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Abstract

We have developed a tissue-based model of the human trabecular meshwork (TM) using viable postmortem
corneoscleral donor tissue. Two-photon microscopy is used to optically section and image deep in the tissue to
analyze cells and extracellular matrix (ECM) within the original three-dimensional (3D) environment of the
TM. Multimodal techniques, including autofluorescence (AF), second harmonic generation (SHG), intravital
dye fluorescence, and epifluorescence, are combined to provide unique views of the tissue at the cellular and
subcellular level. SHG and AF imaging are non-invasive tissue imaging techniques with potential for clinical
application, which can be modeled in the system. We describe the following in the tissue-based model: analysis
of live cellularity to determine tissue viability; characteristics of live cells based on intravital labeling; features
and composition of the TM’s structural ECM; localization of specific ECM proteins to regions such as basement
membrane; in situ induction and expression of tissue markers characteristic of cultured TM cells relevant to
glaucoma; analysis of TM actin and pharmacological effects; in situ visualization of TM, inner wall endo-
thelium, and Schlemm’s canal; and application of 3D reconstruction, modeling, and quantitative analysis to the
TM. The human model represents a cost-effective use of valuable and scarce yet available human tissue that
allows unique cell biology, pharmacology, and translational studies of the TM.

Introduction

Cell and extracellular matrix (ECM) interactions
within the three-dimensional (3D) trabecular meshwork

(TM) play important roles in modulating aqueous out-
flow resistance and intraocular pressure (IOP).1–3 Tradi-
tionally, TM biological interactions have been modeled
in vitro,4 but cultured cells in a two-dimensional environ-
ment may not sufficiently replicate the true context and
behavior of 3D tissue.5,6 While tissue cell biology may be
studied by histological analysis, processing steps for con-
ventional light and electron microscopy irretrievably alter
tissue structure and cells, rendering them non-viable for
further experimentation. Probing cell behavior in vivo is a
further attractive alternative, but we are not yet able to re-
solve cellular or subcellular biological events in the TM of
live animals or humans.

We have sought to develop a primary tissue model of the
human TM in which interactions between cells, ECM, and
fine structure can be directly resolved by two-photon mi-
croscopy (TPM) at the subcellular level within the tissue’s
preserved 3D environment. This provides a tissue-based
platform for probing and simulating human TM cell biol-

ogy within an environment mimicking the original tissue
context.

TPM uses near-infrared laser that permits tissue and
cellular imaging with less scatter, absorption and photo-
toxicity, and deeper penetration than is possible by
conventional single photon microscopy.7–10 The resulting
high-resolution deep tissue optical sectioning provides ver-
satile options for analyzing whole live or fixed tissue
without conventional histological sectioning. Two-photon
excitation fluorescence (TPEF) imaging may utilize multiple
modalities such as endogenous fluorescence [auto-
fluorescence (AF)], direct labeled fluorescence using intra-
vital dyes or transduced fluorescent proteins (ie, GFP), or
indirect antibody-labeled epifluorescence. Non-excited
fluorescence modalities such as second harmonic generation
(SHG) may also be used.

We have applied TPM to probe and analyze TM cell
biology within human tissue.11–15 We routinely image as
deep as 100–200mm in the TM. By this approach, we have
performed tissue-based cell biological studies with the res-
olution and easy accessibility of in vitro methods. This has
led to the development of a novel yet practical and authentic
human TM cell imaging model that permits simulation of
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the in vivo TM. We are mindful that our approaches could
provide fresh perspectives on the TM and lead to future
clinical applications.

Human Postmortem Corneoscleral Tissue

We image recently postmortem corneoscleral tissue that
is considered suitable for human therapeutic transplanta-
tion.11,12,14,15 An Appendix at the end of this article sum-
marizes imaging methodology that we have applied to this
tissue. We were drawn to the possibility of studying the TM
in donor tissue, as eye banks consider this tissue to be of
good enough quality for human transplantation for up to 2
weeks postmortem. Human TM cells have been grown from
corneoscleral rim tissue and established in primary culture
over long periods postmortem.16 Furthermore, experiments
have shown that postmortem TM is viable in culture me-
dium for 4 weeks17 and has been used in week-long organ
culture perfusion studies.18

Following transplant surgery, we receive donor cor-
neoscleral rims (Fig. 1A) stored in Optisol GS transport
medium (Bausch & Lomb, Rochester, NY). The tissue is
processed for imaging within a day of receipt. Schlemm’s
canal (SC) is readily identifiable when blood reflux is
present, as this provides an excellent marker to localize the
TM.11 We cut the corneoscleral rim into sector wedges
before imaging (Fig. 1B). Our use of postmortem transplant
tissue simply, inexpensively, and sustainably salvages good-
quality but scarce human tissue for research.

We empirically assess each donor sample to confirm
tissue quality. We have used fresh postmortem eyes ob-
tained within 24–48 h postmortem as reference controls for

viable tissue.14 AF screening for viability is coupled with
labeling for vitality.11,12

Analysis of Live Cellularity and Viability

Viability screening of the tissue was assessed by AF
(Fig. 2) and intravital dye analysis (Fig. 3). In viable tissue
from donor rims received 48 h postmortem, TPEF shows
linear autofluorescent beams and fibers with sharp branching
and a lack of abnormal aggregates (Fig. 2A). Conversely,
non-viable tissue shows indistinct, ragged, wavy, and tan-
gled fibers with abnormal aggregates (Fig. 2B).

Intravital dye-labeled live cells can be visualized by
TPEF within the intact TM.11,12,14 Intravital dyes are non-
toxic, deeply penetrate tissues, and selectively stain cells
and subcellular compartments. This allows live cells to be
seen in association with the ECM within the original TM
tissue environment. We co-label postmortem tissue with
calcein AM (calcein), propidium iodide (PI), and Hoechst
33342 to qualitatively and quantitatively analyze live cel-
lularity and tissue viability.

Tissue viability analysis is performed in serial optical
sections in 8 mm steps, with viability calculated in
246 · 246 · 100mm 3D z-stack volumes per tissue. Percent
(%) live cellularity is calculated as the ratio of calcein-
positive cells to total cells (live calcein-positive plus dead
PI-positive cells).14 An arbitrary cut-off of 50% live cellu-
larity is used to define tissue as viable. Tissues with less than
50% live cellularity do not meet our standards and are ex-
cluded from further analysis.

In our studies, freshly postmortem eyes within 24–48 h of
death (Fig. 3A) and good quality donor corneoscleral tissue

FIG. 1. Human donor corneoscleral rims. (A)
Angle structures in tissue. (B) Location of TM
and Schlemm’s canal (SC) in a corneoscleral
wedge. S, sclera; CB, ciliary body; SS, scleral
spur; TM, trabecular meshwork; SL,
Schwalbe’s line; C, cornea. Scale bar = 3 mm.

FIG. 2. Autofluorescence clues of tissue
viability. (A) Linear branching auto-
fluorescent fibers without abnormal aggre-
gates in viable tissue. (B) Indistinct, wavy
and tangled autofluorescent fibers (arrows)
with abnormal aggregates (asterisks) in non-
viable tissue. Oval nuclei are labeled with
Hoechst 33342. Scale bar = 25 mm.
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(Fig. 3B) had a co-labeling pattern of predominantly calcein-
positive (live) and PI-negative (not dead) cells, indicating good
live cellularity within the tissue.14 Conversely, universally
calcein-negative (not alive) and PI-positive (dead) cells were
seen in tissues exposed to Triton X-100 (0.2% nonionic sur-
factant), indicating non-viable tissue; we used this to represent
dead controls (Fig. 3C). A similar, but less pronounced pattern
of non-viable calcein and PI co-labeling was seen in screens of
non-viable postmortem tissue (Fig. 3D).

In fresh sub-48 h postmortem tissues, live cellularity was
76% – 10%. Two-thirds of standard postmortem donor tissue
that we received met live cellularity criteria ( > 50% live
cells) for viability. Mean ( – SD) live cellularity in viable
donor tissue was 71% – 14% and in non-viable tissue, it was
11% – 13%.14

This tissue-based live-dead analytical approach is not
only useful for evaluating postmortem tissue viability in our

model system, but it has other novel uses such as for
studying reduced cellularity in primary open angle glau-
coma and assessing potential drug toxicity during pharma-
cological screening.

Live Cellular Detail and Distribution

Various aspects of in situ live cell morphology and dis-
tribution are revealed by different intravital dyes.14 In our
studies, CellTracker localized to the cytosol and perinuclear
cellular regions (Fig. 4A). This dye allowed discernment of
nuclei even in the absence of nuclear co-labeling (asterisk in
Fig. 4A). Labeling by calcein, another cytosolic dye, revealed
roundish bright cells in the TM with perinuclear fluorescence
(Fig. 4B) and lamellipodia-like features (Fig. 4C). Unlabeled
gaps between neighboring cells made it possible to identify
and count individual cells.14 Tiny cytosolic signal voids of

FIG. 3. Live cellularity analysis by calcein
AM (calcein; green) and propidium iodide
(PI; red) co-labeling. (A) Freshly postmor-
tem tissue: predominantly calcein-positive,
PI-negative cellular labeling confirming vi-
able tissue. (B) Viable postmortem tissue
labeling similar to (A). (C) Dead tissue
following exposure to Triton X-100 showing
universally calcein-negative, PI-positive co-
labeled cells among autofluorescent fibers.
(D) Nonviable postmortem tissue showing
similar co-labeling as (C). Scale bar = 25 mm.
Color images available online at www
.liebertpub.com/jop

FIG. 4. Live cell morphology by intravital imaging. (A) CellTracker (red) in the cytosol and perinuclear cellular regions.
Asterisk: unlabeled nucleus. Arrows: tiny signal voids in cytosol likely represent unlabeled organelle compartments. (B)
Calcein AM (green) in the cytosol of roundish cells. Arrows: tiny signal voids in cytosol are suggestive of organelle
compartments. (C) Detail of calcein-labeled cell (green) showing lamellipodia-like configuration (arrowhead). (D) Octa-
decyl rhodamine B chloride (R18; red)-labeled cell membranes. Asterisk: Hoechst-labeled nucleus. Scale bar = 10 mm. Color
images available online at www.liebertpub.com/jop
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CellTracker-labeled cells (arrows in Fig. 4A) and calcein-
labeled cells (arrows in Fig. 4B) likely represented unlabeled
organelle compartments. We used Octadecyl rhodamine B
chloride (R18) for cell membrane labeling (Fig. 4D). R18
labeling made it possible to see distinct membrane features
such as filaments linking cells and complex lamellipodia-like
structures. Extent and variation of cell shape and size was
better appreciated by R18 than cytosolic labeling, although it
was harder to distinguish the distinct boundaries of cells
because the fluorescence signal from membranes of neigh-
boring cells blended into one continuous label. This difficulty
could be overcome by nuclear co-labeling to identify indi-
vidual cells (Fig. 4D).

Deep penetration of intravital dyes into the aqueous
drainage tissue allowed for labeling of cells across all re-
gions and depths in the TM. Live cells were identified with
reference to neighboring cells, ECM, and fine tissue struc-
tures. In the uveal meshwork, cells labeled with Hoechst
33342 (nuclear label) were associated with autofluorescent
trabecular beams (Fig. 5A). Adjacent and external to the
uveal meshwork is the corneoscleral meshwork, where
Hoechst-labeled nuclear labeling was seen among tissue
plates, beams, and pores (Fig. 5B). In the juxtacanalicular
meshwork ( JCT), cells were densely organized amongst fine
autofluorescent tissue fibers (Fig. 5C). In the corneal endo-
thelium, adjacent to the corneoscleral meshwork, nuclei
were organized in a regular mosaic pattern (Fig. 5D).11

Nuclear density increased from inner to outer TM.14 In
TPEF optical sectioning, 69.8 – 13.8 nuclei were present in
the uveal meshwork within the 246 · 246mm imaging fields;
103 – 26.1 nuclei in the corneoscleral meshwork within the
same imaging field dimensions; and 98.2 – 29.8 nuclei in the
JCT.14

The potential for tissue-based live cellular analysis is
further enhanced by fluorescent protein transduction of TM
cells to label subcellular structures such as actin that will
permit exploration of live cell dynamics and drug effects in
the viable TM.19

TM Autofluorescence

The TM has an intricate mesh-like structure formed by a
complex network of branching autofluorescent beams that
varies with depth in the tissue and can be visualized by
TPEF.11 From an internal approach, the mesh-like TM borders
ciliary muscle, which has wavy autofluorescent fibers running
perpendicular to the circumferential orientation of TM and SC,
and cornea. The cornea has minimal AF (Fig. 5D).

AF imaging reveals a uveal meshwork of slender
branching beams that are separated by large gaps (Fig. 5A).
Adjacent and external to the uveal meshwork is the cor-
neoscleral meshwork that is organized as coarser auto-
fluorescent beams, which appear as plate-like structures with
pores that diminish in size toward the more external JCT
(Fig. 5B). Figure 5A (inset) shows how software-assisted
measurement may be used to determine the width of tra-
becular beams based on AF imaging. We have previously
reported the mean diameter of gaps in the uveal meshwork
as greater than 40 mm. In the corneoscleral meshwork, pores
vary from less than 10 mm to more than 20mm.12 In the JCT,
arrays of fine autofluorescent fibers form a cribriform net-
work lacking pores (Fig. 5C).12

There are subtle differences in AF features of the anterior
TM (overlying sclera, adjacent to cornea) and posterior TM
(overlying SC, adjacent to ciliary muscle).11 The anterior
and posterior TM have similar uveal and corneoscleral

FIG. 5. Autofluorescence (AF) and Hoechst-
labeled nuclei in trabecular meshwork and
corneal endothelium. (A) Nuclear associa-
tion with trabecular beams in uveal mesh-
work. Inset: software-assisted measurement
to determine width of trabecular beams. (B)
Nuclei among coarser beams and pores in
corneoscleral meshwork. (C) Dense nuclear
distribution among AF fibers in juxtacanna-
licular meshwork. A number of smaller nu-
clei with high-intensity fluorescence labeling
are seen in the adjacent inner wall endothe-
lium of Schlemm’s canal (arrows). (D)
Regular mosaic of corneal endothelial nuclei
with minimal/no associated AF. Scale bar =
25mm.
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regions, but they differ in their more external portions. The
posterior TM has a JCT adjacent to SC, but the anterior TM
transitions to an organization resembling denser and more
homogenous sclera crisscrossed by randomly aligned fine
autofluorescent fibers.11 Thus it is possible to non-invasively
examine the fine structure of the TM in situ and in great
detail by AF imaging.

Tissue Localization of SHG and AF

SHG has been used to characterize collagen in various tis-
sues,8 including the human eye.9,11,12,20,21 SHG is a polariza-
tion wave phenomenon produced by nonlinear optical
recombination of photons that yields a signal half the wave-
length of the incident light.7,22,23 SHG permits direct imaging
of uniquely organized structures such as collagen that are an-
isotropic, non-centrosymmetric and possess large hyperpolar-
izabilities.7 SHG detection requires a narrow band-pass filter
with full width half maximum centered at a wavelength half
that of the incident light; however, a wider, short wavelength
filter could also be used as an alternative.8,24

In trabecular beams, fine, high-intensity autofluorescent
fibers are aligned with beam axes. Brighter fibers also ap-
pear to coil around beams, forming discrete beam protu-
berances at 5 mm intervals.11 These intensely autofluorescent
fibers are distinguishable from a background of dimmer and

more homogenous AF within the uveal and corneoscleral
beams.

We hypothesized that different protein fluorophores contrib-
ute to the heterogeneity in TM AF and tested the possibility that
collagen and elastin are sources of this heterogeneity,11,12 as may
be predicted by foregoing descriptions of human TM.25–30 We
compared the tissue distribution of high- and lower-intensity AF
signals, SHG (for collagen), and eosin dye fluorescence (for
elastin).

Our analysis showed qualitatively and quantitatively that
low-intensity AF (Fig. 6A) and SHG-positive regions (Fig.
6B) in the uveal and corneoscleral meshwork co-localized.
Conversely, high-intensity AF (Fig. 6A) co-localized with
SHG signal voids (Fig. 6B). Separately, SHG signal voids
(Fig. 6C) co-localized with eosin-positive fibers (Fig. 6D),
corresponding to fibers that were positively labeled with
anti-tropoelastin antibody (Fig. 6E). Thus the source of
high-intensity AF in trabecular beams is elastin.31–34 Con-
versely, lower-intensity AF in beams originates from col-
lagen, agreeing with prior understanding that beam cores
consist of elastin encased in collagen. Hence AF imaging
resolves both structure and ECM protein composition in the
TM.15,25–30,35 This has implications for potential non-
invasive clinical imaging to probe ECM proteins in disease
states. For example, collagen and elastin aberrations have
been associated with glaucoma and IOP abnormality.36–39

FIG. 6. Imaging of autofluorescence second harmonic generation (SHG) of collagen, and eosin-labeled fluorescence of
elastin in human trabecular meshwork. (A) Low-intensity (asterisks) and high-intensity AF signals (bright fibers); (B)
corresponding SHG-positive (asterisks; for collagen) and SHG-negative (linear void between SHG-positive signal indicated
by asterisks) signals; and (C) SHG-signal voids (arrows). (D) Eosin-positive regions (arrows; for elastin) that co-localized
with SHG signal voids of (C). (E) These fine fibers positively label with anti-tropoelastin antibody (red, arrow). Scale
bar = 10mm. Color images available online at www.liebertpub.com/jop

FIG. 7. Schlemm’s canal (SC) and juxtacanalicular meshwork ( JCT) interface. Orthogonal reconstruction (A) and tan-
gential views (B–D) of interface region of JCT/inner wall endothelium next to SC lumen. (A) Orthogonal view through JCT/
inner wall region, next to SC signal void (between dotted lines) region (b: JCT/inner wall interface; c: inner wall nuclei; d:
SC lumen). (B) Fine autofluorescent fibers (arrows) are seen among Hoechst-labeled nuclei in the JCT region. Region of SC
endothelium should have nuclei only without autofluorescent fibers (darker background). (C) SC signal void in a more
external optical section just beyond JCT. (D) Autofluorescence signal from nylon marker (asterisk) in SC lumen showing
course of SC without exogenous labeling. Arrowheads: Hoechst-labeled nuclei. Scale bar = 25mm.
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Schlemm’s Canal

We locate SC within postmortem primary tissue by
identifying a broad circumferential AF signal void in serial
optical sectioning just beyond the final cellular or nuclear
layer of the TM. This final cellular layer represents the re-
gion of the JCT-SC endothelial inner wall complex (Fig.
7A–C). In our studies, high-intensity nuclear fluorescence
labeling was seen in this region, likely reflecting the high
density of cells here.11 No AF was present in the SC lumen;
instead, a signal void was seen (Fig. 7A–C).

Placing an autofluorescent nylon marker in the lumen of
SC allows the course of the canal to be visualized by TPEF
without exogenous labeling (Fig. 7D). In experiments, SC
may be cannulated for a short distance to enable verification
of downstream SC, which continues as a signal void beyond
the autofluorescent suture tip.

Visualizing the JCT and SC inner wall endothelium side
by side could provide meaningful possibilities for studying
biological interactions within this physiologically high re-
sistance region.

Characteristic Tissue and Cellular Markers

We use a multimodal approach combining indirect epi-
fluorescence, intravital dye fluorescence, and AF imaging to
characterize cells and ECM in the TM. In our studies, in-
duction and expression of a-smooth muscle actin (a-SMA)
(Fig. 8A; red) and myocilin (Fig. 8B; red) by transforming
growth factor-b1 (TGF-b1) and dexamethasone respectively—

both important to glaucoma—were localized in situ.12

Characteristic TM ECM markers such as fibronectin (Fig.
8C; red) and collagen type IV (Fig. 9A) were also localized
in the tissue.12

We were able to resolve associations between tissue ar-
chitecture, ECM proteins, and cells by TPEF in situ. Our
findings agreed with cell culture, electron microscopy, and
immunohistochemistry findings.26,29,40–52 We found that
collagen type IV was associated with autofluorescent struc-
tures in a region which was consistent with basement
membrane.26,29,40–42 Our myocilin findings based on tissue
induction by dexamethasone agreed with prior reports of the
protein’s localization to intracellular compartments43–49,53

and extracellular association with long-spacing collagens
and sheath material surrounding elastin.40,43 a-SMA,
which is induced by TGF-b1 in situ, was seen expressed
intracellularly.54

TPEF identification of markers characteristic of cultured
primary TM cells and pertinent to glaucoma indicates that it
is possible to study biological interactions involving these
important proteins within the TM.

Extracellular Matrix

AF and SHG imaging may be used to visualize certain
structural ECM proteins such as elastin and collagen. Other
ECM proteins not seen by AF or SHG may be visualized by
whole tissue immunolabeling and epifluorescence imaging.
In our studies, collagen type IV labeling was seen in the
basement membrane region surrounding trabecular beams

FIG. 8. Induction of both
intra-and extracellular markers
in the trabecular meshwork.
(A) a-smooth muscle actin
(red) is seen intracellularly af-
ter induction by transforming
growth factor-b1. (B) Myocilin
(red), also an intracellular
marker, is observed after in-
duction by dexamethasone;
(C) Fibronectin (red), a surface
marker, is in cell-cell borders.
Scale bar = 10mm. Color ima-
ges available online at www
.liebertpub.com/jop

FIG. 9. Extracellular matrix (ECM) proteins in basement membrane. ECM proteins that were not evident by auto-
fluorescence and second harmonic generation imaging were visualized by two-photon excitation fluorescence after whole
tissue immunolabeling. These ECM proteins, which included (A) Collagen type IV (red), (B) Laminin (red) and (C)
Heparan sulfate (red) were observed in the basement membrane surrounding trabecular beams (green AF). Scale bar =
10mm. Color images available online at www.liebertpub.com/jop
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FIG. 10. Filamentous actin (F-actin) in the trabecular meshwork. (A) F-actin (red) was prominent in a cortical distribution
near cell borders (arrow) and in a perinuclear punctate distribution (arrowheads). (B, C) After Latruculin-A exposure,
cortical F-actin was reduced leaving only perinuclear punctate actin (arrowheads). Autofluorescence signals were un-
changed. Scale bar = 10 mm. Color images available online at www.liebertpub.com/jop

FIG. 11. Three-dimensional (3D) reconstruction and analysis of human trabecular meshwork (TM). (A) 3D reconstruction
and analysis of live/dead co-labeling by calcein AM (green) and propidium iodide (PI; red) in TM. Tangential view
(246 · 246 mm) is shown, with uveal meshwork seen on the upper face. Left half of image: Labeled cells are predominantly
alive [calcein-positive (green) and PI-negative labeling (red) is scant]. Right half of image: spot mapping of individual cells
during which different spheres are assigned to live (green) and dead (red) cells to allow automated live/dead cell counting.
(B) Multimodal imaging combining F-actin epifluorescence (red filaments; left half of image) and structural matrix au-
tofluorescence (AF); green fibers; right half of image). Actin filaments form an interconnected network among auto-
fluorescent trabecular beams. (C) Molecular dissection of structural matrix by multimodal imaging and ‘‘isosurface’’
modeling. Model shows collagen (second harmonic generation (SHG); purple) encasing elastic fibers (AF; green) in the
uveal meshwork. Upper third: 3D reconstruction of original SHG and AF signals; middle third: isosurface mapping
segregating AF and SHG; lower third: SHG isosurface map after subtraction of AF signal to show space occupied by elastin
in beam (arrow). (D) Mapping of proteins corresponding to components of AF signal. Left third: 3D reconstruction of
original AF signal; middle third: isosurface model segregating high- and lower-intensity AF signals; right third: co-
localization of eosin fluorescence (elastin) with high-intensity AF but not lower-intensity AF. Color images available online
at www.liebertpub.com/jop
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(Fig. 9A). Localization of collagen type IV was similar to
that of other basement membrane-associated ECM proteins
such as laminin (Fig. 9B) and heparan sulfate54 (Fig. 9C).
Localization of these ECM proteins was different from that
of fibronectin54 (Fig. 8C), which was seen at cell surface and
border regions. Thus, specific localization of ECM proteins
within the TM is possible by TPEF.

Actin and Pharmacological Analysis

The state of the TM actin cytoskeleton influences outflow
resistance and IOP,55 but specific actin dynamics pertinent
to IOP modulation remain to be better understood. If it were
possible to resolve actin and actin dynamics in situ, au-
thentic perspectives into tissue function, glaucoma patho-
genesis, and therapeutic targets may be gained.

The actin cytoskeleton is organized as a 3D network
across adjacent cells and autofluorescent beams in the TM.
Our in situ studies showed filamentous actin (F-actin) in
prominent cortical distributions near cell borders and in
punctate form in perinuclear regions (Fig. 10A). The same
observations are made in live cells in the tissue transduced
with a fluorescent protein labeling actin. In addition, the
actin network is seen wrapped around and aligned with
trabecular beams.19 Our observations of F-actin in the hu-
man TM agree with observations by electron microscopy,
immunohistochemistry, indirect fluorescence, and confocal
microscopy describing actin filaments that are concentrated
in perinuclear and peripheral regions of TM cells.56–59,60

1 mm latrunculin-A (Lat-A) caused actin reorganization
leading to reduced cortical actin, but retained perinuclear
punctate F-actin, as observed by TPEF in situ (arrowheads
in Fig. 10B, C). Trabecular autofluorescent beam morphol-
ogy was unchanged by Lat-A.13 Tissue-based quantitative
analysis of the effect of Lat-A on actin and cell viability is
being addressed in ongoing studies.

3D Reconstruction and Modeling

We perform 3D reconstructions of serial fine-cut optical
sections to qualitatively and quantitatively analyze struc-
tural, cellular, and subcellular features of the TM.61 Specific
features may be extracted, recombined, and modeled to
analyze associations in 3D space. Three-dimensional models
employing isosurface mapping may be combined with re-
constructions to perform protein mapping and co-localization
analysis in tissues (Fig. 11). We have used such analysis to
quantify live cellularity in 3D space (Fig. 11A), perform
tissue-based actin reconstructions (Fig. 11B), and map dif-
ferent structural ECM protein associations with AF signals
within trabecular beams (Fig. 11C, D). These techniques
provide novel ways to explore cell biology and glaucoma
pathogenesis within human tissue.

Conclusion and Future Developments

Application of TPM in our human TM model has particular
benefits for tissue-based cell biology, pharmacological and
translational studies. The tissue-based model closely mimics
the cell, ECM, and 3D organization of the conventional
drainage pathway, permitting authentic insights into the tis-
sue’s systems biology. The model goes beyond merely reca-
pitulating tissue and cellular morphology. Rather, cells within
the tissue environment can be probed and responses can be

observed and quantified. Characteristic cellular responses in
the model system involving dexamethasone and TGF-b1 in-
duction mimic observations in human primary cell culture,
immunohistochemistry, and electron microscopy.12 It will be a
technical advance if biological interactions can be examined
directly, live, and quantitatively within the human TM. This
will provide a platform for exploring cell and molecular dy-
namics, screening drugs, and elucidating drug-induced mech-
anisms in a way that is directly relevant to humans.

The model does not replace in vitro, ex vivo, and in vivo
systems already in use. Rather, it applies alternative tech-
nological approaches and provides perspectives of a differ-
ent kind. Our use of postmortem transplant tissue simply and
inexpensively salvages good-quality human tissue for re-
search that is otherwise scarce and costly. Potentially, this is
achievable in a way that is sustainable and accessible to
many researchers.

Our initial efforts have centered on characterizing the
tissue model by TPM. Our findings agree with those of
different TM models and methods. They are also relevant to
applying clinical TPM imaging to the human eye, as is al-
ready being explored in other organ systems such as skin
and gastrointestinal tract. Anticipating issues such as motion
artifact in clinical imaging, we have started exploring
techniques to correct for potential artifacts during such
imaging.61 For now, our goal is to use the model system for
tissue-based drug development and as a platform to translate
findings in live animal models62,63 to humans.
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Appendix: Imaging Methodology

All experimental imaging methods reported here have
previously been described.11–15,24,25 We captured images
with a Leica SP5 microscope (Leica Microsystems, Hei-
delberg, Germany) coupled to a Chameleon Ultra-II multi-
photon laser (Coherent, Santa Clara, CA). We typically use
850 nm excitation, pulsed, and focused through inverted
20X/0.7NA or 63X/1.3NA objectives. Two-photon excita-
tion fluorescence (TPEF) emission is passed through green
(525/50 nm) or red (635/90 nm) filters (Chroma, Bellows
Falls, VT) onto a non-descanned photomultiplier tube de-
tector (Hamamatsu, Bridgewater, NJ). Collagen second
harmonic generation signals are collected through a shorter
wavelength narrow band-pass filter (425/10 nm; Chroma).

Images were collected as multiple channel z-stacks using
512 · 512 or 1024 · 1024 pixel frames, a 16-bit grayscale
resolution, and 16 · line averaging using 1–8mm step si-
zes.11–15 We have used LAS AF and AF Lite 2.2.1 (Leica
Microsystems), Volocity 5.4.1 (PerkinElmer, Waltham,
MA), Imaris 7.3.0 (Bitplane, Zurich, Switzerland), Image J
(NIH, Bethesda, MD), and Photoshop CS5 (Adobe, San
Jose, CA) for software-assisted image analysis. Isosurface
modeling was conducted in Imaris.11,12,14,15

The following techniques assisted TPEF visualization: (a)
6-0 black nylon suture (Ethilon black monofilament, Ethi-
con, Somerville, NJ) is autofluorescent and when inserted
into Schlemm’s canal, it aids canal visualization with
emission collected between 500 and 550 nm.11 (b) For in-
travital dye viability analysis, wedges were co-incubated
with 0.33 mM calcein-AM (calcein; a cytosolic dye of living
cells) and 1 mg/mL propidium iodide (PI; a nuclear dye only
labeling necrotic and apoptotic cells with compromised
plasma membrane; Life Technologies, Carlsbad, CA) for

30 min at 37�C immediately prior to imaging.14 (c) Other
intravital dyes used included: CellTracker Red CMTPX
(cytosolic label), Hoechst 33342 (chromosomal DNA), and
octadecyl rhodamine B chloride (R18; plasma membrane;
all from Life Technologies, St. Louis, MO).14 (d) Antibody
labeling for immunofluorescence analysis12,24 was per-
formed by first fixing tissue with 4% paraformaldehyde ( JT
Baker) in PBS for 30 min at room temperature or overnight
at 4�C, washed with PBS, permeabilized with 5% TX-100/
PBS for 2 h at 4�C, blocked with 1% BSA/PBS for 30 min at
room temperature, and then incubated with antibodies in
0.1% BSA/PBS and 1 mg/mL Hoechst 33342 overnight at
4�C. Antibodies used were as follows: rabbit anti-laminin
primary anitibody (pAb), rabbit anti-a-smooth muscle actin
(a-SMA) pAb, rabbit anti-myocilin pAb (Abcam, San
Francisco, CA), rabbit anti-elastin pAb (Elastin Products
Company, Owensville, MO), mouse anti-type I collagen
(clone 23IIC3), anti-type III collagen and anti-type IV col-
lagen mAb (Millipore, Billerica, MA), and mouse anti-
heparan sulfate mAb (10E4; US Biologicals, Swampscott,
MA).12,24 Controls were mouse or rabbit IgG (Santa Cruz,
CA). Alexa 568-conjugated secondary antibodies and Alexa
568-conjugated phalloidin were purchased from Life
Technologies (Carlsbad, CA).13 All antibodies except anti-
myocilin were used at 1:100 dilution. Anti-myocilin and
phalloidin were used at 1:50 dilution. Some tissues were
incubated with 200 nM dexamethasone (EMD Chemicals)
for 3 days and the media was changed every 48 h or with
50 ng/mL TGF-b1 (Abcam) for 48 h with media changed at
24 h; up-regulated myocilin and a-SMA, respectively12; or
Latrunculin-A (Cayman Chemicals, Ann Arbor, MI) prior to
antibody or phalloidin labeling.12,13 Elastin was labeled with
Eosin Y (Lerner Labs, Pittsburgh, PA).15
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