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The mechanisms underlying the generation of febrile seizures are poorly understood. This study investigated
hyperthermia-induced changes in the hippocampus, a structure implicated in febrile seizures. It was hypothesized that
neuronal excitability in the hippocampus changes with increasing temperature, and that this change is different in adult
as compared with immature rats. Adult and immature (15–17 days postnatal) male rats were studied under urethane
anesthesia during normothermia, moderate hyperthermia (38–39.5°C), and severe hyperthermia (>39.5°C). Paired-pulse
inhibition of the orthodromically activated population spikes in the dentate gyrus and cornu ammonis 1 region of the
hippocampus (CA1), two structures within the hippocampus, was measured after stimulation of the medial perforant
path and Schaffer collaterals, respectively. In the adult rat, paired-pulse inhibition was increased in the dentate gyrus
during moderate and severe hyperthermia but decreased in CA1 during severe hyperthermia (all p values < 0.05). In the
immature rat, paired-pulse inhibition was unchanged in the dentate gyrus but decreased in CA1 during moderate hy-
perthermia ( p < 0.05). We suggest that hyperthermia contributes to seizure susceptibility in the immature hippocampus
by decreasing CA1 inhibition. In the adult rat, a decrease in CA1 inhibition requires a higher degree of hyperthermia,
and hippocampal seizure generation is opposed by an increase in dentate gyrus inhibition.
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Seizures occur more readily in the immature than the
mature brain,1 and febrile seizures are the most com-
mon seizure type in children before the age of 5
years.2,3 Whether febrile seizures have detrimental con-
sequences is being disputed,3,4 one possible conse-
quence being temporal lobe sclerosis and temporal lobe
epilepsy.5,6 Prolonged febrile convulsions have been
suggested to induce hippocampal cell loss in infants.7

Febrile seizures in rats result in a persistent increase in
seizure susceptibility8–11 and neuronal excitability12,13

and alterations in behavior.14 However, there is little
pathology in the adult rats after febrile seizures.15,16

The mechanisms underlying hyperthermia-induced
seizure are not known. An increase in temperature in-
creases excitatory postsynaptic potentials (EPSPs) in
the hippocampus of different preparations, accompa-
nied by a paradoxical decrease in the population
spike.17–19 A population spike is an extracellular poten-
tial generated by synchronous firing of action poten-
tials in a population of neurons.20 The decrease in the
population spike amplitude with temperature could be
explained by a shorter spike duration at high tempera-
ture. Heating from 27 to 37°C increased the early in-
hibitory postsynaptic potentials (IPSPs) of hippocam-

pal cornu ammonis 1 region of the hippocampus
(CA1) neurons in vitro.21 However, the late IPSPs
(presumably K� mediated) and the spike after hyper-
polarization decreased with temperature.21

We are not aware of in vivo studies on inhibition
change with hyperthermia. Thus, in this study, we
used a paired-pulse paradigm to assess the neuronal in-
hibition in the hippocampus during hyperthermia in
anesthetized rats in vivo. Pairs of orthodromic stimulus
pulses were delivered to activate the dentate gyrus
(DG) and CA1 of the hippocampus, and the ratio of
the evoked population spikes is used as a measure of
inhibition.22,23 We hypothesized that paired-pulse in-
hibition in the hippocampus changes with increasing
temperature, and that this change in inhibition is dif-
ferent in adult and immature rats. Some of the results
were reported in an abstract.24

Materials and Methods
Animal Preparation, Electrode Placement,
and Data Collection
Procedures were approved by the Animal Use Committee at
the University of Western Ontario. Adult (6–12 weeks) and
immature (15–17 days postnatal) male Long-Evans rats were
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anesthetized with 1.2 to 1.3gm/kg of urethane intraperitone-
ally. Based on the times of growth spurts, rats that are 15 to
17 days postnatal may be considered to be equivalent to a
child younger than 3 years old.25 Atropine methylnitrate
(0.12–0.17mg/kg IP) was given to prevent fluid accumula-
tion in the airway. A rat then was placed in a stereotaxic
instrument, with age-appropriate ear and nose bar adaptors
(Kopf, Tujunga, CA). Temperature was monitored using a
calibrated rectal thermal probe and maintained at 36.5 to
37.5°C by an electric heat pad on the under body (Frederick
Haer, Bowdoinham, ME).

Recording electrodes were glass micropipettes filled with
2M sodium acetate and 4% pontamine sky blue (5–15M�);
a silver wire sutured under the skin near the back of the neck
was used as the reference. A stimulating electrode was placed
in the medial perforant pathway (MPP) to orthodromically
activate the dentate granule cells. The target26,27 for the
MPP stimulating electrode was posterior 8mm and lateral
4mm in adult rats, and posterior 6.4mm and lateral 2.7mm
in immature rats. Evoked field potentials were recorded at
the DG granule cell layer,26,27 posterior 4.8mm and lateral
3.5mm (adult) and posterior 3.7mm and lateral 2.4mm (im-
mature). A second stimulating electrode was placed in CA3
to orthodromically activate CA1 through the Schaffer collat-
erals, with a target of posterior 3.2mm and lateral 3.2mm
(adult),26 and posterior 2.8mm and lateral 3.2mm (imma-
ture).27 The recording electrode was lowered to the CA1 py-
ramidal cell layer at posterior 3.5mm and lateral 2.4mm
(adult) and posterior 2.8mm and lateral 3.2mm (imma-
ture).26,27 A small jeweler’s screw placed in the frontal skull
served as a stimulus anode. All electrodes were placed in the
right hippocampus, at 2.5 to 4mm below the skull surface.
The final electrode positions were determined by optimizing
the response after small movements of the stimulating elec-
trode and then maximizing the amplitude of the evoked pop-
ulation spike.28 At the end of each experiment, the locations
of the stimulating and recording electrodes were marked, re-
spectively, by lesion or dye. The rat was perfused intracardi-
ally with 10% formalin in phosphate buffer. The rat’s brain
was removed and subsequently sectioned and stained with
thionin, and the electrode locations were verified.

Brain temperature was measured by a thermistor (Fenwal
GA51M2, Pawtucket, RI or YSI 44007, Dayton, OH)
placed in CA1. Simultaneously recorded brain and rectal
temperatures were found to differ by less than 0.4°C, and
the absolute difference between brain and rectal temperatures
averaged 0.15 � 0.01°C in four adult rats and 0.19 �
0.03°C in three immature rats (� 20 measures were made,
evenly dispersed over 36–42°C). Thus, only rectal tempera-
ture was measured routinely and reported below, and rats
with concomitant brain temperature and electrophysiological
recordings were excluded from the results.

After placement of the electrodes, a rest period of more
than 15 minutes was allowed for responses to stabilize. Field
potentials were amplified, digitized at 10kHz using a custom
program. Paired-pulse stimuli, repeated at greater than
8-second intervals, were delivered to MPP with an interpulse
interval (IPI) of 20, 30, 50, 100, 150, 200, or 400 millisec-
onds, at a stimulus intensity of three times the P1 threshold.
Paired pulses of 20 to 400 milliseconds IPI then were deliv-
ered to CA3. Four sweeps were averaged and stored on a

microcomputer. Responses also were collected at five stimu-
lus intensity levels (one through five times the first-pulse
population spike threshold, determined for each rat under
normothermic conditions), with a fixed IPI of 20 millisec-
onds for MPP and 30 milliseconds for CA3 stimulation.

Hyperthermia Treatment
The normal physiological basal body temperature for an
adult or immature rat was 36.5 to 37.5°C (mean, 36.7°C).
After baseline recordings during normothermia, the rat was
heated by the heating pad to attain two hyperthermic con-
ditions operationally defined as (1) moderate hyperthermia,
with an average rectal temperature of 38.8°C (range, 38 –
39.3°C), and (2) severe hyperthermia, with an average rec-
tal temperature of 40°C (range, 39.5– 40.7°C). Severe hy-
perthermia was not induced in the immature rats because
during preliminary experiments the immature rats usually
did not survive this condition. This was likely a combined
effect of anesthetic and hyperthermia, because unanesthe-
tized immature rats survived hyperthermia better than older
rats.9 The rate of heating was approximately 0.19°C per
minute for adult rats and 0.37°C per minute for immature
rats. The temperature was stabilized at each hyperthermic
condition for 10 minutes before electrophysiological re-
cordings. The animals were cooled by placing a thin ice
pack under their ventral body surface. After cooling to nor-
mothermic temperature, an additional recovery period of at
least 30 minutes was allowed before the “return to normo-
thermia” set of data was collected. Ten adult rats and eight
immature rats went through the complete heating and cool-
ing procedures. Not all rats had both DG and CA1 record-
ings, because one of these targets could have been occasion-
ally missed.

Data Measurement and Analysis
Population spike amplitude was measured from spike onset
to its peak negativity28 (Fig 1, inset). P1 and P2 are the pop-
ulation spike amplitudes following the first and the second
pulse respectively. The ratio of P2 to P1 was calculated as an
index of the paired-pulse response. The onset and peak la-
tency of the population spike were measured from the peak
of the stimulus artifact. The rate of increase of the popula-
tion EPSP28 was taken as the slope at two fixed latencies
before the onset of the population spike (see Fig 1, inset). E1
and E2 are the population EPSP slopes following the first
and the second pulse respectively. In all cases, measurements
were taken at least 0.2 milliseconds before the onset of the
population spike. Because of the shift along the x axis with
increasing temperature, the more standard procedure of us-
ing fixed latencies from the stimulus artifact was not possi-
ble.

The statistical significance of different experimental mea-
sures was estimated with repeated measures analysis of variance
(ANOVA), using the Greenhouse-Geisser conservative-F, in-
cluding all conditions for a group of rats. There were four
conditions for adults, normothermia, moderate hyperthermia,
severe hyperthermia, and return to normothermia, and three
conditions for immature rats, normothermia, moderate hyper-
thermia, and return to normothermia. A significant ANOVA
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was followed by Tukey’s post hoc test using the unadjusted
degrees of freedom. In data sets involving a covariate, a re-
peated measures analysis of covariance (ANCOVA) was used.

Bivariate regression analysis was used to examine the relation-
ship between brain and rectal temperature. Statistical signifi-
cance was set at p value less than 0.05. Rats with incomplete
data sets in the 20 to 200-millisecond IPI range were omitted

Fig 2. Paired-pulse inhibition of the population spikes in
adult dentate gyrus (DG) was increased during hyperthermia.
(A) Group data showing the P2 to P1 ratio as a function of
the interpulse interval (IPI); a medial perforant pathway stim-
ulus intensity of three times the P1 threshold was used. P2/P1
significantly decreased during moderate hyperthermia (p �
0.05) and severe hyperthermia (p � 0.01) at IPIs of 20 to
200 milliseconds (n � 8) but not at 400 milliseconds IPI, as
compared with normothermia. Thin horizontal solid line at
P2/P1 � 1 is provided for reference. Error bars represent 1
standard error of the mean. (B) The change in P2 amplitude
was independent of the change in P1 amplitude. Scatter plots
of P2 versus P1 are shown for each of the four conditions:
normothermia, moderate hyperthermia, severe hyperthermia,
and “return to normothermia.” Each point represents an aver-
age response evoked with a stimulus intensity of three times P1
threshold and 20 milliseconds IPI. The best linear regression
fit was made for each of the four conditions. ms � millisec-
onds.

Fig 1. Hyperthermia affects differentially the paired-pulse re-
sponses in the dentate gyrus (DG) and cornu ammonis 1 re-
gion of the hippocampus (CA1) of the adult and immature
hippocampus. Representative average evoked potentials (n �
4) were recorded at the DG granule cell layer after medial
perforant path stimulation, or at the CA1 pyramidal cell layer
after CA3 stimulation. Stimulus intensities were three times
the threshold of the population spike. Inset shows measurement
of the slopes of the population EPSPs (E1 and E2 after the
first and the second pulse, respectively) and the population
spikes (P1 and P2 after the first and the second pulse, respec-
tively). (A) Hyperthermia decreased P2 in the DG and in-
creased it in the CA1. Temperatures were 37°C (normother-
mia), 39°C (moderate hyperthermia), and 40°C (severe
hyperthermia), and r37°C (return to normothermia). The
overlying, dotted trace is the normothermia response. (B) Simi-
lar average evoked potentials are shown for representative im-
mature rats before and after moderate hyperthermia (39°C).
Moderate hyperthermia did not affect responses (shown at 50
milliseconds IPI) in the DG but increased P2 in CA1. (dots)
Stimulus artifact; ms � milliseconds.
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from the analysis. Data at 400 milliseconds IPI were collected
for fewer rats than data at 20 to 200 milliseconds IPI. Because
of the smaller sample size, separate analyses were conducted
for the 400-millisecond IPI data.

Results
Hyperthermia Increased Paired-pulse Inhibition in
the Adult Dentate Gyrus
Stimulation of the MPP resulted in a slow positive
wave in the DG granule cell layer that was interpreted
as the population EPSP, and a sharp negative wave in-
terpreted as the population spike. The mean stimulus
intensities required to elicit a detectable EPSP and
population spike in the adult DG were 24 � 8�A and
147 � 29�A, respectively (mean � standard error of
the mean; n � 8). Paired-pulse stimulation showed a
triphasic relation of the P2 to P1 ratio with the IPI
during normothermia (Fig 2A). Paired-pulse inhibition
(ie, P2/P1, � 1) was found at IPI less than 50 milli-
seconds and IPI greater than 200 milliseconds, with
paired-pulse facilitation (ie, P2/P1, � 1) between 50
and 200 milliseconds IPI (see Figs 1A and 2A).

Hyperthermia had a significant effect in decreasing
P2/P1 in the adult DG. This was most striking at 200
milliseconds IPI, where P2/P1 was greater than 1 dur-
ing normothermia but less than 1 during severe hyper-
thermia (see Fig 2A). A two-factor (group � IPI) re-
peated measures ANOVA showed a significant main
effect of temperature on P2/P1 (F2,12 � 8.04; p �
0.007) with no significant interaction between temper-
ature and IPI. Tukey’s post hoc test showed that the
decrease in P2/P1 was significant during moderate
(q4,21 � 2.80; p � 0.05) and severe (q4,21 � 4.53;
p � 0.01) hyperthermia, as compared with normother-
mia. No significant difference in P2/P1 (p � 0.05)

was found between moderate and severe hyperthermia,
or between normothermia and “return to normother-
mia.” A separate one-factor repeated measures ANOVA
showed no significant difference in P2/P1 during hy-
perthermia at an IPI of 400 milliseconds (n � 6).

Hyperthermia Significantly Decreased P2
Independently of P1 in the Adult Dentate Gyrus
In the adult DG, hyperthermia did not have a signifi-
cant effect on the amplitude of P1 at a fixed stimulus
intensity of three times the P1 threshold (Table 1).
Thus, the effect of temperature on the P2 to P1 ratio
was essentially the same as that of temperature on P2
alone (not shown). The input–output data (using dif-
ferent stimulus intensities; n � 6) confirmed the over-
all lack of a main effect of temperature on P1 (F3,12 �
3.4; p � 0.066). However, there was a significant in-
teraction between temperature and stimulus intensity
(F3,15 � 3.33; p � 0.048). Tukey’s post hoc test
showed that P1 amplitude was significantly decreased
during severe hyperthermia as compared with normo-
thermia at four and five times threshold (both with
q4,23 � 3.3; p � 0.01).

The decrease in P2 amplitude in the adult DG with
temperature was independent of P1 amplitude, as
shown by repeated measures ANCOVA (n � 6). For
the same P1, the amplitude of P2 (at a fixed IPI of 20
milliseconds) was significantly decreased during mod-
erate (F1,28 � 32.1; p � 0.0001) or severe hyperther-
mia (F1,28 � 31.5; p � 0.0001), as compared with
normothermia (see Fig 2B). There was no significant
difference between normothermia and return to nor-
mothermia (F1,28 � 3.16; p � 0.086).

Table 1. Effect of Hyperthermia on the Onset Latency and the Peak Amplitude of the Population Spike (P1) Evoked by the First
Stimulus Pulse in the DG and CA1 of Adult and Immature Rats

Effect

Adult Immature

DG (n � 8)
CA1

(n � 10) DG (n � 6)
CA1

(n � 8)

P1 onset latency (msec)
Normothermia 3.10 � 0.10 5.67 � 0.54 5.22 � 0.34 4.99 � 0.41
Moderate hyperthermia 2.79 � 0.08a 5.30 � 0.52a 4.74 � 0.34a 4.70 � 0.42a

Severe hyperthermia 2.60 � 0.06a 5.13 � 0.53a N/A N/A
Return to normothermia 2.95 � 0.06a 5.63 � 0.53 5.38 � 0.36 5.17 � 0.43b

P1 amplitude (mV)
Normothermia 6.73 � 0.87 8.79 � 0.97 1.09 � 0.30 3.73 � 0.88
Moderate hyperthermia 6.78 � 1.25 7.13 � 0.98a 0.785 � 0.24 2.61 � 0.77a

Severe hyperthermia 6.27 � 1.26 5.47 � 0.94a N/A N/A
Return to normothermia 6.96 � 1.24 7.64 � 1.15a 0.623 � 0.15 2.86 � 0.67b

Values are means � SEM; a stimulus intensity of three times P1 threshold was used.
ap � 0.01;
bp � 0.05; as compared with normothermia, Tukey’s post hoc test after a significant ANOVA.

DG � dentate gyrus; CA1 � cornu ammonis 1 region of the hippocampus; N/A � not applicable, no data collected.
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Hyperthermia Decreased Paired-pulse Inhibition
in the Adult Cornu Ammonis 1 Region
of the Hippocampus
Stimulation of CA3 resulted in a positive population
EPSP and a negative population spike at the CA1 py-
ramidal cell layer. A mean threshold stimulus intensity
was 27 � 2�A for the population EPSP and 151 �
16�A for P1 (n � 10). Hyperthermia induced a dras-
tic but reversible increase in P2 in CA1 (see Fig 1A).
During normothermia, CA1 showed paired-pulse inhi-
bition (P2/P1, � 1) at less than 100 milliseconds IPI
and a small paired-pulse facilitation at greater than 100
milliseconds IPI (Fig 3A). Severe, but not moderate,
hyperthermia increased P2/P1 at most IPIs. A repeated
measures ANOVA showed that the main effect of tem-
perature on P2/P1 was significant (F2,10 � 5.51; p �
0.041; n � 10) at 20 to 200 milliseconds IPI (see Fig
3A). Tukey’s post hoc test showed a significant increase
in P2/P1 during severe hyperthermia, when compared
with normothermia (q4,27 � 5.22; p � 0.01), with no
significant temperature or IPI interaction. At 400 mil-
liseconds IPI, there was a trend of temperature only on
P2/P1 (F2,12 � 4.13; p � 0.053). There was no sig-
nificant difference between normothermia and moder-
ate hyperthermia or between normothermia and “re-
turn to normothermia.”

The P1 amplitude of the adult hippocampal CA1
decreased progressively with increasing temperature.
The effect of temperature on P1 amplitude was signif-
icant at a fixed stimulus intensity of three times P1
threshold or across stimulus intensities (F2,6 � 7.3;
p � 0.03; n � 5). The P1 and P2 amplitudes in CA1
did not completely recover with the “return to normo-
thermia” (see Table 1). A repeated measures ANCOVA
showed that for a given P1 amplitude, there was a sig-
nificant increase in P2 amplitude during moderate
(F1,14 � 15; p � 0.002) and severe hyperthermia
(F1,14 � 17.9; p � 0.001), as compared with normo-
thermia (n � 4; see Fig 3B).

Moderate Hyperthermia Had Minimal Effects on the
Dentate Gyrus Field Potentials in Immature Rats
In the immature DG, the mean thresholds for the pop-
ulation EPSP and the population spike were 29 � 8
and 205 � 33�A, respectively (n � 6). The threshold
was significantly larger than the same measure in the
adult DG. In addition, the evoked responses were
smaller in the immature as compared with the adult rat
(see Fig 1B; Tables 1 and 2).

The relation of P2/P1with IPI in the DG of imma-
ture rats (Fig 4A) was similar to that of adult rats, ex-
cept that paired-pulse inhibition was not found at 400
milliseconds IPI. P2/P1 in the immature rat (see Figs
1B and 4A) showed no significant change with tem-
perature (F2,6 � 0.521; p � 0.5). Although the sample

size was relatively small (n � 6), the null hypothesis
(that there is no temperature effect on P2/P1) was not
rejected with p � 0.5, far larger than the normally ac-
cepted level of significance (p � 0.05). In addition,
there was no significant interaction between tempera-
ture and IPI (F3,12 � 2.67; p � 0.10) and no signifi-
cant change of P1 amplitude with temperature (F2,6 �
3.79; p � 0.108).

Fig 3. P2 to P1 ratio of the population spikes in the adult
cornu ammonis 1 region of the hippocampus (CA1) was de-
creased during hyperthermia. (A) P2/P1 as a function of IPI;
three times P1 threshold paired pulses were delivered to CA3.
P2 to P1 ratio was significantly increased during severe hyper-
thermia at IPIs of 20 to 200 milliseconds, as compared with
normothermia. (B) The change in P2 amplitude was indepen-
dent of P1 amplitude, as shown by a scatter plot of P2 versus
P1 (30 milliseconds IPI, three times the P1 threshold stimuli;
average of four sweeps) in different conditions in adult CA1.
Layout is similar to Fig 2B. A linear regression fit is shown
for each of the four conditions: normothermia, moderate hy-
perthermia, severe hyperthermia, and “return to normother-
mia.” ms � milliseconds.
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Moderate Hyperthermia Decreased Paired-pulse
Inhibition in the Immature Cornu Ammonis 1
Region of the Hippocampus
CA1 responses after CA3 stimulation gave EPSP and
P1 thresholds of 38 � 5 and 219 � 27�A, respec-
tively (n � 9), which were significantly different from
the respective thresholds in adult rats. During normo-
thermia in the immature hippocampal CA1, the P2/P1
versus IPI plot was biphasic, as in the adult rat, al-
though paired-pulse facilitation appeared to be more
prominent at greater than 30 milliseconds in the im-
mature than adult rat (cf, Figs 4B and 3A). In the im-
mature rat shown, an increase in temperature increased
P2 amplitude with little change in P1 (see Fig 1B). A
repeated measures ANOVA confirmed that moderate
hyperthermia increased P2/P1, as compared with nor-
mothermia, and this increase disappeared after return-
ing to normothermia. Using a fixed stimulus intensity
of three times the P1 threshold, we found that the
temperature effect on P2/P1 was significant for IPIs of
20 to 200 milliseconds (F2,10 � 5.017; p � 0.048;
n � 9) but not at 400 milliseconds IPI. There was a
trend for an interaction between temperature and IPI
(F3,21 � 2.60; p � 0.089). To compare between adult
and immature rats without the “severe hyperthermia”
group, we performed repeated measures ANOVAs on
the P2/P1 data (20–200 milliseconds IPI) that in-
cluded only two conditions, normothermia and mod-
erate hyperthermia. Similar to the results of the overall
ANOVA, a significant temperature effect was found
for immature CA1 (F1,8 � 5.65; p � 0.045) but not
for adult CA1 (F1,9 � 0.58; p � 0.15).

Using a fixed stimulus intensity (three times the P1
threshold), we found that P1 amplitude of the imma-

ture hippocampal CA1 decreased significantly with in-
creasing temperature (F2,12 � 4.47; p � 0.048). The
decrease in P1 amplitude was not completely reversible
on returning to normothermia (q3,16 � 3.11; p �
0.05; see Table 1). For similar P1 amplitudes, the am-
plitude of P2 in the immature hippocampal CA1 was
significantly larger during moderate hyperthermia, as
compared with normothermia, using a fixed IPI of 30
milliseconds (F1,23 � 4.42; p � 0.047; n � 5) as mea-
sured using repeated measures ANCOVA (data not
shown).

Temperature Effects on Excitatory Postsynaptic
Potentials and Spontaneous Electroencephalogram
There was a general increase of E1 with temperature,
although the increase was significant only for the adult
DG (F2,11 � 11; p � 0.003; n � 7), showed a trend
for adult CA1 (F2,12 � 3.2; p � 0.09; n � 9), and was
not significant for DG (p � 0.3) or CA1 (p � 0.16)
in the immature rat (see Table 2). As a consequence of
the E1 increase, hyperthermia decreased P1 onset la-
tency for all groups (see Table 1). The E2 to E1 ratio
was not significantly affected by hyperthermia in any
group (see Table 2).

There were no spontaneous epileptiform discharges
or electroencephalogram depression observed in the
DG or CA1 during the hyperthermia experiment, in
the adult or immature rat. No evoked population spike
bursting was observed during normothermia or hyper-
thermia.

Discussion
We did not find spontaneous or evoked paroxysmal ac-
tivity during hyperthermia in urethane-anesthetized

Table 2. Effect of Hyperthermia on the Population Excitatory Postsynaptic Potentials (mean � SEM) in the DG and CA1 of
Adult and Immature Rats

Effect

Adult Immature

DG (n � 7)
CA1

(n � 9)
DG

(n � 6)
CA1

(n � 8)

E1 (mV/msec)
Normothermia 5.56 � 0.64 1.35 � 0.26 0.55 � 0.08 0.57 � 0.07
Moderate hyperthermia 6.14 � 0.70a 1.45 � 0.22 0.60 � 0.07 0.62 � 0.08
Severe hyperthermia 6.37 � 0.74a 1.48 � 0.22 N/A N/A
Return to normothermia 5.53 � 0.77 1.28 � 0.25 0.57 � 0.09 0.52 � 0.06

E2/E1
Normothermia 0.93 � 0.02 0.97 � 0.11 1.22 � 0.16 1.43 � 0.18
Moderate hyperthermia 0.93 � 0.01 0.90 � 0.07 1.10 � 0.13 1.50 � 0.23
Severe hyperthermia 0.95 � 0.02 1.00 � 0.14 N/A N/A
Return to normothermia 0.97 � 0.03 0.99 � 0.13 1.16 � 0.12 1.44 � 0.21

E2 and E1 were measured as shown in Fig 1. Results for the same rats as in Table 1 except rats with small E1 were discarded. Note an E1
increase with temperature, although only significant for the adult DG. E2/E1 did not change significantly with temperature in any structure
studied.
ap � 0.01.

DG � dentate gyrus; CA1 � cornu ammonis 1 region of the hippocampus; N/A � not applicable.
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rats in vivo. Urethane is a powerful anticonvulsant,29

and seizure activity was not observed at 42°C, which
would induce febrile convulsions in awake adult or im-
mature rats.9–11 Previous in vitro studies also reported
spike bursts at 38.2 to 39.2°C in immature hippocam-
pal slices30 or an age-dependent occurrence of spread-
ing depression.31 The smaller inhibition in vitro32 than
in vivo may have contributed to the latter events.

In general, we found an increase of E1 and a de-
crease of P1 amplitude with temperature (see Table 1).
This confirms other studies in the DG12 and CA1.13,14

An EPSP increase may be attributed to an increase in
synaptic release.14,33 A decrease in population spike

amplitude could be attributed to the reduction of am-
plitude and duration of unitary action potentials with
temperature.17,18

Changes in GABAergic Inhibition with Temperature
The amplitude and duration of unitary spikes contrib-
ute to both P1 and P2, and thus the P2 to P1 ratio is
mainly independent of the changes in unitary spike
characteristics. In both DG and CA1, in immature and
adult rats, the effect of hyperthermia on the P2 to P1
ratio was shown to be independent of P1 (see Figs 2B
and 3B). Given that the E2 to E1 ratio was not af-
fected by temperature, the change in P2/P1 with tem-
perature can be interpreted as mainly determined by
inhibition. Different types of hippocampal interneu-
rons mediate the inhibition,34 which consists of early
IPSPs attributed to GABAA receptors21,22 and late
IPSPs mediated by GABAB receptors.35 Paired-pulse
inhibition in the DG at 400 milliseconds IPI was ob-
served in the adult35 (see Fig 2A) but not the imma-
ture (see Fig 4A) rat, confirming previous reports.36,37

We suggest that hyperthermia may increase late
GABAB receptor–mediated IPSP in the adult but not
the immature DG, simply because the late IPSP is
small in the immature DG. However, late IPSPs in
CA1 in vitro were reported to decrease with tempera-
ture.21 Direct recordings of IPSPs during hyperthermia
in vivo will be necessary to verify the suggestion. Other
events may contribute to the change in P2/P1. (1) Hy-
pocapnia and alkalosis after hyperventilation (second-
ary to hyperthermia) appear to have only weak effects
on IPSPs38,39 and may not explain the P2/P1 changes.
(2) Spike afterpotential after a single spike is not ex-
pected to affect P2/P1.40 (3) Blockade of N-methyl-D-
aspartate receptor–mediated EPSPs was reported to de-
crease P2/P1 in the DG of urethane-anesthetized
rats,41 but this was not found in awake rats (L.S.L.,
unpublished data). Also, N-methyl-D-aspartate receptor
blockade did not affect late paired-pulse facilitation in
CA1 in vitro.40,42 (4) The participation of intrinsic
currents, for example, Ih, in P2/P1 changes is not
known. Ih activation was increased weeks after a febrile
seizure.13 However, rebound excitation mediated by Ih

only occurred after a train of IPSPs and not after a
single condition pulse.13

Changes in paired-pulse inhibition with temperature
is different for the DG as compared with the CA1, in
either the adult or the immature rat. Differential re-
sponses of CA1 and DG to various manipulations have
been reported. For example, high extracellular [Ca2�]o

in vitro increased E2/E1 in the CA1 but decreased
E2/E1 in the DG.43 Also, kindling induced a long-
lasting inhibition increase in the DG but an inhibition
decrease in CA1.23,44,45

Fig 4. In the immature rat, the ratio of paired-pulse popula-
tion spikes (P2/P1) was not changed during moderate hyper-
thermia in the dentate gyrus (DG), but it increased in cornu
ammonis 1 region of the hippocampus (CA1). (A) P2/P1 in
the DG is plotted as a function of interpulse interval (IPI).
There were no significant differences between normothermia
and any of the treatments. (B) In hippocampal CA1, P2/P1
was significantly increased during moderate hyperthermia at
IPIs of 20 to 200 milliseconds as compared with normother-
mia. ms � milliseconds.
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Differences between Immature and Mature Rats and
Relevance to Febrile Seizures
Higher stimulus thresholds and smaller population
spike and EPSP responses were found in immature rats
compared with adult rats, confirming earlier re-
sults.37,46 In comparison with adult rats, immature rats
also showed a smaller late paired-pulse inhibition in
the DG and a smaller early inhibition but larger late
facilitation in CA1, similar to results reported in the
literature.36,37,46

The hyperthermia-induced changes in inhibition in
the CA1 and the DG may affect seizure generation in
the hippocampus. Two original results in this study
suggest that the hippocampus is more susceptible to
hyperthermic seizure in the immature as compared
with the adult rat. First, moderate hyperthermia in-
duced significant disinhibition in CA1 of the immature
rat, whereas severe hyperthermia was needed to induce
similar CA1 changes in the adult rat. Disinhibition in
CA1 may contribute to the onset of a hyperthermia-
induced hippocampal seizure, which may then propa-
gate outside the hippocampus.47 Second, compensatory
increase in inhibition in the DG with hyperthermia oc-
curred in the adult but not immature rat. Thus, the
DG may serve as a powerful gate48,49 for suppressing
seizures in the hyperthermic condition, but only in the
adult rat.

The above suggestion is speculative because seizure
activity was not induced in this study. However, the
differential changes of paired-pulse inhibition in differ-
ent regions of the hippocampus are potentially impor-
tant factors that control the initiation of hippocampal
seizures during hyperthermia.
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