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Abstract
Nitric oxide (NO) drives pro-survival responses in vascular cells and limits platelet adhesion,
enhancing blood flow and minimizing thrombosis. The matricellular protein thrombospondin-1
(TSP1), through interaction with its receptor CD47, inhibits soluble guanylyl cyclase (sGC)
activation by NO in vascular cells. In vascular smooth muscle cells (VSMCs) both intracellular
cGMP and cAMP regulate adhesion, contractility, proliferation, and migration. cGMP can regulate
cAMP through feedback control of hydrolysis. Inhibition of the cAMP phosphodiesterase-4
selectively interfered with the ability of exogenous TSP1 to block NO-driven VSMC adhesion but
not cGMP accumulation, suggesting that cAMP also contributes to VSMC regulation by TSP1.
Inhibition of phosphodiesterase-4 was sufficient to elevate cAMP levels, and inhibiting guanylyl
cyclase or phosphodiesterase-3, or adding exogenous TSP1 reversed this increase in cAMP. Thus,
TSP1 regulates VSMC cAMP levels in part via cGMP-dependent inhibition of
phosphodiesterase-3. Additionally basal cAMP levels were consistently elevated in both VSMCs
and skeletal muscle from TSP1 null mice, and treating null cells with exogenous TSP1 suppressed
cAMP levels to those of wild type cells. TSP1 inhibited both forskolin and isoproterenol
stimulated increases in cAMP in VSMCs. TSP1 also abrogated forskolin and isoproterenol
stimulated vasodilation. Consistent with its ability to directly limit adenylyl cyclase-activated
vasodilation, TSP1 also limited cAMP-induced dephosphorylation of myosin light chain-2. These
findings demonstrate that TSP1 limits both cGMP and cAMP signaling pathways and functional
responses in VSMCs and arteries, by both phosphodiesterase-dependent cross talk between these
second messengers and by inhibition of adenylyl cyclase activation.
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1. Introduction
Nitric oxide (NO) is a central modulator of vascular health. NO produced by endothelial
nitric oxide synthase (eNOS) promotes blood flow and tissue perfusion by relaxing the
vascular smooth muscle cells (VSMCs) of resistance arteries, reducing endothelial
inflammation and platelet aggregation and promoting angiogenesis [1]. Recently we
reported that the matricellular protein thrombospondin-1 (TSP1) limits the canonical NO
pathway in VSMCs [2]. By suppressing NO signaling, TSP1 is a regulator of both acute and
subacute physiologic responses. At the level of arterial tone, TSP1 directly modulates NO-
stimulated VSMC relaxation [3] and thus acutely controls tissue blood flow [4,5] and limits
both blood pressure and cardiac dynamics [6,7].

The major molecular target of NO in this context is soluble guanylyl cyclase (sGC). NO
binding to the prosthetic heme in sGC activates the enzyme to synthesize cGMP [8]. TSP1
inhibits NO-stimulated sGC activation in both endothelial and VSMCs through binding to
the cell surface receptor CD47 [9]. TSP1-CD47 interaction is necessary for this inhibitory
signal since cells lacking CD47 are resistant to TSP1 inhibition. cGMP in turn activates
cGMP-dependent-protein kinase (PKG) and, at least in platelets, TSP1 directly inhibits
nucleotide activation of this downstream enzyme [10]. New work also describes a role for
circulating blood-borne TSP1 to inhibit endothelial based NO production by inhibiting
eNOS activation [7] and VEGF receptor-2 activation [11]. TSP1 then, as a regulator of the
canonical NO pathway at multiple levels, can control acute vascular tone, blood flow [3,6]
and angiogenic remodeling [12].

Recently we reported that both cGMP and cAMP levels are elevated in tissues from TSP1
and CD47 null mice compared to wild type controls [6]. A number of mechanisms could
account for the elevated cAMP. In several cell types, including T cells [13] and porcine
thyroid cells [14], CD47 has been found to limit adenylyl cyclase and thus cAMP levels
through interaction with heterotrimeric G proteins (Gi). In VSMCs [15] and platelets [16] a
TSP1 based peptide sequence, 4N1K (K-1016RFYVVMWK1024-K), that was derived from
the C-terminal globular domain of TSP1 and contains a Val–Val–Met motif that is required
for binding to CD47, decreased cAMP. In contrast, sickle cell red blood cells treated with
4N1K did not experience a drop in cAMP levels [17]. Alternatively, CD47 through
modulation of cGMP levels could regulate phosphodiesterases that hydrolyze cAMP to 5′-
AMP [18,19].

In this study, we examine the potential for TSP1-CD47 signaling to regulate cAMP levels in
endothelial and VSMCs. In VSMCs TSP1 potently blocks NO-stimulated increases in cell
adhesion independent of effects on cGMP hydrolysis. Likewise in VSMCs (but not
endothelial cells) physiologically relevant amounts of TSP1 block cGMP-stimulated
increases in cellular cAMP and also blocks isoproterenol and forskolin-stimulated increases
in cAMP. At a functional level, soluble TSP1 potently inhibits both isoproterenol and
forskolin-stimulated endothelial independent vasodilation. Thus in VSMCs TSP1 modulates
cellular cAMP levels directly via inhibition of adenylyl cyclase activation and indirectly via
cGMP-dependent cross talk.

2. Materials and Methods
2.1. Animals

C57BL/6 wild type and TSP1 null mice aged 14 to 18 weeks were housed under pathogen
free conditions and had ad libitum access to filtered water and standard rat chow. Handling
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and care of animals was in compliance with the guidelines established by the Animal Care
and Use Committees of the University of Pittsburgh School of Medicine.

2.2. Cells and Reagents
Primary aortic VSMCs were harvested from wild type and TSP1 null mice as previously
reported [2], cultured in growth medium (SM-GM, Lonza, Switzerland) and used within
passage 2. Human aortic VSMCs (Lonza, Switzerland) were maintained in smooth muscle
cell growth medium supplemented with the manufacturer's additives (SM-GM, Lonza,
Switzerland) and 5% fetal calf serum (FCS) in 5% CO2 at 37°C. Cells were utilized between
passages 4 through 9. Rat aortic VSMCs were obtained from freshly isolated vessels via
tissue digestion and selective growth medium conditions. Phenotype purity was confirmed
via staining for α-smooth muscle actin. Human umbilical vein endothelial cells (HUVECs)
were obtained from Lonza and grown in E-GM + 2% bovine serum (Lonza, Switzerland).
Purity of cultures was monitored by immunochemical staining with monoclonal human anti-
CD31 antibody (Sigma, St. Louis, MO). Cells were used at passages 3 through 6. Di-Bu-
cAMP, 8-Br-cAMP, 8-Br-cGMP and 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ),
isoproterenol and forskolin were obtained from Sigma (St. Louis, MO). Diethylamine
NONOate (DEA/NO) was kindly provided by Drs. Joseph Saavedra and Larry Keefer (NIH,
Frederick, Maryland). The phosphodiesterase inhibitors rolipram (PDE4 inhibitor) and
trequinsin (PDE3 inhibitor) were obtained from Calbiochem (San Diego, CA). TSP1 was
prepared from human platelets obtained from the NIH blood bank as previously described
[20] or purchased from Athens Research Technology (Athens, GA). Intracellular cGMP and
cAMP were measured by immunoassay kits obtained from Amersham Biosciences (GE
Healthcare, Franklin, NJ).

2.3. F-actin and Myosin Light Chain-2 (MLC-2) Staining of VSMCs
Adherent rat aortic VSMCs were grown on 5 μg/ml collagen I coated glass coverslips (Lab-
Tek, Nunc). Since TSP1 has a serum response element in its promoter region, cells were
serum starved 24 h in basal medium (SM-GM without serum and additives) + 0.1% BSA
and treated as indicated. Cells were then fixed in 2% paraformaldehyde in PBS (pH 7.4),
and permeabilized in 0.1% Triton X100 in PBS for 15 min. Cells were blocked 45 min in
2% BSA in PBS and incubated 18 h in polyclonal phospho-Myosin Light Chain 2 (ser19)
antibody (Cell Signaling, Boston, MA) followed by a secondary antibody (Alexa 546)
labeled anti-rabbit in combination with Cy3 labeled phalloidin and Hoechst staining
(Molecular Probes, Invitrogen, Carlsbad, CA). Images were obtained using an inverted
confocal Olympus microscope at 60x magnification.

2.4. Cell Adhesion Assay
Type I collagen (2.5 μg/ml) in PBS was plated in 8 μl spots on 1 cm volume sterile culture
plates (Falcon, Becton-Dickinson, Franklin Lakes, NJ) and allowed to adhere overnight at
4°C. The following day the matrix substrate was aspirated and plates blocked with 1% BSA
in PBS for 30 minutes at 37°C. Human or rat VSMCs were then plated in basal medium +
0.1 % BSA at a density of 1 × 105 cells per ml per plate and allowed to adhere for 1 h at
37°C. Plates were then washed gently with PBS and cells fixed with glutaraldehyde (1%) for
30 min and stained with DiffQuik (Dade Berhing, Newark, DE) for 10 min, washed with
distilled water and air dried. Cell adhesion was then determined by counting cells per high
powered field. Alternatively, cell adhesion was carried out in 96-well culture plates. After
pre-coating wells with collagen, harvested cells were plated at a density of 1 × 104 cells/well
in medium plus 0.1% BSA and treatment agents then incubated in 5% CO2 for 1 h. Wells
were washed with PBS, and cells fixed with glutaraldehyde (1%) for 10 min, washed and
stained with crystal violet (1%) for 20 min. Excess stain was rinsed away, adherent cells
were treated with acetic acid (10%), and plates were read at 570 nm.
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2.5. Intracellular Cyclic Nucleotide Measurement
Human aortic VSMCs (104 cells/well) grown overnight in 96-well culture plates were
pretreated for 24 h with medium containing 2% FCS and weaned off serum over 24 h before
treatment with a NO donor and other agents in serum/growth factor free medium (SM-GM +
0.1% BSA) for the indicated time periods. In some experiments aortic VSMCs were grown
to 80% surface saturation in 6-well plates, weaned off serum over 24 h and treated in basal
medium. Intracellular cGMP or cAMP levels were determined using an enzyme
immunoassay kit (GE Healthcare, Franklin, NJ). HUVECs (104 cells/well) were plated in
96-well culture plates in E-GM + 2% FCS and likewise weaned off serum over 24 h prior to
treatment. Cells were treated with a NO donor and agents in serum/growth factor free E-GM
+ 0.1% BSA and intracellular cAMP measured by immunoassay. In other experiments
aortic-derived VSMCs from age and sex matched C57BL/6 wild type and TSP1 null mice
(104 cells/well) were plated in full growth medium and grown to 80% surface saturation,
deprived of serum and growth factors overnight and treated with TSP1 (2.2 nM) and DEA/
NO (10 μM) in basal medium + 0.1% BSA. Intracellular cyclic nucleotide levels were then
determined via immunoassay. Total protein was determined via a BCA reaction (Pierce,
Madison, WI) and results normalized accordingly.

2.6. Tissue cAMP Determination
Thigh muscle biopsies were harvested from age matched male C57BL/6 wild type and TSP1
null mice, snap frozen with liquid nitrogen, pulverized and suspended in chilled lysis buffer.
The mixtures were sonicated on wet ice to ensure complete lysis, centrifuged 10 min at
13,000 g at 4°C and the supernatant was used for cAMP determination via ELISA
immunoassay (GE Healthcare, Franklin, NJ). Total protein was determined via a BCA
reaction and cAMP results normalized accordingly.

2.7. Western Blot Analysis
Cells for Western blot analysis were homogenized and suspended in lysis buffer [50 mM
Tris HCl (pH 7.4), 125 mM NaCl, 1 mM EDTA, 1% NP40, 1 mM sodium orthovanadate, 20
mM NaF, 10mg/ml PMSF/protease inhibitor mixture (Sigma P8340)]. Insoluble material
was removed by centrifugation at 12,000 ×g for 10 min at 4°C. Forty micrograms of protein
from cell lysates in SDS sample buffer were electrophoresed in gels and transferred to
PVDF membranes before immunoblotting with antibodies against phospho-MLC-2 (Cell
Signaling, Boston, MA) and β-actin.

2.8. In Vitro Arterial Vasorelaxation Assay
Adult male age matched wild type C57BL/6 mice were euthanized by cervical dislocation.
After trans-section of the abdominal vena cava, the vasculature was gently flushed with
Krebs buffer via puncture of the left ventricle to remove blood and the thoracic aorta cleaned
of surrounding connective tissue in situ then dissected free. To remove the endothelial layer
vessels were cannulated over their entire length with a specially designed blunt needle that
had a roughed outer metal surface. Segments (3 mm in length) were then mounted in a dual
wire myograph system (Multi Myograph Model 610M). Vessels were allowed to equilibrate
in standard Krebs buffer (in mM: 130 NaCl, 14.9 NaHCO3, 5.5 dextrose, 4.7 KCl, 1.17
MgSO4, 1.18 KH2PO4, 1.6 CaCl2, pH 7.4) bubbled with 5% CO2 + 95% O2 at 37°C.
Tension of the arteries was set to 9.98 mN. Vessels were then allowed to equilibrate until
baseline tension remained constant (30-60 min). Vessel viability was confirmed by a
contractile response to KCl buffer (in mM: 34.7 NaCl, 100 KCl, 1.18 KH2PO4, 1.17
MgSO4, 14.9 NaHCO3, 5.5 dextrose, 1.6 CaCl2, pH 7.4), repeated twice for 5 min each.
Dose-response curves to phenylephrine were carried out and a dose that produced 80%
maximum contraction (EC80) was chosen for establishing baseline vascular tone prior to
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additional treatments. Vessels achieving less than 15% relaxation to 10-6 M acetylcholine
were considered to be denuded of endothelium.

2.9. Statistics
Studies were repeated in three independent experiments and results presented as the mean ±
SD, with analysis of significance done using one-way ANOVA to compare multiple
unmatched data points and a P<0.05 taken as significant. Treatment conditions for adhesion
assays in some instances (where indicated) were performed in duplicates and each
experiment independently repeated three times with results presented as the mean ± SD.
Results of arterial relaxation studies were analyzed by 2-way ANOVA with the Bonferroni
post hoc test to determine significance.

3. Results
3.1. Exogenous TSP1 inhibits cAMP-driven actin reorganization in VSMCs

NO-stimulated VSMC adhesion on collagen is blocked by TSP1 [2]. NO also induces
morphologic alterations in VSMCs [3]. Consistent with the previously reported inhibition by
TSP1 of NO-induced cytoskeletal changes in endothelial cells [12], treatment with 10 μM
DEA/NO decreased actin filament organization in rat aortic VSMCs, and this was reversed
by exogenous TSP1 (2.2 nM) (Fig. 1A). Similar results were obtained in human aortic
VSMCs (data not shown).

Arterial vasoconstriction requires coordinated interactions between VSMC actin and myosin
heavy chains. NO/cGMP signaling promotes vasorelaxation by preventing phosphorylation
of the myosin regulatory subunit MLC-2 [21]. We previously showed that TSP1 inhibits
NO-stimulated dephosphorylation of MLC-2 in human VSMCs [3]. TSP1 treated rat aortic
VSMCs show increased association of phospho-MLC-2 (p-MLC-2) with stress fibers (Fig.
1A) compared to control cells. As expected, exogenous NO decreased p-MLC-2 association
with stress fibers, and this was significantly abrogated by TSP1 (Fig. 1A).

In several cell types, changes in cellular cAMP can regulate cell morphology and actin
organization [22]. In myocardial cells and VSMCs these cytoskeletal dynamics are mediated
by cAMP in part through altering the phosphorylation and dephosphorylation of MLC-2
[23][24]. Treatment of rat aortic VSMCs with the cAMP analogue di-Bu-cAMP (and
forskolin, which increases cellular cAMP by directly activating adenylyl cyclase, data not
shown) resulted in a marked decrease in F-actin organization which exogenous TSP1
significantly abrogated (Fig. 1B). Likewise, rat aortic VSMCs treated with di-Bu-cAMP
showed decreased p-MLC-2, which TSP1 significantly abrogated (Fig.1C). In VSMCs, NO
inhibits sphingosine-1-phosphate-stimulated phosphorylation of MLC-2 [3]. Myosin light
chain kinase (MLCK) phosphorylates MLC-2 in a Ca2+-dependent manner and controls
VSMC contraction [25]. Western blotting confirmed that TSP1 inhibits cAMP-stimulated
decreases of MLC protein phosphorylation in phenylephrine-stimulated rat aortic VSMCs
(Fig. 1D, E).

3.2. cAMP-stimulated arterial relaxation is inhibited by TSP1
cAMP regulation of MLCK activity controls actin-myosin cross bridge cycling [23,24,26],
which stimulates arterial vasodilation [27]. Both forskolin and isoproterenol can increase
VSMC cAMP levels through effects on adenylyl cyclase. To assess whether TSP1 can
acutely regulate cAMP-mediated vasodilation, fresh murine aortic arterial segments were
denuded of endothelium (removing the effects of endogenous NO via eNOS) and treated
with exogenous TSP1. Treating denuded arterial segments with either agent led to an
expected dose-dependent stimulated arterial vasodilation, and this was inhibited by
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physiologically relevant amounts (2.2 nM) of TSP1 (Fig. 2A, B). Interestingly, pre-
treatment with pertussis toxin (a specific blocker of Gi signaling) rendered endothelial
deficient arterial segments insensitive to TSP1 inhibition (data not shown).

3.3. TSP1 blocks cAMP-stimulated VSMC adhesion
cAMP regulates integrin-mediated cell adhesion in a substrate-specific manner [28] Human
aortic VSMC adhesion to collagen substrate was enhanced in a dose-dependent manner by
8-Br-cAMP, and 2.2 nM TSP1 blocked this response (Fig. 2C). TSP1 was also very
effective at blocking both foskolin (Fig. 2D) and isoproterenol (Fig. 2E) stimulated increases
in VSMC adhesion to type I collagen. Here too, pertussis toxin treatment rendered VSMC
less sensitive to TSP1 inhibition of adenylyl cyclase-stimulated adhesion (data not shown).

3.4. TSP1 inhibits drug- or receptor-mediated cAMP synthesis
Several mechanisms could account for the above activities of TSP1 to antagonize cAMP-
stimulated VSMC adhesion and adenylyl cyclase-dependent vasodilation. TSP1 binding to
CD47 induces dissociation of Giα from CD47 [16], which could inactivate adenylyl cyclase
and decrease cAMP levels. Consistent with these findings, isoproterenol (10 μM) and
forskolin (1 μM) stimulated increases in cAMP in human aortic VSMCs were sensitive to
inhibition by exogenous TSP1 (2.2 nM) (Fig. 2F). Thus cAMP signaling in VSMCs is
sensitive to inhibition by TSP1, and Gi-mediated inhibition of adenylyl cyclase may account
for the functional antagonism of cAMP signaling by TSP1 in vascular smooth muscle.

3.5. TSP1 regulates cAMP levels in part via PDE cross talk
TSP1-CD47 signaling in VSMCs prevents activation of sGC by NO, thereby lowering
cGMP levels [2]. PDE3 is known to hydrolyze both cAMP and cGMP, however, with
variable selectivity [29,30], and cGMP is a competitive inhibitor of PDE3 hydrolysis of
cAMP. The result is that cGMP and cAMP levels track together in VSMCs with increased
cGMP leading to increased cAMP and vice versa. Given the identified role TSP1 has in
limiting vascular cell cGMP levels, TSP1 inhibition of cAMP-stimulated VSMC responses
might also occur through cGMP-mediated control of cAMP specific PDEs.

We first assessed PDE-mediated cross talk between cGMP and cAMP in human aortic
VSMCs. Hydrolysis of cGMP is mediated by the cGMP phosphodiesterases PDE1, PDE3,
and PDE5 [31]. Of these, PDE5 is the major cGMP-hydrolyzing PDE in VSMCs [32].
Previously we found that inhibition of these PDEs moderately increased basal adhesion of
VSMCs, but did not prevent TSP1 from inhibiting NO-stimulated adhesion [2]. Thus, TSP1
does not inhibit NO-induced cGMP levels by enhancing the activity of any of the cGMP-
specific PDEs. Inhibition of the cAMP PDE4 by rolipram did not, in and of itself, change
basal or NO-stimulated increases in VSMC adhesion. However, rolipram reversed the TSP1
inhibition of NO-stimulated VSMC adhesion (Fig. 3A).

Because PDE4 is a cAMP specific phosphodiesterase, we did not expect rolipram to directly
alter cGMP levels. This was confirmed in cells treated with NO donor and/or exogenous
TSP1 with or without the PDE4 inhibitor (Fig. 3B). Rolipram treatment did not alter cGMP
levels, excluding feedback regulation through cAMP inhibition of PDE5. NO-induced
cGMP was slightly, though not significantly, decreased in the presence of rolipram, but
exogenous TSP1 still blocked the NO-stimulated increase in cGMP in the presence of this
inhibitor (Fig. 3B). Therefore, rolipram does not block TSP1 inhibition of NO signaling by
elevating cGMP or by preventing TSP1 modulation of sGC.
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3.6. TSP1 inhibition of NO-driven VSMC responses involves cGMP-cAMP cross talk
Because cGMP-mediated inhibition of PDE3 in VSMCs can elevate cAMP [29,30] the
PDE4-sensitive adhesive response to TSP1 could involve this second messenger. NO alone
did not significantly increase human aortic VSMC cAMP levels, and adding TSP1 had no
effect (Fig. 3C). As expected, the PDE4 inhibitor significantly elevated cAMP levels in
untreated cells or cells treated with an NO donor (Fig. 3C). Interestingly, TSP1 in the
presence of NO and rolipram reproducibly inhibited cAMP levels (Fig. 3C).

If inhibition of this cAMP response by TSP1 was mediated by the known inhibition of the
cAMP-hydrolyzing PDE3 by cGMP, it should require guanylyl cyclase activity. This was
confirmed using ODQ, which reversed rolipram-stimulated cAMP accumulation in the
presence of NO (Fig. 3D). To further demonstrate that TSP1 modulation of cAMP is sGC-
specific and rule out effects via other enzymatic sources of cGMP, VSMCs were treated
with atrial natriuretic peptide (ANP), a specific activator of particulate guanylyl cyclase
(pGC). In this case TSP1 did not limit ANP-stimulated changes in cellular cGMP further
confirming the specificity of TSP1 inhibition of sGC (Fig 3E). Interestingly, TSP1 still had a
residual inhibitory effect on cAMP even when cGMP cross talk was blocked (Fig. 3D)
supporting the findings that TSP1 also inhibits forskolin and isoproterenol-stimulated
increases in VSMC cAMP and arterial vasodilation putatively through Gi-dependent
inhibition of adenylyl cyclase. This result suggested that PDE3 becomes the limiting cAMP
PDE when PDE4 is blocked. Consistent with this mechanism, adding the PDE3 inhibitor
alone in the presence of NO did not alter cAMP, but inhibiting PDE3 abrogated the
rolipram-dependent increase in cAMP and diminished the ability of TSP1 to inhibit cAMP
levels under this condition (Fig. 3F). Furthermore, addition of the cell permeable analogue
8-Br-cGMP increased intracellular cAMP levels in VSMCs presumably through competition
with cAMP for PDE3 hydrolysis, and exogenous TSP1 abrogated this increase (Fig. 3G).
Taken together, these results indicate that TSP1 directly modulates adenylyl cyclase-
activated formation of cAMP, but under conditions of NO-stimulation and increased cGMP,
TSP1 can also lower cAMP by preventing cGMP-mediated inhibition of PDE3.

3.7. Sensitivity of NO-dependent cAMP signaling to TSP1 is specific for VSMCs
Endothelial and VSMCs express different PDE variants and family members [33],
suggesting that cell type-specific cross talk between cyclic nucleotide pathways mediated by
these PDEs could account for differential responses to TSP1 and NO. Although cGMP
responses of VSMCs appear identical to those of endothelial cells, cross talk with cAMP
differed (Fig. 4A). Consistent with a previous report [34], HUVEC cAMP levels did not
increase in response to NO. Inhibiting PDE4 did increase cAMP in the absence or presence
of NO as in VSMCs (compare with Fig. 3C). Most importantly, in contrast to VSMCs,
elevated HUVEC cAMP levels in the presence of rolipram and NO was not inhibited by
TSP1.

3.8. VSMC and skeletal muscle cAMP levels are limited by endogenous TSP1
Basal cGMP levels are continuously modulated by endogenous TSP1-CD47 signaling [7,9].
In murine TSP1 and CD47 null endothelial and VSMCs basal cGMP levels are greater than
in wild type cells [9,12]. Likewise temporary gene silencing of CD47 in porcine VSMCs
elevates basal cGMP above control [5]. Interestingly, cAMP levels are increased
significantly in TSP1 null aortic VSMCs compared to wild type (Fig. 4B). Adding back
exogenous TSP1 suppresses cAMP levels both in wild type and TSP1 null cells. Together
these results are consistent with both cGMP driven regulation of PDE3 leading to decreased
hydrolysis of cAMP and direct inhibition of adenylyl cyclase by TSP1. Similarly, cAMP
levels were significantly elevated in skeletal muscle samples from TSP1 null mice compared
to wild type (Fig. 4C).
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4. Discussion
The sGC/cGMP pathway is an important molecular target for antagonism between TSP1 and
NO to control angiogenic responses of endothelial cells [12], VSMC contractility [2], and
platelet activation [10]. TSP1, as an inhibitor of the canonical NO pathway, acutely
regulates tissue blood flow and hemostasis, and limits the ability of higher animals to
survive fixed ischemic and ischemia-reperfusion injuries [3,4,35]. However, vascular
smooth muscle tone also depends on cAMP signaling [22,36], and previous reports of
elevated cAMP levels in tissues from TSP1 and CD47 null mice [6] suggested that TSP1-
CD47 signaling could also control vascular responses via this second messenger. The
present results identify dual mechanisms by which TSP1 alters cAMP responses in VSMC –
(i) via Gi-mediated inhibition of adenylyl cyclase, and (ii) via cGMP-dependent regulation
of cAMP-specific PDE activity (Fig. 5).

CD47 ligation was previously shown to induce dissociation of Giα, which was associated
with increased integrin activation. In the context of NO, however, TSP1 ligation of CD47
decreases VSMC adhesion. Therefore, Gi-mediated integrin activation can not explain the
present data. CD47 ligation is also known to modulate cAMP levels in several cell types
including platelets [15]. In thyroid cells, the TSP1-derived peptide 4N1K (RFYVVMWK)
by binding to CD47 prevented a ceramide-induced decrease in cAMP [14]. Conversely,
several CD47 ligands including a derivative of the above peptide decreased cAMP levels in
platelets, malignant breast epithelial cells, and T cells and, in the latter two cell types,
induced cell death in a protein kinase A-dependent manner [13]. The latter studies are
consistent with our results in VSMC and suggest that CD47 ligation directly lowers cAMP
synthesis via G-protein regulation of adenylyl cyclase (review in [37]). Our data in cultured
VSMCs (that lack eNOS) and endothelial free arterial segments further suggests direct
coupling of CD47 to adenylyl cyclase activity.

Cellular cGMP and cAMP levels are linked through feedback via PDEs [38]. The
importance of cross talk between cGMP and cAMP to TSP1 modulation of NO-driven cell
signals was demonstrated by the finding that inhibition of PDE4 prevented TSP1
downregulation of NO-driven responses. PDE4 is responsible for hydrolysis of cAMP and
does not directly alter cGMP levels. Under these conditions, cGMP inhibits PDE3 and
thereby elevates intracellular cAMP (Fig. 5). Interestingly TSP1 regulation of cAMP via
cGMP-dependent cross talk may be specific for VSMCs in that we did not see a similar
coupling between cAMP and cGMP levels in vascular endothelial cells. Regulation of PDE4
activity and subcellular localization (review in [39-41]), therefore, may be a key to
determine whether NO and TSP1 signals can regulate cAMP in a specific cell type.
Furthermore, the ability of a Src kinase, which is another target of TSP1 signaling in
vascular cells [42,43], to regulate a PDE4 variant [44] suggests that PDE4 may directly
participate in TSP1 signaling. The above results also suggest that VSMC responses to TSP1
may be sensitive to drugs that selectively modify PDE activity. Importantly, studies using
VSMCs from knockout mice confirmed a role for endogenous TSP1 in modulating cellular
cAMP levels. Consistent with earlier reports of elevated cGMP levels in the absence of
endogenous TSP1 [12] and CD47 [9], VSMCs from TSP1 null animals demonstrated
significantly greater basal cAMP levels, which were suppressed by exogenous TSP1.
Skeletal and cardiac muscle responses are known to be regulated by cAMP-cGMP cross talk
[45]. The finding that TSP1 null skeletal muscle biopsies display increased cAMP levels and
the identified role cAMP has in regulating mitochondrial metabolism [46] suggests a
possible further role for TSP1 in regulating muscle energetics.

TSP1 can both stimulate and inhibit VSMC responses. In part, these opposing responses
may be explained by competing signals from different TSP1 receptors. Positive proliferative
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and chemotactic responses of VSMCs to TSP1 have been ascribed to the TSP1 receptor αβ1
integrin [47,48], which recognizes the N-terminal domain of TSP1. The C-terminal domain
of TSP1 stimulates VSMC chemotaxis through αvβ3 integrin and CD47 [47,49,50].
Responses of VSMCs to PDGF are also dependent on endogenous levels of TSP1 [48].
Generally, these positive activities of TSP1 require nanomolar or greater concentrations of
the protein. Conversely, inhibition of NO signaling in vascular cells via CD47 occurs at
10-100 pM concentrations of TSP1. Therefore, the latter may be the dominant activity of
TSP1 for VSMCs when physiological concentrations of NO are present.

Both cGMP and cAMP are known to promote arterial vasodilation [1,51]. TSP1 blocks
eNOS activation and endogenous NO production [7], NO-dependent activation of sGC and
cGMP-stimulated de-phosphorylation of MLC-2 in VSMCs and limits NO-stimulated
vasodilation in mice [3]. TSP1, as we show, can also limit cellular cAMP in both a cGMP-
dependent and cGMP-independent manner (Fig. 5). These findings suggest that in vivo
circulating TSP1, by suppressing endothelial derived NO production (through inhibiting
eNOS activation), also limits cAMP-mediated signaling in vessels. Additionally, we find
that TSP1 regulates VSMC contraction by directly resisting cAMP-dependent modulation of
contractile proteins. Consistent with this novel role in regulating VSMC contractility, we
show that exogenous TSP1 in endothelium free arteries inhibits forskolin and isoproterenol
stimulated vasodilation. These findings indicate that TSP1 can modulate VSMC contractile
proteins in cultured cells and arterial tone in vessels through regulation of cAMP in a
cGMP-independent manner [51]. This is particularly relevant given the enhanced expression
of TSP1 in the extracellular matrix of aged and atherosclerotic arteries [52-55] and suggests
that TSP1 limits both cGMP- and cAMP-stimulated vasodilation. This may partly explain
the reported decrease in cAMP and cGMP stimulated activation of protein kinase G-I (PKG-
I) in aged VSMCs and suggests increased age-driven arterial expression of the TSP1-CD47
nexus could account for loss of arterial vasodilation in older individuals[56]. Then blocking
the TSP1-CD47 signaling nexus, by selectively enhancing regional cyclic nucleotide levels
of both cGMP and cAMP, may represent a novel means of increasing arterial vasodilation
and blood flow and of altering blood pressure.

5. Conclusions
The matrix-cellular protein thrombospondin-1 has an identified role in limiting cGMP levels
in vascular cells. We now demonstrate that TSP1 can limit vascular smooth muscle cell
cAMP levels by an NO-dependent pathway through cGMP mediated alterations of cAMP
hydrolysis. Additionally, TSP1 potently suppresses activation of VSMC adenylyl cyclase
and cAMP-stimulated vasodilation and thus has NO-independent effects on vascular cAMP.
TSP1 thus redundantly modulates cyclic nucleotide levels in the vasculature.
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Fig. 1. cAMP-driven actin reorganization in VSMC is inhibited by exogenous TSP1
(A) Rat aortic VSMCs were treated in serum free medium plus 0.1% BSA (control), TSP1
(2.2 nM), DEA/NO (10μM) or DEA/NO + TSP1 (2.2 nM) for 1 h, then fixed, permeabilized
and stained for p-MLC-2. Representative images three separate experiments are presented.
Magnification - 60x. Cells were treated in serum free medium plus 0.1% BSA (control),
TSP1 (2.2 nM), di-Bu-cAMP (100 μM) or di-Bu-cAMP + TSP1 (2.2 nM) for 1 h, then fixed,
permeabilized and stained for F-actin phalloidin (B) and p-MLC-2 (C). Images are
representative of three separate experiments. Magnification – 60x. (D) Aortic VSMCs at
90% confluence on 3.5 cm culture dishes were serum/additive starved over 24 h and in basal
medium plus 0.1% BSA treated with TSP1 (2.2 nM) ± 8-Br-cAMP (100 μM) ±
phenylephrine (10 μM), lysates prepared and Western blot analysis of p-MLC-2 determined.
A representative blot of 3 separate experiments is presented. (E) Western blot expression
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was quantified by densitometry calculated by measuring intensity of bands using Image J
and normalized to β-actin. *P<0.05, PE + 8-Br-cAMP + TSP1 versus PE + 8-Br-cAMP.
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Fig. 2. TSP1 inhibits cAMP-stimulated vasodilation and VSMC adhesion, and agonist-induced
cAMP accumulation
Freshly harvested aortas from 12 week old male wild type C57BL/6 mice underwent
disruption of the endothelium which was confirmed by lack of vasorelaxation in response to
acetylcholine. Vessels were then pre-contracted and arterial vasorelaxation to a dose
response curve of (A) forskolin or (B) isoproterenol ± TSP1 (2.2 nM) determined. Data
represent the mean ± SD of 4 vessels in each treatment group. *P<0.005, TSP1 treated
versus control. Fitted curves were analyzed by two-way ANOVA followed by the
Bonferroni post test. (C) Human aortic VSMC (2 × 105 cells/ml) attachment was determined
on dishes coated with type I collagen (2.5 μg/ml) in the presence of the cell permeable
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cAMP analog 8-Br-cAMP ± TSP1 (2.2 nM). Results presented are the mean ± SD of three
experiments. *P<0.05, TSP1 treated versus control. VSMC (2 x 105 cells/ml) attachment
was determined on dishes coated with type I collagen (2.5 μg/ml) in the presence of the
indicated doses of (D) forskolin ± TSP1 (2.2 nM) or (E) isoproterenol (10 μM) ± TSP1 (2.2
nM). Results presented are the mean ± SD of three experiments. * P<0.05, TSP1 treated
versus control (D); *P<0.05 TSP1 + isoproterenol versus isoproterenol (E). (F) Human
aortic VSMCs were plated at 80% confluence and serum deprived over 24 h. In basal
medium + 0.1% BSA cells were treated with isoproterenol (10 μM) or forskolin (1 μM) ±
TSP1 (2.2 nM) and cAMP levels determined via ELISA. Results are the mean ± SD of three
experiments. *P<0.05, TSP1 + isoproterenol (or forskolin) versus isoproterenol (or
forskolin).
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Fig. 3. TSP1 regulates VSMC cAMP levels via PDE cross talk
(A) Human aortic VSMC (2 × 105 cells/ml) attachment was determined on dishes coated
with type I collagen (2.5 μg/ml) in the presence of the indicated treatment agents at the
following concentration - DEA/NO (10 μM), PDE4 inhibitor (1 μM), TSP1 (2.2 nM).
Results presented are the mean ± SD of three experiments. *P<0.05, basal versus DEA/NO;
**P<0.05, DEA/NO versus DEA/NO + TSP1; ***P<0.05, DEA/NO + TSP1 versus DEA/
NO + TSP1 + PDEI 4. (B) VSMCs were incubated for 5 min in basal medium (SM-GM
without serum and additives) + 0.1% BSA in the presence of the indicated treatment agents
at the following concentrations - DEA/NO (10 μM), PDE4 inhibitor (1 μM), TSP1 (2.2 nM)
and intracellular cGMP measured by immunoassay. Results presented are representative of
three experiments. *P<0.05, basal versus DEA/NO; **P<0.05, DEA/NO versus DEA/NO +
TSP1; ***P<0.05, DEA/NO versus DEA/NO + TSP1 + PDEI 4. (C) VSMCs (5000 cells/
well) were incubated in 96-well plates for 5 min in basal medium + 0.1% BSA in the
presence of the indicated treatment agents at the following concentrations - DEA/NO (10
μM), PDE4 inhibitor (1 μM), TSP1 (2.2 nM) and intracellular cAMP measured via
immunoassay . *P<0.05, basal versus PDEI 4 or DEA/NO + PDEI 4; **P<0.05, PDEI 4 or
DEA/NO + PDEI 4 versus DEA/NO + TSP1 + PDEI 4. VSMCs (5000 cells/well) were
incubated in 96-well plates for 5 min in basal medium + 0.1% BSA in the presence of the
indicated treatment agents at the following concentrations - DEA/NO (10 μM), PDE4
inhibitor (1 μM), TSP1 (2.2 nM), ODQ (10 μM) (D) and intracellular cAMP measured via
immunoassay. *P<0.05, PDEI 4 + ODQ versus PDEI 4 + TSP1 or PDEI 4 + TSP1 + ODQ.
VSMCs (5000 cells/well) were incubated in 96-well plates for 5 min in basal medium +
0.1% BSA and ANP (10 μM) ± TSP1 (2.2 nM) and cGMP measured by immunoassay (E).
ns = not significant, ANP versus ANP + TSP1. (F) VSMCs (5000 cells/well) were incubated
in 96-well plates for 5 min in basal medium + 0.1% BSA in the presence of the indicated
treatment agents at the following concentrations - DEA/NO (10 μM), PDE4 inhibitor (1
μM), PDE3 inhibitor (2 μM), TSP1 (2.2 nM) and intracellular cAMP measured via
immunoassay *P<0.05, PDEI 4 versus PDEI 4 + TSP1 or PDEI 4 + PDEI 3. ns = not
significant, PDEI 3 versus PDEI 3 + TSP1 and PDEI 4 + PDEI 3 versus PDEI 4 + PDEI 3 +
TSP1. (G) VSMCs (5000 cells/well) were incubated in 96-well plates for 5 min in basal
medium + 0.1% BSA in the presence of 8-Br-cGMP (10 μM) ± TSP1 (2.2 nM) and cAMP
levels determined via immunoassay. * P<0.05, TSP1 + 8-Br-cAMP versus 8-Br-cAMP.
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Fig. 4. Inhibition of NO-dependent cAMP signaling by TSP1 is specific for VSMC
(A) HUVECs (5000 cells/well) were incubated in 96-well plates for 5 min in basal medium
(E-GM without serum and additives) + 0.1% BSA in the presence of the indicated treatment
agents at the following concentrations - DEA/NO (10 μM), PDE4 inhibitor (1 μM), TSP1
(2.2 nM) and intracellular cAMP measured via immunoassay *P<0.05, DEA/NO + TSP1
versus PDEI 4 or DEA/NO + PDEI 4. Results are representative of three separate
experiments. (B) Murine derived aortic VSMCs from wild type and TSP1 null age matched
C57BL/6 mice were grown to 80% surface saturation on 6-well culture plates (Nunc) and
serum and growth factor deprived overnight in SM-GM (Lonza, Switzerland) and 0.1%
BSA. The next morning cells were treated with TSP1 (2.2 nM) for 15 min, lysed and cAMP
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determined via ELISA immunoassay (GE Healthcare, Franklin, NJ). Results were
normalized to total protein and are presented as the mean ± SD of three separate
experiments. *P<0.05, TSP1 null versus wild type; **P<0.05, wild type + TSP1 versus wild
type; ***P<0.05 TSP1 null + TSP1 versus TSP1 null. (C) Vastus lateralis skeletal muscle
biopsies were obtained from age matched male C57BL/6 wild type and TSP1 null mice,
snap frozen in liquid nitrogen, pulverized and suspended in lysis buffer. Following
sonication cAMP levels were determined from the supernatant via ELISA immunoassay
with results normalized to total protein. Results represent the mean ± SD of 6 wild type and
6 TSP1 null muscle biopsies. * P<0.05, TSP1 null versus wild type.

Yao et al. Page 19

Pharmacol Res. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. TSP1 controls VSMC response through modulating both cAMP and cGMP
TSP1 acts at the level of guanylyl cyclase (GC) to inhibit NO-induced VSMC adhesion,
migration, proliferation and contraction [2,3]. NO signaling also elevates cAMP through
inhibiting PDE3 activity in a cGMP-dependent manner. TSP1 can block this elevation under
conditions where PDE3 is limiting for cAMP degradation. Acting through cGMP-
independent pathways, TSP1 also inhibits VSMC cAMP accumulation and limits cAMP-
dependent vasodilation. TSP1 control of VSMC cAMP, through cGMP cross talk and in a
cGMP-independent fashion by inhibiting adenylyl cyclase activation represents additional
and novel mechanisms by which TSP1 regulates VSMC contractility, arterial diameter and
blood flow emphasizing the redundant nature of TSP1 regulation of vascular tone. (AC,
adenylyl cyclase; Giα, G protein-coupled receptor)

Yao et al. Page 20

Pharmacol Res. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


