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ABSTRACT 

Although 5-hydroxytryptamine is generally believed 

to be an inhibitory modulator in the convulsive seizure 

process, the evidence which supports this concept is less 

than definite. Therefore, the current investigation was 

undertaken to provide substantial evidence that 5-hydroxy

tryptamine functions as an inhibitory modulator in the audio

genic seizure process in rats and to ascertain the brain 

regions in which 5-hydroxytryptamine exerts this effect. 

The circadian study shows that audiogenic seizure 

is enhanced during the dark period, the time when 5-hydroxy-

tryptamine in the brain is at lowest levels. A comparison 

of brain biogenic amines in audiogenic and non-audiogenic 

rats showed lower levels of 5-hydroxytryptamine and norepi

nephrine in various parts of the brain. These correlative 

studies, which did not require the use of biochemical tools, 

suggest that 5-hydroxytryptamine and/or norepinephrine may 

serve as inhibitory modulators in seizure activity. 

Selective depletion of 5-hydroxytryptamine was per

formed with p-chloromethamphetamine and p-chlorophenylalanine. 

p-Chloromethamphetamine produced a biphasic effect. Audio

genic seizure was inhibited during the early phase (1 and 24 

hours) and was markedly enhanced during the late phase (48 

and 72 hours). Assays of biogenic amines (at 24 and 48 hours) 

x 
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showed that at 24 hours 5-hydroxytryptamine was markedly re

duced in the cerebral hemispheres and modestly reduced in the 

midbrain and pons-medulla. During the early phase there is 

a lack of correlation between seizure activity and reduction 

of 5-hydroxytryptamine apparently because of the potent anti

convulsant property of p-chloromethamphetamine. Methamphet-

amine, the non-chlorinated analog of p-chloromethamphetamine, 

which does not deplete 5-hydroxytryptamine, also exerted an 

anticonvulsant effect against audiogenic seizure. Thus it is 

suggested that during the early phase the potent anticonvul

sant effect of p-chloromethamphetamine masked the seizure 

enhancing effect of 5-hydroxytryptamine depletion. During 

the late phase, after the anticonvulsant effect of p-chloro

methamphetamine had subsided, the seizure enhancing effect of 

5-hydroxytryptamine depletion became apparent. Norepinephrine 

concentration was not reduced during either time periods. 

The time-course study with p-chlorophenylalanine 

showed persistent enhancement of audiogenic seizure for 9 

days. Marked and long lasting depletion of 5-hydroxytrypt

amine was observed in all four regions of the brain that were 

analyzed. However, the regions of the brain which showed the 

most persistent depletion of 5-hydroxytryptamine (9 days) 

were the cerebral hemispheres and midbrain. Norepinephrine 

was modestly reduced in two regions of the brain during the 

first time period that the biogenic amines were analyzed 

(day 3). 
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Non-audiogenic rats that were treated with Ro 4-128H 

( 2-hydroxy-2-ethyl-3-isobutyl-9 ,10-dimethoxy-l, 2 ,3 ,•+ , 6 ,7-hexa-

hydro-ll-i'H-benzo (a) quinolizine) , p-chloromethamphetamine 

and p-chlorophenylalanine showed no general tendency for in

creased susceptibility to audiogenic seizure. These results 

imply that the biogenic amines, norepinephrine and 5-hydroxy-

tryptamine, are not involved in inhibiting the audiogenic 

seizure foci. 

Because of the temporal correlation between selective 

5-hydroxytryptamine depletion and the enhancement of audio

genic seizure it is concluded that 5-hydroxytryptamine func

tions as an inhibitory modulator of audiogenic seizure. It 

appears to function as a modulator in parallel with norepi

nephrine. However, it acts independently of norepinephrine 

since low levels of either biogenic amine result in enhance

ment of seizure. 5-Hydroxytryptamine inhibits the rate and 

extent of spread of seizure discharge but it is not function

ally important in inhibiting the audiogenic seizure foci. 

The cerebral hemispheres and midbrain appear to be 

important sites for the seizure modulatory function of 

5-hydroxytryptamine. 



CHAPTER 1 

INTRODUCTION 

Since Chsn, Ensor and Bohner (19 54) first reported 

that reserpine enhances pentylenetetrazol and electroshock 

seizure in mice, various investigators have attempted to 

elucidate the mechanism by which reserpine exerts this effect. 

Some workers have suggested that the seizure-enhancing effect 

of reserpine is related to depletion of endogenous brain 

5-hydroxytryptamine (Lessin and Parkes, 1959; Truitt and 

Ebersberger, 1962 ; Azzaro, Craig and Stitzel, 1969), whereas 

others have suggested that the seizure-enhancing property of 

reserpine is related to depletion of dopamine (De Schaepdryver, 

Piette and Delaunois, 1962) or norepinephrine (Pfeifer and 

Galambos, 1967a; Jones and Roberts, 1968). Still others have 

suggested that the seizure-enhancing property of reserpine is 

related to depletion of both norepinephrine and 5-hydroxy-

tryptamine (Azzaro, Wenger, Craig and Stitzel, 1972; Wenger 

Stitzel and Craig, 1973). Because the overt pharmacological 

effects of reserpine and the benzoquinolizine derivatives 

(e.g., tetrabenazine and Ro 4-1284) are almost identical and 

because the two types of drugs cause drastic reduction of 

brain biogenic amines (Shore, 1962 ; Pletscher, DaPrada, Burkard 

and Tranzer, 196 8), it is reasonable to speculate that many 

1 
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of their pharmacological effects, including seizure enhance

ment , may be caused by depletion of one or more brain bio

genic amines. However, there is obvious disagreement 

regarding the mechanism by which reserpine enhances convul

sive seizure. In order to establish the mechanism of action 

of reserpine in seizure it is necessary to define the physio

logical role of dopamine, norepinephrine and 5-hydroxytrypt-

amine in the convulsive seizure process. 

With regard to the function of norepinephrine and 

dopamine in convulsive activity, Jobe, Picchioni and Chin 

(1973a) presented convincing evidence that norepinephrine is 

more important than dopamine as an inhibitory modulator in 

the audiogenic seizure process. These investigators postu

lated that the major role of endogenous norepinephrine in 

audiogenic seizure is to inhibit spread of seizure discharge 

in the brain. In a subsequent publication these workers 

(Jobe, Picchioni and Chin, 197 3b) presented evidence that 5-

hydroxytryptamine may also function as an inhibitory modu

lator in audiogenic seizure and further hypothesized that 

both norepinephrine and 5-hydroxytryptamine play similar 

roles in inhibiting the audiogenic seizure process. However, 

the major evidence presented is based on depletion studies 

with treatments that appear to lack specificity. Although 

the data obtained are suggestive, more substantial evidence 

needs to be presented to support this function of 

5-hydroxytryptamine in convulsive seizure. 



Central Distribution of 
5-Hydroxytryptamine 

The first evidence that the central nervous system 

contains 5-hydroxytryptamine was provided by Twarog and Page 

(1953) and Amin, Crawford and Gaddum (195!+). 5-Hydroxytrypt-

amine is found in virtually all parts of the central nervous 

system; however, its distribution is unequal (Erspamer, 1966; 

Heller and Moore, 1970; Dahlstrom, Haggendal and Atack, 197 3) 

The highest concentration is found in the diencephalon, mesen 

cephalon and lower brainstem (Heller and Moore, 1970). A low 

concentration of 5-hydroxytryptamine is found in the cortex 

but, interestingly, this region of the brain contains approx

imately 30% of the total brain content of 5-hydroxytryptamine 

The 5-hydroxytryptamine-containing nerve terminals in 

the central nervous system originate mainly from cell bodies 

which are located in the various raphe nuclei of the mesence

phalon and brain stem (Dahlstrom and Fuxe, 1964; Anden, Dahl

strom, Fuxe, Larsson, Olson and Ungerstedt, 1966; Dahlstrom, 

Haggendal and Atack, 1973). There are three basic groups of 

raphe nuclei: the midbrain group, the pontine group and the 

medullary group. The 5-hydroxytryptamine neurons which in

nervate the spinal cord originate from cell bodies in the 

medulla oblongata. These neurons descend into the spinal 

cord and project into the grey area of the cord to form a 

particularly dense innervation in the lumbar and sacral 

regions (Carlsson, Falck, Fuxe and Hillarp, 1964; Dahlstrom 
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and Fuxe, 196H, 1965; Fuxe, Hokfelt and Ungerstedt, 1968; 

Dahlstrom, Haggendal and Atack, 1973). These neurons termi

nate in close proximity to the motoneurons in the ventral 

horn. However, there are many other terminal varicosities 

in the dorsal and intermediolateral horns of the spinal cord 

(Anderson, 1972). 

The lower brain stem and cerebellum are innervated 

by 5-hydroxytryptamine-containing neurons which have their 

cells of origin in the raphe nuclei of the pons (Dahlstrom 

and Fuxe, 1965; Dahlstrom, Haggendal and Atack, 1973). These 

neurons have short axonal projections which appear to be 

localized within the reticular formation of the pons and 

upper medulla. These same cell bodies send long axons into 

the cerebellum. 

The main 5-hydroxytryptamine innervation of the di-

encephalon and telencephalon regions of the brain originate 

from cell bodies located within the medial and dorsal raphe 

nuclei of the mesencephalon (Anden, Dahlstrom, Fuxe, Larsson, 

Olson and Ungerstedt, 196 6; Fuxe, Hokfelt and Ungerstedt, 

1968; Ungerstedt, 1971; Dahlstrom, Haggendal and Atack, 1973). 

The axons from these 5-hydroxytryptamine neurons form two 

major ascending bundles which occupy the medial portion of 

the midbrain tegmentum. The ascending bundles turn ventrally 

and then rostrally as they approach the interpenduncular 

nucleus. Rostral to the interpeduncular nucleus the bundles 
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course laterally and enter the ventral portion of the medial 

forebrain bundle. Within the medial forebrain bundle the 

medial 5-hydroxytryptamine axons course rostrally to the 

level of the septum where they turn caudally in the cingulum. 

These fibers innervate the cerebral cortex with very fine 

nerve terminals. The axons of the more lateral 5-hydroxy

tryptamine neurons innervate the lateral hypothalamus and 

the amygdala. In summary, axons from the cell bodies in the 

dorsal and medial raphe nuclei course through the medial 

forebrain bundle with some of the lateral fibers innervating 

the lateral hypothalamus and amygdala and the remaining 

fibers running rostrally and innervating the limbic forebrain 

and the neocortex (Anden, Dahlstrom, Fuxe, Larrson, Olson and 

Ungerstedt, 196 6; Fuxe, Hokfelt and Ungerstedt, 1968; 

Dahlstrom, Haggendal and Atack, 1973), see Appendix E. 

Biochemistry of 5-Hydroxytryptamine 

The biosynthetic pathway for 5-hydroxytryptamine was 

first reported in 1956 (Undenfriend, Titus, Weissbach and 

Peterson, 1956). Approximately seven or eight years elapsed 

before the synthesis of 5-hydroxytryptamine in the central 

nervous system was demonstrated and confirmed (Gal, Poczik 

and Marshall, 1963; Gal, Morgan, Chatterjee, and Marshall, 

1964; Gal and Marshall, 19 64; Consolo, Garattini, Ghielmetti, 

Morselli and Valzelli, 1965; Weber and Horita, 1965). The 
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in vivo formation of 5-hydroxytryptamine involves hydroxyla-

tion of L-tryptophan to form 5-hydroxytryptophan and then 

decarboxylation of 5-hydroxytryptophan to yield the indolea-

mine(Ichiyama, Nakamura, Nishizuka and Hayaishi, 196 8; Gal 

and Millard, 1972; Lovenberg and Besselaar, Bensinger and 

Jackson, 1973). The conversion of L-tryptophan to 5-hydroxy

tryptophan, which is catalyzed by the enzyme tryptophan-5-

hydroxylase, appears to be the rate limiting step in the 

formation of 5-hydroxytryptamine (Jequier, Robinson, Loven

berg and Sjoerdsma, 1969; Gal and Millard, 1972; Lovenberg, 

Besselaar, Bensinger and Jackson, 1973). The existence of 

the enzyme tryptophan-5-hydroxylase in vivo was only recently 

confirmed (Gal and Millard, 1972). The pattern of regional 

distribution of tryptophan-5-hydroxylase in the brain is 

related to the distribution of 5-hydroxytryptamine cell 

bodies and neuronal projections and nerve terminals (Ichiyama, 

Nakamura, Nishizuka and Hayaishi, 1968; Gal and Patterson, 

1973; Renson, 1973; Knapp and Mandell, 197 3). 

Tryptophan-5-hydroxylase in the central nervous sys

tem is a typical mixed function oxygenase which occurs mainly 

in the cytoplasmic fraction rather than the particulate 

fraction (Jequier, Robinson, Lovenberg and Sjoerdsma, 1969; 

Lovenbergj Besselaar, Bensinger and Jackson, 1973). It re

quires molecular oxygen as a cofactor and tetrahydropteridine 

as an electron source. The enzyme is specific for L-tryptophan 
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and the hydroxylation reaction is apparently irreversible 

(Gal and Millard, 1972). 

The decarboxylation of 5-hydroxytryptophan is cata

lyzed by the nonspecific aromatic L-aminoacid decarboxylase. 

An identical or similar enzyme also decarboxylates dihydroxy-

phenylalanine (DOPA) to form dopamine (Hagen and Cohen, 196 6; 

Sims, 1974). The decarboxylation reaction is not the rate-

limiting step in either the biosynthesis of norepinephrine or 

5-hydroxytryptamine (Levitt, Spector, Sjoerdsma and Unden-

friend, 196 5; Ashcroft, Eccleston, and Crawford, 19 6 5; 

Ichiyama, Nakamura, Nishizuka and Hayaishi, 1968). 

The physiological mechanisms for control of the bio-

systhesis of 5-hydroxytryptamine have not been fully eluci-

tated. However, certain key facts are known which indicate 

that the control of the synthesis of 5-hydroxytryptamine is 

probably determined by the concentration of the enzyme 

tryptophan-5-hydroxylase and the concentration of L-trypto-

phan which is available to this enzyme (Moir and Eccleston, 

1968; Fernstrom and Wurtman, 1971a, b, 1973; Lovenberg, 

Besselaar, Bensinger and Jackson, 1973). Since the concen

tration of tryptophan-5-hydroxylase does not appear to 

fluctuate physiologically, the major regulation of the syn

thesis of 5-hydroxytryptamine must reside in substrate 

availability (Lovenberg, Besselaar, Bensinger and Jackson, 

1973). Indeed, Fernstrom and Wurtman (1971a,b and 1973) 
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have demonstrated that increasing the dietary intake of 

L-tryptophan increases brain levels of 5-hydroxytryptamine. 

These observations are to be expected since the enzyme 

tryptophan-5-hydroxylase is not saturated under physiological 

conditions. Therefore, the major control for the synthesis 

of 5-hydroxytryptamine seems to be related to availability 

of the substrate L-tryptophan. 

The major route of metabolism of 5-hydroxytryptamine 

in the brain is by oxidative deamination to 5-hydroxyindole-

acetic acid (Blaschko and Levine, 1966; Weissbach, Redfield 

and Udenfriend, 1957). 5-Hydroxytryptamine is first oxidized 

by monoamine oxidase to 5-hydroxyindolylaldehyde. The alde

hyde is then rapidly oxidized to 5-hydroxyindoleacetic acid 

(Blaschko and Levine, 1966; Neff, Lin, Ngai and Costa, 1969). 

A possible alternate pathway for the metabolism of 5-hydroxy

indolylaldehyde may be by reduction to 5-hydroxytryptophol 

(Blaschko and Levine, 1966). The functional significance of 

the reduction of the aldehyde to the alcohol in the brain 

remains to be established. 

In summary, 5-hydroxytryptamine is synthesized from 

dietary L-tryptophan by the hydroxylation reaction catalyzed 

by tryptophan-5-hydroxylase to form 5-hydroxytryptophan which 

is subsequently decarboxylated to 5-hydroxytryptamine. The 

decarboxylation reaction is catalyzed by a nonspecific aro

matic L-aminoacid decarboxylase enzyme. The primary 
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physiological control for the rate of biosynthesis of 

5-hydroxytryptamine is apparently related to availability 

of the substrate L-tryptophan. 5-Hydroxytryptamine is 

metabolized by oxidative deamination to form 5-hydroxy-

indoleacetic acid. 

Proposed Central Nervous System 
Functions of 5-Hydroxytryptamine 

There is considerable suggestive evidence that asso

ciates changes in 5-hydroxytryptamine in the central nervous 

system with several physiological and pathophysiological 

changes (Chase and Murphy, 1973). 5-Hydroxytryptamine is 

hypothesized to function as a neurotransmitter in the central 

nervous system; however, there is a paucity of definitive 

evidence to support this hypothesis (Curtis and Crawford, 

1969 ; Bloom, Hoffer, Siggins, Barker and Nicoll, 1972 ; 

Frederickson, Jordan and Phillis, 19 72; Bloom, Hoffer, 

Nelson, Sheu and Siggins, 1973). 

Central 5-hydroxytryptamine mechanisms have been 

proposed for control of sleep, temperature regulation, neuro

endocrine function and pain perception (Chase and Murphy, 

19 73). In addition, alterations in the 5-hydroxytryptamine 

system appear to be implicated in psychotic behavior, mental 

deficiency, hypersexuality, affective disorders, Huntington's 

chorea, Parkinson's disorder and convulsive seizure. The 

present investigation is primarily concerned with the possi

ble role of 5-hydroxytryptamine in convulsive seizure. 
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A Survey of the Literature on the 
Involvement of 5-Hydroxytryptamine 

in Convulsive Seizure 

The role of 5-hydroxytryptamine in convulsive seizure 

has been extensively investigated. Numerous investigators 

have reported that p-chlorophenylalanine, an inhibitor of 

tryptophan-5-hydroxylase, causes marked depletion of 5-hydroxy-

tryptamine and concurrent enhancement of electroshock sei

zure (Koe and Weissman, 1966; Rudzik and Johnson, 1970; Gray 

and Rauh, 1971; Kilian and Frey, 1973), pentylenetetrazol-

induced seizure (Rudzik and Johnson, 1970; De La Torre, 

Kawanaga and Mullan, 197 0; De La Torre and Mullan, 197 0; 

Kilian and Frey, 1973; Kopeloff and Alexander, 1972), audio

genic seizure (Schlesinger, Schreiber, Griek and Henry, 1969; 

Schlesinger, Boggan and Freedman 19 70; Jobe, Picchioni and 

Chin, 1973b; Lehmann, 1968), or photically induced seizure 

(Wada, Balzamo, Meldrum and Naquet, 1972). However, there 

is one report that p-chlorophenylalanine exerts an inhibitory 

effect on experimental seizure (Alexander, Kopeloff and 

Alexander, 19 71). A possible explanation for this apparent 

anticonvulsant effect may be related to the formation of a 

metabolite, p-chloro-@-phenylethylamine, which has 

amphetamine-like activities, including an anticonvulsant 

effect (Koe and Weissman, 1966; Edwards and Blau, 1972). 

Although p-chlorophenylalanine is purported to cause 

selective depletion of brain levels of 5-hydroxytryptamine, 
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it also causes a modest but significant decrease in brain 

levels of norepinephrine (Koe and Weissman, 1966; Miller, Cox, 

Snodgrass and Maickel, 1970; Jobe, Picchioni and Chin, 1973b). 

Because of the simultaneous effects of p-chlorophenylalanine 

on 5-hydroxytryptamine and norepinephrine, one cannot con

sider the data heretofore obtained with p-chlorophenylalanine 

as conclusive evidence that 5-hydroxytryptamine functions 

physiologically to modulate or resist convulsive seizure 

activity. 

Certain derivatives of amphetamine such as p-chloro-

methamphetamine and p-chloroamphetamine, appear to 

have a more selective depleting effect on brain 5-hydroxy

tryptamine than does p-chlorophenylalanine. These drugs can 

cause a dose dependent and persistent depletion of 5-hydroxy-

tryptamine with only transient elevations of brain norepine

phrine and dopamine (Pletscher, Burkard, Bruderer and Gey, 

196 3; Pletscher, Bartholini, Bruderer, Burkard and Gey, 

1964; Pletscher, Da Prada, Bartholini, Burkard, and Bruderer, 

1965; Pletscher, Da Prada, Burkard, Bartholini, Steiner, 

Bruderer and Bigler, 1966; Pletscher, Da Prada, Burkard and 

Tranzer, 1968; Pletscher, Da Prada and Burkard, 1970; 

Sanders-Bush and Sulser, 1970; Fuller, Hines and Mills, 1965; 

Miller, Cox, Snodgrass and Maickel, 1970). However, these 

p-chlorinated amphetamines failed to help clarify the physio

logical role of 5-hydroxytryptamine in seizure activity, 

because they exert an anticonvulsant effect at the same time 
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that they cause maximum depletion of 5-hydroxytryptamine 

(Lehman, 1967; Pfeifer and Galambos, 1967b; Rudzik and 

Johnson, 197 0). 

Another experimental approach which has been used to 

provide evidence of the physiological function of 5-hydroxy

tryptamine in convulsive seizure consists of peripheral or 

central injection of 5-hydroxytryptamine or its immediate 

precursor, 5-hydroxytryptophan. The peripheral injection of 

5-hydroxtryptamine failed to protect against chemically in

duced convulsions (Bianchi, 1957), whereas central adminis

tration of the amine protects rats against audiogenic 

seizure (Jobe, 1970) and mice against audiogenic and 

pentylenetetrazol-induced seizures (Schlesinger, Stavnes, 

and Boggan, 1969). A plausible explanation for failure of 

peripherally injected 5-hydroxytryptamine to protect against 

seizure may be related to poor passage of the indoleamine 

from the peripheral circulation into the central nervous 

system. The peripheral administration of the precursor 

5-hydroxytryptophan produced divergent results which are 

difficult to reconcile. It has been reported that peripheral 

administration of 5-hydroxytryptophan attenuates audiogenic 

seizure, chemically induced seizure, photically induced 

seizure, and electroshock seizure (Schlesinger, Boggan and 

Freedman, 1968; Schlesinger, Boggan and Griek, 1968; 

Schlesinger, Boggan and Freedman, 1970; Wada, Balzamo, 
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Meldrum and Naquet, 197 2; Azzaro, Wenger, Craig and Stitzel, 

1972; Kilian and Frey, 1973). It has also been reported that 

peripheral injection of 5-hydroxytryptophan which elevates 

brain concentration of 5-hydroxytryptamine to eight or nine 

times that of control level does not protect animals against 

electroshock or pentylenetetrazol-induced convulsions 

(Bonnycastle, Giarman and Paasonen, 1957; Kobinger, 19 58; 

Lessin and Parkes, 1959; Prockop, Shore and Brodie, 1959; De 

La Torre and Mullan, 197 0; De La Torre, Kawanaga and Mullan, 

1970; Chen, Ensor and Bohner, 1968; Rudzik and Johnson, 

1970). Finally, it has been reported that it is necessary to 

administer an amine oxidase inhibitor in conjunction with 5-

hydroxytryptophan in order to produce an anticonvulsant 

effect (Lessin and Parkes, 19 59; Prockop, Shore and Brodie, 

1959; Chen, Ensor and Bohner, 1968; Rudzik and Johnson, 

1970; Jobe, Picchioni and Chin, 1973b). It is difficult to 

ascribe a functional role to endogenous 5-hydroxytryptamine 

in the seizure process on the basis of the divergent results 

obtained with 5-hydroxytryptophan. Furthermore, even if the 

studies involving peripheral injection of the precursor had 

shown consistent seizure-attenuating activity, it would not 

be possible to determine whether the greatly elevated levels 

of 5-hydroxytryptamine in the brain are functioning at 

physiological sites of action for endogenous 5-hydroxytrypt

amine and whether such levels of 5-hydroxytryptamine are 

exerting their effects through physiological mechanisms. 
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Inhibition of metabolic degradation of 5-hydroxy-

tryptamine has been employed as a means for investigating the 

effect of this putative neurotransmitter on seizure activity. 

It is well known that the monoamine oxidase inhibitors cause 

accumulation of brain biogenic amines (Prockop, Shore and 

Brodie, 1959; Schlesinger, Boggan and Freedman, 1970) and 

also exert an anticonvulsant effect (Lessin and Parkes, 1959 ; 

Prockop, Shore and Brodie, 1959; Schlesinger, Boggan and 

Griek, 1968; Schlesinger, Boggan and Freedman, 19 68; 

Schlesinger, Boggan and Freedman, 1970). Although some 

early investigators ascribe the anticonvulsant effect to 

elevated brain levels of 5-hydroxytryptamine, one cannot 

ignore the fact that brain levels of norepinephrine are also 

elevated. 

Data obtained with monoamine oxidase inhibitors are 

not generally useful for evaluating the plr riolo^ical role 

of a specific biogenic amine for two possible reasons: (1) 

these inhibitors are nonspecific and (2) even if they are 

specific, there is no assurance that elevated levels of the 

amine exert their effect at physiological sites or that they 

exert their effect by physiological mechanisms. 

It has been reported that brain levels of 5-hydroxy

tryptamine and norepinephrine exhibit a circadian periodicity. 

The indoleamine reaches its highest levels during the period 

of light and its lowest levels during the period of darkness, 
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whereas the cycle for the catecholamine is reversed 

(Friedman and Walker, 1968; Schreiber and Schlesinger, 

1971; Asano, 1971; Piepho, 1972). In addition, it has been 

reported that there is a circadian periodicity with respect 

to seizure sensitivity. Animals are more sensitive to 

experimentally induced seizures during the period of dark

ness than during the period of light (Halberg, Bittner and 

Gully, 195 5; Halberg, Bittner, Gully, Albrecht and Brackney, 

1955; Halberg, Jacobsen, Wadsworth and Bittner, 1958; Webb 

and Russell, 1966; Woolley and Timiras, 1962; Wada and 

Asakura, 1970; Schreiber and Schlesinger, 1971, 1972). 

Since greater sensitivity to seizure occurs during the 

period of darkness, when levels of 5-hydroxytryptamine are 

low, it is reasonable to speculate that there may be a 

correlation between the periodicities for 5-hydroxytrypt

amine and seizure activity. However, Wada and Asakura (1970) 

failed to establish such a correlation. Although they could 

demonstrate circadian periodicity for audiogenic seizure in 

rats, they were unable to demonstrate a consistent circadian 

periodicity for biogenic amines. On the other hand, 

Schreiber and Schlesinger (1971) observed increased electro-

shock and audiogenic seizure activity in mice during the 

circadian cycle when 5-hydroxytryptamine levels were found 

to be low in all parts of the brain. 
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Appraisal of Some Techniques 
Used to Correlate Brain 

5-Hydroxytryptamine with Seizures 

Numerous investigations have been performed to as

certain the function of endogenous 5-hydroxytryptamine in 

experimentally induced convulsive seizures. However, at 

best, the evidence generated can only be considered as high

ly suggestive that 5-hydroxytryptamine exerts an inhibitory 

modulator function in seizure activity. The fact that dif

ferent animal species, different means for inducing seizures 

and different endpoints were employed may contribute to the 

obscuration of definitive results, but other technical fac

tors may be even more to blame for the disparate results and 

interpretations. For example, changes in whole brain con

centrations of biogenic amines are commonly correlated to 

changes in seizure activity. Unfortunately, whole brain 

values are not always reliable because they may obscure or 

fail to reflect significant reduction of biogenic amines in 

select regions of the brain (Miller, Cox, Snodgrass and 

Maickel, 19 70). In addition, biochemical tools which inter

fere with the synthesis, storage or degradation of 

5-hydroxytryptamine are nonspecific and may simultaneously 

affect more than one biogenic amine. Therefore, one must 

examine not only regional concentrations of a biogenic amine, 

but one must also perform simultaneous comparisons of the 

amines. 
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Another pitfall of whole brain studies of biogenic 

amines involves elevation of brain amine levels by the 

administration of a precursor of the amine. For example, 

5-hydroxytryptophan, which is commonly used to increase 

brain levels of 5-hydroxytryptamine, may produce several 

confounding effects. The ubiquitous and nonspecific enzyme 

L-aromatic amino acid decarboxylase can convert the precursor 

to 5-hydroxytryptamine at non-tryptaminergic sites and 

5-hydroxytryptamine may serve as a false transmitter and exert 

effects on adrenergic receptors (Boggan, 1973; Weissman, 1973). 

Additionally, there is a decrease in brain concentration of 

norepinephrine, due to displacement and/or decreased synthe

sis caused by 5-hydroxytryptophan or 5-hydroxytryptamine 

(Everett, 1974). 

Finally, most studies reported in the literature 

utilize single-time period observations. Although a given 

time period may be selected on a rational basis-, the results 

obtained may be misleading. This would be particularly true 

in the case of a biochemical tool which has a biphasic 

effect. A time-course study would obviate possible misinter

pretations. It would allow the investigator to follow the 

changes in seizure activity with changes in the biochemical 

dynamics of the amines and/or in brain amine levels. Such 

observations would permit a temporal correlation between 

alterations in brain amine level and changes in the pattern 

of seizure activity. 
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Statement of the Problem 

Although there is considerable evidence that endogenous 

norepinephrine is an inhibitory modulator of audiogenic seizure, 

there is less definite evidence that endogenous 5-hydroxytrypt-

amine might also possess a similar function. In the present 

investigation 5-hydroxytryptamine will be selectively depleted 

in time-course studies to provide substantial evidence that it 

functions as an inhibitory modulator of audiogenic seizure in 

rats. Selective depletion of the indoleamine will be assured by 

simultaneous analyses for 5-hydroxytryptamine and norepine

phrine. The anatomical sites of the brain which are important 

in the function of 5-hydroxytryptamine in audiogenic seizure 

will be ascertained by the performance of assays for the bio

genic amines in various regions of the brain, including the 

cerebral hemispheres, midbrain, hypothalamus, and pons-medulla. 

In addition, the relevance of 5-hydroxytryptamine to audiogenic 

seizure susceptibility will be evaluated. 



CHAPTER 2 

METHODS 

Experimental Animals 

The experimental animals used in this investigation 

consisted of 250- to 320-gram male audiogenic seizure-

susceptible descendents of Sprague-Dawley rats from The 

University of Arizona colony and similar size male Holtzman 

rats."*" In contrast to The University of Arizona rats, 

Holtzman rats are not susceptible to sound-induced seizures 

but they are, like The University of Arizona audiogenic 

strain, descendents of Sprague-Dawley rats. All animals were 

maintained in a controlled environment of 25° ± 2°C with 

equal periods of light (0600-1800 hours) and dark (1800-0600 

hours). Experimental subjects were transferred to individual 

cages one week prior to each study and maintained in individ

ual cages for the duration of each study. Animals were 

2 allowed free access to food and water at all times. 

General Procedures 

Audiogenic Seizure Pattern 

The typical seizure pattern displayed by untreated 

audiogenic seizure-susceptible rats in response to sound 

1. Holtzman Company, Madison, Wisconsin. 

2. Purina Rat Chow, Ralston Purina Company, St. 
Louis, Missouri. 

19 
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stimulation consisted of two phases, an initial preconvul

sive and a convulsive phase. The preconvulsive component of 

the audiogenic seizure consists of a momentary startle re

sponse to the sound stimulus followed by a period of quies

cence. The brief period of quiescence is followed by one or 

two running episodes which terminate in convulsion. The 

pause that is observed between running episodes, in cases 

where there are two such episodes, is considered to be a re

fractory pause since it occurs during continuous belling. 

Indeed, this pause which has also been observed by other 

investigators is considered to be a central inhibitory 

phenomenon (Lehman and Fless, 1962; Sterc, 1963). 

The severity of the convulsion is ranked according 

to the degree of tonic motor activity. The drawings in Table 

1 illustrate four easily distinguishable convulsive patterns 

which range from generalized clonus (pattern A) to maximal 

tonic motor activity (pattern D). 

Quantification of Audiogenic Seizure Intensity 

Table 1 outlines the scoring system described by 

Jobe, Picchioni, and Chin (197 3a). This scoring system ranks 

the severity of the seizure according to the number of run

ning episodes and the pattern of convulsion exhibited by the 

animal. The audiogenic response score (ARS) ranges from 0 

(no response) to 9 (maximal response). Hence, increasing 

severity of audiogenic seizures may be characterized by a 
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Table 1 

Quantification of Audiogenic Seizure Intensity 

ARS 
SCORE RESPONSE TO SOUND STIMULATION 

0 ——•—— No response. 

1 ————- Running only; no convulsion. 

2  — T w o  r u n n i n g  p h a s e s  s e p a r a t e d  b y  a  r e f r a c t o r y  p h a s e ;  c o n v u l s i v e  
endpolnC consists of generalized clonus involving forelimbs, 
hindlimbs, pinnae, and/or vibrissae. (A) 

3 Same as 2 cxcept only one running phase and no refractory phase. 

A —-——— Two running phases separated by a refractory phase; convulsive 
cndpolnt consists of tonic fle>:\on of neck, crunk, and forelimbs 

with clonus of hindlimbs. (B) 

5 . Same as <i except only one running phase and no refractory phase. 

6 Two running phases separated by a refractory phase; convulsive 
endpoint similar to 4 except hindlir.bs arc in partial tonic 
extension (i.e., tonic extension of thighs and legs with clonus 
of feet). (C) 

7 ———— Same as 6 except only one running phase and no refractory phase. 

8 *—————— Two running phases separated by a refractory phase; convulsive 
endpoint similar to A cxccpt hindlinbs arc in complete tonic 
extension (i.e., animal in maximal convulsion). (D) 

9 —— Same as 8 cxcept only one running phase and no refractory phase. 
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decrease in the number of running episodes (i.e., absence of 

the inhibitory pause) and/or the appearance of increasing 

degrees of tonic convulsive activity. 

Determination of Latency for Running 

The latency for running is the elapsed time from 

initiation of the sound stimulus to the beginning of running. 

This parameter, as well as latency for convulsion, is timed 

3 
by means of electric stop watches. The latency for running 

is expressed in seconds. Since certain drug treatments may 

prevent the running response of audiogenic rats, an arbi

trary maximum time of 20 seconds (based on the longest la

tency exhibited by untreated audiogenic rats) was assigned 

to animals that did not run. 

Determination of Latency for Convulsion 

The latency for convulsion is the total elapsed time 

from initiation of the sound stimulus to the beginning of 

convulsion. This parameter is expected to vary with factors 

such as the ease of discharge of the seizure foci and the 

rate of spread of seizure activity to a sufficient portion 

of the central nervous system to precipitate the convulsion. 

Hence, a reduction in latency for convulsion may be inter

preted as an increase in seizure severity. The latency for 

3. Lab Chron Timers, Lab-Line Instruments, Inc.., 
Melrose Park, Illinois. 
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convulsion, expressed in seconds, is usually inversely pro

portional to previously described parameters used for 

expressing relative severity of audiogenic seizure. Since 

certain drug treatments inhibit audiogenic convulsions, an 

arbitrary maximal time of 60 seconds (based on observations 

that maximal latency in untreated audiogenic rats is usually 

60 seconds or less) was assigned to animals that did not 

convulse. 

Audiogenic Seizure Test 

Sound stimulus was administered to individual rats 

in a cylinder C+0 cm. in diameter by 50 cm. in height) con

structed of galvanized metal. Two electric doorbells mounted 

within the top of the cylinder generated approximately 115 db 

_ u  9 
relative to 2 x 10 dyne/cm of sound at the level of the 

animal. The so.und stimulus was initiated 10 seconds after 

an experimental animal was placed in the sound chamber. The 

stimulus was continued until onset of the convulsion or for 

a total of 12 0 seconds if an animal did not convulse. It has 

been noted in our laboratory that rats which do not convulse 

within 60 seconds usually do not convulse at all, regardless 

of how long sound stimulation may be continued. Audiogenic 

testing was conducted at times considered appropriate for the 

individual studies, usually between 1600 and 1800 hours. 
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Selection of Experimental Subjects 

In order to reduce the variability between animals 

in their response to the audiogenic stimulus, each animal 

was screened for the appropriate level of audiogenic seizure 

response and for consistency of response. Only animals that 

exhibited an ARS of 2 or 3 for three consecutive weekly tests 

were employed as experimental subjects. Such animals were 

then randomly divided into test and control groups. 

For studies which required the use of non-audiogenic 

animals, Holtzman rats were screened once a week for three 

consecutive weeks to assure absence of response to sound 

stimulation. 

Regional Dissection of the Rat Brain 

For most studies involving the estimation of concern-

trations of 5-hydroxtryptamine and norepinephrine the rat 

brain was divided into four anatomical regions: the cerebral 

hemispheres (CH), the midbrain (MB), the Hypothalamus (HT) 

and the pons-medulla (PM). In one study the levels of the 

two biogenic amines were also estimated in the cerebellum 

(CB). The technique for dissection of the brain into the 

various regions is based on the procedure reported by 

Glowinski and Iversen (1966). The details of this dissection 

method are described in Appendix A. 
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Estimation of Concentrations of 
5-Hydroxytryptamine and Norepinephrine 

The simultaneous extraction and estimation of 

regional concentrations of 5-hydroxytryptamine and norepine

phrine by a modification of the spectrophotofluorometric 

assay procedure described by Miller, Cox, Snodgrass, and 

Maickel (1970) was used. The details of this extraction 

and assay procedure are presented in Appendix B. 

Statistical Analysis 

All data obtained in this investigation were statis

tically analyzed by means of Student's t test as described 

by Steel and Torrie (1960). Details of the statistical 

calculations are described in Appendix C. 

Drug Solutions 

The method for preparation of all drug solutions and 

the sources for the drugs are described in detail in Appen

dix D. 

Experimental Studies 

Effects of Circadian Rhythm 
on Audiogenic Seizure 

Audiogenic rats were housed individually in stainless 

steel rat cages in an area which was separated from the usual 

traffic of the general animal colony and were maintained on 

the established light-dark cycle (0600 to 1800, light and 

1800 to 0600, dark) of the colony. These rats were 
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acclimatized for one week to the "new" environment before 

circadian observations were initiated. In order to minimize 

the amount of disturbance to the animals entry to the animal 

area was restricted to once daily for food, water and cage 

maintenance. 

The experimental subjects were randomly assigned to 

two groups of twenty animals each. One group was tested for 

audiogenic response at 1200 hours and the second group was 

tested at 2400 hours. These particular time periods were 

selected because they lie at the midpoint of the light and 

dark periods. Furthermore, results of preliminary studies 

suggest that these particular time periods provide the low

est and highest audiogenic seizure activity during the 24 

hour cycle. 

Audiogenic seizure evaluation during the dark-phase 

was performed under red illumination (ruby-red 4 0 watt light 

bulb) since this particular light source is not perceived by 

the rodent (Wada and Asakura, 1970; Schreiber and Schlesinger, 

1971, 1972). 

Comparison of Regional Brain Levels 
of 5-Hydroxytryptamine and Norepinephrine 
in Audiogenic and Non-audiogenic Rats 

Six Holtzman rats and six audiogenic rats were housed 

in individual cages for one week, following the final audio

genic screening test. On day 7 of isolation each rat was 

killed by decapitation and the brain was rapidly removed from 
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the cranial vault, dissected (see Appendix A for details of 

dissection procedure), and the various parts of the brain 

were frozen and stored for subsequent determination of 5-

hydroxytryptamine and norepinephrine. 

Effects of p-Chloromethamphetamine on 
Audiogenic Seizure and Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 

In an initial study three groups of ten audiogenic 

rats each were injected i.p. with p-chloromethamphetamine 

hydrochloride in a dose of 2 0 mg/kg and comparable groups of 

control rats were injected i.p. with normal saline solution. 

One hour after injection a group of p-chloromethamphetamine-

treated and a group of saline-treated rats were tested for 

audiogenic seizure response. Twenty-four hours after injec

tion a second pair of a test group and a control group of 

rats were evaluated for audiogenic seizure response. The 

remaining group of test animals and group of control animals 

were evaluated at 48 hours and again at 72 hours for audio

genic seizure response. 

For the final study involving p-chloromethamphetamine 

audiogenic rats were randomly assigned to two test and two 

control groups of fourteen rats each. Test rats were admin

istered p-chloromethamphetamine and control rats were 

administered saline, as described for the initial study. 

From each test or control group eight rats were evaluated 

for audiogenic seizure response and six rats were used for 
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determination of 5-hydroxytryptamine and norepinephrine in 

select regions of the brain. On the basis of the results of 

the initial study audiogenic seizure response and brain bio

genic amines were evaluated 24 and 48 hours after p-chloro-

methamphetamine or saline injection. Rats designated 

for the audiogenic seizure tests were used solely for this 

purpose and were tested only once, at the 24-hour or 48-hour 

time period. Animals designated for the biochemical assays 

were not exposed to sound stimulation following drug or 

saline injection and were killed at times corresponding to 

those for the audiogenic seizure tests. 

Effects of Methamphetamine on 
Audiogenic Seizure 

Audiogenic rats were randomly assigned to three test 

and three control groups of ten animals each. The test 

animals were injected i.p. with methamphetamine hydrochloride 

in a dose of 20 mg/kg and the control animals were similarly 

injected with normal saline solutions. A group of test rats 

and a group of control rats were evaluated for audiogenic 

seizure response during each of three time periods, 1, 24, 

and 48 hours following treatment. 

Effects of p-Chlorophenylalanine on 
Audiogenic Seizure and Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 

In an initial study a group of ten audiogenic rats 

was injected with p-chlorophenylalanine methyl ester 
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hydrochloride i.p. in a dose of 40 0 mg/kg and a comparable 

group of animals was injected i.p. with normal saline solution. 

Each group of rats was then tested for audiogenic seizure 

response on days 3, 4, 5, 6, 7, and 8. 

For the final study involving p-chlorophenylalanine 

audiogenic rats were randomly assigned to four test and four 

control groups of fourteen animals each. The test animals 

were injected with p-chlorophenylalanine methyl ester hydro

chloride and the control animals with saline solution as 

described above. On the basis of the initial study audio

genic seizure response and regional brain levels of 5-hydroxy-

tryptamine and norepinephrine were evaluated on days 

3, 5, 7, and 9. A group of control and a group of test 

animals were employed at each of the time periods. Eight 

rats from each group were tested for audiogenic seizure 

response and six rats were used for the estimation of brain 

biogenic amines. Rats designated for the audiogenic seizure 

tests were used solely for this purpose and were tested only 

once. Similarly the animals designated for the biochemical 

assays were used solely for this purpose. 

Effect of Brain Amine Depletion on 
Susceptibility to Sound-induced Seizure 

Non-audiogenic (Holtzman) rats were randomly assigned 

to three groups of four or five animals each. Each group of 



animals was injected i.p. with Ro 4-1284 (2-hydroxy-2-ethyl-

3-isobutyl-9,10-dimethoxy-l,2,3,4,6,7-hexahydro-ll-bH-benzo 

(a) quinolizine) 10 mg/kg, p-chloromethamphetamine hydro

chloride, 2 0 mg/kg, or p-chlorophenylalanine methyl ester 

hydrochloride, 400 mg/kg. At time periods which correspond 

to the time of peak seizure-enhancing action of each drug 

(3, 48, and 7 2 hours, respectively, for Ro 4-1284, p-chloro

methamphetamine, and p-chlorophenylalanine) the various 

groups of animals were evaluated for audiogenic seizure 

response. 



CHAPTER 3 

RESULTS 

Effects of Circadian Rhythm 
on Audiogenic Seizure 

The circadian study reveals that audiogenic rats tend 

to be more responsive to sound-induced seizure during the 

2400-hour time period than during the 1200-hour time period 

(Table 2). During the 2400-hour audiogenic seizure test the 

animals show a 19.7% shorter latency for running which is 

statistically non-significant, a 34% shorter latency for 

convulsion, and a slight increase in ARS, both of which are 

statistically significant. 

Comparison of Regional Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 
in Audiogenic and Non-audiogenic Rats 

Comparison of concentrations of 5-hydroxytryptamine 

and norepinephrine in five brain regions of audiogenic and 

non-audiogenic rats shows that 5-hydroxytryptamine exists in 

lower concentrations in two regions of the brain of audio

genic animals and that norepinephrine exists in lower con

centrations in four regions of the brain of audiogenic 

animals (Tables 3 and 4). The cerebral hemispheres (CH) and 

the midbrain (MB) of audiogenic rats contain 18% and 30% 

less 5-hydroxytryptamine, respectively, than corresponding 

31 
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Table 2 

Effects of Circadian Rhythm 
on Audiogenic Seizure 

LATENCY 
Seconds3- (t SEM) 

AUDIOGENIC 
RESPONSE 

TIME OF DAY Running Convulsion SCORE 

1200 hours 6 
(±0 

. 6 

.6) 
30.5 

(±4.1) 
2.6 

(+0.4) 

2 40 0 hours 5 
(±0 

. 3 

.5) 
20.1 

(±2.9 ) 
3.4 

(±0.6) 

ns p < 0.05 p < 0 . 0 5 

Elapsed time from initiation of sound stimulus to 
beginning of response. Each value represents the mean of 2 0 
rats. 
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Table 3 

Regional Brain Levels of 5-Hydroxytryptamine 
in Audiogenic and Non-audiogenic Rats 

5-HYDROXYTRYPTAMINE CONCENTRATION 
mcg/g(± SEM) 

CH MB HT PM CB 

Non-audiogenic 
(n = 6) 

0.73 1.07 
(±0.04) (±0.05) 

1. 95 
(±0.13) 

0. 73 
(±0.03) 

0.22 
(±0.01) 

Audiogenic 
(n = 6) 

0.60a 0.75b 
(±0.02) (±0.01) 

1. 67 
(+0.04) 

0.69 
(±0.02) 

0.23 
(±0.01) 

ap< 0. 02 

bp < 0.0 01 

Table 4 

Regional Brain Levels of Norepinephrine in 
Audiogenic and Non-audiogenic Rats 

NOREPINEPHRINE CONCENTRATION 
mcg/g(± SEM) 

CH MB HT PM CB 

Non-audiogenic 
(n = 6) 

0.43 0.56 2.93 
(±0.03) (±0.02) (±0.16) 

0. 71 
(±0.04) 

0.21 
(±0.02) 

Audiogenic 
(n = 6) 

0.27a 0.30a 1.74a 
(±0.01) (±0.01) (±0.12) 

0. 42a 
(±0.04) 

0.18 
(±0.01) 

ap< 0.001 



brain areas in non-audiogenic rats; whereas the hypothalamus 

(HT) , pons-medulla (PM), and cerebellum (CB) of the two 

types of rats contain similar concentrations of the indole-

amine (Table 3). With regard to the catecholamine, the CH, 

MB, HT, and PM of audiogenic rats contain 37%, 46%, 41%, and 

41% less norepinephrine, respectively, than corresponding 

brain regions in non-audiogenic rats; whereas the CB of the 

two types of rats contains similar concentrations of norepi

nephrine (Table 4). 

Effect of p-Chloromethamphetamine on 
Audiogenic Seizure and Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 

The results of the initial p-chloromethamphetamine 

study indicate that this amphetamine derivative has a bi-

phasic effect on audiogenic seizure (Table 5). The drug did 

not significantly affect the latency for running during any 

of the test periods. However, it increased the latency for 

convulsion at 1 and 24 hours and then decreased it at 48 and 

72 hours. The drug similarly exerted dual effects on the 

audiogenic response score, causing a reduction at 1 and 24 

hours and an increase at 4 8 and 72 hours. 

The final study which correlates biochemical data 

with audiogenic seizure response confirms the biphasic effects 

of p-chloromethamphetamine on latency for convulsion and on 

audiogenic response score (compare Table 6 with Table 5). In 

addition the results of this study show that at 24 hours 
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Table 5 

Effect of p-Chloromethamphetamine HC1 (PCMA),20 mg/kg, i.p., 
on Audiogenic Seizure Severity and Latency (Initial Study) 

LATENCY , Seconds3 (± SEM) AUDIOGENIC 
TIME AFTER Running Convulsion RESPONSE SCORE 
TREATMENT Saline PCM A Saline PCM A Saline PCM A 

1 hour 9.0 7.4 27.4 44.0 2.6 1.6 
(±1.8) (±1.0) (±6.0) (±4.0) (±0.2) (±0.3) 

ns p<0.05 p<0.02 

24 hours 8.5 9.6 36. 8 50.8 2.8 1.9 
(±0.8) (±1.1) (±5.1) (±4.0) (±0.3) (±0.2 ) 

ns p<0.05 p< 0. 0 5 

48 hours 9.1 6.7 45.4 26.9 2.1 4.8 
(±0.9) (±1.1) (±4.0) (±6.1) (±0.1) (±1.0) 

ns p<0.02 p<0.0 2 

72 hours*3 10. 0 6.7 42.9 22.2 2.1 4.1 
(±1.0) (±1.4) (±5.3) (±5.8) (±0.2) (±0.8) 

ns p<0.02 p<0.02 

a 
Elapsed time from initiation of sound stimulus to 

beginning of response. Each value represents the mean of 10 
rats. 

^Rats tested at the 7 2-hour time period are the same 
animals that were tested at the 48-hour time period. 
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Table 6 

Effect of p-Chloromethamphetamine HC1 (PCMA)j20 mg/kg, 
i.p. , on Audiogenic Seizure Severity and Latency 

LATENCY, Seconds a (± SEM) AUDIOGENIC 
TIME AFTER Running Convulsion RESPONSE SCORE 
TREATMENT Saline PCMA Saline PCMA . Saline PCMA 

24 hours 6.5 9.3 35. 0 55.6 2.6 1.6 
(±1.0) (±1.2) (±6.5) (±2.4) (±0.4) (±0.2) 

ns p < • 01 p< .05 

48 hours 7.1 5.4 50. 8 13.6 1.9 5.9 
(+1.4) (±0.8) (±2.1) (+4.8) (±0.1) (±1.0) 

ns p< . 001 •d
 

A
 

o
 

aElapsed time from initiation of audiogenic stimulus 
to response. Each value represents the mean of 8 animals. 

5-hydroxytryptamine concentrations in the CH, MB, and PM 

were significantly reduced by p-chloromethamphetamine to 40%, 

79%, and 7 8% respectively, of corresponding control values 

and that the audiogenic seizure was significantly attenuated 

(Figure 1). At the 48-hour time period the concentration of 

5-hydroxytryptamine remained significantly depressed in the 

CH, MB, and PM (37%, 55%, and 77% respectively, of corre

sponding control values), but at this time audiogenic seizure 

was markedly enhanced, as indicated by a three-fold elevation 

of the audiogenic response score (Figure 2). 

Norepinephrine concentration was not reduced by p-chloro-

methamphetamine in any region of the brain at either 
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Figure 1. Effects of p-Chloromethamphetamine HCl, 20 mg/kg, 
i.p., on Audiogenic Seizure and Regional Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 24 Hours After 
Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus, and PM = pons-msdulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control values in the CH, MB and PM, p< 0.001, p<0.02 
and p<0.05, respectively. Audiogenic response score of test 
group is significantly different from control group, p<0.05. 
Verticle lines indicate ± SEM. 
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nop 

CH MB HT PM CONT. TEST 

Figure 2. Effects of p-Chloromethamphetamine HCl, 2 0 mg/kg, 
i.p., on Audiogenic Seizure and Regional Brain Levels of 
5-Hydroxytryptamine and Norepinephrine 48 Hours After 
Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus, and PM = pons-medulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control values in the CH, MB and PM, p<0.0 01, p< 0.0 01 
and p<0.01, respectively. Concentrations of norepinephrine 
are significantly different from control values in the MB 
and HT, p<0.01 and p<0.05, respectively. Audiogenic re
sponse score of test group is significantly different from 
control group, p<0.01. Verticle lines indicate ± SEM. 



the 24- or 48-hour time period (Figures 1 and 2). In fact, 

norepinephrine concentration tended to be increased in 

various parts of the brain, although most of these changes 

were non-significant. However, at the 48-hour time period 

the concentration of norepinephrine in the MB was 21% and 

the concentration in the HT was 11% above corresponding con

trol values, p<0.01 and p<0.05, respectively. 

Effect of Methamphetamine 
on. Audiogenic Seizure 

Methamphetamine treatment causes a short-lived 

attenuation of the audiogenic seizure response, as indicated 

by a tendency for increased latency for running, a signifi

cant increased latency for convulsion, and a significant 

decrease in the audiogenic response score at the 1-hour time 

period (Table 7). By the 24- and 48-hour time periods all 

the latency values and the audiogenic response scores are no 

different than those of control animals. 

Effects of p-Chlorophenylalanine on 
Audiogenic Seizure and Brain Levels 

of 5-Hydroxytryptamine and Norepinephrine 

The results of the initial study with p-chlorophenyl-

alanine indicate that this drug enhances audiogenic seizure 

(Table 8). It tends to decrease the latency for running on 

days 3-8, although none of the apparent changes is statis

tically significant. On the other hand, p-chlorophenylalanine 
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Table 7 

Effect of Methamphetamine HC1 (MA), 20 mg/kg, i.p., 
on Audiogenic Seizure Severity and Latency 

LATENCY, Second sa (± SEM) AUDIOGENIC 
TIME AFTER Runnin g Convulsion RESPONSE SCORE 
TREATMENT Saline MA Saline MA Saline MA 

1 hour 3.6 
(+0.5) 

8.6 
(±2.4) 
ns 

21. 0 
(±5.3) 

48 . 8 
(±6.8) 
p < .01 

2 . 8 
(±0.3) 

1.3 
(±0.6) 
P< .01 

2 4 hours 6. 8 
(+1.3) 

8.9 
(±1.0) 
ns 

30 . 0 
(±6.4) 

34. 0 
(±6.6) 
ns 

2.9 
(±0.4) 

3.1 
(+0.4) 

ns • 

4 8 hours 13.1 
(+5.5) 

7.9 
(±1.5) 

ns 

28.7 
(±6.4) 

33.1 
(±6.6) 

ns 

2.8 
(±0.3) 

2.5 
(±0.2) 
ns 

aElapsed time from initiation of sound stimulus to 
beginning of response. Each value represents the mean of 
10 rats. 
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Table 8 

Effect of p-Chlorophenylalanine Methyl Ester HCl 
(PCPA), 400 mg/kg, i.p., on Audiogenic Seizure 

Severity and Latency (Initial Study) 

LATENCY , Seconds3 (+S E. ) AUDIOGENIC 
TIME AFTER Running Convulsion RESPONSE SCORE 
TREATMENT Saline PCPA Saline PCPA Saline PCPA 

0 , b 3 days 8.1 
(±1.5) 

6.0 
(±0.7) 

ns 

49 
(±3 

. 3 

. 8) 
10.6 

(±0.8) 
p <.001 

2 . 0 
(±0.0) 

8.0 
(±0.5) 
p < . 001 

4 days 9 . 3 
(±1.6) 

6.7 
(±1.0) 

ns 

49 
(±4 

. 8 

. 3) 
15.2 

(±4.6) 
p < . 001 

1. 8 
(±0.1) 

7.7 
(±0.8) 
p< . 001 

5 days 12. 7 
(±2.7) 

7.5 
(+1.1) 

ns 

52 
(±4 

. 0 

. 3) 
16. 2 

(±4.5) 
p< .001 

1.8 
(±0.1) 

8.1 
(±0.7) 
p< .0 01 

6 days 12. 3 
(±2.7) 

8.6 
(±1.2) 

ns 

48 
(±4 

. 6 

.9) 
24.9 

(±6.1) 
p < . 01 

1.7 
(±0.3) 

6.1 
(±1.0) 
p^ . 001 

7 days 13.8 
(±3.1) 

8.3 
(±1.3) 

ns 

49 
( + 6 

. 2 

.4) 
28.1 

(±6.5) 
p< . 05 

2.2 
(±0.4) 

4.0 
(±0.6) 
P< -02 

8 days 12.4 
(±2.3) 

9.3 
(±1.4) 

ns 

39 
(±7 

. 8 

. 0) 
40.6 
(±6.7) 

ns 

2.8 
(±0.4) 

3 . 2 
(±0.4) 

ns 

aElapsed time from initiation of sound stimulus to 
beginning of response. Each value represents the mean of 
10 rats. 

The same control and test groups were used in the 
daily audiogenic seizure test. 
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Figure 3. Effects of p-Chlorophenylalanine Methyl Ester HC1, 
400 mg/kg, i.p., on Audiogenic Seizure and Regional Brain 
Levels of 5-Hydroxytryptamine and Norepinephrine 3 Days 
After Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus, and PM = pons-medulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control values in the CH, MB, HT and PM, p< 0.001, 
p < 0.001, p<0.01 and p<0.001, respectively. Concentrations 
of norepinephrine are significantly different from control 
values in the CH and HT, p< 0.01 and p<0.05, respectively. 
Audiogenic response score of test group is significantly 
different from control group, p< 0.001. Verticle lines 
indicate ± SEM. 



43 

I40p 

130 

120-

110 

• 5 HT 

NE 

100 

3 
O 90 
cc 
I— 
g 80 

L_ 70 

° so] 
&9 
. 40 
O 
2 
O 30 
o 

LU 20 

P .0 

riH 

CH 

0 

MB HT M C0NT. TEST 

Figure 4. Effects of p-Chlorophenylalanine Methyl Ester HCl, 
400 mg/kg, i.p., on Audiogenic Seizure and Regional Brain 
Levels of 5-Hydroxytryptamine ^nd Norepinephrine 5 Days 
After Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus and PM = pons-medulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control values in the CH, MB, HT and PM, p< 0.001, 
p< 0.001, p<0.01 and p< 0.001, respectively. Audiogenic 
response score of test group is significantly different from 
control group, p< 0.001. Verticle lines indicate ± SEM. 



44 

110 

100 

90 90 
o 
cc 
1— 80 
2 
o 
o 70 

u. 
O 60 

&5 50 

u 
2 40 
o 
o 30 
UJ 
2 
5 20 
< 

10 

0 

rH 

I I 
W 
P 

% 
H 

ill 

I 
i 
m 

PL 
m 

1 
m 

• 5HT 

9 

> 
8 
c: 

8 o 

o 
CD 

7 m 
2 

O 
6 

zo 
m 

5 01 
"0 
o 

A 2 *T CO 
m 

3 en 
o 
o 

2 vo 
m 

CH MB HT PM CONT. TEST 

Figure 5. Effects of p-Chlorophenylalanine Methyl Ester HCl, 
400 mg/kg, i.p., on Audiogenic Seizure and Regional Brain 
Levels of 5-Hydroxytryptamine and Norepinephrine 7 Days 
After Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus and PM = pons-medulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control- values in the CH, MB, HT and PM, p< 0.001. 
Audiogenic response score of test group is significantly 
different from control group, p<0.01. Verticle lines 
indicate + SEM. 
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CH MB HT PM CONT. TEST 

Figure 6. Effects of p-Chlorophenylalanine Methyl Ester HC1, 
400 mg/kg, i.p. , on Audiogenic Seizure and Regional Brain 
Levels of 5-Hydroxytryptamine and Norepinephrine 9 Days 
After Treatment. 

Abbreviations are CH = cerebral hemispheres, MB = midbrain, 
HT = hypothalamus and PM = pons-medulla. For the biochemi
cal study n=6 and for the audiogenic study n=8. Concentra
tions of 5-hydroxytryptamine are significantly different 
from control values in the CH and MB, p< 0.0 01 and p<0.02, 
respectively. Audiogenic response -score of test group is 
significantly different from control group, p-^0.01. Verti-
cle lines indicate ± SEM. 



significantly decreases the latency for convulsion on days 

3-7 and significantly increases the audiogenic response 

score, markedly on days 3-6 and moderately on day 7. The 

final study with p-ch.lorophenylalan.ine which correlates bio

chemical data with audiogenic seizure response confirms the 

effects of this drug on latency for convulsion and on audio

genic response scores (compare Table 9 with Table 8). 

The biochemical evaluations which were performed on 

days 3, 5, 7, and 9 following treatment with p-chlorophenyla-

lanine (Figures 3, 4, 5, and 6) show that p-chlorophenylala-

nine causes a persistent preferential depletion of 

5-hydroxytryptamine in all four regions of the brain analyzed 

The reduced brain levels of 5-hydroxytryptamine 

generally correlate with the persistent increase in the 

audiogenic response score. The regions of the brain in 

which depleted levels of 5-hydroxytryptamine correlate most 

consistently with elevation of the audiogenic response score 

are the cerebral hemispheres and the midbrain. On day 9, 

when the audiogenic response score of drug-treated rats was 

1.5-fold that of control animals, the concentrations of 

5-hydroxytryptamine in the cerebral hemispheres and midbrain 

were still 69% and 84% that of corresponding control values, 

p< 0.001 and p<0.02, respectively (Figure 6). In contrast, 

the concentration of norepinephrine was reduced only on day 
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Table 9 

Effect of p-Chlorophenylalanine Methyl Ester HCl (PCPA), 
400 mg/kg, i.p., on Audiogenic Seizure Severity and Latency 

LATENCY , Seconds3 (± SEM) AUDIOGENIC 
TIME AFTER Running Convulsion RESPONSE SCORE 
TREATMENT Saline PCPA Saline PCPA Saline PCPA 

3 days^ 7.9 
(±1.4) 

6.0 
(+1.3) 

ns 

29 . 0 
(±5.3) 

10 . 5 
(±1.6) 

p < . 005 

2.3 
(±0.2) 

8.8 
(±0.3) 

p < . 001 

5 days 8.1 
(±2.7) 

3.5 
(±0.5) 

ns 

49.9 
(±2.9) 

11. 6 
(±4.1) 

p .001 

1.9 
(±0.1) 

7.6 
(±1.0) 

p< -001 

7 days 6 . 8 
(±1.1) 

5.6 
(±0.8) 

ns 

34.6 
(±6.6) 

14. 3 
(±4.2) 

p < . 025 

3.0 
(±0.6) 

7.1 
(+1.0) 

p <.01 

9 days 6.5 
(±1.0) 

4.5 
(±1.0) 

ns 

40. 0 
(±4.2) 

13.8 
(±3.8) 

p<.001 

2.1 
(±0.2) 

3.6 
(±0.4) 

p< .01 

aElapsed time from initiation of sound stimulus to 
beginning of response. Each value represents the mean of 
10 rats. 

^Different control group and test group were used 
for each audiogenic seizure test. 
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3, but not during any of the remaining time periods (figures 

3, 4, 5, and 6). On day 3 norepinephrine was modestly but 

significantly reduced only in the cerebral hemispheres and 

in the hypothalamus (82% and 7 5% of corresponding control 

values, respectively). 

Effect of Rrain Amine Depletion on 
Susceptibility to Sound-induced Seizure 

Of the thirteen Holtzman rats which were treated 

with '1-1284, p-chloromethainphetamine, or p-chlorophenyl-

alanine, only one responded to sound stimulation with running 

and convulsion (Table 10). This animal was one of five rats 

which were treated with Ro 4-1284. The remaining four rats 

which were treated with rq 4-1284 exhibited only a startle 

response upon initiation of the sound stimulation, a re

action which is common to all rats. Similarly, Holtzinan 

rats which were treated with p-chlorometharnphetamine or 

p-chlorophenylalanine showed only the startle response when 

tested at time periods which correspond to the peak times 

for audiogenic seizure enhancement in susceptible rats 

Table 10). 
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Table 10 

Effect of Brain Amine Depletion on 
Susceptibility to Sound-induced Seizure 

TIME RUNNING 
1 

CONVULSION 

TREATMENT 
OF TEST 

(peak time) 
No. No. 
Positive/Tested 

No. No. 
Positive/Tested 

Ro 4-1284 
10 mg/kg 
i.p. ' 

3 hours 1/5 1/ 5a 

p-Chloro-
methampheta-
mine HCl 
2 0 mg/kg 
i.p. 

48 hours 0/4 0/4 

p-Chloro-
phenylalanine 
methyl ester 
HCl 400 mg/kg 
i.p. 

7 2 hours 0/4 0/4 

aThe animal that convulsed exhibited a tonic-clonic 
seizure which corresponds to an audiogenic response score 
of 9. 



CHAPTER 4 

DISCUSSION 

The results of the circadian study performed in this 

investigation (viz. , decreased latency for audiogenic convul

sion and increased severity of seizure) agree with the obser

vations made in mice (Schreiber and Schlesinger, 1971) that 

there is an increase in electroshock and audiogenic seizure 

activity during the dark period of the circadian cycle. Al

though brain amine assays were not performed in audiogenic 

rats during the circadian cycle, it is well documented for 

various species, including rats, that during the circadian 

cycle 5-hydroxytryptamine reaches highest levels during the 

light period and lowest levels during the dark period. In 

contrast, brain levels of norepinephrine fluctuate in a re

versed sequence (Quay, 1965, 1968; Friedman and Walker, 1968; 

Asano, 1971; Schreiber and Schlesinger, 1971; Piepho, 1972). 

Hence, the concept advanced by Schreiber and Schlesinger that 

a reduced brain concentration of 5-hydroxytryptamine is re

sponsible for the reduction of inhibitory activity in the 

central nervous system appears well justified. 

Another correlative study, which did not require the 

use of biochemical tools, involves a comparison of audiogenic 

and nonaudiogenic (Holtzman) rats. It has been previously 

50 
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demonstrated in our laboratory that audiogenic rats have 

lower electroshock seizure thresholds for minimal and maxi

mal convulsions than non-audiogenic rats (Duplisse, Picchioni, 

Chin and Consroe, 1973). The comparison of biogenic amine 

levels in the two types of rats revealed that audiogenic rats 

have lower levels of 5-hydroxytryptamine in the cerebral 

hemispheres and midbrain than non-audiogenic rats and that 

norepinephrine levels were lower in the cerebral hemispheres, 

midbrain, hypothalamus and pons-medulla. Although this study 

does not distinguish between the relative roles of 5-hydroxy

tryptamine and norepinephrine in the moderation of seizure 

activity, it does provide data that agree with correlative 

studies involving drug-induced reduction of brain biogenic 

amine levels and changes in electroshock seizure thresholds. 

Furthermore, these data support the postulation that animals 

with lower endogenous brain biogenic amine levels have a re

duced inhibitory function in the central nervous system 

(Scudder, Karczmar, Everett, Gibson and Rifkin, 1966). In 

view of the differential distribution of the biogenic amines 

it is tempting to speculate that the low levels of 5-hydroxy

tryptamine in the cerebral hemispheres and midbrain and the 

low levels of norepinephrine in the cerebral hemispheres, 

midbrain, hypothalamus and pons-medulla of audiogenic rats 

are responsible for the greater sensitivity to electrically 

induced seizures. 
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In view of the foregoing favorable observations it 

was considered desirable to procede with selective depletion 

studies in an attempt to confirm the modulatory function of 

5-hydroxytryptamine in convulsive seizures. The first selec

tive depleting agent that was used was p-chloromethampheta-

mine. This chlorinated amphetamine derivative is one of the 

more selective pharmacological tools available for the de

pletion of 5-hydroxytryptamine. It causes persistent deple

tion of 5-hydroxytryptamine with only slight effects on 

catecholamine levels which consist of a modest and transient 

elevation (Pletscher, Da Prada and Burkard, 197 0; Miller, 

Cox, Snodgrass and Maickel, 1970). Audiogenic seizure 

studies show that p-chloromethamphetamine has a biphasic 

effect on sound-induced seizure. During its early phase of 

activity (1 and 24 hours) p-chloromethamphetamine exerted an 

anticonvulsant effect, as indicated by an increase in latency 

for convulsion and a decrease in the audiogenic response 

score. During its later phase of activity (48 and 72 hours) 

it caused a marked enhancement of audiogenic seizure, as 

indicated by a decrease in latency for convulsion and a 

marked increase in audiogenic response score. Although the 

anticonvulsant effect of p-chloromethamphetamine has been 

reported (Lehman, 1967; Pfeifer and Galambos, 196 7b; Rudzik 

and Johnson, 1970), there has been no mention that chlorin

ated amphetamines have seizure enhancing properties, until 
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Kilian and Frey (197 3) recently reported a reduction in 

electroshock seizure threshold in mice four days after 

treatment with p-chloroamphetamine. These investigators 

speculated that the reduction in seizure threshold may be 

due to a lower turn-over of 5-hydroxytryptamine in the mice. 

The biochemical data from the p-chloromethamphetamine 

study show that 5-hydroxytryptamine was markedly reduced in 

the cerebral hemispheres and modestly reduced in the midbrain 

and pons-medulla at 24 hours. At 48 hours it was markedly 

reduced in the cerebral hemispheres and midbrain and modestly 

reduced in the pons-medulla. In contrast, norepinephrine 

concentration was not reduced in any region of the brain at 

either time periods. In fact, norepinephrine levels tended 

to be elevated in various regions of the brain. Although 

there is a good correlation between reduction of 5-hydroxy

tryptamine levels in the cerebral hemispheres and the mid

brain with increased audiogenic seizure severity during the 

48-hour time period, there appears to be a lack of correla

tion during the 24-hour time period. The apparent lack of 

correlation during the 24-hour time period does not invali

date or challenge the concept that 5-hydroxytryptamine is 

involved in modulation of audiogenic seizure. The anticon

vulsant properties of amphetamine and its various derivatives 

are well known (Lehman, 1967, 1970 ; Pfeifer and Galambos, 

1967b; Maynert, 1969; Rudzik and Johnson, 1970; McKenzie and 
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Soroko, 1972; Livingston, Berman and Pauli, 1973; Killam, 

197 3; Vernadakis and Robb, 19 74; Graham, Schreiber and Z'emp, 

1974). Since p-chlorinated amphetamines possess the behav

ioral and pharmacological effects of amphetamine (Sulser and 

Sanders-Bush, 1971; Sanders-Bush, Gallager and Sulser, 1974; 

Fuller and Molloy, 1974), it is reasonable to expect that 

p-chloromethamphetamine would have anticonvulsant activity 

also. It may be postulated that during its early phase, the 

anticonvulsant effect of p-chloromethamphetamine overwhelmed 

the seizure-enhancing effect of 5-hydroxytryptamine deple

tion. During the late phase of action, the anticonvulsant 

effect of p-chloromethamphetamine subsided and the seizure-

enhancing effect of 5-hydroxytryptamine depletion became 

dominant. 

Methamphetamine, the non-chlorinated analog of 

p-chloromethamphetamine substantiated the anticonvulsant 

effect of amphetamine-type drugs against audiogenic seizure. 

At the one-hour time period methamphetamine caused an increase 

in latency for convulsion and a decrease in audiogenic re

sponse score. At the 24- and 48-hour time periods the anti

convulsant effects of methamphetamine were no longer evident. 

There was no indication of subsequent seizure enhancement, as 

in the case of p-chloromethamphetamine. One of the major 

differences between non-chlorinated and chlorinated ampheta

mines is that the latter compounds are metabolized differently 
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from the former compounds and they are more persistent in the 

body (Miller, Sanders-Bush and Dingell, 19 71; Pletscher, Da 

Prada, Burkard, Bartholini, Steiner, Burderer and Bigler, 

1966). Another difference is that the chlorinated analogs 

have the capacity to cause drastic and prolonged depletion of 

endogenous 5-hydroxytryptamine. Hence, on the basis of the 

48-hour time period observations, it may be stated that there 

is a good correlation between 5-hydroxytryptamine depletion 

and enhancement of audiogenic seizure. Furthermore, because 

the cerebral hemispheres and midbrain show the greatest de

cline in 5-hydroxytryptamine levels it is suggested that 

these two regions of the brain are important sites for the 

inhibitory function of the indoleamine in audiogenic seizure. 

It is of interest to note that seizure enhancement occurred 

despite modest but statistically significant elevation of 

norepinephrine in the midbrain and hypothalamus at the 48-

hour time period. 

The audiogenic seizure studies with p-chlorophenyl-

alanine show that this agent increased audicpgenic seizure 

severity, as indicated by a decrease in latency for convul

sion and an increase in audiogenic response score, both of 

which persisted for approximately a week. The biochemical 

evaluations revealed that p-chlorophenylalanine caused a 

persistent preferential depletion of 5-hydroxytryptamine in 

the four regions of the brain analyzed. These time-course 
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studies show a good correlation between 5-hydroxytryptamine 

depletion in the four regions of the brain and enhancement of 

audiogenic seizure. However, the two regions of the brain 

which exhibited the most persistent correlation are the 

cerebral hemispheres and midbrain. In comparison, norepine

phrine was modestly but significantly reduced in the cerebral 

hemispheres and hypothalamus only on day 3 of the 9-day 

studies. Hence, it can be stated that the seizure enhancing 

effect of 5-hydroxytryptamine depletion is independent of 

changes in brain norepinephrine concentration. 

Since it is postulated that 5-hydroxytryptamine 

functions as an inhibitory modulator in audiogenic seizure 

in rats it is desirable to consider the phase of the convul

sive seizure process that is influenced by 5-hydroxytrypt

amine. Of five non-audiogenic (Holtzman) rats that were 

treated with Ro 4-12 84, a reserpine-like compound, one rat 

became audiogenic and exhibited a maximal convulsion. Of the 

remaining two groups of four animals each which were treated 

with p-chloromethamphetamine or p-chlorophenylalanine, none 

became audiogenic. These results agree with the observations 

reported by Lehmann and Busnel (196 3) that reserpine or Ro 

4-12 84 does not convert nonaudiogenic mice into sound-

sensitive animals. Furthermore, it has been observed in our 

laboratory that rats from the audiogenic colony which are 

insensitive to sound-induced seizures during the light period 
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of the circadian cycle do not become sensitive to sound-

induced convulsion during the dark period, a time when 

5-hydroxytryptamine levels are reduced. Hence, it may be 

postulated that 5-hydroxytryptamine is not functionally 

important in inhibiting the audiogenic seizure foci (i.e., 

it is not an important determinant of sensitivity to sound-

induced convulsions), but that it functions primarily to 

limit the rate and extent of spread of seizure activity in 

the central nervous system. 

With regard to regions of the brain which are most 

likely to be involved in the modulatory function of 5-hydroxy

tryptamine in audiogenic seizure it has been observed that 

enhancement of audiogenic seizure is most consistently cor

related to reduction of 5-hydroxytryptamine in the cerebral 

hemispheres and midbrain. Additional supportive evidence 

includes the report that the lowest level of 5-hydroxytrypt

amine in the rat brain is found in the cerebral hemispheres 

during the dark period of the circadian cycle (Quay, 1965, 

1968), at a time when audiogenic rats exhibited enhancement 

of seizure. Thus it is postulated that the cerebral hemi

spheres and the midbrain are important areas in the function 

of 5-hydroxytryptamine in audiogenic seizure. Cerebral 

hemispheres are important because they are probably the pri

mary sites of action of the indoleamine. The midbrain is 

important because the neurones which supply the cerebral 
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hemispheres have their cell bodies in the midbrain (Fuxe and 

Jonsson, 1974). 

Observations of latencies are worthy of comment. 

The results of the various studies indicate that latency for 

onset of running does not change significantly regardless of 

increase or decrease in the severity of audiogenic convul

sion. In contrast, the latency for onset of audiogenic 

convulsion decreases when the audiogenic seizure becomes more 

severe and increases when audiogenic seizure becomes less 

severe. These observations which indicate that latency for 

convulsion is a useful measure of relative ease of spread of 

seizure discharge in the central nervous system, lend support 

to the concept proposed by Webb and Russell (1966) that 

changes in latency for convulsion provide some indication of 

the relative state of the inhibitory processes in the brain. 

Conclusion 

The current investigation provided substantial evi

dence that 5-hydroxytryptamine functions as an inhibitory 

modulator in the audiogenic seizure process. 5-Hydroxytrypt-

amine appears to function as an inhibitory modulator in 

parallel with norepinephrine. However, it acts independently 

of norepinephrine, since low levels of either biogenic amine 

results in enhancement of seizure. This indoleamine inhibits 

the rate and extent of spread of seizure discharge in the 

central nervous system but it is not functionally important 



in inhibiting the audiogenic seizure foci. The cerebral 

hemispheres and midbrain appear to be important sites for 

the seizure modulating function of S-hydroxytryptamine. 



APPENDIX A 

REGIONAL DISSECTION OF THE RAT BRAIN 

Procedure: 

A. Each rat is sacrificed by decapitation and the brain is 

rapidly removed and immediately immersed in ice-cold 

normal saline. 

B. The brain is then blotted dry and placed on a tile plate 

over crushed ice for dissection. 

C. Area A is dissected from the rest of the brain along the 

line labeled #1 (Figure 7). This dissection separates 

the pons-medulla and the cerebellum from the rest of the 
I 

brain. 

D. The cerebellum is then separated from the pons-medulla 

region by dissection along the line labeled #2. 

E. Area C is separated from the rest of the brain by a 

transverse section along the line labeled #3 which is at 

the level of the optic chiasma. This area is considered 

as part of the cerebral hemispheres. 

F. From area B the hypothalamus is dissected by using the 

anterior commissure as the horizontal limits and a line 

between the posterior hypothalamus and the mammillary 

bodies as the caudal limits. 
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G. The midbrain is dissected from the remaining portion of 

area B by extending the lateral limits of the hypotha

lamic dissection upward to the level of the corpus 

callosum and then sectioning caudally along the corpus 

callosum separating the cerebral hemispheres from the 

midbrain. The cerebral hemisphere tissue from area B is 

combined with the cerebral hemisphere tissue from step 

E for analysis. 

H. As each brain region is dissected it is immediately 

placed in a capped glass vial, frozen at -21°C and 

stored for subsequent analyses of 5-hydroxytryptamine 

and norepinephrine. 
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Figure 7. Diagram of Regional Dissection of the Rat Brain. 

A, B and C indicate the initial areas of dissection. 1, 2 
and 3 represent dissection boundaries (for further details 
see text of Appendix A). Abbreviations are CH = cerebral 
hemispheres, MB = midbrain, HT = hypothalamus, PM = pons-
medulla and CB = cerebellum. 

if 



APPENDIX B 

SPECTROPHOTOFLUOROMETRIC ASSAY OF 
5-HYDROXYTRYPTAMINE AND NOREPINEPHRINE 

I. Equipment 

A. Glass homogenizers: Duall, size C, Kontes Glass 
Company 

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

C. Cells: fused quartz, 5 ml., American Instrument 
Company 

D. Spectrophotofluorometer: Aminco-Bowman, American 
Instrument Company (photomultiplier tube, IP2 8, 
Slit, 3/16" and 1/32") 

II. Materials 

A. Hydrochloric acid: analytical reagent grade, 
DuPont De Nemours Company, Inc. 

B. Glacial acetic acid: analytical reagent grade, 
Mallinckrodt Chemical Works 

C. Sodium hydroxide: analytical reagent grade, 
• Mallinckrodt Chemical Works 

D. Sodium acetate: analytical reagent grade, 
Mallinckrodt Chemical Works 

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

F. 1-Butanol: reagent grade, Fisher Scientific 
Company 

G. 5-Hydroxytryptamine creatinine sulfate: Regis 
Chemical Company 

H. Norepinephrine bitartrate, monohydrate: Winthrop 
Laboratories 

63 



64 

I. Disodium ethylenediamine tetra-acetate dihydrate: 
analytical reagent grade, Mallinckrodt Chemical 
Works 

J. Iodine: analytical reagent grade, Mallinckrodt 
Chemical Works 

K. Sodium sulfite, anhydrous: analytical reagent 
grade, Mallinckrodt Chemical Works 

L. o-Phthalaldehyde: Regis Chemical Company 

III. Preparation of solutions 

A. Stock solutions of 5-hydroxytryptamine and norepi
nephrine standards: Stored in refrigerator for 
several weeks 

1. 5-Hydroxytryptamine: Weigh 115.05 mg of 5-
hydroxytryptamine creatinine sulfate and dilute 
to 25 ml with 0.1 N HCl. Five ml of this solu
tion contains 100 meg of 5-hydroxytryptamine base 
per ml. 

2. Norepinephrine: Weigh 9 9.5 mg norepinephrine 
bitartrate, monohydrate and dilute to 2 5 ml 
with 0.1 N HCl. Five ml of this solution is 
diluted to 10 0 ml with 0.1 N HCl. This solu
tion contains 100 meg of norepinephrine base 
per ml 

B. Acidified 1-butanol: Dissolve 0.85 ml concentrated 
HCl in 1000 ml of 1-butanol 

C. 10 N HCl: Dilute 87 ml of concentrated HCl to 100 
ml with deionized water 

D. 0.1 N HCl: Dilute 8.7 ml of concentrated HCl to 
1000 ml with deionized water 

E. Solutions for assay of 5-hydroxytryptamine: 
o-Phthalaldehyde reagent is prepared by addition of 
100 ml of 10 N HCl to bottle of o-phthalaldehyde 
supplied by Regis Chemical Company. The resulting 
solution is 4 mg per 100 ml 

F. Solutions for assay of norepinephrine 

1. 10 N acetic acid: Dilute 57 ml glacial actic 
acid to 100 ml with deionized water 
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2. 0.4 N HC1: Dilute 12.8 ml of concentrated HC1 
with 100 0 ml of deionized water 

3. 0.1 N iodine solution 

a. Dissolve 1.27 g of iodine in 100 ml of 
absolute ethanol 

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

4. 0.1 M Ethylenediamine tetraacetate dihydrate 
(EDTA Reagent): Dissolve 37.2 g of disodium 
ethylene tetraacetate dihydrate in 1 M sodium 
acetate (pH 7) and make up to 1000 ml 

5. 1 M sodium acetate buffer, pH 7: Dissolve 82 
g of anhydrous sodium acetate in 1000 ml of 
deionized water and adjust to pH 7 with 
glacial acetic acid 

6. 5 N sodium hydroxide 

a. Dissolve 200 g sodium hydroxide pellets in 
deionized water and dilute to 10 00 ml 

b. Store in polyethylene bottle 

7. Alkaline sulfite 

a. Dissolve 2.5 g of anhydrous sodium sulfite 
in 10 ml of deionized water 

b. Dilute 1 ml of this solution with 9 ml of 
5 N sodium hydroxide solution. 

IV. 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 10 
minutes 
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d. Remove from acid, rinse with deionized 
water, place in hot-air oven to dry 

e. Remove from oven and allow to cool before 
use 

2. Pipettes 

a. Rinse inside and outside of pipettes with 
distilled water 

b. Immerse pipettes in Tig soap solution for 
15 minutes 

c. Remove from Tig soap solution and place in 
automatic pipette washer and rise with tap 
water for 30 minutes 

d. Remove from pipette washer and immerse 
pipettes in concentrated sulfuric acid 
containing an excess of sodium nitrate. 
Store for at least 2 hours in this 
solution 

e. Remove pipettes from acid and wash with 
tap water in the automatic pipette washer 
for at least 9 0 minutes. The rinse with 
tap water is followed by a rinse with dis
tilled water for 60 minutes 

f. Flush each pipette with judicious quanti
ties of deionized water 

g. Dry pipettes in hot-air oven and store in 
dust-free area 

3. Other glassware 

a. Thoroughly rinse with tap water 

b. Clean with Tig soap, warm water and brush 

c. Rinse with tap water, distilled water and 
deionized water 

d. Immerse in dilute HC1 for at least 2 hours 

e. Rinse with tap water, distilled water and 
deionized water 
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f. Dry in hot-air oven and store in a dust-
free area 

B. Extraction of 5-hydroxytryptamine and norepinephrine 

1. Tissue sample is homogenized in 10 volumes of 
acidified 1-butanol 

a. Tissue samples weighing less than 300 mg 
are homogenized in 3 ml of acidified 
1-butanol 

b. Each sample that is less than 300 mg is 
increased to 300 mg by the addition of an 
appropriate volume of deionized water 

2. The tissue homogenate is transferred from the 
glass homogenizer to a glass-stoppered centri
fuge tube and shaken for 10 minutes 

3. The tissue samples are then centrifuged at 
3000 r.p.m. for 5 minutes 

4. A 2.5 ml aliquot of the butanol (upper) phase 
is added to another 15 ml glass-stoppered 
centrifuge tube containing 7 ml n~heptane and 
0.3 ml of 0.1 N HC1 

5. The sample is shaken for 10 minutes and then 
centrifuged for 5 minutes at 3000 r.p.m. 

6. The heptane-butanol (upper) phase is aspirated 
off and discarded 

7. 0.1 ml and 0.15 ml aliquots of the remaining 
aqueous-acid phase from step 6 is placed in 
test tubes (10 mm x 7 5 mm) for assays of 
norepinephrine and 5-hydroxytryptamine, 
respectively 

C. Determination of 5-hydroxytryptamine concentration 

1. To the 0.15 ml aliquot (see step IV.B.7) is 
added 0.9 ml of the o-phthalaldehyde reagent 
(4 mg %). 

2. The sample is agitated on a vortex mixer and 
placed in a boiling water bath 
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3. The sample is removed from the water bath in 
15 minutes and cooled in tap water 

4. The sample is placed in the quartz cuvette and 
the fluorescence is determined in the 
spectrophotofluorometer 

5. The fluorescence emission intensity is deter
mined using an activation wavelength of 358 nm 
and an emission wavelength of 47 8 nm. 

6. The concentration of 5-hydroxytryptamine is 
calculated as described in step V.B.I 

D. Determination of norepinephrine concentration 

1. To the 0.1 ml aliquot (see step IV.B.7) is 
added 0.1 ml 0.4 N HC1 and 0.2 ml of EDTA 
reagent 

2. The mixture (step IV.D.I) is thoroughly mixed 
on a vortex mixer 

3. Add 0.1 ml of 0.1 N iodine reagent to the test 
tube from step IV.D.2 and mix on vortex mixer. 
Allow the mixture to stand for 2 minutes 

4. Immediately add 0.2 ml of the alkaline sulfite 
reagent, mix thoroughly and let stand for 9 0 
seconds 

5. Immediately add 0.2 ml of 10 N acetic acid and 
mix thoroughly and place in boiling water bath 
for exactly 2 minutes 

6. The sample is removed from the boiling water 
and cooled in tap water 

7. The contents of the test tube are placed in 
the quartz cuvette 

8. The fluorescence is determined in the spectro
photofluorometer using an activation wavelength 
of 390 nm and an emission wavelength of 480 nm 

9. The concentration of norepinephrine is calcu
lated as described in step V.B.I 
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Calculation of 5-hydroxytryptamine and norepinephrine 
concentration in the brain 

A. Calculation of standard curve for use in deter
mining brain concentrations of 5-hydroxytryptamine 
and norepinephrine 

1. Samples containing either 1 meg, 0.5 meg, 0.2 5 
meg, 0.125 meg or 0.0625 meg of 5-hydroxy
tryptamine and norepinephrine in 0.1 ml of 
0.1 N HC1 were carried through the extraction 
procedure, the appropriate assay procedures 
and fluorescence determinations made. 

2. The equation for the standard curve for each of 
the amines was calculated by Least Squares 
Estimation. The formula for the least squares 
estimation is as follows: 

n 1XY - i Y £X 

n £X2 - (£X)2 

A = Y - BX 

X = —Y - — 
B B 

B. 

where 

X = concentration of sample 

Y = fluorescence of sample 
(corrected fluorescence) 

A = Y intercept 

n = number of samples in a group 

B = slope (regression coefficient) 

Calculation of 5-hydroxytryptamine and norepine
phrine concentrations in tissue samples 

1. The basic formula for calculation of the 
tissue concentration of the biogenic amine: 

v - iv A v 1000 
A " B1 " B x M 
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where 

M = weight in mg of tissue 

2. Determination of Corrected Fluorescence 
' Values 

a. The corrected fluorescence value is 
determined by subtracting the fluo
rescence value of an appropriate blank 
from each of the sample fluorescence 
values 

b. 5-hydroxytryptamine blank is obtained 
by carrying 0.1 N HC1 through the 
extraction and assay steps 

c. Norepinephrine blank is obtained by 
carrying a tissue sample through the 
extraction procedure and then through 
the assay procedure except the rea
gents for the norepinephrine assay are 
added in reverse order 



APPENDIX C 

STATISTICAL ANALYSIS 

Student's t test 

All calculations were performed according to the 

following formula: 

xr - x2 

s2 (I + I) 
P nn n/ 

where 

t = calculated Student's t value 

X = the mean value of a treatment 

2 Sp = the pooled variance 

n = the number of experimental subjects per treatment 

1 and 2 = the particular treatments under analysis. 

The standard error of the mean (S.E.M.) was calcu

lated by the following formula: 

S.E.M. = £ (x - x) 2 "l 

n(n-l) 

h 

where 

X = the value of a replicate within a treatment 

X = the mean of a treatment, and 

n = the number of experimental subjects per treatment, 
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Numerical data are reported as the mean ± S.E.M. In 

bar graphs the S.E.M. is indicated by a vertical bracketed 

line. The difference between means is reported to be sig

nificant only if 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. 



APPENDIX D 

DRUG SOLUTIONS 

Normal Saline (0.9%) 

Dose: 10 ml/kg, 5 ml/kg, 2 ml/kg 

Route: Intraperitoneal 

Vehicle: Deionized water 

p-Chloromethamphetamine Hydrochloride (Ro 4-6861): 
Hoffman-LaRoche Inc. 

Dose: 20 mg/kg 

Route: Intraperitoneal 

Vehicle: Normal saline 

Concentration: 20 mg/2 ml 

Methamphetamine Hydrochloride: Aldrich Chemical Co. 

Dose: 20 mg/kg 

Route: Intraperitoneal 

Vehicle: Normal saline 

Concentration: 20 mg/2 ml 

p-Chlorophenylalanine Methyl Ester Hydrochloride: 
Regis Chemical Co. 

Dose: 400 mg/kg 

Route: Intraperitoneal 

Vehicle: Normal saline 

Concentration: 400 mg/10 ml 
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Ro 4-1284 (2-hydroxy-2-ethyl-3-isobutyl-9,10-dimethoxy-l, 
2 ,3 ,4,6,7-hexahydro-ll-bH-benzo (a) quinolizine): Hoffman, 
LaRoche Inc. 

Dose: 10 mg/kg 

Route: Intraperitoneal 

Vehicle: Normal Saline 

Concentration: 10 mg/5 ml 



APPENDIX E 

CENTRAL DISTRIBUTION OF 5-HYDROXYTRYPTAMINE NEURONS 

Figure 8. Diagram of 5-Hydroxytryptamine Nuclei and Axonal 
Projections in the Central Nervous System of the Rat. 

1, 2 and 3 represent the raphe nuclei of the midbrain. 4, 
5 and 6 represent the raphe nuclei of the pons. 7, 8 and 9 
represent the raphe nuclei of the medulla. The dashed lines 
depict the axonal projections from the various raphe nuclei. 
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