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Abstract
Acid-sensing ion channel 2 (ASIC2) works as a proton-gated ion channel. Our previous report showed that ASIC2
was expressed in ciliated and stereociliated cells. In the central nervous system, ASIC2 was detected in neurons.
However, ciliated ependymal cells also expressed ASIC2. In addition to ependymal cells in the cerebral ventricle,
epithelial cells of the choroid plexus expressed ASIC2. We clarified that ASIC2 localized at the cilia membrane in
ciliated ependymal cells and at the epithelial cell body in the choroid plexus, irrespective of ciliation. The role of
ASIC2 in the ependymal cells remains to be clarified.

ventricle, the choroid plexus is also observed and the surface of the
choroid plexus comprise modified ependymal cells.
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Introduction
Na+

Acid-sensing ion channels (ASICs) are voltage-independent
channels of the epithelial sodium channel/degenerin (ENaC/DEG)
gene family [1] that are activated by external cations [2,3]. Six different
ASIC subunits have been identified in mammals, encoded by four
ASIC genes (ASIC1–4). Acid-sensing ion channel (ASIC) 1 and ASIC2
each have alternative splice variants; ASIC1a and ASIC1b; ASIC2a and
ASIC2b, respectively [4-6]. ASICs have the common structures; two
hydrophobic transmembrane segments (M1 and M2) and extracellular
cysteine-rich domains between M1 and M2 [3,7]. Acid-sensing ion
channels generate either homo- or hetero-trimers [8], and are widely
expressed in both neuronal [9-11] and non-neuronal organs [12-15].
Among ASICs, ASIC2 subtype homomeric channels demonstrate
unique functions. The ASIC2 gene was originally cloned as brain
sodium channel 1 (BNaC1) [10]. Compared with the other ASIC
homomeric channels, ASIC2a homomeric channels require the lowest
pH, (pH<5.0) to be activated. The other ASIC2 subtype, ASIC2b, does
not assemble into a functional channel by itself. The ASIC2 subtypes
generate homo- or heteromeric channels with other ASICs and
contribute perform unique functions, in the mammal nervous system
[16-20].
Previously, we showed that ASIC2 expression in rats was detected
in cilia membranes of ciliated cells and in the cell body of cells having
stereo-cilia [21,22]. ASIC2 expression in the ciliated cells was limited
to the cilia membrane in the rat respiratory system and oviduct [21].
Its expression was detected in mature cilia, not in immature or
primary cilia, and was observed in the development of the olfactory
epithelium [22]. Recently, Vina et al. showed that ASIC2 was
expressed in cilia of non-sensory olfactory cells in zebrafish [23].
In the nervous system, ependymal cells are ciliated. Representative
ependymal cells are histologically observed in the ventricular wall and
central canal in the brain and spinal cord, respectively. In the brain
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In the present study, we demonstrated the presence of ASIC2 in
ependymal cells and choroid plexus in adult rat brain and spinal cord.
This is the first report showing that ASIC2 is expressed in the central
nervous system (CNS), except in the neurons.

Materials and Methods
Immunohistochemistry
All animal experiments conformed to the regulations of the
Sapporo Medical University Animal Care Committee and were
conducted in accordance with the National Institute of Health
guidelines on animal care. All efforts were made to minimize the
number of animals used and their suffering. Following cardiac
perfusion of 4% paraformaldehyde dissolved in a 0.01 M phosphatebuffered saline (PBS) (pH 7.4) (4% PFA), the brain and spinal cord
were excised from adult Sprague–Dawley (SD) rats under deep
anesthesia with sodium pentobarbital (50 mg/kg body weight). The
specimens were fixed with the same fixative at 4°C overnight. After the
specimens were washed and cryoprotected, they were embedded in
NEG50TM (RICHARD-ALLAN ScientificTM, Kalamazoo, MI, USA).
Serial sections, each 12 µm thick, were cut with a cryostat (HM 5050E,
Microm, Heidelberg, Germany) and placed on MAS-coated slides
(MATSUNAMI Glass Ind., Ltd., Osaka, Japan).
For
the
immunohistochemistry,
a
synthetic
peptide
(VPLQTALGTLEEIA) with common residues to ASIC2a and ASIC2b
was coupled to keyhole limpet hemocyanin (Sigma, St. Louis, MO,
USA) and emulsified with Freund’s complete adjuvant (DIFCO,
Detroit, MI, USA). Guinea pigs were immunized with injections of
peptides conjugated to keyhole limpet hemocyanin. The anti-ASIC2
antibody was affinity-purified by passing the purified IgGs through
Sepharose columns to which the unconjugated ASIC2 peptide had
been immobilized [24]. A previous study confirmed the specificity of
the antibody by a pre-absorption test with a suitable antigen [21,24].
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The compound was removed from the specimens. After incubation
with 5% normal goat serum in PBS, the sections were reacted with the
anti-ASIC2 antibody at 4°C overnight. The reacted specimens were
washed five times with PBS containing 0.3% Triton-X 100 (PBST) and
incubated with a biotinylated anti-guinea pig IgG antibody (Jackson
ImmunoResearch Labs., Inc., West Grove, PA, USA) for 90 min at
room temperature (RT). After the specimens were washed three times
with distilled water, they were reacted with streptavidin (Jackson) for
30 min at RT. Immunoreactive sites were visualized using 0.025% 3,3diamino-benzidine tetrahydrochloride (DAB, Dojin, Kumamoto,
Japan) in 0.05 M Tris-HCl buffer (pH 7.4) containing 0.01% hydrogen
peroxide. Finally, these samples were dehydrated and mounted with
MP500 (MATSUNAMI Glass Ind.).

cilia in the ciliated cells of rat trachea or oviduct, and was observed in
the cell body in the nonciliated cells of rat inner ear or epididymis [21].
However, unlike the ciliated cells of rat trachea or oviduct, and the
nonciliated cells of rat inner ear or epididymis, the ependymal cells
and choroid plexus in the brain ventricle share the same space. These
results led us to speculate that ASIC2 contributes to maintain the
normal functions of cerebrospinal fluid (CSF).

Transmission electron microscopy
For transmission electron microscopy (TEM), the brain was excised
from adult SD rats under deep anesthesia and fixed with 4% PFA
including 0.1% glutaraldehyde in PBS at 4°C overnight. The methods
used to mount them were the same for the immunohistochemistry
described above. Mounted samples were cut into sections, each 14 μm
thick, with the cryostat. After each section was removed from the
compound and washed in PBS containing 0.1% Tween 20 (PBSt), it
was blocked with 5% normal goat serum in PBS for 15 min at RT and
incubated with the anti-ASIC2 antibody at 4°C overnight. After
incubation, each specimen was washed five times with PBSt for 5 min.
The samples were incubated with 12-nm anti-guinea pig colloidal gold
(Jackson ImmunoResearch Labs., Inc.) at 4°C overnight. After each
specimen was washed three times with PBS for 5 min, they were fixed
with 0.1% glutaraldehyde in PBS for 10 min at RT. After the enhanced
samples were washed with PBS, they were post-fixed with 2.5%
glutaraldehyde for 90 min at RT. The samples were dehydrated
through a graded ethanol series, embedded in epoxy resin, and cut into
ultrathin sections with an ultramicrotome (MT6000, Dupont,
Wilmington, DE, USA). The ultrathin sections were then stained with
uranyl acetate and lead citrate, and examined with an electron
microscope (H7500, HITACHI, Tokyo, Japan).

Results and Disucussion
The distributions of ASIC2 protein in ependymal cells and choroid
plexus were evaluated by immunohistochemistry (Figure 1a-1f).
Immunohistochemistry results of rat brain sections performed with
antibodies against ASIC2 showed a positive reaction (observed as a
brown colors) in the cilia and cytoplasm of the epithelia in the
ependymal cells and choroid plexus, respectively (Figure 1a-1d).
Similarly, the reaction of ASIC2 antibody was detected in the central
canal in the spinal cord (Figure 1e and 1f).
Pre-absorption with the relevant peptide prevented the
immunoreaction of ASIC2 (Figure 1g-1i). To clarify the localization of
ASIC2 in the cells, we investigated the ultrastructural
immunolocalization with TEM. The ependymal cells had a lot of cilia
on the apical side and the gold particles were detected on the cilia
membranes in the brain ventricles (Figure 2a and 2b). In the cells of
lining the central canal in rat spinal cord, ASIC2 expression was also
detected on the cilia membranes (Figure 2c and 2d). The choroid
plexus have not cilia, but instead have microvilli on their surfaces. The
gold particles were detected in the bodies of the choroid plexus
epithelium (Figure 2e and 2f). The difference in the distribution
between the ependymal cells and choroid plexus was in agreement
with our previous report [21]. ASIC2 expressions, was observed in the
J Cytol Histol
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Figure 1: Immunohistochemical localization of ASIC2 in rat brain
and spinal cord. In 4th ventricle (a and b), the immunoreactivities
of ASIC2 are detected in ependymal cells (c) and choroid plexus
(d). In ependymal cells, the reactions of ASIC2 are detected on cilia
(arrows in b and c). In spinal cord (e), the reaction is detected in the
marge of central canal (※ in f). Results with primary antibody
against ASIC2 following preabsorption with the antigen are showed
in lower 4 panels; 4th ventricle (g and h) and spinal cord (i and j).
ASIC2 reactions are not detected in ependymal cells, choroid
plexus (h) and central canal (※ in j). Bars; 500 µm (a, e, g and i), 50
µm (b and j) and 20 µm (c, d, f and h).
The function of ASIC2 is not well understood [19], however, it has
an important role in the nervous system. This has been demonstrated
by the fact that behavior analysis of mice with ASIC2 gene disruption
showed a decreased defensive response to aversive stimuli, such as
predator odors or CO2 inhalation [25].
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physiological range, and ASIC2 homomultimers do not act as a sensor
of the reduction of extracellular pH [32]. On the other hand, the role
of ASIC2 as a direct peripheral mechanoreceptor [33] has been
controversial for a couple of years [34] because some groups have
suggested that ASIC2 does not contribute to mechanosensation
[35-37]. Therefore, it is difficult to define the function of ASIC2 as a
pH sensor or mechanoreceptor in the brain or spinal cord.
Harding et al. recently showed that ASIC2 controls another
channel, ASIC1a. Furthermore, expression levels at the cell surface in
Chinese hamster ovary cells and the expression levels of ASIC2 at
synapses are controlled by expression levels of PSD-95, a scaffold
protein in the postsynaptic membrane [19]. In addition, Zha et al.
reported that the complex of ASIC2 and PSD-95 facilitates the
accumulation of ASIC1a into dendritic spines [32]. These groups have
suggested a new functional possibility for ASIC2, which may influence
other channel expression levels.
The cilia have a lot of membrane receptors [38,39] however, our
results could not confirm whether ASIC2 in the ependymal cells and
the choroid plexus affects the expression of another channel.
Furthermore, the possibility that ASIC2 has other unknown functions
remains.
The ASIC2-positive reactions in gray matter in the cerebellum and
spinal cord (Figure 1l and 1e) were not nonspecific responses because
the results with primary antibody against ASIC2, following
preabsorption with the antigen showed that the reactions of the ASIC2
antibody were specific. We did not mention the immune reactions in
the gray matter in the cerebellum or the spinal cord in this article.
Further experiments are needed in order to clarify the ASIC2
localization in gray matter.

Figure 2: Immunogold electron micrographs showing ASIC2
localization on the rat ependymal cells in brain (a, b) and spinal
cord (c, d), and choroid plexus (e, f). The rectangles in a, c and e are
shown at higher magnification in b, d and f, respectively. ASIC2
immunoreactivity is detected as dots (arrows in b, d and f). The
reactions are detected on the ciliary membrane in ependymal cells
(a-d). ASIC2 expression in choroid plexus is detected in the cell
body (e and f). Bars; 10 µm (a, c and e) and 2 µm (b, d and f).
The ependymal cells have cilia that cover the ventricles in the brain
and the central canal in the spinal cord, and the choroid plexus
projects into the brain ventricles. Therefore, the surface of the
ependymal cells and choroid plexus are in contact with CSF. pH of
CSF is approximately 7.4 and almost all the fluid is produced by the
choroid plexus [26]. The cilia of ependymal cells contribute to the
generation of CSF flow and a functional deficiency of the cilia causes
CSF accumulation and hydrocephalus [27,28]. The beating of the cilia
is coordinated by motor proteins [29], gap junctions [30], and
hormones [31] to maintain proper CSF circulation.
It is easy to conclude that ASIC2 works as a pH sensor of CSF or a
mechanoreceptor to sense CSF fluid in ependymal cells and choroid
plexus. However, the in vivo role of ASIC2 as a pH sensor has
remained elusive. The ASIC2a homomultimers require the lowest pH
among ASICs to open the channel (<pH 5) [5,16,18], and ASIC2b is
inactive when expressed alone [5]. This pH value is far from the
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In conclusion, our study showed that ASIC2 was expressed in the
cilia and cell bodies of ependymal cells and choroid plexus in rat CNS,
respectively, except for neurons. However, the results were not able to
clarify the role of ASIC2 in the ependymal cells and choroid plexus in
rat CNS. Further investigation into the function of ASIC2 in
ependymal cells and choroid plexus is required.
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