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Abstract
Targeting of ion channels to caveolae, a subset of lipid rafts, allow cells to respond efficiently to
extracellular signals. Hyperpolarization-activated cyclic nucleotide-gated channel (HCN) 4 is a
major subunit for the cardiac pacemaker. Caveolin-3 (Cav3), abundantly expressed in muscle cells,
is responsible for forming caveolae. P104L, a Cav3 mutant, has a dominant negative effect on wild
type (WT) Cav3 and associates with limb-girdle muscular dystrophy and cardiomyopathy. HCN4
was previously shown to localize to lipid rafts, but how caveolae regulate the function of HCN4 is
unknown. We hypothesize that Cav3 associates with HCN4 and regulates the function of HCN4
channel. In this study, we applied whole-cell patch clamp analysis, immunostaining, biotinylation,
and immunoprecipitation methods to investigate this hypothesis. The immunoprecipitation results
indicated an association of HCN4 and Cav3 in the heart and in HEK293 cells. Our immunostaining
results showed that HCN4 colocalized with Cav3 but only partially colocalized with P104L in
HEK293 cells. Transient expression of Cav3, but not P104L, in HEK 293 cells stably expressing
HCN4 caused a 45% increase in HCN4 current (IHCN4) density. Transient expression of P104L
caused a two-fold increase in the activation time constant for IHCN4 and shifted the voltage of the
steady-state inactivation to a more negative potential. We conclude that HCN4 associates with Cav3
to form a HCN4 macromolecular complex. Our results indicated that disruption of caveolae using
P104L alters HCN4 function and could cause a reduction of cardiac pacemaker activity.

Hyperpolarization-activated cation currents are responsible for generating spontaneous
pacemaker activities in the heart (1) and central nervous system (2). The cardiac pacemaker
current is responsible for intrinsic generation of rhythmic and spontaneous firing of action
potentials in the heart. Hyperpolarization-activated cyclic nucleotide-gated (HCN1) channels
are the key components of the cardiac pacemaker (3). Four different isoforms of HCN (1–4)
have been cloned and studied. Among these isoforms, transcripts of HCN4 are most abundantly
detected in cardiac tissues (3,4), while transcripts of HCN2 are abundantly detected in both
cardiac and brain tissues. All HCN channels have a signature cAMP-binding domain (CNBD,
120 amino acids) in the C-terminal region. Each isoform differs from the other by its voltage-
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dependence, activation properties, and cAMP-dependent modulation when overexpressed in
a heterologous system (5,6).

The cell surface membrane is a heterogeneous mixture of proteins, cholesterol, glycerolipids,
phospholipids, and sphingolipids. Cholesterol and sphingolipids laterally associate with one
another and form liquid-ordered microdomains, popularly known as lipid rafts. These
cholesterol and sphingolipid-enriched membrane microdomains are believed to coordinate
multiple cellular processes including second messenger signaling, recycling of proteins to the
membrane, and biophysical properties of ion channels. Caveolae are one such type of lipid
rafts. Caveolae are characterized by the presence of caveolins, which are scaffolding proteins
that interact with cholesterol and provide the structural framework for macromolecular
signaling complexes (7,8). Three known members exist in the caveolin family, caveolin1–3.
Cav3 (but not Cav1 and 2), which is abundantly expressed in cardiac and skeletal muscles, is
found to be colocalized with several membrane proteins including ion channels (9–14). HCN4
protein localizes to the same fraction as Cav3 in the rabbit sinoatrial node (13). Also, disruption
of lipid rafts using methyl-β-cyclodextrin can modulate properties of HCN4 channels in
HEK293 cells and cardiac pacemaker currents (If) at the sinoatrial node (13). However, it is
still unknown if HCN4 associates with Cav3. Do caveolae, a subset of lipid rafts, regulate
properties of HCN4 channels? HCN4 mutations can disrupt IHCN density and are associated
with sinus dysfunction as well as cardiac arrhythmia (15,16). It is known that Cav3 mutations
can be deleterious as they have been associated with diseases such as cardiomyopathy (17),
limb-girdle muscular dystrophy (18), and long QT syndrome (14). A dominant negative P104L
mutation leads to a ~95% reduction in Cav3 protein expression (11). The P104L mutation,
which is associated with cardiomyopathy and limb-girdle muscular dystrophy, is located in the
transmembrane spanning region of Cav3 (18). Interestingly, the P104L mutant protein is
trapped in the Golgi (19). We hypothesize that the HCN4 channel associates with Cav3 in the
heart and disruption of caveolae can affect trafficking and modulation of HCN4 channel
properties. In the present study, we demonstrate that the HCN4 channel colocalizes and
associates with Cav3 in mouse hearts and HEK293 cells. Our patch clamp experiments show
that Cav3 modulates the HCN4 channel properties in the HEK293 cell line stably expressing
the HCN4 channel. The changes described could cause a reduction of cardiac pacemaker
activity.

MATERIALS AND METHODS
Gene Subcloning and Expression

HCN4 cDNA (kindly provided by Dr. Jeanne Nerboone, Washington University-St. Louis)
was subcloned into the eukaryotic expression vector pcDNA3 (Invitrogen, Carlsbad, CA). WT
Cav3 and Cav3 mutant P104L (kindly provided by Dr. Timothy Kamp, University of
Wisconsin) were subcloned to 5′ of a bicistronic vector (pIRESGFP1, kind gift from David
Johns, Johns Hopkins University) to express the desired Cav3 construct and GFP under the
control of a cytomegalovirus promoter. After subcloning, the sequences of all clones were
confirmed by DNA sequencing analysis using an automated DNA sequencing technique at the
Biotech Center of the University of Wisconsin.

HEK293 cells were cultured as previously described (20). For patch clamp analysis,
approximately 1 × 105 HEK293 cells were seeded on a 35-mm-diameter dish (Falcon 3001)
with 1.5 mL of culture media. For biochemical experiments, approximately 6 × 105 HEK 293
cells were seeded on a 100-mm-diameter dish (Falcon 3003) with 10 mL of culture media. The
expression of all gene constructs was performed with Fugene 6 (Roche, Indianapolis, IN)
according to the manufacturer’s recommended protocol. The method for selection of stably
transfected cells was described previously (20). About 0.7 μg (for patch clamp analysis) or 4
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μg (for biochemical experiments) of cDNA-IRES-GFP was transiently expressed in HEK293
cells where HCN4 is stably expressed.

Biochemical Analysis for Biotinylation, Immunoblotting, Immunoprecipitation, and
Immunostaining

Anti-Cav3 monoclonal antibody (BD BioSciences Inc., San Jose, CA), anti-HCN4 polyclonal
antibody (Alomone Laboratories, Ltd., Jerusalem, Israel), and antibiotin goat polyclonal
antibody (Abcam Inc. Cambridge, MA) were utilized in biotinylation, Western blotting,
immunoprecipitation, and immunostaining studies. Detailed methods for the biochemical
analysis were described previously (14,21,22). Protein concentration was measured using a
DC protein assay kit (Bio-Rad, Hercules, CA) and an ELx808 microplate reader (BioTek,
Winooski, VT) with a wavelength of 750 nm. All proteins for immunoprecipitation were
precleared by incubating with 50 μL of a 1:1 slurry of protein G-Dynabeads (Invitrogen) for
30 min. In immunostaining studies, the Alexa Fluor 568 antimouse (Invitrogen, Carlsbad, CA)
or the Alexa Fluor 488 antirabbit (Invitrogen, Carlsbad, CA) second antibody was utilized with
a ratio of 1:250.

Voltage Clamp Techniques
Whole cell HCN currents (IHCN) were measured from HEK293 cells after 24 h of transfection
by using whole-cell voltage clamping techniques. The extracellular solution contains in (mM)
NaCl, 110; MgCl2, 0.5; KCl, 30; CaCl2, 1.8; and HEPES, 5. The pipet solution contained (in
mM) NaCl, 10; MgCl2, 0.5; KCl, 130; HEPES, 5; and EGTA, 1. Cells with green fluorescence
were chosen for patch clamp experiments. Data was recorded at room temperature using an
Axopatch 200B amplifier, Digidata1322A data acquisition system, and pCLAMP 9 software
(Molecular Devices, Sunnyvale, CA). The electrodes were pulled (P-87; Sutter Instrument,
Novato, CA). Voltage clamp protocols are presented with the data.

Data Analysis
Activation voltage for 50% of IHCN activated (V1/2) was measured by fitting each current–
voltage curve for individual experiments using the Boltzmann equation. Activation time
constant (τ) was calculated by fitting each current trace at the testing potential of −120 mV
using single exponential fits. Parameter fits were obtained, and a one-way ANOVA with
Bonferroni correction was performed to determine statistical significance among groups of
mean data. Statistical significance was determined by a value P < 0.05.

RESULTS
Stable Expression of HCN4 in HEK293 Cells

A HCN4 stable cell line was generated in HEK293 cells for studying the effects of Cav3 on
the HCN4 channel. The HCN4 stable cell line was confirmed using Western blotting analysis,
immunostaining, and whole cell patch clamp recording. Representative data are shown in
Figure 1. Each method was repeated 3 times to ensure reproducibility. Total protein (10 μg)
from untransfected HEK293 cells and HCN4 stably expressed cells were isolated for Western
blotting analysis. A 160 kDa band was detected from protein isolated from HCN4 stable cells
(Figure 1, panel A) but not from protein sample isolated from untransfected HEK293 cells
(negative control; Figure 1, panel A). Results from Western blotting experiments showed that
the stable cell line expressed HCN4 protein. Plasma membrane expression of HCN4 in the
stable cell lines was also examined using immunostaining with a rabbit polyclonal antibody to
HCN4 followed by confocal microscopy. HEK293 cells with stably expressed HCN4 were
labeled with green fluorescence at the cell periphery and around the nucleus under a FITC filter
(Figure 1, panel B). Most of the HCN4 protein reached the surface membrane with some still
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localized around the cell nucleus. Results from immunostaining confirmed that cells from
HCN4 stable cell line express HCN4 protein. Next, to determine the functional properties of
the expressed HCN4 channel protein in the stable cells, we measured whole cell HCN4 current
(IHCN) with the protocol shown in Figure 1, panel C. IHCN was elicited by a step
hyperpolarization to −120 mV from a holding potential of −40 mV (Figure 1, panel C; black
trace) and then blocked with 2 mM Cs+ (Figure 1, panel C; red trace). Results from the whole
patch clamp method demonstrate that the current recorded from the stable cell line can be
activated by hyperpolarized potential and is sensitive to Cs+. Together these data demonstrate
the functional expression and localization of the HCN4 channel protein in the plasma
membrane in the stable cell line.

Association of the HCN4 Channel with Cav3 in the Heart
We sought to determine whether HCN4 associates with Cav3 in the heart. We performed
immunoprecipitation experiments using anti-HCN4 antibody, anti-Cav3 antibody, or
nonimmune IgG (as control) on solublized mouse heart homogenates. The immunoprecipitated
(IPed) samples were then analyzed by Western blotting. Upon probing the blots with anti-
HCN4 antibody and anti-Cav3 antibody, we found that HCN4 channel protein (160 kDa) was
detected in the anti-Cav3 IP lane, and conversely, Cav3 (20 kDa) co-IPed with anti-HCN4
antibody (Figure 2A and B). The nonimmune IgG control IP sample detected an IgG band (~30
kDa) but did not detect either HCN4 or Cav3 protein bands (Figure 2B). The results indicate
that the HCN4 channel and Cav3 are associated with one another in the mouse heart (Figure
2A and B).

To further confirm these results, we performed coimmunoprecipitation experiments from
HEK293 cells lysates that stably express HCN4 channels. These cells were transiently
transfected with Cav3 or P104L. The P104L is a dominant negative and trafficking defective
mutation of Cav3 and was first described in limb girdle muscular dystrophy patients (18).
P104L oligomerizes with WT Cav3 and gets retained in the Golgi compartments and thus
disrupts caveolar formation (23). Here, we used P104L to disrupt caveolar formation and also
to study the effect of this mutation on the trafficking pattern of HCN4 channel protein in
HEK293 cells. Lysates from transfected HEK293 cells were IPed with anti-HCN4 antibody,
anti-Cav3 antibody, or nonimmune IgG (negative control). The co-IP samples were analyzed
by Western blot by probing with anti-HCN4 and anti-Cav3 antibodies. A protein band for
HCN4 (160 kDa) was detected in both HCN4+Cav3 and HCN4+P104L lanes as well as in the
lysate lane (Figure 2C). When we performed converse immunoprecipitation experiments using
anti-Cav3 antibody, we detected a 20 kDa band for Cav3 protein in both HCN4 + Cav3 and
HCN4 + P104L lanes, and the lysate lanes (Figure 2D). In both sets of immunoprecipitation
experiments, the control IgG IP lanes did not show protein bands for either Cav3 or HCN4. In
addition, a control experiment was performed using protein isolated from HEK293 cells
expressing HCN4 or Cav3 (Figure 2E and F). The protein samples from cells expressing either
HCN4 or Cav3 were immunoprecipitated with anti-Cav3 or anti-HCN4, respectively. No
protein bands for either HCN4 or Cav3 were detected using Western blotting analysis. These
results confirm that the HCN4 and Cav3 proteins may be associated with one another. P104L
does not disrupt the association between Cav3 and HCN4. These immunoprecipitation studies
suggest that Cav3 could play a role in the modulation of HCN4 channel properties.

Colocalization of HCN4 and WTCav3 or Mutant Cav3 (P104L)
We investigated the trafficking patterns of HCN4 and colocalization with Cav3 or P104L using
immunostaining and confocal microscopy. Cav3, P104L, or the expression vector pcDNA3
was transiently transfected into the HCN4 stable cells. Twenty-four hours after transfection,
the cells were fixed and coimmunostained using antibodies specific to HCN4 and Cav3. The
HCN4 channel was detected in the green channel using FITC conjugated secondary goat anti-
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rabbit antibody (Figure 3, left panels), whereas Cav3 immunostaining was detected in the red
channel using goat antimouse alexa-568 antibody (Figure 3. middle panels). Images in the right
panels are from superimposed images from left and middle panels. Expression of pcDNA3 in
HCN4 stable cells did not affect HCN4 trafficking and did not generate a nonspecific signal
for Cav3 (Figure 3, panel A). The merged image (yellow) shows that HCN4 (green) and Cav3
(red) were colocalized at the surface membrane when Cav3 was expressed in HCN4 stable
cells (Figure 3, panel B). However, trafficking defective P104L trapped some HCN4 in the
intracellular compartments around the nucleus with little HCN4 channel protein reaching the
surface membrane (Figure 3, panel C). The results indicated that HCN4 channel protein
colocalized with Cav3 in the caveolar microdomains and that P104L can cause abnormal
trafficking of HCN4 channels and reduce the expression level HCN4 protein at the surface
membrane.

To further investigate the effect of P104L on the trafficking of HCN4, biotinylation
experiments were performed in intact cells to detect surface membrane HCN4 channels in the
presence of Cav3 or P104L coexpression. Intact HEK293 cells expressing HCN4 channel
alone, HCN4 + Cav3, HCN4 + P104L, and pcDNA3 transfected cells were surface biotinylated,
and the whole cell lysates were immunoprecipitated using anti-HCN4. The
immunoprecipitated samples were then analyzed by Western blotting. A representative
Western blot (Figure 3D) probed with antibiotin antibody demonstrates a band at 160 kDa seen
most prominently with HCN4 + Cav3 coexpression relative to HCN4 + P104L. The greater
signal on the antibiotin blot for the HCN4 + Cav3 lane relative to HCN4 + P104L suggests
that P104L coexpression leads to the reduction of surface membrane expression of HCN4, in
comparison to Cav3 coexpression, which in fact increased the surface membrane expression
of HCN4. This is because some of the HCN4 channels were trapped in the intracellular
compartments with the P104L mutant and did not make it to the surface membrane. When the
blot was stripped and reprobed with anti-HCN4 antibody, the same 160-kDa protein was
detected (Figure 3E), which demonstrates that the biotinylated protein was HCN4. The
specificity of the findings is demonstrated by the lack of signals for antibiotin or anti-HCN4
antibodies in the lane for mock-transfected cells. Overall biotinylation experiments confirm
colocalization of Cav3 and HCN4 at the plasma membrane.

Cav3 or P104L Modulates Properties of the HCN4 Channel
To investigate the functional effect of either Cav3 or P104L on IHCN, Cav3 or P104L with GFP
in a bicistronic vector was transiently expressed in the HCN4 stable cell line. Also, pcDNA3
and GFP in a mammalian expression vector were coexpressed in HCN4 stable cell line as a
negative control. Representative current traces are shown in Figure 4, panel A with the
recording protocol inset. Peak IHCN densities were measured by normalizing peak IHCN to cell
capacitance with the recording protocol inset (Figure 4, panel B). The numbers of experiments
and mean values of peak IHCN density for each sample were displayed above each bar (Figure
4, panel B.) Compared to the expression of pcDNA3 or P104L, expression of Cav3 in the
HCN4 stable cell line increased peak IHCN density 68% more than pcDNA3 or 134% more
than P104L. Expression of Cav3 in the HCN4 stable cell line significantly enhanced IHCN
density. This is in agreement with our biotinylation experiment data (Figure 3, panels D and
E). However, disruption of caveolar structure protein using P104L reduced peak IHCN density
more than 1-fold. P104L also shifted the activation curve for the current–voltage relationship
to a more negative potential (Figure 5, panel A) and increased V1/2 for activation by −10 mV
(Figure 5, panel B). However, expression of Cav3 in HCN4 stable cells had no effect on the
activation curve and activation V1/2 (Figure 5, panel A and B). Activation time constant was
also investigated. P104L increased the activation time constant to about 1-fold more compared
to the expression of pcDNA3 in HCN4 stable cells (Figure 5, panel C). Prolonging activation
time can slow activation and reduce IHCN density (Figure 5, panel C). The effects of Cav3 on
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IHCN properties were confirmed using the transient expression of HCN4 in HEK293 cells stably
expressing Cav3 or P104L (data not shown). Expression of trafficking mutation P104L
modulated HCN4 channel properties and had dramatic effects on IHCN density and the
activation time constant.

DISCUSSION
In the present study, we demonstrate that the HCN4 channel colocalizes and associates with
Cav3 in the heart on the basis of immunoprecipitation studies. Immunofluorescence and
biotinylation studies indicate that P104L disrupts surface membrane expression of HCN4
protein. Whole cell patch clamp studies revealed that WT Cav3 and dominant negative and
trafficking deficient mutation P104L modulate properties of HCN4 channels. In our studies,
we used the P104L to disrupt caveolae and found that it significantly decreased the IHCN4
density. This result is in contrast with another study where no change in the IHCN4 density was
reported when the cells were treated with MβCD to disrupt caveolae by depleting cholesterol
(13). Results from others (13) indicate that disruption of caveolar lipid rafts has minimal effects
on trafficking and localization of HCN4 on the cell surface membranes. P104L had a dominant
negative effect on Cav3 and reduced Cav3 protein levels in cells by more than 95% (11). Our
immunostaining and biotinylation experiments revealed that the trafficking defective mutant
P104L does alter the trafficking patterns of HCN4 (Figure 3). Also, coexpression of Cav3 with
HCN4 enhanced IHCN4 density (Figure 4) and also increased the surface membrane expression
of HCN4 protein (Figure 3D). Several ion channels have been shown to associate and be
modulated by Cav3 in various cell types (9,10,14,24). The P104L mutation is known to affect
the trafficking of the L-type Ca2+ channel in cardiac (25) and skeletal muscle cells (26). The
current amplitude of Na channel has been shown to be increased when coexpressed with Cav3
(27). Overexpression of P104L in mice (28) can cause cardiomyopathy and increase endothelial
nitric oxide synthase (eNOS) activity, but the study does not mention an observation for
pacemaker abnormality. It is known that mice have a much higher heart rate (~700 beat/min
vs ~70 beat/min in humans). It is difficult to measure any QT prolongation from mice. That
may be one of the reasons that no bradycardia is reported. Also, P104L increases eNOS activity.
The increasing eNOS activity enhances levels of cAMP. Since HCN channels are sensitive to
cAMP, secondary effects from cAMP need to be considered in a physiological environment.
However, studies to address this are beyond the scope of the present article. Overexpression
of Cav3 in animal models is shown to induce cadiomyopathic phenotypes. Overexpression of
Cav3 in the mouse heart caused cardiomyopathies and muscular dystrophy (29). Cav3 is also
up-regulated in a rat heart failure model (30). It is interesting to note that If was shown to be
increased in a rat heart failure model (31). The abnormal automaticity caused by up-regulation
of HCN channel expression may be explained by up-regulation of Cav3 expression. It is
possible that overexpression of Cav3 could help recruit or further stabilize HCN4 protein at
the plasma membrane. Therefore, tight regulation of expression levels for Cav3 protein may
be required for maintaining proper cardiac function.

Our results (Figure 5) show that Cav3 has a distinct mechanism for modulation of HCN4
channels properties. Disruption of caveolae by dominant negative mutation P104L shifts
voltage dependence of channel activation to more negative potentials and increases the time
constant for HCN4 channel activation (Figure 5). It has been known that caveolae are involved
in many cellular processes, such as protein and lipid trafficking, and signal transduction (7,
32). The disruption of caveolae can cause primary and secondary effects on HCN4 channel
properties. Cav3 knockout mice display an intracellular retention for c-Src (33). Inhibition of
c-Src can increase the activation time constant for HCN2 and HCN4 but has no effects on
IHCN density and the half-maximal activation voltage (34). The effects of P104L on the
activation time constant but not the half-maximal activation for HCN4 may be through the c-
Src regulation of the channel. However, how P104L affects the voltage-dependent half-
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maximal activation for HCN4 remains unclear. Our results indicate that HCN4 channels
localize to caveolae in the heart to form a macromolecular complex. This localization can be
important for properties of HCN4 channels as well as cardiac pacemaker currents.
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Figure 1.
HCN4 stably expressed in HEK293 cells. (Panel A) Detecting HCN4 protein from a HCN4
stable cell line (right) but not from HEK293 cell protein (left). (Panel B) Confocal image of
HCN4 stable cell lines immunostained with anti-HCN4 antibody. (Panel C) Representative
current traces recorded from HCN4 stable cell lines before (black) and after (red) perfusion of
2 mM Cs+.
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Figure 2.
Representative images from Co-Ip and Western blot analysis of HCN4 and Cav3 from the
mouse heart (panels A and B) and HEK293 cells transiently expressed with HCN4 and/or Cav3
(panels C, D, E, and F). Panel A: mouse heart lysate was Co-IPed with anti-Cav3 antibody or
mouse IgG, and then the Co-IP samples were analyzed by Western blotting with anti-HCN4
antibody. Panel B: mouse heart lysate was Co-IPed with anti-HCN4 antibody or rabbit IgG,
and then the Co-Ip samples were analyzed by Western blotting with anti-Cav3 antibody. Panel
C: lysates of HEK293 cells expressing HCN4 and Cav3 were co-IPed with anti-Cav3 antibody
or mouse IgG, and then the Co-IP samples were analyzed by Western blotting with anti-HCN4
antibody. Panel D: lysates of HEK293 cells expressing HCN4 and Cav3 were co-IPed with
anti-HCN4 antibody or mouse IgG, and then the Co-IP samples were analyzed by Western
blotting with anti-Cav3 antibody. Panel E and F: control IP experiments using lysates from
HCN4 transfected HEK293 cells IPed with anti-Cav3 antibody (panel E), or Cav3 transfected
HEK293 cells IPed with anti-HCN4 antibody (panel F).
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Figure 3.
Confocal images from HCN4 stably expressed HEK293 cells transiently expressed with
pcDNA3 (A), WTCav3 (B), or Cav3P104L(C). The cells were immunostained with rabbit anti-
HCN4 polyclonal antibody and mouse anti-Cav3 monoclonal antibody. Cell surface
biotinylation of HCN4 channels was examined in HEK293 cells transiently transfected with
HCN4, HCN4/Cav3, HCN4/P104L, or pcDNA3. Biotin-labeled HEK293 cell lysate was
immunoprecipitated with anti-HCN4 antibody and subjected to Western blot analysis with
antibiotin antibody (D), then stripped and reprobed with anti-HCN4 antibody (E); the 160 kDa
band for HCN4 is indicated.
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Figure 4.
IHCN recorded from HCN4 stably expressed HEK293 cells. Panel A: representative traces were
recorded with a test potential of 3-s duration from −130 to −60 mV from a holding potential
of −40 mV. Panel B: summary data for peak IHCN densities for pcDNA3, Cav3, or P104L
transiently expressed in the HCN4 stably expressed HEK293 cell. IHCN were elicited by a step
hyperpolarization to −120 mV from a holding potential of −40 mV and normalized to
membrane capacitance. Bars depict the mean and standard error of the mean derived from the
number (n) of experiments with n shown above the bar.
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Figure 5.
Activation kinetics of IHCN from HCN4 stably expressed HEK293 cells transiently expressed
with pcDNA3, Cav3, or P104L. Panel A: current–voltage relationship. The y-axis is peak
IHCN normalized to the maximal IHCN obtained in the protocol as depicted in Figure 4. Solid
symbols represent the mean data from 9 experiments, and the bars represent stand error.
Individual curves were fitted to the Boltzmann equation. Panel B: summary data for an
activation voltage (V1/2) when 50% of IHCN activated. Panel C: summary data for activation
time constant (τ) at the testing potential of −120 mV. IHCN was elicited by a step
hyperpolarization to −120 mV from a holding potential of −40 mV and normalized to
membrane capacitance. Bars depict the mean and standard error of the mean derived from the
number of experiments (n) with the means and stand errors of the mean shown above the bar.
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