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ABSTRACT  Cranial vault sutures are the
major intramembranous bone growth sites dur-
ing rapid expansion of the neurocranium. To
function as bone growth sites, sutures need to
remain patent, while allowing rapid bone forma-
tion at the edges of the bone fronts. Premature
osseous obliteration of sutures (craniosynosto-
sis) by fusion of bone fronts across the suture site
prevents further bone formation at this site, of-
ten leading to severe facial dysmorphology. Al-
though several growth factor receptor and tran-
scription factor mutations have been implicated
in craniosynostosis, the underlying mechanisms
leading to sutural obliteration remain unclear.
Previous studies have shown that dura secreted
soluble factors responsible for maintaining su-
ture patency and that suture fusion observed in
the absence of dura was preceded by elevated
levels of DNA synthesis and collagen production
in the suture region. The use of neutralizing an-
tibodies in a fetal calvarial culture model further
demonstrated that removal of transforming
growth factor (TGF) -b3 activity induced prema-
ture sutural obliteration, whereas removal of
TGF-b2 activity prevented sutural obliteration.
Data presented here demonstrate that suture
obliteration induced by removal of TGF-b3 activ-
ity was preceded by elevated levels of DNA syn-
thesis, similar to that seen upon removal of the
dura. Addition of exogenous TGF-b3 to calvaria
cultured without dura both prevented suture
obliteration and reduced DNA synthesis to levels
comparable to those seen with intact dura. Addi-
tion of exogenous TGF-b2 to calvarial cultures
induced sutural fusion accompanied by elevated
levels of cell proliferation. However, sutures res-
cued from obliteration by removal of TGF-b2 ac-
tivity did not have decreased levels of cell prolif-
eration, but rather appeared to be due to inhibited
differentiation. In all calvaria in which sutures re-
mained patent in culture, numbers of apoptotic
cells were high within the suture, whereas in su-
tures destined to fuse, numbers of apoptotic cells
were low. Results indicate that one of the critical
regulators of suture patency is cell number. Alter-
ations in cell number can trigger premature differ-

entiation of cells, resulting in sutural obliteration.
Furthermore, a complex interplay between closely
related molecules is required to maintain cranial
vault sutures in an unossified state, while allowing
new bone to be formed at the edges of the bone
fronts. © 2000 Wiley-Liss, Inc.
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INTRODUCTION
Initial bone formation in the craniofacial region pro-

ceeds by expansive growth around several small, sep-
arate bones. Although bones thicken by accretional
growth ectocranially (periosteally), continued expan-
sive intramembranous bone growth depends on the
formation and maintenance of sutures when craniofa-
cial bones approximate one another. Sutures are the
major sites of bone growth during craniofacial develop-
ment (Baer, 1954). Craniosynostosis or premature
obliteration of sutures leads to abnormal compensatory
morphogenesis throughout the head (Enlow, 1989; Co-
hen, 1993).

Mutations in genes for fibroblast growth factor re-
ceptors 1, 2, and 3 (FGFR1, FGFR2, and FGFR3) are
associated with human conditions involving craniosyn-
ostosis (Jabs et al., 1993, 1994; Muenke et al., 1994,
1997; Reardon et al., 1994; Wilkie et al., 1995; Bellus et
al., 1996; Meyers et al., 1996), as are mutations in
MSX2 (Jabs et al., 1993; Ma et al., 1996) and TWIST (el
Ghouzzi et al., 1997; Howard et al., 1997) genes. These
are activating mutations, either through constitutive
activation pathways (Galvin et al., 1996), negative reg-
ulation of bone growth (Deng et al., 1996), repression of
developmental genes (Naski et al., 1998), or increased
affinity for ligand (Anderson et al., 1998). Many of
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these gene products interact to regulate expression of
one another (Rice et al., 1997, 1999; Kim et al., 1998)
through tissue interactions between dura mater, bone
fronts, and sutures (Opperman et al., 1993, 1995, 1996;
Iseki et al., 1997; Kim et al., 1998). Significantly, al-
though expression levels of members of the TGF-b fam-
ily were found to be altered during normal and abnor-
mal suture closure (Lin et al., 1997; Opperman et al.,
1997; Roth et al., 1997a,b), no mutations in TGF-bs or
their receptors have been reported to be associated
with human suture pathology. Interestingly though,
removal of TGF-b3 activity from fetal rat calvaria in
vitro induced suture obliteration, whereas removal of
TGF-b2 activity rescued sutures from obliteration (Op-
perman et al., 1999).

The mechanisms by which growth factors maintain
sutures in their unobliterated state, yet enable them to
produce new bony tissue, essential to their function as
bone growth centers, are beginning to be elucidated. An
initial clue to possible mechanism was the finding of
elevated cell proliferation followed by increased colla-
gen production within sutures destined to fuse in the
absence of dura mater (Opperman et al., 1998). Fur-
thermore, addition of FGF-2 and FGF-4 to cultured
fetal mouse calvaria induced premature suture fusion,
associated with elevated levels of cell proliferation, as
did overexpression of MSX2 (Kim et al., 1998; Liu et al.,
1999). However, studies on human craniosynostotic tis-
sue fail to show elevated levels of cell proliferation but
instead show increased cell differentiation and bone
formation (De Pollak et al., 1996; Lomri et al., 1998;
Fragale et al., 1999). Recently, Rice et al. (1999) have
shown that apoptosis occurs in sutures during normal
suture morphogenesis, proposing that apoptosis is a
normal part of suture development. Any perturbation
of normal levels of apoptosis that resulted in abnormal
numbers of cells could contribute either to the prema-
ture obliteration of sutures or to failure of suture for-
mation (Rice et al., 1999). Although alterations in num-
bers of apoptotic cells in response to growth factors has
been reported in limb bud morphogenesis (Ganan et al.,
1996; Macias et al., 1996), it has yet to be demonstrated
during suture morphogenesis.

The working hypothesis based on these observations
is that altering the concentration balance between
growth factors, or altering tissue responsiveness to
growth factors, will pathologically perturb suture pa-
tency. The purpose of this study was to test the hypoth-
esis that addition of TGF-b3 to calvaria in vitro would
rescue coronal sutures from obliteration accompanied
by decreased rates of cell proliferation and increased
apoptosis. Addition of TGF-b2 would induce suture
fusion accompanied by increased proliferation and de-
creased apoptosis. Indices of cell proliferation, differ-
entiation, and apoptosis were measured to elucidate
the mechanism of action of these growth factors in
regulating suture patency.

RESULTS
Rescue of Sutures From Osseous Obliteration
by TGF-b3

Removal of TGF-b3 activity from cultures of F19 rat
calvaria with intact dura mater resulted in coronal
suture obliteration (Opperman et al., 1999), similar to
that seen upon removal of dura mater (Opperman et
al., 1998). Therefore, experiments were done to test
whether addition of TGF-b3 to F19 rat calvaria cul-
tured without dura mater could rescue sutures from
obliteration. Although TGF-b3 concentrations of 0.03
ng/ml and 0.3 ng/ml prevent sutures from becoming
obliterated after 5 days in culture, these sutures were
markedly narrowed compared with open sutures. Su-
tures showed some intermittent regions of fusion of the
frontal and parietal bones across the suture site (Fig.
1A). In the presence of 3 ng/ml TGF-b3, sutures were
completely rescued from obliteration, with the two
bone fronts remaining separated by a highly cellular
suture matrix after 5 days in culture (Fig. 1B). When
30 ng/ml TGF-b3 was added to cultures, obliteration of
the sutures was again noted after 5 days in culture
(Fig. 1C). Because fusion across the sutures occurred
intermittently, the degree of fusion along a series of
sections was scored for each TGF-b3 concentration. As
summarized in Table 1, sutures cultured for 5 days in
the absence of dura mater and TGF-b3 were completely
fused (F), whereas at 0.03 and 0.3 ng/ml TGF-b3, su-
tures were markedly narrowed (N). However, when 3
ng/ml TGF-b3 was added, sutures remained open (O).
Complete fusion of sutures was again seen with addi-
tion of 30 ng/ml TGF-b3.

Suture Obliteration Induced by TGF-b2

Previous experiments showed that removal of
TGF-b2 activity from coronal sutures of F19 rat cal-
varia cultured without the dura mater resulted in res-
cue of these sutures from obliteration (Opperman et al.,
1999). To test whether TGF-b2 could induce fusion of
normally nonfusing sutures from calvaria cultured
with intact dura mater, TGF-b2 was added to these
cultures. In the presence of 3 ng/ml TGF-b2, coronal
sutures underwent osseous obliteration (Fig. 1D; Table
1) similar to that seen previously in the absence of dura
mater (Opperman et al., 1995, 1998).

Effect of TGF-b3 on Cell Proliferation

Elevated levels of cell proliferation preceded fusion of
sutures induced by removal of dura mater (Opperman
et al., 1998). To examine whether similar increased cell
proliferation preceded suture fusion associated with
removal of TGF-b3 activity, tritiated thymidine uptake
was measured in coronal sutures and calvarial bone
cultured in the presence and absence of TGF-b3 neu-
tralizing antibodies. Removal of TGF-b3 activity led to
significantly (P , 0.0001) elevated levels of thymidine
uptake in coronal sutures cultured for 3 days with
intact dura mater (Fig. 2A), although levels were not as
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high as those seen in the absence of dura mater. Levels
remained elevated at 4 and 5 days of culture when
compared with calvaria cultured with intact dura; how-
ever, these differences were not significant. Although
addition of neutralizing antibodies did not alter thymi-
dine uptake at 3 days when added to calvaria cultured
without dura mater, levels in these tissues remained
elevated at 4 days, when thymidine uptake in sutures
cultured without dura were beginning to decline. After
5 days in culture, no significant differences between

the groups were noted. Elevated levels of thymidine
uptake were also noted in the calvarial bones, both in
the absence of dura mater and absence of TGF-b3 ac-
tivity (Fig. 2B).

Addition of increasing concentrations of TGF-b3
(from 0–0.3 ng/ml) to F19 calvaria cultured without
dura mater resulted in decreased amounts of DNA
synthesis at 3 days in culture compared with calvaria
cultured in the absence of dura mater (Fig. 3). This
produced a sum of squares by regression analysis of
9.537 with a significance of P , 0.008. Interestingly,
the regression analysis predicted that the optimal dose
of TGF-b3 would be 2.5 ng/ml, because by 3 ng/ml, the
amount of DNA synthesis was once again beginning to
rise. This is supported by the fact that at 30 ng/ml
TGF-b3 failed to prevent obliteration of sutures and
elevated levels of DNA synthesis similar to that seen in
the absence of dura mater were noted (data not shown).
By 4 days in culture, the dose dependency has disap-
peared, with all sutures cultured in the presence of
TGF-b3, regardless of concentration showing reduced
levels of DNA synthesis when compared with controls
(Fig. 3). By 5 days in culture, control levels are de-
creased and are no different to levels seen in experi-
mental explants.

TABLE 1. Scoring of Suture Patency in the Presence of
TGF-b2 or Increasing Concentrations of TGF-b3a

Parameter Dura 3 days 5 days
TGF-b3 (ng/ml)

0 — F (6) F (5)
0.03 — O (5) N (6)
0.3 — O (5) N (4)
3.0 — N (6) O (5)

30 — F (2) F (2)
TGF-b2 (ng/ml)

0 1 O (4) O (4)
3.0 1 O (4) F (4)

aO, open suture; N, narrow suture but not fused; F, fused
suture. Number of sutures is given in parentheses.

Fig. 1. Photomicrographs showing hematoxylin and eosin stained
parasagittal sections through coronal sutures of F19 rat calvaria cultured
for 5 days without dura mater and with 0.3 ng/ml (A), 3 ng/ml (B), or 30
ng/ml (C) transforming growth factor (TGF)-b3, or with dura mater and 3
ng/ml TGF-b2 (D). Note overlapping frontal and parietal bones (b) with
intervening suture (s) in all sections. After 5 days in culture, bone fronts
fused across the suture in the absence of dura mater (Opperman et al.,
1995). No rescue of sutures was seen with either 0.3 or 30 ng/ml TGF-b3,

and bone fronts fused across the suture (arrowheads in A,C). However,
3 ng/ml TGF-b3 rescued sutures from obliteration, with suture tissue
remaining between the edges of the overlapping bone fronts (arrow in B).
Sutures cultured in the presence of dura mater remained patent after 5
days in culture (Opperman et al., 1995). These sutures became obliter-
ated with the addition of 3 ng/ml TGF-b2 (arrowhead in D). Scale bar 5
200 mm in A (applies to A–D).
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Effect of TGF-b2 on Cell Proliferation

Removal of dura mater (Opperman et al., 1995, 1998)
or removal of TGF-b3 activity (Opperman et al., 1999)
led to suture obliteration. In both cases, elevated

levels of thymidine uptake, which is an index of cell
proliferation, preceded suture obliteration. To examine
whether sutural obliteration induced by TGF-b2 is ac-
companied by elevated levels of cell proliferation, cal-
varia cultured with TGF-b2 were pulsed with tritiated
thymidine and examined after 3, 4, and 5 days in
culture. Addition of TGF-b2 led to significantly (P ,
0.001) elevated levels of cell proliferation both in coro-
nal sutures and in the calvarial bones at 3 days in
culture (Fig. 4). Although thymidine uptake remained
elevated at 4 days, the levels were greatly reduced from
those seen at 3 days. These levels declined by 5 days in
culture to levels similar to those seen in tissues cul-
tured without TGF-b2. In contrast to this finding,
when TGF-b2 neutralizing antibodies were added to
F19 calvarial cultures, sutures were rescued from oblit-
eration; however, the levels of DNA synthesis in the
coronal sutures remained unaltered, both in the pres-
ence and absence of the dura mater (Fig. 5A). Simi-
larly, levels of cell proliferation in the calvarial bones
were also unaltered (Fig. 5B).

Effect of TGF-b3 on Apoptosis
in Rat Coronal Sutures

To examine whether rescue of sutures from osseous
obliteration by addition of TGF-b3 was accompanied by
cell death, apoptosis assays were conducted on histo-
logic sections from coronal sutures of calvaria cultured
without dura mater and treated with either 0 ng or 3
ng/ml TGF-b3. Few apoptotic cells were present in the
sutures of calvaria not treated with TGF-b3 at both 3
and 5 days in culture (Fig. 6A,C). Increased levels of

Fig. 2. Tritiated thymidine uptake in coronal sutures (A) and frontal
and parietal bones (B) of F19 rat calvaria cultured in the presence (plus
Ab) and absence of neutralizing antibodies to transforming growth fac-
tor-b3 established by autoradiography. Thymidine uptake in sutures cul-
tured with dura mater and the presence of Ab was significantly elevated

(P , 0.0001) when compared with sutures cultured with dura mater but
without Ab after 3 days in culture. No significant differences were noted
after 4 and 5 days in culture in either bones or sutures or between tissues
cultured without dura mater.

Fig. 3. Tritiated thymidine uptake in coronal sutures of F19 rat cal-
varia cultured without dura mater and with increasing amounts of trans-
forming growth factor (TGF)-b3 measured by scintillation counting. Sig-
nificantly (P , 0.009) decreased amounts of DNA synthesis were noted
after 3 and 4 days in culture with addition of TGF-b3 when compared with
sutures cultured in the absence of TGF-b3. After 5 days in culture, DNA
synthesis had declined in all tissues, and no differences between tissues
were noted.
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apoptotic cells were observed in the sutural tissue
within the overlapping bone fronts, after addition of
TGF-b3. Apoptotic nuclei were also seen at the leading
edges of both frontal and parietal bone fronts (Fig.
6B,D). Apoptotic cells were seen in the periosteum of
all calvaria examined (arrows) and in the osteoblasts of
the calvarial bones away from the suture region (not
shown).

Effect of TGF-b2 on Apoptosis
in Rat Coronal Sutures

Because elevated levels of apoptotic cells was associ-
ated with sutures rescued from obliteration by TGF-b3,
it was examined whether suture obliteration induced
by addition of TGF-b2 was accompanied by altered
levels of apoptotic cells. Sections through coronal su-
tures of calvaria cultured with intact dura mater and
treated with either 0 or 3 ng/ml TGF-b2 were tested.
Sutures from calvaria with intact dura mater and no
TGF-b2 showed high levels of apoptotic cells both along
the bone fronts and within the suture tissue (Fig.
7A,C), similar to that seen with the addition of 3 ng/ml
TGF-b3 to calvaria cultured without dura mater (Fig.
6B). When 3 ng/ml TGF-b2 was added to cultures,
almost no apoptotic cells were seen after 3 days in
culture, either in the bone fronts or in the suture itself
(Fig. 7B). After 5 days in culture, apoptotic cells could
be seen along the bone fronts, but not in the remnants
of the suture matrix (Fig. 7D).

Effect of TGF-b3 Administration on TGF-b2
Immunoreactivity

To test whether TGF-b3 rescued sutures from oblit-
eration by decreasing TGF-b2 present in tissues, im-
munohistochemistry was used to assess any changes in
TGF-b2 immunoreactivity in response to increasing
concentrations of TGF-b3. There were no changes in
the distribution, timing of appearance, or intensity of
TGF-b2 immunoreactivity in the bone matrix, suture
matrix or cells (data not shown), with either 3 or 30
ng/ml TGF-b3. Similar low intensity of TGF-b2 immu-
noreactivity was seen in the bone-lining cells and su-
ture cells of calvaria cultured in the presence or ab-
sence of TGF-b3, as was reported previously for tissues
cultured in the presence and absence of dura mater
(Opperman et al., 1997). Controls in which no primary
antibodies were added showed no immunoreactivity in
any tissues (not shown).

DISCUSSION

Results from this study demonstrated that TGF-b2
and TGF-b3 play important and antagonistic roles in
regulating rat coronal suture patency. Previous studies
had shown that coronal sutures from cultured fetal rat
calvaria with intact dura mater could be maintained in
culture for up to 2 weeks. Removal of the dura mater
resulted in sutural obliteration after 5 days in culture
(Opperman et al., 1995). By using this model system,
TGF-b2 or TGF-b3 were added to the culture system to
examine the mechanisms by which these growth fac-
tors modulate suture patency.

Addition of TGF-b3 to cultured fetal rat calvaria
rescued coronal sutures from obliteration in a dose-
dependent manner. Interestingly, when TGF-b3 con-
centrations became extremely elevated, sutural oblit-
eration was again noted, indicating that the critical
concentration of TGF-b3 for rescuing sutures fell
within a narrow range. Any dramatic alteration in the
amount of TGF-b3 present, either by removing the
dura mater as a source, by adding neutralizing anti-
bodies or by adding TGF-b3, resulted in too little or too
much TGF-b3 in the suture region, with failure of
suture maintenance. These findings are supported by
the biphasic nature of TGF-b3 activity noted when the
growth factor was added to osteoblasts (ten Dijke et al.,
1990), with low and high concentrations of TGF-b3
resulting in reduced osteoblast cell proliferation (ten
Dijke et al., 1990). Furthermore, at high concentra-
tions, TGF-b3 induced cellular differentiation and col-
lagen production.

The biphasic mitogenic effect of TGF-b3 on osteo-
blasts (ten Dijke et al., 1990) was reflected in the bi-
phasic responsiveness of suture patency to the presence
of increasing concentrations of TGF-b3. Therefore, it
was decided to test whether altered rates of cell prolif-
eration were associated with suture closure or suture
rescue by examining thymidine uptake in sutures in
response to addition of TGF-b2 and TGF-b3, respec-

Fig. 4. Tritiated thymidine uptake in coronal sutures and frontal and
parietal bones of F19 rat calvaria cultured without dura mater and with or
without 3 ng/ml transforming growth factor (TGF) -b2 measured by scin-
tillation counting. Both sutures and bones of calvaria cultured in the
presence of TGF-b2 showed significantly elevated levels of DNA synthe-
sis (P , 0.0001) after 3 days in culture when compared with sutures and
bones cultured without TGF-b2. After 4 and 5 days in cultures, DNA
synthesis in these tissues declined to levels similar to those of control
tissues.
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tively, to cultured fetal rat calvaria. Increased concen-
trations of TGF-b3 resulted in decreased levels of cell
proliferation in both coronal sutures and frontal and
parietal bones. In converse experiments, where sutural
obliteration was induced by removal of TGF-b3 activity
by neutralizing antibodies, it was found that sutural
obliteration was accompanied by elevated levels of cell
proliferation. This finding is similar to that seen upon
removal of dura mater (Opperman et al., 1998); how-
ever, in those experiments, fusion of sutures was noted
later than that seen here. Interestingly, at later culture
times, the dose dependence of cell proliferation on
amount of TGF-b3 present disappears and all sutures
receiving TGF-b3 show decreased cell proliferation.
Once the process of suture fusion is either firmly insti-
tuted or completed as in control sutures cultured in the
absence of dura mater, cell proliferation returns to
background levels, seen by 5 days in culture. These
data provided good evidence for abnormally elevated
cell numbers being a contributory factor to premature
obliteration of cranial sutures, perhaps by producing a
critical density at which cells are induced to differen-
tiate (Frenkel et al., 1990, 1992; Mayahara et al.,
1993). Furthermore, the biphasic effect of TGF-b3 on
suture patency was reflected in the rates of DNA syn-
thesis. Increasing concentrations of TGF-b3 initially
led to decreased amounts of DNA synthesis associated
with lack of complete fusion of the sutures, but ele-
vated levels of DNA synthesis accompanied further
increases in TGF-b3. This was the reverse of that noted
in osteoblast cell culture (ten Dijke et al., 1990). These
differences may well reflect significant differences in
environment and cell number in tissues compared with

isolated cell culture. Interestingly, although elevated
levels of cell proliferation accompanied suture fusion
induced by addition of TGF-b2, rescue of sutures from
obliteration by addition of TGF-b2 neutralizing anti-
bodies was not accompanied by a decline in cell prolif-
eration. This leads to the speculation that TGF-b2 reg-
ulates both cell proliferation and differentiation in this
tissue and that the neutralizing antibodies removed
the differentiative function of TGF-b2, allowing the
sutures to remain open even in the presence of in-
creased cell density. Support for the notion that cell
proliferation is associated with premature suture clo-
sure is provided by evidence that addition of FGF-4 to
cultured fetal mouse calvaria induced premature su-
ture fusion, associated with elevated levels of cell pro-
liferation (Kim et al., 1998), as did overexpression of
MSX2 (Liu et al., 1999).

In contrast to these findings, the recent results of
Iseki et al. (1999) indicated that FGF-2- induced suture
closure was associated with decreased levels of cell
proliferation, a change from FGFR2 to FGFR1 expres-
sion and increased expression of osteopontin, a marker
for osteoblast differentiation. These data were sup-
ported by the work of De Pollak et al. (1996) and
Fragale et al. (1999), who demonstrated that osteo-
blasts from craniosynostotic patients showed low levels
of cell proliferation, accompanied by elevated markers
for differentiation. Experiments by Lomri et al. (1998)
demonstrated that osteoblasts with FGFR2 mutations
resulting in the Apert phenotype appeared to have
normal proliferative responses to FGF-2, but with ac-
celerated differentiation and bone formation. Interest-
ingly, normal human osteoblasts increased TGF-b2

Fig. 5. Tritiated thymidine uptake in coronal sutures (A) and frontal
and parietal bones (B) of F19 rat calvaria cultured in the presence (plus
Ab) and absence of neutralizing antibodies to transforming growth fac-

tor-b2 established by autoradiography. No significant differences were
noted between sutures or bones cultured in the presence of Ab and those
cultured without Ab, after 3, 4, or 5 days in culture.
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production during prolonged exposure to FGF-2, ac-
companied by increased osteocalcin production and
matrix mineralization (Debiais et al., 1998). Results
from present studies demonstrated that rescue of su-
tures from obliteration was achieved by removal of
TGF-b2 activity without altering cell proliferation, in
contrast to the initial hypothesis. Taken together,
these results suggest that mechanisms other than ad-
justment of levels of cell proliferation are involved in
regulating cell number and suture patency.

Another mechanism by which abnormal numbers of
cells could contribute to the premature obliteration of
sutures would be by altering the number of apoptotic
cells in the suture. Rice et al. (1999) have shown that
apoptosis occurs during normal suture morphogenesis
in the cells lining the bone fronts and particularly at
the leading edges of the overlapping bones within the
suture. They proposed that apoptosis was a part of
normal suture development and suggested that in-
creased apoptosis could be associated with delayed su-
ture closure as in cleidocranial dysplasia, whereas de-
creased apoptosis could result in premature suture

fusion. Because both FGF-2 and FGF-4 inhibited apo-
ptosis in the interdigital areas of chick limb buds (Ma-
cias et al., 1996) leading to webbed digits and both
factors induced suture obliteration (Iseki et al., 1997;
Kim et al., 1998), it is likely apoptosis plays a role in
regulating suture patency.

Results reported here demonstrated that increased
numbers of apoptotic cells accompanied decreased cell
proliferation both during normal suture maintenance
and during rescue of sutures from obliteration with
TGF-b3. Furthermore, low numbers of apoptotic cells
accompanied elevated levels of cell proliferation in su-
tures induced to fuse by removal of dura mater or by
addition of TGF-b2. This supports the mechanism pre-
dicted by Rice et al. (1999). An alternate role for apo-
ptosis was first presented by Furtwangler et al. (1985),
who suggested that apoptotic cells would be found at
the edges of bone fronts, which become too closely ap-
proximated, preventing sutural obliteration. This
mechanism is supported by the finding here that el-
evated levels of apoptotic cells were found along the
bone fronts of sutures not undergoing fusion. However,

Fig. 6. Photomicrographs of F19 rat calvaria cultured without dura
mater for 3 and 5 days in the presence or absence of 3 ng/ml transform-
ing growth factor (TGF) -b3, showing immunofluorescent staining for
apoptotic cell nuclei (fluorescein, green) with a counterstain for all nuclei
(4,6-diamidino-2-phenylindole, blue). Note the low level of staining for
apoptotic nuclei in the suture region (s), between overlapping bone fronts
(b, dashed lines) of calvaria cultured without TGF-b3 (A,C). Bone fronts

are fused across suture after 5 days in culture (C). Elevated numbers of
apoptotic nuclei are present in suture region of calvaria cultured in the
presence of TGF-b3 (B,D). Suture is still intact after 5 days in culture (D).
Apoptotic nuclei are also present in the periosteum (arrows) and osteo-
blasts lining the bone fronts (arrowheads). Scale bar 5 150 mm in A
(applies to A–D).
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this was not sufficient to prevent obliteration, because
apoptotic cells were also found along the bone fronts of
sutures induced to fuse by addition of TGF-b2. The
evidence suggests that for sutures to remain intact, a
critical number of cells within the sutural matrix must
become apoptotic. Without apoptosis, the number of
cells within the suture may surpass a critical density,
triggering differentiation and resulting in bone forma-
tion and suture obliteration. This is supported by the
finding that increased cell density is associated with
differentiation (Frenkel et al., 1990, 1992; Mayahara et
al., 1993). However, it is possible that cells could be
triggered to differentiate prematurely without initially
increased cell numbers, by premature differentiation of
normally nondifferentiating cells within the suture.

By using the same chick limb model system de-
scribed above (Macias et al., 1996) as an example, an
additional mechanism can be proposed. TGF-b2 added
to the interdigital areas of chick limb buds resulted in
inhibition of apoptosis and formation of ectopic carti-
lage (Ganan et al., 1996). This chondrogenic effect was
antagonized by addition of FGF-2. Addition of either
TGF-b2 or FGF-2 resulted in inhibition of apoptosis;

however, the former led to cell differentiation, whereas
the latter led to increased cell proliferation. In a simi-
lar manner in the suture then, the combined actions of
these growth factors could increase cell density and
initiate premature cell differentiation, resulting in su-
ture obliteration. TGF-b3 could act as an antagonist to
these actions, serving to maintain sutures in their
patent state.

These findings, summarized in Figure 8, led to the
formulation of the following model. In human pathol-
ogy, the activating mutations in some FGF receptors
(Deng et al., 1996; Galvin et al., 1996; Anderson et al.,
1998; Naski et al., 1998) simulate addition of FGF-2
and FGF-4 by inhibiting apoptosis in sutural and
perisutural tissues. Elevated levels of cell proliferation
may accompany this event. The resulting increased
numbers of cells would change predominant FGF re-
ceptor expression from FGFR2 to FGFR1 and cells
would begin to differentiate under the influence of el-
evated levels of TGF-b2, resulting in bony obliteration
of sutures. The prediction that elevated levels of
TGF-b2 would be found in synostotic sutures has some
evidence in the literature (Lin et al., 1997). On the

Fig. 7. Photomicrographs of F19 rat calvaria cultured with intact dura
mater for 3 and 5 days in the presence or absence of 3 ng/ml transform-
ing growth factor (TGF) -b2, showing immunofluorescent staining for
apoptotic cell nuclei (fluorescein, green) with a counterstain for all nuclei
(4,6-diamidino-2-phenylindole, blue). A,C: Note high numbers of apopto-

tic cells in suture region (s) between overlapping bone fronts (b, dashed
lines) in calvaria cultured without TGF-b2. B,D: Addition of TGF-b2
results in decreased numbers of apoptotic nuclei within the suture.
Apoptotic cells are visible lining the bone fronts of calvaria (arrowheads)
and within the dura (arrows). Scale bar 5 125 mm in A (applies to A–D).
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other hand TGF-b3, by regulating cell number
through altered rates of cell proliferation and apo-
ptosis would provide protection of sutures from pre-
mature obliteration. Although it would be convenient
to speculate that TGF-b3 could also regulate TGF-b2
levels, either directly or by means of regulation of
FGF or FGFR expression, immunohistochemical
data presented here do not support this. However,
unpublished preliminary data (Opperman) indicate
TGF-b3 may down-regulate TGF-b receptor (TbR)-1
expression, which would attenuate TGF-b2 signal-
ing. Studies currently are under way to examine
levels of apoptosis in sutures in response to stimula-
tion by FGF and to test whether TGF-b3 exerts its
protective effects further by regulating FGFR and
TbR-1 and TbR-2 expression.

EXPERIMENTAL PROCEDURES
Preparation and Culture of Fetal Calvaria

Calvarial rudiments from 19-day-old (F19) Sprague-
Dawley (Harlan) rat fetuses (date of mating plug 5 day
0) were prepared as previously described (Opperman et
al., 1995). Calvaria either with intact dura mater or
with dura mater removed were cultured as follows:
Group I, no TGF-b or neutralizing antibodies; group II,
either 0.03, 0.3, 3.0, or 30 ng/ml TGF-b3; group III, 3

ng/ml TGF-b2; group IV, either neutralizing antibodies
to TGF-b3 or to TGF-b2 as previously detailed (Opper-
man et al., 1999). TGF-b2 and TGF-b3 antigens as well
as their polyclonal neutralizing antibodies were ob-
tained from R & D Systems. Calvaria were placed in
24-well plates (Costar), with the dura mater side down,
and covered with 400 ml of medium (Opperman et al.,
1995), to which 100 mg/ml ascorbic acid was added
daily. TGF-bs or neutralizing antibodies were added at
feeding time every 2 days. Calvaria from 10 experi-
ments were pooled for analysis of suture patency, rates
of DNA synthesis, and levels of apoptosis.

Suture Histomorphometry
and Statistical Analysis

Tissues were harvested after 3, 4, and 5 days in
culture, and prepared for histology as described previ-
ously (Opperman et al., 1995). Sections were randomly
assigned and scored by two observers blinded to exper-
imental procedure. Briefly, each section was scored for
degree of osseous obliteration of sutures (open su-
tures 5 O; bone fronts touching across narrowed su-
ture but not fused 5 N; bone fronts fused in region of
suture 5 F). The final numbers of explants for each
experimental condition are given in Table 1.

Fig. 8. Schematic showing the relationship between addition or re-
moval of growth factors and cellular events associated with regulating cell
number and cell differentiation. Increased proliferation, decreased apo-
ptosis and changes in fibroblast growth factor receptors expression pat-

terns are associated with events leading to suture fusion. Lack of prolif-
eration, increased apoptosis and down-regulation of TbR-1 are
associated with maintenance of sutures in their patent state. 1, Liu et al.,
1999; 2, Kim et al., 1998; 3, Iseki et al., 1997.
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Calculation of DNA Synthesis in the Presence
of TGF-b2 and TGF-b3

To assess rates of DNA synthesis, cultures were
pulse-labeled with 10 ml of [methyl-3H]thymidine (1
mCi/ml) (NEN, specific activity 8 TBq/mmol) added to
the culture medium 18 hr before harvest. Tissues were
harvested after 3, 4, and 5 days in culture. All tissues
were washed six times in calcium and magnesium free
phosphate-buffered saline (PBS; 2.7 mM KCl, 140 mM
NaCl, 8 mM Na2HPO4, and 1.5 mM KH2PO4) to remove
unincorporated counts. Tissues were then washed
three times in acetone and air-dried overnight. The
calvaria were microdissected into pieces comprising
coronal sutures, frontal bones, parietal bones (n 5 2 for
each calvaria), and intrafrontal and sagittal sutures.
Each piece of tissue was weighed by using a C-30
microbalance (Cahn) before being placed in a 7-ml
Ready-Safe scintillation cocktail (Beckman) and
counted in a Tricarb 2900TR Beta Counter (Packard).
All counts were presented as disintegrations per
minute per microgram of dry weight of tissue for sta-
tistical analysis. Either analysis of variance with
Tukey-Kramer multiple comparisons test (TGF-b2) or
regression analysis (TGF-b3) was used. Tissues from
multiple runs were pooled to produce enough calvaria
and each time point, and experimental condition was
repeated at least three times.

Calculation of DNA Synthesis in the Presence
of Neutralizing Antibodies to TGF-b2
and TGF-b3

Tissues cultured with neutralizing antibodies were
pulse-labeled for 18 hr with tritiated thymidine, har-
vested and washed in PBS as described above, before
being prepared for histology and autoradiography as
described previously (Opperman et al., 1998). Numbers
of labeled nuclei/mm2 were calculated after image cap-
ture by CCD camera (Pixera) and differences statisti-
cally tested by analysis of variance (Opperman et al.,
1998). Data are presented as means 6 SD.

Immunohistochemical Analysis of TGF-b2
Distribution in Response to TGF-b3
Administration

An indirect immunoperoxidase procedure was car-
ried out as described previously (Opperman et al.,
1997). Briefly, endogenous peroxidase activity was re-
moved by preincubation in 4:1 methanol: 3% hydrogen
peroxide. PBS containing 2% normal rabbit serum (Sig-
ma) was used as blocker before application of primary
TGF-b2 polyclonal antibodies company tested for spec-
ificity by Western blotting procedures (1:500, R & D
Systems). Control slides were incubated in the absence
of primary antibody. Secondary antibodies were perox-
idase-conjugated rabbit anti-goat IgG (1:500, Jackson
Immunoresearch Laboratories) with diaminobenzidine
(Sigma) as chromagen. Immunostaining was scored as
absent (-), low (1), medium (11), or high (111).

Apoptosis Assays

Apoptagt apoptosis assay kits (Intergen), with flu-
orescein (FITC) were used to test for presence of
apoptotic cells on histologic sections. Parasagittal
sections through the coronal sutures of F19 rat cal-
varia cultured either with intact dura mater and
treated with 0 or 3 ng/ml TGF-b2 or cultured with
dura mater removed and treated with 0 or 3 ng/ml
TGF-b3 were assayed. Coverslips were applied with
4:1 Flouromount-Gt (Southern Biotechnology Asso-
ciation):Vectashieldt (Vector Laboratories) contain-
ing 4,6-diamidino-2-phenylindole (DAPI) to label all
nuclei blue as counterstain. Images were captured by
using a Nikon microscope with Metamorpht software
(Nikon). DAPI and FITC images were superimposed
by using Adobe Photoshopt software.
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