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Distinct Connexin43, Connexin3l,
and Pannexinl expression patterns
in the cochlea of a non-human
primate
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Membrane channels play an important role in auditory processes. Connexins and pannexins are
membrane channels that exist in the cochlea. Connexin26 and connexin30 have been previously shown
to be differentially expressed in the developing cochlea of primates in a species-specific manner.
However, whether other connexins and pannexins are also expressed in the developing primate
cochlea has not been investigated. In this study, we sought to examine the expression patterns of
connexin43, connexin31, and pannexinl during cochlear development in a primate animal model, the
common marmoset, to determine the differences observed between the marmoset and existing rodent
models. Our observations revealed both interspecies differences in the expression patterns of these
genes and similarities between rodents and primates. These results indicate that the spatiotemporal
patterns of connexin and pannexin expression are complex and differ between rodents and primates.
They also highlight the importance of carefully observing differences in developmental changes in
connexins and pannexins between humans and rodents.
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Hearing is achieved via finely controlled mechano-electro transduction in the peripheral sensory organ, the
cochlea. Sound, air pressure waves, reach the cochlea via the tympanic membrane and ossicular chains. Pressure
waves cause the mechanical stimulation of hair cells in the cochlea. In hair cells, this mechanical stimulation
is converted into neuroelectric signaling, which reaches the brain via spiral ganglion neurons. The proper
maintenance of electrolysis, cytoplasmic substances, small molecules, substrates, and metabolites is essential for
mechanical-electrical conversion in hair cells. Finally, neuro-electrical signals reach the brain and are perceived
as sound; this fine-tuned sequence of events results in hearing.

Membrane channels play an essential role in the hearing process!2. They enable the transport of substances
between adjacent cells, or between intra- and extra-cellular channels. Gap junctions are the particular type of
membrane channels between adjacent cells** that use connexin complexes, known as connexons, to connect
cells. In the cochlea, gap junctions participate in hearing by directly exchanging electrolytes, such as potassium
ions and calcium ions, as well as cytoplasmic substances, small molecules, substrates, and metabolites between
the cochlear cells’”’. This substance exchange is essential for mechano-electro conversion in hair cells and
required for other activities in the cochlea®®. Thus far, several gap junction proteins in the cochlea have been
reported, including connexin26 (CX26), CX30, CX31, and CX43°!. Pathogenic variants of genes encoding
these connexins are known to cause hereditary hearing loss, suggesting that these connexins are essential for
hearing in humans'>!3.

Pannexins constitute another type of membrane channel'*". Structurally, pannexins and connexins are
very similar, consisting of four transmembrane domains, two extra-cellular and one intracellular loop, and
intracellular N- and C-terminal tails; however, pannexins may not form intercellular junctions in the same way
as connexins and form a single-membrane channel. This single-membrane channel facilitates communication
with the extracellular environment and has been shown to allow the exchange of calcium and ATP!S. Previous
reports demonstrated that pannexins are also expressed in the cochleal’~1.

Our previous study demonstrated that the common marmoset, a non-human primate model animal, is a
suitable surrogate for the human cochlea??!. Recent studies have reported interspecies differences in cochlear
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gene expression patterns between rodents and primateszz‘%. Moreover, the common marmoset has a gestation

period of about 150 days, and the cochlear development timeline in common marmosets is more closely aligned
with that of humans than with rodents, as it takes three times longer than in rodents?!. This longer cochlear
developmental period has been noted as beneficial for observing the developmental expression patterns of
several genes?!?’.

Also, cochlear development in rodents may differ from that in primates. For example, in a previous study, we
identified spatiotemporal changes in the CX26 and CX30 expression patterns in the developing cochlea of the
common marmoset*3suggesting the existence of primate-specific control of connexin expression patterns and
specific functions of these gap junction proteins?®. However, other connexins have not been investigated in this
primate.

In the present study, we sought to determine the extent of interspecies differences observed between existing
rodent models and the common marmoset. To do this, we examined the expression patterns of CX43 and
CX31 in the common marmoset during cochlear development. We also investigated the expression patterns of
pannexinl (PANX1).

Results

CX43 expression in the cochlea of the common marmoset

First, we examined the CX43 expression pattern in the common marmoset. In the PO cochlea of the common
marmoset, CX43 expression was observed in basal cells of the stria vascularis and Type I lateral wall fibrocytes
(Fig. 1). The CX43 expression domain did not overlap with and was expressed differently from the CX26
expression domain in this primate (Fig. 2).
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Fig. 1. CX43 expression in the PO cochlea of the common marmoset. (A-C) CX43 expression in the basal
cells of the stria vascularis and Type I lateral wall fibrocytes. In the stria vascularis, CX43 expression was

not observed in MLANA-positive intermediate cells, but it was expressed in CLDN11-positive basal cells
(arrowheads in C). (D) CX43 expression in the spiral ganglion neurons of PO cochlea. No CX43 expression
was observed in the spiral ganglion neurons. Nuclei were counterstained with Hoechst (blue). OC organ of
Corti, StV stria vascularis, MC marginal cells, IC intermediate cells, BC border cells. Scale bar: 50 um in (A, D),
20 pm in (B, C).
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Fig. 2. CX43 and CX26 are expressed in the PO cochlea of the common marmoset. (A-C) Both CX43 and
CX26 are expressed in the basal cells of the stria vascularis (arrowheads in B) and Type I lateral wall fibrocytes.
CX43 does not colocalize with CX26. Nuclei were counterstained with Hoechst (blue). StV stria vascularis, MC
marginal cells, IC intermediate cells, BC border cells. Scale bar: 20 pm in (A), 10 pm in (B), 5 pm in (C).

Next, we sought to identify developmental changes in the CX43 expression in the cochlea (Fig. 3). Until E101,
CX43 was not observed to be expressed in the cochlear duct. In the E109 cochlea, CX43 expression was observed
in the stria vascularis and spiral ligament fibrocytes. In the E120 cochlea, CX43 expression was evident in the
developing marginal cells of the stria vascularis and type I fibrocytes, as observed in the PO cochlea.

CX31 expression in the cochlea of the common marmoset
Next, we investigated the CX31 expression pattern in the common marmoset cochlea. In the PO cochlea, CX31
expression was observed in the stria vascularis and sensory epithelium of the cochlear duct (Fig. 4). In the
stria vascularis, CX31 expression was observed in the basal cells. At this stage, CX31 expression was evident in
the inner sulcus cells, inner border cells, Hensen’s cells, and spiral prominence cells. CX31 expression was not
observed in lateral wall fibrocytes at this stage.

Next, we examined developmental changes in CX31 expression in the cochlea (Fig. 5). Until E109, CX31
expression was undetectable in the cochlea. At E120, CX31 was observed in the spiral prominence cells.

PANX 1 expression in the cochlea of the common marmoset

Finally, we investigated the PANXI expression pattern in the common marmoset cochlea. In the PO cochlea,
PANXI1 expression was observed in Type I, ITI, and V lateral wall fibrocytes (Fig. 6). PANX1 expression was also
observed in the spiral ganglion, in the satellite cells surrounding the type I spiral ganglion neurons.

Next, we examined developmental changes in PANXI expression in the cochlea (Fig. 7). PANX 1 expression
was evident in spiral ligament fibrocytes as early as in the E101 cochlea. As lateral wall fibrocytes developed,
PANXI1 expression increased. At E120, PANX1 expression was observed in type I, III, and V lateral wall
fibrocytes, as observed in the PO cochlea. PANX1 expression in the spiral ganglion was detected at E120.

Validation of the antibodies used in this study

To validate the specificities of the antibodies against CX43 and PANXI, used in this study, we performed
immunostaining of the skin of the common marmoset. The antibodies against CX43 and PANX1 used in this
study exhibited immunoreactivity in the hair follicles (Supplementary Fig. 1), consistent with the previous
reports in humans®. The validation of the specificities of the antibody against CX31 was reported in the previous
report®.
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Fig. 3. CX43 expression in the developing cochlea of the common marmoset. (A) CX43 expression pattern in
the E101 cochlea. At E101, CX43 expression was observed in the developing Scala Vestibuli (arrowheads in A),
but no expression was observed in the cochlear duct. (B, C) Expression patterns of CX43 in the E109 cochlea.
In the E109 cochlea, low levels of CX43 were observed in the stria vascularis and lateral wall fibrocytes. (D-F)
CX43 expression patterns in the E120 cochlea. In the E120 cochlea, CX43 expression was more evident than
that in the E109 cochlea. CX43 expression was observed in the basal cells of the stria vascularis and lateral wall
fibrocytes. Nuclei were counterstained with Hoechst (blue). CD cochlear duct, SpGN spiral ganglion neurons,
StV stria vascularis, MC marginal cells, IC intermediate cells, BC border cells. Scale bar: 100 pm in (A), 50 um
in (B, D), 20 ym in (C, E, F).
Discussion
In this study, we examined the CX43, CX31, and PANX1 expression patterns in the cochlea of the common
marmoset. Our investigation revealed inter-species similarities and differences between primate and conventional
rodent models. We also identified developmental changes in the expression patterns of these genes.
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Fig. 4. CX31 expression 1 in the PO cochlea of the common marmoset. (A) CX31 expression in the stria
vascularis and sensory epithelium of the cochlear duct. (B) In the stria vascularis, CX31 expression was
observed in the basal cells (arrowheads in B). (C) CX31 was expressed in the inner sulcus cells, inner border
cells, Hensen’s cells, and spiral prominence cells. Nuclei were counterstained with Hoechst (blue). StV stria
vascularis, OC organ of Corti, MC marginal cells, IC intermediate cells, BC border cells, IHC inner hair cells,
OHC outer hair cells, HC Hensen’s cells, ISC inner sulcus cells. Scale bar: 50 pm in (A, C), 20 um in (B).

CX43 is encoded by the GJAI gene on chromosome 6 in humans. Mutations in the GJAI gene are known to
cause oculodentodigital dysplasia (ODDD), which is accompanied by hearing loss***!. GJA1 variants also cause
non-syndromic autosomal recessive deafness®’. In a rodent model, inhibition of CX43 was reported to lead to
hearing loss, suggesting that CX43 is essential for normal hearing ability*>*%. In addition, recent studies have
suggested that CX43 expression changes in relation to age-related hearing loss®® and that CX43 is associated
with sensorineural hearing loss induced by oxidative stress®. Several previous reports have investigated the
expression patterns of CX43 in the cochlea in both rodents and humans!"¥"-%, Studies on rodents showed that
CX43 was expressed in the stria vascularis and lateral wall fibrocytes of mice and rats!!*”. However, a previous
report showed a different CX43 expression pattern in mice, confirming that mutating Cx43 causes severe hearing
loss, in which CX43 expression was reported in the cochlear nerve?’. In the human cochlea, CX43 expression
was reported in the basal cells of the stria vascularis and spiral ligament fibrocytes®.

CX43 expression in the cochlea of the common marmoset was observed in basal cells of the stria vascularis
and type I spiral ligament fibrocytes. Our observations are in line with those of previous studies, suggesting
that CX43 expression in these tissues is conserved between rodents and primates and essential for hearing. A
previous study compared the expression pattern of CX43 with that of CX26 in a rodent cochlea and showed
distinct differences in the localization of these CXs>’. We also observed that CX43 expression in the lateral
wall did not colocalize with CX26 in this primate. This specific expression pattern of CX43 is well preserved
between rodents and primates. By contrast, CX43 expression in spiral ganglion neurons has not been detected
in this primate, but has been reported in both rodents and humans!"*%. Such inter-species differences would be
beneficial to investigate in other primates.

In the developing cochlea of the common marmoset, CX43 expression was obvious after E109, which is a
relatively late stage of cochlear development in this animal?"*!. Our previous investigation revealed that the
formation of basal cells of the stria vascularis and lateral wall fibrocytes occurs in the late phase of cochlear
development?*2%. In this study, CX43 expression was observed during the maturation of basal cells or lateral wall
fibrocytes, as previously observed for CX26 or CX30%%.

CX31 is encoded by the GJB3 gene on chromosome 1 in humans. G/B3 pathogenic variants can cause
non-syndromic hearing loss or erythrokeratodermia variabilis, a skin disorder**~*. Regarding the GJB3 gene,
interspecies differences of the hearing loss phenotype have been identified between the rodent model and
human patients**which were explained by differences in the CX31 expression patterns in the cochlea between
the rodents and primates®. In the adult mouse cochlea, CX31 expression has been reported in the lateral wall
fibrocytes!'®46. By contrast, in the common marmoset cochlea, CX31 expression was also observed in the basal
cells of the stria vascularis and supporting cells, as well as in spiral ligament fibrocytes?. Previous studies have
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Fig. 5. CX31 expression in the developing cochlea of the common marmoset. (A) CX31 expression pattern in
the E109 cochlea. At this stage, no CX31 expression was observed in the cochlear duct. (B, C) CX31 expression
pattern in the E120 cochlea of the common marmoset. Expression was evident in the spiral prominence

cells (arrowhead in B). A higher-magnification image of the box is shown in (B). At this stage, low levels of
expression were observed in the inner sulcus cells (arrow in C). No expression of CX31 in the stria vascularis
was detected at this stage. Nuclei were counterstained with Hoechst (blue). StV stria vascularis, OC organ of
Corti, IHC inner hair cells, OHC outer hair cells. Scale bar: 50 um.

investigated the developmental changes in the expression patterns of CX31 in the rodent cochlea®®. A previous
study revealed dynamic changes during cochlear development, with CX31 expression being transiently detected
in hair and supporting cells in developing mice’®. However, no previous study has examined the expression
patterns in the developing primate cochlea.

Our observations revealed that CX31 expression was narrower than that in adults at birth; no expression was
observed in spiral ligament fibrocytes, which had been reported in the adult cochlea of the common marmoset?.
This indicated that the CX31 expression pattern does not become fully confined at birth but dynamically changes
even after birth. In addition, distinct changes in the CX31 expression patterns, different than those reported in
mice!’have been observed. This observation of large inter-species diversity supports the idea that CX31 has a
primate-specific role in hearing, as previously suggested?’.

PANXI1 is encoded by the PANX1I gene on chromosome 11 in humans. Pathogenic PANX1 gene variants have
been reported to cause multisystem dysfunction accompanied by sensorineural hearing loss*’”. However, Panx1
is dispensable for hearing development and auditory function in mice*®*°. This phenotypic discrepancy between
human patients and rodent models implies the existence of inter-species differences, as reported for CX31%.
Therefore, we investigated the PANX1 expression pattern in the primate cochlea.

Panx1 expression in the mouse has been reported broadly in the cochlea, including the sensory epithelium
containing the organ of Corti and spiral ganglion neurons®®. By contrast, our observation in the marmoset
showed strong expression in some spiral ligament fibrocytes (Type L, III, and V) and satellite cells in the spiral
ganglion. Previous functional analysis in rodents suggested that Panx1 is dispensable for hearing in rodents.
However, since clinical observations indicate that PANX1 is probably indispensable in humans, the distinct
primate-specific expression of PANXI1 in the cochlea is likely to be important for hearing development. Inter-
species differences between mice and humans regarding the cell-specific expression of PANXI1 in the central
nervous system have been suggested™®. Our observation appears to align with this notion. To date, no study has
reported the expression of PANX1 in the human cochlea. Investigating the human cochlea, which is difficult
due to technical and ethical concerns, would be beneficial for unraveling differences in the PANX1 functional
importance in hearing. Therefore, further studies are warranted.

This study examined the changes in the expression of CX43, CX31, and PANXI. Our observations revealed
that CX43, CX31, and PANXI are expressed during the late phase of cochlear development. A previous study
examining other CXs showed that CX26 and CX30 expression in lateral wall fibrocytes starts being detected
around E115%8. Considering this previous report, the observation in this study suggested that the gap junction
network in the spiral ligament fibrocytes and stria vascularis start being formed around the late phase of cochlear
development. This observation is consistent with a previous study that examined the development of spiral-
ligament fibrocytes in this primate®*.
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Fig. 6. PANXI expression in the PO cochlea of the common marmoset. (A-C) PANXI expression patterns in
the PO cochlea of the common marmoset. PANX1 expression was observed in type I, III, and V spiral ligament
fibrocytes (A). No expression was observed in the ATP1A1-positive Type II and IV fibrocytes. PANX1
expression was also observed in the spiral ganglion (B), and in the satellite cells surrounding ATP1A3-positive
Type I spiral ganglion neurons (C). Nuclei were counterstained with Hoechst (blue). StV stria vascularis, I type
I spiral ligament fibrocytes, II type II spiral ligament fibrocytes, III type III spiral ligament fibrocytes, IV type
IV spiral ligament fibrocytes, V type V spiral ligament fibrocytes. Scale bar: 50 um in (A, B), 20 um in (C).

Nevertheless, the functional importance of CX43, CX31, and PANXI in human hearing remains unclear.
Previous studies describing the clinical features of patients bearing pathological variants of these genes have
suggested that their normal function is essential for hearing*»424347_ Qur observations revealed inter-species
differences in the distribution of expression of these genes in the cochlea, suggesting the usefulness of examining
the primate cochlea to investigate the mechanism of hearing loss caused by disruptive variants.

Conclusions

In this study, we investigated developmental changes in the expression of CX43, CX31, and PANXI in the
cochlea of a primate model animal, the common marmoset. Our observations revealed inter-species differences
in the expression patterns of these genes, as well as similarities between rodents and primates. These results
indicate that the spatiotemporal expression patterns of connexin and pannexin are complex and differ between
rodents and primates. They also highlight the importance of carefully observing the differences in developmental
changes in connexins and PANX1 between humans and rodents.

Methods

Preparation of Temporal bone samples for antibody staining

Cadaveric temporal bone samples from common marmoset fetuses at E101 (n=3), E109 (n=2), E120 (n=3), and
PO (n=3) were used in this study, as described in our previous reports?!. Skin samples from common marmoset
were used in this study. Adult animals were anesthetized via isoflurane inhalation (1.5-4%). Cesarean sections
were performed as previously described?!. Animal experiments were approved by the Animal Experiment
Committee of Keio University (approval numbers: 11006, 08020) and performed following the ARRIVE
guidelines and the guidelines of the National Institutes of Health and the Ministry of Education, Culture, Sports,
Science, and Technology of Japan.

The embryos were deeply anesthetized on ice and dissected in phosphate-buffered saline (PBS). Temporal
bones were dissected immediately after euthanasia and fixed overnight in 4% paraformaldehyde in PBS. The
specimens were embedded in Tissue-Tek O.C.T. compound (Sakura Fine Technical Co., Ltd., Tokyo, Japan) for
cross-sectioning. PO specimens were decalcified in Decalcifying Solution B (Wako, Osaka, Japan) for one week
and embedded in Tissue-Tek O.C.T. compound for cross-sectioning, as described in our previous reports®!. For
immunohistochemical analysis, we used 7-um sections.
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Fig. 7. PANXI expression in the developing cochlea of the common marmoset. (A, B) PANXI expression
pattern in the E101 cochlea. At this stage, PANXI expression was observed in the superolateral domain of
developing lateral wall fibrocytes (arrowhead in A). (C) PANXI expression pattern in the E109 cochlea in the
lateral domain of the developing lateral wall fibrocytes (arrowheads in C). (D, E) PANX1 expression pattern in
the E120 cochlea in the developing type I, IIT and V lateral wall fibrocytes. At this stage, low levels of PANX1
expression were observed in the Schwann cells of the spiral ganglion. Nuclei were counterstained with Hoechst
(blue). CD cochlear duct, StV stria vascularis. Scale bar: 100 pm in (A), 50 um in (B-D), 20 um in (E).

Immunohistochemistry

Immunohistochemical analysis was performed as follows: after a brief wash with PBS, the sections were heated
(80° C) in 10 uM citrate buffer (pH 6) for 15 min. After another brief wash, the sections were pre-blocked in
PBS containing 10% normal serum for 1 h at room temperature, incubated with the relevant primary antibodies
overnight at 4 °C, and then incubated with Alexa Fluor-conjugated secondary antibodies for 60 min at room
temperature. The nuclei were counterstained with Hoechst 33,258. Confocal imaging was performed using an
LSM980 microscope with an AiryScan 2 microscope (Zeiss).

Primary and secondary antibodies used

The following primary antibodies were used: anti-ATP1A1 (Mouse IgG2a, a6F, DSHB, Iowa City, 1A, USA,
1:500), anti-ATP1A3 (Mouse IgGl, MA3-915, Invitrogen, Carlsbad, CA, USA, 1:500), anti-TUBB3 (Mouse
IgG2a, 801201, Biolegend, 1:500), anti-CALD1 (Mouse IgG2b, 66693-1, Proteintech, Rosemont, IL, USA,
1:500), anti-MLANA (Mouse IgG2a, 60348-1, Proteintech, 1:500), anti-POU4F3 (Mouse IgG1, Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:200), anti-CLDN11 (Mouse IgA, sc-271231, Santa Cruz Biotechnology,
1:100), anti-CX26 (Mouse IgG1, 13-8100, Invitrogen, 1:200), Anti-CX31 (Rabbit IgG, 12880-1-AP, Proteintech,

Scientific Reports |

(2025) 15:29527 | https://doi.org/10.1038/s41598-025-15685-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1:100), anti-CX43 (Rabbit IgG, ab11370, Abcam, Cambridge, UK, 1:500), anti-PANX1 (Rabbit IgG, ACC-234,
Alomone labs, Jerusalem, Israel, 1:500), anti-MYO7A (Mouse IgG1, 138-1-s, DSHB, 1:500), anti-SOX2 (Goat
IgG, AF2018, R&D, Minneapolis, MN, USA, 1:200).

The following secondary antibodies were used: goat anti-rabbit IgG, Alexa Fluor Plus 488 (A32731, Invitrogen,
Waltham, MA, USA, 1:500), goat anti-rabbit IgG, Alexa Fluor Plus 555 (A32732, Invitrogen, 1:500), goat anti-
mouse IgG, Alexa Fluor Plus 555 (A32727, Invitrogen, 1:500), goat anti-mouse IgG1, Alexa Fluor 488 (A21121,
Invitrogen, 1:500), goat anti-mouse IgG1, Alexa Fluor 647 (A21240, Invitrogen, 1:500), goat anti-mouse IgG2a,
Alexa Fluor 555 (A21137, Invitrogen, 1:500), goat anti-mouse IgG2a, Alexa Fluor 647 (A21241, Invitrogen,
1:500), goat anti-mouse IgG2b, Alexa Fluor 647 (A21242, Invitrogen, 1:500), goat anti-mouse IgG, IgM, IgA,
Alexa Fluor 488 (A10667, 1:500, Invitrogen), donkey anti-rabbit IgG, Alexa Fluor Plus 488 (A32814, Invitrogen,
1:500), donkey anti-mouse IgG, Alexa Fluor Plus 555 (A32773, Invitrogen, 1:500), donkey anti-goat IgG, Alexa
Fluor Plus 647 (A32849, Invitrogen, 1:500).

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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