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Abstract
Background/Aims: Cationic currents (Ih) through the fast activating and relatively cAMP 
insensitive subtype of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, 
HCN1, are limited by cytosolic factors in mammalian cells. This cytosolic HCN1 break is 
boosted by changes in membrane voltage that are not characterized on a biophysical level, 
yet. Methods: We overexpressed rat (r)HCN1 in human embryonic kidney cells (HEK293) and 
recorded pharmacologically isolated Ih in cell-attached or whole-cell mode of the patch-clamp 
technique. Results: Recurring activation of rHCN1 reduced and slowed Ih in intact HEK293 cells 
(cell-attached mode). On the contrary, sustained disruption of the intracellular content (whole-
cell mode) ceased activity dependence and partially enables voltage dependent hysteresis. 
The activity induced Ih attenuation in intact cells was independent of the main external cation, 
depended on the number of previous forced activations and was - at least in part - due to a 
shift in the voltage dependence of activation towards hyperpolarization as estimated by an 
adapted tail current analysis. Intracellular elevation of cAMP could not reverse the changes 
in Ih. Conclusion: Reduction of rHCN1 mediated Ih is use dependent and may involve the 
coupling of voltage sensor and pore.

Introduction

Tetrameric HCN channels belong to the family of voltage gated ion channels and – 
contrary to most other channels – are activated by hyperpolarization. The fourth of the six 
trans-membrane segments (S4) acts as voltage sensor and coupling of this voltage sensor 
with the pore (S6) is mediated by an interaction of S4-S5 linker and C-linker [1]. Besides 
its canonical pacemaking action in cardiac myocytes [2] HCN-mediated, mixed inward 
rectifying cation current Ih in neurons contributes to setting excitability levels, resonance 
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and synchrony [3]. Due to its opening at voltages close to the resting membrane potential 
it depolarizes the membrane on the one hand but reduces the membrane resistance on the 
other influencing amplitude, summation and time course of postsynaptic potentials [4]. 
Particularly the latter actions depend not only on current amplitude but also on activation 
kinetics of the channels involved. The fastest activating of the four known mammalian 
HCN subunits (HCN1-4), HCN1, is widely expressed in the hippocampus, cerebellum and 
neocortex [5] and is of vast importance for regulating dendritic integration [6, 7].

In general, the opening of HCN channels is supported by binding of cyclic nucleotides 
such as cAMP or cGMP to a C-terminal intracellular cyclic nucleotide binding domain 
[3], in particular in channels containing HCN2 and HCN4 subunits. However, the effect of 
cAMP on HCN1 is much weaker: cAMP depolarizes the voltage dependence of activation 
for HCN2 and 4 about 10 - 20 mV but only about 2 - 5 mV for HCN1 [2, 8, 9]. Nevertheless, 
an opening transition of HCN channels might be allosterically coupled to conformational 
changes in the cyclic nucleotide binding domain (CNBD) and therewith enhance the cAMP 
sensitivity of the channels open state as predicted by a six state cyclic allosteric model [10]. 
Consistent with that model, activating mouse HCN1 channels facilitates Ih by depolarizing 
its voltage dependence as revealed in intact frog oocytes (by recordings in 2 electrode 
voltage clamp) [11]. This depolarizing shift might be pronounced under certain conditions 
(up to +60 mV) preventing arrhythmic firing in model cells of sino-atrial node [11]. We 
previously found that in intact mammalian cells (HEK293) (by recordings in cell-attached 
mode) strong hyperpolarizations led to a reduction of maximum rat (r)HCN1 mediated Ih 
[12]. This Ih attenuation depended on an intact cytosol (cell-attached patch clamp) and may 
underlie the enhancement of maximum Ih and the depolarizing shift after disrupting the 
intracellular content, i. e. establishment of whole-cell mode. Increasing intracellular cAMP 
or phosphorylation in whole-cell mode did not restore this cytosol-dependent Ih modulation. 
The importance of Ih modulations in physiological and pathophysiological context [13-16] 
prompted us to shed further light on this controversy. To closer investigate biophysical 
determinants of the Ih reduction we here expressed rHCN1 in mammalian HEK293 cells.

Our results indicate that Ih attenuation depends on recurring activation but does not 
occur after disrupting the cell membrane in whole-cell mode. Moreover, the inactivation 
depends stronger on the number of activations than on the activating voltage. A shift in 
voltage dependency seems to promote this effect.

Materials and Methods

Cell culture
HEK293 cells (DSMZ, Braunschweig, Germany) were used as a transient expression system, because 

they contain a small number of endogenous voltage gated ion channels [17] that can be easily blocked. Thus, 
currents through transfected channels can be recorded independently. Cells were cultured at 37°C (95% O2, 
5% CO2) in Dulbecco´s modified eagle medium (DMEM, P04-03550, Pan-Biotech GmbH, Aidenbach, Germany) 
supplemented with 1% L-glutamine, 4,5 g/L D-glucose, 10% fetal calf serum, 1% penicillin/streptomycin 
(Pan-Biotech GmbH, Aidenbach, Germany) and 3.7 g/L NaHCO2. Cells were detached mechanically with 
pre-warmed DMEM and passaged every second to fourth day. One day after plating on poly-L-lysine coated 
coverslips cells were transfected with the previously described pIRES2_dsRed-rHCN1 [12] by incubation 
with 2 M Ca3(PO4)2. Optimal transfection rates were obtained by incubation for 7 to 14 minutes. Sequences 
were confirmed by restriction analyses, sequencing, and subsequent database alignments.

Patch-clamp-recordings
Coverslips with HEK293 cells were transferred into a recording chamber 2 - 4 days after transfection. 

The cells were constantly perfused with extracellular solution (in mM): 120 NaCl, 10 KCl, 0.5 MgCl2, 
10 HEPES, 10 glucose (Carl Roth GmbH and Co. Kg, Karlsruhe, Germany), 1.8 CaCl2 (Merck, Darmstadt, 
Germany), 10 TEA and 2.5 4-aminopyridine (Sigma-Aldrich, Munich, Germany). pH was set to 7.4 with NaOH. 
Discretely located rHCN1-overexpressing HEK239 cells were identified by red fluorescence on an inverted 
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microscope (Axiovert S100; Zeiss, Oberkochen, Germany) equipped with an EC Plan-Neofluar 20x/0,50 
Pol M27 objective. Pulled glass pipettes had a resistance of 2 - 4.7 MΩ (P-97 micropipette puller; Sutter 
Instruments, Novato, CA, USA). Pipette solution for experiments in whole-cell mode contained (in mM): 120 
K-methylsulphate (KMeSO4), 20 KCl, 14 Na-phosphocreatine, 0.5 EGTA, 4 NaCl, 10 HEPES, 4 Mg2+ - ATP, 0.3 
Tris-GTP, 0.1 cAMP. Pipette solution for cell-attached recordings matched the one of our previous studies 
[12, 18] and the studies of others, e. g. [19] to enable comparison as well as to increase Ih and contained (in 
mM): 120 K-gluconate, 11 EGTA, 10 Na-phosphocreatinine, 0.3 Tris-GTP, 2 Mg2+ ATP, (Sigma Aldrich), 10 KCl, 
1 MgCl2, 1 CaCl2, 10 HEPES. Solutions were set to pH 7.2 with KOH (Carl Roth) and kept on ice. High pipette 
content of K+ increases the permeability of HCN channels [20-22], therewith enabling robust cell attached 
measurements and improving the signal to noise ratio [23]. Conductance of HCN channels is very sensitive 
to changes in the extracellular potassium concentration [24]. A high extracellular K+ concentration therefore 
might prevent putative HCN decline due to depletion or some decrease in extracellular K+. For experiments 
with high extracellular Na+, the pipettes were filled with extracellular solution as used for perfusion in all 
other experiments and given above. Experiments were conducted at room temperature (21 - 24C°). Cell-
attached recordings were only performed when the total resistance (seal resistance and patch resistance) 
was > 2 GΩ. After establishing whole-cell mode, cells were given ~2 minutes for recovery and substitution 
of intracellular fluid with pipette solution.

Data and Statistical Analyses
Experiments were recorded with an EPC-10 amplifier (HEKA, Lambrecht, Germany), controlled by 

Patch-Master software v2.23 (HEKA). Data were filtered by a Bessel-filter with 3 kHz and sampled with 10 
kHz. Offline analysis was conducted with FitMaster v2.67 (HEKA) and Origin8.5 (Origin Labs, Northampton, 
MA, USA). Liquid junction potentials (9.3 mV) were not corrected for. HEK293 cells were used as transfection 
system because confounding currents activated by hyperpolarization were low in our hands (see above 
and [12], Fig. 2B, therein). In addition putative (confounding) ionic conductances were blocked. Although 
all this does not entirely exclude any non-HCN conductance (unresolved conductance pathways in the 
patch) contributing to instantaneous currents, “leak” currents in the cell-attached configuration were not 
subtracted. Ih and Iinst amplitudes were determined between dotted lines shown in Fig. 1A. For whole-cell 
measurements linear leak current was subtracted. In case of n < 8 or non-normal data distribution, non-
parametric tests for paired samples (Wilcoxon-signed rank test) or non-paired samples (Mann Whitney 
U test) were used. When n ≥ 8 and data were normally distributed, paired t tests were performed. Tail 
current amplitudes were normalized separately for every single patch, resulting data were fitted with the 
Boltzmann equation: I(V) = ([A1 - A2]/1+ e ([V-V1/2]/k)+A2). Results were considered as significant if p < 
0.05. Error bars of means represent SEMs.

Results

Ih of intact HEK293 cells decreased after recurring activation irrespective of singular long 
channel pre-activation
Whereas in Xenopus oocytes HCN1 activation induced an up to +60 mV depolarizing shift 

in voltage dependent activation [11] we found a pre-pulse dependent amplitude reduction of 
HCN1 mediated Ih in intact mammalian HEK293 cells [12].

We set out to find determinants of and to biophysically characterize this Ih reduction. 
Recurring Ih activations by hyperpolarizing the membrane every 10 seconds from a holding 
potential of 0 mV to –100 mV for 1 second in cell-attached mode rapidly reduced the Ih 
amplitude. In detail, 10 such hyperpolarizations reduced the Ih amplitude by 30.3 ± 2.7% 
(n = 23, p < 0.001, Wilcoxon-signed rank test, Fig. 1A). The reduction remained unchanged 
after 20 activations (by 39.4 ± 3.4% vs. 35.8 ± 3.2% n = 9, p = 0.1, paired t test), after 30 
activations (by 42.4 ± 1.3% vs. 35.5 ± 6.7%, n = 4, p = 0.4, Wilcoxon-signed rank test) or after 
50 activations (by 45.2 ± 2.5% vs. 37.2 ± 0.99%, n = 2) when compared to the value after 
10 activations of the respective patch. Repetitive hyperpolarizations also attenuated the 
instantaneous current component (Iinst) after 10 activations by 28.4 ± 3.4%, n = 23, p < 0.001, 
Wilcoxon signed rank test, Fig. 1A) with no further changes after 20 (by 34.8 ± 5.9% vs. 35.3 
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Fig. 1. Repetitive rHCN1 channel activation reduces Ih amplitude in intact HEK293 cells. (A) Left: Overlay of 
example traces of rHCN1-mediated Ih, elicited by hyperpolarizing voltage steps in cell-attached mode. We 
repetitively stepped for 1 second to –100 mV in intervals of 10 seconds (bottom) and show the first (black) 
and tenth (grey) current trace including measuring intervals for Ih and Iinst. Right: Population data of ampli-
tudes of Ih (left), Iinst (middle) and slowly activating components (Islow = Ih - Iinst, right) of first (ctrl) and 10th 

recordings. (B) Plotting Iinst against Islow amplitudes revealed two strong linear correlations (y = a + b * x) 
indicative for distinct distribution of time dependent and permanently open channels in different patches. 
Intercepts indicate the amount of instantaneous current, expected in HEK293 cells without rHCN1 expres-
sion. White circles: Iinst/Islow > 1; black circles: Iinst/Islow < 1. (C) Ih reduction depends on intact cytosol. Left: 
Overlay of 1st and 10th traces from rHCN1 overexpressing HEK293 cells, recorded in whole-cell configuration 
starting 3 minutes after rupturing the membrane. For better differentiability 10th trace is shifted slightly 
rightward. We repetitively activated Ih by a 1 second voltage pulse to –100mV from a holding potential of 
+40 mV (bottom). Right: Population data reveal no alterations of Ih (left), Iinst (middle) or Islow (right) after 10 
consecutive activations. (D) Left: Course of Ih reduction in two example HEK293 cells, one recorded in cell-
attached mode (black circles) and one in whole-cell mode (white squares). We normalized Ih of individual 
traces to the respective control Ih (first trace). The solid black curve represents a single exponential fit to 
the course of Ih decay. Right: Amount of Ih reduction (rate of remaining Ih) given as Ih at the 10th voltage pulse 
normalized to its initial value (i.e. at the first voltage pulse). Note that in cell-attached mode (black circles) 
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± 4.12% n = 9, p = 0.9, paired t test), after 30 activations (by 43.7 ± 10.7% vs. 37.2 ± 8.7%, n = 
4, p = 0.6, Wilcoxon-signed rank test) or after 50 activations (by 39.0 ± 17.6% vs. 23.2 ± 7.4%, 
n = 2) when compared to the value after 10 activations of the respective patch. This indicates 
that a steady state has been reached in most cases after 10 to 20 HCN channel activations.

Ih reductions in our cell-attached recordings are unlikely due to alterations in the 
experimental setting because none of the commonly estimated parameters (exemplified in 
Fig. 1E) as capacitance (Cini = 21.7 ± 2.6 pF vs. C10 = 19.8 ± 3.01 pF, n = 12, p = 0.3, Wilcoxon 
signed rank test), total resistance (Rtotini = 7.7 ± 1.3 GΩ vs. 8.1 ± 1.3 GΩ, n = 12, p = 0.5, paired 
t test), series resistance (Rsini = 16.1 ± 2.5 MΩ vs. RS10 = 18.7 ± 3.0 MΩ, n = 12, p = 0.62, 
Wilcoxon signed rank test) changed throughout the measurements. As a surrogate parameter 
the holding current remained stable in all recordings throughout the experiments (Ihold10 = 
–1.6 ± 0.5 pA vs. Iholdini = –1.4 ± 0.5 pA, n = 23, p = 0.66, Wilcoxon signed rank test; Ihold20 = –1.4 
± 0.6 pA vs. Iholdini = –1.0 ± 0.7 pA, n = 9, p = 0.23, Wilcoxon signed rank test; Ihold30 = –3.0 ± 0.9 
pA vs. Iholdini = –2.2 ± 1.3 pA, n = 4, p = 1, Wilcoxon signed rank test; Ihold50 = –3.4 ± 0.14 pA vs. 
Iholdini = –1.3 ± 1.5 pA, n = 2).

The instantaneous component of the current (Iinst) may depend on the expression 
system and its nature is not entirely clear. HCN cannels may conduct a portion of Iinst in 
addition to the well-characterized slowly activating component of Ih since HCN channels 
produce a background current after heterogeneous expression [25, 26]. Iinst has been 
previously linked to HCN channels by amplitude correlation with the slowly activating Ih 
component, similar reversal potentials, similar dependence on intracellular Cl-, cAMP and 
on the availability of accessory subunits (for instance MiRP1). In particular, permanently 
open states have been explicitly shown for HCN2 channels in different expression systems 
[27, 28] and may be inferred for HCN1 from observations in oocytes [21, 29-31]. In line, 
the correlation between the certainly HCN1 mediated Islow and the putatively HCN1 co-
mediated Iinst in our experiments may indicate that expression of HCN1 channels not only 
generates time dependent but also permanently open channels. Given that attenuation of 
the slowly activating current component (Islow), i.e. the difference of Ih and Iinst, was slightly 
more pronounced (34.0 ± 5.1%, n = 23, p < 0.001, Wilcoxon signed rank test, Fig. 1A), Iinst 
appeared to be less affected by amplitude reduction. This is underlined by the tendency 
of rise in relative Iinst portion during repetitive hyperpolarizations from Iinst/Islow = 1.8 ± 0.3 
to Iinst/Islow = 2.8 ± 0.75 (n = 23, p = 0.23, Wilcoxon-signed rank test). Correlating Iinst and 
Islow readily divided these two groups (small Iinst: Iinst/Islow < 1, n = 7, r = 0.65, slope = 0.19, 
intercept = 6.4 pA; large Iinst:  Iinst/Islow > 1, n = 16, r = 0.86, slope = 1.3, intercept = 6.6 pA) 
when linearly fit (Fig. 1B). Although this strong linear correlation implies that expression 
of rHCN1 generates time dependent and permanently open channels in HEK293 cells and 
the total resistance amounted to 6.4 ± 1.0 GΩ, it does not entirely exclude different levels 
of unresolved leak currents. Nevertheless, comparing the relative Iinst portion before and 
after repetitive hyperpolarizations further suggests an increase after 10 activations when 
Iinst was large (Iinst/Islow = 2.4 ± 0.3 to Iinst/Islow = 3.8 ± 1.0, n = 16, p = 0.25, Wilcoxon-signed 
rank test) but not when Iinst was small (Iinst/Islow = 0.43 ± 0.07 vs. Iinst/Islow = 0.48 ± 0.14, n = 7, 

the rate of remaining Ih dropped substantially, but it resided close to 1 in whole-cell mode (white squares). 
(E) Time course of experimental patch parameters input (Rin) and series resistance (Rs) as well as total resis-
tance (Rtot), holding current (Ihold) and cell and patch capacitance (C) exemplified for the whole cell and cell 
attached recording shown in 1D, respectively. (F) Ih reduction in cell-attached recordings depends more on 
repetitive stimulation than on voltage. Upper row: After a prolonged (12 seconds) activating voltage of –100 
mV (top) we applied repetitive 1 second steps to –100 mV every 10 seconds as in A. Lower row: Long pre-
activation to –100 mV changed the reduction of the subsequent pulse compared with a short pre-activation 
(bottom, left panel). Population data reveal that pre-activation did not influence the rate of remaining Ih 

compared to A as estimated by 1 second activations following long pre-activation (bottom panels). Through-
out this and the following figures error bars represent SEM and *p < 0.05, **p < 0.01, ***p < 0.001. Individual 
data are summarized as 25 - 75% box plots, thick lines trough boxes and individual data represent means 
and thin lines within the boxes represent medians.
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p = 1, Wilcoxon-signed rank test). This either indicates that the state of permanently open 
channels (putatively, but not certain rHCN1, see above) or unresolved conductances is less 
use dependent.

After a break of 10 minutes current amplitudes did not recover, neither for Ih (Ihini = 33 ± 
7.5 pA vs. Ih10min = 20.6 ± 4.6 pA, remaining Ih = 66.3 ± 15.3% vs. 70.6 ± 7.4% after the initial 10 
activations, n = 3), nor for Iinst (Iinstinitial: 14.5 ± 1.3 pA, to Iinst10min = 8.6 ± 2.1 pA, remaining Iinst: 
47.6 ± 6.7% vs. 61.1 ± 7.8% after the initial 10 activations, n = 3) nor for Islow (Islowinitial: 18.5 ± 
6.4 pA to Islow10min = 12.0 ± 3.0 pA, remaining Islow: 68.3 ± 7.6% vs. 81.4 ± 11.6 % after the initial 
10 activations, n = 3). The holding current was stable (Iholdini = –5.4 ± 0.22 pA vs. Ihold10 = –5.7 
± 0.23 pA, n = 3).

For patches with a distinct Ih reduction the time course of amplitude decrement was 
relatively fast, as estimated by a fit to a single exponential function (τreduct = 7.12 ± 2.3 
hyperpolarizations, n = 14). In line with our previous report [12], disrupting the cytosolic 
content by rupturing the membrane prevented the reduction of Ih (remaining Ih: 0.85 ± 1.6%, 
n = 13, p = 0.5, Wilcoxon-signed rank test), Iinst (remaining Iinst: –0.6 ± 6.7%, n =13, p = 0.6, 
Wilcoxon-signed rank test) and Islow (remaining Islow: –1.2 ± 7.7%, n = 13, p = 0.6, Wilcoxon-
signed rank test, Fig. 1C) when we waited for 3 minutes after establishing the whole-cell 
mode to prevent further “run-up” and held the membrane at +40 mV to exclude channel 
activation. Whereas the rate of remaining Ih after 10 activations by hyperpolarizing voltage 
pulses was 0.7 ± 0.03 (n = 23) in cell-attached mode, it was 0.99 ± 0.02 in whole-cell mode 
(n = 13, p < 0.001 when comparing cell attached and whole-cell values by t-test, Fig. 1D). 
Recording conditions were stable throughout all whole-cell experiments, as capacitance (Cini 
= 162.9 ± 67.9 pF vs. C10 = 180.1 ± 71.7 pF, n = 13, p = 0.3, Wilcoxon signed rank test), input 
resistance (Rinini: 509.4 MΩ ± 116.1 MΩ vs. Rin10 = 413.5 MΩ ± 91.9 MΩ, n = 13, p = 0.1, paired t 
test), series resistance (Rsini = 9.7 ± 1.04 MΩ vs. Rs10 = 9.9 ± 1.02 MΩ, n = 13, p = 0.07, Wilcoxon 
signed rank test) and holding current (Iholdini = –8.5 ± 25.5 pA after –7.9 ± 26.3 pA, n = 13; p = 
0.09, paired t test) remained stable during the recordings. 

Next, we investigated whether the Ih reduction depends on pre-activating voltage. For 
that we used an activating pulse longer than the total activation time necessary for reducing 
Ih amplitude to 1/3 (τreduct), i. e.12 seconds. Subsequently to such long activation we again 
stepped 10 times to –100 mV (Fig. 1F). Compared to a prior activation of 1 second, the 
12-second activation by –100 mV led to a slight but significant reduction of the Ih amplitude 
elicited by the subsequent pulse (rate of remaining Ih 12 seconds pre-activation: 0.84 ± 0.03, 
n = 15 vs. 1 second pre-activation: 0.94 ± 0.01, n = 23, p < 0.001, Mann Whitney U test, Fig. 
1F). However, repetitive stimulation still reduced the Ih amplitude for pre-activations at –100 
mV (by 29.1 ± 4.6%, n = 15, p < 0.001, paired t test) and at –80 mV (by 43.8 ± 8.8 %, n = 
10, p < 0.01, Wilcoxon-signed rank test, Fig. 1F). This was also reflected by similar rates 
of remaining Ih (for –100 mV pre-activation: 0.70 ± 0.05, n = 15, for –80 mV pre-activation: 
0.56 ± 0.08, n = 10, Fig. 1F) when compared to rates of remaining Ih without pre-activation 
(Fig. 1D, p = 0.37, Kruskal-Wallis). In line, the course of Ih amplitude reduction was similar 
with and without pre-activation and independent of pre-activation voltage (τreduct after 
–100mV: 9.9 ± 1.8 hyperpolarizations, n = 15; τreduct following –80mV pre-activation: 7.8 ± 2.1 
hyperpolarizations, n = 10, p = 0.09, Kruskal-Wallis). 

The holding current was stable throughout for experiments following –100mV pre-
acivation (Iholdini = 0.49 ± 0.1 pA vs. Ihold11 = 0.36 ± 0.09 pA, n = 15, p = 0.17, Wilcoxon-signed 
rank test) and following –80mV pre-activation (Iholdini = 0.5 ± 0.08 pA vs. Ihold11 = 0.33 ± 0.06 
pA, p = 0.14, paired t test).

The data suggest that repetitive stimulation, i.e. sequent channel openings and closures, 
is a prerequisite for reducing Ih amplitude.

Ih reduction depends more on number of previous activations than on its respective voltage 
and is accompanied by a hyperpolarized voltage dependence
Given that HCN channel opening is strongly voltage dependent [3], the voltage of each 

activating step might influence Ih amplitude reduction, even if a prolonged pre-activation 
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had a minor effect. Moreover, our first hints for a use dependent Ih amplitude reduction came 
from a common protocol for eliciting families of Ih, descending membrane voltage from –30 
mV to –130 mV for 2 seconds [12]. We here adapted and reversed this protocol, combining 
a 1 second pre-activation (for better comparability to the repetitive activation at –100 mV) 
at voltages ascending from –130 mV to –30 mV with 0.5 second (test) steps to –130 mV (Fig. 
2A). After one run of this protocol Ih amplitudes were reduced by 23.3 ± 2.1% (n = 6, p < 
0.05, Wilcoxon signed rank test), comparable to the reduction after repeated steps to –100 
mV (p = 0.13, Mann Whitney U test). In line, the course of Ih amplitude reduction matched 
the one achieved by stepping repeatedly to –100 mV (τreduct = 6.2 ± 1.6 hyperpolarizations, 
p = 0.27, Mann Whitney U test). Ih amplitude reduction was nearly complete as an adjacent 
second voltage protocol (descending as in [12]) hardly reduced Ih further (by 5.1 ± 1.2 %, 
n = 6, p < 0.05, Wilcoxon signed rank test). Contrary to our previous conclusion based on a 

Fig. 2. Reduction of maximum Ih is accompanied by a hyperpolarizing shift in voltage dependence of activation. 
(A) Left: Consecutive trace families of cell-attached recordings of rHCN1-mediated Ih. We clamped the pipette 
voltage from –130 mV in 10 mV steps upward to –30 mV (black traces) and subsequently downward from –30 
mV to –130 mV (grey traces). Each pulse was followed by a 0.5 second long hyperpolarization to –130 mV. 
Pulse protocol depicted below. Right: Population data on rate of remaining Ih. Note that Ih was normalized to 
the maximum Ih of the respective family, i.e. in the second family (grey circles) nearly no further Ih reduction 
occurred. (B) Conventionally estimated voltage dependence of Ih. For Ih families shown in (A) we determined 
the voltage of half maximal V1/2 by normalizing tail currents to its maximal value for each patch, plotted them 
against pre-pulse voltage and fitted to the Boltzmann equation. For illustration, respective means (black 
circles for upward, i. e. during Ih reduction, grey circles for downward, i.e. after Ih reduction) are depicted and 
fitted (n = 6, respectively). (C) Shift of voltage dependent activation accompanies Ih reduction. We roughly 
determined voltage dependence of Ih activation by a truncated approach, normalizing Ih tail currents at –65 
mV after moderately activating pre-pulses of –80mV or –95 mV to those after assumingly fully activating 
pre-pulses of –100 mV or –130 mV, respectively. Left: example for initial (ctrl, black) and 10th (grey) trace 
and enlarged assigned tail currents illustrating the approach. Right: Population data of tail current ratios for 
pre-pulses –95 mV (left) and of –80 mV (right) indicate a hyperpolarizing shift in the voltage dependence of 
Ih activation. (D) Ih activation time course at –100 mV slowed during repetitive activation (left) as revealed 
by population data on activation time constants of Ih (τ) (right). Grey lines overlaying the example traces 
(left) indicate fits to single exponential functions.
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limited number of experiments [12], our current data suggest that pre-pulse voltage does 
not influence Ih reduction as long as the voltage activates the current. 
The holding current did neither change during the first trace family (Iholdini = 1.3 ± 0.2 pA vs. 
Ihold11 = 1.2 ± 0.2, n = 6, p = 0.68, Wilcoxon signed rank test) nor during the subsequent family 
(Iholdini = 1.2 ± 0.3 pA vs. Ihold11 = 1.0 ± 0.2 pA, n = 6, p = 0.4, Wilcoxon signed rank test).
On the other hand, Ih activation might influence voltage dependence of HCN channel 
gating as indirectly supported by our previous experiments: conventional tail current 
analysis revealed a voltage of half maximal Ih activation (V1/2) of –92.4 mV during the 
process of Ih amplitude reduction [12] and –96 mV after this reduction was settled [18]. 
However, experimental conditions in these sets were not identical. Therefore we here 
compared conventional tail current analyses at the same patch and found V1/2 = –89.4  
 3.7 mV during and –94.4 mV ± 4.6 mV after Ih amplitude reduction (n = 6, p = 0.09 Wilcoxon 
signed rank test, Fig. 2B). Because during the process of Ih reduction each hyperpolarization 
might likewise influence gating, conventional analysis of voltage dependence of Ih activation 
might be inaccurate, i.e. the voltage dependence might be shifted during the recording. 
Therefore we reduced the number of activations to two, one at assumed medium (at –95 
mV) and the other at assumed maximal (at –130 mV) activation level, and compared tail 
current (at –65 mV) ratios before and after Ih amplitude reduction. If voltage dependence of 
Ih activation was unaffected by repetitive activation, this ratio should remain similar. In our 
experiments, on the contrary, tail current ratios were reduced (0.49 ± 0.07 to 0.35 ± 0.06, n = 
12, p < 0.001, paired t test) and had a tendency towards reduction even at assumed moderate 
levels of first activation (–80 mV: 0.2 ± 0.07 to 0.03 ± 0.02, n = 10, p = 0.01, Wilcoxon-signed 
rank test, Fig. 2C). Holding currents were equal (first steps – 95 mV: Iholdini = 0.24 ± 0.2 pA vs. 
0.25 ± 0.13 pA, n = 12, p = 0.98, paired t test; first steps –80 mV: Iholdini = 0.12 ± 0.22 pA vs. 
–0.08 ± 0.21, n = 10, p = 0.08, Wilcoxon-signed rank test).
Supporting an activity induced shift in voltage dependence of rHCN1, Ih activation kinetics - 
another voltage dependent parameter - decelerated markedly in cell-attached mode (from 
τ = 268.9 ± 26.7 ms to τ = 317.1 ± 25.3 ms, n = 23, p < 0.001, paired t test, Fig. 2D), but not 
in whole-cell mode (τ = 180.9 ± 42.0 ms and τ = 159. ± 33.2 ms, n = 13, p = 0.17, Wilcoxon-
signed rank test) after 10 consecutive activations.
Taken together, these data suggest that a hyperpolarizing shift in voltage dependence of Ih 
gating associates with and might support Ih amplitude reduction. However, this shift cannot 
explain reduction of maximum Ih amplitude and therefore not be the sole underlying cause.

Neither supramaximal intracellular cAMP nor elevated pipette sodium levels altered Ih 
attenuation
Use dependent attenuation of Ih mimics all features of scarce cAMP action on HCN2 

and 4 channels, in particular i) hyperpolarizing shift in voltage dependence, ii) slowing 
of activation and iii) reduction of maximal Ih [2, 32]. Therefore we studied whether cAMP 
reduction underlies use dependent attenuation of rHCN1 mediated Ih, although HCN1 
channels are commonly regarded as only marginally influenced by cAMP. After induction of 
Ih attenuation by alternating one second long voltage steps to –95 mV and –130 mV for 10 
cycles in cell-attached mode we saturated intracellular cAMP levels by bath application of 
100 µM of the membrane permeable and non-degradable 8Br-cAMP. This treatment did not 
reverse or restrict the Ih attenuation (Fig. 3A). On the opposite, 8Br-cAMP application did 
not prevent a slight further Ih amplitude reduction (Ihini = 39.3 ± 12.5 pA to Ih10 = 33.9 ± 9.6 
pA, n = 9, p < 0.01, Wilcoxon-signed rank test) also reflected in the reduction of the rate of 
remaining Ih (from 0.79 ± 0.03 to 0.71 ± 0.03, n = 9, p < 0.01, Wilcoxon-signed rank test). This 
was accompanied by a shift in voltage dependence of Ih activation as indicated by a slight 
further reduction in tail current ratios after 8Br-cAMP application (from 0.3 ± 0.06 to 0.2 ± 
0.05, n = 9, p < 0.01, Wilcoxon-signed rank test). The activation time constant was τ = 186.3 ± 
21.5 ms after use dependent Ih reduction and τ = 209.8 ± 24.6 ms after 8Br-cAMP application 
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(n = 9, p = 0.07, Wilcoxon-signed rank). Holding currents remained comparable: Iholdini = 0.37 
± 0.21 pA vs. Ihold8BrcAMP = 0.17 ± 0.19 pA, p = 0.28, paired t test.

An apparent use dependent block of Ih without a shift in its voltage dependence was 
recently described during high extracellular Na+ levels [28]. However, experimental conditions 
differed substantially, namely that group overexpressed HCN2 channels in Xenopus oocytes 
and conducted two electrode voltage clamp recordings. Although we observed substantial 
Ih attenuation with K+ as major cation in the pipette, we repeated our cell-attached patch 
clamp experiments with pipette (extracellular) solution containing high [Na+] to exclude any 
ion specific effects, in particular because high extracellular K+- concentration modifies HCN 
channel activation kinetics and permeability [30, 33]. To that purpose we filled our pipettes 
with extracellular solution containing 120 mM Na+. Activation under that condition reduced 
the amplitude of rHCN1 mediated Ih: alternating 1-second hyperpolarizations to –95 and 
–130 mV attenuated Ih (at –130 mV from 18.5 ± 3.4 pA to 13.9 ± 2.8 pA, n = 16, P = 0.01; 
paired t test) and the rate of remaining Ih (0.74 ± 0.04, n = 16, Fig. 3B). The holding currents 
remained comparable (Iholdini = –0.004 ± 0.06 pA vs. Ihold10 = 0.005 ± 0.07, n = 16, p = 0.9, paired 
t test). 

This reduction (25.8 ± 3.7%, n = 16, p < 0.001, Wilcoxon-signed rank test) was similar 
to the one with K+ as predominant cation in the pipette recorded under the same conditions, 
i.e. using the same pulse protocol (p = 0.38, t test). Likewise, activation time course slowed 
from 275.6 ± 36.0 ms to 331.2 ± 37.9 ms, p < 0.001, n =16, paired t test), again comparable 
to the situation with K+ as predominant cation on the extracellular face of the patch (25.2 ± 
6.6% vs. 29.1 ± 10.3%, respectively, p = 0.8, Mann Whitney U test).

In summary, neither alterations in intracellular cAMP nor the kind of channel permeant 
cations account for the use dependent Ih attenuation.

Ceasing Ih attenuation and enabling aspects of voltage dependent hysteresis under whole-
cell recording conditions
Use dependence of Ih attenuation indicates conformational changes that might request 

reopening of the channel to be released. Therefore we reassessed our finding that Ih 
increase after establishing the whole-cell mode depends on solution exchange but not on 
channel activation [12]. We now set the holding potential to +40 mV to exclude any channel 
activation and applied moderate activating pulses to prevent possible effects of strong 
hyperpolarization, such as voltage hysteresis. Under this conditions neither Ih (Ihini = 905.9 

Fig. 3. Neither intracellular cAMP elevation recovered, nor high extracellular Na+ increased Ih reduction in 
cell-attached mode. (A) Left: Representative traces of Ih elicited by –130 mV voltage steps after establishing 
the cell-attached configuration (ctrl; black dots), after 10 repetitive stimulations (dark grey dots) and after 
3 min 100 µM 8Br-cAMP (light grey dots). Continuous lines indicate fits to single exponential functions. 
Right: Population data on rate of remaining Ih normalized to initial Ih amplitudes (left panel), time course 
of Ih activation represented as activation time constant (τ, middle panel) and tail current (–65 mV) ratios 
following pre-pulses of –95 mV and –130 mV (right). Depicted are values after 10 activations by 1 second 
–100 mV voltage steps (mean: dark grey circles) versus after 8Br-cAMP application (mean: grey circles), 
respectively. (B) Extracellular [Na+] elevation did not alter Ih reduction. Left: Example Ih traces elicited by 
–130 mV voltage steps with 120 mM Na+ in the pipette solution. Middle and right: Population data illustrate 
the reduction of Ih amplitudes and the rate of remaining Ih.
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± 227.3 pA to Ihsecond = 915 ± 231.2 pA, n = 12, p = 0.56, paired t test) nor Iinst amplitude (Iinstini 
= 572 ± 212.7 pA to Iinstsecond = 591.7 ± 223.5 pA, n = 12, p = 0.8, Wilcoxon signed rank test) 
differed, comparing the first hyperpolarization 3 minutes after establishing whole-cell mode 
(when the fast increase of Ih due to equilibration of cytosol and pipette contend had ceased 
[12], with a second, another 3 minutes later (Fig. 4A). In line, the time course of Ih activation 
at both hyperpolarizations was similar (τactfirst = 347.3 ± 57 ms vs. τactsecond = 329.6 ± 45.4 ms; n 
= 12, p = 0.68, paired t test). The holding currents remained comparable (Iholdini = 1.13 ± 0.95 
pA. vs. Iholdsecond = 1.2 ± 1.0 pA, n = 12, p = 0.43, Wilcoxon signed rank test).

Interestingly, a 2 second pre-pulse to –40 mV (not activating rHCN1 mediated Ih [12]) 
prior to the second hyperpolarization tended to increase Ih amplitude (Ihini = 568.2 ± 202.3 
pA to Ihsecond = 619.4 ± 205.1 pA, n = 10, p = 0.13, Wilcoxon signed rank test) and increased Iinst 
(Iinstini = 230.8 ± 98 pA to Iinstsecond = 363.6 ± 139.6 pA, n = 10, p < 0.01, Wilcoxon signed rank 
test, Fig. 4B). It also markedly accelerated the activation time course of Ih (from τact–40mV = 
386.9 ± 52.6 ms to τact–40mV = 282 ± 31.1 ms, n = 10, p < 0.05, paired t test). This is consistent 
with a voltage dependent hysteresis as described for certain HCN channels [11]. The holding 
currents remained comparable (Iholdini = 52.9 ± 12.4 pA. vs. Iholdsecond = 66.0 ± 13.9 pA, n = 10,  
p = 0.06, paired t test).

Taken together, disrupting the intracellular content under whole-cell conditions ceased 
activity dependence and partially enabled voltage dependent hysteresis. This is also reflected 
in the respective rates of remaining Ih (1.04 ± 0.03, n = 12 and 1.15 ± 0.07, n = 10, without and 
with a non-activating pre-pulse, respectively, Fig. 4C).

Discussion

Against the background of conflicting findings on the impact of pre-activation on HCN1 
mediated Ih we here investigated biophysical consequences of repetitively activating Ih 

Fig. 4. Release from inactivation by exchange of cytosolic content is time dependent and voltage hysteresis 
is partially established. (A/B) Upper row: Example traces of whole-cell voltage clamp recordings of rHCN1 
mediated Ih. Recordings started 2 - 3 minutes subsequent to rupturing the membrane. We set the holding 
potential to +40 mV and activated Ih by –65 mV for 1 second. Following a break of 3 minutes at +40 mV (A) 
or such a break ending with a non-activating pre-pulse to –40 mV for 2 seconds (B), Ih was again activated 
for 1 second by clamping the membrane to –65 mV. Lower row: Population data on Ih and Iinst elicited from 
a membrane voltage of +40 mV (ctrl) and subsequently from +40 mV (grey square line series, left panels) 
or –40 mV (white square line series, right panels; all means as white rhombi). (C) Comparison of rates of 
remaining Ih following +40 mV (grey circles) or –40 mV (white circles).
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in mammalian cells heterologously expressing rHCN1. Our data indicate that i) recurring 
activation use-dependently attenuates rHCN1 mediated Ih in intact HEK293 cells (cell-
attached mode) but not when the cytosol is permanently disrupted (whole-cell mode), ii) 
voltage of pre-activations is less important for the amount of attenuation if rHCN1 channels 
were activated at all, iii) Ih attenuation might be linked to voltage sensor alterations because 
slowly activating components of rHCN1 mediated currents were more affected than 
instantaneous components and gating shifts to more negative voltages after pre-activation, 
iv) cAMP does not affect Ih attenuation, v) the amount of Ih attenuation is irrespective of 
the permeating cation and vi) disrupting the cytosol partially reversed Ih attenuation to 
voltage hysteresis, that is facilitation of subsequent Ih following activating pre-pulses due to 
conformational changes in the pore stabilizing S4 in its current position [34].

The apparent use-dependence links Ih attenuation to the gating process and suggests 
that changes occur while ions flow through open channels. Therewith our data are consistent 
with the assumption that the HCN pore is involved in gating [30, 31]. Although the alterations 
are reminiscent of outer pore changes [31], we regard an involvement of the outer pore 
unlikely for two reasons: first, to rule out possible mutations during the expansion in E. 
coli we re-sequenced the rHCN1 construct, ending up with a proper amino acid sequence 
and second, the Ih attenuation did not persist in whole-cell mode, pointing to a necessity of 
intracellular factors. Nevertheless, we cannot fully exclude alterations in tertiary structure 
or in membrane insertion. Interestingly, our findings phenotypically resemble the pre-
pulse dependent inactivation of sperm HCN (spHCN) channels of the sea urchin and HCN2 
mediated Ih in HEK293 cells [35]: Although our pre-pulses were not directly followed by test-
pulses and the pre-pulses were much shorter, subsequent pulses activated slower, maximum 
Ih was slightly reduced and cAMP had nearly no effect on both facets of Ih attenuation. This 
suggests the involvement of the assumed coupling mechanism between voltage sensor and 
gate [31] in rHCN1 channels, too.

Persistence and even slight augmentation of use-dependent Ih attenuation in the 
presence of saturating cAMP is compatible with the low cAMP sensitivity of HCN1 [36] and 
with the idea that cAMP does not eliminate the inactivated state, but favors the equilibrium 
from closed activated into an open state [35]. In contrast to HCN2 [35], rHCN1 channels 
did not only not recover, instead Ih attenuation accumulated. Therefore, if an uncoupling or 
slippage between voltage sensor and gate underlies pre-activation induced changes in HCN1 
mediated Ih, it might not be temporary. Despite this slight incongruity to the gate slippage 
(closed state stabilization) hypothesis [35], we propose that Ih attenuation for rHCN1 
channels might be due to favoring a (re)-closure of the intracellular activation gate, similar 
to HCN2 and spHCN channels, that is, it desensitizes to voltage. Reduction of channel number 
by endocytosis or “forced” lateral diffusion of channels out of the patched membrane might 
contribute to the amplitude attenuation.

The obvious difference in Ih attenuation between the recording modes suggests an 
involvement of intracellular components that are either lost or compromised by exchanging 
cytosol and pipette solution. During the last years the number of known cytoplasmatic 
components regulating Ih properties steadily increased and include intracellular metabolites 
[37, 38], covalent post-translational channel modulators [39-41] and auxiliary subunits [42]. 
Of all these neuronal precursor cell expressed developmentally downregulated (Nedd)4-2 
may be a likely candidate because it is endogenously and substantially expressed in HEK293 
cells, it reduces surface expression of HCN1 in HEK293 cells and Ih amplitude in Xenopus 
laevis oocytes and it shifts Ih activation to more negative voltages [43]. Mechanistically, 
rHCN1 activation might lead to conformational changes that ease (trigger) Nedd4-2 - rHCN1 
interaction resulting in increased ubiquitination and reduced glycosylation of the channel 
protein. Whereas ubiquitination might contribute to the dynamic regulation of the number 
of rHCN1 channels in the membrane [44], glycosylation changes may influence voltage 
sensitivity and gating of channels by influencing electrically charged sugar moieties and 
therewith the extracellular electrical field. The latter has so far only been shown for certain 
sodium channels [45]. We suppose that posttranslational modifications would be fast enough, 
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since available data suggest that for instance ubiqiutination can occur within milliseconds 
[46]. However, given the fast time course it might also just be removal (disruption) of post-
translational modification, e. g. de-ubiquitination, de-phosphorylation or de-glycosylation. 
The mechanistic proposals rely merely on coincidence because the data we present do not 
justify claiming a causal relationship.

Alternatively, hyperpolarizations might cause a stronger interaction of HCN1 with 
filaminA resulting in hyperpolarized voltage sensitivity and slower activation kinetics of Ih  
[47]. Moreover, filaminA reversibly and selectively internalizes HCN1 channels, accumulates 
them in the endosome [48] and is natively present in HEK293 cells [49]. The major auxiliary 
tetratricopeptide repeat-containing Rab8b interacting protein (TRIP8b) is unlikely to 
contribute to use dependent Ih attenuation, although it is influenced by (neuronal) activity 
and it shifts the voltage dependent activation of HCN channels to more negative potentials as 
well as slows channel opening [4, 42] because TRIP8b is not natively present in HEK293 cells 
and would increase Ih amplitudes. Putative HCN1 interactions with these or other proteins 
might further complicate the situation in neurons and in vivo.

Other possible scenarios appear less plausible to us: Ih decline under whole-cell recording 
conditions, also known as run down [3], had been attributed to experimental conditions as 
dilution of cytoplasmic ATP, cAMP, PIP2 [38] or improper control of intracellular Ca2+, that 
do not apply for our cell-attached approach. Therefore, run down is very unlikely but not 
entirely impossible given that attempts to recover rHCN1 channels from use-dependent 
reduction failed. It also seems unlikely that reduction of Ih is directly due to lack of energy 
supply and subsequently channel activators such as cAMP, because membrane patches and 
therewith numbers of activated channels were rather small (404.5 ± 56.8 channels per patch, 
given single channel currents of about 88 fA [50]. However, Ih attenuation did not occur in 
Xenopus oocytes that have high intracellular cAMP levels [34]. Another possible link between 
channel activation and Ih attenuation might imply Ca2+ influx through open rHCN1 channels 
[51]. Although the fraction of Ca2+ in the total current is very low (for HCN4, expressed in 
HEK293 cells: 0.6 ± 0.002 % [51]) and the time of channel activation should determine the 
amount of effect (which was not the case in our experiments), Ca2+ influx might still activate 
surrounding proteolytic enzymes (as for acetylcholine receptor loss [51]) or protein kinase 
C (PKC) endogenously expressed in HEK293 cells [52]. Although activation of PKC reduces 
HCN1 mediated Ih [18], under certain experimental conditions even accompanied by a shift 
of Ih voltage dependence to more negative potentials [4], it cannot account for Ih attenuation 
in our case because the voltage sensitivity of rHCN1 in HEK293 was unperturbed by PKC 
increase [18]. Finally, as inherent to all cell-attached recordings [53], the depolarizing voltage 
response generated by HCN activation might decrease the transmembrane voltage and 
thereby the hyperpolarization sensed by HCN1 channels [54]. However, although probably 
contributing to the effect described here, we consider this unlikely to be responsible for 
the entire effect, because a) the amount of reduction is not voltage dependent and long 
activations have not the same effect as repetitive ones, b) the effect persists long beyond the 
cessation of HCN currents and c) reduced currents were slowed, not accelerated as in [54].

Because HCN channels are important regulators of neuronal excitability even slight 
changes in their properties impair proper neuronal function and may contribute to certain 
neurological diseases [13-16]. As depolarization by NMDA or AMPA receptors increases Ih 
amplitude due to increased membrane insertion [55] we speculate that hyperpolarization 
induced Ih attenuation might provide a counterbalance. Because of unknown content of 
dendritic compartments and putative heteromerization of HCN subunits, direct studies 
in neurons are challenging and may be hard to interpret. HEK293 may serve as useful 
expression system for controlled investigation of these basic principles. These findings 
might be relevant not only for neurons but also for cardiomyocytes. The latter could be 
tested particularly in induced pluripotent stem cell derived cardiomyocytes, where HCN1 is 
present in high levels [56].
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