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Abstract

Endothelial cell growth factor (ECGF) a was studied for its
effects on bone formation in cultured fetal rat calvariae and on

bone resorption in cultured fetal rat long bones.
ECGF at 0.1-100 ng/ml stimulated I3Hlthymidine incor-

poration into DNA, an effect enhanced by heparin. Treatment
with ECGF for 24 h decreased the incorporation of V3Hlproline
into collagen but treatment for 48-96 h increased collagen and
noncollagen protein synthesis, an effect that was concomitant
with an increase in DNA content. ECGF did not alter collagen
degradation in calvariae or 4"Ca release from long bones, which
indicated it had no effect on bone resorption. Although ECGF
increased prostaglandin E2 concentrations, its effect on DNA
synthesis was not prostaglandin-mediated.

In conclusion, ECGF stimulates calvarial DNA synthesis,
which is an effect that results in a generalized increase in protein
synthesis, but ECGF has no effect on matrix degradation or

bone resorption.

Introduction

Bone formation is a complex process regulated by systemic hor-
mones and by systemic and local growth factors. The effects of
systemic hormones on bone formation have been studied ex-

tensively (1, 2) but only recently we have started to learn about
the regulation of bone formation by systemic and local growth
factors (2, 3).

Local regulators of skeletal growth are factors, synthesized
and released by bone or bone-related cells, that affect skeletal
growth directly without the use ofthe circulatory system. Growth
factors have been isolated from bone cultures and bone matrix
and it is likely that a number of them are synthesized by bone
or bone-related cells and act as autocrine or paracrine regulators
of skeletal growth (4-6). Local growth factors play an essential
role in the regulation of tissue growth and this role may be at
least as important as that played by the systemic hormones (7).
Furthermore, some of the effects of the systemic hormones on

skeletal and nonskeletal tissue function are likely mediated by
local factors, and hormones could act by modifying the synthesis
or effects of a given local growth factor.
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Endothelial cell growth factor (ECGF)' is a mitogen for hu-
man endothelial cells isolated from bovine brain and is a member
ofa family ofpolypeptides that includes acidic fibroblast growth
factor (FGF) and eye-derived growth factor II (8-10). These
factors have similar biological activities and cross-react in both
immunological and radioreceptor assays (10). Two forms of
ECGF have been described: (a) a-ECGF, with an M, of 17,000,
and (b) i3-ECGF, with an Mr of 20,000. The two forms have the
same biological properties and significant amino acid homology
and a-ECGF is identical to acidic FGF-2 (11, 12, and Burgess,
W. H., and T. Maciag, unpublished observations). Although the
source of this family of mitogens has been primarily the central
nervous system, similar factors have been isolated from a variety
of tissues (13). A significant proportion of the growth factor ac-
tivity present in bovine bone matrix is immunoprecipitated by
antibodies to ECGF/acidic FGF (14). This finding is important
because it indicates that ECGF is either preferentially trapped
by the bone matrix or is synthesized by skeletal cells. It was,
therefore, critical to determine if ECGF had effects on bone
remodelling and establish whether it is a local regulator ofskeletal
growth. A growth factor with effects on bone formation, in ad-
dition to effects on endothelial cell replication and neovascu-
larization, could play a significant role in bone remodelling and
particularly in bone healing.

The present studies were undertaken to characterize the role
of ECGF in bone formation and bone resorption. We assessed
the direct effects of a-ECGF on bone DNA, collagen and non-
collagen protein synthesis in rat calvarial cultures, and on 45Ca
release in rat long bones.

Methods

Boneformation
The method used to study effects on bone formation has been described
in detail previously. One or two half calvariae from 21-d-old fetal rats
were cultured in sterile 25-ml flasks containing 2 ml of Biggers Gwatkin
medium modified by Fitton Jackson (BGJ medium) supplemented with
bovine serum albumin (4 mg/ml; Reheis Chemical Co., Phoenix, AZ),
1 mM unlabeled proline (except for collagen degradation experiments),
and 0.1 mM thymidine but no serum (15). The flasks were gassed with
5% CO2 in air, sealed, and placed in a continuously shaking water bath
at 37°C for periods of 24-96 h.

a-ECGF was purified from bovine brain to homogeneity by the
sequential use of ammonium sulfate fractionation, heparin sepharose
chromatography, and reverse-phase high performance liquid chroma-
tography (HPLC) as previously described (9). a-ECGF was stored frozen
in a solution of 33% acetonitrile and 0.1% trifluoroacetic acid (TFA) and

1. Abbreviations used in this paper: BGJ medium, Biggers Gwatkin me-
dium modified by Fitton Jackson; CDP, collagenase-digestible protein;
ECGF, endothelial cell growth factor; NCP, noncollagenase-digestible
protein; Pg, prostaglandin.
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diluted 1:650 or greater in BGJ medium. An equal amount of organic
solvent was added to control calvariae. All experiments were performed
with homogeneously pure a-ECGF except for one, presented in Table
I, in which the preparation used contained a small amount (<20%) of
contaminant fl-ECGF, which is known to have the same biological effects
as a-ECGF (9). Hydroxyurea (Sigma Chemical Co., St. Louis, MO) and
heparin (Ries Biologicals Inc, Irvine, CA) were added directly to BGJ
medium, and indomethacin (Sigma Chemical Co.) was dissolved in ab-
solute alcohol and diluted 1:10,000 in BGJ medium; an equal amount
of alcohol was added to control cultures. Calvariae were continuously
exposed to the agents studied unless specified otherwise.

DNA SYNTHESIS
DNA synthesis was studied by examining effects on the incorporation
of [13H]thymidine and on total DNA content.

DNA labeling. [Methyl-3H]thymidine (5 ACi/ml; specific activity 60-
80 Ci/mmol; New England Nuclear, Boston, MA) was added during the
last 60 min of the culture period. Calvariae were extracted with cold 5%
TCA, acetone, and ether, the bones were then dried and weighed and
the incorporated radioactivity was determined after digesting them with
NCS tissue solubilizer (Amersham Corp., Arlington Heights, IL). The
acid-extractable pool was determined by measuring the radioactive counts
in the TCA wash. Data are expressed as disintegrations per minute per
microgram dry weight or as percent ofcontrol after dry weight correction.

DNA content. To measure total DNA content, calvariae were ho-
mogenized, extracted with 5% TCA and 10 mM potassium acetate in
absolute ethanol, and dried. DNA was measured according to a modi-
fication of the fluorometric method of Kissane and Robbins (16). Data
are expressed as microgram DNA per half calvaria or as percent ofcontrol.

HISTOLOGY AND MITOTIC INDEX
To study effects on cell mitosis, calvariae were cultured and N-desacetyl-
N-methyl colchicine (colcemid, 4 X 10-6 M; Gibco, Grand Island, NY)
was added for the last 3 h ofthe culture period (17). Calvariae were fixed
in neutral formalin, embedded in paraffin, stained with hematoxylin-
eosin, and sections examined at a magnification of250-400. Metaphase-
arrested cells were counted in at least two random cross sections taken
from each one of five control and treated bone explants. Data are ex-
pressed as number of mitoses per section of half calvaria.

COLLAGEN AND NONCOLLAGEN (NCP) PROTEIN SYNTHESIS
Effects on newly synthesized collagen were determined by studying the
incorporation of [2,3-3H]proline (5 gCi/ml; specific activity 25-40 Ci/
mmol; New England Nuclear) into total collagen and into type I collagen.
Labeled proline was added for the last 2 h ofthe culture period, calvariae
were extracted as described for DNA labeling and homogenized in 0.5
M acetic acid.

Total collagen synthesis. An aliquot ofthe homogenized calvaria was
incubated with repurified bacterial collagenase (Worthington Biochemical
Corp., Freehold, NJ) and the labeled proline incorporated into collage-
nase-digestible protein (CDP) and NCP was measured according to the
method of Peterkofsky and Diegelmann (18). Data are expressed as dis-
integrations per minute per microgram dry weight and as percent of
control after dry weight correction. Percent collagen synthesis was cal-
culated after multiplying NCP by 5.4 to correct for the relative abundance
of proline in CDP and NCP (19).

Type I collagen synthesis. A pool offour homogenized halfcalvariae
was digested with pepsin (1 mg/ml; Sigma Chemical Co.) in the presence
of 1 mg of nonradioactive type I collagen over a 12-16-h period at 4°C;
the collagen was precipitated with 2 M NaCl, dialyzed against 0.5 M
acetic acid, and freeze-dried. An aliquot representing one calvaria and
a radioactive type I collagen standard were dissolved in 0.5 M acetic
acid, diluted in sample buffer, and the collagen chains were separated
on a 6% polyacrylamide gel, according to a modification of the method
described by Sykes et al. (20). 2-Mercaptoethanol was applied to half of
the gels 60 min after the electrophoresis was started (reduced collagen),
while the other halfwas not treated (unreduced collagen). The gels were
fixed and the protein profiles were displayed by fluorography.

COLLAGEN DEGRADATION
To study effects on collagen degradation, calvariae were cultured in con-
trol medium in the absence ofunlabeled proline and treated with 5 ,Ci/
ml [3H]proline for a 24-h period. Bones were washed with BGJ medium
containing 10 mM proline for 1 h and transferred to either control or
ECGF (30 ng/ml-containing medium for a 3-, 6-, or 24-h "chase period".
Calvariae were extracted (with TCA, acetone, and ether) and homoge-
nized in 0.5 M acetic acid; an aliquot of this homogenate and of the
respective culture medium was hydrolyzed in 6 N HCI at 1070C for 24
h. The samples were dried, derivatized with phenylisothiocyanate, and
the [3HJproline (used for the labeling) and [3H]hydroxyproline (repre-
senting newly labeled collagen) were separated by reverse-phase HPLC
using an amino acid analysis pico tag column (Waters Associates, Mil-
lipore Corp., Milford, MA) and an acetonitrile gradient. [3H]Hy-
droxyproline and [3H~proline eluted respectively with 19 and 26% of
acetonitrile 3 and I I min after the chromatography was started and their
separation was complete under the conditions used. The amount of
[3H~proline eluting as hydroxyproline was 1% or less of the total radio-
activity applied to the column. This was corrected by constructing a
standard curve of [3H]proline "spillover" into the [3H]hydroxyproline
peak by using increasing amounts of [3H]proline. Recovery of radioac-
tively labeled and of unlabeled added hydroxyproline was 88-100%. Data
are expressed as picomoles of total and TCA-precipitable [3H]hy-
droxyproline present in the medium, and as percent of [3HJhy-
droxyproline released from bone to the culture medium.

The proportion of newly synthesized macromolecular collagen re-
leased from the bone into the medium during the pulse was determined
in aliquots of the medium obtained during the 2-h [3H]proline pulse
used in studies of collagen synthesis. The medium was exhaustively di-
alyzed in Spectrapor 3 dialysis tubing (Spectrum Medical, Los Angeles,
CA; assigned molecular weight cut-off of 3,500) against 0.5 M acetic
acid and analyzed for labeled CDP. Data are expressed as percent of
CDP released to the medium.

PROSTAGLANDIN (Pg) E2 ASSAY
PgE2 was measured in the culture medium in triplicate using a specific
radioimmunoassay (New England Nuclear). The cross-reactivity of the
antibody was 3.7% with PgE, and <0.4% with other known prostaglandins
or related compounds. PgE2 content was calculated from the linear por-
tion ofthe binding curve. Data are expressed in nanomolar concentrations
and as nanograms or picograms of PgE2 per half calvaria.

EFFECTS ON PERIOSTEUM AND PERIOSTEUM-FREE CALVARIA
These experiments were performed to compare effects on periosteal tissue,
rich in fibroblasts and precursor cells, with those on the central calvaria,
which is rich in osteoblasts (21, 22). Intact bones were cultured and
[3H]thymidine or [3H]proline was added for the last 60 or 120 min of
the incubation period, respectively. Calvariae were washed with saline
(9 g/liter NaCl) and the periosteum was removed from the superior and
inferior surfaces of the bone with a scalpel blade. The incorporation of
[3H]thymidine into DNA and of [3H]proline into CDP and NCP were
independently determined in the periosteum and in the central bone or
periosteum-free calvaria. Data are expressed as disintegrations per minute
per half calvaria.

Bone resorption
Bone resorption was measured by the release of 45Ca from fetal rat long
bones in culture as previously described (23). Pregnant rats were injected
with 0.2 mCi of 45Ca on the 18th day of pregnancy and sacrificed the
following day. Radii and ulnae were dissected free of their cartilaginous
ends and cultured in BGJ medium for 24 h. The bones were transferred
to fresh medium and cultured in the continuous presence of a-ECGF
(stored in 33% acetonitrile and 0.1% TFA and diluted in BGJ medium
1:650 or greater) or control medium, containing an equal amount of
organic solvent, for a 5-d period. At the completion ofthe culture period,
the bones were dissolved in 5% TCA and 45Ca was quantitated in bone
and medium. Bone resorption is expressed as percent of total radio-
activity present in the medium over the culture period.
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Figure 1. Effect of ECGF on [3H]thymidine incorporation into acid-
precipitable material (DNA) in fetal rat calvariae. Symbols and verti-
cal lines represent mean values±SE for five to six half calvariae cul-
tured for 24 h in the continuous presence of ECGF. * Significantly dif-
ferent from control, P < 0.05.

Statistical methods
Data are expressed as mean±SEM. Statistical differences were analyzed
using t test.

Results

Bone Formation
DNA synthesis and cell replication. ECGF caused a dose-depen-
dent stimulation on the incorporation of [3H]thymidine into
acid-precipitable material (DNA) in calvariae treated for 24 h
(Fig. 1). The effect was observed consistently at concentrations
of 3 ng/ml, whereas at I ng/ml it was seen in about half of the
experiments; at 100 ng/ml, the highest concentration tested,
ECGF increased DNA labeling threefold. ECGF had no effect
on the uptake of [3H]thymidine into the acid-extractable pool
(data not shown) and ECGF at 1-100 ng/ml increased the num-
ber of metaphase-arrested cells after colcemid treatment (Table
I). The time course of the ECGF effect on DNA labeling was
tested by adding 30 ng/ml ECGF at various times before the
end of a 24-h culture period; treatment with ECGF for 3 or 6 h
was not effective but 12 h of exposure to ECGF resulted in a
significant stimulation of[3Hj]thymidine incorporation into DNA
(Fig. 2). After 96 h of continuous treatment, ECGF stimulated

Table I. Effect ofECGF on Mitotic Index in Fetal Rat Calvariae

Mitotic
Treatment index

ng/ml

Control 2.9±0.3
ECGF 1 5.2±0.5*

10 10.0±1.7*
100 16.3±1.7*

Values are means±SE for five half calvariae cultured for 24 h in the
continuous presence or absence of ECGF and treated with colcemid
for the last 3 h of the incubation. Each calvaria was processed as de-
scribed in Methods and the number of cells arrested in metaphase
counted in two or more random sections for each bone. Data are ex-
pressed as number of cells arrested in metaphase per calvarial section.
* Significantly different from control, P< 0.05.

15

10 _

5-

3 6 12

HOURS

Figure 2. Time course for the
effect of ECGF on

* (3H]thymidine incorporation
into acid-precipitable material
(DNA). Symbols and vertical
lines represent mean values±SE
for six half calvariae. Control
and treated calvariae were cul-
tured for 24 h and 30 ng/ml
ECGF was added 3, 6, 12, or
24 h before the end of the ex-

24 periment. * Significantly differ-
ent from control, P < 0.05.

[3H]thymidine incorporation into DNA at doses as low as 0.1
ng/ml and the effect was maximal at 10 ng/ml (Table II). Whereas
treatment with ECGF for 24 h did not change total DNA content,
continuous treatment with ECGF for 96 h at 1-30 ng/ml resulted
in a significant increase in calvarial DNA (Table II).

The effect of ECGF on DNA labeling was enhanced in the
presence of heparin (Fig. 3). Heparin by itself did not modify
the incorporation of [3HIthymidine into DNA but it enhanced
the effect of ECGF about twofold. Further, in the presence of
hepanin, 24-h treatment with ECGF caused a stimulation of
DNA labeling at doses (0.1-0.3 ng/ml) that were ineffective in
the absence of heparin.

Collagen and noncollagen protein synthesis. Treatment with
ECGF for a 24-h period did not increase the incorporation of
[3H]proline into CDP or NCP and at 30-100 ng/ml ECGF
caused a small but consistent inhibition on the labeling ofCDP
(Table III, Fig. 4). In contrast, treatment with ECGF for 48-96
h resulted in an increase on the incorporation of [3H]proline
into CDP and NCP (Fig. 4). This effect was time dependent and
concomitant with an increase in DNA content that started to
appear after 48 h of treatment and was significant after 72 h of
exposure to ECGF. The effect of ECGF on protein synthesis
was generalized and not specific for collagen and the percent of
collagen synthesized was decreased by ECGF in about half of
the experiments, the control and ECGF-treated values calculated
from the data presented in Fig. 4 were (mean±SE; n = 6)
11.8±0.4 and 7.3±0.5% respectively, P < 0.05. However, the
collagen stimulated after 96 h ofECGF exposure was type I and
there was no detectable type III collagen in treated calvariae
(data not shown).

Table II. Effect ofECGF on [3H]Thymidine Incorporation into
DNA and on DNA Content in Calvariae Culturedfor 96 h

Treatment DNA synthesis DNA content

ng/ml dpm/gg wt ug/halfcalvaria
Control 6.6±0.7 7.8±0.9
ECGF 0.1 8.8±0.5* N.D.

I 10.8±0.3* 12.3±0.7*
10 15.5±0.2* 11.3±0.7*
30 16.6±1.2* 15.2±1.3*

Values represent the ECGF effect on the 1 h incorporation of
[3H]thymidine into acid-precipitable material and on DNA content in
calvariae cultured and continuously treated for 96 h. Values are
means±SE for 6-12 half calvariae. Data for DNA synthesis are pooled
from two experiments. N.D., not determined.
* Significantly different from control P < 0.05.
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Figure 3. Effect of ECGF in the presence (open circles) and absence
(filled circles) of 50 ,g/ml heparin, on [3H]thymidine incorporation
into acid-precipitable material (DNA) in fetal rat calvariae. Symbols
and vertical lines represent mean values±SE five half calvariae cul-
tured for 24 h in the continuous presence of ECGF.

ECGF at 30 ng/ml did not affect collagen degradation. The
amount of TCA-precipitable [3H]hydroxyproline present in the
medium, representing newly synthesized macromolecular col-
lagen, was small (<10% of the total [3H]hydroxyproline counts
in the medium) and not different in control and ECGF-treated
bones (Fig. 5). Therefore, most of the total [3H]hydroxyproline
present in the medium represented fully degraded newly syn-
thesized collagen, and it was the same in control and treated
calvariae during a 3-24-h chase period; over the 24-h period
- 20% of the newly labeled collagen was released into the me-
dium ofcontrol and ECGF-treated bones. To confirm that ECGF
did not alter macromolecular collagen release, we examined ihe
labeled CDP present in the medium during the 2-h [3H]proline
pulse used to determine effects on collagen synthesis. After a 24-
h culture, 5.7±1.1% (mean±SE) of the total newly synthesized
macromolecular collagen was released to the culture medium
in control cultures and 6.2±0.5% in ECGF (100 ng/ml)-treated
cultures. After a 96-h culture the respective values for control
and ECGF (30 ng/ml)-treated bones were 7.6±1.5 and 8.7±1.5%.

Effects on periosteum and periosteum-free calvaria. The in-
corporation of [3H]thymidine into DNA and the incorporation

Table III. Transient Inhibitory Effect
ofECGF on Collagen Synthesis

Collagen
Treatment CDP NCP synthesis

ng/ml dpm/lg weight %

Control 27±2 37±3 12.0±0.7
ECGF 1 27±1 40±1 11.2±0.4

10 25±1 38±2 10.6±0.1
100 20±1* 35±4 10.0±0.6

Values represent the ECGF effect on the 2-h incorporation of
[3H]proline into CDP and NCP and on the percent of collagen synthe-
sized in calvariae cultured and treated for 24 h. Values are means±SE
for five half calvariae.
* Significantly different from control, P< 0.05.

of [3H~proline into NCP were higher in the periosteum than in
the periosteum-free bone ofcontrol and treated calvariae (Table
IV), whereas the labeling ofCDP and the percentage of collagen
synthesized were greater in the periosteum-free bone. The stim-
ulatory effect of ECGF on the incorporation of [3Hjthymidine
and on [3H]proline incorporation into CDP and NCP occurred
in the periosteum and periosteum-free bone but the effect on
DNA labeling was more pronounced in the periosteal tissue.

Prostaglandin synthesis. ECGF also increased the PgE2 con-
tent in the medium of cultured calvariae. This effect was dose
dependent and observed as early as 3 h after ECGF (30 ng/ml)
treatment (Fig. 6). The PgE2 concentration in control bones cul-
tured for 24 h was (mean±SE; n = 6) 0.7±0.2 nM or 249±81
pg/half calvaria; in the presence of ECGF at 10-100 ng/ml for
a 6-h period the PGE2 concentration increased from 2.8±0.4 to
11.7±2.4 nM or from 973±128 to 4,107+837 pg/half calvaria
respectively (Fig. 6 B). The stimulatory effect ofECGF on PgE2
synthesis was sustained for 96 h and it became more pronounced
as calvariae were treated for longer periods of time. When PgE2
concentrations were measured at 24-h intervals in the medium
of calvariae cultured for 96 h in control or in the continuous
presence of 30 ng/ml ECGF, the agent increased PgE2 levels
about twofold in the first 24-h period and about ninefold in the
last 24-h period.

Although the stimulatory effect ofECGF on PgE2 synthesis
appeared before the effect on DNA synthesis, the two effects did

K

II

24 48 72 96

Figure 4. Effect of ECGF on
[3H]thymidine incorporation into
acid-precipitable material (DNA),
DNA content, and [3H]proline in-
corporation into CDP and NCP.
Calvariae were cultured in the
continuous presence of 30 ng/ml
ECGF for the indicated periods of
time. Data for the labeling ofDNA,
CDP, and NCP were corrected per
bone dry weight (disintegrations
per minute per weight); all data are
expressed as percent of control.
Symbols and vertical lines repre-
sent mean values±SE for six half
calvariae. * Significantly different
from control, P < 0.05.
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not appear related because ECGF stimulated DNA synthesis to
a similar extent in the presence and absence of indomethacin
at 1 $M (Table V).

Bone resorption
Treatment with ECGF at 1-100 ng/ml for a 5-d period did not
increase "5Ca release from fetal rat long bones (Table VI), in-
dicating lack ofan ECGF effect on bone resorption in this system.

Discussion

The present studies were undertaken to examine the effects of
ECGF on bone formation and bone resorption in vitro. ECGF
stimulated DNA synthesis in cultures of fetal rat calvariae be-
cause it increased the incorporation of [3H~thymidine into acid-
precipitable material, the bone DNA content, and the number
of metaphase-arrested cells after colcemid arrest. Recent data
have shown that heparin increases the affinity of ECGF to its

Figure 5. Effect of ECGF on collagen degrada-
tion. Calvariae were cultured in control me-
dium for 24 h in the absence of unlabeled pro-
line in the presence of [3H]proline (5 uCi/ml),
rinsed, and transferred to medium containing
10 mM proline and "chased" in the presence
or absence of 30 ng/ml ECGF for the indicated
periods of time. Symbols and vertical lines rep-
resent means±SE for four half calvariae. Data
for acid-precipitable [3H]hydroxyproline was
obtained from a pool of four half calvariae.
Data are expressed as picomoles of total and
acid precipitable [3H]hydroxyproline released
to the culture medium (A) or as the percent of
the newly synthesized [3fl]hydroxyproline re-

-r-- leased to the culture medium (B). None of the
24 treated values was significantly different from

control.

cell surface receptor and enhances the mitogenic effect ofECGF
on endothelial cells (24). Similarly, heparin enhanced the ECGF
effect on bone DNA synthesis. The mechanism ofthe interaction
between heparin and ECGF is unclear but it appears related to
conformational changes that may stabilize the peptide. This
would result in an enhancement of the ECGF effect that is not
selective for endothelial cells and would explain the results ob-
served in calvarial cultures. ECGF increased the concentration
ofPgE2 in the culture medium; however, the significance of this
effect remains to be determined because indomethacin, a known
inhibitor of prostaglandin synthesis (25), did not abolish the
ECGF effect on DNA synthesis.

ECGF decreased bone collagen synthesis in 24-h cultures,
which indicated a direct inhibition of osteoblastic function.
However, ECGF increased collagen and noncollagen protein
synthesis in long-term cultures, an effect that was concomitant
with, and likely secondary to, an increase in DNA content and
cell number. The stimulatory effect of ECGF was not specific

Table IV. Effect ofECGF on DNA, Collagen, and Noncollagen
Protein Synthesis in Periosteum and Periosteum-free Calvaria

DNA Collagen
Treatment labeling CDP NCP synthesis

dpm/bone dpm/bone dpm/bone %

Periosteum
Control 1,400±140 2,470±260 9,850±800 4.4±0.5
ECGF 3,430±290* 4,070±680* 16,980±1,900* 4.9±0.3

Periosteum-free
calvaria

Control 640±44 6,180±730 4,950±590 20.5±1.0
ECGF 870±80* 1 1,170+1,120* 7,150±940 20.0±1.6

Values represent the effect of 30 ng/ml EC3Fon [3H~thymidine into acid-snsol-
uble residues (DNA) in calvariae cultured and treated for 24 h and the effect of
ECGF, 10 ng/ml, on f3Hfproline into CDP and NCP and the percent of collagen
synthesized in calvariae treated for 96 h. The periosteum was removed by dissec-
tion after the incubation was completed. Values are means±SE for 6-8 half cal-
variae.
* Significantly different from control, P< 0.05.
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CI
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24 10
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Figure 6. Effect of ECGF on PgE2 production by fetal rat calvariae.
Bones were cultured for 24 h and PgE2 levels were measured by ra-

dioimmunoassay in the culture medium. A, time course of the ECGF
effect; calvariae were cultured for 24 h and treated with 30 ng/ml
ECGF for 3, 6, 12, or 24 h before the end of the culture. B, dose-re-
sponse curve for ECGF; calvariae were cultured for 24 h and treated
with ECGF for the last 6 h at the indicated doses. Symbols and verti-
cal lines represent mean values±SE for five half calvariae. * Signifi-
cantly different from control, P < 0.05.
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Table V Effect ofECGF and Indomethacin
on DNA Synthesis in Fetal Rat Calvariae

Treatment DNA PgE2

dpm/lsg wt Pg/halfcalvana

Control 5.2±0.4 199±51
ECGF 10.9±0.3* 575+95*
Indomethacin 4.9±0.3 25±2
Indomethacin + ECGF 9.2±0.4* 24±3

Values represent the effect of 30 ng/ml ECGF and I gM indometha-
cin on the I-h incorporation of [3H]thymidine into acid-precipitable
material (DNA) and on PgE2 content in the medium of calvariae cul-
tured for 24 h. Values are means±SE for five half calvariae.
* Significantly different from control, P < 0.05.

for collagen, in fact, a larger effect was observed on noncollagen
than on collagen protein synthesis, but the collagen synthesized
was type I, indicating that ECGF stimulated the replication of
cells, which included those of the osteoblastic lineage. This was
supported by the data demonstrating that the stimulatory effect
ofECGF on collagen synthesis was observed in the central non-
periosteal bone, which is rich in osteoblasts (21, 22). Collagen
synthesis in the periosteal layers was probably stimulated because
the dissection of the calvaria did not remove all the osteoblasts
from the periosteum. The effect on DNA synthesis was primarily
observed in the periosteum, which is rich in fibroblasts and pro-
genitor cells, and it is likely that ECGF affected both cell types
(21, 22, 24).

About 20% of the newly synthesized collagen was released
to the culture medium over a 24-h period and most of it was in
fully degraded form. Only a small proportion of macromolecular
collagen appeared in the culture medium during the [3H]proline
pulse or during a 24-h chase period, indicating that most of the
newly synthesized collagen is laid on the bone matrix and the
jettison of the intact molecule does not occur in this culture
model to any significant extent. ECGF did not increase bone
collagen degradation in cultured calvariae or the release of 45Ca
from fetal rat long bones, which indicated that it has no effect
on matrix degradation or bone resorption in these models.
However, the stimulatory effect ofECGF on PgE2 synthesis could
result in a stimulation of bone resorption in neonatal mouse
calvariae, because in this model prostaglandins frequently me-
diate growth factor-stimulated bone resorption (26).

Table VI. Effect ofECGF on 45Ca
Releasefrom Fetal Rat Long Bones

Release of 4'Ca

Dose of ECGF tested Control ECGF

ng/ml % %

1 31±2 30±1
10 29±1 29±1

100 25±3 29±3

Values are means±SE for six cultures of ECGF-treated and paired
control bones cultured for 5 d.

The effects of ECGF on bone remodelling in vitro are dif-
ferent from those of other known growth factors including epi-
dermal growth factor, platelet-derived growth factor, insulin-
like growth factor I/Somatomedin-C and bone-derived growth
factor (15, 27-30). Interleukin- 1, which has limited amino acid
sequence homology with acidic FGF (31), stimulates bone re-
sorption and has stimulatory effects on collagen synthesis in 24-
h cultures, whereas in 96 h cultures it is inhibitory and these
effects are temporarily opposite to those of ECGF (32, 33).
Transforming growth factor-,B is the only growth factor that has
effects resembling those of ECGF on bone formation, but it has
been shown to stimulate bone resorption in mouse calvariae,
an effect not reported in fetal rat long bones (26, 34).

The stimulatory effects of ECGF on endothelial cell repli-
cation and neovascularization in correlation with those on bone
cell replication may be important for bone repair, particularly
after fractures. Moreover, the mitogenic effect ofECGF on en-
dothelial and bone cells is enhanced by heparin, and the fracture
callus is rich in heparin-containing mast cells (35). Heparin in-
creases the binding ofECGF to its receptor and this could have
significant physiological implications in the process of bone re-
pair, particularly if mast cell degranulation and heparin release
occur at the fracture site. ECGF may also be important in os-
teoinduction, observed with matrix-derived factors (5), and its
effects on cell replication and neovascularization may be essential
for this process.

ECGF/acidic FGF is present in bone matrix (14), but syn-
thesis by bone cells has not as yet been demonstrated. Studies
to address this question are currently being performed in our
laboratory and they will be necessary before we can conclude
that ECGF is a true local regulator of skeletal growth. Whether
ECGF is trapped by bone matrix or is synthesized by bone cells,
its significant concentrations in this tissue combined with its
effects on bone cell replication make it an important regulator
of skeletal remodelling. Moreover, ECGF may be essential for
normal bone repair.

In conclusion, ECGF stimulates bone DNA synthesis, an
effect that results in an increased number of cells capable of
synthesizing bone matrix proteins but ECGF has no effect on
bone matrix degradation or bone resorption.
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