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ABSTRACT 

The role of forebrain noradrenaline in seizures induced 

by e l e c trical stimulation of t he anterior neocortex 

(kindling) was investigated in control rats and rats 

pretreated with bilateral injections of 6-hydroxydopamine 

(6-0HDA ) into the mesencephalic trajectory of the dorsal 

tegmental noradrenergic bundle . Extensive depletion of 

forebrain noradrenaline (arbitrarily defined as greater than 

80~ signifi cantly facilitated the rate of kindling of 

cortico- generalized 

6- 0HDA-treated rats 

seizures. In 

that showed 

contrast , 

minimal 

a group 

depletion 

of 

of 

noradrenaline (arbitrarily defined as 80% or lesaj appeared 

to develop generalize d sei zures at a s l o wer rate than 

controls. 

The present findings extend previous observat i ons that 

6-0HDA-induced depletion of noradrenal ine faci litates 

amygdaloid kindling , by demonstrating that cortical kindling 

is similarly affected . 

Dr . Michael E. Corcoran 

Dr . Louis D. Costa 

Dr . Terry w. Pearson 
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INTRODUCTION 

"Kindling" (Goddar d, 1967; 

1969 ) refers to a mod e l of 

Goddard , 

epile psy 

McIntyr e & Leech, 

in which repeated 

electrical s·timula tion of certain areas of the brain may 

trigger epilept i form afterdischarges (ADs) . Racine ( 1 978) 

defined kindling as, 11 ••• a progressive increase in neura l 

responsivity produced by spaced and r epeat ed ep ileptoge nic 

stimulation of certain brain structures" (p. 234) . When 

the ADs a r e triggered r epeatedly and spaced in tim e , ~ 

number of changes occur in t he electrographic and 

be havio ural r esponse (Goddard et al . , 1969 ; Racine, 

1972a , b). These changes include increases in the duration, 

spik e amplitude, and spike freg ue ncy of the ADs and 

propagation of the activity to other brain sites coincident 

with t he development of clinical convulsions . De creases in 

the threshold of the ADs and an increases in the strength of 

the convuls ion are also observed ( Racine , 1 972a , b). 

A reversal of kindling has not been reported ; rather i t 

has been observed that i ts effects are long lasting (Goddard 

et al ., 1 969 ; Racine, 1978 ; Wada & Sato , 1 974). Indeed , 

spontaneo usly e vo k ed seizures in kindled animal s ha ve been 

r eport e d (Pinel, 

Corcoran, 1 974). 

Mucha & Phillips , 1975 ; Wada , Sato & 
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The appeal of kindling as a model of epilepsy to 

neuroscientists is twofold. First, unlike with other models 

s uch as chemical lesions, greater control can be exercised 

over site of stimulation , and the frequency and intensity of 

stimulation can be precisely graded. Second, it is one of 

the few models of neural plasticity that involves a 

permanent arid stabl e change in brain function without any 

apparent tissue damage . A number of studies using a variety 

of techniques have supported the latter contenticn. For 

example , using the Nissl stain, Goddard et al. (1 969 ) 

reported that the tissue surrounding the tip of the 

stimul ating electrode was not damaged. 

Attempts to find structur al changes in kindled as 

compar e d to nonkindled tissue have either failed or have 

produce d ambiguous results. Racine, Tuff and Zaide (197 5 ) 

used the Golgi-Cox technique and found no changes in 

dendritic spine size or density in the cortex of cortically 

kindl e d rats. At th e ultrastructural level, Goddard and 

Douglas (1 975 ) r e ported increases in synaptic terminal size 

in the amygdala of amygdaloid kir-dled rats, but qualified 

these results by identifying a confounding variable {i. e ., 

the control vs kindled groups differed in electrode 

placem e nt). However, they found no gross abnormality in the 

synaptic morphology of stimulated neurons . Racin e and Zaide 

(1 978) found an incre a se in the size of synaptic terminals 



in kindl ed as compared to nonkind l ed rats, 

degeneration was reported . 
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but again no 

For the most part , the earl y work that was carried out 

on kifidling in the rat focused on l imbic sites , i n 

particular the amygdala (Goddard et al. , 1 969; Racine , 

1972a,b) . Goddard et al . (1 969 ) noted , however , that a 

small area of the afiterior do r sal cortex was very 

responsive. The y r eferred to it as the " anterior limbic 

fiel d . " Racine (19 75 ) showed that limbic forebrain and 

paleocortical sites r espon ded simi l arly to kindling, but 

that neocortical sites responded differently . 

Burnham (1 978) de:scribed the ext.ent to which 

"limbic-type" and "cortical - type " r esponses differ. When 

stimulation i s initially appliad to limbic sites , short 

localized ADs are produced . convulsion s do not accompany 

these ADs and often no change in the rat's behaviour is 

observed ( Burnham 1978 ; Goddard et al ., 1969 ; Racine, 

1972a) . Early stimulation of the anterior · neocorte x also 

produces brief, s imple AD s . These ADs are some what similar 

to the early ADs triggered from l imbic sites, althcugh they 

are short e r in duration (Burnham, 1 978 ) . Every AD triggered 

by stimulation of the anterior n eocortex is , howe ver , 

accompanied by a con vulsion that exactly matches it i n 

duration (Burnham , 197 8 ; Rac ine , 1 975) . 
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clinical The patterns of devel opment of generalized 

con vulsi ons al so di ffer in these t wo types of 

Limb ic kindling begins with trief focal ADs 

kindl ing . 

that l ater 

become longer and partially genera l ized con vulsions that may 

be co upled with immobility and stereotyped faci a l mov ements. 

In time , f u lly generalized convulsicns with bilateral c lonic 

movements i nvol ving the whol e bcdy are obse r ved . Finally , a 

characteristic rearing and falling pattern emerges typicall y 

referred to as a stage- 5 convulsicn (Burnham , 1978; Godda r d 

et a 1. , 1 9 6 9 ; Racine , 1 9 7 2 a , b) • 

The v ery differe nt pattern of seizure dev elopment in 

the anterior neocortex is best seen at near-threshold 

stimulation levels . As noted above , even the first AD i s 

accompanied by a convulsion . Con vulsions are usually mild 

and involve mouth mo vements and myoclonic contracticns of 

the forelimbs (C 1) . If stimul ation is repeated, the 

predominantly clonic con v ul sion ( C1) takes on a c l onic - tcn i c 

form (C1+T). This is seen as an imme diate loss of pcstural 

control and extension of the forelimbs and head 

(episthoton us - like ) . The de velopment then proceeds to 

include a late clonic stage , thus giving the overall 

convulsi on a tripartite form (C1+T+C2 ) . Al l of the abo ve 

takes place in approximately the first 15 days of 

stimulation , before any growth in AD duration occurs 

(Bur nham, 19 78 ; Racine , 1975) . 
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The pattern of growth of AD duration also seems to 

diffe r between the two types of kindling. Stimulation of 

limbic sites produces AD growth that 

sudden incre ments (see Fig. 1A; 

ten ds to tak e place in 

Burnha m, 19 7 5). The 

achi e vement of l ong 11 mature" electrographic seizures is 

roug h ly corre lated with 

"rearing- fallin g" convul s ions 

cortico- generali zed seizures , 

the onset of ge ne ralized 

(Bur nham , 1 9 7 5 , 1 9 7 8 ) • In 

AD durations grow slowly and 

gradually except for one l a rge step at the end (see Fig . 1B; 

Burnham , 197 8) . As AD growth progresses , the l ate clonic 

phase of the convulsion (C2) grows as well, keeping ~ace 

with the AD dev e lopm ent. Thus, C2 lasts longer and longer, 

gradually dev elopin g into a full-scale stage- 5 con vulsion 

(Racine , 1972b ) identical to those tri ggered from limbic 

sites . This growth of con vul s ive activity keeps pace with 

the growth of AD duration up to a length of 20- 30 seconds , 

at which point a final l arge growth in AD duration occurs 

unacc ompanied by a change in the duration of the convuls i on . 

Propogation of AD outside the cortex i s i ncreased at this 

stage , and Burnham (1 9 75 ) r eferr e d to this l ater phase of 

cortical kindling as t he "cortico- generalized response. " 

There are t wo other characteristics of cortical 

kindling that differentiate it from limbic kindling . First , 

some cor tically stimul a t ed rats do not seem to generalize a t 

all and continue to e xhibit only focal seizures (Burnham, 
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1978). S~cond , a few cortical l y st i mulated rats display one 

generalized seizure in the first week, 

regress to the focal l evel . 

after which seiz ures 

To develop stable 

cortico- generalized seizures , a large number of s ubseg uent 

daily stimul ations are then needed (Burnham , 1 978). 

Mature cortico- generalized seizures are nearly 

ide ntical to limbic generalized se izures . For example, the 

duration of the AD is approximately egual in the two gro ups , 

and the convulsions con s i st predominant l y of rearing and 

falling in both. A period of posticta l hyperarousability, 

initially reported by Racine (1 972b ) with limbic gen e ralized 

seizures, i s also ob served after cortico-generalized 

seizures. In addition , postictal spikes are observed in the 

EEG. 

There does however seem to be one distinct differ ence 

between the two types of seizure: the brief period of tonus 

observed at the start of the cortico- general iz ed seizure. 

Occasionally, some clonus (C1) is seen at the start of 

cortico- generalized seizures (limbic kindled sub j ects 

us ually exhibit facial a utomat isms) but this i s often 

concealed by the tonic phase , wh ich has a very short latency 

in mature seizures . 

As ment i oned above , kindling dces not r es ult from 

edema , gliosis , poisoning or tiss u e damage at the tip of the 

stimulating electrode . It has been hypothes ize d that 
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kindling involves a permanent transsynaptic change in brain 

function, and a great deal of work has been done to identify 

the neurotransmitters involved . Much of the attention i n 

this area has been paid to the ca~echolamines dopamine (DA) 

and noradrenaline (NA). The work that has been conducted 

has applied one or both of two experimental approaches: the 

correlative ·approach and the interventive approach. At this 

time, I shall review some of the relevant literature on this 

subject (f o r a more detailed review , see Corcoran, 1981). 

The findings of studies seeking catecholamine 

correlates of kindling have been inconsistent . Sato and 

Nakashima (1 975) were th e first to report that kindling may 

be correlated with chang e s in catecholamine concentrations. 

Ihey found that hippocampal kindled cats showed a depletion 

of both DA and NA in cortical samples . Research of later 

i n vestigators attempted to specify which catecholamine is 

critically involved. Ca llaghan and Schwark (1979) reported 

that amygdal oid kindling in rats was accompanied by a 

depletion of NA in the hippocampus, midbrain, limbic lcbe, 

and frontal cortex , but no effect on DA concentrations were 

observe d. In contrast, Engel and Sharpless (1977) found 

that amygdaloid kindling produced a s ignificant depletion of 

DA in the stimulated amygdala, whereas the observed 

deple tion of NA wa s not significantly greater than . that 

produced mere l y by implantation of electrodes. Finally, 
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Wilkison and Halpern (1 979 ) investigated turnover rates of 

catecholamines in the forebrain of amygdaloid kindled rats 

(measurements of the depletion of DA and NA after the 

administration of the tyrosine hydroxylase inhibi tor alpha 

methyl-p-tyrosine methylester ( AMPT ) wer e used). They fcund 

a significant increase in the 

the hemisphere i psilateral 

whereas there was no effect of 

constants . 

DA turno ver rate constants in 

to el ectrical st i mulation , 

kindling on NA turnover rate 

The rate-limiting step in the biosynthe tic pathway of 

the catecholamines is th e conversion of tyrosine to L-DOPA 

by the action of the enzyme tyrosine hydroxylase ( TH), and 

several investigators have attempted to describe the effects 

of kindling on TH activity. Farjo and Blackwood (1 978) 

measured TH activ ity in the hippccampus , thalamus , 

hypothalamus , frontal cortex, striat um, and amygdala of 

amygdaloid kindled rats . A consistent and significant 

de crease in 1H activity was found only in the stimulated 

amygdala . In addition , Reedy , McGee r , Staines and Corcoran 

(1 978) found no change in TH activity in the olfactory t ulbs 

and caudat e nucleus of amygdaloid kindled rats. 

The ques tion of whether there is a catecholaminergic 

involve ment i n kindling is not adequate ly answered by the 

corre l a tive work . More consistent findings have, how3ver , 

been obtained in studies using the interventive approach. 



The first 

ki n dli!lg , 

Racine and 
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indication of cat9chclamine invo l vement i n 

using this 

wise ( 1973 ). 

appr oach , was reported by Arnol d , 

Their results showed that rats 

receiving intraventricular infusions of 6- hydroxydopamine 

(6 - 0HDA), a neurotoxin that is sel ectively t ak9n u p by axons 

and terminal s of catecholaminergic neurons and damages or 

kills them , or i ntraperitoneal injections of r eserpine , a 

drug that interferes with the uptake and storage mechanism 

of the amine granules , reguired significantly fewer 

amygdal oid stimulations than control rats to dev elop 

convulsions . Since both catecholamines were depleted , it 

was not possible 

responsible for 

to determine if either DA or 

this marked facilitation . 

NA a l one was 

Similarly, 

Corcoran , Fibiger, McCaughran and Wada (1 9 74) found a 

facilitation of amygdal oid k indling by an intra v entric ular 

i njection of 6 - 0HDA . The experimental group that had a 

l arge depletion of both DA and NA showed the facilitation , 

whereas a group with approximately the same NA depletion but 

a much smaller DA dep l e tion was not significantly differe nt 

from control s . Thes9 results suggest t hat the facilitaticn 

is due to either a combined depletion cf NA and DA or to a 

depl e tion of DA alone . McIntyre , s aar i and Pappas ( 19 7 9 ) 

also used intrave ntricular injections of 6 - 0HDA and tried to 

establish the catecholamine of importance in the production 

of the facilitation of amygdaloid kindl ing . They found that 
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a group with depletion of both DA and NA sho wed this 

f acilitaticn, but tha t a depletion of DA alone was without 

effect . Depletion of DA alone was accomplished by firs t 

giving the lat ter group a s ubcutaneou s inj ection of 

desme thylimiprimine (DMI), a drug that provides protection 

of NA n e uron s fro m 6-OHDA. These results suggest that a 

combine d depletion of DA and NA or dep l e tion o f NA alone 

coul d produce the effect . 

Corco r an and Mason (1980 ) e xa mined more precisely the 

role of NA by injecting 6-OHtA in to the tilateral 

traj e ctories of the as c ending NA fibres in th2 dorsal 

bundl es in the mesen cephalon. This produces a depletion of 

NA i n the diencephalic and telencephalic terminal s of t he 

ascending n oradrenergic axons that arise from the locus 

co e rule us , but spares DA and spinal and cerebellar NA. They 

r eported that depl et ion of NA alone wa s s ufficient to 

facilitate amygdaloid kindling. Eh l ers , Clifton and Sawyer 

(1 980 ) confirmed these results. They transected the 

bilat eral ascending ncradrenergic pathways and found a 

significant facilitation of amygdaloid kindling. In 

addi tion , they reported a significant corre l ation between 

the concent r ation of NA i n the amygdala and periamygdaloid 

cortex and the nu mber of ADs r equired for the dev elopment of 

fully kindled seiz ures . Further , Cal l aghan and Sch wark 

(1 979 ) r eported that dr ugs that inhibit the synthesis of NA , 
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ANPT and 

kindling. 

disulfiram, 

similarly , 

enhanced the 

administration 

rate of amygdaloid 

cf propranolal, a 

B-adrenergic receptor blocker, produced the same effect , 

thus suggesting that it i s at this receptor that NA exerts 

an antikindling effect. In contrast , pimozide, a DA 

antagonist , and apomorphine , a DA agoni st , had no effect. 

Finally, McIntyre ( 1980) depleted NA in the amygdala by a 

local injection of 6 - 0HDA and found a facilitation of 

kindling when stimulation was carried out in the NA-depleted 

amygdala, but not in the contralateral amygdala. 

In summary , the interventive studies suggest that NA 

plays a specific role in kindling. Its proposed role is one 

of a central seizure-suppressant substance (Corcoran, 1979; 

Corcoran, 1 981; Corcoran & Mason , 1980) • The reports 

dealing with the role of DA are l ess consistent, but seem to 

indicate that it i s not a c atecholamine cf major importance 

in the kindling process. 

The above r esults have, howe ver , been found exclusi ve ly 

with limbic kindling . It would be of interest to know the 

effects of selective depletion of forebrain NA on cortical 

kindling (i . e ., on focal cortical and cortico-generalized 

convulsions). The present study attempts to 

role of NA in de ve lopment of cortical kindling . 

mind that the cortico- generalized seizure 

examine the 

Bearing in 

is almost 

identical to the limbic-generalized seizure , I hypothesized 
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that since depletion of NA facilitates the development of 

the limbic - generalized seizure, it will also facilitate 

the development of the cortico-generalized seizure (i. e. , 

the rate at which the focal seizure generalizes into the 

cortico-generalized seizure will be increased). In 

addition, in limbic kindling depletion of NA fails to affect 

the development of the focal response , the threshold at 

which AD is elicited , the duration of the initial AD, and 

the duration of the first generalized seizure. Therefore I 

did not expect to find that depletion of NA would alter 

these measures with cortical kindling. 
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ftETHOD 

Injection of 6-0HDA 

Male hooded rats (Canadian Breeding Farms, St. 

Constants , Quebec). we i ghing afproximately 300 grams at the 

time of s urgery were used , with 7 rats in each grou p 

comple ting the experiment. Under pentobarbital anesthesia 

on e group of animals r eceiv ed stereotaxic injections of 

6-0HDA via a 34-ga uge cannula in to the bilateral 

tra j ectories o f the ascending NA fibers. Th e following 

coordinates were used to position the cannula, with 

interaural zero as base value : anterior 2.6 mm, lat eral 

1.1 mm , and dorsal 3. 7 mm . Four µ g of 6-0HDA ( 6 - 0HDA HBr, 

we ight expressed as free base) diss olve d in 2µ.l of 0.9% 

saline {containing 0 . 2mg/ml ascorbic acid as antioxidant ) 

were infus€d bilaterally at the r ate of 1 ),1.1/min . To permit 

diffusion of the drug t he cannula was l e ft in pl ace for an 

additional minute after the end of the inject i on . Rats in 

the control group r eceiv ed similar bilateral injections of 

an equal volume of a saline - ascorbic acid v ehicle. 



Electrode imElantation 

Two weeks after the injections 

bipolar electrodes were implant ed 
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of 6-0HDA or yehicle , 

bilaterally into the 

anterior neocortex using conventional stereotaxic 

t echniques . The electrodes used were bipolar and consist of 

twisted nichrome wire 127pm in diameter. The following 

coordinates ·were used: 3 . 5 mm anterior to bregma, 1. 5 mm 

lateral, and 2.0 mm ventral from the s uperior surface of the 

skull, with the incisor bar at +5.0 mm. 

· ~!!!.Q!ing 

Kindling began approximately two weeks after el ectrode 

implantation and thus four weeks after the injections of 

6-0HDA. lhis time interval, according to Ross and Reis 

(1 974), is sufficient for the completion of a nte rograde 

degeneraticn of catecholaminergic neurons. Each rat 

received electrical stimulation for one sec daily. 

Stimulation was a constant- current, balanced biphasic 

square wa ve, with a pulse width of 1.0 ms and a frequency of 

60 Hz. 

Determination of thres hold 

Initially, stimulation was gi ven at an intensi~y of 100 

jJ-A (base to peak} and was raised by 200,µA daily until AD was 

e voke d. Thus AD threshold is arbitrarily defined here as 
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the low est intensity of stim ulaticn that evoked AD. Pilot 

work indica t e d that 100)-'A wa s s ubthreshold for cortical AD. 

Seizure develo2ment 

Daily application 

threshold i ntensity 

of electrical 

proceeded unti l 

stimulation at 

t en fullbl o wn 

cortico-generalized seizures were e vok e d. A 

cortico-generalized seizure was def ined by Burnham (19 80) as 

" a cortex-triggered se i z ure ... (that) consis t ed of an 

electrographic discharge which l asted 30 or more seconds and 

was accompanied by a convulsion which involved an episode of 

'lo.te • (rearing- falling ) clonus" (p . 1 63 ). Further 

stimulation was suspended for se ven days so that I could 

investigate the persistence of the kindled seiz ures . That 

is, the number of stimulations required to rekindle 

cortico - generalized seizures after the 7-day r espite was 

measured. Stimulation was terminated at an arbitrary cutoff 

of 40 days ; therefore r ats that had not developed 

generalized convuls ions at that point we re ass ign ed a score 

of 41 but were not used in the statistica l analysis . 

The seiz ur e data measured throughout kindling were the 

duration of t he first AD (sec), the number of ADs to the 

first cortico-generalized seizure , and t he duration of t he 

first cortico-generalized clinica l con vul sion ( sec) . 
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After completion 

concentrations of NA 

of 

were 

the behavioural 

sampled in the trains 
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testing 

of 6 

experimental rats and 5 control rats. The rats were 

sacrificed by cervical fracture, and the brains were quickly 

disected on ·ice into hippocampi (left and right hemispheres 

pooled ) and left and right cortices. Concentraticns of NA 

in these regions were measured by using a 

spectrophotofluorometric technique (McGeer 6 McGeer, 19 62). 

This assay involves measurement of a fluorescent derivative 

of NA (i. e ., 3, 5, 6 , trihydroxyindole; see A_ppendix I) and 

served to confirm the extent of the NA depletion in the 

experimental rats as compared to concentrations of NA in 

control rats . In addition, concentrations of NA were 

measure d in the brains of 3 6-0HDA-treated rats that bad 

failed to develop generalized seiz ures within 40 days. 

Confirmation of electrode Elacement 

The brains of the r emaining 2 exper imental rats and 2 

control rats were used for histological confirmation of 

placement of the e l ectrodes . The rats were . perfused with 

0.9% saline followed by 1 0% formalin . The brains were then 

removed and frozen sections in the area of the electrcde 

tips we r e taken and stained with cresy l violet . 



Statistics 

A multivariate t-test with 
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3 dependent variables 

(ini tia l AD duration, threshold, and duration of 1st 

generalized seizure) was used to analyze the data (Clyde , 

1969; Harris, 197 5). A multivariate analysis was us ed 

because of my a priori hypothesis that these 3 variatles 

would not differentiate the groups in the whole test space. 

In addition, a one-tailed t-test was performed on the rate 

of generalization data (Winer , 1962) because I hypothesize d 

that the groups ~Q~1£ differ on this dependent variable in a 

specific directi on . 
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Confirmation of NA de£letion 
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Based on the r esults of the spectroph otofluorometric 

assay (see Ap pendix I ), the rats were divided into 3 gro ups . 

There were 5 rats in the control group , and inclusion of the 

2 rats whose brains were rese rve d for histology brought the 

total n in this group to 7. Five 6-0HDA-treated rats 

constituted an experimental group with extens i ve depletion 

of NA, arbitrarily de fined as greater t han 80% , and in this 

grou p I arbitrarily included two 6- 0HDA-treated-rats whose 

brain s were reserved for histol ogy. As shown in Table 1, 

the rats with extensive depl eticn of NA sho wed mean 

de pletions of greater than 95% in the terminal regions 

sampled . The r emaining group with minimal depletion of NA, 

arbitraril y defined as 80% or less, comprised four 

6-0HDA-treated rats that displayed mean dapletion of NA of 

l ess than 8% (i. e ., NA concentrations of 92% of control ) in 

the pool ed hi ppocampi, a mean depl et i on of NA in the l eft 

cortex of less than 5% , and a mean depl etion of NA in the 

right corte x of less than 5% . Beca use only 1 of the 4 rats 
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with minimal NA depletion developed genera lized seizures 

within the 40-day period of the study, this group _was not 

included in statistical analysis. 

Confirmation of electrode ~lacements 

Histological confirmation of sample cortical electrode 

placements indicated that electrodes were accurately placed . . 

Kigg!ing 

Early manifestation of ~i~g!ing 

For the data of the control rats and experimental rats 

with extensive depletion of NA a multivariate t-test was 

pe rformed on the early manifestations of kindling (i. e ., 

threshold and duration of the 1st AD; Table 2) and the 

duration of the first gene ralized ccnvulsion (Table 3). The 

analysis indicated that depletion of NA failed to 

significantly affect these variables ( 2 >0 . 364; Table 4). 

]~!~ 2t generalization 

A one-tailed t-tes t 

effects of depletion of NA 

was performed to examine the 

on the number of ADs to first 

stage -5 seizure (Table 3). The ana lysis (Tab+e 5) indicated 

that NA-depleted rats developed generalized seizures 

significantly more rapidly than the control group { Q 

<0.003). Indeed, the NA-depleted rats required less than 
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half as many ADs as control (means of 10 .71 vs . 23 .43) to 

de velop stage - 5 seizures . F i nally, t he r a t e of 

generalization of only 1 control rat (8 ADs ) fell with i n the 

r ange ( 6-1 6 ADs ) of t h e exper imenta l g r cuf . 

Pers istenc e o f §§!~yre2 

The n um ber of stimulations r eg uired to r ekindl e 

cortico- generalized seizures after a 7-day respite was 

measured in 1 0 r ats , 6 experimentals a n d 4 controls . All 

rats showed stage- 5 seizures on the first stim ulation after 

the 7-day r espite . 

~~t§ ~it£ mi nimal de2l etion o f BA 

Fo ur 6 - 0HDA- treated rats that had minimal dep l etion of 

NA (see Results: Confirmation of NA Depletion , abo ve ) were 

not included in the statistical anal ysis, but t heir data are 

of i nterest . Of the 4, the rat with the most e xtensi ve 

depl etion {29 % in the pooled hippocampi , 9% in the left 

cortex , and 14% in the right cortex ) deve loped a general iied 

seizure on the twe nty- third AD . Ihe r e maining 3 rats did 

not devel op a generalized seizure within 40 ADs , at which 

point the experiment was terminated. 
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DISCUSSION 

In the present expe riment I examined the effects on 

cortical kindling of NA depletion produced by intraceretral 

injections of 6-0HDA. Depletion of forebrain NA 

(arbitrarily defined as greater than 80% ) facilitated the 

rate of kindling but prod uced no effect on any of the other 

electrographic and be havioura l variables. In contrast , a 

group of 6- 0HDA-treated rats that showed minimal depletion 

of NA {arbitrarily defined as 80% or less) appeared to 

de velop gene r a l ize d convulsions at a rate diff erent from 

both the experime ntal grou p and the contrcl group . I shall 

discuss each of the s e findings s e parately . 

Facilitation o f kindlin9 by extensive degetion of NA 
~ 

The r e s ults reported here extend pre vious observations 

that 6 - 0HDA-ind uc e d deple tion of NA facilitates amygdaloid 

kindling , by de mon s tra t i ng tha t c ortical kindling is 

similarly affected . There are s e v eral me c h anisms by which 

de ple tion of NA coul d faci l itate the rate of de ve lcpment of 

cortico-ge n e ralized s e izures : by incr e a s ing the 

epil e ptogenicity at the s ite of stimulation , b y facilitating 

the propaga tion o f AD outs ide th e are a of stimul ation , or 
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both. In that depletion of NA failed to affect the early 

manifestations of kindling such as threshold for cortical AD 

and the duration of the first cortical AD, it seems unlikely 

that the l ocal epilept ogenicity at the site of stimulaion 

was increased. Therefore, the observed facilitation is 

p~esumably a function of a disinhibition of the spread of 

epileptiform activity outside the area of stimulation . 

Noradrenergic mechanism s apparently control only the 

d e velo pme nt of kindling , as measures taken at the completion 

of kindling, after cortico-generalized seizures had been 

e s tablishe d failed to indica t e any differences between 

NA-de pleted and control rats. 

Effects of minimal deEletion of NA 

As mentioned above, four 6-0HDA-treate d rats appeared 

to de v e lop ge neraliz e d seizures at a rate different from 

both the e xperime ntal and control group (e xperimental grcup 

X= 10.71, control group X=23 . 43 , minimal d e pletion group 

X=36. 5) . These r esults s ugges t th a t pa rtial de ple tion of NA 

r e tarde d the rate of 

Th e partial d eple tion 

in turnove r of NA in 

de velopm ent of gen eralized s e izure s . 

ma y hav e l e d to s ubse quen t incre as e s 

unda mage d noradrene rgic t e rminals 

(Zigmond & Stri cker , 1974) or to posts ynaptic 

s upe r sen s itivity to NA r el ease d from these t e r mina l s 

(U'Prichard, Re i s ine , Mason, Fibig er , & Yamamura, 1 S 80) • 
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Either of these changes might have overcompensated for any 

facilitatory effect of NA depletion. A much more extensive 

depl etion of NA was found in the experimental group, 

howe ver, and any compensatory changes occurring in respcnse 

to degeneration of NA terminals were not sufficient to 

coun teract the facilitation of kindling produced by the 

treatment. Future studies might investigate this hypothesis 

by systematically producing different degrees of NA 

depletion and observing the effects on kindling. 

Im£lications 

Burnham (1978) showe d that kindling at a site in the 

anterior neocortex produces gen e ralized seizures almost 

identical to those triggered from sites in 

system. The present study extends his 

the limbic 

finding s by 

d e monstrating that NA plays a role in the development of 

cortical kindled seizures similar to its role in deve lopm ent 

of amygdaloid kindled seizures. In both cort ical and limbic 

kindl e d seiz ures , depletion of NA does n2t appear to affe ct 

the early manifestations of kindling. Howe ver , the 

development of g e ne ralize d seizures is similarly affected, 

in that the rate of d e velopme nt of g e ne ralized seiz ures is 

facilitated. Since the s eizures the mselve s and the effects 

of dep l e tion of NA on cortical and limbic kindling are 

similar , one might specul ate that d e ve lopme nt of ge neralize d 
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seizures at both sites proceeds by involve me nt of the same 

mechanisms. In addition, the present study fuither supports 

the proposed role of NA a s a seizure-suppressant substance 

that acts to restrict the spread of seizure discharge 

throughout the brain (Corcoran, 1979; Corcoran & Mason, 

1980 ) . 
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TA B LE 1 

Effec t s of 6- 0HDA on mean regiona l concentrations of NA 
in mic rograms of amine pe r gram wet we i ght of tissue . 
Value in parentheses i s the perce ntage depl etion . 

group 

control 

n =S 

experimental : 

extensive 

depl et ion 

n= 5 

experimental : 

minimal 

de pletion 

n= 4 

Hippoca mpus 

Me a n O. 3936 

SEN 0 . 0307 

Ran ge 0.320-0.488 

L. Corte x 

0 . 3 22 6 

C. 0291 

0 . 260 - 0 . 398 

R. Cortex 

0 . 309 5 

0. 029 7 

o. 227-0.3 80 

Mean 0 . 0 101 (97 . 4%) 0.011 5 (96 . 4% ) 0 . 004 7 (9iL5$;,) 

SE!1 0. 0050 0 . 0037 0.0017 

Range 0.000- 0 . 027 

Mean 0 . 36 46 (7.4 ?: ) 

SEtl 0 . 0445 

Range 0 . 200- 0 . 479 

0 . 006 - 0 . 026 

0 . 309 4 (4. 1 %) 

0. 029 1 

0 . 246- 0 . 386 

C. 000 - 0 . C09 

o. 2949 (4 . 7 ,, ) 

0 . 0546 

0 . 15 1-0 . 4 00 



TABLE 2 

Effects of intracrania l injections of 6-OHDA on e?rly 
manifestations of kindling 

'Ihre sh old YAA) 

control 

n=7 

Mean 

SD 

Range 

NA depleted Mean 

n=7 SD 

Range 

1028 . 57 

670.11 

10 0- 1800 

885.71 

307.83 

5 0 0-1300 

Duration of 
first AD (sec) 

11. 00 

3.00 

7-14 

11.57 

4.08 

7-17 

27 
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TABLE 3 

Effects of intracrani a l injections of 6-0HDA on kindli ng of 
generalized (stage-5) seizures 

control 

n=7 

NA depleted 

n=7 . 

# of ADs to fir s t . 
stage-5 seiz ure 

11 ean 

. SD 

Range 

tlean 

SD 

Range 

23 . 43 

8 . 14 

8-3 1 

10 . 7 1 

4.31 

6 - 16 

Dur·aticn of 
the first s t age - 5 
clinical con vulsion (sec) 

4 1. 86 

11 . 96 

25-62 

53.57 

1 0 . 75 

38-68 



TABLE 4 

Statistical analysis of the effect of the intracranial 
injections of 6-0HDA on cortical kindling · 

Test of Roots 

29 

1 through 1 1. 185 3.000 10.000 0.364 

Univariate F Tests Qf the 6-0HDA treatment effect 

Varia ble 

threshold 

Duration 
of first AD 

Duration of 
first gen. 
convulsion 

F(1, 12 ) 

0.263 

0.089 

3.712 

Mean Square 

714 2 7.625 

1.143 

4 80 . 28 7 

p less than 

0.618 

0. 770 

0.078 



'IABLE 5 

Statistical analysis of the effects of intracranial 
injections of 6-0HDA on the rate of generalization 

Source DF ss MS F p l ess than 

groups 1 565.784 565.784 13.3 35 0.003* 

within 12 509.143 42. 42 9 

totals 13 1074.927 

30 

* significant - the percentage of the variance accounted for by 

2 
the treatment i s R = .526, 52.6% 
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APPENDIX: I 

Rringiele of t he noradre na lin e assay 

c atecholamines will flu ore see ( 6Xci t ai:.ion peak , 2 85 nm ; 

emiss i o n, 32 5 nm), but this is no aid to their dete rmination 

i n ve ry small amounts . The prob l e m lies in the fact tha t 

this fluorescence i s a non specific prcpErty due to the 

phenol ring present in.the com0ound . One must tharefore 

convert the NA, and only the NA, into sub~tances that can be 

specifically i dentified fluorometrically. The assay 

i n volves the dete r mination of a d e rivative of NA , and not NA 

itself . The derivative us ed in the present technique is 

3 , 5 , 6 - trihydroxyindole . Th e reactions in t he forrn a ticn of 

this d e rivative are sho wn below (from Nagat s u , 1 973 ) . 

noradrenaline noradrenochrome 3,5,6-trihydroxyindole 

oxidation 

OH 
o~ OH-> J~-0\\ 
O~N) oH JvNJ 

I I 
H H 

rearrangement 
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The oxidation is carried out by iodine solution for 5 

minutes whereupon the r e action is stopped by sodium 

thiosulphate. Re arrange ment occurs in alkaline solution 

during exposure to light. 

Re fer ences 

Nagatsu, T., Biochemistry gf catecholamines , University Park 

Press , Tokyc , 197 3 . 
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