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Abstract
The mammalian palate develops from projections of the paired maxillary processes termed palatal shelves. Shelf
growth is an essential in normal palatal morphogenesis. Mesenchymal proliferation in the palatal shelves is
modulated by transforming growth factor-b (TGF-b), among other growth factors. Several pathways eect TGF-b
activation, including one which utilizes thrombospondin (TSP). TSP-1 is a major activator of TGF-b in vivo and
has been localized in head mesenchyme, including palates. TSP-2 appears to inhibit TSP-1 activation of latent TGFb by competitively binding the latent TGF-b. Here the TSP-2 mRNA transcript and the immunolocalization of
TSP-2 protein with progressive palatogenesis were quanti®ed. There was a signi®cant ( p < 0.05) decline of TSP-2
transcript with palatal maturation; there was no evidence correlating the TSP-2 transcription with the amount of
activated TGF-b. At the vertical shelf stage of palatogenesis, TSP-2 protein was found throughout the extracellular
matrix of shelf mesenchyme. By the horizontal shelf stage, TSP-2 protein was principally localized to the ossi®cation
centres of the developing maxilla, both in extracellular matrix and bone; far less was seen in palatal shelves proper.
These results suggest that TSP-2 is multifunctional during embryonic palate formation. # 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction
The mammalian palate begins development from
projections of the paired maxillary processes of the
®rst branchial arches, termed palatal shelves (or lateral
palatine processes). Initially, these shelves are in a ver-
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tical position on each side of the developing tongue,
but, as the mandible grows, the tongue moves downward, and the shelves become horizontal and grow
toward each other (see Figs. 2A and 3A).
Subsequently, the shelves grow suciently large to approximate one another and begin the fusion process.
Thus, shelf growth is an essential of normal palatal
morphogenesis.
The TGF-b family of autocrine/paracrine growth
factors participates in regulating cell proliferation and
dierentiation, as well as in the formation and degradation of extracellular matrix (Derynck, 1994;
Lawrence, 1996). TGF-bs and their cognate receptors
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are present in the developing palate (Gehris et al.,
1991; Jaskoll et al., 1996; Linask et al., 1991; Melnick
et al., 1998; Pelton et al., 1990): TGF-b1 and -b3 are
expressed primarily in the epithelium, whereas TGF-b2
is expressed primarily in the mesenchyme. The amount
of TGF-b2 decreases signi®cantly with progressive
palatal shelf development; this downregulation in
TGF-b2 expression is associated with increased
mesenchymal cell proliferation and palatal shelf growth
(Jaskoll et al., 1996).
TGF-b is somewhat idiosyncratic among known
growth factors in that it is secreted and found primarily in a latent (non-active) form in vivo (Gleizes et al.,
1997). The amount of active ligand available for receptor binding is not necessarily correlated with total
TGF-b transcription and translation (Gleizes et al.,
1997; Melnick et al., 1998). Several pathways eect
TGF-b activation. Most prominent is the binding of
latent TGF-b to cell-surface IGF-II receptor and cleavage by plasminogen activator-dependent plasmin
(Dennis and Rifkin, 1991). IGF-II receptor, plasminogen, and plasminogen activators are all present in
embryonic palatal shelves (Melnick et al., 1998). The
latent TGF-b can also bind to integrin aVb6 and other
integrins on the cell surface, which induces activation
via a conformational change in the latent complex
rather than cleavage (Munger et al., 1999).
A third TGF-b activation pathway utilizes thrombospondin-1, a large, homotrimeric glycoprotein secreted by many cell types into the extracellular matrix
(Bornstein, 1992). Binding by thrombospondin-1 of
latent TGF-b induces a conformational change that
exposes mature TGF-b to cognate receptors while
remaining bound to thrombospondin-1 (MurphyUllrich et al., 1992; Schultz-Cherry and MurphyUllrich, 1993; Schultz-Cherry et al., 1994, 1995). It has
recently been shown that thrombospondin-1 is a major
activator of TGF-b in vivo (Crawford et al., 1998). It
has also been demonstrated in vitro that thrombospondin-2, in many ways homologous to thrombospondin-1
(Bornstein, 1992), inhibits activation of latent TGF-b
by competitively binding it (Schultz-Cherry et al.,
1995).
Existing reports on the spatiotemporal distribution
of thrombospondin transcript and protein suggest that
thrombospondin plays an important part in the proliferation of embryonic mesenchymal cells, including
head mesenchyme (Iruela-Arispe et al., 1993; Laherty
et al., 1992; O'Shea and Dixit, 1988; Tooney et al.,
1998). Thrombospondin-1 transcript, in particular, has
been detected in head mesenchyme beginning on E10,
including palates (Iruela-Arispe et al., 1993), and
thrombospondin-1 protein from E13 to birth (Tooney
et al., 1998). We report here the quantitation of thrombospondin-2 mRNA transcript and the immunolocalization of its protein with progressive palatogenesis.

2. Material and methods
2.1. Animal mating and tissue collection
B10.A/SgSn (B10.A) and C57BL/10SgSn (B10) mice
were purchased from Jackson Laboratories (Bar
Harbor, ME) and maintained in our animal facilities
in accord with NIH Guidelines. Animals were mated
overnight and females were examined for vaginal plugs
the next morning; this day was considered day 0 of
gestation. Dams were anaesthetized with metafane and
killed by cervical dislocation on the appropriate day of
gestation. Embryos were staged according to Theiler
(1989). Palatal shelves were dissected from staged
embryos on days 13 (E13), 14 (E14), or 15 (E15) of
gestation, pooled by litter and stored at ÿ708C. E13±
E15 heads were ®xed for immunohistochemistry as
described below.
2.2. Analysis of thrombospondin-2 transcripts by
ribonuclease protection assay
Steady-state amounts of thrombospondin-2 transcripts were measured by RNase protection assays
essentially as described in Melnick et al. (1998). Each
independent sample was a pool of ®ve to eight palates
from one litter; a minimum of three independent
samples per day of gestation were assayed. Each
sample was assayed two to three times. b-actin transcripts provided an internal standard for each sample.
The control without palatal RNA contained 50 mg
yeast tRNA. To determine possible dierences in
thrombospondin-2 between B10.A and B10 mouse
strains, palatal shelves were obtained from three litters
of B10.A and B10 at E14 and assayed; assays were
done on E14 palates because strain-speci®c dierences
were previously detected only on E14 (Melnick et al.,
1998). A 400-nt thrombospondin-2 protected fragment
and a 250-nt b-actin protected fragment are detected.
Protected RNAs corresponding to hybrids between
thrombospondin-2 probe and its target mRNAs were
quantitated by phosphor image analysis (Molecular
Dynamics, Sunnyvale, CA) and normalized to the
amount of protected b-actin probe present in each
sample. Ratios were mathematically transformed to
meet the analytical assumptions of normality and
homoscedasticity, means were calculated, and dierences between mean ratios were compared by t-test.
2.2.1. Probes
A plasmid containing a 500-bp Thbs2 cDNA was
generously provided by Dr Paul Bornstein (Shingu and
Bornstein, 1993). A 430-bp full-length probe was linearized with BglII and a 32P-labelled antisense probe
was generated using T3 RNA polymerase and 32PUTP (ICN, Costa Mesa, CA). A gel-puri®ed plasmid
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Fig. 1. Developmental expression of thrombospondin (TSP)-2 transcripts in embryonic B10.A mouse palates. (A) RNase protection
assay comparing steady-state amounts of TSP-2 mRNA in E13±E15 B10.A palates. The autoradiograph demonstrates a 400-nt
TSP-2 (t) protected fragment and a 250-nt b-actin (a) protected fragment in three independent E13, E14, and E15 samples. Note
the absence of TSP-2 and b-actin protected fragments in a control lane (). (B) Bars represent mean phosphor-imaging (PI) units
with their SEM for E13±E15 TSP-2 transcript.

containing a 250-bp mouse b-actin cDNA insert was
purchased from Ambion (Austin, TX), linearized with
EcoRI, and used to produce a 32P-labelled antisense
probe using T7 RNA polymerase.

were evaluated for each stage of development.
Controls consisted of sections stained with secondary
antibodies alone; controls were routinely negative.

2.3. Immunolocalization of thrombospondin-2 protein

3. Results

E13±E15 heads were ®xed in Carnoy's ®xative, processed, and embedded in low-melting point Paraplast
as described by Melnick et al. (1998). A minimum of
three litters were collected for each day of gestation.
The tissues were sectioned at 7 mm, placed on cleaned,
gelatin-coated slides at 378C for 3 h, and immediately
immunostained for thrombospondin-2 protein expression according to the method of Kyriakides et al.
(1998). In brief, the slides were preincubated in 3%
hydrogen peroxide to eliminate endogenous peroxidase
activity, blocked with 1% bovine serum albumin, and
incubated overnight at 48C with polyclonal rabbit antimouse thrombospondin-2 antibody (1:400; generously
provided by Dr Paul Bornstein). Detection of thrombospondin-2 speci®c immunoreactivity was achieved
using an Elite ABC Kit (Vector Labs, Inc, Burlington,
CA). Following development of peroxidase activity,
the sections were counterstained with haematoxylin,
processed, and coverslipped as previously described
(Melnick et al., 1998). A minimum of three palates

We quantitated thrombospondin-2 mRNA transcripts in B10.A mouse palates from E13 to E15, vertical to horizontal palatal shelves, respectively. There
was a signi®cant, 31% decline with palatal maturation
(t4=2.80; p < 0.05) (Fig. 1). As it has been reported
that Thbs2 gene expression in vitro is positively correlated with the amount of activated TGF-b (Negoescu
et al., 1995), we also quantitated thrombospondin-2
transcripts in B10 embryonic mouse palates. B10
palates are known to have signi®cantly less activated
TGF-b than palates from B10.A embryos (Melnick et
al., 1998). There were no signi®cant dierences in
amounts of mRNA transcript between the strains
(t7=1.70; p > 0.10) and, thus, no in vivo evidence to
support prior in vitro studies.
Immunolocalization of thrombospondin-2 protein in
B10.A mouse embryos at the vertical shelf stage of
palatogenesis (c.E13) showed the protein throughout
the extracellular matrix of palatal shelf mesenchyme
(Fig. 2B,C). It was also localized in the basement
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Fig. 2. Spatial distribution of thrombospondin (TSP)-2 protein in early embryonic palates. (A) View of the palate as seen with
removal of the lower jaw. At this early stage of palatal development, both shelves are vertical. Line indicates the plane of section
for (B). (B, C) Immunolocalization of TSP-2 in developing vertical palatal shelves. (B) Anti-TSP-2-stained section shows the relation between vertical palatal shelves (p) and the developing tongue (T). (C) Higher magni®cation of the palatal shelf shown in
(B). TSP-2 protein is immunodetected throughout the extracellular matrix of palatal shelf mesenchyme (m) and is absent from the
epithelium (e). TSP-2 is also immunolocalized in the basement membranes of the toothbuds (t), in Meckel's cartilage (c) and its
perichondrium, and in ossi®cation centres of the mandible (M). Bar=100 mm.

membranes of tooth epithelium, Meckel's cartilage
(particularly the perichondrium), and in the ossi®cation
centres of the developing mandible (Fig. 2B). By the
horizontal shelf stage of palatogenesis (c.E14±15),
thrombospondin-2 protein was principally localized to
the ossi®cation centres of the developing maxilla, both
extracellular matrix and bone; far less was seen in the
growing palatal shelves proper (Fig. 3). These results
were concomitant with the decline in palatal thrombospondin-2 mRNA transcript from E13 to E15 (Fig. 1).
4. Discussion
Thrombospondins are multifunctional proteins secreted by a variety of cells, including ®broblasts

(Bornstein, 1992). They have an anity for cell surfaces and many macromolecules of the extracellular
matrix such as heparan sulphate proteoglycans, ®bronectin, laminin, several collagens, plasminogen, and
histidine-rich glycoproteins (Bornstein, 1992).
In 1991, Bornstein and colleagues identi®ed and partially characterized a second mouse thrombospondin
gene (Thbs2 ), which was related to, but distinct from,
previously characterized mouse and human thrombospondins (Bornstein et al., 1990, 1991). Thbs2 gene expression was particularly evident in connective tissues
such as bone and cartilage (Bornstein et al., 1991).
Thrombospondin-1 and -2 are similar in structure in
that both proteins contain NH2-terminal, COOH-terminal, and procollagen homology domains, and type I
(thrombospondin or properdin), type II (epidermal
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Fig. 3. Spatial distribution of thrombospondin (TSP)-2 protein in late embryonic palates. (A) View of palate with removal of lower
jaw. At this later stage of development, both shelves are horizontal. Line indicates the plane of section for (B). (B, C)
Immunolocalization of TSP-2 protein in developing horizontal palatal shelves. (B) Anti-TSP-2-stained section shows the relation
between the horizontal palatal shelves (Ps), nasal septum (N), and tongue (T). (C) Higher magni®cation of palatal shelf shown in
(B). TSP-2 is primarily seen in the extracellular matrix of mesenchymal cells more proximal to maxillary (Mx) bone formation, in
maxillary ossi®cation centers, and in developing cartilages and their perichondria. Far less TSP-2 is seen in the extracellular matrix
of the medially growing palatal shelves (Ps) proper. Bar=100 mm.

growth factor-like), and type III (Ca2+-binding)
repeats (Bornstein, 1992). The sequence identity, however, varies from 82% in the COOH-terminal domain
to 32% in the NH2-terminal domain, and there are
striking dierences in the promoter regions, which
would account for their sometimes distinct expression
and functional dierences (Bornstein, 1992; Shingu
and Bornstein, 1993).
Morphogenesis of the embryonic palate is a carefully
orchestrated balance between the mitogenesis promoted by such factors as epidermal growth factor,
TGF-a, and IGF-II and the mitostasis promoted by
such factors as TGF-b (Dixon and Ferguson, 1992;
Jaskoll et al., 1996; Melnick et al., 1998). As noted
above, TGF-b2 and thrombospondin-1 transcript and
protein are both prominent in head mesenchyme,

including palatal mesenchyme. Thrombospondin-1
serves, in part, to activate latent TGF-b in vivo
(Crawford et al., 1998); thrombospondin-2 appears to
be antagonistic to this function of thrombospondin-1
by competitively binding the latent TGF-b but not
activating
it
(Schultz-Cherry
et
al.,
1995).
Thrombospondin-2, like thrombospondin-1, also
appears to be antiangiogenic (Volpert et al., 1995).
There is evidence that this function may be extant in
both pre- and postnatal development (Kyriakides et
al., 1998), as well as in tumorigenesis (Tokunaga et al.,
1999). Nevertheless, how, when, and where thrombospondin-2 inhibits angiogenesis in embryos remains
obscure. Although its precise role in embryogenesis is
poorly understood and somewhat controversial
(Kyriakides et al., 1998), our investigation of its tran-
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script expression and protein localization provides
some clues to its function during palatogenesis.
Initially, thrombospondin-2 mRNA is highly
expressed and the protein is localized throughout the
extracellular matrix of palatal mesenchyme (Figs. 1
and 2), as is TGF-b2 and thrombospondin-1 (IruelaArispe et al., 1993; Jaskoll et al., 1996). With horizontalization of the palatal shelves, Thbs2 gene transcription
signi®cantly
declines
(Fig.
1)
and
thrombospondin-2 protein is far less evident in palatal
shelves proper (Fig. 3). There is also a signi®cant
decline of TGF-b2 (Jaskoll et al., 1996) and thrombospondin-1 (Tooney et al., 1998), permitting mesenchymal cell proliferation and palatal shelf growth. Taken
together, these data suggest that thrombospondin-2 is
one factor, among others, modulating growth by modulating thrombospondin-1-dependent activation of
TGF-b2. From E15 onward, thrombospondin-2 is localized to the osteogenic tissues of maxillary skeletal elements, including the palate, and this is consistent with
its previously purported role in the genesis of other
craniofacial skelatal elements (Tooney et al., 1998).
Finally, while thrombospondin-2 most certainly participates in embryonic palatal development, the
absence of cleft palate or other craniofacial anomalies
in Thbs2 null mice would indicate that it is not a
necessary participant (Kyriakides et al., 1998). In this
regard, it is instructive to note that the Thbs2 locus on
mouse chromosome 17 is proximate to Igf2r and Plg,
other modulators of TGF-b2 activation in palates
(Melnick et al., 1998). This is probably not fortuitous.
It is likely that these genes adjust their expression as
needed in Thbs2 null mutants. It might also be so for
genes elsewhere that regulate angiogenesis, such as
Thbs1.
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