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Abstract

Febrile seizures, in addition to being the most common seizure type of the developing human, may
contribute to the generation of subsequent limbic epilepsy. Our previous work has demonstrated
that prolonged experimental febrile seizures in the immature rat model increased hippocampal
excitability long term, enhancing susceptibility to future seizures. The mechanisms for these
profound proepileptogenic changes did not require cell death and were associated with long-term
slowed kinetics of the hyperpolarization-activated depolarizing current (IH). Here we show that
these seizures modulate the expression of genes encoding this current, the hyperpolarization-
activated, cyclic nucleotide-gated channels (HCNs): In CA1 neurons expressing multiple HCN
isoforms, the seizures induced a coordinated reduction of HCN1 mRNA and enhancement of
HCN2 expression, thus altering the neuronal HCN phenotype. The seizure-induced augmentation
of HCN2 expression involved CA3 in addition to CA1, whereas for HCN4, mRNA expression
was not changed by the seizures in either hippocampal region. This isoform- and region-specific
transcriptional regulation of the HCNs required neuronal activity rather than hyperthermia alone,
correlated with seizure duration, and favored the formation of slow-kinetics HCN2-encoded
channels. In summary, these data demonstrate a novel, activity-dependent transcriptional
regulation of HCN molecules by developmental seizures. These changes result in long-lasting
alteration of the HCN phenotype of specific hippocampal neuronal populations, with profound
consequences on the excitability of the hippocampal network.

Keywords

hippocampus; development; febrile seizures; epilepsy; channels; hyperpolarization; HCN;
neuroplasticity

Seizures induced by fever (febrile seizures) occur in 1 of 7 to 1 of 30 infants and children
worldwide, thus constituting the most common seizure type of the developing brain (Hauser,
1994). However, the mechanisms for the generation of these intense bouts of synchronized
abnormal neuronal activity remain unclear, and importantly, the consequences of these
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seizures are incompletely understood. Conflicting human studies have implicated prolonged
(>15 min) febrile seizures as potential key determinants of the generation of spontaneous
hippocampal/limbic seizures (temporal lobe epilepsy) later in life (Shinnar, 1998; Cendes
and Andermann, 2002). However, the direct causal relationship of prolonged febrile seizures
to this common epilepsy, and the mechanisms by which these early life seizures might be
proepileptogenic, have not been resolved.

Using an appropriate aged model of prolonged febrile seizures, we have previously
demonstrated profound and long-term enhancement of hippocampal excitability, with
increased susceptibility to future seizures (Dubé et al., 2000). The mechanisms for these
proepileptogenic changes did not require cell death (Toth et al., 1998; Bender and Baram,
2002) and were associated with potentiated perisomatic inhibition of hippocampal pyramidal
cells and altered properties of the hyperpolarization-activated depolarizing current (IH)
(Chen et al., 1999; K. Chen et al., 2001). This current, encoded by a family of genes
[hyperpolarization-activated, cyclic nucleotide-gated channels (HCNs), see below],
undergoes short-term regulation by cAMP (DiFrancesco and Tortora, 1991; Waigner et al.,
2001). However, the febrile seizure-induced changes were both cAMP independent and long
lasting (weeks to months) (K. Chen et al., 2001). Therefore, we conducted a series of
experiments to test the hypothesis that these seizures lead to transcriptional regulation of
HCN subunit isoforms, thus modifying the HCN phenotype of individual neurons long term.

HCNs mediate the hyperpolarization-activated (IH) currents in the heart (DiFrancesco, 1993)
and brain (Pape, 1996). These channels participate in regulating neuronal membrane
potential (Lupica et al., 2001) and contribute critically to pacemaker activity, promoting
synchronization of neuronal networks such as those in the thalamus and hippocampus (Pape,
1996; Santoro and Tibbs, 1999). As mentioned above, short-term modulation of HCN gating
involves the binding of cAMP to the C terminal intracellular domain of the channel
(Waigner et al., 2001). This subunit-specific mechanism permits rapid and short-term
modulation of channel kinetics and activation-potential curves by synaptic and metabolic
alterations of cellular cAMP (DiFrancesco and Tortora, 1991; Waigner et al., 2001).

HCNs are encoded by four characterized genes (Santoro et al., 1997, 1998; Gauss et al.,
1998; Ludwig et al., 1998; Ishii et al., 1999; Monteggia et al., 2000), three of which (HCN1,
HCN2, and HCN4) are expressed in rodent hippocampus (Moosmang et al., 1999; Santoro
et al., 2000; Bender et al., 2001). Four HCN molecules of the same isoform type assemble to
form homomeric HCNs. Because the isoform composition of these channels determines
their physiological responses (S. Chen et al., 2001; Ulens and Tytgat, 2001), we reasoned
that long-term alteration in HCN function may be attributable to modulation of HCN
isoform expression by prolonged experimental febrile seizures.

Therefore, we first analyzed HCN mRNA and protein expression in rat hippocampus during
the developmental age of febrile seizures and demonstrated regional and neuronal specificity
for the expression of each HCN isoform. We established the coexpression of multiple HCNs
in individual pyramidal cells and interneurons in CA1 and CA3 and proceeded to query
whether the developmental febrile seizures regulated HCN isoform gene expression patterns.
We then examined whether the mechanisms of such novel transcriptional regulation required
intense activation of the hippocampal circuit (seizures) or might be attributable to the
hyperthermia procedure itself. Finally, we determined the specificity and duration of these
seizure-induced effects for each hippocampal-expressed HCN isoform.
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MATERIALS AND METHODS

Generation of developmental seizures

Prolonged experimental febrile seizures were provoked as described previously (Toth et al.,
1998; Chen et al., 1999; Dubé et al., 2000; Dubé, 2002), using immature rats during a
hippocampal and cortical developmental age generally equivalent to that of the human infant
and young child (Gottlieb et al., 1977; Herschkowitz et al., 1997). Hyperthermia (i.e.,
increased body and brain temperatures) was induced in 10- to 11-d-old Sprague Dawley rats
using a warmed air stream directed ~50 cm above the animals. Core temperatures were
measured before hyperthermia induction, at 2 min intervals, and at the onset of
hyperthermia-provoked seizures. These core temperatures have been correlated with brain
temperatures under the precise experimental conditions used (Dubé, 2002). After 30 min of
hyperthermia, calibrated to evoke ~20 min of seizures (Table 1), animals were moved to a
cool surface and then returned to their mothers. Hyperthermic controls were generated by
subjecting littermates to the same hyperthermia procedure, but blocking the resulting
seizures using the rapid and short acting barbiturate pentobarbital. The dose used (30 mg/kg,
i.p.) was sufficient to prevent the hyperthermia-induced electrographic and behavioral
seizures yet led to a short (typically <1 hr) effect (e.g., sedation). Little evidence of
dehydration was observed from this mild procedure (<3% loss of body weight), and animals
rapidly regained normal activity, including suckling (Dubé, 2002). An additional,
normothermic control group was used as well.

Longer hippocampal seizures (lasting ~180 min) (Table 1) were induced in immature rats of
the same age using the glutamate receptor agonist kainate, as described previously (Brunson
et al., 1998). The dose used (1.2 mg/kg, i.p.) resulted in limbic hyperexcitability and in
electrographic as well as behavioral seizures (Tremblay et al., 1984; Brunson et al., 1998)
(Table 1).

To confirm the hippocampal origin of the behavioral seizures provoked by these procedures
and to correlate behavioral with electrophysiological parameters, a separate group of rats
was implanted with bipolar electrodes directed to the dorsal hippocampus as described
previously (Brunson et al., 1998; Dubé et al., 2000). Hippocampal EEGs were recorded
from these behaving animals before and during hyperthermia-or kainate-induced seizures
and also served to confirm the activity-blocking actions of pentobarbital. The brains of these
animals were not harvested for analysis.

Tissue harvesting and processing

Animals (n = 119 total; 7–10 per group per procedure per age) were killed as described for
each procedure. For radioactive in situ hybridization (ISH), animals were decapitated within
minutes of the investigators’ entering the animal facility, to minimize potential effects of
stress-related neuronal activation (Baram and Hatalski, 1998). Brains were rapidly dissected
on powdered dry ice and stored and handled as described previously (Eghbal-Ahmadi et al.,
1999), with the exception that cryostat sections (20 μm) were divided into anatomically
matched series. For immunocytochemistry (ICC), fluorescent in situ hybridization, and
combined analyses, animals were perfused and brains were handled as described previously
(Bender et al., 2001; Y. Chen et al., 2001).

ICC

HCN ICC was performed on free-floating sections (20 μm) using standard avidin–biotin
complex methods as described previously (Y. Chen et al., 2001). Briefly, after several
washes with 0.01 M PBS containing 0.3% Triton X-100 (PBS-T), pH 7.4, sections were
treated for 30 min in 0.3% H2O2/PBS, followed by blockade of nonspecific sites with 2%
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normal goat serum in PBS for 30 min. After rinsing, sections were incubated for 36 hr at
4°C with rabbit anti-HCN1 or anti-HCN2 serum (1:4000 and 1:2000, respectively;
Chemicon, Temecula, CA) in PBS containing 1% bovine serum albumin (BSA) and washed
three times in PBS-T for 5 min. Sections were incubated in biotinylated goat-anti-rabbit IgG
(1:200; Vector Laboratories, Burlingame, CA) in PBS for 1 hr at room temperature. After
washing three times for 5 min, sections were incubated in the avidin–biotin–peroxidase
complex solution (1:100; Vector Laboratories) for 2 hr and then rinsed three times for 5 min;
the reaction product was visualized by incubating the sections in 0.04% 3,3′-
diaminobenzidine containing 0.01% H2O2. The specificity of the HCN antisera was
evaluated in several ways. First, elimination of the primary antibody resulted in a loss of all
signal. In addition, the concordance of the immunoreactivity of each HCN isoform with the
specific cell populations expressing the cognate mRNA in immature rats was determined
(Bender et al., 2001). Finally, the distribution of the immunoreactivity was also compared
with previous publications (Santoro and Tibbs, 1999). Thus, no HCN1 immunoreactivity
was evident in the thalamus, whereas strong HCN2 signal was observed in the thalamic
nucleus reticularis, shown to express this subunit isoform exclusively (Santoro et al., 2000;
data not shown).

Fluorescent ISH

To examine for the presence of a specific HCN isoform in individual, neurochemically
defined neurons, fluorescent ISH of HCN subunit/isoforms was performed, modified from
the published nonradioactive ISH procedures (Bender et al., 2001; Y. Chen et al., 2001).
Briefly, antisense and sense riboprobes were generated from transcription vectors containing
cDNA of mouse HCN1 (corresponding to amino acids 636–722), HCN2 (322–481), or
HCN4 (400 – 690) and labeled with digoxigenin (DIG). ISH was performed on free-floating
sections (20 μm) that were washed in 2× SSC for 30 min and then subjected to an additional
30 min incubation in a solution composed of 2× SSC/prehybridization solution (1:1).
Prehybridization took place for 1 hr at 65°C in a humid chamber. For hybridization,
digoxigenin-labeled RNA probes were added (final concentration, ~10 ng/ml
prehybridization buffer) and sections were incubated at 65°C for 16 hr. After hybridization,
sections were subjected to washes of increasing stringency, consisting of 2× SSC at room
temperature (twice for 15 min), 50% formamide/2× SSC at 70°C for 60 min, 50%
formamide/0.1× SSC at 70°C for 60 min, and 0.1× SSC at 70°C for 30 min. Hybrid
molecules were detected using a tyramide signal amplification technique (Hunyady et al.,
1996) and a fluorescent reporter (Cy3 or FITC). Briefly, after several washes with 0.01 M
PBS-T, pH 7.4, sections were treated for 30 min in 0.3% H2O2/PBS, followed by blockade
of nonspecific sites with 2% normal goat serum in PBS for 30 min. After rinsing, sections
were incubated overnight at 4°C with anti-DIG mouse antibody (1:1000; Roche,
Indianapolis, IN) in PBS containing 1% BSA and then washed in PBS-T three times for 5
min. Sections were incubated in freshly prepared 0.5% blocking buffer (Perkin-Elmer,
Boston, MA) for 30 min at room temperature, followed by incubation with horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (1:500; Molecular Probes, Eugene, OR) in
0.5% blocking buffer for 2 hr. After washing (three times for 5 min), sections were
incubated in the dark for no longer than 10 min with tyramide conjugated to the fluorophore
(Perkin-Elmer), diluted 1:75 in amplification buffer, and washed with PBS-T. The
specificity of the probes and of the amplified signal was verified by substituting labeled
sense probe for the antisense probe and by omitting either the antisense probe or the HRP-
conjugated anti-mouse IgG, respectively. No labeling was observed under these conditions
(see also Bender et al., 2001).
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Fluorescent ISH combined with fluorescent ICC

To determine whether multiple HCN isoforms were colocalized in an individual neuron and
to establish the neurochemical identity of neurons expressing HCNs, the ISH procedure
described above was combined with ICC. Specifically, free-floating sections (20 μm) were
first processed for HCN2 or HCN1 fluorescent ISH according to the protocol described
above. Sections were rinsed and incubated overnight at 4°C with rabbit anti-HCN1
antiserum (1:2000) or mouse anti-parvalbumin monoclonal antibody (1:50,000; Sigma, St.
Louis, MO). Immunoreactivity was visualized using goat anti-rabbit (or anti-mouse) IgG
conjugated to Alexa Fluor 568 (1:400; Molecular Probes) in PBS containing 1% BSA. To
evaluate the possibility of altered sensitivity or specificity attributable to combined ISH–
ICC, sections processed for this combined procedure were compared with matched sections
processed for ICC or ISH alone. No differences in intensity, distribution, or number of
labeled cells were observed.

For all methods using fluorophore, sections were initially viewed using a Nikon (Tokyo,
Japan) Eclipse E400 epifluorescence microscope equipped with fluorescein, rhodamine, and
4′,6′-diamidino-2-phenylindole–FITC–tetramethylrhodamine isothiocyanate filter sets.
Images were obtained using an Olympus Fluoview confocal microscope (FV300-IX;
Olympus Optical, Tokyo, Japan) and acquired in Adobe Photoshop format (Adobe Systems,
San Jose, CA).

Semiquantitative ISH

Relative quantitative analysis of HCN mRNA levels was accomplished using radioactively
labeled ISH probes and calibration standards, under conditions of signal linearity (Eghbal-
Ahmadi et al., 1999; Brunson et al., 2001). Briefly, the ISH was performed as described
above and in previous publications (Bender et al., 2001), with the exception that probes were
radiolabeled, requiring minor procedural modifications: the ISH was performed on slide-
mounted frozen sections (20 μm) as detailed previously (Eghbal-Ahmadi et al., 1999). To
ascertain the isoform specificity of the hybridization, the reaction was performed at 55°C
followed by washes, the most stringent of which was with 0.03× SSC at 62°C for 60 min.

Data acquisition and analysis

Data acquisition and analysis were performed as described previously (Eghbal-Ahmadi et
al., 1999; Brunson et al., 2001) on sections run concurrently, and always without knowledge
of treatment. The significance level for t tests and ANOVA was set at 0.05, and data are
presented as means ± SEs.

RESULTS

HCN mRNA and protein are widely and selectively expressed in immature rat
hippocampus in an age-specific pattern

Of the four characterized HCN subunit genes, HCN1, HCN2, and HCN4 mRNAs are
expressed in the developing rat hippocampal formation as early as postnatal day 2 (P2)
(Bender et al., 2001). During postnatal development and particularly during the period when
experimental febrile seizures influence hippocampal excitability (~P10–P20), both the
mRNA and protein of these three HCN subunits are expressed in isoform-specific patterns
involving select hippocampal regions and cell populations (see Figs. 1, 2, 4) (Bender et al.,
2001). As shown in these figures, excellent correlation exists between the expression of
these channel molecules at the mRNA and protein levels. In general, expression of HCN1 is
higher than those of HCN2 and HCN4 (Figs. 1, A vs D, 4, A vs B,C). More specifically,
high protein expression of HCN1 occurs throughout the CA1 pyramidal cell layer (Fig. 1
A,B), including pyramidal cells as well as parvalbumin-expressing, basket cell-type
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interneurons (Figs. 1 B, arrows and arrowheads, respectively, 2 E,F). This correlates well
with HCN1 mRNA expression patterns at the layer/regional and the single-cell resolutions
(see Figs. 4 and 2 A,C, respectively). In addition, expression of HCN1 protein in the
dendritic fields of CA1 pyramidal cells is apparent (Fig. 1 A, asterisks).

The HCN1 isoform is also expressed in the pyramidal cell layer of the CA3 region of the
immature rat hippocampus, in both pyramidal cells and interneurons (Figs. 1 A,C2G,I). The
figures also demonstrate that in the P18 rat, CA3 interneuronal HCN1 expression exceeds
the clearly visible pyramidal cell signal (Figs. 1C, 2 H,I). This may be contrasted with the
adult hippocampus, where HCN1 is not detectable in CA3 pyramidal cells (Santoro et al.,
2000; Bender et al., 2001), indicating a strong developmental regulation of these channel
genes.

HCN2 isoform expression is evident in CA1 and CA3 at both the mRNA and protein levels.
Figure 1 D demonstrates a low magnification overview, delineating a rather homogenous
HCN2 immunoreactivity in both subfields. This is in concordance with the comparable
mRNA levels of HCN2 in CA1 and CA3 (see Fig. 4B). Higher-magnification views of CA1
(Fig. 1E) and CA3 (Fig. 1F), providing single-cell resolution, illustrate the higher HCN2
signal intensity in presumed interneuronal profiles. The in situ hybridization patterns (Fig. 2
D,F,G,I) demonstrate HCN2 mRNA expression in pyramidal cells and in basket cells of
both CA fields, in good agreement with the immunocytochemistry.

The cellular HCN phenotype of individual CA1 and CA3 pyramidal cell layer neurons
includes both HCN1 and HCN2

If developmental seizures are to result in an altered cellular HCN phenotype of individual
neurons within specific hippocampal cell populations, then coexpression of multiple
isoforms leading to a repertoire of homomeric HCN1 and HCN2 channels within the
individual cell should be demonstrable. Figure 2 shows double labeling for the two HCN
isoforms within individual hippocampal CA1 and CA3 neurons. First, the expression of
HCN1 mRNA in both parvalbumin-positive interneurons and parvalbumin-lacking
pyramidal cells is shown, using thin sections and confocal microscopy to avoid neuronal
overlay (Fig. 2 A–C). Next, combined ISH and ICC demonstrate the coexpression of HCN1
and HCN2 mRNA in individual CA1 neurons, highlighting the perinuclear mRNA
aggregates (Fig. 2 D, arrows) and the more peripheral distribution of the cytoplasmic protein
signal (Fig. 2 E, arrows, F, merged image). Coexpression of the two HCN isoforms (HCN2
mRNA and HCN1 protein) is also clearly apparent in individual CA3 pyramidal cell layer
neurons (Fig. 2 I, merged image). Thus, in the immature rat hippocampus, HCN1 and HCN2
are colocalized to individual pyramidal and interneuronal cells in the CA1 and CA3
pyramidal cell layers. Alteration of the expression of these isoforms by intense neuronal
activity such as seizures should thus influence the cellular repertoire of HCNs, which are
significantly governed at the mRNA level (Franz et al., 2000). In fact, such alteration in the
properties of the current generated by these channels by prolonged experimental febrile
seizures was demonstrated in previous electrophysiological studies of these seizures (K.
Chen et al., 2001).

Experimental febrile seizures lead to intense activation of the hippocampal circuit

The hyperthermia procedure, as well as the administration of kainate, led to both
electrophysiological and behavioral seizures (Table 1; Fig. 3). As shown in Table 1,
hyperthermia (defined as a core temperature of >39°C) led to seizures of ~22.8 min
duration. As described previously, these limbic seizures were characterized by a myoclonic
jerk, which was followed by immobility associated with impaired ability to respond to
stimuli and interspersed with limbic automatisms. The hippocampal electrographic (EEG)
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correlates of these seizures are shown in Figure 3B, demonstrating trains of spikes and spike
waves with increasing amplitude emanating from the hippocampal electrodes.
Administration of pentobarbital immediately before hyperthermia blocked both
electrographic and behavioral seizures (Fig. 3, compare C with B). The short-acting
barbiturate reduced the amplitude of the baseline hippocampal EEG transiently, but in
concordance with the behavior, the EEG of these hyperthermic controls normalized within 1
hr. It should be noted that the extent and duration of the hyperthermia per se did not differ
between the hyperthermic controls and the group experiencing experimental febrile seizures.
Hyperthermic controls thus served to distinguish the effects of hyperthermic (febrile)
seizures from the potential effects of hyperthermia per se (Toth et al., 1998; Dubé et al.,
2000). The short-acting barbiturate, the behavioral effects of which disappeared within 1 hr,
was chosen to minimize or obviate potential neuroprotective effects.

Kainate resulted in hippocampal status epilepticus (i.e., electrographic and behavioral
seizures lasting almost 3 hr) (Table 1; Fig. 3D). The behavioral manifestations of these
seizures have been extensively described previously (Tremblay et al., 1984; Holmes et al.,
1988; Brunson et al., 1998). Repetitive trains of high-amplitude spikes and spike waves,
denoting electrographic seizures, are shown in Figure 3D.

HCN expression is modulated by experimental prolonged febrile seizures with isoform and
regional specificities

Experimental febrile seizures resulted in alteration of HCN gene expression as measured
using semiquantitative ISH (Eghbal-Ahmadi et al., 1999; Brunson et al., 2001). Levels of
HCN1 mRNA, encoding a fast activating and deactivating, low-conductance channel were
significantly reduced in the CA1 pyramidal cell layer 1 week after the seizures. This effect
was region-specific and not observed in CA3 (Fig. 4 A). In contrast to this seizure-induced
downregulation of HCN1, levels of HCN2 mRNA, encoding slower activating and
deactivating channels, were increased. As shown in Figure 4 B, experimental febrile seizures
augmented HCN2 expression in both CA1 and CA3 pyramidal cell layers. The isoform
specificity of this seizure-induced HCN modulation was also highlighted by the HCN4 data:
seizures had no significant effect on this transcript in either hippocampal field (Fig. 4C). The
photomicrograph in Figure 4C illustrates the unique expression of the HCN4 isoform in the
medial habenula (Fig. 4C, asterisk) and the specificity of the ISH procedure (Bender et al.,
2001). Thus, experimental febrile seizures reduced HCN1 expression and enhanced HCN2
mRNA levels in select hippocampal regions, without appreciable alteration of steady-state
HCN4 mRNA.

Seizures rather than hyperthermia per se alter HCN expression in a duration-dependent
manner

Experimental febrile seizures are generated by increasing the brain temperature of the
immature rat (Toth et al., 1998; Dubé et al., 2000). To examine for the possibility that this
hyperthermia in and of itself was required and sufficient to modulate HCN at the
transcriptional level, we subjected a separate experimental animal group to identical
duration and intensity of hyperthermia, while eliminating the seizures using a rapid-acting,
short-duration barbiturate. As shown in Table 1, the hyperthermic stimulus did not differ
between the seizure-experiencing and the hyperthermic control groups. However,
eliminating the seizures (Fig. 3) abolished the alterations in HCN mRNA levels (Fig. 5).
These findings indicate that hyperthermia per se is not sufficient to regulate HCN expression
in the immature rat hippocampus.

To further delineate the role of synchronized neuronal firing (seizures) and to determine
whether the consequences of such activity on HCN expression were unique to experimental
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febrile seizures, we induced prolonged seizures using the glutamate receptor agonist kainate
(Tremblay et al., 1984; Holmes et al., 1988; Brunson et al., 1998). Similar to experimental
febrile seizures, kainate resulted in intense hippocampal circuit activation, apparent from
electrophysiological (Fig. 3) and behavioral (Brunson et al., 1998) measures. These seizures
lasted ~3 hr compared with the shorter, ~20 min hyperthermia-induced activity (Table 1).
Kainate-induced seizures influenced HC N isoform mRNA expression in a pattern
concordant with the one resulting from experimental febrile seizures, and to a greater extent
(Fig. 5; effect of seizure duration, p < 0.05; one way ANOVA). These findings establish a
dose effect for the duration of hippocampal seizures on HC N expression. In addition, they
demonstrate that hyperthermia is not required for this activity-dependent regulation of HC N
expression in immature rat hippocampal neurons.

Seizure-induced modulation of HCN expression is long-lasting

The enhanced susceptibility to excitatory limbic stimuli induced by experimental febrile
seizures in immature rats persisted through adulthood (Dubé et al., 2000). This was also the
case for the functional alterations in HCN physiology after the seizures (K. Chen et al.,
2001). The seizures may evoke transient alterations of HCN subunit expression, which are
sufficient to activate “downstream” permanent changes in channel function. Alternatively,
seizure-induced modulation of the expression of one or more HCN isoforms might be
persistent, underlying functional changes in HCN currents and in hippocampal network
excitability. As shown in Figure 6, reduced HCN1 expression in CA1 was still evident in
adult rats that had experienced hyperthermic seizures early in life. The regional specificity
of this modulation remained as well. It should be noted that the robust ISH signal of HCN1
in the CA3 pyramidal cell layer of these adult rats seems to be localized to interneurons
(Santoro et al., 2000; Bender et al., 2001).

DISCUSSION

The major findings of these studies are: (1) During a critical developmental phase of
hippocampal connectivity, HCN mRNA and protein are expressed in a highly isoform-
specific and neuron-selective manner, and individual pyramidal cells and interneurons
express multiple HCN subunit isoforms; (2) prolonged experimental febrile seizures reduce
HCN1 mRNA and enhance HCN2 mRNA in specific hippocampal neuronal populations,
and (3) the mechanisms of these long-lasting modulations require intense hippocampal
circuit activity, in a duration-dependent manner. Together with the previous demonstration
of seizure-induced alteration of HCN function, these data indicate a novel isoform- and
region-specific transcriptional regulation that modifies the HCN phenotype of specific
hippocampal neuronal populations long term and is associated with profound consequences
for the excitability of the hippocampal network.

The hyperpolarization-activated ion channels contribute to the maintenance of hippocampal
neuronal membrane potential (Lupica et al., 2001) and to the slow depolarizing phase of at
least some spontaneously firing hippocampal interneurons (Maccaferri and McBain, 1996).
In vivo, the protein products of each of the four characterized HCN genes assemble to form
homomeric channels (each comprised of four subunit molecules) with distinctive kinetics
profiles and different regulation by cyclic nucleotides (Santoro and Tibbs, 1999).

In the hippocampus, the cellular HCN phenotype of pyramidal cells and interneurons is
consistent with a major contribution of the HCN1 isoform (Franz et al., 2000; Santoro et al.,
2000). This gene encodes channels with rapid activation and deactivation kinetics and
limited conductance. Although HCN2 and HCN4, encoding channels with slower activation
and deactivation kinetics, are expressed in both the mature and developing rodent
hippocampus (Moosmang et al., 1999; Santoro et al., 2000; Bender et al., 2001), their
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contribution to the overall cellular HCN physiology of hippocampal neurons appears
relatively minor. The findings here (Fig. 4), demonstrating higher mRNA expression levels
of HCN1 compared with the other isoforms in the CA1 and CA3 of the immature rat
hippocampus, provide a molecular basis for these observations and further support the
notion that the functional HCN phenotype of individual neurons is governed significantly at
the transcriptional level (Franz et al., 2000; Santoro et al., 2000).

A complex evolution of the spatiotemporal expression patterns of the HCNs takes place
during hippocampal development, involving rapid, age-dependent, and isoform-specific
changes in both hippocampal principal cells and interneurons (Bender et al., 2001). As
shown here, multiple HCN isoforms are expressed in individual hippocampal neurons
already during development, with distinct and differing time courses. These findings
indicate that the HCN phenotype of specific hippocampal cell populations is
developmentally regulated and suggest that at defined developmental phases, HCNs may
play additional age-specific and cell-selective roles in the organization and synchronization
of the hippocampal network.

Although the contribution of the HCNs to the organization and normal function of neuronal
networks has been increasingly recognized (Pape, 1996; Santoro and Tibbs, 1999), the
potential role of abnormal expression of HCNs in hippocampal pathology germane to human
disease has only been emerging recently (K. Chen et al., 2001). Elimination or mutation of
other ion channels may lead to hyperexcitable states, manifesting as spontaneous seizures
(epilepsy) (Schroeder et al., 1998; Burgess and Noebels, 1999). In addition, inherited
abnormalities in genes encoding several ion channels have been increasingly recognized as
causal in several human inherited disorders. Specifically, these genetic “channelopathies,”
involving mutation in Na+ (Wallace et al., 1998; Escayg et al., 2000) or K+ (Biervert et al.,
1998; Charlier et al., 1998; Zuberi et al., 1999) channels, underlie several human epilepsies.
Previous electrophysiological studies implicated acquired, functional changes in the HCNs
as causal in the proepileptogenic consequences of experimental febrile seizures on the
hippocampal network (aK. Chen et al., 2001). Here we show that these developmental
seizures, as well as prolonged seizures induced by a chemical convulsant, modulate HCN
molecule expression transcriptionally in a coordinated manner, favoring formation of such
functionally modified HCNs.

The mechanisms of this seizure-induced regulation of HCN expression merit discussion.
Transcriptional regulation of HCN gene expression has been described in the heart,
governed by thyroid hormone (Pachucki et al., 1999). Because hyperthermia might influence
thyroid hormone levels, the possibility that potential hyperthermia-induced changes in this
hormone might contribute to the HCN expression changes shown here cannot be entirely
excluded. However, hyperthermia per se, when the seizures were abolished, did not
influence HCN expression significantly (Table 1; Fig. 5). In addition, prolonged, kainate-
induced seizures without appreciable hyperthermia were sufficient to modulate HCN
expression, demonstrating that hyperthermia was not a major determinant of this effect.
Furthermore, the robust modulation of HCN expression by the prolonged (~180 min)
kainate-induced seizures compared with the effects of the ~20 min, hyperthermia-induced
activity supports the notion that hippocampal circuit activity, rather than hyperthermia,
might be the key mechanism for this novel regulation of HCN expression in the immature
rat hippocampus.

The precise chain of events by which alterations of HCN expression and function result in
proepileptogenic effects on immature hippocampus requires additional study. As mentioned
above, the HCN phenotype of normal hippocampal pyramidal cells reflects a preponderance
of HCN1 channels. These might actually contribute to attenuating the impact of dendritic
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excitatory input on pyramidal cell firing (Poolos and Johnston, 2001). However, the seizure-
induced modification of HCN expression patterns shown here favors increased abundance of
slower-kinetics (potentially larger conductance) HCN2 channels in affected neurons,
promoting neuronal activity-dependent depolarization and firing (K. Chen et al., 2001) and
enhancing excitation in the hippocampal circuit.

It is considered that although the long-term modulation of HCN expression might critically
contribute to the augmented hippocampal excitability and the susceptibility to additional
seizures that were found after experimental febrile seizures, the regulation of HCNs is likely
not the sole mechanisms for such changes. First, developmental experimental febrile
seizures lead to other proexcitatory changes in the hippocampal network such as synaptic
reorganization (Bender et al., 2000) and alteration of glutamate receptor-mediated calcium
permeability (Eghbal-Ahmadi et al., 2001). In addition, HCN gene modulation was also
found after very prolonged developmental seizures induced by kainate (Fig. 5). Although
these seizures (during the developmental age discussed here) have not been shown to be
proepileptogenic, they do cause significant changes in the function of the hippocampal
network, manifested by long-lasting impairment of hippocampal-dependent learning and
memory performance (Holmes et al., 1988; Stafstrom et al., 1993; Lynch et al., 2000, but
see Sarkisian et al., 1997). Whether the robust alterations of HCN expression patterns after
kainate-induced seizures contribute to these functional changes should be a focus of further
studies.

The persistence of the seizure-induced changes in expression of the HCN1 subunit after
relatively short developmental seizures is striking. Work from several laboratories has
demonstrated short-lived alterations in several genes that contribute to the regulation of
hippocampal excitability after seizures occurring during the first two postnatal weeks in the
rat (Friedman et al., 1997; Hatalski et al., 2000; Sanchez et al., 2001). However, the current
data indicate that developmental seizures may leave permanent marks on the repertoire of
hippocampal gene expression, with implications for hippocampal excitability. Clearly, the
final effect, in terms of susceptibility to additional seizures or the development of frank
spontaneous seizures (epilepsy), would be a complex product of these and other independent
or compensatory changes in the network (Chen et al., 1999; Walker and Kullmann, 1999).
Finally, whether these changes also happen in humans remains speculative, and whether
early life seizures, generally considered benign, modify the human hippocampus long term
in a subtle manner remains to be investigated.

In summary, the current studies demonstrate that developmental seizures modify
hippocampal HCN expression at the transcriptional level in a highly isoform- and cell-
specific manner. This constitutes a novel, activity-dependent regulation of these genes in the
CNS. Importantly, these studies provide an additional perspective to the complexity of the
mechanisms by which early life seizures influence hippocampal function long term.
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Figure 1.

Expression patterns of HCN1 and HCN2 immunoreactivity in the hippocampal formation of
the immature rat. A–C, HCN1; D–F, HCN2. A, Low-magnification overview of HCN1
protein expression using immunocytochemistry, demonstrating this HCN isoform in the
pyramidal cell layers of both CA1 and CA3. B, C, Detail of CA1 and CA3, respectively,
demonstrating that the HCN1 isoform is expressed at the protein level in both pyramidal
cells [arrows and insets; note the thick cytoplasmic band (boxed areas in A) of signal; see
also Fig. 2] and interneurons (arrowheads). Note that in general, immunoreactivity in
pyramidal cell somata is weaker than in interneurons, consistent with the distribution of
channel proteins to the pyramidal cell dendritic fields (asterisks in A). D, Low-magnification
view of HCN2 protein, revealing generally lower expression levels of this isoform. E, F,
Detail of the CA1 and CA3 pyramidal cell layer (boxed areas in D), respectively, showing
expression of the HCN2 isoform in individual eccentric, strongly labeled, presumed
interneurons (arrowheads) as well as the much weaker expression in pyramidal cells (arrows
and insets). Scale bars: A, D, 600 μm; B, C, E, F, 200 μm; insets, ~60 μm.
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Figure 2.

Individual hippocampal principal cells and interneurons coexpress HCN1 and HCN2. A–C,
Parvalbumin-expressing basket cells in hippocampal CA1 of the immature rat coexpress
mRNA for HCN1 (HCN1 mRNA). A, ISH reveals expression of HCN1 mRNA in large
neurons within the CA1 pyramidal cell layer (arrow and arrowhead). B, Parvalbumin ICC of
the same section delineates a parvalbumin-immunoreactive interneuron (arrowhead) as well
as the network of axonal boutons innervating parvalbumin-negative pyramidal neurons
(arrows). C, The merged image of these confocal microscope sections (see Materials and
Methods) demonstrates the coexpression of parvalbumin and HCN1 mRNA in the basket
cell (arrowhead) as well as HCN1 expression in parvalbumin-negative presumed pyramidal
cells (arrow). D–F, HCN1 protein is coexpressed with HCN2 in individual CA1 pyramidal
cell layer neurons. D, ISH demonstrates HCN2 mRNA in the perinuclear cytoplasm of CA1
neurons (arrows). E, ICC demonstrates cytoplasmic HCN1 protein (arrows); the
immunoreactivity pattern here, involving broad cytoplasmic patches, can be clearly
distinguished from the delicate strands of parvalbumin-immunoreactive interneuronal
processes (shown in B). F, The merged image reveals coexpression of both HCN isoforms in
individual neurons (arrows), with mRNA generally confined to the perinuclear cytoplasm,
versus the peripheral/membranous localization of the channel protein. G–I, Coexpression of
HCN1 and HCN2 is also found in CA3. G, HCN2 mRNA; H, HCN1 protein; I, merged
image. Scale bar, 20 μm.
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Figure 3.

Hippocampal recordings of experimental febrile seizures and those generated by kainate.
Tracings from bipolar, chronically implanted electrodes in behaving 11-d-old rats
demonstrate normal background activity ( A). B, The hyperthermia procedure (see Materials
and Methods) provoked hippocampal electrographic seizures, manifested as trains of spike
waves. C, Preadministration of pentobarbital prevented these hyperthermia-induced seizures.
D, Longer hippocampal electrographic seizures were induced by systemic administration of
kainate. The evolution of increasing-amplitude spike-wave trains is seen. Calibration: 100
μV, 1 sec.
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Figure 4.

Experimental prolonged febrile seizures modulate the expression of HCN subunit isoform in
a region- and isoform-specific manner. HCN mRNA levels were quantified after in situ
hybridization analysis (see Materials and Methods). A, Compared with controls, HCN1
mRNA levels of experimental animals (HT-seizures) were significantly (asterisks) reduced
in CA1 (arrowheads) but not CA3a. B, Levels of HCN2 mRNA, coding for slower-kinetics
channels, were increased by the seizures in both CA1 and CA3 pyramidal cell layers. C, No
significant changes in HCN4 mRNA levels were induced by the seizures. The asterisks in
the photomicrograph denote the unique expression of the HCN4 isoform in the medial
habenula.
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Figure 5.

The mechanism of HCN mRNA regulation requires seizures rather than hyperthermia and
depends on seizure duration. Quantitative analyses of HCN1 and HCN2 mRNAs, to dissect
out the contributions of the hyperthermia procedure versus those of the resulting seizures,
are shown. A, B, HCN1 expression was reduced by hyperthermia-induced seizures (HT-
seizures) in CA1 but not CA3. Blocking the seizures in a group of animals undergoing the
same duration and magnitude of hyperthermia [pentobarbital and hyperthermia (PB & HT )
group; Table 1] abolished these changes in HCN1. Longer seizures induced by kainate
(Table 1) led to more robust modulation of HCN1 expression, also reducing mRNA levels in
CA3. C, D, Enhanced HCN2 expression by hyperthermic seizures, found in both CA1 and
CA3a pyramidal cell layers, required seizures (i.e., intense neuronal activation). This
modulation of HCN expression was not specific to the experimental febrile seizures:
prolonged kainate-induced seizures led to the same result. Correlation of HCN expression
with seizure duration was found for both HCN1 (A) and HCN2 (C, D) using ANOVA (see
Results). *Significantly different from the control group. †SEMs of the control groups in B
(0.54%) and D (0.1%) are poorly visualized.
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Figure 6.

Changes in HCN1 expression induced by early life prolonged experimental febrile seizures
are long lasting, whereas those in HCN2 are not. HCN mRNA levels were quantified after in
situ hybridization analysis (see Materials and Methods) in animals 3 months after the
seizures. A, Compared with controls, HCN1 mRNA levels of adult experimental animals
(HT-seizures) were significantly (asterisk) reduced in CA1 but not CA3a. This is the same
specific pattern found within 1 week of the seizures (Fig. 4 A). Note that the high HCN1
mRNA signal over CA3 reflects interneuronal expression (Santoro et al., 2000; Bender et
al., 2001): the resolution of the film autoradiograms does not permit distinguishing
interneuronal expression (Brunson et al., 2001). B, Levels of HCN2 mRNA do not differ in
CA1 or CA3 of adult control rats compared with those experiencing experimental febrile
seizures early in life.
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