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PATTERNS & PHENOTYPES

Regional Distribution of ␣9␤1 Integrin Within the
Limbus of the Mouse Ocular Surface
Ahdeah Pajoohesh-Ganji,1,2 Sonali Pal Ghosh,1 and Mary Ann Stepp1,3*

The epithelial basal cells of the corneal limbus are known to contain adult corneal epithelial stem cells, but the
properties of these cells are not well understood. In addition, how and when the limbal epithelium forms during
postnatal development in mammals is not clear. To better understand the anatomy and cell biology of the limbus, a
whole-mount procedure was used to show that the nasal, inferior, temporal, and superior regions of the mouse limbus
contain different numbers of ␣9 integrin–positive cells most of which are observed in the nasal region. We also show
that this pattern develops progressively over time from 1 to 8 weeks after birth. High magniﬁcation image projections
and three-dimensional reconstructions of the limbal region were generated from confocal images obtained after
tissues were dual stained with ␣9 integrin and propidium iodide (PI) or triple stained with ␣9 integrin, E-cadherin, and
PI. Data show that ␣9 integrin is present on the adult mouse cornea in the limbal basal cells and is more abundant
in the apical-most cytoplasm of the limbal basal cells, where it can be found colocalized within the plasma membrane
with E-cadherin. These studies are an important step toward improving our understanding of the development and
cell biology of limbal basal cells. Developmental Dynamics 230:518 –528, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION
A relatively early event in eye development is when the lens comes in
contact with the overlying surface
ectoderm and induces the formation of corneal epithelium. The
events that occur after, described
ﬁrst in the chick by Revel and Hay
(1969), lead to the development of
the mature ocular surface with its
three distinct epithelia: the conjunctival, limbal, and corneal epithelia.
All three play roles in maintaining the
ocular surface and protecting it
from damage while preserving clarity for transmission of light to the retina. The corneal epithelium is unique

among stratiﬁed squamous epithelia, because it overlies an avascular
extracellular matrix and is maintained not by a population of progenitor cells within its basal cell layer
but by proliferation of adult stem
cells that reside among the cells that
make up the limbal epithelium
(Schermer et al., 1986; Thoft, 1989;
Lehrer et al., 1998; Pellegrini et al.,
1999; Dua and Azuara-Blanco, 2000;
Daniels et al., 2001).
The term limbus means a border
and, in the cornea, the limbal epithelium forms the border between
the conjunctival epithelium and the
corneal epithelium. The conjunctival
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epithelium contains numerous goblet cells and functions to produce
the bulk of the mucins that make up
the tear ﬁlm (Argueso and Gipson,
2001; Kunert et al., 2001). It overlies a
vascularized stromal matrix, and it is
believed to be maintained by a
stem cell population that resides
within the fornix of the eye (Wei et
al., 1995, 1996). Although conjunctival epithelial cells can participate in
the healing of wounds to the cornea
in the complete absence of the limbal and corneal epithelia, healing is
abnormal and cells continue to express conjunctival-speciﬁc keratins
while on the corneal surface (Sha-

Department of Anatomy and Cell Biology, The George Washington University Medical Center, Washington, DC
Department of Biological Sciences, The George Washington University, Washington, DC
Department of Ophthalmology, The George Washington University Medical Center, Washington, DC
Grant sponsor: NIH/NEI; Grant number: RO1-EY13559-03.
Correspondence to: Mary Ann Stepp, Ph.D., Departments of Anatomy and Cell Biology and Ophthalmology, The George Washington
University Medical Center, 2300 I Street N.W., Washington DC, 20037. E-mail: mastepp@gwu.edu
2
3

DOI 10.1002/dvdy.20050
Published online 5 May 2004 in Wiley InterScience (www.interscience.wiley.com).

© 2004 Wiley-Liss, Inc.

␣9␤1 INTEGRIN WITHIN MOUSE OCULAR SURFACE

piro et al., 1981; Kinoshita et al., 1983;
Tseng et al., 1984; Chen et al., 1994;
Moyer et al., 1996). Failure or inability
of the limbal stem cells to either divide and produce corneal epithelial
cells or move toward the central
cornea leads to migration of the
conjunctival cells onto the cornea
and eventual loss of avascularity
and light transmission (Pﬁster, 1994;
Tsubota et al., 1995; Dua et al., 2000).
Thus, the limbal epithelial cells serve
both as a reservoir for the production of cells to populate the corneal
epithelium and as a barrier against
the encroachment of conjunctival
cells onto the central cornea. This
barrier is likely to consist of epithelial
and stromal elements; the extracellular matrix beneath the limbal basal
cells is distinct from that of either the
cornea or conjunctiva (Gipson,
1989, 1992; Kolega et al., 1989; Ljubimov et al., 1995). How and when the
limbus forms during corneal development, the nature of the barrier or
niche created at the limbus, and the
properties of the cells that make up
this epithelia are not yet fully understood.
We know that the limbal epithelial
cells differ from both the conjunctiva
and the corneal epithelial cells in
several ways. They express a unique
keratin proﬁle (Kasper et al., 1988)
and, due to the lack of connexin-43–
containing gap junctions, do not interact with one another the same
way the surrounding conjunctival
and corneal epithelial cells do
(Matic et al., 1997). Furthermore, we
found several years ago that they
had high levels of the protein ␣9 integrin, whereas the conjunctival
and corneal epithelial cells did not
(Stepp et al., 1995). ␣9 integrin expression was studied further in
wound healing experiments, and we
found that it was turned on in the
corneal epithelial cells during cell
migration in response to injury to the
ocular surface (Stepp and Zhu,
1997). From these results, it seems
clear that ␣9 integrin is expressed on
the transiently amplifying (TA) cells
at the limbus. TA cells are the progeny of adult stem cells in regenerating tissues; their numbers are known
to increase in response to stress (Potten and Morris, 1988; Lehrer et al.,
1998; Lavker et al., 1998). Several

other molecules have been shown
to be localized within the basal epithelial cells at the limbus, including
␣-enolase (Zieske et al., 1992a,b;
Chung et al., 1995), p63 (Pellegrini et
al., 2001), and TGF-␤ receptors I and
II (Zieske et al., 2001). However, because the number of cells that express these proteins also increase in
response to tissue injury, like ␣9 integrin, they are ruled out as stem cellspeciﬁc markers.
Because integrins are involved in
cell adhesion, it would be logical to
presume that they may be involved
either in retaining the limbal stem
cells within the microenvironment at
the limbus and/or in preventing the
migration of conjunctival cells across
the limbus. Integrins are integral
membrane glycoproteins with ␣ and
␤ heterodimers that are noncovalently associated. They mediate
interactions between the cytoskeleton and extracellular matrix, which in
turn, mediate cell adhesion. To date,
18 ␣ and 8 ␤ subunits have been
characterized. Various ␣ subunits interact with different ␤ subunits. For
example, ␤1 subunit interacts with ␣
subunits 1 through 11 and ␣V integrin, whereas ␤4 subunit only interacts with ␣6 subunit (Beauvais-Jouneau and Thiery, 1997; Belkin and
Stepp, 2000). Integrin knockout mice
demonstrate the importance of integrins in the migration events that occur during development (Bouvard et
al., 2001). For instance, ␤1 integrin
knockout mice cannot develop past
embryonic day 9 (Fassler and Meyer,
1995; Stephens et al., 1995). ␣3 integrin knockout mice die shortly after
birth of kidney and lung abnormalities (Kreidberg et al., 1996) and, in
addition, their skin blisters due to disorganization of the basement membrane at the epidermal– dermal
junction (DiPersio et al., 1997).
In an earlier study, we reported
that ␣9 integrin was present on eyelids during eyelid fusion—at around
15 days after conception in the
mouse (Stepp, 1999). Here, for the
ﬁrst time, we orient the developing
and adult mouse cornea to deﬁne
the nasal, inferior, temporal, and superior regions. We go on to show
that ␣9 integrin localization at these
sites varies regionally as does the formation of the anatomical niche that
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deﬁnes the limbal border. To better
determine where within the limbal
basal cells ␣9 integrin was localized,
we also evaluated adult and developing corneas using antibodies
against ␣9 integrin and E-cadherin in
colocalization studies. In combination with the nuclear marker propidium iodide (PI) and by using
three-dimensional (3-D) reconstruction of stacks of confocal images
taken at high magniﬁcation, we determined the localization of ␣9 integrin
within cells at the limbus. Results show
that the anatomical limbus develops
over time after birth and reaches its
adult morphology between 6 to 8
weeks of postnatal development. ␣9
integrin is regionally localized along
the circumference of the limbus with
the majority of the ␣9 –positive cells
present at the nasal region in the
adult cornea. Thus, ␣9 integrin is primarily cytoplasmic within the limbal
basal cells but can be observed to
colocalize with E-cadherin–positive
cell membranes.

RESULTS
Whole-Mount Procedure
Revealed That ␣9 Integrin Is
Regionally Distributed
Throughout the Limbus
To orient the eyes, a suture was
placed in the sclera of the temporal
region after death, and the eyes
were labeled as left or right. After
staining for ␣9 integrin, four incisions
were made, the eyes were ﬂattened
on a black ﬁlter, and the images
were captured by using a confocal
microscope. Montages were created representing the entire circumference of the mouse cornea. As
shown in the low-magniﬁcation
montage of two typical eyes in Figure 1, there are more ␣9 integrin–
positive cells in the nasal region of
the eye than any other region. Variation in the intensity of staining and
in the number of ␣9 –positive cells
was observed in the inferior and superior regions as highlighted in the
two eyes shown. Regardless of this
variability, the increased localization
of ␣9 –positive cells at the nasal region was reproducible in more than
10 eyes stained; the number of ␣9 –
positive cells decreased moving cir-
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Fig. 2. Whole-mount double staining with
␣9 integrin (green) and propidium iodide
(PI, red) on mouse cornea, 1 week after
birth. A: Shown is the peripheral cornea at
the site of the developing limbus. B: Shown
is the staining in the central cornea. The
insets in A and B are negative controls for
limbus and cornea, respectively. The linear
staining, which is present in the negative
control in the inset in B, is likely nerves; the
reason that more nonspeciﬁc staining for
nerve is observed at 1 week is that the corneal epithelium is extremely thin at this
stage.
Fig. 1. Whole-mount double staining with ␣9 integrin (green) and propidium iodide (PI,
red) on 8-week-old mouse corneas. To orient the cornea, care was taken to identify the
eye as left or right and a suture was placed in the temporal position. Four incisions were
made after staining and the corneas were ﬂattened and mounted for microscopy as
described in Experimental Procedures section. The inner and outer low-magniﬁcation
montages, which were captured with a confocal microscope, represent the entire limbal
region around two different mouse eyes. The asterisks indicate the regions shown at higher
magniﬁcation in the center along with the central cornea. Note that there are more ␣9
integrin–positive cells in the nasal region in both corneas and a gradual reduction in the
number of ␣9 integrin–positive cells toward the temporal region. It is also evident that
variation exists in corneas from different animals in the relative numbers of cells that are
positive for ␣9 integrin, especially at the inferior and superior regions.

cumferentially from the nasal to the
temporal region. The montages
shown also highlight the anatomical
complexity inherent in this tissue at
the limbal region. The border between cornea and bulbar conjunctiva is not a distinct site. The staining
pattern of PI shows that the limbal
region is the site of an enfolding of
the tissue, forming a ridge or anatomical niche, which is less pronounced at the inferior region than
elsewhere (Fig. 1). Although ␣9 integrin–positive cells are not exclusively
restricted to the anatomical niche,
they are generally observed within

this region or in the corneal periphery. At its widest, the stained region
has a width of approximately 300
m. Higher magniﬁcation images of
the limbal regions, along with an image of the central cornea, reveal
the variability and heterogeneity in
␣9 integrin expression at the limbus.

Entire Ocular Surface Contains
Cells Positive for ␣9 Integrin 1
Week After Birth
Next, we determined at what point
during postnatal ocular surface development, the adult anatomy and

␣9 integrin expression proﬁles were
established at the limbus. Mouse
eyes are closed for the ﬁrst 2 weeks
after birth; therefore, at 1 week, the
eyes were ﬁxed by placing the
whole head in the ﬁxative, as described in Experimental Procedures
section, to preserve the corneal integrity. Figure 2A,B shows the localization of ␣9 integrin adjacent to the
developing limbus (Fig. 2A) and toward the cornea (Fig. 2B); respective negative controls are shown in
the insets. Because cells positive for
␣9 integrin were present in similar
numbers at each of the quadrants
of the ocular surface of the 1-weekold cornea and in the center of the
cornea, it was not necessary to
present images of all four quadrants
of the eye. As in the adult, variability
in the intensity of ␣9 expression from
cell-to-cell was present. Focusing on
the PI alone, we were unable to observe an anatomical niche.
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Fig. 3. Whole-mount double staining with
␣9 integrin (green) and propidium iodide
(PI, red) on mouse cornea at 2 weeks after
birth. This image represents a montage
taken of the limbal region around the cornea of a 2-week-old mouse. The central cornea is shown in the center of the montage.
Note that the central cornea and the nasal
region are negative for ␣9 integrin.

Fig. 4. Whole-mount double staining with
␣9 integrin (green) and propidium iodide
(PI, red) on 4-week-old mouse cornea. Images taken of each of the four regions (superior, nasal, inferior, and temporal) are
shown in this ﬁgure, with the central cornea
shown at the center. The nasal region shows
more ␣9 integrin–positive cells at this stage
compared with 2 weeks but still has fewer
than the other three regions.
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␣9 Integrin Localization Begins
to Become Regionally
Restricted by 2 Weeks After
Birth
Figure 3 shows a montage of the limbal region in a 2-week-old mouse
eye. Unlike at 1 week, at 2 weeks,
the central cornea stained negative
for ␣9 integrin but the protein was
observed along the superior, temporal, and inferior aspects of the limbal
region and was absent in the nasal
region. ␣9 integrin staining at the
corneal periphery was observed in a
wider region compared with that in
the adult eye; the width was approximately 450 –550 m. The anatomical niche is recognizable at the nasal and the superior regions;
however, we were unable to identify
it in the inferior and temporal regions.
In the development of the mouse
cornea, 2 weeks is a particularly signiﬁcant time; the eyelids open between 13 and 15 days of postnatal
development and both the overall
diameter of the cornea and the epithelial cell thickness increase dramatically within days. Eyes taken at
2 weeks show more variability in ␣9
integrin localization than at other
developmental times; therefore, we

stained a total of six eyes before
concluding that the pattern shown
in Figure 3 is typical. Only eyes that
were opened at 2 weeks were used
for these studies. What is most remarkable about the data obtained
at 2 weeks is that the site with the
fewest ␣9 integrin–positive cells is the
nasal region; the nasal region in the
adult consistently showed more ␣9 –
positive cells than any other site.

Region-speciﬁc Staining for ␣9
Integrin Is Present at 4 Weeks
Figure 4 shows the four quadrants of
a 4-week-old mouse cornea, as well
as the central cornea. The nasal region is beginning to show positive
staining; however, the staining in the
nasal region is not as intense as that
seen at 8 weeks (compare Fig. 4 with
Fig. 1). In addition, the superior, temporal, and inferior regions still retain
high levels of ␣9 integrin expression.
The widest region of ␣9 integrin staining is in the superior region, and it
measures approximately 250 m.
The central cornea remains negative for ␣9 integrin, with some background staining. The anatomical
niche is present in the nasal and superior regions but remains indistinct
in the inferior and the temporal re-

gions. When we evaluated ␣9 integrin localization in the corneas of
3-week-old mice, we observed a
pattern similar to that for 4 weeks
(data not shown). While the nasal
region still has fewer ␣9 integrin–positive cells at 4 weeks than do the
other three regions, there is no
longer a complete lack of ␣9 integrin–positive cells at this site. In
6-week-old mice, the pattern for ␣9
integrin expression was similar to that
at 8 weeks—with the highest expression in the nasal followed by the
temporal, superior, and inferior regions. The anatomical niche was established in the nasal, temporal, and
the superior regions at 6 weeks, but it
was not visible in the inferior region
(data not shown).

␣9 Integrin Is Primarily
Localized Within the Apical
Cytoplasm of the Basal Cells
at the Limbus
The images presented in Figures 1– 4
are projected z-series acquired by
confocal microscope with a ⫻20 objective at 1-m intervals. To obtain
higher resolution images, microscopy was repeated by using a ⫻60
oil objective with images obtained
at 0.5-m intervals. Figure 5A shows

Fig. 5. Three-dimensional reconstruction of high resolution images taken of whole-mount double staining of the 8-week-old mouse cornea
with ␣9 integrin (green) and propidium iodide (PI, red). A: The image is a three-dimensional reconstruction of a 7.5-m-thick block of tissue
showing the limbal basal cells; ␣9 integrin–positive basal cells are projected from the apical aspect of the basal cell layer. The cell
indicated by the arrow in A is shown at higher magniﬁcation in B–D, as projected from the basal (B) and apical (C) aspects, as well as
in cross-section (D; C.S.). The dashed lines in B,C indicate the plane through which the cross-section in D was projected. Another cell,
indicated by the arrowhead in A, is shown at higher resolution in E–G, from the basal (E) and apical (F) aspects, as well as in cross-section
(G). The dashed lines in E,F indicate the plane through which the cross-section in G was taken. Note that there is more ␣9 integrin at the
apical aspect of the cells as shown most clearly in the cross-sections in D and G.
Fig. 6. Two-dimensional colocalization studies indicate ␣9 integrin and E-cadherin can colocalize in the limbal basal cells. A single
0.5-m section taken at high magniﬁcation through the limbal basal cells was used to determine whether or not there was evidence for
colocalization of ␣9 integrin and E-cadherin. Eight-week-old corneas were simultaneously treated with antibodies against ␣9 integrin
(green) and E-cadherin (blue) in whole-mount studies. A: A region through the limbus shown. ImagePro Plus software was used to visualize
colocalization. B: The colocalization mask generated is shown. The red arrows and arrowheads in A and B indicate two cells in which ␣9
integrin partially colocalizes with E-cadherin.
Fig. 7. Three-dimensional reconstruction of high magniﬁcation images of 8-week-old mouse corneas stained with ␣9 integrin (green),
E-cadherin (blue), and propidium iodide (PI, red). The same two cells indicated by the red arrow and arrowhead in the single 0.5-m
section in Figure 6 are shown in a three-dimensional (3-D) reconstruction of a 7.5-m-thick block of tissue. A: The ␣9 integrin–positive basal
cells projected from their apical aspect; 15 separate 0.5-m layers were assembled into a 3-D image using 3-D constructor in ImagePro
Plus. B,C: Shown in detail are projections of the cell indicated by the white arrow in A from the basal (B) and apical (C) aspects; the inset
shows the projection in cross-section (C.S.) taken from the plane indicated in B and C by the dashed lines. D–F Shown in detail are 3-D
projections of the cell indicated by the white arrowhead in A with the apical aspect of the basal cells in the front. D shows E-cadherin
alone, E shows E-cadherin and ␣9 integrin, and F shows both proteins plus the nuclei stained using PI. Note that, while most of the ␣9
integrin is in the cytoplasm, a portion of the integrin appears to colocalize with E-cadherin–positive cell membranes as indicated by the
asterisks in the inset as well as in E.
Fig. 8. A model for ␣9 integrin expression pattern in the developing mouse cornea. The orientation of the eye is indicated at the left top
corner: S, superior; N, nasal; I, inferior; T, temporal. The green area shows the presence of ␣9 integrin on the mouse ocular surface. The
thin line in the green area indicates the location of the anatomical niche relative to the ␣9 integrin staining, with the dashed lines
highlighting the regions in which the anatomical niche has not been established in the developing eyes or cannot clearly be identiﬁed
in the adult.
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staining of the limbal basal cells for
␣9 integrin and PI as viewed from the
apical aspect of a 3-D reconstruction made by using the 3-D constructor module of Image Pro Plus
software. The projection shown represents 7.5 m of tissue from the apical to basal aspects of the limbal
epithelium. The cells indicated by
the arrow and arrowhead in Figure
5A is shown in higher magniﬁcation
in Figure 5B–D, and Figure 5E–G, respectively. The two cells are projected from their basal (Fig. 5B,E)
and apical (Fig. 5C,F) aspect as well
as in cross-section (Fig. 5D,G). From
these images, we conclude that
most of the ␣9 integrin is in the cytoplasm and there is more ␣9 integrin
at the apical aspect of the basal
cells than at the basal aspect,
where the cells are in contact with
the basement membrane. We cannot determine from these data
whether or not ␣9 integrin is present
at the plasma membrane.

Some ␣9 Integrin Is Found at
the Plasma Membrane Where
it Colocalizes With E-cadherin
In addition to staining with antibodies against ␣9 integrin, we also
stained developing and adult corneas with antibodies against E-cadherin and ␣9 integrin simultaneously.
E-cadherin was used as a marker for
epithelial cell membranes; it localizes within adherens junctions in epithelia. A typical image of an 8-weekold mouse cornea is shown in Figure
6A; this image shows a single 0.5-m
layer through the limbal basal cells
of the adult mouse cornea after tissues had been processed to show
␣9 integrin (green) and E-cadherin
(blue); the image was obtained by
using a ⫻60 oil objective. While all
the basal cells express E-cadherin,
we see a typical pattern of expression of ␣9 integrin within a subpopulation of cells, running diagonally
from left to right; the red arrow and
arrowhead highlight two cells expressing both ␣9 integrin and E-cadherin. The 2-D colocalization was assessed on this image using ImagePro
Plus. The resulting colocalization
mask is presented in Figure 6B. The
mask shows in gray scale those pixels
that contained both blue and green

when the two pseudocolored grayscale images were merged; the layers above and below this layer generated similar colocalization masks
(data not shown). These data support the idea that at least a portion
of the ␣9 integrin in these cells is
found at the plasma membrane.
Figure 7A shows staining of the limbal basal cells for ␣9 integrin, E-cadherin, and PI as viewed from the apical aspect of a 3-D reconstruction
made by using the 3-D constructor
module of ImagePro Plus. The projection shown represents 7.5 m of
tissue from the apical to basal aspects of the limbal epithelium. The
two cells indicated by the arrow and
arrowhead in Figure 6 are now indicated by a white arrow and arrowhead in Figure 7A. A higher magniﬁcation image of the cell indicated
by the arrow in Figure 7A is projected
from its basal (Fig. 7B) and apical
(Fig. 7C) aspect as well as in crosssection in the inset. It is clear that
most of the ␣9 integrin is in the cytoplasm but a discrete patch of colocalization with E-cadherin is also
seen as indicated by the asterisk.
Figure 7D–F shows 3-D projections at
higher magniﬁcations of the two adjacent ␣9 integrin–positive cells indicated by the arrowhead in Figure
7A. The projections, representing 7.5
m of tissue viewed from the apical
(front) to basal (back) aspect, are
tilted slightly to emphasize their
depth. Data are shown for E-cadherin alone (Fig. 7D), E-cadherin and
␣9 integrin (Fig. 7E), as well as E-cadherin, ␣9 integrin, and PI (Fig. 7E);
areas showing colocalization of ␣9
integrin and E-cadherin are indicated by the asterisks in Figure 7E. In
Figure 7D, we see that E-cadherin is
much less abundant on the basolateral membranes of the limbal basal
cells and is frequently present only
on the apical plasma membrane of
the basal cells. In Figure 7E,F, we see
colocalization both at the cell membranes between the two ␣9 integrin–
positive cells and at other sites.
Taken together, our data show that
the localization of ␣9 integrin is developmentally regulated and regionally distributed on the mouse
cornea and that, within the basal
cells at the limbus, ␣9 integrin is
present primarily in the apical cyto-

plasm but also is seen in the apicalmost cell membrane of the basal
cells.

DISCUSSION
By using a whole-mount procedure,
we show, for the ﬁrst time, that the ␣9
integrin expression pattern varies regionally over the circumference of
the adult mouse ocular surface. At 1
week after birth, ␣9 integrin is
present throughout all regions of the
ocular surface. At 2 weeks, ␣9 integrin becomes negative in the central cornea as it begins to be restricted to cells near the limbal
region; ␣9 integrin–positive cells remain throughout the area of the developing limbus except at the nasal
region, which is negative at 2 weeks.
By 4 weeks, ␣9 integrin expression is
increased in the nasal region and
has begun to decrease at the temporal and inferior regions but remains distinct from that of the adult.
In the adult mouse, which we deﬁne
as 8 weeks old, ␣9 integrin is distributed in a unique pattern around the
limbus. More cells in the nasal region
are ␣9 integrin–positive, and the
number of ␣9 integrin– expressing
cells decreases toward the temporal
region.
Anatomical and structural features may be involved in the regionalized distribution of ␣9 integrin. The
presence of tears and growth factors, which accumulate at the nasal
region of the eye, to be drained
through the nasolacrimal duct, may
provide an explanation for the
higher number of ␣9 integrin–positive cells at this site. An anatomical
niche or depression is well developed in the adult nasal, superior,
and temporal regions but cannot be
distinguished in the inferior region.
This depression is due in part to the
thinning of the epithelium at the limbus from 20 –23 m in the central
cornea to 12–15 m at the limbus.
Figure 8 shows a model depicting ␣9
integrin expression in the developing
mouse eye. The regionalized expression of ␣9 integrin is directly responsible for the variability observed in
the number of ␣9-positive cells seen
in cross-sections of the adult mouse
eye.
␣9 integrin can serve as a receptor
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for a variety of extracellular ligands,
including tenascin-C (Yokosaki et al.,
1998) and the EIIIA alternatively
spliced domain of ﬁbronectin (Liao et
al., 2002); it may also play a role in
mediating cell– cell adhesion (Taooka
et al., 1999). To better determine what
role(s) ␣9 integrin might be playing on
cells within the limbal basal cell layer,
we performed colocalization analyses at high magniﬁcation using E-cadherin as a marker for epithelial cell
membranes and with PI to show the
location of the cell nuclei. The 3-D images were made which encompassed the entire limbal epithelium
from its apical to its basal aspect.
From these images, we were able to
determine that (1) although ␣9 integrin can be found at the basolateral
aspect of some basal cells, little ␣9
integrin is localized beneath the nucleus at the basement membrane
zone; (2) most of the ␣9 integrin is
present in the lateral and apical cytoplasm; (3) occasional sites at the apical cell membrane showed colocalization of ␣9 integrin and E-cadherin,
indicating that a portion of the ␣9 integrin is membrane associated.
These observations suggest that
␣9 integrin in the normal adult
mouse cornea is not functioning exclusively as an extracellular matrix
receptor. Rather, it appears that ␣9
integrin may also function in cell–
cell adhesion or signaling. ␣9 integrin
couples with ␤1 integrin to form a
functional heterodimer; the function
of this integrin in epithelial tissues is
not known (Sheppard, 1996, 1998).
The skin and cornea have abundant
levels of ␣2 and ␣3 integrins, which
also couple with the ␤1 integrin subunit to form ␣␤1 heterodimers. These
other ␤1-family integrins are localized to regions of both cell– cell and
cell–substrate interactions with the
majority of the protein present as immature precursors within the cytoplasm with lesser amounts found on
the plasma cell membrane. While
the function of ␤1-family integrins in
mediating cell– cell interactions remains controversial, they likely play
roles in growth factor signaling and
the ability of cells to respond rapidly
to injury. For epithelial keratinocytes
deﬁcient in ␤1 integrin, cell adhesion
and migration are impaired in vitro
and in vivo (Grose et al., 2002) and

the lack of ␣3 integrin affects the
deposition and organization of
basement membrane components
both in vitro and in vivo (Kreidberg et
al., 1996; DiPersio et al., 1997). In
fact, Hodivala-Dilke and colleagues
(1998) propose that ␣3␤1 integrin interacts with other integrins at sites of
cell– cell and cell–substrate adhesion to inhibit the functions of other
integrins. It has been difﬁcult to study
the role of ␣9 integrin in epithelial
cells, because expression of ␣9 integrin decreases rapidly once keratinocytes are placed in culture (data
not shown). Although it is not clear
how the multiple ␤1-family integrins
function in epithelial cells, they
clearly play important roles.
Mouse corneal development has
been studied by several groups
(Stepp, 1999; Saika et al., 2001; Collinson et al., 2002; Song et al., 2003;
Nagasaki and Zhao, 2003). Between
6 and 8 weeks, Nagasaki and Zhao
(2003) found that the corneal diameter increased from 2.7 to 3.0 mm
and that no signiﬁcant increase in
size of the cornea was observed after 8 weeks; they used mouse corneas from 7 to 11 weeks of age to
study the natural migration of cells
from the limbal region to the central
cornea by using green ﬂuorescent
protein (GFP) -labeled cells in a
transgenic mouse model. Their study
extended the XYZ hypothesis originally proposed by Thoft and Friend
(1983), which stated that the cornea
regulated the number of epithelial
cells on its surface such that the proliferation of transient amplifying cells
in the basal cell layer (X) and the
rate of centripetal movement of
cells from the limbus to the central
cornea (Y) was equal to the loss of
cells from the entire apical surface
(Z). Nagasaki and Zhao (2003) found
that between 7 and 11 weeks of
age, the rate of cell movement from
the limbal region to the central cornea remained constant and interpreted this ﬁnding to mean that
the corneal epithelial cells had
achieved a steady proliferative and
migratory state by 7 weeks of age.
Collinson and colleagues (2002)
suggest that it takes 20 weeks after
birth before the mouse ocular surface is fully mature. Their studies
were performed by using mice chi-
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meric for expression of LacZ. Over
time after birth, radial stripes of blue
or clear cells could be observed proceeding toward the central cornea
with the stripes being more well resolved as the mice aged. While Nagasaki and Zhao (2003) also observed radial stripes of cells develop
on the cornea over time in their GFPtransgenic mice, they reported no
changes in the numbers or quality of
the stripes after 8 weeks. It is not
clear why Collinson and colleagues
(2002) and Nagasaki and Zhao
(2003) deﬁne acquisition of adult
corneal epithelial cell phenotype in
mice so differently. However, the
studies presented here support the
idea that the adult mouse corneal
epithelial and limbal basal cell phenotypes are ﬁrst present between 6
and 8 weeks.
Many groups are trying to identify
and characterize adult epithelial
stem cells and potential surface
markers (reviewed in Watt, 1998;
Lavker and Sun, 2000). The localization of ␣9 integrin to the limbal basal
cells suggests the possibility that it
might play such a role. Most studies
suggest that the percentage of
adult stem cells in regenerative epithelial tissues is generally somewhere
from 0.1 to 4% of the total cell population (Potten and Morris, 1988; Potten and Loefﬂer, 1990; Dua et al.,
2000) and the number of ␣9 integrin–
positive limbal basal cells at the nasal region exceeds those values. Together with the fact that ␣9 integrin
is also up-regulated during wound
healing, these data suggest that the
majority of ␣9 integrin–positive cells
in the adult mouse limbus are TA
cells. However, these facts do not
rule out the possibility that ␣9 integrin
might also be present on both the TA
and the corneal epithelial stem cells.
Further studies showing whether or
not ␣9 integrin–positive cells are label-retaining will resolve this issue.
We are currently optimizing staining
procedures to permit us to simultaneously assess BrdU label-retaining
cells and the ␣9 integrin–positive
cells as well as other epithelial-speciﬁc integrins on the developing
mouse ocular surface. Understanding the development of the limbus
and of the cells that reside there,
which include the adult corneal ep-
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ithelial stem cells, should lead to a
better understanding of the causes
of corneal epithelial stem cell deﬁciency diseases and lead to improved treatments for patients suffering from these conditions. While
mouse and human corneas are different in many ways, studying the
mouse cornea will give us the opportunity to evaluate corneal stem cells
diseases in ways not possible in patients.

EXPERIMENTAL PROCEDURES
Animals
All experiments described in this article conformed to the guidelines established by the George Washington University Medical Center
Institution Animal Care and Use
Committee as well as to the ARVO
statement for the Use of Animals in
Ophthalmic and Vision Research. If
the eyelids were closed, the animals
were decapitated; otherwise they
were killed using lethal injection with
sodium pentobarbital.

Immunoﬂuorescence on
Whole-Mount Corneas
One-week-old mice were killed by
decapitation, whereas from 2 to 8
weeks, mice were killed by lethal injection. There were at least 4 eyes
used for each time point, except for
6 and 8 weeks in which at least 10
eyes were used; we made sure that
the results were the same in right
and left eyes. For 1-week-old mice,
the whole heads were ﬁxed for 2 hr
in 4:1 dilution of prechilled 100%
methanol and dimethyl sulfoxide
(DMSO) at ⫺20°C and a cut was
made around the eye to remove
the eyelids without damaging the
cornea. After removing the eyelids,
a suture was put in the temporal position. For 2-week-old mice, only corneas with open eyelids were used.
After suturing the eyes, they were
labeled as left or right, enucleated,
and stored in 100% methanol. The
eyes were kept intact throughout
the whole-mount procedure.
At 4, 6, and 8 weeks of age, a
suture was put in the temporal position and the eyes were labeled as
left or right. The eyes were enucle-

ated and ﬁxed in methanol and
DMSO mixture for 2 hr at ⫺20°C, and
were stored in 100% methanol at
⫺20°C. The backs of the eyes were
cut, and the retina, the lens, and the
iris were removed before staining. All
eyes were transferred from 100%
methanol into 1⫻ phosphate buffered saline (PBS; 10⫻ PBS was made
as follows: 14.4 g of Na2HPO4, 2.4 g
of KH2HPO4, 2 g of KCl, 80 g of NaCl,
in total volume of 1 liter of water, pH
7.4) in a graded methanol series
(70%, 50%, and 30% methanol and
1⫻ PBS, 30 min each). All washes
and incubations were done at room
temperature with gentle shaking unless speciﬁed otherwise. After washing the eyes in 1⫻ PBS twice for 30
min each, the eyes were incubated
with blocking buffer (In 100 ml 1⫻
PBS, add 1 g of bovine albumin, stir
for 30 min, add 1 ml of horse serum,
and stir for an additional minute) for
2 hr. The eyes were then incubated
with primary antibody overnight at
4°C. For some studies, colocalization
with E-cadherin was performed;
both ␣9 integrin and E-cadherin primary antibodies were added simultaneously when dual labeling was
required. Polyclonal anti-peptide
sera recognizing ␣9 integrin was
characterized as described previously (Sta Iglesia et al., 2000), and rat
anti–E-cadherin antibody (catalog
no. 13-1900) was purchased from
Zymed Laboratories. The next day,
eyes were washed ﬁve times with 1⫻
PBS and 0.02% Tween 20 (PBST) for 1
hr and were blocked for 2 hr. They
were incubated with goat anti-rabbit Alexa 488 (catalog no. A-11008)
and goat anti-rat (catalog no. 112175-102, Jackson ImmunoResearch
Laboratories) secondary antibodies
overnight at 4°C. Next day, the eyes
were washed three times with PBST
for 1 hr each and were incubated in
PI (1:1,000) for 5 min followed by
three washes with Millipure water 5
min each. Secondary rabbit antibody and PI (catalog no. P-1304)
were purchased from Molecular
Probes. To achieve the best result in
ﬂattening the eyes, four incisions
were made and the eyes were put
on a black ﬁlter before adding the
prolonged mounting medium and
cover-slipping. The images were

captured with a confocal microscope.

Confocal Microscopy
Confocal microscopy was performed at the Center for Microscopy
and Image Analysis (CMIA) at the
George Washington University Medical Center. A Bio-Rad MRC 1024
confocal laser scanning microscope
(Hercules, CA) equipped with krypton–argon laser and an Olympus
IX-70 inverted microscope (Melville,
NY) was used to image the localization of Alexa 488 (488-nm laser line
excitation; 522/35 emission ﬁlter), PI
(568-nm excitation; 605/32 emission
ﬁlter), and Cy5 (647-nm excitation;
680/32 emission ﬁlter). Optical sections of confocal epiﬂuorescence
images were acquired sequentially
at 1-m intervals by using a ⫻20 objective lens (NA ⫽ 0.7) or at 0.5-m
intervals by using a ⫻60 oil objective
(NA ⫽ 1.40) with Bio-Rad LaserSharp
version 3.2 software. When using the
⫻60 objective, images were acquired from the apical aspect of the
epithelium into the underlying stroma; typically, this approach required capturing approximately 40
optical sections.

Image Analysis
Adobe Photoshop version 7.0 software with Bio-Rad plugins was used
to both convert images from BioRad PIC into tiff ﬁles and to merge
images to create montages. ImagePro Plus version 5.0 software
(Media Cybernetics, Silver Springs,
MD) was used to merge stacks of
laser confocal images to both perform 2-D colocalization measurements, and to render 3-D images by
means of an ImagePro Plus 3D Constructor version 5.0 module. Based
on the presence of ␣9 integrin–positive cells only in the basal cell layer,
only 15 of the 41 layers acquired (7.5
m of tissue) were used for 3-D rendering and colocalization analyses.
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