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Abstract
The two cell types that populate the human conventional outflow pathway, Schlemm's canal (SC)
and trabecular meshwork (TM) regulate intraocular pressure. In culture, SC and TM cells have
been useful tools toward understanding their respective roles in conventional outflow homeostasis.
Unfortunately, currently available protein markers that distinguish SC from TM cells are limited,
motivating the present study. Antibodies that specifically recognize different vascular endothelial
markers were used to probe lysates from mature cell monolayers subjected to SDS-PAGE
followed by western blot analyses. Results show that SC and TM cells both expressed many of the
endothelial candidate proteins investigated, such as Robo1/4, Tie2/TEK, VEGF-R1/R2, VCAM-1,
eNOS and neuropilin-1. In contrast, all SC cell strains tested (n=11) expressed two proteins,
fibulin-2 and vascular endothelial (VE) cadherin, not expressed by TM cells. To examine changes
in VE-cadherin expression and cell-cell junction formation, indicated by transendothelial electrical
resistance (TEER), SC cells were seeded onto filters at confluence and growth factors were
withdrawn. Culturing cells in media containing adult bovine serum rather than fetal bovine serum
resulted in a 75% mean increase in TEER and 67% corresponding average increase in VE-
cadherin expression (p<0.05). While both TM and SC cells form monolayers, are contact
inhibited, share some endothelial responsibilities and several endothelial protein markers, SC cells
uniquely express at least two proteins which likely reflect a distinction in cellular responsibilities
in vivo. One of these responsibilities, maintenance of the blood-aqueous barrier, can be modeled in
culture upon withdrawal of growth factors from SC cell monolayers.
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Introduction
Pathology that underlies ocular hypertension associated with primary open-angle glaucoma
resides in the conventional outflow pathway (Grant, 1951). Dysfunction with one or both of
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the two cell types, trabecular meshwork (TM) and Schlemm's canal (SC), that populate the
conventional outflow pathway likely are responsible for the increased resistance to outflow
responsible for ocular hypertension. Outflow cells have many unique features and individual
responsibilities that contribute to the generation and regulation of outflow resistance in both
health and disease; maintaining intraocular pressure (IOP) in most people within a couple
millimeters of mercury over a lifetime (David et al., 1987; Klein et al., 1992). Unfortunately,
much is unknown about the cell biology responsible for the maintenance of health and the
development of disease.

Primary cultures of cells isolated from the conventional outflow pathway of human donor
eyes have been useful to better understand the cellular mechanisms that contribute to the
regulation of conventional outflow and thus IOP. Methods have been developed, and are
commonly used to specifically culture TM cells (Polansky et al., 1979; Stamer et al., 1995;
Steely et al., 1992). Cultured cells can be differentiated in the laboratory and used to study a
variety of cell activities, including contraction, phagocytosis, receptor activation and second
messenger signaling. For example, studies using cultured TM cells have identified a number
of cell surface receptors that participate in conventional outflow regulation, either increasing
or decreasing outflow (Millard et al., 2011; Shearer and Crosson, 2002; Stamer et al., 2010;
Sumida and Stamer, 2011; Tripathi et al., 1993; Wax et al., 1989). Similarly, cultures of TM
cells have been used to characterize regulation of extracellular matrix turnover [reviewed by
(Yue and Elvart, 1987)]. The study of such signaling pathways in cell culture has been
critical for understanding the molecular mechanisms that underlie the clinical efficacy of
laser trabeculoplasty (Hosseini et al., 2006) and the discovery of the glaucoma-causing
protein, myocilin (Nguyen et al., 1998; Resch and Fautsch, 2009).

Due to research focus and relative ease of culturing primary TM cells, the majority of
studies to date have targeted TM cell biology. Thus morphologic features, positive protein
markers and cell behaviors have been used to describe and identify cultured TM cells. For
example, a distinguishing response of TM cells from potential neighboring cell
contaminants is the dramatic induction of myocilin protein upon treatment with
corticosteroids (Polansky et al., 2000; Shepard et al., 2001; Stamer et al., 1998; Tamm et al.,
1999). In contrast, other ocular cells have lower basal myocilin expression levels and fail to
respond to corticosteroid treatment (Polansky et al., 2000). Additional protein markers
identified for TM cells in culture include elevated secretion of tissue plasminogen activator
(Seftor et al., 1994), plus distinctive expression of matrix GLA, αB-crystalin and smooth
muscle actin by specific populations of cells in the TM (i.e.: juxtacanalicular versus uveal
TM cells, (Pang et al., 1994; Tamm et al., 1999; Tamm et al., 1996; Xue et al., 2006)).

Work with the second major cell type in the conventional outflow pathway, SC endothelia,
has lagged behind research with TM cells despite its noteworthy role in the conventional
outflow pathway. The inner wall of SC is strategically located where the majority of
resistance to outflow is generated, the juxtacanalicular region (Bahler et al., 2004; Grant,
1963; Johnson et al., 1992; Maepa and Bill, 1992; Rosenquist et al., 1989). Hence,
disruption of SC-TM interactions dramatically decreases outflow resistance (Lu et al., 2008;
Overby et al., 2002) while perfusion of eyes with tracer that occludes junctions between SC
cells of the inner wall increases outflow resistance (Ethier and Chan, 2001). Moreover, the
inner wall of SC is the only continuous monolayer in the outflow tract, serving an important
function in maintaining part of the blood-aqueous barrier (Overby et al., 2009). Finally, the
inner wall of SC may function as a mechanical capacitor, accommodating IOP transients via
the formation of transcellular/paracellular pores and giant vacuoles (Allingham et al., 1992;
Johnstone and Grant, 1973).
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Not surprisingly, several methods to isolate and characterize SC cells have been developed
over the last few years, each with its specific advantage. For example, a cannulation method
captures a greater number of cells than an immunopanning method, but takes months to
expand and characterize cells for use in experiments (Alvarado et al., 2004; Stamer et al.,
1998). Immunopanning isolates much fewer primary cells, but experiments can be
performed within days on primary isolates (Karl et al., 2005). Recently, a novel method
using puromycin treatment of conventional outflow tissue digests has been developed to
isolate SC cells, taking advantage of endothelial upregulation of the efflux transporter, p-
glycoprotein by SC cells but not TM cells (Lei et al., 2010). This method isolates many
aqueous plexus endothelial cells from porcine eyes (human SC equivalent), but has not been
reported using human eyes.

In a short amount of time working with cultured SC cells, remarkable progress has been
made to better understand their unique biology. For instance, SC cell monolayers in culture
respond to pressure transients by activating signaling pathways (Stamer et al., 1999) plus
forming giant vacuoles (Alvarado et al., 2004; Pedrigi et al., 2011), similar to cells in vivo.
Moreover, activation of receptors on SC cell monolayers modifies second messenger
pathways and cytoskeletal arrangements that are coincident with monolayer/barrier function
alterations in eyes treated in situ (Alvarado et al., 1998; Rao et al., 2001; Sumida and
Stamer, 2010; Underwood et al., 1999).

Due to the close proximity and common “endothelial nature” of TM and SC cells, the
discovery of distinguishing protein markers for SC cells in culture is important for future
studies involving cultured SC cells. Currently exclusion criteria, not positive markers are
used to discriminate between SC and TM cells. Thus, the purpose of the present study was
to examine a series of endothelial proteins in a large number of SC and TM cell strains with
the goal of establishing novel characteristic markers for SC cells. In addition to finding two
novel markers, this study reports an innovative way to differentiate SC cells in culture,
monitoring expression of positive cell markers during the process.

Methods
Cell Isolation and Culture

Human Schlemm's canal (SC) and trabecular meshwork (TM) cells were isolated using
previously described methods. SC cells were isolated using the cannulation method (Stamer
et al., 1998), while TM cells were isolated using a method involving a blunt dissection
followed by extracellular matrix digestion (Stamer et al., 1995). Both cell types were grown
to confluence for one week in Dulbecco's Modified Essential Medium (DMEM) (Invitrogen)
supplemented with a penicillin (100 units/ml) streptomycin (100ug/ml) glutamine (0.29 mg/
ml) solution (Invitrogen) and 10% fetal bovine serum (FBS) (Hyclone). At one week, TM
cells were switched to DMEM supplemented with 1% FBS and maintained for at least one
additional week prior to lysis, while SC cells remained in 10% FBS. The specific cell strains
tested for a certain marker protein was dependent upon availability at the time of the
experiment.

Western Blot
Confluent monolayers of cells were rinsed with ice-cold 1× phosphate buffered saline (PBS)
and then lysed in radioimmunoprecipitation assay buffer (RIPA, Sigma) with protease
inhibitors (Roche) by scrapping with a disposable cell scraper and then subjected to
centrifugation (14,000g for 8 minutes) to remove cell debris. Protein concentration from
cleared cell lysates was determined using a BCA protein assay (Pierce Biotechnology). Cell
lysates were added to equal volumes of 2× Laemmli buffer, boiled prior to loading (10μg)
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onto a gel slab and subjected to SDS-PAGE (7.5% or 12%). After fractionation, proteins
were transferred electrophoretically to nitrocellulose membranes. After transfer, membranes
were first incubated in blocking buffer [5% nonfat dry milk in Tris buffered saline
containing 0.2% Tween-20 (TBS-T)]. Antibodies (supplemental table 1) that bind
specifically to candidate marker proteins were diluted in blocking buffer and were incubated
with membranes overnight at 4°C. Membranes were next washed with TBS-T (4 times: 10
minutes each) and were then transferred to blocking buffer containing horseradish
peroxidase-conjugated secondary antibodies (Jackson Immunoresearch). After 2 hours,
membranes were again washed with TBS-T (4 times: 10 minutes each) and proteins were
visualized by briefly (~ 1 min) incubating membranes with enhanced chemiluminescence
solution (ECL, Amersham Biosciences) and exposing to X-ray film (Genesee). Protein
bands of interest on film were visualized and quantified by densitometry using the Syngene
gel documentation system. Only bands within the linear range of the X-ray film were
included in analyses.

Immunoprecipitation
Cell lysates from mature SC and TM cell monolayers were prepared in RIPA buffer as
described above. Lysates (20 or 200 μg total protein) were first precleared with protein G
beads (washed in RIPA buffer) for 1 hour at 4°C and were then incubated with 1μg of
integrin α6 antibody (J1B5) for 1 hr with rotation at 4°C. Antibody complexes were isolated
from lysates by adding protein G beads (50 μl of 50% slurry) and incubation with rotation
for 12 hr at 4°C. Beads were pelleted by centrifugation at 6000×g for 1 minute and then
were rinsed three times with 1 ml of RIPA buffer. Integrin α6 was liberated from beads by
boiling in 40 μl of 1× Laemmli sample buffer for ten minutes. Beads were briefly
centrifuged and supernatant was analyzed by SDS-PAGE/western blotting using integrin α3/
α6 IgGs (AA6A).

Differentiation of SC Cell Monolayers
SC cells were plated at confluence onto polycarbonate Snapwell permeable supports
(Costar) and maintained in 10% FBS supplemented DMEM until reaching a net
transendothelial electrical resistance (TEER) of at least 10 Ohm*cm2 (2–3 weeks). Cells
were then maintained in 10% FBS DMEM or switched to DMEM containing 10% adult
bovine serum (ABS, Invitrogen). TEER measurements were taken using an Endohm device
(World Precision Instruments) every two days for 16 days. Experiments were terminated by
rinsing cells with 0.5 ml ice cold PBS and then scraping cells into ice cold RIPA buffer (40
μl). Cell lysates from Snapwells or from 12 well culture plates were diluted with equal
volume of 2× Laemmli sample buffer, boiled and subjected to SDS-PAGE followed by
western blot analysis for VE-cadherin, PECAM-1 and β-actin content.

Statistical Analyses
Comparisons were executed between data obtained from paired groups of cells that were
treated with adult bovine serum or remained in fetal bovine serum. For western blots, only
digitized bands captured onto x-ray film that corresponded to proteins of interest and fell
within the linear range of the x-ray film were used for analyses. Data in both cases were
subjected to a student's two-tailed t-test assuming unequal variance and differences were
determined significant at p<0.05.

Results
Due to current absence of positive protein markers, SC cells are identified based upon their
spindle-like morphology, contact inhibition, generation of significant transendothelial
electrical resistance and absence of myocilin induction upon treatment with corticosteroids,
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a positive marker for TM cells (Stamer et al., 1998). Thus, all SC cell strains isolated in our
laboratory as a routine are treated for 5 days with 100 nM dexamethasone and examined for
myocilin expression by western blot analyses and compared to TM cells. Extending results
from our initial report that tested only two SC cell strains, we found here that all TM cell
strains tested (n=10), but none of the SC cell strains (n=23) express myocilin at high levels
(figure 1, panel A) nor responded to dexamethasone treatment. Shown in (figure 1, panel B)
are results from representative cell strains of each cell type analyzed by western blot
showing that myocilin expression in TM cells, but not SC cells is dramatically upregulated
upon dexamethasone treatment. Moreover, SC cells have low basal levels of myocilin (data
not shown) (Stamer et al., 1998).

Due to its vascular origin, we screened SC cells for a series of proteins expressed by
endothelial cells to find unique markers (table 1). After cells were confluent for at least one
week, we compared expression patterns of SC and TM cells to human umbilical vein
endothelial cells (HUVEC), our positive control. Similar to previous studies, we observed
that typical endothelial proteins such as PECAM-1 (CD31) and VCAM-1 (CD106) were not
observed in SC cell strains, likely down regulated in culture (Stamer et al., 1998). In
contrast, other characteristic endothelial cell proteins like VEGF receptor -1,2 and eNOS
were present in both vascular endothelia as well as TM cells. Interestingly, we also observed
that a variety of other proteins expressed by vascular endothelia (Robo-1, Robo-4, Tie2/
TEK, Annexin-A1, Erg and Neuropilin-1) were expressed by all three cell types tested.

Using western blot analyses, we next tested the protein expression of endothelial candidates
shown to be preferentially expressed by SC cells but not TM cells either at the mRNA level
(fibulin-2) (Liton et al., 2005) or protein level in tissue sections of human eyes (VE-
cadherin)(Heimark et al., 2002). We observed that both fibulin-2 and VE-cadherin were
expressed by 11 SC cell strains tested (figure 2), each isolated from eyes of different
individual donors. In addition, we expanded findings from a recent study (VanderWyst et
al., 2011) and found expression of integrin-α6 in 11 additional SC cell strains (14 total).
Interestingly, in the present study we tested additional TM cell strains and detected
expression of integrin-α6 by some cell strains but not others. When examined more closely,
we found that there was considerably less integrin-α6 protein in TM strains compared to SC
strains (figure 3). A summary of these data from all SC and TM cells strains tested is shown
in table 2.

To investigate the effect of growth factor withdrawal on SC cell differentiation in culture,
we switched SC cells from media containing 10% fetal bovine serum to 10% adult bovine
serum. We hypothesized that the lower content of growth factors in adult serum may
promote assembly of cell-cell junctions as evidenced by increase in TEER. Figure 4 shows
that growth factor withdrawal did not affect TEER immediately, however beginning a day 6
TEER was significantly different in cells exposed to ABS compared to FBS; having a 75%
mean change in TEER (p=0.02). Coincident with TEER elevation were changes in the
adherens protein, VE-cadherin, at about the same time (~day 5). When examined closely at
day 6 (first significant difference in TEER) in 4 different cell strains, we observed an
average increase in VE-cadherin expression of 67% (p=0.03) in the presence of adult bovine
serum (panel C). In contrast, another adherens protein, PECAM-1 expression was not
detected in neither fetal nor adult bovine serum-treated SC cells (table 1).

Discussion
Screening 15 potential endothelial markers in at least 11 different SC cell and 10 TM strains
isolated from different donor eyes, the present study documents for the first time two
proteins, fibulin-2 and VE-cadherin, with unique expression by human SC endothelia in
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culture. Moreover, experiments here confirm the expression of a laminin-binding protein,
integrin-α6, recently identified as expressed by SC endothelia. We also observed that
switching cultured SC cell monolayers from fetal to adult bovine serum stimulates
differentiation in culture, significantly increasing both transendothelial electrical resistance
and VE-cadherin expression. Taken together, these data show that the two cell types that
populate the conventional outflow pathway, SC and TM express many of the same
endothelial proteins, however two proteins were identified to be uniquely expressed that
may be critical for SC cell function in the unique environment of the inner wall.

Despite their different embryological origin, TM (mesenchym/neural crest) and SC
(mesoderm) cells both express a number of endothelial markers. Thus, expression of
proteins by SC and TM cells are likely a function of their common “endothelial” role in
maintaining a patent passageway for aqueous humor egress from the eye. For example, in
the present study we found that both cell types express the endothelial proteins Robo1/4,
Tie2/TEK, VEGF-R1/R2, eNOS and neuropilin-1. Likewise, we previously showed that
both cell types expressed CD34, tPA, LDL/acetylated LDL receptor and CD54 (ICAM-1)
(Stamer et al., 1998).

Fibulin-2, a component of the subendothelial matrix, was expressed by all SC but none of
TM cell strains. As part of the internal elastic lamina, fibulin-2 functions to protect vessels
from injury by directing the formation of elastic fibrils (Chapman et al., 2010). In the
context of the conventional outflow pathway, the elastic nature of fibulin-2 may be
important in helping accommodate dramatic pressure transients experienced by the inner
wall of SC (Johnstone and Grant, 1973). Previously, fibulin-2 was identified as a
preferentially expressed mRNA by SC cells by microarray analysis (Liton et al., 2005),
results that we recently confirmed by microarray comparing two of our SC cell strains with
two TM cell strains (data not shown). Here we extend these findings at the protein level,
detecting expression in 11 different SC cell strains.

Similar to a recent report (VanderWyst et al., 2011), integrin-α6, an endothelial laminin
binding protein, was found in 10 SC strains tested in the present study. Interestingly,
integrin-α6 was also observed in 5 of 8 TM strains tested. This unexpected finding may be
due to two factors: the nature of our blunt TM dissection technique, which sometimes
isolates contaminant cell colonies from the inner wall (Stamer et al., 1995) and the high
sensitivity of the immunoprecipitation method. To specifically detect integrin-α6, an
immunoprecipitation procedure is needed (followed by western blot using anti-integrin α3/
α6 IgGs) because available antibodies selective for integrin-α6 IgGs do not recognize
denatured integrin-α6 on western blots. The net result of this procedure is that integrin-α6
protein is dramatically concentrated from samples, allowing for detection of very small
quantities of protein. To examine whether the presence of integrin-α6 in TM cell cultures
was due to SC contaminants or expression by small subpopulation of TM cells, we
performed immunoprecipitations using 10 fold less total cell protein and found consistently
more integrin-α6 in SC versus TM cells (figure 3). Regardless of these results, integrin-α6
does not appear to represent a good marker for distinguishing TM and SC cells in culture
given current detection methods.

In a previous study looking at the expression of adherens proteins in the conventional
outflow pathway, PECAM-1 and VE-cadherin were found to be uniquely expressed by SC
endothelia in tissue sections of human donor eyes (Heimark et al., 2002). Here we report the
expression of VE-cadherin in all 14 strains of SC cells but none of the TM strains tested.
Interestingly, we found that once confluent, VE-cadherin expression was relatively stable
over time (data not shown). However, upon exposure to adult bovine serum expression of
VE-cadherin increased over time, coincident with increased TEER. Taken together, these
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results indicate that cell-cell junction complexes were maturing and cells were
differentiating in culture. Thus, withdrawal of cells from fetal bovine serum containing
concentrated amounts of growth factors appears to be sufficient to initiate differentiation.
Interestingly, the expression of another adherens protein, PECAM-1, did not increase
(become detectable) by adult bovine serum treatment.

While nine endothelial proteins were expressed by both TM and SC cells, we found two
endothelial proteins that were uniquely expressed and one that was preferentially expressed
by SC cells in culture. Expression of fibulin-2 and the laminin binding integrin-α6 subtype
by SC cells suggest the importance of SC cell adherence with and the flexibility of the
basement membrane of the inner wall. The expression of VE-cadherin by SC, but not TM
suggests the importance of cell-cell adhesion and barrier function by the SC. Taken together,
these results provide indicators of the unique role of SC cells in conventional outflow
function plus accomplish the goal of the study, the identification of positive protein markers
for SC cells in culture.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Schlemm's canal, but not trabecular meshwork cells uniquely express VE
cadherin and fibulin 2

• Schlemm's canal and trabecular meshwork cells express many endothelial
proteins

• Upon withdrawal of growth factors, Schlemm's canal cells show signs of
differentiation in culture
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Figure 1. Myocilin expression by conventional outflow cells in the presence and absence of
corticosteroid treatment
Panel A shows relative expression of myocilin in Schlemm's canal versus trabecular
meshwork cell monolayers by western blot. Panel B shows western blot analyses of cell
lysates taken from mature Schlemm's canal (SC) and trabecular meshwork (TM) cell
monolayers that were untreated (−) or treated (+) with dexamethasone (100 nM, dex) for 5
days. Representative cell strains from each cell types are displayed.
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Figure 2. Protein markers that distinguish Schlemm's canal (SC) endothelial from trabecular
meshwork (TM) cells
Shown are western blot analyses of lysates from mature cell monolayers using antibodies
that specifically recognize Fibulin-2 or Vascular Endothelial (VE) cadherin. Results from
three representative cell strains from each cell type are shown. Summary of data from all
cell strains tested are shown in table 2.
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Figure 3. Relative abundance of integrin-α6 expression in cultured monolayers of human
conventional outflow cells
Integrin-α6 (Intg α6)was immunoprecipitated from cell lysates (either 20 or 200 μg of total
protein) as described in Methods. Panel A: Protein expression was evaluated by western blot
analysis in three Schlemm's canal (SC) and three trabecular meshwork (TM) cell strains and
compared to a positive control, A549 cells (adenocarcinomic human alveolar basal epithelial
cells). Panel B: Relative abundance of integrin-α6 that was immunoprecipitated from SC
and TM cell lysates (20 μg) shown in panel A was evaluated using densitometric analysis of
western blots and compared statistically (p=0.07).
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Figure 4. Effect of growth factor withdrawal on transendothelial electrical resistance (TEER)
and vascular endothelial (VE) cadherin expression by Schlemm's canal endothelia over time
SC cell monolayers on filters were switched from fetal bovine serum (FBS) to adult bovine
serum (ABS) after one week at confluence. Mature monolayers of SC cells were tested for
TEER (panel A) or expression of the adherens protein, VE-cadherin (panels B) following
change to media containing ABS every two days. Panel C shows data examining change in
VE-cadherin protein in 4 different SC cell strains 6 days after switch to ABS, the time point
showing first significant difference in TEER. Significant differences (p<0.05) in both VE-
cadherin expression and TEER were detected following treatment with ABS (n=3–5
experiments using 4 different cell strains).
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Table 1

Endothelial Proteins Examined in Human Conventional Outflow Cells

Marker Cell HUVEC (control) SC (n ≥ 3) TM (n ≥ 3)

Robo1 + + +

Robo4 + + +

Tie2/TEK + + +/−

Annexm A1 + + +

Erg-1/2/3 + + +

Neuropilm 1 + + +

VEGF R1 + + +

VEGF R2 + + +

VCAM-1 − − −

eNOS + + +

PECAM-1 + − −
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Table 2

Positive protein markers for Schlemm's canal endothelia in culture

Marker Cell + Control SC TM

VE-Cadhenn + + (n=14) − (n=10)

Fibulm-2 + + (n=11) − (n=4)

Integcm-α6 + + (n=14) + (n=5),− (n=3)
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