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ABSTRACT 

Seizures induced by electrical stimulation (kindling) 

of the amygdala and the anterior neocortex have 

traditionally been viewed as or involving separate 

processes. However, when generalized the seizures from 

both sites appear very similar t o each other. 

This study was, therefore, designed to determine 

whether the kindling of generalized seizures in a pr imary 

site (amygdala or anterior neocortex) affected the 

subsequent development of gene ralized seizures 1n the 

secondary site (anterior neocortex or arnygdala 

respectively). 

The initial kindling 

amygdala facilitated the 

of generalized seizures in the 

generalization of s ubsequent 

seizures kindled in the anterior neocortex. Si milarly, 

primary kindling of generalized seizures in the anterior 

neocortex expedited the development of gene ralized 
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seizures induced in the amygdala . Partial kindling in t he 

anterior 

kindl ing. 

stability 

neocortex had no effect on subsequent arnygdalo i d 

Another notewor thy r esult conce rns t he 

of the epilept i form afte r dischar ges (ADs) that 

result , from the stimulat i ons . Speci f ica lly , stimulations 

of the amygdala pr oduced ADs 100% of the time whe r eas 

ante ri or neocortical s timulations di d not a lways elicit 

ADs . Observ a tions concerning post ictal irritabi l i ty and 

the pr opaga tion of AD t o unst i mulated sites a re also 

discussed . 

The present f indings suggest the exi s tence of a s ingle 

seizu r e- generalization mechani sm , most l i kely of mi db r a in 

or brai nstem orig in. Fu rthe r more, they reveal t he 

instability of ADs i nduced by stimulation of the anteri or 

neocortex , which has not been di scussed prev iously in the 

l i te r atu r e . 

Dr . Michael Cor co r an 
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INTRODUCTION 

"Kindling" refers to the production of epileptic-like 

activity, both behavioral and electrical, through repeated 

electrical or chemical stimulation of the brain. 

Ironically its discovery was not only accidental but 

undesired. In 1964 Goddard was researching the effects of 

low-intensity 

rats. In 

stimulation of the amygdala on learning in 

some of these rats, particularly those 

stimulated frequently, seizure-like behavior started to 

develop. Goddard was not the only researcher to come in 

contact with this "obtrusive" phenomenon (see Bogacz, St. 

Laurent, and Olds, 1965; Newman and Feldman, 1964; Wurtz 

and Olds , 1963). He was, however, the first to discern 

the significance of the development of these seizures and 
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coined the term "Kindling" to describe the phenomenon 

(Goddard, 1967; Goddard, McIntyre, and Leech, 1969). 

When stimulations produce epileptiform afterdischarges 

(ADs) that are spaced (in time) and repeated, alterations 

in the electrographic and behavioral responses occur 

(Goddard et al., 1969; Racine, 1972a,b). Specifically, 

these include increases in the duration, amplitude, and 

frequency of ADs accompanied by the development of 

clinical convulsions (Racine, 1972a,b). Propagation of 

the activity to other brain sites and decreases in the 

local threshold for AD have also been reported (Racine, 

1972a,b). It appears that it is the elicitation of ADs 

rather than the stimulation intensity that is important 

since subthreshola stimulations do not facilitate 

subsequent kindling 

stimulation at both 

threshold intensities 

(Racine, 1972b). Furthermore, 

threshold and significantly above 

seem equally effective in kindling 

seizures (Corcoran, McCaughran, and Wada, 1973). 

It is important to note that these behavioral ana 

electrical changes have been shown not to be due to any 

detectable abnormality in or damage to tissue (Goddard et 

al., 1969; Goddard and Douglas, 1975; Racine, Tuff, and 

Zaide, 1975; Racine and Zaide, 1978). In fact small 
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lesions made at the tip of the electrode have been shown 

to actually interfere with the kindling process rather 

than facilitate it (Goddard et al., 1969). The interval 

between stimulations 

less than one hour 

is also important, with intervals 

greatly increasing the number of 

for prooucing seizures (Racine, 

Levitan, 1973). Finally, the 

stimulations necessary 

Burnham, Gartner, and 

effects appear to be relatively permanent, with no 

evidence of reversal (Goddard et al., 1969; Racine, 1978; 

Wada, Sato, and Corcoran, 1974). 

Kindling has been observed, although at different 

rates, in all forebrain and some brain stem sites (Goddard 

et al., 1969; Racine, 1972b; Racine, 1978). It has also 

been observed in all species reportedly tested (Goddard et 

al., 1969; Goddard and Morrell, 1971; Leech and McIntyre, 

1976; Morrell and Tsuru, 1971; Rial and Gonzalez, 1976; 

Tanaka, 1972; Wada, Osawa, and Mizoguchi, 1975). The 

resulting seizure-like activity can eventually become 

spontaneous, that is, no longer needing an external 

stimulus trigger (Pine!, Mucha, and Phillips, 1975; Wada 

and Osawa, 1976; Wada, Osawa, Wake, and Corcoran, 1975; 

Wada et al., 1974) . For many of these reasons kindling 

has been argued to be a good model of human epilepsy 
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(Wada, 197 8) • 

Although different brain sites kinale at different 

rates there are some qualitative differences too. This is 

especia~ly true when comparing anterior neocortical areas 

with limbic sites. The first obvious difference concerns 

the animals' response to the stimulation itself. Animals 

stimulated in neocortical areas display a "forced" motor 

movement (e.g. contralateral forelimb extension) that 

lasts for the duration of the stimulation and is similar 

to that reported for the head of the caudate nucleus 

(Corcoran and Wada, 1979). Animals stimulated in limbic 

sites, however, show no behavioral response to the 

stimulation itself (Goddard et al., 1969). 

Another difference involves the intensity necessary to 

elicit an AD. Specifically, neocortical areas have been 

shown to have much higher thresholds for AD than limbic 

sites ( Burnham, 197 8) • In addition, limbic sites 

initially show short and localizea ADs, with no 

accompanying motor response (Racine, 1972a). On the other 

hand, the short ADs produced in the anterior neocortical 

areas are always accompanied by a motor seizure of equal 

duration (Racine, 1975). When stimulations are repeated 

in a limbic structure the short focal ADs get longer, more 
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generalized, and are frequently accompanied by immobility 

(Racine, 1972b). Eventually, if yet more stimulations are 

administered, full motor seizures including rearing and 

falling• develop, which is referred to as a stage-5 seizure 

(Racine, 1972b). These longer behavioral seizures grow in 

small increments and are accompanied by growing 

electrographic seizures (Burnham, 1975). Repeated 

stimulations in the anterior neocortex initially produce a 

short clonic seizure and eventually, with continued 

stimulations, a tonic part as well (Racine, 1975). With 

yet more stimulations another clonic part is added, 

resulting in the final clonic-tonic-clonic type of seizure 

(Racine, 1975). This resulting tri-partite form is 

commonly represented by <Cl+T+C2> (Burnham, 1978). The 

growth of these seizures is more gradual than the limbic 

type except for a large increase in the C2 component at 

the end (see Figure 1). Although the neocortical seizures 

differ from limbic seizures in many ways, the final mature 

form of the seizure, and in particular the late <C2> 

component, is a rearing and falling seizure tha t is 

"identical" to the limbic type (Burnham, 1978). When 

mature, these cortical and limbic seizures are referred to 

as generalized (Burnham, 1978). After a generalized 



FIGURE 1: AD growth comparison. 
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seizure takes place a period of hyperirritability is 

typically seen (Burnham, 1978). Postictal spikes are also 

common when seizures are mature and seem to represent the 

first sign of spontaneous epileptogenesis in kindled 
' 

organisms (Pineland Van Oot, 1975). 

Although generalized cortical and limbic seizures 

appear very similar, there are some important differences. 

Some rats stimulated in the anterior neocortex do not seem 

to develop mature seizures at all, whereas other rats 

stimulated in the same area develop generalizea seizures 

in the first few days and subsequently drop back to normal 

kindling rates (Burnham, 1978). It has been argued that 

this is evidence that the pathways necessary tor cortical 

generalization are present from the start and are 

inhibited by some unknown mechanism (Burnham, 197 8) • 

Cortical seizures also seem to be more unstable than 

limbic, with the <C2> component occasionally and 

temporarily dropping out (Wake and Wada, 1975; Burnham, 

1978). Finally generalized cortical seizures have a brief 

tonic period <T> that is not seen in generalized limbic 

seizures (Burnham, 1978). 

Another noteworthy property of kindling is the effect 

of a primary kindled site on secondary site kindling. 
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Early work demonstratea that significantly fewer 

stimulations were necessary to kindle the amygdala if the 

contralateral amygdala had previously been kindled 

(Goddarp et al., 1969; Racine, 1972b). This transfer 

effect has also been shown to occur in other contralateral 

structures such 

ipsilateral limbic 

1972b). Transfer 

as the hippocampi and between all 

sites tested (Burnham, 1975; Racine, 

1s generally taken as evidence that 

kindling of different sites converges on a common 

mechanism at some level of the nervous system. One 

possibility is that transfer is the result of some change 

in the secondary structure since lesioning the primary 

site, after it was kindled, did not prevent transfer 

(Racine, 1972b). It is likely that secondary sites are at 

least partially kindled by the propagated discharge from 

the primary site during the initial kindling (Burnham, 

1975). Another possibility is that some other 

seizure-generating structure is functionally connected to 

both the primary and secondary sites and is sensitized to 

input from the secondary site following primary-site 

kindling. This position is supported by the result that 

not even total forebrain sectioning prior to initial 

kindling, which removed all direct propagation, interfered 
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with the facilitation in the secondary site (McCaughran, 

Corcoran, and Wada, 1976; McIntyre, 1975). 

There are certain lines of evidence that suggest that 

kindling in the anterior neocortex and kindling in limbic 

sites are not entirely distinct phenomena. Although they 

develop differently, the seizures from both sites, when 

mature, are very similar in appearance. Also, depletion 

of forebrain noradrenaline, which has been shown to 

facilitate limbic kindling, differentially facilitates the 

development of the 

seizures but has no 

limbic-like generalized cortical 

effect on the nonlirnbic-like early 

(Altman and Corcoran, 1983). cortical 

Furthermore, 

generalized 

retrograde 

the cortex 

seizures 

both kindled amygdaloia convulsions and 

anterior neocortical convulsions produce 

amnesia, whereas the initial focal seizures in 

do not (McIntyre, 1979). These data are at 

least suggestive that, although anterior neocortical 

seizures initially are focal and involve a possibly 

separate mechanism, the final generalized cortical seizure 
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generalized seizure. 

good transfer between 
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the same mechanism as the limbic 

If this is true one would expect 

these sites after generalization. 

The pr~sent study, therefore, is designed to test transfer 

of kindling between the anterior neocortex and the 

amygdala. An important variable here will be whether 

generalized limbic-type seizures have developed during 

neocortical kindling. 

the kindled amygdala 

Transfer will also be measured from 

to the anterior neocortex. The 

effects 

initial 

will 

AD 

be assessed using 

duration, final AD 

measures of threshold , 

duration, and rate of 

generalization. I predict that, since the other variabl e s 

most likely measure local changes, only the rate of 

generalization will be significa ntly d ifferent, and 

shorter, as a result of prior kindling. 
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METHOD 

Evans male hooded rats from Charles River Canada 

Constant, Quebec) weighing approximately 300 

grams at the time of surgery were used. They were housed 

individually in stainless steel cages with food and water 

continuously available except tor 24 hours of food 

deprivation immediately before surgery. Light-dark cycles 

were maintained at 12 and 12 hours respectively. 

All instruments were sterilized prior to surgery to 

prevent infections. The rats were anesthetized with 

sodium pentobarbital (60 mg/kg) and received stereotaxic 

implantation of two bipolar electrodes consisting of 

twisted insulated nichrome wire 127um in diameter (see 
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exposing 

affixed 
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et al., 1969). The electrooes were cut to length 

uninsulated ti ps , checked for resistance, and 

to the skull with stainless-steel screws and 

dental , acrylic. One of the screws also served to ground 

and reference the animal during monopolar electrographic 

recording. The coordinates us ed for the right anterior 

neocortex were 2.5mm anterior to bregma, 1.7mm lateral to 

the midline, 1.7mm ventral from the dura, with the incisor 

bar at +5.0mm. The right amygdala coordinates were 0.8mm 

posterior to bregma, 4 .Smm lateral to the midline, 8.5mm 

ventral form the surface of the skull, with the incisor 

bar at +5.0mrn. A minimum of 7 days was allowed for 

recovery from surgery. 

Few standard procedures for determining thresholds for 

kindling exist in the literature. Racine describes one of 

the most detailed procedures; however, it i s only accurate 

to within 20% (Racine, 1972a). It was therefore decided 

to use a modified version of Kraepelin's "method of 

limits" procedure to determine the thresholds (see Coren, 

Porac, and Ward, 1979). 
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Electrical stimulation was applied in the form of a 

constant current balanced biphasic square wave, with a 

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

train duration of 1 sec. All intensities are expressed in 
I 

microamperes (ua), as base-to-peak. The initial intensity 

for stimulation in the amygdala was 30uA and was increased 

in steps of l0uA until an AD was elicited. At this point 

the intensity increment (in this case l0uA) was 

continually halved and subtracted from the intensity until 

no further AD was evoked. The intensity was then 

increased by the current increment value, which was 

continually halved and added until another AD was produced 

(see Figure 2). One exception to this procedure was that 

after the first AD was produced, only a maximum of three 

decrements were allowed, since it was felt that more AD 

elicitations would significantly alter the threshold (see 

Racine, 1972a). Another exception was that after the 

decreases in intensity failed to evoke an AD , increases 

were only permitted to a maximum of the last intensity to 

elicit an AD. Cortical thresholas were ascertained with 

the same procedure, but all values were increased by a 

factor of ten (e.g. initial increment= l00uA). Threshold 

was therefore defined as the lowest measured intensity 



FIGURE 2 

Example of the Threshold Determination procedure for the 
Amygdaloid site. 

I. 

II. 

III. 

IV. 

increase until AD 

decrease until no AD 

increase until AD 

threshold= 

3 0 , 4 0 , 5 0 , 6 0-> AD 

55, 53-> no AD 

54, 55-> AD 

55 

all values of .5 were rounded up due to equipment 
resolution limitations, and all numbers are in 
microamperes. 

14 
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After the threshold was 

increased by the initial 

increment if three consecutive days of stimulation failed 

to prodµce an AD. 

All rats were kindled using the stimulation intensity 

that was individually determined by the threshold 

procedure. The animals were stimulated five days a week 

(monday - friday) with approximately a 24-hour rest period 

between weekdays and a 72-hour rest period over weekends. 

The rats were randomly assigned to one of three conditions 

or groups. Group one was initially kindled in the 

amygctala until three Stage-5 generalized seizures occurred 

(limbic seizures were classified according to Racine's 

(1972b) schema: Stage-!, mouth and facial movements; 

Stage-2, head nodding; Stage-3, forelimb clonus; Stage-4, 

rearing; Stage-5, rearing and falling). After a rest 

period the rats were then stimulated in the anterior 

neocortex until three generalized cortical seizures were 

produced. Group two was initially stimulated in the 

anterior neocortex until three generalized cortical 
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seizures occurred and then, after a rest, switched to the 

amygdala until three Stage-5 seizures were elicited. The 

last group was partially kindled in the anterior neocortex 

(until ,10 ADs were elicited), followed by a rest, and were 

then subjected to amygdaloid kindling until three Stage-5 

seizures were produced. The criterion of 10 ADs is 

arbitrary, 

shoula be 

designed to 

fewer than 

lead to partial kindling, and 10 

the number of ADs required for 

generalization based upon other research with similar 

sites (Burnham, 1978). 

The rest period used between conditions was one week. 

This period was employed to eliminate the interference 

effects seen when the switch from a primary to a secondary 

site is immediate (McIntyre and Goddard, 1973). 

The ma ture form of a cortical seizure is not as 

clea rly defined as it is for the amygdala. Simply using a 

Stage-5 criterion is inadequate since rearing and falling 

are commonly observed early on during cortical kindling 

(Corcoran, M.E., personal communication). Some resea rchers 

have simply used a criterion of an increase in seizure 

duration to 30 seconds or more as sufficient for 

generalization (Burnham , Lychacz, Avila, Livingston, and 

Racine, 1980). However, based on pilot work this was aiso 
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Therefore 
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be 
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to 

inadequate 

multiple 

pick up 
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due to variability between rats. 

measure approach was used that was 

the late large increment in <C2> 

commonly callea generalization. The three indicators used 

were an increase in the duration of AD greater than 40% 

over the previous level (3 prior consecutive days of AD),· 

a rearing and falling seizure (Stage-5), ana the postictal 

period of hyperirritability mentioned previously. The 

irritability of each rat was assessed tactually by tapping 

the base of the tail of the animal with a probe. 

Hyperirritability 

jumped (all four 

was considerea to be present if the rat 

legs off the floor) repeatedly to this 

stimulation. A cortical seizure was called generalized if 

and only if at least two of these three indicators were 

present. 

Following the conclusion of testing all animals were 

deeply anesthetized with sodium pentobarbital and perfused 

through the heart with 40ml of 0.9% saline followed by 

40ml of 10% formalin. The brains were removed and frozen, 

and se ctions were taken from the area of the electrode 



track and tip. 

with cresyl 

1 8 

The sections were then mounted and stained 

violet. Animals whose electrodes were 

positioned outside intended areas were discarded from the 

main an~lysis. 

Since my a priori hypothesis was that thresholo, 

initial AD duration, and final AD duration would not 

differentiate the groups, a multivariate analysis of 

variance was used to analyze these data. In addition, 

since I predicted that the groups woul d differ in the rate 

of generalization, a one-way analysis of variance was used 

to test this hypothesis. 
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RESULTS 

Only the data from animals whose electrodes were found 

to be in the intended areas (anterior neocortex and 

amygdala) were used 1n the analyses. This resulted in 

many animals being excluded due to their electrodes 

unwinding. Unwinding was attributed to the teflon 

insulation on the wire used and produced a gross uneveness 

at the electrode tip. Out of a total of 40 rats operated 

on, 13 completed the study successfully. 

Group 

performed 

amygdala 

duration 

1: A multivariate analysis of variance was 

to examine the effects of prior kindling in the 

on threshold for AD, initial AD duration, and AD 

of the first generalized seizure during 



subsequent 

1 and 2) • 
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kindling iri the anterior neocortex (see Tables 

The analysis indicated that prior arnygdaloid 

kindling did not significantly affect these variables 

(p=0.44~; see Table 3). A one-way analysis of variance 

was then carried out on the rates of generalization 

between the control and arnygdaloid kindled groups (see 

Table 4). This analysis revealed that prior arnygdaloid 

kindling facilitated the rate of generalization in the 

anterior neocortex (p=0.053; see Table 5). This effect 

would most likely become more significant with larger 

groups of animals since it was quite strong with no group 

overlap (see Table 4). 

Groups 2 ana 3: A multivariate analysis of variance 

on thresholo, initial AD duration, and first generalized 

Stage-5 seizure AD duration in the amygdala was pe rformed 

comparing control animals, animals with 10 ADs previously 

elicited in the cortex (Group 3), and animuls fully 

kindled in the cortex (Group 2) (see Tables 6 and 7). It 

should be noted tha t th e large mean duration of the f irst 

AD in the group fully kindled in the cortex i s accounted 



'!'ABLE 1 

Effects of prior Amygdaloid kindling on the threshold and 
duration of ADs kindled in the Anterior Neocortex. 

control mean 340.0 mean 12.8 
( n==S) SD 316.8 SD 4.4 

r a ng e 130-900 range 8- 20 

kind! ed amygdala mean 296 . 7 mean 15.3 
( n== 3) SD 76.4 SD 11.0 

range 230-3 80 range 8- 28 

21 
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TABLE 2 

Effect of prior Amygdaloid kindling on the duration of the 
first Generalized seizure AD (sec) • 

.P.I.i.QL ~..QD.Q.i.t.i.9D 

control mean 100 . 6 
(n=S) SD 28 . 6 

range 66-13 8 

kindled amygdala mea n 66.7 
(n=3) SD 13 . 0 

Range 54-80 
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TABLE 3 

Statistical analysis of the threshold and duration effects 
of prior Amygdaloid kindling on ADs kindled in the Anterior 
Neocortex. 

1 through 1 1.101 

Jl.D .i YE-' .i g .t .e f=.t.e.st.s 

Ys!..t.igDl.e J::ll.z..fil 

Threshold 0.051 

Duration of 
First AD 0.225 

Duration of 
First Gen. 
Seizure 3.588 

3.000 

J)f .t:.t.L.QJ: 

4.000 

1:.1.e~W .S~Y~..t.e 

3520.833 

12.033 

2159.008 

..S.ig.& .Q.f .f 

0. 82 9 

0 .6 52 

0.107 
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TABLE 4 

Effect of prior Amygdaloid kindling on the rate of 
Generalized seizure development in the Anterior Neocortex. 

control mean 24.0 
(n=S) SD 11.9 

range 14-42 

kindled amygdala mean 6.7 
(n=3) SD 2.9 

Range 5-10 
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TABLE 5 

Statistical analysis of the effect of prior Arnygdaloid 
kindling on the rate of Generalized seizure development in 
the Anterior Neocortex. 

between 

within 

total 

1 

6 

7 

563.333 

582.666 

1145.999 

M~ 

563.333 

97.111 

5. 801 

~.i_g .... .Ql £ 

0.0527 



TABLE 6 

Effects of prior Cortical kindling on the threshold anci 
duration of ADs kindled in the Amygdala. 

control mean 44.6 mean 5.6 
(n=5) SD 31.8 SD 4.3 

range 23-100 range 2-12 

10 ADs in cortex mean 46.0 mean 4.7 
(n=3) SD 13.1 SD 3.8 

range 32-58 range 2-9 

kindled cortex mean 6 8. 5 mean 50.8 
( n=4) SD 3 8. 6 SD 62 . 8 

range 30-110 range 4-13 8 

26 



TABL E 7 

Effect of pri or Cortical ki ndling on the duration of the 
First STAGE-5 seizure AD (sec ) • 

.P.I.i.Ql: ~.Qn.d.i.t.iQn 

control mea n 77 . 8 
(n=S) SD 62 . 8 

range 18-17 9 

10 ADs in cortex mean 47 . 3 
(n=3) SD 34.4 

range 20- 86 

kindled cortex mean 133 . 5 
(n=4) SD 35 .4 

r a nge 84-16 8 

27 
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for by the fact that one animal in the group had a Stage-5 

seizure on the first day of stimulation, which greatly 

inflated the mean for this group. The analysis indicated 

that tpere were still no significant differences between 

the three groups on any of these variables (p=0.398; see 

Table 8). The rate of generalization of seizures 

stimulated in the amygdala was then compared between the 

three groups ( see Table 9) using a one-way analysis of 

variance. This analysis showed highly significant 

differences between the groups (p=0.002; see Table 10). 

T-tests demonstrated that control rats (Group 1) and 

animals with 10 ADs produced in the cortex (Group 3) were 

not significantly different from each other (p=0.669; see 

Table 10). Animals that were fully kindled in the cortex 

(Group 2), however, developed generalized seizures in the 

amygdala more rapidly than either control animals 

(p=0.001; see Table 10) or animals with 10 ADs elicited in 

the cortex (p=0.022; see Table 10). 

The previously noted differences between kindling in 

cortical and limbic sites (i.e. forced motor movement, 
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TABLE 8 

Statistical analysis of the threshold and duration ef f ects 
of prior Cortical kindling on ADs kindled in the Amygdala • 

1 to 2 

2 to 2 

ll.D1.YE.t:.i£!.t~ 

YEL.i_g.bl~ 

Threshol a 

Duration of 
First AD 

Duration of 

f 

1.1 23 

0.131 

.f = .t .f! .s .t .s 

.fl2.i~l 

0. 7 44 

2 .o 85 

First STAGE 
( 5) Seizur e 2.823 

1).f .H.1.£ 

6.000 

2.000 

llf 1;:.I.t.QL 

14.000 

7.500 

l1.~.0D .S,gJJil.!~ 

7 30.3 58 

2761.150 

6877 . 892 

.S.i_g... .Q.f f 

0 .3 98 

0. 87 9 

.s .i_g .& .Q.f .f 

0.502 

0 .1 80 

0.112 



TABLE 9 

Effect of pri or Cortical kindling on the rate of STAGE- 5 
seiz ure development in the Amygdala • 

.P.I..i.Q.t .C.QD.Q.i.t.i.QD 

control mean 16 . 2 
(n=5) SD 1 .3 

range 15-1 8 

10 ADS in cortex mean 17.3 
(n=3) SD 5.7 

range 11-22 

kindled cortex mean 4.8 
(n=4) SD 4.5 

Range 1-11 

30 
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TABLE 10 

Statisti cal analys is of the effect of prior Cortical 
kindling on the rate of STAGE-5 seizur e development in the 
Arnygdala . 

bet ween 

within 

2 

9 

378 .450 

132 . 216 

1 89.225 12 . 881 0 .0 02 

14. 6 91 
-----------------------------------------------------------
t ot a l 11 510.666 

:l=:ltSIS 

~QIDl?~.ti~.QD j' I>f .2 J'_giJ. .P.I.Qb~bil.i.t~ 

g r oup 1 vs gr o up 2 5 . 49 7 0.001 

g r o up 1 vs group 3 0.45 6 0 . 66 9 

group 2 vs g roup 3 3 . 29 5 0 . 022 

g roup 1 - contr ol 
group 2 kindled in cortex 
group 3 - 10 ADs in cor t ex 
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study. 

attention 

kindling 
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and AD development) were observed in this 

Another difference that has received little 

is the stability of the ADs produced. During 

in the amygdala all animals displayed an 

amygdaloid AD to each and every stimulation. These 

animals, in other words, displayed ADs on 100% of the 

stimulations. The anterior neocortical site, on the other 

hand, was much less reliable, with much inter-animal 

variation (x=72.15%; see Table 11). The latter result was 

not significantly different (p=0.547) even if the animals 

were previously kindled in the amygdala (x=81.94%; see 

Table 11). 

Another noteworthy observation concerns the occurrence 

of the hyperirritability mentioned previously. It appears 

that the probability of an animal being hyperirritable (by 

my definition) is related to the length of his preceding 

seizure (see Table 12). Specifically, seizures that are 

accompanied by a postictal period of hyperirri,tability are 

of significantly longer duration than seizures in which no 

period of hyperreactivity occurs (p=0.000). 

Finally, AD propagation from amygdaloid stimulations 

was not initially present at the neocortical site. 

However, when noticeable behavioral changes (i.e. Stage-1: 



TABLE 11 

Effect of prior Arnygdaloid kindling on the Stability of 
ki ndled seizures i n t he Anterior Neocortex. 

fJ;;.i.QJ; ~.QDQ.i.t.i.QD 

control mean 72 . 15 
(n=5) SD 22.07 

range 37 . 25-93 . 33 

kindled amygdala mean 81 . 94 
(n=3) SD 18 . 7 9 

Range 62.50-100 . 00 

33 
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TABLE 12 

Relation between postictal irritability and duration of ADs 
kindled in the Anterior Neocortex and the Amygdala. 

neocortex not irritable mean 22 . 43 
( 11 8) SD 17 .61 

range 7-106 

irritable mean 99.94 
( 18) SD 22.01 

range 66 -1 55 

amygdala not ir ri table mean 20.56 
( 82) SD 21.60 

range 1-120 

irritabl e mean 109.73 
(11) SD 46. 7 3 

range 3 0-17 9 

numbers in parenthesis refer to the number of AD periods in 
the respective groups 
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mouth and facial movemehts} started to develop, as a 

result of repeated stimulations, propagation at the 

neocortical site also developed. On the other hand, AD 

propag~tion was always present at the amgdaloid site from 

stimulations of the anterior neocortex. In other words, 

AD was present at both electrodes when the animal 

displayed a behavioral seizure no matter which site was 

stimul a ted . 
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DISCUSSION 

The present results must be considered preliminary due 

to the small number of animals completing the study. This 

study is therefore considerea a pilot, and a follow up 

study is currently under way (with the electrode wire 

insulated with enamel). 

The present experiment investigatea the effects of 

primary kindling in the amygdala or anterior neocortex on 

subsequent kindling in the anterior neocortex or amygdala, 

respectively. Prior kindling in th e amygdala facilitated 

the rate of generalization of seizures kindled in the 

anterior neocortex, but had no significant effects on any 

of the other electrographic variables (threshold and 

duration measures). Similarly, primary kindling in the 

anterior neocortex facilitated the development of Stage-5 

seizures in the amygdala. Partial kindling in the 
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anterior neocortex, however, had no effect on later 

amygdaloid kindling. Prior kindling in the cortex 

regardless i f full or partial had no effects on the other 

e lectrographic variables measured. These results will be 

discussed inoividually . 

Facilitation of secondary anterior neocortical 

kindling through primary amygdaloid kindling links these 

two "distinct" processes together. One might argue that 

the effect i s due s imply to the direct propagation of ADs 

from the stimulated amygdaloid site to the secondary 

cortical site and that this results in a kindling of both 

sites. This is supported by the observed propagation of 

AD at the neocortical site from amygdaloid stimulations. 

Propagated ADs probabl y are different from ADs induced by 

direct stimulation, however, since direct , stimulation 

decreases the threshold and increases the AD duration 

whereas propagated AD had no effect on these measures (as 

indicated by the absence of differences between the groups 

on these measures). This suggests that propagation of AD 

to secondary s ites i s not the mechanism of transfer of 
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seizure susceptibility. Consistent with this idea, 

transfer occurs even when propagation of AD between 

primary and secondary sites is blocked by surgical 

transection of pathways connecting them anatomically 

(McCaughran, Corcoran, and Wada, 1976; McIntyre, 1975). 

An alternative possibility is that both amygdala and 

anterior neocortex are functionally linked to some motor 

mechanism that develops or is released during primary site 

kindling. The sites most likely involved are midbrain and 

or brainstem structures , since these areas remain intact 

in "split-brain" rats, which demonstrate transfer without 

direct propagation of AD between primary and secondary 

sites (McCaughran, Corcoran, and Wada , 1976; McIntyre 

1975). Additionally, other research suggests that 

"activation" of these areas is important for the 

involvement of 

seizures (Wada 

the contralateral hemisphere in bilateral 

and Sato 1974). This hypothesized 

mechanism of contralateral transfer effects coulo a l so be 

the process r esponsible for the ipsilateral transfer 

effects between the amygdala and anterior neocortex. 
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Fac~litation of seconaary-site amygdaloid kindling 

through primary-site cortical kindling further implies a 

relation between these two sites. Interestingly, not only 

was every cortical AD accompanied by a seizure, but also 

propagation of AD to the amygdala was always seen. This 

makes the direct propagation argument highly unlikely 

since animals with 10 ADs elicited in the cortex, and 

therefore with 10 ADs propagated to the amygdala, did not 

differ from controls in subsequent amygdaloid kindling. 

This also suggests that the late lar ge clonic step <C2>, 

present when cortical seizures become generalized, is 

critical for transfer to occur. This late step could 

represent the activation of the hypothesized general 

seizure mechanism. 

An important incidental observation rnaae in the course 

of the present study concerns the instability of the 

cortical seizures. This instability did not just involve 
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the <C2> component, as reported by Burnham (1978), but it 

also included the periodic absence of ADs in spite of 

stimulations. These periods without AD, or "days off" as 

I shall refer to them, came unpredictably with much 
I 

interanimal variation. The animals were still receiving 

the stimulations as indicated by the presence of the 

forced motor movement during stimulation. This phenomenon 

does not appear to be directly related to intensity, as 

increasing the intensity of the stimulation after the 

required three consecutive "days off" did not always 

produce a seizure. The effect did not seem to be directly 

related to the rest period as it would if it were simply a 

refractory period. "Days off" were still commonly 

observed on mondays, which followed a 72-hour rest since 

the last stimulation. Not even when both increased 

intensity of stimulation ana large rest periods were 

combined did a seizure inevitably occur. Furthermore, 

even after the rats had been fully kindled in the 

amygdala, "days off" were still observed when stimulations 

were switched to the cortex. This phenomenon could be due 

to some local cortical effect induced specifically by 

stimulation, since the AD propagated there after 

amygdaloid stimulation did not have "6ays off". The 
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phenomenon is therefor~ likely to be an effect inhibitory 

to the relevant process necessary to trigger seizures 

stimulated from the anterior neocortex. 

LasFlY, the hyperirritability observed is a general 

increase in reactivity that became apparent through 

tactile, auditory, and visual stimulation. It was related 

to the duration of AD and probably to the maturity of ADs 

also. This idea could be tested by continuing to kindle 

animals past generalization to see if they all eventually 

become Hyperreactive to external stimuli. 

Some of the major results and observations to come out 

of this study follow: First and foremost, a transfer of 

seizure susceptibility, in terms of the number of ADs 

necessary to produce a generalized seizure, was o bserved 

between anterior neocortical and amygd aloid kindling. 

Second, stimulation of the cortical site above threshola 

did not produce an AD (or seizure) every time. Third, a 

period of hyperreactivity to external stimulation was more 

likely to follow a long seizure than a short one. 

Finally, ADs were observed at both sites, anterior 
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ne ocortex a nd amygdala, whe n a detectabl e behavior a l 

se i z ure was pr oauced by s timul a tion of either site. 

Tne r e 

results . 

a r e t wo i mportant i mpl i cati ons f r om t he s e 

Fir s t, t he da t a s upport t he poss i bility t ha t 

t he r e i s a single se i z ur e mechani sm in t he mi dbr a in or 

b r a ins t em respons i bl e fo r the 

r ega r dless of kindl i ng s ite . 

generalized se i z ure seen 

Current t heori es about 

cl i n i cal epil eps i es also i mplica t e mi dline s truc t ur es i n 

t he di encephalon and mesencephal on as t he site of t he 

ne urophysi ol ogi cal syst em or systems involved in 

gene r alization (Schmi dt a nd Wilder 196 8). Attempt s t o 

l earn mor e about t h i s mechani sm and its l ocation will have 

t o be ma de in f utur e wor k . Second , t he re i s an apparently 

localiz ed i nf l uence on t he cortex tha t i s r espons i bl e fo r 

t he "days off " seen in corti cal kindling . St imul a ti on of 

limbic s tructures fa il s t o r ecruit a s i mil a r phe nomenon. 

To investigat e t he "days off " phenomenon further, f ut ur e 

wor k co ula l ook a t s timul a ti on pa r ameter s i n ~or e de t a il, 

such as i nt e rtri al i nt e rval and i nt ensity . The i mpo rta nce 

of f ind i ng out mo r e abo ut t hese effects on t he t riggering 

of se i z ures and their poss i bl e mechani sms i s of obv ious 

r e l eva nce for our unde r s t a nding of t he cl ini cal 

epi l eps ies . 
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