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Subcellular localization of the “classic” s100 subunits
in vestibular end organs of the rat
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Using immunohistochemical techniques, the distribution of the “classic” S100 calcium
binding proteins, α (A1) and β (B), was determined in the mammalian vestibular end
organs. An affinity-purified polyclonal antibody which recognized both the A1 and
B subunits and two monoclonal antibodies specific for either the A1 or the B subunit
were used in this study. S100A1 was localized specifically to the basal region of the
sensory epithelium (saccular macula, cristae ampullaris and utricular macula) when a
cross-linking fixative (4% paraformaldehyde) was utilized. Using a fixation protocol
including paraformaldehyde and a precipitating fixative revealed an additional
localization of S100A1 to the apical region of the saccular macula, cristae ampullaris
and utricular macula. This indicates the presence of two populations of S100A1 in these
cells: a cytosolic (soluble) component; and a membrane-bound fraction. In contrast,
S100B was localized to the layer of the vestibular nerve fibers. Immunoreactivity for
S100B was not observed in the sensory epithelium of the saccular or utricular macula
or in the cristae ampullaris. The preferential distribution of S100B to the nerve fibers
and S100A1 to cells of the sensory epithelium, in two forms (cytosolic and membranebound), may be important in the functional roles of S100 proteins in the vestibular
sensory end organs.
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Introduction
S100 proteins are acidic low molecular weight members of a
family of calcium-binding proteins that were originally identified
in the nervous system,1,2 S100 proteins have since been localized to
several neuronal and non-neuronal cells, including adrenal chromaffin
cells and skeletal muscle cells, in addition to glial cells and neurons.3
The two “classic” S100 proteins were given the designation α and β.
Since, these two S100 proteins tended to form homo- or heterodimers
with each other; they were described as “subunits” of S100. Related to
their apparent function, these proteins have been reported to be closely
associated with cytoskeletal proteins.3 These “classical” S100 proteins
exist in three dimeric forms (S100a [αα], S100ao [αβ] and S100b
[ββ]). To fit in with the current nomenclature for S100 proteins, the α
subunit is referred to as S100A1 and the β subunit is now designated
S100B.4 Since their initial identification, several other S100-related
proteins with high degrees of structural homology to the S100A1 and/
or S100B have been identified and are included as members of the
S100 family.3,4 A large group of S100 proteins that have similarities
to S100A1 are clustered on the 1q21 loci of chromosome 1 in the
human5,6 and were named according to their spatial placement on this
loci. Ridenger et al.6 have also identified a similar distribution of many
of the S100 proteins on mouse chromosome 3. The gene for S100B is
located on human chromosome 21.7 The relationship of S100 to human
brain disorders is supported by the finding that there is an increase in
the level of S100B in the amniotic fluid in trisomy-21 fetuses,8 the
number of glial cells expressing S100B is increased in patients with
trisomy 21 (Down’s syndrome)9,10 as well as in patients with certain
forms of Alzheimer’s disease11,12 associated with similar genetic
defects on chromosome 21. Most of the S100 proteins identified on
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human chromosome 1 have been named using S100A plus a number
to identify its location on chromosome 1 (e.g., S100A1, S100A2,
etc.). Some examples of these other S100 proteins include S100A2
identified in the lungs, kidney4 and cartilage,13 S100A4, A6 and A10
in fibroblasts,14 and S100A7-A10 in epithelial cells.15,16 Although the
apparent typical location of S100 proteins is either plasma membranebound or cytoplasmic, the S100A6 protein has been localized with
annexin II to the nuclear envelope of smooth muscle cells.17 S100A6
has also been reported to be associated with subpopulation of neurons
and glial cells.18
S100 proteins have been implicated as modulators of Ca2+dependent processes, such as secretion/neurotransmission19‒21
and intracellular Ca2+ release.22 In addition, S100 proteins, in
particular S100B, may be related to tissue development, repair and
regeneration,23 the process of learning and memory24 and appear to
play a role in central nervous system development and pathologies.9‒12
In addition to Down’s syndrome and Alzheimer’s disease, S100B is
also over expressed in children with cerebral palsy25 and has been
implicated in schizophrenia26 and affective disorders.27 Treatment
with antidepressants also results in increased levels of S100B mRNA
in mouse hippocampus.28 Serotonin action during central nervous
system development has been shown to be mediated by S100B,29
and serotonin release during exercise is associated with a concurrent
increase in serum S100B levels.30 It is clear from these studies that
S100B is associated with central nervous system nerve cell maturation
and function. S100B and S100A1 have also been localized to the
peripheral nervous system.31

362

©2017 Foster. This is an open access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and build upon your work non-commercially.

Copyright:
©2017 Foster

Subcellular localization of the “classic” s100 subunits in vestibular end organs of the rat

363

In non-neuronal tissues, S100B and S100A1 are involved in the
proper function and development of a variety of tissues.16‒35 The
distribution of S100B and S100A1 has been categorized in a number
of non-neuron tissues.36 It was observed that S100A1 localization
appeared to be associated with secretory cells of exocrine glands. In
contrast, S100B was localized to ductal cells or myoepithelial cells
in these same glands. They suggested that Ca+2 -induced secretion
may be mediated by S100A1. In the nervous system, S100A1 may
have a similar function in Ca+2 mediated neurotransmitter release.
Haimoto’s36 group also found S100A1 associated with columnar
cells of several stratified columnar epithelia. S100B was found in the
cytoplasm of basal cells. They proposed that basal cell differentiation
into columnar cells may involve a switch from S100B to S100A1
expression. A differential expression of these two S100 proteins in
the vestibular end organs may also indicate a similar function in
directing normal hair cell function or developmental changes. These
proteins, upon binding free intracellular calcium, may modulate
calcium-associated events by regulating intracellular calcium levels
or by directly interacting with specific intracellular proteins. Using
immunohistochemical techniques, we report the cellular distribution
of S100A1 and S100B in vestibular end organs of the rat (saccular and
utricular maculae, and crista ampullaris).

were counter-stained with 0.025% crystal violet in methanol for
2-5minutes to eliminate autofluorescence. After the sections were
washed with PBS, they were treated for 15minutes with a PBS and
0.1% Triton X-100 solution to enhance primary antibody penetration.
1% goat serum in PBS was then applied to sections for 10minutes to
block non-specific labeling. They were then incubated overnight in
primary antibody at 4°C. The primary antibodies (mouse monoclonal
antibodies raised against either purified S100A1(α subunit) or purified
S100B (β subunit), and a rabbit polyclonal antibody which recognized
both S100A1 and B were used in this study; Sigma Immuno Chemical
Co., St. Louis, MO) were diluted with Zymed antibody reagent
(Zymed Co., San Francisco, CA) at dilutions of 1:3000, 1:1000, and
1:1000, respectively. Following overnight incubation with the primary
antibody, sections were washed with PBS and incubated with a FITC
goat anti-rabbit IgG or FITC goat anti-mouse (Zymed, SanFrancisco,
CA), respectively, for 1hour at room temperature, rinsed in PBS, and
mounted in Vectashield (Vector Laboratories, Inc., Burlingame, CA)
or in a PBS solution containing 0.1% p-phenylenediamine and 70%
glycerol. Slides were examined and photographed by bright field or
epifluorescence using a Nikon microscope. The primary antibody
was deleted from the incubation medium as a control for staining
specificity.

Materials and methods

Western blot analysis

Tissue isolation and processing

To characterize the specificity of the S100 antibodies, we used
western blot analysis with purified S100B (Bovine S100B; Research
Diagnostics, Inc., Flanders NJ). The purified antigen was dissolved
in buffer containing 2% SDS, 10% glycerol, 0.05% mercaptoethanol,
and 0.0025% bromophenol blue, and 0.0625M Tris HCl, pH 6.8.
Samples in sample buffer were vortexed and immersed in a boiling
water bath for 90sec to denature proteins. The antigen (30µg of
S100B/lane) was separated on an SDS/PAGE (12.5% acrylamide
gel) in a Biorad Mini-protease II dual slab-cell apparatus (Bio-Rad
Laboratories, Richmond, CA). The samples were transferred onto a
nitrocellulose membrane overnight in 25mM Tris, 0.2mM glycine,
and 20% methanol. Membranes were blocked for 1hr in Tris-buffered
saline (TBS) containing 8% non fat milk powder and were probed
with the polyclonal antibody directed against both S100A1 and B, and
the monoclonal antibodies specific for either S100B or S100A1 (see
above). The membranes were then washed in TBS and 0.2% Tween-20
and incubated with peroxidase goat anti-rabbit IgG or peroxidase horse
anti-mouse IgG (Vector Laboratories, Inc., Burlingame, CA) diluted
1:1000) for 1hr at room temperature. The peroxidase reactivity will
be visualized using 0.5mg/ml of diaminobenzidine in TBS and 1µl/
ml of 30% H2O2. Prestained low molecular weight markers (SigmaAldrich Corp. St. Louis, MO) were run along with antigen samples to
estimate protein size. The molecular weight of monomeric S100B is
about 10-12 kDa.14 The experiments involving the use of animals in
this study were approved by the Animal Investigation Committee of
Western University of Health Sciences.

Labyrinthine structures of CD rats (Charles River Laboratories,
Wilmington, MA), 18-21days old, were fixed by vascular perfusion
with 4% paraformaldehyde in 0.1% acetate buffer at pH 6, followed
by 4% paraformaldehyde in 0.1M borate buffer at pH 11. Fixation
continued overnight at 4°C. Some tissues were fixed in a precipitating
fixative to stabilize soluble proteins which can be lost during
fixation in formaldehyde.37 This precipitating fixative contained 4%
paraformaldehyde, 2% trichloroacetic acid (TCA), 2% zinc chloride
and 20% isopropanol. The temporal bones were removed and
labyrinthine tissues (cochlea, vestibule and semicircular canals) and
perfused with the same fixative introduced through the oval window.
The inner ear tissues were immersed in fixative for an additional
hour at 4°C and then decalcified in a 3% ethylenediaminetetraacetic
acid (EDTA) solution over 5 to 7days at 4°C.38 The tissues were then
either infiltrated with chilled phosphate-buffered, graded (10%-20%30%) sucrose solutions, embedded in O.C.T. embedding medium
(a water soluble embedding medium containing polyvinyl alcohol
and polyethylene glycol used with frozen tissues; Miles, Elkhart,
IN) and sectioned at 10-20μm with a cryostat. Alternatively tissues
were dehydrated in graded ethanol, cleared with xylene, embedded
in paraffin at 56-58°C and sectioned at 6μm with a histological
microtome. Sections were deparaffinized using xylene and rehydrated
in a series of graded alcohol washes (100%, 90%, 70%) and distilled
water. For both techniques, the tissue blocks were oriented with the
plane of section parallel to the long axis of the modiolus. Such an
orientation allows one to visualize in the same section the basal and
apical turns of the cochlea, vestibular structures (saccule, utricle and
cristae ampullares), and peripheral processes and cell bodies of the
cochlear and vestibular nerves.

Immunohistochemistry
For immunofluorescence detection, slides containing paraffin
sections were rehydrated with 0.01M phosphate-buffered saline at
pH 7.4 (PBS) for 15minutes at room temperature, and some slides

Results
When sections of the crista ampullaris were fixed with the
precipitating fixative, S100A1B immunoreactivity was distributed
throughout the apical and basal portions of the epithelium and also
within the vestibular nerve fibers (Figure 1). The distribution of
immunoreactivity for each subunit was the same in vestibular end
organs obtained from the macula of the saccule and utricle (Figure
2). When sections of the vestibular end organs were fixed with
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paraformaldehyde or the precipitating fixative (Figure 3; crista
ampullaris), S100B immunoreactivity localized to components of the
vestibular nerve fibers. When sections of the vestibular end organs
were fixed with 4% paraformaldehyde (Figure 4; crista ampullaris),
S100A1 immunoreactivity was localized to the basal region of
vestibular epithelium of the crista ampullaris and the utricular
maculae. Fixation with the precipitating fixative, revealed a different
pattern of localization. Not only was the basal area immunoreactive,
but the apical regions of the epithelium in the vestibular end organs
were also positive for S100A1 (Figure 5; crista ampullaris). No
immunoreactivity was detected in control sections of crista ampullaris
incubated with secondary antibody only (Figure 6). The distribution
of S100A1 and S100B is summarized in Tables 1 & 2. Incubation of
the vestibular ganglion with the antibody to the S100A1B (data not
shown) or S100B (Figure 7) revealed immunoreactivity distributed
throughout the area of the vestibular ganglion. Regardless of the
fixation protocol used, there was no immunoreactivity for S100A1
in any component of the vestibular ganglion (Figure 8). Specificity
of the antibodies to S100 subunits was tested on Western blots
(immunoblots) performed on purified S100B antigen. The antibodies
raised against S100B and the mixture of S100A1B reacted with
the purified S100B protein. The antibody specific for S100A1was
very weakly cross-reactive with the purified S100B protein (Figure
9). Thus, the S100A1B and S100B antibodies were specific for the
S100B subunit and the S100A1 antibody did not show appreciable
affinity for the S100B subunit.
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Figure 3 Section of the crista ampullaris fixed with the precipitating fixative.
S100B immunoreactivity localized to the vestibular nerve fibers. Bar, 50μm.

Figure 4 Section of the crista ampullaris fixed with 4% paraformaldehyde.
S100A1 immunoreactivity localized in basal region of vestibular epithelium of
the crista ampullaris. Bar, 50μm.

Figure 1 Section of the crista ampullaris fixed with purfix. S100A1B
immunoreactivity distributed throughout the apical and basal portions of the
epithelium and also within the vestibular nerve fibers. Bar, 50μm.

Figure 2 Section through the macula of the utricle. S100A1B distributed in
the apical region of the hair cell and distributed in area of the nerve fibers.
Bar, 50μm.

Figure 5 Section of the crista ampullaris fixed with the precipitating fixative.
S100B immunoreactivity localized in the basal and apical region of the
vestibular epithelium of the cristae ampularis. Bar, 50μm.
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Figure 8 Control section of the vestibular ganglion. There was no
immunoreactivity of S100A1 present within the region of the ganglion. Bar,
10μm.
Figure 6 Control section of crista ampullaris. No immunoreactivity detected
(minimal non- specific staining in the region of the nerve fibers). Bar, 50μm.

Figure 9 Western blot (immunoblot) was performed on raw purified S100B
antigen. It was reacted with antibodies to either S100A1 (A1) or S100B (B),
and or to both S100A1 and B (A1-B). Two bands were stained with either
antibody that recognized S100B. One band was at ~10kDa and the other was
~20kDa. The lower molecular weight band corresponded to the molecular
weight on the monomeric form of S100B while the higher molecular weight
band corresponded to the expected weight of the homodimer of this protein.
The antibody to S100A1 did not appear to bind to the S100B antigen.

Figure 7 Section of the vestibular ganglion. S100B immunoreactivity
distributed throughout the area of the ganglion. Bar, 10μm.

Table 1 Distribution of S100 Proteins in the Vestibular End Organs. This table summarizes the distribution of the S100 subunits in the vestibular end organs
Anti-S100A1

Anti-S100B

Epithelial cells

Vestibular
ganglion

Paraformaldehyde

+

Precipitating Fixative

+

Anti-S100A1 and B

Epithelial cells

Vestibular
ganglion

Epithelial
cells

Vestibular
ganglion

-

-

+

+

+

-

-

+

+

+

Table 2 Effect of Fixation Protocol on the Distribution of S100 Proteins in Vestibular Epithelial Cells.This table summarizes the distribution pattern of the S100
subunits within the epithelial cells of the vestibular end organs obtained from the two different fixation protocols

Anti-S100A1

Anti-S100B

Anti-S100A1 and B

Basal region

Apical region

Basal region

Apical region

Basal region

Apical region

Protocol: Paraformaldehyde

+

-

-

-

+

-

Precipitating Fixative

+

+

-

-

+

+
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Discussion
In previous studies, we identified the presence of
immunohistochemical staining for S100 in vestibular hair cells of
the trout and mammals.39,40 The results of these two studies were
based on the use of a polyclonal antibody that recognized antigenic
sites common to both S100A1 and S100B. Therefore, the sites of
immunocytochemical reaction identified could be due to the presence
of either one or both S100 subunits. Since different functions have
been ascribed to S100A1 and S100B in other systems, we identified
the distribution of the two “Classic” S100 proteins, S100A1 and
S100B in the vestibular end organs of the rat. The presence of these
S100 proteins suggests a role for S100 in hair cell-related functions,
such as modulation of sensory transduction or regeneration of hair
cells in response to injury.

General distribution of “classic” S100 proteins
When sections of the vestibular end organs, crista ampullaris,
and the maculae of the saccule and utricle, were fixed with the
precipitating fixative or the cross linking fixative (paraformaldehyde),
immunoreactivity for S100 protein was distributed throughout
the apical and basal portions of the vestibular epithelium and also
vestibular nerve fibers. This is consistent with results from our
earlier studies.40 To further address the involvement of S100 proteins
in vestibular end organ functions, we identified the two individual
“classic” S100 proteins.

Distribution of S100B
When we identified the immunoreactivity for S100B in vestibular
end organs, we found that it was confined mainly to components of
the vestibular nerve fibers. This is consistent with S100B location in
a number of other nervous system locations. For instance, S100B was
found associated with ensheathing cells of the rat olfactory pathway
during development,41 peripheral glial cells of the human fetal
cochlea,42 satellite cells of sensory, sympathetic and enteric ganglia,
and in supporting cells of the adrenal medulla, myelinating and nonmyelinating Schwann cells.31 Peripheral neurons express both S100A1
and B, while the dorsal root ganglion contained S100B in the human
peripheral nervous system.
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In support of this model, release of S100B from cultured cells has
been shown to occur.50,51 In addition, evidence has been obtained
which implicates an autocrine, or self regulating function for S100B.
For example, glial cells in which S100B production was inhibited
by specific antisense techniques exhibited decreased cell growth.52
Furthermore, addition of S100B to glial cultures leads to increases in
expression of growth-associated proto-oncogenes, c-myc and c-fos,
incorporation of [3H] thymidine, and cell number.53

Distribution of S100A in vestibular end organs
When sections of the vestibular end organs were fixed with 4%
paraformaldehyde, S100A1 immunoreactivity was localized to
the basal region of vestibular epithelium, in the crista ampullaris
and the utricular maculae. Fixation with the precipitating fixative,
revealed a different pattern of localization. Not only was the basal
area immunoreactive, but the apical regions of the epithelium in
the vestibular end organs were also positive for S100A1. The basal
localization may be due to membrane-bound or membrane-associated
population of S100A1 since these types of proteins are better
retained in aldehyde fixed tissues. Membrane-associated proteins
may be associated with intracellular structures, such as mitochondria
membranes or cisternae of the endoplasmic reticulum, or may be
associated with plasma membrane proteins. Thus, as is the case for
cardiac muscle,54 there appears to be a fraction of S100A1that is
extracted from tissue during processing. The S100A1 located in the
apical region of supporting cells that is lost during fixation in our
study may represent S100A1 interacting with target proteins located
in this region of the cell. In supporting cells, components of the
cytoskeleton are located in this region and may contain target proteins
for S100A1. The additional quantity of S100A1 in the apical region of
the vestibular epithelium revealed with the precipitating fixative may
well correspond to a soluble cytoplasmic fraction of S100A1. These
proteins may be associated with components of the cytoskeleton.
During aldehyde fixation, soluble proteins can be lost.37 This may
indicate different functions for the S100A1 in the basal versus apical
regions of the cell. The initial steps of sensory transduction occur in
the apical region of vestibular hair cells, and the S100A1 located in
this region may help to modulate the transduction process.

and

Possible functions of S100A1 and S100B in vestibular
end organs

Taken together, these findings of association of S100B with
cells of the nervous system suggest a role for this protein in nervous
system development. This assertion may have implications for a
functional role of S100B (or S100A1) in vestibular hair cells. Further
evidence of the involvement of S100B in neuronal and nervous
system development has come from data obtained in several studies.
S100B has been found to be associated with neuronal and glial cells
in the central and peripheral nervous systems.43 Neurite extension is
induced by addition of S100B to dissociated cultures of embryonic
chick telencephalic neurons,43 serotonergic neurons of mesencephalic
raphe,44 cells of optic tectum45 and cells of dorsal root ganglion.46
S100B also enhances the survival of chick telencephalic neurons47
and embryonic motor neurons.48 In addition, it has been reported
that S100B protects hippocampal neurons from damage induced by
glucose deprivation.49 Kligman & Marshak 43 proposed a model which
states that glial-derived S100B released into extracellular spaces
exerts a trophic influence on the development of neighboring neurons.

The S100 subunits have been localized to a number of tissues
and cell types.36 For example, in stratified columnar epithelia of the
endocervical duct and ductus epididymis, S100A1 is located in the
columnar cells, whereas S100B is associated with the basal cells,
a population of cells capable of differentiation into columnar cells.
Haimoto et al.36 suggested that during the change from undifferentiated
basal cells to the differentiated columnar cells, a corresponding switch
occurs from expression of S100A1 to expression of S100B. In support
of the idea that more than one form of S100 may be involved in hair
cell regulation, S100A1, A5 and A6 have been shown to be expressed
at different times during the development of the dog cochlea.55 Of the
newer forms of S100 proteins identified, some have target proteins
or actions that may be of particular importance in the functional
regulation of vestibular hair cells. For example, during normal
epidermal differentiation, as well as, during epidermal growth in
psoriasis,16 S100A7 changes from a cytosolic to a plasma membranebound form. The cytosolic form is presumed to be secreted (or
released during cell death) acting as a chemotaxic agent for epidermal

Influence of
proliferation

S100B

on

cell

development
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growth and differentiation. In addition, S100B binds to and regulates
the calcium-dependent activity of a membrane-bound guanylate
cyclase protein in bovine retina.56,57 Perhaps in a manner similar to that
reported in the mammalian retina, the cytoplasmic portion of S100A1
in the apical region of the vestibular hair cells may be involved in
modulating sensory transduction by binding to a plasma membranebound protein.
As is the case in the central nervous system, S100 may be
involved in development and maintenance of sensory hair cells or
peripheral nerve pathways in the vestibular end organs. In addition,
this protein may play a role in hair cell regeneration by stimulating
proliferative activities in certain cell types, such as supporting cells
of the vestibular epithelium. This suggestion of S100 involvement
in hair cell regeneration is supported by known characteristics of
extracellularly located S100 obtained from studies on glial cells.
For instance, mRNA for S100B does not code for a secretion signal
sequence, suggesting that S100B is not normally secreted by glial
cells.58 Instead it may be released in response to cell damage and lysis.
In vestibular sensory epithelia of the utricular maculae of guinea
pigs and humans, treatment with ototoxic levels of aminoglycoside
antibiotics (neomycin or gentamicin) results in a dramatic loss
of sensory hair cells. Replacement hair cells appear to arise from
proliferating supporting cells.59,60 Supporting cells perform “gliallike” functions in the vestibular end organs, i.e., they are necessary
for the maintenance and viability of sensory hair cells. Due to their
similarities to glial cells, supporting cells may also respond to S100 in
a manner similar to that seen in glial cells.
By analyzing the data from this study, we can also comment on
the type of dimerizations that occurs between S100A1 and S100B in
the vestibular end organs. S100A1 was exclusively localized to cells
in the sensory epithelium of all three types of vestibular end organs
(cristae ampullaris, saccular macula and utricular macula). S100A1
was not found in vestibular nerve fibers, vestibular ganglion or nonsensory epithelium lining the membranous labyrinth. Staining for
S100A1 in the sensory epithelium was confined to the basal and
apical cytoplasmic domains of the supporting cells. In contrast,
immunoreactivity for S100B was exclusively localized to vestibular
nerve fibers and the vestibular ganglia. There was no noticeable
staining of cells in the vestibular epithelium. It is evident that since the
distribution of these two S100 proteins was exclusive of each other,
the vestibular epithelial cells stained by the S100A1 antibody contain
only S100A1-S100A1 homodimers. Likewise, those structures
identified by the S100B antibody (vestibular nerve fibers and ganglia)
contain only S100B-S100B homodimers. There does not seem to be
an identifiable population of cells that contain heterodimers (S100BS100A1). In conclusion, we have described the immunohistochemical
localization of S100 in vestibular end organs of the rat. We report on
a differential distribution of the two “classic” S100 proteins within
this system. S100A1 was associated with epithelial cells of the
vestibular end organs, while S100B was associated with the neuronal
components of these end organs. The distribution of each S100 protein
was mutually exclusive of the other protein. This mutually exclusive
distribution suggests different functional roles of these two proteins
within the vestibular end organs.
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