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Cellular/Molecular

Compartmentalized and Signal-Selective Gap Junctional
Coupling in the Hearing Cochlea

Daniel J. Jagger and Andrew Forge
Centre for Auditory Research, UCL Ear Institute, University College London, London WC1X 8EE, United Kingdom

Gap junctional intercellular communication (GJIC) plays a major role in cochlear function. Recent evidence suggests that connexin 26
(Cx26) and Cx30 are the major constituent proteins of cochlear gap junction channels, possibly in a unique heteromeric configuration. We
investigated the functional and structural properties of native cochlear gap junctions in rats, from birth to the onset of hearing [postnatal
day 12 (P12)]. Confocal immunofluorescence revealed increasing Cx26 and Cx30 expression from PO to P12. Functional GJIC was assessed
by coinjection of Lucifer yellow (LY) and Neurobiotin (NBN) during whole-cell recordings in cochlear slices. At PO, there was restricted
dye transfer between supporting cells around outer hair cells. Transfer was more extensive between supporting cells around inner hair
cells. At P8, there was extensive transfer of both dyes between all supporting cell types. By P12, LY no longer transferred between the
supporting cells immediately adjacent to hair cells but still transferred between more peripheral cells. NBN transferred freely, but it did
not transfer between inner and outer pillar cells. Freeze fracture further demonstrated decreasing GJIC between inner and outer pillar
cells around the onset of hearing. These data are supportive of the appearance of signal-selective gap junctions around the onset of
hearing, with specific properties required to support auditory function. Furthermore, they suggest that separate medial and lateral
buffering compartments exist in the hearing cochlea, which are individually dedicated to the homeostasis of inner hair cells and outer hair

cells.
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Introduction
Gap junctions form intercellular channels that allow the passage
of small metabolites and ions between adjacent cells. Gap junc-
tional intercellular coupling (GJIC) has been implicated in roles
as diverse as tissue growth and differentiation, cell signaling, and
ion recycling (Evans and Martin, 2002; Wei et al., 2004). The
importance of GJIC in the cochlea has been highlighted because
of its disruption in several forms of nonsyndromic deafness
(Kelsell et al., 1997; Petit et al., 2001; Marziano et al., 2003; Bel-
tramello etal., 2005). It has been hypothesized that, after auditory
transduction, sequestered K™ is redistributed via a network of
supporting cell gap junctions (Wangemann, 2002). Experi-
mental evidence supporting such a system includes the obser-
vation of gap junction plaques in the connective tissue and
organ of Corti (Kikuchi et al., 1995, 2000; Forge et al., 1999,
2002, 2003b) and the demonstration of extensive intercellular
coupling (Santos-Sacchi, 1985, 1986, 1987; Mammano et al.,
1996; Zhao and Santos-Sacchi, 1998, 2000; Forge et al., 2003a;
Beltramello et al., 2005).

The primary constituent subunits of gap junctions are con-
nexins, a family of membrane-spanning proteins. Gap junction
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channels are composed of two apposed connexin hexamers
(“connexons”). The complexity of potential connexin pairings
raises the possibility of homomeric or heteromeric connexons
and homotypic or heterotypic channels (Evans and Martin,
2002). Gap junction channels with particular connexin arrange-
ments have specific properties, which are most likely tailored to
their physiological roles. There is significant overlap of connexin
26 (Cx26) and Cx30 immunofluorescence in cochlear tissue
(Lautermann et al., 1998, 1999; Ahmad et al., 2003; Forge et al.,
2003b; Sun et al., 2005). Immunogold labeling has suggested that
Cx26 and Cx30 are equally distributed within individual gap
junction plaques (Forge et al., 2003b). Coimmunoprecipitation
experiments have shown oligomerization of Cx26 and Cx30 in
cochlear tissue (Ahmad et al., 2003; Forge et al., 2003a; Sun et al.,
2005). Together, these observations strongly support the exis-
tence of gap junction channels comprising heteromeric Cx26/
Cx30 connexons in cochlear tissue. The molecular permeability
of gap junctions consisting of Cx26 and Cx30 have been studied
previously in vitro using dyes of different charge and molecular
weight (MW), including Lucifer yellow (LY) (charge, —2; MW,
443 Da) and Neurobiotin (NBN) (charge, +1; MW, 287 Da). In
heterologous expression systems, gap junctions between cells ex-
pressing Cx26 alone are permeable to LY and NBN (Manthey
etal., 2001; Marziano et al., 2003). Gap junctions between cells
expressing Cx30 alone transfer NBN but are impermeable to
LY. Similarly, gap junctions between cells coexpressing Cx26
and Cx30 transfer NBN but are impermeable to LY (Marziano
et al., 2003).
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We studied GJIC in the organ of Corti of young rats. We used
a combination of confocal immunofluorescence, dye injection in
cochlear slices, and freeze fracture to undertake an analysis of (1)
the molecular selectivity of cochlear gap junction channels in situ,
providing a prediction of their connexin composition and (2) the
native GJIC pathways after the onset of hearing.

Materials and Methods

Cochlear slice preparation. Slices were taken from Sprague Dawley rats at
postnatal day 0 (P0), P8, and P12-P13. Rats were killed by intraperitoneal
injection of sodium pentobarbitone, in accordance with the United
Kingdom Animals (Scientific Procedures) Act of 1986. The developing
bullae were excised, and the cochlear bones were exposed. Additional
dissection was performed in cold artificial perilymph (in mm: 150 NaCl,
4 KCl, 2 MgCl,, 1.3 CaCl,, 8 NaH,PO,, 2 Na,HPO,, and 5 glucose, pH
adjusted to 7.3 with NaOH). All chemicals were obtained from Sigma
(Poole, UK) unless stated. The cochlear bone was mounted on a vi-
bratome block using cyanoacrylate glue (Roti-Coll 1; Carl Roth,
Karlsruhe, Germany). Slices were cut at 300—400 wm on a semiauto-
matic vibratome (Vibratome 1000+; TPI, St. Louis, MO), fitted with a
razor blade (Wilkinson Sword, High Wycombe, UK). The vibratome was
adjusted to allow a very slow blade advance (<0.1 mm/s).

Connexin immunofluorescence. Cochlear slices were prepared from
three rats for each age group. Slices were fixed in 4% paraformaldehyde
(PFA) in PBS, permeabilized (0.1% Triton X-100, at 35°C for 40 min),
blocked (10% normal goat serum, at 35°C for 40 min), and then incu-
bated with a monoclonal anti-Cx30 antibody (1:200; Zymed, San Fran-
cisco, USA) and a polyclonal anti-Cx26 antibody (1:200, gap28H; a gift
from Prof. W. H. Evans, University of Wales College of Medicine,
Cardift, UK) overnight at 4°C. The antibodies have been tested previ-
ously for their specificity for Cx30 and Cx26 (Forge et al., 2003b). Pri-
mary antibodies were omitted in negative controls. To observe labeling,
slices were incubated with anti-rabbit IgG conjugated to FITC (1:200;
DakoCytomation, Carpinteria, CA) and anti-mouse IgG conjugated to
tetramethylrhodamine isothiocyanate (TRITC) (1:200; Sigma) at 35°C
for 40 min. After several washes, slices were mounted in glycerol/PBS and
coverslipped. Slices were imaged using a confocal microscope, as de-
scribed below for dye injections. Antibody incubations for all three age
groups were performed in parallel using the same antibody concentra-
tions, and the same confocal settings were used for all images.

Whole-cell dye injections. Slices were stored in oxygenated artificial
perilymph and provided consistent whole-cell recordings for up to 4 h.
They were placed in a recording chamber (~400 ul) mounted on an
upright microscope (Axioskop; Zeiss, Oberkochen, Germany) and were
superfused with oxygenated artificial perilymph. The flow rate (2—4 ml/
min) was controlled by a peristaltic pump. To prevent movement, slices
were held beneath short lengths of platinum wire. All experiments were
conducted at room temperature (20-25°C). To maximize visibility
within the ossified cochlear tissue, patch-clamp recordings were per-
formed under near-infrared videomicroscopy (Jagger et al., 2000), using
a CCD video camera (ICD 42E; Ikegami, Tokyo, Japan) and light from a
100 W halogen bulb filtered at 750 nm (center wavelength, +10 nm).
Using a large video monitor, cells could be identified accurately before
patch formation. Epifluorescence illumination was not used during these
recordings.

Dyes were injected into selected supporting cells during 10 min whole-
cell patch-clamp recordings. In preliminary experiments using slices
from PO rats, 10 min was seen as sufficient time for Neurobiotin to
transfer throughout the cells of Kollicker’s organ. This duration was then
kept constant to allow comparison between experiments. Recordings
were performed using a patch-clamp amplifier (Axopatch 200B; Axon
Instruments, Union City, CA) and a Digidata board (Axon Instruments)
under the control of computer software (pClamp version 8; Axon Instru-
ments). Patch pipettes were fabricated on a vertical puller (P30; Sutter
Instruments, Novato, CA) from capillary glass (GC120TF-10; Harvard
Apparatus, Edenbridge, UK). Pipettes were filled with a potassium chlo-
ride solution (in mm: 150 KCl, 10 NaCl, 2 MgCl,, 10 HEPES, 0.5 EGTA,
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and 5 glucose, pH adjusted to 7.3 with KOH). In most experiments, this
solution was supplemented with 0.1% LY (di-lithium salt; MW, 443 kDa;
charge, —2) and 0.1% NBN (MW, 287 kDa; charge, +1; Vector Labora-
tories, Burlingame, CA). Pipette solutions were filtered at 0.2 um and
centrifuged to remove small insoluble particles. Pipettes had an access
resistance of 2—4 M(), measured in artificial perilymph. Before patch
formation, positive pressure applied to the pipette tip was minimized to
prevent mechanical disruption of cell-cell interactions. Whole-cell input
resistance was measured during 10 mV hyperpolarizing pulses (10 ms
duration). Cells were held in the whole-cell configuration for 10 min
before pipette detachment. Successful termination of whole-cell record-
ings was confirmed by the formation of a high-resistance membrane
patch on retraction of the pipette. Slices were fixed immediately in 4%
PFA for 20 min at room temperature. In preliminary experiments using
PO slices, there was no apparent difference in the extent of NBN transfer
in which fixation time was varied between 20 and 60 min, suggesting that
20 min is a sufficient period of fixation. This minimum time was chosen
to minimize the amount of time slices were kept in fixative. In some
experiments, flufenamic acid (FFA) was added to the artificial perilymph
to block gap junctions. FFA was made as 100 mum stock solution in di-
methylsulfoxide (DMSO) and diluted to 100 wMm in artificial perilymph
before the experiment. DMSO applied alone at the final concentration of
0.1% did not affect input resistance or capacitance (data not shown).
Capacitance values are given as means = SEM. Comparisons were per-
formed using paired or unpaired ¢ tests (Prism version 4; GraphPad
Software, San Diego, CA), with a probability level <0.05 considered
significant.

Confocal microscopy. To detect NBN, slices were permeabilized (0.1%
Triton X-100, at 35°C for 40 min), blocked (0.1 m L-lysine, at 35°C for 40
min), and incubated in Alexa Fluor 555-conjugated streptavidin (1:200
at 35°C for 2 h; Invitrogen, Carlsbad, CA). LY fluorescence is photo-
bleached quickly during confocal microscopy, and its peak absorbance
(428 nm) lies between the available laser lines. To overcome these limi-
tations, LY was detected by incubating slices in anti-LY polyclonal anti-
body (1:200 with 10% normal goat serum, overnight at 4°C; Sigma).
Slices were then incubated in anti-rabbit IgG conjugated to FITC (1:200
for 2 h at 35°C; DakoCytomation). Slices were mounted in glycerol/PBS
(Citifluor; Agar Scientific, Stansted, UK) on glass slides with a ground
cavity and coverslipped. Fluorescence was assessed using a scanning con-
focal microscope (LSM-Meta; Zeiss) equipped with a 63X (numerical
aperture, 1.2) objective. The 543 nm line of a helium/neon laser excited
Alexa Fluor 555 (NBN detection) or TRITC (Cx30 immunofluores-
cence), and emitted fluorescence was captured using a long-pass filter
(560 nm). The 488 nm line of an argon laser excited FITC (for both LY
detection and Cx26 immunofluorescence), and emitted fluorescence was
captured using a bandpass filter (505-530 nm). Optical sections (~1
um) were projected using computer software (Zeiss). Images were im-
ported into Adobe Photoshop (Adobe Systems, San Jose, CA) and ad-
justed for optimal contrast and brightness. All images have been oriented
with the medial aspect of the slice to the right-hand side for clarity.
Postfixation differential interference contrast (DIC) images of slices were
taken using a digital camera (Axiocam; Zeiss) mounted on an upright
microscope (Axioskop 2 mot; Zeiss).

Freeze fracture. Freeze fracture was performed on the cochleae of six
rats from each age group. Cochleae were fixed by direct perfusion of 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3 with 3 mm CaCl,) and
continued for 2 h. The organs of Corti were dissected under 0.1 M caco-
dylate buffer and infiltrated with 25% glycerol in 0.1 M cacodylate for a
minimum of 45 min, before mounting in freeze-fracture planchettes
using a yeast-in-glycerol paste and freezing by plunging into rapidly
stirred propane/isopentane (4:1) cooled in liquid nitrogen. Fracturing
was performed in a Balzers BAF400D apparatus (Bal-Tec, Balzers, Liech-
tenstein) using standard procedures (Forge et al., 2003b). Digital images
of the freeze-fracture replicas, obtained with a Gatan 1000 Superscan
camera attached to the electron microscope, were imported into Adobe
Photoshop and adjusted for optimal contrast and brightness.
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Figure1.

Postfixation DIC micrographs of the apical turn of the developing organ of Corti. a,
P0 organ of Corti. b, P8 organ of Corti. ¢, P13 organ of Corti. Scale bars, 20 um. Slices shown have
been used in dye transfer experiments and have been fixed, processed, and mounted for Lucifer
yellow and Neurobiotin detection. CC, Claudius’ cells; D, Deiters’ cell; HC, Hensen's cells; HP,
habenula perforata; IBC, inner border cell; IPhC, inner phalangeal cell; IPC, inner pillar cell; ISC,
inner sulcus cell; KO, Kollicker's organ; OPC, outer pillar cell; TC, tunnel of Corti.

Results

Cx26 and Cx30 expression in the organ of Corti undergo
extensive changes during postnatal development

Postfixation DIC micrographs of cochlear slices at PO, P8, and
P13 revealed a progressive cytoarchitectural development of the
organ of Corti (Fig. 1). Supporting cells separate into distinguish-
able regions, those medial to the tunnel of Corti, surrounding
inner hair cells (IHCs), and those lateral to the tunnel, surround-
ing outer hair cells (OHCs). At early stages before the tunnel of
Corti forms, inner pillar cells and outer pillar cells lie parallel, and
both reach to the lumenal surface. With maturation, the inner
pillar cell head expands over the outer pillar cell so that the outer
pillar cell abuts beneath the inner pillar cell heads. At PO, the
organ of Corti is compact (Fig. 1a). The supporting cells in the
medial region, together with the greater epithelial ridge of Kol-
licker’s organ, are continuous through to the cartilaginous spiral
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Figure2. Localization of (x26 and (x30 in the apical turn organ of Corti by confocal immu-
nofluorescence. a, At PO, there was punctate colocalization of (x26 (green) and (x30 (red)
immunofluorescence in Kéllicker's organ, in the supporting cells in the medial region (around
the IHG; arrowheads), and in Claudius’ cells. There was no detectable immunofluorescence in
the supporting cells of the lateral region (Deiters’ cells, arrow, or Hensen's cells). b, At P8, there
was an increased immunofluorescence in all locations, including supporting cells in the medial
region (arrowheads) and in the lateral region (e.g., Deiters’ cells, arrow). There was noticeable
colabeling in the region of the habenula perforata (HP). ¢, At P12, there was a similar pattern of
immunofluorescence but with a noticeable predominance of (x30 in the Deiters’ cells and
supporting cells around IHCs (arrowheads). In Deiters’ cells, the immunofluorescence of (x26
and (x30 was most dense near the basolateral membrane (arrow). In all peripheral supporting
cells (Hensen’s cells and inner sulcus cells), there was a predominance of (x26 immunofluores-
cence. There was colabeling in the region of the habenula perforata (HP). Scale bars, 20 wm.

lamina. At P8, the tunnel of Corti has not yet begun to form in the
apical turn (Fig. 1b), although it is partially formed in the basal
turn (data not shown). By P13, the organ is noticeably less com-
pact, with an appearance compatible with the onset of hearing
function (Fig. 1¢). In the lateral region, Deiters’ cells are longer
and the spaces of Nuel are formed between the OHCs and the
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Figure 3.  Nonselective GJIC in supporting cells of the PO organ of Corti revealed by dye transfer. In all panels, an asterisk
denotes the injected cell. a, LY (green) and NBN (red) injected into an inner border cell during a 10 min whole-cell recording. LY
spread to other supporting cells in the medial region and into cells of Kdllicker's organ. NBN spread was more extensive, reaching
throughout Kdllicker's organ and beyond the outer pillar cell (arrowhead). Neither dye was detected in the IHC. b, Injectioninto an
inner pillar cell demonstrated longitudinal spread of NBN throughout supporting cells of the medial region and Kéllicker's organ.
¢, In the supporting cells of the lateral region, LY spread from a Deiters’ cell was minimal, but NBN spread to Hensen'’s cells
(arrowheads). d, From a Hensen's cell, NBN spread to several cells, but LY spread was poor. Scale bars, 20 wm. e, The input
resistance and cell capacitance (estimated from the decay of the current transients) correlated well with the observed spread of
NBN. Whole-cell current responses to 10 mV hyperpolarizing pulses, in a coupled inner border cell (IBC) (shown in a; input
resistance, 10 M(); decay time constant, 2.61 ms; estimated capacitance, 590 pF), a coupled Deiters’ cell (shown in ¢; 300 M€},
0.20 ms, 18 pF), and an uncoupled Deiters’ cell displaying no NBN spread (500 M€2, 0.06 ms, 5 pF). This cell was uncoupled at the
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and between Deiters’ cells, with an appar-
ent dominance of Cx26 within single
puncta (revealed by a green/yellow ap-
pearance of the overlay).

By P12, there was extensive coexpres-
sion of Cx26 and Cx30 in all supporting
cells in the medial and lateral regions of the
organ of Corti (Fig. 2¢). There were few
examples of punctate labeling by one anti-
body only. In the medial region, there was
punctate colabeling in the supporting cells
immediately adjacent to IHCs, but more
peripheral cells displayed relatively more
intense Cx26 labeling (as shown by green
puncta). In the lateral region, colabeled
puncta were most densely concentrated in
the basolateral membrane of Deiters’ cells,
near the basilar membrane. There ap-
peared to be a greater contribution from
Cx30 (as shown by a reddish hue in the
overlay) in the apical region of Deiters’
cells. Conversely, the Hensen’s cells dis-
played relatively more intense Cx26
labeling.

Widespread postnatal changes of
functional GJIC are revealed by whole-
cell dye injections

We performed dye injections using whole-
cell patch electrodes to investigate the mo-

onset of the recording and was not manipulated mechanically or pharmacologically.

outer pillar cell. The tunnel of Corti is formed in all regions, and
the pillar cells have a mature rod-like appearance. Kollicker’s
organ is retracted, with the inner sulcus cells clearly defined.

Connexin expression in the neonatal organ of Corti was as-
sessed using a polyclonal antibody against Cx26 and a monoclo-
nal antibody against Cx30 (Fig. 2). There was no labeling for Cx26
or Cx30 within hair cells at any age. At all ages, there was extensive
punctate colabeling of supporting cell membranes with Cx26 and
Cx30 antibodies (evidenced by yellow overlay puncta), consistent
with gap junction plaque localization. At PO, supporting cells in
the medial region showed extensive colabeling for Cx26 and Cx30
(Fig. 2a). There was also extensive colabeling within the greater
epithelial ridge of Kollicker’s organ, particularly at the lumenal
pole of the cells. There were only sparse puncta within inner pillar
cells. There was strong punctate labeling for Cx26 and Cx30 in the
Claudius’ cells and outer sulcus cells, with highest expression in
the lumenal pole. However, there was very little labeling for either
Cx26 or Cx30 in the lateral region at PO. Deiters’ cells and Hens-
en’s cells were devoid of puncta.

At P8, there was coexpression of Cx26 and Cx30 between all
supporting cells in the medial and lateral regions of the organ of
Corti and in cells of the inner sulcus and outer sulcus (Fig. 2b).
Labeling was seen in Claudius’ cells and in the cells of the outer
sulcus (data not shown). In the medial region, there was intense
punctate colabeling for Cx26 and Cx30 in inner phalangeal cells
(immediately lateral to IHCs), inner border cells, and inner sul-
cus cells. There was consistent colabeling in the region of the
habenula perforata, a small opening in the bone through which
dendritic nerve fibers emanate. In the lateral region, there was
punctate colabeling for Cx26 and Cx30 between Hensen’s cells

lecular selectivity of native gap junctions in

cochlear slices. Recordings were made

from supporting cells in both the medial
and lateral regions to assess the possibility of regional variations
of coupling during development. There was prodigious cell-cell
coupling in most whole-cell recordings. Uncoupled cells were
found only occasionally and were probably the result of damage
at the cut surface of slices. There were no apparent apex—base
differences in coupling at any of the ages studied. Coupling was
evident during the recordings from the very low input resistance
(often <10 M{); equivalent to a conductance >100 nS), concur-
rent with a negative zero-current potential (V,; typically between
—40 and —80 mV). Coupling was confirmed subsequently by
extensive spread of NBN (see below). The membrane capacitance
(C,) was estimated from the capacitive transients during short
voltage pulses (Mammano etal., 1996). C,,, was estimated as high
as 925 pF (P8 slices), consistent with extensive intercellular
coupling.

Analysis of NBN spread in cochlear slices at PO revealed dif-
ferences of GJIC among supporting cells in the medial (IHCs)
region compared with those in the lateral (OHCs) region. A total
of 13 recordings from cells in the medial region (inner phalangeal
cells, inner border cells, and inner pillar cells) resulted in similar
patterns of NBN and LY spread (Fig. 3a,b). NBN could be de-
tected in all of the supporting cells around the IHCs and through-
out the cells of Kollicker’s organ. Notably, there was free transfer
of NBN in the longitudinal plane (along the cochlear partition)
(Fig. 3b). These recordings resulted in little NBN in the lateral
region. In recordings from cells in Kéllicker’s organ, LY was de-
tectable in fifth- and sixth-order cells (data not shown).

In a total of 13 recordings from cells in the lateral region
(Deiters’ cells, outer pillar cells, and Hensen’s cells), NBN spread
to surrounding cells, revealing functional coupling (Fig. 3¢,d).



1264 - J. Neurosci., January 25,2006 - 26(4):1260-1268

However, compared with injections into medial region support-
ing cells, this spread was poor. NBN and LY transfer was re-
stricted to only a few cells. There was spread of NBN from Deit-
ers’ cells into Hensen’s cells (Fig. 3c). In recordings from
Hensen’s cells, there was also only poor transfer of both LY and
NBN (Fig. 3d). In all recordings at PO, the spread of NBN was
more extensive than that of LY. There was no evidence for trans-
fer of either dye into hair cells at P0. The differences in dye trans-
fer in the medial and lateral regions were reflected in the whole-
cell current responses measured during dye loading (Fig. 3e). In
NBN-coupled recordings at PO, the estimated C,,, in medial re-
gion cells (457 = 31 pF; n = 13) was significantly greater than that
in lateral region cells (14 * 2 pF; n = 13; p < 0.05, unpaired t test)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material).

At P8, recordings from supporting cells in the medial region
resulted in extensive NBN spread in all directions and across to
supporting cells in the lateral region (Fig. 4a,b). LY spread to
several cells laterally and longitudinally. Recordings from lateral
region supporting cells resulted in a similar pattern of NBN and
LY spread (Fig. 4¢,d), revealing an increase of GJIC compared
with PO (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). There was no significant difference be-
tween the C,, of cells in the medial region (505 = 52 pF; n = 8)
compared with those in the lateral region (523 * 45 pF; n = 22;
p > 0.05, unpaired ¢ test). There was, however, a significant in-
crease of C,,, of lateral cells at P8 compared with those at PO ( p <
0.05, unpaired ¢ test). There was no evidence for transfer of either
dye into hair cells at P8. In separate experiments in which dyes
were omitted, the input resistance of coupled Deiters’ cells at P8
increased during bath application of FFA (Fig. 4e), a putative gap
junction blocker (Harks et al., 2001; Eskandari et al., 2002). The
effects of FFA were first seen within 20 s and were complete
within 120 s. They were essentially reversible on washout. In the
presence of FFA, robust outwardly rectifying currents were re-
vealed (Fig. 4f). FFA does not block the outwardly rectifying
currents of isolated Deiters’ cells (Jagger and Ashmore, 1998).
FFA decreased C,,, significantly from 503 = 65to 15 = 1 pF (n =
6; p < 0.05, paired t test), suggesting an uncoupling of the
syncitium.

By P12-P13, the distribution of NBN and LY had altered no-
ticeably (Fig. 5). In all recordings, NBN injected into individual
supporting cells transferred to other supporting cells in all direc-
tions. However, NBN did not transfer laterally from inner pillar
cells to outer pillar cells (Fig. 5a,b) or medially from outer pillar
cells to inner pillar cells (Fig. 5¢,d). GJIC appeared to have be-
come segregated into separate medial and lateral compartments.
There was no significant difference between the C,, of supporting
cells in the medial region (558 * 78 pF; n = 11) compared with
those in the lateral region (526 = 41 pF; n = 26; p > 0.05, un-
paired t test) (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material).

By P12—-P13, there were also apparent changes in the gap junc-
tional permeability to LY relative to earlier ages. In the medial
region, in eight of eight recordings from individual supporting
cells immediately adjacent to IHCs, LY did not transfer to adja-
cent cells (Fig. 5a). Similarly in the lateral region, in 13 of 13
recordings from individual Deiters’ cells, LY did not transfer to
any other cell (Fig. 5¢). However, within groups of more periph-
eral supporting cells in both regions, LY was still able to transfer.
In inner sulcus cells (n = 3), LY spread to adjacent similar cells
but no farther (Fig. 5b). There was transfer of LY between Hens-
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Figure4. Nonselective GJICpersists in supporting cells of the P8 organ of Corti. In all panels,
an asterisk denotes the injected cell. a, LY (green) and NBN (red) injected into an inner border
cell during a 10 min whole-cell recording. LY spread to other supporting cells in the medial
region and into cells of Kdllicker's organ. NBN spread was more extensive, reaching throughout
Kollicker's organ and supporting cells in the lateral region. Neither dye was detected in the IHCs
or OHCs. b, There was spread of LY from an inner sulcus cell to several others and spread of NBN
to all regions. ¢, LY and NBN spread extensively (medially and laterally) from a middle row
Deiters’ cell. d, LY spread from a Hensen’s cell into other Hensen's cells (arrowheads) and
Deiters’ cells, and NBN transfer was extensive. Scale bars, 20 um. e, Input resistance of coupled
Deiters’ cells was increased reversibly by bath application of FFA (100 rum). Cell capacitance was
estimated to decrease from 260 to 17 pF. Voltage pulses to —80 from —70 mV holding poten-
tial; dashed line shows zero-current level. f, FFA decreased the amplitude of whole-cell currents
in response to 200 ms voltage pulses (—150 to +40 mV; holding potential, —70 mV). Out-
wardly rectifying currents remained in the presence of FFA.

en’s cells in 13 of 13 recordings (Fig. 5d), but LY did not transfer
from Hensen’s cells to Deiters’ cells.

Gap junction plaque formations confirm
compartmentalization of GJIC

The apparent segregation of supporting cells into distinct medial
and lateral GJIC compartments was further investigated by the
analysis of gap junction plaques in freeze fracture replicas of the
organ of Corti. The localization and distribution of gap junctions
was consistent with the patterns of NBN transfer observed at all
ages. At PO in Kollicker’s organ (supplemental Fig. 2a, available at
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Figure 5.

inner pillar cells (arrow). Scale bars, 20 m.

www.jneurosci.org as supplemental material), numerous, often
large gap junction plaques were present between cells at their
lumenal ends just below the tight junction region (supplemental
Fig. 2b, available at www.jneurosci.org as supplemental mate-
rial), although junctions were smaller and less numerous at the
basal ends of these cells (supplemental Fig. 2¢, available at www.j-
neurosci.org as supplemental material). Within the organ of
Corti itself, gap junction plaques were difficult to identify on the
membrane fracture faces of any supporting cell type (supplemen-
tal Fig. 2d—f, available at www.jneurosci.org as supplemental
material).

At P8, in contrast, gap junctions were clearly evident between
most supporting cells (Fig. 6a—c). At this stage, before the open-
ing of the tunnel of Corti when the outer pillar cells and inner
pillar cells are still closely adjacent along their lateral membranes,
numerous gap junction plaques were present on the membrane
fracture faces between the two pillar cell types (Fig. 6b). This
indicates the potential for intercellular communication between
the medial and lateral regions. Numerous junctions between in-
ner pillar cells and inner phalangeal cells were also evident (Fig.
6¢). By P12, after the opening of the tunnel of Corti and the
separation of the inner pillar cells and outer pillar cells along their
lateral walls, gap junction plaques appeared to be absent from the
remaining region of apposition in which the outer pillar cells abut
beneath the expanded heads of the inner pillar cells (Fig. 6¢). Gap
junction plaques were evident, however, on the membrane faces

After the onset of hearing (P12—P13), GJIC was dye selective and compartmentalized. In all panels, an asterisk
denotes the injected cell. a, LY (green) and NBN (red) injected into an inner border cell during a 10 min whole-cell recording. NBN
spread to all other medial region supporting cells. LY did not escape from the inner border cell to inner phalangeal cells (arrow-
heads). NBN did not spread laterally to the outer pillar cell (position indicated by arrow). Neither dye was detected in the IHCs. b,
Injection into a peripheral inner sulcus cell demonstrated LY spread to other peripheral inner sulcus cells, and NBN spread into
inner phalangeal cells (arrowheads) and other medial region cells, but not into outer pillar cells (arrow). ¢, Injection into a Deiters’
cell demonstrated longitudinal spread of NBN (arrowheads) throughout the lateral region supporting cells and medially to outer
pillar cells but not into inner pillar cells (arrow). LY did not escape the Deiters’ cell. d, Injection into a Hensen's cell demonstrated
LY spread to other Hensen's cells but not into Deiters’ cells. There was radial spread of NBN as far as the outer pillar cells but not into
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between two adjacent outer pillar cells
(Fig. 6f) and between the bodies of outer
pillar cells and Deiters’ cells (data not
shown). Generally, the pattern of gap
junction distribution in the organ of Corti
of the rat at P12 conformed to that previ-
ously described for the mature organ of
Corti in several other mammalian species
(Forge et al., 2003b). For example, be-
tween the bodies of adjacent inner pillar
cells in which the cells are in contact in the
longitudinal direction along the organ of
Corti, extremely large gap junction
plaques were present (supplemental Fig.
3a,b, available at www.jneurosci.org as
supplemental material). Numerous gap
junctions also were present between the
bodies of adjacent Deiters’ cells (supple-
mental Fig. 3¢,d, available at www.jneuro-
sci.org as supplemental material) and were
distributed in a manner identical of that
observed in the mature organ of Corti.

Discussion

Our results demonstrate changes of gap
junction channel characteristics and alter-
ations in the pathways of intercellular
communication in the organ of Corti dur-
ing postnatal development. The character-
istics of early postnatal GJIC bear little re-
semblance to those in the hearing cochlea.
These observations have implications for
the interpretation of studies of GJIC in
normal hearing and disease. We have pro-
vided functional evidence for the existence
of gap junction channels comprising het-
eromeric Cx26/Cx30 connexons in native
cochlear tissue in hearing animals based
on the selective transfer of diagnostic dyes, in conjunction with
the colocalization of Cx26 and Cx30 within supporting cells. We
found evidence for Cx26-only channels (i.e., LY permeable) only
in peripheral supporting cells within the organ of Corti in hearing
animals (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material). Furthermore, we have provided func-
tional and anatomical evidence that is consistent with separate
hypothetical K "-recycling pathways in the cochlea. In hearing
animals, there is a lateral pathway (possibly for the management
of K*) emanating from OHCs and also a novel medial pathway
(for K*) from IHCs (supplemental Figs. 4, 5, available at www.
jneurosci.org as supplemental material).

The cochlear slice preparation allows the study of cochlear
physiology up to and beyond the onset of hearing (Jagger et al.,
2000; Jagger and Housley, 2003), when gap junction plaque for-
mations resemble those in adult tissues and connexin expression
becomes mature (Lautermann et al., 1999). There is extensive
evidence for gene expression of multiple connexin subtypes early
in development (Ahmad et al., 2003; Forge et al., 2003b; Cohen-
Salmon et al., 2004). However, Cx26 and Cx30 are the only rec-
ognized connexin subunits present in supporting cells in the ma-
ture organ of Corti (Forge et al., 2003b). Developmental patterns
of antibody labeling for Cx26 and Cx30 in the rat have been
demonstrated previously (Lautermann et al., 1999) and are ex-
tended here. Because there is limited evidence for localization of
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other connexin proteins in the organ of
Corti, we restricted our interpretation of
dye transfer in terms of Cx26- and Cx30-
containing channels.

The intercellular spread of LY and NBN
most likely occurred via gap junction
channels. The extent and selectivity of dye
transfer could be predicted by the localiza-
tion of connexin protein and gap junction
plaque formations. The extent of NBN
spread (which would pass most gap junc-
tion channel types) was well correlated
with the estimated capacitance of the syn-
citium, which was decreased reversibly by
FFA, a broad-range gap junction blocker
(Harks et al., 2001; Eskandari et al., 2002).
These experiments identify FFA as a useful
tool for future research into cochlear GJIC.
Functional hemichannels (unmatched
connexons facing the external medium)
are present in the mature organ of Corti
but only allow uptake of large anionic mol-
ecules under certain conditions (Zhao,
2005).

There was a progressive change in gap
junction dye permeability during the first
2 postnatal weeks. We observed extensive
transfer of LY at PO and P8. Based on het-
erologous expression data, this can be in-
terpreted as passage through gap junction
channels comprising Cx26-only connex-
ons (Manthey et al., 2001; Marziano et al.,
2003). We observed junctional puncta
predominantly labeled for Cx26 at these
ages. After the onset of hearing (P12-P13),
LY transfer was not evident in any record-
ings from supporting cells immediately
adjacent to hair cells (Deiters’ cells, inner
border cells), suggesting a significant decrease in the numbers of
Cx26-only channels between these cells in hearing animals. Be-
cause there was strong antibody colabeling for Cx26 and Cx30 in
these regions, the results support the existence of channels com-
prising heteromeric Cx26/Cx30 connexons (Zhao and Santos-
Sacchi, 2000; Ahmad et al., 2003; Forge et al., 2003b; Marziano et
al., 2003; Sun et al., 2005). In more peripheral cells, such as Hens-
en’s cells or inner sulcus cells, Cx26-only channels were evident,
suggesting that there may be functionally distinct groups of sup-
porting cells (supplemental Fig. 4, available at www.jneurosci.org
as supplemental material).

The molecular selectivity of gap junctions in the organ of
Corti may provide insights into their function in normal hearing
and deafness. Our results show that supporting cells from hearing
animals are freely permeable to small cationic molecules such as
NBN (MW, 287 kDa), which may reflect K * flux in vivo (Wange-
mann, 2002). Transfer of the larger anion LY (MW, 443 kDa) did
not occur between supporting cells immediately adjacent to hair
cells, as in mature guinea pigs (Santos-Sacchi, 1986). However,
because LY transfer has been observed in mature supporting cells
of the chinchilla (Oberoi and Adams, 1996) and the gerbil (Zwis-
locki et al., 1992), interspecies and age-related differences cannot
be discounted. Transfer of dye from supporting cells to hair cells
(Zwislocki et al., 1992) was not seen in the present study.

Large anionic molecules such as LY and bD-myo-inositol-1,4,5-

Figure6.
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Freeze fracture revealed the anatomical compartmentalization of GJICaround the onset of hearing. a— ¢, P8 organ of
Corti. a, Survey view of fracture across the pillar cell region revealing an inner pillar cell (IPC) adjacent to an outer pillar cell (OPC).
Boxes indicate areas shown at higher power in b and ¢. b, Membrane faces of adjacent inner pillar cell and outer pillar cell show
numerous gap junction plaques (arrows) down the membranes all along the regions of contact between the two cells. ¢, Mem-
brane face of inner pillar cell adjacent to inner phalangeal cell; numerous gap junction plaques (arrows) are exposed. d—f, P12
organ of Corti. d, Region in which the head of an outer pillar cell abuts below the heads of two adjacent inner pillar cells. IHC, Inner
hair cell. Boxes enclose areas shown at higher power in e and . e, Membrane faces in which outer pillar cells meet the heads of
inner pillar cells. Gap junction plaques cannot be identified on the membrane faces in which the two cell types meet. f, Membrane
face of the outer pillar cellin which it is adjacent to the next outer pillar cell. Gap junction plaques (arrows) are present. Scale bars:
a,d,2pum;b,cef0.5um.

trisphosphate [Ins(1,4,5)P5] (MW, 420 kDa) can pass through
homotypic Cx26 channels in vitro and through gap junctions
between Hensen’s cells (Beltramello et al., 2005). Our results
demonstrating LY transfer in supporting cells at PO—P13 support
these observations. Selective impairment of Ins(1,4,5)P; passage
through homotypic Cx26-only channels is suggested to underlie
certain types of recessive hereditary deafness (Beltramello et al.,
2005). Our results are pertinent to the search for the causes of
connexin-related deafness, because hair cell death occurs from
the onset of hearing in transgenic mouse models (Cohen-Salmon
et al., 2002; Kudo et al., 2003; Teubner et al., 2003). Our results
suggest that, by the onset of hearing, gap junctions between sup-
porting cells immediately adjacent to hair cells (Deiters’ cells,
inner border cells) do not express Cx26-only channels and so
would not normally allow passage of large anions. It remains
puzzling as to how connexin mutations affecting signaling be-
tween peripheral supporting cells causes extensive cochlear
trauma. The role of these peripheral cells in cochlear homeostasis
deserves additional study. Subtle differences between the proper-
ties of channels comprising homomeric and heteromeric con-
nexons can influence the rate of Ca*™ signaling between cells
(Sun et al.,, 2005), although it remains unclear whether Ca??*
signaling through heteromeric connexons is based on the inter-
cellular transfer of Ins(1,4,5)P; and/or Ca®" ions themselves.
Ins(1,4,5)P; also regulates Ca>" signaling in the organ of Corti in
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a GJIC-independent manner via paracrine purinergic signaling
(Gale et al., 2004).

Our data from the organ of Corti at the onset of hearing point
to a separate medial compartment of supporting cells that likely
buffers K™ derived from IHCs (supplemental Figs. 4, 5, available
at www.jneurosci.org as supplemental material). Such a pathway
has been proposed previously based on anatomical specializa-
tions and the localization of ion-transport proteins to cells of the
inner sulcus and to interdental cells (Spicer and Schulte, 1998).
This could provide a direct and low-resistance route for IHC-
derived K to scala vestibuli. In various models of deafness, par-
ticularly in models of GJIC disruption, IHCs often survive
whereas OHCs are quickly lost (Cohen-Salmon et al., 2002; Kudo
et al., 2003; Teubner et al., 2003). The survival of IHCs (and thus
abasiclevel of hearing, even in the absence of the more vulnerable
OHCs) may be made possible by the existence of a defined medial
compartment. Also, at PO, extensive medial NBN transfer, con-
nexin protein localization, and gap junction plaque formations
demonstrate a precocious development of GJIC in this region.
This is consistent with the early appearance of IHC K * currents
compared with those in OHCs (Marcotti et al., 2004). The medial
compartment may be dedicated to the protection of IHCs at all
developmental stages.

Medial and lateral injections resulted in radial and longitudi-
nal NBN transfer, demonstrating the large continuous volume of
both cytoplasmic compartments. The supporting cell syncitium
may act as a “sink” for excess perilymphatic K *. Gap junction
coupling could provide extensive spatial buffering, as seen in
astrocytes (Leis et al., 2005) and retinal Miiller cells (Karwoski et
al.,, 1989). The widespread localization of gap junction channels,
K/Cl cotransporters (Boettger et al., 2002), and aquaporins
(Huang et al., 2002) could provide a passive mechanism of K *
buffering and osmotic homeostasis. In the brain, comparable
energy-independent mechanisms ensure rapid siphoning and re-
distribution of K. This prevents ionic imbalances in active re-
gions, even during ischemic episodes (Leis etal., 2005). It remains
an intriguing speculation that cochlear supporting cells use com-
parable dynamic mechanisms with those of reactive astrocytes,
maintaining homeostasis of K during periods of prolonged ac-
tivity or metabolic stress.

In summary, we have shown for the first time functionally
distinct medial and lateral GJIC compartments in the hearing
cochlea and that, within these, there are groups of cells whose gap
junctions display distinct physiological properties. Cx26/Cx30
protein expression and gap junction plaque distribution during
postnatal development reflected changes of gap junction selectiv-
ity and conductance. The results are consistent with the existence
of gap junction channels with varied properties, which perform
cell-specific roles toward long-term cochlear homeostasis and the
protection of hair cells.
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