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Purpose: To evaluate the expression patterns of neurotrophic factors (NTFs) and their receptors in the human cornea with
the intention of exploring the role of NTFs in maintaining corneal epithelial stem cells in the limbus.

Methods: Fresh human corneoscleral tissues were prepared for frozen sections. Immunofluorescent staining was per-
formed with primary antibodies against six members of three NTF families and their six receptors. To confirm the speci-
ficity of NTF primary antibodies, neutralization experiments with their corresponding peptides and western blot analysis
were performed.

Results: Based on spatial and differential immuno-localization, three patterns of NTF expression were potentially in-
volved in epithelial-mesenchymal interaction on the ocular surface: (1) the epithelial type: nerve growth factor (NGF) and
glial cell-derived neurotrophic factor (GDNF); (2) the paracrine type: neurotrophin (NT)-3 and NT-4/5; and (3) the recip-
rocal type: brain-derived neurotrophic factor (BDNF). The stem cell-enriched basal cells of the limbal epithelium ex-
pressed three unique staining patterns for NTFs: (1) exclusively positive for NGF, GDNF, and their corresponding recep-
tors, TrkA and GDNF family receptor alpha (G&RL; (2) relatively high levels of BDNF; and (3) negative for NT-3 and

NT-4. Additionally, the neurotrophin common low-affinity receptor, p75NTR, was mainly expressed by the basal layer of
the entire corneal and limbal epithelia, and TrkB and TrkC were evenly expressed by the entire corneal and limbal epithe-
lia. BDNF, p75NTR, TrkB, and TrkC are also abundantly expressed by limbal stroma cells. No specific immunoreactivity
to ciliary neurotrophic factor (CNTF) and its receptor, CN&k-Ras detected in cornea tissue in situ.

Conclusions: Our findings revealed patterned expression of NTFs and their receptors in the human ocular surface, sug-
gesting that they may play a vital role in maintaining corneal epithelial stem cells in the limbus. NGF, GDNA,,GFR

TrkA, and BDNF may serve as new limbal basal cell markers defining the corneal epithelial stem cell phenotype.

Neurotrophic factors (NTFs) are a family of polypep-kinase. The ligand specificity of GDNF is determined by a
tides that are derived from the neuron’s target cells and praovel class of glycosylphosphatidylinositol (GPI)-anchored
mote survival of peripheral and central neurons by protectingroteins called the GDNF family receptor alpha (@jFR-4.
them from apoptosis. The neurotrophins are the best chara@DNF preferentially binds to GFR. [3]. CNTF differs dis-
terized family of neurotrophic factors that comprises nerveinctly from other neurotrophic molecules (i.e. NGF, BDNF,
growth factor (NGF), brain-derived neurotrophic factorand NT-3) in both its molecular characteristics (CNTF is a
(BDNF), neurotrophin (NT)-3, NT-4/5, and NT-6 (see reviewcytosolic rather than a secretory molecule) and its broad spec-
articles [1,2]). They share the same low-affinity neurotrophirtrum of biological activities [4,5]. The receptor for CNTF con-
receptor, p75NTR, but use different members of the Trk resists of a ligand-binding subunit, CNT&Rand twoo. sub-
ceptor tyrosine kinase family for high-affinity binding and sig- units, gp130 and leukemia inhibitory factor (LIF) receptor
nal transduction. NGF preferentially activates TrkA; BDNF[4].
and NT-4/5 preferentially bind to TrkB; and NT-3 signals Itis well known that corneal epithelial homeostasis is gov-
through TrkC. Other major NTF families include the glial cellerned by a small subpopulation of corneal epithelial stem cells
line-derived neurotrophic factor (GDNF) family and the cili- (SCs) located in the basal epithelial layer of the limbus [6-8].
ary neurotrophic factor (CNTF) family. GDNF and its relatedWe have previously reported three types of cytokines and
family members, neurturin, artemin, and persephin, signajrowth factors participating in epithelial-mesenchymal inter-
through the same high-affinity receptor, Ret receptor tyrosinaction on the human ocular surface and the difference of their
expression patterns between the corneal and limbal regions
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and neural stem cells throughout the nervous system durirsplution were from Invitrogen (Carlsbad, CA). Propidium io-
embryonic and postnatal development [10-14]. However, aldide (PI) and other chemicals were purchased from Sigma-
though NFs are defined as molecules that maintain neuronaldrich (St. Louis, MO). Protease inhibitor cocktail tablets
cells, studies have shown that NTFs possess a diverse rangere from Roche Applied Science (Indianapolis, IN). Horse-
of biological effects in non-neuron cells and can act in amadish peroxidase (HRP)-conjugated goat anti-rabbit IgG, goat
autocrine or paracrine fashion on stem cells outside the neanti-mouse 1gG, and the BCA protein assay kit were from
vous system (see review [15]). For example, neurotrophin sidgrierce Chemical (Rockford, IL). Enhanced Chemilumines-
naling was found to promote survival of embryo stem cell€ence (ECL) reagents were from Amersham Biosciences
[16], oocytes [17], and esophageal and oral keratinocyte ste(Riscataway, NJ). Ready Gel for protein electrophoresis (4%-
cells [18,19]. BDNF is expressed in skeletal muscle satellité5% Tris-HCI), sodium dodecyl sulfate (SDS), prestained
cells and plays a key role in maintaining the population 0o5DS-PAGE low range standards, precision plus protein stan-
adult muscle progenitors [20]. GDNF was identified as thelards, precision protein strep tactin-HRP conjugate were from
essential growth factor supporting self-renewal of spermatog@®io-Rad (Hercules, CA). Immobilon-P
nial stem cells in vitro [21,22]. GDNF receptor, GFR, is  polyvinylidendifluoride (PVDF) membrane was from
strongly expressed by a subset of spermatogonia including tihvillipore (Billerica, MA).
stem cells for spermatogenesis [23,24]. Immunofluorescent staining: Fresh normal human cor-
The expression and function of NTFs in the ocular surpeal tissues (less than 48 h postmortem) were obtained for
face epithelia has also been investigated. BDNF and NT-3 has@munostaining from the National Disease Research Inter-
been found in the corneal epithelium of the mature mouse eyhange (NDRI, Philadelphia, PA). The corneal and limbal
[25]. Transcripts encoding NGF, BDNF, NT-3, and receptorspecimens were prepared using a previously described method
Trk A, Trk B, Trk C, GFR:-1 were detected in the corneal [30] by cutting the tissues in the vertical meridian from 6-12
epithelium and/or stroma ex vivo as well as in cultured core’clock through the central cornea and in the horizontal direc-
neal epithelium [26,27]. NGF and GDNF have been shown tton across the superior peripheral cornea and limbus. The tis-
stimulate epithelial migration, colony formation, and prolif- sue specimens were embedded in a mixture of 75% OCT com-
eration whereas BDNF only enhanced colony formatiorpound (Sakura Finetek, Inc.) and 25% Immu-Mount (v/v;
[26,27]. TrkA, the high affinity NGF receptor, has been shownThermo-Shandon, Pittsburgh, PA), frozen in liquid nitrogen,
to preferentially localize to limbal basal epithelial cells [28].and cut into frozen sections (it thick) for immunostaining.
The clinical significance of these factors was shown by dem-  Immunofluorescent staining was performed to evaluate
onstrating that topical NGF treatment of patients with neuexpression and location of six NTFs and six receptors in hu-
rotrophic corneal ulcers promoted epithelial and stromal heathan corneal and limbal frozen sections, using a previously
ing and restored corneal integrity [29]. Despite these findingseported method [9,30,31]. In brief, human corneal and limbal
the spatial expression and localization of these NTFs and thdiozen sections were thawed, dehydrated, and fixed in cold
role in the stem cell-containing limbus remains undefined. Thenethanol: acetone (1:1) at -3G for 3 min. Sections were
purpose of this study was to evaluate the expression patterb®cked with 20% normal goat or donkey serum in phosphate
of six important NTFs and their receptors in human cornedbuffered saline (PBS) for 1 h to reduce nonspecific antibody
and limbal tissues with the intention of exploring the potentiainteraction. Primary antibodies against human NGF (1:200),
role of these NTFs in maintaining corneal epithelial stem cellBDNF (1:100), NT3 (1:100), NT-4 (1:100), GDNF (1:100),
in the limbal niche. CNTF (1:100), TrkA (1:200), TrkB (1:100), Trk C (1:100),
p75NTR (1:100), GFR-1 (1:50), and CNTFR (1:100) were
METHODS applied and incubated for 2 h at room temperature (RT). Sec-
Materials and reagents. Optimal cutting temperature (OCT) ondary antibodies, Alexa-Fluor 488 conjugated goat anti-rab-
compound and cryomolds were from Sakura Finetek (Torrancbijt or anti-mouse 1gG, or donkey anti-goat 1gG (1:300) were
CA). Affinity-purified rabbit polyclonal antibodies (pAb) then applied and incubated in a dark chamber for 1 h followed
against NGF (M-20), BDNF (N-20), NT-3 (N-20), NT-4 (N- by counterstaining with propidium iodide (1:200) for 5 min.
20), TrkA (763), TrkB (H-181), TrkC (798), GFR1 (H-70);  After washing with PBS, antifade Gel/Mount and a coverslip
goat pAb against CNTF (R-20); and mouse monoclonal antiwere applied. Sections without primary antibodies applied or
body (mAb) against CNTF receptor, CNT&RAN-B2), all  those receiving the primary antibodies preneutralized with five-
corresponding blocking peptides for NGF, BDNF, TrkA, andfold excess of corresponding blocking peptides for 2 h were
GFRo-1 specific antibodies, were purchased from Santa Cruzsed as negative controls. The staining was evaluated under
Biotechnology (Santa Cruz, CA). Affinity-purified mAb an epifluorescent microscope (Eclipse 400; Nikon, Inc.,
against p75NTR (ME20.4) were purchased from ChemicoMelville, NY) and photographed with a digital camera (model
International (Temecula, CA). Affinity-purified rabbit pAb DMX 1200; Nikon).
against GDNF was purchased from Laboratory Vision (Fre-  \Western blot analysis: To confirm the presence of NTF
mont, CA). Antif-actin rabbit pAb was from Cell Signaling proteins in limbal and corneal epithelia, western blot analysis
Technology Inc. (Danvers, MA). Fluorescein Alexa Fluor 488was performed using NTF-specific antibodies. Fresh normal
(green) or 594 (ed) conjugated goat anti-rabbit or anti-mouse human limbal and corneal epithelia were lysed in RIPA buffer
IgG, donkey anti-goat IgG, and 0.25% trypsin/0.03% EDTA(50 mM Tris-HCI, 150 mM NacCl, 1% NP-40, 0.5% sodium
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Figure 1. Expression of neurotrophic factors and corresponding receptors in human corneal tissue. Representative imggae showin
immunofluorescent staining of NGF, TrkA, BDNF, TrkB, NT-3, NT-4, TrkC, p75NTR, GDNF, andoGERyreencolor) in frozen sections

of human corneoscleral tissues: tangential cross sections cut through the superior limbus (S-Limbus, left column), riadial seetidns

cut through limbus (Limbus, central column), and central cornea (Cornea, right column). Propidium iodide (Pl) was used esumniele

staining (ed). The images in the top panel are matched to the images in the NGF panel as examples; other Pl images matched to each NTF

staining are not shown. Magnification: x400 (bar 7u2%).
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deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 0.1% SDS,1. The horizontal cross-section cut through the superior lim-
and an EDTA-free protease inhibitor cocktail tablet), and probus (S-Limbus) showed the papilla-like limbal epithelial col-
tein concentration was determined using the Pierce BCAmns and interspersed blood vessels, nerves, and connective
method, calibrating against standards of known BSA concettissue between the epithelial columns of the palisades of Vogt
tration. Western blot analysis was performed using a prevenvironment. The meridional sections cut from the limbus
ously described method [32] with modifications. The epithethrough the central cornea displayed a traditional limbus (Lim-
lial extracts (30ug total protein/lane) were mixed with 6X bus) with about 8-10 layers of epithelium and vessel and nerve-
SDS reducing sample buffer and boiled for 5 min before loadenriched stroma as well as the central cornea (Cornea) with
ing. Proteins were separated by SDS PAGE and transferratbout five layers of corneal epithelium, Bowman'’s layer, and
electronically to PVDF membranes. The membranes weravascular stroma. Patterned immunolocalization of these NTFs
blocked with 5% non-fat milk in Tris buffered saline with 0.1% and their receptors were characterized in these tissues.
Tween20 (TTBS) for 1 h at RT and then incubated for 2 h at  Neurotrophinsand their receptors: As shown in the sec-

RT with pAbs to NGF (1:150), GRr1 (1:100), or GDNF ond panel of Figure 1, NGF immunoreactivity was found to
(1:200) or with mAb to p75NTR (1:500). The membranes werde exclusively localized to a subset of cells in the basal epi-
washed with TTBS and incubated for 1 h at RT with horseradhelial layer of the human limbus, but it was totally negative
ish peroxidase-conjugated goat anti-rabbit IgG (1:3000). Afin the entire cornea and suprabasal layers of the limbal epithe-
ter washing the membranes, the signals were detected with Bum. Clusters of NGF immuno-positive basal cells were seen
ECL immunodetection kit and then exposed to X-ray filmto be interspersed between negative cell patches. The expres-
(Eastman Kodak, Rochester, NY) from 30 s to 3 m#Actin ~ sion pattern of NGF receptor, TrkA, noted in these sections

was used as an internal standard. was consistent with the previous reports [28,33]. TrkA was
confined primarily to the basal layer of the limbal epithelium
RESULTS with clusters of brightly positive cells interspersed between a

Immunolocalization of neurotrophic factors and their recep-  few negative cells. TrkA expression also extended to some
tors in human corneal and limbal tissues: Immunofluores- suprabasal epithelial cells in the layer just above the basal
cent staining was used to spatially localize six members dimbal epithelial cells. A few small clusters of TrkA positive
three NTF families and their six corresponding receptors igells were seen in the basal epithelial layer of the peripheral
corneal and limbal tissues. Staining was evaluated in sectioesrnea. Similar to NGF, no TrkA immunoreactivity was de-
cut in two different orientations, cross-sectional and meriditected in the corneal and limbal stroma (Figure 1, third panel).
onal, shown with PI counterstaining in the top panel of Figur&his specific immunoreactivity to NGF and TrkA was abol-
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Figure 2. Western blot analysis. Western blot analysis of GDNF, NGFe@GF&nd p75NTR in human corneal (C) and limbal (L) epithelial
tissues wittp-actin (45 kDa) as a control. NGF (a major band at approximately 30 kDa, and two weaker bands at 25 and 14 kDa} and GFR
1 (53 kDa) were detected only in the limbal epithelium and not in the cornea. A 35 kDa band of glycosylated GDNF wasndedticted i
limbal and corneal epithelia while an additional 21 kDa band was only detected in limbal epithelium. The p75NTR proteih W&s kDa
detected in both limbal and corneal epithelia.
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ished in the negative controls where the antibodies were nebettom two panels). This expression pattern was similar to
tralized by their corresponding blocking peptides. NGF.

In contrast to NGF, BDNF immunostaining (Figure 1, Ciliary neurotrophic factor family: No specific immu-
fourth panel) was noted in all epithelial layers of the corneaoreactivity to CNTF and its receptor, CNTdRvas detected
and limbus with the strongest staining in the basal layer dh the entire cornea and limbus (data not shown).
limbal epithelium compared to equal staining intensity through-  Western blot analysis of neurotrophic factors and their
out all layers of the corneal epithelium. BDNF was also widelyeceptors in human corneal and limbal epithelia: The pres-
expressed by limbal stromal cells including vessel endothence of NGF, GDNF, and their receptors, p75NTR anddsFR
lial cells, nerves, and fibroblasts. TrkB serves as a high affint, in human corneal and limbal epithelial tissues were con-
ity receptor, primarily for BDNF and NT4. The TrkB anti- firmed by western blot analysis usifigactin (45 kDa) as a
body evenly stained almost all layers of the corneal and limbalositive control (Figure 2). NTFs can be detected at multiple
epithelium. Similar to BDNF, TrkB was also expressed by mostiolecular weights because they are present in tissues as pro-
stromal cells in the limbal region (Figure 1, fifth panel). forms, mature forms, dimers, and glycosylated forms at mul-

NT-3 staining was noted in the uppermost layers of théiple sites [34-36]. Pro-NGF has a molecular weight of 34 kDa
corneal and limbal epithelia. The basal cells were almost negathereas the mature form has a molecular weight of 14 kDa.
tive, especially in the limbus (Figure 1, sixth panel). The exin limbal epithelial tissue, the major band detected was pro-
pression pattern of NT-4 was similar to NT-3 in the humarNGF, around 30 kDa, and two additional bands of weaker in-
corneal and limbal epithelia (Figure 1, seventh panel). Neitensity at 25 and 14 kDa (mature NGF) were also noted. In
ther NT-3 nor NT-4 were detected in the stroma of these tissontrast, NGF in any form was not detected in the corneal
sues. Similar to TrkB, TrkC staining was evenly distributedepithelium. The reported molecular weight of GDNF is 21
throughout the entire corneal and limbal epithelia and theikDa [37] and its glycosylated, disulfide-bonded homodimer
stroma cells (Figure 1, eighth panel). protein has been noted to be about 35 kDa [36]. A 35 kDa

p75NTR, a low affinity receptor for all neurotrophins, wasband of glycosylated GDNF was detected in both limbal and
found to uniquely stain the basal layer and immediateorneal epithelia while the 21 kDa band was only detected in
suprabasal layer of the corneal and limbal epithelia, includintghe limbal epithelium. A 53 kDa GFkR1 band [37] was de-
the central corneal epithelium. The suprabasal epithelial layected only in limbal epithelium. The 75 kDa p75NTR protein
ers in the cornea and limbus were negative. Stroma cells imas expressed in both limbal and corneal epithelia.
cluding vessel endothelial cells, nerves, and fibroblasts in the
limbal area were positively stained (Figure 1, ninth panel). DISCUSSION

Glial cell-derived neurotrophic factor family: Interest-  Although neurotrophic factors are defined as polypeptides that
ingly, both GDNF and its specific receptor Gk-R were ex- maintain neuronal cells, they have been reported to possess a
clusively immunolocalized to the basal layer of the limbalrange of functions in promoting survival and self renewal of
epithelium. The entire corneal epithelium, suprabasal limbatem cells outside the nervous system (see review articles
epithelium, and stromal cells were totally negative (Figure 1}15,17]). While previous studies have reported that several
NTFs and their receptors were expressed by corneal epithelial
TABLE 1. THREE EXPRESSION PATTERNS OF LIMBAL BASAL CELL and stroma cells and that NGF and GDNF stimulated corneal

MARKERS epithelial proliferation in culture [25-28], the spatial localiza-
Linbal epithelium  Corneal epithelium tion and biological role of these neurotrophic factors on the
------------------------------------ ocular surface has not been well elucidated. Our study pro-

Pattern  Markers = Basal  Suprabasal  Basal  Suprabasal vides a comprehensive view of the unique expression patterns
! pes et - - - of the most important members of the NTF family and their
+++ - - - . H

Integrin a9  +++ ; . ] receptors in human cornea and limbus although these
Npadherin : - : immunostaining patterns alone can not convincingly extrapo-
Tr kA — - ; ; late to what may actually happen in vivo.
g o : ) : Three patterns of neurotrophic factor expression are po-

1 Integrin pl  +++ + +t ++ tentially involved in epithelial-mesenchymal interactions on
P o : o o, the ocular surface: It was well known that epithelial-mesen-
gbzg‘)' ase ot * + + chymal interactions play a vital role in embryonic develop-

* +++ ++ ++ ++ . .

N Nestin - . + . ment, postnatal morphogenesis, wound healing, and tumor
e cadherin : oot N o metastasis as well as in stem cell maintenance in a variety of
NT- 4* - et + et tissues (see review articles [38-40]). We have previously re-
Connexin 43 - +++ + +++ . . . .
Cnvol uerin : et N et ported 'three' expression pattgrns of 'cytoklnes potentially in-
K3 - s ot +t volved in epithelial-fibroblast interactions on the human ocu-

The evaluation was based on immunofluorescent staining. In the tab’@,r surface [9]: (1) Type ! (ep!thellal type): Transforming

-, undetectable: +, weakly positive; ++, moderately positive; +++3rowth factor (TGF), interleukin (IL)-1, and platelet-de-

strongly positive. The asterisk indicates neurotrophic factors or thefived growth factor (PDGF)-B were expressed exclusively by

receptors. epithelial cells, but their respective receptors, epidermal growth
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factor receptor (EGFR), IL-1R, and PDGPBRwere predomi-  The present study further investigated the expression and lo-
nantly expressed by fibroblasts; (2) Type Il (reciprocal type)calization of NTF families in the limbal basal epithelial layer
Insulin-like growth factor (IGF)-I, TG, 2, leukemia in situ.
inhibitory factor (LIF), basic fibroblast growth factor (bFGF), Touhami et al. [28] examined the immunoreactivity of
and their receptors were expressed by both epithelium aMiGF and its specific receptors in human limbal epithelium
fibroblasts; and (3) Type Il (fibroblast type): Keratinocyte and reported that no staining for NGF was observed in the
growth factor (KGF) and hepatocyte growth factor (HGF) wereentire cornea and p75NTR staining was negative in limbal
expressed exclusively by fibroblasts, and their respective résasal epithelium. Using different antibodies to NGF and
ceptors, KGFR and c-met, were predominantly expressed Ip75NTR, results of our immunofluorescent staining and west-
epithelial cells. Based on their differential immunolocalizationern blot studies showed that NGF was uniquely expressed in
the NTFs and receptors can also be categorized into three éke human limbal epithelium with its two corresponding re-
pression patterns on the ocular surface. Two NTFs, NGF armptors, high-affinity TrkA and low-affinity p75NTR. Inter-
GDNF, and their corresponding high affinity receptors, TrkAestingly, NGF and GDNF were only expressed by epithelial
and GFRx-1, were exclusively expressed by corneal, limbalcells on the ocular surface, and immunofluorescent staining
and conjunctival (data not shown) epithelia, but they were nathowed that they were exclusively confined to the limbal basal
detected in stromal mesenchymal cells in these tissues. Whigpithelial layer where stem cells reside. Clusters of NGF and
not specifically evaluated, these finding suggest that NGF andDNF positive cells were interspersed between negative basal
GDNF may play a major role in corneal epithelial mainte-cells in the limbal palisades (Figure 1, S-Limbus). Western
nance and regeneration although NGF may also have effedibt showed that the expression of non-glycosylated GDNF
on stromal cells in these tissues through the commowas detected only in the limbal epithelium. Their correspond-
neurotrophin receptor, p75NTR. Thus, these two NTFs maing high affinity receptors, TrkA and GleRl, were also lo-
represent a unique “epithelial type” of NTF in non-neuron tiscalized primarily to the basal limbal epithelial cells, sharing a
sues on the ocular surface. NT-3 and NT-4 were also expresssthilar expression pattern to their ligands (Figure 2). Western
only by ocular surface epithelial cells, but they may have efblot also supported the finding that G&R protein was only
fects on epithelial and stromal cells both of which expresseproduced by the limbal epithelium. In the limbal epithelium,
their receptors, TrKB and TrkC. Therefore, NT-3 and NT-4expression of the neurotrophin, BDNF, was stronger in the
may represent a “paracrine type” of NTF, modulating bottbasal cells than in the suprabasal cells, similar to the expres-
epithelial and mesenchymal cells. A third type of expressiosion pattern that has been reported for integtiand EGFR
pattern was noted for BDNF and three neurotrophin reced30]. NT-3 and NT-4 were expressed by the majority of cor-
tors, TrKB, TrkC, and p75NTR, which were expressed by botmeal and limbal epithelia, but the basal epithelial layer of these
epithelial and stromal cells, suggesting that BDNF may reprdissues was negative. Thus, three expression patterns of these
sent a “reciprocal type” of NTF that mediates epithelial-mesNTFs by limbal basal cells were characterized: (1) exclusively
enchymal interactions on the ocular surface. Our charactepositive for NGF, GDNF, and their receptors, TrkA and GFR
ization of these three patterns of NTF expression may facilit, (2) relatively higher level for BDNF, and (3) negative for
tate future investigations to specifically define the roles oNT-3 and NT-4. These findings suggest that NTFs are poten-
NTFs in maintaining ocular surface homeostasis and in cotial new markers for limbal basal cells (Table 1), thus expand-
neal wound healing, epithelial regeneration, and stem cell sunRg the previously proposed limbal stem cell phenotype [30].
vival. In addition, the neurotrophin low-affinity receptor,
Expression patterns of neurotrophic factors and their re- p75NTR, displayed a unique expression pattern with its im-
ceptorsin human limbal basal epithelium: Since the corneal munoreactivity localized to the basal layer and its closest
epithelial stem cells were found to reside at the limbus ovesuprabasal layer throughout the entire limbal and corneal epi-
two decades ago [41], several markers for these stem cetleelia including the central cornea. Western blot supported this
have been proposed though no definitive molecular markefgding. The expression pattern for p75NTR was different from
for these stem cells have been identified to date [42-45]. Wall proposed stem cell associated markers thus far, suggesting
have characterized a unique phenotype of stem cell-enrichdlsat p75NTR has a similar distribution pattern to the transient
human limbal epithelial basal cells and proposed that corneamplifying cells (TACSs).
epithelial stem cells, also referred to as limbal stem cells, are In conclusion, our findings revealed patterned expression
small primitive cells expressing three patterns of moleculaof NTFs and their receptors on the human ocular surface, sug-
markers [30]: (1) exclusively positive for p63, ABCG2, andgesting that NGF, GDNF, GFR1, TrkA, and BDNF may
integrin 09 by a subset of basal cells; (2) relatively higherserve as new limbal basal cell markers for the corneal epithe-
expression of integrinl, EGFR, K19, and-enolase by most lial stem cell phenotype. Further studies are needed to explore
basal cells, and (3) lack of expression of nestin, E-cadherithe functional role of different NTFs in maintaining the cor-
connexin 43, involucrin, K3, and K12. N-cadherin has alsmeal epithelial stem cells in the limbal niche.
been demonstrated to be exclusively expressed by certain
limbal basal cells [46]. TrkA, a high affinity receptor for NGF, ACKNOWLEDGEMENTS
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