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Abstract
The immunolocalization of several basement membrane (BM) proteins was investigated in vestibular
endorgans microdissected from temporal bones obtained from subjects with a documented normal
auditory and vestibular function (n = 5, average age = 88 years old). Fluorescent immunostaining
using antibodies directed at collagen IVα2, nidogen-1, laminin-β2, α-dystroglycan, and tenascin-C
was applied to cryosections from human cochlea, cristae ampullares, utricular and saccular maculae.
Collagen IVα2, nidogen-1, and laminin-β2 localized to all subepithelial cochlear BMs, Reissner’s
membrane, strial and spiral ligamental perineural and perivascular BMs, and the spiral limbus.
Tenascin-C localized to the basilar membrane and the osseous spiral lamina. α-dystroglycan localized
to most cochlear BMs except those in the spiral ligament, basilar membrane and spiral limbus.
Collagen IV, nidogen-1, and laminin-β2 localized to the subepithelial BMs of the maculae and cristae
ampullares, and the perineural and perivascular BMs within the underlying stroma. The BM
underlying the transitional and dark cell region of the cristae ampullares also expressed collagen IV,
nidogen-1, and laminin β2. Tenascin-C localized to the subepithelial BMs of the utricular maculae
and cristae ampullares, and to calyx-like profiles throughout the vestibular epithelium, but not to the
perineural and perivascular BMs. α-dystroglycan colocalized with aquaporin-4 in the basal vestibular
supporting cell, and was also expressed in the subepithelial BMs, as well as perivascular and
perineural BMs. This study provides the first comprehensive immunolocalization of these ECM
proteins in the human inner ear. The validity of the rodent models for inner ear disorders secondary
to BM pathologies was confirmed as there is a high degree of conservation of expression of these
proteins in the human inner ear. This information is critical to begin to unravel the role that BMs
may play in human inner ear physiology and audiovestibular pathologies.
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1. Introduction
Pathological alterations of the cochlear basement membranes (BMs), particularly of the
perivascular stria vascularis BMs, have been the subject of studies in hearing disorders such
as Alport’s syndrome, presbycusis, aging and animal models of these disorders (Cosgrove et
al., 1998; Gratton et al., 2005; Meyer zum Gottesberge and Felix, 2005; Sakaguchi et al.,
1997; Zehnder et al., 2005). The BM is a continuous network of extracellular proteins and
proteoglycans located at the epithelial and mesenchymal interface of most tissues, the
composition of which varies in a tissue-specific manner during development and repair
(Erickson and Couchman, 2000). The mammalian BM is approximately 40–100 nm thick and
consists of two distinct layers: the lamina densa, an electron dense layer adjacent to the
connective tissue and the lamina rara, the layer adjacent to the producing cell (Martinez-
Hernandez and Amenta, 1983; Tsuprun and Santi, 2001). Mammalian BMs are primarily
composed of collagen IV, nidogen, laminin and heparin sulfate proteoglycans (Erickson and
Couchman, 2000; Tsuprun and Santi, 2001). These extracellular matrix (ECM) molecules
provide an important structural role and are believed to participate in the regulation of
extracellular ion homeostasis and fluid filtration (Eikmans et al., 2003).

BMs are intertwined networks of polymeric laminin and type IV collagen, bridged by non-
covalent interactions with nidogens and proteoglycans (Kalluri, 2003). Most of the studies of
collagen IV, laminin, and nidogen expression in cochlear BMs have been in rodent species:
mouse (Cosgrove et al., 1996; Rodgers et al., 2001; Meyer zum Gottesberge and Felix,
2005), guinea pig (Weinberger et al., 1999; Kalluri et al., 1998; Takahashi and Hokunan,
1992), rat (Satoh et al., 1998) or chinchilla (Tsuprun and Santi, 2001). There are only a few
such studies of the vestibular periphery in any mammalian model (Yamashita et al., 1991;
Swartz and Santi, 1999), and there are less than a handful of studies that investigate the
composition of human cochlear BMs (Zehnder et al., 2005; Yamashita et al., 1991; Kleppel et
al., 1989). And while the expression of laminin and collagen II in the human fetal inner ear has
been studied (Yamashita et al., 1991; Khetarpal et al., 1994), developmentally-dependent
patterns of expression of ECM molecules have been well-documented (Rodgers et al., 2001;
Yamashita and Sekitani, 1992; Whitlon et al., 1999). This validates studying the distribution
in the adult human. Kleppel et al. (1989) examined the distribution of collagen IV α1 in human
inner ear, and Zehnder et al. (2005) conducted studies on collagen IV α1, 3, and 5 in Alport’s
syndrome. There are no previous studies in the adult human inner ear examining collagen
IVα2, nidogen, or laminin-β2 expression. There are even fewer studies examining the
expression of the ECM proteins, α-dystroglycan and tenascin-C. All of the prior studies have
been in rodents: mouse (Heaney and Schulte, 2003; Whitlon et al., 1999); chinchilla (Swartz
and Santi, 1999; Tsuprun and Santi, 1999) and gerbil (Heaney et al., 2002). There are no prior
studies of these ECM macromolecules in the human cochlear or vestibular system, and only
one prior study of the vestibular system (Swartz and Santi, 1999).

Collagen IV provides the suprastructural foundation of the mammalian BM and is the most
abundant mammalian BM protein. Collagen IV consists of seven alpha chains, including two
α1 and one α2 chains, in a standard triple helix conformation (Kefalides, 1971, Khoshnoodi et
al., 2008). Unlike most collagens, collagen IV, particularly isoforms IVα1 and IVα2, is found
exclusively in BMs. Because of the ubiquitous distribution of collagen IVα1 and IVα2 in the
mammalian BMs, we investigated the distribution of collagen IVα2 in the human inner ear in
this study. Furthermore, there are no prior studies delineating the distribution of collagen
IVα2 in the human cochlea and to our knowledge, there is no study of collagen IVα2 in the
vestibular periphery of human or any mammalian model.

Laminins are the second most abundant protein of mammalian BMs, providing an important
structural component. It had been previously believed that collagen IV served as the scaffolding
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upon which a laminin network was placed. However, recent studies have demonstrated that
laminin networks serve as the initial template for BM assembly (McKee et al., 2007).
Additionally, of importance in the inner ear, laminins likely play a major role in solute and ion
transport across the BM (Jarad et al., 2006). The laminins form heterotrimers of α, β and γ
chains in a triple helix conformation (Tunggal et al., 2000; Yurchenco and Schittny, 1990).
Laminin demonstrates binding sites for cell surface receptors and proteins including nidogen,
α-dystroglycan, agrin and other critical BM components (Meyer zum Gottesberge and Felix,
2005), and laminin expression changes with fetal development in all systems (reviewed in
Rodgers et al., 2001). Human laminin-β2 deficiency is associated with congenital nephrosis
and eye abnormalities (Zenker et al., 2004). In this study, we evaluated the laminin-β2
expression in the adult human inner ear, and compared its expression with that of human fetal
inner ear (Yamashita et al., 1991) and with mouse inner ear (Rodgers et al., 2001).

Nidogen is a small protein with three globular regions linked by both flexible and rigid domains.
Nidogen binds several other BM proteins, including perlecan, laminin and collagen IV by well-
defined, domain-specific interactions (Hohenester and Engel, 2002; Salmivirta et al., 2002).
Nidogen acts a bridge between laminin and collagen IV networks in all BMs (Timpl, 1996),
and is believed to act as the connecting element for BM assembly. There is one prior study of
the distribution of entactin/nidogen in the chinchilla cochlea (Tsuprun and Santi, 2001) and a
limited study in the vestibular periphery (Swartz and Santi, 1999). While there are a few studies
in animal models, there are no prior studies of nidogen expression in the human inner ear. With
regard to domain-specific interactions, nidogen-1 is better studied than nidogen-2 (Kohfeldt
et al., 1998), and thus we delineated nidogen-1 expression in the human cochlea and vestibular
endorgans.

Dystroglycan is another major component of the subepithelial BM that may play a role in the
assembly and homeostasis of the BM (Erickson and Couchman, 2000), and is part of a
multiprotein complex that links the ECM to the actin cytoskeleton of muscle fibers (Guadagno
and Moukhles, 2004). Dystroglycan is a heterodimer comprised of an α and a β subunit that
acts as a cell-surface receptor complex to link extracellular constituents to the cytoskeleton,
and the interaction of dystroglycan with laminin is a critical step in the assembly of BMs
(Henry and Campbell, 1998). In central nervous system perivascular BMs, dystroglycan co-
distributes with Kir4.1, the inward rectifier potassium channel and aquaporin-4 (AQP4)
(Guadagno and Moukhles, 2004). We localized AQP4 to basolateral cochlear and vestibular
supporting cells of human (Lopez et al., 2007), similar to rat inner ear (Takumi et al., 1998).
Aquaporins may play a role in disorders of endolymphatic water homeostasis, such as
Ménière’s disease (Ishiyama et al., 2006). Dystroglycan expression has been described in the
mouse and the developing and senescent gerbil cochlea (Heaney et al., 2002; Heaney and
Schulte, 2003). To our knowledge, there are no prior dystroglycan studies in the human or any
mammalian vestibular endorgan and no prior studies in the human cochlea. Therefore, we will
determine dystroglycan distribution and its colocalization with AQP4 in the human inner ear.

Tenascin-C is an extracellular glycoprotein that is arranged as a hexamer with variable
glycosylation. The protein contains amino-terminal heptad repeats, epidermal growth factor-
like repeats, fibronectin type III domain repeats, and a carboxyl-terminal fibrinogen-like
globular domain (Hsia and Schwarzbauer, 2005; Chiquet-Ehrismann, 2004). Tenascin-C binds
to transmembrane cell surface receptors within the ECM (Iyer et al., 2007), proteoglycans
(Day et al., 2004) and other ECM components. Tenascin-C has been implicated in several
developmental processes, most notably neural morphogenesis (Wehrle and Chiquet, 1990;
Warchol and Speck, 2007), wound healing (Alford and Hankenson, 2006), and tumorigenesis
(reviewed by Orend, 2005). The expression and distribution of tenascin-C in the cochlea and
vestibular endorgans of chinchilla (Swartz and Santi, 1999; Tsuprun and Santi, 1999) and the
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developing mouse (Whitlon et al., 1999) has been studied. To our knowledge, there are no prior
studies of tenascin-C expression in the auditory or vestibular endorgan in human.

In the present study, we determine the immunohistochemical distribution of collagen IVα2,
laminin-β2, nidogen-1, tenascin-C, and α-dystroglycan in the cochlea and vestibular endorgans
obtained from subjects with documented normal vestibular and auditory function. To our
knowledge, there are no prior studies of these ECM proteins in the adult human auditory or
vestibular periphery. Part of this study has been presented in abstract form (Mowry et al.,
2008).

2. Materials and methods
2.1 Specimens (Table 1)

The Institutional Review Board (IRB) of UCLA has approved this study. Appropriate informed
consent for inclusion in the study was obtained from each temporal bone donor before death.
The temporal bone donors in the present study are part of a National Institute of Health funded
Human Temporal Bone Consortium for Research Resource Enhancement through the National
Institute on Deafness and Other Communication Disorders. Temporal bones were obtained at
autopsy from five subjects with a documented history of normal auditory and vestibular
function. The patients ranged in age from 84 to 96 years of age (average age = 88 years old).
Four subjects were female and one was male. The postmortem time ranged from 3 to 8 hours
(Table 1). The vestibular endorgans and cochlea were microdissected from one temporal bone
from each donor.

2.2 Temporal bone removal and vestibular endorgans and cochlea microdissection
At autopsy the whole brain, including the brainstem and blood vessels, was removed from the
cranial cavity. The 8th cranial nerve and vascular bundle were sectioned outside the internal
auditory canal. The temporal bone was then removed as described by Schuknecht (1968) using
a bone plug cutter. The bones were then immediately immersed for 16 hours in cold 4%
paraformaldehyde in 0.11 M sodium phosphate buffer (PBS), pH 7.4. Thereafter, the fixative
was removed by washing with PBS (10 minutes × 3). Temporal bones were placed under a
dissecting microscope (Nikon SMZ1500), and using forceps, the muscle, connective tissue and
bone surrounding the membranous labyrinth were carefully removed as described previously
(Lopez et al., 2005).

2.3 Tissue preparation for immunocytochemistry
The microdissected utricle, saccule, crista and cochlea were immersed in sucrose 30% (in PBS)
for 3–5 days, and then in O.C.T. compound (Tissue Tek, Ted Pella, Redding, CA). Before
sectioning, the whole vestibular endorgans and cochlea were placed on Teflon embedding
molds (Polysciences Inc., Warrington, PA) and properly oriented under the dissecting
microscope to obtain longitudinal mid-modiolar sections of cochlea, cross sections of the
maculae utricle or saccule and of the cristae ampullares. Twenty-micron-thick serial sections
were obtained using a cryostat (Microm-HN505E). Sections were mounted on Superfrost plus
slides (Fisher Scientific, Pittsburgh, PA) and stored at −80°C until their use.

2.4 Indirect immunofluorescence
After thawing at room temperature for 10 minutes, tissue sections were incubated at room
temperature for 60 minutes with a blocking solution containing 1% bovine serum albumin
(BSA) fraction-V (Sigma, St. Louis, MO) and 0.5% Triton X-100 (Sigma) in PBS. At the end
of the incubation, the blocking solution was removed and the primary polyclonal or monoclonal
antibody against the specific protein was applied. Antibodies to collagen IVα2, nidogen-1,
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laminin-β2, α-dystroglycan, tenascin-C and AQP4 were used. Table 2 describes the
characteristics of each antibody, dilution and specificity. Primary antibodies were incubated
overnight at 4°C in a humid chamber. The secondary antibodies against rabbit or mouse labeled
with Alexa 488 or 594 (1:1000, Molecular Probes, Carlsbad, CA) were applied and incubated
for two hours at room temperature in the dark. At the end of the incubation, sections were
washed with PBS (3 × 10 minutes) and covered with Vectashield mounting media containing
DAPI (Vector Labs, Burlingame, CA) to visualize all cell nuclei.

2.5. Fluorescent microscopic observation and documentation
After immunofluorescent processing, tissue sections were viewed and imaged with a Nikon
Eclipse E800 fluorescent microscope equipped with RTSlider spot digital camera and Image
Pro PlusTM software. To provide unbiased comparisons of the immunofluorescent signal from
a particular antibody between each type of specimen, all images were captured using the same
camera settings. Images were processed using the Adobe Photoshop™ software program run
on a Macintosh iMAC computer.

2.5.1. Quality of microdissected vestibular endorgans obtained from
postmortem temporal bones—Table 1 summarizes the quality of immunostaining
obtained from the five temporal bones examined. The distribution pattern of immunoreactivity
in the tissue from the five temporal bones was similar between specimens for each of the given
proteins studied. There was a differential quality of immunoreactivity with a shorter
postmortem time associated with a more intense immunofluorescence signal and low
background (Table 1). There was no effect of increasing age on the quality of immunoreactivity.
The quality of the microdissected endorgan tissue sections was determined by staining with
hematoxylin and eosin (Fig 1): the stained horizontal crista ampullaris (Figs 1A-A2), macula
utricle (Fig 1B) and cochlea (Fig 1C) are shown. Figures 1A and 1A1 demonstrate the well-
preserved crista sensory epithelia, with type I and type II hair cells, supporting cells and stromal
cells easily identified. Hair cell stereocilia could also be identified (Fig 1A2). The macula
utricle showed good preservation of the sensory epithelia, with mild swelling of calyceal
terminals surrounding type I hair cells. Calyceal swelling is an almost unavoidable postmortem
artifact (Fig 1B). The cross-section of the cochlea also exhibited good preservation of the organ
of Corti, spiral ligament and stria vascularis, as well as the spiral limbus. The tectorial
membrane became detached during the microdissection procedure.

3. Results
3.1 BM protein distribution in vestibular endorgans (Table 3)

3.1a Collagen IVα2 immunoreactivity (-IR) (Figure 2)—Collagen IVα2-IR was
expressed in the vestibular BMs located underneath the sensory and non-sensory epithelia,
including the BMs underlying the transitional epithelia and the dark cell region of the crista
ampullaris (Fig 2A). Collagen-IVα2-IR also localized to the BMs surrounding myelinated
nerve fibers and blood vessels running throughout the stroma of the crista ampullaris (Fig 2A)
and of the maculae of the utricle (Fig 2B) and saccule (Fig 2C). There was a uniform collagen
IVα2-IR signal in all regions of the cristae from the planum semilunatum to the central portion
of the cristae. The maculae of the utricle (Fig 2B) and saccule (Fig 2C) revealed a similar
distribution and intensity of collagen IVα2-IR, distributed within the epithelial BM and the
perivascular and perineural BMs.

3.1b Nidogen-IR (Figure 3)—Nidogen-IR was expressed in the crista and maculae in a
similar fashion as collagen IVα2-IR: within the BMs underneath the sensory and non-sensory
epithelium, including BMs underneath the transitional epithelia and dark cell regions. Nidogen-
IR was noted within the BMs surrounding the stromal nerve fibers and blood vessels in the
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crista ampullaris (Fig 3A). Nidogen-IR was uniformly distributed in all regions of the crista
from the planum semilunatum to the central portion. Nidogen-IR immunolocalization in the
maculae utricle (Fig 3B) and saccule (Fig 3C) was similar in distribution to nidogen-IR in the
cristae.

3.1c Tenascin-C-IR (Figure 4)—In the crista ampullaris, tenascin-C-IR was revealed in
calyx-like profiles throughout the sensory epithelia from the planum semilunatum (Fig 4A) to
the central region of the crista (Fig 4B). Tenascin-C-IR was also expressed in the BMs
underneath the sensory epithelia, however, in contrast to collagen IVα2 and nidogen, tenascin-
C-IR was more prominent in the central portion of the crista (Fig 4A) than in the BMs beneath
the sensory epithelia in the planum semilunatum of the crista (Fig 4B). Figure 4A1 and 4B1
shows a high magnification view of these areas to corroborate the regionally determined
tenascin-C-IR pattern. The maculae utricle (Fig 4C) and saccule (Fig 4D), demonstrated a
similar pattern of tenascin-C-IR immunolocalization as that in the crista in calyx-like structures
throughout the sensory epithelia. Tenascin-C-IR in BMs underneath the crista and maculae
sensory epithelia was in close apposition with the basolateral membranes of the supporting
cells. In contrast to collagen IVα2-IR and nidogen-IR, tenascin-C-IR was not seen in BMs that
surround stromal myelinated nerve fibers and blood vessels of the crista and maculae.

3.1d Laminin-β2-IR (Figure 5)—Laminin-β2-IR was localized in all BMs of the crista in
a similar fashion as collagen IVα2 and nidogen. Uniform laminin-β2-IR was seen in the BMs
underneath the sensory epithelia (Fig 5A). There was a uniform laminin-β2-IR signal in all
regions of the crista from the planum semilunatum to the central portion of the crista. Laminin-
β2-IR appeared to be more prominent in BM of the transitional epithelia than the BM
underlying the sensory epithelia (Fig 5A). The maculae utricle (Fig 5B) and saccule (Figure
5C), displayed a similar laminin-β2-IR pattern. The BMs surrounding the stromal myelinated
nerve fibers and blood vessels of the crista ampullaris and maculae utricle and saccule (Figs
5A–C, respectively) also demonstrated laminin-β2-IR.

3.1e α-dystroglycan-IR (Figure 6)—α-dystroglycan-IR was immunolocalized to all of the
BMs of the vestibular endorgans in a similar fashion as collagen IVα2, nidogen, and laminin-
β2. However, there was a differential regional expression. α-dystroglycan-IR appeared to be
more prominent at the central portion of the crista, compared with the peripheral portion of the
crista (Fig 6A). This distribution was seen from the planum semilunatum to the central portion
of the crista. α-dystroglycan-IR was also less prominent in BMs of the transitional epithelia
and perivascular BMs. The maculae utricle (Fig 6B) and saccule (Fig 6C) revealed a similar
α-dystroglycan-IR expression as the crista, but without regional variation. α-dystroglycan-IR
in the BMs underneath the maculae sensory epithelia was in close apposition with the
basolateral membrane of the supporting cells. The BMs that surround the stromal myelinated
nerve fibers of the maculae utricle and saccule also exhibited α-dystroglycan-IR (Fig 6B and
6C).

3.1f α-dystroglycan-IR and AQP4-IR colocalization (Figure 7)—α-dystroglycan-IR
and AQP4 were co-localized within the basal portion of the sensory epithelia (Fig 7). α-
dystroglycan-IR was found in close relation with the basolateral vestibular supporting cells,
and localized within the basal pole of cristae supporting cells (Fig 7A), as well as within the
epithelial BMs and stromal perineural and perivascular BMs. AQP4 localized to the basolateral
portion of the supporting cells (Fig 7A1). Double immunostaining co-localized α-dystroglycan
and AQP4 within all the basal vestibular supporting cells (Fig 7A2). α-dystroglycan was
expressed without AQP4 co-expression in the epithelial BMs and the perivascular and
perineural BMs (Fig 7A2). A similar colocalization and distribution of α-dystroglycan-IR and
AQP4-IR was seen in the maculae utricle and saccule (Figs 7B, 7B1, 7B2).
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3.2 BM protein distribution in the cochlea (Table 4)
Cochlear BMs are located underneath the supporting cells, epithelial cells of the spiral limbus,
basilar membrane, spiral ligament, stria vascularis, Reissner’s membrane and surrounding
afferent nerve fibers (perineural) and blood vessels (perivascular) of the stria vascularis, spiral
ligament and spiral limbus.

3.2a Collagen IVα2-IR (Figure 8A)—Collagen IVα2-IR was present in all cochlear BMs
and BMs underneath the epithelial cells with differential concentration. Perivascular and
perineural BMs were the most intense, followed by the interdental and outer sulcus cells (Fig
8A). Reissner’s membrane and the osseous spiral lamina exhibited collagen IVα2-IR. The
perivascular BMs in the spiral ligament and the stria vascularis demonstrated strong collagen
IVα2-IR. Collagen IVα2-IR was not seen in the BMs underneath the inner and outer hair cells.
The collagen IVα2-IR pattern was similar from the basal to the apical regions of the cochlea.

3.2b Nidogen-IR (Figure 8B)—The distribution of nidogen-IR was similar to that of
collagen IVα2-IR (Fig 8B). Nidogen-IR localized to all cochlear BMs and BMs underneath
the epithelial cells with differential concentration, similar to collagen IVα2-IR (Fig 8B).
Perivascular and perineural BM nidogen-IR was the most intense, followed by the interdental
and outer sulcus cells. Reissner’s membrane and the osseous spiral lamina were nidogen-IR.
Nidogen was expressed strongly in the perivascular BMs in the spiral ligament and the stria
vascularis. Nidogen-IR was not seen beneath the organ of Corti. This nidogen-IR pattern was
preserved from the basal to the apical portions of the cochlea.

3.2c Tenascin-C-IR (Figure 8C)—Tenascin-C-IR localized to a more discrete pattern than
collagen IVα2-IR or nidogen-IR. Tenascin-C-IR was strongly expressed in the basilar
membrane underneath the supporting cells in the pars arcuata and pars pectinata (Fig 8C).
Tenascin-C-IR was also seen in the basal portion of the Rosenthal canal, and the osseous spiral
lamina. There was no discernible regional variation of the tenascin-C-IR pattern from the basal
to the apical portions of the cochlea.

3.2d Laminin-β2-IR (Figure 8D)—The distribution of laminin-β2-IR was similar to that of
nidogen-IR and collagen IVα2-IR. Laminin-β2-IR was found in BMs underneath epithelial
cells in a uniform distribution. However, laminin-β2-IR was more intense in the basilar
membrane and Reissner’s membrane than nidogen and collagen IV (Fig 8D). Perivascular and
perineural laminin-β2-IR was also intense, followed by the interdental and outer sulcus cells.
As with nidogen-IR and collagen IVα2-IR, there was no laminin-β2-IR underneath the inner
and outer hair cells. This laminin-β2-IR pattern was consistent from the basal to the apical
portion of the cochlea.

3.2e α-dystroglycan-IR (Figure 8E)—α-dystroglycan-IR was demonstrated in the BMs
underneath epithelial cells in a uniformly throughout all cochlear BMs. However, α-
dystroglycan appeared to be less intensely expressed in the basilar membrane (Fig 8E).
Perineural α-dystroglycan-IR was also less intense than perivascular immunoreactivity.
However, the perivascular BMs of the stria vascularis displayed intense α-dystroglycan-IR.
Interdental and outer sulcus cells also showed α-dystroglycan-IR, as well as the outer sulcus
cells and cells in the spiral prominence. The basilar membrane demonstrated moderate α-
dystroglycan-IR. In contrast to other BM proteins, collagen IV, nidogen and laminin, the spiral
ligament did not express α-dystroglycan. Similarly to the other BMs proteins, α-dystroglycan-
IR was not observed underneath the inner and outer hair cells. The α-dystroglycan-IR pattern
was conserved from the basal to the apical portion of the cochlea.
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3.3 Immunohistochemical controls (Figure 9)
Controls—Positive controls for the several BMs antibodies were tested in the cerebellar
cortex and cerebral cortex from the same patients, as well as human kidney tissue from
normative controls (Fig 9). These sections were subjected to the same protocol as the
immunofluorescence protocol of vestibular endorgans and cochlea cryostat sections. For
negative controls, the primary antibody was omitted and the immunoreaction was performed
as described above.

The immunolocalization of the BMs proteins match previous reports of distribution in human
kidney and brain. Figure 9A, shows nidogen-IR in BMs of the human kidney. The distribution
is similar to previously published findings in human kidney (Katz et al., 1991). Fig 9A1 shows
nidogen-IR in perivascular BMs of the human cerebellar cortex. Fig 9B shows αdystroglycan-
IR in the kidney BMs which is similar to previous reports (Vogtländer et al., 2005). Figure
9B1 shows αdystroglycan-IR in perivascular BMs of the human cortex. Collagen IVα2-IR in
the kidney BMs is shown in Figure 9C. The distribution is similar to previously published
immunohistochemical studies (Lohi et al., 1997; Utsumi et al., 2001). Figure 9C1 shows
collagen IVα2-IR in perivascular BMs of the cerebellar cortex. Fig 9D, shows laminin-β2-IR
in human kidney BMs as has been previously demonstrated (Virtanen et al., 1995). Tenascin-
C-IR in the organ of Corti of mouse (Fig 9E) is similar to previously published (Whitlon et al.,
1999). Figure 9F shows AQP4 immunoreactivity in Hensen cells of the human organ of Corti
as previously reported (Lopez et al., 2007). All of the negative controls did not demonstrate
immunofluorescence within the tissues. As an example, Figure 9G demonstrates the cross-
section of the human crista ampullaris immunostained with all the reagents except for the
primary antibody, and no specific reaction was observed.

4. Discussion
The mammalian inner ear is rich in BMs which are highly specialized ECM macromolecules
that not only provide structural support, but also regulate cellular differentiation, tissue
development and repair. Of particular relevance to inner ear physiology, BMs are believed to
mediate ionic and water homeostasis. To date, there is little information regarding the normal
BM protein distribution in the human inner ear. We determined the immunolocalization of
collagen IVα2, nidogen-1, tenascin-C, laminin-β2, and αdystroglycan in the human cochlear
and vestibular microdissected endorgans from temporal bones obtained at autopsy.

4.1a Collagen IVα2-IR
Our studies provide the first immunolocalization of the collagen IVα2 chain in the human inner
ear, expressed in strial and spiral ligamental perivascular BMs, the spiral limbus, osseous spiral
lamina, cochlear BMs and nerve fibers. We confirm the conservation of collagen IVα2
expression in the human cochlea with rodent models. In the mouse, collagen IVα1 and α2 are
found in the perineurium of the osseous spiral lamina, the perivascular BMs of the spiral
ligament and strial cytoplasm (Cosgrove et al., 1996). In the chinchilla, collagen IVα2, laminin,
and entactin codistributed within the spiral limbus, spiral ligament, nerve fibers, strial and spiral
ligamental perivascular BMs (Tsuprun and Santi, 2001). Nonspecific antibodies to collagen
IV demonstrated a similar distribution in the cochlea of rat (Satoh et al., 1998) and guinea pig
(Takahashi and Hokunan, 1992).

Our studies support a colocalization of collagen IVα2 chains with collagen IVα1 in the human
cochlea. Collagen IVα1 localized to all cochlear basement membranes, and collagen IV α3 and
5 localized more specifically to the perivascular stria vascularis in normative archival human
temporal bones (Zehnder et al., 2005). At the time of the study, collagen IVα2 antibodies were
not available. Kleppel et al. (1989) also studied collagen IVα1 distribution in normative human,
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and reported a similar distribution, including perivascular and perineural cochlear BMs, spiral
limbus, spiral ligament, the pars pectinata of the basilar membrane, and the osseous spiral
lamina. Colocalization of collagen IVα1 and α2 chains has been described in the mouse and
guinea pig cochlear BMs (Cosgrove et al., 1996; Kalluri et al., 1998; Meyer zum Gottesberge
and Felix, 2005). Mouse kidney glomerular BMs also coprecipitated α1 and α2 (Kalluri and
Cosgrove, 2000), and it is now widely believed that the six genetically distinct collagen IVα
chains assemble into only three heterotrimers: α1α1α2; α3α4α5; α5α5α6 (Khoshnoodi et al.,
2008).

We present the first study of collagen IVα2 in the human vestibular periphery, revealing a
uniform distribution within the vestibular BMs beneath the sensory and transitional epithelia
and within perineural and perivascular BMs. Takahashi and Hokunan (1992) reported a linear
staining pattern under the cristae sensory epithelium of the guinea pig for both collagen IV and
laminin, similar to our findings however the other vestibular endorgans were not studied. This
study demonstrated a similar collagen IVα2 distribution in the human maculae utricle and
saccule as in the crista. Collagen IVα2 localized to BMs which demarcate endolymph from
perilymph, which would be ideal for mediating ionic and water homeostasis.

An altered expression of collagen IV chains may have pathophysiological significance.
Mutations in the genes encoding the collagen IVα3, 4, and 5 have been implicated in the
sensorineural hearing loss and glomerulonephritis of Alport’s syndrome (Barker et al., 1990).
The mouse deficient in the gene for collagen IVα3 serves as a model for Alport’s disease. The
thickened strial capillary BMs of the Alport’s mouse exhibit an increased expression of entactin
and collagen IVα1 and 2, and the endothelial cell exhibits swelling and vacuolization (Cosgrove
et al., 1998). Thickening of the strial perivascular BMs in Alport’s disease has been reported
in one post-mortem temporal bone study using rapid-fixation (Weidauer and Arnold, 1976),
but not in other temporal bone studies of Alport’s disease (Merchant et al., 2004). Further
studies of the BM protein expression may reveal BM pathology in other audiovestibular
pathologies.

4.1b Nidogen-IR
This study is the first to examine nidogen expression in the human inner ear, localizing to all
cochlear BMs in strial and spiral ligamental perivascular BMs, the spiral limbus, osseous spiral
lamina, and nerve fibers, similarly to that of collagen IVα2. The expression of nidogen (also
called entactin) is conserved in human as entactin expression has been reported in all cochlear
BMs in the mouse (Cosgrove et al., 1996) and in the chinchilla with weak immunoreaction in
the basilar and Reissner’s membrane (Tsuprun and Santi, 2001). Nidogens are a family of
highly conserved sulfated glycoproteins that may have a major structural role in BMs during
development in tissues undergoing rapid growth or turnover (Ho et al., 2008).

In the human crista ampullaris, utricular and saccular maculae, nidogen localizes to
subepithelial and stromal perivascular and perineural BMs, similar to that of collagen IVα2-
IR. There is only one prior study showing entactin/nidogen expression in the vestibular
periphery, and the only shown photomicrograph is that beneath the sensory neuroepithelium
(Swartz and Santi, 1999). To date, there are no studies regarding a specific role for nidogen in
the vestibular periphery. It is likely that the close association of nidogen with other BM proteins,
including CIV, allows for the formation of stable BMs essential for proper cell-to-cell
interaction.

4.1c Tenascin-C-IR
In this first study of tenascin-C expression in the human cochlea, tenascin-C localized to the
basilar membrane and the osseous spiral lamina within the cochlea, and osteocytes of the otic
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capsule. The expression of tenascin-C in the human cochlea is similar to that of the adult mouse
cochlea (Tsuprun and Santi, 1999), and the adult chinchilla (Swartz and Santi, 1999),
demonstrating a highly conserved expression. Tenascin-C in the developing mouse is
expressed in regions of nerve fiber growth, predominantly in the spiral lamina and the organ
of Corti, concomitant with efferent neurite growth (Whitlon et al., 1999). In our study of the
adult human cochlea, there was no detectable tenascin-C expression in the organ of Corti. This
likely represents developmental changes in expression, as the adult mouse organ of Corti does
not express tenascin-C.

In the human vestibular periphery, tenascin-C expression localized to cup-like profiles
surrounding the type I hair cells within the crista ampullaris and macula utricle and saccule,
as well as the sensory epithelia BMs, with stronger staining in the apical portion of the crista
ampullaris. The loss of expression in the planum semilunatum is similar to that in the chinchilla
vestibular system (Swartz and Santi, 1999). The tenascin-C distribution in the human auditory
and vestibular periphery is highly conserved with rodent models. Our studies also demonstrate
a similar tenascin-C expression in all human vestibular endorgans. There is little information
about the role of tenascin-C in the inner ear. Healthy avian utricular calyx cells produce
tenascin, and this production disappears immediately following injury with streptomycin, but
returns as the hair cells repopulate the utricle (Warchol and Speck, 2007). Tenascin-C is found
within the developing and diseased kidney, and the maintenance of the glomerular/capillary
boundary may be similar to the separation of perilymph and endolymph. An increased tenascin-
C expression has been noted in renal pathologies (Okada et al., 1996). Tenascin-C interacts
with other ECM proteins that are found within synapses, particularly syndecan (Dityatev et al.,
2006), which may explain the presence of tenascin-C at the interface between the type I hair
cells and calyx.

4.1d Laminin-β2-IR
This study is the first to examine laminin-β2 expression in the human audiovestibular
periphery, localizing within all cochlear BMs, in the spiral limbus, spiral ligament, nerve fibers,
strial and spiral ligamental perivascular BMs, similarly to collagen IVα2 and nidogen-1
expression. This study demonstrates a high degree of conservation of the human cochlea with
chinchilla (Tsuprun and Santi, 2001) and guinea pig (Weinberger et al., 1999). A similar
distribution of laminin in studies using nonspecific laminin antibodies has been documented
in the cochlea of rat (Satoh et al., 1998) and the developing human fetus (Yamashita et al.,
1991). In the developing mouse, laminin β2 expression was noted in the BM of the perineurium,
spiral prominence, strial capillaries, and throughout all cochlear BMs; interestingly, the BM
extending from Hensen’s cells in the basilar membrane to the external sulcus region did not
express laminin-β2 until adulthood, which may indicate a critical role of this area in the hearing
mechanism (Rodgers et al., 2001). Of significance, there are continuous changes in laminin
subunit expressions from P2 to adulthood in the mouse cochlea, which likely indicates an
important role in inner ear development. In that regard, the recent realization that laminin
polymers function as the initial template for BM assembly (Li et al., 2005; McKee et al.,
2007) is relevant, as it may be the differential expression of laminins that allows for the binding
of the cellular receptors such as α-dystroglycan to trigger supramolecular organization (Li et
al., 2005). Consequently, an altered laminin expression would likely impact the physiological
properties of the BM secondary to changes in the BM assembly.

The present study also provides the first immunolocalization of laminin in the adult human
vestibular endorgan. The laminin distribution is similar to that of guinea pig crista ampullaris
(Takahashi and Hokunan (1992). The distribution of laminin in the present study was similar
to that in the fetal human vestibular system at 11–15 weeks of gestation (Yamashita et al.,
1991) except that in our study of the adult, the BMs beneath the sensory crista ampullaris and
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the utricular macula demonstrated equal immunoreactivity. In contrast, in the human fetus, the
immunoreactivity in the crista was weaker than that in the utricle (Yamashita et al., 1991). A
similar developmental differential laminin expression was noted in the developing chick
(Yamashita and Sekitani, 1992). The developmental stages of completion of expression of BM
components likely reflect that the cristae ampullares are phylogenetically more recent in origin.

Altered laminin expression in the cochlear BMs may be associated with audiovestibular
pathologies. Age-related presbycusis in the gerbil model has been associated with a thickening
of the BM of strial capillaries, and increased laminin deposition in the strial perivascular BMs
(Sakaguchi et al., 1997). The progression of BM thickening in the strial capillary BM has been
associated with strial degeneration apparently underlying presbycusis in the senescent gerbil
(Schulte and Schmiedt, 1992; Gratton and Schulte, 1995). Because BMs in the inner ear may
mediate fluid transport between the endolymph and perilymph (Satoh et al., 1998), an altered
expression of laminin in the BM may be associated with dysfunctional ionic homeostatic
mechanisms.

4.1e α-Dystroglycan-IR
α-dystroglycan expression localized to the epithelial BMs lining the scala media, including the
strial capillaries, Reissner’s membrane, the outer sulcus cells and the osseous spiral lamina
throughout the adult human cochlea. The localization is conserved with that in the mouse
(Heaney and Schulte, 2003) and gerbil cochlea (Heaney et al., 2002). The one noted difference
in the expression in adult gerbil (Heaney et al., 2002) and mouse (Heaney and Schulte, 2003)
and the adult human (present study) is the lack of α-dystroglycan expression below the organ
of Corti in the human. Differences may be secondary to a diminished expression with increased
age, post-mortem changes in human specimens, or true species-specific differences. Our study
demonstrates a conservation of α-dystroglycan expression in the adult human cochlea, and to
our knowledge is the first study of α-dystroglycan in the adult human inner ear.

An age-related decreased expression of dystroglycan has been noted in the strial capillary BMs
of the senescent gerbil (Heaney et al., 2002). Notably, the donated temporal bones in our study
had an average age of 88 years old. However, the α-dystroglycan staining in the perivascular
stria vascularis of our subjects was robust. Of note, all subjects had documented normal hearing,
and no presbycusis. Further studies comparing results from this study with α-dystroglycan
expression in younger adults, as well as in older adults with presbycusis may reveal an age-
related alteration in α-dystroglycan expression.

In this first study of α-dystroglycan in the vestibular periphery, expression was noted in the
BMs underneath the sensory epithelia and the stromal perineural BMs in crista and utricular
and saccular maculae. The perivascular BMs exhibited less intense α-dystroglycan-IR, in
comparison with collagen IV, nidogen-1, and laminin. The decreased perivascular BM
expression of α-dystroglycan may be an age-related alteration, as has been noted in senescent
gerbil perivascular strial BMs (Heaney et al., 2002). An alteration of α-dystroglycan expression
would likely have significant functional implications. We plan to conduct further studies
evaluating the expression of BM proteins in younger adult inner ear to evaluate for age-related
changes in expression.

4.1f 2 α-dystroglycan-IR and AQP4-IR co-distribution
α-dystroglycan colocalized with AQP4 in the basolateral vestibular supporting cells in human.
Previous studies had demonstrated AQP4 localization to the mouse basal vestibular supporting
cell in mouse (Takumi et al., 1998) and adult human (Lopez et al., 2007). Of the ECM
macromolecules studied in this investigation, only α-dystroglycan localized to the basolateral
supporting cells. In the central nervous system the αβ-dystroglycan complex appears on
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neurons, glial cells and blood vessels (Milner et al., 2008). Dystroglycan plays a role in filtration
in renal podocytes (Vogtländer et al., 2005), and in maintaining the integrity of the blood brain
barrier through interactions between astrocytic ECM proteins and the perivascular BMs
(Moukhles et al., 2000). α-dystroglycan is believed to be a laminin receptor, involved in ECM
assembly (Montanaro et al., 1999). Colocalization studies suggest a role for laminin and the
dystroglycan-containing complex in the targeting and stabilizing of Kir4.1 and AQP4 channels
in astrocytic cells, for potassium buffering and water homeostasis (Nagelhus et al., 1999;
Guadagno and Moukhles, 2004). The colocalization of AQP4 and α-dystroglycan, suggests a
similar role in the inner ear.

5. Conclusions
The BM macromolecules, collagen IVα2, laminin-β2, and nidogen-1 colocalized within all
human cochlear and vestibular BMs, as well as perivascular and perineural BMs in zones which
demarcate endolymph from perilymph, suggestive of BM involvement in the regulation of
water and ionic homeostasis. The collagen IVα2 expression in the cochlea was similar to that
in rodent models, and also suggests colocalization of collagen IVα2 with collagen IVα1 in
human inner ear. The laminin expression in the adult human was similar to that of developing
fetal human except that the phylogenetically newer crista BMs had a diminished expression in
human fetal, compared with adult. While only very limited studies of nidogen/entactin exist,
our studies demonstrate an apparent conservation of expression in human inner ear. This study
also provides evidence that the otolithic organs exhibit a similar BM composition to the crista.
α-dystroglycan localized to the stria vascularis, the scala media epithelial BMs, and the osseous
spiral lamina, similar to its expression in the mouse. In the human vestibular periphery, α-
dystroglycan localized to the epithelial BMs and the perineural BMs, but was of diminished
expression in vestibular stromal perivascular BMs, which may represent an age-related
alteration in expression. α-dystroglycan was the only ECM macromolecule that colocalized
with AQP4 in the basolateral vestibular supporting cell. Similar to rodent models, tenascin-C
localized to the basilar membrane and osseous spiral lamina, and osteocytes in the otic capsule,
and to calyx-shaped profiles in the vestibular neuroepithelium and to the vestibular epithelial
BM. In contrast with animal models, the human BM beneath the organ of Corti did not express
tenascin-C and α-dystroglycan. This difference may be secondary to age-related alterations,
post-mortem changes, antibody differences or true species-specific differences. To the best of
our knowledge, this study is the first to delineate the expression of each of these BM and ECM
proteins in the adult human auditory and vestibular system, providing valuable information
regarding the composition of the normal human inner ear BMs. The distribution of these ECM
proteins in the human inner ear was similar to rodent models, where available data exists for
comparison, confirming the use of these animal models for inner ear BM pathologies. It is
important to note that the average age of the subjects in the present study was 88-years-old,
and the findings may represent age-related BM and ECM protein distributions. Our laboratory
is currently conducting studies using younger subjects to corroborate the hypothesis that aging
is associated with significant alterations in inner ear ECM and BM protein expression.

Abbreviations
BM, basement membrane; ECM, extracellular matrix; IR, immunoreactivity; AQP, Aquaporin.
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Fig 1.
Hematoxylin and eosin stained frozen section of the crista ampullaris (Fig 1A-A2), macula
utricle (Fig 1B) and cochlea (Fig 1C). Fig 1A shows the crista sensory epithelia (SE), the
transitional epithelia (TE), the dark cell area (DC) and the stroma tissue (ST). Fig 1A1 and
1A2 are higher magnification views of the cristae. The sensory epithelia is well-preserved and
type I (I) and type II (II) hair cells, as well as supporting cells (SC), and cells in the stroma
(ST) are easily identified. Hair cell stereocilia can be seen (arrowheads). Fig 1B shows the
macula utricle which exhibits good preservation of the sensory epithelia hair cells and
supporting cells, with mild swelling of calyceal terminals that surround type I hair cells (I).
Figure 1C is a cross-section of the cochlea; there is good preservation of the organ of Corti
(OC), spiral ligament (SL) and stria vascularis (Stv) as well as the spiral limbus (Slim). In this
specimen, the tectorial membrane and Reissner’s membrane had become detached during
microdissection (thick arrowhead). Magnification bar is 100 µm for (A) and (C), 50 µm for
(A1), 20 µm for (A1), 60 µm for (B).
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Fig 2.
Collagen IVα2 immunoreactivity (-IR) in the human vestibular endorgans. Fig 2A shows a
cross-section of the crista ampullaris, close to the central region. Collagen IVα2-IR (green
color) was seen within the BM underneath the sensory epithelia (SE) (thin arrows). The BM
underneath the transitional epithelia (TE) also displayed collagen IVα2-IR (double arrow). The
perivascular BMs within the underlying stroma (ST) were collagen IVα2-IR (double
arrowheads). The perineural BMs beneath the epithelia and within the underlying ST also
exhibited collagen IVα2-IR (single arrowhead). The macula utricle (Fig 2B) and macula
saccule (Fig 2C) showed a similar collagen IVα2-IR pattern. BMs that surround stromal
myelinated nerve fibers (arrowhead) and blood vessels (double arrowhead) of the maculae
utricle and saccule were also collagen IVα2-IR. DAPI (blue color) identifies cell nuclei. LU:
Lumen. Magnification bar is 200 µm for all figures.

Ishiyama et al. Page 18

Hear Res. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Nidogen-IR Fig 3A shows a cross-section of the crista ampullaris, close to the central region.
Nidogen-IR (red color) was expressed within the BMs underneath the sensory epithelia (SE)
(thin arrows). The BMs underlying the transitional epithelia (TE) and dark cells (DC) also
exhibited nidogen-IR (double arrow). The perivascular BMs within the underlying stroma
expressed nidogen-IR (double arrowhead), and the perineural BMs within the underlying
stroma (ST) also demonstrated nidogen-IR (single arrowhead). The distribution of nidogen-IR
in the macula utricle (Fig 3B) and macula saccule (Fig 3C) was similar to nidogen-IR within
the cristae sensory epithelia. BMs that surround stromal myelinated nerve fibers and blood
vessels of the macula utricle and saccule were also nidogen-IR. DAPI (blue color) identifies
cell nuclei. Magnification bar is 200 µm for all figures.
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Fig 4.
Tenascin-C-IR. Fig 4A shows a cross-section of the crista ampullaris at the planum
semilunatum. Fig 4B shows tenascin-C-IR at the central region of the crista ampullaris.
Tenascin-C-IR (red color) was found in calyx-like profiles (arrowheads) throughout the SE
and also in BM underneath the SE (arrows). Tenascin-C-IR was more prominent in the central
portion of the crista (Fig 4B) than in the BMs underneath the SE in the planum semilunatum
of the crista (Fig 4A). Figure 4A1 and 4B1 is a high magnification view (from Fig 4A and 4B)
of these areas to demonstrate the tenascin-C-IR pattern. The macula utricle (Fig 4C) and the
macula saccule (Fig 4D) exhibited similarly tenascin-C-IR in calyx-like structures
(arrowheads) and within the BMs underneath the SE (arrows). DAPI (blue color) identifies
cell nuclei. Magnification bar is 200µm for Fig A, B, C and D; 50 µm for fig A1, B1.
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Fig 5.
Laminin-β2-IR. Fig 5A shows Laminin-β2-IR in a cross-section of the crista ampullaris, close
to the planum semilunatum. Laminin-β2-IR was seen within the BMs underneath the sensory
epithelia (SE) (thin arrows). Transitional epithelia (TE) BMs also demonstrated laminin-β2-
IR (double arrows). The maculae utricle (Fig 5B) and saccule (Figure 5C) exhibited a similar
laminin-β2-IR expression distribution. Laminin-β2-IR was found in the BMs underneath the
maculae SE. The BMs that surround stromal myelinated nerve fibers (arrowheads) and blood
vessels (double arrowheads) also expressed laminin-β2 in the cristae ampullares, utricular and
saccular maculae. DAPI (blue color) identifies cell nuclei. Magnification bar is 200 µm for all
figures.
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Fig 6.
α-Dystroglycan-IR. Fig 6A is a cross-section of the crista ampullaris, close to the central zone.
α-dystroglycan-IR (red color) was seen within the BMs underneath the sensory epithelia (SE)
(double arrows). In comparison to the BM proteins, collagen IV and laminin-β2, the α-
dystroglycan-IR was relatively less intense at the lateral and basal zone of the crista ampullaris
(single arrow), and significantly less prominent within the BMs beneath the TE and within the
perivascular BMs. The macula utricle (Fig 6B) and macula saccule (Fig 6C) exhibited a similar
α-dystroglycan-IR pattern as the crista ampullaris. α-dystroglycan-IR was noted in BMs
underneath the maculae sensory epithelia in close apposition with the basal portion of the
supporting cells (arrows). BMs that surround stromal myelinated nerve fibers of the macula
utricle and saccule also exhibited α-dystroglycan-IR (thick arrowheads). DAPI (blue color)
identifies cell nuclei. Magnification bar is 200 µm for all figures.
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Fig 7.
α-Dystroglycan-IR and AQP4-IR co-distribution in vestibular supporting cells. Fig 7A, 7A1
and 7A2 are cross-sections of the crista ampullaris, near the central region. Fig 7A demonstrates
α-dystroglycan-IR (red color) localized to the basal pole of supporting cells (arrows) and to
the BM underlying the sensory epithelium (SE) (double arrows). Fig 7A1 demonstrates AQP4
(green color) localization to the basolateral portion of the supporting cells (arrows); the BM
underlying the SE and the perineural and perivascular BMs in the stroma (ST) did not exhibit
AQP4-IR. Fig 7A2 is a merged image from 7A and 7A1 to illustrate the co-distribution and
co-localization of α-dystroglycan and AQP4. α-dystroglycan in red color (arrowheads)
segregated to the stromal (ST) perineural BMs and appeared to segregate to portions of the
BM underlying the sensory epithelium (SE). AQP4 (green color) appeared to co-localize with
α-dystroglycan (red color) with resulting yellow color within the basal supporting cells (double
arrowheads). Fig 7B, 7B1 and 7B2 are cross-sections of the macula utricle. Fig 7B demonstrates
that αdystroglycan-IR (red color) localized to the basal supporting cells (arrows) and the BM
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underlying the SE (double arrows). Fig 7B1 demonstrates that AQP4-IR (green color) localized
to basolateral supporting cells (arrows). Fig 7B2 is a merged micrograph demonstrating the
co-localization of α-dystroglycan and AQP4 (yellow color at double arrows) in the basolateral
aspect of the utricular supporting cells. Magnification bar is 25 µm for all figures.
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Fig 8.
ECM protein-IR in the human cochlea. Fig 8A exhibits strong collagen IVα2-IR in strial and
spiral ligamental perivascular BMs (arrowheads), less intense collagen IVα2-IR was seen at
the interdental cells (IDC) and basilar membrane (bm). Collagen IVα2 was expressed in
Reissner’s membrane (RM). Fig 8B shows strong nidogen-IR in strial and spiral ligamental
perivascular BMs (arrowheads), in the IDC, in RM and the osseous spiral lamina (OSL). Fig
8C demonstrates tenascin-C-IR within BMs of the basilar membrane underneath the supporting
cells in the pars arcuata (PA) and pars pectinata (PP) and within the OSL (double arrowhead).
Tenascin-C-IR was also seen in the basal portion of the Rosenthal canal (RC). Fig 8D shows
laminin-β2-IR within most cochlear BMs including the strial and spiral ligamental perivascular
BMs (arrows), in RM, and the IDC, and in the basilar membrane. Fig 8E demonstrates α-
dystroglycan-IR within most cochlear BMs (arrowheads) with strong IR in cells of the outer
sulcus (OS), the IDC, RM, the spiral prominence and stria vascularis perineural BMs. The
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inner and outer hair cells and the supporting cells in the organ of Corti (OC) were not reactive
for any ECM proteins. All of the basement membrane proteins were expressed to differential
degrees within Reissner’s membrane, the basilar membrane, and the interdental cells.
Perineural and perivascular BMs in the STV and the spiral ligament (SL) expressed collagen
α2IV, nidogen and laminin-β2. The tectorial membrane was not visualized because it had
become detached during the microdissection of the cochlea. Magnification bar is 100 µm for
all figures.
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Fig 9.
Positive controls for BM antibodies. Fig 9A shows nidogen-IR in tubular BMs of the human
kidney (arrowheads). Fig 9A1 shows nidogen-IR in perivascular BMs of the human cerebral
cortex (arrowheads). Fig 9B shows αdystroglycan-IR in tubular BMs of the human kidney
(arrowheads). Fig 9B1 shows αdystroglycan-IR in perivascular BMs of the human cerebral
cortex (arrowheads). Fig 9C shows collagen IVα2-IR in the human kidney BMs (arrowheads).
Fig 9C1 shows collagen IVα2-IR in perivascular BMs of the human cerebellar cortex
(arrowheads). Fig 9D shows laminin-β2-IR in BMs of the human kidney (arrowheads). Fig 9E
shows tenascin-C-IR underneath the inner and outer hair cells of the one day old mouse
(arrowheads). Fig 9F shows AQP4-IR in Hensen cells (HC) of the human organ of Corti (OC).
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STV: stria vascularis. Fig 9G demonstrates an example of human crista ampullaris
immunostained with all the reagents except for the primary antibody. No specific
immunoreaction was observed. Magnification bar is 200 µm for figures A–D, and F and G, 10
µm for E.
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Table 1
Postmortem time and quality of immunostaining

Postmortem
time/Sex/Age

Crista ampullaris Utricular
macula

Saccular
macula

Cochlea

6 hrs/F/85 years ++ ++ ++ ++

5 hrs/F/91 years ++ ++ ++ ++

8 hrs/F/ 86 years + + + +

4 hrs/F/94 years +++ +++ +++ +++

3 hrs/M/84 years +++ +++ +++ +++

Excellent quality: +++ (no background, immunoreactive signal intense)
Good quality: ++ (no background, immunoreactive signal less intense)
Regular quality: + (some background, immunoreactive signal much less intense).
F: female, M: male.
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Table 2
Antibodies: source, type, dilution, specificity, immunogen, and controls.

Antibody/
Source/ Cat #

Antibody type/
dilution

Specificity/
Immunogen

Positive/
negative controls

Collagen IVα2/
Chemicon
Int./MAB1910

Mouse monoclonal
IgG
/ 1:500

Human type IV collagen α2
chains/
Human amniotic type IV
collagen

Human kidney and brain BMs
(Fig 9)/
Omission of the antibody (no
reaction)

Nidogen-1/
Calbiochem/
481918

Rabbit polyclonal IgG
/ 1:500

Human nidogen/ Purified, human
placental nidogen.

Human kidney and brain BMs
(Fig 9)/
Omission of the antibody (no
reaction)

Tenascin-C/
Chemicon Int./
AB19013

Rabbit polyclonal IgG
/ 1:1000

Tenascin chicken, human and
mouse/
Purified tenascin from
embryonic
chicken brain

Mouse cochlea (Fig 9)/
Omission of the antibody (no
reaction)

Laminin-β2/
Upstate/
05–206

Rat monoclonal IgG
/ 1:200

Human and mouse β2 chain
laminin/
Murine EHS laminin

Human kidney BMs(Fig 9)/
Omission of the antibody (no
reaction)

αDystroglycan
Upstate/
05–593

Mouse ascites IgM
/ 1:250

αDystroglycan from human,
mouse,
rat/ rabbit skeletal muscle
membrane
preparation

Human kidney and brain BMs
(Fig 9)/
Omission of the antibody (no
reaction)

Aquaporin-4/
Santa Cruz/
Sc-20812

Rabbit polyclonal IgG
/ 1:1000

AQP4 mouse, rat and human/
amino
acids 244–323 mapping at the C-
terminus of AQP4 of human
origin

Human cochlea and brain (Fig 9)/
Omission of the antibody (no
reaction)

Chemicon Int. (Temecula, CA); Upstate (Temecula, CA); Calbiochem (La Jolla, CA); Santa Cruz Biotechnology (Santa Cruz, CA)
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Table 3
Basement membrane (BM) protein localization in human vestibular endorgans.

Protein Stroma Sensory epithelia Transition
epithelia

Collagen IVα2/ PV BM+++
PN BMs++

BM+++ BM+++

Nidogen/ PV BM+++
PN BM+++

BM+++ BM+++

Tenascin-C/ PV BM −
PN BM−

Epithelial BM:
CA central zone+++

CA peripheral PS zone −
MU and MS BMs ++
Type I-Like calyces

(CA, MU and MS) +++

BM

Laminin-β-2/ PV BM++
PN BM++

BM++ BM+++

αDystroglycan PV BM+
PN BM+

BM+++ BM−

Legend: CA cristae ampullares; MU: macula utricle, MS macula saccule; PS planum semilunatum; PV: perivascular; PN: perineural

−= not detected

+= faintly immunoreactive

++= immunoreactive

+++= highly immunoreactive
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