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The matricellular angiogenesis inhibitor, throm-
bospondin (TSP) 2, has been shown to be an impor-
tant modulator of wound healing and the foreign
body response. Specifically, TSP2-null mice display
improved healing with minimal scarring and form
well-vascularized foreign body capsules. In this study
we performed subcutaneous implantation of sponges
and investigated the resulting angiogenic and fibro-
genic responses. Histological and immunohistochem-
ical analysis of sponges, excised at 7, 14, and 21 days
after implantation, revealed significant differences
between TSP2-null and wild-type mice. Most notably,
TSP2-null mice exhibited increased angiogenesis and
fibrotic encapsulation of the sponge. However, inva-
sion of dense tissue was compromised, even though
its overall density was increased. Furthermore, histo-
morphometry and biochemical assays demonstrated
a significant increase in the extracellular distribution
of matrix metalloproteinase (MMP) 2, but no change
in the levels of active transforming growth factor-�1.
The alterations in neovascularization, dense tissue
invasion, and MMP2 in TSP2-null mice coincided with
the deposition of TSP2 in the extracellular matrix of
wild-type animals. These observations support the
proposed role of TSP2 as a modulator of angiogenesis
and matrix remodeling during tissue repair. In addi-
tion, they provide in vivo evidence for a newly pro-
posed function of TSP2 as a modulator of extracellular
MMP2 levels. (Am J Pathol 2001, 159:1255–1262)

Thrombospondin (TSP) 2 is a secreted, modular, extra-
cellular matrix (ECM) glycoprotein that functions as a
modulator of cell-matrix interactions.1,2 Mainly recog-
nized as a naturally occurring potent inhibitor of angio-
genesis, TSP2 has also been shown to modulate fibro-
blast adhesion, bone formation, and hemostasis.3–5

Recent studies have demonstrated that the lack of TSP2
can have profound effects on tissue repair and regener-
ation processes. Specifically, TSP2-null mice were shown

to heal at an accelerated rate and with reduced scar-
ring.6 These alterations were associated with prolonged
wound neovascularization, increased cellularity, and dis-
organized ECM deposition. Moreover, analysis of the
foreign body response (FBR) in these mice revealed
similar alterations, involving mainly the angiogenic and
fibrogenic response.7 However, wound healing and the
FBR despite many similarities, including the formation of
new tissue, are distinct responses. Thus, unlike wound
healing, in which damaged tissue is re-epithelialized and
replaced by new tissue, the FBR results in the formation
of a collagenous capsule that has a unique appearance
and properties.

Implantation of polyvinyl alcohol (PVA) sponges has
been adopted as a model for the accurate quantification
of angiogenic and fibrogenic responses, as they may
occur during wound healing, in vivo.8–11 As an experi-
mental system, the formation of sponge granulomas pro-
vides an environment of defined dimensions that is con-
ducive to the invasion of various repair cells and the de
novo formation of tissue. The system is also preferred
when the influence of additional factors, such as epithe-
lial cells, specialized structures including hair follicles
and sweat glands, and the process of wound contraction
is unnecessary. However, PVA sponges differ from
wound healing in that they become encapsulated and
elicit the formation of fused macrophages known as for-
eign body giant cells (FBGCs).12 FBGCs can secrete a
number of cytokines that can influence both the angio-
genic and fibrogenic responses. Thus, extrapolation of
results obtained from the analysis of sponge granuloma
formation to wound healing should be made with caution.

We postulated that, because TSP2 had been shown to
modulate both wound healing and the FBR, it would be of
interest to analyze the formation of sponge granulomas.
In addition, this system could allow for more accurate
quantification of the invading tissue. Overall, our studies
focused on the effects of the TSP2 deficiency on sponge
invasion, including the FBR elicited by the sponge.
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New studies have generated increased interest in the
mechanisms of action of the TSPs. On one hand, it has
been demonstrated that both TSP1 and TSP2 can interact
with, and modulate the levels, of matrix metalloprotein-
ases (MMPs).4,13–15 On the other hand, studies have
shown that the proposed ability of TSP1 to modulate the
activation of latent transforming growth factor (TGF)-�1

may not be a major determinant of its activation.16,17

These findings seem to be inconsistent with the demon-
stration that the lack of TSP1-mediated activation of
TGF-�1 is a major factor in the development of the TSP1-
null phenotype.18 Based on the identified interaction sites
between TSP1 and TGF-�1 it has been suggested that
TSP1 and TSP2 may compete for binding to latent TGF-
�1, but only binding of TSP1 would lead to its activa-
tion.19,20 In this study we addressed these issues by
analyzing the deposition of MMP2 and the levels of active
TGF-�1.

Our results demonstrate that, in TSP2-null mice, the
process of sponge granuloma formation is altered in a
manner similar to wound healing and the FBR. Specifi-
cally, we show that matrix remodeling and angiogenesis
are affected, and suggest that these changes are be-
cause of, in part, changes in MMP2 deposition but not to
changes in TGF-�1 activity. It is apparent from this study
that a deficiency in ECM-associated TSP2 can affect
repair processes in a complex manner.

Materials and Methods

Animal Model

Generation of TSP2-null mice has been described.3 In
this study we used mice of the C57BL/6/129 SvJ back-
ground. All mice were �16 weeks of age and the same
number of male and female animals were used for each
genotype.

Grade 3 PVA sponges (M-PACT, Eudora, KA; 3-mm
thick and 12-mm diameter) were sterilized under UV light
and soaked in endotoxin-free phosphate-buffered saline
for 48 hours. Implantations were performed under anes-
thesia as described previously.7 Briefly, animals were
prepped and two sponges per mouse were implanted
subcutaneously in the dorsum through a 1-cm midline
incision. Implantation pockets were prepared with the aid
of blunt-end butterfly forceps. Incisions were closed with
sterile surgical staples. All animals were housed individ-
ually for the duration of the experiment.

Sponges were excised en bloc at selected time points,
photographed, and fixed in 10% zinc-buffered formalin
(Anatech, Battle Creek, MI). After processing, the
sponges were embedded in paraffin and sectioned
(5-�m thick). Sections were then analyzed by histology
and immunohistochemistry.

To obtain sponge fluid, excised sponges were cleaned
of surrounding tissue and fluid was aspirated by inserting
a 26-gauge needle into the sponge. To optimize recov-
ery, sponges were subsequently subjected to centrifuga-
tion (10,000 rpm) in a microcentrifuge tube whose top
and bottom compartments were separated by a filter.

Sponge fluid was collected from the lower compartment.
In initial experiments we did not observe a difference
between the needle aspirates and the centrifuged sam-
ples. Thus, in all subsequent experiments, sponge fluids
were combined before analysis.

Histology, Invasion, and Encapsulation

Sections were stained with hematoxylin and eosin (H&E)
according to a standard protocol. The amount of invasion
and encapsulation was calculated from micrometer mea-
surements performed independently by two investigators
in a blind manner. Fine and dense sponge invasions were
defined as described previously.21 In general, the area of
transition from dense to fine invasion was easily detect-
able. Sponge encapsulation was estimated as described
previously for silicone disks.7 To minimize errors, only the
area of the capsule that bordered sponge material was
measured. Areas that included sponge openings (pores)
were not included in the measurements. Unless other-
wise stated, for each time point a total of three sponges
(three individual mice) per genotype were examined.

Immunohistochemistry

Sections were stained with antibodies to TSP2,22 PECAM-1
(Pharmingen, La Jolla, CA), active TGF-�1 (catalog no.
G1221; Promega, Madison, WI), and MMP2 (Chemicon,
Temecula, CA). Anti-TSP2 antibody was used as de-
scribed previously22 with the following modification. We
have found that the immunoreactivity of TSP2 in paraffin-
embedded tissues is enhanced after pretreatment of sec-
tions with 0.025% pronase for 10 minutes at 37°C. Anti-
TGF-�1, PECAM-1, and MMP2 antibodies were used
according to the supplier’s instructions. According to the
supplier, the anti-TGF-�1 antibody is highly specific for
the active form of the cytokine.

Histomorphometry

Images were captured with the aid of a Photometrics
digital camera and analyzed using Metamorph (Universal
Image Corporation, Westchester, PA) software. For eval-
uating angiogenesis, PECAM1-positive vascular profiles
were outlined and the collected data including vessel
number, vessel size (area and diameter), and the per-
centage of the image area occupied by vessels were
determined by the software. The intrasample vessel di-
ameter distribution was also determined. Angiogenesis
was measured only in areas of dense tissue invasion.
Areas invaded by fine tissue did not exhibit well-defined
vascular profiles with lumens.

For the histomorphometric analysis of MMP2 and ac-
tive TGF-�1 levels, a threshold was set representing the
maximum background intensity observed in control (no
primary antibody) sections. The values obtained repre-
sent the relative levels above background for each anti-
body. Only sections that were stained in the same exper-
iment were used in direct comparisons. This was
because of variability in the background levels between
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experiments. All images were collected in a blind man-
ner, and the scoring of images was performed indepen-
dently by two investigators.

Assay for Active TGF-�1

The levels of active TGF-�1 in sponge fluid, skin extracts,
and fibroblast-conditioned media was determined by the
PAI-1/luciferase assay for TGF-� using mink lung epithe-
lial cells (clone 32), as described previously.23 Assay
specificity was confirmed by utilization of neutralizing
anti-TGF-�1 antibodies. All comparisons between geno-
types were made based on samples containing equal
amounts of protein, as determined by the bicinchoninic
acid assay (Pierce, Rockford, IL). Fibroblast-conditioned
media were harvested from the same passage cells,
plated at equal density. Cells were cultured in serum-free
media 3 hours before sampling. Equal amounts of skin
biopsies, based on weight, were extracted in RIPA buffer.

Statistical Analysis

All differences between data sets were determined by the
Student’s t-tests. Significance required a P value of 0.05
or less.

Results

Abnormal Reaction to Sponge and Granuloma
Formation in TSP2-Null Animals

Sponges were excised 7, 14, and 21 days after implan-
tation. Explants from TSP2-null and control mice had a
similar appearance on both days 7 and 14. On the con-
trary, day 21 samples differed, as the TSP2-null-derived
explants displayed significant fibrosis and hemorrhage
(Figure 1, right). Because of the presence of excess
tissue and blood the sponge itself was not visible. In-
stead, the implant was surrounded by a visible fibrous
capsule that could not be dissected from the sponge.
Control samples did not display significant fibrosis and
the sponge could be easily detected by its foam-like
appearance (Figure 1, left).

Consistent with our gross observations, differences in
the histological appearance of sponge granulomas were

readily apparent only in day 21 explants (Figure 2, C and
F). Morphological analysis of the invading response was
performed on H&E-stained sections. At day 7, the earliest
time point examined, we observed the formation of an
organized matrix network within the interstices of the
sponge (Figure 2, A and D). This network consisted of
areas defined by a fiber-like ECM that resembled a web
or net. This interstitial matrix was defined by fibers (ar-
rowheads) at the outer edges, and was subdivided by
thin inner fibers (arrows). The term fibrovascular bundles
has been used to describe the appearance of this tissue
and is considered to be fine invasion.21 Fine invasion was
devoid of mature blood vessels with lumens. Immunohis-
tochemical analysis of day 7 sections revealed that these
fibrovascular bundles included fibronectin and von Wil-
lebrand factor (data not shown). Overall, day 7 sponges
were dominated by fine invasion.

By day 14, numerous invading cells could be observed
and the fiber-like ECM network was modified to resemble
granuloma (Figure 2, B and E). The appearance of invad-
ing tissue was dense and consisted of fibroblast-like
cells, ECM, and vessels with lumens. Dense and fine
invasion occupied approximately equal areas of the outer
and inner parts of the sponge, respectively. TSP2-null-
derived granulomas displayed increased staining sug-
gesting increased fibrosis and somewhat increased vas-
cular density. However, the differences between TSP2-
null and control were not pronounced. On the contrary,
by day 21 the differences between the two genotypes
were more obvious. TSP2-null-derived sponges (Figure
2F) exhibited fibrogenic and angiogenic responses that
exceeded control (Figure 2C). These differences were
obvious as the staining intensity and overall neovascu-
larization of the invading response were increased. The
latter was confirmed by histomorphometric analysis after
immunolocalization of blood vessels with the endothelial
cell marker PECAM1 (see below and Figure 4). The inva-
sion in day 21 sponges was dominated by dense inva-
sion, with only the most inner parts of the sponge dis-
playing fine invasion.

We were also able to observe the formation of numer-
ous FBGCs on the surfaces of the sponge. The FBGCS
were present as early as day 7 and increased in number
as granuloma formation progressed. No differences in
FBGC formation between TSP2-null and control sponges
were observed (data not shown).

Table 1. Sponge Invasion and Encapsulation

Genotype Invasion (�m) Encapsulation (�m)

TSP2 �/� 270 � 22 65 � 20
TSP2 �/� 205 � 26* 110 � 18*

Sponges were implanted subcutaneously in mice. After a 3-week
implantation period, the implants were explanted, and the degree of
dense tissue invasion and sponge encapsulation were determined with
the aid of a microscope micrometer. Values shown represent the
means of 60 measurements � 1 SD. A total of six sponges per
genotype were evaluated.

*, P values � 0.05.

Figure 1. PVA sponges in TSP2-null mice induce excessive fibrosis. PVA
sponges were excised en bloc 21 days after implantation and photographed.
Sponges recovered from TSP2-null mice (�/�, right) were coated with
excess fibrous tissue obscuring the sponge material. On the contrary, less
fibrosis was elicited by control sponges and the sponge material was visible
(�/�, left).
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Decreased Sponge Invasion and Increased
Encapsulation in TSP2-Null Mice

Quantification of the degree of sponge invasion and en-
capsulation at day 21 also revealed differences between

TSP2-null and control animals (Table 1). Formation of
dense tissue did not reach the deep inner crevices of the
sponge in TSP2-null animals. On the contrary, sponges in
control animals exhibited more pronounced dense inva-
sion. However, despite the reduced migration, the overall

Figure 2. Increased neovascularization and tissue density in TSP2-null animals. Shown are representative sections of PVA sponge implants recovered at 7 (A, D),
14 (B, E), and 21 (C, F) days from control (A–C) and TSP2-null (D–F) mice and stained with H&E. Fine invasion (d7) characterized by thick (arrowheads) and
thin (arrows) fibrovascular bundles was similar in both genotypes (A, D). Dense invasion was characterized by increased angiogenesis and tissue density in
TSP2-null animals (E, F). Differences between genotypes were more pronounced at 21 days (compare C and F). Original magnifications, �100.

Figure 3. Immnunolocalization of TSP2 in wild-type sponges. Sections from day 7 (A), day 14 (B), and day 21 (C–E) were stained with an anti-TSP2 antibody
and visualized by the peroxidase method. At day 7, TSP2 was localized to a few cells (arrows in A) with fibroblast-like elongated morphology. At day 14 (B),
TSP2 was also deposited in the ECM, but not extensively. At day 21 (C–E), TSP2 was prominent in the both cells and the ECM, with the latter showing strong
immunoreactivity. Surrounding foreign body capsules did not exhibit strong ECM-associated TSP2 immunoreactivity (C, D). Rather, TSP2 deposition was limited to cells
(arrows in D). No immunoreactivity was detected in sections from TSP2-null sponges (F; negative control). Original magnifications: �100 (C); �400 (A, B, D–F).
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density of invading tissue was increased in TSP2-null
animals. This was apparent after staining of representa-
tive sections with H&E (Figure 2, compare C and F) and
mirrored previous findings after staining of sections with
Masson’s trichrome.24

Consistent with our previous findings during the FBR,
we found that PVA sponges in TSP2-null animals were
encapsulated by significantly thicker capsules (Table 1).
This finding is also consistent with the superficial appear-
ance of TSP2-null-derived sponges that were surrounded
by an excessively fibrous coat (Figure 1). Capsule neo-
vascularization in TSP2-null animals was also increased,
more so in day 21 sponges (data not shown).

Spatiotemporal Deposition of TSP2

Immunohistochemical analysis of TSP2 deposition re-
vealed the presence of the protein at all of the time points
examined. At day 7, TSP2 seemed to be mostly cell-
associated (Figure 3A, arrows) with minimal ECM depo-
sition. At day 14, TSP2 was still predominantly cell-asso-
ciated, but its deposition in the matrix was increased
(Figure 3B). By day 21 we observed a dramatic increase
in the deposition of TSP2, especially in the ECM (Figure 3;
C to E). Interestingly, TSP2 was abundantly deposited in
the sponge granuloma but not in the adjacent developing
foreign body capsule (Figure 3, C and D). In the latter,
TSP2 was only associated with fibroblast-like cells in the
capsule (Figure 3D). On the other hand, deposition in the
granuloma was widespread including dense and loose
fibers and cells (Figure 3, D and E). No immunohisto-
chemical stain was observed in sponges implanted in
TSP2-null animals (Figure 3F; negative control).

Increased Angiogenesis in Sponges Implanted
in TSP2-Null Mice

Vascular profiles were visualized by antibodies to the
endothelial cell marker PECAM1. Images obtained from
areas of the sponge displaying dense granuloma forma-
tion were analyzed by histomorphometry. Because of
limited dense granuloma formation in day 7 samples, we
were unable to estimate their vascularity. Analysis of day
14 and day 21 samples revealed significant differences
in the number of blood vessels and the overall vascularity
between TSP2-null and control animals (Figure 4). The
number of vascular profiles was increased in TSP2-null
animals at day 14 and remained high at day 21 (Figure 4,
B and C). We observed an overall decrease in vascular
density (number of blood vessels and area occupied by
blood vessels) as granuloma formation progressed (Fig-
ure 4, C and E). The vessel size distribution however, was
highly variable and did not differ significantly between
genotypes (Figure 4, D and F). Overall, vessel morphol-
ogy appeared normal (Figure 4, A and B).

Modulation of TGF-�1 Activation Is Not Altered
in TSP2-Null Mice

The proposed ability of TSPs to modulate TGF-�1 activity
coupled with the increased fibrotic response in TSP2-null
mice suggested that the levels of this growth factor might
be elevated. Histomorphometric semiquantitative analy-
sis of representative sections stained with anti-active
TGF-�1 antibodies revealed no significant differences be-
tween TSP2-null and control animals (data not shown).
Levels of active TGF-�1 were highest at day 14, but
dropped close to background by day 21. For more ac-
curate quantification, we collected sponge fluid from day
14 sponges and measured active TGF-�1 by the PAI-1/
luciferase assay. No significant differences between
TSP2-null and control samples were observed (Table 2).
Furthermore, similar results were obtained from the anal-
ysis of skin extracts and the conditioned media of dermal
fibroblasts (Table 2).

Increased MMP2 Deposition in the ECM of
TSP2-Null Mice

Imunohistochemical analysis of MMP2 distribution in
dense tissue in day 14 and day 21 implants revealed
significant differences between TSP2-null and control an-
imals (Figure 5). During both time points, the distribution
of MMP2 in TSP2-null-derived sponges appeared to be
more widespread, displaying a significant association
with both cells and the ECM (Figure 5, C and D; arrows
and asterisks). On the contrary, MMP2 deposition in con-
trol sponges was predominantly associated with cells
(Figure 5, A and B; arrows) and did not seem to be
extensively associated with the matrix (Figure 5, A and B;
asterisks). Histomorphometric analysis of sections
stained with anti-MMP2 antibodies revealed that TSP2-
null sponges displayed a twofold increase in the levels of
MMP2, mirroring its extensive distribution (Figure 5E). No
decrease in the levels of MMP2 between day 14 and day
21 were observed. Deposition of MMP2 in surrounding
capsules was predominantly cell-associated at day 14
and day 21 in both genotypes. No significant differences
in its deposition between genotypes were observed (data
not shown).

Discussion

TSP2, as a matricellular protein, has been proposed to
function, in part, by modulating the availability of pro-
teases and growth factors.1 Thus, its presence in the
ECM, coupled with its ability to interact with specific
cell-surface receptors, enables the ECM to modulate pro-
cesses such as angiogenesis and matrix remodeling. A
number of observations made in TSP2-null mice suggest
a role for TSP2 in both processes.3,6,7 For example, col-
lagen fibers and fibrils appear disorganized in TSP2-null
mice, with the latter displaying abnormal shape and
size.3 In addition, abnormalities have been observed in
the interaction of newly secreted collagen fibrils with the
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cellular processes of tendon fibroblasts in newborn
mice.24 As a consequence, the ability of fibrils to orga-
nize into fibers was compromised. The exact mechanism
that leads to the development of these abnormalities
remains unclear. We have suggested that it may be
linked to the adhesive defect of TSP2-null fibroblasts,
which we have shown to be related to increased levels of
MMP2.4,15

In this study, we show that a deficiency in TSP2 influ-
ences intermediate and late events during sponge gran-

uloma formation. Thus, the observed abnormal matrix
deposition and increased and prolonged angiogenesis
coincided with the deposition of TSP2 within the ECM of
wild-type sponges. On the contrary, during the early
phase of granuloma formation, when TSP2 deposition
was not associated with the ECM but was only limited to
a few fibroblast-like cells, no abnormalities were ob-
served. These findings are consistent with our previous
analysis of healing cutaneous wounds.6 In this repair
model, we observed that the effect of TSP2 deficiency
was amplified in the period during which TSP2 would be
expected to associate extensively with the ECM.

It is clear from this study, and the analysis of wound
healing and the FBR, that TSP2 deficiency results in
increased and prolonged neovascularization of the newly
formed tissue. Because of the increased vascular density
of dermis and adipose tissue that are proximal to the
sponge, we postulated that a higher number of blood
vessels would invade the sponge in TSP2-null mice. Our
findings however, show that differences in granuloma
neovascularization become more pronounced in the late
phase of the response. This finding indicates that the

Figure 4. Increased angiogenesis in TSP2-null sponges. A and B: Sections
from day 21 sponges from control (A) and TSP2-null (B) mice were stained
with an anti-PECAM1 antibody and visualized by the peroxidase method. An
increased number of vascular profiles can be seen in TSP2-null sponges (B).
Original magnifications, �400. C–F: Computer-assisted vessel quantification
in day 14 and day 21 sponges from control (solid bars) and TSP2-null (open
bars) mice. An increased number of vascular profiles per high-power field
(0.04 �m2) was observed in TSP2-null sponges (C), resulting in an overall
increase in the percentage of the field occupied by vessels (E). Vessel size
and size distribution were similar (D, F). *, P � 0.05; **, P � 0.005.

Figure 5. ECM-associated MMP2 is increased in TSP2-null mice. A–D: Sec-
tions from day 14 (A, C) and day 21 (B, D) sponges from control (A, B) and
TSP2-null (C, D) mice were stained with an anti-MMP2 antibody and visu-
alized by the peroxidase method. Arrows and asterisks denote immuno-
reactive cells and matrix, respectively. Increased MMP2 deposition in the
ECM was evident in TSP2-null sections (C, D). Original magnifications, �400.
E: Histomorphometric quantification of MMP2 deposition. Relative levels of
MMP2 at day 14 and day 21 in sponges of control (solid bars) and TSP2-null
(open bars) mice. Values are arbitrary units. *, P � 0.05.

Table 2. Active TGF-�1 Levels (pM) in Control and TSP2-
Null Animals

TSP2�/� TSP2�/�

Sponge fluid (day 14) 1.14 � 0.21 0.85 � 0.33
Skin (12 weeks) 1.51 � 0.34 1.15 � 0.31
Skin fibroblasts 6.55 � 3.12 4.18 � 3.46

Sponges were implanted subcutaneously in mice. After a 2-week
period, the implants were explanted, and the levels of active TGF-�1 in
sponge fluid were determined by the PAI-1/luciferase assay. Skin was
removed from adult mice and either extracted for determination of
active TGF-�1 levels, or processed for isolation of fibroblasts.
Conditioned media from fibroblasts grown in culture were harvested
and the levels of active TGF-�1 were determined. A total of three
sponges, three skin samples, and fibroblast cultures from three
individual mice per genotype were analyzed.
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initial invasion of the sponge does not significantly differ
between wild-type and TSP2-null mice. Rather, it sug-
gests that changes in sponge neovascularization are
primarily because of a TSP2 deficiency within the remod-
eling granuloma. Supporting evidence for this hypothesis
has been obtained from studies demonstrating that de-
livery of anti-sense TSP2 DNA to sponges in wild-type
mice can result in increased neovascularization.34 Thus,
sponge angiogenesis can be altered without a change in
the vascular density of surrounding tissues.

Despite the extensive documentation of the anti-angio-
genic activity of TSP2, the exact mechanism of inhibition
remains uncertain.1,2 It has been shown that TSP1 can
induce endothelial cell apoptosis in culture and in the
blood vessels of sponges and experimental tumors.25–27

Furthermore, it has been shown that apoptosis is induced
after the interaction of TSP1 with the scavenger receptor
CD36 leading to downstream activation of the caspase
pathway .26,27 It is tempting to assume that, because the
TSP1-CD36-binding site is conserved in TSP2, the same
mechanism may be at play in this and other tissue repair
systems. However, because of their distinct spatiotem-
poral distribution, TSP1 and TSP2 may not perform similar
functions. For example, immunohistochemical analysis of
healing wounds revealed minimal overlap in the deposi-
tion of TSP1 and TSP2.6 The former was prominent early
(day 3) and became undetectable by day 7, whereas the
latter appeared later (days 3 to 5) and peaked at day 10.
Because maximal vascular regression in healing wounds
occurs at day 10, we suggest that TSP2 and not TSP1 is
the major determinant of angiogenesis during repair.
Whether TSP2 functions by inducing apoptosis in endo-
thelial cells could be addressed by determining the num-
ber of cells undergoing apoptosis in the wounds of TSP2-
null mice. It should be noted however, that the presence
of an alternative vascular regression mechanism has
been suggested from the ultrastructural analysis of long-
term (100 to 130 days) collagen sponge implants in the
rat.28 In this study, degenerating endothelial cells, not
undergoing apoptosis, could be identified on the basis of
nuclear morphology.

TSP2 may also influence angiogenesis indirectly, by
modulating the availability of MMP2, as has been sug-
gested by in vitro studies. MMPs have active roles during
matrix remodeling and other tissue regeneration pro-
cesses, including modulation of angiogenesis.29–31 Nu-
merous studies have implicated MMP2 and its inhibitor
TIMP-2 in the process of wound healing.32,33 In this study
we observed that both TSP2 and MMP2 are located in the
ECM at day 14 and day 21, suggesting that an interaction
between the two may be possible. Indeed, our results
demonstrate increased MMP2 deposition in the ECM of
sponge granulomas of TSP2-null animals. By semiquan-
titative histomorphometry we were able to show that the
increase is in the twofold range, similar to that observed
in cultured fibroblasts. Validation of the histomorphomet-
ric quantification has been achieved by analysis of cuta-
neous wounds. In this system, a twofold to threefold
increase in the levels of MMP2 in TSP2-null animals was
observed both by histomorphometry and zymography (T.
R. Kyriakides, A. Agah, and P. Bernstein, manuscript in

preparation). The latter method can provide sensitive and
reliable quantification of MMPs. Based on the changes in
the deposition of MMP2, we postulate that a TSP2-MMP2
interaction within the ECM is critical to the processes of
synthesizing and remodeling matrix, and to neovascular-
ization during repair.

In this study we also investigated the possibility that a
deficiency in TSP2 could affect activation of TGF-�1. By
using histomorphometry and the PAI-1/luciferase assay
we were unable to observe any significant changes in the
levels of active TGF-�1 in the sponges of TSP2-null mice.
We extended our studies to include analysis of skin ex-
tracts and primary dermal fibroblasts grown in culture.
The latter is considered to mimic stress conditions be-
cause the cells are placed in a serum-rich environment.4

In both cases we were unable to detect any changes in
the levels of active TGF-�1 between control and TSP2-null
samples. Thus, the increased fibrosis observed within
and surrounding the sponges in TSP2-null mice may not
be associated with elevated levels of TGF-�1. Our find-
ings in cultured cells are not unexpected because we
had not observed an increase in collagen synthesis, as
one would expect from increased TGF-�1 activity, in
TSP2-null fibroblasts.3 Based on our findings, we suggest
that TSP2 does not play a significant role in modulating
the activity of TGF-�1 in culture or during tissue repair
and regeneration. However, it should be emphasized that
our in vivo investigation has been limited to selected time
points. Conceivably, TGF-�1 activity may be modulated
by TSPs at intervals that we have not examined. Further-
more, modulation of TGF-�1 activity by TSP2 may be at
levels below the detection limit of our assay. This issue
can be addressed by analysis of more time points and by
using more sensitive assays (eg, enzyme-linked immu-
nosorbent assay).

Based on the ability of TSP2-null wounds to heal with
reduced scarring and the increased vascularity of cap-
sules, we proposed that TSP2 may serve as a molecular
target whose inhibition could lead to improved healing.1

In fact, we have recently shown that inhibition of TSP2
synthesis by local administration of antisense TSP2 cDNA
reproduced the TSP2-null phenotype in wild-type and
TSP2-null animals.34 Specifically, we were successful in
increasing sponge neovascularization. We are currently
planning studies designed to test the functional signifi-
cance of the increased sponge neovascularization in
TSP2-null animals.
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