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We investigated the effects of repeated early-life seizures induced by flurothyl inhalation on intrinsic membrane prop-
erties of hippocampal pyramidal neurons from young rats (postnatal day 15–20). Intracellular recordings of CA1 and
CA3 pyramidal neurons from flurothyl-treated and control rats revealed no significant differences in resting membrane
potential, input resistance, membrane time constant, and action potential characteristics. In CA1 pyramidal cells from
flurothyl-treated rats, the spike frequency adaptation and afterhyperpolarizing potential following a spike train were
markedly reduced when compared with controls. In contrast, no significant alterations in the firing properties of CA3
pyramidal neurons were found. It is concluded that neonatal seizures lead to persistent changes in intrinsic membrane
properties of CA1 pyramidal neurons. These alterations are consistent with an increase in neuronal excitability and may
contribute to the behavioral deficit and epileptogenic predisposition observed in rats that experienced repeated neonatal
seizures.
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Both clinical and experimental studies have emphasized
the age dependency of epilepsy with regard to the sei-
zure susceptibility. Thus, the incidence of seizures is
highest during the first years of life in humans,1–3 and
animal studies have demonstrated periods of increase
or decrease in seizure susceptibility during develop-
ment.4–6 However, there are controversies regarding
the consequences of seizures in the developing brain.7–9

From clinical studies, there are suggestions that seizures
occurring during childhood are detrimental in terms of
cognitive performances10,11 and lead to morphological
alterations in the brain.12,13 However, animal studies
show that the brain sensitivity to the deleterious effects
of seizures may change with age, with fewer behavioral
alterations and less brain damage in immature brains
than in adults.14–17

The clinical situation is complicated by the difficul-
ties distinguishing the deleterious effects caused by the
seizures18 themselves from the developmental distur-
bances that caused the seizures and from the potential
direct effects of the antiepileptic medications.19 Such
variables do not occur in animal studies, suggesting
that seizures in the developing brain are not associated
with significant pathological changes. A further expla-
nation for the discrepancy between clinical and exper-

imental issues may arise from the type of seizures in-
duced in animal models when compared with the
clinical situation. Thus, most animal models are char-
acterized by a single and prolonged status epilepticus,
whereas children often experience briefer but recurrent
seizures. In addition to the type of seizures, the relation
of seizure activity to postnatal development must also
be considered. Correlative ontogenic studies have pro-
posed that the cerebral cortex of 7- to 10-postnatal-
day-old rats is functionally comparable to that of full-
term newborn human.20–22

In the present study, we used flurothyl (2,2,2-
trifluoroethyl ether), a volatile inhalant that leads to
brief and stereotyped seizures in neonatal rats.23,24 To
mimic the clinical situation, seizures were repetitively
induced during the first or second week of postnatal
life, corresponding to the late fetal and immediate
postnatal stages of development in human. With this
model, we have previously shown that repeated early-
life seizures lead to several behavioral and morpholog-
ical alterations.25 These alterations included a de-
creased performance in learning test, a greater number
of dentate granule cells, a sprouting of hippocampal
mossy fibers, and a lowered seizure threshold. This last
in vivo observation suggests that repeated seizures early

From *INMED, INSERMU29, Marseille, France, and †Center for
Research in Pediatric Epilepsy, Children’s Hospital, Department of
Neurology, Harvard Medical School, Boston, MA.

Received Aug 5, 1999, and in revised form Dec 2, 1999, and Jan
18, 2000. Accepted for publication Jan 21, 2000.

Address correspondence to Dr Gaiarsa, INMED, INSERM U29,
Avenue de Luminy, BP 13, 13273 Marseille Cedex 09, France.

Copyright © 2000 by the American Neurological Association 729



in life cause a long-lasting increase in excitability. In
the present study, individual neurons were intracellu-
larly recorded in slices to investigate the consequences
of recurrent early-life seizures on the intrinsic mem-
brane properties of hippocampal pyramidal neurons.
We report that repeated seizures early in life lead to a
consistent reduction in spike frequency adaptation
(SFA) and afterhyperpolarizing potential (AHP) follow-
ing a train of action potentials in CA1 pyramidal neu-
rons. In contrast, neonatal seizures have no effect on
the intrinsic properties of CA3 pyramidal neurons. The
functional and pathological consequences of such alter-
ations in the firing properties of CA1 pyramidal neu-
rons are discussed.

Methods
Experiments were performed on a total of 20 male Wistar
rats treated in accordance with the guidelines set by the Na-
tional Institutes of Health and Institut National de la Santé et
de la Recherche Médicale for the human treatment of animals.

Flurothyl Treatment
Each rat was placed into a plastic box (380 ml). Liquid flu-
rothyl (2,2,2-trifluoroethyl ether) was delivered through a sy-
ringe onto a filter pad in the center of the chamber, where it
evaporated. The rats remained in the plastic box until they
developed tonic extension of forelimbs and hindlimbs. They
were then removed from the chamber and recovered before
being returned to their dam. Animals were housed with their
litter until postnatal day (P) 15 to 20. At that stage they
were killed for electrophysiological recordings. Two groups
of experimental rats were prepared. The two groups received
five seizures per day for 5 days with a minimum of 2 hours
between seizures. The treatment started at P0 (the day of
birth) for the first group and at P6 for the second group.
Control rats were placed in the chamber for the same time
period but were not exposed to flurothyl. No evidence of
hypoxia was observed with control rats, demonstrating that
the oxygen content in the chamber was sufficient.

The behavioral manifestations of flurothyl-induced sei-
zures have been described previously.24–26 Briefly, the sei-
zures were quite stereotyped and consisted of head bobbing
that started 10 to 15 seconds after the beginning of the flu-
rothyl exposure followed by swimming movements and loss
of posture. This phase was followed by a severe tonic pos-
turing with both forelimbs and hindlimbs extended. Urinary
and fecal incontinence were usually observed. The rats com-
pletely recovered to baseline behavior within 10 to 15 min-
utes. The behavioral features of the seizures were age depen-
dent. From P0 to P3, the onset of the tonic phase was faster
and a mild cyanosis was noted. After P6, the rats experienced
a short tonic phase without significant cyanosis.

Hippocampal Slice Preparation
Experiments were performed on hippocampal slices obtained
from P15–P20 control and flurothyl-treated rats. A total of 7
P0–P5 flurothyl-treated rats and 7 P6–P10 flurothyl-treated
rats were used. To keep the interval between flurothyl treat-
ment and electrophysiological experiments the same (ie, 10

days), slices from 5 P0–P5 treated rats were prepared at
P15–P16, and slices from 5 P6–P10 treated rats were pre-
pared at P19–P20. The remaining treated rats were killed at
P18. Brains were removed under ether anesthesia and sub-
merged in cold (0°C) artificial cerebrospinal fluid (ACSF) of
the following composition: NaCl 126 mM, KCl 3.5 mM,
CaCl2 1.3 mM, MgCl2 1.3 mM, NaH2PO4 1.2 mM,
NaHCO3 25 mM, and glucose 11 mM, with pH 7.4 when
equilibrated with 95% O2/5% CO2. Hippocampal slices
(600 mm thick) were cut with a McIlwain tissue chopper,
incubated for at least 1 hour in ACSF at room temperature
(20–23°C), and transferred individually in a submerged re-
cording chamber superfused with ACSF (2.5–3.0 ml/min,
34°C).

Intracellular Recordings, Data Measurement,
and Analysis
Intracellular recording of pyramidal neurons were obtained
using a sharp pipette filled with KCl (3M, 50–60 MV). Cur-
rent clamp recordings were performed using an Axoclamp-2A
amplifier (Axon Instruments). Intrinsic membrane properties
were determined at the resting membrane potential of the cells
in the presence of ionotropic glutamate and GABAA receptor
antagonists (6-cyano-7-nitro-quinoxaline-2,3-dione [CNQX],
D(2)2-amino-5-phosphonovaleric acid [D-AP5], bicuculline;
Tocris). Data were stored on a personal computer and ana-
lyzed off-line with Acquis software (G. Sadoc, Paris, France).

To measure passive membrane properties, square negative
current pulses (800 msec duration) of increasing intensity
(0.1–0.5 nA) were applied to the recorded cells. The input
resistance (RIN) was provided by the slope of the linear re-
gression line of the steady-state voltage versus current ampli-
tude plot. The membrane time constant (tM) was deter-
mined by the exponential function fitting of the charging
curve produced by application of square negative current
pulses. SFA was determined by injecting cells with square
positive current pulses (800 msec duration). SFA time con-
stant (tSFA) was taken as the slope of the linear regression
line fitted from the plot of the natural logarithm of the in-
stantaneous firing frequency versus action potential latency
(time from the onset of current injection) plot.27 The am-
plitude of burst AHP evoked by the application of square
depolarizing current pulses of 200 msec duration was mea-
sured at the peak.

Data are expressed as means 6 SEM. Statistical analysis of
the mean data was performed using Student’s unpaired two-
tailed t test. The x2 test was used to compare the percentage
of CA1 pyramidal neurons that exhibit an active afterdepo-
larizing potential (ADP). The level of significance was arbi-
trarily chosen to be p , 0.05.

Results
Seven rats treated between P0 and P5, 7 rats were
treated between P6 and P10, and 6 control rats were
used in this study. A maximum of two slices per rat
was used, and only one CA1 and one CA3 pyramidal
neurons were recorded per slice. During the recording
sessions, no spontaneous epileptiform discharges were
observed in control ACSF. Intracellular recordings
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from 37 CA1 and 28 CA3 pyramidal cells from con-
trol and flurothyl-treated rats, in the presence of iono-
tropic glutamate and GABAA receptor antagonists, re-
vealed no statistical differences in resting membrane
potential, input resistance, and membrane time con-
stant (Tables 1 and 2).

Neonatal Flurothyl-Induced Seizures Have No Effect
on Action Potential Characteristics of CA1
Pyramidal Cells
A single action potential was evoked by injection of a
short positive current pulse of increasing intensity
(0.1–0.5 nA). No significant differences in action po-
tential amplitude, duration, or threshold were found
between control and flurothyl-treated cells (see Table
1). Two types of ADPs were observed following a sin-
gle spike28: a passive ADP defined as a monotonic re-
polarization from the peak of the fast AHP to baseline
(Fig 1A), and an active ADP defined as a redepolariza-
tion from the fast AHP followed by a slow repolariza-
tion to baseline (see Fig 1B). In control tissue, a passive
ADP that decline with an average time constant of
15.8 6 2.3 msec was observed in 9 of 12 CA1 pyra-
midal cells (see Fig 1A). In the 3 remaining cells, an
active ADP of 9 6 2 mV from resting potential lasting
60 6 4.5 msec was observed (see Fig 1E and F). Fol-
lowing neonatal treatment with flurothyl, the propor-
tion of cells that exhibited an active ADP did not differ
significantly from controls. An active ADP was ob-
served in 5 of 12 and 6 of 13 CA1 pyramidal cells
from, respectively, P0–P5 and P6–P10 (p 5 0.66 and
p 5 0.49, x2 analysis) flurothyl-treated rats (see Fig 1B
and D). The mean values of amplitude and duration of
the active ADP were not affected either by neonatal
seizures (see Table 1 and Fig 1E and F). On average
the amplitude and duration of the active ADP was
10 6 2 mV (p 5 0.8) and 45 6 5 msec (p 5 0.11)
in P0–P5 flurothyl-treated cells and 12 6 3 mV (p 5

0.45) and 52 6 7 msec (p 5 0.44) in P6–P10
flurothyl-treated cells. In the remaining cells, individual
action potentials were followed by a passive ADP with
an average time constant of 15 6 1.7 msec (n 5 7;
p 5 0.9) and 17.8 6 3.2 msec (n 5 7; p 5 0.8) in
P0–P5 and P6–P10 flurothyl-treated cells, respectively.
In 1 P0–P5 and 3 P6–P10 flurothyl-treated cells in
which an active ADP was observed, the amplitude
reached the threshold to trigger a second action poten-
tial (see Fig 1C). In control cells a single action poten-
tial was always observed.

Spike Frequency Adaptation in CA1 Pyramidal
Neurons Is Reduced following Neonatal Seizures
In control tissue, one-third of CA1 pyramidal cells (4/
12) responded to positive current pulses (800 msec;
0.2–0.6 nA) with a rapid action potential discharge
followed by a period of silence (not shown). In the
remaining neurons (n 5 8), spike firing with a marked
adaptation was maintained for the duration of the cur-
rent injection (Fig 2A). In flurothyl-treated rats, the
relative proportion of neurons in which positive pulse
led to rapid spike firing followed by a period of silence
was similar to control tissue (4/12 neurons and 3/13
neurons from P0–P5 and P6–P10 flurothyl-treated
rats, respectively). However, in contrast to controls, the
remaining flurothyl-treated CA1 pyramidal cells exhib-
ited a continuous discharge during current injection
with no (see Fig 2B and D) or very little further (see
Fig 2C and D) adaptation.

To quantify the SFA, tSFA was measured for each
cells (see Methods) in response to a 0.5-nA positive
current pulse. tSFA was consistently longer in flurothyl-
treated cells than in control cells (see Fig 2E and Table
1). On average, the tSFA was 59 6 9 msec in controls
(n 5 12), 118 6 29 msec in P0–P5 flurothyl-treated
cells (n 5 12; p 5 0.037 vs controls), and 157.7 6 26
msec in P6–P10 flurothyl-treated rats (n 5 13; p 5

Table 1. Intrinsic Neuronal Properties of CA1 Pyramidal Cells in Control and Flurothyl-Treated Rats

Control P0–P5 Flurothyl-Treated P6–P10 Flurothyl-Treated

No. of cells 12 12 13
RMP (mV) 265.3 6 1.7 266.2 6 1.9 264.3 6 1.6
RIN (MV) 47.9 6 3.9 42.4 6 4.3 46 6 2.3
tM (msec) 12 6 0.88 13.8 6 0.9 13 6 1
AP amplitude (mV) 82.3 6 3 87.1 6 2.7 85.6 6 2.5
AP half amplitude duration (ms) 1.13 6 0.049 1.15 6 0.057 1.01 6 0.034
AP threshold (mV) 258.1 6 0.94 259.2 6 1 258 6 1.4
tSFA (msec) 59 6 9 118 6 29a 157.5 6 26a

Active ADP amplitude (mV) 9 6 2 10 6 2 12 6 3
Active ADP duration (msec) 60 6 4.5 45 6 5 52 6 7

Values are means 6 SEM.
ap , 0.05.

P 5 postnatal day; RMP 5 resting membrane potential; RIN 5 neuronal input resistance; tM 5 membrane time constant; AP 5 action
potential; tSFA 5 spike frequency adaptation time constant; ADP 5 afterdepolarizing potential.
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0.028 vs controls and p 5 0.36 vs P0–P5 flurothyl-
treated cells). As a result of decreased SFA, the number
of action potentials generated by a positive current in-
jection was significantly higher in flurothyl-treated cells
(see Fig 2F). On average, a square positive current in-

jection of 0.5 nA generates 10 6 1 action potentials in
control cells (n 5 12), 17 6 3 action potentials in
P0–P5 flurothyl-treated cells (n 5 12; p 5 0.008),
and 16 6 1 action potentials in P6–P10 flurothyl-
treated cells (n 5 13; p 5 0.02). To further quantify

Table 2. Intrinsic Neuronal Properties of CA3 Pyramidal Cells in Control and Flurothyl-Treated Rats

Control P0–P5 Flurothyl-Treated P6–P10 Flurothyl-Treated

No. of cells 10 9 9
RMP (mV) 267.5 6 2 266.1 6 2.4 265.6 6 2.5
RIN (MV) 62.1 6 8 55 6 9 59 6 8
tM (msec) 22.6 6 3.4 21 6 5.4 18.7 6 3.1
AP amplitude (mV) 78.5 6 3.7 84.1 6 3.3 82.5 6 3
AP half amplitude duration (msec) 1.19 6 0.16 0.98 6 0.059 0.9 6 0.035
AP threshold (mV) 254.3 6 2.1 253.5 6 6 255.7 6 2.7
tSFA (msec) 42.2 6 7 30.5 6 8 40 6 7
Active ADP amplitude (mV) 11 6 1 12 6 5 9 6 3
Active ADP duration (msec) 60 6 6 70 6 8 53 6 10

Values are means 6 SEM.

P 5 postnatal day; RMP 5 resting membrane potential; RIN 5 neuronal input resistance; tM 5 membrane time constant; AP 5 action
potential; tSFA 5 spike frequency adaptation time constant; ADP 5 afterdepolarizing potential.

Fig 1. Spike afterdepolarization in CA1 pyra-
midal cells following neonatal seizures. (A–C)
Records obtained from a control (A) and a
postnatal day (P) 0 to 5 (P0–P5) flurothyl-
treated (B and C) cell. In A and B, a single
spike was evoked by injecting a brief positive
current pulse. In C, the cell fired two spikes.
Afterdepolarizing potentials (ADPs) are shown
on a expanded voltage scale in the upper pan-
els. (D–F) Pooled data from 12 control cells,
12 P0–P5 flurothyl treated cells, and 13
P6–P10 flurothyl-treated cells, depicting the
percentage of cell with an active ADP (D),
the mean amplitude (E), and duration (F) of
the active ADP.
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SFA, we measured the mean firing frequency during a
100-msec time window at the onset of the depolarizing
pulses (Fig 3B) and at 350 msec (see Fig 3C) and 700
msec (see Fig 3D) from the onset of the depolarizing
pulses (see Fig 3A). As illustrated in Figure 3B and C,
the early and medium mean firing frequency in
flurothyl-treated cells did not differ significantly from
controls except at some current intensity. A significant
difference between flurothyl-treated and control cells
appeared when comparing the late mean firing fre-
quency (see Fig 3D).

Burst AHP in CA1 Pyramidal Neurons Is Reduced
following Neonatal Seizures
AHP following a spike train was examined by injection
with positive current pulses (200 msec) of increasing
intensity (0.2–0.6 nA). AHP was reduced in flurothyl-

treated CA1 pyramidal cells when compared with con-
trols (Fig 4A and B). In control cells, the peak ampli-
tude of the AHPs increases as a function of the
number of action potentials, reaching a maximal value
of 7.8 6 1 mV (n 5 12) in responses to about 10 or
11 action potentials (see Fig 4C). In CA1 pyramidal
neurons obtained from flurothyl-treated rats, the am-
plitude of AHPs also increased as a function of the
number of action potentials (see Fig 4C), but the max-
imal AHP amplitude was reduced to 63 and 61% of
control values in P0–P5 and P6–P10 flurothyl-treated
cells, respectively. On average, the AHP amplitude in
responses to 10 or 11 action potentials was 4.9 6 1
mV in P0–P5 flurothyl-treated cells (n 5 12; p 5
0.0017 vs controls) and 4.7 6 1 mV in P6–P10
flurothyl-treated cells (n 5 13; p 5 0.001 vs controls
and p 5 0.4 vs P0–P5 flurothyl-treated cells).

Fig 2. Spike frequency adaptation (SFA) is reduced in CA1 pyramidal neurons following neonatal seizures. (A–C) Response of con-
trol (A), postnatal day (P) 0 to 5 (P0–P5) flurothyl-treated (B), and P6–P10 flurothyl-treated (C) CA1 pyramidal cells to positive
current pulses of 0.3 nA (upper row) and 0.5 nA (lower row). (D) Plot of the natural logarithm (ln) of the firing frequency versus
action potential (AP) latency obtained from the cells depicted in A, B, and C in response to a 0.5-nA depolarizing pulse. (E and
F) Pooled data from 12 control cells, 12 P0–P5 flurothyl-treated cells, and 13 P6–P10 flurothyl-treated cells, depicting the mean
value of the SFA time constant (tSFA; E) and the mean number of APs (F) in response to a 0.5-nA depolarizing pulse. *p , 0.05.
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Neonatal Flurothyl-Induced Seizures Have No Effect
on Electrophysiological Features of CA3
Pyramidal Cells
No significant differences in action potential ampli-
tude, duration, or threshold were found between con-
trol and flurothyl-treated cells (see Table 2). The rela-
tive proportion of cells that exhibited an active ADP in
flurothyl-treated rats was not different from that of
controls. Thus, in 50% (5/10) of the recorded cells, a
single action potential was followed by an active ADP
of 11.5 6 1 mV amplitude and 60 6 6 msec duration
(n 5 5). In the 5 remaining cells, a single action po-
tential was followed by a passive ADP. An active ADP
was observed in 5 of 9 P0–P5 flurothyl-treated cells
and in 4 of 9 P6–P10 flurothyl-treated cells. The mean
amplitude and duration of the active ADP were, re-
spectively, 12 6 5 mV (p 5 0.9) and 70 6 8 msec
(p 5 0.4) in P0–P5 flurothyl-treated cells and 9 6 3

mV (p 5 0.4) and 53 6 10 msec (p 5 0.2) in P6–
P10 flurothyl-treated cells.

We also investigated the effects of neonatal flurothyl
treatment on SFA and AHP in CA3 pyramidal neu-
rons. Both control and flurothyl-treated CA3 pyrami-
dal cells responded to a positive current injection by a
burst of action potentials followed by a period of si-
lence (Fig 5A). No significant differences in tSFA and
AHP were observed between the control and flurothyl-
treated CA3 pyramidal cells (see Table 2). On average,
the tSFA was 42.2 6 7 msec in control cells (n 5 12),
30.5 6 8 msec in P0–P5 flurothyl-treated cells (n 5
12; p 5 0.08), and 40 6 7 msec in P6–P10 flurothyl-
treated rats (n 5 13; p 5 0.25). In both control and
flurothyl-treated CA3 pyramidal cells, the AHP ampli-
tude increased as a function of the number of action
potentials, reaching a value of 14 6 0.8 mV, 13 6 1.7
mV, and 13 6 0.8 mV for 10 or 11 action potentials

Fig 3. Spike frequency adaptation is reduced in CA1 pyramidal neurons following neonatal seizures. (A) Reference points used to
measure the early, medium, and late mean firing frequency in response to the application of a positive current pulse. (B–D) Pooled
data depicting the mean early (B), medium (C), and late (D) firing frequency obtained from 12 control cells, 12 postnatal day (P)
0 to 5 (P0–P5) flurothyl-treated cells, and 13 P6–P10 flurothyl-treated CA1 pyramidal cells in response to positive depolarizing
pulses of increasing intensity. *p , 0.05.
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in control (n 5 10), P0–P5 flurothyl-treated (n 5 9;
p 5 0.9), and P6–P10 flurothyl-treated (n 5 9; p 5
0.8) CA3 pyramidal cells, respectively (see Fig 5B
and C).

Discussion
The present data demonstrated significant alterations
in the firing properties of hippocampal CA1 pyramidal
neurons from rats that experienced repeated seizures
early in life. Specifically, we have shown that the CA1
pyramidal neurons from flurothyl-treated rats show a
marked reduction in SFA and amplitude of AHP fol-
lowing a spike train. In contrast, the intrinsic proper-
ties of CA3 pyramidal neurons were not affected by the
repeated neonatal seizures.

Neonatal Seizures Lead to Persistent Changes in the
Firing Properties of CA1 Pyramidal Neurons
The alterations in the firing properties of CA1 pyrami-
dal neurons are likely due to the seizures induced early
in postnatal life since (1) the standard passive mem-
brane properties of CA1 pyramidal neurons did not
differ from those of controls, indicating that cell injury
did not contribute to the observed differences, and (2)
the changes were observed 10 days after the end of the

treatment, when flurothyl was no longer present. A hy-
pothesis that cannot be completely excluded is that the
alterations observed in P0–P5 flurothyl-treated cells
may result from hypoxia/ischemia since mild cyanosis
was observed from P0 to P3 during the seizures. This
appears unlikely, however, because no signs of hypoxia
were noted during seizures induced from P5 to P10,
when alterations in neuronal firing properties were
similar to those of P0–P5 treated cells.

The mechanisms underlying the persistent changes
in the firing properties of CA1 pyramidal neurons re-
quire further study. However, the fact that the late
phase of AHP and SFA were affected suggests common
mechanisms. Thus, both are mediated by a voltage-
sensitive M (muscarine-sensitive) potassium current and
a calcium-activated potassium current,29 and drugs that
reduce these currents have been shown to decrease SFA
and AHP.29–32 Therefore, the reduction of AHP and
SFA observed in flurothyl-treated CA1 pyramidal cells
could be accounted for by a loss in the functionality of
one or both of these potassium currents. Only these
potassium currents are affected, however, as suggested
by the fact that neither the resting membrane potential
nor the action potential duration or early SFA was
affected.

Fig 4. The afterhyperpolarizing potential (AHP) is reduced in CA1 pyramidal cells following neonatal seizures. (A) For each cell, a
train of action potential was evoked by injecting a positive current pulse. (B) The AHP is depicted at an expanded voltage scale.
(C) Pooled data obtained from 12 control cells, 12 postnatal day (P) 0 to 5 (P0–P5) flurothyl-treated cells, and 13 P6–P10
flurothyl-treated CA1 pyramidal cells depicting the mean AHP amplitude versus the number of action potentials triggered by the
injection of positive current pulse. *p , 0.05.
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Whatever the exact mechanisms leading to persistent
changes in the firing properties of CA1 pyramidal neu-
rons, they do not depend on the developmental stages
at which the seizures were induced. Thus, we did not
find significant differences whether the rats were
treated during the first or the second postnatal week.
In addition, similar alterations have been reported in
CA1 pyramidal cells following kainate-treatment in
adult rats,33 an experimental model of human temporal
lobe epilepsy. Our results have also shown that only
CA1 pyramidal neurons were affected by neonatal sei-
zures. Similar to our results, no significant alterations
in the firing properties of CA3 pyramidal neurons have
been observed in hippocampal slices from adult rats
that experienced tetanus toxin–induced seizures as
pups.34 The reason for the difference between CA1
and CA3 pyramidal neurons is not known, but it may
be related to differences in the type or density of po-
tassium channels, as suggested by the different patterns
of action potentials discharge generated by these two
types of cells.

Single versus Prolonged Seizures: Effect on the
Developing Brain
In an attempt to determine the effects of early-life sei-
zures on developing brain, earlier studies have used pi-
locarpine or kainate as a model of status epilepticus. It
appears that, even though the electrophysiological and
behavioral manifestations of seizures are more severe in

pups than in adult rats,14 a single and prolonged sei-
zure fails to produce any detectable histological chang-
es35–37 or even to alter seizure susceptibility in adult-
hood.36,38 In contrast, results obtained from kindling
model have shown that young animals subjected to re-
current seizures have a lower seizure threshold in adult-
hood.39,40 Similarly, several other models of early-onset
epilepsy have clearly demonstrated that recurrent seizures
early in life can lead to transient histological alteration41

as well as persistent abnormalities in hippocampal neu-
ronal circuit. Thus, neonatal hyperthermia-induced sei-
zures have been reported to cause a selective increase in
inhibitory synaptic transmission in adulthood,42 and rats
pups that experienced hypoxia-induced seizures have a
lowered seizure threshold.43,44 Taken together with our
findings, it is becoming clear that brief recurrent seizures
during early development can alter the neurophysiology
of hippocampal neurons.

Physiological and Pathological Consequences of
Early-Life Seizures
Our study provides evidence that despite the lack of
cell loss,25 repeated early-life seizures result in physio-
logical changes that in all cases promote hyperexcitabil-
ity. These changes may, at least in part, underlie sei-
zure predisposition observed in vivo.25 Thus, while
epilepsy is a network phenomenon, the firing proper-
ties of the neuronal constituents can affect the overall
behavior of the network. For instance, intrinsically

Fig 5. Lack of effect of neonatal seizures on the intrinsic properties of CA3 pyramidal cells. (A) Each cell fired a burst of action
potentials in response to a positive current injection (0.5 nA). (B) Afterhyperpolarizing potentials (AHPs) evoked by a burst of four
action potentials in response of a positive current injection. (C) Pooled data depicting the mean AHP amplitude versus the number
of action potentials evoked by the application of positive current pulses obtained from 10 control cells, 9 postnatal day (P) 0 to 5
(P0–P5) flurothyl-treated cells, and 9 P6–P10 flurothyl-treated CA3 pyramidal cells.
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burst-firing pyramidal cells located in the neocortical
layer 5 play a key role in the generation of spontaneous
cortical network–driven oscillations observed under
free-magnesium conditions.45 The modifications in the
firing properties of CA1 pyramidal neurons may also
alter the neuronal outputs from the CA1 hippocampal
area and as a result may affect the behavior related to
hippocampal function. The finding that flurothyl-
treated rats demonstrated impairment in the water
maze test is in agreement with this hypothesis.

An important issue concerns the relevance of the
present observations to the human situation. The ex-
trapolation and comparison of the results from rodents
to children is complex at least in part because the cor-
relation of developmental stages is approximate. In ad-
dition, the etiology, the type and number of seizures,
and the antiepileptic medications have to be taken into
account in humans. However, there are indications
that recurrent seizures early in life can have detrimental
effects on subsequent learning and behavior.10,11 While
it is speculative to suggest that changes in SFA and
AHP are responsible for seizure-induced changes in
cognition and seizure susceptibility in humans, our
study does demonstrate that the hippocampus network
can be significantly altered by seizures that fail to result
in any discernible cell loss.

Conclusion
In summary, we have found that recurrent, brief, early-
life seizures result in significant changes in membrane
properties of CA1 pyramidal cells. Our findings dem-
onstrate that while neonatal seizures may not result in
any significant cell loss, lasting changes in firing pat-
terns of hippocampal neurons can be altered for weeks
after the last seizure. These alterations in firing patterns
may play a role in the altered seizure susceptibility and
cognitive impairment that occurs following a series of
seizures during early development.

This work was supported by the Institut National de la Santé et de
la Recherche Médicale and the National Institutes of Health (grant
NS27984) and grants to Dr Holmes from NMINDS (NS27984).
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