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Purpose: Plasma membrane €aATPases (PMCAs) are integral membrane proteins essential to the control of intracellu-

lar C&* ([C&],) concentration. Four genes encode PMCA proteins termed PMCAL1-PMCA4. Little is known about the
expression of these isoforms in corneal epithelium (CE). The purpose of this investigation is to characterize the expression
and distribution of PMCAs in human CE (hCE).

Methods: PMCA mRNA expression was examined by RT-PCR analysis of total RNA from native hCE using PMCA gene
specific primers. PMCA isoform expression at the protein level in native hCE was examined by immunoblotting using
isoform specific antibodies (Abs) and a panPMCA Ab that recognizes all PMCAs. Distribution of PMCAs in postmortem
and surgical sections of hCE was determined by immunohistochemistry with the same Abs.

Results: Immunoblot analysis with the panPMCA Ab yielded an intense band of approximately 135 kDa and several
faintly staining bands above and below this major band. The isoform specific Abs labeled one or more bands that corre-
sponded to bands detected with the panPMCA Ab. RT-PCR analysis of total RNA from hCE yielded PCR DNAs that were
identified by sequencing as products of PMCA1, PMCA2, PMCA3, and PMCAA4, thus confirming the immunoblot data.
Immunohistochemistry demonstrated localization of PMCAs in all layers of hCE. PMCA4 was the predominant isoform,
and was expressed along the plasma membrane of cells in all layers of CE, except with a notable absence along the basal
cell membranes adjacent to the stroma. PMCA1 and PMCA2 were found mainly on basal and wing cells. In contrast to
PMCA4, PMCA1 immunoreactivity (IR) was located on portions of basal cell plasma membranes adjacent to the stroma.
PMCAZ2 IR was detected cytoplasmically within basal and wing cells in both central cornea and limbus. PMCAS IR was
located in basal cell nuclei in central cornea, but in a perinuclear location in the limbal, basal, and wing cells.
Conclusions: Human CE expresses multiple PMCA isoforms that are differentially expressed and localized among the
layers and cells that comprise the CE. We propose that the differential expression of multiple PMCA isoforms affords CE
the requisite flexibility to respond to the demands fot* @gulation required during renewal and regeneration of its
multiple cell types.

C&* plays multiple roles in biological systems acting bothcal properties [24]. Several studies show that PMCA isoform
as an intracellular second messenger, and as a key factor (expression and location vary among cell types with respect to
tracellularly) in adhesion and movement. Three calcium pumgissue specific calcium handling requirements [25-27]. Fur-
ing ATPase systems operate to maintain cytosoli¢ €@m-  thermore, PMCA dysregulation has been described in diseased
centration ([C#]) at a low level of about 1M [1-6]. These  cells and models of pathological conditions including senso-
include ATPases localized in Golgi and related vesicular conrineural deafness, diabetes, and hypertension [28]. For ex-
partments, sarco/endoplasmic reticulum ATPases (SERCAgmple, PMCAZ2 is found in auditory and vestibular hair cells,
that sequester €dnto internal release compartments [7-11], where stimuli produce sudden calcium influxes during trans-
and plasma membrane GATPases (PMCAS) located in the duction that requires rapid extrusion to maintain responsive-
surface membrane of cells that extrudé*@gainst a large ness; an absence of PMCA2 in mice results in deafness and
concentration gradient [12,13]. Thus, PMCAs also functiorataxia [26]. PMCAL is expressed in all cells and tissues and
to regulate extracellular [@dand play a critical role in Ca  its absence leads to embryonic lethality. By contrast, absence
homeostasis. of PMCA4, which is also ubiquitously expressed, leads to male

In humans, four genes (ATP2B1-ATP2B4) encode PMCAinfertility [29]. Thus, we reasoned that determining which
proteins termed PMCA1-PMCA4, respectively [14-18]. PMCA isoforms are expressed in CE and cataloging their lo-
PMCA isoform diversity is increased via alternative splicingcation would help to understand the role of calcium pumps in
of primary RNA transcripts [16,19-23] that could result in moremaintaining corneal epithelial integrity and their possible in-
than 25 distinct proteins [7,20]. Although all PMCAs extrudevolvement in corneal pathology.
cytosolic C& from cells, the different isoforms and splice The cornea comprises the anterior surface of the eye and
variants are regulated differentially and have distinct biochemis its principle refracting structure. The corneal epithelium
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plays a role in stromal dehydration and the maintenance of Sources of human donor eyes. Corneas from human ca-
corneal transparency, contributing approximately 3% of thelavers and living donors used in this investigation were from
total dehydration capacity [35]. Transepithelial t@insport, three sources: National Disease Research Interchange (Phila-
coupled to water movement, can potentially thin a swollemelphia, PA), Central Florida Lions Eye Bank (Tampa, FL),
stroma [36]. Critically, Cltransport mechanisms may be regu-and the Department of Ophthalmology, University of Bonn
lated by [C&1], [32,37]. (Bonn, Germany). The age of donor, presence of any ocular
In order to maintain its barrier function, the CE must bepathology, and time to fixation are reported in appropriate sec-
able to repair itself following wounding. The process of CEtions below.
wound healing is complex, and involves a coordinated se- Antibodies: Monoclonal antibodies (Abs) 5F10 and JA9,
guence of physiological events including cell migration, pro-and polyclonal Abs NR1, NR2, and NR3 were generously do-
liferation, and differentiation [38], all of which depend on cal-nated by Affinity BioReagents, Inc. (Golden, CO) and have
cium mediated processes. Concerning PMCA involvement, laeen previously characterized [23,42,43]. 5F10 is a
wound healing study in the mouse [39] showed that durinfpanPMCA” Ab that recognizes a highly conserved epitope
cell migration at the wound margin PMCAs redistributed fromnear the PMCA active site that is found in all four PMCA
plasma membrane caveolae to membranous structures in ikeforms. Ab JA9 is specific for PMCA 4 [23,42,43]. NR1,
cytoplasm. PMCAs returned to the cell membrane when theR2, and NR3 are epitope affinity purified, rabbit polyclonal
defect was healed. Though fdawas not measured, this re- 1IgG Abs that detect specifically PMCAL, PMCA2, and
distribution of PMCAs suggests that fdamay fluctuate PMCAS, respectively [23,43]. Secondary Abs were from Vec-
during the wound healing process. In addition, changes itor Laboratories (Burlingame, CA).
[C&], could function in the regulatory program that directs ~ Sample preparation for immunoblotting: CE cells for
changes in cell motility, morphology, and adhesion that arenmunoblotting studies were obtained from eleven donors.
central to the wound healing process. One combined sample (03-041c) was comprised of CE scraped
Reinach et al. [37,40,41] characterized*&imulated, from four donor corneas ranging in age from 57-76 years. The
Mg?*-dependent ATPase activity and Ca transport in bovineecond combined sample (03-048c) was comprised of CE col-
CE. These early experiments are significant in that they denhected from seven donors ranging in age from 63-76 years. In
onstrated the presence of calmodulin sensitive&€enulated, all cases, donors had no known history of ocular pathology.
Mg?-dependent ATPase activity in bovine corneal epithelial ~ CE was removed by mechanical scraping while immersed
cells. Previously, there had been no reports in bovine CE afi ice cold 0.1 M PBS (0.084 M NdPO,, 0.016 M KHPO,,
high affinity C&*-stimulated ATPase activity, whose activity 0.9% NaCl). The cells were placed into a conical centrifuge
could maintain intracellular Gain the submicromolar range. tube, suspended by gentle pipetting, and centrifuged at 180x g
The corneal epithelium is a complex system, and Reinachfer 7 min. The cell pellet was resuspended and washed in 1X
work suggests the presence of more than ofiesfienulated, PBS (130 mM NaCl, 2.5 mM KCI, 8 mM NdPQO,, 1.5 mM
Mg?*-dependent ATPase activity. KH_PQ), centrifuged as before, and resuspended inl 50
To completely define PMCAs and their roles in corneal0.1 M PBS. An aliquot was removed for determination of to-
biology, the molecular identity and physiological activity of tal protein concentration by the Lowry Assay [44]. The re-
these entities must be characterized. The goal of the presen&ining suspension was solubilized in p00f electrophore-
work was to lay the foundation for this analysis by examinsis sample buffer consisting of 2% SDS, 10% glycerol, 200
ing, for the first time, expression, distribution, and cellularmM HEPES (pH 6.8), 1 mM EDTA, 0.1% bromophenol blue,
localization of different PMCA isoforms in CE. Clarifying the 5% mercaptoethanol, 20 Protease Inhibitor Cocktail (Sigma,
activity, location and splice variants of PMCA are critical toSt. Louis, MO) and 20l Complete Protease Inhibitor (Roche,
understanding the role(s) of PMCA in corneal epithelial cellndianapolis, IN), and stored at -2CG. CE samples and mo-
biology. lecular weight standards were resolved by SDS-PAGE using
Wehave examined both human eye bank corneas and eyataemmli system with an 8% gel [45-47] as described previ-
obtained immediately after enucleation and keratoplasty. Weusly for retinal pigment epithelium [48]. Proteins were trans-
report that all four PMCA isoforms are expressed in hCE, anterred to PVDF membranes (Immobilon-P, Millipore,
that the isoforms are distributed differentially in the CE cellBurlington, MA) by semi-dry electroblotting. Protein transfer
layers. We propose that the differential expression of PMCAo the blot was assessed by staining with Ponceau S (Sigma).
isoforms in CE reflects fundamental differences in calcium  Immunoblotting: Blots were wet with MeOH, washed
regulation requirements in this continuously regenerating epitsing a high salt Tris Buffered Saline Solution (HTBS; 500
thelium. mM NacCl; 25 mM Tris base, pH 7.5), and blocked for 2 h at
RT, with SuperBlock® Blocking Buffer (Pierce TBS Dry
METHODS Blend; Pierce, Rockford, IL). After a wash in HTBS contain-
Experiments were conducted according to the guidelines afig 0.2% Tween 20 (HTBS-Tw), blots were reacted with pri-
the Institutional Review Board of Indiana University Schoolmary Ab for 2 h at RT, with gentle agitation. Primary Abs
of Medicine and in compliance with federal regulations govwere diluted 1:10,000 (5F10), or 1:2,500 (JA9, NR1, NR2,
erning the use and protection of human subjects in researclnd NR3) in HTBS containing 0.4% blotting grade nonfat dry
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milk (Bio-Rad Laboratories, Hercules, CA) and 0.2% Tweerfor 7 min. PCR DNAs were analyzed using a Rapid Agarose
20. The blots were then washed four times in HTBS-TwGel Electrophoresis System (RGX60, Biokey American In-
blocked a second time in Pierce SuperBlock® for 2 h at RTstrument, Inc., Portland, OR) in 2.0% agarose gels in 1X TAE
and incubated for 2 h at RT with secondary Ab (horse antbuffer (8 min at 210 V). PCR DNAS were either gel purified
mouse or goat anti-rabbit IgG) conjugated to alkaline phoser subcloned and then sequenced by the CRC DNA Sequenc-
phatase (Vector Laboratories). Secondary Abs were diluted ing Facility, University of Chicago.
the same vehicle used for primary Abs. The blots were then  Immunohistochemistry of postmortem specimens. Cor-
washed four times in HTBS-Tw, and incubated for 30 min aheal tissue from four donor corneas, two female and two male,
RT in CDP-Star chemiluminescent substrate (Applied Biotanging in age from 23-66 years, were frozen and sectioned
sciences, Bedford, MA) in order to visualize the cross-reacfor fluorescence immunohistochemistry. Of these, one cornea
ing bands. The chemiluminescent signal was captured usingxas remarkable for mild arcus, while the other three demon-
Kodak Image Station 440CF (Kodak, Rochester, NY) and 1Btrated no specified ocular pathology. Approximate time from
Image Analysis Software. enucleation to fixation was 17 to 20 h. On delivery, donor
Control blots for NR1, NR2, or NR3 were incubated withcorneas used for immunohistochemistry were placed in ice
antibodies preabsorbed with an excess of the respective ireld 0.1 M PBS and trimmed of excess tissue except for a thin
munizing peptide using the manufacturer’s suggested protoim (about 1.0 mm) of sclera. The center of each cornea was
col (Acris Antibodies, Hiddenhausen, Germany). Briefly, an-marked, and then the cornea was cut into quadrants using a
tibody-peptide mixtures were prepared with a 28 fold excessumber 10 scalpel blade. The quadrants were immersion fixed
of peptide to antibody and incubated for 2 h at@/then for ~ for 30 min at RT in 4% paraformaldehyde containing 0.2%
24 h at £C. The mixture was centrifuged at 15,000 rpm at 4picric acid and 2% sucrose in 0.1 M PBS, pH 7.3, and then
°C for 15 min. The supernatant was partially decanted, leaypassed through a series of graded sucrose solutions (5%, 10%,
ing 5-10ul in the tube, which was then diluted 1:2500 for 20%, and 30% sucrose in 0.1 M PBS) for at least 1 h each at 4
immunoblotting studies or 1:1000 for immunohistochemistry’C. Tissues were stored in ice cold 30% sucrose-PBS until
experiments. sectioned. Prior to sectioning, quadrants were placed epithe-
RNA preparation and RT-PCR: CE from five donors rang- lial side up on a microscope slide, a small piece of tissue was
ing in age from 55-76 years was collected by mechanical scraput from one edge of the quadrant extending from limbus to
ing as previously described and placed into RNALater™central cornea and placed into OCT Compound (Tissue-Tek®;
(Ambion, Austin, TX). Total RNA for each donor was extractedSakura Finetechnical Co., Torrance, CA) for 20 min and then
using RNAqueous-4PCR (Ambion) including DNase treatfrozen. Sections perpendicular to the corneal surface were cut
ment of the final RNA pellet. Total RNA was reversed tran-at eight microns on a Minitome cryostat (Triangle Biomedi-
scribed using oligo-dT primers and SuperScript™ First Strandal, Durham, NC) and collected onto chrome-alum-gelatin
Synthesis for RT-PCR Kit (Invitrogen, Carlsbad, CA). Nega-coated slides.
tive controls included omission of reverse transcriptase. PCR  Sections were washed three times in 0.1 M PBS at RT,
amplification was performed using a GeneAmp PCR Systernmcubated for 20 min in ice cold MeOH and washed three times
2700 (Applied Biosciences), dl of first-strand DNA, 400 in 0.1 M PBS-0.3% Triton X-100 (TX100). Sections were in-
nmol of PMCA gene primers, and the High Fidelity PCRcubated for 20 min at RT in the appropriate blocking serum
Master Kit (Roche) in a final reaction volume of @5Pres-  (10% normal horse or goat serum [NHS or NGS], Vector Labo-
ence of transcripts for PMCA1 (NM_001682), PMCAZ2 ratories) in 0.1 M PBS-0.3% TX100, then incubated overnight
(NM_001683.2), PMCA3 (NM_001001344), and PMCA4 at 4°C in primary Ab solution containing 10% normal serum
(NM_001684) was tested using the PMCA primers listed irin 0.1 M PBS-0.3% TX100. 5F10 was applied at a final dilu-
Table 1. Cycling conditions were as follows; initial denatur-tion of 1:5,000, while PMCA isoform specific antibodies (JA9,
ation at 94°C for 2 min, then 35 cycles of 9€ for 10 s, 55 NR1, NR2, and NR3) were used at dilutions of 1:1,000. Sec-
°C for 30 s and 72C for 1 min, with a final extension at 7€  tions were washed three timesin 0.1 M PBS-0.3% TX100 and
then incubated with Fluorescein (FITC) conjugated second-
ary Ab (horse anti-mouse IgG or goat anti-rabbit IgG, diluted
1:100) for 60 min at RT in a humidified chamber. After a final
Gene Nare Sequence (5'-3") wash, the slides were coverslipped with SlowFade Mounting
"""""""""""""""""""""" Medium (Molecular Probes, Eugene, OR). Negative controls

TaBLE 1. PM CA prIMERS UseD FOR RT-PCR

PMCAL  HPMCALP- sense TTCAACGAAATAAATGCCOGG . . . ) . ) )
HPMCALM anti sense  AGOGTGGAGCACTCGAGITACS included mcubgﬂop of ad;aycent segtlons with prllmary'Abs
PMCA2  P2PbeV- sense ACAGTGGTACAGGCCTATGTCG preabsorbed with immunizing peptides as described in the
P2cam ant i sense CGAGTTCTGCTTGAGCGOGG section above on immunoblotting and incubation of sections
PMCA3 P3cap- sense TGTCCACAGAACAGTGGCTC in nonimmune mouse IgG.
P3cam anti sense ATGCCGCTGTCTATGCCGI T

PMCA4  PAcap- sense CAACTCOCGAAAGATCCATG Immunohistochemistrygf surgical spe(?i mens: PMCA lo-
P4cam ant i sense TGGTTAACACAGCAGCTGAC calization was also examined in paraffin sections of two hu-
man surgical corneal specimens. One cornea was obtained from
PMCA primers were _designed to be isoform specific and to flank thg eye that had been enucleated secondary to choroidal mela-
putative B and C splice sites [21]. noma from a 54-year-old male, and the second cornea was
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removed from the eye of a 66-year-old female who had ursecondary Abs and streptavidin-biotin horseradish peroxidase
dergone keratoplasty for Fuchs’ Endothelial Dystrophy. Coreomplexes (StreptABComplex/HRP Duet, Mouse/Rabbit;
neal specimens were embedded in paraffin, sectioned at Pako, Glostrup, Denmark) with aminoethylcarbazol as the
um on a rotary microtome and collected onto slides. The sechromogen. Controls included omission of primary antisera
tions were incubated for 2.5 days at@in primary Ab di- and incubation with nonimmune rabbit or mouse sera.

luted in TBS, pH 7.6, containing 1% BSA (dilutions: NR1, Digital imaging microscopy: The presence and distribu-
1:800; NR2, 1:1,600; NR3, 1:300, and JA9, 1:400). Immudion of each PMCA isoform was evaluated with reference to
noreactivity was visualized using biotinylated rabbit or mouséwo epithelial regions: (1) corneal limbus and (2) central cor-

A

142

124
10— P

G e— S

SF10 NR1T NR2 NR3 JA9

bp
1000
750
500
300
150
50

Figure 1. Isoform expression in native human corneal epithelium (CEnmunoblot analysis of PMCA isoforms in hCE. Blot lanes were
loaded with equal aliquots (about 29 protein) from two different samples of whole cell lysates of hCE. The panPMCA antibody (5F10)
intensely labeled a band at about 135 kDa (arrow) and additional bands above and below that size (identified by maefeos todiene).
Isoform specific PMCA antibodies (NR1, NR2, NR3, and JA9) detected bands that comigrated with one or more of the baibg<Sabeled
5F10 was used at 0.65 mg/ml. All other antibodies were used at 0.4 BgRAtPCR analysis of PMCA isoforms in human hCE. Total RNA
extracted from native hCE was used for RT-PCR with specific primers across sites B and C for PMCA1, PMCA2, PMCAS3, and RBECA4 (la
1, 2, 3, and 4, respectively). All lanes represent products obtained from second round PCR reactions. Lane M is PCR siRCiRarker
products were separated by agarose gel electrophoresis and stained with ethidium bromide. PCR products were eitheoigalipciafied,
then sequenced. In all cases, sequencing identified these products as the respective PMCA isoforms. Specifically, PG@Rnaaiplifica
PMCAL1 (lane 1) yielded two fragments of 593 and 487 bp, respectively (asterisks). Sequences were identical to publishesdfsequenc
human splice variants PMCA1b and PMCA1kb. PCR amplification of PMCA2 yielded fragments of 1,640 bp (lane 2, 99% identiaal to hu
PMCAZ2a) and 1,147 bp (not shown, a putative PMCA2kb splice variant). PCR amplifications of PMCA3 and PMCA4 each yielded a singl
fragment (lane 3; 632 bp and lane 4; 805 bp, that corresponded to PMCA3a and PMCA4b, respectively).
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nea. The borders of the limbus seen in section perpendicular Immunoblot data suggested that hCE expressed all four
to the surface are approximated by drawing a line between tiRMCA isoforms. These data were validated by mRNA analy-
terminations of Bowman'’s layer and Descemet’'s membranejs using PMCA isoform gene specific primers that demon-
and a second line parallel and 1 mm peripheral to the firgtrated the presence of PCR DNAs in hCE encoding all four
line. The central cornea is the area extending from the limbuBMCA isoforms (Figure 1B).
to the corneal apex. Images were captured by epifluorescent Localization of PMCAsin postmortem corneal specimens.
or brightfield microscopy using a Magnifier CCD cameraFluorescent immunohistochemistry employing a panPMCA
(Olympus, Melville, NY) and processed using AdobeAb and isoform specific Abs was used to assess PMCA local-
Photoshop. ization in hCE. IR was observed with all Abs but the pattern
of distribution varied.

RESULTS PanPMCA labeling: Cryostat sections of corneas from
Immunoblot analyses of PMCAs in whole cell lysates of na-  four postmortem eyes were examined using the panPMCA Ab,
tive hCE: Data from an immunoblotting experiment examin-5F10. The data presented in Figure 2 are from the cornea of a
ing two different, pooled samples of hCE are shown in Figuré3-year-old, male donor (time from enucleation to fixation,
1A. The results with all antibodies were identical between th&4.5 h) and are representative of the results. Specifically, 5F10
two samples. Specifically, the panPMCA Ab (5F10) intenselystrongly labeled the plasma membranes of cells in all layers
labeled a band at approximately 135 kDa (Figure 1A, arromdnd in all regions of the CE (Figure 2A). The corneal stroma
and additional faint bands that migrated above and below theas unstained. Every frozen section of human cornea exam-
main band. In the case of isoform specific antibodies, blotged in this study demonstrated an identical pattern of 5F10
incubated with anti-PMCA1 (NR1) or anti-PMCA4 (JA9) labeling. Control sections incubated with nonimmune mouse
detected bands that comigrated with the major band labelddG were unstained (Figure 2B).
by 5F10. JA9 also detected fainter bands at approximately Isoform specific labeling: Immunoblotting and molecu-
124 kDa and 110 kDa, similar to bands seen on the 5F10 bld&r data showed that all four isoforms were expressed (Figure
Anti-PMCAZ2 (NR2) strongly labeled a band at approximatelylA,B). To determine how these isoforms contributed to the
110 kDa and a minor band at approximately 135 kDa. Antipattern of 5F10 IR (Figure 2A), tissues sections were reacted
PMCA3 (NR3) labeled a band at about 94 to 100 kDa. Thevith isoform specific PMCA Abs (Figure 3) .
relative signal intensity of IR with JA9 suggested that the major  Incubation with PMCA1-, PMCA2-, and PMCA3 spe-
isoform expressed in both samples of hCE was PMCAA4. laific Abs (NR1, NR2, and NR3, respectively), produced mod-
blots incubated with primary Abs preabsorbed with the reest staining mainly in the basal epithelial cell layer and more
spective isoform specific immunizing peptides (i.e.,diffuse staining in wing cell and squamous cell layers in the
preabsorption control), the labeled band(s) were diminishecentral cornea (Figure 3A-E). Figure 3B-F show sections in-
in intensity or not detected (data not shown). cubated with isoform specific PMCA Abs preabsorbed with

A

Figure 2. Localization of PMCA

in human corneal epitheliumA:

Immunostaining with pan-PMCA

d antibody (5F10) revealed strong
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the respective immunizing peptides (i.e., preabsorption con- Localization of PMCAs in surgical corneal specimens:
trols). In a preabsorption control, IR may be reduced but ndVhen using postmortem tissue, it is difficult to control the
completely eliminated, as was the case in this experiment. Seoterval between the time of death and processing of tissue.
tions incubated with nonimmune mouse IgG (negative confhus, paraffin embedded sections of corneas from surgical
trols) were unstained (Figure 3H). specimens were examined using isoform specific antibodies
Tissue sections incubated with PMCA4 Ab (JA9) showedand streptavidin-biotin immunohistochemistry. Findings from
intense fluorescence principally along the plasma membranssirgical specimens were similar to those described above for
of cellsin all layers of CE (Figure 3G). The pattern of PMCA4postmortem specimens (Figure 4).
IR was similar to that observed with the panPMCA Ab (Fig-  In sections of surgical specimens, PMCAL in hCE was
ure 2A) with one notable exception. That is, labeling with 5F10ocalized primarily to the plasma membranes of basal cells,
was detected all around basal cells, while labeling with JA@nd to a lesser extent, wing cells in the central cornea (Figure
was largely absent along the basal cell membrane of a largé\). In the limbus, PMCA1 was located mainly in the cyto-
percentage of basal cells (arrows, Figure 3G). plasm of suprabasal cells (Figure 4B). The relative intensity

PMCA1

PMCA1 Preabsorption Control

PMCA2

PMCA2 Preabsorption Control

PMCA3

PMCA3 Preabsorption Control

PMCA4

Nonimmune Mouse IgG

Figure 3. Localization of PMCA isoforms in frozen sections of human corneal epithelium from postmortem specimens. Immgmndgtaini
isoform specific PMCA antibodies showed that PMCA), PMCA2 (C), and PMCAS E) were found primarily in basal cells. PMCA4 IR
was localized to plasma membranes in the squamous, wing and basal cell layers, but was lacking along the basal cell jaeertirarthead
stroma G, arrows). Controls included preabsorption of primary antibodies with the appropriate immunizing peptide for B EMOCA2
(D), PMCAS3 ), or incubation with nonimmune IgG for JAQ). Staining was reduced or eliminated in all control conditions. The bak} in (
and B) represent 2@um and apply to all panels. The corneal epithelium (CE) and the stroma (S) are labeledAn panel
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of IR in the limbus was greater than that observed in the cen- PMCAS3 IR in surgical sections was detected in basal cell
tral cornea. The squamous cell layer in both the central corneaclei in the central cornea (Figure 4E) and in the perinuclear
and limbus appeared to lack PMCA1 IR. regions of basal and wing cells of the limbus (Figure 4F). The
Immunostaining for PMCA2 showed diffuse cytoplasmicpresence of PMCA3 IR was not detected in squamous cells of
labeling of basal cells and wing cells in both the central coreither the central cornea or the limbus.
nea (Figure 4C) and limbus (Figure 4D). There appeared to be Immunoreactivity for PMCA4 was clearly detected on
no difference in relative intensity of IR for PMCA2 betweenthe plasma membrane of cells in all layers of the central cor-
these two regions. nea (Figure 4G) and limbus (not shown). Intense labeling was

Central Cornea Limbus

Figure 4. Localization of PMCA Isoforms in paraffin sections of human corneal epithelium from surgical specimens. PMCAhdvas fo
mainly on basal cells in central cornea including the plasma membrane facing the Atramaw(s), and in the cytoplasmic domain of basal,
and especially wing cells, in the limbu)( PMCA2 was located mainly on cytoplasmic membranes in basal and wing cells of both central
cornea C) and limbus D). PMCA3 IR was observed on basal cell nuclei in central coieand in perinuclear regions of basal and wing
cells in the corneoscleral limbug)( PMCA4 IR was prominent on plasma membranes of cells in all layers of corneal epitt&)jumt(
appeared to be lacking from most basal cell plasma membranes facing the &r@maws). Sections reacted with nonimmune rabbit or
mouse sera were unstained (the mouse control is shown). Beasi@B represent 20m and apply to all panels. The corneal epithelium (CE)

and the stroma (S) are labeled in pakel
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observed along the lateral basal cell plasma membranes, @towing that PMCAs redistribute from cell membrane
little IR was apparent along the basal aspect of basal cell plasroaveolae to cytoplasmic membranes during reepithelialization
membranes facing the stroma (arrows, Figure 4G). IR wasf CE following wounding [39]. This excision of PMCAs from
absent in control sections that were incubated with omissiotie cell membrane would decrease fre& @eahe junctional

of primary antisera or incubation with nonimmune rabbit orspace available to interact with E-cadherins, resulting in more
mouse sera. Overall, PMCA4 IR was the greatest of all thiéexible cell to cell adhesions, and thus allowing for ease of
isoforms examined, again suggesting that PMCA4 was theell migration during corneal wound healing.

major isoform present in hCE. PMCA1 was observed primarily in corneal basal epithe-
lial cells. Surgical specimens showed that in contrast to
DISCUSSION PMCA4, some PMCAL was localized to basal cell membranes

The results of this study show, for the first time, the presencadjacent to the stroma. Building on the model suggested for
and distribution of plasma membrane calcium ATPases in hiRMCA4, we propose that PMCAL in this location may play a
man corneal epithelium. Immunoblot studies, mMRNA analy+ole in the development and/or maintenance of cell to extra-
sis and immunocytochemistry of postmortem and surgicatellular matrix adhesion mechanisms. Studies show that Ca
corneal specimens demonstrated the presence of all four PMGransients play a role in adhesion formation and release dur-
isoforms. CE is a complex tissue comprised of cells that aiieg cell migration [51]. Basal cells in the CE are not static;
undergoing continual renewal, migration, and differentiationthey migrate centripedally and then move superficially as they
We suggest that the CE requires multiple PMCA isoformsdifferentiate. To do this, there must exist a plastic relationship
each with unique regulatory properties, in order to accommdetween adhesion and the ability of basal cells to move that is
date the different Camediated signaling processes that un-likely to be C&" dependent.
derlie these different events. In addition to their interaction with the underlying stroma,
Immunoblotting data (Figure 1A) showed that all fourbasal cells of the CE are unique in that they maintain their
PMCA isoforms are expressed in human corneal epitheliunproliferative activity. The CE is a continuum of cells that arise
The intense IR of the major band on blots incubated with antfrom the basal cells and end in terminally differentiated squa-
PMCA4 Ab further suggested that PMCA4 is the major isoforrmous cells, and is renewed and replaced entirely every 12-14
expressed in CE. Our immunoblot findings were validated bgays [52-54]. Stem cells located in the limbus differentiate
molecular experiments demonstrating the presence of PGRto basal cells during their migratory journey from the lim-
DNAs encoding all four PMCA isoforms (Figure 1B) in na- bus into the cornea proper. This may be significant in that the
tive hCE. PMCA4 product was always observed followingintensity of PMCAL IR appeared to be greater in limbal epi-
first round PCR; other products were detected subsequenttieelium (Figure 4B) as compared to the epithelium of the cen-
second round PCR. This suggested that similar to protein stuttal cornea (Figure 4A), suggesting differences in the calcium
ies, PMCA4 mRNA was the predominate isoform expressefiandling needs of the cells that comprise limbal epithelium.
in hCE. PMCAZ2, like PMCAL, is expressed mainly in basal cells,
Immunolocalization data demonstrated that the PMCAwith lesser amounts in the wing cell layers in the central cor-
isoforms exhibited a differential distribution among cornealnea and limbus. As with PMCAL, little to no label was present
epithelial cell layers and, in some instances, a different pain squamous cell layers, suggesting a lesser role for PMCA2
tern of staining between central cornea and limbus. Specifin terminally differentiated cells of the CE.
cally, the panPMCA Ab intensely labeled the plasma mem-  Minimal PMCAS3 labeling was detected in CE. Specifi-
branes of all cells in all layers. Of the isoform specific anti-cally, PMCA3 IR was located mainly in basal cells of the cen-
bodies, PMCA4 labeling most closely resembled the patterttal cornea in both postmortem and surgical tissue sections.
and intensity of panPMCA labeling, again suggesting thalnterestingly, PMCAS3 IR in frozen sections from postmortem
PMCA4 is the major isoform expressed within human CE. specimens was located in extranuclear areas of basal cells,
Immunohistochemical studies further demonstrated thawhereas in paraffin embedded, surgical specimens label was
in basal epithelial cells, PMCA4 IR was expressed on lateraeen only on the nuclei of basal cells in central cornea. Addi-
and apical cell membranes, but not on the basal cell mertionally, in the limbus of surgical specimens, PMCA3 IR was
branes abutting the corneal stroma (Figure 3G and Figure 4@&yvident in perinuclear regions of basal and wing cells. This is
The functional significance of this polarized distribution re-the only instance in this study where there was an apparent
mains to be determined. However, we suggest that PMCAdifference in the pattern of PMCA IR between postmortem
could play a role in stabilizing cell to cell junctions. For ex-and surgical corneal specimens. It is not clear whether meth-
ample, E-cadherin is found in cell membranes of corneal epédological differences or postmortem changes contributed to
thelial cells [49]. In the classical cadherin model, extracelluthis result. Of interest, nuclear labeling with PMCA3 Ab (NR3)
lar C&* first interacts within pockets located in E-cadherinswas also observed in cultured human corneal epithelial cells
resulting in the formation of rigid E-cadherin dimers. Under(unpublished observation).
the influence of additional €a these dimers bind adjacent This is the first report of PMCA localization in human
cells together by forming E-cadherin oligomers [50]. PMCA4corneal epithelium. The expression and differential distribu-
could function to stabilize these adhesions by pumpirtg Cation of multiple PMCA isoforms in CE suggests that*€a
into the junctional space. This idea is supported by one studyandling requirements differ among the cell types comprising
176
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this stratified epithelium, and would allow the various cell

types in the CE to maintain different baseline levels of[Ca 12

and to selectively respond to signals regulating]Cao fully
understand calcium handling by the corneal epithelium, th 3
transporters catalyzing calcium efflux must be characterized:
To begin this process, the present work has examined PMC4y,
expression in human corneal epithelium. Additional studies
to understand the role of each PMCA isoform in corneal epi-
thelial calcium handling are needed.
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