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ABSTRACT Insulinlike growth Factor I (IGF I), a
growth hormone-dependent peptide or somatomedin,
was studied for its effects on bone formation by ex-
amining the synthesis of DNA, collagen, and noncol-
lagen protein in cultures of 21-d fetal rat calvaria.

IGF I caused a dose-dependent stimulation of the
incorporation of [*PH]thymidine into DNA at concentra-
tions of 0.1-100 nM; the effect appeared after 6 h, was
maximal at 12 h, and was sustained for 96 h. IGF I also
increased the bone DNA content. IGF I at 0.1-3 nM
had a small stimulatory effect on the incorporation of
[*H]proline into collagenase-digestible protein (CDP)
whereas 30 nM IGF I caused a two- to threefold incre-
ment and had a maximal effect. A smaller effect on the
labeling of noncollagen protein (NCP) was also ob-
served. The effect of CDP and NCP appeared and was
maximal after 12 h and was sustained for 96 h. IGF 1
increased the total collagen content of bones. The IGF
I stimulatory effect on the incorporation of [*H]thymi-
dine was seen in both the periosteum and periosteum-
free calvarium, whereas that on the labeling of CDP
was seen only in the central, osteoblastic-rich, non-
periosteal bone. Histological sections showed a 10-fold
increase in the mitotic index after Colcemid arrest in
IGF I-treated bones; the mitoses were equally dis-
tributed in the periosteum and central portions of the
calvarium.

Insulin had a stimulatory effect on the incorporation
of [*H]proline into CDP and NCP at I nM -1 uM similar
to the effect of IGF I. In contrast, high insulin con-
centrations (0.1 and 1 uM) were required to increase
the incorporation of [*H]thymidine, and insulin did not
affect DNA content. Cortisol decreased the stimulatory
effect of IGF I on DNA labeling but greatly enhanced
the stimulatory effect of IGF I on the incorporation of
[*H]proline into CDP. Triiodothyronine and parathy-
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roid hormone increased the incorporation of [*H]thymi-
dine and were additive to IGF I. Triiodothyronine did
not affect the labeling of CDP, but parathyroid hor-
mone inhibited it and opposed the effect of IGF 1.

These studies indicate that IGF I stimulates bone
DNA, collagen, and NCP synthesis in vitro. IGF I and
insulin have similar effects on bone collagen synthesis
but IGF I stimulates the synthesis of DNA at physio-
logical concentrations, and insulin does not.

INTRODUCTION

Although there is a considerable amount of knowledge
about the factors that regulate linear or cartilage-de-
pendent growth, little is known about the control of
bone formation. This is presumably dependent on
many hormones; however, the humoral regulatory sys-
tem for bone growth has not yet been fully elucidated.
A number of agents have been shown to inhibit bone
formation, but only insulin, multiplication stimulating
activity (MSA),! and a partially purified preparation of
somatomedin were found to have a direct stimulatory
effect on bone collagen synthesis (1-4).

Insulinlike growth Factor I (IGF I), a growth hor-
mone-dependent single-chain peptide with a molecular
weight of 7,649 and functionally identical to somato-
medin C, was recently isolated from human plasma
(5-9). IGF I mimics many of the known metabolic ac-
tions of insulin, but it is a more potent stimulator of
cellular growth. The growth-promoting activities of
IGF I have been recognized in various tissues and cell
systems, including cartilage, chondrocytes, chick em-
bryo, and human fibroblasts (5, 8, 10-12). Its effects
on bone formation have not yet been tested, however.

VAbbreviations used in this paper: CDP, collagenase-di-
gestible protein; IBMX, isobutylmethylxanthine; IGF I, in-
sulinlike growth Factor I; MSA, multiplication stimulating ac-
tivity; NCP, noncollagenase protein; PTH, parathyroid hor-
mone; Tj, triiodothyronine.
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These studies extend and confirm previous investiga-
tions on the effects of a partially purified preparation
of somatomedin C on bone (1). They were undertaken
to assess the direct effects of a pure preparation of
IGF I on bone DNA, collagen, and noncollagen protein
(NCP) synthesis and compare them with the effects of
insulin. In addition, we examined the interactions of
IGF I with cortisol, parathyroid hormone (PTH), and
triiodothyronine (T3), known regulators of collagen syn-
thesis and cell proliferation in bone (13-15).

METHODS

Culture technique

The method used to study effects on bone formation has
been described in detail previously (2, 4). Half calvaria from
21-d fetal rats were cultured in sterile 25-ml fasks containing
2 ml of modified BGJ, medium (Gibco Laboratories, Grand
Island Biological Co., Grand Island, N. Y. [16]) supplemented
with bovine serum albumin (4 mg/ml, Reheis Chemical Co.,
Phoenix, Ariz.), 1 mM unlabeled proline, and 0.1 mM thymi-
dine (14). The flasks were gassed with 5% CO, in air for 1 min,
sealed with rubber stoppers, and placed in a continuously
shaking water bath (40 oscillations/min) at 37°C for periods
of 0-96 h.

A pure preparation of IGF Iwas kindly provided by Dr. R. E.
Humbel, Zurich, Switzerland. IGF I was isolated from an acid
ethanol extract of a Cohn fraction from human plasma by gel
filtration, ion exchange chromatography, and polyacrylamide
gel electrophoresis (5, 6). IGF 1, synthetic bovine PTH (Beck-
man Instruments Inc., Spinco Div., Palo Alto, Calif.), and iso-
butylmethylxanthine (IBMX, Calbiochem-Behring Corp.,
American Hoechst Corp., La Jolla, Calif.) were added directly
to BGJ, medium. Crystalline porcine insulin (Eli Lilly & Co.;
Indianapolis, Ind.) was dissolved in 0.005 N HCI and diluted
1:100 or greater in BGJ. Cortisol (Sigma Chemical Co., St.
Louis, Mo.) was dissolved in absolute alcohol and then diluted
1:100,000 in BGJ. T3 was dissolved in a basic alcoholic solution
and then diluted 1:10,000 or greater in BGJ. The agents studied
were present in the culture medium throughout the incuba-
tion period, except in the time-course experiments. For these
experiments, all bones, treated and control, were cultured for
24 h, and IGF was added at appropriate times before the end
of the culture period.

DNA synthesis

DNA synthesis was studied by examining effects on the in-
corporation of [*H]thymidine and on total DNA content.

[BH1Thymidine labeling. Calvaria were incubated and thy-
midine methyl-3H (5 uCi/ml; specific activity 65-80 Ci/mmol;
ICN Chemical and Radioisotope Div., Irvine, Calif.) was added
during the last 60 min of the culture period. At the end of the
incubation, calvaria were washed with cold 5% trichloroacetic
acid, acetone, and ether; the bones were then dried and
weighed, and the radioactivity incorporated determined after
digesting them with NCS tissue solubilizer (Amersham Corp.,
Arlington Heights, I11.). The acid-extractable pool was deter-
mined by measuring the radioactive counts in the trichloro-
acetic acid wash.

DNA content. To measure total DNA content, calvaria were
extracted and homogenized; and DNA was measured accord-
ing to a modification of the Huorometric method of Kissane
and Robbins (17, 18).
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[*H]Proline labeling. Labeled proline (2,3 *H, 5 uCi/ml;
specific activity 20-30 Ci/mmol; New England Nuclear, Bos-
ton, Mass.) was added for the last 2 h of the culture period.
The calvaria were extracted, weighed, and homogenized; and
an aliquot was incubated with repurified bacterial collagenase
(Worthington Biochemical Corp., Freehold, N. J.). The enzyme
preparation used was repurified on a G-200 Sephadex column
and did not contain any proteolytic activity on noncollagen
substrates (Tryptophan-labeled bones). The labeled proline
incorporated into collagenase-digestible protein (CDP) and
NCP was measured according to the method of Peterkofsky
and Diegelmann (19). Percent collagen synthesis was calcu-
lated after multiplying NCP by 5.4 to correct for the relative
abundance of proline in CDP and NCP. This was based on
previous observations by Peterkofsky (20).

To determine the proportion of newly synthesized collagen
released from the bone into the medium, aliquots of the me-
dium were exhaustively dialyzed in Spectrapor No. 3 dialysis
tubing (Spectrum Medical Industries, Inc., Los Angeles,
Calif.; assigned molecular weight cutott of 3,500) against 0.5
M acetic acid and analyzed for labeled CDP. The CDP in the
medium was expressed as percent of total newly synthesized
collagen.

Collagen content. To determine the total bone collagen
content, calvaria were extracted and homogenized, and hy-
droxyproline was measured according to a modification of the
method of Cheng (21). The collagen content was calculated
by multiplying the hydroxyproline content by 7.09 (22).

Effects on periosteum and periosteum-free
calvaria

These experiments were performed to compare humoral ef-
fects on periosteal tissue, which is rich in fibroblasts and pre-
cursor cells, and on the remainder of the calvarium, located
in the central portion of the bone, which consists largely of
bone tissue, is rich in osteoblasts, and is referred to as “perios-
teum-free calvarium” (23-26). Intact bones were cultured for
24 h and [*H]thymidine or [*H]proline was added for the last
60 or 120 min, respectively. Calvaria were then washed with
0.9% saline solution, and the periosteum was removed from
the superior and inferior surfaces with a scalpel blade. The
incorporation of [PH]thymidine into acid-insoluble extracts
and of [PH]proline into CDP and NCP were independently
determined in the superior and inferior periosteum and in the
central bone or periosteum-free calvarium.

Histology

To study the effect of IGF I on bone morphology and cell
mitosis, calvaria were cultured and n-desacetyl-n-methyl
colchicine (Colcemid, 4 uM; Gibco Laboratories, Grand
Island Biological Co., Grand Island, N. Y.) was added for the
last 3 h of the culture period. Calvaria were fixed in neutral
formalin, embedded in paraffin, and stained with hematoxylin-
eosin. Mitoses were counted in random cross sections taken
from four control and five IGF-treated bone explants.

Statistical methods

Data are expressed as mean=SE of disintegrations per
minute per microgram extracted dry weight, disintegrations
per half calvaria, and percent collagen synthesis. DNA and
collagen contentare expressed as micrograms per half calvaria.
Statistical differences were analvzed using Student’s t test.



TABLE ]

Time-course for Incorporation of [*H|Thymidine into
Acid-insoluble Residues, DNA Content, and Mitotic
Index in Calvaria Cultured in Control (BGJ)
Medium in the Absence of Hormones

[*H)Thymidine
incorporation

Mitoses per

Culture period DNA content histologic section

h dpmipg dry wt wuelhalf calvaria
0 — 10.9=1.5 —
3 7.6+0.2 10.9+2.0 <2
6 6.9+0.3 13.5+1.0 <2
12 3.6+0.3 10.9x0.2 <2
24 8.5+1.2 12.4+1.1 <2

Values are means = SE for five half calvaria cultured for 0-24 h
in BGJ medium. Bones were cultured only for the indicated
times and treated with [*H]thymidine for the last 60 min or
with Colcemid for the last 3 h of the incubation period.

RESULTS

DNA synthesis. The incorporation of [*H]thymidine
into acid-insoluble residues, the DNA content, and the
number of mitoses per histological section after colce-
mid in calvaria incubated in the absence of hormones
were similar after 0 (or 3) to 24 h of culture (Table I).

There was a 50% decrease in the incorporation of [*H]-
thymidine after 12 h of culture, which was concomitant
with a decrease of similar magnitude on the uptake of
the label into the acid-extractable pool (data not shown).
After 24 h of culture in the presence of IFG I, there
was an increase in the incorporation of [*H]thymidine
into the acid-insoluble fraction of cultured calvaria of
24-164%. In contrast, IGF I did not increase signif-
icantly the uptake of the label into the acid-extractable
pool (—5-15%). The dose-response curve demon-
strated two effects, one observed at concentrations of
0.01-3 nM, which was small and not clearly dose re-
lated, and another, marked and dose related, observed
at 10-100 nM (Fig. 1). Concentrations <0.01 nM were
not effective, and the greatest effect occurred at 100
nM, which was the highest dose tested. The time-course
of the IGF I effect on [*H]thymidine incorporation was
studied by adding 10 nM IGF I at various times before
the end of the culture period in an experiment where
all bones (IGF I-treated and control) were cultured for
24 h. Treatment with IGF I for 1.5-3 h did not alter the
incorporation of [*H]Jthymidine. Thereafter, the effect
steadily increased, and it was maximal after 12 h (Fig.
2). The stimulatory effect of IGF I was sustained for
96 h. The incorporation of [*H]thymidine in calvaria
cultured in control medium was 9.2+0.9 dpm/ug (mean
+SE; n = 6) and it was increased to 17.2+2.0 dpm/ug
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FIGURE 1

IGF nM

Effect of IGF I on the incorporation of [*H]thymidine into fetal rat calvaria. Symbols

represent mean values, and vertical lines represent SE for five half calvaria cultured for 24 h in
the presence of IGF I and pulsed with [*H]thymidine for the last 60 min (IGF I concentrations

are plotted on a logarithmic scale).
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FIGURE 2 Time-course for the effect of 10 nM IGF I on the
incorporation of [*H]lthymidine into fetal rat calvaria. Symbols
represent mean values, and vertical lines represent SE for five
half calvaria cultured for 24 h and pulsed with [*H]thymidine
for the last 60 min. IGF I was present only for the indicated
times before the end of the culture period.

(P < 0.01) in calvaria cultured for 96 h in the continu-
ous presence of IGF I at 10 nM.

The DNA content of cultured calvaria was increased
by IGF I. Bones cultured in control medium for 24 h
contained 12.4+1.3 (mean=SE; n = 5) ug DNA/half
calvaria whereas bones cultured with IGF I at a con-
centration of 10 nM contained 19.6+2.5 ug DNA/half
calvaria (P < 0.02).

Collagen and NCP synthesis. The incorporation of
[BH]proline into CDP in calvaria cultured in medium
without added hormones was highest after 3 h of in-
cubation; thereafter, a time-dependent decline was ob-
served up to 12 h of culture (Table II). The incorpora-
tion of [*Hlproline into NCP and the bone collagen
content were unchanged from 0 to 24 h of culture. While
IGF increased the labeling of CDP compared with con-
trol bones cultured for 24 h, this effect was smaller
than the values observed in control bones cultured for
3-h periods.

After 24 h of culture, IGF I caused a dose-related
stimulation of the incorporation of [*H]proline into
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TaBLE 11
Time-course for Incorporation of [*H]Proline into CDP and
NCP, and Total Collagen Content in Calvaria
Cultured in Control (BGJ) Medium

Collagen Collagen
Treatment CDP NCP synthesis content
h dpmipg dry wt G pethalf calvaria
Control 0 — — — 132+7
3 81=x1 48+3 25.1+0.6 150+10
6 61+4 43+1 20.7+0.7 152+ 14
12 31%4 39+3 12.8+0.6 142+10
24 323 44+2 12.0+£0.4 155+7
IGF 1 24  56x2% 63x3* 14.5x(0.5* —

Values are means = SE for 5-10 half calvaria cultured for 0-24
h in BGJ medium or for 24 h with 30 nM IGF. Bones were
cultured only for the indicated times and treated with [*H]pro-
line for the last 2 h of the incubation period. Percent collagen
was corrected for the relative abundance of proline in CDP
and NCP.

* Significantly different from control cultured for 24 h, P < 0.05.

CDP. Concentrations of 0.1-3 nM had a small but sig-
nificant effect. Similar to the effect on [*H]thymidine
incorporation, IGF I concentrations of 10—100 nM had
a more pronounced effect on the labeling of CDP. The
IGF I effect was maximal at a concentration of 30 nM,
which increased the incorporation of [*H]proline into
CDP by two- to threefold (Fig. 3). The labeling of
NCP was also increased, but the effect on the labeling
of CDP was proportionally greater, so that the percent
collagen synthesized was significantly increased in the
IGF I-treated calvaria (Table III). The time-course of
the effect of IGF I on the labeling of CDP and NCP
was studied by adding 10 nM IGF I at various times
before the end of a 24-h culture. The IGF I stimulatory
effect on the incorporation of [*H]proline into CDP
and NCP appeared and was maximal after 12 h (Fig. 4).
The effect was sustained for 96 h. The incorporation
of [*H]proline into CDP and NCP in calvaria cultured
for 96 h in control medium was 53+7 and 53+4 dpm/ug
(mean*SE; n = 6); the respective values in bones cul-
tured in the continuous presence of IGF I at 10 nM
were 816 (P < (0.02) and 72+6 dpm/ug (P < 0.05).

The effect of IGF I was similar at low (1 uM) and
high (1 mM) medium proline concentrations (Table 11I),
and could not be ascribed to decreased release of CDP
to the culture medium. During the 2-h pulse, 5.4+0.2%
(mean*SE; n = 5) of the total newly synthesized col-
lagen was released into the medium of IGF I-treated
calvaria, whereas 6.6%=0.5 was released in control
cultures.

IGF I increased the bone collagen content. Calvaria
cultured in control medium for 24 h contained 1296
(mean=SE; n = 5) ug collagen/half calvaria whereas
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FIGURE 3 Effect of IGF I on the incorporation of [*H]proline into CDP and NCP. Symbols repre-
sent mean values, and vertical lines represent SE for five half calvaria cultured for 24 h in the
presence of IGF I and pulsed with [*H]proline for the last 2 h (IGF concentrations are plotted on a

logarithmic scale).

those cultured with IGF I (100 nM) contained 185+6
umg/half calvaria (P < 0.01).

Effects on periosteum and periosteum-free calvaria.
The incorporation of [*H]proline into CDP was signif-
icantly greater in the central portion of the bone or

TaBLE III
Effect of 10 nM IGF 1 on Incorporation of [*H)Proline into
CDP and NCP in Fetal Rat Calvaria Cultured
in the Presence of 1 uM or 1 mM Proline

Collagen

Treatment CDhp NCP synthesis
dpmipg dry wt %
1 uM proline
Control 1067 153+6 11.3+0.5
IGF 1 198+ 7% 176 6% 17.2+0.6*
1 mM proline
Control 36+2 43+4 13.8+0.8
IGF 1 85+4* 75+5% 17.4+0.9%

Values are means = SE for 5 half calvaria cultured for 24 h at the
indicated proline concentrations in the presence or absence of
IGF I and pulsed with [?H]proline for the last 2 h. Percent

collagen was corrected for the relative abundance of proline
in CDP and NCP.

* Significantly different from control, P < 0.01.

periosteum-free calvarium than in the superior and in-
ferior periosteal layvers in both control and treated
bones. In contrast, the labeling of NCP was greater in
the periosteum than in the central bone (Table 1V).
Thus, the percent collagen synthesized was much larger
in the periosteum-free (central) calvarium than in the
periosteum. Similar to the labeling of NCP, most of
the PH]thymidine incorporated in calvaria (~80%) oc-
curred in the periosteal layers, whereas only a small
proportion was incorporated in the periosteum-frec
central bone. IGF 1 increased the incorporation of
[*H]proline into CDP and the percent collagen synthe-
sized in the periosteum-free calvarium, but not in the
periosteal layers, whereas IGF I increased the incor-
poration of [*HJthymidine in the periosteal as well as
in the nonperiosteal bone.

Histology. The number of mitoses per histologic
section seen after 24 h of culture and 3 h of colcemid
arrest was (mean=SE; n = 5) 1.8+0.3 in control and
17.6+1.6 in 30 nM IGF I-treated calvaria (P < 0.01).
The stimulatory effect of IGF I on cell replication was
of similar magnitude in the periosteum, rich in fibro-
blastic elongated cells, and in the central portions of
the bone explant away from the periosteum, where
rounded cells predominate. The number of mitoses in
the superior and inferior periosteum in IGF I-treated

Insulinlike Growth Factor and Bone
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FIGURE 4 Time-course for the effect of 10 nM IGF I on the
incorporation of [*H]proline into CDP and NCP. Symbols
represent mean values, and vertical lines represent SE for
five half calvaria cultured for 24 h and pulsed with [*H]proline
for the last 2 h. IGF I was present only for the indicated times
before the end of the culture period.

bones was 9.4+0.9, and in the nonperiosteal calvarium,
8.2+0.9.

Effects of insulin and hormonal interactions of IGF
I. After 24 h of culture, insulin caused a dose-depend-
ent stimulation of the incorporation of [*H]proline into
CDP. A smaller effect was observed on the labeling
of NCP so that the percent collagen synthesized was
significantly increased. The insulin stimulatory effect
was observed at concentrations as low as 1 nM and
was over a dose range similar to that observed with
IGF L. In contrast, insulin doses as high as 100 nM-1
uM were required to stimulate the incorporation of
[*H]thymidine into acid-insoluble residues, and insulin
had only a small and insignificant effect on total bone
DNA content (Table V). This differs from the effect
of IGF I, which increased the incorporation of [*H]thy-
midine at concentrations as low as 0.01 nM and also.
increased the bone DNA content. Insulin did not affect
the uptake of [PH]thymidine into acid-soluble extracts
at any of the doses tested (data not shown).

Similar to IGF I, 10 nM insulin increased the incor-
poration of [*H]proline into CDP and increased the
percent collagen synthesized in the central portion of
the bone or periosteum-free calvarium, without affect-
ing its incorporation in the periosteal segments; but it
did not alter the labeling of DNA in either the
periosteum or central bone (Table VI). In the experi-
ment partially shown in Table IV, insulin at 1 uM in-
creased the incorporation of [*H]thymidine to 3,983
+197 dpm/bone in the periosteum and to 1,056+97
dpm/bone in the periosteum-free calvarium (respective
control values were 2,306 +206 and 439+50, P < 0.01),
mimicking the effect observed with IGF I at 30 nM. 100

TABLE IV
Effect of 10 nM IGF I on the Incorporation of [*H]Proline into CDP and NCP and 30 nM IGF 1
on the Incorporation of [3H)Thymidine in Periosteum and Periosteum-free Calvarium

Collagen [*H] Thymidine
Treatment CDP NCP synthesis incorporation
dpmibone e dpmibone
Superior and inferior periosteum
Control 4,520+590 9,390+1,190 8.2+0.4 2,306+206
IGF I 5,700+1,250 11,760+2,010 8.1+0.4 4,673+327*
Periosteum-free calvarium
Control 8,410+480 5,380+450 22.8+1.5 439+50
IGF 1 13,600+1,310* 6,210+750 29.0+0.6* 1,136+76*

Values are means+SE for 4-6 half calvaria cultured for 24 h in the presence or absence of IGF I at 10 nM and pulsed
with [*H]proline (CDP and NCP) for the last 2 h, or in the presence or absence of IGF I at 30 nM and pulsed with
[*H]thymidine for the last 60 min of the culture period. The periosteum was removed by dissection after the incu-
bation was completed. Percent collagen was corrected for the relative abundance of proline in CDP and NCP.

* Significantly different from control, P < 0.02.
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TABLE V
Effect of Insulin on the Incorporation of [*H]Proline into CDP and NCP
on Incorporation of [*H)Thymidine, and on DNA Content
in Fetal Rat Calcaria

Collagen [*H}JThymidine
Treatment CDP NCP synthesis incorporation DNA content
nM dpmipg dry wt % dpmipg dry wt wpethalf calvaria
Control 49+2 56=+1 14.0+£0.4 5.9+0.3 122+1.3
Insulin 0.1 48+3 54+4 14.1+0.4 11.2+1.3
1 75+2* 59=+2 19.2+0.8* 6.1+0.6 11.2+0.8
10 98+4* 70+2% 20.6+0.8*% 6.0+0.4 124+1.5
100 114+8* T8+4* 20.9+1.3* 9.6+0.9*% 12.0+1.0
1,000 128 +6* 89=+4* 21.0+£0.6* 10.6+1.0* 15.1=1.4

Values are means=SE for five half calvaria cultured for 24 h in the presence orabsence
of insulin and pulsed either with [*H]proline (CDP and NCP) for the last 2 h or with
[3H]thymidine for the last 60 min of the culture period. Percent collagen was cor-
rected for the relative abundance of proline in CDP and NCP.

# Significantly different from control, P < 0.01.

nM insulin and 30 nM IGF did not have an additive ef-
fect on the labeling of CDP or NCP (Table VII).

After 24 h of culture, cortisol at 100 nM had a small
stimulatory effect on the labeling of CDP, without af-
fecting NCP; as a result, there was an increase in the
percent of collagen synthesized. Cortisol inhibited the
incorporation of P H]thymidine into acid-insoluble resi-
dues and decreased the stimulatory effect of IGF 1. In
contrast, cortisol markedly enhanced the stimulatory
effect of IGF I on the incorporation of [*H]proline into
CDP and on the percent of collagen synthesized (Ta-
ble VIII).

T, at 10 nM (data not shown) and 100 nM (Table IX)
did not affect the incorporation of labeled proline into
CDP or NCP, and did not alter the stimulatory effect of
IGF I in calvaria cultured for 24 h. Both doses of T,
increased the incorporation of [PH]thymidine into acid-
insoluble extracts, and T, at 100 nM had an additive
effect to that of IGF I (Table IX). PTH at 100 nM in-
hibited the labeling of CDP and opposed the stimula-
tory effect of IGF 1. PTH stimulated the incorporation
of PH]thymidine and was additive to IGF 1. IBMX (0.1
mM) did not alter the labeling of CDP or NCP, but
stimulated the incorporation of [PH]Jthymidine; IBMX

TABLE VI
Effect of 10 nM Insulin on Incorporation of [*H)Proline into CDP and NCP and on Incorporation
of PH|Thymidine in Periosteum and Periosteum-free Calvarium

Collagen [*H] Thymidine
Treatment CDP \NCP synthesis incorporation
dpmibone % dpmibone
Superiorand inferior periosteum
Control 5,300+560 12,120+1,280 7.5+0.3 3,253+ 106
Insulin 6,390+ 1,340 10,490+2,230 10.2+0.5*% 3,200+178
Periosteum-free calvarium
Control 9,110+£400 7,130+560 19.5+x1.2 957+92
Insulin 21,720+2,090* 8,310+870 32.2+0.9* 951132

Values are means=SE for five half calvaria cultured for 24 h in the presence or absence of insulin and pulsed either
with [*H]proline (CDP and NCP) for the last 2 h or with [*H]thymidine for the last 60 min of the culture period. The
periosteum was removed by dissection after the incubation was completed. Percent collagen was corrected for

the relative abundance of proline in CDP and NCP.
* Significantly different from control, P < 0.05.
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TABLE VII
Effect of 30 nM IGF I and 100 nM Insulin on Incorporation
of [*H)Proline into CDP and NCP in Fetal Rat Calvaria

Collagen
Treatment CDP NCP synthesis
dpmipg dry wt Jo
Control 32+3 44+2 12.0£04
IGF 1 56+2% 63+3* 14.1+0.5*
Insulin 73+6* 63+5* 17.5+0.6*
Insulin + IGF 1 73+3* 59+2* 18.7+0.4*

Values are means+SE for five half calvaria cultured for 24 h at
the indicated hormonal concentrations and pulsed with [*H]-
proline for the last 2 h of the culture period. Percent collagen
was calculated after correcting for the relative abundance of
“proline in CDP and NCP. Results shown in this table were
partly obtained from an experiment shown in Table II; data for
24-h control and IGF I are the same.
* Significantly different from control, P < 0.05.

opposed the stimulatory effect of IGF I on the incor-
poration of [*H]proline into CDP without affecting its
effects on [*PH]thymidine incorporation.

DISCUSSION

The present studies were undertaken to examine the
effects of IGF on bone formation in vitro. IGF I in-
creased the incorporation of [*H]thymidine into DNA
at concentrations of 0.01-100 nM in cultures of fetal
rat calvaria treated for 6-96 h. The effect of IGF I was
due to stimulation of DNA synthesis rather than to a
change in uptake or the labeling of the precursor pool,
because the changes were seen when the medium con-
tained 0.1 mM thymidine and there was no significant
effect on uptake into the acid-extractable pool. Further-

more, IGF I caused an increase in the DNA content
and in the number of mitoses after colcemid arrest.
The labeling of DNA, the DNA content, and the number
of mitoses in control untreated calvaria were the same
immediately after the bones were explanted and
throughout the culture period, indicating that cell vi-
ability had been preserved and that IGF had specifically
stimulated DNA synthesis. A reversible decrease in
[*H]thymidine incorporation was observed in control
bones after 12 h of culture and appeared to be related
to changes in the uptake of the radioactive label, al-
though the mechanism for this phenomenon is presently
unknown.

Calvaria cultured in the absence of hormones showed
a time-related decrease on the incorporation of [*H]-
proline into CDP up to 12 h of culture. No changes
were observed on collagen content, possibly due to
the lower sensitivity of this method. The incorporation
of [*H]proline into CDP was higher immediately after
bone explant, probably because of the in utero effect
of multiple hormones and growth factors, which may
persist for the first several hours of culture. This is
supported by the observation that the labeling of CDP
did not continue to decrease after 12 h of culture.
Another explanation for the results may be related to
the recent discovery of a growth factor released by
cultured calvaria that stimulates DNA synthesis in the
absence of hormones but requires the presence of cor-
tisol to stimulate the labeling of CDP (27). Thus, bones
in organ culture might provide their own factors to
maintain cell replication but require systemic hormones
such as cortisol to maintain collagen synthesis.

IGF I increased the incorporation of labeled proline
into bone collagen and NCP at 0.1-100 nM in calvaria
treated for 12-96 h. The effect on the labeling of CDP
did not appear to overcome that observed in control
bones after 3 h of culture, but the latter probably repre-

TABLE VIII
Effect of 10 nM IGF I and 100 nM Cortisol on Incorporation of [*H)Proline into CDP
and NCP and on Incorporation of [*H]Thymidine in Fetal Rat Calvaria

Collagen [3H)Thymidine
Treatment CDP NCP synthesis incorporation
dpmipg dry wt % dpmiug dry wt
Control 35=+1 58+4 10.2+0.2 6.7+0.5
IGF 1 65+3* T7+3* 13.4+0.2* 8.8+0.5*
Cortisol 49+2%* 58+3 13.6+0.2* 3.7+0.3*
IGF I + cortisol 103 +4*% 84+3* 18.4+0.7*%¢ 7.3+0.6

Values are means=SE for five half calvaria cultured for 24 h in the presence orabsence
of cortisol and IGF I and pulsed either with [*H]proline (CDP and NCP) for the last
2 h or with [*H]thymidine for the last 60 min of the culture period. Percent collagen
synthesis was calculated after correcting for the relative abundance of proline in CDP

and NCP.

* Significantly different from control, P < 0.02.
1 Significantly different from IGF I alone, P < 0.01.
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TABLE IX
Effect of 10 nM IGF 1, 100 nM T, 100 nM PTH, and 0.1 mM I1BMX on Incorporation
of [*H]Proline into CDP and NCP and on Incorporation of
[*H)Thymidine in Fetal Rat Caltaria

Collagen [*H} Thymidine
Treatment CDP NCP synthesis incorporation
dpmipg dry wt G dpmiug dry wt
Control 36+3 49+3 11.8+0.3 5.0+0.3
IGF 1 69+3* 67+2% 16.0+0.7* 7.8+0.6%
T, 44+4 57+3 12.6+0.7 8.2+0.5%
PTH 27+1* 55+2 8.5£0.5* 9.8+0.3*
IBMX 38+2 59+4 10.7+0.6 8.0+0.6*
IGF I+ T, 59+5* 72+ 3% 13.1+0.5% 10.2+0.6*¢
IGF 1+ PTH 30=x1% 58+2*¢ 8.9+0.3*¢ 11.2+0.7%%
IGF I + IBMX 41+41% 60+3* 11.2+0.5% 9.1+0.8*

Values are means+SE for five half calvaria cultured for 24 h in the presence or
absence of the various agents tested and pulsed either with [*H]proline (CDP and
NCP) for the last 2 h or with [*H]thymidine for the last 60 min of the culture period.
Percent collagen synthesis was calculated after correcting for the relative abun-

dance of proline in CDP and NCP.

* Significantly different from control, P < 0.05.
{ Significantly different from IGF I alone, P < 0.05.

sents the concerted effect of multiple hormones and
nutrients present in utero rather than the effect of a
single factor such as IGF L. It seems likely that IGF 1
acts stimulating collagen synthesis, not by altering
proline uptake or pool size, inasmuch as the effect was
similar at both high and low medium proline concen-
trations and it was associated with an increase in total
bone collagen content. The IGF I effect is probably
due to stimulation of collagen synthesis rather than to
inhibition of collagen degradation, since only a small
and similar proportion of the newly labeled macro-
molecular collagen was released in both control and
treated cultures. The effect on collagen synthesis could
be related to an increase in the number of osteoblasts;
however, IGF I could have two independent effects
on bone, one on cell replication and another on col-
lagen synthesis. The experiments testing IGF I effects
on the periosteum and periosteum-free bone and the
histological studies indicate that the IGF I effect on
cell replication is generalized. This could include ef-
fects on fibroblasts and progenitor cells mostly present
in the periosteum as well as effects on the osteoblasts.
In contrast, the effect on collagen synthesis is selective
to the central bone or periosteum-free calvarium where
the osteoblasts (the main collagen-synthesizing cells of
bone) predominate (23-26). These studies suggest that
IGF I has a stimulatory effect on osteoblastic collagen
synthesis and a less specific effect on bone cell replica-
tion. The doses of IGF I that were found to increase
bone DNA, collagen, and noncollagen synthesis were
similar to those required to stimulate DNA synthesis
and cell proliferation in fibroblasts and sulfate[?*S]

incorporation in cartilage (5, 8, 10). Although IGF is
largely bound to a carrier protein in serum (28, 29),
the stimulatory effects on bone formation were observed
at doses lower than the reported serum concentrations
(5, 28), suggesting that they may be physiological.

The present investigations confirm and extend pre-
vious observations indicating that insulin stimulates
bone collagen and NCP synthesis (2). The stimulatory
effect of insulin on bone collagen synthesis was ob-
served at concentrations similar to those found in rat
serum (2), was over a dose range similar to that of IGF I,
and was limited to the periosteum-free, osteoblastic-
rich calvarium. In contrast to IGF, insulin increased
the incorporation of [*HJthymidine only at high concen-
trations, and had small effects on DNA content.

From the present investigations and from other
studies performed on tissues, it appears that the somato-
medins regulate both DNA and protein synthesis,
whereas insulin only affects protein synthesis and does
not have a physiologically important effect on cell
replication (5, 8, 10, 12). Insulin and IGF I did not
have an additive effect on bone collagen synthesis,
suggesting that they may act by the same mechanism.
The effects on cell replication would suggest that the
insulin effect is mediated by a different mechanism
or receptor. This could be an IGF receptor which, as
in fibroblasts, is displaced by pharmacological doses
of insulin only (8, 12, 30, 31).

Cortisol was found to have a small stimulatory effect
on the incorporation of [*H]proline into CDP in 24-h
cultures, whereas it inhibited DNA synthesis. Cortisol
decreased the effect of IGF I on DNA synthesis but
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greatly enhanced the stimulatory effect on bone collagen
synthesis, suggesting that the effect of IGF I on collagen
synthesis is independent of its effects on cell replica-
tion. These results could also be explained if cortisol
inhibited the proliferation of a separate, IGF I-unre-
sponsive population of cells, since these studies were
performed in cultures containing a mixed cell popula-
tion. Although in vivo studies have indicated that skele-
tal growth is inhibited by glucocorticoids (32), in vitro
experiments have suggested that glucocorticoids have
two different effects on bone formation, one stimula-
tory —probably related to an effect on the differentiated
osteoblast—and another inhibitory —related to the
suppression of precursor cell proliferation (13). In ad-
dition to the effect of cortisol enhancing the stimula-
tory effect of IGF I on bone collagen synthesis, this
steroid appears to have other important functions in the
regulation of skeletal growth, since it is necessary for
the synthesis or release of IGF and its carrier protein
by the liver (28).

T, did not affect the labeling of CDP and NCP, con-
firming previous studies from this laboratory;?> how-
ever, thyroid hormones might have an indirect effect
on bone formation by stimulating the synthesis and
release of IGF by the liver (28, 33).

The mechanism of action of IGF is not clear at the
present time. Because the stimulatory effect of IGF 1
on CDP labeling was opposed by IBMX, a known in-
hibitor of cyclic AMP (cCAMP) phosphodiesterase (34),
and by PTH, believed to act on bone by increasing
cAMP (14, 23), it is possible that the effect of IGF 1
on collagen synthesis is mediated by a decrease in
¢AMP. This mechanism has been proposed for other
growth factors (35), but cAMP has not been reported
to have a role mediating IGF effects in other tissues
or cell systems and the IGF I effects on [*H]thymidine
incorporation in bone were not altered by IBMX.

In conclusion, these studies demonstrate that IGF 1
stimulates the synthesis of DNA, collagen, and NCP
in bone cultures, indicating that IGF I is important
in the regulation of appositional growth, in addition
to its effects on linear, cartilage-dependent growth.
IGF I and insulin are both stimulators of bone collagen
synthesis, but IGF Iappears to be a physiological regu-
lator of bone DNA synthesis, whereas insulin is not.
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