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Thrombospondin-1 is an extracellular matrix protein
that inhibits endothelial cell proliferation, migration,
and angiogenesis. This study was performed to inves-
tigate the role of thrombospondin-1 in ischemic reti-
nal neovascularization. In a murine model of retinal
neovascularization, thrombospondin-1 mRNA was in-
creased from postnatal day 13 (P13), with a threefold
peak response observed on P15, corresponding to the
time of development of retinal neovascularization.
Prominent expression of thrombospondin-1 was ob-
served in neovascular cells, specifically, cells adja-
cent to the area of nonperfusion. It has been sug-
gested that vascular endothelial growth factor (VEGF)
plays a major role in ischemia-induced retinal neo-
vascularization of this model, so we studied the ef-
fects of VEGF on thrombospondin-1 expression. In
bovine retinal microcapillary endothelial cells, VEGF
induced a biphasic response of thrombospondin-1
expression; VEGF decreased thrombospondin-1
mRNA 0.41-fold after 4 hours, whereas it increased,
with a threefold peak response, after 24 hours. VEGF-
induced endothelial cell proliferation was completely
inhibited by exogenous thrombospondin-1 and in-
creased by 37.5% with anti-thrombospondin-1 anti-
body. The present findings suggest that, in the isch-
emic retina, retinal neovascular cells increase
thrombospondin-1 expression, and VEGF may stimu-
late endogenous thrombospondin-1 induction, which
inhibits endothelial cell growth. VEGF-mediated
thrombospondin-1 induction in ischemia-induced an-
giogenesis may be a negative feedback mechanism.
(Am J Patbhol 1999, 154:343-354)

Pathological growth of new blood vessels is characteris-
tic of most eye diseases that cause catastrophic loss of
vision, such as diabetic retinopathy, central retinal vein
occlusion, retinopathy of prematurity, and age-related
macular degeneration. One primary stimulus for ocular
neovascularization is hypoxia, and recent studies have
implicated vascular endothelial growth factor (VEGF)'3
as a mediator of such ocular neovascular diseases. Sup-
pression of VEGF has been shown to inhibit neovascu-
larization in animal models of retinal ischemia.*~® VEGF

itself is able to produce many of the vascular abnormal-
ities common to diabetic retinopathy and other ischemic
retinopathies,” and levels of VEGF are elevated in pa-
tients with active ocular neovascularization.®~""

Thrombospondin-1 (TSP-1) is an extracellular matrix pro-
tein described initially as a major component of platelet
a-granules and that functions in aggregation and clot for-
mation.' TSP-1, which is secreted by numerous cell types,
including endothelial cells, fibroblasts, macrophages, and
smooth muscle cells,’®'” enhances the growth of smooth
muscle cells and fibroblasts, '® 22 whereas it inhibits endo-
thelial cell proliferation, migration, and angiogenesis in vitro
and in vivo.2®3" Although TSP-1 seems to promote sub-
strate adhesion of a variety of cells,**73¢ it reduces focal
adhesion of endothelial cells and fibroblasts.®*3” TSP-1
binds to and activates transforming growth factor (TGF)-
B1383° and exhibits increased expression in response to
serum, platelet-derived growth factor, basic fibroblast
growth factor, and TGF-B1.184°9~42 The kinetics of induction
of TSP-1 by platelet-derived growth factor are similar to
those of other inducible, immediate early response
genes.*4243 The p53 tumor suppressor gene regulates
the expression of TSP-1.4* These features are consistent
with a role for TSP-1 in the regulation of cell cycle progres-
sion. Although regulation of TSP-1 in vascular wound heal-
ing'” and tumor-induced angiogenesis***€ has been stud-
ied, the regulation of TSP-1 in VEGF- and hypoxia-induced
neovascularization has not (to our knowledge) been inves-
tigated.

In the study described herein, we investigated the
expression of TSP-1 in a mouse model of ischemia-
induced retinal neovascularization, and determined
whether VEGF regulates TSP-1 expression in bovine ret-
inal microcapillary endothelial cells.

Materials and Methods

Materials

VEGF was purchased from Genzyme (Cambridge, MA).
Anti-human TSP-1 antibody was obtained from Athens
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Research and Technology (Athens, GA). Plasma-derived
horse serum (PDHS) and 10% calf serum were obtained
from Wheaton (Pipersville, PA) and Gibco BRL (Gaithers-
burg, MD), respectively.3® P-dATP was obtained from
Amersham (Buckinghamshire, UK). TSP-1, fibronectin,
sodium pyrophosphate, sodium fluoride, sodium or-
thovanadate, aprotinin, leupeptin, and phenylmethylsul-
fonyl fluoride were obtained from Sigma Chemical Co.
(St. Louis, MO). Restriction enzymes were obtained from
TaKaRa Biomedicals (Tokyo, Japan). Other chemicals
were of analytical grade and were purchased from
Sigma.

Animal Model

The study adhered to the ARVO Standards for the Use of
Animals in Ophthalmic and Vision Research. To produce
ischemia-induced retinal neovascularization, litters of
7-day-old (postnatal day 7, P7) C57BL/6J mice and their
nursing mothers were exposed to 75 = 2% oxygen for 5
days and then returned to ambient air at age P12 as
described.*”*® Mice of the same age maintained in am-
bient air served as controls. After sacrifice and enucle-
ation, flat-mounted, fluorescein-conjugated dextran-per-
fused retinas were examined to assess the retinal
vasculature.*® As in previous studies,*”*® examination of
the flat-mounted, fluorescein-conjugated dextran-per-
fused retinas and hematoxylin and eosin (H&E)-stained
sections of tissue obtained after 5 days of hypoxia
showed neovascular tufts, particularly in the mid-periph-
ery, extending above the internal limiting membrane into
the vitreous. These neovascular tufts were most promi-
nent on P17 to P19, but after P23 the neovascularization
regressed, and the vascular pattern normalized by P26.

Tissue Preparation

Mice at different time points (P12 immediately after return
to room air, P13, P15, P17, P19, P21, P23, and P26; n =
3 for each time point) were deeply anesthetized with
pentobarbital sodium (100 mg/kg) and sacrificed by car-
diac perfusion with 4% paraformaldehyde in phosphate-
buffered saline. Eyes were enucleated and fixed in 4%
paraformaldehyde at 4°C overnight and embedded in
paraffin. Serial sections (5 wm) of the whole eyes were
placed on microscope slides, and the slides were stored
at 4°C. Several slides from each eye were also stained
with H&E to assess the retinal vasculature.

In Situ Hybridization

Human TSP-12 and mouse TSP-2 cDNA®° were obtained
from the American Type Culture Collection (Rockville,
MD). A TSP-1 cDNA fragment corresponding to 693 nu-
cleotides encoding amino acids 149 to 379 and a TSP-2
cDNA fragment corresponding to 633 nucleotides en-
coding amino acids 201 to 411 were subcloned into the
pBluescript Il vector (Stratagene, La Jolla, CA). Sense
and antisense RNA probes were transcribed in vitro from
the linearized plasmid by the use of digoxigenin-labeled

UTP and T7 or T3 RNA polymerase, according to the
manufacturer's manual (DIG RNA labeling kit SP6/T7,
Boehringer Mannheim, Indianapolis, IN). The probes
were reduced in size by alkaline treatment to an average
of 150 bp.®’

In situ hybridization was performed as previously de-
scribed,®? with minor modification. All incubation steps
were performed in a moist chamber, and all of the buffers
and glassware used for the detection of mMRNA had been
made RNAse-free. Paraffin was removed from the sec-
tions with xylene, and the sections were rehydrated
through a graded series of alcohol and then rinsed with
phosphate-buffered saline (PBS). They were immersed in
0.2 N HCI for 20 minutes and then incubated in protein-
ase K (10 ug/ml) for 15 minutes at 37°C. After washing in
PBS, the specimens were re-fixed in freshly prepared 4%
paraformaldehyde in PBS for 5 minutes and then im-
mersed two times (15 minutes each) in glycine (2 mg/ml)
in PBS. They were then immersed in 2X SSC/50% deion-
ized formamide. The specimens were incubated in the
hybridization mixture for 18 hours at 45°C. The composi-
tion of the hybridization mixture was as follows: 1 mg/ml
Escherichia coli tRNA, 20 mmol/L Tris/HCI buffer (pH 8.0),
10 mmol/L EDTA, 1X Denhardt’s solution, 300 mmol/L
NaCl, 50% deionized formamide, and 10% dextran sul-
fate. The final concentration of the probe was 250 ng/ml.
After hybridization, the specimens were treated as fol-
lows: 2X SSC/50% formamide for 1 hour at 45°C; 0.5
mol/L NaCl/10 mmol/L Tris/HCI buffer (pH 8.0), twice for 5
minutes each; RNAse (20 wg/ml) for 30 minutes at 37°C;
2X SSC/50% formamide for 1 hour at 45°C; 1X SSC/50%
formamide for 1 hour at 45°C; and 1X SSC/50% form-
amide for 1 hour at room temperature.

Immunological detection of hybridized probes was
performed as previously described®® using a nucleic
acid detection kit (Boehringer Mannheim). Alkaline-phos-
phatase-conjugated F(ab) fragments of anti-digoxigenin
antibody were applied overnight at 4°C. After develop-
ment of the color reagent, the specimens were fixed in
10% formalin for 20 minutes to avoid precipitation of
crystallized chromogenic substance. Finally, the slides
were dehydrated through a graded series of alcohol,
cleared with xylene, and coverslipped with xylene-based
permanent mounting medium.

Confocal Microscopy

For immunofluorescence analysis, all incubation steps
were performed in a moist chamber, and rinses were
performed by immersing slides in a PBS bath. Paraffin
was removed from the sections by treatment with xylene,
after which they were rehydrated through a graded series
of alcohol and rinsed with PBS. Each section was incu-
bated for 20 minutes with blocking reagent (Dako,
Glostrup, Denmark), incubated overnight at 4°C with anti-
TSP-1 antibody, and then washed for 30 minutes with
PBS. The sections were incubated for 30 minutes with
anti-rabbit IgG labeled with fluorescein isothiocyanate
(Dako), washed for 30 minutes with PBS, and cover-
slipped with VECTASHIELD with propidium iodide (Vec-



tor Laboratories, Burlingame, CA). Normal rabbit IgG
(Santa Cruz Biotechnology, Santa Cruz, CA) was used as
a negative control.

All specimens were examined with a Zeiss scanning
laser confocal microscope (LSM 410 invert laser scan
microscope, Zeiss, Oberkochen, Germany). Digitized im-
ages were captured by computer and stored on an op-
tical disk for subsequent display. Photographic images
were taken from the computer with a digital printer (Pic-
trography, Fuji Photo Film, Tokyo, Japan).

Cell Cultures

Primary cultures of bovine retinal endothelial cells
(BRECs) were isolated by homogenization and a series of
filtration steps as described previously.®*%® Primary
BRECs were grown on fibronectin-coated dishes (lwaki
Glass, Tokyo, Japan) containing Dulbecco’s modified Ea-
gle’s medium (DMEM) with 5.5 mmol/L glucose, 10%
PDHS, 50 mg/L heparin, and 50 U/L endothelial cell
growth factor (Boehringer Mannheim). The cells were
incubated at 37°C in 5% CO,; the medium was changed
every 3 days. Endothelial cell homogeneity was con-
firmed by immunoreactivity with anti-factor VIII antibod-
ies. After the cells reached confluence, the medium was
changed every 3 days, and cells from passages 3 to 10
were used for the experiments. Endothelial cell homoge-
neity and cellular characteristics, such as shape and
growth rate, were carefully observed and remained con-
stant through passage 15.

Hypoxia Studies

Confluent cell monolayers were exposed to 1 = 0.5%
oxygen using a water-jacketed mini-CO,/multigas incu-
bator with reduced oxygen control (model BL-40M, Ju-
jikagaku, Tokyo, Japan). All cells were maintained at
37°C in a constant 5% carbon dioxide atmosphere with
oxygen deficit induced by nitrogen replacement. Cells
cultured under these conditions showed no morphologi-
cal changes by light microscopy after exposures exceed-
ing 72 hours, excluded Trypan blue dye (>98%), and
could subsequently be passaged normally. Cells incu-
bated under standard normoxic conditions (95% air, 5%
CO,) from the same batch and passage were used as
controls.

Northern Blot Analysis

For the animal study, total RNA was isolated from mouse
retinas at different time points (10 retinas from five mice at
each time point: P12 immediately after return to room air,
P13, P15, P17, P19, P21, P23, and P26) using guanidium
thiocyanate. For the culture study, total RNA was isolated
from individual tissue culture dishes. Northern blot anal-
ysis was performed on 15 ug of total RNA after 1%
agarose/2 mol/L formaldehyde gel electrophoresis and
subsequent capillary transfer to Biodyne nylon mem-
branes (Pall BioSupport, East Hills, NY) and ultraviolet
cross-linking using a FUNA-UV-LINKER (FS-1500, Funa-
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koshi, Tokyo, Japan). Radioactive probes were gener-
ated using Amersham Megaprime labeling kits (Amer-
sham) and [32P]dATP. Blots were prehybridized,
hybridized, and washed in 0.5X SSC, 5% SDS at 65°C
with four changes over 1 hour in a rotating hybridization
oven (TAITEC, Koshigaya, Japan). All signals were ana-
lyzed using a densitometer (BAS-2000Il, Fuji Photo Film),
and lane loading differences were normalized using the
36B4 cDNA probe.®®

Analysis of TSP-1 mRNA Half-Life

TSP-1 mRNA half-life experiments were carried out using
BRECs. The cells were exposed to vehicle or VEGF (25
ng/ml) for the indicated periods of time before mRNA
stability measurements. Transcription was inhibited by
the addition of actinomycin D (5 pg/ml). For inhibition of
protein synthesis, BRECs were treated with cyclohexi-
mide (10 ug/ml) for the time periods indicated.

Western Blot Analysis

Cells were washed three times with cold PBS and then
solubilized in 100 wl of lysis buffer (1% Triton X-100, 50
mmol/L HEPES, 10 mmol/L EDTA, 10 mmol/L sodium
pyrophosphate, 100 mmol/L sodium fluoride, 1 mmol/L
sodium orthovanadate, 1 ug/ml aprotinin, 1 ug/ml leu-
peptin, and 2 mmol/L phenylmethylsulfonyl fluoride). Af-
ter centrifugation at 12,000 rpm for 10 minutes, the pro-
tein concentration was determined by BCA protein assay
reagent (Pierce, Rockford, IL). An equal amount of pro-
tein from each sample was subjected to 7.5% SDS gel
electrophoresis and transferred to nitrocellulose mem-
brane (Schleicher & Schuell, Keene, NH). After blocking
with PBS containing 0.1% Tween 20 (PBS-T; Bio-Rad,
Hercules, CA) with 3% bovine serum albumin for 1 hour at
room temperature, the membrane was incubated with
anti-TSP-1 antibody for 1.5 hours. After washing with
PBS-T, the signals were detected by the ECL Western
blot analysis system (Amersham).

Retinal Endothelial Cell Growth Assay

BRECs were plated (approximately 2500 cells per well)
onto 24-well culture plates (lwaki Glass) and incubated
overnight in DMEM containing 10% calf serum. The cells
were treated with vehicle, VEGF (25 ng/ml), human TSP-1
(5 pg/ml), anti-TSP-1 antibody (10 ug/ml), or combina-
tions thereof. After incubation for 4 days at 37°C, the cells
were lysed in 0.1% SDS, and the DNA content was mea-
sured by means of Hoechst-33258 dye and a fluorometer
(model TKO-100, Hoefer Scientific Instruments, San Fran-
cisco, CA). It has been shown that total cellular DNA
content measured in this manner correlates closely with
actual cell number as determined by hemocytometer
counting of trypsinized cells.®”

Statistical Analysis

Determinations were performed in triplicate, and the ex-
periments were repeated at least three times. Results are
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Figure 1. TSP-1 mRNA expression during hypoxia and the development of
neovascularization. Results of Northern blot analysis of total RNA (15 ug)
isolated from animals after various durations of hypoxia and from age-
matched normal controls. Northern blots and control 36B4 (top) and quan-
tification (bottom). For these calculations, the amount of TSP-1 mRNA at each
time point was first normalized to its own 36B4 signal. The fold increase over
the normalized value for the corresponding age-matched normal control was
then calculated. A maximal 3.1-fold increase of TSP-1 mRNA was observed
on P15 compared with normal age-matched controls. Similar data were
obtained from another Northern blot analysis (data not shown).

expressed as the mean = SD, unless otherwise indi-
cated. Statistical analysis used Student’s t-test or analy-
sis of variance to compare quantitative data populations
with normal distributions and equal variance. Data were
analyzed using the Mann-Whitney rank sum test or the
Kruskal-Wallis test for populations with non-normal distri-
butions or unequal variance. A P value of <0.05 was
considered statistically significant.

Results
TSP-1 mRNA Levels in Hypoxic Retina

Similar to previous studies,*”*® histological examination
of H&E-stained sections of tissue obtained after 5 days of
hypoxia showed neovascular tufts, particularly in the mid-
periphery, extending above the internal limiting mem-
brane into the vitreous. These neovascular tufts were
most prominent on P17 to P19, but after P23 the neovas-
cularization regressed, and the vascular pattern normal-
ized by P26. To investigate mRNA expression of TSP-1 in
retinal neovascularization, Northern blot analysis was
performed using total RNA. Figure 1 shows a prominent

increase in TSP-1 mRNA levels from P13 to P19. RNA
from age-matched control animals raised in room air
demonstrated a comparatively constant and low level of
TSP-1 mRNA. The fold increase in TSP-1 mRNA at each
time point compared with age-matched controls, after
normalization to the 36B4 signal in each lane, showed a
maximal 3.1-fold increase in TSP-1 mRNA on P15. To
investigate mMRNA expression of TSP-2 in retinal neovas-
cularization, we also performed Northern blot analysis.
However, TSP-2 mRNA was not detected (data not
shown).

Localization of TSP-1 mRNA and Protein in
Hypoxic Retina

To determine the site of TSP-1 mRNA expression during
the development of neovascularization, in situ hybridiza-
tion was performed. TSP-1 mRNA was observed in vas-
cular cells in retinas from both hypoxic P17 mice (Figure
2B) and normal control P17 mice (Figure 2A). Weak
TSP-1 signals were also detected in the ganglion cell
layer and the inner and outer nuclear layers. No signal
was seen in the negative control hybridized with sense
probe (Figure 2C). Analysis of the pattern of TSP-1 mRNA
expression in vascular cells demonstrated that, in hy-
poxic retina, the signal of TSP-1 was increased both in
intensity and in number of vessels involved near the
avascular area, particularly at the neovascular tufts (Fig-
ure 2D). To investigate mRNA localization of TSP-2 in
retinal neovascularization, we also performed in situ hy-
bridization. However, TSP-2 mRNA was not detected
(data not shown).

To investigate TSP-1 protein expression, indirect im-
munofluorescence was performed with confocal micros-
copy. Figure 3 demonstrates the distribution of TSP-1
protein, consistent with the results of the in situ hybridiza-
tion studies described above. TSP-1 immunoreactivity
was observed in vascular cells, the outer plexiform layer,
and the photoreceptors of retinas from both hypoxic P17
mice (Figure 3B) and normal control P17 mice (Figure
3A). TSP-1 protein was also weakly detected in the inner
and outer nuclear layers. No TSP-1 immunoreactivity was
seen in the negative control (Figure 3C). The immunore-
activity of TSP-1 was increased both in intensity and in
number of vessels involved near the avascular area, par-
ticularly at the neovascular tufts (Figure 3D). In retinas
from other time points, TSP-1 was expressed prominently
in vascular cells near the avascular area and was ob-
served in the same pattern as at P17 (data not shown).

VEGF Regulates TSP-1 Gene Expression in
BRECs

As VEGF is expressed prominently in our mouse model,*”
and has been suggested to play a central role in retinal
neovascularization,*® we determined gene regulation of
TSP-1 by VEGF using Northern blot analysis in BRECs. As
shown in Figure 4A, 25 ng/ml VEGF stimulation de-
creased TSP-1 mRNA 0.41 + 0.17-fold (P < 0.01) after 4
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Figure 2. Distribution of TSP-1 mRNA during hypoxia and the development of neovascularization. TSP-1 mRNA was detected in the vascular cells in retinas from
both hypoxic P17 mice (B) and normal control P17 mice (A). TSP-1 signals were also weakly detected in the ganglion cell layer (GCL), and the inner and outer
nuclear layers (INL and ONL). No signal was seen in the negative control hybridized with sense probe (C). Analysis of the pattern of TSP-1 mRNA expression
demonstrated that, in the hypoxic retina, the signal of TSP-1 was increased both in intensity and in number of vessels involved near the avascular area, particularly
at the neovascular tufts (B and D, arrows). A, B, and C are at the same magnification: bar, 50 um (A) and 10 um (D).

hours and increased after 9 hours, with a 3.0 = 0.13-fold
(P < 0.0001) peak response observed after 24 hours. To
investigate whether VEGF would regulate mRNA expres-
sion of TSP-2 in BRECs, we also performed Northern blot
analysis. However, TSP-2 mRNA was not detected (data
not shown).

We also studied the dose-related response of VEGF-
induced TSP-1 mRNA expression at 4 and 24 hours after
VEGF stimulation. As shown in Figure 4B, levels of TSP-1
mMRNAs were down-regulated in a dose-dependent man-
ner 4 hours after VEGF stimulation, with significant de-
creases observed at concentrations as low as 0.25 ng/ml
(0.57 = 0.084 times, P < 0.01). Maximal decreases were
observed at concentrations of 2.5 ng/ml (0.36 = 0.069
times, P < 0.001). Figure 4C shows that TSP-1 mRNA
was up-regulated in a dose-dependent manner 24 hours
after VEGF stimulation, with significant increases ob-
served at concentrations as low as 0.25 ng/ml (2.1 = 0.19
times, P < 0.05). Maximal increases were observed at
concentrations of 25 ng/ml (3.1 = 0.72 times, P < 0.001).

To investigate whether hypoxic conditions affect TSP-1
and TSP-2 gene expression in BRECs, we performed
Northern blot analysis using BRECs exposedto 1 = 0.5%
oxygen. As shown in Figure 4D, TSP-1 mRNA levels were
not affected under hypoxic conditions. TSP-2 mRNA was
not detected (data not shown).

Effects of VEGF on the Half-Life of TSP-1
mRNA in BRECs

To investigate whether the VEGF-induced TSP-1 mRNA
level is mediated through the regulation of transcription or
MRNA stability, we examined the effect of inhibition of de
novo gene transcription. Northern blot analyses were per-
formed after administration of actinomycin D (5 ug/ml)
after 4 hours and 24 hours of stimulation of VEGF (25
ng/ml). The half-life of TSP-1 mRNA was 1.4 hours in
unstimulated controls and 1.6 hours after 4 hours of treat-
ment with 25 ng/ml VEGF (Figure 5A). However, the half-
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Figure 3. Localization of TSP-1 protein expression during hypoxia and the development of neovascularization. TSP-1 immunoreactivity was observed in the
vascular cells, outer plexiform layer, and photoreceptors in retinas from both hypoxic P17 mice (B) and normal control P17 mice (A). TSP-1 protein was also
weakly detected in the inner and outer nuclear layers (INL and ONL). No TSP-1 immunoreactivity was seen in the negative control (C). The immunoreactivity
of TSP-1 was increased both in intensity and in number of vessels involved near the avascular area, particularly at the neovascular tufts (B and D, arrowheads).

A, B, and C are at the same magnification: bar, 50 uwm (A) and 10 um (D).

life of TSP-1 mRNA was 1.4 hours in unstimulated con-
trols and 2.5 hours after 24 hours of treatment with 25
ng/ml VEGF (Figure 5B).

Effects of Cycloheximide on TSP-1 mRNA
Regulation in BRECs

We examined the possibility that VEGF regulates TSP-1
MRNA expression through new protein synthesis by treat-
ing BRECs for 4 and 24 hours with VEGF (25 ng/ml) and
the protein synthesis inhibitor cycloheximide (10 wg/ml).
Figure 6A shows that cycloheximide was unable to pre-
vent the decrease of TSP-1 mRNA; treatment by both
VEGF and cycloheximide decreased TSP-1 mRNA 42 +
15% after 4 hours compared with cycloheximide alone
(P < 0.01). However, Figure 6B shows that after 24 hours,
the increase of TSP-1 mRNA was abolished by cyclohex-
imide; treatment by both VEGF and cycloheximide de-
creased TSP-1 mRNA 32 = 18% after 24 hours com-
pared with cycloheximide alone (P < 0.05).

VEGF Induction of TSP-1 Protein Production in
BRECs

To determine whether VEGF regulation of TSP-1 mRNA is
well correlated with its protein level, TSP-1 protein ex-
pression was assessed by Western blot analysis using
anti-human TSP-1 antibody. As shown in Figure 7, VEGF
(25 ng/ml) increased the level of TSP-1 protein (~150 kd)
after 24 hours.

TSP-1 Has a Role in Inhibition of BREC
Proliferation

To investigate the effect of TSP-1 on VEGF-induced an-
giogenesis, we performed DNA content growth assay in
BRECs. As shown in Figure 8, stimulation with 25 ng/ml
VEGF increased BREC growth 1.9 = 0.12-fold (P <
0.001) in comparison with the unstimulated control. This
VEGF-induced BREC proliferation was completely inhib-
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ited with exogenous TSP-1 (5 ug/ml, P < 0.001) and
facilitated by 37.5% with anti-TSP-1 antibody (10 ug/ml,
P < 0.05).

Discussion

TSP-1 is one of a small number of molecules found nat-
urally in vertebrates that can inhibit angiogenesis.?®3"
Transfection of TSP-1 cDNA into human breast carci-
noma cells and hemangioma cells reduces primary tumor
growth and angiogenesis.®®°° Moreover, TSP-1 specifi-
cally induces apoptosis of bovine aortic endothelial
cells.®° These characteristics of TSP-1 suggest it could
play a potential role in modulating the retinal neovascu-
larization induced by hypoxia that occurs in a variety of
ischemic ocular diseases. We have now demonstrated
an increased expression of TSP-1 in such ischemia-in-

duced retinal neovascularization in vivo and have found
that VEGF stimulates thrombospondin-1 expression in
retinal microcapillary endothelial cells, which has an in-
hibitory effect on the cell growth of the endothelial cells in
vitro.

We investigated the gene expression of TSP-1 in a
mouse model of ischemia-induced retinal neovascular-
ization. The mRNA levels of TSP-1 in the retina were
greatly increased in eyes with neovascularization com-
pared with the control eyes, and the pattern of time-
dependent TSP-1 mRNA induction was similar to that of
VEGF.*" Pierce et al reported a dramatic increase in
VEGF mRNA levels 12 hours after the experimental P12
mice were returned to room air.*” The VEGF mRNA levels
remained elevated for several days and then decreased
toward baseline with regression of the retinopathy. In our
study, TSP-1 mRNA levels increased prominently from



350 Suzuma et al
AJP February 1999, Vol. 154, No. 2

10003

—0O— control
-1 VEGF

% of mRNA remaining

—_
o

o

2 4h
Time of Act D treatment

=11}
£
R
<
5
St
<
2z
a4
E —O— control
o]
S —1— VEGF )
10
0 2 4h

Time of Act D treatment
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of TSP-1 mRNA in the presence or absence of 25 ng/ml VEGF supplemented
with 5 ug/ml actinomycin D. Total RNA was analyzed by Northern blotting,
and the mRNA hybridization signals were quantified using densitometric
scanning. The values in the graph indicate the percentage of initial TSP-1
mRNA signal remaining in the specific conditions.

P13 to P19, with a maximal 3.1-fold increase on P15. We
also performed in situ hybridization and indirect immuno-
fluorescence to localize TSP-1 expression in ischemic
retinas. We observed increases of TSP-1 expression in
both retinal and intravitreally growing vascular cells. This
increase was more evident in neovascular cells growing
into the vitreous, and the most marked expression was
observed at the neovascular tufts adjacent to areas of
retinal nonperfusion. Pericytes have been shown to be
rarely associated with neovascular vessels.® In addition,
we have observed that almost all cells are positively
stained with von Willebrand factor in the neovascular
cells growing into the vitreous,®? and a previous study
revealed that glial cells are absent from the neovascular
tuft.*® Although we have not identified the cell type ex-
pressing TSP-1 in the neovascular cells, these data might
suggest that endothelial cells are the primary cells ex-
pressing TSP-1in neovascular vessels. The expression of
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Figure 6. Effects of cycloheximide on TSP-1 mRNA regulation in BRECs at 4
hours (A) and 24 hours (B) of treatment. BRECs were incubated in the
indicated conditions, after which total RNA was analyzed. Representative
Northern blots and control 36B4 (top) and quantitation of multiple experi-
ments after normalization to the control signal are shown (bottom). *P <
0.05; *P < 0.01.

TSP-1 was up-regulated mainly in vascular cells; no re-
markable up-regulation was observed in nonvascular
cells in the neural retina. These data might suggest that
angiogenic vascular cells in ischemic conditions express
more TSP-1 than do static and normoxic vascular cells. In
this mouse model, the induction of VEGF is closely asso-
ciated with the development of neovascularization.*” In-
hibition of VEGF results in suppression of retinal neovas-
cularization.*® The VEGF induction is concentrated just
posterior to the neovascular tufts.®® This ischemic retinal
neovascularization is thought to be mediated predomi-
nantly through hypoxic VEGF induction. We observed the
pattern of time-dependent TSP-1 mRNA induction to be
similar to that of VEGF,*” and the proximity of the site of
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Figure 7. Effect of VEGF on TSP-1 protein expression in BRECs. Confluent
monolayers of BRECs in serum-free medium were studied after 24 hours,
with and without 25 ng/ml VEGF. An equal amount of protein of each sample
was subjected to 7.5% SDS gel electrophoresis and transferred to a nitrocel-
lulose membrane. Signals were detected by Western blot analysis with
anti-TSP-1 antibody. The size of the TSP-1 protein corresponded to ~150 kd.

production of VEGF and TSP-1 was also similar. This
might further support our hypothesis. In addition, not all
vascular cells were positive for TSP-1. In the neural retina,
the pattern of TSP-1 protein expression in nonvascular
cells was not exactly the same as that of TSP-1 mRNA
expression, probably because many types of nonvascu-
lar cells in the neural retina might express TSP-1 and
have various translational regulation, transport, and deg-
radation systems. To our knowledge, the mechanism of
up-regulation of TSP-1 in hypoxic retinal vascular cells
has not been investigated. Accordingly, we tested
whether VEGF and hypoxia regulate TSP-1 mRNA ex-
pression in BRECs.

In our study, VEGF stimulation decreased TSP-1
mRNA after 4 hours and increased it after 9 hours, and
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Figure 8. Effect of TSP-1 on BREC growth. BRECs were plated sparsely on
24-well culture plates and incubated overnight. The cells were treated with
vehicle, VEGF (25 ng/ml), human TSP-1 (5 ug/ml), anti-TSP-1 antibody (10

ug/mb), or combinations thereof. After incubation for 4 days at 37°C, the cells
were lysed and the DNA content was measured. *P < 0.05; **P < 0.001.
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the peak response was observed after 24 hours. We also
observed a dose dependency in the VEGF-induced
changes of TSP-1 expression 4 and 24 hours after VEGF
stimulation. Significant changes were observed with
doses of VEGF as low as 0.25 ng/ml, suggesting that
regulation of TSP-1 is mediated through specific recep-
tors for VEGF and that the potency with which VEGF
induces TSP-1 expression is similar to its capacity to
induce proliferation of BRECs.®” The dose required (0.25
ng/ml) is well below that observed in primate models of
retinal ischemia® and active human retinal ischemic dis-
eases.® Although comparison between the data from in
vitro studies and in vivo studies involves some extrapola-
tion, VEGF is thought to have a remarkable effect on
TSP-1 expression during neovascularization in ischemic
retinal disorders. We also tested whether hypoxia directly
regulates TSP-1 mRNA expression with 1% oxygen and
5% carbon dioxide atmosphere, the oxygen deficit hav-
ing been induced by nitrogen replacement; TSP-1 mRNA
expression was not affected. These data suggest that
TSP-1 up-regulation in ischemic neovascular cells is not
regulated directly by hypoxia.

To further investigate the regulation of TSP-1 by VEGF,
we performed experiments using metabolic inhibitors:
actinomycin D to inhibit RNA synthesis and cyclohexi-
mide to inhibit protein synthesis. The half-life of TSP-1
mRNA was unchanged after 4 hours of treatment with
VEGF and was prolonged after 24 hours of treatment with
VEGF. Cycloheximide was unable to prevent the de-
crease of TSP-1 mRNA after 4 hours, and the increase of
TSP-1 mRNA after 24 hours was abolished by cyclohex-
imide. These data suggest that the early TSP-1 mRNA
decreases are mediated not through new protein synthe-
sis but mainly through down-regulation of transcription
and that delayed TSP-1 mRNA increases are mediated
through new protein synthesis and up-regulation of
mRNA stability.

The effects of VEGF are mediated through endothelial-
cell-specific, high-affinity phosphotyrosine kinase recep-
tors: Flt-1 (VEGFR1) and KDR/FIk-1 (VEGFR2).%°768 |n
vitro studies have shown that KDR/Flk-1 is expressed
predominantly in microvascular endothelial cells and that
Flt-1 is expressed predominantly in pericytes®: thus, it is
suggested that VEGF-induced TSP-1 expression in
BRECs is mediated mainly through KDR/FIk-1. However,
so many factors are involved in signal transduction path-
ways of Flt-1 and KDR/FIk-1, including PLC-v,7°7""
PKC,727273 MAP kinase,”*"* PI3 kinase, GAP, NcK,”"
Src,”® and FAK,”® that additional studies are necessary to
elucidate the entire mechanism of VEGF-induced TSP-1
expression.

VEGF caused BRECs to express increased levels of
mRNAs encoding TSP-1, which could lead to increased
expression of TSP-1 protein at the extracellular spaces.
We have observed increased TSP-1 protein expression at
150 kd by Western blot analysis of BRECs stimulated with
VEGF. We also investigated the effects of TSP-1 and
anti-TSP-1 antibody on BREC growth. VEGF-induced
BREC proliferation was completely inhibited with exoge-
nous TSP-1 and facilitated with anti-TSP-1 antibody. Fur-
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thermore, the antibody had no significant effect on un-
stimulated cells. These data might suggest an inhibitory
effect of TSP-1 on VEGF-induced BREC proliferation and
an inhibitory role of endogenous TSP-1 in VEGF-stimu-
lated BRECs. The magnitude of the enhancement of
BREC growth is, however, not remarkable, and additional
studies, including studies using antisense oligonucleo-
tides against TSP-1 or TSP-1 gene-manipulated cells,
are necessary to clarify the role of endogenous TSP-1.
DiPietro et al reported that chemotactic activity to basic
fibroblast growth factor and capillary-like cord formation
were increased in bovine aortic endothelial cells in which
endogenous TSP-1 production was disrupted by stable
transfection with a vector expressing a TSP-1 antisense
RNA.7® Likewise, in basic fibroblast growth factor,””
TSP-1 might bind to VEGF to affect VEGF interaction with
endothelial cells, activity, and association with the extra-
cellular matrix. Together with our results on BREC prolif-
eration, this suggests that TSP-1 present in the extracel-
lular spaces might contribute to down-regulation of three
main neovascular steps: proliferation, migration, and
cord formation.

As well as TSP-1, TSP-2 is an extracellular matrix pro-
tein and has an inhibitory effect on angiogenesis.?® In-
creased VEGF expression has been reported to coincide
with decreased TSP-2 expression in cells in which tissue
factor is overexpressed.®® In the present study, we have
determined the expression of TSP-2 in the mouse model
and BREC system. In contrast to TSP-1, the expression of
TSP-2 is so low as to be undetectable by similar Northern
blot analysis and an in situ hybridization method used to
detect TSP-1. Our results are comparable with previous
studies. It has been reported that TSP-2 mRNA was not
detected in poly(A) RNA from retina of avian embryo”®
and that TSP-2 mRNA was not detected by Northern blot
analysis using total RNA from cultured bovine aortic en-
dothelial cells.’” Although quantitative polymerase chain
reaction analysis or an RNA protection assay might de-
tect changes in TSP-2 mRNA, these data probably sug-
gest that the role of TSP-2 is not remarkable in the retinal
neovascularization.

Based on the present study, VEGF decreases TSP-1
expression in the early phase but, in contrast, increases
its expression in the late phase. Although the in vivo
significance of the observed response is not certain, it is
interesting to speculate that the physiological signifi-
cance of the biphasic TSP-1 response may be to regulate
VEGF-dependent neovascularization more tightly. Initial
suppression of TSP-1 might facilitate initiation of neovas-
cularization, whereas late induction of TSP-1 probably
inhibits excessive neovascularization as a negative feed-
back mechanism. Taken together, the present findings
suggest that, in ischemic retina, retinal microvascular
cells, specifically those cells adjacent to the area of non-
perfusion, up-regulate TSP-1 expression and that VEGF
stimulates endogenous TSP-1 expression that down-reg-
ulates BREC growth. VEGF-induced angiogenesis might
have a negative feedback mechanism mediated by
TSP-1 induction.
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