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Evidence suggesting the existence of stem cellsfor the human
corneal endothelium
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Purpose: The well-known reluctance of human corneal endothelial cells (HCECSs) to divide has continually intrigued
investigators. Related to this, the discovery of an increased endothelial cell population in the periphery of the human
cornea has prompted an investigation for evidence of the existence of stem-like cells in the endothelial periphery. Show-
ing that stem cells or transient amplifying cells may exist in the periphery might explain the origin of HCECs and indicate

a source for these cells in wound repair. In addition, these cells might be of value in culturing or as a source for the
synthesis of artificial corneas.

Methods: Human corneas with attached scleral rims were obtained from eye banks and were assayed for telomerase
activity and BrdU (bromodeoxyridine) incorporation to determine, respectively, the presence of a stem-like cell marker
and replicative activity. In the case of telomerase activity, the tissues were divided into central, intermediate and periph-
eral areas by the use of trephines. BrdU staining (using alkaline phosphatase bound secondary antibody) was performed
on whole corneas plus scleral rims exposed to BrdU antibodies on the endothelial side whereas BrdU fluorescence (using
fluorescein bound secondary antibody) was obtained from transverse sections of the these tissues by the same procedure.
Some corneas were wounded to determine whether the wounded areas stimulated BrdU (by staining or fluorescence)
followed by the synthesis of transforming growth factor beta f)GFhe latter was determined by quantitative ELISA.

Rabbit corneas were also assayed for BrdU incorporation to compare their evidence of cell division with that of humans.
Results: After dividing corneas into central, intermediate, and peripheral sections, the dissected endothelial tissues exhib-
ited positive telomerase activity in the peripheral and intermediate sections. No activity was observed in the central
endothelial tissues or the limbus between the trabecular meshwork and Schwalbe’s line. BrdU staining with alkaline
phosphatase was occasionally observed in the wounded area’s human corneal endothelial cells after wounding. When
BrdU fluorescence assays were made on corneal transverse sections with fluorescein, fluorescence occurred in an area
just at and adjacent to the trabecular meshwork, but was not seen at the corneal endothelium. After wounding, BrdU
fluorescence extended into the corneal endothelium. [f @Fels were increased in fluids bathing the endothelium fol-

lowing wounding, but the increases lagged behind the wounding event.

Conclusions: It is suggested stem-like cells may be sequestered in a niche at the junctional region where the corneal
endothelial cells and the trabecular meshwork come together. These putative stem cells may supply new cells for both the
corneal endothelium and the trabeculae. Evidence suggests that cells from this area migrate (perhaps as transient amplify-
ing cells) to the endothelial periphery and, perhaps, to wounded areas of the corneal endothelium when needed. The
migration may not be constant and may be age dependent.

The impaired ability of human corneal endothelial cellsal. [3,4] were able to impart proliferative ability in HCECs by
(HCECS) to divide, both in vivo and in culture, has been weltransfection with simian virus 40 (SV40) large T antigen [3]
documented in the scientific literature for a number of yearand E6/E7 human papilloma virus type-16 oncogenes [4].
[1-6]. Attempts to describe and alter this phenomenon havdowever, this cellular intervention alters the normal expres-
been difficult due to an imperfect understanding of the celsion of hypophosphorylated retinoblastoma (RB) protein
biology involved. Joyce et al. [1] have suggested that transieeded for the expression of genes involved in cell functions
forming growth facto32 (TGF{2) may keep HCECs in a [3] and, therefore, results in an abnormal cell. None of the
non-replicative state in the absence of contact inhibition. Pautlurrent data provide a satisfactory explanation of why these
and Whikehart [7] have also shown that p53 and TAp63 (aells fail to divide in a manner comparable to most other so-
p53 family member) are relatively elevated in the normal cenmatic cells. Inhibition of cell division is also more pronounced
tral human corneal endothelium suggesting that these proteingth donor age [8]. Although this impaired division, by itself,
inhibit cell-cycle promotion from the Go S phase. Wilson et is not a threat to the normal function of the cornea to remain

clear (deturgescence), it becomes a significant problem under
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Davanger and Evenson [10] first proposed that cells located Telomeraseactivity: Telomerase activity was assayed by
in the anterior limbus acted as a source of renewed epithelialcommercial version (TRAPeze; Chemicon International,
cells. Subsequent studies, as reviewed by Daniels et al. [ITTgmecula, CA) of the method described by Kim et al. [20].
and Lavker and Sun [12] showed that some cells located ifhhe endothelial samples were taken from corneal donors of
the anterior limbus are stem cells which partially differentiatesarying ages and were divided into a central area (tissue taken
into transient amplifying cells while migrating centrally into from the interior of an 4 mm trephine cut), a central-interme-
the posterior epithelial layer of the cornea. For example, ladiate area (tissue taken from the interior of a 8 mm trephine
beling of these cells with stem-like cell associated markersut), an intermediate-peripheral area (tissue taken from the
(p63, nestin, and telomerase) have heavily implicated thesxterior of a 4 mm trephine cut and extended to the 12 mm
cells as stem cells [13]. border of the cornea), and a peripheral area (tissue taken from
It is currently suggested that HCECs are held in the Gthe exterior of an 8 mm trephine cut and extended to the 12
phase of the cell cycle and cannot pass readily into the S phasen border of the cornea). Some samples were also taken from
prior to cell division [14]. Why this occurs remains unknown.the posterior limbus. Endothelial and limbal tissues were re-
However, this report will show that HCECs may be able to benoved by careful stripping with fine forceps to avoid going
renewed from a supply of limbal, stem-like cells located adjabeyond the most posterior tissues. The limbal area readily sepa-
cent to the endothelial periphery in the posterior limbus, pogated from the scleral tissue. The dissection of the endothelial
sibly at Schwalbe’s line. Such a depot or niche of endothelidglssues is diagrammed in Figure 1.
stem-like cells would be analogous to the epithelial stem cells  After dissection, the tissues from each area were sepa-
located in the anterior limbus that supply cells to the basahtely extracted by a lysis solution containing an RNase in-
epithelium as transient amplifying cells, the cells that becomkibitor. Protein contents of the samples were assayed by the
committed to the state of terminal differentiation [11,15].  BCA (bicinchoninic acid; Pierce Chemical Co., Rockford, IL)
We considered focusing our studies on the peripheral codye binding assay in order to normalize the samples for later
neal endothelium and endothelial limbus after reports bgel application. In the assay, cell extracted telomerase enzyme
Schimmelpfenning [16] and Daus et al. [17] indicated a sigsynthesizes telomere repeats of GGTTAG (enzyme product)
nificant increase in endothelial cell density of the peripherabnto an artificial substrate oligonucleotide from substrate NTPs
corneal endothelium. This has more recently been supportéathe reaction medium. These repeats were amplified by PCR
by quantitative data obtained by Amann et al. [18] in which gpolymerase chain reaction of 30 cycles at®@or 30 s and
nearly 10% average increase in cell density was recorded &9 °C for 30 s). The products obtained were run on a PAGE
the peripheral regions of the human corneal endothelium, pafpolyacrylamide gel electrophoresis) gel at 400 V for approxi-
ticularly in the superior region. It was reasoned that if some ahately 1.5 h. Then they were stained with SYBR(r) Green
the cells in the periphery could represent stem-like cells, thefMolecular Probes, Invitrogen, Carlsbad, CA) and examined
the use of a stem cell marker might indicate their presencéor the appearance of laddered telomere products. The fol-
We were further encouraged to make this investigative aplowing controls were routinely run with each assay: sample
proach since Bednarz et al. [19] demonstrated that sont#ank (buffer blank); primer-dimer/PCR contamination con-
HCEC:s in the peripheral region stained positively with BrdUtrol (tests for positive PCR artifacts or carryover contamina-
indicating the synthesis of new DNA prior to cell division. tion from other samples); TSR8 or quantitation control (a con-
This report demonstrates positive telomerase activity [20] antdlol of oligonucleotide plus 8 telomeric repeats used as a ref-
selective BrdU staining and fluorescence in regions of therence without tissue sample); and a positive cell extract con-

endothelial periphery following mechanical wounding. trol (an extract of telomerase positive HelLa cells). Thirty kb
nucleotide bands were also included with all samples as inter-
METHODS nal standards.

All research procedures involving human corneal tissues car-  Alkaline phosphatase-catalyzed, bromodeoxyuridine
ried out in this project were approved by the Institutional Re¢BrdU) labeling (AP-BrdU assays): Human corneas (35 pairs),
view Boards of The University of Alabama at Birminghamstored in Optisol, were stained for BrdU incorporation into
and Emory University. Animals that were used in this studynew DNA using a commercial procedure [21]. The human
were treated humanely according to the ARVO Statement farorneas had a 10 mM BrdU solution of Optisol placed onto
the Use of Animals in Ophthalmic and Vision Research anthe endothelial side of dissected corneal-scleral buttons prior
the procedures used on them were approved by the Institte assay. These corneas were kept as organ cultures for 7 days
tional Animal Care and Use Committee of Emory University.following gentle wounding with an olive tip cannula. Tissues
Corneal tissues: Human corneas with attached scleralwere stained for BrdU incorporation into new DNA by using
rims were obtained from the Alabama Eye Bank, Georgia Eya commercial procedure (Hoffman-La Roche, Nutley NJ)
Bank, and the Southern Eye Bank. They were storetiairb  based on the antibody research of Ellwart and Dormer [21]. In
Optisol (Optisol GS, Bausch & Lomb, Irving, CA) until dis- brief, dissected corneas were slide mounted and fixed in etha-
sected within 24 h of receipt. No tissues were used that werml at -20°C for 20 min. The tissues were rinsed in a washing
10 days past enucleation and all tissues were free of diseabeffer before, between, and after each of the following opera-
New Zealand White rabbit corneas were also used and treatgdns. The fixed tissues were covered on the endothelial side
as in vivo tissues. with a 1:1000 dilution of anti-BrdU primary antibody. Next
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they were covered on the endothelial side with a 1:10 dilutioDNA as previously described for the human corneas. Rabbit
of anti-mouse-Ig secondary antibody coupled to alkaline phosorneas were also treated with epidermal growth factor, (EGF),
phatase. In the last stage they were exposed to an alkaliteefurther stimulate cell division, at a concentration of 10 ng/
phosphatase substrate (nitroblue tetrazolium phosphate) and (added in a total volume of 20 ml).
examined by light microscopy. Cell division was also stimu-  Fluorescein, bromodeoxyuridine (BrdU) labeling (F-BrdU
lated with epidermal growth factor (EGF) at 10 ng/ml in aassays): Three human cornea pairs (donor ages 30-37 years),
total added volume of 20 ml. stored in Optisol, were labeled by chemifluorescence to show
Rabbit corneas were assayed due to their greater procliircorporation of BrdU into new DNA using a commercial pro-
ity toward endothelial cell division than human cells [14]. Theycedure (Hoffman-La Roche, Nutley NJ) as based on the work
served, therefore, as a comparison to human corneal endottoé-Elwart and Dormer [21]. However, in this case the second-
lial cell division. After light anesthetization with ketamine, ary antibody was linked to fluorescein to avoid the possibility
xylazine, and topical 0.5% proparicane, the endothelial suthat cellular alkaline phosphatase itself may have contributed
face was wounded in situ by introduction of a transcleral needte the final results. The BrdU reagent (10 mM) was diluted
to the posterior cornea. The rabbits had 1004d08f aque- 1:10 in Optisol and 12@l was placed on a corneal-scleral
ous aspirated and then 100-20®f a 10 mM BrdU solution  button on the endothelial side only. A fellow cornea from the
injected into the anterior chamber. This aspiration and injecsame donor was exposed to Optisol without BrdU to serve as
tion occurred four times in a one week period. After euthanaa control and both were incubated in a moist chamber°& 37
sia, corneal buttons with scleral rims were dissected and af®r 48 h. Afterwards the tissues were fixed in ethanol and trans-
sayed. Tissues were stained for BrdU incorporation into newerse sectioned from the sclera to mid-cornea. The tissues were
slide mounted. All sections were thoroughly washed in buffer
before, between, and after each of the following operations.
(" 1st step 8 mm traphine cul First, the tissues were exposed for 30 min to a 1:1000 dilution

of primary antibody (anti-BrdU). Next, they were exposed for
@

30 min to a 1:10 dilution of secondary antibody, as previously
CORNEAL-SCLERAL BUTTON

described, but coupled to fluorescein. The sections were ex-
amined under fluorescence microscopy (Leitz Aristoplan,
X Wetzler, Germany). Some tissues were gently, mechanically
stripped . . .
section wounded in an x-shape with a dull instrument handle for 48 h
3rd step prior to the assay. In the cases of wounding, fellow unwounded
corneas (exposed to BrdU), served as controls.
TGF-Bassays:. Both rabbit and human corneas were tested
for the presence of TGE+o determine when a cytokine for

: . ) the inhibition of cell division might appear following wound-
Central-intermediate Peripheral cornea

8-12 mm

Dissections defined by 8 mm trephine
A

cormea ing. Organ cultures of human corneas were assayed over 22
days at 37C and £C (separately) after incubation in Optisol
while rabbit corneas were assayed for 4 days atCGih

( 1st step § M irephine cul Optisol. Each assay was performed 1-3 times as a sandwich
ELISA assay with reagents based on those of R&D Systems,
Inc. (Minneapolis, MN) specific for TGB- For each assay,
200ul of sample (taken from the Optisol solution bathing the
4-12 mm human and rabbit corneal endothelial tissues) was added to
stripped microplates coated with TGF+eceptor. Following incuba-
section tion and washing, 20Ql of horseradish peroxidase-linked
3rd step antibody was added to the plates, incubated and washed again.
Tetramethylbenzadine in hydrogen peroxide was used to form
a blue product that was read at 450 nm after stabilization in

L Central cornea sulfuric acid.
Intermediate-peripheral RESULTS

comea Telomerase activity: Telomerase activity is a characteristic
marker for transient amplifying cells [22]. Figure 2 shows sets

Figure 1. Flow diagram of method for dissecting comeal buttons fop¢ e ts for four areas of human corneal endothelial tissue:
telomerase assays. Two types of dissections were performed: thosgn,[ral endothelium (defined by endothelial cells within a 4
divided by an 8 mm trephine generating central-intermediate (O-g

mm from center) and peripheral (8-12 mm from center) endotheliél'nm.trephlned boundary), centrgl-lntermedlate gndothellum

tissues and those divided by a 4 mm trephine generating central (okdefined by endothelial cells within an 8 mm trephined bound-

mm from center) and intermediate-peripheral tissues (4-12 mm fromy), intermediate-peripheral endothelium (defined by endot-

center). helial cells between the 4 mm trephine edge and 12 mm from
818
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Figure 2. Telomerase activity in central, in-
termediate, and peripheral regions of human
corneal endothelium. The figure demon-
strates both the existence of telomerase ac-
tivity in the peripheral endothelium (but not
the central endothelium) and the elimination
of contamination by Taq polymerase inhibi-
tors in some tissue samples. The discovery
of Taq polymerase inhibitors was initially a
source of uncertainty in interpreting the re-
sults until its effects were eliminated by
sample dilutionA: The initial demonstration
of peripheral telomerase activity. Lane 1:
Hela cell control. Lane 2: Central-interme-
diate HCEC (16-year-old donor). Lane 3: Pe-
ripheral HCEC (16-year-old donor). Lane 4:
Central-intermediate HCEC (66-year-old
donor). Lane 5: Peripheral HCEC (66-year-
old donor) B: This also demonstrates periph-
eral telomerase activity. Lane 1: Central-in-
termediate HCEC (55-year-old donor). Lane
2: Peripheral HCEC (55-year-old donor).
Lane 3: TSR8 control. Lane 4: HeLa cell con-
trol. C: This panel, however, shows a com-
plete lack of telomerase activity in periph-
eral endothelium as first seen in this study.
Lane 1: HeLa cell control. Lane 2: Central-
intermediate HCEC (26-year-old donor).
Lane 3: Peripheral HCEC (26-year-old do-
nor). Lane 4: Central-intermediate HCEC
(55-year-old donor). Lane 5: Peripheral
HCEC (55-year-old donorld: Demonstrates
the existence of a Taq polymerase inhibitor
by mixing HeLa cells with HCEC cells. Lane
1: Peripheral HCEC alone (55-year-old do-
nor fromC). Lane 2: Peripheral HCEC mixed
with HeLa cells. Lane 3: Buffer blank. Lanes
4,5: TSR8 controls. Lane 6: HeLa cells alone.
E: Shows the existence of telomerase activ-
ity following dilution of a peripheral HCEC.
Lane 1: Undiluted peripheral HCEC (23-year-
old donor). Lane 2: Peripheral HCEC diluted
1:5 (same sample). Lane 3: Same diluted
1:25. Lane 4: Hela cell control. Lane 5:
Buffer blank.F: Demonstrates that extensive
serial dilutions of central-intermediate and pe-
ripheral area HCECs only show telomerase
activity in the endothelial peripheral area as
taken from mixed aged donors (21-52 years).
Lanes 1-5: Central-intermediate HCEC di-
luted 1:100, 1:400, 1:500, 1:600, and 1:800,
respectively. Lanes 6-9: Peripheral HCEC
diluted 1:75, 1:100, 1:200, and 1:400, respec-
tively. Lanes 10-12: Hela cells diluted 1:20,
1:40, and 1:1, respectively. Lanes 13,14:
Buffer blanks.G: This panel gives no indi-
cation of central area (4 mm) telomerase ac-
tivity following dilution of a 30-year-old do-
nor. Lane 1: Buffer blank. Lane 2,3: Central
HCEC undiluted and diluted 1:2, respectively.
Lanes 4-6: Intermediate-peripheral HCEC
undiluted, diluted 1:2, and diluted 1:10, re-
spectively. Lane 7: HeLa cell control.
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the center of the corneal endothelium), and the peripheral en- From this point we routinely diluted the tissues to deter-
dothelium (defined by the 8 mm trephined edge and 12 mmnine whether a Taq polymerase inhibitor was present. Figure
from the center of the corneal endothelium). These areas ha2& demonstrates this for the peripheral HCEC of a 23-year-
been schematically diagrammed in Figure 1. old donor. Lane 1 shows a lack of apparent activity in the

Figure 2A shows initial results obtained from 16- and 66-undiluted tissue. Lane 2 demonstrates activity in a tissue di-
year-old donors in the central-intermediate and peripheral réuted 5X with buffer while more activity is seen for the 25X
gions. Lanes 3 and 5 show telomerase activity in the peripfaliluted tissue in lane 3. Lane 4 is that activity obtained with
eral regions of the HCEC from the 16- and 66-year-old doHeLa cells while lane 5 is the buffer blank. We endeavored to
nors, respectively. Lanes 2 and 4 show an absence of telomerase
in the central-intermediate regions of the respective donor
Lane 1 is a positive control obtained from HelLa cells. Figur
2B also shows positive telomerase activity in the peripher
region of a 55-year-old donor (lane 2) and negative activity i
the central intermediate region (lane 1). Lane 3 is an artifici
positive control (TSR8) while lane 4 is the HeLa cell positiv
control.

Negative findings also occurred in some peripheral r
gions as shown in Figure 2C for 26- and 55-year-old donor
The figure shows that there was no telomerase activity d
tected for both central intermediate and peripheral regions
26- and 55-year-old donors (lanes 2, 3, 4, and 5, respectivel
Lane 1 represents the Hela cells positive control. The reas
for this discrepancy became apparent after testing for the pr
ence of a Taq polymerase inhibitor in the tissues. When don
peripheral tissues were mixed with the tissues of a positi
control (Hela cells) the HeLa cell telomerase activity decreased
(Figure 2D). Lane 6 shows the activity of telomerase obtainefigure 4 AP-BrdU.staining of human. corneal endothelia fpl!owing
with HeLa cells while lane 2 shows the decreased activity echanical wounding of the endothelial surface. BrdU staining was

those same HelLa cells when the same amount of Hela ce Pund in the vicinity of contact mechanical wounding of the endot-
glial surface. This demonstrates that such wounding may induce

were mixed with the extracted tissue from the 55'ye"’“'m@elldivisionin which some cells take up bromodeoxyridine into new

donor of Figure 2C. anor tissue alone (Iape 1) is negativgnA. The image magpnification is 27x; the magnification of the inset
for telomerase. Lane 3 is a buffer blank while lanes 4 and {8 110x. Specific nuclear staining is indicated by red arrows.
are TSRS artificial controls.
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Figure 5. Levels of TGP in fluids bathing rabbit and human cor-
neal endothelia following wounding. This figure demonstrates that
levels of TGFp, a possible agent in shutting down cell division, re-
main low for approximately two days following wounding in both
Figure 3. AP-BrdU staining of rabbit corneal endothelia at the pointabbit and human CECs. This suggests that cell division in the en-
of wounding. BrdU staining at the periphery of a wounded rabbitiothelium, following wounding, is allowed to continue unchecked
corneal endothelium (the wound may be seen in the lower right cofer at least two days. Plotted points represent either one assay or the
ner of the large figure). The figure demonstrates that wounding irmean of three assays. Where three assays are represented, the error
duces cell division by taking up bromodeoxyuridine into new DNA.bars show the standard deviations. The triangles represent rabbit data
The image magnification is 27x; the magnification of the inset isat 37°C. The squares represent human data @€3The diamonds
110x. represent human data at@.
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test both central-intermediate and peripheral activity in a daral and intermediate-peripheral regions with a 4 mm trephine.
nor sample of mixed ages (21-52 years) as shown in Figufiéhe results are shown in Figure 2G. No activity was found
2F. The central-intermediate tissues indicated only a smatientrally with undiluted and 1:2 diluted samples (lanes 2 and
amount of activity at a 1:100 dilution (lane 1) while the pe-3, respectively). Increasing bands of activity occurred in the
ripheral tissues showed a strong level of activity at the saniatermediate-peripheral tissues with no dilution, a 1:2 dilu-
dilution (lane 7). The usual HelLa cell control is shown in langion and a 1:10 dilution in lanes 4, 5, and 6, respectively. Lane
12 and buffer blanks are indicated in lanes 13 and 14. 1 is a buffer blank while lane 7 represents activity from the

In order to be certain that no activity occurred centrallyHelLa cells. It was concluded, therefore, that there is no
we divided the HCEC tissues of a 30-year-old donor into certelomerase activity in central HCECs while some activity may
be present in the peripheral region and decided activity is found
in the peripheral region. This activity may be masked by a
Tag polymerase inhibitor in some tissues.

Assays were also run on extracted posterior limbal tissue
strips taken beyond the 12 mm corneal border. Those assays
were negative for telomerase activity (data not shown).

Alkaline phosphatase-catalyzed BrdU labeling (AP-BrdU
assays): In order to determine whether cell division occurred
in either the periphery of the corneal endothelium following
mechanical wounding or at the site of the wound itself, cor-
neas were tested with the AP-BrdU assay. Flat mounts of the
corneas were made, treated with BrdU, primary antibody, and
then stained by reacting with alkaline phosphatase-linked sec-
ondary antibody.

AP-BrdU staining occurred in the periphery of the rabbit
endothelium adjacent to the location where the needle entered
the anterior chamber (wound site) as shown in Figure 3. The
inset of Figure 3 shows that the labeling occurred in the cell
nuclei as would be expected for BrdU staining during cell di-
vision. Unwounded rabbit corneas were not tested.

AP-BrdU staining was not seen at the periphery of hu-
man corneal endothelia either with or without wounding in
the absence of EGF (data not shown). When wounds were
made in an X pattern (extending from the peripheral to the
central cornea) in the human cornea, intracellular staining oc-
curred in the area of the wounded tissue (Figure 4). It is noted
that staining in the human cornea only occurred in 10% of the
wounds (7 corneas out of 70 corneas tested) while all of the
wounded rabbit corneas were stained as shown in Figure 3.
When human corneal endothelial cells were stimulated with
EGF following wounding, staining also appeared in the pe-
riphery (not shown).

) _ _ Levels of TGFS with wounding: A proposed mechanism

Figure 6. F-BrdU labeling of HCEC and trabecular meshwork in thg - o ytting down cell division, following a challenge such as

absence of woundingA: There is no cell division evident in this . .
wounding, may be due to the appearance of transforming

non-wounded human corneal endothelium (control). This sample IS
from a 37-year-old donor which was sequentially exposed to Brdlﬂthh factorp (TGFB) [1]. It would be useful, therefore, to

primary, and secondary antibodies (the latter coupled to quoresceirf}?"OW the time course of TGFlevels subsequent to the es-
Only a minimal autofluorescent response occurred. The red arrof@blishment of a mechanical wound. Consequently, levels of
points to the location of the corneal endothelium. This figure should G were measured from the Optisol media used for the
be compared to Figure 7C in which a wound had been made 48rhbbit and human corneas in organ culture following wound-
prior to fluorescent labeling of the endothelium. The comparisofing over time (Figure 5). It can be observed that the human
demonstrates how wounding gives evidence of cell division whergaygls of TGR (at 37°C) increased for an eleven day period
cell division is normally not present. Thg BrdU_Iat_)ellng was Com'n'following wounding. It is noted that at 7 days (the time at
ued all the way to the central endothelilBn.This image demon- . .

sW—h'Ch BrdU staining was performed) the amount of BGF

strates the presence of cell division in the human trabecular me . lv 80% of th imal | L In the h
work under a non wounded (control) condition. The tissue fluoresV@s at approximately o of the maximal level. In the hu-

cence is evidence of cell division. Comparing this with Figure 7aAMman, the levels of TGFwere at elevated levels for over two

suggests that cell division in the trabecular meshwork is substadveeks. Rabbit corneal levels of T@Et 37°C were initially

tially increased following wounding. at zero when placed in Optisol, but increased to levels compa-
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rable to that of the human after a single day and continued &dso treated human corneal-limbal tissues with BrdU his-
rise for seven days. When human corneas were kept in Optigoichemical assays in which fluorescein, rather than alkaline
at 4°C following wounding, however, the level of TGEiId  phosphatase, was coupled to the secondary antibody. Without
not increase significantly over 22 days indicating that a metaxvounding, minimal autofluorescence was observed in the cor-
bolic component to the generation of higher levels of FGF neal endothelium (Figure 6A). By way of contrast, consider-
was evident. able fluorescence was observed in the area of the trabecular
Fluorescein, bromodeoxyuridine (BrdU) labeling (F-BrdU meshwork and the posterior limbus (Figure 6B). This fluores-
assays): Since alkaline phosphatase, coupled to the secondence was area, but not nuclei, specific.
ary antibody for the BrdU primary antibody, may have com-  Forty-eight hours after wounding, the endothelial layer
plicated the interpretation of the wounding experiments, wef cells (from the periphery all the way to the central area)
showed considerable fluorescence due to BrdU incorporation.
For the endothelium, this is apparent in Figure 7C compared
to Figure 6A. When the posterior limbus and trabecular mesh-
work were examined (Figure 7A), the amount of fluorescence
observed was qualitatively increased over that in which no
wounding occurred (Figure 6B). The fluorescence extended,
without interruption, from the limbus to the corneal endothe-
lium (Figure 7B).

DISCUSSION
Telomerase activity has been considered to be a marker for
stem cells [23], but it is not found in all stem cell tissues [24].
Other investigations suggest that telomerase activity that is
associated with adult stem cells may reside preferentially in
transient amplifying cells, the stem cell daughters that are on
the way to commitment and that, in fact, the telomerase in
quiescent stem cells is repressed [22,25]. In this report, no
telomerase activity in the limbal region from Schwalbe’s line
to the trabecular meshwork was detected. However, we have
found a fluorescent marker for nestin, a neural crest stem cell
marker, in the posterior limbal region of the human anterior
segment in the vicinity of both the trabecular meshwork and
Schwalbe’s line (unpublished). Telomerase activity, then,
seems to be associated with germinative cells in transition (tran-
sient amplifying cells) and cancer cells. In this study, the reac-
tion for telomerase in the peripheral corneal endothelium was
manifest (Figure 2). It may even have been present in the in-

Figure 7. F-BrdU labeling of HCEC, trabecular meshwork, the
corneolimbal junction (Schwalbe’s line), and the peripheral corneal
endothelium after a contact mechanical wound. Human corneal en-
dothelium, trabecular meshwork, the corneolimbal junction
(Schwalbe’s line), and the peripheral corneal endothelium are shown
48 h after mechanical wounding: This image shows the general
area of the trabecular meshwork following a contact mechanical
wound to the endothelium. Although some cell division was shown
here in the unwounded state (Figure 6B), this demonstrates that
wounding is accompanied by a comparatively substantial increase in
cell division (seen as increased green fluoresceBcd)his image
indicates that there is significant cell division in the trabecular mesh-
work, the peripheral corneal endothelium (all indicated by red ar-
rows), and the area between the two anatomical regions (essentially
Schwalbe’s line)C: The image clearly shows fluorescent labeling in
the area of the corneal endothelium (as indicated by the arrow) and
suggests that cells in this area are involved in active division by tak-
ing up bromodeoxyuridine into new DNA. This panel should be com-
pared with Figure 6B in which essentially no BrdU fluorescence in
the control (unwounded) state can be seen. The wound was made in
the fellow cornea to that of Figure 6.
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termediate region between 4 and 8 mm from the central coshowed considerable fluorescence indicative of cell division
nea. There was no activity manifest in the central region. Son{€igure 6B). Following wounding, increased fluorescence was
confusing initial results that demonstrated no activity in somseen to indicate cell division in that area (Figure 7A). There
peripheral tissues were shown to be due to the presence ofvas also increased fluorescence in the area of the trabecular
Taq polymerase inhibitor. This would have prevented the anmeshwork and posterior limbus of greater magnitude than in
plification of the telomerase signal by PCR even though théhe unwounded condition (Figure 7B). Since this is a qualita-
activity was present. Taq polymerase inhibitors are widespredive assay, it is not possible to determine the exact degree of
and consist of a variety of substances. The dilution proceducell division response. BrdU response to corneal wounding
to detect its presence in this study is one of a variety of waysas been previously reported by Bednarz et al. [19], although
used to reveal its manifestation [26]. that study was performed with an alkaline phosphatase based
Other data obtained in this report (BrdU nitroblue tetra-assay. The results of the current study, however, are encourag-
zolium staining by alkaline phosphatase and fluorescence direg and point more specifically toward a wound-induced cell
to fluorescein) would further suggest that putative stem celldivision. It is also noted that the responses to the mechanical
are located in the posterior limbus between the peripheral emounding in the F-BrdU assays were not “assisted” by the
dothelium and the trabecular meshwork. If stem cells arenclusion of EGF.
present in this region, they would typically represent only a  The more consistent indications of BrdU cellular divi-
small percentage of the cells in this area [27]. This would corsion in the corneal endothelium with fluorescence compared
trast sharply with the rather abundant supply of stem cells fdo alkaline phosphatase with respect to age might be a factor
the corneal epithelium that are known to occur in the anteriaas the average donor age with the fluorescence-linked assay
limbus [11]. was about 35 years compared to >45 years for the alkaline
The BrdU staining (AP-BrdU assay) procedure was carphosphatase-linked assay. Investigators have already pointed
ried out to demonstrate cellular division at the periphery obut that the limited cellular division in the corneal endothe-
the corneal endothelium. This was initially thought to be fronmlium is facilitated by younger donors [2,4,8]. However, we
the presence stem cells and, in particular, as a manifest r@@so point out that the AP-BrdU assays may be more an indi-
sponse of stem cells to wounding. In the case of rabbit corneedtor or the presence of stem cells while the F-BrdU assays
endothelial cells, which are known to divide with regularity, may be more of an amplified signal for cell division given the
AP-BrdU staining was always seen following a mechanicaprevious discussion.
wound, as shown in Figure 3. In the human corneal endothe- TGF has been reported to act as an inhibitor of the G
lium, staining only occurred at the wound site following phase of cell division in the corneal endothelium by Joyce et
wounding in 10% of the corneas tested. Such results in hal. [1]. In order to determine whether this cytokine might act
mans show a typical lack of propensity toward cell divisionin response to a wounding experiment, we measurei TGF
even after wound stimulation. It is to be noted, however, thdevels in Optisol GS bathed rabbit and human corneas. This
the method for this staining assay detects BrdU as alkalingas done following mechanical wounding. It was found that
phosphatase activity. Although this activity is indicative oflevels of TGIB associated with human and rabbit tissues in-
dividing cells, it may also show the presence of native, celluereased approximately 4 fold in 4 days following the wound
lar alkaline phosphatase activity. This activity is typical of bothand, in the case of the human, began to fall after 18 days (Fig-
intracellular and cellular plasma membrane isoforms of thisire 5). The increase in the human seems to be delayed for
enzyme [28]. Interestingly, alkaline phosphatase is also irapproximately two days. It would seem, therefore, that cellu-
dicative of stem cell presence [29]. We noted that the ardar division has at least one significant negative control com-
beyond the endothelial periphery (the limbus) was always inponent in both rabbit and human corneal endothelial cells
tensely stained whenever the AP-BrdU procedure was usedhose activation may be delayed. This delay would be suffi-
Essentially, therefore, the AP-BrdU results imply the presenceient to allow reparative cell division to take place. The data
of both stem cells and transient amplifying cells, but do no&lso show that a basal level of Twas always present in
distinguish between them. It is also pointed out that donor aghe human tissue, but absent in the rabbit until stimulated by
(beyond 45 years in the alkaline phosphatase-linked BrdWounding. This may indicate a continuous partial negative
assays) may also have limited the human wounding responsentrol of cell division in the human, but not the rabbit.
(cell division) in the corneal periphery. The data presented in this report (telomerase activity and
BrdU fluorescence assays (F-BrdU assays) were undeBrdU-linked alkaline phosphatase activity staining) suggests
taken to clarify the uncertainty of the alkaline phosphatasthat cells in the corneal endothelium may be renewed by stem-
results since positive fluorescence could only be interpretdike cells located in a niche at the posterior limbus. By having
as coming from BrdU, that is, incorporation of new DNA intosuch a mechanism, it is possible to minimize the loss of en-
dividing cells. In the unwounded human tissue, no fluoresdothelial cells over a lifetime, due to naturally occurring cell
cence in the corneal endothelium was an indication of a ladeath. However, the data further suggests that increased cell
of cell division (Figure 6A). This was expected given the manyenewal may occur after trauma such as the mechanical dam-
reports of the tendency of a lack of cell division in unstimulateéige shown in this report. Finally, there is evidence to show
human tissue [14,30]. The area of the trabecular meshwotkat increased cell renewal can be halted the by upregulated
and its surrounding posterior limbus in the human, howevegynthesis of TGE within a few days of a mechanical wound.
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