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EPSP depression following neocortical seizures in cat
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SUMMARY
To study the possible mechanism(s) underlying
unresponsiveness following neocortical seizures,
we recorded excitatory postsynaptic potentials
(EPSPs) of cortical neurons evoked by ipsilateral
cortical stimulation before and after spontaneous
or elicited seizures. Regular-spiking neurons (n =
32) were intracellularly recorded in association
area five of cats under ketamine–xylazine or bar-
biturate anesthesia. Compared with control re-
sponses, cortically evoked EPSPs were character-
ized by decreased amplitude after electrographic
seizures. Synaptic responses and intrinsic proper-
ties were measured by applying extracellular elec-

trical stimuli followed by intracellular hyperpo-
larizing current pulses. The input resistance de-
creased during seizures but quickly recovered to
control level after the paroxysms, whereas the am-
plitude of evoked EPSPs remained lower following
seizures, generally for 2–12 min, suggesting that
the decreased EPSPs were not due to an alteration
of intrinsic response. Data demonstrate a long-
lasting decreased synaptic responsiveness following
generalized spike-wave seizures slowly recovering
in time.

KEY WORDS: EEG, Seizures, Neocortex, Intracel-
lular recordings, Synaptic responsiveness.

Electrographic seizures consisting of spike-wave (SW)
complexes ∼3 Hz or SW and polyspike-wave (PSW) com-
plexes at lower frequency (1.5–2.5 Hz), intermingled with
fast runs (10–20 Hz), are often observed in animal exper-
iments in vivo. Such seizures are generated intracortically
as they have been recorded after thalamectomy (Steriade &
Contreras, 1998; Timofeev et al., 1998), and the majority
of thalamocortical neurons are inhibited during cortically
generated SW/PSW seizures (Steriade & Contreras, 1995;
Pinault et al., 1998; Crunelli & Leresche, 2002). The fre-
quencies of SW/PSW complexes are similar to the EEG
patterns of the Lennox–Gastaut syndrome (see, for review,
Steriade, 2003).

We aimed at understanding the cellular mechanisms un-
derlying behavioral disturbances and cognitive deficits ob-
served in patients following seizures (Smith et al., 1986;
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Institute for Enzyme Research, Division of Enzyme Chemistry, 3–18-15
Kuramoto-cho, Japan

Blackwell Publishing, Inc.
C© 2008 International League Against Epilepsy

Jokeit & Ebner, 2002; Meador, 2002; Kanner et al., 2004)
by intracellularly testing the changes in the synaptic re-
sponsiveness of cortical neurons, during and after seizures,
in vivo, in anesthetized cats. We took advantage of the
high incidence of spontaneous seizures occurring under
ketamine–xylazine anesthesia (discussed in Steriade et al.,
1998), or we induced seizures by cortical electrical stimu-
lation while intracellularly assessing regular-spiking (RS)
neurons during ipsilateral cortical stimulation. The major
finding was that RS neurons consistently decreased their
EPSP amplitudes for up to 20 min after seizures.

METHODS

Experiments were conducted on 8 adult cats under bar-
biturate anesthesia (pentobarbital sodium, 25 mg/kg, i.p.)
and 15 adult cats under ketamine–xylazine anesthesia (10–
15 and 2–3 mg/kg, i.m., respectively). The animals were
paralyzed with gallamine triethiodide (20 mg/kg, i.v.) after
the EEG showed typical signs of deep general anesthesia,
essentially consisting of sequences of spindle waves (7–14
Hz) under barbiturate anesthesia and slow oscillation (0.5–
1 Hz) under ketamine–xylazine anesthesia. Supplemen-
tary doses of anesthetics were administered at the slight-
est changes toward activated EEG patterns. The cats were
ventilated artificially with the control of end-tidal CO2 at
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3.5–3.7%. The body temperature was maintained at 37–
38oC and the heart rate was ∼90–100 beats/min. Stabil-
ity of intracellular recordings was ensured by the drainage
of cisterna magna, hip suspension, bilateral pneumotho-
rax, and filling the hole made for recordings with a solu-
tion of 4% agar. At the end of experiences, a lethal dose
of barbiturate was administered (pentobarbital, 50 mg/kg,
i.v.). All experimental procedures were performed in accor-
dance with the guidelines of the Canadian Council on An-
imal Care and the U.S. National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and were ap-
proved by the Committee for Animal Care of Laval Uni-
versity. Every effort was made to minimize the number of
animals used and their suffering.

Intracellular recordings from left suprasylvian associ-
ation area 5 were performed using glass micropipettes
filled with a solution of 3 M potassium acetate. The dis-
tance between the stimulating electrode and the record-
ing micropipette in area 5 was less than 2 mm (usually
1–1.5 mm). The threshold of stimulation intensity that
elicited cortically evoked excitatory postsynaptic potentials
(EPSPs) was in the range of 0.02–0.3 mA, and we used
the double of the minimum intensity to investigate EPSP
amplitudes before and after seizures, in order to ensure
the maximal attainable amplitude of evoked EPSPs. Stim-
ulus duration was 0.2 ms in all cases, and for each indi-
vidual neuron, the stimulation parameters before and af-
ter seizures were kept constant. Concentric bipolar EEG
electrodes (with the inner pole in the cortical depth at
about 0.8–1 mm and the outer pole at the cortical surface)
were bilaterally placed in the cortical areas 5 and 7. High-
frequency (50–100 Hz) rhythmic pulse-trains (0.2-ms du-
ration and intensity of 0.5 mA), applied for 10–30 s, were
employed to induce electrographic seizures. Seizures were
induced each 4 h (1–2 per experiment), but in some ani-
mals (n = 12), we induced successive seizures before the
complete recovery of the EPSP amplitude (at 60–75 min)
to test a summative effect. Under ketamine–xylazine anes-
thesia, 0.2–5 spontaneous seizures occurred in an hours.

Statistical analysis included a preliminary assessment of
data distribution based on Levine’s test for variation. Since
EPSP amplitude variances were equal, we further used the
paired Student t-test (two-tails, equal variance). Results are
presented as mean ± standard deviation, and statistical sig-
nificant differences were considered for p < 0.05. EPSP
amplitudes for the first elicited or occurring seizure were
normalized in the whole population of recorded neurons
(Fig. 1E) to the control average amplitude of EPSPs in the
first minute before the seizure (n = 23).

RESULTS

Seizures reported here consisted in rapidly generalizing
SW/PSW complexes, frequently intermingled with runs of
fast activities (10–20 Hz), and constantly followed by pos-

tictal depressions. There was no correlation between the
duration or intensity of stimulation and the duration of the
elicited acute seizure.

We retained for analysis 32 RS neurons that could be
recorded for periods of time from 20 to 40 min (n = 8 under
barbiturate anesthesia; n = 24 under ketamine–xylazine
anesthesia) with membrane potential (Vm) during silent
states (without current injection) of –74 ± 0.6 mV, and
slow Vm fluctuations that did not exceed 1–2 mV over the
whole recording. These neurons were characterized as RS
by their responses to depolarizing current pulses and were
recorded in cortical layers II–VI in epileptic loci closed to
stimulating electrode.

Synaptic responsiveness during control periods and fol-
lowing spontaneously occurring or electrically induced
seizures was tested using single pulses applied every 2 s in
the vicinity of intracellularly recorded neurons. In 30 out
of 32 neurons, recorded under either ketamine–xylazine or
barbiturate anesthesia, cortically evoked EPSPs displayed
decreased amplitudes during the postictal period, com-
pared to control responses (Fig. 1). Of those 30 neurons,
25 were recorded before and following stimulation-evoked
seizures, and 5 neurons were recorded before and follow-
ing spontaneously occurring seizures that only occurred
under ketamine–xylazine anesthesia. The possible factors
accounting for the relatively high incidence of spontaneous
seizures under ketamine–xylazine anesthesia are discussed
elsewhere (Steriade et al., 1998).

The postseizure period started when paroxysmal depth-

EEG waves stopped. This was associated at the intracel-
lular level either with the arrest of neuronal spiking fol-
lowed by a postictal depression and reinstatement of the
normal slow oscillation (see Fig. 1A); or, in other instances,
with neuronal repolarization after the overt depolarization
observed during the paroxysm (see Fig. 2A). The ending
point of the postseizure period was considered the time
when both the depth-EEG and neuronal activity recovered
the preseizure aspect.

The major finding was that, at a similar Vm as in control,
RS neurons consistently display decreased EPSP ampli-
tudes following seizures (Figs. 1 B & C). Under ketamine–
xylazine anesthesia, the amplitude of EPSPs decreased in
average from 12.8 ± 0.7 mV (control) to 7.5 ± 0.9 mV
(in the first minute of the postseizure) with maximal pos-
tictal responses always diminished compared to preictal
responses, a depression of about 40%. This depression
was similar in both spontaneous and electrically induced
seizures. Under barbiturate anesthesia, EPSP amplitudes
decreased in average from 11.3 ± 0.6 mV to 8.8 ± 0.8
(about 22%). The EPSP depression lasted up to 20 min
(namely, 0.6–5 min in 15 neurons, 5–10 min in 12 neurons,
and 10–20 min in 3 neurons). The effect was summative
in the sense that seizures occurring before the complete
recovery of EPSP amplitude further decreased the ampli-
tude of subsequent EPSPs (Fig. 1D). In the normalized
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Figure 1.
Depression of cortically evoked EPSPs after electrically induced seizures in ketamine–xylazine anesthesia. (A)
Intracellular and depth-EEG recording from associative area 5. Single stimuli were applied every 2 s to evoke EPSPs
and rhythmic pulse-trains (five stimuli at 100 Hz) were delivered to elicit seizure (STIM). (B) Averages of last five
control EPSPs (continuous line) and first five EPSPs following seizures (dotted line) identified in panel (A) by solid
and dotted lines. (C) Variation of the amplitudes of evoked EPSPs following seizures. Dotted lines indicate mean
amplitude of corresponding points. The statistical significant difference (paired Student t-test, p < 0.05) is marked
with∗. (D) Illustration of the summating effect of successive seizures on the amplitudes of evoked EPSPs. Numbers
indicate average EPSP amplitudes during the underlined periods. (E) Amplitude of elicited EPSPs following seizures
normalized to the average amplitude of last 30 control EPSPs (1 min) recorded before the induction of seizures.
Epilepsia C© ILAE

average of all recorded neurons, the diminution in ampli-
tude of evoked EPSPs attained 36% in the first minute fol-
lowing seizures (Fig. 1E).

To determine whether this depression depended on an
intrinsic property of RS neurons or a network mechanism,
we tested both synaptic and intrinsic responses by applying
every 2-s synaptic volleys and hyperpolarizing pulses (de-
layed by 300 ms) during the control period, throughout the
seizure, and the postseizure period (Fig. 2A, n = 10). Both
EPSP amplitude and Rin decreased throughout the seizure.
However, Rin quickly (<1 min) recovered to control level
and then remain unchanged, whereas the EPSP ampli-
tude remained depressed for periods as long as 15 min
(Figs 2B & C).

DISCUSSION

The major finding in the present study was the decreased
amplitudes of cortically evoked EPSPs after seizures
that occurred spontaneously or were induced by rhyth-
mic pulse-train stimulation. Extracellular evoked potentials
(field EPSPs) in the dentate gyrus of developing gerbils
showed decreased responsiveness during the postseizure
period that lasted 12 s (Buckmaster & Wong, 2002), shorter
than detected intracellularly in the present study on adult
cats.

The evolution of neocortical neuronal responsiveness
prior, during and following neocortical paroxysms as-
sociated with SW/PSW electrographic patterns is as
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Figure 2.
EPSP depression and apparent input resistance of an RS neuron during electrically induced seizure under barbiturate
anesthesia. (A) Top panel depicts an intracellular and depth-EEG recording from associative area 5. Synaptic volleys
combined with hyperpolarizing current pulse were applied every 2 s (see pattern in the inset). The seizure was
elicited by cortical stimulation (STIM) consisting in nine pulse-trains at 100 Hz. Epochs underlined in the top panel
are expanded in the bottom insets as follows: (a) control, (b) seizure, and (c) postseizure. Left inset shows the
EPSPs evoked by cortical stimulation in the above conditions, while right inset depicts the input resistance (similar
arrangement as in left). (B) The variation of EPSP amplitude in the neuron showed above during control, seizure,
and postseizure period is presented in the left panel. The right panel presents the corresponding variation of
the input resistance. Dotted lines represent the average of the points during the identical period. (C) Statistical
quantification of data depicted in panel (B) in the population of recorded neurons (n = 10).∗ indicates statistical
significant differences (paired Student t-test, p < 0.05).
Epilepsia C© ILAE

follows: (a) progressively decreased latencies and in-
creased depolarization slope of oligosynaptic responses
preceding the seizure, followed by paroxysmal depolariz-
ing shifts elicited during the “wave”-related hyperpolariza-
tion of the SW complex, but not during the “spike” (Ste-
riade & Amzica, 1999); and (b) present results, showing

decreased synaptic responsiveness following seizures, gen-
erally from 1 to 10 min, but up to 20 min in few neu-
rons. These changes in synaptic responsiveness are asso-
ciated with increased membrane conductance during the
seizure (Matsumoto et al., 1969), with maximal conduc-
tance increase during the “spike” of SW/PSW complexes,
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and recovery to control values during the 10–15 s follow-
ing the end of the seizure (Neckelmann et al., 2000; Timo-
feev et al., 2002) (also Fig. 2B, right panel, in the present
study). While the decrease in Rin progressively recovered
to control level within 1 min and then remain unchanged,
the EPSP amplitude did not recover to control level for long
periods (generally 5–10 min). This supports the hypothesis
that synaptic depression after seizures depends on synap-
tic and not intrinsic alterations. Nevertheless, we cannot
exclude that other intrinsic properties apart from the mem-
brane resistance are modified during seizures, for instance,
at the dendritic level, but this compartment cannot be tar-
geted intracellularly in vivo.

The extent of EPSP depression was similar in various
subpopulations of neurons recorded in different cortical
layers, and was not significantly dissimilar in the deep cor-
tical layers that promote seizure development in absence
epilepsy models (Pinault et al., 2006; Polack et al., 2007)
compared to other layers.

During seizures, many active molecules are released and
extracellular ionic concentrations are altered both in nor-
mal and epileptic brains. Extracellular potassium concen-
tration is increased during seizures but returns to base-
line rapidly after seizure termination, while extracellular
calcium concentration decreases with the progression of
seizure and returns to baseline in few seconds (Heinemann
et al., 1977; Pumain et al., 1985). Therefore, a calcium-
dependent drop in the neurotransmitter release following
seizure could explain the decrease in the amplitude of
EPSPs only for a short period of time during the postic-
tal depression, but not for longer time intervals, of tens of
minutes, as reported in the present study.

To sum up, the present study reports a long-lasting re-
duction of EPSP amplitudes following acute seizures, and
a summation of successive EPSP depressions that may be
some of the factors responsible for the postictal behav-
ioral disturbances and cognitive deficits observed in pa-
tients with epilepsy (Binnie, 2003; Motamedi & Meador,
2003).
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