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Functional Role of Neurotrophin-3 in Synapse Regeneration
by Spiral Ganglion Neurons on Inner Hair Cells after
Excitotoxic Trauma In Vitro
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Spiral ganglion neurons (SGNs) are postsynaptic to hair cells and project to the brainstem. The inner hair cell (IHC) to SGN synapse is
susceptible to glutamate excitotoxicity and to acoustic trauma, with potentially adverse consequences to long-term SGN survival. We
used a cochlear explant culture from P6 rat pups consisting of a portion of organ of Corti maintained intact with the corresponding
portion of spiral ganglion to investigate excitotoxic damage to IHC–SGN synapses in vitro. The normal innervation pattern is preserved
in vitro. Brief treatment with NMDA and kainate results in loss of IHC–SGN synapses and degeneration of the distal type 1 SGN peripheral
axons, mimicking damage to SGN peripheral axons caused by excitotoxicity or noise in vivo. The number of IHC presynaptic ribbons is
not significantly altered. Reinnervation of IHCs occurs and regenerating axons remain restricted to the IHC row. However, the number of
postsynaptic densities (PSDs) does not fully recover and not all axons regrow to the IHCs. Addition of either neurotrophin-3 (NT-3) or
BDNF increases axon growth and synaptogenesis. Selective blockade of endogenous NT-3 signaling with TrkC–IgG reduced regeneration
of axons and PSDs, but TrkB–IgG, which blocks BDNF, has no such effect, indicating that endogenous NT-3 is necessary for SGN axon
growth and synaptogenesis. Remarkably, TrkC–IgG reduced axon growth and synaptogenesis even in the presence of BDNF, indicating
that endogenous NT-3 has a distinctive role, not mimicked by BDNF, in promoting SGN axon growth in the organ of Corti and synapto-
genesis on IHCs.

Introduction
The peripheral axons (sometimes termed “dendrites”) of spiral
ganglion neurons (SGNs) contact the hair cells of the organ of
Corti (Slepecky, 1996). Approximately 95% of SGNs are type 1
and innervate the inner hair cells (IHCs). In the mature cochlea,
each type 1 SGN contacts just a single IHC, but each IHC is
contacted by 5–20 SGNs. Type 2 SGN peripheral axons project
past the IHC row, and each innervates many outer hair cells
(OHCs).

Innervation of the organ of Corti (OC) depends on neurotro-
phins BDNF and neurotrophin-3 (NT-3), which are expressed in
the developing OC (Fritzsch et al., 2004). BDNF expression de-
clines postnatally (Wheeler et al., 1994), but NT-3 remains ex-
pressed in mature IHCs and adjacent supporting cells (Ylikoski et
al., 1993; Wheeler et al., 1994; Stankovic et al., 2004; Sugawara et
al., 2007). TrkB and TrkC, the cognate receptors for BDNF and
NT-3, respectively, are expressed in SGNs (Ylikoski et al., 1993;

Pirvola et al., 1994, 1997; Mou et al., 1997). BDNF and NT-3
promote SGN neurite growth in vitro (Malgrange et al., 1996;
Hegarty et al., 1997) and in vivo (Wise et al., 2005). However, the
roles of the neurotrophins in cochlear synapse formation and
maintenance have not been defined. Here we ask whether BDNF
or NT-3 is necessary for SGN synaptogenesis in the cochlea. To
do so, we take advantage of a reinnervation process in cultured
postnatal rat cochlea explants, exploiting the accessibility of
the culture system to experimentally manipulate neurotro-
phin signaling.

IHC–SGN synaptic transmission is excitatory and glutama-
tergic, with both NMDA and kainate/AMPA-type glutamate
receptors in SGNs (Eybalin, 1993). Like other glutamatergic syn-
apses, the IHC–SGN synapse is susceptible to excitotoxicity: in-
tracochlear perfusion of glutamate agonists in vivo results in
degeneration of SGN synaptic terminals on IHCs (Pujol et al.,
1985, 1996; Gil-Loyzaga and Pujol, 1990; Puel et al., 1994; Ruel et
al., 2007). Acoustic trauma results in similar damage to IHC–
SGN synapses (Puel et al., 1998), presumably as a result of
excessive glutamate release from IHCs because glutamate an-
tagonists mitigate noise damage to the synapses (Puel et al.,
1998), whereas inhibiting glutamate reuptake exacerbates
noise damage (Hakuba et al., 2000).

We show here that excitotoxic damage to type 1 SGNs, loss of
IHC–SGN synapses, and subsequent reinnervation of IHCs oc-
cur in vitro after exposure to glutamate. However, synaptic den-
sity after reinnervation is much lower than the original density.
Exogenous BDNF or NT-3 enhances neurite growth and synap-
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togenesis. Nevertheless, by using Trk–IgG neurotrophin scaven-
gers, we show, remarkably, that NT-3, the principal endogenous
neurotrophin in the postnatal OC, distinctively promotes IHC–
SGN synaptogenesis and cannot be replaced by BDNF.

Acoustic trauma results in delayed loss of SGNs (Kujawa and
Liberman, 2006), possibly as a result of excitotoxic damage to
SGN contacts with IHCs (Kujawa and Liberman, 2009), their
principal source of neurotrophic support. Here, we provide a
culture model for investigation of excitotoxic trauma to SGN
postsynaptic terminals. The results show a distinctive role for
NT-3 in mitigating damage, and the novel system may facilitate
identification of therapeutic interventions for acoustic trauma.

Materials and Methods
Culture methods. Protocols for all experiments involving animals were
approved by the University Animal Care and Use Committee. Postnatal
day 4 (P4) to P6 rat cochleae of both sexes were dissected in ice-cold PBS.
The membranous labyrinth was separated from the modiolus and the
stria vascularis and spiral ligament were carefully removed. With the
organ of Corti and spiral ganglion kept intact, Reissner’s membrane and
tectorial membrane were removed with fine forceps. Only the middle
part of the middle turn was used for each culture in our studies to avoid
differing region-specific effects of neurotrophins. The explants were
placed in a well on a cover glass (Lab-Tek catalog #155411 multicham-
bered cover-glass system) coated with polyornithine (100 �g/ml) and
laminin (20 �g/ml), to which they adhere. The cultures were evaluated
the following day using differential interference contrast optics for adhe-
sion to the substrate. Explants that failed to completely adhere to the
coverslip were discarded; all others were used for these experiments.

Unless otherwise indicated, the explants were cultured in N2-
supplemented DMEM with 10% fetal bovine serum at 37°, 6.5% CO2.
The explants can be cultured for at least 2 weeks (data not shown);
however, in this paper, we used cultures of, at most, 4 d in vitro (DIV). All
procedures, including imaging, were performed in the culture well with
the explants remaining attached to the coverslip. This facilitates preser-
vation of the morphology.

To cause excitotoxic trauma, we exposed the explants, after 24 h in
culture (1 DIV), to glutamate receptor agonists NMDA (0.5 mM; catalog
#0114; Tocris Bioscience) and kainic acid (0.5 mM; #0222; Tocris Biosci-
ence; or catalog #K2389; Sigma) for 2 h (“NK” treatment). After NK
treatment, the explants were maintained up to 72 h (4 DIV in total) in
control culture medium or in culture medium containing BDNF (3.6 nM;
catalog #10908010; Invitrogen) or NT-3 (3.6 nM; catalog #N1905; Sigma)
or TrkC–IgG protein (2 �g/ml) or TrkB–IgG protein (2 �g/ml). The
cultures were then fixed and prepared for immunofluorescence.

Synthesis of TrkC–IgG and TrkB–IgG. TrkC–IgG and TrkB–IgG (also
known as TrkC–Fc and TrkB–Fc) are chimeric proteins consisting of the
ectodomain of the Trk family receptors containing the ligand-binding
domain fused to the Fc domain of human IgG. We have previously es-
tablished efficacy and specificity of these reagents for cultured SGNs
(Hansen et al., 2001). In particular, we have demonstrated that TrkC–
IgG effectively blocks NT-3 signaling but not BDNF signaling (Hansen et
al., 2001). A cDNA encoding a TrkC–IgG fusion protein (“receptor
body” or “immunoadhesin”) was constructed similarly to that described
by Shelton et al. (1995): the rat TrkC extracellular domain up to Thr429
was fused to the C-terminal portion of the human IgG Fc domain, start-
ing at Asp216 (Ashkenazi et al., 1993). TrkB–IgG was constructed iden-
tically except that the rat TrkB extracellular domain up to His429 was
fused to the C-terminal portion of the human IgG Fc domain. The genes
encoding the fusion proteins were placed downstream of a human CMV
early promoter. The constructs were transfected into HEK293 cells. After
24 h, the culture medium was changed to one lacking serum. After an
additional 24 h, the supernatant culture medium was removed and
passed through a protein A-Sepharose column to isolate the secreted
TrkC–IgG or TrkB–IgG proteins. Protein concentration was adjusted to
0.5 mg/ml in culture medium by vacuum dialysis for storage at �86°. The
stock TrkB–IgG or TrkC–IgG were added to cultures to a final concen-
tration of 2 �g/ml (1:250 dilution). Specificity and efficacy were assessed

by an in vitro SGN survival bioassay as in the study by Hansen et al.
(2001).

Fluorescent labeling of cells. All procedures were performed in the cul-
ture well with the explants remaining attached to the coverslip. After
fixation with 4% paraformaldehyde for 15 min, the cultures were perme-
abilized with 1% Triton X-100 in PBS for 45 min, incubated 30 min in 50
mM NH4Cl, and 30 min in 20% horse serum in PBS. For immunofluo-
rescence imaging, the cultures were incubated sequentially in primary
and secondary antibodies diluted in 1% horse serum in PBS, primary
antibodies for 24 h at 4° and secondary antibodies for 1 h at room tem-
perature, with three intervening PBS washes. Primary antibodies used
were as follows: anti-myosin VI (1:2000; catalog #KA-15; Sigma) to label
hair cells, anti-NF200 (1:400; catalog #N0142; Sigma) to label the SGNs
and their peripheral axons, anti-peripherin (1:2000; catalog #AB1530;
Millipore Bioscience Research Reagents) to selectively label type 2 SGNs
and their peripheral axons (Hafidi et al., 1993), anti-PSD-95 (mouse
monoclonal IgG2a, 1:2000; catalog #MABN68 and #MAB1569; Milli-
pore) to label postsynaptic densities (PSDs) in SGNs (Bao et al., 2004), and
anti-CTBP2 (mouse monoclonal IgG1, 1:100; catalog #612044; BD Biosci-
ences) to label ribbon synapses in hair cells (Khimich et al., 2005). Secondary
antibodies were Alexa Fluor conjugates (1:1000; Invitrogen). For CTBP2/
PSD-95 double labeling, isoform-specific secondary antibodies were used
sequentially to distinguish the two mouse primary antibodies.

Hair cell apical structures were labeled with phalloidin-647 (1:40; cat-
alog #A22287; Invitrogen). Viable hair cells were labeled by uptake of the
fixable fluorescent styryl dye AM1-43 (catalog #70024; Biotium) (Meyers
et al., 2003): explants were cultured, before fixation, in medium contain-
ing 30 mM KCl and 40 nM AM1-43 at 37°/5% CO2 for 1 min. The explants
were then washed twice (5 min each) with DMEM and fixed.

Quantitative analysis of SGN neurites and synapses in digital images.
After each explant was fluorescently labeled to detect SGN somata and
axons, IHCs, synapses, or other structures, the explants were viewed in
the culture well using a Leica TCS P2 Spectra confocal system with Leica
DMIRE2 inverted microscope. Optical sections in the x–y plane (z-
sections) were generally imaged and recorded at 0.6 �m intervals in the
z-axis. The resulting confocal image series (z-stack) contains a three-
dimensional record of the imaged information in the entire volume of
the explant. The z-stack was viewed, rotated, and “resliced” (to view a
plane perpendicular to the x–y plane) as necessary using Leica CS soft-
ware or NIH ImageJ software (supplemental Fig. 1 A, available at www.
jneurosci.org as supplemental material). Thus, a sequence of planes or
optical “slices” perpendicular to any of the axes was generated, allowing
us to follow individual axons along their length, identify IHCs contacted
by each axon, and identify synapses formed by each IHC on each axon.
We counted all SGN–IHC contacts and synapses in the volume. Two
structures were considered to be in contact if they touched within the
same z-section (i.e., within 0.6 �m). Every IHC, NF200-labeled fiber,
fiber–IHC contact, and PSD-95 punctum (�1 pixel in size) was counted
within randomly chosen volumes of organ of Corti, each volume having
a length of 10 –15 IHCs.

PSDs were visualized as PSD-95 immunoreactive puncta. Innervation
was quantified by counting the number of PSDs on each IHC in z-stacks
containing the bases of the IHCs. We can resolve individual PSDs in the
stacks and count them using an unbiased stereological method, in this
case an optical disector (Mouton, 2002). In NIH ImageJ, each PSD is
counted in the first optical section in which it appears in focus, and the
location is marked to prevent its being counted in subsequent sections.
Supplemental Figure 1 B–D (available at www.jneurosci.org as supple-
mental material) illustrates the counting method.

Axonal growth is quantified as the average number of NF200-labeled
fibers in contact with an IHC and is obtained by counting contacts in
multiple confocal series, each containing 10 –15 hair cells. This number is
graphed (see Figs. 2 E, 5E, 8) as fibers/IHC. The number of synapses made
by each IHC was quantified by counting PSD-95 puncta in contact (�0.6
�m distance) with the IHC. This number is graphed (see Fig. 7) as
PSD-95 puncta/IHC. The number of IHCs contacted by each fiber was
determined by following a fiber in the 3D reconstructions and counting
the IHCs with which it makes contact. This is given in supplemental
Figure 3 (available at www.jneurosci.org as supplemental material) as
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IHCs/fiber. In summary, for each post-NK ex-
perimental condition, we quantified PSDs/
IHC, fibers/IHC, and IHCs/fiber for two to
three separate confocal series in each explant.
The number of confocal series used for each
experimental condition is in the corresponding
column in each figure. One explant was pre-
pared from the middle turn of each cochlea. In
the event that both cochleae were used from a
single rat, they were placed in different experi-
mental or control groups.

Assessment of SGN survival. Dying cells were
labeled using the vital fluorescent dye Sytox
green (catalog #S-7020; Invitrogen). Explants
were incubated with Sytox green (diluted
1:40,000 in culture medium from a 5 mM stock)
at 37°C for 20 min, washed (5 min) with cul-
ture medium, and fixed. Ouabain was pur-
chased from Sigma (catalog #O3125). TUNEL,
to detect apoptotic cells, was performed essen-
tially as we have described previously (Alam et
al., 2007) after fixation and permeabilization.
Immunohistochemistry was done after the
TUNEL procedure.

SGNs were counted using an optical disector
method (Mouton, 2002, their Ch. 6) in ex-
plants that had been fixed, permeabilized, and
labeled with anti-NF200. A z-stack was made of
the spiral ganglion region of the explant at 0.8
�m intervals on the z-axis; the typical thickness
was 35 �m, yielding �45 optical sections in
each z-stack. Square or rectangular areas (typ-
ically �150 � 150 �m) were randomly selected
in the z-stack. Within each selected area, we
viewed the z-sections in sequence, counting
each nucleus in the first section in which it ap-
peared in focus. This number was divided by
the total volume to obtain the SGN density.
The densities in two to four volumes were av-
eraged for each explant, with three to four ex-
plants per group.

Results
An organotypic cochlea culture
preserves synaptic interactions between
SGNs and hair cells
The number of afferent synapses on each
IHC varies according to location, with a
greater number in the middle than in the
apex or base (Meyer et al., 2009). More-
over, SGNs are known to vary in their
physiology depending on their location in
the cochlea, in a neurotrophin-dependent
manner (Adamson et al., 2002; Zhou et al.,
2005). We therefore restricted our study to
the middle of the cochlea to minimize any location-dependent effects.

In a typical organotypic explant, a segment of the organ of
Corti with one intact row of IHCs and three intact rows of OHCs,
with the corresponding SGN somata and axons, were visualized.
Similar to the arrangement in vivo, each IHC is contacted by
multiple type 1 SGN axons, labeled by anti-NF200, each of which
follows a radial trajectory terminating at the IHCs (Fig. 1A,B).
OHCs are innervated by type 2 SGNs, which are selectively
labeled by anti-peripherin antibodies (Hafidi et al., 1993) (Fig.
1C). As in vivo, each type 2 SGN axon passes the IHC row and
then takes a spiral trajectory in apparent contact with multiple

outer hair cells in the same row. Peripherin and NF200 immuno-
fluorescence are overlaid in Figure 1B–D to show the trajectories
of the two types of fibers in the explant, confirming that they have
not been disrupted by culture. We did no additional quantitation
of synapses between OHCs and type 2 SGNs because they were
apparently unaffected by the excitotoxic agents used in this study,
by these excitotoxic agents in vivo (Pujol et al., 1985; Puel et al.,
1995; Pujol and Puel, 1999), and by noise (Kujawa and Liberman,
2009).

Because this study focuses on the postsynaptic response to
excitotoxic trauma, we quantified PSDs for all experimental con-
ditions. These were visualized by anti-PSD-95 immunoreactivity
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Figure 1. Synaptic interactions between hair cells and SGNs are preserved in organotypic culture. Organotypic cochlear ex-
plants, composed of portions of the organ of Corti and associated spiral ganglion, prepared from the middle turn of P4 –P6 rat pups
and cultured up to 4 d. Hair cells are labeled with anti-myosin VI (red in A, blue in B–I ) and SGN peripheral axons with anti-NF200
(green in A, red in B–F ). A, Low-magnification projection image (scale bar, 50 �m) of a confocal series through an explant,
including the IHC row and the three OHC rows, showing the characteristic innervation pattern. Type 1 SGN peripheral processes are
the radial fibers that innervate the IHC row; type 2 SGN peripheral processes continue past the IHC row and enter one of the three
spiral bundles to contact OHCs in one of the rows. B–D, High-magnification projection images (scale bar, 20 �m) of an explant
labeled with anti-NF200 (B, red) and anti-peripherin (C, green)—merged in D (yellow)—to confirm that fibers bypassing the
IHCs and entering the spiral bundles are type 2 (peripherin-positive). E, F, High-magnification projection images (scale bar, 10
�m) of an explant with hair cells and SGN peripheral axons labeled as in B. E, PSDs labeled by anti-PSD-95 (green) are on the SGN
peripheral processes closely apposed to the basolateral region of the IHCs. F, Presynaptic ribbons in the IHCs, labeled by anti-CTBP2
(green), are on the basolateral region of the IHCs closely apposed to the SGN peripheral axons. G–I, Colocalization of presynaptic
ribbons (CTBP2-immunoreactive puncta, red, shown in G) and postsynaptic densities (PSD-95-immunoreactive puncta, green,
shown in H ) superimposed together in I on myosin VI immunofluorescence (blue). Scale bar, 20 �m. J, Five examples of colocal-
ized presynaptic ribbons and PSDs shown at higher magnification (scale bar, 2 �m). These are in the y–z plane, resliced from
confocal z-stacks.
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(Bao et al., 2004), shown overlaid on myosin 6 and NF200 im-
munofluorescence in Figure 1E. In some cases, we labeled pre-
synaptic ribbons with anti-CTBP2 (Khimich et al., 2005) (which
also labels hair cell nuclei.) CTBP2 immunoreactivity is shown
overlaid on myosin 6 and NF200 immunofluorescence in Figure
1F. We counted CTBP2 and PSD-95 puncta, as described in Ma-
terials and Methods (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), in 64 IHCs in nine
confocal series each taken from the midpoint of a separate ex-
plant after 1 DIV. We obtained counts of 20.67 � 2.68 CTBP2
puncta/IHC and 19.61 � 4.89 PSD-95 puncta/IHC. Colocaliza-
tion of PSDs (PSD-95 puncta) and presynaptic ribbons (CTBP2
puncta) in control explants is shown in Figure 1G–I, which dem-
onstrates that synapses remain intact after transfer of the organ of
Corti to culture. Figure 1 J shows five examples of ribbon-PSD
pairs at higher magnification, illustrating typical variation in size,
shape, and relative position in the reconstructions from confocal
microscope optical slices.

We found in control explants that every PSD colocalized with a
ribbon, but �1 ribbon/IHC does not colocalize with a PSD. How-
ever, as discussed below, after excitotoxic trauma, the number of
ribbons not colocalizing with PSDs increases. The numbers of PSDs
and ribbons that we obtained in control 1 DIV cultures are similar to
counts of nerve terminals or of synaptic bodies in mouse cochleae
obtained using disector pairs, another unbiased method, by Francis
et al. (2006), to counts of nerve terminals obtained in 3D reconstruc-
tions of mouse cochleae (Francis et al., 2004), and to counts of rib-
bons (Kujawa and Liberman, 2009; Meyer et al., 2009) in mouse
cochleae.

The number of PSDs is much greater than the average number
of fibers we counted in contact with each IHC. In explants after 1

DIV, 3.5 � 0.5 NF200-labeled fibers con-
tact each IHC, based on counting contacts
on 319 IHCs in 19 different confocal series
from seven cochleae (Fig. 2E). There may
be several reasons for this discrepancy. Pos-
sibly, some SGN axons make more than one
synapse with an IHC. Also, we are not al-
ways able to resolve individual axons in tight
bundles, so that some NF200-labeled fibers,
particularly in control cultures, may be
small bundles of axons rather than individ-
ual axons. Because of the uncertainty in the
exact number of axons, we rely, in this
study, on the number of PSDs for quantita-
tive conclusions about synapse number.
The number of fibers is always correlated
with the number of PSDs and supports the
quantitative results but is, for this purpose, a
qualitative measure.

The organ of Corti is also innervated by
olivocochlear efferent fibers; however, these
degenerate after dissection of the cochlea.
We verified absence of efferents by using an
anti-choline acetyltransferase antibody that
detected efferents in vivo (data not shown).

A brief application of glutamate
agonists causes rapid degeneration of
type 1 SGN synapses on IHCs,
mimicking in vivo excitotoxicity
To cause excitotoxic trauma, we used NK
treatment of 1 DIV cultures with NMDA

and kainate, as described in Materials and Methods. This caused
rapid degeneration of type 1 SGN peripheral axons. By the end of
the 2 h NK treatment, �99% of type 1 (radial, peripherin-
negative) axons no longer contact IHCs (Fig. 2A) (see also Fig.
4A). This is illustrated in Figure 2A by a dotted line drawn
through the bases of the IHCs in the row, showing a gap of 10 –20
�m between the dotted line and the ends of the type 1 SGN fibers.
In contrast, type 2 (spiral, peripherin-positive) SGN fibers re-
main intact after NK treatment (Fig. 2A–D), as had been ob-
served in vivo (Pujol et al., 1985). In quantitative terms, of 606
type 1 SGN fibers scored in nine confocal stacks from three sep-
arate NK-treated cochleae, only five remained in contact with
IHCs (Fig. 2E). Also, as observed in vivo, transient excitotoxicity
from exposure to glutamate agonists did not cause acute death of
SGNs (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material).

Puel et al. (1994) showed that excitotoxic damage to the post-
synaptic terminals in vivo is attributable primarily to non-NMDA
receptors. We therefore tested the effects of kainate alone. Treat-
ment with 0.5 mM kainate for 2 h caused loss of terminals on IHCs
comparable with the loss caused by NK treatment (Fig. 2E).
These data suggest that NMDA is not necessary for excitotoxic
damage. Nevertheless, experiments here were performed with
both NMDA and kainate to more precisely mimic the response of
SGNs to glutamate.

Presynaptic changes after transient excitotoxic trauma
Transient excitotoxic trauma in vivo does not result in loss of hair
cell or SGN viability so we asked whether this was also the case for
NK treatment of organotypic cultures. Although higher concen-
trations of NMDA and kainate (e.g., 100 mM) and long exposures
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Figure 2. Type 1, but not type 2, SGN peripheral processes degenerate after excitotoxic trauma. A–D, Explants shown were
fixed at 1 DIV, immediately after NK treatment. As in Figure 1 B–D, hair cells are labeled with anti-myosin VI (blue), type 1 and type
2 SGN peripheral processes with anti-NF200 (A, B, D, red), and type 2 SGN peripheral axons with anti-peripherin (C, D, green).
Merged NF200 and peripherin images are shown in D. A, Low-magnification z-projection image (scale bar, 20 �m) showing
damaged SGN peripheral processes and disrupted contacts with inner hair cells. A dotted line is drawn through the bases of the IHCs
to indicate the gap between the IHCs and the axon ends. B–D, Higher-magnification images (scale bar, 10 �m) showing that
damaged fibers are peripherin negative (type 1), whereas the intact fibers in the radial bundles are peripherin positive (type 2). E,
Counts of contacts between SGN axons and IHCs in 1 DIV cultures immediately after 2 h NMDA/kainate (NK) or kainate (KA)
treatment or no-NK controls. Shown are means � SEM.
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resulted in death of IHCs (data not shown), the NK treatment
used here did not cause hair cell death. Because of the precise
arrangement of IHCs and OHCs in aligned rows, loss of individ-
ual hair cells is easily detected as a gap in the row. Such gaps were
not observed, indicating that hair cells do not die during the
course of these experiments (up to 4 DIV), even after NK treat-
ment (Fig. 3).

We further asked whether the hair cells remained functionally
and structurally sound. The styryl dye FM1-43 [N-(3-triethyl-
ammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium di-
bromide] and its fixable analog AM1-43 are selectively taken up
by hair cells via the nonselective cation mechanotransduction
channels and can be used to verify the presence of functional
channels (Géléoc and Holt, 2003; Meyers et al., 2003). We incu-
bated organotypic cultures 72 h after NK in AM1-43, as described
in Materials and Methods, and observed selective uptake by hair
cells, both IHCs (Fig. 3A) and OHCs (Fig. 3B). This indicates that
the hair cells retain functional mechanotransduction channels.
Structural integrity at 72 h after NK was verified by labeling with
fluorescent phalloidin to show intact stereocilia on both IHCs
and OHCs (Fig. 3C).

Presynaptic ribbons remained present in the hair cells imme-
diately after NK treatment (Fig. 3D), 18 h after NK (Fig. 3E), and
72 h after NK (Fig. 3F), although PSDs are absent 18 h after NK
(Fig. 4C). That is, presynaptic structures persist in the hair cells
even in the absence of a neuronal PSD. We quantified presynaptic
effects of excitotoxic trauma, with regard to number and location
of synaptic ribbons, visualized as CTBP2-immunoreactive puncta in
IHCs. We counted ribbons in six to eight IHCs at the middle
point of each explant in confocal z-stacks using the same optical
disector method described for counting PSDs (supplemental Fig.
1B–D, available at www.jneurosci.org as supplemental material).
Ribbons were counted in the indicated number of control (no
NK) explants and of explants immediately after NK, 18 h after

NK, and 72 h after NK. The mean numbers of ribbons/IHC are
shown in Figure 3G. With regard to the total number of synaptic
ribbons/IHC, there is no significant difference between the
no-NK control group and any post-NK group. However, similar
to what was observed after acoustic trauma in vivo (Kujawa and
Liberman, 2009), we did observe a change in the spatial distribu-
tion of ribbons within the IHC (Fig. 3D–F). In IHCs in control
explants, �95% of the CTBP2-immunoreactive puncta are lo-
cated near the basal surface of the cell, mainly below or surround-
ing the cell nucleus (20.0 � 2.9 of 21.0 � 2.7 ribbons/IHC from 70
IHCs in 10 explants). We term ribbons in this location “typical”
ribbons. Only 5% of the CTBP2-immunoreactive puncta are lo-
cated above the cell nucleus in the base to apex axis of the cell, a
location we term “apical.” Although there was no significant de-
crease in the percentage of ribbons that are typical or apical im-
mediately after (NK0) or 18 h after (NK18) excitotoxic trauma, at
72 h after NK, a significant shift from typical to apical was appar-
ent (Fig. 3G): the number of apical ribbons increased from 1.00 �
0.70 to 5.6 � 2.5 ribbons/IHC.

In contrast to these observations, Kujawa and Liberman
(2009) reported that the number of CTBP2 puncta declines in
IHCs after noise exposure. This might be a consequence of the
difference between noise and in vitro exposure to glutamate ago-
nists with respect to their effects on hair cells. Hair cells are di-
rectly responsive to sound, and the loss of ribbons after noise may
be a result of damage to the IHCs caused directly by the noise.
Noise damage to SGN synaptic terminals is attributable to excess
glutamate released by the IHCs (Puel et al., 1998) so is an indirect
consequence of noise. NK exposure in vitro mimics noise-
induced excitotoxic damage to the synaptic terminals but cannot
mimic direct effects of noise on hair cells. This could account for
the persistence of ribbons after excitotoxic trauma but not after
noise.
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Figure 3. Presynaptic changes in IHCs after NK treatment in vitro. Viability of hair cells 72 h after NK (4 DIV in total) is shown by uptake of AM1-43 dye by IHCs (A) and OHCs (B). Hair
cell stereocilia bundles are visualized by phalloidin labeling (green) in C: the top only the stereocilia, and the bottom shows the stereocilia superimposed on myosin VI immunoreactivity
(red), allowing the hair cell to be visualized. Explants were maintained in culture up to 72 h after NK before fixation. D–F are 2D z-projections of confocal image stacks showing inner hair
cells, labeled with anti-myosin VI (red), fixed immediately after NK treatment (D), 18 h after NK (E), or 72 h after NK (F ). Presynaptic ribbons are labeled with anti-CTBP2 (green).
Quantitation of synaptic ribbons (CTBP2-immunoreactive puncta) in confocal image stacks is plotted (mean � SD) in G for the indicated number of control (no NK) explants and of
explants immediately after NK (NK0), 18 h after NK (NK18), and 72 h after NK (NK72). Typical and apical ribbons are defined in Results. Statistical comparison was done by one-way ANOVA
with Tukey–Kramer multiple comparisons test. Significant differences are indicated as *p � 0.05 or ***p � 0.001, except that the difference between NK0 and NK72 apical ribbons is
p � 0.05 and not p � 0.001. Note that there is no significant difference in the total number of ribbons among the time points, but there is a statistically significant shift from typical to
apical location by 72 h after NK. Scale bars: A, B, 15 �m; C–F, 10 �m.
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Recovery from excitotoxic trauma
Although the distal ends of the type 1 SGN peripheral axons de-
generate, some NF200-immunoreactive material (Fig. 4B) as well
as many PSD-95 immunoreactive puncta (Fig. 4A) remain at the
end of NK treatment, apparently as debris associated with the
base of the IHC. This resembles in vivo excitotoxic trauma in
which debris, including PSDs and postsynaptic membrane, re-
mains temporarily at the base of the IHCs, evident by electron
microscopy (Puel et al., 1994, their Fig. 1F). Most PSD debris is
cleared by 4 h after NK (Fig. 4B), and, by 18 h after NK, PSD
debris is not evident (Fig. 4C). Because regenerating peripheral
processes are just beginning to contact the IHC row at 18 h after

NK (Fig. 4C), PSDs seen at later times
(Fig. 4D–F) must be new PSDs because of
reinnervation. Presynaptic densities within
the IHCs—visualized as CTBP2-immuno-
reactive puncta—are retained after NK (Fig.
3D–G), although postsynaptic partners are
absent. However, in the absence of PSDs,
ribbons may become mislocalized within
the IHC (Fig. 3D–G).

Synapse regeneration after glutamate
agonist- or noise-induced loss of synapses
on IHCs has been reported to occur in
vivo (Pujol et al., 1996; Puel et al., 1998;
Pujol and Puel, 1999). We asked whether
reinnervation of IHCs occurs in the in
vitro model. After NK treatment, the ex-
plants were maintained in culture for var-
ious times up to 96 h. SGN–IHC contacts
and PSD-95 puncta were counted in 3D
reconstructions of confocal z-stacks.

At 4 h after NK, few contacts are ob-
served between SGN peripheral axons and
IHCs (Fig. 4B). Axonal regrowth is occur-
ring because, by 18 h after NK, SGN pe-
ripheral axons are in contact with IHCs
(Fig. 4C). However, at 18 h after NK,
PSD-95 puncta are not detectable, indi-
cating that debris from preexisting PSDs
has been cleared by this time and that new
synapses have not yet formed. Some new
PSDs can be observed by 20 h after NK,
although they are rare at this time (Fig.
4D). PSD number is greater at 48 and 72 h
after NK (Fig. 4E,F). By 72 h after NK,
most IHCs have established synaptic con-
tact with at least one SGN fiber and have
closely apposed PSDs (Fig. 4F).

The reinnervated pattern exhibits at
least two significant differences from the
original pattern, both evident in Figure
4F. First, innervation of the IHCs is much
sparser than in control non-NK-treated
explants, with respect to the number of
PSDs and to the number of fibers that
contact IHCs. Because the total number of
synaptic ribbons does not decline signifi-
cantly after trauma (Fig. 3G), this implies
that there must be ribbons not apposed to
PSDs. Indeed, Figure 4G–I shows that not
all CTBP2 puncta are in contact with SGN
fibers. Figure 4 J–L shows colabeling of

CTBP2 and PSD-95: there are fewer PSDs than ribbons puncta,
and not all of the latter are colocalized with PSDs. All of the PSDs
are colocalized with CTBP2 puncta. Thus, although fewer in
number than the original PSDs, the regenerated PSDs directly
appose ribbons and, presumably, represent structurally intact
synapses.

A second difference from the original pattern is that the
SGN fibers appear to contact multiple IHCs rather than just
one (quantified in supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). At 72 h after NK, we
observed SGN fibers running in a spiral direction along the
bases of IHCs and contacting multiple IHCs at the base of
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Figure 4. Neurite and synapse recovery after NK treatment. Explants were maintained in culture up to 72 h after NK before
fixation. In A–F, hair cells are labeled with anti-myosin VI (blue), SGN peripheral processes with anti-NF200 (red), and postsynaptic
densities with anti-PSD-95 (green). A, A single confocal image (optical slice) of an explant fixed immediately after NK exposure. B,
z-Projection of a confocal image stack of IHCs in an explant fixed 4 h after the end of NK exposure. C–F, z-Projections of confocal
image stacks of IHCs in explants fixed at the indicated times after the end of NK exposure: 18 h (C), 20 h (D), 48 h (E), and 72 h (F ).
The PSD-95 puncta are shown superimposed on the hair cells and SGNs in the top and separately below. The arrow in D indicates
a PSD-95 punctum; puncta are first observed at 20 h after NK. G–I, z-Projections of confocal image stacks of IHCs in explants fixed
immediately (G), 18 h (H ), or 72 h (I ) after NK exposure. Hair cells and SGN axons labeled as in A–F; presynaptic ribbons labeled
with anti-CTBP2 (green). Not all CTBP2 puncta are associated with SGN axons. J–L, Confocal images of inner hair cells 72 h after NK
showing juxtaposition of presynaptic and postsynaptic densities. J, PSDs only. K, IHC nuclei and synaptic ribbons labeled with
anti-CTBP2. L, Merged presynaptic and postsynaptic labeling. Arrows mark location of two labeled PSDs. All PSDs colocalize with
ribbons but not all ribbons colocalize with PSDs. Scale bars: A–F, 10 �m; G–L, 5 �m.
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each. Although it is difficult to follow individual axons and
verify that a given axon synapses on more than one IHC, SGN
fibers with such trajectories orthogonal to the normal radial
trajectory were never observed in control non-NK-exposed
explants.

Exogenous neurotrophins BDNF and NT-3 promote
reinnervation of IHCs
As noted above, by 18 h after NK, regrowing type 1 SGN periph-
eral axons have reached the IHC row and are in contact (i.e.,
within 0.6 �m, the limit of our resolution in the z-axis) with
IHCs, although no PSDs are evident at this time. Representative
images of contacts between IHCs and NF200-immunoreactive
fibers at 18 h after NK are shown in Figure 5A–D and quantified
in Figure 5E. The number of fiber–IHC contacts at 18 h after NK
is 0.88 � 0.68, significantly less than the number of fiber–IHC
contacts in non-NK-treated explants cultured for a similar length
of time, 2 DIV, which is 3.33 � 0.41.

As is evident from the images, addition of neurotrophins
BDNF or NT-3 to the culture medium during the post-NK
recovery increases axonal regrowth after NK. That is, the num-
ber of fiber–IHC contacts is significantly ( p � 0.01, ANOVA)
greater in the presence than in the absence of neurotrophins
(Fig. 5E). Nevertheless, even with the addition of neurotro-
phins, the number of fiber–IHC contacts is not restored to
levels seen in control explants not subjected to excitotoxic
trauma (no-NK).

Exogenous neurotrophins BDNF and NT-3 promote
IHC–SGN synaptogenesis
We next quantified reinnervation of IHCs, allowing 72 h for re-
innervation after NK treatment. Because the excitotoxic trauma
is applied at 24 h in vitro, these cultures were 4 DIV total. The
number of PSDs in control non-NK-treated explants at 4 DIV is
lower than at 1 DIV, suggesting that there may be some PSD loss
in older cultures despite the lack of SGN death. By 72 h after NK,
new synapses have formed, but the number is significantly less
than in control non-NK-treated explants (Figs. 6, 7). In control
explants, there are 12.3 � 4.6 PSDs/IHC, and 91% of the IHCs
have more than five PSD-95 puncta; in NK-treated explants,
there are 1.5 � 1.7 PSDs/IHC, �50% of the IHCs have more than
one PSD punctum, and 36% of the IHCs had no PSD-95 puncta
at all (Fig. 7). We compared the number of PSD-95 puncta
among NK-treated cultures maintained in BDNF, NT-3, or no
neurotrophin 72 h after NK and explants not exposed to NK
(no-NK) but also maintained 4 DIV. The number of PSDs is
significantly increased by either BDNF (4.0 � 3.2 PSDs/IHC) or
NT-3 (5.3 � 3.3 PSDs/IHC), with the two neurotrophins exhib-
iting approximately equal effectiveness (Figs. 6, 7). Even so, the
number of PSD-95 puncta in neurotrophin-treated explants 72 h
after NK remains significantly less than in control non-NK-
treated explants. Thus, after excitotoxic trauma, the original in-
nervation is not quantitatively regenerated, even with the
addition of neurotrophins.

The number of fiber–IHC contacts increases only slightly be-
tween 18 and 72 h after NK (compare Figs. 5, 8) and remains
much sparser than in control (no-NK) explants. For example, in
the 72 h after NK explants, on average, each IHC is contacted by
1.3 � 0.7 fibers and 18% of IHCs have no contacts, but in control
4 DIV explants, each IHC is contacted by 2.8 � 0.8 fibers and no
IHCs completely lack contacts (Figs. 6, 8). We compared the
number of fiber–IHC contacts among NK-treated cultures main-
tained with BDNF, with NT-3, or with no neurotrophin 72 h after
NK and cultures not exposed to NK (no-NK) but maintained 4
DIV. The number of fiber–IHC contacts is significantly and ap-
proximately equally increased by the addition of either BDNF or
NT-3 and is not significantly smaller than in control cultures not
subjected to excitotoxic trauma (Fig. 8). Counts of PSDs/IHC
provide the quantitative basis for our conclusion, but the fiber/
IHC counts are qualitatively consistent with the counts of PSDs
and corroborate them: specifically, reinnervation after NK does
not fully restore the original innervation, but BDNF and NT-3
improve reinnervation by increasing the number of fiber–IHC
contacts and the number of PSDs on IHCs.

Endogenous NT-3 is distinctively required for reinnervation
and synaptogenesis
Postnatally, NT-3 is produced in inner hair cells and adjacent
supporting cells (Ylikoski et al., 1993; Sugawara et al., 2007).
Having established that neurotrophins promote reinnervation
and synaptogenesis, we asked whether endogenous neurotro-
phins are necessary. To block endogenous neurotrophins, we
synthesized and used chimeric proteins consisting of the extra-
cellular ligand-binding domains of TrkB or TrkC fused to the Fc

domain of human IgG (Shelton et al., 1995), which dimerizes the
proteins. The TrkB–IgG and TrkC–IgG fusion proteins are solu-
ble high-affinity receptors for, respectively, BDNF and NT-3 and
sequester the neurotrophins, preventing their binding to cell-
surface TrkB or TrkC. We have shown previously that these re-
agents specifically and effectively antagonize BDNF and NT-3 in
spiral ganglion cultures even when the neurotrophins are added
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Figure 5. BDNF and NT-3 increase the number of initial SGN–IHC contacts 18 h after
excitotoxic trauma. A–D, Representative images of explants 18 h after NK. Scale bar, 20
�m. Hair cells, SGN peripheral axons, and PSDs were visualized by immunofluorescence as
in Figure 6. A, A non-NK-treated control 2 DIV explant. B, An explant maintained 18 h after
NK in medium without added neurotrophins. C, An explant maintained 18 h after NK in
medium containing 3.6 nM NT-3. D, An explant maintained 18 h after NK in medium
containing 3.6 nM BDNF. SGN–IHC contacts were counted in 3D reconstructions of confocal
stacks. The average number of axons per IHC is shown in E for 2 DIV non-NK-treated control
explants (2 DIV no NK), explants maintained 18 h after NK in medium without added
neurotrophins (NK/no NT), explants maintained 18 h after NK in medium containing 3.6
nM NT-3 (NK/NT-3), and explants maintained 18 h after NK in medium containing 3.6 nM

BDNF (NK/BDNF). NK/NT-3 and NK/BDNF are significantly different from NK/no NT and
from no NK ( p � 0.01, ANOVA) but are not different from each other.
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at high (3.6 nM) concentration and that TrkC–IgG has no effect
on BDNF signaling (Hansen et al., 2001). They are also referred to
as TrkB–Fc and TrkC–Fc, but we have used the terms TrkB–IgG
and TrkC–IgG in previous publications and continue to do so to
maintain consistency.

We exposed 1 DIV cochlear explant cultures to NK and al-
lowed 72 h for recovery, as above, but included TrkB–IgG, or
TrkC–IgG during the recovery period to sequester endogenous
BDNF or NT-3. We counted PSD-95-immunoreactive puncta on
IHCs to test the requirements for endogenous neurotrophins in
synaptogenesis (Figs. 6F–H, 7). We counted fiber–IHC contacts
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Figure 6. Endogenous NT-3 drives synapse regeneration after excitotoxic trauma. Shown are representative images of 4 DIV explants. Hair cells are labeled with anti-myosin VI (blue), SGN
peripheral axons with anti-NF200 (red), and postsynaptic densities with anti-PSD-95 (green). A, Low-magnification image (scale bar, 50 �m) of a non-NK-treated control explant. The area enclosed
by the dotted outline is shown at higher magnification in B to illustrate the IHC–SGN synapses at the bases of the inner hair cells. In B–H, superimposed myosin VI, NF200, and PSD-95
immunofluorescence is shown in the top and PSD-95 puncta only in the bottom. C–H, Explants cultured for 72 h after NK under the indicated conditions: C, control medium with no neurotrophins
added; D, 3.6 nM NT-3; E, 3.6 nM BDNF; F, 2 �g/ml TrkB–IgG; G, 2 �g/ml TrkC–IgG; H, 2 �g/ml TrkC–IgG; and 3.6 nM BDNF. Scale bar: B–H, 20 �m.
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Figure 7. QuantitationofsynapseregenerationintheorganofCorti.PSD-95punctawerecounted
on each inner hair cell, comparing cultures maintained for 72 h after NK without neurotrophins (no
NT), with BDNF or NT-3, with TrkB–IgG or TrkC–IgG fusion proteins, or maintained similarly 4 DIV but
with no excitotoxic treatment. Statistical analysis was done by Kruskal–Wallis (nonparametric
ANOVA) test and Dunn’s post hoc comparison using GraphPad InStat software. The number of inde-
pendent confocal series, each 10 –15 hair cells in width, is given as n. Columns under the same hori-
zontal bar are not significantly different from each other. ap � 0.0001 indicates a significant
difference between 4 DIV control and all other groups for all comparisons, except between 4 DIV
control and NK/NT-3 for which p � 0.0005. bp � 0.001 indicates significant differences between
these two groups for differences between NK/NT-3 and all members of the other group; p�0.01 for
differences between NK/BDNF and all members of the other group, except between NK/BDNF and
NK/TrkC–IgG/BDNF for which p � 0.03. cp � 0.03 indicates a significant difference between NK/
TrkC–IgG and the three members of the adjacent group; the difference between NK/TrkC–IgG and all
other conditions is significant with p � 0.0001.
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Figure 8. Quantitation of SGN neurite regrowth in the organ of Corti. Neurite regrowth
is quantified by counting contacts between IHCs and NF200-immunofluorescent fibers,
comparing cultures maintained for 72 h after NK without neurotrophins (no NT), with
BDNF or NT-3, with TrkB–IgG or TrkC–IgG fusion proteins, or maintained similarly 4 DIV
but with no excitotoxic treatment. Statistical analysis was done by Kruskal–Wallis (non-
parametric ANOVA) test and Dunn’s post hoc comparison using GraphPad InStat software.
The number of independent confocal series, each 10 –15 hair cells in width, is given as n.
Columns under the same horizontal bar are not significantly different from each other.
ap � 0.005 indicates a significant difference between these two groups, except the
significance of the difference between NK/BDNF and NK/BDNF/TrkC–IgG is p � 0.01.
bp � 0.0001 indicates a significant difference between NK/TrkC–IgG and all other
conditions.
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to test the requirement for endogenous neurotrophins in rein-
nervation and axon growth (Figs. 6F–H, 8).

Comparison among Figure 6, C, F, and G, suggests that, al-
though the numbers of PSDs and of fiber–IHC contacts are rela-
tively small after 72 h recovery in the absence of neurotrophins
(Fig. 6C), they are further reduced by the inclusion of TrkC–IgG
during the recovery period (Fig. 6G). In contrast, no significant
reduction was observed with inclusion of TrkB–IgG (Fig. 6F).
Figure 7 shows quantitation of PSDs in multiple cochlea explant
cultures and confirms that TrkC–IgG significantly ( p � 0.03,
Kruskal–Wallis test) reduces the number of PSDs formed during
reinnervation, whereas TrkB–IgG has no significant effect. Sim-
ilarly, the quantitation shown in Figure 8 confirms what is sug-
gested by the images, that TrkC–IgG significantly ( p � 0.0001,
Kruskal–Wallis test) reduces SGN peripheral axon growth into
the organ of Corti, although TrkB–IgG has no such effect.

These data indicate that NT-3 produced in the organ of Corti,
presumably in the IHCs and adjacent supporting cells, contrib-
utes significantly to axonal regrowth and synaptogenesis. We
considered two possible reasons for this finding. First, NT-3 in
the organ of Corti may be contributing generally to making the
environment conducive to axonal growth and synaptogenesis
but not necessarily acting as a specific guidance or synapse-
promoting signal between IHC and axon. Alternatively, the ac-
tion of NT-3 may be specific, with NT-3 acting as a direct,
localized, chemotropic signal between IHCs and SGN peripheral
axons: guiding the axons to the IHCs and promoting the forma-
tion of synapses.

To distinguish between these possibilities, we asked whether
addition of TrkC–IgG would inhibit axon growth and synapto-
genesis in the presence of high levels of BDNF. When added to
cultures, BDNF promotes PSD formation as effectively as NT-3
(Figs. 6, 7) and promotes SGN neurite growth as effectively as
NT-3 (Hegarty et al., 1997) (Figs. 6, 8). So, if NT-3 serves only to
promote an environment generally stimulatory to axon growth
and synaptogenesis, then BDNF can substitute and no inhibition
by TrkC–IgG will be observed in the presence of exogenous
BDNF. However, if NT-3 has a “special” specific role in axon
guidance and/or synaptogenesis, then addition of BDNF with
TrkC–IgG will not compensate for loss of NT-3 and inhibition by
TrkC–IgG will be observed.

In fact, the number of PSDs formed in the presence of BDNF
is significantly ( p � 0.03) reduced by the addition of TrkC–IgG
(Fig. 6, compare E, H; Fig. 7, compare NK/BDNF, NK/TrkCIgG/
BDNF). Because TrkC–IgG does not block BDNF (Shelton et al.,
1995; Hansen et al., 2001), this result indicates that endogenous
NT-3 is still required for growth of SGN axons to IHCs despite
the presence of BDNF. Similarly, the number of SGN fiber–IHC
contacts formed in the presence of BDNF is significantly ( p �
0.01) reduced by the addition of TrkC–IgG (Fig. 6, compare E, H;
Fig. 8, compare NK/BDNF, NK/TrkC–IgG/BDNF). These results
imply that, besides contributing to an environment supportive of
reinnervation, NT-3 also has a specific role in promoting SGN
peripheral axon growth to IHCs and promoting synaptogenesis
between IHCs and SGNs. Remarkably, this role of NT-3 is dis-
tinctive and BDNF is apparently unable to substitute for NT-3.

Regenerating type 1 SGN peripheral axons do not grow past
the inner hair cell row
Having observed overgrowth of axons within the IHC row during
reinnervation, we asked whether some type I SGN axons grow
past the IHC row without contacting IHCs and enter the spiral
bundles in the OHC rows. If this indeed occurs, it could account,

in part, for the reduced number of axons contacting IHCs after
recovery from excitotoxic trauma. Representative images of an
explant maintained in BDNF for 72 h after NK and labeled to
visualize NF200 and peripherin immunoreactivity are shown in
Figure 9A–C. Peripherin-negative (type 1) fibers are not observed
in the spiral bundles of the post-NK explants. Therefore, all fibers
in the spiral bundles are type 2 SGN peripheral axons, implying
that the regenerating type 1 SGN peripheral axons do not con-
tribute to the spiral bundles.

To confirm that regenerating axons do not contribute to the
spiral bundles, we counted axon–OHC contacts in confocal im-
age stacks of control non-NK-treated 4 DIV explants or explants
maintained 72 h after NK without neurotrophins, with BDNF, or
with NT-3. The number of axons projecting past the IHC row in
a segment of the spiral bundles corresponding to 10 OHC widths
was counted in six to seven cochleae per group. Counts of ax-
ons—normalized to the width of a single OHC—are shown in
Figure 9D. No statistically significant difference (ANOVA) was
found among the NK-treated groups, and no statistically signifi-
cant difference was found between the NK-treated groups and
the 4 DIV control group. These data indicate that regenerating
type 1 SGN axons do not enter the spiral bundles and contact
OHCs. The reduction in the number of axons contacting IHCs
must then be attributable to failure of many SGN peripheral ax-
ons to regrow to the IHC row. Also, although regenerating axons
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Figure 9. Regenerating type 1 SGN axons do not enter the spiral bundles (outer hair cell
rows). A–C, Representative images of an explant maintained in medium with 3.6 nM NT-3 for
72 h after NK. Hair cells are labeled with anti-myosin VI (blue), all SGN peripheral axons with
anti-NF200 (red), and type 2 SGN peripheral axons with anti-peripherin (green). NF200 immu-
nofluorescence is shown superimposed on hair cells in A, peripherin immunofluorescence in B,
and the merged images in C (superimposed green and red is yellow.) Scale bar, 10 �m. All fibers
traversing the IHC row and entering the spiral bundles appear peripherin positive. These were
counted in 3D reconstructions of confocal stacks from explants maintained 4 DIV without NK
treatment (control), maintained 72 h after NK without neurotrophins (NK72/no NT), 72 h after
NK with 3.6 nM NT-3 (NK72/NT-3), or 72 h after NK with 3.6 nM BDNF (NK72/BDNF). A graph of
the number of NF200-immunoreactive fibers normalized to the average width of a single OHC
(6 –7 cochleae per group) is shown in D; error bars show SEM. No statistically significant differ-
ence was found among these groups (ANOVA, p � 0.05), indicating that regenerating type 1
axons make little or no contribution to innervation of OHCs.
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exhibit an aberrant overgrowth of their IHC targets, they do re-
spect the IHC row as a boundary and do not cross it to enter the
spiral bundles and innervate OHCs. This resembles normal co-
chlear development in which type I SGN peripheral processes
innervate IHCs but not OHCs (Koundakjian et al., 2007), imply-
ing that there is a “stop” signal for type 1 SGN processes on the
IHCs themselves or on adjacent supporting cells or extracellular
matrix.

Discussion
We have shown that transient exposure to glutamatergic agonists
in vitro causes degeneration of IHC–SGN synapses and distal
ends of type 1 SGN peripheral axons, with subsequent synaptic
regeneration. Below, we compare trauma and recovery in our in
vitro excitotoxic model to excitotoxicity and noise damage in the
cochlea in vivo, indicating insights gained by experimental ma-
nipulations that specifically target the postsynaptic terminal. We
then discuss novel observations regarding neurotrophin function
in the cochlea that were made possible by use of explant cultures:
the role of neurotrophins in recovery from synaptic trauma and,
in particular, the distinctive role of NT-3.

Excitotoxic trauma in vitro resembles that in vivo
The consequences of glutamatergic excitotoxic trauma in the in
vitro model presented here are similar to those after intracochlear
infusion of glutamate agonists in vivo (Pujol and Puel, 1999; Ruel
et al., 2007): damage is restricted to distal ends of type 1 SGN
peripheral processes. SGNs express both non-NMDA-type and
NMDA-type glutamate receptors (Niedzielski and Wenthold,
1995), but excitotoxic damage to type 1 SGN peripheral processes
in vivo was mediated by non-NMDA glutamate receptors (Pujol
et al., 1985; Puel et al., 1994; Ruel et al., 2007). Although, in the
present study, we combined kainate and NMDA to model the
SGN response to glutamate, damage caused by kainic acid alone
was identical to that caused by the combination (Fig. 2).

As is the case in vivo (Pujol et al., 1985; Puel et al., 1995; Pujol
and Puel, 1999), glutamatergic agonists do not disrupt type 2
SGN–OHC synapses in vitro, although type 2 SGNs use AMPA-
type glutamate receptors (Weisz et al., 2009). It is not obvious
what physiological difference(s) between type 1 and type 2 SGNs
could account for the insensitivity of the latter to excitotoxicity.
The in vitro model described here can be used, in future studies,
to determine why excitotoxic damage is caused selectively by
non-NMDA agonists and why the damage is restricted to type 1
SGNs.

Excitotoxicity in vitro as a model for postsynaptic effects of
acoustic trauma
After acoustic trauma in vivo, there is a rapid reduction in the
number of SGN peripheral axons in contact with IHCs (Ruel et
al., 2005; Kujawa and Liberman, 2009) similar to what is observed
after intracochlear perfusion of AMPA agonists. Moreover, this
effect of noise is blocked by a glutamate receptor antagonist (Puel
et al., 1998), indicating that it is directly attributable to excitotox-
icity and suggesting that excitotoxic trauma can be a model for
postsynaptic effects of noise. Noise may have additional presyn-
aptic effects in the hair cells not shared by excitotoxic trauma, so
use of an excitotoxicity model allows investigation of the specif-
ically postsynaptic effects of noise on SGNs.

As is the case in vivo, excitotoxic trauma in vitro causes rapid
degeneration of IHC–SGN synapses and the culture system facil-
itates experimental analysis of the postsynaptic damage. In our in
vitro model, there is reinnervation of completely denervated

IHCs after excitotoxic trauma, and this may occur also after ex-
citotoxicity in vivo (Pujol et al., 1985, 1996; Puel et al., 1995). In
contrast, acoustic trauma reduces innervation of IHCs within
24 h, but there is no apparent subsequent reinnervation (Kujawa
and Liberman, 2009). An intriguing possibility is that the SGN is
intrinsically able to regenerate its bouton on IHCs provided that
it has a suitable presynaptic partner, and failure of reinnervation
after acoustic trauma may be because both the presynaptic and
postsynaptic sides of the synapse are damaged. In the case of
excitotoxicity in which damage is rather restricted to the postsyn-
aptic terminal, reinnervation can occur. Therapeutic interven-
tions to facilitate post-trauma reinnervation (or innervation of
regenerated hair cells) may need to be directed toward both syn-
aptic partners.

Alternatively, reinnervation potential may depend on age and
occurs in our in vitro excitotoxicity model because the explants
are from neonates. If so, comparison between juvenile and older
cochleae may be instructive regarding requirements for reinner-
vation. It may also be the case that, as in vitro, some rapid rein-
nervation may occur after noise trauma in vivo. In this regard, it
may be noted that regrowth of SGN axons to IHCs is well under-
way by 18 h after trauma (Figs. 4, 5). Possibly, regrowth of dam-
aged peripheral axons to IHCs in vivo occurred within the first
24 h after acoustic trauma, the earliest time point examined (Ku-
jawa and Liberman, 2009).

Presynaptic effects of excitotoxicity in vitro and
acoustic trauma
An apparently significant difference between noise and excito-
toxic damage is that, in the former, there is a significant reduction
in the number of presynaptic ribbons (Kujawa and Liberman,
2009), whereas in the latter, although there is a significant in-
crease in the number of apically mislocalized ribbons, there is no
significant loss of ribbons (Fig. 3). As with other differences in
outcomes, this might result from differences in species, age of the
animal, or in vitro versus in vivo conditions. A likely possibility is
that, as discussed above, this difference simply reflects a differ-
ence between excitotoxicity, which primarily targets the postsyn-
aptic terminal, and noise, which primarily targets the hair cell and
also causes postsynaptic damage via glutamate release from the
hair cells. The data imply that ribbons may persist for several days
in the absence of a postsynaptic partner and that the rapid loss of
presynaptic ribbons after acoustic trauma results, at least in part,
from a direct effect of noise on the IHC rather than being entirely
a result of loss of SGN postsynaptic terminals on the IHC.

Role of NT-3 in reinnervation in the organ of Corti after
excitotoxic trauma
Neurotrophins play important roles in neuronal survival in inner
ear development (Fritzsch et al., 2004). Postnatally, NT-3 is ex-
pressed in IHCs and adjacent supporting cells (Ylikoski et al.,
1993; Wheeler et al., 1994; Stankovic et al., 2004; Sugawara et al.,
2007). SGNs express TrkB and TrkC (Mou et al., 1997), respec-
tively, receptors for BDNF and NT-3, and exogenous NT-3 and
BDNF both promote SGN survival in vitro (Lefebvre et al., 1994;
Hegarty et al., 1997; Mou et al., 1997). In addition to supporting
neuronal survival, neurotrophins promote neurite growth and
synaptogenesis (Huang and Reichardt, 2001). However, these lat-
ter neurotrophin functions are often difficult to reveal because
neurotrophic factor deprivation kills neurons. We exploited the
accessibility of an in vitro system to investigate the roles of neu-
rotrophins, particularly NT-3, in SGN neurite growth to IHCs
and synaptogenesis on IHCs. Important, previously unanswered
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questions are whether neurotrophins are necessary for synapto-
genesis as well as axonal growth and whether NT-3 and BDNF are
functionally similar in effects on cochlear innervation.

Although exogenous NT-3 and BDNF are equally effective in
promoting SGN neurite growth and synaptogenesis in vitro, we
show here that growth of SGN axons to IHCs and synaptogenesis
on IHCs are greatly reduced by TrkC–IgG, an NT-3 scavenger,
thus establishing a role for endogenous NT-3 in reinnervation of
IHCs. Because TrkB–IgG was without effect, BDNF is not neces-
sary for reinnervation. Remarkably, TrkC–IgG inhibits SGN
axon growth and synaptogenesis even when BDNF is added to the
culture medium. This implies that NT-3, the principal endoge-
nous neurotrophin in the organ of Corti, has a distinctive role in
promoting SGN axon growth to IHCs and synaptogenesis on
IHCs, a role for which BDNF cannot substitute even when added
at high concentration. Conversely, in the vestibular system,
BDNF is necessary for proper innervation of hair cells by vestib-
ular neurons and NT-3 cannot substitute (Agerman et al., 2003).
BDNF and NT-3 also differ with respect to physiological pheno-
types they induce in SGNs (Adamson et al., 2002). The observa-
tions that NT-3 and BDNF differ in their effects on inner ear
neurons imply that, in this context, TrkC signaling is functionally
different from TrkB signaling, although they are structurally similar
receptor protein-tyrosine kinases. In support of this, Postigo et al.
(2002) have identified biochemical differences between TrkB and
TrkC that could account for functional differences such as those
discussed here. BDNF and NT-3 have been proposed as potential
therapeutics to prevent SGN degeneration in deaf individuals
(Green et al., 2008). These data indicating that they are in fact not
equivalent must be considered when designing such therapies.

Implications for accelerated age-related hearing loss resulting
from noise exposure
In humans (Gates et al., 2000) and mice (Kujawa and Liberman,
2006, 2009), exposure to noise while young, even at a level that
does not compromise hair cells, is associated with accelerated
age-related hearing loss in the aging individual, indicating that
deleterious effects of noise continue long after the exposure has
ended (Gates, 2006). In noise-exposed mice, accelerated age-
related hearing loss was associated with increased SGN death
(Kujawa and Liberman, 2006, 2009). A possible explanation is
that the reduction in SGN postsynaptic terminals results in al-
tered neural activity or neurotrophic support, which, in turn,
compromises SGN survival. The system described here models
critical aspects of noise damage to type 1 SGN postsynaptic ter-
minals, allowing the accessibility of tissue culture to be applied to
experimental investigation of its cellular mechanisms. This could
identify means to prevent SGN degeneration after noise damage
or to improve innervation of new hair cells should gene or stem
cell therapies allow their regeneration (Edge and Chen, 2008).
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