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We examined whether absence or blocking of tran-
sient receptor potential vanilloid subtype 1 (TRPV1)
affects the level of inflammation and fibrosis/scarring
during healing of injured tissue using an alkali burn
model of cornea in mice. A cornea burn was produced
with 1 N NaOH instilled into one eye of TRPV1�/�
(KO) (n � 88) or TRPV1�/� (n � 94) mice. Examina-
tions of the corneal surface and eye globe size sug-
gested that the loss of TRPV1 suppressed inflamma-
tion and fibrosis/scarring after alkali burn, and this
was confirmed by histology, IHC, and gene expres-
sion analysis. The loss of TRPV1 inhibited inflam-
matory cell invasion and myofibroblast generation
in association with reduction of expression of pro-
inflammatory and profibrogenic components. Ex-
periments of bone marrow transplantation between
either genotype of mice showed that KO corneal
tissue resident cells, but not KO bone marrow–de-
rived cells, are responsible for KO-type wound heal-
ing with reduced inflammation and fibrosis. The
absence of TRPV1 attenuated expression of trans-
forming growth factor � 1 (TGF�1) and other pro-
inflammatory gene expression in cultured ocular
fibroblasts, but did not affect TGF�1 expression in
macrophages. Loss of TRPV1 inhibited myofibro-
blast transdifferentiation in cultured fibroblasts. Sys-
temic TRPV1 antagonists reproduced the KO type of
healing. In conclusion, absence or blocking of TRPV1

suppressed inflammation and fibrosis/scarring during
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healing of alkali-burned mouse cornea. TRPV1 is a po-
tential drug target for improving the outcome of inflam-
matory/fibrogenic wound healing. (Am J Pathol 2011,

178:2654–2664; DOI: 10.1016/j.ajpath.2011.02.043)

The cornea is an avascular transparent tissue located at
the outermost part of the eye. It must remain transparent
to properly refract light for normal vision. Ocular trauma
resulting from a corneal alkali burn is a serious clinical
problem and may cause severe and permanent visual
impairment by inducing tissue inflammation, fibrosis, and
scarring, leading to subsequent corneal opacification.1

The acute corneal injury sequence after alkali burn in-
cludes inflammation and degradation of the matrix of the
epithelial basement membrane and stroma.2–4 Influx of
inflammatory cells [ie, macrophages and/or polymorpho-
nuclear leukocytes (PMNs)], activation of corneal fibro-
blasts (keratocytes), formation of myofibroblasts, and
subsequent tissue scarring are all involved in the wound
healing response in an alkali-burned cornea.2,3 Kerato-
cyte activation results in myofibroblast transdifferentiation
and tissue contraction with increased extracellular matrix
expression.5 Despite aggressive treatment of severe in-
jury with anti-inflammatory drugs and surgery, vision res-
toration often fails.1,6,7 This limitation is the basis for ef-
forts to develop new and more effective prevention/
treatment strategies.

Transient receptor potential (TRP) channels are poly-
modal receptors that are activated by a host of stimuli to
mediate sensory transduction. The TRP superfamily is
composed of 28 different genes that are subdivided into
seven different subfamilies (TRPA, TRPC, TRPM, TRPML,
TRPN, TRPP, and TRPV).8 Each of them possesses
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variable cation permeability. They are activated by
multiple endogenous and external stimuli.9,10 They
could be activated by the following: i) direct ligand
binding, ii) depletion of intracellular Ca2� store and
Ca2�/calmodulin-dependent activation, and iii) indirect
activation by osmotic stress, temperature variation,
pheromones, taste, and mechanical as well as other
stimuli.

The capsaicin receptor, TRPV1, is a nocioceptor and
one of the isoforms belonging to the seven-member TRPV
subfamily. It elicits responses to a variety of diverse nox-
ious stimuli that include various ligand-like agents and a
plethora of seemingly unrelated stimuli such as chemical
irritants, inflammatory mediators, tissue-damaging stim-
uli, a decline in pH (�6.0), moderate heat (�43°C), and
hypertonic challenges. All of them lead to nocioceptions
and evoke pain in human beings and pain-related behav-
iors in animals.11–14 TRPV1 is a cationic nonselective
channel whose activation leads to increases in Ca2�

influx through a highly permeable cation channel, and
has an outward-rectifying current–voltage relationship.15

TRPV1 activation causes release of tachykinin neuropep-
tides [eg, substance P (SP), neurokinin A, and calcitonin
gene-related peptide] from sensory nerves, eliciting neu-
rogenic inflammation in the surrounding area. Studies
using mice lacking TRPV1 have shown that TRPV1 is
essential for the development of heat hyperalgesia in
response to tissue inflammation.16,17

The present study was undertaken to elucidate the role
of corneal alkali burn–induced TRPV1 activation in elicit-
ing inflammation and scarring during wound healing. The
results show that loss of TRPV1 expression or blockage of
its activation suppressed severe and persistent corneal
inflammation and fibrosis/scarring, resulting in marked
improvement in the restoration of tissue transparency.

Materials and Methods

Experimental protocols and the use of experimental mice
were approved by the DNA Recombination Experiment
Committee and the Animal Care and Use Committee of
Wakayama Medical University and conducted in accor-
dance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research.

IHC for TRPV1 in Wild-Type Mouse Eyes

Intact or alkali-burned mouse corneas were fixed in 4%
paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4)
for 24 hours, embedded in paraffin, and then processed
for histology. Paraffin sections (5-�m thick) were depar-
affinized, rehydrated, and subjected to immunohisto-
chemistry (IHC) for TRPV1. The rabbit polyclonal anti-
TRPV1 antibody (1:500; Neuromics, Edina, MN) was

diluted in PBS.
Alkali Burn in Mouse Eyes

A total of 3 �L of 1 N NaOH solution was applied to the
right eye of 6- to 8-week-old TRPV1-null (KO) (n � 88)
mice or wild-type (WT) (n � 94) mice under general
anesthesia to produce an ocular surface alkali burn.18,19

Ofloxacin ointment was administered topically twice a
week to reduce the risk of bacterial infection. The eyes
with obvious bacterial infection were excluded from the
study. Eye globe diameters were measured from photo-
graphs obtained under a microscope. The corneal tissue
then was processed for histology, IHC, Western blotting,
or quantitative RT-PCR (qRT-PCR) on days 1, 2, 5, 10,
and 20 after alkali burn.

Bone Marrow Transplantation and Ocular Alkali
Burn

Reciprocal bone marrow transplantation (BMT) was per-
formed. Briefly, BM cells were obtained by flushing the
tibia and femur of experimental TRPV1 KO and WT mice
with PBS. A total of 2 � 106 WT BM cells were trans-
planted via tail vein infusion into recipient mice that had
received whole-body irradiation of 12 Gy before BMT
(from WT mice to KO mice or vice versa). The mice were
subjected to alkali burn on the right eyes 3 weeks after
BMT, as described earlier. Ten days later, the experimen-
tal mice were sacrificed and excised corneas were sub-
jected to histology and IHC examination. Repopulation of
transplanted BM was confirmed by RT-PCR detection of
TRPV1 mRNA in the spleens of transplanted mice (not
shown).

To assess the percentage of macrophages derived from
the transplanted BM in total macrophages in an alkali-
burned, healing, corneal stroma with inflammation, we used
a transgenic mouse with green fluorescent protein (GFP)
expression (Riken, Tokyo, Japan). TRPV1�/�/GFP�/� and
TRPV1�/�/GFP�/� mice were used as BM donors, and the
recipient was a WT or a KO mouse. Three weeks after the
BMT procedure, the cornea was affected by an alkali ex-
posure as described earlier. Cryosections were cut and
processed for F4/80 IHC (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA) 10 days after the alkali treatment. After
binding of tetramethyl rhodamine isothiocyanate (TRITC)-
labeled secondary antibodies (1:200; Dako Cytomation,
Carpinteria, CA), the specimens were observed under a
microscope followed by mounting with VectaShield (Vector
Laboratories, Burlingame, CA) for nuclear DAPI staining.

Treatment of Corneal Alkali Burn in WT Mice
with TRPV1 Antagonists

We determined if the KO phenotype is reproduced by
intraperitoneal injection into WT mice (n � 36) after a
corneal alkali burn of one of two different TRPV1 antag-
onists. These antagonists [SB366791 (0.5 mg/kg)20 and
JYL1421 (2.0 mg/kg)21] or their vehicle were adminis-
tered daily until euthanasia. Ofloxacin ointment was ad-
ministered topically twice a week to reduce the risk of

bacterial infection. Infected eyes were excluded from the
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study. Eyes then were processed for histology or IHC at
days 5, 10, and 20 after alkali burn.

Histology and IHC

Paraffin sections (5 �m) were processed for H&E stain-
ing and IHC as previously reported.19 The following
antibodies were diluted in PBS: rabbit polyclonal anti-
TRPV1 antibody (1:500; Neuromics), and mouse mono-
clonal anti–� smooth muscle actin (�-SMA) antibody
(1:200; Neomarker, Fremont, CA). The presence of
monocytes/macrophages was examined by using rat
monoclonal F4/80 antimacrophage antigen antibody.
Neutrophil presence was examined by using rabbit
polyclonal myeloperoxidase (MPO) antibody (1:200;
Neomarker). IHC for transforming growth factor � 1
(TGF�1) was performed as previously reported.18,22

The antibody used here detects only the active form of
TGF�1, but does not react with the latent form. Nega-
tive control staining was performed by omission of
each primary antibody and did not yield specific stain-
ing (not shown).

Western Blotting

To semiquantify the expression level of F4/80, �-SMA,
and fibronectin we also conducted Western blotting as
previously reported.23,24 In brief, the corneas were har-
vested in Sigma Mammalian Tissue Lysis buffer (Sigma-
Aldrich, St. Louis, MO) (50 �L/4 corneas) or the cells
were harvested in Sigma-Aldrich Mammalian Cell Lysis
buffer (100 �L/dish) and processed for SDS-PAGE and
Western blotting for F4/80 (clone A3-1, 1:1000; BMA Bio-
medicals, August, Switzerland), �-SMA (1:2000; Neo-
marker), and fibronectin (1:500; Santa Cruz Biotechnol-
ogy) as previously reported.23,24 The membrane then
was stripped and restained for �-actin.

qRT-PCR

Total RNA was extracted from corneal tissue excised
from 4 burned mouse eyes using a Sigma RNA extraction
kit (St. Louis, MO) according to the manufacturer’s pro-

Table 1. Primers and Oligonucleotide Probes Used

Primer Oligonucleotide Probe

�-SMA Mm01204962_gh
F4/80 Mm00802524_ml
MPO Mm01298422_gl
Collagen 1a1 Mm00801666_gl
MCP-1 Mm9999056_ml
VEGF Mm01281447_ml
SP Mm01166996_ml
IL-6 Mm01210732_gl
GAPDH Mm03302249_gl

�-SMA, �-smooth muscle actin; MPO, myeloperoxidase; MCP-1,
monocyte chemoattractant protein-1; VEGF, vascular endothelial growth
factor; SP, substance P; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase.
tocol and processed for qRT-PCR. The corneas were
processed for total RNA extraction and qRT-PCR for col-
lagen Ia1, �-SMA, F4/80, MPO, TGF�1, vascular endo-
thelial growth factor, monocyte/macrophage-chemoat-
tractant protein-1 (MCP-1), IL-6, and SP.23 qRT-PCR
using the TaqMan one-step RT-PCR master mix reagents
kit and the Applied Biosystems Prism 7300 (Applied Bio-
systems, Foster City, CA) were used. Primers and oligo-
nucleotide probes used are listed in Table 1 and were
designed according to the cDNA sequences in the Gen-
Bank database, using Primers Express software (Applied
Biosystems, Foster City, CA). Data at each time point
were analyzed for significance by using the Mann–Whit-
ney U test.

mRNA Expression of TGF�1 by Macrophages

Mouse macrophages were obtained from the peritoneal
cavity using a glycogen stimulation method.19 In brief, 1
mL of 5% sterilized oyster glycogen (Sigma-Aldrich) was
injected into the peritoneal cavity of either a WT or KO
mouse. After 4 days, the peritoneal cavity was irrigated
with culture medium to harvest macrophages. Approxi-
mately 90% of the cells obtained by this method were
positive for F4/80. The cells in medium were allowed to
adhere to 60-mm culture dishes for 6 hours, and the
nonadherent cells were washed out with PBS. The RNA
extracted from the adherent cells (macrophages) was
analyzed by qRT-PCR for TGF�1 mRNA. Five dishes
were prepared for each condition. Data were analyzed
statistically by using the nonpaired Student’s t-test.

Cell Culture Experiments of Ocular Fibroblasts

The eye shells (including cornea and sclera) of WT and KO
mice were minced and explanted in a 60-mm culture dish
(Falcon; Fisher Scientific, Waltham, MA) on postnatal day 1
for eliciting outgrowth of ocular fibroblasts. The primary cul-
tured cells were used directly without passage. Cells were

Figure 1. TRPV1-immunostaining in corneas of WT mice. The localization of
TRPV1 in the intact mouse cornea is restricted to the basal cell layers of the
epithelial cells (A, arrowheads). B: Higher magnification of the epithelium
(arrowheads). On the other hand, TRPV1 is detected in stromal cells

(asterisks) in a healing burned cornea besides basal epithelial cells (C).
D: Higher magnification of the epithelium. Scale bar � 10 �m.
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grown to confluence and then treated with recombinant
human TGF�1 (1.0 ng/mL; R&D Systems, Minneapolis, MN)
or vehicle control in the medium. Total RNA prepared from
the cells was subjected to qRT-PCR to determine the ex-
pression levels of collagen Ia1, SP, IL-6, TGF�1, vascular
endothelial growth factor, MCP-1, and �-SMA expression.
Five dishes were prepared for each condition. Data were
analyzed statistically by analysis of variance. Another set of
cultures was incubated for 24 or 48 hours with or without
exogenous TGF�1 at 1.0 ng/mL and was processed for
Western blotting for fibronectin protein as previously re-
ported.23,24

Co-Culture of Ocular Fibroblasts and
Macrophages

We used a co-culture model to determine whether fibrosis
after an alkali burn corneal injury is caused by TRPV1 acti-
vation on corneal fibroblasts rather than infiltrating macro-
phages. Co-culture experiments were performed using
these two cell types obtained from WT and KO mice as
previously reported.19 A suspension of WT or KO macro-
phages (2.4 � 106 cells) in culture medium supplemented
with 3% fetal calf serum was added to confluent WT/KO

Figure 2. Healing of alkali-burned corneas in TPV1 KO mice. A: The co
incidence and degree of opacification in the burned cornea was more pro
the transparent cornea in a KO mouse, although not in a WT mouse. B:
after alkali burn shows that WT globes have a smaller diameter at 20 day
findings at days 5 and 20. H&E staining shows that the burned cornea sho
as compared with KO tissues at both days 5 and 20. The stroma was thick
examined. IHC suggests that the density of the MPO-labeled cells at day
a KO cornea. Burned corneas that are healing seem to contain many �-S
of corneal fibroblasts were not labeled with anti–�-SMA antibody in TRPV
�-SMA, and fibronectin were higher in WT tissue at 10 and 20 days afte

expression levels of MPO, F4/80, and �-SMA during wound healing after alkali b
�P � 0.05.
fibroblast cultures in 60-mm dishes and further incubated
for 24 hours, thereafter total RNA obtained from the cells
was subjected to qRT-PCR for expression of collagen Ia1
mRNA. Four dishes were prepared as described.

Results

IHC for TRPV1 in WT Mouse Eyes

TRPV1 expression in the intact mouse cornea is restricted
to the basal epithelial cell layer. On the other hand,
TRPV1 also was detected in stromal cells of alkali-burned
corneas healed for 10 days (Figure 1), suggesting that
alkali burn activates stromal cell TRPV1 expression.

Alkali Burn in Mouse Eyes

To examine the role of TRPV1 in modulating wound healing
of alkali-burned corneas, we first compared corneal haze
development in the injured corneas of TRPV1 KO and WT
mice. At each time point, the incidence and degree of
epithelial defect/ulceration and opacification in the burned
cornea were more severe in WT mice than those in TRPV1
KO mice (Figure 2A). The healing stroma was thicker in WT

f WT and KO mice at 1, 2, 5, 10, or 20 days. On each of these days, the
in WT mice than TRPV1 KO mice. At day 20, the iris is observed through
on of the alteration of the diameter of the eyeball during wound healing
e KO globes. C: Histology of burned corneas stained with H&E and IHC
her cell population and more severely disorganized tissue in WT corneas
T corneas as compared with KO corneas throughout the healing interval
4/80-labeled cells at day 20 is greater in a WT cornea as compared with
itive myofibroblasts in WT mice at days 5 and 20. However, the majority
ice. Scale bar � 100 �m. D: Western blotting shows expression of F4/80,
burn. E: qRT-PCR also shows that the loss of TRPV1 suppresses mRNA
rneas o
minent

Evaluati
s than th
ws a hig
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5 and F
MA–pos
1 KO m
r alkali
urn. Data represent mean � SEM from five specimens in each condition.
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corneas as compared with KO corneas throughout the in-
terval examined, suggesting the presence of more severe
tissue swelling or edema in the presence of TRPV1. The eye
globe diameters of alkali-burned eyes were determined af-
ter various periods of healing. WT globes have a smaller
diameter at 20 days than those of KO mice (Figure 2B). This
finding suggested that myofibroblast transdifferentiation is
greater in the WT cornea as compared with KO corneas. To
further characterize the tissue reaction to an alkali burn, we
next conducted IHC and qRT-PCR to assess the variations
in inflammation between WT and TRPV1 KO mice.

Histology and IHC

The persistent and severe inflammation induced by alkali
burn very markedly worsened the wound healing out-
come in WT mice. For example, in WT mice there was a
higher level of MPO (PMN marker) and F4/80 (macro-
phage marker) staining than that in KO mice (Figure 2C).
Immunostaining with anti–�-SMA, a marker of myofibro-
blasts,24 revealed that there was an immense increase in
stromal myofibroblasts of alkali-burned corneas of WT
mice at 5 to 20 days, in contrast, the majority of stromal
cells of alkali-burned corneas of TRPV1 KO mice were
negative for �-SMA (Figure 2C), suggesting that a much
higher number of fibroblasts underwent transdifferentia-
tion into myofibroblasts in the WT mice. We performed
Western blotting for F4/80, �-SMA, and fibronectin. Ex-
pression of F4/80, �-SMA, and fibronectin was higher in
WT tissue at 10 and 20 days after alkali burn (Figure 2D).
Thus, we then performed qRT-PCR for mRNA expression
of MPO, F4/80, and �-SMA to verify the immunostaining
observations. The data confirmed that there were signif-
icantly fewer inflammatory cells in KO tissue than WT
tissue at most time points, except for the presence of

Figure 3. Expression pattern of wound healing–related genes in an alkali-
burned cornea. Expression of IL-6 (A) and MCP-1 (B) was transiently in-
creased at 10 days in the healing alkali-burned WT corneas and then de-
creases. Lacking TRPV1 abolished the IL-6 (A) and MCP-1 (B) mRNA
expression peaks. C: Expression of SP increased markedly at 20 days in the
healing alkali-burned WT corneas, and was suppressed by lacking TRPV1 in
the healing alkali-burned mouse corneas at this time point. D: Expression of
collagen Ia1 mRNA increased at 5 to 10 days in the healing alkali-burned WT

corneas, and was reduced by the loss of TRPV1. Data represent mean � SEM
from five specimens in each condition. �P � 0.05. Scale bar � mean � SEM.
PMN at day 5 after alkali burn (Figure 2E). Therefore, the
improved wound healing outcome in the KO mice is as-
sociated with less inflammation and myofibroblast trans-
differentiation.

Inflammatory and Fibrogenic Gene Expression

qRT-PCR showed that lacking TRPV1 significantly sup-
pressed the mRNA levels of IL-6, MCP-1, SP, and col-
lagen Ia1 in the healing alkali-burned corneas at cer-
tain time point(s) throughout the wound closure interval
(Figure 3). We immunostained the active form of TGF�1
in tissue. Expression of active TGF�1 was much more
marked in a WT stroma as compared with a KO stroma
at day 10 (Figure 4).

mRNA Expression of TGF�1 by Cultured
Macrophages

There was no difference in the expression level of
TGF�1 mRNA between cultured WT and KO macro-
phages (Figure 5).

Fibrogenic Gene Expression in Cultured Ocular
Fibroblasts

Adding exogenous TGF�1 up-regulated TRPV1 mRNA
expression in WT ocular fibroblasts (Figure 6A). Any in-
crease in mRNA expression levels induced by TGF�1
was validated by showing that in KO ocular fibroblasts
such effects were ablated (Figure 6, B–H). Loss of TRPV1
receptor reduced the mRNA expression level of TGF�1 in
ocular fibroblasts (Figure 6B). Expression of IL-6 mRNA

Figure 4. IHC of the active form of TGF�1 in alkali-burned cornea. Expres-
sion of active TGF�1 was much more marked in a WT stroma as compared
with a KO stroma at day 10. Scale bar � 100 �m.

Figure 5. mRNA expression of TGFb1 by cultured macrophages. There
was no difference in the expression level of TGF�1 mRNA between

cultured WT and KO macrophages. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; n.s., not significant.
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was markedly up-regulated by adding exogenous
TGF�1, but such up-regulation was abolished by the loss
of TRPV1 gene in the fibroblasts (Figure 6C). Expression
of MCP-1 and vascular endothelial growth factor also was
suppressed in ocular fibroblasts lacking TRPV1, but the
expression pattern was not affected by exogenous
TGF�1 (Figure 6, D and E). There was no difference in the
expression level of SP mRNA between cultured WT and
KO ocular fibroblasts, and the expression pattern also
was not affected by exogenous TGF�1 (Figure 6F). Ex-
pression of the major fibrogenic markers, mRNAs of col-
lagen I�1 and �-SMA, was up-regulated by adding ex-
ogenous TGF�1, but such up-regulation was abolished
by the loss of TRPV1 gene in the fibroblasts (Figure 6, G
and H).

Western blotting also showed that fibronectin also was
suppressed in ocular fibroblasts lacking TRPV1. Adding
exogenous TGF�1 up-regulated fibronectin in WT ocular
fibroblasts, but such up-regulation was abolished by the
loss of TRPV1 gene in the fibroblasts (Figure 6I).

Co-Culture of Fibroblasts and Macrophages

The in vitro data described earlier suggested that the
resident tissue cell (ie, the fibroblast), but not the inflam-
matory cells such as macrophages, is responsible for the

Figure 6. Fibrogenic gene expression in cultured ocular fibroblasts. A: Adding
Loss of TRPV1 reduced the mRNA expression level of TGF�1 in ocular fibrobla
TGF�1, but such up-regulation was abolished by the loss of TRPV1 gene in the
also was suppressed in ocular fibroblasts by lacking the TRPV1 gene, and the e
the expression level of SP mRNA between cultured WT and KO ocular fibroblas
mRNAs of collagen I�1, the major fibrogenic marker, was up-regulated by addi
in the fibroblasts. H: Expression of mRNAs of �-SMA, a myofibroblast marker,
completely abolished by the loss of TRPV1 gene in the fibroblasts. I: Fibronec
up-regulated fibronectin in WT ocular fibroblasts, but such up-regulation was ab
five specimens in each condition. �P � 0.05. Scale bar � mean � SEM. GAPD
better outcome of alkali-burned corneas seen in TRPV1
KO mice. To test this hypothesis, we measured the ex-
pression levels of fibrogenic genes (ie, collagen Ia1) by
fibroblasts in reciprocal co-cultures of ocular fibroblasts
and macrophages from WT and KO mice. Both WT and
KO macrophages promoted collagen Ia1 mRNA expres-
sion more prominently in WT fibroblasts, however, the KO
fibroblasts did not up-regulate collagen Ia1 expression
regardless of whether the macrophages were obtained
from WT or KO mice (Figure 7). These observations are
consistent with the notion that the presence of TRPV1
gene in fibroblasts is responsible for mediating inflamma-
tory responses during the healing of corneal alkali burn.

BMT and Ocular Alkali Burn

The results of in vitro experiments suggest that resident
corneal cells (ie, ocular fibroblasts, epithelial cells, and
endothelial cells), but not inflammatory cells (ie, macro-
phages and neutrophils), might be responsible for the
wound healing phenotype of the KO mice, which shows
less inflammation and tissue fibrosis/scarring. To further
test this hypothesis, we then used in vivo chimera mice
generated by reciprocal BMT of WT and KO mice to
determine the roles of infiltrating inflammatory cells in
eliciting the aforementioned KO healing phenotype in

ous TGF�1 up-regulated TRPV1 mRNA expression in WT ocular fibroblasts. B:
xpression of mRNAs of IL-6 was markedly up-regulated by adding exogenous
ts. Expression of MCP-1 (D) and vascular endothelial growth factor (VEGF) (E)

n pattern was not affected by exogenous TGF�1. F: There was no difference in
he expression pattern was not affected by exogenous TGF�1. G: Expression of
nous TGF�1, but such up-regulation was abolished by the loss of TRPV1 gene

rkedly up-regulated by adding exogenous TGF�1, but such up-regulation was
suppressed in ocular fibroblasts by lacking TRPV1. Adding exogenous TGF�1
by the loss of TRPV1 gene in the fibroblasts. Data represent mean � SEM from
raldehyde-3-phosphate dehydrogenase.
exogen
sts. C: E
fibroblas
xpressio
ts, and t

ng exoge
was ma
tin was
response to corneal alkali burn.
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We compared the corneal healing response of chi-
mera mice that had received reciprocal BM from WT
with KO mice and vice versa (KO-to-WT and WT-to-KO
group) 5, 10, and 20 days after an alkali burn. The
chimera mice of WT mice receiving WT BM (WT-to-WT)
and KO BM (KO-to-WT) showed no difference in the
alkali-burned cornea healing pattern (data not shown).
By using RT-PCR, we detected TRPV1 mRNA in the
spleen of mice of the WT-to-KO group, indicating that
WT BM had reconstituted successfully in KO mice
(data not shown). In contrast, 10 days after alkali burn,
the chimera mice of KO mice receiving WT BM (WT-to-
KO) still displayed much less opacification (scarring)
similar to what was seen in KO mice as compared with
that of chimera mice of WT mice receiving KO BM
(KO-to-WT) and of WT mice (compare Figure 8A with
Figure 2A). H&E histology in corneas of KO-to-WT chi-
meras showed more stromal cellularity and swelling
than those of WT-to-KO chimeras (Figure 8A). IHC
revealed that the cornea of a WT-to-KO chimera mouse
had less stromal �-SMA staining as well as lower levels
of MPO, F4/80, and active TGF�1 immunoreactivity as
compared with that of the KO-to-WT chimeras (Figure
8B). These findings are consistent with the notion that
the expression of TRPV1 by corneal cells of WT genetic
background is needed to elicit severe inflammation in
alkali-burned corneas (ie, inflammatory cell infiltration,
myofibroblast transdifferentiation, and activation of
TGF�1 activity).

TRPV1�/�/GFP�/� and TRPV1�/�/GFP�/� mice were
used to examine the chimeric status of the local inflam-
mation in the healing, burned, corneal stromal tissue. The
results showed that the ratio of GFP-positive cells in total
F4/80-labeled macrophages was 80.06% � 4.64% or
85.52% � 8.59% in the cornea of a WT mouse with
TRPV1�/�/GFP�/� BM (TRPV1�/�/GFP�/�-to-WT) or with
TRPV1�/�/GFP�/� BM (Figure 9). The ratio was not

Figure 7. mRNA expression of collagen Ia1 in ocular fibroblasts co-
cultured with macrophages. Either WT or KO macrophages promoted
more collagen Ia1 mRNA expression in WT fibroblasts, but not in KO
fibroblast culture. Data represent mean � SEM from five specimens in
each condition. Scale bar � mean � SEM. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
obtained in KO mice that had received BMT from
TRPV1�/�/GFP�/� mice because of much less severe
inflammation in the burned tissue.

Treatment of Corneal Alkali Burn in WT Mice
with TRPV1 Antagonists

We finally planned to reproduce the favorable phenotype
of a KO mouse with less inflammation and scarring/fibro-
sis in the alkali-burned cornea by using chemical antag-
onists of the TRPV1 receptor. Healing of the corneal sur-
face was evaluated by observing the degree of corneal
stromal opacification (scarring/fibrosis). Corneal trans-
parency restoration is improved markedly in mice treated
with both TRPV1 antagonists [ie, SB366791 (Figure 10A)
and JYL1421 (data not shown)]. Similar to a KO mouse,
the globe diameter did not change in mice whereas in the
untreated mice the globe diameter shrank at 20 days
(Figure 10B), suggesting that tissue contraction caused
by wound healing was more marked in the untreated
control group as compared with the TRPV1 antagonist
group. The stromal organization is poorer in untreated
mice than in antagonist-treated mice as judged by H&E
histology. The antagonist-treated mice have lower levels of
infiltration of MPO-labeled macrophages and F4/80-positive
PMNs as well as more marked �-SMA staining (Figure 10C).
Expression of active TGF�1 protein was much more marked
in untreated mouse stroma as compared with an antago-
nist-treated mouse stroma at day 10 (Figure 10C). IHC
results indicate less inflammatory cell infiltration and myofi-
broblast transdifferentiation in the antagonists group than in
the untreated mice. The wound healing outcome obtained
with either of these two antagonists mimics the result seen in
the KO mice.

Figure 8. Healing an alkali-burned cornea in a mouse that has received a
BMT at day 10 of healing. A: Ten days after alkali burning, a WT mouse that
had received BM from a KO mouse (KO-to-WT group) showed much more
opacification and neovascularization as compared with a KO mouse that had
received BM from a WT mouse (WT-to-KO group). H&E histology shows
larger cell populations in the swollen stroma of a KO-to-WT cornea as
compared with WT-to-KO tissue. B: IHC shows that the cornea of a WT-
to-KO mouse has less stromal �-SMA (the myofibroblast marker) staining as
well as lower levels of immunoreactivity of MPO (a neutrophil marker),

F4/80 (a macrophage marker), and active TGF�1 as compared with the
KO-to-WT tissue. Scale bar � 100 �m.



TRPV1 and Inflammatory Fibrosis 2661
AJP June 2011, Vol. 178, No. 6
Discussion
An alkali corneal burn induces severe inflammation and
subsequent tissue fibrosis resulting in scarring that causes
opacification of the stroma. In the present study, we show
for the first time that lacking TRPV1 signaling was beneficial
in the restoration of corneal transparency after an alkali burn
to mouse corneas. A more prominent pathogenic tissue
response, that is, inflammation and subsequent tissue
swelling (edema) and fibrogenic reaction as indicated by
greater myofibroblast transdifferentiation and matrix elabo-
ration, was observed in an alkali-burned WT mouse cornea
as compared with that of a TRPV1 KO cornea. This differ-
ence in responses also was evident based on the evalua-
tion of ocular globe contraction, histology, IHC, and gene
expression analysis.

Figure 10. Treatment of corneal alkali burn in WT mice with a TRPV1 antag
5, 10, or 20 days, respectively. At each time point, corneal transparency restor
At day 20 the iris is seen through the transparent cornea in an antagonist-tre
the diameter of the eyeball during wound healing after alkali burn shows tha
C: Histology of burned corneas stained with H&E and IHC findings at days 5 a

mice as judged by H&E histology. The antagonist-treated mice have lower leve
macrophages at day 10 as well as less marked �-SMA and active TGF�1 staining at
In a healing alkali-burned cornea, enormous numbers
of PMNs first invade into the injured stroma followed by
macrophage infiltration and up-regulation of proinflam-
matory growth factor/cytokines. In the present study, IHC
and qRT-PCR showed that lacking TRPV1 decreased the
PMN and macrophage infiltration into alkali-burned
mouse corneas. Various growth factors/cytokines might
be involved in the pathogenic inflammatory response of
an alkali-burned cornea. Stromal swelling (edema) in the
WT mice might be attributable to severe inflammation and
failure of the epithelial barrier function to be adequately
restored owing to delayed epithelial wound closure. In-
complete healing provides a leak pathway for the stroma
to imbibe fluid and become edematous. However, our
previous reports showed that TGF�1 is one of the most

Figure 9. Healing an alkali-burned cornea in a
mouse that has received GFP-positive BMT at day
10 of healing. A: Ten days after alkali burning, a
WT mouse that had received BM from a TRPV1�/�/
GFP�/� mouse (TRPV1�/�/GFP�/�-to-WT group).
B: WT mouse that had received BM from a TRPV1�/
GFP� mouse (TRPV1�/�/GFP�/�-to-WT group).
Green staining shows GFP-positive cells. Red stain-
ing shows F4/80 localization and blue DAPI staining
shows cell nuclei. Scale bar � 100 �m.

SB366791. A: The corneas of WT mice treated with or without SB366791 at
markedly improved in the mice treated with the TRPV1 antagonist SB366791.
use, although not in an untreated mouse. B: Evaluation of the alteration of

ted globes have a smaller diameter at 20 days than antagonist-treated globes.
he stromal organization is poorer in untreated mice than in antagonist-treated
onist of
ation is
ated mo
t untrea
nd 10. T
ls of infiltration of MPO-labeled neutrophils at day 5 and F4/80-positive
both time points. Scale bar � 100 �m.
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critical growth factors in establishing the pathologic (in-
flammatory and fibrogenic) lesion after a corneal alkali
burn.25 Its importance in corneal wound healing was
substantiated by showing that in mouse corneas either
lacking Smad3 expression, the main TGF� signal trans-
mitter, or overexpressing Smad7, the inhibitory Smad,
both almost completely abrogated the development of a
severe lesion caused by alkali burn.25 Expression levels
of the active form of TGF�1 and other proinflammatory
factors (ie, MCP-1 and IL-6), were reduced in the alkali-
burned cornea of TRPV1 KO mice as compared with
those of WT mice. MCP-1 and IL-6 are known to hasten
and augment inflammation by serving as chemoattrac-
tants to inflammatory cells.26–28 Suppression of inflam-
matory cell infiltration (ie, PMNs and macrophages) might
lead to a further reduction in tissue levels of inflammatory
or fibrogenic cytokines.

Myofibroblast transdifferentiation of fibroblasts is a re-
flection of increases in �-SMA expression levels and in-
creases in collagen type I expression, which are the
hallmarks of tissue fibrosis.29–32 This phenomenon is en-
hanced by various growth factors, especially by TGF�.
This is also the case in a healing corneal stroma and also
was suppressed by gene ablation of TRPV1 as revealed
by IHC and qRT-PCR. Lessened fibrosis is also in agree-
ment with the lack of eye globe contraction after alkali
burn healing seen in KO mice in contrast to that of WT
mice. Myofibroblasts that highly express collagen type I
are reportedly dependent on the activation of latent
TGF�1 in situ.31 A decline in TGF� activation in alkali-
burned corneas of KO mice may result in fewer contrac-
tile �-SMA–positive myofibroblasts than that in the WT
mice, which may in part explain the smaller eye globe
diameters seen in WT mice.

We determined in vivo whether loss of TRPV1 activation
by injury on inflammatory cells (macrophages and/or
PMNs) or resident stromal fibroblasts or keratocytes ac-
counts for suppression of inflammation or the fibrogenic
process (ie, myofibroblast generation and collagen ex-
pression) in a healing KO cornea. Namely, we asked the
following: Was suppression of tissue inflammation result-
ing in reduced expression levels of fibrogenic cytokines/
growth factors (ie, TGF�1) a cause of less fibrogenic
fibroblast reaction to injury in the KO tissue, or did the
loss of injury-induced TRPV1 signaling directly suppress
myofibroblast transdifferentiation?

IHC clearly detected up-regulation of TRPV1 protein in
corneal stromal fibroblasts or keratocytes in a healing,
alkali-burned cornea, suggesting that TGF�1 up-regu-
lates TRPV1 expression in corneal stromal cells. This
notion was supported by results obtained with cultured
ocular fibroblasts. Exogenous TGF�1 up-regulated fi-
bronectin and mRNA expression of TRPV1, TGF�1,
MCP-1, IL-6, and vascular endothelial growth factor in WT
fibroblasts. All of these factors either induce or are che-
moattractants for inflammatory cell types.33–38 On the
other hand, these increases of cytokines were sup-
pressed in TRPV1 lacking ocular fibroblasts. Neverthe-
less, expression of TGF�1 mRNA was unaltered by the
loss of TRPV1 in cultured macrophages. These findings

support the notion that TRPV1 signal activation in stromal
cells (ie, corneal fibroblasts or keratocytes after exposure
to alkali) is involved in the activation of latent forms of
proinflammatory cytokines/growth factors (eg, TGF�1).
Although inflammatory cytokines/growth factors ex-
pressed by inflammatory cells are believed to play im-
portant roles in the pathogenic process of stromal inflam-
mation, cytokines/growth factors secreted by resident
stromal cells (corneal fibroblasts or keratocytes) or nerve
fibers in an injured tissue also are involved in the initiation
of inflammatory cell infiltration on tissue damage. SP is
known to be a proinflammatory neuropeptide that is ex-
pressed by neuronal cells and other cell types.39,40 How-
ever, we found that SP expression in ocular fibroblasts
was not affected by exogenous TGF�1 or TRPV1 gene
ablation even though in nerve fibers TRPV1 activation
induces SP release. Our in vivo data showed that SP was
not up-regulated at day 10 after burn, although its level of
expression was not the same in the WT and KO geno-
types. It remains to be determined if such a difference in
SP expression levels might be correlated with nerve fiber
regeneration. Nevertheless, the unique phenotype in the
KO mice seen after healing appears not to be attributable
to a difference in SP expression level between KO and
WT alkali-burned corneas because they were not differ-
ent from one another.

Once inflammatory cells populate an injured tissue,
factors secreted by these cells are considered to further
augment the tissue inflammation. The present findings
obtained from in vivo and in vitro experiments strongly
suggest that the phenotype of the healing response of an
alkali-burned mouse cornea, as evaluated by the level of
inflammation, depends on the genotype of resident cor-
neal cells [ie, corneal stromal cells (keratocytes or cor-
neal fibroblasts)] instead of inflammatory cells (ie, mac-
rophages and neutrophils). Suppression of expression of
inflammatory cytokines/growth factors in KO resident cor-
neal cells appears to interrupt the inflammatory cycle
augmentation by infiltrating inflammatory cells in the heal-
ing of alkali-burned corneas. Furthermore, KO ocular fi-
broblast exposure to TGF�1 did not elicit myofibroblast
transdifferentiation as determined by the lack of �-SMA
expression. Although the exact mechanism for this block-
age requires additional clarification, loss of this response
along with declines in cytokines/growth factors also may
contribute to lessened fibrosis observed in a KO healing
cornea.

The notion that the KO healing phenotype (less inflam-
mation and fibrosis) is attributable to the absence of
TRPV1 expression in tissue resident cells is supported
further by the results from experiments using chimera
mice of reciprocal BMT transplantation and co-culture of
ocular fibroblasts and macrophages, and treatments with
TRPV1 antagonists. The co-culture experiment also indi-
cated that WT ocular fibroblasts expressed a high level of
collagen Ia1 mRNA as compared with KO cells regard-
less of the source of macrophages (from either KO or WT
mice). The experiments with chimeras from BMT showed
that TRPV1 KO mice receiving WT BM still had a better
wound healing outcome (less inflammation and less fi-
brosis) than their WT counterpart chimeras constituting

BM of KO mice. Indeed, more than 80% of the macro-
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phages were derived from transplanted BM in WT mice
that had received BMT from either a WT or a KO mouse
with labeling of the GFP expression. These results further
indicate that injury-induced TRPV1 activation on resident
stromal cells rather than on infiltrating inflammatory cells
determines the outcome of the wound healing response.

Similar findings of suppression of tissue inflammation
in a TRPV1 KO mouse were reported, endotoxin-induced
airway inflammation41 or inflammation in the knee joint
induced by capsaicin was attenuated by TRPV1 gene
loss.42 Either sulfate induced colitis in mice or TRPV1
activation by dextran-enhanced neutrophil accumulation
and histopathologic changes.43,44 Also, in a human
study, TRPV1 mRNA and protein expression levels along
with nerve growth factor expression were significantly
greater in patients with erosive esophagitis than in
healthy controls.45

The present study clearly showed that the loss of
TRPV1 signal blocks inflammatory/fibrogenic reaction af-
ter chemical injury in an alkali-burned cornea in mice. The
results suggest that chemical blocking of the TRPV1
channel could be beneficial in treating inflammation-
based corneal diseases. To test this possibility, we ex-
amined the individual effects of systemic i.p. administra-
tion of two different TRPV1 antagonists on the wound
healing outcome in an alkali-burned cornea in mice. Both of
the two TRPV1 receptor antagonists (ie, SB366791 and
JYL1421), reproduced the results seen in the KO tissue;
namely, suppression of inflammation and tissue fibrosis. All
of the findings in this series of experiments suggest that a
novel strategy to treat a chemical corneal burn could be
obtained by blocking TRPV1-induced signaling. Such an
approach is expected to lessen or even prevent declines in
visual acuity by suppressing TRPV1-mediated inflammato-
ry/fibrogenic reactions. This approach also could be appli-
cable for suppression of inflammation and subsequent un-
desirable loss of function in various other tissues.
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