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Capillary Sprout Endothelial Cells Exhibit a CD36low

Phenotype
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Thrombospondin-1 Signaling

Christopher R. Anderson, Nicole E. Hastings,
Brett R. Blackman, and Richard J. Price
From the Department of Biomedical Engineering and the Robert

M. Berne Cardiovascular Research Center, University of Virginia,

Charlottesville, Virginia

Endothelial cells acquire distinctive molecular signa-
tures in their transformation to an angiogenic pheno-
type that are indicative of changes in cell behavior
and function. Using a rat mesentery model of inflam-
mation-induced angiogenesis and a panel of known
endothelial markers (CD31, VE-cadherin, BS-I lectin),
we identified a capillary sprout-specific endothelial
phenotype that is characterized by the marked down-
regulation of CD36, a receptor for the anti-angiogenic
molecule thrombospondin-1 (TSP-1). TSP-1/CD36 inter-
actions were shown to regulate angiogenesis in this model
as application of TSP-1 inhibited angiogenesis and block-
ade of both TSP-1 and CD36 accelerated angiogenesis. Vas-
cular endothelial growth factor, which was up-regulated in
the in vivo model, elicited a dose- and time-dependent
down-regulation of CD36 (ie, to a CD36low phenotype) in
cultured human umbilical vein endothelial cells. Human
umbilical vein endothelial cells that had been conditioned
to a CD36low phenotype with VEGF were found to be re-
fractory to anti-proliferative TSP-1 signaling via a CD36-
dependent mechanism. The loss of exposure to wall shear
stress, which occurs in vivo when previously quiescent
cells begin to sprout, also generated a CD36low phenotype.
Ultimately, our results identified the regulation of endo-
thelial cell CD36 expression as a novel mechanism
through which VEGF stimulates and sustains capillary
sprouting in the presence of TSP-1. Additionally, CD36
was shown to function as a potential molecular linkage
through which wall shear stress may regulate both mi-

crovessel sprouting and quiescence. (Am J Pathol

2008, 173:1220–1228; DOI: 10.2353/ajpath.2008.071194)

Angiogenesis, the growth of new blood vessels from
existing vessels, is an integral component of many phys-
iological and pathological conditions such as wound
healing, inflammation, and tumor growth.1 Endothelial
cells involved in angiogenesis acquire distinctive struc-
tural and molecular characteristics in the transformation
from a quiescent to an angiogenic phenotype.2,3 We
previously identified a novel angiogenic phenotype in vivo
that is marked by the absence of the OX-43 antigen, a
glycoprotein of unknown identity and function, and is
specific to capillary sprouts during inflammation-induced
angiogenesis.4 Interestingly, there is evidence that sug-
gests that the OX-43 antigen could show a similar ex-
pression pattern as the thrombospondin (TSP-1) receptor
CD36,5,6 which has an important role in the regulation of
angiogenesis.

Neovascularization is critically dependent on endothe-
lial cell survival, which in turn, is regulated by opposing
signals from angiogenic growth factors and inhibitors.7,8

TSP-1 is a matricellular protein that inhibits growth factor-
induced endothelial proliferation and migration in vitro9–11

and suppresses neovascularization in vivo.9,12–15 Sys-
temic application of a TSP-1-derived peptide dose-de-
pendently inhibits tumor growth and, as a result, is cur-
rently being tested in clinical trials.16,17 Several studies
have shown that CD36 mediates the anti-angiogenic ac-
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tions of TSP-1,18,19 and there is clear evidence that, on
TSP-1 binding, CD36 complexes initiate caspase-depen-
dent apoptotic signaling cascades.19,20

Although CD36 is a critical anti-angiogenic receptor,
and its mechanisms of action are defined, the endoge-
nous regulation of endothelial CD36 expression during
angiogenesis is poorly understood. Here, based on our
previous findings that the OX-43 antigen marks a capil-
lary sprout-specific endothelial phenotype4 and circum-
stantial evidence that the OX43 antigen could be
CD36,5,6 we examined endothelial CD36 expression dur-
ing inflammation-induced angiogenesis and present the
first evidence that CD36 expression is absent from cap-
illary sprout endothelial cells in vivo. We then tested
whether TSP-1 and CD36 regulate inflammation-induced
angiogenesis, whether vascular endothelial growth factor
(VEGF) and shear stress regulate endothelial CD36 ex-
pression, and whether conditioning endothelial cells with
VEGF to a CD36low phenotype attenuates endothelial
responses to anti-angiogenic TSP-1 signaling.

Materials and Methods

Inflammation-Induced Angiogenesis Models

All animal studies were approved by the institutional an-
imal care and use committee. Angiogenesis was studied
in two distinct rat (Sprague-Dawley, �250 g body weight)
mesentery models of inflammation. The first was chronic
exposure to compound 48/80, a mast cell degranulator
that was administered as described.4,21 The second in-
volved surgically exteriorizing and mechanically irritating
the tissue under sterile conditions as described.4,22 In
some groups, immediately after tissue irritation, TSP-1 (5
�g/ml; Sigma, St. Louis, MO) or neutralizing monoclonal
antibodies to CD36 (20 �g/ml, clone UA009; Cell Sci-
ences, Canton, MA) or TSP-1 (20 �g/ml, clone A6.1; Lab
Vision, Freemont, CA) were applied to a single mesen-
teric window while intravital images of the area of tissue
vascularization were acquired. Reagents were dissolved
in sterile saline and applied directly to the isolated win-
dow for 30 minutes, while keeping the rest of the exteri-
orized mesenteric tissue hydrated with saline. An isotype-
matched control antibody was used as a control for
anti-CD36 and anti-TSP-1 treatments, and bovine serum
albumin was used as an inactive control protein for
TSP-1. Treated windows were marked by inserting su-
tures into adjacent fat pads of the mesenteric tissue for
identification before tissue harvest. The tissue was then
returned to the peritoneum and allowed to recover for 3
days before processing for immunochemistry.

Tissue Harvest and Immunochemistry

Before tissue harvest, the animals were anesthetized by
an intramuscular injection of ketamine (80 mg/kg body
weight) and xylazine (8 mg/kg body weight) and then
euthanized. Mesenteries were dissected, fixed in ice-
cold 100% methanol, and subsequently double-labeled
for CD36 and other endothelial markers. Primary antibod-

ies were monoclonal mouse anti-rat CD36 (1:200, Cell
Sciences), biotinylated monoclonal mouse anti-rat CD31
(1:200; PharMingen, San Diego, CA), and polyclonal goat
anti-rat VE-cadherin (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA). BS-I lectin (1:200, Sigma) was also
used.

Imaging and Specimen Analysis

Fluorescently labeled specimens were observed with a
Nikon TE-300 inverted microscope and confocal scanner
(Nikon, Melville, NY). The percentage of capillary sprout
tips, characterized by positive staining for CD31, that
were also CD36-positive was quantified, and capillary
sprout lengths were measured. At least two mesenteric
windows, defined as the translucent tissue regions bor-
dered by the ileal resistance vessels and the intestine,
were observed per animal. Several hundred sprouts were
analyzed per window. For groups in which TSP-1, anti-
TSP-1, or anti-CD36 were applied at the time of mechan-
ical irritation, the percent change in vascularized tissue
area and the vessel length density were measured. The
percent change in vascularized tissue area, defined as
the ratio of vascularized tissue area to total tissue area,
was measured from intravital images at the time of sur-
gery (day 0) and at tissue harvest (day 3). Vessel length
density, defined as total microvessel length per unit vas-
cularized area, was determined from confocal images of
CD31 expression.

VEGF Expression in the Mesentery

Mesenteric windows were harvested, fixed in paraformal-
dehyde (4% in phosphate-buffered saline), and immuno-
labeled using a rabbit anti-rat polyclonal antibody for
VEGF-A (clone 147, Santa Cruz Biotechnology) followed
by a CY3-conjugated goat anti-rabbit IgG. A nonspecific
rabbit IgG (Sigma) was used in place of the primary
antibody as a negative staining control. A rat VEGF en-
zyme-linked immunosorbent assay (ELISA) kit (RayBio,
Norcross, GA) was used for the quantitative measure-
ment of VEGF in tissue lysates.

Primary Endothelial Cell Isolation and Culture

Human umbilical vein endothelial cells (HUVECs) were
isolated from primary cords and maintained on flasks
coated with 0.1% gelatin in M-199 medium (Cambrex,
Walkersville, MD) supplemented with 10% fetal bovine
serum (Life Technologies, Inc., Grand Island, NY), 100
U/ml penicillin-G � 100 �g/ml streptomycin, 2 mmol/L
L-glutamine (Life Technologies, Inc.), 5 �g/ml endothelial
cell growth supplement (Biomedical Technologies,
Stoughton, MA), and 10 �g/ml heparin (Sigma). Second
passage cells were used for all experiments. For each set
of experimental comparisons, cells were taken from the
same primary cell culture.
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Endothelial Cell Stimulation by VEGF165 and
Shear Stress

HUVECs were plated at confluence on cell culture grade
plastic coated with 0.1% gelatin. After 24 hours, confluent
cells were treated with soluble VEGF165 (5 to 50 ng/ml;
Biovision, Mountain View, CA) or exposed to flow. A cone
and plate flow apparatus was used to induce steady flow
at 2 dyn/cm2 shear stress. Fresh culture media consisting
of M-199 with 2% dextran (General Electric, Crotonville,
NY), 2% fetal bovine serum, 100 U/ml penicillin-G � 100
�g/ml streptomycin, 2 mmol/L L-glutamine, 5 �g/ml en-
dothelial cell growth supplement, and 100 �g/ml heparin
was added to the cells before exposure to flow cone and
plate apparatus and to corresponding static cultures.

CD36 Immunoprecipitation, Western Blot, and
Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

CD36 protein was immunoprecipitated from cell lysates
(150 �g of total protein) with a rabbit anti-CD36 antibody
(1:100, clone H-300; Santa Cruz Biotechnology), re-
solved on sodium dodecyl sulfate gels, and immunoblot-
ted with rabbit anti-CD36 antibody (1:500) in Tris-buff-
ered saline and 1% bovine serum albumin. For RT-PCR,
total RNA was extracted using the PureLink Microto-Midi
total RNA purification system (Invitrogen, Carlsbad, CA)
and reverse-transcribed using the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA). Primers were designed using
Beacon Designer 2.0 (Biosoft International, Palo Alto, CA)
for CD36 (forward 5�-TGCTGTCCTGGCTGTGTTTG-3�,
reverse 5�-GCTGCTGTTCATCATCACTTCC-3�). The ex-
pression of mRNA was analyzed using AmpliTaq Gold
(Applied Biosystems, Foster City, CA), SYBR Green (In-
vitrogen), and an iCycler (Bio-Rad). Expression of CD36
was normalized to �2-microglobulin, which is endog-
enously expressed by many cell types, including endo-
thelial cells. �2-Microglobulin expression is not altered by
many stimuli, including shear stress and growth factor stim-
ulation, and serves as an excellent housekeeping gene for
comparison between experimental conditions.23–25

Endothelial Cell Proliferation and Chemotaxis
Assays

CD36high cells were obtained by culturing confluent
HUVECs in complete media for 24 hours as described,
whereas a CD36low phenotype was generated by sup-
plementing media with 50 ng/ml of VEGF165 for 24 hours.
Proliferation was quantified by MTS assay according to
the manufacturer’s instructions (Promega, Madison, WI).
Chemotaxis was assessed with modified Boyden cham-
bers with 8-�m pore membranes (Costar, Cambridge,
MA). For some experiments, the activity of CD36 was
neutralized with a monoclonal anti-human CD36 antibody
(10 �g/ml, clone FA6-152; Cell Sciences). For each as-
say, experiments were repeated a minimum of three
times with different primary cells.

Results

CD36 Expression Is Markedly Reduced in
Capillary Sprout Endothelial Cells during
Inflammation-Induced Angiogenesis

Rat mesenteries immunolabeled for CD36 and selected
endothelial markers are shown in Figure 1. Endothelial
cells in quiescent capillaries co-express CD36 and CD31
throughout unstimulated microvascular networks, as
shown in Figure 1, A–F. Compound 48/80 and mechani-
cal irritation elicit robust angiogenic responses, as evi-
denced by increased vascular density and capillary
sprouting 3 days after stimulation (Figure 1, G–R). In
contrast to quiescent endothelial cells, capillary sprout
endothelial cells exhibit progressively less CD36 expres-
sion along the length of the sprout, with CD36 usually
becoming completely undetectable at capillary sprout
tips (Figure 1, I, L, O, and R). This result was independent
of whether endothelial cells were labeled for VE-cadherin
(Figure 1, G–I), CD31 (Figure 1, J–O), or BS-I lectin
(Figure 1, P–R). More than 90% of capillary sprout tips
were CD36� (Figure 1S). The designation of sprout tips
as CD36� or CD36� was strongly correlated with sprout
length, with CD36� sprouts being significantly shorter
than CD36� sprouts (Figure 1T). Although CD36 expres-
sion was typically absent from capillary sprouts invading
the avascular tissue during the peak phase of sprouting
(Figure 1U), CD36 expression was restored throughout the
microvasculature when sprouting ceased and the tissue
was fully vascularized (Figure 1V), thereby providing evi-
dence that the CD36� phenotype is restricted to sprouts
and CD36 expression is restored in nascent capillaries.

TSP-1 and CD36 Regulate Inflammation-
Induced Angiogenesis in Vivo

To investigate whether TSP-1 and CD36 regulate inflamma-
tion-induced angiogenesis, either TSP-1 or a function neu-
tralizing antibody to either TSP-1 or CD36 was applied at the
time of mechanical irritation. Importantly, at the time of ap-
plication, capillary sprouting was minimal and endothelial
cells were predominantly CD36�. TSP-1 induced a signifi-
cant regression in vascularized tissue area (Figure 2A) and
decreased vessel length density by 30% (Figure 2B). Al-
though vessel length density was unchanged after blocking
TSP-1 and CD36 (Figure 2D), a significant increase in vas-
cularized tissue area was observed for both interventions
(Figure 2C), indicating that angiogenesis into the avascular
tissue space was markedly accelerated.

VEGF Is Up-Regulated during Inflammation-
Induced Angiogenesis

Immunochemistry and ELISA assays were used to deter-
mine the time course of VEGF-A expression after me-
chanical irritation (Figure 3). Confocal images of mesen-
teric tissues labeled with an antibody specific for VEGF-A
are shown in Figure 3, A–D. By immunochemistry,
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Figure 1. CD36 is differentially expressed by endothelial cells during inflammation-induced angiogenesis. A–F: Confocal images of microvascular networks
labeled for CD31 (A, D) and CD36 (B, E). Merge panels (C, F) show co-expression of CD31 (red fluorescence) and CD36 (green fluorescence) with arrows in
F denoting nuclei. G–R: Immunolabeled networks from mechanically irritated (G–L) and compound 48/80-stimulated (M–R) specimens 3 days after stimulus
application. Microvessels are labeled for the endothelial markers VE-cadherin (G), CD31 (J, M), and BS-I lectin (P), as well as CD36 (H, K, N, Q). Merge panels
(I, L, O, R) show diminishing CD36 expression along capillary sprouts. Arrows denote CD36� capillary sprout tips. S: Fraction of CD31� capillary sprout tips
that are CD36�. Values are means � SD. MI, mechanical irritation; C48/80, compound 48/80. T: Mean lengths of CD36� and CD36� sprouts. Values are means �
SD. *Significantly different from CD36� (P � 0.05) by unpaired Student’s t-test. U and V: Confocal images of CD31 (green) and CD36 (red) expression in
mesenteric tissues during peak sprouting (U) and when the tissue is fully vascularized (V). Note that endothelial cells leading capillary sprouts into the avascular
tissue space are predominantly CD36� during sprouting, whereas CD36 is restored when the tissue is fully vascularized. Scale bars: 200 �m (A–C, G–R); 10 �m
(D–F).
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VEGF-A expression was low at day 0, increased at days
1 and 3, and back to control levels by day 6. VEGF-A
antibody specificity is demonstrated by the substantial
increase in fluorescence in VEGF-labeled tissues com-
pared to nonspecific IgG control tissues, which are
shown in the insets of Figure 3, A–D. For comparison, a
time-matched series of CD36/CD31-immunolabeled
mesenteries is shown in Figure 3, E–H. Significant sprout-
ing is not seen until after day 1. Peak sprouting occurs at
approximately day 3, whereas network restitution begins
to occur at approximately day 6. ELISA analysis revealed a

1.7-fold increase in VEGF-A at day 1 and a 2.2-fold increase
at day 3, but no significant difference between day 0 and
day 6 (Figure 3I). Note that VEGF-A expression was signif-
icantly increased before significant sprouting occurred, in-
dicating that enhanced VEGF-A expression precedes en-
dothelial CD36 down-regulation in capillary sprouts.

VEGF Dose- and Time-Dependently Down-
Regulates CD36 Expression in Endothelial Cells

After revealing that VEGF is up-regulated in our inflam-
matory model of angiogenesis, we exposed confluent
HUVECs, which are routinely used to investigate endo-
thelial cell responses to angiogenic stimuli and exhibit
phenotypic changes consistent with those exhibited by
microvascular endothelial cells,26–29 to soluble VEGF to
determine whether VEGF regulates endothelial expres-
sion of CD36. VEGF-A165 elicited a dose-dependent de-
crease in CD36 protein levels after 24 hours as shown in
Figure 4A and quantified by densitometry in Figure 4B.
CD36 protein was maximally reduced to 41% of control at
50 ng/ml VEGF-A165 (Figure 4B). CD36 protein expres-
sion was unchanged after 4 hours of exposure to 50
ng/ml of VEGF, but increasingly down-regulated as ex-
posure time increased to 24 hours (Figure 4C). RT-PCR
analysis showed that CD36 mRNA levels were reduced
by 30% after 4 hours and by 60% after 24 hours of
exposure to VEGF (Figure 4D), indicating that VEGF reg-
ulates transcriptional levels of CD36.

CD36 Expression Is Reduced when Shear
Stress Is Withdrawn from Shear Preconditioned
Endothelial Cells

To assess how changes in shear stress affect endothelial
CD36 expression, steady flow exerting a shear stress of 2

Figure 2. TSP-1 and CD36 regulate the angiogenic response to mechanical
irritation. A and B: Bar graphs showing influence of TSP-1 on vascularized
tissue area (A) and vessel length density (B) after mechanical irritation. C and
D: Bar graphs showing influence of TSP-1 and CD36 blockade on vascular-
ized tissue area (C) and vessel length density (D). *Significantly different from
control (P � 0.05) by Student’s t-test. All values are means � SD.

Figure 3. VEGF expression in the mechanical irritation model of angiogenesis. A–D: Mesenteric tissues labeled for VEGF-A (red) or a negative staining control
IgG (insets). Increased red fluorescence in B and C illustrates the increased expression of VEGF-A. E–H: Time-matched series of images from mesenteries labeled
for CD36 (red) and CD31 (green) showing tissue before sprouting (days 0 and 1), during sprouting (day 3), and after sprouting (day 6). Arrows in G show
CD31�/CD36� sprout stalks. I: ELISA for VEGF-A expression at days 0, 1, 3, and 6. Values are means � SD. *Significantly different (P � 0.05) than day 0 by
one-way analysis of variance and Tukey’s t-test. Scale bars � 200 �m.
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dyne/cm2 was applied to confluent endothelial monolay-
ers in two distinct flow patterns (Figure 4E) intended to
simulate either quiescent conditions (steady flow � 48
hours of shear stress) or sprouting conditions (arrested
flow � 24 hours of shear stress followed by 24 hours of
no-flow). CD36 protein levels were increased after 48
hours of steady flow relative to static controls (Figure 4, F
and G). Equal levels of CD36 expression were exhibited
in static controls taken at the onset of flow and in time-
matched static controls taken after 48 hours of culture in
flow media (data not shown), demonstrating that in-
creased CD36 expression was attributable to exposure to
flow rather than time spent in culture. Endothelial expo-
sure to flow induced an equivalent increase in CD36
expression after 24 and 48 hours, indicating that CD36
was maximally up-regulated by 24 hours and was sus-
tained throughout prolonged exposure to laminar flow
(data not shown). On the other hand, cells exposed to
flow for 24 hours showed significantly diminished CD36

expression 24 hours after the arrest of flow (Figure 4, F
and G), with flow arrest specifically reducing CD36 pro-
tein to 62% of the level observed in cells exposed to 48
hours of laminar flow (Figure 4G).

VEGF Preconditioned Endothelial Cells Become
Insensitive to Anti-Proliferative TSP-1 Signaling
via a CD36-Dependent Mechanism

To determine whether the reduced expression of CD36 in
endothelial cells exposed to VEGF-A165 attenuates endo-
thelial responsiveness to anti-angiogenic TSP-1 signal-
ing, proliferation and chemotaxis assays were performed
for both control (CD36high) and VEGF (50 ng/ml for 24
hours)-pretreated (CD36low) HUVECs. The experimental
design is diagrammed in Figure 5A. Here, open bars
indicate high CD36 expression in untreated HUVECs and
shaded bars illustrate the loss of CD36 expression
throughout the 24-hour course of VEGF pretreatment.
CD36high (open bars) and CD36low (shaded bars) cells
were then replated and HUVEC proliferation and chemo-
taxis in response to VEGF was assessed in the presence
and absence of TSP-1 for 24 hours. Neutralizing antibod-
ies to CD36 were also used to determine whether altered
sensitivity to TSP-1 was indeed dependent on CD36.

In the absence of TSP-1, VEGF-A elicited a significant
and equivalent amount of proliferation for control
(CD36high) and VEGF-pretreated (CD36low) HUVECs
(Figure 5B). As expected, the proliferation of control
(CD36high) cells was then significantly inhibited by TSP-1.
However, TSP-1 was significantly less effective in inhib-
iting the proliferation of cells conditioned to a CD36low

phenotype by VEGF-A. Blocking CD36 completely re-
stored the proliferation of both CD36low and CD36high

cells in the presence of TSP-1, indicating that anti-prolif-
erative TSP-1 signaling was markedly attenuated in VEGF
preconditioned cells because of reduced CD36 expres-
sion. TSP-1 also significantly inhibited endothelial chemo-
taxis stimulated by VEGF-A165 in CD36high cells; how-
ever, in contrast to the proliferation studies, the inhibitory
action of TSP-1 was not attenuated in VEGF-A precondi-
tioned CD36low cells (Figure 5C). Blocking CD36 had no
effect on TSP-1-mediated chemotaxis inhibition, suggest-
ing that, in this model, TSP-1 inhibits endothelial migra-
tion to VEGF primarily through a CD36-independent
mechanism(s).

Discussion

CD36, a functional receptor for the anti-angiogenic pro-
tein TSP-1, is commonly thought to be constitutively ex-
pressed by microvascular endothelial cells. However, a
major finding in this study is that CD36 is typically not
detectable in capillary sprout endothelial cells during
inflammation-induced angiogenesis. We observed this
pattern of CD36 expression in a tissue in which CD36 and
TSP-1 regulate angiogenesis; therefore, these results are
consistent with the hypothesis that CD36 down-regulation
in capillary sprout endothelial cells facilitates angiogen-

Figure 4. Endothelial CD36 expression is regulated by VEGF and shear stress. A:
Western blot for CD36 expression in HUVECs 24 hours after VEGF treatment. B: Bar
graph of densitometric analysis of CD36 expression throughout a range of VEGF
concentrations. *Significantly different from 0 ng/ml (P � 0.05) by one-way analysis
of variance and Tukey’s t-test. C: Bar graph of densitometric analysis of CD36
expression throughout a range of VEGF application times. *Significantly different
from 0 hours (P � 0.05) by one-way analysis of variance and Tukey’s t-test. D: Bar
graph of CD36 mRNA expression by RT-PCR. Data are normalized to the �2-
microglobulin (B2M) housekeeping gene and then to control cells at 0 hours.
*Significantly different from T0 control (P � 0.05) by Student’s t-test. *,**Significantly
different from time-matched control (P � 0.05) by two-way analysis of variance and
Tukey’s t-test. E: Experimental protocol for shear stress experiments. Quiescent
capillary conditions were simulated by 48 hours of flow at 2 dynes/cm2, whereas
sprout conditions were simulated by 24 hours of flow followed by 24 hours of static
conditions. F: Western blot for CD36 expression in HUVECs exposed to static,
laminar flow, and arrested flow conditions. G: Bar graph of CD36 expression in
HUVECs exposed to static, steady flow, and arrested flow conditions. *Significantly
different (P � 0.05) than static and arrested flow groups by Student’s t-test. All values
are means � SD.
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esis in the presence of TSP-1. To then explore whether
the CD36low sprout phenotype could be regulated by
extrinsic factors acting on sprouting endothelial cells, we
exposed endothelial cells to VEGF, which is markedly
up-regulated during inflammation-induced angiogenesis,
and to the withdrawal of shear stress, which occurs when
quiescent cells that are initially exposed to blood flow
begin to sprout into the tissue. We found that both stimuli
strongly down-regulate endothelial CD36 expression. Fi-
nally, we determined that endothelial cells that had been
preconditioned to a CD36low phenotype with VEGF be-
came insensitive to anti-proliferative TSP-1 signaling. Im-
portantly, this loss of TSP-1 sensitivity was dependent on
CD36 expression changes and not attributable to the
VEGF-induced altered expression and/or function of an-
other TSP-1 receptor(s). Ultimately, these results suggest
that the regulation of endothelial cell CD36 expression is
a novel mechanism through which VEGF stimulates and
maintains endothelial proliferation in the presence of
TSP-1, and they provide evidence that shear stress reg-
ulates microvessel sprouting and quiescence via control
of endothelial CD36 expression.

Implications of Differential CD36 Expression in
Inflammation-Induced Angiogenesis

We determined via immunofluorescence that CD36 is
expressed ubiquitously by quiescent endothelial cells,
but absent from most capillary sprout endothelial cells.
Once sprouting ceased and the tissue was fully vascu-
larized, endothelial CD36 expression was restored, sug-
gesting that CD36 is transiently down-regulated in endo-
thelial cells migrating into avascular tissue. Transient
changes in CD36 expression have also been identified
during the ovarian cycle30; however, this expression pat-
tern was derived from whole tissue and not specific to
endothelial cells.30 During tumor growth, CD36 is ex-
pressed by most microvessels31; however, sprout-spe-
cific changes in CD36 have not been reported.

Neovascularization is governed by the local balance of
pro- and anti-angiogenic signals.7,8 CD36 plays a critical
role in endothelial cell fate because it mediates the anti-
angiogenic activity of TSP.18–20 Here, TSP-1/CD36 sig-

naling during angiogenesis was assessed by applying
neutralizing anti-CD36 or anti-TSP-1 antibodies to the
mesentery at the time of mechanical irritation, when the
endothelial cells are predominantly CD36�. Blocking ei-
ther TSP-1 or CD36 accelerated vascular growth, consis-
tent with numerous reports that TSP-1 is an endogenous
angiogenesis inhibitor.32–35 When considered in the con-
text of the in vivo CD36 expression pattern (Figure 1),
these results provide evidence that the induction of
CD36low capillary sprout endothelial cells sustains angio-
genesis in a TSP-1-rich environment.

CD36 Regulation as a Mechanism through
which VEGF Sustains Endothelial Cell
Proliferation in the Presence of TSP-1

VEGF-A expression, which was enhanced by mechanical
irritation (Figure 3), may be induced by inflammatory
cytokines and has been implicated in chronic inflamma-
tion disorders.36,37 VEGF is known to elicit changes in
several genes that impact angiogenesis,38 and we show
here that VEGF causes a dose- and time-dependent
decrease in CD36 mRNA and protein expression (Figure
4). Our immunolabeling studies show that VEGF is up-
regulated throughout the mesenteric tissue (Figure 3,
A–D), suggesting that both CD36� and CD36� sprout
cells are exposed to elevated VEGF. However, we have
shown that CD36 is further decreased with longer VEGF
exposure times, and this could explain why CD36�

sprouts tend to be shorter than CD36� sprouts. Specifi-
cally, if we assume an approximately constant sprouting
speed, we can postulate that long sprouts are both typ-
ically older than short sprouts and usually CD36� be-
cause of a longer duration of VEGF exposure.

Our finding that VEGF induces a CD36low endothelial
phenotype motivated us to explore the functional con-
sequences of this phenotype and ultimately demon-
strate that the attenuation of inhibitory TSP-1 signaling
via CD36 down-regulation is a novel mechanism
through which VEGF stimulates and sustains endothelial
cells in the presence of TSP-1. Consistent with previous
reports,10,11,20,39,40 the proliferation of control (CD36high)

Figure 5. HUVECs preconditioned to a CD36low phenotype become insensitive to anti-proliferative TSP-1 signaling via a CD36-dependent mechanism. A:
Experimental design for testing TSP-1-mediated inhibition of angiogenic function in VEGF pretreated (CD36low, black shading) and control (CD36high, white
shading) HUVECs. B: Bar graph of cell number after 24 hours of stimulation with 5 ng/ml of VEGF represented as a fold increase over stimulation with 2% serum.
*Significantly different from CD36low cells in VEGF�TSP group and CD36high cells in both the VEGF and VEGF�TSP�anti-CD36 groups (P � 0.05) by Student’s
t-test. C: Bar graph of HUVEC migration expressed as a percentage of maximum migration induced by VEGF (20 ng/ml). *Significantly different (P � 0.05) than
same cell type in VEGF group by Student’s t-test. All values are means � SD.
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cells was abrogated by TSP-1; however, anti-proliferative
TSP-1 signaling was inhibited in VEGF pretreated
(CD36low) cells. In addition, because blocking CD36 ne-
gated the inhibitory effect of TSP-1, we showed that anti-
proliferative TSP-1 signaling depended on CD36. Thus,
the distinct responses to TSP-1 for the two endothelial cell
populations were a direct consequence of differential
CD36 expression. In contrast, differential CD36 expres-
sion did not influence anti-migratory TSP-1 signaling.
Both CD36low and CD36high cells were susceptible to the
inhibition of migration by TSP-1. Importantly, blocking
CD36 induced no changes in TSP-1-mediated migration
inhibition, indicating that anti-migratory TSP-1 signaling is
CD36-independent. TSP-1 binds multiple receptors on
endothelial cells, including several integrins, and �1 inte-
grins are known to mediate endothelial responses to
TSP-1.41,42 Specifically, the TSR domain of TSP-1, which
contains the CD36 binding site, inhibits HUVEC migration
to VEGF via �1 integrin.42 Therefore, it is not surprising
that changes in CD36 expression did not affect endothe-
lial cell migration in the presence of TSP-1.

Endothelial CD36 Expression, Shear Stress, and
Microvessel Sprouting and Stability

Capillary sprout endothelial cells are removed from con-
tact with blood flow as they migrate away from microves-
sels. Hemodynamic forces determine endothelial cell
structure, function, and phenotype.23,24 We have shown
that shear stress withdrawal leads to reduced CD36 ex-
pression (Figure 4), whereas low levels of steady shear
induce a twofold increase in CD36 expression, consistent
with a recent report.43 After preconditioning cells with
shear for 24 hours, we found that exposing cells to static
conditions for an additional 24 hours led to a 62% de-
crease in CD36 expression compared to cells that were
exposed to shear continuously for 48 hours. Because
CD36 levels were equal after 24 and 48 hours of shear,
reduced CD36 expression after flow cessation was a
direct consequence of shear withdrawal, rather than a
time-dependent increase in CD36 from sustained shear
exposure from 24 to 48 hours. Also, static control cells
were kept in the flow device and exposed to recirculating
media to ensure that CD36 expression changes were not
attributable to secreted biochemical factors. Overall, our
in vitro shear stress results are consistent with the hypoth-
esis that the CD36low phenotype in sprout endothelial
cells is regulated, at least in part, by exposure to blood
flow. Furthermore, our in vivo observation that endothelial
CD36 expression is fully restored after the tissue has
been fully vascularized by newly formed capillaries that
have presumably reacquired blood flow also suggests a
role for hemodynamics in CD36 regulation. Future studies
will be needed to determine whether CD36low shear-
withdrawn endothelial cells exhibit the same reduced
sensitivity to anti-proliferative TSP-1 signaling as VEGF-
conditioned CD36low endothelial cells; however, the abil-
ity of shear stress to regulate endothelial CD36 expres-
sion in a manner that is entirely consistent with its in vivo
expression pattern identifies CD36 as a potential molec-

ular linkage between hemodynamic forces, capillary
sprouting, and microvessel quiescence.
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