
Summary. The purpose of this study is to investigate the
expression of thrombospondin-1 (TSP-1), a
multifunctional extracellular matrix protein, during re-
epithelialization in wounded corneas of vitamin A-
deficient mice. Epithelial defects were created in the
corneas of normal and Vitamin A-deficient mice with a
microgrinder. Wounded corneas were stained with
fluorescein and photographed for evaluation of re-
epithelialization. Histological examination and
immunohistochemical analysis of TSP-1 expression
were also performed on the specimens from wounded
corneas. In vitamin A-deficient mice, re-epithelialization
of the wounded corneal epithelium was significantly
delayed compared with that in normal mice. TSP-1 was
detectable neither in the unwounded corneal epithelium
of normal mice nor in that of vitamin A-deficient mice.
In normal mice, linear staining of TSP-1 was observed
on the wounded corneal surface and stroma at 30 min
and 8 h to 16 h, respectively, after abrasion, and this
TSP-1 expression disappeared at 36 to 48 h, when re-
epithelialization was completed. In contrast, no TSP-1
staining was observed in the wounded corneas of
vitamin A-deficient mice, except for the endothelial
cells, throughout the wound healing process.
Histological examination revealed a progressive increase
in polymorphonuclear neutrophil infiltration in the
stroma of the corneas of vitamin A-deficient mice during
the healing process. These findings suggest that vitamin
A may modulate the expression of TSP-1 in the corneas
to accelerate the re-epithelialization of wounded corneas.
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Introduction

Vitamin A acts as a regulator of epithelial cell
growth and differentiation in ocular surfaces (Kruse and
Tseng, 1994). Severe deficiency in vitamin A results in
xerophthalmia and keratomalacia, which often lead to
visual loss (Diniz Ada and Santos, 2000). A number of
studies have demonstrated that the failure of re-
epithelialization of wounded corneas in vitamin A-
deficient rodents is associated with the infiltration of
polymorphonuclear neutrophil leukocytes (PMNs) and
decreased expressions of extracellular matrix proteins
(ECMs) such as fibronectin (FN) and laminin (Frangieh
et al., 1989; Hayashi et al., 1990; Shams et al., 1993). In
the healing process of corneal epithelial wounds, various
types of extracellular matrix (ECM) are provisionally
expressed which cause epithelial cells to move to the
denuded corneal surface
Thrombospondin-1 (TSP-1), a major component of

platelet α-granules, is a 450-kDa homotrimeric ECM
protein that regulates attachment, proliferation,
migration, and differentiation of various types of cells
(Lawler, 2000). TSP-1 is also produced by a variety of
cells, including endothelial cells, smooth muscle cells,
monocytes/macrophages, and retinal pigment epithelial
cells (Raugi et al., 1982; Jaffe et al., 1985; Reed et al.,
1995; Miyajima-Uchida et al., 2000). In avascular
tissues of the eye, such as the central cornea, TSP-1 is
found in the corneal epithelial basement membrane,
posterior Descemet’s membrane, and endothelium
(Hiscott et al., 1997). It has previously been
demonstrated that TSP-1 and the other two TSP family
members, TSP-2 and TSP-3, are expressed in the process
of corneal wound healing (Armstrong et al., 2002).
Especially, TSP-1 strongly appears in corneal epithelial,
stromal, and endothelial wounding in response to various
stimuli (Munjal et al., 1990; Hiscott et al., 1996; Uno et
al., 2004). Furthermore, we recently demonstrated that
TSP-1 accelerates the corneal epithelial wound healing
(Uno et al., 2004). TSP-1 thus appears to play an
essential role in corneal wound healing. 
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In neuroblastoma (Castle et al., 1992) and leukemic
cells (Touhami et al., 1997), retinoids, as derivatives of
vitamin A, seem to regulate cell proliferation and
differentiation by modulating TSP-1 expression.
However, it has never been clarified whether vitamin A
affects the expression or function of TSP-1 in the cornea.
The present study was designed to investigate the
expression of TSP-1 in the re-epithelialization of
wounded corneas in vitamin A-deficient mice. 
Materials and methods

Mice

The mice were handled according to the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research, and all experiments with them were
carried out with the approval of the Fukuoka University
Experimental Animal Care and Use Committee. To
prepare vitamin A-deficient mice, C57BL/6 mice,
obtained from Crea Japan (Tokyo), were put on a
vitamin A-deficient diet for 12-14 weeks. Pair-fed
controls received the same diet but with a vitamin A
supplement (10 µg/g of the diet). Serum retinol levels
were measured by high-pressure liquid chromatography
as described previously (Tseng et al., 1987). At the time
of the experiments, serum retinol levels of the mice fed
with vitamin A-deficient diet were less than 0.5 µg/dl
(Fig. 1A). The vitamin A-deficient mice showed severe
ocular signs of vitamin A deficiency, including
xerophthalmia, mild to severe corneal opacity, and
neovascularization (Fig. 1B). Corneas in keratomalacia-
like severe conditions were excluded from the
experiments.
Wound healing of corneal epithelium

The mice were anesthetized by intraperitoneal
injection of 0.2 ml saline containing 40 µl each of
ketamine hydrochloride and xylazine hydrochloride. The
eyes were then treated with 0.4 % oxybuprocaine
hydrochloride drops. The central corneal epithelium (1.7
mm in diameter) was demarcated with a trephine and
then was subsequently removed using a microgrinder
with a diamond bit (Takagi, Niigata, Japan) under a
stereomicroscope as described previously (Uno et al.,
2004). Ofloxacin ointment was applied to the eyes
immediately after surgery to prevent bacterial infection.
At 0.5, 8, 16, 24, 36, 48, 60, and 72 h after wounding, 10
corneas from 5 mice were photographed after treatment
with fluorescein. The size of the epithelial defects
indicated by fluorescein staining was measured and
quantified using the ImageJ software (written by Wayne
Rasband at National Institute of Health, Bethesda, MD).
To analyze the differences between the eyes of vitamin
A-deficient and normal control mice, an unpaired t-test
with two-tailed probability was used. The results were
presented as mean ± SD and P < 0.05 were considered to
be significant.

Histological examination and immunohistochemical
staining

An abrasion of the corneal epithelia was made for 8
groups of 3 mice each, which were different from the
groups of the wound healing experiments described
above. The mice were killed at 0.5, 8, 16, 24, 36, 48, 60,
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Fig. 1. Generation of vitamin A-deficient mice. A. Time course of serum
retinol levels in the experimental mice fed with vitamin A-deficient diet.
B. Photos of corneas from a normal mouse (upper panel) and a vitamin
A-deficient mouse (lower panel). Severe corneal opacity and
neovascularization are observed in the cornea of keratomalacia. 



and 72 h after surgery, by intraperitoneal injection of an
overdose of phenobarbital. The eyes were carefully
removed, immediately frozen, and embedded in an OCT
compound (Sakura Finetechnical, Tokyo) for cryostat
sectioning. The 5-µm sections were mounted on Super
Frost microscope slides (Matsunami, Osaka, Japan) and
were fixed in acetone for 10 min and dried by air. A
histological examination was performed with a light
microscope (Olympus, Tokyo) after hematoxylin and
eosin staining. Immnohistochemical staining was
performed using the Fluorescein M.O.M
immunodetection kit (Vector Laboratories, Inc.
Burlingame, CA) with a mouse anti-human TSP-1
monoclonal antibody (Neo Markers, Lab Vision
Fremont, CA), according to the manufacturer ’s

instructions. Nonimmune mouse IgG (DAKO,
Copenhagen, Denmark) was used as the control primary
antibody. The stained sections were photographed using
a confocal scanning laser microscope (Zeiss,
Oberkochen, Germany). Three independent experiments
were performed.
Results 

Time course of wound repair 

Corneal wound healing was evaluated at 0.5 to 72 h
after surgery. As shown in Fig. 2, one day after injury,
the epithelial defect in the control mice was reduced to
approximately 25% of the original size of the defect. By
48 h, healing of the corneal epithelial defect was
completed along with recovery of transparency. On the
other hand, in the vitamin A-deficient mice,
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Fig. 2. Time course of epithelial wound healing in corneas of normal and
vitamin A- deficient mice. A. Light microscopic observation of corneal
wounds. Corneas of control mice (upper panels) and vitamin A-deficient
mice (lower panels) were stained with fluorescein at 0.5 to 36 h and 0.5 to
72 h, respectively, after wounding. Arrowheads indicate corneal opacity. B.
Time course of corneal re-epithelialization after wounding in normal and
vitamin A-deficient mice. Remaining epithelial defects were evaluated by
fluorescein staining at the indicated time after wounding. Quantification of
the size of the remaining epithelial defect was performed for 10 corneas
from 5 mice, and the mean values were plotted. Bars indicate SD. Asterisks
indicate P < 0.05.
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Fig. 3.
Histological
examination of
corneal re-
epithelialization
by staining with
hematoxylin and
eosin. 
A. Cornea of a
control mouse:
(A-a), before
wounding; (A-
b), 8 h; (A-c),
16 h; and (A-d),
48 h after
wounding. 
B. Cornea of a
vitamin A-
deficient mouse:
(B-a), before
wounding; (B-
b), 8 h; (B-c),
48 h; and (B-d),
72 h after
wounding.
Arrowheads
indicate the
remaining
PMNs. Bar :
100 µm.
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Fig. 4. Immunohistochemical staining of
TSP-1 in wounded corneas. A. Cornea
of a control mouse: (A-a), before
wounding; (A-b), 8 h; (A-c), 16 h; and
(A-d), 48 h after wounding. B. Cornea of
a vitamin A-deficient mouse: (B-a),
before wounding; (B-b), 8 h; (B-c), 48 h;
and (B-d), 72 h after wounding. With
nonimmune IgG, no staining was seen in
any of the samples (data not shown). E:
corneal epithelium. S: corneal stroma.
Bar: 100 µm.



approximately 30% of the epithelial defects remained
even 48 h after surgery. By 72 h, re-epithelialization was
completed, however, corneal opacity remained.
Histological examination of wounded areas

Before abrasion, corneal epithelial cells were
observed to constitute a multilayer and no inflammatory
cells were identified in the corneal stroma (Fig. 3A-a).
At 8 h after abrasion, a monolayer of flat epithelial cells
began to slide over the denuded surface (Fig. 3A-b). At
16 to 24 h, a monolayer or multilayers of epithelium
covered the periphery of the denuded surface (Fig. 3A-c)
and by 48 h re-epithelialization was completed (Fig. 3A-
d). In vitamin A-deficient mice, unwounded corneas
revealed virtually the same morphological characteristics
as those of the unwounded corneas of the normal mice
(Fig. 3B-a). However, at 8 h after abrasion, PMNs
appeared in the epithelial defect area (Fig. 3B-b),
numerous PMNs occupied the defect area at 16 to 24 h,
and they also infiltrated into the stroma (data not
shown). At 48 h after abrasion, PMNs decreased in the
epithelial defect area (Fig. 3B-c). By 72 h, re-
epithelialization was completed (Fig. 3B-d) and the
entire cornea was covered by a regenerated epithelium.
However, PMNs were still present under the corneal
epithelium (Fig. 3B-d, arrowheads).
Localization of TSP-1 in corneas 

In the control normal mice, TSP-1 appeared in the
unwounded corneal endothelium (Fig. 4A-a). At 30 min
after wounding, linear staining was clearly detected on
the denuded stromal surface and the endothelium (data
not shown). At 8 to 16 h, TSP-1 was detected at the
denuded corneal stroma as well as the endothelium (Fig.
4A-b,c). At 36 to 48 h, when re-epithelialization was
completed, TSP-1 staining disappeared from the cornea
except for the endothelium (Fig. 4A-d). In the
unwounded corneas of the vitamin A-deficient mice,
TSP-1 appeared only in the endothelium as in the normal
mice corneas (Fig. 4B-a). However, from 0.5 to 72 h,
when re-epithelialization was completed, no TSP-1
appeared across the denuded corneal stromal surfaces or
in the anterior and posterior corneal stroma (Fig. 4B-b, -
c, and -d). 
Discussion 

The present study demonstrates that the delay of the
corneal epithelial wound healing in vitamin A-deficient
mice is associated with the lack of TSP-1 expression.
TSP-1 appeared in the corneal stroma and endothelial
cells responded to the wounding stimuli on the denuded
area of control corneas, whereas TSP-1 did not
accumulate on the denuded surfaces of the corneas of
vitamin A-deficient mice. Previous studies by others
showed that the expression of certain types of ECMs is
reduced in the corneal wound healing of vitamin A-

deficient mice (Frangieh et al., 1989; Shams et al.,
1993). Especially, diminished expression of FN, a major
ECM that accelerates corneal wound healing, led to a
significant delay in healing. TSP-1 is also an accelerator
of wound healing in the corneas, as we have previously
shown that exogenously added TSP-1 stimulates the re-
epithelialization of corneal epithelial wounds whereas
anti-TSP-1 antibody inhibits the re-epithelialization in
organ culture (Uno et al., 2004). Therefore, not only the
absence of FN, but also the loss of TSP-1 is very likely
responsible for the delay in re-epithelialization in the
corneas of vitamin A-deficient mice.
FN is required for the deposition and the retention of

TSP-1 (Sottile and Hocking, 2002) and it is degraded by
a neutrophilic elastase produced by infiltrated PMNs in
the corneal stroma. Contrary to FN, TSP-1 is not
affected by the elastase and it inhibits the enzymatic
activity (Hogg et al., 1994). It is thus possible that the
diminishment of FN by infiltrated PMNs leads to the
decreased expression of TSP-1 in the vitamin A deficient
corneas. In addition, another mechanism may also be
involved in the down-regulation of TSP-1 by vitamin A
deficiency. Recently, retinoids were reported to stimulate
the production of ECMs, including TSP-1, in cultured
cell lines (Castle et al., 1992; Touhami et al., 1997).
Retinoids might also stimulate keratocytes, which
express TSP-1 (Hiscott et al., 1996), to produce TSP-1 in
corneal wound healing. In the present study, the origin of
TSP-1 in the wounded cornea remains to be elucidated.
In situ hybridization analyses will be required to identify
TSP-1 mRNA expression in the cornea.
In the present study, corneal opacity and

neovascularization were observed in the eyes with
keratomalacia-like severe conditions. Since both
retinoids and TSP-1 are known to be anti-angiogenic
factors that inhibit corneal neovascularization, which is
stimulated by tumor cells or basic fibroblast growth
factor (Tolsma et al., 1993; Lingen et al., 1996), it is
feasible that vitamin A deficiency or a diminished
expression of TSP-1 results in the angiogenesis in
corneas. In the corneas of vitamin A-deficient mice,
PMN infiltration was observed in the area with opacity
(Fig. 3B). Because PMNs secrete vascular endothelial
growth factor to promote angiogenesis (Shaw et al.,
2003), infiltration of PMNs may cause corneal
neovascularization. In fact, TSP-1 knockout mice show
induced corneal neovascularization by inflammation
stimuli compared with wild-type mice (Cursiefen et al.,
2004).
Hayashi et al. (1990) have established a corneal

wound healing model using vitamin A-deficient rats and
they showed PMN infiltration and healing delay similar
to those observed in our mouse models. Mice are
superior to rats in terms of the availability of mutant or
genetically engineered strains. Our mouse models of
corneal epithelial defects could be applied to transgenic
or gene-knockout mice to investigate the mechanism of
wound healing in the cornea, in which many ECMs and
cytokines are involved.
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