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ABSTRACT 

Seizure development provoked by electrical stimulation of 

the amygdala (kindling) was examined i n control rats and rats 

depl e t ed of forebra in noradrenaline (NA) by bil a t eral injections 

of 6-hydroxydopamine into the mesencephalic trajectory o f t he 

dorsal t egmental noradrenergic bundle . Half the rats were 

kindl ed with stimulation delivered at _the threshold intensity 

for amygdaloid afterdischa r ge (AD) and half with suprathr eshold 

stimulation . Both groups of NA-deple ted rats kindled significantly 

mor.e r ap jrJJ.y t:h,m con t·rols, And this f;ic:ilitAtive effec t of NA 

deplet ion did not vary as a function of the intens ity of stimula­

tion used. 

The present find ings r eplicate prev ious reports t ha t depletion 

of NA f acilitates the development of k indled se i zures . Furthermore , 

they demons trate tha t this effect occurs independent of the inten­

sity of st imulat ion used for kindling, a s long as the stimulation 

is sufficient to evoke AD. 
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Introduction 

The technique of "kindling" (Goddard, 1967; Goddard , McIntyre , 

& Leech, 1969) has been used extensively in the l ast decade in the 

scientific investigation of epilepsy. Kindling involves a "progressive 

increase in the strength of epileptiform activity evoked by spaced (in 

time) and repeated e l ectrical s timulation of certain brain structures " 

(Racine , 1978). The term kindling itself was proposed by the Canadian 

resear che r Graham Goddar d of Dalhousie Unive r sity , who, togethe r with 

his students , carried out many of the initial experiments in the field . 

This model of epilepsy has its basis in the observation that epi­

leptiform afterdischarges (ADs ) can be triggered when l ow intensity 

current of brief duration is passed through the unins ulated tip of 

electrodes implanted in certain brain areas . The responsiveness of 

the area depends upon its anatomical location . The ADs a r e initially 

weak, and little or no behavior a l signs are noted. Repetition of 

the stimulation at a fixed interval (e.g . ever y 24 hours) and a given 

magnitude of intens ity (usually a t or above the threshold for an AD, 

which is typically defined arbitrarily as the lowest intensity of 

stimulation that evokes an AD at the si t e of stimulati on) will eventually 

l ead t o an increase in ep_ilept i form activi t y , manifesting itself in 

typical behavioral r esponses and characteristic EEG patterns (Racine , 1978 ) . 

Kindling then can be defined as "the progressive increase in neural , 

r esponsivity produced by spaced and repeated epileptogenic stimulation of 

certai n brain structures" (Racine , 1978) . No reversal of the kindling 
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trea tment has been reported and many studies have shown that it is a long 

lasting effec t (Racine, 1978). Indeed , seizures have been r eported to occur 

spontaneously in kindled animal s (Pinel , Mucha , & Phillips , 1975; Wada, Sato , 

& Corcoran, 1974) . 

The kindling model of epilepsy offers several advantages over 

previously employed model s : The evolution and characteristics of 

electrophysiological patterns of seizures can be examined; alterations 

in stimulus parameters can be employed to mod ify the developmental 

sequence of the seizure s t ate ; and the epileptic focus can be precisely 

characterized anatomically , as well as neurophysiologically and 

neuroch~mically (Taber, McNamara , & Zornetzer, 1977) . 

One of the characteristics of the kindling phenomenon is 

that there a~p~ars to be little or no tissue damage produced in 

the stimulated site . Goddard et al . (1969) used the Nissl 

technique to examine tiss ue at the tip of the implanted e l ectrode 

and fou nd no significant difference be t ween a kindled group and 

a similar group with implanted e lectrodes that had received no 

stimulation. Racine, Tuff, and Zaide (1975) failed to find 

morphological changes in cortical pyramidal cell s in cortically 

kindled rats examined with the Golgi technique . Negative 

find ings were also r eported at the ultrastructura l leve l by Goddard 

and Douglas (1975) in the amygdala and by Racine and Zaide (1978) 

in the cortex. Consistent with this , Goddard et al . (1969) reported 

that tissue damage might actually interfere with the kindling process . 
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They made lesions at the tip of stimulating electrodes by passing 

weak direct currents for short periods . The small l esions thus pro­

duced actually interfered with the kindling process rather than facili­

tating it, suggesting that tissue damage is not a mechanism of kindling. 

If tissue damage is not involved , what are the causes for the 

occurrence of epileptiform behavior after repeated electrical stimula­

tion? The first relevant question that comes to mind in t his context 

is whether different stimulation sites differ in responsivity. Goddard 

et al. (1969 ) did a mapping study in order to assess the different 

responses toward kindling in the various brain areas. In order of 

decreasing rates of kindling the following sequence emerged: amygdala 

(with the fewest stimul ations necessary), globus pallidus, pyriform 

cortex, olfactory area , frontal area, entorhinal cortex , olfactory 

bulb, septal area, preoptic area , caudate putamen and hippocampus. 

They also reported that most brainstem and several neocortical and 

caudate sites tested did not show any kindling effect , even if 

stimulated up to 200 times. 

The amygdala is the area most frequently stimulated in the kindling 

paradigm, perhaps because it seems to display the fastest rate of 

kindling of a~y anatomical area tested . Many investigators have attempt­

ed to investigate the participation of other anatomical sites in amyg­

daloid kindling as this might help reveal some of the underlying 

mechanisms involved in the phenomenon. For example, McCaughran, Corcoran, 

and Wada (1976) examined the development of kind l ed amygdaloid seizures 
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after section of the for ebrain commissures in rats and concluded tha t 

transhemi spheric connections via the corpus callos um and r elated midline 

structures do not pla y an essential role in the development of convulsions. 

According to McCaughran et al. the integrity of extracommissural pathways 

is s ufficient t o support the development of gener alized amygdaloid seizur es. 

They furth er suggested that a t least one of these pathways involves the 

rostral thalamus . 

The effects of l esions of the frontal cortex on amygdaloid kindling 

were investigated by Cor coran, Urstad , McCaughran, and Wada (1975). Their 

results s ugges t that some areas of the frontal cor t ex par ticipate in the 

generaliza tion of amygdaloid seizures in the l ater s tages of kindling; 

they hypoth~siz ed furthe rmore that other structures , presumably in the 

brains t em, participate in the deve lopment of clinical manifes tations in 

the early stages of kindling. Mc Intyre (1975), who secti oned the 

commissures between hemisphe r es in t he rat brain and subsequently kindled 

the amygdala , provided another s trong argumen t for active involvement of 

the brainstem in amygdaloid kindling. He found that AD failed to propa­

gate to the contralateral amygdala during ki ndling of generalized seizures 

in forebrain- bisec t ed rats . \-lhen subsequently s t imulated in the contra­

lateral amygdala, however, these rats nonethe l ess s howed a ''transfe r 

effect'' , in which secondary- s ite (con tra l a t er a l) kindling occurs at a 

facilitated rate after the completion of primary-site kindling (Godda rd 

et al., 1969) . He concluded that since the primary-site discharge never 

reached the contrala t e r a l amygda la when the forebrain commissures were 
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transected, some brainstem sites must have been activel y involved . 

The exact details as to the anatomic mechanisms warra nt further 

research . 

In addition to the anatomic considerations , other phenomena, 

such as cytological, his t ol ogical, a nd neurochemi cal evidence have 

to be evaluated t o further investigate the ques tion of the mechanisms 

involved in kindling . 

As mentioned earlier, little or no tissue damage seems to take 

place in kindling . Presumably , the effect involves a permanent trans ­

synaptic change in brain function . Since neurochemical phenomena are 

essentiul in this proposed transsynaptic change, a close inves tigation 

of possibl e neurotransmitter systems is warranted . 

Most of the neurochemical work to •da te has deal t with the ques tions , 

"Which of the transmitter systems i s involved?" and "What are their 

respective roles in kindling?" For example , Arnold, Racine , a nd Wise 

(1973) reported tha t treatm.ent with atropine, a muscarinic acetylcho­

line antagonist, retarded the rate of amygdaloid kindling in rats . 

Corcoran , Wada, Wake , and Urstad (1976), on the other hand, fail e d to 

observe any effects of atropine on amygdaloid kindli ng in rat s a nd cats 

and ques t i oned the puta tive role of cholinoceptive neurons in kindling. 

To further complicate matters , McNamara (1978a) demonstrated a sel ective 

reduct ion in the numbe r of muscarinic cholinergic receptor binding sites 

in both amygdaloid regions of r a ts sacrificed 15 hours followin g comple ­

tion of kindling. McNamara (1978b) also demonstrated sel ective r eductions 

in beta-adrenergic r eceptor binding in rats killed 3 days after kindling 

was comple t e . The r eductions were observed in both the stimulated and 
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contralat eral amygdala; no other brain area showed this effect, how­

ever. Since in each of McNamara ' s studies the kindling stimulations 

were delivered hourly , the validity of these result s i s questionable . 

This i s because Mucha and Pine l (1977) have s hown that kindling pro ­

duces a gradual l y dissipating " inhibi tion " of s ubsequent seizur e 

r esponses (lasting approximately 90 minutes) which may significantl y 

alte r the neurochemical response ordinarily encounte r ed in the kindling 

phenomenon . Thus McNamara may have been measuring the neurochemical 

correlates of the inhibitory phenomenon and not of kindling itself. 

5-Hydroxytr yptamine (5-HT), a predominantly inhibitory transmitter, 

could also be a substance involved in the kindling phenomenon . Kovacs 

and Zoll (1974) r epor t ed that electrical stimulation of the raphe ~uc l ei , 

a major source of 5-HT fib~es , blocked kindled amygdaloid seizures . 

Raphe l esi ons , as r epor t ed by Racine (1978), significantl y facilitated 

both amygdaloid and co ~tical kindling . Racine con tended , however, that 

the overall effec t on the kindling phenomenon of manipulating the 5- HT 

system i s r e l atively weak. 

The neuro transmitte r s that have received the widest inte r es t in 

this context are the catechol amines dopamine (DA) and noradrenaline 

(NA). Unfor tuna t e l y , however , the results of many of the studies a r e 

contradictory. Sato and Nakashima (1975) reported, for example, that 

hippocampa l kindling resulted in a significant depl etion of whole-brain 

concentrations of both DA and NA in cats. Enge l and Sha r pless (1977) 



7 

found a consistent and significant decrease in the concentrations of 

both catecholamines in the stimulated amygdala of amygdaloid kindled 

rats . They observed depletion of DA only in kindled animals , whereas 

significant depletion of NA was also seen in nons timulated control 

r ats , presumably as a consequence merely of damage produced by implant­

ation of an electrode . Engel and Sha~pless conc luded that kindling 

produces either a persistent increase in DA releaRe and metabolism, 

unaccompanied by increased synthesis, or a persistent decrease in 

DA production. In contrast, Callaghan and Schwark (1979) reported 

that amygdaloid kindling in rats is accompanied by depletion of NA in 

discrete regions of the brain without alterations in concentrations of 

DA. Finally, Wilkison and Halpern (1979) investigated the turnover 

kineticR of DA cind NA in the forebrain of amygdal oid kindled rats. 

r eported that the turnover rate constants for NA were not affected by 

k_indling whereas signif::.cantly higher rate constants for turnover of DA 

occurred in the hemisphere in which the rats were kindled. 

The confusion produced by consideration of the conflicting r esults 

of the above neurochemical studies may be resolved by examining the 

effects on kindling of the neurotoxin 6- hydroxydopamine (3,4,6-trihydro­

xyphenylethylamine). When administered intravenously, 6- hydroxydopamine 

( 6- 0HDA) i s rapidly and selectively taken up into the catecholaminergic 

nerve endings of the sympathetic nervous system . Due to its selective 

distribution and concentration and its extr eme susceptibility to oxidation, 

6-01-IDA selectively destroys sympathetic neurons by causing acute degen­

eration of adrenergic terminals (Cooper , Bloom, & Roth, 1978). 6-0!-IDA 

greatly reduces tyrosine hydroxylase activity (the r ate-limiting enzyme 



Thus they suggested that deple tion of NA is the critical mechanism 

underlying the potentiation of kindling produced by intraventricular 

injections of 6-0HDA. 

9 

The above emphasis on the role of NA in kindling was confirmed in 

the study of Corcoran and Mason (in press). They depleted NA and DA 

selectively via intracerebral injections of 6- 0HDA and thus were able 

to discriminate between the influences of these two neurotransmitters . 

They concluded that depletion of NA in the forebrain terminals of the 

noradrenergic neurons i s sufficient to facil i tate kindling . Hence, the 

depletion of DA produced by intraventricular injection of 6-0HDA (Arnold 

et al., 1973; Corcoran et al ., 1974; McIntyre et al . , 1979) is not 

causally related to the facilitation of kindling that occurs; NA depletion 

alone seems to be s ufficient for facilitation. 

The present study was undertaken to further investigate the role 

of NA in kindling (for a detailed description of the anatomy of the 

noradr energic neurons in the brain, see Appendix II). It is an extension 

of the study of Corcoran and Mason (in press), who described a r emarkabl e 

facilitation in the rate of amygdaloid kindling in NA depl eted r ats 

kindled at an intensity of stimulation well above the threshold for 

amygdaloid AD . They chose a suprathreshold intensity of stimulation 

because previous facilitative effects of 6- 0HDA on kindl ing wer e observed 

us ing s uprathreshold stimulation (Arnold et al. , 1973; Corcoran et al. , 

1974). In the present study I examined the eff ects of variation in the 
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intensity of stimulation (thres hold vs. suprathreshold) on the facili­

tative effects of NA depletion on amygdaloid kindling, as a prelude to 

further research designed to characterize the e ffects of 6-0HDA on 

kindling with stimulation of regions other than the amygdal a. For an 

experimental hypothesis I predicted that 6-0HDA-induced depletion of 

forebrain NA would result in facilitation in the rate of kindling in 

rats stimulated both at threshold intensity and at suprathreshold 

l evels, in view of the findings of Goddard et al., (1969) and Racine 

(1972a) that variation in the intensity of the stimulation had no 

significant effec t on the number of stimulations required to kindle 

the amygdala in rats without induced neur ochemical alterations. 
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Me thod 

Sur gical 

NA depletion 

Male hooded rat s obtained from the Cana dian Breeding Laboratory 

and weighing approxima tely 300 grams at the time of s urgery were used. 

The numbe r of r ats that compl eted the experiment i s shown in Tables II 

and III. The rats were anesthetized with pentobarbital. Two groups of 

anima l s then r eceived ster eo t axic injections of 6-0HDA via a 34-gauge 

cannula into the bilateral traj ectories of the ascending NA fibres (see 

Appendix II). The cannula was positi oned using the following coordin­

ates , expressed with interaural zero as base value: anterior 2 . 6 mm , 

l ateral 1.1 mm, and dorsal 3 .7 mm. Four µg of 6-0HDA (6-0HDA HBr, 

weight expressed as a free base) dissolved in 2 microliters of 0.9% 

saline (with 0.2 mg/ml ascorbic acid as an antioxidant) were infused 

bilaterally at the r ate of one microliter per min . To permit diffusion 

of the drug t he cannula was l eft in place fo r an additional min after 

the end of each injec tion. 

The rats in two control groups r eceived bilateral injections via 

the same technique and with the same coordinates of an equal volume of 

the saline/ascorbic a cid vehicle . 

Electr~de implanta tion 

Two weeks af t e r the injections of 6-0HDA or vehicl e , all rats in 

the four groups were again a nes the tized with pentobarbital and stereotaxic 

implanta tions of electrodes i n to the amygdala we r e performed . Elec trodes 
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were implanted bilaterally into the basolateral region of the amygdala . 

The following coordinates were used: - 0.8 mm from bregma, 4 . 5 mm 

l ateral, and 8 . 5 mm ventral from the superior surface of the skull, 

with the incisor bar ,· t +5.0 nnn. The electrodes used were bipolar 

and consisted of twisted nichrome wire 127 µmin diameter. A surgical 

screw driven into the frontal bone served as ground and two screws 

driven into the temporal bones bilaterally were used as anchor . 

Kindling 

Kindling did not begin until 10 days after electrode implanta tion , 

hence approximately 4 weeks after the injections of 6-0HDA. According 

to Ross and Reis (1974), this time interval i s sufficient to allow for 

the completion of anterograde degeneration of the noradrenergic neurons. 

Each rat received one second of electrical stimulation per day 

delivered via the e l ectrode in the l ef t hemisphere (primary site) . 

Stimulation was in the form of a constant current, balanced biphasic 

square wave , with a pulse width of 1.0 msec and a frequency of 60 Hz. 

There we r e 2 phases for each of t he four groups in this experiment 

(Cor coran & Mason, in press): determination of threshold for after­

discharge (AD), and kindling of the primary site . 

AD threshold in the primary site. The threshold for AD was 

arbitrarily defined as the lowest intensity of stimulation that evoked 

AD in the primary site of stimulation . Stimulation was initially 

administered at an intensity of 30 pA and was raised by 5µA daily until 

AD was evoked . 
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Primary-site kindling. Control rats and 6-0HDA-treated rats 

were assigned to threshold and suprathres hold conditions in such a 

manner that the groups were balanced for AD thresholds. Primary-site 

kindling then commenced, with the threshold groups ½eing stimulated at 

threshold current and the supr athreshold at an arbitrarily c hosen 

intensity of 200 pA . 

The animals were stimulated every 24 hours between the hours of 

9:00 a . m. and 12:30 p.m. The EEG was recorded from the primary site 

and from the contralateral amygdala (secondary site) for one minute 

before and several minutes after each stimulation. The development of 

epileptiform clinical activity was defined on a 5 point scale (Corcor an 

et al., 1975; Racine, 1972b): Stage 1, mouth movements and ipsilateral 

eyeblinking; stage 2, head nodding ; s tage 3, clonus of the contralateral 

fore limb; s t age 4, bilateral clonus with rearing ; stage 5, r epeated 

rearing and falling. The following electr ogr aphic and behavioral 

variables were measured: Duration of first primary site AD; number of 

AD sessions until first bilateral AD was observed and number of AD 

sessions until a stage-5 sei zure was evoked . Further, the following 

additional variables were measured in the first session in which a 

stage-5 seizure developed : Duration of AD in the primary site ; dura­

tion of AD in the secondary site; l a tency from stimulation until 

behavioral epilep togenic signs appeared; latency from stimulation until 

stage-5 behaviora l epileptogenic signs appeared; duration of behavioral 

epileptogenic signs . The animals were allowed to have three general­

ized (s tage-5) seizures triggered by stimulation in the primary s ite . 
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Biochemis try and histology 

To confirm the eff ectiveness of 6-0HDA in deplet ing NA, regional 

concentrations of NA were measured in the hippocampus- cortex of 12 

6-0HDA-treated animals and 12 con t r ols . The concentrations of NA 

were measured us ing a fluorometric t echnique ( see Appendix I). 

Electrode placements were examined in the 2 remaining 6-0HDA 

depleted animal s and in 1 control . The animal s we r e perfused with 0 . 9% 

saline followed by 10% formalin. After r emoval of their brai ns , frozen 

sections in the vicinity of the electrode tips and the cannula tracks 

were taken and stained with c r esyl violet . The sections wer e then 

examined to confirm accur ate piacemen t of the e lectrodes in the amygdala. 

Statis tics 

A 2-by- 2 multivariate analys i s of variance (MANOVA) with 9 depen­

dent variables was used t o analyze the data (Clyde, 1969; Cooley & 

Lohnes , 1971). A 2-by-2 analys is of variance (ANOVA) was used to 

analyze the biochemical data (Wine r, 1962 ) . 
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Results 

Biochemistry a nd Histology 

Table I shows the degree of depletion of NA caused by the injection 

of 6-0HDA. The NA-depleted rats showed a marked and widespread depletion 

of NA in the hippocampus- cortex region of the brain. In both t he threshold 

and suprathreshold NA-depleted groups concentrations were significantl y 

below those of their r espective controls (p < 0 . 000), and there was no 

difference be tween the two NA-depleted groups . 

Histological examination of sample electrode placements indicated 

that the electrodes were accurately placed in the basolateral r egion of 

the amygdala. 

AD threshold in the primary site 

The mean t hresholds for primary-site AD for NA-depleted and control 

animals are shown in Table II. The res ults indicate that NA depletion 

did not have any significant effect on the AD threshold . The duration of 

the first prima ry-site AD also failed to differ significan tly between 

the groups , although the durat ion of NA-depleted rats kindled at threshold 

current did tend to exceed that of other groups. These r esults s uggest 

that the amygdala ' s local susceptibility to epil eptiform activity is 

not significantly influenced by NA (Table IV). 

Primary-s ite kindling 

MANOVA revealed only one significant ma in effect, the 6-0HDA 

effect (p < 0.008). The effects of depl e tion of NA are therefore shown in 

Tables III and IV. The NA-depl e t ed rats developed stage-5 seizures 

significantly more rapidly at both threshold and suprathreshold intensi ties 
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of stimulation than their r espective control gr oups ( p ~0 . 001). The 

NA-depleted rats that wer e kindled at threshold required only 1/3 as 

many AD sessions as t heir control counterparts (means of 5.71 vs. 16.71) 

to devel op the first stage-5 seizure . Similarly, the NA-depleted rats 

that were kindled with suprathreshold stimul ation required only a little 

more than half of the number of s timulat ions as their contr ol counter­

parts (means of 8.14 vs . 14. 50) to deve l op stage- 5 seizures . Indeed, 

five of the seven NA-dep l eted rats in the threshold group developed their 

first stage- 5 s eizure during the first 4 AD sessions , with one animal 

exhibiting a stage-5 seizure in the first AD session , whereas the earliest 

stage- 5 seizur e developed in the threshold contr ol group only after 6 

AD sessions. Of the NA-depleted rats kindled at s uprathreshold current, 

five of seven animals developed stage-5 seizures within the first 9 

AD sessions , whereas the seizures did not appear in the control group 

until the tenth AD session. However, depl etion of NA by treatment with 

6-0HDA failed to exert a significant effect on any of the other dependent 

variables measured. These included the number of AD sessions until 

development of bilater al AD; and on t he first AD session in which a 

stage-5 seizure developed , the duration of the primary and secondary-site 

AD, the duration of the seizure, and the l atencies to the first clinical 

epileptogenic signs and to . the stage-5 component of the clinical seizure. 

Finally, as noted above , MANOVA indicated that there was no signi­

ficant effect of the i n tensity of curren t on the r ate of kindling; nor 
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was the interaction between the 6-0HDA treatment and intensity signifi­

cant. Thus the rate of kindling was greatly facilitated by treatment with 

6-0HDA, and this facilitatory effec t did not vary as a function of the 

intensity of stimul ation used for kindling. 
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In the present experiment I investigated the effects on kindling 

of manipulation of two variables; 6-0HDA and the intensity of stimulation 

used for kindling. Depletion of forebrain NA with 6- 0HDA considerably 

facilitated the rate of kindling but produced no effect on any of the 

other electrographic and behavioral variables measured. In contrast, 

variation of the intensity of current failed to produce any significant 

effects. I shall discuss each of these two main effects separately . 

Facilitation of kindling by 6-0HDA 

There are several likely mechanisms by which depletion of NA could 

facilitate kindling : by increasing the local epileptogenicity of the 

amygdala itself, by facilitating the spread of discharge from the 

amygdala, or both. Because depletion of NA failed to affect threshold 

for amygdaloid AD or the duration of the first AD in the primary site, 

the local epileptogenicity of the amygdala was apparently not increased . 

This, therefore, suggests that the facilitation of kindling produced by 

depletion of NA with 6-0HDA is a function of a disinhibition of the spread 

of epileptiform activity from the stimulated amygdala . Once stage-5 

seizures are fully established, however, epileptogenicity apparentiy is 

no longer under the control of noradrenergic mechanisms, as the electro­

graphic and be~avioral measures taken at the completion of kindling failed 

to indicate any differences between NA-depleted and control animals, 

similar to the observations of Corcoran and Mason (in press) and McIntyre 

et al. (1979). The present findings differ from those of McIntyre et al. 
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(1979) in that I failed to find any significant effect of NA depletion 

on l atency to onset of stage-5 seizures, i n contrast to their observa tion 

that latencies were significantly increased in NA-depleted rats. The 

procedur es of the two s tudies were quite different, however, and, for 

example, variation in the parameters of amygdaloid stimulation used 

(McIntyre : 5 sec of sinewave; Mohr: 1 sec of square wave) could 

account for the differences . Perhaps a more likely explanation can be 

found in the fact that McIntyre et al.'s intraventricular injections 

of 6-0HDA would be expected to deplete spinal and cerebellar NA as well 

as forebrain NA, whereas my intracerebral injections of 6-0HDA would be 

expected to deplete forebrain NA but to spare spinal and cerebellar NA 

(Mason & Corcoran, 1979). Furthe r research might examine th~ effects nf 

selective deple tion of spinal or cerebellar NA on latencies to motor 

seizures in kindled r ats . 

The facilitation of kindling produced by depletion of NA could be 

taken to suggest that a breakdown of NA function is one of the mechanisms 

of kindling in nonlesioned rats . The wide distribution of NA in the 

brain (Lindvall & Bjoerklund, 1978) and the inhibitory. effects of 

iontophoretically applied NA on single-cell activity in the cortex and 

s ubcortical s tructures (Dillier, Laszlo, Muller , Koella , & Olpe, 1978; 

Phillis & Kostopulos, 1977; Reader, Ferron, Descarr i es , & Ja sper, 1979) 

clearly support the notion that NA neurons function as a seizure 

s uppressant system throughout the brain . Hypotheses have been offered 

to explain how NA function might progress ively decline as animals are 
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kindled (Corcoran & Mason, in press) . For example, high-frequency 

cellular discharge observed in the AD episodes during kindling (Racine, 

Newberry, & Burnham, 1975; Racine, et al ., 1975b) could progressively 

destroy NA terminals in the entire forebrain. This destruction could 

conceivably l ead to a disinhibition of activity in the target neurons 

and produce the behavioral effects observed during kindling. Another 

hypothesis attempting to explain the role of NA in the kindling pheno­

menon is based on evidence that kindling is due to long-lasting poten-

I 

tiation of excitatory synapses (Douglas & Goddard, 1975; Goddard & 

Douglas, 1975; Racine et al., 1975a, 1975b; Racine & Zaide, 1978). 

If some of these excitatory terminals synapse on NA terminals, repeated 

activation could conceivably lead to a lasting decline in NA r elease 

through potentiated presynaptic inhibition (Eccles, 1969). Finally, 

noradrenergic neurons might receive synapses from inhibitory cells 

that in turn receive projections from excitatory cells . Repeated 

activation of the excitatory synapse could, through potentiation , 

lead to a l asting inhibition of activity in noradrenergic neurons. 

The decline in NA activity would then ultimately lead to progressive 

disinhibition of seizure discharge. I should emphasize , however, that 

these hypotheses are entirely speculative. 

Lack of effect of intensity 

The facilitatory effects of 6-0HDA occurred at threshold levels 

as well a~ suprathreshold levels of stimulation . My experiment 

replicates Racine ' s (1972a) findings in nonlesioned rats in that as 

long _as AD is evoked by stimulation, kindling occurs; appl ication 
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of stimulation of higher intens ity seems to have no furthe r e ffect . 

Similar to an action potentional (AP), this seems to be an "all or 

none '' phenomenon; once the ne cessary threshold is r eached, an AP 

takes place with a standard magnitude and intens ity , r egardless 

how far above threshold the initial s t i mula tion may be (Car l son, 1977). 

Similarly, once triggered, the AD spread s eems t o be independent of the 

original s timula.tion intens ity . Furthe rmo r e , my r esults ex t end Racine ' s 

(1972a) f i ndings to NA-deple t ed animals in that they a l so displayed 

similar r a tes of k i ndling in r espons e t o threshold and s upra threshold 

intens ities of s timula tion. 

The implications of my findings for future s tudies of kindling 

with stimula tion of other anatomical areas are that. ther e i s evidently 

no nece s s ity to stimulate anima l s at supra threshold l evel s of s timulation 

in orde r to investigate possible fa cilita tive eff ects of NA deple tion. 



Tabl e I 

Effects of 6- 0HDA on regional concentrations of noradrenaline expressed as means 

in micrograms of :1mine per gram wet weight of tissue. Value in parentheses is the 

percentage depletion as compared to control groups, 

Hippocampus~Cortex 

T Control Mean 0.3315 
H SD 0 . 0149 
R n = 6 
E Range 0.324 - 0 . 362 
s 
H NA depleted Mean 0.0300 (90 . 9%) 
0 
L n = 6 SD 0.0371 

D Range 0 - 0.103 

s Control Mean 0 . 3201 
u SD 0.0353 p n = 6 
R Range 0.253 - 0 . 359 
A 
T NA depleted Mean 0.0163 (94. 9%) 
H SD 0.0170 
R n = 6 . 
E Range 0 - 0.040 
s 
H 
0 
L 
D 

N 
N 



2- by- 2 Analysis of 

Sour ce DF ss 

Drug 1 0.5495 

I ntensity 1 0.0009 

Drug X I ntensit y 1 0 . 0000 

Error 20 0 . 0157 

Total 23 0 . 5662 

Table I , cont 'd. 

Variance - Depletion of Noradrenaline 

MS F p 

0.5495 700.1310 

0.0009 1. 2072 

0.0000 0 . 0092 

0.0008 

l ess 

0.000 

0 . 285 

0 . 924 

than 

N 
N 



Table II 

Effects of depletion of noradrenal ine on early manifestations of kindling · 

Threshold Duration of first AD 
(pA) a t primary s ite (sec) 

T Control Mean 70. 71 8.42 
H 
R 

n = 7 
SD 29.35 5 . 50 

E Range 35 - 130 4 - 20 s 
H NA depleted Mean 46.42 38 . 57 
0 
L 

n = 7 
SD 25.93 43.13 

D 
Range 30 - 100 3 - 120 

s Control Mean 53 . 33 8 . 83 u 
p 

n = 6 SD 24.01 6.08 
R 
A Range 30 - 90 3 - 20 

T NA depleted Mean 49.28 8 . 28 
H 
R 

n = 7 SD 24.90 3.86 
E Range 30 - 90 3 - 12 s 

· H 
0 

N 
w 

L 
D 

c:::w 



Table III 

Effects of depletion of noradrenaline on kindling of generalized (stage- 5) seizures 

II of AD sessions Duration of AD Dur ation of AD II of AD sessions 
to first stage- 5 at the prim. site at the sec . s ite to t he first bi-
seizure (sec) (sec) lateral AD 

T Control Mean 16 . 71 90 .14 62 . 71 6 . 28 
H 

SD 6 . 96 64 . 88 69 . 22 2.98 R n = 7 
E Range 6 - 24 38 - 225 0 - 207 3 - 12 
s 
H NA depleted Mean 5. 71 83 . 71 55 . 00 4 . 71 
0 

SD 5.40 37.65 39.02 4 . 71 L n = 7 
D Range 1 - 14 30 - 120 0 - 95 1 - 14 

s 
Control Mean 14 .50 59 .33 48.83 5 . 66 u 

p 
n = 6 SD 3 . 01 35.95 38.36 2 . 33 

R 
Range 10 - 19 20 - 105 15 - 112 3 - 8 A 

T 
NA depleted Mean 8 . 14 98 . 85 75.14 5 . 14 H 

R 
n = 7 SD 3.53 50 . 63 61 . 61 1.67 

E 
s Range 4 - 14 60 - 205 20 - 184 3 - 8 

H 
0 
L 

N ..,.. 
D 



Table III, cont'd. 

Duration of first *Latency to first *Latency to stage-5 
clin. stage-5 cli n. seh.ure signs of clinical s eizure 
(sec) (sec) (sec) 

T Control Mean 88.85 5. 71 29 . 28 
H SD 52 . 35 6.47 34 .67 
R n • 7 
E Range 27 - 181 2 - 20 5 - 99 
s 
H NA depleted Mean 77 .85 5. 71 33.28 
0 

SD 27.93 2.21 16.43 
L n = 7 
D Range 42 - 125 3 - 10 20 - 63 

s 
u Control Mean 63.16 1.83 35.16 
p 

SD 33.57 0.75 30.82 R n = 6 
A Range 30 - 114 1 - 3 7 - 72 
T 
H NA depleted Mean 77.00 6.57 24.14 
R 

SD 42.92 8 . 81 23.98 
E n = 7 
s Range 44 - 168 1 - 25 1 - 28 
H 
0 
L 
D 

* Latency from onset of stimulation 

N 
V, 



Table IV 

Multivariate Analysis of Variance 

A - Test of Drug Effect 

Test of Roots 

1 through 1 

B - Test of Intensity Effect 

1 through 1 

F 

4.149 

0.804 

C - Test of Drug-by-Intensity Effect 

.1 through 1 0.818 

DF HYP 

9.000 

9.000 

9.000 

DF ERROR 

15.000 

15.000 

15.000 

p less than 

0.008 

0.619 

0.141 

N 
Q'\ 



Variable 

# of AD sessions 

Duration of AD 
primary site 

Duration of AD 
secondary site 

Duration of 
behavioral epilepto­
genic signs 

Latency to behavioral 
epileptogenic signs 

Latency t o stage-5 
behavioral epilepto­
genic signs 

ti of AD sessions 
until bilateral AD 

Threshold in the respective 
groups 

Duration of first AD 
on the primary site 

Table IV , cont ' d . 

Univar iate F Tests of the 6- 0HDA treatment effect 

F(l,23) 

20 . 278 

0 . 658 

0.175 

0.001 

1.019 

0.098 

o. 770 

2.158 

2.928 

Mean Square 

517 . 709 

1590.885 

517.709 

1.238 

33 . 215 

72. 772 

7. 738 

1483 . 512 

1479 .124 

*significant - the percentage variance accounted for by the treatment 

is R2 = SSB = 0.469 , 46.9% 

TSS 

Pless than 

0 . 001* 

0.426 

0 . 680 

0. 978 

0.323 

0.757 

0 . 389 

0.155 

0 .101 
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APPENDIX I 

Estimat ion of catecholamines 

Following the completion of the behavioral measures the animals 

wer e killed by cervical fracture and their brains were quickl y r emoved . 

The hippocampus and cer ebr al cortex wer e dissected out on ice and com­

bined. The tiss ue was weighed and then homogenized in 5 ml perchloric 

acid . The homogenizing tube was rinsed with a further ml of acid, which 

was added to the homogena t e . This was allowed to stand in the cold for 

½ hour and was then centrifuged and the supernatant decanted. To the 

supernatant was added 0 . 5 ml of 0 . 1 M ethylenediaminetetracetic acid 

(EDTA). 

An alumina column was prepar ed as follows: A glass tube 20 cm in 

length was fashioned so tha t the upper portion of the tube cons isted of 

a 2 cm diame t er reservoir of approximately 15 ml capacity. The lower 

portion was a 4 mm diameter shaf t, drawn out to a fine tip and plugged 

with glass wool. To the tissue extract was added 1 ml EDTA and 1.5 ml 

potass ium phos pa t e (0.35M), and the pH was adjusted to 9 .2-9.4 . A 

consistent mea sure of a lumina (about 0.5 gm) was added and s tirred for 

3 min . This slurry was poured through the glass tube , the flow through 

which was adjus ted by application of gentle suc tion. The alumina was 

washed with 25-30 ml s of distilled water. The catecholamines were then 

eluted with 0.5 ml acetic acid (0.5N). 
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Noradrenaline assay 

To the 0.5 ml of eluant was added 0.5 ml of 1 M sodium ac e tate 

buffe r (pH 6) and the pH was adjusted to 6.0 with 0. 5N NaOH. Into each 

test tube was placed 0.5 ml of the sampl e solution, and 0.5 ml of 0.5M 

sodium ace t ate buffer (pH 5.4) was added, followed by 0.5 ml iodine 

solution (0. 254 gm I + 5.0 gm KI/ 227 ml HzO). The mixture was shaken 

and allowed to stand. After 15 min 0. 25 ml sodium thiosulphate (0.5M) 

was mixed . in . To each tube was added 0.5 ml of a combinat i on of ascor­

bic acid (5 mg/ml) and SN NaOH in a ratio of 3:7. The samples were 

allowed to stand a t room t emperature under fluorescent l ighting for 90 

minutes . A "faded blank" was prepared with all reagents except the 

ascorbic acid, which was not added until immedia t ely prior to fluoro-

10etric reading . All samples were read in a spectrophotofluorometer. 

The activation peak was set a t 395 nm and t he exci t ation peak was 505 

nm. Both column and assay standards were employed to de t ermine the 

percent r ecovery of amines of the column, and the r e l ation of f luoro­

metric r eading t o amount of nor adr enaline per sample . Once the r eadings 

of all samples (assay standards, column standards and samples) wer e 

record ed, the following calculati ons were carried out: 

1 Subtrac tion of blank r eading from all other r eadings (assay 

standards, column standards and samples) . 

2 Calcula tion of per cent r ecovery of standa~d (and sample ). 

Recovery: X 

reading of column s t andard 

Amount of assay standard 

r eading of assay standard 



3 Calcula te constant F = Amount r ecove r ed of Column s td. 
Reading of Column std. 

4 Multiply this value by final s ample rea ding 

5 Divide by we i ght of we t tissue to find µg of NA/g of tissue 

Principle of the noradrenaline assay 

34 

Although catecholamines will fluoresce (excita tion peak , 285 nm; 

emission, 325 nm), this i s no aid to their determina tion in small amounts. 

The reason lies in the f ac t tha t this fluorescence is a nonspecific 

property due to the phenol ring present in the compound. The task then 

is to convert the NA, and only the NA , into s ubs t ances that can be spec i­

fically identified fluorometrically. The assay me thod is based on the 

determination of a derivative of NA, and not NA itself. The derivative 

employed in the presently described assay t echn ique is 3, 5 , 6-trihydro­

xyindole . The reactions r equired in the forma t ion of this derivative 

are shown below (f rom Nagats u , 1973). 

noradrenaline noradrenochrome 3,5,6-trihydroxyindole 

Ol-t OH 

YY')Hz -=,. 
OH~ '"' 

oxidation. 

0~ 

o~ OH-+ ~0\-\ 

O~ tJ) OH ~~ 
~ r earrangement J 
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The oxidation is carried out by iodine solution for 5 min after 

which time this reaction is stopped by t he sodium thios ulphate . Rear­

r angement occurs in alkaline solution during exposure to light . 
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APPENDIX II 

Organization of the Ascending Catechol ami ne Neuron Sys t ems 

in the Rat Bra in 

The ros trally proj ecting fib r es of the ascending catechol amine 

(CA) systems from the mesencepha l ic , pontine , and medullary CA cell 

groups are mainly associa t ed wi th . f our conduc t ion pa thways (Cooper 
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et al., 1978; Lindva l l & Bjoerklund , 1974): The nor a drenergic central 

tegmental tract (CTT), within which a separ a t e fibre s ys t em, the 

dorsal t egmenta l bundl e can be f ound; the periventricular NA fibre system; 

the media l f orebra in bundle containing both DA and NA; and the dopamin­

ergic nigros triatal pathway . The pa thway of interes t here is the nora­

drenergic dorsal tegmental bundle (DTB) in t he centra l t egmental trac t. 

6-OHDA was inj ected into the DTB a t the level of t he mesencephalic t ra ­

jectorie s of this fibre sys t em. Aris ing from the medulla ob l onga t a , t he 

noradrenergic f ibres in the CTT ar e loca ted along myelinated t egmental 

fascicles from the ir place of origin t o the caudal diencephal on. The 

ascending medullary NA axons assemble largely into a bundle situa t ed just 

ventrola t er a l t o the hypogl ossal nucl e us and ventra l to t he dor sal vagal 

nucleus . Going rostrally this medullary bundle passes jus t ventral t o 

the genu of the facial nerve . Once having r eached the pons , the number 

of NA axons and s i ze o f NA f ibre systems incr eases cons ider abl y , due t o 
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i ncoming pontine fib r es from 3 different sites of origin : from the 

so- called AS cell group, from the subcoeruleus cell group, and from the 

l ocus coeruleus . The most substantial projection from the locus 

coeruleus is conf ined to a separa t e bundle , the DTB. 

DTB fibres, s imila r to other CA fibres in the CTT, can b e traced 

along the sur f ace of t he ind ividual myelinated t egmental fascicles. 

Before l eaving the pons on its cour se from the l ocus coerule us , the DTB 

can be found between the medial longitudinal fasciculus and the superior 

cerebellar peduncl e . Going rostrally in the caudal mesencephalon it 

lies ventra l to the root of the trochlear nerve. Along its course through 

the mesencephalon the DTB gives off fibres in several direct i ons ; t he 

main system, however , can be traced going towards the mesodiencephalic 

junction. Her e the D[B is situated ventrolateral to the periventricular 

gray of the third ventricl e . From he r e the main bundles bend ventrally 

and somewhat l aterally to pass in between fasciculus retroflexus and 

medial lemniscus , and then just l ateral t o t he mamillothal ami c tract. 

Along its course through the middle hypo thal amus , the DTB merges wi th 

the _medial forebrain bundle (MFB). 

In the rostral hypo tha lamus , the MFB axons give off abundant 

collater a l s . Some MFB f ibres f urt her rostr ally l eave the MFB dorsally 

to pass into the ventral par t of the inter stitial nucleus of the s tria 

t e rminalis ; within the stria t erminalis the axons can be traced all the 

way to the amygdala. The MFB itself continues up to the level of the 
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rostral septum. Some fibres continue rostrally to the lateral part 

of the anterior olfactory nucleus . The major portion of the fibres 

turns dorsomedio-rostrally though. Ventral to the genu of the corpus 

callosum, the bundle divides into a caudal and rostral branch. The 

caudal branch continues underneath the corpus callosum in the fornix 

superior all the way back to the hippocampus . The rostral branch runs 

caudally above the corpus callosum within the cingulum. This branch 

gives off fibres along its course to large areas of the neocortex, and 

caudally it comes around the splenium of the corpus callosum and enters 

the hippocampus from the caudal site. 
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Diagram of the projections of the locus coeruleus viewed in the sagittal plane 

Fig . 1 

Abb r eviations : AON , an terior olfactor y nucleus ; AP- VAB , ansa peduncularis- ventral amygdaloid bundl e 

system; BS , br a instem nuc l e i ; C, c i ngulum; CC , corpus callosum ; CER , cerebellum; 

CTT, central tegmental t r ac t ; CTX, cerebral neocortex; DPS, dorsal periventricular 

system; DTB, dorsal tegmental bundle; EC, external capsule; F, fornix ; H, hypot halamus ; 

HF, hippocampal format i on ; LC , l ocus coerul eus ; ML , medial lemni scus ; MT , mammillo t hal amic 

t r act ; OB , olfact ory bulb; PC , posterior commissure ; PT , pretectal area ; RF , reticular 

fo r mati on ; S, septal area; SC spinal cor d; ST, stria terminalis; T, tectum ; TH , thalamus. 

(Diagram compiled by R. S. Moore , f r om Cooper , Bl oom and Roth, 1978) . 
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