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Formation of heteromeric hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels in the hippocampus is regulated
by developmental seizures

Amy L. Brewstera, Joie A. Bernarda, Christine M. Galla,b, and Tallie Z. Barama,c,*
aDepartment of Anatomy and Neurobiology, University of California, Irvine, CA 92697-4475, USA
bDepartment of Neurobiology and Behavior, University of California, Irvine, CA 92697-4475, USA
cDepartment of Pediatrics, University of California, Irvine, CA 92697-4475, USA

Abstract
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels mediate hyperpolarization-
activated currents (Ih). In hippocampus, these currents contribute greatly to intrinsic cellular
properties and synchronized neuronal activity. The kinetic and gating properties of HCN-mediated
currents are largely determined by the type of subunits–for example, HCN1 and HCN2–that assemble
to form homomeric channels. Recently, functional heteromeric HCN channels have been described
in vitro, further enlarging the potential Ih repertoire of individual neurons. Because these heteromeric
HCN channels may promote hippocampal hyperexcitability and the development of epilepsy,
understanding the mechanisms governing their formation is of major clinical relevance. Here, we
find that developmental seizures promote co-assembly of hippocampal HCN1/HCN2 heteromeric
channels, in a duration-dependent manner. Long-lasting heteromerization was found selectively after
seizures that provoked persistent hippocampal hyperexcitability. The mechanism for this enhanced
heteromerization may involve increased relative abundance of HCN2-type subunits relative to the
HCN1 isoform at both mRNA and protein levels. These data suggest that heteromeric HCN channels
may provide molecular targets for intervention in the epileptogenic process.
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Introduction
HCN channels mediate hyperpolarization-activated (Ih) currents (DiFrancesco, 1993; Pape,
1996). In hippocampus, these currents contribute to maintenance of resting membrane potential
(Lupica et al., 2001), shape rhythmic and synchronized neuronal activity (Maccaferri and
McBain, 1996; Magee, 1999) and regulate the temporal summation of dendritic depolarization
(Magee, 1998; Poolos et al., 2002). Short-term modulation of HCN channel function is
mediated by cAMP, influencing channel kinetics and voltage dependent activation curves
(DiFrancesco, 1993; Waigner et al., 2001). Recently, long-term modulation of the properties
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of Ih currents has been suggested to result from regulated changes in channel subunit expression
(Bräuer et al., 2001; Brewster et al., 2002; Santoro and Baram, 2003).

Of the four characterized genes encoding HCN channels, two (HCN1 and 2) are substantially
expressed in rodent hippocampus (Bender et al., 2001; Moosmang et al., 1999; Santoro et al.,
2000) and both isoforms can reside in a single neuron (Brewster et al., 2002; Franz et al.,
2000). HCN4 is expressed almost exclusively in subcortical regions, whereas levels of HCN3
expression within neurons are generally low (Bender et al., 2001; Moosmang et al., 1999;
Santoro et al., 2000). As described for other members of the voltage-gated cation channel
family, four HCN subunits assemble to form a channel (for recent reviews, see Robinson and
Siegelbaum, 2003; Santoro and Baram, 2003). Homomeric HCN1 channels conduct fast-
kinetic currents with modest cAMP gating, consistent with currents recorded in hippocampal
pyramidal cells and CA1 interneurons where HCN1 expression is high (Bender et al., 2001;
Brewster et al., 2002; Santoro et al., 2000). By contrast, homomeric HCN2 channels conduct
Ih currents with slower kinetics and robust cAMP-evoked shifts in voltage dependence (Ludwig
et al., 1998; Robinson and Siegelbaum, 2003). More recently, the formation of heteromeric
channels in vitro (Chen et al., 2001b; Er et al., 2003; Much et al., 2003; Proenza et al., 2002;
Ulens and Tytgat, 2001; Xue et al., 2002) as well as in vivo (Er et al., 2003; Much et al.,
2003) has been described. However, the mechanisms promoting heteromerization have
remained unclear.

Because the isoform composition of both homomeric and heteromeric HCN channels
determines their physiological characteristics (Robinson and Siegelbaum, 2003; Santoro and
Baram, 2003), the relative abundance of the HCN isoforms, as well as the degree to which
heteromerization occurs, will contribute to the properties of the Ih of an individual neuron
(Franz et al., 2000; Santoro et al., 2000; Vasilyev and Barish, 2002), and thus to its intrinsic
firing patterns and network responses. Differential regulation of HCN1 and HCN2 mRNA
expression has been found in pathological states (Bender et al., 2003; Bräuer et al., 2001;
Brewster et al., 2002), including experimental febrile and kainate-induced seizures, and has
been associated with altered properties of the Ih (Chen et al., 2001a). Interestingly, the
properties of Ih after experimental febrile seizures resembled neither those of heterologously
expressed homomeric HCN1 or HCN2 channels, nor their arithmetic intermediates (Chen et
al., 2001a,b; Ulens and Tytgat, 2001). Therefore, we considered the possibility that these
currents may be a result of heteromeric HCN1/HCN2 channels, and tested the hypothesis that
pathological neuronal activity such as developmental seizures promotes formation of
heteromeric HCN1/HCN2 channels, at least in part by altering the relative abundance of
cellular HCN1 and HCN2 subunits at the mRNA and protein level. This constitutes a novel
mechanism for activity-induced plasticity of the ion channel complement of a neuron. In
addition, it highlights an as yet undescribed molecular foundation for the evolution of
neurological disease, such as seizure-evoked epilepsy.

Materials and methods
Seizure induction

Experimental procedures were approved by the UCI Animal Care Committee in accordance
to National Institutes of Health (NIH) guidelines. Immature (postnatal day 10) Sprague–
Dawley rats were subjected to experimental prolonged febrile seizures as previously described
(Brewster et al., 2002; Dubé et al., 2000; Toth et al., 1998). Briefly, hyperthermia was induced
using a stream of warm air directed ∼30 cm above the animals. Core temperatures of pups were
measured prior to hyperthermia induction (33.9 ± 0.3°C), at 2-min intervals, and at the onset
of hyperthermia-provoked seizures (40.8 ± 0.9°C). Hyperthermia was maintained for 30 min
resulting in seizure duration of approximately 24 min. Following hyperthermia, animals were
moved to a cool surface for 10–15 min, then returned to their home cages. Hyperthermic
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controls were generated by subjecting littermates to the same hyperthermia procedure, but
blocking the resulting seizures using diazepam (10 mg/kg). Longer and more intense seizures
were evoked in rats of the same age by intraperitoneal injection of the glutamate receptor
agonist kainic acid (KA, 1.2 mg/kg) as described previously (Brewster et al., 2002).
Experimental groups (Feb, n = 37; KA, n = 15; diazepam + Feb, n = 4; diazepam alone, n = 4)
were compared to littermate controls (n = 40).

Tissue harvesting
For immunoprecipitation and Western blot analyses (1, 2, 4 and 8 weeks after seizures) rats
were rapidly decapitated, the hippocampus and thalamus were quickly dissected and
homogenized in a glass/Teflon homogenizer in ice cold 0.32 M Sucrose, 0.1 M Tris–HCl (pH
7.4) containing Protease Inhibitor Cocktail (PIC Complete™; Roche). Following
homogenization, samples were centrifuged at 1000 × g for 10 min at 4°C. The supernatant was
centrifuged at 16,000 × g for 20 min at 4°C and the pellet was resuspended in
radioimmunoprecipitation (RIPA) buffer (50 mM Tris–HCl, pH 7.4, 1% NP-40, 1% Triton
X-100, 1 mM EDTA, 150 mM NaCl, 1 × PIC) for immunoprecipitation procedures or in
artificial cerebrospinal fluid (aCSF; 124 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 2.5 mM
MgSO4, 3.4 mM CaCl2, 26 mM NaHCO3, 10 mM glucose) for direct Western blot analyses.
Protein concentration was determined using Bio-Rad Protein assay (Bio-Rad Laboratories,
Inc., Hercules, CA). For in situ hybridization procedures, rats were quickly decapitated and
brains dissected and placed on powdered dry ice as described (Brewster et al., 2002; Eghbal-
Ahmadi et al., 1999).

Immunoprecipitation
An equal amount of protein for each hippocampal and thalamic sample (1 mg/ml), diluted in
750 μl of RIPA buffer, was incubated with rabbit anti-HCN1 or anti-HCN2 antisera (AB5884
HCN1, AB5378 HCN2; 5 Al of 15 μg/μl, Chemicon, Temecula, CA) on a rotator overnight at
4°C, following previously described procedures (Kramar et al., 2002). After incubation with
primary antibodies, samples were incubated with 80 μl of Protein A Agarose (Upstate Biotech,
Lake Placid, NY) on a rotator for 2 h at 4°C and collected in spin-filter columns (CytoSignal
Research Products, Irvine, CA). Samples were then washed twice with RIPA+ 1 × PIC,
followed by three washes in phosphate buffered saline (PBS)+ 1 × PIC. Following the washes,
samples were eluted from the columns with 50 μl of 2× Laemmli buffer and processed for
Western blot analyses (Kramar et al., 2002).

Western blotting
Protein samples were denatured at 100°C for 5 min in Laemmli buffer and separated on a 4–
12% gradient SDS-PAGE gel. After SDS-PAGE, the proteins were transferred to Hybond-P
Polyvinyl Difluoride (PVDF) membranes (Amersham Pharmacia Biotech) at 100 V for 1 h at
4°C. Membranes were probed with rabbit anti-HCN1 or anti-HCN2 serum (1:5000 and 1:3000,
respectively) in PBS with 5% non-fat milk overnight at 4°C followed by washes in PBS-1%
Tween (PBS-T) (3 × 5 min). Membranes were then incubated with anti-rabbit immunoglobulin-
horseradish peroxidase (1:10,000 Amersham Pharmacia Biotech) in PBS for 1 h at room
temperature, followed by incubation with the enhanced chemiluminescence ECL-Plus kit
(Amersham Pharmacia Biotech) for 5 min. Immunoreactive bands were visualized by apposing
membranes to Hyperfilm™ ECL (Amersham Pharmacia Biotech). To control for equal sample
loading, membranes were probed with an antibody to beta actin.

In situ hybridization
Semi-quantitative analysis of HCN1 and HCN2 mRNA levels was accomplished using in situ
hybridization (ISH) of 35S-cRNA probes and slide-mounted frozen sections (20 μm) as
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previously described (Brewster et al., 2002; Eghbal-Ahmadi et al., 1999), with the most
stringent wash at 0.03 × SSC, at 62°C for 60 min. Sections were then dehydrated and apposed
to Kodak Biomax film. Exposure time was monitored using 14C standards to maintain the
signal in the linear range.

Analysis
Data acquisition and analysis of in situ hybridizations were carried out as described elsewhere
(Bender et al., 2003; Brewster et al., 2002) on sections run concurrently, and always without
knowledge of treatment. Semi-quantitative mRNA analysis was done by measuring optical
density of the incorporated radioactivity using the image analysis program ImageTool. Western
blot data acquisition and analysis were accomplished by measuring optical density of
immunoreactive bands of experimental and control samples from the ECL films using the AIS
imaging system (Imaging Res., St. Catherine, Ontario, Canada). Control and experimental
samples for each time point were run concurrently on the same blot. When multiple blots from
immunoprecipitation experiments were compared, the mean value of the control samples of
each blot was considered 100%, and experimental sample values expressed as ‘percent control
samples’ within each blot. This permitted analysis across blots. In addition, absolute amounts
of HCN1 and HCN2 channel proteins were quantified using normal rabbit IgG standards (0.1
ng–4 μg; XP-5001, ProSci Incorporated, Poway, CA) that were run with experimental and
control samples in the same gel. Significance level for t tests and ANOVA was set at 0.05, and
data are presented as means with standard errors.

Results
Developmental ‘febrile’ seizures promote co-immunoprecipitation of HCN1 and HCN2
channel isoforms

To determine if co-assembly of HCN1 and HCN2 isoforms was induced by experimental
‘febrile’ seizures to generate modified h channels, immunoprecipitation (IP) experiments were
conducted at several time points after the seizures (Kramar et al., 2002). Experimental febrile
seizures were induced in 10-day-old rat pups (Brewster et al., 2002; Dubé et al., 2000). One
and 7 days post-seizures, precipitation of hippocampal homogenates with an antiserum to
HCN2 followed by Western blots probed with anti-HCN1 was utilized to demonstrate HCN1
molecules associated with the HCN2 isoforms. Experimental febrile seizures led to a
significant (74%) increase in the amount of HCN1 that co-precipitated with HCN2, as
compared with levels in paired controls (Fig. 1A; n = 7 animals per group) at the 7-day time-
point, but not earlier. This finding was corroborated by IP using anti-HCN1 followed by
Western blot detection of HCN2 (Fig. 1B). The enhanced appearance of HCN1/HCN2 co-
association after seizures was not attributable to cross-reactivity of their respective antisera for
several reasons: first, IP using anti-HCN2 followed by probing for the same isoform resulted
in an HCN2-immunoreactive band with the expected molecular weight of 96 kDa. As described
for HCN2, this protein was more abundant in thalamic homogenates compared to those from
equal-weight hippocampal tissue (Santoro and Baram, 2003; Santoro et al., 2000) (Fig. 1C,
top). In contrast, IP with anti-HCN2 followed by probing for HCN1 yielded a protein band
with the expected molecular weight of ∼112 kDa (Much et al., 2003) and higher expression
levels in hippocampus (Fig. 1C, bottom). In addition, when hippocampal and thalamic
homogenates were subjected to direct Western blotting and probed with either HCN1 or HCN2
antisera, each antiserum recognized a single protein entity (Fig. 1D) of the appropriate
molecular weight.
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HCN1/HCN2 co-association requires seizure activity and is not an effect of elevated brain
temperatures

The Febrile seizure group was essentially subjected to (a) elevated brain temperature that (b)
resulted in seizures. To determine which of these two factors led to increased HCN1/HCN2
co-immunoprecipitation, we evaluated also groups where these parameters were dissociated.
As shown in Fig. 2, hippocampi from rats sustaining hyperthermia but in whom seizures were
prevented (using diazepam) were not enriched in co-immunoprecipitated HCN1/HCN2
isoforms, suggesting that seizure activity rather than elevated temperature was required for
heteromerization. Heteromerization was not increased in the group treated with diazepam alone
(without temperature elevation).

HCN1/HCN2 co-assembly is associated with reduced HCN1 channel protein and mRNA
expression and increased HCN2/HCN1 ratio

Augmented HCN1/HCN2 heteromerization could be a result of an increased HCN2/HCN1
ratio (Hadley et al., 2003; Levitan and Takimoto, 1998; Liao et al., 1996), leading to increased
combinatorial interaction of the normally more abundant HCN1-molecules with HCN2
isoforms. Alternatively, enhanced heteromerization could be an independent effect of the
seizures. To help distinguish between these possibilities, we determined the effects of the
seizures on the expression of HCN1 and HCN2 proteins. HCN1 levels were significantly
reduced in ‘febrile’ seizure pups as compared with littermate controls (49.4 ± 6.6 ng/mg vs.
78 ± 11.5 ng/mg; Fig. 3A; P < 0.05). Reduced HCN1 protein levels in the seizure group were
apparent also when determined in comparison to β-actin content of the same samples (not
shown). In accord with the reduction of HCN1 protein, the quantity of HCN1 channels
immunoprecipitated with anti-HCN1 followed by probing for the same isoform was reduced
in the seizure animals (Fig. 3B). The reduced HCN1 protein levels after ‘febrile’ seizures were
consistent with our previous findings of decreased HCN1 mRNA levels, data that were
reaffirmed in the current series of experiments (Fig. 4A).

In contrast to HCN1, HCN2 protein levels were not consistently influenced by the seizures, as
shown in the Western blots from control and seizure-experiencing animals (9.86 ± 2.34 ng/mg
vs. 9.4 ± 1.55 ng/mg in experimental and controls, respectively; Fig. 3C). Thus, in the case of
HCN2, the increased mRNA levels (Fig. 4B) were not consistently translated into increased
protein, potentially because of increased protein turnover. In support of this finding,
precipitation with anti-HCN2 followed by probing for the same isoform on Western blot failed
to show increases in total HCN2-immunoreactivity (Fig. 3D). Importantly, in homogenates
from control and febrile seizures (Feb) hippocampi that were titrated to contain the same
amounts of HCN2, increased HCN1 co-immunoprecipitation was still observed (see example
in Fig. 3E). These findings exclude the possibility that increased HCN2 protein levels in some
hippocampal precipitates from seizure-experiencing rats account for the increase of co-
precipitated HCN1, and suggest that the enhanced association of HCN1 and HCN2 after
seizures is not driven by altered HCN2 levels, but by either reduced HCN1 abundance or
independent factors. Indeed, although HCN2 protein levels were not reduced, the ratio of
HCN2/HCN1 tended to be higher in the seizure-experiencing rats (0.124 ± 0.02 in controls vs.
0.245 ± 0.05 in the Feb group; P = 0.09).

Seizure-evoked co-association of HCN1/HCN2 is not model-specific, but endures only in
seizures promoting long-lasting hyper-excitability

We next asked whether enhanced HCN1/HCN2 co-assembly was unique to developmental
febrile seizures, or resulted from pathological network activity in the developing hippocampus
per se. In the latter case, the degree of heteromerization should correlate to the duration and
severity of the seizures. Longer and more intense hippocampal seizures were elicited using the
glutamatergic agonist kainic acid (Holmes et al., 1988; Tremblay et al., 1984) and HCN co-
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assembly was quantified. Kainic acid provoked seizures lasting for ∼180 min (Brewster et al.,
2002; Holmes et al., 1988; Stafstrom et al., 1992; Tremblay et al., 1984), compared with ∼20
min for ‘febrile’ seizures (Brewster et al., 2002; Dubé et al., 2000), and led to greater co-
precipitation of HCN1 and HCN2 7 days (but not 24 h) later (Fig. 5A). In addition, the extent
of HCN1/HCN2 co-precipitation was higher after kainic acid-evoked seizures compared with
the shorter ‘febrile’ seizures. Together with the effects of blocking the seizures (Fig. 2), this
suggests that seizures per se, rather than the manner by which they are elicited, govern HCN1/
HCN2 interaction in a duration-dependent manner.

The striking HCN1/HCN2 co-immunoprecipitation after kainic acid seizures was surprising
because, unlike developmental febrile seizures (Dubé et al., 2000) kainic acid-evoked seizures
at the same age do not lead to long-lasting hippocampal hyperexcitability (Stafstrom et al.,
1992). Therefore, we considered the possibility that if heteromeric h channels contribute to the
enduring aberrant hippocampal excitability, then such channels should be persistently
augmented after ‘febrile’ but not kainic acid-evoked seizures. For both seizure types, HCN1/
HCN2 co-IP was enhanced 1 (Fig. 5A) and 2 (Fig. 5B) weeks after the seizures, (and tended
to be more so after the kainic acid-evoked seizures compared to the ‘febrile’ ones at the two
week time-point; P = 0.13). This enhanced co-association endured at 4 and 8 weeks after
experimental febrile seizures. In contrast, co-IP of HCN1 with HCN2 waned in hippocampi
from kainic acid-treated animals and was indistinguishable from that in the control group at
the later time-points (Figs. 5C and D; febrile- vs. kainate-treated groups at 8 weeks P = 0.01).
These findings are in line with the duration of transcriptional dysregulation of the HCN channel
isoform expression: Reduced HCN1 mRNA levels endured for at least 3 months after ‘febrile’
seizures, but not in rats subjected to kainic acid seizures early in life (Brewster et al., 2002).
This enduring increase of HCN channel heteromerization after ‘febrile’ seizures was associated
with alterations of Ih that promote hippocampal hyperexcitability (Chen et al., 2001a; Santoro
and Baram, 2003). While it is tempting to speculate that heteromeric channels underlie the
modified Ih, other potential mechanisms might be involved.

Discussion
The major findings of this study are: (1) Seizures increase the co-immunoprecipitation of
HCN1 and HCN2 channel isoforms in developing rat hippocampus. (2) This effect requires
synchronized paroxysms of neuronal activity (seizures), and is not model-specific. (3) The
increased HCN1/HCN2 co-association may be driven by the doubling of the HCN2/HCN1
ratio (from ∼0.12 to ∼0.24), increasing the probability that the more abundant HCN1 subunit
will interact with HCN2. (4) Both the quantitative changes in HCN expression and the enhanced
Co-IP endure after ‘febrile’—but not after KA induced seizures. Taken together with the fact
that experimental febrile seizures persistently modulate the Ih current and enhance seizure
susceptibility, these findings implicate the HCN channels in the underlying mechanisms.

Potential mechanisms for the formation of heteromeric HCN channels
In naive rat hippocampus, amounts of HCN1 protein are over 8-fold higher than those of HCN2
(∼78 versus 9.4 ng/mg), so that most HCN1 channel molecules are likely to interact with other
HCN1 subunits and form homomeric channels. Developmental seizures virtually doubled the
hippocampal HCN2/HCN1 ratio (from ∼0.12 to 0.24). Other factors being equal, this should
increase the stochastic probability of the HCN1 isoform's interaction with HCN2. This finding
is reflected in Fig. 3E, where increased in vivo co-association of HCN1 and HCN2 was evident
in Feb homogenates controlled for levels of HCN2. The increased HCN1/HCN2 co-assembly
will result in a proportionately higher contribution of heteromeric HCN channels to the
macroscopic Ih of CA1 pyramidal cells. Because the properties of heteromeric channels are
distinct from those of homomeric ones, their contribution should significantly modify the
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properties of the neuronal Ih. In this scenario, the larger effects of the (longer and more severe)
KA seizures on HCN isoform expression would lead to increased heteromerization compared
with the milder ‘febrile’ seizures, as was found here (Fig. 5A). In contrast, the persistent
reduction of HCN1 protein levels after the ‘febrile’, but not the kainic acid seizures, would
favor long-lasting co-assembly of heteromeric channels after the former type of seizures (Fig.
5D).

Whereas in vivo evidence for this abundance-dependent dynamic interaction of HCN channels
isoforms is not yet available, in vitro studies, transfecting different ratios of HCN1/HCN2
constructs into heterologous expression systems, support this notion (S. Chen et al., 2001b).
In addition, several types of voltage- and G-protein-gated cationic channels can exist as
homomeric or heteromeric structures (Hadley et al., 2003; Levitan and Takimoto, 1998; Liao
et al., 1996). The extent of their heteromerization depends on the presence of the interacting
isoforms in the same neuron (Liao et al., 1996) and may be a function of the relative abundance
of the involved subunits.

Alternative mechanisms for seizure-driven enhanced HCN1/HCN2 heteromerization may
involve activity-evoked changes in the intracellular trafficking or membrane insertion of
channels. Whereas the post-translational regulation of the HCN channel molecules is not fully
understood, recent evidence supports activity-dependent subcellular distribution of the HCN1
subunit (Bender et al., 2004) and interaction of the channels with scaffolding proteins (Gravante
et al., 2004). Potentially, seizure activity may alter glycosylation or other post-translational
editing of the HCN isoform molecules that will influence their cellular fate.

Why do changes of HCN isoform interaction endure after ‘febrile’ seizures?
The basis for the unique persistence of reduced HCN1 protein expression and ensuing HCN1/
HCN2 heteromerization after the relatively short developmental ‘febrile’ seizures remains
speculative. The majority of molecular changes after developmental seizures are transient
(Holmes and Ben-Ari, 1998), so that the mechanism for these unique persistent effects of febrile
seizures may be attributable to the recruitment of additional molecular messengers that are not
typically activated by developmental seizures. Among these, the pro-inflammatory cytokines
such as interleukin-1β are attractive—they are recruited by hippocampal seizures in adult but
generally not in developing animals (Rizzi et al., 2003); remarkably, these cytokines are
involved in the mechanisms of febrile seizure generation in immature hippocampus (Dubé et
al., 2005). Alternatively, the hyperthermia that is integral to febrile seizures, though not
sufficient to evoke heteromerization in itself, may modulate the duration of HCN channel
expression or trafficking. For example, hyperthermia may influence the release or actions of
thyroid hormone, which regulates the expression of cardiac isoforms of the HCN channels
(Gloss et al., 2001).

Significance of activity-evoked heteromerization of the HCN channel isoforms
The experiments described above demonstrate that pathological network activity (seizure)
promotes co-immunoprecipitation of HCN1 and HCN2, very likely reflecting the formation
of heteromeric channels. While the ability of HCN1 and HCN2 to co-assemble into functional
channels has been demonstrated (Chen et al., 2001b; Er et al., 2003; Much et al., 2003; Proenza
et al., 2002; Ulens and Tytgat, 2001; Xue et al., 2002), we find only modest co-association of
HCN1/HCN2 in the ‘normal’ hippocampal formation of both developing and adult rats (control
groups, Figs. 1 and 5), consistent with the single report on whole mouse brain (Much et al.,
2003). However and importantly, we demonstrate that this apparent heteromerization is a
dynamic, malleable process that is governed by network activity. Thus, pathological neuronal
firing elicited by either KA or hyperthermia provoked HCN1/HCN2 assembly, and the effects
of both types of seizures endured for weeks, representing a novel mechanism by which activity
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may alter neuronal Ih. The resulting changes in the Ih properties of individual neurons, a form
of intrinsic neuronal plasticity, may contribute to long-term pathological alteration of the
hippocampal network.
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Fig. 1.
(A) Immunoprecipitation (IP) with antiserum to HCN2 followed by Western blot (WB)
analysis for HCN1 shows enhanced co-association of HCN1/HCN2 in hippocampi from
animals subjected to experimental prolonged febrile seizures on postnatal day 10 (Feb). The
immunoreactive HCN1 band has an apparent molecular weight of approximately 110 kDa.
Quantitative analysis of optical density of HCN1 immunoreactive bands reveals a significant
increase in HCN1/HCN2 heteromerization 1 week after the induction of the seizures. (B) IP
with antiserum to HCN1 followed by Western blot analysis for HCN2 corroborates the greater
co-association of the two isoforms in the Feb group. (C) IP with antiserum to HCN2 followed
by Western blot analysis for the same isoform shows greater HCN2 precipitation and
immunoreactivity in thalamus compared with hippocampus (top blots). By contrast,
hippocampal homogenates contain higher levels of HCN1 that is co-immunoprecipitated with
the HCN2 antiserum (bottom blots). Note also different molecular weights of the HCN1 and
HCN2 bands. (D) Western blots (without prior IP) for HCN1 (left) and HCN2 (right)
demonstrate that the antisera used here detect HCN1 (abundant in hippocampus) and HCN2
(abundant in thalamus), and bind to antigens of the expected molecular weights, further
supporting the specificity of these antisera.

Brewster et al. Page 11

Neurobiol Dis. Author manuscript; available in PMC 2010 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Hyperthermic (febrile) seizures rather than the elevation of brain temperature per se are
required for increased HCN1/HCN2 co-association. To dissociate ‘fever’ from ‘febrile
seizures’, rats sustaining hyperthermia were pre-treated with the benzodiazepine diazepam
(DZP; 10 mg/kg) to block the seizures. As shown, HCN1/HCN2 co-immunoprecipitation (co-
IP) was increased in hippocampi of rats sustaining seizures (Feb), but not in those from
hyperthermic rats that did not have seizures (Feb/DZP) or in the normothermic, diazepam-
treated group (DZP). * Significantly different from controls (P = 0.01).
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Fig. 3.
Differential regulation of the HCN1 and HCN2 protein levels promotes heteromerization: (A)
Western blot (WB) showing a significant decrease on HCN1 protein levels 7 days after
experimental ‘febrile’ seizures (Feb, P = 0.03). (B) Reduced HCN1 protein after seizures is
apparent also when IP is carried out with anti-HCN1 followed by WB probing with the same
antiserum: a fainter immunoreactive band is seen in a Feb hippocampal homogenate, compared
with a hippocampus from a control animal. Note that the samples shown here are from the
same hippocampi used in Fig. 1B. Thus, increased HCN1/HCN2 (Fig. 1B) is found despite
reduced total HCN1 immunoreactivity. (C) HCN2 protein levels are not changed after
experimental febrile seizures, as shown in the WB using anti-HCN2. (D) In accord with the
WB, IP for HCN2 followed by probing for the same isoform does not lead to increased HCN2-
immunoreactive band intensity. For each gel, every lane was loaded with equal amounts (25
μg) of extract from a single hippocampus. (E) When equal amounts of HCN2 protein derived
from a Feb or a control hippocampus are immunoprecipitated with anti-HCN2 and then probed
for HCN1, more HCN1 is co-associated with HCN2 in the Feb group. A Feb homogenate in
which a mild increase of HCN2 protein occurred was subjected to WB for HCN2, compared
with a control. Amount of this Feb homogenate, adjusted to include the same HCN2 quantity
as in the control (Feb/ADJ) was immunoprecipitated with anti-HCN2, together with the control
and the non-adjusted Feb homogenate (Feb). As shown, in Feb hippocampus, higher levels of
HCN1 still co-precipitated with HCN2 even when HCN2 amounts were carefully adjusted to
equal those in the control, suggesting that reduced HCN1 in the homogenate or other seizure-
evoked factors govern enhanced HCN1/HCN2 co-association in the Feb group.
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Fig. 4.
Reduced HCN1 protein levels after ‘febrile’ seizures are attributable to lower mRNA levels.
(A) Representative photomicrographs and quantitative analysis of HCN1 mRNA in
hippocampal CA1 and CA3 a week after the seizures reaffirm diminished expression of this
channel isoform (Brewster et al., 2002). (B) HCN2 mRNA levels are greater in the Feb group,
as seen in the representative hippocampal photomicrographs and the analysis. However,
increased mRNA expression is not reflected in increased protein levels (Fig. 3C), potentially
because of increased channel turnover. * Denotes significant difference from the control group.
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Fig. 5.
HCN1/HCN2 co-precipitation is greater in prolonged kainic acid (KA)-evoked seizures as
compared to the shorter experimental febrile seizures. However, the increased HCN1/HCN2
heteromerization endures long term only after the latter. Quantitative analysis of Western blots
(WB) probed for HCN1 of hippocampal extracts immunoprecipitated (IP) with anti-HCN2 at
several time-points after ‘febrile’ and KA seizures. (A and B) One and 2 weeks after seizures,
the Western blot (bottom) and quantitative analysis (top) show significant co-association of
HCN1/HCN2 in both seizure groups, that is significantly more robust after ∼180 min of KA
seizures (n = 5 per group). (C) By 4 weeks after the seizures, enhanced heteromerization of
HCN1/HCN2 is significant only in the febrile seizure group (n = 4 per group). (D) Eight weeks
after these developmental seizures, co-association of HCN1/HCN2 persists in the group
subjected to experimental prolonged febrile seizure (P = 0.04), whereas the KA group is not
significantly different from the controls (n = 4 per group). *Denotes significant difference from
the control group. The KA group is significantly different also from the Feb group at this time
point (P = 0.01).
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