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Summary: Purpose: Whether febrile seizures have detrimen-
tal consequences on the brain is still controversial. We hypothe-
sized that neuronal inhibition in the hippocampus is altered after
hyperthermia-induced seizures in immature rats.

Methods: Rats were given a single seizure by a heat lamp on
postnatal day (PND) 15, or repeated seizures by heated air on
PND 13 to 15. Fourteen or 30 days after the seizure(s), lami-
nar field potentials were recorded by 16-channel silicon probes
in CA1 and the dentate gyrus (DG), in response to the paired-
pulse stimulation of the CA3 and medial perforant path, and ana-
lyzed as current source density. γ -Aminobutyric acid (GABA)B-
receptor antagonist CGP35348 was injected intracerebroventric-
ularly (icv).

Results: At 14 but not at 30 days after a single or after repeated
hyperthermia-induced seizures, paired-pulse facilitation (PPF)
of the CA1 population spikes at 100 to 200 ms interpulse inter-

vals (IPIs) was significantly increased in seizure as compared
with control rats, irrespective of the types of induced seizures.
CGP35348 icv also resulted in PPF at 100 to 200 ms IPIs in CA1
of control rats, but CGP35348 had no effect on PPF in seizure
rats. At 30 days after repeated seizures, paired-pulse inhibition
in the DG was significantly increased at 30-ms IPI, and PPF
was increased at 200-ms IPI. CGP35348 increased paired-pulse
inhibition in the DG in repeated-seizure rats but not in control
rats.

Conclusions:We conclude that hyperthermia-induced seizures
in immature rats induced a decrease of GABAB receptor–
mediated inhibition in CA1 and DG that lasted ≥14 to 30
days after hyperthermic seizure(s). Key Words: Hyperther-
mic seizure—CA1—Dentate gyrus—Paired-pulse inhibition—
Population spikes—GABAB receptors—CGP35348.

Febrile seizures (FSs) are the most common type of
seizure in children between 3 months and 6 years of age.
However, the consequences of FSs on developing or adult
brains are not completely understood. It has been pro-
posed that complex FSs are among the risk factors in hu-
man temporal lobe epilepsy and temporal lobe sclerosis
(1). Furthermore, some evidence from magnetic resonance
imaging (MRI) studies has demonstrated focal hippocam-
pal atrophy after prolonged FSs in some children (2,3)
and abnormal T2 signal enhancement in limbic structures
in the rat FS model (4).

We have shown an alteration of hippocampal excitabil-
ity during hyperthermia (5). Hyperthermia (brain temper-
ature >38.5

◦
C) in urethane-anesthetized rats induced a

loss of inhibition in hippocampal CA1 area in immature
or adult rats. In contrast, hyperthermia increased inhibition
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in the dentate gyrus (DG) in the adult but not immature
rats under urethane anesthesia (5). Hyperthermia also in-
duced epileptiform activities and spreading depression in
brain slices in vitro, with stronger effects on immature as
compared with adult brain slices (6,7).

The long-term changes after hyperthermic seizures
remain unclear. Prolonged or repeated hyperthermic
seizures increased seizure susceptibility in adult rats (8,9)
and induced long-term changes in behavior (10). Contrary
to other seizure models that show reduced γ -aminobutyric
acid (GABA)ergic inhibition (11), a prolonged hyperther-
mic seizure was reported to increase GABAA receptor–
mediated inhibitory postsynaptic potentials in hippocam-
pal CA1 neurons in vitro (12), and abnormal activation of
intrinsic Ih channels at hyperpolarized voltage was pro-
posed to be the cause of increased neuronal excitability
(13). Long-term increased excitability in the developing
brain was reported in recurrent seizure models in imma-
ture rats (14).

We hypothesize that neuronal inhibition in the hip-
pocampus is altered after hyperthermic seizures in im-
mature rats. Neuronal inhibition was assessed by paired-
pulse responses in anesthetized rats in vivo, at 11 to 40 days
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after hyperthermic seizures. Early (<100 ms) paired-pulse
inhibition (PPI) of the population spikes is mediated by
GABAA receptors (15–17), whereas the late (>100 ms)
PPI is mediated by GABAB receptors (18, 19). Pharmaco-
logic blockade of either GABAA (11) or GABAB receptor
function (20,21) induced seizures. We are not aware of any
study of excitatory or inhibitory synaptic transmission in
vivo after hyperthermia-induced seizures.

MATERIALS AND METHODS

Subjects
Procedures were approved by the Animal Use Com-

mittee at the University of Western Ontario. Litters of
Long-Evan immature rats, aged 10 days with the dam,
were obtained from Charles River, Quebec, Canada. Pups
were housed with their mother until weaning at postnatal
day (PND) 21. Animals had free access to food and wa-
ter ad libitum, and maintained on a 12-h light/12-h dark
schedule.

Hyperthermia-induced seizures
Hyperthermic seizures were induced from rats of PND

13–15. The rat’s brain at ∼PND 14 was considered equiv-
alent in development to a human brain of several months
to 2–3 years of age (22,23). Two procedures were used
to induce seizures: (a) a single hyperthermic seizure was
given by a heat lamp on PND 15, and (b) repeated hy-
perthermic seizures were induced by heated air from a
hair dryer on PND 13 to 15. Siblings of the seizure rats
were used as controls, and they were placed in a cham-
ber at room temperature. Duration of separation of a pup
from its mother was similar in control and seizure rats.
In another control group (“hyperthermia control” group),
pups were injected with sodium pentobarbital (PTB; 30
mg/kg, i.p.) before heating with a heat lamp until the core
temperature reached 41 to 43

◦
C. No behavioral seizure

was observed during hyperthermia in the “hyperthermia
control” group.

In the lamp single-seizure treatment, an infrared heat
lamp (660 watts) was held∼16 cm above the rat in a 20.5×
20.5 × 22-cm plastic container, with the floor covered with
non–heat-absorbing styrofoam. Immature rats reached a
body temperature of 41 to 43

◦
C in 5.8 ± 0.5 min when

generalized convulsions were observed. The temperature
of air within the container was checked every 30 s, and the
body temperature of the rat was measured every 2 min by
using an ear thermoprobe. The ear thermoprobe was ad-
justed to read the same as the rectal temperature. After the
onset of a convulsive seizure, pups were cooled by placing
them on a cold surface (a plastic bag containing ice) until
they were responsive, and then transferring them under
room temperature until their core temperature returned to
baseline. The pups were observed until they could walk
voluntarily, and then they were returned to their home cage
and rehydrated with saline injections.

In the heated-air repeated-seizure treatment, a hair dryer
at moderate heat setting (500 watts) was used to blow
hot air down from the top of a 3-L glass container, ∼50
cm above a rat (24). The bottom of the container sat in
a water bath maintained at 37

◦
C, to prevent overheating

(10). The ear temperature of the pups was measured before
heating, at 2-min intervals during heating, and at the onset
of a seizure. The behavior was monitored and recorded
by a video camera. After ≥10 min of behavioral seizures
or at a high core body temperature (40–43

◦
C), the pups

were placed on a cool surface until they recovered. The
duration of heating for each session was 21.20 ± 1.29
min. Hyperthermic seizures were induced at an interval of
4 h, three per day, starting at PND 13, for 3 consecutive
days and a total of nine seizures (10). No hyperthermia
control group was included for repeated seizures, because
this would involve prolonged sedation by pentobarbital
for ≥12 hours each day for 3 days. Other studies indicated
that hyperthermia per se did not result in neuronal injury
or change in neuronal inhibition (9,12,25).

A separate group of pups at PND 13 (n = 8) were im-
planted for electrical seizure detection. Under PTB anes-
thesia (30–35 mg/kg, i.p.), holes were drilled in the skull
for placing electrodes in the dorsal hippocampus at P (pos-
terior to bregma) 3.0 mm, L (lateral from midline) 2.1
mm, V (ventral from the skull surface) 3.0 mm, basolat-
eral amygdala (P 1.8, L 3.7, V 8.0), parietal cortex (P 3.0,
L 2.1, V 1.3), frontal cortex (P 0.0, L 0.2, V 1.3), and vi-
sual cortex (P 5.0, L 2.8, V 1.3) (26). Each electrode was a
Teflon-insulated wire of 125 μm soldered to a connector
pin, and the pins were embedded in dental cement and
secured to screws in the skull. Two days later, EEG was
recorded on a polygraph (Grass 7D).

Electrophysiological recordings and data analysis
Hippocampal electrophysiology was studied at two

time periods after hyperthermic or control treatment: 11–
18 days (called 14 days for short) or 28–40 days (called
30 days). Rats were anesthetized with urethane (1.2 g/kg,
i.p.), and atropine methyl nitrate (0.12–0.17 mg/kg, i.p.)
was injected to prevent fluid accumulation in the airway.
Rats were then placed in a stereotaxic frame with appro-
priate ear bars. Stimulation of CA3 stratum radiatum [P
2.8–3.2, L 3.0–3.2, V 3.0–3.2 by using Paxinos and Wat-
son’s atlas (27)] was used to orthodromically activate the
apical dendritic synapses of CA1 through the Schaffer
collaterals (28). Stimulation of the medial perforant path
(MPP) at P 7–8, L 4.4, and V 2.8–3.2 mm orthodromically
excited the DG (29).

Laminar profiles of evoked field potentials in the hip-
pocampus were recorded simultaneously by a silicon
probe (28), placed at P 3.2–3.8, L 2.2–2.6. The silicon
probe, fabricated by the NIH Center for Communications
Technology at the University of Michigan, consisted of 16
electrodes located 50 μm apart on a vertical shank. Thus
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the probe recorded field potentials over a depth of 750
μm, and it was lowered to record from CA1 (V 2.7–3.2)
and then the DG (V 3.6–4.0).

Paired-pulse responses at 50-ms and 200-ms interpulse
intervals (IPIs) were recorded at various intensities (input–
output or I/O profiles) ranging from threshold to maximum
of the population spike. Paired pulses were repeated at
>10-s intervals. With an intensity that evoked ∼80% of
the maximum of first-pulse population spike (PS), paired
pulses of IPI of 30–400 ms in CA1 and 20–800 ms or 30–
400 ms in the DG were recorded. Single sweeps and their
average (typically of four sweeps) were stored by a custom
program. The field potentials recorded at one time instant
were subjected to current source density (CSD) analysis.
The latter is the inverse process of deriving the current
sources and sinks that generate a field potential (30,31).
At the site of the excitatory synapses at the apical den-
drites, excitatory postsynaptic potential (EPSP) currents
are inward, and the CSD shows a current sink. The soma
and distal dendrites provide passive outward currents (cur-
rent source) that complete a current loop with the inward
synaptic current (31). Similarly, at the site of spike firing
near the cell body, the cell body layer shows an inward
current and a sharp current sink, and the apical dendrites
provide the current source. Assuming a mainly longitudi-
nal, one-dimensional current flow, the CSD at a particular
depth was approximated by the equation (31,32)

CSD(z, t) = σ [2�(z, t) − �(z + �z, t)

− �(z − �z, t)]/(�z)2

where �(z, t) is the potential at depth z and time t, and
�z (50 μm) is the space between adjacent electrodes on
the silicon probe. No smoothing of CSD and potential was
necessary for silicon probe recordings. The conductivity
σ was assumed to be constant, and the CSDs are reported
in units of V/mm2.

The field potential consisted of extracellular or popula-
tion EPSP (pEPSP) and population spike (PS) components
(29,32). Measures of the field EPSP and PS were deter-
mined from the CSDs. PS was measured by the amplitude
of the fast sink at the CA1 cell layer—a tangent line was
extrapolated to join the positive peaks that surround the
spike sink (minimum), and the amplitude of the PS was the
vertical distance from sink minimum to the tangent line.
The slope of pEPSPs was measured at the site of the max-
imal pEPSP sink at stratum radiatum of CA1; the slope
was measured on the rising pEPSP sink over duration of
1 ms, ≥0.5 ms before the onset of a PS. In the DG, the
pEPSP slope and PS amplitude were analyzed at the mid-
dle molecular layer and granular cell layer, respectively.
P1 and P2 were, respectively, the PS amplitudes after the
first and the second pulse, whereas E1 and E2 were, re-
spectively, the slopes of pEPSPs after the first and the
second pulse. The ratio of evoked PSs (P2/P1) was used

to estimate PPI and facilitation. P2/P1 <1 indicates PPI,
and P2/P1 >1 indicates paired-pulse facilitation (PPF).

In some experiments, the effect of the specific
GABAB-receptor antagonist 3-amino-propyl-diethoxy-
methyl-phosphinic acid (CGP35348; a gift from W.
Froestl of Novartis), on PPI was studied. A 23-gauge tub-
ing was placed over the lateral ventricle (P 0.8, L 1.4, V
4.6), and baseline recordings were made. At the time of
injection, 93 μg (400 nmoles) of CGP35348 dissolved in
1.33 μl of saline was injected intracerebroventricularly
(icv) by a 26-gauge cannula into the lateral ventricle. As-
suming a ventricular cerebrospinal fluid (CSF) volume
of 1.5 ml, the resulting concentration of CGP35348 in
the CSF was estimated to be 266 μM. The latter dose
was determined to be effective in blocking postsynaptic
GABABreceptor–mediated responses assessed by PPI in
rats in vivo (21,33). In separate groups of rats of ∼PND30,
one fourth of the selected dose (100 nmoles CGP35348,
icv) gave a smaller effect, whereas 800 nmoles, icv, gave
a similar effect. An IPI profile at 80% maximal stimulus
intensity and I/O curves at 50 ms and 200 ms IPIs were
recorded before and after drug injection.

At the end of recording, the position of a stimulating
electrode was marked by passing a direct current of 0.3
mA for 1 s, resulting in a lesion of ∼0.5 mm radius. No
lesion was made at the recording silicon probe, because
the cell layer could be clearly indicated by electrophys-
iologic criteria (Results). Under deep anesthesia, the rat
was perfused with 4% buffered formalin. Subsequently,
the brain was cut into 40-μm-thick coronal sections by
using a cryomicrotome and stained with thionin to verify
the electrode placement.

Data are presented as mean ± SEM. Statistical sig-
nificance was assessed by repeated-measures analysis of
variance (ANOVA). A significant ANOVA was followed
by post hoc Newman–Keuls test. Differences were con-
sidered significant if p < 0.05.

RESULTS

Experiment 1: Seizure behavior and EEGs during
hyperthermic seizures

A hyperthermic seizure induced by a heat lamp in
PND15 rat pups typically started with hindlimb kicks, fol-
lowed by generalized tonic and clonic convulsions of four
limbs while lying down, and ending with a long period
of postictal immobility during which the pup was unre-
sponsive to sensory stimuli (Table 1). Hippocampal EEGs
showed a slight depression or a slow (∼2 Hz) oscillation at
the start of behavioral convulsions, but often broke into a
high-amplitude afterdischarge after the generalized tonic–
clonic convulsions (Fig. 1A). Occasionally, independent
sharp waves (∼1 Hz) were observed in the neocortical
electrodes during the behavioral seizure. Repeated lamp
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TABLE 1. Number of seizures showing a type of behavior
during hyperthermic seizure induced by a heat lamp or heated

air in rat pups of postnatal days 13–15

Heat lamp Heated air

Number of seizures 19 seizures 63 seizures
Hindlimb kicks 16 (84.2%) 17 (27.0%)
Mouth automatisms 4 (21%) 45 (71.4%)
Immobility associated 17 (89.4%) 63 (100%)

with tonic flexion of body
Squeak 11 (64.7%) 4 (6.3%)
Tonic and clonic twitching of 12 (63.2%) 10 (15.9%)

four limbs while lying down
Prolonged postictal 15 (78.9%), 63 (100%),

immobility not responsive responsive
Myoclonic jerks 0 57 (90.5%)
Duration of seizure 5.8 ± 0.5 min 21.2 ± 1.3 min

induced seizures were precluded because of high fatality
and severity of these seizures.

Seizures induced by heated air in PND13–15 rat pups
typically showed oral automatisms, myoclonic jerks, im-
mobility with tonic body flexion, and hindlimb kicking,
with very few seizures showing clonic jerks while lying
down (Table 1). Abnormal sharp events in the EEG (Fig.
1B) were seen in the amygdala and hippocampus during

FIG. 1. Representative EEG traces in 15-day-old immature rats before and during heating by an (A) heat lamp or (B) hair dryer. A:
Baseline recordings (left) show normal EEG before applying a heat lamp. At 9 min of heating by a heat lamp and a body temperature of
43.0

◦
C, behavioral convulsions were observed with hindlimb kicks, squeaks, tonic extension, and clonic jerks of four limbs. At the end of

the convulsion, an afterdischarge was observed at the hippocampus and frontal cortex, spread to the amygdala, and followed by postictal
depression. B: At 26 min of heating by a hair dryer (ambient temperature 50

◦
C and body temperature 42.5

◦
C), EEG showed stereotyped

spikes at the hippocampus and amygdala, and paroxysmal activity at the frontal cortex associated with immobility and head nodding.

oral automatisms, immobility, and behavioral seizures.
Independent sharp waves were also seen in the neocor-
tex during the behavioral seizures (Fig. 1B). During the
postictal immobility after a heated-air seizure, the pup
was usually responsive to sensory stimuli. In both heat-
lamp– and heated-air–induced seizures, the hippocampus
appeared to be a major participant.

Experiment 2: Assessment of neuronal inhibition in
the hippocampus at 14 days and 30 days after
heat-lamp–induced single seizures

Stimulation of CA3 (Fig. 2, inset) evoked inward exci-
tatory postsynaptic currents at the apical dendrites, shown
as a current sink at stratum radiatum (SR, shaded gray in
Fig. 2). The sink was accompanied by current sources at
the CA1 cell layer or stratum pyramidale (SP in Fig. 2)
and distal dendrites (≥400 μm depth). The synchronous
firing of the pyramidal cells resulted in a population
spike, shown as a sharp negative sink at the cell layer
(stripped area at SP in Fig. 2). Thresholds for the first-pulse
pEPSP (E1) and population spike (P1) in CA1 were 74 ±
3 μA (n = 8) and 185 ± 31 μA (n = 8) in control rats
and did not differ between control and seizure animals.
The “hyperthermia control” rats given hyperthermia with
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FIG. 2. Paired-pulse facilitation in CA1 was observed 14 days after a single hyperthermic seizure. Top inset, schematic of 16-channel
recording (Rec) in CA1 and CA3 stimulation (Stim). Current source density (CSD) profiles (not all traces shown) after a pair of stimulation
pulses of 200-ms interpulse interval are shown in a control rat (A) and a hyperthermic seizure rat (B) at 14 days after treatment. Left side,
a CA1 pyramidal cell is illustrated with depth (μm) away from the CA1 pyramidal cell layer (SP), assumed to be at 0 μm, and increasing
positive depth toward the apical dendrites. Population spikes (after the first and second stimulus pulses, P1 and P2, respectively) were
measured at the CA1 cell layer, and slopes of excitatory postsynaptic potentials (after the first and second pulses, E1 and E2, respectively)
were measured in striatum radiatum (SR). Note P2 > P1 in the seizure rat but not the control rat. Black solid circles indicate stimulation
artifacts. CSD was shown with source up.

pentobarbital (PTB) were not significantly different from
the nonheated control rats in P2/P1 (Fig. 3A) or other
measures analyzed.

Paired-pulse population spike responses were different
between control and seizure rats. In control rats, paired-
pulse stimulation at <150 ms IPIs resulted in suppression
of the second-pulse population spikes (P2) as compared
with first-pulse population spike (P1), or P2/P1 <1. P2/P1
≈1 was found at 150- to 400-ms IPIs (Fig.3A). In con-

trast, in seizure rats recorded 14 days after a single heat-
lamp seizure, PPF (P2/P1 >1) was found at >100-ms IPIs
(Fig. 2B; Fig. 3A), significantly larger than P2/P1 in the
control rats. Repeated-measures ANOVA gave a signifi-
cant Group effect (F1,13 = 5.04; p = 0.041), and a trend
of a Group × IPI interaction (F4,48 = 2.46; p = 0.058).
Post hoc Newman–Keuls test revealed significant P2/P1
differences at 150- and 200-ms IPIs (p < 0.05). When
recorded 30 days after a single seizure, no significant
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FIG. 3. Increased paired-pulse facilitation of population spikes (P2/P1) in CA1, shown as plots of P2/P1 (means ± standard error of the
mean, SEM) versus interpulse interval, was found at 14 but not 30 days after hyperthermic seizure(s). A: P2/P1 ratio was significantly
larger in the single-seizure group, as compared with the control group, 14 days after treatment. The hyperthermia control group that was
heated after pentobarbital (see Methods) responded similar to the nonheated control group. B: No statistical difference in P2/P1 in CA1
was found between single-seizure and control rats at 30 days after treatment. C: P2/P1 ratio was significantly larger in the repeated-seizure
group, as compared with controls. D: No difference was found in P2/P1 in CA1 between repeated-seizure and control rats at 30 days after
treatment. In A and C, ∗p < 0.05, ∗∗p < 0.01, post hoc Newman–Keuls test after repeated-measures ANOVA.

difference was found between seizure and control rats in
the P2/P1 versus IPI relation (F1,14 = 0.26; p = 0.62; Fig.
3B). Both seizure and control rats showed PPI (P2/P1 <1)
in CA1 at <150 ms IPI, and small PPF at IPI > 200 ms
(Fig. 3B).

Stimulation of MPP resulted in a pEPSP sink at the mid-
dle molecular layer of the DG. At the granule cell layer,
pEPSP is shown as a source that was followed by the pop-
ulation spike sink (Fig. 4A, inset). The stimulus thresholds
for the pEPSP and P1 in the DG were 48 ± 7 μA (n =
7) and 177 ± 46 μA (n = 7) in control rats, respectively,
not significantly different from corresponding values in
seizure rats. After a single hyperthermic seizure, P2/P1 as
a function of IPI was not different between seizure and
control rats in the DG, at 14 days (Fig. 4A; F1,13 = 0.46,
p = 0.51) or 30 days after treatment (Fig. 4B; F1,13 =
0.33, p = 0.58).

Experiment 3: Assessment of neuronal inhibition in
CA1 and DG at 14 and 30 days after
heated-air–induced repeated seizures

Similar to results after a single seizure, repeated heated-
air seizures resulted in an increase of P2/P1 in CA1 com-
pared with controls at 14 days but not 30 days after
seizure treatment. At 14 days after treatment, P2/P1 in
CA1 was different in repeated-seizure rats as compared
with controls (Fig. 3C), as shown by repeated-measures
ANOVA, giving a significant Group effect (F1,15 = 10.62;
p = 0.0057) and a significant Group × IPI interaction
(F6,84 = 3.57; p = 0.0034). The P2/P1 differences at 100-
, 150-, and 200-ms IPIs shown in Fig. 3C were significant
by post hoc Newman–Keuls tests. A scatterplot of P2 ver-
sus P1 (not shown) showed that the larger P2/P1 ratio in
the seizure rats was independent of changes in P1. When
CA1 was recorded 30 days after treatment, P2/P1 was
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FIG. 4. Plots of the paired-pulse ratio of population spikes (P2/P1) versus interpulse interval in the dentate gyrus (after medial perforant-
path stimulation). Inset in A is an example of the current source density (CSD) derived from the DG granular cell layer, with population
excitatory postsynaptic potential (pEPSP) measured as a slope and population spike after the first (P1) and second pulse (P2) measured
as amplitudes. P2/P1 values (mean ± SEM) are not different between seizure and control rats at (A) 14 days and (B) 30 days after a
single hyperthermic seizure or at (C) 14 days after repeated hyperthermic seizures. D: P2/P1 ratio was significant decreased at 30-ms
and increased at 200-ms interpulse intervals. Inset in D shows CSD profiles in the DG granular cell layer between control and seizure
rats after 30 days of treatment. Paired-pulse inhibition at 400-ms interpulse interval (P2/P1 < 1, # in B and D) was found in both control
and seizure rats in older (∼45 days old, B and D) but not younger (∼30 days old, A and C) rats. In D, ∗p < 0.05, post hoc Newman–Keuls
test after repeated-measures ANOVA. Black solid circles indicate stimulation artifacts.

larger in repeated-seizure rats as compared with controls
(Fig. 3D), but the difference was not statistically signif-
icant, as shown by repeated-measures ANOVA (F1,11 =
0.68, p = 0.43 for Group effect; F6,60 = 1.34, p = 0.25
for Group × IPI interaction). The P2/P1 ratio in CA1 was
smaller for 30- to 200-ms IPIs in the older rats (Fig. 3D)
as compared with immature rats (Fig. 3C). The latter sug-
gests an increase in inhibition with maturation, consistent
with previous studies (34).

Differences in the DG were found at 30 days but not 14
days after repeated seizures in rats compared with control
rats. At 14 days after treatment, no significant difference
was found between repeated-seizure and control rats in the
P2/P1 versus IPI relation in the DG (Fig. 4C), as confirmed
by repeated-measures ANOVA (F1,13 = 0.48; p = 0.50
for Group effect; F8,96 = 0.43, p = 0.90 for Group × IPI

interaction). At 30 days after treatment, the P2/P1 versus
IPI relation was different between repeated-seizure and
control rats (Fig. 4D), as shown by a significant Group ×
IPI interaction (F6,60 = 2.68; p = 0.02) without a Group
effect (F1,11 = 0.21; p = 0.66) after repeated-measures
ANOVA. Post hoc Neuman–Keuls tests showed a P2/P1
decrease at 30-ms IPI and a P2/P1 increase at 200 ms in
repeated-seizure rats as compared with controls (Fig. 4D).

Long-latency PPI in the DG increased in the older as
compared with immature rats. PPI at 400-ms IPI was only
found in older rats (recorded on ∼PND 44; # in Fig. 4B and
D) as compared with younger ones (recorded on ∼PND
29; Fig. 4A and C). Maturation of the PPI at ∼400-ms IPI
in the DG was previously reported by using comparison
between PND16 and adult (PND60) rats (34) or between
PND30 and adult rats (35).
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FIG. 5. Intracerebroventricular (icv) injection of GABAB-receptor antagonist CGP35348 increased paired-pulse facilitation of the population
spikes in CA1 in control but not in repeated-seizure rats at 14 days after treatment. In the dentate gyrus (DG), icv CGP35348 increased
paired-pulse inhibition in repeated-seizure rats. A: Paired-pulse population spike ratio P2/P1 (mean ± SEM) versus interpulse interval (IPI)
plots before and after icv CGP35348 injection in control rats. P2/P1 was significantly increased after CGP35348 injection, as compared
with baseline before injection. Inset shows an increase in P2 but not P1 after CGP35348 (dotted trace) compared with baseline (solid
trace) in an example of the current source density (CSD) from the CA1 pyramidal cell layer. B: Same plots as A except for rats after
repeated seizures. CGP35348 (icv) did not significantly alter P2/P1 ratio at different IPIs. Inset shows a CSD trace for an individual
repeated-seizure rat. C: In the DG of control rats, CGP35348 icv injection did not significantly decrease the P2/P1 ratio, as compared
with baseline. CSD example (inset) shows little change in P2 after CGP 35348 (dotted trace) compared with baseline (solid trace) from
the DG granule cell layer. P2 amplitude after CGP35348 was illustrated by the vertical down arrow above the slanted dotted arrow . D: In
seizure rats, CGP35348 significantly decreased P2/P1 ratio as compared with baseline. Inset CSD trace shows CGP35348 decreased
P2 more in a seizure rat. In A and D, ∗p < 0.05, ∗∗p < 0.01, post hoc Newman–Keuls test.

Experiment 4: Effects of GABAB-antagonist
CGP35348 on PPI in the hippocampus at 14 days
after heated-air–induced repeated seizures

We hypothesize that the increase in P2/P1 ratio at 100-
to 400-ms IPI in CA1 of seizure rats was caused by a
decrease in a late inhibition mediated by postsynaptic
GABAB receptors. To verify this hypothesis, we injected
specific GABAB-receptor antagonist CGP35348, icv, in
control and seizure rats, 14 days after repeated seizures or
control treatment.

Injection of icv CGP35348 did not significantly change
the threshold or amplitude of the first-pulse response (P1
or E1), in either seizure or control group (data not shown).
However, icv CGP35348 increased the P2/P1 ratio at 100-
to 400-ms IPI in control rats (Fig. 5A). The drug effect

(comparing before and after CGP35348) was significant
(F1,6 = 7.16; p = 0.03), and the Drug × IPI interaction
also was significant (F6,36 = 6.13; p = 0.0002). Post hoc
Newman–Keuls tests revealed statistical significance at
150- and 200-ms IPIs (Fig. 5A). In contrast, after icv
CGP35348 injection in repeated-seizure rats, the P2/P1
ratio in CA1 was not significantly changed (Fig. 5B).
Repeated-measures ANOVA showed no significant drug
effect (F1,6 = 0.0047; p = 0.95) or Drug × IPI interaction
(F6,36 = 1.86; p = 0.10).

In the DG, icv CGP35348 injection tended to suppress
the P2 amplitude at 100- to 400-ms IPI without changing
P1 amplitude (Fig. 5C). The decrease in P2/P1 ratio after
icv CGP35348 injection in the control rats was small and
did not reach statistical significance (Drug effect, F1,6 =
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5.06; p = 0.07; Interaction effect, F8,48 = 0.41; p = 0.91;
Fig. 5C). In repeated-seizure rats, icv CGP35348 injection
significantly decreased P2/P1 ratio (Fig. 5D). Repeated-
measures ANOVA yielded a significant Drug effect (F1,6

= 57.85; p = 0.0003) and a significant Drug × IPI inter-
action (F8,48 = 2.52; p = 0.02). Post hoc Newman–Keuls
tests revealed significant differences in P2/P1 at 20-, 30-,
150-, 200-, and 400-ms IPIs (Fig. 5D). CGP35348, icv,
did not significantly change P1 or E1 measures in the DG.

Thirty days after repeated seizures, the effect of icv
CGP35348 in the DG was similar to that at 14 days after
seizures. P2/P1 was decreased after icv CGP35348 injec-
tion with a significant Drug effect (F1,5 = 15.54; p = 0.01)
and a significant Drug × IPI interaction (F8,40= 3.09; p
= 0.0083). Post hoc Newman–Keuls test showed a signif-
icant decrease of P2/P1 at 30-, 150-, and 200-ms IPIs (p
< 0.01). In contrast, control rats given icv CGP35348 did
not show a significant drug effect on P2/P1 (F1,4 = 2.24;
p = 0.21) or Drug × IPI interaction (F8,32 = 1.84; p =
0.11).

DISCUSSION

An increase in late PPF in CA1 was found at 14 days but
not at 30 days after heat-lamp–induced single or heated-
air-induced repeated hyperthermic seizures. We infer that
the increase in late PPF was caused by a loss of GABAB

receptor–mediated inhibition, because GABAB-receptor
blockade by icv CGP35348 increased PPF in CA1 of
control rats. In addition, CGP35348 did not significantly
change PPF in CA1 of seizure rats, suggesting that no
postsynaptic GABAB receptors were present to block. A
similar decrease of postsynaptic GABAB receptors was
also suggested for the DG at 14 and 30 days after repeated
heated-air induced seizures, as discussed later.

Behaviors and EEG during hyperthermia-induced
seizures

Behavioral and EEG characteristics were somewhat
different for the two hyperthermic-seizure models used,
but the hippocampus showed paroxysmal activity in both
models. In the heated-air procedure, abnormal EEGs were
observed first in the amygdala and dorsal hippocampus
before the neocortex. This is consistent with the amyg-
dala as an early site for hyperthermic seizures induced by
heated air (24), and mouth automatisms were observed
during seizures kindled from the amygdala (36). In the
heat-lamp procedure, high-amplitude hippocampal after-
discharges usually followed generalized convulsions. The
severity and high mortality of heat-lamp seizures, which
may involve brainstem-induced tonic limb extension (37),
preclude the use of repeated heat-lamp seizures.

Inducing hyperthermia in immature animals is the most
commonly used animal model to study febrile seizures
(8–10,24). Our results supported the findings of Baram
et al. (24) that heated-air–induced seizures in immature

rats give an appropriate-aged model suitable for long-term
studies. The severity of a single heat-lamp seizure made
it difficult to use for repeated seizures and perhaps less
appropriate as a FS model. However, both heat-lamp and
heated air seizures involved the hippocampus, although at
different stages, and both resulted in alteration of synaptic
transmission in the hippocampus.

Loss of GABAB receptor–mediated paired-pulse
inhibition in CA1

Facilitation of paired-pulse response at long latencies
(100- to 200-ms IPIs) was demonstrated at 14 days af-
ter seizure(s), irrespective of whether a single heat-lamp
seizure or repeated heated-air seizures were evoked. We
showed that icv injection of a specific GABAB-receptor
antagonist increased PPF (or decreased PPI) at 100 to 200
ms in control adult rats (Fig. 5A), confirming previous
results (18). The increase in P2/P1 at 100- to 200-ms
IPI is explained by blocking late postsynaptic GABAB-
receptor–mediated inhibition in CA1 neurons (11, 38–
40). Rats after a single or repeated hyperthermic seizures
showed increased PPF at 100 to 200 ms in CA1, simi-
lar to control rats after GABAB-receptor blockade by icv
CGP35348 (Fig. 5). Thus postsynaptic GABAB-mediated
inhibition in CA1 was inferred to be smaller in seizure
rats, as compared with control rats.

Injection of GABAB-receptor antagonist CGP35348
(icv) abolished the difference in PPI between seizure and
control animals. In the seizure rat, the GABAB-receptor
antagonist CGP35348 did not change P2/P1, suggesting
that GABAB postsynaptic inhibition was already lost, and
thus pharmacologic blockade of GABAB receptors would
have no additional effect.

To our knowledge, this is the first time that inhibition, in
particular GABAB receptor–mediated inhibition, was as-
sessed in vivo after hyperthermic seizures. Hyperthermic
seizures in immature rats were shown to increase GABAA

receptor–mediated inhibition in hippocampal CA1 neu-
rons in vitro (12). However, we found no significant
change in the early paired-pulse response (<100 ms IPI)
that presumably measured GABAA receptor–mediated in-
hibition in CA1 in vivo. Differences in inhibition in vitro
and in vivo (41) may account for the different results. In
other seizure models, a decrease in postsynaptic GABAB

receptor–mediated inhibition in CA1 was shown after
a model of status epilepticus (19,42) but not after par-
tial hippocampal kindling (43). Kindling, however, was
shown to decrease the efficacy of presynaptic GABAB

autoreceptors (44).

Changes in neuronal inhibition after heated-air
repeated seizures in the DG

At 30 days after repeated seizures, PPI in the DG was
significantly increased at 30-ms IPI. Increased GABAA

receptor–mediated inhibition in the DG has been reported
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after various seizure models, including hippocampal kin-
dling (15,45) and models of status epilepticus (28,46–48).

We suggest that the postsynaptic GABABreceptor–
mediated inhibition of DG granule cells decreased after re-
peated hyperthermic seizures. Significant increase in PPF
in the DG at long IPIs was found at 30 days but not 14
days after repeated seizures. No significant change of late
PPF in the DG was found at 14 or 30 days after a single
heat-lamp seizure.

We interpret an increase in late PPF in DG, similar
to that in CA1, as resulting from decreased postsynaptic
GABAB receptors on principal cells (DG cells). Afterhy-
perpolarization and other factors have been suggested as
the cause of the late PPI in the DG (49), but blockade of
PPI by local hippocampal injection of GABAB-receptor
antagonist CGP35348 (50) is consistent with the present
interpretation. However, icv CGP35348 injection did not
significantly change late PPI in the DG of control rats be-
cause icv CGP35348 may normally have opposing effects
on the late P2/P1 ratio. CGP35348’s action on GABAer-
gic interneurons in the DG decreases P2/P1, whereas its
action directly on postsynaptic GABAB receptors on gran-
ule cells increases P2/P1. In hippocampal slices in vitro,
CGP35348 increased both early and late PPI evoked by the
perforant path (17,46), consistent with CGP35348’s pro-
posed action on increasing the evoked firing of GABAer-
gic interneurons. In repeated-seizure rats, we suggest that
the postsynaptic GABAB receptor–mediated inhibition on
granule cells is decreased. Thus the predominant effect
of CGP35348 in repeated-seizure rats was to increase
GABAergic interneuronal firing and decrease P2/P1 at
both early and late latencies (Fig. 5D). The decrease in
late P2/P1 in the DG after icv CGP35348 was found 14
days after repeated seizures, even though no late P2/P1
increase was seen in the seizure compared with control
rats at this time.

After status epilepticus induced by kainic acid,
CGP35348 had no effect on the late inhibition in the DG in
vitro, whereas CGP35348 increased late inhibition in con-
trol rats (20,46). In contrast, we report here that CGP35348
increased late DG inhibition in vivo in seizure as compared
with control rats.

CONCLUSION

Loss of postsynaptic GABAB-receptor function in the
brain increases epileptogenesis (21) and enhances ex-
citability induced by glutamate receptor (51) and voltage-
dependent Ca2+ channels (52). At 2 weeks but not at 4
weeks after hyperthermic seizures in immature rats, in-
jured neurons were reported in CA1 and CA3 (25), match-
ing the duration and location of the pathophysiology re-
ported here. However, we also showed that late PPI in
the DG decreased at 30 days after repeated hyperther-
mic seizures, suggesting that inhibitory gating in the DG

(53,54) may be compromised for a long duration after
seizures. Disruption of hippocampal GABAB-receptor in-
hibition may contribute to the cognitive deficits in adult
rats (10).

It is not known that FSs in children would result in a loss
of GABAB receptor–mediated inhibition in the hippocam-
pus. Also, whether a loss of GABAB receptor–mediated
inhibition plays a part in the development of adult-onset
seizures after FSs in children requires further studies.
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