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Recurrent Spontaneous Seizure State Induced by Prefrontal
Kindling in Senegalese Baboons, Papio Papio

SUMMARY: In our earlier study of
amygdaloid kindling in Papio papio
(Pp), the development of partial complex
seizure and of focal motor seizure was
correlated with bifrontal theta discharge
and increasing Rolandic spike discharge
respectively and the final stage was
characterized by primary generalized
convulsive seizure. Since the latter seiz-
ure pattern is known to originate from
the frontal focus in man, the frontal cor-
tex became suspect in the development
of the final stage seizure pattern. Daily
prefrontal stimulation showed that Pp
can be kindled from this site, culminat-
ing in a recurrent spontaneous seizure

RESUME: Des stimulations préfrontales
Journalieres montrent que le “‘kindling’’
peut étre produit chez le papio papio a
partir de ce site, créant un état de con-
vulsions récurrentes spontanées iden-
tigue a celui produit dans la méme
espéce par “‘kindling’’ amygdalien. Ce-
pendant les “‘kindling’’ préfrontaux et
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state identical to that induced by amyg-
daloid kindling in this species. However,
our observation did not support our orig-
inal assumption regarding the genesis of
primary generalized convulsive seizure.
Prefrontal and amygdaloid kindling are
significantly different with respect to
morphology, distribution and propaga-
tion of afterdischarge and interictal
spike discharge, and speed and pattern
of clinical seizure development. Most in-
triguingly, inter-ictal behavioral aberra-
tion associated with depth EEG changes
was observed only in the prefrontal ani-
mals and not in the amygdaloid animals.

amygdaliens sont significativement dif-
férents quant a leur morphologie, a la
distribution et a la propagation des post-
décharges et des décharges en pointe
intérictales, et enfin quant a la vitesse et
au pattern de développement de la crise
clinique.
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In our previous study of amyg-
daloid kindling in epileptic
Senegalese baboons, Papio papio,
we found that they reached a final
stage of generalized convulsion
which was characterized by the
onset of a bisymmetrical clonic-
tonic-clonic seizure associated with
bisynchronous electrographic dis-
charge beginning in the bulbar re-
ticular formation (Wada & Osawa,
1975). These electroclinical manifes-
tations were identical to those of the
spontaneous recurrent primary gen-
eralized convulsions observed in
amygdaloid kindled baboons. In ad-
dition this pattern was strikingly
similar to the pattern of the photi-
cally induced generalized convulsion
in this species (Wada, Terao &
Booker, 1972). In amygdaloid kindl-
ing of rhesus monkeys only secon-
dary generalized convulsive seizures
were observed in spite of the sub-
stantially larger number of daily
stimulations given ((Goddard, MclIn-
tyre & Leech, 1969; Wada & Miz-
oguchi, unpublished data). This find-
ing suggests a unique predisposition
of Papio papio toward primary
generalized seizures. If this assump-
tion is correct, one could expect this
species (Papio papio) to respond
similarly to a kindling procedure in-
volving other brain sites.

However, the clinically known
fact that epileptogenic lesions in the
frontal polar region generate
generalized convulsions comparable
to primary generalized seizures
(Rasmussen, 1975; Goldring, 1972)
suggests the possibility that the
primary generalized seizures ob-
served in amygdaloid kindled ba-
boons may be due in part to secon-
dary activation of this cortical area.
Indeed, electrographic evidence of
an early participation of anterior
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frontal cortical areas in amygdaloid
seizure development has been ob-
served in both cats and baboons
(Wada, Sato & McCaughran), (In
press).

This is not unexpected since the
frontal cortex is known to receive
projections from the amygdala either
directly (Kretteck & Price, 1974) or
via the medialis dorsalis of the
thalamus (Nauta, 1962). Therefore,
we examined the possibilities that
primary generalized seizures in
Papio papio result (1) from secon-
dary activation of the frontal cortex,
or (2) through a unique epileptogenic
predisposition of this species.

The results of the present study
show that a recurrent spontaneous
convulsive seizure state identical to
that observed among amygdaloid
kindled baboons also can be induced
by kindling this neocortical site.
However, the findings do not sup-
port an assumption that the primary
generalized convulsive seizure pat-
tern of AM kindled animals results
from secondary ictal activation of
the prefrontal cortex (PF). Rather,
the findings reinforce our concept
that Papio papio is a unique subhu-
man primate model of human
epilepsy with a predisposed suscep-
tibility towards primary generalized
seizure.

MATERIALS AND METHODS

Two Senegalese baboons, a 6.2 kg
male (W135) and a 5.7 kg female (W 136),
were used. These animals were followed
for a period of three and a half years with
respect to their photosensitivity prior to
the implantation of electrodes. Neither
of them was witnessed to have spon-
taneous convulsive seizures. Permanent
electrodes were implanted under sodium
pentobarbital anesthesia (35 mg/kg).
Bipolar cortical and depth recording
electrodes were made by attaching a
stainless steel wire, 0.19 mm diameter,
to No. 30 stainless steel tubing insulated
except for the tips, with an interelec-
trode distance of 1 mm. The stimulating
electrode was the same stainless steel
wire insulated except for 2 mm at the tip,
and was attached to the cortical record-
ing electrode. The latter was placed
bilaterally over the dorsal surface of the
frontal lobe. The exposed portion of the
stimulating cortical electrode was in-
serted perpendicularly into the prefron-
tal cortex (PF). Depth electrodes were
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placed into the basal lateral amygdala
(AM), caudate nucleus (CD), globus pal-
lidus (GP), mesencephalic reticular for-
mation (MRF), substantia nigra (SN),
bulbar reticular formation (BRF), dor-
somedial nucleus of thalamus (MD),
putamen (PUT), hypothalamus (HYPO),
and hippocampus (HIPP). One month
elapsed following surgery before com-
mencement of the PF stimulation.

The animals were permanently housed
in the Vancouver Behavioral Observa-
tion Box (Wada, 1961) and the elec-
troencephalogram was recorded on a 16
channel Grass machine. PF stimulation
was delivered not less than 10 minutes
after the animal had assumed a resting
posture subsequent to commencement of
monitoring. Following the stimulation
the recording continued for at least 10 to
15 minutes. Stimulation was adminis-
tered twice a day with 6 to 10 hour inter-
vals, the first stimulation being between
8 a.m. and 11 a.m., and the second stimu-
lation between 4 p.m. and 6 p.m.

Left (W135) or right (W136) PF stimu-
lation with 60 Hz sine wave lasting for 1
second was delivered monopolarly. The
intensity of the stimulation was regulated
by a constant current unit. Stimulation
intensity was initially set at 100 & a, with
subsequent daily increases of 100 u a
until a sustained afterdischarge (AD)
localized to the stimulated cortical site

was elicited. On each subsequent day the
stimulation intensity was reduced by 100
# a until AD could no longer be elicited.
I he last intensity that produced AD was
arbitrarily designated as the AD
threshold; the stimulation intensity dur-
ing the kindling procedure was set at AD
threshold. When the final stage
generalized convulsive seizure de-
veloped, the stimulation was repeated
for 5 more days. On each subsequent day
the stimulation intensity was reduced by
5¢ u a until the animal ceased to respond
with a generalized convulsive seizure.
The stimulation intensity on the day be-
fore the disappearance of the electroclin-
ical ictal response was arbitrarily desig-
nated as the generalized seizure trigger-
ing threshold (GST).

Assessment of photosensitivity bet-
ween the implantation of electrodes and
commencement of the kindling proce-
dure was done weekly for 3-5 weeks
using a Grass photostimulator set at in-
tensity 16 and 20-25 Hz. Photic stimula-
tion was presented during three to five
3-minute sessions separated by
20-minute intervals. The results of these
examinations showed no deviation from
the results of the previous chronological
examinations in both animals. Similar
examinations were performed following
completion of the final stage of seizure
development. The clinical response to

Figure 1—Chronology of seizure development and AD growth.
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photic stimulation was documented as
described previously (Wada, Terao &
Booker, 1972), that is: CO = no re-
sponse, ¢ + | == twitching of eyelids,
C + 2 =1witching of the face and hand,
C + 3 =twitching of the body and/for
limbs. None of the animals developed a
sustained generalized convulsive seizure
as a result of photic stimulation.

One animal (W135) died from acute
small bowel obstruction shortly after
reaching Stage 4. Histological examina-
tion of this animal’s brain showed that
the stimulating electrode was at the an-
terior end of the inferior bank of the
principal sulcus, and that all the record-
ing electrodes were localized in the in-
tended sites except for the BRF elec-
trodes which were found in the cerebel-
lar peduncle. The other animal (W136) is
still maintained for further studies.

RESULTS
(A) Clinical Seizure Development:
The chronology of seizure development
is summarized in Figure | and details are
given below. During PF stimulation, ip-
silateral head-turning and a generalized
tonic posturing was observed. Im-
mediately upon termination of the stimu-
lation the animals showed one or two
Jjerky movements of the entire body. The
pattern of seizure development has been
classified into the following § stages.
Stage 1. Arrest of ongoing behavior with
occasional ipsilateral head turning: Ini-
tially there was very little overtly identi-
fiable behavior. As stimulation was re-
peated the animal began to show an
apathetic but somewhat preoccupied fa-
cial expression with interruption of ongo-
ing activity, although a defensive re-
sponse to threatening visual stimuli was
well preserved. Occasionally, the animal
showed a disorganized restless behavior
during the latter part of the sustained
AD. From time to time, ipsilateral head-
turning without eye deviation was ob-
served as though the animal was search-
ing visually for something.
Stage 2. Slow flapping movement of con-
tralateral forearm, head-jerking fol-
lowed by repetitive contralateral head-
turning: A 6 to 8 sec. rhythmic flapping
movement of the contralateral hand
gradually propagated to the whole upper
extremity which became abducted and
semi-flexed at the elbow. Subsequently,
this became associated with syn-
chronized rhythmic head-jerking and
shaking of the entire body. During the
latter part of Stage 2 the animal de-
veloped repetitive contralateral head-
turning without eye deviation.
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Stage 3. Hemi-convulsion beginning with
sustained head-turning, conjugate eye
deviation, elevation and extension of the
contralateral upper extremity: This stage
was characterized by the onset of sus-
tained contralateral head-turning without
eye deviation. This was followed by the
gradual development of contraversive
movement of the whole body associated
with the tonic elevation of the contralat-
eral upper extremity extended at the
elbow. Seizure repetition resulted in the
development of conjugate eye deviation,
clonic jerking of the contralateral upper
extremity, contralateral facial twitching,
and contralateral mouth retraction. This
was followed by the propagation of
clonic jerking to involve the contralateral
lower extremity. Postictal contralateral
hemiparesis was observed at this time.
There was frequent alternation of prog-
ression and regression of seizure man-
ifestation, which was associated with a
varying degree and extent of postictal
paresis, often localized to the contralat-
eral upper extremity or face. After ter-
mination of the seizure the animals usu-
ally showed marked confusion with dis-
organized hyperactivity and loss of re-
sponse to environmental stimuli.

Stage 4. Seizure generalization with
marked asymmetry: This stage was
characterized by a generalization of the
convulsive seizure to involve the ipsilat-
eral body half, associated with screech-
ing vocalization. However, the clinical
seizure pattern remained markedly
asymmetrical with initial contraversive
and later ipsiversive movement. Even at
this stage contralateral hemiparesis was
clearly observed during the postictal
confusional state. During the latter part
of Stage 4 generalized myoclonic jerking
began to emerge postictally but only
when the behavioral depression was
most profound.

Stage 5: Rapid generalization and
bisymmetrical convulsive seizure: The
final stage 5 seizure encompassed a
compressed but sequential march of the
ictal clinical events representing each
successive stage of seizure development.
Extremely rapid seizure generalization
associated with the bilateral initial clonic
Jerking was followed by tonic flexion of
the neck and extremities and sustained
screeching vocalization. During the sec-
ondary clonic seizure the animal emitted
rhythmic low barking vocalization. Seiz-
ure repetitions resulted in a gradual shor-
tening of seizure duration. The latter haif
of the seizure was particularly affected in
that the vigorous rhythmic generalized
clonic jerking was replaced by irregular
finer jerking which gradually dissipated
and transformed into a postictal be-
havioral confusion instead of abrupt
termination and profound inactivity.
The animal was oblivious to threatening
gestures or pain stimuli and remained
confused and restless with licking, chew-
ing and salivation. There was no clearly
localized or lateralized postictal weak-
ness. Postictal generalized myoclonic
jerking was rare, and was observed in-
frequently only when the animal showed
a profound behavioural depression in-
stead of a confused state.

As shown in Figure 1 and Table 1,
a large number of stimulations (96 to
156, average 126) were required be-
fore Stage 2 motor manifestations
were observed. Similarly, over 300
stimulations were required to reach
the final Stage 5 and an additional 70
stimulations were necessary to
achieve the final electrographic ictal
bisymmetry and bisynchrony in
W136. During Stage 3 the progres-
sion of clinical seizure development
was not steady with frequent alter-

TABLE 1

Number of Brain Stimulations Required
for Clinical Seizure Development

Clinical PREFRONTAL AVERAGE
Seizure -
Stage W135 WI136 Prefrontal Amygdaloid
N=2 N =4
1 | | 1 4
2 96 156 126 7.8
3 141 204 172.5 11.3
4 229 281 255 223
5 — 318 318 723
Final EEG
Bisymmetry — 388 388 106.8
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nation between early Stage 3 man-
ifestations and hemiconvulsions.
During Stages 4 and 5 there was
similarly a frequent regression to the
earlier Stage 3 pattern with pro-
longed postictal confusion as-
sociated - with oral automatisms. At
times there was a delayed but abrupt
onset of bisymmetrical clonic-
tonic-clonic generalized convul-
sions. Such a regression or aberra-
tion of an established clinical seizure
pattern was frequently observed
‘““spontaneously’’ but appeared also
in response to a change of environ-
ment, such as the presence of a new
observer or the introduction of a
video tape into the laboratory.

As shown in Table 2, certain ictal
clinical events such as contralateral
hand flapping (Stage 2), sustained
contralateral head-turning and con-
tralateral facial twitching (Stage 3),
and seizure generalization (Stage 4)
remained clearly recognizable
throughout the seizure development.
Latencies for the onset of the Stage 3
and 4 clinical events showed prog-
ressive shortening as the seizure was
repeated, indicating that much com-
pression takes place for the de-
velopment of the final stage seizure.
Interestingly, no such shortening of
latency was observed for the onset
of the Stage 2 hand flapping.

(B) After Discharge (AD). (1) AD
Duration (Table 3): During Stage |
the duration of AD was less than 10
seconds. There was a subsequent
slow and irregular increase as-
sociated with the successive de-
velopment of motor seizure manifes-
tations with a tendency for frequent

and abrupt alternation between
marked prolongation and abbrevia-
tion during Stages 3 and 4. Eventu-
ally, AD duration reached an aver-
age of 51.3 seconds during Stage 4.
However, once Stage 5 was reached
there was an abrupt reduction of AD
duration to an average of 40.2 sec.
resulting from the abbreviation of
the secondary clonic convulsive
component. On several occasions
W136 showed prolonged AD during
Stages 4 and 5 lasting longer than
80-90 seconds. This was due to an
abortive termination of the Stage 3
motor seizure which was replaced
by a Stage 1 or 2 seizure pattern with
delayed and abrupt onset of primary
generalized convulsive seizure (Fig-
ure 6).

(2) AD Propagation: (a) Cortical in-
volvement: Immediately poststimu-
lation, high amplitude 20-25/sec.
sustained AD developed at the
stimulated site (Figure 2). From
the first stimulation, synchro-
nous AD readily propagated into
the contralateral homologous corti-
cal area. The latter showed indivi-
dual spikes of much sharper con-
figuration though with lower AD
amplitude. This was followed by
progressive development of a
rhythmic bilateral 6-8/sec. AD pat-
tern coincident with the contralat-
eral hand flapping during Stage 2.
Subsequently, there was a gradual
modification of the immediate post-
stimulation AD pattern at the stimu-
lated site to a lower amplitude,
slower frequency beginning at Stage
3. This was in contrast to the con-
tralateral homologous site which

maintained multiple spike discharge
throughout the seizure development.
Similarly, the posterior frontal corti-
cal area developed a low amplitude
25-30/sec. sustained spike discharge
at the time of asymmetrical seizure
generalization. During Stage 5, re-
cruitment of ipsilateral prefrontal
cortical fast AD appeared to be
coincident or even secondary to
generalized deep structure ictal in-
volvement at the time of onset of
Stage 3 manifestations. Thus, when
the animal was kindled there was no
longer high amplitude sustained fast
AD at the stimulated cortical site
immediately poststimulation.

(b) Deep structure involvement:
During the latter part of Stage 1,
there was a progressive and prefe-
rential dissemination of low amp-
litude AD into the ipsilateral GP, CD
and MRF. Similarly, low amplitude
slow synchronous activity was re-
corded in the ipsilateral HYPO, AM,
HIPP and MD, becoming gradually
bilateral by the time of the 50th
stimulation. During Stage 2, semi-
rhythmic 6-8/sec. activity synchron-
ous to that of cortical AD became
generalized, although with higher
amplitude at the GP and HIPP, ip-
silaterally.

During Stage 3 the slow rhythmic
AD was replaced by fast sustained
spike discharge in all the ipsilateral
deep structures except for HYPO
which continued to display slow
wave discharge synchronous to that
of the stimulated prefrontal cortex.
Among the structures monitored,
the HIPP and then the GP showed
the most prominent discharge (Fig-

TABLE 2
Mean Latency (sec.) for March of Ictal Clinical Events
A-B B-C C-D A-D
B =Stage 2 C = Stage 3 D = Stage 4 Duration of General-
CLINICAL A=End of Contralateral Contralateral Seizure Generali- ized Convulsive
EVENTS Stimulation Hand Flapping Facial Twitch ation Component
ANIMAL w135 W136 W135 W136 W135 W136 W135 w136 AM W135 w136 AM
2 5.0 5.0
Sm 4.8 52 | 169 | 176
Q
E§ 4 4.5 4.5 14.5 11.8 15.0 6.0 34.0 22.3 17.5 22.8 23.5 35.7
0?7 20.3 30
5 5.1 7.6 2.7 11.9 50.9
15.4* 24.8*

*Excluding Atypically Prolonged Seizure
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AM — Amygdaloid Seizure (N = 4)
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w136

ure 3, top). At the time of the
hemiconvulsions, high amplitude
spike or multiple spike and wave
discharge developed (during the lat-
ter part of the individual seizure) in
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the ipsilateral brain stem most prom-
inent at the ipsilateral MRF with
synchronous but blunted reflection
elsewhere (Figure 3, bottom). The
AD terminated simultaneously in all

areas with a significant and wide-
spread amplitude depression, al-
though moderately high amplitude
postictal irregular slow activity con-
tinued in the contralateral prefrontal

Figure 2—Stage 1 and 2 seizure development. Note initial trans-hemispheric cortico-cortical propagation.
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cortical area and in the ipsilateral
HIPP.

During Stage 4 asymmetrical seiz-
ure generalization (Fig. 4), spike or
multiple spike and wave discharge at
the ipsilateral MRF became wide-
spread involving the ipsilateral
HIPP, GP, SN and BRF, with
somewhat delayed involvement of
the contralateral homologous deep
structures. At the time of seizure
generalization brief bursts of high
amplitude 12 to 14/ sec. generalized
multiple spike discharge were re-
corded in the posterior frontal areas
with some reflection into the deep
structures. The termination of AD at
this stage was simultaneous in all the
areas but the ipsilateral HIPP con-
tinued to show moderately high amp-
litude irregular slow activity. At no

time was there asymmetrical growth
of hemispheric AD such as that fre-
quently observed in AM kindling.
Postictally, generalized myoclonic
jerking was associated with high
amplitude spike or sharp and slow
transients in the BRF and MRF.
The Stage 5 seizure was charac-
terized by the progressive shorten-
ing of latency for the emergence of
bilateral low amplitude, tightly or-
ganized AD in the BRF. This was
followed by a rapid and generalized
recruitment of high amplitude fast
AD, more marked in the MRF and
GP, with gradual transformation into
generalized synchronous spike or
multiple spike and wave during the
secondary clonic stage. During
Stage 5 abrupt AD termination was
very frequently replaced by gradual

AD dissipation and diffuse irregular
postictal slow activity associated
with prolonged confused behavior
(Figure 5). At this time, only the
HIPP and prefrontal cortices con-
tinued to show sharp or spike com-
ponents of somewhat higher amp-
litude. The marked and abrupt
generalized postictal amplitude de-
pression associated with emer-
gence of myoclonic jerking was ob-
served only rarely. Although the la-
latency for the onset of the BRF dis-
charge was usually 10-15 sec. it was
not uncommon to observe a marked
delay with a latency of 50 sec. or
more. Under such circumstances,
the ipsilateral HIPP was the only
structure that showed a sustained
but irregular AD prior to the onset of
the bilateral BRF discharge (Figure

Figure 3—Stage 3 seizure development. Note development of multiple spike and wave discharge in the ipsilateral MRF and BRF at

the time of hemi-convulsion (bottom).
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6). Termination of AD was abrupt by paroxysmal bursts of 3-5/sec. ir- the MRF and BRF. The animal also
and simultaneous in all structures, regular slow activity during Stage began to display an episodic violent,
but at times irregular AD at the ip-  3-4. During Stage 5 the cortical slow behavioral aberration in the back-

silateral HIPP outlasted the seizure  activity became less rhythmic, re- ground of a continuously confused
(Figure 5). This was coincident with  flecting generalized irregular slow behavior state. This brain stem EEG
oral automatisms, salivation, pupil-  background activity. burst activity, however, gradually
lary dilation and visual searching (b) Deep structures (Figure 7): Dur- subsided in the four months follow-
behavior. ing Stage 3 spikey 10-13/sec. rhyth- ing termination of brain stimulation,
(3) Chronological change in the  mic activity was observed, particu- coincident with the progressive im-

background EEG activity: (a) Corti- larly in the ipsilateral GP, which provement of the behavior pattern
cal surface: During Stage | there was  gradually propagated to involve the and the eventual disappearance of

an emergence of moderate to mod-  ipsilateral MRF and then the con- the episodic aberration and confused
erately high amplitude 3-4/sec. tralateral basal ganglia and brain state.

semi-rhythmic slow activity, at stem structures during Stage 4. Dur- 4) Interictal discharge (1ID) (Figure
times interlocked with sharp com-  ingStage 5 there was a disintegration 8): 11D, with an amplitude of 400-
ponents in the frontal regions. Such  of this rhythmic activity to irregular 1000 4 V and of isolated biphasic
activity became continuous during low to moderately high amplitude, spike morphology, was persistently
Stage 2 and was not influenced by  somewhat slower, semi-rhythmic ac- recorded at least 14 hours following
eye opening or attention focusing tivity. Subsequently, when the ani- the last brain stimulation in all areas
factors. However, during the latter ~ mal began to show spontaneous except the BRF and GP during kindl-
part of Stage 2 there was a tendency  generalized convulsive seizures ing. 11D developed first in stimulated
for the slow wave activity to appear  there was an emergence of almost PF during Stage 1 and later in con-

as a sporadic burst, losing its con- continuous and bilateral spikey tralateral PF during Stage 1 (W135)
tinuity before finally being replaced  rhythmic 10-13/sec. burst activity in or Stage 2 (W136). In spite of a

Figure 4—Stage 4 asymmetrical generalized convulsion. Upper and lower tracings are continuous.
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slightly delayed development, IID
frequency at the contralateral PF
was somewhat higher than at the
stimulated PF during subsequent
periods of seizure development.
This was due to the development of
independent IID contralaterally.
Among the deep structures, the
GP, MRF and HIPP showed a sub-
stantial increase in IID frequency
reaching their peaks between Stages
3-5. However, a marked change in
the background EEG pattern in
these structures as mentioned al-
ready made identification and quan-
* tification of IID difficult. During the
early stages, IID tended to appear
independently from different sites
but synchronized IID within the
stimulated hemisphere began to
emerge during Stage 3. With further
stimulation, all IID tended to appear

synchronously in either one or both
hemispheres. Throughout the seiz-
ure development IID frequency was
lower in contralateral structures
than in ipsilateral structures except
for the prefrontal cortex which
showed an independent increase
contralaterally. Since 11D was rarely
seen during the waking state but
frequently during the drowsy state,
all night recordings were made after
the animal had reached Stage 5 of
seizure development. The sleep
EEG pattern was classified into 5
stages according to the following
criteria.

Sleep Stage 0: Resting wakeful-
ness. Generalized low amplitude ac-
tivity with 10-13/sec. rhythmic sharp
bursts in the MRF and BRF. IID was
present only very infrequently.

Sleep Stage 1: Frequency of the

Figure 5—Stage 5 bisymmetrical generalized convulsion.
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rhythmic brain stem sharp bursts
became somewhat slower with in-
termingling of high amplitude sharp
activity. High amplitude spike or
multiple spike discharge often as-
sociated with a slow wave compo-
nent appeared initially in the PF ipsi-
or contralaterally and often inde-
pendently. Lateralized or general-
ized bursts of high amplitude spike,
multiple spike and wave discharges
were recorded, entirely indepen-
dently from the cortical surface
in the basal ganglia and brain stem
ipsilaterally or bilaterally.

Sleep Stage 2: The background
pattern showed some increase in
rhythmicity over sleep Stage 1 and
there was an emergence of high amp-
litude 11-13/sec. sustained and bilat-
eral spike burst lasting for 2-3 sec. in
the PF area although better or-
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ganized contralaterally. Among the into 20-25/sec. low amplitude tightly =~ Stage was characterized by
cortical areas, multifocal IID was organized burst activity though more  generalized and rather abrupt flat-
present within both frontal cortical marked contralaterally. Rhythmic  tening of the background activity

areas. sharp bursts in the brain stem were  without 10-12/sec. brain stem burst
Sleep Stage 3: The 11-13/sec. no longer identifiable. activity. This EEG pattern was as-
spike burst at PF was transformed Sleep Stage 4: The onset of this  sociated with a slight twitching of

Figure 6—Delayed onset of stage 5 seizure. Note early onset of low amplitude AD in the BRF (8th and 16th channels, middle
tracing). All tracings are continuous.
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Figure 7—Interictal background EEG pattern.
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the neck, shoulders and extremities

as well as rapid eye movement.

The results of sleep examination

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

TABLE 3

AD Duration (sec.) of Seizures Induced

By PF and AM Stimulation During Kindling

confirmed that [ID was best iden- Clinical PREFRONTAL AMYGDALOID
tified during drowsiness to light Seizure Mean Mean
sleep. No IID was present during Stage WI35s Wi36 N=2 N=4
Stage 4 or rapid eye movement I 7.7 6.9 7.3 18.2
s]eep_ +1.6 +29
(8) Spontaneous Seizures: Twelve 5 10.5 12.8 11.9 27.5
spontaneous seizures were witnes- + 26 + 4.0
sed during Stage 5 (W136). The first 18.4 30.4 24.4 39.5
five seizures were identified during 3 + 33 + 7.6
the daytime, 4-11 hours after the last 56.8 45.8 51.3 53.2
brain stimulation. These seizures 4 +11.4 + 4.2
were generalized convulsions but no 50.3
electrographic monitoring or de- 5 _ +13.8 50.3 62.7
tailed observation of their clinical T40.2 (40.2)*
onset was possible. However, it is + 6.2
interesting that the first spontaneous
seizure occurred right after the com-  *excluding atypically prolonged seizure
Figure 5—Emergence of interictal discharge during sleep.
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Figure 9—Spontaneous seizure of focal onset. Note striking similarity to induced seizure (fig. 6). All tracings are continuous.
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pletion of Stage 4 seizure develop-
ment. The remaining seven spon-
taneous seizures were witnessed
during continuous EEG monitoring
lasting for 27 hours beginning at 9:00
p.m. and carried out 4 days follow-
ing the last (389th) PF stimulation
that produced a Stage 5 seizure.

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Examination of the EEG data ob-
tained during this period suggested
that all the witnessed spontaneous
seizures occurred during sleep Stage
1 except for the first one which
began with a clear focal prefrontal
discharge during sleep Stage 2 with
prolonged delay of the onset of

bisymmetrical Stage 5 seizure (Fig-
ure 9). This pattern is strikingly simi-
lar to that of an induced Stage 5
seizure (Figure 6). All the other
seizures were of abrupt nonfocal
onset with electroclinical manifesta-
tions identical to that portion which
characterized Stage 5 and could be

Figure 10—Spontaneous seizure of generalized onset. Note early onset of low amplitude AD in the BRF. Upper and lower tracings
are continuous.
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most appropriately termed as a
primary generalized seizure (Figure
10). The duration of the seizure with
focal onset was long, lasting for 114
sec., but the duration of the
generalized seizures was short with
a range of 31-48 sec. and an average
of 38.5 sec. As in the case of induced
Stage 5 seizures the tonic spontane-
ous seizure progressed to fine irregu-
lar clonic movements of the whole
body which gradually dissipated and
was transformed into dazed, rest-
less, confused behavior.

(6) Generalized seizure triggering
threshold (GST): The initial stimulus
intensity that produced the first AD
was 700 p a in both animals. This
intensity was used continuously
until Stage S seizure development
was reached. GST examination in
W136 showed the critical threshold
to be 200 ¢ a. When the animal was
stimulated below the critical GST it
was generally not possible to induce
any electroclinical seizure manifes-
tations. However, stimulation at the
GST frequently evoked earlier stage
seizures suggesting that the prefron-
tal stimulation had not acquired an
“all or none’ property after the
completion of Stage 5.

(7) Interictal behavioral aberration:
W136 developed frequent episodes
of violent biting of its collar plate
and screaming lasting 30-60 sec. fol-
lowing Stage 5 seizure development.
This was always associated with ini-
tial head turning toward the right.
The frequency of this behavior
gradually decreased following ter-
mination of the prefrontal stimula-
tion and it was no longer observed at
4 months. There has not been any
recurrence of this behavior during a
subsequent period of 7 months with-
out further stimulation. The
chronology of the episodic behavior
was temporally related to a spikey
10-13/sec. rhythmic bursting in the
brain stem. Similarly, generalized
slowing of the background activity
prevailing during Stage 5 seizure de-
velopment was no longer present
one month following the termination
of the prefrontal stimulation.

(8) Photosensitivity: Following the
termination of the PF kindling in
W 136, the clinical intensity and elec-
trographic correlates of photosen-

490 - NOVEMBER 1975

sitivity were unchanged compared to
the prekindling period, with a range
of C + 0to C + 3 response.

DISCUSSION

The present study demonstrated
that Papio papio can be kindled from
the PF culminating in a recurrent
spontaneous convulsive seizure
state identical to that observed in
AM kindled Papio papio. The unique
feature of PF kindling was the large
number of stimulations required (an
average of 156) for the development
of focal contralateral motor seizure
manifestations. This finding con-
trasts with that of an average of 7.8
stimulations required for the same
manifestations in AM kindling in this
species. The findings suggest a
closer functional linking from AM
than from PF to motor mechanisms
responsible for the onset of focal
motor seizures. It is interesting in
this respect to note the differences in
pattern of motor seizure develop-
ment between prefrontal and amyg-
daloid kindling. While the order of
the contralateral motor seizure de-
velopment in the former was the
upper extremity, head-turning and
facial twitching, the order in the lat-
ter was head turning, facial twitching
and the upper extremity. The fact
that monoparesis of the contralateral
hand and face was observed in PF
and AM kindling respectively sug-
gests the likelihood that the involved
motor mechanism may be rep-

resented in the rolandic cortex. Pos-
sible mechanisms by which ictal
events in the AM propagate to the
lateral convexity of the ipsilateral
hemisphere are not clear. However,
the ascending pattern of ictal prop-
agation involving the rolandic corti-
cal somatotopic representation in
AM kindling suggests an initial
propagation of ictal events to the
lowest rolandic portion probably via
the insula buried within the Sylvian
fissure ipsilateral to the stimulated
amygdala. On the other hand, the in-
itial ictal involvement of the upper
extremity in PF kindling suggests
transmission of the responsible dis-
charge into the midportion of the
rolandic strip possibly via cortico-
cortical connections.

As summarized in Table 4, con-
siderable differences exist between
seizure manifestations resulting
from kindling of PF and of AM.
Among the differences noted, the
extreme sensitivity with which the
PF preparation tended to respond to
environmental stimuli contrasts with
that of a relatively stable seizure
state induced by AM kindling. The
finding that a large number of PF
stimulations are required to develop
ictal motor manifestations, coupled
with the lack of reduction in latency
for the initial hand flapping through-
out the seizure development, sug-
gest that PF kindling involves the
sequential activation of multisynap-
tic neuronal networks before the

TABLE 4
Differential Features between Amygdaloid (AM) and
Prefrontal (PF) Kindled Stage 5 Seizure

Brain Site
Clinical Feature PF AM
Stability of Established Seizure * +++
. . Less Intense .

e . .
Secondary Clonic Convulsion & Shorter Vigorous
Seizure Termination Gradual Abrupt

Depression (EEG) + +++
Com: - +
Post-Ictal ma - tt
Myoclonic Jerk * +++
Confusion +4+ + +
Inter-Ictal Behavioral Aberration + -
Spontaneous Seizure + +

Spontaneous Seizures After Prefrontal Kindling
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common motor pathway responsible
for the onset of a focal motor
seizure is reached. Another signifi-
cant difference between AM and PF
kindling is the occurrence of
an episodic behavioral aberration in
the PF animal which was not ob-
served in any of the four AM ani-
mals. Although this behavioral alter-
ation was characterized by
stereotyped confusion with initial
head-turning suggesting its ictal na-
ture, we were unable to observe any
epileptiform electrographic abnor-
mality during the episodes. It is quite
possible that our electrode place-
ments were not in the area where
critical ictal events were taking
place. On the other hand, the close
chronological correlation of the
onset and disappearance of this be-
havioral abnormality and the ap-
pearance and dissipation of brain
stem sharp bursts suggest that they
are interrelated events resulting
from PF stimulation. The absence of
this abnormality among AM kindled
animals poses an interesting ques-
tion since, clinically, one is accus-
tomed to the occurrence of a variety
of behavioral and perceptual distur-
bances among individuals with par-
tial complex seizures of temporal
lobe origin. Significant frontofugal
connections to the non-specific
thalamic system (Stratford, 1954;
Jasper et al., 1974) and widespread
intra- and interhemispheric cortical
connections of the frontal lobe con-
trast with the powerful subcortical
limbic connections of the amygdala.
[ctal participation of the former may
account for both episodic and post-
ictal confusion in PF animals while
ictal involvement of the latter may
be primarily responsible for the pat-
tern of profound post-ictal inactiv-
ity. Although ictal and post-ictal
manifestations of partial complex
seizures tend to be regarded as of
temporal lobe origin, the finding of
frequent psychic auras and au-
tomatisms among patients with a
frontal polar epileptogenic focus
(Ajmone-Marsan & Goldhammer,
1973) necessitates increased aware-
ness of such alternative possibility.
In spite of the well accepted notion
that adversive movement associated
with initial loss of consciousness are

Wada et al
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ictal manifestations of clinical seiz-
ures originating from frontal polar
epileptogenic foci (Penfield &
Jasper, 1954), there are enough data
to suggest that some generalized
convulsive seizures with no localiz-
ing or lateralizing initial signs may
have their origin in the frontal lobe
(Goldring, 1972; Bancaud, 1974).
Since postictal confusion, rather
than comatose inactivity, was the
characteristic clinical feature of
generalized convulsions resulting
from PF stimulation in baboons as
well as cats (Wake & Wada, 1975),
the presence of prolonged postictal
confusion in a patient with a
generalized convulsive seizure
should raise suspicions of the possi-
bility that it originates in the frontal
lobe.

The pattern that characterized the
Stage 5 seizure was identical in PF
and AM animals with early onset of
an unique AD in the BRF and subse-
quent generalized bisymmetrical
tonic flexion associated with bisyn-
chronous electrographic discharge.
This finding is identical to that of the
documented spontaneous primary
generalized seizure in this species
kindled from either the AM or PF
site. In addition, the electroclinical
pattern of photoconvulsive seizures
observed in this species (Wada,
Terao & Booker, 1972) is strikingly
reminiscent of the primary
generalized seizure mentioned
above. Taken together, the findings
suggest that Papio papio possesses a
predisposed mechanism responsible
for primary generalized convulsive
seizure probably integrated in the
lower brain stem which can be trig-
gered by photic, PF and AM stimula-
tion, in addition to an unidentified
source of stimulation resulting in its
spontaneous onset.

The fact that Stage 5 seizure re-
sulting from PF stimulation fre-
quently lacked the vigorous secon-
dary clonic convulsive component
requires some comment. Profoundly
confused behavior characterizing
the post-ictal state of the PF kindled
animal contrasts with the comatose
inactivity and frequent generalized
myoclonic jerkings that follow AM
stage 5 convulsion. The reason for
the shorter seizure duration and lack

https://doi.org/10.1017/5031716710002062X Published online by Cambridge University Press

of post-ictal electrographic depres-
sion in PF Stage 5 seizures is not
clear. However, it does suggest that
a significant difference exists bet-
ween mechanisms underlying seiz-
ure development originating from
the AM and PF. Seizure stability and
the progressive increase of seizure
duration and intensity observed in
AM Kkindling probably reflect a
steady epileptogenic recruitment of
forebrain  subcortical limbic
mechanisms prior to integration with
the brain stem mechanism of the
primary generalized seizure in Papio
papio. Since there is no electrog-
raphic evidence that secondary ictal
AM activation is responsible for PF
seizure development, it is clear that
the latter depends primarily upon
ictal involvement of extralimbic
forebrain mechanisms which are not
necessary ingredients of vigorous
secondary clonic convulsions nor
profound postictal electroclinical
depression. Comparisons of post-
ictal electrographic findings between
AM and PF kindling similarly sug-
gest that the post-ictal myoclonic
jerking is of lower brain stem origin
resulting from a transient functional
release from primarily inhibitory
limbic forebrain mechanisms.

Although the relative paucity of
IID in the PF animal contrasts with a
relatively stable and prominent 11D
in the AM animal during the waking
state, both share the common fea-
ture of remarkable IID accentuation
during sleep. In our PF animal a
brief burst of sustained spike dis-
charge was recorded from the stimu-
lated PF and its contralateral
homologous cortical areas; in addi-
tion, an entirely independent spike,
multiple spike and wave discharge
was recorded in widespread deep
structures during light sleep. This
finding appears to call for careful
reappraisal of the clinical concept
that ‘“‘frontal lobe epileptiform dis-
charges are rarely enhanced by
sleep’” (Rasmussen, 1975).

The pattern of onset of the previ-
ously documented spontaneous
seizures was either focal or primary
generalized in nature. The former
was identical to that of PF kindled
seizures and the latter was identical
to that portion of the seizure which
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characterizes Stage S in both PF and
AM kindled animals. These findings
suggest that the Papio papio kindling
preparation is a unique and valuable
model of human epilepsy exhibiting
both secondary and primary
generalized convulsive seizures, in-
duced by either electrical kindling
stimulation, photic stimulation, or
appearing spontaneously in the
background of a predisposed epilep-
togenic susceptibility. The fact that
the degree of electroclinical photo-
sensitivity did not change following
PF kindling is consistent with our
previous experience in AM kindling
suggesting that the mechanisms un-
derlying photosensitivity and prim-
ary generalized seizure are indepen-
dent variables (Wada & Osawa,
1975).

The results of the present and
previous studies demonstrate that
significant differences exist between
PF and AM kindling, but that both
can attain a recurrent spontaneous
seizure state strikingly reminiscent
of human epilepsy. Thus, the availa-
bility of this unique experimental
model of epilepsy as represented by
the PF as well as the AM kindled
Senegalese baboon, Papio papio,
should not only provide us with the
opportunity to gain insight into the
mechanism of epileptic activity, but
also add new dimensions to the
study of antiepileptic agents insofar
as their prophylactic and anticonvul-
sant properties are concerned.
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