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ABSTRACT

Regeneration of synaptic connections between hair
cells and spiral ganglion neurons would be required
to restore hearing after neural loss. Here we demon-
strate by immunohistochemistry the appearance of
afferent-like cochlear synapses in vitro after co-culture
of de-afferented organ of Corti with spiral ganglion
neurons from newborn mice. The glutamatergic
synaptic complexes at the ribbon synapse of the inner
hair cell contain markers for presynaptic ribbons and
postsynaptic densities. We found postsynaptic density
protein PSD-95 at the contacts between hair cells and
spiral ganglion neurons in newly formed synapses in
vitro. The postsynaptic proteins were directly facing
the CtBP2-positive presynaptic ribbons of the hair
cells. BDNF and NT-3 promoted afferent synapto-
genesis in vitro. Direct juxtaposition of the postsynap-
tic densities with the components of the preexisting
ribbon synapse indicated that growing fibers recog-
nized components of the presynaptic sites. Initiation
of cochlear synaptogenesis appeared to be influenced
by glutamate release from the hair cell ribbons at the
presynaptic site since the synaptic regeneration was
impaired in glutamate vesicular transporter 3 mutant
mice. These insights into cochlear synaptogenesis
could be relevant to regenerative approaches for
neural loss in the cochlea.
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INTRODUCTION

Sound inputs are converted into electrical signals by
cochlear hair cells (HGCs), the sensory cells of the
organ of Corti in the inner ear, and conveyed to the
central auditory system by spiral ganglion neurons
(SGNs), representing the first step of the ascending
auditory pathway from the cochlea (Fuchs et al. 2003;
Weisz et al. 2009). After excessive exposure to noise,
both HCs and SGNs can be damaged (Liberman and
Kiang 1978; Harding et al. 2002; Kujawa and
Liberman 2009). Despite the capacity of peripheral
neurons to regenerate, SGNs in mammals do not
spontaneously recover from injury (Starr et al. 1996;
White et al. 2000; McFadden et al. 2004; Kujawa and
Liberman 2009). Thus, regenerating SGNs, either
alone or in combination with HCs, could be impor-
tant for treating hearing loss.

The afferent synapse between SGNs and HCs is
suited for fast and synchronized neurotransmitter
release. The presynaptic ribbons are located at the
basolateral membrane of the HCs and are directly
faced by the postsynaptic glutamate receptors on the
afferent fibers. Upon sound stimulation, the synaptic
vesicles tethered with HC ribbons quickly release the
neurotransmitter glutamate into the synaptic zone.
Primary or secondary damage to SGNs results in loss
of the afferent synapses (Wang et al. 2002; Kujawa and
Liberman 2006, 2009), which must be replaced as a
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part of any strategy to restore transmission of infor-
mation from the cochlea to the brain.

At the inner HC (IHC) afferent synapse, vesicular
glutamate transporter 3 (VGLUT3), one of three
transporter types in mammals (VGLUTI-3) (Fremeau
et al. 2004), is required for packaging glutamate into
synaptic vesicles, and mice lacking VGLUT3 are pro-
foundly deaf due to the lack of glutamate release into
the synaptic zone (Ruel et al. 2008; Seal et al. 2008).
Glutamate release from axonal or presynaptic neurons
plays important roles in establishing synaptic contacts in
various neuronal systems (Wong and Wong 2001;
Tashiro et al. 2003; Sabo et al. 2006; McAllister 2007)
and is essential for cochlear development and matura-
tion (Housley et al. 2006; Tritsch et al. 2010).

In previous studies, neurons extended processes to
HGCs in vitro after prior removal of SGNs (Martinez-
Monedero et al. 2006; Flores-Otero et al. 2007;
Martinez-Monedero et al. 2008). In the present study
we evaluated the contacts generated between cultured
SGNs and denervated HCs and found PSD-95 immu-
nopositive puncta directly facing the HC ribbons. We
also found that neurotrophins, BDNF and NT-3,
known to promote SGN survival and neurite out-
growth (Pirvola et al. 1992; Ernfors et al. 1995;
Fritzsch et al. 1997b), significantly increased the
number of new synapses, whereas innervation of
HCs was decreased in organ of Corti from VGLUT3
knockout mice.

METHODS

Animals

C57BL/6] mice (Jackson Laboratory, Bar Harbor,
Maine) between postnatal days 4 and 6 (P4-P6) were
used for the organ of Corti explants. VGLUT3 mutant
mice, a kind gift from Rebecca Seal and Robert Edwards
(Seal et al. 2008), were crossed with C57BL/6] mice and
used as homozygous (VGLUT3 /") or wild type
(VGLUTS"*) littermates. All procedures were ap-
proved by the Massachusetts Eye and Ear Infirmary
Institutional Animal Care and Use Committee.

Explants of de-afferented organ of Corti

The afferent innervation of HCs was removed by
physical ablation as compared to pharmacological
targeting with p-bungarotoxin used in previous studies
(Martinez-Monedero et al. 2006, 2008). At postnatal
days 4-6 (P4-P6), the cochlea was dissected and
transferred to Petri dishes. The inner HC (IHC),
outer HC (OHC) and surrounding supporting cells of
the organ of Corti, were separated from the SGN
region at the greater epithelial ridge with a surgical
micro-blade, to obtain an intact sensory epithelium

devoid of neurons. The de-afferented organ of Corti
was then transferred to a cover glass coated with
laminin (25 pg/ml, BD Biosciences) and poly-L-
ornithine (0.01 %, Sigma) in a 4-well Petri dish
(Greiner) and maintained overnight at 37 °C in a
humidified incubator with 5 % COs in DMEM/F12
(Gibco) supplemented with N2 and B27 (Gibco).
During the first day of culture, 10 % FBS was added
for attachment to the glass. FBS was removed after
2 days, and growth medium was changed every 2-
3 days.

Isolation of SGNs and co-culture with de-afferented
organ of Corti

SGNs were dissected from P4-P6 mouse cochlea by
trypsinization as described previously (Martinez-
Monedero et al. 2006, 2008). Briefly, after removing
the sensory epithelium from the organ of Corti, the
SGNs were isolated from the modiolus and treated
with 0.25 % trypsin for 15 min at 37 °C. After
neutralization of the trypsin with 10 % FBS in
DMEM, neurons were collected by centrifugation,
triturated to a single-cell suspension and co-cultured
with the de-afferented organ of Corti in DMEM/F12
supplemented with N2 and B27. In some explants the
medium was supplemented with NT-3 (10 ng/ml;
Chemicon) and BDNF (10 ng/ml; Chemicon).

Immunofluorescence

Cultures were fixed with 4 % paraformaldehyde at room
temperature for 20 min, followed by permeabilization
and blocking with 0.1 % Triton-X-100 and 15 % normal
goat serum for one h. Primary antibodies — anti-CtBP2
(mouse monoclonal IgG1; BD Biosciences), anti-PSD-95
(mouse monoclonal IgG2a; NeuroMab), anti-neurofila-
ment (NF) heavy chain (chicken polyclonal; Chemicon)
and anti-myosin VIIa (rabbit polyclonal; Proteus) —
were added to the tissue overnight at 4 °C. After rinsing
three times for ten min with 0.01 M PBS, pH74,
explants were incubated with secondary antibodies —
cyanine-5-conjugated goat anti-mouse IgGl (Caltad
Laboratories), biotin-conjugated Fluor goat anti-mouse
IgG2a (Caltad Laboratories), Alexa Fluor 568-
Streptavidin (Molecular Probes), Alexa Fluor 488 goat
anti-chicken (Molecular Probes) or Alexa Fluor 647 goat
anti-rabbit (Molecular Probes) — for 2 h at RT. Tissues
were placed onto a glass microscope slide with a drop of
fluorescent mounting medium (Dako Cytomation) after
three PBS rinses and viewed using a Leica confocal
microscope. Images were analyzed with Metamorph
software and processed with Adobe Photoshop. Triple
labeling of CtBP2, PSD-95 and NF was quantified. We
excluded PSD-95 puncta that were not associated with
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CtBP2 puncta on the HC surface from the analysis.
Significance was determined by the Student’s #test.

Statistical analysis

All results were presented as mean * standard error.
Comparisons were made using unpaired two-tailed
Student’s #test (MATLAB, MathWorks). A P value
<0.05 was considered statistically significant.

RESULTS

Postsynaptic density protein PSD-95 is expressed
in mouse cochlea

The cochlear synapse in mouse organ of Corti under-
goes a dynamic transition during the first several weeks
after birth, and the exact developmental expression
profiles of synaptic proteins are largely unknown
(Sobkowicz et al. 1982; Eatock and Hurley 2003;
Housley et al. 2006). We performed immunohistochem-
istry to identify the pre- and postsynaptic specializations
of neonatal and adult mouse organ of Corti. In the
neonatal mouse cochlea, SGN fibers could be stained
with an antibody against NF and the HC ribbons could
be stained with an antibody against C-terminal-binding
protein 2 (CtBP2), a component of ribbon protein,
RIBEYE. The presynaptic HC ribbons were seen in the
basal-lateral aspects of the IHCs and OHCs of the organ
of Corti. The postsynaptic densities, stained for an
antibody against PSD-95, a membrane-associated guany-
late kinase (MAGUK) scaffolding protein, were mostly
seen at the endings of the SGN fibers innervating the
IHGs. Pre- and postsynaptic puncta of CtBP2 and PSD-
95 were closely associated at the synaptic zone of the
IHCs (Fig. 1A). In the mature mouse cochlea, refined
PSD-95 puncta were found to co-localize with glutamate
AMPA receptors, GluR2/3, on the SGN afferents and
were juxtaposed to the IHC ribbons (Fig. 1B). Thus,
PSD-95 faithfully marked the afferent ribbon synapses
between the SGNs and the IHCs in newborn and mature
cochleae.

Afferent-like re-innervation of HCs by newborn
SGNs

We co-cultured the isolated SGNs with the denervated
HCs to examine whether nerve fibers would form
afferent endings. The de-afferentation of newborn
mouse organ of Corti was accomplished by physically
dissecting the HCs from the SGNs (see Methods
section, Fig. 2A and B), and newly dissociated SGNs
from an age-matched mouse were randomly placed in
the culture around the de-afferented organ of Corti.
This protocol was less damaging to the remaining cells
than the previously published B-bungarotoxin method

PSD95 NF CtBP2

PSD95 GluR2/3 CtBP2

FIG. 1. Components of afferent synapses in mouse cochlea. A HC
ribbon synaspes from a P5 mouse were detected using antibodies
against PSD-95 (red), NF (green) and CtBP2 (blue). Ribbons of both IHCs
and OHCs were positive for CtBP2 and appeared as puncta. IHC nuclei
were also positive for CtBP2. Postsynaptic densities were observed at the
endings of SCNs in the IHC region with the PSD-95 antibody. B
Representative confocal projections of the basal membranes of two
IHCs are shown from a P30 mouse. The ribbon synapses were
immunostained with antibodies to PSD-95 (red), GluR2/3, against
AMPA receptors (green) and CtBP2 (blue). GluR2/3 and PSD-95 were
co-localized, and apposed to the HC ribbons. Scale bars: 10 um.

(Martinez-Monedero et al. 2006). Isolated SGNs,
identified by a NF antibody at day 1, did not contact
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FIG. 2. Co-culture of de-afferented organ of Corti with SGNs. A An
organ of Corti from a P5 mouse was immunostained with antibodies
against NF (green) and myosin Vlla (blue) to label the SGNs and HCs. B A
cross-sectional view shows the lines of separation followed with a micro-
blade to mechanically axotomize the SGN fibers at the GER region close
to IHCs and at the outer sulcus (dashed lines). C A de-afferented organ of

HCs in the explant, identified by a myosin VIla

antibody (Fig. 2C). However, after 6 days, the SGNs
grew into the organ of Corti with fibers extending

PSD95 NF MyoVlla

Corti (P5) was co-cultured with isolated SGNs for 1 day. D, E De-
afferented organs of Corti (P6) were co-cultured with isolated SGNs for
6 days. The fibers of SGNs extended to both IHCs (arrow, D) and OHCs
(E). F SGN fibers innervated HCs at their basal surface after 6 days.
Nuclei were stained with DAPI (red). Scale bars in A=E: 50 um, F: 10 um.

toward IHGCs (Fig. 2D) and OHGCs (Fig. 2E), as
previously observed in the toxin-treated cultures
(Martinez-Monedero et al. 2006). Many fibers con-

FIG. 3. Newly generated afferent-like
cochlear synapses in vitro. A A de-affer-
ented organ of Corti (P5) was co-cultured
with isolated SGNs for 6 days. PSD-95-
positive puncta were detected at the sites of
innervation of the IHCs (arrows). An orthog-
onal view shows PSD-95 apposed to the
basal surface of the IHC, presumably the
synaptic zone (@’, dashed line in A). B After
6 days, immunostaining with an antibody
against CtBP2 showed afferent-like synap-
ses at the sites of IHC innervation. Enlarged
views demonstrate that PSD-95 puncta
were directly apposed to the CtBP2-positive
presynaptic ribbons of the HCs (B’ and B").
C After 6 days, HC ribbons in the section of
the de-afferented organ of Corti that was not
innervated by SGNs were preserved,
whereas postsynaptic densities were no
longer present at synaptic zones.
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tacted the basal membrane of HCs, suggesting normal
innervation of the synaptic zone (Fig. 2F).

We then examined the innervation sites between
the SGNs and the basolateral membranes of the
HCs for afferent synapses. SGN fibers extended to
IHGCs of the de-afferented organ of Corti forming
postsynaptic densities that expressed PSD-95 at the
termini of the fibers apposed to the HC synaptic
zones (Fig. 3A). Immunostaining with CtBP2 anti-
body revealed that PSD-95 puncta on the SGN
fibers were in direct apposition to the presynaptic
ribbons of IHCs (Fig. 3B), as is observed in
afferent ribbon synapses in the organ of Corti in
vivo. Thus, afferentlike cochlear synapses could be
regenerated in the in vitro explants by co-culturing
the isolated SGNs and the de-afferented HCs from
newborn mice. In cases where the de-afferented
organ of Corti was not reached by SGN fibers,
postsynaptic densities were not seen but both IHCs
and OHGCs retained presynaptic ribbons after 6 days
(Fig. 3C).

Neurotrophins promote synaptogenesis in vitro

As the overall percentage of HCs innervated by SGNs,
based on the appearance of PSD-95 and CtBP2

>

Control NTs

CtBP2

PSD95
£

w
@)

Innervated IHCs (%)

Number of synapses / IHC
[\

Control NTs

Control

immunopositive puncta in the cochlear synaptic
region, was low, we sought methods to facilitate
synaptogenesis. BDNF (10 ng/ml) and NT-3 10 ng/
ml), required for inner ear development and SGN
survival and neurite growth (Fritzsch et al. 2004,
2005), added to the culture, promoted afferentlike
innervation of HCs by SGNs in the explant, identified
by co-immunostaining of CtBP2-positive ribbons ap-
posed by PSD-95-positive endings. The number of
PSD-95 puncta and percentage of innervated IHCs
were significantly increased in the explants with
addition of NTs (Fig. 4A and B; 7T{16=-3.89, P=
0.012). The average number of new synapses per IHC,
measured by calculating the number of paired puncta
of CtBP2 and PSD-95 of individual innervated IHCs in
de-afferented organs of Corti, was also dramatically
increased by the addition of neurotrophins to the
explant (Fig. 4C; T(198)=3.64, P=0.003).

Role of glutamate in cochlear synaptogenesis
in vitro

Glutamate is released from presynaptic vesicles of
ribbons at the cochlear afferent synapse. We speculat-
ed that glutamate could act as a chemoattractant for
the isolated SGNs guiding the dendrites to de-

FIG. 4. Neurotrophins promoted cochle-
ar synaptogenesis. A De-afferented organs of
Corti were co-cultured with SGNs. In one
group of explants, NT-3 (10 ng/ml) and
BDNF (10 ng/ml) were added to the culture.
After 6 days, the explants were immunos-
tained with antibodies to PSD-95, NF and
CtBP2. Insets show enlarged views of synap-
tic zones in the yellow boxes. B After 6 days,
addition of NTs significantly increased the
percentage of IHCs innervated by SGNs in
the co-cultured explant (Control, n=
8 explants; NTs, n=11 explants). C After
6 days, addition of NTs significantly in-
creased the average numbers of new synap-
ses per IHC in the co-cultured explant
(Control, n=59 IHCs; NTs, n=209 IHCs).
*P<0.05, Student’s t-test. Scale bar: 10 um.

NTs
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afferented HGCs to form new synapses at the sites
adjacent to presynaptic ribbons on the HC mem-
brane. We tested this hypothesis by taking advantage
of mice that have no glutamate release from HCs due
to a lack of VGLUT3 (Ruel et al. 2008; Seal et al.
2008). The SGNs from age-matched wild type mice
were co-cultured with de-afferented organs of Corti
from homozygous VGLUT3 knockout mice and wild
type littermates for 6 days, followed by immunohisto-
chemistry with antibodies against NF, CtBP2 and PSD-
95. Cochlear afferent synapses were generated in de-
afferented organs of Corti from both groups (Fig. A
and B), but the number of new synapses per IHC was
significantly reduced in VGLUT3 knockout cochlear
explants (Fig. 5D; T{44)=-2.07, P=0.043). Heterozygous
littermates were excluded from the study because the
degree of synaptic release is unknown.

DISCUSSION

Here, we demonstrate afferent cochlear synapses in
vitro after co-culture of de-afferented organ of
Corti with SGNs from newborn mice. In previous
studies, neurons extended processes to HCs in
vitro and expressed synaptic markers (Martinez-

A B
WT VGLUT3 -/-

CtBP2

PSD95

Number of synapses / IHC O
w

WT VGLUTS3 -/-

Monedero et al. 2006; Flores-Otero et al. 2007;
Martinez-Monedero et al. 2008). However, postsyn-
aptic structures of the auditory HC synapse were
not assessed. We have exploited the synaptic
complexes at the ribbon of the IHC and postsyn-
aptic densities in the SGN, characteristic features
of the glutamatergic synapse, for the detection and
quantification of new synapses. We found postsyn-
aptic density protein, PSD-95, as well as glutamate
receptors, in the fibers that extended from SGNs,
and CtBP2 in the presynaptic ribbons.

The loss of PSD-95 and its appearance when new
synapses were formed provided a useful measure of
synaptogenesis. PSD-95 was closely associated with
glutamate receptors in the postsynaptic terminals, and
was also closely associated with CtBP2 staining, thus
marking the synapses from both sides. In a recent study
using organotypic rat culture, nerve endings of type 1
SGNs injured by the application of glutamate agonists
regrew fibers to HCs and also showed synaptic regener-
ation (Wang and Green 2011). In contrast to those
explants, in which the cochlear explant included the
organ of Corti and the attached neurons, our model
involved the complete removal of SGNs from the organ
of Corti, and could be used to study reinnervation by
growth of exogenously added cells.

FIG. 5. Glutamate was not required for
cochlear synaptogenesis. A-B De-afferented
organs of Corti dissected from wild type
(WT) and VGLUT3 knockout (VGLUT3 ™)
littermates were co-cultured with isolated
SGNs from C57BL/6) mice for 6 days. PSD-
95-positive puncta were detected in both
groups. Enlarged views of the synaptic
zones demonstrated that postsynaptic den-
sities were formed along the SGN fibers and
juxtaposed to the IHC ribbons. C The
average number of new synapses generated
per IHC was decreased in the explants of
VGLUT3 ™ organs of Corti (WT, n=23;
VGLUT3 ™", n=23). *P<0.05, Student's t-
test. Scale bars: 10 um.
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Contacts between SGNs and HCs could be quantified
in the cochlear explants, providing a unique opportu-
nity to identify regulatory mechanisms for synapto-
genesis. BDNF and NT-3, which are known to promote
SGN survival and neurite outgrowth (Pirvola et al. 1992;
Lefebvre etal. 1994; Ernfors etal. 1995; Malgrange etal.
1996; Fritzsch etal. 1997a; Hegarty etal. 1997; Mou et al.
1997), promoted the formation of pre- and postsynaptic
markers of the afferent synapse, in agreement with a
previous study (Wang and Green 2011).

In addition to showing that the postsynaptic densities
were present and could be quantified, confocal micros-
copy revealed that PSD-95 was directly apposed to
presynaptic CtBP2. Thus, the new fibers seemed to
recognize the sites of the ribbon synapses and the direct
alignment of the components in the newly formed
ribbon synapse indicated that signaling from HCs
directed growing fibers to the preexisting site of the
ribbon synapse (Wang and Green 2011), suggesting that
cochlear specific synaptic connections similar to the
ribbon synapse in vivo were regenerated in vitro.

The coincidence and alignment of the pre- and
postsynaptic processes in regenerated synapses has been
observed in vertebrate neuromuscular junctions, mod-
ulated by presynaptic secretion of agrin (Gautam et al.
1996; Sanes and Lichtman 1999). Several models have
been proposed to guide the initial formation of
glutamatergic synapses in the CNS. In one, a mobile or
stochastic model, synaptic proteins are randomly trans-
ported prior to synapse formation. The encounter of
axon and dendrite initiates the recruitment of scaffold-
ing complexes on both sides of the synapse (Friedman
et al. 2000; Washbourne et al. 2002; Ziv and Garner
2004; Dean and Dresbach 2006). In a second, a
predetermined model, synaptic proteins are assembled
at specific sites on one side of the axodendritic synapse
before the formation of the synapse, followed by
attraction of the synaptic components on the opposite
side (Gerrow et al. 2006; Sabo et al. 2006). In the case of
cochlear synaptogenesis, our study strongly favored the
predetermined model, in which presynaptic signals
dictate the initiation of postsynaptic components,
because ribbons, the dense structure anchoring presyn-
aptic components, were not lost from the de-afferented
HCs and were therefore present before the formation of
the new synapse.

Glutamate released from presynaptic neurons is
known to play an important role in establishing synaptic
contact (Wong and Wong 2001; Tashiro et al. 2003;
Sabo et al. 2006; McAllister 2007). In the auditory
system, glutamate is loaded into synaptic vesicles of
IHCs by VGLUTS3, and mice lacking VGLUT3 are
profoundly deaf due to the lack of release of glutamate
into synaptic zones (Ruel et al. 2008; Seal et al. 2008).
Since glutamate release from HCs precedes formation
of synapses during development, we tested whether

glutamate from presynaptic terminals of HCs induced
cochlear synaptogenesis during regeneration. Synaptic
regeneration in VGLUT3 mutant mice was still seen but
the number of new synapses was reduced, suggesting
that glutamate release facilitated synaptogenesis.

Abnormal morphology of ribbon synapses due to the
dysfunction of synchronized synaptic release (Roux et al.
2006) has been demonstrated in otoferlin null mice, a
model for progressive hearing loss in humans (Yasunaga
et al. 1999). Partial deletion of presynaptic scaffolding
protein, bassoon, resulted in ribbons detaching from the
membrane (Dick et al. 2003; Khimich et al. 2005).
Deletion of synaptotagmin IV disrupted the linear
dependence of synaptic release on Ca** (Johnson et al.
2010). Interestingly, although synaptic functions were
disrupted in these mice the process of initial ribbon
synapse formation was unaffected. This is consistent
with the results of our study and suggests that
recognition of the HC target by regenerating cochlear
neurons could be mediated by other proteins, possibly
guidance molecules or adhesion proteins (Ziv and
Garner 2004; Sabo et al. 2006; McAllister 2007).

Our results provide fundamental insights into co-
chlear synaptogenesis that will be relevant to regenera-
tive approaches for neural loss in the cochlea. In the
damaged mammalian nervous system, spontaneous
regeneration of injured neurons is always insufficient
or incomplete (Lie et al. 2004; Chen et al. 2007; Okano
etal. 2007; Kawabuchi etal. 2011), and this insufficiency
is pronounced in the auditory system. A better under-
standing of mechanisms that increase regeneration of
synaptic connections would be valuable in achieving
reversal of hearing loss.
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