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Febrile seizures (FS), or fever-induced seizures, are the most common form of seizures dur-
ing childhood. Although simple FS are usually considered benign, prolonged or recurrent FS
are proposed to increase the risk for developing subsequent temporal lobe epilepsy (TLE) in
adults. The pathophysiology of FS is still largely unknown. In this study, by using whole-cell
patch-clamp recording techniques, we demonstrated that hyperthermia (39–40 °C) induced
a “febrile seizure-like event” expressed as spontaneous, recurrent, epileptiform discharges
(SREDs) followed by a series of sustained depolarizations (SDs) in cultured rat cortical neu-
rons (7–14 DIV). The SREDs were characterized by abruptly developing, paroxysmal depolar-
izing shifts (PDS) of membrane potential with high-frequency spike firing characteristic of
electrographic seizures. Furthermore, we also found that hyperthermia induced persistent
neuronal hyperexcitability as assessed by their intrinsic electrogenic characteristics
which include: 1) depolarized resting potential (RP); 2) decreased input resistance (Rin); 3)
a marked decrease in amplitude, duration and afterhyperpolarization (AHP) of spontaneous
action potentials; 4) a prominent reduction in action potential (AP) current threshold (Ith)
and potential threshold (TP); and 5) a dramatic shortened duration, decreased inter-spike
intervals (ISI), and increased firing frequency of evoked action potentials. Additionally,
our present study also revealed that baclofen (100 μM), a specific GABAB receptor agonist,
significantly repressed the hyperthermia-induced neuronal hyperexcitability and epilepti-
form discharges in cultured cortical neurons. The results suggest that hyperthermia may
induce epileptiform activities in cultured cortical neurons by suppression of the GABAB re-
ceptor-mediated inhibition, in turn leading to the development of persistent neuronal
hyperexcitability when the cells suffered from heating insult. This study provides a novel
cellular model for studying the pathogenetic mechanisms of febrile seizures in vitro.
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1. Introduction

Febrile seizures (FS) are the most common type of childhood
seizures affecting 2–5% of children under 5 years old (Dube
et al., 2007; Hauser, 1994). Although simple FS are usually
considered benign, prolonged or recurrent FS are proposed
to increase the risk for developing subsequent temporal
lobe epilepsy (TLE) in adults (Baram and Shinnar, 2002;
Dube et al., 2009a; Scantlebury and Heida, 2010; Shinnar,
2003). Despite their prevalence and potential for sequelae
such as hippocampal neuronal damage (Huang and Chang,
2009; Toth et al., 1998), memory or cognitive deficits (Chang
et al., 2003, 2005; Dube et al., 2009b; Yang et al., 2009), or future
epilepsy (Cendes et al., 1993; Dube et al., 2009a; Scantlebury
and Heida, 2010), the mechanisms underlying the pathogene-
sis of FS are poorly understood.

It has been suggested that hyperthermia (temperature of
≥38.4 °C) during fever plays an important role in generation
of FS (Berg et al., 1995). For example, hyperthermia alone pro-
vokes seizures in rat pups (Holtzman et al., 1981; Tsai and
Leung, 2006) and children (Fukuda et al., 1997). Hyperthermia
also induces epileptiform activities and spreading depression
in hippocampal slices from immature rats (Tancredi et al.,
1992; Wu and Fisher, 2000), in which the γ-aminobutyric
acid (GABA)A receptor-governed gamma oscillations are sug-
gested to underlie the hyperthermia-induced epileptiform-
like spikes (Wu et al., 2001). Recently, we and others have
demonstrated a decrease of hippocampal GABAB receptor-
mediated inhibition after hyperthermia-induced seizures in
immature rats (Han et al., 2006; Tsai and Leung, 2006). In an-
other study, the authors have found that hyperthermia de-
creased the GABAB receptor-mediated IPSCs in immature
and mature rats, for either CA1 or dentate gyrus (DG) neu-
rons in hippocampus (Qu and Leung, 2009). These findings sug-
gest that GABAB receptors are likely associated with FS. GABAB

receptors have been found to play a key role in regulating
membrane excitability, synaptic transmission (Marshall, 2008;
Padgett and Slesinger, 2010; Pinard et al., 2010), and cortical
network activity such as the neuronal gamma oscillations
(Kohl and Paulsen, 2010) in the brain. The repression of
GABAB receptor-mediated inhibition has also been proved to
underlie the abnormal neuronal hyperexcitability and to the
disturbed cortical network activity, such as seizures and epi-
lepsy (Bortolato et al., 2010; Brown et al., 2003; Cohen et al.,
2006; Mares and Kubova, 2008; Sperk et al., 2004). It has
been accepted that GABAB receptors play a crucial role inmain-
taining excitation/inhibition balance in the brain (Leung et al.,
2005). Thus, decreased GABAB receptor-mediated inhibition
may also contribute to the development of FS. In fact, our recent
studies have documented that hydrogen sulfide (H2S) plays a
regulatory role in the pathogenesis of recurrent FS through
modulating the GABAB receptors function (Han et al., 2005a,b).
In addition, it has been established that elevating brain temper-
ature in itself alters many neuronal functions (Moser et al.,
1993), including several temperature-sensitive ion channels
such as transient receptor potential vanilloid 4 (TRPV4) chan-
nels (Shibasaki et al., 2007), hyperpolarization-activated, cyclic
nucleotide-gated (HCN) channels (Chen et al., 2001; Ouardouz
et al., 2010), and sodium channels (Thomas et al., 2009). This
may influence neuronal firing and the probability of generating
synchronized neuronal activity, i.e., seizures (Dube et al., 2007,
2009a).

The mechanisms and especially the consequences of
hyperthermia-induced seizures have been extensively studied
in vivo in several animal models including rats (Baram et al.,
1997; Holtzman et al., 1981; Koyama and Matsuki, 2010), mice
(Oakley et al., 2009), and chicks (Pedder et al., 1990); among
those, heat from a hair dryer (Baram et al., 1997), a microwave
(Carratala and Moya, 1991; Hjeresen and Diaz, 1988), hot water
(Jiang et al., 1999), or an infrared heat lamp (Holtzman et al.,
1981) is used to increase body temperature to around 41 °C
to generate seizures. The hyperthermia-induced seizures have
also been studied in vitro in hippocampal slices (Qu et al.,
2007; Qu and Leung, 2008; Tancredi et al., 1992), in which epi-
leptiform activities can be induced by a transient increase in
temperature as mentioned above (Tancredi et al., 1992). In
hippocampal slices, raising the temperature not only leads
to increased neuronal hyperexcitability but also alters the
electrophysiological properties of the hippocampal network
(Wu et al., 2001). Previous studies on FS models in vivo and
in hippocampal slices in vitro have contributed to fundamen-
tal understanding with the underlying mechanisms of FS.
However, most seizures in pediatric patients frequently
arise in the cerebral cortex (Andrade, 2009; Guerrini, 2005;
Guerrini and Carrozzo, 2001; Widjaja et al., 2011). Therefore,
in the present study, we developed an in vitro cellular
model of FS to investigate whether an acute hyperthermia
treatment could induce enhanced neuronal hyperexcitability
or epileptiform discharges in cultured rat cortical neurons.
2. Results

2.1. Effects of different temperatures on cell viability of
cultured rat cortical neurons

Previous studies have demonstrated that excessive heat
exposure or heat stress (high temperature more than 42 °C)
can induce irreversible heat damage such as necrosis, apopto-
sis or death on in vitro cells (Burattini et al., 2010). To deter-
mine whether the hyperthermia (39–40 °C) exposure used
in our present study has a heat damage effect on cultured
cortical neurons, we firstly measured the effects of different
temperature (35–37 °C, 37.5–40 °C, and 40.5–43 °C) on cell via-
bility by the MTT assay. We found that hyperthermia
(≤40 °C) exposure had no significant alteration in the MTT
metabolic rate (%) in cortical neurons (10 DIV) (from control
of 100±4.6% to 96.86±4.3%, p>0.05, two-tailed Student's t-
test, n=6), whereas excessive heat (temperature over 40.5 °C)
exposure decreased the MTT metabolic rate significantly
(from control of 100±4.6% to 62.85±7.7%, p<0.01, two-tailed
Student's t-test, n=6), indicating that hyperthermia (≤40 °C)
has little effect on the cell viability of cultured neurons,
but excessive heat (temperature over 40.5 °C) exposure
may cause serious heat damage to the cells (Fig. S1A). Consis-
tent with these observations, we also found that the cultured
neurons exhibited spontaneous action potentials at normal
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temperature (<37.5 °C), whereas excessive heat (temperature
over 40.5 °C) exposure almost completely inhibited the cell
electrical activities, suggesting the serious damage of exces-
sive heat to neurons function (Fig. S1B). Based on these obser-
vations, we therefore chose the temperature range from 39 to
40 °C as the hyperthermia parameter in the following experi-
ments in our present study.

2.2. Hyperthermia induced epileptiform discharges in
cultured rat cortical neurons

At baseline recording temperature (35–36 °C), most neurons
recorded from cultured cortical neurons (7–14 DIV) displayed
excitatory postsynaptic potentials (EPSP) and spontaneous
action potentials (AP) with a mean firing frequency of 0.8±
0.1 Hz (n=20, Figs. 1A, C), indicating normal neuronal activi-
ties of the cells. When the extracellular solution was rapidly
increased up to a hyperthermic temperature of 39–40 °C, a
“febrile seizure-like event”, represented as spontaneous, re-
current, epileptiform discharges (SREDs) characterized by
abruptly developing, paroxysmal depolarizing shifts (PDS) of
membrane potential with high-frequency spike firing was in-
duced during the increase of temperature (Figs. 1B and 3). The
SRED started abruptly as a sustained membrane depolariza-
tion of ~20 mV. Initial depolarization of SRED triggered
high-frequency burst spike firing of ~20 Hz. As the prolonged
depolarization maximized, spike firing reached a frequency
of ~40 Hz, sufficient to reduce spike amplitude, presumably
as the result of sodium channel inactivation. As the SRED
began to terminate, PDSs still maintained high-frequency
spike firing of ~20 Hz (Fig. 1B). Summary of data from 20 neu-
rons showed that 75% (15/20) of hyperthermia-induced epi-
leptiform spikes fired at an average frequency of 41.5±7.6 Hz
(range between 20 and 60 Hz, n=15, Fig. 1C). Note that during
SRED, the developing depolarization started abruptly and
was typical of the PDS characteristic of epileptiform dis-
charges. As episodes began to terminate, shorter, discrete
PDSs became apparent. These depolarizing shifts triggered
high-frequency spike discharges throughout the SRED
(Fig. 1B).

When the elevated temperature maintained a longer time
or just recovered to basal temperature, a series of sustained
depolarization (SD), called hyperthermic SD-like events is pro-
duced in 20% (3/15) of the recorded neurons. These kinds
of sustained depolarization showed a low-amplitude (25–
40 mV), continuous depolarization and slow repolarization
with a mean duration of 13.2 s, followed by a long time inter-
val, characterized by low electrical activities. The hyperther-
mic SDs usually recurred multiple times when elevated
temperature was maintained (Fig. 2). With more time follow-
ing the restoration of hyperthermia, the high-frequency
burst discharges attenuated gradually, and most cells mani-
fested recurrent seizure activities with PDSs (12/15, Fig. 3A)
or sustained spike firing (4/15, Fig. 3B). During a PDS, the cell
membrane potential showed an approximate 10–30 mV and
100–300 ms depolarization shift. PDSs are the important fea-
tures of seizures and interictal period of epileptiform activities
(Martella et al., 2009; Segal, 1991), indicating that hyperther-
mia could induce robust epileptiform activities in cultured
cortical neurons.
2.3. Hyperthermia increased the cellular excitability in
cultured rat cortical neurons

To investigate whether the hyperthermia-induced
epileptiform-like discharges in cultured cortical neurons
resulted from the increase of the cellular excitability when
cells suffered from heating insult, we examined effects of hy-
perthermia on neuronal intrinsic electrogenic properties
such as baseline resting potential (RP), membrane input resis-
tance (Rin), spontaneous discharges, and evoked action poten-
tials, which reflect the cell excitability (Table S1). The results
showed that hyperthermia increased the excitability of cul-
tured cortical neurons significantly. The baseline RP depolar-
ized from −57.1±1.6 mV in the control temperature to −49.6±
1.6 mV after heating (p<0.01). The Rin decreased significantly
from 55.5±4.4 MΩ of control to 24.1±4.3 MΩ after hyperther-
mia (p<0.001). In addition, hyperthermia also decreased the
amplitude, duration and after-hyperpolarization (AHP) of
spontaneous action potentials in cultured cells. Heating the
cells decreased the amplitude and duration of action poten-
tials by 26.7% (61.4±3.8 mV vs. 45.0±4.5 mV, control vs. hy-
perthermia, p<0.01) and 64.4% (16.0±1.2 ms vs. 5.7±0.7 ms,
p<0.001), respectively (Table S1, Figs. S2A and SB). Moreover,
heating the cells also decreased the amplitude and duration
of the AHP which followed a spontaneous action potential.
The decrease in the size of the AHP was more or less reversed
upon recooling the cells (Fig. S2C).

Hyperthermia also influenced the electrophysiological pa-
rameters of evoked action potentials in cultured cortical neu-
rons. Heating the cells not only depolarized the baseline RP
and increased the spike frequency of evoked action potentials
(Figs. 4A, B and E) as such observed on spontaneous action po-
tentials, it also decreased the absolute value of the threshold
potential (−40.6±1.2 mV vs. −36.8±0.9 mV, p<0.05) and re-
duced the threshold current (30.0±5.0 mV vs. 10.0±3.0 mV,
p<0.001) for evoking the cell firing (Table S1, Figs. 4C, D and
E). Although we could not exclude the effects of the depolar-
ized RP on the spiking rate as well as on the threshold poten-
tial or current, the role of hyperthermia in the neuronal
hyperexcitability was still considered to be important.

For other electrogenic parameters of evoked action poten-
tials, hyperthermia significantly decreased the differences be-
tween the 1st and the 2nd spike amplitude (17.7±2.7 mV vs.
5.6±1.0 mV, control vs. hyperthermia, p<0.001) as a result of
the less reduction of the 2nd spike amplitude (Table S1,
Figs. 5A and B). Hyperthermia shortened the duration of action
potentials by 70.3% (22.9±3.0 ms vs. 6.8±0.7 ms, p<0.001) and,
increased the maximum rates of rise and fall of action poten-
tials by 69.7% (19.1±3.2 V/s vs. 63.0±5.3 V/s, p<0.001) and
79.3% (6.1±1.0 V/s vs. 29.4±3.1 V/s, p<0.001), respectively.
Therefore, hyperthermia decreased the inter-spike intervals
(ISI) of action potentials (52.4±5.8 ms vs. 37.6±3.6 ms, p<0.05)
and accelerated the firing frequency dramatically (Table S1,
Figs. 5C and D).

In addition, hyperthermia decreased the amplitude and
duration of the after-hyperpolarization (AHP) which followed
a directly evoked train of spikes. A representative AHP which
followed bursts of action potentials evoked by 200-ms depo-
larizing current pulses of varying amplitude in a cultured cor-
tical neuron (8 DIV) before and after hyperthermia was shown



Fig. 1 – Hyperthermia induced epileptiform discharges in cultured rat cortical neurons. (A) Representative whole-cell current-
clamp recording from a control neuron (−65 mV resting potential) at 12 days in vitro (DIV); lower panel: portion of the trace
depicted in A (black bar) displayed at a fast time scale. Note the spontaneous action potentials (AP) and excitatory postsynaptic
potentials (EPSP), indicating normal neuronal activity of the cell. (B) Representative whole-cell current-clamp recording of
spontaneous discharge from a cultured cortical neuron (12 DIV) before (a), during (b) and after (c) hyperthermia exposure; lower
panel: enlarged trace showing evoked epileptiform event manifested spontaneous, recurrent, epileptiform discharges (SRED)
during and after hyperthermia. SREDs were characterized by abruptly developing, paroxysmal depolarizing shifts (PDS)
of membrane potential with high-frequency burst spike firing. Note SRED started abruptly as a sustained membrane
depolarization of ~20 mV. As the episode began to terminate, discrete PDSs and followed by sustained depolarization (SD)
became apparent. (C) Summary of the spontaneous firing frequency of all recorded neurons (7–14 DIV) before (35–36 °C, n=15),
during (39–40 °C, n=5) and after hyperthermia (35–36 °C, n=9); note that the firing frequency increased significantly during
hyperthermia treatment; which was decreased significantly after hyperthermia, but was still much higher as compared with
that before hyperthermia; **p<0.01, ***p<0.001, as compared with before hyperthermia, ###p<0.001, as compared with after
hyperthermia, one-way ANOVA followed by Bonferroni post-hoc test.
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Fig. 2 – Hyperthermia-induced sustained depolarization (SD). The sustained depolarization showed a low-amplitude
(25–40 mV), continuous depolarization and slow repolarization with amean duration of 13.2 s, followed by a long time interval,
characterized by low electrical activities. (A) Representative of hyperthermic SD (sustained depolarization) recorded from
a cultured cortical neuron (12 DIV). (a) Heating the cell to 39.5 °C induced epileptiform-like spikes followed by a slow SD
(as shown by an arrow). (b and c) Expanded time scale from (a) to show initial epileptiform-like spikes. (B) Responses were
recorded in a cortical neuron (12 DIV) by heating the cell to 39.5 °C over 30 s from a baseline temperature of 35–36 °C. A series of
3 spontaneous slow SDs resulted. The baseline resting potential (RP) was −65 mV. (C) Shorter time bases (faster sweeps) of the
second SD shown in (B).

Fig. 3 – Hyperthermia induced epileptiform discharges accompanied with paroxysmal depolarizing shift (PDS) activities.
(A) Showing ictal events generally manifested recurrent seizure activities with PDSs (triangle); (a) example of recording from an
electrographic “seizure” after hyperthermia, high-frequency burst discharges attenuated gradually; (b) an expanded section of the
recording from left panel to demonstrate the PDS activities. (B) Showing interictal discharges, which were identified as brief (<1 s)
spontaneous dischargeswith no organized, evolving features (c); enlarged trace from left panel (arrow) was shown in the right (d).
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in Fig. 6. From the plots of the peak AHP amplitude and the du-
ration for varying amplitude current pulses, we found
that both the amplitude and the duration of the AHP for any
given current intensity were decreased after hyperthermia
(Figs. 6A–C). The decrease in the duration of the AHP appeared
to result from an increase in its rate of decay. When the dura-

image of Fig.�4


Fig. 5 – Effects of hyperthermia on intrinsic properties of action potentials evoked by 200-ms, 40 pA depolarizing current pulses,
recorded from cultured rat cortical neurons. (A) Representatives of evoked action potentials from a cortical neuron (13 DIV)
recorded before (a) and after hyperthermia (b). (B–D) Summary of the differences between the 1st and the 2nd spike amplitude
(B), the inter-spike intervals (ISI) and the duration of action potentials (C) as well as the maximum rates of rise and fall of action
potentials (D) recorded from cultured rat cortical neurons (7–14 DIV) before and after hyperthermia. Note that hyperthermia
significantly decreased the differences between the 1st and the 2nd spike amplitude as a result of the less reduction of the
2nd spike amplitude (A, B). Hyperthermia also decreased the ISI and the duration of action potentials (C), but increased the
maximum rates of rise and fall of action potentials (D), *p<0.05, ***p<0.001, as compared with control (before hyperthermia),
two-tailed Student's t-test. ISI: the inter-spike intervals; AP: action potential.
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tion of the AHP is compared to its initial amplitude (Fig. 6C), it
can be seen that, for almost all given peak amplitude of
the AHP, the time to half-maximum is greatly shortened
Fig. 4 – Effects of hyperthermia on spike frequency, baseline resti
(TP) of action potentials evoked by 200-ms depolarizing current p
increments, recorded from cultured rat cortical neurons. (A) Hype
spike frequency of the evoked action potentials recorded from a c
frequencies calculated fromaction potential intervals of the above
fits; x axis intercepts indicate the threshold current. (C) Hyperthe
threshold potential of the evoked action potentials. (a) Responses
trace) depolarizing current pulses of 200 ms before hyperthermia
−32 mV. (b) Responses to 10 pA depolarizing current pulse of 200
potential for evoking action potential decreased to −30 mV. (D, E)
potential (RP) and threshold potential (TP) for evoking action poten
(n=19) and after (n=27) hyperthermia, *p<0.05, **p<0.01, ***p<0.0
at hyperthermia (Fig. 6D). As summary from all of recorded
neurons, hyperthermia decreased the amplitude (Fig. 6E)
and duration (Fig. 6F) of AHP at each depolarizing current
ng potential (RP), threshold current, and threshold potential
ulses of varying amplitude from 0 pA to 80 pA in 10 pA
rthermia depolarized the resting potential and increased the
ultured cell (11 DIV). (a) Control; (b) hyperthermia. (B) Spike
cell in control (a) andhyperthermia (b). Solid lines show linear
rmia decreased the absolute values of threshold current and
of a neuron (11 DIV) to 0 pA, 10 pA (gray trace) and 20 pA (black
. The threshold potential for evoking action potential was
ms after hyperthermia on the same cell. The threshold
Summary of the average threshold current, baseline resting
tials recorded fromcultured cortical neurons (7–14 DIV) before
01, as compared with control, two-tailed Student's t-test.

image of Fig.�5


Fig. 6 – Effects of hyperthermia on the after-hyperpolarization (AHP) which follows bursts of action potentials evoked by 200-ms
depolarizing current pulses of varying amplitude in cultured cortical neurons (7–14 DIV) before (control) and after hyperthermia.
(A) Representative AHPs evoked by 60-pA current pulse (circled symbols in C) before (gray) and after hyperthermia (black).
(B) Representative AHPs of equal amplitude (circled symbols in D) at control (gray) and hyperthermic temperature (black).
Action potentials have been amputated due to high gain. (C) Plots of peak AHP amplitude and duration (the time needed for
the AHP to decay to half-maximal amplitude, an indicator of the decay rate), for current pulses of varying amplitude. Note
both the amplitude and the duration of the AHP for any given current intensity were decreased after hyperthermia. (D) Plot
of the peak AHP amplitude versus the time to half-maximal amplitude from the same cell as in (A). Note the decrease in the
duration for AHPs of almost all amplitudes. (E and F) Summary of the peak amplitude (E) and duration (F) of AHP from all of
recorded neurons before and after hyperthermia. ***p<0.001, as compared with control, two-way ANOVA followed by
Bonferroni post-hoc test, n=8.
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pulse (p<0.001, as compared with control, two-way ANOVA
followed by Bonferroni post-hoc test, n=8). Thus, hyperthermia
accelerated the rate of decay of the AHP as well as declined its
amplitude.

Taken together, the results suggest that hyperthermia in-
duces enhanced cellular hyperexcitability due to altered neu-
ronal intrinsic properties, and therefore, the hyperthermia-
induced epileptiform discharges in cultured cortical neurons
probably result from abnormal enhanced cellular hyperexcit-
ability when the cells suffered from heating insult.

2.4. Baclofen, a specific GABAB receptor agonist, inhibited
the hyperthermia-induced cellular hyperexcitability and
epileptiform discharges in cultured cortical neurons

In previous studies, we and others have suggested that
GABAB receptors are likely to be associated with FS (Han
et al., 2006; Tsai and Leung, 2006). To further investigate
whether the hyperthermia-induced cellular hyperexcitabil-
ity in cultured cortical neurons was dependent upon
GABAB receptors, we examined the effects of baclofen, a
specific GABAB receptor agonist, on the spike frequency of
action potentials evoked by 200-ms depolarizing current
pulses of varying amplitude from 0 pA to 40 pA in 5 pA in-
crements in cultured cortical neurons. As shown in
Fig. 7A, hyperthermia (39–40 °C) significantly increased the
spike frequency of evoked action potentials recorded from
a cultured neuron (11 DIV), whereas baclofen (100 μM) dra-
matically inhibited the hyperthermia-induced increase of
the spike frequency when administrated either before
(Fig. 7B) or after (Fig. 7C) hyperthermia treatment. From
the relationship of the spike frequency and the depolariz-
ing current, we found that baclofen also inhibited the
hyperthermia-induced reduction of the threshold current
(Ith) for evoking cell firing (Fig. 7D). Coincidently, baclofen
(100 μM) almost completely inhibited the hyperthermia-
induced epileptiform discharges in all of (13/13) recorded
cortical neurons (Fig. 8). These data suggest that the repres-
sion of GABAB receptor-mediated inhibition probably under-
lies the hyperthermia-induced cellular hyperexcitability and
epileptiform discharges in cultured cortical neurons.
3. Discussion

3.1. Hyperthermia-induced epileptiform discharges in
cultured rat cortical neurons

It has been suggested that hyperthermia (temperature of
≥38.4 °C) during fever plays a crucial role in the generation
of febrile seizures (Berg et al., 1995), although other factors
such as genetics, infection, and cytokines may also be in-
volved (Dube et al., 2009a; Escayg and Goldin, 2010; Heida
et al., 2009; Heida and Pittman, 2005). Hyperthermia alone
provokes seizures in rat pups (Holtzman et al., 1981;
Tsai and Leung, 2006) and children (Fukuda et al., 1997).
In hippocampal slices in vitro, hyperthermia induces epi-
leptiform activity (Tancredi et al., 1992) or spreading de-
pression (Wu and Fisher, 2000), more often in slices from
immature than those from adult rats. In this study, we
developed an in vitro cellular model showing that hyper-
thermia (39–40 °C) induced epileptiform discharges in cul-
tured rat cortical neurons.

In clinic, febrile seizures (FSs) are generally considered as
seizures taking place during fever, which is defined as a tem-
perature of at least 38.4 °C (Reid et al., 2009). However, mice
and rats have a rather higher physiological body temperature
whichmust be consideredwhen experimental “hyperthermia”
is applied in these animals, and certainly the ambient temper-
ature of more than 41 °C (~45 °C) is usually used in animal
models of hyperthermia-induced seizures (Holtzman et al.,
1981; Jiang et al., 1999; Schuchmann et al., 2009). Whereas in
hippocampal slices in vitro, epileptiform activity can be in-
duced by a transient increase in temperature of the
brain tissue from 35–36 °C of control values to 38.5–39.2 °C of
hyperthermia treatment (Tancredi et al., 1992). Compelling ev-
idence now shows that excessive heat exposure or heat stress
(high temperature more than 42 °C) can induce irreversible
heat damage such as necrosis, apoptosis or death on in vitro
cells (Burattini et al., 2010). In this study, by using MTT assay
and electrophysiological recording, we confirmed that exces-
sive heat (temperature over 40.5 °C) exposure indeed caused
serious heat damage to the cultured cells, whereas tempera-
ture less than 40 °C had little effect on the cell viability of cul-
tured neurons (Fig. S1). Therefore, we chose the temperature
of 39–40 °C as the hyperthermia, and that of 35–36 °C according
to Tancredi et al. (1992) described as the baseline control tem-
perature in our present study.

The experiments in this study demonstrated that a tran-
sient hyperthermic exposure to cultured cortical neurons in-
duced a typical “febrile seizure-like event” manifested
spontaneous, recurrent, epileptiform discharges (SREDs) fol-
lowed by a series of sustained depolarization (SD). The
SREDswere characterized by abruptly developing, paroxysmal
depolarizing shifts (PDS) of membrane potential with high-
frequency spike firing characteristic of electrographic seizures
(Ziobro et al., 2011), which were extremely similar to those ob-
served in other epilepsy models such as magnesium-free (Cao
et al., 2003; Xu et al., 2009), glutamate (Sun et al., 2001), or bicu-
culline (Khatami et al., 2004)-induced epilepsy. It has been
established that SREDs express many characteristics of overt
epileptic seizures (Carter et al., 2011; DeLorenzo et al., 2007).
For example, SREDs start and terminate spontaneously and
are synchronized in nature (Sun et al., 2001). In general, epi-
leptiform discharges are characterized by typical membrane
potential changes which occur synchronously in many if not
all neurons in a given ictogenic network. In this study, using
immunofluorescent staining with mouse monoclonal anti-
body to β3-tubulin, a specific neuronal marker, we documen-
ted that the extensive connectivity was likely to be formed in
cortical neurons cultured from 6 days to 14 days in vitro
(Fig. S3), although the functional connections are required
to be further studied. Taken together, the high-frequency
spike firing associated with initial prolonged depolarization
and PDSs at end observed in our experiments manifested the
synchronous properties of neuronal activities in hyperthermia
insulted cortical cells (Helekar and Noebels, 1991; Sun et al.,
2001). Consistent with literature findings that prolonged, re-
versible depolarization produces SREDs that last for the life of
hippocampal neurons in culture (Sun et al., 2001, 2002), we
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image of Fig.�7


Fig. 8 – Baclofen inhibited the hyperthermia-induced epileptiform discharges in cultured cortical neurons. (A–C) Representative
whole-cell current-clamp recording from a cultured cortical neuron (9 DIV) at baseline control temperature (36 °C) (A), suffered
from hyperthermia (39.5 °C) treatment in the absence (B) or presence (C) of baclofen (100 μM). Note that hyperthermia
depolarized the resting potential on the same cell. Scale bar: 50 mV, 10 s. (D) Summary of the spontaneous firing frequency of
all recorded neurons (7–14 DIV) on baseline control (n=14), hyperthermia treatment with (n=13) or without (n=11) baclofen.
Note that baclofen almost completely inhibited the hyperthermia-induced epileptiform discharges in all of (13/13) recorded
neurons. ###p<0.001, as compared with control; ***p<0.001, as compared with control hyperthermia+baclofen, one-way
ANOVA followed by Bonferroni post-hoc test.
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found that at initiation of SRED, the developing depolariza-
tions of membrane potential started abruptly and were typical
of the PDSs characteristic of epileptiform discharges. As epi-
sodes began to terminate, shorter, discrete PDSs became ap-
parent. These depolarizing shifts triggered high-frequency
spike discharges throughout the SRED. PDSs are the impor-
tant features of seizures and interictal period of epileptiform
activities (Martella et al., 2009; Segal, 1991), which are
Fig. 7 – Baclofen, a specific GABAB receptor agonist, inhibited the
evoked action potentials recorded from cultured rat cortical neur
current pulses of varying amplitude from 0 pA to 40 pA in 5 pA i
frequency of evoked action potentials recorded from a cultured n
hyperthermia-induced increase of the spike frequency when adm
treatment. Spike frequencies calculated from action potential int
right (c). Solid lines show linear fits; x axis intercepts indicate th
hyperthermia-induced increase in the spike frequency of evoked
Note that baclofen also inhibited the hyperthermia-induced redu
*p<0.05,**p<0.01,***p<0.001, 39.5 °C versus 39.5 °C+baclofen, two
generally accepted as the cellular basis of epileptic activity
in nervous systems (Altrup and Wiemann, 2003). Therefore,
the hyperthermia-induced SREDs in cultured cortical neu-
rons, which were characterized by PDSs and high-frequency
spike firing, suggested a novel in vitro model of hyperthermia-
induced seizure.

Another characteristic of hyperthermic responses was
epileptiform-like discharges accompanied by sustained
hyperthermia-induced increase in the spike frequency of
ons. Action potentials were evoked by 200-ms depolarizing
ncrements. (A) Hyperthermia (39.5 °C) increased the spike
euron (11 DIV). (B–C) Baclofen (100 μM) inhibited the
inistrated either before (B) or after (C) hyperthermia

ervals of the left cells (a, b) from A to C were plotted in the
e threshold current. (D) Summary of baclofen on the
action potentials from 9 of the recorded neurons.
ction of the threshold current for evoking cell firing.
-tailed Student's t-test.

image of Fig.�8
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depolarizations (SDs), which was similar to the “Wedge-
shaped” depolarization or sustained plateau activity charac-
terized by a low-amplitude, continuous depolarization that
was observed in an Mg-free-induced epilepsy model in cul-
tured cortical neurons (Cao et al., 2003). The amplitude of the
sustained depolarizations in this study was similar to that
recorded in vitro chronic-excitatory-block model of epilepsy
(Segal, 1991), but of the shorter duration. It is suggested that
the sustained depolarizations are more likely to occur on the
cells with a decreased GABAergic inhibition (Gibbs et al.,
1997; Segal, 1991), which may underlie the spreading depres-
sion that was observed in rat hippocampal slice (Wu et al.,
2001; Wu and Fisher, 2000). Considerable evidence has accu-
mulated that spreading depression mediates cellular hyper-
excitability due to a significant suppression of GABAergic
inhibition (i.e. cortical disinhibition) (Kruger et al., 1996).
Therefore, the hyperthermia-induced sustained depolariza-
tions, resembling the spreading depression in hippocampal
slice, may be associated with the febrile seizures.

3.2. Hyperthermia-induced cellular hyperexcitability in
cultured rat cortical neurons

Although the mechanisms that underlie seizures are not fully
known, it is likely that changes to both neuronal intrinsic
properties and synaptic connectivity play an important role
(Bender and Baram, 2008; George and Jacobs, 2011). Neuronal
intrinsic properties control action potential firing rates and
serve to define neuronal excitability. Changes in intrinsic
properties have previously been shown to contribute to
hyperexcitability in a number of epilepsy models (George
and Jacobs, 2011; Sanabria et al., 2001; Wellmer et al., 2002).
The temperature dependence of intrinsic membrane proper-
ties and synaptic potentials has also been extensively exam-
ined in a variety of preparations (Qu and Leung, 2009; Szabo
et al., 2008). Cooling of guinea pig hippocampal neurons
from 37 °C to between 33 and 27 °C increases their input resis-
tance, enhances spike frequency adaptation, and increases
the postburst AHP (Thompson et al., 1985). Whereas warming
of hippocampus to a few degrees, action potentials have
shorter rise and decay times; action potential amplitude be-
comes slightly smaller; axonal conduction velocity increases,
and transmitter release becomes faster and more synchro-
nized (Andersen and Moser, 1995; Eckerman et al., 1990). Con-
sistent with these previous observations, we found that
hyperthermia significantly increased the excitability of the
cultured cells as results of alterations in intrinsic cellular
properties.

The most striking findings of this study are the decreases
in the amplitude and duration of the afterhyperpolarization
(AHP) which follows a train of action potentials (APs), and
themarked reduction of spike frequency adaptation. In hippo-
campal neurons, a train of APs is followed by an AHP compris-
ing fast, medium (mAHP), and slow (sAHP) components (Bond
et al., 2004). The sAHP has been reported to be important for
regulation of spike frequency accommodation and, therefore,
neuronal function (Avoli et al., 1994; Disterhoft et al., 2004;
Shah et al., 2006). Several studies have revealed the crucial
role of the sAHP in seizure susceptibility (Fernandez de et al.,
2006; Pan et al., 2010). In the genetically epilepsy prone rat,
the sAHP and spike-frequency adaptation is reduced, and hip-
pocampal cellular excitation increased (Verma-Ahuja et al.,
1998). Although the accurate component of AHP was not iden-
tified in our present study, the reduced AHP and the spike fre-
quency adaptation suggested that the sAHP was likely to be
involved. The reduced AP duration in hyperthermic neurons
provides an alternative explanation for the reduced sAHP.
The Ca2+ influx during a train of APs activates Ca2+-dependent
K+ channels that mediate the sAHP (Bond et al., 2004; Sah and
Faber, 2002; Zhang et al., 2010). Reduction of AP broading dur-
ing a train of APs would result in a reduced Ca2+ influx and
less activation of the Ca2+-dependent K+ channels, and there-
fore lead to a reduced sAHP. In addition, hyperthermia could
induce depolarized RP and decreased Rin, whichmay also con-
tribute to the decreased AHP and firing frequency adaptation.
Whether the decreased AHP and firing frequency adaptation
are secondary to the depolarized RP and decreased Rin, or
they are due to a direct action of hyperthermia on the AHP
needs to be further studied.

3.3. Suppression of GABAB receptor-mediated inhibition
played an important role in the hyperthermia-induced cellular
hyperexcitability and epileptiform discharges in cultured
cortical neurons

In previous studies, we and others have suggested that GABAB

receptors are likely to be associated with FS (Han et al., 2006;
Qu et al., 2010; Tsai and Leung, 2006). Consistent with these
findings, we presently documented that baclofen significantly
repressed the hyperthermia-induced increase of the spike fre-
quency and the reduction of the threshold current (Ith) for
evoking cell firing, indicating that the suppression of GABAB

receptor-mediated inhibition played an important role in the
hyperthermia-induced cellular hyperexcitability. Accordingly,
baclofen almost completely inhibited the hyperthermia-
induced epileptiform discharges in all of recorded neurons.
GABAB receptors have been found to play a key role in regulat-
ing membrane excitability, synaptic transmission (Marshall,
2008; Padgett and Slesinger, 2010; Pinard et al., 2010), and cor-
tical network activity such as the neuronal gamma oscilla-
tions (Kohl and Paulsen, 2010) in the brain. The repression of
GABAB receptor-mediated inhibition has also been proved
to underlie the abnormal neuronal hyperexcitability and
to the disturbed cortical network activity, such as seizures
and epilepsy (Bortolato et al., 2010; Cohen et al., 2006; Mares
and Kubova, 2008; Sperk et al., 2004). Consequently, the
hyperthermia-induced seizures in immature rats have been
suggested to be based on the over-enhanced alterations in ex-
citability of the dentate gyrus via impaired GABAB receptor-
mediated inhibition (Kwak et al., 2008; Tsai and Leung,
2006). Together with our previous findings of the decreased
GABA(B)R1a and GABA(B)R2 subunits and the binding of the
2 subunits in hyperthermia-induced seizures in immature
rats (Han et al., 2006), we suggest that the suppression of
GABAB receptor-mediated inhibition probably underlies
the hyperthermia-induced cellular hyperexcitability and epi-
leptiform discharges in cultured cortical neurons. In fact,
we could not identify the exact action of baclofen on pre- or
postsynaptic site in our current study. It will be necessary to
further investigate whether the effects of baclofen on the
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hyperthermia-induced cellular hyperexcitability and epilepti-
form discharges are retained in the presence of tetrodotoxin
or ionotropic glutamate receptor blockers, or GABAB receptor
antagonist.

In conclusion, our present study suggests that hyperther-
mia may induce a “febrile seizure-like event” expressed as
spontaneous, recurrent, epileptiform discharges (SREDs) fol-
lowed by a series of sustained depolarization (SD) in cultured
cortical neurons. This kind of hyperthermia-induced epilepti-
form activities is probably due to the development of persis-
tent neuronal hyperexcitability by suppression of the GABAB

receptor-mediated inhibition when the cells suffered from
heating insult. This study provides a novel cellular model
for studying the pathogenetic mechanisms of febrile seizures
in vitro.
4. Experimental procedures

4.1. Primary cell cultures

Primary cultures of cortical neurons were prepared from
timed pregnant Wistar rats (Department of Experimental An-
imal Sciences, Peking University Health Science Center) at
a gestational age of 17–18 days, as described in our previous
reports (Jiang et al., 2007, 2010). Briefly, the fetal cerebral corti-
ces were dissected and digested at 37 °C for 20 min with the
solution containing 1 mg/ml papain (0.5–2 units/mg, Sigma),
0.5 mM EDTA and 0.5 mM cysteine-HCl (Sigma) in Earle's bal-
anced salt solution. The tissue was gently triturated and the
resultant cell suspension was separated by centrifugation
over a gradient consisting of 10 mg/ml BSA and 10 mg/ml ovo-
mucoid (trypsin inhibitor, Sigma). The pellet was then resus-
pended in plating medium (Minimum Essential Medium
containing 10% fetal bovine serum, 5% heat-inactivated
horse serum, 2 mM glutamine, 0.2 mM cysteine, 100 IU/ml
penicillin and 100 IU/ml streptomycin). The dissociated cells
were counted, and 5 ml of cell suspension was planted on
poly-L-lysine (0.1 mg/ml, Sigma)-coated glass cover slips in
24-well tissue culture plates at a density of 1–3×105 cells/ml.
4–6 h post-plating, all plating media were removed from cul-
tures and replaced with Neurobasal A (Gibco BRL) medium
supplemented with 2% B27 and 0.5 mM L-glutamine (Gibco
BRL). Cultures were maintained at 37 °C in a 95% O2, 5% CO2-
humidified incubator. Medium replacement was performed
every 3–4 days, and cells were used for electrophysiological
recording at 7–14 days in vitro (DIV). All experimental proce-
dures were in accordance with the Guide for Care and Use
of Laboratory Animals, which was approved by the Medicine
Animal Studies Committee of Peking University.

4.2. Immunofluorescent staining

Cells cultured on poly-L-lysine (0.1 mg/ml, Sigma)-coated
chamber slides were washed with 0.1 M phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde in PBS for 10 min
at room temperature, and treated with 0.2% Triton X-100
for 15 min. After blocking the non-specific binding with 5%
goat serum (GS) and 1% bovine serum albumin (BSA) in
PBS for 1 h at room temperature, the cells were incubated
with mouse monoclonal antibody to β3-tubulin (Tuj-1; 1:500;
Santa Cruz, CA), a specific neuronal marker, diluted in
PBS containing 5% GS and 1% BSA, over night at 4 °C.
After washing with PBS, cells were incubated with fluorescein
isothiocyanate (FITC)-conjugated goat antimouse (1:500;
Zhongshan Golden Bridge Biotechnology, Beijing China) sec-
ondary antibodies diluted in PBS/GS, BSA for 60 min at 37 °C
(dark). Stained slides were viewed and photographed with
a CCD camera under a fluorescent microscope (DMIRB, Leica,
Germany).

4.3. Hyperthermia treatment

To maintain the cells at a normal condition, a temperature
range from 35 to 36 °C was chosen as the baseline recording
temperature according to Tancredi et al. (1992). After a 60-s
stable baseline recording was established, the extracellular
solution was then increased up to a hyperthermic tempera-
ture of 39.5 °C (range from 39 to 40 °C) rapidly during 5 s by
replacing the bath with preheated solution. This hyperther-
mic condition (~39.5 °C) was stabilized for approximately
60 s, and then the extracellular solution was naturally cooled
down to normal temperature (~36 °C) during 5 min. Tempera-
ture was monitored by an electronic thermometer placed di-
rectly in the recording chamber along with the slides. The
spontaneous discharges of cultured neurons were recorded
in a continuous mode before, during, and after hyperthermic
treatment. Electrophysiological recordings went through the
complete heating and cooling procedures.

4.4. Cell viability assay

To determine the effects of different temperatures on cell
viability of cultured cells, we measured the cell viability by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay as described by Mossman (1983) with minor
modification. In brief, the MTT assay (Cellchip Biotechnology,
Beijing China) was performed on cultured rat cortical neurons
(10 DIV). Cells were divided into three groups according to the
different highest temperatures by the preheated-medium as
follows: 35–37 °C, 37.5–40 °C, and 40.5–43 °C. All platingmedium
was removed from cultures and replaced with 500 μl preheated
medium at experimental temperatures. The MTT (50 μl per
hole) was then added in 24-well culture plates and cells
were incubated in a 37 °C, 95% O2, 5% CO2-humidified incu-
bator for additional 4 h. The absorbance of formazan, which
is proportional to metabolic active cells, was measured at
570 nm by an enzyme linked immunosorbent assay (ELISA)
plate reader (Bio-Rad Model 550, USA). Relative cell viability
(%) was calculated as (mean absorbance of sample/mean
absorbance of basal temperature control)×100.

4.5. Whole-cell patch-clamp recordings

Whole-cell current-clamp recordings were performed using an
EPC-10 amplifier and Patchmaster software (HEKA, Germany).
Patch pipettes were pulled from borosilicate glass capillaries
with a tip resistance of 2–6 MΩwhen filled with internal solution
containing (inmM) 120KCl, 2.25 CaCl2, 5MgCl2, 5 EGTA, 20HEPES,
5 Na2-ATP, and 0.4 Na2GTP, adjusted to pH 7.4 with KOH. The
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external solution contained (in mM) 140 NaCl, 4 KCl, 10 HEPES, 2
CaCl2, 2 MgCl2, and 10 glucose, adjusted to pH 7.4 with NaOH.
Drugs were prepared in the external solution and delivered by a
gravity-fed multibarrel perfusion system (VaveLink 8; Automate
Scientific, Inc. USA). Spontaneous firing and evoked actionpoten-
tials (AP) were measured with pipette and membrane capaci-
tance cancelation, filtered at 2 kHz and digitized at 10 kHz.
Series resistance was compensated at 70–90%.

Under current-clampmode, the spontaneous firing of the cul-
tured cortical neurons was firstly recorded before, during, and
after hyperthermia treatment continuously to examine whether
transient hyperthermia could induce epileptiform activities in
cultured cortical neurons. To further investigate whether an
acute hyperthermia could also increase the excitability of the
cortical neurons, the cells were held at 0 pA, and a series of
200-ms depolarizing current pulses in 10 pA increments from
0 pA to 80 pA, or in 5 pA increments from 0 pA to 40 pA, was de-
livered to elicit the cell generating evoked action potentials. A
hyperpolarizing current pulse in 200 ms, −200 pA was deliv-
ered to measure membrane input resistance (Rin), which
was assessed from the value of the evokedmembrane poten-
tial divided by the injected hyperpolarizing current (−200 pA).
The following values were measured in this study as shown in
Fig. S4: baseline resting potential (RP), frequency of spontane-
ous firing, numbers of evoked AP, amplitude and duration of
AP, rise (or fall) rate of AP, threshold potential (TP), threshold
current for evoked AP (Ith), inter-spike interval (ISI), amplitude
of after-hyperpolarization (AHP), and time needed for AHP to
decay to half-maximal amplitude.

4.6. Statistical analysis

All data were expressed as mean±SEM (standard error of mean).
One-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test was used for multiple comparisons. Two-tailed
Student's t-test was used for the comparison of the mean values
between two groups. Linear fits and statistical analysis were per-
formed using GraphPad Prism 5.0 software. Differences with
p<0.05 were considered statistically significant.

Supplementary materials related to this article can be
found online at doi:10.1016/j.brainres.2011.08.027.
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