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Abstract Vascular pathologies induced by ischemia/reperfusion involve the production of reactive oxygen
species (ROS) that in part cause tissue injury. The production of ROS that occurs upon reperfusion activates specific
second messenger pathways. In diabetic retinopathy there is a characteristic loss of the microvascular pericyte. Pericytes
are more sensitive than endothelial cells to low concentrations of ROS, such as hydrogen peroxide (H2O2) when tested in
vitro. Whether the pericyte loss is due to toxic cell death triggered by the noxious H2O2 or apoptosis, due to activation of
specific second messenger pathways, is unknown. During apoptosis, a cell’s nucleus and cytoplasm condense, the cell
becomes fragmented, and ultimately forms apoptotic bodies. It is generally assumed that apoptosis depends on nuclear
signaling, but cytoplasmic morphological processes are not well described. We find that exposing cultured retinal
pericytes to 100 µM H2O2 for 30 min leads to myosin heavy chain translocation from the cytosol to the cytoskeleton and
a significant decrease in cell surface area. Pericyte death follows within 60–120 min. Exposing cells to 150 mJ/cm2

ultraviolet radiation, an alternate free radical generating system, also causes pericyte myosin translocation and
apoptosis. Proteolytic cleavage of actin is not observed in pericyte apoptosis. 3-aminobenzamide, a pharmacological
inhibitor of the cleavage and activation of the DNA-repairing enzyme poly (ADP-ribose) polymerase (PARP) inhibits
pericyte apoptosis, and prevents myosin translocation. Deferoxamine, an iron chelator known to interfere with free
radical generation, also inhibits pericyte myosin translocation, contractility, and cell death. Myosin translocation to the
cytoskeleton may be an early step in assembly of a competent contractile apparatus, which is involved in apoptotic cell
condensation. These results suggest that pericyte loss associated with increased free radical production in diabetic retina
may be by an apoptotic phenomenon. J. Cell. Biochem. 75:118–129, 1999. r 1999 Wiley-Liss, Inc.
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Apart from acting as noxious toxins that indis-
criminately affect biological processes, reactive
oxygen species (ROS) appear to play significant
physiological roles in inflammatory induced in-
tracellular signal transduction pathways, both
as primary and secondary messengers [Suzuki
et al., 1997; Lander, 1997; Hastie et al., 1997a,b].
ROS act as primary messengers when they
directly activate or inhibit intracellular second
messenger cascades, such as the phospholipase
C, phospholipase D, or adenylate cyclase path-
ways [Natarajan et al., 1993; Hastie et al.,

1997a,b]. In endothelial cells, micromolar con-
centrations of H2O2 inhibit the adenylate cy-
clase and activate the phospholipase D path-
ways that lead to translocation of junction-
associated nonmuscle filamin, rearrangement
of cytoskeletal F-actin, and increases in intercel-
lular permeability [Hastie et al., 1997a,b]. ROS
function as second messengers when a ligand-
receptor interaction produces ROS, which sub-
sequently affect specific signal transduction
pathways. Upon stimulation of vascular smooth
muscle cells with platelet-derived growth factor
(PDGF), intracellular H2O2 levels rise, tyrosine
phosphorylation increases, mitogen-activated
protein kinase is stimulated, and DNA synthe-
sis increases [Sundaresan et al., 1995]. All of
these PDGF-mediated responses are blocked by
free radical scavengers. Other agonists, such as
epidermal growth factor, interleukin-1, tumor
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necrosis factor, transforming growth factor-b1,
and angiotensin II are known to produce H2O2

as an integral step in their respective receptor
signaling pathways [Bae et al., 1997; Suzuki et
al., 1997; Lander, 1997].

Oxidant stress induced free radical forma-
tion is known to trigger apoptosis [Lander, 1997;
Sarafian and Bredsen, 1994; Slater et al., 1995].
Apoptosis is a physiological type of cell death.
Blood cells, for instance, undergo continuous
renewal from hematopoietic progenitor cells. In
contrast neurons have a limited capacity for
self-renewal and most survive for the life of the
organism. Though several kinases, phosphata-
ses, proteases, and phospholipases are impli-
cated in ROS-mediated signaling pathways, ul-
timate downstream protein targets are poorly
defined. The nucleus is not the sole target of
apoptosis, and programmed cell death can pro-
ceed in enucleated cells [Jacobson et al, 1994;
Lu et al., 1996]. While a morphological change
in the cytoplasm is recognized as an early hall-
mark of apoptosis, the morphological process is
only vaguely described as ‘‘cell shrinkage, cell
volume loss, cytoplasmic condensation, or con-
traction,’’ without rigorous delineation of the
necessary modifications in the cytoplasm re-
quired to invoke the event [Wood and Youle,
1994; Kroemer et al., 1995; Chuang et al., 1997].
The ultrastructural alterations in the cyto-
plasm arising from apoptosis are often consid-
ered nonspecific and are poorly characterized
[Kroemer et al., 1995]. Consequently, the cyto-
skeletal proteins responsible for the event are
not yet defined and are the focus of the research
in this report.

A pathological characteristic of diabetic reti-
nopathy is the loss of pericytes from the micro-
vasculature. Increased free radicals generated
under hyperglycemic conditions could damage
the retina. A significant restoration of pericytes
by trolox, an amphipathic antioxidant, sug-
gests the involvement of oxidative injury dur-
ing pericyte loss in diabetic retinopathy [Asn-
sari et al., 1998; Hallberg et al., 1996]. ROS are
known to induce apoptosis in vascular smooth
muscle cells as well as pericytic mesangial kid-
ney cells [Li et al., 1997; Sugiyama et al., 1996;
Sandau et al., 1997; Baker et al., 1994].

This report demonstrates that cultured bo-
vine retinal pericytes undergo apoptosis after
exposure to either H2O2 or ultraviolet radiation.
Moreover free radical-induced pericyte apopto-
sis is associated with subcellular redistribution

of myosin. Myosin translocates from the cytosol
to the cytoskeleton within 30 min of exposure to
100 µM hydrogen peroxide or 150 mJ/cm2 ultra-
violet radiation (UV-C). The translocation is
inhibited by the free radical scavenger deferox-
amine or the poly (ADP-ribose) polymerase in-
hibitor 3-aminobenzamide. ROS-induced cyto-
plasmic condensation appears to be a myosin-
based event in retinal pericytes that precedes
programmed cell death.

MATERIALS AND METHODS
Cell Isolation and Culture

Retinal pericytes are derived from isolated
bovine retinal microvessels as described by Git-
lin and D’Amore [1983]. Briefly, pericytes are
isolated from calf retinas by thoroughly minc-
ing them and digesting with 0.1% Collagenase
2 (Worthington Enzymes, Freehold, NJ)/0.1%
BSA (ICN Pharmaceuticals, Irvine, CA) in PBS,
Ca21 and Mg21 free (2 ml per retina) for 30 min
at either room temperature or 37°C. Tissue is
passed through a 100 um nylon mesh (Tetko,
Briarcliff Manor, NY) and resuspended in me-
dia containing 10% fetal calf serum (Hyclone,
Logan, UT), 2 mM L-glutamine (Gibco, Grand
Island, NY), 1% Antibiotic-Antimycotic (Sigma
Chemicals, St. Louis, MO) in Dulbecco’s modi-
fied Eagle medium (D-MEM, Gibco). Cells are
seeded onto tissue culture plates at 11 cm2 per
retina and kept in a humidified incubator at
37°C/5% CO2. Media are replaced twice per
week. Pericytes are identified by their nonepi-
thelial cell, stellate morphology, lack of contact
inhibition, positive staining for smooth muscle
actin, lack of staining for factor VIII, and lack of
staining with fluorescently labeled acetylated
low-density lipoprotein.

HL-60 cells are maintained in continuous
suspension culture as previously described
[Mitchell et al., 1986]. Cells are grown to late
log phase, 1 3 106 cells/ml, and then diluted to
2 3 105 cells/ml for further propagation. Cells
are treated with 1.3% DMSO or 1026 M retinoic
acid followed by 6 3 1025 M dimethylfor-
mamide a day later. Cells are exposed to the
reagents for 1–5 days to obtain maximally dif-
ferentiated granulocytic cells. Monocyte/macro-
phage differentiation is induced by addition of
1 3 1028 M 12-O-tetradecanoylphorbol-13-ac-
etate (TPA, Sigma, 1 mg/ml in DMSO).

Myosin Translocation During Apoptosis 119



Pericyte Treatment With Inducers and Inhibitors
of Apoptosis

Prior to the experiments pericytes are kept in
a serum free media containing 1% BSA (Sigma
Chemicals), 2 mM L-glutamine (Gibco), 1% Anti-
biotic-Antimycotic (Sigma Chemicals), 1% ITS
(Sigma Chemicals) in DMEM for 24 h.

Pericytes are treated with H2O2 for times
ranging from 5 min to 1 h, and doses ranging
from 50 µM to 500 µM. In some experiments
cells are pretreated with 5 mM 3-aminobenza-
mide (an inhibitor of poly[ADP-ribosyl] polymer-
ase) for 45 min. Ultraviolet irradiation is per-
formed with a UV crosslinker (Spectrolinker,
Westbury, NY). Cells are irradiated with 150
mJ/cm2 of UV-C light and different subcellular
fractions are collected after a 1 h or 3 h recovery
period.

Apoptosis Assays

Pericytes are grown in 96-well plates and
treated with H2O2. Decreased mitochondrial ac-
tivity is measured by methylthiazol tetra-
zolium (MTT) assay as described by Hastie et
al. [1997a].

An early indicator of apoptosis is the redistri-
bution of phosphatidylserine on the outer leaf-
let of the plasma membrane, a process that can
be detected by the binding of Annexin V, a
member of a family of proteins that binds to
acidic phospholipids. For detection of exposed
phosphatidylserine in subpopulation of cells,
pericytes are incubated with FITC-labeled an-
nexinV (Clontech, CA) and analysed using an
inverted IM-35 Zeiss fluorescent microscope.
After exposure to 100 µM H2O2, pericytes are
collected by trypsinization and resuspended in
binding buffer, and stained with FITC-labeled
annexin V (1 mg/ml) and propidium iodide (2.5
mg/ml) for 10 min.

Preparation of Cell Lysates
and Subcellular Fractions

Pericytes are fractionated into cytosol, mem-
brane/organelle, nucleus, and cytoskeleton frac-
tions as previously described [Ramsby et al.,
1994; Shojaee et al., 1998]. Pericytes seeded
onto 100-mm culture dishes are rinsed twice
with PBS (Ca21/Mg21 free) and extracted in
ice-cold digitonin buffer (0.01% digitonin, 10
mM PIPES, pH 6.8, 300 mM sucrose, 100 mM
NaCl, 3 mM MgCl2, 5 mM EDTA, and protease
inhibitors (5 mM ethylene glycol-bis [b-amino-

ethyl ether] N,N,N’N’-tetra acetic acid [EGTA],
1 ug/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride [PMSF], and 0.11 IU aprotinin). The
cells are incubated on ice with gentle agitation
for 10 min. The supernatant (cytosolic fraction)
is collected and the residual cell components
are sequentially extracted in Triton X-100,
Tween-40/deoxycholate, and then SDS. Triton
X-100 extraction is performed for 30 min in
0.5% Triton X-100, 10 mM PIPES, pH 7.4, 300
mM sucrose, 100 mM NaCl, 3 mM MgCl2, 3 mM
EDTA, protease inhibitors. After the superna-
tant (membrane/organelle fraction) is collected,
the residual material is extracted on ice for 10
min with a Tween-40/deoxycholate buffer, con-
taining 1% Tween 40, 0.5% deoxycholate, 10
mM PIPES, 1 mM MgCl2, 10 mM NaCl, pH 7.4,
and protease inhibitors. The supernatant
(nuclear fraction) is collected, and 100°C SDS
buffer, containing 2.5% SDS in 10 mM Tris-
HCl, pH 8 and protease inhibitors, is added to
solubilize the cytoskeleton fraction. The culture
dish is scraped and chilled on ice. Fifty ul of
chilled sample buffer II containing 10 mM Tris-
HCl, pH 8.0; with 1 mg/ml DNase I and 0.25
mg/ml RNase A; 50 mM MgCl2 is added to the
culture dish and the dish is incubated on ice for
5 min. The cytoskeletal fraction is collected and
heated at 100°C for 5 min. All subcellular frac-
tions are then acetone-precipitated in ice-cold
acetone (final concentration 80%) and redis-
solved in equal volumes of sample buffer con-
taining 0.1 M Tris-acetate (pH7.0), 2% SDS, 5%
mercaptoethanol, 5% sucrose, 0.025% Bromo-
phenol blue.

Electrophoresis, Immunoblotting,
and Protein Quantification

Subcellular fractions, solubilized in a sample
buffer of 0.1 M Tris-acetate (pH 7.0), 2% SDS,
5% Mercaptoethanol, 5% sucrose, and 0.025%
Bromophenol blue are subjected to 5% SDS-
polyacrylamide gel electrophoresis according to
manufacturer’s protocol (Genomic Solutions,
Chelmsford, MA). Equal volume of protein is
loaded in each lane to determine the subcellu-
lar distribution of myosin. After electrophore-
sis, proteins are electroblotted to 0.4 um pore
size nitrocellulose membrane for 1 h (BioRad,
Hercules, CA). After electroblotting the mem-
brane is incubated in blocking buffer contain-
ing 5% BSA, 0.1% Tween-20 for at least 1 h,
followed by incubation in 1:500 dilution of mouse
anti-human smooth-muscle myosin antibody
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(Sigma). The membrane is then incubated in
alkaline phosphatase-conjugated goat anti-
mouse IgG (Cappel, Durham, NC) and myosin
bands are visualized using a nitroblue tetra-
zolium/5-bromo-4-chloro-3-indoylphosphate
p-toluidine chromogen system (Sigma) (Sho-
jaee et al., 1998).

High resolution two-dimensional gel electro-
phoresis is performed as previously described
[Patton et al., 1990] using the ESA Investigator
2-D Electrophoresis System (Genomic Solu-
tions). To improve reproducibility of the focus-
ing gel and prevent its stretching or breaking
during transfer to the second dimension, a 0.08
mm thread is incorporated along the length of
the tube prior to polymerization of the gel ma-
trix [Patton et al., 1990]. The second dimension
electrophoretic separation is performed using a
high tensile strength acrylamide-based matrix
(Duracryl; Genomic Solutions) [Patton et al.,
1992]. Proteins are visualized by silver staining
as previously described [Rabilloud, 1992]. Im-
ages of electrophoresis gels are then obtained
by digitizing gels at 1,024 3 1,024 pixels (pic-
ture elements) resolution with 256 grey scale
levels using the charged coupled device (CCD)
camera of the Bio Image 110S computerized
imaging system from Genomic Solutions (Ann
Arbor, MI). For nitrocellulose membranes, im-
age acquisition is performed using a flat-bed
scanner interfaced to anApple Macintosh Power
PC microcomputer. Quantitation of all images
is performed with Bio Image software (BioIm-
age, Ann Arbor, MI).

Immunofluorescence Microscopy

Pericytes seeded onto glass coverslips are
rinsed three times with PBS (Ca21/Mg21 free)
and fixed in 1G4F, containing 99 ml formalin
stock solution (0.9% NaCl in 10% buffered for-
malin solution) and 1 ml 25% aqueous glutaral-
dehyde for for 10 min at room temperature.
Subsequently the cells are rinsed three times
with PBS (Ca21/Mg21 free) and permeabilized
in 0.2% Triton X-100 in PBS for 10 min at room
temperature followed by incubation in PBS con-
taining 1 uM rhodamine phalloidin for 1 h. The
excitation and emission wavelengths of rhoda-
mine are 557 and 580 nm, respectively. The
coverslips are mounted on slides in glycerol:
H2O (9:1) and sealed with nail varnish. The
slides are monitored under an inverted IM-35
Zeiss fluorescent microscope. Five different
fields of treated and untreated cells were evalu-

ated by computerized morphometry. Cell area
measurement is performed with NIH Image
version 1.57 public domain software developed
by Dr. W. Rasband, Research Services Branch,
NIMH. The ratio corresponds to the cell area of
control group divided by the treated group.

RESULTS
Reactive Oxygen Species-Induced Apoptosis

in Retinal Pericytes

Retinal pericyte susceptibility to injury by
reactive oxygen species (ROS) is evaluated uti-
lizing a reoxygenation injury model previously
described by our laboratory for endothelial cells
[Hastie et al., 1997a,b]. Injury resulting from
the exogenous addition of H2O2 is determined
by measuring cleavage of the vital dye MTT
(Fig. 1A). Loss of pericyte viability is readily
apparent after 30 min exposure to 100 µM

Fig. 1. ROS-induced cytotoxicity as measured by the MTT
assay. Cells are exposed to 100 µM H2O2 (A) and 150 mJ/cm2

UV light (B) for the indicated times. A: H2O2-induced injury is
compared with untreated cells. B: UV light injury is compared
with untreated cells. Error bars are means 6 standard deviation
(n 5 6)
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H2O2 as indicated by a 55% decrease in mito-
chondrial activity. Mitochondrial activity in hu-
man umbilical vein endothelial cells decreases
to comparable levels after more than 2 h expo-
sure to 100 µM H2O2 [Hastie et al., 1997a],
which suggests that pericytes are more sensi-
tive to H2O2 exposure than endothelial cells.
Exposing cells to ultraviolet radiation is a com-
monly employed model system for inducing
apoptosis through the generation of oxygen free
radicals. Loss of viability is also apparent after
exposing pericytes to 150 mJ/cm2 of UV-C light
and allowing them to recover in culture for
varying lengths of time (Fig. 1B).

To establish that loss of pericyte viability
observed utilizing the MTT assay is due to
apoptosis, the appearance of phosphatidylser-
ine on the extracellular face of the plasma mem-
brane is monitored utilizing fluorescein isothio-
cyanate-conjugated annexin V. Redistribution
of phosphatidylserine is a general feature of
apoptosis, regardless of the initiating stimulus
[Martin et al., 1995]. Annexin V binding to
retinal pericyte membranes is evident after 60
min exposure to 100 µM H2O2. Cells exposed to
H2O2 for 60 min are substantially more reactive
to annexin V than cells exposed to H2O2 for 5
min (Fig. 2C,D). Cells not exposed to H2O2 are
unlabeled with annexin V (data not shown).
Minimal counterstaining of cells with prop-
idium iodide indicates that the plasma mem-
brane initially remains intact after exposure to
H2O2 (Fig. 2E,F). In necrotic cells and late-
stage apoptotic cells, the plasma membrane
binds annexin V and the nucleus stains with
propidium iodide.

An early morphological event observed typi-
cally in apoptosis is a rapid decrease in cell
surface area. Exposing pericytes to 100 µM
H

2
O2 results in a 3.5-fold decrease in cell sur-

face area within 60 min. The H2O2-induced
reduction in pericyte surface area is demon-
strated by immunofluorescence microscopy of
rhodamine-phalloidin stained cells (Fig. 3).

Reactive Oxygen Species-Induced Pericyte
Apoptosis Causes Myosin Translocation

Changes in the subcellular distribution of
myosin are evaluated by differential detergent
fractionation (DDF). The amount of myosin in
different subcellular compartments is obtained
by DDF. Marker enzyme profiles confirm that
the DDF procedure is suitable for isolating sub-

cellular compartments in cultured retinal peri-
cytes [Shojaee et al., 1998]. Subcellular fraction-
ation of pericytes by the DDF technique
indicates that myosin is found in four compart-
ments (74% in the cytosol, 16% in the mem-
brane/organelle, 3% in the nucleus, and 7% in
the cytoskeleton). Vimentin, actin, and a-acti-
nin are also distributed between these four
subcellular compartments [Shojaee et al., 1998].
In control pericyte cultures, myosin is predomi-
nantly in the cytosol fraction (Fig. 4B). After
exposing pericytes to 100 µM H2O2, the amount
of myosin in the cytoskeleton increases, the
amount of myosin in the cytosol decreases, and
the amount of myosin in membrane/organelle
and nuclear fractions remains unchanged (Fig.
4B). Translocation of myosin from the cytosol to
the cytoskeleton occurs after exposing cells to
100 µM H2O2 for 30 min and gradually in-
creases with time. When cells are exposed to
100 µM H2O2 for 60 min, 45% of the myosin is
recovered in the cytoskeleton fraction and 41%
in the cytosol (Fig. 4B). We consistently observe
that myosin translocation involves redistribu-
tion between the cytosol and cytoskeleton com-
partments, with myosin levels in membrane/
organelle and nucleus compartments remaining
unaltered. Thus, data are presented with re-
spect to cytosolic and cytoskeletal fractions in
the remainder of the article. Immunoblotting of
proteins from the four subcellular fractions with
anti-smooth muscle myosin demonstrates that
upon H2O2 stimulation the smooth muscle iso-
type of myosin translocates from the cytosol to
the cytoskeleton compartment (Fig. 4A).

Pretreatment of pericytes for 60 min with 0.5
mM deferoxamine (an iron chelator that blocks
free radical generation) prior to exposure to 100
µM H2O2 prevents myosin translocation from
the cytosol to the cytoskeleton through 60 min
(Fig. 5A). Deferoxamine pretreatment partially
inhibits decreases in mitochondrial activity in-
duced by H2O2 (100 µM) through 60 min (Fig.
5B). Treatment of pericytes with 5 mM 3-amino-
benzamide (an inhibitor of PARP) for 45 min
significantly inhibits myosin translocation from
the cytosol to the cytoskeleton (Fig. 6A). Partial
inhibition of H2O2-induced decreases in mito-
chondrial activity are also apparent (Fig. 6B).

Myosin translocation is also measured at dif-
ferent times after exposing pericytes to 150
mJ/cm2 of UV-C light. Translocation of myosin
from the cytosol to the cytoskeleton is detected
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after 1 h post UV irradiation and gradually
increases with time (Fig. 4C). Pretreatment of
pericytes with 0.5 mM deferoxamine for 60 min
prior to UV irradiation prevents myosin trans-
location from the cytosol to the cytoskeleton

through 60 min (Fig. 7A). Treatment of peri-
cytes with 5 mM 3-aminobenzamide for 45 min
also significantly inhibits UV-induced myosin
translocation from the cytosol to the cytoskel-
eton (Fig. 7B).

Fig. 2. Apoptosis is monitored by the binding of Annexin V to phosphatidylserine. Pericytes are exposed to 100 µM
H

2
O2 for 5 and 60 min and subsequently visualized using FITC-labeled Annexin V. A,B: Phase contrast micrographs of

pericytes treated with 100 µM H2O2 for 5 and 60 min, respectively. C,D: Annexin V labeled pericytes treated for 5 and
60 min, respectively, cells exposed to H2O2 are substantially more reactive to annexin V than cells exposed for 5 min.
E,F: Propidium iodide labeled pericytes treated for 5 and 60 min, respectively; pericytes’ plasma membranes remain
intact and therefore they are not labeled with Propidium Iodide.
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Reactive Oxygen Species-Induced Pericyte
Apoptosis Does Not Lead to Proteolytic

Cleavage of Actin

Several reports indicate that actin may be
fragmented by specific proteases during apopto-
sis [Miyamoto and Wu, 1991; Mashima et al.,
1995, 1997; Chen et al., 1996; Kayalar et al.,
1996; Brown et al., 1997]. Actin fragmentation
in response to H2O2 and UV irradiation is thus
evaluated in retinal pericytes. HL-60 promyelo-
cytic leukemia cells are utilized as a well char-
acterized control cell type reputed to contain

both native 42 kDa actin and the proteolyzed 38
kDa actin fragment. Compared to pericytes,
HL-60 cells are relatively depleted in cytoskel-
etal proteins. Whereas actin represents 5% of
the total protein in pericytes, HL-60 cells only
contain 0.3% actin. Granulocytic differentia-
tion of HL-60 cells, using 1.3% DMSO or 1026 M
retinoic acid followed by 6 3 1025 M dimethyl-
formamide at 24 h leads to a four fold increase
in actin expression. Both the 42 kDa and 38
kDa actin species are readily observable by
two-dimensional gel electrophoresis (Fig. 8D).

Fig. 3. H2O2-induced morphological changes are analyzed by immunofluorscence microscopy. F-actin is visual-
ized using rhodamine-conjugated phalloidin. Pericytes surface area decreases upon their exposure to 100 µM H2O2

for 60 min (A) compared to untreated pericytes (B).
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The identity of the two proteins is confirmed by
Edman-Based protein sequencing (data not
shown). Exposing pericytes to 100 µM H2O2 for
1 h or 150 mJ/cm2 of UV-C light followed by a
1 h incubation period in culture does not lead to
the formation of a 38 kDa proteolytic actin
fragment (Fig. 8A–C). One dimensional SDS-
polyacrylamide gel electrophoresis, electroblot-
ting to nitrocellulose membrane and probing
the membrane with anti-actin antibody, con-
firms the presence of a single 42 kDa actin
species in retinal pericytes exposed to H2O2 or
UV radiation (data not shown). Thus, while
translocation of myosin from the cytosol to the
cytoskeleton occurs in ROS-induced pericyte
apoptosis, proteolytic cleavage of actin is not
observed.

DISCUSSION

Cytoskeletal proteins coordinate many inter-
actions related to mural cells maintenance of
the microvascular barrier including: signal
transmission, cell motility, cell-cell apposition,
and cell-substratum attachments [Gottlieb et
al., 1991; Hitt and Luna, 1992; Shepro and
Morel, 1993]. Microvessel endothelial cell and
pericyte cytoskeletal proteins are also early and
primary targets of second messenger cascades
generated in response to inflammatory ago-
nists such as ROS [Hastie et al., 1997a,b; Shepro
and Morel, 1993]. This study begins to define a
role of ROS in modifying the pericyte cytoskel-
eton as observed during apoptosis.

Fig. 4. Subcellular distribution of myosin in control, H2O2

(100 µM) and UV light (150 mJ/cm2) treated cells. Cells are
separated into cytosolic, membrane/organelle, nuclear, and cy-
toskeletal fractions. B,C: Bar graph depicting relative myosin
concentration in each fraction after H2O2 (100 µM) and UV light
(150 mJ/cm2) exposure respectively. Cytosol fraction (hatched
bars), membrane/organelle fraction (white bars), nuclear frac-
tion (striped bars), cytoskeletal fraction (black bars). A: Elec-
troblotted subcellular fractions are visualized with smooth
muscle anti-myosin primary antibody as described in Materials
and Methods. Lanes 1 through 4 correspond to cytosolic, mem-
brane/organelle, nuclear, and cytoskeletal fractions, respec-
tively.

Fig. 5. Deferoxamine mediated protection from H2O2-in-
duced myosin translocation and pericytes injury. A: Myosin
distribution in cells pretreated with 0.5 µM deferoxamine for 60
min prior to 100 µM H2O2 for 30–60 min. B: Mitochondrial
activity in cells pretreated with 0.5 mM deferoxamine for 60
min prior to exposure to 100 µM H2O2 for 10–60 min. Cytosol
fraction (hatched bars), cytoskeletal fraction (black bars). *60
min exposure to 100 µM H2O2 in the absence of Deferoxa-
mine.
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Cytoplasmic changes accompanying apopto-
sis are well described but few studies address
their molecular mechanisms. The characteris-
tic decrease in cell volume is considered a sec-
ondary event to nuclear DNA fragmentation.
However, many of the prototypical cytoplasmic
changes that characterize apoptosis, induced
by diverse stimuli such as granzymes A and B,
Fas ligand, U.V. irradiation, staurosporine, and
growth factor deprivation, do not require endo-
nuclease-mediated nuclear DNA fragmentation
or even a nucleus [Nakajima et al., 1995; Jacob-
son et al., 1994; Lu et al., 1996]. The literature
is sparse about changes in myosin related to
morphological changes with apoptosis. F-actin
stress fiber interactions with myosin, which are

in part regulated by the activation of myosin
light chain kinase (MLCK), generate forces that
mediate contraction/relaxation and other actin-
based cytoskeletal responses in pericytes
[Shepro and Morel, 1993]. In this study we
focused on myosin redistribution in cell conden-
sation related to apoptosis.

Activation of numerous cellular regulatory
pathways is accompanied by the translocation
of key proteins from one region of the cell to
another. Cytoplasmic dynein undergoes intra-
cellular redistribution concomitant with phos-
phorylation of the heavy chain in response to
serum starvation and okadaic acid [Lin et al.,
1993]. Soluble cytoplasmic myosin is translo-
cated to the actin cytoskeleton during platelet

Fig. 6. 3-Aminobenzamide mediated protection from H2O2-
induced myosin translocation and pericytes injury. A: Myosin
distribution in cells pretreated with 5 mM 3-Aminobenzamide
for 45 min prior to 100 µM H2O2 for 30–60 min. B: Mitochon-
drial activity in cells pretreated with 5 mM 3-Aminobenzamide
for 45 min prior to exposure to 100 µM H2O2 for 10–60 min.
Cytosol fraction (hatched bars), cytoskeletal fraction (black bars).
*60 min exposure to 100 µM H2O2 in the absence of 3-Amino-
benzamide.

Fig. 7. A: Deferoxamine mediated protection from UV-
induced myosin translocation. Myosin distribution in cells pre-
treated with 0.5 mM deferoxamine for 60 min prior to UV light
exposure. B: 3-Aminobenzamide mediated protection from UV-
induced myosin translocation. Myosin distribution in cells pre-
treated with 5 mM 3-Aminobenzamide for 45 min prior toUV
light exposure. Cytosol fraction (hatched bars), cytoskeletal
fraction (black bars). *60, *180 min exposure to UV light above.
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activation [Jennings et al., 1981]. Some investi-
gators suggest that myosin light chain phos-
phorylation initiates myosin translocation and
others have shown that myosin light chain phos-
phorylation can occur with the absence of myo-
sin translocation. Additional evidence demon-
strates that caldesmon enhances the binding of
myosin to cytoskeletal actin upon platelet acti-
vation [Hemric et al., 1994]. The functional
significance of this translocation is not estab-
lished, although it occurs early during activa-
tion and correlates with shape change and ag-
gregation.

In this study we demonstrate myosin redistri-
bution in retinal pericytes during free-radical
induced apoptosis. Myosin translocation coin-
cides with cell contraction. Pretreatment of peri-
cytes with deferoxamine and 3-aminobenza-
mide prior to free radical exposure inhibits
myosin translocation and partially increases

cell viability. Therefore, myosin heavy chain
redistribution and association with the actin
cytoskeleton in apoptotic retinal pericytes may
orchestrate cell condensation at this early stage
of apoptosis.

In contrast to myosin, actin has been inten-
sively studied during apoptosis. The F-actin
cytoskeleton is a likely cytoplasmic target of
signaling cascades that leads to the morphologi-
cal changes characteristic of apoptotic cells.
Indeed, UV radiation- and etoposide-induced
apoptosis in HL-60 promyelocytic leukemia cells
is accompanied by early transient polymeriza-
tion and later depolymerization of F-actin as
well as changes in microfilament organization
[Levee et al., 1996]. Some studies indicate that
actin may be a target of intracellular proteo-
lytic pathways activated during apoptosis. Acti-
vation of interleukin 1-beta converting enzyme
(ICE) family proteases and subsequent cleav-

Fig. 8. Actin proteolysis in response to 100 µM H2O2 and UV irradiation in retinal pericytes is compared with HL-60
leukemia cells. A: Untreated pericytes, B: pericytes exposed to 100 µM H2O2 for 60 min, C: pericytes exposed to 150
mJ/cm2 UV irradiation, D: HL-60 leukemia cells. In contrast to HL-60 cells (D) proteolytic cleavage of actin is not
observed in H2O2 or UV light treated pericytes (B,C). Arrows indicate the position (s) of actin.
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age of actin are reported during apoptosis
[Mashima et al., 1995, 1997; Chen et al., 1996;
Kayalar et al., 1996]. A 38 kDa, truncated actin
isoform in HL-60 promyelocytic leukemia cells
is thought to arise from specific proteolysis of
the full length protein between valine-43 and
methionine-44 [Miyamoto and Wu, 1991]. Actin
is cleaved at the same site during spontaneous
apoptosis of neutrophils in culture [Brown et
al., 1997]. The observed cleavage site does not
correspond to a consensus site for cysteine pro-
teases of the ICE family but may arise from
proteolysis by calpains since degradation is pre-
vented by using a calpain inhibitor [Brown et
al., 1997].

The actin molecule consists of two domains
‘‘small’’ and ‘‘large,’’ which can be further subdi-
vided into two subdomains [Kabsch et al., 1990].
Both the N-terminal and C-terminal reside in
the small domain. The missing NH2-terminus
of p38 includes a large portion of subdomain 1
and part of subdomain 2 [Miyamoto and Wu,
1991]. This region of the molecule contains the
known myosin-binding residues (Asp-24, Asp-
26, Arg-28), as well as a portion of the binding
region for DNase 1 (Arg-39, Gln-41, Val-43) and
a site involved in actin fiber formation (His-40)
[Suck et al., 1988; Holmes et al., 1990]. Thus,
cleavage of actin at this site would be expected
to inhibit rather than promote myosin associa-
tion with the cytoskeleton. The universal role of
actin degradation in the morphological changes
associated with apoptosis is debatable since in
vitro degradation of actin has not been ob-
served in a number of intact cell types induced
to undergo apoptosis utilizing a variety of
stimuli [Song et al., 1997]. Our studies demon-
strate that while readily observable in HL-60
cells, actin cleavage is not apparent during
H2O2- or ultraviolet radiation-induced apopto-
sis of retinal pericytes (Fig. 8).

In summary, during ROS-induced pericyte
apoptosis myosin translocates from the cytosol
to the cytoskeleton with no proteolytic cleavage
of actin. Translocation can be inhibited by defer-
roxamine, an oxygen free radical scavenger or
3-aminobenzamide, an inhibitor of the cleavage
and activation of the DNA-repairing enzyme
poly (ADP-ribose) polymerase.
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