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ABSTRACT

The integrity of the fluid–blood barrier in the stria
vascularis is critical for maintaining inner ear homeo-
stasis, especially for sustaining the endocochlear
potential, an essential driving force for hearing
function. However, the mechanisms that control
intrastrial fluid–blood barrier permeability remain
largely unknown. At the cellular level, the intrastrial
fluid–blood barrier comprises cochlear microvascular
endothelial cells connected to each other by tight
junctions (TJs), an underlying basement membrane,
and a second line of support consisting of cochlear
pericytes and perivascular resident macrophage-type
melanocytes. In this study, we use a newly established
primary cell culture-based in vitro model to show that
endothelial cells, pericytes, and perivascular resident
macrophage-type melanocytes interact to control
intrastrial fluid–blood barrier permeability. When
the endothelial cell monolayer was treated with
pericyte—or perivascular resident macrophage-type
melanocyte—conditioned media, the permeability of
the endothelial cell monolayer was significantly re-
duced relative to an untreated endothelial cell
monolayer. Further study has shown the pericytes
and perivascular resident macrophage-type melano-
cytes to regulate TJ expression in the endothelial cell
monolayer. The new cell culture-based in vitro model
offers a unique opportunity to obtain information on
the organ-specific characteristics of the cochlear

blood/tissue barrier. Our finding demonstrates the
importance of signaling among pericytes, endothelial
cells, and perivascular resident macrophage-type mel-
anocytes to the integrity of the intrastrial fluid–blood
barrier.
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INTRODUCTION

Integrity of the intrastrial fluid–blood barrier is critical
for solute homeostasis and prevention of the influx of
toxic substances (Juhn and Rybak 1981; Juhn et al.
2001).1 Loss of intrastrial fluid–blood barrier integrity,
with concomitant vascular permeability, results in
cochlear edema in the stria vascularis. Cochlear
edema is thought to be present in a number of
hearing disorders, including autoimmune inner ear
disease, noise-induced hearing loss, and several ge-
netically linked diseases (McMenomey et al. 1992;
Cohen-Salmon et al. 2007; Klein et al. 2008; Kellerhals
1972; Hukee and Duvall 1985; Suzuki et al. 2002; Shi
2009). Recent progress in understanding the physiol-
ogy of the blood–brain barrier (BBB) and blood–
retinal barrier (BRB) provides useful insight into the
largely unknown and poorly understood mechanisms
that control endothelial blood–barrier permeability in
the stria vascularis. Gaps in our understanding of the
intrastrial fluid–blood barrier significantly limit devel-
opment of effective drug therapies for vascular
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dysfunction-related hearing loss. Targeting dysfunc-
tions, which involve maintenance of the endolym-
phatic potential, is particularly important.

In the classical view, the intrastrial fluid–blood
barrier at the cellular level comprises microvascular
endothelial cells lining cochlear microvessels and
closely associated basement membrane (Juhn 1988;
Juhn and Rybak 1981; Juhn et al. 1981). The capillary
endothelium is characterized by presence of tight
junctions (TJ), lack of fenestrations, and a minimal
number of pinocytotic vesicles. In particular, TJs
between the strial endothelial cells form a diffusion
barrier, which selectively excludes most blood-borne
substances from entering the ear, protecting it from
systemic influences (Juhn 1988; Juhn and Rybak 1981;
Juhn et al. 1981; Salt et al. 1987; Takeuchi et al. 2001).
However, recent studies from our lab reveal the
intrastrial fluid–blood barrier to include not only
endothelial cells and basement membrane but also a
large number of pericytes and perivascular resident
macrophage-type melanocytes (Shi 2010; Shi et al.
2008; Dai et al. 2010).2 The three component cells are
connected by the extracellular basement membrane
(see the illustration in Fig. 1). Pericytes closely oppose
the endothelial cells, with basement membrane inter-
posed between them (Shi 2009). Perivascular resident
macrophage-type melanocytes ensheath the vessel
wall and have end-feet that tightly envelope the
endothelium. The complexity of the morphology is
mirrored in the physiology. In particular, our findings
suggest a new model of the intrastrial fluid–blood
barrier is needed, one which incorporates this com-
plexity and includes the interaction between peri-
cytes, perivascular resident macrophage-type
melanocytes, and basement membrane. While func-
tion has yet to be thoroughly described for all these

cell types, the role of pericytes in the intrastrial fluid–
blood barrier is particularly elusive. In the brain,
pericytes and glial cells are known to have essential
roles in regulation of barrier integrity and tissue-
oriented functions (Armulik et al. 2010; Cardoso et al.
2010). Barriers without these cells lose tight junction
proteins, become leaky, and are associated with tissue
edema (Al Ahmad et al. 2009). In an earlier study, we
showed perivascular resident macrophage-type mela-
nocytes (morphologically similar to astrocytes and
glial cells in the brain) to be the essential cell type
regulating intrastrial fluid–blood barrier permeability
(Zhang et al. 2012).

Pericyte-endothelial interactions, known to be a
particularly salient feature of the blood–brain barrier,
profoundly affect basement membrane and endothelial
tight junction structure and function (Liu et al. 2012). In
an earlier study, we showed pericytes to densely
populate the surface of capillaries in the stria vascularis
(Shi et al. 2008). However, the role of pericytes in
vascular stability has not been determined.

In this study, we used a new cell culture-based in
vitro model to directly study the signaling between
endothelial cells, pericytes, and perivascular resident
macrophage-type melanocytes. The aim is to deter-
mine the specific contribution of each phenotype to
intrastrial fluid–blood barrier integrity and obtain
information on the organ-specific characteristics of
the cochlear blood/tissue barrier.

MATERIALS AND METHODS

Animals

C57BL/6J (aged 10–15 days) mice were obtained by
the use of inbred C57BL/6J mice purchased from
Jackson Laboratory (Bar Harbor, ME, USA). The
protocol for the care and use of these animals was
approved by the Institutional Animal Care and Use
Committee at Oregon Health & Science University
(IACUC approval number B11265).

Primary cell culture

Protocols for generating the three primary cell lines
used in these experiments were previously reported
(Zhang et al. 2012). Briefly, cochleae from 10- to 15-
day-old C57BL/6J mice were harvested under sterile
conditions. The stria vascularis was gently pulled away
from the spiral ligament and placed in ice-cold
perilymph solution containing 125 mmol/L NaCl,
3.5 mmol/L KCl, 1.3 mmol/L CaCl2, 1.5 mmol/L
MgCl2, 0.51 mmol/L NaH2PO4, 10 mmol/L HEPES,
and 5 mmol/L glucose at pH7.4 with osmolarity
adjusted to 310 mmol/kg. The isolated stria vascularis
was washed with gentle shaking in cool perilymph

FIG. 1. The illustration of a cochlear microvessel in cross-section
shows the major components of the intrastrial fluid–-blood barrier.
The vessel lumen is comprised of endothelial cells connected by TJs.
Endothelial cells are ensheathed by a dense basement membrane
shared with pericytes. Perivascular resident macrophage-type mela-
nocyte end-feet cover a large portion of the capillary surface.
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solution for 10 min and transferred to a clean 35-mm
collagen I coated dish with 2 ml of cell culture
medium. The stria vascularis was cut into small pieces
with sterile ophthalmic tweezers under a dissection
microscope. Fragmented pieces of the stria vascularis
were seeded around the dish to roughly uniform
density. The procedure for situating the fragments
requires approximately 2 h. The medium is changed
every 3 days. The cells are incubated at 37 ° in 5 %
CO2 for 7–14 days until the cell clones melt. Cell
clusters of each phenotype are visible by phase
contrast microscopy at 6–7 days, at which time the
cells are passaged into a 60-mm collagen I coated
dish. Pericytes were cultured in Dulbecco’s modified
Eagle’s medium (DMEM low glucose, Invitrogen,
USA) containing 10 % fetal bovine serum (FBS,
Sigma, USA), 100 nM pigment epithelium-derived
factor (PEDF), and 1 % penicillin/streptomycin
solution (10,000 U penicillin and 10 mg streptomy-
cin/ml, Sigma, USA). Endothelial cells were cultured
in CS-C medium (Sigma, USA) containing 10 % fetal
bovine serum (FBS, Sigma, USA), 1 % endothelial cell
growth factor (Sigma, USA), and 1 % penicillin/
streptomycin solution (10,000 U penicillin and 10 mg
streptomycin/ml, Sigma, USA), and perivascular res-
ident macrophages in medium 254CF (Invitrogen,
USA) containing 1 % human melanocyte growth
supplement (Invitrogen, USA), 10 % FBS (Sigma,
USA), and 0.2 % gentamicin/amphotericin B solution
(Sigma, USA).

Cell purification with flow cytometry

The cultured cells were purified by fluorescence-
activated cell sorting with a BD influx cell sorter
operated at 45 psi using a 70-μm nozzle. First, the
cultured cells were detached from the dish with a
0.25 % trypsin-EDTA solution (Sigma, USA). The cells
were gently washed in 2 ml of their culture medium,
placed in a 12×75 mm polypropylene FACS tube, and
centrifuged (300×g, 5 min, 4 °C). Cells (1×106 cells/
ml) were incubated with marker antibodies for 30 min
in the dark at 4 °C, followed by 2 ml of their cultured
medium to wash the cells, and centrifuged (300×g,
5 min, 4 °C). After discarding the supernatant, the
cells were resuspended in culture medium to a
concentration of 1×106 cells/ml. Phycoerythrin-con-
jugated rat monoclonal antibody labeling for platelet-
derived growth factor beta receptor (Abcam, USA) at
a concentration of 0.5 μg/ml was used to identity
pericytes in sorting. Rat IgG phycoerythrin (Abcam,
USA) at a concentration of 0.2 μg/ml served as the
isotype control label. The endothelial cells were
identified with fluorescein isothiocyanate (FITC)-con-
jugated isolectin B4 (BSI-B4) (Sigma, USA) at a
concentration of 20 μg/ml, with cells in 0.2 M

galactose (Sigma, USA) preincubated with lectin
serving as the control. Perivascular resident macro-
phage-type melanocytes were identified with a phyco-
erythrin-conjugated rat monoclonal antibody for F4/
80 (Abcam, USA) at a concentration of 10 μl/106 cells
(in 100 μl), with cells labeled by rat IgG phycoerythrin
(Abcam, USA) at a concentration of 0.2 μg/ml serving
as the isotype control. Positive cells from sorting were
collected in culture media and plated on 60 mm
collagen I coated dishes.

Cell validation

Sorted cells were validated with antibodies for pro-
teins that detected marker genes from the sorted cell
DNA. In this study, aliquots of each cell phenotype
were grown on 35-mm collagen-coated glass bottom
dishes and labeled for immunohistochemical confir-
mation of specific markers including anti-von Wille-
brand factor (vWF) for endothelial cells, anti-F4/80
and anti-GSTα4 for perivascular resident macro-
phages, and anti-desmin and anti-NG2 for pericytes.

Immunohistochemistry and fluorescence
microscopy

The cochleae were isolated, harvested, and fixed in
4 % paraformaldehyde overnight at 4 °C, and rinsed
in 37 °C phosphate-buffered saline (PBS; pH7.2) to
remove any residual 4 % paraformaldehyde. Immu-
nohistochemistry was performed as described previ-
ously (Rauch and Reale 1968). Tissue samples were
permeabilized in 0.5 % Triton X-100 (Sigma, St.
Louis, MO, USA) for 0.5 h and immunoblocked with
a solution of 10 % goat serum and 1 % bovine serum
albumin in 0.02 mol/l PBS for an additional hour.
The specimens were incubated overnight at 4 °C with
the primary antibodies (listed in Table 1) in PBS–
bovine serum albumin. After three washes in PBS, the
samples were incubated with secondary antibodies,
either Alexa Fluor 568-conjugated goat anti-rabbit
(catalog number A21069, Invitrogen, Eugene, OR,
USA), Fluor 647-conjugated goat anti-rabbit (catalog
number A-21244, Invitrogen, Eugene, OR, USA), or
Alexa Fluor 568-conjugated goat anti-rat (catalog A-
11077, Invitrogen, Eugene, OR, USA), for 1 h at room
temperature. After three washes in PBS, the tissues
were mounted in mounting medium (H-1000; Vector
Laboratories, Inc., Burlingame, CA, USA) and visual-
ized under an FV1000 Olympus laser-scanning confo-
cal microscope. Controls were prepared by replacing
primary antibodies with PBS. 3D rendering of confo-
cal data was performed using the image processing
functions in Fiji (http://fiji.sc/wiki/index.php/Fiji)
and UCSF Chimera (Resource for Biocomputing, Visu-
alization, and Informatics; http://www.cgl.ucsf.edu/
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chimera/) for visualization, analysis, and presenta-
tion. Individual channels were split and converted
into separate image stacks, which were then
filtered to reduce the signal/noise ratio. Volume
data were displayed at respective thresholds as solid or
partially transparent isosurfaces in UCSF Chimera using
the volume viewer.

Triple labeling

To visualize the morphology of the intrastrial fluid–
blood barrier, we triple-labeled lateral-wall tissues,
adding antibody for desmin to identify pericytes
(Abcam) and antibody for F4/80 to identify perivas-
cular resident macrophage-like melanocytes (eBio-
science), to cochlear capillary endothelial cells
prelabeled with the fluorescent dye 1,1-dioctadecyl-
3,3,3,3-tetramethylindocar bocyanineperchlorate, Dil
(Dai and Shi 2011). The procedure for immunohisto-
chemical labeling of desmin and F/80 was the same as
described above.

Characterization of the endothelial cell monolayer

Confluent monolayers of endothelial cells are charac-
terized by low endothelial monolayer permeability to
FITC-dextran and by expression of tight junction
proteins such as ZO-1 and VE-cadherin (Zhang et al.
2012).

Production of conditioned media

DMEM (Life Technologies, USA) containing 10 %
FBS (Sigma, USA) and 1 % penicillin–streptomycin
solution (10,000 U of penicillin and 10 mg streptomy-
cin/ml) (Sigma, USA) was used as a starter general
culture medium (CM). To obtain pericyte or perivas-

cular resident macrophage-type melanocyte condi-
tioned media, 5×105 pericytes or 5×105 perivascular
resident macrophage-type melanocytes were cultured
in a 60 mm cell culture dish with CM at 37 °C in a 5 %
CO2 incubator. After 3 days of cultivation, the
supernatant of the culture was decanted. Debris was
removed by centrifugation at 550×g for 5 min. The
supernatants (conditioned media) were aliquoted and
stored at −20 °C until use.

Cell culture for the coculture model

Five different culture models (one control model and
four experimental models) were developed in this
study. For the control group, purified endothelial cells
at passage 3 at a density of 4×104/cm2 were seeded
and grown on the polyethylene terephthalate mem-
branes of Transwell inserts (BD Biosciences, catalog
number 353096) overnight. In all cases, endothe-
lial cells monolayers were not formed by overnight
growth. All experimental groups were seeded with
endothelial cells at the same passage number and
density (4×104/cm2) and grown on the inserts for
5 days. Treatment in experimental model 1 was
with 4 ml CM, experimental model II with 2 ml
CM and 2 ml PC conditioned medium, experi-
mental model III with 2 ml CM and 2 ml
perivascular resident macrophage-type melanocyte
conditioned medium, and experimental model IV
with 2 ml pericyte conditioned medium and 2 ml
perivascular resident macrophage-type melanocyte
conditioned medium.

Assessment of endothelial monolayer permeability

Transendothelial permeability of the endothelial cell
monolayer to FITC-dextran (MW, 70 kDa) was

TABLE 1
Primary antibodies employed

Primary
antibodies

Vectors
Iidentification

Catalog
number Dilution source Specificity

VE-cadherin Abcam Ab33168 1:50 (dilution with
1 % BSA-PBS)

Rabbit polyclonal
antibody to VE Cadherin

Reacts with Ms, Ch, Hu

ZO-1 Invitrogen 61-7300 1:50 (dilution with
1 % BSA–PBS)

Rabbit polyclonal
antibody to ZO-1

Reacts with Ms, Hu,
Rat, Gp

F4/80 eBioscience 14-4801-85 1:50 (dilution with
1 % BSA-PBS)

Rat monoclonal
antibody to F4/80

Reacts with Ms

GSTα4 Santa Cruz Sc-241483 1;100 (dilution with
1 % BSA-PBS)

Goat polyclonal antibody
to GSTα4

Reacts with Ms, Hu

von Willebrand
Factor

Abcam Ab11713 1:100 (dilution with
1 % BSA-PBS)

Sheep polyclonal to
von Willebrand factor

Reacts with Ms,
Hu, Pig

Desmin Abcam Ab32362 1:100 (dilution with
1 % BSA-PBS)

Rabbit monoclonal
to desmin

Reacts with Ms,
Rat, Gp, Hu

NG2 Abcam Ab83508 1:100 (dilution with
1 % BSA-PBS)

Mouse monoclonal
to NG2

Reacts with Ms, Hu
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measured according to the manufacturer's instruc-
tions (catalog number ECM644, vascular permeability
assay kit; Millipore, Billerica, MA, USA) and described
in our previous study (Zhang et al. 2012). Briefly, the
small fluorescent molecule (diluted at 1:40 with
medium) permeates through the monolayer into the
basolateral chamber. The amount of dextran accu-
mulating in the basolateral chamber is an indicator of
the permeability of the endothelial cell layer. Perme-
ability of the endothelial cell monolayer was assessed
as FITC-dextran fluorescence with a multiwell micro-
plate reader (TECAN GENios ELISA reader, Tecan
Group Ltd.) at excitation/emission wavelengths of
485/535 nm.

Statistics

All statistical analyses were performed using
GraphPad Prism 5.0. Data, presented as means±
SD, were evaluated using one-way ANOVA followed
by a Tukey’s multiple comparison test (α level0
0.05 in all cases) for comparisons of three or more
groups.

RESULTS

Morphology of the intrastrial fluid–blood barrier

The three major cell types of the intrastrial fluid–
blood barrier are endothelial cells, pericytes, and
perivascular resident macrophage-type melanocytes.
A maximum projection reconstructed from a z-
stack of confocal microscope images (Fig. 2A)
shows the overall morphology of the three cellular
components in the barrier. Endothelial cells were
labeled with fluorescent Dil. Perivascular resident
macrophage-type melanocytes were immunolabeled
for F4/80, and pericytes for desmin. The images
clearly show the intrastrial fluid–blood barrier
covered by a large population of accessory cells,
which include pericytes and perivascular resident
macrophage-type melanocytes. Figure 2B is an
isosurface rendering of the confocal z-stacks, and
Fig. 2C, a close-up image, further details the
structure of the intrastrial fluid–blood barrier.

Production and validation of the barrier
component cell lines

Endothelial cell, pericyte, and perivascular resident
macrophage-type melanocyte primary cell lines
(Figs. 3A–C) generated by the previously described
method (Zhang et al. 2012) were validated for
phenotype by immunohistochemical analysis
(Figs. 3D–F).

Verification of a functional endothelial monolayer

The endothelial monolayer was verified as express-
ing several cell–cell tight junction proteins, includ-
ing ZO-1 (Fig. 4A) and VE-cadherin (Fig. 4B).
Permeability was assessed by measuring the flux of
70 kDa fluorescent dextran across the endothelial

FIG. 2. Cellular conformation of the intrastrial fluid–blood
barrier. A The reconstructed confocal microscope image of the
intrastrial fluid–blood barrier highlights the morphological com-
plexity that underlies interactions between endothelial cells,
pericytes, and perivascular resident macrophage-type melano-
cytes. The perivascular resident macrophage-type melanocytes
were immunolabeled for F4/80, pericytes for desmin, and
endothelial cells with fluorescent Dil. B, C Isosurface renderings
which give perspective on the interface between ramified
processes of perivascular resident macrophage-type melanocytes,
endothelial tube, and pericytes.
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FIG. 4. Verification of a functional endothelial cell monolayer. A
The endothelial cells are double labeled for the tight junction protein
ZO-1 (green) and nuclei (blue). B The endothelial cells are double

labeled for the tight junction protein VE-cadherin (green) and nuclei
(blue). C FITC–dextran fluorescence intensity is shown at different
time points. The endothelial cell monolayer is established by day5.

FIG. 3. Production and validation of the endothelial cell, pericyte,
and perivascular resident macrophage-type melanocyte primary cell
lines. A–C Images of cultured endothelial cell, pericyte, and
perivascular resident macrophage-type melanocytes at the third
passage. D Endothelial cells double-labeled for vWF (green) and

nuclei (blue). E pericytes are triple-labeled for Desmin (red), NG2
(green), and nuclei (blue). F Perivascular resident macrophage-type
melanocytes triple-labeled for F4/80 (green), GSTα4 (red), and nuclei
(blue).
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cell monolayer (illustrated in Fig. 4C). The degree
of endothelial cell monolayer leakage was deter-
mined from the intensity of FITC-dextran fluores-
cence in the basolateral chamber.

Pericyte and perivascular resident
macrophage-type melanocyte secretions affect
the integrity of intrastrial fluid–blood barrier

Treatment with pericyte, or perivascular resident
macrophage-type melanocyte, conditioned media
increases the permeability of endothelial cell mono-
layers. Permeability was assessed by comparing the
transport of 70 kDa fluorescent dextran across the
endothelial cell monolayer relative to a control model
(null-endothelial cell monolayer) in each of the four
confluent endothelial cell monolayer models illustrat-
ed in Fig. 5A. The degree of endothelial cell
monolayer leakage was determined by measuring the
intensity of FITC-dextran fluorescence in the baso-
lateral chamber (Fig. 5B). Our results show perme-
ability of the endothelial cell monolayer to markedly
decrease in pericyte, perivascular resident macro-
phage-type melanocyte, or pericyte+perivascular resi-
dent macrophage-type melanocyte, conditioned-
medium-treated endothelial cell monolayers compared
to a control endothelial cell monolayer not treated with
conditioned media [Fig. 5B, F(3, 20)020.58, pG0.001;
p(PC vs EC)G0.05, p(PVM vs EC)G0.05, p(PC+PVM vs EC)G0.05].
The result indicates that signaling between endothelial
cells, pericytes, and perivascular resident macrophage-

type melanocytes strengthens the integrity of the
endothelial barrier.

Pericyte and perivascular resident macrophage
signaling affects expression of TJ proteins
in the intrastrial fluid–blood barrier

We next examined expression of tight junctions, the
mechanism by which pericytes and perivascular resident
macrophage-type melanocytes control the permeability
of the intrastrial fluid–blood barrier. The tightness of
the blood barrier is attributable to TJs expressed by
endothelial cells (Rubin and Staddon 1999). The major
tight junction-associated proteins in the intrastrial fluid–
blood barrier are occludin, claudins, ZO, and adherens
junction proteins (Kitajiri et al. 2004a,b; Gow et al. 2004;
Yang et al. 2011). In this study, we assessed whether
expression of TJ protein paralleled the effect of pericyte
and perivascular resident macrophage-type melanocyte
derived conditioned media on barrier permeability.
With quantitative real-time PCR and western analysis
we found that messenger RNA (mRNA) levels for ZO-1
and ve-cadherin in the presence and absence of perivas-
cular resident macrophage-type melanocytes are signif-
icantly different. ZO-1 [Fig. 6A, F(3, 20)019.32, pG0.001;
p(PC vs EC)G0.05, p(PVM/M vs EC)G0.05, p(PC+PVM/M vs EC)G
0.05] and ve-cadherin [ Fig. 6A, F(3, 20)033.04, pG0.001;
p(PC vs EC)G0.05, p(PVM/M vs EC)G0.001, p(PC+PVM/M vs EC)G
0.001] were dramatically increased in the conditioned-
media-treated endothelial cell monolayers. Concurrent
with increased mRNA expression, protein levels for ZO-

FIG. 5. Endothelial cell monolayers in vitro are more permeable in
the absence of pericytes and perivascular resident macrophage-type
melanocytes. A Treatment of an endothelial cell monolayer with
different conditioned growth media. B The graph shows quantitative
analysis of endothelial monolayer permeability under pericyte,
perivascular resident macrophage-type melanocyte, and pericyte+

perivascular resident macrophage-type melanocyte, conditioned
media treated conditions. Endothelial cell monolayer permeability
is increased in monolayers not treated with the pericyte or
perivascular resident macrophage-type melanocyte conditioned
media.
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1 and VE-cadherin, analyzed by Western blot, also
showed a marked increase (Fig. 6B). Protein expression
for ZO-1 [Fig. 6C, F(3, 32)016.57, pG0.001; p(PC vs EC)G
0.05, p(PVM/M vs EC)G0.05, p(PC+PVM/M vs EC)G0.05] and
VE-cadherin [F(3, 32)012.51, ***pG0.001; *p(PC vs EC)G
0.05, p(PVM/M vs EC)G0.05, p(PC+PVM/M vs EC)G0.05].
Furthermore, immunohistochemical examination by
confocal microscopy clearly showed a more dense
distribution of tight and adherens junction proteins
with conditioned media treatment of the endothelial
cells (Figs. 6D, E). We also noticed that endothelial cells
are larger when the endothelial cells are treated with
pericyte- and perivascular resident macrophage-type
melanocyte conditioned media. The data indicate that
secreted signals from either pericytes or perivascular
resident macrophage-type melanocytes have an effect
on the expression of TJs, directly linking pericytes and
perivascular resident macrophage-type melanocytes
with a mechanism, which accounts for the changes in
endothelial barrier permeability.

DISCUSSION

Over the past few decades, in vitro cell-based
models, widely used in BBB and BRB studies, have
been powerful tools for investigating cell–cell
interactions (Lamm et al. 1994; Rauch and Reale
1968; Shi 2010). Several different methods for
isolating and culturing cells from the adrenal
gland, umbilical vein, lung, skeletal muscle, and
brain have been reported (Juhn et al. 1982;
Sakagami et al. 1982, 1986, 1987; Juhn et al.
2001; Tagaya et al. 2011; Laurell et al. 2008).
However, these methods have not been suitable
for isolating intrastrial fluid–blood barrier cells.
The methods used for capillary extraction and
isolation on large tissue volumes have not been
suitable for production of barrier component cells
from the small volume, anatomically complex
tissues of the inner ear. Our limited knowledge of
the physiology of the cochlear blood barrier is

FIG. 6. Pericytes and PVMs control barrier integrity by affecting
expression of TJ proteins. A Quantitative real-time PCR shows mRNA
for zo-1 and ve-cadherin in the endothelial cell monolayer under
different conditions. B Western protein analysis for ZO-1 and VE-
cadherin shows parallel trends. C The bar graph compares protein

expression for ZO-1 and VE-cadherin in the presence and absence of
pericyte or perivascular resident macrophage-type melanocytes. D, E
Difference in protein expression is also reflected in immunofluores-
cent labeled ZO-1 and VE-cadherin.
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partly the result of not having primary endothelial
cells, pericytes, and perivascular resident macro-
phage-type melanocytes from the inner ear on
which to experiment.

The signaling interactions between endothelial
cells, pericytes, and perivascular resident macro-
phage-type melanocytes were investigated with in
vitro models utilizing primary cell types. In partic-
ular, coculture of the cell types in various con-
formations of in vitro models provides the means
to parse the signaling and identify the unique
pericyte and perivascular resident macrophage-type
melanocyte contribution to endothelial cell mono-
layer permeability.

In this study, using primary cell lines and
coculture models, we found that strial pericytes
secrete substances into the culture medium, which
affect barrier properties, and subsequent treat-
ment with pericyte secretion augmented medium
“tightens” endothelial cell monolayer integrity
(Fig. 5C). Consistent with our previous report
(Zhang et al. 2012), signals from perivascular
resident macrophage-type melanocyte secretion
augmented culture media also affect endothelial
barrier permeability in vitro.

TJs between adjacent endothelial cells physiolog-
ically explain the limited paracellular permeability
of the intrastrial fluid–blood barrier. The perme-
ability properties of the barrier reflect, to a major
degree, the tightness of the intercellular junction.
The major TJ proteins in the intrastrial fluid–blood
barrier are occludin, claudins, zona occludens
(ZOs), and adherens junction proteins (Kitajiri et
al. 2004a; Yang et al. 2011). The TJ proteins are
connected to the actin cytoskeleton by accessory/
anchoring proteins. In this study, we examined the
TJ protein ZO-1, an important adaptor protein
linking transmembrane junctional complexes to
the underlying actin cytoskeleton, and VE-cad-
herin, an important adhesive protein known to
tighten the intrastrial fluid–blood barrier.

Pericyte and perivascular resident macrophage-
type melanocyte conditioned culture media in-
creased expression of TJ proteins such as ZO-1
and VE-cadherin in the endothelial cell monolayer
at both the mRNA transcript and protein levels
(Fig. 6). The data indicate secreted signals from
pericytes and perivascular resident macrophage-
type melanocytes cause increased expression of
TJs, which accounts for the change in endothelial
barrier permeability.

Our previous study showed the effect of peri-
vascular resident macrophage-type melanocytes on
intrastrial fluid–blood barrier integrity mediated by
PEDF (Zhang et al. 2012). PEDF was shown to
modulate expression of TJ-associated proteins. We

presume that the effective agent responsible for
the upregulation of TJs by perivascular resident
macrophage-type melanocyte conditioned medium
is largely the secreted PEDF. However, other
unknown signal molecules may also be contribut-
ing to TJ expression between endothelial cells.

The agent secreted by pericytes into the condi-
tioned medium and responsible for the effect on TJ
expression in endothelial cells is unknown. Also to be
determined are interaction effects between the secre-
tions of pericytes and perivascular resident macro-
phage-type melanocytes. Endothelial cell monolayers
treated with a mixture of pericyte+perivascular resi-
dent macrophage-type melanocyte conditioned cul-
ture medium showed statistical differences in
permeability relative to nontreated endothelial cell
monolayers; however, no significant difference in
endothelial cell monolayer permeability was found
between pericyte+perivascular resident macrophage-
type melanocyte conditioned culture medium treat-
ment and separate treatment with either pericyte or
perivascular resident macrophage-type melanocyte
conditioned culture medium.

The intrastrial fluid–blood barrier in the cochlea is
a dynamic interface that regulates the influx and
efflux of substances, playing an important role in
stabilizing the cochlear intrastrial space and sustain-
ing the endocochlear potential. Many intrastrial fluid–
blood barrier dysfunction-related hemostatic imbal-
ances have unknown causes. Is altered signaling
between barrier component cells the root cause for
some of cochlear hemostatic imbalance? How do
pathological conditions such as ischemia, hypoxia,
and inflammation in the cochlea affect cell–cell
interactions? Knowledge of these interactions will
facilitate development of new protective and restor-
ative therapies for intrastrial fluid–blood barrier
dysfunction-related hearing disorders that involve
aberrant cell–cell signaling.

Taken together, our newly established in vitro
coculture model provides the first evidence that
cochlear pericytes and perivascular resident macro-
phage-type melanocytes have an important role in
maintaining barrier integrity. Our findings show
pericytes in the cochlea to contribute to barrier
function in the stria vascularis similar to the way
pericytes contribute to barrier function in the
brain (Armulik et al. 2010) and retina (Kim et al.
2009). As in the brain and retina, absence of
pericyte secretory signals increases endothelial cell
permeability. A similar proximal mechanism is also
found in the ear. Pericyte signaling to endothelial
cells upregulates ZO-1 and VE-cadherin. The study
confirms the essential cosignaling role of perivas-
cular resident macrophage-type melanocytes to
barrier integrity.
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FOOTNOTE 1

The term “blood–labyrinth barrier (BLB)” initially referred to a
barrier between the blood and perilymph (Juhn et al. 1981;
Juhn 1988). In recent years “BLB” has been less strictly applied
to specialized capillary networks in the spiral ligament and stria
vascularis (Suzuki et al. 1998, 2002; Schmutzhard et al. 2012).
Occasionally, it has even been used to describe the fluid system
in the vestibular system (Suzuki and Kaga 1999). In our early
work, we used the term “BLB of the stria vascularis” to define
our region of interest (Dai et al. 2010; Yang et al. 2011).
However, the barrier that we study is situated between the
blood flow and the intrastrial region of the stria vascularis. This
region is critical for maintaining inner ear homeostasis,
especially for maintaining the endolymphatic potential (EP),
an essential driving force for hearing function. In order to
convey this specificity, we use “intrastrial fluid–blood barrier” in
the manuscript, following the wording of Cohen-Salmon et al.
(2007) and a recent report from this lab by Zhang et al. (2012).

FOOTNOTE 2

In the standard view, the stria vascularis comprises three cell
layers (from the inside: marginal, intermediate, and basal cell
layers) and a rich capillary network. Are PVM/Ms a subclass of
cells long called intermediate cells? In an earlier study, we
found that a large population of perivascular cells in the
intrastrial fluid–blood barrier of normal adult cochlea. We
named the cells perivascular resident macrophages (PVMs), as
they are positive for several macrophage surface molecules
including F4/80, CD68, and CD11b. In addition, the cells are
closely associated with microvessels and structurally inter-
twined with endothelial cells and pericytes. They constitutively
express scavenger receptor classes A(1) and B(1), and
accumulate blood-borne proteins such as horseradish perox-
idase and acetylated low-density lipoprotein (Shi 2010). On
further study, we found the PVMs positive for melanocyte
marker proteins such as glutathione S-transferase alpha 4
(Gstα4), contain significant amounts of melanin, as well as
express Kir 4.1, the fiduciary marker of intermediate cells
(Zhang et al. 2012). Thus, we amended the name to reflect
this, and PVM cells became perivascular resident macrophage-
type melanocytes (PVM/M). According to Cable and Steel
(1991), two subclasses of intermediate cells reside in the stria
vascularis. Some of intermediate cells interact with strial
capillaries through gap junctions (Takeuchi et al. 2001;
Takeuchi and Ando 1998). We suspect that the dark melano-
cyte subclass of these intermediate cells is the equivalent of our
PVM/Ms. As a matter of fact, Conlee et al. (1989) gives
evidence for a distinction between melanocytes and interme-
diate cells in cats. Likewise, our studies show that PVM/Ms are
a hybrid cell type, including characteristics of both macro-
phage and melanocyte.
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