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Generality of the Kindling Phenomenon: 
Some Clinical Implications 

J. P. J. PINEL AND P. H. VAN OOT 

SUMMARY: The purpose of the present 

investigations was to explore the gen

erality of the kindling phenomenon and 

its applicability to clinical situations. 

Whether local brain stimulation, electro

convulsive shock (ECS), or metrazol the 

consequence of periodic administration 

of convulsive agents was found to be the 

same; in each case repeated application 

of the agent resulted in the gradual de

velopment and intensification of convul

sive symptoms (kindling). Moreover, in 

each case the resulting intensification 

was not specific to the agent being used 

and seemed to increase the responsive

ness to convulsive agents in general. In 

the present studies this interaction was 

seen in the form of an intensified alco

hol withdrawal syndrome observed 18 

days after cessation of a series of metra

zol injections, amygdaloid stimulations, 

or ECS. Thus, it appears that one of 

the hazards of the convulsive therapies 

is that they may induce enduring 

changes in brain function which leave 

the patient in a state of increased sus

ceptibility to a variety of potentially con

vulsive agents. 

RESUME: Le but du present travail est 
d'etudier la generalite du phenomene de 
"kindling" et son application aux situa
tions (Uniques. Dans tons les cas etudies 
(stimulation cerebrate locale, electro-
chocs ou metrazol) le residtat fut le 
meme: I'application repetee de I'agent 
resulte en un developpement graduel et 
une intensification des symptomes con-
vulsifs ("kindling"). Cette reponse n'est 
pas specijique a I'agent employe qui 
augmente la reponse aux agents convnl-
sifs en general. Ceci comporte un danger 
reel lors de traitements convulsifs re-
petes chez I'humain, quelque soit leur 
forme. 
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Periodic bipolar stimulation of any 
of a number of sites throughout the 
olfactory-limbic system can lead to 
the gradual development and inten
sification of behavioral convulsions 
(kindling) in a variety of species 
(Goddard, Mclntyre & Leech, 1969) 
even at current intensities initially 
too low to produce any behavioral 
or electrographic effects. For exam
ple, if the rat amygdala is periodically 
stimulated at a level which produces 
neither electrographic nor behavioral 
effects, eventually the afterdischarge 
(AD) threshold may be reduced to the 
point that subsequent stimulations 
reliably elicit an AD. If stimulations 
are then continued, mild motor au
tomatisms may appear which in
crease in severity with each succes
sive stimulation until motor seizures 
(MSs), characterized by facial and 
forelimb clonus, rearing, and a loss of 
equilibrium can be reliably elicited 
(Racine, 1972a). 

Although kindling can be produced 
from a wide variety of olfactory, lim
bic, and cortical areas, the number of 
stimulations necessary to kindle full 
MSs is a function of the site of stimu
lation (Goddard, Mclntyre & Leech, 
1969). However, since the amygdala 
has been found to be particularly re
sponsive, most studies of the kindling 
phenomenon have employed amyg
daloid stimulation. Regardless of the 
level of responsiveness of any par
ticular structure, however, kindling 
cannot be produced unless stimula
tions are distributed over time. God
dard, Mclntyre and Leech (1969) 
found the number of stimulations 
leading to kindled convulsions to be 
inversely related to the duration of 
the interval between stimulations; it 
was difficult, if not impossible, to 
kindle rats with interstimulation in
tervals of less than 20 min., and inter

stimulation intervals of 24 hr. or 
longer were found to be optimal. In a 
subsequent study using different 
stimulation parameters, Racine, 
Burnham, Gartner and Levitan 
(1973) confirmed the general inverse 
relation between the duration of the 
interstimulation intervals and the 
number of stimulations required to 
kindle full MSs but found that inter
vals as short as 1 hr. could be used 
without significantly retarding the 
rate of kindling. Moreover, they 
found that kindling and not just the 
expression of MSs was blocked at 
short intervals; massed stimulations 
(15 stimulations administered at 
15-min. intervals) produced only a 
slight reduction in the number of dis
tributed stimulations later required to 
kindle full MSs. 

Racine (1972a) has provided con
vincing evidence that the elicitation 
of ADs at the site of stimulation is a 
necessary prerequisite for the kindl
ing of MSs; periodic stimulation 
maintained at a level below the AD 
threshold did not lead to the de
velopment of MSs, nor did it reduce 
the number of suprathreshold stimu
lations later required for kindling. 
Moreover, the main elec
trophysiological correlate of the 
kindling process appears to be the 
degree to which the ADs generalize 
from the site of stimulation to other 
neural structures (Racine, Gartner & 
Burnham, 1972); during the course of 
kindling, spike amplitudes in secon
dary foci progress from very small or 
nonexistent to amplitudes as great as 
those in the primary focus (Racine, 
1972a). Racine (1972b) has also re
ported that an appreciable reduction 
in the AD threshold can occur during 
kindling but at least three lines of evi
dence suggest that the reduction in 
the AD threshold is independent of 
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the kindling which can occur con
comitantly. First, periodic amyg
daloid stimulation maintained below 
the AD threshold reduces the AD 
threshold without leading to the de
velopment of MSs (Racine, 1972a); 
second, stimulation of posterior 
neocortex does not kindle MSs even 
though it reduces the AD threshold 
(Racine, 1975); and third, the reduc
tion of the AD threshold appears to 
be restricted to the site of stimulation 
while kindling of one brain site 
greatly influences the degree to 
which other brain sites can be kindled 
(Goddard, Mclntyre & Leech, 1969; 
Racine, 1972b; Racine, 1975; Mcln
tyre & Goddard, 1973). 

Perhaps the most important fea
ture of the changes in neural function 
induced by periodic brain stimulation 
is that they are enduring if not al
together permanent. Goddard, Mcln
tyre & Leech (1969) rekindled rats 
after a 12-week stimulation-free 
period and found a saving of about 
90% in the number of stimulations 
required to elicit a full MS. Similarly, 
Racine (1972b) found that the de
creases in AD threshold produced in 
rats by repeated hippocampal or 
amygdaloid stimulation persisted at 
least 6 weeks after all stimulations 
were curtailed. Although the perma
nence of the changes in MSs are more 
striking and have thus been studied in 
more detail, the changes in AD 
threshold are particularly important 
since they can be produced by sub
threshold stimulation. Even stimula
tion levels which produce no obvious 
electrographic or behavioural change 
can produce a lasting increase in the 
susceptibility of the brain to later 
stimulations. 

CLINICAL IMPLICATIONS 
OF KINDLING RESEARCH 

The purpose of the present paper is 
to discuss some of the clinical impli
cations of recent research on the 
kindling phenomenon. Although in
vestigations directed at revealing the 
mechanisms underlying the kindling 
phenomenon may ultimately provide 
valuable information concerning 
epileptic processes in particular and 

neural plasticity in general which will 
be of tremendous practical impor
tance, a number of investigators in
cluding ourselves have directly ap
proached the kindling phenomenon 
from a more applied perspective. At 
this time attempts to employ the 
kindling phenomenon to collect data 
with direct clinical implications ap
pear to fall into two relatively distinct 
categories. In this section these two 
approaches will be discussed and a 
third method of using the kindling 
paradigm to gather information of 
clinical relevance will be presented. 

The utility of the kindling 
phenomenon as a model of epilep-
togenesis was the first clinical appli
cation of the kindling paradigm to be 
emphasized (c.f. Goddard, Mclntyre 
& Leech, 1969; Morrell, 1973). There 
are striking parallels between the 
kindling phenomenon and the prog
ressive development of epileptic 
symptoms in human patients; in un
treated clinical cases as in kindled 
animals there is often a progressive 
development of symptoms within a 
particular attack as well as from one 
fit to the next (Hughlings Jackson, 
1870). However, until recently the 
kindling phenomenon has had one 
critical shortcoming as a model of 
epileptogenesis even though the 
kindling procedure has several im
portant advantages over methods 
which have traditionally been used to 
induce epilepsy in experimental ani
mals (Goddard, Mclntyre & Leech, 
1969). By definition, human epilepsy 
is a spontaneously-recurring, self-
sustained, paroxysmal dysfunction 
of the brain; but early efforts to kin
dle animals to the point where they 
would display such spontaneous 
seizures did not meet with success 
(Goddard, Mclntyre & Leech, 1969). 
Thus, the major shortcoming of 
kindling in rats as a model of epilep
togenesis was that kindling did not 
seem capable of inducing a bona fide 
epileptic condition. However, recent 
experiments by Wada and his as
sociates and studies from our own 
laboratory have clearly demon
strated that periodic amygdaloid 
stimulation will eventually result in 
the production of spontaneously re
curring seizures in both cats (Wado & 
Sato, 1973; Wada, Sato & Corcoran, 

1974) and rats (Pinel, Phillips, Mucha 
& Deol, 1973; Pinel & Rovner, in 
progress). 

In the rat, producing spontaneous 
seizures appears to be simply a mat
ter of extending the number of 
periodic brain stimulations. If amyg
daloid stimulations are continued 
beyond the point where most kindl
ing experiments are curtailed, there 
is a gradual reduction in the day-to
day variability of the class 5 MS pat
tern (Racine, 1972a) followed by the 
eventual development of two new 
MS patterns. The first involves mul
tiple rearing and falling sequences 
and the second can best be described 
as a running fit. In the week or so 
before spontaneous seizures are ob
served, the response to stimulation 
becomes very erratic; sometimes the 
response to stimulation is greatly at
tenuated or even totally absent. 
However, since animals have not 
been monitored continuously, it is 
not clear whether this variable re
sponse is the antecedent or the con
sequence of the development of 
spontaneity. In our experiments 
spontaneity generally has developed 
after five months of 1 s e c , 60 Hz, 400 
M A stimulations administered on a 
schedule of 12 to 16 per week. 

On the basis of our studies and 
those of Wada and his associates it 
appears that the electrographic basis 
of the development of spontaneity is 
the same in both the rat and the cat. 
In both cases the development and 
proliferation of interictal spike dis
charges appears to be the major elec
trographic correlate of the epilep
togenesis of spontaneous seizures. 

Now that it has been well estab
lished that repeated local brain stimu
lation will eventually lead to the 
progressive development of a truly 
epileptic syndrome, the kindling 
model should prove to be a valuable 
and widely used tool in the control
led, experimental study of factors as
sociated with epileptogenesis. We 
(Pinel & Rovner) are currently col
laborating with Madge and Arnold 
Scheibel of the UCLA School of 
Medicine on such a project designed 
to uncover some of the neuroana-
tomical correlates of stimulation-
induced epileptogenesis. 

468 - NOVEMBER 1975 Generality and Clinical Implications of Kindling 

https://doi.org/10.1017/S0317167100020618 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100020618


LE JOURNAL CANAD1EN DES SCIENCES NEUROLOG1QUES 

The second major clinical applica
tion of the kindling paradigm has 
been to use it as a procedure for as
sessing the convulsant and anti
convulsant properties of drugs and 
other stimuli. A good example of this 
approach is the recent study by 
Babington and Wedeking (1973) in 
which the effects of a variety of 
centrally-active agents on kindled 
seizures elicited from the amygdala 
or sensorimotor cortex of rats were 
studied. Once the seizures were 
stabilized (c.f. Pinel, Phillips & Deol, 
1974), drug effects on seizure dura
tion were assessed. Antidepressive 
drugs were found to be more effec
tive in suppressing seizures elicited 
by amygdaloid stimulation than those 
elicited from the cortex, whereas 
both antianxiety and antiepileptic 
drugs exerted nonselective blockade 
but the antianxiety agents were more 
potent. Neuroleptic drugs and stim
ulants produced minor inhibitory 
and facilitatory effects respectively. 
On the basis of their experience using 
kindled seizures for assessing phar
macological effects, Babington and 
Wedeking outlined a number of ad
vantages of the kindling paradigm as 
a neuropharmacologic test system 
over more traditional alternatives, 
however they overlooked its most 
important feature. By using the kindl
ing paradigm as an assay device the 
effects of drugs can be assessed not 
only on each individual seizure but 
on the progressive intensification of 
seizures from stimulation to stimu
lation. By determining the extent to 
which anticonvulsant drugs are cap
able of blocking the kindling MSs, it 
may eventually become possible to 
predict which anticonvulsants will be 
most successful when used 
prophylactically in a clinical situation 
(Ward, 1975). Moreover , such 
studies may provide insights into the 
neurochemical basis of the kindling 
phenomenon in particular and epilep-
togenesis in general. 

The effects of pharmacologic ag
ents on the kindling process have 
been studied by several inves
tigators. Wise and Chinerman (1974), 
for example, reported that diazepam 
and phenobarbital but not 
diphenylhydantoin can block the 
progressive intensification of MSs 

but not the local decrease in AD 
threshold produced by repeated elec
trical stimulation of the amygdala. 
Similarly, Arnold, Racine and Wise 
(1973) have reported that the 
cholinergic blocking agent atropine 
retards the rate of MS development 
without influencing the local AD 
threshold, whereas attentuation of 
catecholaminergic activity by reser-
pine or 6-hydroxydopamine facili
tated kindling. 

The main shortcoming of attempts 
to study the effects of pharmacologic 
agents on the kindling process, at 
least when viewed from the clinical 
perspective, is that only the effects 
on the initial portion of the kindling 
process have been studied. Agents 
which have no effect on the genesis of 
stimulation-induced MSs may prove 
to be very effective in suppressing 
the eventual expression of spontane
ous seizures. 

We have recently begun to ap
proach the clinical implications of the 
kindling phenomenon from a differ
ent perspective. Stimulated by the 
recent warning of Goddard (1971) we 
have tried to determine what implica
tions the kindling phenomenon might 
have for the application of various 
forms of convulsive therapy in the 
treatment of psychopathology. In the 
following sections data will be re
ported that show that convulsive 
therapy may leave an individual in an 
enduring state of hypersusceptibility 
to a variety of convulsive agents. 

INTENSIFICATION OF 
ALCOHOL WITHDRAWAL 

BY KINDLING 
Since the discovery that electrical 

stimulation of discrete sites of the 
brain can exert a powerful influence 
on behavior (Olds & Milner, 1954), 
there has been growing interest in the 
possible therapeutic value of local 
brain stimulation in general and 
stimulation of the so-called "motiva
tional " areas in particular. There 
have already been numerous reports 
of clinical applications of this techni
que. Electrical current has been ap
plied to the human brain in an attempt 
to identify epileptic foci (Adams & 
Rutkin, 1972), to treat schizophrenia 

(Cerletti, 1956), to change the emo
tional level of psychotic patients (c.f. 
Heath, 1970), to treat homosexuality 
(Moan & Heath, 1972), as a pros
thesis (Brindley & Lewin, 1971), and 
to relieve chronic pain (Heath & 
Mickle, 1960). Recently, however, 
Goddard (1971) warned that if brain 
stimulation is employed for therapeu
tic purposes, there is a real danger 
that seizures will be elicited during 
treatment unless an effort is made be
forehand to identify and use proce
dures that are not conducive to kindl
ing. 

The purpose of our first experi
ment in this series was to demon
strate a further hazard of inadvertent 
kindling. Can kindling leave an or
ganism more susceptible to seizures 
produced by agents other than local 
brain stimulation? If this is the case, 
the main danger is not that a patient 
could suffer a few accidental seizures 
during the course of the treatment, 
but that the patient could be rendered 
irreversibly susceptible to convul
sive agents administered long after 
therapy has been curtailed. We con
centrated our study on one of the 
most prevalent convulsive agents in 
our society — alcohol. Alcohol itself 
is an anticonvulsant but once it has 
been metabolized it leaves the or
ganism in a state of heightened seiz
ure susceptibility (McQuarrie & 
Fingl, 1958). In alcoholic individuals 
the withdrawal from alcohol often 
precipitates a withdrawal syndrome 
characterized by tremors and other 
"mild" epileptic symptoms, but in 
severe cases it can also lead to grand 
mal seizures and death (1 til, 1970). 
Even in organisms who have had lit
tle experience with alcohol and dis
play no obvious alcohol withdrawal 
symptoms there is an increased sus
ceptibility to seizures induced by 
other agents following alcohol with
drawal (McQuarrie & Fingl, 1958). 
Can kindling increase the susceptibil
ity of organisms to seizures produced 
by the subsequent withdrawal from 
alcohol? 

Thirty male, black-hooded rats 
(Canadian Breeding Farms and 
Laboratories, LaPrairie, Quebec) 
were implanted with unilateral, bipo
lar electrodes aimed at the center of 
the amygdaloid complex and then a 
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hyper- ear-eye jaw facial head body 
reactivity twitches clonus clonus nods jerks 

SYMPTOM 

Figure /—The intensification of alcohol withdrawal symptoms 
following electrical, amygdaloid kindling. The 45 stimulations 
were administered 3 per day, 5 days per week. The controls 
were implanted and treated as experimentals, except that they 
received no stimulation. Prior to withdrawal assessment all 
subjects received 45 ethanol intubations administered at 8-hr. 
intervals. The incidence of each symptom as presented in 
comparison to the control value arbitrarily presented as 100%. 
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SYMPTOM 

Figure 5—The intensification of alcohol withdrawal symptoms 
following repeated administrations of metrazol. The experi
mental subjects received 42 distributed metrazol injections, 
whereas the controls were injected with metrazol only twice. 
Prior to withdrawal assessment all subjects received 45 
ethanol intubations administered at 8-hr. intervals. The inci
dence of each symptom is presented in comparison to an 
arbitrary control mean of 100%. 

randomly selected group of 15 ani
mals were kindled with 45, 1-sec, 
400- pi A, 60-Hz brain stimulations 
administered 3 times per day, 5 days 
per week. The remaining 15 im
planted animals served as unstimu
lated controls. 

Three days after the last stimula
tion both groups of animals were sub
jected to 45 intubations of a 20% vol-
umetrically prepared alcohol solu-

Figure 2—The development and increase 
in MS severity with repeated metrazol 
injections. The controls received met
razol on the first and last trials and 
saline on the intervening trials. The in
terval between injections was 3 days, 
with a 9-day, injection-free period pre
ceding the last injection. 
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tion according to a procedure we 
have described elsewhere (Mucha, 
Pinel & Van Oot, 1975). Withdrawal 
assessments commenced 9 hours 
after the last intubation and all as
sessments were performed by a re
searcher who did not know the ex
perimental history of the animals. 
Each animal was placed under "for
m a l " observation for 2-minute 
periods every 3 hours and the pres
ence or absence of the following 
withdrawal symptoms was assessed: 
1) rhythmic activity of the mouth, 2) 
facial tremors, 3) rhythmic eye or ear 
twitching, 4) myoclonic body jerks, 
5) rhythmic head nodding, and 6) 
hyperreactivity to handling. Since 
there were six observation sessions, 
the maximum score an animal could 
receive for each of the six symptoms 
was 6 with an overall maximum score 
of 36 for all the symptoms. 

It is apparent in Figure 1 that the 
withdrawal syndrome displayed by 
the kindled animals was much more 
severe than that of the controls. For 
the purpose of making an overall 
statistical comparison each animal 
was given a score for each of the six 
symptoms which was a percent of the 
mean score obtained for the unstimu
lated control animals for that symp
tom. Thus, the mean of the control 
animals for each symptom was 100% 

and the control mean for all six symp
toms considered together was also 
100%. In contrast, the mean of these 
overall scores for the kindled animals 
was 249.8% (U = 16; N1/N2 = 11/11; 
p < .005 one-tailed). Furthermore, 
three full clonic seizures like those 
seen in the advanced stages of amyg
daloid kindling were observed during 
the course of withdrawal, all in ex
perimental subjects. 

A similar experiment was designed 
to determine whether subsequent al
cohol withdrawal could be intensified 
by amygdaloid stimulation which 
was of insufficient intensity to elicit 
ADs and thus to kindle MSs. Eleven 
animals were implanted with elec
trodes as in Experiment 1 and an ini
tial AD threshold was determined for 
each animal. Each subject was stimu
lated for 1 sec. at 25 \x A, then, if no 
AD was elicited, at 50, then 75 and so 
on at increments of 25 iu A every 6 hr. 
until an AD was produced. The in
tensity which evoked an AD was 
considered the threshold for that 
animal. Each rat was stimulated until 
one AD was produced and then re
ceived control handling without 
stimulation until the thresholds of all 
subjects were determined. Subjects 
were then divided into two groups on 
the basis of these threshold scores. 
One group (n = 6; x"= 131.2 HA) 
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was then placed on a stimulation re
gimen similar to the schedule used in 
Experiment 1 with an initial stimula
tion level for each animal 15% below 
the threshold for that animal. 
Whenever an AD was produced in 
this series of stimulation sessions 
however, the intensity of subsequent 
stimulations was reduced by 15%. In 
this way stimulation levels were kept 
below the AD threshold for the ma
jority of stimulations. Thus, although 
the average threshold drop for the 
stimulated group was 62.2%, no ani
mals developed full MSs and only 
one animal displayed any overt 
epileptic symptoms in response to 
the stimulations. The remaining ani
mals (n = 5;~x = 134.4 |i A), served as 
unstimulated controls. 

After the administration of alcohol 
and assessment of the withdrawal 
reaction, the raw scores for each of 
the symptoms were again converted 
to a percentage of the control mean 
for respective symptoms. As in the 
first experiment each of the six with
drawal symptoms was observed sig
nificantly more frequently in the 
stimulated animals (x"= 197.1%) i^an 
in the unstimulated controls ( x = 
100.0%) (U = 3;Ni/N2 =5 /6 ; p < .02). 

The present data have revealed an 
important aspect of the kindling 
phenomenon. It is now clear that re
peated, local brain stimulation does 
more than merely increase the sus
ceptibility to seizures produced by 
subsequent brain stimulations. Re
peated stimulation apparently alters 
the neural substrate in such a way 
that the organism becomes generally 
more susceptible to convulsive ag
ents. In the present experiments this 
change was manifested in the form of 
an intensified alcohol withdrawal 
syndrome. The fact that stimulation 
either above or below the AD 
threshold effectively intensified the 
symptoms suggests that the reduc
tion of the AD threshold was an im
portant factor in the increased sever
ity of the withdrawal syndrome. Al
though suprathreshold stimulation is 
required for the kindling of MSs, sub-
as well as suprathreshold stimula
tions can effectively reduce the AD 
threshold (Racine, 1972a, b). 

There are obvious parallels bet
ween the present results and a 

phenomenon which has been widely 
reported in the experimental epilepsy 
literature. Epileptic foci which are 
themselves not spontaneously active 
can be readily activated by the sys
temic administration of a convulsive 
agent, even at low doses. Since brain 
stimulation will eventually lead to a 
syndrome characterized by spon
taneous seizures (Pinel, Mucha & 
Phillips, 1975), the kindling proce
dure can be viewed as a controlled 
method of establishing a type of 
epileptic focus. In the present situa
tion, although the genesis of the focus 
had not reached the point where MSs 
were spontaneously occurring, spon
taneous interictal spiking was often 
recorded from the site of stimulation. 
Since this spiking was observed only 
in stimulated animals, it suggests that 
a focus was in fact being produced by 
the stimulation. It is not at all surpris
ing, therefore, that these animals 
should show an increased epileptic 
response to a systemic convulsive 
agent such as alcohol withdrawal. 
Moreover, since a wide variety of 
systemic agents have been shown to 
interact with epileptic foci, there is 
no reason to believe that alcohol is 
the only agent which can interact 
with prior brain stimulation to inten
sify epileptic symptoms. Withdrawal 
from barbiturates and many of the 
non-barbiturate, sedative drugs and 
minor tranquilizers can produce con
vulsions similar to those seen in al
cohol withdrawal (Itil, 1970). Con
versely there are numerous drugs, 
including a number of the major tran
quilizers and antidepressives as well 
as some of the hallucinogens, which 
directly increase the susceptibility to 
seizures (Itil, 1970). In fact, in a study 
recently completed in our laboratory 
(Pinel, Skelton & Mucha, 1975) we 
have found that repeated amygdaloid 
stimulation, either below or above 
the AD threshold, intensifies subse
quent convulsive reactions to met-
razol in rats. 

KINDLING WITH OTHER AGENTS 
One of the main factors determin

ing the degree to which studies of the 
kindling phenomenon can be applied 
to clinical situations, is the degree to 
which such effects can be produced 

by agents other than local brain 
stimulation. Although the demonst
ration that repeated amygdaloid 
stimulation can intensify subsequent 
alcohol withdrawal even when ad
ministered at subthreshold levels is 
of clinical importance, the applicabil
ity of these results is severely re
stricted by the fact that local brain 
stimulation is an infrequently emp
loyed, albeit interesting, therapeutic 
technique. Thus, after establishing 
the generality of the kindling 
phenomenon in one sense, that is by 
showing that amygdaloid kindling 
produces an enduring increase in re
sponsiveness to a variety of convul
sive agents, we approached the gen
erality issue from another perspec
tive. To what extent can kindling be 
produced by agents other than local 
brain stimulation? 

Kindling-type effects have been 
reported in response to the repeated 
administration of a variety of convul
sive agents. For example, Mason and 
Cooper (1972) administered "sub-
convulsive' ' doses of metrazol to rats 
at 3-day intervals. After a few injec
tions minor myoclonic responses de
veloped and eventually grand mal 
seizures were elicited in some ani
mals. Leech (1970) observed that 
mice which are initially resistant to 
audiogenic seizures eventually be
came responsive to the stimulation if 
they were exposed to a short burst of 
audiogenic stimulation each day. At 
first the sound elicited little more 
than a startle response in most mice 
of "resistant" strains but after sev
eral days of exposure, fits of running 
and jumping were elicited and with a 
few additional stimulations grand mal 
convulsions were typically pro
duced. Prichard, Gallagher and 
Glaser (1969) found that if seizures 
were elicited with flurothyl ether at a 
rate of not more than once a day there 
was a progressive reduction of seiz
ure threshold in rats, mice, and 
guinea pigs. With each presentation 
of the flurothyl, there was a decline in 
the latency to the first myoclonic jerk 
and to sustained convulsion, and an 
increase in the severity of the MS 
pattern. Finally, Vosu and Wise 
(1975) have recently shown that car-
bachol injected daily into the amyg
dala, hippocampus, or caudate of rats 
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at "subconvulsive" doses will even
tually elicit MSs. 

The effects of repeated elec
troconvulsive shock (ECS) were of 
particular interest, first because ECS 
is the most widely used form of con
vulsive therapy and second, because 
the effects of repeated ECS appeared 
to stand in apparent conflict with the 
effects produced by other convulsive 
agents; an increase rather than a de
crease in convulsive threshold was 
the well-documented result of a 
series of ECSs. For example, Essig, 
Groce and Williamson (1961) found 
that a series of twice daily ECSs ad
ministered to cats produced an in
crease in seizure threshold which 
gradually returned to normal when 
the series was terminated; and an 
even greater increase in seizure 
threshold occurred when the ECSs 
were administered four times per 
day. 

In our studies, however, we have 
found results consistent with the 
kindling notion (Ramer & Pinel, 
1974). In our first studies ECS was 
administered to rats once every three 
days at a constant intensity of either 
15 or 25 ma. At both current inten
sities the result was the same; with 
each successive ECS there was a 
gradual intensification of the seizure 
pattern as reflected in declining 
latencies to forelimb and hindlimb 
extension and an increasing inci
dence of hindlimb extension. In other 
words, these results were in accord 
with previous studies of the kindling 
phenomenon but in apparent con
tradiction with the bulk of studies of 
repeated ECS. A careful examination 
of this literature suggested that the 
main factor responsible for this dis
crepancy was the duration of the in
tervals between ECS. In our initial 
experiment this interval was three 
days and in the only other studies in 
which increased seizure susceptibil
ity following repeated ECS was re
ported (Zarrow, Pawlowski & De-
nenberg, 1962; Pollack, Rosenthal & 
Macey, 1963) the interval was a 
week. In all of the other studies ECS 
was administered at intervals of 24 
hr. or less and a progressively in
creasing seizure threshold was the 
result. The hypothesis that the inters-
timulation interval was the critical 

factor was confirmed by an experi
ment in which a 10-ma ECS was re
peatedly administered to rats at 1-hr., 
1-day, or 3-day intervals. The results 
were in complete accord with our 
hypothesis. When ECSs were ad
ministered at 3-day intervals, there 
was a progressive increase in seizure 
susceptibility as demonstrated by in
creasingly severe MS patterns and 
declining latencies to forelimb and 
hindlimb extension, thus confirming 
the results of Experiment 1. At the 
1-hr. interval, however, the results 
were opposite; the MSs grew prog
ressively less severe in terms of all 
three measures. The intermediate 
1-day condition produced inter
mediate effects; there were no sys
tematic changes in seizure severity. 

This relationship between the du
ration of the interstimulation interval 
and changes in the susceptibility to 
ECS-produced seizures, is basically 
the same as that observed for other 
convulsive agents; facilitation occurs 
at only long intervals while inhibi
tion is observed when intervals are 
short. This suggests that the mech
anisms underlying the progressive 
facilitatory and inhibitory effects 
produced by the repeated admin
istration of any of a variety of con
vulsive agents are basically the same. 
However, the exact form of the re

lationship between the interstimula
tion interval and systematic changes 
in seizure susceptibility depends on 
the agent employed and whether or 
not such agents are administered at 
sub- or suprathreshold levels. 

INTENSIFICATION OF 
ALCOHOL WITHDRAWAL BY 
PERIODIC ECS OR METRAZOL 

Our finding that repeated amyg
daloid stimulation produces a general 
increase in the responsiveness to 
convulsive agents coupled with the 
observation that the periodic ad
ministration of any of a wide variety 
of convulsive agents can induce a 
lasting increase in seizure suscepti
bility suggested that convulsive ag
ents which have been frequently ad
ministered to human patients for clin
ical purposes may be capable of in
ducing lasting increases in suscepti
bility to a wide variety of convulsive 
agents. We have studied this ques
tion in two separate but similar exper
iments. In one experiment 41 i.p. in
jections of metrazol were adminis
tered at three-day intervals to ex
perimental rats; the control animals 
were injected with metrazol on the 
first day and with equal volumes of 
saline thereafter. In order to assess 
the permanence of the metrazol ef
fects, an additional metrazol injec-

Figure 4—The increase in four measures of MS severity with repeated ECS at two 
current intensities with an interval between stimulations of three days. The first and 
last trials were conducted at 15mA in both groups. 

NUMBER OF ECSs 
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SYMPTOM 
Figure 5—The intensification of alcohol withdrawal symptoms following repeated ECS 

administrations. The controls were implanted and handled as experimentals, but were 
not stimulated. Prior to withdrawal assessment all subjects received 45 ethanol 
intubations administered at 8-hr. intervals. The incidence of each symptom is pre
sented in comparison to an arbitrary control mean of 100%. 

tion was administered to all subjects 
9 days after injection 41. The initial 
metrazoi injection produced no re
sponses in about 70% of the experi
mental subjects while very mild facial 
tremors were noted in the remaining 
subjects. Inspection of Figure 2 con
firms the previous report of Mason 
and Cooper (1972); with repeated 
administration of low doses of met
razoi there was a gradual develop
ment and intensification of convul
sive responses. Since the develop
ment of MSs in response to repeated 
metrazoi injections was much the 
same as that observed in response to 
repeated limbic stimulation, we as
sessed the severity of the MSs using 
the 5-stage scale devised by Racine 
(1972a). The five stages are (1) facial 
movements only, (2) facial move
ments and head nodding, (3) facial 
movements, head nodding, and 
forelimb clonus, (4) facial move
ments , head nodding, forelimb 
clonus, and rearing (5) facial move
ments, head nodding, forelimb 
clonus, rearing, and falling. 

As in our previous experiment 
both the experimental and control 
subjects were then intubated with al
cohol every 8 hr. for a 2-week period 

and the incidence of various with
drawal reactions was then assessed. 
In Figure 3 the incidence of each of 
the six withdrawal symptoms is pre
sented in comparison to the arbitrary 
control standards of 100%. Clearly 
the overall withdrawal reaction was 
much more severe in the experimen
tal subjects (U = 10, N1/N2 =4 /15 , 
p < .025 one-tailed) even though the 
controls themselves had received 
two injections of metrazoi during the 
course of the experiment. 

Finally, in our most recent experi
ment, all experimental rats received 
0.5 s e c , 15-ma ECS administered 
through implanted skull screws, and 
the same ECS was again adminis
tered to all the experimental subjects 
30 days later. In the intervening 
period all the experimental animals 
received 8 ECSs administered at 3 
day'intervals. For half of these ani
mals the intensity of the intervening 
ECSs was 15 ma while the other half 
were stimulated at 75 ma. Control 
subjects were handled but remained 
unstimulated. 

Figure 4 confirms the results of our 
previous studies (Ramer & Pinel, 
1974) and adds to their generality. 
The repeated administration of ECS 

at both intensities produced a 
gradual intensification of the convul
sive response which was reflected in 
each of four separate measures of 
seizure severity. Although the rate of 
seizure intensification was the same 
at both current intensities the higher 
75 ma current consistently evoked 
seizures of greater severity thus con
firming the validity of each of our 
four measures. 

In the second stage of this study 
both experimental and control sub
jects were subjected to the 15-day 
series of ethanol intubations followed 
by withdrawal assessment as in our 
previous studies. Since the intensity 
of the ECS had no appreciable effect 
on the incidence of the withdrawal 
symptoms the data of these two 
groups were combined for presenta
tion in Figure 5. Again the facilitatory 
effect of repeated convulsive stimu
lation is clearly illustrated (U = 104, 
N1/N2 =21/24, p < .001 one-tailed). 

CONCLUSIONS 
Although the present studies have 

been presented from an applied pers
pective, they have served to illustrate 
two important features of the kindl
ing effect which will have important 
consequences for attempts to un
cover the basic nature of the kindling 
phenomenon. First, the present 
studies make it clear that the inten
sification of MSs produced by local 
electrical stimulation of responsive 
brain sites is but one manifestation of 
a much more general response. In the 
present studies, a progressive inten
sification of MSs was demonstrated 
in response to periodic ECS and in
jections of metrazoi while other in
vestigators have produced similar re
sponses with the periodic administra
tion of flurothyl vapour, audiogenic 
stimulation, or intracerebral injec
tions of carbachol. Second, the in
tensification of MSs produced by the 
periodic administration of one agent 
is not restricted to MSs elicited by 
that agent. In the present experi
ments this generality was seen in the 
form of intensified alcohol with
drawal following periodic amyg
daloid stimulation, periodic metrazoi 
injections, or periodic ECS. Al
though the study of periodic, local, 
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electrical brain stimulation may 
prove to be the most productive ap
proach to studying this phenomenon, 
an explanation of the kindling 
phenomenon will ultimately have to 
account for its generality. Moreover, 
it may prove possible to gain some 
valuable insights into the kindling 
process by comparing the epilep-
togenesis induced by various agents. 

The generality of the kindling 
phenomenon has two rather direct 
implications for the use of convulsive 
or potentially convulsive therapies. 
First, clinicians should be aware of 
the enduring changes in brain func
tion which can be induced by such 
agents and weigh the hazards in
volved against possible therapeutic 
benefits. Second, if such therapeutic 
agents are employed, it is important 
that the subsequent exposure to po
tentially convulsive agents be care
fully monitored. At present, convul
sive therapies are commonly ad
ministered in conjunction with phar
macological agents which them
selves can have convulsive effects 
(c.f. Itil, 1970). 

Of particular importance was our 
finding that lasting increases in the 
responsiveness to convulsive agents 
can be induced by repeated amyg
daloid stimulation administered 
below the AD threshold. Repeated 
brain stimulation may be dangerous 
even though neither MSs nor ADs are 
elicited during the course of treat
ment. 

DISCUSSION 

Dr. Wada: I regret that Dr. Mason is not here 
with us today. It is interesting that metrazol 
produces similar progressive reinforcement 
of seizure manifestations. We have attempted 
the same sort of thing but with a slightly dif
ferent idea in that if we combined metrazol 
and photic stimulation application over a 
period of time we might be able to produce 
photosensitivity among non-sensitive Papio 
papio or totally non-epileptic rhesus monk
eys. Drs. Osawa and Corcoran spent quite a 
bit of time on this and the results have been 
totally negative in spite of a prolonged effort. 
An interesting thing that happened is that one 
of the rhesus monkeys began to have spon
taneous seizures. We still have this particular 
rhesus monkey with us and, as a matter of 
fact, Dr. Mizoguchi is kindling him. If you 
compare the metrazol-treated animals against 
non-treated rhesus monkey, there is no differ
ence in terms of seizure development so far. I 
had anticipated that it might be different or 
faster. In order to look into this further, and 

knowing that a perinatal seizure often predis
poses one to later development of temporal 
lobe epilepsy, we started subjecting kittens in 
the perinatal period to repetitive seizures. We 
have waited for about 1.5 years now and we 
are just about to start to kindle them hoping to 
learn the consequence of early metrazol seiz
ure on kindling. On the other hand, we have 
been using the kindling model for examination 
of the prophylactic property of a number of 
drugs, dilantin, phenobarb, carbamazepine, 
delta-8, delta 9-THC and taurine. Among all 
these agents we find that phenobarbitol and 
carbamazepine as well as delta 9-THC are 
very effective prophylactic agents whereas 
DPH is not. This is very interesting in view of 
Drs. Rapport and Ojemann's work using a 
cobalt model with a focus in the frontal area. 
They found DPH was most effective in their 
preparation. It is quite conceivable that if we 
used frontal kindling, the results could have 
been different. It is obvious that we need to 
examine more than one area to gain a com
prehensive view of any drug's prophylactic 
potency preferably in several species. Dr. 
Livingston or Dr. Racine may have something 
to add to this later on. I would now like to call 
upon Dr. Corcoran to give us a brief summary 
of what he has observed with taurine and 
delta 8- and 9-THC. Dr. Corcoran: There has 
been a lot of recent interest in taurine as an 
anti-epileptic agent based mainly on Van 
Gelder's work. We did, I guess, the obvious 
experiment of giving taurine to amygdala kin
dled cats, rats and baboons. As it turned out, 
it had absolutely no effect on their seizure pat
tern although it is capable of wiping out 
photically-induced seizures in photosensitive 
baboons. It has no effect on kindled amyg
daloid seizures in the same animal. Dr. Racine 
tells me that he has done the same thing in rats 
but he has looked at the effects on develop
ment of seizures as well. Again, taurine is en
tirely negative in terms of prophylaxis. Dr. 
Pinel: You know that Dr. Gaito at York is also 
doing that? Dr. Corcoran: Yes. Gaito's re
sults sound somewhat different. He is trying 
to claim that there is some effect on the very 
early manifestations of kindled amygdaloid 
seizures in rats. We will have to see what he 
says in Quebec City. This, of course, brings 
up one of the values of kindling that you men
tioned and that is that you can look at drugs 
that aren't established anti-epileptic agents 
and try to get some profile of their effect. As 
Dr. Wada mentioned we've looked at delta 8-
and delta 8- tetrahydro-cannabinol which are 
the major psychoactive ingredients of mari
juana. We found that delta 8-, which is pres
ent only in trace amounts in cannabis, has 
some effect on established kindled seizures in 
rats and baboons and it has some prophylactic 
effect in the development of kindled amyg
daloid seizures in rats but it's not a genuine 
prophylactic effect. At least, not under the 
circumstances in our experimental situation. 
The animals, when the drug is withdrawn and 
they are rekindled, show immediate seizures 
even though they never expressed them dur
ing kindling which validates Racine's point 
about using that test of rekindling when you 
are working at prophylactic effects. Delta 9-
in rats is the same. It has a prophylactic effect 
which under our circumstances is not a 
genuine effect. However, with cats in amyg
daloid kindling, Dr. Wake showed delta 9- ex
erts a genuine prophylactic effect. The ani

mals are entirely protected from the effects of 
amygdaloid stimulation. It's as if they're 
naive when they're retested without the drug, 
so that I think that it will be interesting to use 
this preparation to compare the well known 
anti-epileptics with these other possibly use
ful therapeutic drugs. Dr. Pinel: One thing that 
I might add is that I think it is very important 
in these studies to carry them all the way 
through to spontaneity. That is, you might 
find that certain drugs will have certain effects 
on the early stages of kindling but may have 
different effects on the expression of spontan
eity. With the rats it would be tremendously 
difficult because of the amount of time in
volved but I think this may be an extremely 
important aspect of these kinds of experi
ments. Dr. Corcoran: I have a question re
garding your report of these more advanced 
stages of seizure development in rats past the 
"classical" C5 stage. I think part of these re
sults are undoubtedly due to prolonging the 
kindling and taking the animals out beyond 
the appearance of the first seizures, but I 
think that there is also the possibility that 
there is at least an interaction with the current 
level used to produce the seizures. We find 
that with 60 Hz sine wave the threshold for 
afterdischarge in the lateral amygdala in rats 
is roughly 30-40 u a for one sec of stimulation, 
and that is the whole order of magnitude 
below the current levels you have been using. 
I think we haven't carried the animals as far 
as you have in time, so that I don't know 
whether or not our animals would develop 
these manifestations. We see the running fits 
and so on but mostly in animals that have 
been pre-treated with 6-hydroxydopamine. 
I'm wondering if you think it is possible that 
this interaction does exist and that the current 
level is an important variable as well. Dr. 
Pinel: I sort of have the hunch that with lower 
current levels we might have an easier time. 
We find a general inverse relationship in ani
mals where we have observed any kind of 
damage, usually from infection around the 
electrode tip. These are the animals that don't 
become spontaneous; I don't think that there 
is much of an effect. Dr. Wada: Since the fol
lowing three papers are dealing with the same 
topic of frontal lobe and kindling, I would like 
to suggest that discussion on these papers 
begin at the end of the third paper. Hopefully, 
this will enable us to have more time for the 
general discussion at the end. 
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