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Differential Regulation of Thrombospondin-1 and
Thrombospondin-2 After Focal Cerebral
Ischemia/Reperfusion
Teng-nan Lin, PhD; Gyoeng-Moon Kim, MD, PhD; Jean-Ju Chen, BS; Wai-Mui Cheung, BS;
Yong Y. He, MD; Chung Y. Hsu, MD, PhD
Background and Purpose—Angiogenesis occurs after cerebral ischemia, and the extent of angiogenesis has been
correlated with survival in stroke patients. However, postischemic angiogenesis is short-lived and may be completely
terminated within a few weeks after ischemic insult. The molecular mechanism underlying the dissolution of
postischemic angiogenic processes is poorly understood. Although the expression of angiogenic genes has been studied
in ischemic stroke models, the activation of angiostatic genes after cerebral ischemia has not been investigated.
Thrombospondin (TSP)-1 and TSP-2 are naturally occurring angiostatic factors, which inhibit angiogenesis in vivo. The
aim of the present study was to explore the expression of TSP-1 and TSP-2 in relation to the evolution of angiogenic
process in a focal ischemia model in rats.
Methods—Rats underwent cortical ischemia in the middle cerebral artery territory for 60 minutes and reperfusion for up
to 2 weeks. Northern and Western blot analysis were used to study the temporal profile of TSP-1 and TSP-2 expression
at the mRNA and protein level, respectively. In situ hybridization and immunohistochemical studies were used to
examine the spatial expression patterns. Double immunostaining was applied to define the cellular origins of TSP-1 and
TSP-2.
Results—A biphasic expression of TSP-1 was noted after ischemia, peaking at 1 and 72 hours. Endothelial cells in the
leptomeninges were the only source of the first TSP-1 peak, whereas endothelial, glial, neuronal, and macrophage cells
contributed to the second peak of TSP-1 expression. TSP-2 expression occurred much later and in a monophasic manner,
peaking 2 weeks after ischemia. TSP-2 immunoreactivity was observed in endothelial, neuronal, and macrophage, but
not glial, cells. TSP-1 was expressed before the peak of angiogenesis, whereas robust TSP-2 expression occurred at the
peak of angiogenesis and continued into the period when angiogenesis had completely resolved.
Conclusions—Robust expression of TSP-1 and TSP-2, 2 major angiostatic factors, was noted in the ischemic brain with
different temporal expression profiles from different cellular origins. The expression of these angiostatic factors,
especially TSP-2, likely contributes to the spontaneous resolution of postischemic angiogenesis. Further studies are
needed to explore the molecular mechanisms that regulate the balance of angiogenic and angiostatic factors in the
ischemic brain. (Stroke. 2003;34:177-186.)
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I

schemic brain injury is a consequence of a severe reduction
of blood supply to the affected region. The resultant low
tissue oxygen tension often leads to compensatory neovascularization to meet the metabolic demand. The extent of
angiogenesis has been correlated with survival in stroke
patients.1,2 Despite the postischemic induction of many angiogenic factors (eg, vascular endothelial growth factor
[VEGF], basic fibroblast growth factor, and angiopoietin), we
observed eventual regression of this postischemic angiogenic
sprouting.3–5 Because angiogenic activity reflects a balance

between the angiogenic and angiostatic drives,6 –11 it is
expected that the expression of angiostatic factors may
contribute to the resolution of postischemic angiogenesis.
Among major angiostatic factors, thrombospondin (TSP)-1
and TSP-2 have gained increasing importance in recent
studies. TSP-1 and TSP-2 belong to a family of secreted,
multidomain, and multimeric extracellular glycoproteins that
participate in cell-to-cell and cell-to-matrix communication.12
There are 5 family members, each representing a separate
gene product, in most vertebrate species. Each of these 5 gene
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products has a specific pattern of expression in embryonic
and adult tissues.13,14 The TSP gene family is divided into 2
subfamilies, A and B, according to their overall molecular
organization. The subgroup A proteins, TSP-1 and TSP-2, are
assembled as trimers. Each subunit of these trimeric molecules is composed of an N-terminal heparin-binding domain,
a linker domain enclosing 2 cysteine residues required for
trimerization, a procollagen-homology domain with 3
properdin-like type I repeats, 3 epidermal growth factor–like
type II repeats, 7 calcium-binding type III repeats, and a
globular C-terminal domain.15 The subgroup B proteins,
TSP-3, TSP-4, and TSP-5/COMP, are assembled as pentamers, and each subunit contains similar domains found in
subgroup A, except that there are 4 instead of 3 type II repeats
but no procollagen-homology domain or 3 type I repeats.16 It
is the type I repeats that make TSP-1 and TSP-2 naturally
occurring inhibitors of angiogenesis, capable of inducing
apoptotic endothelial cell death.14,17,18
During embryonic development in mice, TSP-1 mRNA is
expressed in the capillaries, and TSP-2 mRNA is expressed in
the capillaries and large vessels. Despite their structural
similarity and partially overlapping sites of expression during
development, the essential functions of TSP-1 and TSP-2 are
distinct and not redundant, and each has its characteristic
temporal and spatial expression profile.19 However, it is clear
that TSP-1 and TSP-2 are angiostatic. Both TSP-1– and
TSP-2–null mice showed increased vascularity in skin
wounds.20 To our knowledge, TSP-1 and TSP-2 expression in
the ischemic brain has not been studied previously. The
present study was undertaken to explore whether the expression of TSP-1 and TSP-2 is altered after focal cerebral
ischemia/reperfusion.

Materials and Methods
Materials
All chemicals and reagents were purchased from E. Merck or Sigma
Chemical Co, unless specified.

Stroke Model
The focal cerebral ischemia/reperfusion model in rats has been
described previously.21,22 In brief, male Long-Evans rats weighing
250 to 300 g were anesthetized with chloral hydrate (360 mg/kg body
wt IP). The trunk of the right middle cerebral artery (MCA) above
the rhinal fissure was identified under a stereomicroscope and ligated
with a 10-0 suture. Interruption of blood flow distal to the ligation
was confirmed by microscope. Both common carotid arteries were
then occluded by using nontraumatic aneurysm clips. After 60minute ischemia, the aneurysm clips and the suture were removed,
and restoration of blood flow in all 3 arteries was verified. While the
animals were under anesthesia, the rectal temperature was monitored
and maintained at 37.0⫾0.5°C by using a homeothermic blanket
(Harvard Instruments). After the ischemic insult, the rats were kept
in an air-ventilated incubator at 24.0⫾0.5°C for up to 2 weeks and
were provided with water and laboratory chow ad libitum until the
end of the experiments. At the end of each experiment (30 and 60
minutes after the onset of ischemia or 30, 60, and 90 minutes, 4 and
12 hours, 1 and 3 days, and 1 and 2 weeks after reperfusion), rats
were killed by decapitation under anesthesia, and the brains were
quickly removed to collect the cerebral cortex. The ischemic right
and the uninjured left MCA cortices were separated and frozen
immediately in liquid nitrogen and stored at ⫺70°C until further
processing. In some experiments, the animals were euthanized by
transcardial perfusion with normal saline under anesthesia, followed

by cold 4% paraformaldehyde. The whole brains were removed and
cryoprotected in 30% sucrose at 4°C overnight. Animals subjected to
vascular surgeries without right MCA or bilateral common carotid
artery occlusion served as sham-operated controls. Arterial blood gases,
mean arterial pressure, and heart rate were also monitored in selected
animals before and during ischemia and for 30 minutes after the
initiation of reperfusion. The values were within normal range before,
during, and after ischemia. The regional cerebral blood flow in this
model was also studied with the use of [14C]isopropyliodoamphetamine[14C]iodoantipyrine. In this stroke model, only the right MCA cortex
sustained severe ischemia, with regional blood flow reduction of 88% to
92% (n⫽4). Only very mild ischemia was noted (reduction of blood
flow of 10% to 20%) outside the right MCA cortex.23 The left MCA
cortex, which sustained no ischemic injury after transient occlusion of
the right MCA and bilateral common carotid arteries, was also collected
to serve as another set of controls. All the procedures were approved by
the institutional animal studies committees and were in accordance with
the Guide for the Care and Use of Laboratory Animals of the Public
Health Service, US Department of Agriculture Regulations, and the
Guidelines of the American Veterinary Medical Association Panel on
Euthanasia.

RNA Isolation and Reverse Transcription
Total RNA was isolated from the frozen cerebral cortex by using the
single-step acid guanidinium thiocyanate–phenol– chloroform extraction method, as previously described.4 Briefly, total RNA (1 g)
was incubated with 200 U of MMLV reverse transcriptase (RTase,
Clontech) in a buffer containing a final concentration of 50 mmol/L
Tris-Cl (pH 8.3), 75 mmol/L KCl, 3 mmol/L MgCl2, 20 U RNase
inhibitor, 1 mol/L poly(dT) oligomer, and 0.5 mmol/L of each
dNTP in a final volume of 20 L. The reaction mixture was
incubated at 42°C for 1 hour and then at 94°C for 5 minutes to
inactivate the enzyme. A total of 80 L diethyl pyrocarbonate–
treated water was added to the reaction mixture before storage at
⫺70°C.

Polymerase Chain Reaction
Polymerase chain reaction (PCR) primers for TSP-1 and TSP-2 were
chosen from sequences in the GenBank: TSP-1, forward, 5⬘ ACC
GCA TTC CAG AGT CTG GC-3⬘, and TSP-1, reverse, 5⬘ ATG
GGG ACG TCC AAC TCA GC-3⬘ (410 bp); TSP-2, forward, 5⬘
CTG TGT CAA CAC AGC CTG GC-3⬘, and TSP-2, reverse, 5⬘
TCC TTC TCA TCG GTC ACA CCG-3⬘ (390 bp). Five microliters
of the final reverse transcription (RT) reaction solution was used in
the PCR reaction. PCR was carried out in a final volume of 50 L
containing 200 mol/L each of dATP, dCTP, dGTP, and dTTP, 5
pmol of each primer, 1.25 U Tag polymerase (BRL), 20 mmol/L
Tris-Cl (pH 8.4), 1.5 mmol/L MgCl2, and 50 mmol/L KCl. The
mixture was incubated in a thermal controller for 35 cycles by using
the following profile: (1) 94°C for 5 minutes, (2) repeat cycles at
94°C for 30 seconds, 54°C for 30 seconds, and 72°C for 2 minutes,
and (3) 72°C for 10 minutes (GeneAmp 2400, PE). PCR products
were resolved on 2% agarose gel for DNA fragment size verification,
eluted, and subcloned (Invitrogen) for sequence identity and then
served as a probe to detect TSP-1 and TSP-2 mRNA in Northern blot
analysis and in situ hybridization.

Northern Blot Analysis
Northern blot analysis has been described previously.4 Briefly, RNA
samples (15 g per lane) were applied to 1.2% agarose gel in the
presence of 2.2 mol/L formaldehyde. After electrophoresis, gels
were transblotted onto Nytran membranes (Gene Screen Plus,
DuPont). Membranes were prehybridized at 60°C in a solution
containing 1% SDS, 1 mol/L NaCl, 10% dextran sulfate, and 100
g/mL sheared salmon sperm DNA. RT-PCR–amplified TSP-1,
TSP-2, and GAPDH cDNA probes were labeled with [32P]dCTP by
using the random-primer labeling method (Amersham). Radioactive
probes (1⫻106 cpm/mL) were added directly to the prehybridization
solution. After overnight hybridization at 60°C, membranes were
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Figure 1. A time-course study of TSP-1
and TSP-2 mRNA expression after focal
cerebral ischemia/reperfusion. Transient
ischemia for 60 minutes resulted in a
biphasic increase in TSP-1 mRNA levels
of the 6.0-kb transcript as well as a transient mild increase in the 4.0-kb species
in the ischemic right MCA cortex (A).
Transient ischemia for 60 minutes also
resulted in a late increase in TSP-2
mRNA levels of both the 6.0- and 4.0-kb
species in the ischemic right MCA cortex
(D). The same blots were subsequently
stripped and rehybridized with GAPDH to
serve as internal controls (B and E). The
radioactive bands were quantified and
normalized with those derived from
GAPDH mRNA with sham-operated controls (sh) arbitrarily defined as 1 (C and
F). Data are expressed as mean⫾SD
(n⫽4 for each time point). *P⬍0.05 and
**P⬍0.01 vs sham-operated controls.
Values ⫺0.5 and 0 represent 30 and 60
minutes after the onset of ischemia (ie,
30 minutes and 0 minutes before the initiation of reperfusion, respectively); 0.5,
1, 1.5, 4, 12, 24, 72, 168, and 336 in
hours denote the duration of reperfusion
after 60-minute ischemia. No significant
changes were noted in the contralateral
side.

washed twice in 2⫻ SSC at room temperature for 5 minutes each,
followed by two 30-minute washes at 60°C in 2⫻ SSC/1% SDS and
two 30-minute washes at 60°C in 0.1⫻ SSC. Membranes were then
exposed to Kodak X-Omat/XB-1 films. The radioactive bands were
quantified by a densitometer.

In Situ Hybridization
In situ hybridization to detect the regional distribution of mRNA
signals has been described previously.5 In brief, brain slices were
frozen-sectioned at 25-m thickness and mounted on poly-L-lysine–
coated slides. Brain sections were subjected to 0.001% proteinase K
digestion at 37°C for 30 minutes, then immersed in 0.1 mol/L
triethanolamine containing 0.25% acetic acid anhydride at room
temperature for 10 minutes, and subsequently dehydrated in 50%,
70%, 95%, and 100% ethanol (3 minutes each). Hybridization was
carried out in a solution containing 12.5 mol/L formamide, 10%
dextran sulfate, 0.3 mol/L NaCl, 1⫻ Denhardt’s solution, 10 mmol/L

Tris-Cl (pH 8.0), 500 g/mL sheared salmon sperm DNA, 100
g/mL tRNA, 20 mmol/L dithiothreitol, and 107 cpm/mL of probes
at 55°C. RT-PCR–amplified cDNA probes were labeled with
[33P]dCTP by using the random-primer labeling method (Amersham). After overnight hybridization, slides were then washed
sequentially in 2⫻, 1⫻, 0.2⫻, and 0.1⫻ SSC at 55°C for 30 minutes
each, followed by dehydration in 50%, 70%, 95%, and 100% ethanol
for 3 minutes each. Brain sections were exposed to Kodak BioMaxMR-1 film. In control experiments, sections were incubated with a
100-fold excess of unlabeled probe or pretreated with RNase A (100
g/mL, 37°C, 30 minutes). These experiments resulted in no or
negligible signals.

Western Blot Analysis
The right (ischemic) and left MCA cortices were separated at various
time points after ischemia/reperfusion and homogenized in a buffer
containing 10 mmol/L HEPES, 1.5 mmol/L MgCl2, 10 mmol/L KCl,
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Figure 2. In situ hybridization for spatial expression of TSP-1 and TSP-2 mRNA. Sixty-minute,
1-day, and 7-day reperfusion after 60-minute
ischemia is shown; sham denotes shamoperated control. Brain slices (25 m) were
hybridized with 33P-labeled probes, as described
in the text. Note the increase in signal intensity
in both TSP-1 and TSP-2 mRNA in the ischemic
right MCA cortex after ischemic insult. No obvious changes in signal intensity of TSP-1 or
TSP-2 mRNA were noted in the contralateral
(left) side or in sham-operated rats (data not
shown). Similar results were duplicated in 2
other sets of animals.

0.5 mmol/L dithiothreitol, 1% NP-40, 1 g/mL leupeptin, and 1
g/mL aprotinin (pH 7.9) and then centrifuged at 14 000g. Proteins
(40 g) from the supernatant of each sample were separated by
SDS-PAGE and transferred to polyvinylidene difluoride membranes
by electrophoresis. The membranes were blocked in TBST buffer
containing 20 mmol/L Tris-HCl, 5% nonfat milk, 150 mmol/L NaCl,
and 0.05% Tween 20 (pH 7.5) for 1 hour at room temperature. The
blots were incubated with either a primary monoclonal mouse
anti–TSP-1 antibody (1:250, BD Transduction Laboratories), a
mouse anti–TSP-2 antibody (1:250, BD Transduction Laboratories),

or a mouse anti-actin antibody (1:500, BD Transduction Laboratories), followed by a secondary alkaline phosphatase– conjugated
anti-rabbit IgG antibody (1:5000, Promega). The Western blots were
visualized with the Blot AP System (Promega).

Immunohistochemical Staining
Immunohistochemical methods to study the regional distribution of
gene products have been described previously.24 Briefly, brain slices
of 25-m thickness were permeabilized with 0.3% Triton X-100 and
4% normal goat serum in 0.01 mol/L PBS (pH 7.4) for 20 minutes

Figure 3. Western blot demonstration of TSP-1
and TSP-2 expression at the protein level in the
ischemic and contralateral cortex after focal cerebral ischemia/reperfusion. Transient ischemia for
60 minutes resulted in a time-dependent change in
the protein level of TSP-1 and TSP-2 in the ischemic right cerebral cortex but not in the contralateral side. Sh denotes sham-operated controls;
numeric values indicate duration of reperfusion
(hours). The same blot was cut and hybridized with
␤-actin to serve as an internal control. A representative of 3 immunoblots with similar results is
shown.
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and incubated overnight at 4°C with either a monoclonal mouse
anti–TSP-1 antibody (1:100, BD Transduction Laboratories) or a
mouse monoclonal anti–TSP-2 antibody (1:100, BD Transduction
Laboratories), followed by a biotin-labeled goat anti-mouse IgG
(Vector Laboratories). After they were washed, the sections were
incubated further with ABC Elite complex (Vector Laboratories).
The staining was visualized with diaminobenzidine. Slides were
washed, dehydrated, cleared in xylene, and mounted. Control slides
were prepared in a similar manner, omitting the primary antibody.

Double-Staining Immunohistochemistry
Double-labeling methods to examine cellular origins of gene products have been reported elsewhere.24 Brain sections were permeabilized with 0.3% Triton X-100 and 4% normal goat serum in 0.01
mol/L PBS (pH 7.4) for 20 minutes. Monoclonal mouse anti–TSP-1
antibody (1:100, BD Transduction Laboratories) or mouse anti–
TSP-2 antibody (1:100, BD Transduction Laboratories) was incubated with 1 of the polyclonal rabbit antibodies against von Willebrand factor (vWF; endothelial marker, 1:500, Sigma), platelet and
endothelial cell adhesion molecule (PECAM-1; endothelial marker,
1:100, Boehringer-Mannheim), mitogen-activated protein (MAP)-2
(neuronal marker, 1:100, Santa Cruz), Mac-1 (macrophage marker,
1:100, Chemicon), or CPP32 (apoptosis marker, 1:100, PharMingen)
and applied to the sections at 4°C overnight. The sections were then
incubated with an FITC-conjugated goat anti-mouse IgG antibody
(1:100, Vector Laboratories) and Texas Red– conjugated goat antirabbit antibody (1:100, Vector Laboratories). Slides were washed,
wet-mounted, and examined under fluorescence microscopy.

Statistical Analysis
One-way ANOVAs followed by post hoc Fisher-protected t tests
using GB-STAT 5.0.4 (Dynamic Microsystem) were used to compare the temporal expression of mRNAs. A value of P⬍0.05 was
considered significant.

Results
The primer pairs used for PCR amplification of TSP-1 or
TSP-2 each resulted in a single cDNA fragment when
visualized with ethidium bromide on agarose gel. The cDNA
fragments derived from PCR were eluted and subcloned into
pCRII, which provides a 1-step cloning strategy for direct
insertion of PCR products into plasmid vector (Invitrogen).
Each amplified cDNA fragment was subjected to DNA
sequencing analysis for its identity in GenBank. Results
indicate a very high fidelity of PCR amplification. These
cDNA fragments served as probes to detect TSP-1 and TSP-2
mRNA in subsequent studies.
The temporal expression profile of TSP-1 mRNA after
ischemia/reperfusion was examined by Northern blot analysis
(Figure 1). The RT-PCR–amplified probe detected a 6.0- and
a 4.0-kb transcript in the ischemic right MCA cortex (Figure
1A). The intensity of the 4.0-kb transcript was stronger than
that of the 6.0-kb species, especially in sham-operated rats
(Figure 1A, lane 1, sh). Sixty-minute ischemia resulted in an
early transient, but significant, increase in the expression of
the 4.0-kb transcript (Figure 1A). Quantitative analysis indicates a 1.5-fold peak induction at 60 minutes after ischemia
compared with the sham operation (Figure 1C). Probably
because of a relatively low basal level, ischemia-induced
increase in the expression of the 6.0-kb transcript was more
robust. A biphasic expression of the 6.0-kb transcript was
noted. Induction of this 6.0-kb transcript was observed as
early as 30 minutes after ischemia, peaking at 60 to 90
minutes (a 6-fold increase compared with the sham opera-

Figure 4. Immunohistochemical demonstration of TSP-1 and
TSP-2 expression at the protein level in the ischemic brain after
60 minutes of ischemia and 60 minutes, 1 day, 3 days, and 7
days of reperfusion and in a sham-operated control rat (sham).
Insert indicates regions encompassing the right MCA cortex and
adjacent penumbra (where both TSP-1 and TSP-2 messages
were detected at 1 and 7 days in in situ hybridization studies)
and the hippocampus. C, EC, and H denote MCA cortex, external capsule, and hippocampus, respectively. Note more intense
expression and broader distribution of TSP-2 immunoreactivity
at 7 days. Similar results were duplicated in 2 other sets of animals. Bar⫽100 m.

tion), and then declined at 4 hours after ischemia. A second
peak was noted between 24 and 36 hours after ischemia with
about the same magnitude of increase (6-fold) as in the first
peak (Figure 1A and 1C). No significant changes in expression intensity of either the 4.0- or 6.0-kb transcript were
detected in the uninjured left MCA cortex.
The RT-PCR–amplified TSP-2 probe also detected 2
mRNA transcripts, 6.0 and 4.0 kb, in the right MCA cortex
in the sham-operated rats (Figure 1D, lane 1, sh) and in the
ischemic right MCA cortex (Figure 1D). Sixty-minute
ischemia resulted in a delayed increase of both transcripts
in the ischemic right MCA cortex, with a significant
increase noted for both transcripts starting 1 week after
ischemia. Quantitative analysis indicates 3.5- and 2.5-fold
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Figure 5. Double labeling of TSP-1/PECAM-1
in the leptomeninges covering the ischemic
cortex at an early time point (1 hour) after ischemia. TSP-1 was visualized with FITCconjugated antibody (green, left), and
PECAM-1 (red, middle) was visualized with
rhodamine-conjugated antibody. Panel A
shows colocalization of TSP-1 and PECAM-1
in the leptomeninges. Panel B shows the
high-power views derived from the boxed
area in panel A. Intense expression of TSP-1
in the leptomeninges corresponds to TSP-1
message detected on in situ hybridization at
this early time point. Occasionally, colocalization of TSP-1 and PECAM-1 immunoreactivity
was also noted in blood vessels within the
ischemic cortex (panels C and D). Similar
results were duplicated in 2 other sets of animals. Bar⫽25 m.

increases for the 6.0- and 4.0-kb transcripts at their
respective peaks compared with the sham-operated controls. No significant changes in expression intensity of
either the 4.0- or 6.0-kb transcript were detected in the
uninjured left MCA cortex.
In situ hybridization was conducted to further examine the
regional expression of TSP-1and TSP-2 mRNA (Figure 2). In
this study, brain slices (25 m) were obtained from shamoperated control rats or from rats subjected to 60-minute
ischemia and 60-minute reperfusion, 1 or 7 days. TSP-1
mRNA signal intensities were very low in the brains of
sham-operated control rats, except for the basal lateral amygdaloid nucleus, where the TSP-1 mRNA signal was very
prominent. At 60 minutes after ischemia, a dramatic increase
in signal intensity of TSP-1 mRNA was noted exclusively in
the leptomeninges covering the ischemic right MCA cortex.
At 1 day after ischemia, an increase in TSP-1 message was
observed in several areas, including the ischemic MCA cortex
(in particular, the margin demarcating the infarct), the periinfarct cortical area, and the leptomeninges covering the
ischemic MCA cortex. TSP-1 mRNA was also detected in
areas near the amygdaloid nucleus, olfactory tract, and
forebrain bundle of the contralateral hemisphere and in the
indusium griseum, bilaterally. Basal levels of TSP-2 mRNA
were also very low in sham-operated controls. At 7 days after
ischemia, a significant increase in TSP-2 mRNA signal was
observed in the ischemic right MCA cortex and the penumbral region. High TSP-2 mRNA signal intensity was also
found in the leptomeninges covering the ischemic right MCA
cortex and both lateral ventricles.
We also examined the expression of TSP-1 and TSP-2 at
the protein level. The temporal expression profiles of TSP-1
and TSP-2 gene products were first studied with Western blot

analysis (Figure 3). The specific antibodies used in the
present study recognized a 190-kDa– band TSP-1 and a
200-kDa– band TSP-2 protein, respectively. Basal expression
of TSP-1 protein was detected in both the right and left MCA
cortices in sham-operated rats (Figure 3, lane Sh in the
ischemic and contralateral side). The level of TSP-1 protein
expression was transiently increased in the ischemic cortex 4
hours after ischemia and partially resolved at 24 hours after
ischemia. A second wave of TSP-1 protein expression was
noted at 72 hours after ischemia and then gradually returned
to basal level at 168 hours after ischemia, corresponding to
the biphasic expression of TSP-1 mRNA over time described
above. No significant change in TSP-1 expression at the
protein level was noted in the contralateral uninjured left
MCA cortex. TSP-2 protein was barely detected in the MCA
cortex of sham-operated rats (Figure 3, lane Sh in the
ischemic and contralateral side). Sixty-minute ischemia resulted in a delayed appearance of theTSP-2 protein in the
ischemic right MCA cortex, starting 72 hours and peaking
336 hours after ischemia, corresponding to the monophasic
expression of TSP-2 mRNA described above. No significant
change in TSP-2 expression at the protein level was noted in
the contralateral uninjured left MCA cortex.
The regional expression of TSP-1 and TSP-2 proteins was
examined by immunohistochemistry. In the present study,
coronal brain sections (25 m) were obtained from rats
subjected to 60 minutes of ischemia followed by 60 minutes,
and 1, 3, and 7 days of reperfusion, as well as sham operation
(sham, Figure 4). All the changes depicted were within the
ischemic MCA cortex or corresponding region in the shamoperated controls. TSP-1 immunoreactivity was confined to
the ischemic MCA cortex and, to a lesser extent, the adjacent
regions, such as the external capsule. No TSP-1 immunore-
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Figure 6. Double labeling of TSP-1 with celltype–specific markers in penumbra after 60 minutes of ischemia and 72 hours of reperfusion.
Left panels, TSP-1 was visualized with FITCconjugated antibody (green). Middle panels, vWF,
GFAP, MAP-2, and Mac-1 were visualized with
rhodamine-conjugated antibody (red). Right panels, Corresponding left and middle panels are
merged. Similar results were duplicated in 2
other sets of animals. Bar⫽25 m.

activity was noted in subcortical structures, such as the
hippocampus. The expression of TSP-1 immunoreactivity
evolved over time, appearing at 1 day, peaking at 3 days, and
declining to basal level by 7 days. TSP-2 immunoreactivity
was very low in the ischemic MCA cortex during early time
points up to 1 day. Intense expression of TSP-1 immunoreactivity was noted at 3 days and especially at 7 days after
ischemia.
To determine the cellular origins of TSP immunoreactivity,
double immunostaining was conducted. All the changes
depicted were within the ischemic region. At 60 minutes after
ischemia, a marked increase in TSP-1 immunoreactivity was
noted in the leptomeninges covering the ischemic right MCA
cortex (Figure 5), where intense expression of TSP-1 mRNA
was also noted (Figure 2) at this early time point. TSP-1
immunoreactivity was heavily colocalized with PECAM-1, a
specific cellular marker for endothelial cells in this region.
Colocalization of TSP-1/PECAM-1 was also occasionally noted
in blood vessels in the ischemic MCA cortex (Figure 5).
At 3 days after ischemia, TSP-1 immunoreactivity only
partially colocalized with vWF (another specific cellular
marker for endothelial cells) in the penumbral region. Adjacent to blood vessels, TSP-1 immunoreactivity colocalized

with glial fibrillary acidic protein (GFAP, a specific marker
for astroglia). Occasional colocalization of TSP-1 immunoreactivity with MAP-2 (a specific marker for neurons) and
Mac-1 (a specific marker for macrophages) was removed
from the blood vessels in the ischemic MCA cortex (Figure
6). TSP-2 immunoreactivity also only partially colocalized
with vWF, MAP-2, and Mac-1. Only very rare colocalization
of TSP-2 and GFAP was noted in the same area (Figure 7).
TSP-1 is known to induce endothelial cell apoptosis.17,18,25
The expression of the active form of caspase-3 is a hallmark
of apoptotic cell death. Double-labeling studies suggest
colocalization of TSP-1 and caspase-3 immunoreactivity,
primarily in endothelial cells along the vessel wall (Figure 8).

Discussion
It is known that ischemia induces angiogenesis, particularly
in the penumbral region, and the extent of angiogenesis has
been correlated with survival in stroke patients.1,2 The identification of key angiogenic molecules that positively regulate
the vascular growth has led to the development of therapeutic
angiogenesis by enhancing the expression of angiogenic
factors in ischemic tissues.26,27 Angiogenic activity is a
balance between angiogenic and angiostatic drives. The role
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Figure 7. Double labeling of TSP-2 with cell-type–
specific markers in penumbra after 60 minutes of
ischemia and 72 hours of reperfusion. Left panels,
TSP-2 was visualized with FITC-conjugated antibody (green). Middle panels, vWF, GFAP, MAP-2,
and Mac-1 were visualized with rhodamineconjugated antibody (red). Right panels, Corresponding left and middle panels are merged. Similar results were duplicated in 2 other sets of
animals. Bar⫽25 m.

of angiostatic factors in the regulation of postischemic angiogenesis has not been studied in the ischemic brain. In the
present study, we report the initial finding that transient
ischemia results in an early biphasic induction of TSP-1 and
late induction of TSP-2. The RT-PCR–amplified TSP-1 probe
recognized 2 TSP-1 mRNA transcripts, 4.0 and 6.0 kb. This
is in line with a previous study reporting that 2 major species
of TSP-1 mRNA were induced by macrophage colony–
stimulating factor.28 In the present study, the expression of
the 6.0-kb transcript is more robust than the 4.0-kb species in
the ischemic cortex. This may be related to the notion that the
basal level of the 6.0-kb transcript was lower than that of
the 4.0-kb species. Ischemia led to a biphasic induction of the
6.0-kb transcript, which peaked at 1 to 1.5 and 24 to 72 hours
after ischemia, respectively. Interestingly, in balloon vascular
injury, Miano et al29 also showed similar biphasic expression
of TSP-1 after aortic injury. The mechanism and physiological significance of this biphasic induction are not clear at
present. Results from the in situ hybridization study showed
that the TSP-1 mRNA expressed in the first peak was
predominately localized in the leptomeninges covering the
ischemic MCA cortex, whereas the TSP-1 mRNA expressed
in the second peak was expressed mainly within the ischemic
MCA cortex, penumbra, and the leptomeninges. Western blot

and double immunostaining studies confirm TSP-1 expression at the protein level. Sixty minutes after ischemia, TSP-1
immunoreactivity was exclusively colocalized with PECAM1–positive endothelial cells, whereas 3 days after ischemia,
TSP-1 immunoreactivity was colocalized with vWF (endothelial)–, GFAP (glial)–, MAP-2 (neuronal)–, and Mac-1
(macrophage)–positive cells. The highest degree of colocalization was noted between TSP-1 and vWF or GFAP primarily near blood vessels. Interestingly, Cheung et al30 reported
that GFAP expression also peaked 3 days after ischemia in
the same region in this rat MCA occlusion model. Astrocytes
regulate the maturation of the blood-brain barrier after reoxygenation.31 TSP expression has been also shown to increase
within the glia limitans and surrounding axon fascicles in a
temporal pattern along the path of axonal regeneration in
goldfish optic nerves32 and therefore may be involved in
central nervous system regeneration. Furthermore, astrocyte
expression of TSP-1 contributed to the regulation of oligodendrocyte precursor migration.33 Thus, TSP-1 expression in
astrocytes may be of significance in the remodeling of the
ischemic brain. TSP-1 is produced and secreted by macrophage/microglia after nerve lesions, promoting neurite outgrowth34 and phagocytosis of degenerated neuronal material,
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Figure 8. Double labeling of TSP-1 and the active form of
caspase-3 (Casp-3) in the ischemic MCA cortex after 60 minutes of ischemia and 72 hours of reperfusion. Top left, TSP-1
was visualized with FITC-conjugated antibody (green). Top right,
The active form of Casp-3 was visualized with rhodamineconjugated antibody (red). Bottom left, Top left (TSP-1) and top
right (Casp-3) panels are merged. Bottom right, Bottom left
panel is amplified. Similar results were duplicated in 2 other sets
of animals. Bar⫽25 m.

supporting the hypothesis that angiogenesis may play a role
in “cleaning up” debris in the ischemic brain.35,36
Two TSP-2 mRNA transcripts, 4.0 and 6.0 kb, with similar
expression levels were also noted in the rat brain for the first
time. Unlike TSP-1, the TSP-2 transcript, which was expressed in a delayed fashion, peaked at 1 to 2 weeks after
ischemia. Western blot analysis strengthened the specificity
of TSP-2 expression at the protein level and suggests that
transcription of the TSP-2 gene was followed through with
the translation of mRNA messages. The in situ hybridization
study shows that the TSP-2 message was localized mainly
within the ischemic MCA cortex. The double-immunostaining study shows that at 3 days after ischemia, TSP-2 was
colocalized with vWF (endothelial)–, MAP-2 (neuronal)–,
and Mac-1 (macrophage)–positive cells but rarely with
GFAP-positive cells. This is in line with the previous report
that TSP-1, but not TSP-2, is expressed by glial cells in the
central nervous system.33 It has been shown that TSP-1 and
TSP-2 are controlled by different regulatory mechanisms and
are expressed in differential tissue- and stage-specific manners during embryogenesis as well as in adult organs.12
Our results are in concert with the notion that TSP-1 and
TSP-2, despite being in the same subgroup of the TSP family
and sharing considerable sequence homology, with conservation of residues critical for TSP structure and function,19 exert
nonredundant and distinct functions.37 TSP-1 is released from
platelet ␣-granules, is upregulated in healing wounds of the
skin, skeletal muscle, and nerves, and is present in atherosclerotic lesions, intimal hyperplasia, and senile plaques of
Alzheimer’s disease, whereas TSP-2 expression is increased
in fibroblasts within skin wound granulation tissue.12,13 In the
present study, we further extend the previous observations
of differential actions of TSP-1 and TSP-2 to demonstrate
that TSP-1 and TSP-2 are both upregulated in the ischemic
brain but exhibit differential temporal and spatial expres-
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sion patterns with different cellular origins in the ischemic
brain.
The expression of TSP-1 and TSP-2 appears inversely
coupled to the progression of ischemia-induced angiogenesis.4 TSP-1 was upregulated during early reperfusion periods
when low activity of angiogenesis was noted. The TSP-1
level was then reduced to basal levels, whereas angiogenesis
reached its peak at 7 days after ischemia. TSP-2 expression
occurred later and reached the plateau at 7 days after
ischemia, when vascular density had reached the peak and
was declining toward the preischemic level with the regression of newly formed large vessels. Our results suggest that
the decline in TSP-1 expression to the basal level is coupled
to massive angiogenesis and that the expression of TSP-2 is
associated with the resolution of angiogenesis and progressive tissue liquefaction.4 Interestingly, TSP-1– and TSP-2–
null mice had denser vascularity in skin wounds, and in
TSP-2-null mice, the period of vascularization was prolonged, and the wounds healed more rapidly.20,38 On the other
hand, transgenic overexpression of TSP-1, expected to retard
angiogenesis, resulted in delayed healing.39 TSP-1 and TSP-2
worked synergistically to completely abolish carcinoma
A431 cells to form tumors.40 Furthermore, it has been shown
that TSP-1 can block fibroblast growth factor-2–induced and
VEGF-induced angiogenesis.41 VEGF induced biphasic
TSP-1 expression in the ischemic retina, probably conferring
a negative-feedback mechanism in angiogenesis.42 Importantly, premature cessation of the VEGF stimulus led to
regression of most acquired vessels.43 Whether blocking the
induction of TSP-1 and/or TSP-2 will affect postischemic
angiogenesis remains to be studied.
The angiostatic action of TSP is probably mediated by a
mechanism involving receptor CD36-induced endothelial apoptosis by activating caspase-3.17,18,25 A double-labeling
study showed colocalization of TSP-1 and caspase-3 immunoreactivity in blood vessels in the penumbral area 3 days
after reperfusion. The colocalization of TSP-1 and caspase-3
to variable degrees in the vascular wall may reflect different
paces of apoptosis among endothelial cells lining blood
vessels in an evolving angiostatic process.
In summary, results from the present study demonstrate
that focal cerebral ischemia/reperfusion leads to the expression of TSP-1 and TSP-2 at the mRNA and protein level.
These 2 angiostatic factors exhibited different temporal and
spatial expression profiles involving different cell types. The
expression of TSP-1 occurred early in a biphasic fashion, in
contrast to that of TSP-2, which occurred in a delayed
monophasic manner. TSP-1 and TSP-2 expression appears to
be inversely coupled to the evolution of angiogenesis. Together, these results suggested that TSP-1 and TSP-2 expression might contribute to the termination of postischemic
angiogenesis.

Acknowledgments
This work was supported by grants from the National Science
Council, Taiwan; Academia Sinica, Taiwan; and the National Institutes of Health (grants NS-28995, NS-32636, and NS-40525). We
thank Brittany Herzog for her editorial assistance.

186

Stroke

January 2003

References
1. Krupinski J, Kaluza J, Kumar P, Kumar S, Wang JM. Role of angiogenesis in patients with cerebral ischemic stroke. Stroke. 1994;25:
1794 –1798.
2. Plate KH. Mechanisms of angiogenesis in the brain. J Neuropathol Exp
Neurol. 1999;58:313–320.
3. Lin TN, Te J, Lee M, Sun GY, Hsu CY. Induction of basic fibroblast
growth factor (bFGF) expression following focal cerebral ischemia. Brain
Res Mol Brain Res. 1997;49:255–265.
4. Lin TN, Wang CK, Cheung WM, Hsu CY. Induction of angiopoietin and
Tie receptor mRNA expression after cerebral ischemia-reperfusion.
J Cereb Blood Flow Metab. 2000;20:387–395.
5. Lin TN, Nian GM, Chen SF, Cheung WM, Chang C, Lin WC, Hsu CY.
Induction of Tie-1 and Tie-2 receptor protein expression after cerebral
ischemia-reperfusion. J Cereb Blood Flow Metab. 2001;21:690 –701.
6. Folkman J. Angiogenesis in cancer, vascular, rheumatoid and other
disease. Nat Med. 1995;1:27–31.
7. Pepper MS. Positive and negative regulation of angiogenesis: from cell
biology to the clinic. Vasc Med. 1996;1:259 –266.
8. Rosenberg GA, Navratil M, Barone F, Feuerstein G. Proteolytic cascade
enzymes increase in focal cerebral ischemia in rat. J Cereb Blood Flow
Metab. 1996;16:360 –366.
9. O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E,
Birkhead JR, Olsen BR, Folkman J. Endostatin: an endogenous inhibitor
of angiogenesis and tumor growth. Cell. 1997;88:277–285.
10. Risau W. Mechanisms of angiogenesis. Nature. 1997;386:671– 674.
11. Detmar M. The role of VEGF and thrombospondins in skin angiogenesis.
J Dermatol Sci. 2000;24(suppl 1):S78 –S84.
12. Adams JC. Thrombospondins. multifunctional regulators of cell interactions. Annu Rev Cell Dev Biol. 2001;17:25–51.
13. Adams JC, Tucker RP. The thrombospondin type 1 repeat (TSR) superfamily: diverse proteins with related roles in neuronal development. Dev
Dyn. 2000;218:280 –299.
14. Lawler J. The functions of thrombospondin-1 and-2. Curr Opin Cell Biol.
2000;12:634 – 640.
15. Bornstein P, Armstrong LC, Hankenson KD, Kyriakides TR, Yang Z.
Thrombospondin 2, a matricellular protein with diverse functions. Matrix
Biol. 2000;19:557–568.
16. de Fraipont F, Nicholson AC, Feige JJ, Van Meir EG. Thrombospondins
and tumor angiogenesis. Trends Mol Med. 2001;7:401– 407.
17. Jimenez B, Volpert OV, Crawford SE, Febbraio M, Silverstein RL,
Bouck N. Signals leading to apoptosis-dependent inhibition of neovascularization by thrombospondin-1. Nat Med. 2000;6:41– 48. java/Propub/
medicine/nm0100_41.fulltext java/Propub/medicine/nm0100_41.
abstract.
18. Volpert OV, Zaichuk T, Zhou W, Reiher F, Ferguson TA, Stuart PM,
Amin M, Bouck NP. Inducer-stimulated Fas targets activated endothelium for destruction by anti-angiogenic thrombospondin-1 and pigment
epithelium-derived factor. Nat Med. 2002;8:349 –357.
19. Bornstein P. Thrombospondins: structure and regulation of expression.
FASEB J. 1992;6:3290 –3299.
20. Kyriakides TR, Tam JW, Bornstein P. Accelerated wound healing in mice
with a disruption of the thrombospondin 2 gene. J Invest Dermatol.
1999;113:782–787.
21. Chen ST, Hsu CY, Hogan EL, Maricq H, Balentine JD. A model of focal
ischemic stroke in the rat: reproducible extensive cortical infarction.
Stroke. 1986;17:738 –743.
22. Lin TN, He YY, Wu G, Khan M, Hsu CY. Effect of brain edema on
infarct volume in a focal cerebral ischemia model in rats. Stroke. 1993;
24:117–121.
23. An G, Lin TN, Liu JS, Xue JJ, He YY, Hsu CY. Expression of c-fos and
c-jun family genes after focal cerebral ischemia. Ann Neurol. 1993;33:
457– 464.

24. Kim GM, Xu J, Song SK, Yan P, Ku G, Xu XM, Hsu CY. Tumor necrosis
factor receptor deletion reduces nuclear factor-B activation, cellular
inhibitor of apoptosis protein 2 expression, and functional recovery after
traumatic spinal cord injury. J Neurosci. 2001;21:6617– 6625.
25. Febbraio M, Hajjar DP, Silverstein RL. CD36: a class B scavenger
receptor involved in angiogenesis, atherosclerosis, inflammation, and
lipid metabolism. J Clin Invest. 2001;108:785–791.
26. Conway EM, Collen D, Carmeliet P. Molecular mechanisms of blood
vessel growth. Cardiovasc Res. 2001;49:507–521.
27. Isner JM. Myocardial gene therapy. Nature. 2002;415:234 –239.
28. De Nichilo MO, Burns GF. Macrophage colony-stimulating factor
induces thrombospondin 1 production by cultured human macrophages.
J Cell Physiol. 1995;164:223–231.
29. Miano JM, Vlasic N, Tota RR, Stemerman MB. Smooth muscle cell
immediate-early gene and growth factor activation follows vascular
injury: a putative in vivo mechanism for autocrine growth. Arterioscler
Thromb. 1993;13:211–219.
30. Cheung WM, Wang CK, Kuo JS, Lin TN. Changes in the level of glial
fibrillary acidic protein (GFAP) after mild and severe focal cerebral
ischemia. Chin J Physiol. 1999;42:227–235.
31. Song HS, Son MJ, Lee YM, Kim WJ, Lee SW, Kim CW, Kim KW.
Oxygen tension regulates the maturation of the blood-brain barrier.
Biochem Biophys Res Commun. 2002;290:325–331.
32. Hoffman JR, O’Shea KS. Thrombospondin expression in nerve regeneration II: comparison of optic nerve crush in the mouse and goldfish.
Brain Res Bull. 1999;48:421– 427.
33. Scott-Drew S, ffrench-Constant C. Expression and function of
thrombospondin-1 in myelinating glial cells of the central nervous
system. J Neurosci Res. 1997;50:202–214.
34. Chamak B, Morandi V, Mallat M. Brain macrophages stimulate neurite
growth and regeneration by secreting thrombospondin. J Neurosci Res.
1994;38:221–233.
35. Moller JC, Klein MA, Haas S, Jones LL, Kreutzberg GW, Raivich G.
Regulation of thrombospondin in the regenerating mouse facial motor
nucleus. Glia. 1996;17:121–132.
36. Manoonkitiwongsa PS, Jackson-Friedman C, McMillan PJ, Schultz RL,
Lyden PD. Angiogenesis after stroke is correlated with increased numbers
of macrophages: the clean-up hypothesis. J Cereb Blood Flow Metab.
2001;21:1223–1231.
37. Laherty CD, O’Rourke K, Wolf FW, Katz R, Seldin MF, Dixit VM.
Characterization of mouse thrombospondin 2 sequence and expression
during cell growth and development. J Biol Chem. 1992;267:3274 –3281.
38. Lawler J, Sunday M, Thibert V, Duquette M, George EL, Rayburn H,
Hynes RO. Thrombospondin-1 is required for normal murine pulmonary
homeostasis and its absence causes pneumonia. J Clin Invest. 1998;101:
982–992.
39. Streit M, Velasco P, Riccardi L, Spencer L, Brown LF, Janes L, LangeAsschenfeldt B, Yano K, Hawighorst T, Iruela-Arispe L, Detmar M.
Thrombospondin-1 suppresses wound healing and granulation tissue formation in the skin of transgenic mice. EMBO J. 2000;19:3272–3282.
40. Streit M, Riccardi L, Velasco P, Brown LF, Hawighorst T, Bornstein P,
Detmar M. Thrombospondin-2: a potent endogenous inhibitor of tumor
growth and angiogenesis. Proc Natl Acad Sci U S A. 1999;96:
14888 –14893.
41. Iruela-Arispe ML, Lombardo M, Krutzsch HC, Lawler J, Roberts DD.
Inhibition of angiogenesis by thrombospondin-1 is mediated by 2 independent regions within the type 1 repeats. Circulation. 1999;100:
1423–1431.
42. Suzuma K, Takagi H, Otani A, Oh H, Honda Y. Expression of
thrombospondin-1 in ischemia-induced retinal neovascularization. Am J
Pathol. 1999;154:343–354.
43. Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, Carmeliet P,
Goelman G, Keshet E. Conditional switching of VEGF provides new
insights into adult neovascularization and pro-angiogenic therapy. EMBO
J. 2002;21:1939 –1947.

