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Ovariectomized, adult female rats, with or without estradiol replacement, were kindled by daily amygdala stimulation. 
Kindling acquisition varied with the intra-amygdala site of stimulation. During stimulation of the medial (AME) or central 
(ACE) nucleus, the only effect of estradiol replacement (E), compared to non-replaced rats (nE), was to significantly 
decrease the number of trials with afterdischarge (AD) during early kindling (stage 0). In rats receiving stimulation of the 
cortical nucleus (ACO) or the baso-lateral group of nuclei (ABL), a similar effect of estradiol was extended through stage 1. 
In addition, nE rats with ACO or ABL electrodes required significantly more trials with AD and accumulated more than 
twice the sec of AD during the late stages of kindling, compared to E rats and regressed to lower stage responses between 
the first stage 4 and last stage 5 responses; regressed responses never occurred in E rats. Estradiol also significantly 
decreased the prekindling AD threshold of the AME and ACE. These results indicate that estradiol accelerates early stage 
kindling, likely by proconvulsive properties to increase excitability within immediate amygdala projections. During late 
kindling stages, estradiol may participate in reinforcing or sustaining the convulsive readiness of kindling circuits estab- 
lished during bilateral recruitment. The site of action for this latter effect of estradiol may reside within circuits accessed by 
stimulation of the ACO or ABL, and not the AME or ACE. 

Kindled seizures Amygdaloid nuclei Estradiol Female rats Catamenial epilepsy Epilepsy 
Seizures Amygdala 

AN increase in the frequency or severity of seizures that is 
consistently correlated with a phase of the menstrual cycle is 
termed catamenial epilepsy [23,34]. The changing levels of 
progesterone and estrogen during the menstrual cycle may 
contribute to the phenomenon [1]. An elevated estro- 
gen/progesterone ratio during ovulatory cycles is linked with 
an increased incidence of generalized tonic-clonic seizures. 
Elevated estrogen levels during anovulatory cycles are cor- 
related with increased frequency of partial and generalized 
seizures. The intravenous injection of conjugated estrogen 
has been shown to activate EEG epileptogenic activity [26]. 
Animal studies support these clinical observations by dem- 
onstrating epileptogenic properties of estradiol in a variety of 
species and models [27, 32, 33, 45, 46]. Widespread 
proconvulsive effects are supported by the findings that the 

minimal electroshock threshold in rats is lowest during es- 
trus when circulating estrogen levels are high [48], and is 
decreased by the repeated administration of estradiol [49]. 

Kindling has been widely used as an animal model of 
epilepsy and involves low intensity stimulation of a specific 
brain region (e.g., amygdala) at regular intervals [13]. Ini- 
tially, the stimulation produces an electrical afterdischarge 
with no behavioral correlates. As the process of kindling 
continues with successive stimulations, animals acquire pro- 
gressively more severe electrical and motor seizures until a 
stable clonic convulsive response results. The fully kindled 
seizure is retained over long periods of stimulation-free time. 

This laboratory has previously reported that the amygdala 
kindling model, using ovariectomized female rats, is sensi- 
tive to estradiol in that estradiol accelerates the overall rate 

1Requests for reprints should be addressed to Gary G. Buterbaugh, Ph.D., Department of Pharmacology and Toxicology, School of 
Pharmacy, University of Maryland at Baltimore, 20 North Pine Street, Baltimore, MD 21201. 
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FIG. 1. Distribution of electrode tips within the amygdaloid complex in rats with and without estradiol replacement, Sections are 
adaptations from the Pellegrino and Cushman 1361, 0,8, 1.0 and 1,2 mm fi-om bregma, Abbreviations: Amygdaloid nuclei: (ABL, 
basolateral; ABM, basomediah ACE, central: ACO, cortical: AL, laterah AME, medial): CPU, caudate-putamen; GP, globis pallidus" PIR, 
pyriform cortex. 

T A B L E  1 

SUMMARY OF THE ACQUISITION OF A M Y G D A L A - K I N D L E D  
SEIZURES IN OVARIECTOMIZED F E M A L E  RATS WITH AND 

WITHOUT ESTRADIOL R E P L A C E M E N T  

Estradiol No Estradiol 
(N=20) (N=21) 

Duration of First 14.8 _+ 2.2 11.0 + 1.4 
AD (sec) 

Duration of First 78.1 _+ 4.8 86.8 _+ 6.2 
Stage 5 Seizure 

(sec) 

Total Trials 11.6 _+ 0.5 15.3 +_ 0.5* 
to Kindle 

Total AD Sec 593 _+ 39 768 _+ 80* 
to Kindle 

(sec) 

Data are expressed as mean + s.e.m. 
*Indicates significant from estradiol replaced rats, p<0.05. 

of  kindl ing [15]. Based  upon  this  f inding,  a more  de ta i led  
s tudy of  the  inf luence of  physiological  levels o f  es t rad io l  on 
the  acquis i t ion  of  amygda la -k ind led  se izures  in female  rats  
was  ini t iated.  The  resul ts  indicate  the  inf luence  of  es t rad io l  
on  the  acquis i t ion  of  amygda la  kindled se izures  is d e p e n d e n t  
upon  the  locat ion of  the  e l ec t rode  within the  amygda lo id  
complex .  In fact ,  this  is the  first r epor t  tha t  a t r e a t m e n t  effect  
(i .e. .  es t radiol )  on the acqu i s i ton  o f  amygda la  k indled  sei- 
zures  can  depend  upon  the site of  amygda lo id  s t imula t ion .  

METHOD 

A n im  a Is 

Adul t ,  female,  Sp rague -Dawley  rats ,  250-275 grams ,  
were  housed  in individual  cages  wi th  un res t r i c t ed  access  to 
w a t e r  and  Pur ina  Rat  Chow.  The  rats  r ema ined  in t empera -  
ture  and  humidi ty  con t ro l l ed  local animal  care  facili t ies 
equ ipped  wi th  a 13-hours-on (7:00 a .m.  to 8:00 p .m.) ,  l 1- 
hours_off  l ight cycle.  The  rats  were  t r a n s p o r t e d  to the labora-  
tory  one  h o u r  before  e x p e r i m e n t a t i o n  and  were  r e t u r n e d  to 
the i r  h o m e  cages  wi th in  one  h o u r  af ter  use.  An ima l s  were  
weighed  pr ior  to surgery  and  at th ree  to four  day  in te rva ls  
dur ing  the  kindl ing p rocedure .  

A n i m a l  P r e p a r a t i o n  

Rats  were  anes the t i z ed  wi th  ke t amine  HCI, 100 mg/kg IP, 
and ova r i ec tomized  via bi la teral  f lank incis ions .  A s ta in less  
steel ,  b ipo la r  e lec t rode ,  0.25 m m  d i ame te r  (No.303/2;  Plast ic  
P roduc t s ,  R o a n o k e ,  VA),  0.5 m m  vert ical  t ip s epa ra t i on  (in- 
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TABLE 2 

INFLUENCE OF ELECTRODE PLACEMENT ON THE RATE OF 
AMYGDALA-KINDLING IN OVARIECTOMIZED RATS FEMALE 

WITH AND WITHOUT ESTRADIOL REPLACEMENT 

Amygdala 
Region 

Trials With AD Sec of AD 
to Kindle to Kindle 

(Hormonal Treatment) 

No No 
Estradiol Estradiol Estradiol Estradiol 

A. Central 12.3_+1.4 13.3+_1.9 638_+37 594_+78 
Medial 13.3_+1.9 13.0_+1.0 591+_66 487+_17 

B. Basolateral 12.2_+0.9 17.1_+0.8" 616_+99 929+_53* 
Cortical 9.6_+0.7 15.4+_0.5" 531_+71 819_+78" 

Data are expressed as mean _+ s.e.m., N=5-7 per group. *Sig- 
nificant from estradiol-replaced rats, p <0.05. 

sulated except for cut tip) was stereotaxically implanted into 
the right amygdaloid complex. The basic coordinates were 1 
mm posterior and 4.8 mm lateral to bregma, and 7.8 mm 
ventral to dura (incisor bar 5 mm above the intra-aural line). 
In some cases, these were adjusted to increase the number of 
animals with medial or central electrode locations. The elec- 
trodes were inserted into a pedestal (No. 303; Plastic Prod- 
ucts) and the assembly affixed to the skull with two addi- 
tional anchoring screws and dental acrylic. 

Estradiol Replacement Procedure 

Capsules were constructed from 10 mm lengths of Silastic 
tubing (0.058 in i.d. × 0.077 in o.d.; Dow-Corning Corp., 
Midland, MI) sealed at each end with Dow-Corning Silastic 
Elastomer. Each capsule contained a 5 mm length of a 
packed mixture of 10% 17/3-estradiol in cholesterol (Sigma 
Chemical Co., St. Louis, MO) routinely reported to maintain 
serum estradiol levels of 30-40 pg/ml [29,35]. Identically 
constructed control capsules contained only cholesterol. 

Immediately following electrode implantation, each rat 
received a single capsule containing estradiol/cholesterol or 
cholesterol (randomly determined) implanted subcutane- 
ously in the dorsal neck region. Some rats received capsules 
containing 1% estradiol in cholesterol to maintain lower 
serum estradiol levels (9-10 pg/ml; [29]). Other rats received 
two 10%, estradiol capsules to maintain higher serum es- 
tradiol levels of 45-60 pg/ml [15]. 

Amygdala Kindling Procedure 

Rats were acclimated to the Plexiglas stimulation cages 
(30 x 30 x 64 cm) on days eight and nine following surgery. On 
day 10, daily kindling stimulations (1 sec of 60 Hz biphasic, 
square-wave pulses, 1 msec pulse duration; Grass Model $88 
stimulator coupled with 2 Grass PSIU6 stimulus-isolation, 
constant-current units) were begun. The amygdala AD re- 
sponse was recorded with a Grass Model 7 polygraph. An 
electronic relay disconnected the polygraph during stimula- 
tions. Stimulations were always delivered between 9:00 and 
11:30 a.m., at the same time each day for each rat. 

During the first stimulation session, the afterdischarge 
(AD) threshold was determined with an ascending series of 
10 /zA incremental stimulations at four minute intervals. 
Thereafter, each animal received kindling stimulations at 

twice AD threshold current in order to normalize stimulation 
intensity between animals. Convulsive responses during 
kindling were identified using the stage 0-5 paradigm of 
Racine [40] and animals were considered kindled after two 
consecutive stage 5 responses. 

Post-Kindling Procedures 

Twenty-four hours following completion of kindling, the 
AD threshold was determined in all rats using the above 
procedure. The following day, the estradiol capsule in 10 
randomly selected rats was replaced with a control choles- 
terol capsule; the remaining estradiol-replaced rats received 
fresh estradiol capsules to control for the surgery (light ether 
anesthesia.). Twelve days following kindling, all animals 
were administered suprathreshold (4xthreshold) stimulation 
to verify retention of the stage 5 response. 

Electrode Tip Placement Verification 

Rats were deeply anesthetized with pentobarbital and 
perfused (intracardiac) with 0.9% saline followed by 
phosphate-buffered (pH 7) 10% formalin saturated with 
potassium ferrocyanide. Anodal current was passed through 
each lead of the bipolar amygdala electrode and the brains 
removed and frozen-sectioned. The center of the resulting 
blue spot was used to identify the electrode tip within the 
amygdala. 

Data Analysis 

Significant differences in AD number were tested by the 
Mann-Whitney U-test. All other tests of significance were 
done with Student's t-test, unpaired, two-tailed. 

RESULTS 

The acquisition of amygdala-kindled seizures in all 
ovariectomized female rats used in this study with (one 10% 
estradiol capsule each) or without estradiol replacement is 
summarized in Table 1. Rats without estradiol replacement 
required significantly more trials with AD to kindle (132%), 
and accumulated significantly more sec of AD during kin- 
dling (130%), compared to rats with estradiol replacement. 
The duration of the first kindling AD or the first stage 5 AD 
were not significantly different in rats with and without es- 
tradiol. 

Regional Electrode Distribution and Kindling Rates 

When the location of the electrode within the amygdala 
was considered, altered kindling rates were found to corre- 
late with specific anatomical regions of the amygdala (Fig. 
1). Three of these regions were the central (ACE), medial 
(AME) and cortical (ACO) nuclei. A fourth region com- 
prised the ABL complex of nuclei including the basolateral 
(ABL), basomedial (ABM), and lateral (AL) nuclei. 

ACE and AME electrode placements. Similar overall 
rates of kindling (total number of trials with AD and accumu- 
lated AD sec) were found in rats with and without estradiol 
replacement (Table 2A). Although the number of stage 0 
responses was significantly greater in rats without estradiol 
(Fig. 2A), this difference was not sufficient to change the 
overall rate of kindling. Rats with estradiol had longer AD 
durations during stage 0 compared to rats without estradiol. 
Although this difference did not reach statistical signifi- 
cance, the combination of fewer, but longer ADs led to no 
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FIG. 2. Per-stage analysis of amygdala kindling as influenced by estradiol replacement and electrode location. (A) Number of 
trials with afterdischarge {AD) accumulated during each stage of kindling. (B) Sec of AD accumulated during each stage of 
kindling. Data from rats with electrodes within the central or medial nucleus, or within the basolateral nuclei or cortical 
nucleus, are combined because of no significant within-group differences. The bars represent the mean_+s.e.m. ADs or AD 
sec during each stage of kindling, N=8-14 per group. *Indicates significant from estradiol-replaced rats with the same 
electrode distribution, p~<0.05. Stage 0=no motor response or motor arrest; Stage 1 =licking, facial clonus, chewing and/or 
eye blinking; Stage 2=stage 1 response + head nodding; Stage 3=unilateral forelimb clonus; Stage 4=rearing with bilateral 
forelimb clonus; Stage 5=stage 4 response + repeated falling and ear adduction I40]. 

T A B L E  3 

THE INFLUENCE OF ESTRADIOL REPLACEMENT DURING 
EARLY AND LATE KINDLING STAGES ACCORDING TO 

ELECTRODE PLACEMENT 

Trials With AD Sec of AD 

(Hormonal Treatment) 

No No 
Estradiol Estradiol Estradiol Estradiol 

A. Central Medial Electrodes 

Stages 0-2 6.8_+0.6 7.9-+0.5 225_+33 195_+23 
Stages 3-4 6.0_+0.4 5.4_+0.3 376_+40 365_+47 

B. Basolateral Cortical Electrodes 

Stages 0-2 5.1_+0.5 8.1_+0.6" 177_+22 185_+19 
Stages 3-4 5.4_+0.3 8.2-+0.4"t 405-+41 703_+55"t 

The data indicate the number of trials with AD and total sec of AD 
accumulated during the early stages (0, 1 and 2) and late stages (3, 4 
and 5) of kindling. Data are expressed as mean -+ s.e.m., N=7-14 
per group. 

*Indicates significantly different from estradiol replaced rats, 
p <0.05. 

tIndicates significantly different from corresponding rats with 
central or medial electrode placements, p<0.05. 

s ignif icant  d i f fe rence  in the  total  A D  sec a c c u m u l a t e d  dur ing 
s tage 0 (Fig. 2B) or  c o m b i n e d  s tages  0, 1 and  2 (Table  3A). 

ABL and ACO electrode placements. Rats  wi th  ABE 
e lec t rodes  and  w i thou t  es t rad io l  a c c u m u l a t e d  s ignif icant ly  
more  tr ials  wi th  A D  (140%) and  sec  o f  A D  (151%) to com- 
ple te  kindl ing c o m p a r e d  to ra ts  wi th  es t rad io l  (Table  2B). 
Ra t s  wi th  A C O  e lec t rodes  s h o w e d  similar  inc reases  of  160% 
and  154%, respec t ive ly .  

T A B L E  4 

AD THRESHOLDS IN OVARIECTOMIZED RATS WITH AND 
WITHOUT ESTRADIOL REPLACEMENT ACCORDING TO THE 

REGIONAL DISTRIBUTION OF ELECTRODE SITES 

Amygdala 
Region 

Pre-Kindling AD Post-Kindling AD 
Threshold Threshold 

(Hormonal Treatment) 
/zAmps 

No No 
Estradiol Estradiol Estradiol Estradiol 

Central and 39.5_ + 2.8 66.7_+11.2 * 40.5_+2.8 66.7_+10.2" 
Medial n. 

Basolateral 59.0_+10.5 58.2_+ 5.5 62.5-+8.7 52.9_+ 3.9 
and 

Cortical n. 

Data are expressed as mean_+s.e.m., N=7-14 per group. 
*Significant from estradiol-replaced rats, p<0.05. 

Dur ing  s tages  0 and  1, A B L / A C O  ra ts  wi thou t  es t radiol  
a c c u m u l a t e d  s ignif icant ly  more  trials wi th  A D  (Fig. 2A). 
H o w e v e r ,  the  t e n d e n c y  toward  longer  stage 0 and  1 AD du- 
ra t ions  in es t radiol  rep laced  rats  led to no  s ignif icant  differ- 
ences  in total  s tage 0 or  stage 1 sec o f  A D  (Fig. 2B) or  in 
c o m b i n e d  stages 0, 1 and  2 (Table  3B). 

The  la ter  s tages  of  kindl ing were  par t icu lar ly  sens i t ive  to 
the  a b s e n c e  of  es t rad io l  in A B L / A C O  rats .  Signif icant ly  
more  stage 4 r e s p o n s e s  were  a c c u m u l a t e d  in ra ts  wi thou t  
es t rad io l  c o m p a r e d  to ra ts  wi th  es t radiol  (Fig. 2). The  in- 
c r ea sed  n u m b e r  o f  stage 4 r e sponses ,  c o m b i n e d  wi th  the  
t e n d e n c y  for longer  s tage 4 ADs  in ra ts  w i thou t  es t rad io l  
( 8 3 -  + 13 sec) c o m p a r e d  to ra ts  wi th  es t rad io l  (68_+12 sec),  
r esu l ted  in s ignif icant ly  more  sec of  A D  a c c u m u l a t e d  in rats  
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without estradiol compared to those with estradioi during 
stage 4 (Fig. 2B) and combined stages 4 and 5 (Table 3B). 

In addition to the greater number of stage 4 responses, 
eight of  the 14 rats kindled in the absence of estradiol 
(3 - -ACO and 5 - - A B L  electrodes) regressed to lower stage 
responses (stage 1, 2 or 3) during stimulation sessions be- 
tween the first stage 4 and first stage 5 responses. The re- 
gressions ranged from a single lower response to as many as 
three responses which alternated with stage 4 responses. 
Short AD durations (20-40 sec) accompanied these re- 
gressed responses. Three of these rats, and three additional 
rats without estradiol (2 - -ABL and I - - A C O  electrodes), 
also showed one or two stage 4 responses (with typical long 
AD durations) following the first stage 5 response. In con- 
trast, all rats with estradiol replacement progressed 
smoothly through kindling stages 4 and 5 to the completion 
of kindling, with no regressed reponses. 

Regional Electrode D&tribution and Threshold Changes 

One other correlation with the electrode site was a change 
in the threshold for evoking AD. In rats with ACE or AME 
electrodes,  estradiol replacement was associated with a sig- 
nificant 40% lower AD threshold compared to rats without 
estradiol (Table 3). The AD threshold was not significantly 
different in rats with electrodes within the ABE or the ACO, 
with and without estradiol. Post-kindling AD thresholds 
were not significantly different from the pre-kindling AD 
thresholds in all groups. Moreover,  AD evoked at threshold 
stimulation always resulted in generalized seizures in kindled 
rats. 

Retention of  Kindled Seizures 

After 12 stimulation-free days following the completion of 
kindling, all rats which had been kindled during estradiol 
replacement,  and in which estradiol replacement was con- 
tinued, responded with the fully kindled stage 5 response. 
Eight of the 10 rats kindled during estradiol replacement, and 
in which estradiol was removed following kindling, re- 
sponded with a stage 5 seizure. The other two rats in this 
category (ACE and ABL electrodes) showed a stage 2 re- 
sponse; the following day a stage 5 response was obtained 
in these two rats. All rats kindled in the absence ofestradiol ,  
and continued without estradiol, responded with stage 5 re- 
sponses. 

Capsules Containing 1% or 10% Estradiol 

Rats implanted with a 1% estradiol capsule and with the 
electrode tip within the ACE/AME or ABL/ACO nuclei 
(N=3-4  each), required 12.8+-1.6 and 15.5_+1.9 trials with 
AD to kindle, respectively. Total AD accumulation was 
625+_76 and 912+-98 seconds, respectively. These measures 
of  the rate of acquisition of amygdala kindled seizures are 
not significantly different from those of rats receiving no 
estradiol replacement (see Table 2). Rats implanted with two 
10% estradiol capsules and with electrode tips in the 
ACE/AME or ABL/ACO nuclei (N=3-5  each) required 
13.2+-1.2 and 11.2-+1.5 trials with AD to kindle, respec- 
tively. Total AD accumulation was 479+-54 and 543-+32 sec- 
onds, respectively. These values are not significantly differ- 
ent from those of rats implanted with a single 10% estradiol 
capsule (see Table 2). 

Body Weight Changes 

All animals used in these experiments showed an increase 

in body weight over the duration of  the experiments.  The 
largest increments occurred in rats receiving no estradiol 
(54.2_+2 g) and those implanted with a 1% estradiol capsule 
(62.3---3 g). Significantly less body weight was gained by rats 
receiving estradiol replacement from one capsule (15_+4 g) or 
two (12.3_+2 g) 10% estradiol capsules. Slowed weight gain in 
rats receiving estradiol replacement similar to that used in 
the present study has been previously reported (Biegon et al. 
[3]). There was no correlation between electrode position 
and body weight gain. 

DISCUSSION 

The results demonstrate that the continuous replacement 
of estradiol to ovariectomized female rats at levels within the 
physiological range facilitates amygdala kindling. More im- 
portantly, the effect of estradiol was found to be markedly 
dependent upon the site of amygdala stimulation. Although 
differences in kindling rates have been related to the intra- 
amygdaloid site of stimulation [12,24], this is the first report 
that a treatment effect on seizure acquisition is clearly de- 
pendent on the site of amygdala stimulation. Others have 
reported that repeated estradiol injections to intact young 
rats did not alter amygdala kindling [44]. However,  84% of 
their electrode placements were within the central or medial 
amygdaloid nucleus; the present study found little difference 
between rats with and without estradiol replacement during 
kindling by stimulation of  these nuclei. Although other fac- 
tors such as age and method of estradiol administration may 
have contributed to their different findings, the present re- 
sults suggest that electrode position is the dominant factor. 

The effect of estradiol to decrease the AD threshold of  the 
AME in ovariectomized rats 146] was confirmed by the pres- 
ent study and extended to include the ACE region. These 
local threshold changes may have contributed to the limited 
influence of estradiol on the earliest stage of kindling during 
ACE/AME stimulation. The greatest impact of estradiol on 
kindling, however, was during stimulation of the ABL or 
ACO areas in which the AD threshold was not altered by 
estradiol. Therefore, it is likely that the site-dependent ef- 
fects of estradiol on kindling reported here relate to differ- 
ences in circuitry accessed by amygdala stimulation sites 
rather than as a result of local alterations in thresholds. 

During the early stages of kindling, seizure activity is lim- 
ited to the amygdala and its ipsilateral projections [10]. The 
well-documented excitatory or proconvulsive properties of 
estradiol [11, 19, 25, 47-49] may have facilitated seizure 
propagation within this spatially limited seizure network. A 
major amygdala efferent pathway, the stria terminalis (ST), 
has prominent origins within the ACE and AME of the 
amygdala [16] and carries inhibitory fibers to the ventrome- 
dial hypothalamus (vmH) [8,42]. Lesioning the ST increases 
the rate of amygdala kindling limited to the initial stage of 
kindling [9] similar to the effects found here during 
ACE/AME stimulation. On the other hand, the ABL regions 
project heavily into the ventral amygdalofugal pathway 
(VAF) which projects to the vmH [6,18]; the ACO also ac- 
cesses the vmH by way of the medial portion of  the ventral 
ST [10]. Lesioning the VAF retards amygdala kindling [41], 
suggesting it is a major efferent pathway for seizure 
propagation from the amygdala. Estradiol facilitates 
neuronal excitability within the vmH [20], including VAF 
target neurons [39]. Therefore, the ability of estradioi to 
facilitate early kindling, including the greater effect during 
ABL/ACO stimulation, may relate to a relatively limited ef- 
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fect of  estradiol within the vmH, a region more or less ac- 
cessed by all amygdala regions. 

It is clear that proconvulsive properties of estradiol (i.e., 
to decrease the number of  ADs, but not total seizure experi- 
ence) do not completely explain the late kindling results in 
ABL/ACO rats. During the protracted stage 4 acquisition 
period in rats without estradiol, the tendency for longer AD 
durations and the almost two-fold increase in total EEG AD 
accumulation differs sharply from the results during early 
kindling. All of these retained the fully kindled seizure re- 
sponse after 12 stimulation-free days, indicating that the fully 
kindled state had been reached. Therefore, while estradiol 
was not required for late kindling to occur, its absence obvi- 
ously decreased the efficiency of the process. Stage 1 or 2 
responses in fully kindled rats show 2-deoxy-D-glucose up- 
take patterns resembling partially kindled rats [10]. There- 
fore, the regressed responses observed in many rats without 
estradiol were likely due to a return to the spatially localized 
seizures of partial kindling. These regressions and the obser- 
vation that many ovariectomized rats without estradiol fail to 
" 'kindle" during repeated pentylenetetrazol injections [15], 
emphasize that the lack of estradiol was associated with un- 
stable conditions for late kindling. Whether the optimized 
conditions for kindling maintained by estradiol relate to 
genomic functions involving changes in protein synthesis 
[28,39], or is due to some other property of estradiol which 
maintains convulsive readiness within the involved circuits 
awaits further study. 

The marked difference in the effects of estradiol between 
ABL/ACO and ACE/AME rats during late kindling suggests 
that AD originating from the ABL and ACO utilizes addi- 
tional circuitry that is not as readily accessed by AD from the 
ACE and AME. This additional circuitry may include sites of 
action which enable the effects of estradiol to optimize the 
final acquisition phase of kindling. The lateral entorhinal cor- 
tex receives projections from the amygdala, primarily from 
the ACO [14,22] and ABL regions [2,21]. In turn, the lateral 
entorhinal cortex projects to widespread areas including the 
hippocampus, the pyriform cortex and endopyriform nucleus 
and the prefrontal cortex, areas implicated as having a major 
role in limbic kindling or seizure production [7, 37, 38, 43]. 
These areas are potential sites mediating the influence of 
estradiol on late seizure acquisition. 

It is of particular interest that ablative lesions of the orbi- 
tal or prefrontal cortex lead to a profile of behavioral re- 

sponse regressions and slowed late kindling during amygdala 
stimulation suggesting that these cortical regions, with wide- 
spread projections, reinforce or sustain kindling circuits 
forming elsewhere in the brain during the later stages of kin- 
dling {5]. Estradiol has been shown to enhance neocortical 
excitability in several species [17, 27, 32, 33]. Therefore, 
estradiol may maintain the conditions necessary for anterior 
neocortical regions to provide the required level of facilita- 
tion to motor regions involved in the final stages of kindled 
seizure acquisition. The absence of  estradiol would then 
interfere with the reinforcing influence of the cortex, perhaps 
by disrupting a convergence of seizure activity [4] from cor- 
tical areas (or other structures) into regions of the brain 
which may be crucial to kindled seizure acquisition, such as 
the brain stem and mesencephalic reticular formation 
l l0,30]. Further study of the effect of estradiol on late kin- 
dling acquisition may provide clues in support of the hypoth- 
esis that the generation of limbic seizures requires positive 
feedback in a network involving many regions [31]. 

In conclusion, the results of this study suggest complex 
interactions of estradiol with the process of acquisition of 
amygdala kindled seizures in ovariectomized female rats. 
Further studies are needed to better understand these inter- 
actions of estradiol with seizure processes and to establish 
the relationship of these effects of estradiol in rats to 
catamenial epilepsy in humans. It should be pointed out, 
however, that not all women with a seizure disorder experi- 
ence catamenial exacerbation of seizure frequency or sever- 
ity. Based upon the present results, catamenial symptoms 
may depend upon the location of the seizure focus, the cir- 
cuitry recruited during seizure development or the presence 
or location of secondary epileptic foci. The present results 
also add to the evidence that the rate of amygdala kindling 
varies with the intra-amygdaloid site of stimulation, support- 
ing the need for close attention to electrode placement when 
interpreting amygdala-kindling data [24] especially when 
treatment effects are compared. 

ACKNOWLEDGEMENTS 

This research was supported by the National Institutes of Health 
Grant NS 20670. The author thanks David O. Keyser for his techni- 
cal excellence, Hillary B. Michelson and Lieser Mayo for editorial 
comments and Michael A. Gentry for assistance with supplies. 

R E F E R E N C E S  

1. Backstrom, T. Epileptic seizures in women related to plasma 
estrogen and progesterone during the menstrual cycle. Acta  
Neurol  S t a n d  54: 321-347, 1976. 

2. Beckstead, R. M. Afferent connections of the entorhinal area in 
the rat as demonstrated by retrograde labeling with horseradish 
peroxidase. Brain Res  152: 24%264, 1978. 

3. Biegon, A., A. Reches, L. Snyder and B. McEwen. Serotoner- 
gic and noradrenergic receptors in the rat brain: Modulation by 
exposure to ovarian hormones. Life Sci  32: 2015-2021, 1983. 

4. Burnham, W. M., P. Albright, L. Schneiderman, P. Chiu and T. 
Ninchoji. "'Centrencephalic" mechanisms in the kindling 
model, in: Kindling, 2, edited by J. A. Wada. New York: Raven 
Press, 1981, pp. 161-178. 

5. Corcoran, M. E., H. Urstad and J. A. McCaughran, Jr. Frontal 
lobe and kindling in the rat. Can J Neuro l  51: 501-508, 1975. 

6. Cowan, W. M., G. Raisman and T. P. S. Powell. The connex- 
ions of the amygdala. J Neurol  Neurosurg, Psychiato '  28: 137- 
151, 1965. 

7. Dasheiff, R. M. and J. O. McNamara. Intradentate colchicine 
retards the development of amygdala kindling. Ann  Neurol  11: 
347-352, 1982. 

8. Dreifuss, J. J. Effects of electrical stimulation of the amygdaloid 
complex in the ventromedial hypothalamus. In: The Neurobiol-  
ogy o f  the Amyg, dala, Advances  in Behavioral  Biology, Vol 2, 
edited by B. E. Eleftheriou. New York: Plenum Press, 1972, pp. 
295-318. 

9. Engel, J. and R. Katzman. Facilitation of amygdaloid kindling 
by lesions of the stria terminalis. Brain Res  122: 137-142, 1977. 

10. Engel, J., L. Wolfson and L. Brown. Anatomical correlates of 
electrical and behavioral events related to amygdaloid kindling. 
Ann  Neurol  3: 538-544, 1978. 

11. Foy, M. R. and J. T. Teyler. Delta 9-THC and 17-/3-estradiol in 
hippocampus. Brain Res  Bull 8: 341-345, 1982. 

12. Gilbert, M. E., B. J. Gillis and D. P. Cain. Kindling in the 
cortical nucleus of the amygdala. Brain Res  295: 360--363, 1984. 



E S T R A D I O L  A N D  A M Y G D A L A - K I N D L E D  S E I Z U R E S  297 

13. Goddard, G. V., D. C. Mclntyre and C. A. Leech. A permanent 
change in brain function resulting from daily electrical stimula- 
tion. Exp Neurol 25: 295-330, 1969. 

14. Haberly, L. B. and J. L. Price. Association and commissural 
fiber systems of the olfactory cortex of the rat. I. Systems 
originating in the pyriform cortex and adjacent areas. J Comp 
Neurol 178: 711-740, 1978. 

15. Horn, A. C. and G. G. Buterbaugh. Estrogen facilitates the 
acquisition of seizures kindled by repeated amygdala stimula- 
tion or pentylenetetrazol administration in ovariectomized 
female rats. Epilepsia 27: 103-108, 1986. 

16. Isaacson, R. L. The structure of the limbic system. In: The 
Limbic System, 2nd edition, New York: Plenum Press, 1982, 
pp. 1-60. 

17. Julien, R. M., G. W. Fowler and M. G. Danielson. The effects 
of antiepileptic drugs on estrogen-induced electrographic 
spike-wave discharge. J Pharmacol Exp Ther 193: 647-656, 
! 975. 

18. Kaada, B. R. Stimulation and regional ablation of the amyg- 
daloid complex with reference to functional representations. In: 
The Neurobiology o f  the Amygdala, Advances in Behavioral 
Biology, Vol 2, edited by B. E. Eleftheriou. New York: Plenum 
Press, 1972, pp. 205-282. 

19. Kawakami, M. and K. Kubo. Neuro-correlate of limbic- 
hypothalamo-pituitary-gonadal axis in the rat: Change in 
limbic-hypothalamic unit activity induced by vaginal and elec- 
trical stimulation. Neuroendocrinology 7: 65-68, 1971. 

20. Kow, L. and D. W. Pfaff. Estrogen effects on neuronal respon- 
siveness to electrical and neurotransmitter stimulation: an in 
vitro study on the ventromedial nucleus of the hypothalamus. 
Brain Res 347: 1-10, 1985. 

21. Krettek, J. E. and J. L. Price. Projections from the amygdala to 
the perirhinal and entorhinal cortices and the subiculum. Brain 
Res 71: 150-154, 1974. 

22. Krettek, J. E. and J. L. Price. Projections from the amygdaloid 
complex and adjacent olfactory structures to the entorhinal cor- 
tex and to the subiculum in the rat and cat. J Comp Neurol 172: 
723-752, 1977. 

23. Laidlaw, J. Catamenial epilepsy. Lancet 271: 1235-1237, 1976. 
24. Le Gal La Salle, G. Amygdaloid kindling in the rat: Regional 

differences and general properties. In: Kindling 11, edited by J. 
A. Wada. New York: Raven Press, 1981, pp. 31-47. 

25. Lincoln, D. W. and B. Cross. Effect of oestrogen on the re- 
sponsiveness of neurons in the hypothalamus, septum and 
preoptic area of rats with light-induced persistent oestrus. J 
Endocrinol 37: 191-203, 1967. 

26. Logothetis, J., R. Harner, F. Morrell and F. Tortes. The role of 
estrogens in catamenial exacerbation of epilepsy. Neurology 9: 
352-360, 1959. 

27. Logothetis, J. and R. E. Harner. Electrocortical activation by 
estrogens. Arch Neurol 3: 290-297, 1960. 

28. McEwen, B. S., P. G. Davis, B. Parsens and D. W. Pfaff. The 
brain as a target for steroid hormone action. Annu Rev Neurosci 
2: 65-112, 1979. 

29. McGinnis, M. Y., N. J. MacLusky and B. S. McEwen. Steroid 
receptor levels in intact and ovariectomized estrogen-treated 
rats: An examination of quantitative, temporal and endocrine 
related factors influencing the efficacy of an estradiol stimulus. 
Neuroendocrinology 33: 158-165, 1981. 

30. Mclntyre, D. C. Split-brain rat: Transfer and interference of 
kindled amygdala convulsions. Can J Neurol Sci 2: 42%438, 
1975. 

31. McNamara, J. O. Kindling: An animal model of complex partial 
epilepsy. Ann Neurol 16: 72-76, 1984. 

32. Marcus, E. M., C. W. Watson and P. L. Goldman. Effects of 
steroids on cerebral electrical activity. Arch Neurol 15: 521-532, 
1966. 

33. Marcus, E. M., C. W. Watson and S. A. Simon. Behavioral 
correlates of acute bilateral symmetrical epileptogenic foci in 
monkey cerebral cortex. Brain Res 9: 370-373, 1968. 

34. Newmark, M. E. and J. K. Penry. Catamenial epilepsy: A re- 
view. Epilepsia 21: 281-300, 1980. 

35. Parsons, B., B. S. McEwen and D. W. Pfaff. A discontinuous 
schedule of estradiol treatment is sufficient to activate 
progesterone-facilitated feminine sexual behavior and to in- 
crease cytosol receptors for progestins in the hypothalamus of 
the rat. Endocrinology 110: 613-619, 1982. 

36. Pellegrino, L. J., A. S. Pellegrino and A. J. Cushman. A 
Stereotaxic Atla.~ oJ the Rat Brain. New York: Plenum Press, 
1979. 

37. Piredda, S. and Gale. K. A crucial epileptogenic site in the deep 
prepyriform cortex. Nature 317: 623-625, 1985. 

38. Piredda, S., C. R. Lim and K. Gale. Intracerebral site of con- 
vulsant action of bicuculline. Life Sci 36: 1295-1298, 1985. 

39. Pfaff, D. W. and B. S. McEwen. Actions of estrogens and pro- 
gestins on nerve cells. Science 219: 808-814, 1983. 

40. Racine, R. J. Modification of seizure activity by electrical stimu- 
lation. II. Motor seizure. Electroencephalogr Clin Neurophysiol 
32: 281-294, 1972. 

41. Racine, R. Kindling: The first decade. Neurosurgely 32: 234- 
252, 1978. 

42. Renaud, L. P. An electrophysiological study of amyg- 
dalohypothalamic projections to the ventromedial nucleus of 
the rat. Brain Res 105: 45-58, 1972. 

43. Savage, D. D., L. C. Rigsbee and J. O. McNamara. Knife cuts 
of entorhinal cortex: Effects on development of amygdaloid 
kindling and seizure-induced decrease of muscarinic receptors. 
J Neurosci 5: 408-413, 1985. 

44. Shultz-Krohn, W. A., J. Thompson and G. L. Holmes. Effect of 
systemic estrogen on seizure susceptibility on the immature 
animal. Epilepsia 27: 538-541, 1986. 

45. Stitt, S. L. and W. J. Kinnard. The effect of certain progestins 
and estrogens on the threshold of electrically induced seizure 
patterns. Neurology 18: 213-216, 1968. 

46. Terasawa, E. and P. S. Timiras. Electrical activity during the 
estrus cycle of the rat: Cyclic changes in limbic structures. En- 
docrinology 83: 207-216, 1968. 

47. Teyler, T. J., R. M. Vardaris, D. Lewis and A. B. Rawitch. 
Gonadal steroids: Effect of excitability of hippocampal pyrami- 
dal cells. Science 209: 1017-1019, 1980. 

48. Woolley, D. E. and P. S. Timiras. Estrus and circadian 
periodicity and electroshock convulsions in rats. Am J Physiol 
202: 37%382, 1962. 

49. Woolley, D. E. and P. S. Timiras. The gonad-brain relationship: 
Effects of female sex hormones on electroshock convulsions in 
the rat. Endocrinology 70: 196-209, 1962. 


