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DEDICATION 

For Dan Mclntyre and Ron Racine 



PREFACE 

This book contains the contents of the Sixth International Conference on Kindling, 
which was held in Victoria, British Columbia, in early June 2004. The Conference 
brought together a group of leading epilepsy researchers from around the world whose 
research is concerned with the molecular, anatomical, and physiological substrates of 
kindling, as well as the age-dependency, behavioral consequences, sensitivity to drugs 
and other treatments, and clinical relevance of kindling. There was an exciting mix of 
established researchers - those we have previously referred to as the "stalwarts of 
kindling" - as well as a number of investigators who have more recently entered the field. 
That so many of the latter are relatively junior colleagues is a testament to the dynamism 
and the growth in research on this important preparation of experimental epilepsy. 

The conference began with a tribute to Dr. Frank Morrell, who was one of the early 
kindlers and an eminent neurologist, delivered by Dr. Jerome Engel Jr. Dr. Rafael 
Gutierrez then delivered a fond reminiscence of Dr. Augusto Femandez-Guardiola, his 
mentor and also a prominent kindling researcher, who died shortly before the Conference. 
Both of these men will be missed, and their contributions to our understanding of epilepsy 
and epileptogenesis cannot be over-stated. 

We organized Kindling 6 into loose themes. Each presentation was followed by a 
discussion and question period, and there were several General Discussions scheduled 
during the course of the Conference. As in past Kindling Conferences, we have included 
these discussions in the book. Much of the magic at Kindling 6 occurred in these 
informal discussions, and we hope that you will enjoy reading them as much as we 
enjoyed participating in them. 

Kindling 6 is dedicated to Drs. Dan Mclntyre and Ron Racine, who were among the 
original kindlers and who continue to produce provocative, informative, and cutting edge 
research. Dan Mclntyre was a graduate student in Graham Goddard's laboratory at the 
University of Waterloo when Goddard was performing the initial work on kindling. He 
performed some of the seminal research on the neuropharmacology and behavioral 
consequences of kindling, and more recently he has been exploring the molecular, 
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physiological, and behavioral differences between the Fast Kindling and Slow Kindling 
strains of rat. Ron Racine was a graduate student at McGill University when he first 
learned of Goddard's then unpublished discovery, and he immediately applied an elegant 
electrophysiological analysis to kindling that is reminiscent of Morrell's earlier work on 
the mirror focus. He subsequently generated paradigmatic research on the anatomical, 
electrophysiological, neurochemical, and behavioral changes associated with kindling, 
always in search of the fundamental mechanisms of epileptogenesis. We cannot think of 
anyone more representative of the outstanding researchers in this field than Dan Mclntyre 
and Ron Racine, and it is a pleasure to thank them for their contributions. 

We thank the following sponsors for very generously providing the financial or 
logistical support that made Kindling 6 possible: 

UCB Pharma 
Ortho-McNeil 
Glaxo-Welcome 
Novartis 
Pfizer 
University of Saskatchewan 
Albert Einstein College of Medicine, Montefiore Medical Center 

Several colleagues served as discussants at the Conference, and we gratefully 
acknowledge their participation. They are: Gyorgi Buzsaki, Rutgers University; Karen 
Gale, Georgetown University; Tony Phillips, University of British Columbia; Phil 
Schwartzkroin, University of California, Davis; and Claude Wasterlain, UCLA School of 
Medicine. Their important contributions will be evident to all reading the book. We are 
also grateful that the following people were able to attend as observers: Drs. Alan Blau 
and William Seidel, Ortho-McNeil; and Dr. Randall Stewart, National Institute of Health. 

The outstanding efforts of a number of people assisted critically in the organization 
of the Conference and in its smooth operation: Janet Corcoran played an indispensable 
role in the initial planning and in making the hotel arrangements, and George Schandl and 
Lindsay Timmermans of the Coast Harbourside Hotel and Marina ensured that the food 
was hot, the air conditioning was cold, and the weather was cooperative. Tonya 
McGowan prepared graphics, including the delightful logo of the meeting proudly 
displayed on the souvenir t-shirts participants received. John Howland, Aaron Sheerin, 
and Ken Wolfe kept the computers and data projectors running, and magically were able 
to avoid any major technical meltdowns. Deanna Wolfe and Ken Wolfe transcribed the 
tapes of the discussion and question periods, and Michele Vircavs did the monumental 
job of organizing the chapters and related material for publication, including insuring that 
the formatting was correct. All of their efforts resulted in what a number of participants 
called one of the best meetings they had ever attended. Finally, of course, the participants 
themselves did a first rate job, and they made Kindling 6 the success that it was. The only 
way the meeting could have been better would have been if Calgary had beaten Tampa 
Bay for the Stanley Cup. 

Michael E. Corcoran and Solomon L. Moshe 
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DEVELOPMENTAL TEMPORAL LOBE EPILEPSY IN 
AMYGDALA KINDLED KITTENS: 

An update 

Margaret N. Shouse, John C. Scordato and Paul R. Farber* 

1. INTRODUCTION 

In 1990, we published the first report of amygdala kindling in kittens and the first 
description of a spontaneous seizure model in immature animals.̂  We found that 
spontaneous epilepsy was more likely to occur after amygdala kindling in preadolescents 
than in adults and that the post-kindling onset was most rapid in the youngest animals. 
This update is intended to fill some gaps in the initial report on the ontogeny of temporal 
lobe epilepsy."^ 

2. METHODS 

The study population was increased from 24 to a total of 58. The largest expansion 
was in the youngest age group, and, unlike the previous report, gender distribution was 
equal in each of the 3 age groups. Females reach puberty at ~7 months and males at ~1 
year. Age at initial after discharge (AD) and gender distribution was as follows: young 
preadolescents from 2.5-5-month-olds (n=30; n=15 male and 15 female); older 
preadolescents from 5.5 to 6.5-month-olds (n=10, 5 male and 5 female) and adults >_1 
year (n= 18; 9 male and 9 female). 

A modified kindling procedure was used in all preadolescents (n=40) and in 12 of 18 
adults. Multiple stimulations per day were used to establish AD thresholds at the 
beginning of kindling. The initial stimulus was 100 uA and the increment was 100 uA. 
The interstimulus interval was one minute instead of tht usual 24h. Threshold was 
defined as the stimulus intensity (mA) required to elicit the first AD. Afterward, once 
daily stimulation at initial AD threshold was used to obtain the first stage 6 seizure, 
which is a generalized tonic-clonic convulsion (GTC) in cats. After initial kindling, 
threshold was re-established in one day, as at the beginning of kindling. 

M. N. Shouse, J. C. Scordato and P. R. Farber, VAGLAHS. M. N. Shouse, Department of Neurobiology, 
UCLA School of Medicine, Los Angeles CA. Correspondence:, 2242 S. Bentley Ave. # 4, Los Angeles 
CA 90064-1940 
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Post-kindling follow-up in the initial series lasted from 3 days to 9 months, with the 
shortest follow-up in the youngest animals (2 months maximum). The follow-up was 
characterized by sporadic polygraphic and behavioral observation methods of 
spontaneous seizure detection, variable numbers of evoked seizure trials and, in the 
youngest kittens, by undetected bouts of convulsive status which were frequently 
terminal. Three changes were made to address these limitations during the 4-month post-
kindling follow-up in 33 of the new cats: (1) 5-day per week routine EEGs and 
continuous 24h video recordings in the vivarium were used to improve seizure detection. 
(2) One-day post-kindling seizure threshold tests were conducted 5 days per week with a 
one-month lapse in threshold trials scheduled at specific intervals. The objective was to 
evaluate the effects of frequent or recent elicited GTCs on onset or persistence of 
spontaneous seizures. The distribution of suspended post-kindling threshold tests was (a) 
a 28-day lapse which began after the first post-kindling threshold test [n= 11 
preadolescents <5.0months, 3 older preadolescents and 2 adults] and (b) a 28-day lapse 
begun one month post-kindling [n=l 1 preadolescents <5.0months, 3 older preadolescents 
and 3 adults]. (3) Use of anticonvulsants, usually nembutal, was extended to include 
frequent GTCs (>1 per hour) as opposed to convulsive status (> 1 GTC within 5 min or a 
GTC lasting >5min). 

3. RESULTS 

3.1 Kindling Development 

Tables 1 and 2 present findings on a number of standard kindling parameters as a 
fiinction of age and gender. The youngest animals continue to exhibit high individual 
variability but differed significantly from older animals on several variables. Gender was 
not a factor in kindling development in any age group. 

3.1.1 Kindling Thresholds 

Table 1 compares AD thresholds (mA) at the beginning of kindling to GTC 
thresholds obtained at the end of kindling as well as one month and 2-to-4 months post-
kindling. When compared to older animals, kittens in the youngest age group had 
significantly higher thresholds at the beginning and end of kindling as well as one month 
later. Thresholds subsided to levels of older animals two-to-four months later when 
animals reached the age of older adolescents or adults. 

3.1.2 Kindling Rates 

Table 2 shows that youth also influenced kindling rate. When compared to older 
animals, the youngest kittens displayed significantly fewer ADs with stage 1-2 clinical 
seizures, a similar number of generalized ADs with stage 3-5 clinical seizures and 
significantly faster overall kindling rates, defined as the total number of ADs to the first 
GTC. 
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Table 1. Kindling development in kittens and adult cats: AD or GTC thresholds (mAO 
at the beginning, end and 1-4 months after kindling as a function of age and gender. 
From ^. 
AD, after discharge; GTC, generalized tonic-clonic convulsion. Values ± S.E.M. Range is given in 
parentheses. 

Age at initial 
AD (months) 

2.5-5.0 (n=30) 

Male (n= 15) 
Female (n= 15) 

5.5-6.5 (n=10) 

Male (n=5) 
Female (n= 15) 

>12 (n=18) 

Male (n=9) 
Female (n=9) 

Initial AD 
thresholds 

3.98±0.8* 
(0.5-20) 

3.8±1.0 
4.0±1.3 

1.2±0.3 
(0.3-4.0) 

1.2±0.5 
1.1 ±0.6 

1.1±0.3 
(0.1-1.5) 

1.3±0.4 
1.0±0.3 

GTC thresholds 
at the end of 
kindling 
2.0±0.6* 
(0.3-18) 

1.9±0.7 
2.1±0.8 

l.OiO.l 
(0.3-1.5) 

1.2±0.3 
0.9±0.2 

0.7±0.3 
(0.1-1.4) 
0.7±0.3 
0.7±0.2 

GTC thresholds 
one month post-
kindling 
1.2±0.2*+ 
(0.3-3.0) 

1.2±0.2 
1.1±0.3 

0.8±0.1 
(0.2-1.3) 

0.8±0.2 
0.8±0.3 

0.6±0.2 
(0.1-1.0) 

0.7±0.3 
0.6±0.3 

GTC thresholds 
2-4 months post-
kindling 
0.7±0.1+ 
(0.1-1.8) 

0.8±0.1 
0.7±0.2 

0.8±0.2 
(0.1-1.4) 
0.9±0.3 
0.8±0.2 

0.7±0.3 
(0.2-1.2) 

0.6±0.3 
0.7±0.4 

*p <.05 from older kittens and adults 
+n=26 surviving kittens 

Table 2. Kindling development in kittens and adult cats: Kindling rates as a fiinction of 
age and gender. Values are means ± S.E.M. Range is in parentheses. From ^. 

Age at initial 
AD (months) 

2.5-5.0 
(n=30) 

Male (n= 15) 
Female (n= 15) 

5.5-6.5 
(n=10) 

Male(n=5) 
Female (n= 15) 

>12 
(n=18) 

Male (n=9) 
Female (n=9) 

No. ADs with 
Stage 1-2 seizures 

3.0±0.5* 
(0-10) 
2.8±0.6 
3.2±0.7 

11.3±1.3 
(5-21) 

10.6±0.4 
12.0±2.7 

10.0±0.9 
(0-17) 

10.4±0.9 
9.7±1.0 

No ADs with 
Stage 3-5 
seizures 
11.2±1.1 
(1-31) 

11.0±1.2 
11.4±1.3 

13±1.2 
(5-18) 

11.6±1.8 
14.4±1.5 

13.9±1.0 
(2-22) 

13.6±0.9 
14.1±1.0 

Kindling rate: total no. 
ADs to first stage 6 

14.2±1.2* 
(4-37) 

13.8±1.3 
14.6±1.4 

25.3±2.4 
(10-36) 

25 .Oil.6 
25.6±4.9 

23.9±0.6 
(16-22) 

24.0±0.7 
23.8±0.5 

*p <.001 from older adolescents and adults 

3.1.3 Kindling Rr agression 

ADs in the youngest kittens could be focal but were usually generalized from the 
outset. Initial ADs in older animals can also be generalized from the outset, but it is far 
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less common. The progression of the other electroclinical signs during evoked seizures 
was similar regardless of age, as previously reported.̂  

3.2 Spontaneous Seizures 

Table 3 lists the incidence and types of spontaneous seizures as well as some 
characteristics of the clinical course. The data confirm and extend previous results, as 
follows. Youngest animals are most likely to develop spontaneous epilepsy, defined as 
seizures occurring at least Ih after an evoked GTC. Seventeen of 30 (57%) of the 
youngest cats developed spontaneous seizures as compared to 2 of 10 (20%) of the older 
adolescents and 1 of 18 (6%) of the adults. Gender did not seem to be a factor since, 
overall, half the epileptic animals were males and half were females. 

The subtle nature of some EEC and clinical seizure manifestations makes it likely 
that numerous seizure types still went unnoticed, and onset of spontaneous epilepsy still 
cannot be conclusively documented in spite of the increased surveillance. Early detection 
and treatment of frequent GTCs (>1 per hour) did, however, improve survival rates in the 

Table 3. Spontaneous seizure types and associated behaviours. From ^. 

1 Age at 
initial AD 
(months) 

2.5-5.0 
(n=30) 

5.5-6.5 
(n=10) 

~>12 
(n=18) 

No. of cats 
with 
spontaneous 
seizures (> Ih 
after evoked 
seizure) 

"IT 
(8 male, 9 
female) 

"^ 
(1 male, 1 
female) 
1 male 

No. of cats 
per 
spontaneous 
seizure type 

Stage 3 (n=4) 
Stage 6 
(n=15) 
Focal 
subclinical 
(n=2) 
'Catnip' 
(n=2) 

Stage 6 

Stage 6 

No. and/or 
range 
(min/max) of 
seizures per 
spontaneous 
seizure type 

Stage 3: n= 12 
(2-5) 
Stage6:n=171 
(1-36) 
Focal 
subclinical: 
n=14(2-12) 
'Catnip': 1-2 
days 
Stage 6 (n= 15) 

Stage 6 (n=3) 

Mean± 
S.E.M. 
density 
of stage 
3 and 6 
seizures 
(no. per 
detection 
day) 
Stage 3: 
1.9±0.3 
Stage 6: 
3.2±0.6* 

Stage 6: 
2.3±1.3 

Stage 6: 
1.5i:0 

Transient 
behaviours 
associated 
with dense 
stage 6 
seizure 
clusters 

Atonia; 
Reduced 
mobility; 
social 
isolation; 
'psychic' 
blindness 

None 

None 

*p <.05 from preadolescents and adults 
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youngest kittens. The longer follow-up in newly added, youngest animals (4-month 
follow-up vs. 3 days-to-2 months in the youngest cats from the initial series) revealed a 
multifaceted post-kindling seizure disorder with a catastrophic clinical course. 

3.2.]. Spontaneous Seizure Types 

We detected a larger variety and number of EEG and clinical seizure manifestations 
and a much higher coincidence of multiple seizures types in young animals than 
previously reported.̂  Two types of spontaneous seizures resembled either stage 3 or 
stage 6 evoked kindled seizures, but there could be differences from the evoked seizure 
pattern. Kittens with a history of "all-or-none" generalized AD could have focal onset 
spontaneous stage 3 or 6 seizures, and, conversely, kittens with focal ADs could display 
spontaneous GTCs with generalized onset. 

The other two seizure types were less frequently detected and very different from 
evoked seizures with respect to EEG and clinical manifestations. Repetitive, brief (3-
lOsec) or long-lasting (1.5 min) focal seizures were detected in kindled amygdala or in 
the lateral geniculate nucleus of thalamus and did not have clinical accompaniment. 
Nearly continuous multifocal and generalized EEG seizures were also detected, 
sometimes with overt clinical signs (e.g., fast pulse, staring, purring and jackknife 
seizures like infantile spasms) and sometimes with little noticeable clinical 
accompaniment (continuous rotary tail wagging). EEG discharge with these 'catnip' 
seizures was so pervasive that waking and SWS were indistinguishable. The seizures 
stopped only when the animal entered REM sleep or was alerted by physical 
manipulation. 

3.2.2 Clinical Course In Cats With Spontaneous Epilepsy 

When compared to older preadolescents and adults, young kittens showed 1) an 
increased number of spontaneous seizures, 2) a progressive increase in the number and 
density of seizure clusters, usually with increasingly less time between seizure clusters 
and 3) frequent bouts of convulsive status epilepticus which could occur at any time but 
tended to increase with dense seizure clusters towards the end of follow-up. 

Behavioral anomalies were observed in the video tapes from the vivarium and also 
during routine EEGs or seizure threshold tests. These strange behaviors could accompany 
dense seizure clusters but were not associated with ictal EEG discharge. The sequelae 
ranged from sensory or motor deficits ('psychic' blindness, atonic episodes, restricted 
mobility) to social isolation and placidity. These behavioral deficits could be life-
threatening because the animals appeared reluctant to move, even to search for food or 
water, and did not seem to discriminate food from other objects such as litter. 

Odd behaviors were also more likely to accompany frequent evoked seizures in 
younger animals without detected spontaneous seizures than in older animals with or 
without detected spontaneous seizures. Examples are fluctuations in temperament 
(docility to irritability), sexual dysfimction (repeated homosexual assaults, reduced sexual 
interest or dysmenhoria) and post-ictal bulimia. 

The behaviors of young kindled animals resemble an admixture of symptoms of the 
youth related syndrome called acquired epileptic aphasia^ and the non-age related 
syndrome called Kluver Bucy syndrome .̂ Both are affiliated with human temporal lobe 
epilepsy '̂ ^ and/or insult to the temporal lobe in humans, monkeys and cats.'' '̂ ^ 
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Table 4. Factors in the onset and/or maintenance of spontaneous seizures. Failed 
inhibition was indexed by peri-stimulus seizure activity during seizure threshold trials. 
This refers to focal, multifocal or generalized EEG discharge other than AD that occurred 
either during the 1-min interstimulus intervals before convulsions or, later, after the end 
of the evoked convulsions (post-ictal); clinical accompaniment ranged from stage 1-6 
seizures. From ^. 

Age at 
initial 
AD 
(months) 

2.5-5.0 
(n=17) 

5.5-13.0 
(n=3) 

Failed 
inhibition 
during 
threshold 
trials 

Dense inter
stimulus or 
post-ictal 
discharge 
<96h 
before 
spontaneous 
seizures 
Sporadic 

Stimulus 
intensity 
during 
kindling 

1.5-
20mA* 

0.7-
1.8mA 

Convulsive 
status 
epilepticus 

12 of 17 
cats; 
total=36 

1 of 3 cats; 
total=l 

Post-
kindling 
latency to 
onset of P* 
spontaneous 
seizure 
0-2.5 
months* 

2.5-4 
months 

Latency to 
spontaneous 
seizures 
after last 
evoked 
convulsion 
l-72h 
(n=15) 
0.75 months 
(n=l) 

24-72 h 

No. of 
evoked 
convulsions 
to onset of 
spontaneous 
seizure 
12.9±2* 

39±1 

*p <.05 from older preadolescents and adults; + see text on suspended threshold trials. 

3.3 Factors In The Onset and Maintenance of Spontaneous Epilepsy 

Table 4 summarizes a number of potential factors contributing to the ontogeny of 
spontaneous epilepsy after amygdala kindling. Cats are divided into two age groups as 
nearly all factors differentiated onset and/or maintenance in these groups. 

3.3 J. Failed Inhibition During Threshold Tests 

The absence of refractory periods is indexed by brief repetitive seizures (focal or 
generalized EEG discharges with eye twitches, etc.) to subconvulsive stimuli during the 
1-min interstimulus intervals prior to the stimulus evoking the GTC and also by recurrent 
seizures instead of post-ictal depression after evoked convulsions. These events were 
typical of threshold tests in young kittens but were less frequently seen in older 
adolescents and were rarely if ever noticed in adults. A two-to three-fold increase in one 
or both of these peri-stimulus indices of reduced inhibition was seen 24-96h prior to the 
first detected spontaneous seizure and again before subsequent seizure clusters in the 
youngest kittens. Reduced inhibition also characterizes increased seizure susceptibility in 
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rat pups, as indexed by reduced kindling 'antagonism' and by the absence of inter-site 
differences in limbic system kindling '*. 

3.3.2. Stimulus Intensity During Kindling 

The significantly higher stimulus intensity needed to evoke AD or GTCs in young 
kittens may have contributed to onset in the youngest age group especially since 
thresholds remained high during the one month post-kindling period when onset of 
spontaneous seizures most often occurred. The decline in thresholds 2-4 months after 
kindling makes this factor less likely to contribute to maintenance of the seizure disorder, 
but the possibility of an electrolytic lesion can not be excluded as a factor in onset or 
maintenance of spontaneous epilepsy in the young. 

3.3.3. Convulsive Status Epilepticus 

The frequent bouts of status epilepticus in young kittens might have resulted in 
global cells loss, which in turn could have sustained seizure activity after onset. In rare 
cases, histology was obtained from epileptic kittens early in follow-up but failed to show 
more gliosis or cell loss than that seen in non-epileptic, older animals. This is consistent 
with reports that rat pups are less susceptible than mature rats to seizure-related brain 
damage or to synaptic reorganization (e.g.,"*). We can not confirm this observation in 
most of our kittens because euthanasia was delayed until the animals matured and had a 
considerable seizure history. 

3.3.4. Post-kindling Latency to Onset of Spontaneous Epilepsy 

Youth was associated with faster post-kindling onset. Age at initial AD was 
significantly correlated with post-kindling latency to onset of spontaneous epilepsy 
(r=.0.59, p<.05) regardless of whether or when the 28-day lapses in evoked seizure trials 
occurred after kindling. 

3.3.5. Latency to Spontaneous Seizures After Evoked GTC 

All but one of the spontaneous seizures were detected from l-72h after evoked 
GTCs. Youngest kittens could have shorter and in one case longer post-ictal latencies 
than older animals. Recently evoked seizures seemed important to maintenance of 
spontaneous epilepsy at all ages. 

3.3.6. Number of Elicited GTCs Prior To Spontaneous Seizure Onset 

Youngest kittens sustained significantly fewer evoked seizure trials after kindling 
than did older animals prior to the onset of spontaneous seizures. This difference 
suggested that the number of elicited seizures is more important to onset in older than in 
younger animals. 

3.3.7. Suspension of Post-kindling Threshold Tests 
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A 28-day lapse in elicited GTCs occurred immediately vs. one month after kindling 
in 33 cats. Three of 11 youngest preadolescents (27 %) and 1 of 5 older preadolescents 
and adults (25%) had detected onset of spontaneous epilepsy with prolonged post-
kindling latencies (2.5 months±0) when the seizure trials were suspended immediately 
after kindling. In contrast, 8 of 11 (73%) of the youngest preadolescents had spontaneous 
seizure onset when seizure trials were suspended one month after kindling. Seven of 8 
kittens had onset prior to the delayed suspension (mean post-kindling onset = 17±2 days). 
Only one kitten had his first spontaneous seizure during the delayed suspension of 
evoked seizure trials. Onset occurred 1.75 months after kindling and 3 weeks after the 
lapse in seizure threshold trials began. Overall, the timing of frequent evoked seizure 
trials early in the post-kindling course was most closely associated with the incidence and 
rapid post-kindling onset of spontaneous seizures in the young. 

With one exception, no spontaneous seizures were detected >72h after the 
suspensions began. Behavioral anomalies associated with spontaneous seizure clusters 
also ended soon after seizure clusters, usually within 3-to-30 days. The behaviors 
associated with evoked seizures (e.g., sexual dysfiinction) did not necessarily remit 
during lapses in evoked seizure trials. Continued evoked seizures thus seemed important 
to maintenance of the spontaneous seizure disorder and related behavioral anomalies. 

4. CONCLUSIONS 

We confirmed and extended our initial report as follows: (1) Young animals are far 
more likely than adults to exhibit spontaneous epilepsy, indexed by seizures that occur 
>lh after stimulus-evoked seizures and that can persist to adulthood; (2) The youngest 
animals are most likely to exhibit accelerated kindling rates and rapid post-kindling onset 
of spontaneous epilepsy with a catastrophic clinical course; and (3) Early detection and 
treatment (nembutal) of frequent GTCs or convulsive status epilepticus improved 
survival rates and at the same time revealed a complex clinical picture. The profile 
included a variety of EEG and/or clinical seizure manifestations and a progressive 
increase in the number and density of seizure clusters. Odd behavioral sequelae could 
accompany dense seizure clusters and ranged from sensory or motor deficits ('psychic' 
blindness, atonic episodes, restricted mobility) to social isolation and placidity. 
Developmental deterioration associated with spontaneous epilepsy need not be gender-
related and is substantially enhanced by frequent or recent evoked seizures. The onset of 
spontaneous epilepsy and the post-kindling progression can be stopped or minimized by 
the suspension of evoked seizure trials early in the post-kindling course 
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Discussion 

Waster-lain: For those of us who are not kittenologists would you tell us how this relates 
to the critical periods of brain development in a kitten and how this relates to the time 
when you can generate function enryoplia and you know what stage of development that 
you can start seeing kindling. And also your top priority isn't 2 Vi months why but why 
not. Have you not tried earlier than 2 Vi months and if not why not? 
Shouse: There is a lot of complications if you want to work with kittens. One is that it is 
really difficult to work with kittens that are not weaned, and about the earliest that you 
can obtain weaned kittens is at 2 months. The critical period that I am talking about is 
defined by is soon after weaning. Operationally that's the time at which you can get the 
uniquely high threshold and they disappear 2 to 4 months later when all of the sudden 
they are either adolescents or maybe even adults. I cannot tell you that I can relate this to 
some critical period of development. 
Wada: Most intriguing study. Am I correct that you start stimulating these young kittens 
they end up with multiple pattern of spontaneous seizures? Does that imply the 
development of independent dischage outside of the kindled amygdala, multiple patterns 
of epiloptogensis? 
Shouse: It may develop, but they can for example originate in the amygdala on the same 
side at the onset, all the seizures can come from the contralateral amygdala, or they can 
develop seizures that have nothing to do with it. They can develop all of those. 
Wada: So they are entirely independent from the kindled amygdala activity and the 
dissemination is dependent on the timing of the critical period? 
Shouse: Yes, it is dependent on it in the sense that we never see anything like that in the 
older animals. With this protocol it is only observed in the younger animals. 
Wada: How many kindling stimulations do you give? 
Shouse: We had to stop after 3 days and in the early ones we had to stop immediately 
because we got so much status and the animals did not live 24hrs after the seizure. 
Engel: To clarify , are you saying that in some of the cats that have spontaneous 
seizures, the seizures develop from where you stimulated? My understanding from 
Pinel's early work is that this is a transynaptic phenomenon, that seizure always come 
from an area that is one synapse removed from where you stimulate. 
Shouse: Yes, in the younger kittens almost all of them started where we stimulated. 
Engel: Perhaps John Pinel can help: Is over kindling transynaptic in the adult or does it 
come from the stimulated area? 
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Pinel: With cortical kindling, we always got the seizures starting at other sites and 
usually with no involvement of the cortical site. Full generalized seizures would run their 
course with no involvement of the kindling site. But with amygdaloid kindling we did 
not have that many electrodes; so we can't say where the seizure started. However, we 
can say definitely some of the seizures did not start in the site of stimulation. They were 
starting somewhere else and we weren't picking up the activity for several seconds and 
sometimes never picking up the activity. 
Shouse: This implies that it is the same. We get a lot of these seizures starting from 
where we stimulated. It is a weird thing that the seizure can, for no apparent reason, start 
outside. 



PRENATAL BETAMETHASONE EXPOSURE 
SUPPRESSES KINDLING EPILEPTOGENESIS 

IN IMMATURE RATS 

Libor Velisek 

1. INTRODUCTION 

Administration of corticosteroids is common in obstetrics. Corticosteroids are 
frequently used in pregnant women between 24-34 gestation weeks, if there is a danger of 
imminent delivery with subsequent respiratory distress syndrome of the newborn.' In this 
situation, one course of corticosteroid therapy is applied, usually consisting of 2-4 
injections of betamethasone or dexamethasone spread over 24-48 hours. Follow-up 
studies in humans have demonstrated that this therapy regimen significantly improves the 
chance of the premature newborn for survival with no long-term side effects. 

However, if there is no delivery within 7-10 days after cessation of the first course of 
corticosteroid therapy and the risk still prevails, courses of corticosteroid therapy are very 
often repeated over and over.̂ * ' Thus, some women may have received up to 8-11 
corticosteroid therapy courses during the third trimester of pregnancy. The effect of these 
repeated corticosteroid exposures on the long-term development of offspring is unknown 
as no long-term prospective follow-up studies are available.̂ '̂  

Studies in monkeys have demonstrated that repeated administration of 
corticosteroids (dexamethasone) during the last third of pregnancy may have 
deteriorating effect on the development of hippocampus.̂  Smaller hippocampi witfi fewer 
pyramidal cell were reported*' \ In rats, we observed increased susceptibility to kainic 
acid-induced seizures as well as behavioral deficits in simple motor tasks after prenatal 
exposure to two injections of hydrocortisone (umpublished data). 

In this study, we determined the effects of prenatal exposure to betamethasone on 
development of kindling in the immature rats. 

Libor VeliSek, Departments of Neurology and Neuroscience, Albert Einstein College of Medicine, 
Einstein/Montefiore Epilepsy Management Center, 1410 Pelham Parkway South, Bronx, NY 10461, USA. 
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Table 1. Seizure stages for hippocampal kindling in postnatal day 15-16 rats' 
Stage Description 

0 Behavioral arrest 
1 Mouth clonus 
2 Head bobbing 
3 Unilateral forelimb clonus 
3.5 Alternating forelimb clonus 
4 Bilateral forelimb clonus 
5 Bilateral forelimb clonus -i- rearing & falling 
6 Wild running & jumping & vocalization 
7 Tonus 

* Modified according to Haas et al." 

2. METHODS 

Animals: Timed pregnant Sprague-Dawley rats were delivered on day 8 of 
pregnancy (E8) from Taconic Farms (Germantown, NY). Rats were randomly assigned to 
either betamethasone- or saline-treated groups. 

Model: Pregnant rats received two injections of betamethasone (0.4 mg/kg each) in 1 
ml of saline 10 hours apart on El5. We chose E15 as the embryonic day with the most 
vulnerable development of hippocampal formation as documented in previous studies.^''" 
Further, two separate injections of corticosteroids here represent the minimal possible 
(i.e., two) repetitions of corticosteroid courses. 

Delivery occurred on E22-23. Day of delivery was considered as postnatal day 
(PN) 0. On PNl, rat pups were checked for sex and weighted. Litter size was kept at no 
more than 10 pups and if possible of equal proportion of males and females. On PN13, 
rats were anesthetized with ketamine/xylazine mixture (50/7 mg/kg ip) and twisted 
stainless steel stimulating electrode (Plastics One, Roanoke, VA) was stereotaxically 
inserted in the dorsal hippocampus. We chose precise localization of the electrode in the 
molecular layer of the dentate gyrus to activate major input of the hippocampus. 
Stereotaxic coordinates were anteroposterior 3.2 mm, lateral 1.5 mm, and depth 3.2 mm 
froni bregma.*' On PN15, stimulator and EEG recording device were connected and 
afterdischarge (AD) threshold was determined using ascending technique with 50 pA 
steps. Once the AD threshold has been determined, kindling stimulations were initiated. 
Rats were stimulated every 20 minutes with 2 s trains of 50 Hz biphasic constant current 
pulses with duration of 2 ms and intensity of 400 ^A. Rats received 15 kindling 
stimulations on PN15 and additional 10 stimulations on PN16. We evaluated AD 
duration and seizure stage modified according to Haas et al.̂  (see Table 1). 

After completing kindling stimulations, the rats were anesthetized with pentobarbital 
(50 mg/kg ip), decapitated, brains removed and frozen in chilled methylbutane at -35°C. 
Cryostat sections were cut at 30 ^m, mounted on slides and stained with cresyl violet to 
locate electrode tips using light microscopy. 

Statistics: Two-way ANOVA was used to evaluate AD thresholds (factors: sex, 
prenatal treatment. Two-way ANOVA for repeated measures was run on AD duration 
and seizure stage data (main factors: sex, prenatal treatment; repeated factor: stimulation 
number). Level of significance was always preset to P<0.05. 
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-3.8 mm 

Figure 1. Localization of stimulating electrodes in the dentate gyms. Left panel shows part of a coronal plate 
from Paxinos and Watson, 1998" at -3.8 mm from bregma, at the level, where the electrode was found in the 
dentate gyiiis. Black bar indicates stimulating electrode tract as shown on the histological image below. Right 
panel is an example of a histological section illustrating hippocampus and dentate gyrus with the electrode tract 
ending in the molecular layer of the dentate gyms, i.e., our desired position for the stimulating electrode. 

3, RESULTS 

3.1. Histology 

Only those rats with electrode tips in the molecular layer of the dentate gyrus were 
used for further data evaluation. An example of the position of the electrode tip is 
illustrated in Figure 1. 

< 
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Figure 2. Afterdischarge (AD) threshold (mean ± SEM). Open columns - repeated prenatal saline exposure (2x 
1 ml/kg ip on El5), closed columns - repeated prenatal betamethasone exposure (2x 0.4 mg/kg ip on El5). AD 
threshold in \iK. There was no significant difference based on prenatal exposure or sex of the offspring. 
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Figure 3. An example of an afterdischaî ge recorded from the dentate gyras on PN15. Stimulation artifacts 
maiiced by an arrow (50 Hz/ 2 s) were truncated for clarity. Time marie 2 s, calibration I mV. 

3.2. Afterdischarge Threshold 

Stimulation current required for eliciting AD (AD threshold) ranged between 180-
240 ^A. There was no significant difference in AD thresholds based on sex or prenatal 
exposure (Figure 2; two-way ANOVA, P always > 0.05). 

100-
FEMALE-Betannethasone 

FEMALE-Saline 

MALE-Betamethasone 

MALE-Saline 

T 
10 15 
Stimulation number 

Figure 4. Afterdischarge duration (top) and seizure stage (bottom). Open symbols indicate prenatal saline 
exposure while closed symbols prenatal betamethasone exposure. Circles represent males and squares are 
females. Means for individual stimulations are presented (SEMs were eliminated for clarity). There was a 
significant effect of prenatal exposure on AD duration (top; main effect): Betamethasone exposure resulted in 
shortened ADs especially in female offspring (interaction of main effects). Prenatal exposure to betamethasone 
significantly decreased severity of seizures (bottom; determined as seizure score; main effect). 



PRENATAL BETAMETHASONE IN KINDLING 15 

3.3. Afterdischarge Duration 

Figure 3 illustrates an example of an AD recorded in the dentate gyrus. Two way 
analysis of variance for repeated measures revealed that there was a significant effect of 
prenatal exposure on the AD duration (F̂ , ,2 =7.723, P<0.05; Figure 4 top). ADs in 
prenatally betamethasone-exposed rats were shorter than in saline-exposed rats. There 
was no effect of sex (F(,j2 =3.294; P>0.05). However, there was a significant interaction 
between sex and prenatal exposure (F̂ ^ ,2 =8.297; P<0.05). Additional analysis showed 
that prenatally betamethasone-exposed females displayed significantly shorter 
afterdischarges than all other groups. While there was a small difference between the 
duration of the AD after the first and last stimulation, the ADs indeed increased with time 
as indicated by a significant difference in the repeated factor (stimulation number; 
F(24 288)=3.052; P<0.05). The decrease in AD duration after stimulation #15 is due to our 
kindling paradigm as 15 stimulations were delivered on PN15 and additional 10 on PN16. 
There was no interaction between the repeated factor and main factors. 

3.4. Seizure Stage 

Prenatal exposure had a significant effect on the seizure score (F̂ , ,2)=6.110; P<0.05; 
Figure 4 bottom). Betamethasone-exposed rats experienced less severe seizures after 
kindling stimulations than saline-exposed rats. There were no effects of sex on seizure 
score (F(, ,2 =0.295; P>0.05). Similarly, no significant interaction between prenatal 
exposure and sex was discovered (F̂ , i2)=2.144; P>0.05). There was an increase in seizure 
stage over time as suggested by a significant difference in the repeated factor (stimulation 
number; F(24 288)=12.583, P<0.05). There was no interaction between the repeated factor 
and main factors. 

4. DISCUSSION 

Our results indicate that repeated prenatal exposure to betamethasone on embryonic 
day 15 in the rat decreased kindling epileptogenesis as assessed on postnatal days 15 and 
16. Prenatal betamethasone reduced severity of seizures as indicated by decreased seizure 
scores and also decreeised AD duration particularly in female offspring. 

Thus, prenatal bethamethasone does not have adverse postnatal effects in terms of 
enhanced epileptogenesis and seizure susceptibility but rather seems to decrease 
epileptogenesis in the immature brain. This is in contrast to our previous finding of 
enhanced developmental seizure susceptibility after prenatal exposure to hydrocortisone 
(unpublished data). However, reports in humans also indicate that prenatal betamethasone 
may have beneficial effects compared to other corticosteroids such as dexamethasone'l 
Therefore it is possible, that postnatal adverse effects after prenatal corticosteroid 
exposure may be a fiinction of the specific corticosteroid used for prenatal exposure. The 
effects of prenatal betamethasone exposure on AD duration were significantly affected by 
sex of the offspring. This finding is corroborated by sexual differences found in receptor 
systems for glucocorticoids and mineralocorticoids in guinea pigs. These receptor 
systems are significantly affected by prenatal betamethasone exposure.'̂  

One of the explanations why we were unable to demonstrate any adverse effects of 
repeated prenatal betamethasone exposure on postnatal epileptogenesis is the limited 
number and restricted period of prenatal betamethasone exposure in our treatment 
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paradigm (only 2 injections over a single embryonic day). Alternatively, betamethasone 
may be relatively free of long-term adverse effects unlike other corticosteroids. Although 
the sex of the subjects did not alter seizure stage development, the modification of the 
AD duration after prenatal betamethasone exposure by the sex indicates that sex of the 
subjects should be considered in steroid hormone effects. 
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Discussion 

Schwartzkroin: Did you give only 1 injection, and what is the rational for giving the 
injections at that particular time? 
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Velisek: Two injections two hrs apart morning/evening of El5. We gave the injections 
on E15 because we know from our other studies that administration at day gives peak 
effect. A second reason is that we know from other studies that this is the peak 
development period of the hippocampus, and if you do something during this period one 
has a great chance to effect the hippocampus and its function. We gave 2 injections 
because we were trying to model a repeat injections paradigm. 
Schwartzkroin: Do you have any data about baseline changes in either behavior or BEG 
in these animals? 
Velisek: I did not report it here, but there are changes. 
Wasterlain: We have long known that one of the things steroids do is differentiate cells 
early, and am I right to think that at El 5 the pyramidal cells are still multiplying? If you 
differentiate pyramidal cells early they might have less potential for multiplying, and they 
might also have a different development. What happens to the structure of the 
hippocampus as a result of the metralmethazone at a critical time? 
Velisek: I cannot tell you right now. But you are absolutely right that if there is a sudden 
stop in differentiation of hippocampal cells, it might lead to a decrease in 
epileptogenesis. We did not do stereologic cell counts; rather we did cell number 
estimates in a completely different model of prenatal exposure also on E15, and we found 
a decreased cellularity in the hippocampus and entorhinal cortex and in those rats we 
found a significantly decrease epileptogenesis. 
Bumham: Heather Edwards and I looked at the effect of prenatal stress using bright 
lights and confining the animal, and we found quite different effects. We found that the 
animals were more prone to kindling after birth. 
Velisek: Yes, and actually we did other experiments not with metralmethazone but with 
hydrocortizone and found completely different results. 
Potschka: One, is there anything known about the placental penetration of 
corticosteroids in humans and in rats? Two, patients with anxiety and depression are 
know to have a disturbed HPA axis and increased endogenous glucocorticoid levels. Is 
there anything known about whether children from women with anxiety disorders or 
depression have an increased risk of developing epilepsy? 
Velisek: Yes, it is known from a British study performed in 1976, of of mothers who 
suffered an extreme stress during the third trimester. These kids were followed for 6 
years, and there was a significant change in behavior in those kids up to age 6 years. 



DEVELOPMENT OF KINDLING IN IMMATURE 
FAST AND SLOW KINDLING RATS 

Jana Veliskova, Jeremy Asnis, Fred A. Lado, and Dan C. Mclntyre 

1. INTRODUCTION 

Several epileptic syndromes have a genetic background. Thus, genetic models of 
epilepsy in rodents provide a useful tool to study basic mechanisms of seizures.* Using 
selective breeding technique, two new strains of rats with differential rates of amygdala 
kindling were produced and named "FAST" and "SLOW" kindling rats.̂ ' ^ Although the 
FAST and SLOW kindling rats have differences in kindling paradigms in several brain 
regions such as hippocampus, piriform and perirhinal cortices, the most striking 
differences were found during amygdala kindling. Besides the faster kindling rate, 
amygdala stimulation in FAST rats resulted in significantly longer afterdischarges (ADs) 
both prior to and after the kindling compared to the SLOW rats.̂ ' ^ The differences in the 
excitability of these two strains were determined in adult rats. 

In the present study we examined whether: (1) FAST and SLOW kindling rats also 
differ in susceptibility to flurothyl seizures, a model of primary generalized seizures and 
(2) the disparity in amygdala kindling between the FAST and SLOW rats is present 
aheady during development. In this paper, we present preliminary data addressing these 
issues. 

2, METHODS 

We used FAST and SLOW male rats from established colonies in the Carleton 
University Life Science facility. The rats were then bred and raised in our animal facility 
accredited by the American Association for Accreditation of Laboratory Animal Care. 
Rats were housed at a constant temperature (23°C) and relative humidity (60%) with a 
fixed 12-h light-dark cycle with free access to food and water. Rats were weaned and 
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housed 5 per cage at postnatal day (PN) 21. All animal procedures were in accord with 
guidelines for the care and treatment of laboratory animals of the National Institutes of 
Health. 

2.1. Flurothyl Seizure Testing 

Flurothyl vapors are used to induce convulsions.^ Flurothyl is continuously (rate of 
20 ^1/min) delivered into an air-tight chamber (9.34 1) via a precise microinfusion pump 
(WPI, Inc.). The advantage of continuous flurothyl infusion is that seizures always occur. 
Two seizure types develop after flurothyl exposure: clonic and tonic-clonic seizures. In 
adult rats, clonic seizures consist of head and forelimb clonus and are characterized by 
preservation of the righting reflex. Tonic-clonic seizures begin with wild running 
followed by loss of righting reflex and then, after a short tonic contraction of all limbs, 
long-lasting clonic seizures occur. In PN 15 rats, flurothyl-induced clonic seizures are 
very brief and within a couple of seconds progress into long-lasting tonic-clonic seizures. 
We recorded the latency to the onset (measured from the beginning of flurothyl delivery) 
of the first clonic and first tonic-clonic seizure. Because flurothyl was infused at a 
constant rate, the latency to the onset of seizures allowed us to calculate the amount of 
flurothyl necessary to induce the seizures; i.e., the flurothyl seizure threshold for clonic or 
tonic-clonic seizures. The seizure threshold inversely reflects seizure susceptibility. Thus, 
the higher the seizure threshold, the lower the seizure susceptibility. 

2.2. Surgery 

FAST and SLOW kindling pups (PN13) were operated under anesthesia with the i.p. 
mixture of ketamine (70 mg/kg) and xylazine (10 mg/kg)^. A bipolar twisted wire 
electrode (Plastics One) was stereotactically lowered into the left amygdala (coordinates 
in mm with respect to bregma: anterior-posterior = 5.3; lateral = 4.0; depth = 7.0 (from 
the skull); incisor bar at -3.5 mmf. The electrode was then anchored to the skull with two 
screws and dental acrylic cement. The pups were allowed 2 days for recovery. 

2.3. Kindling 

The kindling paradigm for pups described previously^' ^ was modified for the 
kindling of SLOW and FAST rat pups. Each kindling stimulus consisted of a 2 s train of 
2 ms bipolar square pulses delivered at 50 Hz. In a preliminary experiment, we 
determined that the shortest interstimulus interval required to induce an afterdischarge 
(AD) is 45 minutes for both SLOW and FAST rat pups, which then was used in this 
experiment. Due to a high and variable afterdischarge threshold prior to kindling, 
especially in SLOW kindling pups, the current for each kindling stimulation was set at 1 
mA. The pups display a unique behavior during kindling^' ^ compared to adult rats. We 
modified our original kindling scale for this experiment and the stages are described in 
Table 1. 

We compared following parameters between the SLOW and FAST kindling rats: 

1. AD threshold (minimum stimulus intensity necessary to induce an AD); 
2. Kindling rate (number of stimulations to achieve first stage 5; 
3. AD duration. 
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Table 1. Kindling-induced behavioral stages in PN 15 rats 
Stage Behavioral expression 

0 Behavioral arrest 
1 Chewing 
2 Head bobbing 
3 Unilateral forelimb clonus 
4 Alternating forelimb clonus 
5 Climbing, jimiping and swimming-like bilateral forelimb clonus 
6 Hindlimb clonus, wild running 

Rats received up to 20 stimulations in two consecutive days (maximum 10 each day). 
At the end of the experiment, rats were sacrificed under deep urethane anesthesia; brains 
were quickly removed, fi-ozen in methylbutane (-20^C) and stored in a freezer (-70^C). 
Frozen coronal sections were cut throughout the electrode tract, stained with thionin, and 
examined under a light microscope for electrode placement. Only rats with the electrode 
tip in the basal amygdala complex were used. Rats with any blood lesion around the track 
were excluded. 

2.4. Statistical Analysis 

Flurothyl seizure thresholds in FAST and SLOW kindlers were compared using 
Student's t-test. For kindling. Student's t-test was used to determine AD threshold and 
kindling rate (mmiber of stimulations to achieve first stage 5). The AD durations 
following individual stimulations were calculated using Analysis of Variance (ANOVA) 
with repeated measures. The level of significance was set to P < 0.05. 

3. RESULTS 

3.1. Flurothyl Seizure Threshold 

In adult rats, there was a significant difference in the seizure threshold between the 
FAST and SLOW kindlers. The seizure thresholds for both clonic and tonic-clonic 
seizures were lower in the FAST compared to the SLOW rats (Table 2). In contrast in PN 
15 rats, there was no difference in flurothyl seizure onset between the FAST and SLOW 
kindlers (Table 2). 

Table 2. Features of flurothyl and kindling seizures in FAST and SLOW rats 
Adult rats Immature (PN 15) rats 

FAST SLOW FAST SLOW 
Flurothyl threshold Low High No difference 
Kindling rate Fast̂  Slow^ Fast Slow 
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3.2. Kindling in Immature FAST and SLOW Kindling Rats 

3.2.1. Afterdischarge Threshold 

The mean AD threshold in the FAST kindlers, which ranged between 200-400 |iA, 
was significantly lower compared to the SLOW kindlers, with a range between 350-
500 MA (Student's t-test, P < 0.05). 

3.2.2. Kindling Rate 

Analysis of the rate of kindling showed a significant difference between FAST and 
SLOW kindling rat pups. In the FAST kindlers, the first stage 5 was achieved following 
about 10 stimulations. In the SLOW kindlers, the kindling rate was slower, and to 
achieve stage 5, the pups required 17 or more stimulations (Figure 1 and Table 2; 
Student's t-test, P < 0.05). 

3.2.3. Afterdischarge Duration 

The AD duration did not differ between FAST and SLOW kindling pups regardless 
of the kindling stage (Figure 2; repeated measures ANOVA, P < 0.05). 

4. DISCUSSION 

In this study, we tested whether the two strains of rats (FAST and SLOW) originally 
selected based on differential kindling rates can be distinguished also in a model of 
primary generalized seizures. Interestingly, only in adult rats was the flurothyl seizure 
threshold lower in FAST compared to SLOW rats. In PN 15 rats, no difference in seizure 
threshold was found. This prompted us to evaluate in PN 15 rats whether distinct kindling 
rates are already present during development. 

FAST SLOW 

Figure 1. The kindling rate in PN 15 FAST and SLOW rats. The FAST rats required less kindling stimulations 
(mean + SEM) to achieve first stage 5 than the SLOW rats. 
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Figure 2. Afterdischarge (AD) duration in PN 15 FAST and SLOW rats. Closed symbols represent the FAST 
rats, open symbols indicate the SLOW rats. There was no difference in AD duration between the FAST and 
SLOW rats during the kindling paradigm. 

In the previous study, Mclntyre et al. showed that adult FAST kindlers have 
significantly higher local excitability within several structures (amygdala, hippocampus, 
pirifonn and perirhinal cortices) known to be involved in seizure generation compared to 
the SLOW kindlers. This suggests that the excitation: inhibition ratio in the FAST 
kindlers is increased, while it is decreased in the SLOW kindlers, and this may predispose 
to changes in general seizure susceptibility.^ Accordingly our data show that flurothyl-
induced seizures occur faster in the FAST rats than in the SLOW rats. The mechanism, 
by which flurothyl induces seizures is unclear. Flurothyl has been shown to block both 
acetylcholine^ and GABAA^^ receptors in similar concentrations, which produce seizures. 
In this case, the acetylcholine system may not be involved as there are no differences 
between the FAST and SLOW kindling rats in the number of cholinergic neurons in the 
forebrain .̂ On the other hand, there are differences between the FAST and SLOW rats in 
the GABA system. Accordingly, lower seizure thresholds have been reported for 
pentylenetetrazol, bicucuUine and picrotoxin (GABAA receptor antagonists).̂ ^ The 
involvement of the GABA system seems to be specific because strychnine (a glycine 
antagonist) was ineffective in differentiating between FAST and SLOW rats.*̂  The 
higher susceptibility of adult FAST rats may be related to the differential expression of 
GABAA receptor subunits. The adult FAST rats have high expression of a2, a3 and a5 
subunits for the GABAA receptor compared to the SLOW rats with rather high levels of 
the a l subunit.*^ It has been suggested that flurothyl has high affinity for GABAA 

receptors containing the a2 subunit.̂ ^ This may explain the higher susceptibility of adult 
FAST rats to flurothyl-induced seizures. 

However at PN 15, the susceptibility to flurothyl seizures was not different between 
FAST and SLOW rats. This may be due to the fact that during development both strains 
have high levels of the al subunit, as GABAA receptors in the brain are present in 
"immature" form and contain mainly the a2 subunit. ̂ ^ Later with maturation the a2 
subunit for the GABAA receptor is replaced with the a l subunit;̂ ^ however, this happens 
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only in the SLOW rats, as the FAST adults keep the "immature" form of GABAA 

receptors/^ 
Preliminary data also suggest that in terms of susceptibility to kindling the two 

strains can be distinguished already by PN 15. We propose that during kindling, systems 
other than the GABA neurotransmission may be involved in producing the differential 
effects. Overall, the most interesting finding is that in these strains of rats "bred for 
differential susceptibility to kindling," the kindling differences are present akeady by PN 
15. Although there is differential susceptibility to other seizures, i.e. flurothyl, this 
susceptibility is developmentally regulated. 
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Discussion 

Schwartzkroin: What's the background from which the fast and slow kindlers were 
derived? 
Veliskova: They were Wistar and Long-Evans rats. 
Schwartzkroin: So have you looked at a normal non-separated Long-Evans or Wistar? 
Veliskova: That's why I said that the experiments are far from complete, because we 
have to look at these rats and all the stimulation paradigms to compare. So there will be 
many more control groups than the experimental groups in the end. 
Schwartzkroin: We know that there are strain differences among rats in seizure 
susceptibilities. The other issue I have is in respect to the disassociation between the 
behavior and the afterdischarge. You said the behavioral abnormalities persisted. What 
electrode locations were you recording from that you defined your afterdischarge? Might 
there be afterdischarge in another region? 
Veliskova: Absolutely, we did not implant multiple electrodes in these rats. We recorded 
from the site of the stimulation, the amygdala. So this is a disassociation within the 
amygdala. It can be ongoing of course and I expect that it will be ongoing within the 
cortex and other brain structures. 
McNamara: Comment and a question. I wonder whether there will be a relationship 
between low seizure threshold for a given stimulus, whether it is electroshock or PTZ or 
whatever, and the rate of epileptogenesis? It seems to me that there's not clearly a 1:1 
relationship between low threshold to electroshock seizure and the likelihood of 
becoming epileptogenic. What is the mechanism by which flourothyl tiggers a seizure? 
Veliskova: The mechanism is unclear; there is some evidence that it is something to do 
with GABAA receptors. But its not known for sure how the flourothyl is working. They 
are primary generalized seizure because the rats are inhaling the flourothyl and they have 
the seizures. But the exact mechanism is unknown. 
Engel: We know the mechanisms for seizures are different than the mechanism for 
epileptogenesis. In the human, there's lots of data that suggest that the immature brain is 
more likely to have a seizure given an insult but less likely to develop epilepsy as a result 
of that insult. Animal models don't always show the same thing. 
Veliskova: Even in these rats, although the statistic do not show significance, the fast 
kindlers had higher thresholds than the Sprague-Dawley rats, but tended to jump to the 
higher stages after 2 or 3 stimulations. They had stage 3- 3.5 very easily after 2 or 3 
stimulations. The threshold does not definitely correlate with the epileptogenesis. The 
slow kindlers had a very high threshold but developed epileptogenesis very slowly. 
Thus, there is no correlation in these rats. 
Engel: But Dr. Shouse showed that the kittens were more likely to develop spontaneous 
seizures than the adults, which is opposite to what we see in humans. 
Veliskova: The fast kindlers are showing basically the same as the kittens. They have 
high threshold, but epileptogenesis is faster. 
Sutula: Sympathies with experiments that get more complicated than what you 
anticipated. One of the terms fliat you used in the conclusion was that perhaps relative 
difference in maturity might be an explanation for some of the differences. I think back 
to Dr. Shouse's talk on the effect of developmental age and the confiision of 
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developmental age on her study. I think the whole area is complicated because there's 
some much change that can occur between day21 and 23. These experiments are 
hopelessly confoimded by individual variation as well as developmental differences that 
are very substantial. I think that it is a horribly difficult thing to work on, and it is not 
surprising to me that you got a confusing series of results. 
Veliskova: Yes, we are planning to test these rats at day 17 instead of day 15 to have this 
2 day difference for the developmental difference. Maybe we will see a better pattern 
and correlation with the Sprague-Dawley rats. Because even stage 4 the could not reach 
so easily - while the PI5 Sprague-Dawley rats raise on the hindlimbs and they have 
beautiful forelimb clonus, the slow and fast rats had trouble raising nicely.straight up. 
Mclntrye: Let me just make a comment and see if everyone else has had the same 
experience. These animals Ron Racine selected before there were pathogen free animals. 
And one of the thing we noticed when all of the breeders went to pathogen free animals, 
the kindling rates dropped in half for every strain that they did that to. So it appears that 
every strain changed hugely from the breeder as a consequence of caesarean derivations, 
suggesting that something was lost in the unnatural production that perhaps stressed 
nervous systems and changed animals. We have a whole different animal now that we 
are working with in terms of the commercial availability versus these fast and slow guys. 
Veliskova: I absolutely agree. We actually have absolutely different responses in rats 
from Charles River and from Taconic and both are Sprague-Dawley rats. It is very 
important to keep one supplier for all ordering the rats, because we normally order rats 
from Taconic, but when we order from Charles River we get completely different results. 
Unidentified: Just to follow up on that, it is really clear that even if you think that you are 
getting the same strain from different suppliers or if you buy a strain and breed them in 
your laboratory, they change. So the strain issue becomes a huge one in comparison. 



NEONATAL HEAT-INDUCED CONVULSIONS 
AFFECT BEHAVIOURS IN NEONATAL, 

JUVENILE AND ADULT RATS 

Deborah Saucier, Avril Keller, Aaron Sheerin, R. Daniel LaPorte, and 
Jerome Y.Yager 

1. INTRODUCTION 

Febrile convulsions are a common form of childhood seizure, occurring in 
approximately 2-5 % of infants and young children.̂  Simple febrile convulsions are the 
most common, defined as a generalized seizure of short duration (<15 mmutes) that 
occurs during a febrile illness,̂ ' ^ in a child between the ages of 6 months to 6 years. The 
significance of simple febrile convulsions is debated, with many considering them to be 
benign, as they do not result in gross neuropathology"^ nor do they increase the risk of 
partial-complex epilepsy (e.g., ^ '̂ )̂ or cognitive impairments.̂ "^ Conversely, some 
researchers have observed that in adulthood, individuals who have experienced simple 
febrile convulsions have a slightly higher risk of partial-complex epilepsy in later life 
(e.g., '̂ *̂ ) and may exhibit cognitive deficits, including: decreased ability to sustain 
attention; deficits in some types of learning and non-verbal memory; delayed recognition; 
and decreased visuomotor skills (e.g., '̂ ̂ )̂. As such, the question of whether febrile 
convulsions enhance susceptibility to seizure disorders, cognitive impairments or other 
pathologies remains unresolved. 

In order to examine the relationship among febrile convulsions, neuropathologies 
and behavioural change, investigators have developed paradigms in rat pups that simulate 
febrile convulsions in infants.̂ ^ Typically, rat pups are heated to -43C, which results in 
convulsive behaviours and seizure activity. ̂ ^ There are age-dependent changes in 
susceptibility to heat-induced convulsions (HC), with peak susceptibility to HC occurring 
sometime between the 2""* and 3"̂^ week of life (e.g., *̂ ' ^^' ^̂ ), an age roughly equivalent to 
the brain development of a 6-12 month old human infant.*^ Further, HC are associated 
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with enhanced susceptibility to kindling and to seizures induced with pentlyenetetrazol 
or kainic acid/^ Although a single HC increased Timm staining in portions of the 
hippocampus,̂ ^ no neurodegeneration or apoptosis was observed.* '̂ ^̂  Thus, HC in the 
rat appears to produce long-lasting changes in neural plasticity without producing 
obvious pathologies. 

Consistent with the research involving children, investigations of the long-term 
behavioural consequences of febrile convulsions are also inconclusive, with some 
researchers finding no long-term behavioural effects (e.g., ^̂ ' ^̂ ) and others finding mild 
impairments in cognitive function in later life (e.g., ^̂ ' ^ )̂. However, with the exception 
of Nealis et al.̂ ^ (who found no effect of febrile convulsions on reflexive behaviours in 
neonates), few studies have examined the effects of febrile convulsions on the behaviours 
of neonatal or juvenile pups. Further, no studies have employed a longitudinal design to 
determine whether or not changes in early behaviours are associated with later 
behavioural change. 

2. EFFECTS OF HC ON BEHVIOURS IN NEONATES 

It is inferred that behavioural changes in HC pups result fi-om alterations in the 
nervous system, brought about by the convulsion. However, alterations in maternal care 
can also affect later behaviour. Simple separation fi-om the dam can result in increased 
anxiety behaviour in pups,̂ ^ which can still be observed in adulthood.̂ ^ Quality of 
maternal care can also affect social behaviours, especially when the quality is poor.̂ ^ 
Thus, we sought to investigate whether HC resulted in alterations of mother-pup 
interactions. 

Pups are not passive and they actively pursue interactions with their dams. Pups 
signal their dams by making ultrasonic vocalisations (USVs) when they are cold and in 
certain social situations.̂ "̂̂ ^ USVs will draw lactating females fi*om their nests to engage 
in searching behaviours for the calling pup.̂ ^ Although USVs decrease in prevalence as 
the pup matures, they also can be characterized into 10 categories that change with 
maturity.̂ ^ To date, no one has investigated whether or not febrile convulsions affect 
USVs, and whether alterations in USVs result in altered mother-pup interactions. 

2.1 Method 

2.1,1 Heat-Induced Convulsions 

On postnatal day 7 (P7), 79 rat pups were selected at random (controlling for sex) 
and assigned into either the convulsed (C+) or the control (c-) group (male C+: n = 16; 
male C- n = 18; female convulsed n = 18; female control n = 17). To induce convulsions, 
pups were placed under a heat lamp (GE 300W) and monitored for convulsions and core 
body temperature. When either the core body temperature reached 43C or behavioural 
manifestations of convulsion were evident (i.e., loss of upright posture and tonic - clonic 
movements) pups were removed fi-om the heat and placed in a lined recovery cage. All 
pups exhibited convulsions of at least 210 sec duration (mortality, n=l male). C- pups 
were treated similarly, but out of direct heat. 
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2.1.2 Mother-Pup Interactions 

On postnatal day 10 (PI0) and postnatal day 12 (PI2), mother-pup interactions were 
observed by randomly distributing an entire litter into a 40 cm by 40 cm by 30 cm 
translucent box. The dam was introduced and all behaviours were videotaped for 10 
minutes. We scored 4 types of mother-pup interactions: anogenital licking; grooming; 
nursing; and retrieval. Anogenital licking was considered as only licking in the 
anogenital region, whereas grooming was considered as licking anywhere but the 
anogenital region. An instance of nursing was recorded when a pup successfully latched 
onto the teat, and the dam allowed it to feed. Retrieval was measured when the dam 
picked up a pup in her mouth and returned it to the nest. The total number of behaviours 
was summed for analyses. 

2.1.3 Ultrasonic Vocalizations 

On PIO and PI2, ultrasonic vocalisations were monitored (Petterson model DlOO 
Ultrasound Detector) and digitally recorded (PHI 450 computer). Pups were individually 
placed in the isolation chamber (20 cm by 20 cm by 25 cm clear jar) for 2 minutes. Each 
two-minute vocalisation sample was analysed (Avisoft) as in Brudzynski^^ for quantity 
and structure. 

2.2. Results 

2.2.1 Maternal Behaviours 
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Figure 1. Mean number of interactions with dam (± SEM). There was a trend for a sex by treatment 
interaction, whereby: C- females interacted more with their dam than both C+ females and C- males; C+ males 
interacted more with their dam than C+ females, F (1, 52) = 3.426, p = .070. Bars represent means (± SEM). 
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2.2.2 Ultrasonic Vocalisations 
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Figure 2. C+ pups exhibited significantly more ultrasonic vocalizations than C- pups, especially in sonograph 
categories 7 [F(l , 141) = 5.160,/? = 0.025], 8 [F(l , 141) = 4.235, p = 0.041], and 9 [F(l , 141) = 4.018, jr? = 
0.047]. Bars represent means (± SEM). 

2.2.3 Correlations 

There was a significant and positive relation between total number of mother-pup 
interactions and sum of all categories of USVs, r̂  = .279, p = 0.031 (Figure 2). However, 
this correlation was only significant for the HC- pups, r5(30)=.410,/7=.024, as HC+ pups 
r,(30)=.067,/?=727. 

2.3 Discussion of tiie effects of heat-induced convulsions on neonatal rats 

There may be subtle sex differences in how mothers respond to convulsed pups, with 
male C+ pups making more vocalizations and interacting more with the dams than female 
C+ pups. Further, C+ female pups, despite calling more fi-equently than their littermate 
controls, received the low amounts of maternal care. Given that it has been suggested 
that febrile convulsions have the greatest effect in females (e.g., ^̂ ' ̂ )̂, slight differences 
in mother-pup interactions may have important effects on later cognitive ability. In the 
strictest sense, however, despite making more ultrasonic vocalizations, C+ pups did not 
receive significantly greater care fi*om their dams. Thus, although there was a relation 
between USVs and mother-pup interactions, this did not hold for the C+ pups. Further, 
as sonograph categories 7, 8, and 9 are thought to represent relatively less efficient means 
of communication, the significant increase in categories 7,8,9 for the C+ pups suggests 
that C+ pups tended to vocalise in a less efficient manner.^^ This may reflect decreased 
physical and neural maturation, at least as measured by ability to produce complex, 
mature USVs. 
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3. LONGITUDINAL EFFECTS OF HEAT INDUCED CONVULSIONS ON 
BEHAVIOURS IN JUVENILES AND ADULTS 

3.1 Method 

3.1.1 Heat-Induced Convulsions 

As in 2.1.1, on P7,78 rat pups were selected and assigned into groups: male C+: n = 
25; male C- n = 18; female convulsed n = 13; female control n = 22. However, as -^1/3 of 
children who exhibit febrile convulsions may go on to have another febrile convulsion,^^ 
we gave the pups 2 febrile convulsions, the first on P7 and the second on postnatal day 
P9. All pups m the C+ group had convulsions lasting at least 210 sec (range 210-360 
sec) on P7 and again on P9. 

3.1.2 Play Behaviours in the Juvenile 

Beginning on P30, juvenile play behaviours were monitored. Rats were housed 
individually for 48 hours. Groups of 4 rats were then reintroduced to each other in a clear 
box (54 cm by 30 cm by 21 cm) and 4 play periods (10 minutes each; 48 hrs apart) were 
observed. Although play behaviours were classified individually (wrestling, pinning, 
nosing, pursuing, and pouncing), the total number of play behaviours was summed for 
analyses. 

3,1,2 Behaviours in the Adult 

Beginning on P60 rats were tested in the elevated plus maze (a + shaped maze, with 
arms 55 cm long and 12 cm wide elevated 60 cm fi-om tiie floor). The elevated plus maze 
had two opposing arms that were enclosed and two opposing arms that were open to the 
room. The number of entries and time (sec) spent in each of the 4 arms was recorded. 

Beginning on P70, rats were then given an open-field object recognition task, in 
which rats were placed in a circular arena (98 cm diameter) containing 2 unique objects 
made of Lego ™̂ . Over the course of 3 consecutive days, the rats were placed 
individually in the open field for 5 minutes and their behaviours were recorded. Rats 
were then given a 48 hr break and reintroduced to the open field, although 1 object had 
been replaced with a novel object. Again their behaviours were recorded. 

3.2 Results 

3,2,1 Behaviours in the Juvenile and Adult 

There were no significant differences between the C+ and C- groups on any of the 
measure of juvenile play behaviours, all F values <2.216, all p values > .120. For the 
open-field object recognition task, although the female €+ rats spent the most time 
examining the objects {M= 64.846 ± 25.062 SD) followed closely by the male C- rats (M 
= 62.111 ± 22.712 SD), and the C- females (M= 56.227 ± 18.870 SD) and the C+ males 
(Af = 55.640 ± 20.488 SD) spent the least time examining the objects, this did not reach 
significance, F(l,74)=2.284, p=.067. 
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Figure 3. In the elevated plus maze, C+ females spent significantly more time in the closed arm than any other 
group, F( 1,74)=4.180, p=.044. Bars represent the means (± SEM). 

3.2.4 Correlations 

Although there were no significant differences between the C+ and the C- groups for 
the behaviours, the longitudinal design of the study allowed us to investigate possible 
relations among behaviours. Only correlations with the task that demonstrated significant 
differences among the groups, the elevated plus maze, are reported. 

For the juvenile play behaviours, the entire group exhibited significant relationships 
between time spent in the closed arm and: the total number of pouncing interactions rs 
(78)=-.240, /7=.017; and the time spent pursuing other pups, rs(78)=-.199, p=.041. This 
correlation with the instances of pouncing was primarily due to the C+ group, rs (38)=-
.318, p=.026; C-: rs (40)=-. 164, n.s. Conversely, the correlation with pursuing was 
primarily due to the C- group, rs (40)=-.267, ;7=.048; C+: rs (38)=-. 157, n.s.. 
Interestingly, for the C+ group there was a significant correlation between the time spent 
in the open arm of the elevated plus maze and: time spent investigating the novel objects 
in the open field, rs (38)=.279, p=.045 (C-: rs (38)=.008, /?=.481); and the number of 
times that the C+ rats touched the novel objects, rs (38)=.451,/7=.002 (C-
;7=.231). 

rs(38)=-.130, 

3.3 Conclusions 

Consistent with other studies, febrile convulsions increased time in the closed arm of 
the elevated plus maze, behaviour associated with enhanced anxiety. Although we 
observed no significant differences in juvenile play behaviours for the groups, for the C+ 
group, there were significant correlations among juvenile play behaviours and 
preferences in the elevated plus maze. In adulthood, C+ rats that interacted more 
frequently with the novel objects in the open field object recognition task were also more 
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likely to spend time in the open arm of the elevated plus maze. These results were unique 
to the C+ group, suggesting a more global change in the behaviour of the C+ pups that 
was only marginally observed using our measures. 

4. GENERAL CONCLUSIONS 

The C+ pups exhibited significant changes in the behaviour as neonates, in 
interactions with their mothers, and in adult behaviours associated with enhanced anxiety. 
Although not measured in the same rats, the decreased USV maturity of the C+ group and 
the reduced responsiveness of the dams may relate to the enhanced anxiety behaviours in 
adulthood. Given that there were significant relationships between juvenile play 
behaviours, open-field object recognition behaviours and arm preference in the elevated 
plus maze, it is possible that behavioral change following HC may be subtle and 
pervasive. Further, the delay in maturation in USVs may suggest that there is a longer 
term developmental delay in other behaviours. 

This study is the first to observe changes in USVs in rat pups experiencing febrile 
seizures. The findings clearly have important implications as to the relationship between 
febrile convulsions early in life and the more subtle developmental disabilities later in 
childhood or early adulthood. Though conclusions have been reached in longitudinal 
studies of children who have experienced febrile convulsions, that their intellectual 
capacity is unaffected,̂ ' *̂ closer scrutiny of these data suggests that abnormalities of 
attention and impulsivity later in childhood, may be related to early onset febrile 
convulsions.̂ ' '̂ Further studies are clearly indicated to identify and correlate 
alterations in neuroanatomical development that may provide substrate to these 
alterations in attention, and to determine, most importantly if recurrent febrile seizures 
enhance the likelihood of attentional difficulties, and whether treatment prevents it. 
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Discussion 

Engel: This is very important, because febrile convulsions are very common in humans 
and the potential relation with later epilepsy. There was a study done with guinea pigs. 
The researcher induced febrile convulsions and demonstrated that the guinea pigs had 
imilateral hippocampal sclerosis, and it was on the down side when they were lying on 
one side after a convulsion. I wonder if you could elaborate a little more on what you 
saw in the pathology and whether it was unilateral or bilateral. 
Saucier: Well, I can only tell you about the 13 rats that we have the pathology on, and 
we saw enhanced Timm staining in the hippocampus, but it was a very subtle difference. 
Avanzini: How long did you follow them up before killing, and do you plan to have 
some longer foUowup and relate it to spontaneous seizures? 
Saucier: In the second study we followed them for 150 days to do the behaviors and the 
kindling, we didn't monitor spontaneous EEG other than 5 min prior to the kindling, and 
we saw no seizures that either our animal techs reported or any spontaneous AD. We 
only kindled the amygdala; so kindling the hippocampus could change what we saw. 
Gale: I compliment you on taking the effort to look what's at going on with the animals 
in terms of their interaction with the mothers. What happened to the body weights of the 
animals ~ did they show any failure to thrive? 
Saucier: There was no failure to thrive. Their body weights were actually within 0.2 
grams of each other. 
Gale: The bigger concern that I have is that this a stressful event that may have nothing 
to do with their having a seizure, and as you mentioned there is also the heating 
component. Did you include any controls that they were heated to the point where did 
they did not have seizures so that you could separate the heating event from having 
seizures? 
Saucier: That is an excellent point. What we did with the control group was separate 
them for the same duration in litter- matched pairs and we kept them at nest temperature; 
so it wasn't 40C, it was about 31C. It's not as good of control as you are suggesting . I 
was thinking of pretreating with a benzodiazapine and heating them up to that 
temperature. The benzodiazapine adds another complication, but at least you could see 
whether you are getting similar white matter changes. 
Gale: It would be nice to have the heating, to see whether it may be hyperthermia that 
has some effects as opposed to the seizures. 
Saucier: Yes, yes. 
Kalynchuk: Deb, I am also interested in the maternal behaviours that the mothers show 
with the pup that have the convulsions. Michael Meaney has show with stressed rats that 
the behaviors of the mother change a lot. And it was interesting that you show that the 
number of interactions that the mother has with those pups does not change. So one thing 
that I suggest is that you look at the nature of the interactions, because what he has shown 
is that with stressed rats, the mother will spend as much time with them as they will with 
the non-stressed rats, but the nature of the interactions is much different. Have you 
looked at the nature of the interactions, for example whether the mothers were engaged in 
arch-back nursing as opposed to fiat-back nursing? Those kinds of changes will actually 
effect the emotional behavior of the pups later in life. 
Saucier: We have all of the data for that. You are absolutely right - the nature of the 
interactions was rather different. 
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Adamec: My comment is somewhat related to Lisa's. You alluded to the fact that 
diflferences in the adult plus maze anxieties in the females might be related to their 
behaviors when they were younger. But you have a choice: It could be due to the 
changes in the mothers' behavior toward the pups, or it could be the fact the pups are 
already exhibiting fliis because ultrasonic calls in fact have been used to measure anxiety 
in young aninmls. ?Have you tried correlating the pups' younger behavior to their adult 
behaviors in therplus maze? 
Saucier: We are running that study right now. 
Wasterlain: You failed to distinguish between males and females in 5 to 10 percent of 
cases, similar to the human failure rate. The Purkinje cells in the cerebellum are very 
sensitive to heat, and the question is if you looked at the cerebellum. 
Saucier: We did not look at the histopathology at the cerebellum, although we did look 
at neonatal reflex behaviour before and after febrile convulsions and there were no 
significant differences in the rats' ability to grasp a rod to right themselves. 
Phillips: The points I wanted to raise have to do more with mining as much as you can 
out of this data set. When you are looking at the cognitive and emotional behaviors of 
the animals and you are doing it as a ongoing study, are you going to be look at tasks that 
are more related to the hippocampus? 
Saucier: Yes, we've put rats in the water maze, and we are going to be doing very 
different object locations memory tasks, which may be a bit frontal too because they have 
aspects of working memory. 
Phillips: I wouldn't rely solely on the plus maze to look at the anxiety related behaviors. 
There are very good tests of social interaction that might build on what you are already 
seeing. 
Saucier: I wonder if some of this is similar to what one sees with infants with damage to 
the left hemisphere, who will reorganize their right hemisphere for speech at the cost of 
space. What we keep seeing in the rats is that motor fixnction is often preserved. These 
rats are dumb and are socially kind of strange, and I haven't been able to access this in a 
really good way. 
Moshe: Did you control for seizure, to address the question of whether the seizure 
produced has nothing to do with hyperthermia? 
Saucier: We are going to run a PTZ group. 



EXPERIMENTAL ABSENCE VERSUS 
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Filiz Yilmaz Onat, Esat E§kazan, and Rezzan Aker* 

1. INTRODUCTION 

Neural mechanisms underlying convulsive events are believed to be distinctly 
different from those of absence seizures.̂  Typical absence epilepsy has been 
suggested to be related to a predominance of inhibitory activity, in contrast to 
generalized or focal convulsive seizures where an excess of excitatory activity is 
present.̂  Likewise, drugs that exacerbate seizure activity, clinically and in animal 
models, support the hypothesis concerning distinct differences between convulsive 
and non-convulsive epileptic events. It has long been known that carbamazepine, 
oxcarbazepine and phenytoin are successfully used in the treatment of partial and 
secondary generalized seizures, whereas typical absence seizures are clearly 
exacerbated by carbamazepine and phenytoin. '̂ "* Similarly, despite the fact that 
vigabatrin is a highly effective anticonvulsive agent against partial seizures,^ two 
patients with idiopathic generalized absence epilepsy in whom vigabatrin increased 
the frequency and severity of absence and absence status were reported by 
Panayiotopoulos et al.̂  On the other hand, absence seizures in both animal models 
and humans respond to ethosuximide and trimethadion, which are ineffective against 
partial seizures. ' ^ Models of convulsive events as well as non-convulsive seizures 
offer several unique opportunities to understand the pathophysiology of 
epileptogenesis in animals and perhaps, by extrapolation, in humans. 

Limbic kindling, an animal model of temporal lobe epilepsy, addresses focal 
seizure development as well as secondary generalization mechanisms due to its 
progressive manner.̂ "'° The fundamental concept in kindling is that the daily 
application of a subthreshold stimulation to certain subcortical structures, particularly 
limbic areas, produces growing and progressively spreading afterdischarges on EEG, 
and eventually triggers convulsive motor responses. 

Absence epilepsy is characterized by generalized non-convulsive seizures with 
complete loss of conciousness. Increased synchronization and GABAergic inhibition 
within thalamo-cortico-thalamic circuits involving ventrobasal thalamus, reticular 
thalamic nucleus, and, as shown recently, the perioral region of the primary 
somatosensorial cortex are implicated in the generation of spike and wave 
discharges.^ Among the animal models. Genetic Absence Epilepsy Rats from 
Strasbourg (GAERS) are a selected inbred strain of Wistar rats developed in 

* Filiz Yilmaz Onat, Marmara University, School of Medicine, Istanbul, Turkey, 34668. Esat E§kazan, 
Emeritus, Istanbul University, Cerrahpa§a Medical School, Istanbul, Turkey, 34303. Rezzan Aker, 
Marmara University, School of Medicine, Istanbul, Turkey, 34668. 

3r7 



38 ONAT ETAL 

Strasbourg by Vergnes et alJ' GAERS is a well defined animal model of absence 
epilepsy sharing with humans many pharmacological and clinical characteristics of 
typical absences.'^ 

In the present study, we aimed to explore the progression of kindling in GAERS 
in the first part. The second part of the study was designed to investigate the effect of 
suppression of absence seizures on kindling development in GAERS. 

2. MATERIALS AND METHODS 

Experiments were carried out with non-epileptic control Wistar rats and GAERS 
aged 4-10 months. The animals were housed in a temperature-controlled room (20 ± 
3 C) with a 12-h light:dark cycle. All animals were allowed free access to 
commercial rat pellets and tap water. The rats were housed in groups of four per 
cage. The experimental protocol was approved by the Animal Care and Use 
Committee of Marmara University (14.2003.Mar). 

2.1. Surgery 

One week before the kindling experiments, the animals were anesthetized with 
ketamine (100 mg/kg, intraperitoneally (i.p.)) and chlorpromazine (0.5 mg/kg, i.p.). 
The head of each animal was placed in a stereotaxic instrument (Stocking Model 
51600). The scalp was longitudinally incised, and the skull was leveled between 
lambda and bregma. Bipolar twisted stainless-steel electrodes insulated except at the 
tip for stimulation and recording were implanted bilaterally into the right and left 
basolateral amygdala (2.6 mm posterior, 4.8 mm lateral and 8.5 mm ventral from the 
bregma). Coordinates were obtained from the stereotaxic atlas of Paxinos and 
Watson,*^ and bregma was used as the reference point. Stainless steel screws were 
used for extradural ground and recording electrodes; they were placed bilaterally in 
the skull over the frontal and occipital cortices. Electrodes were connected by 
insulated wires to a microconnector for EEG recordings and were fixed to the skull 
with dental acrylic. Animals were allowed to recover from surgery for at least 7 days 
before stimulation. 

2.2. Kindling 

On the day of the experiment, the animals were placed in the plexiglass cages. 
Following a one hr stabilization period, basal EEG was recorded for 30 min. Then, to 
determine the afterdischarge threshold, the rats were stimulated with an initial 
stimulus of 50 |iA (biphasic square wave pulses of 80 Hz, each 1 msec in duration, 
for a total duration of 2 seconds) and continued with 50 |iA increments until an initial 
afterdischarge was obtained. The nucleus of the basolateral amygdala (BLA) was 
stimulated twice daily at the current afterdischarge threshold. Seizure stages observed 
after each stimulus were classified using Racine's^ standard 5-stage scale: Stage 1, 
facial movements; stage 2, rhythmic head movements, head nodding; stage 3, 
unilateral forelimb clonus; stage 4, bilateral forelimb clonus and rearing; stage 5, 
falling and tonic-clonic convulsion. If none of the animals reached stage 5 seizures in 
kindling development groups, electrical stimulation was terminated following the 25* 
stimulus. Thus the maximum number of stimulations was 25 in both groups. 
Electrical activity in the stimulated region, contralateral amygdale, and cortex were 
recorded with a PowerLab System before and after each stimulus. Afterdischarge 
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duration was the total duration of spikes in the EEG of the BLA electrode, including 
the stimulation period. 

2.3. Experimental protocol 

2.3. L Experiment 1 

Kindling was performed in Wistar control animals (n=ll) and GAERS (n=10). 
Electrical activity of the stimulated region, contralateral amygdale, and cortex was 
amplified (through BioAmp ML 136) and recorded with a PowerLab 8S System 
running Chart v.5, (ADI Instruments U.K.) before and after each stimulus 

2.3.2. Experiment 2 

Kindling was performed in GAERS pretreated with ethosuximide at the dose of 
100 mg/kg (n=9). After the recording of basal spike-wave activity on the EEG in 
GAERS, the initial afterdischarge threshold was determined on the first day of the 
experiment. Then, animals received ethosuximide in order to evaluate the effect of 
suppression of absence seizures on behavioral seizure severity and afterdischarge 
duration. EEG from the left and right frontoparietal cortices was recorded in GAERS 
for 20 min before and 1 hr after ethosuximide injection, and for 20 min after the 
kindling stimulus. 

2.4. Drugs 

Ethosuximide was obtained from Sigma Chemical Company and dissolved in 
saline. Ketamine and chlorpromazine were kindly provided by Eczaciba§i A.§., 
Turkey. Ethosuximide was administered in a volume of 1 ml/kg and delivered i.p. 1 
hr before each electrical stimulation. 

2.5. Histological verification 

Following experiments, the animals were decapitated to determine electrode 
placements. The brains were placed in a formaline/sucrose mixture and 50 \xm thick 
frozen sections were taken by a cryostat and stained with thionine. Only the animals 
with correct electrode placements were included in the study. 

2.5. Data analysis 

The results were expressed as "mean ± S.E.M." Data were statistically evaluated 
by repeated measures analysis of variance followed by post-hoc Tukey's multiple 
comparison test to analyse the change in a treatment group. Two-way ANOVA 
followed by post-hoc Bonferroni test was used to compare differences in means of 
different groups. The level of statistical significance was considered to be p < 0.05 
and p< 0.01. 
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Table 1. Mean afterdischarge threshold intensities in Wistar, GAERS 
and GAERS pretreated with ethosuximide 100 mg/kg, i.p. (GEK 100) 
groups^ 

Afterdischarge 
threshold (^A) 

WISTAR 

158.3 ±25.34 

GAERS 

122.5 ±11.46 

GEK 100 

150± 11.79 

" Data are expressed as mean ± SEM. There is no statiscally significant difference between 
the groups by one-way ANOVA. 

3. RESULTS 

3.1. Kindling in Wistar control animals and GAERS 

The mean baseline afterdischarge threshold of the Wistar control group was not 
significantly different than that seen in the GAERS group, as shown in Table 1. In 
response to afterdischarge threshold stimulation during the early phase of kindling, 
no differences emerged in reaching stage 2 seizures in the Wistar and GAERS groups 
(Fig 1). The mean number of stimulations for the development of the first stage 5 
seizure was 12.5 ± 0.6 and the mean duration of afterdischarges during the first stage 
5 seizure was 37.2 ±5.4 sec in non-epileptic Wistar animals. In contrast to the motor 
and generalized seizures of Wistar rats, GAERS never showed stage 3, 4, or 5 
seizures after application of 25 stimulations (Fig 1). Therefore, all GAERS were 
stimulated until the maximum number of stimulations (25) was reached. Two-way 
ANOVA revealed a significant difference between the Wistar and the GAERS 
groups (p < 0.01). Afterdischarge durations in the GAERS group were significantly 
shorter than those seen in Wistar control animals (p < 0.01; Fig. 2). 

3.1. Kindling in GAERS pretreated with ethosuximide 

Ethosuximide did not have any significant effect on the mean baseline 
afterdischarge threshold (Table 1). The mean seizure stages were 2.7 ± 0.2 and 2.6 ± 
0.2 at the 15*̂  and 20*̂  stimulations, respectively, in GAERS pretreated with 100 
mg/kg of ethosuximide, (Fig 1). As shown in Fig. 3, even though ethosuximide 
effectively suppressed both spike-wave activity on the EEG and behavioral 
manifestations of absence epilepsy, the group did not progress to the stage 5 
generalized seizure state, even after 25 stimulations, compared to Wistar control 
animals. On the other hand, some increase in afterdischarge duration was observed in 
the ethosuximide group (Fig. 2). 

4. DISCUSSION 

In the first part of our study, only non-epileptic control animals reached a stage 5 
generalized convulsive seizure state, while GAERS failed to progress beyond stage 2, 
even after 25 kindling stimulations. However, the occurrence of focal afterdischarge 
and the speed of development to a stage 2 seizure state were similar in Wistar control 
and GAERS groups, indicating that absence seizures do not affect the initiafion of 
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Figure 1. The effect of repeated kindling stimulation on seizure stage in control Wistar, GAERS, and 
GAERS pretreated with 100 mg/kg ethosuximide i.p. (GEK 100) groups. Data are expressed as 
mean±SEM. ***P<0.001, significant differences between GAERS and GEK 100 groups in comparison to 
Wistar group by two-way ANOVA with post-hoc Bonferonni test. + All animals in the Wistar group 
reached stage 5 seizure state at the 16'*̂  stimulation, and they did not receive further stimulations; the bars 
on 18-21-24 and 25* stimulations are replicates of 16"' stimulus data. 

cm WISTAR^ 
GEK 100 
GAERS 

Number of Stimulation 

Figure 2. The effect of repeated kindling stimulation on afterdischarge duration in control Wistar, 
GAERS and GAERS pretreated with 100 mg/kg ethosuximide i.p. (GEK 100) groups. Data are expressed 
as mean±SEM. *P<0.05, significant differences of GAERS group in comparison to Wistar group by two-
way ANOVA with post-hoc Bonferonni test. + All animals in the Wistar group reached stage 5 seizure 
state at the 16* stimulation and they did not receive further stimulations; the bars on 18-21-24 and 25* 
stimulations are replicates of 16* stimulus data. 
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Figure 3. The eflfect of 100 mg/kg i.p. injection of ethosuximide on spike-wave discharge duration (SWD). 
The first column shows the basal cumulative SWD at the T* day of the experiments before the first 
stimulus and ethosuximide injection. The second column shows SWD between 40-60 min after 
ethosuximide injection, which is before the stimulation. The third column shows SWD after electrical 
stimulation. The last column shows SWD before the first daily injection of ethosuximide. Data are 
expressed as mean±SEM. ••p<0.01, •••p<0.001, significant differences compared to basal period by 
repeated meseaures ANOVA with post-hoc Tukey's multiple comparison test. 

limbic partial non-motor seizures. In our laboratory, it was previously reported̂ "* that 
afterdischarge durations in the cortex of non-epileptic Wistar rats and GAERS at the 
15th stimulation were 42.0 ± 4.3 and 26.1 ±3.5 sec, respectively, as shown in Fig. 4. 
Taken together, the failure to develop stage 3-5 seizures and the short afterdischarge 
durations in the GAERS group in spite of repeated daily electrical stimulation 
suggests that an inhibitory mechanism might be involved in the transformation of a 
limbic focal seizure to motor and generalized seizures in rats with absence epilepsy. 
The reason for failure in response to amygdaloid electrical kindling in GAERS is 
likely related to neural networks involved in absence epilepsy. Though the 
importance of the reciprocal thalamocortical network in absence epilepsy has long 
been accepted, there is little evidence indicating the involvement of limbic structures. 
Metabolic activity, as measured by local rates of glucose utilization, was found to be 
increased in limbic structures of GAERS including the hippocampus.̂ ^ Likewise, in a 
very recent study in which the glutamate neurotransmitter content of the 
hippocampus of GAERS was determined using an immunocytochemical technique at 
the electron microscopic level, glutamate density was found to be significantly 
increased compared to the control group.'^ These results are in agreement with the 
study reported by Richards et al.,'^ showing an increased basal hippocampal 
extracellular glutamate levels in GAERS. Besides the involvement of limbic 
structures in the genetic absence epilepsy model, the evidence for involvement of the 
thalamus in limbic seizure activity was also obtained from a number of studies,'^' 
including thalamic hypometabolism ipsilateral to the abnormal temporal lobe on 
positron 
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Figure 4 EEG recordings of non-epileptic Wistar control rat (A) and GAERS (B) LC, left cortex, LA; 
left amygdala, RC; right cortex, RA; right amygdala (with permission from E§kazan et al"*). 

emission tomography scan in humans and thalamic stimulation-induced epileptiform 
responses in the hippocampus.^° Additionally, a recent report of changes specifically 
in the human dorsal medial thalamus indicated glucose and [''C]flumazenil positron 
emission tomography abnormalities in thalamic nuclei in mesial temporal lobe 
epilepsy. *̂ Interestingly, Nanobashvili et aP^ reported that costimulation of the 
thalamic reticular nucleus during hippocampal kindling stimulation reduced the 
number and the duration of generalized convulsions. They concluded that thalamic 
reticular nucleus stimulations suppressed limbic motor seizures in hippocampal 
kindling and provided a new approach for seizure control in temporal lobe epilepsy. 
Moreover, in patients with partial complex seizures, a significant decrease in 
generalized tonic-clonic convulsions was observed in a long-term study with 
electrical stimulation of the centromedian thalamic nucleus, suggesting the 
propagation of epileptic activities using the thalamic nuclei and/or diffuse thalamic 
projection system.̂ ^ Even though the mechanism by which electrical stimulation of 
the centromedian thalamic nucleus induced seizure control is still a matter of 
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speculation, the centromedian thalamic nucleus seems to be involved in the tonic-
clonic component of primary generalized seizures. Further studies are required to 
determine the mechanisms for prevention of generalized convulsions in humans with 
partial complex seizures and for prevention of generalization of limbic focal activity 
in rats receiving thalamic reticular nucleus stimulation during the kindling process. 
Therefore, kindling in GAERS is highly suitable to study the mechanisms involved in 
the propagation and generalization of seizure activity for the convulsive and non-
convulsive components of epilepsy as well as thalamo-limbic interaction. 

In our study, failure in provoking convulsive seizures in GAERS might be 
related to strain differences in the ability of the electrical stimulus to initiate 
generalization. Likewise, a study of rats with fast or slow amygdala kindling rates 
resulted in selective breeding of seizure-prone (Fast) vs. seizure-resistant (Slow) rat 
strains based on their rates of kindling.^' ^̂  Moreover, selective breeding of rats to 
produce Fast vs. Slow kindling revealed differential sensitivity to three different 
GABAergic antagonists, pentylenetetrazol, bicuculline and picrotoxin.^^ This type of 
paradoxical response to GABAergic inhibitors has been seen in GAERS when 
compared to non-epileptic control rats. Injection of the G A B A A receptor antagonists 
bicuculline, picrotoxin, and inverse agonists of the benzodiazepine site induced 
myoclonic spike-wave activity followed by clonic or tonic-clonic seizures with 
paroxysmal activity on the cortical EEG.̂ ^ In contrast, GAERS were less susceptible 
than non-epileptic animals to the tonic-clonic convulsions induced by other 
GABAergic inhibitors, including inhibitors of glutamate decarboxylase, isoniazide 
and 3-mercaptopropionic acid. In fact, rats with genetic absence epilepsy can be 
accepted as a kindling-resistant strain due to the failure of partial seizures to develop 
into more complex forms such as the secondarily generalized convulsive form. 

In the second part of our study, we hypothesized that suppression of absence 
seizures may give rise to stage 3-5 seizures, assuming that the neural network 
involved in absence epilepsy may act as an inhibitor on the generalization of 
amygdala kindling seizures. Therefore, an agent which is not effective against 
generalized tonic-clonic and partial seizures but very effective against absence 
seizures should be chosen for this purpose. Among the therapeutic antiepileptic 
agents, ethosuximide is the only drug with an indication restricted to absence-type 
seizures. In addition to its effectiveness as the anti-absence seizure medication, 
ethosuximide has been reported to be ineffective against kindled amygdaloid seizures 
in rats, except for neurotoxic doses such as 400 mg/kg.̂ '̂ ^̂  Other agents such as 
diazepam and valproate are used in absence seizures as well as in generalized tonic-
clonic and partial seizures. Our finding that 100 mg/kg of ethosuximide was an 
effective anti-absence dose confirmed previous studies showing that ethosuximide 
readily crosses the blood-brain barrier and is evenly distributed within rat brain 
regions.̂ ^ Interestingly, although systemic administration of ethosuximide effectively 
suppressed behavioral and spike-wave activities in the EEG, only five animals out of 
nine reached the stage 3 seizure state, suggesting that absence seizures partially 
explain the resistance to kindling generalization. Additionally, the observation of no 
stage 5 seizures in GAERS pretreated with ethosuximide suggested that ethosuximide 
by itself may be the reason for the resistance in the secondary generalization of 
limbic seizures during amygdala kindling in GAERS. Therefore, the effect of 
ethosuximide on kindling needs further investigation in non-epileptic control rats. 

In conclusion, the occurrence of only stage 1-2 seizures and no observation of 
stage 3-5 seizures in GAERS with the maximum number of stimulations would 
suggest that a mechanism underlying generalized absence epilepsy may be the reason 
for the resistance in the secondary generalization of limbic seizures during amygdala 
kindling. The results of the present study demonstrating resistance to propagation of 
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kindled seizures in rats with genetic absence epilepsy are consistent with and expand 
on previous reports indicating that the neuronal mechanisms of absence epilepsy are 
distinctly different from convulsive events. Additionally, the failure to progress to 
generalized convulsions in GAERS pretreated with ethosuximide suggests that the 
development of kindled seizure stages seems to be independent of spike-wave 
activity in GAERS. Additional interrelated studies with different doses of 
ethosuximide and other antiepileptic agents may prove to be of value in studying the 
antagonistic effect of absence seizure mechanisms on limbic seizure generalization. 
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Discussion 

Leung: GABA3 receptor antagonists are good for treating absence seizures and in 
certain models, but they also can promote focal or partial seizures. In the inverse, in 
the GAERS , we don't know the exact genetic constitution, but I was about to 
suggest that GABAB receptors are over-expressed or over-functioning, and if you 
give a GABAB antagonist maybe you can have kindling proceed in the GAERS rat. 
Onat: That is true, it is another possibility for further study. But you know that there 
are different types of GABAB antagonists, and their behavior is different than the 
others. So there is no easy way to study this. 
Leung: It also is not easy because the antagonists themselves would provoke partial 
seizures. You would have to give a dose that is low enough that it would not induce 
the seizure itself and then kindle. 
Buzsaki: Spike induced epilepsy is strain age and sex dependent; so perhaps one way 
of avoiding the drug effect is looking at animals before 1 month of age when there is 
no spike-wave activity. Another problem is that in breeding situations many genes 
co-segregate so we do really know what is happening here, whether the spike wave 
pattern and its associated pharmacology is the key factor. So it might be worth 
looking at other strains such as the WAG strain from the Netherlands and to see if 
you have the same pattern before you do anything else. 
Onat: Very interesting comment. We are doing the same study in WAG/Rij rats. As 
you mentioned, the WAG/Rij strain of rats is derived from the Netherlands. The 
results are partially different from those in GAERS. 
Avanzini: I think that these are very interesting data. I think that you should stress 
that not only are generalized seizure physiologically different from focal seizure, but 
nonconvulsive generalized absence seizures may have a different physiology, making 
interpretation difficult. I think your plan to use euthoseximide also in controls is 
mandatory. Speaking about euthoseximide, if if is true that its main mechanism of 
action is on low threshold calcium current, then you can influence other areas where 
this current is expressed. The interpretation may be complicated, but the 
demonstration that there is somehow a kind of alternative effect between the 
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mechanism of generalized, non-convulsion and kindled seizure. I think is a very 
important demonstration. 
Post: In the clinical situation, how does the combination of the two seizure types 
play out? 
Onat: Generalized convulsions coexisting with partial seizures in absence epilepsy 
patients are rare. But I think that we need more epidemiological data. Recently there 
is a paper saying that the coexistence of partial seizures in absence epilepsy or 
absence seizures in partial seizures is very rare. 
Moshe: We will have the answer in four or five years. There is a new NINDS-
funded study that Tracey Glauser (PI) is doing at this point. We are going to look at 
all the kids with absence seizures. There are several hospitals involved and we will 
have the EEGs. My task is to look at the EEGs, and we will find out how often partial 
seizures may occur, because we have a very detailed approach, trying even to figure 
whether the classical 3Hz spike wave discharge is indeed the sine que non in absence 
epilepsy. 



PENTYLENETETRAZOL-INDUCED KINDLING 
AS A MODEL OF ABSENCE AND CONVULSIVE 

FORMS OF EPILEPSY 

Alexey A.Shandra, Leonid S.Godlevsky* 

I. INTRODUCTION 

The electrically and chemically induced kindling is a model of human epilepsy. 
Whereas the electrical kindling is regarded as a model of complex partial 
epilepsy,''̂ '̂  the chemical kindling '̂̂  is a model of primary generalized epilepsy.^ 
Although pentylenetetrazol (PTZ) kindling has often been used to explore the 
mechanisms of seizure genesis and neurobehavioral and neurophysiological 
consequences of seizures, limited attention was paid to the contribution of this model 
in the mechanisms of the generalized nonconvulsive epilepsy- absence model.̂ "'̂  
Meanwhile, complex evaluation of this model should be performed as far as 
divergent and even opposite mechanisms of epileptogenesis might be suspected in 
the course of generalized absence and convulsive stages of PTZ-kindling. Thus, first 
one is characterized by absence- like manifestations (spike-wave discharges (SWD)-
bursts) and is supported by hyperexcitable state of all cortical neurons, including 
inhibitory ones, while receptors of GABA are preserved and their hyperactivation is 
resulted in typical generalized spike- wave generation.'̂ "^^ Further increasing of 
epileptogenic stimuli is followed by collapse of GABA control, and precipitation of 
generalized seizures as a result. 

That is why the aim of the present work was to perform systematical 
investigation on the peculiarities of different stages of kindling development. 
Namely, early precipitated absence- like generalized manifestations and final 
convulsive stage were in focus of attention. 

In accordance to the velocity of kindling development all rats were subdivided 
into two subpopulations.̂ ^ Thus, more numerous first group (70%) was characterized 
by the rapid appearance of generalized seizures, which were pronounced already after 
10-12 PTZ injections. The second one was characterized as relatively resistant one to 
kindled motor seizures precipitation. In this group myoclonic jerks and seizure 
twitches were induced only after 14-15 administrations of epileptogen, and 
generalized convulsions were not induced despite prolonged periods of PTZ 
administrations. 
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Figure.l. Spike-wave discharges induced by PTZ in left (lead 1) and right (lead 2) hemispheres. 
Notes. 30 min from the moment of PTZ (25,0 mg/kg, i.p.) administration. Bipolar fronto- occipital 
registration was explored. 
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Figure 2. Dynamics of SWD characteristics in the course of repeated PTZ administrations in rats prone to 
demonstrate absence- like manifestations. 

2. KINDLING OF ABSENCE MECHANISMS OF THE BRAIN 

Investigations of SWD dynamics in the course of subthreshold PTZ 
administrations (25,0 mg/rg, i.p.) revealed that first 1-3 injections induced typical 
SWD with frequency of potentials of 6-9/s, and short duration (from 1,5 up to 3,5 s) 
(Fig.l). SWD precipitations were followed by subtle manifestations, which compose 
a typical number of "minor signs''̂ ''̂ ^ of absence epilepsy. Namely, freezing of 
animals along with tremor of vibrisses, staring, tilting of head and slight breathing 
acceleration were noted. 

Starting from the 8̂^ PTZ administration the duration of SWD bursts 
significantly exceeded that one registered after second epileptogen injection - by 
41,0% (F(l,16)=8,06, P=0,013) (Fig. 2). It is of worth to note that consequent 
epileptogen administrations were also effective with respect of prolongation of the 
SWD bursts (Fig. 2), and after 14̂*" administration the investigated index was greater 
by 49,7% when compared with that one registered after 2^ epileptogen injection 
(F(l,14)=7,87, P=0,014). At the same time, frequency of SWD was "saturated" after 
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8 injections of epileptogen and maintained at the relatively stable level during 
consequent PTZ administrations. 

The increasing of the number of PTZ administration was followed by the 
prolongation of the total time of SWD bursts registration (Fig. 3). Thus, duration of 
SWD registration after 8**̂  PTZ administration was greater by 49,5% when compared 
with the life-span of bursts after 4* epileptogen injection (F(l,14)=6,39, P=0,024) 
(Fig. 3). After 12**" administration the investigated index was greater than after 8* 
administration by 27,1% (F=(l,14)=4,59, P=0,046). 

Obtained data permitted to come to the conclusion that, as a consequence of 
repeated administrations of subthreshold dosage of PTZ, the significant enlargement 
of the SWD bursts along with the increasing of their life- span were registered. These 
facts are in favor for the some sort of kindling of absence mechanisms at the initial 
stage of kindling in those rats, which were prone to demonstrate postponed 
precipitation of generalized convulsions. 

Heightened seizure susceptibility after drug-free period is quite characteristic 
feature of the kindling.̂ ^ Renovated seizures are of greater severity, longevity and are 
resistant to different forms of antiepileptic treatment.̂ '̂̂ "̂  

Subthreshold PTZ administration, which was performed in 14 days from the last 
epileptogen injection drastically - by two times increased the life- span of induced 
SWD, when compared with the similar index before drug- free period (H=10,576, 
P=0,001, Kruskal- Wallis test). The average duration of SWD bursts and frequency 
of their generation achieved significant differences with the control in 60 and 90 min 
correspondently from the moment of PTZ administration, and differences were kept 
till the end of observation. Behavioral disturbances, registered in the course of 
prolonged bursts of SWD were typical for absence-like manifestations. 

Hence, gained data are in favor for the induction of kindling - like process with 
regard to absence mechanisms of the brain. All principal features of the kindling 
were identified in the course of the dynamics of SWD bursts induced with PTZ in 
rats, which were initially prone to demonstrate absence form of kindling. Namely, 
increasing of duration and frequency of SWD, increasing of life-span of SWD, 
increasing of EcoG manifestation after period free from epileptogen administrations. 
Interictal behavior of animals, determined in learning tasks was not differing from 
that one of intact animals. 

PTZ - injections 

Figure 3. Life-span of SWD bursts registered after corresponded number of PTZ administration (abscissa). 
Minutes are marked on ordinate.•-P<0,05 vs first and #-P<0,05 vs. second column. 
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Figure 4. Dynamics of duration and frequency of PTZ- induced SWD bursts after two weeks drug- free 
period (A), and total period of SWD bursts generation (B). 
Notes ordinate- investigated indices in percents pertained to those ones in proper control groups taken as 
100%. 
#-P<0,05; ##-P<0,01; ###-P<0,001 in comparison with the control (ANOVA + Newmann- Keuls test). 

2.1 Some Neurophysiological Data on Absence Stage of Kindling 

The conception on thalamo-cortical genesis of SWD compose the basis for the 
absence - like mechanisms analysis.'̂ "'̂ '̂ ''̂ ^"^^ From this point of view it is of interest 
to investigate the peculiarities of this system functional state under conditions of 
modulative influences on thalamic and cortical neurons from distantly located 
structures. Taking into consideration the intensive connections between nucleus 
dentatus and motor relay thalamic nuclei, involved into generation of SWD, it might 
be supposed that some forms of neuroplastic changes in these pathways might be in 
charge for the modulation of absence- like electrographic manifestations. 

We showed that the threshold of locomotor reaction induced through nucleus 
dentatus ES in rats, which did not demonstrate convulsions after prolonged PTZ 
administrations was 286,6 fiA, (with a range from 80,0 to 400,0 \xA). Rats with 
generalized seizures precipitated after 12-15 PTZ injections had threshold lower 
when compared with absence kindled animals (172,0 [lA, with a range from 40,0 to 
400,0 |iA) (T=2,060, P=0,039, Mann-Whitney test). Besides, it was established that 
bilateral destruction of nucleus dentatus was followed by intensive PTZ kindling 
formation. Namely, more pronounced with regard to frequency and duration SWD 
were observed during "shortened" first (absence) stage of kindling (Fig. 5). 

Intensification of the early stage of PTZ kindling in rats with destructions of 
nucleus dentatus might be explained by the deafferentation of thalamic nuclei, which 
resulted in heightened excitation in thalamo- cortical neuronal circuits. Such theory 
of thalamic deafferentation represents the general concept for absence epilepsy 
origin.^^" 
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Figure 5. Increased SWD characteristics in "absence kindled" rats after bilateral destruction of nucleus 
dentatus. 
Notes A- 30 min after 12"" PTZ administration, B- 30 mm after PTZ admmistration. Bipolar recordings of 
EcoG m left frontal cortex was explored. 
C ordinate- investigated indices m percents pertained to those ones in proper control groups taken as 
100% 
#-P<0,05; ##-P<0,01 m comparison with the control (ANOVA + Newmann- Keuls test). 

Hence, gained data permit to assume that the difficulties of achievement of 
locomotor component in rats, which are not prone to demonstrate convulsive stage of 
kindling, might be explained by the fact of prevalence of inhibition on the ways of 
spreading of efferent impulses from nucleus dentatus. It might be assumed that 
proneness of these rats to display absence seizures manifestations is in great part a 
result of spinal "gate" control/ filtration of descending motor drives. It also might be 
supposed that not only cortico-thalamic mechanisms, but spinal ones as well are 
contributive to precipitation of absence seizures. In both cases role of cerebellar 
structures is not excluded. 

Considering the possible role of cerebellum in absence epilepsy development it 
should be noted that an increase of the cerebellar activity might be in charge for the 
arrest of locomotor activity, tremor precipitation, staring, eyeball niystagm-like 
movement, and autonomic system activation- breathing acceleration as well. The 
timely developed locking out of cortical function might be induced by hyper 
functional state of cerebellar structures and precipitation of short-time extraordinary 
inhibitory influences upon sensorimotor cortex. 
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3. CONVULSIVE MANIFESTATION IN KINDLED ANIMALS 

In those animals, which were prone to demonstrate convulsive kindling the 
myoclonic seizures were noted in 8-12 days of PTZ administrations. The high-
amplitude spike discharges and SWD bursts were registered that time as well (Fig. 
6). The appearance in EEG, which were composed in prolonged rhythmic discharges 
periods with a life-span of 8-25 seconds and mean frequency of 3-6/ s (Fig. 6, D), the 
fits of generalized seizures were seen, which encompassed the forelimbs and trunk. 
The complete absence of SWD was noted during such generalized seizures. The 
further heightening of the frequency of discharges up to 6-10 per second was 
followed by the increase of the severity of seizure fits. Hence, repeated generalized 
clonic- tonic fits were registered with a range of longevity from 8-20 up to 300- 360 
seconds.̂ '̂ ̂ ^ The postseizure depression was registered as well. 

In 25% of animals with PTZ induced kindling the repeated seizure fits were 
registered. The intensity and duration of such fits were less as a rule when compared 
with the previous seizure manifestations. Our data are in favor for the shortening of 
the latency of first seizures in response to testing dosage of PTZ. Hence, latent period 
of first seizures was shortened from 8,9+ 0,8 min after first epileptogen 
administration up to 4,1+ 0,2 min after 20**̂  administration of PTZ (F(l,28)=33,88, 
P<0,001). The latency of generalized seizure fits was also shortened from 12,6+ 0,6 
up to 7,4+ 0,3 min (F(l,28)=67,22, P<0,001). 
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Figure 6. The changes of electrical activity m rat brain at seizure stage of PTZ kindhng development. 
Notes A- before PTZ administration, B-, C- and D- after 10^ 16^ and 20'** PTZ administrations (25,0 
mg/kg, i.p.). First- time developed generalized convulsions are presented. 1-, and 2- frontal cortex of left 
and right hemispheres; 3-, and 4- ventral hippocampus of left and right hemispheres. 
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To determine whether the pattern of onset changed with progressive seizure fits, 
we evaluated the percentage of focal- and diffuse- onset at each of the seizure fits. 
For the first seizure fits only 34% of the seizures had diffuse onset, for the tenth 
seizure fits - however, 65% had a diffuse onset. A regression analysis showed clear 
tendency for the later seizure fits to have more diffuse onset in comparison with the 
early stage. 

When the stage of full kindling was achieved, widely spread character of 
epileptiform activity generation was met more frequently, and this fact was in favor 
for the network nature of observed phenomena. On the ES model of kindling 
although the focal onset of seizures was more common during the early stages of 
recovery."̂ ^ That might be due to not fully established connections, whereas diffuse 
seizure onset was clearly the most common pattern in the fully kindled mature 
state.̂ o-̂ " 

Bilateral hippocampal destructions did not significantly affect the early stage of 
kindling but significantly postponed the precipitation of convulsive manifestations of 
kindling (Fig. 7). The intensity and duration of seizure fits were reduced in 
comparison with the corresponded control data. The heightened susceptibility, which 
was achieved in the course of kindling in animals with destroyed hippocampus was 
preserved during shorter period of time when compared with the control. Such facts 
are in favor for the role of hippocampus as a structure involved in maintenance of 
raised seizure susceptibility once full kindled state was achieved. 

Investigations on the hippocampal slices revealed that PTZ-induced kindling is 
the form of appearance of evoked potentials and extra potentials in the system of 
pyramidal hippocampal neurons as a response to Shaffer collaterals electrical 
stimulations. (Fig 8). 

3 6 9 12 15 18 

^ control rats (without hippocampal destruction) 
^ experimental rats 

21 3PTZ 
free weeks 

POSTKINDLING 

Figure 7 Effects of hippocampal destruction upon PTZ kindling development. 
Abscissa number of PTZ injections 
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The extra PC observed in this work '̂ has been reported in literature later both in 
vivo and in vitro.^^'^^ Stringer^^ showed a double populational spike (PS) in 
hippocampal CAl after systemic application of PTZ. Barkel et al.̂ ^ have shown 
paroxysmal field potential in neocortical slices after PTZ kindling. Fatholahi et al.̂ "*'̂ ^ 
reported the appearance of a PS or two in CAl of hippocampal slices after PTZ 
kindling. Hence, the appearance of extra PS is in favor for enhanced excitation, 
which is developed in CAl during kindling. It might be that activation of 
hyperexcitable neuronal population is able for self-maintenance of excitation after 
cessation of stimulation. Such mechanism is in good correspondence with the 
reduced threshold for PS appearance in CAl after Shaffer collaterals stimulation in 
PTZ kindled rats. Rocha et al.̂ ^ found that extracellular levels of glutamate and 
aspartate are elevated following a single administration of subconvulsive dose of 
PTZ. Such evidence suggests that PTZ- induced kindling involves the activation of 
excitatory aminoacid system from the beginning of the epileptogenic process. 

4. CONCLUSION 

It should be stressed that if the early stage of PTZ kindling might be regarded 
as a model of absence - like seizure syndrome, and might be explained, at least 
partially by plastic changes in thalamo-cortical neuronal loops, the late stage of PTZ 
kindling is characterized by the 

M 
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Figure 8. The evoked potentials pattern in the control (1) and experimental (2) hippocampal slices 
stimulated by the current of the different intensity.-" 
Notes: a- power of stimulation is 9 \xK, b-14 l̂A; c- 20 jaA. 

precipitation of generalized clonic- tonic fits and only limbic structures are 
mentioned as contributive.̂ ''̂ ''̂ "^^ Hence, "shifting" of responsible structures is 
regarded as a key element of seizure development. It might be also that such limbic 
structures involvement is critical for overcoming of all controlling systems on the 
stage of output of signals and creating of widely spread network system of 
epileptogenesis. It looks reasonable to discuss "on" and "off character of thalamo-
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limbic relationships as a basis for subdivision of animals on prone and not prone to 
display full- developed kindling.̂ ^ 

It should be to mention that high tonic state of endogenous inhibitory 
mechanisms of the brain are responsible for the behavioral kindled disturbances.̂ '̂ ^̂  
The same or similar conception is applicable for the absence- stage of epilepsy, 
which is characterized by heightened excitability of cortical inhibitory neurons.̂ ^'^ 
Obtained data, which are in favor for the kindling of absence mechanisms, and which 
are in correspondence with other authors data"̂ ' suggest that cortical endogenous 
inhibition might be raised at the early stage of PTZ kindling, representing the 
substantional mechanism of kindling. Besides, in this direction those facts derived 
from neurochemistry/neuropharmacology, namely, ability of GAB A to induce 
epileptogenesis in the course of repeated (kindling- like) administrations,"*^ might be 
enriched with neurophysiological sense. 

Taking into consideration that cortical inhibition is induced secondarily, in most 
general perspective kindling serves for the substitution of the concept of "single 
epileptic neuron" on concept of "neuronal chain" as a basis of brain 
epileptogenesis."*^ 
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Discussion 

Schwartzkroin: You showed that lesions of dorsal hippocampus reduce the intensity 
of kindled seizure activity, but you also said that seizure initiation was likely to be 
associated with the ventral hippocampus. Have you done lesions of the ventral 
hippocampus to look at effects on seizure activity? 
Shandra: This is an important question, because many studies have shown that the 
seizure thresholds of ventral and dorsal hippocampus are different. We will continue 
with lesions of the ventral hippocampus and will study the effect on kindling 
development. 
Onat: My study is parallel to your results. I didn't show our spike and wave 
discharges results after electrical stimulation in kindling development. As you 
showed, AD duration after electrical stimulation increased immediately, and it was 
within 10 minutes after electrical stimulation in our study. This is parallel to your 
results. Secondly, Pinault (from Strasbourg) showed that substania nigra exerts 
remote control in the generation of the spike wave discharge. Maybe the substania 
nigra can be the next possible study for you in the future 
Shandra: Indeed, several minutes elapsed between administration of PTZ and 
precipitation of epileptiform phenomena, and in this sense chemical kindling 
resembles kindling induced by electrical stimulation. I cannot comment on the 
absence of SWD during the course of electrical kindling, but, as I suggested in my 
presentation, the "shifting" from thalamic to limbic mechanisms during seizure 
precipitation might be of significance. Hence, electrical stimulation of the amygdala 
might be regarded as direct induction of the "final stage" of kindling. That is why 
appearance of SWD is hardly to be expected. Concerning the substantia nigra, its 
role in generalized forms of seizure is quite well known. Modulation of SWD by 
substantia nigra might have an impact on generalization of both seizure and non-
seizure activity in the brain. Hence ascending control, which might be realized via 
modulation of thalamic nuclei and might be mediated primarily by substantia nigra, 
deserves further exploration. In any case, such effects should be interpreted along 
with the primary role played by cortical neurons in genesis of SWD. 
Buzsaki: Counting the incidences of spike waves is not very trivial, especially when 
you would like to compare across lesion groups or pharmacological treatment groups. 
The reason is spike waves only appear when the animal is immobile. You 
mentioned, for example, that the lesion of the cerebellum altered the number of spike 
waves. The question is whether this is a direct effect or is mediated through 
behavior, because every single treatment that makes the animal move will prevent the 
occurrence of spike waves. This has to be disassociated; otherwise we don't get 
closer to the mechanism that we are investigating. Having said that, I would like to 
ask you, whether development of spike waves and the increased susceptibility to 
seizures are connected or develop independently. 
Shandra: We have discussed the continuously increasing incidence of SWD in the 
course of PTZ administration from the perspective that deafferentation is responsible 
for the increase in seizure susceptibility. Hence, for a very short time (comparable to 
the life span of SWD burst), the net susceptibility of cortical neurons is expected 
mainly to be decreased, in so far as waves are prevalent over spikes. Also 
deafferentation per se is happening during this period. Later on, in the interictal 
state, an increase in susceptibility is expected. Hence the phenomena mentioned are 
divided with regard to the time course of their precipitation. But. From my point of 
view, they are mutually interdependent. For a better understanding of this question, 
measurement of seizure thresholds in a very precise fashion is recommended. 



SODIUM CURRENT PROPERTIES IN 
DIFFERENT MODELS OF EPILEPSY 
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1. INTRODUCTION 

The voltage dependent sodium current determines the upstroke of the action 
potential, and it is therefore one of the determinant factors for neuronal excitability. The 
steep voltage dependence of activation as well as inactivation in combination with its fast 
kinetics imply that even relatively small changes in sodium current properties will have a 
significant influence on, for example, cell firing frequency. It is therefore not surprising 
that the majority of antiepileptic drugs (AEDs) exert their action by modulating sodium 
current properties that are relevant for cell firing.* The aim of this study is to 
parameterize the sodium current in CAl hippocampal pyramidal cells using the classical 
description originally provided by Hodgkin and Huxley '̂ ^ employing voltage clamp data 
obtained from neurons acutely isolated from the rat hippocampus . Such a description 
does not comprise every possible detail of the present knowledge of the sodium channel. 
Nevertheless it appears to be sufficient to describe the changes observed in the 
inactivation function of the sodium current in neurons isolated from the epileptic focus in 
rats that were either kindled'* or in which a status epilepticus model was generated.̂  

The most effective drugs against epileptic seizures exert their effect by specifically 
shifting the inactivation function in a hyperpolarizing direction in a concentration 
dependent manner. This modulation can be incorporated into the kinetic scheme of the 
sodium current as a binding to the inactivated state based on actual experiments in the 
cells under study. With the description of the sodium current at hand, a model neuron was 
implemented in the NEURON simulation environment̂  so that its firing properties could 
be simulated under current clamp conditions. This offers the possibility to predict how 
carbamazepine binding could affect the firing behavior of these neurons. 

' Wytse J Wadman, Center for NeuroScience, Swammerdam Institute for Life Sciences, University of 
Amsterdam, Kruislaan 320,1098SM Amsterdam The Netherlands. 
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Figure 1. Examples of fits to sodium currents evoked with various protocols in CAl pyramidal neurons 
acutely enzymatically isolated from the rat hippocampus (for methods see )̂. Al Sodium current evoked 
by 20 ms depolarization to -40 mV preceded by a 40 ms hyperpolarization to -150 mV. Holding potential 
is set at -65 mV. The current is fitted with a third order rising exponential and single exponential decay. 
A2 Same as Al but now for a depolarization to -25 mV. B Recovery from inactivation measured using a 
double pulse protocol separated by hyperpolarizations of variable duration and membrane voltage of three 
different values (-70, -80, and -90 mV). Smooth curves are first order exponential fits to the data points. C 
Inactivation measured by a standard depolarization to -20 mV, preceded by hyperpolarization to levels 
between -65 and -150 mV. Smooth curve is the fit to a Boltzmann function."* D Activation function 
determined as the peak amplitude of the sodium current evoked by a 20 ms depolarization. Smooth curve 
is the fit to the Goldman-Hodgkin-Katz current equation,' using a Boltzmann function to describe the 
voltage dependence of the permeability.̂  

2. Na-CURRENT IN CAl PYRAMIDAL NEURONS 

The classical description of the sodium channel̂ ' ^ postulates that the current is 
controlled by an activation gate (m: the fraction of open gates) and an inactivation gate 
(h) that together control the voltage and time dependence of the conductance for sodium. 
The kinetics in the model is determined by the state of the gates, while the voltage 
dependence is incorporated in the rate constants that define the state transitions: 
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gN,(t) = m(t)^xh(t )xg^3 ^j^ 

where h defines the fraction of the h gates in the open state 

h<^^ eu(V)_^l_h (2) 

and the change in h is given by 

^ = Ph(V)x(l-h)-a,(V)xh (3) 
at 

The rate constants D and D determine the steady state (hoc) at a certain membrane voltage 
and the voltage dependent time constant of h. A similar set of Eqs. (2)-(3) can be defined 
for the activation gate m (which stand for the fraction of m gates in the open state). We 
used a procedure that directly fitted a complete set of currents observed under 
experimental conditions (examples in Figure la and b) in order to estimate the best 
functions for D and D and found: 

23.76 ^ ,,,, 27.36 
am(V) = —n9^ri^ and P„,(V) = —YTnnr 

1 + e ^̂ ^ 1 + e 26.̂ ^ 
and 

nn 0-856 ^ . .... 1.917 

1 + e 20.50 1 + e •"' 

Under these conditions the inactivation fianction is sufficiently fitted by a Boltzmann 
equation (Figure Ic): 

I(V) = - % ^ (4) 

1 + e ^̂  

The activation function was fitted with the Goldman-Hodgkin-Katz current equation^ 
using a permeability with a Boltzmann type voltage dependence (Figure Id): 

[Nan. ^-aV 

I(V) = V x - % 3 ^ x ^ ^ - ^ ^ _^^ (5) 

1 + e ^̂  ^ 
The sodium current defined by these parameters was implemented in a NEURON 
simulation model,̂  with a single compartment morphology, which resembles th^ 
electrotonic shape of the isolated neuron used for the fitting. Applying the standard 



64 WADMAN ETAL 

voltage clamp protocols to the artificial neuron confirmed the correct implementation of 
the properties of the sodium current. 

3. Na-CURRENT INACTIVATION IN EPILEPSY MODELS 

The change in excitability that is associated with the process of epileptogenesis 
results in part from changes in ionic currents. Here we focus on the role of the sodium 
current properties.̂  A common observation made in several models of epilepsy is a shift 
of the inactivation curve in the depolarizing direction. In the epilepsy model of classical 
kindling, Vh shifted about 3.1 mV in the depolarizing direction."* A similar shift (2.5 mV) 
was found in the SSLSE model of epilepsy,̂  although in those experiments the variance 
was larger and the difference did not reach significance (Figure 2). The inactivation 
fiinction is so steep that even a shift of this small magnitude results in a -25% increase of 
the number of recruitable sodium channels at resting membrane potential. 

B 

-100 -80 -60 

Voltage [mV] 

-80 -60 

Voltage [mV] 

Figure 2: Inactivation properties of sodium current in rat hippocampal neurons. A. Shift in depolarizing 
direction in fully kindled animals.'* B. A similar shift in neurons isolated from rats in the SSLSE model.^ 

4. CBZ MODULATION OF Na-CURRENT INACTIVATION 

Carbamazepine (CBZ) is one of the drugs of first choice for the treatment of 
epileptic patients.̂  Its basic mechanism of action has extensively been studied, in 
particular under conditions of voltage clamp in isolated neurons. Extrapolating such 
results to the effects of the drug under current clamp conditions has proven more difficult 
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than expected, and most results are formulated in terms of its effectiveness in the 
prevention of seizures. 

The isolated cell preparation allows us to determine which parameters of the sodium 
current (as defined in Figure 1) are modulated by CBZ. CBZ does not affect the 
activation properties of the sodium current (data not shown, but see ^̂ ), but it exerts a 
highly specific effect on the inactivation of the current (Figure 3). The relation between 
the CBZ concentration and the shift of the inactivation curve is well described by a Hill 
relation, with a Hill factor of 1 and an EC50 in the range of 40-100 |iM (Figure 3b). In a 
series of studies Kuo and coworkers**' *̂  have shown that CBZ acts by binding to an 
extracellular site of the sodium channel. The affinity of binding to the inactivated state is 
much larger than that to the resting state. This mechanism can be investigated under 
voltage clamp, and it can be added to the kinetic scheme presented by equations 1-3. 

B 

-120 -100 -80 -60 -40 
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50 75 100 125 
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Figure 3: A. Application of carbamazepine shifts the inactivation in the hyperpolarizing direction in a dose 
dependent way. B. The relation between Vh and CBZ can be described by a Hill function; the Hill factor for this 
cell was 1 and the ECso for this cell was 94 )iM. 

The assumption that binding of CBZ predominantly takes place to the inactivated 
state of the sodium channel implies the existence of an additional h state (hbound)- The 
distribution of the channels between hdosed and hbound is then determined by a CBZ 
dependent association constant Y(CBZ) and a fixed dissociation constant 8: 

hc,osed+CBZ<-
Yh(CBZ) >h bound (6) 

A protocol was designed in which a depolarizing voltage step of variable duration 
allowed CBZ to bind to an increasing fraction of inactivated gates. 
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A standard depolarizing voltage step subsequently applied made it possible to 
quantify the bound fraction (Figure 5A, voltage protocol given as an inset). The binding 
rate constant was then obtained from the relation between CBZ and the binding rate. For 
CBZ in CAl hippocampal pyramidal cells we obtained a value for y(CBZ) of 32 ± 3 mM" 
's-'. 
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Figure 4. Determining the binding rate constant y(CBZ) for CBZ to the inactivated state of the sodium 
channel. A. Slow binding to the inactivated state decreases the current evoked by a test pulse after an 
inactivating voltage step of variable duration. CBZ concentration for this experiment was 50 |iM. The 
smooth curve is the single exponential fit to the data points with a time constant of 270 ms. The voltage 
protocol is given as an inset. B. The binding rate constant can be determined from the relation between 
binding rate and CBZ concentration, using a least square fit. 

5. CBZ MODULATION OF NEURONAL FIRING 

The addition of a CBZ dependent "bound" state to the model allows illustration of 
the equilibrium distribution of the h channels over the three states as a function of CBZ 
(see Figure 5 for examples of a low and a high concentration of CBZ). It also confirms 
the observed shift in Vh of the inactivation function and allows investigation of the 
changes in the time constant of recovery from inactivation that can be anticipated (data 
not shown). In order to evaluate the possible consequences of CBZ presence on neuronal 
firing rate, we implemented the sodium current in a single compartment neuron 
implemented in the simulation environment NEURON.̂  To create realistic firing we had 
to add at least a voltage dependent potassium current and we implemented the one 
defined by Hofman and coworkers.̂ ^ Although this oversimplified neuronal model will 
not demonstrate all the fine variations in firing patterns that are possible (e.g., it will lack 
properties related to calcium current, calcium accumulation, and calcium dependent 
potassium channels), it will nevertheless demonstrate how CBZ affects basic firing rate 
of an isolated neuron (for overview see ^^' ^̂ ). 
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Shift in Inactivation due to CBZ binding 
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Figure 5. Distribution of the h gates over the three possible states (open, closed, and bound) illustrated for 
5 î M (left panel) and 50 |iM CBZ (right panel). The Vh of the curve that describes the distribution 
between hopen and hdosed shifts from -75.2 mV to -83.7 mV when CBZ is increased from 5 to 50 ĵ M 

As is demonstrated in figure 6 the presence of a high concentration of CBZ (100 JLIM, 

considerably above the usual adopted therapeutic dose of 15 |LIM) blocks all action 
potentials. At a concentration of 50 jiM, CBZ effectively reduces firing rate of the 
neurons, and the difference between figure 6A and B indicates that these properties are 
use-dependent. 
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Figure 6. Firing properties of a hippocampal CAl neuron investigated in a NEURON simulation model. 
A. Relation between current injection and firing rate measured over 2000 ms for control and in the 
presence of 50 and 100 mM CBZ. The latter concentration completely blocked neuronal firing. B. The 
same relation as illustrated in A, but now firing rate was determined over the first 200 ms. C. sample trace 
of membrane potential for control and in the presence of 150 ̂ M CBZ. 
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6. CONCLUSIONS 

Using a fit procedure that minimizes the collective error of a complete set of current 
traces describing voltage dependent activation, inactivation, and recovery from 
inactivation, allowed us to use the classical formalism of Hodgkin and Huxley and model 
the sodium current with sufficient accuracy to simulate such a set of current traces. 
Adding one more inactivated state (the one bound to CBZ) also permitted us to 
incorporate the binding of carbamazepine in a form that catches the essential properties 
responsible for its anti-epileptic activity. 

The changes induced by CBZ counteract the changes observed in sodium current 
inactivation in the classical kindling model of epilepsy"̂ ' *̂  and in the SSLSE model.̂ ' *''' ^̂  
Of course the effectiveness of CBZ in preventing seizures cannot be predicted from such 
a modeling study, as many more parameters of currents and neurons might have changed 
in the epileptic focus. On the other hand, it has provided us with a tool that predicts how 
an AED will affect firing rate under normal conditions. 
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Discussion 

Burnham: Very interesting data, but kindling is a long lasting phenomenon. Is this long 
lasting? How long after the last seizures were your animals killed. 
Wadman: I didn't mention that. The analysis that I showed you was all done directly 
after the period of 5 seizures. We have another group of animals where we waited for 5 
weeks, where there was no seizure in between, and then it appears to be a transient 
phenomenon. If you go to some of the older epilepsy models like the kaniate model and 
material fi-om human patients, you see the same changes, but then of course most of the 
time you have seizures. The changes could well be a fimction of the seizures. 
Heinemann: The removal of inactivation seems to have two time constants, a fast one 
and a slow one. With Hogkin- Huxley modelling you get only one time constant. How 
do you deal with that problem? 
Wadman: Very pragmatically. If you saw the quality of the fits, you are really not 
missing out anything, and if you can describe something with one time constant you can 
have any combination of two time constant to give you the same data. Basically, the data 
we have provide no statistical support for trying to get out more time constants. 
Waster lain: This is an absolutely beautiful study. Can you tell from the model if the 
number of channels is affected? We find that seizures cause internalization and 
endocytosis of GABAA receptors, but Na+ channels, which technically are not receptors, 
have the ability to endocytose as well, which has only been recently realized. Can you 
tell me if the number of channels decreases? 
Wadman: The data that I showed will not give you an answer. But of course if we do the 
initial fit, we get a value for the amplitude and the amplitude is sort of different. If you 
look at the size of the disassociated cells, there are also a slight difference between the 
control and the kindled animals. The density was not as different as you might expect. 
What this probably means is that the density is the same, although the site is different. 
But you have to be extremely carefiil, because you can not exclude that we one way or 
another select neurons of a particular size. From our data, I think that the density of the 
Na+ channels is not much different. 
Buzsaki: In the past we tried to explain everything with synapses. But this reminds me 
of the epileptic neuron era. It turns out that the intrinsic properties, the biophysical 
properties of the neuron, may change and the change maybe long lasting. Sodium 
inactivation affects a lot of things, not only firing rate, but in fact propagation of the 
action potential, the burst firing of the cell, some of which cannot be measured in a 
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disassociated culture. What you could do is look at bursting properties to see whether 
there is any difference between the kindled and non-kindled, whether the action potential 
rise time or duration is any different, and so on. 
Wadman: I could not agree more with you. All the mechanisms are there, and you have 
to add up all the things you find on the cellular level. We didn't look carefully, but I 
expect that in the pilocarpine model, on the network scale, you have much more burst 
firing and things like that, 
Engel: It's a beautiful study, but I'm confused, because this is a transient post-ictal 
phenomenon as opposed to a enduring phenomenon associated with increased 
epileptogenicity. We know that animals have a refractory period after seizures, when the 
excitability should be decreased. So I don't understand how this fits that principle. 
Wadman: What you need to make it better understandable is to have an idea of the time 
course of these discharge events. General expression might take days or weeks to work, 
and we have not tested at many different time points. The other thing is that we first 
check whether it is related to the expression of other sodium channel subtypes that we 
have indications for. That could be the case and that would explain it more easily. But 
maybe it is more an aspect of how the epileptogenic process keeps its self going. After 
kindled animals have had several stage 5seizures, if you do anything more they will not 
have seizures. In that sense it could fit. It could be part of a consequence more than a 
cause, but it is hard to say. 
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L INTRODUCTION 

The granule cells (GC) of the dentate gyrus (DG) are very exciting cells, although it 
seems that they can also be very inhibiting cells. They contain and release the excitatory 
amino acid glutamate, the metal Zn̂ ,̂ the peptides Y, and dynorphin, brain derived 
neurotrophic factor (BDNF), and it has recently been well established that they also have 
the necessary machinery to synthesize, vesiculate and release the inhibitory amino acid 
GABA.̂ '̂ ^ Among all these chemical messengers, glutamate is the only one with fast-
acting excitatory actions. There is no doubt on the excitatory nature of the GC, but when 
they fire at high frequencies, peptides Ŷ"* and dynorphin^^ are released to produce 
inhibition and glutamate reaches an extracellular concentration that, by spilling over, 
activates presynaptic mGlu and kainate receptorŝ '̂̂ * to inhibit further release. To 
complicate things further, GABA can be released from the mossy fibers (MF) under 
certain conditions. 

It is noteworthy that in all experimental models of epilepsy, as well as in human 
epileptic patients, a series of plastic changes concur precisely in the GC. Some represent 
alterations in the effects, metabolism, and content of Zn^, expression of neurotrophins 
and their receptors, sprouting of the MF, and formation of atypical basal dendrites which 
underlie recurrent innervation, changes in the content and release of opioid peptides, 
induction of immediate early genes, regulation and transcription of opioid peptides' genes 
and transcription factors, changes in the homeostasis of Câ ^ and ionic fluxes^ and 
finally, the expression of GAD and GABA.̂ '̂ '̂̂ "*'̂ '̂̂ ^ Furthermore, some of these plastic 
phenomena seem not to be exclusively related to epilepsy but can occur after synaptic 

* Centro de Investigaci6n y de Estudios Avanzados, Apartado postal 14-7140, Mexico D.F. and * Institute de 
Fisiologia Celular, Universidad Nacional Aut6noma de Mexico. 
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Strengthening by LTP induction, '̂̂  and in physiological conditions, such as leaming.^^ 
Thus, some of these adaptive changes may serve to limit the risk of seizure generation 
while others facilitate this process. 

Among the many plastic changes that occur in the GC, we have centered our 
attention in the regulation of the expression, or rather, up-regulation of the GABAergic 
phenotype of the GC in the developing and adult hippocampus. The GABAergic 
phenotype of the granule cells is constitutively expressed during development, i.e., 
GAD67, GAB A and VGAT mRNA are present in these cells. *̂ '̂ ^ Moreover, their 
stimulation produces GABAA-receptor-mediated monosynaptic responses in pyramidal 
cellŝ '̂̂ "̂  and intemeurons of CA3. '̂ ^ Interestingly, during the first week of age AMPA 
receptors are missing in hippocampal principal neurons, therefore GABA provides the 
depolarization needed to release NMDA receptors from their Mg^^ blockade. ̂ ^ Although 
it has been shown that this function is exerted by intemeurons driven by the MF, the 
latter can provide direct GABAergic actions that could underlie fast GABA-glutamate 
synergism. ̂ '̂̂ ^ When development is complete, the GABAergic phenotype is shut off and 
GABAergic transmission in this synapse cannot be detected.** In the adult rat, seizures 
produced in vivo or strong synaptic activation in vitro leads to an up regulation several 
peptides with inhibitory actions* '̂̂ ^ and of all the markers of the GABAergic phenotype: 
GADfiv/'̂ '̂̂ "̂ '̂ '̂̂ ^ GABA,̂ '̂ '̂ * VGAT Mma.*^ When this occurs, GC stimulation provokes 
again simultaneous glutamatergic and GABAergic monosynaptic responses in their target 
cells in CA3.̂ '̂ '̂ '* '̂̂  Therefore, inhibitory actions of the adult GC emerge in an activity-
dependent manner and their inhibitory phenotype can thus be kindled. By taking 
advantage of this property, we sought to characterize the regulation of the GABAergic 
phenotype in an otherwise glutamatergic system. 

2. KINDLING THE GABAERGIC MARKERS IN THE GRANULE CELLS 
AND THEIR MOSSY FIBERS 

The GABAergic makers: GABA, GAD67 '̂̂ '̂ '̂̂ ' and VGAT mRNA*^ are normally 
present, although in trace amounts, in the glutamatergic GC. GADe? and GABA have also 
been shown to be normally present in monkeys and in humans.^* Despite this, 
GABAergic transmission from the MF is not observed in naive adult rats unless a certain 
level of hyperexcitability is induced, and for this to occur, protein synthesis is 
required. '̂̂ ^ The overexpression of the GABAergic markers seems to be gradual, as 
hyperexcitability builds-up, and the emergence of GABAergic transmission depends on 
the presence of a minimal level of hyperexcitability. After a single seizure GADe-j is 
detected in the MF but not in the GC bodies. However, if several seizures are produced 
by kindling the amygdala, GADa? is additionally detected in GC bodies.̂ "* GAD67 and 
GABA in the GC can also be overexpressed with different procedures that lead to 
seizures in v/vo.̂ '̂ *̂̂ '̂ '̂̂ * Interestingly, by applying an LTP-like stimulation protocol over 
the perforant path in vitro, without producing epileptiform activity, up-regulation of 
GAD67 is observed in the GC and MF^. This shows that the presence of hyperexcitability, 
and not seizures in vivo or epileptiform activity in vitro, is the mechanism by which the 
GABAergic markers are up-regulated. The same dependence on excitability has been 
demonstrated for VGAT mRNA expression, i.e., the more the preparation is kindled 
(with LTP-inducing high frequency stimuli^) the higher is VGAT mRNA expression. ̂ ^ 



KINDLING THE GABAERGIC PHENOTYPE 73 

This mechanism is further confirmed by recent data of our laboratory, which show that 
adult cultured GC can express the GABAergic markers in a manner dependent on 
glutamate receptor activation (Fig. 1). Again, this requires a certain time of exposure of 
the cells to the depolarizing stimulus and at least two hours post-stimulus to allow protein 
synthesis. This and previous evidence^ show that depolarization and Câ ^ can be 
triggering signals for GC differentiation, even in conditions where the normal synaptic 
circuitry is missing. 

In summary, while GAD67, GABA and VGAT mRNA are all present in trace 
amounts in normal adult rats, GABAergic transmission from the MF does not occur. This 
suggests that the sole presence of GABA and VGAT is not sufficient for GABA to be 
released. On the other hand, high levels of activity up-regulate the expression of GADe?, 
GABA and VGAT mRNA, which coincides with the emergence of GABAergic 
transmission. Despite this temporal coincidence in the expression of the GABAergic 
markers and of the GABAergic signaling in and from the MF, it is still not demonstrated 
if the up-regulation of this markers is enough to trigger GABAergic transmission from 
the MF.̂ '̂ ^ Thus, the intracellular signal that triggers, on the one hand, the up-regulation 
of the GABAergic phenotype in the GC, and on the other, the emergence of GABAergic 
transmission, is unknown. 
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Figure 1. Expresi6n ofGADei and VGAT mRNA in response to seizures in vivo, and kindling-like stimulation 
and kainic acid exposure in vitro. A) Immunohistological determination of GADei in the DG before, and 24 h 
and one month after the last of 5 kindled seizures. B) RT-PCR experiments show the expression of VGAT 
mRNA in the DG in an activity-dependent manner. C) Glutamate-receptor-dependent induction of GAD^i in 
granule cells in vitro. (A, from Ramirez and Gutierrez, 2001; B, from Lamas et al., 2001, with permission; C, 
from Gomez-Lira et al., unpublished observations). 

3. KINDLING GABAERGIC TRANSMISSION FROM THE MOSSY FIBERS 

The first electrophysiological evidence of GABAergic transmission from the MFs to 
CA3 was in total agreement with the immunohistological observations showing that 
seizures transiently upregulated the expression of GADe? ' Indeed, we found 
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monosynaptic GABA-mediated transmission from the DG to CAS in kindled epileptic 
but not in control healthy rats.̂ '̂ ^ The MFs form glutamatergic excitatory synapses on 
pyramidal cells and local inhibitory intemeurons, which in turn inhibit pyramidal cellŝ "̂  
(Fig. 2). Thus, activation of the DG provokes monosynaptic excitation and disynaptic 
inhibition on CA3 neurons that, with intracellular recordings, are evidenced as sequences 
of excitatory and inhibitory post-synaptic potentials (EPSP/IPSP) in CA3 pyramidal cells 
(Fig. 2). The perfusion of the NMDA type glutamate receptor antagonist 5 APV and the 
AMPA-Kainate type receptors' antagonist NBQX blocks all synaptic responses (Fig. 2), 
demonstrating that the inhibitory transmission in the MF-to-CA3 projection is 
disynaptically mediated. However, in kindled epileptic animals, the blockade of 
glutamatergic transmission isolated a bicuculline-sensitive IPSP.̂ '*° This IPSP had the 
same latency as the control EPSP (even decreasing the probability of release by lowering 
extracellular calcium) and could be inhibited by activation of metabotropic glutamate 
receptors (mGluR).̂  This response was transient because it could be observed 24-48 h 
after the last kindled seizure but was not present if the experiment was carried out a 
month after the last seizure (Fig. 2). If seizures are again produced these monosynaptic 
GABAergic responses reappear.̂  It was also established that the kindled epileptic state 
was not necessary for this monosynaptic IPSP to be expressed, as a single seizure could 
provoke its emergence.̂  Due to the difficulty to unequivocally identify responses of MF 
origin, an experimental design was developed to avoid contamination of the putative MF-
evoked responses by the activation of inhibitory fibers different from the MFs, and to 
record from the same preparation before and after the induction of MF GABAergic 
transmission in vitro.̂  This stimulation protocol produced hyperexcitability in the 
absence of epileptic activity by stimulation of the perforant path in a kindling-like 
manner (three 1-sec trains of 0.1 ms pulses at 100 Hz, 1 min apart from each other every 
15 min for 3 hours). After completion of the stimulation protocol, the perfusion of 
glutamatergic antagonists blocked the EPSP and isolated a fast bicuculline-sensitive IPSP 
(Fig. 3). The expression of the GABAergic potential was prevented if this stimulation 
was provided just for one hour or if it was completed in the presence of the protein 
synthesis inhibitor, cycloheximide. This establishes that a certain level of excitation is 
required for the granule cells to express their GABAergic phenotype.̂  On the other hand, 
when the control synaptic responses (EPSP/IPSP sequences) of a given cell were first 
blocked, the direct kindlmg stimulation over the same site during perfusion of 
glutamatergic antagonists resulted in the induction of fast GABAergic potentials as 
kindling developed. Furthermore, a high spatial specificity of this phenomenon was 
evidenced by applying test pulse stimulation to an alternative non-kindled parallel MF 
input, which, contrary to the kindled one, did not evoke GABAergic responses. 
Altogether, this evidence establishes that the emergence of MF GABAergic transmission 
does not depend on the activation of the postsynaptic cell and, together with the over-
expression of GAD and VGAT mRNA, reveals the presynaptic nature of this 
phenomenon. 

As previously described in pyramidal cells, after seizures or LTP-like stimulation, 
MF activation in the presence of glutamatergic antagonists also provokes monosynaptic 
IPSPs in intemeurons of CA3.̂  Despite this, the effect of the MF glutamatergic 
transmission surpasses the inhibitory one. Thus, the intemeurons are more readily excited 
than pyramidal cells, which continue to receive a strong inhibitory control from the 
intemeurons within CA3, besides the MF GABAergic signal.̂ ^ Therefore, the activation 
of MFs at high frequencies provokes the more pronounced IPSPs in pyramidal cells to be 



KINDLING THE GABAERGIC PHENOTYPE 75 

pontentiated and to summate to hyperpolarize them.̂ ^ These data show that, although 
both pyramidal cells and intemeurons receive the same dual MF input, the ratio of 
released glutamate/GABA onto the target cells is different. This is also confirmed by 
extracellular recordings.̂ ^ Indeed, MF activation produces GABA-receptor-dependent 
field responses in stratum lucidum of CA3 and presynaptic inhibition of MF 
collaterals.̂ '̂̂ ^ The MF-GABAergic field potentials are, like the intracellular responses, 
less pronounced than the glutamatergic ones. The GABA/glutamate ratio is of around 
60%. This goes in line with data showing that GAB A is less concentrated than glutamate 
within mossy fiber terminals.̂ '̂  
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Figure 2. Pyramidal cell responses to MF activation before and during perfusion of glutamate receptors' 
antagonists. In control rats, NBQX and APV block all synaptic components, whereas in freshly kindled rats, a 
fast bicuculline-sensitive IPSP can still be elicited. This IPSP has the same onset latency as the control EPSP. A 
month after the last kindled seizure, perfusion of glutamate receptors' antagonists blocks again all synaptic 
components. (From Gutierrez and Heinemann, 2001, with permission). 
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Figure 3. Left panel shows the kindling-like stimulation protocol used to produce synaptic potentiation in the 
DG in vitro. After 12 stimuli, synaptic responses were recorded in a pyramidal cell before (control) and during 
perfusion of glutamate receptors' antagonists. MF activation produces a fast EPSP in control condition and, 
after blockade of glutamate receptors, MF stimulation produces a monosynaptic IPSP that has the same latency 
as the control EPSP. The right panel depicts field potentials recorded in stratum lucidum of area CA3 in a naive 
and a kindled rat. GABA-receptor-dependent field potentials can be digitally isolated in the kindled but not in 
the naive rat. (left panel, from Gutierrez, 2002, with permission; right panel, from Treviflo et al., submitted). 



76 GUTIERREZ ETAL 

It has been repeatedly shown, using intracellular and whole cell recordings, that MF-
GABAergic transmission is selectively depressed by the activation of group III mGluR 
with L-AP4.̂ '̂ '̂ '̂̂ ^ On the other hand, despite the data demonstrating the presence of 
groups II and III mOluR in the rat MF,̂ '̂̂ ° it has been considered that MP 
neurotransmission in the rat is depressed by the activation of group II but not group III 
mGluR. In accordance with this proposal, we have recently established that, indeed, MP 
neurotransmission in naive adult rats is insensitive to L-AP4, but if tested in slices 
obtained from rats subjected to seizures or kindling-like stimulation in vitro, it has a clear 
depressing effect. We have suggested that this difference is due to the presence of 
GABAergic transmission in the latter, which is selectively depressed by L-AP4.̂ '̂ ^ We 
have repeatedly shown that MP GABA transmission is preferentially inhibited by the 
activation of group III mGluR while group II mGluR preferentially inhibits glutamatergic 
transmission. This has led us to propose that group III mGluR can be linked to the GABA 
releasing machinery and also that there is a presynaptic segregation of mGluR receptors 
according to the class of neurotransmitter to be released (for a review see*). Recently 
Kasyanov et al.*̂  have provided further data showing a higher depressing effect of the 
activation of group II than that of group III mGluR on MP-GABAergic transmission. 
These findings can have clinical implications, since temporal lobe epileptic patients 
present an up-regulation of III-mGluR precisely in the granule cells'*, whose excessive 
activation may disrupt this protective MF-GABA release. 

4. FUNCTIONAL IMPLICATIONS AND OPEN QUESTIONS 

With reasonable confidence, one can state that the function of the up-regulation of 
the GABAergic markers in the GC is to sustain GABAergic transmission. This 
phenomenon does not relate exclusively to epilepsy but can occur in conditions in which 
an enhancement of excitability does not lead to epileptic activity, as we have shown to 
occur. The transient expression of the GABAergic phenotype in the GC is constitutive 
during development possibly to foster development until its completion, when it is shut 
off'̂  In the adult, MP GABA transmission transiently emerges probably as 
compensatory change in response to enhanced excitability, especially after seizures. It 
can be again expressed in response to demanding conditions of the system. When this 
occurs, MP can provoke postsynaptic inhibition in pyramidal cells of CAS and can also 
exert presynaptic actions in MP themselves, inhibiting further neurotransmitter release^ .̂ 
It is noteworthy that this mechanism can be involved in the anterograde amnesia that 
appears for some time after seizures, particularly after status epilepticus, so enhanced 
GABA transmission from DG can hamper storage of information in the hippocampal 
network.'̂  

Despite the strong evidence that has accumulated in the recent years showing that the 
"glutamatergic" MP have the necessary machinery for the synthesis, vesiculation and 
release of GABA (for a review see )̂, a direct and undisputable prove of GABA-
glutamate corelease is still missing. This can only be solved by simultaneously recording 
connected granule and pyramidal cells. The recording of autaptic currents, for example, 
can be an approach suitable to accomplish this. There is no doubt, however, that the GC 
express a GABAergic phenotype and that GC activation produces GABAergic responses 
in CAS during glutamate receptor blockade in hippocampal slices from animals that have 
presented seizures or if the DG is strongly stimulated. Still, a number of questions arise: 
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What are the intracellular signals that shut off the GABAergic phenotype in the 
developing GC? What are those that trigger it again by activity in the adult? Why is this 
GABAergic transmission transient? What determines its disappearance? What is the 
contribution of MF GAB A to hippocampal network activity? 

Solving these and many other open questions will shed light on the role of dentate 
GC and the function of the DG, especially in epilepsy, when the expression of GAB A is 
increased. 
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Discussion 

Engel: Istvan Mody likes to talk about the granule cell in our chronic models becoming 
intemeurons, because electrophysiologically they behave like intemeurons. Where a 
granule cell will ordinarily only fire one action potential, once the animal is epileptic it 
will fire several. If it is tme that it is this kind of burst firing that is responsible for 
activating the release of GABA, what are we doing when we give use-dependent sodium 
blockers? We are actually reducing the inhibitory mechanisms. 
Gutierrez: Yes, probably. If we are reducing the firing rate of these cells, this should 
reduce the release of whatever they are releasing. The problem is that these cells they are 
really messy - they release a lot of things. 
McNamara: I have three questions. First, what happened to the fast EPSC in the kindled 
animals, did that change? Second, it is not clear to me that you have unambiguously 
excluded the possibility you may have unsilenced GABAA synapses in the CA3 



KINDLING THE GABAERGIC PHENOTYPE 79 

pryamidal cell. While you obviously have some changes presynaptically, in principle the 
explanation could be post-synaptic. Third, what is the net effect on information flow 
from granule cells through CA3 pyramidal cells as a consequence of this enhanced 
GABAA synaptic function? 
Gutierrez: I hope that I have retained the three questions. (Shows slide). This is a 
pyramidal cell that is being shown under conditions of 10 and 50 Hz stimulation of the 
mossy fibers. This is a control pyramidal cell from a control animal. The higher the 
frequency of stimulation, the higher the probability that this cell will fire an action 
potential. This is a kindled animal, in which we are proposing that GABA is being 
released from the mossy fibers. And here is summation of IPSC or IPSP that prevents the 
cell from firing an action potentials. If we go to 50 Hz stimulation, the probability of 
having action potentials here is lower. We think that the GABA release from the mossy 
fibers is adding to that GABA release from the intemeurons to finally inhibit the 
pyramidal cells. About the silent synapses, we don't think that is the case, because in 
order to get the GABAergic responses we need many hours of stimulation in vitro with 
LTP-like stimulation repeatedly. So if it were a silent synapse, 2 or 3 trains would be 
enough to activate the silent synapse. 
McNamara: That assumes that GABA works like glutamate. 
Gutierrez: This is simplistic, yes. We cannot exclude other mechanisms. Of course, the 
proof for us to say that GABA is released from the mossy fibers would be to do paired 
recordings. We are aware of that. 
Buzsaki: A couple of times you mentioned that in the unkmdled control animal there was 
no change or GABA response. On the other hand, Sloviter, who followed the histology 
of kindled and control animals, claims that GABA is present in the adult granule cells at a 
very low rate. So it seems like the machinery is there and you just change quantities. 
Gutierrez: It seems that the machinery is there, but there must be some triggering factor 
for the mossy fibers to release the GABA that is already there. But who knows, we have 
never seen a control preparations where we can record IPSPs or IPSCs. 



HIPPOCAMPAL KINDLING AND GABAB 
RECEPTOR FUNCTIONS 

L. Stan Leung, Xinhuai Liu, Kevin J. Canning, and Bixia Shen 

1. INTRODUCTION 

Inhibition is mediated by two main types of GABA receptors - ionotropic GABAA 

receptors that directly open CI" channels, and metabotropic GABAB receptors that act 
through G-protein coupled second messenger systems. '̂ '̂ ^ Postsynaptic GABAB receptors 
are found mainly on the dendrites of pyramidal cells (Fig. 1) and intemeurons in the 
hippocampus, and they induce a slow K^-mediated inhibitory postsynaptic current (IPSC).^ 
Presynaptic GABAB receptors at the axon terminals (Fig. 1) mediate presynaptic inhibition 
of GABAergic terminals (autoreceptors) or glutamatergic terminals (heteroreceptors), likely 
by decreasing Câ ^ influx.̂ ' "* 

Mice with a GABAB receptor Rl knockout^' ^ start to have spontaneous convulsive 
seizures after 12 days of age, and the seizures could be provoked by handling. The 
GABAB receptor antagonists CGP35338 or CGP56999A, administered systematically, 
induced convulsive seizures.^ Thus, a lack of GABAB receptor function results in seizures. 

We are interested in two separate but related questions: (1) whether kindling of the 
hippocampus results in a change in efficacy of GABAB receptors, and (2) how GABAB 
receptor blockade leads to hippocampal seizures. We used the partial hippocampal kindling 
model, in which repeated hippocampal afterdischarges (ADs) were evoked without 
accompanying motor convulsions. Partial kindling is known to increase AD duration and 
make a persistent contribution to epileptogenesis.^ Partial hippocampal kindling also causes 
long-term disruption of behavioral and physiological functions.^ In the following, partial 
hippocampal kindling was induced by evoking 15 ADs by electrical stimulation of dorsal 
hippocampal CAl at hourly intervals, 5 per day and over 3 days. 

L. Stan Leung, Xinhuai Liu, Kevin J. Canning, and Bixia Shen, all at Dept. Physiology-Pharmacology and 
Clinical Neurological Sciences, University of Western Ontario, London, Canada N6A 5A5 
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Figure 1. GABAB receptors (GABABR; • ) are shown on the 

postsynaptic membrane of a pyramidal cell, on presynaptic terminals 

that release glutamate vesicles (heteroreceptors), and on presynaptic 

GABAergic terminals (autoreceptors). Recordings were made in the 

pyramidal cell by means of a microelectrode. 

2. HIPPOCAMPAL KINDLING DECREASES GABAB RECEPTOR FUNCTIONS 

2.1 GABAB Autoreceptor Function 

Partial hippocampal kindling was shown to decrease GABAB autoreceptor function in 
vitro. Monosynaptic (GABAA-receptor mediated) IPSCs were evoked by paired-pulse 
stimulation in the presence of ionotropic glutamate receptor blockers. *̂ '̂ * Fig. 2 shows 
paired-pulse depression (PPD) of the IPSCs, or a smaller 2""̂  IPSC (IPSC2) as compared to 
the 1'* IPSC (IPSCl). PPD was mediated by GABAB autoreceptor activation. We found that 
the IPSC2/IPSC1 ratio was larger (PPD was smaller) in neurons of kindled compared to 
control rats, although IPSCl magnitudes were not different between the two groups of rats 
(Fig. 2). As expected, the IPSC2/IPSC1 ratio increased after adding a GABAB receptor 
antagonist CGP35348, but this increase was greater in the control group than in the kindled 
group of neurons (Fig. 2). Direct activation of GABAB autoreceptors by applying the 
GABAB receptor agonist baclofen (10 jiM) in the perfusate suppressed the (single-pulse) 
IPSC more in neurons from control than kindled rats (Fig. 2). Both synaptic and direct 
activation indicate that the efficacy of the GABAB autoreceptors in CAl was decreased in 
kindled as compared to control rats. Buhl et al. ^̂  also reported a smaller PPD of the 
monosynaptic IPSCs in dentate gyrus (DG) granule cells one day after full kindling of the 
perforant path. Although pharmacological tests were not reported, it is likely that GABAB 

autoreceptor downregulation also occurred in the DG after kindling. 

CNQX+D-AP5 +CGP35348 

Control 

Kindled 

+Baclofen 

10.45 nA 

t\^ r\50 ms 

Figure 2. Decrease of GABAB autoreceptor efficacy in rats after partial hippocampal kindling as compared to control rats. 
Monosynaptic inhibitory postsynaptic currents (IPSCs) were recorded in the presence of the ionotropic glutamatergic antagomsts 
CNQX and D-AP5 The IPSC2/IPSC1 ratio was increased in kindled as compared to control group of neurons; the IPSC2/IPSC1 ratio 
also increased with the GABAB receptor antagonist CGP35348 (1 mM) Baclofen (10 jiM) decreased IPSCl more in the control than 
the kmdled group of neurons (adapted from Wu and Leung'') 
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2.2 GABAB Heteroreceptor Function 

The efficacy of GABAB heteroreceptors on glutamatergic terminals was decreased in 
CAl for up to 3 weeks after partial hippocampal kindling, as shown by both direct and 
synaptic activation of the heteroreceptors in vitro^^ (Leung and N. Poon, unpublished). 
Application of baclofen (10 JLIM) in the perfiisate directly activated GABAB heteroreceptors, 
thus decreasing glutamate release and the excitatory postsynaptic potentials (EPSPs) in CAl, 
recorded either intra- or extracellularly. Baclofen-induced decrease in the EPSP was smaller 
in slices of kindled as compared to control rats. GAB A synaptically released by a brief train 
of stimulating pulses suppressed the EPSP̂ "̂  recorded intracellular^ in CAl neurons, and 
this was smaller in neurons from kindled rats as compared to those from control rats. 

Using microiontophoretic application in urethane-anesthetized animals, Kamphuis et 
al.'^ reported that GABA was less effective in blocking the glutamate-evoked response in 
CAl neurons after full CAl kindling. The latter result is consistent with a downregulation of 
the GABAB heteroreceptors. A similar downregulation of GABAB heteroreceptors was 
shown by recording EPSPs from amygdala neurons after amygdala kindling. ̂ ^ Since 
GABAB heteroreceptors decrease glutamate release, in particular after high neural activity, a 
reduced heteroreceptor function is expected to increase seizure susceptibility. 

2.3 GABAB Postsynaptic Receptor Function and GABA Release 

GABAB receptor-mediated postsynaptic currents in principal neurons of CAl and DG 
were studied using whole-cell recordings in vitro, in the presence of ionotropic glutamate 
receptor antagonists (Fig. 3). Here we present original results on DG neurons, which were 
patched at the granule cell layer (Liu and Leung, unpublished data). DG neurons from 
kindled and control rats showed similar GABAB receptor-mediated IPSCs following a 
brief train stimulation of 20 pulses at 300 Hz and supramaximal intensity (Fig. 3). The 
peak of the GABAB-IPSC evoked by the brief train was 105.8 ± 9.2 pA (mean ± standard 
error of the mean, N=24 cells) in neurons of kindled rats, similar to 97.7 ± 8.3 pA (N=22 
cells) in neurons of control rats (P>0.05). Baclofen induced an outward current in DG 
neurons (Fig. 3C, D) that was blocked by the GABAB receptor antagonist CGP55845A. 

Figure 3. GABAB postsynaptic cun-ents were not 
different between kindled and control groups of 
dentate granule cells. A and B, GABAB-IPSCS 
from a neuron in kindled (A) or control rat (B), 
evoked by a brief supramaximal stimulus train 
applied to the middle molecular layer. GABAB-
I P S C (trace 1) was abolished (trace 2) after adding 
1 ^M GABAB receptor antagonist CGP55845A. C 
and D, time courses of outward current induced by 
10 \M. baclofen (applied during horizontal bar) 
recorded from representative dentate neurons in 
kindled (C) or control (D) rats (holding at -62 
mV). Each point was the average current over 2.5 
s; interval between points was 10 s. All recordings 
were made in the presence of kynurenic acid (1 
mM) and picrotoxin (0.1 mM). Calibration applies 
to each row. 
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The magnitude of the baclofen-induced current was not different between kindled (76.6 ± 
4.2 pA, N=23) and control (69.8 ± 8.6 pA, N=16) groups of neurons (P>0.05). The 
GABAB current reversal potential was also not different between kindled and control groups. 

Study of CAl neurons also showed that the outward GABAB receptor-mediated current 
induced by 10 |LIM baclofen (90 ± 7 pA) did not differ between kindled and control groups 
of neurons.'^ However, brief train stimulation (20 pulses at 300 Hz) of stratum radiatum 
induced a larger (P<0.05) GABAs-receptor mediated IPSC in neurons from kindled (65.9 ± 
5.2 pA) compared to control rats (45.8 ± 4.8 pA). In addition, the GABA uptake blocker 
nipecotic acid (1 mM) but not SKF89976A (0.2 mM) induced an outward, GABAB 

receptor-mediated current, and this current was larger in neurons of kindled rats than that in 
control rats. We suggest that the nipecotic acid-induced outward current was caused by non
vesicular GABA release through hetero-exchange, i.e., extracellular nipecotic acid 
exchanging for cytoplasmic GABA.* '̂ ^̂  Since the direct postsynaptic response to baclofen 
was not different, the increased GABAB-IPSC following brief train stimuli in CAl in kindled 
as compared to control rats likely resulted from a higher release of GABA, partly on account 
of GABAB autoreceptor downregulation.^^ GABA release in slices^ '̂ ^̂  was reported to 
increase after partial or full hipocampal kindling, partly because of GABAB autoreceptors.^^ 

In summary, our results after partial hippocampal kindling indicate that there was no 
change in postsynaptic GABAB receptor sensitivity in DG and CAl in vitro. However, 
electrical train stimulation or nipecotic acid application induced larger GABAB receptor-
mediated currents in CAl neurons in vitro after partial kindling, likely because of enhanced 
presynaptic GABA release. 

2.4. Changes of GABAB receptor expression after seizures 

Various seizures, including kindling, were reported to increase expression of GABAB 

receptors. An increase in GABAB-Rla and R2 mRNA was found in the DG at 1 day but 
not at 28 days after perforant path kindling.^^ An increase in immunoreactivity to 
GABAB-R1 also suggests an increase in GABAB receptor protein expression after 
seizures.^^ Temporal lobe epilepsy is associated with increased GABAB R1 mRNA and 
decreased GABAB receptor density in the hippocampus.̂ " '̂ ^̂  

Our electrophysiological studies after hippocampal kindling indicate that there was a 
decrease in efficacy in presynaptic GABAB receptors, despite an increase in expression of 
GABAB receptors reported after kindling or other seizures. Expression increase may serve 
to compensate for the loss in function. However, GABAB receptor function also depends 
on many signals other than the number of receptors.' Furthermore, GABAB receptors may 
be pre- and postsynaptic, on principal cells and intemeurons, and differential expression 
of the different receptor subtypes has not been reported. 
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3. BEHAVIORS AFFECTED BY GABAB RECEPTOR DYSFUNCTION 

3.1 Synaptic plasticity and spatial performance deficits after partial kindling 

A GABAB receptor antagonist blocked long-term potentiation (LTP) induced by theta-
frequency primed burst stimulation,^ '̂ ^̂  presumably by blocking GABA autoreceptors. As 
expected after a decrease in autoreceptor efficacy (Fig. 2), partial hippocampal kindling also 
resulted in a decrease in primed burst induced LTP in vitro?^ It has been suggested that LTP 
is an important mechanism mediating spatial navigation.^ Thus, disruption of primed-burst 
LTP may cause poor spatial navigation. Indeed, performance on a radial arm maze (place 
but not cue task) was disrupted for up to 4 weeks after hippocampal kindling,^' ^̂  similar to 
the time course of GABAB autoreceptor downregulation. So far, there is no direct evidence 
that GABAB autoreceptor fiinction is responsible for the poor spatial performance. 

3.2 Wet dog shakes suggest a decrease and GABAB receptor function after kindling 

Wet dog shakes (WDSs) are named after a dog's shaking water out of its ftir by means 
of a rapid rotation of its body along the long axis. WDSs in rats were fi-equent near the end 
of a hippocampal AD,̂ ^ but the fi-equency of WDSs decreased as kindling progressed.^^ 
WDSs were decreased greatly after the 6* AD in our partial hippocampal kindling. We 
hypothesize that the decrease in WDS fi-equency indicates a decrease in efficacy of 
hippocampal GABAB receptors. Direct injection of baclofen (0.2 \xL of 5 mM) into the 
hippocampus was used to test this hypothesis. Baclofen injected into stratum radiatum of 
dorsal CAl induced WDSs that were blocked by a GABAB receptor antagonist 
(CGP55845A) injected through the same cannula. On day 1, 4 and 21 after partial 
hippocampal kindling, the number of WDSs induced by baclofen was reduced in kindled 
rats as compared to control rats (Leung and Shen, in preparation). GABA autoreceptor 
activation can mediate disinhibition of principal neurons, and firing of DG granule cells 
induced WDSs.̂ "̂  We suggest that baclofen was less effective in activating autoreceptors in 
kindled than control rats, a result already reported in vitro (Fig. 2). 

3.3 Sensorimotor and auditory gating deficit after kindling 

A deficit in sensorimotor gating, measured by prepulse inhibition of an acoustic startle 
response, was found after hippocampal partial kindling^^ and amygdala kindling.^^ A 
sensorimotor gating deficit is a characteristic of schizophrenia,^^ and, interestingly, GABAB 
receptor knockout mice also showed a deficit in prepulse inhibition.^ We do not know how a 
loss of GABAB receptor fimction causes the latter deficit. However, paired-pulse auditory 
potentials recorded in hippocampal CA3, at a 500 ms interpulse interval (IPI), showed 
reduced paired-pulse inhibition after CGP35348 was injected intraventricularly.^^ 
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4. NEURAL SYSTEM EFFECTS INDUCED BY GABAB RECEPTOR BLOCKADE 

4.1 Assessment of GABAB receptor function in vivo 

Intracerebroventricular (icv) injection of the GABAB receptor antagonist CGP35348 
was used to study GABAB receptor function in the hippocampus in vivo. We infer that 
GABAB receptors in the hippocampus are spontaneously active in vivo.^^ PPD of the 
population EPSP (pEPSP) or population spikes in DG and CAl was sensitive to icv 
CGP35348. PPD of the pEPSPs (or population spikes) at 200 - 400 ms IPI was decreased by 
icv CGP35348, consistent with postsynaptic GABAB receptor blockade. Paradoxically, PPD 
of the population spikes at <100 ms IPI was increased by CPG35348,^ '̂ "̂^ suggesting 
enhanced GABAA receptor mediated inhibition. In addition, icv CGP35348 also increased 
trisynaptic transmission from the medial perforant path to CAl (P. Peloquin, K. Canning, K. 
Wu & Leung, in preparation), which was also found in partially kindled rats as compared to 
control rats.'*^ GABAB receptor functions in kindled rats in vivo have yet to be studied in 
detail. 

4.2 Hippocampal seizures induced by GABAB receptor antagonists in behaving rats 

Systemic administration of GABAB receptor antagonists was reported to induce partial 
(focal) seizures and c-fos expression in the hippocampus.^ Here we report further details on 
the hippocampal ADs following icv injection of a GABAB receptor antagonist. 

In a behaving rat, injection of 0.11 mg CGP35348 icv (estimated to give -160 îM 
concentration in -1.5 ml of ventricular fluid) induced a hippocampal AD about 50% of the 
time. Hippocampal AD was preceded by a small increase in hippocampal gamma (30-70 
Hz) activity and sometimes by theta rhythm (5-8 Hz) during immobility. The AD apparently 
started as 5 - 9 Hz sharp waves in the hippocampus, and it did not initially involve the 
entorhinal cortex, amygdala or sensorimotor neocortex. A higher dose of CGP35348 (> 
0.22 mg icv) induced seizures accompanied by motor convulsions (facial and limb clonus) 
that appeared to start elsewhere (possibly neocortex) and spread into the hippocampus. 
Multiple ADs/seizures were induced after a high dose of CGP35348 icv (> 0.22 mg) or after 
CGP55699A, another GABAB receptor antagonist. A high icv dose of the GABAB receptor 
antagonist also induced seizures that started extra-hippocampally, and seizures could be 
induced by touch or by an experimenter approaching the injected animal. 

Hippocampal ADs after icv CGP35348 can be explained by blockade of postsynaptic 
GABAB receptors. Uncontrolled glutamate release after GABAB heteroreceptor block may 
also be proconvulsant. Since GABAB receptor activation peaks at a latency of ~ 200 ms 
(Fig. 3B), a loss of GABAB receptor function enhances synaptic facilitation particularly at a 
frequency of ~ 5 Hz. Perhaps it is no coincidence that hippocampal ADs after icv 
CGP35348 started at 6 ± 1 Hz (N=20), as distinct from kindled ADs that started at <4 Hz. 

5. SUMMARY 

GABAB receptors play an important role in modulating and shaping activity-dependent 
synaptic activities. GABAB receptor blockade induced ADs that originated from the 
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hippocampus, possibly by blocking postsynaptic and presynaptic heteroreceptors. Repeated 
hippocampal ADs induced by partial kindling resulted in a long-lasting decrease in the 
efficacy of presynaptic but not postsynaptic GABAB receptors in CAl and DG. 
Heteroreceptor downregulation may increase seizure susceptibility after kindling.'*̂  
Autoreceptor downregulation resulted in reduced synaptic plasticity, perhaps a cause for the 
poor spatial maze performance after kindling. The sensorimotor gating deficit and decrease 
in frequency of WDSs after kindling may also be attributed to GABAB receptor 
downregulation. 
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Discussion 

Gale: First of all, I am thrilled that our microinjections with baclofen found their way to 
a good use in your studies. My question is, in the kindled animals where you are seeing 
this reduction in response to the baclofen induced wet-dog shakes, did you try putting 
bicuculline in the same places producing the wet dog shakes and perhaps seeing that those 
wet dog shakes were not affected? It would be nice to see that you could separate the 
postsynaptic and presynaptic mechanisms. 
Leung: We have not tried that, but it is a good suggestion. 
Gale: It is quite possible that there is a more generalized shift because of the kindling, 
which may have nothing to do with the circuitry in the hippocampus, but it really could 
have something to do with the larger network being reorganized. So the whole thing may 
be shifted, and the ability to get wet dog shakes, which is a very hippocampal 
phenomenon, maybe be suppressed. 
Wasterlain: This is very nice. In addition to those experiments, what do you know about 
the mechanism of the down regulation? This is a G-protein coupled receptor; so it is 
expected to be down-regulated a lot, but it could also be internalized. So is it a decreased 
number of receptors, or is it a change in the kinetics of the receptor, which is presynaptic 
down regulation? How does the cell down-regulate one and not the other? 
Burnham: How long do these changes last? 
Leung: Most of the changes we have tested for 21 days. After that I am not sure. There 
is corroborating evidence fi-om release studies, actually done in Amsterdam, with Dr. 
Wadman's associates, who indicate the change lasts for about 4 weeks after fiill kindling. 
Gallagher: We published in 1992 that there was a presynaptic change in GABAB 

receptors and no change in postsynaptic GABAB receptors in the amygdala. So my 
question is, you are getting changes in presynaptic GABAB receptors that are 
proepileptogenic and antiepileptogenic - which one wins, and is there a time course 
change? 
Leung: Our study is pretty close to your study with Asprodini in 1992 showing that 
postsynaptic receptor efficacy doesn't change, although I think that you have shown the 
heteroreceptors have a decrease in efficacy similar to here. It is hard to know, because of 
the different types of GABAB receptors. What we know at the end, what I showed here, is 
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that they did change, I mean the intemeurons. I didn't even look at their responses to 
different types of GABAB receptors. So it is a complicated story. I might be over-
emphasing the autoreceptor change, but I think in a circuit or network population, it is 
really hard to tell them apart. 



ALTERED INTERACTION BETWEEN THE 
ENTORHINAL CORTEX AND HIPPOCAMPUS IN 

AMYGDALA KINDLED RATS 

Uwe Heinemann, Doris Albrecht, Achim Behr and Tengis Gloveli* 

1. INTRODUCTION 

The entorhinal cortex is the main input and output region for the hippocampus. 
Perirhinal and postrhinai cells send their axons into superficial layers of the EC 
where they interact with projection cells in layer II and III of the entorhinal cortex 
but also with apical dendrites of the deep layer entorhinal cortex cells.' These receive 
input from olfactory cortex and subiculum and cholinergic input from the basal 
ganglia and the nucleus basalis Meynert as well as from the septum. Layer II stellate 
cells form the major portion of the perforant path, which projects to the dentate 
gyrus, while layer III cells project to the subiculum and in addition to the stratum 
moleculare of the CAl area and perhaps also to area CA3.̂  Studies on the normal 
interaction between the entorhinal cortex and hippocampus from adult rats have 
revealed that seizure susceptibility is larger in the EC than in the hippocampus, which 
tends to develop only interictal discharges and short ictal events.̂ '"̂  In adult rats 
seizure like events spread from the EC to the subiculum, but rarely fully recruit area 
CAl and the DG. This limitation of spread seems to relate to the extensive 
feedforward and feedback inhibitory network in the DG and the prominent activation 
of inhibitory interneurons in area CAl.^ The DG was therefore assumed to play a 
gating role in transfer of information from layer II of the EC to the DG.̂  We asked 
the question whether the properties of EC layer II stellate cells also contribute to the 
limitation of seizure spread from the EC through the DG to area CA3. Indeed layer II 
stellate cells express a flat input output curve when stimulated at low frequencies. 
However, they readily propagate action potentials to the DG when activity with 
frequencies at and above 10 Hz are used to synaptically activate these cells either 
from deep layers in the medial EC or from superficial layers in the lateral EC. By 
contrast layer III cells in the medial EC readily produce action potentials when 
activated with low frequencies, but suspend propagation of action potentials when 
activated at frequencies above 10 Hz.̂  We studied effects of kindling on patterns of 
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seizure spread, and on alterations in the entorhinal cortex which might affect 
interaction between the entorhinal cortex and hippocampus. 

2. KINDLING AND SEIZURE SPREAD FROM THE ENTORHINAL 
CORTEX TO THE HIPPOCAMPUS 

Kindling affects the interaction between the entorhinal cortex and hippocampus. 
In amygdala kindled animals we found that after kindling low Mĝ "̂  induced seizure 
like events propagated more readily through the dentate gyrus to the hippocampus 
while also readily recruiting the subiculum into seizure activity.̂  ̂  The facilitated 
recruitment of the subiculum may in part depend on a transient down regulation of 
both the early and the late after-hyperpolarization following a train of action 
potentials'^ also apparent in human subiculum from patients with temporal lobe 
epilepsy.'' This is in contrast to pilocarpine treated animals, where seizure spread can 
occur both through the subiculum to area CAl and through the dentate gyrus to CA3 
Even when seizure activity was locally induced in the entorhinal cortex by focal 
application of bicuculline and elevated K"̂ , seizure spread in kindled animals was 
facilitated through the dentate gyrus.'^ 

3. GLUTAMATE RECEPTOR DEPENDENT FASCILITATION OF 
SEIZURE SPREAD 

This facilitated seizure spread points to alterations in the functional organization 
of the glutamatergic innervation of the dentate gyrus. We tested the relative 
contribution of NMDA, AMPA, and Kainate receptors on frequency facilitation in 
transmission from the perforant path to granule cells. This may in part be due to 
alterations in presynaptic release properties. Indeed we have observed an 
upregulation of the synaptobrevin-synaptophysin complex following kindling both in 
cortex and hippocampus.'̂  This may provide for a reserve pool of synaptobrevin, 
promoting enhanced synaptic transmission in the kindled state. However, there was 
no evidence for altered synaptically evoked AMPA currents in kindled animals. 
Several lines of evidence indicate a substantial contribution of kainate receptors to 
temporal lobe seizures. The activation of kainate receptors located on hippocampal 
inhibitory interneurons was shown to reduce GABA release.'"^ A reduced GABA 
release secondary to kainate receptor activation could contribute to enhanced seizure 
susceptibility. As the dentate gyrus serves a pivotal gating function in the spread of 
limbic seizures, we'^ tested the role of kainate receptors in the regulation of GABA 
release in the dentate gyrus of control and kindled animals. Application of glutamate 
(100 jiM) in the presence of the NMDA receptor antagonist d-APV and the AMPA 
receptor antagonist, SYM 2206 caused a slight depression of evoked monosynaptic 
inhibitory postsynaptic currents (IPSCs) in control, but a substantial decrease in 
kindled dentate granule cells. The observation that kainate receptor activation altered 
paired-pulse depression and reduced the frequency of TTX-insensitive miniature 
IPSCs without affecting their amplitude is consistent with a presynaptic action of 
glutamate via kainate receptors on the inhibitory terminal to reduce GABA release. 
In kindled preparations, neither glutamate (100 ]iM) nor kainate (10 jiM) applied in a 
concentration known to depolarize hippocampal interneurons led to an increase of the 
TTX-sensitive spontaneous IPSC frequency nor to changes in the postsynaptic 
membrane properties. Consistently, the inhibitory effect on evoked IPSCs was not 
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affected by the presence of the GABA-B receptor antagonist CGP55845A, thus 
excluding depression by an enhanced release of GABA acting on presynaptic 
GABA-B receptors. The enhanced inhibition of GABA release following presynaptic 
kainate receptor activation favours a use-dependent hyperexcitability in the epileptic 
dentate gyrus. 

Apart from this effect on use dependent disinhibition there are two transient 
effects which may also contribute to fascilitated kindling. One is the transient 
upregulation of NMDA receptors'^ which contributes to frequency potentiation of 
EPSP's. We'̂  therefore investigated dentate gyrus field potentials and granule cell 
excitatory postsynaptic potentials (EPSPs) following high-frequency stimulation (10-
100 Hz) of the lateral perforant path in kindled rats. Although control slices showed 
steady EPSP depression at frequencies greater than 20 Hz, slices taken from animals 
48 hr after the last seizure presented pronounced EPSP facilitation at 50 and 100 Hz, 
followed by steady depression. However, 28 days after kindling, the EPSP 
facilitation was no longer detectable. Using the specific N-methyl-D-aspartate 
(NMDA) and RS-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor antagonists 2-amino-5-phosphonovaleric acid and SYM 2206, we 
examined the time course of alterations in glutamate receptor-dependent synaptic 
currents that parallel transient EPSP facilitation. Forty-eight hr after kindling, the 
fractional AMPA and NMDA receptor-mediated excitatory postsynaptic current 
(EPSC) components shifted dramatically in favour of the NMDA receptor-mediated 
response. Four weeks after kindling, however, AMPA and NMDA receptor-mediated 
EPSCs reverted to control-like values. Although the granule cells of the dentate gyrus 
contain mRNA-encoding for kainate receptors, neither single nor repetitive perforant 
path stimuli evoked kainate receptor-mediated EPSCs in control or in kindled rats. 
The enhanced excitability of the kindled dentate gyrus 48 h after the last seizure, as 
well as the breakdown of its gating function, appear to result from transiently 
enhanced NMDA receptor activation that provides significantly slower EPSC 
kinetics than those observed in control slices and in slices from kindled animals with 
a 28-day seizure-free interval. Therefore, NMDA receptors seem to play a critical 
role in the acute throughput of seizure activity and in the induction of the kindled 
state, but not in the persistence of enhanced seizure susceptibility. Changes in 
metabotropic glutamate receptor expression may also contribute to facilitated seizure 
spread.'^ 

It is well established that granule cells up regulate GAD, the enzyme 
synthesizing GABA.'^ The granule cells of the dentate gyrus (DG) send a strong 
glutamatergic projection, the mossy fibre tract, toward the hippocampal CA3 field, 
where it excites pyramidal cells and neighbouring inhibitory interneurons. Despite 
their excitatory nature, granule cells contain small amounts of GAD (glutamate 
decarboxylase), the main synthetic enzyme for the inhibitory transmitter GABA.'^ 
Chronic temporal lobe epilepsy results in transient up regulation of GAD and GABA 
in granule cells, giving rise to the hypothesis that following over excitation, mossy 
fibres exert an inhibitory effect by release of GABA. Wê ^ therefore stimulated the 
DG and recorded synapUc potentials from CA3 pyramidal cells in brain slices from 
kindled and control rats. In both preparations, DG stimulation caused excitatory 
postsynaptic potendal (EPSP)/inhibitory postsynaptic potential (IPSP) sequences. 
These potentials could be completely blocked by glutamate receptor antagonists in 
control rats, while in the kindled rats, a bicuculline-sensitive fast IPSP remained, 
with onset latency similar to that of the control EPSP. Interestingly, this IPSP 
disappeared 1 month after the last seizure. When synaptic responses were evoked by 
high-frequency stimulation, EPSPs in normal rats readily summate to evoke action 
potentials. In slices from kindled rats, a summation of IPSPs overrides that of the 



94 HEINEMANN£^7'/4L 

EPSPs and reduces the probability of evoking action potentials. However at 
frequencies above 50 Hz this inhibitory effect fades, presumably due to K̂  dependent 
reduced efficacy of inhibition. Our data show that kindling induces functionally 
relevant activity-dependent expression of fast inhibition onto pyramidal cells, coming 
from the DG, that can limit CA3 excitation in a frequency-dependent manner. 
Interestingly a contribution of GABA to synaptic transmission in this pathway is 
characteristic for juvenile animals, and it can be provoked by a single seizure and 
even under in vitro conditions by protocols which induce LTP (see contribution of 
Gutierrez, this volume). This transient inhibitory effect on CAS cells may be in 
contrast to activation of networks in the dentate gyrus. Increased release of GABA 
from mossy fibre recurrent axon collaterals will lead to disinibition by reducing 
activation of interneurons and mossy cells. 

4. KINDLING INDUCED ALTERATIONS OF ENTORHINAL CORTEX 
PROPERTIES 

Alterations in kindling not only affect the hippocampus but also alter the 
amygdala and input of the amygdala to the entorhinal cortex. This was found in a 
recent study where we analysed the neuropathological consequences of kindling with 
a sensitive silver-staining method for the visualization of damaged neurons and Nissl 
staining for the estimation of the neuronal densities in different limbic areas.^' 
Amygdala-kindled animals had reduced cell density in the amygdala and increased 
density of fragments of degenerated axons both ipsi- and contralateral to the 
stimulation site. Reduced neuronal density and the occurrence of degenerated axons 
in kindled animals were more prominent in the ipsilateral than in the contralateral 
hemisphere. In addition, more degenerated axons were found in entorhinal and 
perirhinal cortical structures of kindled than sham-operated animals. These results 
indicate that kindling induced morphological alterations that were not restricted to 
either the ipsilateral hemisphere or the stimulated region. With respect to the 
entorhinal cortex we found a particularly interesting loss of innervation from the 
amygdala and a somewhat reduced cell number in layer III of the entorhinal cortex 
which was less marked than the findings of cell loss in the pilocarpine model and 
kainate model of temporal lobe epilepsy. '̂̂ ^ 

Wê "̂  therefore began to study alterations in entorhinal cortex layer III cells 
which project to the subiculam and to area CAI. We studied the effect of kindling on 
the frequency-dependent information transfer from the entorhinal cortex layer III to 
area CAI in vitro. In control rats repetitive synaptic activation of layer III projection 
cells resulted in a frequency dependent depression of the synaptic transfer of action 
potentials to the hippocampus. One-to-two-days after kindling this effect was 
strongly reduced. Although no substantial change in synaptic inhibition upon a single 
electrical stimulation was detected in kindled rats, there was a significant depression 
in the prolonged inhibition^^ following high frequency stimulation. In kindled 
animals, paired-pulse depression (PPD) of stimulus-evoked IPSCs in layer III 
neurons was significantly stronger than in control rats. The increase of PPD is most 
likely caused by an increased presynaptic GABA(B) receptor-mediated auto 
inhibition. In kindled animals activation of presynaptic GABA(B) receptors by 
baclofen (10 |LIM) suppressed monosynaptic IPSCs significantly more than in control 
rats. In contrast, activation of postsynaptic GABA(B) receptors by baclofen was 
accompanied by comparable changes in the membrane conductance in both animal 
groups. Thus, in kindled animals activation of the layer III-CAl pathway is 
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facilitated by an increased GABA(B) receptor-mediated auto inhibition leading to an 
enhanced activation of the monosynaptic EC-CAl pathway. 

We therefore investigated further the effects which high frequency activation of 
the perforant path portion from EC layer III to CAl would have on the plasticity in 
this area. We found that stimulation of the PP would induce a potentiation of evoked 
responses in area CAl. Interestingly high frequency stimulation had a suppressant 
effect on Schaffer collateral evoked field EPSPs and intracellularly recorded EPSPs. 
This activation protocol could in part reverse LTP induced by high frequency 
stimulation of the stratum radiatum. This suggests that memory deficits in patients 
with temporal lobe epilepsy may have an active component mediated by altered 
transmission properties of the entorhinal cortex layer III cells to the hippocampal 
field CAl (Heinemann et al, in preparation). 

5. CONCLUSIONS 

Our findings add to the widespread observations that kindling affects a wide 
spectrum of cellular and synaptic functions within mesial temporal lobe structures. 
Some of these alterations are lasting, while many of them are transient in nature. On 
a network level the alterations in the DG favour seizure spread from the entorhinal 
cortex into the hippocampus. In addition they have effects on synaptic plasticity 
which might contribute to cognitive impairments characteristic of patients who suffer 
from temporal lobe epilepsy. 

Kindling is thought to model one condition of human temporal lobe epilepsy 
where hippocampal and extrahippocampal ceil loss is minimal. In these patients the 
functional alterations in cellular properties seem to be more important than the 
structural reorganisation which is associated with hippocampal sclerosis. However, 
not all alterations which we know from kindled animals also occur in the tissue of 
patients suffering from non-Ammon's Horn Sclerosis (AHS). Thus the down 
regulation of calbindin 28 which is typical for AHS patients and for models of 
temporal lobe epilepsy induced by a prior status epilepticus and kindling is not 
observed in tissue from non AHS patients. 

Our findings regarding effects of up regulation of GABA B receptors in a model 
of TLE also explain why GABA B agonists such as baclofen had disappointing 
effects on the treatment of focal epilepsies. This suggests that preclinical monitoring 
of potential anticonvulsants should involve studies in chronic epileptic animals and 
where possible also in human epileptic tissue 
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Discussion 

Leung Very nice data. I'd like to ask you about the autoreceptors that mediate 
depression on the layer 3 cells. Its seems like in your control neuron the depression 
was not very large. And have you looked at the difference after GABAB antagonist, 
to see what is the component not GABAB receptor mediated? 
Heinemann: Most of the depression, the paired-pulse depression after application of 
the GABAB agonist, is removed. Second, you saw a very strong depression, but 
certainly the paired-pulse depression in the inhibitory IPSC is not very remarkable in 
these cells, about 20% lower than in your case and in studies of the dentate gyrus. So 
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regarding epilepsy in these networks, if you look from synapse to synapse, you will 
differences quantitative but also qualitative differences. 
Buzsaki: I am just curious to know how reliable is the identification of layer 2 and 
layer 3 neurons by back firing. When you are stimulating the outer molecular layer 
obviously some of the current spreads to the molecular layer also. How do we know 
which cells we are recording from? 
Heinemann: Projection cells in layer II and III are recognized based on a number of 
criteria. First is their location in layer II or III. Second, we identify them by 
antidromic activation by deep layer stimulation or angular bundle stimulation. Third, 
stellate cells are easily recognized due to their depolarizing and hyperpolarizing sag 
potentials and occurrence of membrane potential oscillations when depolarized to 
near threshold. Fourth, they can be identified by filling of cells with biocytin and 
subsequent reconstruction. 
Schwartzkroin: Let me ask both you and Stan Leung, how should we think about 
comparing the data that both of you have presented given the different location of the 
kindling process and the different degree to which the kindling has proceeded? 
Heinemann: I have learned from studies on dopamine, 5-HT, and so forth, that what 
you observe in the entorhinal cortex is often opposite to what happens in the 
hippocampus. In these kind of things you have to see this not as a sign of an isolated 
event, but you really have to put it into the network component. What we need is 
really realistic modelling of the whole of the network. Considering that this is a 
network, which unlike the neocortex may have only 2 or 3 working modes, here have 
very very different working modes. I think we have to broaden our view in this kind 
of change. 
Leung: I agree with what you said. I have nothing really to add with respect to why 
one region may have an autoreceptor down-regulation and another have an increase. 
Could I ask a question since you mentioned network? I just want to clarify your view 
or your data on the entorhinal-CAl or entorhinal-hippocampal transmission. Is there 
a difference between kindling and your status-epilepticus? 
Heinemann: With respect to seizure spread was if we looked at low magnesium or 
focal application of bicuculine, high potassium, what we see was a marked difference 
in seizure spread. First off, the seizure susceptibility is more increased in the 
entorhinal cortex than the hippocampus proper. Second, if you induce in the middle 
and deep layers of the entorhinal cortex a seizure on the whole preparation, in the 
kindled tissue it always propagates through the dentate gyrus; so the kindling process 
removes this gating function that we originally proposed, and Lothman proposed. In 
contrast, what you have in pilocarpine and kainate status animals is that you have 
seizures spread through the dentate gyrus and also very often through the subiculum-
CAl, and then you have occluding seizure waves which hit it in the CA3 region and 
then something very interesting happens to the seizures that collide. 



NATURE AND CONSEQUENCES OF SEIZURES 
ORIGINATING IN THE BRAINSTEM 
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Akihiko Nunomura 

1. INTRODUCTION 

Experimental studies suggest that the brainstem, particularly the brainstem reticular 
formation (RF), is involved in the secondary generalization of partial seizures originating 
in the forebrain. Electrolytic lesioning of the midbrain involving the medial part of the 
mesencephalic RF (MRF) prior to amygdala (AM) kindling retards the development of 
AM kindling. ̂ ^ Extensive midline bisection of the brainstem (the midbrain to the pons) 
can inhibit the development of a stage 5 AM kindled seizure.* In feline AM kindling, the 
emergence of afterdischarge (AD) in the ipsilateral and then contralateral midbrain 
reticular formation precedes generalization and synchronization of AD leading to the 
final stage 6 generalized convulsion."*̂  In addition, a unilateral lesion (ipsilateral to the 
kindled AM) in the midbrain reticular formation not only elevates the established 
generalized seizure triggering threshold but also prevents recalling the kindled stage 6 
seizures in cats."*̂ '"̂ ^ However, bisection of the forebrain commissures does not prevent 
stage 6 convulsive development."̂ ^ In prefrontal kindling in epileptic Senegalese baboons, 
Papio papio, bisynchronous electroencephalographic discharges in the bulbar RF are 
associated with photically induced generalized convulsions and AM kindled generalized 
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seizures. 
Further evidence has suggested that the brainstem RF is itself associated with the 

generation of primary generalized seizures. Electrical stimulation applied to the 
brainstem RF triggered tonic convulsions in rats,̂ ' ^̂  rabbits,̂  and cats,̂ ^ whereas lesions 
within this area can attenuate the maximal electroshock seizure or pentylenetetrazol-
induced seizure in rats.̂  In genetically epilepsy-prone rats, the propagation of seizure 
discharges from the inferior coUiculus to the brainstem RF is considered to be important 
in the development of audiogenic seizures."*' *̂ "'̂ ' ^̂  Furthermore, a brain chimera study on 
12-somite stage embryos of Fayoumi chickens with hereditary reflex epilepsy in response 
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to either light or sound stimulation demonstrated that the mesencephalon contains the 
generator of the epileptic manifestations of running and generalized convulsions. ̂ "̂^ To 
gain further insight into the role of the MRF in the generation of epileptic seizures, we 
focused on the nature and consequences of seizures originating in the brainstem. 

2. CHEMICAL PROCONVULSANT MICROINJECTIONS TO MRF 

An imbalance between inhibitory and excitatory neurotransmission is considered to 
be associated with the generation and expression of human̂ '̂ ^^ and animal epileptic 
seizures'- "• ''• "• ''•''• ''•'°' '"• "^' in the forebrain. 

In inhibitory neurotransmission, repeated administration of the y-aminobutyric acid 
(GABA) A receptor antagonists picrotoxin^ or bicuculline methiodide (BIG),"*' into the 
unilateral amygdala induces AM seizure in rats. Systemic administration of the GABA 
receptor agonist muscimol strongly suppresses AM kindled seizureŝ ^ in rats. 

Excitatory amino acids, such as N-methyl-D-aspartate (NMDA), Alpha-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainic acid, are associated 
with excitatory neurotransmission. Systemic administration of NMDA,̂ ^ or the focal 
administration of NMDA to the AM,"' ^̂  massa intermedia,̂ *'̂ ^ or substantia nigra pars 
reticulate,̂ '̂ ^^ produces convulsive seizures. In addition, a competitive NMDA receptor 
antagonist, 3-(2-carboxypiperazine-4-yl)-propyl-l-phosphonic acid (CPP),̂ "* and a 
non-competitive NMDA receptor antagonist, dizocilpine (MK-801),̂ * have potent 
inhibitory effects on the development of AM kindling in rats. AMPA-sensitive 
quisqualate receptor bindinĝ ^ and AMPA receptor mRNA** are both reported to increase 
in the epileptogenic hippocampus in the human brain. A selective AMPA receptor 
antagonist, 2,3-dihydroxy-6-amino-7-sulfamoyl-benzo(F)-quinoxaline,̂ ^ has also been 
shown to have potent inhibitory effects on the development of AM kindling in rats. The 
focal injection of kainic acid into limbic structures'*' or into the MRF in rats and catŝ ^ 
also produces acute generalized convulsive seizures. 

In order to examine whether diminution of inhibitory neurotransmission or 
potentiation of excitatory neurotransmission in the brainstem RF can produce epileptic 
seizures patterns, we microinjected the proconvulsants BIG, AMPA, and NMDA into the 
unilateral MRF and observed the behavioral and EEG changes in rats. BIG is a selective 
GABAA antagonist which was used to diminish GABAergic inhibitory 
neurotransmission, while AMPA and NMDA were used to potentiate excitatory amino 
acid neurotransmission. 

2.1. BICUCULLINE 

Sixteen male adult Sprague-Dawley rats (2 to 3 months of age) were used in the BIG 
study. Under pentobarbital anesthesia, bipolar electrodes made of twisted stainless steel 
wire (200 \xm in diameter) were stereotaxically^^ inserted into the left AM (2.8 mm 
posterior, 5.0 mm lateral, and 9.0 mm ventral from the bregma). Three surface electrodes 
(stainless steel screws) were driven into the skull, two for recording from the motor 
cortices bilaterally and the remaining one for the reference electrode over the olfactory 
bulb unilaterally. In addition, chemitrodes, i.e., 24 G guide cannulas with bipolar 
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electrodes made of twisted stainless steel wire (200 jim in diameter), were implanted into 
the left MRF (the deep mesencephalic nucleus; 5.8 mm posterior, 1.7 mm lateral, and 6.6 
mm ventral from the bregma: n = 6) or the left pontine RP (PRP) (the pontine reticular 
nucleus, oral part; 7.8 mm posterior, 1.2 mm leteral, and 8.4 mm ventral from the 
bregma: n = 6). The tips of the bipolar electrodes extended 1.0 mm beyond the ends of 
the guide cannulas. Seven days after the operation, a single 20 nmol dose of BIC (Sigma 
St. Louis, U.S.A.) was administered into the MRF (the MRF group; n = 6) or the PRF 
(the PRF group; n = 6). The dose of BIC was dissolved in saline and delivered in a 
volume of 1.0 jul at a rate of 0.5 jxl/minute by a microsyringe pump (Eicom corp., Kyoto, 
Japan, EP-60). The microinjections were performed with injection needles (30 G) which 
extended 1.0 mm beyond the ends of the guide cannulas. The remaining 4 of 16 rats 
received a saline injection (1.0 |LI1) in a manner identical to that of the MRF/PRJF groups 
and were used as the control group (2 for the MRF and 2 for the PRF group). On 
completion of the experiment, the rats were deeply anesthetized and their brains were 
prepared for histological verification of BIC injection needle and depth electrode 
placements. 

Histological examination showed that the BIC injection needles and depth electrodes 
were located in the intended area (within 0.5 mm of the target site). 

The control group did not show any behavioral or electrographic changes during the 
45 minutes from the beginning of the saline injection. The MRF group showed seizure 
patterns in the following order: (I) a running/bouncing seizure, and (II) a generalized 
tonic-clonic seizure (GTCS) which lasted longer than 10 min and finally involved both 
forelimb and partial/complete hindlimb. The seizure II tonic patterns were in the 
following order (from mild to severe symptoms): tonic flexion of neck and trunk, tonic 
extension of forelimb, and partial/complete extension of hindlimb. The mean (range) 
latencies from the beginning of the BIC injection to the seizures I and II were 1.88 
(1.17-3.50) and 4.40 (2.08-7.33) min, respectively. The PRF group showed convulsive 
seizures that were identical to those of the MRF group, although their mean (range) 
latencies from the beginning of the BIC injection to the seizures I and II were slightly 
shorter than the respective latencies in the MRF group [1.33 (0.83-2.00) and 3.85 
(1.67-8.83) min, respectively]. However, there was no significant difference in the 
latencies between the two groups (Mann-Whitney U test). There were no differences in 
the features of the electroencephalographic seizure discharges between the two groups. 
One rat of the MRF group and 3 rats of the PRF group died at 19 to 23 min after the 
beginning of the BIC injection while showing seizure II. The remaining rats (5 of 6 in the 
MRF and 3 of 6 in the PRF group) received treatment for seizure II with pentobarbital 
(40 mg/kg, i.p.) and survived thereafter. Representative electroencephalograms of the 
seizures I and II in the MRF group are shown in Figure 1. Electroencephalographic 
seizure discharges were observed in the subcortical structures (the MRF and the AM) 
during the seizure I. However, after the seizure II appeared, cortical involvement in the 
seizure discharges was apparent. 
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Figure 1. Electroencephalograms of a running/bouncing seizure (A) and a GTCS (B) in a MRF group rat. LCO, 
left motor cortex; RCO, right motor cortex; AMY, amygdala; MRF, mesencephalic reticular formation; Ref, 
reference electrode. 
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2.2. AMPA 

Forty-five male adult Sprague-Dawley rats were used in the AMPA study. The rats 
were randomly assigned to Group A (n = 15), B (n = 15), or C (n = 15). The methods of 
electrode (in the motor cortices, AM, MRF) and MRF chemitrode implantation for the 
MRF were identical to those of the BIG study described above. 

Seven days after the operation, a single 10 nmol dose of AMPA (Sigma, St Louis, 
MO, USA) was administered into the MRP in Group A, while Group B received only a 2 
nmol dose. The AMPA dose was dissolved in saline and delivered in a volume of 1.0 |il at 
a rate of 1.0 fil/min by a microsyringe pump (Eicom corp., Kyoto, Japan, EP-60). The 
microinjections were performed with 30 G needles extending 1.0 mm beyond the ends of 
the guide cannulas. Group C received a saline injection (1.0 îl) into the left MRF in a 
manner identical to that carried out in Groups A and B. Behavioral and EEG changes 
were recorded for 45 min fi*om the end of the AMPA/saline microinjections. 

We applied 60 sec of sound stimulation to the rats of Groups A, B, and C at 15, 30, 
and 45 min from the end of the AMPA or saline microinjections. Although there are 
several sound stimulation methods using key jingling, in Exp. 2 we used a short manual 
shake of a bunch of keys (6 metal door keys on a metal key-ring) held at 50 cm above the 
floor of an open-topped observation box (35 cm x 35 cm x 35 cm);̂ "̂  the frequency and 
intensity of the sound is reported elsewhere.̂ "* On completion of Exp. 2, the animals were 
deeply anesthetized and their brains were subjected to perfiision fixation with 10% 
formalin, and subsequently cut into 10 |im thick frozen sections to histologically confirm 
the position of the depth electrode. Statistical comparisons were made using Fisher's 
exact probability test. 

Histological examination revealed that the chemitrodes and the depth electrodes 
were located in the intended area and within 0.5 mm of the target site in all the rats used. 

Microinjection of the 2 nmol dose of AMPA induced only hyperactivity and 
running/circling. Microinjection of the 10 nmol dose of AMPA induced seizure patterns 
in the following order: (1) hyperactivity (a state in which a rat is frequently moving or 
restlessly walking around in the observation box); (2) a running/circling seizure which 
consisted of sudden running forward and circling in the open-topped observation box 
without any regular direction; (3) a GTCS which finally involved both forelimb and 
partial/complete hindlimb extension; and (4) amygdala kindling-like seizures (AMKS) 
which consisted of facial movements, head nodding, bilateral forelimb clonus, and 
rearing. Electroencephalographic seizure discharge was observed in the MRF and AM 
during hyperactivity and running/circling seizures, and in the MRF, AM, and cortices 
during a GTCS. In contrast, seizure discharge was observed predominantly in the AM 
during AMKS, although discharge was also seen in the MRF and cortices (Figure 2). 
AMKS was observed in 8 rats that exhibited hyperactivity and running/circling in Group 
A, but was not seen earlier than hyperactivity, running/circling, or GTCS. Additionally, 
AMKS appeared without exception within 15 min of the rats receiving AMPA 
microinjection. Group C did not show any behavioral or electroencephalographic changes 
during the 15 min following the end of the saline injection. The incidence of 
hyperactivity and running/circling was significantly higher in Groups A and B than in 
Group C: A, 15/15 and 13/15; B, 15/15 and 10/15; C, 0/15 and 0/15, respectively: 
(p<0.01 by Fisher's probability exact test). The incidence of GTCS and AMKS was 
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Figure 2. Electroencephalograms of AMKS in a Group A rat. AMKS, i.e., facial movements, head nodding and 

bilateral forelimb clonus with rearing appeared initially at 12 min 10 s after AMPA microinjection. 

significantly higher in Group A than in Groups B and C: A, 4/15 and 8/15; B, 0/15 and 
0/15; C, 0/15 and 0/15, respectively (p<0.05 and 0.01 by Fisher's probability exact test, 
respectively). AMPA-induced seizures were not observed during the period from 15 to 45 
min after the end of AMPA injections. 

Sound stimulation applied at 15, 30, and 45 min after AMPA injections induced 
hyperactivity (Groups A and B), running/circling (only Group A), and GTCS (only Group 
A), but did not produce AMKS. The EEG findings observed during sound stimulations in 
Exp. 2 were similar to those observed for 15 min after AMPA injection. In Group C, no 
behavioral or EEG changes were elicited by sound stimulation. The incidence of 
hyperactivity, running/circling and GTCS was significantly higher in Group A (15/15, 
14/15, and 6/15, respectively) than in Groups B (5/15, 0/15, and 0/15, respectively) and C 
(0/15,0/15, and 0/15, respectively). 

2.3. NMDA 

The effects of microinjections of a single 2 or 10 nmol dose of NMDA into the 
unilateral MRF (the deep mesencephalic nucleus) on behavior and the EEG were 
examined in male adult Sprague-Dawley rats (n = 18) during a 15 min period (Exp. 1), 
and subsequent effects of sound stimulation with key jingling (described above) applied 
at 15, 30, and 45 min after the injections were observed (Exp. 2)}"^ The methods of 
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implantation of electrodes and MRF chemitrodes were identical to those of our BIC 
study described above. 

Histological examination revealed that the chemitrodes and the depth electrodes 
were located in the intended area (within 0.5 mm of the target site) in all the rats used. 

Microinjection of the 2 nmol dose of NMDA (n = 10) induced hyperactivity (9/10 
rats) and running/circling (8/10 rats) in Exp. 1, and hyperactivity (3/10 rats) in Exp. 2. 
Moreover, microinjection of the 10 nmol dose of NMDA (n = 8) induced not only 
hyperactivity (8/8 rats) and running/circling (7/8 rats) but also a GTCS which finally 
involved both forelimb and partial/complete hindlimb extension (5/8 rats) in Exp. 1; these 
seizure patterns were also elicited by sound stimulation in Exp. 2. The seizure patterns 
were accompanied by electroencephalographic seizure discharge in the MRF and the 
motor cortex (in the MRF predominantly). In contrast, the control group (n = 10), which 
received a single dose of saline microinjection into the unilateral MRF, showed no 
behavioral or electroencephalographic changes in both Exp. 1 and 2. Additionally, in Exp. 
1 and 2, no rats in Groups A or B showed the AMKS that was observed in our AMPA 
study described abovê "̂ . 

3. KINDLING OF MRF AND SUBSEQUENT AM KINDLING 

Twelve male adult Sprague-Dawley rats were used in the kindling study (MRF 
stimulation group, n = 6; MRF non-stimulation group, n = 6). Under pentobarbital 
anesthesia, bipolar electrodes made of twisted stainless steel wire, 200 JLIA in diameter, 
were stereotaxically^^ implanted into the unilateral MRF (the deep mesencephalic 
nucleus; 5.8 mm posterior, 1.7 mm lateral, and 6.6 mm ventral from the bregma) and the 
AM (2.8 mm posterior, 5.0 mm lateral, and 9.0 mm ventral from the bregma) ipsilateral 
to the MRF electrode. Two surface electrodes (stainless steel screws) were inserted into 
the skull over the ipsilateral motor cortex and cerebellar cortex (the latter was used as the 
reference electrode). 

Two weeks after the operation, the AD threshold of the MRF was determined by 
applying 1-sec stimulation beginning at 100 |LIA (60 Hz biphasic square pulses). Every 24 
hours, stimulation was increased by 100 [lA until AD was induced. The first stimulus 
producing an AD was arbitrarily designated as AD threshold. The MRF was stimulated 
once a day at the AD threshold until 3 consecutive generalized tonic-clonic seizures of at 
least 50 sec in duration were induced. Twenty-four hours after the last MRF stimulation, 
3 of 6 rats in the MRF stimulation group received ipsilateral AM stimulation once a day 
at the AD threshold until 3 consecutive stage 5 seizures^^ were induced. The AD 
threshold of the AM was determined by applying 1-sec stimulation beginning at 100 (iA 
(60 Hz biphasic square pulses). Every 24 hours, stimulation was increased by 100 jiA 
until AD was induced. Rats without MRF stimulation were used as the MRF 
non-stimulation group. MRF restimulation at the AD threshold was performed 24 hours 
after AM kindling in 3 rats and 30 days after kindling in 2 rats from the MRF stimulation 
group. On completion of the experiments, all animals were deeply anesthetized and their 
brains were perfiised, serially sectioned, and stained by hematoxylin and eosin. 

Histological examination confirmed that the depth electrodes were located in the 
intended area. The mean AD threshold at the MRF was 317 faA (range 200-500 fiA) and 
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the mean number of ADs required to complete MRF kindling was 12.8 (range 5-22). As 
shown in Table 1, daily MRF stimulations at the AD threshold produced a progressive 
change in the seizure pattern, from generalized tonic to generalized tonic-clonic seizure, 
and progressive AD growth involving the motor cortex. A representative example of 
seizure development during MRP kindling is shown in Figure 3. 

The AM kindling profile of the MRF stimulation and non-stimulation groups is 
shown in Table 2. All the rats in each group showed AD at the intensity of 100 jiA, with 
no statistical difference between the two groups. The MRF stimulation group reached 

Table 1. MRF kindling profile 

Clinical seizures 
AD 

MRF AMY MCO 
AD duration 

(sec, mean with range) 

the first seizure: + 
generalized tonic 

the last seizure: + 
generalized tonic-clonic 

17.8(8-27) 

66.8 (50-88) 

AD, afterdischarge; MRF, mesencephalic reticular formation; AMY, amygdala; MCO, motor cortex. 
+, AD is present; -, AD is not present. The mean (range) number of MRF stimulations: 12.8 (5-22). 

Table 2. AM kindling profile of the MRF stimulation and non-stimulation groups. 

Groups 
Number of stimulations AD duration (sec) No. of rats 

to reach stage 5 at the first stage 5 with a PLPC 

MRF stimulation 
(n = 3) 

4.0(3-5) - I 

MRF non-stimulation 9.2(6-12) -J 
(n = 6) 

42.3 (32-50) 

65.5 (42-86) 

3/3 - I 

0/6 - " 

AD, afterdischarge; PLPC, a prolonged loss of postural control; MRF, mesencephalic reticular formation. 
*p<0.05 by Mann-Whitney U test, **p<0.05 by chi-square test. 
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Figure 3. A representative seizure development of MRF kindling. The rat displayed AD 17 times. 
A: The first stimulation (AD threshold 500 jaA). The rat showed a brief generalized tonic seizure with 

myoclonic limb movement (AD = 25 sec). 
B: The last (17th) stimulation (AD threshold 500 ^lA). The rat showed a prolonged tonic-clonic seizure with 

myoclonic limb movement (AD = 55 sec). 
LMRF, left mesencephalic reticular formation; LAMY, left amygdala; LMCO, left motor cortex; REF, reference 
electrode. 
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Figure 4. Stage 5 Amygdala (AM)-kindled seizure in an MRF kindled rat (the third stimulation of left AM). 
The rat developed a stage 5 seizure at the third stimulation, with a generalized tonic seizure and a prolonged 
loss of postural control (20 sec). 

Stage 5 significantly faster than the non-stimulation group. There was no significant 
difference between the two groups in the AD duration during the first stage 5 seizure. 
However, all rats in the MRP group exhibited a prolonged loss of postural control (>4 sec, 
range 5-18 sec) with generalized tonic seizures during the stage 5 seizure, whereas none 
of the no-stimulation group rats did. 

Both at 24 hours and 30 days after AM kindling, MRF restimulation induced a 
generalized tonic-clonic seizure that was similar to the final generalized tonic-clonic 
seizure of the MRF kindling session in all rats in the MRF kindling group. 

4. DISCUSSION AND CONCLUSIONS 

4.1. Microinjection study 

In our study, microinjections of the GABAA antagonist BIG (20 nmol) into the 
unilateral MRF/PRF induced seizure patterns in the following order: (I) a 
running/bouncing seizure, and (II) a GTCS lasting longer than 10 min. There were no 
significant differences in the features of the seizure patterns between the MRF and PRF 
groups. The final form of behavioral seizures was accompanied by EEG seizure discharge 
in the motor cortex as well as the MRF and AM. These findings suggest that the 
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brainstem RF has an important role in the development of a running/bouncing seizure and 
GTCS, and that blocking of GABAergic inhibitory neurotransmission in the brainstem 
RF participates in seizure development. 

In addition, microinjections of the excitatory amino acids AMPA or NMDA induced 
seizure patterns in the following order: (1) hyperactivity, (2) a running/circling seizure, 
(3) a GTCS which finally involved both forelimb and partial/complete hindlimb 
extension, and (4) AMKS which consisted of facial movements, head nodding, bilateral 
forelimb clonus, and rearing (only by AMPA injection). Sound stimulation applied at 15, 
30, and 45 min after AMPA or NMDA injections could induce hyperactivity, 
running/circling, and GTCS, but did not produce AMKS. 

Tonic seizures are considered to depend on the brainstem but not the forebrain. 
Although the specific substrates within the brainstem responsible for producing tonic 
seizures have not been elucidated, the brainstem RF (the midbrain to the pons) is likely to 
be involved in the generation of tonic seizures.^" '̂ '̂ ^̂ ' ^^' ^^ It is assumed that the 
propagation of seizure discharge from the inferior colliculus to the brainstem RF is 
crucial for the development of audiogenic seizures (running or generalized tonic seizure) 
and that the brainstem RF neurons play a major role in generation of audiogenic seizure 
in genetically epilepsy-prone rats.*^" ^̂  It is therefore suggested that the MRF has an 
important role in the development of GTCS, which follows hyperactivity and 
running/circling, and that potentiation of excitatory neurotransmission in the MRF 
participates in the development of audiogenic seizures as well as GTCS. 

The development of GTCS, in which the cortico-reticular system is considered to be 
involved, seems to be more easily produced by excitation of NMDA rather than AMPA 
neurotransmission. This speculation is not inconsistent with the fact'*̂  that in rat 
audiogenic seizures the development of GTCS is mainly controlled by excitation of 
NMDA rather than AMPA neurotransmission. In contrast, AMKS was induced by 
microinjection of AMPA, and not NMDA, into the MRF, probably due to excitation of 
the limbic-brainstem connection. 

4.2. Kindling Study 

Goddard et al.̂ ^ reported that 200 daily electrical stimulations (50 JLIA, 60 Hz 
biphasic square pulses, 60 sec) of the brainstem (midbrain periaqueductal gray, MRF, 
substantia nigra, etc.) neither produced a convulsive response nor established kindling. 
However, recent studies have shown that the inferior colliculus,^^ the interpeduncular 
nucleus,^ the dorsal tegmentum,^^ and the midbrain periaquaductal gray^^ can be kindled 
in rats. 

A previous study^ indicates that electrical stimulation (1100-1500 jaA, 10 sec) to the 
MRF produce generalized tonic seizure without EEG seizure discharge in rats. However, 
we were able to induce not only the seizure but also EEG seizure discharge. The reason 
for this difference is not clear, but it is possible that the stimulated site in our study is 
different from that in the previous study. ̂  

Our study revealed that MRF stimulated rats showed a progressive change in the 
behavioral seizure pattern and progressive AD growth involving the motor cortex. 
Furthermore, the MRF restimulation experiment demonstrated that the increased seizure 
susceptibility established by MRF kindling was persistent. Therefore, it is indicated that 
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the MRF can be kindled effectively. In the AM kindling experiment, MRF-kindled rats 
reached stage 5 significantly faster than the MRF non-stimulation group, suggesting that 
MRF kindling has a facilitatory influence on subsequent AM kindling. This finding 
supports the hypothesis that the vertical (limbic-brainstem) rather than horizontal 
pathway (interlimbic pathway through the forebrain commissures) is crucial for the 
development of AM kindling,̂ ' '̂ ^̂ ' ^^' ^^ Moreover, the MRF-kindled group had a 
significantly higher incidence of tonic seizures associated with a prolonged loss of 
postural control as compared with the non-stimulation group during stage 5 seizures. This 
fact suggests that AM kindling utilizes the increased seizure susceptibility of the 
brainstem induced by previous MRF kindling. 

4.3. Conclusion 

On the basis of our study, it is assumed that nature of seizures originating in the MRF 
consists of varied patterns in the following order (from mild to severe symptoms): 
hyperactivity, a running/circling/bouncing seizure, tonic seizure, a tonic-clonic seizure, 
and amygdala kindling-like seizures with EEG seizure discharge involving forebrain 
structures. The MRF can be kindled, and subsequent AM kindling utilizes not only the 
strengthened vertical (limbic-brainstem) connection but also the proconvulsant 
neuroplastic changes that have been already established by MRF kindling. 
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Discussion 
Wada: It is a beautiful study. It reminds me of a an observation we made many years 
ago in cats, when Dr. Sato was with us, that when cat was kindled you could precipitate a 
kindled seizure without any problem following primary site kindling. Then we placed a 
lesion in the lateral MRF, and then we could not evoke a kindled seizure at all. We 
continued to stimulate for something like 16 or 20 days, and no kindled seizure. 
Secondly, we did concurrent MRF stimulation and amygdaloid kindling, and it 
accelerated amygdala kindling tremendously. If I remember correctly, something like 
5 to 8 amygdala stimulations kindled the animal and practically all concurrent stimulated 
animals developed recurrent spontaneous seizures subsequently, which is most unusual in 
my experience. Have you noticed any spontaneous seizures in your MRF-AM kindled 
animals? 
Chiba: We expected this, but did not observe it. So in MRF-kindled rats spontaneous 
seizure hardly occurred. We did not carry out the simultaneous stimulation of the MRF 
and AM. 
Wada: Did you check for positive transfer in the rats? 
Chiba: No not yet. 
Bumham: Congratulations on a lovely study. I couldn't see from the back of the room 
- were you getting AD in the brainstem, and were you recording bipolar or monopolar? 
Chiba: Bipolar, and yes I saw AD in the brain stem. I read your paper from 1981, 
where you reported that you cannot induce AD in the MRF, but the difference is the 
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Stimulated sites. So, we can induce AD in the brain sites as you see. The deep 
mesencephalic nucleus can produce the AD. 
Velisek: One comment, two questions. The description of generalized tonic-clonic 
seizures you provide on your slides reminded me about the seizure pattern we have seen 
after systemic NMDA injection in baby rats. The questions is, when you are showing 
the transfer from generalized tonic-clonic seizures to amygdala-like kindling seizures for 
AMPA, you were showing it for lOnmol dose, but could it be a function of the dose? 
What was the result with 2nmol? 
Chiba: What kind of function? 
Velisek: The transfer from GTCS to amygdala-like seizures. My question is how is it 
with 2nmol dose? 
Chiba: Not a very difficult question. If you kindle the inter-peduncular nucleus you 
can see the GTCS is followed by amygdala kindling-like seizure. So this pattern, 
namely GTCS converted to amygdala kindled-like seizures, is not so rare in the brain 
stem seizures. 
Velisek: The last question is, you were infusing 1 microliter of the substances, quite a 
huge amount. Do you have a control for the spread? 
Chiba: don't think that 1 microliter is too large. 
Shouse: I just wanted to remind you that Augusto Femandez-Guardiola showed 
sometime ago that another site in the brain stem that you can get AD is the dorsal raphe 
nucleus. 
Chiba: I have not tried the raphe yet. 



INVOLVEMENT OF THE CLAUSTRUM AND 
VENTROMEDIAL THALAMUS IN EPILEPTOGENESIS 

Aaron Sheerin, Xia Zhang, Deb Saucier and Michael Corcoran* 

1. INTRODUCTION 

Characterizing the differences in kindling rates and associated convulsive behaviors 
following kindling of various structures may aid in understanding the structural and 
functional mechanisms of epileptogenesis. Overall, the structures and pathways that are 
critical to kindling are largely unknown. The results of recent research suggest a role for the 
CLA, namely that the CLA may be part of a network of structures mvolved in seizure 
generalization. The anterior CLA is highly susceptible to kindling, involving a pattern of 
dual-phase seizure development.^ 

In the same study, Zhang et. al.̂  revealed a strong projection to the nucleus submedius 
(NSUB) from the anterior CLA. The anatomical connections of the anterior CLA with 
various regions thought to play an important role in epileptogenesis, such as the amygdala 
(AM), motor cortex, frontal cortex, limbic cortex, and midbrain structures^ are consistent 
with its high susceptibility to kindling and support the view that it is part of a network of 
structures participating in the generalization of seizures. However, the involvement of the 
NSUB in kindling remains to be examined. 

If the anterior CLA and NSUB play a role in a seizure generalization network, several 
predictions are generated. First, the state of kindled seizure susceptibility produced by 
kindling should persist over an interval without stimulation. Second, lesions restricted to the 
anterior CLA or NSUB should retard the development of generalized seizures from other 
sites. Third, one might expect that kindling from the anterior CLA or NSUB would result in 
transfer. In the following experiments, we tested these predictions. 

* Aaron Sheerin and Deb Saucier, Department of Psychology, University of Saskatchewan, Saskatoon, SK, Canada. 
Xia Zhang, Neuropsychiatry Research Unit, University of Saskatchewan, Saskatoon, SK, Canada. Michael 
Corcoran, Department of Anatomy and Cell Biology, University of Saskatchewan, Saskatoon, SK, Canada. 
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2. METHODS 

2.1 General Methodology 

Male Long-Evans rats (Charles River, Quebec), weighing 275-375 g at the time of 
surgery, were used. Food and water were freely available, and procedures were conducted 
during the light portion of the 12-hr light/dark cycle. All procedures were conducted in strict 
accordance with the guidelines established by the Canadian Council on Animal Care as 
approved by the University of Saskatchewan Animal Care Committee. 

Rats received stereotaxic implantation of two kindling electrodes with a level skull. A 
reference wire and four additional dental screws were anchored to the skull, and the electrode 
assembly was affixed to the skull with dental acrylic. Bilateral radiofrequency (RF) lesions 
were produced by brief application of a train of RF current (Radionics, Model RFG-4A, 
Burlington, MA) at approximately 5 mA for 90 sec via two lesion electrodes during the 
implantation surgery. 

One week after surgery, afterdischarge thresholds (ADT) were determined at one of the 
two kindling electrodes. In preliminary experiments, electrical stimulation was generated on 
a Grass S88 stimulator and consisted of a 1-sec train of balanced biphasic square-wave pulses 
1 msec in duration and delivered at 60 pps to the AM at an initial current of 20 l̂A (base to 
peak) and increasing in increments of 10 l̂A at 1 min intervals, alternating between left and 
right kindling electrodes, until an AD was evoked from one. Following the completion of 
kindling, rats were killed with CO2. Brains were removed and fixed in 10% formalin for at 
least 1 wk before sectioning. Frozen coronal sections 40 ^m thick were taken from the 
regions of the electrode tracks and lesions and stained with cresyl violet. 

2.2. Contribution of the anterior CLA to epileptogenesis 

2.2.1. Persistence of anterior CLA kindling 

In order to test persistence of kindling in the anterior CLA, daily stimulation was 
suspended after five generalized stage 5 seizures were evoked. After an arbitrarily chosen 
interval of 14 days, kindling resumed at the initial ADT, using the parameters described 
above. 

2.2.2 The effect of lesions of the anterior CLA on kindling and kindled seizures 

Rats received stereotaxic implantation of four electrodes: two kindling electrodes 
implanted bilaterally in the AM (2.6 mm posterior to bregma; 4.5 mm lateral to the midline; 
9.1 mm ventral from dura), and two lesion electrodes implanted in the anterior CLA (2.8 mm 
anterior to bregma; 2.1 mm lateral to the midline; 4.5 mm ventral from dura). Bilateral RF 
lesions were produced as described above. Ten rats received RF current via the lesioning 
electrodes during the implantation surgery (i.e., before AM kindling), 10 rats received RF 
current in a separate surgery after 5 stage 5 seizures had been evoked from the AM and 
received stimulation until five additional stage 5 seizures were evoked, and 9 control rats 
received sham lesions. 
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2.2.3 Transfer of kindling between anterior CLA and AM 

Rats received stereotaxic implantation of two kindling electrodes: one directed to the 
AM and one directed to the contralateral anterior CLA. One week after surgery, ADT was 
determined at one of the two kindling electrodes in order to begin kindling the primary site in 
either the CLA or the AM; the initial site kindled was counterbalanced across rats. Electrical 
stimulation and the procedure for determining the ADT were as described above. Twenty-
four hr after completion of primary site kindling, ADT at the secondary site was determined. 
Once-daily kindling sessions of the secondary site began twenty-four hr later, with 
stimulation applied at the ADT. Daily stimulation of the secondary site continued until five 
generalized stage 5 seizures were evoked. 

2.3. Contribution of the NSUB to epileptogenesis 

We hypothesized that given its anatomical location and proximity to proposed substrates 
of seizure generalization, the NSUB should display rapid kindling. To test this idea, we 
kindled the NSUB in short-term (5 ADs) and long-term (30 ADs) kindling preparations. As 
well, we wished to determine the persistence of kindled seizure susceptibility produced by 
kindling in the NSUB, because kindled susceptibility to seizures should persist over an 
interval without stimulation, a characteristic of kindling fi-om other sites in the brain.^ 

2.3.1. Characterization of kindling of the NSUB 

Rats displayed a motor response to conventional high-fi-equency kindling stimulation 
(see Results). We therefore applied low-frequency stimulation,^ which consisted of a 5-sec 
train of constant current biphasic square wave pulses at 3 pps/sec delivered unilaterally to the 
NSUB at an initial current of 20uA and increasing at 1-min intervals until AD was evoked. 
AD threshold (ADT) was arbitrarily defined as the minimum stimulation intensity sufficient 
to trigger an AD lasting approximately 5 sec. Kindling sessions began 24 hr later, and 
stimulation was applied once daily at the ADT and continued until five generalized seizures 
were evoked (in the short-term group). After five ADs were evoked, kindling was suspended 
for an arbitrarily determined period of 14 days, at which time ADT was remeasured using the 
parameters described above. For 30 ADs (long-term group), surgical and kindling 
procedures were as described above, except daily low-frequency stimulation continued until 
30 ADs were evoked. 

2.3.2. The effect ofRF lesions of the ventral midline thalamus on kindling 

Bilateral RF lesions were produced as described above. Twenty rats received RF current 
via the lesioning electrodes during the implantation surgery. Twenty control rats received 
sham lesions. In the same surgery, rats received stereotaxic implantation of two kindling 
electrodes bilaterally in the AM or in the anterior CLA. One week after surgery, ADT was 
determined at one of the two kindling electrodes (i.e., CLA or AM). Conventional high-
frequency electrical stimulation (60pps) and the procedure for determining the ADT were as 
described in Section 2.1. 



118 SHEERIN^r/lL 

2.3.3. Transfer of kindling from the ventromedial thalamus to the anterior CLA and AM 

Rats received stereotaxic implantation of two kindling electrodes: one in the NSUB (2.7 
mm A/P, 0.6 mm lateral to midline and 7.0 mm ventral from dura), and one directed to the 
contralateral AM or the contralateral anterior CLA. One week after surgery, ADT was 
determined at the kindling electrode implanted in the NSUB in half of the rats in order to 
begin kindling. Low-frequency stimulation, the procedure for determining the ADT, and the 
method for assessing transfer were as described above, except stimulation was applied at the 
ADT until 30 ADs were evoked and daily stimulation of the secondary site continued until 
stage 5 seizures were evoked. 

3. RESULTS 

3.L Contribution of the anterior CLA to epileptogenesis 

3.1.1. Persistence of anterior CLA kindling 

The mean ADT was 390 ± 89.4 l̂A and the mean duration of the initial AD was 11.8 ± 
2.1 sec. A mean of 7.6 ± 1.9 ADs was required for the development of the first stage 5 
seizure. The mean AD duration (ADD) of the initial stage 5 seizure was 30 ± 20.5 sec, and 
in the final stage 5 seizure before suspending kindling it was 44.4 ± 27.2 sec. Following the 
14-day suspension of kindling, all rats required only one stimulation to evoke a stage 5 
seizure. 

3.1.2. The effect of lesions of the anterior CLA on kindling and kindled seizures 

3. L2a. Anterior CLA lesions before amygdaloid kindling. 

There were no significant differences in the mean initial ADT (p=0.259) or mean 
duration of initial AD (p=0.383). However, rats with lesions in the anterior CLA required 
significantly more ADs to develop the first stage 5 seizure (lesioned: 16.6 ± 6.58; 
nonlesioned: 10.1 ± 6.44; p=0.047), suggesting that damage to the CLA impah-s kindling 
without altering the other characteristics of AD development and expression. Lesioned rats 
required 5.4 ± 2.3 ADs to progress from stage 0 to stage 1 seizures, whereas nonlesioned rats 
required significantly fewer ADs (3.0 ± 1.6 ADs; p= 0.037) to make the same transition. 

3. L2b. Anterior CLA lesions after amygdaloid kindling. 

Control and lesioned rats all required only one stimulation to evoke the first postlesion 
stage 5 seizure. There was no significant difference between lesioned and control rats in the 
duration of AD in the first two prelesion stage 5 seizures (p=0.299). However, lesions of the 
anterior CLA shortened the duration of ADs associated with stage 5 seizures (lesioned: 84.4 
± 8.3 sec; nonlesioned: 109.2 ± 6.4 sec; p=0 .036). 
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3. J. 3. Transfer of kindling between anterior CLA and AM 

Transfer was measured by comparing the speed of primary-site kindling of a given site to 
the speed of secondary-site kindling of the same site. Primary kindling of the AM resulted in 
significant transfer to the secondary site CLA (secondary-site CLA: 5.86 ± 1.24 ADs; 
primary-site CLA: 10.3 ± L24 ADs; p=0.038; savings of 43.3 percent). In contrast, primary 
kindling of the CLA failed to result in significant transfer to the secondary-site AM 
(secondary-site AM, 13.8 ± 1.67 ADs; primary-site AM, 11.9 ± 1.89 ADs; p= 0.524; no 
savings). 

3.2. Contribution of the NSUB to epileptogenesis 

3.2.1. Characterization of kindling of the NSUB 

Kindling with high-frequency stimulation applied to the midline thalamic region was 
unsuccessful. Attempts to determine (at 60pps, 1-sec duration) an initial stimulation 
threshold resulted in diffuse and dramatic motor responses consisting of jumping and running 
behavior and intermittent observations of the rat rolling along its longitudinal axis. 
Subsequent attempts to kindle through the motor response and below the 'motor-response' 
threshold failed, as we were unable to obtain AD, an indication that kindling was not 
progressing. 

3.2.2. Low-frequency kindling. 

3.2.2a. 5ADs. TheinitialADT was typically very high (3802.1 ± 1692.3 l̂A), and fairly 
well-developed seizures tended to appear suddenly, involving rhythmic hopping with 
bilateral forelimb clonus, and rolling on the side and displaying bilateral fore/hindlimb tonic-
clonic seizures. These symptoms appeared in the absence of myoclonus of the head and 
facial musculature typical of early stages of limbic kindling. The seizures tended to be brief 
in duration (18.9 ± 7.7 sec). Surprisingly, we observed a significant attenuation of 
ADD/seizure duration between the 1̂* and 5* seizures (13.3 ± 6.1 sec; p= 0.001). 

After 14 days without stimulation the first stimulation triggered an immediate 
generalized seizure, indicating persistence of the seizure state. However, following the 14-
day interval, we observed a significant decrease between the initial ADT (3802.1 ± 1692.3 
|LiA) and the ADT determined in the rekindling sessions (1103.6 ± 1023.3 ^A; p< 0.001). 
Furthermore, an examination of the ADDs for the 1̂^ initial seizure and the 1̂^ seizure 
following the resumption of kindling indicated that ADD failed to recover to initial levels 
(18.9 ± 7.7 sec vs 14.7 ± 5.2 sec, respectively; p= 0.047). 

3.2.2b. 30ADs. ADTs were very high (4500.0 ± 1087. l^iA), and the initial seizures 
tended to be brief (15.6 ± 5.2 sec). Beyond the fifth AD, a significant increase in AD 
duration and subsequent generalization to late-stage limbic-type seizures occurred, which 
included bilateral forelimb clonus, rearing, and repeated falling. It was not until the tenth AD 
that we saw a significant increase in AD duration (20.9 ± 10.5 sec) compared to the first AD 
(15.6 ± 5.22; p=0.027). 
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3.3. Lesions of the ventromedial thalamus on kindling 

3.3.1a. Lesions of the ventromedial thalamus and AM kindling. There were no 
significant differences in the mean initial ADT (p=0.329) or mean duration of initial AD 
(p=0.332) between lesioned and nonlesioned rats. Lesions altered the progression of 
kindling, in that lesioned rats required significantly more ADs to exhibit the first stage 3 
seizure (12.4 ± 4.7 ADs), than control rats (9.9 ± 3.0 ADs; p= 0.048). 

Both the lesioned and control rats progressed to stage 5 seizures at the same rate 
(p=0.402); however, lesioned rats exhibited a significantly shorter stage 5 seizure duration 
(lesioned: 50.6 ± 26.6 sec; control: 77.5 ± 22.7 sec; p=0.025). As well, although there were 
nonsignificant differences in the latency to clonus (p=0.371), the duration of the clonic 
component of the generalized seizures was significantly shorter in the lesioned rats (28.4 ± 
12.5 sec; control 51.0 ± 16.7 sec; p=0.007). In proportionate terms, lesioned rats spent 
56.1% of a generalized seizure in clonus, whereas clonus accounted for 65.8% of the total 
generalized seizure duration in nonlesioned rats. 

3.3.1b. Lesions of the ventromedial thalamus and CLA kindling. There were no 
significant differences in the mean initial ADT (p=0.106) or mean duration of initial AD 
(p=0.532) between lesioned and control rats. Lesioned rats required significantly more ADs 
to exhibit the first stage 3 seizure (lesioned: 11.5 ± 4.3 ADs; control: 8.1 ± 2.0 ADs, p= 
0.039). As well, the control rats progressed to stage 5 seizures at a significantly faster rate 
than lesioned rats (9.5 ± 2.7 ADs vs. 13.0 ± 4.5 ADs, respectively; p=0.041). No other 
significant differences were observed between lesioned and control rats in the duration of 
stage 5 seizures (p=0.175) or the duration of and latency to clonus within stage 5 seizures (p's 
= 0.072 and 0.066, respectively). 

Primary Site Secondary Site 

Figure 1: Transfer of kindling, assessed by comparing the rate of kindling of AM (o) and CLA (•) in naive rats 
(primary site) and in rats previously stimulated in the NSUB 
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3.4. Transfer of kindling from the ventromedial thalamus to the CLA and AM 

Transfer was measured by comparing the speed of kindling in previously stimulated rats 
to the speed of kindling of the same site in naive rats (i.e., yoked controls). Prior stimulation 
of the ventromedial thalamus failed to produce significant transfer to the AM (previous 
stimulation: 10.3 ± 3.62 ADs; controls: 12.8 ± 3.06 ADs; p=0.184). In contrast, stimulation 
of the NSUB prior to AM kindling produced a significant anti-transfer or antagonistic effect 
as the anterior CLA required nearly double the number of ADs to elicit a generalized seizure 
(previous stimulation, 16.3 ± 4.39 ADs; controls, 8.0 ± 1.73 ADs; p= 0.001; Figure 1). 

4. DISCUSSION 

Several predictions deriving from the hypothesis that the anterior CLA and NSUB play a 
role in seizure generalization were tested. The predictions relate to the characterisitics of 
kindling, to the effects of lesions on limbic kindling, and to transfer of kindled seizure 
susceptibility between various sites. 

Following a 14-day period without stimulation, rekindling of the CLA resulted in 
immediate triggering of generalized seizures, associated with small increases in the duration 
of seizures suggestive of increased seizure intensity. We found that small lesions of the 
anterior CLA do indeed retard amygdaloid kindling, adding support to the notion that the 
CLA contributes to the development of generalized limbic seizures. On the other hand, post-
kindling lesions of the anterior CLA failed to affect established seizures. This may indicate 
that alternate routes of propagation are available in the kindled brain. 

The asymmetrical transfer of kindling between the anterior CLA and AM was 
unexpected, particularly given that AD propagated to the AM from the earliest stimulations. 
One possible explanation is that, as with anterior neocortical kindling,"* anterior CLA kindling 
would facilitate subsequent amygdaloid kindling only if stimulation were repeatedly applied 
to the CLA until limbic-type generalized seizures have been kindled. An alternate possibility 
is that structures more distant from the substrates of generalization require more kindling than 
sites closer to the substrates and that these sites would be resistant to transfer from the closer 
sites. Thus AD elicited from the CLA and other structures in the generalization network may 
not drive plastic changes in limbic sites sufficient to produce transfer. 

The ventromedial thalamus, and the NSUB in particular, are able to drive seizures. That 
is, low frequency stimulation of this area produces immediate seizures that accompany the 
first AD, a result consistent with earlier reports of kindling in sensory regions of the lateral 
thalamus in rats^ and dorsomedial and centromedial thalamic nuclei in cats,^ with associated 
significant decreases in the intensity of the stimulation needed to elicit AD. As seen in 
previous studies^' ''' ^ with limbic stimulation, the application of low-frequency kindling 
stimulation commonly elicits a rapid progression of kindling. One unanticipated finding of 
this study is the attenuation of AD duration during the first five stimulations, an event rarely 
if ever observed when kindling other sites. 

In the current experiment, application of 30 daily stimulations resulted in the 
development of prolonged limbic-type seizures, a result that points to a possible plastic 
mechanism that operates in two phases. The mechanics of such a progression have yet to be 
fiilly examined; however, there likely is activation of more complex brainstem mechanisms 
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that are involved with limbic convulsions. This particular idea is consistent with a hypothesis 
that candidate brainstem structures may be involved in convulsive seizure generation by 
acting to accept synchronous activity in a circuitry-dependent manner and generate a 
convulsive motor program associated with activation of specific circuitry. 

Lesions of the ventromedial thalamus failed to completely abolish seizures but delayed 
the development of generalized seizures with CLA but not AM kindling. Given the 
prominent connection between the anterior CLA and the NSUB, this result is not particularly 
surprising. However, the fact that amygdaloid kindling progressed without noticeable delay 
indicates that the AD produced in the AM may be accessing alternate routes of propagation 
and generalization that do not necessarily require ventromedial thalamus. 

Interestingly, prestimulation of the NSUB significantly delayed kindling of the anterior 
CLA, thus producing delayed or negative transfer. The first, and perhaps most obvious 
explanation, is that stimulation of the NSUB results in distinct plastic changes (e.g. in the 
CLA) that imply some sort of directionality to the propagation of epileptiform activity. In 
terms of the gating hypothesis put forth by Burchfiel and Applegate,^ stimulation of the 
NSUB may close the forebrain gate until the AD elicited from anterior CLA can become 
organized enough to overcome the gate and access the substrates responsible for subsequent 
seizure generalization. The delayed transfer may be due to the need for stimulation of the 
CLA to remove any inhibitory influence, or to modify circuitry supporting epileptogenesis. 
The data presented here can neither confirm nor refute these suppositions, and they are pure 
speculation at this point. 
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DISCUSSION 

Gale: I found your transfer experiments very interesting. Can you say something about how 
you to interpret the fact that you got unidirectional transfer, amygdala to claustrum but not 
claustrum to amygdala? 
Sheerin: I suggest that the claustrum is closer to the substrates that support generalization of 
motor seizures. It predominates and produces the asynmietrical transfer. 
Gale: But if that were true and you kindle the claustrum, if that is downstream from the 
amygdala, then that should be included in the response to the amygdala and you should get 
accelerated kindling with the amygdala. But that is not happening. The only way that I can 
see accounting for it would to say that the claustrum has an alternative or preferential route of 
propagation when you kindle the claustrum, independent of the circuitry that the amygdala 
works on. Thus there would be two ways that claustrum kindling could express itself, one 
independent of the amygdala and one that uses the amygdala circuitry. So if you kindle the 
amygdala, then you have facilitated claustrum response by an unusual mechanism, meaning 
that it is not the normal mechanism - in other words, it would not be the normal mechanism 
that is kindled when you kindle with the primary site, the claustrum. 
Sheerin: Right, thank you. 
Wada: Beautiful study. We planned almost an identical study many years ago. We 
hypothesized that if we kindled claustrum, we should kindle the amygdala very quickly. 
Unfortunately our cats did not cooperate, and we found out that the electrode placements 
were wrong; so we could not accomplish is. But you have done it beautifully. Now as for the 
thalamus, we didn't go where you did, but we tried to play with medial thalamus. You can 
induce generalized convulsion in one trial, once you do that you can kindle from amygdala 
very rapidly. If you destroy the medial thalamus you don't get to convulsive state. Another 
thing about transfer you mentioned, you were talking about claustrum and the kindled 
ipsilateral amygdala. For the positive transfer effect, we do know medial thalamus down to 
brainstem is involved. Have you ever checked after kindling claustrum or amygdala 
manipulating your thalamic system? What happens to the secondary hemisphere site? Have 
you tried to see if there was any transfer or interference? 
Sheerin: No, not yet. 
Avanzini: When you kindled the thalamus with 3 per second, did you find any electrical 
correlate like spike wave or things like that? During the stimulation that may have some 
influence in preventing or interfering with it. 
Sheerin: During the stimulation, what I saw was rhythmic hopping with the stimulation. 
Using our system I am not able to record EEC during the stimulation; so I wasn't able to look 
at that time frame. 
Onat: My question is related to Dr. Avanzini's. After thalamic stimulation, have you done 
histological microscopic examination of what happened in thalamus at the microscopic level? 
Sheerin: No, I have only done microscopic evaluation of electrode tracks. I have not yet 
performed cell counts or looked for cell death. 
Goodman: How long did you stimulate for? You are using very high currents. How long 
was the stimulus? 
Sheerin: Five seconds. 
Goodman: In previous work by Corcoran and Cain, using low frequency stimulation to 
kindle, they stimulated for very long durations. So there probably was no chance for damage 
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from the stimulus itself? 
Sheerin: I don't yet know. 
Mclntyre: What was the time window between your kindling primary site and kindling your 
secondary site? Did you just start it the next day? 
Sheerin: I just started the next day. 
Mclntrye: Then it would be interesting to see whether your negative transfer in fact was an 
inhibitory thing, whether with time it would just go away. 
Sheerin: Yes, I agree. 



FROM ULTRASTRUCTURE TO NETWORKS: 
Kindling-induced changes in neocortex 
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1. INTRODUCTION 

The tendency for chemical, mechanical, electrical, biological and artificial neural 
network systems to undergo oscillatory behaviour has been extensively studied. At least 
two general principles appear to emerge from these studies. Systems have a greater 
tendency to oscillate if they become more strongly interconnected and simpler. We have 
chosen to investigate whether these two principles apply to seizure phenomenon within 
the vertebrate brain. We postulate that during progression to a more seizure prone state, 
the involved neuronal system will become more strongly interconnected and simpler. 
This chapter contains a series of observations from the synaptic and cellular levels in the 
neocortex of rats that support this postulate. Furthermore, the consequence of greater 
synaptic efficacy of excitatory connections is manifested at the systems level as a series 
of predictable changes in network behaviour. We present an overview of a variety of 
studies that we have conducted in the neocortex of rats and cats that examined evoked 
and spontaneous network properties. We argue that the networks show greater 
interconnection and reduced functional specificity as a consequence of kindling-induced 
alterations. 

We have chosen the forelimb area of sensorimotor cortex of the rat and the primary 
auditory (AI) cortex of the cat, in which to conduct our studies. The rat sensorimotor 
cortex kindles, shows synaptic potentiation and depression phenomena, as well as plastic 
changes at the cellular and system levels to a variety of conditions and treatments. ̂ "̂  Cat 
AI cortex exhibits a tonotopic organization that is dynamically regulated and continually 
altered by ongoing experience even into adulthood.̂  Cat AI also presents an ideal 
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Structure for examining unit firing characteristics following kindling-induced 
reorganization because the naive system has previously been described in detail, and a 
great deal is known about the underlying mechanisms.^ 

2. SYNAPTIC AND CELLULAR LEVEL OF ANALYSIS 

If repeated seizures cause a brain to become more strongly interconnected and 
simpler, then we predict an increase in the presence of highly efficacious synapses, as 
well as a decrease in the number of neurons following kindling. We tested those 
predictions in the rat neocortex using electron and light microscopic techniques. 

2.1. Density of excitatory synapses 

We examined the dendritic area close to the cell bodies in layer V of rat sensorimotor 
neocortex following 3 weeks of kindling stimulation applied to the corpus callosum. 
Brains were extracted either 2 days or 3 weeks following the last seizure, and 70 nm 
serial sections were prepared for quantitative ultrastructural analysis using the physical 
dissector method. We categorized and measured two types of excitatory post-synaptic 
densities (perforated and non-perforated), as well as whether the synaptic connections 
were onto dendritic spines (axospinous) or directly onto the dendrite (axodendritic). 
Overall there was not a significant difference in the density of synapses in the kindled 
tissue as compared to tissue from non-kindled rats. However, there was a significant 
increase in the total number of synapses per mm^ of the more efficacious perforated 
subtype that made axodendritic connections in layer V from kindled as compared to non-
kindled rats. ̂ ^ 

Previous work at the synaptic ultrastructural level in the hippocampus has shown that 
kindling leads to an overall decrease in the number of synapses. ̂ '̂̂ ^ Geinisman*^ argued 
that the proportion of perforated to non-perforated synapses shifted toward the larger, and 
highly efficacious perforated synaptic type, and that this accounts for some of the 
strengthened electrophysiological responses following kindling. Our work in the 
neocortex demonstrated that following kindling there was an overall increase in the 
perforated synapses and a positive shift in the proportion of perforated to non-perforated 
synapses. Furthermore, we saw an increase in the axodendritic type of synaptic 
connections. Synapses made onto spines vary in efficacy because the properties of the 
axospinous connections are regulated by the conformational properties of the spine. In 
this way spines can act as modulators of efficacy. Neocortical kindling results in 
increased numbers of axodendritic synapses that are not subject to this type of regulation. 

2.2. Number of neurons 

We examined Ijxm toluidine blue stained sections from layer V of rat sensorimotor 
cortex from the same 300^m block of tissue in which we took our synaptic density 
measurements. We first examined whether kindling stimulation altered neocortical 
thickness and found that it did not. We then used a computer-assisted microscope, a 
stereology software package and the physical dissector method to obtain unbiased 
estimates of neuron density. We found a -30% reduction in neuron number at 3 weeks 
following the cessation of kindling.'° Other researchers have found neuronal loss in the 
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amygdala and hippocampus following kindling of those structures. Thus, neuronal loss 
may be a common response to the repeated elicitation of electrically kindled seizures. 

It is important to note that when the number and type of synapses are expressed on a 
per neuron basis, there is an increase in the number of perforated axodendritic and 
axospinous synapses on the remaining neurons in layer V from brains that were kindled 
relative to sham controlŝ .̂ We do, however, acknowledge that while it is likely that 
most of the synapses examined in layer V are on layer V pyramidal cell neurons, some 
small proportion of the synapses may be on dendrites of neurons from layers VI. 

2.3. Pyramidal cell dendritic spines 

Our ultrastructural analysis revealed a greater number of synaptic contacts on the 
remaining pyramidal cells in layer V. We confirmed the per neuron increase in 
axospinous synapses by examining spine density with the light microscope. Golgi 
impregnated pyramidal cells in both layers III and V of sensorimotor neocortex from rats 
that were kindled for 3 weeks were examined. There was an increase in spine density at 
both 2 days and 3 weeks post kindling in layer V basilar dendrites (Teskey et al., 
unpublished observations). However, within layer III, we observed that there was a 
decrease in spine density in kindled rats, 2 days following the last seizure. At 3 weeks 
post-kindling this relationship had reversed and there was a significant increase in spine 
density relative to sham-kindled controls.̂ "*' '̂  Dendritic spines have also been shown to 
regress and then regrow in response to the onset and cessation of epileptic activity in the 
hippocampus and amygdala. Our results in the neocortex are generally consistent with 
those from the hippocampus and amygdala and support the per neuron increase in 
axospinous synaptic connections onto remaining layer V pyramidal cells. 

2.4. Pyramidal cell dendritic length and branches 

It is difficult to make specific predictions regarding the direction in which dendrites 
should change with kindling. For instance one could hypothesize that larger dendritic 
arborizations would have more potential space for synaptic contacts whereas smaller 
dendritic trees might provide a simpler and be more efficient at integrating excitatory 
postsynaptic potentials. As with the dendritic spines, we also examined dendritic length 
and branching of Golgi impregnated pyramidal cells in both layer III and V of 
sensorimotor neocortex from rats that were kindled for 3 weeks. Within layer III, we 
observed that there was a decrease in dendritic length and branching in kindled rats 2 
days following the last seizure. At 3 weeks post-kindling the dendritic length and 
branching measures were slightly, but not significantly, larger than control. *"*' ^̂  In layer 
V, the pyramidal cells showed the opposite profile with respect to dendritic length and 
branching. Kindling resulted in an increase in length and branches at 2 days post 
kindling but a decreased length and branches was observed 3 weeks post kindling. The 
fact that dendritic regression and growth differs in layers III and V with kindling and time 
suggests that kindling of the corpus callosum does not have equivalent effects on the 
different layers of the neocortex. 
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3. SYSTEMS LEVEL OF ANALYSIS 

Increasing synaptic efficacy in structures with multiple layers of synaptically 
connected units should result in broader evoked responses that reflect the recruitment of 
more downstream cells into participating in the response. We examined evoked 
responses in the rat by applying an ascending series of square wave pulses to the corpus 
callosum and recording the response in the sensorimotor neocortex. We also examined 
movement representation maps in the sensorimotor cortex of the rat using intracortical 
microstimulation and predicted that movements should be elicited from a larger cortical 
area. In the cat we evoked responses with brief pure sounds of varying intensity and 
frequency while recording the unit responses in primary auditory cortex. We also 
explored the tonotopic organization of multiple single unit responses and the inter-
correlation of spontaneous unit activity from multiple sites within cat primary auditory 
cortex. We predicted that more strongly interconnected networks should result in broader 
evoked responses, degraded tonotopic organization and higher inter-correlated unit 
activity. 

3.L Evoked potentials 

The callosal-neocortical pathway shows kindling-induced potentiation when kindling 
stimulation is applied either to the corpus callosum or amygdale.*' ^ A study from 
Racine's laboratory, using a current source density analysis, revealed that the evoked 
callosal-neocortical late component response has a sink in upper layer V and a source 
located in deep layer V.̂ ^ The late component of the evoked response is likely 
polysynaptic in nature because it failed to be expressed when stimulations were delivered 
at high frequencies. The kindling-induced potentiation of the late component of the 
evoked potential likely reflects polysynaptic activity mediated by horizontal fibers, and 
the recruitment of neurons into participating in the response.^^ Thus, the enhanced 
polysynaptic response is a manifestation of strengthened neural communication. 

Kindling-induced potentiation has been reported in multiple forebrain structures.^^' '̂  
However, it doesn't appear to be essential for kindling because it is not always observed 
with kindling^' *̂ ' °̂ and prior induction of long-term potentiation of the evoked responses 
only partially facilitates subsequent kindling.^^' ^̂  

3.2. Movement representations 

The presence of a highly ordered somatotopic map of movement representations was 
intuited by John Hughlings Jackson based on his observations of the ordered spread of 
tonic clonic activity to adjacent muscle groups during a single ictal event. Penfield later 
confirmed Jackson's notion and provided the classic descriptions of movement 
representations within the human precentral gyrus.^^ Much of the initial characterization 
of these motor maps came from intracortical stimulation experiments conducted on 
human patients prior to surgery intended to alleviate epileptic seizures. Later work 
showed that stimulation-evoked movements in some people with epilepsy could be 
elicited from regions well outside the classic motor strip located along the Rolandic 
fissure.^"^ Perhaps changes in the topography of movement representations within the 
primary motor cortex may occur in response to recurrent seizure activity. This suggests 
that the classic depictions of cortical representations that have been found to contain an 
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error̂ ^ may be due to the fact that they were obtained from tissue exposed to chronic 
epileptiform activity. 

We decided to examine whether repeated seizure activity could reorganize the 
topography of movement representations, if there was a correlation between 
reorganization and synaptic potentiation, if the reorganization was persistent and if it 
could be driven by seizures from either cortical or limbic sites. Once again we asked 
these questions in the rat sensorimotor cortex, specifically the caudal forelimb area. The 
caudal forelimb area is defined as that area of rat sensorimotor cortex in which 
intracortical microstimulation (ICMS) applied to layer V elicits movements of the digits, 
wrist, elbow or shoulder of the contralateral forelimb.̂ ^ 

The primary finding of the study was that under identical stimulation parameters, 
kindled animals exhibited a profound increase in the area of cortex from which forelimb 
movements could be elicited.^ This is not to say that the expanded areas necessarily 
represent "new" areas of forelimb motor cortex. Rather, these areas have undergone 
some functional change due to the kindling experience. This functional change facilitates 
the ability to elicit forelimb movements from regions of cortex that would not previously 
produce forelimb movements in response to similar stimulation. At higher stimulation 
intensities, kindled rats also showed a greater number of multiple forelimb muscle 
responses compared to controls. Taken together, our observations of changes in the 
topography of cortical movement representations appear to be mediated by synaptic 
enhancement of horizontal connections. 

Kindled rats displayed expanded caudal forelimb movement representations that 
went well beyond the boundaries determined in the non-kindled control rats. The 
dramatically expanded forelimb movement representations in the kindled rats were not a 
result of alterations in anesthetic levels, stimulation sensitivity (thresholds) or a simple 
expansion into the rostral forelimb region. We also observed that the kindling-induced 
enhanced synaptic potentiation and expanded caudal forelimb motor map were expressed 
both 1 and 21 days after the last seizure. In neither case was there a significant 
decrement in either the size of the synaptic potentiation or size of movement 
representations in the 3 weeks following the last seizure. Our observation of persistent 
evoked potential and movement representations also indicates that these effects were not 
directly seizure related and transient, but were related to the more long-term nature of 
kindling^ .̂ Because ICMS appears to elicit movement by stimulating a pool of neurons 
interconnected by horizontal fibers within the cortex rather than via direct stimulation of 
corticospinal neurons,̂ ^ the enhanced polysynaptic response may be responsible for the 
expanded motor representations. Stimulation-induced potentiation of horizontal fibers 
has been demonstrated in vitro and has been proposed as the mechanism underlying 
functional reorganization within motor cortex.̂ ^ ICMS-induced movements are most 
easily elicited when the stimulating electrode is located within layer V, and it is possible 
that expansion of the movement representations are primarily mediated by potentiated 
layer V currents. While we have shown that polysynaptic potentiation correlates with 
expanded motor maps, it is possible that there are other contributions, such as increased 
monosynaptic drive onto layer V neurons, other cells that polysynaptically activate layer 
V and potentiation of other intracortical horizontal connections that may contribute to the 
observed changes. It may also be the case that the neocortex is reorganized as a 
compensatory response to epileptiform activity so that functional movement 
representations are not lost as layer V cells die. 
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In order to more deeply explore the relationship between epileptogenesis, evoked 
potentials and the size of movement representations, we used the epileptogenic-prone 
(FAST) and epileptogenic-resistant (SLOW) rat strains. These strains have become a 
valuable tool for investigating the neurochemical and neurophysiological basis of 
epilepsy. FAST and SLOW rats received high-frequency stimulation of the corpus 
callosum in order to induce long-term polysynaptic potentiation and then underwent 
high-resolution ICMS in order to assess functional movement representations of the left 
caudal forelimb area of the sensorimotor cortex. We observed that high-frequency 
stimulation induced similar increases in polysynaptic potentiation in both rat strains. 
These results are consistent with Racine et al."'̂  who used high-frequency stimulation to 
induce long-term potentiation of the perforant path to the dentate gyrus, and the amygdala 
to the entorhinal cortex pathway, and found no differences between the FAST and SLOW 
strains.̂ ^ Thus, synaptic potentiation likely does not underlie the inherent differences in 
epileptogenesis between the two strains. Despite the similarities in the magnitude of 
potentiation, we found that only the FAST potentiated rats showed an increase in the size 
of their movement representations. SLOW potentiated rats did not manifest an increase 
in the size of their movement representations compared to SLOW control rats, whereas 
the FAST potentiated rats had movement representations that were twice the area of 
FAST control rats. Thus, our results suggest that there is dissociation between 
polysynaptic potentiation and the size of movement representations. 

3.3. Evoked frequency responses 

Neurons in primary auditory cortex of the cat respond most vigorously to simple 
sounds (tone pips) of a particular frequency range. The tuning curve provides a three 
dimensional plot of the firing rate of auditory cortical neurons over a restricted range of 
stimulus frequencies and intensities, from which the characteristic frequency may be 
defined as the frequency to which the neurons are maximally responsive. Examination of 
tuning curves provides a useful way of examining the response properties of single cells 
within larger neural networks. We examined the response properties of neurons in the 
primary auditory cortex from cats that were either kindled, sham kindled or non-
implanted controls and observed that the tuning properties of neurons in the primary 
auditory cortex were altered in the kindled animals. In primary auditory cortex there is 
normally a high percentage of neurons that express narrow V-shaped tuning curves. In 
the kindled animals there was a greater tendency for double-tuned multiple single-units 
(29%) than for the normal controls where the percentage of double tuned neurons in cat 
AI was nominally only about 8% for the non-implanted controls and 14% for the sham 
controls. This may represents less specification between thalamocortical afferents that 
provide the normal tuning, and/or the stronger interconnection of cortical horizontal 
fibers that convey the characteristic frequency range. Thus, single auditory neurons from 
kindled cats respond to a broader range of sound frequencies and this is consistent with 
the neurons from kindled cats being more strongly interconnected.̂  

3.4. Tonotopy and Inter-correlations 

Cat auditory cortex normally exhibits a tonotopic organization with a gradual 
progression from low characteristic frequencies at the posterior ectosylvian sulcus to high 
characteristic frequencies towards the anterior ectosylvian sulcus. We recorded multiple 
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single-unit activity under light ketamine anesthesia with a rectangular array of eight (4 x 
2) microelectrodes positioned across the frequency map in AI. Substantial changes in the 
tonotopic maps in AI were observed in all kindled cats. In the kindled cats, the maps in 
AI typically exhibited the lack of a tonotopic gradient, with large portions of AI tuned to 
a relatively narrow range of CFs. Due to the vastly increased size of the blood vessels, a 
finding common in all fully kindled cats and likely indicating an increased cortical 
energy demand during the seizures, the mapping was less dense than in the sham 
controls. During spontaneous neural activity, we also observed that neurons recorded 
from different electrodes within the array show higher inter-correlations in the kindled 
cats .̂ The enhanced spontaneous neural synchrony was not only observed between 
neurons, but extended over a greater area of primary auditory cortex. Both of these 
observations can be explained by a greater amount of interconnections mediated by 
horizontal cortico-cortical synaptic connections. 

4. SUMMARY OF THE MODEL AND FUTURE DIRECTIONS 

Seizures are hyper synchronous and hyper excitatory oscillatory discharges that can 
occur in the vertebrate central nervous system as the result of a wide variety of intrinsic 
(i.e., ion channel mutations, neurotransmitter imbalance) and extrinsic (i.e., drugs, 
infections) factors. Seizures appear to induce a Hebb-like increase in synaptic efficacy: 
cells that fire together during seizures subsequently wire together. We believe that a 
system is more likely to go into oscillation if it is more strongly interconnected and 
simpler. We have presented data from the kindled neocortex, that show the presence of 
more highly efficacious synapses, fewer neurons and increased numbers of synapses per 
neuron. These anatomical changes that occur with kindling likely account for a corollary 
to Hebb's rule: cells that are wired together, fire together and recruit more cells into the 
response. We observed broadened evoked potentials and tuning curves as well as 
expanded movement representations, loss of tonotopic organization and higher inter-
correlations among active neurons that likely reflect enhanced interconnection of 
remaining excitatory units. 

Kindling is an important technique and phenomenon that models certain aspects of 
epilepsy.̂  ̂  Repeatedly elicited seizures affect brain anatomy, physiology and function as 
well as lower thresholds for subsequent seizures. Future research should investigate, in 
more depth, our observations that seizures result in a simpler and more strongly 
interconnected network that in turn is more likely to go into pathological oscillation. We 
intend to design experiments to delineate the relative contributions of enhanced synaptic 
strength versus cell loss to kindling. There is also clearly a need to examine the 
neurotransmitter and receptor systems associated with the additional synaptic contacts. 
The generality of more perforated synapses and cell loss to other structures and other 
seizure/epilepsy models should also be explored. 
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Discussion 

Post: Have you done any work or theorized about what it would take to move these back 
towards normal? 
Teskey: Well, I can't make the cells come back to life, that's a problem. If cell loss is a 
function of kindling and epilepsy, then it really might be unidirectional. But I have 
thought about the perforated synapses and how can we go after the perforated synapses 
and try to reverse that. I think that we need to understand what receptor systems and 
receptors are involved with those perforated synapses, to target them. 
Engel: I am really glad to see that you are pursuing the perforated synapses and that is a 
beautiful demonstration of the functional corelate. I have 2 questions. First, do you have 
a feeling when looking at the areas of the cortex with perforated synapses whether these 
are homogeneously distributed or whether they exist in small islands? 
Teskey: They are patchy. 
Engel: Second, you mentioned that at the end you have an increase in spines. Most work 
shows a decrease in spines, and the assumption is with a decrease in spines you get 
increased connectivity because then the terminals are directly on the post-synaptic 
membrane - spines actually interpose a problem for synapses. I am puzzled by that. 
Teskey: We found that there was not an increase in the spines, that is to just the synapses 
on the spines, when you just look at synaptic density. When you look at synapses per 
neuron, that is when we did found the increase in spines. What Geinisman and Morrell 
had shown was that there was a overall decrease in synapses, but so much of the 
perforated type. We didn't find that. We found that there was an overall increase, 
especially when you express it as the number of synapses per neuron. You have to be 
careful when you interpret data on the number of synapses per neuron, because what we 
do is take the tissue just apical to the cell bodies in layer 5 and it is possible that there are 
some layer 6 dendrites up there, and so some of those synapses that we could be counting 
my not be on layer 5 dendrites. That is an important caveat. 
Avanzini: What would be the relationship between excitatory and inhibitory neurons and 
synapses? There are several observations that when the number of GABAergic neurons 
is reduced, the number of synapses is increased, and this is a very powerful system of 
synchronization. How much do you think would be involved? 
Teskey: We need to look at the inhibitory systems, synapses, and neurons. We haven't 
done that yet. We had to make a choice on where to look for our synaptic contacts, and 
the choice we made did not allow us to record that many inhibitory synapses. That is a 
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very excellent comment. 
Schwartzkroin: Along those same lines, there's a whole bunch of old literature 
suggesting that if you decrease GABAergic inhibition in the cortex, the specificity of 
receptor field expands and you get bigger fields. I think Dr. Avanzini's question is really 
important, and also regarding the question of whether your cell loss, whether you can say 
anything about whether your cell loss is preferentially inhibitory versus excitatory 
neurons. 
Teskey: That is an excellent point, and we should look at that. In respect to the cells, we 
are only classifiying layer 5 pyramidal cells when we look at cell loss. 
Wada: Beautiful study, congratulations. Have you looked at those changes that you so 
elegantly displayed over a period of time? Is it right after the experiment was over, or 
some length of time after this experiment was done? I ask this particular question 
knowing that cortical kindling is quite different from limbic kindling in that the time 
course and quality of kindling affects is quite different in terms of time. If you haven't 
done that I strongly recommend that you look at some time data later on after your 
procedure is over. 
Teskey: I have been at enough conferences with Mac Bumham, Dan Mclntyre, Ron 
Racine, and Peter Cain to know that you have to look a multiple time points. So I look at 
2 days after the last seizure and 3 weeks after the last seizure and the changes in maps are 
persistent, and the changes in the synapses are persistent. So they are related to the long-
term effects of kindling rather than just the transient effects of the seizure. 
Wada: This is in cat? 
Teskey: This is in cat and in rat, in both. 
Wada: What I am not to sure about is whether just 3 weeks justifies the conclusion that 
there is no change. I think one might consider a bit longer time span perhaps. I say this 
because in cat cortical kindling, kindled epileptogenesis may get degraded up to 3 
months. Second is just a question, you showed us your elegant way of mapping of this 
area. One of the most intriguing observations we have in clinical epileptology is that 
there are a condition called epilepsy partialis continua. The seizure begins most often in 
the face area and never spreads no matter how many times it fires, and indeed when we 
try to kindle in primate, we could not kindle the face area. We can produce seizure, 
localized through the contralateral face. After 200 hundred stimulations there was no 
growth. This is strikingly different from the hand area or leg area and what we often talk 
about, the Jacksonia march, which often begins hand to face going down this way. I 
think that it must have a different mechanism instead of going face to arm to leg and so 
on. This intrigues me a great deal, and I hope your future study would shed some light. 
Bumham: Chantal Gravelin in our group has studied sensory motor ability in kids with 
moderate epilepsy and found that it is impaired. She said the parents told her that the 
kids were clumsy, and they are. It would be interesting to study auditory ability in kids 
with epilepsy. A question: You are painting a picture of a very excitable network of 
neurons. Have you checked your threshold, you predicted that threshold would drop? 
Teskey: The threshold for the input-output curve in LTP did not drop, whereas the ADT 
does drop. 
Velisek: On the sub-synaptic level there's an old study from the late 80's maybe early 
90's, showing that during kindling there is a redistribution of synaptic vesicles from 
basically cytoplasm to the synaptic zone, which actually adds to your synaptic 
strengthening the synaptic activity. 
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Teskey: Thank you. It is an interesting paper, but unfortunately, if I remember the 
methodology, they sacrificed the animal pretty soon after the last seizure. It is probably 
seizure related, and we need to look at a longer time frame. 



KINDLING AS A TOOL FOR STUDYING 
THE ROLE OF SUBCORTICAL STRUCTURES 

IN LIMBIC SEIZURES 

Edward H. Bertram and John Williamson* 

1. INTRODUCTION AND DISCUSSION 

Determining the circuitry of a seizure has been of interest for many years. The 
primary goals have been to define the regions that are involved in the seizures and to 
determine the roles that these different regions play in the course of a seizure. 
Kindling has been used over the years to examine this issue, and it has many 
advantages for this purpose. Some of the advantages include the ability to determine 
exactly where to stimulate, when to stimulate and to time the stimulation so that 
potentially modifying treatments can be given at predetermined points around the 
seizure inducing stimulation. Over the years a number of observations have been 
made regarding the potential roles of the different regions of the brain based on 
seizure thresholds, speed of kindling, ability to alter established seizure patterns or to 
slow the rate of kindling. '̂ '̂ ' '̂ '̂ ^ These observations have been interpreted in terms 
of presumed or known anatomical connections, and our understanding of the 
significance of findings has evolved with our improving understanding of the 
anatomical relationships among the different regions. In this paper we will re
examine the issue of seizure circuitry through a series of experiments that were 
designed around past observations and evolving information about neural networks 
in the limbic system. 

Understanding the circuitry of epilepsy is important for several reasons. From a 
neurobiological perspective this information can teach us the relative role of the 
pathways that exist in a single region or between regions. There are multiple 
connections from multiple sources in any given region of the brain, some of which 
may be far more critical to supporting seizure spread, but it is not possible, based on 
anatomical relationships alone, to determine what this role might be. Understanding 
the important pathways and the structures that are involved in the seizures can then 
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lead to the second benefit of understanding seizure circuitry: determining targets for 
therapeutic interventions. 

Kindling can be an especially useful tool for the purpose of understanding 
seizure circuitry, and there have been many such studies over the years. These 
studies have included examinations of the relative sensitivity of different brain 
regions to the induction of a seizure or the speed at which the stable kindled state is 
reached.̂ ' *̂  Other studies have included the effect of lesions or pharmacological 
manipulations in one region on the rate of kindling or the severity of a kindled 
seizure induced in another region.''' '̂  One of the great advantages of the kindling 
model is that the site of seizure induction can be chosen and the timing of an 
intervention can be consistently linked to the seizure induction by the electrical 
stimulation. Knowing the site of seizure initiation can allow the investigator to 
determine the evolution of seizure activity through the circuitry through all of the 
possible sites. This approach can allow for an examination of which regions are 
involved in the initiation of the seizure, which regions are targets for seizure spread 
and which are not involved or only occasionally involved in the seizure activity. 

In the course of a seizure a region can serve one or more critical roles. In the 
role of seizure trigger a region acts as the point of seizure initiation by providing the 
critical drive that switches the system into a seizure. In the real situation of epilepsy, 
this region can be a single area or multiple areas acting together or independently. 
Without these regions, a seizure would never begin. Another role in seizure circuitry 
is distributor or amplifier. These areas will be an initial target for the seizure activity 
from the triggers. The distributors pick up the activity and amplify it, and finally 
spread the seizure to other regions. Another potential role is modulator. These 
regions may not participate directly in seizure activity, but instead they influence the 
excitability of the system through a variety of receptors and channels that alter 
neuronal excitability. Depending on where the modulator acts in the system, it can 
alter (enhance or reduce) the chance of a seizure (if it acts at the trigger regions) or it 
may affect the spread of the seizure by acting at a target or distributor site. By 
approaching seizures with a concept of role and pattern of activation and spread, we 
can develop an overall picture of the actual circuitry. 

Kindling is regarded as an excellent model for the limbic or mesial temporal lobe 
epilepsy syndrome.̂ ^ It involves many of the same regions of the brain such as the 
hippocampus and amygdala, and the electrographic seizure activity is similar in the 
two. Over the years, based in part on our concept of the local and regional circuitry 
of the mesial temporal structures (hippocampus, entorhinal cortex and amygdala), 
and in part from the experience in temporal lobe surgery for this syndrome, our 
interpretation of the data frequently focused on the circuitry within, to and from the 
hippocampus, which is a central structure in most models of limbic epilepsy. 
However, in the last 10 to 15 years there has been a significant expansion in our 
knowledge about the circuitry of the limbic system and the possible changes that may 
be present in limbic epilepsy. Although the majority of the changes are seen in the 
traditional limbic structures such as the hippocampus and amygdala, there is some 
long standing but now increasing evidence that there are changes in subcortical 
structures as well, including the thalamus, with reported primary changes in the 
medial dorsal nucleus.^' '̂ '̂ ' '"* This observation is of interest because the medial 
dorsal nucleus has significant, and largely reciprocal, connections with the limbic 
structures that are often associated with mesial temporal lobe epilepsy.'' '̂ ' ^̂ ' ^̂  As a 
result of these observed structural alterations and regional connections, the questions 
arise, does this subcortical structure have a role in limbic seizures, and if so, what is 
that role? There have been a number of studies over theyears that have suggested 
that this region of the thalamus participates in limbic seizures. In general these 
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Figure 1. First stimulated seizure in a rat with the stimulating electrode in the hippocampus and a second 
recording electrode in the medial dorsal thalamic nucleus. B is the same seizure displayed at faster time 
base. Tracings show early involvement of this thalamic region with synchrony of activity throughout the 
seizure.(From Bertram et al., 2001.) 

Studies have examined the effect of drug infusions into this thalamic area on the 
behavioral expression of limbic seizures, and, over all, the studies have consistently 
shown that when compounds that are inhibitory or diminish excitation are infused 
into the region of the medial dorsal nucleus, there is a significantly reduced 
behavioral seizure severity. ' ' ' These observations led to the conclusion that the 
medial dorsal nucleus was a key path to seizure spread or generalization. However, 
these studies were examinations of the behavioral effects of pharmacological 
manipulation of the medial dorsal nucleus. There was no examination of the 
potential effect of this manipulation on the electrographic seizure activity. If it were 
found that, in addition to reducing seizure behavior, intervention directed at the 
medial dorsal nucleus also reduced seizure duration, the conclusions regarding its 
role in limbic seizures would expand to include playing a role in the primary circuits 
that initiated seizures, participate in the triggering of the seizure. The anatomic 
connections between this thalamic nucleus and the hippocampus, amygdala and 
entorhinal cortex suggest this possibility, and recent physiological studies 
demonstrate that this midline thalamic region can induce significant excitatory 
responses in these limbic sites."*' ̂ ^ 

In some initial work our laboratory had examined the potential effect that 
inactivation of the midline region of the thalamus would have on seizures elicited by 
hippocampal stimulation.^ To perform these experiments we used a variation of the 
Lothman rapid kindling model in which suprathreshold stimulations were given ever 
5 minutes.̂ ^ The animals were under urethane anesthesia which causes the 
afterdischarges to remain short (but stable in duration) over a 6 hour period. There is 
no behavioral accompaniment to these seizures. Because the rats were in a 
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Stereotactic frame, it was possible to obtain consistent placement of electrodes and 
infusion cannulas. By infusing lidocaine into the medial dorsal nucleus we were able 
to attenuate the seizure activity in the hippocampus significantly, without affecting 
the evoked responses in CAl (suggesting that there was no direct effect of the drug 
infusion on the hippocampus). We then tried a series of experiments in which, 
instead of blocking neuronal activity with a sodium channel blocker, we used 
synaptic agonists and antagonists. When using bicuculline, AMPA and NMDA, all 
proexcitatory, we found a significant increase in electrographic seizure duration that 
lasted for several stimulations immediately following the infusion.̂ ^ These 
observations strongly suggested that this region of the thalamus played an important 
role in primary limbic seizure activity. 

With this observation of modulating seizure duration from infusions into the 
medial dorsal nucleus, we wished to know if this region was also involved in the 
seizure activity that was induced in awake animals. We had previously recorded 
spontaneous limbic seizures in which there appeared to be synchronized onset of 
seizure activity in the hippocampus and the midline thalamic region, and the seizure 
activity evolved and stopped together in the two sites.^ These findings suggested that 
these two regions were operating in a primary seizure circuit. However, these 
recordings were obtained when the seizures were fully matured. It was unclear 
whether this relationship was present from the very beginning, or whether it evolved 
over time. To examine that question we kindled animals with hippocampal 
stimulation while recording simultaneously from the hippocampus and medial dorsal 
region. From the very first, non motor, stimulated seizure, this thalamic region was 
involved and was synchronized with the hippocampus, and, as the kindling 
proceeded, there was an well synchronized evolution of seizure activity at the two 
sites, including cessation (Figure l).^ 

In addition to determining the role of the medial dorsal nucleus in the seizure 
circuit, we wished to know if it played a role in the process of generalization to 
convulsive seizures. Previous work by others had strongly suggested that it might be 
a critical control point for generalization. To study this issue, we used rats that had 
been fully kindled to consistent class 5 seizures. A cannula was placed into the 
midline thalamic region. Five minutes before a planned stimulation the rats received 
2p.l of ImM muscimol. Following the infusion there was a significant reduction in 
seizure duration and behavioral seizure score if the cannula was in the dorsal midline 
of the thalamus, within the medial dorsal nucleus (Figure 2). If the cannula was 
outside this small area, the infusion had no effect on the afterdischarge and a slight 
but non significant reduction in the behavioral seizure score. These observations, 
together with the previous observations by others, that pharmacological 
manipulation of the thalamus in the region of the medial dorsal nucleus of the 
thalamus, suggests that this structure has an important role in the primary circuitry of 
seizure as well as in the spread of seizure activity to other areas during 
generalization.^^ 

These experiments have clearly suggested that the medial dorsal thalamic 
nucleus is involved in the circuitry of limbic seizures, but they have not defined the 
role of this structure in the initiation, synchronization or spread of seizures. For this 
question we studied two factors: the relative rates of kindling and the afterdischarge 
thresholds of the several traditional kindling sites (amygdala and hippocampus) with 
several thalamic nuclei (medial dorsal and the ventro-medial or primary motor relay 
nucleus). 
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Stimuli (10 seconds) were given 6 times daily, every other day. The points for 
study included time to first full Stage 5 motor seizure, progression of after discharge 
duration and the relationship of seizure activity among the different regions (each rat 
had a bipolar electrode in either the hippocampus or amygdala and in one of the 
thalamic nuclei). 

Figure 2. Region of the thalamus in which infusions of muscimol successfully shortened the duration 
of the afterdischarge and reduced the severity of the behavioural seizure. Infusions into regions 
adjacent to but outside of the shaded area were uniformly unsuccessful at changing the afterdischarge 
and had variable but, in general, minimal effects on the seizure behaviour. Shaded area is located 
approximately 2.3 mm posterior to gregma, below the dorsal hippocampus. It covers the 
paraventricular nucleus, the medial dorsal nucleus and the most medial aspects of the centromedian 
nucleus. (Brain section outline from Paxinos and Watson) 

Afterdischarges following stimulation in the motor nucleus were intermittent and 
inconsistent, but, when present, usually lasted only a short time following cessation 
of stimulation. Seizures induced at this site only rarely involved the limbic sites, and 
then only after a number of stimulations. Finally it should be noted that the medial 
dorsal nucleus was always synchronzied with seizure activity in the amygdala or 
hippocampus, but the ventral medial motor nucleus was only involved following a 
stimulation in the hippocampus or amygdala when the rat had a motor seizure (Figure 
3). The following outline summarizes the relation among the four sites with regard 
to these kindling attributes. In interpreting the findings from these kindling 
experiments one must put the data in the context of our understanding of the 
connectivity of the brain, with emphasis on the limbic system. In addition one must 
also consider the structural changes associated with limbic epilepsy as well as what 
previous work has suggested about the relative roles of the different structures in a 
seizure circuit. The studies presented here have shown that the medial dorsal nucleus 
is always involved in limbic seizures and involved very early in the course of the 
seizures. In addition direct stimulation of this midline structure was the fastest route 
to generalization of the seizure. On the other hand it required a much less intense 
stimulus to induce seizures from the amygdala and hippocampus. The motor nucleus 
of the thalamus was involved later in the seizures (if involved at all), it was extremely 
difficult to induce seizures from this site, and these seizures only rarely involved 
limbic structures. 
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Figure 3. Involvement of the ventromedial nucleus during the evolution of kindling from the 
hippocampus. The top tracing shows the very first stimulated seizure from the hippocampus. There 
is a reasonably well developed afterdischarge in the hippocampus that is associated with with a non 
motor seizure, but there is no involvement of the ventromedial nucleus (second Ime of tracing). The 
second tracing shows the changes associated with a motor seizure. The afterdischarge initially 
involves the hippocampus (top line in tracing), but as the seizure proceeds to the motor stages, there is 
a gradual recruitment of the motor nucleus (beginning of bottom pair of lines). Contrast this 
observation to the one in Figure 1, in which the medial dorsal nucleus was involved from the 
begmning 

Previous work from our laboratory and from others had shown that it is possible 
to attenuate the behavioral severity of the seizures as well as the electrographic 
duration by infusing agents that inhibit neuronal activity into this region. Anatomical 
studies have shown that the medial dorsal nucleus has widespread and frequently 
reciprocal connections with much of the limbic system as well as with a number of 
regions of the neocortex. Also of importance is the observation from the generalized 
seizure models that the cortex and thalamus play complementary roles that are of 
equal importance in spike and wave discharges. The cortex supplies the excitatory 
drive and the thalamus organizes and distributes the activity into the recognizable 
ictal pattern.̂  Something similar could also occur in limbic epilepsy. Based on the 
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lower afterdischarge thresholds, the hippocampus and amygdala (and perhaps the 
entorhinal and piriform cortices) provide the excitatory drive, whereas the medial 
dorsal nucleus, based on its anatomic connections, consistent involvement and rapid 
path to generalization may serve to organize the ictal activity and pass it on. 

In this chapter we have described an initial examination of the role of several 
regions in the thalamus in limbic seizures using the classical kindling techniques of 
afterdischarge threshold, progression of afterdischarge duration and progression of 
behavioral seizures. In addition we described the effects of pharmacological 
manipulation of the midline region of the thalamus on afterdischarge duration and 
seizure behavior. Overall these findings suggest that the medial dorsal nucleus is 
involved in the earliest stages of a limbic seizure and that it plays a critical role in the 
initiation, maintenance and spread of limbic seizures. These observations support 
and expand those made by other investigators in earlier studies which also 
demonstrated that this region played a role in seizure generalization. Kindling has a 
number of advantages for studying the functional anatomy of seizures, most 
important of which is, in this work, the ability to determine precisely where the 
seizure will be initiated. This advantage allows us to define the relationships among 
the different regions. How do these findings translate to true mesial temporal or 
limbic epilepsy? It is unclear, but earlier work had shown that this region is involved 
early in spontaneous seizures. Kindling has given us targets and potential approaches 
to examine this question. 
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Discussion 

Leung: You indicated that your muscimol injection in the medial thalamus 
suppressed something like a 90-second AD, while it had something like stage 5 
seizures, and I think earlier you had lidocaine slides saying that it actually suppressed 
CAl seizure or AD, which are of very short duration. I just want you to clarify, is 
there any relation as to the AD duration and the participation of the medial thalamus? 
Bertram: One of the differences is that in the study using lidocaine the animals are 
anesthetized, and these the seizures are very short. We did this so that the seizures 
are short and relatively easy to suppress, and I think the spread of seizure activity is 
relatively limited. So it was nice compact circuitry, if you will, to look at. The study 
using muscimol with the longer seizures, those animals were awake, where 
everything seemed to be working. 
Leung: So I suppose that I am not as surprised at the later ADs being truncated, 
because it had spread out the hippocampus. But if it did affect the hippocampal 
seizure or ADT, that would be somewhat surprising. 
Bertram: It didn't. We have no idea what effect it had on ADT; the duration is all 
we measured. 
McNamara: I was wondering whether, when you stimulated to induce seizures in the 
mediodorsal nucleus, you did that 5 times or whatever, was there a persistence of 
that? In other words, if you let them go for 3 weeks and then you went back and 
stimulated them, what happened? 
Bertram: We never looked at that. One of the dirty little secrets of rapid kindling is 
that often, after a little rest, you have to ramp them back up again, even if you are 
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doing it on an every other day basis. We have done this for 30 to 40 stimulations, but 
we have never looked at if we stopped it and go later. 
McNamara: Have you ever done it in the hippocampus or amygdala? 
Bertram: Not formally. So we don't see how long it persists, but the thing is that the 
generalization happens almost immediately, even in the unkindled animal. 
McNamara: It is easy for me to imagine that you might have persistence of this if 
you stimulated amygdala or hippocampus, but not mediodorsal thalamus, and if you 
did I think that it would be very interesting. 
Post: This reminds me of the concept of multiple thalamo-cortical-striatal loops and 
the different systems. My question is, are these data consistent with that, and could 
one setup the study to look to see whether those different loops could be kindled 
somewhat separately? 
Bertram: I am sure you could. The issue to struggle with is to just look at the 
connectivity of say the mediodorsal thalamus. Although its the connectivity to the 
limbic system is pointed out, it has so many projections to the motor cortex, the 
frontal cortex, to the orbital frontal, it basically projects to lots of places and also to 
some subcortical nuclei. And so, when you start talking about circuitry, it really is a 
question of where do you jump on the loop? After that point it gets really complex. 
But I am sure with enough animals and stimulation you could do just that to tease it 
out. We tried to get into the circuitry from one direction, and doing that you may run 
into a lot of resistance or walk away from it, whereas if you came in to the same 
point from a different direction it might work beautifully. 
Wasterlain: But if you give a fair amount of current and produce a stage three motor 
seizure with the first stimulation, is that truly kindling? 
Bertram: It's not kindling, you are inducing a seizure and getting a response, but 
kindling is a process. What I think the implications were, how rapidly did you get to 
the motor circuit, and that seemed to be a very quick way to get to it. 
Wada: What we have done is mediodorsal stimulation, which can cause one-
stimulation generalized convulsion with appropriate ADT, threshold. After having 
given say 10 MD general convulsions in one month, then go to amygdala, and you 
can just kindle like this (snapped his fingers). Futhermore, if you gave make an 
ibotenic-acid lesion in the midline thalamus, of course initially it produces a number 
of seizures that would cause subsequent hippocampal development, in cats. As you 
know that hippocampal seizure development is slow, and this is tremendously 
accelerated after the lesion. The fact is that by then the midline thalamus is gone, yet 
that cat can be kindled. But if mediodorsal nucleus is destroyed, you cannot kindle 
from that hemisphere. So although both of them facilitate kindling, the loss of that 
particular thalamic portion has different consequences. 
Bertram: I've seem something similar, or we had tried to lesion the mediodorsal 
thalamus in rats. We've had mixed results, and one of the problems we've run into is 
that even with reasonable lesions that animals don't do very well for very long, they 
just seem to become very listless, and don't eat after a while. So we've had transient 
effects from lesioning, but nothing quite like what you saw. 



KINDLING, EPILEPSY, AND THE PLASTICITY OF 
NETWORK SYNCHRONIZATION 

Thomas P. Sutula 

1. INTRODUCTION 

When Graham Goddard and colleagues were performing experiments in 1968 that 
led to the observation of kindling, there was only limited appreciation that neurons and 
neural circuits were capable of the remarkable capacity for adaptation, alteration, and 
reorganization of function now referred to as "plasticity". At the time of Goddard's 
experiments,̂ '̂  the adult brain was still generally regarded as "hard-wired". In the 
developing brain, neural activity was recognized to influence synapse formation and 
patterning of neural connections, but the potent effects of neural activity on neurons and 
circuitry throughout the lifespan, now appreciated as fundamental processes of 
neurobiology, were not recognized. 

At the time of Goddard's pioneering observation of the kindling phenomena, it was 
not yet appreciated that synapses in intact animals were capable of long-lasting activity-
dependent modification of synaptic transmission such as long-term potentiation (LTP) or 
long-term depression (LTD),̂ ' ^ that injury and deafferentation in neural circuits were 
followed by axonal sprouting and synaptic reorganization,̂ ' ^ and that cortical maps could 
be functionally and structurally modified by the patterning of neural activity as well as 
deafferentation.̂  Goddard's ground-breaking experiments, which investigated the effects 
of electrical stimulation of neural pathways on learning paradigms in rats, unexpectedly 
revealed that repeated periodic electrical stimulation induced progressive seizures and 
permanent susceptibility to additional seizures, a process that he referred to as "kindling". 
The recognition of kindling, along with synaptic plasticity (LTP and LTD), lesion-
induced plasticity, and cortical map plasticity, were major contributions to the 
contemporary view that neurons and neural circuits are capable of robust short-term as 
well as permanent structural and functional modification across every level of biological 
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organization, from genes and molecules to neurons, networks, and behaviors, in species 
ranging from amphibians to primates. 

As Goddard's recognition of kindling preceded the descriptions of LTP and the 
phenomena of cortical map and lesion-induced plasticity, it is not surprising that the 
significance of kindling as a distinctive form of seizure-induced plasticity was not 
initially fully appreciated. The permanence of the kindling phenomenon was regarded as 
an example of information storage in neural pathways, and Goddard speculated that the 
mechanisms of kindling induction might be relevant to learning and memory formation. 
Although he emphasized that kindling was potentially important for studying the 
development of epilepsy and speculated that kindling might produce structural alterations 
"within or between neurons" ̂  the difficulty in detecting anatomical alterations in kindled 
animals created an initial impression that the kindled brain might be structurally normal, 
and contributed to the view that underlying mechanisms and alterations associated with 
kindling might be components of normal developmental or learning processes. 

In retrospect, Goddard's emphasis on the pathological outcomes of kindling, 
specifically the induction of permanently increased susceptibility and progression to 
epilepsy as a consequence of repeated seizures, is the distinctive feature that distinguishes 
kindling from other forms of activity-dependent plasticity such as LTP and cortical map 
plasticity. Kindling is among the most commonly used experimental models for chronic 
epilepsy, and as originally emphasized by Goddard and others, is a form of plasticity that 
is potentially relevant to the pathogenesis of epilepsy. Remarkably, however, there is 
continuing uncertainty and skepticism about the relevance of kindling to human epilepsy 
and even as a model of temporal lobe epilepsy. This skepticism persists despite the 
evidence that repeated seizures can be evoked by kindling in species ranging from 
amphibians to rodents to non-human primates,̂ '̂ "̂ ^ are eventually followed by 
spontaneous seizures,̂ '̂̂ ^ and induce alterations including mossy fiber sprouting, 
neuronal loss resembling hippocampal sclerosis, and memory dysfimction, as observed in 
intractable human temporal lobe epilepsy. ̂ ^ 

This analysis will summarize current information about the sequence of alterations 
induced in hippocampal circuits by repeated seizures in adult rats, the differences in 
effects of seizures occurring at different developmental ages, and will critically address 
the relevance of the seizure-induced hippocampal alterations evoked by kindling to 
human epilepsy and other forms of plasticity. 

2. THE SEQUENCE OF NEURONAL AND CIRCUIT ALTERATIONS 
INDUCED BY KINDLING IN ADULTHOOD 

Goddard speculated that kindling might induce structural alterations "within or 
between neurons" ̂  but more than 20 years elapsed before evidence emerged that 
kindling systematically induces a predictable sequence of long-term fiinctional and 
structural modifications initiated by alterations in synaptic transmission which eventually 
evolve into morphological reorganization of neurons and neural circuits of the 
hippocampus. 
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2.1 Single and repeated seizures induce increases in NMD A dependent synaptic 
transmission and gene transcription 

The initial episode of network synchronization during a series of repeated kindled 
seizures induces an acute increase in the NMDA receptor dependent component of 
excitatory synaptic transmission that is relatively long-lasting (~3 months), but not 
permanent.̂ "* The NMDA receptor dependent current increases intracellular Ca^ ,̂ which 
activates other second messengers and signal transduction pathways and eventually 
results in transcription of early immediate genes,'^' ^̂  initiating a cascade of gene 
transcription contributing to long-term and potentially permanent neuronal and circuit 
alterations.^^ Evidence is accumulating that the neurotrophins including BDNF, NT3, 
NT4, and the their tyrosine kinase receptors in the trkA,B family are among the genes 
that may be contributing to long-term effects. ̂ "̂̂ ^ 

2.2 Apoptosis and neuron loss induced by repeated kindled seizures 

A single seizure evoked by kindling induces apoptotic neuronal death^^ and repeated 
seizures eventually result in cumulative neuronal loss.̂ "̂ ' ^̂  The neuronal loss caused by 
kindled seizures has been confirmed in multiple laboratories by different techniques, 
including TUNEL staining for apoptotic neurons, unbiased estimates of neuronal 
numbers, and silver impregnation for degenerating cells.̂ "̂̂ ^ With repeated seizures, 
apoptosis can be detected in CAl, subiculum, and neocortex.^^' ^̂  Cumulative neuronal 
loss can eventually be detected by stereological counting methods, presumably as a 
consequence of repeated seizure-induced apoptosis, and has been observed in subfields of 
the hippocampus including the hilus of the dentate gyrus, CAl, and CAS, in a pattern 
resembling classical human hippocampal sclerosis.̂ "*' ^̂  The distribution of seizure-
induced neuronal loss depends on the site of stimulation.̂ " '̂̂ ^ 

2. 3 Neurogenesis induced by repeated kindled seizures 

Repeated seizures evoked by kindling induce proliferation of neural progenitor cells 
in the dentate gyrus.^ '̂ ^̂  The majority of newly bom cells differentiate into neuronal 
phenotypes, but some also differentiate into glia,̂ ^ and in other models appear to 
integrate into local networks and become activated during recurring seizures.^ ̂  
Neurogenesis has been detected after only partial seizures induced by a kindling 
stimulus.^^ 

2. 4 Axon sprouting induced by repeated kindled seizures 

Goddard's prediction that kindling might produce structural alterations "within or 
between neurons"^' ^^ was fulfilled by the observation that repeated seizures evoked by 
kindling induced mossy fiber sprouting in the dentate gyrus.*''̂  Mossy fiber sprouting 
develops after only a few brief seizures, progresses with repeated seizures, and is 
permanent.^^' ^̂  The mossy fiber axons of granule cells undergo sprouting in the inner 
molecular layer and the hilus of the dentate gyrus,^^ and in their terminal zone in CA3.^^ 
Mossy fiber sprouting has been detected in numerous chronic models of epilepsy"'̂  and in 
the human epileptic temporal lobe."̂ '̂"*̂  Seizures also induce sprouting in CAl."^ '̂ "*"* 
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Because mossy fiber sprouting is progressively induced by kindling and is also observed 
in the dentate gyrus and hippocampus of humans with temporal lobe epilepsy, poorly 
controlled seizures in humans may induce progressive sprouting and synaptic 
reorganization. 

Sprouted axon terminals in the dentate gyrus of kindled rats form recurrent 
excitatory circuits/^ and more than 98% of the synapses formed by sprouted mossy fiber 
axons in pilocarpine-treated rats are with other granule cells/^ Although physiological 
evidence for recurrent excitation in circuits reorganized by mossy fiber sprouting is 
difficult to detect in normal physiological conditions/^' ^^ evidence for recurrent 
excitation reliably emerges in vitro when inhibition is reduced or in conditions when the 
extracellular environment is altered."* '̂ °̂ The functional effects of mossy fiber sprouting 
and seizure-induced recurrent excitatory circuits may be conditionally expressed or 
unmasked during episodic synchronization when inhibition is reduced and the 
extracellular environment is altered by activity-dependent increases in K^o, thereby 
contributing to the progressive features of kindling. 

2. 5 Glial and astrocytic proliferation induced by repeated seizures 

Repeated seizures evoked by kindling upregulate GFAP (glial fibrillary acidic 
protein) mRNA and protein levels in a time-dependent manner and cause glial cell 
hypertrophy and proliferation.^^' ^̂  Gliosis, astrocytic proliferation, and activated 
microglia are also observed in chronic epileptic tissue.^^ Alterations in glial functions 
(such as K^ buffering) could contribute to activity-dependent changes in the extracellular 
environment that unmask excitatory circuits formed by mossy fiber sprouting and could 
modify inhibition in neural circuits reorganized be repeated episodes of network 
synchronization. 

2. 6 Interneuron loss induced by repeated seizures 

Repeated brief seizures evoked by kindling reduce intemeurons labeled by CCK and 
the neuronal GAB A transporter GAT-1 in association with emergence of spontaneous 
seizures. ̂ ^ The reduction of these interneuron subclasses, which provide axo-somatic and 
axo-axonic inhibition that powerfully regulates propagation of activity into axons,^^ is 
accompanied by alterations in the kinetics of evoked inhibitory postsynaptic currents and 
overall reduction in inhibition^^. Intemeurons labeled by parvalbumin and the GABA 
transporter GAT-1 are also reduced in the human epileptic hippocampus.̂ " '̂ ^̂  

3. IMPLICATIONS OF KINDLING FOR THE CUMULATIVE EFFECTS OF 
REPEATED SEIZURES IN HUMAN EPILEPSY 

The relevance of kindling to human epilepsy has been controversial and continues to 
be debated in contemporary literature. It has been suggested that kindling-like processes 
could play a primary role in the emergence of seizures following an initial precipitating 
injury (ie., epileptogenesis), but it is perhaps more likely that the cumulative functional 
effects of repeated seizures, as revealed by kindling, contribute to consequences of 
repeated seizures in poorly controlled human epilepsy and development of intractability 
after an initial inciting epileptogenic event. The progressive circuit alterations induced 
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by kindling resemble pathological features of the human epileptic hippocampus, and are 
accompanied by increasing seizure susceptibility,^ gradually developing memory 
dysflinction,̂ ''"^^ and with the emergence of spontaneous seizures, by alterations in 
inhibitory circuitry that are also observed in the human epileptic hippocampus.^^ 

3.1 Kindling-induced memory dysfunction: implications for long-term cognitive 
declines in human epilepsy 

Kindled rats develop prominent long-lasting deficits in memory and impairments in a 
variety of behavioral domains.̂ ^"^^ Memory deficits assessed in a radial arm maze 
gradually develop in kindled rats as a function of repeated seizures,^^ and are associated 
with cumulative hippocampal neuronal loss resembling hippocampal sclerosis.^^ Kindled 
rats also show acquisition and retention deficits in the Morris water maze, another 
behavioral task for spatial memory which is sensitive to hippocampal damage.̂ ^"^^ 

The induction of seizure-induced behavioral deficits in kindled rats demonstrates that 
cumulative cellular and circuit alterations induced by repeated network synchronization 
and seizures have long-term adverse consequences on cognitive function. Recent long-
term retrospective and longitudinal neuropsychological studies in patients with temporal 
lobe epilepsy have documented declines in intellectual functions after 15-30 years 
compared to age-matched controls in memory tasks and global measures such as IQ.̂ '̂ ^̂  
In a recent prospective study of surgically treated patients, memory deficits developed 
during a period of 10 years in patients experiencing repeated seizures, but were not 
observed in patients whose seizures were effectively controlled by medications or 
surgery.^^ 

The memory and behavioral dysfunction in kindled rats are most likely caused by 
cumulative alterations in hippocampal circuits undergoing progressive reorganization as a 
result of repeated episodes of network synchronization. In people with inadequately 
controlled temporal lobe epilepsy, cumulative alterations in hippocampal circuits 
undergoing reorganization as a consequence of repeated episodes of network 
synchronization may similarly cause progressive evolving memory and cognitive 
impairments. 

3.2 Kindling-induced increases in seizure susceptibility, alterations in inhibitory 
circuitry, and emergence of spontaneous seizures: implications for progressive 
features of intractable human epilepsy 

Recurring spontaneous seizures are the defining feature of epilepsy, and progression 
of kindling to spontaneous seizures has been demonstrated in species including rodents 
and primates.'' '̂̂ ^ Spontaneous seizures develop in kindled rats after about 90-100 
evoked Class V seizures, in association with loss of the CCK and GAT-lintemeuron 
subclasses and reduction in functional inhibition.*^ As intemeurons labeled by CCK, 
GAT-1, and parvalbumin are also reduced in association with hippocampal sclerosis in 
human epilepsy,̂ " '̂ ^̂  seizure-induced loss of the critical CCK and GAT-1 could 
contribute to increasing susceptibility to seizures and some of the progressive features of 
intractable temporal lobe epilepsy, even if kindling-like processes in humans are not 
sufficient to induce spontaneous seizures as in rodents or non-human primates. 

While it is clear that not all cases of human epilepsy are progressive, MRI studies in 
human epilepsy, nearly 40 years after Goddard's recognition of progressive features of 
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chronic epilepsy in animals, have demonstrated progressive hippocampal atrophy in a 
subset of patients with epilepsy.̂ "^^ Atrophy detected by volumetric MRI analysis is 
correlated with neuronal loss and circuit reorganization,̂ ^ and in prospective longitudinal 
MRI studies of patients with new onset seizures without initial precipitating injury, 
progressive structural atrophy in human hippocampal and neocortical regions has been 
observed in a subset of patients. '̂̂ ^ 

As the phenomenon of kindling is observed in species ranging from amphibians to 
non-human primates, it seems unlikely that human hippocampal neurons and circuits 
would be unaffected by the cumulative structural and functional effects of repeated 
seizures, which in rodents eventually contribute to memory dysfunction, increased 
seizure susceptibility, and spontaneous seizures. Progressive volume loss in prospective 
imaging studies and neuropsychological declines appearing after 15-20 years of epilepsy 
suggest that adverse effects of human epilepsy and poorly controlled recurring seizures, 
like kindling, may become apparent only after long periods of observation. 

4. KINDLING AND THE PLASTICITY OF NETWORK SYNCHRONIZATION: 
EFFECTS OF PERIODICITY OF SYNCHRONOUS EVENTS, AGE, 
GENETIC BACKGROUND, AND THE PREVIOUS HISTORY OF NEURAL 
ACTIVITY 

Repeated episodes of neuronal and network synchronization during afterdischarges 
are an absolute requirement for kindling^^ and progressive epileptic modification of 
neural circuits. The plasticity induced by repeated episodes of network synchronization 
is prominently influenced by the timing and periodicity of repeated synchronous events, 
developmental age, and the previous history of synchrony activity in neural circuits. 

4.1 Effects of timing and periodicity of synchronous events 

Goddard's original description of kindling included systematic assessment of the 
effect of interstimulus interval on the acquisition of kindling and rate of progression to 
secondary generalized tonic-clonic (Class V) seizures. Stimulus trains delivered at ~ 24 
hour intervals appeared to be optimal for progression of kindling. Stimulus trains 
delivered at shorter intervals reduced or impaired the rate of progression, which was 
referred to as the "massed stimulation effect."' 

There are distinct differences in the outcomes and adverse consequences of repeated 
seizures as a function of the interval between recurring seizures. Rapidly recurring or 
"massed" seizures, as during status epilepticus, induce obvious macroscopic damage and 
adverse long-term effects in neural circuits. Neuronal loss appears to be maximal after an 
initial episode of status epilepticus, an extreme example of "massed seizures", with little 
or no continuing loss observed in association with subsequent spontaneous seizures.̂ '̂ '^^ 
In contrast, brief seizures evoked by conventional kindling stimulation with longer 
interseizure intervals (eg., once or twice daily) induce apoptosis which results in 
cumulative but progressive neuronal loss resembling hippocampal sclerosis.̂ '̂̂ ^ Although 
Goddard's original observations demonstrated that 24 hour interseizure intervals are 
optimal for inducing gradually progressive effects, permanent increases in seizure 
susceptibility can be induced when longer stimulus trains are delivered at shorter 
intervals (eg. 10 sec trains repeated every minute for 6 hours, or trains at 30 minute 
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intervals), which has been referred to as "rapid kindling."^^ These systematic 
observations indicate that jfiinctional and structural consequences of seizures vary 
depending on the interval between repeated episodes of network synchronization. 

4.2 Effects of developmental age 

The progressive effects of kindling were initially observed in adult rats, cats, and 
primates, but it was subsequently recognized that repeated evoked seizures in pre-
weanling rat pups also induced long-term increases in seizure susceptibility/^'^"^ While 
long-term increases in seizure susceptibility are induced by repeated network 
synchronization in both adults and pre-weanling rat pups, notable age-dependent 
differences include reduced massed stimulation effect in pre-weanling pups.̂ '̂̂ "̂  
Moreover, systematic studies of the effects of seizures occurring during early postnatal 
development have demonstrated that seizures induce robust systematic long-term 
functional alterations in hippocampal circuitry which are age-dependent^^. In contrast to 
the progressive increases in seizure susceptibility induced by repeated seizures in adult 
and pre-weanling rats, seizures during the earliest postnatal period induce a long-term 
decrease in seizure susceptibility accompanied by reduction in capacity for LTP, 
enhanced inhibition, and memory disturbances in adulthood.^^ It thus appears that the 
progressive phenomenon of kindling in adulthood is only one example of a range of 
systematic age-dependent consequences of repeated network synchronization and 
seizures. 

4.3 Effectsof genetic background 

Genetic background has a powerful influence on the consequences of repeated 
seizures and status epilepticus, and on the development of kindling. The effects of 
genetic background on seizure-induced plasticity are evident in strains of rats which have 
been selected for slow and rapid development of kindling.^^' ^̂  C57BL/6 mice are 
remarkably resistant to status induced damage compared to the FVB/N strain, and the 
phenotypes of transgenic mice are highly influenced by the genetic background.''^' '̂^ It is 
highly likely that genetic background in humans also influences structural and functional 
responses to repeated seizures and plasticity associated with network synchronization. 

4.4 Effects of the previous history of neural activity in neural circuits 

The consequences of repeated seizures and the phenomena of seizure-induced 
plasticity are highly dependent on the previous history of activity in neural circuits. Prior 
kindling reduces the extent of damage from subsequent status epilepticus,^^ and repeated 
seizures evoked by electroconvulsive shock reduce apoptotic damage from kainic acid.̂ ^ 
Priming episodes of status epilepticus also reduce damage from a second episode of 
status epilepticus evoked by kainic acid.̂ ^ Kindling and previous seizures thus appear to 
have a "neuroprotective" effect against status-induced damage.*^ As noted in section 2.2, 
however, multiple studies have demonstrated that kindling by brief repeated seizures also 
induces apoptosis with progressive cumulative neuronal loss revealed by stereological 
methods,̂ ^"^^ but stereological methods have not detected additional loss from repeated 
spontaneous seizures following status epilepticus evoked by electrical stimulation.^^' ^̂  
The initial seizures evoked either by kindling or status epilepticus may damage 
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vulnerable population of neurons leaving surviving neurons which are relatively resistant 
to additional seizure-induced loss. Alternatively, these observations could be consistent 
with a neuroprotective effect of previous seizures evoked by either kindling or status 
epilepticus against additional damage, perhaps by inducing relative resistance to 
additional damage as a homeostatic adaptive mechanism to protect circuits from 
continuing activity-dependent remodeling. Both processes may be occurring 
simultaneously, suggesting that seizure-induced plasticity may have "bidirectional" 
features, inducing initial cumulative damage and increased seizure susceptibility while 
also inducing resistance to additional damage, as a function of timing or inter-seizure 
interval. In either case, the structural and functional consequences of seizures depend on 
the previous history of neural activity in neural circuits 

4. CONCLUSIONS 

The structural and functional modifications induced in neural circuits by repeated 
episodes of network synchronization during kindling can be phenomenologically 
distinguished from other forms of activity-dependent plasticity such as LTP/LTD and 
cortical map plasticity, as kindling reliably induces a predictable sequence of neuronal 
and circuit alterations in limbic pathways which eventually progress to widespread but 
specific transsynaptic alterations in pathways remote from the site of initial stimulation. 
These progressive transynaptic alterations systematically vary depending on age, the 
timing and periodicity of seizures, genetic background, and the previous history of neural 
activity. From a contemporary perspective of the variety of activity-dependent processes 
that influence the structure and function of neurons and neural circuits during 
development and adulthood, progressive kindling represents only one example of 
systematic seizure-induced plasticity associated with network synchronization. The 
molecular, cellular, and circuit alterations which underlie the systematic effects of 
repeated network synchronization during development and adulthood are manifestations 
of the neurobiology of the "plasticity of network synchronization". The continuing 
opportunities for systematic experimental analysis of the plasticity of network 
synchronization, of which kindling is but one example, are not only likely to improve 
understanding of epilepsy, but to further advance understanding about the remarkable 
capacity of neurons and brain circuits to undergo modification and adaptation. 
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Discussion 

Moshe: This is a very nice and interesting talk. There is one beautiful paper, actually 
Goddard's 1969 paper that Dan Mclntyre was coauthor of, that said that you could 
stimulate every hour to every 24 hours to every week. And I think it said that if you 
stimulate every week that you get better kindling rates than if you stimulate every 24 
hours, but if you stimulate every hour it's less so, and 20 minutes has no effect. The 
problem was that none of us would have a grant or anything that would allow us to 
stimulate every week; so we sat with the stimulation once a day, which does not 
necessarily mean that's the best way. So when I start doing kindling I scratched my head 
and I thought if I stimulated every 24 hours by the time my rat pups finished their 



158 SUTULA 

Stimulations the animal is going to be too old I will lose the electrode and I could not do 
the study. I decided to take the smallest amount of time that kindling occurs in the adult 
and use it in the pup. So I stimulated every hour the whole week, that meant I was up to 
36 hours, a great achievement. And kindling occured and difference in the development 
and the first stage five was the same in both the adults and pups, the difference being that 
the pups did not easily get to stage five. Actually you have to get above the PI6 in this 
strain of rats, you have to be about PI 7 to get to stage five - before that, the frontal lobes 
are not developed and the pups don't develop stage five, but stage three and four very 
quickly. To show that this was kindling, we allowed some of the rats to grow for three 
months and the rats remembered the kindling. So if you stimulate every hour it's the 
same response as you see in the adults, but you can stimulate every 20 minutes in the 
pups, which suggests a propensity of developing of seizures much faster. And what it 
means, in my mind, is that kindling in early life persists to adulthood in the same side that 
you stimulated or in the contralateral side. It does not have synaptic reorganization, it 
may have some minimal loss, but once it is established, it is very very powerful, the same 
way it stays in the adult. Just to point out, the febrile model that Tallie Baram is using, 
and she has described that she doesn't get one seizure at a time, there are many seizures 
that occur in a certain period, suggesting that the kindling-like effect persists. This effect 
may not include anything of the other features that you see in the adult. Just for the 
record. 
Sutula: I think that I am in agreement with that. This is the kind of perspective that I 
think is worth paying attention to. Even though the outcome is the same, how it got there 
may be different. By the way, unless Dan Mclntyre remembers otherwise, the original 
1969 paper mentioned that when you spaced it beyond the stimulation greater than once 
every 24 hrs it was not apparent that there was an additional progressive effect. But the 
closer they got together, less than 24 hours, then it diminished. 
Gale: Tom, I am really pleased that you mentioned the Zhang study from Mike 
Corcoran's group, because one of the things that study shows is that you can completely 
block the damage and a lot of the plasticity that's related to the damage and not block the 
epileptogenesis in the kainic acid and pilocarpine models. This is really something that 
should give everyone cause for thinking about how we go forth and design experiments, 
because right now, and this is true even for the kindling, we are looking at sequela that 
could account for epileptogenesis. So much of that sequela is probably related to what 
will turn out to be epiphenomena, such as the damage and the damage-induced changes 
that look like they are not necessary for the eventual epileptogenesis. So the question is, 
why aren't people using models such as what was used by Zhang to block the damage, to 
block a lot of the things that appear to be unnecessary, and then say maybe it is trophic 
factors or more subtle changes that are responsible for the epileptogenesis. You bring up 
this issue of timing for kindling, and I was struck by the fact that very few studies are 
really saying, okay let's take a kindling situation and then change the parameters so that 
we make the kindling very weak by, say, giving it every 20 minutes and compare the 
outcome. Again, we can find out what is related to the experience of the seizures and 
stimulation and so forth, and what is really related to the epileptogenesis. I don't know 
why that isn't happening more, but maybe we are stuck in a rut. Thank you for 
mentioning that. 
Gutierrez: What do you think of adding to you list of forms of plasticity, phenotypic 
plasticity? 
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Sutula: No problem with that at all. I am not in anyway claiming that the list of things 
that I put is exclusive. I think the list is going to expand. We were talking earlier about 
complex systems, I think that noone argues that a neuron and a neural circuit isn't a 
complex system. That is one of the features of it. You are struggling to design 
experiments in which you have control over the variables, and I think there's going to be 
many others things that they add to list. 
Wada: Your conceptualization of plasticity of network synchronization including those 
items you outlined and you are speaking about, within the context of interactive epilepsy: 
How would your system be applicable to the partial onset epilepsy that is benign and then 
eventually disappears? 
Sutula: I think that it is a great question, and it also occurred to me this morning listening 
to absence discussions that there are obviously forms of networks synchronization that 
may not fit in to this at all. The way that I intend this is not to be focused entirely on 
intractable epilepsy, but in fact to include the kinds of disorders that don't turn out to be 
intractable. I would say that if there is an underlying neurobiology for this that has 
common principles, then we should be able to use these principles to explain conditions 
that don't progress to intractability. The insight provided by fast and slow kindling rats 
suggest that there really are genes and potentially those kinds of influences that determine 
why a syndrome is severe, why it isn't, why one episode of head trauma looks 
comparable but to another person produces a very different outcome. So I think that this 
kind of logical structure might provide the framework to address the conditions that don't 
turn out to be intractable too. 
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Schwartzkroin: A couple of comments related to Dr. Sutula's presentation: First, I really 
applaud you on what I think is a provocative presentation. So let me be provocative in 
response and say that I think that it is dangerous to be searching too hard for common 
mechanisms, that that's the way the field got in trouble at the very beginning when we started 
looking for a silver bullet that would explain everything, and that the field really exploded 
when we understood that epilepsy wasn't epilepsy, it was the epilepsies. As an outsider to a 
kindling conference, I would say that kindling isn't kindling, that these are in fact multiple 
and potentially very different kinds of phenomena that people are dealing with, and that there 
is kind of a conmion tool that they use to study them. I would draw the analogy to the advent 
of slice technology: slice is a technique. Is there a entity called kindling, or in fact is as, I 
perceive it to be today, that all the things that we are talking about at this kindling conference 
are exactly the same kind of issues that we deal with in any epilepsy or synaptic plasticity 
meeting, that they are in fact a set of overlapping problems that we need to deal with and 
kindling is a way, a technical way, of approaching that kind of question? 
Gallagher. We have performed studies that provide some insight into the commonality of 
epilepsy mechanisms. In those experiments we used electrical kindling in the amygdala (3 to 
5 days after the last of 5 stage 5 seizures) and compared it to chronic cocaine administration 
(24 to 48 hours after 15mg/kg ip injections, twice a day for 14 days). The low concentration 
of cocaine in this model did not cause kindlmg, because cocaine-kindled seizures have high 
lethality. So in these studies we were not really comparing two models of kindling, but we 
reasoned that the two models of plasticity could in fact have similar underlying mechanisms. 
We analyzed amygdala responses to group II and III metabotropic glutamate receptors 
agonists and it turned out that with cocaine plasticity, the responses completely disappeared 
whereas, in electrical kindling, the responses were increased. Those data suggest that 
plasticity in those models is really different. My view, based on our experience, is that there 
may be common ground in models of plasticity, but also major differences. 
Schwartzkroin: That's exactly the point that I was trying to make, that there is not a common 
or may not be a common underlying basis. I have heard people talking about amygdala 
kindling, and normal protocols with 24 hrs, and rapid kindling, and mass stimulation, and 
then people talking about hippocampal kindling, brainstem kindling, thalamic kindling, and 
chemical kindling. So why do we think that this is a phenomenon or a model for a unitary 
kind of thing that must have a common underlying basis? 
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Engel: I would be surprised if anyone in this room thought that it did. That's why somebody 
asked Ed Bertram whether the mediodorsal kindling was persistent, because if it isn't 
persistent even though it looks like kindling, it is a different kind of plasticity. I just got up 
here because I wanted to make a semantic comment on Tom Sutula's presentation that is 
relevant to your issue, and it is the word "intractability." Tom, you were using intractability 
to mean chronic epilepsy but not necessarily intractable epilepsy, because you made a jump 
from kindling to intractable epilepsy. You get kindling, and then you get chronic seizures, 
and you have benign seizures that go away. That also happens, but there is another step 
between chronic seizures and seizures that are intractable to antiepileptic drugs - in human, 
mesial temporal lobe epilepsy that may be a progressive phenomenon. As Ann Berg showed 
so nicely last year, in her paper in Neurology, initially seizures are easily treated and then 
over time in some patients, and we don't know how many, they come back, and at that point 
you can't treat them. I think that there is another step, you can call it kindling if you want, but 
it is another plasticity that goes on that makes these seizures so refractory to medication. 
Buzsaki: I think it was Feynman who said that people who like complexity but are not 
willing to simplify are artists, but people who like complexity and are willing to simplify are 
scientists. So I think that it is very important that we pin-point those things that are different. 
One of the most important things about synchronization is it produces plasticity, but that's 

happening every night in my brain. What we would like to understand is what is the 
difference between network synchronization on a global scale and another type of 
synchronization that produces epilepsy. There is a big difference, and I think that this is 
exactly what we would like to pin-point, very specifically what is the difference between a 
train that produces LTP and a train that produces an AD and produces a very long-lasting 
change. As a outsider, I would like to understand where is the progress. Where can we show 
there's a particular mechanism that makes it so different from everything else? I don't see it 
yet. 
Wasterlain: Obviously, kindling is an incredibly complex phenomenon because it is one of 
the most intriguing phenomena ever described and after so many years and so many people 
working on it, we have no understanding of what it really is. However, I think that to say that 
is as diverse as the epilepsies is very difficult to defend. Obviously the complexity of the 
phenomenon implies tremendous adversity. There is evidence that part of kindling is a 
Hebbian phenomenon, which is how Graham Goddard, Dan Mclntyre, and the people who 
worked in kindling early conceptualized it. The link is so much stronger than it is for 
epilepsy in general. Probably the part that is Hebbian, by which I mean simply a 
phenomenon of synaptic plasticity induced by experience, is enormous compared to the 
evidence up to here that this is a really very important part of the epilepsies. In that sense it is 
a unitary phenomenon - part of it looks like it reflects a single process, which varies with 
each region, but still a Hebbian phenomenon of experience-dependent synaptic plasticity. 
Wada: Kindling has provided at least a window through which to view how seizure and 
eventually epilepsy might develop, and indeed a number of people have shown by kindling, 
spontaneous recurrent seizures states evolve. I am just limiting my consideration of epilepsy 
to partial onset epilepsy, recurrence or partial seizures, that's epilepsy clinically. So we have 
at least the methodology to produce developmental epilepsy, and we can indeed capture those 
developed recurrent spontaneous electroclinical seizures. The difficulty is at the main 
enigma of epilepsy: What ignites those spontaneous seizures? We have no answer 
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whatsoever, but at least we have opportunity of exploring it through the kindling model. That 
is where I see the major benefit of this model. 
McNamara: I agree with you completely. In response to Phil Schwartzkroin, there are a lot 
of different questions that one can begin to ask with what is broadly defined here today as 
kindling. There are many questions, and the process is useful for addressing a variety of 
these questions. The question that I am personally most interested in, which Juhn Wada 
articulated just now, is whether it is a model of partial or limbic epileptogenesis. What I 
would very much like to understand is the pathways that are critical for the development or 
for limbic epileptogenesis, because as a practical matter we could then intervene 
pharmacologically with an once of prevention in patients at high risk. Then the question 
arises, why study kindling as opposed to these many other models, and the answer to that is 
the rigorous control that one has allows one to address questions that are far more difficult in 
pilocarpine status epilepticus. It is not that one shouldn't study pilocarpine or that one 
shouldn't study kindling, but that there are advantages and disadvantages to each. Having 
said all that, I will make a bold prediction, and you guys can quote me in this dam book, that 
there will be some signaling cascades in common to multiple forms of limbic epileptogenesis. 
If you can discover those it might lead to the magic bullet that would prevent limbic 

epileptogenesis, whether it is cause by a vascular malformation or Ammon's horn sclerosis or 
some inflammatory process. Now it is easy for me to say that because by the time that 
anyone figures this out, I will have been 10 feet under for about 3 decades, but that is my 
prediction. 
Schwartzkroin: I don't want to be misunderstood here about what I have said. I don't mean 
to by any means suggest that kindling is not an incredibly powerful and useful tool. It has 
helped us understand a whole lot about synaptic plasticity and seizure genesis. I don't have 
any issue with that. What I am saying, from my perspective, is that the experiments you 
kindlers are doing sound often like very different kinds of experiments. The repeated 
stimulation protocols may have very different underlying mechanisms, and therefore talking 
about kindling as a unitary model is kind of a disservice. It is like our simplistic view that the 
pilocarpme and the kainate models are equivalent because they produces temporal lobe 
sclerosis. We know that is not the case. I think that it is important that we understand and try 
to identify the specific and different mechanisms as well as the similarities. Talking about 
synaptic plasticity and Hebbian plasticity doesn't do much for me, because all of us pretty 
much believe at this point that that is the way our brains work, thaf it is going on all the time. 
The key as somebody said is to identify what the differences are between normal function 

and epileptogenesis, and between this kind of process and epileptogenesis, and that kind of 
process that produces a slightly different form of seizure. 
Burnham: I would like to say something about this and then perhaps take the discussion in a 
different direction. When I am talking about kindling to my students, I define it as all the 
long term changes that seizures make in the brain. Now some of those may be cell loss, some 
may be glutamatergic enhancement. It seems unlikely to me that they all have the same 
mechanism, but they may be important. I teach that some lead to generalized seizures, some 
lead to threshold drop, some lead to changes in behavior, and some lead to changes in sleep 
patterns. But to go on a little bit, why are we studying these mechanisms of change? I think 
in my old age I am getting a little more clinical in my emphasis, and I would say that there 
probably are two big problems in epilepsy therapy today: One is intractable seizures; the 
second is probably comorbidities, and no one pays much attention to it at all. If you begin to 



164 GENERAL DISCUSSION 1 

Study the lives of people with uncontrollable seizures, you find that their IQs average around 
80, you find that at least 1/3 of them have psychiatric problems, you find that children have 
ADHD, you'll find that infertility and hormonal problems are common. We can mimic all of 
these in kindled animals. Now, I believe it was at Kindling 3 that I said seizures hurt your 
brain, and Nico Moshe disagreed with me. Here we have heard Dr. Shouse talk about 
behavior problems in her kittens. Dr. Saucier talking about even subtle febrile seizures 
leading to long term changes, we have heard from Dr. Teskey that we are losing cells and 
there is reorganization of the cortex, we have heard a nice summary by Dr. Sutula. If these 
changes occur in animals, they must occur in humans. We act like they don't occur in 
humans, but they do. 
Avanzini: I would like to go back to the previous discussion. If we consider the essential 
definition for kindling as experience-dependent synaptic plasticity, then we can talk about 
some unitary concept. If we try to be more specific in this, because this a very general 
concept, the experience-dependent synaptic plasticity is the basis for many types of plastic 
changes in the brain including visual rearrangement and so on. I don't know how it can be 
dealt with as a unitary phenomenon. First of all, not all the types of seizure have the same 
tendency to create a process, which means that at least one of the basic mechanisms of the 
different types of epilepsy can be different from each other in this sense. Also from the 
theoretical point of view, how can one expect that different areas of the brain, which have 
very different types of organization, may share a common mechanism for synaptic plasticity? 
For instance, we heard about a thalamic type of kindling and it is done in the rat. But the 

thalamus of the rat has no intemeurons. So that cannot be in anyway comparable to the 
structure of the limbic system or of the cortex. So I would suggest as an outsider to the field 
that it would be much more productive to be specific for the different mechanisms of 
kindling, rather than to try to find a common mechanism, expect that we go to some common 
basis, which is actually very generic in respect to the phenomenon. 
Moshe: I have two comments to make, one going back to Mac Bumham. In clinical practice 
you know that not all the seizures are intractable, not all the seizures produce brain injury, not 
all the seizures produce hormonal deficits. And the answer is that some of them do. And the 
best example that I can give you is if I see a child with a simple febrile convulsion, I would 
like to have at least a way of predicting what this child is going to do, because the majority 
are going to be all right in terms of seizures, some are going to develop learning disabilities, 
some are going to develop intractable epilepsy, and I have no idea why this is going to 
happen. But the majority of them are going to do all right. And that means that there is not 
always the bad outcome that you can predict about the change. Which takes me back to the 
question that I asked you "What was the title of Goddard's 1969 paper," and you told me it 
was "A permanent change in brain function..." The question is, what makes us believe every 
permanent change that we see is detrimental to brain function? Sometimes it may have some 
effects that are not bad, and may even be beneficial. Dr. Teskey, could you please comment 
on whether you think the seizure-driven increase in the size of the sensorimotor maps is 
positive or negative. 

Teskey: My colleague Jeff Kleim has shown that there is variation in the size of the 
representation of the caudal forelimb area in sensorimotor cortex (maps) with a strong 
positive correlation between size and proficiency of forelimb usage on a skilled reaching 
task. In other words, rats with larger forelimb maps are better on skilled tasks that require 
use of the forelimbs. We have shown that kindling results in huge maps (-'200% increase in 
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map size). Preliminary data from my laboratory also show that kindled rats do not obtain the 
same level of skill proficiency as non-kindled rats (i.e., that they make more errors) and the 
way in which kindled rats perform the skilled behaviors is different from control rats. Thus I 
conclude that seizures that result in extremely large maps lead to fimctionally maladaptive 
behaviors. I would add parenthetically that we also have preliminary data that suggest that 
the kindling-induced interference in forelimb skill proficiency only appears to occur when 
kindled rats are required to perform a new skilled behavior. When rats were pre-trained on a 
task that required skilled use of the forelimbs and then kindled, we didn't observe a deficit in 
their post-kindling abilities. 
Goodman: What happens to the map if you train the rat first? 
Teskey: The map I showed in my presentation illustrated a distribution of proximal and distal 
forelimb muscle groups. When rats are trained to use a forelimb there is an internal 
reorganizing of the map. It is only with kindling or LTP that you actually get an expansion of 
the map to other areas. 

I would like to make a comment, just a sociological observation, with respect to 
kindling. It has been said that there are two kinds of people; lumpers and splitters. 
Schwartzkroin is clearly a splitter and Sutula is a lumper. My position is that we have to be 
both. We have to mindful that we are looking for general mechanisms that cut across species 
and structures. We also have to be very mindful of the differences of the particular systems 
we are working in. 
Goodman: It is too simple to say you are creating a broader map. What you are showing us 
is that the map comprises elements. So in reaching, obviously if your shoulder is frozen and 
yet you have marvelous finger dexterity, you are still going to be impaired, and then by 
getting the imbalance of the map, that is how you are going to get a functional disturbance of 
behavior. It is a quality issue. 
Teskey: You are absolutely right. A normal animal will bring its elbow in and reach through 
a slit in a particular way. What we find in the kindled animals is that they just swipe at the 
pellet. They don't behave the same way as non-kindled rats, and they certainly don't have the 
same level of accuracy. In fact they behave like rats with small lesions of the sensorimotor 
cortex. But when we look at the maps in the auditory cortex of the cat we find those neurons 
to be very responsive to auditory stimuli, they are still working properly, but they've lost that 
specification for a narrow band of sound frequency. So the behavioral question that we 
would like to ask is: Are those kindled cats able to make sound discriminations in the same 
way, as non-kindled animals? 
Phillips: Let me go back to the point the Dr. McNamara is making about coming up with 
important common mechanisms. A couple of the papers that I really enjoyed today were the 
electrophysiological studies in which people take kindled preparations and say exactly how 
the sodium channel properties were changed as a consequence of kindling. If that turns out to 
be a generalizable observation it would be incredibly important. The other point that we 
heard today is the importance of the induction of GABA release in mossy fiber systems that 
were not previously doing such a thing. So these seemed to be the general points of 
convergence, and if we found that those sorts of mechanisms were implicated in numerous 
forms of plasticity, there may be a common denominator. There is a paper that has stayed 
with me now for 18 months, a paper in Science looking at the properties of dissected tissue 
from a human epileptic patients, where they did an analysis of the properties of neurons, and 
the take home message is that the ventral subiculum is a particularly important area in 
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epileptogenesis, and in that region the neurons were responding as though GABA were 
excitatory. The inference was that perhaps there is some developmental delay, because that's 
a process that happens during the first week or two of life, the GABA neurons are excitatory 
and then become inhibitory as the K+/C1- co-exchanger comes into being. If epilepsy is 
reverting GABA neurons back into an earlier phenotype, in various forms of epilepsy, that 
would be a point of common denominator. (To Dr. Gutierrez): I really like the approach that 
you are taking as well as the other approaches that are using sophisticated electrophysiology 
to try to give us a signature of what is happening in this pathological tissue. And I think that 
is where the field is really going to make a lot of advances. 
Burnham: If we can return to the question of intractable seizures, I do hope your patients do 
well. Sixty percent of people put on drugs benefit enormously, but about 1 in 250 still have 
some seizures and about 1 in 500 have nearly constant seizures. Lisa Kalynchuk and John 
Pinel have been talking about long-term kindling, going up to about 100 or 200 seizures. 
One of my fi-iends had a child with epilepsy, and she counted seizures for 2 years and then 
stopped because she had reached 3000. I have known people who have had multiple seizures 
everyday. Now these people have got to be kindling, and you may argue that some of the 
changes are neutral or beneficial, but we get sprouting and cell loss. These cannot be 
helping. If you look at a any group of people with intractable epilepsy, they have real 
problems in life. I don't believe it is all social stigma or economic deprivation. I think that 
their brains are deteriorating, and I think we should face it and try to stop it. 
Heinemann: The debate is in part on plasticity. I think that we have to remember that there 
are 4 types of plasticity. One is developmental plasticity, and it was once predicted that if we 
understand developmental plasticity we also understand learning and memory. This has not 
become fully true. So the mechanisms of developmental plasticity are not fully explaining 
memory and learning. There is repair plasticity. Then we have a phenomenon I would call 
pathogenic plasticity, and it is not restricted to epilepsy. So people who get chronic pain, 
who get tinitus, who get spasticity of the throat, that is not an immediate event. A 
reorganization of the network underlies these phenomena. Part of what we study in kindling 
is pathogenic plasticity. The issue here is not so much to find the magic bullet, but really to 
understand where we have the separation from repair plasticity to pathogenic plasticity. 
What are the key elements that make this difference? For example, in epilepsy we have cell 
loss and a lot of what we see is repair plasticity. Some of that is really antiepiletogenesis, yet 
there is a point somewhere when we repeatedly stimulate without making lesions that we do 
not necessarily cause repair plasticity, but perhaps invoke developmental plasticity. On each 
level, on the molecular level, on the cellular level, on the network level, we have to 
understand where this condition becomes pathogenic and pathogenic plasticity occurs. If we 
could define that more precisely, then I also think we would have the so-called magic bullet 
that you are looking for. 

Gale: I would like to make a comment about that, because I don't think that it is either or. I 
think that you can have adaptive plasticity that can be maladaptive, and it depends on the 
context. If you have some sort of abnormal development in the brain, then there may be 
other things that are abnormal that actually serve a compensatory role, which by themselves 
out of that context could be bad. So fever, for example, is something that is not good, unless 
you are sick, in which case the fever is activating immune functions to help fight off the 
bacteria. We can't take these things in isolation and say this is good, or this is bad; it really 
has to be looked at in context. Uwe Heinemann is absolutely right that some of these things 
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are adaptive and maladaptive, but we really have more to be splitters in the sense of asking of 
every phenomenon whether, in fact, it serves some sort of adaptive function in context, or 
whether taking it away may in fact make the situation worse. We really haven't gotten there 
yet. I would actually like to ask a slightly different question because we had so many 
wonderful talks this morning and this afternoon that examined circuitry and really got at 
issues of interesting interplays between situations where you have a propensity to switch from 
something that is excitatory to inhibitory, or from something that looks like it is 
antiepileptogenic to something that is epileptogenic. There are all these dynamics. I also 
heard a lot of things that had to do with brainstem phenomena versus forebrain phenomena 
and would like to go back to that in just a second. Perhaps Dr. Gutierrez will say something 
about the switch from excitatory to inhibitory. 
Gutierrez: I would like to thank you for the previous comment on my work. I forgot to say 
earlier that one of the things that Augusto Fernandez Guardiola always said was that kindling 
is a model of plasticity, and the seizures, once they begin to appear, constitute the noise of the 
system - that's the storm and the artifact obscuring the underlying plasticity. What is really 
interesting about kindling is the progression of the synaptic changes, and all the types of 
plasticity imply progression of changes, and it may be that seizure is the ultimate plasticity. 
But, of course, there are many types of plasticity going on before the seizures appear. In that 
sense, one of the things that I very much wanted to say was that I use kindling as a model of 
plasticity of phenotypic changes. One of the things I see when I read papers on kindling is 
that many people think that kindling is established once the seizures appear. Many times one 
forgets that the seizures are evoked after many stimulations, and many of the phenomena that 
we see after these seizures can be obtained after just one seizure. You don't need to kindle 
the system to get the same plastic changes that you see after one seizure. One the other hand, 
kindling itself is making a lot of changes that do not necessarily come after seizures. One of 
the things that I wanted to do in my work was to differentiate the effects of kindling a 
phenomenon, and I called it kindling of the phenotype and I noticed that this effect that I was 
seeing after 5 seizures could be evoked after just 1 seizure. To get a seizure you need 
hyperexcitability, and this hyperexcitability can be produced without yielding a seizure, and 
this hyperexcitability also produces a phenotypic change. I just wanted to call attention to 
this big difference of classically kindling seizures, which produces specific effects, before 
and after the seizures appear, and producing a single seizure, that perhaps produces the same 
effects as the many full-blown kindled seizures. Kinding "a change" does not necessarily 
imply provoking seizures. 

Engeh I wanted to just see if I could get some consensus and some agreement among the 
lumpers and the splitters here. We could agree that kindling is not a phenomenon, it is a 
technique, and that the unitary concept for us all who have been doing this is in the technique, 
not in the phenomenology that it produces. Kindling is of interest and of great value because 
it provides us with a mechanism to push the brain to change functionally and structurally in 
some enduring fashion in a highly selective way, and to bring it under laboratory control 
utilizing mechanism that are available to the normal brain. It allows us to study a tremendous 
number of plastic mechanisms. To try to put all the effects of kindling into a single concept 
is ridiculous, but to put it into a technique is not. 
Wada: This is what I was referring to, that kindling is not a unitary process, that there is a 
tremendous complexity going on. But using kindling as a technique, you can induce in the 
animal an entrenched susceptible state. Then the animal can graduate from that to the 
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spontaneous seizure state. As a physician, clinician, neurologist, the most important thing to 
understand is, what is the last spark that evokes spontaneous seizure. Kindling allows us to 
have the opportunity to explore this. 
Gale: I want to ask a question about the issue of brainstem. As indicated today, you can do 
things by way of brainstem stimulation that will augment the possibility and may be 
necessary for kindling in the limbic system. I heard several things this morning that 
reiterated or echoed this. When she talked about the kittens, Nicki Shouse was talking about 
this incredibly rapid kindling phenomenon and rapid progression to spontaneous seizures, 
and then she showed us a video of a kitten having a seizure. Those seizures were very much 
brainstem seizures, in that they went into the clonic-tonic seizure that is typical of brainstem 
involvement. I asked her about the brainstem, and she said it gets involved even before you 
see the stage 6 seizure, even when they are at stage 3; so there is brainstem involvement very 
early on. One wonders whether that may have something to do with the rapidity of kindling, 
which would be consistent with facilitating the kindling as Dr. Chiba had described this 
morning. I also noticed that Dr. Onat mentioned ethosuximide and the possibility that 
ethosuximide was actually interfering with the kindling you want to test. Ethosuximide is 
notorious for being very good for blocking brainstem seizures. When you give 
pentylenetetrazole, for example, you can block the brainstem seizures without blocking the 
forebrain seizures with ethosuxunide. That is another situation where maybe you are 
interfering by shutting down brainstem mechanisms. I was intrigued by what Jana Veliskova 
presented about the differences in seizure susceptibility in different rat strains, in fast and 
slow kindling animals and Sprague-Dawley rats. In those videos there was hindlimb backing 
up behavior that has a very brainstem look to it. In adult rats minimal electroshock causes 
beautiful limbic type seizures, stage 5 seizures, but when you do that in neonatal rats, the 
seizures look very much like brainstem seizures. As animals mature they lose that brainstem 
phenotype and look much more like a forebrain phenotype. Again this may have something 
to do with the rapidity with which they were kindled. Different mouse strains are wildly 
different in the extent to which they will respond to a drug. For example, kainic acid in some 
mouse strains will only give you a brainstem seizure. You will not get the forebrain seizure, 
because they will die before that happens. In other mouse strains you can see a mixture of 
both. That's another thing, the difference of kindling in the amygdala, where you are 
targeting the forebrain, and giving kainic acid, where you targeting both the hindbrain and 
forebrain because the drug is going everywhere. Uwe Heinemann mentioned that you get a 
different sequela after using kainic acid as opposed to the focal stimulation, which could also 
be because of the presence or absence of hindbrain components. I wanted to ask Jana 
Veliskova whether you think that the different animals are showing different phenotypes 
either because of maturity or because they are from different strains. 
Veliskova: In rats I really believe that it is maturity. The immature brain is more sensitive to 
the development of brainstem seizure. You can see it also with the NMDA model, which is 
very typical of brainstem seizures, and these NMDA seizures are very pronounced in 
immature rats. I really believe that it is more a function of maturity than the difference 
between the strains. 

Gale: Do you think that plays a role in terms of the ease at which you can kindle the animal? 
Veliskova: Yes. Also in the flurothyl model, there is no separation between the clonic and 
tonic-clonic seizure almost at all. Sometimes the rats go directly to the tonic-clonic seizures 
without any clonic component. This is specific to immature brains. In contrast, in adult rats 
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there is a separation between the first clonic seizure and the progression into tonic-clonic 
seizure several minutes in flurothyl seizures. 
Chiba: In rat pups the peak of myelination is two weeks postnatal; so the brainstem and 
limbic system involvement is probably key in rat pups. But there is almost no involvement of 
the motor cortex. And during sleep, probably the susceptibility to synchronization is very 
likely to occur. We can see in the sleep record a spindle or slow wave. So in sleep, there is 
an increased tendency to the synchronization, and so the brain seizure tends to occur. This is 
my hypothesis. 
Bumham: It was a long time ago, I think I was influenced by Juhn Wada's work, that I 
framed the idea that the kindled convulsion is driven by the brainstem. Then Dan Mclntyre 
got geared up, performing a series of studies making it look almost inevitable that it was a 
motor cortex that was doing it. But from the work of Drs. Chiba and Bertram, it is looking as 
though the force is coming back with us, and I would say probably somewhere in heaven 
Penfield is smiling at us. 
Gale: What a great note to end on, but first I would like to make the observation that I was 
sitting here today thinking why today has been so much fim, I mean really really fim. And the 
reason that it was really fun for me is that everyone was talking about networks and systems. 
For a whole day we have heard about networks and systems, not to ignore channels and the 
molecules and the genes and the mechanistic fundamental reductionistic pieces. But it's all in 
the context of networks and systems. I don't think that I sat through an entire day of talks 
anywhere at any meeting that have been so network and system and functionally oriented, and 
I thank everyone for that. 
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1. INTRODUCTION 

The view that genetic mechanisms underlie many forms of epilepsy is widely 
accepted.̂  Thus, genetically-derived models of epilepsy can serve as important vehicles 
to study the mechanisms of epileptogenesis,^ particularly if they can isolate underlying 
factors that are uncontaminated by a recent history of seizure activity. 

While kindling has been used frequently to model complex partial seizures and 
temporal lobe epilepsy (TLB) in man,̂ '"̂  there has been a long-standing need for a genetic 
model of TLE. To meet this need, we selectively bred two new strains of rats for their 
vulnerability versus resistance to amygdala kindling.̂  The selection was based on the rate 
of amygdala kindling development to stage-5 convulsions,^ but did not take into account 
afterdischarge (AD) thresholds or other focal attributes. The original parent population 
used for the selection was a Long-Evans Hooded and Wistar cross. Within 6 generations 
of kindling selection, there was no evidence of overlap in kindling rates between the two 
new strains (Fast vs Slow kindlers). Thus, after the 11* generation, selection was relaxed 
to involve second cousin breeding within each strain, and no apparent drift in the kindling 
attributes of the strains has occurred since that time.̂ '̂  It is also important to note that 
while AD thresholds were found to be similar in the amygdalae of the newly developed 
strains, they were different in the adjacent piriform and perirhinal cortices, and dorsal 
hippocampus (Figure 1). In these cases, the seizure-prone Fast rats exhibited significantly 
lower AD thresholds. Moreover, in all four structures the initial AD duration was 
significantly longer in Fast compared to Slow rats, particularly in both the basal and 
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medial nuclei of the amygdale/ where discharges in Fast rats were more than twice the 
duration of Slow rats. This finding strongly suggests that seizure offset and/or 
recruitment mechanisms are quite different in efficacy between the amygdalae of the 
strains. In addition, because AD thresholds in Fast rats were much lower in cortical areas 
surrounding the amygdala, areas believed to be important in the convulsive generalization 
process,^'^ augmented recruitment following focal amygdala seizures likely contributes 
substantially to the ability of the seizure to synchronize those adjacent cortical areas and 
produce the rapid kindling profile observed in Fast rats. 

.600^ 
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Figure 1. After-discharge thresholds (̂ lA) in the amygdala, piriform (Pir) and perirhinal (Peri) cortices and 
dorsal hippocampus (DH) of Fast and Slow rats before kindling. 

2. MECHANISMS 

Mechanisms underwriting strain differences in seizure proclivity are potentially 
enormous. Examination of neurotransmitter systems in baseline conditions showed 
relatively small differences in several systems, including excitatory and inhibitory amino 
acids,^^ monoamines'^'*^ and others. However, when challenged through various means, 
such as stress, kindling or systemic drug application, significant strain differences in 
transmitter responses were observed (e.g., 12). Interestingly, innate differences in 
transmitter activity were paralleled by differences in behavior between the strains. For 
example, intraperitoneal (i.p.) injection of the excitatory amino acid, kainic acid, resulted 
in faster onset and more severe expression of status epilepticus in Fast compared to Slow 
rats.'^ Similarly, manipulation of the GAB A system with i.p. injection of antagonists, 
including picrotoxin, bicuculline and pentylenetetrazol, induced convulsive seizures in 
Fast rats at much lower doses than in Slow rats.'"* This increased sensitivity of Fast rats to 
negative GABA modulators was matched by an increased sensitivity of Slow rats to 
positive GABA modulators like pentobarbital and diazepam.^ 
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Due to the obvious difference in sensitivity to GABAergic modulators between the 
strains, we examined expression profiles of GABAA subunits in various limbic structures. 
Results of that study revealed no strain differences between many of the subunits (8 was 
not examined), with the exception of four of the six alpha subunits, including al,2,3and 
5. Specifically, the a2,3 and 5 subunits were over-expressed in the amygdala, piriform 
and perirhinal cortex of Fast rats, yet were under-expressed in Slow rats compared to 
Long-Evans Hooded controls (LEH; one of the two original parent populations). By 
contrast. Slow rats over-expressed the al subunit in comparison to LEH rats, while it was 
under-expressed in Fast rats.̂ ^ Interestingly, al is the dominant adult subunit, while a2,3 
and 5 subunits are expressed most strongly during development. As the latter subunits are 
over-expressed in Fast rats, we interpreted this to mean that they perhaps have 
experienced a stall in their development, which maintains them in a more juvenile 
developmental stage in relation to Slow rats.̂ ^ This proposal is consistent with 
observations that juvenile rats and humans are more seizure-prone than adults. ̂ ^ 

We then questioned whether the differences in pharmacology and receptor subunit 
expression also might be associated with differences in GABAergic physiology. Here we 
recorded the spontaneous miniature inhibitory postsynaptic currents (mlPSCs) in the 
perirhinal cortex of Fast and Slow rats compared to LEH controls. The perirhinal cortex 
was selected because of its proposed involvement in convulsive seizure generalization,^ 
and its large difference in focal AD threshold expression between the strains.̂  We 
performed patch clamp recordings from pyramidal neurons and intemeurons (identified 
by biocytin fills) from layers 3 and 5 in coronal slices of the perirhinal cortex. ̂ ^ Although 
there were small strain differences in the recordings from pyramidal cells, the largest 
differences were observed between various intemeuron populations. As can be seen in 
Figure 2, the mlPSCs in Fast rats were relatively small in amplitude and slow in 
deactivation, while the mlPSCs in Slow rats were very large in amplitude and more 
rapidly deactivating.̂ ^ Interestingly, the negative charge transfer associated with these 
two different mlPSC profiles was similar. Since there was no difference in the charge 
transfer, yet a huge difference in mlPSC amplitude, one might predict that the 
GABAergic contribution to network activity would be associated with timing. Here the 
high amplitude, rapidly deactivating responses in Slow rats might promote synchrony of 
intemeurons in the higher frequency range, while the smaller, delayed deactivation in 
Fast rats could favor lower frequency oscillations. Certainly, power in the lower 
frequency range is more commonly associated with the kindled state and epilepsy,̂ ^ and 
might result in better recruitment. 

Differences in oscillatory behavior have been speculated to differentially impact 
learning and memory. For example, there is a clear benefit for memorial activity that is 
tied to higher fi*equency oscillatory behavior, particularly in the gamma range.̂ ^ 
Preliminary evidence in EEG recordings from the strains indicate that Slow rats show 
increased power in the higher frequency range compared to Fast rats during awake 
immobility. If such a disposition is predictive of better learning and memory. Slow rats 
should be the better learners of the two strains. Indeed this is the case, as indicated below. 



174 McINTYRE ETAL 

V — 
Fast 1/ Control 

20pA| 

10 ms 

Figure 2. Examples of averaged spontaneous mlPSCs from non-pyramidal neurons in layers 3-5 of the 
perirhinal cortex in in vitro slices taken from adult Fast, Control (LEH) and Slow rats. 

3. BEHAVIORAL COMORBIDITIES 

Being seizure-prone or -resistant is not without consequence for normal behavior. In 
a variety of behavioral tests, Fast and Slow rats have shown themselves to be quite 
different. Considering basic levels of activity, Fast rats express a pattern of high activity 
that uniquely is non-habituating over days in an open field test compared to lower activity 
with typical habituation in Slow rats.̂ ^ The heightened activity levels in Fast rats were 
also apparent when placed in a stressful situation involving restraint. When tightly 
confined in a triangular shaped plastic bag, with their nose in the air hole at its apex, Fast 
rats struggled about 50% of the restraint time, while Slow rats mostly remained immobile 
and only struggled about 10% of the time.̂ ^ One observes similar response differences 
between the strains when trying to connect the leads of the rats to the stimulator for daily 
kindling trials. The Fast rats are constantly on the move, while Slow rats are usually 
rigidly immobile. 

There is a sense of fear in the immobility expressed by Slow rats, which translates 
well to reality when tested in various learning paradigms. For example, in the inhibitory 
avoidance test, although both strains show similar initial step-down latencies onto the 
grid floor from the safety of the wooden platform immediately before footshock, the next 
day Slow rats show complete immobility on the platform for nearly the entire 5 min 
session while Fast rats exhibit relatively high activity.̂ ^ In other aversively motivated 
tests of learning. Slow rats retain their superior status. Across numerous versions of the 
Morris Water Maze, a spatial learning test that involves swimming to a submerged 
platform. Slow rats perform much better than Fast rats. This facility includes variations 
involving the simplest of conditions, i.e., using a fixed position for the submerged 
platform over days, to much more difficult tasks where the platform is located in a new 
position each day.̂ ^ In both cases. Slow rats are better in acquisition. Interestingly, during 
acquisition. Fast rats appear more distractible than Slow rats yet once the task is well 
learned by both strains. Fast rats are seldom distracted by extraneous stimuli and appear 
highly focused compared to Slow rats. Several of these differences m behavioral 
attributes associated with learning suggest that Fast rats might be expressing a common 
condition known in humans as attention deficit hyperactivity disorder.(ADHD)̂ ^ 
Accordingly, it is rarely reported but routinely acknowledged by both therapists and 
patients that children and adults with ADHD can 'hyper-focus' on tasks they know well. 



FAST AND SLOW KINDLING RATS 175 

or in behaviors that are easy and/or enjoyable for them. Thus, like Fast rats, they are only 
distractible during early acquisition of a task before they become skilled in performance. 
Nonetheless, Fast rats rarely approach the level of performance of Slow rats in learning 
tasks without receiving special training. '̂ It is also important to note that up to 20% of 
children with ADHD are epileptic compared to - 1 % of the normal population.̂ ^ Thus, a 
comorbid relationship between epilepsy and ADHD clearly exists. 

4. NEUROANATOMICAL DIFFERENCES 

Considering the number of differences between the two strains, including 
electrophysiological and behavioral outcomes, one might not be surprised to find some 
associated differences in neuroanatomical features. In routine histological preparation for 
electrode identification in kindling studies, we noticed that the lateral ventricles of Fast 
rats were considerably larger than Slow rats. This observation precipitated a more 
extensive evaluation of their brains by comparing every 5* coronal section at comparable 
levels from the anterior commissure through the ventral hippocampus. It was 
immediately apparent using volumetric analysis that the ventricles were much larger in 
Fast rats. This outcome is likely a direct consequence of the dorsal hippocampus being 
much smaller in Fast compared to Slow rats (Figure 3). Since the dorsal hippocampus is 
believed to be critical for the normal acquisition of spatial behaviors, its reduced volume 
in Fast rats may lie at the root of their spatial learning deficits in the Morris Water mazê ^ 
compared to Slow rats as described earlier. Our preliminary evidence reveals that these 
strain differences in neuroanatomy are evident by post-natal day (PND) 21. 

An additional gross neuroanatomical difference between the strains is evident in the 
large myelinated fiber bundles. For example, the corpus callosum is clearly 
smaller/thinner in Fast compared to Slow rats (Figure 3). The reason for this difference is 
not yet known. However, it is unlikely due to fewer axons, since the overall 'size' of the 
Fast brain at the cortical level is at least as large as that of Slow rats; thus, the number of 
cortical cells contributing to the commissural axon bundles should be similar. More than 
likely the difference lies in the myelination process, where the quality or quantity of the 
myelin is inferior in Fast rats. Evidence for this suggestion has been forthcoming from 
our molecular studies, which are designed to detect differences in constitutive gene 
expression within individual brain structures of the strains in their naive state. 

5. GENETIC DIFFERENCES 

We anticipated that many of the observed strain differences are under genetic control 
and are likely polygenic in origin. Thus, in the past 4 years we have used a variety of 
molecular tools to expose putative candidate genes that may underwrite some or all of 
these differences, including their seizure proclivity. The technique used most frequently 
in our laboratory has been differential display (DD). In this procedure, expressed mRNA 
species from specific cellular populations are reversed transcribed to create cDNAs that 
are then amplified via PCR and fractionated on an acrylamide gel to enable visualization 
of expression differences.̂ '̂̂ "̂  As such, DD serves as a powerfiil random gene screening 
tool capable of screening several RNA populations simultaneously and targeting both 
known and novel genes. 
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Figure 3. Illustration of brain morphology differences between adult Fast and Slow rats. The left half of each 
brain is from a Fast rat taken from the same coronal level as its paired Slow rat. Brains were initially prepared in 
a brain blocker, which presents each brain in the same coronal plane. Note that although both brain halves are 
from the same anterior-posterior level (indicated by the optic tracts, temporal lobe features and thalamic nuclei), 
the dorsal hippocampus begins posteriorly in Fast rats and shows larger ventricles and a thinner corpus callosum 
than Slow rats. 

Using DD, we have asked two fundamental questions regarding how differences 
between the strains might arise. First, we asked whether the strains exhibit differences in 
constitutive gene expression within limbic structures while in their naive state, and 
whether one strain thereby diverges from the LEH parental strain to make them more or 
less seizure prone. Clearly, genes that hold the most interest for us are those that are 
expressed in all members of one strain, but in no members of the other strain. Indeed, 
many such differences in constitutive gene expression have been identified within limbic 
structures of our naive strains suggesting that differences exist in basal cellular 
processing. Interestingly, the majority of expression differences observed in limbic 
structures of the strains involve genes linked to lipid metabolism, transport and/or 
synthesis. It is also interesting, and methodologically relevant to studies that use outbred 
rat strains, that while our strains exhibit considerable homogeneity with respect to 
similarities and differences in constitutive gene expression, several examples of within 
strain variability were observed in LEH rats (Figure 4). This finding may serve as a 
putative explanation for higher variability in seizure susceptibilities and behavior within 
outbred animals, and will certainly introduce noise into molecular experiments that use 
these animals. The second use of DD in our laboratory was designed to investigate 
whether strain differences are predetermined during embryogenesis via genetic or 
epigenetic mechanisms. Thus, comparisons of the level and timing of developmental 
gene expression across numerous embryonic timepoints between the strains are 
underway. To date, we have identified one gene in thousands screened that showed a 
differential timing of expression between the strains such that it is expressed in Fast 
embryos by embryonic day 11 (Ell), but is not yet evident in Slow embryos at that 
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Figure 4. Portions of two different differential display autoradiograms showing a gene (indicated by the arrows) 
that is expressed (A) in all S.Fast rats, no Slow rats, and variably in 6 LEH control rats, or (B) two genes 
(doublet) in all 5 Slow rats, no Fast rats and variably in 6 LEH control rats. 
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Figure 5. Portions of a differential display autoradiogram demonstrating the alpha 2 macroglobulin (A2M) 
expression profile during embryogenesis in the Fast and Slow rats. Note that A2M is missing in all 4 Slow 
embryos (from two litters) at embryonic day 11 (indicated by an arrow), but is expressed in all 4 Fast embryos 
(two litters). Similar strain expression profiles are evident at El3-19. Thus while Slow embryos can express the 
gene they do not do so at Ell . The lower row illustrates that at Ell all Slow embryos have similar expression 
levels to Fast embryos for a different gene. 

timepoint. However, by E13 and onward, the strains showed near identical expression 
levels for this cDNA fragment (Figure 5). We have identified this fragment to be alpha-2 
macroglobulin, a gene known to play a role in lipid transport, and are currently in the 
process of determining how early that differential expression pattern appears in 
embryonic development. In future experiments, we will attempt to manipulate the timing 
of expression of this gene during embryogenesis in Fast rats with the hopes of altering the 
cascade of events and behaviors that it controls, perhaps even the rate of epileptogenesis 
as adults. 



178 McINTYRE ETAL 

6. REFERENCES 

1. S. F. Berkovic, Genetics of epilepsy syndromes, in: Epilepsy: A Comprehensive Textbook, edited by J. 
Engel, Jr. and T.A. Pedley (Lippincott-Raven, Philadelphia, 1997), pp. 217-224. 

2. J. L. Noebels, Targeting epilepsy genes. Neuron 16,241-244 (1996). 
3. J. A. Wada, The clinical relevance of kindling: species, brain sites and seizure susceptibility, in: The 

continuing Evolution of the Limbic System Concept, edited by K.E. Livingston and H. Homykiewicz 
(Plenum Press, New York, 1978), pp. 369-388. 

4. M. Sato, R. J. Racine, and D. C. Mclntyre, Kindling: basic mechanisms and clinical validity, 
Electroencephalogr. Clin. Neurophysiol. 76, 459-472 (1990). 

5. R. J. Racine, M. Steingart, and D. C. Mclntyre, Development of kindling-prone and kindling-resistant rats. 
selective breeding and electrophysiological studies. Epilepsy Res. 35, 183-195 (1999). 

6. R. J. Racine, Modification of seizure activity by electrical stimulation: Motor seizure, Electroencephalogr. 
Clin. Neurophysiol. 32,281-294 (1972). 

7. D. C. Mclntyre, C. Dufresne, and M. E. Kelly, FAST and SLOW amygdala kindling rats strains: 
comparison of amygdala, hippocampal, piriform and perirhinal cortex kindling, Epilepsy Res. 35, 197-
209 (1999). 

8. D. C. Mclntyre, and R. J. Racine, Kindling mechanisms: current progress on an experimental epilepsy 
model. Prog Neurobiol. 27, 1-12 (1986). 

9. Kelly, M. E., and D. C. Mclntyre, Perirhinal cortex involvement in limbic kindled seizures. Epilepsy Res. 
26,233-243(1996). 

10. R. S. Shin, H. Anisman, Z. Merali, and D. C. Mclntyre, Changes in extracellular levels of amygdala amino 
acids in genetically fast and slow kindling rat strains. Brain Res. 946,31-42 (2002). 

11. R. S. Shin, H. Anisman, Z. Merali, and D. C. Mclntyre, Amygdala amino acid and monoamine levels in 
genetically Fast and Slow kindling rat strains during massed amygdala kindling: A microdialysis study, 
Eur. J. Neurosci. (in press). 

12. D. C. Mclntyre, P. Kent, S. Hayley, Z. Merali, and H. Anisman, Influence of psychogenic and neurogenic 
stressors on neuroendrocrine and central monoamine activity in fast and slow kindling rats, Brain Res. 
840,65-74(1999). 

13. K. L. Gilby, A. Goncalves Da Silva, and D. C. Mclntyre, Differential GABAA subunit 
expressionfollowing status epilepticus in seizure-prone and seizure-resistant rats: A possible 
mechanism for refractory drug response. Epilepsy Res. (in press). 

14. R.J. Racine, M. Steingart, Y. Bureau, and D. C. Mclntyre, Differential sensitivity of genetically Fast vs. 
Slow kindling rat strains to GABAergic convulsive agents, Neuropharmacol. 45,918-924 (2003). 

15. M. O. Poulter, L. A. Brown, S. Tynan, G. Willick, R. Williams, and D. C. Mclntyre, Differential 
expression of a l , a2, a3 and a5 GABAA receptor subunits in seizure-prone and seizure-resistant rat 
models of temporal lobe epilepsy, J. Neurosci. 19,4654-4661 (1999). 

16. S. L. Mosh6, The effects of age on the kindling phenomenon, Dev. Psychobiol. 14, 75-81 (1981). 
17. D. C. Mclntyre, B. Hutcheon, K. Schwabe, and M. O. Poulter, Divergent GABAA receptor-mediated 

synaptic transmission in genetically seizure-prone and seizure-resistant rats, J. Neurosci. 22,9922-9931 
(2002). 

18. D. C. Mclntyre, and G. L. Chew, Power spectral analysis of electro-encephalographic activity in kindled 
rats. Exp. Neurol. 92,261-266 (1986). 

19. A. Bragin, J. Engel Jr, C.L. Wilson, I. Fried, G. Buzsaki, High-frequency oscillations in human brain. 
Hippocampus 9, 137-42 (1999). 

20. P. Mohapel, and D. C. Mclntyre, Amygdala kindling-resistant (SLOW) or prone (FAST) rat strains show 
differential it?a,Behav. Neurosci. 112,1402-1413 (1998). 

21. H. Anisman, and D. C. Mclntyre, Conceptual, spatial and cue learning in the Morris Water Maze in Fast 
and Slow kindling rats: Attention deficit comorbidity, J. Neurosci. 11, 7809-7817 (2002). 

22. S. M. Wolf, and A. Forsythe, Behavioral disturbance, phenobarbital, and febrile seizures. Pediatrics 61, 
728-731 (1978). 

23. J.S. Zhang, E. L. Duncan, C. M. Chang, R. R. Reddel, Differential display of mRNA, Mol Biotechnol. 10, 
155-165(1998). 

24. EM. Denovan-Wright, K.L. Gilby, S.E. Howlett, and H.A. Robertson, Cloning of differentially expressed 
brain cDNAs. in: PCR5: Differential Display: 4 Practical Approach, edited by R. Leslie and H.A. 
Robertson (Oxford Press, New York, 1998), pp.131-148. 



FAST AND SLOW KINDLING RATS 179 

Discussion 

Kalynchuk: I am wondering whether the memory deficit that you see in the fast animals 
is really a memory or learning impairment. Or, given that those animals are so impulsive, 
is it just that they are moving and making their choice so quickly that they are not really 
paying attention to the task? 
Mclntyre: I think that's really it more than anything else. I should bite my tongue every 
time I say learning, because they have an attention problem. This is like kids who have 
ADHD " it's not that they are dumber than anyone else, they just have trouble paying 
attention. One of the beautiful things about this model is that when we would train those 
animals they were distracted and gave us this poor learning curve. But once they learned 
it they were actually very good at it, and then if you tried to distract them after they 
learned it they were not distractable. I asked some people in this business to see if they 
get this with humans, and they said yes, we call that hyper-focusing. Once kids with 
ADHD find something they like or are good at, you can't distract them. So it probably 
isn't an intelligence thing at all, it probably deals with distractability. And we loiow that 
if we pre-train them we can eliminate virtually all of that difference; so that is what they 
do with ADHD kids to, they teach them a new way to do a job. 
Kalynchuk: Given the impulsivity and what you were just saying about ADHD, have you 
looked at all at the dopamine system in these rats? 
Mclntyre: No. 
Schwartzkroin: I wondered if you have looked at ripples, the waves occurring between 
140 and 230 Hz, because that would be an obvious candidate for finding something in the 
systems level. 
Mclntyre: We did not, and you are the guys that should do that. 



GENE EXPRESSION CHANGES IN KINDLING 

Dong Liang and Thomas N. Seyfried 

1. INTRODUCTION 

Kindling is a phenomenon by which the periodic application of an initially 
subconvulsive electrical stimulus results in a progressive development of epileptiform 
activity, culminating in the manifestation of generalized seizures in response to the 
stimulus. Once the animal is kindled, the enhanced state of excitability is permanent̂ "̂  
Kindling stimulation can produce a great number of effects, any of which could 
contribute to the development of an epileptogenic state. Many studies have shown 
interactions between kindling and neurotransmitter systems,̂ "'* second messengers/̂ "̂ "̂  
and ion channels. ̂ '̂̂ ^ Histological studies with light and electron microscopy also reveal 
neural structure changes and mossy fiber sprouting in kindled animals.̂ "̂̂ ^ Thus, 
kindling produces both structural and chemical changes, many of which are associated 
with or result from changes in gene expression. This chapter focuses on changes in 
regulator of G-protein signaling (RGS), Ca^Vcalmodulin-dependent protein kinase II 
(CaMK II) gene expression, and long-lasting changes in gene expression in kindling. 

2. GENE EXPRESSION CHANGES IN KINLDING 

2.1. Regulator of G-Protein 

RGS is a key regulator of G-protein signaling. G-protein signaling pathways are 
essential for all aspects of cell and organ physiology. In this signaling pathway, G protein 
(GaPy subunits) plays a transducing role between a signal - receiving G protein-coupled 
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receptor (GPCR) and the signal-
neurotransmitter or hormone activated 
on Ga to initiate heterotrimer 
dissociation and activation of effector 
proteins that, in turn, initiate a 
cascade of cellular signaling events. 
^̂ ' ^̂  Many proteins including RGS 
regulate this signaling pathway. The 
RGS proteins bind directly to the 
activated Ga-GTP to serve as 
GTPase-activating proteins (GAPs), 
which limit the lifetime of Ga-GTP 
and terminate signaling event(s). So 
far, more than 30 mammalian family 
members of RGS have been 
identified.̂ -̂̂ ^ 

In hippocampal kindled mouse 
brain, RGS4 is significantly increased 
in hippocampus 0.5 - 24 h after 
kindling and the elevated expression 
returns to basal level one week later. 
However, the expression of RGS4 is 
decreased in forebrain and the down-
regulation lasts more than one month 
after kindling (Fig. 1).̂ ^ Differential 
alterations of RGS4 in different brain 
regions are also observed in chronic 
stress animals.̂ ^ Another study using 
a chronic maximal electroshock 
seizures (MES) paradigm also shows 
a decreased expression of RGS4 in 
forebrain 24 h after generalized 
seizure.̂ ^ However, there is no 
down-regulation of RGS4 in 
forebrain when using acute seizure 
models such as MES, audiogenic 
seizure, or PTZ seizure (Liang & 
Seyfried, unpublished data). In 
contrast to RGS4, RGS2 expression 
is strongly increased after kindling as 
well as after acute seizures in 
hippocampus and forebrain. The 
change in RGS2 expression shows up 
as early as 0.5 h after last kindling 
stimulation and returns to basal level 
8 hr later (Liang & Seyfried, 
unpublished data). 

generating downstream target effectors. A 
GPCR stimulates the exchange of GDP for GTP 
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Fig. 1. Influence of rapid kindling on RGS4 (A) and 
CaMK II (B) gene expression in the forebrain (FB) 
and the hippocampus (HIP). The mRNA levels were 
normalized against P-actin and are represented as a 
percentage of the level in sham-operated controls. 
The asterisk indicates that the value for the kindled 
mice is significantly different from that of the control 
at P<0.01 (two-tail Student's /-test). The expression 
of genes was analyzed in four mice at each time-point 
in hippocampus, in 6 mice for CaMK II and in 8 mice 
for RGS4 at each time-point in forebrain and the 
values are expressed as mean ± S.E.M. This figure is 
from the data of a portion of Figure 4 of the paper 
published in Molecular Brain Research (2001, 96: 
page 99), with permission from the publisher. 
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Although RGS2 and RGS4 belong to same gene family, each has unique functional 
characteristics. For example, RGS4 binds both Gqa and Gia family members of G-
protein.̂ '̂̂ ' While RGS2 selectively binds Gqa.̂ ^ In fact, RGS2 was 5-fold more potent 
than RGS4 as an inhibitor of Gqa-stimulated phosphoinositide hydrolysis in vivo.̂ ^ 
Whereas RGS4 was 8-fold more potent than RGS2 as an inhibitor of Gia-mediated 
signaling.̂ "' Furthermore, RGS2 expression is transiently increased in hippocampus after 
kindling and acute seizure. In contract, RGS4 expression is down-regulated in forebrain 
for more than one month after kindling, but not after acute seizure.̂ ^ 

Although the endogenous expression of RGS2 and RGS4 is low in hippocampuŝ "̂ ' ^̂  
as well as in forebrain for RGS2,̂ ^ the expression of both genes increased in 
hippocampus for a short period in the epilepsy models. These findings may reflect a role 
for RGS2 and RGS4 in blocking seizure associated excessive G-protein signaling during 
and immediately after a seizure. In contrast to RGS2, the endogenous RGS4 expression 
is high in the forebrain.̂ "*' ^̂  The high levels of constitutive expression suggest that RGS4 
might be readily available for acute desensitization of signaling events. The kindling-
induced down-regulation of RGS4 may enhance the G-protein signaling in response to its 
initiator including neurotransmitters and thus augment synaptic transmission and seizure 
spread. The long-term down-regulation of RGS4 may play a role in maintaining the 
kindling-induced epileptogenesis. 

2.2. CaMK 11 

CaMK II is a multifiinctional protein kinase. After binding to the Ca^Vcalmodulin 
complex, CaMK II a and p subunits are autophosphorylated resulting in autonomous 
activity.̂ '̂ ^̂  CaMKII is abundant in brain and is widely distributed in cell bodies, 
dendrites, and synaptic membranes."'̂  Its unique properties, abundance, and location 
contribute to the role of CaMKII as a key transducer of extracellular signals. 

Several lines of evidence suggest the involvement of CaMK II in the mechanisms 
that underlie kindling. ̂ '̂ ' ^̂ ' ^^'^^ Studies showed epileptic-like electrical activity in 
cultured neurons following inhibition of the a subunit of CaMK 11"*"* and enhanced 
hyperexcitability in the a subunit of CaMK II knock-out mice."*̂  However, the expression 
change of CaMK II in epilepsy model is controversial.̂ "*' ^̂ ' ^^"^^^ ^^ Morimoto et al. (1997) 
reported up-regulation of the P subunit of CaMK II in hippocampus at 4 - 24 h after 
kindling, but no expression change of the a subunit of CaMK II following kindling. 
Generally, most of other studies report down-regulation of CaMKII expression and 
enzymatic activity following kindling.̂ "*' ^^' ^^ 

The changes in gene expression in rapidly kindled mouse brain screened with an RT-
PCR differential display method identified the a subunit of CaMK II as dovm-regulated. 
Northern blot analysis further confirms this down-regulation in hippocampus and 
forebrain at 0.5 - 24 h after kindling with a return to basal level one week later (Fig. 1).̂ ^ 
Furthermore, other studies have shown decreases in CaMK II immunoreactivity.̂ "* This 
down-regulation of CaMK II is long lasting.'"*' ^^ In fact, an decrease of CaMKII activity 
was observed eight weeks after septal kindling."*̂  These results suggest that CaMK II may 
play a role in the maintenance of epileptogenesis. 
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2.3. Long-lasting changes in gene expression 

One of the major challenges is to delineate the molecular mechanisms by which 
epileptogenesis is induced by kindling stimulation. Although much has been learned 
about the rapid and short-term changes that occur following kindling, relatively little is 
known about how the brief stimulation used in kindling can induce epileptogenesis that 
can persist for the lifetime of the animal. Covalent modifications of the sort used in short-
term brain function change have been proposed to become self-reinforcing for certain 
instances of long-term brain function change."̂ ^ However, many studies indicate that brain 
function changes lasting more than 1 day require expression of specific genes that may 
not be involved in for short-term change of brain function.'*^ 

Epileptogenesis induced by kindling stimulation lasting whole life of the animals 
clearly persist longer than the half-life of most proteins. In these cases, it is attractive to 
propose mechanisms of retention that are independent of protein and mRNA turnover, 
depending more on persistent changes in transcription states that are maintained by 
cooperative or self-reinforcing mechanisms. The induction of a gene cascade for the 
change lasts weeks or months, in which early regulatory gene expression leads to 
maintain alterations in the expression of later effector genes. By this way, long-lasting 
epileptogenesis could be induced and maintenanced as a form of a cascade of gene 
expression change. 

The possibility that long-lasting changes in gene expression underlie kindling is 
supported by the findings that electrical seizure afterdischarge induces the transient 
expression of c-fos, c-jun, and other immediate-early genes (lEGs)."* '̂ ^̂  The products of 
these genes are usually nuclear proteins that are thought to affect transcription or mRNA 
processing.^ ̂  In kindled animals, c-fos mRNA levels are rapidly induced and then quickly 
return to baseline levels after the conclusion of the last kindling stimulation.^^' ^̂ "̂ ^ 
Additionally, c-jun, jun-B, and Krox'24 are reportedly up-regulated briefly following 
kindling.'* '̂̂ '̂ '̂ ^ Since these changes in lEG expression are temporary, long-term plasticity 
changes associated with kindling cannot be explained solely by lEG induction. However, 
lEGs are transcripitional factors that regulate the expression of other genes.^^ Thus, it is 
possible that these brief changes in lEGs may help to initiate events that elicit a cascade 
of changes in gene products that ultimately produce long-term changes in gene 
expression and long-lasting increase of epileptogenesis in kindling. 

Long-term changes in gene expression represent an ideal mechanism to produce the 
enduring changes in the neuronal plasticity associated with kindling. In addition to the 
reports of long-lasting change in RGS4 and CaMK II, there are studies showing similar 
long-lasting expression changes in other genes. Iwasa et at^ observed a remarkable 
increase in Gsa mRNA in bilateral cerebral cortex at 24 h after the last generalized 
seizure and the expression changes persisted three weeks in some brain regions of 
kindled rats. Gai2 mRNA level was also increased on the stimulated side of cerebral 
cortex 24 hr after kindling and persisted for three weeks more.^^ Another study reported 
that immunoreactivity levels of Gai2 were significantly reduced in ipsilateral amygdala-
pyriform cortex and dorsal hippocampus at 24 h and one month after last seizure.^'' These 
result suggest that dysfunction of Gs and Gai2 might relate to the mechanisms of seizure 
generation and the maintenance of epileptogenesis. 

Attempts to identify long-lasting changes in glutamate receptors in hippocampus of 
kindled animals have yielded varied results. Kraus et al}^ noted a substantial increase in 
the binding of the NMDA receptor channel ligand [^H]CPP in the CA3 region 28 days 
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after kindling. Other studies reported acute changes in NRl, NR2A and NR2B 
expression^'-^° or a prolonged increase in the hippocampal CAS kainate receptor subunit 
KA-1 mRNA 28 days after amygdala kindling.^^ In other brain regions, a significant 
increase in NRl mRNA level was observed in the ipsilateral frontal and temporal cortices 
at four weeks after kindling.^^ 

Increases in [^H]AMPA receptor binding was also demonstrated in PTZ-kindled 
mice one month after kindling.^^ The long-lasting changes were region-specific and 
restricted to the motor cortex and basal ganglia. Concomittely, GluR-B mRNA 
expression levels were altered in the motor and somatosensory cortices one month after 
the last seizure.^^. For metabotropic glutamate receptors (mGluR), although mGluRl 
mRNA in most hippocampal neurons show transient up-regulation, mOluRS in most 
hippocampal neurons show a down-regulation in mRNA for at least 28 days after 
kindling.̂ "^ 

Furthermore, mRNA encoding the membrane-bound protein ligatin was significantly 
reduced in kindled brains for over four months after kindling."^^ The change in ligatin 
gene expression was not produced by single or multiple seizures that did not induce 
kindling, but was blocked by NlKSOl."* Additional findings showed an elevated 
expression level of type II adenylyl cyclase mRNA in hippocampus persisting for four 
weeks after amygdala kindling.^^ Moreover, in the nucleus accumbens and striatum, 
expression of D2 receptor mRNA increases more than 30 days after kindling.^^. Tal-
tubulin mRNA level also increased significantly in the dentate gyrus and CA3 of 
hippocampus ipsilateral to stimulation four weeks after amygdala kindled seizures.^^ 
Taken together, these findings provide evidence that kindling can cause persistent 
changes in the expression of specific genes in neurons and suggests that long-lasting 
changes in gene expression may be a basic molecular mechanism underlying kindling-
induced epileptogenesis. 

3. ACKNOWLEDGEMENTS 

We thank John Lumpkin for critical reading and helpfiil comments of the 
manuscript. This research was supported by PHS grant (NS23355) and the Boston 
College Research Fund. 

4. REFERENCES 

1. G. V. Goddard, Development of epileptic seizures through brain stimulation at low intensity. Nature 214, 
1020-1021 (1967). 

2. G. V. Goddard, D. C. Mclntyre, and C. K. Leech, A permanent change in brain function resulting from 
daily electrical stimulation, Exp. Neurol. 25,295-330 (1969). 

3. R. Racine, V. Okujava, and S. Chipashvili, Modification of seizure activity by electrical stimulation. 3. 
Mechanisms, Electroencephalogr. Clin. Neurophysiol. 32,295-299 (1972). 

4. R. J. Racine, Modification of seizure activity by electrical stimulation. II. Motor seizure, 
Electroencephalogr. Clin. Neurophysiol. 32,281-294 (1972). 

5. R. J. Racine, Modification of seizure activity by electrical stimulation. I. After-discharge threshold, 
Electroencephalogr. Clin. Neurophysiol. 32,269-279 (1972). 

6. M. E. Corcoran, H. C. Fibiger, J. A. McCaughran, Jr., and J. A. Wada, Potentiation of amygdaloid 
kindling and metrazol-induced seizures by 6-hydroxydopamine in rats, Exp. Neurol. 45, 118-133 
(1974). 



186 LIANG ETAL 

7. J. Engel, Jr. and N. S. Sharpless, Long-lasting depletion of dopamine in the rat amygdala induced by 
kindling stimulation, Brain Res. 136,381-386 (1977). 

8. M. S. Myslobodsky and E. S. Valenstein, Amygdaloid kindling and the GABA system, Epilepsia 21,163-
175(1980). 

9. E. Mohr and M. E. Corcoran, Depletion of noradrenaline and amygdaloid kindling, Exp. Neurol. 72, 507-
511 (1981). 

10. I. Mody and U. Heinemann, NMDA receptors of dentate gyrus granule cells participate in synaptic 
transmission following kindling, Nature 326,701-704 (1987). 

11. C. Shin, J. M. Silver, D. W. Bonhaus, and J. O. McNamara, The role of substantia nigra in the 
development of kindling: pharmacologic and lesion studies. Brain Res. 412,311-317 (1987). 

12. P. Gloor, Epilepsy: relationships between electrophysiology and intracellular mechanisms involving 
second messengers and gene expression. Can. J. Neurol. Sci. 16,8-21 (1989). 

13. D. L. Yourick, M. C. LaPlaca, and J. L. Meyerhoff, Norepinephrine-stimulated phosphatidylinositol 
metabolism in genetically epilepsy-prone and kindled rats. Brain Res. 551,315-318 (1991). 

14. J. M. Bronstein, P. Micevych, P. Popper, 0. Huez, D. B. Farber, and C. G. Wasterlain, Long-lasting 
decreases of type II calmodulin kinase expression in kindled rat brains. Brain Res. 584, 257-260 
(1992). 

15. M. E. Moneta, M. de la Fuente, J. L. Liberona, and E. Jaimovich, Sodium pathway markers in normal and 
kindled frog brains, Neurosci. Lett. 65, 331-335 (1986). 

16. I. Mody, J. N. Reynolds, M. W. Salter, P. L. Carlen, and J. F. MacDonald, Kindling-induced epilepsy 
alters calcium currents in granule cells of rat hippocampal slices. Brain Res. 531, 88-94 (1990). 

17. W. B. Sneddon, W. M. Bumham, S. Prowse, J. Cheng, and S. H. Kish, Reduced GABA-mediated chloride 
flux in entorhinal cortex-kindled rat brains. Epilepsy Res. 6,18-22 (1990). 

18. M. Langmeier, J. Fischer, and J. Mares, Ultrastructural changes in cortical synapses shortly after 
termination of a seizure during kindling, Physiol. Bohemoslov. 31,213-216 (1982). 

19. Y. Geinisman, F. Morrell, and L. deToledo-Morrell, Remodeling of synaptic architecture during 
hippocampal "kindling", Proc. Natl. Acad. Sci. USA 85,3260-3264 (1988). 

20. J. E. Cavazos, G. Golarai, and T. P. Sutula, Mossy fiber synaptic reorganization induced by kindling: time 
course of development, progression, and permanence, J. Neurosci. 11,2795-2803 (1991). 

21. Y. Landry and J. P. Gies, Heterotrimeric G proteins control diverse pathways of transmembrane signaling, 
a base for drug discovery, Mini Rev. Med. Chem. 2,361-372 (2002). 

22. C. M. Tan, A. E. Brady, H. H. Nickols, Q. Wang, and L. E. Limbird, Membrane trafficking of G protein-
coupled receptors, Annu. Rev. Pharmacol. Toxicol. 44,559-609 (2004). 

23. R. R. Neubig and D. P. Siderovski, Regulators of G-protein signalling as new central nervous system drug 
targets, Nat. Rev. DrugDiscov. 1,187-197 (2002). 

24. J. R. Hepler, RGS protein and G protein interactions: a little help from their friends, Mol. Pharmacol. 64, 
547-549 (2003). 

25. M. Ishii and Y. Kurachi, Physiological actions of regulators of G-protein signaling (RGS) proteins. Life 
Sci. 74,163-171 (2003). 

26. D. Liang and T. N. Seyfried, Genes differentially expressed in the kindled mouse brain, Mol. Brain Res. 
96,94-102(2001). 

27. Y. G. Ni, S. J. Gold, P. A. Iredale, R. Z. Terwilliger, R. S. Duman, and E. J. Nestler, Region-specific 
regulation of RGS4 (Regulator of G-protein-signaling protein type 4) in brain by stress and 
glucocorticoids: in vivo and in vitro studies, J. Neurosci/19,3674-3680 (1999). 

28. S. J. Gold, B. D. Heifets, C. M. Pudiak, B. W. Potts, and E. J. Nestler, Regulation of regulators of G 
protein signaling mRNA expression in rat brain by acute and chronic electroconvulsive seizures, J/ 
Neurochem. 82, 828-838 (2002). 

29. D. M. Berman, T. Kozasa, and A. G. Gilman, The GTPase-activating protein RGS4 stabilizes the 
transition state for nucleotide hydrolysis, J. Biol. Chem. 271,27209-27212 (1996). 

30. C. Huang, J. R. Hepler, A. G. Gilman, and S. M. Mumby, Attenuation of Gi- and Gq-mediated signaling 
by expression of RGS4 or GAIP in mammalian cells, Proc. Natl. Acad. Sci. U S A 94, 6159-6163 
(1997). 

31. Y. Yan, P. P. Chi, and H. R. Bourne, RGS4 inhibits Gq-mediated activation of mitogen-activated protein 
kinase and phosphoinositide synthesis, J. Biol. Chem. 272,11924-11927 (1997). 

32. S. P. Heximer, N. Watson, M. E. Linder, K. J. Blumer, and J. R. Hepler, RGS2/G0S8 is a selective 
inhibitor of Gqalpha fiinction, Proc. Natl. Acad. Sci. USA94,14389-14393 (1997). 

33. S. P. Heximer, S. P. Srinivasa, L. S. Bernstein, J. L. Bernard, M. E. Linder, J. R. Hepler, and K. J. Blumer, 
G protein selectivity is a determinant of RGS2 function, J. Biol. Chem. 274,34253-34259 (1999). 

34. S. J. Gold, Y. G. Ni, H. G. Dohlman, and E. J. Nestler, Regulators of G-protein signaling (RGS) proteins: 
region-specific expression of nine subtypes in rat brain, J. Neurosci. 17, 8024-8037 (1997). 



GENE EXPRESSION CHANGES IN KINDLING 187 

35. S. Nomoto, K. Adachi, L. X. Yang, Y. Hirata, S. Muraguchi, and K. Kiuchi, Distribution of RGS4 mRNA 
in mouse brain shown by in situ hybridization, Biochem. Biophys. Res. Commun. 241, 281-287 
(1997). 

36. T. Ingi, A. M. Krumins, P. Chidiac, G. M. Brothers, S. Chung, B. E. Snow, C. A. Barnes, A. A. Lanahan, 
D. P. Siderovski, E. M. Ross, A. G. Gilman, and P. F. Worley, Dynamic regulation of RGS2 
suggests a novel mechanism in G-protein signaling and neuronal plasticity., J. Neurosci. 18, 7178-
7188(1998). 

37. R. J. Colbran, Regulation and role of brain calcium/calmodulin-dependent protein kinase II, Neurochem. 
//I/. 21,469-497(1992). 

38. A. Hudmon and H. Schulman, Neuronal CA2-»-/calmodulin-dependent protein kinase II: the role of 
structure and autoregulation in cellular function, Annu. Rev. Biochem. 71,473-510 (2002). 

39. P. I. Hanson and H. Schulman, Neuronal Ca2+/calmodulin-dependent protein kinases, Annu. Rev. 
fi/oc/zew. 61,559-601(1992). 

40. J. M. Bronstein, D. B. Farber, P. E. Micevych, R. Lasher, and C. G. Wasterlain, Kindling induced changes 
in calmodulin kinase II immunoreactivity. Brain Res. 524,49-53 (1990). 

41. K. Wu, C. Wasterlain, L. Sachs, and P. Siekevitz, Effect of septal kindling on glutamate binding and 
calcium/calmodulin-dependent phosphorylation in a postsynaptic density fraction isolated from rat 
cerebral cortex, Proc. Natl. Acad. Sci. USAS7,5298-5302 (1990). 

42. C. G. Wasterlain and D. B. Farber, Kindling alters the calcium/calmodulin-dependent phosphorylation of 
synaptic plasma membrane proteins in rat hippocampus, Proc. Natl. Acad. Sci. USASl^ 1253-1257 
(1984). 

43. K. Morimoto, K. Sato, K. Kashihara, and T. Hayabara, Increased levels of mRNA for beta- but not alpha-
subunit of calmodulin kinase II following kindled seizures. Brain Res. Bull. 43,375-380 (1997). 

44. S. B. Chum, S. Sombati, E. R. Jakoi, L. Severt, and R. J. DeLorenzo, Inhibition of calcium/calmodulin 
kinase II alpha subunit expression results in epileptiform activity in cultured hippocampal neurons, 
Proc. Natl. Acad Sci. USA97, 5604-5609 (2000). 

45. L. S. Butler, A. J. Silva, A. Abeliovich, Y. Watanabe, S. Tonegawa, and J. O. McNamara, Limbic epilepsy 
in transgenic mice carrying a Ca2+/calmodulin-dependent kinase II alpha-subunit mutation, Proc. 
Natl. Acad Sci. USA 92,6852-6855 (1995). 

46. J. B. Perlin, C. M. Gerwin, D. M. Panchision, R. S. Vick, E. R. Jakoi, and R. J. DeLorenzo, Kindling 
produces long-lasting and selective changes in gene expression of hippocampal neurons, Proc. Natl. 
Acad Sci. USA90, \74U\745 (1993). 

47. S. G Miller and M. B. Kennedy, Regulation of brain type II Ca2+/calmodulin-dependent protein kinase 
by autophosphorylation: a Ca2+-triggered molecular switch. Cell 44, 861-870 (1986). 

48. T. TuUy, T. Preat, S. C. Boynton, and M. Del-Vecchio, Genetic dissection of consolidated memory in 
Drosophila, Cell 7% 35-47 (1994). 

49. M. Simonato, D. A. Hosford, D. M. Labiner, C. Shin, H. H. Mansbach, and J. O. McNamara, Differential 
expression of immediate early genes in the hippocampus in the kindling model of epilepsy, Mol. 
Brain Res. lhnS-\24.(\99\). 

50. C. Shin, J. O. McNamara, J. I. Morgan, T. Curran, and D. R. Cohen, Induction of c-fos mRNA expression 
by afterdischarge in the hippocampus of naive and kindled rats, J. Neurochem. 55, 1050-1055 
(1990). 

51 J. I. Morgan and T. Curran, Stimulus-transcription coupling in the nervous system: involvement of the 
inducible proto-oncogenes fos and jun, Annu. Rev. Neurosci. 14,421-451 (1991). 

52. G. C. Teskey, B. G. Atkinson, and D. P. Cain, Expression of the proto-oncogene c-fos following electrical 
kindling in the rat, Mol. Brain Res. 11,1-10 (1991). 

53. M. Dragunow and H. A. Robertson, Kindling stimulation induces c-fos protein(s) in granule cells of the 
rat dentate gyrus. Nature 329,441-442 (1987). 

54. P. Hughes, K. Singleton, and M. Dragunow, MK-801 does not attenuate immediate-early gene expression 
following an amygdala afterdischarge, Exp. Neurol. 128,276-283 (1994). 

55. P. E. Hughes, D. Young, K. M. Preston, Q. Yan, and M. Dragunow, Differential regulation by MK801 of 
immediate-early genes, brain-derived neurotrophic factor and trk receptor mRNA induced by a 
kindling after-discharge, MoL Brain Res. 53, 138-151 (1998). 

56. H. Iwasa, S. Kikuchi, H. Miyagishima, S. Mine, K. Koseki, and S. Hasegawa, in "Brain Res", Vol. 818, p. 
570-574, 1999. 

57. J. C. Cutz, P. P. Li, W. M. Bumham, and J. J. Warsh, Brain region-specific and time-dependent decreases 
of G alpha i2 in amygdala-kindled rats. Synapse 22,226-231 (1996). 

58. J. E. Kraus, G. C. Yeh, D. W. Bonhaus, J. V. Nadler, and J. O. McNamara, Kindling induces the long-
lasting expression of a novel population of NMDA receptors in hippocampal region CA3, J. 
Neurosci. 14,4196-4205 (1994). 



188 LIANG ETAL 

59. W. Kamphuis, H. Hendriksen, P. C. Diegenbach, and F. H. Lopes da Silva, N-methyl-D-aspartate and 
kainate receptor gene expression in hippocampal pyramidal and granular neurons in the kindling 
model of epileptogenesis, Neuroscience 67,551-559 (1995). 

60. G. D. Pratt, M. Kokaia, J. Bengzon, Z. Kokaia, J. M. Fritschy, H. Mohler, and O. Lindvall, Differential 
regulation of N-methyl-D-aspartate receptor subunit messenger RNAs in kindling-induced 
epileptogenesis, Neuroscience 57,307-318 (1993). 

61. M. Hikiji, H. Tomita, M. Ono, Y. Fujiwara, and K. Akiyama, Increase of kainate receptor mRNA in the 
hippocampal CA3 of amygdala-kindled rats detected by in situ hybridization, Life Sci 53, 857-864 
(1993). 

62. S. Kikuchi, H. Iwasa, and T. Sato, Lasting changes in NMDARl mRNA level in various regions of 
cerebral cortex in epileptogenesis of amygdaloid-kindled rat. Psychiatry Clin. Neurosci. 54, 573-577 
(2000). 

63. A. Ekonomou, A. L. Smith, and F. Angelatou, Changes in AMP A receptor binding and subunit messenger 
RNA expression in hippocampus and cortex in the pentylenetetrazole-induced 'kindling' model of 
epilepsy, Mol Brain Res. 95,27-35 (2001). 

64. M. T. Akbar, M. Rattray, J. F. Powell, and B. S. Meldrum, Altered expression of group I metabotropic 
glutamate receptors in the hippocampus of amygdala-kindled rats, Mol. Brain Res. 43, 105-116 
(1996). 

65. H. Iwasa, S. Kikuchi, S. Mine, H. Miyagishima, K. Sugita, T. Sato, and S. Hasegawa, Up-regulation of 
type II adenylyl cyclase mRNA in kindling model of epilepsy in rats, Neurosci. Lett. 282, 173-176 
(2000). 

66. H. A. Gelbard and C. D. Applegate, Persistent increases in dopamine D2 receptor mRNA expression in 
basal ganglia following kindling. Epilepsy Res. 17,23-29 (1994). 

67. K. Sato and K. Abe, Increases in mRNA levels for Talphal-tubulin in the rat kindling model of epilepsy. 
Brain Res. 904,157-160 (2001). 

Discussion 

Gale: Its very nice that you have made the effort to compare kindling with seizures, 
since there is more to kindling than seizures. I suggest, however, that the seizures you 
are using to compare have some other complications and that's because most of them are 
seizures that are not focused on forebrain seizures, they're not the minimal type of 
seizures, the facial and forelimb clonus limbic-type seizures. We have found in a number 
of situations that if you either user ear-clip electroshock as you have, or if you use drug 
doses that produce seizures that involve more than just the limbic seizure, you can 
actually down-regulate genes that would be up-regulated if they were just limbic seizures. 
So adding additional components can actually cause a suppression of gene expression. 
My suggestion to you is that the electroshock seizures that would be very appropriate as 
controls or your reference group would be seizures that are corneal electroshock or 
minimal as opposed to your maximal electroshock. Then you may actual see more 
specific differences that would be subtracting out the limbic seizures selectively rather 
than having more generalized kind of seizure. 
Liang: That is correct 
McNamara: I think you did a nice job here. Is C3H an inbred strain or an outbred strain? 
Liang: Inbred. 



A PROTEOMIC APPROACH TO THE 
MOLECULAR ANALYSIS OF KINDLING 

John T. Slevin, Sidney W. Whiteheart, Thomas C. Vanaman* 

1. INTRODUCTION 

Application of the newly developed tools of proteomics analysis to the brain is still 
at an early stage of development. Primary application of 2D gel electrophoresis coupled 
with mass spectrometry based protein identification has been primarily directed at 
analyzing whole brain proteomes. As has been recently reviewed/ this has led to the 
identification of a number of the more abundant brain proteins but has yet to focus on the 
important functional sub-compartments of the neuron (e.g., the synapse) or to probe for 
potential changes in disease states. This, in part, reflects a major limitation of protein 
profiling: the inherent complexity of proteomes even of subcellular compartments. We 
have begun to establish 2D gel maps for rat hippocampal synaptosomes and sub-fractions 
(synaptosol, plasma membrane and vesicle fractions) in both the resting and depolarized 
state. In this chapter we demonstrate how this technique can be applied to the study of 
kindled epilepsy. 

2. METHODS 

2.1 Kindling Procedure and Tissue Preparation 

As described previously,̂  to induce kindled epilepsy, teflon-coated, stainless steel, 
bipolar twisted electrodes were implanted in the right perforant path. The minimal 
stimulus intensity required to produce after-discharge was determined, after which 
threshold stimuli (1 sec train of biphasic square wave pulses, 1 msec pulse duration, 60 
Hz) were administered once/day, five days/week until completion of kindling as defined 
by two stage 5 seizures induced with 2 consecutive stimuli, using the Racine 
classification.̂  Recordings were made on an 8-channel Grass Model 8B EEG polygraph 
before and after each electrical stimulus. Following completion of kindling, male SD rats 
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received no fiirther stimuli until euthanatized one month later. It was judged that 
differences observed between kindling and control proteomic profiles at that time point 
would reflect permanent changes. 

Using the discontinuous Percoll gradient centrifugation method as described 
previously, kindled and surgical control rat hippocampal synaptosomes were purified 
through two cycles, and resuspended in Krebs-Ringer bicarbonate buffer (KRB). 
Synaptosomal sub-fractions (synaptosol, particulate and vesicles) were prepared and 
characterized as described.̂  

For all phosphorylation studies, synaptosomes were placed in KRB with either 1.5 
mM Câ ^ or 10 mM Mĝ "̂ . Samples were depolarized by addition of K̂  (25 mM final 
concentration) and the process was stopped at various times (usually 30 sec) by 
precipitation with 10 volumes of cold acetone. Where needed, ovanadate was included 
in buffers to inhibit phosphatase activity.̂  This procedure and the composition of all 
buffers have been described.̂  

2.2 Two Dimensional Gel Analysis Procedures 

Samples for 2D gel analysis were precipitated with acetone and recovered by 
centrifugation. Precipitated samples were redissolved in a minimum volume of 6 M urea, 
2 M thiourea and used to rehydrate pH 3-10 IPG strips (11 cm or 17 cm IPG). Isoelectric 
focusing was performed using a Bio-Rad Protean lEF cell through a series of timed 
voltage ramps up to a final voltage of 6,000 volts and for a fixed total of 30,000 - 50,000 
volt hrs. 

Second dimension separations were performed by SDS-PAGE as follows. The strip 
was removed fi-om the focusing tray and equilibrated in 5 ml of buffer containing 50 mM 
Tris-HCl, pH 8.8, 6 M urea, 2% SDS, 30% glycerol, 1% DTT. After 10 min at room 
temperature, the first equilibrium buffer was removed and the strip treated again in 5 ml 
of the same buffer but with 1.5% iodoacetamide substituted for DTT. After a 10 min 
equilibration, the IPG strip was transferred to an SDS-PAGE gel, overlaid with 0.5% 
agarose in Laemmli buffer.̂  Separation of the proteins was performed on a 10 % SDS-
PAGE gel for 60 min at 200 V. Molecular weight standards were included in a separate 
standards lane on every gel. 

For quantification, 2D gels were stained with SYPRO Ruby (Molecular Probes) 
overnight, destained and scanned using an Amersham Biosciences Typhoon 9400 imager. 
The data acquired were analyzed using PDQuest software (BioRad). This procedure is of 
sufficient sensitivity to detect and quantify proteins at low nanogram quantities and is 
linear over a broad concentration range (up to jig). A major concern for these analyses is 
the reproducibility of sample application which makes absolute quantification difficult on 
any given gel. For this reason, comparison of intensities for a given spot fi-om one gel to 
the next was done by normalizing spot intensities detected to total gel fluorescence, then 
comparing these relative spot intensities among different gels. Coefficient of variation 
for each spot was less than 2 % of spot intensity across data sets. 

For most studies of protein phosphorylation, 2D gels were first stained with the 
phosphoprotein-specific fluorescent stain Pro-Q Diamond (Molecular Probes),̂  scanned, 
destained then restained with SYPRO Ruby and scanned to quantify total protein. Pro-Q 
Diamond detects all phosphate containing species present in the gel including 
phospholipids and is at least as sensitive as SYPRO Ruby. The ratio of total Pro-Q 
Diamond to SYPRO Ruby staining reflects extent of phosphorylation and these values 
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can be compared across gels directly to assess changes in phosphorylation state in 
response to various conditions of treatment. 

2.3 Mass Spectrometric Analyses of Proteins and Peptides 

Protein spots were excised from the gel, destained, digested with trypsin or other 
agents if needed, and the resulting peptides extracted. The peptides from each spot were 
divided into two aliquots. One aliquot was desalted by Zip-tip and spotted to MALDI 
plates and mass peptide mapping performed on an ABI QStar XL by MALDI-TOF 
analysis. The other aliquot of each sample was subjected to LC-MS/MS analysis on the 
QStar XL in an automated mode. Each sample was desalted then separated on a C18 
reverse phase column and peptides were eluted with a gradient of acetonitrile. QStar XL 
MS was programmed to first measure the masses of the eluted peptides (peptide mass 
map) then to automatically select the three most abundant peptide ions to perform 
MS/MS to obtain the sequence information. 

3. RESULTS 

3.1 Quantitative 2D Gel Analysis to Examine Protein Levels: 

The 2D gels in Figure 1 show protein patterns obtained with cytosolic, particulate 
and vesicle containing fractions from purified synaptosomes prepare as described by 
Dunkley^ from two right hippocampi from control rat brains. The particulate fraction 
contains a mixture of primarily mitochondria and synaptic plasma membrane. As can be 
seen, the patterns obtained for each fraction are largely unique. As expected, the 
cytosolic and particulate fractions are relatively complex while the vesicle fraction has a 
relatively limited repertoire of proteins. Although not shown, identical patterns were 
obtained for the same fractions prepared from the corresponding left hippocampi and 
these patterns were highly reproducible in similar samples from other animals run at 
other times. Thus, the method is sufficiently reproducible to permit comparisons between 
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Figure 1. Two dimensional gel analyses of purified synaptosomal subfractions. Fractions were prepared and 
gels were run and stained with SYPRO Ruby as set forth in Methods. Samples were obtained from 2 pooled 
right hippocampi from naive control animals. Superimposable patterns were obtained for each fraction purified 
from the left hippocampi of the same animals (data not shown). 
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Figure 2. Two dimensional gels of cytosolic fractions prepared from kindled v5. control hippocampal 
synaptosomes. The patterns shown were obtained from the material from two pooled right (ipsilateral) 
hippocampi. Identical patterns and relative spot intensities were obtained from the pooled left hippocampal 
subfractions from the same animals. The bar graph shows the fold change for the control vs. kindled samples 
0 = a ratio of 1 for C v̂ . K, negative values represent the fold increase in the kindled sample while a positive 
value shows the fold decrease. The arrow denotes the p-subunit of the mitochondrial ATP synthase identified 
by mass spectrometry. • denotes spots whose intensities increase in kindling, A spots that decrease. 

cohorts of control and experimental animals prepared weeks to months apart. 
Quantitation of individual spot intensities was also found to be extremely reproducible as 
discussed in the following sections. 

3.2 Synaptosol Protein Coinplenient Changes on Kindling 

Our initial studies have examined the alterations in protein profiles in fully kindled (1 
month after final stimulation) v .̂ surgerized control animals. A total of four control and 
four experimental sets of animals were analyzed in two different experiments (two right 
and two left hippocampi were pooled in each set). Figure 2 shows one set of 2 D gels for 
control vs. kindled cytosols from purified synaptosomes. The spot intensities for each 
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Figure 3. Kindling dependent alterations in proteins in the synaptosomal particulate fraction. Three 
regions of 2D gels of the particulate fraction from kindled and control hippocampi are shown 
containing subunits of the mitochondrial ATP synthase complex (d-subunit = # 4001, a-subunit = # 
2706 and p-subunit = # 7504). 
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Figure 4. Vesicle H'̂ -ATPase subunits are increased in kindling. Two selected regions of 2D gel 
separations for kindled and control synaptic vesicle fractions are shown. The spots labeled 1-5 were 
identified by mass spectrometry after in gel trypsin digestion as follows: 1 = PI3 Kinase Adaptor Protein; 2 
= Vesicle Ĥ  ATPase B2 Subunit; 3 = NSP60; 4 = Vesicle Ĥ  ATPase A Subunit; 5 == Tubulin p Chain. 
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corresponding set of analyses were averaged. The graph shown is the ratio of averaged 
relative spot intensities for the 63 most intense spots detected. As can be seen, while 
many spots were essentially unaltered by kindling, a larger number of spots appeared to 
increase in the kindled sample (downward bars) than decreased (upward bars). The spot 
marked with the arrow was shown by mass spectrometry to be the p-subunit of the 
mitochondrial ATP synthase complex present as contamination in this fraction. The 
increase detected in the kindled sample was also seen for the particulate fraction where 
the bulk of the synaptosomal mitochondria are isolated as shown below. We have also 
detected a similar increase in purified kindled rat brain mitochondrial fractions (data not 
shown). The cluster of 3 spots in the lower right of the gel (~ 25 kDa, pi -4.5) was also 
of interest as this cluster shows the highest level of depolarization dependent 
phosphorylation detected with Pro-Q diamond stain (data not shown). As can be seen, 
the two spots at either end of the cluster appear to be increased on kindling (A) while the 
middle spot is decreased (A). The former were heavily phosphorylated in depolarized 
synaptosomes from both kindled and control hippocampi but the latter was not. The 
identity of these proteins and the nature of their phosphorylation is currently under 
investigation. 

3.3 Mitochondrial ATP Synthase Subunit Composition Is Altered On Kindling 

Figure 3 shows 3 discrete regions of 2D gels obtained with purified synaptosomal 
membrane fractions from kindled and control hippocampi. These regions contain three 
subunits of the mitochondrial ATP Synthase complex, the catalytic a- (Mr - 5 8 kDa, pi 
~9) and P- (Mr-56 kDa, pi ~ 5.2) subunits and the regulatory d-subunit (Mr-25 kDa, 
pI-7) identified by mass spectrometry analyses of in-gel trypsin digests as described in 
Methods. As can be seen, both the catalytic subunits appear to be substantially increased 
on kindling while the d-subunit is substantially decreased. Conversely, spot 1704 
immediately to the left of the a-subunit spot is unchanged as is spot 4101 immediately 
above the d-subunit. The d-subunit has been reported to be in equilibrium in a complex-
bound vs. free state.̂  However, our analyses did not show a corresponding increase in d-
subunit content in the kindled synaptosol fraction described in section 3.2. Therefore, it 
would appear that the observed changes in ATP synthase subunits reflect altered protein 
synthesis and/or degradation. 

It should be noted that Krapfenbauer et al.'^ have reported that P-subunit levels in the 
particulate fraction from whole rat brain are decreased by 40 % on systemic 
administration of kainic acid. They concluded that this is likely due to kainate induced 
neuronal cell death. Conversely, Yu and workers*̂  showed a 2-3 fold increase in both P-
and d-subunit content in rat pancreatic acinar cells undergoing cerulein-induced cell 
death. 

3.4 Synaptic Vesicle Protein Complement Changes on Kindling 

Figure 4 shows sections of the 2D gels obtained with synaptic vesicles prepared from 
the right (ipsilateral) hippocampi of kindled vs. control rats The bar graphs show a 
number of spots that are either increased or decreased in kindling compared to controls. 
A number of the spots in the selected areas shown have been identified as indicated in the 
legend. Of particular interest is the finding that the vesicle Ĥ  ATPase A and B2 subunits 
appear to be increased substantially as was the dihydropyramidase related protein 4 
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(NSP60). The fact that (J-tubulin and PI3 kinase adaptor protein appear to be unchanged 
suggests that the observed changes are not an artifact of the analysis and may represent 
kindling specific adaptations. 

4. DISCUSSION 

We have begun to establish 2D gel maps for rat hippocampal synaptosomes and sub-
fractions. While major cytoskeletal proteins such as actin and tubulin are common 
constituents of synaptosomes and whole cell homogenates, over 100 other protein spots 
appear to be enriched in the synaptosome, compared to whole hippocampus. 
Furthermore, the 2D gel profiles for the synaptosomal sub-compartments are largely 
unique from one another. As would be expected, the pattern obtained for the synaptosol 
most closely resembles that of the intact synaptosome while the patterns for the vesicle 
and particulate fractions are distinct. 

A number of protein spots in the 2D gel of the hippocampal synaptic vesicle fraction 
are either increased or decreased in intensity relative to total gel fluorescence in the 
kindled sample compared to the control. The identities of a number of these proteins 
were determined by MALDI-TOF and/or LC-ESI-MS/MS following excision of the spot 
from the gel and trypsin digestion. While proteins such as P-tubulin and the PI3 Kinase 
adaptor protein appear to be unchanged on kindling, a major group of proteins around pi 
= 6 appear to be doubled in concentration in the kindled vesicle sample. These include 
subunits of the synaptic vesicle H -̂ATPase required for NT uptake. 

Similarly, we have now quantified and identified a number of proteins isolated in the 
pellet fraction from disrupted kindled and control synaptosomes which includes elements 
of the synaptic plasma membrane as well as mitochondria and cytoskeletal remnants. To 
date we have detected over 20 proteins whose levels are altered by at least 2 fold in 
kindled samples vs, controls. Of particular interest, kindling appears to be associated 
with changes in components of energy metabolism at the synapse. Specifically, there is a 
significant increase in both a- and p-subunits of the mitochondrial ATP synthase 
complex with a corresponding loss of the regulatory d-subunit. Similar changes were 
observed m these components detected in the synaptosol fraction, presumably 
representing residual mitochondrial contamination. 

These preliminary studies demonstrate that alterations in protein complements in 
kindled v̂ . control hippocampi can be detected on reasonable amounts of material using 
the combined 2D gel - mass spectrometry approach. A major limitation of protein 
profiling studies is the inherent complexity of proteomes even of sub-cellular 
compartments. However, proteomic approaches have requisite sensitivity and resolution 
to characterize molecular events at the synapse and alterations accompanying 
epileptogenesis. They allow for the screening and organization of potential mechanistic 
events that may not otherwise have been examined which can then be studied by 
traditional biochemical methodology. 
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Discussion 

Gutierrez: Is there anything as to whether specific vesicles have a specific protein 
associated with them depending on the phenotype of the vesicles? In other words, can 
you relate a protein to a GABAergic vesicle, to a glutamatergic vesicle, or whatever? 
Whiteheart: I really don't know the answer to that, whether you can actually segregate 
synaptic vesicles. If we had tools to segregate them, then yes we could answer that 
question. 
Gutierrez'. Do you know whether there are proteins associate with neurotransmitters? 
Whiteheart: Honestly, I don't know if anybody knows. The VAMP2 molecule is the 
dominant SNARE associated with synaptic vesicles in the hippocampus, and it is 
generally used for these kinds of membrane trafficking events, in neurons. I don't think 
that there is a specific SNARE for specific classes of neurotransmitter containing 
vesicles. 
Simonato: The synaptosomes are rather a unclean preparations. How did you find out 
how clean your preparation is and what contaminanted the final preparation? 
Whiteheart: Typically what we do is run the synaptosomes through two Percol gradients 
to clean them up. We use EM analysis to evaluate what is in the preparations. Usually 
myelin sheaths or myelin structures are one of the biggest contaminants. Other than that, 
they are reasonably clean by EM analysis. 
Teskey: Excellent talk, I very much enjoyed it. How much of the protein in a 
postsynaptic density is the SNARE protein, and is there a relationship with the perforated 
synapse? 
Whiteheart: I don't know how to answer the second question. Regarding the first 
question, SNARE molecules in synapses have a higher specific activity than in other 
tissues. The SNAREs are used for a lot of different secretion events in other systems. 
There is a specific set in neurons, and they are at a higher specific activity. In terms of 
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amounts, they are some of the minor spots on the 2D gels. We can see them, and we 
know which ones are which, but they are some of the minor spots. So they represent 
maybe 1% or '/2% or something like that. 
Sutula: I really enjoyed your presentation. If you look at microarrays for transcripts, 
there are a lot of issues about quantification. You always have to move on to some other 
method to determine whether an increase or decrease was real. With your small error 
bars and pretty dramatic on and off changes in some proteins, it looks as though this is 
potentially much more realible as a first pass quantification. Is that a correct impression? 
And thinking about what it takes to get a change in a protein recognized as significant in 
terms of fold changes, if this is as sensitive as it appears to be, is this going to be a better 
way to understand protein changes than the kind of disassociated preparations, where you 
have to get many fold changes for anybody to believe it? 
WhitehearV. To answer your first question, it does appear to be this good and this 
reproducible, which frankly surprised us. The data have come as good as I have shown, 
and it has really been a surprise. Fluorescent methods of detection are far superior to a 
lot of the methods that people are commonly using. I think that the linearity of the 
methodology and the sensitivity of methodology are really giving us this advantage. 
Time will tell, as we work through the data and get some specific examples for further 
detailed analysis, as to how good a quantitative first pass this is going to be. But so far, it 
has been pretty good. 
Leung'. Looking at the ratio of the contralateral versus the ipsilateral side is a concern, 
because the AD probably did spread to the other side after a while, even if not in the 
beginning of kindling. I guess you have used fully kindled animals. 
WhitehearV. When we were doing this analysis, we tried to figure out a way to normalize 
for animal to animal variation. We consistently saw that there was an accumulation of 
SNARE complexes. That was an absolute measure, but we were getting a lot of animal 
to animal variation. So the interhemispheric ratio was the only way to normalize that we 
could come up with. We realize the limitations of the calculation in regard to whether 
AD spreads into the other hemisphere, but this was the best that we could come up with 
to allow us to normalize for animal to animal. We used at least five animals per data 
point. 



AMYGDALA METABOTROPIC GLUTAMATE 
RECEPTORS AND KINDLING 

Patricia Shinnick-Gallagher 

1. INTRODUCTION 

Kindling is the progressive development of intense temporal lobe and generalized 
seizures induced by repeated subconvulsive electrical stimuli applied to certain brain 
structures.* Kindling is considered an animal model of human complex partial (temporal 
lobe) seizures '̂ ^ and substantial evidence suggests that the amygdala is involved in 
temporal lobe epilepsy."̂ ' ^ The amygdala is one of the areas most readily kindled̂ "̂  and 
the basolateral nucleus of the amygdala is a brain area commonly selected to induce 
kindling.*-*^ 

Kindling causes dramatic changes in the electrophysiology of amygdala neurons. 
Spontaneous and evoked epileptiform bursting are recorded in vitro in amygdala neurons 
after kindling in vivo.**"*"* The kindling-induced epileptiform activity in the basolateral 
amygdala is mediated in part by enhanced ionotropic glutamatergic transmission.* '̂*^ 

Responses and second messenger pathways activated by metabotropic glutamate 
receptor (mGluR) agonists are also altered in kindling. Eight of these G-protein coupled 
receptors have been cloned and are divided in to three groups based on their 
pharmacology and second messenger coupling.* '̂ *̂  Excitatory amino acid (EAA)-
stimulated phosphotidylinositide (PI) hydrolysis is increased in the amygdala after 
kindling indicating that mGluRs may be involved.* '̂ *̂  This effect is long-lasting and 
could be reproduced with the prototypical mGluR agonist, (lS,3R)-l-aminocyclopentane-
1,3-dicarboxylic acid (ACPD).̂ ^ Kindling also greatly influences mGluR actions on 
membrane currents and synaptic transmission in the amygdala. 

Patricia Shinnick-Gallagher, University of Texas Medical Branch, Department of Pharmacology and 
Toxicology, Galveston, Texas 77550. 
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2. MGLUR-INDUCED MEMBRANE HYPERPOLARIZATIONS RECORDED 
IN AMYGDALA NEURONS FROM CONTROL AND KINDLED ANIMALS 

Activation of mGluRs in the amygdala induces membrane hyperpolarizations and 
depolarizations mediated through different mechanisms and receptors. The mGluR 
agonist, ACPD, hyperpolarizes BLA neurons and decreases membrane resistance by 
increasing K conductance.^^ The ACPD hyperpolarizations are recorded in 89% of BLA 
neurons showing spike firing that accommodates in response to a continued depolarizing 
current injection (Figure 1). The hyperpolarizations or outward currents induced by 
ACPD are concentration-dependent with an ED50 of 34|LIM and order of potency of (28, 
38, 48)-alpha-(carboxycyclopropyl)glycine (LCCG-I) > ACPD > (s)-4-carboxyphenyl-
glycine = (R8)-4-carboxy-3-hydroxyphenylglycine (4C3HPG) > L-amino-phosphono-
butyric acid (LAP4) > (1S,3S)-ACPD.^^ The non-selective antagonist, (+/-)-alpha-
methyl-4-carboxyphenylglycine (MCPG) also reduced mGluR agonist-induced 
hyperpolarization. The mGluR outward current is mediated through a large-conductance 
calcium-dependent potassium (BK) conductance since the small-conductance calcium-
activated potassium channel blocker, apamin, has no effect whereas BK channel blockers, 
iberiotoxin and charybdotoxin, as well potassium channel blockers, tetraethylammonium 
and 4-aminopyridine, block the response. The mGluR hyperpolarization is also blocked 
by pertussis toxin PTX suggesting mediation by G-proteins.^^ The mGluR mediating this 
response is still not clear. The pharmacological data suggests a group II mGluR^^ but the 
agonists are non-selective, and the calcium dependence of the response suggests 
mediation by group I that release intracellular calcium rather than group II mGluRs. 
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Figure 1. Kindling blocked ACPD (lOOuM)- and LCCG-1 (lOO^iM)-induced hyperpolarizations in 
accommodating amygdala neurons.(A, B) and enhanced concentration response relationships for ACPD K^ 
currents having a decreased conductance. Agonists applied by microdrop to control slices (A) and to kindled 
slices (B). Insets show accommodating response to 400 ms (0.5nA, depolarizing current injection). Downward 
lines are electrotonic potentials elicited by 200ms, 0.1 nA current injection. C. Graph of inward currents vs. 
concentration in control (open circles) and kindled (closed circles) slices. D. Amygdala responses in control (1, 
upper) and kindled (2, lower) slices. Downward deflections are currents elicited by a 300ms, -5mV voltage 
step. Tetrodotoxin(TTX, l^iM) was present throughout. Vhold=-60mV. Reprinted with permission.'^ 
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Analyses of the hyperpolarizing response in kindling showed dramatic differences 
(Figure IB). LCCG-I hyperpolarized 89% of accommodating neurons in slices from 
implanted, non-stimulated control rats but only 8% of accommodating neurons in slices 
from amygdala-kindled animals. ̂ ^ Similarly, the ACPD-induced hyperpolarization / 
depolarization in control accommodating neurons but in kindled BLA neurons evoked 
only membrane depolarization.*^ These lasting changes in mGluR responses after 
kindling reflect a down-regulation a group I mGluR subtype mediating the 
hyperpolarizing current response which would contribute to more excitable amygdala 
neurons after kindling. 

3. MGLUR-INDUCED MEMBRANE DEPOLARIZATIONS AND INWARD 
CURRENTS IN SLICES FROM CONTROL AND KINDLED ANIMALS 

The ACPD induced hyperpolarization/depolarization in control accommodating 
neurons or a depolarization/inward current in non-accommodating control BLA neurons 
is similar to that mediated by group I mGluRl or 5 subtype in other CNS neurons. After 
kindling the EC50 of the ACPD-induced inward current is shifted to the left and the 
maximum amplitude is increased (Figure IC, D).'^ The hyperpolarizing response 
reduced by kindling and the increase in depolarizing response may reflect an alteration in 
the balance between inhibition and excitation and may contribute to the transition to 
epileptiform bursting in kindled neurons. 

The ACPD-induced inward current was associated with a decrease in potassium 
conductance; however, in Bâ ^ and Cŝ  solution, the inward current was enhanced and not 
accompanied by a change in conductance suggesting that two currents contributed to the 
inward current activated by ACPD.̂ ^ A group I agonist, quisqualate (QUIS), and the 
group I specific agonist, (S)-3,5-dihydroxy-phenylglycine (DHPG), indicating this 
response was mediated through a group I mGluR. The latter inward current was 
dependent on Nâ  and intracellular Câ ^ and blocked by Lî  and intracellularly applied 
Nâ -Câ ^ exchange inhibitory peptide suggesting the inward current is due to group I 
mGluR activation of Nâ -Câ "̂  exchange.̂ ^ 

The postsynaptic mGluR-induced inward current mediated by Nâ -Câ ^ exchange 
was analyzed in slices of control (naive and sham-operated) and amygdala-kindled rats.̂ "̂  
In control neurons, the endogenous neurotransmitter, glutamate, ACPD, QUIS, and 
DHPG all induced activation of the Nâ -Câ ^ exchange current (Figure 2).̂ "* QUIS was 
more potent than either DHPG or glutamate (apparent EC50 = 19 JLIM, 57 |xM, and 0.6 
mM, respectively) in activating the Nâ -Câ ^ exchange current with the maximum 
response of DHPG equal to half of the other agonists suggesting partial agonist action. 
The selective mGlu5 agonist, (R,S)-2-chloro-5-hydroxyphenyl-glycine (CHPG; 
EC50=2.6 mM) also induced the exchange current. In slices from kindled animals, the 
maximum value of the DHPG (but not fiill agonists, QUIS or CHPG) inward current was 
shifted upward suggesting enhanced efficacy of a partial not a fiill agonist.̂ "* 
Alternatively, the increased DHPG response may be caused by insertion of new 
mGluRls. These data suggest an upregulation of the Nâ -Câ ^ exchange current 
mediated through group I mGluRs. 
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Figure 2. Concentration-response relationships for mGluR agonist-induced inward currents in control slices 
(left) are altered in kindled slices (middle, right). Values obtained from 3 to 18 BLA neurons. Currents were 
recorded in APV (50^M), CNQX (30^M/100^ in QUIS), and TTX (l^iM). Vhold=-60mV. Reprinted with 
permission.̂ "* 

4. KINDLING ENHANCES THE SENSITIVITY OF PRESYNAPTIC MGLUR 
RECEPTORS 

In the amygdala two pharmacologically distinct groups of presynaptic mGluRs mediate 
depression of synaptic transmission. These presynaptic inhibitory mGluRs were 
examined three to five days after the last kindled seizure in brain slices from control and 
amygdala-kindled animals using whole-cell voltage-clamp and current-clamp recordings. 
The non-selective mGluR agonist LCCG-1 dose-dependently depressed excitatory 
glutamatergic transmission evoked by stimulating the lateral amygdala (LA, Figure 3).̂ ^ 
The EC50 shifted leftward from 36 nM in control to 1.2nM in kindled neurons. The 
group III selective mGluR agonist, LAP4, was less potent with EC50 values of 297nM in 
control and lO.SnM in kindled neurons. These data indicated a 28- to 30-fold increase in 
potency in kindling. Neither LCCG-I (O.lnM-lOjiM) nor LAP4 (lnM-50|iM) altered 
membrane conductance. The mGluR antagonists (2S,3S,4S)-2-methyl-2-(carboxycyclo-
propyl)-glycine (MCCG, 1 00|LIM) and (S)-2-methyl-2-amino-4-phosphonobutyrate 
(MAP4, lOOfiM) selectively reversed the inhibitory effects of LCCG-1 and LAP4, 
suggesting mediation by group II and group III mGluRs, respectively.̂ ^ Their exquisite 
sensitivity in kindling suggests that presynaptic group II- and group Ill-like mGluRs 
agonists may be usefiil drugs for suppression of excessive synaptic activation in temporal 
lobe epilepsy. 

G-protein coupled metabotropic glutamate receptors (mGluRs) are implicated in 
various forms of neuroplasticity. The sensitivities of mGluR agonists were analyzed in 
different models of synaptic plasticity, kindling and chronic cocaine treatment, at another 
amygdala synapse, the BLA to central amygdala (CeA), to determine if changes in 
mGluRs were common mechanisms in neuroplastic events.̂ ^ The non-selective mGluR 
agonist LCCGl was less potent at the BLA to CeA synapse (EC50=66nM) than at the 
LA-BLA synapse (EC50=36nM) whereas the group III agonist LAP4 depressed 
neurotransmission more potently at the BLA-CeA (EC50=55nM) than at the LA-BLA 
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Figure 3. Kindling shifts concentration-response relationships for LCCG-I and LAP4 at two amygdala 
synapses. Reprinted with permission.^^ ^^' 

(EC50=300nM) synapse. After chemical treatment by chronic cocaine exposure or after 
electrical stimulation in kindling, the receptor sensitivities for mGluRs agonists were 
altered in opposite ways. Groups II and III agonists were ineffective 24 hours after the 
last cocaine treatment while three to seven days after the last kindled seizure LCCGl and 
LAP4 concentration response relationships were shifted to the left suggesting an 
enhanced sensitivity. These data indicated that mGluRs in different models of synaptic 
plasticity have distinct mechanisms.^^ The enhanced sensitivity to group II and III 
mGluR agonists at various central synapses in kindling is similar to that recorded at the 
LA to BLA synapse in the amygdala but the magnitudes and mechanisms are different as 
illustrated in Figure 3. Specifically, the magnitude of inhibition of the mGluR agonists is 
greater in the BLA-CeA synapse and kindling shifts the EC 50s of LAP4 to the left at 
both synapses while in the BLA-CeA pathway the primary effect is an increase in the 
maximal inhibition suggesting different mechanisms mediate effects at these synapses. 
These differences may be due to activation of different subtypes of mGluRs which lack 
specific probes. These data ftirther support the use of mGluRs in the treatment of 
epilepsy to fine-tune neuronal excitability and synaptic transmission. 
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Figure 4. Kindling blocks LAP4-LTP. Reprinted with permission." 

5. LOSS OF GROUP III MGLUR - MEDIATED POTENTIATION WITH 
KINDLING 

MGluRs are known to induce long-term potentiation (LIP) or long-term depression. 
Our laboratory reported for the first time that group III mOluR agonists elicit LTP 
(Figure 4).̂ ^ LAP4 (10|LIM) initially depressed and then facilitated excitatory 
glutamatergic transmission in the LA-BLA synapse by 260%. LTP was measured 15 min 
after washout of LAP4, lasted for >45 min, and was not accompanied by postsynaptic 
membrane changes. LAP4-LTP was prevented by the group III mGluR antagonist MAP4 
(lOOfaM) but not the group II mGluR antagonist, MCCG, (lOOfiM), indicating mediation 
by a group i l l mGluR. The LAP4-LTP was abolished after kindling. LTP was also not 
observed after superfiising the group II mGluR agonist LCCG-1 (1, lOjuM) in either 
control or kindled neurons.^^ If the underlying mechanisms and fimctional significance 
of LAP4-LTP are similar to other forms of plasticity, the loss of LAP4-LTP in kindled 
neurons may be a neurobiological marker of learning and memory deficits in kindled 
animals and in epilepsy patients. 

6. MGLUR AGONISTS AND ANTAGONISTS BLOCK KINDLED BURSTING 

Metabotropic glutamate receptors (mGluRs) are implicated in both the activation and 
inhibition of epileptiform bursting activity in seizure models. Kindling enhances synaptic 
strength at the LA to BLA synapse, resulting in synaptically-driven bursts at low stimulus 
intensity. ̂ "̂  MGluR agonists, ACPD and DHPG , also evoked bursting in BLA neurons 
from amygdala-kindled rats (Figure 5 A-D) but not in control neurons.^^ Neither the 
group II agonist, LCCG-I, nor the group III agonist, LAP4, induced bursting in either 
control or kindled neurons. The agonist-induced bursting was inhibited by the non
selective antagonists, MCPG, and (S)-4-carboxy-3-hydroxyphenylglycine (4C3HPG), 
which also has a partial agonist action. In contrast, 4C3HPG but not MCPG abolished 
afferent-induced bursting (Figure 5 E-H). Stimulating afferents with increasing intensity 
elicited greater epileptiform bursting in kindled neurons but not in the presence of 
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4C3HPG, suggesting that 4C3HPG had reversed kindled bursting to control action 
potential firing.̂ ^ These data illustrate the potential for group I antagonists and group II 
and III mGluR agonists as antiepileptic drug therapy. 

{1S.3R)-ACPD 
(100 MM) Control! ,2o^v 

Figure 5. Group I but not II and II mOluR agonists induce bursting in kindled neurons (A-D) and mOIuR 
antagonists have no effect on afferent-induced kindled bursting (G) unless antagonist has group II agonist (E) 
activity. Reprinted with permission.^* 

In summary, this laboratory has recorded profound changes in mOluR responses in 
the amygdala of kindled animals, specifically: 

(1) a loss of mGluR-induced membrane hyperpolarization/outward current which is 
coupled via G-proteins to a large Câ '*'-dependent K conductance (BK);̂ ^ 
(2) an increase in a mGluR-induced membrane depolarization/inward current 
associated with a decrease in conductance;̂ '̂ ̂  
(3) an increase in efficacy of group I-induced membrane depolarization/inward 
current coupled to the NaVCâ "*" exchanger;̂ "̂  
(4) a leftward shift in the ED50 of the dose-response relationship for inhibitory 
presynaptic mGluRs indicating a 30-50 fold increase in sensitivity for group II and III 
mGluRs with the maximal inhibitory response to group II agonists increased.̂ '̂ ^̂  
(5) a kindling-induced block of a group III mGluR-LTP;̂ ^ 
(6) kindling results in group I mGluR- and afferent induced bursting;̂ "̂  
(7) a block of afferent-induced bursting with group I antagonist / partial agonist group 
II mGluR agonists, indicating mGluRs have significant therapeutic potential as 
anticonvulsant drugs.̂ "̂  
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Discussion 

Gale: Yesterday there was talk about the different paradigms that will lead to better 
kindling, or less better kindling, and maybe no kindling at all if the stimulations are not 
on the right kind of schedule. I wonder if you have looked at any other source of 
stimulation paradigms where perhaps you end up not getting as good kindling, and 
whether the anticonvuslant components might be increased or even the other extreme. If 
you give maximal electroshock seizures repeatedly you end up getting tolerance, not 
kindling. Maybe you could actually see sort of more overwhelming effect of the 
anticonvulsant mechanisms versus the proconvulsant mechanisms. 
Gallagher. We are actually looking at some of these effects at different frequencies in in 
vitro and not in vivo. They maybe somewhat frequency dependent. 
McNamara: I think that is very interesting line of work that you have been at for a while. 
The lack of an LAP4 induced LTP... LAP4 is acting through what group of GLU 
receptors - I, II, III? 
Gallagher. It is presynaptic group III. 
McNamara: One way of thinking about that is it as if occluded so that it has already 
occurred in the kindled condition. 
Leung: Very nice work. I just wonder what happened to synaptic transmission in either 
amygdala with all those changes, and perhaps what the physiological conditions are in 
which the MGluRl receptors are activated. Do you also use some synaptic activation 
other than direct activation of those receptors? 
Gallagher. Oh yes, we were measuring the effects on synaptic transmission. 
Leung: But you still applied the drug, right? 
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Gallagher. Yes, we still applied the drug. You are asking whether we can release 
glutamate endogenously? 
Leung: Yes, do you have to release a lot of glutamate to activate any of those groups of 
receptors? 
Gallagher. We haven't as yet been able to do that. Theoretically, if there is more 
glutamate released in kindling they would be activated, just because of the excess of 
glutamate, but we have not been able to test that. 



INDUCTION OF Bi BRADYKININ 
RECEPTORS IN THE KINDLED BRAIN 
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1. INTRODUCTION 

Knowledge of the cellular and molecular mechanisms underlying the various 
forms of epilepsy could drive the search for new drugs and lead to improved 
therapies. The proposal of J.H. Jackson, put forward more than a century ago, that 
seizures are caused by "occasional, sudden, excessive, rapid and local discharges of 
gray matter" still provides a useful framework for research. 

Within this framework, the question then becomes what makes the epileptic 
brain hyperexcitable. One hypothesis may be that nervous cells within the epileptic 
tissue are (or become) more sensitive to excitatory chemical messages within their 
environment. Accordingly, a mechanism of epileptic hyperexcitability may be the 
increased expression and/or biological activity of receptors mediating excitatory 
effects. 

In this study, we tested whether a bradykinin (BK) receptor subtype named Bi 
may be involved in kindling hyperexcitability. BK and its related peptides are 
autacoids. Their functions in cardiovascular homeostasis, in contraction and 
relaxation of smooth muscles, in inflammation and nociception are well established.'' 
^ The BK system is also involved in disease states like asthma, allergies, rheumatoid 
arthritis, cancer, endotoxin and pancreatic shock.''^ Furthermore, the kinins are 
neuromediators of central neuronal pathways associated with the autonomic control 
of blood pressure and nociception.̂ "* However, their involvement in neurological 
diseases has not been intensively investigated thus far. 

The rational for undertaking this study lays in the following characteristics of Bi 
BK receptors: '̂̂  (1) under normal conditions, they are scarcely represented in the 
central nervous system; (2) their concentration in peripheral tissues is also low, but it 
is highly increased under pathological conditions, such as inflammation and pain; (3) 
these receptors mediate excitatory effects in the peripheral nervous system. 
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of Clinical and Experimental Medicine (Section of Pharmacology) and Neuroscience Center, University 
of Ferrara, 44100 Ferrara, Italy. Brice Ongali, Rejean Couture, Department of Physiology, University de 
Montreal, C.P. 6128, Succursale Centre-ville, Montr6al, Qu6bec, Canada H3C 3J7. 
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In order to pursue our aim, we first compared Bi BK receptor density in the 
normal and in the kindled brain. Second, we examined the effect of Bi receptor 
activation on glutamate release in the normal and kindled hippocampus, using a 
microdialysis approach. 

2. METHODS 

2.1 Animals 

Male Sprague-Dawley rats (300-350 g) were kept in controlled room 
temperature (22-24°C) and humidity (55-65%), with free access to food and water 
and maintained under a 12:12 hours light-dark cycle. For kindling, a twisted bipolar 
electrode was implanted into the right amygdala (co-ordinates: 4.8 mm lateral and 0.8 
mm posterior to bregma; 8.3 mm deep from dura) under ketamine (130 mg/kg i.p.) 
anesthesia. Animals were allowed to recover for 7 days after surgery and then 
stimulated once a day with a single 1 second train of bipolar pulses (0.5+0.5 ms, 60 
Hz, 25% above after-discharge threshold). Kindling criteria, i.e. 3 consecutive class 4 
or 5 seizures, were reached after 15±1 stimulations (staging according to Racine, 
1972*°). Rats were sacrificed 7 days after the last stimulation. Age-matched control 
rats have been submitted to the same surgical procedure and to daily handling, but 
they were not electrically stimulated (sham-stimulated group). 

2.2 Quantitative autoradiography 

Rats were killed by decapitation under light diethyl ether anesthesia. Their brains 
and spinal cords were immediately removed, frozen in 2-methyl-butane cooled in dry 
ice and stored at -80°C until use. Matched whole brains or spinal cords were mounted 
together (2 brains or 4 spinal cords per gelatine bloc) and serially cut into 20 |Lim 
thick sections on a cryostat. Sections were thaw-mounted on gelatine/chromium 
potassium sulfate-coated slides and stored at -80°C. Sets of three slides were used 
for total binding and sets of two slides for non-specific binding. 

For Bi receptor autoradiography, sections were thawed at room temperature and 
pre-incubated for 30 seconds in 25 mM PIPES buffer (pH 7.4; 4°C). Thereafter, 
slides were incubated for 90 minutes at room temperature in 25 mM PIPES buffer 
containing: 1 mM 1,10-phenanthroline, 1 mM dithiothreitol, 0.014% bacitracin, 0.1 
mM captopril, 0.2% bovine serum albumin and 7.5 mM magnesium chloride in the 
presence of 150 pM ['̂ ^I]HPP-des-Arg'° Hoe-140.'' The non-specific binding was 
determined in the presence of 1 jiM unlabelled ligand. The concentration of 
radioligands was chosen based on previous studies'̂ '*^ and on pilot experiments. At 
the end of incubation, slides were transferred sequentially through four rinses of 4 
minutes each in 25 mM PIPES (pH 7.4; 4°C), dipped for 15 seconds in distilled water 
(4°C) to remove the excess of salts, and air-dried. Films were juxtaposed to the 
slides in the presence of [̂ ^ Î]-microscales and exposed at room temperature for 3 
days. Densitometric readings were performed with an image analysis system 
(MCIDTM, Imaging Research, Ontario, Canada). A standard curve from ['̂ ^I]-
microscales was used to convert density levels into fentomoles per milligram of 
tissue (fmol/mg tissue). Specific binding was determined by subtracting 
superimposed digitalized images of non specific labeling from total binding. 
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2.3 Microdialysis 

Rats were anaesthetized with halothane and a vertical concentric probe, endowed 
with a 3 mm cuprophan dialyzing membrane (molecular weight cut-off 10000), was 
inserted in a previously positioned guide cannula (coordinates: 4.9 mm lateral and 3.4 
mm posterior to bregma) and fixed with dental cement. Furthermore, an electrode 
was coupled with the guide cannula, the tip of which was positioned along the 
dialyzing membrane; therefore, the recording site was at the middle of the probe 
length, 1 mm away from the membrane surface.*"* Twenty-four h after implantation, 
the microdialysis probe was perfused at a flow rate of 2 fil/min with a modified 
Ringer solution (composition in mM: CaClj 1.2; KCl 2.7, NaCl 148 and MgClj 0.85, 
pH 6). Samples were collected every 10 min, starting 6 h after the onset of perfusion. 
After collection of 4 basal samples, Bi receptor agonists and antagonists were added 
to the perfusion buffer. Stimulation was applied as 10 min perfusion with Ringer 
solution containing 100 mM K .̂ The correct placement of the guide cannula, 
electrode, and probe in the hippocampus and of the bipolar electrode in the amygdala 
were verified by histological examination. 

The endogenous glutamate concentration in the microdialysis samples was 
measured analyzing an aliquot of the samples by HPLC coupled to fluorimetric 
detection after precolumn derivatization with o-phthalaldehyde. The system consisted 
of a Beckman 125 pump, a Triathlon autosampler (Spark Holland), a Chromsep 
analytical column (Chrompack) and a fluorescence spectrophotometer RF-551 
(Shimatzu). The aquisition and analysis of the chromatograms was performed by a 
computer controlled system (Beckman Gold System). 

3. RESULTS 

3.1 Receptor autoradiography 

Bi BK receptors have been found at very low density throughout the brain of 
sham-stimulated control rats (approximately 0.2 fmol/mg tissue). However, Bi 
receptor binding sites were dramatically increased in kindled compared to sham-
stimulated animals. The most striking increases were observed in the structures 
associated with amygdaloid stimulation: amygdala, piriform cortex and hippocampus 
(2- to 3-fold increases; Figs. 1 and 2). Significant increases were also observed in 
other forebrain regions, such as the hypothalamus and the neocortex, but not in other 
structures, such as the cerebellum and the spinal cord (data not shown). 

3.2 Glutamate release in vivo 

Basal glutamate release in kindled animals was found to be significantly higher 
that in sham-stimulated controls (3,82±0,58 vs. 2,27±0,44 pmol/10 min). High K""-
evoked glutamate release was also greater in kindled animals (probe perfusion of 100 
mM K^ for 10 minutes prompted an approximately 2-fold increase of glutamate 
release in sham-stimulated rats, vs. an approximately 3-fold increase in kindled rats). 
It seems plausible that these changes contribute to the latent hyperexcitability of the 
kindled brain. 
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Figure 1. Bi BK receptor density is highly increased in multiple forebrain areas of the kindled brain. 
Autoradiographic localization of brain Bj BK receptors at the level of the dorsal hippocampus. Shown are 
autoradiograms representing total binding of ['"l]HPP-des-Arg'"-Hoe 140 (150 pM) in control, sham-
stimulated (left) and kindled (right) rats. 
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Figure 2. Bi BK receptor density is highly increased in the hippocampus of kindled rats. Specific binding 
sites for BI BK receptors in hippocampal subareas of control (open bars) and kindled (solid bars) rats. The 
columns represent the means±s.e. of the values in fmol/mg of tissue. Data are the means±s.e. of 4 rats. 
•*P<0.01, *P<0.05; Student's Mest for unpaired data. DG: dentate gyrus. 

The Bi receptor agonist Lys-des-Arg^-BK, perfused in the probe at a concentration of 
1 jaM, induced a significant increase of basal glutamate release in kindled but not in 
control rats (Fig. 3A). This effect is Bi receptor-mediated, because the selective Bi 
antagonist AcLys[D-pNar,Ile^]des-Arg%radykinin'^ (R-715, 10 jaM in the 
perfusion buffer), which did not produce any effect when applied alone, completely 
prevented the effect of Lys-des-Arg^-BK (Fig. 3A). Lys-des-Arg^-BK, however, 
could not increase high K^-evoked glutamate release, while the B| antagonist R-715 
significantly reduced it (Fig. 3B). 
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Figure 3. The Bi receptor agonist Lys-des-Arg'-BK increases basal glutamate release in the kindled, but 
not in the control, hippocampus, while the B| receptor antagonist R-715 decreases high K*-evoked 
glutamate release in the kindled, but not in the control, hippocampus. Effect of Lys-des-Arg^-BK (agonist, 
1 îM in the perfusion buffer) and of R-715 (antagonist; 10 î M in the perfusion buffer) on basal (A) and 
high K*-evoked (B) glutamate release from the hippocampus of control (open bars) and kindled (solid 
bars) rats Data are the means±s.e. of 5-7 experiments. ••P<0.01, *P<0.05; Mann-Whitney U test. 

4. DISCUSSION 

The present study demonstrates marked increases of Bi receptor specific binding 
sites in multiple kindled brain regions, notably those related to the electrical 
amygdaloid stimulation. These data are in agreement with similar results obtained in 
a different model (pilocarpine) using a different experimental approach 
(immunohistochemistry).'^ Bi BK receptor densities were not significantly altered in 
the cerebellum and spinal cord of kindled, compared with control, rats. 

We have also begun to evaluate the functional consequences of the changes in Bj 
BK receptor binding in kindled rats. We chose to study glutamate release, because 
BK increases glutamate release from astrocytes and calcium levels in neurons.̂ ^ The 
data we have obtained, in agreement with the autoradiography data and with previous 
in vitro observation,'^ show that the Bi receptor agonist Lys-des-Arg^-BK increases 
basal glutamate release from the hippocampus of kindled, but not of control, rats. 
This effect is Bi BK receptor-mediated, being fully prevented by a selective 
antagonist (R-715). BK produced endogenously during depolarization seems to 
contribute, via Bi receptors, to the robust increase in glutamate release evoked by 
high K̂  in the kindled hippocampus, because the Bi receptor antagonist R-715 
significantly reduces it. Whether these effects of Bj receptor activation are exerted 
directly on glutamatergic neurons, indirectly via interconnected neurons, or are glia-
mediated remains to be established. However, the observation of Bi receptors in 
neuronal cells'^ supports the notion that they are, at least partially, direct. 

As stated in the Introduction, while the involvement of BK in peripheral disease 
states (such as inflammation) is well established, its implication in central nervous 
system diseases is still debated. However, the present data, together with other 
indirect evidence, suggest that BK may play a proepileptic role: (1) BK exerts 
depolarizing effects on neurons;^ (2) it has been found in brain areas thought to be 
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critical for the development of temporal lobe epilepsy;"* (3) this study and otherŝ '̂'̂  
show that Bi BK receptors, that are essentially absent in the brain under normal 
conditions, are induced in multiple critical brain areas in epilepsy models; (4) in 
contrast, B2 BK receptors have been reported to be down-regulated in one model 
(kindling) and up-regulated in another (pilocarpine);'^'^ (5) in vitro^^ and in vivo (this 
study) evidence support the notion that BK causes, via activation of these newly-
produced Bi receptors, an increase in the release of glutamate from the hippocampus 
of kindled, but not of control, rats. 

The mechanism of Bi receptor induction in epilepsy models is uncertain. Bi 
receptor expression is mainly associated with inflammatory conditions. This process 
has been well characterized and it thought to be secondary to the production of pro
inflammatory cytokines: Bi receptors are induced by IL-ip,''^ via protein kinase C, 
protein tyrosine kinases, MAP kinase and NF-kB.''̂ "̂̂ ^ Changes in cytokine 
expression and increases in TNF-a and NF-kB expression have been reported to 
occur in epilepsy.̂ "̂̂ ^ In particular, a rapid up-regulation of IL-ip has been 
observed.̂ ^ Furthermore, it has been demonstrated that the administration of IL-ip 
causes exacerbation of seizures, whereas treatment with the natural interleukin 
receptor antagonist (IL-RA) prevents the occurrence of convulsions.^^ These 
observations suggest that the cascade of molecular events primed by limbic seizures 
include increased IL-ip expression, IL-1 receptor activation, induction of Bi 
receptors and increased glutamate release. 

However, this hypothesis is challenged by the observation that B2 BK receptors 
undergo an opposite regulation (i.e. they are down-regulated) in the kindling model:'^ 
since both Bi and B2 receptors appear to exert primary excitatory effects on 
neurons,"*'̂  it is difficult to anticipate the net consequences of Bi receptor up-
regulation and B2 receptor down-regulation in cell populations directly involved in 
kindling development. In another epilepsy model, however, up-regulation of both Bi 
and B2 BK receptors has been reported to occur.'^ In this event, the BK system would 
be anticipated to contribute substantially to the development of hyperexcitability. 

In conclusion, the present data suggest that the Bj BK receptors may play a role 
in the physiopathology of epilepsy, and may represent a new interesting therapeutic 
target. Tools are available to challenge this idea both pharmacologically (using Bi 
and B2 receptor antagonists) and genetically (using Bi and B2 receptor knock-outs). 
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Discussion 

Gale: I would like to compliment you on forging new territories without having to 
find them with gene arrays. I think that it is a testimony to how hypothesis driven 
research and putting pieces together from what we know is a great thing to do. What 
other stimuli might up regulate this system? Would just plain activity or changing 
the environment or stress or any number of stimuli up regulate the system? 
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Simonato: Peripherally, of course, these peptides are involved in inflammation, pain 
control, and allergy. There are some data coming out regarding the central nervous 
system as well. As you know, there are data, for example, regarding inflammatory 
events that are associated with stroke, and apparently there may be an up regulation 
of Bl receptors in the late phase of stroke-associated inflammation. Inflammation in 
stroke is bad initially and good in the late phase, and if indeed the bradykinin system 
is biphasic in terms of recruitment of different receptor subtypes, with B1 receptors 
expressed in the late phase, that would provide an alternative to regular anti
inflammatory drugs that would do good and bad at the same time. 
Vezzani'. You said that bradykinin is an inductor of Bl receptors and the Bl 
receptors are present both on neurons and astrocytes after seizure. Where are the 
receptors up regulating, in which population, and from which cells is bradykinin 
released? 
Simonato: These are good questions. As for the second question, where bradykinin 
comes from, I don't really know. However, bradykinin has been found in brain 
homogenates, and in the cerebrospinal fluid. As for Bl receptors, we used an 
autoradiographic approach and cannot tell where they are, but there is a paper that 
just came out from the group of Cavalheiro and Pesquero that largely confirms our 
results in the pilocarpine model using a immunohistochemistry approach. They see 
B1 receptors on neurons in the hippocampus. 
Vezzani: Do they affect voltage-dependent calcium current, which is the mechanism 
for increasing glutamate release? 
Simonato: That is difficult to tell at the moment. The signaling pathways that are 
activated by these receptors, as far as it is known in peripheral tissues, involve 
activation of phospholipase C and phospholipase A2. That could imply a number of 
different 2"̂  and 3̂ ^ messenger systems, including NO for example. 
Schwartzkroin: Let me pursue this a little more and ask whether you think the 
presence of reactive glia in the area that you are looking at would make the effect 
bigger? That is, do you think that getting glutamate release from lots of glia might 
play a significant role? 
Simonato: You are asking if the glutamate release is glial or neuronal? It could be 
both as a matter of fact. What we know is that potassium-evoked glutamate release is 
almost totally calcium-dependent and TTX-sensitive. Basal release is calcium-
dependent and TTX-sensitive by approximately 50%. Therefore, it may be partly 
glial. 
Schwartzkroin: At the time that you look at this phenomenon in your kindled 
animals, what is the situation in respect to gliosis in that region? 
Simonato: It is difficult to tell, because the major source of gliosis around there is the 
mcrodialysis probe itself 
Schwartzkroin: If one thinks just of general seizure foci, there is often gliotic 
phenotype, but I didn't think that there was that much of a gliotic response in the 
kindling model. 
Simonato: No, I would say that it is far more the probe than kindling per se that may 
contribute to that. 
Avanzini: In kindled animals do you find quite widespread induction? I wonder if 
during the kindling process you could dissociate somehow and see whether there is 
more regional expression or it depends on the seizure again. 
Simonato: Yes, that is an important question. So far, we have performed two 
experiments to address this point. The first experiment was really encouraging: we 
found an up regulation in the amygdala, entorhinal cortex, and hippocampus, but not 
in other regions. The second experiment was not as good. Other experiments are in 
progress. 
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Wasterlain: You have done really nice work as always. I personally believe that the 
peptides are a really good therapeutic target and the effect is very powerful. You 
showed that endorphin are also involved, and we find that tachykinins and galanin 
are involved. The big problem with using those as chronic therapeutic targets is the 
internalization of the receptors. So does the Bl receptor also internalize? 
Simonato: Bl receptors do not easily internalize. 



GALANIN AND KINDLING 

Merab Kokaia 

1. INTRODUCTION 

Galanin is a 29 aminoacid residue neuropeptide (30 amionoacids in iiumans) 
widely distributed throughout central nervous system and intestines '̂̂  that has been 
shown to be involved in regulation of numerous processes; such as feeding, 
nociception, nerve regeneration, memory, neuroendocrine release, intestine secretion 
and contractility (see ^). In the brain, galanin is normally present in cholinergic and 
noradrenergic neuronal populations of the medial septum and locus coeruleus, 
respectively.̂ "'̂  It is transported and subsequently released by the extensive axonal 
projections of these neurons into a wide range of forebrain regions, including the 
hippocampus. In addition, intrahippocampal colchicine administration, which blocks 
fast axonal transport and mitosis, produces scattered galanin-immunoreactive 
neurons and glial cell bodies in the hippocampus.^'' Galanin acts via 3, so far 
identified, distinct G-protein-1 inked receptor subtypes: GalRl, GalR2 and GalR3.'^"'^ 
Similar to galanin, GalRl and GalR2 (but not GalR3) mRNAs are abundantly 
expressed in many brain areas.'^'^ The detailed mapping of galanin mRNA, its 
immunoreactivity and binding sites demonstrated that for the most part mRNA 
expression matches with observed immunoreactivity in the cells, and that receptor 
binding sites correlate well with galanin-immunoreactive fiber bundles in various 
regions of the rat brain (for details see^). Activation of GalRl and GalR3 has been 
shown to inhibit adenylyl cyclase, decrease cAMP concentration, and open G-
protein-coupled inwardly rectifying K̂  channels. GalR2 stimulates phospholypase C 
andPKCaction.'^''^'^^ 

The physiolgical effects of galanin signaling in the brain, particularly in the 
hippocampus, are mostly inhibitory. Galanin either decreases excitatory transmitter 
release by activating ATP-dependent K channels in the hippocampal neurons,^' or 
hyperpolarizes CA3 pyramidal neurons by opening K channels.̂ ^ Moreover, it has 
been shown that galanin inhibits slow cholinergic EPSPs in the CAl pyramidal 
neurons,̂ ^ as well as LTP in the Schaffer collateral-CA 1 synapseŝ "̂  in hippocampal 
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slices. Taken together, these data on the inhibitory role of galanin raises the 
possibility that it could have a suppressant effect on seizure activity in the brain. 
Indeed, intraventricular administration^^ and hilar infusion^^ of galanin in rats was 
shown to exert anticonvulsant action on picrotoxin-induced seizure activity and status 
epilepticus (SE), respectively. This effect was attenuated by the galanin receptor 
antagonist M35. Already 3 h after SE, induced by either electrical stimulation of 
perforant path in the dentate gyrus or Li-pilocarpine administration, galanin fiber 
immunoreactivity was almost completely absent in the hilus. Immunoreactivity was 
partially restored 1 week after SE but galanin-positive fiber density was still 
significantly lower as compared to control animals. At 12 h after SE, galanin 
immunoreactive cell bodies started to appear bilaterally in the hilus, mostly in the 
subgranular zone, increasing in numbers at 24 h, at which time they were evenly 
distributed throug-out the entire hilus. No galanin-immunoreactive cells were 
observed in the granule cell layer or CA3 field. The number of galanin expressing 
cells gradually decreased by 3 and 7 days later. These data indicated that galanin 
might act as an endogenous antiepileptic agent, whereby the depletion of galanin in 
the hippocampus by SE may promote epilepfic activity, while galanin up-regulation 
in hilar neurons could counteract seizures. 

2. GALANIN AND ITS RECEPTOR GENE MANIPULATIONS 

The role of galanin as an endogenous antiepileptic agent was further 
substantiated by data from galanin gene knock-out (KO) mice. These mice showed 
increased propensity to develop SE induced either by perforant path stimulation or by 
systemic kainate injection.̂ ^ For example, while 30 min of perforant path stimulation 
was unable to induce SE in any of the wild-type (WT) mice, all galanin KO mice 
developed SE. Galanin KO mice also showed significantly longer afterdischarge 
durations and more severe pentylenetetrazol-induced seizures than WT mice.̂ ^ 

WT GalOE 

Figure. 1. Basal and seizure-e\oked levels of galanin-LI in the hippocampus of GalOE mice are higher as 
compared with WT mice. Note that galanin-LI is detectable only in dispersed fibers in WT mice (A). In 
contrast, galanin-LI is high in granule cell layer, mossy fibers, and hilus of GalOE mice (B). After 
kindling-induced seizures, galanin-LI is increased in the supragranular layer and stratum lacunosum 
moleculare of CAl in WT mice (C) and is much more markedly elevated in granule cell layer, hilus, and 
mossy fibers of GalOE animals (D). From Kokaia et al.̂ ^ 



GALANIN AND KINDLING 221 

To further assess for the potential antiepileptic role of endogenous galanin, a 
gain-of-function approach was used by generating mice over-expressing the galanin 
gene (GalOE mice) under the DBH promoter, which over-expresses galanin in 
noradrenergic cells where it is normally present. In these mice, 60 min of perforant 
path stimulation, which normally induced SE in WT mice, led to only brief seizure 
activity.̂ ^ GalOE mice exhibited higher threshold for afterdischarge activation and 
less severe pentylenetetrazol seizures. 

In line with these observations, GalRl receptor gene KO mice have been shown 
to exhibit spontaneous tonic-clonic seizures with 25% penetrance of all animals.̂ ^ 
However, this was observed only in KO mice of a mixed background strain 
C57BL/6J:129/Sv and not in KO mice of the 129/Sv background strain. In the sub-
population of the mixed strain KO mice, which developed spontaneous seizures, a 
complex differential regulation of various neuropeptides in the hippocampus have 
been reported.̂ ^ However, it remains unclear to what extent this distinct pattern of 
regulation contributes to the development of spontaneous seizure activity. Recently, 
sub-acute knockdown of the GalR2 receptor by continuous infusion of a peptide 
nucleic acid antisense oligonucleotide against GalR2 mRNA into the dentate gyrus of 
rats was shown to reduce GalR2 binding by 50 % and increase the severity of 
perforant path stimulation induced SE.̂ ^ Interestingly, this treatment also reduced 
SE-induced proliferation of neuronal progenitors in the subgranular layer of the 
dentate gyrus, suggesting a novel role for galanin in regulation of plastic 
reorganization of the hippocampal formation after seizures.̂ ^ 

All these data strongly supported the role of galanin as an endogenous 
antiepileptic agent. However, in order to use galanin as a possible therapeutic 
approach, it might be necessary to increase galanin content ectopically in neuronal 
systems that do not normally express the protein. We asked whether ectopically 
over-expressed galanin could also exert an antiepileptic action similar to what has 
been reported for the over-expressing galanin in its native NAergic system.̂ ^ To 
address this question we used transgenic mice over-expressing galanin under PDGF-
B promoter. In these GalOE mice, we measured up to an 8-fold increase of galanin in 
the cerebral cortex and hippocampus with by radioimmunoassay (RIA).̂ ^ The 
detailed immunohistochemical and in situ hybridization analyses of slices from 
GalOE mice revealed widespread over-expression of galanin in different brain areas. 
High levels of galanin immunoreactivity were observed in the dentate granule cell 
layer, hilus, and particularly in the mossy fibers of the hippocampal formation and 
the outer molecular layer of the piriform cortex. Galanin immunoreactivity was also 
seen in cortical cell bodies of layers 4-5, and in mitral cells of the olfactory bulb. 
Recurrent daily seizure activity induced by electrical kindling further increased 
galanin immunoreactivity in mossy fibers, dentate granule cells and cortical neurons 
(Fig. 1). 

This massive over-expression of galanin, both in basal conditions and after 
seizures, had a dramatic effect on kindling by increasing the number of stimulations 
required to reach generalized seizure activity (Fig. 2A, C). This delay in kindling rate 
started to occur already at the early stages of epileptogenesis (grade 2-3), and was 
associated with shorter afterdischarge durations in GalOE mice (Fig. 2B), suggesting 
that local hippocampal events could be a contributing factor. The maintenance of 
kindled state was not affected by galanin over-expression, since both strains 
exhibited a similarly high mean seizure grades in response to the test stimulations 4-6 
weeks after the last kindling session. However, the threshold to induce seizures 
during these test stimulations was significantly higher in GalOE as compared to WT 
mice (Fig. 2 D), again suggesting alterations in local hippocampal mechanisms. 
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Figure 2. Kindling epileptogenesis is suppressed in GalOE mice. (A) GalOE mice show lower mean 
seizure grades in response to consecutive kindling stimulations as compared with WT animals. (B) Mean 
afterdischarge (AD) duration in response to five consecutive stimulations during kindling epileptogenesis 
is shorter in GalOE mice (Q GalOE mice require more kmdling stimulations to reach different seizure 
grades. (D) AD threshold when kmdled animals are subjected to new kindling stimulations after 4-6 weeks 
(rekindling) is decreased in WT but not in GalOE mice. WT, w = 7; GalOE, w = 8. *, Significant difference 
between WT and GalOE mice (unpaired / test, P < 0.05) Data are mean ± SEM. From Kokaia et al.̂ * 

We hypothesized that galanin over-expression induced alterations in synaptic 
transmission locally in the hippocampal circuitry, thus affecting kindling 
development in GalOE mice. Since mossy fibers have long been implicated in 
kindling,̂ '̂̂ ^ and the most dramatic over-expression of galanin was observed inmossy 
fibers of GalOE mice, we explored whether glutamate release from these fibers could 
have been affected by galanin. To address this question we used a prominent property 
of mossy fibers, which is to increase glutamate release in response to high frequency 
stimulation, so-called frequency facilitation.̂ "* In this paradigm, in hippocampal 
slices, field excitatory postsynaptic responses in the stratum lacunosum of the CAS 
substantially increase in amplitude when low frequency mossy fiber stimulation is 
switched to high frequency stimulation. We found that frequency facilitation was less 
pronounced in mossy fibers of GalOE mice as compared WT mice (Fig. 3). This was 
readily reversed by the galanin receptor antagonist M35, suggesting that during high 
frequency stimulation over-expressed galanin could be released from the mossy 
fibers and subsequently suppress further release of glutamate by feedback activation 
of galanin receptors on these fibers. These data provided the first evidence that 
ectopically over-expressed galanin in the excitatory glutamatergic fibers can be 
released in an activity-dependent manner and interact with the presynaptic galanin 
receptors, thus limiting further glutamate release. This property of galanin could be 
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particularly useful in controlling epileptic seizures, because one could hypothesize 
that ectopically expressed galanin would be released in sufficient amounts only 
during high frequency seizure activity suppressing glutamate release (and seizures), 
while low frequency synaptic transmission during normal brain activity would not be 
disturbed. 
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Figure 3. Frequency facilitation is decreased in mossy fiber synapses of GalOE mice. (A) Traces of 
fEPSPs (average of 10) recorded in stratum iucidum of CA3 during low-frequency (0.1 Hz; tracel) and 
high-frequency (1 Hz; trace 2) stimulation of mossy fibers, and after bath application of L-CCG-I (10 nM; 
trace 3) in WT animals. Note the increased fEPSPs at high frequency stimulation (trace 2). fEPSPs are 
blocked by L-CCG-l(trace 3) indicating that they are predominantly generated by mossy fibers. (B) Same 
recordmgs as in >4 in GalOE mice. Note smaller fEPSP during high-frequency stimulation (trace 2) in 
GalOE mice as compared with WT mice in A. Picrotoxin (100 ^M) was present in the bath solution. (Q 
Frequency facilitation of mossy fiber-CA3 synapse fEPSPs (measured as fEPSP initial slope) expressed as 
percentage of baseline before and during bath application of the putative galanin receptor antagonist M35, 
and of L-CCG-I. Dashed lines indicate time lapse of 10 min between the experiments. During L-CCG-I 
application, stimulation frequency was 0.5 Hz. Note increase and blockade of fEPSPs during M35 and L-
CCG-I application, respectively.(D) fEPSP frequency facilitation of mossy fiber-CA3 cell synapses in WT 
(« = 30 experiments, eight mice) and GalOE {n - 22 experiments, eight mice). {E and F) fEPSP frequency 
facilitation of mossy fiber-CA3 cell synapses in GalOE (E) and WT (F) mice before and during bath 
application of M35 (w = 16 experiments, five mice; and 18 experiments, five mice, respectively). Data are 
means ± SEM. Before fEPSP initial slope measurements were made, traces recorded after bath application 
of L-CCG-I (3) were always subtracted from those recorded during low (i) or high (2) frequency 
stimulation of mossy fibers From Kokaia et al.̂ * 
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It Still remains to be explored how ectopic galanin is stored in the vesicles, how 
it is released from the cells, and which gene promoters would be optimal for its 
regulated expression. However, these findings suggest possible novel therapeutic 
strategies to dampen epileptic activity by ectopic overexpression of modulatory 
neuropeptides in excitatory neuronal systems. 

3. VIRAL VECTOR TRANSFECTION OF THE GALANIN GENE 
How can the galanin gene be expressed in certain brain areas, particularly in 

excitatory systems, to affect seizures in patients? The answer came in a recent 
publication by Habermann et al.̂ ^ The authors used adeno-associated virus (AAV) to 
transfer a construct of the galanin gene and the constitutive secretory signal sequence 
for the laminar protein fibronectin to the rat brain. This approach enabled constitutive 
release of galanin from the transfected cells that significantly increased the threshold 
for the induction of focal seizures in the inferior colliculus. This seizure suppressant 
effect was reversible and dissipated when galanin gene expression was suppressed by 
administration of doxycycline in the drinking water, in a tetracycline-off gene 
regulation system.̂ ^ Intrahippocampal infusion of the same AAV viral vector was 
unable to suppress kainate-induced seizures but protected hilar neurons from 
excitotoxic death, which is characteristic feature of this model. A similar approach 
using the AAV-galanin vector, without the constitutive secretory signal sequence, 
was used by another group^^ that demonstrated that intrahippocampal expression of 
the gene construct resulted in decreased total time spent in kainate-induced seizure 
activity. However, no protection from excitotoxic cell death in the CA3 area of the 
hippocampus was observed in this study. In summary, these two studies provide a 
proof-of-principle that AAV vector-based gene transfer could be a possible strategy 
for delivering galanin to distinct brain areas, such as the epileptic focus, to suppress 
intractable epileptic activity in patients. 

4. CONCLUDING REMARKS 
Epilepsy is a devastating neurological disease affecting about 50 million people 

in the world. Pharmacological treatment of epilepsy is the most common practice, 
directed towards increasing GABAergic inhibition, or interfering with excitatory 
processes such as glutamatergic transmission and sodium channel activation. 
However, 30 % of patients remain refractory to the treatment. Therefore, developing 
new strategies using gene transfer for galanin, which would modulate excitatory 
transmission in an activity-dependent manner exclusively during high frequency 
epileptic discharges, is well warranted. Many questions, however, still remain to be 
answered. For example, patients with epilepsy already have established focal or 
recurrent seizures, and it is not clear to what extent the viral vector gene transfer 
would suppress these seizures. Would such treatment also affect crucial brain 
functions, such as learning and memory?̂ "̂  While further studies are needed to 
address these issues, recent advances in the field already now suggest that therapeutic 
approaches based on ectopic viral vector gene transfer for neuropeptides, such as 
galanin, could be a promising tool for future epilepsy treatment. 
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Discussion 

Shwartzkroin: In your over-expressors, what did the amygdala look like in terms of 
galanin expressions and have you tried amygdala kindling? 
Kokaia: Yes, there was an overexpression of immunoreactivity in amygdala as well, 
but we didn't try kindling. I think that would be interesting to look at. 
Corcoran: These are really interesting data, beautiful study. Do you know what the 
status of noradrenaline is in the over-expressor mice? Do they differ in the release in 
noradrenaline, or in the characteristics of the noradrenergic response to seizures? 
Kokaia; No, we do not know. That's an interesting question of course, because in 
the overexpressing line where galanin was over-expressed under DBH promoter, 
there was an over-expression in the noradrenergic fibers, and perhaps the release of 
galanin would affect the noradrenaline release from these fibers by a feedback 
mechanism. In our case there was no change in galanin expression in the 
noradrenergic fibers; it was mostly ectopic expression that was increased. So from 
that point of view, we didn't expect that there would be some change in 
noradrenaline release. But it would be interesting to look at it. 
Moshe: After there is a seizure, do you expect to see a rise in galanin? And how do 
you think that we can approach that from a clinical perspective? How do we increase 
the galanin ectopically in the brain so that one can protect from the seizures. 
Kokaia: That allows me to show additional slides that I omitted due to lack of time. 
These are not our data, but recently there was a paper showing that actually the 
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AAV-galanin virus injected into the inferior colliculus could increase the threshold 
for induction of the wild-running seizures in rats. This effect was reversible because 
they had a doxicycline-regulated system, and when they gave doxicycline to the 
animals, the effect on seizures was reversed. Another example is also from a recent 
paper, where they injected AAV-galanin virus into the hippocampus, so that there 
was an over-expression of galanin in the mossy fiber system. On this slide you can 
also see some cells over-expressing galanin in the hilus, and kainate-induced seizures 
were less severe in these animals. So this could be one way of doing it. 



KINDLING, NEUROTROPHINS AND 
AXON-GUIDANCE FACTORS 

Ronald J. Racine, Margaret Fahnestock, and Bin Xu 

1. INTRODUCTION 

Graham Goddard^ initially introduced kindling as a model for memory. Although 
most frequently utilized as an epilepsy model, particularly for temporal lobe epilepsy, 
kindling is occasionally used as a model for drug-induced plasticity, slowly developing 
neuropathologies other than epilepsy, and a variety of structural reorganizations of brain 
circuitry.'̂ '̂  Since our interest in the kindling phenomenon (and other models of epilepsy) 
is largely driven by our interest in neural plasticity, we have chosen to focus on kindling-
induced neuronal reorganization. These kindling-induced effects may not have much 
relevance for epilepsy, but they are themselves interesting and potentially important 
phenomena and provide an excellent model for the study of mechanisms of activity-
dependent neural growth. 

2. KINDLING AS A MODEL FOR ACTIVATION-INDUCED NEURAL 
GROWTH 

2.1. Seizures and Axonal Sprouting 

One of the sequelae of seizure activity is axonal sprouting and synaptic 
reorganization. These neural growth effects have been investigated most thoroughly in 
the mossy fiber pathway that originates in dentate gyrus granule neurons. Many 
researchers have used Timm stains to visualize the axonal sprouting in this pathway 
following kindling or status epilepticus seizures. The normal target of the mossy fiber 
pathway is the apical dendritic layer of the area CAS pyramidal neurons, with a light 
targeting of the basal dendrites. Following kindling or status epilepticus, there is an 
increase in the axonal collaterals and synaptic terminals in the basal dendritic layer of 
CA3 and in the apical dendritic layer of the dentate gyrus granule cells themselves. 
Although the process no doubt begins almost immediately, the changes are large enough 

•Ron J Racine and Bin Xu, Department of Psychology, McMaster University, Hamilton, Ontario, L8S 4K1. 
Margaret Fahnestock, Department of Psychiatry and Behavioural Neuroscience, McMaster University, 
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to measure starting about 4-5 days after seizure activity terminates."* They probably reach 
asymptotic levels about 4 weeks after the inducing treatment, unless spontaneous seizures 
develop (which likely trigger more sprouting and prolong the growth period). 

We have chosen a multi-pronged strategy for investigating the mechanisms that drive 
neural growth in the adult brain. The usual starting point is the observation of the growth 
phenomena themselves. Like others, we have focused much of our efforts on the study of 
mossy fiber sprouting, but sprouting effects have also been observed in other 
hippocampal pathways and in other structures. Li et al.̂  and Wodbye et al.,̂  for example, 
have shown kindling-induced synaptic reorganization in layer II/III of the piriform 
cortex. A reasonable next step is to look for the sufficient and necessary triggers for 
these effects. Our work with anatomical effects induced by nonepileptiform stimulation^ 
falls into this category. We do not yet know the minimal conditions required for 
induction of axonal sprouting, but we know that it can be induced by stimulation that 
triggers LTP. 

Since our interest is primarily in activation-induced neural growth in the adult brain, 
neural damage must be considered as a trigger for axonal sprouting and synaptogenesis. 

2.2. Neural Damage and Axonal Sprouting 

It is well established that excess activation can lead to neural damage. Prolonged 
bouts of status epilepticus can lead to damage in a number of sites, including the 
hippocampus.̂  Large numbers of repeated evoked seizures, if sufficiently strong, can also 
produce cell death. 

Furthermore, neural damage can trigger axonal sprouting and synapse formation, 
particularly into sites left vacant by degenerating axons. *° Thus, it is quite possible that 
all of the axonal sprouting seen in seizure models is triggered by neural damage. This 
has been the implicit assumption of many researchers in this area.̂ ^ From research done 
in our own labs, we can rule out gross damage (reflected by cell loss) as a critical factor 
for triggering axonal sprouting. The Long-Evans hooded rat is highly resistant to seizure-
induced damage. We have never seen cell loss with standard kindling protocols or with 
extensive kindling beyond the standard protocol in this strain. Short bouts of status 
epilepticus, which can lead to hilar cell loss in the Wistar strain, also produce no 
detectable cell loss in the Long-Evans rats.̂ ^ However, prolonged status epilepticus can 
lead to heavy damage in any of the tested rat strains. 

Most experiments have utilized measures of gross damage (typically cell loss 
reflected in Nissl stains). It is possible that the axonal sprouting in the Long-Evans strain 
is triggered by more subtle forms of damage. Some axon terminals, for example, could 
degenerate leaving the neurons intact. This could be a sufficient trigger for sprouting of 
nearby axon collaterals. Arguing against this as a sole explanation for sprouting, in the 
absence of gross damage, is the demonstration of sprouting effects accompanying 
nonepileptogenic stimulation and the induction of long-term potentiation (LTP).̂ ' ^̂  Of 
course, it could still be argued that LTP is itself a pathological phenomenon that could 
trigger subtle damage. Perhaps the most convincing evidence that synaptogenesis can be 
triggered in the absence of damage is that it can also be induced by experience (e.g., 
behavioral training).̂ "* Consequently, we believe that much of the sprouting triggered by 
kindling is activation-induced, rather than damage induced. 
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2.3. Exploring Mechanisms 

When investigating mechanisms, things get complicated rather quickly beyond the 
stimulation stage. The electrical effects of the stimulation must be translated into 
molecular signals within the activated cells. There are a variety of immediate and early 
effects of the stimulation, any or all of which could contribute to the initiation of neural 
growth. Because of their known effects on axonal growth, we have chosen to focus on 
the role of neurotrophic factors, which include a number of possible contenders. Those 
that have been shown to play a role in activation-induced sprouting include the 
neurotrophins (NGF, BDNF, and NT-3) and TGF-P family members such as GDNF. 

3. NEUROTROPHIC FACTORS 

The neurotrophins are secreted proteins with their own sets of receptors, and they 
can affect a variety of growth-related processes, including neuronal differentiation, 
neurite outgrowth, and neuronal survival. They also have effects on neurotransmitter 
synthesis, synaptic plasticity, and excitability. The primary receptors for the 
neurotrophins are the low-afFmity receptor, p75^^ ,̂ to which they all bind, and a subset 
of high-affinity transmembrane receptor tyrosine kinases called Trks. Although there is 
some crosstalk in binding specificities, each neurotrophin has a primary Trk receptor 
(TrkA for NGF, TrkB for BDNF, and TrkC for NT-3)^^ GDNF binds to a different set of 
receptors, including two high-affinity receptors (Ret and pi40^^"^^) and two low-affinity 
co-receptors GFRal and GFROLZ.̂ ^ 

3.1. NGF 

If any of the neurotrophic factors are involved in activation-induced neural growth, 
then one or more of them should be expressed following growth-inducing seizure 
activity. NGF mRNA*̂  and protein^^ are upregulated in several brain regions, including 
the hippocampus, following kindling. To determine a causal relationship, the next step is 
to attempt to manipulate NGF function and monitor the effects on a measure of 
activation-induced neural growth. 

The administration of antibodies to NGF has been shown to retard amygdala 
kindling. ̂ ^ It also blocks mossy fiber sprouting.̂ ^ Infusing NGF directly into the 
ventricles facilitates both amygdalâ ^ and hippocampal̂ ^ kindling and increases mossy 
fiber sprouting^ \ There is a clear interaction between neural activation and neurotrophin 
activity. NGF infusion in the absence of seizures actually decreases Timm staining 
density.̂ * 

There are many downstream pathways by which neurotrophins can affect cell 
function and neural growth. To verify that the neurotrophin is actually acting via its 
(known) receptors, Rashid et al.̂ ^ infused a peptide that inhibits NGF function by 
destabilizing the NGF dimer, thus interfering with receptor binding. It had the same 
effect as the NGF antibody; both kindling and sprouting were suppressed, suggesting that 
the effects are receptor mediated. More recently, we have tested more specific peptide 
inhibitors of TrkA and p75^^^ in an attempt to determine the relative roles of these 
receptors in the effects of NGF on kindling and mossy fiber sprouting. We found that 



232 RACINE ETAL, 

TrkA activation but not p75 ^^^ activation is involved in kindling, while both TrkA and 
p75 ̂ ^^ activation are involved in mossy fiber sprouting.̂ "* 

Moving from the receptor to one of the downstream effector pathways of TrkA, we 
found that an inhibitor of Ras inhibited kindling, kindling-induced mossy fiber sprouting, 
and kindling-induced hilar expansion^^, further confirming the role of Trk activation in 
these effects. 

It is somewhat surprising that NGF is involved in mossy fiber sprouting, since its 
receptors are found primarily on cholinergic neurons and not on dentate granule 
neurons.^^ However, it is known that cholinergic agonists and antagonists exert a 
modulatory effect on kindling similar to those of the NGF manipulations reported 
above.^ '̂ ̂ * Furthermore, Adams et al.̂ * found that cholinergic agonists and antagonists 
facilitate and depress, respectively, kindling-induced mossy fiber sprouting. NGF 
infused into the ventricles increases both choline acetyltransferase (ChAT) activity and 
choline transport.^^ Infusion of anti-NGF antibodies, on the other hand, reduces ChAT 
immunostaining in basal forebrain.^^ So, the NFG effects on the mossy fiber system may 
very well be mediated via cholinergic pathways. 

3.2. BDNF 

BDNF supports growth and survival of a variety of neurons.^^' ^̂  Kindling was found 
to increase B D N F ' ^ and TrkB^^ mRNA expression, as well as TrkB protein^^ in the 
dentate gyrus. However, TrkB mRNA and protein^^ were only increased following rapid 
kindling; no increase in TrkB was found following standard chronic kindling protocols.^^ 

BDNF enhances synaptic transmission and neuronal excitability. For example, 
BDNF enhances synaptic responses at Schaffer collateral-CAl synapses in hippocampal 
slices,̂ "* and increases the frequency of spontaneously initiated action potentials in 
hippocampal neurons in dissociated culture.^ Elevating BDNF levels by overexpression 
of JBDNF̂ ^ or by infusion of BDNF into the hippocampus over a 2-week period^^ can 
induce or enhance seizure activity. 

Similarly, manipulations that reduce BDNF signaling can suppress epileptogenesis. 
Amygdala kindling was retarded in mice heterozygous for a deletion of the BDNF gene.̂ ^ 
Transgenic mice overexpressing truncated trkB, a dominant negative receptor of BDNF, 
showed reduced epileptogenesis in response to kainite.^^ 

On the other hand, kindling is also suppressed if BDNF is infused directly into the 
hippocampus,"* '̂ ^^ and Reibel et al."*̂  found a facilitation of kindling when antisense 
oligodeoxynucleotides were injected into the hippocampus to block BDNF effects. 

One of the reasons for these apparently contradictory results is that TrkB protein can 
be downregulated by chronic high levels of BDNF. This downregulation of the 
TrkBreceptor would be expected to reduce BDNF signaling despite the excess of BDNF, 
thus suppressing (rather than facilitating) kindling. We tested this by comparing the 
effects of continuous (via osmotic pump) and intermittent injections of BDNF. As 
expected, the chronic infiisions retarded kindling. They also reduced TrkB and 
phosphorylated Trk immunoreactivity. Intermittent injections, in comparison, facilitated 
kindling and had no effect on receptor expression. ̂ ^ 

BDNF has little or no effect on activation-induced sprouting in the mossy fiber 
pathway. Transgenic mice that over express BDNF do not show altered Timm staining 
density in the hippocampus."*^ Neither chronic infusions nor bolus injections of BDNF 
affect mossy fiber sprouting in our hands. *̂  However, chronic BDNF infusions can 
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induce seizure activity and increase mossy fiber sprouting.^^ The increased activation 
could lead to increased sprouting, which can make interpretation of sprouting effects 
difficult. Transgenic mice that overexpress truncated trkB to reduce BDNF signaling 
show reduced status-epilepticus-induced mossy fiber sprouting, and these results are also 
consistent with the weaker epileptic activity in these animals^^ (Lahteinen et al., 2002). 

3.3. NT-3 

NT-3 is widely distributed in the CNS."*"* It has received less attention, partly 
because NT-3 mRNA is actually decreased following kindling."*^ Mice that are 
heterozygous for a deletion of the NT-3 gene show a 30% reduction of basal NT-3 
mRNA levels and also show a slowing in kindling rate. However, these mice also 
showed an enhancement of kindling-induced BDNF and TrkB mRNA expression."*^ 
Chronic kindling appears to have no effect on on TrkC protein in the hippocampus. 

Because the decrease in NT-3 mRNA expression in kindled animals suggests 
different mechanisms for NT-3's influences on kindling, we tested the effects of direct 
infusion of NT-3 into the ventricles. Both perforant path kindling and mossy fiber 
sprouting were inhibited.^^ However, chronic NT-3 infusion led to a decrease in 
kindling-induced Trk phosphorylation and downregulation of TrkA and TrkC protein, so 
TrkC as well as TrkA receptors may play an excitatory role in kindling and mossy fiber 
sprouting. It is also interesting that NT-3 by itself (no seizure activation) increased Timm 
staining density in the hippocampus, while NGF by itself led to a decrease in Timm 
staining density. 

3.4. GDNF 

GDNF is another neurotrophic factor with effects on a variety of cells."*^ Kindling 
increases the expression of GDNF mRNA, and the GDNF receptors RET and GFRal, in 
the hippocampus, amygdala and parietal cortex."*^ GFRa2, in contrast, is increased in the 
piriform cortex but decreased in the hippocampus and amygdala by kindling stimulations. 
Mice lacking GFRa2 show a suppression of hippocampal kindling."*^ However, Martin et 
al.̂ ^ found that GDNF administration into the lateral ventricle suppresses kainate-induced 
seizures and associated cell loss. Furthermore, direct infusion of GDNF into the 
ventricles retards perforant path kindling, and blocks mossy fiber sprouting and hilar 
expansion without affecting AD duration.^^ Whether GDNF infusion downregulates its 
receptors has not yet been tested. 

Although GDNF uses a different receptor and downstream effector system than the 
neurotrophins, its effects on our measures are somewhat similar to those of the 
neurotrophins BDNF (which suppresses kindling) and NT-3 (which suppresses both 
kindling and mossy fiber sprouting). 

3.5. FGF 

Neither acidic nor basic fibroblast growth factor mRNA was affected by amygdala 
kindling according to Sato, et al.,̂ ^ but Bregola et al.̂ ^ found an interesting expression 
pattern relative to BDNF. Following the initial kindling stimulation to the hippocampus, 
FGF-2 mRNA levels were increased in the hippocampus, cortex and hypothalamus. 
BDNF mRNA was not yet affected. Fully kindled seizures, on the other hand, produced 
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a strong increase in BDNF, but not FGF-2, mRNA levels in the hippocampus and 
contralateral cortex. Both were increased in the ipsilateral cortex. The authors suggest 
that FGF-2 may be more critically involved at the early stages of kindling. The 
functional effects of increasing or decreasing FGF-2 levels has not been tested. 

4. AXON GUIDANCE FACTORS 

Neurotrophins may play a role in promoting axonal sprouting and growth, but it is 
the pattern of that growth and the termination targets that determine whether the 
sprouting will contribute to, or compensate for, functional pathology. There are a variety 
of axon guidance factors that have been shown to determine synaptic termination patterns 
in developing brain. Many of these appear to continue this role, although to a lesser 
extent, in the adult brain. 

4.1 Synaptic Termination Gradients 

Mossy fibers are not distributed uniformly across their termination fields. Along 
both longitudinal and transverse axes within the hippocampus, there are gradients of 
Timm staining. The differences are seen along the blades of the dentate gyrus, along the 
CA3-CA1 component of the hippocampal gyrus, and along the dorsal/ventral axis of the 
hippocampus.̂ *' ^̂ ' ^̂ ' ^^ Kindling and status epilepticus induce sprouting in all of these 
areas while maintaining or emphasizing the normal graded patterns. At least one set of 
axon guidance factors show distribution gradients along these same axes. 

4.2 EphA/ephrinA 

The Eph family of guidance factors and their ligands, the ephrins, continue to be 
expressed in the adult brain, and they play a role in the brain's response to injury.̂ ^ Both 
receptors and ligands are membrane bound, and both appear to have signaling functions 
in their respective cells. There are two subclasses of Eph/ephrins, EphA/ephrinA and 
EphB/ephrinB. We have focused on the EphA subclass, which in mammals has 8 known 
receptors and 5 known ligands (EphA/ephrinA 1-5). There is only partial specificity 
between ligand and receptor; many of the ligands bind to several of the receptors. 

Of particular importance to the determination of synaptic termination patterns are the 
graded distributions of the receptors and ligands. Since the Eph/ephrin interaction is 
often one of repulsion, the gradients are often in opposing directions, insuring that axons 
with high levels of receptors will migrate toward fields of neurons containing low levels 
of ligand. However, the interactions can also be based on attraction.̂ ^ 

If an immunoadhesin antagonist of EphA receptors or of ephrinA ligands is infused 
into the ventricles, kindling is retarded or accelerated, respectively, and the pattern of 
mossy fiber sprouting is altered.̂ ^ The ephrinA5 immunoadhesin, containing the 
extracellular domain of ephrinA5, binds EphA5 receptors, activating them, but blocks 
binding of other ephrinAs, inhibiting their signaling. This prevents the normal repulsion 
of the sprouting mossy fibers, allowing them to sprout into regions where they normally 
do not (ventral hippocampus and area CAS a) and decreasing the usual sprouting into 
dorsal hippocampus and area CA3c. This tends to flatten the gradients of mossy fiber 
sprouting. ^ Activation of ephrinAs by infusion of a soluble EphA5 immunoadhesin 
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increases the repellent signal, resulting in reduced sprouting. Figures 1 shows the graded 
longitudinal distributions of Timm-stained pathways and EphA5/ephrinA3 expression in 
the hippocampus, and Figure 2 shows the transverse gradients. 

Longitudlnai Gradients 
MF/MFS 

Dorsal Ephs/Ephrlns 
CM DO 

Figure 1. The graded longitudinal distributions for Timm granule density in the MF pathway and 
EphA5/ephrinA3 in hpc. A: The longitudinal gradients. B-E: Timm staining in dorsal and ventral sections for 
control animal and following status epilepticus. F-G: EphAS in dorsal and ventral sections. H-I: Ephrin A in 
dorsal and ventral sections. 

Ventral 
Figure 2. The graded transverse distribution of Timm granule density in the MF pathway. 

4.3. Semaphorins 

Neuropilin-2 is a semaphorin receptor that also has a repellant interaction with its 
ligand. Kindling and kainate-induced status have both been found to increase neuropilin-
2 mRNA levels and neuropilin-2 immunoreactivity in the whole brain at 24 hours but not 
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at 2 weeks after the last stimulation or injection.̂ * Barnes et al.̂ ^ monitored several 
semaphorins with riboprobes and in situ hybridization and found that kainate-induced 
status reduced mRNA expression for both semaphorin 3C and 3F in the hippocampus. 
The reductions lasted for at least 1 month. Less enduring effects were found for 
semaphorin 3A, 3C and 4C. The influence of the semaphorins on kindling-induced 
mossy fiber sprouting has not been investigated. 

5. IMPLICATIONS FOR EPILEPSY 

5.L Excitation/Inhibition Balance 

Whatever the underlying mechanisms, epileptic seizures presumably develop as a 
result of an imbalance between excitation and inhibition. Although changes in both 
probably contribute, deficiencies in GABA systems may be the more critical.̂  However, 
it is not clear how activation- (or damage-) induced synaptogenesis contributes to the 
balance. Most attention has been paid to the sprouting seen in the mossy fiber system, 
particularly sprouting back into the dentate gyrus. There is some evidence that this 
sprouting can lead to increased excitation in granule cells,̂ * but not much evidence that it 
actually contributes to the epileptic state. Mossy fiber sprouting does not appear to be 
required for the development or progression of seizures,̂ ^ or for the development of 
spontaneous seizures following status epilepticus.̂ ^ However, the sprouting effect occurs 
within other hippocampal pathways as well as other brain structures,̂  so the question of 
how the overall balance between excitation and inhibition is affected is still unanswered. 

5.2. The Development of Spontaneous Seizures 

A major advantage of the status epilepticus models for the study of epilepsy is that 
they can produce an epileptic state (in which spontaneous seizures are generated) with 
much less effort that is required with the kindling model. The advantage for the study of 
sprouting is that it produces massive sprouting with little effort on the part of the 
researcher. The disadvantage is that it can also produce damage. The causal 
relationships can get lost in the noise, given the number of effects produced by excess 
activation. Longer bouts of status produce more neural damage,̂ "* more sprouting, and 
more spontaneous seizures,̂ ^ but both the damage and the sprouting may follow from the 
excess activation, rather than contributing to the development of spontaneous seizures. 
Similarly, there is a good correlation between damage and synaptogenesis,̂ ^ but, as we 
have seen, synaptogenesis can be triggered in the absence of damage. 

6. IMPLICATIONS FOR RECOVERY OF FUNCTION FOLLOWING 
NEURAL DAMAGE 

It is far too early to speculate about the relevance of the activation-induced axonal 
sprouting research to recovery of function following brain damage. However, the 
research thus far indicates that it might be useful to determine how much control can be 
exerted over the extent and pattern of axonal sprouting (and neurogenesis) via controlled 
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interactions between activation, neurotrophic factors, and axon guidance factors. Some 
of the research currently underway in our laboratories is focused directly on this problem. 
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Discussion 

Kokaia: I have a questioning concerning GDNF. We have observed that GDNF receptor 
knockout mice are slower in kindling. So the question is, do you think that GDNF is also 
pro-epenogenic but if you use it chronically it down regulates the receptors? 
Racine: That would be my guess, yes. 
Simonato: I have a technical question. You have mentioned the focal administration of 
BDNF. How is it done exactly? 
Racine: With a cannula into the hippocampus, using either continuous infusions or 
microinjections. In the case of microinjections, you can't give very many without causing 
some damage; so we kept it to three. And they were spread out over the course of the 
kindling. 
Wasterlain: Ron, does the sprouting induced by all these different agents and by seizures 
go to the same target? Or does it vary by category? 
Racine: It can vary by activation pattern. For example, if you stimulate and kindle in the 
piriform cortex, you get more sprouting ventrally, at least in our hands, whereas kindling 
in other areas will shift the balance in favour of dorsal sprouting. The infusion of an 
immunoadhesin that affects the interaction of endogenous ephrins and their EphA 
receptors flattens out these gradients; so it's possible to actually control the pattern of 
sprouting. We are currently applying microstimulation directly to the mossy fiber system 
dorsally and ventrally and looking at local manipulations of the axon guidance factors, to 
see how precisely we can control the pattern of the sprouting. 
Wasterlain: And would you draw the bottom line as to what you think it tells us about 
sprouting and kindling. 
Racine: I don't think it tells us much about kindling, but it does tell us something about 
sprouting. The axon guidance factors appear to be playing a role in determining the 
pattern of activation-induced axon sprouting. The story with neurotrophins is also 
complex. We have performed some work, that I didn't talk about, involving 
manipulation of the individual NGF receptors (TrkA and P75). So we know that NGF 
acts via the receptors, and we have some idea which ones are involved in kindling and 
which ones are involved in sprouting. We've also looked downstream from the 
receptors, and we are generally attempting to tease apart some of those downstream 
mechanisms. However, the bottom line is that I still don't know much. 
Gutierrez: The laboratory rat is a good model of the rat, meaning that the wild rats in the 
country would normally have sprouted mossy fibers. So lab rats have to be trained or 
stimulated to display sprouting. 
Racine: I am not entirely sure what you mean that they will have sprouted fibers. I 
consider this particular sprouting to be a pathological phenomenon. Do you mean they 
have higher background Timm density? Yes, well, as I said, with LTP, with experience, 
with training, you can produce these effects. That doesn't surprise me. Wild animals are 
raised in an enriched environment compared to lab animals. 



CONDITIONAL DELETION OF TRKB PREVENTS 
EPILEPTOGENESIS IN THE KINDLING MODEL 

James O. McNamara, Xiao-Ping He, and Robert Kotloski 

1. INTRODUCTION 

Epilepsy is a common and frequently devastating neurological disorder, affecting 
approximately 1% of the population. Among the diverse forms, limbic epilepsy 
(synonyms include complex partial epilepsy, temporal lobe epilepsy, psychomotor 
epilepsy) in particular is the most devastating in adults for three reasons: (1) it is 
common, accounting for approximately 40% of all cases of adult epilepsy; (2) limbic 
seizures are often quite resistant to available anticonvulsant drugs;' and (3) the attacks 
induce impairment of consciousness, thereby limiting driving, maintaining employment, 
etc. Therapy is only symptomatic in that available drugs inhibit seizures in some 
individuals but do not modify the disease itself 

Epileptogenesis is the process by which a normal brain becomes epileptic. 
Understanding the mechanisms of limbic epileptogenesis may lead to effective 
pharmacologic prevention of this disease. The British neurologist, William Gowers, 
observed worsening of the epileptic condition in some patients and suggested that 
seizures themselves may beget seizures.̂  Discovery of the kindling model by Graham 
Goddard and his colleagues^ provided experimental evidence in support of Gowers' idea; 
in this model, repeated induction of brief, focal seizures by application of initially 
subconvulsive electrical stimuli eventually results in prolonged, intense focal and tonic-
clonic seizures. Once established, this enhanced sensitivity to electrical stimulation 
persists for the life of the animal. 

The question arises as to how pathological neuronal activity in the form of focal 
seizures might be transduced into the cellular and molecular mechanisms underlying 
epileptogenesis. It seems plausible that extracellular signaling molecules might be 
pivotal in the transduction process. We suspect that the neurotrophin, BDNF, promotes 
limbic epileptogenesis by activation of its cognate receptor, TrkB. The rationale for this 

' James O. McNamara, M.D., Carl R. Deane Professor and Chair, Department of Neurobiology, Professor of 
Medicine (Neurology), 401 Bryan Research Building, Research Drive, Box 3676, Duke University Medical 
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idea includes the following. BDNF promotes dendritic outgrowth of cortical neurons and 
also promotes long-term potentiation of excitatory synaptic transmission,"*"*̂  plasticities 
which have been implicated in epileptogenesis.**'*'* Limbic seizures induce marked 
increases of BDNF expression.*^ Importantly, increased activation of TrkB has been 
identified in the mossy fiber pathway of hippocampus,* '̂ *̂  the activation occurring at the 
same site and time as the increased BDNF expression. Intraventricular infusion of TrkB 
receptor bodies that scavenge ligands and presumably limit activation of TrkB partially 
inhibited kindling development.*^ Although mice lacking both BDNF alleles in the 
germline die shortly after birth, elimination of one BDNF allele is not lethal but is 
sufficient to partially inhibit kindling development.*^ 

2. DELETION OF BDNF AND KINDLING 

The evidence above led us to hypothesize that BDNF mediates activation of TrkB in 
the hippocampus during limbic epileptogenesis and that BDNF-mediated activation of 
TrkB is necessary for epileptogenesis in the kindling model. By crossing mice with 
floxed alleles of BDNF or TrkB to mice in which Cre recombinase is driven by a 
Synapsinl promoter (Syn-Cre), BDNF or TrkB alleles were selectively eliminated from a 
subset of central nervous system neurons, and the mutant mice are viable in adulthood. 
We tested these hypotheses by quantifying epileptogenesis and hippocampal TrkB 
activation in wild type and Syn-Cre conditional BDNF -/- and TrkB -/- mutant mice.̂ ^ 

Analysis of P-galactosidase expression in Rosa'26 reporter mice as well as BDNF 
expression in BDNF -/- mice demonstrated widespread expression of the Cre 
recombinase in pyriform cortex, nuclei within amygdala, thalamus, hypothalamus, and 
brainstem.̂ ^ Within the hippocampus in particular, high levels of Cre activity were 
evident in the dentate granule and CA3 pyramidal cells with lower levels of activity in 
the CAl pyramidal cells as revealed by in situ hybridization for BDNF. The elimination 
of BDNF was confirmed by ELISA as well as immunohistochemistry.̂ ^ 

Contrary to our hypothesis, BDNF -A mice exhibited only a modest impairment of 
limbic epileptogenesis. That is, approximately 50% more stimulations were required to 
induce the 3*̂^ consecutive Class 4 or 5 seizure in BDNF -A compared to BDNF +/+ mice 
(14.8±0.9 and 22.5±3.8 for +/+ and -A mice respectively. Figure 1 top p<0.05). Although 
the number of stimulations required to induce behavioral seizures in the -A mice was 
modestly increased, no differences were evident in the increase of electrographic seizure 
duration in that increases of 300-400% were detected in both +/+ and -A mice.̂ ° No 
significant differences in current required to induce the initial electrographic seizure were 
evident.̂ ^ 

3. DELETION OF trkB AND KINDLING 

We previously demonstrated enhanced activation of the BDNF receptor, TrkB, in the 
mossy fiber pathway of hippocampus during limbic epileptogenesis as evident in 
increased tyrosine phosphorylation at residue 515.* '̂ *̂  Because BDNF can activate TrkB 
and because the increased activation of TrkB coincides both temporally and spatially with 
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Figure 1 Top: Partial inhibition of kindling development in BDNF -/- mice. Kindling development is 
presented as behavioral seizure class (y-axis) in +/+ (n=21), +/- (n=10) and -/- (n=10) mice.. Stimulation 
number (x-axis) refers to the number of stimulations that evoked an electrographic seizure with duration of at 
least 5 sec. Bottom: Striking inhibition of kindling development in TrkB -/- mice. Kindling development is 
presented as behavioral seizure class (y-axis) in +/+ (n=16), +/- (n=16) and -/- (n=4) mice. All data are 
presented as mean±SEM. *: p<0.05, **: p<0.01, one-way ANOVA with post hoc Bonferroni's test. 

the increased BDNF expression during limbic epileptogenesis/^' ^̂ ' ̂ ^ we hypothesized 
that BDNF mediated the enhanced activation of TrkB. ̂ '̂ ^"^ Contrary to our hypothesis, a 
seizure evoked in BDNF -/- mice evoked increased p-Trk immunoreactivity in the mossy 
fiber pathway similar to that of +/+ mice as revealed by quantitative 
immunohistochemical studies.^^ The fact that TrkB in particular exhibited increased 
phosphorylation was verified by immunoprecipitation and Western blot experiments.^^ 

The enhanced activation of TrkB despite striking reductions of BDNF raised the 
possibility of compensatory responses of other neurotrophins that might activate TrkB in 
the BDNF -/- mice. Measurements of NT-4 and NT-3 content in hippocampal 
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homogenates revealed a significant increase (39%) of constitutive expression of NT-3 
protein in hippocampus in -/- compared to +/+ mice (529±21 and 379±19 ng/g for -/- and 
+/+, respectively, p<0.01). No differences in NT-4 content were detected (not shown). 
This raises the interesting possibility that the compensatory increase of NT-3 expression 
contributes to TrkB activation and limbic epileptogenesis in the BDNF -I- mice. 

The persistent enhanced phosphorylation of TrkB associated with the persistence of 
limbic epileptogenesis in the BDNF -/- mice provided additional circumstantial evidence 
that TrkB is necessary for limbic epileptogenesis. We suspected that compensatory 
responses of ligands may be less efficient or absent when targeting the neurotrophin 
receptor itself We therefore crossed the Syn-Cre mice to mice in which the TrkB allele 
was floxed and verified that TrkB was eliminated in a pattern similar to that of BDNF 
when crossed to the same line of Syn-Cre mice. In contrast to the BDNF -/- mice, it was 
not possible to induce limbic epileptogenesis in TrkB -/- mice as evident in the absence of 
evoked behavioral seizures even after 48-50 stimulations (Figure 1 bottom). Measures of 
evoked electrographic seizure duration also revealed inhibition of epileptogenesis. For 
example, in contrast to the 200% increase of electrographic seizure duration evident by 
the tenth stimulation of the TrkB +/+ mice, only a 100% increase of electrographic 
seizure duration was evident by the 21̂ ^ stimulation of the TrkB -/- mice and no fiirther 
increase was observed even after 48-50 stimulations.̂ ^ Importantly, the development of 
kindling in the +/+ mice in this experiment was similar to that in the +/+ mice in the 
BDNF experiment as evident in progressive increase of behavioral seizure intensity and 
electrographic seizure duration induced by similar numbers of repeated stimulations 
(Figure 1 top and bottom). Significant increases were identified in the current required to 
trigger the initial electrographic seizure in the TrkB -/- mice (610±18, 675±16, and 
960±22 jLiA, in +/+, +/-, and -/- mice respectively, p<0.05). Importantly, differences in 
current intensity required to evoke the initial electrographic seizure do not correlate with 
differences in epileptogenesis as measured in the kindling paradigm.̂ ^ In the present 
study, subsets of+/+ mice exhibited elevated current intensities similar to those of the -/-
mice, yet epileptogenesis proceeded in a pattern both quantitatively and qualitatively 
indistinguishable from the subset of +/+ and +/- mice with lower current intensities. 
Importantly, the duration of the initial evoked electrographic seizure was not significantly 
different between the TrkB +/+ and -/- mice (12±2 and 9±2 sec respectively). Together 
these findings indicate that elevated current thresholds evident in the TrkB -/- mice are 
not sufficient to explain the impairment of epileptogenesis. 

Although no overt histological abnormality or defective motor fiinction was detected 
in the TrkB -A mice, we were concerned that the absence of TrkB impacted neuronal 
structure and/or fiinction such that the TrkB -/- mice were incapable of exhibiting the 
behavioral endpoint of kindling, namely a tonic-clonic seizure. To address this 
possibility, electroconvulsive shocks were administered by transcomeal stimulation, and 
seizure occurrence and duration were recorded by an investigator blinded to genotype. 
No differences in duration of tonic flexion or tonic hindlimb extension were detected in 
TrkB -/- mice compared to wild type control mice. Likewise no differences were 
detected in the threshold of current required to evoke a predominantly clonic seizure. 
Thus the TrkB -/- mice can exhibit the behavioral endpoint of kindling, a tonic-clonic 
seizure as well as a predominantly clonic seizure with features similar to Class 1 and 2 
kindled seizures.̂ ^ 
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4. CONCLUSIONS 

These findings demonstrate that eHmination of the TrkB receptor itself prevents the 
plastic response of epileptogenesis in the kindling model while preserving the ability to 
express both electrographic and behavioral seizures. Although many pharmacological 
and genetic perturbations partially inhibit epileptogenesis in the kindling model, to our 
knowledge this study is the first to demonstrate that TrkB, or any other signaling 
pathway, is necessary for epileptogenesis in this model. These findings render TrkB an 
attractive molecular target for developing small molecules that might be used to prevent 
epileptogenesis in humans at high risk. Importantly, several questions must first be 
addressed. Knowing whether elimination of TrkB selectively in the mature brain is 
sufficient to prevent epileptogenesis is critical to the development of TrkB as a target for 
anti-epileptogenic therapies. Pinpointing the population(s) of neurons implicated in this 
process would provide an anatomic locale for elucidating the structural and functional 
consequences of TrkB activation required for epileptogenesis. Elucidating these 
consequences may also inform efforts aimed at prevention. That is, if TrkB activation in 
anatomically restricted subsets of neurons is required for limbic epileptogenesis, targeting 
therapeutic intervention to these sites may limit unwanted effects of global inhibition of 
TrkB activation. Answering these questions and determining whether limiting TrkB 
activation prevents epileptogenesis in additional models will be required to fully 
understand the status of TrkB as a target for anti-epileptogenic therapies. 
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Discussion 

Post: Let's put your data together with Ron Racine's and the early work showing that 
antidepressants, which increased BDNF chronically, can have diverse effects on kindling, 
with some of the antidepressants actually suppressing kindling. Would that be a way for 
you to get your molecules cooked up to chronically up-regulate that pathway so that it 
actually has less target in related epileptogenesis? 
McNamara: There are a lot of ways of regulating BDNF expression, and I think they are 
all tied into, as you point out, with antidepressant effects. The three major 
antidepressants, electroshock therapy, SSRIs, and in particular voluntary physical 
activity, all increase BDNF expression in the granule cells. However, I think what we 
need is some drugs that are highly specific. We need a magic bullet. 
Teskey: I just want to take my hat off to you for sticking to those very frustrating and 
negative early experiments. My question is, when you did get seizures from out of the 
trkB null mice, what did the seizures look like? I know they didn't grow, but did they 
have the same amplitude and frequency? 
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McNamara: Good question. In terms of response to electrical stimulation of the 
amygdala of the trkB nulls, their afterdischarge threshold is higher than in the wild types. 
However, the duration of the first afterdischarge is indistinguishable from the wild types. 
It did grow, but obviously to a much lesser extent - it was truncated. That is really 
important, because they were fiilly capable of generating the electrographic seizure. 
Buzsaki: I would be very grateful is someone could tell what aspect of an afterdischarge 
is responsible for the long lasting effect of kindling. In an ill-fated study which we never 
completed, this is what we did. We triggered an afterdischarge and before what we call 
the seizure termination oscillation occurs, we terminated the seizure with a very brief 
septal stimulation. So you've got the same duration of the afterdischarge, the spiking 
part, but where the seizure terminates, the postical discharge and secondary 
afterdischarge are gone. And in that group of animals, we didn't see kindling effect. In 
other words, somehow the second part of the afterdischarge was more critical than the 
previous part. 
McNamara: Were you first stimulating the electrode in the hippocampus? 
Buzsaki: First we stimulated the perforant path or the hippocampus, and you can stop the 
seizure any time with a brief septal stimulation. So the question I have is, what is the 
factor in the afterdischarge that has the long lasting effect? And second, do you swear to 
God that the afterdischarge in your knockout animals was exactly the same as in the wild-
type animal? 
McNamara: The answer to your first question is that I used to think that the consequence 
of that afterdischarge was increased expression of BDNF. Now I don't think that, I think 
that there are all these compensatory responses, but my guess is that you have to activate 
trkB. That is a hypothesis, that you must somehow activate trkB as a consequence of that 
afterdischarge. In answer to your second question, what is our read out of an 
afterdischarge, it's crude, it's called the EEG. But I can tell you if you just look at the 
EEG these initial afterdischarges are no different, they are identical. That is the level of 
resolution. 
Wasterlain: Jim, beautifiil work. If one destroys the hippocampus and kindles from the 
amygdala, you eventually can kindle - you would find a way around it. I would have 
expected that you would have slowed kindling, but not completely prevented it, in the 
trkB nulls. But here you seem to have had a couple of early stages and then totally 
stopped the spread of discharge. So how do we reconcile this? 
McNamara: That's a good question. If I could just restate it, what is the site within the 
forebrain from which trkB must be eliminated? The answer is that I don't know, but it is 
something we're working on. 
Adamec: Jim, lovely work. With regard to the afterdischarge, you could be more 
quantitative by just doing power-spectral analysis. That is a way at getting at this more 
quantitatively. My question is whether you have tried kindling from a focus other than 
the amygdala. 
McNamara: No. 
Adamec: I think that's worth doing before you generalize and say that you have found 
something that blocks kindling and epileptogenesis. 
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1. INTRODUCTION 

Neuropeptide Y (NPY)-mediated neurotransmission undergoes plastic changes 
during hippocampai or amygdaloid icindling in rats as shown by changes in peptide 
cellular expression and distribution, its release and receptor subtype plasticity (for 
review see ^̂ ' ^ )̂. Electrophysiological and pharmacological evidence in in vitro and 
in vivo models of seizures indicate that NPY has predominant inhibitory actions on 
excitatory glutamate-mediated neurotransmission and it displays anticonvulsant 
properties in acute models of seizures.̂ '̂ '̂ Information about its functional role in 
epileptogenesis is more limited although recent evidence points to an 
antiepileptogenic action of this peptide."*' ^ In this chapter, we will review the 
available evidence concerning the functional role of endogenous NPY in kindling 
and we will address the contribution of its receptor subtypes in mediating its 
antiepileptogenic effects providing novel findings on the involvement of Y2 and Y5 
receptor subtypes. 

2. EXPRESSION OF NPY AND NPY RECEPTOR SUBTYPES IN 
KINDLING 

2.1 NPY 

In the hippocampus, NPY is constitutively expressed in GABA interneurons, a 
subset of which also contains somatostatin.̂ ^ Brief convulsive stimuli, such as those 
used in electroconvulsive shock and kindling, markedly upregulate NPY expression 
in hippocampai GABA- and somatostatin-containing interneurons.̂ '̂ ^"^^ ^ Thus, 
increased NPY expression occurs in neuronal populations that establish symmetric, 
inhibitory synaptic contacts with granule and pyramidal cell dendrites. This 
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phenomenon may result in enhanced inhibition on principal hippocampal cells, likely 
representing an endogenous mechanism aimed at counteracting neuronal 
hyperexcitability. In models of status epilepticus, NPY containing neurons in the 
polymorphic cell layer of the dentate gyrus are particularly sensitive to seizure-
induced cell loss."*̂  The loss of these inhibitory neurons has been suggested to 
contribute to enhanced excitability of granule cells and to the onset of spontaneous 
seizures. A transient increase in NPY and its mRNA is observed in granule cells and 
their mossy fibers after hippocampal kindling stimulation leading to stage 2 or stage 
5 seizures, while a prolonged and lasting increase of NPY is found in these neurons 
and their axonal projections in spontaneously epileptic rats.̂ ''*̂ '"̂ ^ Expression of NPY 
in granule cells is suppressed by anticonvulsant treatment,^'' °̂ suggesting that de 
novo NPY synthesis likely reflects the level of activation of these neurons during 
seizures. When sprouting occurs, NPY accumulates in the aberrant mossy fibres 
projections into the inner molecular layer"*̂ ' °̂ or in the outer molecular layer and 
hilus in human tissue from TLE patients.'^' ^̂ ' ^̂  lonotropic glutamate receptors 
appear to be involved in triggering NPY neosynthesis in intemeurons,̂ '̂ ̂ ^ while type 
I agonists of metabotropic glutamate receptors stimulate NPY mRNA expression in 
granule cells."*̂  BDNF may act as a transcriptional factor promoting NPY 
neosynthesis in hippocampal principal neurons.̂ ^ The increase in hippocampal NPY 
in kindled tissue is associated with enhanced ability of overexpressing neurons to 
release this peptide as shown by ex vivo evidence in slices taken from fully kindled 
rats and exposed to depolarizing concentrations of KCl.'*̂  

2.2 NPY receptors 

Changes in peptide expression in kindling are accompanied by receptor subtypes 
modifications (Fig. 1). Thus, binding to, and mRNA expression of, postsynaptic Yl 
receptors were significantly decreased in the molecular layer of the dentate gyrus, 
representing receptor dowregulation on dendrites of granule neurons. On the 
contrary, presynaptic Y2 receptor binding and mRNA expression were upregulated 
on mossy fibre terminals and in granule cell bodies respectively,̂ ^ reflecting de novo 
synthesis of receptor protein. Yl and Y2 receptor changes occurred at stages 2 and 5 
of kindling and persisted for at least 30 days after kindling acquisition. Similar 
changes in NPY receptors have been found in spontaneously seizing rats^ '̂ ^^' ^^ and 
in humans affected by TLE.'^ 

Y5 receptor distribution in the hippocampus is still unclear; thus, in spite of 
abundant expression of mRNA,̂ ^ very low specific binding has been measured in the 
hippocampus.̂ '̂  Y5 receptors are decreased after kainate-induced seizures in 
pyramidal and granule cell layers,̂  while they are up-regulated in hippocampal 
kindlinĝ '̂"̂ ^ (see also Fig. 4). Differently from Yl and Y2 receptors, modifications in 
Y5 receptor sites are transient and restricted to the stimulated hippocampus (Fig. 4), 
thus likely representing an immediate consequence of local seizure activity rather 
than plastic alterations occurring in epileptogenic tissue. 
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Figure 1. Schematic representation of Yl and Y2 receptor localization in the hippocampus (panel A; from 
ref. 51). Y2 receptors are predominantly located presynaptically on glutamatergic nerve terminals 
(Schaffer collaterals and mossy fibres); Yl receptors are present on granule cell dendrites (see also ref 
33). In B, quantitative analysis of '̂ Î-PYY specific binding to Yl and Y2 receptors in the dorsal 
hippocampus (from ref 20). Note the upregulation of Y2 receptor binding in the hilus while Yl receptor 
binding is decreased in the molecular layer of the dentate gyrus. 

3. ANTIEPILEPTOGENIC EFFECTS OF NEURON SPECIFIC 
ENDOGENOUS OVEREXPRESSION OF NPY 

Transgenic rats expressing 5 extra copies of the human NPY gene showed a 
specific brain- overexpression of NPY in CAl pyramidal neurons and in the 
subiculum."̂ ^ A similar ectopic expression pattern is transiently induced by seizures in 
naive rats."̂ ^ Transgenic rats were less susceptible to kindling epileptogenesis than 
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wild-type littermates as demonstrated by a 65% increase in the number of electrical 
stimuli required to induce stage 5 seizures in NPY overexpressing rats (Table 1) . 
Duration of the first afterdischarge in the stimulated hippocampus did not change, 
while secondary afterdischarge was reduced in transgenic rats only until stage 2 was 
reached. Fluoro-Jade analysis of brain sections did not reveal any degenerating 
neurons in fully-kindled wild-type or transgenic rats. NPY overexpressing rats also 
displayed decreased sensitivity to kainate-induced EEG and behavioral seizures. A 
major portion of CAl pyramidal neurons innervates the subicular complex,' where 
NPY may reduce excitation through Y2 receptor'"* as well as by Y5 receptor 
activation.̂ ^ Thus, the action of NPY in target areas of CAl pyramidal neurons could 
significantly contribute to delay kindling rate by inhibiting seizure generalization in 
transgenic rats. 

Table 1. Kindling epileptogenesis in transgenic rats overexpressing NPY in CAl pyramidal cells and in 
the subiculum 

Stage 1-2 
Stage 3 
Stage 4-5 

ADI at St 2 
ADII 
ADI at St 5 
ADII 

Wild-type 

149 ± 20 

4±1 
10±2 
23 ±3 

23 ±3 
11±2 
29 ±3 
11±2 

AD threshold (jiA) 

Kindling rate 

AD duration (sec) 

Transgenic 

120±11 

5i: l 
15 ±3 
38 ±4** 

22 ±1 
3±1* 

27 ±1 
8±2 

Data are the mean±SE (n= 9). AD threshold represents the average threshold current inducing primary 
afterdischarge (AD) in the stimulated hippocampus. Kindling rate represents the number of electrical 
stimuli delivered to the hippocampus which aew required to induce each of the observed behavioral 
stages (Racine, 1972). ADI and ADII represent average duration of primary and secondary AD 
respectively. *p<0.05; •*p<0.01 by Student's t-test vs wild-type. In this experiment a classical kindling 
protocol was adopted (from ref 48). 

In a subsequent study, the effect of long-lasting NPY overexpression in the rat 
hippocampus was addressed using adeno-associated viral (AAV) vectors carrying the 
human NPY gene (Fig. 2) (from ref. 39). Rats overexpressing NPY in hilar 
intemeurons, pyramidal and granule cells and their mossy fibres were less susceptible 
to kainate-induced EEG seizures and they did not show either EEG or behavioral 
status epilepticus as compared to empty-vector injected control rats. 
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Figure 2 . Expression of NPY in the injected hippocampus of a representative rat 8 weeks after infusion of 
AAV-NPY vector (from ref 39). Left panel represents in situ hybridization analysis of NPY mRNA m 
granule neurons (A), pyramidal cells (B,C) and subiculum (D) of AAV-NPY injected rat. These neurons 
do not express the NPY transcript in normal rat brain (not shown). Left panels represent 
immunohistochemistry of NPY in the AAV-NPY injected hippocampus (B, G, I, M) vs contralateral side 
(A,C,F,H,L). Panel D is a high magnification of the dentate gyrus (see panel B); panel E represents Nissl 
staining of the injected hippocampus. 

Using a rapid kindling protocol, rats overexpressing NPY showed a slower kindling 
rate and reduced cumulative afterdischarge in the stimulated hippocampus than age-
matched control rats. In addition, the threshold current needed to induce the first 
afterdischarge in the stimulated hippocampus was increased by 30% on average 
(Table 2). These findings indicate that endogenous NPY overexpression in neuronal 
populations that are activated by seizures has a significant inhibitory effect on local 
hippocampal excitability and on the spread of seizures from their site of onset. 



254 RICHICHIETAL 

Table 2. Kindling epileptogenesis in AAV-NPY injected rats overexpressing NPY in 
pyramidal cells, granule cells and hilar interneruons 

Stage 1 
Stage 2 
Stage 3 
Stages 4-5 

Control 

127±4 

l . l iO. l 
1.4 ±0.3 
6.2± 1.8 

11.4 ±2.5 

AAV-NPY 

AD threshold (|aA) 
180±21* 

Kindling rate 
1.3 ±0.1 
2.4 ± 0.7 

12.8 ±2.1* 
25.5 ±4.2** 

Cumulative AD duration (min) 
AD 14.9 ±2.0 9.9 ±1.0* 

Data are the mean±SE (n= 9). AD threshold represents the average threshold current inducing primary 
afterdischarge (AD) in the stimulated hippocampus. Kindling rate represents the number of electrical 
stimuli delivered to the hippocampus which are required to induce each of the observed behavioral 
stages'^). Cumulative AD duration was reckoned in each rat by adding together the durations of every 
primary AD in the stimulated hippocampus during the rapid kindling protocol (40 stimuli). •p<0.05; 
••p<0.01 by Student's t-test vs control (AAV-empty) (from ref 39). 

4. ROLE OF NPY RECEPTORS IN KINDLING EPILEPTOGENESIS 

4.1 Yl receptors 

Yl receptors are specifically located on granule cell dendrites in the 
hippocampus, and their pharmacological blockade with selective antagonists 
provides anticonvulsant effects on kainate-induced EEG seizures.'̂ '"^^ Benmaamar et 
al."̂  showed that hippocampal kindling was delayed during the infusion in the rat 
hippocampus of an antisense oligonucleotide directed against Yl receptor mRNA. 
When infusion was stopped (after attaining stage 2), kindling progression was faster. 
These authors measured NPY Yl receptors by Western blot and showed that delayed 
kindling progression during antisense delivery was associated with a marked loss of 
Yl receptor levels, whereas kindling acceleration upon antisense withdrawal was 
associated with enhanced Yl receptor levels likely representing a rebound adaptive 
effect. These data suggest that Yl receptors mediate a mild facilitatory effect of NPY 
on epileptogenesis and highlight the presence of an excitatory component of NPY 
actions. Mice with a genetic deletion of the Yl receptor gene did not show any 
change in kindling parameters."* 

4.2 Y2 receptors 

Y2 receptors are presynaptically located on glutamatergic terminals of Schaffer 
collaterals and mossy fibres. We studied kindling in C57/SVJ mipe with a deletion of 
the Y2 receptor gene. In situ hybridization analysis of mRNA showed that Yl or Y5 
receptor expression was not significantly modified in Y2 KG mice (Fig. 3). We did 
not detect any significant change in the rate of kindling development (Fig. 3) or in the 
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afterdischarge duration (not shown) except for a trend towards kindling facilitation 
during the first 11 electrical stimulations. On the other hand, the same mice were 
more susceptible to kainate-induced EEG seizures (not shown), thus supporting an 
important role of these receptors in mediating inhibitory effects of NPY. 

The lack of changes in kindling in Yl or Y2 receptor knock-out mice may be 
due to functional recruitment of remaining NPY receptors (i.e. Y5) or to 
compensatory upregulation of other inhibitory systems during kindling which may 
substitute for the missing function of the ablated receptor subtypes. 

Intrahippocampal application of [ahx5-24] NPY, a centrally truncated analog of 
NPY with selective agonist activity at Y2 receptors,^ afforded significant dose-
dependent protection from kainate-induced seizures in wild-type mice by delaying 
the onset of seizures and by reducing the total number and duration of convulsions.̂ ^ 
Y2 receptors mediate inhibitory effects of NPY on glutamate release in the 
hippocampus 10. 21, 26 

NPY inhibits seizure activity. 
This action likely represents the pivotal mechanism whereby 
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Figure 3. A. Kindling progression in Y2 C57BL6/SVJ129 knock-out (KO) mice versus wild-type controls 
(n=15). The achievement of the various behavioral stages during hippocampal stilulations is reported in 
the graph. B. Micrographs depict in situ hybridization analysis of NPY receptors mRNA in wild-type and 
Y2 KO mice. 
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4.3 Y5 receptors 

We have studied the role of Y5 receptors in kindling using the selective 
antagonist GW438014A (IC50 = 210 nM; ref. 11), a small heterocycle molecule that 
crosses the blood-brain barrier, and the selective peptide agonist Alâ ^Aib̂ "* NPY 
(IC50 = 6.0 nM; ref. 7). Intraperitoneal injection of GW438014A (10 mg/kg), 30 min 
before the beginning of a rapid-kindling protocol, significantly accelerated the rate of 
kindling as compared to vehicle-injected rats. Thus, the numbers of electrical stimuli 
required to reach stages 3 and 5 of kindling were reduced by 50% and 25% 
respectively. The average afterdischarge duration in the stimulated hippocampus was 
prolonged by 2-fold. Conversely, kindling rate was delayed by 
intracerebroventricular administration of 24 nmol Ala '̂Aib^^ NPY. Thus, the number 
of stimuli necessary to reach stages 2 and 3 of kindling was increased by 3- and 4-
fold respectively (Fig. 4). During the stimulation protocol (40 stimuli) none of the 
rats treated with the Y5 agonist showed stages 4-5 seizures. Twenty-four h after the 
last kindling stimulation, thus during the re-test session, Y5 agonist- or antagonist-
treated rats had stages 4-5 seizures, like their controls. In rats treated with both the 
antagonist and the agonist, kindling rate was similar to vehicle—injected rats.̂  

These data indicate that Y5 receptors mediate inhibitory actions of NPY in 
kindling, but they display anticonvulsant rather then antiepileptogenic effects upon 
agonist stimulation. The lack of changes in local afterdischarge duration during 
agonist receptor stimulation vis-a-vis the remarkable delay in the occurrence of 
generalized clonic behavioral convulsions suggests that Y5 receptors affect seizure 
generalization rather than local hippocampal excitability. This finding is in 
accordance with earlier studies showing that Y5 receptors do not mediate inhibition 
of epileptiform activity in rat hippocampal slices.̂ ^ Suppression of behavioral 
kindled seizures in the absence of changes in local afterdischarge duration has been 
previously described using classical anticonvulsant drugs.̂ ° Since inhibitory effects 
of Y5 receptors on excitatory neurotransmission have been reported in the rat 
subiculum,̂ ^ we suggest Y5 receptors in this region may play a role in retarding 
kindling by dampening the excitatory output drive from the hippocampus. However, 
we cannot exclude the possibility that extrahippocampal Y5 receptors (i.e. in 
amygdala and temporal cortex, where these receptors are abundant) may play a role 
in the observed effects. 

5. CONCLUDING REMARKS 

Distinct changes in the expression of various neuropeptides have been reported 
in experimental models of seizures. In most instances, the activation of excitatory 
pathways and glutamate receptor subtypes precedes the activation of neuropeptide 
systems in brain. This evidence suggests that neuropeptide expression reflects the 
activity of individual neuronal populations during seizures (Gall et al, 1990). Most of 
these modifications are associated with changes in their releasable pool. In this 
respect, neuropeptides are released from neurons at frequencies of stimulation higher 
than those required by classical neurotransmitters, implying that their enhanced 
efflux preferentially occurs during conditions of elevated neuronal activity such as 
those occurring during seizures.̂ "̂  Since peptides profoundly affect neuronal 
responses to glutamate and in some instances to GABA, extracellular changes in 
neuropeptides may profoundly affect neuronal excitability and synaptic transmission. 
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The specific changes in the NPY system are likely to represent endogenous 
neuroprotective mechanisms as suggested by the following considerations: the net 
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Figure 4. A. Left panel depicts kindling progression in rats receiving 10 mg/kg, i.p. GW438014A, a 
selective Y5 receptor antagonist, or 24 nmol Ala '̂Aib^^NPY icv, a selective Y5 receptor agonist, or their 
combination vs control rats treated with the corresponding vehicles. GW was given 30 min before the 
beginning of a rapid kindling protocol; AlaAibNPY was given 10 min before and 75 min after the 
beginning of kindling. Kindling was retarded by the Y5 agonist while it was accelerated by the Y5 
antagonist. Rats treated with both drugs were similar to controls (from ref. 3). B. Right panel depicts 
representative Western blot analysis of Y5 receptors (see ref. 49) and Neurofilament M (NF) which was 
used as an internal standard in each sample. Data in bargraphs represent quantification of optical density 
(means±SE; n=3). Rats and their sham control were killed 24 h after rapid kindling acquisition. Note the 
increase in the level of Y5 receptor protein which is restricted to the stimulated hippocampus while no 
changes were found in the contralateral hippocampus or one week after kindling completion (not shown). 
*p<0.05 vs sham (rats implanted with electrodes but not stimulated) by Fisher 's test. 

.5, 15, 26, 34 or human ' brain slices or effect of NPY when bath applied to rodent 
intracerebrally injected to rodents"̂ '̂ ^^ is 
transmission and seizures; agonist-mediated stimulation of Y2 receptors mediates 
intracerebrally injected to rodents"̂ '̂ ^^ is inhibitory on excitatory synaptic 
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anaticonvulsant effects of NPY,'°' •̂ -2̂ '̂ '* while Yl receptor subtypes mediate a minor 
excitatory component/' '̂  Y2 and Yl receptors are up- and down-regulated 
respectively in epileptic tissue from experimental models^ '̂ ^̂ ' ^^ and humans.'^ 
Finally, mice with NPY gene deletion '̂ '̂  or inactivation'̂  show enhanced 
susceptibility to seizures, while endogenous overexpression of NPY^ '̂ ^^ protects 
from seizures and delays kindling epileptogenesis. Recent evidence also showed a 
neuroprotective role of NPY on excitotoxic neuronal cell death induced by glutamate 
analogs in organotypic slice cultures^^ and enhanced neurogenesis in the 
hippocampus mediated by Yl receptor stimulation.̂ ^ 

These findings underline the importance of the NPY system in controlling 
pathological neuronal hyperactivity in the hippocampus and suggest that NPY 
receptors may represent good targets for pharmacological intervention aimed at 
inhibiting seizures and, more importantly, to delay the epileptogenic process and the 
long-term sequelae associated with the epileptic state. 
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Discussion 

Simonato: Regarding your virus data, with a single injection in the dorsal 
hippocampus, were you kindling from the hippocampus in the same area where you 
have over-expression of NPY or far away from there? 
Vezzani: What we did was inject the viral factor bilaterally in the dorsal and the 
ventral hippocampus of the rat. We waited 2-8 weeks, when there is maximal of the 
expression of the peptide, and then we kindled in one dorsal hippocampus. The four 
hippocampi, dorsally and ventrally, were over-expressing the peptide. 
Simonato: The other question is regarding theYS receptor. Most of the data 
supporting the involvement of the Y5 receptor in seizure control are related to a acute 
phenomena. Have you tested your drugs in a classical kindling paradigm? 
Vezzani: No, we have not. 
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Schwartzkroin: I am curious about the NPY expression in the hilar interneurons after 
kindling. In other models of TLE, those cells tend to be very vulnerable and die. Do 
they disappear at all in the kindling model, and is there any relationship between their 
disappearance and the development of kindling? 
Vezzani: In the protocol used in this experiment, we provoked only a few 
generalized clonic seizures in the animals. In this condition, you do not see any loss 
of these neurons. However, we and others have reported that if you increase the 
number of generalized clonic seizures, you can induce a loss of hilar interneurons and 
these animals develop spontaneous seizures. 
Sutula: You commented that manipulations of NPY seem to affect generalization, 
and the earlier phases of kindling didn't seem to differ with the manipulations. Do 
you have any ideas about what that may represent? If it were an anticonvulsant 
effect, you would expect it to be seen right away, rather than later on or at a more 
advanced stage of the process. 
Vezzani: What we have observed is that actually stage 2 is not very much affected in 
the over-expressing animals. The difference of course is when stage 3 appears. I 
really don't know why, but possibly you need a certain level of hyperexcitability in 
order to recruit the neuropeptide system in controlling epileptogenesis. 



CONTRIBUTION OF PRE KINDLING AFFECTIVE 
STATE TO HEMISPHERIC DIFFERENCES IN THE 

EFFECTS ON ANXIETY OF BASOLATERAL 
AMYGDALA KINDLING 

Robert Adamec, Tanya Shallow, Jacqueline Blundell, Paul Burton* 

1. INTRODUCTION 

The most commonly agreed upon forms of affective psychopathology accompanying 
seizure disorders in humans are depression and anxiety. ̂ '̂  A variety of factors impact on 
affect in human epileptics, complicating determination of the contribution of epileptic 
pathophysiology to psychopathology. Factors include family history, medication, 
psychosocial factors and premorbid psychiatric condition ̂  Limbic kindling has been 
proposed as a model of complex partial seizure disorder with secondary generalization. ̂ '̂ '̂  
Kindling of limbic foci produces lasting changes in animal behavior, including anxiety like 
behavior (ALB)̂ '̂ "̂  and cognition. ̂ ^ The lasting changes in ALB produced by kindling are 
consistent with the idea that seizures change affective behavior. Nevertheless, the nature of 
behavioral change produced by kindling is also complicated by a number of clinically 
relevant factors. 

Kindling may increase or decrease ALB in rodentŝ '̂ * and in felines. ̂ ^ Factors 
contributing to the anxiogenic or anxiolytic effects of kindling include the hemisphere of the 
focus, AP plane location of the focus in a given amygdala nucleus, and pre kindling anxiety 
level (premorbid affective state).̂  Previous work suggests that kindling of left basolateral 
amygdala (BLA) is anxiolytic, while kindling of right BLA is anxiogenic.^'* New findings 
described in this chapter suggest this conclusion must be modified, when premorbid affective 
state is taken into account. 

*R. Adamec et al., Memorial University, St. John's, NL, A1B3X9, Canada 
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Consideration of premorbid affective state is of obvious clinical significance. Moreover, 
its contribution may help to explain some of the discrepancies in findings of effects of 
kindling on rodent affect. In the same animal, Adamec and Shallow^^ were able to assess 
ALB in the elevated plus maze (EPM) prior to and following kindling of the medial 
amygdala. Normally retesting in the EPM increases ALB on second test.̂ "̂  Adamec and 
Shallow showed that testing rats in different novel rooms in different EPM's with an inter test 
interval of three weeks prevented the increase in ALB normally seen with repeated testing.̂ "* 
Pre morbid and post kindling ALB was measured using ratio time, an index of open arm 
exploration.^^ This is the ratio of time spent in the open arms to time spent in all arms. The 
smaller this ratio, the more anxious the rat. Adamec and Shallow divided their rats into those 
with greater or lesser ratio times on the first of two tests prior to kindling, but after electrode 
implantation in the right anterior medial amygdala. Foci locations were carefully chosen to 
match those where kindling was shown to be anxiogenic in the EPM.*' It was found that 
kindling was anxiogenic (reduced ratio time) only in initially less anxious rats. Moreover, 
there was a non significant trend for ratio times of initially more anxious rats to increase 
following kindling (an anxiolytic like effect). One wonders if the baseline ratio times had 
been lower if the effects of kindling might have been anxiolytic. These data suggest that 
premorbid anxiety state interacts with kindling to determine behavioral outcome, and that the 
outcome may be either anxiogenic, anxiolytic or no effect depending on the level of anxiety 
at the time of kindling. 

Given these findings, it is important to test this idea in other amygdala foci. Therefore, 
recent work examined the role of prekindling baseline ALB on the behavioral effects of 
kindling of right and left BLA. Behavior in the EPM was studied with an eye to replicating 
the methods of Adamec and Shallow.*^ Nevertheless, kindling alters other measures of 
defensive behavior including risk assessment,'* and defensive response to handling.*^ 
Therefore, we also examined risk assessment and defensive response to handling. The work 
described below is also presented in more detail elsewhere.'^ 

2. METHODS RIGHT/LEFT KINDLING 

Male Wistar rats (n=108) were randomly assigned to one of three experimental groups: 
an unimplanted handled control (n=36); sham kindled implanted control (n=36); and kindled 
group (n=36). Half were assigned to the right and half to the left BLA kindling experiments. 
Unimplanted controls were handled as other groups. Handled and sham kindled controls did 
no differ so they were separately combined for right and left BLA groupings. Pre kindling 
behavior testing (Test 1) occurred 1 week after electrode implantation. The hole board and 
EPM were used to test rodent activity, exploration and anxiety. Post kindling behavior testing 
(Test 2) took place seven days after completion of kindling to 4 stage 5 seizures. As 
observed in the past, kindling had little effect on activity or exploration in the hole board. In 
addition to ratio time, another measure taken in the EPM was risk assessment (as described 
elsewhere'^). Frequency of risk assessment was divided by time spent in the closed arms of 
the EPM to produce relative frequency risk assessment. In addition to measures in the EPM, 
a common measure of resistance to capture was taken in the hole board. As the rat was 
picked up with a gloved hand in the hole board and transferred to the EPM, response to pick 
up was scored on a scale of 0-6, from no reaction to a violent defensive attack. Some studies 
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of extensive amygdala kindling in hooded rats have reported kindling increases this defensive 
resistance to capture measure.'^'^^ 

Location of electrodes in all three stereotaxic planes of the Paxinos and Watson atlas^^ 
were quantified (see methods^ *''^). There were no statistically significant differences in focus 
location in the right and left BLA of the present study (Table 1). 

Table 1. Electrode locations (means + SEM) in the Right and Left Basolateral Amygdala (BLA) 

Hemisphere Anterior-Posterior 
Plane 

Lateral 
Plane 

Vertical 
Plane 

Present Study 
Right BLA 
Left BLA 

Adamec and Morgan 
Left BLA 

2.15 ± .07 
2.36 ± .08 

2.37 ± .08 

4.92 ± .07 
4.88 ± .08 

4.68 ±.10 

8.25 ± .09 
8.33 ± .10 

8.90 ± .11 

Data are in mm posterior to bregma 

^ Lateral position is in mm lateral to the midline, vertical is mm below the dura. 

To assess effects of pre kindling behavioral state on response to right BLA kindling, rats 
were divided into high and low anxiety pre kindling groupings. This was done by finding a 
mean ratio time (.439) of the normally distributed scores on the first test over all animals. 
Rats were classified as being below the mean (more anxious) or equal to or above the mean 
(less anxious) on test 1. This classification created the mean split factor (M) in subsequent 
analyses of effects of right BLA kindling. The ratio time split used in the left BLA groups 
was .57. Derivation of this number arose from consideration of the findings in right BLA 
kindling and is described below. 

3. PREMORBID AFFECTIVE STATE AND RIGHT BLA KINDLING 

Kindling increased open arm exploration (ratio time) in rats which were more anxious 
prior to kindling, an anxiolytic like effect. In contrast kindling decreased open arm 
exploration in rats which were less anxious prior to kindling, an anxiogenic like effect 
(Figure 1 Right BLA; Test [T, Pre-Post Kindling] x Mean Split [M]; F{1,15}>39.96, 
p<.0001; mean contrasts, Fisher's LSD, p<.05). In contrast kindling increased risk 
assessment equally in rats more and less anxious before kindling (Test [Pre-Post Kindling] 
Effect only, F{ 1,15}=14.07, p<.002). This finding is consistent with a body of data 
indicating changes in risk assessment and open arm exploration are controlled by separate 
neural systems.̂ '̂̂ ^ 

Kindling also interacted with premorbid anxiety in its effects on defensive resistance to 
capture (T x M; F{1,15}=10.44, p <.006; Figure 1 Right BLA, Capture Score). Kindling 
reduced defensive resistance to capture only in rats less anxious before kindling. This 
suggests the kindling induced increase in EPM anxiety in this group is accompanied by more 
passivity in response to being picked up. 
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Figure 1. Mean + SEM for defensive response in hole board and EPM are plotted separately for rats 
kindled in the right and left BLA. Values before (pre) and 7 days after (post) kindling are plotted. 
"M" refers to mean split for right BLA (see text) and Mid and Low in left BLA refer to Mid Anxiety 
and Low Anxiety groupings based on pre kindling ratio time criteria in the text. Within a plot of a given 
measure, unmarked means, or means marked with the same letter do not differ. Means marked differently 
differ, and means marked with two letters fall between means bearing those letters. 

4. PREMORBID AFFECTIVE STATE AND LEFT BLA KINDLING 

Previous findings suggest that right BLA kindling is anxiogenic, and left BLA kindling is 
anxiolytic in the EPM.'^ However, present findings indicate that effects of right BLA 
kindling on EPM anxiety depend on level of pre kindling ratio time. It is possible that a 
similar rule applies to left BLA kindling. From the right BLA kindling study above, one 
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might expect that BLA kindling of rats with pre kindling ratio times at or above .57 would be 
anxiogenic (reduce ratio time). The value of .57 is the average of pre kindling Test 1 ratio 
times from less anxious to be kindled rats and Test 1 and Test 2 ratio times of less anxious 
controls, all of which do not differ. Moreover, in the original study of Adamec and Morgan 
showing anxiolytic effects of left BLA kindling. ̂ / kindled controls had low ratio times (mean 
of .21) and left BLA kindling increased ratio times to a mean of .34. The value of .34 does 
not differ from post kindling ratio times of rats made more anxious by right BLA kindling 
seen above. These data suggest anxiolytic effects of left BLA kindling might depend on low 
open arm exploration tendencies, and that kindling drives ratio time to some mid range value. 
Therefore, we attempted to split left BLA rats into three pre kindling baseline groupings: 

High Anxiety with Test 1 ratio times of .21 or below; Low Anxiety with Test 1 ratio times of 
.57 or above and Mid Anxiety with Test 1 ratio times in between. We predicted that kindling 
of left BLA would reduce ratio time in Low Anxiety baseline rats (an anxiogenic effect); 
increase ratio time in High Anxiety baseline rats (an anxiolytic effect replicating Adamec and 
Morgan); and have no effect in Mid Anxiety baseline rats. There were no high anxious rats 
in the present study. So rats were divided into pre kindling Low and Mid Anxiety groups. 

As predicted left BLA kindling was anxiogenic in Low Anxiety groups, decreasing ratio 
time (Test [T, pre, post kindling] x Split [Low, Mid Anxiety Baseline] interaction, 
F{1,12=4.80, p<.01; Figure 1 Left BLA; mean contrasts, Fisher's LSD, p<.05). In contrast, 
left BLA kindling did not affect ratio time in Mid Anxiety Baseline rats (Figure 1 Left BLA). 
It is of interest that the pre and post kindling ratio times of Mid Anxiety Baseline rats do not 

differ from the ratio times of left BLA kindled rats in Adamec and Morgan* *(mean ± SEM in 
Adamec and Morgan = .34 + .05 vs .43 + .05 present data). Therefore, the lack of change 
following kindling in these animals may be because they were already at a level of open arm 
exploration to which left BLA kindling would drive them, as predicted. 

Left BLA kindling had no effect on risk assessment. This differs from the increase in 
risk assessment following right BLA kindling. Also unlike right BLA kindling, left BLA 
kindling had no effect on resistance to capture (Figure 1 Left BLA). Resistance to capture 
scores were quite low (between 1 and 2) and within the range of capture scores of right BLA 
kindled rats (compare Right, Left BLA Figure 1). It is possible that the lack of effect of left 
BLA kindling on capture score is because they were already as low as kindling might have 
driven them. 

Different effects of kindling in the right and left BLA groupings cannot be attributed to 
location of the focus. Comparison of focus locations in three planes in above and below 
mean split right BLA kindled groups did not differ. The same holds true for Low and Mid 
Anxiety left BLA kindled groups. Furthermore, left and right BLA groups did not differ in 
kindled focus locations (Table 1). Finally none of the sub groups kindled in right and left 
BLA, or comparing right and left BLA, differed in number of seizures to first stage 5 seizure 
or duration of the fourth stage 5 seizure (see Adamec et al. for details* )̂. 

In both right and left BLA kindling studies, rats served as their own controls. This was 
justified by the fact that controls and to be kindled rats did not differ on Test 1 in both right 
and left BLA studies. Nor was repeated testing of controls in the EPM anxiogenic. Moreover, 
the effects of kindling cannot be attributed to changes in response on repeated testing (see 
Adamec et al. for details.*^ 
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5. DISCUSSION 

5.1 The Interaction of Pre Kindling Baseline and Kindling on ALB 

Using a comparable paradigm, Adamec and Shallow*^ reported that right medial 
amygdala kindling was anxiogenic (reduced ratio time) in rats with above pre kindling 
median baseline, consistent with present findings. In contrast kindling was without effect in 
rats with below median pre kindling baseline. ̂ ^ Baseline ratio times of medial amygdala 
kindled rats were all within the range where Adamec and Morgan^ ̂  found anxiolytic effects 
of left BLA kindling (below .21). Given present findings, one might have expected increased 
ratio times in both medial amygdala kindled groups. It appears that the nature of the 
interaction between baseline ratio time and kindling effects on behavior may vary with the 
amygdala nucleus kindled. 

5.2 Left BLA Kindled Rats in Present and Past Studies 

The anxiogenic effects of kindling left BLA in initially Low Anxiety rats differs from the 
Adamec and Morgan report of anxiolytic effects of left BLA kindling." Nevertheless, 
anxiogenic effects were predicted on behavioral grounds under the assumption that pre 
kindling baseline anxiety level, not hemisphere, was the critical determinant of outcome of 
basolateral amygdala kindling on behavior in the EPM. The importance of baseline anxiety 
level was strengthened by the finding of no anatomical or kindling parameter differences 
between kindled foci in right and left BLA in the present study. 

Moreover, there were no kindling parameter differences between the present study and 
Adamec and Morgan. Present study focus locations did not differ from Adamec and Morgan 
in AP or lateral plane positions. There was a difference in vertical plane location, however. 
Adamec and Morgan foci were located deeper in and near the left ventral basolateral 
amygdala(BLV) (bonferroniprotected ttests, all p <.05, t{ 11) = 3.93; t{ 13}=3.10,Table I). 
Therefore it cannot be entirely ruled out that the difference in response to left BLA kindling 
in the two studies might be related to the difference in depth of the kindled foci in the BLA. 

5.3 Effects of Kindling on Resistance to Capture and Risk Assessment 

The kindling induced decrease in resistance to capture following right BLA kindling 
differs from the increases in this measure reported following far more extensive kindling in 
left BLA of hooded rats.̂ '̂̂ ^ Strain, hemisphere and kindling procedural difference may 
account for this discrepancy. 

In the present study, kindling of the right BLA increased risk assessment in all groups 
but kindling of similar foci in left BLA was without effect on risk assessment. Therefore 
effects of kindling on this measure are independent of pre kindling baselines of open arm 
exploration in EPM. These findings are consistent with studies showing open arm exploration 
and risk assessment can be changed independently of each other. ̂ "'' ^̂ '̂ "̂  Taken together, 
present and past findings suggest that the nature of the effects of kindling on risk assessment 
are focus location specific. Increases, no change and decreases are possible, depending on 
the hemisphere, amygdala nucleus and AP plane of the focus within a nucleus."' ^̂ ' ^^ It is 
also clear from present and past studies that the interaction of premorbid baseline behavior 
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and effects of kindling does not apply to risk assessment, and may be specific to open arm 
exploration in the EPM. 

6. CONCLUSIONS 

The results of this study replicate and extend previous findings of lasting and selective 
changes in ALB following amygdala kindling. The data confirm the importance of baseline 
anxiety level on effects of kindling on anxiety measured by open arm exploration in the EPM. 
The work shows for the first time that kindling of the same sites in the right BLA produces 

opposite behavioral effects, depending on pre kindling anxiety level. High anxiety rats 
become less so and low anxiety rats become more so following kindling. The same may be 
true for left BLA kindling, when data from the present and previous studies are taken into 
account. Therefore, the previously reported anxiolytic effects of left BLA kindling may not 
reflect a functional hemisphere difference. These conclusions must be tempered by some 
differences in anatomical location of kindled foci between the present and past studies. More 
effort is required in BLA to determine the relative contribution of electrode location and 
baseline ALB on response to kindling. 

Therefore, a complex set of factors appear to contribute to the effects of kindling on 
behavior. Nevertheless, one of them appears clearly to be pre kindling behavioral disposition. 
Perhaps dispositional neural correlates exists in rodents which change amygdala function 
differently as a consequence of amygdala kindling. In fact, high and low anxiety in EPM has 
been bred in Wistar rats which show elevated ACTH and corticosterone responses to stress.̂ ^ 
Moreover, differences in CCK function have been related to dispositional differences in 

EPM,̂ ^ and CCK mRNA is altered in amygdala by kindling.^^ Further work testing this 
disposition hypothesis seems warranted. 
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Discussion 

Wasterlain: Interesting to see that resistance to capture seems to be decreased by kindling. 
How do you relate that to the findings on aggression, which is increased by seizures? 
Adamec: It may be useful to compare the different models. I remember talking to Pierre 
Gloor about this, and he thought epileptic "so called" aggressivity was actually extreme 
fearfulness. It is possible what Lisa Kalynchuk sees is more relevant to that clinical 
manifestation where these animals are so defensive that they actually attack in defence of 
themselves, whereas the strategy these rats are adopting is a passive one. They are passively 
freezing, and it appears as though they are allowing themselves to be picked up. I think it 
really may be a manifestation of a less intense form of defensiveness. 
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Gale: You sorted the animals by groups with cutoffs. Did you do any correlations within 
groups to see whether there was really an inverse correlation across all the animals based on 
where they started and where they finished? 
Adamec: No, I didn't, but that is a good idea. 
Schwartzkroin: How generalizable are your behavioral results to the point of stimulation, 
which anatomical site you kindled, and to the generation of seizure activity as opposed to just 
stimulation in a particular site? 
Adamec. I'll address the second question first. We didn't do the necessary controls, but it 
has been shown that partial kindling to stage 3 in rodents can produce very long increases in 
anxiety-like behavior, but in a more posterior basolateral amygdala placement. In the cat, we 
initially showed that it is not necessary to kindle an actual motor seizure; all we did was 
produce repeated seizure discharges. But we did show that long-lasting changes in affective 
disposition in the cat required several seizures - you really had to partially kindle. It was not 
due to a single seizure durmg ADT determination or frequency of stimulation. I can't say 
that for sure here, but based on that history it at least requires a number of ADs for this to 
occur. I am not certain that it requires actual kindling to stage 5, and my guess is that partial 
kindling might do the same. With regard to kindling location, one of the issues that I brought 
up at the last kindling 5 conference was the importance of the location of the focus. We have 
found that the AP plane, for example, appears to be important depending on the nucleus: 
More anterior locations can be anxiogenic, more posterior locations can be anxiolytic, and in 
the central nucleus it is reversed. The actual location of the focus may be important. We 
have a new paper that looked slightly more posterior to this site in the basolateral amygdala, 
which produces strong broadband anxiolytic effects measured in a variety of test. I am not 
sure whether it is really anatomical locus or baseline. The other thing is that I am not entirely 
sure that we have explained Adamec and Morgan's data on the left basolateral amygdala, 
because there is a focus difference from that study to this one, in that our electrodes were 
slightly higher and are in the body of the basolateral nucleus, whereas in that study they were 
infringing upon the basolateral ventral nucleus. We have data in the right amygdala saying it 
is anxiolytic; so it is a complex question. 



EFFECTS OF KINDLING ON SPATIAL MEMORY 
Characteristics and mechanisms 

Darren K. Hannesson, Ken Wolfe, and Michael E. Corcoran 

1. INTRODUCTION 

Epilepsy is a chronic disorder defined by the recurrence of spontaneous seizures 
affecting -2% of the population in North America.̂  There are a variety of distinct sub
types of the disorder with the most common, temporal lobe epilepsy (TLE), accounting 
for about 55% of all cases.̂ ' ^ While the seizures themselves can be significantly 
debilitating, the clinical impact of TLB is exacerbated by the fact that about half of all 
sufferers exhibit serious disturbances of affect and/or memory function.̂ '̂  At present, the 
mechanisms of these TLE-associated psychological impairments are unknown and, 
although recent studies have begun to explore the potential effectiveness of behavioral 
interventions,̂ ' ̂  there is no treatment currently available. Consequently, these problems 
are often neglected clinically and have a significant adverse effect on patient quality of 
life.̂  There is a clear need, then, for research to provide a better understanding of the 
bases for epilepsy-associated psychological disturbances and to develop effective 
treatment strategies. Clinical studies, however, are challenging because of the large 
number of potentially relevant but difficult to control variables. Thus, progress relies 
heavily on work with suitable animal models. The present chapter reviews studies on one 
such model - kindling in rats, and describes characteristics of spatial memory changes in 
this model, their relation to kindling-related variables, and potential mediating 
mechanisms. 
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1.1. TLE and memory dysfunction. 

There is strong evidence that TLE is associated with memory dysfunction, that this 
dysfunction can be relatively specific, and that it is clinically significant. Impairment of a 
variety of mnemonic functions is observed more frequently in patients with epilepsy 
compared to other comparable populations,̂  and is most common in a subset of patients 
with TLE '̂ ̂ ' *°. Disturbances are seen in both verbal̂ ' ^̂ ' *̂ and non-verbal memory"'̂ ^ 
and are apparent at the onset of TLB.*"* The impairment is typically restricted to specific 
types of memory functions, ̂ '̂ *̂ ' ^̂  and can occur against a backdrop of relatively intact 
cognitive functioning.̂ ' ^̂ ' ^̂  Patients frequently complain about memory impairments,̂ ' 
^̂ ' ^̂  and if anything, underestimate their severity relative to that apparent on laboratory 
memory tests. ̂ '̂ ^̂  Finally, the clinical significance of memory dysfunction in epilepsy is 
underscored by the fact that memory problems adversely impact day to day functioning,* 
and correlate inversely with measures of quality of life.̂ ' ̂  

The mechanisms underlying memory dysfunction in epilepsy are unknown. Some 
contribution is likely made by damage to structures involved in memory. However, not 
all TLE patients with memory problems have detectable lesions, ̂ '*' ®̂ and measures of 
structural pathology are highly variable in the extent to which they correlate with aspects 
of memory performance.̂ ' *̂  Recent studies using magnetic resonance spectroscopy have 
shown that measures of hippocampal metabolites show a significant correlation with 
memory impairments,̂ *'̂ ^ yet correlate weakly with conventional measures of structural 
changes, such as volumetry.̂ ^ This suggests that metabolite measures reflect changes in 
neuronal function that are distinct from cell loss and may in fact be more strongly 
involved in memory impairments.̂ ^ On the whole then, these considerations strongly 
suggest that factors besides cell loss make a significant contribution to TLE-associated 
memory dysfunction, although the nature of these factors is unknown. 

1.2. Kindling as a model to study TLE-associated memory dysfunction 

Kindling in rodents is an excellent preparation to use to investigate TLE-associated 
memory dysfunction for a number of reasons. First, kindling bears a number of 
similarities to TLE in that both show a propensity for involvement of medial temporal 
lobe structures, focal seizures capable of secondary generalization, distinct patterns of 
temporal lobe neuropathology, and characteristic patterns of drug 
sensitivity/insensitivity.̂ "*' ^̂  Second, kindling is one of the most widely used 
preparations to study TLE and, therefore, a great deal has been discovered about its 
physiological, anatomical, and molecular consequences in the 30 years since its 
recognition [see this volume]. This knowledge provides a repository of information that 
can be used to assist in identifying candidate mechanisms for inter-ictal behavioral 
effects. Third, previous work has demonstrated that kindling is in fact associated with a 
range of inter-ictal behavioral effects, including memory impairments, and these 
resemble many of the changes also observed in TLE.̂ "̂̂ ° Finally, kindling enables 
precise experimental control over a range of potentially important variables including the 
focus (i.e., the brain site stimulated), severity, frequency, and number of seizures 
experienced as well as the interval between seizures and behavioral assessment. 
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2. THE EFFECTS OF KINDLING ON SPATIAL MEMORY 

Several types of memory impairment have been observed following kindling. The 
present chapter focuses on experiments investigating kindling's effects on spatial 
memory.̂ *"̂ ^ Effects on spatial memory, defined as the ability to acquire, maintain and 
use information about viewer-independent spatial relations between stimuli,"^ are 
particularly worth studying for a number of reasons. First, spatial memory in rodents has 
been extensively studied and we are beginning to develop a good understanding of its 
anatomical, physiological, and neurochemical/pharmacological bases."*̂ "̂ ^ Second, there 
are a range of well-validated and frequently used behavioral paradigms to assess spatial 
memory in rodents as well as an arsenal of similarly designed control tasks that enable 
the assessment of the specificity of impairments to spatial memory."* '̂ ^^ Third, spatial 
memory is known to critically involve the hippocampus,"^ a structure that is strongly 
implicated in TLE and memory dysfunction.^' Lastly, spatial memory can be viewed as 
one example of a more general class of memory function known as explicit or declarative 
memory,"*^ which represents a fundamentally important type of human memory and one 
that is essential for day-to-day functioning. This point is important because recent studies 
suggest that TLE-asssociated memory impairments may be selective to declarative 
memory tasks,'^' '̂  including those that assess spatial memory.'^ 

2.1. Behavioral characteristics 

Our work and that of several other laboratories has led to considerable progress in 
the characterization of the nature of kindling's effects on spatial memory. Consideration 
of these studies suggests that the deficit is manifest in a relatively specific impairment of 
the earliest phase of spatial memory processing. Kindling of the dorsal hippocampus 
(dHPC) disrupts performance on a range of spatial memory tasks including several 
versions of both the radial-arm mazê '̂"** and Morris water maze (MWM).̂ '̂̂ '̂ ^^ The 
impairment is typically small and involves poorer than normal performance rather than a 
total failure of mnemonic function.^* The consistency of the deficit across task variants is 
noteworthy and suggests that dHPC kindling reliably impairs some aspect of spatial 
memory. This view is corroborated by findings that kindling does not substantially 
impair a range of non-spatial functions that might otherwise account for spatial task 
deficits. Thus, dHPC kindling does not impair performance on a non-spatial visible 
platform variant of the MWM,̂ '̂ ^̂  a task that shares many of the same demands as the 
conventional MWM task, including the need for effective goal-directed swimming, 
sensory processing of remote visual information, and intact motivational processing. 
DHPC kindling protocols that impair spatial memory also do not affect key aspects of 
performance in the elevated plus maze or the open field,^"* demonstrating that anxiety-
related behaviors are not affected. Finally, dHPC kindling does not impair either 
acquisition or retention of an object discrimination task in a modified water maze^^ or 
performance of a spontaneous object recognition task in an open field^"* demonstrating 
that a general cognitive or global mnemonic deficit is not produced. Results fi-om the 
object discrimination task also rule out task-difficulty as an account for the pattern of 
tasks impaired by dHPC kindling since the object discrimination task was more difficult 
(i.e., it required more trials to acquire) than the spatial water maze tasks shown to be 
impaired.^^ Collectively the above considerations suggest that kindling produces a 
specific disruption of spatial memory. 
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Evidence also suggests that the deficit is restricted to a specific phase of memory 
processing. DHPC kindling disrupts within-day acquisition but not 7 or 28-day retention 
of a constant hidden platform location in the MWM^̂  demonstrating that learning or 
short-term memory but not long-term memory is disrupted. Further evidence indicates 
that the earliest phase of spatial memory processing is primarily affected. DHPC 
kindling produces a delay-independent deficit in a delayed matching-to-place task in the 
Morris water maze across 15, 60, and 240 sec delays.̂ "* Since longer delays place greater 
demands on short-term memory, the lack of relation between delay and the impairment is 
best accounted for by a disruption of the earliest phase of spatial memory processing. 

2.2. Relation to kindling variables 

There are a number of kindling-related parameters that may impact the extent to 
which kindling leads to changes in spatial memory function including the site being 
kindled, the interval between kindling and behavioral testing, and the extent of kindling. 
The importance of these parameters has been rarely directly investigated but comparisons 
across studies provide relevant information. 

Comparing the effects of kindling in different sites on spatial cognition can provide a 
basis for differentiating alternative accounts of the bases for these effects. If the 
disruptive effects of kindling on memory are mediated by characteristic changes in 
circuits involved in seizure propagation, then the effects of kindling on memory should 
be similar regardless of which site serves as the seizure focus. Alternatively, if the 
disruptive effects are mediated by changes local to the seizure focus, then the effects of 
kindling on memory depend on which site is being kindled and could reflect differences 
in the contributions of different structures to memory. Studies discussed thus far 
demonstrating impaired spatial memory after kindling have all used stimulation sites in 
the dHPC, predominantly in the CAl region."""̂ ^ In other studies, kindling in a variety of 
other brain sites, including the ventral hippocampus, perforant path, perirhinal cortex, 
amygdala, and olfactory bulb, has been shown to spare spatial memory,"*̂ ' ^^'^^ except in 
those cases where massive numbers of kindling stimulations are administered.̂ '̂ ^^ We 
have investigated the importance of site of kindling by comparing the effects of kindling 
in the dHPC, amygdala, and perirhinal cortex on identical batteries of tasks. Controlling 
for testing conditions is important because null findings in other studies can be difficult to 
interpret in light of the relatively small effect even dHPC kindling has on spatial memory. 
Thus, spared performance after kindling in another site could be interpreted as a lack of 
task sensitivity or statistical power in the absence of evidence that dHPC kindling impairs 
performance under identical testing circumstances. Using this approach we have found 
that perirhinal cortex kindling spares both acquisition and retention of a constant platform 
location in the standard mazê ^ under conditions where dHPC kindling impairs 
acquisition though not retention.̂ ^ Similarly, in another series of studies, we have found 
that both perirhinal cortex and amygdala kindling spare spatial working memory in a 
MWM delayed-match-to-place task (see Figure 1) that is impaired by dHPC kindling.̂ "* 
Collectively, the above observations indicate that a kindling site in the dHPC is more 
effective in disrupting spatial memory than kindling in other sites, which suggests that 
changes within this brain area may be critical in mediating such effects. 
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Figure 1. Latency to escape to a hidden platform in a delayed-match-to-place task after perirhinal cortex (A), 
amygdala (B), or dHPC (C) kindling. Data are averaged across 6 test sessions (2 each at delays of 15, 60, and 
240 sec). Open circles are controls. * p < .05 relative to controls 

The interval between kindling and behavioural testing could also be an important 
factor in modulating the impairment and has the potential to substantially limit 
prospective underlying mechanisms since many of the effects of kindling vary in their 
persistence following kindling. Although this variable has not been directly investigated, 
two important points about the interval between the last kindling stimulation and effects 
on memory testing can be made by comparing results across studies. First, the effects of 
dHPC kindling on spatial memory are not simply an acute after-effect of seizures per se 
because, in most studies, behavioral testing has been started 1 day to 1 week after the last 
seizure.̂ '̂"̂ ^ Second, these effects are very long-lasting if not permanent. Impairments 
have been observed during testing between 2 and 3 weeks after the last seziurê "*' ^^ and 
may persist even longer, but suitably designed studies testing performance at longer 
intervals following kindling and in the absence of the confounding effects of intervening 
learning opportunities have not been performed. 

The extent of kindling achieved before behavioral testing may also be important. 
Kindling is an inherently progressive phenomenon and can be terminated at different 
stages, defined by the severity of the final seizures elicited. When kindling is stopped 
prior to the appearance of fiiUy generalized seizures (i.e., stage 4 or 5 seizures)̂ ^ it is 
often referred to as partial kindling whereas if it is stopped after the appearance of a few 
fiilly generalized seizures, it is often referred to as flill kindling. Full dHPC kindling 
reliably impairs spatial acquisition in several Morris water maze taskŝ '̂̂ ^ whereas partial 
kindling spares acquisition in both the radial-arm maze and Morris water maze.^' ^̂ ' ^^ 
Partial dHPC kindling has been shown to disrupt spatial memory but only in those cases 
where some training preceded kindling thus allowing for the possibility that the 
disruption resulted fi'om seizure-mediated retrograde amnesia rather than an anterograde 
disruption of spatial leaming.̂ '̂ ^̂ ' ^^ However, even in these cases, an equal or larger 
impairment is seen after fiill dHPC kindling.̂ '̂ ^̂  These observations suggest that full 
dHPC kindling is required to impair spatial memory or at least produces a greater 
impairment than partial dHPC kindling. Extended kindling (i.e., kindling in which 10 or 
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more generalized seizures are evoked) is also effective in disrupting spatial task 
performance but does not require a kindling site in the dHPC^̂ ' ^^. However, effects that 
require extended kindling should be viewed cautiously in terms of their specificity to 
spatial cognition since non-mnemonic behavioural changes are likely to be more 
pronounced following extended kindling,̂ ^ and the possible contributions of such 
changes to spatial task performance following extended kindling have not been 
systematically considered. Nonetheless, these observations suggest that an interesting 
interaction between the site and extent of kindling may exist such that kindling in a 
sensitive region (e.g., the dHPC) requires only full kindling whereas kindling in less 
sensitive sites (e.g., the amygdala, perforant path, or olfactory bulbs) requires extended 
kindling to produce an anterograde spatial deficit. 

An alternative way to think of extent of kindling is in terms of the number of sites 
from which kindled seizures have been elicited. We have recently investigated the 
importance of kindling extent conceived in this manner by comparing the effects of 
dHPC kindling, lateral entorhinal cortex kindling and bifocal kindling of both sites (i.e., 
entorhinal kindling followed by dHPC kindling) on acquisition and retention of spatial 
information in the Morris water maze (see ^̂  for a similar testing protocol). Our 
preliminary results indicate that whereas dHPC kindling disrupts acquisition but not 
retention, entorhinal cortex kindling disrupts retention but not acquisition (see Figure 2). 
Interestingly, bifocal kindling appears to superimpose the effects of kindling in each site 
by producing a clear deficit in retention and trend a towards impaired acquisition (see 
Figure 2). A milder effect of bifocal kindling relative to dHPC kindling on acquisition 
might be accounted for by the fact that dHPC kindling involves 40 or more dHPC 
stimulations whereas our bifocal kindling protocol involved between 10 and 15, a 
possibility which could suggest that the number of dHPC stimulations administered is a 
critical variable in addition to the severity of the convulsions elicited. These findings 
also demonstrate that kindling in different sites can selectively affect different phases of 
spatial memory and suggests that variability in seizure focus location could contribute to 
heterogeneity in memory impairments reported in epileptic patients. ̂ ^ 
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Figure 2. Distance to escape to a hidden platform in the MWM during acquisition (left) and retention (right) 
following dHPC, lateral entorhinal cortex (LEC), or bifocal kindling. Data are averaged across blocks of 3 
trials. * - p < .05, dHPC vs control, # - p < .05, bifocal vs control, ^ - p < .05, bifocal vs control, LEC vs control 
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In review, our and others' work investigating the effects of kindling on spatial 
memory has lead to the following conclusions. DHPC kindling disrupts performance on 
a range of spatial tasks. This deficit is specific to spatial memory because the same 
kindling protocols that disrupt spatial task performance spare sensorimotor, motivational, 
emotional, and non-spatial cognitive functions as shown by unimpaired performance on a 
range of non-spatial tasks. The deficit in spatial memory is manifest in a disruption of 
the earliest phases of spatial memory processing as indicated by a deficit in within-day 
acquisition but not long-term retention of a platform location in the MWM and the lack 
of delay-dependence of the deficit in a variable-delay spatial working memory task. 
Finally, this deficit is preferentially induced using a dHPC kindling site, is long-lasting 
for at least two weeks following the completion of kindling, and generally increases with 
extent of kindling although this relation exhibits considerable complexity. 

Considerations, then, of the nature of the effect of kindling on spatial cognition and 
the relation shown between this effect and kindling-related parameters can be used as a 
guide to identify prospective mediating mechanisms. For example, one can deduce that 
attractive candidate mechanisms should make a significant contribution to spatial 
leaming/STM, should be reliably affected by kindling, and should exhibit a similar 
relation to the kindling-related parameters as the deficit itself 

2.3. Prospective mechanisms 

Although the precise mechanisms mediating spatial memory are not definitively 
established, one of the most widely held views is that hippocampal synaptic plasticity 
plays a key role.̂ '̂ ^̂  According to this view, then, learning depends on mechanisms that 
mediate the induction and early phases of experience-dependent synaptic plasticity and 
memory depends on mechanisms that maintain these changes over different time 
intervals.̂ ^ Given this postulated role for intra-hippocampal synaptic plasticity, we 
hypothesize that kindling impairs spatial learning by disrupting capacity for induction or 
early phase maintenance of intra-hippocampal synaptic plasticity, which results from 
kindling's effects on the levels or activity of one or more molecules normally involved in 
the signalling cascades mediating experience dependent synaptic change. In other words, 
we believe kindling represents an enduring form of metaplasticity,̂ * which results in a 
shift away from the optimal "settings" for intra-hippocampal plasticity, and thereby 
results in alterations of fimctions that depend on this plasticity, such as spatial learning. 

Available evidence supports the possibility that kindling may lead to subsequent 
changes in capacity for hippocampal plasticity as assayed by long-term potentiation 
(LTP) and long-term depression. In a recent study, partial dHPC kindling has been 
shown to impair in vitro induction of LTP using primed burst stimulation in the CAl 
region of the dHPC.̂ ^ In other studies, full amygdala kindling has been shown to impair 
subsequent capacity for both LTP̂ ^ and long-term depression^* in intra-amygdaloid 
pathways. Indirect evidence that dHPC kindling may disrupt subsequent capacity for 
hippocampal plasticity comes fi*om observations that kindling leads to alterations in 
several molecules that have been implicated in LTP (e.g., ^^'^), It is also interesting to 
note that disturbances in hippocampal plasticity, which are associated with learning 
impairments, are seen in other rodent models of epilepsy^ '̂ ^̂  and have in fact also been 
demonstrated in tissue resected from TLE patients with a hippocampal seizure focuŝ .̂ 
Our current research, then, is aimed at further investigating whether kindling leads to 
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changes in subsequent capacity for plasticity, which molecular effects mediate these 
changes, and how these changes impact memory and perhaps epileptogenesis itself. 
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Discussion 

Gale: Congratulations on a very thorough analysis of so many components that are so 
rarely delved into, particularly in terms of the behaviour. What I was most impressed 
with was your effort to sort out the learning components and the processing components 
versus the memory components. I was impressed that you did not get a delay-dependent 
effect. So I was confused by your conclusion that it was a deficit in spatial memory 
when, in fact, it seems to me that you ruled out spatial memory and instead identified 
some sort of processing deficit. In that context, I was wondering if you looked at 
contextual cue processing in general, space being just one example of that, and temporal 
processing being another example. Did you look at a simple spatial alternation task, 
either a rewarded spatial alternation task or spontaneous alternation task, to see if these 
animals have a deficit? 
Hannesson: No, we haven't looked at that. Our prediction is that what we have is a 
general deficit in hippocampal-dependent functions, and I would expect an impairment 
on those sorts of things. 
Leung: Very comprehensive study, very nice. I still don't understand why there can be 
such general spread of AD to field CAl as well in perforant path or in your lateral 
entorhinal kindling, and yet there seems to be some difference if you stimulate dorsal 
hippocampus versus elsewhere. 



EFFECTS OF KINDLING ON MEMORY 283 

Hannesson: Yes, it is a very curious finding that you can stimulate the ventral 
hippocampus, the perforant path, or the entorhinal cortex, which we think of as a very 
tightly integrated set of circuitry, yet we get these different effects. There does seem to 
be something special that goes on when your electrode is in the dorsal hippocampus, and 
it may relate to changes in AD threshold that you don't get when you kindle with an 
electrode elsewhere. 



A POTENTIAL ROLE FOR THE HIPPOCAMPUS IN 
THE EXPRESSION OF KINDLING-INDUCED FEAR 

Lisa E. Kalynchuk and Amanda J. Wintink 

1. INTRODUCTION 

A number of interictal behavioral co-morbidities accompany temporal lobe epilepsy. 
These co-morbidities range from fear and anxiety to depression and memory loss. For 
many patients, these behavioral disturbances pose a greater problem than the seizures 
themselves, because they can disable patients to the point where they cannot work or 
sustain normal relationships. Surprisingly, relative to the seizures themselves, these 
behavioral problems have received little experimental attention. 

The focus of this paper is to review our recent research using the kindling model to 
study the interictal fear and anxiety associated with temporal lobe epilepsy. Kindling 
provides a particularly useful way to study these behavioral problems because several 
important variables, such as the site of stimulation, the number of seizures, and the time 
between the final seizure and behavioral assessment can be carefully controlled. 

2. FEARFUL BEHAVIOR PRODUCED BY KINDLING 

Adamec' first reported the effect of kindling on fearful behavior. He found that 
partial amygdala or hippocampal kindling in cats increased defensive responding to rats, 
mice, or threat vocalizations from other cats. Soon after, Pinel and his colleagues^ 
reported that long-term kindling of either the amygdala or hippocampus increased 
resistance to capture fear behavior in rats. Since these seminal experiments, the 
anxiogenic effects of kindling in rats have been well studied.̂ ' ̂  For example, kindling has 
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been shown to decrease open-arm exploration on an elevated plus maze,̂ "^ increase 
immobility in a social interaction test^, increase fear-potentiated startle,^ increase 
corticotrophin-releasing factor-induced defensive fighting,^ and increase stress-induced 
stomach ulcers. ̂ ^ Furthermore, in our laboratory we have found that kindling increases 
acoustic startle responses, increases escape behavior from an elevated plus maze, and 
increases active defensive responses in a resident-intruder paradigm and social interaction 
paradigm/ '̂̂ "^ We have also found that kindling produces intriguing changes in open field 
behavior. When placed into an unfamiliar open field, kindled rats show an initial freezing 
response, followed by hyper-locomotion and escape-related behaviors. ̂ '̂ ̂ ^ At the end of 
the open field session, kindled rats are extremely resistant to capture from the open field, 
often engaging in fleeing, biting and defensive jump attack behaviors. ̂ '̂ ^^' ^^ 

There are several important parameters that affect the level of fear produced by 
kindling. First, the magnitude of fearful behavior depends on the site of stimulation. We 
have assessed fearfiil behavior in rats that have been kindled in a number of different 
brain regions including the basolateral amygdala, bed nucleus of the stria terminalis 
(BNST), perirhinal cortex, ventral hippocampus, claustrum, and caudate nucleus. In each 
case, the rats received 99 stimulations prior to behavioral testing-three suprathreshold 
stimulations per day (i.e., 800 jaA peak-to-peak square wave pulses delivered at a 
frequency of 60 HZ over 1 second), 5 days per week, for 33 days. One day after the final 
stimulation, each rat was placed into an unfamiliar open field for 5 min. After the 5 min, 
an experimenter wearing a leather glove that was unfamiliar to the rat forcefiilly picked 
up the rat from above. The rat's resistance to being picked up was scored according to the 
following 7-point scale, adapted from Albert and Richmond^^: 0 = easy to pick up, 1 = 
vocalizes or shies away from hand, 2 = shies away from hand and vocalizes, 3 = runs 
away from hand, 4 = runs away and vocalizes, 5 = bites or attempts to bite, 6 = launches 
a defensive jump attack. As shown in Figure 1, amygdala and BNST kindling produce 
the greatest increases in resistance to capture, hippocampal and perirhinal cortex kindling 
produce intermediate increases in resistance to capture, and caudate and claustrum 
kindling produce no significant increases in resistance to capture (data from ^^' ^ )̂. Based 
on these results, most of our subsequent studies have focused on amygdala kindling. 
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Figure 1. The mean (± S.E.M.) resistance to capture shown by rats after 99 stimulations of several different 
brain sites. * Significantly different from sham. 
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Second, the magnitude of fearful behavior produced by amygdala kindling depends 
on how many stimulations the rats receive. We have studied the behavioral effects of 
different numbers of amygdala kindling stimulations, ranging from 20 to 100 
suprathreshold stimulations. As described above, the rats were tested for their resistance 
to capture from an unfamiliar open field one day after the final kindling stimulation. 
Representative data from these experiments are shown in Figure 2, and clearly show that 
amygdala-kindled rats display a linear increase in resistance to capture as the number of 
stimulations increases (data from ^̂ ' ^̂ ' *̂ ' ^^). 
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Figure 2. The mean (+ S.E.M.) resistance to capture shown by rats after different numbers of amygdala-
kindling stimulations. *Significantly different from 0. 

Third, the magnitude of fearfiil behavior produced by amygdala kindling depends on 
the novelty of the testing situation. We have found that rats subjected to 99 amygdala 
kindling stimulations are highly resistant to capture after 5 min in a novel open field, 
reactmg on average by biting the hand of the experimenter and launching defensive jump 
attacks at the hand. However, these same rats are easy to pick up from their home cages 
or from an open field that is familiar to them (data from ^ )̂. These data are shown in 
Figure 3. Similarly, we have noticed that kindled rats remain fearftil following a 
resistance-to-capture test until they are returned to their home environment, at which time 
they can easily be picked up and weighed (unpublished observations). The fact that 
novelty is a critical factor for the expression of kindling-induced fear explains why 
kindled rats do not show major increases in emotional behavior during their daily 
kindling stimulations.^^ 
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Figure 3. The mean (± S.E.M.) resistance to capture shown by rats tested under different conditions. The 
kindled rats showed significant increases in resistance to capture from an unfamiliar open field, but not from 
their home cages or from a familiar open field. *Significantly different from sham. 

3. NEURAL MECHANISMS OF KINDLING-INDUCED FEAR 

A central hypothesis that is driving our present work is that hippocampal dysfunction 
could be mediating the fearful behavior produced by kindling. Two pieces of evidence 
led to this idea. First, in a series of receptor binding studies, we noticed that fearful 
behavior in kindled rats is associated with significant alterations in a number of receptor 
subtypes only in the granule cell layer of the dentate gyrus."*' ^°' ^̂  We also noticed that the 
pattern of these results suggested that kindling creates an imbalance of inhibitory and 
excitatory receptor expression in this region. For example, 5-HTIA, benzodiazepine, and 
GABAA receptor binding are all significantly increased in the dentate gyrus of fearful 
kindled rats, whereas NMDA and AMPA receptor binding are significantly 
decreased.̂ '̂̂ ^ The consequence of this receptor imbalance for neural activity is 
unknown, but one possibility is that it produces an inhibitory tone within hippocampal 
circuits. In support of this idea, Gutierrez and Heinemann^"* found that kindling increases 
inhibition within the dentate gyrus-CA3 pathway for at least 1 month following the last 
kindling stimulation. In addition, Adamec^ '̂̂ ^ has shown that kindling-induced defensive 
behavior in cats is associated with increased recurrent inhibition in the ventral 
hippocampus, and also that this defensive behavior is reduced by administration of a BZ 
receptor antagonist. Another piece of evidence implicating the hippocampus in the fearful 
behavior produced by kindling was that we found that FOS immunoreactivity is 
significantly decreased in the dentate gyrus and CAl region of kindled rats exposed to a 
fear-provoking stimulus, compared to control rats exposed to the same stimulus. ̂ ^ A 
decrease in FOS expression is difficult to interpret, but it may indicate that exposure to an 
unfamiliar open field produces less hippocampal activation in kindled rats than in control 
rats. Taken together, these findings suggested to us that kindling might impair the 
capacity of the hippocampus to show adaptive plasticity, perhaps via changes in many of 
the receptors mentioned above. 

How might decreased neuroplasticity within hippocampal circuits serve to increase 
fearful behavior in kindled rats? Novelty is a critical trigger for the expression of fear in 
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long-term kindled rats: As shown in Figure 3, they are much more fearful when tested in 
unfamiliar situations than when tested in familiar situations.*^ The hippocampus is 
involved in the processing of contextual information^^ and the determination of whether a 
particular context requires a fearful or anxious response.^^ It also mediates the 
hypothalamic-pituitary-adrenal axis response to stress. That is, hippocampal 
glucocorticoid receptors modulate the intensity and duration of a stress response by 
regulating negative feedback to the hypothalamus.^^ Our data suggest that long-term 
amygdala kindling creates a dysfunctional hippocampus. Accordingly, when kindled rats 
are exposed to a novel stimulus, they may be unable to properly process contextual 
information about that stimulus, and unable to shut off the stress response associated with 
exposure to that stimulus. As a result, they respond to the stimulus in a highly emotional 
manner. Importantly, fearful behavior in kindled rats does appear to be related to 
decreased glucocorticoid receptor mRNA in the CAl region and dentate gyrus, 
suggesting that stress responses may be prolonged in kindled rats.^° 

4. EFFECT OF LONG-TERM KINDLING ON A HIPPOCAMPAL-
DEPENDENT TASK 

One way to test our idea that long-term kindling produces hippocampal dysfunction 
is to assess the ability of kindled rats to perform a hippocampal-dependent spatial 
memory task. Past studies have revealed that amygdala-kindled rats are generally spared 
from deficit on spatial tasks (for a review see ^°). However, with one exception, all these 
studies presented data from rats tested after short-term kindling (e.g., '̂ ^*). The one 
exception reported that amygdala-kindled rats subjected to 300 stimulations do show 
impaired place learning in the Morris water maze.^^ These findings suggest that long-
term kindling can interfere with the acquisition of spatial information, but that this effect 
might depend on the number of kindling stimulations, similar to the development of 
kindled fear behavior. 

To determine if and when amygdala-kindled rats begin to show deficits in spatial 
memory, we designed an experiment to repeatedly assess spatial memory during the 
course of kindling. We used a delayed-matching-to-place (DMTP) version of the water 
maze, which cannot be successfully performed by rats with hippocampal lesions.^^ The 
procedure was as follows. Each testing day comprised five trials. There was a 1-hour 
delay between trial 1 (i.e., sample trial) and trial 2 (i.e., first matching trial). The task 
requirements were the same from day to day, but the platform location was changed on 
each day. Performance was measured by the latency to find the hidden platform on trial 
2. A reduction in latency to find the platform on trial 2 reflects the rats' memory of the 
platform location learned on trial 1. Rats were pretrained to perform the task in order to 
familiarize them with the testing environment and the spatial arrangement of the room. 
After pretraining, the rats were tested once per week throughout the 6-week kindling 
phase. That is, during each week of the kindling phase, the rats received kindling or sham 
stimulations for five consecutive days (i.e., Monday to Friday), followed by a day off 
(i.e., day 6), followed by water maze testing (i.e., day 7). 

Our results showed that the amygdala-kindled rats were impaired on the task on 
weeks 3-5 of kindling (data from '̂̂ ). This is shown in Figure 4. Given that the rats 
received 15 stimulations per week, these findings suggest that at least 45 amygdala-
kindling stimulations are required to produce spatial memory deficits. This finding 
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supports our hypothesis that long-term kindling produces a dysfunctional hippocampus, 
although the fact that the kindled rats performed normally on week 6 is curious and will 
be further investigated. 
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Figure 4. The mean (+ S.E.M.) latency to find the hidden platform on trial 2 shown by the kindled ( • ) and 
sham-stimulated (Sham; O) rats on each week of water maze testing (Week 1 - 6). The kindled rats took 
significantly longer to reach the platform in Weeks 3 - 5 . 

5. EFFECT OF ENVIRONMENTAL ENRICHMENT ON KINDLING-
INDUCED FEAR 

The idea that kindling-induced fear may arise as a consequence of hippocampal 
dysfunction has implications for the design of new treatment strategies for reducing 
interictal anxiety in individuals with epilepsy. For example, if the hippocampus is 
inhibited or less capable of adaptive plasticity as a result of kindling, then increasing 
hippocampal activity might reduce the fearful behaviour seen in kindled rats. We recently 
tested this idea by assessing whether exposure to an enriched environment during the 
course of kindling would reduce the magnitude of kindling-induced fear. Environmental 
enrichment is usually beneficial for an animal, as it facilitates performance on spatial 
memory tasks^^ and enhances neural and functional recovery following brain injury.^^ 
These benefits are thought to occur as a result of enrichment-induced changes within the 
hippocampus and cortex, such as increased neurotrophin levels,^^ increased 
neurogenesis,^^ and increased dendritic branching and spine density.^^ In our experiment, 
one group of rats received 99 sham stimulations and two groups of rats received 99 
amygdala kindling stimulations. All the rats were housed in isolation, as per usual for our 
experiments, but one group of kindled rats was exposed to an enriched environment for 
30-60 min per day, 6 days per week. One day after the final kindling stimulation, all the 
rats were tested for their resistance to capture from an unfamiliar open field. The 
kindling-no enrichment rats showed very high resistance to capture and the sham 
stimulated rats showed very little resistance to capture. However as we predicted, the 
kindling-enriched rats showed significantly less resistance to capture than the kindling-
nonenriched rats (data from ^^). These results are shown in Figure 5. Thus, enrichment 
served to decrease the level of kindling-induced fear. It remains to be determined whether 
this protective effect is mediated by neural changes within the hippocampus, but these 
results do provide indirect evidence that targeting the hippocampus in a specific way may 
be an important new approach for treating interictal anxiety in individuals with epilepsy. 
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Figure 5. Effect of exposure to environmental enrichment on kindling-induced fear, expressed as the mean (+ 
S.E.M) resistance to capture shown by kindled rats exposed to enrichment, kindled rats not exposed to 
enrichment, and sham-stimulated rats not exposed to enrichment during the course of kindling. The important 
finding is that the kindled-enrichment rats were significantly less resistant to capture than the kindled-no 
enrichment rats. 

6. SUMMARY AND CONCLUSIONS 

Kindling produces dramatic increases in fearful behavior in rats. This fear behavior 
depends on the site of stimulation, the number of stimulations, and the environment in 
which the rats are tested. Our evidence suggests that kindling-induced fear may arise as a 
result of neural changes that impair the normal functioning of the hippocampus. In 
support of this idea, kindled rats were found to be impaired on a hippocampal-dependent 
spatial memory task. Furthermore, exposure to environmental enrichment, which 
promotes hippocampal plasticity, was found to reduce the magnitude of fear behavior in 
kindled rats. Thus, the hippocampus may be an important target for developing new non-
pharmacological interventions that decrease the behavioral co-morbidities associated with 
seizure occurrence. 
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Discussion 

Gale: This is quite exciting in terms of the interactions with the environment 
manipulations that you have shown. It is quite reminiscent of the effects of septal 
lesions, which of course make the animals pretty defensive and aggressive and quite 
fearful and so forth. But if you handle the animals from the time they are lesioned, they 
don't show these changes whatsoever. Do you think there might be some common 
mechanisms or some relationship to the story of septal lesions? 
Kalynchuk: I had not thought of that, but it is an interesting connection. You are right in 
that septal lesioned animals that are handled show a lot fewer behaviors than animals that 
are not handled. There are extensive connections between the septum and the 
hippocampus; so there could be something going on there. 
Gale: Did you by chance just try handling the animals daily instead of enriching them? 
Kalynchuk: We only did that in the course of the first experiment, where we handled the 
rats instead of placing them in the spatial memory task. But it was only one day per 
week; so it wasn't very much. 
Gale: In the septal lesion animals you really have to do it on a daily basis starting from 
immediately after the intervention. 
Kalynchuk: I would argue that handling is a form of environment enrichment. So my 
guess is that that would work. 
Kokaia: I have a question concerning the proliferation. First of all, what was the 
paradigm of the BrdU injections? 
Kalynchuk: In that particular experiment we gave three injections of BrdU prior to 
sacrifice. One was 12 hr before the animal was sacrificed, one was 24, and the other was 
36 hr before the animal was sacrificed. We used a fairly low dose of BrdU, 50 mg/kg. 
Kokaia: So the injections were after all the 99 stimulations were done? 
Kalynchuk: No, actually the first injection was given on morning of the last day of 
kindling. Then the animals had the last three stimulations. The second injection was 
given after those stimulations; so it was at the end of kindling. The final one was given 
the morning the animals were sacrificed. There were three stimulations after the first 
BrdU injection. 
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Kokaia: Did you determine whether this proliferation is related to neurogenesis and 
whether there was any inflammatory reaction due to so many stimulations and 
generalized seizures? 
Kalynchuk: Thus far we have only counted the cells that were labelled with BrdU; so we 
can only say that it was cell proliferation and can't be sure that it was neurogenesis. 



DOES INADVERTENT CONDITIONING CONTRIBUTE 
TO THE MAJOR FEATURES OF KINDLING? 

Steven J. Barnes and John P. J. Pinel* 

1. INTRODUCTION 

Conventional kindling experiments appear ideal for generating inadvertent 
conditioned effects: A variety of stimuli (e.g., removal from the home cage, attachment to 
the stimulation lead, and placement in the stimulation environment) are repeatedly 
presented to the animal prior to each stimulation and convulsion. We recently 
demonstrated that the stimulation environment can have a major impact on both kindled 
convulsions and interictal behaviour. Rats received periodic stimulations to the 
basolateral amygdala (BA) in one conditional environment (CS+) and an equal number of 
sham stimulations (the stimulation lead was attached but no current was delivered) in a 
second environment (CS-) in a quasirandom sequence. As kindling progressed, the rats 
became more defensive in the CS+ environment than in the CS- environment; and, when 
they were finally stimulated in the CS- environment, their convulsions were substantially 
less severe than in the CS+ environment.̂  Furthermore, the kindled rats preferred the 
CS- environment to the CS+ environment in a subsequent conditioned place preference 
test. 

Since this demonstration that the stimulation environment can have a significant 
effect on kindled convulsions and interictal behaviour, our research has focused on four 
questions. First, are the effects of the stimulation environment on kindled convulsions a 
product of Pavlovian conditioning? Second, can the kindling of brain structures other 
than the BA produce conditioned effects; and, if so, are such effects comparable to those 
of BA kindling? Third, can stimuli other than the stimulation environment function as 
inadvertent conditional stimuli (CSs) in conventional kindling experiments? And fourth, 
do inadvertent conditioned effects influence the defining features of kindling (e.g., 
permanence)? This paper focuses on samples of these four lines of research. 

' Steven J. Barnes and John P. J. Pinel, Department of Psychology, University of British Columbia, Vancouver, 
British Columbia, Canada V6R 2J9. 
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2. GENERAL METHODS 

The following is a brief description of the methods that were used in our 
1-3 experiments. More complete descriptions are available elsewhere. 

2.1. Kindling and Conditioning 

One bipolar stimulation electrode was implanted in the site of interest in each Long-
Evans rat. Following recovery from surgery, the rats underwent a regimen of training in 
which they received both stimulations and sham stimulations. One conditional stimulus 
(CS+) preceded each stimulation, and a second conditional stimulus (CS-) preceded each 
sham stimulation. In most of our experiments, the CS+ was the stimulation chamber, and 
the CS- was a similar, but distinctive, chamber. During each trial, the rats were allowed 
to move freely around the test chamber for a specified time interval (the 
preadministration interval), typically for 30 s, before the stimulation or sham stimulation 
was administered. Sham stimulation trials were identical to the stimulation trials except 
that no current was passed through the implanted electrode. Accordingly, any differences 
that developed in the behavior of a subject in response to the CS+ and CS- could only be 
attributed to the contingency. Which particular stimulus served as the CS+ or the CS- in 
a particular experiment was counterbalanced between subjects, and because no 
systematic differences ever developed between these two subgroups their data were 
always combined for analysis. 

2.2. Measuring the Kindled Convulsions and the Interictal Behaviour 

Each convulsive response was rated according to Pinel and Rovner's"* extension of 
Racine's^ limbic convulsion severity scale (class 1: facial movements only; class 2: facial 
movements and head nodding; class 3: facial movements, head nodding, and forelimb 
clonus; class 4: facial movements, head nodding, forelimb clonus, and rearing; class 5: 
facial movements, head nodding, forelimb clonus, rearing, and falling once; class 6: a 
class 5 with multiple rearing and falling episodes; class 7: a convulsion with running fits). 
In addition, both the latency to the onset of the convulsion and the convulsion duration 
were recorded; and if a class 5 convulsion or greater occurred, the number of times the rat 
fell during the course of the convulsion was also recorded. 

The particular preadministration-interval behaviours that were quantified from 
videotaped recordings depended on the site of stimulation, but they always included 
freezing (i.e., the percent of the 15 2-s epochs in the preadministration interval during 
which the rat made no movements, other than those associated with breathing). 

3. EXTINCTION CONFIRMS A PAVLOVIAN MECHANISM 

The discrimination paradigm that we had employed in our first study* suggested that 
the observed effects were the product of Pavlovian conditioning: It is difficult to explain 
the differences observed in their behavior and convulsions in the two environments in 
any other way. To provide additional support for this Pavlovian view, we assessed the 
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effects of extinction on the effects that come to be associated with the stimulation 
environment during BA kindling. 

The kindling phase of the experiment was a replication of our first study ̂  Rats 
received 45 BA stimulations in one environment (CS+) and 45 sham stimulations in 
another environment (CS-), quasirandomly over 45 days. At the end of the kindling 
phase, the CS+ elicited more freezing than the CS- and convulsions elicited in the CS+ 
were more severe than those elicited in the CS-. 

During the extinction phase, when the rats received another 45 stimulations and 45 
sham stimulations-either as before in their original environment (the no-interchange rats) 
or with their original CS+ and CS- environments interchanged (the interchange rats), the 
no-interchange rats continued to display the effects observed during the kindling phase. 
In contrast, the interchange rats displayed more freezing in the former CS- than in the 
former CS+, and their convulsions were equally severe in the two environments. 

These resuhs confirmed that the effects of the stimulation environment on ictal and 
interictal behavior are the product of Pavlovian conditioning. Pavlovian mechanisms 
have been implicated in a variety of other progressive phenomena that result from the 
repeated predicted administration of physiological treatments—for example, functional 
drug tolerance,̂  sensitization to stimulants,̂  and development of premeal hunger.̂  

4. EFFECT OF STIMULATION SITE ON THE CONDITIONED EFFECTS OF 
KINDLING 

4.L Anterior Neocortex vs. Basolateral Amygdala 

Does the kindling of structures other than the BA produce conditional effects; and if 
so, are such conditional effects different from those produced by BA kindling? Our first 
experiment to address this question compared the ictal and interictal effects conditioned 
to the stimulation environment during kindling of the BA and the anterior neocortex 
(AN). The AN was selected as the second kindling site because the topography of 
anterior neocortex kindled convulsions differs markedly from that of convulsions 
associated with kindling of the BA or of other limbic sites.^''' Our premise was that, 
because of this difference in topography, a comparison of BA and AN kindling would 
likely reveal stimulation-site-related differences in the conditioned effects of kindling—if 
such differences existed. Furthermore, because AN kindled convulsions are highly 
variable in terms of both their severity ̂ ^ and occurrence^ from subject to subject and from 
stimulation to stimulation in the same subject, we presumed that an analysis of the 
conditioned effects of AN kindling might provide insight into the source of variability in 
AN kindled convulsions. 

Rats received 53 stimulations to the AN or BA in one environment (CS+) and 53 
sham- stimulations in another environment (CS-), quasirandomly over 54 days. Unlike 
BA kindling, AN kindling led to more wet dog shakes and less, rather than more, severe 
convulsions in the CS+. Moreover, during AN kindling, the mean number of wet dog 
shakes in the CS+ was negatively correlated with the mean convulsion class. This latter 
finding suggests that wet-dog shakes are mediated by mechanisms which inhibit the 
elicitation of kindled convulsions from the AN; that such effects can be conditioned; and 
that the previously documented variability in the severity and occurrence of convulsions 
during AN kindling may be due to such conditioned inhibitory effects. These results 
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established for the first time that the pattern of the conditioned effects of the stimulation 
environment on kindled convulsions and interictal behavior is a function of kindling site.̂  

With extended kindling of the anterior neocortex, the topography of the convulsions 
becomes increasingly similar to that of "limbic" convulsions.'̂  In this experiment, only 2 
AN-kindled rats developed generalized convulsions that were of this "limbic" type. 
Interestingly, when these 2 rats were stimulated in the CS-, their convulsions were less 
severe than in the CS+~in this respect they were similar to BA-kindled rats, but opposite 
to those of all the other AN-kindled rats. These 2 rats also demonstrated strong avoidance 
of the CS+ in the conditioned place preference test—again, they were similar to the BA-
kindled rats, but unlike the other AN-kindled rats. These observations suggest that the 
conditioned effects on kindled convulsions and interictal behavior may change as the 
topography of the convulsions changes. Moreover, they suggest that the conditioned 
interictal defensive behaviors are associated with kindled convulsions that are 
topographically "limbic" in nature. 

4.2. Three Sites in the Hippocampal Complex 

Next, we compared the behavioral effects—both ictal and interictal—conditioned to 
the stimulation environment during kindling of three different sites in the hippocampal 
complex: The perirhinal cortex (PRh), the ventral hippocampus (VH), and the dorsal 
hippocampus (DH). Does the kindling of related brain sites associated with 
topographically similar kindled convulsions, but vastly different rates of kindling, 
produce similar patterns of conditioned effects? Our working premise was that this 
approach would clarify the nature of the unconditional stimulus (UCS) in kindling-related 
conditioning: Is the UCS related more to the stimulations or to the convulsive responses? 

Rats received 53 stimulations to the PRh, VH, or DH in one environment (CS+), and 
53 sham stimulations in a second environment (CS-), quasirandomly over 54 days. The 
PRh-kindled rats displayed rapid kindling and a comparably swift emergence of interictal 
defensiveness conditioned to the CS+. In contrast, the VH- and especially the DH-
kindled rats displayed much slower kindling and slow or no conditioning, respectively. 
No effects of conditioning on the convulsions, comparable to those associated with BA or 
AN kmdling, were observed. These results confirmed the generality of kindling-related 
conditioned effects on interictal behaviour and the site specificity of these effects, and 
they suggest that the convulsive responses, rather than the stimulations, function as the 
UCS. 

5. TEMPORAL CUES AS CONDITIONAL STIMULI FOR CONDITIONING 
BY AMYGDALA KINDLING 

Like environmental cues, temporal cues are present in virtually all kindling 
experiments. The time of day at which an animal is stimulated, the order in which events 
occur from the time an animal is taken from its cage to the time that it receives a 
stimulation, and the temporal intervals between each of those events, are repeated on 
each trial. 

In two experiments, we showed that time could serve as a CS in the conditioning of 
interictal behaviour by BA-kindling. In both experiments, rats received one BA 
stimulation and one sham stimulation each day during the light phase of their light-dark 
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cycle for 53 days (experiment 1) or 73 days (experiment 2). The stimulations always 
occurred at the same time, the sham stimulations always occurred at another time, and the 
rats were tested in a single chamber; thus the CS+ in this experiment was the time at 
which the rats had previously received a stimulation, and the CS- was the time at which 
the rats had previously received a sham stimulation. The only difference between the two 
experiments was that the second employed a 150-s preadministration interval and 
included a peak procedure test: At the CS+ time, the rats were placed in the test chamber 
as usual, except they did not receive a stimulation after the 150-s interval; instead, they 
were allowed to move freely about the chamber for an additional 90 s (i.e., for a total of 
240 s). This sort of test, known as a peak procedure, is often used to measure the degree 
of responding (e.g., pressing a lever) that an animal will display after it has learned that 
after a certain time interval it will receive a reward. ̂ ^ 

In the first experiment, as kindling progressed the rats displayed more fi'eezing at the 
CS+ time than at the CS- time."' In the second experiment, rats also began to display 
more fi-eezing at the CS+ time than at the CS- time, and during the peak procedure test 
freezing gradually increased over the 150-s interval, and peaked at the time at which they 
had previously received a stimulation, at which point normal activity quickly resumed— 
this peak in freezing was only present at the CS+ time.^ In this latter experiment rats had 
to both discriminate between the CS-f- and CS- time in order to predict when it would 
receive a stimulation or sham- stimulation. Superimposed on this discrimination, the rats 
also had to utilize short-interval timing to predict the onset of the stimulation. 
Accordingly, the results of these two experiments indicate that rats use multiple stimuli in 
concert with one another to learn when and where a stimulation and subsequent 
convulsion will occur. 

6. CONDITIONED EFFECTS CONTRIBUTE SUBSTANTIALLY TO THE 
PERMANENCE OF KINDLING 

The neuroplastic changes that underlie kindling have been shown to be remarkably 
enduring—if a kindled rat is left unstimulated for several months, fiilly generalized 
convulsions are quickly elicited once the regimen of periodic stimulations 
recommences.''*'*^ We adapted the protocol used in our previous experiments to explore 
the contributions of conditioned effects to the permanence of kindling. 

Each rat received 25 BA stimulations in one environment (CS+) as well as 25 sham 
stimulations in another environment (CS-), in a quasirandom sequence over 25 days. 
Then, all of the rats remained in their home cages for 100 days. After this 100-day 
stimulation-free period, half the rats (the nonswitch rats) received another 25 stimulations 
and another 25 sham stimulations just as they had during the kindling phase; that is, 
during the retention phase they were stimulated in the CS+ and sham stimulated in the 
CS-. The other rats (the switch rats) also received another 25 stimulations and another 25 
sham stimulations, but during the retention phase, they received both the stimulations and 
sham stimulations in the former CS-. 

The results are presented in Figure 1. The permanence of kindling was assessed in 
two ways: by examining the severity of the convulsions elicited by the first stimulation 
following the 100-day stimulation-free period; and by calculating the percent savings in 
the number of stimulations required to re-attain the criterion (i.e., three ftilly generalized 
convulsions). 
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Figure 1. Mean class of the convulsions displayed by the rats in response to each of the 25 stimulations 
administered during the kindling phase of the experiment (left side) and to each of the 25 stimulations 
administered during the retention phase (right side). During the retention phase, the nonswitch rats received 
stimulations in the same environment in which they had been stimulated during the first phase; whereas the 
switch rats received stimulations in a familiar environment in which they had not been previously stimulated. 
The retention of kindling was substantially less in the switch condition. 

The convulsions of the nonswitch subjects~the rats who were stimulated following 
the 100-day interval in the original CS+ environment-displayed no sign of attenuation 
following the interval: Their mean convulsive response following the interval was 5.6, 
which was not significantly different from 5.8~their mean convulsive response to the last 
stimulation of the kindling phase (see Figure 1). Furthermore, during the retention phase, 
they attained the criterion of three generalized convulsions much faster than they had 
during the kindling phase; their mean savings was 72%. This result confirmed that when 
there are no major alterations in the cues that predict the stimulations~as kindling is 
typically studied-kindling is indeed a permanent, or at least a very enduring, neuroplastic 
phenomenon. 

In contrast, the kindling effect was substantially attenuated following the 100-day 
interval in the switch rats (see Figure 1). The first stimulation after the 100-day interval, 
that is, the first stimulation administered in their former CS-, elicited convulsive 
responses with a mean convulsion class of 2.7—significantly weaker than those observed 
on the same trial in the nonswitch rats. Moreover, the switch rats displayed -33% 
savings, which was not significantly different from no savings. 

7. CONDITIONED EFFECTS CONTRIBUTE SUBSTANTIALLY TO THE 
TRANSFER OF KINDLING 

In addition to its permanence, another significant property of kindling is that it shows 
transfer between stimulation sites: If an animal is first kindled from one brain site, it 
subsequently requires many fewer stimulations for the animal to be kindled from a 
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second brain site, either ipsilateral or contralateral to the first site.̂ "* We adapted the 
protocol used in our previous experiments to explore the contributions of conditioned 
effects to the transfer of kindling. 

Stimulation electrodes were surgically implanted in the left and right BA of each rat. 
Following recovery from surgery, each rat received 30 BA stimulations through one of 
their electrodes in one environment (CS+) as well as 30 sham stimulations in another 
environment (CS-), in a quasirandom sequence over 30 days. Then, all of the rats 
remained in their home cages for 10 days. After this 10-day stimulation-free period, half 
the rats (the nonswitch rats) received 30 BA stimulations through their second electrode 
and 30 sham stimulations as they had during the kindling phase; that is, during the 
transfer phase they were stimulated in the CS+ and sham stimulated in the CS-. The 
other rats (the switch rats) also received 30 stimulations to their second electrode and 
another 30 sham stimulations, but during the transfer phase, they received both the 
stimulations and sham stimulations in the former CS-. 

The convulsions of the nonswitch subjects-the rats who were stimulated through 
their second electrode in the original CS+ environment-displayed transfer: During the 
retention phase, they attained the criterion of three generalized convulsions much faster 
than they had during the kindling phase; their mean savings was 20%. This result 
confirmed that when there are no major alterations in the cues that predict the 
stimulations~as kindling is typically studied-kindling can indeed transfer to the 
contralateral BA. In contrast, there was no evidence of transfer in the switch rats. The 
switch rats displayed 2% savings, which was not significantly different from no savings. 

8. DISCUSSION 

Here we have summarized sample studies from our four lines of research on the 
effects of Pavlovian conditioning on the ictal and interictal effects of kindling. These 
studies make five important points: (1) that the effects exerted by the stimulation 
environment on both the ictal and interictal behaviour of BA-kindled rats are a result of 
Pavlovian conditioning, (2) that the topography of the conditioned effects of the 
stimulation environment on kindled convulsions is a function of convulsion topography 
(i.e., cortical- vs. limbic-kindled convulsions), (3) that the topography of the conditioned 
effects of the stimulation environment on interictal behavior is a function of kindling site, 
(4) that at least two sorts of temporal cues can serve as CSs in the conditioning of 
interictal behaviour by BA-kindling, (5) and that two of the defining aspects of kindling-
it's permanence and it's capacity to transfer between brain sites-is greatly influenced by 
effects conditioned to the stimulation environment. 

Why is it important to consider conditioned effects in the study of kindling? There 
are at least three important reasons. First, our research is showing that conditioned 
effects are likely a major component of virtually all conventional kindling experiments, 
and thus a complete understanding of kindling is not likely to emerge without considering 
them. Our experiments on the permanence and transfer of kindling illustrate this point. 
Second, considering conditioned effects may resolve some long-standing kindling-related 
puzzles. For example, why do AN-kindled convulsions show such a remarkable degree 
of within- and between-subjects variability? '̂*^ We believe that the answer may lie in the 
neurobiological mechanisms that underlie the conditioned wet-dog shakes observed 
during AN kindling .̂ Third, an appreciation of the fact that conditioning plays an 
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important role in kindling supports the view that kindling may constitute a useful model 
of learning and memory in general, and as such may contribute to the search for its neural 
mechanisms~in the same way that the discovery that conditioned effects contribute to 
drug tolerance has focused attention on the role of the hippocampus and amygdala in the 
development of drug tolerance.'̂  

Neuroplasticity research has largely been motivated by the potential for adapting 
various neuroplastic phenomena to the treatment of brain and spinal cord injury. The 
present experimental findings provide strong support for a caution recently issued by 
D5br5ssy and Dunnett:̂ ^ In the development of neuroplastic therapeutic protocols, it is a 
mistake to focus on molecules, neurons, and synapses at the exclusion of the patient and 
his or her experiences; these can have a substantial influence on the development and 
survival of neuroplastic change. 
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Discussion 

Post: That is a beautiful paper. I was wondering how different were the two 
environments, and whether you could have bigger effects on the permenance if you made 
them really different. 
Barnes: I think so. In fact, in our earlier studies we were doing a place preference test, 
and the environments were highly similar in the sense that they were only discriminable 
based on the color of the chamber, because we had to have a connecting chamber and the 
chambers had to be placed adjacent to each other in the colony. In our later experiments, 
the permanence study and the transfer study, I put the chambers at opposite ends of the 
colony room where I was stimulating them and made them very distinctive in appearance. 
Adamec. Very nice paper, Steve. These studies are done in hooded rats, correct? 
Barnes: Yes. 
Adamec: So, to kindle them you have to do lots of stimulations and you show numbers of 
25, 45 to show your conditioning effects. What if you applied fewer stimulations - do 
you still get conditioning effects? Related to that, what if you tried this in Wistar rats 
where you need only 8 or 10 stimulations to kindle convulsions - would still expect the 
same Pavlovian effects? 
Barnes: Likely. Perirhinal kindled animals kindle very quickly and you still see these 
conditioning effects. You should keep in mind that observing this conditioned freezing in 
the environment does not necessarily imply that you require that many stimulations to 
actually produce those conditions effects. This is, when you observe it is not when it 
actually becomes conditioned. 
Adamec: It would still would be of interest to do this in Wistar rats, where a very few 
stimulations kindle the animal. 



CONTINGENT TOLERANCE AND CROSS 
TOLERANCE TO ANTICONVULSANT EFFECTS IN 

AMYGDALA-KINDLED SEIZURES: 
Mechanistic and clinical implications 

R.M. Post, Z-J Zhang, S.R.B. Weiss, G. Xing, and K. Obeng* 

1. INTRODUCTION 

1.1 Contingent Tolerance 

A unique forai of phannacodynamic tolerance develops when effective 
anticonvulsants are given as pre-treatment before once-daily amygdala-kindled seizures in 
animals. ̂ '̂  This loss of efficacy (i.e., tolerance) is contingent upon the drug's 
administration before, but not immediately after, the kindling stimulation.̂ "̂  This form of 
tolerance can be reversed after a period of seizures off anticonvulsants, or even 
continuing to give anticonvulsants on a once-daily basis but after a fiilly developed 
kindled seizure has already occurred. 

Some of the neurochemical correlates of contingent tolerance to the anticonvulsant 
effects of carbamazepine have been elucidated.̂  Following normally-developed 
amygdala-kindled seizures, an array of changes in gene expression occur. However, in 
animals that have become tolerant to the anticonvulsant effects of carbamazepine, after 
the emergence of similarly appearing behavioral seizures (to those occurring in the 
anticonvulsant-fi*ee state), there is a very different profile of changes in gene expression, 
such that some seizure-induced changes continue to occur, but others do not. 

' R.M. Post, Z-J Zhang, S.R.B. Weiss, G. Xing, and K. Obeng, Department of Health and Human Services, 
National Institutes of Health, National Institute of Mental Health, Biological Psychiatry Branch, Bethesda, 
MD 
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1.2 Neurochemical correlates 

We have postulated that it is the loss of some of these endogenous adaptive 
anticonvulsant alterations that may be associated with intermittent emergence of 
seizureŝ '̂  and eventually the complete loss of carbamazepine efficacy.̂  In animals that 
seize in the carbamazepine-tolerant condition, there is a decreased induction of mRNA for 
fos-related antigens (Fras), brain-derived neurotrophic factor (BDNF), glucocorticoid 
receptors, thyrotropin-releasing hormone (TRH), neuropeptide Y (NPY), corticotropin-
releasing factor (CRF), and the a4 subunit of gamma-aminobutyric acid subunit A 
(GABAA) receptors. However, normal decreases in neurotrophin 3 (NT3) and dynorphin 
occur, along with the normal seizure-induced increases in mineralocorticoid receptors, 
benzodiazepine receptors, and t-butylbicyclophosphorothionate (TBPS) binding.̂  The 
failure of increases in TRH mRNA^ and GABAA receptors, ̂ ^ for example, could be 
associated with the loss of efficacy of carbamazepine, because TRH has anticonvulsant 
properties when injected into the hippocampus of amygdala-kindled animals,̂ * and 
GABA is the major inhibitory neurotransmitter in the brain. 

We have previously observed that some of these seizure-induced adaptations are also 
important to the initial anticonvulsant effects of carbamazepine, lamotrigine, or diazepam 
as evidenced by the fact that these drugs become less effective if sufficient number of 
days from the last amygdala-kindled seizure are allowed to elapse, i.e., the "time-off 
seizure effect̂  (Krupp et al., 2002, unpublished data). It appears that the transient 
induction of TRH peptide and GABAA receptor synthesis, and/or other putative 
endogenous anticonvulsant factors for the 2-4 days following an amygdala-kindled 
seizure, are necessary for the anticonvulsant effects of these drugs. Because some of these 
same adaptive changes are also lost in the carbamazepine tolerant state, they could be 
relevant to the relatively rapid time frames of tolerance development for carbamazepine, 
lamotrigine, and diazepam, as well as levetiracetam,'̂  and to the much slower 
development of tolerance with valproate (which does not show a "time-off" effect).̂  

2. CROSS TOLERANCE 

Cross tolerance from one drug to another implies at least partial overlapping 
mechanisms of action. It appears that the peripheral-type benzodiazepine effects of 
carbamazepine^^ are important to its actions because there is cross tolerance to the 
peripheral-type benzodiazepine ligand PK11195, as well as to carbamazepine-10,11-
epoxide (which also interacts with this receptor system), but not to diazepam and 
clonazepam, which act at central type benzodiazepine receptors ^ (Table 1). Yet Kim et 
al.̂ "* reported cross tolerance from clonazepam to carbamazepine. Reddy & Rogawskî ^ 
also reported unidirectional cross tolerance from the neurosteroid ganaxolone to 
diazepam, but not to itself. There is also no cross tolerance from carbamazepine to 
levetiracetam,*^ which is thought to act, in part, by inhibiting the negative modulation of 
the benzodiazepine-GABA-chloride ionophore complex by zinc and beta carbolines,̂ ^ 
However, there is cross tolerance in the opposite direction, from levetiracetam to 
carbamazepine. 

Interesting is the lack of cross tolerance from carbamazepine to phenytoin^ both of 
which have similar efficacy in inhibiting sodium channels and sodium influx through the 
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type-2 batrachotoxin-sensitive receptor. ̂ ^ This lack of cross tolerance would suggest that 
other properties of carbamazepine (compared with phenytoin) are important to its 
anticonvulsant effects on amygdala-kindled seizures. Carbamazepine would also not be 
postulated to show cross tolerance with valproate because the two show many differences 
in mechanisms of action; we question whether the failure to upregulate GABAA receptors 
at the level of the a4 subunit during carbamazepine tolerance may be associated with the 
loss of valproate's effects, although this remains to be directly tested.'̂  

There is bidirectional cross tolerance between carbamazepine and lamotrigine, yet 
lamotrigine, in contrast to carbamazepine, does not convey cross tolerance 

Table 1 Cross Tolerance Patterns in Contingent Anticonvulsant Effects on Amygdala-Kindled Seizures 

Drug (tolerance from): 

Carbamazepine (CBZ) 

Lamotrigine (LTG) 

Levetiracetam (LEV) 

Cross tolerance to: 

Carbamazepine 

Carbamazepine* 

No-cross tolerance to: 

PK11195 Clonazepam 
CBZ-10-11 -epoxide Diazepam 
Valproate (?via 1 d4 subunit of GABAA Phenytoin 

Levetiracetam* 

Valproate 
MK801* 
Gabapentin* 

*Unidirection cross tolerance from LEV to CBZ; not from CBZ to LEV 
* These drugs slow the development of tolerance to LTG 

to valproate.̂ ^ Therefore, it would be interesting to assess whether there is inhibition of 
seizure-induced adaptations in the a4 subunit of the GABAA receptor during lamotrigine 
tolerance as there is for carbamazepine and diazepam tolerance. 

Lamotrigine tolerance develops relatively rapidly, and attempts to alter drug 
administration parameters to slow the process down have not been very successful. 
Instead, we have observed that drugs active at GABAergic receptor systems (such as 
gabapentin) and N-methyl-D-aspartate (NMDA)-glutamatergic receptor systems (such as 
MK-801) are capable of markedly slowing lamotrigine tolerance or reversing it 
transiently once it has occurred.̂ ^ 

2.1. Potential Clinical Implications of Tolerance to Anticonvulsant Effects 

The development of tolerance to the anticonvulsant effects of many of these drugs in 
clinical epilepsy syndromes has not been well documented and is controversial. However, 
with respect to carbamazepine's therapeutic effects in the treatment of trigeminal 
neuralgia and related pain syndromes, in which the assessment of tolerance is 
methodologically much easier because of a greater number and consistency of episodes at 
baseline, there is unequivocal evidence for tolerance development in a substantial portion 
of patients so treated.̂ '̂ ̂ "̂  Tolerance also appears to develop to a variety of drugs used in 
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the long-term prevention of manic and depressive episodes, including carbamazepine^" '̂̂ ^ 
and valproate,^^ as well as the non-anticonvulsant compound classically used in the 
prevention of episodes, lithium carbonate.̂ ^"^^ 

To the extent that loss of efficacy via tolerance mechanisms plays a role in a subset of 
patients with seizure and other neuropsychiatric disorders who are initially responsive to 
these agents but then show a gradual loss of efficacy over time, the preclinical data on 
cross tolerance among these agents in the amygdala-kindled seizure model (Table 1) may 
yield testable hypotheses about which drugs will, and will not, show cross tolerance in the 
clinic. When tolerance has developed to a previously effective agent, one clinical strategy 
has been to use other drugs with different mechanisms of action and then rotate among 
them. Moreover, if seizures have occurred, some patients appear to re-respond to the drug 
to which they were previously tolerant,^^ as seen in the preclinical model of contingent 
tolerance reversal by a period of seizures expressed during a period of time off that 
medication.^ From a hypothetical mechanistic perspective, presumably such seizures in 
the medication-free state would be sufficient to allow the re-induction of some of the 
mRNAs for endogenous anticonvulsant substances, such as TRH and GABAA receptors, 
that may be important to the manifestation or renewal of a drug's anticonvulsant effects.^ 

2.2. Differential Tolerance Mechanisms of Carbamazepine and Lamotrigine Despite 
Bidirectional Cross Tolerance 

It is of considerable interest that although carbamazepine and lamotrigine show bi
directional cross tolerance, their mechanisms of tolerance development appear to differ 
considerably in some respects (Table 2). In particular, when tolerance has developed to 
the anticonvulsant effects of carbamazepine, the seizure threshold measured in the 
medication-free state^ decreases, as one might expect. Paradoxically, during the 
development of lamotrigine tolerance, there is evidence of an increased seizure threshold 
measured in the medication-free state,^^ although it is possible that this increase reflects 
some persisting presence of lamotrigine over several days following the discontinuation 
of drug administration. 

However, other differences are also apparent. Whereas higher doses may be more 
effective than lower doses in slowing the rate of tolerance development to 
carbamazepine,^ higher doses of lamotrigine are, paradoxically, proconvulsant, both 
speeding the development of tolerance and increasing the number of stage six kindled 
seizures (associated with violent running attacks).^^ Moreover, whereas MK-801 slows 
the development of lamotrigine tolerance, it is without effect on carbamazepine 
tolerance^* and, as noted previously, there is differential cross tolerance from each of 
these agents to valproate. 

In addition, the spectrum of clinical anticonvulsant effects of lamotrigine and 
carbamazepine differ markedly.^^ Whereas lamotrigine is effective in absence seizures, 
carbamazepine is not and may even exacerbate them. Together, these data suggest that 
cross tolerance processes are sensitive to some common mechanisms of drug actions, but 
other important differences may not be reflected in the cross tolerance paradigm. 
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Table 2 Differential Effects of Carbamazepine (CBZ) and Lamotrigine (LTG) on Anticonvulsant Tolerance 
Development 

CBZ (15 mg/kg) vs. LTG (15 mg/kg) 

Rapid tolerance to anticonvulsant effects 
(amygdala kindling) 

Cross tolerance 

Duration of "time-off' effect 
(seizures enhance efficacy) 

Seizure threshold change with tolerance 

Using high doses 

Alternating high and low doses 

Chronic non-contingent drug dosing 

MK-801 on tolerance development 

Cross tolerance to valproate 

Valproate combination 

Gabapentin augmentation (2 hrs. pretreatment) 
(Half hr. pretreatment) 
(Tolerance reversal) 

+++ 

4-5 days 

Decrease 

Slows tolerance 

? 

Slows tolerance 

No effect 

Yes 

Slows tolerance 

7 
No effect 
7 

4-5 days 

Increase (possible 
residual drug effect) 

Speed tolerance and 
are proconvulsant 

Slows tolerance 

7 

Slows (NMDA 
implicated) 

No 

7 

Slows tolerance 
1 Stage VI seizures 
+++ 

NMDA - N-methyl-D-aspartate 

DIFFERENT ANTICONVULSANT EFFECTS AS A FUNCTION OF THE 
INITIAL PHASE OF KINDLING DEVELOPMENT VS. THE MID PHASE 
OF COMPLETED AMYGDALA-KINDLED SEIZURES 

3.1. Contingent Inefficacy 

Dramatic pharmacological dissociations have been demonstrated most classically by 
Pinel̂ ^ in the double-dissociation of diazepam and phenytoin in their efficacy against 
elicited vs. spontaneous amygdala-kindled seizures. Moreover, a number of drugs such as 
carbamazepine, lamotrigine, and phenytoin are completely without effect on the 
development phase of amygdala-kindled seizures, even though they are highly effective 
against the completed variety.̂ '* 

Surprisingly, pre-treatment (but not post-treatment) with these drugs prior to each 
amygdala-kindled seizure during the development phase prevents their effectiveness when 
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completed kindled seizures have begun to occur, a phenomenon we have termed 
"contingent inefficacy"^' '̂ ^^. Moreover, there is cross-contingent inefficacy between 
carbamazepine and lamotrigine just as there is cross tolerance between these two 
compounds. 

These observations are of particular interest in relation to preventive antiepileptic 
treatment for syndromes such as posttraumatic epilepsy, in which phenytoin and a variety 
of other compounds have not been shown to be eflfective.̂ ^ The contingent ineflFicacy 
findings also suggest the unfortunate possibility that pretreatment with a drug that is 
given, but is ineffective in the initial developmental stages of some types of kindling-like 
epileptogenesis, may prevent its eventual effectiveness when full-blown completed 
seizures have occurred.^' '̂ ̂ ^ Such treatment ineffectiveness might be expected based on 
the observations of contingent inefficacy in the kindling paradigm to the extent that 
mechanisms in posttraumatic or tumor-induced epilepsy follow some of the principles of 
kindling-like development. 

3.2. Drugs Affecting Kindling Development (Epileptogenesis) 

In contrast to the drugs that are ineffective in the initial development phase of 
amygdala-kindled seizures, levetiracetam, diazepam, and valproate are effective in 
inhibiting both the development of and completed kindled seizures.̂ '̂ '̂̂ ^ These drugs 
might offer better options for exploration in posttraumatic epilepsy prevention studies. 

Interestingly, when animals are given levetiracetam during the initial phase of 
kindling development, and brief duration and low-seizure stage manifestations begin to 
occur, the animals show cross tolerance to the anticonvulsant effects of carbamazepine. 
That is, when the unmedicated animals are showing full-blown stage 4 or 5 kindled 
seizures and animals are challenged with carbamazepine, they may respond well, whereas 
those animals that have been pretreated with levetiracetam are completely unresponsive to 
the same dose of carbamazepine.^^ These data suggest that tolerance-like mechanisms that 
occur during amygdala-kindling development may be sufficient to show cross contingent 
tolerance to another agent on completed kindled seizures, as we have previously observed 
for valproate pretreatment during kindling development precluding carbamazepine's 
efficacy in the later phases of completed seizures.^ 

It is noteworthy, however, that once animals have shown complete tolerance to 
carbamazepine, they still show excellent responses to the anticonvulsant effects of 
levetiracetam,'^ indicating that carbamazepine and levetiracetam tolerance'^ share some, 
but not other, important mechanisms of action in order to convey this unidirectionality. 

4. SUMMARY AND CONCLUSIONS 

The preclinical data on tolerance development offer a considerable number of novel 
pathophysiological, conceptual, and treatment-related postulates that can now be directly 
tested in the clinic. One of these postulates is that the seizure-induced changes in gene 
expression may be roughly grouped into those that: (1) are part of the primary 
pathophysiology of the kindling process and memory trace, whereas others (2) are more 
transient and adaptive, representing endogenous anticonvulsant mechanisms.^' ^ To the 
extent that this conceptualization is valid, it would suggest the therapeutic importance of 
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not only inhibiting the primary pathological changes, but also enhancing those related to 
the endogenous anticonvulsant variety. 

These same alterations may also be involved in the tolerance process because a 
variety of changes in gene expression appear to be suppressed in animals that are tolerant 
to carbamazepine or diazepam, in spite of the fact that full-blown seizures are occurring 
and one would expect the entire array of seizure-induced changes in mRNA to be 
manifest .̂ We have seen that some drug combinations (such as carbamazepine and 
valproate) at doses that each alone are associated with rapid tolerance development, when 
used in combination markedly slow the process. Similarly, when either gabapentin or 
MK-801 are added to lamotrigine in the suppression of amygdala-kindled seizures, 
lamotrigine tolerance is remarkably slowed.^ ̂  These data suggest that in some instances in 
the clinic where tolerance is an issue, combination treatment may not only be initially 
important in re-acquiring seizure control, but also important for enhancing its duration of 
effectiveness (if a tolerance process had been underlying the original loss of efficacy). 

Elsewhere, we have discussed other manipulations that may be important in slowing 
tolerance development based on the observation of contingent tolerance development to 
the anticonvulsant effects of carbamazepine on amygdala-kindled seizures.^' ^^ Some of 
these manipulations may also be usefully explored for their potential applicability in the 
clinic, including the potential benefit of early treatment."* '̂ ^^ 

Finally, we have mapped cross tolerances and lack thereof in the amygdala-kindling 
model that demonstrate interesting individual drug differences in mechanisms of action 
and, in some instances, surprising cross tolerance phenomena despite such differences. 
All of these preclinical observations are presented with the caveats that (1) they may or 
may not be directly applicable to a given clinical situation, and (2) the mechanisms of 
action and of tolerance development to a given drug may differ considerably in seizures, 
pain syndromes, and the recurrent affective disorders.̂ "*' ^^ 

Thus, considerable caution is warranted in assessing whether some of the 
observations in the amygdala-kindled seizure model directly pertain to the clinic, or more 
likely whether some of the principles elucidated in the contingent inefficacy, contingent 
tolerance, and cross tolerance phenomena may be indirectly pertinent to clinical 
therapeutics. Such propositions can then be formulated with more precision based on the 
more readily available and rapidly acquired preclinical model data, and then directly 
tested in the clmic where appropriate. 
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Discussion 

Teskey. These are fascinating data. My understanding is that one of the mechanisms for 
medical refractoriness to anticonvulsants is decreased permeability of blood brain barrier 
to the anticonvulsants. So I am wondering if you thought about this as the mechanism for 
your tolerance, that the blood brain barrier becomes less permeable. 
Post: Yes, we have thought about that, and we have also thought about the induction of 
the resistance genes and some of these genes that transport drugs out of cells. It is this 
kind of tolerance that is associated with the induction of those genes. Then you would 
have to have seizures not inducing those genes, but it is only seizures in the presence of 
the drug inducing them to be relevant to this paradigm. It is a very specific prediction, 
but it would be a very good one to look at. 
Wasterlain: I think our very next speaker will have something to say about that. But to 
my knowledge there is very little known about the blood barrier to anticonvulsants, 
Teskey: What I am suggesting is that seizures can change blood-brain barrier 
permeability, and in fact seizures can increase angiogenesis, and that's either making the 
drugs more available to the blood or less available to the cells. 
Post: Right, but they would have to do it at just the right temporal relationship, and that 
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effect would have to wear off the next day, because we have given drug and seizures 
uncorrelated and that is not associated with the process. 
Gale\ Actually, haven't you given the drugs and seizures correlated, but in the reverse 
temporal order? 
Post'. Yes, that is what I have shown. If you do that you will reverse the tolerance 
process because the animals are, in effect, having a med-free seizure. Because 
carbamazepine has a very short half-life in the rat, they are having the seizure, and then 
the drug is given afterwards. 
Gale\ The timing you are talking about, where the drug comes fu*st, is reminiscent of 
some of the things we heard this morning about conditioning. Have you thought about the 
possibility that these drugs may be serving as discriminative stimuli? We heard this 
morning that animals can become conditioned to actually augment their response with a 
conditioned stimulus. If these drugs are serving as a conditioned stimulus... 
Post: I think that is a great idea. We saw that with context-dependent cocaine 
sensitization, where the whole thing was sensitized, and we naively thought that this was 
more hard wired. I did not know until today how potent conditioned and context elements 
may be for this paradigm. Immediately it brings in the possibility that this could be like a 
context-dependent cueing, like you can see in some memory paradigms. 
Burnham: The phenomena you describe are very much paralleled in alcohol tolerance by 
what we call the intoxicated practice phenomenon. If you don't know Harold Kalant's 
work, you might want to investigate it. 
Post: Thank you. 
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1. SUBGROUPS OF KINDLED RATS AS A MODEL OF PHARMACO 
RESISTANT EPILEPSY 

Although several new antiepileptic drugs (AEDs) have been launched during the 
last two decades, pharmacoresistance of epilepsy is still a major problem in clinical 
neurology. About 30% of all epileptic patients do not adequately respond to drug 
treatment.' In adults, temporal lobe epilepsy (TLE) with complex-partial seizures has 
the poorest prognosis with up to 70% of the patients being resistant to treatment with 
available AEDs.̂  Although several risk factors for intractability have been identified, 
the mechanisms underlying intractable epilepsy have not been fully enlightened. 
Recent data gave evidence that pharmacodynamic mechanisms, i.e., changes in drug 
targets (target hypothesis),^ as well as pharmacokinetic mechanisms, i.e., a local 
decrease in brain access of AEDs mediated by overexpression of multidrug 
transporters (multidrug transporter hypothesis),"* may be involved. Investigations in 
animal models of pharmacoresistant epilepsy are helpful to increase the 
understanding of the underlying basis of intractability, i.e., to further substantiate the 
existing hypotheses, to define further mechanisms, and to examine how different 
mechanisms coact. Unfortunately, there are only few animal models of 
pharmacoresistant epilepsy. One of the most extensively characterized animal models 
in this respect is a pharmacoresistant subgroup of amygdala-kindled Wistar rats. 

Amygdala-kindling was first proposed by us as a model to study 
pharmacoresistant TLE in 1986.̂  This proposal was based on the observation that 
amygdala-kindled seizures are more difficult to suppress than seizures induced in the 
maximal electroshock seizure (MES) test. In follow-up studies, using female Wistar 
rats, it was found that the individual response to phenytoin differs. A subgroup of 
fully kindled rats consistently responded to phenytoin (PHT responders), whereas 
another subgroup of rats never responded to phenytoin (PHT nonresponders), 
although the plasma concentrations were in the therapeutic range in all rats^. Average 
data from several studies show that about 20% of the animals are PHT responders. 
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about 20% of the animals are PHT nonresponders, and the remaining 60% show a 
variable response^. Interestingly the subgroups do not differ with regard to the 
kindling acquisition or the severity and duration of their fully kindled seizures. 

Following the identification of subgroups with different pharmacosensitivity to 
PHT, most clinically available AEDs were tested in these animals. Except for the 
novel AED levetiracetam, all AEDs were significantly less efficacious or not 
efficacious in PHT nonresponders compared to responders, demonstrating that the 
resistance extends to various other old and new AEDs (Table 1). 

Several factors which could influence the pharmacosensitivity in kindled rats 
have been investigated since the first description of the model^. It was demonstrated 
that pharmacoresistance in this model is not due to differences in the electrode 
location, drug pharmacokinetics, seasonal variations in drug response, or the gender 
of the animals. Breeding studies in which PHT responders and nonresponders were 
selectively mated gave evidence that pharmacosensitivity in individual kindled 
Wistar rats is genetically determined.^ The involvement of genetics was substantiated 
by studies, in which phenytoin responders and nonresponders were selected in 7 
outbred and inbred strainŝ '̂ " (and unpublished data). Besides genetics, the kindling 
process itself may have an impact on the pharmacosensitivity. A study, in which the 
anticonvulsant efficacy of PHT was tested before and after kindling, indicated that 
pharmacosensitivity was altered by the kindling process.'^ In rats which were 
nonresponders after kindling, phenytoin exerted a significant anticonvulsant effect 
before kindling. This study indicates that kindled PHT nonresponders become 
pharmacoresistant through kindling-induced brain alterations. Taken together, the 
results indicate that the genetic background of an individual rat determines whether it 
becomes a responder or nonresponder by limbic epileptogenesis. 

The data raised the question, which genetic differences and which kindling-
induced brain alterations have an impact on the pharmacosensitivity of kindled rats. 

2. CHANGES IN DRUG TARGETS 

Drugs of primary choice for treatment of TLE such as phenytoin and 
carbamazepine are thought to act via modulation of voltage-activated sodium and 
calcium channels. It has been demonstrated that the properties of these channels 
change in the hippocampus of patients with pharmacoresistant TLE. '̂ •' ̂  

To directly address the possibility that neuronal sodium currents in the 
hippocampus play a crucial role in the pharmacoresistance of TLE, the effect of 
phenyoin on voltage-activated sodium currents was compared in CAI neurons of 
PHT-responding and PHT-nonresponding kindled rats.̂ ^ In view of the potential role 
of calcium current modulation in the anticonvulsant action of phenytoin, we also 
studied the effect of phenytoin on high-voltage-activated calcium currents in CAI 
neurons. Electrode-implanted non-kindled rats were used as sham controls for 
comparison with kindled rats. In kindled rats with in vivo resistance to the 
anticonvulsant effect of phenytoin (phenytoin nonresponders), in vitro modulation of 
sodium and calcium currents by phenytoin in hippocampal CAI neurons did not 
differ to any extent from respective data obtained in phenytoin responders, i.e. 
phenytoin resistance was not associated with a changed modulation of the sodium 
and calcium currents by this drug. Compared to sham controls, phenytoin's inhibitory 
effect on sodium currents was significantly reduced by kindling without any 
difference between the responder and nonresponder subgroups. These findings 
indicate that pharmacoresistance in individual kindled rats is not related to a reduced 
pharmacological sensitivity of sodium or calcium currents. However, recent studies 
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in tissue of pharmacoresistant patients indicated that there is a complete loss of 
carbamazepine's effect on voltage-activated sodium channels in granule cells of the 
dentate gyrus.̂  In contrast, a distinct inhibition of granule cell sodium currents by 
carbamazepine was detectable in tissue from pharmacosensitive patients. Based on 
these results, additional future experiments appear to be reasonable, i.e. experiments 
testing for a difference in the sensitivity of dentate granule cell sodium currents to 
PHT in kindled responder and nonresponder subgroups of rats. 

3. MULTIDRUG TRANSPORTER OVEREXPRESSION 

In view of the fact that almost 90% of patients resistant to one AED are also 
resistant to other AEDs, involving drugs with different mechanisms, it seems 
unlikely that functional changes at target sites for AEDs are the major or only factor 
underlying pharmaco-resistance. In PHT nonresponding kindled rats the decreased 
pharmacosensitivity to several AEDs reflects the clinical situation. A likely 
explanation for multidrug pharmacoresistance in patients and in subgroups of kindled 
rats is that AEDs do not reach sufficiently high brain levels despite adequate plasma 
levels in the "therapeutic range". Several studies indicated that the multidrug 
transporter P-glycoprotein (Pgp, ABCBl) is overexpressed in epileptogenic brain 
tissue of patients with intractable epilepsy.'̂ "^^ Pgp functions as an efflux transporter 
at the blood-brain barrier."̂  Thus, it was proposed that increased expression of Pgp in 
epileptic tissue may play a clinically significant role by limiting local brain access of 
AEDs to the brain parenchyma in the epileptic focus region."* Furthermore, in 
addition to Pgp, other multidrug transporters, such as members of the multidrug 
resistance-associated protein (MRP, ABCC) family, were reported to be 
overexpressed in capillary endothelial cells or astrocytes in such tissue.^' 

Many AEDs proved to be transported by the multidrug transporter Pgp"* (Table 
1). Of several AEDs tested, levetiracetam was the only AED that seems not to be a 
substrate of Pgp.̂ ^ In view of the fact that levetiracetam was the only AED without a 
reduced efficacy in PHT nonresponders (Table 1), this gives evidence for a 
correlation between transport by Pgp and anticonvulsant efficacy in the subgroup of 
PHT-resistant kindled rats. Thus, these data indicate that overexpression of the 
multidrug transporter Pgp may underly pharmacoresistance in PHT nonresponders. 

Using immunhistochemistry, we demonstrated that kindling per se results in an 
induction of Pgp expression in different brain regions involved in seizure generation 
and spread.̂ ^ Eight hours following the last kindled seizure significant increases of 
endothelial Pgp immunoreactivity were seen in the hippocampus, piriform cortex, 
and cerebral cortex. The kindling-induced upregulation appears to be transient, 
because no significant increases in Pgp expression were observed 1-2 weeks after a 
kindled seizure.̂ "* 
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Table 1. Anticonvulsant efficacy of different AEDs in PHT nonresponders and 
transport of AEDs by multidrug transporters 
Drug 
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Figure 1. P-glycoprotein labeled area in the ipsilateral amygdala in % of the total area. Data are means + 
SEM of PHT responders (n=7) and PHT nonresponders (n=6). Significant difference between the groups is 
marked by an asterisk (p< 0.05). 

To address the question of whether there is a correlation between 
pharmacosensitivity to PHT and expression levels of Pgp, we analyzed Pgp 
expression in the amygdala of PHT responders and PHT nonresponders. Fully 
kindled rats were tested in four consecutive PHT drug trials in order to select PHT 
responders and nonresponders. Two days following the last kindled seizure, Pgp 
immunoreactivity was quantified using computer-assisted image analysis. In the 
ipsilateral amygdala the Pgp-labelled area was significantly higher (57%) in PHT 
nonresponders as compared to PHT responders (Fig.l). The intensity of Pgp staining 
was comparable in the amygdala of both groups of kindled rats. These data indicate 
that PHT resistance is correlated with an increased number of cells that express Pgp 
above detection level in the amygdala. Increased expression of Pgp at the site of 
stimulation may result in decreased brain access of PHT in the subgroup of PHT 
nonresponders and thus may contribute to pharmacoresistance in these rats. 
Polymorphisms in the Pgp encoding genes (in rodents two genes: mdrla and mdrlb) 
may result in increased basal levels of Pgp in PHT nonresponders. Furthermore 
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differences in the regulation of Pgp expression in response to stimuli may exist 
between the group of PHT nonresponders and responders, and thus PHT 
nonresponders may respond with a more intense Pgp upregulation to seizure activity 
as compared to PHT responders. In epileptic patients a correlation between 
polymorphisms in the Pgp encoding gene (MDRJ) and the efficacy of AEDs has 
already been demonstrated^ .̂ To investigate if polymorphisms of Pgp do also 
contribute to pharmacoresistance in subgroups of kindled Wistar rats, we started to 
compare the mdrla genotype in PHT responders and nonresponders by SSCP (single 
strand conformation polymorphism) analysis. 

Experiments or clinical studies demonstrating that pharmacoresistance can be 
overcome by inhibition of multidrug transporter function would give a proof-of-
principle for the multidrug transporter hypothesis. Thus, we started to test 
combinations of multidrug transporter inhibitors with AEDs. Because PHT proved 
to be transported by Pgp and MRP2 at the blood-brain barrier (Table 1), inhibitors of 
Pgp and of MRP2 are candidates for combination with PHT. In a preliminary 
experiment, the combination of phenytoin and the MRP inhibitor probenecid was 
tested in phenytoin-resistant kindled rats. With this combination, it was only possible 
to overcome phenytoin-resistance in one individual animal out of a group of 
phenytoin-resistant rats. This result is not surprising, because Pgp seems to play a 
major role in efflux transport of phenytoin at the BBB and proved to be 
overexpressed in PHT nonresponders. Thus, it is likely that it will be necessary to 
inhibit Pgp as well as MRPs in order to achieve therapeutic success. In ongoing 
experiments, we are testing combinations of the Pgp inhibitor XR9576, the MRP 
inhibitor probenecid, and phenytoin in rats that were selected to be phenytoin-
resistant. 

4. FURTHER MECHANISMS OF PHARMACORESISTANCE IN 
SUBGROUPS OF KINDLED RATS 

In order to identify further mechanisms contributing to differences in 
pharmacosensitivity of individual kindled rats, a broad gene expression analysis was 
performed to determine differentially expressed genes in PHT responders and PHT 
nonresponders. This study was planned and performed in cooperation with UCB 
Pharma (Preclinical CNS Research, Braine L'Alleud, Belgium and UCB Research, 
Cambridge, USA). Tissue from PHT responders and PHT nonresponders was 
sampled in our department, gene expression analysis using gene chips was performed 
by Gene Logic (Gaithersburg, USA), and data analysis and validation was performed 
by UCB Pharma. 

Two weeks following the last kindled seizure the ipsilateral temporal lobe was 
sampled from groups of 6 PHT responders and 6 PHT nonresponders, which were 
selected in four consecutive PHT drug trials. The tissue included the amygdala, the 
hippocampus, and parahippocampal tissue. Following RNA preparation and cDNA 
synthesis, fragmented cDNA from individual rats was hybridized to Affymetrix gene 
chips (rat genome U34 set). The data were evaluated based on data generated in a 
previous study, in which we determined kindling-induced changes in gene expression 
using gene chip analysis.̂ ^ The expression of 49 genes differed in PHT responders 
and PHT nonresponders, of which the expression of 36 genes proved to be higher in 
PHT nonresponders, and the expression of 13 genes proved to be lower in PHT 
nonresponders. Interestingly, three of the differentially expressed genes are involved 
in nerve growth factor (NGF) receptor signaling or in modulation of NGF effects. 
The growth factor NGF is known to have diverse effects on the nervous system.̂ ^ 
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Neurotrophic effects of NGF have been described but also antiproliferative and 
apoptosis enhancing effects. These effects of NGF are mediated by two receptors, 
i.e., the tyrosine kinase receptor (TrkA receptor) and the p75 neurotrophin receptor 
(p75-NTR or non-tyrosine kinase type receptor). In tissue of PHT-resistant rats, we 
found increased levels of mRNA coding for the proteins RAP-1 and 14-3-3-epsilon 
as compared to PHT-sensitive rats. Both proteins are involved in NGF/p75-NTR 
signalling,̂ ^"^^ and thereby modulate apoptosis. The mRNA that encodes the 
cytoskeletal protein 4.IN proved to be expressed at lower levels in the temporal lobe 
of phenytoin-resistant rats as compared to the tissue of phenytoin-sensitive rats. It has 
been described that 4. IN mediates the antiproliferative effect of NGF.̂ ^ Seizure 
induced neurodegeneration and neuronal plasticity are considered to be relevant for 
the generation of a hyperexcitable network.̂ ' Thus, it is possible that differences in 
the modulation of neuronal apoptosis and plasticity by RAP-1, 14-3-3 epsilon or 
4. IN have an impact on processes involved in the network generation. Resulting 
differences may be reflected by different levels of pharmacosensitivity. 

In summary, gene expression profiling of PHT nonresponders and responders 
indicated that differences in neuronal degeneration and proliferation may contribute 
to the variance of pharmacosensitivity and to the phenomenon of pharmacoresistance 
in subgroups of kindled rats. In ongoing studies, we are thus addressing the question, 
do PHT nonresponders and responders differ with regard to the neuronal density in 
regions of the temporal lobe.' 

6. CONCLUSIONS 

Investigations in subgroups of PHT sensitive responder rats and PHT resistant 
nonresponder rats gave no evidence that target associated mechanisms underly the 
variance in pharmacosensitivity. However, based on recent data from human 
epileptic patients, further experiments will be necessary to exclude the possibility that 
differences in the sensitivity of dentate granule cell sodium currents to PHT exist in 
subgroups of kindled rats. 

Immunhistochemical expression analysis of the major multidrug transporter Pgp 
gave evidence for a contribution of Pgp overexpression to the phenomenon of 
pharmacoresistance in individual kindled rats. These data substantiate studies in 
pharmacoresistant epileptic patients, which showed that different multidrug 
transporters including Pgp seem to be upregulated in the epileptic tissue. Thus, the 
limitation of AED access to the epileptic focus by Pgp overexpression seems to be a 
mechanism of pharmacoresistance that is shared by pharmacoresistant epileptic 
patients and a pharmacoresistant subgroup of kindled Wistar rats. This points to the 
significant relevance of investigations in PHT nonresponding kindled rats, and 
indicates that these rats are suitable for testing new therapeutic strategies designed to 
overcome pharmacoresistance. 

Gene expression profiling indicated that differences in neuronal degeneration 
and plasticity may exist that might render the kindled network more or less 
pharmacosensitive. Further investigations will adress the question, does the density 
of selected neuronal subpopulations in the temporal lobe differ between the groups of 
PHT nonresponders and PHT responders. 
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Discussion 

Avanizi: Very nice data. Did you try to correlate the induction of the transport 
protein with the tissue concentration of the drug? 
Potschka: We did that, with microdialysis in the ipsilateral amygdala. What we used 
in this experiment were non-selected kindled rats, and we found that when we elicit a 
seizure during the microdialysis procedure the concentration of phenytoin in the 
dialysate is lower in the animals that developed a seizure as compared to control 
animals. So we have evidence that there are lower concentrations of the antiepileptic 
drug in the epileptic focus region. 
Moshe: This phenytoin resistance is universal to other agents too? 
Potschka: Yes. Levetiracetam is the only antiepileptic drug that is equally effective 
in the group of phenytoin non-responders and responders. All the other antiepileptic 
drugs proved to be less efficacious in the group of phenytoin non-responders. 
However, there is not a complete loss of efficacy in this subgroup of kindled rats ~ it 
is of course 100 percent for phenytoin, but for all the other antiepileptic drugs the 
efficacy is reduced by 50 up to 85 percent. 
Moshe: So how do you explain that the PGP changes are not 100 percent? 
Potschka: We believe that PGP is only one factor of pharmacoresistance. There will 
be other factors as well. That's why we performed the gene expression study. 
Furthermore the affinity of different anti-epileptic drugs for PGP is likely to differ. 
Moshe: How about the genetics? You started with female rats, but you ended 
up with male rats. 
Potschka: No, we used female rats in all our microdialysis and immunhistology 
experiments. 
Moshe: But you said that pharmacological resistance is greater in the males. 
Potschka: Yes, correct. 
Moshe: So how is the genetics involved, and after the second generation 
what happens? 
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Potschka: With regard to genetics, we selectively bred with phenytoin responders or 
phenytoin non-responders. This is a really hard task, because kindled animals do not 
breed that well. When we selected the offspring animals, we observed that the 
offspring from responder breedings had a higher percentage of anticonvulsant 
responses in the repeated drug trials. So it was not that we got only responders in the 
offspring from responder breedings. Thus, there is evidence for an involvement of 
genetics. On the other hand, kindling induced changes also play a role. At the 
moment we are addressing the question of whether there are polymorphisms in the 
gene coding for P-glycoprotein or in the corresponding promotor region, because it 
may be that there is a difference in the regulation of expression, which may influence 
the effect of seizures in these groups of rats. 



DEVELOPMENT OF NEW ANTICONVULSANTS 
USING THE KINDLING MODEL 

W. Mclntyre Bumham, Deborah Lonsdale, Afshin Shahzamani, Claudia 
Perez-Cruz, and Heather E. Edwards* 

1. INTRODUCTION 

In recent years, our laboratory has been using the kindling model in a search for new 
drugs effective against intractable epilepsy. In this chapter, I would like to discuss (1) 
intractable epilepsy; (2) the limbic kindling model and how it should be used in 
pharmacological studies related to complex partial seizures; (3) our approach to drug 
discovery; (4) our experiments with deoxycorticosterone and its metabolites; and (5) our 
experiments with progesterone and its metabolites. 

2. INTRACTABLE EPILEPSY 

The epilepsies are a group of neurological disorders characterized by 
spontaneous, recurrent seizures.'° The causes of epilepsy are varied, and may include 
neoplasms, vascular anomalies, scars, stroke, genetic factors, birth trauma and brain 
injury.̂  

The most common therapy for epilepsy is anticonvulsant drug therapy. Many 
patients with epilepsy benefit from anticonvulsants, and live normal, productive lives. 
About 20% of the people with epilepsy, however, fail to respond to the standard 
medications.^' These "drug resistant" or "intractable" patients continue to have seizures 
despite the best medical care. They face lives of economic hardship and social rejection. 

* W. Mclntyre Bumham, Deborah Lonsdale, Afshin Shahzamani, Claudia Perez-Cruz, Heather E. Edwards, 
University of Toronto, 1 King's College Circle, Toronto, Ontario, M5S 1A8. 
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2.1. Complex Partial Epilepsy 

The majority of people with intractable seizures have a single type of epilepsy -
complex partial epilepsy, usually of temporal lobe origin. Complex partial seizures are 
the most common seizures in adults,̂  and they are resistant to all of the present 
anticonvulsants. *"* 

The control of complex partial seizures is one of the major challenges in the 
treatment of epilepsy today. Some complex-partial patients benefit from seizure surgery, 
the ketogenic diet or vagal stimulation. Many patients are not candidates for these 
procedures, however. Better medications are needed for these people. This has been the 
focus of our recent work. 

2.2. West's Syndrome 

We have also been interested in the seizures of West's syndrome. West's syndrome 
is an epileptic syndrome that begins during the first year of life.̂ ^ Epidemiological 
studies suggest that over 2,000,000 cases of West's syndrome occur each year 
worldwide.*^ 

The prognosis for West's syndrome is very poor. Up to 61 % of patients experience 
other types of seizures later on in life - often in the form of Lennox-Gastaut syndrome -
and 85 % of patients show some degree of mental retardation.̂ ^ 

The seizures in West's syndrome are refractory to the standard antiepileptic drugs.̂ ^ 
They often respond to adrenocorticotrophic hormone (ACTH), however.̂  ACTH also 
suppresses other forms of childhood seizure.̂ ^ Long-term ACTH therapy, however, 
results in numerous and serious side effects, including hypertension, immune 
suppression, intracranial hemorrhage and cataracts.̂  

3. THE LIMBIC KINDLING MODEL AS A MODEL OF COMPLEX PARTIAL 
SEIZURES 

The most widely used model for complex partial seizures (with secondary 
generalization) is the amygdala kindling model.̂  The pharmacological response of the 
kindled amygdala focus models the intractability of human complex partial seizures.* 
Used properly, the amygdala kindling model offers a preparation in which to develop 
new compounds effective against complex partial seizures. The hippocampal kindling 
model can also be used for this purpose. 

Unfortunately, the amygdala kindling and hippocampal kindling models are seldom 
used properly. Researchers tend to report on the effect of drugs on the severity of kindled 
convulsions, or on the afterdischarge. Used this way, amygdala kindling does not model 
complex partial seizures. It models generalized convulsive seizures.* 

Researchers also report on the effect of drugs on the rate of kindling. What this 
models is not clear. It may model the development of secondarily generalized seizures in 
patients that initially have only partial seizures. The preparation does not model the 
development of post-traumatic epilepsy, however. Anticonvulsants do retard kindling, 
but they do not appear to slow the development of post-traumatic epilepsy. 

When Penny Albright and I were working to validate amygdala kindling as a 
pharmacological model for complex partial seizures, we tested drugs against two 
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components of the seizures: (1) focal spiking in the amygdala; and (2) generalized 
convulsions. We found that generalized convulsions, and long afterdischarges, were 
suppressed by most anticonvulsant drugs - and particularly by those drugs effective 
against tonic-clonic seizures. Focal amygdala spiking - like complex partial seizures -
was resistant to most anticonvulsants. Our criterion for focal spiking, however, was 
complete suppression of the afterdischarge - not just a change in duration. It is only 
when the model is used this way that its drug response resembles that of complex partial 
seizures. 

4. OUR APPROACH TO DRUG DISCOVERY 

Our laboratory has developed a novel approach to the discovery of new drugs for 
intractable seizures. We study medical treatments that are successful when the drugs fail 
- treatments such as the ketogenic diet and hormone therapy. We then try to discover 
their mechanisms of action, and to reproduce them pharmacologically. 

We have discussed our studies of the ketogenic diet elsewhere. *̂"̂^ Here I would 
like to discuss our experiments with hormones - and in particular the experiments that 
grew from our investigation of the anticonvulsant effects of adrenocorticotrophic 
hormone (ACTH). 

5. EXPERIMENTS WITH DEOXYCORTICOSTERONE (DOC) 

As mentioned above, the majority of children with West's syndrome respond to 
ACTH, a treatment that also suppresses other types of childhood seizures. Long-term 
ACTH, however, has numerous and serious side effects. 

Heather Edwards, working in our laboratory as a post-doctoral fellow, was interested 
in trying to understand the anticonvulsant mechanism of action of ACTH. She therefore 
tested the anticonvulsant effects of ACTH and corticosterone - the hormone that ACTH 
releases - in several different seizure models. She also tested the effects of several 
metabolic precursors to corticosterone (see Figure 1). These precursor steroids are 
produced and released during the production of corticosterone. Like all steroids, they 
cross the blood-brain barrier and enter the brain. 

In Heather's experiments, we found that neither ACTH nor corticosterone was an 
effective anticonvulsant.̂  Two corticosterone precursors, however, were strong, broad-
spectrum anticonvulsants. These were deoxycorticosterone (DOC) and progesterone. 

We had already been working on progesterone"* - due to its involvement in 
catamenial epilepsy. DOC's effects, however, were new to us. Heather and, later, 
Claudia Perez-Cruz, therefore, began to study the anticonvulsant effects of DOC. We 
hoped that DOC might be as effective as ACTH as suppressing childhood seizures -
without having as many side effects. We also hoped that it might be effective against 
complex partial seizures. 

It is important to note both here and in the following discussions, that DOC and 
progesterone are "neuroactive steroids." They cross the blood-brain barrier and bind to 
receptors in the brain. It is also important to note that they have cell surface receptors, as 
well as the traditional nuclear steroid receptors. Since we have looked at anticonvulsant 
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effects 15 minutes after injection, our effects relate to cell surface receptors. (Genomic 
effects take longer to develop.) Finally, it is important to note that both DOC and 
progesterone have active neurosteroid metabolites that also enter the brain and bind to 
cell-surface receptors. 

Claudia investigated both DOC's mechanism of action and its spectrum of action. In 
terms of mechanism, she studied the relation of DOC's anticonvulsant effects to its 
primary and secondary metabolites. She worked primarily in 15-day-old rats, which had 
been the subjects of Heather's earlier ACTH studies. Seizure tests were done 15 minutes 
after injection in the hopes of maximizing the concentration of the test compound 
injected, although, at 15 minutes, metabolites of these compounds are present. 

Claudia found that DOC's anticonvulsant effects disappeared in the presence of 
finasteride. Finasteride stops the conversion of DOC its metabolites. This suggested that 
DOC is not anticonvulsant in itself, but that it owes its anticonvulsant effects to its 
metabolites. Claudia therefore tested the anticonvulsant actions of DOC's first and 
second metabolites, dihydrodeoxycorticosterone and tetrahydrodeoxycorticosterone 
(DHDOC and THDOC, respectively). She found that both DHDOC and THDOC are 
strong anticonvulsants in 15-day old rats. It is now known that both are allosteric 
enhancers of GABA-ergic inhibition. 

The above work was all done in the maximal pentylenetetrazol model (MMT), 
which is particularly responsive to steroids. Claudia also tested DOC's effects in the 
maximal electroshock (MES) model in the hippocampal-kindling model. DOC 
suppressed generalized convulsions in both of these models. Disappointingly, however, 
focal spiking in the hippocampus model was not fully suppressed, even at high doses. We 
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concluded that DOC might be useful in the treatment of the generalized seizures of 
childhood. It would probably not be useful, however, in the treatment of complex partial 
seizures. 
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Figure 2. Dose-response data for DOC's anticonvulsant effects in 15-day-old rats on hippocampal kindled, 
MES and MMT seizures. Different doses of DOC were administered to pups, followed 15 min later by the 
seizure provoking stimulus. 

6. EXPERIMENTS WITH PROGESTERONE 

Investigations of the anticonvulsant effects of progesterone are ongoing in our 
laboratory. They have been carried out by Heather Edwards, Afshin Shahzamani and 
Deborah Lonsdale. 

It has been known that progesterone has anticonvulsant effects ever since Selye's 
pioneering experiments^^ in 1941. Most experiments, however, have involved female 
subjects, since progesterone is thought of a female hormone. Heather, however, pointed 
out that both male and infant brains also have receptors for progesterone and its 
metabolites. We therefore went on to show that progesterone is anticonvulsant in both 
male and female rats, and in both adults and pups (Shahzamani et al., in preparation). It 
could be used for any sort of patient. 
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Recent experiments from other groups have addressed progesterone's mechanism of 
action. Kokate et al.̂ ^ and Frye et al.* have found that progesterone's anticonvulsant 
actions are due, at least in part, to its metabolites. Progesterone is first metabolized into 
5-dihydroxyprogesterone (DHP) and then into 5-tetrahydroxyprogesterone (THP) -
sometimes called "ailopregnanolone." As with DOC, finasteride can block the first step 
in progesterone's metabolism. Inhibition of metabolism with finasteride, or a genetic 
deficiency in the 5alpha-reductase type I enzyme in mice, both result in a decrease in the 
anticonvulsant activity of progesterone.*''̂  In our hands, finasteride completely blocks 
progesterone's anticonvulsant effects (Edwards and Bumham, unpublished data), 
suggesting that progesterone's effects are completely due to its metabolites. 

Recent investigations of the progesterone metabolites, however, have primarily 
focused on progesterone's second metabolite, THP. THP potentiates GABA-ergic 
activity, which is believed to be the mechanism of its anticonvulsant action. At higher 
doses, however, THP is quite sedative. 

Deborah Lonsdale in our group suspected that progesterone's first metabolite, DHP, 
might also be anticonvulsant. She compared the effects of DHP to the effects of 
progesterone and THP in adult, female, amygdala-kindled rats. Tests were done 15 
minutes post injection. 

Progesterone was tested first and it was not very effective. It had an ED50 of 100 
mg/kg against generalized kindled convulsions, but did not suppress the amygdaloid 
focus.'* Subjects were not sedated at the time of seizure testing, but sedation developed 
later (40-60 minutes post-injection) - presumably due to the formation of metabolites. 
THP was stronger than progesterone. It had an ED50 of less than 5 mg/kg, against 
kindled generalized convulsions. Unfortunately, it did not suppress the amygdaloid 
focus, even at high doses associated with sedation (Lonsdale and Bumham, in 
preparation). DHP, however, was as effective as THP against the generalized convulsion, 
and it did suppress spiking in the amygdaloid focus. It did not produce sedation 15 
minutes post injection, or at any later time interval. 

Thus, DHP is the first compound we have found in almost 25 years of work that 
suppresses the amygdaloid focus at non-toxic doses. We are currently attempting to 
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establish DHP's mechanism of action, and to begin its development as an anticonvulsant 
drug. 
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Discussion 

Teskey: Wonderful work. Mac. Does DHP convert back to progesterone or is it only 
unidirectional? 
Burnham: As far as I know, it is unidirectional. We have actually tested that with 
DHDOC and THDOC. If you put in indomethacin they won't interconvert. I would 
guess that DHP and THP don't interconvert. Otherwise THP would have similar effects 
as DHP, but we'd have to do the indomethacin to be sure. 
Veliskova: Do you have any evidence that the hormones are working through the 
membrane receptors, or are they working through the GABAA receptors? Progesterone is 
acting through the GABAA receptor, and the neurosteroids have their own binding site at 
the GABAA receptor. 
Burnham'. Let me answer that question in two or three ways. THDOC, DHDOC, and 
THP all bind to the steroid site on the GABAA complex, and they work through the 
GABAergic mechanism. DHP obviously does not because it has a very different 
spectrum of action. All the receptors that we will be dealing with here would be cell 
surface receptors. We always test 15 minutes after administration of the drug, and you 
couldn't get genomic effects that quickly. 
Veliskova: Well, it has been shown that there are genomic effects as soon as 10 minutes 
after hormone administration. 
Burnham: I was told 20 minutes. We have been reading different books! It is unlikely 
that we would be seeing genomic effects at this time. The DHP receptor has been 
described in peripheral tissue, and it is a cell surface receptor. The next step is to study it 
and try to find out what it does. 
Wasterlain: Usually the neurosteroids are thought to bind preferentially to the delta 
subunits of the GABAA receptor, which is responsible for extracellular tonic currents. So 
does that mean that they will affect your particular type of seizures, or would it affect 
general tone more than the physical effects? And would that not have some drawbacks 
are far as sedation? 
Burnham: Basically all I can say is three of the four drugs we've been working with 
clearly are binding to the GABAA site. They all are associated with sedation, although 
the therapeutic index is pretty good for DHDOC and THDOC. DHP does not seem to be 
binding to the GABA complex in any way, and it has totally been unassociated with 
sedation even at fairly high doses. 



CANNABINOIDS AND KINDLING 

Michael E. Corcoran, Deborah Saucier, Xia Zhang, Aaron Sheerin, and 
Kenneth Wolfe* 

1. INTRODUCTION 

For millennia there has been interest in the potential therapeutic effects of marijuana 
(cannabis), including its potential antiepileptic effects. A flurry of research on cannabis 
and seizures occurred in the 1970s, when purified tetrahydrocannabinol (THC) became 
available for research. The results demonstrated that a variety of seizures, including 
kindled seizures can be suppressed by THC, but typically at toxic doses. ̂ '̂  It was also 
reported that prophylactic administration of THC can delay limbic kindling in rats^ and 
cats.^ In contrast, other studies that received less attention described proepileptic or 
proconvulsant effects of a variety of cannabinoids, including THC."*'̂  Because of a lack 
of knowledge about the mechanisms of cannabis's effects oh the brain, research on 
cannabis and epilepsy declined to a very low level in the 1980s. 

Scientific interest in the effects of cannabinoids recently revived with the discoveries 
that cannabinoid receptors exist in the body, including brain, and that endogenous ligands 
for cannabinoid receptors are present in brain. As reviewed by Pertwee,^ 2 classes of 
cannabinoid receptors have been identified: the CBl receptor, localized primarily on 
central neurons, although also present in the PNS; and the CB2 receptor, located mainly 
on immune cells. Both receptors are coupled to G proteins.^ Recent research has also 
suggested that a third target site for cannabinoids exists, perhaps serving as a vanilloid 
receptor.^ It is now known that several endogenous ligands, the "endocannabinoids," 
bind to these receptors. The best characterized ligands are anandamide and 2-
arachidonoylglycerol.^ 
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Work has also progressed on developing drugs that act as selective agonists and 
antagonists. The availability of synthetic cannabinoid agonists and antagonists has 
provided a pharmacological probe for the involvement of endocannabinoids and CB 
receptors in brain function. A wide array of natural and synthetic cannabinoids have now 
been tested; some act as agonists, some as partial agonists, some as antagonists, and some 
as inverse agonists.^ Several recent reports have indicated that CBl agonists suppress 
tonic seizures induced by pentylenetetrazol (PTZ) or electroconvulsive shock (ECS), and 
that PTZ and ECS-induced seizures are exacerbated by treatment with CBl antagonists.^^" 
'̂  These results suggest that some types of seizure might benefit from treatment with 
cannabinoid agonists, and, further, that endocannabinoids may act to dampen seizure 
discharge in the CNS. Furthermore, a study by Lambert et al.̂ ^ reported the provocative 
finding that tonic seizures in mice are suppressed by N-palmitoylethanolamide (PEA), a 
putative endocannabinoid that is implicated in inflammatory processes, at nontoxic doses. 

We wished to determine whether selective cannabinoid drugs will influence kindled 
seizures and kindling itself Hence we examined the effects of a CBl agonist, HU-210, 
on amygdaloid seizures and kindling and on neocortical seizures in rats. 

2. METHODS 

2.1. Effects of a Cannabinoid Agonist on Kindled Seizures and Kindling 

We report the results of two lines of experimentation, one characterizing the effects 
of cannabinoids on kindled seizures, and the other characterizing the effects of 
cannabinoids on kindling itself All experiments were performed in male hooded rats, 
weighing 200 to 250 gr at the start of experimentation. For kindling, bipolar stimulating 
recording electrodes were implanted bilaterally into the basolateral amygdala, dorsal 
hippocampus, or anterior neocortex. Ten days after surgery, kindling began. Before any 
drug injections, we determined the threshold for afterdischarge (AD). Stimulation 
consisted of a 1-sec train of balanced biphasic square wave 1 msec pulses at 60 pps at an 
initial intensity of 10 ^A (base-to-peak). Intensity was raised in gradual steps until an AD 
was triggered. To investigate the potential antiepileptic effects of cannabinoids, we 
triggered kindled seizures with stimulation at 100 jxA above threshold, in order to ensure 
stability of seizures. To investigate the potential prophylactic effects of cannabinoids, we 
kindled seizures with stimulation at the threshold for AD. 

Rats received ip injections of the CB1/CB2 agonist HU-210, dissolved in DMSO, at 
a volume of 1 ml/kg and at doses of 10, 25, 50, 100, and 500 ^ig/kg. Because the 
pharmacokinetics and half-life of HU-210 have not been described, we performed pilot 
studies to identify the interval at which significant drug effects were observed, and then 
gave the drug at this interval in the formal experiments. To characterize the antiepileptic 
effects of HU-210, we kindled generalized seizures with amygdaloid stimulation. After 
the duration and intensity of the seizures had stabilized, we gave the rats ip injections of 
drug or vehicle, and then triggered seizures 20 min later. Each rat received only one dose 
of drug, and to assess the effects of chronic administration we gave the drug once daily 
for 5 days. We continued to trigger kindled seizures for at least 10 days after termination 
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of drug injections. The effects of HU-210 on seizures kindled from dorsal hippocampus 
and from anterior neocortex were also examined in small groups of rats. 

To determine whether HU-210 can produce prophylactic effects on kindling, we gave 
other rats injections of the drug during amygdaloid kindling. Kindling stimulation and 
drug injections were administered every other day. HU-210 or vehicle was injected ip 20 
min before each stimulation of the amygdala. After kindling of 3 generalized seizures, 
injections were terminated and seizures were triggered for 3 more days. 

3. RESULTS 

3.1. Effects of Cannabinoid Agonists on Kindled Seizures and Kindling 

Gross behavioral observation indicated that the higher doses of HU-210 produced 
toxic effects on general behavior. Rats treated with either 100 or 500|ig/kg of HU-210 
responded with loud vocalizations when approached or handled. They were generally 
inactive and ataxic, and displayed flaccid muscle tone. When placed in a supine position, 
the rats treated with lower doses responded with strong righting and bracing reflexes, 
whereas the rats treated with higher doses failed to right themselves and did not display 
any bracing limb response. Other effects of HU-210 were observed on a variety of 
reflexive, cognitive, and emotional behaviors (data not shown). 

When characterized as protection against clonic seizures, the acute effects of HU-210 
on amygdaloid seizures displayed a steep dose-response curve. As shown in Figure 1, no 
protective effect was produced by 10 and 25 |Lig/kg, a modest protective effect was 
obtained with 50 |Lig/kg, and the maximum effect was observed at 100 |ig/kg, with no 
fiirther effect being seen at 500 |ig/kg. Figures 2 and 3 depict the effects of HU-210 on 
duration of clonus, resulting in a generally similar pattern, with minimal effects evident 
after the first injection of 10, 25, and 50 |ag/kg, and statistically significant reduction of 
clonus evident at 100 and 500 |ig/kg. 
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Figure 1. Log dose-response relations of the protection against clonic seizures produced by HU-210. 
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Figure 2. Effects of HU-120 on clonus duration of kindled amygdaloid seizures. * 500 l̂g/kg different from 
control, p<0.025; ** 500 & 100 |ig/kg different from control p<0.025. 
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Figure 3. Effects of HU-120 on clonus duration of kindled amygdaloid seizures. * 50 îg/kg different from 
control, p<0.025. 

Unexpectedly, chronic administration of HU-210 resulted in a proepileptic effect on 
amygdaloid kindled seizures, as indicated by the significant increase in seizure duration 
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occurring on the second or subsequent injection of several of the doses, as shown in 
Figures 2 and 3. Thus tolerance to the modest acute antiepileptic effects of HU-210 
developed extremely rapidly, as did apparent sensitization to the proepileptic effect of 
HU-210, which was evident for the higher doses by the fourth injection. Seizure 
durations remained elevated for 3 or 4 days after discontinuation of drug injections, but 
returned to baseline by the end of testing. 

To examine the generality of the proepileptic effect of HU-210, we have tested the 
effects of HU-210 at 100 jxg/kg on seizures kindled fi-om anterior neocortex, or dorsal 
hippocampus in preliminary experiments No antiepileptic effect was observed at this 
dose, and instead an increase in duration of clonus was evident during treatment with the 
drug (Figures 4A and 4B). 

In order to examine the potential prophylactic effects of HU-210, we administered 
the drug in doses of 10, 25, 50, and 100 îg/kg during amygdaloid kindling. As shown in 
Figure 5A and 5B, HU-210 at 10 and 25 îg/kg had no significant effect on the rate of 
kindling of generalized seizures, whereas doses of 50 and 100 îg/kg produced a 
significant acceleration of kindling. The duration of AD during kindling was also 
increased significantly by treatment with doses of 25, 50, and 100 ^g/kg (Figure 6). 
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Figure 4. Effects of HU-210 on duration of clonus of seizures kindled from dorsal hippocampus (A) or anterior 
neocortex (B). *Significantly different from control, p<0.025. 
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Figure 5. Effects of HU-210 on amygdaloid kindling, as measured by number of ADs to the first stage-5 seizure 
(A) or to 3 consecutive stage-5 seizures (P). *different from control, p 0.025. 
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Figure 6. Effects of HU-210 on duration of AD during amygdaloid kindling. *** 100, 50, & 25 [ig/kg different 
from control, p<0.05; * * 100 & 25 îg/kg different from control, p<0.05. 
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4. DISCUSSION 

The present experiments demonstrate that cannabinoid agonists can produce either 
antiepileptic or proepileptic effects. Thus acute administration of high doses of HU-210, 
an agonist at CB-1 and CB2 receptors, produces modest protection against clonic 
amygdaloid seizures. Tolerance to the antiepileptic effect develops rapidly, and, 
unexpectedly, chronic administration of HU-210 results in a large increase in the duration 
of the clonus associated with kindled amygdaloid seizures. A similar proepileptic effect 
on hippocampal and neocortical seizures occurs with chronic administration of HU-210. 
In ongoing preliminary experiments, we are also finding (data not shown) that a 
proepileptic effect on amygdaloid seizures is produced by WIN 55,212-2, another 
CB1/CB2 agonist that reportedly suppresses tonic seizures induced by pentylenetetrazol 
or ECS.̂ '̂*^ Thus the effects seem not to be specific to HU-210, but extend to another 
selective cannabinoid agonist. Furthermore, administration of HU-210 during 
amygdaloid kindling results in an acceleration of the rate of kindling. 

Superficially, the effects of HU-210 appear to differ fi-om the effects of THC on 
kindling and kindled seizures.^' ^ However, it is worth noting that acute antiepileptic 
effects of THC are seen only at toxic doses, and chronic administration results in 
prolongation of seizures triggered on non-drug days.^ Although this was interpreted as an 
acute withdrawal syndrome, it might also reflect long-lasting proepileptic effects of THC 
that are unmasked in the absence of acute antiepileptic effects. It is also unclear that the 
retardation of kindling produced by THC is a genuine prophylactic effect, as opposed to 
an acute suppression of seizures.^' ^ Thus although there are some differences in the 
effects of THC and HU-210, there are also similarities. 

Our results also differ from other recent demonstrations of an antiepileptic effect of 
cannabinoid agonists against tonic seizure.'^"'^ One explanation for the discrepancy is 
that some agonists might have additional properties, although above we cited evidence 
that WIN 55,212-21 affects kindled seizures similarly to HU-210. Another possibility is 
based on the observation that kindled limbic seizures are essentially forebrain clonic 
seizures, as are kindled neocortical seizures. The neural substrates of forebrain clonic 
seizures are thought to differ from the substrates of brainstem tonic seizureŝ "* and might 
display differential sensitivity to the effects of cannabinoids as well. A similar 
explanation might apply to the differential ability of the putative endocannabinoid PEA to 
suppress tonic but not clonic seizures, whether induced by kindling or pentylenetetrazol.'^ 

It has been reported that the endocannabinoid anandamide is proconvulsant in 
knockout mice lacking the enzyme fatty acid amide hydrolase,'^ which catalyzes the 
metabolism of anandamide. Thus our observation of a proepileptic effect of a 
cannabinoid is not entirely unprecedented. To account for our results, we suggest the 
hypothesis that seizures that involve the hippocampal formation are sensitive to 
proconvulsant effects of cannabinoids. That is, hippocampal cannabinoids have been 
shown to decrease release of GABA from inhibitory intemeurons, thereby disinhibiting 
activity in principal cells, at concentrations an order of magnitude smaller than those that 
decrease release of glutamate.^ Thus, according to the hypothesis, seizures that are 
sensitive to hippocampal hyperactivity would be exacerbated by cannabinoid agonists. 
Consistent with the hypothesis, hippocampal hyperexcitability induced by kainic acid 
increases susceptibility to amygdaloid kindling.'^ The hypothesis is testable, suggesting. 
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for example, that selective manipulations of hippocampal cannabinoids would affect 
kindled seizures and other forms of clonic seizure induced by activation of the forebrain, 
but not tonic seizures induced by activation of the brainstem. A corollary of the 
hypothesis is that kindling involves an enduring increase in the density of hippocampal 
CBl receptors, and hence that seizures kindled from the forebrain may be abnormally 
sensitive to the effects of cannabinoids. In support of the corollary, we have obtained 
preliminary evidence that CBl receptor immunoreactivity is increased in the hippocampal 
formation after amygdaloid kindling, measured either with immunohistochemistry^^ or 
Western blot (unpublished). 

Finally, our data require some reconsideration of the idea that cannabinoids might be 
useful treatments for seizures or epilepsy. The data clearly suggest that it would be 
unwise to use cannabinoids clinically for treatment of seizures originating at limbic sites, 
whether partial or secondarily generalized. The possibility that other types of seizure 
could benefit from cannabinoids requires fiirther carefiil investigation. 
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Discussion 

Wada: You mentioned AD duration. Which part of the behavioral seizure gets prolonged 
during the AD? 
Corcoran: The clonic seizures are longer. We don't see this until the rats are having 
stage 5 seizures. So when they are having generalized clonus, it is associated with the 
longer AD duration. 
Engel: This is very disturbing, Mike. I have been telling my patients for years when they 
ask me if they can smoke marijuana that it is fine as long as they don't stop. But I am 
confused about several aspects about this. First of all, you're measuring seizure severity; 
so it really doesn't say anything about the effect it might have on when seizures occur. 
Did you look at AD threshold? 
Corcoran: That's a really good question. No, we have not yet looked at AD threshold. 
Engel: The first effect that you described reported is an antiepileptic effect followed by a 
proepileptic effect. Are you implying that it is tolerance that then causes a withdrawal 
proepileptic effect, or do you think that it's a direct effect? In other words, in the graphs 
that you show where seizure duration dips down and then goes way up, is that upswing a 
withdrawal effect because of the tolerance, rather than a direct effect? 
Corcoran: Well, that is obviously a key question, and I do not yet know the answer. 
Engel: It does not go along with the effect of the cannibinoids, which is disinhibition. So 
if it is a disinhibition, you wouldn't expect the initial effect to be antiepileptic. However, 
we know that cannabinoids produce disinhibition, and that was one of the reasons for 
suggesting that inhibition is a mechanism for causing hippocampal seizures. 
Corcoran: Let me remind you that at 50 îg/kg there was a hint of an antiepileptic effect, 
but it was not significant. What was significant was the proepileptic effect that developed 
by about the fifth injection. So the antiepileptic effect can be uncoupled from the 
proepileptic effect. It could even be that the antiepileptic effect at the higher doses is not 
CBl receptor mediated, and this is a testable proposition. 
Engel: The alternative hypothesis is that the antiepileptic effect is a true effect and the 
disinhibition actually is antiepileptic in the hippocampus in this situation. But because of 
the rapid tolerance, the proepileptic effect is then a withdrawal effect. 
Simonato: I may have missed this. Is the drug you used selective for any of the 
cannibinoid receptors? 
Corcoran: This drug acts at the CB1 and CB2 receptors. 
Simonato: Have you challenged the hypothesis using a selective antagonist? 
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Corcoran: Not yet. 
Heinemann: Since the CBS receptor apparently depresses glutamate release, an 
alternative explanation would be that, when you apply the drug, the intrinsic cannabinoids 
no longer bind to the CBl receptor but instead to the CB3 receptor. Then subsequently 
production of anandamide or whatever cannabinoid is depressed. So did you do repeat 
these experiments in the presence of a CBl antagonist? 
Corcoran: No, that is an excellent idea, and, as I said, we have not done that yet. 
Wasterlain: Has anyone tried this in absence seizures? 
Corcoran: Not that I know of. 
Burnham: Just a note that rats quickly develop tolerance to anticonvulsants, but people 
don't develop tolerance at all. So you can't usually go from one to the other. 
Anecdotally in Toronto we've got a guy who has been taking THC or marijuana and 
claims it has controlled his seizures for many many years. 
Corcoran: There are lots of anecdotal reports of that, Mac, but the problem is that there 
is not much hard laboratory evidence. 



LOW FREQUENCY SINE WAVE STIMULATION 
DECREASES THE INCIDENCE 

OF KINDLED SEIZURES 

Jeffrey H. Goodman 

1. INTRODUCTION 

Although deep brain electrical stimulation has been studied as a therapy for epilepsy 
since the 1930's' we have still not determined the optimal sites for delivery of the 
stimulus or the most effective stimulus parameters. Superimposed on these questions is 
the requirement that the ultimate therapeutic stimulation needs to be safe and not interfere 
with normal brain function. Given the recent success using deep brain stimulation to treat 
movement disorders^ and the limited success of vagus nerve stimulation for epilepsy,̂  
there has been a renewed interest in deep brain stimulation as a therapy for epilepsy. In 
many ways the clinical use of deep brain stimulation is moving faster than the basic 
research, which usually precedes and is the often the basis for the development of new 
clinical therapies. Nevertheless, a number of laboratories are using in vitro and in vivo 
animal models to develop deep brain electrical stimulation as a therapy for epilepsy. 

The kindling seizure model is well suited for an investigation of the potential 
benefits of deep brain stimulation as a new therapy for epilepsy. One of the model's most 
powerful features is that the investigator has control over when the seizure will occur. 
This characteristic combined with distinct behavioral convulsive stages'* and measurable 
electrographic activity;̂  makes kindling an attractive seizure model for an examination of 
the anticonvulsive properties of deep brain stimulation. Early studies by Gaito et al.̂ '̂  
provided the initial evidence that low frequency stimulation (LFS) could interfere with 
kindled seizures but these studies were largely ignored or unaccepted by the kindling 
community. Weiss and colleagues^ coined the phrase "quenching" to describe the 
decrease in kindled seizures after DC stimulation.. A report by Ullal et al.̂  suggested that 
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LFS could raise kindled seizure threshold and Velisek et al.̂ ^ demonstrated that LFS 
could interfere with kindling acquisition in immature animals. Despite these positive 
reports, the anticonvulsant effects of LFS on kindled seizures is still controversial. For 
this reason we examined the effect of preemptive LFS on kindled seizures initiated in the 
amygdala and the hippocampus of the rat. 

2. METHODS 

All animals were treated in accordance with the guidelines set by the New York 
State Department of Health and the National Institutes of Health for the humane 
treatment of animals. 

2.1 Electrode Implantation 

Methods for electrode implantation have been described in detail elsewhere. ̂ '̂*̂  
Briefly, adult male Sprague-Dawley rats (275-325g) were anesthetized with a 
combination of ketamine and xylazine (1 ml/kg, i.p.; ketamine 80mg/kg and xylazine 
12mg/kg) and placed in a stereotaxic apparatus. A midline incision was made in the 
scalp, the calvarium was exposed and burr holes were drilled for the placement of anchor 
screws and electrodes. Bipolar, Teflon-coated stainless steel electrodes were 
stereotaxically implanted bilaterally into the basolateral amygdala or the dorsal 
hippocampus at the following coordinates measured from bregma: Amygdala A-P -
2.3mm; M-L ± 4.5mm from the midline; and Depth: 8.5mm from skull surface; 
Hippocampus A-P -3.0mm; M-L ±3.7 from midline; 3.2mm from skull surface.^^ After 
each electrode was lowered to the appropriate coordinate, it was cemented in place with 
acrylic cement (Plastics 1) and connected to a socket (Ginder Scientific). All animals were 
allowed to recover from the surgery a minimum of one week before initiation of 
afterdischarge (AD) threshold testing and kindling stimulation. 

2.2 AD Threshold Testing 

The AD threshold was determined for the left and right electrodes for each animal 
using a 60Hz, 1msec sine wave pulse. Amygdala animals received a Isec stimulus and 
hippocampal animals received a 2sec stimulus. AD threshold testing was started with a 
current intensity of 25JLIA, and was increased in 25|iA steps until an AD was observed. 
The electrode with the lower AD threshold and/or better recording quality was selected 
for control and experimental stimulation. Hippocampal animals with an AD threshold 
greater than 150|LIA and amygdala animals with an AD threshold greater than 250|LIA 

were not included in any experiments. 

2.3 Effect Of LFS On Kindling Acquisition 

Animals with electrodes implanted in the amygdala were randomly placed into a 
control or experimental group. Control animals were stimulated twice/day with a 60Hz, 
400|aA, 1msec sine wave pulse for Isec. Experimental animals were stimulated in a 
similar manner except they received a preemptive IHz , 50|iA sine wave stimulus for 
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30sec immediately before the kindling stimulus was delivered. Animals in both groups 
received a total of 20 stimulations. The AD duration and behavioral seizure score were 
measured after each stimulation and averaged. In addition, the number of stimulations 
required to elicit the first stage 5 seizure and for each animal to become fully kindled 
were also recorded. Data pertaining to the incidence of AD and stage 5 seizures were 
collected for both groups of animals. 

2.4 Effect Of LFS On The Kindled State 

Upon completion of the 20 stimulation series a crossover procedure was performed 
such that fully kindled animals from the control group received LFS plus the kindling 
stimulus and animals from the experimental group received only the kindling stimulus. A 
total of 20 additional stimulations were delivered to the animals in each group. 

A separate study examined the effect of preemptive LFS in rats fully kindled in the 
dorsal hippocampus. Each animal was stimulated twice/day with just the kindling 
stimulus until ftiUy kindled at which time a baseline of 10 stimulations was used to 
determine the mean incidence of stage 5 seizures. Upon completion of the 10 stimulation 
series, a preemptive 30sec IHz sine wave LFS was delivered immediately before each 
kindling stimulus for an additional 10 stimulations. The incidence of stage 5 seizures was 
measured after each stimulation. 

2.5 Data Analysis 

During kindling acquisition, values for AD duration and behavior seizure score were 
averaged after each stimulation. The data used in this analysis were generated from only 
those stimulations that elicited an AD. Stimulations that failed to elicit an AD were not 
included in these data in order to prevent a bias towards a decrease in AD duration. The 
statistical comparison between the control and experimental groups was made using a 2 
way ANOVA with 1 repeated measure. This was followed by the Hotelling T̂  test, which 
allows for a comparison of individual points within the 20 stimulation series.̂ "* 
Comparisons of AD or seizure incidence between the 2 groups were made using the 
Fisher Exact test. 

3. RESULTS 

3.1 Effect Of LFS On Kindling Acquisition 

Two parameters used to assess kindling acquisition, the mean number of stimulations 
required to elicit the first stage 5 seizure and the mean number of stimulations required 
for the animals to become fully kindled, were not significantly increased by the 
preemptive IHz sine wave stimulus in the experimental animals. There was a significant 
decrease (p<0.01, Hotelling T̂ ) in the mean AD duration towards the end of the 20 
stimulation series (Figure lA). Although there was a trend towards a decrease in 
behavioral seizure score in the experimental animals the change was not significant 
(Figure IB). 
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Figure 1. Effect of LFS on AD duration and behavioral seizure score during kindling acquisition. A. 
Comparison of mean AD duration after each stimulation between control (n=5) and experimental animals (n=5) 
stimulated with LFS. The mean AD duration for stimulations 18-20 was significantly decreased in the 
experimental animals (*= p<0.01, 2 way ANOVA with 1 repeated measure and Hotelling T̂  test). B. 
Comparison of mean behavioral seizure score after each stimulation between control (n=5) and experimental 
animals (n=5) stimulated with LFS. There was no significant difference between the groups (p>0.05, 2 way 
ANOVA with 1 repeated measure and Hotelling T^). 

The experimental animals exhibited a significant decrease in the incidence of AD in 
response to the LFS plus the kindling stimulus (Figure 2). In amygdala kindling the 
kindling stimulus rarely fails to elicit an AD. However, the incidence of AD decreased 
from 99% in the control animals to 70% in the experimental animals (p<0.0001, Fisher 
Exact test). 

3.2 Effect Of LFS Fully Kindled Animals 

Fully kindled amygdala animals underwent a crossover procedure such that the 
original control animals now received the LFS plus the kindling stimulus and the original 
experimental animals received only the kindling stimulus. A total of twenty stimulations 
were delivered in this phase of the experiment. The mean incidence of stage 5 seizures 
was measured for each group of amygdala kindled animals (Figure 3). The addition of the 
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preemptive LFS to the kindling stimulus caused a significant decrease in the incidence of 
stage 5 seizures from 98% to 42% (p<0.0001, Fisher Exact test). 
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Figure 2. Effect of LFS on the incidence of stimulus-induced AD during kindling acquisition. The kindling 
stimulus elicited an AD 99% of the time in control animals (n=5). The addition of the preemptive LFS to the 
kindling stimulus decreased the incidence of AD to 70% in the experimental animals (**• = p<0.0001, Fisher 
Exact test). 

i! 
s 
u s 

.SS _ 
« S 
*^ S 

^1 
o E 
s ^ 
e 

tj 

5 

100-1 

9 0 -

80 -

70 -

60 -

50 -

40 -

30 -1 

Pre-LFS Post-LFS 

Figure 3. Effect of LFS on the incidence of stage 5 seizures in fully kindled control animals (n=5). Note the 
significant decrease from 98% to 42% in the incidence of stage 5 seizures when LFS was added to the kindling 
stimulus in fully kindled control animals (*** = p<0.0001, Fisher Exact test). 

The effect of preemptive LFS was also examined in fully kindled hippocampal 
animals. This group of animals always exhibited a stage 5 seizure in response to the 
kindling stimulus. However, when the preemptive LFS was added to the kindling 
stimulus the mean incidence of stage 5 seizures decreased from 100% to 60% (Figure 4, 
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p<0.0001, Fisher Exact test). The LFS decreased the number of stage 5 seizures by 40%. 
It should be noted that 1 animal exhibited a stage 5 seizure during the 30sec preemptive 
LFS. For both amygdala and hippocampal fully kindled animals when the LFS plus the 
kindling stimulus did not lead to a stage 5 seizure we seldom observed a lower stage 
seizure. When animals failed to exhibit a stage 5 seizure, 90% of the time the preemptive 
stimulus was completely successful such that there was no response to the stimulus. 

Pre-LFS Post-LFS 

Figure 4. Preemptive LFS using sine waves (IHz, SÔ A for 30 sec) significantly decreased the incidence of 
stage 5 seizures by 40% in hippocampal-kindled rats (n=10, *•* = p< 0.0001, Fisher Exact test). It should be 
noted that one animal exhibited a stage 5 seizure during the delivery of the LFS before the kindling stimulus 
was delivered. 

4. DISCUSSION 

Deep brain stimulation has great potential to become a new therapy for patients with 
epilepsy who are pharmacoresistant or who are not candidates for epilepsy surgery. 
Questions related to where to deliver the stimulus and what stimulus paradigms are likely 
to be effective remain unanswered. Kindling provides an excellent seizure model for 
studies that examine these questions. 

A number of clinical and animals studies have reported decreases in seizure activity 
using a high frequency stimulus (HFS).̂ '̂̂ ^ The mechanisms responsible for these effects 
are unknown but it has been hypothesized that the HFS inhibits the stimulated area 
through a depolarization block.*^ The long-term presentation of HFS has the potential to 
be epileptogenic as evidenced by the kindling process.̂ ^ 

An alternative way to interfere with or prevent a seizure would be to use LFS. 
Several in vitro hippocampal slice studies used LFS to decrease experimentally-induced 
seizure activitŷ '̂̂ ^ and to prevent the transition from interictal activity to seizure-like 
events. Albensi et al. used HFS and LFS to block bicuculline-induced bursting. 
However, when the HFS was discontinued the bursting returned but when the LFS was 
discontinued the bursting did not return. Clinically, LFS has been shown to decrease 
interictal spiking in patients with temporal lobe epilepsy.̂ '̂̂ "* 
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The initial studieŝ '̂  that provided the first evidence LFS could interfere with kindled 
seizures were difficult to interpret and for the most part were ignored. Several years later 
Ullal et al.̂  suggested that LFS could raise AD threshold in amygdala and hippocampal 
kindled rats. More recently, Velisek et al.'^ demonstrated that low fi-equency square 
wave stimulation could delay kindling acquisition and shorten AD duration in immature 
rats. In the present study, LFS with sine waves induced a decrease in AD duration similar 
to the results reported by Velisek et al.̂ ^ However an additional observation was the 
significant decrease in the incidence of AD. Amygdala stimulation rarely fails to elicit an 
AD and the control animals in this study exhibited an AD 99% of the time. The 
consistent inability of the kindling stimulus to elicit an AD can only be attributed to the 
preemptive presentation of the LFS. 

It is interesting that the experimental rats became fully kindled in the same number 
of stimulations as the controls. Since the experimental rats had fewer ADs than the 
controls, one interpretation of the data is that the LFS accelerated epileptogenesis. There 
are reports of kindling with LFS but long stimulus trains with a high current intensity 
(1000)iiA) were required.̂ '̂̂ ^ The LFS used in this study had a short duration with a low 
current intensity and therefore was unlikely to be a kindling stimulus. However, it is 
important to note that the LFS elicited one seizure in a fully kindled hippocampal rat 
before the kindling stimulus was delivered. When fully kindled control animals were 
stimulated with LFS plus the kindling stimulus they failed to exhibit a stage 5 seizure 40-
60% of the time. Since these animals exhibited a stage 5 seizure 98% of the time when 
receiving only the kindling stimulus, the significant decrease in stage 5 seizures is likely 
due to the presentation of the LFS. The observation that LFS was effective in 
hippocampal kindled rats indicates that the inhibitory effect of LFS was not unique to the 
amygdala. 

The LFS-induced decrease in kindled seizures in this study can be explained by the 
recent work of Mclntyre et al.^' Using the same LFS that was used in this study they 
observed a 200% increase in AD threshold that lasted for 2-3days after the stimulation. 
An elevation in seizure threshold would make it less likely a given stimulus would elicit a 
seizure. 

The effects of LFS used in this study and others is suggestive of long-term 
depression (LTD) or depotentiation.̂ *'̂ ^ However, classic LTD consists of a minimum of 
15min of IHz square wave stimulation.̂ ^ In this study, seizures were successfully 
prevented with only 30sec of IHz sine wave stimulation. The contribution of the sine 
wave to the success of the LFS is unclear. Since more charge is delivered during sine 
wave stimulation it may be more potent than square wave stimulation. If kindling occurs 
through a potentiation of excitatory pathways, then a LFS-induced increase in seizure 
threshold may occur through a depotentiation-like process. 

In conclusion, we have demonstrated that preemptive, LFS using sine waves 
can decrease the incidence of amygdala and hippocampal kindled seizures. This stimulus 
paradigm may be an effective therapy for some types of pharmacoresistant epilepsy. 
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Discussion 

Wada: In your stimulation pre-empted group, the seizure didn't occur because the AD 
threshold was elevated? 
Goodman: That's what I think, although I don't know that's the exact reason for it. 
Wada: There i no EEG seizure? 
Goodman: There was no EEG seizure. I didn't measure threshold, but Dan Maclntyre 
measured threshold using a similar simulation that I did. I was looking at incidence. 
Wada: How long does the anticonvulsant effect last? 
Goodman: The elevation in threshold can last for days. So the elevation from one 
stimulation seems to last for two to three days. 
Wada: And it's cumulative, I take it? 
Goodman: I looked with a longer duration stimulation, and it seemed to cause a larger 
increase in threshold and seemed to last longer. 
Gale: Since you did a cross over design, you didn't actually follow up the same animals 
that had been exposed during the kindling to the second block. 
Goodman: Yes, I did follow that up. Those animals did start to show an increase in the 
number of seizures that they had, but it was not significant. 
Gale: If you were to continue the low frequency stimulation, would those animals, 
instead of having a 60% decrease in seizures, would they be more primed to show the 
protective effect? 
Goodman: I do know that after we stop stimulating with the low frequency stimulation, 
the reliability of some our animals to have seizures is not ever the same - they don't 
consistently have stage 5 seizures after that. 
Gale: So in a sense you have a longer lasting effect. 
Goodman: It's altered the system, I don't know in what way. 
Gale: If you were going to do this for the maximum efficacy, would you want to start 
during the kindling or would you want to wait until they are frilling kindled? 
Goodman: I saw a 30% decrease during acquisition and about a 60% decrease in ftiUy 
kindled animals; so it may work better in fully kindled animals than during acquisition. 
So for someone who already has epilepsy, it might work better as a way of preventing 
seizures. 
Schwartzkroin: That's pretty neat stuff. What do you think the requirement is with 
respect to your yoking relationship? 
Goodman: We haven't looked at that yet. 
Schwartzkroin: Do you think there is anything magic about the low frequency coming 
just before you deliver the kindling stimulation? I'm thinking about your last goal, in 
seizure detection, and it seems to me unlikely that you are ever going to be able to 
achieve that kind of proximity. 
Goodman: If you look at Dan Mclntyre's data that say that threshold is elevated for days, 
it suggests that it should work and not have to be yoked together. 
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Leung: Nice work, but I have just a little concern whether you can totally eliminate the 
fact that the electrode polarization might be a cause of your effect. Even though you 
have balanced delivery of the charge, I don't think we can necessarily think that the 
electrodes have recovered completely at the time you deliver your high frequency train. 
Goodman: Would polarization arise from such a short duration, 30 seconds? And if an 
electrode were polarized, how long do you think that would last? 
Leung: I don't know. 
Goodman: Dan Mclntyre was able to stimulate these animals days later and threshold 
was still elevated. 
Leung: Right. Perhaps using the shorter pulses would help. 
Goodman: This was just our first stab at that, and I think that's a great idea 
Engel: I don't think that connection is really necessary. Our closest encounter with 
kindling in recent years, because we use the intra-hippocampal kainate rat, happened 
because the seizures weren't occurring frequently enough for the studies that we wanted 
to do. So I suggested to Anitol Bragin that he may want to kindle the rat and maybe it 
would make the seizures more frequent and severe. For reasons that I don't understand, 
he kindled them at 3 Hz, and I don't remember the parameters, except for the fact that it 
was 3Hz. The first time that he stimulated the animal had a full stage 5 seizure. 
Goodman: So he used 3Hz to initiate the seizure? 
Engel: He started kindling with 3Hz, the first stimulation produced a seizure, and every 
subsequent stimulation increased the ADT and the spontaneous seizures decreased. This 
is a chronic rat with spontaneous seizures. 
Goodman: Well there are papers by Mike Corcoran's group on low frequency kindling, 
but in those papers they had to use very high currents for very long durations. 
Wada: Does the 1 Hz stimulation have any distant effects? 
Goodman: I don't have any data, but Dan Mclntyre may have some data to address that. 
Mclntyre: We did it at the site of stimulation, and we are actually doing other 
experiments now where we have electrodes that are spread to span the site of kindling. If 
you provide that low frequency stimulation across the spanning electrode and yet check 
the thresholds of the kindling electrode, you will find that in many of the cases threshold 
will have gone up and in others it will not have changed. I haven't been able to figure out 
what the difference is, why some have changed and others have not. 
Wada: What is the distance? 
Mclntyre: The distance is 4mm. 
Gale: Do you think that you could do this with electrodes in the amygdala and the 
hippocampus, and you could kindle one and do this preemptive stimulation in another, 
because this could be a network phenomenon? 
Goodman: I would love for that to be the case, but I have to try it. 
Mclntyre: If that was the case it might speak to Burchfiel's kindling antagonism, where 
you can have very distant negative effects. I wanted to make a comment, because Dr. 
Wada earlier had asked about thresholds and what kind of discharge did you have. Jeff, 
you were stimulating at a single value and the threshold was presumably going up and 
down, and in some cases you would trigger a seizure and in other cases you would not. 
We were actually measuring thresholds, and one of the things that we found interesting 
was that normally when you trigger a seizure you have a fiill length AD and a full 
convulsive seizure - you don't have little fragmented ones. But what we saw here, 
speaking to Juhn Wada's question, was that the low frequency stimulation would often 
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trigger fragmented seizures, where you would have now a short AD or even a fragmented 
convulsive seizure that was now half of what it would normally be. It wasn't just the 
threshold per se, it did seem to be impacting more on the network as well. So I think that 
the effect of low frequency stimulation it is probably bigger than just at the tips of the 
electrode. 
Goodman: I should add that one of those hippocampal animals actually had a stage 5 
seizure during the low frequency stimulation. There is the possibility in some situations 
that the low frequency stimulation could initiate a seizure, but out of 100 stimulations it 
happened one time. 
Corcoran: Maybe I can speak to that, Jeff One of the complications here is that, as Ron 
Racine has shown a long time ago and Peter Cain and I showed more recently, you can 
actually kindle very rapidly with low frequency square waves in the amygdala, at 3 per 
second, using 20 second trains, very similar to what you are using. There is a trade off 
with intensity. In order to trigger an AD with a low frequency train you have to increase 
the intensity. With stimulation at 60 per second, if the threshold for AD is 50 jxA, it 
might be 400 to 500 JAA with low frequency stimulation. 
Goodman: These were during acquisition? 
Corcoran: This is taking a naive rat and applying a low frequency stimulation to kindle 
seizures. Minabe et al. did this in cats too, by the way, and showed that the total amount 
of stimulation required, the total amount of charge, is less than when it is with 
conventional high frequency stimulation. So I think if there were to be therapeutic use 
for low frequency stimulation, people would want to be very careful that they adjusted 
the intensity to stay well below the levels that can indeed, even in the naive brain, and 
certainly in a kindled brain, trigger AD. I would be concerned that higher intensities in 
fact would reliably trigger AD. 
Goodman: And I am concerned about charge density. We have started to look at 
whether we are causing damage. In animals that were never stimulated, just having the 
electrode in the tissue is causing tissue reactions. We also examined tissue 72 hrs after 
6min of low frequency stimulation. We thought if we took a long presentation of our 
stimulation, if that did not cause damage, then chances are that the 30 sec stimulation 
wasn't causing damage. We found a little bit of gliosis around the tip that did not spread 
out far from the tip. So we are even getting changes in our controls, and we think that 
possibly these electrodes may actually have small bits of movement that may be irritating 
the tissue. 
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Engel. I was really pleased to see all the applications of kindling and the study of behavior, 
and I wondered if anybody looked at lateralized effects. I don't mean left vs right, which 
some of you talked about. Rather, did you ever see, for example, hyperreactivity that was 
just unilateral. I ask this because, many years ago, we looked at the cat with 
intrahippocampal kainate to produce defensive rage. When the animal started having 
spontaneous seizures, they had defensive rage when you approached them, but only when you 
approached them contralateral to the epileptic hippocampus. If you approached ipsilateral 
they rubbed up against you and purred. I always wondered whether we should be looking for 
this in our patients, for unilateral behavioral changes. Has anyone ever looked at that? 
Buzsaki: But if you kindle the perforant path and measure AD, you can get an enormous 
increase in gamma frequency, and it is strictly unilateral. 
Wasterlain'. We find that the animals that display continuous seizures after a bout of status 
epilepticus induced by pilocarpine or by perforant path stimulation are extremely aggressive. 
Obviously the kindled animals aren't nearly as aggressive. Do you have an explanation for 

that? 
Mclntyre: Years ago what we had done was to kindle one amygdala versus kindling both 
anygdalae, and we were looking at kindling as a ftmctional lesion. When we kindled just 
one amygdala to a certain number of seizures, we didn't see any impairment in things that 
normally would be impaired after amygdala lesions, such as inhibitory avoidance. But if you 
did that same manipulation on the other side as well, then you had the classic impairment that 
looked for all the world just like an electrolytic lesion, even though it was just a kindled site. 
So the rat is not the best model system for that. 
Engel: Sally Hazard did that in our lab years ago, and I don't even remember if she 
published it. But with unilateral amygdala kindling, there was no effect on response to tail 
pinch, or heating the tail. But if she kindled it bilaterally there was no response to heating the 
tail. 
Mclntrye: I think that my impression of kindling over the years is probably related to the fact 
that amygdala kindling in our hand seems to be 80% a unilateral phenomenon. Whereas if 
you are kindling from the hippocampus of the rat, you are kindling pretty much both sides in 
an nice symmetrical fashion; so if you are looking to create a behavioral change I'd go for the 
hippocampus because it would alter both sides of the network as opposed to just one 
hemisphere. 
Wasterlain: I have a question for Dan Mclntyre: In looking at slow kindlers and fast 
kindlers, does behavioral change relate to the rate of kindling? 
Mclntyre: The strains are derived from selecting one attribute of the animal, and it has an 
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emotionality aspect and a learning aspect. Ron Racine will remember, wasn't it Zaide who 
found that the maze bright and maze dull animals very big kindling differences that looked 
like our fast and slow strains? And they were appropriate in the sense of their learning 
capacities as well. 
Wasterlain: I think people expected maze bright rats to kindle faster, but they kindled 
slower. That's very much like your animals that kindled slower but were actually the better 
learners. 
Moshe: Are there any sex differences in all the paradigms? I know that Lisa Kalynchuk 
showed some female and male differences, but I didn't see any followup after that. 
Adamec: I can't really speak for Lisa, although she has done some work looking for sex 
differences kindling and she doesn't find any. When I was doing some work with cats I didn't 
find any either. 
Mclntyre: We actually have done some of that with the fast and slows kindling rats. There 
are sex differences on a lot of these tasks. The males do better in the Morris water maze than 
the females. On some of the emotionality tasks, which is consistent with the human literature, 
the females are showing much more emotional behavioural in some of the behavioral tests 
then are the males, especially in the context of anxiety. 
Chiba: Let me mention about my experience in regard to Pete Engel's question. In rats with 
midbrain lesions, during kindling, the rats were very aggressive and biting each other, and 
very violent. I am a psychiatrist, but not for rat. But I kindled the rats, and they are very 
psychotic! 
Gale: Claude, just in response to your question/observation about animals that have kainate 
treated status epilepticus then get difficult to handle, and also about kindled animals. By the 
way, if you do lidecaine kindling, or cocaine kindling as Bob Post has done, in all of these 
cases you do see jumpiness and aggressiveness, but it turns out if you handle the animals 
before starting these treatments it tends not to happen. If you handle them after the treatment, 
it doesn't happen for sure. And we have had absolutely docile post status animals that are not 
tense and jumpy and hyperreactive - it is just a matter of continuing to handle them. Fifty 
years ago that was the observation with septal lesion animals. There is nothing worse than a 
septal lesioned animal, which will actually attack in the fiercest possible manor. But those 
animals are purely docile as long as you maintain handling and don't isolate them. So a lot of 
this has to do with isolation, handling and the interaction between the animals in cages, and 
the stress levels and so forth. 
Wasterlain: It's an important factor, but I doubt it's the only one, because we simply cannot 
house then four per cage. Normally we house our animals four animals per cage, and they 
will literally kill each other. 
Leung: Certainly handling helps, but if a rat is challenged by amphetamine they will show 
more locomotion. It's not just handling - handling may help, and maybe they are calm too, 
they don't get stressed out. But once they are given a challenge they cannot overcome by 
being calming down. 
Engel: Let me just comment that years ago Sally Caldacott-Hazard looked at opiates, and if 
you give nalaxone to these rats before the seizure the behaviour is much worse. If you opiate 
addict the rats and then give them nalaxone after the seizure, they are climbing the walls. 
Leung: If I could change the topic a little bit. Dr. Chiba's presentation on brainstem seizures 
prompted me about this question. A loss of consciousness often occur after really severe 
seizures, and I think it would especially happen after brainstem seizures. What has recently 
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interested me is that chemical inactivation of the amygdala or the hippocampus, you would 
infer, should lead to a slight decrease in consciousness. But the animals do not fall down, 
they are not sedated. But if you challenge then with an anesthetic, and it can be any type of 
anesthetic such as pentobarbital or halothane, then they would be sedated or anesthetized. So 
adding an inactivation of a structure by lidocaine, by musicmol, I infer to suppress the 
"consciousness." So during a seizure I wonder if what kind of conditions are those that 
provoke unconsciousness. Does that necessarily involve the brainstem, the arousal system? 
Chiba: I don't know. After the brainstem is excited, the limbic system is subsequently 
active, excited, but the timing of excitation is rather important. So long-term excitation is key 
in the limbic involvement. 
Wasterlain: We did a study that we never published using vigabatrin to inhibit GABA 
turnover and tried to use that method to measure GABA release of turnover in various part of 
the brain at various stages of kindling. We were hoping to see a change in kindling, but we 
did not see that. However, m every animal that was post-ictal after the seizure, we saw 
tremendous increase in GABA accumulation, in the presence of the GABA inhibitor. There 
was a several hundred fold increase in GABA accumulation, including in the substania nigra. 
So I think that could be part of what causes this massive hyperpolarization and transient 

coma. 
Wada\ I have two conmients. One is that over the years, I always anticipated we might 
observe some behavioral change in the amygdaloid kindled cats. We housed at least 20 or 30 
cats in a big gang cage, but we never found any aberrant behavior to humans. We did notice 
that when the cats were kindled bilaterally, then we began to see, within their feline society, 
quite aberrant behavior. We saw not only aberrant homosexual activity, but heterosexual 
activity, quite persistently heterosexual activity among cats particularly when they were 
kindled bilaterally. I wonder whether anyone of you have seem this or not. The second thing 
is when we kindle to the final stage convulsion, the cats became profoundly comatose, 
sleeping, lying, snoring, etc. But when we were examining the threshold for hypothalamic-
induced affective behavior, we were profoundly impressed by the fact that immediately after 
the stage 5 was over and we stimulated the reticular formation or hypothalamic system, the 
animal would immediately stand up with coordinated act, defend, etc.. There was no coma, 
and their basic drive mechanisms were quite intact. 
Bertram: The comment about consciousness and epilepsy reminded me a bit of a comment 
made by Pierre Gloor a long time ago about consciousness and epilepsy and how difficult it 
is actually to define. He gave some examples I have confirmed over the years as well. For 
example, you can have people who are in a convulsive like event, four-limb clonus and tonic-
clonic activity, who remain completely aware of what is going on around them and can tell 
you afterwards exactly what everyone did around then when they are having those seizures, 
which were true clonic seizures that involved all extremities that went on for some time. You 
can have people who are completely responsive to the environment during or after seizure but 
have no recollection for a prolonged period of time of what happened then or for the period 
afterwards. And there are huge gradations of that, people who are otherwise unresponsive 
but are aware of things. So when we talk about consciousness and epilepsy, it's really more 
important to be more specific about whether they are aware of the environment or are just 
unable to respond but aware, because they are very different fimctions, and very different 
types of epilepsy. 
Mclntyre: You can actually get at some of that with the rats too. Years ago we did 
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experiments using kindling as a retrograde amnestic agent, which really is defining knocking 
consciousness out for the animal. One of the interesting things that we discovered is that the 
seizure itself actually created seeming amnesia by creating an altered state of consciousness, 
so that in fact you gave a convulsion and then, as Juhn Wada was describing, if you activated 
the animal, you could put the animal in a task, like a shuttle avoidance task, it learns that task 
perfectly well in that state but will only remember the task in that state. If you put the animal 
then in a normal state, it doesn't know anything about the task, and a normal animal then 
made postictal and put in that avoidance task knows nothing about it as well. I have always 
been of the feeling that retrograde amnesia is simply not a wiping out of memory, it's an 
inaccessibility of memory rendered by an altered state of consciousness. 
Wasterlain: You can't forget that seizures inhibit brain protein synthesis and may disrupt 
consolidation. 
Leung: I would just like to respond to the previous comment. I am quite aware of Pierre 
Gloor's influence and influential paper, about using the word consciousness, proposing that 
it's not really useful in that sense. But the way I like to test it is just what the general 
anaesthesiologist would like to do, and ask whether they have loss the righting reflex, have 
they lost the pain , maybe they also have amnesia. Really this a very minimal level of 
consciousness that we are talking about. 
Engeh That results of that state dependent learning study are bizarre. Are you implying that 
when I have a patient on the ward who has a seizure and is postictal and I give him things to 
remember, when he comes to he won't, but the next time he is postictal he will? I will try it. 
Gutierrez: I would like to make a comment on how the brain is receiving the information 
during 
epileptogenesis. In the 1980s with the Dr Femandez-Guardiola, we measured visual evoked 
potentials during epileptogenesis, to test whether the whole nervous system was increased in 
excitability during kindling. What we found is that if we recorded from the main visual 
pathway, the evoked potentials grew as kindling progressed, whereas if we recorded from 
secondary sites, for example cortical areas not directly involved in visual processing but 
associational areas, they were decreased. This means that excitability might be growing, but 
on the other hand the processing of this input was disturbed. 
Wasterlain: I would like to switch to the cause of kindling. I think we have heard today a 
very impressive series of talks on factors associated with kindling which seem to play very 
important roles: trkB, BDNF, all those peptides, and Pat Gallagher's very impressive 
metabtropic receptor changes. Yet it seems that a few years ago we couldn't find anything 
wrong with the kindled brain. So now we have too many. I would like to ask Drs. Simonato 
or Kokaia and Racine, which of those changes are most important? 
Simonato: I think that is a very key question at this point, at least with thinking of 
neuropeptides. In principle neuropeptides are a perfect target, because their release is limited 
to repetitive firing and pulse firing, and it is in principle associated with seizures. 
Modulation from of peptides pharmacologically could be feasible and could be associated 
with less side effect than other approaches. The problem is that a few years ago, the only 
peptide system on which we were running some data was the opiate peptide. And I think this 
was related to technological advances and to the fact that we were evolving some 
pharmacological tools to explore that system. Now this is not at the top of the list anymore. 
For example, only two years ago we were not making any tools to go farther into the research 
on bradykinin, but now in the field we have knockout animals, we have the possibility of 
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transfecting genes, and to explore what's happening there with ectopic expression. Also I 
believe that pharmaceutical companies are more interested in developing new non-peptidic 
drugs with appropriate pharmacokinetic profiles. So I am optimistic of the possibility of 
finding something interesting in this field in the years to come, but right now you would put 
me in a very difficult position if you ask me which you would put at the top of the list. 
Wasterlain: In defence of peptides, I think Pete Engel used to say we shouldn't have 
therapies based on glutamate or GABA because you can't shut off the mainstream. But the 
peptides are perfect from that view point because they are just facilitators or inhibitors. 
Kokaia : You could actually induce over-expression of peptides in the excitatory 
glutamatergic system, and that can have an effect on glutamate release and the receptors 
expressed in the system. So I think that this provides new opportunities to use peptides in a 
way to control excitability or excitatory synaptic transmission. 
Wasterlain: So we show that it does so that work you put in the beginning of your talk was 
done in my lab. They do regulate glutamate release very strongly of course 
Mclntyre: Is there any information on interactions between those glutamate and peptides? 
Often if instead of a single drug administration, you give a couple of lower doses of two 

other things, you get a big synergism. Is there any evidence of interactions for the 
peptides? 
Vezzani: As far as I know, there is no evidence about increasing the potency of one 
peptide by injecting another one together with the first peptide. However, we have done 
some experiments with some of the somatostatin receptor agonists. Somatostatin is 
another anticonvulsant peptide, and we found out that if we stimulate two receptors 
subtypes simultaneously using selective agonists, we can improve anticonvulsant potency 
versus giving each receptor agonist alone. So there is a possibility of increasing the 
potency of one peptide by taking another one, but I don't think that anyone has done it 
yet. 
Wasterlain: In principle what peptides give you in addition to modulation effects is regional 
specificity. From that viewpoint you might add to the effect by affecting different regions 
with different peptides. That indeed is probably one of the reasons why there are so many 
peptides - they do different things because they go to different places. 
Vezzani: It is quite interesting that the Y2-receptors for NPY are upregulated in mossy fiber 
terminals and also in epiletptic tissue. For this reason I think they may represent a very good 
target, because there is this upregulation. The targets are there; so if we find a good drug 
crossing the blood- brain barrier, then we may have the chance to inhibit glutamate release in 
those fibers selectively. Of course, thinking about drug development and using peptide 
receptors as targets, there is the problem of crossing the blood-brain barrier, because the two 
available peptide analogues do not cross the blood-brain barrier easily. It seems that if you 
divide the molecules more, they lose the ability to have agonistic activity at the receptors. It 
is easier to develop antagonists. 
Wasterlain: But isn't it possible to develop non-peptide agonists that cross the blood-brain 
barrier? It may not be easy, but certainly not impossible. 
Simonato: I think the problem with the agonist is that most of the receptors for peptides 
internalize quickly and downregulate; so the risk is to have transient effects. 
Bertram: Please do not misinterpret what I am about to say, because I think I agree with 
Claude Wasterlain that the neuromodulators are the way to go in the future. As we look at all 
these changes that are happening in the peptide receptors and the peptides themselves, the 
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brain has this seemingly potent ability to reestablish equilibrium. If you try to tilt it one way, 
the tolerance is an example of that, how it builds up to overcome what you are trying to do to 
it. How much of these changes that we see really are a process of counter-balance, of trying 
to get things back to normal as opposed to being part of the mechanism? For example, take 
the GAB A B receptor. Depending where you make the change or where you lose it you, can 
have a very different effect. Loss of postsynaptic GABA B would be considered 
proexcitatory, and loss of presynaptic GABA B would actually be proinhibitory. So it is 
difficult now to think about what the functional consequence might be until you get more of a 
systems perspective on it. 
Wasterlain: The brain has a tremendous amount of homeostasis in it, but in the case of 
peptides, those reactive changes can be maladaptive, and we have found several. We have 
worked mostly not with kindling, but with status epilepticus. It truns out that after a half hour 
status, there is a profound depletion of Galanin, which has a anticonvulsant effect. We have 
not been able to measure the galanin turnover; so the depletion from tissue makes it likely 
that the release decreases, but we can't say that for sure. At the same time, if you look at 
tachykinins or substance P or neurokinin B, an extremely excitatory peptide, very strong 
proconvulsant, they are induced in novel populations including the mossy fibers and granule 
cells, in very large amounts and again after a relatively short time. These changes probably 
participate in making the status self-sustaining. I have an unshakable sense that the world 
makes sense, but peptides don't always make that much sense. Peptides are strange lot, and 
many of the changes are maladaptive, certainly the changes in tachykinins and the changes in 
galanin and the changes in dynorphin, Dynorphin is a presynaptic inhibitor of glutamate 
release in the CAS, and it is profoundly depleted by status, within a half hour. So it is true 
that the brain is a very homeostatic organ, but there are exceptions. 
Gale: It is not just a matter of finding out what's facilitating kindling or facilitating 
epileptogenesis; at the same time there are all sorts of compensatory mechanisms that are at 
work. So it is not a unidirectional phenomenon - everything that is happening is a counter-
play of opposing events. That it wins out in terms of getting a proconvulsant effect is 
probably maybe the tip of the iceberg, because there is these opposing influences going on 
underneath. We know this because if we don't set things up for the purpose of getting 
kindling, if we just give seizures intermittently, perhaps very much like what happens 
clinically, what we get is tolerance. If I give animals electroshock seizures repeatedly over a 
period of a week, those animals decrease their response to the electroshock, they become 
tolerant. So if you were just to pick randomly paradigms for stimulating animals and giving 
them seizures, sometimes you would see proconvulsant effects or sensitization, sometimes 
you would see kindling, sometimes you would see anticonvulsant effects. The key would be 
to understanding what the difference is between the different paradigms. 



PREDISPOSED SUSCEPTIBILITY IN PRIMATE 
EPILEPTOGENESIS AND ANTI-EPILEPTOGENESIS 

Juhn A. Wada* 

1. INTRODUCTION 

While kindling emphasizes a progressive process underlying partial-onset epilepsy, 
recognition of its variation, not only regarding ontogenesis and phylogenesis but also 
regarding the role of predisposition, will expand its clinical relevance. Nearly 70 years 
ago, Watanabe^ showed that electrically induced generalized convulsions in dogs led to 
pathological changes similar to the Ammon's horn sclerosis found in the brain of patients 
with epilepsy. In his paper he described a remarkable individual variation in 
susceptibility, not only for development of the pathology but also for spontaneous 
seizures and status epilepticus. Variation of kindling results among five primate species, 
i.e., photosensitive Papio papio (Pp, Senegal) and Papio cynocephalus (Pc, Ethiopia); 
non-photosensitive Papio hamadryas (Ph, Kenya), Macaca fiiscata (Mf, Japan) and 
Macaca mulatta (Mm, India), have been reviewed from a similar perspective. The 
technical protocol including once-a-day kindling stimulation was identical in all the 
species. Since the amygdala (AM) was the only brain site where all five species were 
kindled, this discussion will be largely, if not completely, centered on AM kindling. 

2. INTERICTAL SPIKE DISCHARGE (IID) 

IID is a telltale sign of epilepsy, but the clinical significance of its quantity remains 
unclear. In primate kindling, the transient nature of increased post-ictal IID is in good 
contrast to a steady state of 24-hour post-ictal IID that displays a biphasic chronological 
change: a progressive increase followed by an abrupt reduction. The latter reduction 
signals that a kindled state of susceptibility is reached and spontaneous recurrent seizures 
may evolve. This 24-hour post-ictal IID frequency upon completion of primary site 
kindling has been reviewed across species and brain sites. 

*Juhn A. Wada, Neurosciences & Neurology, University of British Columbia, 2255 Wesbrook Mall, Vancouver, 
B.C., Canada V6T2A1 

361 



362 WADA 

2.1 AM (Amygdala) Site 

One might suspect that a species that kindles rapidly generates more IID than those 
that kindle slowly. Among five species, both Pp and Pc kindled the most rapidly and at an 
equal rate, and experienced a similar number of generalized convulsions. Yet the IID 
frequency was 9.5/min in Pp while 2 of 3 and 1 of 3 Pc had no and only rare IID, 
respectively.̂  IID frequency of the remaining three species, i.e., Ph (2.3/min), Mf 
(2.4/min), and Mm (2.6/min), did not reflect their respective differences in either kindling 
speed or total number of Stage 4 convulsions experienced. Therefore, 24-hour post-ictal 
IID frequency is not related to kindling susceptibility, photosensitivity, or "severity" as 
represented by the number of convulsions experienced. It appears to be modulated by a 
species-specific predisposition, as exemplified by Pp and Pc with abundant and rare or no 
IID, respectively. 

2.2. Cortical Site 

IID in patients with an epileptogenic focus in the supplementary motor cortex (SMA) 
is said to be generally rare, presumably in part due to its anatomical location, although 
invasive study may disclose it. Among seven cortical sites kindled (orbital, prefrontal, 
mesial frontal, cingulate, motor, premotor, and SMA), the SMA was the only site that did 
not generate IID. Because spontaneous seizures were witnessed upon completion of the 
primary SMA site kindling, two Pp underwent two weeks of continuous video/EEG 
monitoring, but no IID was found while they were awake or asleep. Since Pp was the 
only species kindled at the SMA site, it will require confirmation whether this negative 
finding at the SMA is Pp-specific. However, the striking intra-species difference of IID 
frequency in Pp between AM and SMA sites suggests that it is modulated by 
predisposition, not only specific to species but also to brain anatomy. Admittedly, one 
cannot prove total absence of IID. However, although rare, there are patients with proven 
epilepsy with no or only rare IID. Therefore, Pp and Pc provide us with primate models 
for investigation of pathogenesis underlying abundant and rare or no spiking, 
respectively, in partial-onset epilepsy. 

3. BILATERAL INTERICTAL DISCHARGE 

Bilateral presence of IID at homotopic sites in patients with unilateral 
epileptogenesis is not uncommon and, indeed, bilateral IID is almost always found when 
intractable temporal lobe epilepsy patients are invasively studied. It may be due to either 
initial bilateral insult and/or progression of unilaterality to bilaterality, as some 
longitudinal EEG studies suggest. A recent study suggested that bilaterality is related to a 
larger number of seizures rather than the duration of epilepsy.̂  If, indeed, bilateral 
independent IID results from an unilateral epileptogenesis, it is reasonable to assume that 
development of an independent AD precedes that of IID at the homotopic site. During 
primary site AM kindling, the number of seizures experienced for development of 
contralateral independent AD was 96 (Pp), 110 (Pc), 126 (Ph), and 167.6 (Mf), while Mm 
did not develop it with 428 seizures. Yet an independent contralateral IID developed only 
in Pp and Ph. The findings indicate that (a) an evolution of independent AD at the 



PREDISPOSED SUSCEPTIBILITY IN PRIMATE EPILEPTOGENESIS 363 

homotopic site is a time-consuming process and varies according to species, and (b) 
development of contralateral independent IID does not depend on the number of seizures 
experienced alone but appears modulated by a species-specific predisposition. Viewed 
from this perspective, the question arises: Do those patients with bilateral independent 
IID with unilateral mesial sclerosis, for example, represent a subset of a population 
predisposed to developing independent contralateral limbic AD and IID? 

4. STATUS EPILEPTICUS (SE) 

Status epilepticus (SE) is a relatively infrequent but serious complication of epilepsy. 
It is considered as idiopathic when no inducing factor can be identified, whereas the 
frontal lobe has been implicated for its propensity to convulsive SE. 

4.1. AM Site 

In felines, non-convulsive SE occurs infrequently, but generalized convulsive SE is 
extremely rare unless the animals are over-kindled."*' ^ Contrary to our anticipation, only 
1/18 Pp kindled at AM developed SE. The animal was only weakly photosensitive and 
was a moderate kindler (27 stimulations to Stage 4 and 89 generalized convulsions 
experienced), while very rapidly kindled Pp (one stimulation to Stage 4 and 120 
generalized convulsions) did not develop SE. Among the remaining four species, only 
two non-photosensitive Ph, one each of slow (121 stimulations to Stage 4 and 82 
generalized convulsions) and moderate (78 stimulations to Stage 4 and 80 generalized 
convulsions) kindler, developed fatal SE. The fastest kindler (29 stimulations to Stage 4 
and 80 generalized convulsions experienced) did not develop SE. Obviously, the sample 
of Ph possessed an unusually stronger propensity to SE than photosensitive Pp. The 
findings suggest that convulsive SE is not related to either kindling susceptibility or 
photosensitivity, but depends instead on an intrinsic predisposition of the baboon species 
concerned. Contrary to our expectation, Pp was resistant to SE under AM kindling. Could 
it be that Pp with genetic epileptogenic predisposition is also endowed with an efficient 
homeostatic synaptic mechanism to counteract the progressive build-up of epileptogenic 
susceptibility for the purpose of biological survival? 

4.2. Cortical Site 

Among seven cortical sites kindled, the premotor cortical area (PMA) was the only 
site where SE developed.̂  At this site, the convulsive motor effect was immediate, with 
very rapid Stage 4 generalization in both Pp and Mm reflecting an intrinsic property of 
the PMA. This is in striking contrast to the AM site, where Pp and Mm showed a 
remarkable difference in kindling susceptibility.̂ ' * When kindled at PMA, only Pp (3 of 
5), and not Mm, developed clustering (5-6 times/day) spontaneous seizures identical to 
the kindled seizures. Two of them, one relatively slow-kindler (31 stimulations to stage 4 
and 109 generalized convulsions experienced) and another rapid-kindler (3 stimulations 
to Stage 4 and 56 generalized convulsions experienced) evolved to fatal SE. However, 
the most rapidly kindled Pp (the first stimulation induced Stage 4 and 134 generalized 
convulsions experienced) developed neither clustering spontaneous seizures nor SE. It 
was found that their post-ictal refractory period was extremely brief (< 15 min), compared 
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to that at AM (>6 hours). This may not be surprising since PMA is within the area of an 
intrinsic neurophysiological abnormality in Pp. However, SE development at this site 
cannot be explained by this abnormality, kindling susceptibility, or the number of 
convulsions experienced; instead, it suggests a role played by an individual 
predisposition. 

5. STAGE 5 KINDLED CONVULSION IN Pp AND Pc 

As in partial-onset epilepsy in man. Stage 4 asymmetric generalized convulsion is 
the endpoint of AM kindling. The only exception is Pp/Pc that evolve to the Stage 5 
bisymmetrical, bisynchronous convulsive state. The Stage 5 seizure develops at other 
brain sites as well and is identical to photically induced and spontaneous generalized 
seizures in Pp.̂ ' °̂ It appears as though kindling "unmasks" a genetically dictated, 
predisposed susceptibility for this type of bisymmetrical seizure in Pp (and presumably 
Pc). Pp has an intrinsic bilateral abnormality in the fronto-central cortex. This cortical 
area is the target of AD propagation from the AM for convulsive evolution through the 
claustrum.̂ * It seems conceivable that repeated AD bombardment from the AM enhances 
the state of ipsilateral fronto-central cortical excitability that in turn invigorates the latent 
excitability state of the homotopic area through interconnecting disinhibitory callossal 
(CC) mechanism. The latter is suggested by not only a remarkable amelioration of 
kindled seizure, but also elimination of spontaneous recurrent generalized seizure in Pp 
following CC bisection (CCB). 

By contrast, AM kindling-resistant Mm responds to CCB with an accelerated 
kindling, intensified hemi-convulsion, and emission of spontaneous seizure, indicating a 
predominantly inhibitory role of the CC.̂ ^ Recent clinical studies suggest a modulating 
role of the CC on cortical excitability state through reverberation in generalized epilepsy 
undergoing CCB.̂ '̂ ̂ ^ According to this model, CCB causes a reduction and increase of 
the fronto-central cortical excitability state in Pp and Mm, respectively. Thus, the Stage 5 
bisymmetrical seizure development in Pp (and presumably in Pc) is considered to be a 
consequence of repeated AD propagation priming the ipsilateral and then contralateral 
fronto-central cortices interconnected by dis-inhibitory CC, eventually igniting and 
releasing the dormant pattern of predisposed bisymmetrical generalized seizure. 
However, the story appears more complex, since not all the Pp evolve to Stage 5. Seven 
of 18 Pp kindled at AM, and only 11 evolved to Stage 5. The remaining 7 reached Stage 
4 earlier than the former, but despite more than double the number of stimulations during 
Stage 4 they did not reach Stage 5. This difference was independent of kindling 
susceptibility or photosensitivity. 

6. SECONDARY EPILEPTOGENESIS 

Focal cortical epileptogenesis causing independent IID in the homotopic site is an 
electrographic secondary epileptogenesis. Development of recurrent spontaneous clinical 
seizures originating from such a mirror focus would be unequivocal evidence of electro-
clinical secondary epileptogenesis. With this in mind, all the witnessed spontaneous non-
convulsive and convulsive seizures upon completion of primary site kindling but prior to 
secondary site AM kindling were reviewed. Those animals that had surgical procedures 
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such as resection or bisection were excluded. Pp, Pc, Ph, and Mf (but not Mm) had 
spontaneous seizures. Among them, recurrent seizures were electro-clinically 
documented in Pp (4 of 18) and Ph (1 of 5). These seizures were all generalized 
convulsive in nature with no initial kindled AM participation. Seizure origin was either 
ipsilateral (to the kindled AM) or bilateral fronto-central cortex in PH and Pp, 
respectively. It is noted that an identical bisymmetrical pattern of spontaneous seizures 
was also documented in kindled Pp at other brain sites. 

In Mm, the AD threshold is relatively low at the fronto-central area among cortical 
regions. This site in Pp has genetically dictated epileptogenic abnormality. Although no 
comparative information is available, a degree of fronto-central cortical excitability 
among primate species is presumed to be Pp>Ph>Mm. This assumption is based on a 
comparative difference in the threshold for systemic bemegride-induced generalized 
convulsions, i.e., PP: 4.0 mg/kg, Ph: 11.0 mg/kg, and Mm: 16.5 mg/kg. The latter roughly 
corresponds to susceptibility to AM kindling in the respective species: the number of 
stimulations required for Stage 3 convulsive evolution/ Stage 4 asymmetrical 
generalization are: Pp 11/22, Ph 65/87, Mm 154/248. The fronto-central cortical site 
ipsilateral to the stimulated AM is a target of AD propagation from the AM; it was at this 
fronto-central site that independent IID developed in both Pp and Ph. These observations 
suggest that at least one condition that promotes development of electro-clinical 
secondary epileptogenesis is the presence of an area of predisposed susceptibility, be it 
acquired or intrinsic, within a trajectory of AD propagation from the original focus. 

7. LASTING SECONDARY ANTI-EPILEPTOGENESIS 

7.1. AM Site 

As mentioned earlier, primary site AM kindling induced independent IID in the 
contralateral AM only in Pp and Ph. Such a homotopic development might imply the 
acquisition of a higher AM excitability state. AM excitability state measured by after-
discharge threshold (ADT)/ generalized seizure triggering threshold (GST) expressed in 
|LiA at the primary and secondary site is: Pp: 375/135, Ph: 470/188 and Pp 433/200, Ph 
487/?, respectively. Therefore, independent IID is not associated with an increased AM 
excitability state as measured by ADT/GST. On the other hand, 7 of 18 Pp showed a 
sustained kindling inhibition despite presence of independent IID. Among them, four 
were continuously inhibited while three showed an isolated Stage 5 seizure within seven 
stimulations, only to return to a continuous kindling inhibition lasting for 100 days. The 
enduring nature of this failure was further confirmed by a longitudinal follow-up of one 
Pp for 250 days. This animal developed an isolated Stage 5 seizure on the 236th day of 
stimulation, only to return to an inhibited state again. Such kindling inhibition was not 
due to a change of the animal's condition since the Stage 5 seizure was readily 
reactivated at the primary site. 

Among Ph with an independent IID, one animal (of 4) showed what appeared to be a 
partial kindling inhibition at the secondary site: the secondary site seizure began with an 
expected secondary site Stage 3 pattern, but gradually transformed into the primary site 
Stage 3 and then Stage 4 pattern. Thus, an AD induced at the secondary site AM 
appeared to be re-routed back to the kindled primary site hemisphere. An identical pattern 
was also noted in Mm (2 of 2) that did not develop an independent IID. The findings in 
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Ph and Mf suggest that secondary site AM kindling failed to fully access the ipsilateral 
fronto-central cortex. The lasting nature of this partial inhibition was suggested when an 
identical pattern of a spontaneous seizure originating from the secondary site AM was 
documented in a Mf ^̂  Thus, the secondary site AM kindling inhibition extended from a 
partial one in Ph/Mf to a complete one in Pp. No inhibition occurred in Mm. This 
kindling inhibition was not necessarily related to development of independent IID. 
However, the presence of independent IID coupled with the lasting inhibition in Pp and 
Ph may be viewed as a secondary anti-epileptogenesis. Predisposition for such 
development at AM appears to be shared in part among Pp, Ph, and Mf So far, no 
comparable secondary-site inhibition has been reported in subprimate species with 
conventional AM kindling. 

7.2. Cortical Site 

With cortical kindling at prefrontal, mesial frontal, and cingulate sites (but not at 
premotor, supplementary motor, and motor sites), complete kindling inhibition (without a 
positive transfer effect) occurred, lasting for up to 100 days.*̂ "̂ ^ At the mesial frontal 
cortex, the inhibition was found in all three primate species examined, i.e., Pp, Pc, and 
Mm. Among a number of brain sites examined in felines, a complete and a lasting 
kindling inhibition was found only at the cingulate cortex.*^ The finding suggests that the 
kindling inhibition occurs in both primates and felines at secondary mesial hemispheric 
sites where independent IID is present. It is an electrographic secondary epileptogenesis. 
Yet the secondary site cannot be kindled. Therefore, it must be regarded as a lasting 
secondary anti-epileptogenesis. This development appears to be anatomy-specific in both 
felines and primates at the cortical site. The underlying mechanism is not known, but a 
strong intrinsic inhibitory potential of the cortex is suggested by the fact that prefrontally 
kindled epileptogenesis erodes and spontaneous recurrent seizures dissipate within 
several months while Am-kindled epileptogenesis persists for three years.̂ ^ 

Realization that the mammalian brain possesses an intrinsic capacity to generate a 
lasting anti-epileptogenesis in response to repeated seizures has two important 
implications. First, patients with an active epileptogenesis in the prefrontal and mesial 
hemispheric area have the potential to develop bilateral dysfiinction: an entrenched 
epileptogenesis on one side and a lasting anti-epileptogenesis in a homotopic site—both 
of which are attained at the expense of physiological fiinction. The prefrontal and mesial 
hemispheric areas are known to participate in cognition, conation, and emotion for 
normal organization of behavior. This emphasizes that repeated partial-onset seizures at 
these sites could cause symptoms other than seizure.̂ ^ Furthermore, the enduring nature 
of kindling inhibition provides a window for fiiture exploration of an anti-epileptogenic 
tool or medication that is currently lacking. Characterization and identification of 
mechanisms underlying lasting secondary anti-epileptogenesis would be the first step 
towards creating new armamentaria to deploy an anti-epileptogenic capability intrinsic to 
the mammalian brain. 
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8. SUMMARY 

The following points summarize the paper: 
(1) Review of AM and cortical kindling in 5 different primate species suggests that an 
ultimate consequence of developing epileptogenesis depends on a complex interaction 
between repeated seizures and intrinsic species-specific, individual-specific, and 
anatomy-dependent predisposition. 
(2) Inter-ictal spike generation and its quantity and spatial extent are independent of 
kindling susceptibility or "severity" as indicated by the number of generalized 
convulsions experienced. 
(3) The state of predisposed susceptibility within a trajectory of AD propagation 
preferentially primes that area for development of electro-clinical secondary 
epileptogenesis. 
(4) Anatomy-dependent resistance to interictal spike generation and propensity to status 
epilepticus at supplementary motor area and premotor area, respectively, are identified. 
(5) The prefrontal cortex and mesial hemispheric surface have an intrinsic capacity to 
cause lasting homotopic secondary anti-epileptogenesis. 
(6) Lasting secondary anti-epileptogenesis can cause symptoms other than seizure while 
providing a window for exploration of an anti-epileptogenic tool that is currently not 
available. 
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Discussion 

Gale: I am so pleased that you brought back this terribly important frame of reference, 
because so much of the work we do now is in rodent species and frame of reference of 
what goes on in the primate is extraordinarily important. Am I correct in remembering 
that not all the macaques could actually be kindled? 
Wada\ We were able to kindle them, but it took a long time, over one year, over 428 or 
so stimulations. I am not to sure if you continued to kindle macaques, two years or four 
years, that they would ever get to stage 5. I doubt it. 
Gale: I think there was a big range. Some animals kindled in six month, and some took 
over a year. So even within that group there is tremendous differences between animals 
in terms of their susceptibility, and that may have some important implications. 
Wada: Yes, indeed. 
Wasterlain: Juhn, does the ease of kindling and the likelihood of developing spontaneous 
seizures corelate with how much time species spend in trees? Some of the baboons spend 
a lot of the time on the ground, and you would think that evolutionary pressure selection 
would be much stronger against epileptic organization of the brain for the species that 
spend a lot of time in the trees, because every seizure means death when they are in the 
tress, but when they are on the ground they can recover. So that might be one factor. I 
always thought that for many of the monkeys there is such tremendous selection pressure 
against epileptogenic organization of the brain. And that implication would not apply to 
man. 
Gale: For the limbic temporal lobe partial seizures, I have watched my animals. They 
could be in the upper comer of the cage, and they hang on just fine. They can have a 
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seizure that can last for actually several minutes, and it's really quite striking how they do 
not fall off their perches. Even when it goes bilaterally, they are still able to hang on until 
the point where it really become a tonic/clonic seizure. So if there were selection 
pressure against anything, it would be against the generalization, but certainly not the 
initial manifestation of the seizure. 
Engeh I just want to make a comment relative to the lumper/splitter argument of the last 
couple of days, in support of the splitters. Juhn, you were really the first one to show that 
kindling had a genetic basis when you showed the difference between the Papio papio and 
the macaque. But then you looked at all these other species and showed that different 
phenomena sort out differently and are under different genetic control. All this has to 
argue that there are multiple mechanisms, not a single mechanism. 
Wada\ Exactly. 



NATURAL HISTORY OF MESIAL TEMPORAL LOBE 
EPILEPSY WITH HIPPOCAMPAL SCLEROSIS: 

How does kindling compare with other 
commonly used animal models? 

Jerome Engel, Jr. 

1. INTRODUCTION 

Temporal lobe epilepsy, the most common form of human epilepsy/ is most often 
associated with hippocampal sclerosis (HS), the most common epileptogenic lesion.̂  
This condition is referred to as mesial temporal lobe epilepsy (MTLE) with HS.̂  Perhaps 
in recognition of the importance of MTLE with HS as a major health burden worldwide, 
a large percentage of research on epilepsy now utilizes animal models of this disorder. 
Whereas kindling was the most popular model of MTLE during the 1970s and '80s, it has 
been largely replaced in recent years by chronic post status epilepticus models induced by 
excitotoxic substances such as kainic acid (KA) and pilocarpine (Pilo), or tetanic 
hippocampal stimulation to produce self-sustained status epilepticus (SSSE)."* This 
chapter will briefly review MTLE with HS and examine the strengths and weaknesses of 
these various experimental models for investigating mechanisms underlying this human 
condition. 

2. NATURAL HISTORY OF MTLE WITH HS 

Classically, patients with MTLE with HS have a history of complicated febrile 
convulsions or other predisposing insults within the first five years of life, an increased 
incidence of a family history of epilepsy, onset of habitual seizures in mid to late 
childhood, and rare, if any, secondarily generalized seizures. ^ MTLE with HS is the most 
thoroughly studied human epilepsy syndrome because it is the epileptic condition most 
often treated surgically. Such patients presenting at an epilepsy surgery center usually 

* Jerome Engel, Jr., David Geffen School of Medicine at UCLA, Los Angeles, California 90095-1769. 
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report a stuttering course with prolonged periods of remission or infrequent seizure 
before their ictal events become resistant to antiepileptic drug treatment. When seizures 
have continued for many years, they may have severe social and psychological 
impairment as a resuh of their disability and environmental factors; however, there is 
evidence that some interictal behavioral disturbances may be a direct effect of the 
epileptic activity in mesial temporal structures.̂  

Seizures typically begin with an aura, most commonly of epigastric rising, although 
other autonomic or psychic symptoms, with emotions such as fear, are also frequently 
encountered. Auras often occur in isolation, but when complex partial seizures follow, 
they commonly begin with arrest and stare, oroalimentary automatisms, and other, more 
complex, automatisms. Postictally, there is disorientation and amnesia for the ictal event, 
by definition.̂  Seizures usually begin with 5 to 7 Hz rhythmic EEG activity in one 
basilar temporal lead.̂  On depth recording, hypersynchronous ictal EEG onsets are 
characteristics in hippocampus, but low-voltage fast ictal EEG onsets also occur.̂  

The neurological exam should be normal except for material-specific memory 
deficits. Interictal behavioral problems, however, can be a disabling feature of the 
condition. The EEG shows anterior temporal interictal spikes which may be unilateral or 
bilateral and independent. Unilateral hippocampal atrophy, often with increased signal 
intensity on T2-weighted images, can be seen in most patients with high-resolution 
magnetic resonance imaging (MRI), and the same temporal lobe is also hypometabolic 
with fluorodeoxyglucose positron emission tomography (FDG-PET). There is a 
characteristic pattern of temporal lobe hyperperfusion on ictal single-photon emission 
computed tomography (SPECT), and there is a reduction in n-acetyl-aspartate (NAA) 

12 
with magnetic resonance spectroscopy (MRS). All of these imaging findings reflect 
structural disturbances characteristic of HS, i.e., loss of principal neurons, particularly in 
CAl, and CA3 of the hippocampus proper, as well as loss of somatostatin and NPY-
containing hilar intemeurons; neuronal reorganization, most easily seen as mossy fiber 

3 
sprouting; and reactive gliosis. The epilepsy surgery setting has provided opportunities 
for invasive studies of patients with MTLE and HS, both in vivo during preoperative 
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depth electrode recordings, and in vitro on resected tissue. 
A workshop was held in Istanbul, Turkey, in May, 2002, specifically to discuss 

whether MTLE with HS is a syndrome or a disease. Despite the fact that most clinical 
epileptologists can easily recognize this condition when they see it, the group of 
clinicians and basic scientists with particular interest and expertise in hippocampal 
epilepsy assembled to debate this issue were not able to identify any unique features that 
could justify designating MTLE with HS a disease, nor were they able to agree that it was 
a single syndrome; concluding that it probably represents several syndromes.̂ "* A 
number of features were discussed in detail. 
2.1 Is there a genetic predisposition? 

There are several genetic factors that might influence the development of MTLE 
with HS. There is a genetic predisposition to febrile seizures, which could in some cases 
result in HS and lead to MTLE. There may also be a genetic predisposition to the 
development of HS, for instance aberrations in sodium-channel genes have been shown 
to predispose to hippocampal damage similar to HS in mice.̂ ^ There is also a familial 
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form of MTLE, and some patients in these families have refractory epilepsy with HS 
which appears no different from the sporadic forms of MTLE with HS.*̂  The familial 
and sporadic forms, therefore, may in fact represent the same condition. 

2.2 What are the causative factors? 

Although retrospective studies identify precipitating insults, usually within the first 
five years of life,'̂  in a high percentage of patients, such historical data are unreliable. 
Prospective studies are necessary, but it is extremely difficult to diagnose MTLE with HS 
early, and many patients with early HS do not have classical MTLE. 

2.3 Is there an age specificity for seizure onset? 

Patients with MTLE due to HS have seizures that begin earlier than those with 
MTLE due to other lesions such as neoplasms and dysplasias. Although the first habitual 
seizures usually begin between 4 and 16 years of age, they can begin at any age with the 
same pathophysiological changes and surgical outcome. 

2.4 Is there a specific pathophysiology? 

It is presumed, although far from proven, that an initial precipitating injury early in 
life results in a specific pattern of cell loss with reactive gliosis and neuronal 
reorganization, which cause increased inhibition, ̂ ^ and localized pathological 
synchronous burst firing characterized by high-frequency oscillations (150-500 Hz) 
termed Fast Ripples (FR).̂ ° These discharges might then recruit distant structures into 
the epileptogenic process, perhaps through a kindling mechanism, which ultimately must 
involve a critical mass for spontaneous seizures to occur. There may be a genetic 
predisposition necessary for either the specific cell loss and neuronal reorganization, or 
for the resultant epileptogenicity, or both. To what extent both injury and genetic 
predisposition are necessary is unknown. Furthermore, it is unknown which of the 
structural changes in mesial temporal structures are responsible for epileptogenicity, and 
which are nonspecific effects of epilepsy. 

2.5 Is there a characteristic electroclinical ictal pattern? 

Two types of electrographic ictal onsets have been identified from depth electrode 
recordings directly from mesial temporal structures.̂  The first consists of 
hypersynchronous discharges which are usually focal in hippocampus and correlate with 
auras or no behavioral change. The other consists of a buildup of low-voltage fast 
activity which may be more regional and is associated with contralateral propagation, 
impaired consciousness, and other clinical features of complex partial seizures. A 
transition from hypersynchronous ictal discharge to low-voltage fast activity is necessary 
before propagation can occur to produce a clinical complex partial seizure. This typically 
takes tens of seconds, or does not occur at all, accounting for the observation that patients 
with MTLE and HS commonly have auras in isolation, i.e., frequent auras that do not 
evolve into complex partial seizures.̂  
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2.6 Are there primary and secondary forms? 

MTLE with HS only is a primary form of this disorder. Dual pathology, that is 
MTLE with HS and another lesion, could represent: (i) a situation in which the other 
lesion is the primary epileptogenic disturbance and repeated discharges have resulted in a 
secondary form of epileptogenic HS; (ii) a situation in which the other lesion is a primary 
epileptogenic disturbance which has caused changes in the hippocampus resembling HS 
that are not epileptogenic; or (iii) two completely unrelated lesions. There is no evidence 
to prove or disprove any of these possibilities. 

2.7 Are there characteristic interictal behavioral features? 

Material-specific memory deficits, related to the side of seizure onset, are clearly 
defined behavioral disturbances in patients with MTLE and HS, and these appear to 
worsen with time and frequent seizures (see ^ )̂. Increased incidence of other psychiatric 
and psychological problems, especially depression, are reported which could represent: 
(i) direct biological effects of repeated seizures; (ii) nonspecific effects of the initial brain 
injury; or (iii) consequences of environmental factors. There is evidence to suggest that 
all three possibilities can contribute to interictal behavioral disturbances.̂  

2.8 Are there benign and severe forms? 

Only the severe forms are well characterized, because only patients with medically 
refractory MTLE with HS are referred to tertiary epilepsy centers as potential surgical 
candidates. Although one large study in a tertiary referral center found that only 11% of 
patients with MTLE and HS had been seizure free for the previous year,̂ ^ another in a 
primary center found that 46% had been seizure free in the previous year,̂ ^ suggesting 
that there are many patients with MTLE and HS who do not have medically refi'actory 
epilepsy, and who do not come to the attention of epileptologists. 

2.9 Is there a latent/silent period? 

The proposed pathophysiology of MTLE with HS requires time following the initial 
precipitating insult for the epileptogenic structural and functional changes to eventually 
manifest as spontaneous seizures. Such a latent period is characteristic of this disorder, 
but there are patients who have no latent period, and also patients who have no 
identifiable initial precipitating insult. Once habitual seizures begin, they often are 
initially responsive to antiepileptic medication and remit for many years. This silent 
period appears to be a feature of many patients with MTLE with HS.̂ "* 

2.10 Is it progressive? 

There is strong evidence for progressive behavioral changes, especially increasing 
memory deficit (see ^ )̂. There is also evidence that contralateral interictal EEG spikes 
increase over time, suggesting progressive bilateral involvement.̂ ^ The silent period, if 
present, also suggests progression from a drug-responsive form of epilepsy to a drug-
refractory form. Hippocampal atrophy and cell loss may correlate with duration of 
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epilepsy;̂ ^ however, these studies are cross-sectional, and longitudinal studies are needed 
to clearly document progression. 

2.11. Are secondarily generalized seizures characteristic? 

Generalized tonic-clonic seizures are rare in patients with MTLE and HS because 
antiepileptic drugs used to treat this disorder are effective in preventing secondarily 
generalized seizures. This reflects the fact that most potential antiepileptic compounds 
are screened against animal models of generalized tonic-clonic seizures and absences, but 
not against animal models of limbic seizures. 

3. ANIMAL MODELS 

Experimental animal models of epilepsy are classified as: (i) models of chronic 
epilepsy with recurrent spontaneous seizures; (ii) models of epileptic seizures induced in 
normal brains; or (iii) epileptic equivalents which are component parts of epileptiform 
abnormalities or their underlying mechanisms.̂ ^ The International League against 
Epilepsy has recently proposed definitions for epileptic seizures and epilepsy.̂ ^ An 
epileptic seizure is defined as "a transient occurrence of signs and/or symptoms due to 
abnormal excessive or synchronous neuronal activity in the brain." It can reflect a 
natural response of a normal brain to insult and, although seizure models in animals with 
a normal brain are useful for understanding mechanisms of ictal events themselves, they 
provide no information about the enduring disturbances that exist interictally in the brains 
of individuals with epilepsy, which are responsible for the intermittent appearance of 
spontaneous seizures. Epilepsy is defined as "a chronic disorder of the brain 
characterized by an enduring propensity to generate epileptic seizures, and by the 
neurobiological, cognitive, psychological, and social consequences of this condition. The 
definition of epilepsy requires the occurrence of at least one epileptic seizure." Ideally, 
therefore, models of MTLE with HS should provide an opportunity to investigate the 
fundamental mechanisms of the enduring propensity to generate epileptic seizures. 
Epileptic equivalents, however, permit specific component parts of the epileptic condition 
to be modeled as a more cost-effective way of investigating different aspects of the 
underlying pathophysiologic disturbances. 

3.1. Chronic epilepsy models 

A variety of techniques have been used to produce recurrent seizures in animals, 
including freeze lesions, partially isolated cortical slabs, metals such as alumina, cobalt, 
tungstic acid, ferric chloride, tetanus toxin, anti-GMl ganglioside antibodies, and genetic 
manipulations,̂ ^ but those most commonly used to model MTLE with HS involve the 
induction of status epilepticus with excitotoxic agents such as KA and Pilo, or electrically 
induced SSSE. All of these techniques result in hippocampal damage resembling HS and 
spontaneous seizures with electroclinical features similar to those of human limbic 
epilepsy. Systemic KA and Pilo, as well as SSSE models, have widespread bilateral 
limbic system damage and frequent seizures, whereas intrahippocampal KA produces 
more restricted unilateral hippocampal damage and less frequent seizures, more closely 
mimicking the human condition. Other differences exist among these models which are 
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compounded by peculiar characteristics of specific animals or strains. All these models, 
however, have been useful for investigating fundamental neuronal disturbances 
responsible for spontaneous seizure generation in the hippocampus. 

Focal dysplasia is also a common cause of human epilepsy which can involve 
hippocampus, or be coexistent with HS.̂ ^ A variety of dysplastic animal models are now 
available, caused by neonatal freeze lesions, prenatal radiation, and MAM.̂ ^ 

3.2. Kindling 

Although kindling is a process that results in permanent epileptogenic changes in the 
brain, and has been used as a chronic model of MTLE, it is not truly a model of epilepsy 
because, as the technique usually is applied, it does not lead to spontaneous seizures. It 
is, rather, an approach to bring the progressive epileptogenic mechanisms that ultimately 
lead to spontaneous seizures under laboratory control, which is of great value for certain 
experimental designs. Although it provides no insight into the pathological changes that 
occur following an initial precipitating insult that result in synchronous burst firing, 
because the synchronizing mechanism is artificially applied, and it also does not provide 
an opportunity to study how spontaneous seizures are generated, because they are 
generated by artificial stimulation, it does permit careful investigation of how the very 
localized synchronous firing, over time, recruits downstream structures into the 
epileptogenic process and is useful to elucidate fundamental mechanisms of the 
progressive nature of epilepsy. Kindling can also be continued for prolonged periods of 
time to produce a chronic epileptic condition in which spontaneous seizures occur 
without stimulation.̂ ^ In this situation, seizures are not usually initiated at the site of 
stimulation, but some distance away, attesting to the necessity of transsynaptic changes 
for the epileptogenic process to mature into a chronic epileptic condition. Kindling is a 
particularly valuable technique because the site of stimulation is known, and no other 
disturbances are introduced, in contrast to the status epilepticus models which are 
associated with widespread unilateral or bilateral limbic damage. Consequently, 
whatever transsynaptic changes occur with kindling that lead to spontaneous seizures 
must utilize mechanisms available in the normal brain. 

3.3. Acute seizure models and epileptic equivalents 

Although chronic models are preferred for investigations into fundamental 
mechanisms of MTLE with HS, they are labor-intensive and not sufficiently cost-
effective for some applications, for instance screening of potential antiepileptic 
compounds. There is a great need to supplement the subcutaneous metrazol and maximal 
electroshock mouse models of absence seizures and generalized tonic-clonic seizures, 
with equally cost-effective models of limbic seizures, and kindling has been used for this 
purpose. Indeed, one of the recently introduced antiepileptic drugs, levetiracetam, 
proceeded to clinical trial because it was effective against kindled seizures even though it 
failed to block subcutaneous metrazol-induced absences and maximal electroshock-
induced generalized tonic-clonic seizures in mice.̂ ^ There are no simple seizure models 
better than kindling at the present time for screening potential antiepileptic compounds; 
however, epileptic equivalents could ultimately serve this purpose. One such equivalent, 
or surrogate marker of epileptogenicity, is FR. These oscillations uniquely occur in areas 
of hippocampus and parahippocampal structures capable of generating spontaneous 
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seizures in patients with MTLE and HS, and also in the KA, Pilo, and SSSE chronic rat 
models of this condition.̂ ^ FR are believed to reflect small populations of synchronously 
bursting neurons which represent the fundamental mechanisms of epileptogenesis and 
epileptogenicity.̂ ^ It is possible, therefore, that FR could be used to screen for potential 
anti-limbic seizure compounds, to localize the epileptogenic region for surgery, and if 
these high frequency oscillations could be measured noninvasively, they might also be 
useful to predict which patients are likely to develop MTLE with HS after an initial 
precipitating injury, and to determine the effectiveness of antiepileptic drugs without the 
need to wait for another seizure to occur. Interestingly, FR cannot be recorded from 
limbic structures of kindled rats, presumably because the tissue is not sufficiently 
epileptogenic to generate spontaneous seizures. 

3.4. Comparison of features of MTLE with the post-status chronic models, and 
limbic kindling 

Table 1 lists a number of pathophysiological phenomena of the epileptogenic process 
in MTLE with HS for comparison with the commonly used post-status (KA, Pilo, and 
SSSE) chronic models, and kindling, particularly with respect to the value of these 
models for studying the underlying mechanisms of these independent phenomena. 
Although all of these phenomena can, and most do, exist in all patients with MTLE and 
HS, under ordinary circumstances it is only possible to study the endpoint of their 
manifestations, because only patients with severe epilepsy are surgical candidates and 
subjects for invasive research. Animal models are necessary to investigate the evolution 
of these phenomena during progressive epileptogenic processes. Each phenomenon 
conceivably represents at least one, and perhaps even multiple different, fundamental 
neuronal processes, which are variably also influenced by maturational, genetic and 
acquired predisposing factors. It is helpful to organize them into three broad groups. The 
first group consists of the initial effects of insult, including cell loss, neuronal 
reorganization, and synchronous neuronal bursting with FR. These can be best studied 
with the chronic models, and most are not relevant to kindling, although sub-threshold 
kindling, which produces afterdischarge only with repeated stimulation, must induce 
local changes at the tip of the stimulating electrode. Neuronal reorganization, and in 
some cases cell loss, occur in kindling. Overkindling, which results in spontaneous 
seizures, might also produce synchronous bursting and FR, although this has not yet been 
demonstrated. The second group consists of transsynaptic progressive effects of these 
changes which recruit downstream structures, resuhing m an evolution of clinical seizure 
types, and in some cases secondary epileptogenesis, pharmacoresistance, a breakdown in 
protective inhibitory mechanisms causing status epilepticus, and interictal behavioral 
disturbances. All of these are most easily investigated with kindling, because exquisite 
experimental control of individual phenomena can be achieved. The third group that 
needs to be separated from the others consists of phenomena relevant to spontaneous 
seizure generation, which include not only mechanisms which cause seizures to occur, 
but those natural homeostatic mechanisms which maintain the interictal state, and those 
which limit seizure propagation and determine the clinical manifestations of seizures. 
Kindling again is not an appropriate model to study these mechanisms as usually 
practiced because spontaneous seizures do not occur. 

Some interesting differences between MTLE with HS and these models are apparent 
in this table. For instance, the effective insult to produce hippocampal sclerosis in the 
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human occurs during a critical period early in life, usually under the age of five, whereas 
status-induced hippocampal damage is difficult to obtain in the immature rat and is much 
more readily produced in the adult. Extensive studies relevant to the second group of 
phenomena in Table 1 have been carried out with kindling and are well documented in 
other chapters in this book, but very little has been done to examine these phenomena in 
the status-induced chronic models. Contralateral secondary epileptogenesis could be 
investigated in the intrahippocampal KA rat, but hippocampal damage and seizures are 
bilateral to begin with in the other models. Interictal behavior has been studied in the 
intrahippocampal KA cat.̂  With respect to the third group, fully kindled limbic seizures 
invariably progress through alls stages, whereas seizures in human MTLE with HS, and 
in the chronic models, often consist only of simple partial events, and in the human and 
intrahippocampal KA rat, secondarily generalized seizures are rare. Mechanisms which 
limit ictal propagation, therefore, appear to be less effective in kindling. 

Table 1. Discrete pathophysiological epileptogenic phenomena and opportunities for 
investigation in MTLE, post-status chronic animal models, and kindling. 

Insult 
Cell Loss 
Synaptic Reorg. 
Synchr. Bursting (FR) 
Transsynaptic 
Recruitment 
Substrates of Clinical 
Seizures 
2° Epileptogenesis 
Pharmacoresistance 
Status Epilepticus 
Behavioral Consequences 
Spontaneous Seizure 
Generation and 
Suppression 

MTLE with HS 
Y <5 years 
Y+ 
Y+ 
Y+ 
Y 

Y+ 

? 
Y+ 
Y+ 
Y+ 
Y++ 

Post-status chronic 
models 
Y Adult 
Y+-H-
Y+-H-
Y+-H-

Y+ 

Y+ 

? 
Y+ 
? 
Y+ 
Y+++ 

Kindling 
N 
? 
Y+ 
N* 
Y+-H-

Y-H-H-

Y+++ 
Y-f+ i 

Y++ 
Y+-H-

N* 

Y Yes, phenomena exist 
N No, phenomena do not exist 
++ Suitability of model for studying phenomena 
•Might be present with overkindling 

There is increasing evidence that a variety of genetic and acquired predisposing 
factors play an important role in the manifestations of human MTLE with HS. Several 
chapters in this book clearly demonstrate genetic influences on the progression of limbic 
kindling, but very few studies have systematically investigated these influences with 
respect to the chronic models. Just as there was a major paradigm shift with the 
realization that seizures produced in the normal brain were not the same as spontaneous 
seizures occurring in an abnormal epileptogenic brain, resulting in a shift in interest fi-om 
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acute seizure models to chronic epilepsy models, there may now need to be another 
paradigm shift: that an epileptogenic insult induced in a normal brain is not the same as 
an epileptogenic insult induced in a brain that is predisposed to epilepsy. Elucidation of 
the genetic and acquired disturbances that might predispose individuals to develop 
hippocampal sclerosis with specific precipitating injuries, or to develop epileptic seizures 
as a result of the progressive transsynaptic epileptogenic processes induced by these 
structural changes, will permit us to devise even better experimental animal models. 
Kindling could be the ideal model for investigating genetic and acquired factors that 
predispose the brain to become epileptic after cell loss and neuronal reorganization 
causes synchronous burst firing, because of the opportunities to bring this progressive 
transsynaptic epileptogenic process under laboratory control. 
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Discussion 

Wada: As I mentioned in my presentation, interictai discharge is often bilateral in the 
intractable temporal lobe epilepsy, yet there are patients whose epilepsy is intractable but 
who have no interictai spike discharge. In other words, what I am trying to say to you is 
that bilateral interictai spike discharge is not really a contributing factor to intractability 
as such. I had a patient who suffered from temporal lobe epilepsy, and 14 years ago she 
had a left temporal lobectomy. At the time of taking the corticogram, I couldn't find any 
interictai spikes. She was free of seizure until February of this year, she came back with 
a reoccurrence, with a slightly different semiology. Again there was no interictai spike 
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discharge, and at the time of operation there was no spike discharge whatsoever. But she 
was intractable. It seems to me that there is no cause and effect in terms of spike 
proliferation. Second, you mentioned the aura. Quite often we regard an aura as where 
the seizures start. It is not in my view. Aura comes from the area that gives patients 
awareness of what is taking place. We have had a number of patients in whom we 
monitored the precise moment of aura occurrence. The point is that we often find that it 
is before the onset of EEG change but way into EEG discharge. So this is a peripheral 
issue. Epileptogenesis may be someplace else and spread to those areas that would 
produce awareness in the patient. 
Engel: Your first point is a very important one, because there are multiple types of 
interictal spikes. Not all interictal spikes mean the same thing. In the 1970's, Bob 
Ackermann and I published the recycling experiment, where we restimulated the kindled 
rat every 5 minutes. Some rats would have a seizure the first time and then have 
prolonged period of seizure remission, where you couldn't get another seizure for all 
seven of the stimulations. Others would recycle, so that they would respond to each one, 
and we saw all variation of that. The interictal and postictal spikes that occurred after the 
first stimulation correlated with the degree of seizure suppression - the more spikes they 
had, the harder it was to get them to have another seizure. We postulated that some 
spikes actually represented a protective effect. That actually makes sense if you look at 
the neural correlate of the interictal spike and wave. The wave is actually inhibition, and 
the spike and wave is mostly wave. So when you see an interictal spike and wave it 
means there is actually inhibition and the brakes are on. But you are referring to 
Rasmussen's comment of spike chasing in the operating room, where they used to look at 
where the interictal spikes were when they did surgery, and then did the surgery based on 
the extent of the interictal spikes, but then they realized that you take out the whole brain 
if you do that because there are all these interictal spikes. Someone told Ted Rasmussen 
that you can't really do that, because you can't base the decision on the spike. Ted said 
that there are red spikes and green spikes, and you EEGers can't tell them apart. We 
think the fast ripples discriminate the red spikes from green spikes. 
Wada: Great, I think the postictal spike tells what you are talking about. There is a 
progressive increase as the animal is kindled, and then as the animal acquires 
susceptibility the spiking just comes right down. 
Engel: As far as the aura is concerned, we see patients who have beautifiil ictal onset in 
one hippocampus. You take out that area and a lot of surrounding area when you do the 
anterior lobectomy, and you confirm the pathology, yet they continue to have auras. 
They are now free of disabling seizures, but continue to have auras. So where are the 
auras coming from? 
Gale: You seem to imply that the injury in the chronic models was an important 
component. I wonder if you could comment on the study that was done by Zhang, 
Corcoran, and their colleagues showing that you can completely bock the injury and yet 
still go on to have the spontaneous seizures, whether its in the kainic acid or in the 
pilocarpine model. 
Engel: How did you block the injury? 
Corcoran: Xia Zhang primed the rats with an injection of kainate, but terminated the first 
seizure with pentobarbital. 
Engel: So it was repeated injections. 
Gale: It was a preexposure paradigm where the animals were predisposed so they would 
not get injured. 



382 ENGEL 

Engel: There are two different aspects of these excitotoxic insults. The quickest way to 
do it is use the excitotoxic agent to cause status and then the status causes injury. But I 
suppose you could use the excitotoxic agent to just produce the excitation, just like you 
would with PTZ or whatever, and do a chemical kindling. That is puzzling. 
Gale: But these were not kindled; they just pre-exposed animals, like we do with 
electroshock. I am sure the same thing would happen with electroshock seizures. If you 
just pre-exposed animals before the status epilepticus event, they would be 
neuroprotected.. And if you then gave status epilepticus to a protected animal, so they 
have the status, they would not have the brain damage, yet they would go on to get the 
spontaneous seizures. So pre-exposure just subtracts out the brain damage and the 
sprouting and a lot of other things that happen in response to the damage as being 
causally related. There must be something else that is going on that is responsible for the 
spontaneous seizures. 
Engel: It is visible brain damage. One of the things that we found, if you want to argue 
that fast ripples are the basis of epileptogencity in these models, is that the fast ripples 
occur before there is any mossy fiber sprouting. They occur sometimes within 2 or 3 
days, and they only occur in animals that ultimately develop spontaneous seizures. So 
the changes we are seeing with the neuronal reorganization that is obvious with the Timm 
stain or other gross methods are probably later and help to solidify the phenomenon, but 
are not responsible for it. Maybe perforated synapses and other subtle changes that can 
happen overnight or within hours are more responsible. 
Schwartzkroin: On your list of models I noticed that there was no genetic model of focal 
epilepsy. 
Engel: There is no genetic model that I know of mesiotemporal lobe epilepsy, is there? 
Schwartzkroin: In a way it depends on whether you require the kind of morphological 
abnormalities that you and Karen were just discussing. So for example, the Kcnal 
potassium channel knockout mice that we have been studying appear to have a temporal 
lobe-like seizure phenomenon. But it is a generic channel deletion that affects the entire 
brain. 
Engel: Yes, I didn't mention the fact that you might create knockin or knockout 
transgenic models. I was thinking in terms of naturally occurring genetic models, which I 
don't think model this condition. 
Schwartzkroin: Let me go back to the interictal spike issue a bit and the fast ripples. In 
generating a model for temporal lobe epilepsy, do you think that it is necessary to have a 
situation in which interictal spiking occurs and/or that it occurs at a time before the 
spontaneous seizures occur? 
Engel: I have no idea. That is, you can see fast ripples without spikes; so I don't think 
the spikes are necessary for fast ripples. It is just that when you have spikes in those 
areas, they have fast ripples on them. But we also see fast ripples without spikes. So I 
have no idea whether the spikes are necessary or not. At least in hippocampal epilepsy, I 
would predict that you have to have a small group of tightly connected abnormally 
synchronously bursting cells to begin with, or you don't get epilepsy. But that remains to 
be proven. 
Schwartzkroin: One more quickie. In your slide showing the redefinition of epilepsy as 
Bob Post and others are generating it, it appears as though the repeated occurrence of 
spontaneous seizures is not necessary, that what you need is an enduring predisposition. 
But that makes kindling sound like it is much closer to that definition than it has been in 
the past. 
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Engel: Kindling definitely meets the definition of enduring disturbance definition, but 
what kindling does not meet is the requirement that at least one spontaneous seizure has 
to occur for a definition of epilepsy. 
Moshe: The issue of when the initial insult may occur to produce e pilepsy may be 
answered in the next twenty years. In the second Palm Desert epilepsy surgery 
conference that Pete organized in 1991, we were given a mandate to study the 
development of mesiotemporal lobe epilepsy in children with febrile seizures. It took 
many years to organize the study because of we had the ethical issue of how we were 
going to take kids with febrile seizures that are supposedly benign and perform the MRI, 
which is potentially dangerous. In 1997, data came out from Darryl Lewis's group 
showing that few patients with prolonged febrile status epilepticus developed 
hippocampal changes visible by MRI. In 2002, Shlomo Shinnar organized a 
multiinstitutional study funded by NINDS. We aim at prospectively studying about 200 
children with febrile status epilepticus for acute and chronic MRI changes, serologic data 
for herpes virus infections that may precipitate the status, EEG and neuropsychological 
data. 
The goal is to correlate these findings with the development of mesial temporal lobe 
epilepsy. So for those people in the back of the room we anticipate that there are going to 
be some changes associated with feblile status epilepticues that may not be seizures but 
neuropsychological consequences. We will also look at predisposing factors,including 
genetics and we have no idea what we are going to look at, but thanks to NINDS, we can 
bank blood for future studies. 
Engel: It is so hard to get data, because it is dangerous, with infants and small children 
having to be anesthetized to go in the MRI. You don't do that without a lot of concern. 
Wada: I think that this is very important as well because I do know by now that there are 
at least 6 patients who are not intractable having mesiotemporal sclerosis. They just 
happened to come to me for a number of other reasons. So it is extremely important in 
those patients who had complicated febrile seizure, developing change in the limbic 
system. 
Engel: Let me describe two other prospective studies. John Duncan has a study in 
London in which they are looking at all new onset seizures, and he tells me that the 
incidence of hippocampal sclerosis is very low, not the 25% that you expect to see. They 
have been following these people for a number years, and he uses this to argue that 
medial TLE is actually a rare disease, not a common disease, which Nico Mosh^ has also 
argued because he doesn't see it as often in the Bronx. But then I asked him, after you 
have followed these patients for 5 years, what percentage of your patients in your study 
have hippocampal atrophy, and he said 25%. The other is Allan Housser's study. He is 
doing MRIs on everybody in Iceland, and he is finding a lot of hippocampal atrophy, but 
in patients with things other than TLE, who have other types of epilepsy. 
Mclntyre: You mentioned that you can have ripples without having interictal spikes, but 
can you have interictal spikes without ripples on it? 
Engel: Yes, most interictal spikes don't have ripples on them when they are projected or 
come from areas that are not capable of generating spontaneous seizures. So in the 
human or the intrarhippocampal kainate model, where all the seizures come from one 
side, only the spikes on that side have the fast ripples. The spikes on the other side don't. 
Mclntyre: So the focal spikes are rippling spikes. 
Engel: Yes. 
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Mclntyre: In one of your slides, you were asking the question why it is that humans 
sometimes have a big seizure but then auras and just little stuff. Could it have anything 
to do with the frequency of which they are having them? In your study with Ackermann 
many years ago, you would have regular kindled seizures, but when you would shorten 
the interval between, you would then start breaking that pattern all up and developing 
interictal spikes. 
Engel: In humans there is no pattern like that. We see patients that never have 
generalized convulsions, and in the intrahippocampal kainate rat we see very frequent 
simple partial seizures, which we can recognize only because we have electrodes and we 
see the hypersynchronous discharges. Only rarely do they go on to become manifest as 
limbic or generalized seizures. 
Mclntyre: But do you think that has nothing to do with how frequently they might be 
occurring, because mass kindling, of course, really blocks seizure generation? 
Engel: No. The reason we are now using pilocarpine and self-sustained status 
epilepticus (SSSE), because for the studies that we want to do, which is to look at the 
mechanism of ictal onset, is that these rats don't have seizures frequently enough to do 
that. So we have gone now to the pilocarpine and SSSE models, which have bilateral 
hippocampal sclerosis and very frequent seizures, and they almost all generalize. 
Post: Can you drive cells at the ripple frequencies? 
Engel: You can evoke the ripple frequency by stimulation. 
Post: Can you stimulate that fast to kindle? In other words, could you in fact test out the 
idea that rippling is the key thing by producing ripples at the ripple frequency at the 
electrode focus? 
Engel: That is an interesting thought. I have never thought about that and never tried it. 
But you can stimulate the perforant path, for instance, in an epileptic animal and you 
produce a response that has ripples on it, in the same areas of dentate where you get 
spontaneous ripples. 



CLINICAL EVIDENCE OF 
EPILEPSY-RELATED PLASTICITY 

Giuliano Avanzini and Silvana Franceschetti 

1. INTRODUCTION 

The term "neural plasticity" was first used by Minea' to indicate the 
metamorphic phenomena of sensory neurons caused by the compression and 
transplantation of ganglia into various organs. More comprehensively, it describes 
the functional or structural reorganisation that occurs at molecular, cellular, or circuit 
level within the central nervous system as a consequence of physiological or 
pathological activities or lesional insults. When this happens during development, it 
may alter the developmental programme, but it can also cause rearrangements of an 
already mature neural structure. 

Plastic adaptation mechanisms (i.e., activity-dependent changes in neural 
connectivity and synaptic efficacy) are known to occur in visual and other sensory 
systems, and may involve AMPA and NMDA receptor and local GABA-circuit 
regulation, Câ ^ and second messengers, neurotrophin, etc. 

Some examples of compensatory plasticity are: 
1. The cross-modal compensation demonstrated in subjects who be come blind 

before the age of 14 years;̂  
2. The enhancement of adult neurogenesis in the hippocampuŝ '"̂  due to 

environmental stimulation and learning; 
3. The compensatory reorganisation of intracortical circuitry or afferent sensory 

systems occurring in cortical dysplasias. 

2. EPILEPSY-RELATED PLASTICITY 

It is thought that plastic phenomena play an important role in the pathogenesis of 
some types of progressive epilepsy, including post-traumatic epilepsy, mesial 
temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS), epileptic 
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encephalopathies, and late-onset epilepsies associated with embryonic, perinatal, or 
early infancy diseases (e.g. brain dysgeneses). 

In principle, progressive epilepsy may depend on the progression of the 
causative cerebral pathology or an "intrinsically" progressive potential of the 
underlying epileptogenic process. However, in the case of the epilepsies mentioned 
above, seizure-dependent plastic phenomena seem to play an important pathogenetic 
role and may give the underlying neurobiological mechanism the character of a self-
sustained process. 

Late seizures (i.e. post-traumatic epilepsy) occur in patients who experienced a 
traumatic brain injury with a standardized incidence rate of 3.1.^ Recent experiments 
suggest an important pathogenetic role of chronic glial reactivity, which may be 
induced or aggravated by epileptiform activity itself.̂ '̂  The concept of seizure-
dependent pathological plasticity is relevant to the definition of infantile epileptic 
encephalopathies: "conditions in which the epileptiform abnormalities themselves are 
believed to contribute to the progressive disturbance in cerebral function."^ 

The idea that established epilepsy may tend to progress towards an increasingly 
severe condition was first put forward by William R. Gowers in 1881.̂  However, 
Gowers's theory that "seizures beget seizures" is not tenable as it was formulated, 
because not all types of epilepsy are progressive, and not all types of seizures seem to 
be capable of starting a process leading to chronic epilepsy. 

The concept of epilepsy-related plasticity applies to plastic changes following an 
epileptogenic insult and leading to persistent epileptic phenomenology (primary 
epileptogenesis), or plastic changes secondary to persistent epileptic activity and 
leading to the evolution of the epilepsy (secondary epileptogenesis). Furthermore, 
plastic adaptation phenomena occurring in maldeveloped epileptogenic areas should 
also be considered. 

The concept of secondary epileptogenesis was first proposed by Frank Morrell'^ 
to account for the secondary development of mirror foci. In more general terms, it 
has been defined as a process whereby an actively discharging epileptogenic lesion 
(i.e., a primary focus) with massive synaptic connections to another normal 
ganglionic region gradually induces similar paroxysmal behaviour in the cellular 
elements of that otherwise normal network (i.e., a secondary focus).'' 

One typical example of such seizure-dependent plasticity is mesial temporal lobe 
epilepsy with hippocampal sclerosis (MTLE-HS), whose biological bases are thought 
to involve activity-dependent molecular and cellular changes leading to circuitry 
reorganisation within the CNS. 

3. MESIAL TEMPORAL LOBE EPILEPSY WITH HIPPOCAMPAL 
SCLEROSIS (MTLE-HS) 

MTLE-HS has been known since the 19*̂  century. Ammon's horn abnormalities 
and hippocampal atrophy were respectively first described by Bouchet and 
Cazauvieilh in 1825'̂  and by Meynert in 1867,'̂  but its pathogenetic significance 
has been debated: according to Sommer in 1880,'"̂  Ammon's horn sclerosis should be 
viewed as a cause of seizures, whereas Pfleger in 1880'̂  believed that hippocampal 
lesions should be viewed as a consequence of seizures. 

The natural history of MTLE-HS includes an acute epileptic episode (typically a 
complex febrile convulsion) followed by a "latent period" of months or years that 
eventually leads to chronic epilepsy with temporal seizures. 

Experimental pilocarpine, kainite, and kindling models have improved our 
understanding of the biological mechanisms by means of which MTLE-HS may 
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develop from an early acute insult and further progress towards a more severe 
condition. The first two procedures involve the acute administration of pilocarpine or 
kainic acid, which induces severe epileptic symptoms in rodents followed (after a 
variable interval) by chronically recurring seizures; the kindling model is based on 
repeated subthreshold stimulations of susceptible limbic and neocortical structures 
that induce increasingly prolonged and severe seizures and epileptiform EEG 
discharges, and eventually lead to spontaneous seizures.̂ ^ The kindling paradigm 
therefore brings the epileptogenic process under experimental control, and makes it 
possible to follow its development. 

It is thought that "early" seizures occurring during the acute phase induce a 
cascade of events involving the activation of Ca2+-dependent proteases, protein 
kinase C, Ca^^-calmodulin kinase systems, immediate early genes, and inflammatory 
reactions leading to neuronal injury and circuitry rearrangements. Important steps are 
Câ ^ entry and mitochondrial dysfunction, a process that may result in structural 
remodeling and lead to an epileptogenic aggregate (secondary epileptogenesis). 

Evidence supporting this pathogenetic hypothesis has been provided by Sutula et 
al.,*^ who demonstrated that the kindling process is associated with the sprouting of a 
mossy fibre pathway that reorganises synaptic connections in the dentate gyrus, and 
then that a similar picture can be observed in the surgically resected hippocampus of 
patients with epilepsy.'^ 

These findings have been confirmed by a number of other studies, including that 
of Babb et al.'^ from which Figure 1 has been taken. Mossy fibre sprouting had been 
previously observed after experimentally induced status epilepticus accompanied by 
extensive neural damage (e.g., in the kainic acid modeP°), but the kindling paradigm 
showed that repeated brief seizures can induce sprouting in the absence of initial 
extensive brain damage.^' 

In human MTLE, mossy fibre sprouting is consistently associated with 
hippocampal sclerosis and cell loss, and it is thought that the degeneration of mossy 
hippocampal hilus cells significantly contributes to circuitry rearrangement 
(schematically illustrated in Figure 1). 

Experiments based on various animal models have shown that sprouted mossy 
fibres make synaptic contacts in ectopic locations, and thus provide an excitatory 
feedback circuit.^ '^^ The excitatory effect of the aberrant recurrent fibres is further 
enhanced by the facilitation of NMDA receptor-mediated conductance, which has 
been demonstrated in dentate granule cells recorded in slices prepared from the 
surgically excised temporal lobe tissue of epileptic patients.̂ ^ Recurrent axon 
collaterals also make synaptic contacts with inhibitory interneurons, thus leading to 
an enhanced inhibition^^ that, instead of preventing the generation of epileptic 
discharges, contributes to it by promoting synchrony.̂ ^ The main dentate granule 
axon target is CAS (which is therefore secondarily involved in the hyperexcitable 
state), but it is not known to what extent the sprouted collaterals of granule axons 
inside CAS contribute to the enhanced excitability in postsynaptic neurons, or what 
the contribution of sprouting phenomena occurring elsewhere in the hippocampal-
entorinal circuit, such as CAl, may be.̂ ^ 

In general, it can be said that, although the study of circuit reorganisation in 
MTLE has provided important insights into its biological bases, it has also left a 
number of unanswered questions. 

Comparisons of human and animal studies have shown that brief seizure 
episodes can set in motion a cascade of events leading to sprouting and 
neosynaptogenesis, which may account for the tendency of MTLE to progress 
towards a condition of medical intractability. 
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Figure 1. Evidence for circuitry rearrangements in human hippocampus surgically removed from patients 
with mesial temporal lobe epilepsy and hippocampal sclerosis. Left A: Coronal section of normal human 
hippocampus stained with Cresyl Violet. Dashed line segregates the CA4 pyramidal neurons from the hilus 
of the dentate gyrus (SG=stratum granulosum). B: adjacent section. Magnification of boxed area in A 
stained with the Timm method for heavy metals: the dense stain is strictly limited to the zinc containing 
granule cells of polymorph layer (PM), whereas supragranular layer (SG), inner, mesial, and outer 
molecular layers (IML, MML, OML) are completely devoid of staining. C: the corresponding area from a 
surgically removed hippocampus of a patient with temporal epilepsy and hippocampal sclerosis shows a 
second band of zinc-containing axons in the IML. D: Timm stain puncta in IML from boxed area in C. E: 
Timm stain puncta in SG from boxed area in C. (From Babb et al 1991 '^). Right: schematic representation 
of granule axon sprouting in hippocampal sclerosis. The newly formed axon collaterals occupy the inner 
molecular layer devoid of the mossy fibres due to the degeneration of the hilar mossy cells. 

In both humans and experimental animals (the kainic and pilocarpine models), 
the time course is typically biphasic, with a more or less prolonged latent interval 
between the initial event and the chronic epileptic phase during which the activation 
of Ca '̂̂ -dependent proteases, protein kinase C, Ca^Vcalmodulinkinase systems, and 
immediate early genes^^ promotes circuit remodelling. The most frequent initial 
event in the clinical history of MTLE is a prolonged febrile seizure during the first 
two years of life that can be assimilated to the status epilepticus induced by kainic 
acid and pilocarpine in experimental animals. Once established, the aberrant 
hippocampal circuitry creates a condition of hyperexcitability that leads to often 
difficult-to-treat chronic epilepsy. 

However, this linear interpretation is not supported by a number of other 
observations. First of all, experimental interventions that prevent sprouting do not 
impair the acquisition of epileptic properties.̂ ^ Secondly, although epileptiform 
discharges can be easily recorded from dentate granule cells in in vitro sclerotic 



CLINICAL EVIDENCE OF EPILEPSY-RELATED PLASTICITY 389 

hippocampal slices, and are putatively interpreted as being the result of newly formed 
glutamatergic synapses, in vivo recordings taken from the epileptogenic hippocampi 
of patients indicate that bursting neurons are rare, and that it is difficult to 
demonstrate their synchrony.̂  ̂ '̂ ^ Thirdly, the role of the putatively seizure-dependent 
cell loss in determining the sprouting is still unclear, as is that of the excess zinc 
caused by the sprouting of zinc-containing mossy fibres upon glutamatergic and 
GABAergic synaptic transmission.̂ ^ 

Various aspects of the pathogenesis of MTLE-HS are unknown, such as the 
relevance of the seizure-stimulated modulations of adult neurogenesis in the dentate 
gyrus to human MTLE;̂ "̂  furthermore, the roles of immune factors, genetic 
predisposition, and developmental abnormalities suggested by recent datâ ^ need to 
be further investigated by means of prospective studies of patients presenting acute 
symptoms that may be a risk factor for the development of an epileptogenic process. 

Recently, my colleague Laura Farina (collaborating with Robert Zimmerman's 
group in Philadelphia) has shown the value of early diffusion-weighted imaging 
(DWI) in prospective studies of the development of HS in children with prolonged 
new-onset seizures.̂ ^ Within three days of the onset of prolonged psychomotor 
seizures, there is an increase in the signals shown on T2 and DWI images that 
indicates restricted diffusion throughout the affected hippocampus, and all of the 
patients showed hippocampal atrophy on follow-up 2-18 months later (Figure2). 

4. EPILEPSY-RELATED PLASTICITY IN CORTICAL DYSPLASIA 

Although epileptogenic dysgeneses are obviously already present at birth, the 
fact that seizures do not usually appear until later in childhood suggests that their 
expression requires some changes occurring during postnatal development. I will 
here discuss some evidence of primary (i.e., lesion-related) or secondary (i.e., 
epilepsy-related) epileptogenic changes in cortical circuits and compensatory plastic 
circuitry rearrangement in cortical dysplasias. 

4.1 Circuitry rearrangement in human dysplastic tissue 

The role of primary and secondary circuit abnormalities in determining epileptic 
phenomenology and its evolution towards a pharmacoresistance has been analysed in 
patients with Taylor's dysplasia by Spreafico et al.,̂ '̂̂ ^ Garbelli et al.,̂ ^ Najim et al,'*° 
and Crino et al."̂ ''"̂ ^ 

An increased expression of heteromeric associations of NR2 and NRl NMDA 
receptor subunits is consistently observed, and leads to a receptor that produces 
larger focal currents upon activation. It is therefore highly likely that dysplastic 
neurons preferentially exhibiting this NMDA combination are differentially 
hyperexcitable. This hypothesis is supported by direct subdural electrocorticographic 
recordings of patients with cortical dysplasia in whom the cell density and 
distribution of NR2A/B correlated with the presence of in situ intrinsic 
epileptogenicity. The expression of membrane receptors is modulated by the 
functional status of nerve cells, and thus provides the system with a powerful plastic 
mechanism; however, whether this is relevant to the progression of epilepsy 
associated with cortical dysplasia has still to be determined. 
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Figure 2. Longitudinal study of a patient, a, b Coronal T2-weighted spin-echo and fast-fluid attenuated 
inversion-recovery (FLAIR) images in the acute phase show sweUing and increased signal in the right 
hippocampus(arrows) (a head; b body), c, d Diffusion-weighted images show increased signal (arrows) 
throughout the hippocampus, e, f Maps of apparent diffusion coeffcients show dark areas in the 
hippocampus (arrow), g, h Coronal T2-weighted spin-echo and FLAIR images 12 months after the first 
study show right hippocampa! atrophy (arrows) with residual increased signal, loss of the hippocampal 
digitations, and slight enlargement of the parahippocampal sulcus (From Farina et al 2004'̂ '). 

Immunoreactivity to the calcium-binding proteins characterising inhibitory 
intemeurons is clearly reduced in the dysplastic cortex, whereas an increase in PV-
immunoreactive terminals enveloping large round-shaped cells, balloon cells, and 
giant pyramidal neurons is consistently observed (FigureS). 
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Figure 3. Confocal laser images of a balloon cell (A) and a giant pyramidal neuron (B) from a patient 
with Taylor's Dysplasia and of a normal pyramidal neuron (C) from a normal control. Sections processed 
for double labelingwith the neuronal marker SMI 311 (red signal,) and with GAD (A, green signal) or 
parvalbumin that is expressed in a subpopulation of GABAergic mtemeurons (B, C green signal). 
Overlapping of red and green signals yields a yellow color. Balloon cells (A) and dysmorphic pyramidal 
neurons (B) are completely surrounded by or adjacent to clusters of parvalbumin-positive or GAD-positive 
puncta. Note the difference with the normal pyramidal neuron depicted in C, where a GABAergic 
interneuron (green) is also visible. (Modified from Garbelli et al. 1999") 

This exuberant GABAergic network has been interpreted as a selective response 
of residual PV-positive neurons aimed at compensating for the reduction in the 
number of GABAergic cells.̂ ^ It can have an epileptogenic effect by pacing the 
activity of large populations of target excitatory neurons whose probability of 
synchronous post-inhibitory discharge is significantly enhanced. 

The fact that GABAergic axons may gradually sprout during postnatal 
maturation could account for the delayed onset of dysplasia-associated epileptic 
manifestations. 

It can be concluded that the plastic changes occurring secondarily in dysplastic 
tissue may interact with primary circuitry abnormalities and determine the clinical 
presentation of dysgeneses-associated human epilepsies.̂ ^ It must be noted that one 
mechanism of action of a number of clinically effective antiepileptic drugs is to 
enhance GABA-mediated inhibition. In dysplastic tissue, the effect of GABAergic 
drugs can be substantially affected by the aberrant organisation of GABA circuits, 
and it can be assumed that paradoxical GABA-mediated epileptogenic activity is 
enhanced (rather than counteracted) by GABAergic drugs, thus partially accounting 
for the drug-resistant nature of human epilepsies associated with cerebral dysgeneses. 

4.2 Reorganisation of sensory representation in cerebral dysgeneses 

The developmental disorders leading to brain dysgeneses cause alterations in 
thalamo-cortical and intracortical connectivity that may affect the conduction and 
processing of sensory information. The functional consequences of different types of 
cerebral dysgeneses (polymicrogyria, periventricular nodular heterotopia, band 
heterotopia, diffuse pachygyria, focal cortical dysplasia, schizencephaly, and 
lyssencephaly) have been studied by means of multimodal evoked potentials and 
functional MRI (fMRI) by Scaioli et al.̂ ^ and Villani et al.̂ ^ 
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Figure 4. SEP recording. LEFT: Topographic distribution at the peak of the P25 component following 
right (top) and left side stimulation (bottom). The grey scale indicates the amplitude of positive polarity, 
and the white scale the amplitude of negative polarity. RIGHT: Traces recorded by parietal and frontal 
electrodes: after right side stimulation, parietal N20-P25 (P3) and frontal P22-N30 (F3 and F4) were 
normal; after left side stimulation, N20 was attenuated (compare leads P3 and P4), but P25 was enlarged, 
peaked on the central lead (C4), and shifted on the frontal lead (F4); frontal N30 was almost abolished 
(compare leads F3 and F4) (from Villani et al 2004'*'*). 

Figure 5. Structural and functional MR images using the neurological convention (left hemisphere on the 
left of each slice). First row: Transaxial Tl-weighted images showing the upper part of the heterotopic 
nodule which, from the periventricular region, involves a large portion of the right hemisphere. First 
column: Cortical rendering with activation during the three tasks: right fmger tapping (top), left fmger 
tapping (middle), left hand surface stimulation (low). Note the abnormal gyration pattern of the posterior 
part of the right hemisphere. Second row: EPI average slices with activation clusters in the left pre- and 
post-central gyri during right fmger tapping. Third row: EPI average slices with activation clusters during 
left fmger tapping showing abnormally diffused activation mainly towards the frontal lobe; note the 
intense activation cluster located within the periventricular heterotopic tissue in the lowest two slices. 
Fourth row: EPI average slices during left hand surface stimulation: frontal displacement of the activation, 
with a small cluster within the periventricular heterotopic tissue in the lowest slice (from Villani et al 
2004''). 
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With the exception of two patients with bilateral symmetrical periventricular 
nodular heterotopia, all of the subjects showed various kinds of visual (VEP) and/or 
somatosenory (SEP) evoked potential abnormalities, such as asymmetries and the 
severe deterioration of some components, that suggest a reorganisation of cortical 
topographic representation and distribution involving non-typical cortical areas. 

A representative case of a patient with a giant subcortical nodular heterotopia 
and diffuse abnormal gyrations of the right temporo-parietal regions is shown in 
Figures 4 and 5. SEPs and fMRI revealed enlarged and displaced sensorimotor areas 
and the activation of the heterotopic nodule."*"* 

The surgical outcomes of refractory epilepsy associated with cerebral dysgeneses 
mainly depend on the completeness of the excision of malformed tissue. Functional 
cortex mapping techniques may significantly improve presurgical planning by 
allowing extended resection and minimising post-operative deficits. 

The topographic changes observed in our patients involved cortical sensory 
representation as a whole, or were limited to some of its sub-components in the form 
of asymmetrical distribution or ectopic cortical activation. This suggests that the 
pathological events taking place in the early stages of CNS development, and which 
cause different types of brain dysgenesis, lead to an extensive reorganisation of the 
cortical representation of sensory modalities. Whether these plastic changes are 
associated with epileptogenic changes in the excitability of the cortical regions upon 
which the aberrant afferents impinge could be an interesting subject of future 
investigation. 

5. CONCLUSIONS 

Plastic neural properties may play an important role in the biological processes 
leading to the establishment of an epileptogenic area as a consequence of an 
epileptogenic insult (i.e., primary epileptogenesis), but they may also explain the 
subsequent evolution of some epilepsies that is thought to depend on the effect of 
persistent epileptic activity (something that is currently known as secondary 
epileptogenesis). Furthermore, it is also necessary to consider the role of neural 
plasticity in impairing neural functions and compensating functional impairment. All 
of these phenomena can also overlap, thus giving rise to complex results. 

Some evidence coming from clinical observations suggests the role of plastic 
properties in determining the progressive evolution of an epileptogenic process. The 
fact that the natural history of many human epilepsies is characterised by an acute 
insult followed by a more or less prolonged latent period and then by a persistent 
disorder involving recurrent tonic seizures suggests that, during the silent period, 
structural remodelling may lead to a mature epileptogenic aggregate. When the acute 
insult is associated with early seizures, their specific role in inducing late epilepsy 
through secondary seizure-dependent changes has to be considered, although the 
alternative possibility that the silent period simply reflects the outer fringe of a 
probabilistic spread of first seizure latency must also be taken into account. 

Particular attention has been given to the plastic biological mechanisms 
underlying structural remodelling: i.e. the molecular and cellular changes leading to 
dentate granule axon sprouting. However, some of these mechanisms can lead to 
permanent epileptogenic hyperexcitability regardless of circuitry reorganisation. 

Vreugdenhil et al"*̂  have recently shown that a substantial subset of pyramidal 
neurons isolated from the subiculum resected from drug-resistant epileptic patients 
have an enhanced persistent Na^ current. As it is known that the persistent fraction of 
Na^ currents is very effective in inducing burst firing in cortical neurons,"*̂  its 
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enhancement may explain the increased susceptibility to seizures and reduced 
efficacy of antiepileptic drugs (AEDs) in counteracting Na'̂ -dependent epileptogenic 
activities. The lack of effect of AEDs may not merely depend on a quantitative 
disproportion, as there is recent evidence suggesting that the drugs acting on Na^ 
currents can be less effective on channels that have undergone seizure-dependent 
plastic modulation."*̂ ' ^^ Data from our laboratory"*̂  suggest that pathophysiological 
events occurring in neuronal aggregates can induce plasticity as a result of second 
messenger activation (specifically PKC activation), and that this can change the 
effects of AEDs. The efficacy of an AED may thus vary depending on the specific 
neuromodulatory mechanism induced by epileptogenic activities in a neuronal 
network, as is shown by the fact that changes in PKC activity or the activation of 
other modulation pathways occur in a number of experimental models of epilepsy.^^' 
^̂  A better understanding of these interactions may not only help to explain the 
uneven antiepileptic potency of a given AED in different patients, but also the 
variability of its neurological side effects. 
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Discussion 

Velisek: I agree with you absolutely that there is no evidence that the kindling 
paradigm would bring epilepsy in humans. But there are at least 2 reports that 
kindling occurs after electrical stimulation in humans. I recall Monore's report in 
1977 and Sramka's report in the early 1980s on the stimulation of thalamic nuclei for 
otherwise intractable pain, which eventually led to the development of seizures. 
Avanzini: You are right. There are several limited observations, also with 
electroconvulsive therapy. What I am saying is that it apparently is not a very 
common or consistent phenomenon, because otherwise it would be reported much 
more consistently in the literature. 
Engel: Going back to the figure that showed the time course, that whole sequences is 
a very logical one. As Karen pointed out, it is not necessarily true that all those 
things are leading up to the hyperexcitability rather than a being a byproduct of it. If 
you accept the hypothesis that fast ripples really represent these synchronously 
bursting neurons that have been tightly wired together and are the basis of 
epileptogenesis, clearly they occur before the hard-wired synaptic changes. What we 
think is that these produce a kindling-like stimulus and that the hyper-synchronous 
discharges then kindle transsynaptically and that this is the process that leads to 
seizures, and not necessarily that seizures lead to more seizures. Rather, once this 
process is started, it continues. If this is necessary to kindle adjacent areas and 
produce behavioral seizures, then there is no reason to believe that once a behavioral 
seizure begins that this is the end of the process. It keeps going, as demonstrated by 
over-kindling and getting more severe seizures and secondary epileptogenesis. 
Logically there is no reason why, once a clinical seizure appears, the process should 
stop. 
Avanzini: There are some observations that may speak to the contrary. For instance, 
in a population of patients not treated, like some studies in developing countries, you 
don't find a higher proportion of pharmacologically resistant epilepsy with respect to 
our population. This seems to tell us that this is a subpopulation with some very 
special risk factor, and not that the repetition of the seizure per se is inducing this. 
Engel: I think that we are dealing with a broad spectrum of disease states. There are 
some forms of epilepsy that are benign and are self-limited and will go away, and 
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there are others that level out and don't really change very much, and there are others 
that will progress. The ones that we deal with at our epilepsy centers, the ones that 
get surgery, are the serious ones that go on and continue to progress. It is important 
to recognize those so that you can intervene early and stop that progression and 
prevent a lifetime of disability. 
Avanzini: True. In any case, I agree with you that we cannot attribute meaning to 
any of these factors per se. They may all contribute, or they may be only a marker of 
what is happening, and we need that to understand better which are the real risk 
factors for generating this. 
Engel: In fact as far as fast ripples are concerned, if they do reflect this kind of 
pathology, Mark Dichter actually went back and looked at his penicillin hippocampal 
studies that he did with Alden Spencer back in the 1970s and these animals, even 
though they were acute experiments, had seizures and fast ripples. 
Schwartzkroin: It seems to me that we are getting into the lumpers and splitters 
issues again in the sense that you have been talking about dividing up this clinical 
population into a number of subpopulations that have different kinds of diseases. 
Some or all of these mechanisms may be causal in some of those populations, and 
some of them may be epiphenomena. I think that we are dealing with the same kinds 
of issues as we think of how to model whatever it is we want to model. When you 
develop a model, kindling for example, what is it that you are proposing to model? If 
we are proposing kindling as a model of temporal lobe epilepsy, then what is 
temporal lobe epilepsy? Obviously from what you have just said and even from what 
Pete said, is not a unitary, simple, identifiable disorder. It probably has lots of 
subpopulations. So it is important to identify what the target is for our model. 
Avanzini: I think really agree with you, and I wanted to stress this point: Although 
hippocampal sclerosis is certainly an interesting marker, I think that it would be a 
disaster if it could be assumed to be the hallmark for epilepsy that should be operated 
on. This would be an oversimplification that would generate a lot of trouble in the 
future of surgery. 
Engel: Let me tell you what the conclusions of our workshop were. The purpose of 
the workshop was to debate whether mesiotemporal lobe epilepsy with hippocampal 
sclerosis is a disease or a syndrome. The conclusion was that it isn't a disease or a 
syndrome. At best, it may be a whole group of syndromes. In answer to Phil's 
question and the debates that we have had for years, my position has always been that 
we don't model an entire human condition, that it is ridiculous to think that we could 
ever do that. What we need to do is break down the condition into a number of 
different phenomena and model the phenomena independently, like I tried to do with 
my table. I think there are good models for each of those processes, and I am very 
much a splitter. I can't understand lumpers, because I don't think that you get any 
answers by lumping it. I think that you have to break things down into their 
component parts and study them independently with the appropriate models for those 
independent phenomena. 
Wada: Kindling does provide an excellent window. If you recognize those various 
aspects of epilepsy, you can use kindling as an appropriate model for each, a variety 
of conditions. 
Engel: Yes, but not all of them, because it is not a model of human epilepsy. 
Avanzini: If you think that hippocampal sclerosis is normal since the nineteenth 
century, the main question is it the cause or is it a consequence of epilepsy. After a 
huge investment for research in this field, the conclusion is not yet clear, whether 
hippocampal sclerosis is the cause or the effect. But this is the science. 



PATHOLOGICAL SENSITIZATION OF THE 
DOPAMINE SYSTEM IN EXPERIMENTAL 

EPILEPTOGENESIS: 
Implication for the mechanism 

of epileptic psychosis 

Kiyoshi Morimoto and Mitsumoto Sato'̂  

1. EPILEPSY AND PSYCHOSIS 

In the long-term clinical course of epilepsy, there is an increased incidence of the 
development of schizophrenia-like paranoid symptoms, such as delusion and 
hallucination. The prevalence of this epileptic psychosis appears to be about 7-11%, 
which is much higher than in the general population.̂ '̂̂ ^ Since some patients with 
epileptic psychosis show an inverse correlation between the presence of epilepsy and 
the psychosis, this phenomenon was has been labeled "forced normalization" or 
"alternative psychosis" (see review of Krishnamoorthy and Trimble'^). Slater et al.,̂ ° 
on the other hand, reported that the emergence of epileptic psychosis was related to 
the duration of epilepsy and to the brain damage, and was linked to temporal lobe 
epilepsy (TLE). 

Thus far, the exact etiology of epileptic psychosis remains uncertain, but several 
risk factors have been implicated, including onset of epilepsy before the age 20 years, 
a history of epilepsy greater than 10 years, a history of complex partial seizures, and 
TLE that is focused on the left side.̂ ^ In particular, neurodevelopmental abnormalities 
in the mesial temporal lobe (e.g., hamartomatous lesions or gangliogliomas) have 
been indicated.̂ '̂ ^̂  More recent studies suggest that therapeutic powerfiil 
antiepileptic drugs such as vigabatrin* '̂̂ ,̂ and a family history of psychosis^ are also 
factors involved in the development of epileptic psychosis. 

2. BEHAVIORAL ABNORMALITIES IN THE KINDLING MODEL 

Another hypothesis is that enhanced activity of the mesolimbic dopamine (DA) 
system is responsible for the development of epileptic psychosis.'^ In experimental 
studies, kindling-induced chronic epileptogenesis produced long-lasting 
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hypersensitivity to various DA agonists. Csemansky et al.J for example, found that 
"superkindled" rats (a standard kindling paradigm with additional electrical 
stimulation) were supersensitive to the direct DA agonist apomorphine, while 
standard kindled rats were subsensitive, suggesting that the development of DA 
hypersensitivity in the epileptic brain depends on the number or magnitude of 
previously experienced seizure activity. Using the indirect DA agonists (enhancers of 
DA release), such as methamphetamine (MAP) and amphetamine, Sato^̂  reported that 
MAP-induced stereotyped behavior was enhanced in amygdala kindled cats, and Ma 
and Leung '̂ reported that MAP induced higher locomotor activity in partial 
hippocampal kindling rats. Kindling also caused a lasting increase in DA D2 receptor 
binding in the striatum and nucleus accumbens,̂ '̂  an increase in the expression of DA 
D2 receptor mRNA in the striatum," and a decrease in DA transporter binding in the 
striatum^^ 

3. ENHANCEMENT OF DA ACTIVITY IN THE KAINATE MODEL 

We have recently investigated alterations of central DA systems in the 
intra-amygdala kainate model of TLE.̂  This model is another chronic model for TLE, 
but unlike the kindling model, it is characterized by the recurrent appearance of 
spontaneous seizures and mesial temporal lobe neuropathology (e.g., pyramidal 
neuron loss and gliosis), which resembles hippocampal sclerosis as most commonly 
seen in human TLE.̂ "* 

3.1. Enhancement of MAP-induced Locomotor Activity 

In adult male Sprague-Dawley rats, kainate (2 |ig/0.5 |il) was microinjected into 
the left amygdala via the chronically implanted guide cannula to induce status 
epilepticus. MAP (2 mg/kg, i.p.) was administered before and 1 month after the 
kainate treatment. MAP-induced locomotor activity was significantly enhanced in the 
kainate group compared with the baseline (pre-kainate) level (P<0.001, two-way 
ANOVA), while it was not significantly changed in the control group (7^=0.91, Figure 
1). When total counts of locomotor activity were measured during the first 4 h after 
MAP administration, they were significantly increased in the kainate group compared 
with the baseline and the control group. Similar enhancement of MAP-induced 
locomotor activity was also observed 2 weeks and 2 months after kainate-induced 
status epilepticus (Figure 2). Pretreatment with haloperidol (the antagonist of DA D2 
receptors) significantly reduced the enhanced locomotor activity, and the enhanced 
locomotor activity recovered nearly to the baseline level. 

In most of the kainate-treated animals, histological examination confirmed 
apparent neuron loss in the left hippocampus ipsilateral to the kainate injection. The 
increment in MAP-induced locomotor activity (total counts; "1 month after kainate" 
minus "baseline") was significantly correlated with hippocampal neuron density in 
the CAl region of the kainate group (r=0.67, P<0.01, Figure 3). However, there was 
no such significant correlation in the CA3 region (r=-0.07, P=0.83). 

3.2. Enhancement of MAP-induced DA Release 

We measured striatal extracellular DA concentrations by in vivo microdialysis in 
freely moving rats 1 month after kainate-induced status epilepticus (Ando et al., 
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Figure 1. Enhancement of MAP-induced locomotor activity in the kainate model of TLE. 
MAP (2 mg/kg, i.p.) was administered before and 1 month after an intra-amygdala injection of vehicle 
(the control group; left) or kainate (the kainate group; right). Locomotor activity was measured by an 
infrared detector every 20 min for 60 min before, and for 240 min following MAP administration. Note 
the significant enhancement of MAP-induced locomotor activity in the kainate group, but not in the 
control group. Data from Ando et al. 
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Figure 2. Time-course of enhancement of MAP-induced locomotor activity in the kainate model of TLE. 
MAP (2 mg/kg, i.p.) was administered before ("baseline") and 2 weeks, 1 month or 2 months after an 
intra-amygdala injection of kainate. Each value represents total counts of locomotor activity during the 4 
h following MAP administration. Note that the total counts of locomotor activity were significantly 
increased at 2 weeks and 1 month after kainate injection, and similar enhancement was still observed at 2 
months. Data from Ando et al. (unpublished) 

2004). The basal value of the DA concentration (immediately before MAP 
administration) was significantly lower in the kainate group than in the controls (5.5 
vs. 39.2 fmol/20-min sample, P<0.05, Figure 4). Following MAP administration, DA 
concentrations were significantly elevated in both groups. However, the maximal 
value of DA concentration following MAP administration tended to be higher in the 
kainate group than in the control group (395.2 vs. 828.6 fmol/20-min sample, Figure 
4). When the time course of the MAP-induced increase in DA concentration (relative 
to the basal value) was compared, the kainate group tended to show a much higher 
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elevation (P=0.09, two-way ANOVA, Figure 4). The maximal ratio of increase was 
158-fold in the kainate group at 60 min following MAP administration, and 12-fold in 
the control group. 

4. PATHOLOGICAL SENSITIZATION OF THE DA SYSTEM AND VTA 
KINDLING 

In our study, it clearly appeared that the locomotor activity induced by systemic 
administration of MAP (an indirect DA agonist that facilitates DA release) was 
significantly enhanced during the chronic phase (1 month after status epilepticus) of 
the kainate model of TLE and this enhancement was antagonized by pretreatment 
with a relatively small dose of haloperidol (a non-selective DA D2 receptor 
antagonist). These results indicate that the TLE brain develops a hypersensitivity of 
the DA system, a state that would contribute to the pathophysiology of epileptic 
psychosis. 

Since a number of studies have revealed that neonatal or adult hippocampal 
lesions result in DA hypersensitivity (see review of Lipska et al.̂ ^), the DA 
hypersensitivity seen in the kainate model seems to be attributable to hippocampal 
damage. In our study, however, there was a positive correlation between the number 
of surviving neurons in hippocampal area CAl and the degree of enhanced 
MAP-induced locomotor activity (see Figure 3). This result means that more severe 
damage to hippocampal CAl neurons by kainate-induced status epilepticus would 
result in a lesser degree of DA hypersensitivity. It is more likely that kainate-induced 
seizure activity is directly involved in causing pathological sensitization of the DA 
system. 

4.1. Pathological Sensitization of the Mesolimbic DA System 

Previous studies demonstrated that seizure activity transiently elevated 
extracellular DA levels at various brain sites, including the hippocampus, striatum, 
nucleus accumbens, and prefrontal cortex."*'̂ ' 17,31,32 purthermore, the seizure-induced 
elevation of DA release could be enhanced if seizures were induced repeatedly."*' ̂ ' ̂ ^ 
This phenomenon is comparable to the process of "behavioral sensitization", in which 
repeated administration of DA agonists augment abnormal behaviors with the 
concomittant enhancement of DA releasê "*' '̂  (also see review of Kalivas and 
Stewart'^). In humans, repeated administration of these agents produces 
schizophrenia-like paranoid symptoms.̂ '̂ ̂ ^ 

4.2. VTA Kindling 

In the kainate model, the prolonged seizure activity associated with limbic status 
epilepticus might produce excessive DA release and have such sensitization-like 
effects on DA systems. In fact, our recent study has shown that kindling of the ventral 
tegmental area (VTA), a major source of mesolimbic DA 
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Figure 3. Correlation between the increase in MAP-induced locomotor activity and hippocampal cell 
density in the kainate model of TLE. 
The number of pyramidal neurons/mm^ was estimated in the hippocampal CAl (left) and CAS (right) 
regions 1 month after the intra-amygdala injection of kainate or vehicle. Note that the neuronal density 
was significantly decreased in the CAl region (384.4 ± 75.6 vs. 653.3 ± 26.7 neurons/mm^, P<0.0\) and 
CA3 region (348.9 ± 48.9 vs. 591.1 ±31.1 neurons/mm^ P<0.0\) of the kainate group, compared with 
those of the control group. There was a significant positive correlation between the increase in 
MAP-induced locomotor activity and hippocampal cell density in the CAl region, but not in the CA3 
region, only in the kainate group. Data from Ando et al.̂  
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Figure 4. Striatal extracellular DA concentrations in the kainate model of TLE. 
Left: Basal and maximal values of extracellular DA concentration following MAP administration. 
Extracellular DA concentrations were measured in the striatum by in vivo microdialysis at 1 month after 
the intra-amygdala injection of kainate or vehicle. The basal (left) and maximal values (right) represent 
DA concentrations measured immediately before and after MAP administration (2 mg/kg, i.p.), 
respectively. Note that the basal value was significantly lower, but the maximal value tended to be higher 
in the kainate group. Data from Ando et al.̂  
Right: Time-course of the MAP-induced elevation of striatal DA concentrations. The rate of increase in 
striatal DA concentrations following MAP administration (relative to the basal value) was compared 
between the kainate and control groups. Note the higher elevation of striatal DA concentrations in the 
kainate group {P=0.09, two-way ANOVA). Data from Ando et al. (unpublished). 
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pathways, could produce persistent enhancement of MAP-induced locomotor 
activity.̂ ^ In this study, we applied two quantitative measurements of DA sensitivity 
before and 2 weeks after VTA kindling (20 times bilateral electrical stimulations (100 
|LiA at 1 min intervals) delivered once per day for consecutive 14 days): behavioral 
responses induced by test VTA stimulation and methamphetamine (MAP)-induced 
locomotor activity. The total amount of MAP-induced locomotor activity was 
significantly increased after VTA kindling (Figure 5). However, the responses to 
electrical stimulation, which produced forward locomotion and exploration in a 
stimulus intensity-dependent manner, were unchanged.̂ '̂ ^̂  Consistent with these 
results, Glenthoj et al.'^ reported that when the VTA was stimulated electrically in rats, 
a significantly potentiated behavioral response was demonstrated after 70 
stimulations, and Ben-Shahar and Ettenberg^ reported that locomotor activities 
induced by amphetamine subcutaneous injection were augmented after 
self-stimulation of the VTA. 
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Figure 5. Enhancement of MAP-induced locomotor activity after VTA kindling. 
MAP (2 mg/kg, i.p.) was administered before and 2 weeks after VTA kindling. Note that the total number 
of locomotor activity was significantly increased after VTA kindling. 

Repeated administration of MAP, in turn, resulted in a reduction of the electrical 
threshold of the VTA for eliciting forward locomotion (Watanabe et al., 1998), 
suggesting the existence of bidirectional interactions between VTA kindling and 
behavioral sensitization. Kainate-induced status epilepticus might have indirectly 
kindled the mesolimbic DA system, which resulted in the DA hypersensitivity. 
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5. IMPLICATION FOR THE MECHANISM OF EPILEPTIC PSYCHOSIS 

In our microdialysis study, MAP-induced striatal DA release was markedly 
enhanced in kainate-treated rats (approximately 14-fold relative to the control level), 
while the basal value of DA tended to be lower (approximately 1/7) in the chronic 
phase of the kainate model (see Figure 4). In contrast to this, there was no significant 
alteration of DA Dl, D2, or D4 receptor binding in the striatum and nucleus 
accumbens following kainate administration.̂ ^ Therefore, it is likely that the 
vulnerability of pre-synaptic DA to stress is responsible for eliciting psychotic 
symptoms in TLE. 

Consistent with this hypothesis, the clinical finding in schizophrenic patients, 
obtained using DA receptor neuroimaging techniques, demonstrated that acute 
amphetamine administration aggravates psychotic symptoms concomitant with an 
enhanced DA release in the striatum.*'̂ '̂ ^ An increase in the dopa decarboxylation 
rate was also found in the striatum of patients with epileptic psychosis and in those 
with schizophrenia, compared with non-psychotic epileptic patients or normal 
controls, suggesting the suppression of tonic release of striatal DA in these psychotic 
disorders.̂ ^ Striatal post-synaptic DA D2 receptors, on the other hand, were 
down-regulated in patients with epileptic psychosis.̂ "̂  

6. CONCLUSIONS 

In conclusion, DA hypersensitivity develops in the chronic phase of the kainite 
model of TLE via pathological sensitization or indirect kindling of the mesolimbic 
DA systems. Enhancement of pre-synaptic DA release may be the mechanism 
responsible for epileptic psychosis. 
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Discussion 

Burnham: Pharmacologically, whenever you repeatedly applied dopaminergic 
agonists, do you tend to get this sensitization? 
Morimoto: Yes 
Burnham: This is generally in line with your theory, but doesn't seem to go along 
with the idea of increased release. 
Morimoto: Yes, I know. In previous studies we used repeated amphetamine or 
methamphetamine, and they produced behavioral sensitization. The effect is 
correlated with an abnormal increase in dopamine release, as shown in several 
pervious mircodialysis studies. 
Phillips: Thank you very much for a lovely paper. Where did you put the kainic 
acid into the amygdala, was it central or basolateral? 
Morimoto: I think the tip was in the basolateral amygdala, but the lesion very large, 
producing complete damage in the whole amygdala. 
Phillips: I think the point that you are making about how the seizures might 
modulate the whole catecholamine and monoamine systems is very important. John 
Howland and I, and other colleagues in our lab, have been looking at the effects of 
just a single and in one instance multiple trains of stimulation of both the amygdala 
and the hippocampus, and we are seeing very profound changes in dopamine. What 
we do is place an electrode in the ventral subiculum, the outflow of the hippocampus, 
and a single train of 100 pulses causes an immediate increase in dopamine in both the 
nucleus accumbens and the medial prefrontal cortex. The remarkable thing is that 
this increase from just 10 seconds of stimulation is elevated for 30 to 40 minutes, and 
it is accompanied heightened locomotor activity. These dopamine systems are 
extremely sensitive to any sort of seizure-like event that might occur in other limbic 
structures. John showed that when he moved his stimulating electrode to the 
basolateral amygdala, he got exactly the same phenomenon. In one study that we 
haven't published, we repeated the stimulation in the hippocampus, daily, for three 
days and two things of great importance happened. One is that the basal level of 
dopamine in the nucleus accumbens was increased by 100% just by having three brief 
seizures in the hippocampus, and the progression of this could be blocked by 
blocking the ionotropic glutamate receptors. If these things can be happening with 
just one or two transient seizures, imagine what is happening in someone's brain who 
is having recurrent ictal events. I think this is a very important topic that you are 
addressing. Just one final comment: Mike Corcoran reminded me that at the First 
Kindling Conference I made the comment to Graham Goddard that when you looked 
at the then-current maps of structures that kindled, many of them were postsynaptic to 
the catecholamine system. I didn't know what that meant at the time, but in the 
intervening 30 years I can think a couple of things that might be happening. One is 
that this might be a way in which the psychopathological correlates of aberrant 
electrographic events manifest themselves in psychotic behavior by modulating the 
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indoleamine and catecholamine systems. The other has been mentioned several 
times, that perhaps the brain attempts to compensate for the seizure. One of the 
things that the dopamine system does is that at high concentrations it can inhibit the 
activity of target neurons. Perhaps this is an initial compensatory mechanism that 
the brain may have in order to try to limit the consequences of the seizure on the 
postsynaptic event. So you have these neurochemical modulators that can tone 
down the effects of seizure on the brain, and perhaps with repeated stimulation as 
these systems kindle, perhaps you are implying, that the modulatory role can be 
overcome as seizures become progressive over time. 
Morimoto: Thanks for you comment. I think that this enhancement of the 
dopamine system in chronic epileptogenesis has some seizure-protecting effects. 
Engeh Tony Phillips's comment at the First Kindling Conference stimulated me to 
start kindling, because I was working with Bob Ackermann and Bob Katzman, doing 
dopamine fluorescence, and I realized that I could start doing kindling and tag on to 
what they were doing and maybe find something interesting. 
Phillips: If I did nothing else in my career, that was a great contribution. 
Engeh Clinically, psychotic symptomotology in epilepsy can occur under four 
different conditions. It can occur during the ictal event itself. It can be a postitcal 
phenomenon, in which case there the is a lucid interval that can go on for a day or 
two before a prolonged period of psychosis. It can be interictal totally unrelated to 
the seizures. Or it can be preitcal, in the sense that it begins interictally but then the 
seizures will stop it. Are there any of those types of psychotic symptomotology that 
can be explained by the time course of dopaminergic activity in kindling? 
Morimoto: It is very unclear. I think this phenomenon is related to the interitcal 
so-called alternative psychosis. 

Post: People in Danny Weinberger's lab did ventral hippocampal lesions, and the 
results are different if you do them in neonates versus adult animals, which is kind of 
interesting for the notion of childhood onset that we are talking about here. That is, 
ventral hippocampal lesions done in the neonate result in adult hyperactivity, but if 
you do those same lesions as adults it doesn't happen. It is an interesting reciprocal 
to your increased excitability changes with kainate. 
The question I have is, what do the VTA kindled animals look like and how hard is it 
to kindle them? 
Morimoto: Actually, with kindling we never observed AD or a convulsive response. 
Usually when we did bilateral stimulation, it caused some behavioral abnormality 
such as forward locomotion and exploratory behavior like sniffing, walking around, 
and rearing. We did not observe an enhancement of such behaviors during kindling, 
but a previous study showed progressive enhancement of such behaviors. We have 
never found a seizure response with kindling. 
Adamec: I am curious of the interictal behavior of these animals, peculiarly the 
ventral tegmental kindled animals. I am sure that you are aware that Stevenson and 
Livermore did a similar kind of study in the 1970s in cats. They used a kindling 
paradigm, and like you they couldn't find any evidence of epileptogenesis, but they 
reported profound behavioral changes. According Janice Stevenson, and these cats 
were very antisocial, showing a profound social withdrawal. I am curious to know 
whether you have tested that or seen anything like that in the rat, or whether you have 
considered doing something like a social interaction test in these animals, to see 
whether there is some change in spontaneous behavior other than the responsiveness 
to methamphetamine. Stevenson reported these behavioral changes, and they were 
reversible by neuroleptics. 
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Morimoto: I have never tested this sort of behavior, and I should do so. Thank 
you. 
Sato: I would like to make two comments for future kindling studies from the 
clinical point of view of biological psychiatry. Kindling especially limbic kindling 
involves two persistent dysfunctions of the brain produced by repetition stimuli. 
The development of epileptogenesis is enough to induce recurrent spontaneous 
seizures and a change in response to dopamine agonists such as methamphetamine 
and cocaine. Kindling induced epileptogenesis is characterized by the development 
of secondary generalized seizures from partial seizures. However, it is interesting to 
note that the secondary generalization of partial seizure is much more stable in limbic 
kindling than cortical kindling in the cat. Moreover, positive transfer is found only 
among the limbic and mesolimbic structures, but is not found between different 
cortical areas of the cat. Thus, it seems possible that kindling may depend upon the 
kindled neuronal trace inside the limbic system. It will be interesting to examine the 
molecular genetics of the kindling trace, especially between the limbic system and 
structures related to seizure generalization, such as the midbrain reticular formation, 
thalamus, and claustrum. It may be critical to develop a new strategy to treat and 
prevent intractable partial epilepsy with secondary generalization including temporal 
lobe epilepsy. Secondly, lasting change in behavioral response to dopamine agonist 
is another point of interest in our clinical practice. We reported previously that the 
cats kindled from the amygdala showed remarkable abnormal behavior such as 
stereotopy and visual searching to a challenge dose of methamphetamine and cocaine. 
This finding suggests that amygdala kindling may involve lasting change also in the 
dopaminergic system, which may relate to behavioral disorders including interitcal 
psychosis in some patients with intractable epilepsy. Like behavioral sensitization 
induced by chronic dopamine agonists, repeated release of excessive dopamine in 
each brief seizure may produce dopaminergic hypersensitivity in animals kindled 
from the amygdala. 





ridfll 

:? ^ ^ ^ !Q ^ !̂  ^ ^ ^ Jo ^ 

ililiL 

- 4 r i f o r r i n N d r ^ o 6 o J Q 

, , l i iilti 
- i c - i r o ' ^ » o v o r » o o o N , 



413 

INDEX 

Absence seizures, 38,40 
PTZ kindling, 50 
strain differences, 40 
effects of ethosuximide, 40 

Acoustic startle 
after kindling, 85 

ACPD, 200-201 
Afterdischarge (AD) threshold 

relation to age, 2 
effects of betamethasone, 15 
thresholds, 2 
relation to strain differences, 22,40 

Age differences, 3,153 
and AD threshold, 2 
and flurothyl seizures, 21 
and refractory periods, 6 
and spontaneous seizures, 4 
and strain differences, 19 

AMPA 
infusions in MRF, 103-104 

Anxiety-like behavior after kindling, 263-271, 
285-294 

relation to behavioral baseline, 264-269 
relation to novelty of environment, 287-288 

Apoptosis, 149 
Astrocytes, 150 
APT synthase 

changes after kindling, 192-195 
Axon guidance factors, 234-236 
Baboon, see Primates 
Betamethasone, 15 
BDNF 

deletion and kindling, 242 

involvement in kindling, 232-233 
Bicuculline 

infusions in MRF, 100-102 
Bradykinin, 209-217 

B | receptor density after kindling, 211 
Brainstem 

involvement in kindling, 99-113 
Burst discharge 

evoked by metabotropic glutamate agonists, 
204 

Calcium-calmodulin kinase II 
gene changes after kindling, 183 

Cannabinoids, 333-342 
Carbamazepine 

effects on neuronal firing, 66-67 
effects on sodium current, 64-66 
development of tolerance and cross-tolerance, 

305-311 
Claustrum (CLA) 

effects of CLA kindling on anxiety, 286 
effects of CLA lesions on kindling, 118 
persistence of CLA kindling, 118 
transfer between CLA and amygdala, 119 

Cortical dysplasia, 389-393 
Deep brain stimulation, see low-frequency 

stimulation 
Degeneration, 94,126-127,149 
Delayed-match-to-place (DMTP) 

effects of kindling, 276-277,289-290 
Dendritic spines 

changes with kindling, 127 
Dentate gyrus 

increased seizure discharge after kindling, 92 
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Dentate nucleus of cerebellum 
role in PTZ kindling, 52 

Deoxycorticosterone (DOC), 327-329 
Differential display, 175-177 
Dihydroxyprogesterone (DHP), 330-331 
Diphenylhydantoin, see Phenytoin 
Dopamine 

enhanced stimulant effects after kindling or 
kainate, 400 

sensitization during kindling, 399-405 
Dorsomedial nucleus of thalamus, 138-143 
Entorhinal cortex 

effects of kindling on spatial cognition, 278 
relations to amygdala altered by kindling, 91-

97 
relations to hippocampus altered by kindling, 

91-97 
Environmental enrichment 

effects on anxiety after kindling, 290-291 
Ephrins, 234-235 
Epileptic status, 5,7 

in primates, 363-364 
Ethosuximide 

effects on kindling in GAERS, 40-42 
Evoked potentials 

in cortex after kindling, 128 
Extinction of conditioned effects on kindling, 

296-297 
Febrile convulsions, 27,29 
Flurothyl seizures 

relation to age, 21 
relation to strain differences, 21 

Galanin, 219-227 
kindling in knockout mice, 220 
kindling in over-expressing mice, 221-222 

Gamma-amino butyric acid (GABA) 
during development, 72 
in the mossy fibers, 71-72,94 
transporter, 73 
release after kindling, 74, 84,92 
G A B A B , 

autoreceptor function, 82 
heteroceptor function, 83 
in dentate gyrus, 83-84 
in field CAl, 84 
postsynaptic receptor function, 83-84 
seizures induced by antagonists, 86 

GDNF 
involvement in kindling, 233 

Gene expression, 181-188 
relation to strain differences, 175-177 

Gene deletion 
BDNF and kindling, 242 
galanin and kindling, 220-221 
trkB and kindling, 242-244 

Gene over-expression 
galanin and kindling, 221-224 
NPY and kindling, 251-254 

Genetic Absence Epilepsy Rats from Strasbourg 
(GAERS), 38 

Genetic predisposition, 372-373, see also 
Primates, Strain differences 

Glia, see astrocytes 
Glutamate 

metabotropic receptors and kindling, 199-208 
release after kindling, 211 

Hemispheric differences, 264-267 
Hippocampal lesions 

effects on PTZ kindling, 54 
Hippocampal sclerosis, see MTLE 
HU-210, effects on kindling and kindled seizures, 

335-338 
Immediate early genes 

expression after kindling, 149 
Interictal spike discharge (IID), 

in primates, 361-363 
Kainate receptors 

altered release of GABA after kindling, 92 
Kindling-induced potentiation (KIP), 128-130 
Kittens 

amygdaloid kindling, 1-8 
Knockout, see Gene deletion 
Lamotrigine 

development of tolerance and cross-tolerance, 
307-310 

Learning and memory, 
fear-based, 174 
spatial, 151,273-283,289-290 

Long-term potentiation (LTP) 
induced by metabtorpic glutamate agonists, 

204 
primed burst, 85 

Low-frequency stimulation 
as an anticonvulsant, 343-353 
ofNSUB, 119 

Macaca fuscata, see Primates 
Macaca mulatta, see Primates 
Maternal behavior, 30 
Medial dorsal nucleus of thalamus, 138-143 
Mesencephalic reticular formation (MRF), see 

also reticular formation 
Mesial temporal lobe epilepsy (MTLE) 

characteristics in patients, 369-375 
evidence for progression, 374-375 
relation to animal models, 375-384,386-389 
relevance of kindling, 326-327,376-379 

Monkey, see Primates 
Mossy fibers 

release of GABA, 71-72,94 
release of galanin, 222-223 
sprouting, 230-236,387-389 

Movement representation 
in rat sensorimotor cortex after kindling, 129 

Multidrug transporter P-glycoprotein 
relation to pharmacoresistance, 317-319 

Negative transfer 
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from Stimulation of the NSUB, 120-121 
in primate kindling, 365-366 

Neurogenesis, 149 
Neuropeptide Y (NPY), 249-261 

concentration changes after kindling, 249-250 
receptor changes after kindling, 250-251 

Neuropilin-2,235-236 
Neuroprotection 

effects of kindled seizures, 153-154 
Neurotrophins, 231-234,241-247 
NGF 

involvement in kindling, 231-232 
NMDA 

alterations in synaptic current after kindling, 
149 

infusions into MRF, 104-105 
responses altered after kindling, 93 

NT-3 
involvement in kindling, 233 

Nucleus submedius of thalamus (NSUB) 
effects of lesions on kindling, 120 
susceptibiKty to kindling, 119 
transfer to CLA and amygdala, 121 

Object recognition 
effects of febrile convulsions, 31 
effects of hippocampal kindling, 275 

Papio cynocephalus, see Primates 
Papio hamadryas, see Primates 
Papio papio, see Primates 
Partial kindling, 81-86 
Pavlovian (classical) conditioning, 295-303 
Pentylenetetrazol (PTZ) 

kindling, 50 
Perirhinal cortex, 276-277,286,298-299 
Permanence of kindling 

role of Pavlovian conditioning, 299-300 
Pharmacoresistance 

in kindled rats, 315-323 
Phenytoin 

pharmacoresistance in kindled rats, 315-320 
Play behavior, 31,32 
Population spike (PS) 

enhancement after PTZ kindling, 54,57 
Prewar Gibson banjo, 1930 
Primates, 361-369 
Progesterone, 329-331 
Protein 

affected by kindling, 192 
Proteomics 

applied to kindling, 189-197 
Psychosis 

occurrence in epilepsy, 388 
relation to dopamine sensitization, 403 

Refractory periods 
age differences, 6 

Regulator of G-protein 
genetic changes after kindling, 181 -183 

Reticular formation (MRF) 

and kindling, 105-108 
Secondary epileptogenesis 

in primates, 364-365 
Sex differences, 14 
Sodium current 

inactivation, 65 
in kindled tissue, 64 
in status, 64 

Sodium-calcium exchange current, 201 
Spike-wave discharge 

effects of ethosuximide, 40,42 
with PTZ kindling, 50 

Spontaneous seizures, 151-152 
age differences, 4 
in kittens, 4 
in primates, 364-365 

Sprouting, 149-150,227-240 
Steroid hormones, 15 
Strain differences, 171-179 

in behavior, 179 
relation to age, 19 
relation to GABA, 172-173 
relation to KIP, 130 

Subiculum 
involvement in seizure discharge, 92 

Thalamus 
see I>orsomedial nucleus of thalamus 
see Nucleus submedius of thalamus (NSUB) 

Tolerance to anticonvulsants 
contingent tolerance, 305-314 
cross tolerance, 306-307 

Tonotopic maps 
of cat auditory cortex after kindling, 130-131 

Transfer, 119,121 
role of Pavlovian conditioning, 300-301 

TrkB 
deletion and kindling, 242-244 

Tuning curves 
of cat auditory cortex after kindling, 130 

Ultrasonic vocalization, 30 
Ultrastructure 

of kindled neocortex, 126-128 
Ventral tegmental area, 400-402 
Viral-vector transfection 

ofgalanin, 224 
of NPY, 252-254 

Wet-dog shakes 
after hippocampal kindling, 85 
after neocortical kindling, 297-298 
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