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Figure2. Redistributiorof plasmanembranealcium-ATPas&soform4 (PMCA4)in basakpithelialcellsatthewoundmarginduringcorneal
reepithelializationThe patternof PMCA4 IR is shownin thewoundmarginat6 h (A), 24 h (B), 36 h (C), and48 h (D), andin the control
corneaat 6 h (E). The presencdasteriskspr absencéarrows)of basalplasmamembranestainingin representativeellsis shown(corneal

epithelium [CE]; stroma [S]). Bars i represent 20 um and apply to all panels.
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Figure 3. Quantitative analysis of plasma membrane calcium-ATPase isoform 4 (PMCA4) distribution in basal epithelial cells at the wound
margin during reepithelialization. The percentage of basal epithelial cells that exhibited PMCA4 staining in the apical plasma membrane,
basal plasma membrane and cytoplasm in wounded and control corneas at 6 h (A), 24 h (B), and 36 h (C) is shown. Note in particular, the
prominent redistribution of PMCA4 staining from apical to basal cell membranes in the wounded eye between 6 and 24 h as well as the increase
in cytoplasmic staining in wounded versus controls eyes at 6 and 24 h. The asterisk (*) represents a p value less than or equal to 0.01.
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membrane, basal plasma membrane, or cytoplasm were
counted for tissue sections from each wounded cornea and at
each time interval. For each animal, analysis was performed
on a minimum of three tissue sections from the wounded and
paired control eye. As noted above, the experiments were
repeated using 3 animals at the 6 h, 24 h, and 36 h post-
wounding time points. Two animals were examined at 48 h
post-wounding. Bar graphs in Figure 3 present the combined
data from three different animals at the 6 h, 24 h, and 36 h
post-wounding time points. The number of basal epithelial
cells that expressed each phenotype was calculated as the
percentage of the total number of basal cells in that zone.

RESULTS

Plasma membrane calcium-ATPase (PMCA) expression and
distribution in normal rabbit corneal epithelium: Western
blotting and PCR analysis were used to characterize PMCA4
expression in rbCE. In immunoblotting studies (Figure 4),
both the panPMCA and PMCA4 isoform-specific antibody
labeled an intense band at approximately 163 kDa. In rat
PMCA4 at site A, a 36 bp exon can undergo alternative
splicing [38]. Direct sequencing of the site A product from
rbCE revealed that the 36 bp exon was inserted. Rabbit CE
thus expresses splice variant PMCA4x (designation is based
on the currently accepted nomenclature as described by
Kamagate, et al. [38]). This sequence has 100% identity with
PMCA4x from human red blood cell (NCBI NM 001684.1)
and retinal pigment epithelium [51].

Immunohistochemical staining of normal rbCE with both
the panPMCA Ab and the PMCA4 isoform-specific Ab
revealed strong labeling of plasma membranes in all cell
layers and all regions of the CE (Figure 5). The corneal stroma
was unstained. The distributions of panPMCA IR and PMCA4
IR were similar with the notable exception that in a large
percentage of basal epithelial cells PMCA4 staining was
absent from these cells’ basal (i.e., stromal facing) plasma
membranes (Figure 5B). Immunohistochemical control
sections incubated with nonimmunized mouse IgG in place of
primary Ab were unstained (Figure 5C).

Distributional changes in plasma membrane calcium-ATPase
isoform  four (PMCA4) expression during corneal
reepithelialization of injured rabbit corneal epithelium:
Analysis of PMCA4 IR demonstrated substantial temporal
and spatial changes in PMCA4 distribution in basal epithelial
cells at the wound margin during corneal epithelial wound
healing. In contrast, the patterns of PMCAA4 distribution basal
cells of the juxtamarginal zone and corneoscleral limbus were
unchanged from control corneas.

At 6 h post epithelial wounding, the wound margin
consisted of 1 or 2 layers of cuboidal or squamous cells
(Figure 2A). Approximately 83% of the basal cells located at
the wound margin demonstrated apical staining, compared to
100% of basal epithelial cells from the control eye in the same
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animal treated with PBS (Figure 3A). Approximately 58% of
the basal cells in injured CE showed PMCA4 IR along the
basal membrane, compared to 32% of the basal cells in control
CE. Fifty percent of the marginal zone basal cells in wounded
CE contained cytoplasmic staining, as compared to only 13%
of basal cells in nonwounded CE.

At 24 h post wounding, the cells at the wound margin
comprised a monolayer of long, flattened cells (Figure 2B).
By 24 h following injury the percentages of basal cells that
showed apical or basal plasma membrane labeling were
essentially reversed (Figure 3B). Approximately 46% of cells
at the wound margin demonstrated apical staining compared
to 89% of basal cells in the corresponding region of the control
cornea. Seventy-seven percent of cells in the area of the wound
margin exhibited IR along the basal cell membrane, as
compared to 25% in control CE. The percentage of basal cells
in either eye that demonstrated cytoplasmic PMCA4
immunoreactivity was relatively unchanged from 6 h.

At 36 h post injury, the wound was closed and the
previously denuded area was completely covered by a
partially stratified epithelium consisting of 2-3 cell layers
(Figure 2C). The polarity of PMCA4 labeling in basal
epithelial cells had reversed from that seen at 24 h (Figure
2B,C) and began to more closely resemble that seen in normal
and control CE (Figure 2E). Eighty percent of the basal cells
in the area of the former wound margin showed apical staining
as compared to 96% of the cells in the comparable region of
the control cornea (Figure 3C). Forty-seven percent of basal
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Figure 4. Immunoblot analysis of plasma membrane calcium-
ATPase (PMCA) in rabbit corneal epithelium. Blot lanes were loaded
with equal aliquots of whole cell lysate. The panPMCA antibody was
used at 0.65 mg/ml, and the PMCA4 antibody was used at 0.4 mg/
ml (data presented here is from a single animal and is representative
of immunoblot studies of the CE from three different normal
animals).
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Figure 5. Localization of plasma membrane calcium-ATPase (PMCA) in rabbit corneal epithelium (CE). A: Immunostaining with pan-PMCA
antibody revealed strong PMCA labeling in all layers of the CE. The staining was associated primarily with the plasma membranes with
diffuse cytoplasmic staining in some cells. The corneal stroma (S) was unstained. B: The pattern and intensity of immunoreactivity seen with
PMCAA4 isoform-specific antibody was similar to that seen with the panPMCA antibody, except that PMCA4 labeling is absent (arrows) from
most basal cell plasma membranes adjacent to the stroma. C: Control section incubated with nonimmune mouse IgG revealed an absence of
staining.
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Rate of Corneal Epithelial Wound Closure
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cells in the formally denuded area and 12% of the basal cells
in the control CE demonstrated basal staining. Finally,
approximately 27% of cells in the area of the former wound
area and 12% of those cells in the corresponding area of the
control cornea showed cytoplasmic PMCA4 labeling.

At 48 h post injury, the process of re-stratification had
continued to a point where the CE consisted of a well defined
layer of columnar-shaped basal cells, a layer of wing cells,
and 1-2 layers of flattened squamous cells (Figure 2D). The
plasma membranes of all the cells in all layers were positive
for panPMCA labeling (data not shown). The pattern of
PMCAA4 staining in basal cells was indistinguishable from that
seen in basal cells in control CE and normal CE.

Effect of siRNApvcas transfection on wound healing using the
hTCEpi cell line: An siRNA construct against exon 17 of
PMCA4 and a scrambled construct with no known homology
to any human mRNA were used to test the hypothesis that
knockdown of PMCA4 expression would adversely affect CE
wound healing. Overall, the rate of wound closure was slower
in siRNApmcas transfected cultures as compared to
SiRNAscamblea transfected (control) cultures (Figure 6). Some
control cultures were completely healed as early as 21 h post-
injury, and all control cultures were healed between 24 and 27
h (Figure 6 and Figure 7). In contrast, in all siRNApmcas
transfected cultures CE cells failed to completely close the
wound defect at the maximum measured time point of 30 h
(Figure 6 and Figure 7E).

DISCUSSION

Plasma membrane calcium ATPase expression in the normal
rabbit CE: The results of this study have shown for the first
time, using three different methods (PCR, immunoblotting,

and immunohistochemistry) the presence of PMCA in the
normal rabbit corneal epithelium. The data mirror results from
our previous report of PMCA expression and distribution in
human CE [47], as well as data from other investigators
reporting the presence of PMCA in rat [57], bovine [58], and
mouse CE [41]. Sequencing of the PCR DNA from rabbit
revealed that PMCAA4x is the splice variant in rabbit CE at site
A. PMCAA4x is the same splice variant expressed in human
corneal epithelium [47,48]. Immunohistochemical staining
with a panPMCA antibody demonstrates that PMCAs are
expressed by all cells in the normal rabbit CE and limbus, and
that PMCAs are located mainly in the plasma membrane;
however, the presence in some cells of diffuse cytoplasmic
staining suggests that some PMCAs are associated with
cytoplasmic membranes. It is suggested that that PMCAs, via
their ability to extrude intracellular calcium into the
extracellular space, play key roles in critical calcium-
dependent cell behaviors in this continuously renewing
epithelium including, proliferation, migration, adhesion, and
differentiation [20-25].

Redistribution of PMCA4 and possible functional roles for
PMCA4 during corneal epithelial wound healing: The data
presented in this investigation show that PMCA4 IR exhibited
amarked change in distribution of epithelial cells at the wound
margin during CE wound healing. In normal and control rabbit
corneal epithelium, PMCA4 IR was expressed in basal
epithelial cells in a strongly “polarized” fashion with the
isoform IR most prominent along the plasma membranes at
the apices and lateral plasma membranes of the basal cells and
weakly (or not at all in most cells) along the plasma
membranes facing the basal lamina. This polarity of PMCA4
immunostaining “reverses” during epithelial wound healing.
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Figure 7. Photomicrograph of representative siRNA transfected hTCEpi cultures. This figure shows photomicrographs of representative siRNA
transfected hTCEpi cell cultures: (A) non-wounded; (B) wounded at 0 h post-wounding; (C), (D), and (E) are siRNApmca4 transfected cell
cultures at 6 h, 21 h, and 30 h post-wounding, respectively; (F), (G), and (H) are siRNAscrambled transfected cell cultures for the corresponding
respective time intervals. At 21 and 30 h post-wounding are siRNApmcas CE cells fail to close the denuded (i.e., wounded) area as compared
to siRNAscrambled transfected cells where the wound is closed at 21 h. Bar in H represents 100 pm and applies to all panels.

That is, the basal cells near the wound margin express more
PMCA4 along the basal membrane than apically, with a
concurrent increase in cytoplasmic staining. This pattern of
IR then reverts back to control (or non-injured) conditions
soon after the denuded area is closed. A similar pattern of
protein redistribution in mouse CE was found for fodrin by
Takahashi et al. [59]. Fodrin is an actin-binding protein, and
forms a complex with E-cadherin, a Ca**dependent cell-cell
adhesion protein [60]. It is well known that the cytoskeleton
protein actin plays a major role in cell migration. This
redistribution of fodrin and interaction with E-cadherin sets
the stage to evaluate the possible functional role(s)/
interaction(s) of PMCA4 in cell migration and wound healing.

During the latent phase of wound healing, basal cells at
the wound margin undergo extensive cellular and subcellular
reorganization including loss of columnar appearance,
increase in cell volume and breakdown of hemisdesmosomal
attachments to the stroma [10-13]. During the migration phase

of CE wound healing, cells at the leading edge of the wound
margin begin to migrate across the denuded area. These cells
pull more peripheral cells behind them as a continuous
epithelial sheet until the wound defect is covered [14-17]. We
hypothesize that the redistribution of PMCA4 observed
during the migration phase may relate to altered Ca** needs
required for cell movement and changes in the stability of cell-
to-cell or cell-to-matrix junctions. For example, E-cadherin is
found in cell membranes of corneal epithelial cells [61]. In the
classical cadherin model, extracellular Ca®" interacts within
pockets located in E-cadherins to form rigid E-cadherin
dimers. Under the influence of additional Ca?*, these dimers
bind adjacent cells together by forming E-cadherin oligomers
[25]. PMCA4 may function to stabilize these adhesions by
pumping Ca?" into the junctional spaces. In the present study,
PMCA4 redistributes from the plasma membrane to the
cytoplasm (Figure 2 and Figure 3); the resulting decrease in
extracellular Ca?" available to interact with E-cadherin may
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result in the more flexible cell-to-cell junctional complexes
needed for epithelial sheet migration. A prior study by Amino
et al. [41] yielded results compatible with this hypothesis.
These investigators demonstrated PMCAs redistribute from
cell membrane caveolae to cytoplasmic membranes during re-
epithelialization of mouse CE following wounding.

The finding that basal cells at the wound margin express
more PMCAA4 in the basal plasma membrane than “control”
basal cells may suggest a role for PMCA in cell-to-
extracellular matrix adhesion. Ca*" in the ECM at the site of
focal adhesions interacts with calpain, which then cleaves
integrins at the trailing ends of migrating cells [20]. In
contrast, intracellular Ca®>" stabilizes the cytoplasmic
components of integrins near the advancing edges of
migrating cells [20]. Thus, PMCAA4 shifted to the basal plasma
membrane of migrating basal epithelial cells may help direct
these opposing processes. This idea gains support from one
study in which Brundage, et al. [62] demonstrated regional
changes in Ca®" concentration both at the leading and
retracting edges of migrating eosinophils. In the present study,
when PMCA4 expression was knocked down via
siRNApmca4 transfection, migration slowed and cells failed to
close the wound defect within a comparable time interval to
control cultures. These results when correlated to the
redistribuiton of PMCA4 to the portion of the basal cell
plasma membrane adjacent to the corneal stroma during cell
migration suggest of a role for PMCA4 in the regulation of
Ca**-handling in the formation of cell-to-extracellular matrix
adhesion during migration. PMCA4 may also be involved
with regulation of Ca?*-handling needed for fodrin-actin
interaction during cell migration as indicated by the pattern of
fodrin redistribution during CE being similar to that of
PMCAA4 in the present study [59].

The basal cells of CE are the only cells in CE that are
capable of a mitogenic or proliferative response. CE
proliferation (and regeneration) is affected by a host of
cytokines, such as epidermal growth factor (EGF) [4].
Following injury to CE, EGF synthesis increases and EGF
stimulates wound closure via a variety of signaling pathways,
including cascades that activate calcium transients [63]. More
recently, canonical transient receptor potential protein
isoform TRPC4 knockdown has been shown to suppress EGF
- induced store-operated Ca?* channel activation and growth
in human CE [64]. This suggests that TRPC4 expression is
required for EGF to be maximally effective through inositol
1,4,5 triphosphate (IPs) —linked pathways. Interestingly,
Sgambato-Fuare et al. [65], showed the interaction of the
Homer scaffold protein, Homer-1/Ania-3, with PMCAs
suggesting coupling of PMCAs to IPs receptor Ca** channels.
Taken together with the results presented herein, it is
reasonable to hypothesize a connection between TRPC4 and
PMCA via IP; —linked pathways that may affect mitogenic
response in CE.

© 2010 Molecular Vision

At the present time the nature of the mechanism that
results in a shift of PMCA4 from apical to basal plasma
membranes in incompletely understood. However, it is
reasonable to suggest that alternative splicing of PMCA4
primary transcripts may be involved. Support for this idea
comes from several experimental studies showing that
PMCAs may be “selectively” targeted to different areas of the
cell plasma membrane. Chicka et al. [66] have shown that
alternative splicing of PMCA2 at splice site A (near the
NH,-terminus along the first intracellular loop) alters its
membrane targeting in MDCK (Madin-Darby Canine kidney
epithelial) epithelial cells. These data demonstrated that
alternative splicing at the A site involved a PDZ-protein
binding domain such that PMCA2w, containing the full length
spliced-in insert was targeted to apical and basal cell
membranes, but the PMCA2x and z variants, containing a
partial insert or no insert, respectively, were selectively
targeted to the basal lateral membrane. Additional evidence
suggests that PMCA b-splice variants (at the C splice site)
interact with PMCA-interacting single PDZ protein for the
sorting of PMCAs to or from the plasma membrane [67,68].
This is interesting in that in prior experiments in our
laboratory, human CE has been shown to express PMCA4x,b
[47,48]; here in this investigation rabbit CE expresses
PMCA4x (the C splice site variant in rabbit is yet
undetermined). However, it is not clear at the present time if
achange in alternative splice variant expression occurs during
corneal epithelial wound healing.

This study shows that PMCAA4 is strongly expressed in
rabbit corneal epithelium and that the pattern of PMCA4 IR
markedly changes during the process of corneal epithelial
wound healing. The functional significance of the change in
PMCAA4 localization is not resolved by this study, however,
the results here suggest a role for PMCA4 in migration during
CE wound healing. Most certainly Ca*-handling
requirements of corneal epithelial cells are altered during
reepithelialization, a process that comprises morphological
changes, migration, proliferation and differentiation. PMCA4
redistribution would allow the cells of the CE to maintain
different “regional” baseline levels of [Ca’]i and to
selectively respond to signals regulating [Ca?*]; and junctional
levels of Ca?* during CE wound healing. To fully understand
calcium handling by the corneal epithelium during the wound
healing process, the transporters catalyzing calcium efflux
must be characterized. The present work has begun this
process by examining PMCA4 expression and distribution in
rabbit corneal epithelial wound healing, and the knockdown
of PMCAA4 expression in corneal epithelial wound healing in
vitro. The stage is now set for additional studies to further
characterize the functional role(s) of each PMCA isoform in
wound healing of stratified epithelium. These functional
experiments might include the selective knockdown of
additional PMCA isoform expression in corneal epithelial
cells during adhesion and migration studies, and may also
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investigate possible interactions of PMCAs with fodrin, actin
and E-cadherins.
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