
LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES 

Secondary Epileptogenesis in Frog Forebrain: 
Effect of Inhibition of Protein Synthesis 

F. MORRELL, N. TSURU, T. J. HOEPPNER, D. MORGAN AND W. H. HARRISON 

SUMMARY: Secondary epileptogenesis 

was induced in the hippocampal cortex 

of the paralyzed bullfrog by means of 

localized, unilateral, intermittent electri

cal stimulation (kindling). Stimuli were 

designed to yield a brief but definite 

after-discharge. In control animals a 

progressive increase in after-discharge 

duration occurred at the 1° (stimu

lated) site and then at the 2" site (contra

lateral hippocampus). Spontaneous epi

leptiform potentials (SEP's) occurred 

between stimuli, eventually indepen

dently on both sides. 

Cycloheximide (50 mglkg) caused 88-

99% reduction in protein synthesis, 

measured by
 l4

C-leucine incorporation 

RESUME: Une epileptogenese secon-

daire fut produite dans le cortex hippo

campal de crapeaux paralyses, grace a 

des stimulations electriques localisees, 

unilaterales et intermittentes (kindling), 

chez des animaux controles et chez des 

animaux traites a la cycloheximide. 

Cette substance ne produisit aucun 

changement dans I'electrogenese nor-
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into brain protein. Cycloheximide-

treated animals revealed no evidence of 

progressive prolongation of after-

discharge duration when subjected to the 

kindling procedure (p = 0.1205xl0-
7
). 

SEP's were reduced in the cyclo-

heximide-treated animals, and confined 

to 1° hemisphere (p=0.6xl0-
10

). 

Since cycloheximide did not disturb 

normal electrogenesis or disrupt the 

after-discharges, this experiment dis

tinguishes processes dependent upon 

electrical events from those requiring 

macromolecular synthesis. Protein syn

thesis seems critical to the emergence of 

spontaneous and autonomous epilepti

form behavior of neural aggregates. 

male ou dans les "after-discharges", 

permettant ainsi une distinction entre 

les evenements dependant de mecan-

ismes electriques et ceux qui requierent 

une synthese macromoleculaire. II 

semble done que la synthese proteinique 

soit critique a la genese de comporte-

ments epileptiformes spontanes et auto-

nomes des aggregats neuronaux. 

INTRODUCTION 

Secondary epileptogenic lesions 
(SEL) are ganglionic networks ex-
hibiting spontaneous abnormal 
paroxysmal discharges which are at 
least one synapse removed from a 
primary epileptogenic lesion (Mor-
rell, 1960). Primary foci may be pro-
duced by local implantation of 
chronic irritants such as cobalt, 
alumina gel or penicillin, by local 
freezing (Purpura et al., 1972), or, as 
in the present experiment, by electri-
cal stimulation. In man, similar focal 
epileptogenic lesions arise as a con-
sequence of various kinds of trauma-
tic, infectious, vascular and neoplas-
tic processes. Whatever the agent or 
agency responsible for the primary 
lesion, the SEL arises as a direct con-
sequence of its activity and only in 
areas connected with the primary site 
by relatively massive tracts. Once es-
tablished, the SEL persists indefi-
nitely even after complete removal of 
the primary focus (Morrell, 1960). 

The mechanism by which the 
primary epileptogenic focus gives 
rise to the secondary is unknown. 
The original theory of continuous 
neuronal bombardment from primary 
to secondary site (Morrell, 1961) had 
to be modified when it was found that 
continuous electrical stimulation of 
one hemisphere did not engender 
SEL whereas intermittent stimula-
tion at parameters which were 
otherwise the same did so (Morrell, 
1973). The latter observation was, of 
course, part of Goddard's discovery 
(Goddard, 1967), later to be desig-
nated the kindling phenomenon 
(Goddard et al., 1969). As Goddard 
and Morrell (1971) pointed out, the 
intermittency had to be such that 
brief (in the range of seconds) high 
frequency stimuli were delivered at 
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long (not less than an hour) inters-
timulus intervals. 

Earlier studies (Morrell, 1960, 
1961) had indicated that the con-
tralateral homotopic cortical SEL 
failed to develop if the interhemis-
pheric commissures were sectioned, 
thereby neuronally isolating the 
primary lesion from what would 
otherwise be its target or recipient 
cortex. Conversely, there is now 
abundant evidence that in the pres-
ence of intact pathways, progressive 
and widespread dissemination of 
epileptogenic abnormality may result 
from a discrete chronic irritative le-
sion (Morrell and Florenz, 1958; 
Morrell, 1959, 1960, 1961; Morrell 
and Baker, 1961; Morrell etal . , 1965; 
Wada and Cornelius, 1960; Wada, 
1964; Guerrero-Figueroa et al. , 
1964a, 1964b, and see Wilder, 1972 
for complete review). Dissemination 
took place in stepwise fashion over 
established synaptic pathways at 
rates relating not so much to distance 
as to number of intervening synaptic 
relays (Morrell and Tsuru, 1975). It 
seemed safe to conclude that infor-
mation in some form was transmitted 
from primary to secondary sites and 
that the spread was not by diffusion 
but rather over specific nerve tracts. 
The slow time course of secondary 
epileptogenesis and the striking in-
termittency required in the kindling 
paradigm raised the possibility that a 
substance having a slower transit 
time than an action potential had to 
pass, perhaps by axonal transport, 
from primary to secondary region. 
Were this substance to be a protein or 
other complex molecule, in limited 
supply and requiring synthesis, one 
might expect that only brief periods 
of stimulation would be effective and 
that relatively long intervals, inter-
vals reckoned in minutes rather than 
milliseconds, would have to inter-
vene before the system could be acti-
vated again. This experiment tests 
the hypothesis that protein synthesis 
is essential for secondary epilep-
togenesis. 

There is no dearth of agents which 
disrupt protein synthesis at various 
steps in the metabolic pathway. The 
major difficulty in the experiment 
was the selection of the proper or-
ganism and the proper technique for 

inducing epileptogenesis. A critical 
feature was that the full development 
of SEL must be possible within a time 
span during which the animal could 
survive nearly complete inhibition of 
protein synthesis. 

Holubar et al., (1966) and Wilder 
and Morrell (1967a, b), using penicil-
lin foci, demonstrated rapid de-
velopment of secondary epilep-
togenesis in the forebrain of the frog. 
More recently Morrell and Tsuru 
(1974, 1975) applied the kindling 
technique to the hippocampal cortex 
of the bullfrog using an hourly stimu-
lation regimen, and documented the 
emergence of independent 2° dis-
charge within 6-10 hours. Kindling, 
which employs local electrical stimu-
lation as the "chronic irritant" of the 
primary focus, brings the entire pro-
cess under much more rigorous ex-
perimental control than was possible 
with penicillin and other chemical 
agents. It also avoids the danger of 
physical diffusion of the epilep-
togenic agent. Thus it seemed ap-
propriate, in the present context, to 
explore the SEL induced by kindling 
in the hippocampal cortex of the 
bullfrog. 

We use the term "kindling", as did 
Goddard et al., (1969), to refer to all 
those "progressive changes that re-
sult from repeated electrical stimula-
tion". We do not confine the term to 
the occurrence of behavioral convul-
sions even though clinical seizures 
were, historically, the original meas-
ure of kindling (Goddard, 1967). It is 
clear that the electrophysiological 
changes such as increase in after-
discharge (AD) duration and appear-
ance of spontaneous epileptiform po-
tentials (SEP's) represent essential 
elements in the later generation of 
epileptic behavior. 

In the intact mammal bearing in-
tracranial electrodes, brief, localized 
electrical stimulation of the brain at 
low current densities initially pro-
duces no alteration in behavior and 
little or no electrographic change. 
Repetition of the stimulus at regular 
intervals ranging from 1-24 hrs. re-
sults in gradual emergence of clinical 
convulsions, progressive augmenta-
tion in the duration of AD and a 
widening of its anatomical distribu-
tion (Goddard, 1967; Goddard et al., 

1969; Goddard and Morrell, 1971; 
Morrell, 1969, 1973, 1974; Racine, 
1972a, b, 1975; Tress and Herberg, 
1972;Tanaka, 1972 ;Pinel etal. , 1974; 
Wada and Sato, 1974). As noted 
above, the kindling technique has 
now been extended to the amphibian 
(Morrell and Tsuru, 1974, 1975). The 
central findings of the mammalian 
studies have been replicated, with 
the exception of the behavioral seiz-
ures (thus far, we have used 
paralyzed animals). The entire pro-
cess occurs more rapidly in the frog 
and SEP's of a peculiar stereotyped 
character are a much more prominent 
feature. 

In this report we shall first present 
a summary of the results of kindling 
in the frog and then discuss the altera-
tions induced in that process by a 
potent inhibitor of protein synthesis. 

METHODS 
A. Physiological 

Initial studies (Morrell and Tsuru, 
1974, 1975) were carried out on 60 
bullfrogs, Rana catesbeiana, weigh-
ing 100-200 gm, unanesthetized and 
partially immobilized with gallamine 
triethiodide (Flaxedil) at a dose of 0.5 
ml per 100 gm. In subsequent exper-
iments on another 85 frogs, spinal 
cord destruction was substituted for 
the Flaxedil with essentially the same 
results. 

The frog was placed in a chamber 
partially immersed in amphibian Rin-
gers Solution. The chondrocranium 
was opened, the dorsal hemispheres 
exposed and the skull fixed to a spe-
cially designed head holder. Bipolar 
stimulating electrodes (0.1 mm. 
diam., 1 mm tip separation) were ap-
plied to the hippocampal cortex of 
one hemisphere. Bipolar recording 
electrodes consisting of 50 \x 
tungsten wires were thrust into sym-
metrical regions of the two hip-
pocampi. 

Stimuli were delivered in a 2 sec. 
train once per hour. They consisted 
of biphasic pulse pairs, each pulse 
having a duration of 1 msec, and an 
amplitude of 100 \x A. There was a 
0.1 msec, delay between the two ph-
ases. Repetition frequency was 62.5 
c/sec. The only parameter ever mod-
ifed was the magnitude of current, 
and this only rarely. If the initial AD 
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was over 20 sec. the current was 
slightly reduced; if it was under 5 sec. 
the current was increased. This 
never required more than 1-2 adjust-
ments. In the great majority of ani-
mals initial AD duration varied bet-
ween 6 and 12 sec. 

B. Biochemical 

Incorporation of 14C labelled 
leucine into brain protein was our 
measure of protein synthesis. A mod-
ification of the method of Brink et a l . , 
(1966) was used. The isotope (2.5 H 
Ci/10 gm) was injected intraperitone-
ally (IP). At the appropriate time 
after injection the frog was decapi-
tated and the brain was removed, 
immediately weighed, and placed in 
an ice bath. The brain together with 1 
ml 0.1 M NaOH was homogenized in 
a Duall tube with glass grinder. After 
transfer to a 15 ml centrifugation tube 
3 ml of cold 12% trichloracetic acid 
(TCA) was added and the tube was 
placed in boiling water for 5 min. and 
then in an ice bath for 15 min. After 
centrifugation to separate the dena-
tured protein the supernatant was 
removed from the pellet. The pellet 
was washed 2 times with 2 ml cold 
10% TCA and centrifuged each time. 
It was then dissolved with 1.0 ml of 
SolueneR 350 and the mixture added 
to 10 ml scintillation fluid (toluene-
ethanol-POP-POPOP) in a scintilla-
tion vial. Samples were counted in a 
Tri-Carb liquid scintillation counter 
(Packard Tri-Carb 3003 Liquid Sci-
ntillation Spectrometer). The super-
natant (0.1 ml) was also placed in a 
scintillation vial, mixed with 10 ml of 
scintillation fluid and similarly 
counted. 

Detailed incorporation data were 
obtained using the grass frog, Rana 
pipiens, since many animals were re-
quired. However, the values were 
checked against individual Rana 
catesbeiana at. selected intervals. 

The incorporation data provided 
the baseline against which to meas-
ure the effect of an inhibitor of pro-
tein synthesis. Cycloheximide (Up-
john) 50 mg/kg. was used as the in-
hibitor. At a series of times ranging 
from 30 min. to 48 hrs. after IP injec-
tion of the antibiotic, the frogs re-
ceived the usual dose of 14C leucine 
and 2 hrs. later were decapitated and 
treated as above. 

RESULTS 
/. After-Discharge Duration 

After-discharge tended to be 
slower in the frog than in the mam-
mal, was less likely to begin with low 
voltage fast rhythms, had fewer high 
frequency components and less 
complex wave-forms. On the whole 
these were minor differences; the 
general pattern of AD and the change 
in duration with kindling were quite 
similar in frog and mammal. Figure 1 
illustrates the progressive lengthen-
ing of AD duration in a Flaxedilized 
frog. Initially, AD duration was short 
(8 sec. on trial 2, Fig. 1A). On trial 3 
(Fig. IB) the duration was 13 s e c , on 
trial 7 (Fig. 1C), 16 sec. and on trial 30 
(Fig. ID) it was 40 sec. On trial 7 

there was a spike in the 2° hemisphere 
(Fig. 1C, see arrow) which outlasted 
the events at the 1° site. In trial 30 the 
pattern on the two sides differed and 
that in the 2° hemisphere was often of 
higher amplitude. A more dramatic 
example of discharge at the 2° region 
outlasting that at the 1° may be seen 
in Figure 2. The AD began at the 1° 
focus (Fig. 2A, Channel 3) and ini-
tially was of higher amplitude, more 
rhythmical, and individual compo-
nents were sharper on that side. As 
the primary site discharge reached its 
peak amplitude and began to slow 
down (Fig. 2A, Ch. 3, extreme right), 
the discharge in the secondary region 
(Fig. 2A, Ch. 2) assumed a more 
rhythmical character entirely inde-
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Figure I—EEG tracings from the stimulated (l°) and non-stimulated (2°) hemisphere in 
the partially curarized bullfrog. The duration of the AD in seconds is given at the far 
right of each panel. In D, 21 sec. have been deleted; only the beginning, left and 
termination, right, are shown. Duration was always measured from the end of the 2 
sec. stimulation (switching artifact) to the last spike in the sequence. From: Morrell 
and Tsuru, 1975. 
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Figure 2—EEG records from the 12th stimulation in another animal. Note that the 
positions of the channels deriving from 1° and 2° cortex are reversed in this record. 
From: Morrell and Tsuru, 1975. 

pendent of the activity in Channel 3, 
and exhibited its own characteristic 
buildup (Fig. 2B, Ch. 2) which well 
outlasted the paroxysmal events in 
primary cortex (Fig. 2B, extreme 
right). 

A typical individual curve of AD 
duration as a function of number of 
trials is shown in Figure 3. 

2. Spontaneous epileptiform 

potentials 
Quite apart from the stimulus-

bound events just described, there 
occurred, in the interstimulus inter-
vals, "spontaneous" high voltage 
paroxysmal transients which Morrell 
and Tsuru (1975) designated spon-
taneous epileptiform potentials 

(SEP). These did not appear until 
several trials had gone by and until 
the AD began to lengthen. At first 
there were very few. Gradually the 
frequency of spontaneous EEG 
spikes or SEP's increased as kindling 
progressed. Somewhat similar 
events were described in the mammal 
by Goddard and Morrell (1971), 
Racine (1972b), Morrell (1973, 1974) 
and Wada and Sato (1974). However, 
in the mammal they appeared much 
later in the course of kindling, were 
less frequent, and did not exhibit the 
extraordinary constancy of wave-
form so striking in the frog (Morrell 
and Tsuru, 1975). 

When SEP's first appeared in the 
inter trial record they began at the 
stimulation site (1° focus) and were 
often, though not always, associated 
with an evoked spike at the 2° region 
(Fig. 4B, E). The evoked spike was 
characterized by a smaller amplitude 
than the primary event, and followed 
it by an appreciable and constant 
delay (24-30 msec ) . Eventually, 
SEP's appeared in the 2° focus in the 
absence of any activity at the 1° site 
(Fig. 4C, see arrows). Still later the 
high voltage discharges in the 2° 
focus gave rise to the reverse propag-
ation, ie., evoked spikes at the 1° reg-
ion (Fig. 4F). Thus, in Figure 4F the 
first complex was an independent 2° 
SEP which elicited a small potential 
at the 1° site while the second com-
plex arose at the 1° focus and fired the 
2° site. Transcommissural propaga-
tion of epileptiform activity took 
place in both directions. 

Although SEP's, once begun, oc-
curred roughly randomly throughout 
interstimulus intervals, they were 
much more frequent immediately 
after a stimulus delivery. For exam-
ple, Figure 5 illustrates 20 min. of 
continuous recording beginning 
shortly after the termination of 
stimulus-induced AD. Compare the 
density of spiking in Fig. 5A (first 5 
min.) with that in 5D (last 5 min.). 
The configuration of the spikes was 
also much more variable at times of 
high density (Fig. 6C) than it was dur-
ing the remainder of the interstimulus 
interval (Fig. 6D). 

Some time after consolidation of 
electrographically independent dis-
charge in the two hemispheres, usu-
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Figure 3—A typical individual curve of AD duration as a function of number of trials. 
Each trial is a 2 sec. stimulation delivered once per hour. 
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Figure 4—Acquisition of spontaneous epileptiform potentials 
during kindling. A, B. and C are taken at slow (1 mm/sec.) 
paper speed; D, E and F at 25 mm/sec. 
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Figure 5—Continuous recording for 20 min. after the end of an 
after-discharge late in kindling. Note the early high density of 
SEP's (A) which gradually taper off, B, C, D, over the 20 min. 
interval. Counts of SEP's in the first 5 min., as in A, were the 
basis of the graphs in Fig. 10. 

ally between the 6th and 10th hour, 
the 1° cortex was suppressed tem-
porarily with topical Xylocaine. The 
resulting inactivation of the stimula-
tion site and elimination of primary 
discharge did not cause the disap-
pearance of SEP's in 2° cortex. In-
deed, the 2° SEP's were dramatically 
enhanced (Fig. 7D, E). Figure 7A, B, 
C illustrates the beginning of inde-
pendent discharge in 1° and 2° regions 
after the 5th stimulation. After the 
18th trial the discharge of the 1° focus 
was eliminated by topical Xylocaine 
(Fig. 7D, E). In addition to the 
prompt augmentation of 2° spike am-
plitude there was, of course, marked 
diminution of 1° cortex responsive-
ness to 2° focus firing. Upon remov-
ing the Xylocaine pledget and wash-
ing with saline, independent 1° site 
SEP's reappeared and transmission 
resumed in both directions (Fig. 7F). 

In summary, we have demon-
strated all the criteria of kindling in 
the frog preparation. The entire se-
quence takes place within a 12-24 hr. 
time span. 

3. Protein Synthesis 

A detailed report of the biochemi-
cal data is now in preparation. For 
present purposes it will be sufficient 
to indicate the main findings. 

The time course of cerebral protein 
synthesis was studied in 13 grass 
frogs, Rana pipiens. Animals were 
given a single pulse label consisting 
of IP injection of 2.5 |i Ci/lOgm. of 

# 20wc ^ 

~V~ 

Figure 6—Configuration of SEP's during high density periods (C) and lower density 
intervals (D). In the two examples, A and B, at slow paper speed one can see the 
rapid decline in spike frequency in the first few minutes after an AD. Spike con-
figuration is much more variable at times of high density (C) than when spikes are in-
frequent (D). 
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14C leucine. At a series of times rang-
ing from 15 minutes to 72 hours 
groups of animals were sacrificed by 
decapitation, the brains removed in 
less than 2 minutes and processed as 
indicated under Methods. Radioac-
tivity (counts/min./brain) was meas-
ured in both the protein fraction 
(TCA-insoluble pellet) and the 
supernatant which includes the pool 
of free leucine available for incorpo-
ration. A classical incorporation 
curve (see Brink etal . , 1966) was ob-
tained showing a sharp, rapid rise in 
the supernatant which then fell to a 
plateau in 5 hours. Counts in the pro-
tein fraction rose much more slowly 
reaching about 38% of the peak 
counts in 2 hours and continuing to 
rise for a full 24 hours. 

4. Inhibition of Protein Synthesis 

The glutarimide antibiotic cyc-
loheximide (CXM) specifically 
blocks the binding of transfer RNA to 
polyribosomes as well as other steps 
in the reaction sequence by which 

TABLE I 

Inhibition of(
i4

C) leucine incorporation into brain protein by cycloheximide in Rana 
catesbeiana 

Animal 

Controls (n = 4) 

BF 120 
121 

123 

125 

127 

132 

133 
*P/S _ cpm in protein 

cpm in supernatant 

Protein 
(counts/min/brain) 

15375 

1750 

178 

670 

165 

1873 

522 

214 

Supernatant 
(counts/min) 

27750 

48000 
83880 

126800 

31570 

111440 

166000 

59240 

*(P/S)xl00 

55.41 
3.64 
0.21 
0.53 
0.52 
1.68 
0.31 
0.36 

Inhibition of 
protein 

synthesis (%) 

88.6 
98.8 
95.6 
98.9 
99.5 
96.6 
98.6 

A 
1° 

W a t * 

BF100 
Control 

i* n<i | f » m ">« •< •< 

• * H 

amino acids are transferred from 
aminoacyl transfer RNA into nascent 
peptides on ribosomes (Obrig et al., 
1971). It has been extensively emp-
loyed in both mammalian (Flexner et 
al., 1973; Barondes and Cohen, 1968) 
and non-mammalian (Agranoff, 1968) 
preparations for inhibition of cere-
bral protein synthesis. 

Having established a normal in-
corporation curve for these animals, 

C 

post stim 5 120<V\V 

20 sec 

1 

Figure 7—Testing for independence of 2° discharge. After establishment of electrog-
raphically independent SEP (A, B, C), the 1° focus was suppressed with a cotton 
pledget soaked in 1% Xylocaine. The result was that (1) the 1° focus ceased to fire 
spontaneously, (2) there was a marked augmentation in the amplitude and an increase 
in frequency of 2° SEP and (3) there was a marked diminution in 1° cortex response to 
2° discharge (D and E). After removing the Xylocaine and washing with saline (F) 
spontaneous discharge resumed at the 1° site (F, middle) and both sides exhibited 
independent SEP's. 

the extent and duration of 
cycloheximide-induced inhibition of 
incorporation of 14C leucine was 
measured in another group of normal 
grass frogs. 

Following an IP injection of cyc-
loheximide (50 mg/kg) animals were 
given the isotope at intervals of 30 
minutes, 2, 4.5, 7, 24, 37.5, 48 hours 
and decapitated 2 hours later. Again 
the detailed results will be reserved 
for another publication, but it is suffi-
cient here to say that there was virtu-
ally complete inhibition at 30 minutes 
and at the 24 hour interval there was 
98% inhibition and at 48 hours inhibi-
tion was still 80%. 

These preliminary experiments in-
dicated, therefore, that very substan-
tial ( > 90%) blockage of protein 
synthesis could be maintained for 24 
hours with a single injection of the 
chosen dosage of CXM. Thus the du-
ration of action was more than ade-
quate to cover the time necessary for 
establishment of SEL in the frog. 

As noted, kindling experiments 
were performed on the bullfrog, Rana 
catesbeiana, because the larger brain 
makes electrode placement easier. It 
was, therefore, necessary to verify 
for the bullfrog the biochemical re-
sults just described. Control animals 
(n = 4) receiving only the isotope and 
then sacrificed in 2 hours had average 
counts in the protein fraction of 
15,373 and in the supernatant 27,750 
for a P/SxlOO of 55.41. In Table I 
these figures may be compared to 
those from the animals subjected to 
the kindling procedure. The experi-
mental frogs were injected with CXM 
at least 1 hour before beginning brain 
stimulation. Stimulation at hourly in-
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tervals according to our usual kindl-
ing paradigm was then carried out for 
about 24 hours. Stimulation was then 
discontinued, animals were injected 
with the isotope and were sacrificed 2 
hours later. Biochemical results are 
presented in Table I. At that time, 
i.e., 24 hours after CXM injection, 
inhibition of protein synthesis varied 
from 88.6 to 99.5%. 

5. Effects of cycloheximide 
on behavior and EEG 
The cycloheximide had no obvious 

behavioral effects. In the grass frogs 
receiving CXM and in the experimen-
tal bullfrogs prior to spinal destruc-
tion there were no neurological de-
ficits in terms of paralyses or defects 
in coordination, and light stimulation 
of the skin caused the usual with-
drawal. Comparison of the back-
ground EEG of the treated animals 
with those of the control series did 
not reveal any abnormality to visual 
inspection. There was no gross slow-
ing or flattening of the EEG. Electri-
cal stimulation of brain using 
parameters usually employed re-
sulted in typical after-discharge. 
Transcommissural evoked responses 
were present and appeared to be 
normal. Amplitude and wave-shape 
were not evaluated statistically so it 
is possible that subtle changes may 
have been missed (see Wilcox et al., 
1974). Nevertheless, it seemed clear 
that there were no gross alterations in 
the usual indices of cerebral electri-
cal activity. 

6. Effect of Cycloheximide 
on Kindling 

AD duration curves for the con-
trols (open circles) and for the CXM-
treated animals (closed circles) are 
illustrated in Figure 8. The points are 
the means for the two groups; the 
vertical bars are 95% confidence 
limits. A " t " test was performed on 
the slopes of the regression lines for 
AD duration for each animal in both 
cycloheximide and control groups 
(t=5.915, p=0.1205xl0-7). Thus it 
would appear that kindling, as meas-
ured by progressive prolongation of 
AD duration with repeated stimula-
tion, was markedly suppressed by 
cycloheximide. 

The other available measure was 
the spontaneous epileptiform activ-

ity, the SEP's. SEP's did occur in the 
treated animals but were limited to 
the hemisphere stimulated; no con-
tralateral independent spikes were 
seen. The maximum development of 
the SEP in the CXM-treated animals 
included the occurrence of non-
propagating SEP's at the 1° focus 
(Fig. 9B, E), its increasing frequency 
at the same site (Fig. 9C), and evi-
dence of evoked activity in 2° cortex 
(Fig. 9C, F) which never became in-
dependent and lagged the 1° spike by 
24-30 msec. The existence of evoked 
responses, of course, verifies the in-
tegrity of interhemispheric path-
ways, the persistence of electrical 
transmission and capability of the 
2° cortex to respond in a syn-
chronized fashion. 

Finally, the number of SEP's oc-
curring in the first 5 min. after cessa-
tion of after-discharge on each trial 
was counted in the two groups, giving 
a rough indication of SEP frequency. 
This measure, too, distinguished the 
cycloheximide-treated animals from 
the controls (p =0.6xl0-10) (Fig. 10). 

DISCUSSION 
Since CXM treatment did not dis-

turb background cerebral rhythms 
and did not interfere with either the 
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Figure 8— AD duration curves for the 
control and cycloheximide groups. The 
points represent the means and the ver-
tical bars are 95% confidence limits. 
The curves are significantly different 
(p = .1205xl0-7). 

paroxysmal response to direct elec-
trical stimulation or the transcom-
missural evoked potential, it seems 
likely that those processes involving 
action potentials and strictly 
neuroelectric events do not depend 
on protein synthesis, at least in any 
immediate sense. On the other hand, 
the neuroelectric events are appar-
ently essential for kindling as shown 
by the fact that kindling can be 
blocked by phenobarbital (Wada et 
al., 1974) and diazepam (Racine et 
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Figure 9—SEP's in a cycloheximide-treated animal. Spontaneous spikes only are seen 
on the 1° side. All activity in the 2° cortex was in the form of an evoked response to the 
1° spike. 
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al., 1975) — drugs which interfere 
with the directly elicited AD. The 
neuroelectric events are essential — 
but they do not appear to be enough. 
These experiments imply that pro-
tein synthesis is necessary as well. 

Results thus far, however, cannot 
be taken as proof of the latter 
hypothesis. Cycloheximide does 
other things than inhibit protein 
synthesis. Flexner et al (1973) have 
shown a considerable inhibition of 
tyrosine hydroxylase activity in rats 
and mice receiving very high doses of 
CXM (120 mg/kg). Reduction of this 
enzyme would decrease the func-
tional pool of norepinephrine. The 
likelihood that reduction of central 
catecholamine could account for a 
decrease in epileptogenesis goes 
against a substantial body of data 
which suggests that monoaminergic 
systems in brain act to suppress seiz-
ure activity and susceptibility (see 
reviews by Maynert, 1969 and 
Lovell, 1971). In fact, a convincing 
experiment by Corcoran etal. , (1974) 
showed that depletion of catecho-
lamine by 6-hydroxydopamine in 
rats resulted in more rapid kindling 
as well as in an exacerbated con-
vulsive response to pentylenetetra-
zol challenge. Thus, it seems un-
likely that the CXM effect on kind-
ling is attributable to blockage of 
tyrosine hydroxylase. 

There is some dispute over 
whether CXM interferes with RNA 
synthesis as well. Apparently it does 
so in rat liver at very high doses 

(three times those we used). Farber 
and Farmar (1973) indicate that the 
RNA effect is dose dependent, not 
merely a consequence of the inhibi-
tion of protein synthesis but a sepa-
rate effect of very high doses of the 
drug. We are not aware of compara-
ble studies in brain. 

Obviously this research is only in 
its beginnings. Further consequences 
of cycloheximide will undoubtedly 
be found and have to be taken into 
account. Even if, indeed, it is the dis-
ruption of macromolecular synthesis 
which explains our result, that too, is 
only a beginning. Questions of the 
nature of the molecular species, how 
it is transported, and where and how 
it acts are all before us. 

In introducing this work it was 
mentioned that the kindling techni-
que, by substituting electrical stimu-
lation for the chronic irritant, brought 
the entire process of secondary 
epileptogenesis under much more 
rigorous experimental control . 
Perhaps at this point it is appropriate 
to delineate precisely those compo-
nents of this process we consider 
secondary. In doing so it is necessary 
to underscore the fact that we use the 
term secondary epileptogenic lesion 
to refer only to those neurological 
transformations which result in spon-
taneous and autonomous epilep-
tiform behavior, demonstrably inde-
pendent of the primary lesion, in cells 
that were untouched by the original 
epileptogenic agent. We do not con-
sider the occurrence of evoked 

spikes or projected abnormality, no 
matter how far removed from the 
primary focus, as evidence for SEL. 

When the electrical stimulus di-
rectly excites those neurons in the 
path of the imposed current, the cells 
discharge in a synchronized fashion 
and continue to do so for some sec-
onds after the artificial current has 
ceased to flow. The events in these 
directly excited cells as well as the 
response of 2nd order neurons driven 
by the 1° cells we consider to be part 
of the primary epileptogenic process. 
However, the 2nd order neurons adj-
acent to the stimulus site as well as in 
distant regions have been synapti-
cally rather than directly activated. 
Somehow this mediated activation is 
cumulative. Repeated stimulation re-
sults in a progressively more en-
hanced response. Properties of the 
2nd order neurons are altered. Once 
kindling had occurred, Goddard et al. 
(1969) showed that a coagulation of 
tissue surrounding the stimulating 
electrode adequate to destroy all the 
directly affected neurons did not 
cause loss of the kindled response 
provided the current was increased 
sufficiently to activate surrounding 
2nd order neurons. The surrounding 
cells exhibit anamnestic behavior; 
they "remember" their prior excita-
tion. It is this cumulative effect and 
the recruitment of cells not directly 
affected by the original epileptogenic 
agent but, nevertheless, permanently 
transformed as a result of its action, 
that we regard as the core of secon-
dary epileptogenesis. 

Analogies between this process 
and those implicated in long-term 
memory were proposed as long ago 
as 1959 (Morrell etal. , 1959; Morrell, 
1961). Certainly a major interest of 
these data is the fact that CXM treat-
ment abolishes long-term memory in 
behaving animals (Flexner et al., 
1966; Barondes and Cohen, 1968; 
Agranoff, 1968). Whatever the 
mediating mechanism, therefore, it 
suggests again a close link between 
those neural events which underlie 
kindling and those which sustain 
long-term memory. 
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DISCUSSION 

Dr. Wada: Both Drs. Corcoran and Fibiger 
have begun to examine the effects of cyc-
loheximide upon kindling in rats, and I am 
glad to hear our hunch wasn't far off the mark 
according to your beautiful data. I have two 
questions: With the amount of cycloheximide 
that you use, (1) Does your frog remain capa-
ble of croaking? (2) Do you know what this 
agent might do to the other systems, such as 
catacholimines or GABA? Dr. Morrell: Yes, 
they do croak. However, we have not seen 
them eat and it seems to be the only thing that 
we haven't seen them do. I don't have any 
answers to the GABA system yet. We have 
just completed this part of the study so we 
don't have any information on that. Dr. Daly: 
Have you tried giving cycloheximide after es-
tablishing kindling in the frog? Dr. Morrell: 
That is a very good question, Dr. Daly. We 
haven't done that experiment yet, so we don't 
know. Dr. Racine: Related to that last ques-
tion, a fairly important control in this kind of 
work is to recover the animal from the drug 
treatment and then test them again to find out 
whether in fact you have blocked the apparent 
expression of the seizure response or in fact 
the development of the seizure response. 
Given that you did find the post-ictal events, 
that would be an important control, I think. In 
this case, have you done or are you planning 
to do something like that? Dr. Morrell: We 
haven't done the experiment but I would like 
to. That is, the proper control is to have them 
recover and see whether kindling has occur-
red as measured by afterdischarge duration in 
the presence of SHP's and those things. We 
have done that. We have electrically stimu-
lated directly and we have seen convulsions 
occur in animals so that at least the neurocir-
cuitry is there to mediate a convulsion. The 
real control has not been done yet. Dr. 
Adamec: I was wondering if you tried ad-
renalectomising your frogs? The reason that I 
ask this is that you mentioned the cyclohex-
imide effect on CER conditioning and Naka-
jima has recently reported that ad-
renalectomised mice do not show the memory 
deficit with cycloheximide injection. I was 
wondering if you would expect some differ-
ence in your kindling effects of the protein 
synthesis inhibitor if you adrenalectomised 
them? Dr. Morrell: That is a very interesting 
question. No, I have not adrenalectomised 
any frog. I don't know if I would even know 
where to look. Dr. Fernandez-Guardiola: It is 
a very well known fact that focal cortical elec-
trical stimulation provokes evoked subcorti-
cal responses on a number of structures at the 
same time that the "Mirror Focus" is de-
veloping. Particularly sensible to weak stimu-
lation of the motor cortex is the Red Nucleus. 
This structure, as well as the cerebellar Pur-
kinje cell layer accelerates notoriously its 
spontaneous firing during the subthreshold 
cortical activation. My question is, did you 
detect any sub-cortical change of activity in 
your frogs during the rapid kindling, or as an 
effect of cyclohexemide administration? Dr. 
Morrell: Wada has shown that there is a rela-
tionship between the appearance of the sec-
ondary focus and midbrain reticular discharge 
as well. We have not looked at the cerebellum 
but many years ago when we first started to 
play with this we thought that the transmis-
sion system was callosal and it turned out that 

if you cut the corpus callosum you abolish the 
secondary focus phenomenon. We then made 
what we call the callosal isolation: that is, we 
isolated the recipient cortex from all subcorti-
cal structures and intercortical structures 
leaving the callosal pathway intact. In those 
experiments we found that we could not de-
velop an independent mirror focus, so it 
seems clear that at least two pathways are 
required. Wehther it is subcortical or via the 
cerebellum, I don't know, but the callosal 
pathway by itself is not enough. Dr. Stevens: I 
want to ask you a question regarding the 
catecholamines, I am sure that you plan to go 
ahead with blocking specific catecholamine 
enzymes such as using AMPT. Has anyone 
done anything with that? Dr. Morrell: No, not 
that I know of. Dr. Stevens: With respect to 
one of the previous papers, I was interested in 
the comments on visual cortex kindling. I just 
wanted to mention that at this moment, one 
strange thing about the visual cortex is that 
you can't get an epileptic focus going in it with 
aluminum hydroxide either, as you probably 
know, although if you then make a midbrain 
lesion you can. I wonder if those parts that I 
think are epileptic are partly deafferented 
producing these hypersynchronized poten-
tials. I wonder if a visual cortex can kindle 
following deafferentation of the cortex, for 
example, blinding the animal or cutting the 
optic nerves. That's in the human, at least, 
when we see spikes spontaneously in the vis-
ual cortex so that one might then potentiate 
the possibility of kindling? Dr. Morrell: If by 
deafferentation you mean deafferentation 
supersensitivity, I think that it is very unlike-
ly to play an important role here. You can take 
one hemisphere out and the other hemisphere 
doesn't get epileptic. Massive degeneration 
can occur in a system and you don't really see 
spontaneous epilepsy following a hemis-
pherectomy. Spontaneous epilepsy does not 
occur in the other side. I do think that there is 
an important influence of afferent input into 
the area. We know that if you knock out the 
reticular formation you can increase the inci-
dence of epileptiform activity in the cortex 
and if you knock out the specific sensory 
pathway to a sensory area you can increase 
the incidence of spikes. Isn't that simply re-
ducing the level of desynchronizing input into 
the area and allowing greater synchronization 
to develop? I think Wada has done some 
studies on this. Dr. Daly: Kellaway was un-
able to create spikes in the occipital cortex of 
kittens by enucleation of their eyes, that is, by 
trans-synaptic deafferentation. He did ob-
serve spikes in children with ocular abnor-
malities, not all of whom were blind. Dr. 
Racine: In response to Dr. Steven's com-
ment, we have done an experiment similar to 
the one you described. In an attempt to test 
the effects of deactivation on striate cortex 
sensitivity, Dr. Karl Gijsbers and I looked at 
epileptiform afterdischarge threshold in areas 
17 and 18 of rats enucleated 2 weeks previ-
ously. We also looked at electrographic kindl-
ing, motor seizures rarely develop with post-
erior neocortex stimulation. We found no dif-
ferences between enucleated and control rats 
in any of the measures used. Dr. Penry: Are 
we certain that the occipital cortex cannot be 
kindled? Dr. Hambrecht and others working 
on the visual prosthesis project have found 
the seizures after stimulating the occipital cor-
tex in man and animals. Dr. Wada: Some 

years ago we studied the effect of deafferenta-
tion upon cerebral epileptogenicity as man-
ifested by the development of the aluminum 
hydroxide focus. In this study we found that 
visual deafferentation by means of optic trac-
totomy in cats markedly accentuated the de-
velopment of the aluminum hydroxide focus 
in contrast to cochlea destruction which ap-
peared to interfere with the ripening process 
of epileptogenicity. In the Senegalese baboon, 
Papio papio. we also observed evidence of in-
creased seizure susceptibility of posterior cor-
tices by sectioning the hemisphere at the mid 
portion, thus dividing it into anterior and 
posterior halves down to the diencphalic reg-
ion bilaterally. In intact baboons, flicker 
stimulation will initially evoke sustained spike 
discharge in the pontine reticular formation 
before manifesting clinical myoclonic re-
sponse which is coincidental with the anterior 
but not posterior cortical discharge. Follow-
ing anterior-posterior divisions of the hemis-
phere, flicker stimulation will produce very 
definite and localized electrographic dis-
charge in the visual, but not the anterior, cor-
tex to which no surgical damage was done. 
These findings seem to suggest that deafferen-
tation super sensitivity does interact signific-
antly with the seizure enhancing factor such 
as generalized (Papio papio) or localized 
(aluminum hydroxide) epileptogenic predis-
position in terms of creating increased visual 
cortical seizure susceptibility. I really do not 
see why kindling cannot take place from the 
posterior cortices. It is relatively easy to say 
something positive but one has to be careful 
when the result is negative. In our prefrontal 
kindling we could have said baboons cannot 
be kindled from the prefrontal cortices if we 
applied the yardstick of the completion of 
amygdaloid kindling (average 72 days) since it 
took more than an average of 126 days to de-
velop initial motor manifestations and over 
300 days to reach the final stage. With pati-
ence, I feel quite certain you will observe a 
seizure development from the posterior cor-
tices. Indeed, a recent survey by Dr. 
Ajmone-marsan has shown that occipital 
epileptogenic activity may propagate to a 
number of cortical and/or sub-cortical struc-
tures culminating in any one of a large combi-
nation of ictal sensory or motor manifestions. 
Dr. Goddard: I would like to come back to the 
topic of Dr. Morrell's talk and to go a little 
further than Adamec. The notion of removing 
the adrenals may sound very strange, but it 
may not be nearly as strange as you might 
think. The reason for it is that cycloheximide 
is necessary for protein synthesis and cortical 
steroids are not held in reserve in the adrenal. 
Therefore, they have to be synthesised on 
demand and there will be no cortical steroid 
feedback to the brain. Nakajima and Cottrell 
show that you can get these learning deficits 
with cycloheximide provided that you have 
not removed the adrenals or you can reverse 
the learning effects of cycloheximide by injec-
tion of cortical steroids and that you can do 
that same thing by injecting a low level of cor-
tical steroids into the hippocampus which 
raises the perhaps crazy but nevertheless in-
teresting possibility that the reason why you 
cannot develop your kindling in the hip-
pocampus in the frog treated with cyclohex-
imide may have something to do with cortical 
steroids as well as the other possibilities that 
have been listed. 
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