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PURPOSE. To investigate the effect of pressure/flow on the barrier function and protein
expression of normal and senescent porcine aqueous humor plexus (AAP) cells, which are
the porcine equivalent of human Schlemm’s canal endothelial cells.

METHODS. AAP cells were grown for 2 weeks in physiological (5% O2) or hyperoxic conditions
(40% O2) to model cell senescence. Control and senescent AAP cells were subjected to
control and elevated hydrostatic pressure gradient of 10 mm Hg for 72 hours. Hydraulic
conductivity (HC) and transendothelial electric resistance (TEER) were measured. The
expressions of senescence-associated b-galactosidase and DNA damage marker 8-hydroxy-20-
deoxyguanosine (8-OHdG) were monitored, and the protein expression profile was analyzed
by Western blot.

RESULTS. After 14 days of hyperoxia, AAP cells stained positive for 8-OHdG and b-galactosidase.
Pressure elevation/flow resulted in significant increase of HC in control cells (from 1.37 6
0.12 to 1.64 6 0.18 lL/mm Hg/min/cm2, P < 0.05), but not in senescent cells (1.15 6 0.17
and 1.08 6 0.10 lL lL/mm Hg/min/cm2). TEER changes were consistent with the HC results.
Western blot analysis showed that the expression level of myosin light chain, claudin-5, and
VE-cadherin significantly reduced under pressure elevation in control cells but not in
senescent cells.

CONCLUSIONS. AAP cells are mechano-sensitive; however, cell senescence rendered the cells
less responsive to mechanical stimulus, which may have pathological consequences.
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Glaucoma is a group of complex and heterogeneous
blinding diseases, affecting almost 75 million people

worldwide. Clinically, glaucoma is characterized by cupping
of the optic nerve head, resulting from apoptosis of damaged
retinal ganglion cells. Although the molecular basis of glaucoma
pathology is poorly understood, the risk of developing primary
open angle glaucoma clearly increases with elevated IOP and
age.1–7 Evidence suggests that death of retinal ganglion cells is
the consequence of both ischemic and mechanical injury,8

likely due to elevated IOP.
In older human eyes, up to 90% of the aqueous humor exits

the eye through trabecular meshwork (TM)/Schlemm’s canal
(SC). The inner wall of SC is formed by a continuous layer of
endothelial cells, which is located at the major site of resistance
to aqueous humor outflow and is thought to be important in
controlling IOP.9,10 SC cells are joined together by tight
junctions and desmosomes. Early studies showed that agents
can act to alter cytoskeleton integrity of the SC cells to change
outflow facility.11–13

SC cells are exposed to unusually large mechanical forces.
Despite the relatively slow flow rate of aqueous humor in the
eye, the shear stress in the SC was calculated to be in the range
of 2 to 8 dynes/cm2, which could reach those in large arteries

(2–25 dynes/cm2).14,15 The pressure gradient in normotensive
eyes is estimated to be between 2 and 6 mm Hg (IOP minus
episcleral venous pressure). SC cells are able to sense them and
respond to them by modifying their physiological and
biochemical properties.14,15 This functional link is likely
important in cell tensional homeostasis and maintaining normal
tissue structure and function. Similar to the blood vessel
endothelial cells, SC endothelial cells experience shear stress
and hydraulic pressure gradients, both of which can alter cell
physiology.

Although pressure elevation and aging are important risk
factors for glaucoma, unknown are effects of aging on SC cells
in response to pressure gradients. In glaucoma patients,
oxidative damage to TM/SC16–18 positively correlated with
visual field damage and IOP.16 Using an in vitro model for
human SC cells (porcine aqueous humor plexus [AAP] cells),
we observed that cell senescence (due to hyperoxic damage)
altered cytoskeletal and cell-cell adhesion protein expression,
which impacted on its cell barrier functions.19 The purpose of
this study was to investigate the barrier function and protein
expression of AAP cells (normal versus senescent) subjected to
a pressure gradient and associated flow across the cell
monolayer.
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MATERIALS AND METHODS

AAP Isolation and Culture

AAP endothelial cells were isolated according to an established
method developed by our group.20 For each cell line, the TM
and AAP tissue from six porcine eyes (4- to 6-month-old pigs)
was pooled to generate a primary mixed culture. After
collagenase I (1 mg/mL; Sigma-Aldrich, Shanghai, China)
digestion, cells were allowed to proliferate for 8 days and then
were treated with puromycin (4 lg/mL, Invivo Gen, San Diego,
CA, USA) for 2 days. The cultures were allowed to recover and
selected cells populated the culture. Cells were characterized
by unique expression of vascular endothelial (VE)-cadherin and
von Willebrand factor. For the experiments, normal and
senescent cells were exposed to elevated hydrostatic pressure,
and a total of 10 cell lines were used.

Chronic Oxidative Stress Model

Chronic oxidative stress was induced by subjecting cells to
normobaric hyperoxia condition (40% O2, 5% CO2) for 14 days
in a triple-gas incubator (Smart cell, Shanghai, China) as
described previously.19,21 Control cultures were grown under
physiological oxygen conditions (5% O2, 5% CO2).

Elevated Hydrostatic Pressure Model

AAP cells were seeded at confluence onto the bottom side of a
Transwell permeable filter membrane insert (Corning 3460;
Corning, Shanghai, China; 0.4-lm pore diameter, 12-mm
membrane diameter; 4 3106 pores/cm2) and cultured. Before
putting the AAP cells under a pressure gradient, they were

typically cultured for 10 to 14 days and transendothelial
electric resistance (TEER) was stable for 5 consecutive days.
Cells were cultured under 10 mm Hg hydrostatic pressure
(perfused in basal to apical direction) for 72 hours using a
peristaltic pump system described by our group22 with slight
modifications. This setup allowed testing of the effect of
pressure without altering the gas tension on the cells.22 Briefly,
the Transwell insert was closed by a silicon stopper and
connected to a peristaltic pump (Kamoer, Shanghai, China),
which was used to circulate medium between a reservoir
exposed to incubator gases and the culture chamber. The
medium reservoir was placed at a height of 5 and 136 mm
above the cells to produce a control pressure and an elevated
pressure of 10 mm Hg. This arrangement supplied fresh
medium in equilibrium with the incubator gases to the cells
inside the culture chamber. The flow rate of the pump was
determined by perfusing the cell monolayer at the target
pressure. After 72 hours of pressure elevation, the Transwell
was disconnected from the reservoir and tested for hydraulic
conductivity (HC) and TEER.

Hydraulic Conductivity

HC was measured using an established method by our group.19

After AAP cells were exposed to control and high pressure in
the Transwell, they were perfused in the basal to apical
direction at 4 mm Hg using a perfusion system described
previously23 that delivered a variable flow rate (Q) across the
cell layer to maintain a pressure drop (DP). Hydraulic
conductivity (Lp) was calculated from Lp¼Q/(DP 3A), where
A is the membrane area.

Transendothelial Electrical Resistance

TEER was measured after cells were exposed to control and
high pressure. TEER measurements across confluent AAP cell
monolayers grown on Transwells were performed at room
temperature with STX-2 Ag/AgCl electrodes and an EVOM2
Voltohmeter (both from World Precision Instruments, Sarasota,
FL, USA), according to manufacturer’s instructions. Ten
measurements were taken per each well, and three 12-well
plates were measured for each strain of cells. All measurements
of TEER were corrected to account for the resistance of the
filter membrane.

Western Blot

Cell lysates were prepared using RIPA solution and protein
concentration was estimated by the Bradford method. Equal
amounts of protein (50 lg protein/lane) were separated by
SDS-PAGE (10.0% or 12.5% acrylamide gel slabs), followed by
electrophoretic transfer of resolved proteins to nitrocellulose
filters. The membrane was blocked by 5% nonfat dry milk in
Tris-buffered saline with 0.05% Tween-20 for 2 hours. Filters
were then probed using primary antibodies that specifically
recognize myosin light chain (1:1000, Abcam, Shanghai,
China), VE-cadherin (1:500, Abcam), and claudin-5 (1:500,
Abcam), followed by incubation with peroxidase-linked
secondary antibodies. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as a loading control. Signals in the
linear range of the X-ray film were captured digitally and
densitometry was performed using Kodak Molecular Imaging
Software (Kodak, Shinkawa, Japan).

Statistics

For TEER and HC measurements, data distribution normality
was first tested. Data were analyzed by the Mann-Whitney U

FIGURE 1. AAP cells cultured in control and in high oxygen conditions.
Cells cultured under normal conditions have negligible staining for
DNA damage marker 8-OHdG and (A) senescence marker b-galactosi-
dase (C), whereas cells exposed to high oxygen levels stained positive
for these markers (B, D). Shown are AAP cells before (E) and after (F)
being cultured under 10 mm Hg pressure for 72 hours.
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test (SPSS 17 for Windows; IBM-SPSS, Chicago, IL, USA). In all
cases, differences were considered significant at P less than
0.05.

RESULTS

After 14 days of hyperoxia, AAP cells stained positive for the
DNA damage marker 8-hydroxy-20-deoxyguanosine (8-OHdG)
(Figs. 1A, 1B) and cell senescence marker b-galactosidase (Figs.
1C, 1D). Figures 1E and 1F show normal and senescent AAP
cells subjected to 10 mm Hg pressure for 72 hours; cell
morphology was not markedly different except that aged cells
seemed slightly larger, which was likely due to oxidative stress,
as reported previously.19

We measured HC of AAP monolayers of normal and
senescent cells. In normal cells, HC was 1.37 6 0.12 and
1.68 6 0.18 lL/mm Hg/min/cm2 in control and high-pressure
groups, respectively; HC significantly increased in the high-
pressure condition compared with control (n ¼ 10, P < 0.05;
Fig. 2A). In senescent cells, HC was 1.15 6 0.17 lL/mm Hg/
min/cm2 and 1.08 6 0.10 lL/mm Hg/min/cm2 in control and
high-pressure groups, respectively, which did not differ
significantly (n¼ 10, P > 0.05; Fig. 2B).

Similar to HC results, TEER of control cells was significantly
lower in cells exposed to high pressure (22 6 3.2 X* cm2)

compared with those exposed in control pressure (28 6 2.4 X*
cm2, n ¼ 10, P < 0.05; Fig. 3A). However, TEER of senescent
cells subjected to high pressure gradient was 33 6 2.3 X* cm2,
which did not differ significantly from control pressure (32 6
2.1 X* cm2, P > 0.05; Fig. 3B).

We then studied the barrier protein expressions using
Western blot analysis (Figs. 4, 5). Data showed that in normal
cells, MLC, VE-cadherin, and claudin-5 were significantly
downregulated by pressure elevation. Densitometry analysis
showed that the mean percentage reduction of the myosin
light chain (MLC), VE-cadherin, and claudin-5 was 53%, 48%,
and 26%, respectively (n¼ 10, P < 0.05; Fig. 4). Interestingly,
senescent cells failed to respond to the pressure elevation, and
the protein expression level of these three proteins was similar
to control cells (n¼ 10, P > 0.05; Fig. 5).

DISCUSSION

In this study, we investigated the effects of senescence on the
responses of AAP cells to a pressure gradient. We found for the
first time that mechanotransduction of AAP cells, measured in
three different ways, was reduced after cell senescence. We
observed that pressure-induced changes in HC and TEER were
negated in senescent AAP cells. We further observed that the

FIGURE 2. HC of AAP cell monolayers. HC of control cells exposed to
high pressure gradient was significantly greater than control pressure
(A), *P < 0.05, n ¼ 10. However, high pressure did not change HC
significantly in senescent (hyperoxic) cells (B). CP, control pressure;
HP, high pressure.

FIGURE 3. TEER of AAP endothelial cell monolayers. In control cells
(A), pressure elevation (10 mm Hg) resulted in significantly lower TEER
than control pressure (*P < 0.05, n ¼ 10). However, the TEER of
senescent cells exposed to the same pressure elevation is similar to
control cells (B).
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barrier protein downregulation in normal AAP cells was abolished
by aging. Taken together, results indicate that oxidative stress
compromises physiological responses of AAP cells to a pressure
gradient and associated transcellular and paracellular flow.

Previously our group found that oxidative stress rendered
AAP cells more resistant to aqueous flow,19 with a significant
increase in TEER and reduction in HC. Senescent cells
expressed a significantly greater abundance of cytoskeleton,
adhesion, and barrier proteins. In contrast, here we show that
exposure of cells to a pressure gradient reduced the resistance
of the AAP monolayer and the barrier proteins were
downregulated, suggesting that junction disassembly is pro-
tective for further IOP elevation. However, this protective
mechanism seemed to diminish in senescent cells in that they
were less sensitive to the mechanical stimulus.

Although not all the primary open angle glaucoma patients
have high IOP, reducing IOP is usually effective at slowing
disease progression. SC and AAP cells are important in
regulating IOP and therefore are the key cells to consider for
pathology associated with ocular hypertension in glaucoma. In
normal conditions, as other endothelial cells, the permeability
of AAP cells increased with pressure elevation, which is a
negative feedback mechanism to maintain a stable pressure.
However, this ability of mechano-sensing seemed to be affected
by cell aging, which coincides with increased risk of
developing glaucoma in the elderly. Previous work also showed
that the permeability of AAP cells reduced under oxidative
stress and aging, which itself may result in increased IOP.19

Data collected here suggest that the aging cells are also less
able to respond to pressure elevation, suggesting the develop-
ment of a vicious cycle.

In our hydrostatic model, cells were exposed to a pressure
gradient and paracellular and transcellular flow in the proper
basal-to-apical direction. One shortcoming of the elevated
hydrostatic pressure model used here is that the permeability
of the cell monolayer may vary during the 72 hours of culture
under elevated pressure. A stable flow of medium was supplied
by the peristaltic pump to the reservoir. This may in turn result
in variation in the target pressure. Several preliminary
experiments were done to eliminate the error. A medium
reservoir with a relatively big diameter (50-mL syringe) was
used to compensate for this variation. We estimated that there
was 2.2% 6 1.7% (mean 6 SD) deviation from the 10 mm Hg
target pressure during 72 hours. To culture the cells in basal-to-
apical direction under elevated pressure was challenging, and
initially we experienced cell sheets detaching from the
Transwell membrane in the experiments. Cells from passage
2 were used in these studies, which were plated to Transwell
membranes when it was approximately 80% confluent. In the
preliminary experiments, when perfused cells under 2 to 10
mm Hg, we found that the higher the pressure the easier the
cell sheets would detach from the membrane. It was important
that a second needle should be threaded through the silicon
stopper when the culture chamber was closed to shunt any
pressure spikes that would otherwise damage the cell layer.
Typically, the cells were cultured for 10 to 14 days before the

FIGURE 4. Western blot analysis of barrier protein expression by AAP
cells subjected to control or high pressure gradient in normal cells.
Pressure elevation resulted in significant reduction in MLC phospho,
claudin-5, and VE-cadherin expression (*P < 0.05). Representative
Western blots (above) and the corresponding densitometric analysis of
blots (below) are for MLC phospho, claudin-5, and VE-cadherin. The y-
axis is the blot density ratio of protein and GADPH. Shown are
representative images of 1 experiment of 10 in total. Error bar is the
mean 6 SD of the mean.

FIGURE 5. Western blot analysis of barrier protein expression by AAP
cells subjected to control or high pressure gradient in senescent cells.
Pressure elevation did not result in significant change in MLC phospho,
claudin-5, and VE-cadherin expression. Error bar is the mean 6 SD of
the mean.

Effect of Pressure on AAP Cells IOVS j April 2014 j Vol. 55 j No. 4 j 2327



experiments, too long or too short a culture time would
increase the likelihood of cell sheets detaching.

In the vascular system, cell cytoskeleton also remodels and
shows cell–matrix or cell–cell adhesions mediate mechano-
transduction24 in response to shear stress. In eNOS overex-
pressed animal models, elevation of IOP induced increased
pressure-dependent outflow.25 Inhibition of actin microtubules
or intermediate filaments block many endothelial cell respons-
es to flow.26 Importantly, advanced aging leads to impaired
endothelial NO synthesis and enhanced endothelial cell
apoptosis.27–29 In human umbilical vein endothelial cells, the
application of shear stress, which exerted a profound
apoptosis inhibitory effect via up regulation of NO synthesis
in young cells, failed to inhibit apoptosis in aged cells.

In conclusion, our study showed that AAP cells were
mechano-sensitive. However, senescence rendered the AAP
cells less responsive to a pressure gradient, suggesting
pathological consequences over time, such as the development
of glaucoma.
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