DA synthesis. Quinpirole stimulates SMAs in the 

STR and NAS and clearly offsets increases in DA synthesis 

induced by GBL and GBL + d-amphetamine (Chapter IV) . Thus, 

the GBL model readily detects the presence of SMAs. Other 

studies unanimously demonstrate that RMAs in the STR and NAS 

are of the D-2 receptor subtype. The fact that quinpirole 

reduces DA metabolite formation in the STR and NAS, probably 

result from the activation of RMAs in addition to activating 

somatic/dendritic autoreceptors and negative feedback loops 

(Chapter III). Hoffmann et al. (1988) demonstrate that D-2 

agonists decrease [3H]-DA overflow in the STR at stimulation 

rates near physiological levels (3 Hz). Therefore, under 

physiological conditions D-2 SMAs and RMAs in the STR and 
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NAS are active and contribute to DA synthesis and release. 

Stimulation of D-2 SMAs and RMAs decreases DA synthesis, 

release and subsequent metabolism. Autoreceptor doses of 

D-2 agonists would be expected to decrease the expression of 

DA mediated behaviors. However, with higher doses, 

quinpirole alone, or quinpirole combined with amphetamine, 

increases drug discrimination behavior (Chapter II). The 

divergent nature of the results (reduced dopaminergic 

activity vs. behavioral stimulation), once again, suggests 

that postsynaptic D-2 receptor stimulation is responsible 

for generating discrimination behavior. 

The PCX clearly lacks SMAs, but is believed to 

possess D-2 RMAs which directly regulate DA release and 

indirectly modulate DA synthesis through endproduct 

inhibition. Without SMAs quinpirole alone does not alter DA 

synthesis (Chapter IV). The additional fact that the PCX is 

believed to lack somatic/dendritic autoreceptors and a well 

defined feedback loop regulatory system, may contribute to 

the refractory effect of quinpirole (Bannon and Roth, 1983). 

Recent DA utilization and release studies clearly 

demonstrate the presence of RMAs in the PCX, which are of 

the D-2 subtype. Quinpirole alone should stimulate D-2 RMAs 

and reduce DA metabolite formation. However, quinpirole 

fails to reduce DA metabolite formation in the PCX (Chapter 

III). Recently available evidence indicates that D-2 RMAs 

in the PCX may be inactive under in vivo conditions. At low 
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firing rates (1-10 Hz; 120 pulses) D-2 agonists and 

antagonists effectively alter [3H]-DA overflow. Yet, 

mimicking in vivo conditions (10 Hz; 1200 pulses) appears to 

depolarization inactivate D-2 autoreceptors (Hoffmann et 

al., 1988). Additionally, dopamine utilization and release 

studies demonstrating D-2 RMAs in the PCX are tested under 

conditions of low dopaminergic neuronal activity (i.e., 

alpha methyl-p-tyrosine DA depletion and slice/homogenate 

preparations, respectively). Our GBL model may have also 

detected D-2 RMAs in the PCX. In conditions which d-

amphetamine may stimulate presynaptic terminals, quinpirole 

activates speculated D-2 RMA's to decrease DA synthesis in 

the PCX (Chapter IV). 

Dopamine D-l Autoreceptors 

One recent revelation was the discovery of presynaptic 

D-l autoreceptors in the STR and PCX. Electrophysiological 

studies demonstrate that stimulation of D-l autoreceptors 

decreases DA terminal excitability in the STR (Diana, Youngs 

and Groves, 1988), and increases [3H]-DA overflow in the STR 

and PCX (Hoffmann et al., 1988). It appears that D-l 

receptors revealed only under selective conditions. 

Neither D-l agonists nor antagonists alone—at behaviorally 

effective doses—affect DA synthesis, release or metabolite 

formation (Chapter III and IV). Using the GBL model, the 

D-l agonist SKF 38393 alone has no effect on DA synthesis, 

however, combined with d-amphetamine DA synthesis is reduced 
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in the PCX (Chapter IV). These results suggest that D-l 

autoreceptors possess characteristics of SMAs. Based on 

electrophysiological studies, investigators propose that D-l 

autoreceptors are active in the PCX only at low, non-

physiological, firing rates. Therefore, d-amphetamine may 

stimulate presynaptic terminals enough to activate D-l SMAs 

and decrease DA synthesis. 

Another possiblity is that D-l autoreceptors have 

characteristics of RMAs. Dopamine metabolite formation is 

unaffected by D-l drugs alone. Yet combining the D-l 

agonist SKF 38393 with d-amphetamine potentiates DA 

metabolite formation in all three regions, while the D-l 

antagonist SCH 23390 reduces DA metabolite formation in the 

STR and NAS. Even quinpirole mediated reductions in DA 

metabolite formation in the STR and NAS are offset to saline 

controls by SKF 38393 (Chapter III). It remains to be 

determined whether D-l autoreceptors exist in the NAS. One 

interpretation, supported by the literature, suggests that 

D-l drugs act through feedback loops to indirectly affect 

the ability of d-amphetamine to stimulate DA release from 

dopaminergic neurons. Alternatively, amphetamine and 

quinpirole may produce pharmacologic conditions which 

activate speculated D-l RMAs and influence DA release. 

Hoffmann et al. (1988) demonstrated at low stimulation rates 

that D-l agonists increase [3H]-DA overflow from STR and PCX 

slices. Maybe amphetamine and quinpirole alone mimic low 
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stimulation rates by reducing the activity of dopaminergic 

neurons, thereby activating D-l autoreceptors in vivo. in 

this case, D-l autoreceptors might serve a positive-feedback 

role to enhance DA release. This mechanism is another 

possible explanation of why amphetamine-mediated drug 

discrimination is potentiated by D-l agonists and blocked by 

D-l antagonists. 

Basic Science Conclusions 

Both D-l and D-2 receptors are of equal importance in 

mediating amphetamine drug discrimination behavior. 

Dopamine D-2 agonists alone directly mediate discrimination 

behavior, while D-l agonists alone fail to elicit 

discriminatve responding. Yet, D-l agonists potentiate, 

while D-l antagonists block, discrimination behavior by, 

respectively, potentiating and reducing the ability of 

amphetamine to alter endogenous DA release from dopaminergic 

neurons. Direct D-2 agonist-mediated discrimination is 

resistant to D-l manipulations. Additionally, the fact that 

D-2 mediated decreases in DA metabolite formation are only 

offest to saline controls by SKF 38393, indicates a 

balancing of D-l/D-2 effects on dopaminergic neurons. These 

results suggest that drug discrimination behavior is 

ultimately generated by activating postsynaptic D-2 receptor 

sites. It also suggests that functional interactions do not 

contribute to generating discrimination behavior. 
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The STR and NAS both contain SMAs and RMAs, while the 

PCX is thought to only possess RMAs. Both SMAs and RMAs 

have characteristics of D-2 receptors. The STR and PCX have 

been demonstrated to possess D-l autoreceptors, although the 

NAS has yet to be tested for these receptors. What 

physiological role, if any, D-l autoreceptors play in 

regulating CNS dopaminergic neurons remains to be 

determined. 

Potetial Clinical Science Application 
of D-l and D-2 Receptor Drucfs 

Schizophrenia 

Antipsychotics possessing D-2 receptor antagonist 

properties are currently the most widely used agents in the 

treatment of schizophrenia. As mentioned earlier, 

schizophrenia is hypothesized to be due to a relative excess 

in dopaminergic neuronal activity. Neuroleptics have proven 

to be the most effective agents in relieving the symptoms of 

schizophrenia. Interestingly, the combination of 

neuroleptic blockade of DA presynaptic terminal 

autoreceptors, postsynaptic feedback loop receptors and 

dopamine neuron somatic and dendritic autoreceptors produces 

paradoxical increases in DA release and metabolite 

formation. Thus, patients given low autoreceptor doses of 

antipsychotics may see an exacerbation in symptoms, while 

animals become hyperactive. At therapeutic doses, 

postsynaptic receptors are blocked and the symptoms of 
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schizophrenia are relieved. However, chronic treatment 

using non-selective and D-2 antagonist neuroleptics is 

associated with a host of side effects, including 

extrapyramidal symptoms in 3 0-4 0% of patients. This has 

lead investigators to evaluate other treatment modalities. 

Recently developed D-l receptor antagonists, which work 

in antipsychotic drug screening models, may effectively 

treat schizophrenia. Animal models indicate the absence of 

dyskinetic syndromes after chronic exposure to D-l 

antagonists. Schizophrenic patients given atypical 

antipsychotics with more D-l antagonist properties exhibit 

fewer side effects. At this point, it is speculative how D-l 

receptor antagonists might treat schizophrenia. Dopamine 

D-l receptors do not appear to reside on dopaminergic 

neurons, except possibly a small density on DA terminals. 

In schizophrenia, DA release is excessive. Dopamine D-l 

antagonists acting on regulatory feedback loops may 

indirectly reduce the activity of dopaminergic neurons, and 

relieve the symptoms of schizophrenia. This might be 

analogous to our study in which D-l antagonists decrease the 

ability of amphetamine to stimulate the release of DA from 

dopaminergic neurons (Chapter III). Another potential site 

for the antipsychotic mechanism involves antagonizing 

postsynaptic D-l receptor sites. Behaviors are elicited by 

D-l agonists, and many D-2 agonist mediated behaviors are 

potentiated by D-l agonists and blocked by D-l antagonists 
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(Chapter I) . Lastly, pathophysiological derangements in 

dopaminergic neuronal activity may produce a condition in 

which presynaptic terminal D-l autoreceptors are functional. 

Under certain conditions, D-l autorecepetors are revealed in 

the STR and PCX. Antagonizing presynaptic autoreceptors 

might decrease dopaminergic neuron activity and improve the 

symptoms of schizophrenia. 

Parkinson's Disease 

Parkinson's disease is effectively treated with L-DOPA 

in a majority of patients. However, the association of 

numerous side effects with longterm L-DOPA administration 

has lead investigators to develop other treatment 

strategies. Nonselective DA agonists, and selective D-2 

agonists, have been fairly successful in treating 

parkinsonian patients. Dopamine agonists are presumed to 

stimulate postsynaptic D-2 receptor sites as a replacement 

to endogenous DA. In patients with severe Parkinson's 

disease, very high doses are often required to relieve their 

symptoms. Yet, side effects associated with higher doses of 

DA agonists limit their usefulness. Parallel studies have 

examined the potential use of D-l agonists without much 

apparent success. Dopamine D-l agonists alone, or combined 

with L-DOPA, do not improve symptomology of patients with 

stage II-IV Parkinson's disease (Chapter I). However, 

numerous animal models demonstrate that D-l receptors are 

functionally linked to D-2 receptors in generating different 
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motor behaviors. Neurochemically, we have demonstrated that 

D-l and D-2 receptors functionally interact to alter DA 

release and subsequent metabolism (Chapter III). Effective 

treatment of Parkinson's disease may require direct 

coactivation of D-l and D-2 receptors. 

Clinical signs of Parkinson's disease become apparent 

when dopaminergic neurons degenerate to the point that DA 

levels are reduced to 20% of normal. During the early 

degenerative process, the remaining neurons increase DA 

synthesis and can compensate for depletions in intraneuronal 

DA. One approach which has been considered is to supplement 

parkinsonian patients with dietary tyrosine (amino acid 

precursor to DA). Studies demostrate that DA synthesis is 

further increased after tyrosine injection in rats 

pretreated with gamma butyrolactone (Sved and Fernstrom, 

1981) . Partial lesions of the nigro-striatal tract with 6-

hydroxydopamine, which leads to increased neuronal activity 

in the remaining intact DA neurons, also allows tyrosine 

injections to further increase DA synthesis (Melamed, Hefti 

and Wurtman, 1980). In parkinsonian patients, oral tyrosine 

administration significantly increases lumbar spinal fluid 

concentrations of DA metabolite homovanillic acid. 

Unfortunately, the clinical manifestations of Parkinson's 

disease are not improved in these patients (Growdon et al., 

1982) . However, other pharmacological measures, in addition 

to tyrosine administration, may release enough DA to treat 
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Parkinson's disease. The D-l agonist SKF 38393 potentiates 

the ability of a low dose of amphetamine to stimulate 

endogenous DA from dopaminergic neurons (Chapter III). 

Supplementing this regimen with precursor tyrosine may prove 

effective in treating parkinsonian patients. 

Drug Abuse 

Chronic abuse of psychomotor stimulants leads to 

reductions in nerve terminal DA, which Dackis and Gold 

(1985) call the "dopamine depletion hypothesis." The 

depletion of terminal DA results in a host of psychological 

withdrawal signs which include dysphorias, depression and 

drug cravings. Replacement therapies are geared to 

attenuate the spectrum of negative subjective symptoms 

experienced in patients withdrawn from psychomotor 

stimulants. The psychotherapeutic community is more 

successful in counseling when patients are supplemented 

with agents such as antidepressants, tyrosine replacement or 

non-selective DA receptor agonists. 

Psychomotor stimulants release endogenous DA which non-

selectively activates D-l and D-2 receptors. Effective DA 

agonist replacement drugs such as amantadine and 

bromocriptine also result in non-selective activation of 

both DA receptor subtypes. Thus, the receptor subtype 

responsible for producing withdrawal signs in patients 

withdrawn from psychomotor stimulants has yet to be 

determined. Selective D-l or D-2 agonists might prove to be 
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effective replacement therapies. Paradigms to measure 

reinforcement behavior demonstrate that D-2 agonists mimic 

psychomotor stimulants. Selective D-2 agonists might reduce 

withdrawal signs, while at the same time having little or no 

abuse liability because of their emetic properties at higher 

doses. Dopamine D-l receptors are equally important as D-2 

receptors in mediating amphetamine drug discrimination and 

DA metabolite formation (Chapters II and III). Dopamine D-l 

agonists could provide an effective replacement therapy, 

while precluding side effects that are typically associated 

with non-selective DA agonists. 

Functional interactions between D-l and D-2 receptors 

have been noted in a variety of experimental paradigms, and, 

therefore, both receptors may be involved in the psychomotor 

stimulant withdrawal syndrome. Chronic psychomotor 

stimulant abuse leads to derangements in intraneuronal DA 

levels, which may lead to alterations in D-l and D-2 

receptor populations. Thus, treatments may require 

activation of both receptor subtypes to effectively reduce 

the development of withdrawal signs. Current non-selective 

therapies are beneficial, yet patients complain about side 

effects and often become noncompliant. Every patient has 

characteristically different physiological and biochemical 

traits, and also differ from other patients in the duration 

and extent of their drug abuse history. Treatment side 

effects might occur simply because non-selective agents 
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provide a fixed ratio of D-l:D-2 stimulation. Effective 

treatment of one patient may mean failure in other patients. 

The use of selective D-l and D-2 drugs may allow combination 

therapies to be custom designed to suit the needs of each 

individual patient. 

Lesch-Nyhan Syndrome 

Lesch-Nyhan syndrome is a genetic disorder in which the 

production of hypoxanthine-guanine phosphoribosyltransferase 

transferase (HGPRTase) is less than 1% of normal in all body 

tissues. The highest CNS levels of HGPRTase, of which are 

found in the basal ganglia, are notably absent in these 

patients. The basal ganglia also demonstrates a 10-30% 

decrease in DA production in nerve terminal regions. It is 

speculated that decreases in the function of DA neurons 

leads to dopamine receptor supersensitivity and the 

exhibition of Lesch-Nyhan symptoms. Lesch-Nyhan patients 

exhibit self-mutilatory, aggressive and hyperkinetic 

behaviors. Animals made supersensitive to DA with lesions 

of dopaminergic tracts, demonstrate receptor 

supersensitivity and behaviors similar to Lesch-Nyhan 

patients. It appears likely that both D-l and D-2 receptor 

populations are increased in these patients, although this 

has yet to be evaluated. Administering antagonists with 

D-l but not D-2, receptor properties relieves the behaviors 

associated with Lesch-Nyhan patients and animal models 

(Chapter I). However, is is not clear why antagonizing D-l 
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receptors diminishes the expression of these behaviors. 

Dopamine D-l receptors appear to reside on sites 

postsynaptic to DA terminal regions, and on terminals of 

feedback loops impinging on dopaminergic cell bodies. 

Dopamine D-l antagonists may indirectly alter the activity 

of dopaminergic neurons through regulatory feedback loop 

processes (Chapter III). Alternatively, derangements in 

Lesch-Nyhan dopaminergic neurons may produce conditions in 

which DA presynaptic terminal D-l autoreceptors become 

activated. Dopamine D-l antagonists could then directly 

affect the activity of dopaminergic neurons (Chapter IV). 

Another possibility is that D-l antagonists block 

postsynaptic sites to diminish the expression of Lesch-Nyhan 

symptoms. If D-l/D-1 functional interactions are involved 

in this condition D-l/D-2 antagonist combinations might 

prove more effective than these drugs alone. 

Attention Deficit Disorder and 
Gilles de la Tourette Syndrome 

Attention Deficit Disorder 

Attention deficit disorder (ADD) is characterized by 

restlessness, distractability, impulsive behaviors and 

reduced attention span in predominantly preadolescent 

children. Treatments which increase the activity of 

monoaminergic neurons have been widely used. Stimulants 

such as amphetamine and methylphenidate effectively treat 

ADD by unknown mechanisms, but presumably by enhancing the 
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release of endogenous monoamines. Recently, tricyclic 

antidepressants have also been proven effective in many 

stimulant refractory patients, and can be used without the 

liability of side effects associated with stimulants. The 

common link between stimulant and antidepressant treatment 

modalities is to increase synaptically availabile endogenous 

monoamines. The fact that amphetamine and methylphenidate 

increase synaptic DA suggest that ADD may involve 

derangements in the dopaminergic system. One potential 

treatment alternative might involve administering a D-l 

agonist with amphetamine. Such combinations potentiate the 

ability of low doses of amphetamine to stimulate endogenous 

DA release from dopaminergic neurons (Chapter III). The 

benefit of this regimen could be substantial reductions in 

stimulant doses from current levels, thereby reducing the 

potential for side effects and future abuse liability in 

patients with ADD. Current pharmacological therapies are 

designed to increase endogenous DA release, which then non-

selectively activates D-l and D-2 receptors. Therapies using 

D-l/D-2 combinations might treat individual differences in 

disease state by flexibly allowing alterations in the dose 

ratio of D-l:D-2 stimulation. 

Gilles de la Tourette Syndrome 

One of the most interesting findings is that 62-84% of 

adults diagnosed with Gilles de la Tourette syndrome were 

treated for ADD as children. Whether these disorders have a 
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common genetic link or pathological etiology is still under 

debate. Adults with Tourette syndrome are treated 

effectively with neuroleptic agents, while Attention Deficit 

Disorder (ADD) children are effectively treated with 

stimulants and antidepressants. Some children with ADD also 

experience substantial improvement with low neuroleptic 

doses, while others respond poorly (Millichap, 1973). 

Therefore, the presupposition that these disorders are not 

linked may be why these patients are treated differently. 

It may be possible to treat Tourette syndrome patients in 

the same manner as children with ADD, and vice versa. 

Currently, Tourette syndrome is treated with neuroleptics 

possessing D-2 properties, yet chronic use of these agents 

can lead to debilitating extrapyramidal symptoms. Dopamine 

D-l antagonists might prove effective, while also limiting 

the development of side effects. 
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