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Abstract
Genetic studies have linked many nonsyndromic deafness patients to mutations in genes coding for
gap junction proteins. To better understand molecular identities of gap junctions in the cochlea, we
investigated the expression of pannexins (Panxs). Western blot and reverse transcription PCR
detected the expression of Panx1 and Panx2. Immunolabeling localized Panx1 to the inner and outer
sulcus, as well as the Claudius cells. Both Panx1 and Panx2 were expressed in the spiral and Scarpa’s
ganglion neurons. These data for the first time showed expressions of Panxs in the cochlea, therefore
adding a new family of gap junction proteins to those used to form intercellular transport pathways
in the cochlea.
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Introduction
Gap junctions are intercellular channels directly linking adjacent cells to facilitate exchange
of ions, nutrient and signaling molecules. The complete gap junction channels are assembled
by close apposition of two gap junction hemichannels. Hemichannels are composed of six
compatible connexin (Cx) subunits forming a large size transmembrane pore. Twenty-one and
twenty Cx genes have been identified in the human and mouse genome respectively [1]. The
essential role of Cxs in normal hearing is demonstrated by genetic studies showing that about
half of inherited nonsyndromic deafness cases are caused by mutations in the Cx26 [2], Cx30
[3] genes. Corresponding mouse models of Cx mutant mice are also deaf [4,5]. Protein subunits
used to assemble gap junctions in the cochlea are highly heterogeneous [6–9]. The functional
roles of the Cxs in the cochlea are currently unclear.

Vertebrate animals express Cxs, while invertebrates utilize innexins as their gap junction
proteins. Despite similarities in function and membrane topology, the two protein families
share little sequence homology. A new family of gap junction proteins called pannexins (Panxs)
has been recently found, which is expressed in both vertebrate and invertebrate animals [10].
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In vitro recordings made from Xenopus oocytes demonstrated that Panx1 is able to form
hemichannels and whole gap junctions [11], although ability of Panxs to form gap junctions
in mammalian cell lines and in vivo has been a matter of debate [12]. The expression pattern
of many subtypes of Cxs in the mouse cochlea (e.g., Cxs 26, 29, 30, 31, 43) has been
investigated previously [8,9,13,14], and at least some of them (e.g., Cx26 and Cx30) are known
to form heteromeric gap junctions [13]. Cxs are currently believed to be the sole class of
molecules assembled into the gap junctions and hemichannels in the cochlea. To gain a better
understanding of the molecular identity of protein subunits contributing to intercellular
coupling in the inner ear, we have analyzed the expression of Panx1 and Panx2 in the mouse
cochlea. Our results for the first time showed the cochlear expression of Panxs, suggesting that
Panx1 and Panx2 are used as molecular building materials to form the intercellular transport
pathways in the cochlea that are known to be essential for normal hearing.

Materials and Methods
Semi-quantitative RT-PCR detection of Panx1 and Panx2

Total RNA was isolated from mouse cochlea with PicoPure™ RNA isolation kit (Arcturus
Bioscience, CA). The RNA integrity and concentration were assessed by capillary gel
electrophoresis using the Agilent Bioanalyzer 2100 with RNA 6000 PicoChips (Agilent Inc.,
CA). The density ratio of 28S:18S bands must be >1.8. Total RNA was transcripted to cDNA
with the Applied Biosystems’ high capacity cDNA archive kit (Bedford, MA). Relative
expression of Panxs was normalized to the expression level of GAPDH. The PCR primers used
to amplify Panxs are designed (Vector NTI, Invitrogen, CA) and synthesized (Sigma Biotech,
Inc., MO) according to the following table:

Forward Reverse Amplicon Size

Panx1 CCCACTTGGCCACGGAGTAT CACAGTGGGAGGTTTCCAGA 301

Panx2 AACCAATTTACTGTTATACTCCGC CTTCTCAAACAGATTCTGCTCC 407

GAPDH CAACTCACTCAAGATTGTC ACCTGGTCCTCAGTGTAG 638

PCR amplifications were carried out on a GenAmp PCR system 9700 (Applied Biosystems,
MA) with the following protocol: 10-min at 95°C denature, 35 cycles of 95°C (30 sec), 55°C
(30 sec) and 72°C (30 sec), followed by 10 min at 72°C. PCR products were visualized by
electrophoresis on 1% agarose gels stained with ethidium bromide, and they were quantified
by a Fluochem™ multipurpose imager (Alpha Innotech Corp., CA).

Immunolabeling of Panx1 and Panx2 in the mouse cochlea
We used CD1 mice (age range: embryonic day 16 (E16) to postnatal day 45 (P45)) according
to the animal use protocol approved by the Institute Animal Care and Use Committee of the
Emory University. Mice were anesthetized before they were perfused with 4% formaldehyde.
Samples were decalcified in 10% EDTA solution (72 hrs, 4°C), cryo-protected in 20% sucrose
solution overnight, and were embedded in the OCT compound. Sections (7 µm) were cut with
a cryostat (2800 Frigocut E, Cambridge Instruments, Germany).

The immunolabeling protocol was essentially the same as that previously described [15].
Briefly, cryo-sections were permeabilized and blocked before they were labeled with the Panx1
antibodies (Abs). Two kinds of Panx1 Abs were used and similar results were obtained: (1)
polyclonal rabbit anti-human Panx1 Ab, which was characterized previously by
Dvoriantchikova et al., 2006 [18]); (2) polyclonal chicken Panx1 Ab (Diatheva,
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catalog#ANT0027, Fano, Italy). Panx2 Ab was purchased from Invitrogen Corp. (catalog#42–
2800). Sections were washed and incubated with secondary antibodies (goat anti-chicken or
goat anti-rabbit, Jackson ImmunoResearch Lab, PA). The slides were examined with a
conventional fluorescence microscope (Zeiss Axiovert135, Carl Zeiss, PA) equipped with an
AxioCam photo documentation system.

Western blotting detection of Panx1 and Panx2 in the cochlea
Cochleae without the bony shell were homogenized in RIPA lysis buffer (catalog#20–188,
Upstate, NY) supplemented with protease inhibitor cocktail (Catalog#539134, CalBiochem,
CA). Samples were centrifuged at 16,000g for 20 minutes (4°C). Total protein concentrations
were measured using the bicinchoninic acid protein assay kit (Pierce, IL). Equal amounts of
protein (10 µg) were loaded in 20% SDS-PAGE gels for electrophoresis. Proteins were
transferred to Hybond ECL nitrocellulose films (Amersham Pharmacia Biotech). The same
Abs used for immunolabeling were used in the Western blot experiments. Results were
visualized after processing films with supersignal west femto chemiluminescent substrate
(Kodak XAR-5 film, Pierce, IL). Protein abundances were calculated from optical
densitometry analysis with the background subtracted. Details were described previously
[15].

Results
RT-PCR and Western blot detected expressions of Panx1 and Panx2 in the cochlea

Panx1 and Panx2 transcripts in the cochlea during development were detected by RT-PCR
amplifications. mRNAs for both Panxs were found as early as E16.5. PCR band intensity
(normalized to GAPDH) of Panx1 was relatively stable at all developmental stages we
examined, ranging from E16.5 to P45. In contrast, Panx2 data suggested that its expression
level gradually increased as the cochlea matures. Protein expression of Panx1 and Panx2 was
assessed by Western blots. Single bands at molecular weight of 48kD and 74kD for Panx1 and
Panx2 respectively were detected (Fig. 1A), which are consistent with previously reported data
[16,17]. Single band in the Western blots for Panx1 and Panx2 support the specificity of both
antibodies used in this study.These data indicate that both Panx1 and Panx2 genes are expressed
in the mouse cochlea.

Immunolabeling pattern of Panx1 and Panx2 in the cochlea
At E16.5, the earliest developmental stage we examined, Panx1 immunoreactivity was detected
in the epithelial cells on top of the developing organ of Corti (arrow in Fig. 1B). In the adult
cochlea, Panx1 showed a markedly different expression pattern. It was detected in both inner
sulcus (arrowhead in Fig. 1C) and outer sulcus (single arrow in Fig. 1C) cells, as well as in the
Claudius cells (double arrow in Fig. 2B). Inner phalangeal cells around the inner hair cells were
weakly labeled. Panx1 was also detected in the spiral ganglion (arrow in Fig. 1D) and Scarpa’s
ganglion (arrowhead in Fig. 1D) neurons. Fig. 1E shows a higher magnification image,
indicating that Panx1-specific immunolabeling was uniformly distributed in cell bodies of the
neurons.

Double immunostaining of cochlear sections (Fig. 2A) with antibodies against Panx2 (Fig. 2B)
and neurofilament (Fig. 2C) showed that spiral ganglion neurons were the only cells labeled
by Panx2 antibody in the cochlea (Fig. 2B), since the general labeling patterns of Panx2 and
neurofilament totally overlapped (comparing Fig. 2B&C). While the expression of Panx1 was
mostly observed in the soma of neurons (Fig. 1E), the intensity of the Panx2 labeling was
noticeably stronger in the fibers of the SG neurons (Fig. 2D). Only a few cell bodies of SG
neurons were labeled at an intensity comparable to that in the nerve fibers (arrowheads in Fig.
2D). Double immunostaining for Panx2 (Fig. 2E) and neurofilament (Fig. 2F) on the cross
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sections of the auditory nerve bundles showed a remarkable overlap in the labeling by the two
antibodies, further supporting that Panx2 is expressed by the SG neurons. Double
immunolabeling of Panx2 (Fig. 3B) and neurofilament (Fig. 3C) further localized Panx2
expression to both cell bodies (arrowhead in Fig. 3B) and fibers (arrow in Fig. 3B) of the
Scarpa’s ganglion neurons.

Discussion
Gap junctions play vital roles in normal hearing because null and point mutations in Cxs (e.g.,
Cxs26, 30, 31, 32) are well known genetic causes of deafness in both human patients [2,3,
18] and animal models [4,5]. Identities of the molecular components used to build gap junctions
in the cochlea are therefore essential for understanding the normal cochlear physiology and
mechanisms of deafness. Cxs are currently considered the sole molecules assembled into gap
junctions and hemichannels in the cochlea. Our data showed expressions of Panx1 and
Panx2, which belong to the Panx family of gap junction protein subunits, in the mammalian
cochlea. These data suggest the Panx family of gap junction proteins are candidates of
molecular building material suitable for assembling gap junction-mediated intercellular and/
or hemichannel communication pathways in the cochlea.

Similar to previous reports [19], our results showed that Panx1 and Panx2 have generally
similar cellular distribution but differ in the developmental expressions levels. Both Panx1 and
Panx2 are expressed in spiral and Scarpa’s ganglion neurons, which are consistent with reports
showing that neurons are the predominant cell type expressing Panx1 and Panx2 in the CNS
[11,19]. We also found Panx1 was expressed in inner and outer sulcus cells, as well as the
Claudius cells. Functional counterparts of these cochlear cells are glial cells in the CNS. At
least some reports support the suggestion that Panx1 is expressed in the glial cells [11,12].

What functional roles do Panxs play in the cochlea? Bruzzone [11] showed that Panx1 forms
homomeric gap junctions. In contrast, Panx2 can only form functional gap junctions when co-
assembled with Panx1. Unlike immunolabeling patterns observed for Cx26 and Cx30, which
showed distinctive plaques in the cell membrane [15], Panx1 and Panx2 immunolabeling
patterns appeared to be diffused intracellularly (Fig. 1–Fig. 3). This pattern of protein
localization argues against the hypothesis that Panxs form gap junctions in the cochlea. This
notion is consistent with the results reported showing that Panx1 reconstituted in mammalian
cells does not transfer fluorescent dyes and no electrophysiological coupling is detected among
cell pairs after transfections [12].

Supporting cells in the organ of Corti are the generator of spontaneous electrical activities in
auditory nerves before onset of hearing. Supporting-cell-derived ATP excites both inner hair
cells and spiral ganglion neurons. The firing activities synchronized with Ca++ waves are
believed to contribute to the refinement of tonotopic organization in the auditory pathway
[20]. However, the molecular conduit for releasing intracellular ATP into extracellular space
in the cochlea remains unclear. Although Cx hemichannels remain candidates to provide such
a passage, physiological properties of Panx hemichannels seem to be better suited for ATP
signaling in cochlea. Cx hemichannels are closed at physiological level (1–2 mM) of
extracellular Ca++. Panx hemichannels, in contrast, are known to have large unitary
conductance (~500 pA) and capable of releasing intracellular ATP into extracellular space
when intracellular Ca++ concentration is raised [21,22]. In good agreement, recent studies have
revealed that Panx1 hemichannels, rather than connexin ones, mediate the intracellular Ca++–
dependent ATP secretion from taste receptor cells [23]. Further experiments are required to
test this novel hypothesis for Panxs’ involvement in Ca++-wave-triggered ATP release in the
cochlea.
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Conclusion
We presented Western blot, reverse transcription PCR and immunolabeling data to show the
expression of Panx1 and Panx2 in the neuronal cells in the cochlea. Panx1 was also found in
the cochlear supporting cells. These results suggested a new family of gap junction proteins
suitable for assembling into gap junctions and hemichannels in the intercellular transport
pathways in the cochlea.
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Figure 1.
Western blots of antibodies used in the study and cellular expression patterns of Panx1 detected
by immunolabeling. A) Western blot of antibodies against Panx1 and Panx2. B) Panx1
expression pattern at E16.5 in the cochlea. C) Panx1 expression pattern in the organ of Corti
of adult cochlea. D) Panx1 immunoreactivity in spiral ganglion (arrow) and Scarpa's ganglion
(arrowhead). E) An enlarged picture showing Panx1 immunoreactivity in SG neurons. Scale
bars represent 100 µm, 60 µm, 200 µm and 100 µm for B), C), D) and E) respectively.
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Figure 2.
Panx2 expression in the cochlea detected by immunolabeling. Cochlear sections double labeled
with Panx2 (B) and neurofilament (C) antibodies. Panel A) is the differential interference
contrast (DIC) image of the same section. D): Boxed area in B) is enlarged to show the details.
Arrow and arrowheads point to fiber and soma of spiral ganglion neurons, respectively. E) &
F) are cross sections of auditory nerve bundle double immunolabeled with Panx2 (E) and
neurofilament (F) antibodies. Scale bars represent 60 µm (A-C), 60 µm (D) and 10 µm (E &
F).
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Figure 3.
Immunoreactivity of Panx2 in Scarpa’s neurons. Panel A) shows a DIC image of the section,
which was double immunolabeled with an antibody against Panx2 (B) and neurofilament (C).
Arrow and arrowheads point to fiber and soma of the Scarpa’s ganglion neurons, respectively.
The scale bar represents approximately 50 µm.
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