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Aminoglycoside antibiotics induce sensorineural
hearing loss by destroying hair cells of the organ of
Corti, causing progressive secondary degeneration
of primary auditory or spiral ganglion neurons
(SGNs). Recent studies show that the p75 neurotro-
phin receptor (NTR) is aberrantly up-regulated un-
der pathological conditions when the neurotrophin
receptor tyrosine kinases (Trks) are presumptively
down-regulated. We provide in vivo evidence dem-
onstrating that degenerating SGNs induced an aug-
mented p75NTR expression and a coincident reduc-
tion of TrkB expression in their peripheral
processes. Nuclear transcription factors c-Jun and
cyclic AMP response element-binding protein phos-
phorylated by p75NTR- and TrkB-activated signal
pathways, respectively, also showed a correspond-
ing differential modulation, suggesting an activa-
tion of apoptotic pathways, coupled to a loss of
pro-survival neurotrophic support. Our findings
identified brain-derived neurotrophic factor
(BDNF) expression in hair and supporting cells of
the adult cochlea, and its loss, specifically the ma-
ture form, would impair TrkB-induced signaling.
The precursor of BDNF (pro-BDNF) is differentially
cleaved in aminoglycoside-deafened cochleae, re-
sulting in a predominant up-regulation of a trun-
cated form of pro-BDNF, which colocalized with
P75NTR-expressing SGN fibers. Together, these data
suggest that an antagonistic interplay of p75NTR
and TrkB receptor signaling, possibly modulated
by selective BDNF processing, mediates SGN
death in vivo. (Am J Patbol 2006, 169:528-543; DOI:
10.2353/ajpath.2006.060122)

528

Hearing loss is one of the most common disabilities in
modern society and is exacerbated by aging and our
extensive exposure to loud noise or ototoxic drugs such
as aminoglycoside antibiotics.” In most cases, the hear-
ing impairment results from damage to the cochlear sen-
sory hair cells of the inner ear. Because mammalian hair
cells are incapable of regeneration, their loss inevitably
and irreversibly causes hearing loss.? Sensory hair and
supporting cells in the organ of Corti provide neurotro-
phic support to primary auditory (spiral ganglion) neu-
rons,®® and their loss can trigger a secondary degener-
ation of these neurons.®~8

Spiral ganglion neurons (SGNs) express the neurotro-
phin receptors tropomyosin-related kinase (Trk) receptor
tyrosine kinase and the p75 neurotrophin receptor (NTR),
a member of the tumor necrosis factor receptor super-
family.*'° The Trk receptors bind different members of
the neurotrophin family, with TrkA showing a preference
for nerve growth factor, TrkB selectively binding brain-
derived neurotrophic factor (BDNF) and neurotrophin 4/5,
and TrkC preferentially interacting with neurotrophin 3
(NT-3)."" The p75NTR, however, can bind all neurotro-
phins and also interacts with Trk receptors to modulate
ligand binding specificity, affinity, and functionality within
certain cell types.'® '3 TrkA is not known to be present in
SGNs as assessed by both immunohistochemical and in
situ hybridization analyses,'®'* whereas TrkB, TrkC, and
p75NTR mRNAs have been detected in SGNs.®'° Stud-
ies of mutant mice with deletions in TrkB and TrkC reveal
significant loss of SGNs and innervation defects in the
cochlea during development,’® whereas adult mutant

Supported by the National Institute on Deafness and Other Communica-
tion Disorders (grant NO1-DC-3-1005), by Medical Research and Tech-
nology in Victoria (Australia), by Royal Victorian Eye and Ear Hospital, and
by the Marion and E.H. Flack Trust.

Accepted for publication April 13, 2006.

Address reprint requests to Dr. Justin Tan, Department of Otolaryngol-
ogy, 32 Gisborne St., East Melbourne, Victoria 3002, Australia. E-mail:
jtan@bionicear.org.



mice with severely reduced TrkB signaling have been
associated with a significant hearing loss.'®

At least two signaling pathways, notably the phospho-
inositide 3-kinase and the mitogen-activated protein ki-
nase cascades, mediate Trk-activated survival response
in neurons.'”'® In contrast, the role of p75NTR in the
cochlea remains elusive, but it has been suggested to
play a role in the formation of the inner sulcus during
cochlear development, presumptively through apoptotic
events and the differentiation of Pillar cells to form the
tunnel of Corti.®'® Recently, p75NTR has been shown to
be aberrantly up-regulated under pathological and in-
flammatory conditions,?°"22 when Trk receptors may
have been presumptively down-regulated, suggesting
that an imbalance of neurotrophin receptor signaling may
be involved in diseases of the nervous system.? Further-
more, certain precursors of neurotrophins (pro-neurotro-
phins) have been shown to mediate cell apoptosis by
binding to p75NTR.2472¢

Because p75NTR and Trk receptors are frequently
coexpressed in the same neuron, we sought to establish
to what extent each individual receptor is associated with
neuronal death in degenerating SGNs using an in vivo
model, relevant to deafness-induced pathological
changes in the cochlea. We used aminoglycoside antibi-
otics to destroy sensory hair and supporting cells in the
organ of Corti of rats and analyzed the expression of
these neurotrophin receptors in SGNs after a deafness
period ranging from 6 weeks to 4 months. The data show
an augmentation of p75NTR expression and a reduced
TrkB expression in degenerating SGNs, concomitant with
a temporal decline of SGN density in the Rosenthal’s
canal where these molecular changes occur. Coinciden-
tally, the proportion of degenerating neurons expressing
phosphorylated c-Jun, a target of p75NTR-mediated
pathway,?”® is increased, whereas there is a converse
decline in the proportion of neurons expressing phos-
phorylated cyclic AMP response element binding protein
(CREB), a target of TrkB-mediated pathway.?® Our stud-
ies also identify an elevation of a truncated form of
pro-BDNF and a reduction of mature BDNF in amino-
glycoside-deafened cochleae, reflecting a differential
processing of BDNF under pathological conditions.
These findings not only provide insights into the antago-
nistic interplay of p75NTR and TrkB receptor signaling as
a key event in SGN degeneration, but they also have
general implications in the design of pharmacological
agents to target specific growth factor signaling pathway
to ameliorate deafness.

Materials and Methods

Evaluation of Hearing Function

Healthy adult rats weighing approximately 200 g were
used in this study under approval by the Royal Victorian
Eye and Ear Hospital’'s Animal Research and Ethics Com-
mittee and conformed to the guidelines of the National
Health and Medical Research Council of Australia. Nor-
mal hearing was determined by the presence of Preyer’s
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reflex in response to a clap startle and confirmed with
click-evoked auditory brainstem response (ABR) mea-
surement. ABRs of deafened rats were evaluated at least
2 to 3 weeks after aminoglycoside administration. Before
the ABR evaluation, rats were anesthetized with intraperi-
toneal injections of ketamine (75 mg/kg body weight;
Parnell Laboratories, Alexandria, NSW, Australia) and xy-
lazil (7.5 mg/kg body weight; Troy Laboratories, Smith-
field, NSW, Australia). Procedures for ABR measure-
ments have been previously described.® Normal hearing
rats register a threshold reading of less than 43 decibels
peak equivalent sound pressure level whereas deafened
rats display a permanent threshold shift of >50 decibels.

Deafening with Aminoglycoside Antibiotics

A total of 15 rats were deafened and analyzed in this
study, whereas 8 age-matched normal hearing rats were
used as controls. Before deafening, rats were anesthe-
tized as described above. Gentamicin sulfate (420 mg/kg
body weight; Sigma, St. Louis, MO) and frusemide (200
mg/kg body weight; Troy Laboratories) were prepared
separately in 2 ml of saline solution and delivered sub-
cutaneously in the skin folds on the lateral abdominal side
and the dorsal neck area, respectively. The animals’ tem-
perature was maintained at 37°C by using a heating pad.
After deafening, the animals were kept in the colony for a
period between 6 weeks to 4 months before sacrifice.

Immunohistochemistry

A total of five normal hearing and seven deafened rats
were sacrificed either with an overdose of carbon dioxide
or anesthetized with ketamine/xylazil (described above)
followed by intracardial perfusion with 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS). These
two different methods of sacrifice were used to harvest
either fresh brains or fixed brains for future analysis, but
in each experiment, normal hearing and deafened ani-
mals were prepared equally using one of the two meth-
ods. For BDNF immunohistochemistry in the cochlea, we
also sacrificed one postnatal day-7 rat pup and two nor-
mal hearing 6-week-old mice (C57BL6) with an overdose
of carbon dioxide. For euthanasia involving carbon diox-
ide, decapitation was rapidly performed after the animal
showed the last sign of breathing. Sagittal halves of the
head were placed in ice before the cochleae were dis-
sected. These steps ensured the preservation of tissue
integrity.

Cochleae were rapidly removed and fixed for 2 hours
with either 2 or 4% PFA/PBS. Cochleae from control and
deafened animals in the same experiment were fixed
using an identical PFA concentration to allow equal com-
parison within a single experiment. All of the antibodies
tested worked equally well regardless of the PFA con-
centration. Therefore, fixation with either 2 or 4% PFA/
PBS did not affect the antigenic sites for the antibodies
tested. After fixation, they were decalcified in 10% ethyl-
ene diamine tetra-acetic acid (BDH Laboratory, Darm-
stadt, Germany) formulated in PBS. Next, they were in-
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cubated overnight in 25% sucrose in PBS before
embedding in OCT compound (Sakura, Tokyo, Japan).
Cochleae were cryo-sectioned in 12 um thickness and
mounted on SuperFrost Plus microscopic slides. Cere-
bellar tissue used to illustrate phosphorylated CREB
(PCREB) immunostaining was fixed for 2 hours in 2%
PFA/PBS, incubated overnight in 25% sucrose in PBS,
and sectioned at 12 um. Cochlear and cerebellar sec-
tions were stored at —20°C before use.

Cochlear sections were thawed, permeabilized for 10
minutes at room temperature with 0.1% Triton-X, blocked
with 10% normal goat serum (Vector Laboratories, Burlin-
game, CA) in 0.1% Triton-X for 2 hours, and incubated
overnight at 4°C with primary antibodies diluted in blocking
solution. On the following day, sections were washed 3X
with PBS for 10 minutes, before incubating for 2 hours at
room temperature with the appropriate secondary antibod-
ies. At the end of the incubation, sections were rinsed three
times in PBS for 20 minutes, before mounting in Vector-
shield (Vector Laboratories) containing the nuclear stain
4' 6-diamidino-2-phenylindole dihydrochloride (DAPI) to
help identify specific cell populations. All sections were
viewed with a Zeiss Axioplan 2 microscope.

Affinity-purified, polyclonal (rabbit) antibodies against
the Trk neurotrophin receptors, brain-derived neurotro-
phic factor, and phosphorylated c-Jun were obtained
from Santa Cruz: pan-TrkB (sc-8316; 1:100) targeting the
extracellular domain of TrkB identifying both full-length
and truncated isoforms, fl-TrkB (sc-12; 1:100) targeting
the catalytic C terminus identifying the full-length isoform,
t-TrkB [TK-] (sc-119; 1:100) targeting the truncated T1
isoform, BDNF (sc-546; 1:100) targeting the N terminus of
mature BDNF, and p c-Jun (sc-16312; 1:200) raised
against phosphorylated Ser 63 and 73 of human c-Jun.
Affinity-purified polyclonal (rabbit) antibodies against
phosphorylated CREB and the pro-domain of BDNF were
obtained from Upstate (06-519; 1:150) and Alomone
(ANT-006; 1:400), respectively. Affinity-purified poly-
clonal (goat) antibody against the growth-associated pro-
tein GAP43 was obtained from Santa Cruz (sc-7457,
1:100). To control for the specificity of the antibody,
blocking peptide recommended by the manufacturer
was used when available, whereas sc-547P neurotro-
phin-3 blocking peptide was chosen as an irrelevant
peptide for BDNF antibody specificity tests. Negative
immunoreactivity was also performed using affinity-puri-
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fied control immunoglobulin IgG from naive rabbits from
Santa Cruz (sc-2027, 1:100). Two different antibodies
against the p75NTR were used. The polyclonal antibody
(Ab 9651; 1:200) was a generous gift from Moses Chao
(Skirball Institute for Biomolecular Medicine, New York
City) and Simon Murray (Howard Florey Institute, Mel-
bourne, Australia), whereas the purified, monoclonal an-
tibody (AN-170; 1:100) was obtained from Alomone Labs.
Purified monoclonal antibody against the 200-kd neuro-
filament (MAB5266; 1:500) and synaptophysin (MAB368;
1:500) were obtained from Chemicon. The following
fluorescein-conjugated secondary antibodies from Mo-
lecular Probes were used at a 1:500 dilution: highly
cross-adsorbed Alexa Fluor 488 goat anti-mouse 1gG
(A-11029), highly cross-adsorbed Alexa Fluor 594 goat
anti-rabbit 1gG (A-11037), and Alexa Fluor 594 chicken
anti-goat (A-21468).

Western Blotting

A total of four normal hearing and eight deafened rats
were euthanized with an overdose of carbon dioxide.
Cochleae and hippocampal tissues were rapidly dis-
sected and snap frozen in liquid nitrogen. Cochleae from
each animal were homogenized for 15 seconds with a
pestle (Kontes, NJ) before extracting the cytoplasmic
proteins with lysis buffer (78833) from Pierce Technolo-
gies. Cytoplasmic proteins were enriched using
PAGEprep (26800; Pierce Technologies), and concentra-
tions were determined with a Bradford reagent (B6916;
Sigma). The same procedure was performed for hip-
pocampal tissues but with the additional extraction of
nuclear proteins for pCREB antibody specificity test. A
12% Bis-Tris gel (3450117; BioRad) was used to sepa-
rate the proteins using a reducing XT-MOPS buffer sys-
tem (1610793; BioRad) and a running condition of 200 V,
~1 hour. At the end of the run, separated proteins were
transferred to polyvinylidene difluoride membranes
(1620238; BioRad) using a running condition of 30 V, 1
hour 20 minutes and a 1x Tris/glycine buffer (1610771;
BioRad) with 20% methanol. Membranes were subse-
quently blocked for 90 minutes in 5% milk powder
(1706404; BioRad) before incubating overnight at 4°C
with primary antibodies. Antibodies against the Trk neu-
rotrophin receptors GAP43, pCREB, and BDNF were as

Figure 1. SGN degeneration involves a reduction in TrkB expression, coincident with an aberrant elevation of p75SNTR expression in the peripheral processes.
Normal hearing animals express TrkB in the peripheral processes projecting from the SGNs to the organ of Corti, as shown in the osseous spiral lamina (A, left
panel, PP). The identity of peripheral processes could be established by NF200 immunolabeling (A, inset). After aminoglycoside-induced deafening, TrkB
immunoreactivity in the osseous spiral lamina was reduced as shown here after 6 weeks (B, middle panel, PP) and 9 weeks (C, right panel, PP) of deafness.
D: In normal hearing cochleae, p75NTR is weakly expressed in the peripheral processes (PP) projecting to the inner (arrowhead) and outer hair cells (row of
three downward arrows), identified with DAPI staining in the inset. After aminoglycoside-induced deafening, p7SNTR immunoreactivity in the osseous spiral
lamina was strongly up-regulated as illustrated here after 6 weeks (E, RF) and 9 weeks (F, RF) of deafness in adjacent sections to B and C, respectively. Most of
the peripheral processes of SGNs are clustered in a region of the Rosenthal’s canal before projecting to the osseous spiral lamina (G, circle). In normal hearing
animals, dense TrkB expression could be observed in this region as punctated or filamentous-like fluorescence (G, arrowhead). After 6 weeks of deafness, TrkB
staining in this region was comparatively reduced (H, circle), and a further down-regulation of TrkB in this region was observed after 9 weeks of deafness (I,
circle). Some surviving SGNs showed strong TrkB immunoreactivity (I, arrow), comparable with those seen in normal hearing animals. Using a polyclonal
p75NTR antibody (Ab9651), a strong up-regulation of p7SNTR could be observed in both fibers and putative Schwann cells after 6 weeks (K, arrowhead pointing
to fiber and arrow to Schwann cell) and 9 weeks (L, arrowhead pointing to fiber and arrow to Schwann cell) of deafness, relative to similar structures in normal
hearing cochleae (J). Cochlear sections shown here were taken from the middle turn. Scale bar = 20 wm. Original magnification, X40. M: Quantification of SGN
density in the middle turn at varying time points after aminoglycoside administration. Graphs indicate means * SEM. A 24% reduction in SGN density relative to
normal hearing cochleae (1 = 4) was observed after 6 weeks of deafness (1 = 3), progressing to 47 and 61% reduction after 9 weeks (12 = 3) and 12 weeks (1 =
2) of deafness, respectively. Statistical significance determined by Student-Newman-Keuls one-way analysis of variance between each deafness cohort and the
control group is indicated by asterisks. There was a significant reduction in SGN density after 6 (*P < 0.05), 9 (**P < 0.01), and 12 (**P < 0.01) weeks of deafness.
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described as above and used in a 1:250 dilution. For the
p75NTR Western blot, we used a rabbit polyclonal anti-
body (Ab 9992), generously provided by Moses Chao
and Simon Murray at a 1:4000 dilution. As a loading
control for cytoplasmic proteins, we used a rabbit poly-
clonal antibody against glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) from Abcam (ab9485) at a
1:20,000 dilution. On the following day, blots were
washed three times for 20 minutes in a 0.1% Tween
20/PBS before incubating for 1 hour with horseradish
peroxidase-conjugated secondary antibodies: goat anti-
rabbit IgG at a 1:10,000 dilution (1706515; BioRad) or
donkey anti-goat IgG at 1:7500 dilution (sc2056; Santa
Cruz). The blots were next washed four times for 30
minutes in 0.1% Tween 20/PBS, and substrate develop-
ment was performed using ECL Plus Western blotting
detection reagents (RPN2132; Amersham Biosciences).

We used the public domain NIH image program de-
veloped at the National Institutes of Health and the Alpha
Imager (Alpha Innotech, San Leandro, CA) for our den-
sitometry measurements. Statistical analyses between
normal hearing and deafened groups were determined
using the two-tailed Student's t-test (GraphPad Prism,
San Diego, CA).

Assessment of Phosphorylation of CREB and
c-Jun in Cochlear Sections

Phosphorylation of the transcription factors CREB and
c-Jun was determined by immunohistochemical detec-
tion, as described above. Cochlear sections from three
normal hearing rats and four deafened rats (deafness
duration, 6 weeks to 3 months) were used for analysis
using the Alpha Imager. Immunofluorescence in the nu-
clei of SGNs was chosen for densitometric measure-
ments. Nuclear localization was verified by DAPI nuclear
staining. For pCREB analysis, we measured the average
integrated density value (defined as the pixel value of the
object divided by its area) of SGNs from normal hearing
rats and determined the median pixel density value to be
88. Next, we measured the average integrated density
value of SGNs from deafened rats, and then we deter-
mined the relative proportion of those neurons in both
cohorts exceeding the median pixel density value of 88.
For p c-dun analysis, we measured the average inte-
grated density value of SGNs from deafened animals and
determined the median pixel density value to be 146.
Then, we obtained measurements of the average inte-
grated density value of SGNs from normal hearing ani-
mals and calculated the proportion of neurons in both
cohorts exceeding the median pixel density value of 146.
Statistical analyses between normal hearing and deaf-
ened groups were determined using the two-tailed Stu-
dent’s t-test, as described previously. Graphs indicate
means + SEM. Statistical significance (P < 0.05) in deaf-
ened samples, relative to the control cohort, is indicated
in asterisks.

Assessment of SGN Density in
Cochlear Sections

Dual immunohistochemistry was performed using a
monoclonal antibody against the 200-kd neurofilament
to identify SGNs®*° and one of the rabbit polyclonal
antibodies against pan-TrkB, p75NTR, pCREB, and p
c-Jun, as described above. SGN counts were obtained
from the Rosenthal’s canal where the changes of these
genes have been analyzed. The cross-sectional area
of the Rosenthal’s canal was determined using a mor-
phometric program (AxioVision LE, Hallbergmoos,
Germany). Statistical analyses between normal hearing
and deafened groups were evaluated using one-way
analysis of variance Student-Newman-Keuls Method
with pairwise comparison between control cohort and
each of the deafened cohorts (SigmaStat). SGN den-
sity was normalized to the control cohort. Graph indi-
cates means = SEM. Statistical significance (P < 0.05)
is indicated in asterisks.

Results

Aminoglycoside-Induced Deafness
Causes Differential Regulation of
TrkB and p75NTR Proteins

Because aminoglycoside antibiotics destroy hair and
supporting cells of the organ of Corti, causing secondary
degeneration of the peripheral processes of SGNs, we
asked whether neurotrophin receptor expression in these
fibers would be altered following deafness. In particular,
we focused on p75NTR and TrkB because previous stud-
ies have mapped the mRNAs of these receptors in adult
rodent SGNs by in situ hybridization.''® In our analysis,
we used a commercially available TrkB antibody (pan-
TrkB), raised against the extracellular domain, to detect
both full-length (containing the catalytic domain) and
truncated forms of the receptor. For p75NTR, we used an
antibody that recognizes a neurotrophin-binding motif in
its extracellular domain (Ab9650), and the expression of
this receptor could not be detected in a p75NTR-deleted
mouse.3"32

In the normal hearing cochlea, dense pan-TrkB immu-
nolabeling could be observed in the peripheral pro-
cesses within the osseous spiral lamina, projecting from
the SGNs to the organ of Corti (Figures 1A and 2A, PP).
We identified peripheral processes by using an antibody
against the 200-kd neurofilament protein, which has been
used as an afferent marker,®33-3% and this is illustrated in
Figure 1A, inset. No comparable staining pattern in the
peripheral processes was obtained using naive immuno-
globulins supplied by the manufacturer (Figure 2B), but
unspecific reaction could be observed in the tectorial
membrane and cells lining the inner sulcus (Figure 2B).
TrkB expression in the peripheral processes is unlikely to
be attributed to truncated T1 TrkB isoform because we
consistently failed to detect its expression in the periph-
eral processes but only in soma of SGNs (data not
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Figure 2. Characterization of the pan-TrkB antibody. Peripheral processes
from a normal hearing rat cochlea showed a prominent expression of TrkB
using the pan-TrkB (sc-8316) antibody (A), and no expression could be
detected in these fibers located within the osseous spiral lamina area when
a naive immunoglobulin was used (B). In contrast, nonspecific binding of
this antibody was observed in both the tectorial membrane (B, TM) and cells
lining the inner sulcus (B, IS). Immunoblotting of cochlear proteins with the
pan-TrkB antibody revealed the presence of both the full-length and trun-
cated isoforms at ~145 and ~95 kd, respectively (C, left lane, pan-TrkB Ab),
whereas immunoblotting with fI-TrkB antibody showed only the presence of
the full-length isoform (C, right lane, fl-TrkB Ab). Scale bars= 20 um.
Original magnification, X40.

shown). To highlight the specificity of the pan-TrkB anti-
body used in this experiment, we performed a Western
blot analysis of cochlear proteins in which we identified
two fragments of ~145 and ~95 kd, corresponding, re-
spectively, to the full-length and truncated TrkB receptors
(Figure 2C) in agreement with a previous study.®® In
contrast, the fl-TrkB antibody targeting the catalytic do-
main of TrkB identified the ~145-kd fragment (Figure 2C)
but not the ~95-kd fragment, which lacks the catalytic
domain and was recognized only by the t-TrkB antibody
(data not shown). The expression of p75NTR, however, is
weakly detected in peripheral processes of normal hear-
ing animals (Figure 1D, PP) and in the nonmyelinated
nerve endings beneath inner and outer hair cells (high-
lighted, respectively, as arrowhead and a row of three
arrows in Figure 1D, inset).

In at least three independent experiments, aminogly-
coside-induced deafness caused a gradual loss of TrkB-
positive fibers in the osseous spiral lamina, shown here 6
and 9 weeks after aminoglycoside administration (Figure
1, B and C, respectively). Interestingly, in the adjacent
section of the same cochlea, we observed a dramatic
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increase in the intensity of p75NTR immunoreactivity in
the peripheral processes of deafened cochleae at both 6
and 9 weeks after aminoglycoside administration (Figure
1, E and F, respectively). By performing a colocalization
experiment with the 43-kd growth-associated protein
(GAP43), a marker of neuronal processes, we confirmed
that the elevated p75NTR expression (Figure 3A, PP) is
attributed primarily to GAP43-positive processes in the
osseous spiral lamina (Figure 3B, PP). The specificity of
the antibody was illustrated using Western blot analysis
of hippocampal proteins, which identified a ~43-kd frag-
ment that is abolished on pre-incubation with excess
antigen peptide (Figure 3C). Together, the data show that
the decrease of TrkB expression in the peripheral pro-
cesses of deafened cochleae cannot be explained ex-
clusively by a reduction of peripheral processes, be-
cause within surviving processes, we observed a
coincident and dramatic increase of p75NTR expression.

In at least three independent experiments, we also ex-
amined the differential changes of TrkB and p75NTR in a
region of the Rosenthal’s canal where the peripheral pro-
cesses of SGNs are clustered before projecting as periph-
eral processes in the osseous spiral lamina to the organ of
Corti. TrkB expression in this region of the Rosenthal’s canal
(Figure 1G, circle) could be observed as a dense pattern of
strong, punctated, and filamentous-like fluorescence (Fig-
ure 1G, arrowheads). After 6 and 9 weeks of deafness, this
fluorescent pattern became more diffuse and weaker (Fig-
ure 1, H and |, respectively; circle), confirming our earlier
analysis of reduced TrkB expression in peripheral pro-
cesses of deafened cochleae (Figure 1, B and C). In con-
trast, p75NTR expression in the Rosenthal’s canal was
strongly elevated after 6 and 9 weeks of deafness (Figure 1,
K and L, respectively), relative to expression levels found in
normal hearing cochlea (Figure 1J). Notably, elevated
p75NTR expression was observed in neural processes
(Figure 1, Kand L, arrowheads) and putative Schwann cells
(Figure 1, K and L, arrows). To illustrate the specificity of
these changes, we also performed dual immunohistochem-
istry using the rabbit polyclonal pan-TrkB antibody and a
monoclonal p75NTR antibody to observe specific changes
within the same section, and similar results were obtained
(data not shown).

Because previous reports on mouse mutants have
shown that perturbations in BDNF-TrkB and NT-3-TrkC
signaling resulted in reduced SGN survival,’®3738 we
sought to determine whether the differential changes of
TrkB and p75NTR expression observed in deafened co-
chleae correlated with the SGN density in the Rosenthal’s

Ab
Ab + peptide

GAP43—> -

Coomassie-
stained gel

Figure 3. Up-regulated p75NTR expression is attributed to GAP43-positive neural processes. In dual immunofluorescence experiments, p75NTR expression in the
peripheral processes (A, PP) overlapped with the expression of a marker for neural processes, GAP43 (B, PP), as shown here after 9 weeks of deafness, indicating
that the elevation of p75NTR in the osseous spiral lamina is predominantly restricted to peripheral processes. The GAP43 antibody identified a ~43-kd fragment
(C, left lane) in immunoblots of hippocampal proteins, which was abolished in neutralization experiment with the antigenic peptide (C, right lane).
C: Coomassie-stained gel demonstrated analysis of comparable amounts of proteins. Scale bars= 20 wm. Original magnification, X40.
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canal where these receptors have been analyzed. With
increasing duration of aminoglycoside-induced deafness
(Figure 1M), we observed a progressive decline in SGN
density (relative to normal hearing controls) by 24% after
6 weeks of deafness (P < 0.05), 47% after 9 weeks of
deafness (P < 0.01), and 61% after 3 months of deafness
(P < 0.01). Our data agree with previous findings report-
ing a temporal loss of SGN after aminoglycoside admin-
istration in rats and guinea pigs.”394°

To quantify the contrasting changes of TrkB and
p75NTR expression, we used another independent tech-
nique, semiquantitative Western blot analysis, to com-
pare the levels of TrkB and p75NTR proteins in cochlear
homogenates of control and deafened animals. At least
three independent experiments comprising animals sub-
jected to either 6 to 7 weeks or more than 9 weeks of
deafness were performed. The commercial pan-TrkB
polyclonal antibody was used to identify both the full-
length and truncated TrkB isoforms, as described in Fig-
ure 2C. To identify the p75NTR neurotrophin receptor, we
used the 9992 antibody, which has been tested in previ-
ous studies,***! to demonstrate specific recognition of
the intracellular domain of p75NTR. We detected a frag-
ment at ~75 kd in our cochlear protein samples, and to
verify the specificity of the antibodies in these Western
blot experiments, negative control experiments were per-
formed using normal affinity-purified type G immuno-
globulins from naive rabbit (data not shown).

As shown in a representative blot in Figure 4A, full-length
TrkB immunoreactive bands (~145 kd) decreased in inten-
sity with progressive duration of deafness, in contrast to the
up-regulation in intensity of the p75NTR immunoreactive
bands, confirming the differential mod-ulation of these neu-
rotrophin receptors in our immunohistochemical analysis on
cochlear sections. In addition, Western blot experiments
demonstrated that the decrease was in the full-length TrkB
fragment but not in the truncated fragment, suggesting that
truncated TrkB in the cochlea is unlikely to play a role in
aminoglycoside-induced deafness. Thus it is more proba-
ble that the full-length isoform but not the truncated T2
isoform contributes to the reduced TrkB immunoreactivity in
the peripheral processes after aminoglycoside-induced
deafening (Figure 1, compare B and C with A). To ensure
that equivalent amounts of proteins were analyzed in control
and deafened samples, we used an antibody against a
housekeeping gene, GAPDH, which detected an immuno-
reactive band at ~37 kd and revealed approximately equal
loading. By normalizing the intensity of the full-length TrkB
fragment to the GAPDH fragment in three independent ex-
periments, we observed a significant reduction of TrkB,
relative to normal hearing animals, by 38% (P < 0.01) in
animals experiencing aminoglycoside-induced deafening
after 6 weeks and 49% (P < 0.01) in animals after more than
9 weeks of aminoglycoside-induced deafening (Figure 4B).
On the other hand, in four independent experiments,
p75NTR immunoreactive bands increased significantly in
intensity, relative to normal hearing animals, from 370%
(P < 0.05) in animals experiencing deafness after 6 weeks
to 440% (P < 0.01) in animals subjected to a prolonged
duration of deafness (9 weeks or longer), as shown in Figure
4C. In total, both immunohistochemical and Western blot
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Figure 4. Western blot quantification of reduced TrkB but elevated p75NTR
proteins in cochlear homogenates from deafened animals. Cochlear proteins
from normal hearing and deafened animals experiencing two distinct durations
of deafness (6 to 7 weeks versus 9 weeks or longer) were immunoblotted with
pan-TrkB, Ab 9992 (p75NTR), and GAPDH antibodies. The intensity of the
full-length TrkB immunoreactive band was progressively reduced after 6 and 9
weeks of deafness (A, TrkB, full-length), whereas the intensity of the truncated
fragment did not vary considerably (A, TrkB, truncated). On the contrary, in the
same blot, there was an up-regulation of p75NTR-immunoreactive band (A,
p75), whereas GAPDH levels remained relatively constant between samples (A,
GAPDH). The intensity of the full-length (f1)-TrkB band was normalized to the
GAPDH band in three independent experiments, and the mean ratio for each
group was then expressed as a relative percentage of the control group of
normal hearing animals (B). Statistical significance between each deafness co-
hort and the control group is indicated by asterisks. There was a significant
reduction in this ratio in the two deafness cohorts (B, **P < 0.01). Similarly, the
intensity of the p75NTR-band was normalized to the GAPDH band in four
independent experiments, and the mean ratio for each group was again ex-
pressed as a relative percentage of the control group of normal hearing animals
(C). Comparison between the control group and each of the deafened cohorts
showed a significant increase in this ratio in animals deafened for 6 to 7 weeks
(C, *P < 0.05) and animals experiencing more than 9 weeks of deafness (C,
**P < 0.01). Numerical data indicate means * SEM.

analyses strongly suggest that aminoglycoside-induced
degeneration of SGNs is closely correlated with a reduction
of full-length TrkB expression, coincident with a dramatic,
aberrant increase of p75NTR expression.
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Figure 5. Aminoglycoside-induced sensorineural hearing loss induces differential phosphorylation of nuclear transcription factor in surviving SGNs. A: A large
proportion of SGNs in normal hearing animals (left panel) expressed strong nuclear localization of pCREB protein in immunofluorescence studies. B: In deafened
animals (middle panel), fewer neurons expressed such strong staining pattern of pCREB protein in their nuclei (as shown after 9 weeks of deafness). C:
Characterization of pCREB antibody (right panel) revealed a single band of 43 kd in Western blots of nuclear proteins from hippocampal tissues (lane 2) but
not in an equivalent amount of cytoplasmic proteins (lane 1). Furthermore, doubling the amount of hippocampal nuclear proteins led to a stronger band
(compare lanes 2 and 3). To underline further the specificity of the antibody, immunolabeling of pCREB was observed in the nuclei of Purkinje neurons (D, PC)
costained with NF200 to demarcate cytoplasmic regions (E, PC). F: In normal hearing animals, SGNs express low basal levels of p c-Jun protein in
immunofluorescence analysis. G: However, deafened animals displayed elevation of p c-Jun fluorescence in their nuclei (shown here after 9 weeks of deafness),
and most of this staining pattern was abolished by neutralization with the relevant control antigen (inset). Densitometric assessment of pCREB and p c-Jun
fluorescence in the SGNs of four animals experiencing a deafness duration from 6 weeks to 3 months revealed a significant decrease in the proportion of SGNs
demonstrating strong pCREB fluorescence (H, **P < 0.01), whereas in contrast, an increasing proportion of SGNs from these deafened animals demonstrated
strong p c-Jun fluorescence (I, *P < 0.05). Numerical data indicate means £ SEM. Cochlear sections shown here were taken from the middle turn. Scale bars =
20 wm. Original magnification, X40.

pression in the peripheral processes of deafened co-
chleae may impinge on the phosphorylation of CREB in
their SGNs. Immunostaining of cochlear sections from
normal hearing animals with an antibody specific for
pCREB demonstrated nuclear fluorescence in SGNs that

Aminoglycoside-Induced Deafness Causes
Differential Phosphorylation of CREB and c-Jun
Nuclear Proteins

Activation of full-length TrkB receptors can trigger a

downstream signaling cascade that eventually leads to
the phosphorylation of CREB, a transcription factor criti-
cal for neuronal survival and function.**=** We therefore
considered the possibility that the reduction of TrkB ex-

varied in intensity, presumably reflecting the activity-de-
pendent phosphorylation of CREB (Figure 5A). In co-
chleae from animals deafened from 6 weeks onward, we
observed a loss of pCREB immunostaining in many of the
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remaining SGNs (Figure 5B). This antibody recognized a
single band of 43 kd in nuclear proteins from hippocam-
pus (Figure 5C, lanes 2 and 3) but not the cytoplasmic
proteins (Figure 5C, lane 1). We also performed a positive
control experiment showing nuclear localization of
pCREB (Figure 5D) in Purkinje neurons as previously
described?® but not in the cytoplasmic regions delin-
eated by NF200 immunolabeling (Figure 5E). Whereas
the overall decline in pCREB expression in SGNs of deaf-
ened animals could be easily explained by a loss in the
number of neurons, we observed a reduction in the pro-
portion of SGNs expressing strong pCREB immunoreac-
tivity in deafened animals compared with normal hearing
controls. Therefore, we used a densitometric approach to
assess the proportion of neurons in the Rosenthal’s canal
expressing an average integrated density value of 88 or
above. This value represents the median of pCREB in-
tensity in SGNs from representative sections of normal
hearing animals. As shown in Figure 5H, 51% of SGNs in
normal hearing cochlea meet this criterion, whereas in
four deafened animals, we observed a significant decline
to 17% (P < 0.01).

Activation of c-Jun kinase and the subsequent phos-
phorylation of the c-Jun transcription factor have been
reported in stressed cells, and p75NTR activation has
been considered as one of the upstream events trigger-
ing this signal cascade.?”*6~® |n normal hearing co-
chlea, SGNs expressed low levels of phosphorylated
c-Jun in their nuclei (Figure 5F, p c-Jun), but this expres-
sion was elevated in deafened cochleae (Figure 5G). The
specificity of the antibody was evaluated in a neighboring
section from the deafened cochlea by performing pre-
incubation with the blocking peptide. As shown in Figure
5@G, inset, most of the immunofluorescence was effec-
tively blocked, except for weak spotted background flu-
orescence. To assess p c-Jun intensity in both normal
hearing and deafened cohorts, we first measured the
average integrated density value of p c-Jun immunostain-
ing in SGNs from representative sections of four deaf-
ened animals and determined the median value to be
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146. As shown in Figure 51, only 9% of SGNs from normal
hearing animals displayed an average integrated density
value exceeding 146, whereas deafening induced a sig-
nificant increase in this proportion to 55% (Figure 51, P <
0.05). These findings suggest that degenerating SGNs
not only show a differential modulation of TrkB and
p75NTR, at the receptor level, but a comparable trend is
also observed in the phosphorylation of transcription fac-
tors controlled by these neurotrophin receptors.

Adult Organ of Corti Expresses Brain-Derived
Neurotrophic Factor

Aminoglycoside antibiotics destroy hair cells and sup-
porting cells in the organ of Corti. Because we have
observed strong immunostaining of TrkB in peripheral
processes projecting to the organ of Corti, we asked if
their cognate, high-affinity ligand, the brain-derived neu-
rotrophic factor (BDNF), is expressed in the organ of
Corti. In the postnatal cochlea, 6 days after birth, BDNF
protein has been detected in both inner and outer hair
cells.® Using the same antibody, we confirmed this pat-
tern of expression (Figure 6A, IHC and OHC), and at the
same time, we detected the expression of BDNF protein
in the inner hair cells, inner supporting cells, and Deiters’
cells of the adult rat organ of Corti (Figure 6, B and C),
which was abolished on pre-incubation of the antibody
with an excess of the control peptide (Figure 6D). As a
positive control, we also detected punctated BDNF ex-
pression in the cytoplasm of cerebellar granule neuron
(Figure 6C, inset, red fluorescence) as previously
shown.*® To further seek evidence that BDNF protein is
expressed in the organ of Corti, we also analyzed mouse
cochlear sections and similarly observed BDNF protein
expression in the inner hair and supporting cells and in
Deiters’ cells (Figure 6, E and F). Notably, BDNF expres-
sion is found opposite type | afferent nerve endings,
identified by NF200 immunolabeling (Figure 6B, AF) and
efferent nerve endings around inner and outer hair cells,

Figure 6. BDNF protein is expressed in both hair and supporting cells of the adult organ of Corti as well as spiral ganglion neurons. Both inner and outer hair
cells from the postnatal rat cochlea expressed BDNF, as shown in A (arrowhead pointing to inner hair cell and row of three arrows to outer hair cells). In
contrast, in the adult rat cochlea, BDNF expression was localized to inner supporting cells (B and C, isc), inner hair cells (B and C, bold arrowhead, IHC), and
Deiters’ cells (B and C, row of three upward-pointing arrows, DC). Afferent innervation was identified using NF200 antibody (B, open arrowhead, AF), and
specific cells of the organ of Corti were recognized using DAPI nuclear staining (C). D: The BDNF staining pattern was completely abolished on pre-incubation
of the antibody with the recommended antigenic peptide. As a positive control, we also observed BDNF immunoreactivity in cerebellar granule neuron (C, inset).
Expression pattern of BDNF in the adult organ of Corti was also verified in mice where immunolabeling was detected in inner hair cells (E and F, bold
arrowhead, THC), inner supporting cell (E and F, arrow, isc), Deiters’ cells (E and F, row of three upward-pointing arrows, DC). Consistently, no BDNF
immunoreactivity could be found in the outer hair cells of adult rat (B and C, row of three downward-pointing arrows) or mouse (E and F, row of three
downward-pointing arrows). BDNF immunoreactivity was also localized opposite synaptophysin-labeled efferent nerve endings (F, open arrowhead, EF),
whereas labeling at the basilar membrane is nonspecific (F, BM). G: The specificity of the BDNF antibody was further investigated in Western blot analysis of
cochlear proteins where both a ~34-kd fragment corresponding to the pro-neurotrophin form and a ~13-kd fragment representing the mature neurotrophin (left
lane) were detected. These bands could not be detected when the antibody was pre-incubated with its antigenic peptide (middle lane). Pre-incubating the
antibody with an irrelevant antigenic peptide derived from neurotrophin-3 did not result in a loss of these bands (right lane). A Coomassie-stained gel below
indicated analysis of comparable amounts of proteins in this experiment. H: Full-length TrkB immunoreactivity was detected primarily at the baso-lateral region
of inner hair cells (bold arrowhead, IHC) and partially colocalized with NF200 immunostaining at the afferent nerve endings (open arrowhead, AF). I: TrkB
immunolabeling was abolished in neutralization experiment with the relevant antigenic peptide, without affecting NF200 immunostaining. J: SGNs from a normal
hearing rat cochlea expressed BDNF protein in their soma, as shown using an antibody recognizing the uncleaved pro-neurotrophin form of BDNF (pBDNF) and
another antibody targeting the mature BDNF isoform (inset). The p75NTR immunoreactivity could be weakly detected in projection fibers (K, arrows) in a
normal hearing rat cochlea, and no colocalization could be observed between p75NTR and pBDNF in these fibers (L, arrows). However, in an aminoglycoside-
deafened cochlea, pBDNF immunoreactivity appeared strongly in the neural fibers of the Rosenthal’s canal of deafened animals (M, arrows), shown here after
3 months of deafness. These pBDNF-positive fibers also expressed p75SNTR (N, arrows) and showed colocalization with a subset of p7SNTR-positive fibers (O,
arrows). Pre-incubating the pBDNF antibody with its antigenic peptide abolished the filamentous fluorescence signal in these fibers (M, inset), whereas p75NTR
immunoreactivity was not affected (N, inset). M: Nonspecific staining, presumably representing cellular debris, could be observed as fluorescent spots (asterisk)
that could not be blocked (inset), suggesting that these fluorescent spots did not reflect pPBDNF immunoreactivity. Cochlear sections shown here were taken from
the middle turn. Scale bars: 20 wm; except inset in C (10 um). Original magnification: X40; except inset in C (X100).
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identified by synaptophysin immunostaining (Figure 6F,
EF). The specificity of the BDNF antibody was tested, as
shown in Figure 6G, by performing a Western blot of adult
cochlear proteins (Figure 6G, left lane) which identified
an ~34-kd band (pro-neurotrophin) and a 13-kd band
(mature neurotrophin), as previously reported in other
studies.?*5° Both bands were also detected in postnatal
cochlear proteins and hippocampal proteins (data not
shown). A further control of the specificity of this antibody
was demonstrated in other studies demonstrating the
absence of BDNF immunoreactive bands in BDNF knock-
out mice.”®*! These bands were completely abolished
by pre-incubation with the corresponding blocking pep-
tide (Figure 6G, middle lane, BDNF Ab + BP (bdnf)),
whereas a pre-incubation experiment with an irrelevant
peptide derived from neurotrophin-3 could not abolish
these two bands (Figure 6G, right lane, BDNF Ab + BP
(nt3)). Interestingly, we observed the expression of full-
length TrkB within and below the inner hair cells (Figure
6H) and in the nerve endings around the outer hair cells
(Figure 6H, dotted circle). This pattern was completely
abolished by pre-incubation with the blocking peptide
(Figure 6l) in a neighboring section, without affecting
NF200 immunoreactivity. Thus, our observation is consis-
tent with the view that the organ of Corti acts as target-
derived sources of neurotrophic factors for innervating
SGNs possessing the corresponding neurotrophin re-
ceptors in their peripheral processes.

Aminoglycoside-Induced Deafness Causes
Differential Processing of Cochlear BDNF

As a further indication of a loss of neurotrophic support
by aminoglycoside-induced elimination of hair and sup-
porting cells, we performed Western blot analysis of co-
chlear proteins isolated from normal hearing and deaf-
ened animals with two different durations of deafness. As
shown in Figure 7A, after a progressive period of deaf-
ness, the mature form of BDNF (~13 kd) showed a sig-
nificant decrease in intensity, whereas no obvious fluctu-
ation could be seen in the level of the pro-neurotrophin
form (~34 kd). In contrast, we observed a marked and
statistically significant elevation of a truncated pro-neu-
rotrophin form (~24 kd; Figure 7A) after aminoglycoside-
induced deafening, further indicating that the reduction
of the mature BDNF form (~13 kd) is specific. The reduc-
tion of the mature form of BDNF could not be attributed to
unequal loading because an antibody against GAPDH
revealed approximately equal amounts of proteins ana-
lyzed (Figure 7A). By normalizing the densitometric value
of mature BDNF immunoreactive band to the GAPDH
band, we demonstrated a significant decline of mature
BDNF with deafness duration at 6 to 7 weeks (P < 0.05)
and after 9 weeks (P < 0.05) in three separate experi-
ments (Figure 7B). Furthermore, dividing the densitomet-
ric value of the truncated pro-BDNF immunoreactive
band (~24 kd) by the densitometric value of the mature
BDNF immunoreactive band (~13 kd) revealed a signif-
icant increase in the proportion of truncated pro-BDNF,
relative to the mature BDNF isoform, for deafness dura-
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Figure 7. BDNF protein is differentially processed in aminoglycoside-deaf-
ened cochleae. A: Western blot analysis of the cochleae from normal hearing
animals and animals experiencing two distinct durations of deafness (shown
here for 6 and 9 weeks) demonstrated a reduction in the mature form of
BDNF (mBDNF) and the appearance of a truncated form of pro-BDNF
(t-pro-BDNF) after 6 and 9 weeks of deafness. The intensity of the truncated
pro-BDNF fragment increased from 6 to 9 weeks of deafness. In contrast, the
expression of the unprocessed form of BDNF (proBDNF) showed relatively
little fluctuation, in comparison with both the mature BDNF and truncated
pro-BDNF species. As loading controls, the level of the housekeeping pro-
tein, glyceldehyde-3-phosphate dehydrogenase, remained constant in these
samples (A, GAPDH). By quantifying the intensity of these bands, we
normalized the intensity of the mature BDNF band to the GAPDH in three
independent experiments and the mean ratio for each group was then
expressed as a relative percentage of the control group of normal hearing
animals (B). We observed a significant reduction in the ratio of mature BDNF
to GAPDH in a cohort experiencing 6 to 7 weeks deafness (B, *P < 0.05), as
well as another cohort with a deafness duration exceeding 9 weeks (B, *P <
0.05). C: To demonstrate the relative levels of truncated pro-BDNF versus
mature BDNF in each group, we divided the intensity of truncated pro-BDNF
band by that of mature BDNF band and expressed the mean ratio for each
group as a relative percentage of the control group of normal hearing
animals. Comparison between the control group and each of the deafened
cohorts showed a significant increase in this ratio in animals deafened for 6
to 7 weeks (*P < 0.05) and animals experiencing more than 9 weeks of
deafness (*P < 0.05). Numerical data indicate means = SEM.



tions of 6 to 7 weeks (P < 0.05) and >9 weeks (P < 0.05)
in three separate experiments (Figure 7C).

Because a recent study has implicated pro-BDNF as
an apoptotic ligand for neurons by activating p75NTR,%*
we sought to identify whether the p75NTR-immunoposi-
tive fibers observed in deafened cochleae (Figure 1) also
expressed pro-BDNF. To this end, we used an antibody
targeting the pro-domain of BDNF and performed neu-
tralization experiments with the antigenic peptide to illus-
trate specificity. SGNs from normal hearing rats dis-
played pro-BDNF immunoreactivity in their soma (Figure
6J, SGN), and BDNF expression could be confirmed with
another antibody targeting the mature domain of BDNF
(sc-546; Figure 6J, inset), suggesting that both mature
and pro-BDNF isoforms could be found in these neurons.
However, in aminoglycoside-deafened cochleae, we
found pro-BDNF immunoreactivity in fibers within
Rosenthal’s canal (Figure 6M, arrows), which also ex-
pressed p75NTR (Figure 6N, arrows), and colocalization
could be established between pro-BDNF and p75NTR
immunoreactivities in a subset of these p75NTR-positive
fibers (Figure 60, arrows). In SGNs from normal hearing
animals, p75NTR-expressing fibers (Figure 6K, arrows)
did not show immunoreactivity for pro-BDNF (Figure 6L,
arrows). Furthermore, pre-incubating the pro-BDNF anti-
body with its antigenic peptide abolished pro-BDNF im-
munoreactivity in the fibers (Figure 6M, inset) but not
p75NTR immunoreactivity (Figure 6N, inset). Neutraliza-
tion of pro-BDNF antibody with a peptide derived from
the N terminus of mature BDNF (used to raise the anti-
body sc-546) did not eradicate pro-BDNF immunoreac-
tivity in the fibers, as represented in Figure 6M.

Discussion

In this study, we present data that aminoglycoside-in-
duced degeneration of cochlear hair cells, resulting in
secondary loss of SGNs, is correlated with an augmen-
tation of p75NTR expression in the peripheral processes
of these degenerating neurons, coincident with a reduc-
tion of TrkB expression in these processes. These data
agree with published observations of a pro-apoptotic role
of enhanced p75NTR expression in injured nervous sys-
tems®2 and a loss of pro-survival signaling cascades
mediated by reduced TrkB expression.?® Consistent with
these findings, there is a significant increase in the pro-
portion of SGNs in Rosenthal’s canal showing a decline in
the phosphorylation of CREB, a neuronal survival pro-
tein,*® following deafening. This pattern is contrasted by
an increased proportion of SGNs showing strong phos-
phorylation of c-Jun, indicating the operation of a pre-
dominantly pro-apoptotic mechanism when TrkB recep-
tors are down-regulated.®® Our investigation has
identified the expression of BDNF in inner hair cells and
supporting cells of the organ of Corti as a neurotrophic
support in normal hearing rodents that is lost when these
cells are destroyed by aminoglycoside antibiotics, thus
explaining the gradual decline or retraction of TrkB-ex-
pressing fibers in the osseous spiral lamina of aminogly-
coside-deafened animals. Our results also demonstrated
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a differential processing of BDNF in the cochleae of
deafened animals with a predominant up-regulation of a
truncated form of pro-BDNF against a decline in the
mature form of BDNF, suggesting distinct physiological
functions played by these BDNF isoforms.

Differential Modulation of Neurotrophin
Receptors in the Injured Cochlea

The induction of p75NTR in the nervous system under
pathological conditions has been documented.®*°" In
recent years, the physiological relevance of these
changes has identified a role of p75NTR in apoptosis
during neuronal trauma.?2°8-%° Sequence analysis of the
p75NTR molecule identifies a death domain that bears
homology to those found in the intracellular domain of the
Fas and p55 tumor necrosis factor receptors,®' 2 but the
mechanism used by p75NTR to mediate cell death is
different from apoptotic signaling by Fas and tumor ne-
crosis factor receptors.®®®* Complete deletion of
p75NTR in mouse mutants reveals significantly more cho-
linergic neurons in these mutants,®® reinforcing the role of
p75NTR as an apoptotic inducer. In agreement with a
death-inducing role of p75NTR under patho-physiologi-
cal conditions, the present report shows that degenerat-
ing peripheral processes of SGNs dramatically increase
their p75NTR expression (Figure 1), which could account
for the significant and progressive death of SGNs after
aminoglycoside-induced sensorineural hearing loss.

It has been proposed that the biological role of
p75NTR is dependent on cellular Trk activation status,
with its pro-apoptotic role enhanced when Trk-mediated
pathways are reduced and vice versa.'® This hypothesis
has been supported by in vitro studies in which TrkA
activation rescued p75NTR-dependent apoptosis in oli-
godendrocyte cell cultures®” and by mouse mutant
analysis in which TrkA supported neuronal survival by
suppressing p75NTR-regulated death signal during de-
velopmental neuronal death.®® By examining simulta-
neously the relative expression of p75NTR and TrkB in
this study, we demonstrated that the secondary degen-
eration of SGNs is further exacerbated by the reduction of
TrkB expression in their peripheral processes (Figure 1).
Thus, our findings favor a model in which an opposing
relationship between p75NTR and TrkB activation deter-
mines neuronal death under pathological conditions (Fig-
ure 8). To our knowledge, this study provides the first in
vivo evidence of an antagonistic interplay between
p75NTR and TrkB receptors in a neurodegeneration
model.

Differential Phosphorylation of Nuclear
Transcription Factors in the Injured Cochlea

One of the signaling pathways linked to neuronal death is
the stress-activated protein kinase/c-Jun N-terminal ki-
nase (JNK) signaling pathway, which has been impli-
cated in injured nerves®” and in cells exposed to
environmental stress.®® In unraveling the apoptotic
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Figure 8. Schematic summary of the different patterns of gene regulation in
the cochlea after aminoglycoside-induced sensorineural hearing loss. In a
normal hearing cochlea (left panel), the hair and supporting cells of the
organ of Corti produce target-derived mature BDNF to activate TrkB recep-
tors on SGN triggering phosphorylation of CREB and consequently SGN
survival. After aminoglycoside administration (right panel), sensory cells of
the organ of Corti progressively degenerate, reducing the availability of
mature BDNF and inducing a decline of TrkB expression and CREB phos-
phorylation in SGN. In contrast, p75NTR expression and c-Jun phosphory-
lation are up-regulated in SGN, suggesting an activation of apoptotic path-
ways when pro-survival neurotrophic support is diminished. An increase in
the expression of a truncated pro-BDNF isoform in aminoglycoside-deafened
cochleae also indicates defects in BDNF processing, which may contribute to
SGN loss. Changes in gene expression (downward, down-regulation; up-
ward, up-regulation) are indicated by the bold arrows.

mechanism mediated by p75NTR, an increase in JNK
activity has been associated with p75NTR-dependent
apoptosis.?”?® One of the substrates phosphorylated by
activated JNK is c-Jun, a transcription factor.®® In the
rodent cochlea, hair cells injured by aminoglycosides
showed enhanced JNK activation and c-Jun phosphory-
lation.”®”" Therefore, we used increased c-Jun phos-
phorylation as an indicator of JNK activity/p75NTR-medi-
ated signaling in degenerating SGNs. After a distinct
period of deafness, we observed an increase in the pro-
portion of the remaining SGNs demonstrating strong
phosphorylated c-Jun immunoreactivity (Figure 5). This is
in agreement with findings obtained from injured hair
cells and the quantitative increase of phosphorylated
c-Jun immunostaining in axotomized dopaminergic
neurons.*®

Whereas activation of the JNK pathway could account
for the apoptotic loss of SGNs, our results demonstrated
that there is a significant decrease in the proportion of
neurons displaying intense CREB phosphorylation (Fig-
ure 5). A high proportion of SGNs from normal hearing
animals display strong immunoreactivity to phosphory-
lated CREB, but this proportion is significantly reduced in
deafened animals (Figure 5). Phosphorylated CREB pro-
tein is required for neuronal function and synaptic activ-
ity.*344 Neurotrophins binding to Trk receptors can acti-
vate intracellular signaling cascades such as the
mitogen-activated protein kinase pathway leading to the
phosphorylation of CREB.?° Therefore, the diminishing
levels of phosphorylated CREB in degenerating SGNs
could be attributed to a reduction of Trk-activated intra-
cellular signaling pathways, which is reflected here as a
down-regulation of TrkB receptors in the peripheral pro-
cesses of these neurons (Figure 1). Thus, our study sup-
ports a hypothesis in which an augmentation of death-

inducing pathway mediated by p75NTR, together with an
impairment of TrkB-activated downstream survival path-
ways, is involved in the degeneration of SGNs.

Inner Hair Cells and Supporting Cells of the
Adult Organ of Corti Provide Target-Derived
Neurotrophic Support to Innervating Spiral
Ganglion Neurons

Apart from the down-regulation of TrkB receptors in the
peripheral processes, immunoblot analysis demon-
strated a reduced expression of the mature form of BDNF
in cochlear samples from deafened animals, further im-
plying a decline of TrkB activation in deafened cochleae.
During cochlear development, BDNF and neurotrophin-3
(NT-3) function as target-derived neurotrophic factors to
regulate the survival of SGNs and guide their innervation
to the neuro-sensory epithelium in the organ of Corti.*"?
Deletion of these neurotrophic genes in mutant mice
consequently resulted in a loss of cochlear neurons and
in a retraction or retardation of cochlear innerva-
tion.®16:37:38 The observed expression of BDNF in inner
hair cells and supporting cells (including Deiters’ cells) of
the organ of Corti (Figure 6), together with the expression
of its cognate neurotrophin receptor, TrkB, in afferent
nerve endings beneath hair cells (Figure 6), suggests
that BDNF continues to play a role as a target-derived
neurotrophic factor to maintain the innervation pattern in
adult cochleae. As a target-derived growth factor, BDNF
secreted from hair and supporting cells can bind to TrkB
expressed in peripheral nerve fibers projecting from
SGNs. Consequently, the retraction of TrkB-immunoposi-
tive projection fibers from the sensory epithelium (Figure
1) also argues for a loss of neurotrophic support from the
organ of Corti, as shown by a significant decrease in the
expression of the mature form of BDNF when these hair
and supporting cells are destroyed by aminoglycosides
(Figure 7). Similar fiber retraction has been reported co-
incident with a decline or absence of BDNF in target hair
cells during cochlear development® and in taste buds of
the gustatory system.”® The lessened availability of tar-
get-derived BDNF would further abrogate TrkB-activated
survival pathways in SGNs,'® resulting in decreased
CREB phosphorylation (as shown in Figure 5) and neu-
ronal death. Our observation that the adult cochlea ex-
presses BDNF in inner hair and supporting cells is further
strengthened by studies showing that exogenously ap-
plied BDNF can rescue SGNs from aminoglycoside-in-
duced degeneration, and its withdrawal leads to accel-
erated degeneration 5775

We cannot exclude that other neurotrophic factors may
also contribute to the neuronal degeneration seen in this
study. NT-3 is known to be expressed in adult inner hair
cells,'7® and recently it has been shown that inner sup-
porting cells also express NT-3.% In a mouse model of
cochlear sensory neuron degeneration, a significant re-
duction of NT-3 expression, presumably in inner hair and
supporting cells, has been identified as a likely factor
contributing to the neuronal degeneration.®



The mature form of BDNF (~13 kd) is considered to be
the biologically active isoform mediating most of the pro-
survival and synaptic functions of neurons through TrkB-
dependent signaling.”” On the other hand, the immature
form of BDNF, pro-BDNF, has recently been shown to be
a pro-apoptotic ligand for a receptor complex consisting
of p75NTR and the type 1 transmembrane sortilin and is
cleaved by the extracellular proteinase plasmin to yield
24- and 13-kd products.?* The uncleaved form of nerve
growth factor has similarly been shown to induce apopto-
sis through p75NTR in other in vivo studies.*®787° QOur
Western blot analysis of BDNF in deafened cochleae
(Figure 7) showed a decline in the expression of the
mature form of BDNF (~13 kd) but an increase in the
expression of a truncated pro-BDNF isoform (~24 kd),
suggesting that an imbalance of mature and pro-neuro-
trophin form of BDNF may determine neuronal survival or
death. It has been estimated that pro-BDNF is at least 10
times more effective than mature BDNF in inducing apo-
ptosis.?* Interestingly, our immunohistochemical analysis
revealed colocalization of pro-BDNF and p75NTR in neu-
ronal fibers within the Rosenthal’s canal (Figure 6) and
osseous spiral lamina (data not shown) of deafened co-
chleae, indicating that pro-BDNF may act as an apoptotic
ligand to induce secondary SGN degeneration. In an-
other study, a truncated form of pro-BDNF (~28 kd) has
been reported, but its biological function could not be
ascertained.®° Our data raise the possibility that the trun-
cated pro-BDNF isoform (~24 kd) may play a distinct
physiological function in degenerating SGNs, but further
investigation is required to determine whether the pre-
dominance of the truncated pro-BDNF isoform over the
mature BDNF isoform is responsible for the secondary
degeneration of SGNs in aminoglycoside-deafened
cochleae.

In summary, using an in vivo model, we have mapped
a molecular fingerprint of spiral ganglion degeneration,
secondary to loss of hair and supporting cells (Figure 8).
Our findings highlight an antagonistic relationship be-
tween p75NTR and TrkB receptor levels and their asso-
ciated downstream signaling processes. Our data also
indicate that the adult hair and supporting cells continue
to provide neurotrophic support to SGNs beyond their
essential role during cochlear development. Because
surviving SGNs are essential for the success of rehabili-
tative interventions such as cochlear implants to amelio-
rate deafness, understanding these neurodegenerative
events at the molecular level may identify the p75NTR
and TrkB molecules as promising drug targets to alleviate
secondary SGN degeneration in deafness.
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