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ABSTRACT 

Female audiogenic-seizure-susceptible rats were 

treated with drugs which selectively altered the metabolism 

of 5-hydroxytryptamine, norepinephrine, and dopamine. Brain 

monoamine concentrations following various treatments were 

determined by spectrophotofluorometric and histochemical 

fluorescence techniques. Alterations in concentrations of 

the biogenic amines were compared with concomitant changes 

in the intensity of audiogenic seizure. On the basis of 

these results, the role of these neurochemicals in the regu

lation of audiogenic seizure was evaluated. 

p-Chlorophenylalanine markedly enhanced seizure 

intensity and severely decreased brain 5-hydroxytryptamine 

levels, whereas it caused only a small decrease in nor

epinephrine and dopamine concentrations. 

Iproniazid, administered prior to a benzoquinol-

izine derivative (Ro *1-1284), inhibited the seizure enhance

ment and attenuated the decrease in brain 5-hydroxytryptamine 

levels associated with Ro 4-1284 treatment, alone. Further

more, pretreatment with p-chlorophenylalanlne completely 

prevented these antagonistic effects of iproniazid. 

Intraperltoneally administered 5-hydroxytryptophan 

or intracerebroventricularly administered 5-hydroxytrypt-

amine, treatments which increase brain 5-hydroxytryptamine 

xlli 
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content, markedly decreased seizure intensity. The possi

bility that this effect was mediated through the release of 

physiologically active norepinephrine rather than an increase 

in brain 5-hydroxytryptamine levels can be discounted since 

it was found that pretreatment with a-methyl-p-tyrosine did 

not diminish the capacity of 5-hydroxytryptophan to decrease 

seizure intensity. 

a-Methyl-p-tyrosine administered in combination with 

a-methyl-m-tyrosine or cold-induced stress markedly enhanced 

seizure intensity and severely depleted brain norepinephrine 

stores. In comparison, a-methyl-m-tyrosine alone produced 

less enhancement of seizure and less depletion of norepi

nephrine stores, whereas a-methyl-p-tyrosine produced no 

effect on seizure and caused the smallest decrease in nor

epinephrine levels. Cold-induced stress had no effect on 

seizure or norepinephrine concentrations. Marked decreases 

in the levels of brain dopamine following these treatments 

were not associated with enhancement of audiogenic seizure. 

In addition, the results of this study revealed that in the 

presence of low norepinephrine levels depletion of 5-hydroxy-

tryptamine stores is not necessary for seizure enhancement. 

a-Methyl-p-tyrosine or diethyldithiocarbamate pro

longed the time that Ro 4-128*4- enhanced audiogenic seizure, 

an effect that consistently coincided with prolonged low 

norepinephrine levels. However, these treatments did not 

produce a consistent relationship between low dopamine 
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levels and seizure enhancement nor did they consistently 

reduce 5-hydroxytryptamlne concentrations in all instances 

in which they intensified seizure. 

Administration of lithium carbonate plus a-methyl-p-

tyroslne, a treatment which severely depletes brain norepi

nephrine, intensified audiogenic seizure. In comparison, 

a-methy1-p-tyrosine, which produces a comparatively smaller 

depletion of norepinephrine, and lithium carbonate, which 

produces no decrease in norepinephrine, exerted no effect on 

seizure intensity. 

Administration of methylphenidate, imipramlne, or 

iproniazid in combination with Ro 4-1284, treatments that 

increase synaptic norepinephrine concentration, reduced the 

degree of seizure enhancement caused by the benzoquinolizine 

compound. In comparison, after pretreatment with a-methy1-

p-tyrosine, the capacity of these drugs to prevent Ro-1284-

induced enhancement of seizure was substantially reduced. 

Histochemical evidence showed that imipramlne inhibited 

Ro 4-1284-induced depletion of norepinephrine in control 

animals, but not in animals pretreated with a-methy1-p-

tyrosine. Imipramlne exerted no effect on dopamine deple

tion in either case. 

L-3,4-Dihydroxyphenylalanine administered intra-

peritoneally or norepinephrine and dopamine administered 

intracerebroventricularly, treatments that increase brain 
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norepinephrine content, reduced the Intensity of audiogenic 

seizure. 

The results of this investigation indicate that 

brain 5-hydroxytryptamine and norepinephrine, but not dop-

amine, play an attenuating role in audiogenic seizure. It 

appears that 5-hydroxytryptamine and norepinephrine function 

independently in this capacity so that selective alterations 

in the concentration of either biogenic amine produce 

changes in seizure intensity. The results also suggest that 

a large proportion of norepinephrine exists in pools not 

directly involved in this attenuating role and that only a 

small quantity is present in fractions which are of immedi

ate functional significance. 



CHAPTER 1 

GENERAL INTRODUCTION 

Although the first reference to sound-induced 

seizure in the rat was made by Donaldson (192^-), it was not 

until 1939 that widespread interest concerning this phenom

enon developed (Finger, 19^7)• Maier and Glaser (1938) 

reported that trained rats forced by the sound of an air 

blast to attempt to solve an insoluble problem experience a 

tonic-clonic seizure followed by catatonia and subsequent 

recovery. These investigators concluded that the seizure 

was precipitated by conflict-induced neurosis. However, 

Morgan and Morgan (1939) stimulated rats with high pitched 

tones from an air blast and observed that seizures were 

elicited in animals which were not subjected to an insoluble 

problem. Further investigations led Morgan (19^0) to con

clude that the syndrome reported by Maier and Glaser (1938) 

was induced by sound rather than neurosis. Within a short 

time other investigators (Auer and Smith, 19^0; Parker, 

19^11 Patton and Karn, 19^1; Finger, 19^2; Humphrey, 19^2aj 

Sisk, 19^2» Snee, Terrence and Crowley, 19^21 Stainbrook, 

19^2j Shohl, 19^j Lacey, 19^5) corroborated the observation 

that untrained animals convulse when exposed to a short 

period of sound stimulation. 

1 
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Because of the apparent primacy of the auditory com

ponent in producing the convulsive reaction, Morgan and 

Waldman (19^1) suggested the phrase "audiogenic seizure" as 

descriptive of the sound-induced syndrome. Other terms 

which have been applied to the behavior include "epileptoid 

convulsive reaction" (Auer and Smith, 19^0), "noise-induced 

seizure" (Humphrey, 19^1)» "audio-epileptic seizure" (Smith, 

19^1)$ "Noise-fright convulsion" (Stainbrook, 19^2) and 

"sonogenic convulsion" (Mirsky, Elgart and Aring, 19^3)* 

Seizure Intensity 

Considerable evidence has now accumulated which 

suggests that seizure pattern may be used as a measure of 

seizure intensity (Swinyard, Brown and Goodman, 1952? 

Tedeschl, Swinyard and Goodman, 1956» Esplln, 1959? Gastaut 

and Fisher-Williams, 1959)• These investigators have shown 

that seizure patterns increase in intensity as they progress 

from running episodes, to generalized clonic seizures to 

tonic seizures. The work of Esplln (1959) has shown that in 

terms of neuronal activity seizure intensity is directly 

related to the number of Impulses arriving at the motor 

neurons per unit time. 

The latency for onset of audiogenic seizures (time 

from onset of stpund stimulation to beginning of running or 

clonus or tonus) has also been employed by a number of 

workers as a measure of seizure intensity (Morgan, 19^1; 



Fuller, Easier and Smith, 1950; Fuller and Williams, 1951s 

Frings and Frings, 1952a; Fuller and Smith, 1953; Ginsburg 

and Fuller, 195^; Kim and Kim, 1962; Sudak, Essman and 

Hamburgh, 1962; Wilson, 1963)• These investigators consider 

the severity of seizure to be inversely related to latency. 

Audiogenic Seizure Patterns 
in Various Animal Species 

Audiogenic seizures have been reported in several 

mammalian species. Although seizure patterns vary from one 

species to another, certain aspects of these patterns are 

exhibited by all animals susceptible to audiogenic seizures. 

Bats 

Farris and Yeakel (19^2) and Finger (19^3) have 

reported that strains of rats which are susceptible to 

sound-induced convulsions develop the capacity to undergo 

audiogenic seizure within 30 days following birth. These 

investigators have also reported that the animals used in 

their study soon lose this capacity. A study in our labora

tory has shown that a strain of audiogenic seizure suscep

tible rats developed at the University of Arizona remains 

susceptible to sound-induced seizure throughout life. 

Maier (1939)* Morgan and Morgan (1939) and Auer and 

Smith (19^0) have found that susceptible rats stimulated by 

sound display in consecutive order, a startle reaction, 

quiescence, moderate running, quiescence, violent running, 



clonic seizure, furor and catatonia. Although Smith (19^1) 

has reported that 3 to 4 percent of 6-week old rats die as a 

result of audiogenic seizure, most investigators have con

cluded that mortality in rats as an immediate consequence of 

audiogenic seizure is negligible. 

Mice 

Swinyard (1963) has reported that susceptibility of 

mice to audiogenic seizure increases until the 22nd post

natal day and then rapidly diminishes thereafter. Lehmann 

and Busnel (1963a) and Swinyard (1963) have reported that 

susceptible mice stimulated by sound display in consecutive 

order, a startle reaction, quiescence, violent running, 

tonic seizure and postictal depression. The tonic seizure 

is characterized by ventriflexion of the neck and trunk, 

flexion of the shoulder Joint and extension of the elbow, 

hip, knee and talocrural joints. In contrast to rats, mice 

frequently succumb as a consequence of audiogenic seizure 

(Hall, 19^7; Vicari, 19^7). 

Babbits 

The period of greatest susceptibility to audiogenic 

seizure in rabbits occurs 8 weeks after birth (Nellhaus, 

1963)* Antonitis and Scott (1953) and Antonitis et al. 

(195*0 observed that susceptible rabbits stimulated by sound 

display in consecutive order, a startle reaction, quiescence, 

violent running, tonic seizure and postictal depression. 



The tonic seizure is characterized by dorsiflexion of the 

trunk and neck, partial extension of the shoulder joint and 

extension of the elbow, knee and talocrural Joints. Although 

the postictal period is characterized by severe depression, 

most rabbits completely recover from seizure. 

Dogs 

Sound-induced seizures in dogs have been described 

by Parry (19^8). This abnormal behavior, known as canine 

hysteria or fright disease, can be precipitated by auditory 

as well as visual and tactile stimuli. The principal fea

tures of the syndrome include a tonic seizure which is 

usually followed but occasionally preceded by a running epi

sode. After motor activity is terminated most dogs com

pletely recover from the effects of the seizure. 

Human 

Audiogenic seizures have been observed in people 

between 8 and 60 years of age (Servit, Machek and Stercova, 

1963)• Seizure patterns include localized neuronal dis

charges in the brain without motor manifestations, and epi

sodes of psychomotor, petit mal and grand mal seizures 

(Daube, 1966). Musicogenic epilepsy, a special type of 

human audiogenic seizure precipitated by music, has been 

reported by a number of investigators (Critchley, 1937; 

Joynt and Green, 1962} Poskanzer, Brown and Miller, 1962). 

Most individuals with musicogenic epilepsy respond only to 
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acoustic stimuli (Daube, 1966) although a few experience 

seizures by simply recalling a melody (Lennox, i960). 

Miscellaneous Species 

Audiogenic responses characterized by clonic or 

tonic seizure have been observed in guinea pigs (Cole, 

1920), goats (Lush, 1930) and golden hampsters (Patton, 

19^7a) while sound-induced running episodes have been re

ported in cats (Bard, 193*0 and chickens (Ginsburg, 195*0 • 

Essential Characteristics 
of the Acoustic Stimulus 

Both frequency and intensity of sound have been 

shown to be important for initiation of audiogenic seizures. 

Most investigators have found that sound comprised of mixed 

tones generated by an electric door bell at an intensity of 

approximately 110 decibels is an effective convulsive stim

ulus in both rats and mice (Morln et al., 19^8; Frings and 

Frings, 1952b, 1952c; Bevan, 1955? Choisser, 1961; Lehmann 

and Busnel, 1963a). 

Psychological and Physical Factors 
Wnlch Modify Audiogenic Seizure 

Considerable attention has been directed to the 

psychological factors and behavioral situations which modify 

audiogenic seizure. "Conflict" and "induced emotional dis

turbance" have been shown to enhance sound-induced seizure 

in rats (Humphrey and Marcuse, 1939? Maier and Longhurst, 
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19^7)» whereas "directed activity" and increased "emotion

ality" have been shown to inhibit audiogenic seizure in rats 

and mice (Martin, 19^0> Martin and Hall, 19^1; Goodson and 

Marx, 1953? Griffiths, 1953s Plotnikoff, 1963). 

Certain physical factors have also been reported to 

modify audiogenic seizure. Confinement and immobilization 

have been shown by some investigators to Inhibit suscepti

bility in rats and mice (Cain and Naquet, 1950s Cain, 

Mercier and Corriol, 1951s Frlngs and Frings, 1952b, 

Griffiths, 1953) and by other investigators to enhance 

susceptibility to audiogenic seizure in rats (Maler and 

Glaser, 19^0, 19^2). Otitis media has been reported by 

Patton (19^7b) and Marx and Jurko (1950) to enhance suscep

tibility to sound-induced seizures in rats, whereas Miller 

and Zamis (19^9) and Frings and Frlngs (1951) have found no 

relationship between otitis media and audiogenic seizure in 

mice. A decrease in body temperature has been reported by 

some investigators to diminish susceptibility of rats and 

mice to audloshock, electroshock and chemoshock seizures 

(Maier and Glaser, 19^2; Fuller and Rappaport, 1952; Owens, 

1958i Frommel et al., 1962; Essman and Sudak, 1964). In 

contrast, Swlnyard and Toman (19^8) reported that hypo

thermia results in an enhanced susceptibility to chemo

shock and electroshock seizures in rats. 
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Effects of Drugs on Audiogenic Seizure 

Numerous chemicals have the ability to modify audio

genic seizure in rats and mice. Drugs which have been 

reported to inhibit the seizure include amphetamine, atro

pine, barbital, chlorpromazine (15 mg/kg), cocaine, diphenyl-

hydantoin, ephedrine, epinephrine, ergotamine, methopromazine, 

morphine (single dose), phenobarbital, procaine, trinietha-

dione and yohimbine (Humphrey, 19^1, 19^2as Adams and 

Griffiths, 19^8; Cain and Mercier, 19^8; Mercler, 19^9a, 

1950, 1951» 1963; Valette and Raynaud, 1963)# 

Drugs which have been reported to enhance audiogenic 

seizure include caffeine, camphor, chlorpromazine (1 mg/kg), 

morphine (chronic administration), nicotine, nikethamide, 

pentylenetetrazol, physostigmine, picrotoxin, prochlorpera

zine, reserpine, strychnine and thioproperazine (Humphrey, 

19^1 * 19^2a, 19^2b; Karn, Lodowski and Patton, 19^1; Maier, 

Sacks and Glaser, 19*H; Sacks, Maier and Glaser, 19^1; 

Griffiths, 19^2j Snee, Terrence and Crowley, 19^2; Arnold, 

19^4» Turchioe, 19^5; Mercier, 19**9a, 19^9b, 19^3; Bevan 

and Chinn, 1957? Pink and Swinyard, 1959; Choisser, 1961; 

Picchloni, et al., 19^3; Valette and Raynaud, 19&3; 

Khachaturyan, Severnyy and Shalunova, 1967). 

Functional Relationship between Brain Amine 
Metabolism arid Experimental Seizures 

Several pharmacologic "tools'* have been used to 

study the relationship between brain amine metabolism and 
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experimentally-induced seizure. Various investigators have 

observed that reserplne enhances seizure produced by chemo-

shock (Chen, Ensor and Bohner, 195^; Bianchi, 1956, 1957; 

Chen and Bohner, 1956s Fink and Swinyard, I960; Little and 

Conrad, i960), electroshock (Chen, Ensor and Bohner, 195^; 

Jenny, 195^; Jenny and Pfeiffer, 1956; Fink and Swinyard, 

1959» i960j Prockop, Shore and Brodie, 1959a; Picchioni, 

Chin and Breitner, 1962; Swinyard, 1963) and audioshock 

(Bevan, Chinn, 1957; Choisser, 1961; Picchioni, et al., 

1963; Lehmann and Busnel, 1963b; Swinyard, 1963). 

A number of investigators have shown that iproniazid 

(Prockop, Shore and Brodie, 1959a, 1959b; Picchioni, Chin 

and Breitner, 1962; Lehmann and Busnel, 1963a, 1963b; 

Picchioni et al., 1963; Wada and Ikeda, 196?), phenobarbital 

(Cain and Mercier, 19^8; Swinyard, 19^9; Goodman et al., 

1953)# diphenylhydantoin (Mercier and Cain, 19^8; Swinyard, 

19*1-9; Goodman et al., 1953; Fink and Swinyard, 1959; 

Swinyard, 1963) and prilocaine (Essman, 1968) inhibit chemo-

shock, electroshock or audioshock seizures. 

The ability of reserplne to enhance seizure has been 

attributed to its capacity to decrease whole brain concentra

tions of 5-hydroxytryptamine (Lessin and Parkes, 1959; Busnel 

and Lehmann, I960; Truitt and Ebersberger, 1962; Lehmann and 

Busnel, 1963b; Azzaro, Craig and Stitzel, 1969), norepine

phrine (Gray and Rauh, 1967), dopamine (De Schaepdryver, 

Piette and Delaunols, 1962; Heymans and De Schaepdryver, 
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19^7)» 5-hydroxytryptamine and norepinephrine (Prockop, 

Shore and Brodie, 1959a* 1959b; Chen and Bohner, 1961), 

5-hydroxytryptamine, norepinephrine and dopamine (Chen, 

Ensor and Bohner, 1968a, 1968b) or gamma-amlnobutyrlc acid 

(Balzer, Holtz and Palm, I96I). 

The ability of iproniazid to inhibit seizure has 

been attributed to its capacity to increase whole brain con

centrations of 5-hydroxytryptamine (Lehmann and Busnel, 

1963b), dopamine (De Schapedryver, Piette and Delaunois, 

1962), norepinephrine and 5-hydroxytryptamine (Prockop, 

Shore and Brodie, 1959a, 1959b) or norepinephrine, 5-hy

droxytryptamine and dopamine (Chen, Ensor and Bohner, 1968b). 

Other workers have reported that alterations in 

seizure intensity produced by reserplne and iproniazid are 

independent of the effects of these drugs on total brain 

concentrations of 5-hydroxytryptamine and norepinephrine 

(P'an, Funderburk and Finger, 1961a, 1961b; Picchloni, Chin, 

Breitner, 1962; Picchloni et al., 1963) or gamma-amino-

butyric acid (Maynert and Kaji, 1962). 

The anticonvulsant properties of phenobarbital 

dlphenylhydantoin and prllocaine have been ascribed by some 

Investigators to the ability of these drugs to increase 

whole brain 5-hydroxytryptamine levels (Anderson and 

Bonnycastle, i960; Anderson, Markowitz and Bonnycastle, 

1962j Bonnycastle, Bonnycastle and Anderson, 1962; Essman, 

1968). In contrast, other workers have found no correlation 
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between elevation of 5-hydroxytryptamine levels and anti

convulsant effects of diphenylhydantoin (P'an, Funderburk 

and Finger, 1961a, 1961b). 

Additional evidence which implicates certain biogenic 

amines in seizure mechanisms has been obtained by non-phar-

macologic approaches. Various workers have shown that a 

single electroshock seizure episode produces an increase in 

the levels of brain 5-hydroxytryptamine in rats, rabbits and 

cats (Breitner et al., 1961) and a decrease in the levels of 

acetylcholine in rats (Richter and Crossland, 19^9; 

Takahashi et al., 1961). Furthermore, it has been shown 

that a single audiogenic seizure episode produces a decrease 

in the brain 5-hydroxytryptamine concentration in rabbits 

(Nellhaus, 1968) and that multiple chemoshock, electroshock 

and audioshock seizure episodes produce a decrease in whole 

brain norepinephrine levels in rats (Breitner, Picchioni and 

Chin, 196*0 . 

Statement of the Problem 

Since, as the preceding survey of the literature 

reveals, there is considerable controversy concerning which, 

if any, of the biogenic amines function as neurohumoral 

mediators in seizure mechanisms, a need for further studies 

Is indicated. The purpose of the present investigation was 

to study the effects that modifications in the metabolism 

of 5-hydroxytryptamine, norepinephrine and dopamine have on 



12 

the intensity of audiogenic seizures in rats. It was anti

cipated that such studies would help clarify the functional 

significance of these amines in the regulation of audiogenic 

seizure. 



CHAPTER 2 

GENERAL PROCEDURES 

Animals 

The animals used in this investigation were obtained 

from the University of Arizona colony of audiogenic seizure 

susceptible rats. This colony of animals, which is of 

Sprague-Dawley descent, was developed at the University of 

Arizona through a continual breeding and screening program 

during the past 10 years. 

Throughout this investigation the animal colony was 

housed at 25°C in a room Illuminated with incandescent 

lights from 6 A.M. (0600) to 6 P.M. (1800) daily. The ani

mals were allowed free access to food (Canine Checkers, 

Ralston Purina Company, St. Louis, Missouri) and water. 

Female rats weighing between 150 and 250 g were employed 

as experimental subjects during the course of the present 

investigation. 

Seizure Patterns 

The preclonlc or pretonic components of the audio

genic seizure consisted of a startle reaction followed by 

a period of quiescence and 1, 2 or 3 running episodes 

each separated from the other by a pause. Clonic or tonic 

convulsions usually occurred at the termination of the 

13 
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second running episode but sometimes occurred at the end of 

the first or third running episodes. A few animals displayed 

only the running phases. The time from onset of sound-stim

ulation to clonus or tonus usually did not exceed 60 seconds. 

In the order of increasing intensity the different 

clonic and/or tonic audiogenic seizure patterns exhibited by 

rats are referred to as AGS^, AGS2t AGS 3 and AGS4,. The AGS]_ 

pattern was characterized by clonic dorsiflexion* of the 

neck and trunk, clonic partial extension of the shoulder 

joint, clonic extension of the carpus and joints of the 

forepaw and clonic flexion of the elbow, hip, knee and 

talocrural joints. 

The AGS2 pattern was characterized by tonus of the 

trunk, neck and thoracic limbs and clonus of the pelvic 

limbs. The trunk, neck, shoulder joint, carpus and joints 

of the forepaw were flexed, whereas the elbow joint was 

completely extended. The joints of the pelvic limbs were 

maintained exactly as they were in AGS]_. 

The AGS3 pattern was characterized by extension of 

the hip and knee joints. The thoracic limbs, trunk, neck 

and talocrural joint were maintained as they were in AGS2* 

1. Although during clonus alternating movements of 
flexion and extension occurred, the predominant position of 
the limbs often remained either extended or flexed. Here
after, clonus in a limb which remained predominately ex
tended will be referred to as clonic extension, whereas the 
same phenomenon in a limb which remained in a flexed posi
tion will be called clonic flexion. 
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The AGS^ pattern was characterized "by complete ex

tension of the talocrural joint and phalangeal joints. The 

thoracic limbs, trunk and neck were in the same positions 

as they were in AGS3. 

Quantification of Seizure -Intensity 

A detailed description of the audio response scoring 

system used to quantify the intensity of audiogenic seizure 

is presented in Table 1. The magnitude of the audio re

sponse score (ARS) is directly related to the intensity of 

the seizure and inversely related to the number of running 

episodes which precede the convulsion. The most frequent 

ARS for untreated animals was 2. Although it is not shown 

in the table, a second pause and a third running phase 

occasionally ensued before the onset of seizure. In those 

instances an ARS was assigned which was 0.5 less than the 

corresponding ARS for only 2 running phases and 1 pause. 

Selection of Experimental Subjects 

In order to insure consistent results in the experi

mental phases of this work, all rats were subjected to a 

preliminary screening process. Potential subjects were 

initially shown to have an ARS £ 1.5 in 3 consecutive 

weekly tests. A few days prior to an experiment the animals 

were again tested and all of those with 1.5 5 ARS 5 3«0 were 

assigned into groups by use of a table of random numbers. 



Table 1 

Audio Response Scores for Quantification 
of Audiogenic Seizure Intensity 

ARS RESPONSE TO SOUND STIMULATION a 

0 No Response 

1 Running episode only 

2 R > P » R » AGSj 

3 R > AGS| 

4 R » P > R » AGS2 

5 R » AGS2 

6 R > P » R > AGS3 

7 R > AGS3 

8 R > P » R > AGS4 

9 R » AGS4 

aARS = Audio response score. R = Running 
episode. P = Pause. AGS^^ « Generalized clonus. 
AGS2 = Tonic flexion of neck, trunk, shoulder 
Joint, carpus and joints of the forepaw; tonic 
extension of elbow joint; clonus of pelvic limbs. 
AGS3 = Tonic flexion of neck, trunk, shoulder 
Joint , carpus and joints of forepaw; tonic exten
sion of elbow, hip and knee joints; clonus of the 
talocrural and phalangeal joints. AGS4 = Tonic 
flexion of neck, trunk, shoulder joint, carpus 
and joints of forepaw; tonic extension of elbow, 
hip, knee, talocrural and phalangeal joints. 
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Method of Sound Stimulation 

Audiogenic seizures were induced in rats by means of 

a sound chamber which has been used extensively in this 

laboratory and has been described in detail by Choisser 

(1961). The sound source consisted of 2 electric door 

bells which generated a sound intensity of approximately 110 

decibels. 

Tests in the sound chamber were conducted on single 

animals in order to exclude alterations in seizure intensity 

which might be produced by aggregation. Sound stimulation 

was initiated within 15 seconds after each rat was placed in 

the chamber and was continued until the onset of clonus or 

tonus. If either of the latter events did not occur stimu

lation was terminated at 120 seconds. Testing was conducted 

between ̂  P.M. (1600) and 6 P.M. (1800). 

Preparation of Animals for Intracerebroventrlcular 
Administration of Drugs 

Rats were prepared for intracerebroventrlcular drug 

administration by a modification of the technique of Grunden 

and Linburn (1969). Specific details concerning the implan

tation of the cannula into the right lateral ventricle to 

permit intracerebroventrlcular administration of drugs is 

presented in Appendix A. 
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Spectrophotofluorometrlc Methods 

The techniques used for the extraction of norepi

nephrine, dopamine and 5-hydroxytryptamine are modifications 

of the methods described by Wiegand and Perry (1961) and 

Mead and Finger (1961). The assay procedure for the estima

tion of 5-hydroxytryptamine concentration is similar to the 

method described by Bogdanski et al. (1956) while the assay 

procedures for the estimation of norepinephrine and dopamine 

are similar to the methods described by Shore and Olin 

(1958) and Carlsson and Waldeck (1958)» respectively. A 

detailed account of the methodology employed in the assay of 

these biogenic amines is presented in Appendix B. 

Hlstochemlcal Fluorescence Methods 

The hlstochemlcal fluorescence method used in this 

work for direct observation of norepinephrine, dopamine and 

5-hydroxytryptamine is a modification of that reported by 

Falck and Owman (1965)« Useful information pertaining to 

the methodology was obtained from several sources (Falck, 

1962; Corrodi and Hillarp, 1963» 1964; Corrodi, Hillarp and 

Jonsson, 1964; Dahlstrom and Fuxe, 1964; Fuxe and Sedvall, 

1964; Dahlstrom, Fuxe and Hillarp, 1965; Malmfors, 1965; 

Anden et al., 1966; Dahlstrom, Haggendal and Hokfelt, 1966; 

Rltzen, 1966, 1967; Corrodi and Jonsson, 1967; Corrodi, Fuxe 

and Hokfelt, 1968). 
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Observations and photomicrographs of the catechol

amine nerve terminals were made primarily in the nucleus 

caudatus putamen and the anterior hypothalamic nucleus 

periventricularis, areas in which the fluorescence is con

sidered to result from dopamine and norepinephrine, respec

tively (Carlsson, Falck, HiHarp, 1962; Falck, 1964; 

Carlsson et al., 1965; Fuxe, 1965# Friede, 1966). photo

micrographs of the 5-hydroxytryptamine nerve endings were 

made in the paleostriatum since 5-hydroxytryptamine is 

clearly visible in this area (Fuxe, Hokfelt and Ungerstedt, 

1968). A detailed description of the methodology employed 

in the hlstochemlcal fluorescence technique for the visual

ization of these biogenic amines is presented in Appendix C. 

Statistical Procedures 

The statistical significance of the differences 

between means of various treatments vras determined by use of 

the Student's t test as outlined by Snedecor and Cochran 

(1967)• Details of the procedure and methods of data pre

sentation are provided in Appendix D. 

Preparation of Drugs 

An account of the preparation of drugs employed 

throughout this investigation is presented in Appendix E. 



CHAPTER 3 

RELATIONSHIP OP 5-HYDROXYTRYPTAKINE 
METABOLISM TO-THE INTENSITY OF AUDIOGENIC SEIZURE 

Introduction 

Most investigators who have studied the relationship 

between brain 5-hydroxytryptamine levels and seizure activ

ity have used reserpine, which enhances seizure intensity, 

and iproniazid, which diminishes seizure Intensity (Lessin 

and Parkes, 1959; Prockop, Shore and Brodie, 1959a, 1959b; 

Busnel and Lehmann, I960; P'an, Funderburk and Finger, 1961a, 

1961b; Picchioni, Chin and Breitner, 1962? Truitt and 

Ebersberger, 1962; Lehmann and Busnel, 1963b; Picchioni 

et al.f 1963; Chen, Ensor and Bohner, 1968a, 1968b; Mennear, 

1969; Azzaro, Craig and Stitzel, 1969). Studies of this 

type have not conclusively established the significance of 

5-hydroxytryptamine alone in seizure mechanisms, however, 

since reserpine simultaneously decreases the brain content 

of 5-hydroxytryptamine, norepinephrine and dopamine (Brodie, 

Pletscher and Shore, 1955. Pletscher, Shore and Brodie, 

1955» 19565 Hess, Shore and Brodie, 1956; Holzbauer and 

Vogt, 1956; Shore et al., 1956; Carlsson et al., 1958; 

Bertler, 1961) and iproniazid simultaneously increases the 

concentrations of these amines (Shore and Brodie, 1958; 

Prockop, Shore and Brodie, 1959a, 1959b; Gey and Pletscher, 

20 
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1961; De Schaepdryver, Piette and Delaunois, 1962; Ganrot, 

Rosengren and Gottfrles, 1962; Picchioni, Chin and Breitner, 

1962; Picchioni et al., 1963)• More definite information can 

be gained by studying the influence of selective alterations 

of 5-hydroxytryptamine concentration on the intensity of 

audiogenic seizure. In the present investigation, selective 

decreases in brain levels of 5-hydroxytryptamine were pro

duced by p-chlorophenylalanine, a drug which has recently 

been shown to be a potent tryptophan hydroxylase Inhibitor 

(Koe and Weissman, 1966, 1968; Jequier, Lovenberg and 

SJoerdsma, 196?; Lovenberg, Jequier and Sjoerdsma, 1968; 

Sato et al., 1967)• Selective increases in brain levels 

of 5-hydroxytryptamlne were produced by intracerebroven-

trlcular administration of the amine itself and by intra

peritoneal administration of 5-hydroxytryptophan, the 

precursor of this biogenic amine. Since a number of 

investigators have suggested that physiologically active 

norepinephrine is released by 5-hydroxytryptophan (Bogdanskl, 

Weissbach and Udenfriend, 1958; Brodie et al., 1966) the 

effects of the latter compound were studied in animals with 

intact catecholamine stores and in animals with depleted 

catecholamine stores. 

Methods 

p-Chlor©phenylalanine (316 mg/kg) was administered 

intraperitoneally in a vehicle consisting of 1.0# 
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carboxymethylcellulose and 0.4$ Tween 80 in normal saline, 

L-a-Methyl-p-tyrosine (80 mg/kg) and DL-5-hydroxytryptophan 

(50 to 200 mg/kg) were administered by the intraperitoneal 

route as suspensions in normal saline. All other drugs were 

dissolved in delonized water. Ro 4-1284 (2-hydroxy-2-ethyl-

3-isobuty1-9•10-dimethoxy-1,2,3,4,6,7-hexahydro-llbH-benzo 

(a) quinolizine) (10 mg/kg) was injected subcutaneously, 

5-hydroxytryptamine creatinine sulfate (75 or 150 meg) was 

injected intracerebroventrlcularly, and ipronlazid phosphate 

(38*5 mg/kg) was administered intraperltoneally. Cold-

induced stress was conducted at 6°C. The dose schedules, 

test times, and sacrifice times are indicated in each figure 

below. 

Results 

Figure 1 shows the effects of Ro 4-1284 a reserpine-

llke compound and p-chlorophenylalanine on the intensity of 

audiogenic seizure. At 3 hours postadministration, Ro 4-1284 

alone produced a marked enhancement of seizure intensity, 

whereas at 12 hours postadministration, Ro 4-1284 no longer 

affected seizure intensity. p-Chlorophenylalanine at 78 

hours postadministration produced an enhancement of seizure 

which was significantly (P < 0.025) less than that produced 

3 hours after Ro 4-1284 administration. Enhancement of 

seizure intensity by p-chlorophenylalanine was not 



significantly (p > 0.1) altered by administration of 

Ro 4-1284 (10 mg/kg) at the 66 hour time period. 

Figure 2 compares the effects of Ro 4-1284 and p-

chlorophenylalanine on whole brain 5-hydroxytryptamine, nor

epinephrine and dopamine concentrations. By 3 hours after 

injection of Ro 4-1284, the 5-hydroxytryptamlne, norepineph

rine and dopamine levels were markedly diminished, whereas 

12 hours after Ro 4-1284 the 5-hydroxytryptamine and nor

epinephrine levels were completely recovered and dopamine 

levels were only moderately depressed as compared with 

saline controls. p-Chlorophenylalanine administered alone 

and p-chlorophenylalanine administered in combination with 

Ro 4-1284 produced decreases in 5-hydroxytryptamine concen

trations which were significantly (P < 0.025 and P < 0.05# 

respectively) greater than those observed 3 hours after 

Ro 4-1284. On the other hand, these same treatments pro

duced much smaller decreases in norepinephrine and dopamine 

levels than did Ro 4-1284 itself at 3 hours postadministra-

tion. 

Figure 3 shows the effects of p-chlorophenylalanine 

on the intensity of audiogenic seizure at 2 time periods. 

At 0.25 hour after its Injection, p-chlorophenylalanine had 

no effect on seizure intensity, whereas 78 hours after 

injection, p-chlorophenylalanine treated animals showed a 

significant (P < 0.005) enhancement of seizure intensity. 
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Figure ̂  illustrates the effect of p-chlorophenyl-

alanine on the 5-hydroxytryptamine content of the globus 

pallidus, as evidenced by the histochemical fluorescence 

technique. At ?8 hours after administration of p-chloro-

phenylalanlne both the discrete and non-discrete fluores

cence of 5-hydroxytryptamine were markedly decreased. 

Figure 5 compares the effects of p-chlorophenyl-

alanine, iproniazid and Ro ^-128^ on the Intensity of 

audiogenic seizure. Ro 4-128^ at 1 hour postadministratlon 

produced a marked enhancement of seizure, whereas Ro ^-128^ 

administered after iproniazid produced an enhancement which 

was significantly (P < 0.025) less than with Ro *J-128*J- alone. 

Pretreatment with p-chlor©phenylalanine completely restored 

the capacity of Ro ^-128^ to enhance seizure intensity in 

the presence of iproniazid. 

Figure 6 illustrates the effects of p-chlorophenyl-

alanine, iproniazid and Ro on whole brain 5-hydroxy-

tryptamine, norepinephrine and dopamine concentrations. 

Ro ^-128^ administered alone and Ro ̂ -128^ administered 

after iproniazid produced a decrease in the levels of all 

3 biogenic amines. The decreases in norepinephrine and 

dopamine brain concentrations following Ro *J—1284- were the 

same regardless of x^hether or not iproniazid was adminis

tered. The concentration of 5-hydroxytryptamine resulting 

from the iproniazid-Ro ^-128^ combination, however, was 

significantly (P < 0.025) greater than that produced by 



Ro 4-1284 alone. Pretreatment with p-chlorophenylalanine 

followed by iproniazid and Ro 4-1284 resulted in a decrease 

in 5-hydroxytryptamine and norepinephrine levels which were 

not different from those produced by Ro 4-1284 alone. In 

contrast, the combination of p-chlorophenylalanine, ipro

niazid and Ro 4-1284 yielded a dopamine concentration which 

was significantly (P < 0.005) higher than that observed 

after Ro 4-1284 alone. 

Figure 7 shows the effect of 5-hydroxytryptophan 

and iproniazid on the intensity of audiogenic seizure. 

Iproniazid administered alone produced no effect on seizure 

intensity, whereas 5-hydroxytryptophan administered after 

iproniazid produced a dose-related decrease In seizure in

tensity. Pretreatment with a-methyl-p-tyrosine (80 mg/kg) 

combined with cold-induced stress has no significant 

(P > 0.2) effect on this 5-hydroxytryptophan-induced de

crease of seizure intensity (Fig. 8). In another study, 

which is presented later, it will be shown that the combina

tion of a-methyl-p-tyrosine and cold-induced stress markedly 

enhances the intensity of audiogenic seizure (see Fig. 17). 

Figure 9 shows the effect of intracerebroventrlcu-

larly administered 5-hydroxytryptamine on the intensity of 

audiogenic seizure. A 150 meg dose of 5-hydroxytryptamine 

resulted in a significant (P < 0.05) decrease in seizure 

intensity at 20 minutes postadministration when compared 

to animals treated with deionized water or normal saline. 



Figure 1. Effect of p-Chlorophenylalanine (PCPA) and 
Ro 4-1284 on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-
stimulation) are indicated below each bar. The time (T) 
after initial injection is in hours. The doses are 316 
mg/kg for DL-PCPA and 10 mg/kg for Ro 4-1284. Vehicle 
refers to the vehicle used for PCPA. The number of animals 
per group is indicated inside each bar. The vertical 
bracketed lines represent t 1 S.E. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated rats 
tested at the corresponding time periods A 5 P < 0.001; 
O, P < 0.005 
Significantly 
tested at T = 

Significantly 
tested at T = 

different 
78i A, P 
different 
69* O, P 

from ARS 
< 0.001 

from ARS 
< 0.025 

for Ro 4-1284 treated rats 

for Ro 4-1284 treated rats 
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Figure 1. Effect of PCPA and Ro 4-1284 on Seizure 



Figure 2. Effect of p-Chlorophenylalanine (PCPA) and 
Ro ̂ -1284 on Whole Brain 5-Hydroxytryptamine, Norepinephrine 
and Dopamine Concentrations 

The treatment schedule and time of sacrifice are indicated 
below each bar. The time (T) after initial injection is in 
hours. The doses are 316 mg/kg for DL-PCPA and 10 mg/kg for 
Ro 128^. Vehicle refers to the vehicle used for PCPA. 
The number of animals per group is indicated inside each 
bar. The vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisons: 

Significantly different from neurohormone concentration in 
saline treated rats sacrificed at T = ?8i A» P < 0.001; 
• , P < 0.01; o. P < 0.05 

Significantly different from neurohormone concentration in 
Ro 4-128^ treated rats sacrificed at T = 69: A, P < 0.001? 
O. P < 0.025? f7» P < 0.05 
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Figure 2. Effect of PCPA and Ro 4-128^ on Brain 



Figure 3* Effect of p-Chlor©phenylalanine (PCPA) on the 
Intensity of Audiogenic Seizure at 2 Time Periods 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The dose for DL-PCPA was 
316 mg/kg. Vehicle refers to the vehicle used for PCPA. 
The number of animals per group is Indicated inside each 
bar. The vertical bracketed lines represent + 1 S.E. 

Key to statistical comparisons 

Significantly different from ARS for saline treated rats 
tested at T = 78« Q» P < 0.005 
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Figure 3. Effect of PCPA on Seizure 



Figure Effect of p-Chlorophenylalanlne (PCPA) on 
5-Hydroxytryptamine Fluorescence in the Globus Pallidus 

The treatment schedule and time of sacrifice are Indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The dose for DL-PCPA was 316 mg/kg. 
Vehicle refers to the vehicle used for PCPA. 
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Figure Effect of PCPA on Globus Pallidus 



Figure 5» Effect of p-Chlorophenylalanine (PCPA) on the 
Intensity of Audiogenic Seizure in Animals Treated with 
Iproniazid and Ro 5-1284 

The treatment schedule and test time (time of sound-stimula-
tion) are Indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 10 mg/kg for 
Ro 4-1284, 38.5 mg/kg for iproniazid phosphate and 316 mg/kg 
for DL-PCPA. Vehicle refers to the vehicle used for PCPA. 
The number of animals per group is indicated Inside each 
bar. The vertical bracketed lines represented ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from the ARS for saline treated 
rats: A, P < 0.0015^7 P < 0.05 

Significantly different from the ARS for rats treated with 
the iproniazid-Ro 4-1284 combination: P < 0.025s w » 
P < 0.05 
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Figure 6. Effect of p-Chlorophenylalanine (PCPA) on Whole 
Brain 5-Hydroxytryptamine, Norepinephrine and Dopamine 
Concentrations in Animals Treated with Iproniazid and 
Ro 4-128** 

The treatment schedule and time of sacrifice are indicated 
below each bar. The tine (T) after initial injection is in 
hours. The doses are 10 mg/kg for Ro 4-1284, 38.5 mg/kg for 
iproniazid phosphate and 316 mg/kg for DL-PCPA. Vehicle 
refers to the vehicle used for PCPA. The number of animals 
per group is indicated inside each bar. The vertical 
bracketed lines represent ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from neurohormone concentration in 
saline treated rats: A» P < 0.001 

Significantly different from neurohormone concentration in 
rats treated with the iproniazld-Ro 4-1284 combination: 
<>, P < 0.025 

Significantly different from neurohormone concentration for 
rats treated with Ro 4-1284: O* P < 0.005 
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Figure 7. Effect of 5-Hydroxytryptophan (5-HTP) on the 
Intensity of Audiogenic Seizure in Animals Pretreated v/lth 
Iproniazid 

The doses of iproniazid phosphate and DL-5-HTP are indicated 
below each bar. Iproniazid and 5-HTP were administered 3 
hours and 1 hour before sound-stimulation, respectively. 
Animals which did not receive iproniazid or 5-HTP were 
treated with saline. The number of animals per group is 
indicated inside each bar. The vertical bracketed lines 
represent ± 1 S.E. 

Key to statistical comparisonsj 

Significantly different from the ARS for animals treated with 
saline« At P < 0.001; P < 0.025 
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Figure 8. Effect of a-Methyl-p-tyrosine (ampt) and 
Cold-Induced Stress on the 5-Hydroxytryptophan-Induced 
Decrease of Audiogenic Seizure Intensity 

The treatment is indicated below each bar. L-a-Methyl-p-
tyrosine (80 mg/kg) was administered every 4 hours beginning 
17.5 hours before testing (sound-stimulation). The last 
dose was injected 1.5 hours prior to testing. Cold-induced 
stress at 6°C was initiated 13*5 hours prior to testing and 
was continued for 12 hours. Iproniazid phosphate (38.5 
mg/kg) was administered 3 hours before testing and DL-5-
hydroxytryptophan (5-HTP) (100 mg/kg) was administered 1 
hour before testing. The number of animals per group is 
indicated inside each bar. The vertical bracketed lines 
represent ± 1 S.S. 

Key to statistical comparisonst 

Significantly different from the ARS for saline treated 
rats» Ai P < 0.001; O» P < 0.025 
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Figure 9» Effect of Intracerebroventricularly Administered 
5-Hydroxytryptamine (5-HT) on the Intensity of Audiogenic 
Seizure 

The treatments are indicated below each bar. 5-Hydroxy
tryptamine was administered as the creatinine sulfate salt. 
The dose of this compound is reported in terms of the free 
base. Injections were made into the right lateral ventricle 
20 minutes before testing. The ARS for 5-hydroxytryptamine 
treated rats is compared to the ARS for 2 control groups, 
one injected with deionized water and the other injected 
with 0.9# saline solution. The osmolarities of deionized 
water and the 0.9# saline solution bracketed those of the 
5-hydroxytryptamine solutions. The number of animals per 
group is indicated inside each bar. The vertical bracketed 
lines represent ± 1 S.E. No vertical line appears when 
s. e. = 0. 

Key to statistical comparison* 

Significantly different from the ARS for rats treated with 
deionized water or saline» c?» P < 0.05 
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Discussion 

The results in this section show that p-chloro

phenylalanine produced an enhancement of audiogenic seizure 

intensity and a decrease in brain 5-hydroxytryptamine levels. 

These findings are consistent with those of recent reports 

that in mice p-chlorophenylalanine increased the lethal 

effects of audiogenic seizure (Lehmann, 1968) and increased 

the intensity of audiogenic seizure while simultaneously 

decreasing brain 5-hydroxytryptamine concentrations 

(Schlesinger, Boggan and Freedman, 1968). 

The present results also show that Ro 4-1284 pro

duced a greater enhancement of seizure intensity than did 

p-chlorophenylalanine, although p-chlorophenylalanine pro

duced a greater decrease in 5-hydroxytryptamine levels. In 

contrast, the Ro 4-1284-induced enhancement of seizure 

intensity was accompanied by a marked decrease in norepi

nephrine and dopamine concentrations, whereas the p-chloro-

phenylalanlne-induced enhancement of seizure intensity was 

accompanied by much smaller decreases in the brain levels 

of these 2 biogenic amines. It is suggested, therefore, 

that the difference in the capacities of Ro 4-1284 and 

p-chlorophenylalanine to enhance seizure intensity may 

relate to their differing effects on 5-hydroxytryptamlne, 

norepinephrine and/or dopamine metabolism. 

The possibility that seizure enhancement resulting 

from p-chlorophenylalanine is due to a direct action rather 



than an alteration of 5-hydroxytryptamine metabolism may be 

eliminated on the basis that 15 minutes after its adminis

tration, p-chlorophenylalanine brain levels in rats are 

maximal (Jequler,Lovenberg and Sjoerdsma, 1967) but seizure 

intensity is not altered (Fig. 3)» whereas at 78 hours post-

administration, p-chlorophenylalanine brain levels are less 

than 10% of the maximal value (Jequler, Lovenberg and 

SJoerdsma, 1967) seizure intensity is significantly 

enhanced (Pig. 3)• 

Additional evidence indicating that a decrease in 

the 5-hydroxytryptamine levels of brain may be functionally 

associated with enhancement of audiogenic seizure intensity 

was obtained from an investigation of the interaction between 

iproniazid and Ro 4-1284. Iproniazid administered prior to 

Ro 4-1284 significantly inhibited the enhancement of seizure 

intensity associated with Ro 4-1284- treatment alone. Pre-

treatment with iproniazid also attenuated the decrease in 

brain 5-hydroxytryptamine levels normally associated with 

Ro 4-1284 seizure enhancement, but did not inhibit the 

accompanying decrease in norepinephrine and dopamine levels. 

Furthermore, pretreatment with p-chlorophenylalanine com

pletely prevented the antagonistic effect of iproniazid on 

Ro 4-1284-induced enhancement of seizure intensity and the 

reduction of 5-hydroxytryptamine levels. These data indi

cate that the enhancement of seizure intensity by Ro 4-1284 

depends at least in part on lowered brain levels of 



5-hydroxytryptamine• The possibility that norepinephrine 

and dopamine may be functionally involved is not precluded, 

however. 

Intraperitoneally administered 5-hydroxytryptophan 

or intracerebroventricularly administered 5-hydroxytrypt

amine significantly decreased the Intensity of seizure. 

Since various investigators have previously shown that 

5-hydroxytryptophan given systemically and 5-hydroxytrypt

amine given centrally markedly increase the brain 5-hydroxy

tryptamine content (Green and Sawyer, 196*1-; Bulat and Supek, 

19665 Corrodi, Fuxe and Hokfelt, 1967; Fuxe and Ungerstedt, 

1967, 1968), these data indicate that an increase in brain 

5-nydroxytryptamine levels is associated with a decrease in 

the intensity of audiogenic seizure. 

In order to preclude the possibility that these 

actions were exerted through the release of physiologically 

active norepinephrine, 5-hydroxytryptophan was administered 

to animals in which the catecholamine levels had been pre

viously depleted by a-methy1-p-tyrosine, an Inhibitor of 

catecholamine synthesis, and cold-induced stress. Data are 

presented in the next section which show that a-methy1-p-

tyi'osine has no significant effect on seizure Intensity, 

whereas administration of this tyrosine hydroxylase inhi

bitor in combination with cold-induced stress, a treatment 

which markedly depletes catecholamines, enhanced seizure 

intensity (see Pigs. 17 and 18). 
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The results in this section show that 5-hydroxy-

tryptophan decreased seizure intensity as effectively in 

animals with depleted catecholamine stores as it did in 

animals with intact catecholamine stores. Recent biochemi

cal evidence to suggest that these results with 5-hydroxy-

troptophan would be expected was presented by Johnson, Kim 

and Boukma (1968). Their data indicate that the original 

proposals of Bogdanski, Weissbach and Udenfriend (1958) and 

Brodie et al. (1966) that 5-hydroxytryptophan releases 

physiologically active norepinephrine are in error. Indeed, 

the data of Johnson, Kim and Boukma (1968) indicate that the 

effect of 5-hydroxytryptophan on norepinephrine metabolism 

is produced by an inhibition of catecholamine synthesis and 

that 5-hydroxytryptophan does not release norepinephrine 

from storage sites. 

In summary, compounds which markedly decrease the 

brain content of 5-hydroxytryptamine enhance the intensity 

of audiogenic seizure, whereas compounds which increase 

brain levels of ^-hydroxytryptamlne diminish the intensity 

of seizure. Although the enhancement of seizure intensity 

produced by Ro 128^ might be attributable to alterations 

of catecholamine and/or 5-hydroxytryptamine levels, the 

enhancement of seizure intensity produced by p-chloro-

phenylalanine and the reduction of seizure intensity pro

duced by 5-hydroxytryptamlne and 5-hydroxytryptophan 

indicate that 5-hydroxytryptamine itself may play a role 
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in seizure mechanisms. This possibility has also been sug

gested by Lehmann (19&7) who reported that 4-chloro-N-methyl-

amphetamine, a compound which releases physiologically 

active 5-hydroxytryptamine, diminishes the susceptibility of 

mice to sound-Induced tonic seizure. 

On the basis of the data presented in this section, 

it is tentatively suggested that 5-hydroxytryptamine ®ay 

play an attenuating role in audiogenic seizure mechanisms. 

Additional investigations are needed, however, before the 

functional significance of this compound in the patho

physiology of seizures can be conclusively elucidated. 



CHAPTER 4-

RELATIONSHIP OP CATECHOLAMINE METABOLISM 
TO THE .INTENSITY OF AUDIOGENIC SEIZURE 

Introduction 

Since physiologically-induced changes in the brain 

levels of a neurohormone indicate that the neurohormone may 

be functionally important in the physiological event which 

precipitated the change in its concentration (Stone, 1957)• 

the present investigation studied the effects of audiogenic 

seizure on brain norepinephrine and dopamine content. Fur

thermore, since much of the controversy concerning the 

respective roles of norepinephrine and dopamine in seizure 

mechanisms has resulted from investigations conducted with 

pharmacologic "tools" which simultaneously alter the metab

olism of both of the catecholamines and of 5-hydroxytrypt-

amlne, the present investigation studied the effects of 

selective alterations in norepinephrine and dopamine 

metabolism on the Intensity of audiogenic seizure. 

Decreases in the norepinephrine and dopamine brain 

levels were produced by pharmacological and physical tech

niques which have been demonstrated to inhibit the synthesis 

of catecholamines or to enhance their release from neuronal 

storage sites. a-Methyl-p-tyroslne has been shown to inhi

bit tyrosine hydroxylase and, as a consequence, to decrease 
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the brain levels of both norepinephrine and dopamine 

(Nagatsu, Levitt and Udenfriend, 1964; Levitt et al., 19^5? 

Spector, Sjoerdsma and Udenfriend, 1965; Rech, Borys and 

Moore, 1966; Weissinan and Koe, 19^7) . In contrast, disul-

firam and diethyldithiocarbamate have been shown to inhibit 

dopamine-f3-hydroxylase and to thereby decrease only norepi

nephrine content (Carlsson et al., 1966b; Musacchio et al., 

1966; Abuzzahab, 1967; Abuzzahab and Shideman, 1967; 

Carlsson, Fuxe and Hokfelt, 1967; Goldstein and Nakajima, 

1967; Jonsson, Grobecker and Gunne, 1967; Fuller and Snoddy, 

1968). 

Selective catecholamine release was produced by a-

methy1-m-tyrosine, a-methyldopa and cold-induced stress. 

a-Methy1-m-tyrosine and a-methyldopa, which through their 

metabolic products cause displacement of catecholamines 

from their neuronal storage sites, produce a transient 

depletion of brain dopamine and a prolonged depletion of 

brain norepinephrine (Hess et al., 1961; Porter, Totaro and 

Leiby, I96I; Carlsson, Falck and Hillarp, 1962; Carlsson 

and Lindqvist, 1962; Day and Rand, 1963; Carlsson, 1964a; 

Carlsson et al., 1965s Fuxe, 1965; Shore, Alpers and 

Busfield, 1966)• Cold-induced stress produces an increase 

in the rate of release of norepinephrine but not dopamine 

from central and peripheral adrenergic neurons (Gordon 

et al., 1966). Since synthesis is also increased during 

this period, no detectable decrease in the brain content 
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of norepinephrine is observed. However, cold-induced stress 

augments the degree of norepinephrine depletion produced by 

the Inhibition of tyrosine hydroxylase (Gordon et al., 1966) 

Catecholamine release was also produced by intra-

cerebroventriculirly administered reserpine and subcuta-

neously administered Ro 4-128^, a benzoquinolizine compound. 

Although reserpine administered systemically has been shown 

to markedly deplete brain norepinephrine, dopamine and 

5-hydroxytryptamine stores (Brodie, Pletscher and Shore, 

19551 Hess, Shore and Brodie, 1956; Holzbauer and Vogt, 

1956; Pletscher, Shore and Brodie, 1956} Carlsson et al., 

1958} Bertler, 1961), Gal and Millard (1967) have reported 

that after central administration brain 5-hydroxytryptamine 

stores are resistant to its action. Ro 4-128^ administered 

by the subcutaneous route has been shown to produce a marked 

decrease in the concentrations of norepinephrine, dopamine 

and 5-hydroxytryptamine (Pletscher and Gey, 1963; Pletscher 

and Da Prada, 1966; Pletscher et al., 1968). 

Additional investigations concerning the relation

ship between catecholamine metabolism and audiogenic seizure 

intensity were made with lithium carbonate., imipramine, 

methylphenidate and cocaine. Although these drugs do not 

produce changes in whole brain catecholamine concentrations, 

evidence has accumulated which indicates that they may alter 

the amount of norepinephrine available to the postsynaptic 

receptors (Stone et al., 196^5 Maxviell, 1965; Carlsson et al 
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1966a; Corrodi et al., 1967; Porter and Stone, 1967; 

Schildkraut et al., 1967; Bowman, Rand and West, 1968). It 

has "been suggested that lithium carbonate produces an in

crease in the uptake of norepinephrine into presynaptic 

nerve endings, an increase in the intraneuronal inactivation 

of norepinephrine and consequently a decrease in the amount 

of norepinephrine at adrenergic receptor sites (Colburn 

et al., 1967; Corrodi et al., 1967; Schildkraut et al., 

1967)» In contrast, it has been suggested that imipramine, 

methylphenidate and cocaine produce a decrease in the uptake 

of norepinephrine into the presynaptic nerve endings, a 

decrease in the intraneuronal inactivation of norepinephrine 

and consequently an increase in the amount of norepinephrine 

at the adrenergic receptor sites (Dengler, Spiegel and Titus, 

19615 Rosenthale and Dipalma, 1963; Glowinski and Axelrod, 

1964; Iversen, 1965? Maxwell, 1965* Schildkraut et al., 

1967; Bowman, Rand and West, 1968). 

Increases in the brain catecholamine content were 

produced by lntracerebroventricular administration of 

norepinephrine and dopamine, and by intraperitoneal adminis

tration of the amino acid precursor, L-3,4,-dihydroxyphenyl-

alanine, and iproniazid, a drug combination which has been 

shown to increase brain concentrations of both dopamine and 

norepinephrine (Carlsson et al., 1958; De Schaepdryver, 

Piette and Delaunois, 1962; Everett and Wiegand, 1962; 

Carlsson, 1964b). 
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Methods 

L-a-Methyl-p-tyrosine (50, 80 or 100 mg/kg)f DL-a-

methyl-m-tyrosine (500 rag/kg) and L-3,4-dihydroxyphenyl-

alanine (40 to 100 rag/kg) were administered by the 

intraperitoneal route as suspensions in normal saline. 

Disulfiram (50 or 400 mg/kg) was administered intraperlto-

neally in a vehicle consisting of 1.0$ carboxymethylcellu-

lose and 0.4# Tween 80 in normal saline. All other drugs 

were dissolved in deionized water. Ro 4-1284 (5 or 10 

mg/kg) was injected subcutaneously; reserpine phosphate 

(250 meg), norepinephrine bitartrate (87.5 meg) and dopamine 

hydrochloride (80.7 or 500 meg) were injected intracerebro-

ventricularly; and lithium carbonate (20 to 80 mg/kg) was 

administered orally. L-a-Methyldopa hydrochloride (500 

mg/kg)» iproniazid phosphate (38.5 mg/kg), diethyldithio-

carbamate sodium (75 to 500 mg/kg), methylphenldate hydro

chloride (30 mg/kg), cocaine hydrochloride (30 mg/kg) and 

imipramine hydrochloride (15 mg/kg) were administered intra-

peritoneally. Cold-induced stress was conducted at 6°C. 

The dose schedules, test times, and sacrifice times are 

indicated in each figure below. 

Results 

The Effect of Audiogenic Seizure on Brain Concentrations 
of Norepinephrine and Dopamine 

Figures 10-11 compare the effects of audiogenic 

seizure on the norepinephrine concentration of the nucleus 
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periventricularis hypothalami and the dopamine concentration 

of the nucleus caudatus putamen as determined by the histo-

chemical fluorescence technique. A severe depletion of nor

epinephrine was observed during the first and second running 

phases, with the depletion during the second running phase 

being more marked than during the first, Partial recovery 

of norepinephrine content was observed during the pause, 

AGS^ and postictal phases. In comparison, dopamine was 

markedly depleted during the pause and AGS^ phases, while it 

was only moderately depleted during the first and second 

running phases. The postictal phase was characterized by 

complete recovery of dopamine content. 

Effect of Drug and Stress Treatments Which Inhibit Synthesis 
and/or Enhance Release of Catecholamines on the Intensity of 
Audiogenic Seizure 

Figures 12-15 illustrate the effects of a-methyl-p-

tyrosine and a-methyl-m-tyrosine on the intensity of audio

genic seizure and on brain norepinephrine, dopamine and 

5-hydroxytryptamine concentrations as determined by spectro-

photofluorometric and/or histochemical fluorescence 

techniques. The combination of a-methyl-p-tyrosine and 

a-methyl-ia-tyrosine markedly enhanced the "intensity of 

seizure and severely decreased whole brain and hypothalamic 

norepinephrine. In comparison, a-methyl-m-tyrosine produced 

less enhancement of seizure and less reduction of norepi

nephrine concentration, while a-methyl-p-tyrosine produced 



u-e 

no significant (P > 0.1) effect on seizure intensity and 

caused the least decrease in brain norepinephrine levels. 

However, a-methyl-p-tyrosine caused a greater depletion of 

dopamine concentration than a-methyl-m-tyrosine and produced 

almost as great a depletion of this brain amine as the com

bination drug treatment. At the time intervals tested 

neither drug administered alone or in combination altered 

the levels of whole brain 5-hydroxytryptamine• 

Figure 16 shows the effect of a-methyl-p-tyrosine 

and a-methyldopa on the intensity of audiogenic seizure. 

a-Methyldopa administered alone or in combination with 

a-methyl-p-tyrosine markedly diminished the intensity of 

seizure. 

Figures 17-20 illustrate the effects of a-methyl-

p-tyrosine and cold-induced stress on the intensity of 

audiogenic seizure and on brain norepinephrine, dopamine 

and 5-hydroxytryptamine concentrations as determined by 

spectrophotofluorometrlc and/or histochemical fluorescence 

techniques. The combination of a-methyl-p-tyrosine and 

cold-induced stress markedly enhanced the intensity of 

seizure and severely reduced whole brain and hypothalamic 

norepinephrine. In comparison, a-methyl-p-tyrosine had no 

significant (P > 0.5) effect on seizure and produced a 

smaller reduction in hypothalamic norepinephrine; however, 

the reduction in whole brain norepinephrine was comparable 

to that produced by the combination treatment. 



a-Methyl-p-tyrosine produced decreases in the dopamine 

content of the whole brain and the nucleus caudatus putamen 

which were as great as those produced by the combination 

treatment. Cold-induced stress exerted no effect on seizure 

or catecholamine levels. a-Methyl-p-tyrosine, cold-induced 

stress and the combination of these treatments did not alter 

the concentration of 5-hydroxytryptamine. 

Figures 21-2^ compare the effects of a-methyl-p-

tyrosine and Ro ̂ -128^ on the intensity of audiogenic 

seizure and on brain norepinephrine, dopamine and 5-hydroxy

tryptamine concentrations as demonstrated by spectrophoto-

fluorometric and/or histochemical fluorescence techniques. 

Three hours after administration of Ro 4—128^ seizure 

intensity was markedly enhanced and brain concentrations of 

norepinephrine, dopamine and 5-hydroxytryptamine were 

severely diminished. However, 12.75 hours after administra

tion of Ro 4-128^ seizure intensity was no longer enhanced, 

whole brain and hypothalamic norepinephrine and whole brain 

5-hydroxytryptamine concentrations were substantially but 

incompletely recovered, whole brain dopamine levels were 

not significantly (P > 0.5) different than control values, 

and dopamine concentration in the nucleus caudatus putamen 

was only slightly less than that observed in control animals. 

In contrast, 12.75 hours after administration of Ro *J—128^ 

followed by a-methyl-p-tyrosine, seizure intensity was mark

edly enhanced and whole brain and hypothalamic norepinephrine 



levels were markedly reduced. Although whole brain dopamine 

concentration was also markedly depressed, dopamine content 

of the nucleus caudatus putamen had undergone substantial 

recovery compared to that observed 3 hours after Ro 4-1284. 

In addition, whole brain 5-hydroxytryptamine concentrations 

were not significantly (P > 0.5) different than those deter

mined 12.75 hours after Ro 4-1284. a-Methyl-p-tyrosine did 

not enhance seizure intensity at the 12.75 hour time period, 

although it produced an appreciable decrease in levels of 

both catecholamines. The concentrations of whole brain and 

hypothalamic norepinephrine at 12.75 hours after a-methyl-

p-tyrosine were not as low as those observed 3 hours after 

Ro 4-1284 or 12.75 hours after Ro 4-1284 plus a-methyl-p-

tyrosine, whereas whole brain dopamine concentrations were 

not significantly (P > 0.05) different than those observed 

after these 2 drug treatments. In addition, the dopamine 

content of the nucleus caudatus putamen was approximately 

equal to that observed 12.75 hours after Ro 4-1284 plus 

a-methyl-p-tyrosine; however, it was substantially higher 

than that observed 3 hours after Ro 4-1284. 

Figures 25-27 illustrate the effects of disulfiram 

and Ro 4-1284 on the intensity of audiogenic seizure. 

Seizure intensity was markedly enhanced 2.5 but not 6 hours 

after administration of Ro 4-1284. In contrast, seizure 

was significantly (P < 0.05) enhanced at the 6 hour time 

period when disulfiram (50 mg/kg) was administered after 
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Ro 4-1284. Although disulfiram (50 mg/kg) exerted no effect 

on seizure intensity when administered alone, a larger dose 

(400 mg/kg) of the drug completely blocked audiogenic 

seizure and repeated doses (50 mg/kg every 4 hours for 5 

doses) administered alone or in combination with a-methyl-

p-tyrosine markedly diminished seizure Intensity. 

Figures 28-32 show the effects of diethyldithiocar-

bamate and Ro 4-1284 on the Intensity of audiogenic seizure 

and on brain norepinephrine, dopamine and 5-hydroxytryptamine 

concentrations as demonstrated by spectrophotofluorometrlc 

and/or histochemical fluorescence techniques. One hour after 

administration of Ro 4-1284 seizure intensity was markedly 

enhanced and brain concentrations of norepinephrine, dop

amine and 5-hydroxytryptamlne were severely diminished. 

However, 5 hours after Ro 4-1284 seizure was no longer 

enhanced and appreciable recovery of whole brain and hypo

thalamic norepinephrine and whole brain 5-hydroxytryptamine 

concentrations had occurred. On the other hand, dopamine 

levels in whole brain and the nucleus caudatus putamen con

tinued to be severely diminished at this time period. In 

contrast, 5 hours after treatment with Ro.4-1284 followed 

by diethyldlthiocarbamate (100 mg/kg) seizure intensity was 

markedly enhanced and the whole brain concentration of nor

epinephrine was significantly (P < 0.025) lower than that 

determined at the 5 hour time period following treatment 

with Ro 4-1284 alone. In addition, the norepinephrine 



content of the nucleus periventricularis hypothalami was 

less than that observed In animals treated only with 

Ro 4-1284. However, the whole brain concentrations of 

dopamine and 5-hydroxytryptamine were not significantly 

(P > 0.05) different than the concentrations of these 2 

brain amines determined 5 hours after treatment with 

Ro 4-128*+ alone. Furthermore, dopamine concentration in 

the nucleus caudatus putamen after treatment with Ro 4-1284 

plus diethyldithiocarbamate was similar to that observed 5 

hours after Ro 4-1284. Diethyldithiocarbamate (100 mg/kg) 

alone exerted no effect on seizure, produced only a small 

decrease in whole brain and hypothalamic norepinephrine 

levels, exerted no significant (P > 0.05) effect on whole 

brain dopamine concentrations, and caused little or no 

change in the dopamine content of the nucleus caudatus 

putamen. A large dose (500 mg/kg) of diethyldithiocarbamate, 

however, significantly (P < 0.001) diminished the Intensity 

of seizure. 

Figures 33-34 show the effects of intracerebroven-

trlcularly administered reserpine on the Intensity of audio

genic seizure and on whole brain norepinephrine, dopamine 

and 5-hydroxytryptamine concentrations as determined by the 

spectrophotofluorometric technique. Four hours after admin

istration of reserpine, seizure Intensity was markedly en

hanced and whole brain concentrations of the 3 brain amines 



were reduced significantly (norepinephrine and 5-hydroxy-

tryptamlne: P < 0.001; dopamine: P < 0.005). The levels of 

norepinephrine were reduced to a greater extent than the 

levels of dopamine and 5-hydroxytryptamine. 

Effect of a Drug Treatment Which Reduces the Amount of' 
Norepinephrine at the Central Adrenergic Receptor Sites 
on the Intensity of Audiogenic Seizure 

Figures 35-36 present the effects of lithium car

bonate and a-methyl-p-tyrosine on the intensity of audio

genic seizure. The combination of lithium carbonate plus 

a-methyl-p-tyrosine markedly enhanced the intensity of 

seizure. However, in the doses employed, lithium carbonate 

or a-methyl-p-tyrosine administered alone exerted no signi

ficant (P > 0.1) effect on seizure intensity. 

Effect of Drug Treatments Which Increase the Amount of 
Norepinephrine at Central Adrenergic Receptor Sites on 
the Intensity of Audiogenic Seizure 

Figures 37-39 illustrate the effects of ipronlazid, 

methylphenidate and cocaine alone and in combination with 

Ro 4-1284 on the intensity of audiogenic seizure. In addi

tion, Figures 37-38 demonstrate the effect of ipronlazid or 

methylphenidate on the intensity of audiogenic seizure in 

animals treated with a-methyl-p-tyrosine and Ro 4—1284. In 

the doses employed, seizure intensity was significantly re

duced by methylphenidate (P < 0.025) and cocaine (P < 0.001) 

but not by ipronlazid (P > 0.5)• Ro 4-1284 produced a 

marked enhancement of seizure intensity; however, ipronlazid, 
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methylphenidate and cocaine significantly (P < 0.001) reduced 

the seizure-enhancing effect of Ro 4-1284. On the other 

hand, after pretreatment with a-methyl-p-tyrosine, neither 

ipronlazld nor methylphenidate significantly (P > 0.05) re

duced the capacity of Ro 4-1284 to enhance seizure intensity. 

a-Methyl-p-tyrosine did not alter seizure intensity when 

administered alone or in combination with Ro 4-1284. 

Figures 40-42 show the effects of imlpramine alone 

and in combination with Ro 4-1284 on the intensity of audio

genic seizure and on the norepinephrine content of the perl-

ventricular nucleus and the dopamine content of the nucleus 

caudatus putamen as demonstrated by the histochemical fluo

rescence technique. Also presented is the effect of imlpr

amine on seizure intensity and on brain norepinephrine and 

dopamine concentrations in animals treated with a-methyl-p-

tyrosine plus Ro 4-1284. Imlpramine slgnifleantly 

(P < 0.025) reduced seizure intensity but did not alter 

norepinephrine or dopamine concentrations in the brain areas 

Investigated. Ro 4-1284 administered alone or in combination 

with a-methyl-p-tyrosine caused a marked enhancement of 

seizure Intensity and a severe depletion of norepinephrine 

and dopamine content. Imlpramine significantly (P < 0.025) 

reduced the seizure-enhancing effect of Ro 4-1284 and dimin

ished the capacity of this drug to deplete brain norepineph

rine: however, it did not alter the magnitude of the dopamine 

depletion produced by Ro 4-1284. On the other hand, in 



animals pretreated with a-methy1-p-tyrosine, imipramine did 

not significantly (P > 0.5) reduce the capacity of Ro 4-1284 

to enhance seizure intensity or to deplete brain norepineph

rine. a-Methy1-p-tyrosine did not alter seizure intensity 

when administered alone or in combination with Ro 4-1284. 

Effect of Drug Treatments Which Increase Whole Brain 
Concentrations of Norepinephrine and Dopamine on the 
Intensity of Audiogenic Seizure 

Figure 43 shows the effect of L-3»4-dihydroxyphenyl

alanine and iproniazid on the intensity of audiogenic sei

zure. Iproniazid administered alone did not significantly 

(p > 0.05) alter seizure intensity, whereas L-3»4-dihydroxy-

phenylalanine administered after iproniazid produced a dose 

related decrease in seizure intensity. 

Figures 44 and 45 illustrate the effects of intra-

cerebroventricularly administered norepinephrine and dop

amine on the intensity of audiogenic seizure. Thirty-five 

minutes after injection of norepinephrine (87.5 meg.) a 

significant, marked reduction in seizure intensity was 

observed ifhen compared to control animals injected with 0.9# 

saline (p < 0.025) or deionized water (p < 0.005)• Twenty 

minutes after injection of dopamine (80.7 meg.) a signifi

cant (p < 0.05) but moderate decrease in seizure intensity 

was observed when compared to control animals injected with 

deionized water; however, the decrease in seizure intensity 

was not significant (p > 0.05) when compared to animals 
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treated with 0,9% saline. Injection of dopamine (500 meg) 

produced a significant (P < 0.001) marked decrease in 

seizure intensity when compared to control animals injected 

with 0,9% saline or 3,6% saline. 



Figure 10. Effect of Audiogenic Seizure on the Fluorescence 
of the Nucleus Periventricular!s Hypothalami 

All animals except the control were stimulated with sound. 
The particular phase of audiogenic seizure during which 
the animals were sacrificed is indicated below each 
photomicrograph. 
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Figure 11. Effect of Audiogenic Seizure on the Fluorescence 
of the Nucleus Caudatus Putamen 

All animals except the control were stimulated with sound. 
The particular phase of audiogenic seizure during which 
the animals were sacrificed is indicated below each 
photomicrograph. 
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Figure 11. Effect of Seizure on Caudate 



Figure 12. Effect of a-Methyl-p-tyrosine (ampt) and 
a-Methyl-m-tyrosine (ammt) on the Intensity of Audiogenic 
Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 500 mg/kg for 
DL-ammt and 50 mg/kg for L-ampt. The number of animals per 
group is indicated inside each bar. The vertical bracketed 
lines represent ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from the ARS for saline-treated 
ratsi A, P < 0.001; ^7, P < 0.05 
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Figure 13• Effect of a-Methyl-p-tyrosine (ampt) and 
a-Methyl-m-tyrosine (ammt) on Whole Brain Norepinephrine, 
Dopamine and 5-Hydroxytryptamine Concentrations 

The treatment schedule and time of sacrifice are indicated 
below each bar. The time (T) after initial injection is in 
hours. The doses are 500 mg/kg for DL-ammt and 50 mg/kg for 
L-ampt. The number of animals per group is indicated inside 
each bar. The vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisons: 

Significantly different from neurohormone concentration for 
saline treated rats: A» p < 0.001 

Significantly different from neurohormone concentration for 
ampt treated rats: A» p < 0.001; 0» p < 0.005; •» p < 0.01 

Significantly different from neurohormone concentration for 
ammt treated rats: ot p < 0.005; •» p < 0.01 
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Figure 1*K Effect of a-Methyl-p-tyrosine (ampt) and 
a-Methyl-m-tyrosine (ammt) on the Fluorescence in the 
Nucleus Periventricularis Hypothalami 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 500 mg/kg for 
DL-ammt and 50 mg/kg for L-ammt. 
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Figure 15• Effect of a-Methyl-p-tyrosine (ampt) and 
a-Methyl-m-tyrosine (ammt) on the Fluorescence in 
the Nucleus Caudatus Putamen 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection Is in hours. The doses are 500 mg/kg for 
DL-ammt and 50 mg/kg for L-ampt. 



60 

Figure 15. Effect of ampt and ammt on the Caudate 



Figure 16. Effect of a-Methyl-p-tyrosine (ampt) and 
a-Methyldopa (amd) on the Intensity of Audiogenic 
Seizure 

The treatment schedule and test time (time of sound-stimula-
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 500 mg/kg 
for L-amd hydrochloride and 50 mg/kg for L-ampt. The number 
of animals per group is Indicated inside each bar. The 
vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisonsj 

Significantly different from the ARS for saline treated 
rats» A, P < 0.001 
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Figure 17. Effect of a-Methyl-p-tyrosine (ampt) and 
Cold-Induced Stress on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The dose of L-ampt is 80 
mg/kg. Cold-stress was induced at 6°C. The number of 
animals per group is indicated inside each bar. The 
vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisons 

Significantly different from the ARS for saline treated 
rats maintained at room temperature 1 O * P < 0.005 
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Figure 18. Effect of a-Methyl-p-tyrosine (ampt) and 
Cold-Induced Stress on Whole Brain Norepinephrine, Dopamine 
and 5-Hydroxytryptamine Concentrations 

The treatment schedule and time of sacrifice are indicated 
"below each bar. The time (T) after initial injection is in 
hours. L-ampt was administered in a dose of 80 mg/kg and 
cold stress was conducted at 6°C. The number of animals 
per group is Indicated inside each bar. The vertical 
bracketed lines represent ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from the neurohormone concentrations 
for saline treated rats maintained at room temperature: Af 
P < 0.001 
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Figure 19. Effect of a-Methyl-p-tyrosine (ampt) and 
Cold-Induced Stress on the Fluorescence of the 
Nucleus Periventricularis Hypothalami 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. L-ampt was administered in a 
dose of 80 mg/kg and cold-stress was conducted at 6°C. 
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Figure 20. Effect of a-Methyl-p-tyrosine (arapt) and 
Cold-Induced Stress on the Fluorescence of the 
Nucleus Caudatus Putamen 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. L-ampt was administered in a dose 
of 80 mg/kg and cold stress was conducted at 6°C. 
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Figure 21. Effect of a-Msthyl-p-tyrosine (ampt) and 
Ro 4-1284 on the Intensity of Audiogenic Seizure 

The time (T) from the initial injection to test time (time 
of sound-stimulation) is indicated below each set of bars. 
Ro 4-1284 (10 mg/kg) was administered as the initial 
injection at 0 hours and L-ampt (50 mg/kg) was administered 
at T = 0.75* ^.75 and 8.75 hours. Animals which did not 
receive Ro 4-1284 or ampt were injected with saline at the 
corresponding time intervals. The number of animals per 
group is indicated inside each bar. The vertical bracketed 
lines represent ± 1 3.E. No vertical line appears when 
S .E. 88 0. 

Key to statistical comparisons: 

Significantly different from the ARS for saline treated rats 
tested at the corresponding time: A# P < 0.001 

Significantly different from the ARS for Ro 4-1284 treated 
rats tested at T = 12.75: A , P < 0.001 
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Figure 22. Effect of a-Methyl-p-tyrosine (ampt) and 
Ro 4-1284 on Whole Brain Norepinephrine, Dopamine and 
5-Hydroxytryptamine Concentrations 

The treatment schedule and time of sacrifice are indicated 
below each bar. The time (T) after initial injection is in 
hours. The doses are 50 mg/kg for L-ampt and 10 mg/kg for 
Ro 4-1284. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
I 1 S.G. No vertical line appears when S.E. = 0. 

Key to Statistical Comparisons: 

Significantly different from neurohormone level for saline 
treated rats sacrificed at the corresponding time: A » 
P < 0.001; P < 0.05 

Significantly different from neurohormone level for Ro 4-1284 
treated rats sacrificed at T = 3: P < 0.001 

Significantly different from neurohormone level for ampt 
treated rats: O, P < 0.005 
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Figure 23. Effect of a-Methyl-p-tyrosine (ampt) and 
Ho 4—128^ on the Fluorescence of the Nucleus 
Periventricularis Hypothalami 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 50 mg/kg for L-ampt 
and 10 mg/kg for Ro 4-128^. 
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Figure 2b. Effect of a-Methyl-p-tyrosine (ampt) and 
Ro ̂ -1284 on the Fluorescence of the Nucleus 
Caudatus Putamen 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 50 mg/kg for L-ampt 
and 10 mg/kg for Ro 4-128^. 
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Figure 25. Effect of Dlsulflram and Ro 4-1284 on the 
Intensity of Audiogenic Seizure 

The time (T) from the initial injection to test time (time 
of sound-stimulation) is indicated below each set of bars. 
Ro 4-1284 (5 mg/kg) was administered as the initial injection 
at 0 hours, and disulfiram (50 mg/kg) was administered at 2 
hours after the initial injection. Animals that did not 
receive Ro 4-128*1- were injected with saline and animals that 
did not receive dlsulflram were administered the disulfiram 
vehicle at the corresponding time intervals. The number 
of animals per group is indicated inside each bar. The 
vertical bracketed lines represent ± 1 S.E. No vertical 
line appears with S.E. = 0. 

Key to statistical comparisonst 

Significantly different from ARS for saline treated rats 
tested at the corresponding tlmei A, P < 0.001? O* 
P < 0.005 

Significantly different from ARS for Ro 4-1284 treated rats 
tested at 6 hours after initial injection: •, P < 0.01 
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Figure 26. Effect of a Single Large Dose of Disulfiram 
on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The dose of disulfiram is 
400 mg/kg. Vehicle refers to the vehicle used for disul
firam. The number of animals per group is indicated inside 
each bar. The vertical bracketed lines represent t 1 S.E. 
No vertical line appears when S.E. = 0. 

Key to statistical comparisons: 

Significantly different from the ARS for saline treated 
rats« A» P < 0.001 
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Figure 27* Effect of Disulfiram and a-Methyl-p-tyrosine 
(ampt) on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The dose of disulfiram is 
50 mg/kg and the dose of L-ampt is 80 mg/kg. Vehicle refers 
to the vehicle used for disulfiram. The number of animals 
per group is indicated inside each bar. The vertical 
bracketed lines represent ± 1 S.E. 

Key to statistical comparisons» 

Significantly different from ARS for animals treated with 
saline plus vehiclet A» P < O.OOlj o# P < 0.05 
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Figure 28. Effect of Diethyldithiocarbamate (DEDTC) and 
Ro 4-1284 on the Intensity of Audiogenic Seizure 

The time from the initial injection to test time (time of 
sound-stimulation) is indicated below each set of bars. 
Ro 4-1284 (5 mg/kg) was administered as the initial injection 
at 0 hours, and DEDTC sodium (100 mg/kg) was administered at 
2 hours after the initial injection. Animals that did not 
receive Ro 4-1284 or DEDTC were injected with saline at the 
corresponding time intervals. The number of animals per 
group is indicated inside each bar. The vertical bracketed 
lines represent t 1 S.E. No vertical line appears when 
S • E. = 0. 

Key to statistical comparisons: 

Significantly different from the ARS for saline treated rats 
tested at the corresponding timei A » P < 0.001; • , P < 0.01 

Significantly different from the ARS for Ro 4-1284 treated 
rats tested at the corresponding time» O# P < 0.025? ^7» 
P < 0.05 
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Figure 29. Effect of Diethyldithiocarbamate (DEDTC) and 
Ho *1—1284 on Whole Brain Norepinephrine, Dopamine and 
5-Hydroxytryptamlne Concentrations 

The treatment schedule and time of sacrifice are indicated 
below each bar. The time (T) after initial injection is in 
hours. The doses are 100 mg/kg for DEDTC sodium and 5 mg/kg 
for Ro 4-1284. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
+ 1 S.E. 

Key to statistical comparisons» 

Significantly different from the neurohormone level for 
saline treated rats sacrificed at the corresponding timei 
A. P < O.OOlj ^7, P < 0.05 

Significantly different from the neurohormone level for 
Ro 4-1284 treated rats sacrificed at T = 1: 0» P < 0.005; 
w , P < 0.05 

Significantly different from the neurohormone level for 
Ro 4-1284 treated rats sacrificed at T = 5'- Oi P < 0.025; 

t P < 0.05 

Significantly different from the neurohomone level for 
DEDTC treated rats: At P < 0.001 
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Figure 30. Effect of Diethyldithiocarbamate (DEDTC) and 
Ro 4-1284 on the Fluorescence in the Nucleus 
Periventricular!s Hypothalami 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 100 mg/kg for DEDTC 
sodium and 5 mg/kg for Ro 4-1284. 
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Figure 31. Effect of Diethyldithlocarbanate (DEDTC) and 
Ro 4-1284 on the Fluorescence of the Nucleus Caudatus 
Putamen 

The treatment schedule and time of sacrifice are Indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 100 mg/kg for DEDTC 
sodium and 5 mg/kg for Ro 4-1284. 
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Figure 32. Effect of Diethyldithiocarbamate (DEDTC) on 
the Intensity of Audiogenic Seizure 

The doses of DEDTC sodium are indicated below each bar. 
DEDTC was administered 3 hours prior to sound-stimulation. 
Animals which did not receive DEDTC were treated with 
saline. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
± 1 S.E. 

Key to statistical comparisons: 

Significantly different from the ARS for saline treated 
rats: A» P < 0.001 
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Figure 33• Effect of Intracerebroventricularly Administered 
Reserpine on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
Initial injection is in hours. The dose of reserpine 
phosphate is 250 meg. The number of animals per group is 
indicated inside each bar. The vertical bracketed lines 
represent + 1 S.E. 

Key to statistical comparisons» 

Significantly different from the AHS for saline treated 
ratst A » P < 0.001 
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Figure 3^* Effect of Intracerebroventricularly Administered 
Reserpine on Whole Brain Norepinephrine, Dopamine and 
5-Hydroxytryptamine Concentrations 

The treatment schedule and time of sacrifice are Indicated 
below each bar. The time (T) after initial injection is in 
hours. The dose of reserpine phosphate is 250 meg. The 
number of animals per group is indicated inside each bar. 
The vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisons: 

Significantly different from the neurohormone concentration 
for saline treated ratsi A» P < .OOlj O • P < *005 
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Figure 35. Effect of Lithium Carbonate and a-Methyl-p-
tyrosine (ampt) on the Intensity of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The dose of lithium carbonate 
was 20 mg/kg for the first 9 doses and ko mg/kg for all sub
sequent doses. The dose of L-ampt was 80 mg/kg. The number 
of animals per group is indicated inside each bar. The 
vertical bracketed lines represent t 1 S.E. 

Key to statistical comparisonst 

Significantly different from ARS for saline treated rats* 
O . P < 0.005 
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Figure 36. Effect of Lithium Carbonate on the Intensity 
of Audiogenic Seizure 

The doses of lithium carbonate are indicated below each bar. 
Lithium was administered at 5«^5 A.M. (05^5) and 5:^5 P.M. 
(17^5) for 6 days. On the seventh day it was administered 
at 5»^5 A.M. (05^5) and lis h5 A.M. (114-5). Sound-
stimulation was conducted 6 hours after the last dose of 
lithium. Animals that did not receive lithium were 
treated with saline. The number of animals per group is 
indicated inside each bar. The vertical bracketed lines 
represent + 1 S.E. 
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Figure 37* Effect of Iproniazid on the Intensity of 
Audiogenic Seizure in Animals Treated with a-Methyl-p-
tyrosine (ampt) and/or Ro 4-1284 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 50 mg/kg for 
L-ampt, 38.5 mg/kg for iproniazid phosphate and 5 mg/kg for 
Ro 4-1284. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
t 1 S.Ei No vertical line appears when S.E. = 0. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated rats: 
At P < 0.001, Oi P < 0.025 

Significantly different from ARS for Ro 4-1284 treated 
rats: A » P < 0.001 
Significantly different from ARS for rats treated with 
iproniazid and Ro 4-1284; O » P < 0.025 
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Figure 38. Effect of Methylphenidate (MP) on the Intensity 
of Audiogenic Seizure in Animals Treated with a-Methyl-p-
tyrosine (ampt) and/or Ro 4-1284 

The treatment schedule and test time (time of sound-stimula 
tion) are Indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 100 mg/kg for 
L-ampt, 10 mg/kg for Ro 4-1284 and 30 mg/kg for MP hydro
chloride. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
t 1 S.E. 

Key to statistical comparisons! 

Significantly different from ARS for saline treated rats: 
A » P < 0 .001;  O .  P < 0 .025 

Significantly different from ARS for Ro 4-128** treated rats 
A. P < 0.001 

Significantly different from ARS for rats treated with 
Ro 4-1284 plus MPi <0, P < 0.025 
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Figure 39• Effect of Cocaine and Ro 4-1284 on the Intensity 
of Audiogenic Seizure 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 30 mg/kg for 
cocaine hydrochloride and 10 mg/kg for Ro 4-1284. The number 
of animals per group is indicated inside each bar. The 
vertical bracketed lines represent + 1 S.E. No vertical 
line appears when S.E. = 0. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated rats: 
A » p < o.ooi 

Significantly different from ARS for Ro 4-1284 treated rats: 
A » p < o.ooi 
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Figure ^0. Effect of Imipramine on the Intensity of 
Audiogenic Seizure in Animals Treated with a-Methyl-p-
tyrosine (ampt) and/or Ro *4—128^ 

The treatment schedule and test time (time of sound-stimula
tion) are indicated below each bar. The time (T) after 
initial injection is in hours. The doses are 100 mg/kg for 
L-ampt, 10 mg/kg for Ro *J~128^ and 15 mg/kg for imipramine 
hydrochloride. The number of animals per group is indicated 
inside each bar. The vertical bracketed lines represent 
± 1 S.E. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated rats: 
A. P < 0.001; O. P < 0.025 

Significantly different from ARS for rats treated with 
Ro ^-1284: O » P < 0.025 

Significantly different from ARS for rats treated with 
Ro 4-128^ plus imipramine: C7, P < 0.05 
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Figure 41. Effect of Imipramine on the Fluorescence of the 
Nucleus Periventricularis Hypothalami in Animals Treated 
with a-Methyl-p-tyroslne (ampt) and/or Ro 4-1284 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 100 mg/kg for L-ampt, 
10 mg/kg for Ro 4-1284 and 15 mg/kg for imipramine hydro
chloride. 
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Figure 42, Effect of Imipramine on the Fluorescence of the 
Nucleus Caudatus Putamen in Animals Treated with a-Methyl-
p-tyrosine (ampt) and/or Ro 4-1284 

The treatment schedule and time of sacrifice are indicated 
below each photomicrograph. The time (T) after initial 
injection is in hours. The doses are 100 mg/kg for L-ampt, 
10 mg/kg for Ro 4-1284 and 15 mg/kg for imipramine hydro
chloride. 
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Figure ^3* Effect of L-3»^-Dihydroxyphenylalanine (L-DOPA) 
on the Intensity of Audiogenic Seizure in Animals Pretreated 
with Iproniazid 

The doses of iproniazid phosphate and L-DOPA are indicated 
below each bar. Iproniazid and L-DOPA were administered 2.5 
and 0.5 hours before sound-stimulation, respectively. 
Animals that did not receive iproniazid or L-DOPA were 
treated with saline. The number of animals per group is 
indicated inside each bar. The vertical bracketed lines 
represent ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated rats: 
A. P < 0.001; i P < 0.05 
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Figure *l4. Effect of Intracerebroventricularly Administered 
Norepinephrine (NE) on the Intensity of Audiogenic Seizure 

The treatments are indicated below each bar. Norepinephrine 
was injected as the bitartrate salt. The dose of this com
pound is reported in terms of the free base. Injections 
were made into the right lateral ventricle 35 minutes before 
testing. The ARS for norepinephrine treated rats is compared 
to the ARS for 2 control groups, one injected with deionized 
water and the other Injected with 0,9% saline solution. 
The osmolarities of deionized water and the 0.9% saline 
solution bracketed that of the norepinephrine solution. 
The number of animals per group is Indicated inside each 
bar. The vertical bracketed lines represent + 1 S.E. 

Key to statistical comparisons: 

Significantly different from ARS for saline treated ratsi 
O. P < 0.025 

Significantly different from ARS for rats treated with 
deionized water: Q » p < 0.005 
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Figure 45. Effect of Intracerebroventricularly Administered 
Dopamine (DA) on the Intensity of Audiogenic Seizure 

The treatments are indicated below each bar. Dopamine was 
injected as the hydrochloride salt. The dose of this com
pound is reported in terms of the free base. Injections 
were made into the right lateral ventricle 20 minutes 
before testing. The ARS for animals treated with dopamine 
hydrochloride (80.7 meg) was compared to the ARS for control 
animals treated with deionized water and 0.9$ saline, 
whereas the ARS for animals treated with dopamine hydro
chloride (500 meg) was compared to the ARS for control 
animals treated with 0.9$ saline and 3*6% saline. The 
osmolarities of the deionized water and 0.9$ saline solu
tion bracketed that of the dopamine solution used to 
administer the 80.7 meg dose and the osmolarities of the 
0.9/6 and 3*6$ saline solutions bracketed that of the dop
amine solutions used to administer the 500 meg dose. The 
number of animals per group is indicated inside each bar. 
The vertical bracketed lines represent ± 1 S.E. 

Key to statistical comparisons: 

Significantly different from the ARS for rats treated with 
deionized water» ^, P < 0.05 

Significantly different from the ARS for rats treated With 
0.9# or 3*6$ saline» A. P < 0.001 
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Discussion 

Decreases In the norepinephrine content of the 

periventricular nucleus and the dopamine content of the 

nucleus caudatus putamen which occurred during a single 

audiogenic seizure episode suggest that there may be a func

tional relationship between catecholamine metabolism in 

these structures and audiogenic seizure. A similar rela

tionship between the norepinephrine content of whole brain 

tissue and electroshock, chemoshock and audiogenic seizures 

has been reported by Breltner, Plcchionl and Chin (1964). 

However, in contrast to the results of the present investi

gation, a decrease in norepinephrine levels was detected 

only after repeated convulsive episodes. It is suggested 

that by the use of whole brain tissue these investigators 

failed to detect depletion of norepinephrine stores during 

a single episode since alterations which may have occurred 

in specific brain areas may have been masked by the lack of 

changes in other areas. 

Since decreases in the catecholamine content of the 

nucleus periventricularls hypothalami and nucleus caudatus 

putamen occurred rapidly, that is, just after the onset of 

sound-stimulation, it is suggested that they resulted from 

release of the amines into the synapse rather than from 

Inhibition of synthesis. In support of this view, the work 

of Kety et al. (1967) and Schildkraut et al. (1967) has shown 

that electroconvulsive shock administered to rats which had 
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received prior injections of norepinephrlne-H^ produced a 

decrease in the norepinephrlne-H^ brain levels and an in

crease in the normetanephrine-H^ levels. Furthermore, Engel 

et al. (1968) have shown that electroshock seizures produce 

an increase in the brain content of homovanilllc acid, a 

metabolite of dopamine. 

Although the significance of the catecholamine 

release which occurred during sound-induced convulsions can 

not be determined on the basis of the preceding evidence, it 

is possible that such release is physiologically Important 

in seizure mechanisms. In order to investigate this possi

bility in greater detail, the effects of selective altera

tions in norepinephrine and dopamine metabolism on the 

intensity of audiogenic seizure were studied. The results 

show that inhibition of catecholamine synthesis produced by 

a-methyl-p-tyrosine combined with release of norepinephrine 

produced by a-methyl-m-tyroslne or cold-induced stress 

markedly enhanced the intensity of audiogenic seizure and 

severely decreased whole brain and hypothalamic norepineph

rine. In comparison, a-methyl-m-tyrosine alone produced 

less enhancement of seizure and less depletion of norepi

nephrine stores, whereas a-methyl-p-tyrosine had no signifi

cant (P > 0.1) effect on seizure intensity and produced the 

smallest decrease in the levels of this biogenic amine. 

Furthermore, cold-induced stress had no effect on seizure 

or norepinephrine levels. Thus, it is suggested that the 
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marked enhancement of seizure produced by the combined 

treatments was caused by a severe reduction in brain norepi

nephrine levels and that the moderate enhancement of seizure 

produced by a-methyl-m-tyrosine was caused by a smaller 

decrease in norepinephrine levels. Furthermore, it is 

suggested that a-methyl-p-tyrosine failed to enhance seizure 

because it did not produce a sufficient depletion of norepi

nephrine stores. In this regard, it is possible that addi

tional doses of a-methyl-p-tyrosine would have provoked both 

a greater decrease in norepinephrine levels and a marked 

enhancement of seizure. 

Determinations of brain dopamine concentrations 

following inhibition of tyrosine hydroxylase or catechol

amine release provide a basis for rejection of dopamine as a 

possible mediator in the regulation of seizure intensity. 

a-Methyl-p-tyrosine, which did not enhance seizure inten

sity at room temperature (25°C), produced decreases In the 

dopamine content of the whole brain and the nucleus caudatus 

putamen that were as great as those produced by a-methyl-p-

tyrosine plus cold-induced stress, a treatment which mark

edly enhanced seizure intensity. In addition, a-methyl-p-

tyrosine produced a substantially greater decrease in the 

dopamine content of whole brain and the nucleus caudatus 

putamen than did a-methy1-m-tyrosine, a treatment which 

produced a significant (P < 0.05) enhancement of seizure 

intensity. 
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Whole brain 5-hydroxytryptamine levels were not 

altered by any of the treatments described above which 

enhanced seizure intensity. Therefore, it is apparent that 

in the presence of low norepinephrine levels depletion of 

5-hydroxytryptamine stores is not necessary for enhancement 

of seizure. 

In contrast to the enhancement of seizure produced 

by a-methyl-m-tyrosine, a-methyldopa produced a marked 

reduction in seizure Intensity when administered alone or 

in combination with a-methy1-p-tyrosine. Since a-methy1-m-

tyrosine and a-methyldopa deplete norepinephrine stores by 

similar mechanisms, the decreased seizure Intensity pro

duced by the latter compound is seemingly in conflict with 

the concept that a reduction in brain norepinephrine levels 

produces enhancement of seizure. However, norepinephrine 

depletion produced by a-methyldopa is mediated through a 

displacement mechanism by its decarboxylated and 0-hydroxy-

lated metabolite, a-methylnoreplnephrine (Carlsson and 

Lindqvist, 1962; Day and Rand, 1963; Carlsson et al., 1965; 

Fuxe, 1965), whereas the depletion produced by a-methyl-m-

tyrosine is mediated through a displacement mechanism by 

metaraminol (Carlsson and Lindqvist, 1962; Udenfriend and 

Zaltzman-Nirenberg, 1962; Shore, 1966; Stone and Porter, 

1966; Kopln, 1968). Furthermore, a-methylnoreplnephrine 

exerts potent norepinephrine-like depressant effects on the 

central nervous system, whereas metaraminol exerts stimulant 
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actions (Dewhurst and Marley, 1965; Marley, 1966; Marley and 

Stephenson, 1968) or, as suggested by other workers (Gunne 

and Jonsson, 19&3) » metaraminol may be devoid of central 

action. In addition, the peripheral norepinephrine-like 

effects of a-methylnorepinephrine approach or exceed those 

of norepinephrine, while the peripheral actions of meta-

raminol are 20 to 100 times less potent than those of nor

epinephrine (Ahlquist, 19^8; Gaddura, Peart and Vogt, 19^9; 

Trendelenburg et al., 1962; Kadzielawa, 196?; Kopin, 1968, 

Torchiana, Porter and Stone, 1968). Therefore, it is sug

gested that the decrease in seizure Intensity produced by 

a-methyldopa in the present study is mediated by the norepi

nephrine-like effects of a-methylnorepinephrine and that the 

seizure enhancing properties of a-methyl-m-tyrosine result 

from the central noradrenergic deficit which is produced when 

the physiological transmitter is replaced by metaraminol. 

The effects of a-methyl-p-tyrosine administered in 

combination with a-methyl-m-tyrosine, a-methyldopa or cold-

Induced stress on the intensity of audiogenic seizure or 

other types of experimentally-induced seizure have not been 

previously reported. Furthermore, investigations on the 

effects of these individual treatments on the intensity of 

audiogenic seizure in rats have not been previously reported, 

although several investigators have recently described the 

actions of some of these treatments on various types of 

experimentally-induced seizures in mice. For example, it 
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has been shown in these animals that a-methyl-p-tyrosine 

administered alone enhances the lethality and intensity of 

audiogenic seizure (Lehmann, 19685 Schlesinger, Boggan and 

Freedman, 1968), decreases electroshock seizure threshold 

(Chen, Ensor and Bohner, 1968a, 1968b) and decreases latency 

for onset of thlosemicarbazide-induced convulsions (Kennear, 

1969)• In contrast, the results in the present investiga

tion showed that a-methyl-p-tyrosine does not enhance audio

genic seizure in rats unless the animals are subjected to 

severe stress. It is suggested that the difference between 

these results can be explained on the basis of different 

species employed. Perhaps the norepinephrine stores of mice 

are more susceptible to release by various forms of stress 

than are those of rats. In support of this view, the work 

of Moore (1963* 196*0 indicates that after amphetamine 

treatment mice exposed to aggregation-induced stress experi

ence a greater release of norepinephrine than did isolated 

mice. In comparison, unpublished findings in another study 

In this laboratory indicate that aggregated rats do not 

experience a greater release of norepinephrine than isolated 

rats. Thus, it is possible that mice are also more suscep

tible to other types of stress such as that associated with 

normal handling of animals during experimentation. 

Truitt and Ebersberger (1962) have reported an 

Increase in the convulsive threshold to hexafluorodiethyl 

ether in mice 2 hours after the administration of 
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a-methyl-m-tyrosine. These results appear to conflict with 

those .presented, in the present investigation in which a 

modest but significant (P < 0.05) enhancement of audiogenic 

seizure was observed in rats 12 hours after a-methyl-m-

tyroslne. However it is possible that these dissimilar 

results may be due to the different types of seizures in

volved or the different time periods used in the 2 studies. 

Scheckel and Boff (1964) have pointed out that the release 

of physiologically active norepinephrine begins within a 

few minutes after the administration of a-methyl-m-tyrosine 

and that it continues for several hours until the norepineph

rine levels in the brain are severely depleted. Thus, it is 

possible that the inhibition of seizure observed by Truitt 

and Ebersberger (1962) resulted from an increase in the 

concentration of norepinephrine at the noradrenergic recep

tors. On the other hand, the observations reported in the 

present investigation for audiogenic seizures are consistent 

with the reports of Herold et al. (19^2) and Benfey and 

Varma (1964) that a-methyldopa Inhibits the intensity of 

pentylenetetrazol convulsions. 

Additional evidence indicating tha.t a decrease in 

norepinephrine levels of brain may be functionally associ

ated with enhancement of seizure intensity was obtained from 

an investigation of the interaction between inhibitors of 

catecholamine biosynthesis and the catecholamine and 

5-hydroxytryptamine depletor, Ro 4-1284. The results show 



that Ro 4-1284 simultaneously produced a marked enhancement 

of seizure Intensity, a severe depletion of whole brain 

norepinephrine, dopamine and 5-hydroxytryptamine stores, and 

a marked reduction in the norepinephrine content of the 

nucleus periventricular!s hypothalami and the dopamine con

tent of the nucleus caudatus putamen. Furthermore, it was 

shown that partial recovery of whole brain and hypothalamic 

norepinephrine levels was accompanied by return of normal 

seizure characteristics. Also, a-methy1-p-tyrosine, disul-

firam or diethyldithiocarbamate markedly prolonged the 

Ro 4-12^4-induced intensification of seizure. Although the 

effects of disulfiram plus Ro 4-1284 on biogenic amine 

levels were not determined, it was found that a-methy1-p-

tyrosine and diethyldithiocarbamate, the pharmacologically 

active metabolite of disulfiram, consistently prolonged 

the Ro 4-1284-induced depletion of whole brain and hypo

thalamic norepinephrine. Thus, a good relationship between 

low norepinephrine concentrations and enhancement of seizure 

was observed following each treatment. On the other hand, 

all treatments did not produce a consistent relationship 

between low dopamine levels and enhancement of seizure nor 

did they reduce 5-hydroxytryptamine concentrations in all 

instances in which they intensified seizure. For example, 

although a-methy1-p-tyrosine markedly prolonged the 

Ro 4-1284 (10 mg/kg)-induced intensification of seizure, it 

did not prolong the depletion of dopamine in the nucleus 



caudatus putamen or the depletion of 5-hydroxytryptamine in 

whole 'brain tissue. Indeed, at the 12.75 hour time period 

dopamine had recovered to levels approximately equal to 

those observed after a-methyl-p-tyrosine alone. Further

more, 1 hour after Ro 4-1284 (5 nig/kg) dopamine content of 

whole brain and the nucleus caudatus putamen was severely 

depleted and seizure intensity was markedly enhanced; how

ever, 5 hours after Ro 4-1284 (5 mg/kg) dopamine levels 

remained severely depleted, yet seizure intensity had 

returned to control values. In addition, 5 hours after 

treatment with Ro 4-1284 (5 mg/kg) followed by diethyl-

dithiocarbamate seizure intensity was markedly enhanced, 

yet whole brain dopamine and 5-hydroxytryptamine concentra

tions were not significantly (P > 0.05) lower than those 

observed 5 hours after Ro 4-1284 (5 mg/kg) alone. Finally, 

dopamine concentration in the nucleus caudatus putamen after 

the combined treatments was not appreciably different than 

that observed 5 hours after Ro 4-1284 (5 mg/kg). 

Small doses of disulfiram and diethyldithiocarbamate 

alone exerted no effect on seizure intensity. Larger doses 

of the drugs or small multiple doses of disulfiram, however, 

markedly inhibited seizure Intensity. Since these drugs are 

inhibitors of dopamine-0-hydroxylase, they produce a decrease 

in brain norepinephrine levels but do not diminish dopamine 

concentrations (Carlsson et al., 1966b; Musacchio et al., 

1966; Carlsson, Fuxe and Hokfelt, 1967; Goldstein and 
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Nakajltna, 1967; Jonsson, Grobecker and Gunne, 19^7) . Thus, 

it is possible that disulfiram and dlsthyldithlocarbamate 

diminish seizure intensity by altering the norepinephrine/ 

dopamine ratio or by inhibiting dopamine-p-hydroxylase 

itself. The first of these possibilities can be precluded 

on the basis of data which show that disulfiram, adminis

tered to animals in which the dopamine levels were reduced 

by a-methyl-p-tyrosine, diminished seizure intensity as 

effectively as it did in animals with intact dopamine 

stores. Furthermore, the second possibility can be dis

counted on the basis of the following evidence; first, 

small single doses of disulfiram (50 mg/kg) or diethyldi-

thiocarbamate (100 mg/kg) inhibited dopamine-3-hydroxylase 

sufficiently to prevent resynthesis of norepinephrine 

following depletion by Ro ^-128^, yet seizure intensity was 

markedly enhanced; and secondly, repeated small doses of 

disulfiram (50 mg/kg every 4 hours for 5 doses) or large 

single doses of disulfiram (^00 mg/kg) or diethyldithio-

carbamate (500 mg/kg) were required to inhibit seizure. 

Therefore, it is suggested that the anticonvulsant proper

ties of these 2 compounds result from a direct interaction 

with noradrenergic receptors or with biologic substrates 

not directly involved in catecholamine metabolism. 

Reserpine, administered by the intracerebroventri-

cular route, markedly enhanced the intensity of audiogenic 

seizure and severely depleted whole brain norepinephrine 



stores, whereas it caused only a moderate reduction in the 

dopamine and 5-hydroxytryptamine concentrations. A compari

son of the decrease in norepinephrine produced by reserpine 

with that of another treatment, a-methyl-p-tyrosine plus 
t 

Ro ^-128^, which also enhanced seizure, reveals that in both 

instances norepinephrine levels were reduced to approxi

mately the same extent. On the other hand, a comparison of 

the decrease in dopamine levels produced by these 2 treat

ments shows that they were reduced to a considerably greater 

extent by the combined treatments than by reserpine. Fur

thermore, a comparison of the decrease in dopamine con

centrations produced by reserpine with that produced by 

a-methyl-p-tyrosine alone, a treatment which did not enhance 

seizure, reveals that a-methyl-p-tyrosine reduced whole 

brain dopamine to a much lower level than did reserpine. 

Thus, it appears that the marked enhancement of seizure 

produced by reserpine is a result of the severe decrease in 

norepinephrine levels and that the decrease in dopamine 

levels is merely coincidental with seizure enhancement. 

However, the possibility that the moderate depletion of 

5-hydroxytryptamine stores participated in the enhancement 

of seizure produced by reserpine can not be eliminated. 

Lithium carbonate, which enhances norepinephrine 

uptake into the presynaptic neuron, combined with a-methyl-

p-tyrosine, which inhibits catecholamine synthesis, markedly 

enhanced the intensity of audiogenic seizure, whereas 
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lithium or a-methyl-p-tyrosine alone exerted no effect on 

seizure intensity. These results can be explained on the 

basis of observations reported by Corrodi et al. (1967) that 

the combination of lithium plus a-methyl-p-tyrosine produced 

a severe depletion of whole brain and hypothalamic norepi

nephrine in rats, whereas a-methyl-p-tyrosine produced a 

moderate decrease in norepinephrine and lithium produced no 

effect on the concentration of this biogenic amine. In 

comparison, these workers reported that depletion of dopamine 

by a-methyl-p-tyrosine was not enhanced by lithium. Fur

thermore, lithium alone produced a slight decrease in brain 

dopamine levels. These observations lend further support to 

the contention that seizure enhancement correlates better 

with low norepinephrine concentrations than with low dop

amine levels. It is suggested that in a-methyl-p-tyrosine 

treated animals, the enhanced depletion of norepinephrine 

produced by lithium is a result of lithium-induced increases 

in the neuronal uptake and the intraneuronal deamination of 

norepinephrine reported by Schildkraut et al. (19^7). 

A functional role of norepinephrine in seizure 

mechanisms was also suggested by evidence obtained from 

Investigating the interaction between Ro ̂ -128^- and com

pounds which diminish the efficiency of the norepinephrine 

uptake mechanism in the presynaptic neuron or which Inhibit 

monoamine oxidase. The Inhibitors of norepinephrine uptake 

(methylphenidate, imipramine or cocaine) produced a marked 
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reduction in the intensity of audiogenic seizure and sub

stantially inhibited the enhancement of seizure produced by 

Ro ^-128^. The monoamine oxidase inhibitor, iproniazid, did 

not diminish seizure intensity in the dosage used in the 

present experiment; however, it markedly inhibited the ca

pacity of Ro ^-128^ to enhance seizure. Other investigators 

have shown that higher doses of iproniazid alone exert 

potent inhibiting effects on audiogenic and electroshock 

seizures (Picchioni, Chin and Breitner, 19&2; Picchioni 

et al., 1963)• The effects of these drugs on audiogenic 

seizure can be explained on the basis of evidence vrhich 

indicates that methylphenidate, imipramine and cocaine 

produce an increase in synaptic norepinephrine by inhibiting 

the monoamine uptake mechanism located in the presynaptic 

nerve membrane (Dengler, Spiegel and Titus, I96I5 Hertting, 

Axelrod and Whitby, 1961; Trendelenburg et al., 1962; 

Rosenthale and Dipalma, 1963; Glowinskl and Axelrod, 196^; 

Maxwell, 1965; Trendelenburg, 1966; Schildkraut et al., 

19675 Bowman, Rand and West, 1968; Ross, Renyi and 

Burnfelter, 1968) and that monoamine oxidase Inhibitors 

combined with reserpine markedly increase the rate of re

lease of physiologically active catecholamines (Carlsson, 

1966a; Sulser, 1968). Hovrever, it has also been shown that 

methylphenidate and imipramine may produce an increase in 

synaptic 5-hydroxytryptamine (Rutledge, Barrett and Plummer, 

1959? Carlsson et al., 1969) and that iproniazid plus 
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reserpine causes a large Increase in the concentration of 

whole brain 5-hydroxytryptamine (Picchioni, Chin and 

Breltner, 1962; Schanberg and Giarman, 1962; Picchioni 

et al., 1963)« Therefore, in order to determine whether or 

not the seizure inhibiting properties of imipramine, methyl-

phenidate and iproniazid resulted at least in part from 

effects on norepinephrine metabolism, animals were pre-

treated with a-methyl-p-tyrosine. After treatment with this 

drug the capacity of imipramine, methylphenldate and ipro

niazid to prevent Ro ^-128^-Induced enhancement of seizure 

intensity was substantially inhibited. Thus, it appears 

that an increase in synaptic norepinephrine is largely 

responsible for the diminished seizure activity produced 

by these drugs. 

Histochemical evidence obtained in the present study 

shows that Ro ^-128^ markedly depleted norepinephrine and 

dopamine in the nucleus periventricularis hypothalami and 

the nucleus caudatus putamen, respectively. In comparison, 

imipramine administered in combination with Ro ^-1284 inhi

bited the depletion of norepinephrine in animals with intact 

catecholamine synthesis, but not in animals subjected to 

inhibition of tyrosine hydroxylase. In contrast, imipramine 

exerted no effect on dopamine depletion in either case. 

These effects can be explained on the basis of the Influence 

of these drugs on catecholamine metabolism. In the presence 

of Ro 4-128^, norepinephrine is released from the storage 
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granules and exposed to the presynaptic nerve membrane 

(Carlsson, 1966b; Pletscher et al., 1968). Some of the 

amine diffuses across this barrier into the synaptic space 

where a portion is metabolized by catecholamine-o-methyl-

transferase while another portion is transferred to blood by 

the process of circulatory "washout" (Carlsson, 1966b; 

Wurtman, 19665 Wurtman and Zigmond, 1968). However, the 

major portion of this released norepinephrine is rapidly 

taken back into the presynaptic neuron by a carrier mecha

nism and is deaminated by monoamine oxidase (Rosell, Kopin 

and Axelrod, 1963; Wurtman, 1966; Wurtman and Zigmond, 1968). 

Since imipramine eliminates this major pathway for inacti

vating synaptic norepinephrine by inhibiting the carrier 

mechanism (Glowinski and Axelrod, 196^; Carlsson, 1966a; 

Gloi\Tinski, 1967; Schildkraut et al., 1967), Ro ^-128^ would 

be expected to reduce the levels of brain norepinephrine 

less rapidly when administered in combination with imipr

amine than when administered alone. Another mechanism that 

may also conserve norepinephrine in animals treated with 

Ro ^-128^ and imipramine has been suggested by Manara, 

Algeri and Sestini (1967) to explain their finding that 

desipramine, a metabolite of imipramine, diminishes the rate 

at which reserpine depletes norepinephrine. These investi

gators proposed that an increased concentration of norepi

nephrine in the synapse due to the impairment of the amine 

uptake mechanism produced by desipramine creates a gradient 



106 

opposing the norepinephrine outflow produced by reserpine. 

However, since norepinephrine is normally released into the 

cytoplasm by reserpine and the largest portion of this amine 

is metabolized by monoamine oxidase so that no conservation 

could occur, it was also pointed out that desipramine may 

change the metabolic fate of norepinephrine released by 

reserpine so that it is protected from the action of this 

enzyme• 

In the present study the failure of imipramine to 

inhibit the depletion of norepinephrine in animals treated 

with a-methyl-p-tyrosine plus Ro 4-128*+ indicates that the 

norepinephrine which is conserved in animals treated with 

Ro 4-1284 and imipramine is derived from synthesis rather 

than storage. Furthermore, the failure of imipramine to 

conserve dopamine concentration in Ro 4-1284 treated animals 

can be explained on the basis that the uptake mechanisms of 

dopamine neurons are resistant to imipramine (Carlsson 

et al.( 1969)• 

These histochemlcal data from the preceding studies 

with imipramine, Ro 4-1284 and a-methyl-p-tyrosine lend 

additional support to the concept that inhibition of the 

norepinephrine uptake mechanism in the presynaptic neuron 

diminishes the intensity of audiogenic seizure by Increasing 

the concentration of norepinephrine in the synaptic space 

and that it inhibits the Ro 4-1284-induced enhancement of 

seizure by the same mechanism. Furthermore, the data 
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indicate that dopamine does not function as a determinant of 

seizure intensity. These conclusions are consistent with 

those recently reported by Chen, Ensor and Bohner (1968a, 

1968b) to explain their finding in mice that imipramine, 

desipramine or cocaine prevented the electroshock seizure 

threshold lowering effects of tetrabenazine, a reserpine-

llke drug. Since the effects of these treatments on brain 

amine concentrations were not studied, however, these inves

tigators were unable to evaluate the relative importance of 

norepinephrine and dopamine. 

Intraperitoneally administered L-3»^-dihydroxy-

phenylalanine or intracerebroventricularly administered 

norepinephrine or dopamine reduced the intensity of audio

genic seizure. Since various investigators have shown that 

L_3,4-dihydroxyphenylalanine given systemically and norepi

nephrine or dopamine given centrally increase the brain 

norepinephrine and/or dopamine content (Carlsson et al., 

1958; De Schaepdryver, Piette and Delaunois, 1962? Carlsson, 

196^b, Fuxe and Ungerstedt, 1966, 1968), these data indicate 

that increases in brain catecholamine levels are associated 

with a decrease in the intensity of audiogenic seizure. It 

is suggested, however, that the anticonvulsant action of 

dopamine may be related to its conversion to norepinephrine. 

In support of this view, Jones and Roberts (1968) have shown 

that intracerebroventricularly administered norepinephrine 

completely antagonized the capacity of reserpine to enhance 
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pentylenetetrazol-induced seizure, whereas dopamine given in 

an equlmolar dose produced only a slight antagonism. As an 

alternative explanation for the anticonvulsant activity of 

dopamine it is suggested that dopamine may interact "non-

specifically" with norepinephrine receptors. The possibil

ity of such non-specific interactions has been suggested by 

Carlsson (1966b). 

In summary, the results show that there is an 

inverse relationship between the concentration of norepi

nephrine in the brain and synaptic space and the intensity 

of audiogenic seizure. Furthermore, the results provide 

evidence for the rejection of dopamine as a possible medi

ator in seizure mechanisms and show that in the presence of 

low norepinephrine levels depletion of 5-hydroxytryptamine 

stores is not necessary for enhancement of seizure. On the 

basis of these findings it is suggested that norepinephrine 

but not dopamine has a central inhibitory action which 

serves to attenuate audiogenic seizure. Similar suggestions 

concerning the role of this neurohormone have also been made 

by Lehmann (1967), who reported that inhibitors of norepi

nephrine uptake or of monoamine oxidase produce an inhibi

tion of audiogenic seizure in mice, and by Chen and Bohner 

(1961) who showed that monoamine oxidase inhibitors antag

onize the reserpine-induced enhancement of chemoshock 

seizures in mice. An inhibitory role for norepinephrine 

has also been suggested by studies of the electrical 
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activity of single neurons in the central nervous system; a 

number of investigators have shown that the microelectro-

phoretic administration of norepinephrine to brain neurons 

depresses the discharge activity of these cells (Bradley and 

Wolstencroft, 1962; Bloom, Oliver and Salmoiraghi, 1963; 

Bloom, Costa and Salmoiraghi, 196^5 Salmoiraghi, 1966; 

Weight and Salmoiraghi, 1967; Herz and Zieglgansberger, 

1968). 

The spectrophotofluorometric and histochemical 

fluorescence data obtained in the present study show that a 

substantial depletion of norepinephrine stores occurs with 

no resultant effect on seizure intensity. However, it 

appears that a critical level exists and that once depletion 

has exceeded this limit, seizure enhancement occurs. Fur

thermore, recovery of norepinephrine levels to concentra

tions equal to or greater than this limit is accompanied by 

return of normal seizure characteristics. Therefore, it is 

suggested that a large proportion of norepinephrine exists 

In pools not directly involved in an inhibitory role with 

regard to audiogenic seizure and that only a small quantity 

is present in fractions which are of immediate functional 

significance. The importance of a small pool of norepi

nephrine as a determinant of another centrally-mediated 

effect, namely behavioral depression, has been suggested by 

other investigators (Haggendal and Lindqvist, 1963. 196^; 

Hillarp, Fuxe and Dahlstrom, 1966; Dahlstrom et al., 1967)* 



CHAPTER 5 

GENERAL DISCUSSION 

The role of brain amine metabolism in the regulation 

of audiogenic seizure was studied using 2 fundamentally dif

ferent experimental approaches. The first approach, which 

involved the determination of the effects of seizure itself 

on brain amine concentrations, was applied only to an inves

tigation of the roles of norepinephrine and dopamine. The 

results of this study show that the norepinephrine content 

of the nucleus periventricularls hypothalami and the dop

amine content of the nucleus caudatus putamen were markedly 

diminished by a single audiogenic seizure. Since these 

decreases in catecholamine concentrations appeared quickly, 

it is suggested that they resulted from a release of the 

amines into the synapse rather than from inhibition of syn

thesis. In support of this view, the work of Kety et al. 

(196?) and Schlldkraut et al. (1967) has shown that electro

convulsive shock administered to rats which had received 

prior injections of norepinephrine-!^ produced a decrease in 

noreplnephrlne-H^ brain levels and an increase in normeta-

nephrine-H3 brain levels. Furthermore, Engel et al. (19^8) 

have shown that electroshock seizures produce an increase in 

the brain content of homovanillic acid, a metabolite of 
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dopamine. These findings suggest a definite relationship 

between catecholamine metabolism and audiogenic seizure. 

Whether or not this is of functional significance, however, 

can not be determined on the basis of these results alone. 

The second type of experimental approach used in the 

present investigation involved the use of pharmacologic 

"tools" and was applied to the study of norepinephrine, 

dopamine, and 5-hydroxytryptamine. These studies provide 

considerable evidence that 5-hydroxytryptamine and norepi

nephrine, but not dopamine, play significant roles in sei

zure mechanisms. Furthermore, the data indicate that 

selective alterations in the metabolism of either 5-hydroxy

tryptamine or norepinephrine produce modifications in 

seizure intensity. 

For example, p-chlorophenylalanine, an inhibitor of 

tryptophan hydroxylase, produced an enhancement of seizure 

intensity and a marked decrease in brain 5-hydroxytryptamlne 

levels without causing large decreases in norepinephrine 

concentrations. The possibility that seizure enhancement 

• resulting from this treatment was due to a direct action 

rather than an alteration in 5-hydroxytryptamine metabolism 

was eliminated by the observation that at 15 minutes after 

the administration of p-chlorophenylalanine, brain levels of 

this drug in rats are maximal (Jequier, Lovenberg and 

Sjoerdsma, 196?) but seizure intensity is not altered 

(Fig* 3)» whereas 78 hours after administration of 
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p-chlorophenylalanine brain levels of the drug are less than 

10% of the maximal value (Jequier, Lovenberg and Sjoerdsma, 

1967) but seizure intensity is substantially enhanced 

(Fig. 3). 

In contrast to the p-chlorophenylalanine-induced 

enhancement of seizure Intensity, a-methy1-p-tyrosine, an 

inhibitor of catecholamine biosynthesis, combined with a-

methy1-m-tyrosine or cold-induced stress, treatments which 

release norepinephrine from presynaptic storage sites, 

markedly enhanced the intensity of seizure and severely 

depleted whole brain and hypothalamic norepinephrine stores, 

but did not alter brain 5-hydroxytryptamlns concentrations. 

In comparison, when administered alone a-methy1-m-tyrosine 

produced a weaker enhancement of seizure and less depletion 

of norepinephrine stores, whereas a-methy1-p-tyrosine had no 

significant (P > 0.1) effect on seizure intensity and pro

duced the smallest decrease In the levels of norepinephrine. 

Cold-induced stress had no effect on seizure intensity or 

norepinephrine levels. 

On the basis of these observations it is suggested 

that the enhancement of seizure produced by p-chlorophenyl-

alanine was due to a severe decrease in 5-hydroxytryptamine 

levels. On the other hand, it is suggested that the marked 

enhancement of seizure produced by a-methy1-p-tyrosine admin

istered in combination with a-methy1-m-tyrosine or with cold-

induced stress was caused by a severe reduction In brain 
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norepinephrine levels and that the moderate seizure enhance

ment produced by a-methyl-m-tyrosine alone resulted from a 

somewhat smaller decrease in norepinephrine levels. Fur

thermore, it appears that a-methyl-p-tyrosine failed to 

enhance seizure because it did not produce a sufficient 

depletion of norepinephrine stores. 

Additional evidence indicating that norepinephrine 

metabolism may be functionally associated with seizure mech

anisms was obtained from investigating the interaction 

between inhibitors of catecholamine biosynthesis and the 

catecholamine and 5-hydroxytryptamine depletor, Ro 4—1284-, a 

benzoquinolizine compound. The results show that Ro 4-1284 

simultaneously produced a marked enhancement of seizure 

Intensity, a severe depletion of whole brain 5-hydroxytrypt-

amine and norepinephrine and a marked reduction in the nor

epinephrine content of the nucleus perlventrlcularis 

hypothalami. Furthermore, it was shown that partial recovery 

of whole brain and hypothalamic norepinephrine levels was 

accompanied by return of normal seizure characteristics. 

Moreover, inhibitors of norepinephrine biosynthesis, a-

methyl-p-tyrosine and dlethyldithiocarbamate, markedly 

prolonged the Ro 4-1284-induced intensification of seizure 

and consistently protracted the Ro 4-1284-induced depletion 

of whole brain and hypothalamic norepinephrine. On the 

other hand, these 2 drugs did not prolong the depletion of 

5-hydroxytryptamine normally associated with the Ro 4-1284 
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treatment. Another inhibitor of norepinephrine biosyn

thesis, disulfiram, also prolonged the Ro 4-1284 seizure 

enhancement. Although the effects of this interaction on 

norepinephrine concentrations were not determined, it Is 

suggested that they would be similar to those produced by 

diethyldithiocarbamate plus Ro 4-1284 since diethyldithio-

carbamate is the pharmacologically active metabolite of 

disulfiram (Goldstein et al., 1964; Goldstein, Lauber and 

McKereghan, 19&5? Goldstein, 1966). These data show a good 

relationship between lowered norepinephrine concentrations 

and enhancement of seizure and lend support to the concept 

that in the presence of low norepinephrine levels concomi

tant depletion of 5-hydroxytryptamine is not necessary for 

enhancement of seizure. 

Studies with reserpine administered by the intra-

cerebroventricular route also provide evidence to support 

this concept. A comparison of the reserpine-induced 

decrease in norepinephrine levels with that produced by 

Ro 4-1284 administered in combination with a-methyl-p-

tyrosine or with diethyldithiocarbamate, treatments which 

also enhanced seizure Intensity, reveals that norepineph

rine concentrations were reduced to approximately the same 

extent in each instance. On the other hand, the decrease 

in 5-hydroxytryptamlne produced by reserpine was essentially 

equal to that observed 5 hours after Ro 4-1284 (5 mg/kg), a 

time at which seizure intensity was not enhanced. 



115 

Investigations involving lithium carbonate, a com

pound, that has been suggested to enhance norepinephrine 

uptake into the presynaptic neuron (Colburn et al.f 1967), 

and a-methyl-p-tyrosine show that simultaneous administra

tion of these 2 drugs markedly enhanced the intensity of 

audiogenic seizure, whereas each drug administered singly 

had no effect on seizure intensity. These data can be 

interpreted in light of the reports by Corrodi et al. (1967) 

that the combination of lithium plus a-methyl-p-tyrosine 

produced a severe depletion of brain norepinephrine stores 

in rats, whereas a-methyl-p-tyrosine alone produced only a 

moderate decrease and lithium produced no decrease at all. 

These data support the concept that low norepinephrine 

levels play an important role in seizure enhancement. 

Further evidence of the functional importance of 

both 5-hydroxytryptamine and norepinephrine was obtained 

from investigating the interactions between a depletor of 

5-hydroxytryptamine and catecholamines (Ho 4-128*0 , inhi

bitors of the biosynthesis of 5-hydroxytryptamine (p-chloro-

phenylalanine) or norepinephrine (a-methyl-p-tyrosine), and 

inhibitors of monoamine oxidase (iproniazid) or of norepi

nephrine uptake (imipramine, methylphenidate, cocaine). 

Iproniazid administered prior to Ro 4-1284 significantly 

(P < 0.025) antagonized the enhancement of seizure and also 

attenuated the decrease in whole brain 5-hydroxytryptamine 

levels normally associated with Ro 4-1284 treatment alone. 
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Furthermore, pretreatment with p-chlorophenylalanine com

pletely prevented these antagonistic effects of iproniazid. 

a-Kethyl-p-tyrosine also prevented the antagonistic 

effects of iproniazid on the Ro 4-128*1—induced enhancement 

of seizure. Although the effects of this interaction on 

brain amine concentrations were not determined, it is sug

gested that the results can be explained on the basis of the 

following considerationsi first, that monoamine oxidase 

inhibitors administered prior to reserpine, a drug which 

depletes catecholamines by the same mechanism as Ro 4-1284, 

cause a marked Increase in the release of physiologically 

active norepinephrine (Sulser, 1968); and secondly, that a 

severe depletion of norepinephrine, such as that produced by 

a-methy1-p-tyrosine, may prevent the increased release nor

mally associated with the combination of reserpine or 

reserpine-like drugs with monoamine oxidase inhibitors. 

Studies involving the inhibitors of norepinephrine 

uptake showed that lmipramine significantly reduced the 

intensity of audiogenic seizure. Although it was also 

observed that this treatment did not alter brain norepineph

rine concentration, it is suggested that the effects on 

seizure intensity can be explained on the basis of reports 

that lmipramine produces an increase in the amount of synap

tic norepinephrine (Glowlnski and Axelrod, 1964, 1966; 

Schildkraut and Kety, 1967s Schildkraut et al., 1967). It 

is also suggested that lmipramine does not produce a 
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decrease in brain norepinephrine content because the pro

cesses of synthesis and storage adequately compensate for 

the norepinephrine lost in the synaptic cleft. 

Additional studies showed that imipramine inhibited 

the enhancement of seizure and attenuated the depletion of 

norepinephrine normally observed after Ro 4-1284 alone. On 

the other hand, in animals pretreated with a-methyl-p-

tyrosine, imipramine did not significantly (P > 0.5) reduce 

the capacity of Ro 4-1284 to enhance seizure intensity or to 

deplete norepinephrine stores. As pointed out in Chapter 4, 

these findings are consistent with the concept that the 

amount of synaptic norepinephrine is greater In animals 

treated with imipramine plus Ro 4-1284 than in animals 

treated with Ro 4-1284 plus a-methyl-p-tyrosine or Ro 4-1284 

alone. Thus, these data lend additional support to the con

cept that a decrease in the amount of physiologically active 

norepinephrine enhances audiogenic seizure, whereas an 

increase in physiologically active norepinephrine diminishes 

seizure intensity. 

Studies of additional compounds which inhibit nor

epinephrine uptake and increase synaptic norepinephrine 

reinforced the results obtained with imipramine. In this 

regard, methylphenidate and cocaine produced an appreciable 

reduction in the intensity of audiogenic seizure and sub

stantially inhibited the enhancement of seizure produced by 

Ro 4-1284. Furthermore, it was shown that pretreatment with 
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a-methyl-p-tyrosine markedly inhibited the capacity of 

methylphenidate to antagonize the Ro 1284-induced enhance

ment of seizure. 

The intraperitoneal administration of 5-hydroxy-

tryptophan or of L-3»4-dihydroxyphenylalanine to iproniazid 

pretreated animals or the intracerebroventricular adminis

tration of 5-hydroxytryptamine» norepinephrine or dopamine 

to non-pretreated animals reduced the intensity of audio

genic seizure. Inasmuch as a number of investigators have 

shown that these treatments with 5-hydroxytryptophan and 

5-hydroxytryptamine increase brain 5-hydroxytryptamine 

content and that these treatments with L-3»4-dihydroxy-

phenylalanine and norepinephrine increase brain norepineph

rine content (Carlsson et al., 1958*, De Schaepdryver, Piette 

and Delaunois, 19^2? Carlsson, 1964a, Green and Sawyer, 1964; 

Bulat and Supek, 1966; Fuxe and Ungerstedt, 1966, 1968} 

Corrodi, Fuxe and Hokfelt, 196?; Radouco-Thomas et al., 

1967)» these data indicate that an increase in either brain 

5-hydroxytryptamine or norepinephrine levels is functionally 

associated with decreased seizure intensity. On the other 

hand, since L-3»4-dihydroxyphenylalanine has also been 

shown to increase brain dopamine levels (De Schaepdryver, 

Piette and Delaunois, 19^2; Everett and Wiegand, 19^2; 

Radouco-Thomas et al., 19&7) and since the intracerebroven

tricular administration of dopamine diminishes the intensity 

of audiogenic seizure, it may be argued that dopamine itself 
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participates in the regulation of seizure severity. However, 

It is suggested that the increase in brain norepinephrine 

which occurs as L-3i^-dihydroxyphenylalanine and dopamine 

are metabolized to norepinephrine is of greater importance. 

As an alternative explanation for the anticonvulsant acti

vity of dopamine it is suggested that dopamine may interact 

"non-specifically" with norepinephrine receptors. The 

possibility of such non-specific Interaction has been 

suggested by Carlsson (1966b). 

Since Bogdanskl, Weissbach and Udenfriend (1958) and 

Brodie et al. (1966) have reported that 5-hydroxytryptophan 

releases physiologically active norepinephrine from granular 

storage sites, it might be suggested that diminished seizure 

intensity produced by this drug was caused by an increase in 

synaptic norepinephrine. In order to study this possibility, 

5-hydroxytryptophan was administered to animals in which the 

catecholamine levels were previously depleted by a-methyl-p-

tyroslne plus cold-induced stress. The results show that 

5-hydroxytryptophan diminished seizure intensity as effec

tively in animals with depleted catecholamine stores as it 

did in animals with intact catecholamine stores. Therefore, 

it appears that the anticonvulsant properties of 5-hydroxy

tryptophan are mediated through an increase in brain 

5-hydroxytryptamlne levels, not through the release of 

physiologically active norepinephrine. Additional support 

for this concept has recently been reported by Johnson, Kim 
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and Boukma (1968). Their data indicate that the effect of 

5-hydroxytryptophan on norepinephrine metabolism is produced 

by an inhibition of catecholamine synthesis rather than the 

release of norepinephrine from neuronal storage sites. 

Determinations of brain dopamine concentrations 

following the various treatments which have been described 

in the current investigation provide a basis for rejection 

of dopamine as a possible mediator in the regulation of 

audiogenic seizure intensity. For example, a-methyl-p-

tyroslne, a drug which did not enhance seizure intensity at 

room temperature (25°C), produced decreases in the dopamine 

content of the whole brain and the nucleus caudatus putamen 

that were as great as those produced by a-methyl-p-tyrosine 

plus cold-induced stress, a treatment which markedly en

hanced seizure Intensity. Furthermore, a-methyl-p-tyrosine 

produced a substantially greater decrease in the dopamine 

content of whole brain and the nucleus caudatus putamen than 

was produced by a-methyl-m-tyrosine, a treatment which pro

duced a significant (P < 0.05) enhancement of seizure in

tensity. 

Other relevant investigations performed during the 

present study showed that 1 hour after Ro *1-128^ (5 mg/kg) 

the dopamine content of the whole brain and the nucleus 

caudatus putamen was severely depleted and seizure was 

markedly enhanced; however, 5 hours following this drug, 

dopamine levels remained severely depleted, yet seizure 



intensity had returned to control values. Furthermore, 5 

hours after treatment with Ro 4-1284 (5 mg/kg) followed by 

diethyldithiocarbamate seizure intensity was markedly en

hanced, but whole brain dopamine concentrations were not 

significantly (P < 0.05) lower and the dopamine content of 

the nucleus caudatus putamen was not appreciably different 

than at 5 hours after Ro 4-1284 (5 mg/kg) alone. In addi

tion, another study shox^ed that although a-me thy 1-p-tyrosine 

markedly prolonged the Ro 4-1284 enhancement of seizure, it 

did not prolong the Ro 4-1284-lnduced depletion of dopamine 

In the nucleus caudatus putamen. 

Studies with lithium carbonate and with lmipramine 

provide further evidence indicating that dopamine does not 

participate in seizure mechanisms. Lithium carbonate plus 

a-methy1-p-tyrosine markedly enhanced seizure intensity. 

However, Corrodi et al. (1967) have shown that a-methy1-p-

tyrosine alone, a treatment which does not enhance seizure 

intensity, depletes brain dopamine to as great an extent as 

does lithium plus a-methyl-p-tyrosine. Studies with lmipr

amine in the present investigation, showed that this com

pound inhibited the enhancement of seizure produced by 

Ro 4-1284, but did not attenuate the depletion of dopamine 

normally associated with Ro 4-1284 treatment. 

In contrast to the above findings which strongly 

Indicate that dopamine does not play a functional role in 

audiogenic seizure mechanisms, De Schaepdryver, Piette and 
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Delaunois (1962) and. Heymans and De Schaepdryver (1967) 

presented evidence which by their own analysis suggests that 

alterations in electroshock seizure threshold, are mediated 

through changes in brain dopamine concentrations. Although 

the differences between these results might be explained on 

the basis of the different types of seizures employed in 

each case, it seems likely that other factors are of greater 

importance. In this regard, De Schaepdryver, Piette and 

Delaunois (1962) showed that combined treatment with reser-

pine, iproniazid and L-3t^-dihydroxyphenylalanlne produced 

a marked increase in brain dopamine levels and a pronounced 

Increase in electroshock seizure threshold. Although it 

was also shown that this treatment reduced norepinephrine 

levels to 70% of control values, these investigators believe 

that the Increase in dopamine levels mediated the increase 

in seizure threshold. However, it is suggested that a more 

plausible interpretation of these results is that the small 

decrease in whole brain norepinephrine observed by these 

investigators was associated with an increase in synaptic 

norepinephrine concentration which in turn was responsible 

for the Increase in electroshock seizure threshold. In 

support of this view, Lehmann (1967) has presented evidence 

indicating that alterations in neurohormone concentrations 

at the receptor sites are not always accompanied by parallel 

changes in whole brain neurohormone concentrations. Fur

thermore, evidence has been presented which Indicates that 
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the rate of release of physiologically active norepinephrine 

is markedly increased by reserpine administered in combina

tion with a monoamine oxidase inhibitor (Carlsson, 1966a; 

Sulser, 1968). 

In agreement with the findings of the present inves

tigation, a number of workers have concluded that 5-hydroxy-

tryptamine and/or norepinephrine play important roles In 

seizure mechanisms (Prockop, Shore and Brodie, 1959a, 1959b; 

Chen and Bohner, 1961; Lehmann and Busnel, 1963b; Gray and 

Rauh, 1967; Chen, Ensor and Bohner, 1968a, 1968b; Lehmann, 

1968; Schlesinger, Boggan and Freedman, 1968; Mennear, 

1969)• However, in contrast to the present work, the con

clusions of most of these investigators were not based on 

studies designed to determine the relative importance of 

norepinephrine and dopamine. For example, Chen and Bohner 

(1961), Lehmann and Busnel (1963b), Chen, Ensor and Bohner 

(1968a, 1968b), Lehmann (1968) and Mennear (1969) studied 

the individual effects of reserpine, Ro ̂ -1284, a-methyl-p-

tyroslne, iproniazid and L-3»i'—dihydroxyphenylalanine on 

electroshock, chemoshock or audiogenic seizure but did not 

determine the effects of these treatments on brain amine 

metabolism and presented no evidence from the literature to 

show that the various treatments produced any differential 

effect on norepinephrine or dopamine metabolism. In addi

tion, although Prockop, Shore and Brodie (1959a, 1959b) and 

Schlesinger, Boggan and Freedman (1968) determined brain 
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5-hydroxytryptamine and norepinephrine concentrations when 

they studied the effects of reserpine, iproniazld and/or 

tetrabenazlne on seizure activity, they did not determine 

the effects of these treatments on dopamine concentrations. 

On the other hand, evidence presented by Gray and Rauh (196?) 

supports the concept proposed in the present investigation 

that norepinephrine, rather than dopamine, is functionally 

Important in seizure mechanisms. These investigators showed 

that a reserpine-induced decrease in the anticonvulsant 

potency of methazolamide coincided more closely with a 

reduction in brain norepinephrine than with brain dopamine. 

Although the data presented in the present investi

gation strongly indicates that 5-hydroxytryptamlne and 

norepinephrine play an attenuating role In audiogenic 

seizure, they do not suggest that these amines function as 

critical determinants of seizure susceptibility. In support 

of this view, Lehmann and Busnel (1963a) have pointed out 

that reserpine-induced depletion of 5-hydroxytryptamine and 

norepinephrine results in increased seizure intensity in 

audlogenic-seizure-susceptible mice, but does not result in 

an Increased incidence of seizure in strains of mice nor

mally resistant to audiogenic seizure. Experience in this 

laboratory has confirmed these findings in rats. 

This differential effect of reserpine on susceptible 

and non-susceptible mice and rats can be interpreted in terms 

of the neurophysiologic model of electroshoclc and audiogenic 
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seizure proposed by Woodbury and Esplln (1959) and Swinyard 

(1963). In this model AGS^ (generalized clonus) occurs when 

a substantial number of neurons discharge for a sufficient 

period of time. This collection of neurons whose discharge 

maintains AGS_l is termed the "oscillator" and is distinct 

from the seizure I'ocus which in some instances serves to 

trigger the oscillator. When maximal excitation occurs the 

seizure discharge rapidly spreads from the oscillator to 

adjacent neurons so that the entire brain becomes involved. 

The overt manifestation of this activity is AGS/j. (general

ized tonus). Since Swinyard (1963) ̂ as presented evidence 

Indicating that the susceptibility of an animal to seizure 

is dependent on the sensitivity of the oscillator mechanism 

to the experimental stimulus and that it is not dependent 

on the seizure spread, it is suggested that the failure of 

reserpine to enhance seizure in resistant animals indicates 

that depletion of 5-hyo.roxytryptamine and/or norepinephrine 

does not alter the sensitivity of the oscillator to sound-

stimulation. On the other hand, it is suggested that the 

marked enhancement of seizure intensity produced by reser

pine in animals normally susceptible to audiogenic seizure 

indicates that depletion of 5-hydroxytryptamine and/or 

norepinephrine causes an increase in the extent of the 

spread of the seizure discharge. Further support for this 

concept has been obtained in experiments witn electroshock 

seizures. Yeoh and Wolf (19ob) showed that reserpine does 
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not diminish the low frequency electroshock seizure thresh

old; on the other hand, Chen, Ensor and Bohner (1968b) 

showed that reserpine markedly lowers the maximal electro-

shock seizure threshold. These findings can be interpreted 

on the basis of reports by Woodbury and Esplin (1959) and 

Swinyard (19&3) that low frequency electroshock excites only 

the oscillator, whereas maximal electroshock not only 

excites the oscillator but causes the seizure discharge to 

spread over the entire brain. 

Important findings which emerged from the present 

investigation may be summarized as follows: (1) Depletion 

of brain 5-hydroxytryptamine results in enhancement of 

audiogenic seizure, whereas an increase in the concentration 

of this biogenic amine above physiologic levels diminishes 

the intensity of seizure. (2) A substantial depletion of 

brain norepinephrine may occur without an accompanying 

change in seizure intensity; however, a critical level of 

this biogenic amine exists and when depletion exceeds this 

limit, seizure enhancement occurs. (3) Recovery of norepi

nephrine stores to concentrations equal to or greater than 

this critical level is accompanied by return of normal sei

zure characteristics. (^) Increase in norepinephrine con

centration above physiologic levels reduces the intensity of 

audiogenic seizure. (5) No relationship exists between 

dopamine concentrations and intensity of audiogenic seizure. 



127 

Although Miller and Maickel (1969) have suggested 

that the ratio of free norepinephrine to free 5-hydroxy-

tryptamine may be important in Ro 4-128*1-induced behavioral 

depression, evidence obtained in the present investigation 

suggests that this ratio is unimportant in the regulation 

of audiogenic seizure. Rather, it appears that a marked 

decrease in the physiologically active amounts of either or 

both biogenic amines produces an enhancement of seizure, 

whereas an increase in the levels of either or both biogenic 

amines above physiologic levels causes a decrease in seizure 

intensity. 

In conclusion, the results of this investigation 

strongly support the following concepts: (1) Brain 

5-hydroxytryptamine and norepinephrine play an attenuating 

role in audiogenic seizure, with each biogenic amine func

tioning independently in this regard, (2) A large propor

tion of norepinephrine exists in pools not directly involved 

in this role, whereas a small quantity of the biogenic amine 

Is present in fractions which are of immediate functional 

significance. (3) Brain dopamine is not involved as a 

mediator in the regulation of audiogenic seizure intensity. 



APPENDIX A 

INTRACEREBROVENTRICULAR TECHNIQUE 
0 

Equipment 

A. Implantation apparatus? The apparatus consists of 

2 basic components, the animal securing device and 

the cannula implantation component. The securing 

device is composed of a wooden platform and a metal 

incisor bar. The animal is secured to the platform 

and the upper incisors are placed over the bar. The 

incisor bar is attached to the base of a ring stand 

(E & M Instrument Co.) and is perpendicular to the 

saggital plane of the animal. A myograph tension 

adjustor (E & M Instrument) is positioned on the 

ring stand so that adjustment moves a horizontally 

suspended bar in a vertical plane. A pair of curved 

forceps is attached to the horizontal bar with a 

Drinker clamp (A. H. Thomas Co., Inc.). The forceps 

are used to hold the cannula. Vertical adjustment 

of the cannula is accomplished by manipulation of 

the muscle tension adjustor. Lateral adjustment 

is accomplished by rotation of the entire muscle 

tension adjustor on the metal shaft of the ring 

stand. 
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B. Dental drillj model number 73# Foredom Electric 

Co., Inc. 

C. Doriot hand piece: model ^2, Foredom Electric Co., 

Inc. 

D. Dental burr: number 700 carbide, S. S. White Co. 

E. Cannula: The cannula is composed of 2 basic com

ponents, the outer guide which directs the tip of 

the injecting needle into the lateral ventricle and 

the inner stainless steel shaft which is removed 

when the injecting needle is inserted. The shaft 

maintains an open passage way for insertion of the 

injecting needle and prevents leakage of cerebro

spinal fluid. The outer guide is made from a 23 

gauge hypodermic needle. A small high speed rotary 

motor fitted with a beveled grinding stone is used 

to reduce the size of the hub and length of the 

shaft. When completed the overall length of the 

cannula (shaft and hub) is 8 mm and the length of 

the shaft is 5 mm. The hub is ground so that 2 

flat surfaces are opposite each other. A groove 

approximately 1 mm wide and 0.5 nim deep completely 

encircles the hub and is positioned 0.5 nim above 

the juncture of the shaft and the hub. The flat 

surfaces facilitate proper attachment to the cannula 

holding component of the Implantation apparatus. 

The groove assures firm attachment to the 



orthodontic resin. The inner stainless steel shaft 

is made from a JO gauge hypodermic needle. The 

dimensions of this needle are reduced with the same 

equipment as described above. When completed the 

overall length (shaft and hub) is 10 mm and the 

length of the shaft is 8 mm. The grinding proce

dure closes the lumen of the shaft. The reduced 

hub is used to facilitate removal and replacement 

of the inner shaft. 

F. Injecting needle: The injecting needle is made from 

a blunt, 30 gauge 8 mm hypodermic needle. The size 

of the hub is reduced to a length of 3 mm. The 

width at the juncture of the shaft and the hub is 

2.5 mm. Prom this point the hub is beveled so that 

it is generally cone shaped. A 15 inch polyethylene 

tube (PE 20) is forced onto the cone and cemented in 

place with Epoxy resin. The open end of the poly

ethylene tube is attached to a 10 mcl syringe 

(Hamilton Co., Inc.). 

Materials 

a. Iodochlorhydroxyquin powders Vioform, Ciba 

Pharmaceutical Products, Inc. 

B. Methohexital: Brevital Sodium, Eli Lilly and Co. 

C. Orthodontic resins L. D. Caulk Co. 



131 

III. Implantation of cannula 

A. Anesthetize a 180-220 gm rat by intravenous admini

stration of methohexital. 

B. Clip hair from dorsal surface of head. 

C. Make midsaggltal incision from the eyes to lambda. 

D. Retract skin to provide ample working area. 

E. Remove periosteum from exposed skull by scraping. 

P. Drill a hole through the skull at a point 1.5 to 

2.0 mm lateral and 1.0 mm caudal to the bregma with 

a number 700 dental burr. 

G. Approximately 9*5 from this hole drill 3 addi

tional holes so that they describe a triangle with 

the original hole (drilled in step III.F) in the 

center. Keep all holes at least 1.5 mm from the 

saggital suture since excessive bleeding occurs if 

the saggital sinus is ruptured. 

H. Enlarge all ̂  holes with a number 3 dental burr. 

Avoid rupture of the dura. 

I. Place a stainless steel machine screw (0-80 X 0.32 

cm, 1/8 inch) in each hole drilled in step III.G. 

Screws should not penetrate beyond ventral surface 

of skull bone. 

J. Insert a sharp 26 gauge hypodermic needle through 

the center hole and penetrate the dura mater. 

Avoid excessive damage to brain tissue. 
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K. Mount a cannula on the holding component of the 

Implantation apparatus. 

L. Position animal and cannula so that the cannula 

is perpendicular to the skull at the point of the 

center hole. 

M. Lower the tip of cannula 4 mm "below the dorsal 

surface of the skull. 

N. Quickly cement the cannula in place by application 

of a small amount of orthodontic resin to the base 

of the exposed cannula so that contact is made with 

the skull and at least 1 screw. 

0. Wait 20 to 30 seconds and carefully detach holding 

component from cannula. 

P. Immediately elevate holding component and rotate 

away from animal. 

Q. Apply additional resin so that contact is made 

between cannula and all 3 stainless steel screws. 

R. Allow 2 to 3 minutes for resin to harden. 

S. Apply a small quantity of iodochlorhydroxyquin 

powder to exposed subdermal tissue. 

T. House animals individually. 

U. Allow at least 5 days for recovery. 

IV. Intraventricular administration of drugs 

A* Remove inner shaft from cannula. 

B. Insert injecting needle into cannula opening. 
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C. Inject solution at the rate of 10 mcl per minute. 

D. Slowly remove injecting needle. 

E. Quickly replace inner shaft of cannula. 

V. Confirmation of proper implantation 

A. Inject 5 of permanent black ink through 

cannula. 

B. Decapitate animal and remove brain. 

C. Dissect away the cortex near the path of the 

cannula. 

D. Uniform staining of lateral ventricle wall suggests 

proper implantation of cannula. 

E. Perform saggltal section. 

F. Proper implantation is further assured if ink 

outlines third and fourth ventricles. 



APPENDIX B 

SPECTROPHOTOFLUOROMETRIC ASSAY OP 5-HYDROXY-
TRYPTAMINE, NOREPINEPHRINE AND DOPAMINE 

I• Equipment 

A. Glass homogenizers: Duall, size D, Kontes Glass Co. 

B. Centrifuge: Servall type SS-3» Sorvall, Inc. 

C. Cellss fused quartz, 5 ml., American Instrument Co. 

D. Spectrophotofluorometers Aminco-Bowman, American 

Instrument Co. (photomultiplier tube, IP21, slit 

size, 3/16"j slit arrangement, No. 5) 

E. Dopamine resin columnst The dopamine resin columns 

are made from 14- mm glass tubing with a constriction 

on one end which is 10 mm long and has a 5 n™ inside 

diameter. A sintered glass column 5 in diameter 

and 2.5 nim in length is fused into the distal end of 

the constriction. The overall length of the dopamine 

resin column is 120 mm with the top 110 mm serving 

as a reservoir for solutions and the lower 10 mm 

constriction serving as a resin compartment. 

II. Materials 

A. L-Ascorbic acid: reagent grade, Fisher Scientific 

Co. 

B. 1-Butanol: reagent grade, Fisher Scientific Co. 

13^ 
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C. Dopamine hydrochloride: Calbiochem 

D.- Glacial acetic acid: analytical reagent grade, 

Mallinckrodt Chemical Works 

E. n-Heptane: pure grade, Phillips Petroleum Co. 

P. 5-Hydroxytryptamine creatinine sulfate: Calbiochem 

G. Hydrochloric acid: analytical reagent grade, 

Mallinckrodt Chemical Works 

H. Iodine: analytical reagent grade, Mallinckrodt 

Chemical Works 

I. Norepinephrine bitartrate, monohydrate: Winthrop 

Laboratories 

J. Parafilm "M": American Can and Co. 

K. Potassium chloride: analytical reagent grade, 

Mallinckrodt Chemical Works 

L. Potassium iodide: analytical reagent grade, 

Mallinckrodt Chemical Works 

M. Potassium phosphate, monobasic: analytical reagent 

grade, Mallinckrodt Chemical Works 

N. Resin: Dowex 50W-X^ resin, 200-400 mesh, hydrogen 

ionic form, J. T. Baker Chemical Co. 

0. Sodium acetate, trihydrate: analytical reagent 

grade, Mallinckrodt Chemical Works 

P. Sodium hydroxide: analytical reagent grade , 

Mallinckrodt Chemical Works 

Q. Sodium phosphate, dibasic: analytical reagent grade, 

Mallinckrodt Chemical Works 
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R. Sodium phosphate, dibasic, heptahydratei analytical 

reagent grade, Mallinckrodt Chemical Works 

S. Sodium phosphate, monobasic, monohydratei analytical 

reagent grade, Mallinckrodt Chemical Works 

T. Sodium sulfite, heptahydratet analyzed reagent 

grade, J. T. Baker Chemical Co. 

U. Sodium thiosulfate, pentahydrates analytical 

reagent grade, Mallinckrodt Chemical Works 

III. Preparation of cation exchange resin, sodium ionic form 

(Moore and Stein, 1951) 

A. Place 1 pound of moist Dowex 50Vf-X^ resin into a 

Buchner funnel. 

B. Wash with HC1 until filtrate is almost colorless. 

C. Wash resin twice with distilled water. 

D. Wash resin with 2N NaOH until filtrate is alkaline. 

E. Place the resin in about 3 times its volume of in 

NaOH and suspend over a steam bath. 

P. Heat approximately 3 hours and shake periodically. 

G. Allow resin to settle. 

H. Decant and discard liquid. 

I* Add 3 volumes of hot in NaOH and heat with shaking 

as In steps III.E-H above. 

J. Repeat step III.I 3 times. 

K. Wash resin with distilled water until filtrate is 

neutral. 
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L. Pass resin through a 120 mesh screen with 6000 to 

8000 ml of distilled water. 

M. Collect the screened resin and store as the moist 

sodium salt in an air-tight container. 

Preparation of solutions 

A. Stock solutions for monoamine standards: Solutions 

may be stored several weeks if refrigerated and pro

tected from light. 

1. 5-Hydroxytryptamine: Weigh 23.00? mg of 

5-hydroxytryptamine creatinine sulfate and dilute 

to 100 ml with 0.01N HC1. This solution con

tains 100 meg of 5-hydroxytryptamine base per ml. 

2. Norepinephrine: Weigh 19.935 nig of norepineph

rine bitartrate, monohydrate and dilute to 100 

ml with 0.01 N HC1. This solution contains 

100 meg of norepinephrine base per ml. 

3» Dopamine: Weigh 12.38 mg of dopamine hydro

chloride and dilute to 100 ml with 0.01N HC1. 

This solution contains 100 meg of dopamine per 

ml. 

B. Salt-saturated butanol solution 

1. Place 2500 ml of 1-butanol into a ̂ 000 ml 

separatory funnel. 

2. Add 1000 ml of 0.01N HC1. 
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3. Shake vigorously for 2 minutes; allow phase 

separation. 

4. Discard lower phase. 

5. Place approximately 120 g of NaCl into a 500 ml 

glass stoppered flask. 

6. Add approximately 300 ml of the butanol phase 

from step 3 above. 

7. Agitate on mechanical shaker for 30 minutes. 

8. Allow phase separation. 

9* Decant and store top layer (salt-saturated 

butanol) in air-tight glass-stoppered flasks. 

C. Solutions for assay of norepinephrine and dopamine 

1. Acetate buffer 

a. Place 1 volume of 2N acetic acid in glass-

stoppered flask. 

b. Add 2 volumes of 2N sodium acetate. 

c. Mix thoroughly and store at 5°C. 

2. Norepinephrine iodine solution 

a .  Dissolve 1.27 g of iodine in 100 ml of 

absolute ethanol. 

b. Store at 5°C in light-resistant glass-

stoppered flask. 

3. Sodium thiosulfate solution 

a .  Dissolve 1.24 g of sodium thiosulfate, 

pentahydrate in 100 ml of deionized water. 

Properly prepared solutions are assured 



when 1.875 1 0.025 ml of the sodium thio-

sulfate solution decolorizes 1.00 ml of the 

norepinephrine iodine solution. 

Alkaline ascorbate solution 

a. Dissolve 50 mg of ascorbic acid in 5 ml of 

deionized water. 

b. Add 10 ml of 5N NaOH; mix carefully. 

Dopamine buffer number 1 

a. Place 2.59^0 g of monobasic sodium phosphate, 

monohydrate and 1.8700 g of dibasic sodium 

phosphate, heptahydrate into a 1000 ml 

volumetric flask. 

b. Dilute to 1000 ml with deionized water. 

Dopamine buffer number 2 

a .  Place 1.8*j40 g of monobasic sodium phosphate 

monohydrate, ^.2500 g of dibasic sodium 

phosphate heptahydrate, and 7^.560 g of 

potassium chloride into a 1000 ml volumetric 

flask. 

b. Dilute to 1000 ml with deionized water. 

Dopamine buffer number 3 

a .  Place ^.259 g of dibasic sodium phosphate 

and 9»520 g of monobasic potassium phosphate 

into a 1000 ml volumetric flask. 

b. Dilute to 1000 ml with deionized water. 
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8. Dopamine iodine solution 

a* Dissolve 5«00 g of KI in 5«0 cil of deionized 

water. 

b. Add 0.25^0 g of iodine. 

c. Agitate until solution is achieved. 

d. Dilute to 100 ml with deionized water. 

e. Store at 5°C in a light resistant bottle. 

9* Alkaline sodium sulfite solution 

a* Dissolve 0.50^0 g of sodium sulfite hepta-

hydrate in 1 ml of deionized water. 

b. Dilute to 10 ml with 5N NaOH. 

V. Procedure 

A* Preparation of glassware 

1« Quartz cells 

a* Handle cells with plastic-tipped tongs. 

b. Rinse cells several times with deionized 

water. 

c. Soak in concentrated nitric acid for at 

least 10 minutes. 

d. Remove from acid, rinse with deionized 

water, and place in hot-air oven to dry. 

e. Remove from oven and allow to cool before 

use. 

2. Pipettes 
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a. Rinse inside and outside of pipette with 

distilled water. 

b. Immerse pipettes in concentrated sulfuric 

acid containing an excess of sodium nitrate. 

Store for at least 2 hours in this solution. 

c. Remove pipettes from acid and wash with tap 

water. 

d. Place in automatic pipette washer and rinse 

with tap water for at least 2 hours. 

e. Flush each pipette with judicious quantities 

of deionized water. 

f. Dry pipettes in hot-air oven and store in 

dust-free area. 

Dopamine resin columns 

a .  Rinse column with deionized water to remove 

resin from sintered glass. 

b. Reverse-flush columns with deionized water 

several times« 

c. Dry in hot-air oven and store in dust-free 

area. 

Other glassware 

a .  Thoroughly rinse with tap water. 

b. Clean with Tig soap, warm water, and brush. 

c. Rinse with tap water. 

d. Immerse in dilute HCl for at least 2 hours. 

e. Rinse with large quantities of deionized water. 
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f. Dry in hot-air oven and store in a dust-free 

area. 

Preliminary preparations for extraction of 5-hydroxy-

tryptamine, norepinephrine and dopamine 

1. Prepare room for assay. 

a. Adjust room temperature to approximately 

22°C. 

b. Remove dust from room. 

2. Prepare salt-saturated butanol bottles, 

a. Place 25 ml of salt-saturated butanol into 

12 60-ml ground-glass stoppered bottles. 

b. Add 2 g of NaCl to each bottle. 

c. Add 3 nil of 0.01N HCl to the reagent blank 

bottle. 

d. Add 2.5 ml of 0.01N HCl to the low standard 

bottle. 

e. Add 2 ml of 0.01N HCl to the high standard 

bottle. 

f. Bottles containing only salt and butanol are 

called sample bottles and will each receive 

3 ml of homogenized brain tissue (see step 

V.C.5). 

g. Bottles may be stored for several days at 

5°C. 

h. Throughout the assay procedure maintain 

bottles at 5°C or less whenever they are 



not in use. 

3» Prepare heptane "bottles. 

a. Place 20 ml of n-heptane into 12 60-ml 

glass-stoppered bottles. 

b. Add 3 ml of 0.01N HC1 to each bottle. 

Extraction of 5-hydroxytryptamine, norepinephrine 

and dopamine 

1. Decapitate animal. 

2. Remove whole brain, rinse with distilled water, 

and blot with filter paper. 

3. Immediately weigh brain tissue to nearest 10 mg. 

b, Homogenize brain in motor-driven chilled glass 

homogenizers with 2 volumes of cold 0.01N HC1. 

For this step the density of the brain is 

assumed to be 1 g/ml. 

5. Transfer 3 nil of the homogenate to the appro

priate sample bottle. 

6. Secure lid, cover bottle with light-resistant 

black plastic, and store on ice until step 

7» To prepare monoamine standard bottles transfer 

1 ml of the 5-hydroxytryptamine and dopamine 

stock solutions and 0.5 ml of the NE stock 

solution to a volumetric flask and dilute to 

100 ml with 0.01N HCl. This solution contains 

1 meg each of 5-hydroxytryptamine and dopamine 

base and 0.5 ®cg of NE base per ml. 
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8. Transfer 0.5 *nl of this diluted solution to 

the low-standard bottle and 1 ml to the high-

standard bottle. The low-standard bottle now 

contains 0.5 meg each of 5-hydroxytryptamine and 

dopamine base and 0.25 meg of norepinephrine 

base. The high standard bottle contains 1.0 meg 

each of 5-hydroxytryptamine and dopamine base 

and 0.5 nicg of norepinephrine base. 

9. Agitate bottles for 10 minutes on mechanical 

shaker. 

10. Centrifuge for 5 minutes at a relative 

centrifugal force of 600 x gravity. 

11. Transfer 20 ml of the butanol (upper) phase to 

the corresponding heptane bottle. 

12. Repeat steps 9 and 10. 

13» Aspirate and discard most of the butanol-heptane 

(upper) phase. The remaining 3 ml aqueous phase 

is the aqueous acid extract. 

Determination of 5-hydroxytryptamine concentration 

1. Transfer 1 ml of the aqueous acid extract (see 

step V.C.13) into a quartz cell. 

2. Add 0.3 ml of concentrated HC1. 

3» Agitate gently until homogeneity is achieved. 

4. Determine fluorescence emission intensity with 

spectrophotofluorometer. Use an activation 
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wavelength of 300 nra and a detection wavelength 

of 5^5 nm. 

5. Calculate 5-hydroxytryptamine concentration as 

described in step VI. 

E. Determination of norepinephrine concentration 

1. Transfer 0.6 ml of aqueous acid extract from 

each bottle (see step V.C.13) to an appropriate 

small test tube. 

2. Collect the residual extract from each sample 

bottle used in step E.l above, 

J, Transfer 0.6 ml of the pooled residual extract 

to a small test tube. This tube contains 

extract to be used as the brain blank. 

k. Add 0.2 ml of acetate buffer to each small test 

tube. Agitate thoroughly. 

5» Add 0.02 ml of norepinephrine iodine solution to 

each small test tube except the 1 reserved for 

the brain blank. Agitate thoroughly. 

6. After exactly 6 minutes add 0.0^ ml of sodium 

thiosulfate solution to each small test tube 

except the brain blank. 

7. Immediately add 0.2 ml of alkaline ascorbate 

solution, prepared within 10 minutes prior to 

use, to each small tube except brain blank. 

8. Add 0.0^ ml of sodium thiosulfate solution to 

brain blank. Agitate thoroughly. 
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9. Add 0.02 ml of norepinephrine iodine solution to 

brain blank. Agitate thoroughly. 

10. Immediately add 0.2 ml of freshly prepared 

alkaline ascorbate solution to brain blank. 

Agitate thoroughly. 

11. Expose all tubes to strong fluorescent light for 

^5 minutes. 

12. Transfer to quartz cells. 

13• Determine fluorescence emission intensity with 

spectrophotofluorometer. Use an activation 

wavelength of 400 nm and a detection wavelength 

of 510 nm. 

14. Calculate norepinephrine concentration as 

described in step VI. 

Determination of dopamine concentration 

1. Place a lightly packed 2 mm column of Dowex 

50W-X4, sodium ionic form into each dopamine 

resin column. 

2. Wash each column with 2 ml of deionized water 

(Care should be taken to avoid disturbing the 

resin when liquids are added).. 

3* Place 1 ml of appropriate aqueous acid extract 

(see step V.C.13) on the resin column. 

4. Repeat step 2 above. 

5. Discard solutions that pass through resin 

column. 
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6. Elute 3dihydroxyphenylalanine by addition of 

dopamine buffer number 1 to the column. 

7. Discard eluate. 

8. Position clean tubes for collection of dopamine 

containing eluate in step 9 belovr. 

9» Place 8 ml of dopamine buffer number 2 on the 

column and collect eluate which contains dopamine. 

10. Thoroughly agitate contents of collection tubes 

and transfer 3 nil of each solution into a 

separate silica test tube. 

11. Add 0.5 ml of dopamine buffer number 3 to each 

silica test tube. 

12. Add 0.3 ml of deionized water to each silica 

test tube. Agitate thoroughly. 

13* Add 0.05 ml of dopamine iodine solution to each 

silica test tube. Agitate thoroughly. 

14. Exactly 5 minutes later add 0.5 ml of freshly 

prepared alkaline sodium sulfite solution. 

Agitate thoroughly. 

15* Exactly 5 minutes after addition of sulfite 

solution add 0.6 ml of 5N acetic acid. Agitate 

thoroughly. 

16. Seal each test tube with parafilm. 

17* Expose to strong fluorescent light for 17 to 

22 hours. 
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18, Transfer approximately 1.5 ml of solution from 

each silica tube into a separate quartz cell. 

19« Determine fluorescence emission intensity with 

spectrophotofluorometer. Use an activation 

wavelength of 338 nm and a detection wavelength 

of 376 nm. 

20. Calculate dopamine concentration as described in 

step VI. 

VI. Calculation of monoamine concentration in brain 

D - B 
Concentration of monoamine = C + C ATI mcg/g 

where: 

A = The photomultiplier microphotometer reading for 

the high standard minus the reagent blank reading 

B = The photomultiplier microphotometer reading for 

the low standard minus the reagent blank reading 

C = The number of micrograms of monoamine in the low 

standard before extraction 

D = The photomultiplier microphotometer reading for each 

sample minus the appropriate blank. Calculations 

for dopamine and 5-hydroxytryptamine employed the 

reagent blank rather than the tissue blank since it 

has been shown in our laboratory that there Is no 

difference between the 2 values. Calculations for 

norepinephrine employed the tissue (brain) blank. 



APPENDIX C 

HISTOCHEMICAL FLUORESCENCE TECHNIQUE FOR 
DIRECT OBSERVATION OF NOREPINEPHRINE, 

DOPAMINE AND 5-HYDROXYTRYPTAMINE 

I. Equipment 

A* Isopentane cooling apparatus: This apparatus con

sists of 2 compartments. The outer compartment 

(Fluo-War Flask, 4000 ml, Virtis Co., Inc.) contains 

liquid nitrogen. The inner compartment (stainless 

steel beaker, 600 ml) suspends isopentane in the 

liquid nitrogen. A small copper basket (1^ mesh, 

55 ran diameter, 35 mm height) is used to confine 

the tissue while freezing. 

B. Temporary storage container for brain tissue: Fluo-

War Flask, 8000 ml, Virtis Co., Inc. 

C. Aluminum foil container: The container is made from 

3 thicknesses of aluminum foil and is 63 mm long, 

35 mm wide and 15 mm deep. 

D. Plastic tray: The bottom of the tray is made of 

polyethylene plastic 6 mm thick, 136 mm long and 

89 mm wide. The walls of the tray which are 2.5 

mm thick and 25 mm high describe an inner compart

ment for brain tissue and a surrounding outer 

compartment for granular phosphorus pentoxide. The 



outer compartment is 83 mm wide and 121 mm long, 

whereas the inner compartment is 51 mm wide and 81 

mm long. 

E. Glass lyophylization chamber: Freeze-drylng flask 

with ground glass flange, 1000 ml, Virtis Co., Inc. 

The top has a vented 19/38 ground glass outer joint. 

The chamber is held horizontally by a wooden rack. 

F. Dry-air box: The box is made from stainless steel 

and is 600 mm high, 500 mm long and 376 mm wide. It 

has a glass window for viewing and 2 arm ports 

fitted with long surgical gloves for manipulation of 

tissue. 

G. Wire rack: The rack consists of an 18 mesh copper 

screen bottom (130 mm diameter) on which 8 wire 

cylinders (15 mm height, 25 mm diameter) are 

attached. 

H. Paraformaldehyde humidifying chamber: Glass desic

cator, 250 mm inside diameter, Kimax, Owens-Illinois 

Glass Co. The proper sulfuric acid solution is 

placed in the bottom of the desiccator. Para

formaldehyde powder is held in a crystallization 

dish (1?0 mm diameter, 100 mm height) which rests 

Inside the desiccator. 

I .  Formaldehyde reaction chamber: A  glass desiccator 

(170 mm diameter) is fitted with a two-piece wooden 

clamp in order to secure the lid during heating. 



J. Constant temperature oven: Isotemp Oven, Fisher 

Scientific Co. 

K. Vacuum pumps Duo Seal Vacuum Pump, Model 1^05» 

Welch Scientific Co. A 3-way glass stopcock connects 

the pump,' lyophylization chamber and air intake. 

The air intake is fitted with a silica gel column. 

A vacuum gauge (McLeod Gauge, Virtis Co., Inc.) is 

placed between the pump and the stopcock. High 

vacuum rubber tubing and metal hose clamps are used 

for the various connections. A 19/38 ground glass 

Joint connects the vacuum system to the lid of the 

glass lyophylization chamber. 

L. Embedding chambers The embedding chamber consists 

of 2 halves joined together with a 2^/kO ground 

glass connector. The lower half is a 125 ml flat-

bottom boiling flask. The upper half, which is 

mounted with a vacuum outlet, has a chamber posi

tioned for short-term storage of brain tissue. A 

photograph of this apparatus is shown by Falck and 

Owman (1965). 

M. Metal cylinders The metal cylinder is made from a 

polished steel, nickel plated cork borer and is 

approximately 200 mm long and 18 mm in diameter. 

N. Tissue embedding mediums Paraplast, Van Waters and 

Rogers, Inc. 

0. Microtomes American Optical Co. 
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P. Slide warmer: Chicago Surgical and Electrical Co. 

Q» Glass slides: 1 mm, Corning Glass Works. 

R. Cover glass: No. 0, Corning Glass Works. 

S. Fluorescence microscope: Ortholux, model 250, 

E. Leitz,' Inc. 

T. Film: Black and white photographs were made with 

Kodak Tri-X Pan 35 nun film. 

II. Materials and solutions 

A* High vacuum grease (silicone lubricant): Dow 

Corning Co. 

B. Humidified paraformaldehyde: A 10 mm layer of 

paraformaldehyde (Fisher Scientific Co.) is placed 

in the crystallization dish and subjected to a 

relative humidity of 70.or 97*5% in the 

humidifying chamber for at least 5 days prior to 

use. These humidities were obtained by use of 

sulfuric acid solutions with densities equal to 

1*3 g/mlt 1.25 g/ml or 1.05 s/m1» respectively. 

C. Isopentane: pure grade, Phillips Petroleum Company 

D. Phosphorus pentoxide, granular: analyzed reagent 

grade, J. T. Baker Chemical Co. 

E. Phosphorus pentoxide, powder: Mallinckrodt Chemical 

Works. 

F. Silica gel: 6 to 16 mesh, Fisher Scientific Co. 
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III. Procedure 

A.1 Lyophylization step 

1. Decapitate animal. 

2. Remove brain (steps 1 and 2 should require less 

than 2 minutes). 

3. Remove brain area containing desired portion of 

hypothalamus, nucleus caudatus putamen and 

globus pallidus. With a scalpel make an anterior 

coronal section at the intersection of the optic 

nerves and a posterior coronal section approxi

mately U mm from the first cut. 

4. Place the brain tissue on a numbered copper 

plate so that the anterior surface makes contact 

with the plate. 

5. Stain the posterior side (now facing upward) 

with approximately 1 mcl of eosin dye. 

6. Drop tissue and plate into isopentane cooled 

with liquid nitrogen. Both solid and liquid 

isopentane should be present during the freezing 

procedure. 

7. After 1 minute transfer tissue, and plate to a 

10 ml beaker filled with liquid nitrogen. 

8. For temporary storage place the 10 ml beaker in 

a large container of liquid nitrogen. Tissues 

may be stored for at least 2b hours in liquid 

nitrogen. 
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9. Transfer tissue and plate to the aluminum foil 

container filled with liquid nitrogen. Care 

should be taken to keep tissue covered with 

liquid nitrogen. 

10. Fill outer compartment of the plastic tray with 

granular phosphorus pentoxide. 

11. Place the aluminum foil container into the inner 

compartment of the plastic tray. 

12. Insert the plastic tray into the glass lyophyli-

zation chamber which has been stored In a 

freezing unit at less than -iJ-5°C. 

13* Place a thin film of high vacuum grease on the 

ground glass lip of the chamber and its lid. 

1^. Grease and attach the vacuum pump connection to 

chamber lid. 

15. Press lid into position on lyophylization 

chamber and at the same time activate vacuum 

pump. 

16. After the liquid nitrogen and residual isopen-

tane have vaporized reduce the chamber pressure 

to less than 0.005 Hg. 

17. Continue lyophylization for 3 days at a tempera

ture of approximately -30OC. 

B. Formaldehyde treatment step 

1. Remove glass chamber from freezing unit and 
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slowly adjust temperature of chamber to approxi

mately 3 5°C. 

Slowly release vacuum by allowing room air to 

enter the chamber after passing through 6 X 0.5 

inch silica gel column. 

Remove chamber lid and quickly transfer plastic 

tray to dry-air box. 

Carefully transfer the tissue to the appropriate 

basket in the wire rack. 

Place paraformaldehyde into formaldehyde re

action chamber which has been heated to 80°C. 

Use the humidified paraformaldehyde prepared 

in 58.3% relative humidity for development of 

catecholamines. For development of 5-hydroxy-

tryptamine use the humidified paraformaldehyde 

prepared in 70.relative humidity. 

Transfer wire rack from dry-air box to reaction 

chamber. 

Secure reaction chamber lid and place in constant 

temperature oven at 80°C for 1 hour. 

Remove reaction chamber from oven and allow to 

cool in a stream of room air for 30 minutes. 

Slowly remove reaction chamber lid. 

If 5-hydroxytryptamine is being developed repeat 

steps 5 through 9 above using a humidified para

formaldehyde prepared at 97.5% relative humidity. 
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If catecholamines are being developed omit this 

step and proceed directly to step 11 below. 

11. Transfer wire rack to vacuum desiccator con

taining powdered phosphorus pentoxide. If 

overnight storage is desired reduce desiccator 

pressure to less than 0.05 nim Hg and protect 

from light. Before removing tissue from desic

cator increase internal pressure as specified 

in step 2 above. 

C. Embedding step 

la Place an appropriate amount of tissue embedding 

medium into lower half of embedding chamber. 

Melt in a water bath heated to 6o°C. 

2. Transfer a tissue into the upper half of the 

embedding chamber, connect upper portion to 

lower half of chamber and reduce pressure to 

less than 0.05 mm Hg. 

3» Tip the specimen into the liquified tissue 

embedding medium by tilting the chamber and 

tapping the upper half. Care should be taken 

to avoid coating the inside wall of the upper 

half of the chamber with liquefied embedding 

medium. 

Infiltrate for 20 minutes. 

5a Release vacuum and remove bottom half of chamber 

from water bath. 
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6. Trap tissue (stained side up) inside the metal 

cylinder. 

?. Cool lower half of chamber and cylinder with dry 

ice for 20 minutes. 

8. Remove metal cylinder from chamber. The metal 

cylinder now contains the tissue surrounded by 

solidified tissue embedding medium. 

9» Remove the tissue embedding medium and tissue 

from the cylinder with aid of a glass rod. 

Tissues can now be stored at room temperature 

for several weeks if protected from light. 

Fluorescence viewing step 

1. Mount the embedded tissue on microtome so that 

sectioning begins at the unstained surface. 

2, Section tissue at a thickness of 10 microns. 

3« When sectioning reaches a depth of 1^0 microns 

from the anterior (unstained) surface, collect 

sections and place on a dry slide. This portion 

corresponds to the section which is 5780 microns 

anterior to the frontal zero plane as described 

by Konig and Klippel (1963). . 

Transfer the slide to a slide warmer, maintained 

at 60° to 65°C, to allow the paraplast to melt 

and the sections to spread. Remove from heat 

and allow to solidify. 



158 

5* Place cover glass over tissue and view with the 

aid of a fluorescence microscope. With the 

third ventricle as a guide, the nucleus periven

tricular! s hypothalami is viewed 0.8 to 0.9 nun 

dorsal to the ventral surface of the brain. 

Intense green to yellow-green discrete fluo

rescence appears in varicosities of nerve fibers 

in this region. The nucleus caudatus putamen is 

viewed approximately 3 mm lateral to the third 

ventricle and 5*5 mm dorsal to the ventral 

surface of the optic chiasm. This nucleus is 

characterized by diffuse green to yellow-green 

fluorescence which contrasts with the dark brain 

regions surrounding it. The globus pallidus is 

found approximately 3 mm lateral to the third 

ventricle and 3 mm dorsal to the ventral surface 

of the optic chiasm. Discrete yellow fluores

cence is seen in this region. 

6. Photograph the various areas soon after exposure 

to the activating light since loss of some 

fluorescence occurs after about 3 minutes. 



APPENDIX D 

STATISTICAL PROCEDURES 

Student's t Test 

Calculations were performed according to the 

following formulas 

sg 4_+ _i_ 
^ fly nZ 

where 

t = The calculated Student's t value 

x = The mean value of a treatment 

2 S = The pooled variance 
P 

n = The number of replicates per sample 

and 

y and z = The particular treatments in question, 
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The standard error of the mean (S.E.) was calculated 

according to the following formulas 

where 

X = The value of a replicate within a sample 

5c = The mean of the sample 

and 

n = The number of replicates per sample. 

All numerical data used in this work are reported as 

the mean t S.E. In bar graphs the S.E. is indicated by a 

vertical bracketed line which bisects each bar. The dif

ference between 2 means is reported to be significant only 

when the calculated "Student's" t-value is larger than that 

value of the Student's t distribution where the probability 

(P) of a larger t value is less than 0.05. 

S.E 
n(n - 1) 



APPENDIX E 

PREPARATION OF DRUGS 

L-a-Methyldopa hydrochloride (Merck, Sharp and Dohme) 

Type of preparation: solution 

Vehicle: deionized water 

Dose: 500 mg/kg 

Solution strength* 500 mg/ml 

DL-a-Methyl-m-tyrosine (Nutritional Biochem Corp.) 

Type of preparation: suspension 

Vehicle 1 normal saline 

Dose: 500 mg/kg 

Suspension strength: 500 mg/10 ml 

L-a-Methyl-p-tyrosine (Merck, Sharp and Dohme) 

Type of preparation: suspension 

Vehicle: normal saline 

Dose: 50 mg/kg 

Suspension strength: 50 mg/5 ml 

Dose: 80 mg/kg 

Suspension strength: 80 mg/5 ml 
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Dosei 100 mg/kg 

Suspension strength: 100 mg/5 ml 

Cocaine hydrochloride (Merck & Co., Inc.) 

Type of preparation: solution 

Vehicle: deionized water 

Dose» 30 mg/kg 

Solution strength: 30 mg/2 ml 

Dlethyldlthiocarbamate sodium (Fisher Scientific Co.) 

Type of preparation: solution 

Vehicle: deionized water 

Dose: 75 mg/kg 

Solution strength: 75 mg/5 ml 

Dose: 125 mg/kg 

Solution strength: 125 mg/5 ml 

Dose: 250 mg/kg 

Solution strength: 250 mg/5 ml 

Dose: 500 mg/kg 

Solution strength: 500 mg/5 ml 
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L-3»^-Dihydroxyphenylalanine (Mann Research Laboratories, 

Inc.). 

Type of preparation: suspension 

Vehicle: normal saline 

Dose: ^0 mg/kg 

Suspension strength: 40 mg/10 ml 

Dose: 50 mg/kg 

Suspension strength: 50 mg/10 ml 

Dose: 100 mg/kg 

Suspension strength: 100 mg/10 ml 

Disulfiram (Ayerst Laboratories) 

Type of preparation: suspension 

Vehicle: 1.0# carboxymethylcellulose and Tween 80 

in normal saline 

Dose: 50 mg/kg 

Suspension strength: 50 mg/5 ml 

Dose: 400 mg/kg 

Suspension strength: 400 mg/10 ml 

Dopamine hydrochloride (Calbiochem) 

Type of preparation: solution 

Vehicle: deionized water 



Dosei 80.7 meg of the base 

Solution strengthi 80.7 meg of the base/5 mcl 

Doses 500 meg of the base 

Solution strength: 500 meg of the base/5 mol 

5-Hydroxytryptamine creatinine sulfate (Calbiochem) 

Type of preparation: solution 

Vehicle: deionized water 

Dose: 75 meg of the base 

Solution strength: 75 meg of the base/15 mcl 

Dose: 150 meg of the base 

Solution strength: 150 meg of the base/15 mcl 

DL-5-Hydroxytryptophan (Sigma Chemical Corp.) 

Type of preparation: suspension 

Vehicle: normal saline 

Dose: 50 mg/kg 

Suspension strength: 50 mg/10 ml 

Dose: 100 mg/kg 

Suspension strength: 100 mg/10 ml 

Dose: 150 mg/kg 

Suspension strength: 150 mg/10 ml 



Dose! 200 mg/kg 

Suspension strengthj 200 mg/10 ml 

Imipramine hydrochloride (Geigy Pharmaceuticals) 

Type of preparation! solution 

Vehicle! deionized water 

Dosei 15 mg/kg 

Solution strength: 15 mg/2.5 ml 

Iproniazid phosphate (Hoffmann-La Roche, Inc.) 

Type of preparation! solution 

Vehicle! deionized water 

Dose! 38.5 mg/kg 

Solution strength! 38.5 mg/2.5 ml 

Lithium carbonate (Mallinckrodt Chemical Works) 

Type of preparation! solution 

Vehicle! deionized water 

Dose 1 20 mg/kg 

Solution strength! 20 mg/8 ml 

Dose 1 ^0 mg/kg 

Solution strength! ^0 mg/8 ml 
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Dose t 60 mg/kg 

Solution strength: 80 mg/ml 

Methylphenldate hydrochloride (Ciba Pharmaceutical Co.) 

Type of preparations solution 

Vehiclei deionized water 

Doses 30 mg/kg 

Solution strengths 30 mg/5 ml 

Norepinephrine bitartrate (Winthrop Laboratories) 

Type of preparations solution 

Vehicles deionized water 

Doses 87.5 nicg of the base 

"Solution strengths 87.5 &cg of the base/5 

DL-p-Chlorophenylalanine (Chas. Pfizer & Co., Inc.) 

Type of preparations suspension 

Vehicles 1% carboxymethylcellulose and Tween 80 in 

normal saline 

Doses 316 mg/kg 

Suspension strengths Jl6 mg/10 ml 



Reserpine phosphate (Ciba Pharmaceutical Co.) 

Type of preparationi solution 

Vehiclei deionized water 

Dose« 250 meg 

Solution strength! 250 mcg/20 mcl 

Ro ̂ -128^ (Hoffmann-La Roche, Inc.) 

Type of preparation: solution 

Vehicle: deionized water 

Dose» 5 mg/kg 

Solution strength: 5 mg/1.25 ml 

Doset 10 mg/kg 

Solution strength: 10 mg/2.5 ml 
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