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Abstract

Purpose: The Palisades of Vogt (POV) constitute the cdrepdhelial stem cell niche, but
identification of this region in ex-vivo tissuedsficult. Here we introduce a simple, direct
method of identifying the POV in unsectioned, exevhuman tissue.

Methods: Twenty-two eyes were studied, four whole and tgh rims. Orientation of whole
eyes was determined and the eyes were marked tdaameiheir cardinal orientation prior to
dissection. Samples were imaged with brightfigltgdrly polarized light and transmitted
circularly polarized light (CPL) and optical cohece tomography (OCT) volumes were
acquired in all twelve clock hours around the limbkive samples were also fluorescently
labeled to identify the epithelial basement membéramd whole mounts were imaged with laser
scanning confocal microscopy. Images were comparednfirm that the structures visible with
polarized light were POV.

Results: Under CPL the POV presented as amber radial sigggble in the superior and inferior
regions of the tissue. Identification of POV wasfioned by correlating the structures seen
under CPL, OCT and laser-scanning confocal micqmgco

Conclusions. CPL can be used to quickly identify POV regiomslonor tissue. This technique

can assist in targeted harvesting of stem celbreggfor research and tissue for limbal transplant.

Keywords: palisades of Vogt; POV; limbus; corneaneal epithelium; stem cells; polarized
light; corneal transplant; stem cell niche



Introduction

The palisades of Vogt (POV) form the corneal epidhetem cell niche and are located
predominantly in the superior and inferior corn@abus'. Despite the importance of this region
in maintaining corneal homeostasis, the POV rerddfitult to identify in ex-vivo tissue, which
complicates accurate harvesting of stem cellsdtiuce, and tissue for limbal transplant. We
have recently demonstrated that the POV can bahzgd with optical coherence tomography
(OCT), which facilitates in-vivo assessment of lingus, however OCT is not ideally suited for
ex-vivo applications because the required imageqssing is time consuming, and acquisition

of OCT volumes requires equipment that is not igaliailable in the laboratory setting.

A simple, direct method of visualizing palisadesvaso could facilitate limbal transplants by
allowing surgeons to accurately and quickly idgnsifem cell regions and would also allow stem
cell researchers to more selectively harvest tifsue palisade-rich regions. Possible clinical
application of this technique is suggested by reaétra-structural studies of the cornea that have
shown that the ‘clear bubble’ of the normal corisea complex structure with specific
differences in thickness and density in particalaatomical regiorfs Since palisades are
preferentially located in the inferior and supetiotbus, they could be used to determine the
alignment of the corneal button prior to transpkmthat the button could be aligned to the
anatomic axis of the recipient, which might assgistnproved post-surgical refractive correction

and/or graft survival.

Collagen and elastin, the dominant structural camepts of the eye, have anisotropic molecular
organization that retards light in characteristays’*>. That phase shift, caused by the
birefringence of the tissue, can be seen as chemges under crossed polarizers, and the

direction-independent character of circular poktian is an advantage when viewing biological



tissué. Areas of different density or composition willuse a different phase shift, visible as a
color change. Since the rippling basement membrahieh defines the POV is made primarily
of collagen, we hypothesized that there might eugh change in birefringence in the POV to

make them visible under polarization conditions.
Materialsand M ethods

Eighteen donor rims and four whole eyes were obth{ages 29-69 years). The muscle insertion
sites were identified on the whole eyes to locageanatomical orientation of the globe, and the
corneas were marked for orientation prior to dissgdhe rims. All 22 corneal rims were
imaged with transmitted light, crossed linear paks, and between crossed circular polarizers
(Figure 1 A-C) light with a dissecting microscopadial amber ridges were seen in the limbus
in opposing clusters which correspond to the knpattern of palisade ridges (Figure 1 D-E).
OCT volumes were acquired around the circumfereftiee limbus with a spectral domain
prototype OCT system that has been previously test,rand volumes were reconstructed and
segmented to identify POV regidnsmages from the polarized light and OCT image segre
compared to confirm that the structures visiblehypitlarized light were POV, located in the
superior and inferior limbus. To further confirmaththese structures are palisades, we
immunolabeled the same tissue for collagen Videntify the basement membrane, and
acquired stitched confocal volumes that were tlegmented along the basement membrane to
reveal the pattern of the POV. Correspondence teetwlee CPL, OCT and confocal images

demonstrated that CPL is showing palisades. (FigArél).

Polarized Light Microscopy: A dissecting microscope (Olympus SZ2/SZX2 Tokygaiawith

Olympus DP80 camera) fitted with circular polargifiters (Hoya 46mm PI-Cir) was used to



examine and photograph the tissue. Rims were fixd@bo paraformaldehyde (PFA) overnight,
rinsed with phosphate buffered saline (PBS), aed H#ept in 1% PBS. Under transmitted light
(Figure 1A) the structural pattern of the POV isdhavisible, and the intrinsic birefringence is
not visible. Using linear polarization (Figure 1Bjructures oriented at or near 45 degrees to the
axes of polarization are discernable, but the adésstructure is not uniformly clear because of
the orientation-specific nature of linear polani@aat When viewed under circular polarization
(Figure 1C), birefringent elements are revealedlliorientations and the pattern of the palisades
is visible. Three of the rims were imaged pre aost fixation to make sure that the structures

being seen were not a tissue fixation artifact.

OCT Imaging was conducted with a prototype system that has pesviously described® A
4x4 mm region of tissue was imaged with 400x40041€2mpling. The scanner had a 100nm-
wide light source centered at 870 nm, yielding laerence length of 2 um in tissue. Image
volumes were reconstructed and processed usindlfFidgeJ software, developed by Wayne
Rasband, National Institutes of Health, Bethesd?; &ailable at

http://rsb.info.nih.gov.ij.index.html) software.

Immunolabeling and Confocal Microscopy: Immunolabeling was performed on five of the
corneal rims fixed in 4% paraformaldehyde. Theutsswas bisected and relief cuts were made in
the tissue to allow it to flatten out. The tissugsvpermeabilized with PBS-Tx overnight at 4C,
then brought to room temperature and incubateddius borohydride, on a rocker, for ten
minutes and rinsed in phosphate-buffered saliné&SJRB min x4). While still on the rocker,

tissue was incubated 1 hr at RT in blocking buféentaining 0.3% Triton X-100 and 10% heat-
inactivated donkey serum ), then washed with PBSimcubated for four hours with primary

mouse monoclonal anti-human type VII collagen adip5D2 (from SundarRaj, University of
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Pittsburgh, Pittsburgh, PA) and washed with blogkbuffer (10 min x5) prior to 1 hr incubation
with Alex-Fluor 488-conjugated donkey anti-mous6 Igecondary antibody, and washed with
PBS (10 min x4). Finally, tissue was incubated oethst and then washed in PBS (15min x4).
The corneal rim halves were placed in a glasswiiha spacer and sealed with a glass
coverslip. Stitched stack volumes were acquiredrandnstructed with an Olympus FV1200
laser scanning confocal microscope with mosaicriogrand a 20x UPlan S-APO lens
(numerical aperture 0.85) Fluoview software and iamedtack projections were built in FIJI to

show the pattern of the basement membrane withsBfivare.

Results

CPL imaging showed more palisades and more détail brightfield imaging, and OCT and
confocal microscopy corroborated the accuracy efidentification. Sometimes the palisades
were partially visible via brightfield when thereagvmelanin present (Fig 2A), but this
identification has been shown to be inconsiste®imilarly, linear polarization also revealed
palisades, but circular polarization provided thestmnformation because it is non-directional
and allowed more stable imaging of the full circerehce of the limbus. It should be noted that
this is a qualitative rather than quantitative teghe and also that the structural birefringence of
the palisades appeared as amber radial ridgeg iimtbus and should not be confused with the
stress or strain birefringence seen in the pungiomneof the corneal rims, which is more

dramatic but is found in the cut edge of the buttarvest site.

By referencing the anatomical orientation of tissuie identified in the four whole eyes, we
determined that the ridges we found were locateterinferior and superior regions of the

limbus. In tissue recovered post-transplant, fiesoular ridges were found opposing each other,



corresponding to the known location of the POV @edws, Figure 1D-E). The anatomical
location and physical features of the POV were isdast with findings of previous studies

The transition from corneal collagen to scleralagén in the limbus is marked by an amber
birefringence that is wider and more gradual inghksade regions and individual palisades
appear darker within that region. Since the infepialisade ridge is known to be more linear in
its configuration than the superior, this can bedu® visually distinguish the superior from
inferior orientation of donor tisstie™® This technique can be implemented by simply miagnt
the appropriate polarizers above and below the kaampa standard dissecting microscope with

a transmitted light base, which is desirable winengoal is to harvest specific areas of the tissue.
Discussion

Characterization of the structure and functionhef POV is vague, although it has been well
documented that absence of this region producdsaliepithelial stem cell deficienty*®. In
addition, identification of a specific corneal éylial stem cell marker has been elusive, and
research has been complicated by difficulty idgmd clear palisade regions in ex-vivo tissue
prior to conducting immunofluorescent experimeRiscent studies have discussed visualization
of POV with a slit-lamp, clinical confocal, or O&T"*8, but there is no simple, direct method to
visualize palisades in ex-vivo corneal tissue throe harvesting of tissue for transplant or
laboratory studies. This limitation is more thanamademic problem. The challenges of imaging
and analyzing for palisade location with OCT volgnage prohibitive in a standard laboratory
setting and a present major barrier to localizimgdrea necessary for targeted harvesting of
tissue from ocular epithelial stem cell regions. p¥esent a simple, effective technique for easily

identifying palisade-rich regions in ex-vivo tiss@pecific harvesting of palisade regions for



histological and immunofluorescent studies canlifate research, and may also assist in further

characterization of demographic differences ingaale structurés’*2.

Currently, the cornea is transplanted without rddar orienting the donor tissue axis to the
recipient. Recent work highlights the directiongésificity of the cornea and demonstrates that a
corneal transplant is a bioactive scaffold thatdasstinct orientation and regional densftié%
Structural collagen in the human eye provides ktabo the cornea, maintains intra-ocular
pressure, and affects the degree of corneal asigmareserit" %X The preferential alignment of
corneal collagen and variations in regional deraitgt thickness has been shown to have
physiological importance in stability and functi@md maintaining alignment during
transplantation may facilitate graft healing, suavior post-surgical refractidn?>?24 A
technical drawback to testing this hypothesis legnlihat Eye Banks would need to mark the
orientation of every cornea prior to removal frdme globe, not only those corneas destined for
corneal transplants. It is plausible that, in aichl setting, matching the axis of the transplant
tissue to the recipient by identifying the POV nfiagilitate better wound healing and post-

surgical refractive correction.

A simple set of circular polarizers can be usedalduct this imaging with almost any
dissecting microscope that has an illuminated bgggacing one filter below the sample and the
other above. The entire procedure takes less tinainwte so it is not imperative that the tissue
be submerged in media, although the configuratfandissecting microscope can accommodate
a vessel with media as well. Tissue must be viewedglass container because plastic

containers invariably have strain birefringencechhtan interfere with visualizing palisades.



Conclusion: Laboratory application of CPL can be readily inmpénted to facilitate stem cell
research. Clinical application of this techniquepgculative at this point. Further investigation
is necessary to determine whether aligning the @iise corneal button to that of the donor is
helpful, but this simple method of identifying ceai orientation will facilitate that work. This
techniqgue may also assist in determining good tasggons when harvesting tissue for allogenic

transplant.
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FigureLegends:

Figure 1: Whole corneal rim viewed under brightfield light)(Aransmitted linear polarization
(B), and transmitted circular polarization (C). 3tgree view of whole corneal rim with
transmitted circular polarization (D-E) with super(red) and inferior (green) regions magnified.

Palisades appear as amber ridges in the limbus.

Figure 2: Whole corneal rims fixed in 4% PFA (A) and priorfbaation (E), with closeups of
marked areas shown acquired with polarized ligh&(B), OCT (C and G) and laser scanning
confocal (D & H) imaging. Each of these modalitidsarly shows the same region. The tissue in
the left column shows melanin in the palisade negwile the tissue in the right column does
not. In addition, the tissue in the right columnsviiaged very shortly after harvest and has a
more intact epithelium, hence the slightly diffarpresentation under polarized light.

Nevertheless, in each sample POV are visible.
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