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Acoustic trauma disrupts cochlear blood flow and damages sensory hair cells. Damage and regression of
capillaries after acoustic trauma have long been observed, but the underlying mechanism of pathology has
not been understood. We show herein that loud sound causes change of phenotype from neural/glial
antigen 2 positive/a-smooth muscle actin negative to neural/glial antigen 2 positive/a-smooth muscle
actin positive in some pericytes (PCs) on strial capillaries that is strongly associated with up-regulation of
transforming growth factor-b1. The acoustic trauma also reduced capillary density and increased
deposition of matrix proteins, particularly in the vicinity of transformed PCs. In a newly established
in vitro three-dimensional endothelial cell (EC) and PC co-culture model, transformed PCs induced thicker
capillaryelike branches in ECs and increased collagen IV and laminin expression. Transplantation of
exogenous PCs derived from neonatal day 10 mouse cochleae to acoustic traumatized cochleae, however,
significantly attenuated the decreased vascular density in the stria. Transplantation of PCs pretransfected
with adeno-associated virus 1evascular endothelial growth factor-A165 under control of a hypoxia-
response element markedly promotes vascular volume and blood flow, increased proliferation of PCs
and ECs, and attenuated loud soundecaused loss in endocochlear potential and hearing. Our results
indicate that loud soundetriggered PC transformation contributes to capillary wall thickening and
regression, and young PC transplantation effectively rehabilitates the vascular regression and improves
hearing. (Am J Pathol 2020, 190: 1943e1959; https://doi.org/10.1016/j.ajpath.2020.05.019)
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cation Disorders (NIDCD) grants R21 DC016157 (X.S.), NIH/NIDCD R01
DC015781 (X.S.), NIH/NIDCD R01-DC010844 (X.S.), NIH P30-
DC005983, and Oregon Health & Science University Medical Research
Foundation (X.S.).
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Noise-induced hearing loss has a profound impact on in-
dividuals, causing communication problems and social isola-
tion. Noise not only damages auditory sensory cells, but also
markedly affects the cochlear lateral wall and impairs the
microvasculature in the stria.1e6 Although destructive changes
in strial capillaries (vessel shutdown and intravascular strand
formation) and strial regression following acoustic exposure
have long been observed,1,3,7e11 the mechanism underlying
the pathology remains largely unknown. In this study, we
identify, for the first time, that acoustic trauma causes pericyte
(PC)-to-myofibroblastelike cell [PC positive to a-smooth
muscle actin (a-SMA)] transformation and is one of the pa-
thologies responsible for strial capillary atrophy.
stigative Pathology. Published by Elsevier Inc
Normal blood flow to the ear is critical for hearing acu-
ity.12,13 A remarkably intricate vascular system is deeply
packed into the inner ear to provide timely supply of oxygen
and nutrients to all cells in the ear. The most critical
microvascular bed, formed by thin endothelial tubes lined
with a rich population of PCs, is located in the stria of the
. All rights reserved.
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cochlear lateral wall.13,14 This vascular bed receives the
larger portion of cochlear blood flow, and is essential for
cochlear homeostasis and extremely important for gener-
ating the endocochlear potential (EP) on which sound
transduction by hair cells depends. PCs, specialized mural
cells, are located on the abluminal surface of microvessels.
They interact with the endothelium, and are vital for
vascular development, blood flow regulation, vascular
integrity, and tissue fibrogenesis.15e19 In contrast, PC pa-
thology leads to vascular dysfunction, seen in many
different pathologic conditions, such as brain stroke, heart
infarct, retinal disease,20e24 and diabetic retinopathy.25,26

The PC-to-myofibroblast transition was first reported in
the central nervous system in wound formation following
spinal cord injury.27 Subsequently, the PC-to-myofibroblast
transition has been shown in skin, skeletal muscle, lung,
intestine, and kidney.28e30 The myofibroblast is a special-
ized cell type that synthesizes collagen and other extracel-
lular matrix components.16 The excessive deposition of
extracellular matrix components produced by myofibro-
blasts transformed from PCs leads to tissue fibrosis and
capillary degeneration.28,31,32 The PC-to-myofibroblast
transition in other organs strongly involves transforming
growth factor (TGF)-b1 signaling.32e34 TGF-b1, a plurip-
otent growth factor that regulates cell proliferation and
differentiation, is a major signal in PC-induced tissue
fibrogenesis.20,34e36 In this study, we found the cochlear PC
transition also highly associated with TGF-b1 signaling, and
strongly supported by our results in both the in vivo loud
sound trauma animal model and in vitro cell lineebased
model. Blockage of the TGF-b1 signal significantly atten-
uates the PC-to-myofibroblast transformation in the cochlea.

Vascular remodeling and repair after damage are critical
for restoration of normal vascular function. In the inner ear,
normal blood supply is particularly critical for maintaining
the EP, ion transport, and fluid balance.37e40 To sustain
hearing acuity, a healthy cochlear microenvironment must
be maintained. This is particularly true because generation
of the EP, an essential driving force for hair cell sound
transduction, is so metabolically demanding.40

PCs retain mesenchymal stem cell properties that have been
shown to play a key role in wound healing, particularly in
vascular repair and regeneration.41 Recently, therapeutic tar-
geting of PCs has begun to be considered as a novel clinical
treatment.20,42,43 PCs activate the angiogenic process by
releasing various growth factors, such as basic fibroblast
growth factor, hepatocyte growth factor, epidermal growth
factor, and angiopoietin, to induce endothelial cell (EC) pro-
liferation.42,44 In this study, we ask a fundamental question:
Can transplantation of PCs restore damaged strial vasculature
in the inner ear? To answer this question, PC capability was
tested in an in vitro cell lineebased three-dimensional co-
culture model, which showed that cochlear PCs dramatically
promote sprouting angiogenesis. In further study, trans-
plantation of fresh cochlear PCs derived from neonatal day 10
mouse cochleae (neo-PCs) to animals 2weeks after loud sound
1944
trauma significantly increased vascular volume and boosted
cochlear blood flow. We observed that transplantation of neo-
PCs to damaged cochlea not only facilitates restoration of
vascular function, but also improves EP and hearing sensi-
tivity. Taken together, our data show that cochlear PCs, as
multipotent progenitor cells, are key for vascular health in the
inner ear. However, PCs were found to be a double-edged
sword. On the one hand, the PC phenotype conversion leads
to capillary regression. On the other hand, transplantation of
healthyPCs effectively rehabilitates the strial atrophy and other
vascular defects following loud sound exposure.
Materials and Methods

Animals

Male C57BL/6J mice (aged approximately 6 weeks; stock
number 000664) and NG2DsRedBAC transgenic mice
(stock number 008241) were purchased from Jackson
Laboratory (Bar Harbor, ME) and used in this study.
NG2DsRedBAC transgenic mice were used for tracking the
change of phenotype in the pericytes. These NG2DsRed-
BAC transgenic mice express an optimized red fluorescent
protein variant (DsRed.T1) under the control of a mouse
neural/glial antigen 2 (NG2) (Cspg4) promoter/enhancer. A
colony was maintained at our animal care facility. For
breeding, guidance from the Jackson Laboratory was fol-
lowed. The NG2DsRedBAC transgenic mice were crossed
with C57BL/6 wild-type mice for >20 generations. All
procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at Oregon Health & Sci-
ence University (Institutional Animal Care and Use Com-
mittee approval number TR01_IP00000968).
Noise Exposure

Animals were placed in wire mesh cages and exposed to
broadband noise at 120-dB sound pressure level in a sound
exposure booth for 3 hours and for an additional 3 hours the
following day. The routinely used noise exposure regimen
produces permanent loss of cochlear sensitivity.45
Drug Treatment

To determine whether TGF-b1 signaling mediates trans-
formation of strial PCs in the loud soundestimulated con-
dition, the TGF-b1 signal was blocked with SB525334
(Selleckchem, Houston, TX), a potent blocker of the
TGF-b1 receptor. Specifically, NG2DsRedBAC transgenic
mice were divided into two groups (six animals per group):
noise exposed þ saline and noise exposed þ SB525334. For
group 2, animals received SB525334 at 10 mg/kg per
day46,47 in saline administered intraperitoneally immediately
after loud sound stimulation for 1 or 2 weeks. Animals in
the control group (group 1) received the same volume of
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Antibodies Applied in the Study

Antibodies Vectors Catalog no. Dilution Source Specificity

a-SMA21 Abcam (Cambridge, MA) ab5694 1:100 (with 1% BSA-PBS) Rabbit Mouse, rat,
chicken, human

a-SMA (WB) Abcam ab5694 1:1000 (with 5% skim milk) Rabbit Mouse, rat,
chicken, human

PDGFRb21 Abcam ab32570 1:50 (with 1% BSA-PBS) Rabbit Mouse, rat, human
PDGFRb21 Abcam ab69506 1:50 (with 1% BSA-PBS) Mouse Mouse, rat, human
Collagen IV21 Abcam ab6586 1:100 (with 1% BSA-PBS) Rabbit Mouse, rat,

hamster, human
Collagen IV (WB) Abcam ab6586 1:1000 (with 5% skim milk) Rabbit Mouse, rat,

hamster, human
Collagen IV21 Abcam ab235296 1:100 (with 1% BSA-PBS) Goat Mouse
Laminin21 Abcam ab11576 1:100 (with 1% BSA-PBS) Rat Mouse, human
Laminin (WB) Abcam ab11576 1:1000 (with 5% skim milk) Rat Mouse, human
GAPDH (WB) Santa Cruz Biotechnology

(Dallas, TX)
sc-20357 1:200 (with 5% skim milk) Goat Mouse, rat, human

Anti-rabbit IgG, HRP-linked
antibody (WB)

Cell Signaling Technology
(Danvers, MA)

7074P2 1:5000 (with 5% skim milk) Goat Rabbit

Donkey anti-goat IgG-HRP (WB) Santa Cruz Biotechnology sc-2020 1:5000 (with 5% skim milk) Donkey Goat
Goat anti-rat IgG HRP (WB) Abcam ab7097 1:5000 (with 5% skim milk) Goat Rat
Goat Anti-Rabbit IgG H&L
(Alexa Fluor 488)21

Abcam ab150077 1:100 (with 1% BSA-PBS) Goat Rabbit

Goat Anti-Rat IgG H&L
(Alexa Fluor 647)21

Abcam ab150159 1:100 (with 1% BSA-PBS) Goat Rat

Goat Anti-Rat IgG H&L
(Alexa Fluor 488)21

Abcam ab150165 1:100 (with 1% BSA-PBS) Goat Rat

Goat Anti-Mouse IgG H&L
(Alexa Fluor 568)21

Abcam ab175473 1:100 (with 1% BSA-PBS) Goat Mouse

Donkey Anti-Goat IgG H&L
(Alexa Fluor 647)21

Abcam ab150135 1:100 (with 1% BSA-PBS) Donkey Goat

Donkey Anti-Rabbit IgG H&L
(Alexa Fluor 488)21

Abcam ab150073 1:100 (with 1% BSA-PBS) Donkey Rabbit

BSA, bovine serum albumin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HRP, horseradish peroxidase; PBS, phosphate-buffered saline; PDGFR,
platelet-derived growth factor receptor; a-SMA, a-smooth muscle actin; WB, Western blot.

PCs in Vascular Degeneration and Repair
saline on the same schedule. Animals were sacrificed at a
time point in accord with the experimental regimen.

Immunohistochemistry and Fluorescence Microscopy

The cochleae were harvested and fixed in 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA)
overnight at 4�C, and then rinsed in 37�C phosphate-buffered
saline (PBS; pH 7.3) (Life Technologies Corporation, Grand
Island, NY) to remove any residual 4% paraformaldehyde.
Immunohistochemistry was performed, as previously
described.45 Tissue samples were permeabilized in 0.5%
Triton X-100 (Sigma Aldrich, St. Louis, MO) for 30 minutes
and immunoblocked for 1 hour with a solution of 10% goat
serum (Sigma Aldrich, St. Louis, MO) and 1% bovine serum
albumin (BSA; Fisher Scientific, Pittsburgh, PA) in 0.02mol/L
PBS. The specimenswere incubated overnight at 4�C,with the
primary antibodies (Table 1) diluted in 1% BSA-PBS. After
three washes in PBS for 30 minutes, the samples were incu-
bated with secondary antibodies for 1 hour at room tempera-
ture.Capillarieswere labeledwith lectinGriffonia simplicifolia
The American Journal of Pathology - ajp.amjpathol.org
IB4 conjugated to Alexa Fluor 568 (Life Technologies,
Eugene, OR), Alexa Fluor 488 (Life Technologies, Eugene,
OR), or Alexa Fluor 647 (Life Technologies). The tissues were
washed three times in PBS for 30 minutes, mounted (H-1200;
Vector Laboratories, Burlingame, CA), and visualized under
an FV1000 Olympus laser-scanning confocal microscope
(Olympus, Tokyo, Japan).

Real-Time Quantitative PCR

The procedure used for real-time quantitative PCR was
previously described.48 Total RNA from strial vascularis of
control and noise-exposed groups was extracted separately
with RNeasy (Qiagen, Valencia, CA). Each group of three
mice was analyzed for Tgfb1 and Gapdh mRNA with the
real-time quantitative PCR. The sample for total RNA was
reverse transcribed with a RETROscript kit (Invitrogen,
Carlsbad, CA). cDNA synthesized from total RNA was
diluted 10-fold with DNase-free water, and each cDNA
sample was independently measured three times. Transcripts
were quantitated by gene expression assay (Invitrogen,
1945
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Carlsbad, CA): Tgfb1 (Mm 01178820_m1), Acta2
(Mm00725412_s1), Col4a1 (Mm01210125_m1), Lama2
(Mm00550083_m1), and Gapdh (Mm99999915_g1) on a
model 7300 real-time PCR system (Biosystems, Foster City,
CA). The real-time PCR was cycled at 95�C for 20 seconds,
40 cycles at 95�C for 1 second, and 60�C for 20 seconds.
Mouse Gapdh was the endogenous control. Quantitative
PCR was performed per the guidelines provided by Applied
Biosystems (Foster City, CA) and analyzed using the
comparative CT method.

ELISA

TGF-b1 protein level in the mouse stria vascularis before
and 1 and 2 weeks after noise exposure was measured by
enzyme-linked immunosorbent assay (ELISA). For the
measurement, whole mounted stria vascularis from each
group (n Z 6) was assessed. The level of TGF-b1 was
estimated with an ELISA kit (Mouse TGF beta 1 ELISA
Kit; Abcam, Cambridge, MA) used per company in-
structions. The fluorescence signals reflected the level of
TGF-b1 concentration and were detected with a Tecan
GENios Plus microplate reader (Tecan Group Ltd., San
Jose, CA) at an excitation wavelength of 450 nm, with the
emission acquired through a 560-nm filter. To test the ability
of the PCs transfected with the AAV1evascular endothelial
growth factor (VEGF)-A165 viral vector (Oregon Health &
Science University, Portland, OR) to drive VEGF-A165

expression in the cochlear stria vascularis, an ELISA assay
(Mouse VEGF-A ELISA Kit; Abcam, Cambridge, MA;
used per company instructions) was used to measure VEGF-
A165 protein levels in the stria vascularis 2 weeks after
transplantation of AAV1egreen fluorescent protein (GFP)
transfected PCs and AAV1-VEGF-A165 transfected PCs.
Whole mounted stria from each group (ncontrol Z 3,
npc transplated Z 4) were assessed. The fluorescence signal,
reflecting concentration of VEGF-A165, was detected with a
Tecan GENios Plus microplate reader at an excitation
wavelength of 450 nm, with the emission acquired through a
560-nm filter. Because the total protein extracted from
cochleae in different groups was different, to avoid bias,
VEGF-A165 protein level per milligram was compared with
total protein between the groups.

Western Blot Analysis

Collagen IV, laminin, and a-SMA levels in the mouse stria
vascularis before and after noise exposure were measured by
Western blot analysis. For Western blot analysis, total
protein (50 mg) from each group (n Z 3) was added to a
10% SDSepolyacrylamide gel (Bio-Rad Laboratories Inc,
Hercules, CA) to detect collagen IV, laminin, and a-SMA.
Proteins were electrophoretically transferred to poly-
vinylidene difluoride membranes (EMD Millipore Corpo-
ration, Billerica, MA) and blocked with nonfat milk (Nestle
Baking, Solon, OH) for 1 hour at room temperature.
1946
Specific immunodetection was performed by incubation
with primary antibodies (Table 1), either antiecollagen IV
antibody diluted 1:1000 or antielaminin antibody diluted
1:1000 (or antiea-SMA antibody diluted 1:1000) in skim
milk overnight at 4�C. After three washes with tris-buffered
saline (Bio-Rad Laboratories Inc., Hercules, CA) with
Tween 20 (Bio-Rad Laboratories Inc.), the membranes
were incubated for 1 hour with secondary antibody
(Table 1), and antigens were assessed using ECL Plus
Western Blot Detection Reagents (Amersham, Arlington
Heights, IL).

Primary PC Line and TGF-b1 Treatment

To investigate if TGF-b1 signals the PC-to-
myofibroblastelike transition, purified strial PCs at the
third passage were divided into control and TGF-b1etreated
groups.49 PCs at a density of 1 � 105 cells/mL were plated in
collagen-coated dishes (MatTek Corporation, Ashland, MA)
and cultured in PC culture medium (ScienCell Research
Laboratories, Carlsbad, CA) containing human TGF-b1
protein (Abcam) at different concentrations (0, 1, and 5 ng/
mL) for 24 hours. At the end of the experiment, PCs were
fixed with 4% paraformaldehyde for 15 minutes, per-
meabilized with 0.25% Triton for 30 minutes, and triple
immunolabeled with antibody for platelet-derived growth
factor receptor b, a-SMA (Table 1), and Hoechst, a fluo-
rescence dye for cell nuclei (1:10,000; Thermo Fisher Sci-
entific, Waltham, MA). The PCs were examined and
recorded under an FV1000 Olympus laser-scanning confocal
microscope. A total of 20 images were recorded from each
treatment group. The PC transition percentage was detected
using ImageJ software version 1.52p (NIH, Bethesda, MD;
https://imagej.nih.gov/ij, last accessed March 7, 2020).

3D Matrigel Cell Co-Culture

To determine the functional impact of transformed PCs on
the formation of capillary-like networks and the expression
of matrix proteins, including collagen IV and laminin, two
experimental groups were set up. One was a capillary-like
network model formed by ECs at concentration of 3.0 � 105

cells/mL alone on three-dimensional (3D) Matrigel matrix
(BD Bioscience, Franklin Lakes, NJ) for 6 hours in a 37�C,
5% CO2 incubator, followed by normal PCs (encoded with
pmOrange2-N1 fluorescent protein, 3.0 � 105 cells/mL)
added to the culture medium for an additional 6 hours.50

Another was a capillary-like network model formed by
ECs at concentration of 3.0 � 105 cells/mL alone on the 3D
Matrigel matrix for 6 hours, followed by transdifferentiated
PCs (same cell density) added to the culture medium for an
additional 6 hours.50 The transdifferentiated PCs were pro-
duced by pretreating the PCs with TGF-b1 (5 ng/mL) for 24
hours. The functional effect of the transdifferentiated PCs
on capillary-like branch formation was assessed, including a
count of the number of branches and branch points from six
ajp.amjpathol.org - The American Journal of Pathology
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samples per group. The functional effect of trans-
differentiated PCs on expression of collagen IV and laminin
was measured using immunofluorescence labeling methods.
The fluorescence intensity was detected by ImageJ software.
The experiments on the two groups were conducted at the
same time, and images were recorded at the same confocal
settings. The data (the number of capillary-like branches and
branch cross points as well as the collagen IV and laminin
levels of collagen IV and laminin for each group) were
expressed as means � SD.

RT-PCR

Neo-PCs were detached with a solution of trypsin-EDTA
(Invitrogen Corporation, Carlsbad, CA), collected in a 5-mL
polypropylene round-bottom tube, and centrifuged at 300� g
for 5 minutes. RNA was extracted with an RNeasy microkit,
cDNA was synthesized with a RETROscript kit for RT-PCR,
and both were used according to the manufacturer’s in-
structions. The RT-PCR was cycled at 95�C for 2 minutes, up
to 30 cycles at 94�C for 30 seconds, 60�C for 30 seconds,
72�C for 40 seconds, and a final 5-minute extension at 72�C.
Genes of interest included Gapdh, Itgb1, Cd34, Cd44, Thy1,
and Slit3. Forward and reverse primers (Table 2) and reagents
in the RETROscript kit were prepared according to the
manufacturer’s instructions. PCR products were separated
and analyzed by 1.5% agarose gel electrophoresis.

Transmission Electron Microscopy

Cochleae from control and noise-exposed groups at 2 weeks
postexposure were perfused and fixed in a fixative of 4% (wt/
vol) paraformaldehyde and 0.1% (vol/vol) glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA) in 0.1 mol/L
phosphate buffer overnight. Strial tissues were dissected and
post fixed in 1% osmium (Electron Microscopy Sciences,
Hatfield, PA). Tissues were dehydrated with a graded alcohol
series and embedded in Embed 812 (Electron Microscopy
Sciences). Sections (1 mm thick) were made to identify the
blood vessels with light microscopy, when the area of interest
was visible. Ultrathin sections (80 nm thick) were obtained,
using a diamond knife (Diatome, Hatfield, PA) and an AO/
Reichter ultracut-E microtome (Microtome Service Com-
pany, Liverpool, NY), mounted on formvar-coated single-slot
copper grids, and counterstained with 1% aqueous uranyl
acetate (Electron Microscopy Sciences) for 1 hour. System-
atic analysis was made in tissue sections containing the
microdissected stria vascularis. Transmission electron mi-
croscopy observations and digital image capture were made
using an FEI Tecnai transmission electron microscope T12
TEM-120 KV (Hillsboro, OR). All sections are systemati-
cally analyzed at low (1100� to 3200�) and higher-
magnification view (4000� to 11,000�). All sections were
studied for the presence of vesicles in the ECs, PCs, and
perivascular basement membrane alterations (ie, thickening
and disruption).
The American Journal of Pathology - ajp.amjpathol.org
AAV1-VEGF-A165 Viral Vector Construct

The pAAV-5HRE-CAG-VEGF-A165-P2A-GFP was con-
structed by replacing EF1a-DIO-oChIEF (E163A/T199C)-
P2A-dTomato in pAAV-EF1a-DIO-oChIEF (E163A/
T199C)-P2A-dTomato-WPRE-BGHpA (51094; Addgene,
Watertown, MA) with 5HRE-CAG-VEGF-A165-P2A-GFP,
and was synthesized at Genscript (Piscataway, NJ).
hVEGF-A165 gene expression is under control of a hyp-
oxia response enhancer,51 in which hVEGF-A165 will only
be produced when the cochlea is stressed by hypoxia. All
recombinant AAV serotype 1 vectors were produced at
Oregon Health & Science University. The titer of the rAAV-
CAG-flex-rev-hVEGF-A165-P2A-GFP was 1.4 � 1013

genome copies/mL, and the titer of pAAV-5HRE-CAG-
VEGF-A165-P2A-GFP was 5.1 � 1013 viral genomes/mL.

AAV1-VEGF-A165 Viral Vector Transfection of PCs in Vitro

The primary PC cell line was generated from C57BL/6J
mouse cochleae by a well-established mini-chip protocol, as
previously described.49 PCs at passage 3 were grown in
24-well plates in 500 mL of culture medium. The next day,
the cells were transfected with either AAV1-GFP (control
null) or AAV1-HER-VEGF-A165-GFP at 3 � 105 multi-
plicity of infection for 48 hours, and transfected PCs were
purified with fluorescence-activated cell sorting and stored
for in vivo transplantation.

Delivery of PCs to the Cochlea in Vivo

Mice at 3 weeks after noise exposure were anesthetized and
maintained at 37�C on a circulation water heating pad (Kent
Scientific, Torrington, CT). Animal eyes were protected with
lubricating ointment (Dechra, Overland Park, KS). Surgery
was performed under an operating microscope. A post-
auricular skin incision was made to access the temporal bone,
a small hole was made in the posterior semicircular canal and
lateral semicircular canal with a 30-gauge syringe needle, and
the hole was left open for a couple of minutes until no
perilymph leakage was obvious. A PC suspension (1 � 105

cells in 20 mL of Dulbecco’s PBS) was perfused through this
hole at a rate of 5 mL/minute using a standard syringe pump
(MINJ-PD-S100; Tritech Research, Los Angeles, CA)
controlled by a microINJECTOR All-Digital Positive
Displacement System (MINJ-PD). The tube was then
removed, the semicircular canals were sealed with a muscle
and fibrin adhesive, and the skin was closed with sutures.

EdU Labeling of the Strial Vasculature

5-Ethynyl-20-deoxyuridine (EdU) (Life Technologies) was
given at a dose of 25 mg/kg body weight in a solution of 5
mg/mL PBS once every 24 hours by i.p. injection for a total
of 5 consecutive days. The mice were anesthetized with a
cocktail of solution of ketamine hydrochloride xylazine
1947
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Table 2 Primers Applied

Gene Primer Oligonucleotide sequence Tm, �C Size, bp

Gapdh F
R

50-ATGTGTCCGTCGTGGATCTGA-30

50-AGACAACCTGGTCCTCAGTGT-30
58.9
58.0

132

Itgb1 F
R

50-CAATCGCAGCAAAGGGATGG-30

50-AGCCAATGCGGAAGTCTGAA-30
59.9
60.0

263

Cd34 F
R

50-GGGAGCCACCAGAGCTATTC-30

50-CACCACATGTTGTCTTGCTGA-30
57.5
55.7

300

Cd44 F
R

50-GAATTCTGCGCCCTCGGTT-30

50-GTGTTGGACGTGACGAGGAT-30
60.8
60.0

373

Thy1 F
R

50-ACTCTTGGCACCATGAACCC-30

50-CCCGAGACTTGAAGCTCACA-30
60.3
59.7

344

Slit3 F
R

50-AGATCAACTGTCTGCGGGTG-30

50-AGCTTCTGGTTGGAGCAGTC-30
60.0
60.0

400

F, forward; R, reverse; Tm, temperature.

Hou et al
(100 mg/kg; Henry Schein, Melville, NY) and 2% xylazine
hydrochloride (10 mg/kg; LLOYD Inc., Shenandoah, IA) in
saline by an i.p. injection. Lectin-DyLight 649 (Vector
Laboratories, Burlingame, CA) diluted in 0.1 mol/L PBS
buffer to a concentration of 20 mg/mL was injected via i.v.
retro-orbital sinus for labeling blood vessels. Cochleae were
isolated and then fixed in 4% paraformaldehyde overnight at
4�C. Next day, whole mounts of stria vascularis were
carefully isolated. The proliferating cells in the stria were
assayed with a Click-iT Plus EdU Alexa Fluor 555 imaging
kit (Life Technologies, Eugene, OR) following the manu-
facturer’s recommendation. Briefly, the stria were washed in
PBS and permeabilized in 0.5% Triton X-100 (Sigma, St.
Louis, MO) for half an hour, and then immunoblocked for
30 minutes with 3% BSA in PBS, followed by incubation
for 30 minutes in the EdU cocktail (protected from the light)
and washed once in 3% BSA in PBS. The stria was then
washed with PBS and blocked with 10% goat serum for 1
hour, and incubated with a primary antibody, rabbit anti-
eplatelet-derived growth factor receptor b (Abcam), in 1%
BSA in PBS overnight at 4�C. The next day, after three
washes in PBS, the samples were incubated with the sec-
ondary antibody, Alexa Fluor 488econjugated goat anti-
rabbit IgG (Invitrogen, Eugene, OR), for 1 hour at room
temperature. After three washes in PBS for 30 minutes, the
tissues were mounted in mounting medium (H-1200) and
visualized under an FV1000 Olympus laser-scanning
confocal microscope. The EdU-positive cell population
was calculated as follows:

EdU positive cellsZ
numbers of EdU positive cell

area of stria vascularis
ð1Þ

Measurement of Capillary Density

The entire length of the mouse stria vascularis (from apex to
base) was captured. Capillaries in the stria vascularis were
visualized by lectin 649 labeling under an FV1000 Olympus
1948
confocal microscope. The blood vessels were traced
manually, and the area of the stria was determined from a
differential interference contrast image. The pixel area of the
capillary and pixel area of the stria were determined using
ImageJ software. Capillary density as a percentage of the
stria was calculated as follows:1

Pixel area of capillaries
Pixel area of stria vascularis

� 100% ð2Þ

PC transition was recognized by their shape and being
positive for a-SMA in the capillary region. ImageJ software
was used to measure the lumen diameters at both PC and
non-PC transition locations. Lumen diameters near PC and
non-PC transition locations were measured at the maximal
PC transition location. All image panels presented in the
article were constituted from individual images processed
and labeled using Adobe Photoshop version CC 2017
(Adobe Inc, San Jose, CA) with a resolution of 300 dots per
inch.

Preparation of the Fluorescent-Labeled Blood Cell
Suspension

Donor mice were deeply anesthetized with ketamine/xylazine
cocktail by i.p. injection, as stated above. The mice were
exsanguinated using cardiac puncture, 1 mL of blood was
collected in heparin (15 IU/mL blood) (Mylan Institutional
LLC, Rockford, IL), and bloodwas centrifuged at 3000� g for
3minutes at 4�C. Plasmawas removed and replacedwith PBS,
and the blood cell pellet was centrifuged and washed three
times at 3000� g for 3 minutes at 4�C. Packed red blood cells
were mixed with 1 mL of 20 mmol/L 3,30-dioctadecylox-
acarbocyanine perchlorate (Sigma Aldrich) PBS solution.52,53

The solutionwas incubated at room temperature in the dark for
30 minutes, centrifuged, and washed three times with PBS.
Before injection, the blood cells were suspended in PBS to
achieve a hematocrit of 30%.
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Figure 1 Pericyte (PC)-to-myofibroblast cellelike transition in the stria after noise exposure (NE). A: Scheme of the experimental design. BeD: Confocal
projection images of the stria from the control (Ctrl), and 1 and 2 weeks after exposure to loud sound. Some of the neural/glial antigen 2epositive (NG2þ) PCs
in different regions of the strial capillaries are positive for a-smooth muscle actin (a-SMA; green arrows) at 1 and 2 weeks after noise exposure. E: High-
magnification images show PCs positive for a-SMA (green arrows) and normal PCs (NG2þ/a-SMA�; white arrows). F: PC transition percentage in control,
and 1 and 2 weeks after noise exposure [FPC transition (2, 15) Z 103.95]. G: Real-time quantitative PCR shows that the mRNA level of Acta2 is significantly up-
regulated at 1 and 2 weeks after noise exposure [FActa2 mRNA (2,6) Z 33.495]. H and I: A representative Western blot and Western blot analysis of a-SMA,
showing increased protein expression at 1 and 2 weeks following noise exposure [Fɑ-SMA protein (2,6) Z 22.188]. Data are expressed as means � SD (F, G, and
I). n Z 6 in each group (F); n Z 3 in each group (G and I). *P < 0.05, **P < 0.01, and ****P < 0.0001 (one-way analysis of variance). Scale bars: 20 mm
(BeD); 10 mm (E). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SPL, sound pressure level.

PCs in Vascular Degeneration and Repair
Intravital Fluorescence Microscopy

The mice from noise-exposed, noise-exposed treated with
PCsAAV1-GFP (control null), and noise-exposed treated with
PCsAAV1-VEGF-A165 groups at 2 weeks after PC treatment were
anesthetized, wrapped on a heating pad, and maintained at a
rectal temperature of 37�C. A vessel window was generated
using a small knife blade to scrap the lateral wall bone until a
thin spot was cracked (Shi et al54). The bone chips were
removed with small wire hooks. The vessel window was
covered with a cut coverslip (12-542A; Thermo Fisher Sci-
entific) to preserve normal physiological conditions and
provide an optical view for recording vessel images. Blood
vessels were visualized using fluorescein
isothiocyanateedextran (2000 kDa; Sigma Aldrich) as a
contrast medium to fluorescently label the bloodstream. The
fluorescein isothiocyanateedextran was administrated intra-
venously to the mice at a concentration of 40 mg/mL in 100
mL physiological solution over a 5-minute interval. Mean-
while, a 100 mL blood cell suspension was infused into the
femoral vein for tracking blood flow velocity. Strial images
were recorded with a Zeiss LSM 7 MP system (Zeiss,
Oberkochen, Germany) with a long working distance objec-
tive (8.4 mm; 10�) at 2 frames/second. Blood flow was
directly observed in real time on a video monitor. More than
350 images were acquired per video to ensure successful
analysis of flow velocity. Vascular diameter and blood flow
velocity, determined offline from the captured video frames,
were analyzed by a cross-correlation method using ImageJ. In
brief, the luminal intensity of spatial structure in the image
sequences was cross correlated, and blood flow velocity was
calculated by tracing the 3,30-dioctadecyloxacarbocyanine
The American Journal of Pathology - ajp.amjpathol.org
perchlorateestained blood cells in the spatial distance be-
tween image locations by the time difference:55

velocityZ
distanceðmmÞ

timeðsÞ ð3Þ

Volume flow was estimated by the following equation:
flow Z velocity � cross-sectional area of the vessel.
Vascular velocity and vascular volume were averaged as
means � SD.

Auditory Testing

An auditory brainstem response audiometry test to pure tones
was used to evaluate hearing function. Animals were anes-
thetized with an i.p. injection of ketamine/xylazine cocktail,
and placed on a heating pad in a sound-isolated chamber.
Needle electrodeswere placed subcutaneously near the test ear,
at the vertex, and on the contralateral ear. Each ear was stim-
ulated separately with a closed-tube sound delivery system
sealed into the ear canal. The auditory brainstem response to a
1-millisecond rise-time tone burst at 4, 8, 12, 16, 24, and 32
kHz was recorded, and thresholds were obtained for each ear.
Threshold is defined as an evoked response of 0.2 mV.

Measurement of EP

EP was measured for control, noise-exposed, noise-exposed
treated with PCsAAV1-GFP, and noise-exposed treated with
PCsAAV1-VEGF-A165 groups. The method follows as previously
described, with a minor modification.56 A silver chloride
reference electrode was placed under the skin. A glass micro-
pipette filled with 150 mmol/L KCl was advanced to the round
1949
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Figure 2 Pericyte (PC) transition is highly associated with transforming growth factor (TGF)-b1 in an in vitro cell line model. A: An illustration of the
experimental setting. B and C: Tgfb1 expression at both the transcription and protein levels is highly up-regulated 1 and 2 weeks after loud sound exposure
[FTgfb1 mRNA (2, 8) Z 22.41; FTgfb1 protein (2, 15) Z 364.15]. D: Percentage of PC-to-myofibroblast transition in the stria after loud sound exposure in control,
noise-exposed (NE) þ saline, and noise-exposed þ TGF-b1 inhibited (SB525334) groups [tNE 1 week (10) Z 3.48; tNE 2 weeks (10) Z 4.53, t-test]. E: Confocal
projection images show TGF-b1 induces a-smooth muscle actin (a-SMA) þ PC transition (white arrows) at different concentrations of TGF-b1. F: High-
magnification confocal images further show a PC can strongly express a-SMA fibers and continue to express PC marker proteins, such as platelet-derived
growth factor receptor (PDGFR) b. G: Percentage of PC-to-myofibroblast transition in cultured PCs after TGF-b1 treatment is dose dependent [FPC transition

(2,15) Z 56.74]. Data are expressed as means � SD (BeD and G). n Z 3 in each group (B); n Z 6 in each group (C, D, and G). *P < 0.05, **P < 0.01, and
****P < 0.0001 (one-way analysis of variance). Scale bars: 200 mm (E); 100 mm (F). ELISA, enzyme-linked immunosorbent assay; RT-qPCR, quantitative RT-
PCR; SPL, sound pressure level.
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window membrane, and the offset was adjusted to zero base-
line. Entry of the electrode tip into scala media is characterized
by a positive potential jump during recording. The pipette was
advanced until a stable potential was observed. The potential
was amplified (model 3000AC/DCdifferential amplifier; A-M
Systems Inc, Sequim, WA), recorded via an A-D converter
(Fluke II multimeter; Fluke Corporation, Everett, WA), and
computer recorded. The collected data were exported and
waveform reconstructed and analyzed in Signal Express 2015
(National Instruments, Austin, TX).

Statistical Analysis

Data are presented as means � SD and were evaluated by
using the 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. GraphPad Prism
8.0 (GraphPad Software, San Diego, CA) and SPSS 25.0
software (IBM, Armonk, NY) were used for the analysis.
Results

The PC Transition from NG2þ/a-SMA� to NG2þ

/a-SMAþ in the Stria after Acoustic Trauma

Cochlear strial capillaries contain a rich population of PCs.
They express NG2, desmin, and platelet-derived growth
1950
factor receptor b, but are negative for a-SMA.40 In this study,
fluorescent reporter transgenic mice, whose PCs are labeled
with fluorescent protein under an NG2 promoter, were
exposed to broadband noise at 120-dB sound pressure level
for 3 hours for 2 consecutive days (Figure 1A). It was found
that some NG2þ PCs were positive to a-SMA at 1 week, and
the number of NGþ/a-SMAþ PCs slightly increased at 2
weeks after the acoustic trauma. Representative low-
magnification confocal images showing PC transition from
NGþ/a-SMA� to NGþ/a-SMAþ in control mice, and at 1
and 2 weeks following noise exposure are shown (Figure 1,
BeD). High-magnification images (Figure 1E), show the
a-SMAepositive signal predominantly in the processes of a
PC. The percentage of PC transition in control, and at 1 and 2
weeks following noise exposure is shown (Figure 1F).
Consistent with increased immunofluorescence labeling for
a-SMA seen in the strial PCs, real-time quantitative PCR and
Western blot measurements show both transcript and protein
levels of a-SMA significantly up-regulated at 1 and 2 weeks
after acoustic trauma (Figure 1, GeI).
PC Transition Is Associated with a TGF-b1 Signal

The transition of NG2þ/a-SMA� PCs to NG2þ/a-
SMAþ cells is strongly related to the production of TGF-b1.
In this study, Tgfb1 was highly overexpressed at the tran-
script and protein levels at 1 to 2 weeks after acoustic
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http://ajp.amjpathol.org


Figure 3 Collagen IV and laminin expression is increased in the strial vasculature 2 weeks after noise exposure (NE). A and B: Real-time quantitative PCR analysis
shows significantly increased expression of collagen IV and laminin at the transcript level at 2 weeks following noise exposure [tCol4a1 (4)Z 6.52; tLama2 (4)Z 7.81].
CeE: Western blot analysis shows band intensity and fold change in collagen IV and laminin protein expression at 2 weeks after noise exposure [tCollagen IV (4)Z 14.55;
tLaminin (4)Z 12.86]. F and G: Representative confocal projection images show collagen IV and laminin expression in the control (Ctrl) group (left panels) and noise-
exposed group at 2 weeks after noise exposure (right panels). Expression of basement proteins is particularly conspicuous in the pericyte-transformed locations (green
arrows). Data are expressed as means� SD (A, B, D, and E). nZ 3 in each group (A, B, D, and E). **P < 0.01, ****P < 0.0001 (t-test). Scale barsZ 20 mm (F and
G). a-SMA, a-smooth muscle actin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NG2, neural/glial antigen 2.
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trauma (Figure 2A). Tgfb1 at the transcript and protein
levels is shown (Figure 2, B and C). Blockage of the TGF-
b1 signal markedly attenuated the NG2þ/a-SMA� PCs to
NG2þ/a-SMAþ transition (Figure 2D).

To further validate whether TGF-b1 signaling initiates the
PC change in phenotype, a purified strial PC primary cell line
was employed at the third passage. Specifically, PCs were
divided into control and TGF-b1etreated groups. PCs at a
density of 1.0 � 105 cells/mL were plated in collagen-coated
dishes. In the control group, PCs were incubated in PC cul-
ture medium, whereas in the TGF-b1etreated group, the PCs
were incubated in culture medium also containing different
concentrations ofTGF-b1 (0, 1, and5 ng/mL) for 24hours.The
NG2þ/a-SMA� PC to NG2þ/a-SMAþ transition was identi-
fied by immunophenotyping. As expected, the PC transition
wasmarkedly affectedby the level ofTGF-b1,with the number
of PC transitions increasing in a dose-dependent manner
(Figure 2, E and G). Dramatic morphology changes were also
seen in phenotype changed PCs, as shown in Figure 2, E and F.
Under control in vitro conditions, PCs displayed a broad filo-
podia morphology (Figure 2E), consistent with that previously
described byShepro andMorel.57 In contrast, transformed PCs
appeared large, comprising richmyofilaments (Figure 2E). The
features are better visualized under high magnification
(Figure 2F). Taken together, this is evidence TGF-b1 signaling
is responsible for the posteacoustic traumaeinduced PC
NG2þ/a-SMA� to NG2þ/a-SMAþ transition.

Higher Expression of Extracellular Matrix Components
in the Region of Transformed PCs

Smooth muscle cells and myofibroblasts synthesize and
deposit extracellular matrix components in tissue, which
The American Journal of Pathology - ajp.amjpathol.org
leads to tissue fibrosis and capillary degeneration.35,58,59 In
this study, both collagen type IV and laminin, major
extracellular matrix proteins in the stria,60 were significantly
up-regulated at the transcriptional and protein level at 2
weeks after loud sound exposure. Increased Col4a1 and
Lama2 mRNA, as assessed by real-time quantitative PCR
analysis is shown (Figure 3, A and B). Collagen type IV and
laminin protein expression in the stria was also significantly
elevated, measured by Western blot analysis (Figure 3,
CeE). Furthermore, immunohistochemical examination by
confocal microscopy clearly shows collagen type IV and
laminin increasingly expressed in the stria. The expression
was particularly conspicuous at locations of transition
(Figure 3, F and G). In contrast, collagen type IV and
laminin expression in nonmigrated PCs was low (Figure 3,
F and G). Representative confocal maximum projection
images of immunofluorescence labeled collagen type IV and
laminin in control and noise-exposed groups is shown
(Figure 3, F and G).

PCs Transitioned from NG2þ/a-SMA� to NG2þ/
a-SMAþ Express More Extracellular Matrix Components

To further determine the functional impact of transitioned
PCs on expression of matrix protein, two in vitro experi-
ments (Figure 4, A and B) were conducted. In study A, ECs
alone were seeded on a 3D Matrigel matrix for 6 hours,
followed by normal PCs (tagged with pmOrange2-N1
fluorescent protein; 3.0 � 105 cells/mL) added to the culture
medium for an additional 6 hours. In study B, ECs alone
were seeded on 3D Matrigel matrix for 6 hours, followed by
transitioned PCs (same cell density) added to the culture
medium for an additional 6 hours. The transitioned PCs
1951
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Figure 4 Increased collagen IV and laminin expression in three-
dimensional (3D) cell co-culture of endothelial cells (ECs) and transformed
pericytes (PCs).A andB: Experimental designof in vitro 3D cell co-culture of ECs
and PCs or transformed PCs for determining the effect of non-transformed and
transformed PCs on capillary-like branch formation and expression of matrix
proteins. C: ECs co-cultured with normal PCs for 12 hours form denser and finer
capillary-like branches. D: In contrast, ECs co-cultured with transformed PCs
form relatively thicker and less articulated capillary-like branches. Compared
with the normal PCs in C (red/arrow), transformed PCs in D are relatively larger
(red/arrow). E and F: The immunofluorescence signal for collagen IV in the
control and transformedPCgroups.G andH:The immunofluorescence signal for
laminin in the control and transformed PC groups. I and J: Data analysis shows
collagen IV and laminin fluorescence intensity in the two groups are statisti-
cally different [tCollagen IV (8) Z �3.512; tLaminin (8) Z �8.247]. Data are
expressed as means� SD (I and J). nZ 5 in each group (I and J). **P< 0.01,
****P < 0.0001 (t-test). Scale bars: 200 mm (C and D); 100 mm (EeH). a.u.,
arbitrary unit; TGFb-1, transforming growth factor beta 1.
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were produced by pretreating the PCs with TGF-b1 (5 ng/
mL) for 24 hours. This treatment initiates the PC NG2þ/a-
SMA� to NG2þ/a-SMAþ transition in >80% of the total
population of treated PCs (data not shown). Interestingly,
compared with the normal PCs (Figure 4C), transformed
PCs (Figure 4D) were relatively larger in size. ECs co-
cultured with normal PCs for 12 hours formed denser and
finer capillary-like branches (Figure 4C). In contrast, ECs
co-cultured with transformed PCs formed relatively thicker
and less articulated capillary-like branches (Figure 4D).
Immunofluorescence labeling showed notably increased
expression of collagen type IV and laminin in the transi-
tioned PC co-cultured groups. Collagen IV and laminin
expression in ECs þ PCs and ECs þ transformed PCs are
shown (Figure 4, EeH). The difference in collagen IV and
laminin expression between the two groups was statistically
significant (Figure 4, I and J). Collectively, the data indicate
the transition of PC phenotype increases expression of
extracellular matrix components.

Capillary Shutdown Primarily in the Region of
Transformed PCs

In this study, structural changes were noted in capillaries at
sites of PC transition. Typical patterns of capillary degen-
eration at 2 weeks following loud sound exposure are shown
(Figure 5A). A capillary constrict (narrowed), capillary
narrowing, and capillary remnant at the site of a PC tran-
sition are shown (Figure 5A). Average capillary diameter in
the region of PC transition was significantly decreased
relative to sites where PCs were not transitioning
(Figure 5B). Low-magnification transmission electron mi-
croscope images of a normal mouse capillary shows ECs
surrounded with an even electron density of basement
membrane (Figure 5C). This is better visualized under high
magnification (Figure 5C). In contrast, capillary shrinkage
and tissue vacuolization were observed in the noise-exposed
mice at 2 weeks after noise exposure (Figure 5D). Vacuoles
in the cytoplasm of ECs, surrounding strial cells and sub-
stance deposition in basement membrane (Figure 5D), are
clearly seen in the noise-exposed mouse under high
magnification. The data strongly suggest vascular degener-
ation after acoustic trauma, particularly in regions showing
PC-to-myofibroblast transition.

Transplantation of Neo-PCs Promotes Angiogenesis
and Attenuates Reduction in Strial Vascular Density at
5 Weeks after Acoustic Trauma

PCs induce endothelial cell proliferation and activate angio-
genic processes by releasing growth factors, such as basic
fibroblast growth factor, hepatocyte growth factor, epidermal
growth factor, and angiopoietin.61e63 Do cochlear PCs also
have the capacity to repair loud soundedamaged vessels?
Cochlear neo-PCs express several mesenchymal protein
genes, including Itgb1, Cd34, Cd44, Thy1, and Slit3. This
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Capillary degeneration in the region of pericyte (PC) transition 2 weeks after noise exposure (NE). A: Representative confocal projection images
show characteristic changes in capillary diameter in lectin-labeled strial microvessels at sites of PC transition (arrowheads) and non-PC transition. B: Vessel
diameter in the two regions is statistically different [tCapillary Diameter (34) Z 2.34]. C and D: Left and right panels: Electron micrographs under low and high
magnification from control (C) and noise-exposed animals (D). C: Right panel: Under normal conditions, strial blood vessels have a smooth lumen of
endothelial cells surrounded by basement membrane (BM) of even electron density (arrow). D: Right panel: Under noise-exposed conditions, the capillary is
disrupted with vacuolization and substance deposition (arrow). Data are expressed as means � SD (B). nCapillary Diameter Z 6 (B). *P < 0.05 (t-test). Scale bars:
50 mm (A); 5 mm (C and D, left panels); 2 mm (C and D, right panels). a-SMA, a-smooth muscle actin; NG2, neural/glial antigen 2.
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expression profile suggests pluripotency and potential for
tissue regeneration (Figure 6, A and B). And, indeed, in our
in vitro cell lineebased three-dimensional co-culture model,
the neo-PCs do dramatically promote sprouting angiogenesis
(Figure 6, C and D).

It was next investigated whether PC transitionecaused
vascular degeneration could be reversed by transplantation
of neo-PCs. To test this, either control PCs or conditioned
PCs were locally transplanted through the posterior semi-
circular canals to noise-exposed animals 3 weeks after
acoustic trauma. The control PCs were generated by trans-
fecting the PCs with an AAV1-GFP viral (null) vector
(Figure 6E). The conditioned PCs were transfected with an
AAV1-HRE-VEGF-A165 viral vector (Figure 6E). The
AAV1-HRE-VEGF-A165 viral vector will only allow VEGF-
A165 to be produced under hypoxic conditions. Two weeks
following PC delivery, ELISA was used to test the ability of
the AAV1-VEGF-A165 transfected PCs to drive VEGF-A165

expression in the cochlea. No differences were observed in
the control PC transplanted and non-PC transplanted co-
chlea. However, higher production of VEGF-A165 was
observed in the conditioned PC transplanted cochlea than in
the non-transplanted cochlea or transplanted control PC
group (Supplemental Figure S1). To investigate the thera-
peutic effect of PC transplantation on vascular regeneration,
EdU was intraperitoneally injected at 25 mg/kg body weight
The American Journal of Pathology - ajp.amjpathol.org
to animals of the transplanted and control groups immedi-
ately after vector delivery and then subsequently every 2
days until the animals were sacrificed. Endothelium was
labeled with lectineAlexa Fluor 647, with concurrent la-
beling of PCs for their marker protein, platelet-derived
growth factor receptor b (Figure 6G). These data revealed
that transplantation of PCs strongly promotes angiogenesis.
A larger population of EdUþ cells, including PCs, ECs, and
an unknown cell type surrounding vessels, was found in the
PC transplanted mouse cochleae (Figure 6, F and G) relative
to non-PC transplanted mouse cochleae (Figure 6F).
Particularly strong angiogenetic activity was observed in the
conditioned PC transplanted cochleae. A significantly
increased population of total EdUþ PCs was detected in the
PC transplanted cochleae compared with the non-PC
transplanted cochleae (Figure 6I). Reduced vascular den-
sity in the PC transplanted group was significantly attenu-
ated (Figure 6H).

Transplantation of Neo-PCs Improves Strial Blood Flow
and EP and Attenuates Hearing Loss

In this study, a high-resolution intravital fluorescence mi-
croscopy (IVM) was also used to measure vascular function
approximately 5 weeks after noise exposure in noise-
exposed without PC treatment, noise exposed þ control
1953
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Figure 6 Pericytes (PCs) promote sprouting angiogenesis in an in vitro cell lineebased three-dimensional (3D) co-culture model. Transplantation of
exogenous PCs attenuates the degenerative damage and promotes strial blood flow. A: PCs derived from neonatal day 10 mouse cochleae (neo-PCs) were
generated and tagged with mOrange. B: Mesenchymal gene expression in neo-PCs was assessed by PCR. C and D: Images of endothelial cells (ECs) and
ECs þ neo-PCs in culture and the angiogenesis at 24 hours. C: Capillary-like tube structures are formed by ECs at 24 hours in 3D matrix gel. D: Co-culture of
ECs þ nonconditioned neo-PCs at 24 hours in 3D matrix gel shows that the PCs promote sprouting angiogenesis (white arrows). E: Illustrations of control neo-
PCs and conditioned neo-PCs. F: 5-Ethynyl-20-deoxyuridineepositive (EdUþ) cells in stria 5 weeks after noise exposure without PC treatment (left panel),
noise exposure þ control PC (PCnull; middle panel), and noise exposure þ conditioned neo-PC (PCVEGF-A) treatment 3 weeks after acoustic trauma (right
panel). G: Left and right: Low and zoomed-in (asterisk) images show details in EdUþ cells, capillaries labeled by lectin (blue), and PCs labeled by platelet-
derived growth factor receptor (PDGFR) b (green). H and I: Data analysis on EdUþ cells/vessel area and capillary density in control, nonconditioned, and
conditioned neo-PC treated groups [F EdUþ/Vessel Area (2, 159)Z 185.57; FCapillary Density (2, 159)Z 16.33]. Data are expressed as means � SD (H and I). nZ 6
in each group (H and I). **P < 0.01, ****P < 0.0001 (one-way analysis of variance). Scale bars: 100 mm (A, C, D, and F, and G, left panel); 10 mm (G, right
panel). VEGFA, vascular endothelial growth factor.
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PC transplanted, and noise exposed þ conditioned PC
groups. Specifically, a vessel window was made at the basal
turn of the mouse cochlea. Groups received an i.v. injection
of fluorescein isothiocyanateedextran to label the blood-
stream. Fluorescein isothiocyanate fluorescently labeled
erythrocytes and plasma were visualized and recorded under
IVM using a charge-coupled device video camera. Blood
flow rates were calculated from vessel diameter and flow
velocity.54 Loud sound notably disrupted blood circulation,
which caused reduced blood flow and flow disturbances.
1954
Representative images captured under IVM (Figure 7,
AeD), show the changed flow pattern in the control and
three noise-exposed groups. A disturbed pattern of blood
flow is seen in the noise-exposed group (Figure 7B),
whereas relatively less disturbance of blood flow was seen
in the PC transplanted groups (Figure 7, C and D). Blood
velocity calculated for the noise-exposed group was
significantly lower than that for noise-exposed animals with
PC transplantation. In particular, improved blood circulation
was seen in the conditioned PC transplanted group relative
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Transplantation of pericytes (PCs) derived from neonatal day 10 mouse cochleae (neo-PCs) improves strial blood flow. Neo-PC treatment markedly
improves blood circulation and attenuates endocochlear potential (EP) decline and hearing impairment. AeD: Blood circulation was recorded under high-
resolution intravital fluorescence microscopy from the control, noise-exposed (NE), NE-control PC (AAV1null), and NE-conditioned PC (AAV1VEGF-A) groups. E
and F: Blood flow volume (mm3/second) and blood flow velocity (mm/second) were calculated for the control, NE, NE þ control PC, and NE þ conditioned PC
groups. Blood flow rate and volume in the noise-exposed group is lower than that in the PCetreated groups. The conditioned PCetreated group shows increased
blood volume and flow rate compared with the control PC treated group [FVelocity (3, 212)Z 222.535; F Blood Flow Volume (3, 212)Z 102.765]. G: Average EP in the
control, NE, NE þ control PC, and NE þ conditioned PC groups. H: Hearing threshold at different frequencies is significantly elevated 1 month after loud sound
exposure. Although hearing sensitivity is not improved in the non-PC transplanted animals, the hearing sensitivity of animals in the PC treated groups is improved.
Data are expressed as means � SD (E, F, and H). nZ 6 in each group (E, F, H); nZ 3 in each group (G). *P < 0.05, **P < 0.01, and ****P < 0.0001 (one-way
analysis of variance). Scale bars Z 100 mm (AeD). ABR, auditory brainstem response; SPL, sound pressure level; VEGFA, vascular endothelial growth factor.
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to the nonconditioned PC treatment group. Statistically, the
blood flow rate and volume in conditioned PC-treated
groups were significantly higher relative to the control
nonconditioned PC group (Figure 7, E and F). Taken
together, the data indicate that PC transplantation signifi-
cantly improves acoustic traumaecaused blood flow
reduction.

The cochlea is a metabolically demanding organ.40

Maintenance of a normal blood supply to the cochlea is
critical for hearing function, particularly for maintaining the
EP, the essential driving force for hair cell transduction. In
this study, we demonstrated that restoration of vascular
function significantly improves EP and attenuates hearing
loss. EP was measured 2 weeks after PC transplantation (5
weeks after noise exposure). Average EP values from con-
trol, noise-exposed, control conditional PC transplanted, and
conditional PC transplanted groups are shown (Figure 7G).
The EP in noise-exposed animals was lower (approximately
72.71 � 6.1 mV) than in normal animals (approximately
101 � 4.7 mV). Both control conditioning and conditional
PC transplantation significantly ameliorated the decline in
the EP, with EPs of 85.98 � 5.3 and 97.75 � 5.5 mV,
respectively. Both groups also showed marked improvement
in hearing sensitivity at all measured sound frequencies at 2
weeks after PC transplantation. Hearing threshold measured
at low and high frequencies in the control, noise-exposed,
control conditional, and conditional PC transplantation
groups are shown (Figure 7H).
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Discussion

In the present study, a portion of strial PCs are converted to
myofibroblastelike cells after loud sound stimulation. The
PC transition is strongly associated with increased levels of
TGF-b1. The strial PC-to myofibroblastelike cell transition
causes blood vessel shrinkage with increased deposition of
matrix proteins, including collagen type IV and laminin, in
the strial vascular basement membrane, leading to capillary
atrophy. However, transplantation of young (neo) PCs to the
loud soundedamaged cochlea effectively attenuates the strial
vascular atrophy. Most interestingly, pretransfection of the
PCs with AAV1-HRE-VEGF-A165 strongly ameliorates the
stria degeneration compared with transfection with the con-
trol AAV1-null. These findings provide strong evidence that
loud soundetriggered emergence of myofibroblastelike PCs
could be a cause of capillary wall thickening and regression.
The damage and degeneration seen in vessels from exposure
to loud sound can be halted by transplantation with neo-PCs.

The Strial PC-to-MyofibroblasteLike Cell
Transformation Shown as a New Mechanism of Loud
SoundeInduced Degeneration of Capillaries

Strial capillaries in the cochlear lateral wall constitute the
blood-labyrinth barrier, a highly specialized tissue densely
populated by PCs. PCs, as pluripotent progenitor cells sur-
rounding vessel walls, are vital for vascular integrity,
1955
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angiogenesis, and tissue fibrogenesis.16,17,19 They are also
extremely vulnerable, such as to acoustic trauma. A PC-to-
myofibroblast transition induced by stress is one of the
major causes of capillary degeneration in other organs,
especially in the kidney.31 The PC-to-myofibroblast transi-
tion was first reported in the central nervous system during
wound formation following a spinal cord injury.27 Subse-
quently, the PC-to-myofibroblast transition has been shown
in skin, skeletal muscle, lung, intestine, and kidney.28e30

The transition in other organs strongly involves TGF-b1
signaling.32e34 TGF-b1, a pluripotent growth factor that
regulates cell proliferation and differentiation, is a major
signal in PC-induced tissue fibrogenesis.20,34 Blockage of the
TGF-b1 signaling attenuates the PC-to-myofibroblast transi-
tion. Consistent with reports in other organs, the strial PC-to-
myofibroblastelike transition in the cochlea also strongly
involved TGF-b1 signaling. Tgfb1 at both the transcript and
protein level is highly up-regulated at 1 to 2 weeks after loud
sound stimulation (Figure 1). Concurrent with the high pro-
duction of TGF-b1, a PC-to-myofibroblast transition also
appears, whereas blockage of the TGF-b1 signal attenuates
the PC-to-myofibroblastelike transition. The PC-to-
myofibroblastelike transition associated with TGF-b1
signaling was further confirmed in an in vitro cell lineebased
model. This cell line model allows us to directly investigate
the PC response to TGF-b1. The percentage of PC-to-
myofibroblastelike transition was found to vary in a dose-
dependent manner to TGF-b1 treatment (Figure 2).

PCs have been identified as the main source of myofi-
broblasts in progressive fibrotic kidneys after unilateral
ureteral obstruction.51,64 The PCs transition to myofibro-
blasts and cause the fibrosis in the tissue. The myofibroblast
is a specialized cell type that synthesizes collagen and other
extracellular matrix components.16 The excessive deposition
of extracellular matrix components produced by the myo-
fibroblasts leads to tissue fibrosis and capillary degenera-
tion.28,31,32 For example, a study from Goritz et al27

demonstrated a special subtype of PC is the source of
scar-forming cells in the injured adult spinal cord. This is
consistent with previous reports on other organs.28,32,34 In
this study, collagen type IV and laminin, the major base-
ment membrane proteins in the strial capillary,60,65 were
significantly up-regulated at both the transcript and protein
level at 2 weeks after loud sound exposure (Figure 2).
Increased collagen IV and laminin are particularly found at
the sites of transformed PCs. A 3D Matrigel matrix system
was used to directly test the functional effect of the trans-
differentiated PCs on formation of capillary networks and
expression of basement membrane protein. We validated
that the transformed PCs stimulated production of collagen
type IV and laminin and caused ECs to form thicker
branches and less branching. To determine whether the PC-
to-myofibroblast transition is correlated with strial capillary
degeneration, whole mounts of the stria vascularis from
NG2DsRedBAC fluorescence PC reporter mice were
examined. The fluorescent reporter in the PCs helped
1956
identify the phenotype of the observed myofibroblasts. The
isolated whole-mounted strial tissue model affords a global
view of the non-PC transition and PC-to-myofibroblast
transition over the entirety of the strial capillary region.
Strial capillary density and diameter in whole mounts of the
strial vascularis in the areas of both PC transition and non-
PC transition were compared, and a significant difference in
vascular diameter in the compared regions is observed
(Figure 5). The results reveal new mechanisms of strial
capillary degeneration in the ear. In addition to PC trans-
formation caused capillary degeneration, PCs have con-
tractile activity, as reported in an earlier study66 and from
nonauditory systems in other reports.18,67 In particular, the
increased a-SMA expression in the PCs could be the result
of blood flow shut down (nonflow phenomena) by PC-
triggered acute contraction of the capillary. In the ear,
there is accumulating evidence that noise-induced cochlear
hypoxia causes a burst of free radicals, such as nitric
oxide,4,68e70 and cytokines, such as tumor necrosis
factor.71e73 These free radicals and inflammatory cytokines,
in particular tumor necrosis factor, not only directly cause
decrease in blood supply but also act in concert with free
radicals to exacerbate PC contractile activity, as has been
reported in inner ear74,75 and in nonauditory organs.17,76

The capillary shrinkage or narrowing (contraction) could
be due to PC transformation from a-SMA negative to
a-SMA positive, resulting in deposition of matrix protein to
the basement membrane, trigger of vascular contraction at
the capillary level, or both.

PC Transplantation for Remodel of Loud
SoundeDamaged Strial Capillaries

Damage to capillaries shuts down blood circulation and
jeopardizes regional energy supply. Vascular remodeling and
repair are critical for restoration of normal blood circulation.
This is particularly important because generation of the EP is
so metabolically demanding.40 It was earlier demonstrated that
loud soundedamaged vessels can be repaired by circulating
bone marrow cells signaled through an intrinsic nitric oxide/
stromal cellederived factor-1a pathway.1 However, in that
study, the animals must receive a high dose of radiation to
suppress the immune system and curtail immunoreactions,
which in itself may induce hearing loss, as has been reported in
human studies since the early 1960s.77 To avoid such com-
plications, PC transplantation provides a better alternative
strategy for the repair of loud soundeinduced vascular dam-
age. PCs not only retain their mesenchymal stem cell proper-
ties (expression of Cd44, Thy1, Itgb1, and Cd34), they have
also been shown to play a key role in wound healing, partic-
ularly in vascular repair and regeneration.78 The PCs have a
low immunogenic profile.44 Transplantation of purified human
PC progenitor cells into mouse heart tissue has been shown to
markedly improve repair of infarct and long-term cardiac
function without immune rejection.44 PCs can activate the
angiogenic process by releasing various growth factors, such
ajp.amjpathol.org - The American Journal of Pathology
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as basic fibroblast growth factor, hepatocyte growth factor,
epidermal growth factor, and angiopoietin 1, to induce EC
proliferation.42,44 Can PCs transplanted into a loud
soundedamaged cochlea repair loud soundedamaged vessels
and promote cochlear neovascularization? To test this, PCs
were isolated from postnatal day 10 C57/6J mice using an
established mini-chip method (for details, see Neng et al49).
The purified PCs were then transfected with an AAV1-
mediated VEGF-A165 under the control of a hypoxia
response enhancer51 or control vector (AAV1 null). The timing
of stem cell implantation is important for cell fate in vivo.79 For
optimal results, the neo-PCs were transplanted into the loud
soundedamaged cochlea at 3 weeks after acoustic trauma via
semicircular canal infusion. The timing of PC transplantation
(3 weeks after loud sound stimulation) was selected to bypass
time-dependent inflammatory response to traumatic cochlear
injury.80e83 At 3 weeks, the expression of inflammatory cy-
tokines and reactive free radicals is significantly down-regu-
lated.82,83 The transplanted PCs are not as subject to high
oxidative stress, necrosis, or apoptosis. Most important, how-
ever, hypoxia-inducible factor 1a is significantly up-regulated
by the loud sound exposure,45,84 and persists for up to 4 weeks
after the loud sound stimulation (J.Z, unpublished data).
Hypoxia-inducible factor 1a is a potent inducer of VEGF.85

High levels of VEGF in the loud soundedamaged cochlea
facilitate PC-mediated angiogenesis. A recent study demon-
strates that a VEGF-A isoform, VEGF-A165, strongly initiates
cochlear angiogenesis in vitro.86 To test whether VEGF-A165

promotes PC regeneration, a therapeutic VEGF-A165 viral
vector based on AAV serotype 1 was developed, with the
AAV1 virus-encoded VEGF-A165 gene under the control of
HRE. The VEGF-A165 is only produced in a targeted cell
under hypoxic conditions (avoiding overexpression of VEGF-
A165). Delivery of the AAV1-based VEGF-A165 gene vector to
loud soundedamaged animals in vivo significantly promotes
regeneration of vascular cells. The degree to which PC trans-
plantation promotes structural recovery was determined by
assessing vascular cells, including PC and EC proliferation and
strial capillary density. The EC proliferation was assessed by
nuclear incorporation of EdU in ECs, an indicator the ECs are
proliferating.87 These results show that the number of ECs
proliferating is significantly higher in the PC-transplanted an-
imals than in untransplanted animals. In this study, vascular
function was also assessed by measuring blood flow in the
lateral wall with an advanced IVM system. Using IVM, it was
observed that vascular function (blood flow velocity and vol-
ume) is significantly improved by PC transplantation, partic-
ularly with AAV1-VEGF-A165 gene transfected PC delivery
(Figure 7). Maintenance of normal blood flow is critical for
hearing,13,88 as normal function of the stria is not only essential
for adult outer hair cell survival,89 it is also important for
maintaining the EP, an essential driving force for hair cell
mechanotransduction.90 It is not surprising that restoration of
failed vascular function attenuates loss in EP and improves
hearing sensitivity (Figure 7). Although hearing function
significantly reversed, the hearing function improvement is not
The American Journal of Pathology - ajp.amjpathol.org
dramatic. The level of loud sound used in the study is expected
to cause both mechanical and metabolic (hypoxic) damage to
vascular and nonvascular cells (hair cells) in the cochlea.91

Restoration of vascular function would not be expected to
restore lost sensory hair cells but it could, with rapid re-
establishment of blood supply, prevent further hair cell
death, stabilize residual hearing after damage, and potentially
accelerate hearing recovery.

In conclusion, cochlear PC function is a double-edged
sword. On the one hand, pericyte phenotype conversion
leads to capillary regression. On the other hand, healthy
pericyte transplantation effectively rehabilitates vascular
defects following loud soundeinduced strial atrophy. Our
new findings indicate that loud soundetriggered emergence
of a PC-to-myofibroblastelike cell transition is one cause of
capillary wall thickening and regression, whereas trans-
plantation with new fresh pericytes effectively rehabilitates
the vascular defects of loud soundeinduced strial atrophy.
Because sound transduction is metabolically demanding,
reduction in blood flow to the ear leads to a shortage of
nutrients and oxygen in the tissue, and generates a toxic
environment with accumulation of harmful metabolites. To
sustain hearing acuity, a healthy cochlear microenvironment
must be maintained. The results generated from this study
point to potential therapeutic targets for clinical treatment of
posteloud soundeinduced strial degeneration.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2020.05.019.
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