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1 The sinus node inhibitors UL±FS 49 and DK±AH 269 reduce heart rate by slowing diastolic
depolarization rate in the sino-atrial (SA) node, which might originate from the use-dependent blockade
of a hyperpolarization-activated current If. A hyperpolarization-activated current Ih, which is present in
many types of neurons, is similar to If. We studied the e�ects of these drugs on Ih in cultured mouse
dorsal root ganglion (DRG) neurons.

2 With the whole-cell patch-clamp technique use-dependent block of Ih was observed. The steady-state
block following a voltage-clamp pulse train (1-s steps from 738 to 7108 mV applied at 0.5 Hz) was
dependent on drug concentration and showed an apparent Kd of 0.1 and 0.79 mM with DK±AH 269 and
UL±FS 49 respectively.

3 The rate of block increased linearly with drug concentration. The rate of recovery from block was,
however, much slower compared to cardiac tissue.

4 There was no signi®cant e�ect of UL±FS 49 on the activation curve.

5 At high concentrations of UL±FS 49 a clear association of the drug with the open channel was
observed.

6 When the cell was stimulated at a frequency of 3 Hz, a distinct hyperpolarization was observed in the
presence of extracellular Cs+ or when Ih was blocked with UL±FS 49, but not in the absence of Cs+

and UL±FS 49.

7 These results indicate that Ih protects the cell against hyperpolarizations and subsequent
inexcitability. The action of the drugs on the hyperpolarization-activated current in cardiac and
neuronal tissue show some similarities; however, some pronounced di�erences indicate that di�erent
subtypes of the channel might exist.
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Introduction

The drugs UL±FS 49 and DK±AH 3 (Figure 1) are
derivatives of verapamil that induces changes in distinct
electrical properties. The racemic mixture DK±AH 3 consists

of a left (DK±AH 269) and right (DK±AH 268) stereo isomer
with DK±AH 269 as the more potent one (van Bogaert &
Raes, 1993). These sinus node inhibitors, or speci®c

bradycardic agents, form a class of cardiac drugs selectively
reducing heart rate by slowing diastolic depolarization rate in
the SA node (Kobinger, 1989). As these drugs can reduce

myocardial oxygen consumption and increase oxygen supply,
without compromising myocardial contractility or atrio-
ventricular conduction characteristics, they might be bene®cial
in the treatment of ischemic heart disease (Baiker et al., 1991).

In cardiac tissue, it has been demonstrated that sinus node
inhibitors reduce the hyperpolarization-activated current If
(Snyders & van Bogaert, 1987; Goethals et al., 1993; van

Bogaert et al., 1990). The current activates upon hyperpolar-
ization of the membrane, is carried by sodium and potassium
and does not show inactivation (DiFrancesco, 1985). In the SA

node it provides inward current during the diastolic
depolarization phase of spontaneous activity (DiFrancesco,

1991). It was demonstrated in isolated rabbit sino-atrial node
cells that the sinus node inhibitor UL±FS 49 blocked If in a
use-dependent manner, which coincided with the slowing of

the diastolic depolarization rate. Therefore the bradycardic
e�ect of the drug might be explained by block of If (Goethals et
al., 1993).

A similar hyperpolarization-activated current, Ih, has also
been described in both central and peripheral nervous tissue
(for review see Pape, 1996). Like the sino-atrial node, it has

been proposed that Ih could support the rhythmicity of
neurons (McCormick & Pape, 1990; MacCaferri & McBain,
1996). However, in an extensive clinical study with UL±FS 49
only one type of side e�ect, speci®cally related to the visual

system, was observed (Frishman et al., 1995). This might
indicate that (1) the pharmacological pro®le of sinus-node
inhibitors is di�erent for If compared to Ih. Indeed, it has been

demonstrated that DH±AH 268 and UL±FS 49 blocked Ih in
dorsolateral geniculate neurons (LGNd) (Pape, 1994) with an
e�ective dose which is about 1000 fold higher compared to

cardiac tissue (van Bogaert et al., 1990). However, the amount
of block, in cardiac tissue, was strongly dependent on the pulse
protocols. Therefore we studied the drug channel interactions
with a similar approach as performed in cardiac tissue. (2) The

lack of side-e�ects might also indicate that Ih plays a minor
role in the nervous system, despite its widespread expression.
Therefore we investigated the role of Ih in DRG neuron's

electrical activity by blocking it with sinus-node inhibitors as
well as with Cs+.
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We could demonstrate that Ih was blocked by the sinus node
inhibitors, UL ±FS 49 and DK±AH 269 at doses comparable
as described for cardiac tissue. However, the kinetics of block

and unblock are more complicated compared to cardiac tissue
and might be explained by the existence of two subtypes of
channels. Previously we could demonstrate that Ih was
activated at the resting membrane potential (Raes et al.,

1997). By measuring the membrane potential and stimulating
the cell we could demonstrate that Ih is functionally preventing
hyperpolarizations of the membrane after a stimulus train.

Part of the results appeared in abstract from Raes & van
Bogaert (1996).

Methods

DRG neurons were isolated from 12 ± 14-day-old mouse
embryos (E12 ±E14). The cells were subsequently kept in
culture for 4 ± 6 weeks (see Ransom et al., 1977). For our
recordings cells with a spherical shape, a diameter from 30 ±

50 mm and a distinct nucleus were chosen.
All recordings were performed at room temperature. The

recording chamber consisted of a culture dish in which a te¯on

ring was placed to reduce the volume. This was mounted on an
inverted microscope (Zeiss IM 35). The cells were continuously
superfused with extracellular solution. The recording chamber

was grounded with a Ag-AgCl pellet. The Axoclamp 2A
current-voltage ampli®er (Axon Instruments) was connected to
a Labmaster TL-1 DMA interface (Scienti®c Solutions).

Measurements were performed in the whole-cell mode of the
patch-clamp technique. Electrodes were pulled from 1.7 mm
diameter glass capillaries (Jencons, H15/10) and heat polished
with a Brown Flaming P-87 horizontal pipette puller. The

electrodes with resistances of 2 ± 4 MO were ®lled by dipping in
an internal solution and by back®lling. The internal solution
was ®ltered through a 0.22 mm ®lter. The electrode was

positioned by a micromanipulator. Seal formation (at least
5 GO) was performed by suction and was monitored on an
oscilloscope. The membrane patch was ruptured by a suction

pulse. Single electrode voltage-clamp was performed in the
discontinuous mode with a sample rate below 3 ± 4 kHz, which
was optimal, as monitored on a second oscilloscope. In the
case that the K+ concentration was increased to 20 mM the

two electrode voltage clamp mode was applied. With this
solution the current amplitude was increased by 2 ± 3 fold,
which could not be clamped accurately with the single

electrode voltage clamp mode. The capacitance was measured
with small voltage steps of 5 mV. All data were corrected for
the liquid junction potential which amounted to 7.8 mV,

measured as described by Neher (1992).
Extracellular solution contained (in mM): 140 NaCl; 5 KCl;

1.8 CaCl2; 1 MgCl2; 5 HEPES; 10 Glucose; 0.5 mM TTX

(Tetrodotoxin) with the pH adjusted to 7.4 with NaOH. The
osmolarity was adjusted to 315 ± 320 with sucrose. In some
experiments 15 mM KCl was added to the normal solution to
magnify the current and to obtain a measurable current after

steady-state block. In that case 5 mM BaCl2, a blocker of IK,1,
was added as, occasionally in this solution, an inward recti®er,
di�erent from Ih, was observed. In those cases no sucrose was

added and NaCl was lowered by 10 mM to obtain the same
osmolarity. The internal solution contained (in mM): 20 KCl;
110 K-aspartate; 1 CaCl2; 2 MgCl2; 2 EGTA; 5 Na2ATP; 10

HEPES and 0.1 cyclic AMP with the pH adjusted to 7.4 with
HCl. The osmolarity was adjusted to 315 ± 320 with sucrose.
The drugs (Figure 1) UL±FS 49 or 1,3,4,5-tetrahydro-7,8-
dimethoxy-3-[3-[[2-(3,4-dimethoxyphenyl)ethyl] methyl-imi-

no]-propyl]-2H-3benzazepin-2-on-hydrochoride and DK±AH
269 or (R)-(7)-1,3,4,5-tetrahydro-7,8-dimethoxy-3-[[1-[2-(3,4-
dimethoxyphenyl)-ethyl)-3-piperidinyl]-methyl]-2H-3benzaze-

pin-2-on-hydrochoride were kindly provided by the company
Dr Karl Thomae GmbH, Biberach, Germany, and were added
to the solution from a stock solution of 1 mM in H2O or were
directly dissolved in the external solution in the case of high

concentrations. CsCl (2 mM) was used to block Ih. Dihy-
droouabaine (DHO) was used in an attempt to block the Na+/
K+ pump.

Data were digitized on line and stored on a hard disk of an
IBM-compatible computer. Voltage-clamp step protocols were
given by pClamp 5.6 and 6.03 software (Axon Instruments).

Data were ®ltered at 1 kHz with a Butterworth ®lter (Kemo,
VBF803) before digitizing. pClamp and other conventional
software were used to analyse the data. Data are presented as

means+s.e.mean (n), where s.e.mean is the standard error of
the mean and n the number cells. Currents were normalized to
cell capacitance. Signi®cance of di�erences between the means
of two groups was tested with a Student's t-test. In the case of

membrane potential and resistance measurements the data
were pair-wise evaluated. The level of signi®cance P was
chosen as 0.05.

Results

The block of Ih by UL±FS 49 and DK±AH 269 is
use-dependent

The drugs UL±FS 49 and DK±AH 269, which is the left
and more potent stereo isomer of the racemic mixture DK±
AH 3, block the pacemaker current, If, in heart tissue in a

use-dependent manner, at low doses (Kd of 0.06 mM in
Purkinje ®bers and 0.5 mM in SA node cells for UL±FS 49
and Kd of 8 nM in Purkinje ®bers for DK±AH 3) (Goethals

et al., 1993; van Bogaert et al., 1990; van Bogaert & Raes,
1993). Since Ih shows high similarity to cardiac If, we
investigated the e�ect of UL±FS 49 and DK±AH 269 on

this current in a similar way. Therefore a voltage-clamp
protocol was applied as is shown in Figure 2A. The
membrane voltage was stepped from 738 mV, where Ih is
deactivated, to 7108 mV, where almost complete activation

occurs. Representative current recordings are shown in Figure

Figure 1 Molecular structure of the sinus node inhibitors UL-FS 49
and DK-AH 269.
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2B. After an instantaneous current jump, Ih slowly activated
and showed no inactivation. Upon stepping back to
738 mV, only a very small tail current was observed as this

is close to the reversal potential. When a voltage-clamp pulse
train was applied at 0.5 Hz in control conditions, no changes
in current amplitude were observed (data not shown).
Afterwards the cell was clamped at 738 mV and the drug

was superfused for at least 3 min. To investigate the use-
dependent block, the same pulse train was applied. During
the ®rst hyperpolarizing step in the presence of 5 mM DK±

AH 269, the instantaneous current jump was identical to the
one in control conditions. The time-dependent component, Ih,
was only blocked by a small amount (Figure 2B, N=1) which

was slightly dependent on concentration, ranging from not
detectable, with 0.05 mM, to 4.8+1.3% (n=6) with 10 mM.
Upon application of consecutive hyperpolarizing steps, the

current decreased gradually and reached a steady-state block.
The small amount of time-dependent current that remained at
steady-state, could be blocked by extracellular application of
2 mM Cs+ (which is known to block the inward Ih current

instantaneously). This indicated that Ih was almost completely
blocked by DK±AH 269 (Figure 2B). Figure 2C illustrates

the decrease of the normalized current as a function of the
pulse number in the same cell. This reduction was well ®tted
by a single exponential function, as is represented with the

continuous curve, and a pulse constant (i.e. the number of
pulses needed to obtain an e-fold reduction of the normalized
current) was obtained. With UL±FS 49 similar results were
obtained, although with higher concentrations. The steady-

state use-dependent block, obtained at the end of the pulse
train, increased with higher concentrations of DK±AH 269
and UL±FS 49. This is shown in Figure 3 where a

logarithmic concentration response curve is represented. The
apparent Kd obtained, was 0.1 mM and 0.79 mM with a slope
factor of 0.86 and 0.69 with DK±AH 269 and UL±FS 49

respectively. The rate of block is obtained from the single
exponential approximation as in Figure 2C and was
dependent on concentration. In Figure 4 the inverse of the

pulse constant (i.e. the blocking rate, de®ned as l) is shown as
a function of drug concentration. It increases linearly with
increasing drug concentration with a slope of 4.16103 N71

M
71 and 1.06104 N71

M
71 and an intercept of 1.661073

N71 and 2.161073 N71 with DK±AH 269 and UL±FS 49
respectively.

Figure 2 Use-dependent block of Ih with 5 mM DK-AH 269. (A) Protocol used to obtain use-dependent block. The membrane was
clamped at 738 mV and a test pulse of 1 s to 7108 mV, to activate Ih, was applied in control conditions and in the presence of
2 mM extracellular Cs+, to block Ih. Afterwards the drug was applied for at least 3 min while the membrane was clamped at
738 mV, before a pulse train of 0.5 Hz to 7108 mV was applied, with N indicating the number of pulses. (B) Currents recorded
with a pulse protocol as shown in part A. The current traces recorded at pulse number N, in the presence of 5 mM DK-AH 269, are
superimposed on those recorded in control conditions and in the presence of 2 mM of Cs+. Only a small tonic block was observed
(N=1). (C) Decrease of the current is represented as function of the pulse number. The amplitude of Ih was normalized to the
amplitude recorded at the ®rst pulse. The decrease ®tted well with a single exponential function with a pulse constant of 47.9 pulses
in this case.
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E�ect on activation curve and instantaneous I-V relation

The experiments to study the e�ect of the drugs on the

activation curve and on the fully-activated current-voltage
relation, were performed in a modi®ed solution with
extracellular K+ increased to 20 mM in order to magnify the
current and to obtain a measurable current after steady-state

block. The activation curve was obtained by a voltage-clamp
protocol, as shown in the inset of Figure 5A. Hyperpolarizing
prepulses, between753 mV (holding potential) and7123 mV

with varying duration (inset, Figure 5A), were applied to evoke
Ih. The activation curve of Ih was calculated from the peak
amplitude of the tail currents recorded at7128 mV (similar as

described in Kamondi & Rainer (1991) (inset, Figure 5A). Tail
current amplitudes (Ih,tail) and tail currents normalized to the
maximal tail current (It,max), were plotted against the prepulse
voltage (Figure 2A,B). The activation curve was approximated

by a Boltzmann curve with a midpoint potential of
779.2+3.7 mV (n=3) and a slope of 7.0+0.5 mV (n=3).
After43 min of perfusion of 1 mM UL±FS 49, approximately

50% block was induced with a pulse train of 150 pulses, as
shown in Figure 2A. The activation curve was not shifted
(Figure 5B) and the midpoint potential and slope amounted

respectively to780.3+4.2 mV and 7.8+0.3 mV (n=3) which
was not signi®cantly di�erent.

To study the e�ect on the fully-activated current-voltage

relation of the h-channel, a voltage-clamp protocol was
applied, as is shown in the inset of Figure 6. The membrane
was hyperpolarized for 750 ms to at least 7128 mV, where Ih

Figure 3 Concentration-response curve for use dependent block.
Steady state block was induced by the same voltage protocol as
shown in Figure 1A. The fraction of block at steady-state was
calculated as one minus the ratio of the amplitude of blocked current
at steady-state and the amplitude in control solution. In both cases
the Cs+-sensitive current was used. The block is represented as
function of the logarithm of the drug concentration. The results were
®tted with the expression y=17[1+(Kd/x)

n]71 which resulted in a
Kd of approximately 0.1 and 0.79 mM and a slope of 0.86 and 0.69
with DK-AH 269 and UL-FS 49 respectively. Values represent
means+s.e.mean, with the number of experiments indicated between
brackets.

Figure 4 Rate of use-dependent block plotted as function of drug
concentration. The rate (l) is obtained as the inverse of the pulse
constant which is determined by an exponential ®t of the time
dependent current decrease as shown in Figure 1C. Results are ®tted
with a straight line with a slope of 4.16103 and 104 N71

M
71 and an

intercept of 1.661073 and 2.161073 N71 with DK-AH 269 and
UL-FS 49 respectively.

Figure 5 E�ect of UL-FS 49 on the activation curve of Ih. (A) The
activation curve was calculated with current recordings obtained with
a voltage-clamp protocol as shown in the inset. Hyperpolarizing
prepulses, lasting from 3.4 s to 1.2 s, between 753 mV (holding
potential) and 7123 mV, were applied to activate Ih. Afterwards a
hyperpolarizing step to 7128 mV, to obtain complete activation, was
applied. The activation curves were obtained by plotting tail current
amplitudes, as shown in the inset, as a function of the prepulse
voltage. Two examples of activation curves in control conditions (*)
and after steady-state block in the presence of 1 mM UL-FS 49 (&)
are shown. The data were ®tted with a Boltzmann curve with a
midpoint potential of 782.6 and 782.7 and a slope of 6.6 and
7.7 mV in control conditions and after steady-state block with UL-
FS 49. (B) Same data as in panel A but normalized between tail
current amplitudes observed at 7128 and 758 mV.
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is fully-activated, and is stepped back to di�erent potentials.
The leakage conductance was obtained by application of 2 mM

Cs+ in the bath solution and was subtracted o�-line. The

instantaneous tail current amplitude of the leak corrected
current re¯ects net Ih through fully activated channels and is
plotted against the voltage at which the tail is measured
(Figure 6). The relation was approximated by a linear

regression and the slope conductance, after scaling to cell
capacitance, amounted to 0.45+0.13 nS/pF (n=4). After-
wards, Ih is blocked by a voltage-clamp pulse train, as

represented in Figure 2A by 1 mM UL±FS 49. After reaching
steady-state block, the protocol is repeated. It is clearly shown
that the conductance is signi®cantly reduced to 0.14+0.08 nS

(n=4) without shifting the reversal potential of
732.1+5.7 mV in control conditions and of 734.1+6.1 mV
(n=4) after steady state block.

Unblock of Ih occurs with sustained hyperpolarizations

After induction of use-dependent block with a voltage-clamp

protocol as shown in Figure 2A, some relief of block could be
observed, in the presence of UL±FS 49, by hyperpolarizing
the membrane for a prolonged period of time. The unblock

was obtained by clamping the membrane at hyperpolarizing
voltages, ranging from 7108 to 7138 mV, for 20 s and was
subsequently quanti®ed by a test pulse of 1 s at 7108 mV

(Figure 7). During the hyperpolarizing step of 20 s, the current
amplitude increased slowly. When this protocol, 20 s step and
test pulse, was repeated more unblock which was observed by

the increase of the amplitude of the test pulse to7108 mV. In
Figure 7B the current amplitude at7108 mV was plotted as a
function of the time spent at the hyperpolarizing voltage
(obtained in segments of 20-s steps). The amount of relief from

block, obtained at steady-state, was di�cult to determine as a
lot of cells deteriorate by long hyperpolarizations. In all cases
it was less than 30% (n=2), at 7138 mV, of the fraction of

use-dependent blocked current. The rate of unblock was
dependent on the voltage and its time course could be
approximated by a single exponential function (Figure 7). The

time constant amounted to 61+11 s (n=2); 99+16 s (n=5);
155+5 s (n=5) at 7138, 7128 and 7108 mV respectively.
After wash-out (410 min) a small increase (510%) of Ih was
observed (data not shown).

Block of the open channel

In order to demonstrate the association of the drug to the open
channel, a custom-made fast perfusion system was used. The
speed of the solution change was checked by the application of

Cs+ at hyperpolarized potentials (Figure 8). The block by Cs+

could be described with a single exponential function with a
time constant of 207+23 ms (n=20). The UL±FS 49

concentration was increased in order to obtain steady-state
block within an acceptable time scale. The protocol used is
depicted in Figure 8. Ih is activated by stepping the membrane
voltage to 7108 mV and, after reaching steady-state, a brief

pulse of Cs+ was applied to obtain the net Ih amplitude. Upon
application of 2 mM UL±FS 49, a decrease in inward current
was observed, which was best described with a double

exponential function. This demonstrated the association of
UL±FS 49 with the open channel. In control conditions the
current amplitude did not change during the long hyperpolar-

Figure 6 E�ect of UL-FS 49 on the fully-activated current-voltage
relation. The protocol and current recordings used to calculate the
fully-activated current voltage relation are shown in the inset. After a
prepulse to at least 7128 mV, tail currents were recorded at di�erent
voltages. After blocking Ih with a 1 mM UL-FS 49 as shown in Figure
2A the protocol was repeated. The fully-activated current-voltage
relation in control conditions (*) and after being blocked (&) was
obtained by plotting the leakage-corrected instantaneous tail current
amplitudes as a function of the voltage. The data were ®tted with a
straight line with a slope and a reversal potential of respectively
54 pA mV71 and 728.8 mV in control conditions and of 10.7 pA
mV71 and 731.8 mV after reaching steady-state block.

Figure 7 Unblock at hyperpolarized potentials in the presence of
UL-FS 49. The protocol to obtain block and unblock of Ih in the
presence of 1 mM UL-FS 49 is shown on top. The steady-state
amplitude of Ih was measured with a pulse of 1 s to 7108 mV after
reaching steady-state block with a train of N pulses. Afterwards, the
membrane was clamped at 7138 mV for 20 s and a test pulse to
7108 mV was applied. Both pulses were applied repetitively (Ns) and
the amplitudes obtained with the test pulse (*) were plotted as a
function of the amount of time the membrane was clamped at
7138 mV (obtained by summed 20-s pulses). The data were
approximated by a single exponential with a time constant of
70.9 s at 7108 mV (test pulse). Note the current size, compared with
Figure 6 (same cell).
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izations. Afterwards, the solution was changed to a standard
solution and a signi®cant recovery of inward current was
observed. A short Cs+ pulse was applied again to check for an

increase of leakage current. The average steady-state block
amounted to 87.3+1.1%, 80.4+3.6%, 77.7+2.3% and
67.1+3.5% in 2, 1, 0.5 and 0.1 mM UL±FS 49 respectively.
The estimated Kd for open channel block at 7108 mV was

13 mM. The fast and the slow time constant associated with this
open channel block, were dependent on the concentration of
UL±FS 49 and amounted for tf and ts to 9.2+1.3 s and

96.8+11.4 s, 2.7+0.5 s and 22.3+2.9 s, 2.1+0.2 s and
14.4+2.3 s, 1.4+0.7 s and 10.6+0.8 s in 0.1, 0.5, 1 and 2 mM

UL±FS 49 respectively. When the apparent rate constants

were plotted as a function of drug concentration, the data were
not satisfactorily described by a straight line, which indicates
that this process cannot be described by a ®rst order blocking

scheme. When the drug was removed, a current increase was
observed. This wash-out amounted to 43.8+3.4% (n=4) of
the blocked Ih-fraction with 2 mM of UL±FS 49. In another
cell the protocol was slightly changed. This is shown in Figure

8B. Before the wash-out of UL±FS 49, a short depolarization
to733 mV (where Ih channels are closed) was applied. In this
case, a small additional block was observed after the

depolarization and the recovery from block by wash-out was
signi®cantly smaller (10.4+1.6%; n=3).

Physiological role of Ih

Membrane properties Under current clamp conditions the

average resting membrane potential amounted to
763.3+1.0 mV (n=19) in control conditions. Upon applica-
tion of 2 or 10 mM extracellular Cs+ the cell hyperpolarized
signi®cantly to 769+1.8 mV (P=0.007, n=13) and to

768.1+1.8 mV (P=0.013, n=13) respectively. When Ih was
blocked with a voltage clamp pulse train as shown in Figure 2
in the presence of 5 and 10 mM UL±FS 49, the membrane

potential also hyperpolarized signi®cantly to 771.2+2.0 mV
(P=0.02, n=6) and to 768.7+1.6 mV (P=0.014, n=7)
respectively. No signi®cant di�erences were observed between
application of di�erent concentrations of Cs+ or UL±FS 49

(P40.05). Simultaneously with the hyperpolarization of the
membrane potential an increase in the membrane resistance
(Rm), at the resting membrane potential, was observed. In

control conditions Rm amounted to 169+19 MO (n=19)
which increased (see also Figure 9, compare left and right of
panel B) by 62+14% (P=0.004, n=11), 69+15% (P50.001,

n=13), 79+35% (P=0.023, n=7), 90+40% (P=0.006, n=7)
with 2 and 10 mM Cs+ and with 5 and 10 mM UL±FS 49
respectively. Again, no signi®cant di�erences were observed

between application of di�erent concentrations of Cs+ or
UL±FS 49 (P40.098).

Action potential When the cells were stimulated, above the

threshold level, with a constant current pulse of 1.5 nA and a
duration of 0.5 ms, typical action potentials (Figure 9) of 4 ms
duration (90% repolarization) with an amplitude of 110 mV

were elicited. After the action potential spike a signi®cant
after-hyperpolarization and subsequent slow return to the

Figure 8 Block of the open channel by UL-FS 49. (A) The voltage
clamp protocol is shown on top. The membrane was clamped from
768 mV to 7108 mV to activate Ih. The current recording is shown
underneath. After the activation of Ih a pulse of Cs

+ was applied and
a complete block of the current was observed, which was reversed by
removal of Cs+. After application of 2 mM of UL-FS 49 a current
block of 95% was observed. This decrease of the current was well
approximated by a double exponential function. After removal of the
drug a substantial recovery was observed. A second pulse of Cs+ was
applied to check for rundown. (B) Same protocol as described in
panel A but after application of the drug a 1-s depolarization to
733 mV was applied. The recovery was much smaller as compared
to panel A. Note that the depolarization prevents recovery from
block while a current block by Cs+ did not (second Cs+ pulse in
panel A).

Figure 9 E�ect of Cs+ and UL-FS 49 on the action potential. (A)
Typical action potentials were recorded in physiological conditions
and consisted of a brief transient depolarization to +52.2 mV.
Afterwards, a transient hyperpolarization, followed by a slow return
to the resting potential, is observed. In the presence of 10 mM Cs+

the hyper- and depolarization, observed after the action potentials,
are absent. The inset shows the same data on an enlarged time scale.
Note the faster rise time with the onset of the current stimulus, as a
consequence of the increased resistance, in the presence of Cs+, while
the shape of the action potential is una�ected. (B) Three super-
imposed action potentials recorded in control conditions (left) and
after block of Ih (right) in the presence of 10 mM UL-FS 49 following
a voltage-clamp pulse protocol as shown in Figure 2. The inset shows
the same data on an enlarged time scale. A small positive and
negative current pulse at the end of the recording demonstrates the
increase in membrane resistance and time constant.
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resting potential was observed in most cells (Figure 9A,B).
Upon extracellular application of 2 mM Cs+ the resting
membrane potential hyperpolarized, the after-hyperpolariza-

tion and subsequent slow return to the resting potential
disappeared while the action potential spike did not change
(Figure 9A). Similar results were obtained after blockade of Ih
with a voltage clamp pulse train in the presence of 5 or 10 mM
UL±FS 49 (Figure 9B).

Repetitive stimulation To mimic the stimulation of a cell in

vivo a stimulus train of more than 100 pulses, at a frequency of
3 Hz, was applied to evoke action potentials. In control
conditions, the after-hyperpolarization and subsequent slow

return to the resting potential, as well as the action potential,
were identical during the stimulus train. Also the membrane
potential, recorded after the stimulus train, was stable, and not

di�erent from the one, recorded before the stimulus train (data
not shown). On the other hand, when the same protocol was
applied in the presence of 2 mM Cs+ in the extracellular
solution, the membrane potential hyperpolarized slowly

between the action potentials. This hyperpolarization in-
creased with every successive action potential in the train and
reached a steady state value. After the stimulus train the

hyperpolarization reached a maximum of 776.6+3.1 mV
(n=10) and a slow return to the resting membrane potential
was observed. This maximum which is further referred as

Vm,max was signi®cantly hyperpolarized compared to the
resting membrane potential measured before the stimulus
train (P50.001). Vm,max was more pronounced

(796.3+3.7 mV, P50.001, n=12) when 10 mM of Cs+ was
applied (Figure 10). Also when Ih was blocked with a voltage
clamp pulse train, in the presence of 5 or 10 mM UL±FS 49,
the membrane potential hyperpolarized between the action

potentials and Vm,max amounted to, respectively,
779.4+3.0 mV (P=0.003, n=6) and 777.7+3.2 mV
(P=0.003, n=6) which was signi®cantly hyperpolarized

compared to the resting membrane potential measured before
the stimulus train. Thus, when Ih is blocked by Cs

+ or by UL±
FS 49, the membrane potential hyperpolarized between the

action potentials and a Vm,max is observed after a stimulus train
while both phenomena were not present in control conditions.
As Vm,max (maximum of 7120.8 mV with 10 mM Cs+) was
more negative compared to the Nernst potential of K+, which

amounted to783 mV, we speculate that this could result from
the activation of the electrogenic Na+/K+ pump. To
investigate this further 10 mM DHO (Dihydrooubaine, a

blocker of the Na+/K+ pump) was applied in the presence
of 2 or 10 mM Cs+ or 10 mM UL±FS 49 (Ih blocked with a
voltage clamp pulse train). In these cases the values of Vm,max

were not signi®cantly di�erent from the ones observed without
DHO and amounted respectively to 787.2+6.7 mV (P=0.7,
n=3), 7110.6+3.8 mV (P=0.1, n=5) and 783.2+5.6 mV

(P=0.12, n=4). However, the potency of DHO in DRG
neurons is low. Therefore we inhibited the Na+/K+ pump by
excluding K+ from the extracellular solution. In these
conditions, when Ih was blocked with a voltage clamp pulse

train in the presence of 10 mM UL±FS 49, the membrane
potential did not hyperpolarize between the action potentials
and Vm,max was not observed. The membrane potential after

the stimulus train amounted to 773.8+1.3 mV and was not
signi®cantly di�erent from the value before the stimulus train
(P=0.17, n=3).

Finally to investigate whether sinus-node inhibitors could
block Ih in vivo, thus without a `special' voltage clamp pulse
train, we applied 1 mM UL±FS 49 in the extracellular solution
while the cells were continuously stimulated at 3 Hz. The

membrane resting potential was signi®cantly hyperpolarized to
770.8+3.3 mV after 1800 pulses, compared to control
conditions (763.5+2.8 mV, P=0.048). This hyperpolariza-
tion was associated with a signi®cant (P=0.023) increase in

membrane resistance, at the resting membrane potential, to
132+5% (n=4) while Ih, measured with a test pulse from738
to788 mV, was signi®cantly decreased to 34+8% (P=0.003,

n=4) compared to control conditions.

Discussion

These results demonstrate that UL±FS 49 and DK±AH 269
are powerful blockers of the hyperpolarization-activated

current, Ih, in mouse DRG neurons. The characteristics of
block are comparable with those observed on If, a similar
current in cardiac tissue (van Bogaert et al., 1990; Goethals et

al., 1993) and on h-channels in thalamo-cortical relay neurons
(Pape, 1994). The block is use-dependent and is associated with
a reduction of the slope of the fully-activated I/V relationship

without shifting the activation curve along the voltage axis and
thus probably acting only on the conductance while the gating
characteristics are una�ected. In mouse DRG neurons the Kd

with UL±FS 49 is comparable with the one obtained in cardiac
SA node cells (Goethals et al., 1993) but is more than a
magnitude higher compared to the Kd's for DK±AH 3 and
UL±FS 49 in cardiac Purkinje ®bers (van Bogaert et al., 1990;

van Bogaert & Raes, 1993). However, compared with the
concentration range from 10 ± 1000 mM required for block in
relay neurons (Pape, 1994) the e�ective concentration in mouse

DRG neurons is lower. This di�erence might originate (1) from
the local application of these drugs, as these relay neurons were
investigated in vitro in brain slices. (2) In contrast with our

study, the least potent isomer DK±AH 268 (Van Bogaert &
Raes, 1993) was used in relay neurons. (3) However, another
explanation arising from the mechanism of block, cannot be

excluded. As the block by these drugs is use-dependent, the
e�ective dose depends on the pulse protocol utilized. In
thalamic relay neurons (Pape, 1994) the stimulus interval
amounted maximally to 0.125 Hz while we stimulated at

0.5 Hz. In cardiac Purkinje ®bers the Kd for block of If with
UL±FS 49 shifted from 0.45 to 0.08 mM by changing the
stimulus interval from 0.04 to 0.8 Hz (van Bogaert et al., 1990).

Use-dependent block has been satisfactorily described by
two mechanisms (for review see Hille, 1992). The modulated
receptor theory explains use-dependent block by di�erent

binding and unbinding parameters for each of the states of the

Figure 10 Examples of action potentials recorded with a stimulus
train of 103 pulses, in the presence of 10 mM Cs+. The ®rst 15 and
last three action potentials are shown, with N indicating the number
of action potentials not shown. Note the increasing hyperpolariza-
tion, observed after an action potential, during the pulse train. After
the stimulus train the membrane hyperpolarized transiently to
795.8 mV (Vm,max) and slowly returned to the resting level.
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channel (Hondeghem & Katzung, 1977; Hille, 1992). The
guarded receptor theory gives an alternative explanation by
considering binding sites which have ®xed a�nities but are not

permanently accessible (Starmer, 1986). In cardiac Purkinje
®bers, application of the guarded receptor theory provided an
adequate explanation for the use-dependent block (van
Bogaert et al., 1990). However, the use-dependent block

observed in DRG neurons displayed di�erent characteristics
(compared to cardiac tissue) which did not allow the
simpli®cations used in this tissue. For example: (1) The sum

of the association rates constants is re¯ected by the slope of the
l-concentration curve while the sum of the dissociation rates is
re¯ected by the intercept of this curve. Their ratio de®nes the

apparent Kd. In cardiac Purkinje ®bers a lower Kd (DK±AH 3
compared to UL±FS 49) is accompanied by a 3 fold increase
of the slope of the l-concentration curve (van Bogaert & Raes,

1991) while in DRG neurons the opposite is observed; a more
than 2 fold decrease with a reduced Kd (DK±AH 269
compared to UL±FS 49). To explain this di�erence according
to the guarded receptor theory (Starmer, 1986) the sum of

unbinding rates, re¯ected by the intercept, should decrease
which is not observed. (2) A major di�erence, observed
between the e�ects of UL±FS 49 described in cardiac

preparations (van Bogaert et al., 1990; Goethals et al., 1993)
and in neurons (Pape, 1994 and our preparation) is the block
of the open channel at high concentrations. In the DRG

neuron the Kd for the open channel block was estimated at
13 mM with a slow time constant of about 100 s, while in
cardiac Purkinje ®bers, in the presence of 20 mM, no signi®cant
decline of the current was observed after 4 min at 7120 mV.
Although the combination of a lower drug concentration with
stronger hyperpolarizations (higher dissociation rates) may
have minimized the open channel block in Purkinje ®bers, an

open channel block with a comparable Kd compared to DRG
neurons should be observable. As a consequence open channel
block is much lower or not present in Purkinje ®bers and

allowed to describe the block with association of the drug to a
single state, which in the case of DRG neurons is not possible.
(3) Moreover, open channel block could not be described by a

single exponential time course, suggesting that perhaps two
kinetic processes are involved. However, we cannot exclude the
possibility that one time constant originates from the perfusion
system and that the increased value (compared to Cs+

application) results from equilibration of the drug across the
plasmalemma as the drug acts on the channel from the
intracellular side (van Bogaert & Goethals, 1992). Never-

theless, the l-concentration curves were not satisfactorily
described by a straight line, indicating that this open channel
block does not follow a ®rst order blocking scheme. In

thalamo-cortical projecting neurons it has been suggested that
Ih consists of two populations of channels (Solomon &
Nerbonne, 1993). This was con®rmed in cardiac tissue by a

mutant Zebra®sh which lacks one kinetic component (Baker et
al., 1997). The double exponential observed with the open
channel block might be explained by di�erent sensitivities of
these subtypes for bradycardic drugs.

In conclusion, the results obtained in DRG neurons are
somewhat intermediate compared to cardiac SA node cells and
Purkinje ®bers. In the Purkinje ®bre the low Kd is associated

with a slower unblock while for SA node cells the higher Kd

corresponds with an increased rate of unblock. The DRG
neuron combines a slow unblock with a higher Kd which might

coincide with open channel block.
Several organic compounds have been shown to block Ih or

If (Tokimasa et al., 1990; Perkins & Wong, 1995; DiFrancesco
et al., 1991; BoSmith et al., 1993; Harris et al., 1994). Only

speci®c bradycardic agents, such as UL±FS 49 (van Bogaert et
al., 1990; Goethals et al., 1993) and S 16257 (Bois et al., 1996),
potently (1079 to 1076

M) inhibit the hyperpolarization

activated current, both in cardiac tissue and in neurons. These
compounds can thus be used to block Ih or If at low doses,
which were ine�ective for the blockade of other ion channels
(Tytgat et al., 1992; Goethals et al., 1993; Raes et al., 1993),

however other reports have shown the block of other ion
channels at low doses as well (Doerr & Trautwein, 1990;
Valenzuela et al., 1996).

At present several physiological functions have been
attributed to Ih such as setting the resting membrane potential,
determining input resistance, providing `pacemaker' current

and preventing hyperpolarization (for review see Pape, 1996).
Previously we have demonstrated that Ih was activated at the
resting membrane potential (Raes et al., 1997). By providing a

steady inward current, Ih keeps the resting membrane potential
more depolarized compared to the Nernst potential of K+,
which has also been demonstrated for other neurons (Travagli
& Gillis, 1994). Upon application of Cs+ or UL±FS 49 (with

or without a voltage clamp pulse protocol) this steady inward
current is inhibited, as Ih is blocked, and a hyperpolarization is
thus observed. This hyperpolarization is dependent of

intracellular cyclic AMP and thus the position of the activation
curve (Raes et al., 1997). As Ih is activated at the resting
membrane potential it also contributes to the membrane

resistance and membrane time constant, which is clearly
observed in Figure 9B and which has also been demonstrated
in intracardiac neurons (Cuevas et al., 1997).

It has also been proposed that Ih contributes to oscillatory
behavior of the cell. In cardiac SA node cells activation of Ih
during the diastolic interval depolarizes the membrane
potential slowly to a threshold which results in an action

potential (DiFrancesco, 1993). In neurons a similar behavior
has been described in thalamo-cortical neurons (McCormick &
Pape, 1990). These cells cycle between a burst of Na+/K+

spikes and slow hyperpolarization and a subsequent depolar-
ization. In this scheme Ih activates during the hyperpolarizing
phase and provides inward current to depolarize the cell

(Huguenard & McCormick, 1992). Furthermore, a model
showed that Ih was critical in the behavior at hyperpolarized
potentials (McCormick & Huguenard, 1992). It also showed
that tonic current input resulted in train of action potentials

with little frequency adaptation and that shifting the voltage
dependence of Ih modulated this spiking behavior. Although
DRG neurons do not display an oscillatory behavior, the

steady inward current, provided by Ih may result in keeping the
neuron in a repetitive ®ring `mode'.

The depolarizing `sag' which is characteristic for the

presence of Ih has already been described years ago (Araki et
al., 1962). Although the phenomenon clearly demonstrates an
inhibitory e�ect of Ih on hyperpolarizing inputs, such a role

has, to our knowledge, never been demonstrated. When DRG
neurons were stimulated repetitively, after block of Ih with Cs

+

or UL±FS 49, a pronounced hyperpolarization (more negative
than the Nernst potential of K+) was observed after the

stimulus train. Recently, such strong hyperpolarizations,
sensitive to TTX were described in dLGN neurons (Pirchio
et al., 1997). We could explain this hyperpolarization by the

activation of the Na+/K+ pump, resulting from an increase of
the intracellular Na+ concentration during stimulation
(Thomas, 1972), which is consistent with the sensitivity of this

hyperpolarization for TTX observed in dLGN cells (Pirchio et
al., 1997). This hyperpolarization in DRG neurons was not
sensitive to the cardiac glycoside DHO at low concentrations,
which can be explained by the low sensitivity (Kd *1073,
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Hermans, 1997) of the Na+/K+ pump current for DHO in
these neurons. However, when extracellular K+ was omitted
from the bathing solution, thus preventing any pump activity,

the hyperpolarization measured after a stimulus train with
UL±FS 49, disappeared completely. As the extracellular
binding site for K+ of the Na+/K+ pump can be activated
by extracellular Cs+, it was not possible to inhibit the

hyperpolarization observed in Cs+ containing solutions by
omitting K+. Moreover, the increased hyperpolarization,
observed in 10 mM Cs+ compared to 2 mM Cs+, can perhaps

be explained by an increased pump activity (Isenberg, 1976;
Sternlicht & Vasalle, 1995). In dLGN neurons this hyperpolar-
ization is regularly observed in postnatal cells (P1-P9) while in

adult cells it was mostly absent (Pirchio et al., 1997). Although
Ih is already detected as early as P2, no data are available for
these neurons on the voltage dependence and amplitude of the

current in relation to its input resistance and developmental
age. The depolarizing sag was not always observed in young
neurons and the amplitude was smaller and slower which
might indicate a reduced Ih or shifted voltage dependency. In

DRG neurons Ih is absent in early stages of development and is
only expressed at later stages (Wang et al., 1997). In that
perspective it is tempting to speculate that absence, a small

amplitude or a voltage dependence shifted towards negative
voltages is related to the variable hyperpolarizations observed
in dLGN neurons. However, in dLGN neurons this

hyperpolarization was reduced in amplitude and in duration
by Cs+ at more hyperpolarized potentials and it is blocked by
Cd2+ and Co2+, (Pirchio et al., 1997). Although we have no

data obtained with Co2+ and Cd2+, the hyperpolarization is
clearly not reduced by Cs+, on the contrary, which might point
to a di�erent mechanism in dLGN neurons. In conclusion, we
propose that Ih contributes to the resting membrane potential,

but also counteracts hyperpolarizations, which can originate
from an increased pump activity during stimulation. The
subsequent inexcitability is thus prevented by h-channels as

inwardly rectifying currents are absent in these DRG neurons
(Scroggs et al., 1994).

SA node inhibitors were developed as a drug for treatment

of ischemic heart disease (Kobinger & Lillie, 1987) and might
be bene®cial in the treatment of ischemic heart disease (Baiker

et al., 1991). The main side e�ect of these products are visual
disturbances such as light ¯ashes and ¯ickering (Frishman et
al., 1995). These side e�ects can be explained by the action of

the drug on the hyperpolarization activated current Ih, since
this current is reported at various levels of the visual system
(Wollmuth & Hille, 1992) and is blocked by these inhibitors at
low concentrations. However, as Ih is apparently expressed

throughout the nervous system (for review see Pape, 1996), the
lack of other side e�ects like dysesthesias and paresthesias,
during treatment with UL±FS 49, is somewhat puzzling. This

lack might be explained in several ways. (1) The position of the
activation curve of Ih on the voltage axis is dependent on the
intracellular cyclic AMP concentration and on the phosphor-

ylation state (Raes et al., 1997). As a consequence, the
proportion of h-channels that are activated at the resting
potential is modulated by the physiological state of the

preparation. Thus, the presence of h-channels in a cell type,
demonstrated in voltage clamp condition, does not necessarily
imply that these channels also contribute to the resting
membrane potential. (2) The time course of the spiking

behavior in the nervous system is much faster than the
spontaneous pacing in heart tissue, and perhaps Ih, which
activates slowly, is not involved. However, in thalamic relay

neurons h-channels contribute to intrinsic oscillations but in
these cells it consists of slow oscillations (McCormick & Pape,
1990). (3) In the DRG neurons we have experimental evidence

for a protective role of Ih against hyperpolarizations and have
previously shown that h-channels are activated at the resting
potential, when the cytosolic content of the cell is not

signi®cantly altered (by using the nystatin patch method)
(Raes et al., 1997). Although we have demonstrated that Ih is
blocked with UL±FS 49 by stimulating the cell (without a
`special' voltage clamp protocol), in a clinical study patients

did not report adverse e�ects (Frishman et al., 1995). These
®ndings might indicate that such a protective role only occurs
in particular physiological conditions.

Further investigations are necessary to determine whether
the varying presence of these side e�ects with di�erent SA node
inhibitors can be explained by the di�erent sensitivity and

di�erences in rate of block of Ih current and/or the
physiological role ful®lled by h-channels.
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