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The role of operant behavior in the metabolism of brain

5-hydroxytryptamine (5-HT) turnover was investigated. Two

and one-half hours following the administration of 150 mg/kg

of para-chlorophenylalanine (PCPA), a specific inhibitor of

tryptophan hydroxylase, levels of 5-HT were compared in sed-

entary and performing rats. Whole brain levels of serotonin

were reduced in both responding and sedentary animals; how-

ever, differences between these groups were not statistical-

ly significant. The drug induced decrease in 5-HT levels

was accompanied by a significant decrease in session res-

ponding. The degree of suppressed responding could be

correlated with the level of 5-HT following PCPA, suggesting

that the metabolism of serotonin is in part modulated by the

rate of responding as maintained by the operant schedule.
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INTRODUCT ION

The discovery and subsequent widespread use of a number

of potent psychotherapeutic drugs has had a dramatic impact

on the treatment of behavioral disorders. In addition,

pharmacological induction of abnormal behaviors in "normal"

individuals, many of which closely resemble clinical psy-

chosis, has provided some evidence of a causal relationship

between brain chemistry and behavior. With the introduction

of radioisotopic labeling and a variety of new histochemical

fluorescence techniques, the importance of interactions

between endogenous neurotransmitters and many of the drugs

which have been used in the treatment of behavioral illness

has been established.

It has become increasingly clear that the behavioral

effects of a number of psychotherapeutic compounds results

from an interaction between the drug and one or more central

nervous system neurotransmitters. Neurotransmitters mediate

information transfer between cells within the nervous sys-

tem; therefore it is not surprising that alterations in the

metabolism, release, or re-uptakeof transmitter substances

cause profound disturbances in behavior. In many cases the

duration of the affective change is related to the duration

of the drug-induced alteration in transmitter content or

activity. These observations suggest that behavior occurs

1



2

as a consequence of transmitter release. One implication of

this hypothesis is that alterations in behavior may elicit

changes in transmitter metabolism or release; however, the

study of this relationship has been obscured by the requi-

site ability to control behavior. Only recently through the

use of rigorously controlled environments has it become

possible to engender and maintain a characteristic behavior

pattern against which the effects of centrally active drugs

can be tested. Moreover, these techniques have been suc-

cessfully applied to the study of relationships between

behavior and transmitter metabolism.

In the last decade, evidence favoring a relationship

between behavior and transmitter metabolism has been

compiled for norepinephrine, a central nervous system

neurotransmitter whose distribution parallels that of

5-hydroxytryptamine (serotonin). Moreover, many of the

drugs which alter the metabolism of the catecholamines in

the CNS also effect the metabolism of 5-HT suggesting that a

similar relationship exists between behavior and the metab-

olism of this neurotransmitter as well.

The present study was undertaken in an effort to demon-

strate changes in the metabolism of 5-hydroxytryptamine in

animals whose behavior was maintained by schedule controlled

reinforcement.



LITERATURE REVIEW

Serotonin in Brain

Much of the early speculation concerning the role of

serotonin in brain was based on its function in the peri-

pheral vasculature. The existence of a strong vasocontric-

tor substance in clotted blood had been suspected for a

number of years prior to Rapports' discovery of serotonin

(5-hydroxytryptamine) in the serum (1). In the years fol-

lowing the discovery of 5--T in bovine sera, its isolation,

crystalization, and complete chemical characterization was

thoroughly documented (2,3,4,5).

Eleven years earlier, Erspalmer had isolated an amine

from the enterochromaffin cells of the gastrointestinal

tract which elicited a powerful contraction of smooth muscle

in the uterus. It was later established that serotonin and

"enteramine," Erspalmer's active substance, were identical

compounds (6).

Using a bioassay procedure similar to Erspalmer's

smooth muscle preparation, Twarog and Page demonstrated the

presence of considerable amounts of serotonin in the mammal-

ian brain (7). The first attempt at a systematic study of

its distribution in the central nervous system was accom-

plished one year later by Amin and coworkers, the results of

3
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which provided the first indication of a close spatial rela-

tionship between serotonin and noradrenaline containing

neurons in the central nervous system (8). As a result, the

study of 5-HT in the gut and peripheral vasculature was

largely abandoned for projects dealing with its role as a

putative central nervous system neurotransmitter. Pharma-

cological study of the function of 5-HT in brain was aided

by the discovery that lysergic acid diethylamide (LSD)

strongly inhibited the action of 5-HT on uterine smooth

muscle (9). The structural similarity of the two molecules

in conjunction with LSD's antagonistic effect on uterine

smooth muscle prompted investigators to suggest that the

hallucinogenic properties of LSD were due to its effects on

5-HT metabolism in brain.

Subsequent studies by Freedmen (10) have shown that low

doses of LSD produce a small but consistent increase in

serotonin levels that is accompanied by a decrease in the

concentration of its major catabolite, 5-hydroxyindole

acetic acid (5-HIAA). Spontaneous neuronal activity in the

raphe nucleus was also inhibited by intravenous injection of

LSD (11). These data suggest that LSD lowers the rate of

5-HT turnover and that this effect contributes to neuronal

inhibition in some parts of the brain.

:
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Behavior: Drug-induced Alterations

Early attempts at studying the effects of psychoactive

compounds on central nervous system neurotransmitters met

with limited success as techniques for the determination of

the small quantities in brain lacked sufficient sensitivity.

The development of the spectrophotofluorometer for identifi-

cation of fluorescent biochemicals provided the first sensi-

tive and specific means for the physical analysis of

serotonin in tissue (12, 13). Practical sensitivity of the

technique now exceeds 5.0 x 10-3 pg per ml of extract (14).

In addition to the increased sensitivity, spectrophotofluor-

ometry of brain extracts alleviates interference by other

substances which had compromised results obtained using

smooth muscle bioassay techniques.

Applying these fluorometric procedures to the identifi-

cation of serotonin within the central nervous system,

Brodie observed that reserpine, a drug which had been used

in the treatment of a variety of psychoses, depleted stores

of serotonin from brain as well as other tissues (15).

Levels remained low for approximately twenty-four hours,

increasing gradually to control values seven days following

administration. A 400 per cent increase in 5-hydroxyindole

acetic acid levels was also noted following reserpine (16).

Subsequent studies by Shore et al. provided further evidence

of a neuroregulatory role for serotonin in brain (17).
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Reserpine, which had been shown to potentiate the hypnotic

effects of hexobarbital and ethanol in mice, was given in

combination with small doses of LSD. Sleeping time in these

animals was significantly reduced, suggesting an antagonism

of the reserpine induced potentiation of hypnosis. More-

over, among the Rauwolfia alkaloid class of drugs, of which

reserpine is a member, only those compounds which induced

sedation altered serotonin levels in brain. These findings

suggested that the depletion of serotonin was responsible

for the behavioral manifestations of reserpine treatment.

Holzbauer and Vogt (18), along with Bertler's (19)

group, implicated the catecholamines in behavioral disorders

by demonstrating that reserpine depleted norepinephrine and

dopamine from brain while calming agitated behavior. More-

over, it was shown that replacement of the depleted cate-

cholamines by intravenous injection of L-dopa, the metabolic

precursor to both norepinephrine and dopamine, reversed the

sedative effects of the drug. Subsequent studies seemed to

be in direct conflict with the conclusions drawn by Brodie

and others with regard to the role of serotonin in the res-

erpinized brain. While the sedative effects of the drug

appeared to be closely associated with the extent of dis-

ruption of the serotoninergic storage mechanism, recovery

from sedation did not correspond to the return of transmit-

ter levels to pre-drug control values. Thus, it appeared
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that the behavioral changes following reserpine could not

be attributed solely to depressed levels of serotonin in

brain. It was postulated that the catecholamines were pri-

marily responsible for the reserpine syndrome as the

replacement of these transmitters was temporally associated

with recovery from the effects of the drug (20). However,

this explanation was challenged with the finding that

a-methyl p-tyrosine (AMT), a potent and specific inhibitor

of catecholamine biosynthesis (21) did not elicit sedation

until brain levels were reduced by ninety per cent or more

(22). In contrast, reserpine produced overt sedation at

dosages which depleted stores of norepinephrine and 5-HT by

only fifty per cent.

The controversy as to which monoamine(s) are primarily

responsible for mediating the central effects of reserpine

has yet to be resolved; however, information obtained as a

result of these studies has led to the recognition of the

importance of transmitter synthesis rate, or turnover, as a

determinate of the actions of drugs which disrupt the metab-

olism of central nervous system amines. Recent studies have

shown that the pharmacological effects of reserpine are more

closely related to the rate of release of serotonin than to

levels of the amine following administration of the drug.

Similarly, reversal of the sedative action of reserpine is

temporally associated with the ability of brain tissue to

.- M . ,.,, ,.,
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sequestor exogenous 5-HT. The observation by Tozer (23) and

others that the exponential decline in serotonin levels fol-

lowing reserpine treatment is proportional to the dose of

inhibitor administered, has provided evidence of equal rates

of synthesis and efflux serotonin in brain. This relation-

ship is characteristic of a first-order steady-state system.

Assuming such a model is applicable to the metabolism of

serotonin, the half-life of the compound and its rate of

metabolism can be extrapolated from the slope of its decline

following inhibition. In this way changes in the synthesis

of the amine as a result of environmental alterations or

drug effect can be monitored and an extremely sensitive

index of transmitter alteration obtained.

Para-chlorophenylalanine

The implications arising from the notion that the

metabolism of serotonin could be accurately determined

stimulated interest in the development of new compounds

capable of selectively inhibiting tryptophan hydroxylase,

the rate limiting enzyme in the synthesis of 5-HT. The dis-

covery of para-chlorophenylalanine (PCPA) as a specific

inhibitor of serotonin biosynthesis was first reported by

Koe and Weissman (24) and has been successfully used in the

study of behavior and transmitter interactions in brain (25,

26, 27). While the mechanism of inhibition is not fully

understood, recent studies indicate a three-phase sequence



9

of interaction with brain tryptophan hydroxylase (28). Fol-

lowing an initial competition with the substrate tryptophan,

for entry into the nerve terminal, PCPA reversibly inhibits

tryptophan hydroxylase by competing with tryptophan at the

active site. However, the proposed mechanisms do not

account for the prolonged inhibition of synthesis. Gdl has

suggested that the long term inactivation of this monooxy-

genase is primarily due to incorporation of the halogenated

amino acid into the protein near the active site resulting

in an alteration of the primary structure of the enzyme

(29).

While para-chlorophenylalanine is still considered to

be the most specific inhibitor of tryptophan hydroxylase in

vivo, there is some evidence to suggest a partial inhibition

of catecholamine biosynthesis (30), although the depletion

is short lived and amounts to less than a twenty per cent

reduction.

Behavior: Neurochemically-induced Alterations

The notion that drugs which alter some aspect of an

organism's behavior might do so indirectly via alterations

in the turnover of central nervous system neurotransmitters

led to the conception that monoamines control and maintain

behavior. The first demonstration that reduced levels of

brain serotonin were associated with a change in the res-

ponse of an organism to its environment was made by Tenen
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(31). Rats were tested for their ability to escape or avoid

an electric shock following administration of PCPA. Seven

consecutive avoidance responses were taken as evidence of

response acquisition. When compared with vehicle controls,

the PCPA treated group consistently avoided the shock in

fewer trials. Moreover, administration of 5-hydroxytrypto-

phan (5-HTP) to rats which had previously received PCPA

returned brain serotonin to control levels.

Under these conditions the number of trials required to

meet the acquisition criterion was not significantly differ-

ent from controls. From a behavioral standpoint, the

enhanced avoidance acquisition following PCPA could have

been attributable to such factors as increased sensitivity

to pain, heightened emotional reactivity, increased motor

activity, or increased ability to make associations (learn-

ing). In subsequent experiments it was established that

rats which had received PCPA exhibited significantly lower

pain thresholds than saline counterparts. Moreover, the

potentiation of pain sensitivity could be reversed by 5-HTP.

Bilateral electrolytic lesions of the medial forebrain

bundle, resulting in a significant decrease in forebrain

concentrations of serotonin, norepinephrine and 5-HIAA, also

increased sensitivity to painful stimuli (32). The behav-

ioral changes following these lesions could be reversed by

5-HTP, but treatment with non-serotoninergic precursor
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substances (i.e., 1-dopa) were without effect. While most

brain lesions that destroy serotoninergic neurons, with re-

sultant hyperalgesia, also damage other neurotransmitter

systems, the extent to which these other pathways are

involved is apparently minimal. Interestingly, similar

alterations in the responsiveness of human subjects to pain

have been reported following administration of drugs which

selectively deplete central serotonergic stores (33).

In addition to its reported importance in modulating

sensitivity to pain, serotonin neurons may also be impor-

tant mediators of analgesic drug action. Chronic and acute

administration of intermediate doses of morphine signifi-

cantly increase the turnover of serotonin in rats (34).

Long term administration of the drug results in the develop-

ment of tolerance to the increase in 5-HT metabolism ob-

served after a single injection of morphine. Moreover,

naloxone, a potent narcotic antagonist, blocks the increased

turnover of serotonin following morphine administration.

Thus, several lines of evidence suggest a regulatory role

for serotonin in modulating responsiveness of an organism to

pain. Increases in the rate of metabolism of serotonin have

been closely associated with the development of analgesia,

whereas depletion of the amine or disruption of synthesis

results in a hightened responsiveness to painful stimuli.
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Further evidence suggestive of a central serotonergic

inhibitory system has evolved from studies dealing with the

locomotor stimulant action of d-amphetamine. Hollister and

co-workers, while studying the role of catecholaminergic

systems in the actions of amphetamine found that pargyline,

a monoamine oxidase inhibitor and potent antihypertensive

agent, attenuated the increase in motor activity following

moderate doses of amphetamine (35). Administration of PCPA

prior to amphetamine prevented the pargyline-induced sup-

pression of locomotor activity suggesting an involvement of

serotonergic fibers. Further evidence in support of the

notion that central serotonergic fibers modulate behavioral

arousal was provided by Mabry and Campbell, in which poten-

tiation of the amphetamine-induced locomotor response was

reported following treatments which deplete central stores

of serotonin (36).

Speculation concerning the role of serotonin in modul-

ating behavior can be risky and more often that not leads

to erroneous inferences of causal relationships between

transmitter levels and behavioral change. However, the bulk

of evidence accumulated to date supports the notion that

depletion of serotonin from central stores is intimately

involved with the development of behavioral hyper-respon-

siveness to exteroceptive stimuli. Similarly, replacement

of the depleted amine, usually accomplished by injection of

small amounts of its metabolic precursor 5-HTP, results in
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an extremely rapid reversal of both electrophysiological and

behavioral changes.

Behavioral Assessment and Control

The development of precise means through which ongoing

behavior could be accurately recorded has led to an under-

standing of the relationship between the drugs effect and

the organism's pre-drug behavior pattern. Prior to the

development of more powerful methods, gross behavior was

evaluated subjectively as it occurred; however, inter-sub-

ject variability made interpretation difficult.

The observation that the frequency and pattern of

occurrence of a given behavior is often determined by the

consequences which follow that response led to the develop-

ment of precise means of quantifying the groups of action

which constitute behavior. Moreover, the topography of the

response can be effectively controlled by altering the

contingencies surrounding the emission of the behavior.

Schedule controlled, or operant, behavior involves isolation

of the experimental subject in a familiar yet completely

controlled environment. Typically, a lever or mechanical

device (operanda) is made available for the subject to

manipulate in some fashion. Successful completion of a

predetermined task (i.e., depression of the lever) is

rewarded by the presentation of a single reinforcement in

the form of food, water, or termination of a noxious stimuli.
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The scheduling of reinforcement around the desired response

determines the topography of the behavior emitted by the

organism. In practice, however, presentation of the reward

seldom follows every response. Reinforcements may be sched-

uled to occur after a fixed or variable amount of time has

elapsed or following a certain number of responses. The

behavior engendered by a given schedule of reinforcement is

characteristic of that schedule, and once acclimatized, sub-

jects exhibit little daily variation in the number of res-

ponses emitted during the time they are exposed to the

schedule. The stability of response patterns engendered by

intermittent schedules of reinforcement has provided a

powerful quantitative method with which to study drug-behav-

ior interactions. Rates and patterns of responding can be

controlled to the extent of modeling the behavior under

schedule control as a discrete independent variable. Using

these techniques, the effects of a number of behaviorally

active compounds which alter some aspect of the metabolism

of serotonin have been shown to depend on the type of behav-

ior emitted by the organism at the time the drug is adminis-

tered.

Schedule-dependent Drug Effects

In response to the need to study further the cortical

and subcortical mediation of learned tasks, it has become

necessary to place more emphasis on the importance of

- - a - -
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behavioral variables in determining the effects of a drug.

Using Skinner's operant techniques, Dews (37) demonstrated

that identical doses of pentobarbital given to two groups

of pigeons responding at different baseline rates had a

differential effect on their trial performance. Using two

different schedules to engender a range of response rates,

Dews found that 1.0 to 4.0 mg of pentobarbital decreased

moderate rates of responding maintained under a variable

interval schedule. In contrast, identical dosages of pento-

barbital increased the high rates of response maintained

under a fixed ratio schedule. These findings suggest that

the effects of pentobarbital do not depend solely on

physical variables such as time, dose and route of adminis-

tration, but also on the type of behavior emitted at the

time the drug is administered.

In a similar study, McMillan and co-workers (38) demon-

strated differential sensitivity to amphetamine, a powerful

sympathomimetic which has been shown to release newly snythe-

sized catecholamines and serotonin from central stores (39,

40). Pigeons were trained to respond under two distinctly

different schedules of reinforcement. Under the first

schedule and in the presence of an environmental cue (dis-

criminative stimulus), subjects received three-second access

to grain following thirty consecutive pecks on a bar within

the operant chamber (fixed ratio-30). In the presence of

yet another cue, subjects received access to the grain for

:: , .. _
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the same length of time for the first response emitted after

five minutes had elapsed (fixed interval-5 minutes). Res-

ponding under the fixed ratio component engendered response

rates approximately five times as great as those recorded

during the fixed interval component. The two distinctly

different response patterns maintained in each animal were

used to determine the effects of schedule controlled behav-

ior on the actions of amphetamine. Subjects responding at

high rates (three responses per second) during the fixed

ratio component exhibited a significant decrease in res-

ponding following dosages of amphetamine which produced an

increase in responding under the variable interval schedule.

Similar effects have been reported for a number of psycho-

motor stimulants including methamphetamine, cocaine,

caffeine, and other optoisomers of amphetamine (41).

The data summarized above clearly indicate that pre-

drug patterns of responding, as maintained by an operant

paradigm, influence the effects of psychomotor stimulants on

behavior. While the neurochemical mechanisms underlying the

seemingly paradoxical effects of amphetamine are as yet

unknown, most of the available evidence points to a role for

behavior in the modulation of central nervous system mono-

amine metabolism.

In an attempt to study the influence of behavior on

central nervous system neurotransmitter function, Schoefelt

and Seiden (42) administered a-methyl p-tyrosine (AMT) to

,:'
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rats which had been trained to press a bar for water rein-

forcer. AMT, a potent inhibitor of tyrosine hydroxylase,

which is the rate limiting enzyme involved in the synthesis

of norepinephrine and dopamine, significantly reduced ses-

sion responding. Moreover, the extent of attenuated

responding depended on pre-drug control response rates.

Fixed interval and ratio schedules were employed to engender

a spectrum of response rates against which the effects of

the inhibitor might be tested. Rats whose reinforcement

was made contingent on every tenth bar press (fixed-ratio-

ten) exibited a seventy-eight per cent decrease in session

responding following treatment with AMT. Control rates of

responding for these animals averaged three responses per

second. Rats whose reinforcement followed the first res-

ponse emitted after an interval of 120 seconds had elapsed

exibited only a forty-nine per cent diminution in response

rate, although the latter group had responded at rates less

than fifty per cent of the FR-10 group prior to receiving

the drug. Thus, rats responding at relatively high rates

(FR-10) prior to receiving the inhibitor exhibited a signif-

icantly greater decline in response output following the

drug when compared to counterparts responding at a lower

overall rate (FI-120). The extent to which whole brain

catecholamines were depleted following AMT was related to the

degree of disruption in responding induced by the drug.

The results suggest that pre-drug response patterns
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influence the effect of drugs which alter the metabolism of

central nervous system neurotransmitters.

Influence of Behavior on Transmitter Metabolism

The notion that behavior exerts some direct control

over the metabolism of catecholamine synthesis was tested

by comparison of amine levels in sedentary and performing

rats. AMT administered to both groups resulted in reduced

levels of both norepinephrine and dopamine. However, cate-

cholamine :Levels in performing rats were significantly

lower than non-performing animals. These results indicate

that the disruption in responding was not entirely due to

the depletion of catecholamines from central stores.

Rather, it has been suggested that the differential effect

of AMT on behavior was the result of an interaction between

the effects of the inhibitor and unspecified neuronal events

which occur during the emission of complex behaviors.

The schedule-dependent effects of AMT taken together

with evidence of a correlation between response rate and

whole brain catecholamine content suggest that behavior may

indirectly influence the effects of AMT. Presumably these

effects are modulated via an alteration in monoamine metab-

olism; however, the authors were unable to demonstrate such

a relationship directly.

Lewy and Seiden (43), in a study designed to examine

the relationship between the metabolism of CNS monoamines
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and behavior, labeled central noradrenergic pools intraven-

tricularly. Tritiated norepinephrine was introduced via an

indwelling cannula just prior to the performance of an oper-

ant task. In this way the disruptive side effects of the

drugs normally employed to manipulate transmitter metabolism

were eliminated. When compared with control groups, the

metabolism of norepinephrine was significantly increased

suggesting a mutual interaction between schedule controlled

behavior and the metabolism of norepinephrine.

To date, exploration of the relationship between

behavior and transmitter metabolism has been confined to

catecholaminergic systems. However, recent studies have

provided some cause to suspect the involvement of seroton-

inergic systems in the modulation of those behaviors pre-

viously thought regulated by norepinephine and dopamine

containing systems. It is now generally recognized that

most behavior is the result of the integrated activity of

many neuronal systems inirain. Few if any behaviors can

be explained solely on the basis of the metabolism of a

single neurotransmitter substance.

The reported reciprocity between the behavioral effects

of treatments which modify the release or metabolism of the

catecholamines and 5-HT suggest that the interdependent

relationship between operant behavior and the metabolism of

norepinephrine may extend to serotoninergic systems as well.

z; , , . ,. a.
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While no definitive proof yet exists in support of the

notion that release of serotonin is modulated by noradren-

ergic systems or vice versa, in rats, intravenous injection

of 5-hydroxytryptophan, the metabolic precursor of 5-HT,

results in a fifty per cent diminution of whole brain cate-

cholamine levels (22). In addition, 5-HT precipitates the

release of catecholamines from storage granules in vitro

and from the isolated heart (44). Karobath and co-workers

(45) studying serotonin synthesis in vitro, demonstrated

that both norepinephrine and dopamine were effective inhib-

itors of 5"-HT synthesis. While the mechanism of inhibition

remains unknown, 1-dopa as a precursor substance to both

norepinephrine and dopamine may competitively inhibit

1-aromatic amino acid decarboxylase, the enzyme responsible

for decarboxylation of both catecholaminergic transmitters

and 5-HT.

Convincing evidence favoring interdependence of cate-

cholaminergic and serotonin-containing systems has been

obtained from a multiple approach to the localization of

specific neurons within the central nervous system. In

some areas of the brain, norepinephrine and 5-HIT containing

neurons are so closely intertwined as to suggest possible

synaptic contact between them. Serotonergic axons arising

from the nucleus raphe magnus have been identified in the

striatum, an area of the brain previously thought to contain

only catecholaminergic fibers (46, 47). In addition, 5-HT

uwva
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containing neurons of mesencephalic origin have been des-

cribed in substantia nigra, one of two loci embodying cen-

tral nervous system dopaminergic cell bodies. Similarly,

the presence of norepinephrine containing neurons in the

raphe nucleus has been documented (47). Loizou and co-

workers (49) have postulated that these neurons arise in the

locus coeruleus because ablation of this area is effective

in precipitating the degeneration of these neurons.

Apart from the neuroanatomical evidence favoring recip-

rocal modulation of catecholaminergic and 5-HT containing

systems, there exists convincing pharmacological data in

favor of an antagonistic role for serotonin and noradren-

ergic systems in brain, some of which has been presented

earlier in this discussion.

Rationale

The objective of this project is to assess the effects

of operant behavior on the metabolism of serotonin (5-hy-

droxytryptamine), a putative central nervous system neuro-

transmitter.

The relationship between central nervous system neuro--

transmitters and the maintenance of nervous system function

has been well established. Many drugs known to alter the

metabolism of central nervous system monoamines concurrently

affect behavior. Traditionally, studies directed at eluci-

dating the relationship between behavior and the metabolism
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of central nervous system transmitters have approached the

problem from the viewpoint that these substances control and

maintain behavior. Recently, however, neurochemical changes

associated with the performance of an operant task have been

reported for the catecholamines. Moreover, considerable

evidence now exists describing a parallelism between cate-

cholaminergic and 5-HT containing neurons in the central

nervous system. Assuming such a relationship does exist,

changes in the metabolism of serotonin within the central

nervous system might be predicted to occur during emission

of similar behavior and studies directed at examining the

latter relationship would indeed be warranted.



MATERIALS AND METHODS

Subjects

Thirty-three male albino rats of the Sprague-Dawley

strain were obtained from Holtzman Biological at seventy-

five days of age and used in all phases of the present

project. Animals were housed in pairs in polyethylene

rodent cages measuring 48L x 25W x 16H cm. Subjects were

provided with unlimited access to food and water until

weights had stabilized at 300 grams. Subsequently, each

animal was weighed daily and watering intervals adjusted to

maintain this weight. All groups were provided with unlimi-

ted access to Purina food pellets throughout the experiment.

Prior to the onset of behavioral training, rats were

randomly assigned to one of two groups. Group A, consisting

of twelve animals, constituted the performing group and were

subsequently trained in the performance of an operant task.

The remaining twenty-one animals were assigned to Group B

and served as controls. Animals in the latter groups, al-

though water deprived, were never exposed to the operant

environment. No attempt was made to segregate either group

in home cage pairings on the basis of group membership.

23
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Experimental Chambers

Operant chambers fashioned out of #5 heavy gauge mesh

were purchased from Rayfield Equipment Company, Chicago,

Illinois. The chamber measured 10" x 11" x 12" with a 6"

platform at one end for mounting dipper apparatus. The dip-

per assembly consisted of a 0.01 ml dipper cup, 4.5" lever,

24 VDC solonoid, and one pint reservoir. A microswitch

assembly consisting of a 4.5" extension bar .and one inch

platform was placed contralateral to the dipper assembly. A

force of 0.025N applied in a downward direction closed the

switch and gated a 24 VDC pulse to the solonoid, lowering

the dipper cup and arm into the reservoir. Return of the

dipper assembly to a horizontal position supplied the sub-

ject with a single 0.01 ml aliquot of water which could be

obtained through a small aperture in the forward section of

the chamber. Individual operant chambers described above

were housed within a larger wooden container in order to

minimize extraneous environmental noise. The outer chamber

was provided with low-wattage lighting and two-way mirrors,

which allowed continuous monitoring of the experimental sub-

jects during the performing sessions. A small blower mount-

ed on the outside wall facilitated circulation of fresh air

through the chambers. In addition, fan assemblies provided

a low level of masking noise which served to further sup-

press normal noises within the laboratory. Eight
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individually housed operant chambers were operated concur-

rently throughout the session.

Digital logic modules were used to program contingen-

cies between responses and reinforcements. Digital counters

were used to accumulate response and reinforcement totals.

Behavioral Procedures

Following seven consecutive days of controlled access

to water, performing rats were removed from their cages and

individually trained to press a bar located within the oper-

ant chamber to obtain a water reinforcement. During the

training period, contingencies between emission of a given

behavior and presentation of the water reinforcement were

controlled by the experimenter. Following entry into the

operant chamber, the rat was given thirty minutes to adapt

to the novel environment, during which time the dipper con-

tinuously supplied water to the drinking aperture. Subse-

quently, the rate at which the dipper assembly activated was

decreased and reinforcement made available only when the rat

was in close proximity to the dipper assembly. Subjects

were determined ready for the final stages of training when

they were repeatedly observed to turn and approach the dip-

per only when the mechanism was lowered into the reservoir.

The final shaping procedure involved training the sub-

ject to approach and operate the microswitch to obtain the

water reinforcement. This was accomplished by making the
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presentation of water contingent upon successive approxi-

mations in the direction of the microswitch assembly. Sub-

sequently, reinforcement was made available only if preceded

by a discrete bar press response. Once responding was well

established, the rat was removed from the chamber, watered to

the desired weight and replaced in its cage. For the next

ten consecutive days, each member of the performing group

was removed from its cage and placed in a predesignated op-

erant chamber for a period of thirty minutes. Programming

equipment was adjusted to deliver a single reinforcement for

each successful bar press response.

Once responding patterns had become well established,

all members of the performing group were switched from con-

tinuous reinforcement to a variable interval fifteen second

schedule of reinforcement. Under this schedule rats re-

ceived a single reinforcer for the first response emitted

following a mean interval of fifteen seconds. Intervals

between available reinforcements were programmed to vary in

a random order.

Due to the large number of performing subjects and the

limited availability of operant chambers, the twelve per-

forming rats were arbitrarily assigned to subgroups of six

rats each. Performing animals in the first subgroup entered

their respective chambers at ten minute intervals beginning

at 11:00 am, daily. Following the two-hour session each rat

was in turn removed, weighed and watered to the desired

E. ..
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weight. Similarly, performing animals in group two entered

the operant chambers at ten minute intervals, five minutes

following the removal of the first performing animal in the

first shift (1:05 pm). At the conclusion of the session

animals were removed and data from response and reinforce-

ment counters collected.

Drug Procedure

Once performance under the VI-15 schedule had stabil-

ized, 0.5 ml of 0.9% saline was administered intraperitonea-

ly to performing and non-performing subjects. The purpose

of the saline injections was to assess any non-specific re-

actions to the injection procedure. Performing animals were

given the injection forty-five minutes prior to entering the

operant chamber. Non-performing subjects (group B) received

the injection at staggered intervals, thirty-five minutes

prior to injection of the first performing animal and con-

tinuing until all rats had received the vehicle. The saline

treatments were continued for five days or in the event of a

noticeable disruption in behavior until response character-

istics had returned to baseline. Following five consecutive

days of undisrupted responding, 150 mg/kg para-chlorophenyl-

alanine methyl ester (PCPA) was administered to all perform-

ing subjects and to half of the non-performing group. PCPA

methyl ester was obtained from Sigma Chemical Corporation

and dissolved in 0.9% saline for injection. Injection
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volume was 2 ml/kg of the free base form of the drug. The

original study by Koe and Weismann (24) and subsequent work

by Sanders--Bush (50) was used as a basis for the selection

of a suitable dosage of PCPA. These studies indicated that

acute administration of the inhibitor in concentrations less

than 100 mg was ineffective in significantly lowering 5-HT

concentration when compared with vehicle controls. More-

over, dose response relationships outlined in both studies

suggested that higher dosages of the inhibitor do not result

in a more rapid decline in the levels of the amine. The

remainder of group B received an equal volume of 0.9% NaCl.

Members of group A received the drug forty-five minutes

prior to entering the operant chamber. Non-performing PCPA

and saline rats received the injections at five minute in-

tervals beginning thirty-five minutes prior to the injection

of the first performing animal. All animals were sacrificed

by decapitation two hours and forty-five minutes following

the injection. Brains were rapidly dissected, wrapped in

aluminum foil, and frozen in liquid nitrogen. Tissue was

stored in a deep freeze at -80 C for assay.

Analysis of Results

Total number of responses emitted and reinforcements

received were recorded for each subject using solid state

event counters. From these data, average response rates

(resp./min) and the number of reinforcers earned were

t
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calculated. In addition, a Gerbrands cumulative recorder

was used periodically to monitor reinforcement and response

characteristics.

The development of stable response patterns under the

variable interval-15 second schedule of reinforcement was

evaluated using two independent statistical measures of var-

iance. The standard deviation of average response rates

collected at six-day intervals was used to detect large

fluctuations in response patterns. In addition, the differ-

ence between two three-day submeans was calculated for each

animal and used to monitor gradual changes and drift in

response rates among the performing population. Responding

was judged stable if response rates fell within fifteen per

cent of the coefficient of variation and ten per cent of the

weighted difference statistic.

Analysis of the effects of saline and para-chlorophen-

ylalanine on reinforcement density and response rates was

accomplished using a one by three repeated measures analysis

of variance. Comparison of the three treatment means was

accomplished by systematic application of Newman-Keuls and

Tukey's range tests.

Preparation of Extracts

Frozen tissue was removed from cold storage and trans-

ferred to a Dewars flask containing 500 ml of liquid N2 .

Each tissue sample was individually weighed and placed in a
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50 ml plastic centrifuge tube containing 5 ml of an ice cold

0.4N perchloric acid solution (PCA), to which 0.1 ml of 2

per cent ascorbic acid and 0.2 ml of EDTA (disodium ethyl-

enediamine tetraacetate) had been added. The tissue was

homogenized by means of a Polytron homogenizer. Samples

were subsequently centrifuted at 10,000 g for 19 minutes at

0 C. The supernatant was decanted and the pellet re-extrac-

ted in 4 ml of fresh PCA-ascorbate-EDTA solution. Superna-

tants were combined and the pH adjusted to 6.5 on ice with

5N potassium carbonate. Following the neutralization pro-

cedure the samples were recentrifuted at 30,000 g to remove

the potassium perchlorate precipitate and immediately

applied to a buffered cation exchange column.

Column Procedure

A number of sensitive and specific methods are cur-

rently available for the estimation of serotonin in biolog-

ical fluids and tissues. Of these, organic extraction of

the amine into butanol from a salt saturated solution (51)

and separation of the amine on a cation exchanger are the

most popular (52). The latter method was used throughout

this series of experiments due to the large number of

samples and recent evidence indicating instability of in-

dolealkylamines in alkyline solutions. Bio-Rex 70, a

weakly acidic carboxylic cation exchange resin, was selected

for use. The resin is of the divinylbenzene/styrene

.,,^ ten : - , _ ,
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copolymer type and exhibits an inherent affinity for primary

amines.

The column apparatus consisted of a 20 ml glass syringe

connected to a 50 cc borosylicate glass reservoir via a

three-way stopcock. A 2" x 2" platform was secured to the

plunger of the syringe. Small squares of lead placed on the

platform controlled flow rate through the resin bed. A 5 cm

glass column was attached to the reservoir-syringe apparatus

using a 3 cm length of Tygon tubing. Support for the resin

bed was provided by a small plug of glass wool packed into

the tip of each column.

Prior to pouring the column, the resin was thoroughly

washed with three volumes of glass distilled water to remove

any fines or contaminants. The resin was converted to the

sodium form using three volumes of 0.5N NaOH. A pH of nine

or greater was taken as a measure of the completeness of the

conversion. Following treatment with the base the resin was

washed with four volumes of distilled water and poured into

the glass column using a pasteur pipette. Each column con-

tained approximately 1.5 ml of resin.

Prior to application of the sample, the column was

treated with 20 ml of a 0.lM phosphate buffer, pH 6.5, con-

taining 0.2 per cent EDTA. The columns were rinsed with 1

ml of redistilled water and the samples eluted into clean

test tubes using 2.2 ml of iN HCL. Immediately following

A..... - - -,.= w. . . ::: .. ,a: .. ,
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elution, a 0.6 ml aliquot of the eluate was taken for fluor-

ometric assay.

Fluorometric Methods

Quantification of 5-HT in tissue extracts was accom-

plished by comparison of relative sample fluorescence with

values obtained from a group of known standards. A stock

solution containing 51.95 ug/ml of serotonin was diluted to

yield four standards of 414.8 ng, 207.4 ng, 103.7 ng, and

51.85 ng 5-HT per ml of IN HCL respectively. Reagent blanks

were prepared by adding 0.6 ml of lN HCL to the reagents

used in activating both sample and standard solutions of

serotonin.

A reliable method for the determination of background

fluorescence attributable to compounds other than serotonin

has recently been developed (52). The procedure rapidly

destroys 5-HT in the presence of iron during irradiation in

the fluorometer. A solution of 0.025 per cent K3Fe(CN)6

added to the sample prior to irradiation was found to be

sufficient to destroy the endogenous serotonin in the

sample, providing a useful measure of contaminants which

fluoresce at the same emission wavelength as 5-HT.

Following elution from the resin matrix, 0.6 ml ali-

quots of eluate was added to 13 x 100 ml borosilicate test

tubes containing 0.1 ml of ascorbic acid. An addition 0.6

ml fraction was added to tubes containing 0.1 ml of the
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K3 Fe (CN) 6 solution for tissue blank determination. Tubes

were vortexed rapidly for fifteen seconds, after which 0.4

ml of concentrated HCL was added to each tube. Because the

reduction of 5-HT occurs only when the serotonin molecule is

in the excited state, samples were transferred to quartz

cuvettes and irradiated by means of an ultraviolet lamp for

ten minutes prior to exposure to the excitation irradiation

in the fluorometer. Following UV exposure, 0.1 ml of ascor-

bate was added to each of the tissue blank fractions. Stan-

dards were reduced and fluorescence determined concurrently

with that of tissue samples and blanks. 0.6 ml of each

standard was added to tubes containing 0.1 ml of ascorbate

and 0.4 ml HCL. Fluorescence was read within ten minutes on

an Aminco-Bowman spectrophotofluorometer at activation and

emission wavelengths of 295 and 535 nm respectively.

..



RESULTS

Schedule Dependent Characteristics of Responding

The pattern of responding maintained by the variable

interval schedule of reinforcement was characteristic of

that produced by such schedules, consisting of steady and

relatively high response rates. Mean daily response rates

(lever presses/minute/2 hr session) for the twelve perform-

ing subjects are shown in figure 1.

An initial decrease in responding is evident during the

transition from responding under a fixed ratio 1 (FR-1) to

responding under the variable interval schedule. The

decrease can be attributed to the lowered reinforcement

density maintained by the VI-15 second schedule and has been

documented elsewhere (53). Overall response rates of the

group increased at a rate of 2.7 responses per minute per

session for the first twenty-five sessions following ter-

mination of the FR-l schedule. Mean group response rates

for the following twenty-eight two-hour sessions remained

uniform at approximately seventy-five responses per minute.

The increase in responding following termination of the FR-1

schedule is attributable to the prolonged interval between

the presentation of successive reinforcements. Under fixed

ratio schedule control, rats received a reinforcement for

34
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Fig. 1--Development of asymptotic responding under a
variable interval schedule of reinforcement. Abscissa;: ses-
sion number. Ordinate: mean response rate (lever press/
minute/two hour session). M; values obtained during seven
days of fixed-ratio I responding. X; response rates as
maintained under a variable interval fifteen second schedule
of reinforcement (each point represents the mean of two con-
secutive sessions in each of twelve performing animals). X;
response rates following the injection of 1.25 ml saline.
Q; response rate following administration of 150 mg/kg para-
chlorophenylalanine (PCPA). Unless otherwise indicated each
point represents the mean of one observation in each of
twelve rats. Horizontal bars delimit standard error of the
mean.

., ...
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each bar press response. In contrast, under the variable

interval schedule, reinforcement was presented only for the

first response emitted following a variable interval of

fifteen seconds. In this way, characteristics of the sched-

ule were prevented from acquiring discriminative properties,

which increased the rate of responding as well as the range

of response rates emitted by performing rats. Variance

within the population of performing animals increased con-

currently with mean group response rates as individual

subjects settled into characteristic response patterns. The

effect of individual differences in responding on the vari-

ance within the group of performing subjects resulted in a

380 per cent increase in the range of response rates emitted

during the course of the experiment.

The determination of stable responding under the VI-15

second schedule was accomplished in part by comparison of

cumulative response recordings of individual subjects.

Records for four representative performing subjects are

given in figure 2. VI performance of rat #12 (figure 2a)

shows that responding occurred in bursts at a rate higher

than the average prevailing rate derived from the two hour

response total. Three negatively accelerated portions occur

at points a, b, and c. The tracing as a whole is positively

accelerated, with response rates increasing gradually by the

end of the session. Performance of the same rat following

an additional twenty-two sessions is presented in figure 3a.
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Fig. 2--Cumulative response records of four representa-
tive performing subjects following twenty-two exposures to
the variable interval fifteen second schedule of reinforce-
ment. Records A, B, C and D represent schedule performance
of subjects 12, 9, 11 and 16 respectively. Abscissa: time,
minutes. Recorder drive speed, 30 cm per hour. Ordinate:
cumulative response total. Each bar press response produced
a 0.25 mm vertical pen deflection with a maximum pen excur-
sion of 550 responses. Diagonal marks on the response pen
line indicate presentation of 0.01 ml water reinforcement.
Rc; represents response rate obtained from slope of the
cumulative response record. Rt; represents response rate
calculated from digital response counters.

Note: Lower tracing in panel A represents performance of
subject 12 immediately following performance in uppermost
tracing.

I
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Overall response rates increased 350 per cent and local

rates appear fairly uniform with the exception of the choppy

grain of the tracing.

Response characteristics for rat #9 are given in figure

2b. The subject started the two hour session at approxi-

mately thirty-three responses per minute, declining gradually

to a rate of twenty-three responses per minute by the end of

the session. A marked pause in responding is observed when

several reinforcements occur during a short period of time.

As was the case with rat #12, responding increased slightly

following presentation of a reinforcement. While the two

hour response totals differ between the subjects, the number

of available reinforcements was essentially the same for

both rats. The cumulative response record presented in fig-

ure 3b illustrates response characteristics for the same

subject following an additional seventeen sessions. Mean

response rate increased 175 per cent and both overall and

segmental response rates are considerably smoother.

Figure 2c and 2d illustrate two hour performances for

rats #11 and #16 respectively. Overall response rates for

both animals are roughly constant. While the tendency to

pause immediately following reinforcement is reduced in

these subjects, a decrease in responding following the pre-

sentation of a water reinforcement is noticeable towards the

termination of the session. It is conceivable that the

decline in responding at the close of the session was a

W,,- ",- -.64" M.'swomm ---- -
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Fig. 3--Cumulative response records of performing
subjects 12 and 19 following twenty-two and seventeen addi-
tional sessions, respectively. Recording as in figure 2.
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consequence of satiation. Total reinforcements consumed,

although variable, seldom exceeded 500 per session. As the

dipper assembly provided only 0.01 ml of water per rein-

forcement, total amount of water consumed over the two hour

session did not ordinarily exceed 5 ml. While it is diffi-

cult to accurately assess the level of deprivation among the

performing population, it seems unlikely that the quantity

of water consumed during the session significantly effected

responding. It is conceivable that fluctuations in the

degree of deprivation among performers was responsible for

the characteristic development of stable response patterns;

however, the data indicate that responding was well estab-

lished prior to drug treatment.

Evaluation of Behavioral Stability

Development of a stable baseline against which drug ef-

fects are to be tested is an extremely important prerequisite

to construction of inferences incident to drug induced behav-

ioral modifications. Stability among the performing group

was assessed objectively with two independent statistical

measures of variance (figure 4). The first seven days on the

VI schedule were not considered in computing stability. For

the next six days the mean of the first three days was com-

pared with that of the last three days. If the difference

between the two three-day submeans was determined to be less

than ten per cent of the six-day grand mean computer using

sk-
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Fig. 4--Operational assessment of behavioral stability
among performing population. Ordinate: Difference Statis-

tic - difference between (2) three consecutive session

submeans expressed as a percentage of the six day grand
mean.

x 1  x 2

x
g

Where: x1 = Mean for the first three consecu-
tive sessions used in the analysis.

x2= Mean for the following three con-
secutive sessions.

x3= Grand Mean; mean of the six
individual session response rates
comprising the two submeans, x1
and x2 .

Abscissa: Coefficient of Variation - standard devi-
ation of six individual response rates used in computing the
six day grand mean, expressed as a percentage of x .

s x 100

x
g

Where: s = Standard deviation of x
g

Fig. 4A--Represents scattergram of twelve performing
animals following twenty-five two-hour sessions. Figure
4B; scattergram of performing subjects six days prior to

injection of PCPA. Black lines delimit area operationally
defined as satisfying stability criterion. See text for
details.
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the response rates collected across the six-day test period

the animal was considered to have successfully met the sta-

bility criterion. This measure of performance was found to

be extremely sensitive to gradual changes in response pat-

terns; however, it was not effective in detecting oscilla-

tions, i.e., biphasic changes in the rate of responding.

Thus, a rat whose daily response patterns fluctuated mark-

edly might have satisfied this criterion if the difference

between the three-day submeans fell within the prescribed

limits. For this reason a second statistic, more sensitive

to increases in the variance within the response rates col-

lected, was used in conjunction with the weighted difference

statistic described above.

A coefficient of variation computed using the same six-

day test period as the weighted difference statistic per-

mitted the direct comparison of response rates, independent

of the magnitude of the rate. The standard deviation of the

mean response rates was computed over the six-day test

period and expressed as a percentage of the six-day grand

mean. Values of fifteen per cent or less were taken as

evidence of a behaviorally stable state, providing that the

criterion set forth by the difference statistic had also

been satisfied. A scatterplot reflecting the stability of

the performing group following twenty-five days of consecu-

tive two-hour VI sessions is presented in figure 4a.

,. 
P 

. >
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Initially, twenty-five per cent of the performing group fell

within the area satisfying both stability criterion. An ad-

ditional one third of the performing population exhibited

variations of less than fifteen per cent of the six-day

grand mean; however, differences between three-day session

response rates exceeded ten per cent of the grand mean. The

remaining five performing subjects failed to meet either

operationally defined criterion. A scattergram for the

twelve performing subjects following an additional twenty-

nine two-hour sessions is presented in figure 4b. Ten of

the twelve rats successfully met the stability criterion as

previously outlined. While variance within the entire group

of performing subjects was determined to be less than fif-

teen per cent of the six-day grand mean, differences between

three-day submeans for subjects #12 and #26 exceeded the

prescribed limits.

The descriptive measures employed to monitor the sta-

bility among performing rats were used to provide a means of

identifying those animals in which uncontrolled environmen-

tal variables could play an important role in determining

performance. The criterion outlined above were not designed

to be used as a basis for the selective elimination of per-

forming subjects whose response characteristics did not meet

the criterion set forth, but rather, to provide a means of

identifying those subjects whose performance might be sub-

ject to disruption by extraneous environmental factors. In
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the present study, performance following PCPA was not re-

lated to pre-drug stability as measured by either stability

criterion. Moreover, the performance of the two subjects

was not significantly different from animals judged stable

prior to receiving the drug. Similarly, alterations in the

levels of 5-HT following the inhibitor could not be related

to the degree of stability as predicted by the scatterplot

presented in figure 4b.

Effect of PCPA on Responding

The effect of daily intraperitoneal injection of the

0.9 per cent saline vehicle on responding is given in table

1. Five consecutive daily administrations of 2 ml/kg

failed to produce any significant alteration in the rate of

responding or reinforcements consumed when compared with

control values from the preceding five days. Intraperiton-

eal injection of PCPA, 150 mg/kg body weight (forty-five

minutes pre-session), produced a significant reduction in

mean group responding (p < .05). The drug appeared to be

quite painful on injection, eliciting vocalization and some

writhing. Both PCPA performing and non-performing subjects

appeared sluggish and ataxic immediately following adminis-

tration of the drug. However, it is doubtful that perfor-

mance was affected directly by the inhibitor as all subjects

were given forty-five minutes to recover from the initial

effects of the injection, during which spontaneous activity
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Fig. 5--Effect of drug-induced suppression of responding
on reinforcement density. Abscissa: decreases in total re-
inforcers presented, expressed as a percentage of control.
Ordinate: decreases in responding, expressed as a percent-
age of pre-drug control values (i.e a score of 100 means a
zero response rate). Each point represents a single obser-
vation in each of twelve performing animals following admin-
istration of 150 mg/kg PCPA.

;
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increased substantially. With the exception of rat #11,

the drug produced a highly significant decrease in respond-

ing. The degree to which responding was affected by the

drug varied greatly among the performing group; fifty per

cent of the rats responded at rates less than one-half of

pre-drug control values. No correlation was found between

individual pre-drug response rates and the extent of sup-

pressed responding following PCPA.

Effects of PCPA on Reinforcement Density

Figure 5 presents the effects of drug-induced suppres-

sion of responding on reinforcement density. Under non-drug

conditions, performing subjects obtained between ninety and

ninety-five per cent of the available reinforcements. In

contrast to the drug's effect on responding, the total num-

ber of reinforcers presented during the two-hour session

was not significantly different from pre-drug values. Per-

forming subjects responding at rates greater than fifty per

cent of their pre-drug baselines received in excess of

eighty-five per cent of the available reinforcement. Thus,

the significant decreases in responding produced by the drug

were not generally accompanied by significant changes in the

number of reinforcements consumed.

Fluorometric Analysis of Serotonin

Estimation of whole brain content of 5-HT was accom-

plished by means of spectrophotofluorometric analysis of
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Fig. 6--Emission spectra (uncorrected) of 2.3 x 10-9 M
serotonin an an aqueous solution containing 6 M HCL and 0.01
per cent ascorbate. The fluorescence spectrum is recorded
at an activation wavelength of 295 nanometers. Abscissa:
emission wavelength. Ordinate: fluorescence units (0-100).

S = Light scattering at excitation wavelength
(295 nm).

F = Ultraviolet (native) fluorescence of 5-HT
at 330 nm.

Fv = Visable fluorescence occurring at 550 nm.

S2 = Light scattering passed by the monochro-
mator at the first harmonic of the exci-
tation wavelength.

Rb = Reagent blank
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column extracts. Spectral characteristics of 5-hydroxytryp-

tamine in 6N HCL are given in figure 6. The two character-

istic emission peaks occurring at 330 nm and 547 nm are in

agreement with those obtained in weaker acids (52). An ad-

ditional peak occurring at 595 nm is the result of second

order light scattering passed by the monochromator at the

first harmonic of the excitation wavelength (292 nm) (54).

Background fluorescence contributed by the reagents used in

the photoreduction of serotonin standards and column eluates

amounted to less than 1.0 per cent of the overall intensity

in the visable range (545 nm). Figure 7 illustrates the

relationship between fluorescence intensity at 545 nm ard

serotonin standards used during the assay procedure. In

both determinations, fluorescence values rose in a com-

pletely linear fashion over the entire range of standard

concentrations (r2 > 0.995). The slopes extrapolated from

each standard curve were used to calculate serotonin content

in tissue extracts.

Effect of PCPA on Whole Brain Serotonin Levels

The effects of acute administration of 150 mg/kg para-

chlorophenylalanine on whole brain serotonin levels is

presented in figure 8. The drug produced a significant

decrease in whole brain 5-HT levels in both sedentary and

performing animals when compared with saline controls

(p < 0.02). Although serotonin content among the performing

- " . z. a^ .;+s r+, r'- , . ._ ' .ra , w.....i.. :3xT.m .s ,.s : w .,.; - x .. ev:i ...- :.....r
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Fig. 7--Relationship between fluorescence intensity and
concentration of 5-HT (standard curve). Ordinate: fluores-
cence units (corrected). Abscissa: concentrations of
standards (nanograms 5-HT). Each point represents duplicate
reads of the same sample, read before and after tissue de-
terminations. Left panel; standard curve used in the assay
of 12/5/77, computed fluorescence yield - 7.69 ng/f.u. right
panel; standard curve used in the assay of 11/28/77, comput-
ed fluorescence yield; 8.0 ng/f.u.
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Fig. 8--Effects of 150 mg/kg para-chlorophenylalanine
on whole brain levels of 5-HT in performing and non-perform-
ing subjects. Ordinate: whole brain content of serotonin
following PCPA. Serotonin levels were significantly reduced
in both performing and non-performing rats when compared
with saline controls (p < 0.02). However, 5-IT levels in
performing and non-performing animals were not significantly
different. N = number of animals per group. Horizontal
bars delimit standard error of the mean.
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group appeared to be slightly lower than in non-performing

animals, the differences were not statistically significant.

These data suggest that the metabolism of 5-HT was not sig-

nificantly altered in rats whose behavior was maintained by

the variable interval schedule; however, the rate decreasing

effects of the drug complicate interpretation of the rela-

tionship between behavior and the metabolism of 5-HT.

Effect of Behavior on Serotonin Metabolism

The extent to which alterations in the metabolism of

5-HT could be related to changes in behavior following

administration of PCPA is shown in figure 9. Levels of en-

dogenous serotonin in rats which had received the drug and

begun the VI session in the afternoon were related to the

extent of suppressed responding following the drug. Metab-

olism of serotonin in animals whose response rate was

decreased by the drug was significantly lower than the turn-

over of 5-HT in animals whose response rates remained close

to pre-drug control values. The loss of four of the per-

forming subjects from the morning session preclude the

accurate comparison of morning and afternoon groups. How-

ever, the turnover of serotonin in the two remaining sub-

jects from the morning session was related to the extent of

suppressed responding following drug administration, al-

though levels of serotonin in these animals was somewhat

higher than values obtained from members of the afternoon

a .. .. a. .,-t: r. ,....-:. ae'Y-c..+.:Sr. .- n:. 4 : ._w .. ::3.531 .. k .
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Fig. 9--Relationship between levels of 5-HT after PCPA
and drug-induced decreases in responding under the variable
interval fifteen second schedule. Ordinate: whole brain

levels of serotonin (ng 5-HT/gm brain). Abscissa: per cent
control response rate. Values represent responding follow-

ing PCPA expressed as a percentage of control response rate.
Each point represents a single determination in one perform-

ing animal. ®Animals responding during afternoon session.
Animals responding during the morning session.

-----------
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session. The differences in levels of 5-HT between morning

and afternoon responders is not likely to have resulted from

alterations in column recovery or fluorometer sensitivity as

extracts from the two remaining members of the morning ses-

sion and those obtained from afternoon groups were assayed

concomitantly. Rather, diurnal fluctuations in the level of

serotonin which have been reported to result in a sub-

stantial increase in 5-HT content at midday, may have been

responsible for the elevated levels of 5-HT among morning

performers (55, 56).



DISCUSSION

The study of relationships between neurochemistry and

behavior requires techniques for isolating, identifying and

quantifying tissue contents of the neurotransmitter under

study. Structural similarities between transmitter sub-

stances, coupled with the minute endogenous concentration

of these compounds make their detection and accurate mea-

surement a formidable task.

In the present study, isolation and purification of

serotonin was accomplished using a weakly acidic cation ex-

changer. Column procedures used to purify 5-HT from brain

homogenates were similar to those described by Bertler (57)

and Anden (52). However, the poor resolution and high con-

tent of impurities within the Amberlite resin used in these

procedures prompted its replacement with a similar but

highly purified form, Bio-Rex 70. The physical and chemical

characteristics of both resins were compared and found to be

closely related. Thus, procedures for binding and elution

of 5-HT were not significantly different from those outlined

in the studies cited previously. However, it was noted that

elimination of the water wash procedure, following equili-

bration of the column with buffer, reduced the levels of

5-HT in the eluate, thereby increasing recovery. In

64
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addition, eluant volumes were reduced from three ml to two

ml in order to increase the sensitivity of the technique.

The fluorescence emitted by heterocyclic amines follow-

ing irradiation with ultraviolet light is well suited to the

analysis of serotonin in nervous tissue. The high sensi-

tivity and specificity of fluorescence analysis offers a

considerable advantage over other chemical and physical

methods which have been employed in the determination of

serotonin. To date, two methods have been devised to induce

and potentiate the native fluorescence of 5-HT within puri-

fied tissue homogenates. Oxidative deamination and coupling

with ninhydrin, an extremely fluorescent compound, has been

used to increase the fluorescence yield of 5-HT (51). How-

ever, there is some question as to the usefulness of this

technique, as methods for the determination of background

fluorescence contributed by the reagents used in the color-

metric reaction have yet to be devised. In the present

study, visable fluorescence of 5-HT in an acidic environment

was used to detect and measure its presence in brain ex-

tracts. The native fluorescence of 5-HT at 330 nm was

determined unsuitable for the quantification of serotonin as

the close spectral proximity between excitation (295 nm) and

emission (530 nm) wavelengths decreased the sensitivity of

the assay. Using a modification of the technique developed

by Anden (52) in conjunction with fluorometric procedures
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outlined by Udenfriend (58), tissue levels of serotonin

obtained from saline control animals did not differ signifi-

cantly from values previously reported (13, 22, 59).

The preponderance of evidence favoring a relationship

between 5-HT and behavior is based on the measurement of

transmitter metabolism as opposed to the concentration of

serotonin in brain. It is generally held that under most

circumstances estimation of transmitter levels fails to pro-

vide a sensitive measure of neuronal activity (23). While

low frequency oscillations in the levels of 5-HT have been

reported, local control of transmitter content and release,

through a series of feedback mechanisms, is thought to main-

tain these substances at a fairly constant level. Moreover

the behavioral effects of a number of psychoactive drugs may

depend on metabolic factors such as the rate at which the

transmitter is removed from the synaptic cleft. Reserpine,

for example, alters brain levels of 5-HT, while concurrently

affecting behavior (22). Although behavior returns to nor-

mal several hours following administration of the drug,

amine levels remain depleted for as long as two days. Re-

covery from sedation is temporally associated with recovery

of the process which removes serotonin from the space sur-

rounding the post-synaptic membrane. This is consistent

with the view that reserpine-induced sedation results from a

prolonged association of released serotonin with its recep-

tors in the synapse. Restoration of the re-uptake mechanism
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presumably terminates sedation by removing 5-HT from the

synaptic cleft. These data suggest that other parameters of

transmitter metabolism, such as turnover rate, may be a bet-

ter indicator of neuronal activity than absolute levels of

the neurotransmitter.

Several approaches to the problems associated with the

indirect measurement of serotonin turnover in nervous tissue

have been devised and documented subsequent to its discovery

as an accurate index of neuronal activity. These techniques

can be divided into two categories depending on the facet of

metabolism studied and whether synthesis is interrupted in

the process of monitoring turnover. Radiolabels such as

tritium and carbon-14 have been used with great success as

intracellular markers, specifically labeling endogenous

pools of serotonin. If the normal first order relationship

between synthesis and degradation remains undisturbed, then

these procedures are referred to as steady-state techniques.

These procedures usually involve the introduction of a small

quantity of radiolabeled percursor substance which enters

the general circulation, passes the blood brain barrier, and

specifically labels central transmitter pools. Once the

labeled precursor has been taken up by the neuron, anabolic

enzymes convert the amine to its active form, which is sub-

sequently released and metabolized in the normal catabolic

pathway. Half lives and rate constants associated with

.
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transmitter synthesis can be determined by following changes

in the specific activity of the precursor and its metabol-

ites at intervals following the administration of the label.

Radiolabeled 5-HT cannot, however, be used to label endog-

enous stores directly as it does not cross the blood brain

barrier in appreciable amounts (60). It can be introduced

into brain by intravenous injection of its radiolabeled

precursor, 5-hydroxytryptophan (5-HTP). Although 5-HTP

passes into the brain, it is not an endogenous precursor of

choice because it is decarboxylated to 5-HT and oxidatively

deaminated at non-specific sites, thus complicating this

approach to the measurement of serotonin metabolism (61).

Moreover, only a small fraction of the label entering the

brain appears as 5-HT, resulting in low specific activity of

the label. Recently, radiolabeled serotonin has been in-

jected directly into the lateral ventricle of the rat brain

to label central stores of the transmitter (61). However,

there is considerable evidence that the localization of the

labeled 5-HT does not correspond to the distribution of en-

dogenously formed serotonin. In addition, the extensive

surgical procedures required to insert the ventricular can-

nulae preclude the use of these techniques in studies where

freely emitted behaviors are monitored and controlled.

Non-steady state methods employed in the determination

of transmitter metabolism involve the disruption of some
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aspect of synthesis or degradation. Under normal circum-

stances, rates of formation and elimination of 5-HT are

equal, thus serotonin synthesis can be monitored by follow-

ing the rise of 5-HT or the decline of 5-hydroxyindole acetic

acid (5-HIAA), its major metabolite, after blocking mono-

amine oxidase (MAO). Pargyline hydrochloride, an irrever-

sible MAO inhibitor, has been used extensively to inhibit

the destruction of serotonin in brain. However, inacti-

vation of MAO by this and other oxidase inhibitors prevents

the destruction of both catecholaminergic and serotonergic

transmitter substances resulting in a dramatic increase in

the levels of 5-HT, norepinephrine and dopamine. Turnover

techniques which result in the deamination of a variety of

transmitter substances are contraindicated in studies de-

signed to assess the effects of behavior on discrete trans-

mitter systems. Moreover, pronounced behavioral effects

including increases in locomotion and avoidance responding

are reported to accompany changes in transmitter metabolism

following MAO inhibition (62, 63). In addition, there is

some evidence to suggest that MAO inhibitors prevent the

release of norepinephrine at presynaptic terminals (64).

Blockade of acid transport by drugs of the probenecid

class have also been used to estimate serotonin synthesis in

vivo (61). Following administration of the drug, 5-HIAA

accumulates in cerebrospinal fluid and brain (65, 66). Ac-

cumulation of 5-HIAA after probenecid is equal to 2.1
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nmoles/gr/hr, which is approximately equal to the synthesis

rate for 5-HT estimated from MAO inhibition (61). However,

probenecid is not selective in its disruption of acid elim-

ination from brain. Acid metabolites resulting from the

breakdown of catecholamines are also prevented from entering

the general circulation, resulting in significant increases

in homovanilic acid, 3,4 dihydroxyphenylacetic acid, dihy-

droxy-mandelic and vanilylmandelic acid concentrations.

Moreover, acid transport mechanisms in kidney and liver are

also blocked (64). While this approach to the study of

transmitter metabolism has proven useful in the comparison

of turnover estimates derived from other techniques, toxic

side effects associated with its administration have limited

its usefulness in behavioral studies.

The observation that brain 5-HTP levels are immeasur-

ably low under normal circumstances suggests that the

hydroxylation oftryptophan may serve as the rate limiting

step in the biosynthesis of serotonin. Accordingly,

decreases in 5-HT levels following the inhibition of trypto-

phan hydroxylase should provide an accurate estimate of 5-HT

turnover in brain. Para-chlorophenylalanine (PCPA), a

powerful inhibitor of tryptophan hydroxylase, is ideally

suited for the study of 5-HT turnover because of its re-

ported specificity for the rate limiting enzyme involved in

the biosynthesis of serotonin. Contrary to those procedure

which result in the generalized inhibition of large groups
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of catabolic enzymes, PCPA has been found comparatively

selective in its depletion of 5-HT from central stores. Ad-

ministration of a single 300 mg/kg dose of the inhibitor

lowers serotonin content to less than fifteen per cent of

normal within three days (24). Catecholamine levels, while

somewhat depressed following the drug, do not fall below

eighty per cent of control within the three day period.

More importantly, Koe and Weissman (24) in the original

study identifying PCPA as a specific depletor of serotonin

describe the effects of the drug on gross behavior as

largely unremarkable. The conclusions drawn by these work-

ers have been interpreted as suggesting that administration

of PCPA is without significant behaviorally disruptive ef-

fects. Because of its selectivity for tryptophan hydroxy-

lase and reported absence of disruptive side effects, PCPA

was used in the present study to examine the influences of

operant behavior on the metabolism of serotonin. As shown

by Diaz (67), using the non-steady state methods described

above, changes in the turnover of an amine are reflected

by concurrent alterations in the levels of the transmitter.

Thus, following PCPA, changes in the turnover of 5-HT

resulting from some aspect of the operant environment are

reflected by changes in the levels of endogenous serotonin.

In contrast to those studies reporting insignificant

behavioral changes following the administration of PCPA,

.,
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acute administration of low doses (150 mg/kg) resulted in a

pronounced decrease in responding which was accompanied by a

significant decline in whole brain serotonin levels. The

results of this study do not support the conclusions drawn

by Koe and others who have suggested that PCPA is without

significant behavioral side effects.

The apparent disparity between the results obtained in

the present study and those reported by Koe and Weissman are

likely to have resulted from differences between the behavi-

oral methods employed to assess the effects of the drug. In

the latter study, behavior was subjectively evaluated, with

an emphasis placed on those behaviors indicative of drug

induced sympathetic hyperactivity, presumably the result of

a generalized inhibition of the central parasympathetic

nervous system. In the present study, operant methods were

employed to maintain and monitor behavior during the course

of the experiment. Thus, subtle changes in behavior follow-

ing drug administration were compared directly to pre-drug

patterns of responding, affording a more sensitive measure

of drug-induced alterations in behavior.

Although the mechanism by which PCPA reduced overall

responding is unknown, the pronounced decline in responding

is likely to have resulted from a temporary decrease in

transmitter concentration in the synapse. That PCPA di-

rectly affects central nerve endings has been suggested by

Knapp and Mandell in a study detailing a multiphasic

y . ll:, a 4ti .. ;.tom~+ .>
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mechanism of serotonergic inhibition by chlorinated amino

acid analogs (28). These workers report competition between

PCPA and tryptophan for uptake into the nerve ending, fol-

lowed by an irreversible inhibition of tryptophan hydroxy-

lase. Activity of the enzyme within perikaryal structures

is also reduced following PCPA, but the time course of its

destruction is slower than for its inactivation at the nerve

terminal. Thus, the initial disruption in metabolism and

subsequent decline in the level of serotonin following ad-

ministration of the drug is likely to have occurred within

presynaptic structures. In this way, the concentration of

serotonin at the post-synaptic membrane was reduced follow-

ing treatment with the inhibitor.

Until recently it was assumed that alterations in be-

havior were mediated primarily by the quantity of transmit-

ter associated with the receptor. However, recent evidence

indicates that postsynaptic receptor populations change in

response to dwindling transmitter content thereby compensat-

ing for fluctuations in amine levels (68). Thus the absence

of significant behavioral effects following the long term

depletion of serotoninergic stores may be the result of

compensatory mechanisms acting directly on 5-HT receptors.

Failure to account for alterations in sensitivity of the

postsynaptic membrane to its agonists may partially explain

similar results obtained with drugs of the reserpine class.

While the proposed mechanisms underlying the apparent

dwArm -GPM a
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discontinuity between transmitter metabolism and behavioral

output may have been responsible for the effects noted fol-

lowing PCPA, little direct evidence exists in support of the

notion of a quickly adapting postsynaptic receptor. Further

work is needed in this area to clarify the relationship be-

tween receptor sensitivity and the release of putative

neurotransmitters.

While PCPA remains the most specific depletor of 5-HT

in vivo, there is some eivdence to suggest that catechola-

mine levels are lowered slightly following administration of

the inhibitor (24). Rats treated with 316 mg/kg PCPA ex-

hibit decreases in whole brain catecholamines of less than

twenty per cent, sixteen hours following treatment. Thus,

it is conceivable that the decline in responding, following

administration of the drug, was in part the result of alter-

ations in the level of norepinephrine and dopamine. However,

it seems unlikely that catecholamine metabolism was signif-

icantly affected in the present study as dosages of the

inhibitor amounted to less than half those used in studies

reporting minimal depletion of these transmitters. Moreover,

experimental animals were sacrificed within three hours fol-

lowing administration of the drug, at a time when catechola-

mine levels were within ten per cent of control.

The notion that behavior alters the rate of release or

other aspects of the central metabolism of serotonin has

been derived from studies in which similar alterations were

wwlwaww"
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reported for the catecholamines. Histological and pharm-

alogical data suggest catecholamine and 5-HT containing

systems reciprocally modulate behavior that is affected in

turn by a variety of psychotropic agents.

In an attempt to study the influence of behavior on

serotonin metabolism, turnover of the transmitter was mon-

itored in sedentary and performing rats. In the present

study, variable interval performance failed to significantly

alter turnover of serotonin when compared with sedentary

groups. While the drug produced an overall reduction in

the number of responses emitted during the two hour session,

the behavioral effects associated with the disruption in the

metabolism of 5-HT varied greatly among the performing

group. A significant correlation between the levels (turn-

over) of 5-HT and the degree of disruption in responding

following PCPA was demonstrated among the performing group

which received the drug and began the session in the early

afternoon. Thus rats responding at rates which approached

pre-drug control values were found to have lower levels of

serotonin, indicating an accelerated rate of catabolism of

the amine in these animals. Similarly, rats whose perfor-

mance was significantly decreased by PCPA exhibited lower

rates of turnover. Unfortunately, unidentified contaminates

present in high concentrations within the tissue extracts

obtained from four of the performing subjects that had re-

ceived the drug and begun the session in the morning,

WORM upwo
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precluded the accurate comparison of morning and afternoon

groups. However, determination of serotonin levels in the

remaining two animals suggest that a similar relationship

between the turnover of serotonin and extent of supressed

responding, existed in this population as well. Response

rates in both animals, while significantly lower than pre-

drug control values, were not significantly different from

each other following administration of the inhibitor. Sim-

ilarly, turnover estimates indicate that in both animals

metabolism of serotonin was equally disrupted although

slightly lower than counterparts responding at similar rates

in the afternoon session.

These data suggest that while the turnover of 5-HT de-

pends upon the rate of responding following PCPA, oscilla-

tions in the levels of serotonin resulting from circadian

fluctuations in the level of endogenous 5-HT, may have been

responsible for the elevated 5-HT levels in members of the

morning session. The existence of chrono-biological fluc-

tuation in the levels of serotonin was first reported by

Quay (69) and Snyder (56) who describe the oscillation as

"endogenous" because of its resistance to changing light-

dark patterns. In rats, the highest levels of 5-HT occur at

noon and reach their lowest level at midnight. It is there-

fore conceivable that rats which had received the inhibitor

in the morning may have started the session with higher en-

dogenous levels of 5-HT than those rats which had received

... :.:; .,
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the drug in the afternoon. Thus the apparent incongruity

between morning and afternoon responders with respect to

endogenous levels of 5-HT, may have resulted from an ele-

vated concentration of serotonin in the two animals which

had received the drug at noon.

In all cases, PCPA produced a significant decrease in

whole brain 5-HT levels when compared with saline controls.

However, levels of the amine in drug-treated performing and

non-performing rats failed to reveal significant differences.

The substantial variation in the metabolism of 5-HT among

the non-performing PCPA animals suggests activity within the

housing quarters may have affected the turnover of serotonin.

Studies in which objective measures are employed to study

neurometabolic differences between performing and non-per-

forming groups may be confounded by patterns of behavior

emitted by sedentary control groups. For the most part,

these repertoires go unnoticed, or in the best cases, are

subjectively evaluated. The results of the present study

suggest that the rate at which schedule controlled behavior

is emitted can influence the metabolism of serotonin. How-

ever, comparison with sedentary controls was complicated by

fluctuations in transmitter metabolism, presumably resulting

from behaviors emitted during the experimental session.

Many of the studies in which tentative relationships

between operant behavior and the metabolism of the catechol-

amines have been explored describe reinforcement density as
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an important determinate of response topography and turnover

of endogenous neurotransmitter substances (70). The results

of the present study do not support the notion that fre-

quency of reinforcement is related to serotonin metabolism.

Under VI schedule control, cumulative reinforcements pre-

sented to performing subjects remained close to pre-drug

values and independent of the extent of suppressed respond-

ing. Thus, variability in transmitter metabolism could not

have resulted from the differential rate of reinforcement as

had been suggested for the catecholamines; however, as dis-

cussed earlier, evidence of a relationship between respond-

ing and metabolism of serotonin was established.
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SUMMARY

The rate of metabolism of 5-hydroxytryptamine in rats

was shown to fluctuate with response rates maintained by

schedule controlled reward. In contrast to previous re-

ports, para-chlorophenylalanine, a specific inhibitor of

tryptophan hydroxylase, significantly reduced session

responding, thereby complicating interpretation of the rela-

tionships observed.

The absence of statistically significant differences in

5-HT metabolism between performing and non-performing groups

suggests as to the adequacy of the non-performing control

group. The behaviors maintained under intermittent sched-

ules of reward are often divided into groups associated with

the manipulation of the response lever (operanda) and those

which occur as a result of the attainment of reward or rein-

forcement. In the present study, drug-induced changes in

responding were not accompanied by significant changes in

reinforcement density, indicating that the schedule-depen-

dent aspect of reward was not a critical determinate of

serotonin metabolism. Thus, simple motor behavior emitted

by non-performing animals during the experiment may have

resulted in alterations in the metabolism of 5-HT, thereby

confounding comparison of performing and non-performing

groups.
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While the results of the present study support the

notion that behavior modifies the metabolism of serotonin,

a more conclusive demonstration of this relationship will

require the use of techniques for estimating changes in

serotonin metabolism that do not in themselves, alter

behavior.



BIBLIOGRAPHY

1. Page, I. H. 1968. Serotonin. Yearbook Medical Pub-
lishers.

2. Rapport, M. M., A. A. Green and I. H. Page. 1948. Par-
tial Purification of the Vasoconstrictor in Beef Serum.
J. Bio. Chem. 174:735-741.

3. Rapport, M. M., A. A. Green and I. H. Page. 1948. Crys-
talline Serotonin. Science. 10 8 : 329-330 .

4. Rapport, M. M., A. A. Green and I. H. Page. 1948. Serum
Vasoconstrictor (Serotonin). III. Chemical Inacti-
vation. J. Bio. Chem. 176:1237-1242.

5. Rapport, M. M., A. A. Green and I. H. Page. 1948. Serum
Vasoconstrictor (Serotonin). IV. Isolation and Char-
acterization. J. Bio. Chem. 176:1243-1251.

6. Erspamer, V. and B. Asero. 1952. Identification of
Enteramine, Specific Hormone of Entrochromaffin Cell
System, as 5-Hydroxytryptamine. Nature. 169:800-801.

7. Twarog, B. M. and I. H. Page. 1953. Serotonin Content
of Some Mammalian Tissues and Urine and a Method for
Its Determination. Am. J. Physiology. 175:157-161.

8. Amin, A. H., T. B. B. Crawford and J. H. Gaddum. 1954.
The Distribution of Substance P and 5-Hydroxytryptamine
in the Central Nervous System of the Dog. J. Physiol-
ogy. 126:596-618.

9. Gaddum, J. H. 1953. Antagonism Between Lysergic Acid
Diethylamine and 5-Hydroxytryptamine. J. of Physiol-
ogy. 121:15P.

10. Freedman, D. X. 1961. Effects of LSD-25 on Brain Sero-
tonin. J. Pharmacology and Experimental Therapeutics.
134:160-166.

11. Aghajanian, G. K., W. E. Foote and M. H. Sheard. 1968.
Lysergic Acid Diethylamide: Sensitive Neuronal Units
in the Midbrain Raphe. Science. 161:706-708.

81

.,I. .. .. IJF z -. : r:. - loom" - .-



82

12. Bowman, R. L., P. A. Caulfield and S. Udenfriend. 1955.

Spectrophotofluorometric Assay in the Visable and
Ultraviolet. Science. 122:32-33.

13. Bogdansk.i, D. F., A. Pletscher, B. B. Brodie and S.
Udenfriend. 1956. Identification and Assay of Sero-
tonin and Brain. J. Pharm. Exper. Ther. 117:82-88.

14. Duggan, D. E., R. L. Bowman, B. B. Brodie and S.
Udenfriend. 1957. A Spectrophotofluorometric Study
of Compounds of Biological Interest. Archives of Bio-
chemistry and Biophysics. 68:1-14.

15. Brodie, B. B., A. Pletscher and P. A. Shore. 1955.
Evidence that Serotonin Has a Role in Brain Function.
Science. 122:968.

16. Brodie, B. B., P. A. Shore and A. Pletscher. 1956.
Serotonin Releasing Activity Limited to Rauwolfia
Alkaloids with Tranquilizing Action. Science. 123:
992-99 3.

17. Shore, P. A., S. L. Silver and B. B. Brodie. 1955.
Interaction of Reserpine, Serotcnin and Lysergic Acid
Diethylamide in Brain. Science. 122:284-285.

18. Holzbauer, M. and M. Vogt. 1956. Depression by Reser-
pine of the Noradrenaline Concentration in the Hypo-
thalamus of the Cat. J. Neurochem. 1:8-11.

19. Bertler, A., A. Carlsson and E. Rosengren. 1956.
Release by Reserpine of Catecholamines from Rabbit
Hearts. Naturwissenschaften. 43:521.

20. Brodie, B. B. and P. A. Shore. 1957. A Concept for the
Role of Serotonin and Norepinephrine as Chemical Medi-
ators in the Brain. Ann. N.Y. Acad. Sci. 66:631-642.

21. Spector, S., A. Sjoerdsma and S. Udenfriend. 1965.
Blockade of Endogenous Norepinephrine Synthesis by
a-methyltyrosine, an Inhibitor of Tyrosine Hydroxylase.
J. Pharmacol. Exper. Ther. 147:86-95.

22. Brodie, B. B., M. S. Comer, E. Costa and A. Dlabac.
1966. The Role of Brain Serotonin in the Mechanism of
the Central Action of Reserpine. J. Pharm. Exper.
Ther. 152:340-349.



83

23. Tozer, T. N., N. H. Neff and B. B. Brodie. 1966. Appli-
cation of Steady State Kinetics to the Synthesis Rate
and Turnover Time of Serotonin in the Brain of Normal
and Reserpine-Treated Rats. J. Pharm. Exp. Ther.
153:177-182.

24. Koe, B. K. and A. Weissman. 1966. Para-chlorophenyl-
alanine: A Specific Depletor of Brain Serotonin. J.
of Pharm. Exper. Ther. 154:499-516.

25. Wyatt, R. J., K. Engleman, D. J. Kupfer, J. Scott, A.
Sjoerdsma and F. Snyder. 1969. Effects of Para-chlor-
ophenylalanine on Sleep in Man. Electroenceph. Clin.
Neurophys. 27:529-532.

26. Tagliamante. A., P. Tagliamante, G. L. Gessa and B. B.
Brodie. 1969. Compulsive Sexual Activity Induced by
P-chlorophenylalanine in Normal and Pinealectomized
Male Rats. Science. 166:1433-1435.

27. Way, E. L., H. H. Loh and F. Shen. 1968. Morphine Tol-
erance, Physical Dependence and Synthesis by Brain
5-Hydroxytryptamine. Science: 162:1290-1292.

28. Knapp, S. and J. A. Mandel. 1972. Parachlorophenylal-
anine - Its Three Phase Sequence of Interactions with
the Two Forms of Brain Tryptophan Hydroxylase. Life
Sciences. 11:761-771.

29. Gal, E. M. 1973. Serotonin and Behavior. Academic
Press. pp. 9-17.

30. Miller, F. P., R. H. Cox, Jr., W. R. Snodgrass and R. P.
Maickel. 1970. Comparative Effects of P-chlorophenyl-
alanine and P-chloro-N-methylamphetamine on Rat Brain
Norepinephrine, Serotonin and 5-Hydroxyindole-3-Acetic
Acid. Biochem. Pharmacology. 19:435-442.

31. Tenen, S. S. 1967. The Effects of P-chlorophenylala-
nine, a Serotonin Depletor, on Avoidance Acquisition,
Pain Sensitivity, and Related Behavior in the Rat.
Psychopharmacologia. 10:204-219.

32. Lints, C. E. and J. A. Harvey. 1969. Altered Sensitiv-
ity to Footshock and Decreased Brain Content of
Serotonin Following Brain Lesions in the Rat. J. Comp.
Physio. Psychol. 67:23-31.

'. r.: , ... .. ,. i... .. , .. ::. tom.:.~ s.--.3e;Ha. w.-.:.,irk ..

+ - #kc.,. rd ,pies ut+We +-,',.w :M:.. .. ,. xWaa;, .,_.>. wr'.+rn:l wc:.,.;s F.

i



84

33. Sicuteri, F., B. Anselmi and P. L. Del Bianco. 1973.
5-Hydroxytryptamine Supersensitivity as a New Theory
of Headache and Central Pain: A Clinical Pharmacol-
ogical Approach with P-chlorophenylalanine. Psycho-
pharmacologia. 29:347-356.

34. Yarbrough, G. G., D. M. Buxbaum and E. Sanders-Bush.
1972. Biogenic Amines and Narcotic Effects. II.
Serotonin Turnover in the Rat After Acute and Chronic
Morphine Administration. J. Pharm. Exper. Ther. 185:
328-335.

35. Hollister, A. S., G. R. Breese and B. R. Cooper. 1974.
Evidence for Involvement of Brain Serotonin in the
Actions of Amphetamine and Other Phenylethylamine
Derivatives. Federation Proceedings. 33:255.

36. Mabry, P. D. and B. A. Campbell. 1974. Ontogeny of
Serotonergic Inhibition of Behavioral Arousal in the
Rat. J. Comp. Physio.. Psychol. 86:193-201.

37. Dews, P. B. 1955. Studies on Behavior. I. Differ-
ential Sensitivity to Pentobarbital on Pecking Perfor-
mance in Pigeons Depending on Schedule of Reward. J.
Pharm. Exper. Ther. 113:393-401.

38. McMillan, D. E. 1969. Effects of d-amphetamine on
Performance Under Several Parameters of Multiple
Fixed-Ratio, Fixed-Interval Schedules. J. Pharm.
Exper. Ther. 167:26-33.

39. Carlsson, A. 1970. Amphetamine and Brain Catechola-
mines. In E. Costa and S. Garattini (eds.), Ampheta-
mines and Related Compounds. Proceedings of the
Mario Negri Institute for Pharmacological Research.
Raven Press. pp. 289-300.

40. Dominic, J. A. 1970. Functional Significance of
Amphetamine Induced Release of Brain Catecholamines.
In E. Costa and S. Garattini (eds.), Amphetamines and
Related Compounds. Proceedings of the Mario Negri
Institute for Pharmacological Research. Raven Press.
pp. 371-384.

41. Seiden, L. S. and L. A. Dykstra. 1977. Psychopharma-
cology: A Biochemical and Behavioral Approach. Van
Nostrand Reinhold Co. pp. 283-329.



85

42. Schoenfeld, R. I. and L. S. Seiden. 1969. Effect of
a-methyltyrosine on Operant Behavior and Brain Cate-
cholamine Levels. J. Pharm. and Exper. Ther.. 167:
319-327.

43. Lewy, A. J. and L. S. Seiden. 1972. Operant Behavior
Changes Norepinephrine Metabolism in Rat Brain.
Science. 175:454-456.

44. Carlsson, A., M. Lindquist and T. Magnusson. 1957.
3,4-dihydroxyphenylalanine and 5-hydroxytryptophan as
Reserpine Antagonists. Nature. 180:1200.

45. Karobath, M. 1972. Serotonin Synthesis with Rat Brain
Synaptosomes. Effects of Serotonin and Monoamineoxi-
dase Inhibitors. Biochemical Pharmacology. 21:1253-
1263.

46. Anden, N. E., A. Kahlstrom, K. Fuxe and K. Larsson.
1965. Mapping Out of Catecholamine and 5-hydroxytryp-
tamine Neurons Innervating the Telencephalon and Dien-
cephalon. Life Sciences. 4:1275-1279.

47. Poirier, L. J. and T. L. Sourkes. 1965. Influence of
the Substantia Nigra on the Catecholamine Content of
the Striatum. Brain. 88:181-192.

48. Samanin, R. and S. Garattini. 1975. The Serotonergic
System in the Brain and Its Possible Functional Con-
nections with Other Aminergic Systems. Life Sciences.
17:1201-1210.

49. Loizou, L. A. 1969. Projections of the Nucleus Locus
Coeruleus in the Albino Rat. Brain Research. 15:
563-566.

50. Sanders-Bush, E. and V. J. Massari. 1977. Action of
Drugs that Deplete Serotonin. Federation Proceedings.
36:2149-2153.

51. Synder, S. H., J. Axelrod and M. Zweig. 1965. A Sensi-
tive and Specific Fluorescence Assay for Tissue Sero-
tonin. Biochemical Pharmacology. 14:831-835.

52. Anden, N. E. and T. Magnusson. 1967. An Improved
Method for the Determination of 5-hydroxytryptamine in
Tissues. Acta Physiol. Scand. 69:87-94.

53. Ferster, C. B. and B. F. Skinner. 1957. Schedules of
Reinforcement. Prentice-Hall Inc. pp. 1-38.

I



86

54. Chen, R. F. 1967. Practical Aspects of the Calibration

and Use of the Aminco-Bowman Spectrophotofluorometer.
Analytical Biochemistry. 20:339-357.

55. Snyder, S. H. and J. Axelrod. 1965. Circadian Rhythm
in Pineal Serotonin: Effect of Monoamine Oxidase Inhi-

bition and Reserpine. Science. 149:542-544.

56. Snyder, S. H., M. Zweig, J. Axelrod and J. E. Fisher.

1965. Control of the Circadian Rhythm in Serotonin

Content of the Rat Pineal Gland. Proc. Nat. Acad.

Sci. 53:301-305.

57. Bertler, A., A. Carlsson and E. Rosengren. 1958. A

Fluorometric Determination of Adrenaline and Noradren-

aline in Tissues. Acta Physio. Scand. 44:273-292.

58. Udenfriend, S., D. F. Bogdanski and H. Weissbach. 1955.

Fluorescence Characteristics of 5-hydroxytryptamine
(Serotonin). Science. 122:972-973.

59. Shen, F. H., H. H. Loh and E. L. Way. 1970. Brain Ser-
otonin Turnover in Morphine Tolerant and Dependent
Mice. J. Pharmacol. Exper. Ther. 175:427-434.

60. Cooper, J. R., F. E. Bloom and R. H. Roth. 1974. The

Biochemical Basis of Neuropharmacology. 2nd ed.
Oxford University Press. pp. 1-41.

61. Neff, N. H. and T. N. Tozier. 1968. In Vivo Measure-
ment of Brain Serotonin Turnover. Adv. Pharmacol.
6:97-109.

62. Gutwein, B. M., D. Quartermain and B. S. McEwen. 1974.
Dissociation of Cyclohexamide's Effects on Activity
from Its Effects on Memory. Pharmacol. Biochem.
Beh. 2:753-756.

63. Scheckel, C. L. and E. Boff. 1964. Behavioral Effects
of Interacting Impiramine and Other Drugs with
d-amphetamine, Cocaine and Tetrabenzine. Psychopharm-
acologica. 5:198-208.

64. Goodman, L. S. and A. Gilman. 1975. The Pharmacolog-

ical :Basis of Therapeutics. 5th ed. MacMillan
Publishing Co., Inc. pp. 862-863.

0390190,01-11m; lip



87

65. Goldberg, H. C., G. W. Ashcroft and T. B. Crawford.

1966. Concentrations of 5-hydroxyindole Acetic Acid
and Homovanillic Acid in the Cerebrospinal Fluid of
the Dog Before and During Treatment with Probenecid.
Life Sciences. 5:1571-1575.

66. Neff, N. H., T. N. Tozer and B. B. Brodie. 1974. A

Specialized Transport System to Transfer 5-HIAA Direct-
ly from Brain to Blood. Pharmacologist. 6:162.

67. Diaz, P. M., S. H. Ngai and E. Costa. 1968. Factors
Modulating Brain Serotonin Turnover. Adv. Pharma-
cology. 6:Suppl:75-95.

68. Creese, I., D. R. Burt and S. Snyder, 1977. Dopamine
Receptor Binding Enhancement Accompanies Lesion Induced
Behavioral Supersensitivity. Science. 197:596-598.

69. Quay, W. B. 1966. Rhythmic and Light Induced Changes in
the Levels of Pineal 5-hydroxyindoles in the Pigeon.
General and Comparative Endocrinology. 6:371-377.

70. Weiss, B. and V. G. Laties. 1969. Behavioral Pharmacol-

ogy and Toxicology. Annu. Rev. Pharmacol. 9:297-326.


