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Recent studies indicate that molecules released by glia can induce
synapse formation. However, what induces glia to produce such
signals, their identity, and their in vivo relevance remain poorly
understood. Here we demonstrate that supporting cells of the
vestibular organ—cells that have many characteristics of glia—
promote synapse formation only when induced by neuron-derived
signals. Furthermore, we identify BDNF as the synaptogenic signal
produced by these nonneuronal cells. Mice in which erbB signal-
ing has been eliminated in supporting cells have vestibular dysfunc-
tion caused by failure of synapse formation between hair cells and
sensory neurons. This phenotype correlates with reduced BDNF
expression in supporting cells and is rescued by reexpression of
BDNF in these cells. Furthermore, knockdown of BDNF expression
in supporting cells postnatally phenocopies the loss of erbB signal-
ing. These results indicate that vestibular supporting cells contrib-
ute in vivo to vestibular synapse formation and that this is medi-
ated by reciprocal signals between sensory neurons and supporting
cells involving erbB receptors and BDNF.

erbB receptor signaling | glia | vestibular organ | glutamatergic synapse |
hair cell

Synaptogenesis is typically viewed as a process involving only
the pre- and postsynaptic neurons, but recent studies suggest
that astrocytes are also involved. For example, studies show that
astrocytes release thrombospondins, which interact with neuro-
nal gabapentin receptors that, upon activation, induce the for-
mation of excitatory synapses in the central nervous system (1—
3). Other studies have shown that complexes of cholesterol and
apolipoprotein E-containing lipoproteins released by astrocytes
are required for synaptogenesis by purified retinal ganglion cells
(4). Although these studies suggest that glia may regulate synapse
formation, a number of key questions remain unanswered: (i) Are
astrocytes the only glia with synaptogenic activity? (ii) Are thom-
bospondin and cholesterol/ApoE complexes the only glial-derived
synaptogenic factors? (iii ) Do glia produce synaptogenic factors on
their own or in response to other signals? And (iv) what are the
functional consequences of disruption of glial-induced synapto-
genesis? Our studies on neuron—glia interactions in the vestibular
system answer these questions.

The vestibular organs provide information about head position
and thus contribute to the maintenance of balance and posture.
Linear acceleration is transformed into neural signals by mecha-
notransducing hair cells in sensory epithelia, called maculae, in
the orthogonally oriented saccule and utricle. These hair cells syn-
apse on primary sensory neurons that send the information to
the brainstem. Vestibular hair cells and their associated sensory
nerve terminals are surrounded by nonneuronal cells, called sup-
porting cells (SCs). These SCs express glial markers such as
vimentin (5), S100 (6), glutamate—aspartate transporter (7), low-
affinity neurotrophin receptor p75 (8), glial fibrillary acidic protein
(GFAP) (9), and proteolipid protein (PLP) (10). They surround
synaptic contacts, as astrocytes and perisynaptic Schwann cells do
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at central and neuromuscular synapses, respectively. Moreover,
during development, these nonneuronal cells are precursors for
hair cells (11, 12), as radial glia are to neurons. Based on these
similarities, we hypothesized that interactions of SCs with vestib-
ular neurons and hair cells could be important for the vestibular
system, and that the communication between neuronal and non-
neuronal cells of the vestibular sensory epithelia could be medi-
ated by some of the same molecules that mediate neuron—glia
interactions elsewhere in the nervous system.

The growth factor neuregulin 1 (NRG1) and its receptors, the
erbB family of tyrosine kinase receptors, have emerged as key
mediators of neuron-glia interactions throughout the nervous
system (13, 14). NRGs are members of the EGF family of growth
factors and signal through erbB2, erbB3, and erbB4 (14, 15).
NRGT1 is expressed primarily by neurons, including many periph-
eral sensory neurons (16), whereas glial cells express erbB recep-
tors (14, 17-19). The NRG1/erbB signaling pathway is important
for axon-Schwann cell interactions that regulate myelination (20—
23), and the function of unmyelinated sensory neurons (24).
NRGl1/erbB signaling also regulates radial glia morphology and
neuronal migration (25, 26), oligodendrocyte maturation (27-29),
the function of hypothalamic astrocytes (30), as well as the timing
of astrogenesis (31).

Expression patterns of the NRG1/erbB signaling components
in inner ear sensory epithelia suggested that this pathway is im-
portant for interactions between inner ear sensory neurons and
their associated SCs; i.e., NRGI1 is expressed solely by the sen-
sory neurons (32, 33), whereas erbB2 and erbB3 expression is re-
stricted to SCs (33, 34). To determine the roles of erbB receptor
signaling in the interaction among SCs and nerve terminals in the
postnatal vestibular organs, we used a transgenic (Tg) mouse line
in which erbB receptor signaling in SC is blocked by expression of
a dominant-negative erbB receptor under the control of the GFAP
promoter (GFAP-DN-erbB4) (24, 33). GFAP-DN-erbB4 mice
show severe vestibular dysfunction caused by a failure of synapse
formation and/or maintenance. Analysis of several genetically
modified mouse lines shows that SCs contribute to the formation
of synapses in vestibular epithelia and that this contribution is
mediated by reciprocal signals between sensory neurons and SCs
involving NRG1-erbB and BDNF-TrkB signaling pathways.
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Results

Expression of a DN-erbB4 Receptor Under the Control of the GFAP
Promoter. To study the roles of erbB receptor signaling in SC of
the murine inner ear, we used a Tg approach based on expression
of a dominant-negative erbB4 receptor (DN-erbB4). Expression
of DN-erbB4, a truncated human erbB4 lacking the intracellular
domain, blocks ligand-induced activation of erbB2, erbB3, and
erbB4 without affecting signaling through other receptors, in-
cluding erbB1 or Notchl (30, 35). We previously showed that
expression of DN-erbB4 in myelinating Schwann cells (20) phe-
nocopies the loss of erbB2 expression (22, 36) and that DN-erbB4
expression in oligodendrocytes (27) leads to phenotypes consis-
tent with those found in mice heterozygous for type III NRG1
(29), indicating that DN-erbB4 is a powerful tool to block erbB2,
erbB3, and erbB4 signaling in vivo. To drive DN-erbB4 expression
to inner-ear SCs, we used the human GFAP promoter (37), which
we showed is active in these cells (9). We studied one Tg line,
GFAP-DN-erbB4 Line-D, in which the transgene is expressed
only by GFAP-expressing cells in the peripheral nervous system
(24), including inner ear SCs (33), thus avoiding potential con-
founding effects of alterations in the central nervous system. As
expected from the pattern of expression of the GFAP promoter
(9), in situ hybridization showed that in vestibular organs of Line-
D GFAP-DN-erbB4 mice, the transgene is expressed only by SCs
of the sensory epithelium, but not by hair cells, vestibular sensory
neurons, or any cell in WT tissues (Fig. S1).

Homozygous Tg mice displayed ataxia, circling behavior, and
diminished orientation reflexes (Movie S1), signs consistent with
vestibular dysfunction. To more directly test peripheral vestibu-
lar function, we recorded vestibular evoked potentials (VSEPs).
These potentials, which are elicited by rapid head jerks, can pro-
vide a measure of the neural output from the utricle and saccule,
the gravitational sensors of the inner ear (38). At postnatal day
21 (P21; the earliest time at which mature VsEPs can be re-
corded), Tg mice showed a complete absence of these evoked
neural responses, even at stimulus amplitudes of 15 dB (i.e.,
factor of 6) above normal threshold (Fig. 1). To determine if the
physiological deficits reflected a disruption in the structure of the
vestibular system, we examined the histology of the inner ear.
Vestibular organs of Tg mice were normal in size and general
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Fig. 1. Loss of erbB signaling in SCs causes vestibular dysfunction. (A) VsSEPs

from WT and GFAP-DN-erbB4 Tg mice demonstrate the severity of vestibular
dysfunction at P21. Magnitude of the evoking head jerk is expressed in dB
re: 1.0 g/ms. (B) Box plot analysis of VSEP thresholds: arrow illustrates the
threshold shift in GFAP-DN-erbB4 mice, which had no response at the
highest levels tested (ND, not detectable). (C) Box plot analysis of peak 1
amplitudes for VsEPs at 5 dB for WT (n = 4) and GFAP-DN-erbB4 mice (n = 4);
**%p < 0.0001.
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appearance at all ages examined (P6-P30). Light microscopy
analysis showed no evidence of hair cell loss or alterations in the
size of the saccular and utricular maculae at all ages examined
(P6-P30; Fig. S2 A and B). Similarly, no alterations were found
in the number of neuronal cell bodies in the vestibular ganglia, or
of myelinated fibers projecting to the sensory epithelia (Fig.
S2C). Neurofilament immunostaining (which labels the sensory
nerve fibers and terminals) of the Tg sensory epithelium and
electron microscopy showed that the contacts between primary
sensory neurons and hair cells had normal morphology (Fig. S2 D
and FE). Phalloidin staining of the utricular maculae showed that
the density and orientation of hair cell bundles appeared normal
in Tg mice (Fig. S2 F and G). Finally, to determine if defects in
hair cell function could be involved in the pathophysiology of Tg
mice, we tested hair cell mechanotransduction by using FM1-43,
a fluorescent dye that passes through hair cell transduction
channels (39). FM1-43 uptake in sensory epithelia of Tg mice was
the same as in WT, indicating that hair cell mechanotransduction
was not altered. Importantly, FM1-43 uptake was blocked in both
genotypes by La>", a mechanotransduction channel blocker, in-
dicating that it is speciﬁc (Fig. S2). Together, these results in-
dicated that the vestibular dysfunction of GFAP-DN-erbB4 mice
is not the consequence of a major disruption in the structure of
the vestibular organ or in hair cell mechanotransduction.

Vestibular Dysfunction Correlates with a Defect in Hair Cell Synapse
Formation. Based on the findings described earlier, we hypothe-
sized that the vestibular dysfunction might reflect a defect in the
functional connectivity between hair cells and primary vestibular
neurons. To test this, we analyzed synaptic density in the utric-
ular epithelium by determining the incidence of colocalization of
hair cell presynaptic ribbons and neuronal postsynaptic receptors
by using antibodies for RIBEYE/CtBP2 and GluR2/3, respect-
ively (40). We observed a dramatic reduction in the density of
putative synapses at P21 in Tg mice (Fig. 24). Quantitative an-
alysis of these tissues showed that presumptive synaptic sites in
the utricle were reduced by 95%. This was caused by the pres-
ence of fewer pre- and postsynaptic specializations (RIBEYE/

)

_/|

B Synaptic punctal 10 um* Ribeye puncta/ 10 um* GluR2/3 puncta/ 10 um?

109 mm WT 12 12
g-| I DN-erbB4 10 10
6 8 8
6 6
4 I 4 4
; I ; 'I 1 B
0 - I i = 0 0 .
|

F5 P10 P21 PO P5 P10 P21 PO P5 Pl0 P21

Fig. 2. Loss of erbB signaling in SCs causes defects in synapse formation. (A)
Immunostaining for synapses [seen as colocalization of the pre- and post-
synaptic markers RIBEYE (red) and GluR2/3 (green)] reveals a reduction in
afferent synapses on utricular hair cells in P21 GFAP-DN-erbB4 mice (hair cell
region delineated by fine white line). [Scale bars: 50 pm, 10 um (Inset).] (B)
Mean synaptic density (colocalized RIBEYE and GluR2/3), presynaptic ribbons
(RIBEYE puncta), and postsynaptic receptor plaques (GluR2/3 puncta) from
three to six utricles at each postnatal age. Error bars represent SEMs.
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CtBP2 puncta by 67% and GluR2/3 puncta by 82%; Fig. 2B) and
by the frequent misalignment of pre- and postsynaptic compo-
nents. These results support the notion that the functional
phenotype is a consequence of synaptic defects in the vestibular
sensory epithelium.

To understand the mechanisms that lead to the reduced syn-
aptic numbers in the mature sensory organ, we examined the
time course of synapse formation. As shown in Fig. 2B, in WT, the
density of presynaptic ribbons, postsynaptic receptors, and puta-
tive synapses increases steadily between PO and P21, indicating
that significant synaptogenesis occurs postnatally in the vestibular
epithelium. In contrast, Tg mice did not form many new synapses
after birth. Although the density of postsynaptic receptor patches
and presynaptic ribbons in Tg mice both increased significantly
between PO and PS5, they did not align with one another, and
therefore synaptic density remained unchanged. Furthermore, all
three parameters decreased significantly between P5 and P21
(Fig. 2B). These data suggest that the vestibular phenotype of Tg
mice reflects an initial failure in synapse formation and a sub-
sequent disappearance of previously formed structures, possibly
caused by a defect in synapse maintenance.

Loss of erbB Signaling in SC Results in Reduced BDNF Expression.
Earlier studies suggested that erbB signaling contributes to
neuron-glia interactions by being part of reciprocal signaling
loops, i.e., that activation of glial erbB receptors in response to
neuronally derived erbB ligands induces glia to produce factors
such as GDNF (24), NT3 (33, 41), or PGE2 (30), that then
act on the neuron. Therefore, we tested if the expression of three
trophic factors important for inner ear development (BDNF,
GDNEF, and NT3) is altered in the vestibular organs of GFAP-DN-
erbB4 mice. Real-time quantitative RT-PCR showed that, at P26,
there is a specific and significant reduction in BDNF mRNA lev-
els in Tg mice (Fig. 34). Semiquantitative immunofluorescence
showed a similar reduction in BDNF protein in the sensory epi-
thelium (Fig. 3 B and C) at P10, an age at which this neurotrophin
is restricted to SCs (42) (Fig. 3B, Top). Together, these results
suggest that BDNF expression in vestibular SCs depends on erbB
receptor signaling and that alterations in BDNF produced by SCs
could underlie the vestibular phenotype of GFAP-DN-erbB4 mice.

Loss of BDNF Expression in SC During the Perinatal Period Phe-
nocopies the Vestibular Defects in GFAP-DN-erbB4 Mice. To test the
idea that synaptogenesis in vestibular epithelia depends on BDNF
produced by SCs during early postnatal life, we eliminated BDNF
expression in these nonneuronal cells using inducible, cell-specific
Cre-dependent recombination. We achieved this by crossing mice
with loxP sites flanking the bdnf coding exon (BDNF' mice)
(43) with mice carrying a tamoxifen-inducible Cre recombinase
(CreER™) under control of the proteolipid protein promoter
(PLP/CreER™) (44), which can drive transgene expression in SCs
of the embryonic inner ear (10). We recently demonstrated that,
in BDNF"::PLP/CreER” mice, tamoxifen induces gene re-
combination of the bdnf locus and produces effective knockdown
in BDNF mRNA expression in vestibular SCs but not in the hair
cells or sensory neurons (45). Vestibular Schwann cells do not
express BDNF (42), and therefore elimination of the BDNF gene
from these cells should not impact the pattern or levels of BDNF
expression in the inner ear.

Pregnant dams were treated with tamoxifen from E14.5 to E17.5
and the resulting BDNF”" and BDNF""::PLP/CreER" progeny
were analyzed at P26. Tamoxifen-treated BDNF”::PLP/CreERT
mice appeared uncoordinated and ataxic. VSEP recordings showed
an elevation of thresholds and a decrease in response amplitude
(Fig. 4 A and B), indicative of vestibular dysfunction similar to that
observed in GFAP-DN-erbB4 mice. In contrast, response latency
was normal (1,040 23.1 psvs. 1,010 £ 19.1 psfor peakl in BDNFf
and BDNF'::PLP/CreER" mice, respectively; P = 0.40), in-
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Fig. 3. BDNF expression is reduced in GFAP-DN-erbB4 utricles. (A) Real-time
quantitative RT-PCR shows BDNF mRNA is reduced at P26 in GFAP-DN-erbB4
(n = 6) compared with WT (n = 9) mice; ***P =0.0002. In contrast, expression
of two other trophic factors, GDNF and NT3, is unaffected (P = 0.63 and P =
0.34 for GDNF and NT3, respectively). (B) Immunostaining of utricular mac-
ulae shows reduced BDNF expression in GFAP-DN-erbB4 mice at P10 (Inset:
high-magnification image). [Scale bars: 50 pm, 10 um (/nset).] (C) Quantifi-
cation of BDNF fluorescence (arbitrary units) in utricular maculae of P10
WT (n = 6) and GFAP-DN-erbB4 (n = 4) mice; *P = 0.0155. Error bars re-
present SEMs.

dicating that conduction velocity in vestibular nerve fibers was
unchanged.

After the physiological tests, tissues were harvested, and one
ear of each animal was used for analysis of BDNF expression and
the other was used for synapse quantification. Immunostaining
confirmed that tamoxifen reduced BDNF protein expression by
SCs in all BDNF""::PLP/CreERT mice, but not in BDNF" mice
(Fig. 4C). As in the GFAP-DN-erbB4 Tg mice, mice with BDNF
KO in SCs did not show loss of sensory nerve terminals in the
maculae (Fig. S3). This is in stark contrast to what occurs in
BDNF-null mice (46) or if BDNF is eliminated globally and early
in embryogenesis in the BDNF"" line using a Cre line under the
control of the GATA-1 promoter (47) (Fig. S3). These results
indicate that BDNF provided by late embryonic/early postnatal
SCs is not necessary for the formation and/or maintenance of
vestibular sensory nerve terminals. Analysis of synaptic density in
the vestibular epithelium showed that supporting cell-specific
BDNF KO produces a synaptic phenotype similar to that seen in
GFAP-DN-erbB4 mice, i.e., reduction in synapses, including
both presynaptic ribbons and postsynaptic puncta (Fig. 4D). Fur-
thermore, we found a correlation between synaptic density and
VsEP amplitude in BDNFY::PLP/CreER" and in BDNFY mice
(Fig. S4), supporting the notion that the synaptic loss is indeed the
functionally important structural change. These results suggest
that the phenotype observed by the elimination of erbB signaling
in SCs could be the result of decreased BDNF expression.

Restoration of BDNF Expression in SC Rescues the Vestibular Defects
in GFAP-DN-erbB4 Mice. To further explore the link between erbB
signaling, BDNF expression and vestibular synaptogenesis, we
tested if the GFAP-DN-erbB4 phenotype could be rescued by
restoring BDNF expression in SCs. For this, we used a condi-
tional BDNF over-expression Tg line (BDNF*°P) (48), which we
have shown previously can be used in combination with the PLP/
CreER line to increase postnatal BDNF expression in vestibular
SCs (45). Mice of the three Tg lines (BDNF*°P, GFAP-DN-erbB4,
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Fig. 4. Knockdown of BDNF expression in SCs results in vestibular dys-
function and loss of synapses. Box plot analysis of VSEP thresholds (A) and
peak 1 amplitudes at 5 dB (B) from control (BDNF”:: n = 12) and BDNF
conditional KO (BDNFf::PLP/CreERT; n = 9) mice injected with tamoxifen
from embryonic day (E) 14.5 to E17.5 show that BDNF knockdown leads to
vestibular dysfunction at P26. Magnitude of the evoking head jerk is
expressed in dB re: 1.0 g/ms; ***P < 0.0001. (C) BDNF immunostaining of P26
utricular maculae from tamoxifen treated control and conditional KO mice
illustrates the successful knockout of BDNF. (Scale bar, 20 pm.) (D) Quanti-
fication of synapses (colocalized RIBEYE and GIuR2/3), presynaptic ribbons
(RIBEYE puncta), and postsynaptic receptor plaques (GIuR2/3 puncta) from
BDNF? (n = 7), BDNF""::PLP/CreER" (n = 6), and GFAP-DN-erbB4 (n = 4)
utricles show that reduced BDNF expression in SCs reduces synaptic density;
***P < 0.0001. Error bars in D represent SEM.

and PLP/CreER") were crossed, and progeny mice carrying dif-
ferent transgene combinations were treated with tamoxifen be-
tween P5 and P11 and analyzed at P26. Immunostaining confirmed
that activation of the BDNF transgene in GFAP-DN-erbB4 mice
restored BDNF protein to levels similar to those observed in WT
vestibular epithelia (Fig. 54). BDNF reexpression in SCs rescued
vestibular function in GFAP-DN-erbB4 mice, as documented by
restoration of normal VsSEP thresholds and response amplitudes
(Fig. 5 B and C), without affecting the latency for peak 1 (1,113 +
140 ps and 1,202 + 60.4 ps for BDNF*'°P and BDNF*°P::GFAP-
DN-erbB4::PLP/CreERT mice, respectively; P = 0.58). Immu-
nostaining for synaptic markers showed that BDNF reexpression
in SCs restored the density of both pre- and postsynaptic markers,
as well as synaptic puncta (Fig. 5D).

Discussion

The present data demonstrate that SCs of the vestibular system
regulate synapse formation in the context of reciprocal inter-
actions among these nonneuronal cells, the sensory neurons, and
the hair cells, highlighting the tripartite relationship in the pro-
cess of synaptogenesis. They also show that activation of SC erbB
receptors, most likely by NRG1 provided by the sensory neurons,
is required to evoke a synaptogenic signal from the SCs back to
the other components and that BDNF is the requisite SC-derived
synaptogenic factor. Together, these observations suggest that
the release of synapse-inducing molecules by glia could depend
on the target neurons.
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Our findings also illustrate the stage-dependent nature of
BDNF’s biological roles in the vestibular system. It had been
shown previously that early in development (E13-E16), BDNF
is essential for the survival of vestibular neurons (46, 49), whereas
at later embryonic stages it is necessary for the maintenance of the
nerve terminals at the sensory epithelia (50). We now show that,
in the early postnatal vestibular epithelium, BDNF expressed by
SCs is essential for synapse formation but not for neuronal survival
or axonal maintenance. These changes in BDNF function are
paralleled by changes in its pattern of expression. Whereas hair
cells and SCs are the source of BDNF in the embryonic vestibular
epithelia (51), by P3 SCs become the sole source, as hair cells stop
producing this factor (42). As Schwann cells in the postnatal
vestibular organ do not express BDNF (42), SCs are probably the
sole source of this key neurotrophin regulating vestibular syn-
aptogenesis. This conclusion is strongly supported by the present
results showing a dramatic reduction in synaptic density when
BDNF expression is reduced by blocking erbB signaling in SCs, or
by direct cell-specific knockdown of BDNF itself in SCs and by
the complementary observation that the synaptic deficits induced
by blocking BDNF production in SCs can be rescued by over-
expression of BDNF in these nonneuronal cells. Importantly, al-
though the phenotypes produced by loss of SC erbB signaling and
BDNF knockdown are very similar, the one in GFAP-DN-erbB4
mice is more pronounced. As BDNF effectively rescues the phe-
notype produced by DN-erbB4 expression, it is unlikely that there
is an additional erbB-induced factor that works together with
BDNF. Rather, it is possible that the time course or extent of
BDNF knockdown by CreERT is of a lesser magnitude than that
produced by loss of erbB signaling.

The biological roles of NRG1/erbB signaling in neuron—glia
interactions are also context dependent. The loss of erbB signaling
in vestibular SC results in the failure of synapse formation and
areduction in synapse maintenance without any neuronal loss and
that this is caused by alterations in BDNF expression. In contrast,
loss of erbB signaling in nonmyelinating Schwann cells or cochlear
SC results in degeneration of sensory neurons, which correlates
with decreases in GDNF or NT3 expression, respectively (24, 33).
Thus, erbB signaling seems to contribute to neuron—glia inter-
actions in the peripheral nervous system by inducing the expres-
sion of specific trophic factors in the nonneuronal cells, which then
act on the NRG1-expressing cells promoting different biological
responses. The basis for the different responses to erbB signaling
in the glial cells in vivo remains unknown, but the presence of
different cofactors or differences in expression of intracellular
signaling molecules in the different glia are possible scenarios.

The present data also provide insights into the molecular and
cellular mechanisms of inner ear development. First, they high-
light important differences between the roles of cochlear and ves-
tibular SCs, i.e., cochlear SCs regulate spiral ganglion neuronal
survival, possibly through erbB-dependent NT3 expression (33),
whereas vestibular SCs regulate synapse formation through erbB-
dependent BDNF expression. Second, they shed light on the role of
NRGI1-erbB signaling in the vestibular system, i.e., NRG1 had
previously been shown to act as a SC mitogen during embryonic
development and after injury (34, 52), whereas here we show that, at
postnatal stages, erbB signaling in SCs promotes synapse formation.

Neurotrophins are important modulators of synaptic develop-
ment and function in the central and peripheral nervous systems
(53-55). For example, they have been shown to regulate trans-
mitter release, synaptic size and stability, and to modulate short-
and long-term synaptic plasticity (56-59). Although neurons have
long been viewed as the primary source of BDNF in the central
nervous system, recent studies have reported BDNF expression in
both oligodendrocytes and astrocytes (60-62). As these central glia
also express erbB receptors, it is important to consider the possi-
bility that erbB signaling regulates neurotrophin expression in these
cells as well. If this were the case, processes similar to the ones we
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Fig. 5. BDNF reexpression in SCs rescues vestibular function and synapse formation in GFAP-DN-erbB4 mice. (A) BDNF immunostaining of P26 utricular,
maculae from control (BDNF**°P), GFAP-DN-erbB4 mice carrying the BDNF*'°P transgene, and mice carrying all three transgenes (GFAP-DN-erbB4, BDNF**°P and
PLP/CreERT) show that tamoxifen increases BDNF expression in SCs of the utricular macula of BDNF®*°P::GFAP-DN-erbB4::PLP/CreERT mice to levels similar to
those of control mice. (Scale bar, 20 pm.) Box plot analysis of VsEP thresholds: arrow illustrates the threshold shift in GFAP-DN-erbB4 mice, which had no
response at the highest levels tested (ND, not detectable) (B) and peak 1 amplitudes at 5 dB (C) from control mice (n = 6), GFAP-DN-erbB4 mice carrying the
BDNF**P transgene (n = 6), and mice carrying all three transgenes (n = 4) show that conditional overexpression of BDNF rescues the vestibular function of
GFAP-DN-erbB4 mice at P26. Magnitude of the evoking head jerk is expressed in dB re: 1.0 g/ms; ***P < 0.0001. (D) Quantification of synapses (colocalized
RIBEYE and GIuR2/3), presynaptic ribbons (RIBEYE puncta), and postsynaptic receptor plaques (GIuR2/3 puncta) in utricular maculae of the same mice tested in
A-C shows that BDNF overexpression in SCs rescues the synaptic loss in GFAP-DN-erbB4 mice; ***P < 0.0001. Error bars in D represent SEMs.

describe here for the vestibular system could be at work in synapse
formation and function throughout the nervous system. Further-
more, this could be of relevance for neurological and/or neuro-
psychiatric disorders, as NRG1-ertbB and BDNF-TrkB signaling
have been implicated in multiple sclerosis, traumatic brain and
spinal cord injury, autism, depression, and schizophrenia (63-67).

Materials and Methods

Animals. Methods for creating the GFAP-DN-erbB4 mice were described in
ref. 24. PLP/CreR" (44) and BDNF” (43) mice were obtained from Jackson
Laboratory. The BDNF**® mouse line (48) was provided by Rudolf Jaenisch
(Whitehead Institute for Biomedical Research, Cambridge, MA). The GATA-1/
Cre (47) mouse line was provided by Stuart Orkin (Children’s Hospital Bos-
ton, Boston, MA).

In Situ Hybridization. In situ hybridization was performed in whole-mount
temporal bones of Tg mice. Detailed methods are provided in S/ Materials
and Methods.

Histological Analysis. Histopathological analyses were performed as described
in ref. 33. Details and EM methods are provided in S/ Materials and Methods.

FM1-43 Dye Uptake. Freshly dissected utricular maculae from P21 WT and Tg
mice were incubated with FM1-43 dye for 2 min at room temperature and
immediately visualized using confocal microscopy. Lanthanum (100 pM),
a blocker of mechanotransduction channels, was used to verify the speci-
ficity of the FM1-43 uptake.

Tamoxifen Injection. Tamoxifen (Sigma) was dissolved in corn oil at a con-
centration of 10 mg/mL at 55 °C. For prenatal administration, tamoxifen was
injected i.p. to embryonic day 14.5 pregnant dams for 4 consecutive days at
a dose of 50 mg/kg body weight. For postnatal administration, pups were
injected i.p. beginning at P5 for 7 consecutive days with tamoxifen at a dose
of 33 mg/kg body weight.

1. Eroglu C, et al. (2009) Gabapentin receptor alpha2delta-1 is a neuronal thrombo-
spondin receptor responsible for excitatory CNS synaptogenesis. Cell 139:380-
392.

2. Christopherson KS, et al. (2005) Thrombospondins are astrocyte-secreted proteins
that promote CNS synaptogenesis. Cell 120:421-433.

3. Barres BA (2008) The mystery and magic of glia: A perspective on their roles in health
and disease. Neuron 60:430-440.
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VSEP Recordings. VsEPs were recorded as described in ref. 39. Detailed
methods are provided in S/ Materials and Methods.

Immunostaining. Immunohistochemical detection of BDNF and RIBEYE-
GluR2/3 was performed as described in refs. 43 and 41, respectively. Details
are provided in S/ Materials and Methods.

Real-Time Quantitative RT-PCR. Real-time quantitative RT-PCR was performed
as in ref. 33. Detailed information is provided in S/ Materials and Methods.

Data Analysis. Statistical analyses were performed using ANOVA followed by
a Tukey test for multiple comparisons or by a Student two-tailed t test. P <
0.05 was selected as the criterion for statistical significance. To determine if
the difference in normalized gene expression of BDNF, GDNF, and NT3 was
statistically significant, we used the bootstrap method using Matlab 5.3
software (MathWorks). Mean values are quoted as means + SEM.

Image Acquisition and Analysis. A laser scanning confocal microscope (LSM 510
META,; Zeiss) was used to acquire images of whole utricular maculae. The area
of the maculae and the number of synaptic, RIBEYE, and GluR2/3 puncta per
macula were measured using Metamorph advanced image analysis software.
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