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Using a mouse model with noise-induced cochlear
blood-labyrinth-barrier (CBLB) injury, we examined
the effects of inducible nitric oxide synthase (iNOS)
on the recruitment of bone marrow-derived cells
(BMDCs) to the CBLB after acoustic injury. Lethally
irradiated C57BL/6J and B6.129P2-Nos2"™'“"/J mice
were transplanted with GFP"-BMDCs from C57Bl/
6-Tg (UBC GFP) mice. Four weeks after transplanta-
tion, we assessed the population of GFP*-BMDCs in
the CBLB. Only small numbers of GFP*-BMDCs were
found to infiltrate the area of the CBLB in the control
recipient mice. However, robust GFP*-BMDC migra-
tion occurred in the area of the CBLB within the
injured cochlea during the first week following acous-
tic trauma, and further BMDC accumulation was seen
by 2 weeks posttrauma. After 4 weeks, the BMDCs
were integrated into vessels. Local iNOS from perivas-
cular resident macrophages was found to be impor-
tant for BMDC infiltration, since mice deficient in
iNOS (Inos™’7) and mice with iNOS that had been
inhibited by 1400W displayed reduced BMDC infiltra-
tion. Stromal cell-derived factor-1a (SDF-1a) and its
chemokine receptor 4 (CXCR4) were required for the
iNOS-triggered recruitment. BMDC recruitment was
significantly reduced by the inhibition of SDF-1« ac-
tivity. Inhibition of the iNOS/SDF-1« signaling path-
way reduced vascular repair as observed by reduced
vascular density. Our study revealed an intrinsic sig-
naling pathway of iNOS that mediates SDF-1« to pro-

mote GFP*"-BMDC infiltration/targeting in cochlear
vascular repair. (4m J Pathol 2010, 177:3089-3099; DOI:
10.2353/ajpath.2010.100340)

Ischemia causes considerable morbidity in various organ
systems, and the pervasiveness of ischemic damage
makes repair of damaged vasculature an important ther-
apeutic goal.! Ischemia in the inner ear is closely related
to several hearing disorders, including sudden sensori-
neural hearing loss, presbyacusis, noise-induced hear-
ing loss, tinnitus, and Méniére’s disease.? ® Various clin-
ical approaches to treatment of the ischemia have been
tried, including use of vasoactive substances to improve
cochlear blood flow; however, these generally have not
been effective. A fundamental approach to determining
the mechanisms of damage repair will enable develop-
ment of more effective clinical treatments for vascular-
related hearing disorders.

Acoustic trauma not only directly damages sensory
hair cells, but it also disrupts the blood flow and the
cochlear blood-labyrinth-barrier (CBLB) in the stria vas-
cularis,® creating an ischemic and hypoxic environ-
ment.>®7 Normal blood supply to the cochlea is critical
for generating the ionic gradients and the endolymphatic
potential required for auditory transduction.®® Better
treatment of noise-induced hearing loss requires an un-
derstanding of parallel repair factors, one of which will be
the cellular repair mechanisms involved in restoration of
efficient cochlear blood flow after damage.

Increasing evidence highlights the importance of cir-
culating bone marrow stem cells, which is home to sites
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of ischemia and contribute to formation of new blood
vessels by differentiation.®'" In the context of cancer, inhi-
bition of bone marrow stem cell recruitment to tumors de-
creases tumor angiogenesis,'? whereas the reverse, infu-
sion of bone marrow-derived progenitor cells increases
angiogenesis ' and improves organ function. For example,
transplantation of bone marrow cells into myocardium aug-
ments cardiac function following myocardial infarct or
chronic ischemia in rats and dogs.'*'® Transplantation of
bone marrow cells attenuates ischemic damage and im-
proves functional recovery after brain injury.'®

Coordination of an inflammatory response, entailing reg-
ulation of chemokine release, is essential for bone marrow
stem cell (BMSC)-associated neovascularization during
ischemia and wound healing."” For example, the release of
stromal cell-derived factor-1a (SDF-1a) from stressed tissue
plays an important role in the mobilization of bone marrow
cells to local ischemic sites on damaged vessels.'®2° Ad-
ditionally, nitric oxide (NO), produced by endothelial nitric
oxide synthase (eNOS), is shown to be a critical factor in
bone marrow cell recruitment for vascular repair.?’

Here, we report the finding that recruitment of bone
marrow cells to ischemic tissues in the noise traumatized
cochlea is signaled by a local inducible nitric oxide syn-
thase (INOS)-dependent SDF-1a pathway. Recruitment
of bone marrow derived cells (BMDCs) to the damaged
stria vascularis results in repair of cochlear vessels.

Materials and Methods

Animals and Bone Marrow Cell Transplantation

Male C57BL/6J (Inos wild type [WT], aged 4 weeks; stock
number: 000664), B6.129P2-Nos2™44/J (Inos~'~, aged
4 weeks; stock number: 002609), and C57BI/6-Tg mice
(UBC-GFP, aged 4 to 6 weeks; stock number: 004353)
were purchased from Jackson Laboratory (Bar Harbor,
ME). C57BI/6-Tg mice served as donor mice with Inos
WT, and Inos™/~ mice of the same age served as recip-
ients. The recipients were irradiated (at 9 Gy) with a
y-emitting source and reconstituted with a single perior-
bital sinus injection of 2 X 107 BMDCs in 200 ul of
modified HBSS from donor transgenic mice. At 1 month
posttransplantation, the mice served as control, noise-
exposed, and noise-exposed + drug treatment groups.
The groups were sacrificed at different times after noise
exposure (immediately, 1 week, 2 weeks, and 4 weeks)
for measurement. All procedures in this study were re-
viewed and approved by the Institutional Animal Care
and Use Committee at Oregon Health and Science
University.

Noise Exposure

Animals were placed in wire mesh cages and exposed to
broadband noise at 120 dB sound pressure level (SPL) in
a sound exposure booth for 3 hours and for an additional
3 hours the following day. The noise exposure regime,
routinely used in our laboratory, produces permanent
loss of cochlear sensitivity.®

Immunohistochemistry and Fluorescence
Microscopy

Normal and noise-exposed mice were sacrificed at day
2, week 1, week 2, or week 4, subsequent to a 1-month
transplantation recovery period. The cochleae were har-
vested and fixed in 4% paraformaldehyde overnight at
4°C, and then rinsed in 37°C PBS (pH 7.3) to remove any
residual 4% paraformaldehyde. Immunohistochemistry
was performed as described before.® Tissue samples
were permeabilized in 0.5% Triton X-100 (Sigma, St.
Louis, MO) for 1 hour, and then immunoblocked with a
solution of 10% goat serum and 1% bovine albumin in
0.02 mol/L PBS for an additional hour. The specimens
were incubated overnight at 4°C with the primary anti-
bodies (listed in Table 1) diluted in PBS-bovine serum
albumin. After several washes in PBS, the samples were
incubated with secondary antibodies, Alexa Fluor 568-
conjugated goat anti-rabbit (category number A21069;
Invitrogen, Eugene, OR), Fluor 647-conjugated goat anti-
rabbit (category number A-21244; Invitrogen), and Alexa
Fluor 568-conjugated goat anti-rat (category number
A-11077; Invitrogen) for 1 hour at room temperature. The
tissues were mounted in mounting medium (H-1000; Vec-
tor Laboratories, Inc., Burlingame, CA) and visualized
under an FV1000 Olympus laser-scanning confocal mi-
croscope (Olympus, Tokyo, Japan). Controls were pre-
pared by replacing primary antibodies with PBS.

Western Blot Analysis

To investigate the influence of noise exposure on the
protein level of INOS expression, the cochlear lateral wall
was dissented from control and noise-exposed animals
(cohorts of three mice). The collected lateral wall tissue
was homogenized in lysis buffer (RIPA Lysis buffer, Up-
state, a Serologicals Company, Temecula, CA) with a
protease inhibitor cocktail (Protease Inhibitor cocktails
Set Ill, Calbiochem, Darmstadt, Germany) for 30 sec-
onds. After centrifuging (4°C, 30 minutes, at 14,000 rpm),
the supernatant was assayed for protein by using a DC
protein Assay kit (Bio-Rad, Hercules, CA). Samples were
heated to 100°C for 5 minutes with 2Xx SDS loading buffer
and briefly cooled on ice. Fifty-microgram aliquots of total
protein from each sample were run on 10% sodium do-
decyl sulfate-polyacrylamide gels to detect iINOS (130
kDa) and actin (43 kDa). Proteins were electrophoreti-
cally transferred to polyvinylidene difluoride membranes
(Millipore Corp., Bedford, MA), with the membranes
blocked with nonfat milk and 0.1% Tween 20 in Tris-
buffered saline for 1 hour at room temperature. The sam-
ple was incubated with primary antibodies diluted 1:1000
in skim milk overnight at 4°C for specific immunodetec-
tion (rabbit polyclonal antibody to iINOS, a Diagnostic Intl
Inc., San Antonio, TX; mouse polyclonal antibody to actin,
Millipore Corp.). After three washes with PBS, the mem-
branes were incubated for another hour with horseradish
peroxidase-conjugated goat anti-rabbit or goat anti-
mouse IgG diluted 1:10,000 in PBS at room temperature.
Antigens were revealed by using ECL Plus Western Blot-
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Table 1. Primary Antibodies Employed
Primary antibodies Source Identification Dilution Type Specificity
NG2 Chemicon ab5320 1:200 (dilution with  Rabbit polyclonal Reacts with NG2 of
1% BSA-PBS) antibody mouse, rat, and human
Desmin Epitomics 1466-1 1:400 (dilution with  Rabbit Reacts with desmin of
1% BSA-PBS) monoclonal mouse, rat, and human
antibody
F4/80 Santa Cruz ab6640 1:100 (dilution with  Rat monoclonal  This antibody recognizes
Biotechnology 1% BSA-PBS) (Cl:A3-1) to the mouse F4/80
F4/80 antigen, a 160-kd
glycoprotein expressed
by macrophages.
Collagen type IV Research 7478 1:50 (dilution with Rabbit polyclonal Reacts with most
Diagnostics Inc. 1% BSA-PBS) antibody mammalian type IV
collagen (dilution with
1% BSA-PBS)
CD831 Abcam ab28364 1:100 (dilution with  Rabbit polyclonal Reacts with mouse
1% BSA-PBS) antibody
CXCR4 Abcam ab2074 1:100 (dilution with  Rabbit polyclonal Reacts with mouse
1% BSA-PBS) antibody
iNOS Alpha Diagnostics iINOS-A 0370A2  1:1000 (dilution with  Rabbit polyclonal Reacts with mouse
Intl. Inc. 1% BSA-PBS) antibody

BSA, bovine serum albumin.

ting Detection Reagents (GE Healthcare, Pittsburgh, PA).
To quantify the changes of INOS protein level, the band
density was analyzed by using Image J software (V1.38X;
NIH, West Chester, PA). The density of the bands of actin
was used to normalize the iNOS protein level.

Reverse Transcription-Polymerase Chain
Reaction

Total RNA from the cochlear lateral wall was separately
extracted for each experimental group with a RNeasy kit
(Qiagen, Valencia, CA) according to the manufacturer’s
suggestions. Each cohort of two mice was analyzed for
iINOS mRNA. One microgram of total RNA was reverse-
transcribed by using a RETROscript kit (Ambion, Austin,
TX). Conserved regions spanning introns were selected
for the primers of INOS and glyceraldehyde-3-phosphate
dehydrogenase. The primers used were as follows: iINOS
(mouse Chr 11 NM_010927), forward, 5'-CTATCAGGAA-
GAAATGCAGGAGAT-3', reverse, 5'-GAGCACGCTGAG-
TACCTCATT-3', 145-bp product; SDF-1a (mouse Chr 6
NM_013655), forward, 5-CAAGAGGCTCAAGATGTGAG-
AGGTG-3', reverse, 5-TGGCCTTGGCCTGTCACCAA-3’,
258-bp; and glyceraldehyde-3-phosphate dehydrogenase
(mouse Chr 6 NM_008084), forward, 5’-ATGTGTCCGTC-
GTGGATCTGAC-3', reverse, 5-AGACAACCTGGTCCT-
CAGTGTAG-3', 132-bp product. The RT-PCR was cycled
at 95°C for 2 minutes, up to 40 cycles at 95°C for 30
seconds, 60°C for 45 seconds, 72°C for 30 seconds, and a
final 5-minute extension at 72°C. The products of RT-PCR
were visualized by agarose gel electrophoresis.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA from the cochlear lateral wall of different
groups was separately extracted with RNeasy (Qiagen)

according to the manufacturer’s suggestions. Each co-
hort of two mice was analyzed for mRNA levels of INOS
and SDF-Ta with quantitative real-time PCR. One mi-
crogram of total RNA was reverse-transcribed by using
a RETROscript kit (Ambion). The cDNA synthesized
from total RNA was diluted 10-fold with DNase-free
water, and each cDNA sample was independently
tested three times. Transcript quantities were assayed
by TagMan gene expression assay: iINOS (category
number MmM01309902_m1; Applied Biosystems, Foster City,
CA) and SDF-1a (category number Mm00457276_m1, Ap-
plied Biosystems) were assayed in a model 7300 real-
time PCR system (Applied Biosystems). Cycling con-
ditions of the real-time PCR were 95°C for 20 seconds,
40 cycles of 95°C for 1 second, and 60°C for 20
seconds. Mouse glyceraldehyde-3-phosphate dehy-
drogenase (category number 4352339E, Applied Bio-
systems) expression was used as an endogenous con-
trol. Quantitative PCR was performed according to the
guidelines provided by Applied Biosystems. The com-
parative cycle threshold (C;) method (AAC quantitation)
was used to assess the difference between samples.
Quantitative data analysis followed the suggestions of the
manufacturer.

Enzyme-Linked Immunosorbent Assay

To compare the protein level of SDF-1 between different
groups, whole cochlea was isolated from the animals
(cohorts of three animals) and the lateral wall tissue care-
fully dissected. All tissue samples were homogenized in
lysis buffer (RIPA Lysis buffer, Upstate, a Serologicals
Company) with a protease inhibitor cocktail (Protease
Inhibitor cocktails Set IlI, Calbiochem) for 30 seconds.
After centrifuging (4°C, 30 minutes, at 14,000 rpm), the
supernatant was collected, and the protein assay was
performed by using a DC protein Assay kit (Bio-Rad). Ten
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micrograms of protein per sample was used for enzyme-
linked immunosorbent assay (ELISA) analysis. SDF-1
protein concentration of different groups was assessed
by using a Quantikine Mouse CXCL12/SDF-1 ELISA kit
(R&D Systems, Burlington, ON) according to the manu-
facturer’'s recommendations.

GFP*-BMDC Count

GFP*-BMDCs in the stria vascularis of mouse cochlea
were counted on a standard epifluorescence microscope
with a X 40 objective lens (cohorts of four mice). The
GFP*-BMDCs were counted in a region corresponding to
an initial frequency response of 8-32 kHz, determined by
the frequency-map described by Wang et al.?®> Noise-
caused hearing loss occurs predominately between 8
and 32 kHz with this sound protocol.® The area studied in
this investigation (a length approximately 2 mm starting
1.5 mm from the base) lies within this region. For plotting
purposes, the data were grouped.

Drug Treatment

The mice were pretreated with 1400W (10 mg/kg, i.p.;
Enzo Life Sciences, Farmingdale, NY)?® to inhibit iINOS
and with an antagonist of the SDF-1a receptor CXCR4,
AMD3100 (7.5 mg/kg, i.p.; Sigma-Aldrich),?* to inhibit
SDF-1a activity. Treatments were administered as single-
dose injections 30 minutes before the animal received
noise and were continued at one dose per day for the first
week and one dose per week up to 4 weeks after noise
exposure. The side-effects of 1400W and AMD3100 on
auditory function were evaluated. Auditory brain-stem re-
sponse was used to measure hearing threshold. Neither
1400W nor AMD3100 showed ototoxicity in the six mice
of the two treated groups.

NO Measurement

The auditory bulla was dissected and rapidly opened in a
petri dish filled with a physiological solution containing

125 mmol/L NaCl, 5.0 mmol/L KCI, 1.6 mmol/L CaCl,, 18
mmol/L NaHCOz, 10 mmol/L glucose, and 10 mmol/L
HEPES, pH 7.4. Small pieces of tissue from the basal
middle turn of the cochlear lateral wall in noise exposed
animals, both with and without 1400W treatment, were
removed and incubated in a physiological solution at
37°C, pH 7.4, containing 10 umol/L diaminofluorescein-2
diacetate (category number 251505, Calbiochem) for de-
tecting NO. The tissue was incubated with dye for 30
minutes, subsequently washed in fresh physiological so-
lution for 10 minutes, and assessed by confocal micros-
copy. Quantitation of the NO indicator was performed on
images taken at the same gain and illumination power
setting (488 excitation, 520 nm emission filter for the
diaminofluorescein diacetate). Fluorescence intensity
was analyzed by using Image J software (V1.38X; NIH)
as described previously.* In brief, images were acquired
with a X40 objective lens. A total of 12 to 16 images were
recorded from four normal mice. Twelve to 14 images
from four noise-exposed mice were recorded. A total of
13 to 17 images were recorded from four 1400W-treated
noise-exposed mice. The area of the stria vascularis was
analyzed for mean fluorescence intensity. Mean back-
ground fluorescence, obtained for a small area located
away from the fluorescent tissue, was subtracted from the
fluorescence intensity. Presented data are an average of
four experimental and control animals.

Vascular Density Measurement

The entire length of the mouse stria vascularis (from apex
to base) is about 6.25 mm (Figure 1A). For each cochlea,
the capillary density was measured within a 1.25-mm
region beginning at 1.5 mm from the base. Capillaries in
the stria vascularis were visualized by collagen IV label-
ing (Figure 1B). The vessels were traced manually (Fig-
ure 1C). The area of the stria vascularis was determined
from a differential interference contrast image (Figure
1D). The pixel area of the capillary and the pixel area of
the stria vascularis were determined by using the Image-
Pro Plus program (Media Cybernetics, Inc., Bethesda,

Anti-collagen type IV

Area of the capillaries

Figure 1. Measurement of capillary density in
the stria vascularis. A: A montage of the stria
vascularis pieces, showing the entire length of
the mouse stria vascularis. B: Delineation of the
portion of the stria vascularis examined. C: The
capillary network manually traced out in the mea-
sured region. D: Outer boundaries define the area
of the stria vascularis; corresponding to the loca-
tion of the capillary area was determined from a
differential interference contrast image.

Area of the stria vascularis



MD). Capillary density as a percentage of the strial tissue
Pixel area of capillaries

Pixel area of the stria vascularis

was calculated as X 100%.

Statistics and Analysis

Data are presented as means = SD and were evaluated by
using the Student’s t-test for two groups or by analysis of
variance for comparisons of three or more groups. A 95%
confidence level was considered statistically significant.
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Results

Bone Marrow Cells Recruited to Noise-Damaged
Blood-Labyrinth-Barrier

The cochlea of the mouse has 2.5 turns of lateral wall
(Figure 2A). The normal mouse cochlear lateral wall con-
tains two dense networks of capillaries: the capillaries of
the stria vascularis (V/SV) and the capillaries of the spiral
ligament (V/SL; Figure 2B, modified from Mudry and
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Figure 2. Noise initiates robust GFP*-BMDC infiltration into the damaged CBLB. A: A dissecting scope image of the cochlea. A drawn dotted line indicates the
location of the stria vascularis (SV) where the CBLB is located. The wide bracket demarks the width of the spiral ligament (SL), whereas the narrow bracket
demarks the stria vascularis (SV). B: A drawing illustrates the two capillary networks, the vessels of the spiral ligament (V/SL), and the vessels of the stria vascularis
(V/SV) in the cochlear lateral wall (modified from Mudry and Tange®). C: A cartoon depicts the transfer of green fluorescent bone marrow cells from GFP mice
to irradiated non-GFP mice by periorbital sinus injection. Transplanted animals were allowed to recover 1 month before testing. The diagram sets out the time
line for animal transplantation and sacrifice. D-G: show GFP*-BMDC infiltration (green and white arrowheads) from capillaries of the stria vascularis (blue,
labeled with antibody for collagen type IV) in a control iNOS WT mouse. H-K and L-0O, respectively, show GFP"-BMDC infiltration (white arrowheads) from
capillaries of the stria vascularis in a noise-exposed iNOS WT mouse and a noise-exposed Tnos™’~ mouse. P: The difference in infiltration of GFP*-BMDCs in
control and noise-exposed groups is statistically significant (7 = 4; Py, = 0.48; P, < 0.001; P, < 0.001; P, = 0.001). Q-S: Morphological features of
GFP*-BMDCs (green and white arrows) at week 1, week 2, and week 4 are displayed (see Resulis). Images shown are projections of confocal z-stacks taken
at tested time points.
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Tange).?® The strial capillaries, shaped as polygonal
loops, are highly specialized vascular epithelia that form
the CBLB in the stria vascularis. Sound trauma causes a
significant breech of the CBLB.®

In this study, we investigated whether BMDCs have an
essential role in repair of damaged cochlear microves-
sels in the stria vascularis. Lethally irradiated mice were
transplanted with GFP*-BMDCs from C57BI/6-Tg (UBC-
GFP) mice (Figure 2C). One month after transplantation,
we assessed the population of GFP™-BMDCs in the re-
gion of the stria vascularis in the reconstituted iNOS WT
and Inos™~ mice under control (not exposed to loud
sound) and acoustic trauma conditions. Irradiated and
BMDC transplanted control mice showed normal hearing
thresholds immediately after irradiation and 2 months
after irradiation (data not shown). No GFP™-BMDCs were
observed to have migrated into the area of the stria
vascularis in the control mice at 1 month post transplan-
tation. Only small numbers of GFP*-BMDCs had infil-
trated into the area of CBLB 2 months after transplanta-
tion in the reconstituted INOS WT mice (Figure 2, D-G).
Then, when animals were exposed to wide-band noise at
120 dB for 3 hours per day for 2 consecutive days, robust
BMDC migration was observed in the acoustically trau-
matized INOS WT animal cochlea (Figure 2, H-K). Imme-
diately after noise exposure and flushing by cardiac per-
fusion, large numbers of GFP"-BMDCs were observed
adhered to vessel walls in the capillary network. These
labeled cells had not yet transmigrated across the vessel
wall at this time point. Remarkably, GFP*-BMDC infiltra-
tion occurred in the first week post acoustic trauma.
GFP*-BMDCs further accumulated at the second week
(Figure 2, H-K). However, much less GFP*-BMDCs infil-
tration was observed in the Inos ™~ mice (Figure 2, L-0).
The number of the infiltrated GFP*-BMDCs is shown in
Figure 2P. There was a significant difference in GFP™-
BMDC infiltration between the control and noise-exposed
iINOS WT mice.

Infiltrated BMDCs were previously identified as macro-
phages.?® After taking residence in the stria vascularis,
they underwent morphological changes (Figure 2, Q-S).
At an early stage (approximately 1 week post noise ex-
posure), infiltrated GFP*-BMDCs were frequently found
to be spherical or nodular shaped (possibly caught in the
act of transmigration, Figure 2Q). Approximately 2 weeks
post noise exposure, most of infiltrated GFPT-BMDCs
developed ramified processes, appeared dendriform in
shape, and were irregularly distributed on the capillaries
of the stria vascularis (Figure 2R). Approximately 4 weeks
post noise exposure, the majority of infiltrated BMDCs
were elongated and displayed a particular orientation—
that is, their long processes were parallel to the vessels of
the stria vascularis (Figure 2S).

BMDC Infiltration Mediated by NO from iNOS

eNOS was previously reported to be essential in the
recruitment of peripheral circulating bone marrow cells to
the sites of ischemia.2" Our finding of noise-induced
iINOS expression in the cochlear lateral wall,?” however,
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Figure 3. Noise induced iNOS expression promotes BMDC infiltration. A
and B: Results from quantitative real-time PCR (A) show that mRNA for Inos
significantly increased after noise exposure (1 = 5; *P, < 0.01; *P,, <
0.001; *P,, < 0.05). An agarose gel analysis of RT-PCR products (B) corrob-
orates the results. C and D: A Western blot analysis also shows increased
expression of iNOS in the noise-exposed mice. E: iNOS immunoreactivity
(blue) was found in resident macrophages (white arrows, labeled for F4/80,
red). F: NO production increased after noise exposure (17 = 4; Py < 0.05;
Prgng < 0.001; Pyne < 0.001; Pynge = 0.10). G: BMDC infiltration was
significantly lower in noise-exposed Inos™'~ mice and 1400W treated noise-
exposed WT mice than in noise-exposed controls measured at the same time
points (1 = 4, WTxy/Inosyy : By = 0487, Py, < 0.01, Py, < 0.05, Py, < 0.05;
W/ W Txes tioow: Po = 0.088, Py < 0.01, Py, < 0.05, Py, < 0.05; C,
control; NE, noise exposure; BNE, before noise exposure).

has opened the question of whether iINOS, another iso-
form of the synthase, is mediating BMDC infiltration.
Quantitative real-time PCR demonstrated the mRNA level
for Inos increased immediately after noise exposure and
remained at an elevated level for at least 1 week (Figure
3A). Analysis of the products of reverse transcriptase-
PCR by agarose gel (Figure 3B) also showed increased
mRNA level for Inos increased after noise exposure. In
agreement with the induction of mMRNA for Inos, increased
expression of iINOS protein measured by Western blot
analysis was also detected immediately after noise expo-
sure (Figure 3, C and D). INOS expression peaked at 1
week post noise exposure, but was undetectable at 4
weeks. Immunohistochemistry combined with confocal
microscopy showed no iINOS immunoreactivity in the
control stria vascularis. In contrast, the expression of
iINOS was found in the stria vascularis, particularly in
perivascular resident macrophages (PVMs) double la-
beled with antibodies for macrophage marker protein
F4/80 and iNOS in the noise-exposed mice (Figure 3E).
To further analyze the iINOS activity, tissues were incu-
bated with diaminofluorescein-2 diacetate, a fluorescent
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driving signal for the recruitment of bone marrow derived
cells.
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BMDC Infiltration Linked to iINOS Up-Regulation
of SDF-1a

SDF-1a and its receptor CXCR4 are known to regulate
homing and engraftment of BMDCs.?® To determine
whether INOS/NO regulated BMDC recruitment involves
SDF-1a/CXCR4 signaling in the cochlea, SDF-1a expres-
sion in control and noise-exposed WT mice, as well as in
Inos™~ mice and WT mice with iINOS inhibition, were
compared.

The mRNA level for Sdf-7a increased immediately after
noise exposure and peaked at 1 week post noise expo-
sure (Figure 4, A and B). The noise induced increase of
mMRNA for Sdf-1a was significantly suppressed when the
noise-exposed mice were treated with the iINOS inhibitor,
1400W. This suppression was also observed in Inos™ ™
mice. Consistent with noise-induced mRNA up-regula-
tion, the amount of SDF-1a protein in the stria vascularis,
as determined by ELISA, was significantly higher after
noise exposure and declined over the following 4 weeks
(Figure 4C), reflecting the changes in mRNA (Figure 4, A
and B). Reduced SDF-1a protein expression in the stria
vascularis was found in Inos™~ mice and in WT mice
treated with an iINOS inhibitor (Figure 4C). Immunohisto-
chemical labeling showed that the CXCR4 receptor con-
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Figure 4. iNOS up-regulates SDF-la expres-
sion, which, in turn, promotes BMDC infiltration.
A and B show increased mRNA expression for
Sdf-1a in noise-exposed mice relative to controls
(n = 3; Py < 0.001; Pryng < 0.001; Pogng <
0.01; Pyune = 0.054). C: Noise-exposed mice
expressed more SDF-1a protein than unexposed
controls (7 = 3; Py < 0.01; Pryne < 0.01;
Pryne < 0.05; Py = 0.09). CXCR4 immuno-
reactivity was detected in migrated (D) and cir-
culating GFP*-BMDCs (E). The merged panels
in D and E show co-location of the GFP and
CXCR4 labels in the GFP*- BMDCs. F: Infiltra-
ton of GFP"-BMDCs in noise-exposed and
AMD3100 treated noise-exposed mice compared
with controls (7 = 4; Py = 0.46; Py < 0.001;
Prone < 0.001; Piong = 0.001; n = 4
Poxg+ampzioo = 0288, Pryng+amnsioo < 001,
Prgne+amnzioo < 0.001, Py < 0.01; C, control;
NE, noise exposure).

Merged

stitutively expressed in infiltrated and noninfiltrated (cir-
culating) GFP"-BMDCs (Figure 4, D and E). Blocking
SDF-1a activity with the specific blocker, AMD3100, for
CXCR4, greatly attenuated BMDC infiltration (Figure 4F).
The results support iINOS up-regulation of SDF-1a for
signaling and recruitment of bone marrow cells.

Vascular Repair from Infiltrated BMDCs

The cochlear microvasculature in the stria vascularis is
composed of endothelial cells and accompanied in close
approximation by pericytes and the PVMs (Figure 5A).2°
Endothelial cells were easily visualized with a fluorescent
conjugated antibody for mouse IgG (Figure 5A, blue).
Pericytes, in close contact with the capillaries, were iden-
tified with antibody for desmin (Figure 5A, green). PVMs,
enveloping the capillary networks, were identified with an
antibody for F4/80 (Figure 5A, red). The three cell types
structurally linked (Figure 5A, right).

By 4 weeks post noise exposure, we found that GFP™-
BMDCs were differentiated into the vascular cells in WT
mice (Figure 5, B-F). The majority of infiltrated GFP™-
BMDCs differentiated into macrophages as identified by
macrophage marker protein F4/80 (Figure 5B). A minority
differentiated into pericytes, indentified by pericyte
marker protein NG2 (Figure 5C), and endothelial cells,
identified by anti-endothelial CD31 (Figure 5D) and anti-
endothelial IgG (Figure 5E). A low-magnification confocal
microscopy image shows the entire GFP-positive vessel
structure with incorporated pericytes, endothelial cells,
and resident macrophages (Figure 5F).

Inhibition of INOS/SDF-1a Reduces Vascular
Density in the Stria VVascularis

Capillary density was evaluated at 4 weeks post noise
exposure. The capillaries, labeled with antibody for col-
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lagen IV, were imaged on a confocal fluorescence micro-
scope, and capillary density calculated as a ratio of pixel
area of capillaries to the pixel area of capillaries in the
stria vascularis. Capillary density was significantly higher
in high BMDC infiltrated noise-exposed WT mice than in
BMDC infiltrated noise-exposed Inos™~ mice, 1400W
treated WT mice, or AMD3100 treated mice. The latter
three groups showed statistically significant decrease in
capillary density as compared with noise-exposed WT
mice (Figure 6A). Typical examples of the defects in
vascular density in /nos™~ mice and drug treated noise-
exposed WT mice are presented in Figure 6B. The data
indicate that inhibition of INOS/SDF-1« inhibits damaged
capillary repair in the stria vascularis.

Discussion

Repair of ischemic noise-damaged CBLB involves re-
cruitment of bone marrow cells through an intrinsic iINOS-
dependent SDF-1a signaling pathway. Peripheral bone
marrow cell mobilization and vascularization in the trau-
matized CBLB contribute to repair of the damaged CBLB
and improvement of microvessel density.

EC + PC + PVM

Figure 5. Vascular repair at 4 weeks post noise
exposure. A: Endothelial cells in the normal
CBLB are visualized by labeling with an anti-
body for mouse endothelial IgG (blue), pericytes
visualized with an antibody for desmin (green),
and perivascular resident cells with F4/80, a
macrophage antibody (red). A merged image
(right) shows the complexity of the CBLB struc-
ture. B: GFP"-BMDCs (green/arrow), shown
ramifying along a small vessel branch point,
were positive for macrophage marker protein
F4/80 (red/arrow). The merged image (lower
right) displays the degree of co-localization. C:
GFP*-BMDCs (green/arrow) aligned along ves-
sel walls were positive for pericyte marker pro-
tein NG2 (red/arrow). D and E: GFP*-BMDCs
incorporated in vessel walls (green/arrow)
were positive for the endothelial marker protein
CD31 (red/arrow) and anti-mouse IgG (blue/
arrow). The merged image demonstrates the
extent of co-localization (right). F: At 4 weeks
post noise-exposure incorporation of GFP™*-
BMDCs (green/arrow) as component cells of
the microvasculature was substantially complete
(Pericytes, red/arrow; perivascular macrophage,
blue/arrow). (EC, endothelial cell; PC, pericyte).

In this study, we found robust GFP*-BMDC recruit-
ment in the injured cochlea after noise exposure. The
results are consistent with earlier reports of BMDC migra-
tion in noise-exposed cochlea.?®*° Local iNOS is re-
quired for the recruitment, as evidenced by the suppres-
sion of BMDC infiltration in iINOS knockout mice and in
mice treated with 1400W, a specific iINOS inhibitor. The
peak of BMDC recruitment, occurring at 7 to 14 days,
corresponds with the peak in NO production (Figure 3).

NO is synthesized by a class of NADPH-dependent
NOSs, which catalyze the conversion of L-Arginine to
L-Citrulline and NO.2" There are three known NOS iso-
forms: neuronal NOS, eNOS, and iNOS. Neuronal NOS
and eNOS are constitutive, calcium-dependent syn-
thases, which produce a low level of NO. In contrast,
iNOS, induced by inflammatory cytokines®? is calcium-
independent and produces large amounts of NO.

NO/eNOS initiated angiogenesis has recently been re-
ported in mouse hind limbs.®? Inhibition of eNOS activity
blocks angiogenesis and wound healing.®**> However,
involvement of iINOS in the homing of BMDCs to injured
tissue has not been previously reported. In this study, we
provided the first evidence that NO produced by iINOS is
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Figure 6. Inhibition of iNOS and block of CXCR4 receptor result in a
reduction of strial capillary density. A: Capillary density in the stria vascularis
with respect to WT controls was significantly decreased in the experimental
groups (1. = 3; "Pyrne/wrne+ 1400w < 0.055 “Pong/mos——~e < 0.01). Bt
Confocal projection images from different groups at 4 weeks post noise
exposure showed the decreased densities of the capillary networks of the
stria vascularis in the nos™”~ mice and 1400W and AMD3100 treated noise-
exposed mice.

important for BMDC infiltration in the stria vascularis.
Infiltration of BMDCs is significantly reduced in Inos™/~
mice, wild-type mice treated with an iNOS inhibitor, or
with blockage of the CXCR4 receptor. Note that BMDC
homing is inhibited in /nos™'~ mice lacking iINOS in resi-
dent macrophages. Although normal gene expression
would occur in the transplanted BMDCs, only very few of
these normally iINOS expressing cells integrate into the
stria vascularis at the time of sound exposure.

Acoustic trauma causes inflammation of the co-
chlear lateral wall,®*°®¢ induces NO, and releases cy-
tokines.®37%8 The change in NO production with noise
exposure is dramatic.>?” In this study, we found iINOS
expressed primarily in PVMs, although the possibility
other cell types such as vascular cells and nonvascular
cells also express INOS was not excluded. iNOS in res-
ident macrophages is one source of NO production.
PVMs are known to have a role in immunological defense
and repair.®® They also act as immune or immuno-effec-
tor cells by producing superoxide anions, NO, and in-
flammatory cytokines in inflammation.*° Recent evidence
has shown that the microglia produce neurotrophic and
neuroprotective molecules important for neuron survi-
val*' in brain and for vascular repair in the retina.*® The
current work demonstrates that production of NO by
PVMs also has a role in BMDC recruitment.

eNOS enzymatic activity may also contribute to in-
creased NO production after noise exposure. NO pro-
duction under conditions of low iNOS activity can be
attributed to eNOS, an enzyme constitutely expressed in
endothelial cells under normal conditions®® and unregu-
lated after noise exposure.** As evidence of the eNOS
contribution, inhibition of INOS expression does not abol-
ish BMDC infiltration, nor does inhibition of iINOS elimi-
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nate NO production in the cochlear lateral wall. NO is
detected in the lateral wall with low INOS expression.

Bone marrow cell recruitment is signaled by a rich
milieu of chemokines in the local microenvironment.*®
BMDCs are able to sense sites of chemokine release
from injured or inflamed tissue. SDF-1a and its receptor
CXCR4 play major roles in this signaling, particularly for
recruitment of progenitor cells to ischemic tissues. '8 19:4¢
Blockage of the CXCR4 site on circulating cells prevents
recruitment to sites of injury.*” Up-regulation of SDF-1q,
on the other hand, promotes angiogenesis and enhances
inflammatory cell infiltration, facilitating collagen synthe-
sis in the wound bed.*84°

We hypothesize that INOS induced BMDC infiltration
occurs through SDF-1a signaling. Expression of SDF-1a
in the noise-exposed cochlea is significantly up-regu-
lated at both the mRNA and protein levels (results con-
sistent with Tan et al).2® While inhibition of iNOS activity
decreases the level of SDF-1a in the stria vascularis, how
the two proteins interact is not clear. The peak in iINOS
mRNA expression occurs approximately 1 week after
noise exposure, whereas peak in SDF-1a expression oc-
curs immediately. We presume regulation of genes of
iINOS and SDF-1«a through different signaling pathways.
Studies have shown SDF-1a gene expression regulated
by induction of hypoxia-inducible factor-1 in ischemic
endothelial cells®® and by up-regulation of vascular en-
dothelial growth factor.®" Given that both hypoxia-induc-
ible factor-1 and vascular endothelial growth factor are
up-regulated immediately by noise exposure,® these, or
other candidates, may be responsible for the high ex-
pression of SDF-1a. INOS, on another hand, is regulated
by proinflammatory cytokines such as nuclear factor
kappa-light-chain-enhancer of activated B cells, tumor
necrosis factor-B, and interleukin.®2:3

Blockage of the SDF-1a receptor CXCR4, expressed
on BMDCs, eliminates BMDC migration to the cochlea.
The results are consistent with INOS promotion of BMDC
infiltration in the cochlea through NO induced up-regula-
tion of SDF-1a expression. eNOS-dependent SDF-1a/
CXCR4-mediated peripheral bone marrow stem cell infil-
tration to the ischemic heart has been reported through a
cGMP signaling pathway.?' Analogous pathways for
iINOS induced BMDC recruitment may be activated in the
acoustically-damaged ear.

The recruited BMDCs show morphological changes
with time. The earliest infiltrated GFP*-BMDCs are ap-
proximately spherical in shape. By 2 weeks, the BMDCs
have ramified processes, and are distributed along the
capillary network. At 4 weeks post noise exposure, the
majority of the infiltrated BMDCs are situated on the vessels
of the stria vascularis as pericytes, endothelial cells, and
PVMs (Figure 5). The recruited macrophages act in a man-
ner consistent with their recruitment in other tissues, where
they promote angiogenesis and neovascularization.°

Noise exposure reduces capillary density and co-
chlear blood flow perfusion.®* The present study re-
vealed a significant reduction of capillary density in /Inos
deficient mice and in mice treated with an iNOS inhibitor
or SDF-1a receptor blocker (blocking BMDC recruit-
ment). Vascular repair was seen in wild type mice after
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noise exposure, but little vascularization presented in
Inos™'~ mice, wild type mice treated with an iNOS inhib-
itor, or in mice in which the CXCR4 receptor was blocked.
The results are consistent with angiogenesis from bone
marrow derived cells.

Tissue re-oxygenation and re-establishment of normal
energy supply are essential for functional recovery after
noise injury. Cochlear cells, especially sensory hair cells,
are quite vulnerable to hypoxia. Metabolites that accu-
mulate during increased sound activity must be quickly
removed, and for this, the integrity of the capillary net-
work is required. Repair and restoration of the cochlear
capillary network via bone marrow cell recruitment is
essential for facilitating hearing recovery from noise
damage.

Conclusion

Postnoise injury repair in microvessels of the cochlea
involves NO, which is partly produced by the iNOS path-
way. Up-regulation of iINOS expression in acoustically-
traumatized cochlea promotes migration of BMDCs to
damaged CBLB in the stria vascularis. iINOS associated
up-regulation of SDF-1a leads to BMDC migration and
repair of damaged vessels. Conversely, inhibition of
iINOS decreases resilience to noise insults. Given the role
of iINOS in vessel repair, modulation of NO production
may provide a therapeutic target for treating acoustic
stroke.
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