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Inhibition of cardiac pacemaker channel hHCN2 depends
on intercalation of lipopolysaccharide into
channel-containing membrane microdomains
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Henning Ebelt?, Ursula Miiller-Werdan?, Harald Loppnow?, Karl Werdan? and Michael Gekle!

!Julius Bernstein Institute for Physiology and *Department of Internal Medicine III, University Hospital of Halle (Saale), Martin Luther University of
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Key points

e The regulation of cardiac function is seriously impaired in severe inflammatory diseases. One
characteristic of this dysfunction is a strong reduction in heart rate variability (HRV) so that
the cardiac cycle is more regular. This phenomenon is strongly correlated with an unfavourable
prognosis in patients with systemic inflammation.

e Although the depression in HRV can be partially explained by the interplay between
cardiac pacemaker channels and lipopolysaccharide (LPS) liberated from the outer walls of
Gram-negative bacteria, the underlying mechanism is still elusive.

e Using HEK293 cells stably expressing a cardiac pacemaker channel, we demonstrate that only
intact LPS molecules can intercalate into target cell membranes and then directly interact with
extracellular parts of pacemaker channels. Intracellular signalling cascades do not contribute
to LPS-dependent channel modulation.

e The present results help to elucidate how LPS interacts with pacemaker channels to attenuate
the regularity of the cardiac cycle.

Abstract Depressed heart rate variability in severe inflammatory diseases can be partially
explained by the lipopolysaccharide (LPS)-dependent modulation of cardiac pacemaker channels.
Recently, we showed that LPS inhibits pacemaker current in sinoatrial node cells and in HEK293
cells expressing cloned pacemaker channels, respectively. The present study was designed to verify
whether this inhibition involves LPS-dependent intracellular signalling and to identify structures
of LPS responsible for pacemaker current modulation. We examined the effect of LPS on the
activity of human hyperpolarization-activated cyclic nucleotide-gated channel 2 (hnHCN2) stably
expressed in HEK293 cells. In whole-cell recordings, bath application of LPS decreased pacemaker
current (Iycnz) amplitude. The same protocol had no effect on channel activity in cell-attached
patch recordings, in which channels are protected from the LPS-containing bath solution. This
demonstrates that LPS must interact directly with or close to the channel protein. After cleavage
of LPS into lipid A and the polysaccharide chain, neither of them alone impaired I;pcny, which
suggests that modulation of channel activity critically depends on the integrity of the entire LPS
molecule. We furthermore showed that B-cyclodextrin interfered with LPS-dependent channel
modulation predominantly via scavenging of lipid A, thereby abrogating the capability of LPS to
intercalate into target cell membranes. We conclude that LPS impairs Iyicn, by a local mechanism
that is restricted to the vicinity of the channels. Furthermore, intercalation of lipid A into target
cell membranes is a prerequisite for the inhibition that is suggested to depend on the direct
interaction of the LPS polysaccharide chain with cardiac pacemaker channels.
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Introduction

In severe sepsis and multi-organ dysfunction syndrome,
the regulation of cardiac function is impaired. In addition
to a reduction in contractility, the cardiac cycle is more
regular. This depression in heart rate variability (HRV)
is a strong predictor of an unfavourable prognosis in
patients with systemic inflammation (Werdan et al. 2009).
Although this is of high clinical relevance, the mechanisms
underlying the impairment in HRV are incompletely
understood.

Experimental evidence suggests lipopolysaccharide
(LPS) is involved. LPS (also called endotoxin) is liberated
from the outer walls of Gram-negative bacteria in
patients suffering from severe sepsis. Injection of LPS
decreased HRV in healthy human volunteers (Godin
et al. 1996). Furthermore, LPS was shown to modulate
the sympathetic—vagal balance that strongly affects HRV
(Huang et al. 2010) and reduces the responsiveness of
sinoatrial node (SAN) cells to vagal stimuli (Gholami
et al. 2012). These effects predominantly impair the auto-
nomous regulation of cardiac pacemakers. Additionally,
LPS may interfere with the mechanism of pacemaking
itself because the application of LPS was found to reduce
beating rate variability in cultured neonatal heart cells
(Schmidt et al. 2007). Native pacemaker current I is
generated by ion flux through hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels (Biel et al.
2009). In mammalian cardiac cells four HCN channels
(HCN1-4) are expressed (Herrmann et al. 2011). HCN1,
HCN2 and HCN4 are expressed in the cardiac conduction
pathway, whereas HCN3 is expressed in ventricular
myocytes that provide a background conductance that
regulates the kinetics of repolarization (Fenske et al. 2011).
Patch-clamp experiments with human atrial myocytes
as well as HL-1 cells have demonstrated the activity of
f-channels to be reduced by LPS (Zorn-Pauly et al. 2007;
Wondergem et al. 2010).

Very recently, we conducted a study to determine
the structural parts of LPS essential to modulate
the activity of heterologously expressed human HCN2
channels (hHCN2) (Klockner et al. 2011). Amphiphilic
LPS is composed of three structural regions: the

O-specific polysaccharide (O-chain), which acts as
a serological determinant of various bacteria; the
central core, and a lipid component named lipid A,
which has been identified as the LPS component
possessing the inflammatory capacity responsible for
LPS-induced biological effects (Raetz, 1990; Rietschel et al.
1994).

We observed that only LPS types containing an
intact O-chain inhibit hHCN2-mediated current (I,cng)
amplitude. This inhibition of channel activity takes place
within a few seconds and is caused by a reduction in
maximal conductance and a shift in the channel open
probability curve to more negative voltages. Furthermore,
the deactivation kinetics of I jjcn; activity are accelerated.
By contrast, proinflammatory LPS-types lacking the
O-chain did not reduce I ycnz or modulate its kinetic
attributes. These results strongly suggest that the O-chain
is essential for reduction of Ipcnz by LPS and that
pacemaker channels may act as a target for end-
otoxin. Similarly to the heterologous expression system,
impairment of native It by LPS in isolated SAN cells
critically depended on the presence of the O-chain
(Kldckner et al. 2011).

The present study was conducted to address the
question of whether LPS-induced modulation of hHCN2
channel activity depends on a relatively close and direct
interaction or whether a distant and indirect inter-
action via intracellular signalling cascades is involved.
Additionally, we aimed to further characterize the
structural requirements for this channel modulation by
LPS. Our results suggest that LPS affects Iyycn: by a
mechanism that is spatially restricted to the vicinity of
the channels. Furthermore, we provide evidence that
only the integral LPS molecule consisting of intact lipid
A and the polysaccharide chain can modulate Icn;.
B-cyclodextrin (BCD) blocked LPS-dependent hHCN2
channel modulation by scavenging the lipid A moiety
of LPS. Therefore, we conclude that the intercalation of
LPS into the target cell membrane via acyl chains of lipid
A is a prerequisite for the subsequent interaction of the
polysaccharide chain with extracellular structures of the
pacemaker channel protein.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Methods
Stably transfected HEK293 cells

The stable cell line expressing hHCN2 was a gift
from Dr Stieber (Stieber et al. 2005). Cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F12 medium (Biochrom AG, Berlin,
Germany) supplemented with 200 g ml™" geneticin (Life
Technologies, Inc., Carlsbad, CA, USA), 2 mm L-glutamine
and 10% fetal bovine serum (FCS; Biochrom AG, Berlin,
Germany), at 37°C and 5% CO,.

Electrophysiological recordings and data analysis

Currents were recorded from transfected cells with
the whole-cell or cell-attached patch-clamp technique
using an Axopatch 200 patch-clamp amplifier (Axon
Instruments, Inc., Burlingame, CA, USA). Patch pipettes
were pulled from thick wall borosilicate glass (Hilgenberg
GmbH, Malsfeld, Germany). Electrical resistances of
fire-polished electrodes were 1-2 M for cell-attached
patch-clamp recordings and 3-5 M for whole-cell
voltage-clamp recordings, respectively. The pipette
solution for whole-cell voltage-clamp recordings consisted
of 140 mm KCl, 5 mm Na,ATP, 6 mMm MgCl,, 1 mm EGTA
and 10 mMm Hepes/KOH (pH 7.2). The bath solution for
whole-cell recordings contained 110 mm NaCl, 30 mm KCl,
1.8 mm CaCly, 0.5 mm MgCl,, 10 mM glucose and 10 mm
Hepes/NaOH (pH 7.4). In order to zero the membrane
potential during cell-attached patch-clamp recordings, a
high potassium bath solution was used containing 140 mm
KCI, 1 mm MgCly, 1.8 mm CaCly, 5 mM glucose and
10 mMm Hepes/KOH (pH 7.4). The pipette solution for
cell-attached patch-clamp recordings was comprised of
the same composition as the bath solution used in the
whole-cell voltage-clamp experiments. To allow fast LPS
application in cell-attached recordings, a second patch
pipette (~50 pum in diameter) was placed near the
investigated cell. Flow could be switched on and off using
pinch valves.

For whole-cell voltage-clamp recordings, the input
capacitance of HEK293 cells was estimated by integrating
the capacitive current at the end of a 100 ms long
voltage step from —60 mV to —50 mV (ISO-2; MFK,
Niedernhausen, Germany). Series resistances between
6 MQ and 10 MQ were measured before maximal
compensation (>95%). Currents were low-pass filtered at
1 kHz with an eight-pole Bessel filter built in the amplifier
and sampled at 5 kHz. All measurements were conducted
at room temperature (20-24°C) and not corrected for
liquid junction potentials.

The steady state voltage-dependence of Iypcne
activation was determined from tail currents at —80 mV
following 8 s long test pulses ranging from —50 mV
to —150 mV in —10 mV steps (holding potential

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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of —40 mV). Plots of tail current amplitude versus
membrane potential were fitted using a least-squares
method (Origin 8.0; MicroCal LLC, Northampton,
MA, USA) to a Boltzmann distribution given by
Li(V) = Ay + (A1 — A)/{1 + exp[(V — Vis)/sl},
where A; is the maximal amplitude, A, is the current
offset, V is the hyperpolarizing pulse potential, Vps is
the half-maximal activation voltage and s is the slope
factor. Boltzmann fits and tail current amplitudes were
normalized with respect to the maximal tail current
amplitude Al—Az.

The dose-response relationship for the shift in
Vos (AVps) as a function of LPS was obtained by
paired comparison experiments. Activation curves were
constructed from averaged leakage-corrected current
traces (n = 3 or n = 4) recorded before and 4 min
after bath application of LPS. Data were fit in SigmaPlot
using the hyperbolic function: A Vg5 = AVjsmayx - [LPS]/
(Kp + [LPS]), where A V{ 5max is the maximal shift in V5
and Kp is the LPS concentration required to achieve 50%
of the maximum shift in V5.

Deglycosylation

In order to verify a role of HCN channel glycosylation
in LPS-dependent modulation of channel function, we
treated hHCN2-expressing HEK293 cells with peptide
N-glycosidase F (PNGase F; New England BioLabs, Inc.,
Ipswich, MA, USA). Cells were washed with bath solution
and incubated with PNGase F (1000 U ml~! in bath
solution) at 37°C for 1 h (Noma et al. 2009).

Degradation of LPS

Lipopolysaccharide was degraded by mild acid hydro-
lysis. LPS (5 mg ml™!) was hydrolysed with 1% (v/v)
acetic acid at 100°C for 90 min according to Leone et al.
(2006). This standard procedure, originally established
by Freeman & Anderson (1941), cleaves the acid labile
ketosidic linkage between the polysaccharide moiety and
lipid A, leaving the polysaccharide chain intact. The
insoluble lipid A was separated from the polysaccharide
component of LPS by centrifugation (15,000 g, 10 min).
The pH level was adjusted to 7.4 (NaOH) and the aqueous
solution containing the polysaccharide moiety used for the
experiments. The fraction containing lipid A was prepared
as stock solution in dimethyl sulphoxide (DMSO). Before
use, lipid A stock solution was dissolved in physiological
salt solution (PSS). The final concentration of the solvent
had no effect on mean Vs (control: —92.3 £ 3.0 mV,
n=4;0.5% DMSO: —91.3 £ 1.0 mV, n=4; P=0.8).
For control purposes, untreated and hydrolysed LPS
samples were subjected to a 12% SDS-PAGE and visualized
by silver staining as described elsewhere (Nesterenko
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et al. 1994). Electromobility of the LPS molecule critically
depends on lipid A moiety, whereas silver staining
exclusively detects the polysaccharide chains (Jann ef al.
1975; Tsai & Frasch, 1982). Therefore, only intact LPS can
be separated and visualized by this method.

Cholesterol depletion

For cholesterol depletion, cells were incubated with 10 mm
BCD. As prolonged exposure of HEK293 cells to 5-10 mMm
BCD causes the cells to detach from the culture dish and
subsequently results in cell death (Barbuti et al. 2004),
we limited the preincubation time of cells to 60-120 min
(37°C, serum-free DMEM or bath solution).

In order to verify a physical interaction of BCD with LPS,
we used a BCD polymer (SCD monomers cross-linked
by epichlorohydrin; sc-296103; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). This polymer is insoluble and hence
forms sediments in aqueous solutions.

Incubations were carried out in the bath solution used
in current recordings. FITC-labelled LPS (50 pug ml~!)
was incubated with SCD polymer (24 mm; calculated
from the molecular weight fraction of the monomers)
at room temperature for 3 h. Thereafter, the super-
natant was collected and the sediment of the BCD
polymer was washed three times with bath solution
before FITC fluorescence was measured in a microplate
reader. Using this approach, we were able to show a
reduction of fluorescence in the supernatant by 36%.
Concomitantly, FITC-LPS fluorescence appeared in the
BCD polymer sediment, whereas the BCD polymer itself
is non-fluorescent. As the SCD polymer has a crystalline
structure, presentation of SCD molecules is restricted to
the polymer surface and hence is rather limited. This might
have prevented a more complete removal of FITC-LPS
from the supernatant. Nevertheless, our data indicate that
BCD and LPS physically interact with one another.

Reagents

Unless otherwise noted, all reagents and LPS pre-
parations used in this study were purchased from
Sigma-Aldrich Chemie GmbH (Deisenhofen, Germany).
LPS from Escherichia coli (O111:B4) was either purified
by gel-filtration chromatography (L3012) or isolated
by phenol extraction (L2630). A synthetic lipid A
was purchased from PeptaNova GmbH (Sandhausen,
Germany) and dissolved in 0.1% triethylamine to make
a2 mg ml™! stock solution.

Statistical analysis

The data are presented as the mean &+ s.E.M. Statistical
comparisons were carried out using Student’s ¢ test.
Differences were considered significant at P < 0.05. To
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minimize dispersion of data, mostly day-matched cells
were used.

Results

In our previous study, we showed that the application
of LPS reduces the activity of hHCN2 channels
heterologously expressed in HEK293 cells. This
modulation involves an attenuation of the maximal
conductance, a shift in the activation curve to more
negative potentials and an acceleration of the deactivation
time course of Icna.

Assuming that all aspects of LPS-dependent hHCN2
channel modulation are mediated by the same mechanism
of interaction and to facilitate comparison of our data with
those in the literature, in the present study we used the shift
of the half-maximal activation potential (V; 5) asa readout
for the effect of LPS on I ycnp- This parameter has proved
to be most robust in experiments concerning the effect of
LPS on pacemaker channel activity (Zorn-Pauly et al. 2007;
Klockner et al. 2011). Initially using paired experiments,
we established a dose-response curve for the LPS-induced
shift in V{ 5. Averaged AV s values (n =3 or n=4) were
fitted with a hyperbolic function using a maximal AV} 5
of —26.5 mV and a Kp value of 6.3 ug ml~.

In order to elicit maximal responses, we used 50 £g ml ™!
LPS throughout this study.

No evidence for the involvement of LPS-induced
cytosolic second messengers in the effect
of LPS on IhHen2

Figure 1A shows the inhibitory effect of LPS on
Thncng, recorded in the whole-cell configuration of the
patch-clamp technique. To differentiate between direct
and indirect long-distance interactions between LPS and
hHCN2 channels, similar experiments were performed
in the cell-attached configuration (Fig. 1B). Here, the
investigated hHCN2 channels are located within the patch
pipette and are therefore protected from a direct inter-
action with LPS that was added to bath solution. However,
in this configuration, modulation of hHCN2 channel
activity via LPS-induced intracellular signalling cascades
would still be possible. As it has been demonstrated pre-
viously that LPS reduced the amplitude of N, with a
time constant of ~8 s (Klockner et al. 2011), cells were
exposed for at least 20 s to LPS before the amplitude of
Ihncna was estimated. In the absence of LPS, the amplitude
of Inrcna at the end of the 8 s long hyperpolarizing voltage
step amounted to —87 pA, whereas after application of
50 ug ml~!' LPS to the same cell an inward current with
an amplitude of =92 pA was recorded. We observed Iycno
with mean amplitudes of —41.0 £ 10.5 pA (n = 8) and
—42.5 £ 10.6 pA (n = 8) under the control condition and
after application of LPS, respectively (P = 0.22).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 1C illustrates further cell-attached experiments.
However, by contrast with the experiments described
earlier, here LPS is applied via the electrode solution inside
the patch pipette. Similarly to the whole-cell experiments,
the channels under investigation are accessible to the
applied LPS. In this patch-clamp configuration paired
recordings of I,ycn, before and after application of LPS
are impossible and unpaired measurements would suffer
from large variations as a result of the differences in
expression levels of hHCN2 channels between individual
cells. To circumvent these difficulties, we recorded
activation curves. We found that 50 g ml~! LPS shifted
the activation curve to more negative potentials as
indicated by the significantly more negative V; 5 (control:
—83.4 4+ 1.9 mV, n=3; LPS: —103.0 £ 1.4 mV, n = 3;

A whole-cell B

patch electrode
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macro-patch, LPS outside C

patch electrode

hHCN2
channels
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P < 0.05). Thus, LPS must act in close proximity to the
channel protein in order to modulate Iypcno-

Role of channel glycosylation in LPS-mediated
modulation of lhycn2

The state of glycosylation has been reported to modulate
channel function (Watanabe et al. 2007; Veldhuis et al.
2012; Weiss et al. 2013). Therefore, we proved the necessity
of channel glycosylation for LPS-dependent modulation
of Ihgcna- The results of these experiments are depicted
in Fig. 2A. Treatment of cells with PNGase F did not
modify Vo5 of Iiycna (control: —84.7 £ 0.9 mV, n = 7;
PNGase F: —84.9 £ 09 mV, n = 7). Additionally,
deglycosylation did not prevent an LPS-dependent shift

macro-patch, LPS inside
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bath é@“@%
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Figure 1. Effect of lipopolysaccharide (LPS) on hHCN2 channel activity recorded in either the whole-cell
or the cell-attached configuration of the patch-clamp technique

A, whole-cell configuration. Application of 50 g mlI~" LPS decreased mean whole-cell current fycny at a test
potential of —100 mV to about 65% (n = 4 each). B, cell-attached recordings (macro-patch) with LPS applied
via the bath solution. The patch electrode protects the channels under investigation from direct interaction
with LPS. However, LPS remained able to induce receptor-mediated intracellular signalling, thereby modulating
channel activity. Representative fncny traces were recorded in the absence of LPS (control) and after application of
50 129 mI=" LPS. Mean current amplitude of /ey did not differ between control and LPS treatments (n = 8 each).
C, cell-attached recordings with LPS applied via the pipette solution. Action of LPS is spatially restricted to the
vicinity of the channels under investigation. This experimental configuration does not allow for paired experiments.
Therefore, activation curves were recorded with or without 50 g mI~" LPS included in the pipette solution (n = 3
each). Potential of half-maximal activation (Vo s) is shifted by LPS to more negative potentials. *P < 0.05 versus

control.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society



1204

in Vo5 (PNGase F + LPS: —116.9 & 1.4 mV, n = 7;
P < 0.05 versus PNGase F alone). Moreover, this shift
is larger than that induced by LPS application without
preceding PNGase F treatment (LPS: —105.9 £ 1.9 mV,
n =17 P < 0.05 versus PNGase F + LPS). This
indicates that channel glycosylation is not a prerequisite
for LPS-dependent modulation. Channel deglycosylation
was examined using immunoblotting (Fig. 2B).

Impact of isolated polysaccharide chains or lipid A
on lhuenz

In previous experiments, we showed that mutant LPS types
lacking an O-chain did not affect the amplitude of Lycne
(Klockner et al. 2011). This suggests a crucial role for the
O-antigen of LPS in the modulation of Iyycnp. To test this
hypothesis more directly, we degraded LPS into lipid A
and the polysaccharide moiety by mild acidic hydrolysis
(Fig. 3A). The efficacy of degradation was controlled by
SDS-PAGE and silver staining (Fig. 3B). Compared to an
equal amount of untreated LPS, hydrolysis reduced the

A PNGase
0 control LPS PNGase +LPS
A [ T T I |
_70-
Z  -80-
2 901
>
-100 1
—-110+1 "
-120- #
B control PNGase
— . = 130 kDa
- 95kDa

Figure 2. Role of glycosylation in lipopolysaccharide
(LPS)-mediated modulation of I,,ycn2

A, effect of channel deglycosylation on LPS-dependent modulation
of Ihycnz- Cells were left untreated (control) or were incubated with
peptide N-glycosidase F (PNGase F, 1000 U mI~=", 37°C, 1 h). Mean
V.5 recorded under control conditions (open bar, n = 7), in the
presence of 50 g mI~" LPS (black bar, n = 7), after incubation of
cells with PNGase F (light grey bar, n = 7) and in the presence of

50 g mi=" LPS after incubation with PNGase F (dark grey bar,

n = 7). LPS-dependent modulation of /hycn; is not attenuated by
channel deglycosylation. Rather, it sensitizes channels to
LPS-dependent modulation because the shift in Vg 5 is augmented
after PNGase F treatment of cells. B, a representative Western blot of
total lysates from control and PNGase F-treated hHCN2-expressing
HEK293 cells. The intensity of the upper band is reduced, whereas a
lower band appears by PNGase F treatment, indicating channel
deglycosylation. *P < 0.05 versus control; #P < 0.05 versus

PNGase F; 8P < 0.05 versus LPS.
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intensity of silver staining to only 10%, indicating that
90% of LPS was degraded.

Figure 3C depicts the effect of intact LPS and its iso-
lated degradation products on Vj5 of Iyycnz. Compared
to control (—89.4 £+ 1.6 mV, n = 9), uncleaved LPS
significantly shifted mean Vy5 (—115.2 £ 2.1 mV, n=7;
P < 1077). By contrast, neither the isolated polysaccharide
chains (—93.0 £ 1.0 mV, n=10; P=0.07) nor the isolated
lipid A (—89.8 & 2.6 mV, n = 6; P = 0.87) affected mean
Vos. Similarly, 10 g ml™! of synthetic proinflammatory
lipid A had no modulatory effect on V5 of hHCN2
channels (control: —86.6 + 2.6 mV, n = 6; synthetic
lipid A: —86.6 £ 0.8 mV, n = 10) (Fig. 3D). These data
demonstrate that neither isolated polysaccharide chains
nor isolated lipid A modulate Iycno-

BCD directly blocks the capability of LPS to impair
Ihhen2

As the localization of pacemaker channels in lipid
rafts has been reported to regulate their biophysical
properties (Barbuti et al. 2004), we sought to evaluate
the importance of these specialized membrane domains
for LPS-dependent modulation of hHCN2 channels.
Therefore, we disrupted lipid rafts by cholesterol depletion
using BCD. Figure 4 shows current traces recorded in the
presence of either 10 mm SCD (Fig. 4A) or 10 mm SCD
and 50 pg ml™! LPS (Fig. 4B). As depicted in Fig. 4C,
without SCD, incubation with LPS (60-120 min) shifted
the mean Vj5 of Iygcne from —86.0 £ 0.3 mV (control,
n=15)to —104.1 £ 1.1 mV (n=_8). Incubation with SCD
alone (60-120 min) induced a shift of V; 5 to less negative
potentials (—73.2 £ 0.4 mV, n = 10) as expected from
the literature (Barbuti et al. 2004). However, incubation
of cells with LPS in the presence of SCD did not further
modify mean Vj5 (—74.0 & 0.6 mV, n = 13). This seems
to suggest that the presence of lipid rafts is a prerequisite
for LPS-dependent modulation of hRHCN2 channels.

This conclusion was challenged by a recent report
showing that BCD may act as a scavenger for endotoxin
(Sakata et al. 2011). To examine the interplay between
BCD, LPS and cells in more detail, we conducted two
different sets of experiments.

Firstly, we re-evaluated the effect of LPS on
Iigcna in cholesterol-depleted cells using a  slightly
different protocol. Again, cholesterol depletion by BCD
(60-120 min) caused a shift in mean Vys from
—876+1.1mV (n=6)to =759 £ 14 mV (n=29)
(Fig. 5A, C). By contrast with the experiments reported
above, SCD-containing bath solution was then exchanged
for normal bath solution. About 1 h later, mean V5
remained at less negative potentials (—77.2 £ 1.0 mV,
n = 7), indicating that after washout of SCD, the
replenishment of membranes with cholesterol takes

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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considerable time. This time delay enabled us to examine
the effects of LPS on I ycn; in cholesterol-depleted cells
but in the absence of SCD. Under these conditions LPS
significantly shifted mean V5 to —91.1 £ 0.9 mV (n=9)
(Fig. 5B, C).

Secondly, we tried to verify the scavenging effect of
BCD on LPS. We co-incubated 50 ug ml™! LPS and
10 mM BCD in bath solution (90 min). Subsequently
we exposed cells to this BCD-pretreated LPS. During the
first 30 min of incubation, mean V5 (—87.8 & 2.6 mV,
n = 4) did not differ from the value obtained with control
cells (—87.6 £ 1.1 mV, n = 6). After prolonged exposure
(60-120 min), mean Vj 5 was shifted to —77.8 &= 1.4 mV
(n=29), avalue indistinguishable from that obtained with
BCD alone (—=75.9 &+ 1.4 mV, n=9; P = 0.37). However,
the typical LPS-induced shift of V5 to more negative
potentials could not be detected with SCD-pretreated LPS.

These data suggest that LPS-dependent modulation
of hHCN2 channels does not depend on the integrity
of lipid rafts or the localization of hHCN2 channels in
these cholesterol-rich membrane domains. Rather, BCD

Lipopolysaccharide-dependent inhibition of h(HCN2 pacemaker channel
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interferes with LPS-dependent channel modulation by its
capability to scavenge LPS putatively via interaction with
the acyl chains of the lipid A moiety (Fig. 5D).

Discussion

Accessibility of hHHCN2 membrane microdomains is
required for LPS-induced inhibition of /ycn2

In addition to regulation by cAMP, HCN channels are
known to be regulated by additional factors including
phosphorylation, interacting proteins and low molecular
weight factors (Biel et al. 2009). Given the large number of
putatively involved signalling cascades, we first wanted
to establish whether signalling cascades were involved
at all. Therefore, we chose the cell-attached mode
of patch-clamp technique. It allows for the analysis
of ion channels that are physically protected by the
patch electrode from bath-applied agents, thus pre-
venting direct interaction. However, the modulation of

polysaccharide lipid A - 130 kDa
O-chain : core region 6 - 70kDa
c
L - 40 kDa
2000000 - 25kDa
rf ®
repeating unit . - : b
mild acidic hydrolysis e
2 — - 10kDa
poly- synthetic
C 0 control LPS lipid A saccharide D 0 control  lipid A
[T B___J Il | I [ T
_80- _80 ] -
S S
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0 0
> 100 =" ~100 -
—110+ ~110 A
—120- -120 -

Figure 3. Effects of isolated polysaccharide chains and lipid A on lhycn2

A, schematic chemical structure of lipopolysaccharide (LPS) (according to Rietschel et al. 1994). The arrow indicates
the chemical bond, which is cleaved by mild acetic acid hydrolysis, resulting in a separation of the polysaccharide
moiety containing the O-chain from the hydrophobic lipid A. B, 7.5 g of untreated (lane 1) or hydrolysed (lane 2)
LPS were subjected to 12% SDS-PAGE and silver-stained. The typical staining pattern of S-type LPS is characterized
by intermediates of the full-length LPS representing lipid A with the core oligosaccharide only (a), lipid A and core
with one repeating unit (b), and lipid A and core with different numbers of the repeating unit (c) (according to
Palva & Makela, 1980). Because only intact LPS can be separated and visualized by this method, the reduction
in staining intensity indicates 90% hydrolysis of LPS. C, mean V5 recorded under control conditions (open bar,
n = 11), in the presence of 50 g ml=" LPS (black bar, n = 11) and in the presence of degradation products
derived from 50 g mi=" LPS exposed to mild acidic hydrolysis (lipid A: light grey bar, n = 10; polysaccharide: dark
grey bar, n = 10). Only the intact LPS molecule affects Vp 5 of lhycnz. D, compared to control (open bar, n = 6),
Vo5 of lhenz is not modulated by 10 g mI~" synthetic lipid A (grey bar, n = 10). *P < 0.05 versus control.
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f-channel activity via intracellular signalling cascades
and diffusible second messengers has been demonstrated
in a cell-attached configuration (DiFrancesco, 1986).
Therefore, modulation of hHCN2 channel activity via
LPS-induced intracellular signalling cascades will not
be compromised in cell-attached recordings. In these
experiments, LPS did not modulate Lycn, when it was
applied via the bath solution, but did affect channel activity
when it was applied via the electrode solution. Therefore,
we conclude that LPS must directly interact with the
channel protein in order to impair activity. The short time
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constant for LPS-dependent channel blocking of ~8 s may
reflect such a direct mechanism (Klockner et al. 2011).

Channel glycosylation is not a prerequisite for
LPS-induced inhibition of l,ycn2

The state of channel glycosylation is reported to modulate
the activity of a variety of ion channels, including
potassium channels, transient receptor potential (TRP)
channels and T-type calcium channels (Watanabe et al.
2007; Veldhuis et al. 2012; Weiss et al. 2013). In addition,

A “A0mv test B -40mv test
—60m potential —60mV_ potential
T T -80mV T T -80mV
-120 mV -120 mV
e o e
;_Vf‘.r,,ﬁn.w‘—— =
e -~ | 400 pA . ,Flg;;')A
2s i Pt b Figure 4. Effect of co-incubation with
pCD BCD + LPS B-cyclodextrin (8CD) and lipopolysaccharide (LPS)
on lhyenz
C control LPS BCD BCD + LPS A, current traces recorded after incubation of cells with
0 10 mm BCD (90 min). B, current traces obtained after
] I [ I— H I co-incubation of cells with 10 mm BCD and 50 pg ml~"
| | | | LPS (90 min). C, mean Vj 5 recorded under control
< —70 conditions (open bar, n = 15), in the presence of
3 _80- * * 50 wg mi=" LPS (black bar, n = 8), after incubation of
0 cells with 10 mm BCD (60-120 min, light grey bar,
=° —90- n = 10) and after co-incubation of cells with 10 mm
BCD and 50 pg mi=" LPS (60-120 min, dark grey bar,
—1004 n = 13). BCD shifts Vo5 of lhycny to less negative
~110- potentials. However, in the presence of BCD, LPS does
not modulate lycnz- *P < 0.05 versus control.
A —40mv test B —40mv test
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-120 mV -120 mV
Figure 5. Effect of sequential incubation with
[ | 400 pA B-cyclodextrin (BCD) and lipopolysaccharide (LPS)
'] 400 pA _— on lhycnz
_ Z LPS after 2s A, current traces recorded in the presence of 10 mm
BCD BCD washout BCD. B, current traces recorded in the presence of
50 ug mi=" LPS, 60 min after washout of SCD. C,
C BCD  LPS after mean Vp 5 obtained in the presence of 10 mm BCD
o BCD  washout washout (white bar, n = 9), 60 min after washout of ﬂ1CD (grey
. bar, n = 7) and in the presence of 50 ug ml=" LPS,
_10}—| ' 60 min after washout of BCD (black bar, n = 9). The
604 effect of BCD on Vo5 of Iy is still present 60 min
S after BCD washout, indicating that cell membranes are
£ 701 still cholesterol-depleted. The LPS-dependent shift of
>§ _804 = V0.5 to more negative potentials is reduced but still
detectable after BCD is washed out. D, schematic
—901 diagram of the interaction of the acyl chains of lipid A
~1004 * with the hydrophobic cavity of BCD (according to

Sakata et al. 2011). *P < 0.05 versus BCD washout.
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HCN channels are affected by alterations in glycosylation.
Mutation of N-glycosylation sites was shown to almost
completely prevent surface expression of HCN2 channels,
whereas surface expression of HCN1 channels remained
almost unchanged (Hegle et al. 2010).

We wondered whether modulation of Lpcny, by LPS
also critically depended on channel glycosylation. We used
PNGase F to deglycosylate h(HCN2 channels. As a result, a
new protein band approximately 20 kDa smaller appeared
in the Western blot. A similar difference in molecular
weight between glycosylated and unglycosylated HCN2
channels was reported by Much et al. (2003) and by Hegle
et al. (2010). However, channel deglycosylation did not
change Vj5 of Iipcne. This is in line with the report by
Hegle et al. (2010) on the effect of glycosylation on HCN1
channel function. Moreover, deglycosylation did not pre-
vent the shift of V; 5 induced by subsequent application of
LPS. Rather, it sensitized HCN channels to LPS because the
shiftin Vj 5 was more pronounced after PNGase treatment
of the cells. Putatively, the removal of negative charges
from the channel surface by deglycosylation promotes the
interaction of negatively charged LPS with the channel
protein. We conclude that the N-linked glycosylation of
hHCN2 channels is not a prerequisite for LPS-dependent
modulation.

Only intact LPS affects IhHen2

In our previous study, we identified the O-chain of LPS
as a critical component responsible for HCN2 channel
modulation (Klockner et al. 2011). Here, we tried to
further substantiate this crucial role of polysaccharide
moiety. Therefore, we degraded LPS by mild acid hydro-
lysis, which cleaves the 2-keto 3-deoxy-octulosonate bond
linking lipid A to the core polysaccharide (Morrison &
Ulevitch, 1978).

Surprisingly, the isolated polysaccharide had no impact
on the activity of Ipgcna, which suggests that poly-
saccharide moiety is necessary but not sufficient to
modulate pacemaker activity. This conclusion is further
supported by our experiments using SCD-pretreated LPS.
It is proposed that BCD may shield the lipid A moiety
of LPS by interaction with its fatty acids (Sakata er al.
2011). Regardless of the resultant block of lipid A function,
LPS-dependent inhibition of Iycn, should still be possible
if the polysaccharide chains were sufficient to mediate this
effect of LPS. However, no hHCN2 channel modulation
was detected using BCD-pretreated LPS.

Additionally, neither isolated lipid A after hydrolysis
nor synthetic lipid A modulated hHCN?2 channel activity.
Therefore, we conclude that the polysaccharide chains
and lipid A moiety can inhibit Iycn, only as integral
parts of the whole LPS molecule. Similarly, LPS-dependent
inhibition of low-density lipoprotein (LDL) uptake into
hepatoblastoma (HepG2) cells has been shown to critically
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depend on the integrity of the LPS molecule (Liao &
Floren, 1992).

LPS-dependent modulation of l,ycn2 and lipid rafts

Lipid rafts are specialized dynamic membrane micro-
domains enriched in cholesterol and sphingomyelin.
These lipid rafts may form flask-like membrane
invaginations, the caveolae, with the help of additional
structural proteins (i.e. caveolins) (Allen et al. 2007).

Caveolin-3 has been shown to regulate cardiac
pacemaker channels and heterologously expressed HCN4
channels (Ye et al. 2008). In addition, Barbuti et al
(2012) showed that loss of interaction between caveolin-1
and heterologously expressed HCN4 channels reduces
surface expression of the channels and, more importantly,
shifts the curve of channel activation to less negative
potentials. As LPS shifts Vjs in the opposite direction,
it is rather unlikely that LPS modulates HCN channel
function via the attenuation of caveolin~HCN channel
interaction.

However, even localization of ion channels within
lipid rafts may modulate their function (Strain et al
1983; Allen et al. 2007). Indeed, this has been shown
for native pacemaker channels in SAN cells, as well as
HCN4 channels expressed in HEK293 cells (Barbuti et al.
2004).

We used BCD to assess the roles of these membrane
microdomains in the LPS-dependent modulation of
Ihacna. Cyclodextrins are water-soluble oligosaccharides
which form a hydrophobic cavity that can accommodate
hydrophobic molecules (Stella & He, 2008). BCD, which
has the highest affinity to form inclusion complexes
with cholesterol (Zidovetzki & Levitan, 2007), can inter-
fere with lipid raft integrity and function by removing
cholesterol from the plasma membrane (Ohtani et al.
1989). In the present study, BCD shifted the activation
curve of hHCN?2 channels to less negative potentials. A
similar modulation of channel gating was demonstrated
for methyl- BCD-treated cells expressing native pacemaker
channels or recombinant HCN4 channels (Barbuti et al.
2004). These alterations in biophysical properties would
translate into an augmented activation of pacemaker
channels at physiological membrane potentials. This is in
agreement with the general observation that an increase in
the cholesterol concentration of plasma membranes leads
to a rigidification of the membrane and a decrease in the
activity of ion channels and vice versa (Levitan et al. 2010).

Regardless of this basic activating effect of BCD
on hHCN2 channel activity, we sought to verify the
role of lipid rafts in LPS-dependent channel inhibition.
Therefore, we co-incubated cells with SCD and LPS. In
the presence of SCD LPS was no longer able to shift the
activation curve to more negative potentials. Assuming
that BCD is a specific tool to manipulate lipid rafts, this
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result may suggest that the integrity of lipid rafts is a
prerequisite for the inhibitory effect of LPS on hHCN2
channel activity. However, recently it has been reported
that cyclodextrins remove endotoxin from DNA solutions
(Sakata et al. 2011). It was proposed that the fatty acids
of lipid A may be partially adsorbed into the hydro-
phobic cavity of SCD. Thus, LPS scavenging by SCD
would provide an alternative explanation for the lack of
LPS-dependent channel modulation in our co-incubation
experiments.

To elucidate the attenuation of LPS-dependent channel
modulation by BCD, we modified our experimental
set-up. Now, after cholesterol depletion of membranes,
BCD was washed off the cells before LPS incubation was
started. Again, BCD alone shifted the activation curve
to less negative potentials. This effect was stable for at
least 1 h after washout of BCD, indicating that the cell
membranes were still depleted of cholesterol. Within this
period, the LPS-dependent inhibition of hHCN2 channel
activity could be readily detected, although to a lesser
extent. This demonstrates that the integrity of lipid rafts is
not an absolute prerequisite for the modulation of hHHCN2
channel activity by LPS.

Intercalation of LPS into membranes is critical for
modulation of lhycn2

Lipopolysaccharide stimulates target cells via the
activation of toll-like receptor 4 (TLR4) (Mitchell et al.
2007). However, HEK293 cells do not express TLR4 end-
ogenously (Medvedev & Vogel, 2003). Furthermore, TLR4
can be activated by lipid A or LPS variants lacking the
O-chain, whereas these agents did not modulate Lcn; in
HEK293 or SAN cells in our previous study (Klockner
et al. 2011). In conjunction with the data from our
cell-attached Iycn, recordings, which argue against an
intracellular signal transduction, these findings indicate
that it is unlikely that LPS mediates its effect on pcn, via
TLRA4.

Alternatively, intercalation of LPS molecules into the
plasma membrane has been shown to involve a different
mechanism of cell activation by LPS (Schromm et al. 1996;
Gutsmann et al. 2007; Mitchell et al. 2007; Brandenburg
et al. 2010). Intercalation of LPS into membranes via
hydrophobic interactions can take place even in the
absence of known binding partners of LPS (i.e. CD14
or LPS-binding protein) (Alam & Yamazaki, 2011).
Therefore, we suggest that LPS must intercalate into the
cell membrane via lipid A in order to modulate Ipgcno.
Co-incubation of cells with LPS and SCD completely
attenuates this critical step because SCD neutralizes LPS
via BCD-dependent scavenging of the acyl chains of lipid
A (Sakata et al. 2011). Interestingly, intercalation of LPS
is not prevented but reduced after cholesterol depletion
of membranes using cyclodextrin (Ciesielski et al. 2012).
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In agreement with this finding, LPS sequentially applied
to BCD actually modulated Lycns, although to a lesser
extent.

Linking f-channel inhibition with HRV

In severe sepsis and multi-organ dysfunction syndrome,
HRV is reduced (Werdan et al. 2009). Experimental
evidence suggests LPS is involved (Godin ef al. 1996). We
hypothesized that this LPS-dependent reduction in HRV
could be at least partially mediated by an inhibition of
f-channels.

Is it reasonable to relate a reduced activity of f-channels
to a reduced HRV (i.e. in sepsis)? To answer this question,
one might consider data from HCN knockout models.
Ludwig et al. (2003) reported an increased HRV in HCN2
knockout mice. Concerning HCN4, Herrmann et al.
(2007) showed that in mice harbouring a global knockout,
sinus pauses occur that increase HRV, whereas in mice
with a cardiac-specific knockout, HRV is unchanged
(Baruscotti et al. 2011). These results of HCN knockout
models might argue in favour of a negative correlation
between HCN channel activity and HRV. However, HCN
knockout models may not adequately reflect the situation
in sepsis for two reasons. Firstly, by contrast with the
acute effect of LPS on HCN channels, knockout models
alter the activity of HCN channels on a much larger time
scale, providing the opportunity for counter-regulatory or
compensatory processes either on the level of sinus node
cells or on the level of the autonomic nervous system.
Secondly, knockout models affect only a single HCN iso-
form. As native f-channels represent hetero-tetramers of
different isoforms, a single isoform knockout changes
the composition and concurrently the properties of the
remaining channels. This may have effects that differ
strikingly from the reduction in overall HCN channel
activity (i.e. by LPS during sepsis) or selective HCN
channel blockers. Therefore, pharmacological inhibition
of all HCN channels using selective blockers seems to
be a better reference concerning putative modulation of
HRV by LPS-mediated HCN inhibition. Using such an
approach, Khaykin eral. (1998) and Joannides et al. (2006)
demonstrated a reduction in HRV in healthy volunteers
after infusion of the selective HCN channel inhibitors
zatebradine and ivabradine, respectively. Additionally,
after blockade of the autonomic nervous system, infusion
ofivabradine reduced HRV in conscious rats (Mangin et al.
1998). These data at least open the possibility that HRV
can be reduced as a result of LPS-mediated HCN channel
inhibition.

In summary, we demonstrate that LPS inhibits cardiac
pacemaker channel activity by a mechanism different from
that responsible for its proinflammatory properties. In our
recombinant expression system, intracellular signalling
cascades seem not to contribute to the impairment of

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Ihncnz by LPS. We propose that intercalation of the acyl
chains of lipid A into target cell membranes is the first
critical step. This lipid A-dependent anchorage near the
channel protein now allows the direct interaction of the
polysaccharide chains with extracellular h(HCN2 channel
structures, which, in turn, modulate channel activity.
Conclusively, the integrity of the LPS molecule is a pre-
requisite for LPS-dependent channel modulation.

Lipopolysaccharide is known to affect the function of
cardiac pacemakers via modulation of the autonomic
nervous system, which provides an explanation for the
depression of HRV in severe sepsis (Godin et al. 1996).
However, the direct effect of LPS on pacemaker channel
activity described in the present study represents a new
mechanism that putatively contributes to this hallmark of
severe inflammatory disease.
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