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A RT I C L E

Distinct Populations of HCN Pacemaker Channels Produce 
Voltage-dependent and Voltage-independent Currents

Catherine Proenza and Gary Yellen

Department of Neurobiology, Harvard Medical School, Boston, MA 02115

Hyperpolarization-activated HCN pacemaker channels are critical for the generation of spontaneous activity and 
the regulation of excitability in the heart and in many types of neurons. These channels produce both a voltage-
 dependent current (Ih) and a voltage-independent current (Iinst or VIC). In this study, we explored the molecular 
basis of the voltage-independent current. We found that for the spHCN isoform, VIC averaged �4% of the maximum 
HCN conductance that could be activated by hyperpolarization. Cyclic AMP increased the voltage-independent 
current in spHCN to �8% of maximum. In HCN2, VIC was �2% of the maximal current, and was little affected 
by cAMP. VIC in both spHCN and HCN2 was blocked rapidly both by ZD7288 (an HCN channel blocker that is 
thought to bind in the conduction pore) and by application of Cd2+ to channels containing an introduced cysteine 
in the pore (spHCN-464C or HCN2-436C). These results suggest that VIC fl ows through the main conduction 
pathway, down the central axis of the protein. We suspected that VIC simply represented a nonzero limiting open 
probability for HCN channels at positive voltages. Surprisingly, we found instead that the spHCN channels carrying 
VIC were not in rapid equilibrium with the channels carrying the voltage-dependent current, because they could 
be blocked independently; a single application of blocker at a depolarized potential essentially eliminated VIC with 
little change in Ih. Thus, VIC appears to be produced by a distinct population of HCN channels. This voltage-inde-
pendent current could contribute signifi cantly to the role of HCN channels in neurons and myocytes; VIC fl owing 
through the channels at physiological potentials would tend to promote excitability by accelerating both depolar-
ization and repolarization.

I N T R O D U C T I O N

Hyperpolarization-activated, cyclic nucleotide sensitive 
(HCN or “pacemaker”) ion channels are highly ex-
pressed in the mammalian heart and central nervous 
system, where they produce slowly activating currents 
known as Ih, If, or Iq (Brown et al., 1979; Brown and 
DiFrancesco, 1980; Halliwell and Adams, 1982; Pape 
and McCormick, 1989). These channels are permeable 
to both sodium and potassium, resulting in a reversal 
potential of �−20 mV in physiological solutions.

Four mammalian HCN isoforms (HCN1–4) and a re-
lated channel from sea urchin (spHCN) have been 
cloned and expressed in heterologous systems, where 
they produce hyperpolarization-activated currents that 
resemble the native currents (Santoro et al., 1997; Gauss 
et al., 1998; Ludwig et al., 1998; Santoro et al., 1998; 
Ishii et al., 1999). In addition to their activation by hy-
perpolarization, HCN channels are also modulated by 
direct binding of cAMP to a consensus cyclic nucleotide 
binding domain in the COOH terminus. In the mam-
malian channels, binding of cAMP shifts the voltage de-
pendence of activation to more positive potentials, 
whereas in spHCN, cAMP relieves a rapid inactivation 

process. This inactivation appears to occur not by clo-
sure of a specialized inactivation gate, but by reclosure 
of the main intracellular activation gate of the channels 
(Shin et al., 2004), which, like that of depolarization-
 activated K+ channels, is composed of the intracellular 
part of the S6 transmembrane domain (Shin et al., 
2001; Rothberg et al., 2002; Rothberg et al., 2003). Clo-
sure of the activation gate limits access of ions and the 
blocker ZD7288 to the pore of HCN channels from the 
intracellular side of the membrane (Shin et al., 2001; 
Rothberg et al., 2002).

In addition to Ih, a voltage-independent current (Iinst 
or VIC) accompanies expression of HCN2 and HCN1 
channels (Proenza et al., 2002; Macri and Accili, 2004). 
This current is thought to be produced by HCN chan-
nels because it depends on surface expression of the 
channels, because it has a reversal potential similar to 
that of Ih, and because its amplitude is correlated with 
that of Ih. The voltage-independent current could play 
a very important role in determining the excitability 
of cells where HCN channels are expressed, yet many 
mechanistic questions remain about how these voltage-
dependent channels could also produce a voltage-
 independent current.

Abbreviations used in this paper: HCN, hyperpolarization-activated, 
cyclic nucleotide sensitive; VIC, voltage-independent current.
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We used the ability of the intracellular activation gate 
to limit access of blockers to the pore of HCN channels 
to explore the molecular basis of the voltage-indepen-
dent current. We found that VIC was blocked by state-
dependent HCN blockers, suggesting that it fl ows 
through the main conduction pathway of HCN chan-
nels that have activation gates in an open position. 
 Surprisingly, VIC could be blocked independently of 
Ih, suggesting that it is produced by a separate popula-
tion of channels that is not in rapid equilibrium with 
the main population of voltage-dependent channels.

M AT E R I A L S  A N D  M E T H O D S

Expression of Recombinant HCN Channels
HCN channels were transiently expressed in human embryonic 
kidney 293 cells (HEK293; American Type Culture Collection)
 using electroporation as described previously (Shin et al., 2001). 
Channels were cotransfected with the πH3-CD8 plasmid (Seed 
and Aruffo, 1987), which expresses the α subunit of the human 
CD8 lymphocyte antigen. Cells expressing the CD8 antigen were 
identifi ed by decoration with antibody-coated beads (Jurman 
et al., 1994).

As in our previous experiments, spHCN channels contained 
the M349I mutation to increase functional expression levels (Shin 
et al., 2001). The spHCN-464C mutant channel has been previ-
ously described (Rothberg et al., 2002). The HCN2-436C mutant 
channel was constructed using overlapping PCR mutagenesis 
and the mutation was confi rmed by automated DNA sequencing 
(Biopolymers Facility, Harvard Medical School).

Solutions and Electrophysiological Recordings
All experiments were performed at room temperature on excised 
inside-out patches (Hamill et al., 1981) from identifi ed trans-
fected cells 1–2 d after transfection. Currents were digitized at 

5–10 kHz and low-pass fi ltered at 1–2 kHz. The holding potential 
for all experiments was +10 mV.

The standard intracellular solution consisted of (in mM) 160 
KCl, 1 MgCl2, 10 HEPES, 1 EGTA, pH 7.4 with KOH. The extra-
cellular solution was the same, but without EGTA. In some ex-
periments, 100 μM cAMP (Sigma-Aldrich), or 100 μM ZD7288 
(Tocris) were included in the intracellular solution as noted. For 
experiments using Cd2+, the control intracellular solution con-
tained 20 μM EGTA. This solution was rapidly changed to a solu-
tion containing 20 μM Cd2+ and lacking EGTA.

Voltage-dependent Ih amplitudes were reported as the differ-
ence in time-dependent current between the beginning and end 
of a hyperpolarizing voltage step. VIC was reported as the average 
steady-state current at +60 mV. Nonspecifi c leakage currents, 
 defi ned as those remaining after complete block by ZD7288 (or 
Cd2+, in spHCN-464C) were subtracted to give the net VIC. Data 
are reported as mean ± SEM.

R E S U LT S

ZD7288-sensitive, Time- and Voltage-independent 
Conductance Produced by spHCN and HCN2
The HCN channel blocker ZD7288 acts from the intra-
cellular side of the membrane. It is thought to bind in 
the pore of the channels because it can be trapped be-
hind the closed activation gate, and because mutations 
in the pore vestibule alter the reversibility of its binding 
to either spHCN or HCN1 channels (Shin et al., 2001). 
Fig. 1 shows that, in addition to blocking Ih, ZD7288 
also blocked a VIC in excised inside-out patches from 
HEK293 cells expressing either the HCN2 or spHCN 
pacemaker channel isoform. This current was evident 
either as the instantaneous inward current at hyper-
polarized potentials (after the capacitive transient but 

Figure 1. Voltage-independent currents 
produced by spHCN and HCN2 pace-
maker channels. Currents elicited by volt-
age steps to −120 mV (A) and +60 mV 
(B) for spHCN, or to −150 mV (C) and 
+60 mV (D) for HCN2. Currents were 
recorded in the absence (black traces) or 
presence (gray traces) of 100 μM ZD7288, 
an HCN channel blocker. The holding 
potential for all recordings was +10 mV 
and the zero current level is marked by 
the dotted lines. The VIC is defi ned as the 
ZD7288-sensitive current seen immediately 
upon stepping the voltage to hyperpolar-
ized potentials, or as the ZD7288-sensitive 
steady-state current at +60 mV.
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before the voltage-dependent current begins to activate; 
Fig. 1, A and C), or as the steady-state outward current 
during a voltage step to +60 mV (Fig. 1, B and D). The 
outward current was observed at a potential at least 
70 mV positive to the foot of the conductance–voltage 
relation (the foot of the g-V, defi ned as the voltage at 
which <5% of the voltage-dependent conductance is 
activated, is �−10 mV for spHCN and �−60 mV for 
HCN2 in our expression system; Shin et al., 2004).

We next determined the relative contribution of VIC 
to the total HCN current. The maximum total HCN 
current was measured at +60 mV by exposing the patch 
to 100 μM cAMP and applying a maximally activating 
prepulse to a negative voltage (−120 mV for spHCN 
and −150 mV for HCN2). This maximal current was 
seen as a transient outward tail current (Fig. 2, A and B); 
it was measured immediately after the step to +60 mV, 
and the leak current remaining after ZD7288 applica-
tion (at the end of the experiment) was subtracted. VIC 
was measured as the steady-state, ZD7288-sensitive out-

ward current at +60 mV, both in the presence and ab-
sence of cAMP. In the absence of cAMP, VIC averaged 
4.1 ± 0.9% (n = 8) of the total HCN current for spHCN 
and 1.6 ± 0.6% of the total current for HCN2 (n = 5).

In spHCN, cAMP signifi cantly increased the voltage-
independent current (seen for example as the stepwise 
increase produced by solenoid application of cAMP dur-
ing the step to +60 mV; Fig. 2 A). The average cAMP-
induced increase in spHCN-VIC was 2.8 ± 0.7–fold (to 
7.7 ± 1.1% of the total current; Fig. 2 C; P < 0.005, 
paired t test). Small increases in HCN2-VIC were some-
times seen with cAMP application, but the average 
change was not statistically signifi cant.

(This differs from a previous report that cAMP de-
creased instantaneous current in HCN2 (Proenza et al., 
2002). This difference could be a result of the different 
recording methods: whole cell in the previous report 
compared with cell-free inside-out patches in the pre-
sent report. Channel-associated proteins and other cel-
lular factors retained in whole cell recordings may 

Figure 2. Relative amplitude of the 
VIC and its response to cAMP. Maxi-
mal outward currents through spHCN 
channels (A) or HCN2 channels (B) 
at +60 mV were measured as tail cur-
rents in the presence of 100 μM cAMP 
(thin lines) after maximally activating 
voltage steps (to −120 mV for spHCN 
and −150 mV for HCN2). The full cur-
rent traces are shown in the insets (also 
shown for comparison are currents in 
the absence of cAMP). The peak tail cur-
rents elicited by voltage and cAMP are 
marked V+cA, and those in the absence 
of cAMP are marked V. Overlaid on the 
tail currents are VIC currents elicited 
by voltage steps directly from +10 to 
+60 mV (thick black lines). These volt-
age steps to +60 mV were conducted on 
a slower time scale, as indicated by the 
units in parentheses on the horizontal 
scale bars. This allowed rapid applica-
tion of 100 μM cAMP to the intracellu-
lar face of the patches during the voltage 
steps. In spHCN, cAMP elicited a fairly 
rapid increase in VIC. In HCN2, applica-
tion of cAMP produced little change in 
VIC. VIC current amplitudes in the pres-
ence or absence of 100 μM cAMP are 
indicated as cA or Ctrl. Endogenous cur-
rents and nonspecifi c leak can be seen as 
the current remaining in the presence of 
100 μM ZD7288 (marked ZD, thick gray 
lines). The zero current level is indicated 
by the dashed lines. (C) The average rel-
ative conductance of VIC is plotted for 
spHCN (n = 8) and HCN2(n = 5) in the 
presence or absence of 100 μM cAMP. 

Relative conductance of VIC was calculated by subtracting the ZD7288 baseline and normalizing to the amplitude of the peak tail current 
in the presence of cAMP (baseline ZD7288 was also subtracted from the tail currents). The asterisk denotes a signifi cant effect of cAMP on 
spHCN (paired t test, P < 0.005). The difference between control and cAMP was not signifi cant for HCN2 (paired t test, P = 0.14).
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permit indirect modulation of the VIC by cAMP-respon-
sive factors in addition to the direct effect (or lack 
thereof) of cAMP binding to the channels.)

VIC Goes through the Normal Pore
Since ZD7288 is thought to be a pore blocker, its block 
of both Ih and VIC suggests that both currents fl ow 
through the central pore of the channel. To confi rm 
this, we used a mutant spHCN channel, spHCN-464C, 
in which Ih can be blocked irreversibly by binding of 
Cd2+ to cysteines introduced into the pore (Rothberg 
et al., 2002). From this result, and by analogy with Kv 
channels (Liu et al., 1997; Long et al., 2005), position 
464 in the S6 of spHCN is thought to line the conduc-
tion pathway, along the central axis of the protein.

Fig. 3 A shows that Cd2+ rapidly blocked VIC when it 
was applied to spHCN-464C channels at +60 mV. In 
spHCN-464C, this block was irreversible (as is the block 
of Ih by Cd2+ in spHCN-464C). We also examined the 
analogous residue in the HCN2 isoform by constructing 
HCN2-436C, in which a cysteine was introduced into 
HCN2 at the position corresponding to 464 in spHCN. 
Application of Cd2+ to the intracellular face of HCN2-
436C at +60 mV blocked VIC (Fig. 3 E), though in con-
trast to spHCN-464C, the block of HCN2-436C was 
rapidly reversible. These effects were specifi c to the in-

troduced cysteines in the expressed channels, as no 
block was observed when Cd2+ was applied to patches 
expressing wild-type spHCN or HCN2 channels (Fig. 3, 
B, D, and F). Together with the block of VIC by ZD7288, 
these results strongly suggest that VIC and Ih both fl ow 
through the main conduction pathway in HCN chan-
nels and not through some alternative route (compare 
Tombola et al., 2005).

VIC Is Produced by a Population of spHCN Channels that 
Is Not in Rapid Equilibrium with the Voltage-dependent 
Channel Population
We were surprised to note that the block of VIC by Cd2+ 
in spHCN-464C was qualitatively rather fast (Fig. 3 A). 
We have previously shown that the Cd2+ on-rate for Ih in 
spHCN-464C varies in parallel with conductance, in a 
way that is consistent with blocker entry only into open 
channels (Rothberg et al., 2002). Thus, we expected 
that the rate of block of VIC should be proportional to 
the fractional current, or, for spHCN in the presence of 
cAMP, �8% of the maximum rate of block (Fig. 2).

(The earlier report (Rothberg et al., 2002) described 
an �1,500-fold difference in Cd2+ entry rate into 
spHCN-464C channels at positive versus negative volt-
ages. These experiments reported the rate of block of 
the total HCN current (the sum of Ih and VIC) because 

Figure 3. Block of VIC and Ih by Cd2+ in 
spHCN-464C and HCN2-436C. Cadmium 
ions blocked spHCN-464C currents at +60 
mV (A) and −120 mV (C), but not control 
spHCN currents under the same condi-
tions (B and D). Cadmium ions could also 
block HCN2-436C currents at +60 mV (E), 
but not wild-type HCN2 (F). All currents 
were measured in the constant presence of 
100 μM cAMP. 20 μM Cd2+ was rapidly ap-
plied to the patches via a solenoid perfu-
sion system at the times indicated by the 
black bars. The red lines in A and C are 
single exponential fi ts to the time course 
of the block, which were used to determine 
the blocker on-rates. No effect of 20 μM 
Cd2+ was observed for wild-type spHCN or 
HCN2 channels in response to these acute 
applications, though we have noticed a 
block of the time-dependent current with 
prolonged applications (20 μM Cd2+ for 
>1 min) with repeated voltage pulses, con-
sistent with previous  reports (Roncaglia 
et al., 2002; Giorgetti et al., 2005).
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the block was assayed by measuring the decrement in 
steady-state current at negative voltages that resulted 
from application of Cd2+ during prepulses to different 
potentials. Because the majority of the total current is 
Ih, the overall rate of Cd2+ blockade is highly voltage and 
state dependent.)

We determined Cd2+ entry rates for spHCN-464C at 
positive and negative voltages by fi tting the time course 
of block at +60 or −120 mV with a single exponential 
function (Fig. 3, A and C). The resulting decay time 
constants were used to calculate second-order rate con-
stants. We found that that the rate of block at +60 mV 
was �27% of the rate at −120 mV (0.96 ± 0.23 × 105 
M−1s−1 at +60 mV, n = 7, versus 3.6 ± 0.4 × 105 M−1s−1 
at −120 mV, n = 4), considerably faster than would be 
predicted if VIC were produced by a generally low open 
probability of HCN channels (if each channel spends 
�8% of its time open at positive voltages, the entry rate 
should be only �8% of that for a channel opened with 
high probability). Some of this discrepancy could be 
due to an intrinsic voltage dependence for Cd2+ entry 
(faster at positive voltage), but previous measurements 

had shown little or no intrinsic voltage dependence 
(Fig. 3 of Rothberg et al., 2002).

The anomalously fast block of VIC led us to further 
experiments, which revealed some unexpected behav-
ior of the voltage-independent current: it behaves as 
though it is carried by a population of channels that is 
separate from those that conduct Ih. Patches expressing 
spHCN-464C channels were repeatedly stepped to 
+60 mV and then to −120 mV, and the amplitudes of 
VIC and Ih were monitored. Cd2+ was applied only once, 
during a voltage step to +60 mV (Fig. 4, A and B). This 
single exposure blocked nearly all of the VIC but only a 
fraction of Ih. Furthermore, there was little recovery of 
VIC during several minutes of washing and repeated 
pulsing (Fig. 4 B; the average recovery at 60 s was 15 ± 
4%, n = 8). These results would not be expected if the 
spHCN-464C channels were a single population of 
channels that simply had a nonzero open probability 
at positive voltages (schematically shown in Fig. 5 A). 
In the simplest case, with a rapid equilibrium between 
open and closed channels at positive voltages, complete 
block of VIC would occur only when all of the channels 

Figure 4. VIC can be blocked 
independently of Ih. (A) Cur-
rent traces recorded from a 
patch expressing spHCN-
464C in response to repeated 
voltage steps to +60 mV and 
−120 mV. The black trace is 
the current in the presence 
of 100 μM cAMP, the blue 
trace shows the rapid reduc-
tion in VIC as 20 μM Cd2+ 
was applied for 5 s, as indi-
cated by the black bar. (B) 
Average time course of block 
of VIC and Ih in spHCN-464C 
after a single 1-s application 
of 20 μM Cd2+ at +60 mV 
(arrow) in the protocol illus-
trated in A, with voltage steps 
given every 12 s. The zero 
baseline for VIC was taken as 
the minimum current after 
Cd2+ application. Currents 
were normalized to the maxi-
mum current before Cd2+ 
 application. Little recovery 
of VIC occurred during �2 
min of repeated pulsing and 
washing. (C) In the constant 
 presence of 100 μM cAMP, 

100 μM ZD7288 was applied to a patch containing spHCN channels during a voltage pulse to +60 mV. Shown are a trace before the ap-
plication of ZD7288 (black line) and the fi rst trace where ZD7288 was applied (blue line). After a holding period of 8 s at +10 mV, during 
which all the ZD7288 was washed from the bath, the channels were then stepped to −120 mV to assay the blockade of Ih (note that the 
block of VIC is also apparent from the initial current at −120 mV, after ZD7288 has been removed). (D) Time course of block of VIC and 
Ih in response to repeated applications of 100 μM ZD7288 at +60 mV using the protocol illustrated in C, repeated every 15 s. The plotted 
symbols for VIC represent the current at the start of each pulse to +60 mV, before application of ZD7288; this isolates the irreversible 
component of block. Complete blockade was elicited after �5 min by changing to constant application of ZD7288 (solid bar). Note that 
no further block of VIC occurred. Net VIC was calculated by subtracting the lowest current measured after blocker application.
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(voltage dependent as well as voltage independent) had 
been blocked. If the opening and closing of channels 
were slow at positive voltages, then the VIC-conducting 
channels should be completely blocked during the Cd2+ 
application (as we observed), but then subsequent volt-
age pulses should reestablish the equilibrium among 
the �80% of the channels that remain unblocked, and 
VIC should recover to �80% of its original amplitude. 
The actual result, where little recovery occurred in 
�2 min, suggests that on this time scale, the channels 
that conduct VIC are essentially a distinct population of 
spHCN- 464C channels (as illustrated in Fig. 5 B).

We observed similar behavior using ZD7288 to block 
wild-type spHCN channels. We applied ZD7288 to 
spHCN channels, in this case by repeated brief applica-
tions at +60 mV, and monitored the effect on both VIC 
and Ih. We found that VIC was essentially eliminated by 
the very fi rst application of blocker, whereas Ih was re-
duced only slowly, as shown by the large difference in the 
time course of block for VIC and Ih (Fig. 4, C and D). 

This parallels the result seen with Cd2+ on spHCN-464C 
and defi es the expectation that Ih and VIC would de-
crease in parallel as ZD7288 (which blocks Ih mostly 
[�75%] irreversibly; Shin et al., 2001) eliminated the 
available HCN channels. Again, clearly there is not 
rapid interconversion between the channels that pro-
duce Ih and those that produce VIC.

D I S C U S S I O N

We have examined the VIC produced by HCN chan-
nels. We fi nd that VIC fl ows through expressed HCN 
channels, and not through an up-regulated endogenous 
conductance, as it can be blocked by the HCN- specifi c 
blocker ZD7288. VIC can also be blocked by Cd2+ if 
(and only if) the expressed HCN channels have cysteine 
residues introduced at specifi c sites in the pore.

The simplest explanation for these observations 
would have been that HCN channels have an apprecia-
ble open probability even in the absence of a voltage 
stimulus or ligand, so that each of the HCN channels 
in the patch is open a small fraction of the time. Prece-
dent for this idea exists in the unliganded opening of 
cyclic nucleotide-gated CNG channels (Sunderman and 
Zagotta, 1999), large conductance mSloI Ca2+-activated 
(BK) channels (Horrigan et al., 1999), and acetylcho-
line receptors (Jackson, 1986). This, however, was not 
the case. Rather, we found, at least for spHCN chan-
nels, that VIC is produced by a subset of HCN channels 
that is not in rapid equilibrium with the main popula-
tion of voltage-dependent channels. This observation 
relied on irreversible block of spHCN channels by 
ZD7288 and by Cd2+ (for spHCN-464C); similar experi-
ments were not possible for HCN2 channels because 
the block by either ZD7288 or Cd2+ (in HCN2-436C) 
was rapidly reversible.

In VIC-producing channels, it is clear that the molec-
ular coupling between the voltage sensors and the gate 
has failed. This is reminiscent of our description of an 
unusual mode of inactivation in HCN channels, which 
appears to result from a slippage in the coupling be-
tween the voltage sensors and the gate, so that the main 
activation gate can close even while the voltage sensors 
are still activated (Shin et al., 2004). This observation 
suggests that the coupling between the voltage sensors 
and the gate in HCN channels is generally weak, and 
VIC may represent another manifestation of this weak 
coupling. We showed previously that the seemingly dif-
ferent actions of cAMP on spHCN and the mammalian 
HCN channels (relief of inactivation in spHCN versus a 
shift in voltage dependence for mammalian HCNs) can 
both be explained if the primary effect of cAMP  binding 
is to bias the closed–open equilibrium toward the open 
state, rather than to increase the strength of  coupling be-
tween the voltage sensors and the gate (Shin et al., 2004). 

Figure 5. Two models for the mechanistic basis of VIC, and their 
response to blocker application at positive voltages. (A) A single 
population of HCN channels simply fails to close completely at 
positive voltages. The open channels will be blocked at a rate 
 proportional to popen, and Ih and VIC will be reduced in parallel. 
(B) Two distinct populations of HCN channels carry Ih and VIC. 
The Ih channels close completely and are immune to block at 
positive voltages. The VIC channels have constant (voltage-inde-
pendent) popen and are blocked at positive voltages.
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The cAMP-dependent increase in VIC we report here 
is consistent with this mechanism; cAMP acting on the 
closed–open equilibrium should increase VIC, as we 
observed, while an increase in coupling strength would 
have reduced VIC.

What is the mechanism that permits some, but not 
all, of the HCN channels in a patch to be insensitive to 
 voltage? Are VIC and Ih channels fundamentally 
 different from each other, resulting from a relatively 
static mechanism such as differential glycosylation or 
 differential association with accessory subunits? Or is 
the  difference between VIC and Ih channels the result 
of a more  transient modifi cation such as phosphoryla-
tion, which may permit rapid interconversion under 
some circumstances?

Precedents exist for both of these scenarios. On one 
hand, voltage-dependent KCNQ1 (KvLQT1) channels 
can coassemble with some members of the MiRP 
(KCNE) family of single transmembrane-spanning pro-
teins to produce a voltage-independent K+ current 
(Schroeder et al., 2000; Tinel et al., 2000). HCN chan-
nels can also associate with MiRPs (Yu et al., 2001; 
Decher et al., 2003; Qu et al., 2004), and coexpression 
of MiRP1 (KCNE2) with HCN2 increases the voltage-
 independent current and decreases the voltage-depen-
dent current (Proenza et al., 2002).

In AKT2 and KCNK2 channels, on the other hand, 
PKA-mediated phosphorylation determines whether the 
channels are voltage dependent or voltage independent 
(Bockenhauer et al., 2001; Dreyer et al., 2001; Michard 
et al., 2005a,b). In single channel records, voltage-indepen-
dent gating appears as a distinct mode, and rapid transi-
tions between gating modes can be observed in single 
patches, clearly indicating that AKT2 and KCNK2 chan-
nels are not divided into separate populations. Interest-
ingly, the phosphorylation sites that govern the gating 
transition in AKT2 are in the S4–S5 linker and lower S6 
transmembrane domain, regions that have been impli-
cated in coupling between the voltage sensors and the 
gates in HCN and other channels (Chen et al., 2001; Lu 
et al., 2002; Ding and Horn, 2003; Decher et al., 2004).

Our observation of two populations of HCN channels 
appears to be more consistent with a relatively static 
mechanism of voltage-independent gating. However, 
since our experiments were conducted in excised inside-
out patches, which lack most potential regulatory ele-
ments, it is not clear whether two separate populations 
of HCN channels would be present in intact cells. The 
slow interconversion we observed between VIC and Ih 
hints that modulatory elements may also regulate volt-
age-independent gating in HCN channels.

Physiological Signifi cance of VIC
In contrast to K+ leak currents, which tend to dampen 
excitability by clamping the membrane voltage near the 
K+ reversal potential, the voltage-independent current 

produced by HCN channels would tend to promote ex-
citability because it is a mixed cationic conductance 
with a reversal potential of �−20 mV. Thus in neurons 
or cardiomyocytes, inward VIC current fl owing at hy-
perpolarized potentials would tend to depolarize the 
cells toward the action potential threshold, and outward 
current fl owing through open VIC channels at depolar-
ized potentials would tend to speed repolarization from 
the peak of an action potential. In the sinoatrial node of 
the heart, HCN channels are critical for the develop-
ment of the mature diastolic depolarization and for its 
response to sympathetic stimulation (Stieber et al., 
2003). However, the precise mechanism for the chan-
nels’ involvement is unclear because the threshold for 
activation is rather negative compared with the maxi-
mum diastolic potential. This can be seen in recent 
studies of isolated mouse sinoatrial myocytes, in which 
the maximum diastolic potential is �−60 mV, a poten-
tial at which there is very little activation of If (Mangoni 
and Nargeot, 2001; Cho et al., 2003). If native HCN 
channels produce VIC of a magnitude similar to that 
described here for heterologously expressed HCN chan-
nels, the voltage-independent current is likely to con-
tribute signifi cantly to the pacemaker depolarization.
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