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Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are subthreshold activated voltage-gated ion channels. In the cor-
tex, these channels are predominantly expressed in dendrites where they significantly modify dendritic intrinsic excitability as well
synaptic potential shapes and integration. HCN channel trafficking to dendrites is regulated by the protein, TRIP8b. Additionally, altered
TRIP8b expression may be one mechanism underlying seizure-induced dendritic HCN channel plasticity. HCN channels, though, are also
located in certain mature cortical synaptic terminals, where they play a vital role in modulating synaptic transmission. In this study, using
electrophysiological recordings as well as electron microscopy we show that presynaptic, but not dendritic, cortical HCN channel expres-
sion and function is comparable in adult TRIP8b-null mice and wild-type littermates. We further investigated whether presynaptic HCN
channels undergo seizure-dependent plasticity. We found that, like dendritic channels, wild-type presynaptic HCN channel function was
persistently decreased following induction of kainic acid-induced seizures. Since TRIP8b does not affect presynaptic HCN subunit
trafficking, seizure-dependent plasticity of these cortical HCN channels is not conditional upon TRIP8b. Our results, thus, suggest that the
molecular mechanisms underlying HCN subunit targeting, expression and plasticity in adult neurons is compartment selective, provid-
ing a means by which pre- and postsynaptic processes that are critically dependent upon HCN channel function may be distinctly
influenced.

Introduction
Voltage-gated ion channels are critical regulators of synaptic
potential shapes and integration, neuronal firing patterns and
synaptic transmission. The expression and biophysical properties
of these often vary among the different neuronal subcellular
compartments (Nusser, 2009). The hyperpolarization-activated cy-
clic nucleotide-gated (HCN) channels are highly localized to
cortical and hippocampal pyramidal apical dendrites (Robin-
son and Siegelbaum, 2003; Biel et al., 2009). Here they influ-
ence intrinsic excitability and synaptic potential integration
(Robinson and Siegelbaum, 2003; Biel et al., 2009; Shah et al.,
2010).

The expression and trafficking of postsynaptic HCN channels
in neurons is regulated by a protein termed TPR-containing
Rab8b interacting protein, TRIP8b (Santoro et al., 2004, 2009,
2011; Lewis et al., 2009, 2011; Zolles et al., 2009; Piskorowski et
al., 2011). To date nine alternatively spliced isoforms of TRIP8b
have been identified (Lewis et al., 2009; Santoro et al., 2009; Zolles
et al., 2009). Although all isoforms affect HCN channel gating,
the individual isoforms differentially modulate HCN subunit
surface expression (Lewis et al., 2009; Santoro et al., 2009; Zolles
et al., 2009). TRIP8b isoform elimination, though, prevents tar-
geting of HCN subunits to hippocampal and cortical dendrites
(Lewis et al., 2011; Piskorowski et al., 2011). Further, changes in
TRIP8b expression may also underlie some forms of HCN chan-
nel plasticity-induced alterations (Shah et al., 2010). Indeed, one
possible mechanism underlying seizure-induced dendritic HCN
channel plasticity may be altered HCN-TRIP8b interaction (Shin
et al., 2008; Kanyshkova et al., 2012).

Emerging evidence, however, suggests that HCN1 channels
are also located within selective cortical and hippocampal synap-
tic terminals (Southan et al., 2000; Cuttle et al., 2001; Lujan et al.,
2005; Aponte et al., 2006; Bender et al., 2007; Boyes et al., 2007;
Huang et al., 2011), where they critically influence synaptic re-
lease (Southan et al., 2000; Aponte et al., 2006; Huang et al.,
2011). Since HCN1 subunits are present only in the synaptic
boutons of a subset of neurons, it suggests that these are actively
trafficked to these sites. Certain TRIP8b isoforms may be present
in axons and regulate HCN subunit expression here (Piskorowski
et al., 2011; Wilkars et al., 2012). We, therefore, asked whether
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TRIP8b isoforms affect HCN1 subunit localization and function
in mature cortical synaptic terminals where they are known to be
expressed and influence synaptic transmission (Huang et al.,
2011). We show that TRIP8b is not involved in HCN1 subunit
targeting to these terminals and that synaptic release from these
terminals is still modulated by HCN channels. Further, seizure-
induced changes in presynaptic HCN1 channels were not reliant
on TRIP8b. These results suggest that the cellular mechanisms
underlying subcellular trafficking and plasticity of HCN1 chan-
nels are likely to differ among the various neuronal compart-
ments. This compartment selectivity may be crucial for the
regulation of information processing and therefore, for physio-
logical processes such as cognition as well as pathological condi-
tions such as epilepsy in which HCN channels play an important
role (Robinson and Siegelbaum, 2003; Biel et al., 2009; Shah et al.,
2010).

Materials and Methods
TRIP8b-null mice. TRIP8b heterozygote breeding pairs on a C57BL/6J
background (Lewis et al., 2011) were imported to UCL School of Phar-
macy (London, UK). These TRIP8b �/� animals were crossed to obtain
mixtures of TRIP8b-null mice and wild-type littermates which were used
in all experiments. The mice were genotyped using protocols similar to
that which have been previously described (Lewis et al., 2011).

Kainic acid-induced seizures. Kainic acid (20 mg/kg; Tocris Bioscience
Ltd) was administered to wild-type adult (5- to 6-week-old) 129SVEV
mice to induce Class V seizures (as defined by the Racine scale; Racine,
1972), which were terminated 1 h after onset with the use of sodium
pentobarbital (SP; 30 mg/kg, s.c.; Sigma-Aldrich). Control groups were
mice that had been treated SP only (30 mg/kg, s.c.). Brain slices were
obtained from mice either 24 h or 1 week following treatment with kainic
acid [status epilepticus (SE) mice] or controls (SP mice). All procedures
concerning animals were approved by the UK Home Office.

Slice preparation and electrophysiological experiments. All electro-
physiological experiments involving transgenic mice were done
blindly. Entorhinal-hippocampal slices were obtained from 5- to
8-week-old TRIP8b-null, wild-type littermates, SE mice or SP mice as
described previously (Huang et al., 2009). For electrophysiological
recordings, slices were placed in a chamber containing external solu-
tion of the following composition (in mM): 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 25 NaHCO3, 2 CaCl2, 2 MgCl2, 10 glucose, 0.05 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), 0.05 DL-AP5, 0.01 bicuculline,
0.001 CGP 55845; bubbled with 95% O2/5% CO2, pH 7.2. For miniature
EPSC (mEPSC) experiments, the external solution was supplemented
with 0.001 mM tetrodotoxin and CNQX and DL-AP5 were omitted. For
paired-pulse experiments, only CNQX was omitted from the external
solution. Whole-cell current-clamp and voltage-clamp recordings were
obtained from the soma and dendrites of entorhinal cortical (EC) layer
III neurons. The pipette solution contained the following (in mM): 120
KMeSO4, 20 KCl, 10 HEPES, 2 MgCl2, 0.2 EGTA, 4 Na2-ATP, 0.3 Tris-
GTP, 14 Tris-phosphocreatine; pH was adjusted to 7.3 with KOH.
For voltage-clamp recordings 0.015 mM ZD7288 (4-(N-ethyl-N-
phenylamino)-1,2 dimethyl-6-(methylamino)pyrimidinium chloride)
was added to the internal solution. Pipettes containing any of these in-
ternal solutions had resistances of 5–12 M�. In some recordings, Neu-
robiotin (0.2%, w/v) was included in the intracellular pipette solution.
Slices were fixed in 4% paraformaldehyde and stained with streptavidin
Alexa Fluor 488 conjugate 24 h later as described previously (Cossart et
al., 2001).

Current-clamp recordings were obtained using an Axoclamp 2B am-
plifier (Molecular Devices Ltd), filtered at 10 kHz, and sampled at 50
kHz. Voltage-clamp recordings were obtained using an Axopatch 200B
amplifier (Molecular Devices Ltd), filtered at 1 kHz and sampled at 10
kHz. Series resistance was usually in the order of 10 –30 M� and was
�70% compensated. Recordings were discarded if the series resistance
increased by �20% during the course of the recordings. Data were ac-

quired using pClamp 8.2 or pClamp 10.0 (Molecular Devices Ltd).
�EPSPs were generated by current injection of the order:

A � �t/�� � exp�1 � �t/���,

where A is the amplitude of the current injected and � is the rise time
constant. For paired-pulse recordings, tungsten electrodes (Biomedical
Instruments) placed in EC layer I �50 –100 �m from EC layer III distal
dendrites were used to elicit single and 20 Hz pairs of synaptic potentials
in interleaved sequences every 30 s.

All reagents were purchased from Sigma-Aldrich, apart from tetrodo-
toxin, bicuculline, CGP 55845, DL-AP5 and ZD7288, which were ob-
tained from Abcam Ltd. Biocytin was acquired from Vector Laboratories
Ltd and streptavidin Alexa Fluor 488 was procured from Life
Technologies.

Sholl analysis. Images of neurons that had been filled with Neurobio-
tin, fixed with 4% paraformaldehyde and stained using streptavidin Al-
exa Fluor 488 conjugate were acquired using a confocal microscope
(Zeiss LSM 710) and imported into ImageJ (NIH). Concentric circles at
10 �m intervals were generated around the somata (Sholl, 1953). The
number of dendrites crossing each circle were counted and the mean and
SEM reported (Fig. 1 A).

Data analysis of electrophysiological recordings. All current-clamp data
were analyzed using pClamp 10.0 software (Molecular Devices Ltd). The
input resistance (RN) was calculated from 400 ms hyperpolarizing pulses
of 100 pA applied from a holding potential of �70 mV. The �EPSP decay
time constants were obtained by fitting the double exponential function:

A1e��t/�1� � A2e��t/�2�,

where �1 and �2 represent time constants of the initial and falling phase
of the �EPSPs. Since Ih is activated during the falling phase of the �EPSP,
only �2 was used. The summation ratio of EPSPs was calculated as the
ratio of the peak of the fifth EPSP to that of the first EPSP.

mEPSC recordings were analyzed using Mini-analysis program (v6.07,
Synaptosoft). Events �1.5 pA in amplitude (i.e., all events above baseline
noise level) and with rise times of �2 ms were detected and used for
analysis. Decay and rise times as well as amplitudes of these events were
obtained by fitting the averaged EPSC with a single exponential equation:

I�t� � A exp� � t/��,

where I is the current amplitude at any given time (t), A is the peak
amplitude of the EPSC, and � is the decay time constant.

For paired-pulse experiments, data were analyzed using pClamp 10.0
(Molecular Devices Ltd). Interleaved single EPSCs evoked were sub-
tracted from paired EPSCs to obtain the amplitude of the second EPSC.
The paired-pulse ratio (PPR) was then calculated as the amplitude of the
second EPSC divided by the first. The square of the coefficient of varia-
tion (CV 2) was calculated as

CV2 �
SDPSC

2 � SDBaseline
2

MeanAmp
2 ,

where SDPSC
2 is the SD of the EPSC amplitude squared, SDBaseline

2 is the
SD of the background noise squared, and MeanAmp is the mean ampli-
tude of the EPSC.

Group data are expressed as mean 	 SEM. Statistical significance was
determined using either paired or unpaired Student’s t tests as appropri-
ate. Statistical significance of p � 0.05 is indicated in all figures.

Electron microscopy. Electron microscopic (EM) examination of immu-
noreactivity for HCN1 in the mice entorhinal cortex was performed as de-
scribed previously using the preembedding immunogold method (Luján et
al., 1996). Briefly, free-floating sections were incubated in 10% NGS diluted
in Tris-buffered saline (TBS) for 1 h at room temperature. Sections were then
incubated for 48 h in anti-HCN1 antibodies (UC Davis/NIH NeuroMab
Facility) at a final protein concentration of 2–5 �g/ml, diluted in TBS con-
taining 1% NGS. After several washes in TBS, sections were incubated for 3 h
in goat anti-mouse IgG coupled to 1.4 nm gold (Nanoprobes) diluted 1:100
in TBS containing 1% NGS. Following washes PBS, the sections were post-
fixed in 1% glutaraldehyde diluted in the same buffer for 10 min. They were
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washed in double distilled water, followed by silver enhancement of the gold
particles with a HQ Silver kit (Nanoprobes). Sections were then treated with
osmium tetroxide (1% in 0.1 M phosphate buffer), block-stained with uranyl
acetate, dehydrated in graded series of ethanol and flat-embedded on glass
slides in Durcupan (Fluka) resin. Regions of interest were cut at 70–90 nm
on an ultramicrotome (Reichert Ultracut E, Leica) and collected on 200-

mesh nickel grids. Staining was performed on drops of 1% aqueous uranyl
acetate followed by Reynolds’s lead citrate. Ultrastructural analyses were
performed using a Jeol-1010 electron microscope.

Quantitative analysis at EM level. To establish the relative abundance
of HCN1 gold particles in superficial EC layers, quantification of immu-
nolabeling was performed from 60 �m coronal slices as described (Luján

Figure 1. Enhancement of spontaneous excitatory synaptic transmission by presynaptic HCN1 channel inhibition is unaffected by TRIP8b deletion. A(i), Example morphologies of wild-type (Wt)
and TRIP8b�/� EC layer III neurons. The scale indicates 50 �m and is applicable to both images. A(ii), Sholl analysis of wild-type and TRIP8b�/� EC layer III pyramid neurons (see Materials and
Methods). The proximal dendritic tree represents apical, oblique, and basal dendrites counted within a particular radius. B(i), C(i), Typical mEPSC recordings obtained from wild-type and TRIP8b�/�

EC layer III neurons before and after 20 min bath application of the HCN channel blocker, ZD7288 (ZD; 15 �M). The outward holding values at �70 mV are shown above the traces. The cumulative
probability curves for each of the examples are shown on the right. The average, normalized mEPSCs from the traces under control conditions (black) and after ZD7288 (red) are shown in the insets.
The scale shown in B(i) and C(i) applies to all traces within the respective panels. B(ii), C(ii), Graphs depicting the individual (open squares) and the mean (filled squares) mEPSC frequency obtained
from wild-type and TRIP8b�/� neurons in the absence and presence of ZD7288. The numbers of observations are indicated above the graphs. Significance at *p � 0.05. B(iii), C(iii), Amplitude
histograms of mEPSCs recorded from wild-type and TRIP8b�/� neurons under control conditions and following 20 min external application of ZD7288.
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et al., 1996). For each of three animals, three samples of tissue were
obtained (nine total blocks). Electron microscopic serial ultrathin sec-
tions were cut close to the surface of each block because immunoreactiv-
ity decreased with depth. Randomly selected areas were captured at a
final magnification of 45,000
, and measurements covered a total sec-
tion area of �2000 �m 2. Dendritic shafts, dendritic spines and axon
terminals were assessed for the presence of immunoparticles. The per-
centage of immunoparticles for HCN1 at postsynaptic and presynaptic
sites was calculated in superficial layers for each animal group.

Results
Presynaptic HCN channels modulate spontaneous synaptic
transmission in TRIP8b-null slices
We have recently shown that HCN1 channels are present in cer-
tain terminals synapsing onto mature EC layer III neurons, where
they critically influence basal and evoked glutamatergic synaptic
transmission (Huang et al., 2011). Indeed, inhibition of presyn-
aptic HCN channels by the pharmacological blocker ZD7288 (15
�M) or ablation of HCN1 channels selectively enhanced the fre-
quency of miniature excitatory postsynaptic potentials onto EC layer
III pyramids by restricting Ca2� entry via T-type Ca2� (CaV3) chan-
nels (Huang et al., 2011). To investigate whether TRIP8b isoforms
may be involved in targeting of HCN subunits to these particular
synaptic terminals, we made acute EC-hippocampal slices from
adult (5- to 8-week-old) wild types and TRIP8b-null (TRIP8b�/�

mice) (Lewis et al., 2011), and recorded from EC layer III neurons.
The morphology of wild-type and TRIP8b�/� neurons was found to
be not dissimilar (Fig. 1A). mEPSC recordings were obtained at a
holding potential of �70 mV from wild-type and TRIP8b�/� neu-
rons in the presence of the tetrodotoxin (1 �M) and GABA receptor
inhibitors, bicuculline (10 �M) and CGP 55845 (1 �M, Fig. 1B,C) as
described previously (Huang et al., 2011). In addition, to exclude the
effects of postsynaptic HCN channels and to reduce potential space-
clamp errors (Williams and Mitchell, 2008), ZD7288 (15 �M) was
included in the patch-pipette solution. Incorporating ZD7288 in-
hibits postsynaptic HCN channels and therefore increases the out-
ward holding current at �70 mV in wild-type neurons over a period
of 10–15 min. This, however, has little effect on mEPSC frequency,
amplitude and kinetics (Huang et al., 2011). With ZD7288 in the
patch pipette and postsynaptic HCN channels blocked, there was
little difference in the outward holding current at �70 mV between
wild-type and TRIP8b�/� neurons. Interestingly, mEPSC fre-
quency, amplitude as well as rise and decay time constants recorded
from wild-type and TRIP8b�/� EC layer III neurons were very sim-
ilar (Fig. 1B,C), suggesting that presynaptic HCN channel activity is
likely to be comparable in wild-type and TRIP8b�/� entorhinal cor-
tex (EC).

To confirm that presynaptic HCN channel activity is intact,
we additionally bath applied ZD7288 (15 �M) for 20 min only as
this has limited nonspecific effects (Chevaleyre and Castillo,
2002). External application of ZD7288 enhanced mEPSC fre-
quency in wild-type and TRIP8b�/� neurons by 68.9 	 8.1%
(n � 8) and 67.9 	 4.8% (n � 7; p � 0.05; Fig. 1B,C), respec-
tively. Similar results were obtained if 10 �M ZD7288 was applied
for either 15 min or 20 min (percentage increase in wild-type
mEPSC frequency for 15 and 20 min � 68.7 	 1.6% (n � 6) and
69.7 	 2.7% (n � 6), respectively). A 10 min bath application of
10 �M ZD7288, however, caused significantly less augmentation
in mEPSC frequency (percentage change in wild-type mEPSC
frequency � 58.0 	 3.0% (n � 6; p � 0.05)) suggesting that a
minimum of 15 min bath application is required for 10 –15 �M

ZD7288 to have its maximum effect. The mEPSC amplitude, rise
and decay time constants were unaffected by external application

of ZD7288 (Fig. 1B,C). These results are in contrast to those
obtained using HCN1-null slices (Huang et al., 2011) and suggest
that presynaptic HCN channel function is intact in the absence of
TRIP8b. Moreover, since HCN channel inhibitors increased
mEPSC frequency in a comparable manner in wild-type and
TRIP8b�/� mice, presynaptic HCN channel density is not likely
to have been augmented by deletion of all TRIP8b isoforms.

Evoked synaptic transmission modified by presynaptic HCN
channels in TRIP8b �/� slices
In addition to spontaneous synaptic transmission, presynaptic
HCN channels also affect action potential-dependent release in
the EC (Huang et al., 2011). If presynaptic HCN channel function
is unaffected by TRIP8b, then evoked EPSCs in TRIP8b-null neu-
rons should also be modulated by HCN channel inhibitors
(Huang et al., 2011). To test this, we stimulated EC layer III distal
dendrites in the absence of tetrodotoxin to elicit pairs of EPSCs at
20 Hz (see Materials and Methods; Fig. 2). ZD7288 (15 �M) was
again present in the intracellular solution to inhibit postsynaptic
HCN channels. The extracellular stimulus strength was adjusted
such that the first EPSC amplitude was set to values between 50
and 100 pA [average wild-type and TRIP8b�/� amplitude �
71.2 	 4.5 pA (n � 8) and 66.0 	 4.2 (n � 9, p � 0.05; Fig.
2A,B,C, respectively]. Single EPSCs were routinely induced in
between pairs. Subtraction of these from pairs of EPSCs allowed
us to determine the amplitude and kinetics of the first and second
EPSCs in the pairs and thereby calculate the PPR [Fig.
2A(i),B(i)]. There was no difference in the PPR between wild-
type and TRIP8b�/� littermates [wild-type and TRIP8b�/�

PPR � 0.98 	 0.03 (n � 8) and 0.99 	 0.04 (n � 9), p � 0.05;
Figure 2A(i),(ii),B(i),(ii), respectively]. The decay and rise time
constants of single EPSCs recorded from wild-type and
TRIP8b�/� neurons were similar too (Fig. 2D,E). Additional
bath application of ZD7288 (15 �M) for 20 min only increased
the amplitude and decreased the rise time constant of the first
EPSC in wild-type and TRIP8b�/� neurons to a similar extent
[Fig. 2A(i),B(i),C,E]. In agreement with a reduction in presynap-
tic HCN channel activity, added external ZD7288 caused PPR to
be reduced in wild-type and TRIP8b�/� neurons to an equal
extent [PPR after ZD7288 in wild-type and TRIP8b�/� � 0.74 	
0.03 (n � 8) and 0.71 	 0.04 (n � 9), respectively; Fig. 2 A(ii),
B(ii)]. The time course of the reduction in PPR in wild types
and TRIP8b�/� following application of ZD7288 was also
comparable [Fig. 2 A(i),B(i)]. Further, treatment with ZD7288
caused the CV 2 to be lowered to 0.66 	 0.07 (n � 8) and
0.68 	 0.04 (n � 9) in wild-type and TRIP8b�/� neurons,
respectively. As postsynaptic HCN channels were inhibited, the
decay time constants were not affected by external application of
ZD7288 (Fig. 2D). The equivalent decrease in PPR and CV 2 by
HCN channel inhibitors in TRIP8b�/� and wild-type neurons
provides further evidence that TRIP8b does not affect the func-
tion of presynaptic HCN channels.

Postsynaptic HCN channel function in EC layer III neurons is
disrupted by TRIP8b
The above results suggesting that TRIP8b plays no role in the
expression or trafficking of presynaptic HCN channel function in
the EC were unexpected. Therefore, do the effects of TRIP8b
differ within the various cortical substructures or is TRIP8b func-
tion neuronal compartment specific? To test this, we compared
the postsynaptic somatic and dendritic properties of TRIP8b�/�

and wild-type EC layer III neurons using whole-cell current-
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clamp recordings. In these experiments,
ZD7288 was omitted from the patch-
pipette solution. In addition, the external
solution contained glutamate and GABA
receptor inhibitors. The somatic and den-
dritic resting membrane potential (RMP)
of TRIP8b�/� neurons was significantly
more hyperpolarized than wild types [Fig.
3A(i),(ii); wild-type RMP soma and den-
drite RMP � �69.7 	 0.32 (n � 20) and
�68.3 	 0.87 (n � 9), respectively;
TRIP8b�/� soma and dendrite RMP �
�79.4 	 0.45 (n � 22) and �78.2 	 0.43
(n � 10), respectively]. The dendritic and
somatic RN of TRIP8b�/� neurons was
substantially greater than wild types too
(Fig. 3B). The RN in TRIP8b�/� dendrites,
particularly, was enhanced fourfold com-
pared with wild types [Fig. 3B(ii)]. In con-
trast, the difference in wild-type and
TRIP8b�/� somatic RN was less [Fig.
3B(ii)]. Thus, despite the more negative
RMP, greater numbers of action poten-
tials could be evoked in TRIP8b�/� den-
drites compared with wild types [Fig.
3A(ii)]. At the soma, though, the number of
action potentials obtained at the normal
RMP in both wild types and TRIP8b�/�

were comparable [Fig. 3A(i)]. These obser-
vations are consistent with the reported
properties of HCN1-null EC layer III pyra-
midal cells (Huang et al., 2009) and suggest
that TRIP8b deletion significantly reduces
postsynaptic HCN channel function. To
confirm this, ZD7288 (15 �M) was bath-
applied for 20 min. Treatment with ZD7288
hyperpolarized the RMP and increased RN

in wild-type soma and dendrites as ex-
pected [Fig. 4A(i),B,C,D(i),E,F]. In ad-
dition, while the numbers of action
potentials evoked by depolarizing steps at
the soma were similar before and after in-
hibition of HCN channels if the RMP was
not adjusted [Fig. 4A(i),(ii)], significantly
greater spikes could be elicited in den-
drites in the presence of ZD7288 than un-
der control conditions, even though the
RMP was considerably more negative
[Fig. 4D(i),(ii)]. In contrast, application
of ZD7288 had little effect on TRIP8b�/�

neuron RMP, RN or spike number [Fig.
4A(iii),(iv),B,C,D(iii),(iv),E,F].

The above results also support our
previous findings showing that Ih is pre-
dominantly dendritic in EC layer III py-
ramidal neurons (Shah et al., 2004;
Huang et al., 2009). Dendritic Ih is vital
for postsynaptic integration of EPSPs
(Magee, 1999; Williams and Stuart,
2000; Berger et al., 2001; Poolos et al.,
2002; Nolan et al., 2004; Shah et al.,
2004; Huang et al., 2009). To test whether
dendritic EPSP summation is altered in

Figure 2. Comparable modulation of PPR by HCN channel inhibitors in wild types and TRIP8b-null neurons. A(i), B(i), Example
pairs of EPSCs evoked at a frequency of 20 Hz in wild-type (Wt) and TRIP8b�/� EC layer III pyramids by external stimulation of distal
dendrites before (control) and after 20 min external application of ZD7288 (ZD, 15 �M). The outward holding currents at �70 mV
are stated above the traces. Between each paired pulse, a single stimulus was used to elicit an EPSC. By subtracting this EPSC from
the paired EPSCs, the amplitude and shapes of the individual EPSCs were obtained. The insets show the overlaid first EPSC (black)
and second EPSC (gray) subtracted traces in the absence and presence of external ZD7288. The time course in the change in
PPR caused by 20 min bath application of ZD7288 in 6 wild-type and 4 TRIP8b�/� neurons is shown below. The scale bars
shown for the control pair of EPSCs in A(i) and B(i) apply to those obtained after application of ZD7288. The vertical and
horizontal scale bars for the insets in A(i) are 50 pA and 100 ms, respectively, while those for B(i) represent 40 pA and 100
ms. A(ii), B(ii), Graphs showing the individual (open squares) and mean (filled squares) PPR values obtained from 8
wild-type and 9 TRIP8b�/� neurons under control conditions and following 20 min application of 15 �M ZD7288. C–E, Bar
graphs depicting the amplitudes, decay time constants (�), and rise time constants (�) of single evoked EPSCs in wild types
and TRIP8b�/� neurons in the absence and presence of external ZD7288. The numbers of observations for each group are
indicated above the bar. Significance at *p � 0.05.
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TRIP8b�/� neurons, we generated �EPSPs by injecting alpha
waveforms locally in dendrites (as previously described by Huang
et al., 2009; see Materials and Methods). As expected with re-
duced dendritic Ih (Huang et al., 2009), single TRIP8b�/� den-
dritic �EPSP amplitudes were markedly larger than wild types
[Fig. 5A(i),(ii)]. In addition, TRIP8b�/� dendritic �EPSPs de-
cayed substantially more slowly than wild types [Fig. 5A(i),(ii)].
Consequentially, the summation of a train of dendritic �EPSPs
either at 20 Hz or 50 Hz was significantly greater in TRIP8b�/�

neurons than in wild types [Fig. 5B(i),(ii)]. Application of
ZD7288 (15 �M) for 20 min increased the amplitude and pro-
longed the decay of �EPSPs in wild-type dendrites but not in
TRIP8b�/� dendrites [Fig. 5A(i),(ii)]. Moreover, though the
summation of a train of 20 Hz or 50 Hz �EPSPs in wild-type
dendrites was considerably augmented by ZD7288, �EPSP sum-
mation in TRIP8b�/� dendrites was not affected by treatment
with this compound [Fig. 5B(i),(ii)]. The electrophysiological
characteristics of TRIP8b�/� dendrites and the effects obtained

with ZD7288 are very similar to those findings obtained from
HCN1�/� EC layer III dendrites (Huang et al., 2009), suggesting
that, like in CA1 dendrites (Lewis et al., 2011), deletion of TRIP8b
causes severe loss of dendritic HCN channel function in EC layer
III pyramids. Thus, the effects of TRIP8b on HCN channels ap-
pear to be neuronal compartment selective.

TRIP8b alters dendritic but not presynaptic HCN1
subunit expression
We next asked whether the expression pattern of HCN1 subunits,
the predominant form expressed in the EC (Notomi and Shige-
moto, 2004; Shah et al., 2004; Huang et al., 2009), is modified by
genetic ablation of TRIP8b. To investigate this, we performed
immunogold labeling in superficial EC layers (see Materials and
Methods for details) using an HCN1 monoclonal antibody that
we have previously shown to produce no labeling in HCN1-null
tissue (Huang et al., 2011). From each of 3 wild-type and 3
TRIP8b-null mice, 9 tissue blocks were obtained. Ultrathin sec-

Figure 3. Altered postsynaptic properties of TRIP8b �/� EC layer III neurons A(i), A(ii), Representative recordings made from wild-type (Wt) and TRIP8b�/� soma and dendrites, respectively,
at the normal RMP when a series of 400 ms hyperpolarizing and depolarizing current steps were applied. The RMP values are indicated on the traces. The average numbers of spikes produced in
response to a given depolarizing current injection at the normal RMP are shown on the right. The scale bar shown applies to both traces. B(i), Example wild-type and TRIP8b�/� somatic and
dendritic traces obtained when a 400 ms, 100 pA hyperpolarizing pulse was applied from a potential of �70 mV. Such traces were used to calculate the RN. B(ii), Bar graph showing the average
somatic and dendritic RN values in wild-type and TRIP8b�/� neurons. The numbers of observations are indicated above the bars. Significance at *p � 0.05.
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tions were obtained from each of these blocks and particles were
detected on dendritic shafts, dendritic spines and axon terminals
(Fig. 6A–D). We counted a total of 544 gold particles from wild-
type tissue and 466 particles from TRIP8b�/� tissue. Of these, 443
and 369 were detected on dendritic shafts and terminals of wild-
type and TRIP8b�/� tissue, respectively (Fig. 6A,C,E). Although
the number of particles counted did not differ (Fig. 6E), signifi-
cantly fewer were associated with the plasma membrane in

TRIP8b�/� EC dendrites (47.6 	 0.6%, n � 3, Fig. 6C,F) than
wild types (80.7 	 0.5, n � 3, p � 0.05, Fig. 6A,F). Instead, there
was a greater intracellular pool in TRIP8b�/� EC dendrites
(52.3 	 0.6%, n � 3, Fig. 6C,F) compared with wild types (19.3 	
0.5%, n � 3, p � 0.05; Fig. 6A,F). In contrast to dendrites, the
numbers of particles located on asymmetric axon terminals were
comparable in both TRIP8b�/� and wild types (Fig. 6B,D,E).
There was also no difference between plasma membrane associ-

Figure 4. Enhanced dendritic excitability of TRIP8b�/� neurons is due to reduced HCN channel function. A(i), A(iii), Representative recordings from wild-type (Wt) and TRIP8b�/� EC layer III
pyramid soma in response to a series of 400 ms hyperpolarizing and depolarizing steps from �150 pA to �200 pA. The RMP values are stated adjacent to the recordings. Traces were obtained under
control conditions and following 20 min bath application of ZD7288 (ZD; 15 �M). ZD7288 caused hyperpolarization of the RMP in wild types and thus recordings were made at the hyperpolarized RMP
(HRMP) as well as at the original RMP (ORMP). The scale bars for the control traces in A(i) and A(iii) apply to the other traces shown in those panels. A(ii), A(iv), Graphs depicting the mean and
standard error of action potential numbers (AP No.) recorded with a given 400 ms depolarizing current injection in the absence and presence of ZD7288 in wild-type and TRIP8b�/� soma. As ZD7288
hyperpolarized the RMP in wild types, average numbers of spikes produced by a given current injection at the HRMP and ORMP are shown. B, C, Bar graphs to show the RMP and RN values of wild-type
and TRIP8b�/� soma before and after 20 min application of ZD7288. The numbers of observations for each group are indicated above the bars. D(i), D(iii), Example traces obtained from wild-type
and TRIP8b�/� EC layer III dendrites at a distance of 150 –200 �m from the soma in the absence and presence of ZD7288. To obtain the recordings 400 ms square pulses from �300 pA to �200
pA were applied. As application of ZD7288 resulted in hyperpolarization of the wild-type RMP, traces were obtained at the HRMP and ORMP. The RMP values are stated beside the traces. The scale
bars shown for the controls apply to all traces within the panel. D(ii), D(iv), Average spike numbers recorded in wild-type and TRIP8b�/� dendrites, respectively, in response to a given 400 ms
depolarizing step from the ORMP under control conditions and following application of ZD7288. E, F, The mean RMP and RN values obtained in wild-type and TRIP8b�/� dendrites under control
conditions and following the application of ZD7288. The number of observations for each group are indicated above the bar. Significance at *p � 0.05.
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ated and intracellular particles suggesting
TRIP8b has little effect on axonal HCN1
localization (Fig. 6B,G). No staining was
observed if either the primary or second-
ary antibodies were omitted. These find-
ings re-affirm the notion that TRIP8b
regulates dendritic but not presynaptic
HCN1 subunit expression in the EC.

Seizure-dependent plasticity of
presynaptic HCN subunits is not reliant
on TRIP8b
A number of studies have now reported
that TRIP8b is likely to underlie postsyn-
aptic HCN channel plasticity in a variety
of cell types (Shin et al., 2008; Chan et al.,
2011; Kanyshkova et al., 2012). In partic-
ular, alterations in TRIP8b-HCN channel
interaction may underlie seizure-induced
changes in dendritic HCN1 subunit ex-
pression (Shin et al., 2008; Kanyshkova et
al., 2012). Since our results suggest that
TRIP8b does not affect trafficking and ex-
pression of presynaptic HCN1 subunits,
we next asked whether deletion of TRIP8b
affects the expression and function of pre-
synaptic HCN channels after generation
of seizures.

For these experiments, we used the
kainic acid model of SE. Using this model,
we have previously shown that SE causes
persistent downregulation of dendritic
HCN subunit function in the EC within
24 h (Shah et al., 2004). This reduction in
HCN channels was associated with hyper-
excitability of the EC as interictal spikes
can be recorded within 24 h of kainic acid
administration (Shah et al., 2004; Huang
et al., 2009). Further, similar to some
forms of the human condition (Dawodu
and Thom, 2005), minimal cell loss in the
EC occurs following termination of kainic
acid-generated seizures (Shah et al.,
2004). To induce SE (Class V seizures as
defined by the Racine scale; Racine, 1972),
we administered 20 mg/kg kainic acid to
adult (5- to 6-week-old) mice as previ-
ously described (Huang et al., 2009). The
seizures were terminated 45–50 min later
with sodium pentobarbital. Presynaptic
HCN channel function was analyzed at
two time points: 24 h (24 h SE) and 1 week
(1 wk SE) following SE induction. Con-
trols were those animals treated with so-
dium pentobarbital only either 24 h (24 h
SP) or 1 week (1 wk SP) prior. These time
points were specifically chosen as we have
previously shown that postsynaptic HCN
channel function in rat EC layer III neu-
rons is significantly reduced 24 h and 1
week following SE termination (Shah et
al., 2004). Indeed, immunohistochemis-
try at the light microscopy level also

Figure 5. Enhanced postsynaptic EPSP integration due to reduced HCN channel function in TRIP8b null dendrites. A(i), Example
single dendritic �EPSPs obtained at �70 mV in wild-type (Wt) and TRIP8b�/� dendrites at a distance of 100 –150 �m from the
soma under control (con) conditions and following the application of 15 �M ZD7288 (ZD). A(ii), Graphs showing the amplitude and
decay time constants (�) of single �EPSPs before and after ZD7288 in wild types and TRIP8b�/� dendrites. The numbers of
observations for each group are indicated above the bars. B(i), Representative recordings at �70 mV of a train of �EPSPs at a
frequency of 50 Hz in wild-type and TRIP8b�/� dendrites in the absence (con) and presence of ZD7288 (ZD). B(ii), The summation
ratios obtained from trains of �EPSPs at frequencies of either 50 Hz or 20 Hz under control conditions and after ZD7288 in 6
wild-type and 6 TRIP8b�/� dendrites. Each symbol represents the mean and the SEM. Summation ratios were calculated by
dividing the amplitude of fifth �EPSP by that of the first. The wild-type and TRIP8b�/� summation ratios were compared for
significance. The ratios obtained in the absence and presence of ZD7288 were also evaluated for significance. In A and B, signifi-
cance at *p � 0.05.
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showed a reduction in HCN1 subunit
expression in SE mice sections but not
controls (sections from 3 SE and 3 con-
trol animals; Fig. 7A). Moreover, elec-
trophysiological recordings showed that
the SE dendrite RMP was significantly
hyperpolarized compared with that of
SP dendrites (Fig. 7B–D). The SE den-
drite RN was also substantially greater
than that of SP dendrites (Fig. 7E), result-
ing in considerably more action potentials
being recorded from SE dendrites than SP
dendrites, despite the hyperpolarized
RMP (Fig. 7B,C). Bath application of
ZD7288 (15 �M) for 20 min had little ef-
fect on SE dendrites (Fig. 7C–E) but low-
ered the RMP and enhanced RN and
action potential numbers in SP dendrites
(Fig. 7B,D,E). These results thus affirm
our previous findings that SE induces
postsynaptic HCN channel plasticity
(Shah et al., 2004).

To investigate whether presynaptic
HCN channel function, like dendritic Ih

(Shah et al., 2004), is reduced, we re-
corded mEPSCs from SP and SE EC layer
III pyramidal somata in the presence of
tetrodotoxin and GABA receptor inhibi-
tors as described earlier. In these experi-
ments, ZD7288 (15 �M) was incorporated
within the patch pipette. Under these con-
ditions, there was no difference in the out-
ward holding current between 24 h and 1
wk SE and SP neurons. Although mEPSC
amplitudes as well as rise and decay time
constants were not significantly different
(Fig. 8A,B), mEPSC frequency recorded
from 24 h or 1 wk SE EC layer III neurons
was substantially greater than that ob-
tained from 24 h or 1 wk SP neurons (Fig.
8A,B). These findings were similar to
those obtained from HCN1-null neurons
(Huang et al., 2011) and suggested that
presynaptic HCN channel function may
be compromised. Indeed, while external
application of ZD7288 (15 �M) for 20 min
only markedly enhanced mEPSC fre-
quency in 24 h and 1 wk SP neurons by
82.0 	 19.5% [n � 6, p � 0.05; Fig.
8A(i),(ii)] and 96.8 	 13.3% [n � 6, p �
0.05; Fig. 8B(i),(ii)], respectively, it had
little effect on mEPSC frequency, ampli-
tude or kinetics recorded from either 24 h
]Fig. 8A(iv)–(vi)] or 1 wk SE neurons
[Fig. 8B(iv)–(vi)].Figure 6. Altered dendritic but not presynaptic HCN1 subunit distribution in TRIP8b EC tissue. A, B, Immunoreactivity for HCN1

in EC superficial layers in wild-type (Wt) dendrites and synaptic terminals, respectively, as revealed using a preembedding immu-
nogold method. Immunoparticles for HCN1 were located at postsynaptic sites along the extrasynaptic plasma membrane (arrows)
of dendritic spines (s) and shafts (Den) establishing synapses with axon terminals (b), as well as associated with intracellular
membranes (crossed arrows). A significant proportion of immunoparticles for HCN1 were also detected at presynaptic sites (ar-
rowheads) in axon terminals (b). C, D, HCN1 immunoreactivity in TRIP8b�/� EC superficial dendrites and synaptic terminals,
respectively. In contrast to wild-type tissue, more particles were located intracellularly (crossed arrows) than along the extrasyn-
aptic plasma membrane (arrows) of dendritic spines (s) and shafts (Den). The scale bar in A represents 0.2 �m and applies to all
examples shown in A–D. E, The number of immunogold particles counted from dendrites and synaptic terminals present in
ultra-thin sections obtained from 3 wild-type and 3 TRIP8b�/� mice. Although fewer particles were present in TRIP8b�/�

4

dendrites compared with wild types, this was not significant
(ns). F, G, Quantification of immunogold particles present on
the plasma membrane and in the cytosol of dendrites and ax-
ons found in ultra-thin sections produced from 3 wild-type and
3 TRIP8b�/� mice. Significance at *p � 0.05.

Huang et al. • TRIP8b and Mature Cortical Presynaptic HCN Channels J. Neurosci., October 17, 2012 • 32(42):14835–14848 • 14843



Figure 7. Reduced HCN protein expression following epileptogenesis. A, HCN1 subunit immunohistochemical analysis using a preembedding immunoperoxidase method in the entorhinal cortex (EC) of
animals treated with either SP (30 mg/kg, s.c.) or kainic acid (20 mg/kg, i.p.) and SP (SE animals) 24 h prior. Staining patterns are representative of data obtained from 3 different SP and 3 SE mice.
Immunoreactivity for HCN1 is strong in EC superficial layers including layers I, II and II from SP mice while it is significantly reduced in the same layers of the SE mice. Scale bar, 500 �m. B(i), C(i), Example
electrophysiological recordings before and after 20 min application of ZD7288 (15 �M) from EC layer III dendrites present in acute slices obtained from 24 h SP and 24 h SE mice, respectively. The traces were
obtained by applying 400 ms hyperpolarizing and depolarizing current steps from�300 pA to�200 pA in increments of 50 pA. The RMP of the neurons is indicated next to each recording. Bath application of
ZD7288 resulted in hyperpolarization of the RMP in SP neurons and hence the traces obtained at the hyperpolarized RMP (HRMP) as well as the original RMP (ORMP) are shown. The scale bar shown with the first
trace applies to all traces within this panel. B(ii), C(ii), Graphs depicting average action potential numbers (AP No.) recorded from 24 h SP, 24 SE, 1 wk SP, and 1 wk SE neurons in response to depolarizing current
injection (I) steps in the absence and presence of ZD7288. D, E, Bar graphs demonstrating the RMP and RN values of SP and SE neurons with and without ZD7288. The number of observations for each treatment
group are shown above each bar. RN values were obtained by applying a 400 ms hyperpolarizing pulse from a fixed potential of �70 mV in all neurons. Significance at *p � 0.05.
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We also stimulated distal EC layer III dendrites and recorded
pairs of evoked EPSCs from the soma. For these particular exper-
iments, tetrodotoxin was omitted from the external solution. The
stimulus was adjusted such that the amplitude of the first EPSC
was between 50 and 100 pA. The PPR obtained from 24 h SP
(1.01 	 0.05, n � 7) and 1 wk SP neurons (1.16 	 0.08; n � 6; p �
0.05) was similar [Fig. 9A(i),B(i)]. The PPR between 24 h SE and
SP neurons was also comparable [Fig. 9A(i),(ii)]. Interestingly,
the PPR obtained from 1 wk SE neurons [0.9 	 0.09, n � 6; Fig.
9B(ii)] was significantly lower than that acquired from 1 wk SP
neurons [1.16 	 0.08; n � 6, p � 0.03; Fig. 9B(i)]. Since ZD7288
was present in the patch pipette solution, there was no difference
between the decay and rise time constants of single EPSCs (data
not shown). Additional external application of ZD7288 (15 �M)
for 20 min only suppressed the EPSC PPR in 24 h SP [Fig.
9A(i),(iii)] and 1 wk SP neurons [Fig. 9B(i)] but had little effect

on EPSC PPR obtained from 24 h SE [Fig. 9A(ii),(iii)] and 1 wk
SE neurons [Fig. 9B(ii)]. The CV 2 was also substantially reduced
in the presence of external ZD7288 to 0.65 	 0.03 (n � 7, p �
0.05) and 0.67 	 0.05 (n � 6, p � 0.05) in 24 h and 1 wk SP
neurons, respectively. In contrast, CV 2 remained unchanged af-
ter bath application of ZD7288 in 24 h SE (0.94 	 0.02, n � 11)
and 1 wk SE (1.01 	 0.05, n � 6) neurons. Moreover, after treat-
ment with external ZD7288, the first EPSC amplitude was mark-
edly increased in 24 h and 1 wk SP neurons by 18.7 	 5.4% (n �
7, p � 0.05) and 20.1 	 4.4 (n � 6, p � 0.05), respectively, but not
in 24 h (4.3 	 5.4, n � 11) or 1 wk (1.2 	 2.4%, n � 6) SE
neurons. Rise time constants were also considerably decreased in
24 h and 1 wk SP neurons by 15.1 	 2.0% (n � 7, p � 0.05) and
12.7 	 0.6% (n � 6, p � 0.05) but were unchanged in 24 h (2.3 	
3.2%, n � 11) and 1 wk (3.9 	 4.3%, n � 6) SE neurons. Decay time
constants, though, were unaffected in either SP or SE neurons fol-

Figure 8. A decrease in presynaptic HCN channel function contributes to enhanced spontaneous excitatory synaptic transmission following epileptogenesis. A(i), (iv), B(i), (iv), Example mEPSC
recordings made from EC layer III neurons obtained from mice induced with SE or control (SP) either 24 h or 1 week prior. The recordings were obtained under control conditions and following 20 min
treatment with 15 �M ZD7288 (ZD). The values above the traces represent the outward holding currents at �70 mV. The cumulative probability curves for each of the recordings are presented on
the right. The average, normalized mEPSC before (black) and after (red) ZD7288 application are shown in the inset. Each horizontal and vertical scale bar for the traces in A(i), A(iv), B(i), and B(iv)
denote 100 ms and 10 pA, respectively, and applies to both recordings within each of the panels. A(ii), (v), B(ii), (v), Graphs depicting the individual (open squares) and mean (filled squares) mEPSC
frequency in the absence and presence of ZD7288 in 24 h SP, 24 h SE, 1 wk SP, and 1 wk SE neurons, respectively. Numbers of observations for each group are indicated above the graph. A(iii), (vi),
B(iii), B(vi), Amplitude histograms of mEPSCs before and after application of ZD7288 in 24 h SP, 24 h SE, 1 wk SP and 1 wk SP neurons, respectively. A and B, significance at *p � 0.05.
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lowing bath application of ZD7288 (data
not shown). The enhanced mEPSC fre-
quency and lowered PPR as well as the lack
of effect of external ZD7288 on mEPSCs
and PPR in SE neurons suggest that presyn-
aptic HCN channels, like dendritic HCN
channels, are also subject to seizure-induced
plasticity. Since presynaptic HCN channel
function and expression is unaffected by
TRIP8b, this plasticity, unlike that of den-
dritic HCN1 subunits, is likely to be TRIP8b
independent.

Discussion
In this study, we show that TRIP8b does not
influence the expression and function of
HCN channels in synaptic terminals target-
ing EC layer III pyramidal neurons (Figs. 1,
2, 6). Like in CA1 and neocortical pyramidal
cell dendrites, postsynaptic function of
HCN channels was severely reduced in
TRIP8b-null EC layer III pyramids (Figs.
3–5), resulting in enhanced dendritic excit-
ability (Figs. 4, 5). This compartment-
selective regulation of HCN channels by
TRIP8b was a surprising finding consider-
ing that TRIP8b controls the postsynaptic
expression of HCN channels in a wide di-
versity of neuronal subtypes such as hip-
pocampal pyramidal cell dendrites (Santoro
et al., 2004, 2009, 2011; Lewis et al., 2009,
2011; Zolles et al., 2009; Piskorowski et
al., 2011), globus pallidus neurons (Chan et
al., 2011) and thalamic relay neurons (Ka-
nyshkova et al., 2012). Since HCN channels
are only found in a subset of glutamatergic
and inhibitory synaptic terminals (Beau-
mont and Zucker, 2000; Southan et al.,
2000; Cuttle et al., 2001; Beaumont et al.,
2002; Lujan et al., 2005; Aponte et al., 2006;
Bender et al., 2007; Boyes et al., 2007; Huang
et al., 2011), they are likely to be targeted to
these. Our results thus suggest that there may be additional HCN
channel binding partners other than TRIP8b that enable targeting of
HCN subunits to presynaptic terminals.

Although our study shows that TRIP8b does not influence
HCN1 channel trafficking and expression in mature cortical syn-
aptic terminals (Figs. 1, 2, 6), it is likely to be involved in directing
HCN1 subunits to immature perforant path axons that synapse
onto hippocampal dentate gyrus granule cells (Wilkars et al.,
2012), which also express HCN1 channels (Bender et al., 2007).
As these cells mature, HCN1 protein is lost from axons, concor-
dant with an increase in TRIP8b expression (Wilkars et al., 2012).
Multiple TRIP8b isoforms exist, some of which reduce HCN ex-
pression (Lewis et al., 2009; Santoro et al., 2009; Zolles et al.,
2009). Hence, it is possible that mature perforant path axons
express TRIP8b isoforms that decrease HCN expression (Wilkars
et al., 2012). In agreement with this notion, TRIP8b isoforms that
prevent HCN1 expression have been suggested to be located in
adult hippocampal CA1 axons (Piskorowski et al., 2011). Fur-
ther, eliminating all TRIP8b expression results in enhanced
HCN1 subunit expression in adult perforant path axons (Wilkars
et al., 2012). Therefore, it has been suggested that the principle

role for TRIP8b is establishing dendritic and eliminating axonal
HCN channel expression (Piskorowski et al., 2011; Wilkars et al.,
2012). As we found that HCN1 subunit expression was similar in
mature TRIP8b-null and wild-type EC synaptic terminals (Fig.
6), one explanation for our findings is that TRIP8b is not ex-
pressed in these. Because the origin of the terminals targeting EC
layer III neurons that contain HCN channels is as yet unknown
(Huang et al., 2011), this question remains to be answered. Re-
gardless, our studies demonstrate that molecular mechanisms
independent of TRIP8b are responsible for HCN1 targeting to
mature axons.

Changes in HCN-TRIP8 interaction may underlie some
forms of HCN channel plasticity, particularly seizure-dependent
plasticity of HCN channels (Shin et al., 2008; Chan et al., 2011;
Kanyshkova et al., 2012). Because we find that presynaptic HCN
channel targeting, expression and function in EC terminals is
independent of TRIP8b, the plasticity mechanisms governing
presynaptic HCN channels may differ from those of postsynaptic
HCN channels. Intriguingly, we found postsynaptic and presyn-
aptic HCN channel function to be persistently reduced in the EC
following seizure induction (Figs. 7–9). Additional cellular

Figure 9. Reduced presynaptic HCN channel function following induction of epileptogenesis results in increased evoked syn-
aptic transmission. A(i), (ii), Typical pair of evoked EPSCs at 20 Hz recorded from EC layer III pyramids following stimulation of the
distal dendrites after either 24 h SP treatment only or induction of SE under control conditions or after 20 min application of ZD7288
(15 �M; ZD). The values above the traces are the outward holding currents at �70 mV. Single EPSCs were also elicited between
pairs and these were subtracted from the pairs to obtain the amplitude and kinetics of the individual EPSCs within the pair. The
inset illustrates the overlay of the first (black) and second (gray) EPSC in the absence and presence of external ZD7288. The graphs
on the right of the traces depict the individual (open squares) and mean (filled squares) PPRs before and after application of ZD7288
in 24 h SP and SE neurons. The numbers of observations are indicated above the symbols. The scale bars shown for the control pair
and individual (insets) in A(i) and A(ii) apply to those obtained after application of ZD7288. A(iii), Time course of the effects of
ZD7288 on PPR in 3 SP and 3 SE neurons. B(i), (ii), Example pairs and single (inset) evoked EPSCs in EC layer III pyramids obtained
from 1 wk SP and SE mice. The recordings before and after 20 min application of ZD7288 are shown. The individual (open squares)
and mean (filled square) PPR with and without ZD7288 are graphed on the right. The numbers of observations for each treatment
group are indicated on the graph. The scale bars displayed for the pairs and single EPSCs under control conditions apply to the traces
illustrating the effects of ZD7288. Significance at *p � 0.05.
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mechanisms such as alterations in transcription/translation and
phosphorylation can also cause seizure-dependent changes in
HCN channel function (Noam et al., 2011; Shah et al., 2012).
Indeed, recent findings suggest that the transcriptional repressor,
Neuron Restrictive Silencing Factor (NRSF) binding to the
HCN1 promoter is enhanced in the hippocampus and thus
HCN1 subunit expression is decreased (McClelland et al., 2011).
In support, HCN1 mRNA levels in hippocampal CA1 neurons
are lower following seizure induction (Brewster et al., 2002; Pow-
ell et al., 2008; Jung et al., 2011). It is therefore possible that, like
in the hippocampus, the decline in HCN1 channel function in the
EC is due to changes at the transcription/translational level. This
may explain our observations that both and presynaptic HCN
channel function is diminished simultaneously following seizure
activity (Figs. 7–9). However, since disrupting the interaction
between NRSF and the HCN1 promoter only temporarily re-
stores postsynaptic HCN channel function following SE (Mc-
Clelland et al., 2011), other post-translational regulatory
mechanisms such as phosphorylation must also play a role in the
sustained downregulation of HCN channel function after sei-
zures. Certainly, calcineurin and p38 MAPK activity is altered
during chronic epilepsy, which is also likely to contribute to the
reduction in HCN channel function during epileptogenesis (Jung
et al., 2010). Whether similar mechanisms cause alteration in
seizure-induced postsynaptic and presynaptic HCN channel
function in the EC remains to be elucidated.

In addition to regulating the expression of HCN subunits,
TRIP8b also affects the gating of HCN channels. Specifically, the
presence of TRIP8b results in a leftward shift of the activation
curve such that HCN channels open at more negative potentials
(Santoro et al., 2004, 2009; Lewis et al., 2009; Zolles et al., 2009).
That presynaptic HCN channel properties are unchanged in
TRIP8b-null neurons suggests that the molecular composition
and biophysical properties of presynaptic HCN channels differs
from those present postsynaptically. Postsynaptic HCN chan-
nels, though, are subject to phosphorylation and their properties
can be affected by alterations in intracellular calcium concentra-
tions (Biel et al., 2009; Lewis et al., 2010). It remains to be deter-
mined whether presynaptic HCN channels are also modulated by
other intracellular signaling molecules. Nonetheless, our results
indicate that molecular and cellular mechanisms exist by which
pre- and postsynaptic functions that are dependent upon HCN
channel function can be manipulated separately. The ability to
individually modulate pre- and postsynaptic HCN channel ex-
pression, biophysical characteristics and function may permit
stringent regulation of neuronal information processing and thus
physiological processes such as cognition and spatial navigation.
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