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Abstract
To evaluate the relative contribution of the GH/IGF axis to the development of peak bone mineral
density (BMD), we measured skeletal changes in IGF-I knockout (KO), IGF-II KO, and GH-
deficient lit/lit mice and their corresponding control mice at d 23 (prepubertal), 31 (pubertal), and
56 (postpubertal) in the entire femur by dual energy x-ray absorptiometry and in the mid-diaphysis
by peripheral quantitative computed tomography. Lack of growth factors resulted in different
degrees of failure of skeletal growth depending on the growth period and the growth factor
involved. At d 23, femoral length, size, and BMD were reduced by 25–40%, 15–17%, and 8–10%,
respectively, in mice deficient in IGF-I, IGF-II, and GH compared with the control mice. During
puberty, BMD increased by 40% in control mice and by 15% in IGF-II KO and GH-deficient
mice, whereas it did not increase in the IGF-I KO mice. Disruption of IGF-I, but not IGF-II,
completely prevented the periosteal expansion that occurs during puberty, whereas it was reduced
by 50% in GH-deficient mice. At d 56, femoral length, size, and BMD were reduced by 40–55%,
11–18%, and 25–32%, respectively, in mice deficient in IGF-I, IGF-II, and GH compared with the
control mice. Our data demonstrate that: 1) mice deficient in IGF-I exhibit a greater impairment in
bone accretion than mice deficient in IGF-II or GH; 2) GH/IGF-I, but not IGF-II, is critical for
puberty-induced bone growth; and 3) IGF-I effects on bone accretion during prepuberty are
mediated predominantly via mechanisms independent of GH, whereas during puberty they are
mediated via both GH-dependent and GH-independent mechanisms.

Osteoporosis is a disease that affects the elderly, particularly women. It is characterized by a
low bone mineral density (BMD) and microarchitectural deterioration of bone tissue,
leading to a high incidence of bone fractures (1). Because the amount of bone mass
accumulated during the active growth phases early in life is an important determinant of the
risk of developing senile osteoporosis (2,3), studies on the mechanisms regulating bone
accretion during postnatal growth are critical in our efforts to identify potential preventive or
interventive measures that would lower the risk of developing osteoporosis.

Puberty is a crucial time in life for bone accretion, with past studies showing that BMD
increases by 40–50% during this period (4–6). In terms of mechanisms that contribute to a
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variation in peak BMD reached immediately after the puberty, it is generally well accepted
that about 70% of this variation in BMD difference can be attributed to genetic differences
(7–9). Besides genetic influence, other variables that influence peak BMD include
differences in physical activity, diet, vitamin D intake, calcium intake, and interaction
between environmental and genetic factors (7–9). Regarding the potential regulatory
molecules that contribute to the acquisition of peak BMD during postnatal growth, the GH/
IGF system has received considerable attention for a number of reasons, including: 1) IGFs
are the most abundant growth factors stored in bone, and they are the most abundant growth
factors produced by osteoblast cells (10–12); 2) C3H/HeJ mice have 50% greater total
femoral BMD and 30% higher serum and skeletal IGF-I concentration than C57BL/6J mice
and a congenic mouse strain with a donated segment containing an IGF-I quantitative trait
locus from C3H/HeJ on a C57BL/6J background exhibit alterations in IGF-I production as
well as total femoral BMD (13,14); and 3) the GH/IGF axis is up-regulated during puberty
in both humans and mice, and this up-regulation correlates with changes in bone formation
markers (15).

Consistent with the idea that the IGF system plays an important role in the regulation of
peak BMD, recent in vivo studies provide direct evidence for the importance of IGF-I in the
regulation of bone formation. First, Bikle et al. (16) have shown that the bone formation
rate, as evaluated by histomorphometry, was reduced by 77% in the tibia of IGF-I knockout
(KO) mice compared with corresponding wild-type littermates. Second, Miyakoshi et al.
(17) have demonstrated that PTH increased bone formation and bone density in growing
mice and that these effects of PTH were not evident in IGF-I KO mice, thus suggesting that
IGF-I is required for the anabolic effects of PTH. Third, Zhao et al. (18) have shown that
transgenic overexpression of IGF-I in osteoblasts increases peak BMD compared with
control mice.

Although previous studies have shown that mice deficient in IGFs exhibit delayed skeletal
maturations and smaller bones (19–22), the effects of a lack of IGFs on peak BMD or BMD
gain during puberty have not been quantified. In terms of mechanisms that contribute to the
up-regulation of the GH/IGF axis during puberty, it is known that IGF production is under
the influence of both systemic (e.g. GH, PTH, progesterone, estradiol, testosterone) and
local (e.g. cytokines, bone morphogenetic proteins) factors. Of the various systemic
regulators, GH is probably the single most important regulator of IGF production (10,23).
Accordingly, disruption of GH production or the GH receptor leads to an impairment of
skeletal maturation and smaller body and bone size (20,24,25).

The purpose of this study is 2-fold: 1) to evaluate the relative importance of IGF-1, IGF-II,
and GH in mediating skeletal changes that occur during postnatal growth; and 2) to evaluate
if IGF-I effects on peak BMD are mediated via primarily GH-dependent or both GH-
dependent and GH-independent mechanisms. To address these questions, we generated mice
deficient in IGF-I, IGF-II, or GH and evaluated skeletal changes at various times during
postnatal growth.

Materials and Methods
Animals

Breeding pairs of IGF-I KO and IGF-II KO mice were generously provided by Dr. Argiris
Efstradiatis (19,25). Breeding pairs of C57BL/6J-Ghrhrclit/+ [GH-releasing hormone
receptor (Ghrhr) gene disruption, allele name little] were obtained from The Jackson
Laboratory (Bar Harbor, ME).
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To generate homozygous IGF-I KO mice, breeder mice (MF1/DBA) heterozygous for the
IGF-I KO allele were mated using established breeding protocol. The reason for choosing an
MF1/DBA mixed genetic background to generate IGF-I KO mice was based on previous
observations that the frequency of surviving nullizygotes obtained in subsequent crosses was
higher in this particular genetic background compared with other genetic backgrounds (19).
IGF-I null pups were identified by the characteristic small size at birth and failure to grow
after birth, as well as by PCR analysis using IGF-I forward primer (5′-
CCACAGGCTATGGCTCCAGCATTC-3′), IGF-I reverse primer (5′-
GTCAGTGTGGCGCTCGGCAC-3′), and neo reverse primer (5′-
ATCCATCTTGTTCAATGGCCGATCCC-3′), yielding a 450-bp product for the disrupted
IGF-I gene and 160-bp product for the wild-type gene (19,26). Heterozygous littermates
were genotyped and used for breeding and the wild-type littermates were used as control
animals in this study.

To generate mice lacking functional IGF-II genes, IGF-II KO mice was generated by
disrupting one of the IGF-II alleles in cultured embryonic stem cells from a 129/SV/EV
strain and injecting them into host blastocysts derived from a C57BL/6J strain (25). Male
mice containing the IGF-II disrupted allele were bred with wild-type C57BL/6J female mice
to generate IGF-II KO and corresponding control mice. It has been previously shown that
transmission of the IGF-II mutant allele through the male germ line results in heterozygous
progeny that are IGF-II deficient because of the parental imprinting of the mouse IGF-II
gene (25). IGF-II KO mice were identified by their small body weight at birth and by
genotyping of tail DNA as previously described (25).

To generate mice deficient in GH, breeder mice heterozygous or homozygous for the little
mutation were bred to generate homozygous and heterozygous offspring. The little mutation
arose spontaneously in a production stock of the C57BL/6 strain at The Jackson Laboratory
(27,28). Homozygotes are smaller than normal from about 2 wk of age onward (27). The lit/
lit mouse is a dwarf mouse strain characterized by no detectable levels of circulating GH and
as a consequence low serum IGF-I levels caused by a missense mutation in the Ghrhr gene
that abolishes the function of the receptor (27,28). Homozygous lit/lit mice were identified
by the body weight and reduced serum IGF-I levels.

Based on previous data that pubertal maturation in C57BL/6J females begins when serum
estradiol increases on d 26 and vaginal opening occurs by d 31 (6,29), we euthanized IGF-I-,
IGF-II-, or GH-deficient mice and corresponding control mice (+/+) at d 23 (before
puberty), d 35 (at the end of puberty), and d 56 (post puberty) to collect bones for
phenotypic measurements. Mice were euthanized by CO2 inhalation followed by cervical
dislocation. Because bone density is known to vary in different inbred strains of mice,
corresponding littermate mice containing wild-type IGF-I or IGF-II alleles representing the
same mixed genetic background as KO mice were used as control for comparison. Both
male and female mice (equal distribution) were used in all groups. Bones and serum were
stored at −70 C before analyses.

The experimental procedures performed in this study were in compliance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved by the Animal
Studies Subcommittee at the Jerry L. Pettis Memorial Veterans Affairs Medical Center.

Bone densitometry of the femur by PIXImus
Bone mineral content (BMC) and areal BMD (aBMD) were measured by dual energy x-ray
absorptiometry, using the PIXImus instrument (Lunar Corp., Madison, WI). The precision
for BMC and BMD was ± 1% for repeat measurements of the same bones several times
(17,30).
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Volumetric bone density (vBMD) and geometric parameters of emur
vBMD and geometric parameters at the middiaphysis or distal metaphysis were determined
by peripheral quantitative computed tomography (pQCT) as described. Analysis of the scans
was performed using the manufacturer-supplied software program (STRATEC MEDIZIN-
TECHNIC GMBH Bone Density Software, version 5.40 C; Norland, Madison, WI). Total
bone mineral density (total BMD) and geometric parameters were estimated with Loop
analysis. The threshold was set at 230–630 mg/cm3. These parameters at the mid-diaphysis
for each femur represent an average of three scans. The coefficient of variation for total
BMD, periosteal circumference, and endosteal circumference for repeat measurements of
four mouse femur (2–5 measurements) were less than 3%, less than 1%, and 2%,
respectively (17,30,31). The longitudinal length of the femur was measured with a caliper.

Femurs dry weight
After pQCT measurement, femurs were cleaned of soft tissue and kept in a hood for 14 d (at
room temperature). Femur dry weights were measured with an electronic balance (Model
A-160, Denver Instrument Co., Arvada, CO).

Osteocalcin RIA
Osteocalcin levels were measured by a RIA as previously described (31). The sensitivity of
the mouse osteocalcin assay was 0.5 ng/ml, and interassay variation was less than 8%.

Statistical analysis
The data are expressed as mean ± sd. Statistical analysis of the data were performed by
Student’s unpaired t test.

Both male and female mice in approximately equal number were used in the study. Data
from male and female mice were pooled for data analyses except for data involving gender
specific differences (see Table 5).

Results
Body weight changes

Body weight was decreased by 67%, 40%, and 25%, respectively, in mice deficient in IGF-I,
IGF-II, and GH, respectively, at the end of prepubertal growth period (Tables 1–3). A
puberty-induced increase in body weight failed to occur in the IGF-I KO mice, whereas in
IGF-II KO mice body weight increased by 35% during puberty (between d 23 and 31). Body
weight increased by 22% in mice deficient in GH during puberty, whereas it increased by
58% in corresponding control mice. At 8 wk of age, body weight was decreased by 77%,
36%, and 47%, respectively, in mice deficient in IGF-I, IGF-II, and GH compared with
corresponding control mice (Tables 1–3).

Femur weight changes
Femur dry weight was reduced by 71%, 36%, and 29%, respectively, in mice deficient in
IGF-I, IGF-II, and GH at d 23 (Tables 1–3). Femur weight did not increase significantly
during puberty in IGF-I KO mice, whereas it increased by about 40% in mice deficient in
IGF-II or GH. Femur weight was increased by about 60% in control mice during puberty.
Femur dry weight was reduced by 80%, 34%, and 60%, respectively, in mice deficient in
IGF-I, IGF-II, or GH compared with corresponding control mice at 8 wk of age (Tables 1–
3).
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Femur length
Femur length was decreased by 36%, 15%, and 10%, respectively, in mice deficient in IGF-
I, IGF-II, or GH compared with corresponding control mice at d 23 (Fig. 1). Femur length
increased by 8%, 13%, and 8%, respectively, in mice deficient in IGF-I, IGF-II, or GH
compared with 17%, 13%, and 21% in corresponding control mice during puberty (Tables
1–3). At d 56, femur length was reduced by 40%, 14% and 25%, respectively, in mice
deficient in IGF-I, IGF-II, or GH compared with corresponding control mice. The rates of
gain in femur length during pubertal and postpubertal growth periods were significantly
reduced in IGF-I KO and GH-deficient mice (Fig. 2). In contrast, the rate of gain in femur
length was unaffected in IGF-II KO mice during pubertal and postpubertal growth periods
(data not shown).

PIXImus data
Femoral bone mineral content (BMC) was decreased by 88%, 45%, and 39%, respectively,
at d 23 in mice deficient in IGF-I, IGF-II or GH compared with control mice (Tables 1–3).
The rate of gain in BMC during puberty was decreased by 90%, 50%, and 65%,
respectively, in mice deficient in IGF-I, IGF-II, or GH compared with corresponding control
mice (Tables 1–3). At d 56, femur BMC was reduced by 88%, 38%, and 63%, respectively,
in mice deficient in IGF-I, IGF-II, or GH compared with control mice.

Areal BMD (mg/cm2) of femur was decreased by 31%, 17% and 8%, respectively, in mice
deficient in IGF-I, IGF-II, or GH, respectively, at d 23 compared with corresponding control
littermates (Tables 1–3, Fig. 3). BMD increased by nearly 40% in control mice between d 23
and 31, which represents the period of puberty in mice. In contrast, the increase in BMD
failed to occur in IGF-I KO mice (Fig. 2). BMD increased by 12% and 15%, respectively,
during puberty in IGF-II KO and GH-deficient lit/lit mice. At d 56,BMD was decreased by
56%, 18%, and 32%, respectively, in mice deficient in IGF-I, IGF-II, or GH compared with
corresponding control mice (Fig. 3). The rate of gain in BMD was significantly reduced in
IGF-I KO and GH-deficient mice during both pubertal and postpubertal growth periods (Fig.
2). The lack of IGF-II had a significant effect on the rate of gain in areal BMD during
pubertal but not during postpubertal growth period (data not shown).

pQCT data
Because mice deficient in IGF-I, IGF-II, or GH are smaller, and because body size can
influence BMD measurements by PIXImus, we also measured BMD by pQCT, which
measures BMD per unit volume of bone and is not influenced by body size. Total
volumetric BMD (mg/cm3) at the mid-diaphysis of the femur was reduced by 29% in IGF-I
KO mice at d 23, whereas it was increased by 15% in IGF-II KO mice compared with
control mice (Tables 1–3). In contrast, total volumetric BMD was not different at d 23 in
GH-deficient mice compared with control mice. Total volumetric BMD was decreased by
32% and 15%, respectively, in mice deficient in IGF-I or GH at d 56, whereas it was not
significantly different in IGF-II KO mice compared with corresponding control mice (Tables
1–3). Consistent with the decreased volumetric BMD at the mid diaphysis, at the distal
metaphysis both total BMD and cortical BMD were decreased by 36% and 30%,
respectively, in IGF-I KO mice at 8 wk of age compared with corresponding control mice
(Table 4).

Periosteal circumference at the mid-diaphysis of the femur was decreased by 38%, 16%, and
8%, respectively, in mice deficient in IGF-I, IGF-II, or GH at d 23 compared with
corresponding control mice (Fig. 4). Although periosteal circumference increased by 12–
15% during puberty in control mice, no significant increase in periosteal circumference
occurred in IGF-I KO mice (Tables 1–3). Disruption of IGF-II had no effect on periosteal
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expansion during puberty, whereas periosteal circumference increased by 50% of
corresponding control mice in GH-deficient lit/lit mice. At d 56, periosteal circumference
was reduced by 43%, 11%, and 21%, respectively, in mice deficient in IGF-I, IGF-II, or GH
compared with control mice. The rate of gain in periosteal circumference was significantly
reduced in IGF-I KO and GH-deficient mice compared with corresponding control mice
both during pubertal and postpubertal growth periods (Fig. 3). In contrast, the rate of gain in
periosteal circumference was not impaired in IGF-II KO mice compared with corresponding
control mice either during pubertal or postpubertal growth period (data not shown).

Consistent with the data on periosteal circumference, endosteal circumference was
correspondingly reduced in mice deficient in IGF-I, IGF-II, or GH. At d 56, endosteal
circumference was reduced by 43%, 15%, and 21%, respectively, in mice lacking IGF-I,
IGF-II or GH compared with control mice (Tables 1–3).

Both periosteal and endosteal circumference were also significantly decreased at the distal
metaphysis in IGF-I KO mice at 8 wk of age compared with corresponding control mice
(Table 4).

Gender-specific differences
There were no significant differences for any of the skeletal parameters between males and
females for age groups 23 d and 31 d. Therefore, the data from both males and females were
pooled for analyses. At 56 d of age, significant difference was found between male and
female mice for certain skeletal parameters (e.g. periosteal circumference). To evaluate if
GH/IGF axis mediate gender specific effects on the skeleton, we compared bone size and
BMD in male vs. female mice lacking IGF-I, IGF-II, or GH and their corresponding control
mice (Table 5). As expected, male mice exhibited larger periosteal circumference compared
with corresponding female mice. However, the difference in periosteal circumference
between male and female mice was maintained in all three transgenic lines, thus suggesting
that GH/IGF axis is not a major player in contributing to gender specific effect on bone size.
The total volumetric BMD was not different between male vs. female mice, consistent with
our previous data (6).

Serum osteocalcin levels
Serum osteocalcin was decreased 54% in IGF-I KO mice at d 23 compared with control
mice (Fig. 5), whereas it was not significantly different in IGF-II KO mice (data not shown).
Serum osteocalcin level was decreased by 24% in IGF-I KO at d 56, whereas it was not
different in IGF-II KO mice compared with control mice.

Discussion
The salient features of our study are as follows: 1) It provides direct evidence that IGF-I but
not IGF-II is critical for the increased BMD that occurs during puberty in mice; 2) It
provides direct evidence that the increases in both longitudinal bone growth and bone size
during puberty require IGF-I; 3) It provides evidence that mice deficient in IGF-I exhibit
greater impairment in bone accretion than mice deficient in GH during postnatal growth (i.e.
non-GH IGF-I effect); and 4) It provides evidence that skeletal changes that occur during the
prepubertal growth phase are mediated predominantly via a GH-independent mechanism,
whereas the changes that occur during the pubertal and postpubertal growth phases are
predominantly mediated via GH-dependent mechanisms.

Our finding that areal BMD increases by 40% during puberty in control mice, whereas no
significant increase occurs in IGF-IKO mice, provides the first direct evidence that IGF-I is
critical for the increased BMD that occurs during puberty. In contrast to IGF-I, IGF-II plays
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a minimal role in regulating BMD accretion during puberty. This is not entirely surprising
based on what is known about the developmental switch from IGF-II to IGF-I during
postnatal growth in mice. In this regard, it is known that IGF-II is produced in greater
abundance during embryonic growth, whereas, during postnatal growth, IGF-I production
increases even as IGF-II decreases (33–35). The finding that peak BMD was reduced to a
greater extent in mice deficient in GH compared with IGF-II KO mice also provides further
evidence that IGF-I, and not IGF-II, is critical in regulating BMD accretion during puberty.

The rapid accretion of bone during the period of sexual maturation is associated with
increases in both longitudinal bone growth as well as bone size. In terms of potential
signaling molecules that contribute to the rapid increase in longitudinal bone growth during
puberty, the GH/IGF axis is a potential candidate because IGF-I gene deletion results in
dwarfism in mice (19–22) and extreme short stature in humans (36). Accordingly, we found
that the rate of gain in femur length during the pubertal growth period is reduced by 70% in
mice lacking IGF-I or GH compared with corresponding control mice. In terms of the target
cell type that contributes to reduced longitudinal bone growth in mice deficient in IGF-I,
Wang et al. (37) have demonstrated that the terminal hypertrophic chondrocytes, which
form the scaffold on which long bone growth extends, are reduced in linear dimension by
30% in IGF-I null mice, accounting for most of their decreased longitudinal growth. Thus,
IGF-I is critical for the augmented longitudinal growth that occurs during the period of
sexual maturation.

Our findings that periosteal circumference failed to increase in IGF-I KO mice provide
direct evidence that the puberty-induced increase in periosteal circumference requires IGF-I.
If the effect of IGF-I on periosteal circumference is direct, we should be able to correct the
deficiency in periosteal expansion by exogenous administration of IGF-I during puberty.
Accordingly, we recently found that treatment of IGF-I-deficient midi mice (IGF-Im/m

mice), which exhibit more than 60% reduction in circulating IGF-I levels, with IGF-I during
puberty significantly increased periosteal circumference (30). Thus, IGF-I is an essential
regulator of periosteal circumference during puberty.

IGF-I effects on target tissues are known to be mediated via IGF-I’s actions as an endocrine
hormone and local autocrine/paracrine growth factor. Of the various regulators of IGF-I
action, GH is probably the single most important regulator of IGF-I function, capable of
regulating both endocrine (liver derived) and local (bone derived) IGF-I actions (23,38,39).
In addition to GH, IGF-I production in bone is also under the influence of a variety of other
systemic (PTH, estradiol, testosterone, thyroid hormone) and local (bone morphogenetic
proteins, TGFβ1, ILs) regulators (10,11,40). If GH is the major regulator of IGF-I, then we
would anticipate mice deficient in GH to exhibit similar phenotypic changes as that of IGF-I
KO mice. In this regard, we found that bone length, periosteal circumference, and BMD
were decreased much more in IGF-IKO mice compared with lit/lit mice at d 23, thus
suggesting that IGF-I effects on bone accretion during the prepubertal growth phase are
mediated primarily independent of GH. These data suggest that other mechanisms besides
GH regulate the effects of IGF-I during the prepubertal growth phase in mice.

The findings of this study demonstrate that the rate of gain in femur length during puberty
was approximately 35% of normal in both IGF-I KO and GH-deficient lit/lit mice, thus
suggesting that IGF-I effects on longitudinal growth are mainly mediated via GH (Table 6).
In contrast, periosteal circumference increased by 50% in mice lacking GH compared with
control mice during puberty, whereas no increase in periosteal circumference occurred in
mice lacking IGF-I. These data suggest that the increase in periosteal circumference during
puberty is IGF-I-dependent and mediated equally via both GH-independent and GH-
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dependent mechanisms. Similarly, the rate of gain in areal BMD during puberty appears to
be mediated via both GH-dependent and GH-independent mechanisms.

Interestingly, gain in length and periosteal circumference during the post pubertal period (d
31–56) are impaired to a greater extent in GH-deficient lit/lit mice compared with IGF-I KO
mice, thus suggesting that the GH effects on longitudinal bone growth and periosteal
expansion during the post pubertal period may be mediated, in part, by an IGFI-independent
mechanism. Regarding potential messenger molecules that could contribute to IGF-
independent effects of GH, IGFBP-5 is a candidate because GH is a major regulator of
IGFBP-5 levels in serum and GH increases IGFBP-5 production in osteoblasts (41) and
because IGFBP-5 treatment increases bone formation parameters in vitro and in vivo in part
by an IGF-independent mechanism (42). The issue of whether some of the IGF-independent
effects of GH on longitudinal growth and periosteal expansion are mediated via IGFBP-5
acting as a growth factor independent of IGF-I is an interesting possibility that requires
further studies.

Our study addresses some very important fundamental issues. Therefore, the conclusions
made in this study should be viewed in the context of the following pitfalls: 1) IGF-I and
IGF-II KO mice and their corresponding control mice used in these studies were developed
in mixed genetic backgrounds, whereas little mutation (lit/lit) arose spontaneously in a
production of the C57BL/6 strain in The Jackson Laboratory. To minimize the genetic
background effect, we took several steps, including use of corresponding littermates that
contained a wild-type gene but of the same mixed genetic background as controls, use of
mice from several litters, and use of large number of mice (n = 8–24) for each group; 2)
IGF-I, IGF-II, and GH-deficient mice are smaller in size compared with corresponding
control mice. One could therefore argue that some or all of the observed BMD phenotypic
differences in IGF-I- or GH-deficient mice could be attributed to differences in body size.
This is not necessarily true based on the significant difference between IGF-I KO and
control mice in cortical bone density (mg/cm3), which is not influenced by size.
Furthermore, the differences in body size (40%) in IGF-II KO and corresponding control
mice were not associated with corresponding changes in either total or cortical BMD; and 3)
The gain in femur length and periosteal circumference, but not BMD, were influenced to a
much greater extent in GH-deficient lit/lit mice compared with IGF-I KO mice during
postpubertal growth period.

In conclusion, the raise in peak BMD and bone size, two important determinants of bone
strength, starts long before puberty (presumably in utero) and continues post puberty. Some
aspects of the GH/IGF system is involved throughout from prepubertal, pubertal, and
postpubertal growth phases. Our data also provide evidence that both local IGF production
and systemic IGF production (mediated by GH) influence the raise in BMD and bone size
during postnatal growth.

Abbreviations

aBMD Areal BMD

BMC bone mineral content

BMD bone mineral density

KO knockout

pQCT peripheral quantitative computed tomography

vBMD volumetric BMD
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Fig 1.
Femur length in mice lacking functional IGF-I (−/−), IGF-II (P-), and GH (lit/lit) during
postnatal growth. Values represent the percentage of corresponding control mice and are
mean of 8–24 per group. Data represent pooled data from male and female mice. a, P < 0.05
vs. corresponding age-matched control mice.
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Fig 2.
Rate of gain in length, periosteal circumference, and BMD during pubertal (d 23–31) and
postpubertal (d 31–56) growth phases in mice lacking functional IGF-I (−/−), and GH (lit/
lit). Values represent percentage of corresponding control mice and are mean of 8–24 per
group. Data represent pooled data from male and female mice. a, P < 0.05 vs. corresponding
age-matched control mice; b, P < 0.05 vs. IGF-I KO mice.
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Fig 3.
Femur BMD in mice lacking functional IGF-I (−/−), IGF-II (P-), and GH (lit/lit) during
postnatal growth. Values represent percentage of corresponding control mice and are mean
of 8–24 per group. Data represent pooled data from male and female mice. a, P < 0.05 vs.
corresponding age-matched control mice.
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Fig 4.
Periosteal circumference in mice lacking functional IGF-I (−/−), IGF-II (P-), and GH (lit/lit)
during postnatal growth. Values represent percentage of corresponding control mice and are
mean of 8–24 per group. Data represent pooled data from male and female mice. a, P < 0.05
vs. corresponding age-matched control mice.
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Fig 5.
Serum osteocalcin level in IGF-I KO mice and corresponding control mice during postnatal
growth. Values are mean ± SD of 8–20 mice per group. Data represent pooled data from
male and female mice. a, P < 0.05 vs. d 23; b, P < 0.05 vs. corresponding age-matched
control mice.
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TABLE 4

Bone size and BMD changes in the distal metaphysis of femurs of mice lacking a functional IGF-I gene and
corresponding age-matched control mice

Parameter Wild type Knockout

Total vBMD (mg/cm3) 538.0 ± 75.5 343.5 ± 35.9a

Cortical BMD (mg/cm3) 845.4 ± 60.2 596.6 ± 40.6a

Periosteal circumference (mm) 5.69 ± 0.37 3.49 ± 0.36a

Endosteal circumference (mm) 3.83 ± 0.46 2.46 ± 0.29a

Values are mean ± SD and include data from both male and female mice of approximately equal number. pQCT measurements were made at the
distal metaphysis of the femur.

a
P < 0.01 vs. corresponding age-matched control mice.
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TABLE 6

Relative contribution of IGF-I, IGF-II, and GH to skeletal changes that occur during postnatal growth in mice

Prepubertal Pubertal Postpubertal

Length IGF-I>IGF-II>GH IGF-I=GH>IGF-II GH>IGF-I>IGF-II

Size IGF-I>IGF-II>GH IGF-I>GH>IGF-II GH>IGF-I>IGF-II

BMD IGF-I>IGF-II>GH IGF-I>GH>IGF-II IGF-I>GH>IGF-II

Data represent pooled data from male and female mice.
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