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Repeated brief seizures evoked by kindling progressively increase seizure susceptibility and eventually induce spontaneous seizures.
Previous studies have demonstrated that the initial seizures evoked by kindling increase paired-pulse inhibition at 15–25 msec interpulse
intervals in the dentate gyrus and also induce apoptosis, progressive neuronal loss, mossy fiber sprouting, and neurogenesis, which could
potentially alter the balance of excitation and/or inhibition and modify functional properties of hippocampal circuits. In these experi-
ments, paired-pulse inhibition in the dentate gyrus was reduced or lost after �90 –100 evoked seizures in association with emergence of
spontaneous seizures. Evoked IPSCs examined by single electrode voltage-clamp methods in granule cells from kindled rats experiencing
spontaneous seizures demonstrated altered kinetics (reductions of �48% in 10 –90% decay time, �40% in �, and �65% in charge
transfer) and confirmed that decreased inhibition contributed to the reduced paired-pulse inhibition. The loss of inhibition was accom-
panied by loss of subclasses of inhibitory interneurons labeled by cholecystokinin and the neuronal GABA transporter GAT-1, which
project axo-somatic and axo-axonic GABAergic inhibitory terminals to granule cells and axon initial segments. Seizure-induced loss of
interneurons providing axo-somatic and axo-axonic inhibition may regulate spike output to pyramidal neurons in CA3 and could play an
important role in generation of spontaneous seizures. The sequence of progressive cellular alterations induced by repeated seizures,
particularly loss of GABAergic interneurons providing axo-somatic and axo-axonic inhibition, may be important in the development of
intractable epilepsy.
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Introduction
Neural circuits undergo structural and functional alterations in
response to neural activity in both development and adulthood.
In the developing nervous system, experience-dependent activity
precisely refines patterns of connectivity to form functional cir-
cuits and networks (Catalano and Shatz, 1998; Penn and Shatz,
1999; Swann et al., 2001). In the adult nervous system, synapses
undergo use-dependent alterations in synaptic efficacy such as
long-term potentiation and long-term depression. In response to
intense synchronous neural activity during seizures, neural cir-
cuits undergo a complex variety of immediate and long-lasting
molecular and cellular alterations that induce progressive, cumu-
lative, and permanently increased susceptibility to additional sei-
zures, a phenomenon of circuit plasticity referred to as kindling
(Goddard, 1969; Goddard et al., 1969). Kindling has been exten-
sively investigated as a model of temporal lobe epilepsy
(Majkowski, 1999; McNamara, 1999; Mody, 1999; Dalby and
Mody, 2001; Sutula, 2001) and is a property of activity-
dependent plasticity in cortical, brainstem, and limbic circuits in

species ranging from amphibians to primates (Wada et al., 1975,
1978; Morrell and Tsuru, 1976; Cain and Corcoran, 1980).

Repeated seizures evoked by kindling predictably induce per-
manent structural and functional reorganization of the dentate
gyrus and hippocampus (McNamara, 1999; Mody, 1999; Sutula,
2001). The initial seizures evoked by kindling increase NMDA-
dependent excitatory synaptic transmission in granule cells of the
dentate gyrus (Sayin et al., 1999; Behr et al., 2001) and also induce
a sustained increase in GABAA-dependent inhibition demon-
strated by a variety of physiological measurements (Tuff et al.,
1983a,b; Oliver and Miller, 1985; de Jonge and Racine, 1987;
Stringer and Lothman, 1989; Otis et al., 1994; Buhl et al., 1996;
Nusser et al., 1998). This initial increase in inhibition appears
paradoxical in that kindling gradually and permanently increases
seizure susceptibility, but is also consistent with evidence suggest-
ing that the dentate gyrus filters neocortical and entorhinal activ-
ity converging into the CA3 region of the hippocampus (Loth-
man et al., 1992; Behr et al., 1998, 2001). Repeated brief kindled
seizures induce apoptosis and neuronal loss in the dentate gyrus
and hippocampus (Cavazos and Sutula, 1990; Cavazos et al.,
1994; Bengzon et al., 1997; Pretel and Piekut, 1997; Dalby et al.,
1998; Kotloski et al., 2002), which are accompanied by sprouting
of mossy fiber axons (Sutula et al., 1988, 1998; Represa et al.,
1989; Cavazos et al., 1991), reorganization of synaptic connectiv-
ity with formation of recurrent excitatory circuits (Wuarin and
Dudek, 1996, 2001; Lynch and Sutula, 2000), and gliosis (Adams
et al., 1998). The pattern of neuronal loss induced by kindling
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resembles hippocampal sclerosis (Cavazos et al., 1994; Kotloski et
al., 2002), the most common lesion observed in human temporal
lobe epilepsy, and the associated sprouting, gliosis, and progres-
sive memory deficits induced by kindling are also prominent
features in human temporal lobe epilepsy (Sutula et al., 1995;
Dalby and Mody, 2001; Sutula, 2001).

The structural and functional alterations induced by kindling
are eventually accompanied by the emergence of spontaneous
seizures (Wada et al., 1975, 1978; Pinel and Rovner, 1978). In this
advanced stage, kindled animals demonstrate recurring sponta-
neous seizures, the defining feature of epilepsy. The specific mo-
lecular and cellular alterations in hippocampal circuits associated
with the emergence of spontaneous seizures are of interest, be-
cause these changes represent an advanced or even an end-stage
of a continuum of slowly evolving activity-dependent, seizure-
induced alterations. These changes are also of potential clinical
importance for understanding how seizure-induced alterations
may contribute to intractable human temporal lobe epilepsy.

In this study, the emergence of spontaneous seizures in kin-
dled rats was associated with the loss of inhibition in the dentate
gyrus accompanied by seizure-induced reduction in specific sub-
classes of GABAergic interneurons labeled by cholecystokinin
(CCK) and the neuronal GABA transporter (GAT-1). These in-
terneuron subclasses provide axo-somatic and axo-axonic inhi-
bition of the granule cell spike output to CA3 (Leranth and
Frotscher, 1986; Halasy and Somogyi, 1993; Freund and Buzsaki,
1996; Ribak et al., 1996) and would be expected to play a critical
role in controlling propagation of activity from the dentate gyrus
into CA3. Preliminary results have been published previously in
abstract form (Sutula et al., 2000).

Materials and Methods
Surgical and kindling procedures
Adult male Sprague Dawley rats (250 –350 gm; Harlan, Madison, WI)
were anesthetized with ketamine (80 mg/kg, i.m.) and xylazine (10 mg/
kg, i.m.) and stereotaxically implanted with an insulated stainless-steel
bipolar electrode for stimulation and recording. The electrode was im-
planted in either the olfactory bulb (9 anterior, 1.2 lateral, 1.8 ventral
with respect to bregma) or the perforant path (8.1 mm posterior, 4.4 mm
lateral, 3.5 ventral with respect to bregma), and was fixed to the skull with
acrylic.

After a 2 week recovery period after electrode placement, the unre-
strained awake implanted rats received twice daily kindling stimulation
(5 d per week) with a 1 sec train of 62 Hz biphasic constant-current 1
msec square wave pulses. The stimulation was delivered at the lowest
intensity that evoked an afterdischarge (AD) according to standard pro-
cedures (Sutula and Steward, 1986; Cavazos et al., 1991). The electroen-
cephalogram was recorded from the bipolar electrode that was switched
to the stimulator for the delivery of kindling stimulation. Evoked behav-
ioral seizures were classified according to standard criteria and ranged
from class I seizures (behavioral arrest) to class V seizures (bilateral ton-
ic– clonic motor activity with loss of postural tone) (Sutula and Steward,
1986), which are comparable with partial complex seizures with second-
ary generalization. Kindled rats were killed at a minimum of 18 hr after
the last evoked seizure for anatomical or physiological analysis. All pro-
cedures were reviewed and approved by the Research Animal Resources
Committee (University of Wisconsin).

Monitoring for spontaneous seizures
Pilot observations in rats undergoing kindling revealed that spontaneous
seizures were commonly observed in rats that experienced �90 –100
evoked class V seizures during routine twice daily periods of observation
before kindling stimulation, but were only rarely observed in kindled rats
with fewer evoked seizures. This unsuspected observation suggested that
the stage of �90 –100 evoked class V seizures was a period of transition to
a state with spontaneous seizures. When spontaneous seizures were ob-

served during routine handling, no stimulation was delivered. A subset of
rats that had experienced �90 seizures evoked by kindling was therefore
closely observed for the occurrence of spontaneous seizures by a behav-
ioral monitoring procedure and compared with normal age-matched
controls and kindled rats with �90 evoked seizures. The monitoring
procedure consisted of visual observation by trained observers for 8 hr
daily (5 d per week) to identify spontaneous behavioral class V seizures
consisting of bilateral tonic–clonic movements accompanied by loss of pos-
tural tone. Kindled rats were regarded as having reached a stage of sponta-
neous kindled seizures after a single spontaneous class V seizure was ob-
served. Another subset of kindled rats was also monitored by the same
procedures until three recurring spontaneous class V seizures were observed.

Hippocampal slice recordings
Kindled and age-matched normal rats were anesthetized with ether, and
the brains were removed rapidly and placed into ice-cold artificial CSF
(ACSF) with the following composition (in mM): 124 NaCl, 4.5 KCl, 1.25
NaH2PO4, 2 MgSO4, 26 NaHCO3, 2 CaCl2, and 10 glucose. Transverse
hippocampal slices were cut with a vibratome or McIlwain tissue chopper
at a thickness of 400 �m and transferred to an interface-recording cham-
ber containing oxygenated with 95% O2–5% CO2 ACSF at 31–32°C.
Orthodromic synaptic responses were recorded in the granule cell layer
of the dentate gyrus with extracellular borosilicate electrodes containing
2 M NaCl (impedance of 5–10 M�). The responses were evoked by mo-
nopolar constant-current stimuli (50 �sec duration) delivered by elec-
trodes placed in the stratum moleculare of the dentate gyrus in the region
of the perforant path. Slices that showed maximum field EPSPs of �1 mV
were discarded. Input– output curves were generated using a sequence of
increasing stimulation intensities ranging from below threshold for the
population EPSP to supramaximal. Evoked responses were recorded,
stored, and analyzed using a Digidata 1200 AD converter, pClamp 6.02,
and Clampfit 6.02 (Axon Instruments, Foster City, CA).

Paired-pulse measurements. Paired-pulse responses were evoked by the
application of a pair of 0.05 msec test pulses at interpulse intervals of
15–350 msec using the lowest stimulus intensity that evoked the maxi-
mum population-spike response. The population-spike amplitude
evoked by the second pulse was expressed as a fraction of the maximum
response evoked by the first pulse of each pair. Pulse pairs were applied at
0.03 Hz.

Single-electrode voltage-clamp measurements of evoked IPSCs. IPSCs
were recorded by single-electrode voltage-clamp methods in transverse
slices of hippocampus and dentate gyrus that were removed from a sub-
set of kindled and age-matched adult rats. Recording and analysis of
kinetics of IPSCs in neurons of 1- to 2-year-old kindled and age-matched
control rats are technically difficult and usually preclude patch-clamp
methods. However, single-electrode voltage-clamp methods have been
successfully used at advanced stages of kindling (Sayin et al., 1999). Re-
cordings were obtained in hippocampal slices as in preceding sections,
with an Axoclamp 2B amplifier in the single-electrode voltage-clamp
mode at a switching frequency of 3–5 kHz. A separate oscilloscope was
used to adjust capacitance compensation and sampling rate. Voltage-
clamp recordings in granule cells were obtained using borosilicate elec-
trodes (25– 40 M�) filled with 2 M Cs-acetate to block K � conductance
and 50 mM QX314 to block action potentials. Monosynaptic IPSCs re-
corded in the presence of 20 �M DNQX and 50 �M APV to block EPSCs
were evoked by a stainless-steel bipolar stimulating electrode placed in
the granule cell layer as close as possible to the recording electrode to
directly activate axons of interneurons projecting to the recorded granule
cell. The stimulation electrode was typically within 1 mm of the site of the
recording electrode, and constant-current stimulus pulses of 50 �sec
duration were delivered at a range of intensities. The input– output rela-
tionship was determined, and the minimum intensity that evoked the
maximal current was used. This standardized stimulus intensity mini-
mized variability introduced by using the range of intensities that evoke a
supramaximal response or the intensity that evokes 50% of maximal
response, and did not significantly differ between control and kindled
rats. IPSCs were recorded at a range of holding potentials from �90 to 30
mV in 10 mV steps. Recordings that demonstrated voltage-dependent
contaminants such as regenerative currents indicated by escape voltage
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transients or clear polysynaptic components were excluded. The evoked
currents were stored and analyzed using pClamp 6.02, Clampex 6.02, and
Clampfit 6.02 for analysis of 10 –90% rise time constants, decay time
constants, and signal analysis. Charge transfer was calculated as the inte-
grated area under the curve of evoked synaptic current from the stimulus
to 250 msec at a holding potential of �40 mV, which produces outward
current. These methods were successful for recording synaptic currents
in granule cells from relatively old kindled rats and age-matched controls
(1–2 years of age after many months of stimulation required to evoke
90 –150 class V seizures).

Immunohistochemistry for cholecystokinin, parvalbumin, and the
neuronal GABA transporter
At a minimum of 24 hr after the last evoked seizure, the rats were anes-
thetized with chloral hydrate and perfused with a freshly prepared solu-
tion of 4% paraformaldehyde. The fixed brains were stored overnight in
cold fixative, cryoprotected in a saturated solution of sucrose in fixative
for a minimum of 24 hr, and sectioned horizontally with a microtome at
a thickness of 60 �m. The sections were washed in PBS, 0.3% Triton
X-100, and 2% bovine serum albumin (BSA) for 20 min, followed by a 45
min incubation in this mixture with 20% normal serum added. The
sections were then incubated overnight in a mixture of 1% normal goat
serum with primary anti-mouse antibodies specific for parvalbumin
(PV; concentration, 1:10,000; Sigma, St. Louis, MO), primary anti-rabbit
antibodies specific for cholecystokinin (concentration, 1:10,000; Sigma),
and the neuronal GABA transporter GAT-1 (concentration, 1:1000;
Chemicon, Temecula, CA). After incubation, the sections were washed
briefly; washed twice for 15 min in PBS, 0.3% Triton X-100, and 2% BSA;
and then reacted for 3 hr with biotinylated anti-mouse or anti-rabbit IgG
in goat serum, followed by multiple washes in PBS, 0.3% Triton X-100,
and 2% BSA and reaction for 1 hr in ABC reagent (Vector Laboratories,
Burlingame, CA). The sections were again washed in PBS for 25 min. The
chromogen reaction was 5–10 min in diaminobenzidine (0.04% in
0.01% H2O2 to reduce endogenous peroxide activity), followed by
washes in PBS. Reaction product was intensified in some of the sections
by treatment with 1.4% AgNO3 for 1 hr at 56°C, followed by washing in
distilled H2O, fixing in 5% Na2S2O3 for 10 min, and washing in distilled
H2O. The sections were then treated briefly with 0.2% HAuCl4, and final
washes were performed before mounting, dehydration, and coverslip-
ping. All sections from kindled and control rats were batch-processed to
ensure identical reaction conditions.

Counting of CCK-labeled neurons. CCK-labeled interneurons in the
dentate gyrus are typically located along the subgranular region near the
border of the granule cell layer and the hilus, and are also scattered
throughout the hilus. Preliminary experiments provided evidence that
interneurons labeled by CCK were reduced in the dentate gyrus of kin-
dled rats that experienced spontaneous seizures. Thus, a stereological
evaluation was performed to provide a quantitative estimate of possible
differences in the number of CCK-labeled interneurons in kindled rats
compared with age-matched normal controls. After the rats were killed,
perfused, and fixated overnight as described previously, the hippocampi
were removed from this subset of rats, extended longitudinally along the
septotemporal hippocampal axis, and sectioned transversely (i.e., or-
thagonal to the septotemporal axis, saving every section along the entire
septotemporal length of the hippocampus). These sections from kindled
and control rats were batch-processed for immunoreactivity to CCK as
described previously, with the exception that intensification was not per-
formed. Profile counts of all labeled cells with neuronal morphology were
obtained by manual counting using a camera lucida in each section of a
region including the entire granule cell layer and hilus. In sections at the
most septal pole, the granule cell layer and hilus form an elliptical closed
structure, and all labeled profiles were counted within this elliptical area.
In the majority of sections in which the dentate gyrus forms a “U-shaped”
structure opening into CA3c, all labeled profiles were counted within the
granule cell layer and hilus, as defined by borders extending from the tips
of the granule cell to the tip of the extension of CA3c pyramidal neurons
into the hilus.

The investigator who performed the counts was unaware of the iden-
tity of the sections, and the order of examination of the sections from

control and kindled rats was randomized. Counts were obtained with a
4� objective (0.20 numerical aperture), and all labeled profiles with
neuronal morphology that came into focus while moving the microscope
headstage through the thickness of the section were manually counted. In
each section, labeled neurons and their relative position in the section
were recorded using a camera lucida and were summed to obtain the
profile count per section through the thickness of the section. Previous
studies have demonstrated that the measurement of section thickness or
the z-axis in optical dissector methods is a critical influence in counting
analyses (Guillery and August, 2002). The thickness (t) of each section
was determined by measuring the distance between the upper and lower
focal planes of the section with the stage micrometer of the microscope
using a 100� oil immersion objective. The stage micrometer was cali-
brated by the measurement of 10 �m methylmethacrylate beads (Bangs
Laboratories, Fishers, IN) that were mounted and coverslipped as for
tissue sections to provide similar refractive conditions. The mean profile
count (Ni) for each section was calculated and corrected for double
counting of profiles cut at the surfaces of consecutive sections using the
Abercromie formula: Ni � ni � t/(t � d), where Ni is the corrected profile
count, ni is the uncorrected profile count in the section, t is the section
thickness, and d is the average profile diameter (Konigsmark, 1969). For
this analysis, there were no differences in the mean diameter of profiles in
the control and kindled groups, and d � 14.1 � 0.2 �m. The mean
section thickness was 17.1 � 0.1 �m. Corrected profile counts (Ni) were
summed through the entire septotemporal length of the hippocampus
and were also compared between kindled and control groups in bins
defined by relative position of the consecutive sections along the length of
the septotemporal axis corresponding to 0 –25, 25–50, 50 –75, and 75–
100% of the full-length of the axis.

Design considerations and statistical procedures
All control and kindled groups were age-matched, and the age ranges of
kindled and control groups always overlapped. Because the experiments
were performed during a 4 year period in which unexpected drop-outs
could not be avoided, individual rats were not paired by age or other
variables. With the long duration of animal care required for planning
and performing the experiments during this 4 year period, it was not
possible to systematically blind laboratory personnel and investigators
from the identity of the rats undergoing examination, except as noted.
There were no systematic differences between unstimulated, electrode
implanted, age-matched controls and unimplanted age-matched con-
trols, so these groups were combined for analysis. Data are reported as
mean � SEM. Group differences were evaluated for statistical signifi-
cance by ANOVA or Student’s t test. When data were not distributed
normally, analyses were performed using a nonparametric ANOVA by
ranks (Kruskal–Wallis one-way, or Friedman two-way) or the Mann–
Whitney rank sum test. When multiple comparisons were required, one-
way ANOVA followed by Dunnett’s test or the Newman–Keuls test were
used post hoc for paired comparisons. Inferences on proportions were
assessed by the � 2 test.

Results
Development of spontaneous seizures in kindled rats
The physiological and anatomical experiments in this study were
conducted in 	96 kindled rats that experienced a range of 1 AD
to 	200 class V evoked seizures, and 82 age-matched controls.
Preliminary behavioral observations revealed that spontaneous
seizures were frequently observed during routine handling in
kindled rats after �90 class V seizures evoked by kindling stimu-
lation. To further define the stage at which spontaneous seizures
emerge in rats undergoing repeated kindling stimulation, 27 kin-
dled rats with 	90 evoked class V seizures were systematically
observed for spontaneous seizures during 8 hr of daily behavioral
monitoring and were compared with a group of age-matched
unstimulated controls, including a subset of control rats with
implanted electrodes that never received kindling stimulation.
During this systematic monitoring, spontaneous seizures were
observed in 11 of 27 kindled rats with 	90 evoked class V sei-
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zures, but no spontaneous seizures were observed in the control
group of age-matched normal rats (� 2; p � 0.001). Spontaneous
seizures were not observed in kindled rats with �90 class V
evoked seizures.

In a subset of kindled rats with �100 evoked class V seizures
evoked by olfactory bulb stimulation, additional systematic be-
havioral monitoring to a criterion of three
spontaneous seizures revealed that the
first observed spontaneous seizure was re-
liably followed by recurring spontaneous
seizures (n � 6 of 6 rats) that confirmed
that kindled rats with 	90 –100 class V
seizures are likely to experience recurring
unprovoked spontaneous seizures. Spon-
taneous seizures were observed after
	90 –100 class V seizures evoked by kin-
dling of the olfactory bulb or the perforant
path, and therefore did not appear to be
related to the site of kindling stimulation.

Evolving alterations in paired-pulse
inhibition in the dentate gyrus of
kindled rats
It was of interest to consider whether the
emergence of spontaneous seizures in kin-
dled rats was caused by seizure-induced al-
terations in inhibition. As a preliminary as-
sessment of the state of inhibition in kindled
rats experiencing spontaneous seizures,
paired-pulse measurements were per-
formed in hippocampal slices from rats at
various stages of kindling, including after 90
class V seizures when spontaneous seizures
begin to emerge, and were compared with
recordings from age-matched controls (see
Table 1 for a summary of kindled and age-
matched control rats studied by paired-
pulse and single-electrode voltage-clamp
methods).

In the paired-pulse method, stimula-
tion of the perforant path with a 50 �sec
square wave stimulus evokes a population
EPSP accompanied by a population spike
(PS), which is a measure of the number
and synchrony of granule cell action po-
tentials. When stimuli are delivered in
pairs at interpulse intervals of 15–25 msec,
previous studies have demonstrated that
in the normal dentate gyrus, the ratio of
the amplitude of the second PS to the first
is �1, which indicates reduced granule

discharge in response to the second pulse of the pair. This reduc-
tion in amplitude of the second PS has been referred to as paired-
pulse inhibition and has been demonstrated to be a measure of
the strength of GABAergic inhibition (Tuff et al., 1983b; Oliver
and Miller, 1985) (Fig. 1A). In agreement with previous studies of
paired-pulse responses in kindled rats (Tuff et al., 1983b; Oliver
and Miller, 1985; de Jonge and Racine, 1987; Stringer and Loth-
man, 1989), field potentials evoked in the dentate gyrus by paired
stimulation of the perforant path at an interpulse interval of 15
msec in hippocampal slices from kindled rats demonstrated an
increase in paired-pulse inhibition, as measured by reduction in
the amplitude of the second PS compared with the first (Fig. 1,
compare A, B, E). The increase in paired-pulse inhibition at these
interpulse intervals was observed at 1 week after as few as three
class V seizures (n � 42 hippocampal slices from eight rats) and
was also observed in hippocampal slices from kindled rats at 1
week after the last of 35 class V seizures (n � 16 slices from nine

Figure 1. Evolving alterations in paired-pulse responses in the dentate gyrus of kindled rats as a function of the number of
evoked seizures. A, Extracellular field potentials evoked in the dentate gyrus by paired stimuli delivered to fibers of the perforant
path at an interpulse pulse interval of 15 msec using the lowest stimulus intensity that evoked a maximal response, as determined
by input– output curves. Paired-pulse inhibition is indicated by the reduction in amplitude of the population spike of the second
response (P2) compared with the first (P1). Paired-pulse inhibition is present when the ratio P2:P1 is �1. B, In the dentate gyrus
from a kindled rat that experienced 35 evoked class V seizures, paired-pulse inhibition was increased compared with the age-
matched control in A, as demonstrated by the reduction of the ratio of P2:P1. C, In a kindled rat that experienced 100 evoked class
V seizures, there was a reduction of paired-pulse inhibition, as demonstrated by the increase in the ratio of the amplitude of the
population spike of the second response (P2) compared with the amplitude of the first population spike (P1). D, In a kindled rat with
	100 class V seizures that was also observed to have spontaneous seizures, paired-pulse inhibition was also reduced, as indicated
by the increase in the amplitude of the population spike of the second response (P2) compared with the amplitude of the first
population spike (P1). E, Evolving alterations in paired-pulse inhibition in the dentate gyrus as a function of the number of evoked
seizures. The ratio of the amplitude of the second population spike to the amplitude of first population spike (P2:P1) is expressed
as a percentage for kindled rats that experienced a range of three evoked ADs to 100 evoked class V (ClV )seizures ( filled bars)
compared with age-matched controls (open bars). Paired-pulse inhibition is present when the ratio of P2:P1 is �100%. Paired-
pulse inhibition was unchanged after three ADs but increased after 3 or 35 class V seizures, as indicated by a reduction in the ratio
P2:P1 compared with controls. Paired-pulse inhibition was reduced compared with age-matched controls after 100 evoked class V
seizures, as indicated by an increase in the ratio of P2:P1 compared with age-matched controls. There were no significant differ-
ences between kindled rats that received olfactory bulb or perforant-path stimulation. Asterisks indicate significant differences
between kindled and age-matched control groups. F, The increase in paired-pulse inhibition was observed at 3 months after the
last of three evoked class V seizures but was not observed at 1 year after the last of three evoked class V seizures. In hippocampal
slices from kindled rats examined at 3 months after the last of 90 –100 evoked class V seizures, there was not only a reduction but
also a loss of paired-pulse inhibition as indicated by a ratio of P2:P1 	 100%.

Table 1. Summary of kindling and control groups studied by paired-pulse and
single-electrode voltage-clamp methods

Kindled Age-matched controls

Rats
Hippocampal
slices Rats

Hippocampal
slices

3 ADs 3 14 6 10
3 Class V 18 42 25 55
35 Class V 9 16 15 26
	90 Class V 14 26 14 30
	100 Class V plus spontaneous seizures 5 9 5 8
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rats), but was not observed in slices from kindled rats that expe-
rienced only three ADs (n � 14 slices from three rats) (Fig. 1B,E).

In contrast, at 1 week after the last of �90 class V seizures,
there was a reduction or loss of paired-pulse inhibition (n � 26
slices from 14 rats) (Fig. 1C–E). In a subset of kindled rats that
experienced 	100 evoked class V seizures and were observed by
behavioral monitoring to have experienced at least three unpro-
voked spontaneous class V seizures, paired-pulse inhibition was
lost (n � 9 slices from five rats) (Fig. 1D,E). The reduction of
paired-pulse inhibition was also observed at 3 months after the
last of 90 –120 class V seizures (n � 10 slices from six rats) (Fig.
1F), which suggested that the loss of paired-pulse inhibition was
long-lasting and possibly permanent. The increase in paired-
pulse inhibition after three class V seizures was not observed in a
subset of kindled rats at 1 year after the last evoked seizure (n � 13
slices from four rats) (Fig. 1F), suggesting that the seizure-
induced increase in inhibition at early stages of kindling may not
be permanent.

The loss of paired-pulse inhibition in kindled rats with �90
evoked kindled seizures was observed at interpulse intervals of
15–25 msec, which is consistent with a reduction in Cl�-
dependent GABAergic inhibition (Oliver and Miller, 1985). No
changes in paired-pulse relationships were observed at interpulse
intervals of 40, 100, or 350 msec (Fig. 2A). The loss of paired-
pulse inhibition in kindled rats with �90 evoked seizures was

observed across a range of stimulus intensities (Fig. 2B) and in
kindled rats that received olfactory bulb or perforant-path
stimulation.

Alterations in the kinetics of evoked IPSCs in kindled rats
with spontaneous seizures
A variety of alterations in synaptic transmission could contribute
to the alterations observed in paired-pulse relationships. In addi-
tion to loss of GABAergic inhibition, increases in excitatory pro-
cesses or a combination of increased excitation and reduced in-
hibition could produce a reduction or loss of paired-pulse
inhibition. Although the loss of paired-pulse inhibition at inter-
pulse intervals of 15–25 msec is consistent with the reduction in
GABAergic inhibition (Tuff et al., 1983b; Oliver and Miller,
1985), more direct measures of inhibition are necessary to deter-
mine whether the observed loss of paired-pulse inhibition was
caused by seizure-induced reduction of GABAergic synaptic in-
hibition. To address these possibilities, single-electrode voltage-
clamp recordings were performed in eight granule cells recorded
in hippocampal slices from a subset of five kindled rats with 	100
class V seizures evoked by stimulation of the olfactory bulb that
also experienced at least three recurrent spontaneous seizures
confirmed by behavioral monitoring, and were compared with
recordings in 10 granule cells from five age-matched, unstimu-
lated olfactory bulb-implanted controls. The IPSC was evoked in
granule cells by direct stimulation of inhibitory interneurons
during bath application of 20 �M DNQX and 50 �M APV to block
EPSCs, and was measured across a range of holding potentials in
hippocampal slices from the kindled and age-matched control
rats (Fig. 3A).

There were no significant differences in the average resting
membrane potential, reversal potential of the evoked IPSC, and
median stimulus intensity for the kindled and age-matched con-
trol rats studied by single-electrode voltage-clamp methods (Ta-
ble 2) that supported the validity of comparisons of IPSC kinetics
between these groups. However, there were consistent alterations
in the amplitude and kinetics of the evoked IPSC (Fig. 3B–E),
including significant reductions of amplitude and charge transfer
of IPSCs evoked by a stimulus pulse of standardized intensity
determined from input– output curves (Fig. 3C). The duration of
the IPSC was shortened, as demonstrated by a reduction in the
10 –90% decay time and the decay time constant � (Fig. 3D,E).
These measurements confirmed that the reduction of GABAergic
synaptic currents contributed to the loss of paired-pulse inhibi-
tion in epileptic kindled rats experiencing spontaneous seizures.

Seizure-induced alterations in subclasses of
GABAergic interneurons
The loss of paired-pulse inhibition and reduction of GABAergic
evoked IPSCs in kindled rats experiencing spontaneous seizures
may be caused by a variety of seizure-induced cellular alterations,
including reductions of afferent input to interneurons, loss of
GABAergic inhibitory interneurons, reduced GABA release from
interneurons, alterations in GABAergic receptor subunits, or
combinations of alterations. GABAergic interneurons can be
subclassified on the basis of peptide expression and morphology
into distinct subclasses that may play specific functional roles in
neural circuitry (Freund and Buzsaki, 1996; Miles et al., 1996).
Diverse interneuron subtypes give rise to feedforward and feed-
back inhibitory circuits and participate in the regulation of trans-
mitter release, dendritic processing and integration of synaptic
inputs, and spike generation that shape response properties of
single neurons, oscillations in neural networks, synaptic plastic-

Figure 2. Loss of paired-pulse inhibition in kindled rats experiencing spontaneous seizures.
A, In kindled rats with 	100 evoked class V seizures that were experiencing spontaneous
seizures as determined by behavioral monitoring, paired-pulse inhibition was lost at interpulse
intervals of 15 and 25 msec, as indicated by ratios of P2:P1 	 100% compared with age-
matched controls that demonstrated normal paired-pulse inhibition (P2:P1 � 100%). There
were no significant differences in paired-pulse responses at interstimulus intervals of 40, 100, or
350 msec. Asterisks indicate significant differences between kindled rats with spontaneous
seizures (filled bars) and age-matched controls (open bars). B, The loss of paired-pulse inhibition
(P2:P1 	 100%) was observed at 15 msec interpulse intervals across a range of stimulus
intensities. Triangles, Spontaneous seizures; circles, age-matched controls.
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ity, and epileptic synchronization
(Freund and Buzsaki, 1996). For example,
subclasses of interneurons identified by
immunostaining with parvalbumin,
CCK, and GAT-1 provide axo-somatic
and axo-axonic inhibitory synaptic termi-
nals on principal cells (Leranth and
Frotscher, 1986; Halasy and Somogyi,
1993; Ribak et al., 1993, 1996; Freund and
Buzsaki, 1996) and are therefore poten-
tially critical for control of spike genera-
tion from the spike initiation zone in axon
initial segments and neuronal output to
synaptic targets. As a preliminary step to
characterize the possible underlying cellu-
lar alterations associated with the loss of
paired-pulse inhibition and reduction of
GABAergic IPSCs accompanying the de-
velopment of spontaneous seizures in kin-
dled rats, alterations in subclasses of inter-
neurons identified by parvalbumin,
calbindin, calretinin, vasoactive intestinal
peptide, neuropeptide Y, somatostatin,
nitric oxide synthetase, CCK, and GAT-1
were examined in pilot studies. In these
pilot studies, serial sections were reacted
with subclass-specific antibodies. Signifi-
cant alterations were apparent only in the
GAT-1 and CCK subclasses in kindled rats
experiencing spontaneous seizures and
were therefore examined in further detail.

In normal rats and age-matched controls, GAT-1 immunore-
activity was observed throughout the neuropil and was particu-
larly prominent in the granule cell layer bordering the subgranu-
lar region of the hilus, which is the site of axon initial segments
arising from granule cells and projecting into the hilus in the
direction of CA3 (Fig. 4A). There was a prominent reduction of
GAT-1 immunoreactivity in the dentate gyrus and hippocampus
of kindled rats that experienced 	90 evoked seizures (n � 5 of 5
rats) (Fig. 4C). Spontaneous seizures were observed in three rats
from this group. In this region of kindled rats with 	90 class V
evoked seizures and spontaneous seizures, there was little or no
immunoreactivity compared with age-matched controls. GAT-1
immunoreactivity appeared normal at earlier stages of kindling
(n � 4 of 4 kindled rats after three class V seizures). In four of six
kindled rats that experienced 76 – 80 class V seizures, the stage
just before the onset of spontaneous seizures, GAT-1 immunore-
activity appeared normal in the dentate gyrus (Fig. 4B) but was
reduced in two of six rats from this group. The differences be-
tween rats with �90 evoked class V seizures and spontaneous
seizures were significant compared with controls (Fishers exact
test; p � 0.00216) and all other groups (� 2 � 15.4; df � 3; p �
0.0015), which supports the idea that seizure-induced loss of
GAT-1 immunoreactivity was associated with the emergence of
spontaneous seizures.

CCK-labeled interneurons are typically located along the sub-
granular region near the border of the granule cell layer and the
hilus and are occasionally found deeper in the hilus (Fig. 4D). In
addition to the densely labeled interneurons in the hilus, fine
punctate granules labeled by CCK were scattered throughout the
hilus and granule cell layer in normal rats (Fig. 4D). In five of five
kindled rats that experienced 	90 evoked seizures, there ap-
peared to be a reduction of CCK-labeled interneurons and

punctate-staining observed in the hilus and granule cell layer
when compared with age-matched normal controls (n � 7 rats)
(Fig. 4, compare E, F). The population of CCK-labeled neurons
and the pattern of punctate labeling appeared relatively normal in
kindled rats with �90 evoked seizures (n � 11 rats) (Fig. 4D,E).

To further evaluate the extent of seizure-induced loss of the
CCK subclass of interneurons, stereological counting methods
were used to quantify the number of CCK-immunoreactive in-
terneurons in kindled rats with 3, 60 – 80, or 	90 evoked class V
seizures, and in controls age-matched to the group with 	90 class
V seizures. There was an overall �33% reduction of CCK-
immunoreactive interneurons in kindled rats with 	90 class V
seizures (n � 4 rats) compared with controls age-matched to the
group with 	90 seizures (n � 4), and kindled rats with 3 or
60 – 80 evoked class V seizures (n � 9 rats; p � 0.03; ANOVA)
(Fig. 5A). The reduction of CCK-immunoreactive interneurons
in rats with 	90 evoked seizures compared with age-matched
controls indicates that aging effects cannot account for the neuronal
loss, but an interaction of aging and seizures cannot be excluded.
There was a significant reduction of CCK-immunoreactive inter-

Figure 3. Reduction of GABAergic inhibition in granule cells of the dentate gyrus in kindled rats experiencing spontaneous
seizures. A, In a hippocampal slice from a kindled rat with 	100 evoked class V seizures that was experiencing spontaneous
seizures as determined by behavioral monitoring, there was a reduction of the amplitude and duration of the evoked monosynaptic
IPSC recorded in a granule cell by single electrode voltage-clamp methods at holding potentials in a range of �90 to �40 mV
compared with an age-matched control. Calibration: 1 nA, 40 msec. B–E, There were significant reductions of amplitude ( B),
charge transfer ( C), 10 –90% decay time ( D), and decay time constant � ( E) in granule cells of kindled rats (n � 6) experiencing
spontaneous seizures (filled bars) compared with age-matched controls (open bars). All measurements were performed at a
holding potential of �40 mV and at the lowest stimulus intensity that evoked a maximum response as determined from input–
output curves (see Materials and Methods for details). For comparisons between the kindled and age-matched control groups,
asterisks indicate significant differences. n refers to the number of granule cells recorded in each group.

Table 2. Intrinsic, synaptic, and stimulus properties of granule cells in kindled rats
with spontaneous seizures and age-matched controls

100 Class V
plus spontaneous
seizures

Age-matched
controls

Resting membrane potential
(mV)

�76.1 � 1.8 �72.7 � 1.5 p � 0.16, NS
(t test)

IPSC reversal potential
(mV)

�66.1 � 1.4 �65.7 � 0.9 p � 0.8, NS
(t test)

Median stimulus intensity (�A) 525 475 p � 0.23, NS
(rank sum test)
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neurons in the 	90 class V group compared with kindled rats
with 60 – 80 evoked class V seizures ( p � 0.0004), indicating an
association of seizure-induced loss of CCK-immunoreactive in-
terneurons with the emergence of spontaneous seizures. A reduc-
tion of the number of CCK-labeled neurons in the dentate gyrus
of kindled rats with 	90 evoked class V seizures was observed
along the entire septotemporal axis of the hippocampal forma-
tion ( p � 0.03), except for a nonsignificant trend to reduction at
the septal (rostral) pole (Fig. 5B).

Discussion
These physiological and anatomical experiments identified func-
tional and cellular alterations in the hippocampus associated with
the emergence of spontaneous seizures. Spontaneous seizures were

observed in 11 of 27 rats after �90–100
repeated brief seizures evoked by kindling of
either the olfactory bulb or perforant path,
and were the long-term functional outcome
of repeated episodes of evoked synchronous
neural activity. The sequence of progressive
seizure-induced molecular and cellular al-
terations underlying the emergence of spon-
taneous seizures is an example of long-term
activity-dependent plasticity in neural cir-
cuits and has potential relevance for the
common disorder of epilepsy in which
seizure-induced cellular alterations may
contribute to dysfunction.

Predictable emergence of spontaneous
seizures in kindled rats after �90 –100
evoked seizures
There is limited insight about cellular al-
terations accompanying the emergence of
spontaneous seizures after repeated brief
evoked seizures in rats and primates
(Wada et al., 1975; Pinel and Rovner,
1978). It is uncertain whether spontane-
ous seizures occur reliably and predictably
after a specific number of evoked seizures
or merely sporadically in the advanced
kindled state. Behavioral monitoring re-
vealed that spontaneous seizures were ob-
served after �90 –100 class V seizures
evoked by either olfactory bulb or
perforant-path stimulation. Additional
spontaneous seizures were observed after
the initial spontaneous seizure, confirm-
ing that kindled animals with spontane-
ous seizures were epileptic, as defined by
recurring spontaneous seizures.

The observation of spontaneous sei-
zures after �90 –100 evoked class V sei-
zures should not be regarded as a precise
latency to spontaneous seizures but rather
as a period of transition to a state with
increased probability of spontaneous epi-
sodes of synchronous neural activity and
seizures (Hellier et al., 1998; Pitkänen et
al., 2002). The stage of �90 –100 evoked
class V seizures was recognized retrospec-
tively as a period of transition to increased
probability of spontaneous seizures and
does not imply that all kindled rats expe-

rience spontaneous seizures after 90 –100 evoked class V seizures,
but merely that spontaneous seizures become increasingly likely
as indicated by their recognition in �40% of rats with 90 –100
evoked class V seizures undergoing 8 hr of behavioral monitoring
per day. This is probably a low estimate limited by the sampling
methods; more sensitive continuous video-EEG-recording
methods might detect additional rats with spontaneous sei-
zures after 90 –100 evoked class V seizures, and might also
reveal that occasional spontaneous seizures occur in kindled
rats with �90 evoked seizures. Although both status epilepti-
cus and repeated brief seizures eventually induce spontaneous
seizures, the gradual induction of spontaneous seizures in the
absence of extensive damage permitted detailed analysis of

Figure 4. Seizure-induced reduction of GAT-1 and CCK immunoreactivity in the dentate gyrus of kindled rats experiencing
spontaneous seizures. Immunoreactivity was intensified in these sections by silver treatment, as described in Materials and
Methods, and all sections were batch processed. A, In normal rats, GAT-1 immunoreactivity is observed throughout the neuropil,
but is particularly prominent in the granule cell layer (gc) bordering the subgranular region of the hilus (H; arrows), which is the site
of axon initial segments arising from granule cells and projecting into the hilus toward CA3c. B, In a kindled rat that experienced 76
class V seizures, which is a stage just before the onset of spontaneous seizures, GAT-1 immunoreactivity appeared normal in the
dentate gyrus. C, In a kindled rat that experienced 209 evoked class V seizures, immunoreactivity was reduced in comparison with
normal or age-matched controls. The loss of GAT-1 immunoreactivity was particularly prominent along the border of the granule
cell layer and subgranular region of the hilus, which is the site of axon initial segments and spike initiation. D, In a nearby section
of the dentate gyrus from the normal rat in A, GABAergic interneurons labeled by CCK were located along the subgranular region
near the border of the granule cell layer and the hilus and were occasionally also observed deeper in the hilus. Fine punctate
granules labeled by CCK were also typically scattered throughout the hilus and granule cell layer in normal rats. E, In the same
kindled rats that experienced 76 class V seizures, the distribution and number of CCK-labeled interneurons and punctate granular
staining appeared normal. F, In the same kindled rat shown in C that experienced 209 evoked class V seizures, there was a reduction
of interneurons labeled by CCK and in the punctate staining observed in the hilus and granule cell layer. Scale bar, 200 �M.
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specific structural and functional alter-
ations associated with this transition.

Emergence of spontaneous seizures is
associated with seizure-induced
reduction of GABAA inhibition
This study confirmed that repeated sei-
zures increase paired-pulse inhibition and
other measures of inhibition during early
stages of kindling (Tuff et al., 1983a,b; Ol-
iver and Miller, 1985; Shin et al., 1985; de
Jonge and Racine, 1987; Stringer and
Lothman, 1989; Otis et al., 1994; Buhl et
al., 1996; Nusser et al., 1998). Paired-pulse
inhibition increased after three class V sei-
zures but not after only a few ADs with par-
tial seizures (class I-III), which implies that
more than three partial seizures or second-
ary generalized seizures may be required.

The initial increase was not perma-
nent, because paired-pulse inhibition was
reduced or lost in the dentate gyrus after
�90 –100 class V seizures evoked by olfac-
tory bulb or perforant-path stimulation,
and importantly, was consistently lost in
all rats with spontaneous seizures revealed
by behavioral monitoring. The loss of
paired-pulse inhibition was long-lasting
and probably permanent. Because rats
with 	90 –100 class V seizures might have
spontaneous seizures that were undetected by the limited obser-
vation methods, spontaneous seizures may not induce an acute
increase in paired-pulse inhibition as observed during early
stages of kindling.

Loss of paired-pulse inhibition associated with spontaneous
seizures could be caused by increases in glutamatergic excitatory
processes, loss of GABAergic inhibition, or a combination of in-
creased excitation and reduced inhibition. Loss of paired-pulse
inhibition at interpulse intervals of 15–25 msec corresponding to
the time course of GABAA-dependent Cl� conductance is con-
sistent with a seizure-induced alteration in GABAA inhibition
(Tuff et al., 1983b; Oliver and Miller, 1985) that was confirmed by
the reduced amplitude and shortened duration of evoked IPSCs
recorded by single-electrode voltage-clamp methods. Mecha-
nisms underlying the altered kinetics of the evoked IPSCs were
not specifically addressed in these experiments but could in-
clude loss of GABAergic terminals; alterations in the number,
subunit composition, or biophysical properties of GABA re-
ceptors; or a variety of mechanisms.

Progressive seizure-induced alterations leading to
spontaneous seizures
Repeated evoked seizures induce a variety of cellular and molec-
ular alterations in the dentate gyrus and other regions, including
neuronal apoptosis and cumulative neuronal loss resembling
hippocampal sclerosis, neurogenesis, mossy fiber sprouting, gli-
osis, and reorganization of receptors and other proteins (Sutula
et al., 1988, 1998; Represa et al., 1989; Cavazos and Sutula, 1990;
Cavazos et al., 1991, 1994; Bengzon et al., 1997; Pretel and Piekut,
1997; Adams et al., 1998; Dalby et al., 1998; Parent et al., 1998;
Kotloski et al., 2002). Cumulative seizure-induced alterations
could potentially alter the balance of excitation and/or inhibition

and modify functional properties of hippocampal circuits con-
tributing to the emergence of spontaneous seizures.

Because repeated brief kindled seizures induce cumulative
neuronal loss (Cavazos and Sutula, 1990; Cavazos et al., 1994;
Bengzon et al., 1997; Pretel and Piekut, 1997; Dalby et al., 1998;
Dalby and Mody, 2001; Kotloski et al., 2002), it was of interest to
investigate whether seizure-induced loss of GABAergic interneu-
rons contributed to the alterations in the kinetics of GABAA-
dependent IPSCs accompanying spontaneous seizures. In pilot
studies, expression of CCK and GAT-1, which label GABAergic
interneuron subclasses providing axo-somatic and axo-axonic
inhibitory inputs to granule cells (Leranth and Frotscher, 1986;
Freund and Buzsaki, 1996; Ribak et al., 1996), was reduced in
kindled rats with loss of paired-pulse inhibition and spontaneous
seizures. Markers for other subclasses, including the parvalbumin
subclass that also provides axo-axonic and axo-somatic inhibi-
tion (Ribak et al., 1993; Freund and Buzsaki, 1996), were exam-
ined in serial sections in pilot studies but did not appear to be
significantly altered.

CCK and GAT-1 immunoreactivity appeared normal in kin-
dled rats after 80 class V evoked seizures but was consistently
reduced after 90 class V seizures. The reduction of CCK and
GAT-1 immunoreactivity in association with the emergence of
spontaneous seizures suggests that seizure-induced reduction of
these subclasses and loss of axo-somatic and axo-axonic inhibi-
tion may contribute to spontaneous seizures. Loss of GAT-1 im-
munoreactivity was particularly prominent in the infragranular
region of the granule cell layer (the site of axon initial segments)
but was observed throughout the hippocampus. Loss of CCK-
labeled interneurons, as measured by counting methods, oc-
curred along the entire septotemporal axis of the hippocampus.
Because the reduction of CCK and GAT-1 immunoreactivity was
not observed in age-matched controls, aging alone cannot ac-

Figure 5. Reduction of CCK-immunoreactive GABAergic interneurons in the dentate gyrus of kindled rats experiencing spon-
taneous seizures. The number of CCK-immunoreactive interneurons in the dentate gyrus was assessed as a function of the number
of evoked seizures and was compared with normal controls matched in age to kindled rats that experienced 	100 class V seizures.
Profile counts of CCK-immunoreactive interneurons were counted in the dentate gyrus by stereological methods in consecutive
transverse sections from the septal to temporal pole of the extended hippocampus (see Materials and Methods for details). A, There
was a significant reduction of CCK-immunoreactive interneurons in kindled rats with 	100 class V (ClV ) seizures (filled bar)
compared with age-matched normal controls (open bar) and kindled rats examined after 3 or 60 – 80 evoked class V seizures (gray
bars). B, In kindled rats with 	100 evoked class V seizures ( filled bars), reduction of CCK-immunoreactive interneurons was
observed along the entire septotemporal axis of the hippocampus. Percentages of 0 –25, 25–50, 50 –75, and 75–100 refer to
relative location along the septotemporal axis. There were significant reductions of CCK-immunoreactive interneurons from the
middle through the most temporal extent of the dentate gyrus and a trend toward reduction at the most septal location. Asterisks
indicate significant differences.
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count for the reductions, but an interaction of the cumulative
effects of repeated seizures with aging cannot be excluded.

Loss of these markers could be caused by reduced expression
rather than loss of the interneuron populations, but this seems
unlikely given ongoing, progressive neuronal loss in kindled rats
and the accompanying loss of inhibition detected by physiologi-
cal methods. If expression of the GABA transporter GAT-1 was
reduced without interneuron loss, there would be an increase in
inhibition as a consequence of reduced reuptake of synaptically
released GABA, but this was not observed. Counting methods
supported the interpretation that the reduction of CCK immu-
noreactivity was caused by neuronal loss; however, with technical
limitations such as comparability of antibody penetration even in
batch-processed sections, the counts should not be regarded as a
precise measure of the absolute number of CCK interneurons.

Seizure-induced loss of axo-axonic and axo-somatic
inhibition and the development of spontaneous seizures
The CCK and GAT-1 interneuron subclasses in the dentate gyrus
have morphological features of basket cells and chandelier cells
and project axo-somatic and axo-axonic terminals forming sym-
metric GABAergic synapses (Gray type II) on principal cells (Le-
ranth and Frotscher, 1986; Soriano et al., 1990; Halasy and So-
mogyi, 1993; Ribak et al., 1993, 1996). These features are
especially suited for perisomatic and axon initial segment inhibi-
tion that potentially control timing and suppression of spikes
generated by Na� channels that have a high density on axon
initial segments (Buhl et al., 1994; Soltesz et al., 1995; Freund and
Buzsaki, 1996). Seizure-induced loss of the CCK and GAT-1 sub-
classes in the dentate gyrus would reduce spike suppression (Buhl
et al., 1994; Soltesz et al., 1995; Miles et al., 1996) and enhance
propagation of spike output to CA3, thereby eroding “filtering”
properties of the dentate gyrus and potentially increasing the
susceptibility of hippocampal neural circuits to epileptic syn-
chronization (Buhl et al., 1994; Soltesz et al., 1995; Freund and
Buzsaki, 1996; Behr et al., 1998, 2001). Although the loss of axo-
axonic and axo-somatic inhibition is a potentially attractive
mechanism for neural synchronization and seizure-induced epi-
leptogenesis, other cellular alterations are also likely to contribute
to reduced inhibition and synchronized neuronal bursting. For
example, seizure-induced changes in GABAA receptor subunits
or alterations in biophysical properties of channels could shorten
or reduce IPSCs (Stell and Mody, 2002). Seizure-induced in-
creases in recurrent excitation as a result of excitatory circuits
formed by sprouted mossy fibers may also contribute to the loss
of paired-pulse inhibition (Wuarin and Dudek, 1996, 2001;
Lynch and Sutula, 2000). Seizure-induced alterations in other
hippocampal and limbic areas may also be important for epileptic
synchronization (Gorter et al., 2002). These experiments provide
evidence of an association among loss of inhibition, loss of sub-
classes of interneurons providing axo-somatic and axo-axonic
inhibition, and emergence of spontaneous seizures. Additional
experiments are necessary to define causality among these alter-
ations, but it is likely that multifactorial and combinatorial pro-
cesses contribute to the intermittent paroxysmal expression of
neuronal synchronization during seizures.

Implications for human epilepsy
Reduction of GAT-1 immunoreactivity and loss of GABA trans-
porter function have been reported in intractable human tempo-
ral lobe epilepsy (During et al., 1995; Mathern et al., 1999). Loss
of GAT-1 has been observed in CA1 but is reported to increase in
the inner molecular layer of the dentate gyrus after pilocarpine-

induced status (Andre et al., 2001), suggesting that the effects of
seizures may be region and model specific. Selective loss of PV-
immunoreactive interneurons and terminals has been observed
in surgically resected hippocampus in both humans and models
of status epilepticus (Zhu et al., 1997; Gorter et al., 2001; Wittner
et al., 2001) and is in contrast to the relative preservation of PV
immunoreactivity in kindled rats with spontaneous seizures. The
observation that seizure-induced loss of CCK and GAT-1 immu-
noreactivity occurs in the dentate gyrus at advanced stages of
kindling in association with reduced inhibition and spontaneous
seizures suggests that repeated seizures may play a role in the
development of intractable human temporal lobe epilepsy.

The progressive alterations induced by repeated brief seizures
in hippocampal circuitry have significant adverse consequences,
including increased susceptibility to additional seizures (God-
dard 1969; Goddard et al., 1969) and memory dysfunction (Sutula et
al., 1995). The slowly evolving, seizure-induced reduction of inhibi-
tion supports the importance of achieving complete control of sei-
zures in people with epilepsy. Molecular and genetic analysis of the
evolving seizure-induced cellular and functional alterations may
provide new targets for therapeutic intervention and the preven-
tion of adverse consequences of poorly controlled epilepsy.
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