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The control group comprised 8 temporal bones from
8 subjeets having presbyeusis without tinnitus (5 males and 3
females; age range, 70—88 years; mean age = SD, 76.1 £ 6.2
years; high-tone-loss pattern, 1 subject, and descending
pattern, 7 subjects; mean bone-conductance threshold & SD,
422 + 16.4 dB).

Autopsy reports of 1000 patients from the temporal bone
collection at the University of Minnesota (Minneapolis, MN)
were screened to select cases with presbycusis. Patients whose
temporal bones were selected for study fulfilled the following
criteria for presbycusis: sensorineural hearing losses character-
ized by insidious -onset, bilateral symmetry, progression into
old age without clinical evidence of other ear disorders, and age
of 60 years.or older. Pure tone audiometry had been performed
within 24 months of death for all of the selected subjects. On
the basis of the medical records and otologic interview sheet,
we excluded subjects with history of ear diseases, ototoxic drug
use, head and acoustic trauma, central disease, mental disease,
and systemic diseases such as diabetes or neurologic disease.

Thereafter, we divided the subjects into presbycusis with
tinnitus (8 subjects) and without tinnitus (8 subjects) according
to their detailed medical records. We used unilateral teraporal
bones from the 16 subjects. Cochlear changes were evaluated
using light microscopy in both the groups. Temporal boties had
previously been removed at autopsy less than 24 hours after
death and fixed in a formalin solution. Each bone was
decalcified, embedded in celloidin, and serially sectioned in the
horizontal plane at a thickness of 20 um. Every 10th section
was stained with hematoxylin-eosin and mounted on a glass
slide for observation under light microscopy.

2.2. Audiometric classification

Patterns of audiometric hearing loss were determined
based on bone-conductance thresholds at frequencies of 250,

500, 1000, 2000, 4000, and 8000 Hz. Audiometric patterns
with a threshold of less than 25 dB were congidered to be
normal [3,4]. The cases were divided into 2 groups based on
the audiogram type [3]: patients with an abrupt high tone
loss (high-tone-loss pattern) and those with a gradually
sloping curve (descending pattern). The high-tone-loss
pattern was defined as hearing loss with a threshold of
more than 25 dB at 4000 and 8000 Hz and a difference in
thresholds of more than 20 dB between 2000 and 4000 Hz.
The descending pattern was defined as hearing loss with a
threshold of more than 25 dB at 2000, 4000, and 8000 Hz,
and a difference in thresholds between 2000 and 4000 Hz
with an increase of less than 20 dB. In addition to the
audiometric hearing loss pattems, mean bone-conductance
thresholds were assessed at 500, 1000, 2000, and 4000 Hz.
Mean bone-conductance thresholds were used as a param-
eter for perceptive hearing loss.

2.3. Criterion of tinnitus

We obtained otologic interview sheet including tinnitus
during patients’ lifetime. We therefore selected apparently
subjects without tinnitus and excluded subjects with
circumstance factors such as noise from subjects with
tinnitus. Subjects with tinnitus had experienced tinnitus for
the mean duration of 20.3 years (15.7-25.0 years).

2.4. Spiral ganglion cells

Rosenthal’s canal was divided into 4 segments, as

desctibed pieviously [5], as I (from base to 6 mum), I (6—

15 mm), 1T (15-22 mm), and IV (22 mm to apex). Nucleoli
of $piral ganglion cells were cotinted using light microscopy.
The number of ganglion cells was determined for each
segment aitd for the cochlear as a whole by multiplying their
summed counts by 10 to account for the unmounted sections
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Fig. 1. Loss of spiral ganglion cells in the basal turn of the cochlea is of the same degree in the tinnitus group (A) and the control group (B) (hematoxylin-gosin

staining, original magnification x200).
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and by a factor of 0.9 to account for the cells that would be
counted because of their location at the interface between
sections [6].

2.5. Cochlear hair cells

The cochleas were reconstructed by standard cytoco-
chleograms [3]. In each section, the number of cochlear bair
cells was assessed. The percentage loss of cochlear hair cells
in each turn was counted to compare these 2 groups.

2.6. Stria vascularis and spiral ligament area

Morphometric measurements of the area counts of the
stria vascularis and spiral ligament were made in all turns of
the cochlea at the midmodiolar level and the 2 adjacent
sections. The area of stria vascularis and spiral ligament in
each tumm was counted as the mean of these 3 sections. The
image was acquired with a CCD camera connected to a
computer. The calibrated image of the stria vascularis was
obtained at a magnification of 200x and that of the spiral
ligament was obtained at 40x. The areas of stria vascularis
and spiral ligament were quantified by determining the areas
of their cut surfaces using a computer. Measurements were
made using a commercially available image analysis
software Image-Pro Plus (version 3.0; Media Cybernetics,
Silver Springs, MD).

2.7. Statistical analysis

Statistical evaluation was performed using the nonpara-
metric Mann-Whitney test. A P value of less than .05 was
considered significant.

3. Results
3.1. Spiral ganglion cells

There was no significant difference in the number of
spiral ganglion cells in all the segments, as well as the total
mnumber of cells, between the tinnitus group (Fig. 1A) and the
control group (Fig. 1B).

35000 OHinnitus 2 control

30000

T

25000
20000
15000

10000

T ,
5000 - l’L{'LI
I—l-:_li—' 1 ] 1 I B

| it il v Total

Numbers of spiral ganglion cells

Fig. 2. No significant difference is observed in the loss of spiral ganglion
cells in all the segments. Data are presented as mean £ SD.

50um

Fig. 3. The lower basal turn of the cochlea in the tinnitus group shows loss of
outer hair cells. Inner hair cell (arrowhead) and 2 outer hair cells (arrow) can
be observed (hematoxylin-eosin staining, original magnification x400).

The mean nurmber of spiral ganglion cells was as follows:
segment I, 1916 in tinnitus and 1954 in control; segment II,
73771 in tinnitus and 7740 in control; segment 11T, 6049 in
tinnitus and 6089 in control; segment IV, 5804 in tinnitus
and 5804 in control; and total, 21 241 in tinnitus and 21 587
in control (Fig. 2).

3.2. Cochlear hair cells

There was a significantly greater loss of outer hair cells in
the tinnitus group compared with the control group in the
lower basal (P = .006), upper basal (P = .025), and upper
middle (P = .018) turns (Fig. 3). No significant difference
was found in the lower middle and apical turns.

The mean loss of outer hair cells in each turn was as
follows: lower basal turn, 28.8% in tinnitus and 12.4%
in control; upper basal turn, 31.0% in tinnitus and 12.5% in
control; lower middle tumn, 34.5% in tinnitus and 9.8%
in control; upper middle turn, 36.7% in tinnitus and 7.6% in

5001 otinnitus g control
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0.0 v T T T
Lowerbasal Upperbasal Lower middle Upper middle  Apical

Fig. 4. A greater loss of outer hair cells occurred in the tinnitus group in the
basal and upper middle turns.
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Fig. 5. No significant difference is observed in the loss of inner hair cells in
all the tums. Data are presented as mean + SD.

control; and apical turm,; 25.0% in tinnitus and 11.1% in
control (Fig. 4).

No significant difference was found between the tinnitus
group and the control group in the loss of inner hair cells in
any turn.

The mean loss of inner hair cells in each turn was as
follows: lower basal turn, 9.1% in tinnitus and 4.3% in
confrol; upper basal turn, 2.4% in tinnitus and 5.6%
in control; lower middle turn, 5.4% in tinnitus and 0.0% in
control; upper middle turn, 2.9% in tinnitus and 0.0% in
control; and apical turn, 7.1% in tinnitus and 0.0% in control
(Fig. 5).

3.3. Stria vascularis area

There was a significant loss of stria vascularis area in
the tinfiitis group (Fig. 6A) coripared with the control

group (Fig. 6B) in the lower basal (P = .016) and upper
basal (P = .027) turns: No significant difference was found
in the other turns.

The mean area of stria vascularis in each tum was as
follows: lower basal turn, 6235 um? in tinnitus and 7501
pm? in control; upper basal turn, 5998 um?® in tinnitus and
7419 pm?® in control; lower middle turn, 5310 unt> in
tinnitus and 5884 um’ in control; upper middle turn,
4053 pm? in tinnitus and 5022 pm? in control; and apical
turn, 3346 pm® in tinnitus and 3943 gm? in control (Fig. 7).

3.4. Spiral ligament area

There was no significaat difference in the spiral ligament
area in all of the tums between the tinnitus group and
control group.

The mean area of the spiral ligament in each turn was as
follows: lower basal turn, 347 040 pm” in tinnitus and 310
368 pm? in control; upper basal turn, 247 753 um? in tinnitus
and 211 832 pm? in control; lower middle turn, 135 506 pm?
in tinnitus and 135 197 pm?® in control; upper middle turn,
82 804 pm” in timitus and 91 302 ym? in control; and apical
turn, 53 428 um® in tinnitus and 53 183 pm? in control
(Fig. 8).

4. Discussion

The 2 most common causes of tumitus, acoustic tiauma
and aging, are typically associated with tmpaired cochlear
fuiiction {7]. Wé foudd thiat the degenieration of outer hair
cells and stria vascularis could be the main cause of tinnitus

generation i subjects Wwith presbycisis. Sofne anitial

models of tinnitus due to noise and ototoxicity have been
noted [8—10], biit a stiidy of tifmitiis die to aging has riot

Fig. 6. The stria vasculasis of the lower basal turn of the cochlea in the tinnitus group (A) shows more severe atrophy than in the control group (B) (hematoxylin-

eosin staining, original magnification x200).
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been published so far in human temporal bounes. The present
study using human temporal bones could provide valuable
information regarding the histopathologic changes that can
indicate the underlying mechanism of tinnitus generation.

Tinnitus may be associated with abnormalities in any
level of the auditory pathway, but these abnormalities can
often start in the cochlea [11,12]. In the present study,
cochlear changes in the tinnitus group were more severe than
those in the control group. Our findings suggest that the
generation of tinnitus in subjects with presbycusis results
from further damage of the cochlear function.

Previous clinical study showed that normal hearing
subjects with tinnitus have a significantly higher percent-
age of abnormal transient- and distortion-evoked otoacous-
tic emissions than normal hearing subjects without tinnitus
[13]. The author concluded that dysfunction in the outer
hair cells may be important in the generation of tinnitus
[13]. According to the discordant theory of inner and outer
hair cells by Jastreboff [12], the reduction or lack of input
from outer hair cells belonging to a portion of the basilar
membrane may result in decreased activity within efferent
fibers and consequently might cause increased negative
dampening (through outer hair cells) and decreased
inhibition on afferents coming from inner hair cells. This
will yield enhanced activation of normal inner hair cells,
resulting in an abnormal activity perceived as tinnitus. In
the present study, loss of outer hair cells in the basal and
upper middle turns was significantly greater in the tinaitus
group than in the control group, but there was no
significant difference in the loss of inner hair cells between
them. These findings are consistent with those of previous
physiologic studies [12,13].

The stria vascularis and spiral ligament are essential for
generating positive endocochlear potential, which is
necessary for auditory hair cell function [14,15]. According
to Johnsson and Hawkins [16], strial atrophy causes
degeneration of hair cells by alteration of endolymph
composition. Ascertaining whether atrophy of the strial
vascularis or loss of outer hair cells came first in our
histologic study is difficult, but we fully considered the
relationship between these 2 entities. In addition, the extent
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Fig. 7. Atrophy of the stria vascularis in the basal tumn in the tinnitus group
was significantly higher than in the control group. Data are presented as
mean £ SD.
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Fig. 8. No significant difference is observed in the spiral ligament in all the
turns. Data are presented as mean & SD.

to which the primary degeneration of one cochlear element
will lead to secondary degeneration of another cochlear
element remains unclear [17].

5. Conclusions

The present study clearly showed that atroply of the stria
vascularis and loss of outer hair cells are more common in
patients with presbycusis with tinnitus than in patients with
presbycusis without tinnitus. Further studies with a larger
patient population are necessary to confirm the result.
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of p38 and.}NK involvement is entirely novel. The resulis suggest that neurotrophins.can
exert opposing effects on SG neurons, the balance of competing signals influencing the -
generation of neurites. This competiton could provide a potential mechamsm for the
control of neurite number during development.

Published by Elsevier B.V.

1.  Inoduction

Newrotrophins play a critical role in neural development, reg-
vilating differentiation, mewrite extension, trget innervation
and survival {Bibel and Barde, 2000). Brain-derived newro-
trophic factor (BDNF) and neurotrophin-3 {NT-3} are well
known to influence neurons in the inner ear.

In particulay, mice deficient in BDNF exhibit reduced co-
chiear newronal populations, espedally in the apical fum
(Bimmchi et al., 1996; Emfors ef al, 1934, 1995; Farinas et al.,
2001; Fritzsch et al, 1997a, 1997b). We, and others, have
noted a dramatic effect of BDNF on developing spiral ganglion
(SG) neurons in culture. BDNF treatment enhances survival of
‘dissociated SG neurons (Malgrange et al. , 1996), dramatically

increases neurite number on SG explants {Pirvola et al., 1994)

and promotes SG neurons survival in vivo (Leake et al. , 2011).

Recently, Leake et al. (2011) demonstrated in necnatally
deafened kittens and Landry et al. {2011) in adult deafened
guinea pigs that chronic BNDE delivery fiom a miniosmotic
pump improved electrically evoked zuditory brainstemn re-
sponse thresholds. The authors therefore concluded that
BDNF may have potential therapeutic value for the use with
cochlear implants in the future. Furthermore, increasing re-
potts are available on the potential therapeutic role of BDNF
in 2 range of central nervous system (CNS) disorders such as
amyotrophic lateral sclerosis, Parkinson’s disease, peripheral
neuropathy, Alzheimer’s disease, Huntington’s disease and
stroke {reviewed by Nagahara and Tuszynski, 2011).

Neurotrophins signal primarily via high-affinity tyrosine
kinase receptors in the cochlea, TrkB and TrkC (Pirvola et al.,
1994), with some contribution from the low-affinity p75 recep-
tor (Schecterson and Bothwell, 1394}, BDNF signaling is mainly

mediated via TrkB réceptors and TrkB and p75 receptors are
 expressed by SG neurons throughout the inner ear (Knipper
et al., 1996; Pirvola et al, 1994; Sano et al. , 2001). Mice null
for 'I'rkB are reported to lose 15-20% of SG neurons (Fritzsch
etal,, 1997a, 1997b). BDNF increases neurite number on SG ex-
plants in vitro throughout the entire length of the cochlea with
no difference in the responses from dlfferent cochlear turns
{our own unpublished data).

We previously found that Ras or Mek/Erk inhibition blocked
NT-3 effects on SG neurites, while p38 inhibition had no effect
(Aletsee et al,, 2001). Mice with mutations in the docking site
for the Shc adaptor protein on the TrkB receptor, which would
be expected to reduce both Ras/MAPK and phosphatidyl inositol
3 kinase (PI3K) signaling, showed modest reduction in 5G
neuron survival (Postigo et al,, 2002).

To explore BDNE signal transduction in SG neurons, SG
explants were ireated with BDNF in the presence of specific
inhibitors of intracellular signaling pathways involved in
TrkB signaling in the inner ear and other neuronal systems,

and activation of signaling proteins was assessed by Western
blotting. .

2.  Results
2.1.  BDNF intveases SG neurite nugmber but not length

Consistent with previous studies (Hartnick et al., 1996; Hegarty
et al, 1997), treatment of neonatal SG exp]ants with BDNF
resulted in a significant incvease {(p<0.05) in the number of SG
neurites present on each explant (Figs. 1 and 2). In conivast,
and also consistent with prior resulis {Malgrange et al, 1996},
there was no effect of BDNF treatment on the length of 5G
neurites (Figs. 1 and 3).

2.2.  Inhibitors of several signal transducnon pathways
alter BDNF~:nduceé micreases in SG neurite number

The influence of signaling inhibitors on the BDNF-induced
increase in neurites on SG explants is illustrated in Figs. 1
and 2. When BDNF treatment occurred in the presence of
the pan-G-protein inhibitor GDP&S, there was no significant
influence (p>0.06). In contrast, the specific Ras inhibitor FTI-
277 virtually eliminated the BDNF-induced increase in SG
neurite number at all inhibitor doses (p<0. 03). While the
MEK/Erk inhibitor UD126 had no effect {p>0.08), the p38 in-
hibitor SB203580 reduced the BDNE response at all doses
{p<0.02). Interestingly, the Rac/cded?2 inhibiter C difficile toxin B
significantly increased the BDNF effect on neurite number,
but only at the lowest dose employed (p<0. 04). The Pl3 kinase
inhibitor Wortmannin reduced the BDNF effect, but only
at the highest dose employed (p<0.0001). Akt inhibitor I
significantly attenuated the BDNF effect at 100 nM {p<0.0001)
and 1nM (p<0.01), but not at 0.1 (p<0.08). The PKA inhibitor
KT5720 did not alter BDNF effects on SG neurites, When
applied alone at the effective dose, or at the highest dose
used when no effect was observed, none of the inhibitors
influenced SG neurite ‘number.

( 2.3. Signal transduction inhibitors influence SG

neurite length

As discussed above, BDNF alone did not affect SG neurite
length. Nevertheless, some signaling inhibitors in the pres-
ence of BDNF significantly altered neurite length (Fig. 3). The
Rac/cdcd2, G protein, Mek/Erk and Akt inhibitors each de-
creased SG newrite length at all doses employed (p<0.04).
The PI3K iohibitor Wortmannin decreased length at the
highest dose {p<0.04). The PKA inhibitor KT5720 increased
neurite length at-all doses (p<0.04). When explants were
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hydrogen as an adjuvant agent for noise-induced hearing loss in
humans.
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Fig. 1~ Repxesentaﬁve 5G explants stained with anii-200 ka neurcfilarnent antibody, for each experimental condition. Scale

bax 300 gum,

exposed to the ir_xhibitdrs alone, neurite numbers were in-
creased by U0126 at 1000nM (p<0.05), and decreased by
Akt inhibitor I at 1M (p<0.02). None of the other inhibi-
tors used affected neurite length when applied alone.

24.  BDNF increases both SG weuron survival and
neurites/neuron

. The methods used abave could not distinguish whether
BDNF—in&uced increases in the number of neurites on SG ex-
plants were due to increased SG neuron survival, neurite
branching within the explant, or both. We therefore exploved
alternate methods, and found that a different fixation and
stainiing yegimen combined with clearing allowed visualiza-
tion of SG somata in explants larger than those used for the
studies abiove. The results of culture and BDNFE treatment on
5G neuron survival in this model are illustrated in Fig. 4.
Freshly dissected SG explants contained an average of 0.466
SG neurons/pm of ganglion. Control samples cultured without
BDNF for 72 hours showed 0.050 (+.010) neurons/um, while ex-
plants cultred with BDNF showed 0.131 (+.014) neurons/jumn.
Thus, BDNF resulted in a 162% increase in SG neuron survival
-compared to unizeated explants. Of course, no neurites were
cbserved on freshly dissected explants. However, contiol ex-
plants cultured without BDNF for 72 hours showed 0.020 {=
006) neurites/nm. Thus, neurites extending from the explants
represented only 40% of surviving neurons. BDNF resulted ina
520% increase in the number of neurites that extended from

the explant when compared to control explants, representing. ‘
both increased survival and increased neurites/neuron.

2.5,  BDNF activates p38 and Akt in SG

Western blotting revealed specific activation of cell signaling
in 5GNs by BDNF. Using Actin as an internal control, normal-
ized phospho-38, phospho-Akt and phospho-Erk: levels were
expressed as % of control. In three replicates, the relative
intensity of phosho-p38 and phosho-Akt was increased in
BDNF treated tissue compared to tissue in culture media
only. In contrast, only a modest not statistically significant
increase in activated Erk MAPK was noted (Fig. 5). .

3. Discussicn

In the current study, we show that Ras/P38 and PISK/Akt but
not Mek/Exrk signaling mediate BDNF-induced neurite forma-
ton on neonatal cochlear SG explants. In order to assess the
signaling pathways mentioned above, we first evaluated the
effecis of BDNF alone on SG neurites in vitro. Then, SG ex- -
plants were treated with BDNF in the presence of specific
inhibitors of the intracellular signaling pathways involved
dovwnstream from TrkB signaling. Finally, we confirmed ac-
tivation of signaling proteins by Western blotting.

The observation that BDNF treatment results in substan-
tally more neurites on SG explants is consistent with increases
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Fig. 2~ Average number of $G neurites observed on SG explants. The number of neurites observed on control and BDNF-treated
explants are compared to that seen with three different levels of each signaling inhibitor in addition to BDNF. Lines represent
one SEM. BDNF was significanily different from control in all cases. Asterisks denote staﬁsﬁca] difference of inhibitor plus
BDNF groups from the BDNF-alone group. n=12for each experimental condition, except Rac/cde42 inhibitor C. difficile toxin B
n=18,

n neuronal survival that have been observed with dissociated one per neuron, indicating that BDNF also increased the pro-

SG neurons {e.g. Hartnick et al,, 1995). However, when survival
and neurite number were compared directly, we noted an
even greater increase in the mumber of neurites/neuron follow-
img BDNF treatment. This was not asscciated with an chvious
Iranching of the fibers, nor did the mumber of nenrites exreed

duction of individual, unbranched neurites on SG neurons.

Thus, BDNF appears to be both a survival promoting and

neuritogenic factor for SG neurons. The- lack of effect of

BDNF on neurite length also agrees with several previous -
studies (Hartnick et al., 1996; Malgrange et al., 1596).
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Fig. 3~ The average length of SG neurites observed on 5G
explants. The length of nevrites obsexved on control and
BONP-reatad explants is corapared to that seen with signaling
inhibitors im addition to BDNF. Lines represent one SEM.
Asterisks denote statistical difference of inhibitor plus’
BDNF groups from the BDNF~alone group. n=12 for each
exparimental conditon, except Bac/cded? inhibitor C. difficile
toxin B n=18. Since BONF did not alter neurite length, the
inhibitors are presumably affecting alternative signaling,
perhaps integrin activation by the fibronectin substrate.

It should be noted that we could not distinguish between
the dendrites and axons of SG neurons, since we have not
found markers that distinguish between the two in explants.

Similarly, we could not distinguish between type I and type
II SG neuron neurites, since peripherin labeling does not dis-
tinguish these two classes of neurons in the rat in culture,
due to up-regulation of peripherin in type I neurons in vitro
{Lallemend et al, 2007). However, since 95% of SG neurons
are type I cells, it seems likely that this class of neuron
dominates our results. Co

Our in vitro data on neuronal survival can also be related to
in vive observations of the SG. The endogenous expression of
BDNF in the cochlea appears to vary during the period under
study. At bisth, BDMNF is seen in rat inner and outer hair cells
{HC) and along the length of the cochlea (Pirvola et al., 1992)
and is present in the supporting cells (SCs) of the mouse
organ of Corti only in the apical turn (Farinas et al., 2001).
Wheeler et al. (1994) and Wiechers et al. (1999) reported that
BDNF mRNA in HCs declined to background levels by P3-P4.
Wiechers et al. {1999) observed BDNF mRNA in SCs and outer
HCs at P6-P8, while Ylikoski et al. (1993) noted BDNF mRNA
in both inner HCs and outer HCs at P7. Weichers et al. (1999)
evaluated the expression of BDNF at the protein level during
the first two postmatal weeks in mice, using immunochisto-
chemistry. They found that BDNF is present in inner HCs
angd outer HCs at P1, and then disappears at P3. However, at
P3 BDNF is found in some SG neurons. BDNF then reappears
in HCs and 5Cs at P6, and is observed at high levels in §G
neurons. At P10, BDNF is only present in some SCs and in
scattered SG neurons. These results suggest that HCs pro-
duce BDNF during the first few days after birth, with a decline
around P3-P4, but recovery by P6-P7. SG neurons also tran-
siently express BDNF, beginning around P6. Riittiger et al.
(2007) showed that BDNF is not expressed in the organ of
Corfi, but in the SG in adult gerbils. While there was no
change in BDNF expression in the apical turn, a moderate
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Fig. 4 Bflects of BOMF reafynemt on menronal survival amd extensizn of neurites from half-tom SG explants, (A) Explant from a
fresh dissection. (B) Explant after 72 hours in culture without EDNE eatment. {G) Explant after 72 houxs in culture with BDNF
treatment. (D) BONE resulted in an ncressed SG nevron survival and {E) increased mumber of neurites that extended from the
explant compared to unueate{i explarnts. Scale bar 100 pm. n=12 in each experimental condition. Lines represent one SEM.
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Fig. 5 ~ Representative Westem blots of phospherylated p38s, phosphorylated Akt and phosphorylated Erk. SG explants were
exposed either to culture media alone or with 25 ng/ml BDNF. Six whole SG were used per individual blot. Aciin was used as an
internal control. Phospho-protein levels were detexmined by densitometry and were normalized against actin. BDNF @eated
Iewels ave expressed as % of comire] valnes. Phospho-pss and phosphe-Akt were significantly increased by BDNF treatment
{p<0.05), wihereas phospho-Erk levels were not. Bars show fie inemnscne SEM of 3 imdlependent experiments.

decrease in expression was seen in midbasal turns during
aging. In contrast, a recent study by Liu et al. {2011) on adult
surgical human cochlear specimens showed no expression
of BDNF protein eithex in the organ of Corti or in the SG.

Our data indicate that SG neurons and neurites are highly
sensitive to BDNE during the period in which declines in pro-
duction are observed, around P3-P5. This is in line with elec-
trophysiological experiments on P3-P§ neonatal mouse SG.
Adamson et al. {2002} demonstrated that BDNE alters the en~
dogenous mernbrane properties and channel types in such a
way as to generate faster accpmmodatioi’; ‘and kinetics. It
can be speculated that Akt and/or p38 signaling may contrib-
ute to these effects.

Itis possible that eatly posimatal production of BDNF in: the
organ of Corti maintains SG neurons and neurites during the
period of reorganization of innervation. The decline in pro-
duction may then induce apoptosis, with those neurons that
ultimately survive having successfully innervated HCs, while
neurons that fail to synapse on HCs die from lack of trophic
support. 5G neurons are reported to undergo substantial apo-
ptosis during the first postnatal week in rodents (Echteler and
Nofsinger, 2000). I

Our signaling results suggest that a number of pathways
participate in transmitting the effects of TrkB receptor activa-

tion to the nucleus. Our conclusions are summarized in Fig. 6. .

The strong effects of FTI-277 on neurite number suggest a major
role for Ras in mediating the survival- and neuritogenesis-
promoting effects of BDNF. The reduction in neurite number
was observed at all FTI-277 dosages employed, including the
lowest (0.1uM). This implies that the effect is mediated at
least in part by H-Ras, since other isoforms of Ras such as
N- or K-Ras are only inhibited at higher levels (5 and 10 yum,
respectively; Lerner et al, 1995). Also, a combination of p38
MAPK and PI3K-Akt signaling appears to stimulate SG
neurites, while the U0126 data suggest that the promotion
* of 5G neurite number by BDNF does not involve the canon-
ical Ras-Mek-Erk MAPK survival pathway. This conclusion
is supported by our Western blotting data, which demon-
strated strong activation of p38 and Akt, but not Eik, in SG
neurons after BDNF treatment. Similarly, in sympathetic

neurons, NGF promotes survival via a Ras-PI3K-Akt pathway
rather than Mek-Erk (Vaillant et al., 1999). Other studies
have also shown BDNF mediated activation of PI3K-Akt
signaling in SG in vitro (Lallemend et -al, 2005; Hansen
et al, 2001). However, our observation that BDNE does not
involve the canonical Ras-Mek-Erk MAPK survival pathway
is in contrast to a report by Lallemend et al. (2005) who found
that BDNF enhancement of dissociated SG néuron survival
was decreased by U0126. Since they used rat SG neurons of a )
similar age, the difference may be related to dissociation of
the ganglion. )

The p38 and JUN kinase {JNK} mitogen-activated protein
kinase {(MAPK) families have not yet been investigated in
BDNF signal transduction in the SG. Our findings that Ras/
P38 promotes BDNF mediated effects on SNG while Rac/

eded2/INK signaling reduces the BDNF mediated formation of
neurites are novel. .

While signal transduction pathways that mediate BDNF ef-
fects have received litile attention in the inner ear, several
pathways have been implicated in other neuronal systems.
Results from pharmacological studies suggest that both
MAPK and PI3K pathways mediate BDNF-induced neurite out-
growth from retinal ganglia (Bonnet et al,, 2004), while Erk5
activation is critical to RDNF-promoted survival of develop-
ing cortical neurons (Liu et al., 2003). Activation of the PISK
target Akt (also known as protein kinase B), mediates BDNE
effects on hippocampal neurons (Lee et al., 2002). It has
been shown that p38 and JNK MAPK pathways can also be
activated by Trk receptors in the nervous system. While in
general they promote apoptosis (Mielke and Herdegen, 2000;
Ishikawa et al., 2003), several examples of survival enhance-
ment by these pathways have been documented (Nishina
etal., 1997; Du et al., 2004). The p75 receptor can also be involved
in BDNF signaling. As a dependence receptor (Mehlen and
Bredesen, 2004), p75 requires neurotrophin binding to pre-
vent cleavage of its intracellular domain and release of an
apoptosis-promoting fragment. Alternatively, neurotrophin
binding to p75 can induce apoptosis. This is thought to be
Trk-dependent when a neurotrophin binds to a mismatched
Trk in association with p75 (Bredensen and Rabizadeh, 1997).
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inhibitor used in the present study.

It is intriguing that Rac/cdc42 inhibition enhanced the
neu;ite-promoting effects of BDNF. This observation suggests
that BDNF may have a complex effect on SG neurons, with
neurite humber being promoted by p38 and Akt signaling,
while being opposed by a Rac/cdc42/JNK pathway. However,
the neurite-promoting effects of BDNF were only enhanced
at the lowest concentration of the Rac/cdc4? inhibitor ap-
plied. A BDNF-independent effect scems unlikely, since
Brors et al. {20033) showed that Rac/cded? inhibition led to
a dose-dependent decrease of SG neurite number cultured
on laminin. The idea that BDNF may activate competing

survival and death signals i5 consistent with current theories -

of apoptosis regulation in which it is the balance of such com-
peting signals that determine a cell’s fate (Saliresen, 2002).
The general G protein inhibitor GDPBS did not influence
BDNF effects at any dosage. However, specific inhibition of
the G protein Ras reduced BDNF effects, while inhibition of

the Rho family G protein Rac/cdc-42 enhanced BDNE. The'

simplest explanation for the lack of effect of GDPRS is that
inhibition of Ras and Rac/cdc42 signaling cancelled each
other, resulting in no net effect. While this may well be the
case, the very large number of G proteins that might poten-
tially be involved in SG neurons suggests that there may
well be a more complex explanation.

Agerman et al. (2003) replaced the coding sequence of the
BDNF gene in mice with that of MT3, to analyze the selective
roles of BDNF and NT3 during inner ear development. They
found that NT3 largely replaced the actions of BDNE in the co-
chlea, indicating that these two neurotrophins have cominon
and redundant fimctions. Interestingly, our data indicate that
" despite the fact that NT3 can largely replace the effects of

BDNF m the cochlea, the signaling pathways activated by
these neurotrophins are quite different. Aletsee et al. {2001)
demonstrated thath‘as/Mek but not p38 signaling mediates
NT3-induced effects on SG neurons in vitro. This imples that
the different signaling pathways activated by BDNF versus
NT3 nevertheless converge on similar cell functions. The rea-
son for the utilization of different signéling cascades is
unclear. However, this might relate to the evolutionary histo-
1y of the two receptors involved. Jt might also be speculated
that different opportunities for regulation are provided by
the two patterns of intracellular signaling,

In the current study, BDNF treatment alone did not affect
neurite length. Therefore, the effects of signaling inhibitors
on neurite extension without BDNF presumably reflect an in-
fluence independent of this neurotrophin. One candidate for
the mediation of length effects is alteration of extracellular
matrix signaling via integrins. We have previously shown
that extracellular matrix molecules enhance neurite out-
growth at the level used to coat the culture wells in-the pre-
sent experiment (Aletsee et al,, 2001; Evans et al,, 2007). It
should be noted that integrin signaling is unlikely to mediate
the effects of BDNF on SG neuron survival of neuritogenesis
as discussed above, as we have not found in past experiments

-that ECM molecules influence SG neurite number (Aletsee

et al., 2001). In the case of inhibitors that only influenced
length in the presence of BDNF, it is possible that BDNF has
both positive and negative influences upon neurite length,
that on balance result in no effect. Inhibitors may upset this
balance. While this hypothesis is perhaps too complex to be
attractive without additional supporting data, it is at least
consistent with our observations.
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4. Experimental procedures
41 ' Culture of spival ganglion neuvons

Surgical procedures were approved by the animal subject
committee of the San Diego VA Medical Center in accordance
with the guidelines laid down by NIH regarding the care and
use of animals for experimental procedures. Three to five
day old Sprague-Dawley rat pups {P3-P5) were decapitated
and the skulls were opened midsagitally under sterile condi-
tions. The membranous labyrinth was exposed by peeling off
the cartilaginous cochlear capsule under a dissecting micro-
scope. The stria vascularis and the organ of Corti were re-
moved to expose the SG. The ganglion was excised from
the entire length of the cachlea and divided into explants
that were approximately 300x 200 ym. These individual ex-
plants were cultured in 24-well plates previously coated with
fibronectin (Sigma-Aldrich, St. Louis, MO) and poly-i-lysine
{sigma-Aldrich). The tissue was incubated in 170yl of an at-
tachment media consisting of DMEM (Invitrogen/Gibco, Grand
Island, NY, USA), 10% FCS {fnvitrogen/Gibco), 5% HEPES
{Invittogen/Gibco) and 30 units/rol penicillin (Sigma-Aldrich)
for 24 hours at 37 °C, 5% CO,. After 24 hours, the culture me-

dium was changed to 200 pl of a maintenance media con-
sisting of DMEM supplemented with 13 N2 and 5 g/L glucose .

{Invitrogen/Gibco). For neuroirophin stimmulation, the mainte-
nance media contained BDNF {10 ng/m}; Calbiochem, La Jolla,
CA, USA). BDNF control cultures received maintenance media
alone. It should be noted that hearing in the rat cochlea begins
on about postnatal day 10 (Henley et al, 1989; Rybak et al,
1992). Prehearing neurons were. studied since older neurons
are more difficult to culture and neusite development is ongoing
at this age {Emfors et al., 1995; Echteler and Nofsinger, 2000).

Experimental culiures contained BDNF with different con-
cenirations of signaling inhibitors: 0.01, 0.1 or 1mM of the
general G-protein inhibitor GDPES (Sigma-Aldrich); 0.1, 1 or
10 uM of the Ras inhibitor FTI-277 (Calbiochemy); 10, 100 or
1600 oM of the MEK/Erk inhibitor U0126 {Calbiochem); 1, 10
or 160 nM of the p38 inhibitor SB 203580 (Calbiochem); 1, 5,
or 10 ng/ml of the Rac/cde42 inhibitor C. difficile toxin B (an up-
stream activator of JNK; Calbiochem); 10, 100 or 1000 nM of the
PI3K inhibitor Wortmannin (Calbiochem); 0.1, 1.0, or 100 nM of
the Akt inhibitor Akt inhibitor I {Calbiochem: 124008); 10, 200
or 1000 nM of the PKA inhibitor KT5720 {Cell Signaling Tech-
nology, Beverly, MA). Inhibitor control media contained the
lowest effective dosage of the inhibitor alone. For each condi-
tion, 12 explants were studied, except Rac/cdc42 inhibitor
. C. difficile toxin B 18 explants were studied.

4.2 Fixation and immunohistochemistry

After 3days of incubation, cultures were fixed with 4%
paraformaldehyde for 20 min and then washed with PBS.
The samples were blocked with 1% donkey serum (Sigma-
Aldrich) for 10 min at room temperature to reduce nonspecific
binding. Specimens were incubated with rabbit polyclonal
anti-200kDa neurofilament antibody {Sigma-Aldrich) diluted

1500 at 4 C overnight. Explants were then incubated in FITC-.

"conjugated donkey anti-rabbit secondary antibody (Jacksom

TmrmunoResearch, West Grove, PA) diluted 1:100 in PBS. Immu-
nolabeling controls in which rabbit serum was substituted for
the primary antibody exhibited no labeling.

The explants were digitally imaged on a fluorescence
mverted microscope {Olympus, IX 70) and the number and
length of neurites were determined by image analysis soft-

“ware (Spot) as previously described (Brors et al., 2003b). Briefly

neurites were traced from the edge of the explant to the tip.
All neurites on all explants were measured.

4.3. Quantitation of neuronal survival

To assess BDNF effects on neuronal survival, half-turn SG ex-
plants were cultured as above with and without 25 ng/ml
BDNF for 72 hours, except that the explants were grown on
glass cover slips. In order to provide higher penetration and
potential for effects on the ganglion body, we used 25 ng/ml
in our Western Blot and neuronal studies. The explants were
fixed as above, treated with 0.5% peroxide in methanol to
block endogenous pevoxidases, reacted with a mouse mono-
clonal antibody IgG against rat neurofilament 200 (Sigma-
Aldrich), followed by a biotinylated secondary anti-mouse
IgG and developed by an avidin and DAB procedure {Vector
Laboratories, Burlingame; CA). The tissue was cleared with
citrosol {Fischer Scientific, Waltham, MA, USA) to allow vi-
sualization of the cell soma and mounted for evaluation of
neuronal survival and neurite number. Soma survival re-
sults from cultured expl‘a‘nts were compared to those from
freshly dissected explants.

4.4. Assessment of signaling protein activation

To assess the activation of signaling pathways, intact SG were
harvested and placed in attachment media for 24 hours. They

‘were then placed in maintenance media, with or without

25ng/ml BDNF for 5min. Explants were collected from
media, and lysed with 100 ul T-Per Tissue Protein Extraction
Reagent (Thermo Scientific, Rockford, IL) in 1X phosphatase/
proteases inhibitors {Roche, Indianapolis, IN) and sonicated -
for 10 min to shear chromosomal DNA. Samples were ceniri-
fuged at 10,000xg for 10 min to.separate the cyiosolic from
the membranous components. Equal quantities of these ly-
sates were separated by Bis-Tris Mini Gels 4~12% gels, and
electrotransferred fo polyvinylidene difluoride (PVDF) mem-
branes {Bio-Rad, Hercules, CA). The membranes were blacked
with 5.5% nonfat dried milk in TBS-Tween [50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 0.05% Tween 20] for 60 min at room
temperature. Blots were incubated with primary antibodies
in blocking buffer overnight at 4 °C and then incubated with
horseradish peroxidase-linked secondary antibodies (Jackson

. ImmunoResearch) followed by chemiluminescent detection

(GE Healthcare, Piscataway, NJ). Blots were evaluated with
antibodies against phosphorylated Akt (Gell Signéding Tech-~
nology), phosphorylated p38 (Cell Signaling Technology),
phosphorylated Erk {Santa C}ruz'Biotechnology, Santa Gruz,
CA) and to an internal control protein actin (BD Transduction
Laboratories, San Diego, CA). After chemiluminescent expo-
sure each membrane was placed inside a dark chambet, an
autoradiography film 5x7 was laid over the membrane to
capture light emission and scanned with ‘an Agfa Arcus



BRAIN RESEARCH 1430 (2012) 25-34 . 33

W scammer. The intensity of the bands corresponding to
phosphorylated-p38, phosphorylated-Akt and phiosphorylated-
Erk were quantified using Image J software. Band intensity
for the phosphoproteins was corrected for intensity of our
internal contrel protein (actin) and then expressed as the
percentage increase, compared with non-treated tissue.
Western blotting was replicated three times with indepen-
dent biological replicate. With each biological replicate,
Western blotting was performed twice. Six whole SG were
used per individual blot. Ratio data were analyzed using the
Mann-Whitnmey nonparametric statistical test.

45 Quomtitation of neuvite cutgrowth

Statistical analysis, using @ one-way analysis of variance
(ANOVA) followed by a Tukey least significant difference
post hoc test was performed, including a correction for the
uvse of multiple post hoc tests (Statview 5.0).
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