
MODULATION OF AUDIOGENIC SEIZURES BY
CORTICAL NOREPINEPHRINE IN THE RAT

Item Type text; Dissertation-Reproduction (electronic)

Authors Bourn, William Marvin, 1942-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:15:38

Link to Item http://hdl.handle.net/10150/288314

http://hdl.handle.net/10150/288314


INFORMATION TO USERS 

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". if it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

Xerox University Microfilms 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 



75-4938 

BOURN, Ml111am Marvin, 1942-
MODULATION OF AUDIOGENIC SEIZURES BY CORTICAL 
NOREPINEPHRINE IN THE RAT. 

The University of Arizona, Ph.D., 1974 
Pharmacology 

Xerox University Microfilms t Ann Arbor, Michigan 48106 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED. 



MODULATION OF AUDIOGENIC SEIZURES BY 

CORTICAL NOREPINEPHRINE IN THE RAT 

by 

William Marvin Bourn 

A Dissertation Submitted to the Faculty of the 

Department of Pharmacology and Toxicology 

through the 

COMMITTEE ON PHARMACOLOGY (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN PHARMACOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 4 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by William Marvin Bourn , 

entitled Modulation of Audiogenic Seizures by Cortical 

Norepinephrine in the Rat 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Director Dat{gj 

After inspection of the final copy of the dissertation, the 

follov/ing members of the Final Examination Comnittee concur in 

its approval and recommend its acceptance:"" 
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ABSTRACT 

Although changes in concentration of catecholamines (CA) in the 

brain can be correlated with changes in severity of audiogenic seizure 

(AGS), there is little information concerning the locus of catechol-

aminergic influence on seizure. Furthermore, controversy exists con

cerning the relative importance of norepinephrine (NE) and dopamine (DA) 

in this seizure-modulating role. Audiogenic rats from The University of 

Arizona were employed to identify brain areas in which CA modulate AGS 

and to determine the relative importance of NE and DA as modulators. 

Intraventricular injections of 6-hydroxydopamine (6-OHDA) in

creased severity of AGS and caused destruction of noradrenergic termi

nals as suggested by histochemical evidence. These observations 

verified the effectiveness of 6-OHDA for intracerebral injections in 

attempts to correlate regional depletion of CA with increase in severity 

of AGS. 

The short acting reserpine-like drug Ro 4-1284 (2-ethyl-l,2,3,-

4,6,7-hexahydro-2-hydroxy-3-isobutyl-9,10-dimethoxy-llbH-benzoquinoli-

zene) enhanced AGS 15 minutes after bilateral injection into the frontal 

cortex, medial forebrain bundle, or hypothalamus. Bilateral injection 

of Ro 4-1284 into the inferior colliculus or midbrain reticular forma

tion did not intensify AGS. In comparison, injections of 6-OHDA into 

the frontal cortex, inferior colliculus, or midbrain reticular formation 

did not enhance AGS and injections into the hypothalamus resulted in 

x 



death. The medial forebrain bundle is the only site where injection of 

6-OHDA enhanced AGS. 

Because Ro 4-1284 is non-selective in causing depletion of bio

genic amines, it could only be stated that its seizure enhancing effect 

may be due to depletion of amines in the forebrain. Enhancement of AGS 

due to injections of 6-OHDA into the medial forebrain bundle may be re

lated to widespread disruption of noradrenergic function in the cortex. 

Hence, it was hypothesized that the cortex is an important region in the 

modulation of AGS and that NE is an important amine in this function. 

However, it was subsequently observed that injection of 6-OHDA into the 

medial forebrain bundle reduced NE concentrations in all regions of the 

CNS, and reduced DA concentration in the striatum. 

Subcutaneous injections of 6-OHDA in neonatal rats enhanced AGS 

(tested at age 60-70 days), decreased NE levels in the cortex, spinal 

cord, and caused no depletion of DA in any region of the CNS. These re

sults suggest that the cortex and/or spinal cord are areas involved in 

modulation of AGS and that NE may be more important than DA in this re

gard. 

Bilateral destruction of the locus coeruleus (site of origin of 

most of the NE-containing fibers which terminate in the cortex) enhanced 

AGS and reduced NE concentration only in the cortex. In comparison, DA 

level was not depressed in any region of the CNS. These results empha

size the importance of NE in the modulation of convulsions. 

Although AGS may be enhanced in the absence of changes in DA 

concentration, it was necessary to determine the effect of selective 

depletion of DA on AGS. Intraventricular injection of 6-OHDA after 
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peripheral injection of desipramine decreased DA levels in the cortex 

and striatum, but caused no depletion of NE in any region of the CNS and 

no change in severity of AGS. These results suggest that DA is not in

volved in modulation of AGS. 

It is concluded that norepinephrine exerts its inhibitory modu

lating effect on audiogenic seizure at the level of the cerebral cortex 

and that dopamine does not have a functional role in the modulation of 

audiogenic seizure. 



CHAPTER 1 

INTRODUCTION 

A relationship between brain monoamines and experimentally-

induced convulsive seizure has been studied by numerous investigators. 

It has been reported that norepinephrine (NE) or epinephrine in doses 

ranging from 1 to 100 ug/kg lowers the threshold of convulsive seizure 

induced by various means in laboratory animals (Hall, 1938; Minz and 

Domino, 1953; Laurence and Stacey, 1953). In addition, brief restraint 

of mice during induction of experimental seizure lowers seizure thresh

old and it has been speculated that the effect is caused by the systemic 

release of epinephrine (Swinyard, Radhakrishnan, and Goodman, 1962). 

On the other hand, Swinyard, Boson, and Goodman (1964) demonstrated that 

intravenous injection of epinephrine (1 to 10 ug/kg) or NE (0.2 to 0.5 

yg/kg) elevated the seizure threshold for pentylenetetrazole and attrib

uted the effect to a central action of the catecholamines. 

Chen, Ensor, and Bohner (1954) demonstrated that reserpine, 

which depletes brain stores of NE, dopamine (DA), and 5-hydroxytrypt-

amine (5-HT), intensifies the convulsant effects in mice of pentylene

tetrazole and caffeine, and increases the incidence of death due to 

maximal electroshock stimulation. 

The effect of reserpine on convulsive seizure has been confirmed 

(Jenny, 1954; Lessin and Parks, 1959) and there is general agreement 

that this effect is due to depletion of monoamines in the brain (Chen 
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and Bohner, 1961; Prockop, Shore, and Brodie, 1959; Pfeifer and Galam-

bos, 1967; Jones and Roberts, 1968; Azzaro et al., 1972; Arnold, Racine, 

and Wise, 1973; Jobe, Picchioni, and Chin, 1973a). These findings have 

led to the conclusion that one or more of these CNS monoamines play a 

physiological role as inhibitory modulators* of convulsive seizure ac

tivity (Schlesinger, Boggan, and Freedman, 1965; Lehmann, 1967; Chen, 

Ensor, and Bohner, 1968; Schlesinger, Boggan, and Freedman, 1968; Brown

ing, 1971; Browning and Maynert, 1970; Azzaro et al., 1972; Jobe, Pic

chioni, and Chin, 1973a and 1973b). 

The relative importance of each monoamine in seizure activity is 

subject to controversy. Some investigators emphasize that NE and/or 

5-HT are of primary importance as neurotransmitters in seizure activity, 

and that the importance of DA in this regard is secondary (Lehmann, 1967; 

Pfeifer and Galambos, 1967; Jones and Roberts, 1968; Schlesinger, Stav-

nes, and Boggan, 1969; Gray and Rauh, 1971; Jobe, Picchioni, and Chin, 

1973a; Wenger, Stitzel, and Craig, 1973). On the other hand, other in

vestigators consider DA to be important as a neurotransmitter in seizure 

activity (DeSchaepdryver, Piette, and Delaunois, 1962; Billiet et al., 

1970; Goldberg and Salama, 1970b; Boggan and Seiden, 1971). 

The present project is concerned with the relative importance of 

NE and DA as putative modulators in sound-induced (audiogenic) convul

sive seizure. The auditory pathway and its involvement in sound-induced 

1. In this text, the term "inhibitory modulator" is used to de
scribe the net effect of neurotransmitters on seizure susceptibility 
and/or intensity. At the present time it is not possible to state 
whether the various biogenic amines produce depolarization of cells in 
their involvement with convulsive seizures. 
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convulsion will be described and references concerning the roles of the 

2 catecholamines in the seizure process will be presented. 

The Auditory Pathway in Sound-Induced Seizures 

The neuronal pathway for auditory perception is well described 

(Noback, 1967; Gatz, 1970) and a diagrammatic representation of this 

pathway in the rat brain is shown in Figure 1. Fibers of the auditory 

nerve carry impulses from the hair cells in the organ of corti to neu

rons in the dorsal and ventral cochlear nuclei of the medulla oblongata. 

The cells in the cochlear nuclei send fibers, most of which go contra

lateral̂ , through a series of nuclei where synaptic interruptions occur 

for part of the fibers ascending to each nucleus. The nuclei are, in 

ascending order; the superior olivary complex, the lateral lemniscal nu

cleus, the inferior colliculus, and the medial geniculate body. All 

fibers entering the medial geniculate body synapse with cells which send 

axons to the ipsilateral auditory cortex. A few cells in the lateral 

lemniscal nuclei and inferior colliculi send axons to their correspond

ing contralateral counterpart. 

Attempts to elucidate the mechanism of sound-induced seizures 

have been performed in audiogenic rats and included interruption of the 

auditory pathway at different levels by means of destructive lesions. 

Koenig (1957) demonstrated that ablation of the medial geniculate nu

cleus failed to prevent audiogenic seizures. This observation suggests 

that some form of collateral output from the lower auditory structures 

to other lower brain areas is responsible for production of audiogenic 

seizure. On the other hand, ablation of the inferior colliculi prevents 
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Figure 1. Diagram of the Auditory Pathway in the Rat. 

Darker axons on the left side are to indicate that auditory information 
travels mostly, but not exclusively, to the contralateral auditory cor
tex. 
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the preconvulsive running and convulsion, and massive lesions in the 

midbrain reticular formation prevent the convulsion, but not running 

(Kesner, 1966). Duplisse et al. (1974) also demonstrated that bilat

eral destruction of the inferior colliculus prevents audiogenic seizure 

and found that electrical stimulation of the inferior colliculus produces 

a seizure pattern identical to audiogenic seizure. 

Evidence for Noradrenergic Modulation 
of Seizures 

Considerable evidence exists which indicates that brain NE acts 

as an inhibitory modulator of convulsive seizures, and that DA does not 

contribute in such a capacity. For example, Pfeifer and Galambos (1967) 

demonstrated that guanethidine reduces seizure threshold for pentylene-

tetrazole in mice concurrent with a decrease of brain level of NE but 

not DA or 5-HT. Jones and Roberts (1968) found that intracerebral in

jection of NE or DA produces an anticonvulsant effect, as demonstrated 

by an increase in the ED50 of pentylenetetrazole for inducing tonic 

seizures in mice. Both catecholamines also antagonize reserpine facili

tation of tonus. However, these authors suggested that DA acts only as 

a precursor to NE, because low doses of DA actually lowered pentylene

tetrazole threshold, whereas higher doses had the same effect as NE. 

Stronger evidence in this regard is provided by Jobe, Picchioni, and 

Chin (1973a), and by Wenger, Stitzel, and Craig (1973). In the former 

investigation Ro 4-1284 , a short-acting reserpine-like compound, caused 

intensification of sound-induced seizures which was correlated with 711 

2. 2-Ethyl-l,2,3,4,6,7-hexahydro-2-hydroxy-3-isobutyl-9,10-di-
methoxy-bH-benzoquinolizine. 
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depletion of NE and 73% depletion of DA one hour after administration. 

However, 5 hours after Ro 4-1284 treatment, seizure intensity had re

turned to control level and brain concentration of NE was substantially 

recovered, whereas brain concentration of DA remained severely depressed. 

Therefore the increase in severity of audiogenic seizures appeared bet

ter correlated with reduction in whole brain levels of NE than of DA. 

Another observation which favored NE as the important mediator in sei

zure involves treatment with a-methyl-p-tyrosine (a-MPT], an inhibitor 

of tyrosine hydroxylase, which caused a severe depletion of DA, a moder

ate depletion of NE, and no intensification of audiogenic seizures. 

In their study, Wenger and his associates (1973) demonstrated 

that reserpine depletes both NE and DA in the brain, and reduces the 

threshold to electroshock seizures in mice. However, when reserpine was 

given in combination with disulfiram, NE concentration was still severe

ly depressed, and seizure threshold was approximately the same as with 

reserpine alone. 

Evidence for Dopaminergic 
Modulation of Seizures 

Goldberg and Salama (1969) demonstrated in mice that the time 

interval from application of electrical stimulus to tonic extension of 

hind limbs was prolonged when the shock was applied inmediately after 

the animals were stressed in a revolving drum. This effect was later 

attributed to an increased brain concentration of DA, because depletion 

of NE and DA in the brain by a-MPT or reserpine prevented the increase 

in latency but pretreatment with disulfiram, which selectively depletes 

NE, failed to prevent the increase of latency for tonic convulsions 
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(Goldberg and Salama, 1970a). In addition, it was demonstrated that al

though there is no change in turnover or concentration of brain NE and 

5-HT following stress, there is an increase in turnover and concentra

tion of DA (Goldberg and Salama, 1970b). This increase in DA is tem

porally related to the increased latency for tonic extension following 

maximal electroshock stimulation. 

Boggan and Seiden (1971) concluded that dopamine plays a role in 

protecting mice from audiogenic seizure. This conclusion is based on 

the observation that L-dihydroxyphenylalanine (L-dopa) prevents 

reserpine-induced enhancement of seizure susceptibility, a phenomenon 

which correlates with an increase of brain DA to 2.5 times control con

centration and depletion of NE to approximately one-half of control 

concentration. 

It has been demonstrated that Ro 4-1284 enhances electrically 

induced seizure, as indicated by appearance of tonic convulsion follow

ing minimal electroshock stimulation (Stull et al., 1973). The same in

vestigators demonstrated that apomorphine,a dopamine receptor agonist 

(Ernst, 1965 and 1969; Anden et al., 1967; Roos, 1969), blocks the sei

zure enhancing effect of Ro 4-1284. They further demonstrate that pimo-

zide, a dopamine receptor antagonist (Anden et al., 1970), prevented 

apomorphine from reversing the seizure-enhancing effect of Ro 4-1284. 

DeSchaepdryver, Piette, and Delaunois (1962) demonstrated that 

reserpine, iproniazid, and L-dopa, when administered in sequence to 

rabbits, produce a marked increase in brain DA concentration, no change 

in brain NE concentration, and an increase in electroshock seizure 

threshold. Conversely, administration of the monoamine oxidase 



8 

inhibitors JB 516 (g-phenylisopropyl-hydrazine) or JB 835 (g-phenyliso-

butylhydrazine) increases NE concentration without changine DA concen

tration, and causes no change in electroshock seizure threshold. 

Locus of Seizure Modulation 
By Catecholamines" 

Relatively few studies have been performed to evaluate sites in 

the brain wherein monoamines may function to modulate convulsions. Iz-

quierdo and Nasello (1972), and Laguzzi, Acevedo, and Izquierdo (1970) 

demonstrated that decortication of rats results in a lowering of hippo-

campal NE content which correlates with a reduction of electroshock 

seizure threshold. 

Spreading of seizure discharge through the cerebral cortex has 

long been considered a basic mechanism contributing to epileptic sei

zures (Jasper, 1969). It could be postulated that NE reduces seizure 

severity by an action at the level of the cortex, since diphenylhydan-

toin, an anticonvulsant used in the treatment of grand mal epilepsy, 

prevents cortical spreading of epileptogenic electrical activity 

(Morrell, Bradley, and Ptashne, 1959), and evidence has been provided 

by Azzaro, Gutrecht, and Smith (1973), that diphenylhydantoin reduces 

neuronal uptake of labeled NE by slices of rat cerebral cortex. 

The exiguity of data concerning the loci where catecholamines 

may exert an influence on seizure susceptibility and/or severity under

scores the need for further investigation. A rational approach to this 

problem would involve studies based on a consideration of the catechol

amine neuronal systems. Fuxe, Hokfelt, and Ungerstedt (1970), and 

Ungerstedt (1971), have extensively mapped catecholamine pathways in the 
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rat central nervous system by means of histochemical fluorescence anal

ysis combined with various types of lesions (Figures 2 and 3). 

All noradrenergic fibers in the brain appear to arise from 

several nuclei in the pons and medulla oblongata. One group of ascend

ing fibers originates largely from nuclei in the lower brainstem and 

forms the so-called "ventral noradrenergic bundle," which innervates 

limbic forebrain structures and the hypothalamus. A second group of as

cending fibers originates in the locus coeruleus and forms the so-called 

"dorsal noradrenergic bundle," which projects forward through the hypo

thalamus and medial forebrain bundle (MFB) to innervate the cerebral 

cortex. In addition, cells in the locus coeruleus send fibers to the 

hypothalamus, cerebellum, and lower part of the medulla oblongata. 

Descending noradrenergic pathways arise from cells in the lower 

medulla, descend via the anterior and lateral funiculi to terminate in 

the gray matter of the spinal cord. Noradrenergic terminals can be ob

served in the vicinity of both flexor and extensor motoneurones. In 

addition, preganglionic sympathetic cells are innervated. 

The best-known dopamine-containing system is that which arises 

from cell bodies in the substantia nigra and a small region just caudal 

to the substantia nigra. These fibers ascend to innervate the corpus 

striatum. A second dopaminergic system originates and terminates within 

the hypothalamus, and a third, more recently described dopaminergic sys

tem (Thierry, et al., 1973) arises and terminates within the cerebral 

cortex. 
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Figure 2. Ascending Noradrenergic Pathways in the Rat Brain. 

Cell bodies in the pons and medulla oblongata (M.O.), represented by 
the blackened ovals, send fibers rostrally which course through the 
hypothalamus (Hypo), medial forebrain bundle (mfb) and dorsally to the 
cortex. Some fibers from the locus coeruleus (LC) ascend directly to 
the cerebellum (Cereb). Other fibers from the locus coeruleus innervate 
the cortex and hypothalamus (Ungerstedt, 1971). 



Figure 3. Dopaminergic Pathways in the Rat Brain. 

The nigro-striatal dopamine system consists of cell bodies in the sub
stantia nigra (SN) which send axons forward to the striatum (caudate). 
The intracortical system has cell bodies and terminals in the cortex 
(Thierry et al., 1973). A third system has cell bodies and terminals 
in the hypothalamus (H) (Ungerstedt, 1971). 



Statement of the Problem 

The controversy concerning the relative importance of norepi

nephrine and dopamine as inhibitory modulators of convulsive seizures 

and the paucity of information concerning the locus of such modulation 

indicate that there is a need for further investigation of the relation

ship between brain catecholamines and audiogenic seizures. The objec

tives of the present investigation are: 1) to find brain areas where 

catecholamines exert their modulating influence on audiogenic seizure, 

and 2) determine the relative importance of NE and DA as modulators 

of audiogenic seizure. 



CHAPTER 2 

GENERAL PROCEDURES 

Audiogenic Rats 

The animals used in this investigation were from The University 

of Arizona colony of audiogenic seizure-susceptible rats. This colony 

of animals, which is of Sprague-Dawley descent, was developed at The 

University of Arizona through a continual breeding and screening program 

during the past several years. The rats were housed at 25 ± 2°C and 

were maintained under controlled lighting which provided equal periods 

of light (0600-1800 hours) and darkness (1800-0600 hours). To reduce 

experimental variability, animals were screened and only those that ex

hibited an audiogenic response score (see Audiogenic Response Score, p. 

14) of 2 or 3 on 3 consecutive weekly trials were used as experimental 

subjects. 

Sound Stimulation 

Sound stimulation was administered to individual rats in a cy

lindrical sound chamber (16 inches in diameter by 20 inches in height) 

constructed of galvanized metal (Choisser, 1961). A sound level of 

4 2 approximately 115 db relative to 2 x 10 dyne/cm was generated by two 

electric doorbells mounted within the metal cylinder. The sound stimu

lus was initiated within 15 seconds after a rat was placed into the 

chamber and was continued until the onset of convulsion. If an animal 
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failed to run or convulse, the sound was continued for a maximum of 60 

seconds. Testing was conducted between the hours of 11:00 A.M. and 

1:00 P.M. 

Pattern of Audiogenic Seizures 

The typical seizure pattern displayed by untreated audiogenic 

seizure-susceptible rats in response to sound stimulation consists of 

an initial preconvulsive phase and a convulsive phase. The preconvul

sive components of audiogenic seizure (AGS) consist of one or two vio

lent running episodes separated by a pause. The convulsive phase, 

characterized by generalized clonus and/or varying degrees of tonus oc

curs at the termination of the running phase. 

Audiogenic Response Score (ARS) 

A description of the audiogenic response scoring system used to 

quantify the intensity of audiogenic seizure is presented in Table 1. 

The magnitude of the score is directly related to the intensity of the 

convulsion and inversely related to the number of running episodes which 

precede the convulsion. Scoring is accomplished by visual observation 

of the animals. 

Intracerebral Inj ections 

Intracerebral injection of drugs was accomplished by means of 

permanently implanted stainless steel cannulae. Cannulae were implanted 

according to a modification of the method described by Grunden and Lin-

burn (1969). Coordinates used for implantation of the cannulae were 

based on the stereotaxis atlas by Konig and Klippel (1963). This atlas 
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Table 1. Description of Audiogenic Response Scoring System. 

AKS 
SCORE RESPONSE TO SOUND STIMULATION 

Ko rispomt. 

Running only; no convulsion. 

Two running phases separated by a refractory phase; convulsive 
endpoint consists of generalized clonus Involving forellmbs, 
hlndliabs, pinnae, and/or vibrissae. (A) 

Sane as 2 except only one running phase and no refractory phese. 

Tvo running phases separated by a refractory phase; convulsive 
endpoint consists of tonic flexion of neck, trunk* and forellabs 
with clonus of hlndliabs. (B) 

Sane as 4 except only one running phase and no refractory phase. 

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

Saae as 6 except only one running phase and no refractory phase. 

Two running phases separated by a refractory phase; convulsive 
endpoint sloilar to 4 except hindlir.bs are in complete tonic 
extension (I.e., animal In naxlmal convulsion). (0) 

Saae es $ except only one running phase end no refractory phase. 
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is based on female rats in the weight range of 135-165 grams. Details 

of the implantation technique and stereotaxic coordinates are described 

in Appendix A. 

Histochemical Fluorescence Method 

Observation of fluorescent products of catecholamines was accom

plished according to the method of Falck and Owman (1965), as modified 

by Jobe, Picchioni, and Chin (1973a). The method is described in 

Appendix B. 

Spectrophotofluorometric Method 

Norepinephrine and dopamine were assayed by the method described 

by Cox and Perhack (1973), which employs: 1) the acidified butanol ex

traction method (Chang, 1964; Ansell and Beeson, 1968; Welch and Welch, 

1969; Maikel et al., 1968; Clarke et al., 1972; Miller et al., 1970); 

2) removal of substances which interfere with the dopamine assay by the 

use of alumina (Chang, 1964; Shellenberger and Gordon, 1971; Clarke et 

al., 1972); and 3) the trihydroxyindole fluorescence assay method in

volving oxidation with elemental iodine and cyclization by alkali to 

form fluorescent products from norepinephrine and dopamine (Chang, 

1964; Laverty and Taylor, 1968; Shellenberger and Gordon, 1971; Ansell 

and Beeson, 1968; Kariya and Aprison, 1969; Clarke et al., 1972). 

Dissection of the brain was done according to a modification of the 

method described by Glowinski and Iversen (1966). Details of the dis

section, extraction, and assay procedures are described in Appendix C. 



Intracerebral Lesions 

Radiofrequency lesions were produced in the brain by the stereo

taxic method described in Appendix D. The drawings of Ungerstedt 

(1971), which were based on the stereotaxic atlas of Konig and Klippel 

(1963) served as a basis for placement of the lesions. 

Histological Verification 

Accuracy of placement of cannulae and lesions was verified by 

direct observation of histological sections, with the exception of 

brains which were dissected for fluorimetric assay. Details of the sec

tioning and staining method are outlined in Appendix E. 

Statistical Procedures 

Data involving comparisons of single treatment groups with their 

controls were analyzed by Student's t test. Data involving comparisons 

of more than one treatment group with a single control group were ana

lyzed by Dunnett's t statistic. Formulas for calculation of these sta

tistics are presented in Appendix F. 



CHAPTER 3 

EFFECT OF INJECTION OF DRUGS INTO 
DISCRETE BRAIN AREAS 

The main objective for this portion of the present investigation 

was to determine whether the severity of audiogenic seizure could be in

fluenced by the injection of drugs into certain areas of the brain or 

whether the modulatory influence exerted by catecholamines represents a 

diffuse system involving many or all of the catecholamine containing 

areas of the brain. 

Ro 4-1284 and 6-Hydroxydopamine 
as Pharmacological Tools 

Ro 4-1284 and 6-hydroxydopamine (6-OHDA) were selected as brain 

amine depleting agents in this part of the investigation. Ro 4-1284 

is a short-acting benzoquinolizine compound which is pharmacologically 

similar to reserpine, except that it has a rapid onset and short dura

tion of action (Brodie et al., 1959; Jobe, Picchioni, and Chin, 1973a; 

1973b). Interpretation of the effects of Ro 4-1284 on audiogenic sei

zure must be made with caution, since it causes depletion of 5-HT as 

well as NE and DA. Endogenous 5-HT has been demonstrated by Jobe, 

Picchioni, and Chin (1973b) and by Laird (1974) to have an inhibitory 

modulating effect on audiogenic seizure. 

6-Hydroxydopamine, a catecholamine analog, produces selective 

degeneration of catecholamine-containing neurons in peripheral sympa

thetically innervated tissues (Porter, Totaro, and Stone, 1963; Laverty, 

18 
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Sharman, and Vogt, 1965; Thoenen and Tranzer, 1968) and in brain tissue 

(Ungerstedt, 1968; Bloom et al., 1969; Breese and Traylor, 1970; Uretsky 

and Iversen, 1970). 6-OHDA does not exert an effect on 5-fTT-containing 

neurones (Burkard, Jalfre, and Blum, 1969; Bartholini, Richards, and 

Pletscher, 1970; Uretsky and Iversen, 1970; Jacks, DeChamplain, and 

Cordeau, 1972). There are several advantages in using 6-OHDA as a 

pharmacological tool to deplete catecholamines. For example, because 

its neuronal degenerative effect is permanent, it is possible to allow 

a long period of time for the drug to be dissipated, so that explanation 

for alterations in physiological or behavioral functions need not be 

compromised by the presence of the drug in the experimental subjects. 

Also, because neuronal degeneration is permanent it may be possible to 

relate neuronal changes with changes in overt physiological or behavior

al changes without strict attention to temporal relationship. Finally, 

because reduction in catecholamine concentration induced by 6-OHDA is 

a reflection of destruction of neurones, the results of correlative 

studies may be attributed to a decrease in functional neurones, rather 

than attributed to changes in concentration of amines in hypothetical 

intraneuronal "pools" of biogenic amines. Although Browning and Maynert 

(1970) demonstrated that 6-OHDA is capable of lowering electroshock 

seizure threshold through its effect on brain catecholaminergic systems, 

the effect of the drug on audiogenic seizure was not studied. Accord

ingly, the first experiment in this study was performed to evaluate the 

effect of intraventricular injection of 6-OHDA on audiogenic seizure. 
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Brain Regions Subjected to 
Local Injections 

Regions of the brain were selected for localized injection of 

Ro 4-1284 or 6-OHDA on the basis of involvement with the auditory path

way and/or presence of catecholamine nerve terminals or axons. The 

brain areas and rationale for the selection of each region are described 

below. 

Midbrain Reticular Formation 

The portion of the midbrain reticular formation selected for use 

in this experiment is very near an area which Ungerstedt (1971) has 

shown to be rich in catecholamine terminals. It is the only area in the 

brainstem where large numbers of catecholamine-containing terminals can 

be found. This area would be included in the part of the brain which 

Valzelli and Garattini (1968) found to contain a substantial concentra

tion of NE and DA (0.31 and 0.26 ug/gm, respectively). 

Inferior Colliculus 

The inferior colliculus is an important region of synaptic con

nections in the auditory pathway. In this region, axons from lower 

brainstem nuclei and the contralateral inferior colliculus form synap

tic connections with cells whose axons ascend to the medial geniculate 

nuclei. Norepinephrine (Ott et al., 1971) and tyrosine hydroxylase 

(Cicero et al., 1972) are both present in the inferior colliculi in 

higher concentrations than in the cortex, hippocampus, and cerebellum. 
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Hypothalamus 

The hypothalamus was selected as an area for study because it 

has a higher concentration of NE than any other brain area (Glowinski 

and Iversen, 1966; Popov et al., 1967; Valzelli and Garattini, 1968; 

Coyle and Henry, 1973). Ungerstedt (1971) indicated that most of the 

NE present in this area is in nerve terminals, but that a large number 

of axons of noradrenergic neurons pass through and terminate in the 

cortex, hippocampus, and other higher areas. 

Frontal Cortex and Medial 
Forebrain Bundle 

The content of NE in the cerebral cortex is low in comparison 

to areas such as the pons-medulla and hypothalamus, but the amine is 

present in a concentration which could represent a part of an active 

widespread inhibitory system. An effort was made to influence NE con

centration in the cortex by making injections of Ro 4-1284 or 6-OHDA 

into two areas, the frontal cortex and the medial forebrain bundle 

anterior to the hypothalamus. It is expected that injection of a drug 

into the frontal cortex anterior to the head of the caudate nucleus 

would influence a large portion of cortical tissue. Following injection 

into the vicinity of the axon of catecholaminergic neurones, 6-OHDA pro

duces degeneration of all parts of the cell distal to the site of injec

tion. Hence, injection of this drug into the MFB several mm anterior to 

the hypothalamus may be expected to exert an effect on the entire cere

bral cortex without influencing lower catecholamine-containing struc

tures such as the hypothalamus and brainstem. 



Methods 

Intraventricular Injection of 
6-Hydroxydopamine 

Male audiogenic rats weighing 280 to 320 grams and screened to 

have minimal seizures (ARS of 2 to 3) were used in the experiment. An 

indwelling cannula was permanently implanted into the right lateral 

cerebral ventricle of each rat. 

One week after surgery the rats were tested for audiogenic sei

zure and only animals with ARS of 2 to 5 were retained for the experi

ment. Each rat in the test group was injected intraventricularly with 

6-OHDA, 200 yg, in 20 yl of normal saline stabilized with 0.011 ascorbic 

acid. The injection was repeated 48 hours after the first injection. 

Rats in the control group were similarly injected with the ascorbic 

acid-saline vehicle. The time course of audiogenic seizure response 

was examined for 12 days. On the 13th day all animals were killed by 

decapitation and their brains compared for catecholamine content by 

means of histochemical fluorescence. The paraventricular nucleus of the 

hypothalamus was selected for histochemical analysis because this area 

of the brain is rich in NE and is used as an indication of the effect 

of 6-OHDA on brain catecholamine-containing neurons. 

Injection of Ro 4-1284 or 6-Hydroxy-
dopamine Into Discrete Brain Areas 

Female audiogenic rats weighing 135 to 165 grams were used in 

this study. Animals which experienced minimal sound-induced seizures 

(ARS of 2 or 3) on 3 weekly trials were implanted bilaterally with 

cannulae in various areas of the brain. The stereotaxic coordinates 
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are presented in Table A-l (p. 56), and details of the cannulation 

procedure are described in Appendix A. On days 7 and 9 post-surgery, 

cannulated rats were tested for seizure response and only rats which 

responded with ARS of 2 to 5 on both occasions were used. 

In the experiments with Ro 4-1284 test rats were injected bi

laterally with the drug, 50 yg in 2 yl of solution per cannula 15 min

utes before they were tested for audiogenic response. Control animals 

were injected with 2 yl of deionized water in each of the corresponding 

areas of the brain. In the 6-OHDA. experiments test rats were injected 

bilaterally with the drug, 50 yg in 2.5 yl of solution per cannula. 

Control rats were injected with saline-ascorbic acid vehicle in a vol

ume of 2.5 yl per cannula. Each treatment was repeated 48 hours after 

the first injection. In the experiment with 6-OHDA rats were tested 

for ARS on the 12th day following the first injection of 6-OHDA. 

Results 

Effect of Intraventricular Injection of 
6-Hydroxydopamine on Audiogenic Seizure 
and Brain Catecholamines 

Treatment with 6-OHDA caused an increase in severity of ARS 

which became apparent one day after treatment and persisted until the 

experiment was terminated (Figure 4). In comparison, ARS for the con

trol rats was unchanged, remaining consistently between 2 and 3 during 

the 12-day period. 
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Figure 4. Effect of Intraventricular Injections of 6-Hydroxydopamine on 
Audiogenic Response Score. 

Two doses of 200 ng were given 48 hours apart. Open circles represent 
mean scores of 8 control rats. Closed circles represent mean scores of 
11 rats treated with 6-hydroxydopamine. Vertical lines represent 95% 
confidence limits. On day 0 there was no significant difference between 
test animals and controls. On days 1 and 3, the two groups were differ
ent at p < 0.05. On days 7 and 12, the groups were different at p < 
0.01. Statistical comparisons were based on Student's t (Appendix F). 
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Effect of Injection of Ro 4-1284 or 6-
Hydroxydopamine Into Discrete Brain 
Areas on Audiogenic Seizure 

Histochemical studies revealed that intraventricular injection 

of 6-OHDA caused degeneration of catecholamine-containing neurons, as 

indicated by the absence of fluorescent nerve terminals (Figure 5). 

Bilateral injection of Ro 4-1284 into the frontal cortex, the 

hypothalamus, and the MFB caused a significant increase in ARS (Table 

2) .  

Bilateral injection of 6-OHDA into the MFB caused a significant 

increase in the ARS (Table 3). Bilateral injection of 6-OHDA into the 

inferior colliculus, brainstem, and frontal cortex caused no significant 

change in ARS. No results were obtained from animals that were injected 

in the hypothalamus since most of the test animals died on day 8. 

Discussion 

The observations that intraventricular injection of 6-OHDA 

causes marked and persistent enhancement of audiogenic seizure/ as well 

as degeneration of catecholamine-containing neurones agree with the sug

gestion of Jobe, Picchioni, and Chin (1973a) that deprivation of cate

cholamine function in the brain results in loss of protection against 

seizure discharge in the central nervous system. Although the histo

chemical study was made only of the hypothalamic region, it served as an 

indication of the effect of intraventricular injection of 6-OHDA 

throughout the brain. This experiment demonstrated that 6-OHDA could 

be used as a pharmacological tool to produce enhanced audiogenic seizure 

severity through degeneration of catecholaminergic fibers. 



Figure 5. Effect of Intraventricular Injections of 6-Hydroxydopamine on Brain Catecholamines. 

Photographs of tissue sections of the paraventricular nucleus of the hypothalamus from control rat 
(left) and 6-hydroxydopamine-treated rat (right). Intensely fluorescent areas in the photograph on 
the left are catecholamine nerve terminals. Note the absence of fluorescent nerve terminals in the 
corresponding tissue of the rat treated with 6-hydroxydopamine. 



Table 2. Effect of Bilateral Injection of Ro 4-1284a Into Various Brain Regions on Audiogenic Re
sponse Score. 

Audiogenic Response Score ± S.E.M. 

Inferior 
Colliculus 

Midbrain 
Reticular 
Formation 

Frontal 
Cortex Hypothalamus 

Medial 
Forebrain 
. Bundle 

Control (N = 8) 3.0 ± 0.4 2.6 ± 0.3 2.6 ± 0.2 3.4 ± 0.4 3.0 ± 0.5 

Test (N = 8) 4.9 ± 1.2 4.7 ± 1.1 5.9 ± 0.1 4̂
 

1+
 
O
 

• 8.0 ± 1.0 

Significance NS NS p < 0.05 p < 0.001 p < 0.001 

a. 50 yg/cannula, 15 minutes before determination of audiogenic response score. 



Table 3. Effect of Bilateral Injections of 6-Hydroxydopaminea Into Various Brain Regions on Audio
genic Response Score. 

Inferior 
Colliculus 

Midbrain 
Reticular 
Formation 

Audiogenic Response Score t S.E.M. 

Frontal 
Cortex Hypothalamus 

Medial 
Forebrain 
Bundle 

Control (N = 8) 

Test (N = 8) 

Significance 

2 . 6  ±  0 . 2  

3.3 ± 0.5 

NS 

2.3 ± 0.3 

2 . 8  ±  0 . 2  

NS 

2.4 ± 0.2 

4.3 ± 1.2 

NS 

3.0 ± 0.4 

8.1 ± 0.9 

p < 0.001 

a. 50 yg/cannula at 0-hour and 48 hours. Animals were tested for audiogenic response score on day 
12 following first injection. 

b. Most test animals had died by day 8 following the first injection. 

Is) 
OO 



Neither Ro 4-1284 nor 6-OHDA causes enhancement of seizure when 

injected into the inferior colliculus or midbrain reticular formation. 

All other brain areas which contain numerous catecholamine terminals 

are rostral and dorsal to these areas except the cerebellum and the 

spinal cord. Since the latter two areas do not readily lend themselves 

to localized injections of drugs, further studies of this type were 

limited to forebrain structures. 

Injection of Ro 4-1284 into the hypothalamus resulted in in

tensification of seizure whereas injection of 6-OHDA. into the hypothal

amus resulted in death of the animals before they were tested. Death 

due to aphagia following disruption of hypothalamic function with lesions 

or 6-OHDA has been reported by others (Teitelbaum and Stellar, 1954; 

Teitelbaum and Epstein, 1962; Zigmond and Strieker, 1972). 

Injection of either drug into the MFB resulted in seizure in

tensification. This is especially significant in the case of 6-OHDA, 

since degeneration of noradrenergic terminals distal to the site of 

injection results in widespread depletion of NE from the cerebral cor

tex (Ungerstedt, 1971). An additional indication that the cerebral 

cortex may be a site of monoamine seizure modulation is that injection 

of Ro 4-1284 into the frontal cortex resulted in seizure intensifica

tion. 

These data led to the formation of the hypothesis that the inhib

itory modulation of audiogenic seizures by NE occurs in the cerebral 

cortex. 



CHAPTER 4 

STUDIES INTENDED TO INFLUENCE CONCENTRATION 
OF CATECHOLAMINES IN THE CEREBRAL CORTEX 

The previous chapter led to the formation of a hypothesis that 

NE may act as an inhibitory modulator of audiogenic seizures at the lev

el of the cerebral cortex. The present chapter deals with experiments 

which were intended to test this hypothesis. 

Three experiments were performed in this phase of the investi

gation. First, 6-OHDA injection into the medial forebrain bundle was 

repeated, so that catecholamine concentration in different brain regions 

could be determined following this pharmacological manipulation. Second, 

6-OHDA was injected subcutaneously into neonatal rats according to a 

method described by Sachs and Jonsson (1972), in which NE was affected 

more than DA and the effect was shown to be greatest in the cortex and 

spinal cord. These investigators demonstrated that in neonates 6-OHDA 

is capable of passing through the blood-brain barrier. Third, the locus 

coeruleus, the site of origin of most of the NE-containing fibers which 

terminate in the cortex, was destroyed bilaterally. It was the intent 

of this experiment to lower NE concentration in the cortex without af

fecting NE in the spinal cord. 
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Injection of 6-Hydroxydopamine Into 
Medial Forebrain Bundle 

Female audiogenic rats weighing 135 to 165 grams and which had 

been shown on three separate occasions to exhibit ARS of 2 or 3 were 

used in this experiment. Bilateral cannulae were stereotaxically im

planted according to the method described in Appendix A in order to 

place the cannulae into the medial forebrain bundle a short distance 

rostral to the hypothalamus. 

One week following surgery, animals were again tested to deter

mine post-surgical ARS. Several animals that displayed scores exceeding 

ARS 5 were eliminated from the study. Of the remaining rats, 9 were in

jected bilaterally with 6-OHDA, 50 ug in 2.5 yl of solution per cannula. 

Seven control rats were injected with saline-ascorbic acid vehicle in 

a volume of 2.5 yl per cannula. Identical injections were repeated 48 

hours after the first injection. Animals were tested for audiogenic 

response on days 4, 6, 8, 10, and 12 following the first injection of 

6-OHDA. On day 14, four animals were randomly selected from each group, 

sacrificed, and their brain regions were assayed for NE and DA content 

as described in Appendix C. 

6-Hydroxydopamine Administered to 
Neonatal Rats 

Newborn rats from audiogenic mothers were administered 3 con

secutive daily subcutaneous injections of 6-OHDA, 100 mg/kg, commencing 

on the day of birth. The 6-OHDA was prepared in a concentration of 



5 mg/ml in 0.9% saline containing 0.01% ascorbic acid. Control animals 

were similarly administered 3 injections of saline-ascorbic acid vehicle 

in an identical volume (20 ml/kg). Half of the rats in each litter were 

injected with vehicle. In the litters consisting of an odd number of 

litter mates, the odd animal was injected with 6-OHDA, since Sachs and 

Jonsson (1972) reported a lower survival rate for neonates that had re

ceived the drug. Each neonate was kept with its original mother, and 

the small digit on the left forelimb was amputated at the first joint to 

identify 6-OHDA-treated animals. The small digit on the right forelimb 

was amputated at the first joint to identify control animals. At age 60 

days, 4 females were randomly selected from the 6-OHDA-treated group and 

4 were selected from the control group. All 8 rats were sacrificed by 

decapitation and brains removed for regional NE and DA assays. These 

animals are hereafter referred to as "sound-naive" in that they had 

never been challenged with the sound stimulus. The remainder of the 

animals were tested for audiogenic response on the same day and every 

fifth day for a total of 4 tests. Five days after the last test, 4 more 

females were randomly removed from each group, sacrificed; and brain 

parts fluorometrically assayed for catecholamine concentration. This 

group of rats is referred to below as "sound-tested" rats. 

Lesions of the Locus Coeruleus 

Female audiogenic rats weighing 135 to 165 grams with ARS of 2 

or 3 on 3 separate occasions were used in this experiment. Bilateral 

lesions were made in half of the animals and sham operations were per

formed on the remainder. The stereotaxic coordinates for placement of 
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the lesion electrodeswere based on the zero point of the Konig-KLippel 

stereotaxic atlas and are 2.3 mm caudal, 1 mm lateral, and 1.2 mm dor

sal. The lesions were produced by application of 50 volts for a dura

tion of 10 seconds at a frequency of 100 kHz. All sham animals were 

exposed to the same surgery and stereotaxic placement of the lesion 

electrode, but no current was applied. 

Six days after surgery 4 animals from each group were sacri

ficed by decapitation, their brains were removed, and concentrations of 

catecholamines for the various regions were determined. The remaining 

animals (8 lesioned and 6 sham-operated) were tested for ARS on the same 

day. After testing, the animals were sacrificed and proper placement of 

lesions was confirmed according to the histological method described in 

Appendix E. 

Results 

Injection of 6-Hydroxydopamine Into 
Medial Forebrain Bundle 

Injection of 6-OHDA into the MFB resulted in significant in

creases of ARS on days 4 to 12 following the first injection (Table 4). 

NE concentration was significantly decreased in all brain regions as

sayed and DA concentration was significantly decreased only in the cor

pus striatum (Table 5). 



Table 4. Effect of Bilateral Injection of 6-Hydroxydopamine Into the Medial Forebrain Bundle on 
Intensity of Audiogenic Seizure. 

Audiogenic Response Score ± S.E.M. 

Pre-inj ection , 
Treatment Test Day 4 Day 6 Day 8 Day 10 Day 12 

6-OHMC (N = 9) 3.0 ± .4 6.2 ± .9 8.3 ± .8 8.2 ± .8 8.2 ± .8 8.1 ± .9 

Vehicle (N = 7) 3.3 ± .5 3.1 ± .5 3.3 ± .6 3.0 ± .4 3.0 ± .4 2.8 ± .4 

Significance NS p < 0.02 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

a. The pre-injection test was conducted day 7 post-cannulation. 
b. Days 4, 6, 8, 10, and 12 refer to days following initial injection of 6-QHDA. 
c. 50 yg in 2.5 yl/cannula, injected on days 9 and repeated on day 11 post-cannulation. 
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Table 5. Effect of 6-Hydroxydopamine3 Injected Bilaterally Into the 
Medial Forebrain Bundle on Regional Brain Catecholamine Con
centrations . 

Percent of Control Concentration ± S.E.M.b 

Brain Region Norepinephrine Dopamine 

Cortex 

Spinal Cord 

Striatum 

Hypothalamus 

Pons-Medulla 

Remainder 

30.3 ± 4.2 
(p < 0.001) 

1.3 ± 1.3 
(p < 0.005) 

55.5 ± 5.5 
(p < 0.01) 

47.8 ± 6.3 
(p < 0.005) 

52.2 ± 5.3 
(p < 0.0025) 

35.1 ± 9.2 
(p < 0.001) 

101.2 ± 18.5 
NS 

90.9 ± 21.9 
NS 

47.5 ± 9.6 
(p < 0.0025) 

98.2 ± 20.1 
NS 

72.9 ± 13.3 
NS 

103.5 ± 29.7 
NS 

a. 50 yg in 2.5 yl/side, injected on days 9 and 11 post-surgery. 
b. Animals were sacrificed on day 14 following initial injection of 

6-QHDA. N = 4. Typical control values are listed in Table C-l, 
p. 71. 
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6 - Hydroxy dopamine Administered to 
Neonatal Rats 

In the study involving injection of 6-OHDA into neonatal rats, 

mean ARS of test animals was significantly higher than that of control 

animals on each of the 4 days that the animals were tested (Table 6). 

Treatment of neonatal rats with 6-OHDA caused drastic reduction 

of NE concentration in the cortex and spinal cord, and a marked increase 

of NE in the pons-medulla (Table 7). In contrast, DA concentration was 

not significantly altered in any area assayed. 

It is of interest to note that these trends were observed in 

sound-naive animals (i.e., animals treated with 6-OHDA at birth, but 

never subjected to AGS, and sacrificed at age 60 days) as well as in 

sound-tested animals (i.e., animals treated with 6-OHDA. at birth, tested 

for AGS at age 60, 65, 70, and 75 days, and sacrificed at age 80 days). 

Lesions of the Locus Coeruleus 

Rats in which bilateral lesions were made in the locus coeruleus 

experienced more severe seizures than sham-operated rats (Table 8) and 

had lower NE concentration in the cortex than sham-operated animals 

(Table 9). In all other brain regions there were no significant changes 

in NE or DA concentration. 

Discussion 

The injection of 6-OHDA into the region of the MFB was performed 

with the expectation that only those areas which are innervated by the 

NE-containing fibers of the MFB would suffer a loss of NE. The wide

spread depletion of NE which was observed may have been the result of 
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Table 6. Effect of 6-Hydroxydopamine Administered to Neonatal Rats 
on Intensity of Audiogenic Seizure. 

Audiogenic Response Scale ± S.E.M. 

Treatment Day 60a Day 65 Day 70 Day 75 

6-OHDÂ -treated 
(N = 26) 

5.8 ± .6 7.0 ± .5 6.5 ± .5 7.6 ± .5 

Vehicle-treated 
(N = 21) 

3.2 ± .4 4.0 ± .6 3.7 ± .5 4.4 ± .6 

Significance p < 0.005 p < 0.001 p < 0.005 p < 0.001 

a. 
b. 

Age of animals. 
Neonates were administered 3 consecutive daily subcutaneous injec
tions of 6-OHDA, 100 mg/kg, commencing on the day of birth. 



3. 
Table 7. Effect of 6-Hydroxydopamine Administered to Neonatal Rats on Regional Brain Catechol

amine Concentrations. 

Percent of Control Concentration ± S.E.M.b 

Norepinephrine Dopamine 

Brain Region 
Sound-Naivec 

(Age 60 Days) 
Sound-Tested 
(Age 80 Days) 

Sound-Naive 
(Age 60 Days) 

Sound-Tested 
(Age 80 Days) 

Cortex 10.9 ± 2.3 
(p < 0.001) 

19.2 ± 2.0 
(p < 0.001) 

82.9 ± 2.2 
NS 

105.6 ± 25.2 
NS 

Spinal Cord 5.9 ± 2.2 
(p < 0.001) 

13.8 ± 4.6 
(p < 0.001) 

65.9 + 11.6 
NS 

106.4 ± 14.2 
NS 

Striatum 82.9 ± 7.3 
NS 

96.4 ± 3.8 
NS 

86.7 ± 18.4 
NS 

108.1 ± 2.5 
NS 

Hypothalamus 107.5 ± 5.7 
NS 

104.3 ± 1.4 
NS 

123.2 ± 8.1 
NS 

64.4 ± 4.8 
NS 

Pons-Medulla 155.5 ± 7.3 
(p < 0.001) 

239.1 ± 23.3 
(p < 0.005) 

120.5 ± 30.3 
NS 

100.8 ± 8.6 
NS 

Remainder 87.1 ± 3.3 
NS 

107.5 ± 4.7 
NS 

68.2 ± 6.4 
NS 

125.5 ± 15.7 
NS 

a. Neonates were given 3 consecutive daily subcutaneous injections of 6-OHDA, 100 mg/kg, com
mencing on the day of birth. 

b. N = 4. 
c. Sound-naive animals had never been challenged with the audiogenic test stimulus. Sound-tested 

animals had been tested for audiogenic response score on 4 separate occasions., 5 days apart, 
beginning at age 60 days. 
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Table 8. Effect of Radiofrequency Lesion of Locus Coeruleus on Audio
genic Seizure Intensity. 

Audiogenic Response Score3 

Treatment ± S.E.M. 

Locus Coeruleus Lesion (N = 8) 6.0 ± 1.0 

Sham-Operated Control (N = 6) 3.0 ± 0.5 

Significance p < 0.025 

a. Determined on day 6 after lesioning. 



Table 9. Effect of Radiofrequency Lesion of Locus Coeruleus on Regional 
Brain Catecholamine Concentration. 

Percent of Control Concentration t S.E.M.a 

Brain Region Norepinephrine Dopamine 

Cortex 74.9 ± 5.0 106.4 ± 32.2 
(p < 0.01) NS 

Spinal Cord 90.1 ± 33.1 149.9 ± 21.4 
NS NS 

Striatum 123.7 ± 25.6 95.6 ± 4.8 
NS NS 

Hypothalamus 99.1 ± 8.2 112.8 ± 11.2 
NS NS 

Pons-Medulla 97.1 ± 13.5 151.9 ± 77.6 
NS NS 

Remainder 122.2 ± 9.9 93.6 ± 5.6 
NS NS 

a. Animals were sacrificed day 6 after lesioning N = 4. 



leakage of the drug into the ventricular system. The results of this 

experiment failed to support the hypothesis that the catecholamine in

fluence on seizures is at the cortical level, since these results do 

not deny the possibility that the increased seizure severity was caused 

by depletion of NE in some region other than the cortex. In comparison, 

DA content was reduced only in the striatum. In view of this observa

tion and since seizure severity was markedly increased by the treatment 

in this experiment, it is suggested that if DA is an inhibitory modula

tor of convulsive seizures, the striatum is the site where it may act 

in this capacity. If experiments could be performed which demonstrate 

that impairment of the striatal DA system does not result in enhancement 

of audiogenic seizure, then it would seem unlikely that DA is an inhibi

tory modulator of audiogenic convulsions. 

The results of the experiment in which 6-OHDA was injected into 

neonatal rats are in agreement with the hypothesis that noradrenergic 

inhibition of seizure occurs in the cerebral cortex, although the possi

bility exists that the effect of this treatment on ARS was due to NE 

depletion in the spinal cord. 6-Hydroxydopamine appears to produce 

an anomalous increase of NE in the pons-medulla, rather than a decrease. 

This increase is readily explained, however, on the basis of observa

tions by Thoenen and Tranzer (1968) and Tranzer and Thoenen (1968). 

These investigators demonstrated that under certain conditions nerve 

terminals are destroyed by 6-OHDA without destruction of cell bodies. 

Since virtually all of the NE systems in the brain have cell bodies in 

the pons-medulla, degeneration of the peripheral portion of the NE-

containing cells would result in accumulation of NE in this region. It 
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is of interest to note that Ungerstedt (1971) used this effect exten

sively to map catecholamine pathways. On the other hand, in a situation 

in which the drug comes in contact with the somata of the cells, suffi

cient drug may enter the cell, and the destructive effect would occur at 

the site of the cell body. 

Destruction of the locus coeruleus by radiofrequency lesions 

produced functional loss of the locus coeruleus-cortical noradrenergic 

system, as demonstrated by the depletion of NE from the cerehral cortex. 

The lesions resulted in a marked increase of seizure intensity. Since 

NE was not depleted from any of the other regions, and since DA was un

affected in all regions, this experiment provides strong support to the 

hypothesis that NE serves as an inhibitory modulator of seizures in the 

cerebral cortex. 

NE-containing nerve terminals would be expected to undergo de

generation in the cortex and hypothalamus following destructive lesion-

ing of the locus coeruleus, since these are the areas innervated by 

locus coeruleus noradrenergic neurones. However, unlike the cortex, the 

hypothalamus contains many additional noradrenergic terminals which 

arise from neurones in brainstem areas other than the locus coeruleus. 

For this apparent reason, no measurable decrease in hypothalamic NE con

centration occurred, despite significant reduction of cortical NE con

centration. 



CHAPTER 5 

EFFECT OF SELECTIVE DOPAMINE DEPLETION • 
ON AUDIOGENIC SEIZURE 

Although there is substantial evidence that endogenous NE func

tions to moderate seizure discharge in the brain, there is controversy 

that endogenous DA has a similar function. One of the problems con

cerned with efforts to delineate the role of DA in seizure activity is 

the lack of selective means for manipulation of brain concentration of 

dopamine. Hence, in a recent study of the relationship between NE, DA, 

and AGS, Jobe, Picchioni, and Chin (1973a) could only state that NE is 

the more important catecholamine in the modulation of AGS. 

This study was performed in an attempt to resolve the contro

versy concerning the role of DA in audiogenic seizure by means of a re

cently developed procedure which causes selective degeneration of 

dopaminergic neurones (Taylor and Laverty, 1972). The technique en-

ployed involved blocking the uptake of 6-OHDA into noradrenergic neu

rones. The ability of 6-OHDA to produce degeneration of 

catecholamine-containing neurones is dependent upon two factors: 1) 

transport of the drug into the appropriate nerve endings, a selective 

factor, and 2) intraneuronal conversion of 6-OHDA to a neurotoxic prod

uct, a nonspecific factor (Powell and Heacock, 1973). Transport of 6-

OHDA into catecholamine-containing terminals appears to involve the 

same uptake mechanism for neuronal uptake of catecholamines (Malmfors 

and Sachs, 1968; Jonsson and Sachs, 1970; Jonsson, 1971; Hill et al., 
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1973). Desipramine is an inhibitor of this uptake process (Carlson and 

Waldeck, 1965; Iversen, 1967; Berti and Shore, 1967; Glowinski and Axel-

rod, 1964) and appears to inhibit uptake more markedly in noradrenergic 

fibers than in dopaminergic fibers (Haggendal and Hamberger, 1967; 

Snyder, Green, and Hendley, 1968; Fuxe and Ungerstedt, 1968). It has 

been demonstrated that pretreatment of animals with a tricyclic ccm-

pound such as desipramine, protriptyline, or imipramine before adminis

tration of 6-CHDA spares the destruction of noradrenergic neurones but 

not that of dopaminergic neurones (Taylor and Laverty, 1972; Breese and 

Traylor, 1971; Cooper et al., 1970; Evetts and Iversen, 1970). 

Methods 

Forty-four female audiogenic rats previously screened for mini

mal seizure response (ARS of 2 or 3) were used in this study. All rats 

were implanted with peimanent intracerebroventricular cannulae. Seven 

days after cannulation, animals were tested for minimal audiogenic sei

zure response and were divided into 4 groups. Treatments were as fol

lows: Group I (controls), 20 yl of normal saline containing 0.01? 

ascorbic acid was injected into the ventricle one hour following intra

peritoneal injection of deionized water, 1 ml/kg; Group II, 20 yl of 

saline-ascorbic acid vehicle injected intraventricularly one hour fol

lowing an intraperitoneal injection of desipramine 25 mg/kg in a volume 

of 1 ml/kg; Group III, 200 yg of 6-OIIDA. in 20 yl of saline-ascorbic acid 

vehicle was injected intraventricularly one hour after an intraperi

toneal injection of deionized water, 1 ml/kg; Group IV, 200 yg of 6-CHDA 

in saline-ascorbic acid vehicle was injected intraventricularly 1 hour 
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following intraperitoneal injection of desipramine, 25 mg/kg in a volume 

of 1 ml/kg. 

Seven days following treatment, 4 animals from each group were 

sacrificed and brain regions were assayed for NE and DA content. The 

remaining rats were tested for ARS. 

Results 

Desipramine produced no significant change in concentration of 

catecholamines in any region of the brain that was assayed (Table 10) 

and it caused no significant change in ARS (Table 11). 6-Hydroxydop-

amine caused significant reduction of NE concentration in all 6 regions 

of the CNS assayed (Table 10); significant reduction of DA concentration 

in the cortex, striatum, and hypothalamus (Table 10); and significant 

reduction of ARS (Table 11). In comparison, the combination treatment 

of desipramine followed by 6-OHDA produced no significant change in NE 

concentration in any of the 6 regions assayed, a significant decrease in 

DA concentration in the cortex and striatum (Table 10), and no signifi

cant change in ARS (Table 11). 

Discussion 

Depletion of NE by 6-OHDA was effectively prevented by pretreat-

ment with desipramine, whereas DA depletion in the cortex and striatum 

was not prevented. If dopaminergic transmission were a significant fac

tor in inhibitory modulation of audiogenic seizures, either the intra-

cortical DA system or the nigro-striatal DA system, or both would 

probably be involved, since these are the two most widespread dopaminer

gic systems described in the brain. Since DA in both of these systems 



Table 10. The Effect of Intraventricular Inj ection of 6-Hydroxydopamine Following Intraperitoneal 
Injection of Desipramine on Regional Brain Catecholamine Concentrations. 

Percent of Control Catecholamine Concentration3 ± S.E.M. 

Desipraminê  6-0HDAc Desipraminê  + 6-OHDA 

Brain Region NE DA NE DA NE DA 

Cortex 85.1 + 3.0 92. 3 ± 20.6 16.9 ± 1.7 19. ,8 ± 2.9 77. 9 ± 8.2 8.4 ± 2.6 
NS NS (P < 0.005) (P < 0. ,005) NS CP < .005) 

Spinal Cord 97.9 + 6.5 123. 0 ± 45.9 13.4 ± 5.3 82. 4 ± 25.1 79. ,9 ± 6.2 46.1 ± 16.5 Spinal Cord 
NS NS (P < 0.005) NS NS NS 

Striatum 80.5 ± 10.9 95. 3 ± 1.9 29.1 ± 6.5 55. ,2 ± 3.5 55. 9 ± 23.1 36.5 ± 1.9 
NS NS (P < 0.005) (P < 0. ,005) NS (p < o. ,005) 

Hypothalamus 87.5 + 5.3 24. 3 ± 17.2 32.7 ± 6.0 4. 8 ± 4.8 88. 8 ± 8.8 33.7 ± 19.8 
NS NS (P < 0.005) CP < 0. ,025) NS NS 

Pons-Medulla 95.3 + 3.7 112. 5 ± 54.8 35.5 ± 4.5 70. 4 ± 14.1 89. 7 ± 6.2 103.9 ± 12.4 
NS NS (P < 0.005) NS NS NS 

Remainder 75.5 + 6.6 97. 9 ± 27.7 12.3 ± 3.4 59. 7 ± 14.8 88. 6 ± 8.5 53.7 ± 20.7 
NS NS (P < 0.005) NS NS NS 

a. Catecholamine concentration was determined 7 days following injections. N = 4. 
b. Desipramine HC1, 25 mg/kg, i.p. + intraventricular injection of saline-ascorbic acid vehicle, 20 

yl, 1 hour later. 
c. Distilled water, 1 ml/kg, i.p. + intraventricular injection of 6-OHDA, 200 yg/20 yl, 1 hour later. 
d. Desipramine HC1, 25 mg/kg, i.p. + intraventricular injection of 6-OHDA, 200 yg/20 yl, 1 hour 

later. 
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Table 11. The Effect of Intraventricular Iniection of 6-Hydroxydopamine 
Following Pretreatment With Desipramine on Audiogenic Re
sponse Score. 

Audiogenic Seizure Response Score ± S.E.M. 
, Desipramine 

Control5 Desipramine 6-0HDAc + 6-OHDÂ  

Pre 2.4 ± 0.3 2.9 ± 0.5 3.0 •
 

o
 

+1 

2.6 ± 0.5 
treatment 

POSt- £ 2.6 ± 0.3 3.1 ± 0.4 7.1 ± 0.9 3.0 ± 0.6 
treatment (P < 0.001)8 

a. Distilled water, 1 ml/kg, i.p. + intraventricular injection of 
saline-ascorbic acid vehicle, 20 yl, 1 hour later. 

b. Desipramine HC1, 25 mg/kg, i.p. + intraventricular injection of 
saline-ascorbic acid vehicle, 20 yl, 1 hour later. 

c. Distilled water, 1 ml/kg, i.p. + intraventricular injection of 
6-QHDA, 200 yg/20 yl, 1 hour later. 

d. Desipramine HC1, 25 mg/kg, i.p. + intraventricular injection of 
6-QHDA, 200 yg/20 yl, 1 hour later. 

e. Rats were tested for minimal response 7 days after surgery, 2 days 
before injections. N = 7. 

f. Rats were tested for ARS 7 days after injections. 
g. Compared to pretreatment Audiogenic Response Score. 
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was severely and selectively depleted without an increase of audiogenic 

seizure severity, it is suggested that DA is not involved as an inhibi

tory modulator of audiogenic seizures. Although previous experiments in 

this investigation resulted in seizure enhancement in the absence of 

changes of dopamine concentration, no evidence had been provided which 

indicated that selective depletion of DA fail to increase seizure in

tensity. 



CHAPTER 6 

GENERAL DISCUSSION 

The observation that injection of 6-OHDA into the region of the 

MFB intensifies audiogenic seizure appears to support the contention of 

Jobe, Picchioni, and Chin (1973a) that NE is important in the modulation 

of sound-induced seizures. Furthermore, since 6-OHDA is expected to 

cause degeneration of noradrenergic fibers distal to the site of injec

tion it would be expected that norepinephrine-containing nerve terminals 

throughout the cortex would be destroyed. Dopamine-containing terminals 

in the cortex, on the other hand, would not be expected to be affected 

since they appear to be a part of an intracortical system (Thierry et 

al., 1973). Therefore, it was hypothesized that noradrenergic terminals 

in the cerebral cortex are part of an inhibitory modulating system which 

tends to decrease severity of audiogenic seizure. Unfortunately, assays 

of various brain regions, following injection of 6-OHDA into the MFB re

vealed that NE was markedly depleted not only in the cerebral cortex, 

but also in the hypothalamus, striatum, pons-medulla, spinal cord, and 

remainder of the brain. Hence the biochemical data did not emphasize 

the cortex as an important site of seizure modulation. Furthermore, the 

biochemical data failed to indicate the relative importance of the 2 

catecholamines since DA was found to be depleted in the striatum. 

Subsequently it was observed that peripheral injection of 6-OHDA 

into newborn rats caused depletion of NE in the cortex and spinal cord, 
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no depletion of DA in any region of the central nervous system (CNS), 

and a marked enhancement of AGS. These results suggest that NE is the 

more important catecholamine for modulation of seizure. Bilateral le

sions of the locus coeruleus caused depletion of NE in the cortex only 

with no effect on DA concentration in any region of the central nervous 

system and a pronounced increase in severity of AGS. These data em

phasize that NE is important in the modulation of AGS and that the 

cerebral cortex is the brain region involved. 

The observation that seizure enhancement can occur without de

pletion of DA does not preclude the possibility of the existence of a 

modulatory role for this catecholamine in AGS. Therefore, an experiment 

was conducted to evaluate the importance of DA in the modulation of AGS 

by producing selective degeneration of dopaminergic neurones by means of 

peripheral injection of desipramine followed by intraventricular injec

tion of 6-OHDA. Although DA concentration in the cerebral cortex and 

striatum was severely depleted, the severity of AGS was not increased. 

These results provide convincing evidence that DA is not functionally 

important in modulation of seizure. 

Although NE profoundly affects the severity of audiogenic sei

zures, it has been reported that depletion of biogenic amine does not 

render nonaudiogenic animals sensitive to sound-induced convulsion (Leh-

mann and Busnel, 1963; Jobe, Picchioni, and Chin, 1973a; Laird, 1974). 

The abnormality which is responsible for genesis of audiogenic seizures 

appears to be in subcortical structures. Removal of major portions of 

the cortex (Weiner and Morgan, 1945) or interruption of cortical func

tion by topical application of potassium chloride solution (Kesner, 
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0'Kelly, and Thomas, 1965) does not prevent the seizure response in 

audiogenic rats. The results of experiments conducted by Koenig (1957), 

Kesner (1966), and Duplisse et al. (1974) suggest that audiogenic sei

zures occur as a result of abnormal collateral spreading of impulses 

from the auditory pathway, perhaps at the level of the inferior colli-

culus. Defect of the GABA system in the inferior colliculus has been 

suggested as a predisposing factor for sensitivity to sound-induced sei

zures (Duplisse et al., 1974). In this regard, it is noteworthy that 

bilateral injection of Ro 4-1428 or 6-OHDA. into the inferior colliculi 

failed to modify severity of AGS. These findings imply that factors 

which are responsible for susceptibility to sound-induced seizures are 

distinct from factors which determine severity of AGS, a distinction 

which is commonly ignored in the literature. 

A further inference, involving the neurophysiological role of 

norepinephrine, can be made when the results of the present investiga

tion are viewed in conjunction with the work of other investigators. It 

is important to note that the results provided by this investigator are 

sufficient to allow one to ascribe a specific inhibitory or excitatory 

transmitting role to NE in its seizure-modulating capacity. For ex

ample, NE could be acting as an excitatory transmitter, producing re

cruitment of some inhibitory system. However, Jordan, Lake and Phillis 

(1972) indicate that the only cortical cells which react to NE become 

hyperpolarized. They showed that microiontophoretic application of NE 

to 67 cortical cells resulted in inhibitory responses from 66% of the 

cells and no response from 341 of the cells. None of the cells exhib

ited an excitatory response. In view of these findings and the results 



of the present investigation it may be stated that depletion of NE in 

the cortex causes a release of inhibition, thus allowing seizure dis

charge to spread more extensively. 

Conclusions 

1. Norepinephrine exerts an inhibitory modulating effect on audio 

genie seizure through an effect at the level of the cerebral 

cortex. 

2. Dopamine does not have a functional role in the modulation of 

audiogenic seizure. 



APPENDIX A 

INTRACEREBRAL INJECTION TECHNIQUE 

# 

I. Equipment and Materials 

A. Stereotaxic Instrument: David Kopf Instruments, Los Angeles. 

B. Dental drill: model no. 73, Foredom Electric Co., Inc. 

C. Doriot hand piece: model 42, Foredom Electric Co., Inc. 

D. Dental burr: #4 round, Gebr. Brassier, West Germany. 

E. Anchor Screws: size 2-56 x 1/8, stainless steel, H. M. Harper 

Company, Chicago. 

F. Cannulae holders: 30 ga. needles were used. For single cannu-

lae, the needle was cut to 5 mm length and held in the stereo

taxic instrument without further alteration. For bilateral 

cannulae, two 30 ga. needles were soldered to a single shaft 

made of 20 ga. stainless steel, holding the 30 ga. needles the 

appropriate distance apart. 

G. Cannulae: Cannulae were made from Monoject 23 ga. x 1 inch 

length disposable aluminum-hubbed injection needles. The back 

of the hub was clipped off with a pair of wire cutters and filed 

flat until only 2 mm of hub remained attached to the needle. 

The needle was then cut to the desired length. The tips of the 

cannulae were tapered with a fine abrasive sharpening stone. 

Total length of cannulae used for hypothalamus, MFB, and 
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reticular formation was 12 mm. All other cannulae were 8 mm in 

overall length. 

H. Stylets: Stylets were made from Monoject 30 ga. short dental 

needles. The back of the hub was clipped away with a pair of 

wire cutters and not filed down, thus leaving the lumen of the 

needle pinched off and closed at the point where it was cut. 

Stylets were then placed in their cannulae and the tip was cut 

to the length of the cannula and smoothed with a fine abrasive 

stone. 

I. Injection apparatus: Injections were made with a Monoject 30 

ga. short dental needle. The length of the needle for each 

study was such that when placed in a cannula, the tip of the 

injection needle would protrude 0.5 mm beyond the tip of the 

cannula. The needle was connected to a Hamilton microliter 

syringe (10 or 100 pi) with a short length of PE 100 polyethy-

ene tubing. 

II. Implantation Procedure 

A. Anesthetize rat with intravenous (tail vein) injection of 

methohexital (Brevital, Eli Lilly § Co.), in a strength of 10 

mg/ml. An initial dose of 2 to 3 mg is generally sufficient for 

short procedures, but the needle should be left in the vein for 

supplementary injections of the anesthetic if needed. 

B. Place the rat in the stereotaxic instrument. 

C. Make a midline incision through the scalp extending from a point 

approximately one centimeter anterior to the bregma to the cau

dal edge of the interparietal plate of the skull. 
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D. Spread the incision apart and scrape away all tissue from the 

surface of the skull and wipe the skull surface clean and dry 

with sterile gauze. 

E. By means of a dental drill with a #4 round dental burr, drill 

holes for the cannulae. 

F. Drill 3 holes in a triangular pattern around the cannula holes 

such that the holes are approximately one centimeter apart and 

the cannula holes are approximately in the center of the trian

gle. 

G. Wipe the entire area clean with sterile gauze â d thread round-

top stainless steel anchor screws (1/8 x 80) into the three 

holes that form the triangle. The tip of each screw should 

protrude no more than 0.5 mm below the inner surface of the 

skull. 

H. Penetrate the dura below each cannula hole with a sterile sharp 

23 ga. needle and lower cannulae into position. 

I. Cement the cannulae to the skull with orthodontic resin. Form 

a cap with the resin such that the cannulae are held firmly in 

place with the anchor screws. 

J. After the resin has hardened, close the incision with sutures 

placed anterior and posterior to the cap, pulling the edges of 

the incision snuggly up against the base of the cap. 

K. Animals should not be tested for audiogenic response until at 

least one week following surgery. 
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Table A-l. Stereotaxic Coordinates for Injection of Ro 4-1284 and 6-
Hydroxydopamine. 

Cannula placement was verified by the histological method described in 
Appendix E. Data from animals whose cannulae were more than 0.5 mm from 
the desired location were excluded from the study. For injection of 
drugs into the lateral ventricle, stereotaxic coordinates were not used; 
the cannula hole was drilled in the skull 2 mm lateral and 1 mm caudal 
to the bregma, and the cannula tip was lowered to a point 4 mm below the 
surface of the skull. 

mm Anterior mm Below mm Lateral 
to Ear-bars Skull Surface to Midline 

Midbrain Area 1.00 6.00 1.40 

Inf. Colliculus 0.30 3.80 2.30 

Hypothalamus 4.90 7.80 1.00 

Frontal Cortex 11.00 2.50 2.00 

MFB 7.00 6.50 1.60 



APPENDIX B 

HISTOCHEMICAL FLUORESCENCE TECHNIQUE 
FOR DIRECT OBSERVATION OF NOREPINEPHRINE 

AND DOPAMINE 

I. Equipment 

A. Isopentane cooling apparatus: This apparatus consists of 2 

compartments. The outer compartment (Fluo-War Flask, 4000 ml, 

Virtis Co., Inc.) contains liquid nitrogen. The inner compart

ment (stainless steel beaker, 600 ml) suspends isopentane in the 

liquid nitrogen. A small copper basket (14 mesh, 55 mm diame

ter, 35 mm height) is used to confine the tissue while freezing. 

B. Temporary storage container for brain tissue: Fluo-War Flask, 

800- ml, Virtis Co., Inc. 

C. Aluminum foil container: The container is made from 3 thick

nesses of aluminum foil and is 63 mm long, 35 mm wide and 15 mm 

deep. 

D. Plastic tray: The bottom of the tray is made of polyethylene 

plastic 6 mm thick, 136 mm long and 89 mm wide. The walls of the 

tray which are 2.5 nm thick and 25 mm high describe an inner 

compartment for brain tissue and a surrounding outer compartment 

for granular phosphorus pentoxide. The outer compartment is 83 

mm wide and 121 mm long, whereas the inner compartment is 51 mm 

wide and 81 mm long. 
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E. Glass lyophilization chamber: Freeze-drying flask with ground 

glass flange, 1000 ml, Virtis Co., Inc. The top has a vented 

19/38 ground glass outer joint. The chamber is held horizon

tally by a wooden rack. 

F. Dry-air box: The box is made from stainless steel and is 600 mm 

high, 500 mm long and 376 mm wide. It has a glass window for 

viewing and 2 arm ports fitted with long surgical gloves for 

manipulation of tissue. 

G. Wire rack: The rack consists of an 18 mesh copper screen bottom 

(130 mm diameter) on which 8 wire cylinders (15 mm height, 25 mm 

diameter) are attached. 

H. Paraformaldehyde humidifying chamber: Glass desiccator, 250 mm 

inside diameter, Kimax, Owens-Illinois Glass Co. The proper 

sulfuric acid solution is placed in the bottom of the desicca

tor. Paraformaldehyde powder is held in a crystallization dish 

(170 mm diameter, 100 mm height) which rests inside the desicca

tor. 

I. Formaldehyde reaction chamber: A glass desiccator (170 mm diam

eter) is fitted with a two-piece wooden clamp in order to secure 

the lid during heating. 

J. Constant temperature oven: Isotemp Oven, Fisher Scientific Co. 

K. Vacuum pump: Duo Seal Vacuum Pump, model 1405, Welch Scientific 

Co. A 3-way glass stopcock connects the pump, lyophilization 

chamber and air intake. The air intake is fitted with a silica 

gel column. A vacuum gauge (McLeod Gauge, Virtis Co., Inc.) is 

placed between the pump and the stopcock. High vacuum rubber 
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tubing and metal hose clamps are used for the various connec

tions. A 19/38 ground glass joint connects the vacuum system 

to the lid of the glass lyophilization chamber. 

L. Bnbedding chamber: The embedding chamber consists of 2 halves 

joined together with a 24/40 ground glass connector. The lower 

half is a 125 ml flat-bottom boiling flask. The upper half, 

which is mounted with a vacuum outlet, has a chamber positioned 

for short-term storage of brain tissue. A photograph of this 

apparatus is shown by Falck and Owman (1965). 

M. Metal cylinder: The metal cylinder is made from a polished 

steel, nickel plated cork borer and is approximately 200 mm 

long and 18 mm in diameter. 

N. Tissue embedding medium: Paraplast, Van Waters and Rogers, Inc. 

0. Microtome: American Optical Co. 

P. Slide warmer: Chicago Surgical and Electrical Co. 

Q. Glass slides: 1 mm, Corning Glass Works. 

R. Cover glass: No. 0, Corning Glass Works. 

S. Fluorescence microscope: Ortholux, model 250, E. Leitz, Inc. 

T. iFilm: Black and white photographs were made with Kodak Tri-X 

Pan 35 mm film. 

Materials and Solutions 

A. High vacuum grease (silicone lubricant): Dow Corning Co. 

B. Humidified paraformaldehyde: A 10 ml layer of paraformaldehyde 

(Fisher Scientific Co.) is placed in the crystallization dish 

and subjected to a relative humidity of 58.31, 70.41 or 97.51 in 

the humidifying chamber for at least 5 days prior to use. These 
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humidities were obtained by use of sulfuric acid solutions with 

densities equal to 1.3 g/ml, 1.25 g/ml or 1.05 g/ml, respective

ly. 

C. Isopentane: pure grade, Phillips Petroleum Company. 

D. Phosphorus pentoxide, granular: analyzed reagent grade, J. T. 

Baker Chemical Co. 

E. Phosphorus pentoxide, powder: Mallinckrodt Chemical Works. 

F. Silica gel: 6 to 16 mesh, Fisher Scientific Co. 

III. Procedure 

A. Lyophilization Step 

1. Decapitate animal. 

2. Remove brain (steps 1 and 2 should require less than 2 min

utes) . 

3. Remove brain area containing desired portion of hypothala

mus, nucleus caudatus putamen and globus pallidus. With a 

scalpel make an anterior coronal section at the intersection 

of the optic nerves and a posterior coronal section approxi

mately 4 mm from the first cut. 

4. Place the brain tissue on a numbered copper plate so that 

the anterior surface makes contact with the plate. 

5. Stain the posterior side (now facing upward) with approxi

mately 1 mcl of eosin dye. 

6. Drop tissue and plate into isopentane cooled with liquid ni

trogen. Both solid and liquid isopentane should be present 

during the freezing procedure. 
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7. After 1 minute transfer tissue and plate to a 10 ml beaker 

filled with liquid nitrogen. 

8. For temporary storage place the 10 ml beaker in a large con

tainer of liquid nitrogen. Tissues may be stored for at 

least 24 hours in liquid nitrogen. 

9. Transfer tissue and plate to the aluminum foil container 

filled with liquid nitrogen. Care should be taken to keep 

tissue covered with liquid nitrogen. 

10. Fill outer compartment of the plastic tray with granular 

phosphorus pentoxide. 

11. Place the aluminum foil container into the inner compartment 

of the plastic tray. 

12. Insert the plastic tray into the glass lyophilization cham

ber which has been stored in a freezing unit at less than 

-45°C. 

13. Place a thin film of high vacuum grease on the ground glass 

lip of the chamber and its lip. 

14. Grease and attach the vacuum pump connection to chamber lid. 

15. Press lid into position on lyophilization chamber and at the 

same time activate vacuum pump. 

16. After the liquid nitrogen and residual isopentane have va

porized reduce the chamber pressure to less than 0.005 mm 

Hg. 

17. Continue lyophilization for 3 days at a temperature of ap

proximately -30°C. 
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B. Formaldehyde Treatment Step 

1. Remove glass chamber from freezing unit and slowly adjust 

temperature of chamber to approximately 35°C. 

2. Slowly release vacuum by allowing room air to enter the 

chamber after passing through 6 x 0.5 inch silica gel col

umn. 

3. Remove chamber lid and quickly transfer plastic tray to dry-

air box. 

4. Carefully transfer the tissue to the appropriate basket in 

the wire rack. 

5. Place paraformaldehyde into formaldehyde reaction chamber 

which has been heated to 80°C. Use the humidified paraform

aldehyde prepared in 58.3% relative humidity for develop

ment of catecholamines. 

6. Transfer wire rack from dry-air box to reaction chamber. 

7. Secure reaction chamber lid and place in constant tempera

ture oven at 80°C for 1 hour. 

8. Remove reaction chamber from oven and allow to cool in a 

stream of room air for 30 minutes. 

9. Slowly remove reaction chamber lid. 

10. Transfer wire rack to vacuum desiccator containing powdered 

phosphorus pentoxide. If overnight storage is desired re

duce desiccator pressure to less than 0.05 mm Hg and protect 

from light. Before removing tissue from desiccator increase 

internal pressure as specified in step 2 above. 



Embedding Step 

1. Place an appropriate amount of tissue embedding medium into 

lower half of embedding chamber. Melt in a water bath 

heated to 60°C. 

2. Transfer a tissue into the upper half of the embedding cham

ber, connect upper portion to lower half of chamber and re

duce pressure to less than 0.05 mm Hg. 

3. Tip the specimen into the liquefied tissue embedding medium 

by tilting the chamber and tapping the upper half. Care 

should be taken to avoid coating the inside wall of the up

per half of the chamber with liquefied embedding medium. 

4. Infiltrate for 20 minutes. 

5. Release vacuum and remove bottom half of chamber from water 

bath. 

6. Trap tissue (stained side up) inside the metal cylinder. 

7. Cool lower half of chamber and cylinder with dry ice for 20 

minutes. 

8. Remove metal cylinder from chamber. The metal cylinder now 

contains the tissue surrounded by solidified tissue embed

ding medium and tissue from the cylinder with aid of a glass 

rod. Tissues can now be stored at room temperature for sev

eral weeks if protected from light. 

Fluorescence Viewing Step 

1. Mount the embedded tissue on microtome so that sectioning 

begins at the unstained surface. 

2. Section tissue at a thickness of 10 microns. 



When sectioning reaches a depth of 140 microns from the an

terior (unstained) surface, collect sections and place on a 

dry slide. This portion corresponds to the section which is 

5780 microns anterior to the frontal zero plane as described 

by Konig and Klippel (1963). 

Transfer the slide to a slide warmer, maintained at 60° to 

65°C, to allow the paraplast to melt and the sections to 

spread. Remove from heat and allow to solidify. 

Place cover glass over tissue and view with the aid of a 

fluorescence microscope. With the third ventricle as a 

guide, the nucleus periventricularis hypothalami is viewed 

0.8 to 0.9 mm dorsal to the ventral surface of the brain. 

Intense green to yellow-green discrete fluorescence appears 

in varicosities of nerve fibers in this region. 

Photograph the various areas soon after exposure to the ac

tivating light since loss of sane fluorescence occurs after 

about 3 minutes. 



APPENDIX C 

SPECTROPHOTOFLUORDMETRIC ASSAY OF 
NOREPINEPHRINE AND DOPAMINE 

Equipment 

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

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

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

D. Spectrophotofluorometer: Aminco-Bowman, American Instrument Co. 

(photomultiplier tube IP21, slit size, 3/16 for activation and 

1/32 for emission). 

Removal and Dissection of Brain 

A. The entire procedure should not take more than 3 minutes per 

rat. 

B. Decapitate rat. 

C. Make a midline sagital incision through the skin and peel the 

skin away from the top of the animal's skull, exposing the dor

sal flat surface of the skull. 

D. Insert point of scissors into foramen magnum and make a longitu

dinal cut along each lateral perimeter of the dorsal flat sur

face of the skull. 

E. Invert the head over a glass plate resting on a bed of crushed 

ice and using a stainless steel microspatula, pry the brain out 

of the skull and place it on the glass plate. 
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F. Using a sharp scalpel, make a coronal cut at the level of the 

anterior commisure and optic chiasm. The tissue thus removed is 

a portion of the anterior part of the caudate (striatum). This 

small part of the caudate is removed from the frontal cortex and 

will be added to the rest of the caudate. The frontal cortex is 

placed in a vial which will contain the rest of the cortex. 

G. Peel back the cortex from each hemisphere and place all cortical 

tissue in a tared glass vial. 

H. Remove the remaining part of the caudate and place all caudate 

tissue in a tared vial. 

I. Invert the brain and remove the hypothalamus and pons-medulla as 

illustrated in the diagrams by Glowinski and Iversen (1966), 

and place each into a separate tared vial. 

J. The remainder of the brain is placed in a tared vial and assayed 

as "remainder." 

K. Remove approximately 3 cm of the spine and after cutting it into 

4 sections, remove the cord from each section and place the 

pieces of cord into a tared vial. 

L. Store the tissues at approximately -20°C until the assay is per

formed. 

. Extraction 

A. Weigh frozen brain samples representing the same brain region of 

treated or control animals to the nearest milligram. 

B. Homogenize tissue in 10 volumes of acidified butanol, using a 

glass tissue grinder. For samples weighing less than 300 mg, 
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sufficient 0.1 N HC1 is added to make 300 mg, and the tissue is 

homogenized with 3.0 ml of acidified butanol. 

C. Prepare a recovery standard by adding 0.1 ml of a 0.1 N HC1 so

lution containing 0.1 yg each of norepinephrine and dopamine, 

diluted on the day of the assay from a stock solution containing 

100 ug/ml of amine. To the 0.1 ml of standard is added 0.2 ml 

of 0.1 N HC1 and 3 ml of acidified butanol. 

D. Prepare a recovery blank by adding 0.3 ml of 0.1 N HC1 to 3 ml 

of acidified butanol. 

E. After homogenization, transfer each sample to a 15 ml glass-

stoppered centrifuge tube, shake for 5 minutes, and centrifuge 

at 3000 rpm for 5 minutes. 

F. Add 2.5 ml of butanol extract from each sample to each of a sec

ond set of centrifuge tubes containing 7 ml N-heptane and 0.3 ml 

of 0.1 N HC1. 

G. Shake for 10 minutes and centrifuge at 3000 rpm for 5 minutes. 

H. Aspirate and discard the organic phase. 

I. Catecholamines are now in the remaining acid extract. 

Alumina Treatment 

A. Add 0.2 ml of acid extract to 1.3 ml distilled water in a 15 ml 

glass-stoppered centrifuge tube. 

B. Add 0.2 gm alumina, previously prepared by the method of Crout 

(1961). 

C. Add 2 ml of 2 M sodium acetate, shake gently for 10 minutes, and 

centrifuge at 3000 rpm for 5 minutes. 
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D. Aspirate and discard the supernatant. The amines are now ab

sorbed onto the alumina. 

E. Wash by adding 2 ml of distilled water, shake gently for 2 min

utes, centrifuge at 3000 rpm for 5 minutes, aspirate and discard 

the water. 

F. Elute the catecholamines from the alumina with 2 ml of 0.1 N 

acetic acid. 

G. Shake gently for 10 minutes and centrifuge at 3000 rpm for 5 

minutes. 

H. The amines are now in the supernatant acetic acid and can be 

stored overnight at this stage if desired. 

V. Assay 

A. Place 1.0 ml of the acetic acid eluate from each sample in a 5 

ml test tube. 

B. Prepare an assay standard by adding 0.1 ml of 0.1 N HC1 contain

ing 0.1 meg of each amine to 0.9 ml of the 0.1 N acetic acid in 

a 5 ml test tube. 

C. Prepare an assay blank by adding 0.1 ml of 0.1 N HC1 to 0.9 ml 

of 0.1 N acetic acid in a 5 ml test tube. 

D. Prepare a tissue blank by adding 1.0 ml of a composite of the 

remainder of the acetic acid eluate from each tissue sample to 

a 5 ml test tube. 

E. Add 0.2 ml of EDTA reagent to each sample and mix. 

TIMING STARTS AT THIS POINT. 

F. Add 0.1 ml of I2 reagent and mix on a vortex blender. 
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G. At exactly 2 minutes add 0.2 ml of freshly prepared alkaline 

sulfite solution and mix. 

H. At exactly 2 minutes add 0.2 ml of 5.0 N acetic acid and mix. 

I. Place tubes in a boiling water bath for 2 minutes, remove, and 

cool in a tap water bath. 

J. Transfer each sample to a quartz cuvette and read fluorescence 

for NE at activation peak 385 mu and emission peak 485 my. 

K. Transfer samples back to original tubes and place in boiling 

water bath for 5 additional minutes, and cool in a tap water 

bath. 

L. Transfer each sample to a quartz cuvette and read fluorescence 

for DA at activation peak 320 mu and emission peak 370 mu. 

VI. Solutions 

A. Acidified Butanol: Add 0.85 ml of concentrated HC1 to 1 liter 

of reagent grade n-butanol. Store in refrigerator. 

B. 0.1 N HC1: Dilute 8.5 ml of concentrated HC1 to 1000 ml with 

distilled water. Store in refrigerator. 

C. 2 M Sodium Acetate: Dissolve 82 gm of anhydrous sodium acetate 

in a sufficient quantity of water to make 500 ml. 

D. Heptane: Phillips Petroleum Co., pure grade. 

E. 0.1 N Acetic Acid: Dilute 5.7 ml of glacial acetic acid to 1 

liter with distilled water. 

F. EDTA Reagent: Dissolve 37.2 gm of disodium ethylenediamine 

tetraacetate dihydrate in sufficient 1 M sodium acetate to make 

1 liter. Adjust pH to 7.0 by dropwise addition of 2.5 N NaOH. 
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G. Iodine Reagent: Dissolve 1.27 gm iodine in sufficient absolute 

ethanol to make 100 ml. Store in refrigerator. 

H. Alkaline Sulfite Solution: Dilute 1 ml of a Na2S0j solution 

(2.5 gm of anhydrous salt in 10 ml of water) with a sufficient 

quantity of 2.5 N NaOH to make 10 ml. 

I. 5 N Acetic Acid: Dilute 28.5 ml of glacial acetic acid to 100 

ml with distilled water. 

J. Acid-washed Alumina: 

1. Boil 200-300 gm of neutral chromatographic grade aluminum 

oxide in 1 liter of 2 N HC1 for 30 minutes. 

2. Allow to cool to room temperature and pour off cloudy super

natant . 

3. Stir alumina briefly in 1 liter of deionized water and allow 

to settle for 5 minutes. 

4. Decant supernatant and repeat washing with deionized water 

until pH of wash water is approximately 4.3. 

5. Collect on a large suction funnel, dry overnight at room 

temperature, then heat in an oven at 100°C for 2 hours. 
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Table C-l. Control Values for Catecholamine Concentrations in Various 
Brain Areas.a 

Below, in tabular form, are typical control values for catecholamine 
concentrations. Since all the data in the text are listed as percent of 
control, the data in this table can serve as a point of reference for 
those who may wish to know the approximate concentration observed after 
a particular treatment. The data were taken from the experiment de
scribed in Chapter 5. 

Mean Concentration yg/gram 

NE DA 

Cortex 0.22 + .01 0.23 + .02 

Cord 0.25 + .01 0.05 + .02 

Striatum 0.14 + .02 4.11 + .47 

Hypothalamus 1.40 + .07 0.10 + .05 

Pons-Medulla 0.37 + .01 0.04 + .02 

Remainder 0.26 + .02 0.08 + .01 

a. Mean concentration in yg/gram wet tissue, N = 4. 



APPENDIX D 

INTRACEREBRAL LESIONS 

Equipment and Materials 

A. Stereotaxic instrument: David Kopf Instruments, Los Angeles.-' 

B. Lesion maker: model LM - 4 Radiofrequency Lesion Maker, Grass 

Instruments, Quincy, Mass. 

C. Electrode: Made from 20 ga. stainless steel wire and insulated 

with 3 coats of Epoxylite 6001-M, electrode insulator, Epoxylite 

Corporation, El Monte, California. 

D. Dental drill: model no. 73, Foredom Electric Co., Inc. 

E. Doriot hand piece: model 42, Foredom Electric Co., Inc. 

F. Dental Burr: #4 round, Gebr. Brassier, West Germany. 

G. Gelfoam: Upjohn Co., Kalamazoo, Michigan. 

Procedure 

A. Anethetize animal and place in stereotaxic instrument as de

scribed in Appendix A, except that the rat's abdomen is resting 

on a cotton pad saturated in 0.91 saline, and in close contact 

with the ground electrode. 

B. Make a midline incision to the surface of the skull extending 

from a point approximately 1/2 cm anterior to the bregma and 

extending to the caudal edge of the interparietal plate of the 

skull. 
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C. Drill entry holes for the electrode using a #4 round dental 

burr. 

D. Break the dura where the electrode is to enter using a sterile 

23 ga. needle. 

E. Lower the electrode into position. 

F. Firmly secure the body of the animal to the table with a length 

of 1 inch adhesive tape. 

G. Apply current. 

H. Move the electrode to the contralateral position and apply cur

rent. 

I. Remove electrode and plug holes with a small piece of gelfoam 

to stop bleeding. 

J. Close wound with sutures. 



APPENDIX E 

PREPARATION OF HISTOLOGICAL SECTIONS 

I. Equipment 

A. Cryostat microtome: American Optical Co. 

B. Laboratory oven: Maintained at 50°C. 

II. Materials 

A. Glass microscope slides: Gold Seal. 

B. Cover slips: Corning Glass Works. 

C. Clear fingernail polish: Avon Products, Inc. 

D. Normal saline (0.9% NaCl). 

E. 10% formaldehyde. 

F. Sucrose solution: 

Distilled Water 1000 cc 

Add 50 drops of 10% acetic acid to each 300 cc, filter, and 
keep in oven at 50°C. May be used many times. 

III. Preparation of Brain 

A. Anesthetize rat in ether chamber. 

B. Open thoracic cavity and sever renal vein. 

C. Using a 23 ga. scalp vein needle, infuse 50 cc of normal saline, 

then 50 cc of 10% formaldehyde into left ventricle of heart. 

Sucrose 
Gum Acacia 
Thymol 
Water 

100 gm 
5 gm 
1 small crystal 
sufficient to make 500 ml 

G. Stain (Cresyl Violet) 

Cresyl 1 gm 
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D. Decapitate animal and remove brain. 

E. Soak brain in 101 formaldehyde for 24 hours. 

F. Rinse with distilled water for 2 hours. 

G. Soak in sucrose solution for 24 hours. 

III. Preparation of Sections 

A. Mount brain on cryostat block holder with the brain having been 

coroiially cut about 1 mm anterior to the area being examined. 

B. Allow brain to remain inside cryostat for at least 30 minutes to 

become frozen (-10°C). 

C. Take 40 micron serial sections of brain. 

D. Place sections on glass slides previously coated with a thin 

layer of albumin. 

E. Place slides in oven at 50°C overnight. 

IV. Staining Procedure 

A. Soak dried slides in baths of 1001, 95%, and 701 ethyl alcohol 

for 3 minutes each. 

B. Soak in distilled water for 3 minutes. 

C. Soak in cresyl stain which had been previously brought to 50°C 

for 1 minute. 

D. Soak in distilled water for 10 minutes. 

E. Soak in 70%, 95%, and 100% ethyl alcohol for 3 minutes each. 

F. Soak in 2 changes of xylene for 3 minutes each. 

G. Allow to dry. 

H. Place 1 small drop of clear fingernail polish on stained section 

and apply cover slip. 



APPENDIX F 

STATISTICAL ANALYSIS OF DATA 

All data in Chapters 3 and 4 involved comparisons of single 

treatment groups with their respective controls. For all these com

parisons, Student's t was used. 

t = the calculated Student's t value 

x = the mean for a treatment or control 

s = sample standard deviation 

n = the number of samples in a group 

1 and 2 represent the treatment 

All data in Chapter 5 involved comparisons of three treatment 

groups with one control. For these comparisons Dunnett's t statistic 

was used (Winer, 1971). 

x 
1 t 
s 

_ X1 " X2 

" 1 MSE/n 

t = Dunnett's t statistic 

x = the mean for a treatment or control 

n = number of samples 

MSE = mean square error 
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