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ABSTRACT

Various studies point to a crucial role of the high-affinity
sodium-coupled glutamate aspartate transporter GLAST-
1 for modulation of excitatory transmission as shown in
the retina and the CNS. While 2—4-month-old GLAST-1
null mice did not show any functional vestibular abnor-
mality, we observed profound circling behavior in older
(7 months) animals lacking GLAST-1. An unchanged
total number of otoferlin-positive vestibular hair cells
(VHGs), similar ribbon numbers in VHCs, and an
unchanged VGLUT3 expression in type II VHCs were
detected in GLAST-1 null compared to wild-type mice. A
partial loss of supporting cells and an apparent decline of
a voltage-gated channel potassium subunit (KCNQ4) was
observed in postsynaptic calyceal afferents contacting
type I VHGs, together with a reduction of neurofilament-
(NF200-) and vesicular glutamate transporter 1-
(VGLUTI1-) positive calyces in GLAST-1 null mice.
Taken together, GLAST-1 deletion appeared to prefer-
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entially affect the maintenance of a normal postsynaptic/
neuronal phenotype, evident only with increasing age.
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cristae ampullares; IHCs — inner hair cells; OHGCs — outer
hair cells; CNS — central nervous system

INTRODUCTION

In excitatory synapses the glutamate aspartate transporter
1 (GLAST:1) plays an important role by limiting the
accumulation of extracellular glutamate to avoid excito-
toxic cell damage (Storck et al. 1992; Klockner et
al. 1993, 1994; Wahle and Stoffel 1996; Peghini et
al. 1997; Danbolt 2001; Stoffel et al. 2004; Koeberle
and Bahr 2008). In the CNS, GLAST-1 is expressed
predominantly by glial cells, of which astrocyte glia have
the highest density of GLAST-1 membrane expression
(Storck et al. 1992; Rothstein et al. 1994). In glial cells,
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GLAST-1 has been described as playing an important
role in the termination of neurotransmitter signals
(Storck et al. 1992; Lehre and Danbolt 1998). In retinal
glia-type Miiller cells, GLAST-1 function has been
extensively analyzed (for review, see Bringmann et al.
2009). GLAST-1 was hypothesized to play a crucial role
for termination of retinal signal transmission at the level
of photoreceptor cells and bipolar cells, leading to a
reduced b-wave and decreased oscillatory potentials in
electroretinography when GLAST-1 is deleted
(Harada et al. 1998). In the inner ear, the role of
GLAST-1 is poorly understood. In the mammalian
cochlea, supporting cells surrounding the inner hair
cells (IHGs) exhibit intense labeling of GLAST-1, while
Deiter’s cells show weak immunoreactivity (Furness
and Lehre 1997; Furness and Lawton 2003). An
increased accumulation of glutamate in the perilymph
after noise overstimulation has been described in
GLAST-1 null mice, resulting in exacerbation of hearing
loss (Hakuba et al. 2000). In the vestibular end organ,
where glutamate release conveys acceleration and posi-
tioning information to the CNS via vestibular hair cells
(VHCs; Matsubara et al. 1999; Bonsacquet et al. 2006),
GLAST-1 has been shown in the plasma membranes
of vestibular peripheral supporting cells (Takumi et al.
1997).

Previous studies analyzing 2—4-month-old GLAST-1
null mice observed no conspicuously abnormal motor
activity or behavior (Watase et al. 1998; Stoftel et al.
2004). In this study, we analyzed older (7 month-
old) GLAST-1 null mice and observed striking
circling behavior in GLAST-1 null mice, but notin
age-matched WT controls, which motivated us to
perform a detailed immunohistochemical study of the
vestibular organ in GLAST-1 null mice. Using hair cell
and neuronal markers, a vestibular phenotype is
described that points to a crucial function of GLAST-1
for maintenance of normal vestibular function.

METHODS

Animals

Six wild-type (WT) and five GLAST-1 null mice, aged
7 months, were used in this study. The WT and null mice
analyzed here were bred in a CD1 outbreed background
and they differed from the previously investigated WT
and GLAST:1 null mice, described by Stoffel et al. (2004),
that were bred on a C57Bl/6 background. Animal
experiments were approved by and complied with all
protocol requirements of the University of Tiibingen.

Tissue preparation

WT and GLAST-1 null mice were deeply anesthetized
(COy) followed by decapitation. The temporal bones
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containing the inner ear were dissected, fixed, and
cryo-sectioned as previously described (Knipper et al.
2000). Briefly, temporal bones were fixed by
immersion in 2% paraformaldehyde (all chemicals
from SIGMA-Aldrich, Munich, Germany, unless
stated otherwise), 125 mM sucrose in 100 mM
phosphate-buffered saline (PBS, pH 7.4), for 2 h
and decalcified (RDO, Apex Engineering Products
Corporation, Aurora, Illinois, USA) for 45 min
followed by overnight incubation in 25% sucrose
in HEPES-Hanks solution, pH 7.4. Temporal bones
were embedded in Tissue-Tek compound (Sakura
Finetek Europe, Zoeterwoude, The Netherlands),
cryo-sectioned at 10 pm, mounted on SuperFrost*/
plus microscope slides, dried for 1 h, and stored at —20°C
before use.

Light microscopy and fluorescence
immunohistochemistry

The cationic dye toluidine blue was used to visualize
the morphology of the cryo-sectioned vestibular
organs. For immunohistochemistry, sections were
stained and imaged as previously described (Knipper
et al. 2000). Briefly, sections were thawed and
permeabilised with 0.5% Triton X-100 for 10 min at
room temperature, blocked with 4% normal goat
serum (NGS) in 1x PBS, and incubated with primary
antibody in 1% NGS in 1x PBS containing 0.1%
Triton X-100 overnight at 4°C. Rabbit polyclonal
antibodies against GLAST-1 (1:50; Storck et al.
1992), otoferlin (1:6,000; Schug et al. 2006), KCNQ4
(1:50; Ruttiger et al. 2004; Winter et al. 2006),
VGLUT2 (1:100; Synaptic Systems, Gottingen,
Germany) and VGLUT3 (1:300; Synaptic Systems),
mouse monoclonal antibodies against otoferlin (1:50;
Abcam, Cambridge, UK), neurofilament NF200
(1:10,000; SIGMA-Aldrich), VAMP2 (1:50; Synaptic
Systems) anti-CtBP2/RIBEYE (1:50; BD Transduction
Laboratories, CA, USA), and guinea pig polyclonal
antibodies against VGLUT1 (1:250; Synaptic Systems)
were used. Primary antibodies were visualized with
either Cy3-conjugated goat anti-rabbit (1:1,500;
Jackson Immuno Research Laboratories, West Grove,
PA, USA), Alexa-488-conjugated goat anti-mouse anti-
bodies (1:500; Molecular Probes, Leiden, The
Netherlands), or with Alexa-488-conjugated goat an-
ti-.guinea pig antibodies (1:500; Sigma Molecular
Probes). Sections were rinsed and mounted in
Vectashield mounting medium containing the nuclear
marker DAPI (Vector Laboratories, Burlingame, CA,
USA). For all immunoreactions, negative controls
(only secondary antibody incubation) were also
included, the confirmation of GLAST-1 antibody
specificity was analyzed in sections of GLAST-1 null
mice. Sections were viewed using an upright Olympus
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BX61 microscope equipped with motorized zaxis,
bright field and epifluorescence illumination and differ-
ential interference contrast (DIC). Images were ac-
quired using a CCD camera and analyzed with cellSens
Dimension software (OSIS, Mimster, Germany). An
overview of the vestibular system (Fig. 2) is composed
of images aligned using the multiple image alignment
tool (MIA, OSIS). For fluorescence microscopy, slices
were imaged over a distance of several um in an image-
stack along the zaxis (zstack) followed by three-
dimensional deconvolution using cellSens Dimension
module with the advanced maximum likelihood estima-
tion algorithm (ADVMLE, OSIS) in order to increase
spatial resolution and to minimize background haze.
Figures 3, 4, 5, 6, and 7 show composite images of such
deconvoluted zstacks, which represent maximum inten-
sity projections over all layers of the zstack. Images were
processed with Photoshop.

Statistical analyses

To estimate the ratio of VHCs (stained by otoferlin)
and KCNQ4-positive type I VHCs in the saccular (sm)
and utricular maculae (wm) as well as cristae
ampullares (ca) epithelia of GLAST-1 null mice,
DAPI-stained nuclei of otoferlin- and KCNQ4-positive
cells were counted for at least 3 different slices of 5 null
and 6 WT mice and normalized to the numbers in WT
mice. Mean values and standard deviation are listed. For
evaluation of the number of ribbons per VHC in WT
and GLAST-1 null mice, CtBP2-positive ribbon
structures of 15 VHCs were counted in cross-
sections of the sensory epithelia, using image stacks
of the um and taking the position of DAPI-stained
nuclei as an indicator for mainly VHCs. No special
differentiation between type I and type II VHCs
and supporting cells that might be at the hair cell
level has been performed. Immunochemical stainings
and cell counts were replicated for at least 3 different
slices of 3 different mice per genotype. For statistical
analyses, unpaired Student’s ¢ test was performed to
compare variances of the data obtained from counting.
Differences were considered statistically significant for
p values <0.05.
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RESULTS

Since the first description of GLAST-1 null mice at 2—
4 months of age, in which no circling behavior was
apparent (Storck et al. 1992), no attention has been
given to older stages. We observed obvious late onset
severe circling behavior in all five 7-month-old
GLAST-1 null mice (Fig. 1). GLAST-1 null mice
started circling at around 5 months of age. Although
circling in GLAST-1 null mice (n=5) occurred at an
approximate frequency of 60 to 70 circles per minute,
no directional preference was observed. We did not
attempt to perform any behavioral or coordination
tests to assess vestibular function since it has been
observed by Prof. W. Stoffel’s lab that this test was not
practical in GLAST-1 null mice at older ages due to
their profound circling behavior. However, similar
aged WT animals showed normal motor behavior.

Gross anatomical changes in vestibular organ
of GLAST-1 null mice

Using toluidine blue staining, we compared the mor-
phology of the vestibular sensory epithelia, i.e., saccular
(sm) and utricular maculae (um) as well as cristae
ampullares (ca) of WT (Fig. 2A, B) and GLAST-1 null
mice (Fig. 2C). While vestibular epithelia appeared
normal in WT mice (Fig. 2B), large cavities with
diameters of 10-30 pm within the sensory epithelia
were observed in 4 out of 5 GLAST-1 null mice shown
exemplified for the utricular macula (Fig. 2C).

GLAST-1 deletion appears not to have a primary
effect on VHCs

To specify whether circling behavior was due to the
loss of VHCs or neuronal projection, we performed
immunohistochemical investigations using marker
proteins for hair cells. Otoferlin is a protein expressed
in type I and type II VHCs (Dulon et al. 2009).
Double-abeling with GLAST-1 (Fig. 3B) and otoferlin-
specific antibodies (Fig. 3E) confirmed the staining
pattern of GLAST-1 in supporting cells of all three
vestibular sensory epithelia (sm, um, ca) as described by

FIG. 1. Circling behavior in GLAST-1 null mice. Mice lacking GLAST-1 show profound circling behavior with a frequency of 60-70 cycles per

minute, as indicated by consecutive images taken over 1 s.
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FIG. 2. Comparison of toluidine blue—stalned vestibular sensory
epithelia of wild-type (WT) and GLAST-1 null mice. A The vestibular
organ is composed of the saccular macula (sm), the utricular macula
(um), and the cristae ampullares (ca). B In WT mice, the vestibular
epithelium, composed of mostly sensory cell nuclei with an
underlying layer of supporting cell nuclei, appeared normal, exemplified
for the um. In GLAST-1 null mice, large cavities (@=10-30 um; asterisks)
were observed within the supporting cell layer (C).

Takumi et al. (1997) and the absence of GLAST-1 in
GLAST-1 null mice, exemplified for sm (Fig. 3A, D).
GLAST-1 was not colocalized with the VHC marker
otoferlin (Fig. 3C). Cell counts in wm and sm were
performed. When the number of otoferlin-positive cells
was compared between WT (Fig. 4A, D) and null mice
(Fig. 4B, G, E, F), there was no difference in VHC counts
in sm and um of 5 of 5 GLAST-1 null mice. This
quantification was based on counting DAPI-stained
nuclei of otoferlin-positive cells in cross sectioned

GLAST-1
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vestibular organs (Fig. 4G). The proportion of cell
nuclei did not differ significantly for the sm (WT, 80.29+
14.89 (n=6) vs. null, 76.75+13.1 (n=>5); p>0.05), the um
(WT, 74.67+7.0 (n=6) vs. null, 76.67+7.05 (n=5);
$>0.05) as well as for the ca (WT, 45.82+6.29 (n=6) vs.
null, 44.91+7.57 (n=5); p>0.05). This finding is further
supported by an unaltered number of synaptic release
sites per VHC (stained by CtBP2/RIBEYE, Fig. 5) in
GLAST-1 null mice when compared to WT animals (7n=3;
WT, 2.46+0.32 vs. null, 2.57+0.42).

In conclusion, although the general morphology of
the vestibular epithelia was altered, the data support
the notion that these changes are not related to a
primary effect on VHC phenotype.

GLAST-1 deletion appears to cause deterioration
of the post-synaptic neuronal fibers

KCNQ4, a voltage-activated potassium channel that
is also present in cochlear hair cells and spiral
ganglia neurons, is preferentially expressed in the
calyces surrounding type I VHCs (Hurley et al.
2006; Lysakowski et al. 2011), although KCNQ4 has
been shown to be expressed in immature VHCs
(Kharkovets et al. 2000; Sousa et al. 2009).

agreement with this, KCNQ4 protein staining in
WT mice resembled NF200-positive staining in
calyces surrounding type I VHGCs in all vestibular
sensory epithelia, as shown in Figure 6 (A, B) for
sm. KCNQ4 and NF200 colocalized throughout the
calyces ensheathing type I VHCs (Fig. 6C, asterisks). In
GLAST-1 null mice, NF200 expression seemed to be
reduced, accompanied by an altered appearance of the
calyces as well as by a different appearance of NF200-
positive fibers, especially in the region of supporting
cells (Fig. 6D-F). GLAST-1 null mice also showed a
strong reduction of KCNQ4 in the vestibular
sensory epithelia (Fig. 6E). Coexpression of
KCNQ4 and NF200 revealed a significant reduction
of KCNQ4-labeled NF200-positive calyces (Fig. 6F, H,
asterisks) in GLAST-1 null mice, suggesting that
KCNQ4 loss may precede the loss of NF200-positive

Otoferlin merge

FIG. 3. GLAST-1 protein labeling in vestibular sensory epithelia of
adult mice. A-C In wild-type animals (WT) using an anti-GLAST-1
antibody (red), protein expression was detected in cells that were not
labeled by the vestibular hair cell marker otoferlin (green, merged

images shown in C) as shown in the saccular macular (sm). D-F In
GLAST-1 null mice no antibody signal was detected, otoferlin
staining was not affected (merged images shown in F). Nuclear
marker: DAPI (blue). Scale bars indicate 20 um.
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FIG. 4. Numbers of otoferlin-positive vestibular hair cells are
unchanged in the absence of GLAST-1. Otoferlin protein is
comparably expressed in VHCs of WT (A, D) and GLAST-1 null
mice (B, C, E, F) in the saccular (sm) and utricular maculae (um). B, E
In one (null-1) out of five 7-month-old GLAST-1 null mice
investigated, no formation of large cavities was observed. C, F The
remaining four GLAST-T null mice all showed cavities (dotted lines)

calyces. This reduction was quantified as ~85% in
the sm (WT, 69.58+5.82 (n=6) vs. null, 10.08+5.09
(n=5); p<0.001), ~77% in the wm (WT, 70.67+4.08
(n=6) vs. null, 16.11+4.20 (n=5); p<0.001) as well as
~50% in the ca (WT, 74.80+6.11 (n=6) vs. null, 37.91+
9.45 (n=5); p<0.001; Fig. 6I).

GLAST-1 WT

GLAST-1 null

FIG. 5. Number of ribbon synapses in VHCs is unaltered in
GLAST-1 null mice. The CtBP2/RIBEYE protein expression pattern is
similar in WT (A) and GLAST-1 null mice (B). Nuclear marker: DAPI
(blue). Scale bars indicate 10 um.

um

in the VHC layer (for example, null-2). G Statistical analyses of cell
counts for otoferlin-positive VHCs in WT (n=6 animals; white bars)
and GLAST-1 null mice (n=>5 animals; black bars) in the sm, the um,
and the cristae ampullares (ca). The proportion of otoferlin-positive
cells reveals no difference in total numbers of vestibular hair cells
between WT and GLAST-1 null mice (sm, 95.59%; um, 102.68%; ca,
98.01%). Nuclear marker: DAPI (blue). Scale bar indicates 20 um.

To determine if the phenotype of hair cells and
neurons is secondarily affected by the GLAST-1
deletion, we assessed the expression of vesicular
glutamate transporters (VGLUTs) 1-3, which are
known to mirror the aspect of metabolically demanding
vesicular transport (Heidrych et al. 2009) and whose
expression has been reported recently in vestibular
sensory epithelia (Zhang et al. 2010). We observed
VGLUT1 labeling in NF200-positive fibers and calyces
(Fig. 7A-D) that was similarly reduced as NF200
labeling in GLAST-1 null mice (Fig. 6).

VGLUT3 has been described as a marker for
synaptic vesicular trafficking (Heidrych et al. 2009).
VGLUTS3 staining in vestibular sensory epithelia of
GLAST-1 deficient and control mice did not colocalize
with NF200 labeling, but instead, intensively labeled
calyx free VHGCs (Fig. 7E-H), indicating that VGLUT3
is a marker for type II, rather than type I, VHCs. The
deletion of GLAST-1 had no obvious effect on
VGLUTS3 labeling.

Staining of vestibular sensory epithelia for
VGLUT?2 (Fig. 71, J) displayed almost no colocali-
zation with NF200 labeling in afferent fibers of
type I VHCs (Fig. 71, J) but a pronounced labeling
of unclear origin was observed at the apical neck
region of VHCs. To disclose the nature of VGLUT2
labeling at the VHC’s apex, colabeling using
VAMP2 (a marker for cochlear efferent fibers, see
Safieddine and Wenthold 1999), was performed in
WT animals. VAMP2 colocalizes with VGLUT2
labeling indicating presumptive efferent projections
onto the apical neck region of VHCs (Fig. 71, J).
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FIG. 6. Vestibular calyces are strongly affected by loss of GLAST-1.
A, D Anti-Neurofilament 200 (NF200, green) antibody, a marker for
afferents innervating type | VHCs, labeled calyces of type | VHCs of
WT and GLAST-1 null mice, shown here for the saccular macula
(sm). In GLAST-1 null mice NF200 protein expression appeared
altered in comparison to WT. B, E KCNQ4 protein (red) was heavily
expressed in NF200-positive calyces surrounding WT type | VHCs
(merged images shown in C, magnified example in G). In GLAST-1
null mice, KCNQ4 protein expression was strongly reduced
revealing a heterogeneous pattern of few calyces positive for

This staining pattern was unaltered in absence of
GLAST-1 (Fig. 7K-N), which may challenge the pre-
sumption that the GLAST-1 deletion primarily affects
afferent, rather than efferent, fibers or VHCs. We cannot
exclude, however, that in addition to NF200-positive
calyceal afferent fibers contacting type I VHCs, also
afferent fibers contacting type I VHCs may be affected.

In summary, the GLAST-1 deletion in aged animals
was observed to lead to reduced expression of
KCNQ4, VGLUTI, and NF200 in calyceal endings, as
well as to an altered appearance of remaining NF200-
positive calyces and fibers. The deletion did not affect
the expression of VGLUT3 and VGLUT?2. Interestingly,
VGLUT?2 was found at VAMP2-positive structures close
to the apex of VHCs.

DISCUSSION

Loss of GLAST-1 leads to a late onset circling
behavior

In the mouse vestibular epithelia, both type I and type II
VHC s release glutamate as a transmitter (Altschuler et al.
1989; Usami et al. 1992; Usami and Ottersen 1995), and
GLAST-1 has been shown to be the major glutamate
transporter used for clearance of glutamate from the
synaptic cleft, in supporting cells surrounding both VHC
types (Takumi etal. 1997) thereby preventing excitotoxic
effects. In contrast to previous studies that analyzed
young GLAST-1 null mice without any obvious vestibular
phenotype (Rothstein et al. 1996; Harada et al. 1998;

ca

KCNQ4 and NF200, in addition to NF200-positive calyces
without KCNQ4 staining (merged images shown in F, magnified
example in H). | Statistical analyses of counts for KCNQ4-
positive calyces in WT (n=6; white bars) and GLAST-1 null mice
(n=5; black bars) in the sm, the utricular macula (um), and the cristae
ampullares (ca). The proportion of KCNQA4-positive calyces is signifi-
cantly reduced in GLAST-T null mice (sm, 14.49%; um, 22.80%; ca,
50.68%; ***p<0.001). Nuclear marker: DAPI (blue). Asterisks indicate
NF200- and KCNQ4-positive type | VHCs. Scale bars in A-F indicate
20 um; scale bars in G and H indicate 5 um.

Watanabe et al. 1999; Hakuba et al. 2000; Tsuru et al.
2002; Stoffel et al. 2004; Sarthy et al. 2005; Shimizu et al.
2005; Matsugami et al. 2006; Harada et al. 2007; Takasaki
et al. 2008; Karlsson et al. 2009), we demonstrate a
profound circling behavior in aged (7-month-old)
GLAST-1 null mice suggesting a late onset or progression
of an altered vestibular phenotype. However, it remains

FIG. 7. Expression of VGLUT1-3 in the adult vestibular system of
GLAST-1 null mice. In WT animals (A, boxed area enlarged in B),
VGLUT1 (green, arrowheads) was predominantly expressed in
NF200-positive calyces (red, arrowheads) surrounding type | VHCs
(vellow indicates colocalization), mainly in the central zone as
shown here in the crista ampullaris. VGLUT1 labeling in GLAST-1
null mice showed deterioration similar to NF200 expression (C,
boxed area enlarged in D). VGLUT3 expression (red, open arrow-
heads) of WT (E, boxed area enlarged in F) and null mice (G, boxed
area enlarged in H) resembles expression in type Il VHCs, but not
type | VHCs, as indicated by the absence of VGLUT3 from NF200-
positive calyces (green, arrowheads). GLAST-1 null mice showed no
obvious reduction in VGLUT3 signal. VGLUT3 was predominantly
expressed in the peripheral zone. VGLUT2 immunohistochemistry in
WT (I, boxed area enlarged in J) and GLAST-1 null mice (K, boxed
area enlarged in L) revealed VGLUT2-positive contacts (red, arrows)
at the apical neck region of type I and type Il VHCs. Almost no
colocalization of VGLUT2 with the calyx afferent fiber marker
NF200 (green, arrowheads) could be detected. In addition, VGLUT2
(red, arrows) was colocalized with the vesicle-associated membrane
protein-2 (VAMP2, green, arrows), a marker for presynaptic efferent
contacts in the cochlea (M, boxed area enlarged in N; yellow
indicates colocalization). Nuclear marker: DAPI (blue). A, C, E, G, 1,
K, and M superimposed with DIC image. Scale bars in A, C, E, G, 1,
K, and M are 20 um, and in B, D, F, H, J, L, and N are 10 um.
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unclear to what extent each of the five affected vestibular
sensory epithelia contributes to the observed phenotype.

Loss of GLAST-1 results in distinctive changes
in the vestibular sensory epithelia

Our data confirm previous findings, which show that
GLAST-1 is not present in type I and II VHGs, but
rather in the surrounding supporting cells (Takumi et
al. 1997). The observed unaltered number of ribbons
in the vestibular sensory epithelia in the mutant
animals compared to WT controls points to unaffected
pre-synaptic sites (Fig. 5). However, in the literature, 20—
25 ribbons in type I and about 15 ribbons in type 1I
VHCs have been found in chinchilla vestibular system
(Lysakowski and Goldberg 1997). To our knowledge,
the only study on the number of ribbons in the VHCs of
mice currently available is in postnatal developing ICR
mice (Lysakowski 1999). The low number in the present
study could be related to strain differences and/or
methodological counting differences. As WT animals
had similar low ribbon counts and yet showed no
disturbed vestibular function we also may consider an
age-related effect as to the knowledge of the authors the
ribbon number of VHCs of mice older than postnatal
Day 28 has not been investigated.

The cavities observed within the vestibular sensory
epithelia were found in four of five GLAST-1 null mice
(Fig. 2). Why this phenotype was not expressed in the
one of these five animals even though all were the
same age (7 months) remains unclear. One may
speculate about intra-species differences leading to a
different progression of cavity formation. However, in
the animal with normal vestibular morphology,
circling behavior and all other immunohistochemically
observed differences were similar to those observed in
the other four GLAST-1 null mice.

Therefore, the cavities, in addition to preservation
of VHCs (Fig. 4), may indicate that supporting cells,
rather than VHCs, are degenerating in the absence of
GLAST-1. It is assumed that with the loss of supporting
cells, their metabolic functions in relation to sensory
cells and afferent projections is affected, as well as
their function in glutamate clearance from the
synaptic region by glutamate uptake through GLAST-1
(Kim et al. 2010). The latter affects predominantly
calyceal endings at the age investigated. Furthermore,
type I VHCs have more synaptic ribbons (Lysakowski
and Goldberg 1997) and therefore it is likely that more
glutamate is released into the synaptic cleft of the calyx
upon depolarization, which in the absence of GLAST-1
accumulates with little ability to leave the cleft by
diffusion. Therefore, we may speculate that calyces
innervating type I VHCs are more affected or are
affected earlier than bouton synapses on type II VHCs.
The assumed hyper-excitation of post-synaptic calyces
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may be causally involved in the observed loss of KCNQ4
from NF200-positive calyces. So far, KCNQ4 has been
reported in IHCs (Oliver et al. 2003), outer hair cells
(OHCGs; Kharkovets et al. 2000), vestibular calyces
(Lysakowski et al. 2011), as well as in VHGCs
(Rocha-Sanchez et al. 2007). With our antibody, however,
we did not observe KCNQ4 labeling in type II VHCs, as
described by Rocha-Sanchez et al. (2007). KCNQ4
carries K outflow of cells, thereby it sets the resting
membrane potential of inner ear hair cells thus

GLAST-1 WT

GLAST-1 null
= KCNQ4 ¢ VGLUT1
{ NF200 ) VGLUTZ2
> GLAST-1 o VGLUT3

FIG. 8. Schematic illustration of GLAST-1, KCNQ4, NF200 and
VGLUT1-3 expression in the vestibular sensory epithelia of WT
(A) and GLAST-1 null mice (B). SC, supporting cell; VHC I, type |
vestibular hair cell; VHC I, type Il vestibular hair cell.
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maintaining intracellular Ca** concentration at low
levels (Oliver et al. 2003). The loss or decline of
KCNQ4 channel results in progressive degeneration
of IHC synapses (Oliver et al. 2003) as well as OHC
synapses (Ruttiger et al. 2004) resulting in progressive
hearing loss (Kubisch et al. 1999). We hypothesize
that a loss of KCNQ4 in afferent calyces, following
sustained hyper-excitation by impaired glutamate
clearance from the synaptic cleft, might be causally
related to the observed decline of vestibular calyx
afferent fibers in GLAST-1 deficient mice. High-
resolution studies using electron microscopy are
needed to clarify this aspect and also to clarify the
extent to which bouton synapses of type II VHCs are
affected or not in GLAST-1 null mice. One may also
raise the question of whether the reduction of calyceal
afferent endings is perhaps secondary to a loss of
ribbon synapses. In cochlear IHCs, the loss of ribbons
has been reported to occur secondarily to the loss of
afferent fibers (Kujawa and Liberman 2009). So far,
however, to the authors’ knowledge, which effect is
primary and which secondary has not yet been
clarified for the vestibular system. Interestingly, in
light of our data, humans carrying a mutation in the
KCNQ4 gene, which causes a dominant autosomal
hearing disorder (DFNA2), also exhibit vestibular
dysfunction (De Leenheer et al. 2002), a finding so
far not described in animal models in the literature. It
would be interesting to analyze whether a late onset
vestibular phenotype also occurs in KCNQ4-deficient
mice.

We intended to get more insight into presumptive
additional consequences of GLAST-1 deletion for
presynaptic function by investigating the expression
of VGLUT1I-3, which have recently been shown to be
present in the rat vestibular system (Zhang et al.
2010). VGLUTs are known to be crucial for reuptake
of glutamate into vesicles of presynapses (Takamori et
al. 2000) and mirror disturbed vesicle trafficking
(Heidrych et al. 2009).

Both afferent VGLUT1 (Fig. 8) and NF200
(Fig. 8) showed similar reductions in the vestibular
sensory epithelia of GLAST-1 null mice. However,
KCNQ4 expression (Fig. 8) seemed to be affected
to a greater extent, since the number of NF200-
positive calyces without KCNQ4 staining in GLAST-1
null mice was higher than the number of calyces
positive for both. Although currently shown only on
a qualitative level, data point to a primary effect of
GLAST-1 deletion on calyx endings, in which
KCNQ4 loss precedes loss of NF200 and VGLUTI.
Accordingly, the loss of KCNQ4 expression following
GLAST-1 deletion may occur in the vestibular
organ, similar to that previously described in the
cochlea (Hakuba et al. 2000) and in the retina
(Park et al. 2009; Harada et al. 2010).
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In contrast to previous studies (Zhang et al. 2010),
we did not observe colocalization of VGLUT1 and
VGLUT3 in 7-month-old mouse VHCs, but we
demonstrated a differential expression pattern,
with VGLUT1 expressed in calyx-bearing afferents,
predominantly in the striola (Desai et al. 2005),
and VGLUT3 expressed in type II VHCs, more
numerous in the extrastriola (Desai et al. 2005).
Less clear is the supranuclear pattern found for
VGLUT2 in type I and type II VHCs, pointing to a
presynaptic localization as assumed by colocalization with
the efferent marker VAMP2. We cannot completely
exclude VGLUT1 expression in VHCs, however high
resolution studies, e.g., transmission electron microscopy,
are required to distinguish VGLUT1, VGLUTZ2, and
VGLUTS3 expression in calyces vs. epithelial cells.

The similarity of altered NF200 and VGLUTI1
staining in GLAST-1 null mice, with no obvious
differences in VGLUT2 (in efferents or VHCs) and
VGLUT3 (presumptive marker for type II VHCs),
strengthen the hypothesis that GLAST-1 deletion
preferentially affects the synaptic structures of type I
VHCs.

In conclusion, our data suggest that the loss of
GLAST-1 in supporting cells and the subsequent loss
of supporting cells in vestibular sensory epithelia
causes a late onset vestibular phenotype, mainly
affecting calyx-bearing afferent fibers (presumably by
excitotoxic accumulation of glutamate), which in turn
leads to reduced KCNQ4, NF200, and VGLUTI
expression. This phenotype coincides with the devel-
opment of circling behavior in aged GLAST-1 null
mice and might lead to vestibular dysfunction. Our
findings point to a pivotal role of GLAST-1 for
preserving sensory function not only in the vestibular
system but also in the cochlea (Hakuba et al. 2000)
and the retina (Park et al. 2009; Harada et al. 2010).
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