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Abstract
Sensory transduction in the cochlea depends on regulated ion secretion and absorption. Results of
whole-organ experiments suggested that Reissner’s membrane may play a role in the control of
luminal Cl−. We tested for the presence of Cl− transport pathways in isolated mouse Reissner’s
membrane using whole-cell patch clamp recording and gene transcript analyses using RT-PCR.
The current-voltage (I-V) relationship in the presence of symmetrical NMDG-Cl was strongly
inward-rectifying at negative voltages, with a small outward current at positive voltages. The
inward-rectifying component of the I-V curve had several properties similar to those of the ClC-2
Cl− channel. It was stimulated by extracellular acidity and inhibited by extracellular Cd2+, Zn2+,
and intracellular ClC-2 antibody. Channel transcripts expressed include ClC-2, Slc26a7 and ClC-
Ka, but not Cftr, ClC-1, ClCa1, ClCa2, ClCa3, ClCa4, Slc26a9, ClC-Kb, Best1, Best2, Best3 or
the beta-subunit of ClC-K, barttin. ClC-2 is the only molecularly-identified channel present that is
a strong inward rectifier. This study is the first report of conductive Cl− transport in epithelial cells
of Reissner’s membrane and is consistent with an important role in endolymph anion homeostasis.
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Introduction
The transduction of sound into neural activity depends on the creation and maintenance of a
luminal fluid, endolymph, in the inner ear that is high in K+ concentration ([K+]) and low in
both [Na+ ] and [Ca2+] [21]. However, there is little difference in [Cl−] (~120 to 130 mM)
between endolymph and the basolateral fluid, perilymph, in spite of the large transepithelial
endocochlear potential (EP) of +80 to +100 mV [21]. The EP and perilymphatic [Cl−]
predict (via the Nernst equation) an extremely high endolymphatic [Cl−] of ~2600 mM
based on simple passive electrochemical diffusion. Dysfunction of Cl− regulation would be
expected to lead to large osmotic disturbances that would result in luminal volume changes
and the consequent disruption of normal hearing. Gross volume changes have been
associated with pathological states such as Meniere’s syndrome (swelling) and Schiebe’s
deformity (shrinking).
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On that basis, it has long been thought that some epithelial cells lining the cochlear duct may
actively absorb Cl− from endolymph to maintain its [Cl−] near that of perilymph, and
radiotracer experiments in the intact cochlea point to Reissner’s membrane as a mediator of
Cl− transport [19]. Reissner’s membrane is an epithelial monolayer (with a discontinuous
mesothelial layer on the basolateral side) that forms much of the boundary of the cochlear
lumen. The present study was undertaken to resolve at the single cell level whether there are
significant Cl− conductive pathways in Reissner’s membrane epithelial cells that could
support its putative role in endolymph Cl− homeostasis.

Methods
Tissues were obtained for RNA isolation and for electrophysiology following protocols
approved by the Institutional Animal Care and Use Committee of Kansas State University.
as described earlier [17]. The compositions of the solutions for electrophysiological
recordings were (in mM) pipette 150 NMDG-Cl, 1 MgCl2, 0.273 CaCl2, 1 EGTA, 10 Hepes,
pH 7.3, ~300 mOsm, 100 nM free Ca2+ [29] and bath 150 NMDG-Cl, 1 MgCl2, 0.7 CaCl2,
10 Hepes, 5 glucose, pH 7.3, ~300 mOsm. All solutions for patch clamp were passed
through 0.22 µm cellulose acetate filters (Corning). ClC-2 antibody against an intracellular
domain was obtained from Alomone Labs. Other chemicals were purchased from Sigma
Chemical Co. (St Louis, MO).

Currents were recorded using the whole-cell configuration of the patch clamp technique,
similar to our previous study [3]. Patch pipettes were made from borosilicate glass
capillaries (1B150F; World Precision Instruments, Sarasota, FL), pulled in three stages.
Inner diameter of the tip was approximately 2 µm and after heat polishing the pipettes had
resistances of 3.6 – 5.2 MΩ (n=46) in NMDG-Cl solutions.

Currents were recorded with an Axopatch 200A amplifier (Axon Instruments, Foster City,
CA) and low-pass filtered at 1 kHz. Current signals were digitized at 5 kHz using a
computer with a Digidata 1322A (Axon Instruments) and pCLAMP 9 software (clampex9,
Axon Instruments). In addition, AxoScope software (Axon Instruments) with MiniDigi 1A
(Axon Instruments) data acquisition hardware was simultaneously used for continuous trace
recordings and current signals were digitized at 1 kHz. The temperature was maintained at
37°C on a glass-bottomed bath chamber by a continuous, warmed perfusion with
supplemental chamber heater. Liquid junction potentials in symmetric NMDG-Cl were near
zero. Voltage protocols were used as described in the figures. Data were plotted with Origin
software, version 7 (OriginLab Software, Northampton, MA).

Real-time RT-PCR experiments were performed on total RNA using QuantiTect SYBR
Green RT-PCR Kit (Qiagen) and an iQ5 Real-Time PCR Detection System (Bio-Rad).
Primers were designed using Primer3 (http://frodo.wi.mit.edu/primer3) and produced by
Integrated DNA Technologies (Table 1). Reverse transcription for 30 min at 50°C was
followed by 15 min at 95°C and 40 PCR cycles. Each PCR cycle consisted of 94°C for 20
sec, 56°C for 30 sec, and 72°C for 30 sec and readings of fluorescence were made at 78 °C.
PCR products were analyzed by Bioanalyzer, purified with a PCR purification kit (Qiagen)
and sequenced to validate the identity of the RT-PCR products.

Data were expressed as the mean ± S.E.M. (n=number of whole cell patches). Increases and
decreases in current and conductance were determined by Student’s paired or unpaired t-test
and correlation coefficients were calculated and tested for significance. Differences were
considered statistically significant at a level of P < 0.05.
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Results
Whole cell patch clamp recordings from Reissner’s membrane epithelial cells were made
under conditions where Cl− was the only major permeable ion. The Cl− currents were
characterized by a) strongly inward-rectifying currents with slow activation at negative
voltages and b) weakly outward-rectifying currents (Fig. 1). The prominent inward-
rectifying currents were similar to those described for ClC-2 and were investigated further in
more detail.

We tested the effects of agents (external pH, Cd2+, Zn2+ and intracellular ClC-2 antibody)
known to stimulate and inhibit ClC-2 Cl− channels on the Cl− currents in Reissner’s
membrane epithelial cells (Figs. 2, 3, 4).

Acidifying the bath pH from 7.3 to 6.8 caused a reversible increase in I−100 by 79.4 ± 11.1
% (from −104 ± 26 pA to −181 ± 37 pA, n=5) (Fig. 2A). By contrast, alkalinizing the bath
pH from 7.3 to 7.8 caused a reversible decrease in I−100 by 37.9 ± 3.7 % (from −106 ± 37
pA to −69 ± 28 pA, n=4) (Fig. 2B). These pH changes are in the monophasic pH response
region of inward-rectifier Cl− channels in mouse parotid acinar cells [1].

Similar experiments were performed with Zn2+ (Fig. 3A) and Cd2+ (Fig. 3B) at
concentrations known to inhibit ClC-2 channels [12;36]. I−100 was reversibly decreased by
50 µM Zn2+ by 45.6 ± 7.5 % (from −248 ± 24 pA to −132 ± 15 pA, n=4) and by 500 µM
Cd2+ by 45.3 ± 7.1 % (from −138 ± 28 pA to −79 ± 23 pA, n=5).

Antibodies against intracellular epitopes of ClC-2 have been reported to block inward-
rectifier Cl− currents in native cells [9;26]. Intracellular ClC-2 antibody (3 µg/ml) [9]
significantly reduced the conductance at −120 mV from 11.5 ± 2.5 nS (control with heat-
inactivated antibody) to 3.8 ± 1.1 nS, n=5 (Fig. 4).

Candidate anion channel genes were determined by their presence call in our gene array
database (GEO accession number GSE6196 [17]), compared to expression levels in the
neighboring tissue, stria vascularis (GSE4749 [11]). Genes related to Na+ absorption and its
regulation in Reissner’s membrane were previously reported [17]. Several Cl− channels
were found to be present (Table S1). ClCa1 was called ‘present’ by the gene array, but the
signal strength was near the background level of the chips or less.

On the basis of those results, RT-PCR experiments were conducted to validate the presence
or absence of selected genes (Table 1, Fig. S1). Cl− channels that were found to be
expressed and are known to be located in the plasma membrane were ClC-2, Slc26a7 and
ClC-Ka. Interestingly, the beta-subunit of ClC-K (barttin) was not expressed in Reissner’s
membrane. Cl− channels that were absent include Cftr, ClC-1, ClCa1, ClCa2, ClCa3, ClCa4,
Slc26a9, ClC-Kb, Best1, Best2, Best3.

These results are not specific to the epithelial cells since Reissner’s membrane also consists
of a discontinuous subepithelial layer of mesothelial cells. Whole cell currents, however,
originated solely from the epithelial cells.

DISCUSSION
The contribution of Cl− transporters to the support of auditory and vestibular neural
processes has recently been reviewed [21]. However, the present paper is the first report of a
significant involvement of conductive Cl− pathways in Reissner’s membrane epithelium.
We identified by means of gene array, RT-PCR and electrophysiology several channels that
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carry Cl−. The molecular identities of the channels that carry the observed currents were not
unambiguously determined, but candidate genes were identified.

The voltage-dependence of the current under symmetrical Cl− conditions has some
similarities to channels reported in the literature. The strong inward rectification has been
observed in expression systems and native cells. The strongest candidate for a molecularly-
identified, inward-rectifier Cl− channel in Reissner’s membrane is ClC-2, although many
Cl− channels have been functionally demonstrated whose molecular identity remains
unknown [12;36]. Few plasma membrane Cl− channels are known to be inward-rectifying
[12] and of those that are molecularly identified, the only candidate channel transcript in
Reissner’s membrane was ClC-2.

ClC-2 has an established electrophysiological and pharmacological fingerprint [13;31].
Salient features include whole-cell currents that a) are slowly activated by negative voltages;
b) sensitive to extracellular pH (activated by acid); c) inhibited by Cd 2+ and Zn2+ [4;27;36];
d) inhibited by antibodies directed against intracellular epitopes of the ClC-2 channel [9;26].
All of these characteristics were observed for currents in Reissner’s membrane epithelial
cells and transcripts for ClC-2 were present in the tissue.

ClC-2 was earlier said to be ‘broadly’ or ‘ubiquitously expressed’, although many studies
have since shown a more specific distribution [12]. The view of cell-specific distribution is
supported by our finding in the cochlea that Reissner’s membrane expresses over 3 times as
much transcript for ClC-2 as the neighboring tissue, the stria vascularis (Table S1). The stria
is composed of numerous types of cells, including surface epithelial cells, intermediate cells
of neural crest origin, basal cells, capillary endothelial cells and pericytes.

Nonetheless, Cl− currents have been found in mouse choroid plexus epithelial cells that have
many of the characteristics of ClC-2 but also display some differences, such as dependence
on intracellular ATP [14]; in fact, it was found that those currents persisted in ClC-2
knockout mice, pointing to an unidentified channel with characteristics that overlap those of
ClC-2 [30]. The lack of an antibody with convincing specificity for ClC-2 in fixed tissues
[35] precluded localization of the protein to the apical or basolateral membrane in Reissner’s
membrane, although the effective inhibition of the inward current by ClC-2 antibody
supports a similar epitope on the underlying channel or an associated protein.

Cellular functions ascribed to ClC-2 include Cl− absorption in the colon, volume activation,
volume inhibition, regulation of cardiac pacemaker activity and maintaining Cl−
homeostasis in rat rod bipolar cells of the retina [2;4;9;25], but the physiological function in
mouse salivary gland epithelium is unknown [27]. The inward rectifier may participate in
transepithelial Cl− transport across Reissner’s membrane, but a possible alternative or
additional function includes regulation of cell volume [8].

Transcripts of additional Cl− channels identified by gene array and/or RT-PCR in Reissner’s
membrane are Slc26a7 and ClC-Ka. Slc26a7 is a Cl− channel with nearly linear I-V
relationship [16] that remains a candidate for the channel mediating the outward current in
Reissner’s membrane. Studies of inward-rectifier currents in other native cells (e.g., rat
parotid acinar cells and both rat and mouse choroid plexus epithelial cells) have also noted
an additional minor outward current [14;15;24], even though heterologously expressed
ClC-2 and the inward rectifier conductance of rat neocortical cultured astrocytes are nearly
perfect inward-rectifiers [6;24]. ClC-K alpha-subunits require the presence of the beta-
subunit, barttin, in order to be functional channels [5]. Barttin, however, was found to be
absent by RT-PCR, suggesting that ClC-Ka does not form a functional channel in Reissner’s
membrane.
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The Ca2+-activated Cl− channels (ClCa isoforms), bestrophin isoforms and Tmem16a were
either absent or had weak gene array signal strength (Table S1). Clns1a is a putative Cl−
channel that was present at very low signal strength in the gene array. However, the protein
is ubiquitously expressed and has been reported to have diverse functions that make it
essential for cell viability, making it impossible to unambiguously determine whether it is
indeed a Cl− channel [7].

Previous reports of ion transport by Reissner’s membrane epithelium have focused
predominantly on cation transport. Observations include demonstrations of electrogenic
transepithelial absorption of Na+ from endolymph via Na+-permeable, amiloride-sensitive
channels in the apical membrane [17;20]. Na+/K+-ATPase in the basolateral membrane and
Ca2+-ATPase in the apical membrane [10;34] were found by histochemistry. Several patch-
clamp studies have demonstrated the presence of ATP-gated cation channels [18], stretch
and voltage-sensitive nonselective cation channels and potassium channels in the apical
membrane [32;33]. Single-channel recordings of voltage-sensitive chloride channels were
obtained from the apical membrane [33], but these channels had the opposite voltage
sensitivity to those reported here and therefore may not play a significant role under
physiologic conditions.

Conclusion
In summary, we have identified a complex Cl− current in Reissner’s membrane epithelial
cells that may be carried by multiple transport proteins. Cl− is known to play a critical role
in sensory outer hair cell tuning and amplification through its involvement with the motor
protein, prestin [22;23;28], although the influence of luminal (endolymphatic) [Cl−] is not
known. Our findings support a possible role of Reissner’s membrane in Cl− homeostasis of
endolymph in the support of hearing. Dysfunctions of Cl− transport may contribute to
pathological states such as Meniere’s syndrome and Schiebe’s deformity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Strong inward-rectifier and smaller outward Cl− currents
A, Step pulses were applied from −140 mV to +40 mV, returning to the holding voltage
−100 mV and repeated every 10 s. B, The mean current voltage relationship was obtained
from 24 cells.
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Figure 2. Dependence of inward-rectifier Cl− currents on pH
The voltage protocol consisted of holding at −100 mV for 13 s with a 2 s pulse at +40 mV.
All effects of pH were reversible. A, The activation of the current at −100 mV by external
acidification from pH 7.3 to pH 6.8. B, The inhibition of the current at −100 mV by external
alkalinization from pH 7.3 to pH 7.8.
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Figure 3. Dependence of inward-rectifier Cl− currents on inhibition by Zn2+ and Cd2+

Representative recordings; voltage protocol as in Figure 2. All effects of Zn2+ and Cd2+

were reversible. A, The inhibition of the current at −100 mV by 50 µM Zn2+. B, The
inhibition of the current at −100 mV by 500 µM Cd2+.
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Figure 4. Inhibition of inward-rectifier Cl− currents by ClC-2 antibody
Summary I-V relationships; voltage protocol as in Figure 1. Currents recorded with antibody
(3 µg/ml) raised against an intracellular epitope of ClC-2 added to the pipette solution (Anti-
ClC-2 Ab; up triangles) were significantly reduced at negative membrane voltages
compared to those serving as “Control” with heat-inactivated antibody (down triangles).
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