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Abstract Using the double whole-cell patch-clamp tech-
nique, we found that the absence of intracellular ATP led to
gap junction uncoupling in cochlear-supporting Hensen cells.
The uncoupling was observed as a progressive reduction of
the gap junctional electrical conductance from a starting value
of approximately 40 nS to less than 0.04 nSwithin 10–20min.
The conductance rundown was partly avoided by at least
3 mM ATP and completely suppressed by 5 mM ATP or 5 -
adenylyl-imidodiphosphate (AMP-PNP), the non-
hydrolysable ATP analog, in the pipette filling solution, sug-
gesting that ATP was needed as ligand and not as a hydrolys-
able energy supplier or substrate for enzymatic reactions. The
effect of intracellular ATP was mimicked by the external ap-
plication of barium, a nonselective blocker of inwardly recti-
fying K+ (Kir) channels, and glibenclamide, an inhibitor of the
ATP-sensitive Kir channels (KATP). Moreover a Ba2+-sensi-
tive whole-cell inward current was observed in absence of
internal ATP. We propose that the internal ATP kept the
KATP channels in a closed state, thereby maintaining the gap
junction coupling of Hensen cells. The immunostaining of
guinea pig cochlear tissue revealed for the first time the

expression of the KATP channel subunits Kir6.1 and SUR1
in Hensen cells and supported the proposed hypothesis. The
results suggest that KATP channels, as regulator of the gap
junction coupling in Hensen cells, could be the physiological
link between the metabolic state of the supporting cells and K+

recycling in the organ of Corti.
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Introduction

Gap junction channels link the cytoplasm of adjacent cells in
animal tissues, allowing the exchange of ions and small me-
tabolites (generally less than 2 kDa) between neighboring
cells [18]. In vertebrates, gap junction channels are formed
by two docked connexons or hemichannels in adjacent cells.
Each connexon is a hexameric assembly of the protein sub-
units known as connexins (Cx). So far, 20 and 21 genes
encoding connexins were found in the mouse and human ge-
nomes, respectively [6, 32, 40]. In the mammalian inner ear,
four different connexins (Cx26, Cx30, Cx31, and Cx43) have
been identified. Cx26 is the predominant connexin expressed
between the non-sensory cells of the cochlea, including the
supporting cells [19]. Mutations in Cx26 have been attributed
to syndromic and non-syndromic hearing impairment [4, 8,
15], suggesting a crucial role of gap junction coupling in the
physiology of the inner ear.

Non-sensory supporting cells play a key role in the main-
tenance of epithelial barrier integrity in the cochlea. They
ensure that fluid compartments are separated and that ion ho-
meostasis is preserved [9]. Hensen cells and Deiters cells are
the major supporting cell populations in the mammalian organ
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of Corti. They are situated at the basilar membrane adjacent to
the outer row of outer hair cells and are coupled by gap junc-
tions, thus forming a cytoplasmic syncytium providing ion
and metabolic connectivity [30, 45]. They modify cochlear
mechanics and control hearing sensitivity [7, 46].
Furthermore, it has been demonstrated that supporting cells
can buffer potassium ions in the space between outer hair cells
and Deiters cells and provide a pathway for an intercellular K+

transport from hair cells towards the spiral ligament [34]. The
K+-buffering function of supporting cells is important for
hearing because K+ represents the major cation in the endo-
lymph and the main charge carrier for sensory transduction.
For this K+-buffering function, outward rectifying K+ chan-
nels [22, 43] as well as the gap junction coupling between
supporting cells [3, 16, 30] are involved (for review, see [30,
47]). K+ transport channels contribute to the generation of the
endocochlear potential (EP) and the corresponding high K+

concentration of the cochlear endolymph. The existence of the
Kir4.1 channel (KCNJ10) has been shown in cochlear-
supporting cells and the marginal cells of the stria vascularis
[3, 12]. Mutant mice lacking KCNJ10 (Kir4.1) did not exhibit
a significant EP and were deaf [20]. The involvement of ATP-
sensitive inwardly rectifying K+ channels in cochlear physiol-
ogy was first indirectly demonstrated 20 years ago by exper-
iments which showed that inhibitors of KATP channels reduced
the amplitude of the anoxia-sensitive negative potential
(ASNP), while openers of the channels enhanced the ASNP
[17].

Several factors regulate gap junction coupling in verte-
brates, including voltage, intracellular Ca2+ concentration,
H+ concentration and phosphorylation [2, 28]. In the inner
ear, membrane tension, temperature [29, 45], aminoglyco-
sides, hydrogen peroxide [36, 37], and calmodulin [1] have
also been reported to modulate gap junction coupling. In the
present paper, we combined electrophysiological, pharmaco-
logical and immunostaining experiments and show that func-
tional KATP channels are expressed in guinea pig Hensen cells
and are involved in the modulation of gap junction coupling in
these cells.

Materials and methods

Materials

If not otherwise stated, the chemicals used were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

Cell preparation

Animal keeping, handling, and killing were performed in ac-
cordance with the German BLaw on Protection of Animals^
and with the European Communities Council Directive 86/

609/EEC for the protection of animals used for experimental
purposes and with the permission of the local ethics
committee.

Pigmented young guinea pigs (250–400 g) with a positive
Preyer’s reflex were sacrificed via a lethal intraperitoneal dose
of phenobarbital (200 mg/kg). The bullae were removed, and
the organ of Corti was dissected from the cochlea under bin-
ocular microscope. Pieces of tissue containing Hensen cells
recognizable on the basis of their characteristic lipid droplets
were carefully isolated. The tissue pieces were transferred in a
nominally Ca2+-free Hank’s balanced salt solution (HBSS)
and digested for 15–30 min with 500 U/ml collagenase II
(Worthington, Berlin, Germany) or with 0.12 % trypsin. For
electrophysiological recordings, Hensen cells were settled on
poly-lysine-coated coverslips in a perfusion chamber mounted
on Axiovert 10 inverted microscope (Zeiss, Oberkochen,
Germany). For the observation of the cells, the Hamamatsu
digital camera C4742-95 controlled by the software
Aquacosmos (Hamamatsu Photonics Deutschland GmbH,
Herrsching am Ammersee, Germany) was used.

Electrophysiological recording

The measurement of gap junctional conductance by double
whole-cell patch-clamp analysis in isolated Hensen cells was
performed as previously described [36]. The cells were
washed with HBSS and transferred into the perfusion cham-
ber. After a resting period of approximately 30 min, a mor-
phologically intact pair of Hensen cells was selected. A double
whole-cell patch-clamp configuration [23] was established
using borosilicate glass pipettes, containing a pipette solution
composed of (in mM): 135 K-gluconate, 5 NaCl, 0.1 cAMP, 5
ethyleneglycol-bis(2-aminoethylether)-N,N,N ,N -tetraacetic
acid (EGTA), 10 HEPES, 2 MgCl2, and 0.3 CaCl2 at pH 7.3.
Depending on the experiments, ATP (1, 3, or 5 mM) or the
ATP analog 5 -adenylyl-imidodiphosphate (AMP-PNP,
5 mM) was added to the pipette solution. The pipettes filled
with the different pipette solutions had a resistance of 2–
5 MΩ. Whole-cell configuration with series resistances not
exceeding 15 MΩ was considered. The cell membrane resis-
tance ranged from 200 MΩ to 2 GΩ. These resistances were
derived from corresponding current measurements by the ap-
plication of simultaneous pulses of −20 to +20 mV to each
pipette in a double whole-cell mode. The resistances were
determined at the beginning of the experiment. They were
accessed at several time points during the recordings and at
the end of each experiment. The determination of junction
conductance was performed as previously described [24].
After achieving the double whole-cell configuration, the cur-
rent clamp modus was used to measure the membrane poten-
tial of the cells. We found that cells had a membrane potential
which varied between −27 and −43 mV. For gap junction-
coupled cells, the membrane potential difference between
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the cells did not exceed 2 mV. For all experiments, we there-
fore decided to clamp both cells at −40 mV during the mea-
surements. The membrane potential of the cells was checked
at different time points of the experiments. Changes of the
membrane potential of more than 5 mV were not observed.
Every minute, test pulses to ±20 mV were applied to one cell
for 50 ms. The evoked currents were amplified by two EPC 7
(List Medical, Darmstadt, Germany) connected to a
Macintosh computer via an interface ITC 16 (Instrutech,
MN, USA). The gap junctional conductance (Gj) was calcu-
lated from the registered currents as described elsewhere [5,
24]. For registration and evaluation of the data, Pulse Pulsefit
software (HEKA Electronics, Lamprecht, Germany) was
used. Data are given as average±SEM, and n denotes the
number of independent cell pairs. For each treatment, cells
prepared from at least three animals were used. For statistical
analysis, the Student’s t-test was applied with * for p<0.05,
** for p<0.01, and *** for p<0.001.

To measure the whole-cell currents, a whole-cell configu-
ration was established on isolated Hensen cells. HBSS was
used as external solution and ATP or ATP-free pipette filling
solution as described earlier was used. The cells were clamped
at −40 mV. Whole-cell currents were measured 10–20 min
after establishment of the whole-cell configuration by appli-
cation of voltage pulses from −140 to +30 mV in 10 mV steps
with duration of 250 ms for each pulse. The amplitude of the
evoked current was measured at the end of the voltage pulse.
For a better comparison between the cells, the currents mea-
sured in each cell were normalized to the capacity of the cell.
The data were plotted against the voltage in a current density/
voltage plot. Data are given as average±SEM, and n denotes
the number of independent experiments. For each treatment,
cells prepared from at least three animals were used. For sta-
tistical analysis, the Student’s t-test was applied with * for
p<0.05, ** for p<0.01, and *** for p<0.001.

Immunohistochemical staining of Kir6.1 channels
and SUR1

The cochleae were harvested from hearing guinea pigs (350–
500 g) and prepared for histology. The animals were deeply
anesthetized and sacrificed. They were fixed by a transcardial
perfusion with phosphate buffer saline (PBS) followed by 4 %
paraformaldehyde solution (PFA). The head was post-fixed in
4 % PFA for several days. The temporal bones were removed
and incubated for 4–6 weeks in a 20 % ethylenediaminetetra-
acetic acid (EDTA) solution. The solution was renewed every
day for the first 2 weeks. After removal of the semicircular
ducts, the solution was exchanged every 2 days until a satisfy-
ing state of decalcification characterized by the softness of the
bones was achieved. Thereafter, the cochleae were dehydrated
in ethanol (50–100 %) followed by an overnight incubation in
benzyl benzoate (Merck, Darmstadt, Germany) and

embedding in paraffin (Merck). The embedded cochleae were
cut in 10 μm slices with a microtome (SLEE Medical GmbH,
Mainz, Germany) and mounted on microscope slides. The
slices were deparaffinated using xylene and a decreasing alco-
hol series. Heat-induced antigen retrieval was performed using
10 mM citrate buffer, pH 6.0 for 20 min in a water bath heated
to 96 °C. The slides were removed from the heat and cooled to
room temperature for 30 min. For immunostaining, cochlear
sections were washed with PBS composed of (in mM): 137
NaCl, 2.8 KCl, 10 Na2HPO4, and 1.8 KH2PO4 (pH 7.4,
295mOsmol/l) [35]. Slides were incubated for 20min in fresh-
ly prepared 1%NaBH4 in PBS for autofluorescence correction
and blocked for 1 h in 10 % normal serum in 0.3 % Triton X-
100 in PBS. Antibodies were incubated in antibody solution
containing 1 % normal serum in 0.3 % Triton X-100 in PBS.
Primary rabbit antibodies, raised against human ATP-sensitive
Kir6.1 channels or sulfonylurea receptor (SUR) proteins, were
applied overnight at 4 °C. Secondary goat anti-rabbit Atto532
antibodies were applied for 2 h at room temperature. Nuclear
counterstaining was performed with 4′,6-diamidino-2-
phenylindole (DAPI). Cochlear sections were rinsed with wa-
ter, incubatedwith 1 mMCuSO4 in 50 mM ammonium acetate
(pH 5.0) for further autofluorescence correction and rinsed
again with water. Sections were mounted in Mowiol (Carl
Roth, Karlsruhe, Germany). As negative control, cochlear sec-
tions were incubated with antibody solution without primary
antibody and afterwards with secondary antibody.

Results

Suppression of gap junctional uncoupling by internal ATP

The double whole-cell patch-clamp configuration was
established on isolated guinea pig Hensen cells. Absence of
ATP in the pipette solution caused a rundown of gap junction
electrical conductance (Gj), leading to a complete closure of
gap junctional channels within 10–20 min (Fig. 1a, b). The
rundown of the gap junction coupling was not due to an in-
crease in intracellular free calcium concentration ([Ca2+]i) be-
cause the intracellular space was flooded by the pipette filling
solution containing 5 mM EGTA and no Ca2+. To exclude an
effect of voltage gating on gap junction coupling, the cells
were clamped to −40 mV, the approximate membrane poten-
tial that was found at the beginning of the experiments. The
addition of 1 mM ATP to the pipette solution did not stabilize
gap junction coupling (not shown). ATP at 3 mM could not
completely avoid a rundown of the gap junction coupling
(Fig. 1). With 5 mMATP, a stable gap junctional conductance
could be measured for a recording time of up to 60 min.
Pharmacological experiments were then performed to eluci-
date the link between the presence of intracellular ATP and
stable gap junction coupling.
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Pharmacological stabilization of the gap junction coupling

ATP is a cellular energy source, a substrate for enzymatic
reactions and a ligand for many proteins, such as the regula-
tory SUR subunits of the ATP-sensitive Kir channels. As a

source of energy or a substrate for enzymatic reactions, the
action of ATP is based on its hydrolysis. As a ligand, ATP can
be replaced by non-hydrolysable analogs such as the ATP
analog 5′-adenylyl-imidodiphosphate (AMP-PNP). In our ex-
periments, we found that 5 mM AMP-PNP in the pipette so-
lution could avoid the gap junction coupling rundown
(Fig. 2a, c) when double whole-cell patch-clamp experiments
were performed in the absence of internal ATP. The effect of
AMP-PNP on gap junction coupling was comparable to that
observed for 5 mM ATP, indicating that ATP was needed as a
ligand but not as a hydrolysable substrate.

As a ligand, ATP regulates many cellular functions, includ-
ing ATP-sensitive Kir channels (KATP channels). These chan-
nels are opened upon the reduction of the internal ATP concen-
tration. Kir channels are blocked by external Ba2+ and are spe-
cifically inhibited by sulfonylureas such as glibenclamide [13].
We therefore analyzed whether the pharmacological inhibition
of the KATP channels affected the gap junction coupling. The
results showed that when double whole-cell patch-clamp exper-
iments were performedwith ATP-free pipette solution but in the
presence of external Ba2+ (0.1 mM) or glibenclamide (10 μM),
the gap junction coupling rundown related to the absence of
ATP in the pipette solution was suppressed (Fig. 2b, c).
Tetraethylammonium (TEA) (20 mM), an inhibitor of
voltage-dependent K+ channels, did not suppress the decline
of gap junction conductance induced by the absence of internal
ATP (results not shown).Moreover, the whole-cell patch-clamp
showed a Ba2+ (0.1 mM) sensitive inward current in the cells.
This current was only found when ATP was absent in the pi-
pette filling solution (Fig. 3). Taken together, the results showed
a possible involvement of ATP-sensitive Kir channels in the
reduction of gap junction coupling induced by the depletion
of internal ATP in cochlear Hensen cells.

Immunohistochemical staining of cochlear tissue

To see whether ATP-sensitive Kir channels were expressed in
Hensen cells, we performed immunocytochemistry using fixed
organ slices. The differential interference contrast (DIC) images
of the stained slices allowed us to recognize the Hensen cells in
the cochlea by their characteristic granular structures (Fig. 4).
The fluorescent images and the images generated by merging
the fluorescent and the DIC images showed a clear staining of
Kir6.1 in the Hensen cells. The staining was also found in the
hair cells (Fig. 4a). Functional ATP-sensitive channels are com-
posed of the pore-forming Kir and the ATP-binding SUR sub-
units. We therefore examined whether a SUR isoform was also
expressed in the Hensen cells. As for Kir6.1, the immunostain-
ing experiments showed the clear presence of SUR1 in Hensen
cells and hair cells (Fig. 4b). Together with the whole-cell
patch-clamp experiments (Fig. 3), the staining data gives evi-
dence that functional Kir6.1/SUR1 channels were present in the
cochlear Hensen cells of the guinea pig.

Fig. 1 Electrical gap junction conductance (Gj) in Hensen cells. a The
time-dependent rundown of the conductance in absence of ATP in the
pipette filling solution (empty circles, n = 10) was avoided by the addition
of at least 5 mM ATP to the pipette solution (filled squares, n= 9). The
addition of 1 mM ATP could not suppress the rundown (for the sake of
clarity the data are not shown). Addition of 3 mM ATP to the pipette
solution (empty triangles, n = 5) slowed the rundown, but could not
completely suppress it. For a clear representation, the gap junction con-
ductance (Gj) was normalized to the original value (Go) of 40.04
± 3.96 nS. b Statistical comparison of the degree of gap junction coupling
between cells 15 min after the beginning of the experiments. For each
experiment, the gap junction conductance measured 15 min after the
beginning of the experiment was normalized to the conductance mea-
sured at the beginning of the experiment. The results are given as average;
the error bars represent the SEM. The results were obtained from at least
three animals for each treatment. The conductance after 15 min was
compared to the values at the beginning of the experiment for each re-
spective treatment, indicated by asterisk (*), or compared to 0mMATP at
the respective time point, indicated by number sign (#). The significance
of the difference was evaluated by the Student’s t-test (**, ## for p < 0.01;
***, ### for p< 0.001)
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Discussion

Gap junction coupling of the cochlear-supporting cells has
been related to the potassium recirculation from the organ of
Corti back to the scala media [16, 34]. The gap junction

channels of the supporting cells are mainly composed of the
Cx26 and Cx30 isoforms. The physiological significance of
the gap junction coupling between supporting cells is stressed
by the observation that mutations in the connexins Cx26 and
Cx30 were linked to different forms of juvenile deafness [11,
15, 42, 44]. It is therefore important to understand the physi-
ological mechanisms that regulate the gap junction-dependent
cell-to-cell communication in the supporting cells.

In the present report, we show that under a double whole-
cell patch-clamp configuration with ATP-free pipette solution,
a rundown of gap junction conductance between isolated
Hensen cells of the guinea pig was induced (Fig. 1a, b).
Internal ATP depletion can lead to an increase in the intracel-
lular free calcium concentration ([Ca2+]i) as a result of the
inhibition of the Ca2+-ATPases in the cell membrane and the
membrane of the endoplasmic reticulum or the inhibition of
the mitochondrial respiratory chain [27, 39, 41]. The increase
in [Ca2+]i can in turn lead to the closure of gap junction chan-
nels in supporting cells [30]. However, in our experiments, a
general intracellular rise in [Ca2+]i was made unlikely by the
addition of 5 mM EGTA to a nominal Ca2+-free pipette
solution [31].

An interesting finding of our experiments was that the run-
down could be avoided by the addition of ATP to the pipette
solution (Fig. 1a, b). It could be argued that ATP was needed
for a continuous endogenous supply of ATP for the activity of
protein kinases such as protein kinase A, as there is over-
whelming evidence that changes in the connexin phosphory-
lation state can modulate cell-to-cell communication [2, 33].
However, it was shown that neither activation of protein ki-
nase A nor protein kinase C affected the gap junction coupling
of Hensen cells [1]. Furthermore, it is known that Cx26, the
most expressed connexin in Hensen cells, is not phosphory-
lated [4]. It can therefore be hypothesized that ATP hydrolysis

�Fig. 2 Pharmacological stabilization of gap junctional conductance in
cells in the absence of ATP in the pipette filling solution. a The absence of
ATP in the pipette filling solution induced a rundown of the gap junction
coupling (empty circles). This rundownwas blocked by 5 mM of the non-
hydrolyzable ATP analog AMP-PNP in the pipette filling solution (filled
squares). b The external presence of Ba2+ (empty squares, 0.1 mM) or
glibenclamide (glib., filled squares, 10 μM), both blockers of ATP-
dependent K+ channels, also suppressed the decline of gap junction con-
ductance induced by the absence of ATP in the pipette filling solution. c
Statistical comparison of the degree of gap junction coupling between
cells 15 min after the beginning of the experiments. For each experiment,
the gap junction conductance measured 15 min after the beginning of the
experiment normalized to the conductance measured at the beginning of
the experiment is shown. The result are given as average, the error bars
represent the SEM for at least five independent experiments using at least
three animals for each treatment. Significant differences between 0 and
15 min of each respective treatment are marked with asterisk (*), signif-
icant differences to 0 mMATP after 15 min are marked with number sign
(#). The significance of the difference was evaluated by the Student’s t-test
(**, ## for p<0.01; ***, ### for p<0.001)
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is not the key mechanism for the observed results (Fig. 1a, b).
This independence from ATP hydrolysis and connexin phos-
phorylation is supported by our finding that the rundown of
gap junctional coupling was suppressed by the internal

presence of a non-hydrolysable ATP analog (AMP-PNP)
(Fig. 2a, c), suggesting that ATP in this context played a role
as ligand to sustain the gap junction coupling of the cochlear
Hensen cells.

ATP as a ligand is known to regulate many cellular func-
tions, including closing the ATP-sensitive Kir channels, also
known as KATP channels. We hypothesize that the rundown of
the gap junction coupling when ATP was absent from the
pipette solution (Fig. 1a, b) was related to the opening of the
KATP channels. This assumption agrees with pharmacological
experiments showing that the inhibitors of KATP channels,
Ba2+ and glibenclamide, could avoid the rundown of the gap
junction conductance induced when the double whole-cell
patch-clamp experiments were performed in the absence of
internal ATP (Fig. 2b, c). The assumption that KATP channels
were involved in the regulation of the gap junction coupling in
Hensen cells was also supported by electrophysiological and
immunostaining experiments. With whole-cell patch-clamp
experiments, we showed a strong Ba2+-sensitive inward cur-
rent which was only observed when ATP was absent in the
pipette filling solution (Fig. 3). The immunostaining of Kir6.1
and SUR1 proteins showed that Hensen cells expressed the
KATP channels with both the pore-forming Kir and the regu-
latory SUR subunits, suggesting, in combination with the
physiological experiments, that the channels were present
and functional (Fig. 4). To our knowledge, this is the first time
that functional KATP channels (Kir6.1/SUR1) in the cochlear
Hensen cells have been clearly demonstrated. It is noteworthy
that the staining of Kir6.2 with anti-Kir6.2 antibody or SUR2
with anti-SUR2 antibody did not give conclusive results (re-
sults not shown). It might be that Kir6.2 or SUR2 were not
expressed, but it is also possible that the antibodies, which
were raised against human Kir6.2 and SUR2, did not recog-
nize the proteins in the guinea pig.

In guinea pig, it was shown that glibenclamide inhibited the
generation of the anoxia-sensitive negative potential (ASNP)
in the cochlea, suggesting a role for KATP channels in K+

recirculation [17]. The present report combined physiological,
pharmacological, and immunohistochemical data to identify
the cells expressing the KATP channels. We further showed
that the activity of the KATP channels is involved in the

�Fig. 3 Electrophysiological analysis of isolated Hensen cells. a The
current–voltage (I (V)) plots of the whole-cell currents induced in isolated
cells when the whole-cell patch-clamp configuration was established in
absence (empty circles) or in presence of ATP (filled squares, 5 mM) in
the pipette filling solution. b In presence of ATP (filled squares) in the
pipette filling solution, Ba2+ (empty squares, 0.1 mM) did not change the
current of the cells. c In contrary Ba2+ (empty squares) strongly reduced
the inward current which was observed when ATP (empty circles) was
absent in the pipette filling solution. The result are given as average, the
error bars represent the SEM for five independent experiments using at
least three animals for each treatment. The significance of the difference
was evaluated by the Student’s t-test (* for p< 0.05; ** for p< 0.01; ***
for p < 0.001)
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modulation of the gap junction coupling in Hensen cells. A
similar modulation of the gap junction coupling by KATP

channels was found in pancreatic ß cells [26], astrocytes [10,
14, 38], and cardiomyocytes [21]. However, the signaling
mechanism involved remains elusive. From the physiological
perspective, because KATP channels are known as sensors of
the cellular metabolic state, our findings suggest that the mod-
ulatory effect of KATP channels on gap junction coupling links
the metabolic state in the epithelial-like Hensen cells and the

K+ recirculation in the cochlea [25]. Moreover, the results
offer a rationale for testing KATP channel modulator drugs
for the pharmacological treatment of hearing impairments.
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