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Retinal Cell Biology
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PURPOSE. Age-related macular degeneration (AMD) commonly causes blindness in the elderly.
Yet, it is untreatable in the large fraction of all AMD patients that develop the early dry form.
Dry AMD is marked by the deposition of membrane attack complex (MAC) on
choriocapillaris (CC), which is implicated in CC degeneration and subsequent atrophy of
overlying retinal pigment epithelium. Since MAC is also found on the CC of young eyes, here
we investigated whether and how aging increases choroidal endothelial susceptibility to
MAC injury.

METHODS. Monkey chorioretinal endothelial cells (ECs, RF/6A) were cultured to high
passages (>P60) to achieve replicative senescence. We treated ECs with complement-
competent human serum to promote MAC deposition and injury, which were assessed by
flow cytometry and trypan blue exclusion assay, respectively. Stiffness of EC was measured
by atomic force microscopy indentation while Rho GTPase activity was quantified by Rho G-
LISA assay.

RESULTS. Our findings reveal that senescent ECs are significantly stiffer than their normal
counterparts, which correlates with higher cytoskeletal Rho activity in these cells and their
greater susceptibility to complement (MAC) injury. Importantly, inhibition of Rho activity in
senescent ECs significantly reduced cell stiffness and MAC-induced lysis.

CONCLUSIONS. By revealing an important role of senescence-associated choroidal EC stiffening
in complement injury, these findings implicate CC stiffening as an important determinant of
age-related CC atrophy seen in dry AMD. Future studies are needed to validate these findings
in appropriate animal models so new therapeutic targets can be identified for treatment of dry
AMD.
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Age-related macular degeneration (AMD), a progressive
disease affecting approximately 10 million in the US, is a

leading cause of blindness in the aging population.1,2 It
manifests in two forms: the early-stage ‘‘dry’’ AMD that is
clinically characterized by retinal pigment epithelium (RPE)
atrophy and drusen accumulation between the RPE and
underlying choriocapillaris (CC), and the late-stage ‘‘wet’’
AMD marked by abnormal choroidal neovascularization and
leakiness.3 Current therapies approved by the US Food and
Drug Administration only target 10% to 15% of all AMD patients
who develop the vision-threatening wet stage3,4 while no
therapies exist for the more prevalent dry form. Since dry AMD
is a potential risk factor for late-stage wet AMD, there is a
recognition that more effective AMD management can be
achieved by tackling the disease at the early stage.

Dry AMD is characterized by significant CC degeneration.5,6

Since the CC is essential for maintenance of RPE homeostasis
and viability, CC dropout and associated loss of perfusion have
been implicated in RPE hypoxia and atrophy.3,7,8 This potential
role of CC degeneration in the pathogenesis of dry AMD

necessitates identification of the factors that contribute to the
loss of CC in this condition.

Past studies have revealed that dry AMD is marked by
complement activation in the sub-RPE space,9,10 which leads to
the deposition of membrane attack complex (MAC; C5b-9) on
the CC.5,11 Since MAC forms pores in cell membrane and causes
cell lysis, it may contribute to choroidal endothelial loss and CC
degeneration associated with dry AMD. Indeed, the degenerat-
ing CC in old eyes with dry AMD exhibit strong MAC
deposition,11 which is consistent with the hypothesis of MAC-
induced CC degeneration. Interestingly, MAC is also abundant
on the healthy CC of young eyes.11 Thus, it is likely that specific
age-related factors exacerbate the putative degenerative effects
of MAC on the CC.

One potential age-related factor is vascular stiffness. Past
studies have shown that aging is associated with stiffening of
retinal vessels and the sclera,12,13 while separate studies in
nonophthalmic vessels such as aorta and arteries have indicated
that age-related vascular stiffening enhances vascular sensitivity
to proinflammatory cues.14–16 Such aberrant stiffness-depen-
dent vascular dysfunction results from altered endothelial
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cytoskeletal tension (contractility) and mechanotransduction,
the process by which mechanical cues get transduced into
intracellular biochemical signaling pathways.17–23 However,
whether aging is associated with increased cytoskeleton-
mediated choroidal endothelial stiffening and enhanced CC
sensitivity to MAC remains unknown.

Using choroidal endothelial senescence as an in vitro model
of CC aging, we here show that senescence leads to a
significant increase in endothelial cell (EC) stiffness, which
correlates with increased complement injury. Notably, the
increased stiffness of senescent ECs correlated with greater
Rho activity, which is associated with cell tension and stiffness.
Finally, we demonstrate that pharmacological modulation of
Rho-dependent EC stiffness alone reverses the degenerative
effects of complement activation on ECs.

MATERIALS AND METHODS

EC Culture

Monkey chorioretinal ECs (RF/6A) were purchased from ATCC
(Manassas, VA, USA) and grown in Eagle’s minimum essential
medium (EMEM, ATCC) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and 1x antibiotic-antimycotic mixture (Thermo Fisher Scientif-
ic, Inc.). The RF/6A EC culture was maintained at 378C in a
humidified atmosphere with 5% CO2, with culture medium
being replaced every 2 days. For all in vitro studies, culture
dishes were coated with 0.1% gelatin (Sigma Aldrich Corp., St
Louis, MO, USA) to facilitate robust RF/6A EC adhesion and
spreading during the assays.

Detection of EC Senescence

To achieve replicative senescence, lower passage RF/6A ECs
were serially expanded by splitting at a 1:3 ratio every 3 days for
‡20 passages. To confirm replicative senescence, low and high
passage RF/6A ECs were subjected to X-gal staining, which
detects expression of b-galactosidase (b-Gal), a reliable cell
senescence marker.24,25 Specifically, cells were plated at a low
density (20,000 cells/cm2) in starvation medium (EMEM
containing 0.5% FBS) for 6 hours. Next, ECs were rinsed twice
with ice-cold PBS and fixed with 0.25% glutaraldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA) at room temperature
(RT) for 10 minutes with gentle rocking. Fixed RF/6A ECs were
rinsed twice with ice-cold PBS and incubated in freshly prepared
staining solution containing 1 mg/mL X-Gal (Thermo Fisher
Scientific, Inc.), 5 mM potassium ferricyanide (Sigma-Aldrich
Corp.), 5 mM potassium ferrocyanide (Sigma-Aldrich Corp.), and
2 mM MgCl2 (Sigma-Aldrich Corp.) for 6 hours at 37 8C.
Brightfield images of stained cells (n ¼ 18 per condition) were
acquired using a microscope (Nikon Eclipse Ti; Nikon Corp.,
Tokyo, Japan) fitted with a camera (Nikon Digital Sight DS-
Fi1U2; Nikon Corp.) and, following intensity thresholding, the
percentage of cells stained by X-gal was quantified using ImageJ
(http://imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA).

Quantitative RT-PCR

Total RNA was isolated from RF/6A EC monolayers (three
replicates/condition) using an RNA purification kit (Direct-zol
RNA MiniPrep; Zymo Research, Irvine, CA, USA), converted to
cDNA with high capacity cDNA reverse transcription (Thermo
Fisher Scientific, Inc.), and amplified with the appropriate
TaqMan assay for p21 or CD31 primers (Thermo Fisher
Scientific, Inc.) on the CFX connect real-time PCR detection
system (BioRad, Hercules, CA, USA). Relative mRNA levels

were determined by the comparative cycle threshold method
with normalization to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; Thermo Fisher Scientific, Inc.).

Complement Activation

To examine the effects of complement activation on RF/6A
ECs, cells were plated in starvation medium for 6 hours prior to
replacement of medium with veronal buffered saline (VBS;
composed of NaCl 145 mM, sodium barbital 1.8 mM, barbituric
acid 3 mM, CaCl2 50 lM and 250 lM MgCl2, adjusted to pH
7.4) containing 10% normal human serum (NHS; Complement
Technology, Inc., Tyler, TX, USA) for 2 hours at 378C to
promote complement activation. Monkey chorioretinal ECs
that were NHS-treated were then either detached for flow
cytometry analysis of surface MAC deposition or subjected to
trypan blue exclusion assay for determination of cell lysis. To
pharmacologically inhibit the senescence-associated effects of
cell stiffness, cells were incubated with 1, 2.5, or 5 lM of
Y27632 (Rho/ Rho-associated kinase [ROCK] inhibitor; Sigma-
Aldrich Corp.) in VBS containing 10% NHS for 2 hours at 378C.
To activate Rho/ROCK–dependent cell stiffness, cells were
incubated with 0.025 or 0.05 U/mL Thrombin (Sigma) in VBS
containing 10% NHS for 2 hours at 378C.

Flow Cytometry

Monkey chorioretinal ECs were detached and labeled with PE-
labeled mouse anti-human CD146 antibody (BD Biosciences,
San Jose, CA, USA) or mouse anti-monkey CD59 antibody
(AbCam, Cambridge, UK). Next, RF/6A ECs were fixed with 1%
paraformaldehyde (PFA; Electron Microscopy Sciences), de-
tected with a flow cytometer (Cell Lab Quanta SC Beckman
Coulter, Brea, CA, USA), and analyzed by single cell analysis
software (FlowJo; Treestar, Inc., Ashland, OR, USA). For
deposition studies with MAC, RF/6A ECs treated with 10%
NHS were detached and labeled with mouse anti-C5b-9
antibody (Abcam), followed by fluorescently labeled anti-
mouse IgG (BD Biosciences).

Trypan Blue Exclusion Assay

The RF/6A ECs were plated at a low density in starvation
medium for 6 hours before treatment with 10% NHS for 2
hours at 378C, followed by the addition of 0.1% trypan blue
(Thermo Fisher Scientific, Inc.) in PBS for 8 minutes at RT.
Next, RF/6A ECs were rinsed twice with PBS twice and fixed
with 1% PFA for 10 minutes. Brightfield images of stained cells
(n ¼ 18 per condition) were acquired using a microscope
(Nikon Corp.) fitted with a Nikon Digital Sight DS-Fi1U2
camera (Nikon Corp.), and the percentage of cells stained by
trypan blue was quantified using ImageJ.

Measurement of EC Stiffness

For measurement of EC stiffness, cells were grown to
confluence on sterile 0.1% gelatin-coated cover slips. Next,
the confluent EC monolayers were maintained overnight in
starvation medium prior to indentation with a biological-grade
atomic force microscope (AFM; Veeco Instruments, Plainview,
NY, USA). Specifically, cell stiffness was measured in tapping
mode using a 5-lm spherical glass bead attached to the silicon
nitride tip of a 140-lm long microcantilever (MLCT, Bruker,
Billerica, MA, USA) with bending spring constant of 0.1 N/m.
Force curves were obtained and analyzed as per our
established protocol.22 In some measurements, senescent
ECs were treated with Y27632 (5 lM; 2 hours at 378C in
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starvation media), a pharmacologic inhibitor of Rho/ROCK
activity, prior to AFM force indentation.

Rho Activity

Confluent EC monolayers were lysed using RIPA lysis and
extraction buffer (G-Biosciences, St. Louis, MO, USA) supple-
mented with protease and phosphatase inhibitor cocktails
(Boston BioProducts, Ashland, MA, USA). RhoA activity was
measured from cell lysates using the RhoA G-LISA activation
assay kit (Cytoskeleton, Inc, Denver, CO, USA), per the
manufacturer’s protocol. Results were obtained by measuring
absorbance at 490 nm using a plate reader (Victor2; Perkin
Elmer, MA, USA).

Actin Cytoskeleton Staining

The RF/6A ECs were plated at a low density in regular culture
medium for 24 hours prior to overnight culture in starvation
medium. Next, the cells were fixed in 4% PFA for 15 minutes,
rinsed with PBS, and permeabilized using 0.2% Triton X-100 (in
1 mg/mL BSA). To block nonspecific binding, cells were
incubated in 2% (wt/vol) BSA for 30 minutes at RT. Next, a
1:200 dilution of AlexaFluor 594 Phalloidin (Thermo Fisher
Scientific, Inc.) in 2% BSA was added to cells for 20 minutes in
the dark at RT, followed by mounting of the cells on glass slides
for fluorescence imaging. For visualization of actin stress fibers,
phalloidin-labeled mounted EC cultures were imaged using
Nikon Eclipse TI microscope fitted with a Nikon DS-Qi1Mc
camera (Nikon Corp.). ImageJ was used to quantify the average
number of actin stress fibers per cell from three separate
regions along the long axis (n ‡ 20 cells per condition).

Measurement of Cell Area

To quantify cell area, ECs were plated on plastic culture dishes
for 24 hours before being subjected to phase contrast imaging
using the aforementioned microscope (Nikon Corp.). Project-
ed cell area (n¼ 250 cells/condition) was measured by tracing
the cell perimeter using ImageJ.

Statistics

All data were obtained from multiple cells and multiple
replicates/condition (as indicated in each respective section)
and expressed as mean 6 standard error or standard deviation,
as indicated. Statistical significance was determined using
analysis of variance (ANOVA), followed by Tukey’s and
Bonferroni post-hoc analysis (Instat; GraphPad Software Inc., La
Jolla, CA, USA). Results were considered significant if P < 0.05.

RESULTS

Senescence Increases Choroidal EC Susceptibility
to Complement Injury

Cellular senescence recapitulates many features of aging.25,26

Thus, to develop an in vitro model of CC aging, RF/6A ECs
were cultured to high passages (>P60) to achieve replicative
senescence and compared with lower passage (<P40) cells for
expression levels of senescence-associated b-galactosidase (SA-
b-gal), a well-known senescence marker.24 Staining with X-gal,
which yields a blue color when cleaved by SA-b-gal, revealed a
9-fold greater (P < 0.001) expression of SA-b-gal in higher
passage cells than in the lower passage counterparts (Fig. 1A).
To further confirm the senescent phenotype, we compared the
expression levels of p21 in the low and high passage cells. p21
is an inhibitor of cyclin-dependent kinase that promotes cell

growth arrest and, thereby, senescence.27 Our qPCR measure-
ments revealed that high passage ECs exhibit 1.7-fold higher
levels (P < 0.01) of p21 mRNA than low passage ECs (Fig. 1B).
Consistent with the typical senescence phenotype, we also
observed a markedly greater percentage of ‘‘enlarged’’ cells
(projected area >4000 lm2) in the high passage ECs than in
the lower passage cells (Supplementary Fig. S1). The low and
high passage cells were subsequently termed ‘‘normal’’ and
‘‘senescent’’ ECs, respectively. Notably, the SA-b-gal–expressing
senescent ECs did not exhibit any loss of endothelial
phenotype, as judged by similar expression levels of classical
endothelial-specific markers CD31 (Fig. 1C) and CD146
(Fig. 1D) in normal and senescent ECs.

To test their sensitivity to complement activation associ-
ated with dry AMD, we exposed these cells to complement-
competent NHS. By activating the alternative complement
pathway, NHS treatment leads to surface MAC deposition
similar to that observed in the CC of human dry AMD
eyes.28,29 Flow cytometry analysis of NHS-treated normal and
senescent ECs labeled with anti-C5b-9 (anti-MAC) revealed
similar degrees of surface MAC deposition in these cells
(Fig. 2A). However, when compared with normal ECs, the
senescent cells underwent a 3-fold increase (P < 0.001) in
complement-induced lysis, as judged by greater trypan blue
incorporation within the senescent ECs (Fig. 2B, Supplemen-
tary Fig. S2). Notably, this increase in complement-induced
lysis of senescent ECs did not result from reduced expression
of endogenous cell-surface MAC inhibitory factor CD59,
whose surface levels were comparable in both normal and
senescent ECs (Supplementary Fig. S3). Predictably, the lysed
(trypan blue-positive) cells exhibited a rounded morphology
(Fig. 2B; inset), which is indicative of impaired cell viability
and death.30,31

Senescence Is Associated With Increased Choroidal
EC Stiffness

Past studies have shown that aging is associated with stiffening
of aorta and arteries,32,33 which also exhibit greater sensitivity
to proinflammatory cues.14,16 Thus, we asked whether the
greater sensitivity of senescent RF/6A ECs to complement
activation was caused, at least in part, by increased EC
stiffness. Multiple force indentation measurements by a
biological-grade AFM revealed that, indeed, senescent ECs are
~30% stiffer (P < 0.01) than normal ECs (Fig. 3).

Senescent Choroidal ECs Exhibit Higher Rho
Activity

Rho is a key mechanotransduction player that regulates actin
cytoskeletal tension and, as a consequence, cell stiffness.19,34

Thus, we looked to see whether the increase in senescent EC
stiffness results from a concomitant increase in Rho activity.
Measurement of baseline Rho activity in confluent EC
monolayers revealed that senescent ECs exhibit 1.4-fold higher
(P < 0.05) Rho activity than normal ECs (Fig. 4A). Further,
since Rho directly regulates actin cytoskeletal tension, its
higher activity in senescent ECs predictably correlated with a
35% increase in actin stress fiber density in these cells (Fig. 4B).

Inhibition of Rho Activity Prevents Complement-
Induced Lysis of Senescent ECs

To determine whether increased Rho-dependent cell tension
(stiffness) exacerbates complement-induced lysis, we cotreated
senescent ECs with NHS and a pharmacologic inhibitor
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(Y27632) of ROCK, the immediate downstream target of Rho
that controls myosin-dependent actin tension (cell stiffness).
Our AFM measurements confirmed that Y27632 treatment
causes a significant (P < 0.05) reduction in the stiffness of
senescent ECs (Fig. 5A). More importantly, we found that
inhibition of Rho/ROCK–dependent cell stiffness alone inhibits
complement-induced cell lysis in a dose-dependent manner
(IC50 ~2.5 lM; Fig. 5B), with the lysis observed at the highest
Y27632 dose of 5 lM comparable with that seen in NHS-
treated normal ECs.

Increasing Rho Activity in Normal ECs Exacerbates

Complement Injury

To confirm the role of cell stiffness in complement injury,
normal ECs were cotreated with NHS and thrombin, a Rho
agonist that enhances actin cytoskeletal tension and cell
stiffness.35–37 As shown in Figure 6, thrombin treatment of
normal ECs produced a dose-dependent increase (P < 0.001)
in complement-induced cell lysis. That thrombin exacerbates
complement injury by increasing Rho/ROCK–mediated cell

FIGURE 2. Senescence increases choroidal EC susceptibility to complement injury. (A) The RF/6A ECs were treated with complement-competent
normal human serum (NHS, 10% vol/vol; 2 hours), labeled with anti-MAC (C5b-9) or isotype-matched control antibody (solid gray histogram), and
subjected to flow cytometry to detect surface MAC deposition. Histograms of cell counts versus fluorescence indicate that both normal and
senescent cells exhibit similar surface MAC deposition. (B) Lysis of NHS treated-cells was detected by trypan blue exclusion assay. Representative
brightfield images and counting of trypan blue-loaded cells (bar graph; n ‡ 200 cells) reveals significantly greater lysis of senescent RF/6A ECs than
that of normal cells. *** P < 0.001. Bars indicate average 6 standard deviation. Scale bar: 100 lm.

FIGURE 1. Senescent ECs exhibit high b-Gal expression. (A) Monkey chorioretinal ECs at low (<P40) and high (>P60) passages were subjected to
X-gal staining, which stains b-gal (a senescence marker) blue. Representative brightfield images and net intensity measurements (bar graph) from
multiple (n > 1500) cells reveal significantly greater b-gal expression in higher passage (‘‘senescent’’) RF/6A ECs than in lower passage (‘‘normal’’)
cells. *** P < 0.001. Bars indicate average 6 standard error of mean. Scale bar: 50 lm. (B) Quantitative RT-PCR analysis from multiple replicates
(n¼ 3) shows that, when compared with low passage ECs, the high passage cells exhibit significantly higher p21 mRNA expression. ** P < 0.01.
Levels of p21 mRNA were normalized with respect to GAPDH. Bars indicate average 6 standard error of mean. (C) Quantitative RT-PCR analysis
from multiple replicates (n¼ 3) shows that normal and senescent ECs exhibit similar levels of CD31 mRNA expression. Levels of CD31 mRNA were
normalized with respect to GAPDH. Bars indicate average 6 standard error of mean. (D) Normal and senescent ECs were labeled with anti-CD146
or isotype-matched control antibody (solid gray histogram), and subjected to flow cytometry. Histograms of cell counts versus fluorescence
indicate that both normal and senescent cells exhibit similar expression levels of cell surface CD146. ns, no significance.
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tension (stiffness) and not via its ability to activate comple-
ment38 was confirmed when cotreatment with Rho/ROCK
inhibitor Y27632 prevented the increase in cell lysis by
thrombin (Fig. 6).

DISCUSSION

Although CC dropout is implicated in RPE atrophy associated
with dry AMD, the precise mechanism(s) by which age-related
CC degeneration occurs remains elusive. The observation that
there is significant MAC deposition on the CC of old AMD eyes
has led to the speculation that complement injury contributes
to CC loss in dry AMD.6,39,40 However, MAC is also found on
the CC of young healthy eyes. Thus, here we tested the
hypothesis that aging increases the susceptibility of choroidal
ECs to MAC injury, thereby exacerbating EC lysis and CC
degeneration. Using replicative senescence as an in vitro model
of aging, we here show that senescent ECs exhibit greater
MAC-induced lysis than their normal counterparts. Our studies
further reveal that senescence leads to an increase in Rho-
mediated cell stiffness that, in turn, contributes significantly to
the increased susceptibility of senescent ECs to MAC injury. To
our knowledge, this study is the first to identify a possible
mechanism by which aging may contribute to CC loss
associated with early AMD, thereby providing a rationale for
performing detailed studies that examine Rho and EC stiffness
as potentially new therapeutic targets for early AMD.

Aging is a major nonmodifiable risk factor for AMD. Yet,
precisely how it contributes to AMD pathogenesis remains
poorly understood. To study the effects of aging on the CC, we

established an in vitro model of CC aging by culturing
choroidal ECs to high passages, which leads to replicative
senescence. Since cellular senescence is implicated in many
age-related degenerative phenotypes,25,41 we reasoned that
senescent choroidal ECs will likely recapitulate the phenotype
of aging CC in AMD eyes. We confirmed the induction of
cellular senescence by staining for b-gal, measuring p21 mRNA
expression and projected cell area, widely used phenotypic
markers of cellular senescence. Conceptually, our observation
that a cell line (RF/6A) deemed to be immortal exhibits
markers of senescence at high passages appears paradoxical.
However, in support of our observations, we would like to
point out that RF/6A ECs have conventionally been used
between passages 18 through 6042–44 while the studies that
used these higher passage cells never assessed the markers of
senescence. Thus, to our knowledge, we are the first to use
RF/6A ECs past the conventional passage number and measure
expression of senescence markers. Consistent with our
observations, nonendothelial cell lines transformed with
SV40 have been demonstrated to exhibit lack of telomerase
activity,45 an independent marker of senescence.

Dry AMD is associated with subretinal inflammation, which
is characterized by complement activation and inflammatory
cell infiltration into the sub-RPE space. The infiltrating
inflammatory cells are thought to further enhance complement
activation either directly by undergoing activation46,47 or
indirectly by stimulating higher expression of complement
factors by the RPE.48 This subretinal inflammatory milieu leads
to MAC deposition on the CC. Consistent with these
observations, we show that treatment of choroidal ECs with
complement-competent serum leads to surface MAC deposi-
tion. Intriguingly, however, we found that although MAC
deposition was comparable on normal and senescent ECs, the
latter underwent significantly greater MAC-induced lysis. In
other words, normal cells were found to exhibit lower
susceptibility to complement injury. This finding may explain
the recent observation that the CC of young eyes remain
healthy despite significant MAC deposition.11 Furthermore, our
observation that cells preincubated with lower doses of FBS do
not exhibit greater sensitivity to complement attack likely rules
out any potential contribution of (FBS starvation-induced)
autophagy in complement-mediated cell lysis seen in our
assays.

To understand how senescent ECs become more suscepti-
ble to complement injury, we looked at the potential role of EC
stiffness. This is because (1) aging has been associated with
stiffening of retinal vessels and the sclera,12,13 thus raising the
possibility that choroidal ECs/vessels also become stiffer with
aging/senescence; (2) nonophthalmic vessels such as aorta and
arteries that become stiffer with age32,33 also exhibit greater

FIGURE 3. Senescent ECs exhibit increased stiffness. Schematic: EC
stiffness was measured by indentation with a biological-grade AFM
fitted with a silicon nitride cantilever tip containing a ~5 lm-diameter
glass bead. Bar graph: Quantitative analysis of multiple (n ‡ 30) force
indentation measurements reveal a ~30% increase in the stiffness of
senescent RF/6A ECs when compared with that of normal cells.
*** P < 0.001. Bars indicate average 6 standard error of mean.

FIGURE 4. Rho activity is higher in senescent ECs. (A) Baseline RhoA activity in normal and senescent RF/6A ECs was measured using RhoA G-LISA
activation assay. Absorbance measurements show a ~40% increase in Rho activity in senescent RF/6A ECs when compared with normal cells.
* P < 0.05. Bars indicate average 6 standard error of mean. (B) We stained RF/6A ECs with fluorescently labeled phalloidin to visualize actin
cytoskeletal filaments. Representative fluorescent images and quantitative analysis of actin filament density (bar graph; n ‡ 30) revealed a 35%
increase in actin filament density in senescent cells. *** P < 0.001. Bars indicate average 6 standard error of mean. Scale bar: 50 lm.
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sensitivity to proinflammatory cues such as low density
lipoporotein14,16; and (3) senescence has recently been shown
to correlate with increased cytoskeletal tension (a measure of
stiffness) in umbilical vein-derived ECs.49 To determine
whether senescence leads to choroidal EC stiffening, we
performed force indentation measurements using a biological-
grade AFM. Atomic force microscope offers a precise, reliable,
and analytical technique that we and others have used widely
to determine the stiffness of soft biological samples including
living cells, extracellular matrices, and soft tissues.22,50–52

These AFM measurements confirmed our hypothesis that
senescent choroidal ECs are significantly stiffer than their
normal counterparts.

Mechanistically, cell stiffness is regulated by Rho that, via its
downstream target ROCK (Rho-associated Kinase), modulates
both actin/myosin-based cytoskeletal tension (contractility)
and cortical actin network formation.19,34 Specifically, past
studies by us and others have shown that stiffer, more
contractile ECs with dense actin cytoskeletal filaments exhibit
high Rho/ROCK activity while inhibition of Rho/ROCK
suppresses these effects.17,20 Consistent with these findings,
we here show that the stiffer senescent choroidal ECs exhibit
significantly higher Rho activity, which correlates strongly with

a concomitant increase in actin microfilament density. That
treatment of senescent ECs with ROCK inhibitor Y27632
significantly inhibited cell stiffness confirms the role of Rho in
senescent choroidal EC stiffening.

Importantly, we show that this Rho/ROCK-dependent
stiffening of senescent choroidal ECs contributes actively to
their increased susceptibility to complement injury because
pharmacological inhibition of Rho/ROCK significantly inhibit-
ed MAC-induced lysis of these cells. Although these findings are
the first to implicate Rho-associated cell stiffness in comple-
ment injury, they are generally consistent with the proin-
flammatory effects of increased Rho/ROCK activity and EC
stiffness.34 Furthermore, if increased cell stiffness indeed plays
an important causative role in MAC susceptibility, then
increasing the stiffness of normal ECs should increase their
MAC-induced lysis. Indeed, we found that pharmacologic
activation of Rho/ROCK in normal ECs alone leads to a
significant increase in complement injury.

To our knowledge, the current findings are the first to
implicate a specific age/senescence-related factor (i.e., Rho-
mediated choroidal EC stiffening) in CC atrophy associated
with dry AMD.6 To determine their translational potential,
however, these new findings will need to be validated in

FIGURE 5. Inhibition of Rho activity prevents MAC-induced lysis of senescent ECs. (A) Stiffness of ECs was measured by AFM. Quantitative analysis
of multiple (n ‡ 30) force indentation measurements revealed a ~30% decrease in the stiffness of senescent ECs treated with Y27632 (5 lM), a
pharmacological Rho/ROCK inhibitor. * P < 0.05. Bars indicate average 6 standard error of mean. (B) Senescent RF/6A ECs were cotreated with
NHS and different doses of Y27632 prior to addition of trypan blue. Representative brightfield images and counting of trypan blue-loaded cells (bar

graph; n ‡ 200 cells) indicate a progressive decrease in complement-induced lysis of senescent cells with increasing dose of Y27632. *** P < 0.001.
Bars indicate average 6 standard error of mean. Scale bar: 100 lm.
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appropriate animal models of dry AMD, such as the rhesus
macaque monkeys that share the same AMD susceptibility
genes ARMS2 and HTRA1 with humans, and undergo drusen
accumulation as seen in humans.53,54 Further, although our
findings offer new mechanistic insight into choroidal EC loss
and CC degeneration associated with dry AMD, they do not yet
explain precisely how cell stiffness increases EC sensitivity to
complement injury. In this regard, it must be noted that host
tissue cells protect themselves from incessant MAC attack,
resulting from the continuously activated alternative comple-
ment pathway, by expressing surface inhibitors of MAC pore
formation.55,56 Intriguingly, we show that both normal and
senescent ECs express similar levels of surface CD59, an
endogenous membrane-bound regulator of the complement
system that specifically blocks the assembly and formation of
transmembrane MAC pores (C5b-9n) by interacting with the
terminal complement proteins C8 and C9, thus preventing C9
polymerization. Given the similarity in CD59 ‘‘expression’’
levels, it is possible that the greater sensitivity of senescent ECs
to complement attack results from Rho (tension)-mediated
alteration in CD59 conformation, and thereby its ‘‘activity’’;
however, this remains to be carefully examined in a separate
study.

Additionally, AMD is a multifactorial disease that is also
regulated by dietary and genetic factors.53,54,57,58 How these
risk factors contribute to the age-related mechanical control of
CC susceptibility to complement injury also remains to be
determined. A detailed examination of the molecular pathways
underlying this mechanical control of choroidal EC dysfunction
may lead to the identification of new therapeutic targets for CC
atrophy and AMD progression.
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SUPPLEMENTAL FIGURE 1. Senescence leads to an increase in cell area. 
Representative phase contrast images and measurement of projected cell area (histogram; 
n=250 cells) together indicate that senescent ECs are markedly larger than their normal 
counterparts. Scale bar: 50 µm.  
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SUPPLEMENTAL FIGURE 2. Effect of FBS pre-incubation on susceptibility to 
complement injury. RF/6A ECs were plated in medium containing different concentrations of 
FBS (0.5, 2.5, and 10% v/v) for 6h prior to NHS treatment. Lysis of NHS treated-cells was 
detected by trypan blue exclusion assay. Counting of trypan blue-loaded cells (bar graph; 
n≥200 cells) reveals that there is no difference in the degree of lysis between ECs pre-
incubated with the three FBS doses (ns, no significance). Bars indicate average ± standard 
error of mean.  
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Supplemental	Figure	3	

SUPPLEMENTAL FIGURE 3. CD59 expression. Normal and senescent ECs were 
labeled with anti-CD59 or isotype-matched control antibody (solid gray histogram), and 
subjected to flow cytometry. Histograms of cell counts vs fluorescence indicate that both 
normal and senescent cells exhibit similar expression levels of cell surface CD59. 
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