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Abstract Transforming growth factor-b1 (TGF-b1) regulates a variety of cellular functions. In several types of cells,
for example, it acts as a growth inhibitor and an inducer of apoptotic cell death. Although one of the important
modulators in retinal vascular development and retinal neovascularization, the effects of TGF-b1 on retinal microvascu-
lar cells are not fully defined. We have found that proliferation of both bovine retinal endothelial cells (EC) and pericytes
was inhibited by TGF-b1 in a concentration-dependent manner. However, only retinal EC lost viability after exposure to
increasing concentrations of TGF-b1 (up to 10 µg/ml) in the presence of 2% fetal bovine serum. Dying EC exhibited the
morphological and biochemical characteristics of apoptosis. Fragmented nuclei and chromatin condensation were
apparent after staining with the fluorochrome Hoechst 33258 and the reagent ApopTag; moreover, gel electrophoresis of
DNA from TGF-b1-treated EC demonstrated degradation of chromatin into the discrete fragments typically associated
with apoptosis. The addition of anti-TGF-b1 neutralizing antibody abolished the apoptotic cell death induced by
TGF-b1. Because not all the EC in a given culture died after exposure to TGF-b1, we separated the apoptosis-sensitive
cells from those resistant to TGF-b1-mediated apoptosis and determined the expression of several proteins associated
with this apoptotic pathway. Apoptosis of EC mediated by TGF-b1 was associated with a decreased level of the
cyclin-dependent kinase inhibitor p21waf1/cip1, compared with that observed in the apoptosis-resistant cells. In contrast,
the translation product of the tumor-suppressor gene p53 was increased in the TGF-b1-treated apoptotic cells. Thus, we
propose that p21waf1/cip1 and p53 function in distinct pathways that are protective or permissive, respectively, for the
apoptotic signals mediated by TGF-b1. J. Cell. Biochem. 70:70–83, 1998. r 1998 Wiley-Liss, Inc.
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Retinal angiogenesis plays a pivotal role in
the development of retinal vasculature and
pathological retinal neovascularization. The
process of retinal angiogenesis is regulated
through stimulatory and inhibitory signals that
include vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF),
and transforming growth factor-b1 (TGF-b1)
[D’Amore, 1994]. VEGF and bFGF are consid-
ered to be promoters of angiogenesis that regu-

late endothelial cell survival, proliferation, mi-
gration, and extracellular proteolytic activities
[Alon et al., 1995; Montesano et al., 1986; Stone
and Maslim, 1997]. In contrast, the role of
TGF-b1 in angiogenesis is more complicated
and thus has been controversial: TGF-b1 has
been described as angiogenic or anti-angio-
genic, in vivo and in vitro [Madri et al., 1988;
Phillips et al., 1993; Pierce et al., 1995]. A
current hypothesis is that the positive or nega-
tive regulation of angiogenesis by TGF-b1 de-
pends on the context of the experimental model
or the stage of the angiogenic process under
study [Pepper, 1997]. TGF-b1 is nevertheless a
critical factor in vascular development because
TGF-b1-deficient mice have defective vasculo-
genesis that results in part in abnormal capil-
lary structure [Dickson et al., 1995].

The effects of TGF-b1 on retinal angiogenesis
are not entirely clear. Retinal microvasculature
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is composed of endothelial cells (EC) and peri-
cytes. Interactions between these cells affect
retinal neovascularization, a sequel common to
diabetic retinopathy, retinopathy of prematu-
rity, and other ocular retinopathies. TGF-b1 is
synthesized by most cells in a latent form that
requires activation for interaction with cell-
surface receptors. The mechanisms of activa-
tion of latent TGF-b1 in vivo are not well under-
stood; however, studies in vitro have shown
that interaction between EC and pericytes or
smooth muscle cells leads to the activation of
secreted TGF-b1 [Antonelli-Orlidge et al., 1989].
In mammals, the retinal microvasculature con-
tains the highest number of pericytes [Kohner
et al., 1991; Shepro and Morel, 1993]. There-
fore, TGF-b1, secreted locally by retinal micro-
vascular cells, may affect the function of retinal
capillary EC and pericytes. This cytokine might
maintain vascular quiescence under normal con-
ditions because it inhibits EC proliferation and
migration [Roberts and Sporn, 1989]. More-
over, studies in vivo have demonstrated that
TGF-b is localized in the retinal ganglion cell
layer and pigment epithelium [Lutty et al.,
1993; Anderson et al., 1995]; further, elevated
levels of TGF-b have been detected in vitreous
aspirates from patients with proliferative dia-
betic retinopathy [Gaudric et al., 1990; Esser et
al., 1997]. These and other studies [Orlidge and
D’Amore, 1987; Sato and Rifkin, 1989; Tani-
hara et al., 1997] have provided convincing
evidence that TGF-b1 regulates certain func-
tions of retinal EC and pericytes and is likely to
mediate selected aspects of retinal neovascular-
ization.

TGF-b1 is a 25-kDa homodimeric polypep-
tide that exerts pleiotropic effects on cellular
proliferation, cellular differentiation, and extra-
cellular matrix production [Kingsley, 1994]. The
actions of TGF-b are clearly multifocal and
depend on the target cell type, its associated
substrate, and the presence of other growth
factors. TGF-b1 inhibits cell proliferation, in-
cluding that of EC and pericytes, in the G1
phase of the cell cycle. Recent interest has been
focused on the role of TGF-b1 in cell death. For
example, TGF-b1 induced apoptosis in cultured
human umbilical vein EC [Tsukada et al., 1995],
bovine glomerular capillary EC [Choi and Ball-
ermann, 1995], bovine adrenal microvascular
EC [Mandriota and Pepper, 1997], hepatocytes
[Fabregat et al., 1996], uterine epithelial cells
[Rotello et al., 1991], and several other types of

cultured cells [Selvakumaran et al., 1994; Ilio
et al., 1995; Lomo et al., 1995; Landstrom et al.,
1996; Yamamoto et al., 1996; Ohta et al., 1997].
However, the mechanisms of TGF-b1-induced
apoptosis among the different cell types appear
to be dissimilar, although data on this point are
limited.

Because TGF-b1 is considered to be an inte-
gral cytokine in the retinal vasculature and
endothelial apoptosis may play a significant
role in retinal neovascularization, we asked
whether TGF-b1 induces apoptotic death in
cells cultured from the retinal microvascula-
ture. We present evidence that TGF-b1 inhibits
the proliferation of both retinal EC and peri-
cytes. However, TGF-b1 induced specifically
apoptotic cell death in retinal EC but not in
pericytes in a concentration-dependent man-
ner. Furthermore, apoptosis of retinal EC was
associated with decreased expression of the cyc-
lin-dependent kinase inhibitor p21waf1/cip1,
whereas the product of the tumor suppressor
gene p53 was augmented in apoptotic EC, rela-
tive to levels in nonapoptotic cells. Thus,
p21waf1/cip1 and p53 may act on distinct path-
ways that mediate the inhibition or stimula-
tion, respectively, of apoptosis by TGF-b1.

MATERIALS AND METHODS
Preparation of Cells

Bovine retinal capillary EC were isolated and
cultured essentially according to previously de-
scribed methods, with some modifications for
primary cultures [Yan et al., 1996]. Briefly, the
minced tissue fragments were digested in 0.3%
collagenase/dispase (Boehringer Mannheim Bio-
chemical, Indianapolis, IN) containing 10 U/ml
DNase I (Sigma, St. Louis, MO) at 37°C with
gentle agitation for 30 min to 1 h. The frag-
ments were washed with Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS; Hyclone, Logan, UT), and
were filtered through a 40-µm nylon sieve (Bec-
ton Dickinson, Franklin Lakes, NJ). The frag-
ments on the sieve were collected, resuspended
in DMEM with 10% FBS, and plated onto dishes
precoated with 20 µg/ml bovine fibronectin (FN;
Sigma) for 2–3 h to allow attachment of capil-
lary fragments to the dishes. The medium was
subsequently aspirated, and the dishes were
rinsed gently with DMEM containing 10% FBS
to remove debris, unattached cells, and noncap-
illary fragments. A complete culture medium
was added, and EC were grown in DMEM con-
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taining 10% FBS, 10 µl/ml retinal extract, 75
µg/ml heparin, 100 U/ml penicillin G, and 100
µg/ml streptomycin SO4 (complete culture me-
dium). The dishes were washed again with 10%
FBS/DMEM to remove the debris after an incu-
bation overnight (this medium was subse-
quently filtered through a 0.2-µm filter and was
added to the cultures). The cultures were main-
tained at 37°C in 5% CO2 and were provided
with fresh media every 4–6 days. Some scat-
tered pericytes were removed by weeding [Yan
et al., 1996] before day 5 in culture. Early
passage cells were frozen for later use. Cells
from passages 3–6 were used for experiments.

For isolation of bovine retinal pericytes, the
digestion with 0.3% collagenase/dispase was
increased to 2–3 h, and the tissue fragments
were filtered through a 40-µm nylon sieve. The
filtrate (containing released cells) was col-
lected, washed twice with DMEM containing
10% FBS, resuspended in 10% FBS/DMEM,
and plated onto plastic dishes for an incubation
overnight. Dishes were rinsed several times to
remove debris and unattached cells; cell growth
was achieved in 10% FBS in DMEM. No capil-
lary fragments were observed in these prepara-
tions because only individual cells were at-
tached to the dishes. After 1.5–2 weeks in
culture, primary cultures of pure pericytes were
apparent. Occasionally, a few smooth muscle
cell colonies appeared in the pericyte cultures;
these cells were removed by weeding [Yan et al.,
1996]. By 2–3 weeks, confluent pericytes were
harvested and frozen for later use.

Immunocytochemistry

The EC and pericyte cultures were fixed in
100% methanol for 10 min at 4°C, washed with
phosphate-buffered saline (PBS), and incu-
bated with 10% normal goat serum for 2 h.
Subsequently, they were exposed to primary
antibodies in a humid chamber for 2 h at room
temperature: rabbit anti-human von Wille-
brand factor (vWF; 1:200 dilution of a 5.4 g/l-
stock solution; DAKO, Carpenteria, CA), mono-
clonal mouse anti-a-smooth muscle actin (1:800
dilution of an 8.1-mg/ml stock solution; Sigma),
polyclonal rabbit anti-human glial fibrillary
acidic protein (GFAP; 1:1,000 dilution of an
8.7-mg/ml stock solution; BioMaker, Rehovot,
Israel). Negative controls included replacement
of primary antibodies by normal mouse IgG1 or
PBS. After several washes in PBS, we added
secondary antibodies conjugated with Texas Red

or fluorescein isothiocyanate at a dilution of
1:200 (Sigma). Slides were mounted in 80%
glycerol and were photographed with a Nikon
fluorescence microscope. For the uptake of fluo-
resceinated, acetylated low-density lipoprotein
(DiI-ac-LDL; Biomedical Technologies, Stough-
ton, MA), cells were incubated 4 h at 37°C in
culture medium containing 5 µg/ml DiI-Ac-
LDL, fixed in 2% paraformaldehyde, and
mounted in glycerol prior to photography.

Cell Culture Conditions for Study of Apoptosis

Retinal microvascular EC were grown and
maintained in DMEM containing 10% FBS, in
the absence of retinal extract and heparin, in a
humid atmosphere of 5% CO2 at 37°C for 1–2
days prior to the experiments. Cells were de-
tached by a rinse with Ca12/Mg12-free PBS
(Sigma) followed by exposure to 0.05% trypsin-
0.02% EDTA (Gibco, Grand Island, NY). De-
tached cells were resuspended in DMEM con-
taining 10% FBS and antibiotics and were
plated on FN-coated dishes or wells for 24–48 h
(all cells were attached and spread within this
interval). Subsequently, the culture medium
was changed to 2% FBS/DMEM containing dif-
ferent concentrations of TGF-b1 (R&D Sys-
tems, Minneapolis, MN) or 2% FBS/DMEM
alone for 24–48 h. Pericytes plated on plastic
wells were treated identically.

DNA Synthesis Assay

Cells were palted in 24-well plates at a den-
sity of 2 3 104 EC or 1 3 104 pericytes/well in
10% FBS in DMEM and were grown for 48 h.
The culture medium was changed to 2% FBS in
DMEM, and TGF-b1 was added subsequently.
Control cultures were grown in DMEM contain-
ing 2% FBS only. Cultures were incubated for
48 h and were exposed to 2 Ci/ml [methyl-3H]-
thymidine (81.3 Ci/mmol, 1 mCi/ml; New En-
gland Nuclear, Boston, MA) for the last 4 h.
They were washed three times with PBS, incu-
bated in ice-cold 10% trichloroacetic acid for 1
h, washed twice with anhydrous ethanol at
220°C, and air-dried. Three hundred microli-
ters of NaOH (0.2N) were added to each well
for 30 min at 68°C. The counts per minute
(cpm) incorporated into DNA were quantified
by liquid scintillation counting in 3 ml Ecolume
(ICN, Irvine, CA).
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Cell Viability Assays

Determination of cell viability was done by a
trypan blue exclusion assay. Cells were plated
and treated as described above. Attached cells
were treated with trypsin, resuspended, and
incubated with trypan blue dye for 2–5 min.
Live cells were counted by hemacytometer.

Blocking experiments were performed on reti-
nal EC plated on FN-coated 48-well plates in
DMEM containing 10% FBS for 48 h. The me-
dium was changed to DMEM with either 2% or
5% FBS. TGF-b1 (2 ng/ml) or TGF-b1 (2 ng/ml)
1 anti-TGF-b neutralizing antibody (R&D Sys-
tems; 7 µg/ml) was added simultaneously to
different wells. Control wells contained DMEM
with 2% or 5% FBS only. After a 24-h incuba-
tion, a cell viability assay was performed, as
described above.

Double-Staining With ApopTag and Hoechst
33258 Dye

EC in 2% FBS/DMEM were incubated on
FN-coated, 35-mm dishes for 24 h in the pres-
ence or absence of TGF-b1 (4 ng/ml). Cells were
fixed with 2% paraformaldehyde in PBS and
were rendered permeable with 0.5% Nonidet
P-40 (NP-40) for 5 min. The cells were next
incubated with digoxigenin-dUTP terminal di-
oxynucleotide transferase and were subse-
quently labeled with fluorescein-conjugated an-
tibody to digoxigenin, according to the
manufacture’s protocol (ApopTag plus, In Situ
Apoptosis Detection Kit, Oncor, Gaithersburg,
MD). Morphological changes in the nuclear chro-
matin of cells undergoing apoptosis were also
detected by a counterstain with Hoechst 33258
flurochrome (4 µg/ml in distilled water; Molecu-
lar Probes Inc., Eugene, OR) for 10 min at room
temperature. The slides were mounted with
80% glycerol and were photographed under a
Nikon fluorescence microscope. Detached cells
in TGF-b1-treated dishes were collected, pel-
leted, fixed in 2% paraformaldehyde for 20 min,
and washed with PBS. The cells were resus-
pended in PBS at 106 cells/100 µl, 200 µl of
which was pipetted onto one of several slides.
The cells were stained with ApopTag and
Hoechst 33258 as described above and were
photographed.

Gel Analysis of DNA Fragmentation

Cultured retinal EC were collected with a cell
scraper, centrifuged (500g, 5 min), and washed

with cold PBS. The cell pellet was resuspended
in lysis buffer (10 mM Tris-HCl, 10 mM ethyl-
enediaminetetraacetic acid [EDTA], 0.2% Tri-
ton X-100, pH 7.5). After a 30-min incubation
on ice, the lysate was centrifuged at 13,000g for
20 min at 4°C. The supernate was collected and
incubated with RNAase A (50 µg/ml) for 30 min
at 37°C. DNA was purified by phenol-chloro-
form extraction and by precipitation at 270°C
for 24 h after addition of 2 volumes of ice-cold
ethanol and 1/10 volume of 3 M sodium acetate
(pH 5.3). The DNA was subsequently washed
with cold 70% ethanol, air-dried, and dissolved
in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH
7.5). The sample was resolved by electrophore-
sis in a 1.5% agarose gel. DNA was visualized
by staining with ethidium bromide (0.5 µg/ml),
and the gel was photographed under ultraviolet
light with a Polaroid camera.

Western Blot Analyses

Cells were lysed in a NP-40 buffer (0.5%
NP-40, 10% glycerol, 1 mM dithiothreitol [DTT],
2.5 mM ethylene glycol bis [(b-aminoethyl
ether)-tetraacetate (EGTA)], 5 mM EDTA, 150
mM NaCl, 50 mM Hepes, [pH 7.4], (1 mM NaF,
and 0.5 mM Na vanadate) containing a com-
plete protease inhibitor cocktail (Boehringer
Mannheim Biochemical). Protein concentra-
tions were determined by a Bradford assay
(Pierce Chemical Co., Rockford, IL) with bovine
serum albumin as a standard. Cell lysates (20
µg protein) were solubilized in sodium dodecyl
sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and were heated for
5 min at 100°C with 50 mM DTT. Proteins were
resolved by SDS-PAGE on 4/15% polyacryl-
amide minigels and were electrotransferred onto
nitrocellulose membranes (0.45-µm pore size).
The blots were stained with 0.1% amido black
(in 10% acetic acid and 20% methanol) to verify
equal loading and transfer efficiency. Blots were
blocked with 5% nonfat dry milk in PBS contain-
ing 0.05% Tween 20 overnight at 4°C and were
probed with 1 µg/ml mouse anti-human p53
monoclonal antibody (Pharmingen, San Diego,
CA) and 1 µg/ml mouse anti-human WAF1(ab-1)
monoclonal antibody (Oncogene Research Prod-
uct, Cambridge, MA) for 2 h at room tempera-
ture. After several washes in PBS with 0.05%
Tween 20, signals were detected by horseradish
peroxidase-conjugated secondary goat anti-
mouse antibody at a dilution of 1:2,000 (Bio-
Rad Laboratories, Richmond, CA) for 45 min at
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room temperature.After extensive washes, elec-
trochemical luminescence was developed (Am-
ersham, Arlington Heights, IL). Blots were ex-
posed to RP X-Omat film (Eastman Kodak,
Rochester, NY). The blot was stripped with
stripping buffer (100 mM b-mercaptoethanol,
62.5 mM Tris-HCl, pH 6.8, and 2% w/v SDS),
and anti-enolase IgG (a gift from Dr. Lindsay
Miles, The Scripps Institute and Research Foun-
dation, La Jolla, CA) was used to reprobe the
blot as an internal control.

RESULTS
Characterization of Cultured Retinal EC

and Pericytes

The morphology and phenotypic characteris-
tics of the retinal EC and pericytes used in this
study are shown in Figure 1. Retinal EC exhib-
ited a cobblestonelike, contact-inhibited mono-
layer (Fig. 1A). These cells were identified as
endothelial by the uptake of DiI-ac-LDL, by
reactivity with an antibody against vWF, and

by the absence of labeling with anti-smooth
muscle alpha-actin IgG (Fig. 1B, C, D, respec-
tively). In contrast, pericytes exhibited an ir-
regular morphology (Fig. 1E), characterized by
a multilayered growth pattern without the ‘‘hill
and valley’’ overgrowth typical of vascular
smooth muscle cells. Moreover, these cells ex-
pressed smooth muscle alpha-actin (Fig. 1F)
but neither GFAP (a marker for astrocytes) nor
the EC markers noted above (data not shown).

Effect of TGF-b1 on Cell Proliferation
and Viability

After approximately 20 h of culture in the
presence of TGF-b1, we observed a significant
number of detached retinal EC. 3H-thymidine
incorporation assays indicated that TGF-b1 in-
hibited DNA synthesis of EC in a concentration-
dependent manner (Fig. 2A). We examined cell
viability by trypan blue assay and found that
the number of live cells was decreased signifi-
cantly as a function of increasing concentration

Fig. 1. Characterization of cultured retinal capillary endothe-
lial cells (EC) and pericytes. A: A confluent, contact-inhibited
monolayer of EC at passage 3 (phase-contrast photograph).
B: Binding and internalization of DiI-ac-LDL by cultured EC (4 h
incubation). C: Monolayer of EC labeled for von Willebrand
factor (vWF) by anti-vWF IgG in conjunction with the avidin-
biotin-peroxidase technique. D: Retinal EC incubated with anti-

smooth muscle a-actin IgG show no reactivity, whereas peri-
cytes exhibited smooth muscle a-actin fibers throughout the
cytoplasm (arrow). E: Pericytes in subconfluent culture exhibit
irregular morphology at passage 2 (phase-contrast photograph).
F: Pericytes express smooth muscle a-actin IgG. Magnification
3100.
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of TGF-b1 (Fig. 2B), in agreement with the data
shown in Figure 2A. Decreases in both DNA
synthesis and cell numbers were likely due to
(1) temporary arrest of the cell cycle or (2)
induction of cell death (possibly apoptosis). A
TGF-b1-blocking experiment was performed
first to ensure that the observed effects on EC
were indeed due to TGF-b1. Retinal EC were
grown for 24 h on FN-coated wells in DMEM
with 10% FBS for 24 h; subsequently, the con-
centration of FBS was reduced to 2%, and
TGF-b1 and TGF-b1 plus anti-TGF-b1 neutral-
izing antibody were added to different wells. As
shown in Figure 3, the anti-TGF-b1 antibody
abrogated cell death because cell numbers in
the presence of the antibody were nearly identi-
cal to those of control cells, and their morphol-
ogy was similar to that of control cells (data not
shown). The experiment was also repeated in
5% FBS, with identical results (not shown).

In contrast, no detached cells were observed
in pericyte cultures after the addition of TGF-b1
(up to 10 ng/ml for 2 days). Incorporation of
3H-thymidine by pericytes was decreased in a
concentration-dependent manner after a 48-h
incubation with TGF-b1 (Fig. 4A). However,
simultaneous experiments showed no signifi-
cant change in cell number as a function of
increasing concentration of TGF-b1 (Fig. 4B).
The data indicate that DNA synthesis in peri-
cytes was inhibited by TGF-b1, without appre-
ciable changes in cell number over a period of
48 h. These results contrast sharply with those
observed for EC. However, after prolonged peri-
ods of culture in the presence of TGF-b1 (1
week), decreases in pericyte cell number were
seen (not shown).

TGF-b1-Induced Cell Death Occurs
by Apoptosis

After retinal endothelial monolayers were in-
cubated with TGF-b1 for 20 h, many cells exhib-
ited shrinkage, nuclear and cytoplasmic conden-
sation, membrane blebbing, and loss of cell–cell
contact. Subsequently, the cells began to break
apart into small apoptotic bodies, became de-
tached, and floated in culture dishes (Fig. 5). To
observe the condensed and fragmented nuclei
and to identify potentially apoptotic cells, we
performed double labeling with Hoechst 33258
dye and ApopTag reagent (Fig. 6). The images
show Hoechst staining on control cells (Fig.
6A), TGF-b1-treated cells (Fig. 6B), and de-
tached cells after TGF-b1 treatment (Fig. 6C).

ApopTag labeling of the same fields is shown in
Figure 6a–c. Arrows in (Fig. 6B) indicate the
brightly staining, fragmented nuclei that were
also labeled with the ApopTag reagent (Fig. 6b).
These profiles were not seen in control cells
(Fig. 6A,a). Anti-TGF-b1 neutralizing antibody
blocked the cell fragmentation induced by
TGF-b1 (not shown). Detached floating cells
collected from the cultures that had been incu-
bated with TGF-b1 are shown in Figure 6C. All
the detached cells exhibited fragmented and
condensed nuclei (Fig. 6C) and were stained
with ApopTag (Fig. 6c). Few intact nuclei were
observed in the collected detached cells. Analy-
sis of DNA from TGF-b1-treated EC demon-

Fig. 2. Effect of TGF-b1 on retinal EC: DNA synthesis and cell
proliferation. Retinal EC (2 3 104) were incubated in 10%
FBS/DMEM for 48 h. Subsequently, media were changed to 2%
FBS in DMEM containing TGF-b1 (0, 1, 10, 100, 1,000, or
10,000 pg/ml) for 48 h. Cells were pulsed during the last 4 h
with 3H-thymidine at 2 µCi/ml (A) or were counted as trypan
blue-negative cells by hemacytometer. (B) Data are mean 6

S.D.; values were normalized to control counts or to counts per
minute incorporated by controls cultured in 2% FBS/DMEM
without TGF-b1.
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strated fragmentation of chromatin into nucleo-
somal ladders (Fig. 7). These data were
indicative of apoptosis, or programmed cell
death, in retinal EC.

Interestingly, not all of the retinal EC were
sensitive to TGF-b1-induced apoptosis. We re-
moved the detached apoptotic cells and the
apoptotic cells that were rounded but still at-
tached to the substrate. The remaining at-
tached EC were incubated with Hoechst 33258
dye and ApopTag reagent. Almost all the re-
maining cells showed intact nuclei and were
not labeled by ApopTag. Thus, this population
appeared to be resistant to TGF-b1-mediated
apoptosis (Fig. 5C). Moreover, these cells exhib-
ited a change in morphology after exposure to
TGF-b1 in the presence of 2% FBS. Despite a
more elongate shape in comparison with the
shape of untreated retinal EC, they lacked
smooth muscle a-actin and exhibited uptake of
DiI-ac-LDL (data not shown).

Although some retinal EC with apoptotic mor-
phology were found in control cultures (likely a
consequence of the decrease in FBS from 10% to
2%), the number was insignificant when com-
pared with that seen in cultures treated with
TGF-b1.

Expression of p53 and p21waf1/cip1 Proteins in EC
and Pericytes

To determine whether the apoptosis induced
by TGF-b1 was associated with changes in the

expression of p53 and/or p21waf1/cip1, we made
cell extracts from either control or TGF-b1-
treated EC. Detached cells (TGF-b1 apoptosis-
sensitive cells) and attached cells (TGF-b1 apop-
tosis-resistant cells) from TGF-b1-treated
cultures were analyzed separately. Monoclonal
antibodies against p53 and p21waf1/cip1 were used
simultaneously on the same nitrocellulose blot.
The apoptotic EC exhibited increased expres-
sion of p53 protein when compared with that of
attached cells and/or untreated control cells
(160% over control) (Fig. 8A). Attached cells
contained similar levels of p53 in comparison

Fig. 3. Anti-TGF-b1 neutralizing antibody blocks the inhibi-
tory effect on EC proliferation induced by TGF-b1. Retinal EC
were plated in 48-well culture plates coated with fibronectin.
After adherence, cells received 2% FBS/DMEM (control); TGF-b1
(2 ng/ml) in 2% FBS/DMEM; or TGF-b1 (2 ng/ml) 1 anti-TGF-b1
neutralizing antibody (7 µg/ml) in 2% FBS/DMEM. After 24 h,
live cells were counted by hemacytometer. Data are mean 6

S.D.

Fig. 4. Effect of TGF-b1 on DNA synthesis and cell prolifera-
tion in retinal pericytes. Retinal pericytes (1 3 104) were incu-
bated in 10% FBS/DMEM for 24 h. Subsequently, media were
changed to 2% FBS in DMEM containing TGF-b1 (0, 1, 10, 100,
1,000, or 10,000 pg/ml). After an incubation of 48 h, cells were
pulsed for the last 4 h with 3H-thymidine at 2 µCi/ml (A) or were
counted by hemacytometer (B). Data are mean 6 S.D.
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with those of the control cells. Interestingly,
p21waf1/cip1 was decreased significantly in apop-
totic detached cells in comparison with control
cells and/or attached cells (5.5% of control).
However, the attached cells expressed essen-
tially the same amount of p21waf1/cip1 as control
cells. Staining with amido black (not shown)
and immunoblotting with anti-enolase IgG (Fig.
8A) confirmed nearly equal loading of cell-
extract protein (20 µg/lane).

The same experiments were performed with
pericytes (Fig. 8B). The p53 and p21waf1/cip1 pro-

teins remained relatively unchanged between
the control (untreated) and TGF-b1 (2 and 7
ng/ml, respectively)-treated samples. The pro-
tein p21waf1/cip1 was barely detectable and p53
was relatively low in comparison with the level
shown in EC. Probing with anti-enolase IgG
showed nearly equal loading of all the samples
(20 µg/lane).

DISCUSSION

Retinal microvascular EC are unique among
vascular endothelia [Schor and Schor, 1986;
Thieme et al., 1995], because they are subject to
regulation by (a) the various cytokines, extracel-
lular matrix components, and matricellular pro-
teins produced by retinal cells (including neu-
rons) [Tanihara et al., 1997; Yan et al., 1998];
(b) interactions with pericytes, astrocytes, and
Muller cells [Jiang et al., 1995; Puro, 1995]; and
(c) local changes in oxygen [Chan-Ling et al.,
1995]. Although the propagation of pure cul-
tures of retinal micovascular EC in vitro has
been difficult, these cells, isolated successfully
from several species, have been studied with
respect to their biochemical properties, interac-
tion with cells such as pericytes and astrocytes,
and responses to exogenous factors and matrix
proteins, all of which contribute to the process
of retinal neovascularization.

In the present report, we have demonstrated
that TGF-b1 induces apoptotic cell death in
cultured retinal EC, but not in retinal peri-
cytes. Apoptosis is obvious in retinal EC after
20 h of incubation with exogenous TGF-b1 as a
function of concentration. Because serum depri-
vation induces endothelial apoptosis [Araki et
al., 1990a,b], we attempted to minimize this
effect by performing our experiments in 2%
FBS, in which both retinal EC and pericytes
are viable. The extent of cell death in 2% versus
10% FBS was insignificant in comparison with
that observed in the TGF-b1-treated cells. We
also found that the degree of apoptosis induced
by TGF-b1 was slightly lower in 5% versus 2%
FBS. This result indicates that the apoptosis
we described is not due to serum deprivation,
although serum may in part compensate for
some of the apoptotic effects induced by TGF-b1.

Our data also show that TGF-b1 inhibited
3H-thymidine incorporation in both retinal EC
and pericytes. The mechanism of TGF-b-in-
duced antiproliferation is not fully understood,
but for many cell types it is clear that TGF-b1
causes growth arrest in the G1 phase of the cell

Fig. 5. Changes in morphology of retinal EC after treatment
with TGF-b1. A: EC in 2% FBS/DMEM for 24 h. B: Cells treated
for 24 h with 4 ng/ml TGF-b1 in 2% FBS/DMEM. C: TGF-b1
nonapoptotic EC: cells were treated for 24 h with 4 ng/ml
TGF-b1 in 2% FBS/DMEM. Detached cells and cells that were
rounded but partly attached were removed by several washes.
Arrows indicate elongated cells that have lost their typical
cobblestone morphology. Magnification 3110.

TGF-b1 Induces Retinal Endothelial Apoptosis 77



cycle [Massague, 1990; Sporn and Roberts,
1992]. This arrest is due in part to the regula-
tion of G1 cyclins/cyclin-dependent kinases by
induction of their inhibitors p21waf1/cip1, p27Kip1,
p16, and p15INK4B, and by the reduction of c-myc
[Ewen et al., 1993; Geng and Weinberg, 1993;
Koff et al., 1993]. Another target gene for the
growth-inhibitory activity of TGF-b1 is p53 [Su-
zuki et al., 1992; Raynal et al., 1994; Landes-
man et al., 1997]. We investigated whether p53
and p21waf1/cip1 were involved in the regulation
of retinal endothelial apoptosis for the follow-
ing reasons: (1) both proteins are involved in
growth inhibition; (2) p53 mediates some, but
not all, forms of apoptosis [Clarke et al., 1994;

Strasser et al., 1994]; (3) some forms of p53-
induced apoptosis are associated with increased
expression of p21waf1/cip1 [El-Deiry et al., 1993;
Harper et al., 1993; Xiong et al., 1993]; and (4)
p21waf1/cip1 can block apoptosis during cell differ-
entiation [Shi et al., 1994; Wang and Walsh,
1996].

Retinal EC were not uniformly sensitive to
TGF-b1-mediated apoptotic cell death. In the
presence of 2 ng/ml TGF-b1 in 2% FBS/DMEM,
approximately 30% of the cells were apoptotic.
The TGF-b1-sensitive cells (detached) exhib-
ited significantly reduced levels of p21waf1/cip1; in
contrast, elevated levels of p21waf1/cip1 were found
in the TGF-b1-resistant cells (attached) in com-

Fig. 6. TGF-b1 induces DNA fragmentation in retinal EC. A: Control EC in 2% FBS/DMEM for 24 h. B: EC treated
with TGF-b1 (4 ng/ml) in 2% FBS/DMEM for 24 h. C: Detached cells (B) were collected, pelleted, and spread on
slides. DNA was stained with Hoechst 33258 fluorochrome (A–C). The fluorescence micrographs show condensed
and fragmented apoptotic cell nuclei (arrows in B and C). a–c: ApopTag staining of the same fields shown in A–C.
Arrows in b and c indicate apoptotic cells that correspond to the fragmented DNA detected by the Hoechst 33258 dye
in B and C. Magnification 3210.
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parison with the levels found in the detached
cells (Fig. 8A). Thus, induction of p21waf1/cip1

appears to be correlated with a resistance to
TGF-b1-mediated apoptosis in retinal EC. It is
also possible that, in the presence of TGF-b1,
p21waf1/cip1 protects EC that are growth-arrested
from cell death. In fact, this hypothesis appears
to be valid for myocyte differentiation in low
serum [Wang and Walsh, 1996], and similar
observations have been reported in other cell
types in vitro [Shi et al., 1994; Poluha et al.,
1996]. The change in morphology that we ob-
served in the apoptosis-resistant EC cultured
in TGF-b1 was in fact reminiscent of studies by
Arciniegas et al. [1992], who found that TGF-b1
promoted the differentiation of EC into smooth
muscle-like cells in vitro.

The p53 protein is a sequence-specific DNA-
binding protein that acts as a transcription
factor, and the gene encoding p21waf1/cip1 con-
tains a p53-responsive element. Exposure of
cells to ionizing radiation or to DNA-damaging
agents results in the accumulation of high lev-
els of p53 protein and in the subsequent stimu-
lation of p21waf1/cip1 and cell cycle arrest, presum-
ably for repair of the damaged DNA or for

Fig. 7. Electrophoresis of DNA from control and TGF-b1-
treated retinal EC. Retinal EC were incubated in 4 ng/ml of
TGF-b1 for 24 h or in 2% FBS/DMEM alone (control) for 24 h.
DNA was extracted from treated cells and was resolved by
electrophoresis on a 1.5% agarose gel. DNA bands were visual-
ized by staining with ethidium bromide. Lane 1: DNA standards
(bp). Lane 2: Control cells, DNA extract. Lane 3: TGF-b1-treated
cells, DNA extract.

Fig. 8. Expression of p21waf1/cip1 and p53 by retinal EC and
pericytes in response to TGF-b1. Twenty micrograms of protein
per lane, extracted from EC or pericytes 24 or 48 h after addition
of TGF-b1, were resolved by SDS-PAGE. Immunoblotting was
performed subsequently with anti-WAF1 (p21) and anti-p53
antibodies, followed by appropriate secondary antibodies. The
blot was stripped and reprobed with an anti-enolase antibody as
an internal control. A: EC. Lane 1: Control (2% FBS/DMEM).
Lane 2: TGF-b1 (2 ng/ml, attached cells). Lane 3: TGF-b1 (2
ng/ml, detached cells). B: Pericytes. Lane 4: Control (2% FBS/
DMEM, 48 h). Lane 5: TGF-b1 (2 ng/ml, 48 h). Lane 6: TGF-b1
(7 ng/ml, 48 h). T, TGF-b1. Histogram below A and B shows
results of scanning densitometry of p53 and p21waf1/cip1. The
data shown are representative of three experiments. Data were
normalized to the internal loading control (enolase) and were
plotted relative to p53 and p21waf1/cip1 levels in control (un-
treated) samples.
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apoptosis. In contrast, TGF-b1 can effect rapid
transcriptional induction of p21waf1/cip1 through
a p53-independent pathway [Datto et al., 1995].
Nevertheless, p53 does appear to mediate
growth inhibition induced by TGF-b1 [Reiss et
al., 1993; Mogi et al., 1994; Raynal et al., 1994;
Ewen et al., 1995], e.g., TGF-b1 controls the
intracellular localization in addition to the phos-
phorylation pattern and the stability of p53
protein [Suzuki et al., 1992; Landesman et al.,
1997]. Thus, both p53 and p21waf1/cip1 partici-
pate in one or more pathways that transduce
signals via TGF-b1 receptors. It has been shown
that proliferating cells that subsequently be-
came apoptotic exhibited an induction of p53
followed by an increase in p21waf1/cip1 [Symonds
et al., 1994; Boudreau et al., 1996; Stromblad et
al., 1996; Gansauge et al., 1997]. The induction
of apoptosis could result from concomitant but
conflicting signals, such as stimulation of DNA
synthesis and growth arrest [Stromblad et al.,
1996]. In our experimental system, however,
the retinal cells are for the most part growth-
inhibited, and the accumulation of p53 was not
associated with activation of p21waf1/cip1 in cells
undergoing TGF-b1-mediated apoptosis. There-
fore, p53 may regulate apoptosis in these cells
through a stimulation of bax and a diminution
of the bcl-2 pathway because p53 is a transcrip-
tional repressor of bcl-2 and an activator of bax
[Miyashita et al., 1994a,b]. Alternatively, p53 may
affect regulators other than p21waf1/cip1, bcl-2, or
bax. Because there are no anti-bcl-2 antibodies
that crossreact with the bovine protein, we were
unable to determine the bcl-2:bax ratio in reti-
nal cells exhibiting elevated levels of p53.

Other functions of TGF-b1 may also contrib-
ute to the apoptotic response that we observed.
For example, interactions between cells and
extracellular matrix proteins are critical for
cell survival [Meredith et al., 1993; Frisch and
Francis, 1994; Boudreau et al., 1995], and
TGF-b1 regulates deposition and degradation
of matrix proteins and integrin expression on
EC [Lyons and Moses, 1990; Massague, 1990].
Therefore, detachment of retinal EC may be
due in part to changes in extracellular matrix
mediated by TGF-b1. The distribution of
TGF-b1 receptors on retinal capillary EC should
also be considered. Expression of TGF-b recep-
tors (type I, type II, and betaglycan) is constitu-

tive in most cell types [Massague, 1992], and
types I and II have been identified as signaling
receptors for TGF-b1. A recent report has indi-
cated that the type II receptor mediates the
antiproliferative effect, whereas the type I recep-
tor is responsible for the matrix-biosynthetic
response of EC to TGF-b1 [Sankar et al., 1996].
Determination of both the levels and types of
TGF-b1 receptors on retinal EC will provide
valuable insight into the apoptotic effect de-
scribed in the present report.

One of the unique features of retinal capillar-
ies is the unusually high ratio (1:1) of pericytes
to EC [Kohner et al., 1991]. Both their proxim-
ity and interactive capabilities predict func-
tional, intercellular regulation. When we inves-
tigated the proliferative response of pericytes
to TGF-b1, we found that proliferation was
inhibited by TGF-b1 but that pericytes were
resistant to TGF-b1-mediated apoptosis. This
result may be due in part to the lack of response
of the p53 and p21waf1/cip1 genes to TGF-b1 in
pericytes. Furthermore, p53 and p21waf1/cip1 do
not appear to be critical for the inhibition of
pericyte cell growth by TGF-b1.

In the present study, we have shown that
retinal microvascular EC undergo a pro-
grammed cell death in response to TGF-b1. The
mechanisms underlying this phenomenon likely
involve multiple pathways, one of which is asso-
ciated with decreased levels of the cyclin-
dependent kinase inhibitor p21waf1/cip1. The in-
duction of retinal endothelial apoptosis by
TGF-b1 could lead to the regression of retinal
neovascular capillaries and could therefore form
the basis for potential therapeutic strategies
for neovascular retinopathy.
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