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Abstract

Background: Mutations in the gene GJA1 which encodes gap junction protein connexin 43 (Cx43) have been linked to non-
syndromic prelingual deafness in humans. The protein forms gap junction channels (GJChs), creating intercellular pathways 
for ions and small molecules – such as second messengers (IP3, cAMP, cGMP, and others), diverse metabolites (e.g. glucose, 
amino acids, glutathione, ATP) and neuroprotectant (e.g. adenosine) – to reach neighboring cells. Cx43 in glial cells of the 
central nervous system (CNS) and in satellite glial cells of the peripheral nociceptive sensory ganglia has been studied for its 
structure as well as function in signal transduction and neuron protection. Distribution of Cx43 in the human cochlea is an 
important unresolved issue.

Material and methods: For the first time we analysed, using immunofluorescence and confocal immunofluorescence, the ex-
pression and distribution of Cx43 in 5 normal fresh human cochleae obtained at surgery for removal of giant posterior cra-
nial fossa meningioma.

Results: In the lateral wall of the cochlea, Cx43 was expressed mainly in the basal cell layer of the stria vascularis and the fi-
brocytes of the spiral ligament. In the organ of Corti, Cx43 antibody strongly stained both inner and outer pillar cells, the 
covering layer cells of the basilar membrane and the supporting cells underneath outer hair cells. In the spiral ganglion, Cx43 
expression was located in the satellite glial cells (SGCs) surrounding type I neurons.

Conclusions: Cx43 expression was found in human cochleae including the lateral wall, organ of Corti and spiral ganglion 
satellite cells. Potential roles played by GJChs built up by Cx43 in maintaining homeostasis of the cochlea and protection of 
neurons are speculated.
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ЭКСПРЕССИЯ КОННЕКСИНА 43 В УЛИТКЕ УХА ЧЕЛОВЕКА 
– ИММУНОГИСТОХИМИЧЕСКОЕ ИССЛЕДОВАНИЕ

Резюме

Введение: Мутации в гене GJA1, который кодирует белок щелевого соединения коннексина 43 (Cx43), были свя-
заны с несиндромной доречевой глухотой человека. Белок формирует канал щелевого соединения (GJCh), кото-
рый составляет межклеточные проходы для ионов и маленьких молекул, таких как вторичные посредники  (Ино-
зитолтрифосфат IP3, Циклический аденозинмонофосфат (цAMФ), Циклический гуанозинмонофосфат (цГМФ) 
и другие), разнообразные метаболиты (например, глюкоза, аминокислоты, глутатион, аденозинтрифосфат) и 
нейропротектанты (например, аденозин), чтобы пройти и достигнуть соседние клетки. Cx43 в глиальных клет-
ках центральной нервной системы (ЦНС) и в глиальных клетках-спутниках периферической нервной системы 
ганглия был исследован на основе его структуры, так же как и функции трансдукции сигнала и защиты нейро-
на. Распределение Cx43 в улитке уха человека является важной проблемой, которая должна быть исследована.

Материалы и методы: Первыми в мире мы проанализировали, используя иммунофлюоресценцию (метод флуо-
ресцирующих антител) и конфокальную иммунофлюоресценцию, экспрессию и распределение Cx43 в пяти нор-
мальных новых человеческих улитках, полученных во время операции удаления гигантской менингиомы зад-
ней части черепа.

Результаты: В боковой стенке улитки уха Cx43 был выражен, главным образом, в нижнем клеточном слое по-
лоски нефрита васкулярного и фиброцитов спиральной связки. В органе Корти, антитело Cx43 сильно закраси-
ло внутренние и внешние клетки столба, покрывая слой клеток основной мембраны и клетки поддержки под 
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Background

Some 21 connexins have been established in humans [1–3]. 
They are the basic protein molecules forming gap junction 
channels (GJChs). Each GJCh consists of two apposing 
hemichannels (connexons). Each connexon is composed of 
six sub-unit proteins called connexin (Cx), various combi-
nations of connexin molecules leading to diverse connex-
ons (either homomeric or heteromeric), and GJChs with 
different properties [4]. GJChs form transcellular pathways 
and hemichannels mediate communication between the 
cellular interior and the extracellular space.

Gap junction channels (GJChs) are important in many 
biological systems including the nervous system in both 
neurons and glial cells. GJChs are responsible for meta-
bolic coupling mediated by small molecules such as sec-
ond messengers (IP3, cAMP, cGMP, and others), diverse 
metabolites (e.g. glucose, amino acids, glutathione, ATP), 
neuroprotectants (e.g. adenosine) and ions. The essen-
tial role of GJChs in the human cochlea is evident from 

внешними волосковыми клетками. В спиральном нервном ганглиеме экспрессия Cx43 была расположена в гли-
альных клетках-спутниках, окружающих нейроны первого типа.

Итоги: Экспрессия Cx43 была найдена в улитке уха человека включая боковую стенку, орган Корти и спираль-
ные клетки-спутники нервного узла. Особое вниманеи заслуживают потенциальные роли, которые играли GJCh, 
созданные Cx43 для поддержания гомеостаза улитки уха и защиты нейронов.

Ключевые слова: Улитка уха человека • Коннексин 43 • Иммуногистохимическое исследование • спиральный 
нервный узел • глиальные клетки-спутники

EXPRESIÓN DE CONNEXIN 43 EN CÓCLEA HUMANA – UN ESTUDIO 
INMUNOHISTOQUÍMICO

Abstracto

Extracto: Las mutaciones en el gene GJA1 que codifica el connexin 43 de proteínas de unión de hueco (Cx43) han sido uni-
das a la sordera prelingual no sindrómica del humano. La proteína forma el canal de unión de hueco (GJCh) que constituye 
caminos intercelulares para iones y pequeñas moléculas, como segundos mensajeros (IP3, CAMPO, cGMP, y otros), metabo-
lites diversos (por ejemplo, glucosa, aminoácidos, glutatión, ATP) y neuroprotector (por ejemplo, adenosina) para pasar y al-
canzar células en las células vecinas. Cx43 en células gliales en el sistema nervioso central (SNC) y en las células satélite gliales 
del ganglia sensorial nociceptivo periférico ha sido estudiado en su estructura así como en su función en transducción de señal 
y protección de neurona. La distribución de Cx43 en la cóclea humana es el problema importante que debería ser estudiada.

Material y métodos: Por primera vez por todo el mundo analizamos, usando inmunofluorescencia y inmunofluorescencia con-
focal, la expresión y la distribución de Cx43 en cinco cocleas humanos frescos normales obtenidos en una cirugia del retiro de 
las meningiomas de la gigantesca fosa craneal posterior.

Resutls: En la pared lateral de la cóclea, Cx43 fue expresado principalmente en la capa de célula básica de la estría vascular y 
los fibrocitos del ligamento espiral. En el órgano de Corti, anticuerpo de Cx43 fuertemente mancharon células de pilar tanto 
interiores como externas, cubriendo la capa de células de la membrana basilar y las células de apoyo debajo de células de pelo 
externas. En el ganglio espiral, la expresión de Cx43 estaba localizada en las células satélite gliales (CSGs) circundantes a los 
neuronas de tipo I.

La expresión de conclusion: Cx43 fue encontrada en la cóclea humana incluso pared lateral, órgano de Corti y células satéli-
te de ganglio espiral. Son especulados los papeles potenciales desempeñados por GJChs aumentado por Cx43 en el manteni-
miento de homeostasis de la cóclea y la protección de las neuronas.

Palabras claves: cóclea de humano • Connexin 43 • estudio inmunohistoquímico • ganglio espiral • células satélite gliales

association between mutational changes and deafness [5,6]. 
Mutations of GJB2, the gene encoding connexin 26, are 
the most common cause of genetic deafness, and muta-
tions of five other connexins – Cx29, Cx30, Cx31, Cx32 
and Cx43 – have also been linked to either nonsyndromic 
or syndromic sensorineural hearing loss [7–9].

The human GJA1 gene is located on chromosome 6q14→24 
[10]. Cx43 encoded by GJA1 is a protein component of GJCh 
or hemichannel, omnipresent in brain astrocytes [11–13] and 
nociceptive sensory ganglion satellite glial cells [14,15]. Muta-
tions of GJA1 in relation to nonsyndromic hearing loss were 
only reported 10 years ago, when two types of Cx43 muta-
tions, L11F and V24A, were found by Liu et al. [8]. These 
mutations were later shown to be in the pseudogene of GJA1 
(pGJA1) on chromosome 5 [16]. Mutations in pGJA1, the 
pseudogene, as well as in GJA1 have recently been identified 
by Yang et al. [9] as being causally related to hearing loss.

The expression patterns of connexins, including Cx43 in 
the inner ear, have been studied mainly in rodents and the 
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results appear inconsistent. The difficulties in human coch-
lear research lie in the fact that the tiny, delicate hearing or-
gan is deeply located in the skull base and surrounded by a 
hard bony capsule. By using cochlear specimens obtained 
from patients being operated on for life-threatening intrac-
ranial tumors, we have studied and reported several types 
of connexin expressed in the human cochlea [17], includ-
ing a brief presentation of Cx43 expression in satellite cells 
of the human spiral ganglion. We subsequently performed 
Cx43 immunohistochemisty (IHC) on more cochlear sec-
tions, and investigated stained sections by using laser scan-
ning confocal microscopy. Here we present the results and 
discuss the potential roles of Cx43 in the human cochlea.

Material and methods

Cochlear fixation and sectioning

The study is based on 5 human (2 male, 3 female, ages 
45 to 56) cochleae removed during surgery. The cochle-
ae are from patients with giant petroclival meningioma, a 
life-threatening condition, and were dissected out during 
a transcochlear operation. Most of the ears had normal 
pure tone thresholds before the operation. The threshold 
values of pure tone audiometry (PTA) in 4 patients were 
below 15 dB at each frequency measured. In one patient, 
at frequencies over 2000 Hz, the threshold values were be-
tween 25 dB and 35 dB. The study was approved by the lo-
cal ethics committee (no. 99398, 22/9 1999, no. C254/4, no 
C45/7 2007) and patient consent was obtained.

The cochlea was dissected out and immediately placed in 4% 
paraformaldehyde (PFA) dissolved in phosphate buffered sa-
line (PBS; pH 7.4). At the starting point of the fixation, the 
cochleae were gently perfused with fixative with a small can-
nula. After 24 hours fixation, the fixative was replaced with 
0.1 M PBS and decalcification of the cochleae was carried out 
with 0.1 M Na-EDTA in phosphate buffer at pH 7.2. Four 
weeks later the chelate-decalcified cochleae were rinsed with 
PBS and made ready for sectioning. For frozen sections of the 
cochleae, they were embedded in Tissue-Tek O.C.T. (Poly-
sciences, Inc., Warrington, PA), rapidly frozen and sectioned 
in a cryostat at 8–10 µm. The frozen sections were collected 
onto gelatin-chrome coated slides and stored below –70°C.

Immunohistochemistry

Antibodies against Cx43, glial cell marker S-100, myeli-
nating glial cell marker myelin basic protein (MBP), and 
neuron marker Tuj 1 were used for immunohistochem-
istry of the human cochlear sections; both single and 

double-staining was done. Table 1 shows combinations, 
dilutions and source of the antibodies.

Incubation of the sections with mixed antibodies was car-
ried out under the protocol as previously reported [17]. 
Briefly, sections covered with antibody solution were 
placed in a atmosphere at 4°C for 20 hours. Sections used 
as negative controls in each experiment were incubated 
with 2% bovine serum albumin (BSA) instead of anti-
bodies. After incubation with primary antibodies or BSA, 
the sections were rinsed with PBS (3×5 minutes). Sections 
were subjected to reaction with Alexa Fluor 488 and 555 
(Molecular Probes Inc.) conjugated secondary antibodies 
(Invitrogen, USA) for 2 hours at room temperature. This 
was followed by DAPI (4’,6-diamidino-2-phenylindole) 
(Invitrogen, USA; lot no. 474302) counter staining for 
5–7 minutes at room temperature. Sections were mounted 
with Vectashield (Vector Labs). For positive Cx43 antibody 
control, frozen sections of guinea pig trigeminal ganglion 
were obtained using the same methods as used for obtain-
ing human cochlear sections. We used trigeminal gangli-
on for positive antibody control because Cx43 expression 
in the nociceptive ganglion of rodent has been report-
ed (trigeminal ganglion, [14]; dorsal root ganglion, [15]).

Confocal, fluorescent and bright-field imaging

Bright-field images were used to identify the inner ear 
structures. Fluorescent images were obtained using an 
inverted fluorescent microscope (Nikon TE2000, Japan) 
equipped with fluorescence unit and a digital camera with 
three filters (for emission spectra at 358, 461, and 555 nm) 
and connected to a computer system including image-
merging software. For confocal microscopy we used a 
Nikon TE2000 microscope equipped with a laser imaging 
system using three different filters. A computer-based pro-
gram, EZ-C1, was used for storing images and reconstruct-
ing z-stack images into 3-D images. All images were saved 
as uncompressed JPG files. Single optical section images at 
0.1 µm rather than their projections were used in this paper.

Results

For defining various cochlear cell types – e.g. basal cells 
of the stria vascularis, hair cells and supporting cells of 
the organ of Corti, spiral neurons and their satellite glial 
cells in the spiral ganglion – we used morphological, posi-
tional and bordering features of these structures observed 
under both mono-color and bright-field conditions which 
helped us to precisely identify the structures mentioned 
in the following description.

Antibodies Dilutions Characteristics Hosts

anti-Cx43*, anti-Tubulin** 1:200, 1:200 poly, mono Rb, Ms

anti-Cx43, anti-MBP§ 1:100, 1:100 poly, mono Rb, Rt

anti-S100§§, anti-Tubulin 1:300, 1:200 poly, mono Rb, Ms

Table 1. Antibody characteristics and combinations.

mono – monoclonal antibody; poly – polyclonal antibody; Ms – mouse; Rb – rabbit; Rt – rat; * Zymed; ** Chemicon; 
§ Sigma; §§ Dako.

Liu W. et al. – Connexin 43 expression
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Expression of Cx43 in the lateral wall and in the or-
gan of Corti of the human cochlea

To locate the expression of Cx43 in the human cochlea, 
the cochleae were carefully obtained during operation and 
rapidly placed in fixative in the operating room. IHC was 
performed on 8 µm thick cryosections. The immunolabe-
ling was investigated using fluorescent and laser confocal 
microscopes. Immunolabeling of Cx43 was confined to 
several cochlear structures as shown in Figure 1. The lat-
eral wall of the human cochlea showed cumulative pos-
itive Cx43 staining at the basal cell layer of the stria vas-
cularis, extending to the spiral prominence, whereas a 
dispersed distribution was seen in the fibrocytes of the 
spiral ligament. The marginal cell layer was not labeled 
by Cx43 antibody. In the organ of Corti, both inner and 
outer pillar cells (IPC and OPC), and cells in the cover-
ing layer beneath the basilar membrane, were strongly la-
beled by Cx43 antibody. Deiters cells and cells in the spi-
ral limbus were also stained.

Expression of Cx43 in the human spiral ganglion

To locate Cx43 immunoreactivity in the spiral ganglion, dif-
ferent cell types were identified using their specific mark-
ers. Mainly double immunostaining with a combination of 
a cell marker antibody and Cx43 antibody was performed 
on freshly fixed and carefully sectioned human cochle-
ae. Cx43 antibody labeled satellite glial cells (SGCs) sur-
rounding the spiral neuron cell bodies, while the antibody 
for myelinating glial cell marker MBP stained the myelin 
sheath of the nerve fibers (Figure 2). Confocal microscop-
ic images showed that Cx43 immunoreativity products 
were punctate and localized in the cytoplasm of the SGCs 
( Figure 3A) that was not stained with Tuj-1 antibody. At 
low power, Cx43 labeling looked continuous rather than 
punctate and consequently the labeled SGCs were connect-
ed with each other forming a network (Figure 3B), similar 
to the cellular network stained with S100 antibody in ad-
jacent sections (Figure 3C). S100 immunostaining labeled 
both SGCs enveloping neuronal cell bodies and Schwann 

A

A B

Figure 1.  Cx43 immunohistochemistry of the human cochlea. (A) an overview of immunostaining for Cx43 in a middle 
turn of the human cochlea. Positively stained structures are indicated as follows: arrowheads, basal cell 
layer of stria vascularis; thin arrows, pillar cells; asterisks, covering cell layer beneath the basilar membrane; 
SL, spiral limbus; SP, spiral prominence; square, Deiters cells. Thick arrow indicates vestibular membrane 
which can be hardly seen due to very weak background labeling. (B) strong Cx43 immunolabeling in the 
basal cells (arrowheads) of cochlear lateral wall; weak, sparse labeling in the spiral ligament fibrocytes 
(thick arrows). Marginal cells were not labeled (thin arrows); substantial labeling in spiral prominence (SP). 
(C) both inner (IPC) and outer pillar cells (OPC), as well as cells in the covering layer (asterisks) beneath the 
basilar membrane were strongly labeled. Deiters cells (square), Hensen cells (HC) and Claudius cells (CC) 
were moderately labeled. Inner hair cell (single arrowhead) and outer hair cells (triple arrowheads) were not 
labeled. (D) structures with weak Cx43 expression in spiral limbus (SL) were indicated with thick arrows 
(epithelial layer) and thin arrows (fibrocytes).

C D
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cells lining the myelinated nerve fibers. The nuclei stained 
with DAPI served as a means of distinguishing neurons 
from SGCs, the former having bigger, round and weakly 
DAPI-stained nuclei, whereas the latter had smaller, oval 
and strongly DAPI-stained nuclei (Figures 2 and 3).

Negative and positive antibody control

In the negative antibody control experiments, the prima-
ry antibodies were replaced with BSA and they yielded no 
immunofluorescence in any structures of the cochleae in-
cluding SG (Figure 4A, B). In the positive antibody control, 
where Cx43 immunohistochemistry was done on the sec-
tions of guinea pig trigeminal ganglion, punctate staining 
was seen around the outside of the ganglion neurons la-
beled with Tuj1 antibody (Figure 4C). The outcome of pos-
itive control was consistent with reported results [14,15], 
suggesting an efficacy of the antibody and IHC protocol.

Discussion

The specificity of anti-Cx43 antibody used here for hu-
man Cx43 has been confirmed by Western blots in which 

the antibody detected a 43-kDa protein in human smooth 
muscle cell extracts. Reactivity of this Cx43 antibody with 
other connexin types had not been observed on Western 
blots, and this highly specific reactivity is independent of 
phosphorylation status (www.invitrogen.com).

Only a few studies, mostly in the fetal ear, about connex-
in distribution in the human inner ear have been per-
formed [5,18] because collecting and processing well-pre-
served human inner ear tissue remains a challenge due to 
its rapid deterioration, small volume, delicate nature, and 
hard bone encasement. We published a study on the ex-
pression of several Cx in well-fixed normal adult human 
cochleae [17], where Cx43 was, under fluorescent micros-
copy, expressed in satellite cells enveloping spiral neurons. 
We subsequently analyzed Cx43 expression using a confo-
cal immunofluorescence method combined with anitibod-
ies for glial cell marker S-100 and myelin sheath marker 
MBP in addition to routine use of Tuj 1 for neurons. La-
ser scanning confocal microscopy demonstrated immu-
nostaining and cellular structures in more detail than the 
conventional fluorescent microscopy used in our previ-
ous investigation.

A

B

C

D
Figure 2.  Cx43 immunohistochemistry in the human spiral ganglion. (A) a confocal micrograph showing Cx43 (green) 

antibody labeled satellite glial cells and myelin basic protein (MBP, red) antibody labeled myelin sheath of the 
nerve fibers. The smaller, oval nuclei (single asterisk) belonging to satellite glial cells were heavily stained with 
DAPI whereas the larger, round type I neuron’s nuclei (double asterisk) show weaker DAPI stains. The Cx43 
labeling can be seen in the peri-nuclear region of SGCs extending to the thin layer of their cytoplasm. Cx43 
labeling was mostly separated from MBP labeling. (B, C and D) are low power confocal images from an area 
adjacent to A at a second turn ganglion showing a totally different pattern of Cx43 and MBP immunostaining, 
the former staining mainly SGCs but the latter the nerve fiber’s myelin sheath.

Liu W. et al. – Connexin 43 expression
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In the analysed human cochleae, Cx43 was located in the 
basal cell layer of the stria, in the fibrocytes in the spiral 
ligament, in the outer and inner pillar cells as well as De-
iters cells of the organ of Corti, and in the covering cell 
layer beneath the basilar membrane. In the spiral gangli-
on, Cx43 was found in SGCs that were also stained by 
S-100 but not Tuj 1 antibody. The thin layer of Cx43-pos-
itive SGCs are connected, forming a network clearly re-
vealed by S-100 immunostaining which apparently lacked 
co-staining of MBP. A few previous studies on Cx43 dis-
tribution in the inner ear have been performed in rodents 

and variation of the results could not be explained solely 
on the basis of species [8,19,20]. Connexin 43 was found 
by Cohen-Salmon and coworkers almost exclusively in the 
bone of the otic capsule in mature mouse [20]. In adult 
rat, Cx43 was found in the basal cell layer, at the lateral 
side of the spiral ligament in stria vascularis, and in the 
spiral limbus [19].

We have observed both heteromeric and homomeric type 
of GJChs composed of Cx26 and Cx30 in the stria vascu-
laris of the human cochlea as well as in supporting cells of 

A

B

C

Figure 3.  Cx43 immunohistochemistry 
in the human spiral ganglion. 
(A) high power laser scanning 
confocal image demonstrating 
neurons with their perikarya 
expressing Tuj-1 (green) 
and SGCs presenting Cx43 
immunostained puncta in the 
cytoplasm (red, indicated by 
arrows). These Cx43-expressing 
SGCs belong to two neurons 
(a and b). Apparently, the 
puncta scatters in the whole 
cytoplasm of SGCs including 
the peri-nuclear area (S1 and 
S2 indicate nuclei of SGCs). 
SGCs have typical oval nuclei 
that were more strongly stained 
with DAPI than the nuclei 
of neurons (asterisk) which 
have bigger, round nuclei. (B) 
Cx43 immunostaining (red) 
looks diffuse under low power 
fluorescent microscope. The 
staining is clearly continuous 
between the peri-nuclear area 
(nuclei indicated with single 
asterisks) and the rest of the 
ring-like thin cytoplasm of SGCs 
which envelop type I neurons 
(the neuron’s nuclei are 
indicated with double-asterisk). 
Thin arrows indicate the 
cytoplasm where two adjacent 
satellite cells meet and are 
tightly connected; thicker 
arrows point to the nerve 
bundle that is labeled with 
Cx43 antibody. The network-
like structure formed by Cx43 
positive SGCs fits S100 positive 
network conformation (C). The 
photos are from the second 
turn.
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the organ of Corti [17]. In these structures, whether Cx43 
co-exists with other connexins, especially Cx26 or Cx30, to 
form heteromeric or heterotypic GJChs needs to be eluci-
dated in future study. In satellite cells, we didn’t find Cx26, 
Cx29, Cx30, Cx32 or Cx36 ([17] and unpublished data). 
However, the homomeric property of Cx43 GJChs in the 

satellite cells of the human needs to be proved. It is not sur-
prising that SGCs in human SG do not express MBP since 
electron microscopy (EM) had demonstrated this type of 
cell to be unmyelinated [21,22,23,24,25]. The functional 
implication of Cx43-expression and the unmyelinated na-
ture of human SGCs [26] should not be underestimated.

Figure 4.  Immunohistochemistry with 
BSA replacing Cx43 antibody 
(negative antibody control) (A 
and B) and Cx43 IHC on the 
guinea pig trigeminal ganglion 
section (positive control) (C). In 
the negative control, the stria 
vascularis (SV), organ of Corti 
(OC), spiral limbus (SL) (A) as 
well as SG (B) had no positive 
immunostaining. In the positive 
control, where Cx43/Tuj 1 IHC 
was carried out on sections of 
guinea pig trigeminal ganglion, 
confocal micrograph showed 
Cx43 immunoreative punctate 
products (arrows) in SGCs 
around Tuj 1 positive neurons.

A

B

C
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Conclusions
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