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Abstract Recent results indicate that phosphoinositides,
including phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2),
directly enhance the opening of hyperpolarization-activated,
cyclic nucleotide-regulated (HCN) channels by shifting their
activation gating to more positive voltages. This contrasts
with the action of phosphoinositides to inhibit the opening
of the related cyclic nucleotide-gated (CNG) channels
involved in sensory signaling. We both review previous
studies and present new experiments that investigate
whether HCN channels may be regulated by dynamic
changes in PI(4,5)P2 levels caused by the receptor-mediated
activation of phospholipase C (PLC). We coexpressed HCN1
or HCN2 channels in Xenopus oocytes with the PLC-
coupled bradykinin BK2 receptor, the muscarinic M1

receptor, or the TrkA receptor. Activation of all three
receptors produced a positive shift in HCN channel voltage
gating, the opposite of the effect expected for PI(4,5)P2
depletion. This action was not caused by alterations in cAMP
as the effect was preserved in HCN mutant channels that fail
to bind cAMP. The receptor effects were mediated by PLC
activity, but did not depend on signaling through the
downstream products of PI(4,5)P2 hydrolysis: IP3 or
diacylglycerol (DAG). Importantly, the modulatory effects
on gating were blocked by inhibitors of phosphatidylinositol
(PI) kinases, suggesting a role for increased PI(4,5)P2
synthesis. Finally, we found that bradykinin exerted a similar
PI kinase-dependent effect on the gating of native HCN
channels in cardiac sinoatrial node cells, suggesting that this
pathway may represent a novel, physiologically relevant
mechanism for enhancing HCN channel function.
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Introduction

Since the pioneering work of Hilgemann and Ball demon-
strated modulatory effects of phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) on the Na+–Ca2+ exchanger and
the ATP-sensitive KATP channel [25], many other channels
and transporters have been identified as targets of phos-
phoinositide (PI) modulation [66]. Below we summarize
recent results demonstrating that PI(4,5)P2 and related
phosphoinositides have a direct modulatory effect on two
families of ion channels that are directly regulated by the
binding of cyclic nucleotides to a C-terminal cyclic
nucleotide-binding domain (CNBD). These include the
cyclic nucleotide-gated (CNG) channels important for
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visual and olfactory signal transduction [14] and the
hyperpolarization-activated, cyclic nucleotide-regulated,
cation-nonselective (HCN) channels that generate the
hyperpolarization-activated currents (If or Ih) important for
cardiac and neuronal pacemaker activity [61].

Despite considerable evidence that CNG and HCN
channels are regulated by both endogenous and exogenous
polyphosphoinositides, it is not clear whether this mecha-
nism is utilized by cell signaling pathways to dynamically
control the activity of these channels. In this paper we
provide new experimental results demonstrating that stim-
ulation of receptors coupled to phospholipase C (PLC) and
hydrolysis of PI(4,5)P2 indeed modulate the gating of both
recombinant and native HCN channels. Surprisingly, the
effect on HCN channel gating of stimulating PLC activity is
similar to the effect of direct application of PI(4,5)P2 to the
channel [51, 92]. Our results suggest that these receptor-
mediated PLC-dependent actions result from a net increase
in local PI(4,5)P2 levels near the HCN channels due to the
stimulation of polyphosphoinositide synthesis through PI
kinase activity.

Previous studies of PI(4,5)P2 modulation of CNG channels

It has been known for some time that invertebrate photo-
transduction involves the activation of PLC and cleavage of
PI(4,5)P2 into inositol trisphosphate (IP3) and diacylglycerol
(DAG) [59]. Based on the modulatory effects of PI(4,5)P2
on various ion channels and the known role of CNG
channels in phototransduction, Womack et al. [80] investi-
gated the possible role of PI(4,5)P2 in CNG channel
regulation. Indeed, these authors found that PI(4,5)P2
exerted a strong inhibitory effect on heteromeric CNG
channels formed from bovine rod CNGA1 and CNGB1
subunits coexpressed in Xenopus oocytes. PI(4,5)P2 de-
creased the maximal response of the recombinant CNG
channels to a saturating concentration of cyclic nucleotide
by approximately 50%. A similar inhibitory effect of the
lipid was observed on native CNG currents in membrane
patches from rod outer segments.

The inhibitory effect of PI(4,5)P2 was mimicked by
application of MgATP to inside-out patches and this action
was blocked by inclusion of an anti-PI(4,5)P2 monoclonal
antibody in the bath solution. These results suggest that
MgATP acts to promote phosphorylation of phosphatidyl-
inositol, leading to an increase in PI(4,5)P2 levels [80]. A
similar inhibitory effect of MgATP was observed in rod
outer segments.

Although Womack et al. [80] found no effect of
PI(4,5)P2 on olfactory CNG channels, Zhainazarov et al.
[86] reported that both recombinant and native olfactory
CNG channels were inhibited by PI(3,4,5)P3. The inhibi-
tory effect of PI(3,4,5)P3 was mapped to a 30-amino-acid

stretch in the N terminus of the olfactory CNGA2 subunit
that contains a region that also binds Ca2+/calmodulin [12,
72]. Binding of PI(3,4,5)P3 to the channel occluded the
normal inhibitory effects of Ca2+/calmodulin on both
homomeric CNGA2 channels and heteromeric CNG chan-
nels expressed from cloned CNGA2/A4 and CNGB1b
subunits. In contrast, homomeric CNGA3 subunits were not
affected by PI(3,4,5)P3.

PI(4,5)P2 modulation of HCN channels

Although the opening of both CNG and HCN channels is
enhanced by cyclic nucleotides, the two channels exhib-
ited a strikingly different response to PI(4,5)P2. Whereas
PI(4,5)P2 and PI(3,4,5)P3 inhibited the opening of CNG
channels, as discussed above, both phospholipids potenti-
ated the opening of recombinant HCN channels expressed
in Xenopus oocytes, owing to a shift in the voltage-
dependence of channel activation to more positive poten-
tials [51, 92]. PI(4,5)P2 also altered the kinetics of HCN
channel gating, with a slowing of both opening rate during
large hyperpolarizing steps and closing rate after return of
the membrane to −40 mV [51]. The extent of the voltage
shift with a short-chain synthetic PI(4,5)P2 analog showed a
saturating dependence on phosphoinositide concentration.
Interestingly, the depolarizing shift in response to exoge-
nous PI(4,5)P2 was the opposite of the hyperpolarizing shift
in HCN channel gating that occurs during rundown
associated with whole-cell recordings or recordings from
cell-free patches. As PI(4,5)P2 depletion by membrane
bound lipid phosphatases had been suggested to underlie
rundown of other types of channels [66, 82, 88], we [51]
and others [92] investigated the hypothesis that the rundown
of HCN channels is caused by a similar mechanism.

Several lines of evidence support the idea that depletion
of PI(4,5)P2 underlies rundown. Thus, application of an
anti-PI(4,5)P2 antibody to HCN channels in inside-out
patches enhanced rundown by producing an even greater
hyperpolarizing shift in channel gating [51]. Conversely,
blockade of phosphatases slowed the hyperpolarizing shift
seen upon patch excision [51, 92]. Finally, rundown was
partially reversed by application of MgATP to inside-out
patches, which shifted HCN activation gating in the
depolarizing direction, similar to the action of PI(4,5)P2.
The effect of MgATP was shown to be caused by an
enhancement in phosphatidylinositol phosphorylation as its
effects were blocked by wortmannin, an inhibitor of PI
kinases [51]. The voltage shift with both PI(4,5)P2 and
rundown appears to reflect changes in internal membrane
surface charge as intracellular application of the poly-cation
poly-lysine, which screens negative surface charge, en-
hanced the rate of channel rundown [51] and abolished the
effect of exogenously applied PI(4,5)P2 [92].
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Although both PI(4,5)P2 and cAMP exert similar
facilitatory effects on HCN channel opening by shifting
gating to more positive voltages, several results suggest that
the two molecules act through distinct mechanisms. First,
the effects of PI(4,5)P2 either failed to occlude [92] or only
partially occluded [51] the actions of cAMP to enhance
gating. Second, blockade of the action of cAMP by either
deletion of the HCN2 cyclic nucleotide-binding domain
(CNBD) or a point mutation (R591E) had no effect on the
facilitatory action of PI(4,5)P2 [51, 92]. Third, the efficacy
of cAMP and PI(4,5)P2 varied independently among
different channel subtypes. Thus, whereas the gating of
HCN4 was shifted by a similar extent by the two ligands,
the gating of HCN1 was shifted to a much greater extent by
PI(4,5)P2 compared to cAMP.

PI(4,5)P2 was also found to act as an endogenous
modulator of the gating of native HCN channels. Thus,
rundown of HCN currents during whole-cell recordings
from rabbit sinoatrial node cells [51] and embryonic cardio-
myocytes [92] was greatly slowed by inclusion of PI(4,5)P2
in the recording pipette. Moreover, in perforated-patch
whole-cell recordings from dopaminergic neurons of the
substantia nigra (DA-SN), bath application of wortmannin
caused a hyperpolarizing shift in HCN current gating that
was accompanied by a 30–40% decrease in the firing rate of
DA-SN neurons [92]. Thus, both cardiac and neuronal
pacemaking activity may be regulated by a constitutive
action of PI(4,5)P2 to enhance HCN channel opening.

PLC modulation of ion channels

The above evidence provides strong support for the idea
that CNG and HCN channels are regulated by both
exogenous and endogenous polyphosphoinositides, and
that, at least for HCN channels, the loss of this endogenous
modulation can contribute to channel rundown. However,
the physiological significance of this regulation is far less
clear. Are CNG or HCN channels also modulated by
dynamic changes in phospholipid content of the membrane
associated with receptor-mediated signaling? Or does the
regulation by PI(4,5)P2 represent an invariant, constitutive
action under normal physiological conditions?

A large number of ion channels are regulated by cell
surface receptors that activate PLC [20, 36, 67, 74]. This
enzyme hydrolyzes PI(4,5)P2, leading to regional decreases
in PI(4,5)P2 levels in the membrane and the generation of
the second messengers, IP3 and DAG [7, 26]. The latter two
molecules can either modulate ion channels by directly
binding to them or by activating downstream signaling
cascades. Cell signaling via IP3 is mediated by the release
of Ca2+ from intracellular stores [47], whereas signaling via
DAG is mediated by its binding to the regulatory C1

domain found in proteins with diverse functions [8],
including protein kinase C [75] and DAG kinase [71].
Although it has long been known that the IP3 receptor is a
Ca2+ channel [18, 46, 50], DAG may also directly bind to
and activate channels, as demonstrated for the transient
receptor potential channels (TRPCs) [27]. Moreover, recent
experiments have demonstrated that the opening of HCN
channels is enhanced by an effect of phorbol esters to
stimulate both PKC and DAG kinase, leading to a cascade
of downstream signaling events that are likely to involve
direct effects of phosphatidic acid and arachidonic acid on
the HCN channels [17].

In addition to signaling through IP3 and DAG produc-
tion, receptor-mediated activation of PLC can also lead to
changes in channel function because of the loss of a basal
modulatory action of PI(4,5)P2 caused by its hydrolysis
[66]. This mechanism mediates the suppression of the
KCNQ/M current by muscarinic ACh agonists [65, 67, 79,
87], the inhibition of N-type voltage-gated calcium chan-
nels by luteinizing hormone-releasing hormone [82] and
muscarinic agonists [19] in sympathetic neurons, and the
upregulation of TRPV1 current during hyperalgesia in
trigeminal sensory neurons [13].

In Xenopus oocytes, activation of heterologously
expressed PLC-linked receptors has been shown to modu-
late a number of PI(4,5)P2-sensitive recombinant channels,
including GIRK channels [32], TRPV1 [13], and voltage-
gated Ca2+ channels [82]. The time scale of receptor
modulation varies from as rapidly as ∼50 s for the maximal
suppression of KCNQ2/3 current by activation of the
bradykinin BK2 receptor [87], to as slowly as 25 min for
the maximal inhibition of P/Q-type calcium channels by
stimulation of the nerve growth factor (NGF) TrkA receptor
[82].

In some instances, stimulation of PLC can activate
downstream signaling pathways that increase PI(4,5)P2
synthesis [6, 31, 55, 57, 62, 68, 83]. Regional and global
levels of cellular PI(4,5)P2 thus reflect the balance between
PI(4,5)P2 synthesis and cleavage, and the net steady-state
effect of receptor stimulation on PI(4,5)P2 levels varies by
receptor and cell type. For example, activation of both
muscarinic M1 and bradykinin BK2 receptors stimulates
PLC and inhibits the opening of M-type K+ channels [29]
and N-type Ca2+ channels [19] in sympathetic neurons.
However, M1 receptor stimulation produces a much greater
depletion of PI(4,5)P2 levels compared to that achieved
with BK, because of the Ca2+-dependent action of BK to
stimulate PI(4,5)P2 synthesis [19, 29]. In cardiac atrial
muscle, activation of PLC by muscarinic agonists fails to
alter total PI(4,5)P2 concentration [49, 56], indicating a
balance of lipid hydrolysis and synthesis.

In yet other cell types, an enhancement in synthesis of
PI(4,5)P2 upon receptor-mediated PLC activation can out-
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weigh its direct cleavage by PLC, resulting in a net increase
in PI(4,5)P2 levels. Thus, global increases in PI(4,5)P2 are
seen in Xenopus oocytes after fertilization [63], as well as in
platelets after exposure to thrombin [35]. A local increase of
PI(4,5)P2 levels within membrane ruffles has also been
reported in HeLa cells after EGFR activation [28].

PLC modulation of HCN channels

In this study, we investigated the effects of receptor-
mediated PLC activation on HCN channel function in
Xenopus oocytes and sinoatrial node myocytes. Based on
the findings that both endogenous and exogenous PI(4,5)P2
enhanced HCN channel opening by shifting activation to
more positive potentials [51, 92], we expected that receptor-
mediated stimulation of PLC would produce a hyper-
polarizing shift in HCN activation owing to a depletion in
PI(4,5)P2. Surprisingly, we found that stimulation of a
variety of cell surface receptors linked to PLC enhanced the
activation of both recombinant HCN channels expressed in
Xenopus oocytes and native HCN channels in cardiac
sinoatrial myocytes by shifting voltage-gating in the
positive direction, the opposite to the effect expected for
PI(4,5)P2 depletion. The voltage shift was also accompa-
nied by a slowing of channel closing kinetics. These
changes were not mediated by direct binding of IP3 or
DAG to the channel. Nor did they depend on an increase in
intracellular Ca2+, activation of protein kinases, including
PKC, or activation of other proteins with regulatory C1

domains.
The PLC-dependent modulation of HCN channels was,

however, inhibited by the PI kinase inhibitors wortmannin and
LY294002, at concentrations required to block PI 4-kinases.
These results are consistent with the idea that the HCN
channels are regulated by a local pool of PI(4,5)P2 that may
be enhanced after receptor-mediated activation of PLC.

Materials and methods

Expression in Xenopus oocytes

Mouse HCN1 and HCN2 were previously cloned into
pGHE19 and pGEMHE, respectively, and the HCN2R591E
mutant was previously constructed [11]. M1 AChR and the
BK2 receptor in the pGEMHE vector or its derivatives were
the generous gift of Diomedes Logothetis (Mount Sinai
School of Medicine); p75, TrkA, TrkA Y499F, and TrkA
Y794F in pGEMHE derivatives were kindly supplied by
Jian Yang (Columbia University); linearized RNA for the
α1A and β1 subunits of the P/Q type voltage-gated calcium
channel was the generous gift of Geoffrey Pitt (Columbia
University). cRNA was transcribed from linearized DNA

using T7 RNA polymerase (mMessage mMachine;
Ambion) and injected into Xenopus oocytes as described
previously [22]. Oocytes were injected with 5 ng of HCN1
or HCN2 cRNA; in coexpression experiments, oocytes
were injected with 20 ng of HCN and 20 ng of receptor
cRNA. Expression of TrkA and its mutants required
injection of 15 ng of p75, 15 ng of TrkA, and 16.5 ng of
HCN2R591E.

Xenopus oocyte electrophysiological recordings

Two-microelectrode voltage-clamp recordings were
obtained 1 day after cRNA injection using an oocyte
voltage-clamp amplifier (model OC-725C, Warner Instru-
ments). Data were filtered at 1 kHz and sampled at 2 kHz.
The recordings were obtained with the oocytes bathed in an
extracellular solution containing (in mM): 96 KCl, 2 NaCl,
10 HEPES, and 2 MgCl2, pH 7.5. Microelectrodes were
filled with 3 M KCl and had resistances of 0.5–2 MΩ.

Cell-free inside-out patches were obtained 5–6 days after
cRNA injection, and data were acquired using a patch-
clamp amplifier (Axopatch 200B; Axon Instruments). Patch
pipettes had resistances of 1–3 MΩ and were filled with a
pipette solution containing (in mM): 96 KCl, 1 NaCl, 10
HEPES, 1.8 CaCl2, and 1 MgCl2, pH 7.4. The bath solution
contained: 96 KCl, 1 NaCl, 10 HEPES, and 5 EGTA,
pH 7.4. An Ag–AgCl ground wire was connected to the
bath solution by a 3-M KCl agar bridge electrode, and
junction potential was compensated before the formation of
each patch. Linear leak currents were not subtracted. Data
were filtered at 1 kHz with an eight-pole low-pass Bessel
filter (Frequency Devices) and sampled at 2 kHz with an
ITC-16 interface (Instrutech) and Pulse software (HEKA).

Hyperpolarizing voltages in −10-mV step increments
were applied to either inside-out patches or intact oocytes
from a holding potential of −30 mV. All recordings were
obtained at room temperature (18–22°C).

Data analysis

HCN currents were analyzed as previously described [11].
Activation curves were determined from plots of tail current
amplitude (measured at −40 mV) as a function of test
voltage during 3-s long hyperpolarizing steps. Activation
curves were fit with a Boltzmann equation to obtain the
midpoint voltage of activation (V1/2) and slope factor (s) of
the relation (both in units of mV). Analysis was done using
PulseFit (HEKA), Excel (Microsoft), and Origin (Micro-
cal). Single comparisons between two experimental con-
ditions were evaluated by a Student’s t test. Comparisons
involving multiple populations were evaluated by ANOVA
with a Scheffe Post hoc test.
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Experiments on rabbit sinoatrial node cells

Animal protocols conformed to the guidelines of the care
and use of laboratory animals established by U.S.
(National Institutes of Health publication No. 85-23)
directives. Single sinoatrial node cells were isolated from
young New Zealand rabbits (0.8–1.2 kg) as previously
described [15]. Patch clamp analysis was performed in the
whole-cell configuration at 34°C. The pipette was filled
with (in mM): 130 aspartic acid, 146 KOH, 10 NaCl, 2
CaCl2, 5 EGTA-KOH, 2 Mg-ATP, and 10 HEPES-KOH,
pH 7.2. The external Tyrode’s solution used to record Ih
contained (in mM): 140 NaCl, 2.3 NaOH, 1 MgCl2, 5.4
KCl, 1.8 CaCl2, 5 HEPES, 10 glucose, 2 MnCl2, and 1
BaCl2, pH 7.4. When indicated, bradykinin (100 nM) and
wortmannin (10 μM) were added separately or together to
the Tyrode’s solution. Before the recording, cells were
incubated at 34°C for 30 min with bradykinin or for 60 min
with wortmannin. For experiments in which the effect of
the two substances was evaluated in the same cell,
bradykinin was added to the bath solution after a 30-min
preincubation with wortmannin.

The Ih activation curve was obtained using a two-voltage
step protocol in which hyperpolarizing steps (−25 to
−130 mV) from a holding potential of −25 mV were
applied followed by a step to −70 mV to measure the tail
current. The duration of the activation steps varied with the
test voltage to allow activation to reach a steady-state value.
Plots of normalized tail current amplitude as a function of
test voltage were fit with a Boltzmann function to obtain
the V1/2 and slope factor. Time constants were calculated by
fitting the first part of the activation and deactivation
current traces by a single exponential function after an
initial delay. Currents were recorded and filtered on-line at
1 kHz with an Axopatch 200B amplifier, and acquired
using pClamp 9.0 software (Axon Instruments). Values are
given as the mean±SEM and data were compared using the
Student’s t test. Values of P<0.05 were considered
significant.

Reagents and drugs

U73122 and U73343 (Calbiochem) were reconstituted in
HPLC grade chloroform (Sigma-Aldrich), aliquoted in
single-use volumes, and evaporated under a stream of
nitrogen. Stock solutions of all other water-insoluble
reagents were prepared in DMSO, stored at −20°C and
diluted to appropriate final concentrations before use. We
used the following additional reagents: wortmannin,
LY294002, BAPTA-AM, R59949, and erbstatin analog
(Biomol); bradykinin (Bachem); 7s nerve growth factor
purified from mouse brain (Roche); SAG, PDBu, RO 31-

8220, and staurosporine (Calbiochem). All other reagents
were acquired from Sigma-Aldrich.

Results

BK2 receptor activation alters HCN gating in Xenopus
oocytes

The receptor-dependent, PLC-mediated regulation of HCN
channels was initially studied by coexpressing in Xenopus
oocytes either HCN1 or HCN2 with the bradykinin BK2

receptor, which is coupled to the Gq/11-dependent stimula-
tion of PLCβ. Exposure of the oocytes to 100 nM
bradykinin led to the transient activation of an endogenous
calcium-activated Cl− current, ICl,Ca, an effect previously
shown to result from the IP3-dependent release of Ca2+

from oocyte intracellular stores [21]. The Cl− current
reached a peak value within 30 s and then decayed back
to baseline within 90 s (data not shown).

After decay of the Cl- current, HCN1 and HCN2 currents
were measured in response to a series of 3-s-long hyper-
polarizing voltage steps to various potentials. BK2 receptor
activation caused a marked change in the hyperpolarization-
activated currents generated by both HCN1 and HCN2
(Fig. 1). However, rather than shifting activation in the
hyperpolarizing direction, as expected for a PLC-mediated
decrease in PI(4,5)P2 levels [51, 92], bradykinin shifted the
voltage dependence of gating of both channels in the
depolarizing direction (Fig. 1c,d; Fig. 2a). In contrast to this
facilitatory effect on channel gating, bradykinin also
decreased the maximal HCN tail current amplitude after a
hyperpolarizing step to extreme negative voltages where
voltage-dependent activation had reached completion
(Fig. 1a,b; Fig. 2b). This effect suggests a decrease in the
number of functional channels in the membrane or a
decrease in maximal channel open probability. Bradykinin
also produced a twofold slowing in the time course of
channel deactivation, as measured by the rate of tail current
decay (Table 1), with relatively little effect on the rate of
channel activation.

Bradykinin exerted qualitatively similar effects on the gating
of HCN1 and HCN2 (Figs. 1c,d; 2a). However, the extent of
the shift in gating, measured by the change in the voltage at
which channels are half-activated (ΔV1/2), was significantly
greater for HCN2 (ΔV1/2=18.9±2.0 mV, mean±SEM) than
for HCN1 (ΔV1/2=6.9±1.3 mV; P<0.001; ANOVA, Post
hoc). In contrast, the extent to which BK suppressed the
maximal tail current amplitude was somewhat greater for
HCN1 than for HCN2 (Fig. 2b; P<0.08; ANOVA, Post
hoc). Finally, the effect of bradykinin to slow the time
course of tail current deactivation was greater for HCN2
than HCN1 (Table 1). Thus, BK2 receptor stimulation
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modulated the two HCN isoforms in a qualitatively similar
but quantitatively distinct manner. Moreover, the effects on
voltage-gating were the opposite of those expected for a
decrease in levels of PI(4,5)P2.

Because cAMP directly facilitates the opening of HCN1
and HCN2, we examined whether the paradoxical effect of
bradykinin on the voltage-dependence of activation was
caused by an increase in the levels of cyclic nucleotides
using an HCN2 point mutant, HCN2R591E. This mutation of
a conserved arginine in the cyclic nucleotide-binding
domain prevents binding of cAMP, but does not alter the
intrinsic voltage-dependent gating of the HCN2 channel
[11]. Bradykinin modulated the gating of HCN2R591E in a
manner that was similar to its effects on wild-type HCN2
(Fig. 3). Thus, the peptide produced a depolarizing shift in
voltage gating (Figs. 3b and 4a) similar to that seen with

wild-type HCN2 (ΔV1/2 for HCN2R591E was +15.5±
0.7 mV, n=12, after ∼30 min of BK application). BK
application exerted a biphasic effect on the HCN2R591E
maximal tail current amplitude, with an early increase
followed by a decrease to less than 50% of the initial tail
current amplitude before receptor activation, similar to the
effects of BK on wild-type HCN2 (Fig. 4b).

Bradykinin also produced a twofold slowing of the time
course of tail current deactivation of the mutant channel
during steps to −40 mV (Fig. 4d; Table 1; see also Fig. 9c),
again similar to its action on wild-type HCN2. The only
difference between the effects of bradykinin on HCN2R591E
compared to wild-type HCN2 was a somewhat more
marked speeding in the rate of activation of the mutant
channel (Fig. 4c; see also Fig. 9b). The effects of
bradykinin to speed the kinetics of channel activation were

Fig. 1 Activation of type 2
bradykinin receptor (BK2) alters
wild-type HCN1 and HCN2
gating and current amplitude. a
and b Macroscopic HCN1 (a)
and HCN2 (b) currents shown
for individual oocytes in re-
sponse to a series of hyperpo-
larizing voltage steps before
(left) and after (right) 28.5 min
of incubation in bradykinin. c
and d Mean normalized tail
currents for HCN1 (n=5) and
HCN2 (n=7) plotted as a func-
tion of test potential and fit with
the Boltzmann equation. Data
obtained before (filled circles) or
after (open circles) bradykinin
exposure. Error bars indicate
SEM
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rapid, occurring within 90 s of peptide application (Fig. 4c).
In contrast, the slowing of channel deactivation kinetics
occurred over a much slower time course, similar to the
time course of the shift in V1/2 (Fig. 4d). The overall

similarity in the actions of bradykinin on the voltage-
dependence of activation, maximal tail current amplitude,
and kinetics of deactivation for wild-type HCN2 vs the
HCN2R591E mutant indicates that these effects were not
mediated by the direct modulatory actions of cAMP on
HCN2 function.

In some cell types, receptor-mediated decreases in total
PI(4,5)P2 concentration are transient, with basal PI(4,5)P2
levels restored in as little as 30 s during maintained receptor
stimulation [58]. To determine whether there was an early
hyperpolarizing shift in HCN channel gating, reflecting a
transient decrease in PI(4,5)P2 levels, we examined the time
course of BK action on HCN2R591E using a more rapid
voltage pulse protocol. Because measurements of HCN
currents at such early times were complicated by the large
transient ICl,Ca, we preincubated oocytes in 50 μM 1,2-bis
(o-aminophenoxy)ethane-N,N,N,N-tetraacetic acid tetra
(acetoxymethyl) ester (BAPTA-AM) for 2 h to chelate
intracellular calcium. (As will be shown below, this does
not alter the regulation of Ih by BK).

After determining a full activation curve for HCN2R591E
in the BAPTA-loaded oocytes, we switched to a voltage
protocol that permitted the rapid assessment of changes in
the voltage-dependence of Ih gating and maximal tail current
amplitude. The membrane was held at −40 mV and pairs of
hyperpolarizing test pulses (3 s) were applied, which
alternately stepped the membrane potential to either the
initial V1/2 for activating HCN2R591E (−88 to −99 mV) or to
−135 mV, a voltage that maximally activated the channels
(Fig. 5a). The ratio of the tail current amplitude after a step
to the initial V1/2 to the tail current amplitude following a
step to −135 mV provided a sensitive assay for shifts in the
voltage-dependence of gating.

In the five oocytes tested in this manner, we failed to
detect any early hyperpolarizing shift in channel activation.
Rather, BK increased the fractional activation of channels at
the initial V1/2 within 15 s (see Fig. 5b for a representative
example), indicating a rapid depolarizing shift in activation.
The magnitude of the voltage shift then slowly increased
over the next 15–30 min during continuous exposure to
BK. Thus, even at early times, the effects of bradykinin on
HCN2 were the opposite of those expected for a decrease in
PI(4,5)P2 levels.

Dependence of HCN channel modulation on PLC activity

The unexpected depolarizing shift in HCN gating with BK
raised the question as to whether its effects were, in fact,
mediated by PLC activation. To test this possibility, we first
examined whether other PLC-coupled receptors produced a
similar depolarizing shift in HCN channel activation.
HCN2R591E was therefore coexpressed with either the M1
muscarinic ACh receptor, which, like BK2 is coupled to Gq/11

Fig. 2 Modulation of wild-type and mutant HCN channels by cell
surface receptors coupled to phospholipase C. Oocytes expressing
HCN channel and cell surface receptor pairs were exposed to receptor
agonist for 28.5 min, resulting in changes in HCN channel V1/2 (a) and
maximal tail current amplitude (b). Channel-receptor pairs, from left
to right: HCN2R591E (gray) without addition of agonist (none), wild-
type HCN1 (red) and BK2, wild-type HCN2 (blue) and BK2,
HCN2R591E and BK2, HCN2R591E and muscarinic M1 receptor, and
HCN2R591E and TrkA. The difference between the shift in V1/2 of
HCN1 and that in HCN2 after BK2 receptor activation was statistically
significant (*P<0.001; ANOVA; post hoc). The differences between
the decrease in HCN2R591E tail current in response to M1 receptor
activation and the decreases in tail current for all other channel–
receptor pairs (except for HCN2R591E without addition of agonist)
were also statistically significant (**P<0.001; ANOVA, post hoc).
Error bars indicate SEM. Number of experiments are shown above
each bar
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and PLCβ, or the receptor for nerve growth factor, TrkA,
which is coupled to PLCγ. Activation of either the M1 or
TrkA receptor produced a positive shift in activation gating
and a slowing of deactivation kinetics of HCN2R591E,
similar to the effects of BK (Fig. 2a and Table 1). However,
whereas TrkA also decreased the maximal tail current
amplitude, similar to the effects of BK, activation of the M1
cholinergic receptor did not alter tail current amplitude
(Fig. 2b).

Thus, three different receptors coupled to PLC activation all
produced a depolarizing shift in HCN2 gating and a slowing of
channel deactivation. However, the receptors differed in their
ability to decrease maximal tail current amplitude.

To determine the dependence of HCN channel modula-
tion on PLC more directly, we examined the effects of the
PLCβ inhibitor U73122 on the response to bradykinin.
Oocytes were incubated for 20 min before receptor
activation in 10 μM U73122, 10 μM U73343 (an inactive
analog), or 0.1% DMSO, the vehicle for U73122 and
U73343 [70]. U73122 specifically inhibited the depolariz-
ing shift in V1/2 (Fig. 6a1) and the slowing of deactivation in
response to BK (Table 1). However, the PLC antagonist did
not alter the effects of BK to suppress tail current amplitude
(Fig. 6a2). BK2 receptor activation therefore results in a
PLCβ-dependent shift in the voltage dependence of HCN
channel gating to more positive potentials. However, the

Table 1 Normalized time constants of deactivation after receptor activation

HCN channel Activated receptor Drug treatment Normalized time constant
of deactivation (mean±SEM)

n

HCN2R591E N/A N/A 1.00±0.09 4
HCN1 BK2 N/A 1.60±0.16 5
HCN2 BK2 N/A 2.12±0.14* 7
HCN2R591E BK2 N/A 2.13±0.08* 16
HCN2R591E M1 N/A 1.98±0.11* 7
HCN2R591E TrkA N/A 1.60±0.06 5
HCN2R591E BK2 DMSO, 0.1% 1.68±0.08 12

U73122, 10 μM 0.99±0.18** 4
U73343, 10 μM 1.74±0.13 4

HCN2 (I.O. Patch) DMSO, 0.1% 1.23±0.13 3
SAG, 50 μM 1.06±0.10 6
N/A 1.12±0.04 3
IP3, 50 μM 1.11±0.06 5

HCN2R591E BK2 DMSO, 0.153% 1.73±0.04 4
BAPTA-AM, 50 μM 1.49±0.16 4
DMSO, 0.1% 1.84±0.19 5
Staurosporine, 1 μM 1.59±0.07 5
Calphostin C, 3 μM 1.63±0.12 5
RO 31-8425, 3 μM 1.52±0.04 5
DMSO, 0.2% 2.07±0.19 4
R59949, 10 μM 2.20±0.46 4
DMSO, 0.1% 2.06±0.14 10
Wortmannin, 100 nM 2.06±0.11 4
Wortmannin, 300 nM 1.88±0.10 5
Wortmannin, 500 nM 1.34±0.16 4
Wortmannin, 1 μM 1.22±0.26 4

Effects of various agents on time constants of tail current deactivation. Oocytes expressing the indicated HCN channel and receptor were
pretreated with the indicated drug. Subsequently, the time constants of deactivation at −40 mV were assessed in whole oocytes immediately
before and 28.5 min after receptor activation. The values before receptor activation were divided by the values after receptor activation to
determine the normalized time constants of deactivation. In experiments using inside–out patches from oocytes expressing HCN2 (I.O. patch
group) time constants of deactivation were assessed before and after 22.5 min of bath application of the indicated drugs. Numbers of oocytes or
patches are indicated (n). BK2 receptor activation resulted in statistically significant slowing of deactivation for HCN2 and HCN2R591E; M1
receptor activation resulted in statistically significant slowing of HCN2R591E (*; P<0.002; ANOVA, Post Hoc). U73122 treatment blocked the
effect of BK2 receptor activation to slow deactivation of HCN2R591E when compared to treatment with both 0.1% DMSO and U73343 (**P<
0.01; ANOVA, Post Hoc). There were no statistically significant differences among the normalized time constants of deactivation for oocytes
treated with staurosporine, calphostin C, RO 31-8425, and DMSO (P>0.31; ANOVA).
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effect of BK to suppress current amplitude appears to occur
through a PLCβ-independent path.

To investigate the role of PLCγ in the modulation of
HCN2 by the TrkA receptor, we examined two mutants of

the receptor. The TrkA Y499F mutant is deficient in
signaling through the MAPK and PI 3-kinase/AKT down-
stream pathways, whose activation requires phosphoryla-
tion of Y499 to recruit Shc and FRS-2 [44, 78]. In contrast,

Fig. 3 BK2 receptor activation
alters HCN2R591E gating and
current. a Macroscopic
HCN2R591E currents shown for
an oocyte in response to a series
of hyperpolarizing voltage steps
before (left) and after (right)
28.5 min of incubation in bra-
dykinin. b Mean normalized tail
currents from HCN2R591E (n=
16) plotted as a function of test
potential and fit with the
Boltzmann equation. Data
obtained before (filled circles) or
after (open circles) bradykinin
exposure. Error bars to indicate
SEM are smaller than the
symbols

Fig. 4 Time course of the effect
of BK2 receptor activation on
HCN2R591E channels. The
depolarizing shift in V1/2 (ΔV1/2,
a), normalized tail current (b),
time constant (τ) of activation at
−135 mV (c), and time constant
of deactivation at −40 mV (d) of
HCN2R591E channels plotted as
a function of time after addition
of bradykinin to the bath solu-
tion (n=16). Error bars show
SEM
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Fig. 6 Dependence of receptor-mediated modulation of HCN2R591E on phospholipase C activity. a1 and a2 The effect of 28.5 min exposure to
bradykinin on V1/2 (a1) and maximal tail current amplitude (a2) in the presence of 10 μM U73122 (BK+U73122), a PLC inhibitor; 10 μM
U73343 (BK+U73343), an inactive analog; or 0.1% DMSO (BK), the vehicle for U73122 and U73343. The differences between the ΔV1/2 in
response to BK in the presence of U73122 and the ΔV1/2 in response to BK in DMSO alone or U73343 were statistically significant (**P<0.001;
ANOVA, post hoc). b1 and b2 The effects of 28.5 min exposure to NGF or BSA (vehicle for NGF) on the V1/2 (b1) and maximal tail current
amplitude (b2) for oocytes expressing wild-type TrkA (TrkA + BSA or TrkA + NGF), the Y499F TrkA mutant (Y499F+NGF), or the Y794F
mutant (Y794F + NGF). The four conditions fell into two groups: I. TrkA+BSA and Y794F+NGF; II. TrkA+NGF and Y499F+NGF. The
differences in ΔV1/2 or maximal tail current between each member of group I and each member of group II were statistically significant; P<0.02
for ΔV1/2 (*) and P<0.001 for tail current (**); ANOVA, post hoc. Error bars indicate SEM

Fig. 6 Dependence of receptor-mediated modulation of HCN2R591E
on phospholipase C activity. a1 and a2 The effect of 28.5 min exposure
to bradykinin on V1/2 (a1) and maximal tail current amplitude (a2) in
the presence of 10 μM U73122 (BK+U73122), a PLC inhibitor;
10 μM U73343 (BK+U73343), an inactive analog; or 0.1% DMSO
(BK), the vehicle for U73122 and U73343. The differences between
the ΔV1/2 in response to BK in the presence of U73122 and the ΔV1/2

in response to BK in DMSO alone or U73343 were statistically
significant (**P<0.001; ANOVA, post hoc). b1 and b2 The effects of

28.5 min exposure to NGF or BSA (vehicle for NGF) on the V1/2 (b1)
and maximal tail current amplitude (b2) for oocytes expressing wild-
type TrkA (TrkA + BSA or TrkA + NGF), the Y499F TrkA mutant
(Y499F+NGF), or the Y794F mutant (Y794F + NGF). The four
conditions fell into two groups: I. TrkA+BSA and Y794F+NGF; II.
TrkA+NGF and Y499F+NGF. The differences in ΔV1/2 or maximal
tail current between each member of group I and each member of group
II were statistically significant; P<0.02 for ΔV1/2 (*) and P<0.001 for
tail current (**); ANOVA, post hoc. Error bars indicate SEM

Fig. 5 BK2 receptor activation causes an immediate depolarizing shift
in the V1/2 of HCN2R591E. To eliminate the Ca2+-activated Cl- current,
oocytes expressing HCN2R591E and BK2 were incubated in 50 μM
BAPTA-AM before recording. Every 14 s, oocyte membrane potential
was stepped from a holding potential of −30 mV to two test potentials,
one near the V1/2 of HCN2R591E before receptor activation (−88 mV)
and the other at a hyperpolarized voltage that ensures maximal
channel activation (−135 mV). Tail currents were recorded upon return

of membrane potential to −40 mV. a Macroscopic HCN2R591E
currents shown for an individual whole oocyte immediately before
and after BK2 receptor activation. b Peak tail current amplitude after a
hyperpolarizing step to −88 mV normalized by peak tail current
amplitude after a step to −135 mV as a function of time before and
during application of bradykinin. Tail currents were measured at
−30 mV
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the TrkA Y794F mutant is deficient in PLC signaling, which
depends on the binding of PLCγ to phosphorylated Y794 [39].
Activation of the Y499F TrkA mutant with nerve growth
factor produced a normal-sized shift in V1/2 and decrease in
maximal tail current amplitude (Fig. 6b1, b2). In contrast,
both the shift in V1/2 and decrease in tail current were almost
completely eliminated in the Y794F PLC-signaling mutant.
Thus, the TrkA-mediated shift in HCN gating and suppres-
sion of tail current appear to depend on PLCγ.

Classical downstream effectors of PLC do not mediate BK2

receptor modulation of HCN2R591E

To further investigate the mechanism of HCN channel
modulation, we next examined the effects of the twomolecules
produced by PLC-mediated hydrolysis of PI(4,5)P2: IP3 and
DAG. Direct application of either IP3 or an analog of DAG,
1-stearoyl-2-arachidonoyl-sn-glycerol (SAG), to patches ex-
cised from oocytes expressing HCN2R591E had no effect on
channel function. Thus, after >20 min of application of
50 μM SAG, the V1/2 (Fig. 7a1; P>0.47; ANOVA), time
constant of deactivation (Table 1; P>0.52; ANOVA), and tail
current amplitude (Fig. 7a2; P>0.75; ANOVA) showed no
statistically significant difference from control values. A
similar period of exposure to 50 μM IP3 also failed to alter
the V1/2 (Fig. 7a1; P>0.24; ANOVA), time constant of
deactivation (Table 1; P>0.43; ANOVA), or tail current
amplitude (Fig. 7a2; P>0.42; ANOVA). Thus, the receptor-

dependent modulation of HCN2 studied in this paper does
not involve direct channel regulation by IP3 or DAG.

Might the modulatory effects of receptor activation on
HCN2 channel function result from the IP3-dependent rise
in intracellular Ca2+ levels? To test this idea, oocytes were
preincubated in 50 μM BAPTA-AM for 2 h to chelate
intracellular Ca2+. Although BAPTA-AM treatment inhibited
the ability of BK to activate the endogenous Ca2+-activated
Cl− current present in the oocytes, it failed to alter the
modulatory effects of BK on HCN2R591E (Fig. 7b, Table 1),
including the shift in voltage-dependent gating (P>0.3),
slowing in the rate of deactivation (P>0.09) or suppression
of maximal tail current amplitude (P>0.4).

Finally, we investigated the involvement of protein
kinases and C1 domain-containing proteins. A 2-h preincu-
bation of oocytes with the broad-spectrum kinase inhibitor
staurosporine, the C1 domain inhibitor calphostin C, or the
protein kinase C inhibitor RO 31-8425, had no effect on the
ability of BK to modulate HCN2R591E. Thus, application of
BK produced a normal shift in V1/2 (Fig. 8a1), slowing in
the time course of deactivation (Table 1), and inhibition in
maximal tail current amplitude (Fig. 8a2). We verified that
the inhibitors did indeed block PKC activity by their ability
to antagonize the PKC-dependent effect of phorbol esters to
increase the magnitude of the P/Q-type Ca2+ current upon
expression of CaV2.1 in the oocytes [42].

As an independent test of the role of DAG and its
downstream effectors in the modulatory actions of BK, we

Fig. 7 The effects of bradykinin
on V1/2 and tail current for
HCN2R591E are not mediated by
classical signaling pathways
downstream of phospholipase C.
a1 and a2 Changes in the mid-
point voltage of activation (ΔV1/2,
a1) and tail current (a2) after
22.5 min of bath application of 0,
10, and 50 μM 1-stearoyl-2-
arachidonyl-sn-glycerol (SAG)
and of 0 and 50 μM inositol
trisphosphate (IP3) to HCN2R591E
channels in inside-out macro-
patches. b1, b2, and b3 Effects of
2 h preincubation of oocytes in
50 μM BAPTA-AM or 0.153%
DMSO (control; the vehicle for
BAPTA-AM) on the response to
BK: b1 and b2 show effect of BK
to shift V1/2 and decrease tail
current for HCN2R591E, respec-
tively. b3 shows effect of BK to
activate the endogenous Ca2+-
activated Cl- current. Error bars
indicate SEM
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examined the effects of inhibitors of DAG kinase, the enzyme
that converts DAG to phosphatidic acid. Recently, the DAG
kinase inhibitor R59949 was shown to inhibit the effect of
phorbol esters to cause a positive shift in the gating of HCN
channels expressed in oocytes [17], implicating phosphatidic
acid in this effect. In contrast, if DAG itself were an
important mediator of the action of BK, then inhibition of
DAG kinase should potentiate the effects of BK by
increasing the free concentration of DAG. However, we
found that preincubation of oocytes for 2 h in 10 μM
R59949 had little or no effect on the action of BK to shift the
voltage dependence or slow the kinetics of deactivation of
HCN2R591E channels. Thus, in the presence of R59949, BK
produced a 14.2±2.1 mV depolarizing shift and a 2.20±0.46
fold increase in the time constant of deactivation (Fig. 8b1
and Table 1), similar to the response to BK after preincu-
bation in vehicle alone (0.2% DMSO; Fig. 8b1 and Table 1;
16.6±1.5 mV depolarizing shift in V1/2, P>0.26; 2.07±0.19
fold increase in the time constant of deactivation, P>0.40).

Interestingly, the DAG kinase inhibitor did enhance the
magnitude of the inhibitory effect of BK on tail current
amplitude (Fig. 8b2). Thus, in the presence of R59949, BK
caused a 74.8±7.8% reduction in current amplitude (n=4),
which is significantly greater than the 56.1±9.2% reduction
in current amplitude produced by BK when applied in the
presence of DMSO (P<0.05; t test). Thus, DAG-activated
proteins, including PKC and DAGK, appear unlikely to be
involved in the PLC-dependent modulation of either the
voltage-dependence or rate of deactivation of HCN channel
gating, although the effect of BK to decrease tail current
amplitude may depend on DAG production.

PI kinase inhibitors block the shift in HCN voltage gating
but do not alter the decrease in maximal current in response
to BK

The PLC-dependent effects of BK, ACh, and NGF to cause
a depolarizing shift in gating and slow deactivation of

Fig. 8 The effects of bradykinin on V1/2 and tail current for HCN2R591E are not mediated by classical signaling pathways downstream of
phospholipase C. a1 and a2 Effects of inhibitors of PKC and C1 domain-containing proteins on response to BK. Oocytes were preincubated for
2 h in 1 μM staurosporine, 3 μM Ro-31-8425, 3 μM calphostin C, or 0.1% DMSO (control), the vehicle for all three compounds. The effects of
BK2 receptor activation on V1/2 (a1) and tail current amplitude (a2) for HCN2R591E are shown under the various incubation conditions. No
statistically significant differences in ΔV1/2 (P>0.17; ANOVA) or tail current amplitude were observed (P>0.25; ANOVA). b1 and b2 Effects of
DAG kinase inhibitor R59949 on response to BK: Oocytes were incubated for 2 h in 10 μM R59949 or 0.2% DMSO (control), the vehicle for
R59949. The effects of BK2 receptor activation on V1/2 (b1) and tail current amplitude (b2) for HCN2R591E are shown under the two conditions.
The BK-induced decrease in tail current was significantly greater in the presence of R59949 (*P<0.05; t test). Error bars indicate SEM

Fig. 8 The effects of bradykinin on V1/2 and tail current for
HCN2R591E are not mediated by classical signaling pathways
downstream of phospholipase C. a1 and a2 Effects of inhibitors of
PKC and C1 domain-containing proteins on response to BK. Oocytes
were preincubated for 2 h in 1 μM staurosporine, 3 μM Ro-31-8425,
3 μM calphostin C, or 0.1% DMSO (control), the vehicle for all three
compounds. The effects of BK2 receptor activation on V1/2 (a1) and tail
current amplitude (a2) for HCN2R591E are shown under the various
incubation conditions. No statistically significant differences in ΔV1/2

(P>0.17; ANOVA) or tail current amplitude were observed (P>0.25;
ANOVA). b1 and b2 Effects of DAG kinase inhibitor R59949 on
response to BK: Oocytes were incubated for 2 h in 10 μM R59949 or
0.2% DMSO (control), the vehicle for R59949. The effects of BK2

receptor activation on V1/2 (b1) and tail current amplitude (b2) for
HCN2R591E are shown under the two conditions. The BK-induced
decrease in tail current was significantly greater in the presence of
R59949 (*P<0.05; t test). Error bars indicate SEM
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HCN2 channels resemble the direct effects of PI(4,5)P2 on
HCN2 channel gating [51, 92]. Given that PI(4,5)P2
synthesis can be enhanced after activation of PLC [28,
35], including in response to bradykinin [19, 29], we next
explored the hypothesis that the modulatory actions on
HCN2 channel function of receptor-mediated activation of
PLC are caused by an increase in local PI(4,5)P2 levels
because of an enhancement in PI(4,5)P2 synthesis. To test
this idea, we inhibited PI(4,5)P2 synthesis by blocking the
activity of PI kinases using wortmannin or LY294002 [3,
76]. Although these agents exhibit some selectivity for
inhibiting PI 3-kinases, at higher concentrations they also
block the activity of PI 4-kinases, which are required for the
synthesis of PI(4,5)P2. Thus, whereas wortmannin inhibits
PI 3-kinase at nanomolar concentrations (IC50≈1–4 nM), it

also inhibits PI 4-kinases at ∼100–1,000-fold higher
concentrations [1, 3, 45, 48]. Similarly, in membrane
patches from Xenopus oocytes, LY294002 maximally
inhibits PI 3-kinase at a concentration of 10 μM, but will
also block PI 4-kinase when applied at higher concen-
trations (IC50≈50–100 μM) [3, 64].

After a 2-h incubation in 1 μM wortmannin (a
concentration that blocks PI 4-kinases) or vehicle alone
(0.1% DMSO), oocytes coexpressing HCN2R591E and the
BK2 receptor were exposed to bradykinin. Pretreatment
with wortmannin produced a marked inhibition in the
ability of bradykinin to cause a depolarizing shift in the V1/2

(Figs. 9a and 10a). Thus, in the presence of 1 μM
wortmannin, bradykinin shifted the V1/2 by only +2.6±
2.3 mV, compared to the +15.4±0.8 mV shift seen when

Fig. 9 Effects of the PI kinase
inhibitor wortmannin on the
actions of bradykinin to modu-
late HCN2R591E currents.
Oocytes were incubated in 1 μM
wortmannin (right; n=4) or
0.1% DMSO, the vehicle for
wortmannin (left; n=4), for 2 h
before recording. a Mean tail
current activation curves
obtained before (filled circles)
and after (open circles) a ∼30-
min incubation in 100 nM bra-
dykinin. b Mean time constants
of activation during hyperpo-
larizing steps to −125, −115, and
−105 mV, before or after (+ BK)
incubation in bradykinin in
presence of DMSO alone (left
panel) or DMSO plus wortman-
nin (right panel). c Mean time
constants of tail current deacti-
vation during steps to −40 mV,
before or after (+ Bk) incubation
in bradykinin in presence of
DMSO alone (left panel) or
DMSO plus wortmannin (right
panel). *P<0.05 vs control
(t test)
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bradykinin was applied in the presence of DMSO (P<
0.0003; ANOVA, Post hoc). Wortmannin also blocked the
effect of bradykinin to increase the time constant of
deactivation (Table 1 and Fig. 9c; P<0.03; ANOVA, Post
hoc). In contrast, wortmannin only partially blocked the
effect of bradykinin to speed the kinetics of channel activation
(Fig. 9b) and had no effect on the ability of bradykinin to
suppress the maximal tail current amplitude (Fig. 10a2).

Although the inhibitory effects of wortmannin are consis-
tent with the idea that bradykinin shifts voltage gating by
stimulating PI(4,5)P2 synthesis, the inhibition of PI kinases
could, in principle, deplete resting levels of PI(4,5)P2,
which would prevent the synthesis of any downstream
metabolites of PI(4,5)P2 after PLC activation. In fact,
preincubation with higher concentrations of wortmannin
(≥10 μM) did cause hyperpolarizing shifts of the basal V1/2
values of recombinant HCN2 in Xenopus oocytes [51] and
native Ih in dopaminergic neurons [92], consistent with a
decrease in resting PI(4,5)P2 levels. However, under the
conditions of our experiments, 1 μM wortmannin had no
effect on the basal V1/2 of HCN2R591E, suggesting there was
little change in resting PI(4,5)P2 levels. Thus, the V1/2 after
treatment with wortmannin (−101.7±0.7 mV; n=4) was

equal to the value obtained in the presence of DMSO
(−101.7±0.9 mV, n=10). Moreover, we found that 1 μM
wortmannin produced no change in the amplitude of the
Ca2+-activated Cl− current elicited by bradykinin (ICl,Ca
was equal to −0.73±0.30 μA [n=4] in the presence of
wortmannin vs −0.75±0.25 μA [n=5] in DMSO), indicating
the production of a normal amount of IP3 in the presence of
the PI kinase inhibitor.

To gain insight into whether the effects of bradykinin
required PI 3-kinase or PI 4-kinase activity, we measured
the dose–response relation for the inhibition of the
bradykinin response with wortmannin (Fig. 10). A concen-
tration of wortmannin between 300 and 500 nM produced a
half-maximal inhibition of the effects of BK to shift the V1/2

and increase the time constant of deactivation. This IC50

value is 100-fold higher than the value for PI 3-kinase
inhibition but similar to the concentration range required to
inhibit the type IIIα and β isoforms of PI 4-kinase [3].
Thus, our results suggest that the effects of bradykinin on
HCN2 gating may depend on activation of PI 4-kinase,
consistent with an increase in synthesis of PI(4,5)P2.

Preincubation of oocytes in 50 μM LY294002 also
blocked the effect of bradykinin on the voltage dependence

Fig. 10 Dose–response curves for the actions of the PI kinase
inhibitors wortmannin and LY294002 on the effects of bradykinin to
modulate HCN2R591E function. Before recordings, oocytes expressing
HCN2R591E and BK2 were incubated in a range of wortmannin
(WTM, a1 and a2) and LY294002 (LY, b1 and b2) concentrations or in

0.1% DMSO, the vehicle for the inhibitors. Time course of the effects
of BK2 receptor activation to shift the V1/2 (a1 and b1) and inhibit
maximal tail current amplitude (a2 and b2) are shown. Error bars
indicate SEM
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of HCN2R591E gating (Fig. 10b1), but had no effect on the
reduction in current amplitude (Fig. 10b2). The IC50 with
LY294002 was ∼20 μM, in between previously reported
IC50 values for the inhibition of PI 3-kinases and PI 4-
kinases. Importantly, LY294002, even at 50 μM, did not
inhibit the bradykinin-induced increase in ICl,Ca

(LY294002: ICl,Ca=−0.71±0.27 μA, n=4; DMSO: ICl,Ca=
−0.75±0.32, n=4; both measured at −30 mV), indicating
that the inhibitor did not deplete basal levels of PI(4,5)P2.
The finding that wortmannin and LY294002 inhibited the
modulatory effects of receptor-dependent actions on HCN2
gating without blocking the agonist-induced suppression of
maximal current adds further support to the idea that these
effects represent two distinct and mechanistically separable
actions.

BK2 receptor modulation of HCN gating is not mediated
by tyrosine kinases

Inhibition of tyrosine kinases reduces Ih current amplitude
in sinoatrial node myocytes and in Xenopus oocytes [81,
85]. To test whether a reduction in tyrosine kinase activity
after BK2 receptor activation might underlie the decrease in
maximal current, we treated oocytes expressing HCN2R591E
with 2,5-dihydroxymethylcinnamate (200 μM for 20′), an
erbstatin analog that inhibits tyrosine kinase activity.
Application of BK after a 20′ incubation in this inhibitor
produced a normal-sized effect on HCN channel function,
with a 16.3±1.8 mV depolarizing shift in V1/2, a 1.98±0.20
fold increase in the time constant of deactivation, and a
35.2±10.1% decrease in tail current amplitude. These
effects were very similar to the effects of BK under control
conditions (20′ incubation in 0.16% DMSO), in which there
was a 14.6±0.9 mV depolarizing shift, 1.91±0.09 fold
increase in the time constant of deactivation, and a 40.4±
9.4% reduction in tail current amplitude (n=4).

Modulation of Ih in sinoatrial cells by bradykinin

Does the activation of PLC-coupled receptors also lead to a
PI kinase-dependent modulation of native HCN channels
under more physiological conditions? To examine this
question, we tested the effect of bradykinin on endogenous
hyperpolarization-activated Ih recorded from sinoatrial
myocytes. Because myocyte HCN currents showed prom-
inent rundown during whole-cell recordings, we pretreated
populations of myocytes with bradykinin or a control
solution and compared the gating properties of Ih from the
two populations of cells. Pretreatment of myocytes with
100 nM bradykinin shifted the Ih activation curve to more
positive potentials with respect to control cells (Fig. 11a,
left). In the absence of bradykinin, the V1/2 and slope factor
from tail current activation curves were equal to −62.2±

1.6 mV (n=9) and 11.1±0.8 mV, respectively. Bradykinin
application produced an ~8-mV positive shift in the V1/2 to
−54.6±1.7 (n=8), a value significantly different from the
control V1/2 (P<0.05; t test), with no significant change in
slope factor (9.8±0.6 mV, P>0.05).

Importantly, we found that the effect of bradykinin on
myocyte HCN channels to shift gating to more positive
potentials was largely abolished when the cells were
preincubated for 60 min with 10 μM wortmannin
(Fig. 11a, right). In the presence of wortmannin alone (no
bradykinin), the V1/2 was equal to −65.7±2.0 mV (n=8),
not significantly different from the value in control
myocytes in the absence of wortmannin (−62.2±1.6 mV;
P>0.05). However, application of bradykinin in the
presence of wortmannin produced only a small, 3-mV shift
in the V1/2 (to −62.7±1.3 mV; n=8) that was not
statistically significant (P>0.05 compared to the V1/2 in
the absence of bradykinin and presence of wortmannin).
There was no change in slope factor, either in response to
wortmannin alone (s=9.1±0.8 mV) or with bradykinin in
the presence of wortmannin (s=10.5±0.6 mV) (P>0.05).

Our analysis of Ih kinetics (Fig. 11b and c, left) revealed
that bradykinin increased the rate of Ih activation during
hyperpolarizations and slowed the rate of deactivation
during a step to −70 mV. Application of wortmannin
blocked the effects of bradykinin on both activation and
deactivation kinetics (Fig. 11b, c, right), indicating the role
of PI kinase activation. Thus, bradykinin exerted similar PI
kinase-dependent effects on the kinetics and steady-state
voltage dependence of activation of both recombinant and
native HCN currents, although the magnitude of the voltage
shift was somewhat smaller in myocytes.

Discussion

Most examples of receptor-dependent regulation of HCN
channel activity to date involve changes in levels of
intracellular cyclic nucleotides, which directly regulate
HCN channel gating. Our present results demonstrate that
stimulation of several receptors linked to PLC—the BK2

bradykinin receptor, the M1 muscarinic ACh receptor, and
the TrkA nerve growth factor receptor—regulate the
function of recombinant HCN1 and HCN2 channels
expressed in Xenopus oocytes in a cAMP-independent
manner. Activation of these receptors results in a depolariz-
ing shift in the voltage-dependence of HCN activation and
a twofold slowing in the rate of channel deactivation. In
addition, activation of the BK2 and TrkA receptors, but not
the M1 AChR, inhibits the peak tail current amplitude. The
effects of receptor stimulation on the voltage dependence of
activation and on deactivation kinetics require the activa-
tion of PLC, whereas the inhibitory effects on maximal tail
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current amplitude are independent of PLC activity. Finally,
the PLC-dependent modulatory actions depend on PI kinase
activity. The signaling cascade responsible for the PLC-
independent decrease in tail current amplitude remains
unknown.

Importantly, we find that bradykinin also modulates native
hyperpolarization-activated currents in sinoatrial node cells in
a manner that resembles the action of this peptide on
recombinant HCN1 and HCN2 channels in oocytes, including
a positive shift in activation gating and a slowing of the time
constant of deactivation. Moreover, these regulatory effects
on HCN currents in myocytes also require PI kinase activity.
The positive shift in gating with bradykinin is similar in

magnitude to the positive shift seen with cyclic nucleotides,
and thus may lead to a significant speeding in cardiac
automaticity, as observed with adrenergic agonists. Thus, the
mode of HCN channel modulation reported in this paper may
represent a novel physiologically relevant mechanism for
regulating cellular excitability.

HCN channel modulation by PI(4,5)P2

The positive shift in voltage gating we observed upon
activation of three different receptors coupled to PLC ac-
tivation is opposite to the hyperpolarizing shift in HCN
activation expected for a decrease in PI(4,5)P2 levels, based

Fig. 11 Effect of bradykinin on
sinoatrial Ih current. a Left:
Mean Ih activation curves
obtained in the absence (filled
circles; n=9) and in the presence
(open circles; n=8) of 100 nM
bradykinin. Right: Ih activation
curves obtained in the presence
of wortmannin (10 μM, filled
circles; n=8) and in the presence
of both wortmannin (10 μM)
and bradykinin (100 nM, open
circles; n=8). b Mean activation
time constants during steps to
−100, −85, and −70 mV. Left:
values obtained in the absence
(filled circles) and in the pres-
ence (unfilled circles) of 100 nM
bradykinin. Right: values
obtained in the presence of
wortmannin (10 μM, filled
circles) and in the presence of
both wortmannin (10 μM) and
bradykinin (100 nM, open
circles). c Mean time constants
of tail current deactivation dur-
ing steps to −70 mV. Left: Time
constants obtained in the ab-
sence and presence of 100 nM
bradykinin. Right: values
obtained in the presence of
wortmannin (10 μM) and in the
presence of both wortmannin
(10 μM) and bradykinin
(100 nM). *P<0.05 vs control (t
test)
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on the observation that direct application of PI(4,5)P2 to
HCN channels in inside-out patches shifts their gating to
more positive potentials [51, 92]. This discrepancy is not
caused by a difference between intact cells and cell-free
patches, as prolonged inhibition of PI(4,5)P2 synthesis with a
high concentration of wortmannin does cause a hyper-
polarizing shift in HCN gating in intact cells [51, 92]. One
possible explanation for the contrasting results between PLC
stimulation and PI kinase inhibition is that the latter leads to
global changes in membrane PI(4,5)P2 levels, whereas
receptor-mediated stimulation of PLC activity may produce
local decreases in PI(4,5)P2 that are not sensed by the HCN
channels. This idea is consistent with the finding that HCN
channels may be localized to lipid rafts [4] and caveolae [5],
which could contribute to local signaling effects.

It is interesting that the modulation of HCN channels by
PLC-linked receptors in Xenopus oocytes resembles the
alterations in Ih in cardiac sinoatrial node cells after
disruption of caveolae with methyl-β-cyclodextrin, which
results in a ∼10-mV depolarizing shift in gating, a ∼twofold
increase in the time constant of deactivation, and a small
decrease in the time constant of activation [4]. The
similarity in effects on HCN channel function may be more
than coincidental, as treatment of keratinocytes with
methyl-β-cyclodextrin results in the ligand-independent
activation of receptor tyrosine kinases coupled to PLCγ
[34].

The PLC-linked receptor-dependent actions represent
a distinct signaling pathway from previously described
mechanisms for regulating HCN channel function

Although an increasing number of regulatory mechanisms
that control HCN channel function have been identified,
they are unlikely to mediate the modulatory effects of PLC-
linked receptors studied in this paper. First, we can rule out
alterations in levels of cyclic nucleotide, the canonical HCN
channel modulator, as the receptor-mediated changes in
channel gating were preserved in the HCN2R591E mutant,
which fails to bind cyclic nucleotide. Second, although src
tyrosine kinase activity shifts the voltage dependence of
HCN gating to positive potentials and speeds the kinetics of
channel activation [2, 93], an increase in tyrosine phos-
phorylation is unlikely to be involved, as staurosporine, an
inhibitor of src activity, did not inhibit the receptor-
dependent modulation of HCN2. In addition, src does not
alter channel deactivation kinetics [2, 93], a prominent
component of the receptor-dependent actions we have
characterized.

Activation of PKA [10, 73, 84] and PKC [17] can shift
the voltage dependence of HCN channel activation to more
depolarized potentials and PKC activation also reduces
HCN current amplitude [9]. However, neither PKA nor

PKC is likely to mediate the effects of receptor stimulation
examined in our study, as we found that staurosporine,
which blocks both PKA and PKC, and calphostin C and
RO 31-8425, which potently inhibit PKC, all failed to
affect the receptor-dependent channel modulation. Al-
though a rise in intracellular Ca2+ can facilitate HCN
channel opening [23, 41], this mechanism can be ruled out
as well because we found that preincubation of oocytes
with the Ca2+ chelator BAPTA-AM had no effect on HCN2
modulation, even though this pretreatment did block the
activation of the Ca2+-dependent Cl− current.

HCN channels have recently been shown to be regulated
by p38 MAP kinase activity [52], which produces a
constitutive 25-mV depolarizing shift in HCN gating in
CA1 pyramidal neurons. Although we have not directly
examined the role of this pathway, p38 MAP kinase activity
does not slow HCN channel deactivation, a key component
of the effects observed in this study after receptor-mediated
activation of PLC. Moreover, we failed to detect significant
levels of activated p38 MAP kinase in Xenopus oocytes,
either under resting conditions or upon stimulation with
anisomycin, a well-known activator of p38 MAP kinase (J.
Dudman, D. Bell, and S.A. Siegelbaum, unpublished
results).

Finally, a recent study has demonstrated an interesting and
complex regulatory effect of phorbol esters on HCN channel
gating [17]. These compounds produce a depolarizing shift
in the voltage dependence of HCN channel activation and
decrease the maximal HCN channel current, similar to the
modulatory effects of the PLC-coupled receptors and of
PI(4,5)P2 application. However, the effects of phorbol
esters require the activation of PKC and diacylglycerol
kinase but are independent of PI kinase activity [17], in
contrast to the effects examined in our study.

Role of PI(4,5)P2 synthesis in the modulation of HCN
channel function through receptor-dependent stimulation
of PLC

Several lines of evidence support the idea that the
modulatory effects we observe on HCN channel function
in response to receptor-mediated activation of PLC result,
at least in part, from an increase in local PI(4,5)P2 levels.
First, as discussed above, our data rule out almost all other
known modulatory effectors that have been previously
demonstrated to regulate HCN channel function. Second,
the depolarizing shift in voltage-dependent gating and
slowing of deactivation kinetics observed upon receptor
activation closely resembles the modulatory actions of
exogenous application of PI(4,5)P2 to HCN channels in
cell-free inside-out patches [51]. Third, the effects of
receptor stimulation were blocked by two inhibitors of PI
kinase activity.
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A precondition that must be met for a receptor-mediated
increase in PI(4,5)P2 levels to be able to shift HCN gating
to more positive voltages is that basal levels of PI(4,5)P2
must be insufficient to produce a maximal positive shift in
channel gating. Although HCN2 channels are strongly
regulated by basal levels of PI(4,5)P2 [51, 92], a quantita-
tive analysis of our results indicates that elevations in the
concentration of PI(4,5)P2 above basal levels do have the
potential to further shift channel activation gating. Thus, we
find that HCN2 rundown upon patch excision is associated
with a ∼40-mV hyperpolarizing voltage shift in gating. Up
to 20 mV of this shift can be attributed to the loss of the
facilitatory action of basal levels of cAMP [11], suggesting
that PI(4,5)P2 hydrolysis upon patch excision can shift
gating by ∼20 mV. In contrast, we found that direct applica-
tion of 1 μM of PI(4,5)P2 to HCN channels in inside-out
patches produced a ∼32-mV depolarizing shift in gating [51].
Furthermore, one patch exposed to 10 μM PI(4,5)P2
exhibited a >50-mV depolarizing shift in the HCN2
activation curve (Pian and Siegelbaum, unpublished results).
If resting levels of PI(4,5)P2 were saturating, then exogenous
application of the phospholipid should produce at most a +20-
mV voltage shift, precisely countering the effect of rundown.

The idea that bradykinin is capable of enhancing
PI(4,5)P2 synthesis is also consistent with previous studies.
Thus, Gamper et al. [19] found that muscarinic M1 receptor
activation exerted an inhibitory effect on N-type voltage-
gated Ca2+ channels in sympathetic neurons because of a
PLC-mediated decrease in PI(4,5)P2 levels. In contrast,
bradykinin produced little inhibitory effect through this
mechanism, even though it stimulated PLC activity similar
to M1 agonists. However, Gamper et al. reported that upon
blockade of PI kinase activity with wortmannin, the ability
of bradykinin to inhibit Ca2+ current through PI(4,5)P2
hydrolysis was greatly enhanced. These findings led
Gamper et al. to propose that bradykinin normally
stimulates PI(4,5)P2 synthesis in addition to activating
PLC, thus causing little net change in PI(4,5)P2 levels.

A study by Hughes et al. [29] in this issue of the
European Journal of Physiology provides additional sup-
port for the view that bradykinin enhances PI(4,5)P2
production. These authors used a fluorescently tagged
PI(4,5)P2-binding protein to monitor membrane levels of
this phospholipid in sympathetic neurons after receptor
stimulation. In agreement with the findings of Gamper et
al., bradykinin produced significantly less translocation of
the PI(4,5)P2-reporter compared to that seen in response to
an M1 agonist. Inhibition of PI(4,5)P2 synthesis greatly
increased the effect of bradykinin to translocate the reporter
construct, again suggesting that BK2 receptor activation
leads to a stimulation of PI(4,5)P2 synthesis that counteracts
the normal decrease in PI(4,5)P2 levels associated with PLC
activation.

Given our experimental observations and these previous
findings, we believe that the most parsimonious mechanism
for the modulatory effects on HCN channel gating we
observed in response to the receptor-dependent stimulation
of PLC activity involves a net increase in local PI(4,5)P2
levels near the HCN channels caused by an increase in
PI(4,5)P2 synthesis. Although we cannot rule out all
alternative mechanisms, our experiments indicate that such
mechanisms do not involve the canonical signaling path-
ways downstream of PLC.

How might activation of PLC stimulate PI(4,5)P2 syn-
thesis? In the heart, activation of PLC increases PI(4,5)P2
synthesis as a result of the IP3-dependent release of Ca2+

from intracellular stores [58]. More recently, neuronal
calcium sensor-1 (NCS-1) was shown to stimulate PI 4-
kinase in a Ca2+-dependent manner [19, 24, 77, 89, 90]. An
increase in cytoplasmic Ca2+, however, is not likely to
mediate the increase in PI(4,5)P2 in our experiments as
chelation of intracellular Ca2+ by BAPTA did not block
channel modulation (although we cannot rule out the
possibility that some residual Ca2+ increase was still
present). Phosphatidic acid (PA), produced from DAG by
DAG kinases, has been found to stimulate PI(4,5)P2
synthesis by enhancing both PI 4-kinase and type I PI 5-
kinase activity [28, 40]. However, activation of DAG
kinases is blocked by calphostin C [60] and R59949, and
neither inhibitor altered the modulation of HCN2. Thus,
although an increase in PI(4,5)P2 provides the simplest
explanation of our results, it remains unclear how this
increase might occur.

Potential physiological relevance of HCN channel
modulation by PLC-linked receptors

The modulatory effects of PLC-linked receptor-stimulation
on HCN channel function that we observe in Xenopus
oocytes are comparable to or even greater than the
magnitude of the classical effects of cAMP to shift HCN
gating to more positive voltages. This novel PLC-depen-
dent and cAMP-independent modulatory mechanism could
therefore produce dramatic changes in cellular electrical
activity that involve Ih, including an acceleration of heart
rate, changes in neuronal spontaneous firing, and alterations
in the dendritic integration of synaptic potentials.

Given the large number of receptors linked to phospho-
lipase C and their universal expression, this form of
modulation could potentially occur in a wide range of cells
that express HCN channels. Indeed, depolarizing shifts in
the gating of Ih have been observed after the activation of
several receptors coupled to PLC in various classes of
neurons. For example, positive voltage shifts in activation
gating of Ih were observed after stimulation of the H2

histamine receptor (+7.6 mV) and M3 muscarinic receptor
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(+5 mV) in neurons of the thalamic lateral geniculate
nucleus [43, 91]. Positive shifts were also reported upon
activation of the AT1 angiotensin receptor (+8.1 mV) and
NMU-2 neuromedin receptor (+10.8 mV) in parvocellular
neurons of the hypothalamic paraventricular nucleus [16,
53, 54]. In other neurons, activation of receptors coupled to
PLC reduced HCN current amplitude, similar to that seen in
our experiments in response to bradykinin or NGF. For
example, TrkB receptor activation in neurons of the pre-
Botzinger complex [69] and 5-HT2 receptor activation in
dopaminergic neurons of the ventral tegmental area reduced
Ih by 45–50% [38]. However, none of the above modula-
tory actions involved both a depolarizing shift in the V1/2 of
voltage gating and a reduction in Ih amplitude, the hallmark
of the effects we observed upon PLC stimulation with BK2

or TrkA receptor activation.
In addition to producing positive shifts in HCN channel

gating, activation of receptors coupled to PLC can elicit
hyperpolarizing shifts in Ih activation in other neurons,
suggesting that receptor-mediated decreases in PI(4,5)P2
levels may be able to produce the expected action to inhibit
HCN channel gating under some circumstances. For
example, stimulation of NK1 receptors by substance P in
vagal sensory neurons produced a 20-mV hyperpolarizing
shift in the activation of native Ih [30]. In cerebellar Purkinje
neurons, activation of 5-HT2A and 5-HT2C receptors, which
are both coupled to Gq/11 [33], also led to a hyperpolarizing
shift in HCN current activation [37]. Finally, in neurons of
the pre-Botzinger complex, TrkB receptor stimulation by
brain-derived neurotrophic factor (BDNF) also caused a
large hyperpolarizing shift in Ih gating [69].

The variability in the modulatory effects on HCN channel
function in different cells upon activation of receptors
coupled to PLC could reflect the differential ability of these
receptors to couple to distinct lipid metabolic pathways in
different cells. Even using heterologous expression of
recombinant receptors and channels in oocytes, we found a
heterogeneity in PLC-dependent receptor actions, with BK2,
TrkA, and M1 ACh receptors all leading to a positive shift
in HCN channel voltage gating through a PI kinase-
dependent mechanism, but only BK2 and TrkA receptors
capable of producing a PI kinase-independent decrease in
maximal current amplitude. This heterogeneity raises the
interesting possibility that the stimulation of a given PLC-
coupled receptor could either decrease or increase cellular
excitability depending on the metabolic state of the cell
through the differential regulation of HCN channel func-
tion. It will thus be important in the future to reinvestigate
previously reported modulatory actions on HCN channel
function to determine whether receptor-mediated changes in
PI(4,5)P2 levels provide a general, but previously unrecog-
nized, mechanism for flexibly altering HCN channel
activity in a wide range of cells.
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