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533-536, 1981.--Rats repeatedly injected with initially subconvulsive doses of pentylenetetrazol (PTZ) eventually became 
sensitized to the drug (displayed twitching and myoclonic jerks). Other rats injected with increased doses of PTZ displayed 
both sensitization and generalized convulsions. Both groups subsequently developed generalized amygdaloid kindled 
seizures significantly faster than control rats, but did not differ significantly from each other in their rate of kindling. These 
results indicate that substantial transfer facilitation of electrical kindling occurs whether sensitization alone, or sensitization 
together with convulsions are induced by injection of PTZ. 

Kindling Seizures Pentylenetetrazol Sensitization Transfer 

THE repeated administration of a variety of convulsant 
agents in initially subconvulsant amounts results in the gradual 
development of a permanent state of seizure susceptibility-- 
the kindling effect. Recent findings indicate that the change 
in seizure susceptibility that occurs during kindling is not 
always limited to an increased susceptibility to the original 
kindling agent, but also can result in an increased suscepti- 
bility to other kindling agents. This transfer effect is demon- 
strated when subjects that are initially kindled with electrical 
stimulation of the amygdala or electroconvulsive shock are 
found to be significantly more susceptible to seizures in- 
duced by alcohol withdrawal or by injection of pentylenetet- 
razol (PTZ) [1, 7, 8]. 

Although pharmacological kindling and the subsequent 
transfer of kindling to alcohol-withdrawal-induced seizures 
have been demonstrated [4,8], these phenomena are not well 
understood. The repeated administration of carbachol or co- 
caine has been reported to result in subconvulsive behavioral 
sensitization or the development of generalized convulsions, 
but repeated administration of these substances generally 
has not resulted in transfer facilitation of electrical amygda- 
loid kindling [3, 10, l l, 14]. In the only study in which this 
transfer effect has been demonstrated, the authors con- 
cluded that the transfer facilitation was wholly attributable to 
the faster electrical kindling observed in the subjects that had 
actually convulsed during the drug treatment, and that the 
sensitized subjects did not kindle faster than the control sub- 
jects [3]. However, the results of this study do not unequivo- 
cally support the conclusion that generalized convulsions are 
necessary for transfer facilitation of electrical kindling, and 
that behavioral sensitization alone does not result in transfer. 
The exclusion of the convulsed subjects from the pharmaco- 
logically kindled group in order to assess the transfer effect 
that results from behavioral sensitization alone confounds 
response to the drug treatment with a change in the mean 
seizure susceptibility of the drugged group. This occurs be- 

cause it might be expected that the more inherently seizure- 
prone subjects would convulse in response to the drug 
treatment, and if these subjects are then excluded, the drug- 
ged and control groups are no longer comparable. The same 
type of confound might be expected to occur in similar stud- 
ies when subjects die during a convulsion induced by drug 
treatment (e.g. 110, 12, 131). Therefore, the only useful com- 
parison is between intact groups that have received adminis- 
tration of either a kindling agent or a control treatment and 
have different sensitization or seizure histories prior to trans- 
fer testing. 

This approach was taken in the study reported here in an 
attempt to evaluate whether the induction of behavioral sen- 
sitization alone by the injection of PTZ is sufficient to result 
in transfer facilitation of electrical kindling, or whether gen- 
eralized convulsions also must be evoked. The results indi- 
cate that substantial transfer occurs whether sensitization 
alone, or sensitization together with generalized convulsions 
are induced. 

METHOD 

Twenty-six male hooded rats weighing 350 to 400 g served 
as subjects. They were anesthetized with pentobarbital and 
received implantation of two bipolar electrodes using con- 
ventional stereotaxic techniques. Eighteen subjects carried 
an electrode in each basolateral amygdala, and the remaining 
eight subjects carried one electrode in the basolateral amyg- 
dala and one electrode in the contralateral dorsal hippocam- 
pus. These two sites were chosen to allow recording of 
neural activity from two major limbic regions during subse- 
quent drug treatment. Electrodes were constructed of 
twisted Nichrome wire 127/zm in diameter, insulated except 
at the cut tips. 

After a 14-day recovery period during which the subjects 
were handled periodically, they were randomly divided into 
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TABLE 1 
BEHAVIORAl, SENSI1 IZATION AND CONVULSIONS OBSERVFD DURING DRUG I'REA'I'MEN'I" 

Group N 

Mean number 
Mean convulsive response Number (percent) o f  (range and SEM) 

to PTZ or saline after subjects displaying a of generalized 
injection number: generalized convulsion convulsions displayed 

I 25 Final during drug treatment during drug treatment 

Control 6 0 
Sensitized I I 0.36 
Convulsed 7 0.43 

0 0 0 (0) 0 (no range) 
2.27* 2.45 2 (18) 0.27 (0--2:_~0.19) 
2.43~ 3.0 7 (100) 2.30 (2-3: • 0.181 

*Significantly greater than injection 1 (I~.::0.(RI5). 
-Significantly greater than injection I (p-:0.02). 

one control (n =7) and two experimental groups, the convulsed 
group (n=7) and the sensitized group (n=12). Subjects in 
the convulsed and sensitized groups were then weighed 
and received an intraperitoneal injection of PTZ (Sigma) at a 
dose of 20 mg/kg once every 48 hr until 25 injections had 
been administered. PTZ was used because it had been ob- 
served in our laboratory that repeated administration of this 
drug at a low dose reliably leads to sensitization without the 
risk of status epilepticus. The subjects were then placed on a 
large open surface and observed for 20 min. Occurrences of 
the following convulsive behaviors were recorded: I l ) loco- 
motor immobility with twitching of the facial musculature, 
(2) myoclonic jerks of the head and body, (3) forelimb clonus 
and convulsion generalization. The control subjects were 
treated similarly, but were injected with an equivalent vol- 
ume of physiological saline instead of PTZ. Up to this point 
in the procedure, only two of the subjects in the convulsed 
group had displayed a generalized convulsion in response to 
the injections of PTZ. Therefore, in order to insure that all of 
the subjects in this group had displayed at least two general- 
ized consulsions, all subsequent injections were adminis- 
tered at increased doses until a mean of 2.3 (range: 2-3) 
generalized convulsions were displayed. The dose of PTZ 
was increased by 5 mg/kg after every second injection. Thus, 
the convulsed subjects received two additional injections at 
25 mg/kg, two additional injections at 30 mg/kg, etc., until 
2-3 generalized convulsions were displayed. The maximum 
dose of t r r z  injected was 35 mg/kg, and the subjects received 
a mean of 30.8 injections (range: 29-32). The subjects in the 
sensitized group received five additional injections at 20 
mg/kg, for a total of 30 injections, and the control subjects 
received five additional injections of saline for a total of 30 
injections. 

Periodically throughout the experiment the EEG was 
monitored in each subject. A miniature plug and shielded 
leads connected the subject to a polygraph and permanent 
records of brain activity were taken for approximately 5 min 
before and 20 min after the injection of PTZ. 

After a 7-day rest the subjects were electrically kindled 
through an amygdaloid electrode. The subjects were again 
connected to a polygraph and stimulator and the EEG was 
recorded before and after stimulation in order to obtain a 
prestimulation baseline and to record ",ffterdischarge (AD). 
During the stimulation the leads to the polygraph were 
shorted to ground by a relay to prevent blocking of the am- 
plifiers. For kindling, 1 sec of 60 Hz biphasic square waves, 
each I msec in duration, was provided by a constant current 

stimulator. The AD threshold was determined by setting the 
initial stimulation intensity at 40 p,A and gradually raising the 
current until AD was observed. The following sequence of 
current values (in p,A) was used: 40, 50, 75, 100, etc. Stimu- 
lations were spaced at 24 hr intervals. All subjects were then 
stimulated once daily at 200 /~A, which was well above 
threshold for all subjects, until a generalized convulsion was 
displayed [9]. 

At the end of testing all subjects were anesthetized and 
perfused with formol saline, and the brain was removed. 
frozen, and sectioned for verification of the electrode place- 
ments. Two of the subjects, one each from the sensitized and 
control groups, had kindling-electrode placements outside 
the amygdala and were eliminated from the study. The re- 
maining 24 subjects had electrode placements in the intended 
structures. 

The results were analyzed using 2-tailed nonparametric 
tests of significance. 

RESUI ,'I'S 

In order to quantify the degree of behavioral sensitization 
developed by the subjects during the drug treatment, the two 
behaviors indicative of sensitization {twitching and myo- 
clonic jerks) were arbitrarily assigned a value of 1 and 2 
respectively, and the mean sensitization response to the I sl, 
25th, and final injection was calculated. The maximum score 
possible was 3.0, which indicated the occurrence of both 
twitching and myoclonic jerks. The values are presented in 
Table I. where it can be seen that both experimental groups 
displayed little or no response to the 1st injection of PTZ, 
and a much stronger response to the 25th injection. The two 
experimental groups did not differ significantly in their re- 
sponse to the Ist or 25th injection (Mann-Whitney U, 
p>0.05). However, each experimental group displayed a 
significantly increased response to the 25th injection com- 
pared to the Ist injection (Sign test, convulsed group: 
p<0.02, sensitized group: p<0.005). The progressive in- 
crease in the convulsive response that occurred during the 25 
injections of PTZ at 20 mg/kg was similar to that reported 
previously [5,8]. 

As was described above, all of the subjects in the con- 
vulsed group displayed between 2-3 generalized convulsions 
by the end of the drug treatment (Table 1). Within the sensi- 
tized group 2 of I1 subjects displayed 1 and 2 generalized 
convulsions each, respectively, by the end of the drug treat- 
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TABLE 2 
ELECTRICAl. KINDLING OF THE AMYGDAI.A IN CONTROL, 

SENSITIZED AND CONVULSED SUBJECTS 

Mean Number of ADs 
to 1st generalized 

seizure Median AD threshold 
Group (range and SEM) in/.tA Irange and SEMI 

Control 13.2 ( 10-17:+ 1.0) 40.0 (40-100;_ + 12.2) 
Sensitized 9.5* (7-15: *-0.7) 40.0 (40- 75:± 4.8) 
Convulsed 7.6+ (6- 8:*-0.3) 40.0 (40-100:_- 8.0) 

*Significantly less than Control q)-z0.02). 
+Significantly less than Control (p<0.01). 

ment. The remaining 9 sensitized subjects did not display 
any generalized convulsions during the drug treatment. 

The recordings obtained from the amygdala and hippo- 
campus during the course of the drug treatment indicated 
that low- or moderate-amplitude sharp waves occurred in 
these structures coincident with twitching induced by injec- 
tion of PTZ, and that single high-amplitude spikes occurred 
coincident with myoclonic jerks  in all recorded cases. There 
was never evidence of sustained trains of  epileptiform spikes 
or other AD-like phenomena during twitching or myoclonic 
.jerks. During generalized convulsions induced by injection 
of PTZ in the convulsed group a sustained train of  high- 
amplitude spikes that was very reminiscent of evoked AD 
invariably occurred coincident with the convulsion. The 
electrographic and behavioral generalized seizure generally 
lasted between 30-50 sec and was followed by isolated myo- 
clonic jerks  and associated high-amplitude spikes in the 
EEG. 

The main results of the study are presented in Table 2, 
where it can be seen that the sensitized group required fewer 
ADs to kindle than the control group, and the convulsed 
group required fewer ADs than the sensitized group. Be- 
cause of heterogeneity of variances these data were analyzed 
using nonparametric ANOVA, which indicated that the 
groups differed significantly (Kruskall-Wallis,  p<0.01).  The 
results of individual comparisons indicated that the sensi- 
tized and convulsed groups kindled significantly faster than 
the control group IMann-Whitncy U, p~0 .02  and p<0.01 
respectively), but that the sensitized and convulsed groups 
did not differ significantly tp;>0.05). The median initial AD 
thresholds ITable 2) did not differ significantly (p->0.05). 

In order to assess whether the total of three generalized 
convulsions displayed in response to the PTZ injections by 
two subjects in the sensitized group contributed to the trans- 
fer observed in this group, the data relating to the two sub- 
jects  in question were eliminated, and a second analysis of  
the results was performed. Eliminating the two subjects from 
the sensitized group changed the value of  the mean number 
of ADs required for electrical kindling from 9.5 to 9.8. This 
value was also significantly less than that of the control 
group (Mann-Whitney U, p<0.05/ ,  but did not differ signifi- 
cantly from that of the convulsed group (Mann-Whitney U, 
p->O.05/. 

DISCUSSION 

The major requirements for a test of  transfer as outlined 

in the Introduction appear to have been met in this study. 
Subjects were randomly assigned to groups that received 
different drug treatments and therefore had different seizure 
histories at the beginning of electrical kindling. The two 
subjects that initially were eliminated from the study were 
eliminated solely on the grounds of inadequate electrode 
placements, and could not have systematically biased the 
mean seizure susceptibility of the groups. The two experi- 
mental groups did not differ in their initial response or in the 
degree of behavioral sensitization displayed after 25 injec- 
tions of PTZ at 20 mg/kg, indicating that they were comparable 
in both baseline seizure susceptibility and in sensitization 
responsivity to repeated administration of PTZ. Both 
experimental groups displayed a significant increase in re- 
sponsivity to F r z  during the initial series of 25 injections. 
Finally, 9 of 11 sensitized subjects displayed only sensitiza- 
tion by the end of the drug treatment, and all 7 convulsed 
subjects displayed both sensitization and convulsions. 

Under the conditions of this study, sensitization due to 
the repeated injection of low doses of PTZ resulted in signifi- 
cant transfer facilitation of  amygdaloid kindling. Increasing 
the dose of PTZ in order to induce 2-3 generalized convul- 
sions in addition to the sensitization did not result in signifi- 
cantly greater transfer. 

The term "sensi t izat ion" has been used widely in pub- 
lished reports to refer to both behavioral (e.g., behavioral 
stereotypy) and epileptic phenomena (e.g., lowered convul- 
sive threshold, increased convulsion severity, etc). In the 
present report the term refers to the increase in ungeneral- 
ized seizure manifestations resulting from the repeated in- 
jection of PTZ. 

The question whether the total of three generalized con- 
vulsions displayed by two subjects in the sensitized group 
contributed in any substantial way to the transfer observed 
in this group cannot be answered by eliminating them from 
the group without confounding the study, as was indicated 
earlier. However,  for the same reason, eliminating these two 
subjects from the sensitized group, might be expected to 
reduce the mean seizure susceptibility of the sensitized 
group, and therefore make it less likely that the remaining 
nine subjects in this group would be statistically distinguish- 
able from the control group in their rate of electrical kindling. 
The fact that the results of the second, more conservative,  
analysis were essentially identical to those of the first analy- 
sis performed on the complete data supports the conclusion 
that, under the conditions of this experiment,  the greatest 
increment in transfer results from sensitization by PTZ, and 
that a small number of  generalized convulsions adds little to 
the effect. It is possible, of course, that additional general- 
ized convulsions induced by additional injections of PTZ 
might facilitate electrical amygdaloid kindling further. 

The possibility that spontaneous convulsions might have 
occurred during the interinjection interval and contributed to 
the transfer effect seems unlikely for a number of reasons. 
Although no systematic long-term recordings were taken 
during the interinjection period, the subjects were under in- 
termittent observation during this period and no spontaneous 
convulsions were observed in any subject in this study. In 
our experience and in the experience of  others the hooded 
rat is very resistant to spontaneous seizures produced by 
kindling treatment,  and spontaneous seizures typically de- 
velop only after many hundreds of generalized seizures have 
been evoked by high-frequency electrical stimulation [2,6]. 

The median AD threshold of the groups did not differ. 
Although 18 of the 24 subjects kindled in this study displayed 
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AD in response to the initial st imulation of  40 p,A during AD 
threshold testing, the mean AD threshold o f  the groups was 
not identical due to small variat ions in the AD threshold of  a 
few subjects in each group at the high end of  the AD- 
threshold range (see Table 2). St imulat ions of  200/zA inten- 
sity were applied to all subjects in order  to provide stimula- 
tion that was of  equal  intensity for all subjects,  and that was 
at least twice the AD threshold of  all subjects.  The results of  
previous research have indicated that such suprathreshold 
stimulation should be effect ive for the kindling o f  seizures at 
about  the same rate, on average,  in naive subjects  [9]. 

The mechanism by which the sensit izat ion induced by 
injection of  PTZ facili tates amygdaloid kindling is unknown.  
PTZ appears  to exer t  its convulsant  effects  by a variety o f  
mechanisms  including the antagonism of  GABA-med ia t ed  
inhibition, an increase in potass ium permeabi l i ty  o f  neuronal  
membrane ,  the inhibition o f  ace ty lchol ines terase ,  and a di- 
rect exci ta tory  effect 115]. Any or all of  these mechanisms  

might induce changes in the neural substrate involved in 
electrical  kindling of  the amygdala,  resulting in transfer 
facilitation. The E E G  recordings taken after the injection ot 
PTZ indicate that sharp waves ,  high-amplitude spikes, or 
sustained trains of  spikes accompanied  the convuls ions ,  but 
do not prove that such E E G  phenomena  are necessary for 
transfer.  

Wha teve r  neural mechanism is involved in the transfer 
effect be tween injection of  PTZ and electrical  kindling of  the 
amygdala ,  it should be noted that the transfer effect is 
bidirectional:  electrical  kindling o f  the amygdala significantly 
facilitates the response to PTZ [1,7], and, as has been 
demonst ra ted  here, injection of  PTZ significantly facilitates 
electrical kindling of  the amygdala.  Certain o ther  pairs ot 
convulsant  agents have been found to exhibit unidirectional 
t ransfer  in studies that employed  a unidirectional test ot 
transfer 18]. Whe the r  these and other  pairs exhibit  bidirec- 
tional t ransfer  effects is a quest ion for further research.  
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