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ABSTRACT: Strong correlations between serum IGF-1 levels and fracture risk indicate that IGF-1 plays a
critical role in regulating bone strength. However, the mechanism by which serum IGF-1 regulates bone
structure and fracture resistance remains obscure and cannot be determined using conventional approaches.
Previous analysis of adult liver-specific IGF-1–deficient (LID) mice, which exhibit 75% reductions in serum
IGF-1 levels, showed reductions in periosteal circumference, femoral cross-sectional area, cortical thickness,
and total volumetric BMD. Understanding the developmental sequences and the resultant anatomical
changes that led to this adult phenotype is the key for understanding the complex relationship between serum
IGF-1 levels and fracture risk. Here, we identified a unique developmental pattern of morphological and
compositional traits that contribute to bone strength. We show that reduced bone strength associated with
low levels of IGF-1 in serum (LID mice) result in impaired subperiosteal expansion combined with impaired
endosteal apposition and lack of compensatory changes in mineralization throughout growth and aging. We
show that serum IGF-1 affects cellular activity differently depending on the cortical surface. Last, we show
that chronic reductions in serum IGF-1 indirectly affect bone strength through its effect on the marrow
myeloid progenitor cell population. We conclude that serum IGF-1 not only regulates bone size, shape, and
composition during ontogeny, but it plays a more fundamental role—that of regulating an individual’s ability
to adapt its bone structure to mechanical loads during growth and development.
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INTRODUCTION

D

ECREASED SERUM IGF-1 LEVELS have been correlated
with reduced bone mass(1) and increased fracture
risk,(2) indicating that it plays a critical role in skeletal
acquisition and strength. However, the biomechanical mechanisms by which IGF-1 regulates bone function and structure remain unclear.(3) Recent studies show that fracture
risk is associated with alterations in bone diameter accompanied with changes in cortical thickness and trabecular bone mass.(4–7) Therefore, to study the complex
effects of IGF-1 on skeletal strength, we need to consider
cellular and molecular mechanisms in the context of biomechanics and to use an integrative rather than a conventional reductionist approach. This level of analysis does
not rely on individual cellular or molecular mechanisms
per se, but rather merges cellular activities on multiple
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bone surfaces with biomechanical changes to show their
collective effects on bone strength.
Mouse models have provided remarkable insight into
the relationship between IGF-1 and bone. Naturally occurring polymorphisms that affect igf-1 gene expression
show complex changes in mouse skeletal structure.(8,9)
Prior studies showed that serum IGF-1 levels did not correlate well with external bone size, a critical determinant of
bone strength; C57BL/6J mice, with low serum IGF-1, have
a larger bone diameter compared with C3H/HeJ mice, with
increased circulating IGF-1.(10) Congenic mouse strains,
however, show the opposite response, with increased IGF-1
exhibiting larger bone diameter.(11–15) Collectively, the one
common structural alteration that correlates with serum
IGF-1 is cortical bone area (Ct.Ar.), a measure of diaphyseal bone mass, in both mice and humans (independent of
bone length).(15,16) Together, these studies suggest that
circulating IGF-1 regulates bone mass relative to body
weight and therefore may mediate the response of bone to
mechanical loading.(17)
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IGF-1 effects on cellular activity have been studied in
vivo and in vitro. IGF-1 increases osteoblast(18) and osteoclast(19) cell proliferation and differentiation and seems to
be a coupling agent for bone formation and resorption
through the regulation of the RANKL and its decoy receptor osteoprotegerin (OPG) (RANKL/OPG) axis.(20,21)
Thus, it is conceivable that IGF-1 regulates the amount of
bone (Ct.Ar.) by coordinating periosteal and endosteal
surface expansions during growth through its effects on
osteoblastic and osteoclastic cell populations. Nonetheless,
relating osteoblast/osteoclast cell activities to bone strength
requires understanding the biomechanical mechanisms by
which cells alter bone structure and bone quality.
Studies using mouse models of IGF-1 or the IGF-1 receptor gene knockouts(22–26) provide significant insights
into IGF-1 action on bone. Nevertheless, interpretation of
the data are difficult because IGF-1 and IGF-1R-null mice
exhibit increased lethality. Furthermore, severe organ defects in those mice make it hard to distinguish direct and
indirect actions of IGF-1 on bone. Importantly, IGF-1 acts
in a dual mechanistic mode as an endocrine or autocrine/
paracrine hormone. Therefore, when studying the relationship between serum IGF-1 and bone strength, it is crucial
to choose a model that allows differentiation between
the relative contributions of endocrine and autocrine/
paracrine IGF-1.
Liver-specific igf1 gene-deficient (LID) mice exhibit
75% reductions in serum IGF-1 levels with no changes in
skeletal igf1 expression.(27) Analyses of the adult LID
bones by pQCT and mCT showed reductions in periosteal
circumference, femoral cross-sectional area, cortical thickness, and total volumetric BMD.(28,29) Hence, the LID
mouse model established an essential role for serum (endocrine) IGF-1 in skeletal acquisition. However, the developmental sequences and the resultant anatomical
changes that led to this adult phenotype are not clear. To
understand how low levels of serum IGF-1 led to this adult
phenotype, we assessed the skeletal morphology of LID
mice from 4 to 52 wk of age. In contrast to previous studies,
which compared specific bone traits at certain time points,
we assessed the relationship among traits over time using a
systems analysis. Similar analyses, done recently on inbred
mouse strains, provide expectations of how changes in one
trait are compensated by coordinated changes in other
traits.(30) Because IGF-1 has multiple effects on different
cellular populations in bone, we expected co-variation of
traits in response to decreased serum IGF-1 levels. We
found that reduced bone strength in LID mice resulted
from impaired subperiosteal expansion combined with
impaired endosteal apposition and lack of compensatory
changes in mineralization throughout growth and aging.
Moreover, we show that serum IGF-1 affects cellular activity differently depending on the cortical surface.

MATERIALS AND METHODS
Animals
LID mice were generated as previously described.(27)
Mice were backcrossed 13 generations to the FVB/N

background. Male mice were housed four per cage in a
clean mouse facility, fed a standard mouse chow (Purina
Laboratory Chow 5001; Purina Mills) and water ad libitum,
and kept on a 12-h light:dark cycle. Animal care and
maintenance were provided through the Mount Sinai
School of Medicine AAALAC Accredited Animal Facility. All procedures were approved by the Animal Care and
Use Committee of the Mount Sinai School of Medicine.

Serum hormones
Mice were bled through the mandibular vein, and serum
samples were collected between 7:00 and 9:00 a.m. on a fed
state at the indicated ages. Serum IGF-1, growth hormone
(GH), and insulin levels were determined using commercial radioimmunoassays as previously described.(28,29,31)
Serum levels of mouse IGF binding protein (IGFBP)-2 and
IGFBP-3 were determined by ELISA developed using
recombinant mouse proteins from R&D and monoclonal
antibodies as previously described.(32)

Body composition
Body composition (fat and lean mass) was assessed in
live (nonanesthetized) animals using MRI (EchoMRI 3-in1; Echo Medical Systems). This technique allows serial
measurements with high levels of precision and without
affecting the subjects tested. The measurement of each
mouse lasts 90 s, and the precision of the measurement is
between 0.1 and 0.3 SD.

mCT
An eXplore Locus SP PreClinical Specimen MicroComputed Tomography system (GE Healthcare, London,
Ontario, Canada) was used to assess trabecular bone volume fraction and microarchitecture in the excised distal
femoral metaphysis and cortical bone geometry at the
midfemoral diaphysis, as previously described.(30) Morphometric variables were computed from the binarized
images using direct, 3D techniques that do not rely on any
prior assumptions about the underlying structure.(33,34)
Femora were reconstructed at an 8.7-mm voxel resolution.
For trabecular bone regions, we assessed bone volume
fraction (BV/TV, %), trabecular thickness (Tb.Th, mm),
trabecular number (Tb.N, mm21), and trabecular separation (Tb.Sp, mm). For cortical bone at the femoral midshaft, we measured the average total cross-sectional area
inside the periosteal envelope (TtAr, mm2), the cortical
bone and medullary area within this same envelope (CtAr,
mm2 and MaAr mm2, respectively), the bone area fraction
(CtAr/TtAr, %), and the average cortical thickness (CtTh,
mm). All regions of analysis were standardized according to
anatomical landmarks. Cortical and trabecular regions
were individually thresholded using a standard thresholding algorithm(35) to segment bone and nonbone voxels.
The mCT images were used to quantify tissue mineral
density (TMDn), which is the average mineral value of the
bone voxels only and is expressed in hydroxyapatite (HA)
density equivalents. TMDn was calculated by converting
the grayscale output of bone voxels in Hounsfield units
(HUs) to mineral values (mg/ml of HA) through the use of
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a calibration phantom containing air, water, and hydroxyapatite (SB3; Gamex RMI, Middleton, WI, USA). The
same calibration phantom was included in all scans to
adjust mineral density measurements for the variation in
X-ray attenuation inherent to independent scan sessions. A
validation study using 44 mouse femora showed that tissue
mineral content correlated linearly (p < 0.01) with both ash
weight/hydrated weight and ash weight/dry weight (data
not shown).

Mechanical testing
Mouse femora from 20-wk-old control and LID mice
were tested to failure by four-point bending using a servohydraulic materials testing system (Instron, Canton,
MA, USA). This mechanical test allows comparison of the
structural properties of stiffness, maximum load, postyield
deflection, and work-to-failure. Femora were placed with
the anterior surface down on two lower supports. The
lower and two upper supports were set apart at 6.35 and
2.2 mm, respectively. Loading was centered over the midshaft. Displacement was applied at 0.05 mm/s until failure.
All mechanical properties were calculated from the load
and displacement curves, as described previously.(30)

Histomorphometry
Mice were injected with calcein (10 mg/kg) at days 7 and
2 before death (for the 4- and 8-wk-old groups) or at days
12 and 2 before death (for the 20-wk-old group). Femora
were dissected, fixed in 10% neutral-buffered formalin,
dehydrated, and embedded undecalcified in polymethyl
methacrylate. Longitudinal sections of the distal femora,
5 mm thick, were cut on a Microm microtome (Microm;
Richards-Allan Scientific, Kalamazoo, MI, USA) and stained
with toluidine blue. Static parameters of bone formation and resorption were measured at a standardized site
in the distal femoral metaphysis using OsteoMeasure
(Osteometrics, Atlanta, GA, USA). Relative trabecular
bone volume (BV/TV), osteoid surface (OS/BS, %), eroded
surface (ES/BS, %), osteoblast or osteoclast number per
bone perimeter (NOb/BPm, NOc/BPm), and osteoblast
or osteoclast number per total area (NOb/Tar, NOc/Tar)
were measured. For dynamic histomorphometry, mineralizing surface per bone surface (MS/BS, %) and mineral
apposition rate (MAR, mm/d) were measured in unstained
10-mm sections under UV light, using a B-2A set long pass
filter consisting of an excitation filter ranging from 450 to
490 nm (nm), a barrier filter at 515 nm, and a dichroic
mirror at 500 nm. Bone formation rate per bone surface
(BFR, mm3/mm2/d) was calculated. The terminology and
units used are those recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research.(36)

Fluorescent-activated cell sorting
Flow cytometry was used to identify hematopoietic cells
of the lymphoid or myeloid lineages that contribute to
skeletal development. Bone marrow cells were harvested
from the femur. The cells were washed with PBS and
resuspended in staining buffer (PBS, 0.5% FBS, 0.09%
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sodium azide). Cells (106) were preincubated with rat antimouse CD16/CD32 (1 mg; BD Biosciences) for 10 min at
48C to block Fc receptors. Cells were incubated for 30 min
at 48C with Alexa Fluor 647-conjugated rat anti-mouse
CD11b or B220 (BD Biosciences). The cells were washed
with cold PBS buffer and resuspended in 100 ml of staining
buffer. Cells were washed twice with cold staining buffer
and resuspended in PBS containing 1% paraformaldehyde. Cell acquisition was performed in a flow cytometer
(FACScan; Becton Dickinson), and a minimum of 10,000
events was acquired for each test. Data were analyzed with
FlowJow software (version 7.2). R-Phycoerythrin (PE)conjugated mouse IgG2b and Alexa Fluor 647-conjugated
mouse IgG2a, isotype controls were used.

Statistical analysis
Mean values for body weight (BW), body composition,
serum hormones, histomorphometrical parameters, and
mCT measurements were calculated for each genotype, and
significant differences were assessed using t-tests with a
significance threshold of p < 0.05. To correlate whole
morphological bone traits, Pearson correlations were calculated for trait comparisons using the raw data from
individual genotypes. For each correlation analysis, the
threshold of p < 0.05 significance was chosen (GraphPad
Software, San Diego, CA, USA).

RESULTS
Young adult LID mice fail to maintain normal body
weight and manifest insulin resistance
LID mice were generated using the Cre/loxP system as
described previously.(27) We followed the male LID mice
on an inbred FVB/N strain from 4 to 52 wk. Body weight of
LID mice did not differ significantly from controls up to
8 wk of age. However, starting at ;8 wk, the age-related gain
of body weight slowed appreciably for LID mice, resulting
in significant reductions in body weight relative to controls
after 12 wk of age (Fig. 1A). To study whether the differences in body weight resulted from alterations in body
composition, we evaluated lean and fat mass using MRI
throughout growth (Fig. 1B). Lean and fat mass did not
differ significantly between control and LID mice. LID
mice exhibited 75% reductions in serum IGF-1 throughout
growth and adulthood (Fig. 1C) and secondary increases
in serum GH levels (Fig. 1D), which normalized at 32 wk. In
our previous study, we showed that increased GH levels in
the LID mice antagonized insulin action in muscle, liver,
and fat and therefore led to insulin resistance. As seen in
Fig. 1E, LID mice had increased serum insulin levels
starting at 4 wk (when GH started to elevate under normal
physiological conditions); at 52 wk, insulin levels of LID
mice did not differ from those of control mice, most likely
because of natural age-related increases in serum insulin in
controls. Despite the hyperinsulinemia and insulin resistance throughout growth, LID mice remained normoglycemic (Fig. 1F). In the circulation, the main carrier of
IGF-1 is IGFBP-3. In control mice, serum IGFBP-3

1484

YAKAR ET AL.

FIG. 1. Control and LID mice were followed
from 4 to 52 wk of age. Body weight (A) and
body composition (B) were followed monthly
by MRI. Serum was obtained through the
mandibular vein once a month, and IGF-1 (C),
GH (D), insulin (E), blood glucose (F),
IGFBP-3 (G), and IGFBP-2 (H) levels were
analyzed. Results are presented as mean ± SE
of at least 40 mice per age group per genotype.

peaked at 4 wk of age (together with GH and serum IGF-1)
and decreased with age (;25% of levels seen at 4 wk). LID
mice showed significant reductions (;50% compared with
controls) in serum IGFBP-3 levels starting at 4 wk of age
(Fig. 1G), despite increases in GH levels, possibly caused
by protein degradation, because liver IGFBP-3 expression
levels in LID mice are similar to controls (data not shown).
LID mice showed significant reductions in serum IGFBP-2
levels starting at 8 wk of age (Fig. 1H), likely because of
increased serum insulin(37) or GH levels(38) and may directly or indirectly be involved in the skeletal phenotype of
the LID mice.

Serum IGF-1 does not affect cancellous bone
To relate changes in serum IGF-1 to bone accrual and
skeletal integrity, we assessed trabecular bone at the distal
femur. We observed an age-related decrease in bone volume/total volume (BV/TV) in both LID and WT mice.
mCT analysis showed no significant differences in bone
volume fraction (BV/TV; Fig. 2A) and no differences in
trabecular tissue mineral density (TMD, mg/HA; Fig. 2B)
between control and LID mice throughout development
and adulthood. Similarly, no significant differences in trabecular thickness (Tb.Th.) or trabecular spacing (Tb.Sp.)
were found between LID and controls, although LID mice

showed a tendency for decreased Tb.Th. and increased
Tb.Sp. (Table 1). These data were confirmed by histomorphometry (Fig. 2). At 20 wk, LID mice showed minor
increases in percent eroded surface/bone surface (%Es/
Bs), percent osteoclast surface/bone surface (%OCs/Bs),
and number of osteoclast per total bone area (N.OC/Ta 1/
mm2; Fig. 2C–2E). This was accompanied by increases in
percent osteoid surface (%Os/Bs; Fig. 2F), with no changes
in percent mineralized surface (%Ms/Bs; data not shown).
Mineral apposition rate (MAR) did not differ significantly
between LID and control mice at 8 or 20 wk of age (data
not shown). BFR, on the other hand, increased significantly
in LID mice at 20 wk (controls: 0.004 ± 0.00 mm3/mm2/d
versus LIDs: 0.005 ± 0.001 mm3/mm2/d). These data suggest
that, in LID mice, compensatory increases in serum GH
stimulate osteoblastic activity in the endosteal surface
(evident by increases in osteoid surface). However, because no differences in MAR were evident, it may point to
a lag in mineralization in the LID mice. Indeed, we found
that mineralization lag time increased 3-fold in LID mice
compared with controls (controls: 0.79 ± 0.15 d; LID: 3.02 ±
0.30 d). Although these results also suggested that skeletal
IGF-1 expression increased, we were unable to detect differences in igf-1 osteocalcin, OPG, or RANKL gene expression in femoral diaphyses between control and LID
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FIG. 2. Trabecular bone fraction does not
differ significantly between control and LID
mice. Trabecular bone parameters were assessed by mCT, and BV/TV (A) and TMD
(B) were measured at the distal femur of
formalin-fixed bones. Histomorphometry was
performed on plastic bone sections from the
distal femur; %Er.Bs (C), %OCs/Bs (D),
N.OC/Ta (E), and %Os/Bs (F) were determined at 4, 8, and 20 wk of age. Results are
presented as mean ± SE of n = 6 mice per age
group per genotype.

mice (data not shown). Overall, the mCT and histomorphometric analyses showed no significant changes in
trabecular bone acquisition or architecture between control and LID mice up to 8 wk of age and only minor
changes in Tb.Th. after this age.

Serum reductions in IGF-1 impair subperiosteal
expansion of the cortical envelope
Cortical bone architecture was evaluated at the femoral
midshaft using mCT (Table 2). Our analysis showed no
significant differences in cortical bone parameters between
LID and control mice at 4 wk of age, suggesting that liverderived IGF-1 (endocrine IGF-1) affects skeletal integrity
starting at an early pubertal age (i.e., after 4 wk). These
data suggested that the autocrine/paracrine action of IGF-1,
which is normal in the skeleton of LID mice, is sufficient to
establish bone size at 4 wk. Nonetheless, whereas in control
mice there is a sharp increase in serum IGF-1 starting at
4 wk, which correlates with bone accrual, LID mice show
75% reductions in serum IGF-1 relative to controls and
exhibit impaired age-related gains in total bone area and
marrow area (Fig. 3). However, starting at 8 wk of age, LID
mice exhibited significant reductions in total bone area
(Tt.Ar; Fig. 3A), marrow area (Ma.Ar; Fig. 3B), and

cortical area (Ct.Ar; Fig. 3C) relative to controls. Despite
these reductions, femoral cortical tissue mineral density
(TMD) did not differ between control and LID mice
(Fig. 3D). The differences in morphology between LID
and controls remained significant after the traits were
corrected for body weight by linear regression analysis.
Notably, after 16 wk, marrow area decreased with age for
LID mice, indicating that the endosteal surface was undergoing apposition, which is opposite to the continued
endosteal expansion expected during growth for male mice
(and seen in controls). Polar moment of inertia (J), a calculated value indicative of bone stiffness and strength in
bending (Fig. 3E), decreased in LID mice starting at 8 wk
of age. Four-point bending tests at 20 wk of age showed
20% reductions in whole bone stiffness and maximum load
(independent of body weight), but no changes in ductility
in LID mice (Fig. 3F).

Interactions among morphological and compositional
traits are impaired in LID mice
To understand whether the morphological differences
between LID and control mice arose from differences in
body weight (BW), we analyzed the relationship between
morphological traits and BW. Bone slenderness (Tt.Ar/Le)
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TABLE 1. mCT Analysis at the Distal Femur of Control and
LID Mice at the Indicated Ages

TABLE 2. mCT Analysis at the Femoral Midshaft of Control
and LID Mice at the Indicated Ages

Distal femur (trabecular bone)
Control
4 wk

8 wk

16 wk

32 wk

52 weeks

BV/TV (%)
Tb.Th (mm2)
Tb.Sp (mm)
TMD (mg/ml)
BV/TV (%)
Tb.Th (mm2)
Tb.Sp (mm)
TMD (mg/ml)
BV/TV (%)
Tb.Th (mm2)
Tb.Sp (mm)
TMD (mg/ml)
BV/TV (%)
Tb.Th (mm2)
Tb.Sp (mm)
TMD (mg/ml)
BV/TV (%)
Tb.Th (mm2)
Tb.Sp (mm)
TMD (mg/ml)

0.32 ± 0.02
0.035 ± 0.001
0.14 ± 0.03
614.7 ± 18.6
0.27 ± 0.001
0.035 ± 0.001
0.14 ± 0.001
717.1 ± 22.0
0.16 ± 0.001
0.035 ± 0.001
0.22 ± 0.001
718.7 ± 10.9
0.1 ± 0.001
0.04 ± 0.001
0.3 ± 0.00
722.2 ± 16.8
0.07 ± 0.001
0.04 ± 0.001
0.50 ± 0.02
750.9 ± 11.5

Femoral midshaft (cortical bone)

LID
0.30 ± 0.02
0.036 ± 0.001
0.18 ± 0.03
633.3 ± 28.1
0.23 ± 0.001
0.033 ± 0.001
0.15 ± 0.001
696.9 ± 11.0
0.16 ± 0.001
0.032 ± 0.001
0.23 ± 0.001
746.7 ± 14.4
0.1 ± 0.001
0.03 ± 0.001
0.4 ± 0.03
719.1 ± 17.1
0.07 ± 0.001
0.03 ± 0.001
0.50 ± 0.02
697.5 ± 14.9

Results are presented as mean ± SD of n > 8 mice age per group per
genotype.

was calculated as the ratio of total area, Tt.Ar, and bone
length, Le, and is a measure of the amount of lateral growth
(expansion) relative to longitudinal growth. LID mice had
a slender bone phenotype (as represented by a small Tt.Ar/
Le value) starting at puberty (4 wk) and continuing
throughout development (Fig. 4A), indicating that reduced
serum IGF-1 impaired the amount of subperiosteal expansion relative to longitudinal growth. In control mice, we
observed a significant positive relationship between Tt.Ar/
Le and BW, implying that the male femoral diaphysis
adapted to increasing body weight through subperiosteal
expansion (i.e., increased Tt.Ar relative to length; Fig. 4B).
In contrast, LID mice showed no relationship between
Tt.Ar/Le and body weight. This suggested that expansion
of the subperiosteal surface during growth was impaired in
LID mice and could not be used as a mechanism to adapt
structurally to the age-related increase in body weight.
We postulated that male LID mice would compensate
for their slender phenotype by increasing mineralization
and/or by increasing bone mass through endosteal infilling.
As seen in Fig. 4C, a measure of relative cortical area
(RCA = Ct.Ar/Tt.Ar) was significantly increased for LID
mice at 32 and 52 wk. Indeed, the relationship between
RCA and body weight increased significantly in LID mice
but not in controls (Fig. 4D). This indicated that the subperiosteal expansion required to match bone size with body
weight was inhibited in LID mice but that LID femora
attempted to attain a mechanically functional structure
through changes in marrow expansion. This may explain
the age-related decrease in Ma.Ar, observed for LID mice
after 16 wk of age (Fig. 4B). These differences in subperiosteal and endosteal expansion resulted in LID femora
having significantly reduced cortical area relative to body

Control
4 weeks

2

Total area (mm )
Marrow area (mm2)
Cortical area (mm2)
CtTh (mm)
TMD
Jo
8 weeks Total area (mm2)
Marrow area (mm2)
Cortical area (mm2)
CtTh (mm)
TMD
Jo
16 weeks Total area (mm2)
Marrow area (mm2)
Cortical area (mm2)
CtTh (mm)
TMD
Jo
32 weeks Total area (mm2)
Marrow area (mm2)
Cortical area (mm2)
CtTh (mm)
TMD
Jo
52 weeks Total area (mm2)
Marrow area (mm2)
Cortical area (mm2)
CtTh (mm)
TMD
Jo

1.03
0.57
0.47
0.14
1087.50
0.13
1.42
0.67
0.75
0.19
1236.68
0.26
1.52
0.78
0.73
0.18
1295.66
0.28
1.59
0.81
0.78
0.19
1299.39
0.31
1.64
0.87
0.77
0.18
1307.63
0.32

± 0.08
± 0.04
± 0.04
± 0.01
± 16.59
± 0.02
± 0.05
± 0.03
± 0.02
± 0.00
± 10.31
± 0.02
± 0.02
± 0.01
± 0.01
± 0.00
± 6.1
± 0.01
± 0.02
± 0.02
± 0.01
± 0.00
± 9.62
± 0.01
± 0.87
± 0.03
± 0.02
± 0.00
± 8.69
± 0.02

LID
0.96 ± 0.05
0.54 ± 0.03
0.42 ± 0.02
0.13 ± 0.00
1124.50 ± 27.16
0.11 ± 0.01
1.19 ± 0.02*
0.61 ± 0.02*
0.59 ± 0.01*
0.16 ± 0.00*
1223.61 ± 14.74
0.17 ± 0.00*
1.25 ± 0.02*
0.64 ± 0.01*
0.61 ± 0.01*
0.16 ± 0.00*
1302.05 ± 14.09
0.19 ± 0.01*
1.19 ± 0.01*
0.58 ± 0.01*
0.61 ± 0.01*
0.17 ± 0.00*
1336 ± 16.99
0.18 ± 0.00*
1.22 ± 0.02*
0.59 ± 0.01*
0.63 ± 0.00*
0.17 ± 0.00
1324.34 ± 4.20
0.19 ± 0.00*

Results are presented as mean ± SD of n > 8 mice age per group per
genotype.
* p < 0.05.

weight throughout all age groups (p < 0.05, ANCOVA; Fig.
4E). This indicated that, in addition to impairing periosteal
expansion, the reduced serum IGF-1 also impaired the
amount of marrow infilling leading to reduced bone mass.
We further tested whether LID mice also compensated
for their slender phenotype by increasing the degree of
tissue mineralization (TMD). When the effects of body
weight were removed by partial regression analysis, we
found significant negative correlations between slenderness and TMD in both LID and control mice (R2 = 0.13, p <
0.03–0.04), as expected. No differences in the slope and
intercepts were observed between LID and controls (p >
0.43, ANCOVA; data not shown). This indicated that, for
both control and LID mice, femora that tended to be more
slender (reduced Tt.Ar/Le) relative to body weight also
tended to have higher TMD. The similarity in these regressions plus the fact that LID and control mice showed
similar TMD values at each age suggested that LID mice
did not manifest compensatory changes in mineralization
beyond those observed for control mice.
Taken together, our data suggested that LID mice
have impaired subperiosteal expansion, leading to slender
bones. To adapt the structure so that bone stiffness matches
weight-bearing loading demands, LID mice attempted to
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FIG. 3. LID mice have slender and more
fragile bones. Cortical bone parameters were
assessed during growth at the femoral midshaft using mCT. LID mice show reduced
Tt.Ar. (A), Ma.Ar (B), and Ct.Ar (C) starting
at 8 wk of age. TMD (D), measured by mCT,
did not differ significantly between control
and LID mice at all ages. LID mice cannot
restore mechanical properties; LID mice
show decreased polar moment of inertia (E)
throughout growth and reduced stiffness and
max load at four-point bending assay at 20 wk
of age (F). Results are presented as mean ±
SD of n > 8 mice per age group per genotype.

compensate for the slender phenotype by decreasing marrow area but did not compensate by increasing mineralization. Importantly, the reduced serum IGF-1 limited the
amount of marrow infilling and thus impaired the process
of functional adaptation, resulting in significantly reduced
whole bone stiffness and strength (Fig. 3F).

LID mice exhibit decreased marrow
osteoclasts progenitors
To understand the cellular mechanism that leads to impaired periosteal expansion in LID mice, we studied marrow stromal cell (MSC) differentiation into osteoblast-like
cells, as well as the potential of nonadherent cells to

differentiate into osteoclasts. MSC cultures derived from
control and LID mice at different ages (4, 8, 16, 32, and
52 wk of age) showed no significant differences in the
number of alkaline phosphatase–positive colonies (data
not shown). These results suggested that LID and control
mice have a similar potential to develop osteoblast-like
colonies in vitro. Nonadherent cells derived from LID
and control mice (at the indicated ages) were stimulated
with macrophage-colony stimulating factor (M-CSF) and
RANKL to drive osteoclastogenesis (Fig. 5A). The number of TRACP+ (multinucleated) cells in cultures derived
from LID mice was lower compared with controls, albeit
not significantly at any of the ages. These in vitro data
suggest that the number of osteoclast precursors in the
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FIG. 4. LID mice exhibit impaired co-variation of morphological traits (obtained by
mCT). LID mice have slender bones
throughout growth starting at 4 wk (Tt.Ar/
length) (A). Control mice show a positive
relationship between Tt.Ar/length and body
weight, whereas LID mice do not (B). LID
mice exhibit an increase in relative cortical
area, RCA, at 32 and 52 wk of age (C). LID
mice show a positive relationship between
RCA and body weight (D), suggesting that
these mice compensate for the slender bones
by increasing cortical area. Both control and
LID mice show positive relationship between
Ct.Ar and body weight (E). Results are presented as mean ± SD of n > 8 mice age per
group per genotype.

nonadherent population derived from LID mice might be
decreased. To address this possibility, we used ex vivo flow
cytometry analysis of bone marrow–derived cells from
control and LID mice during growth. Osteoclast precursors, which originate from the monocyte/macrophage cell
lineage, express the CD11b/Mac-1 surface antigen, which
mediates cell adhesion. LID mice showed a significant and
consistent decrease in CD11b+ cells in marrow (Fig. 5B),
suggesting a decrease in the number of myeloid progenitor
cell population. The lymphoid cell lineage was followed
throughout development using the B220/CD19 surface
antigen (Fig. 5C). A significant reduction in the lymphoid
lineage was noticed at 4 wk of age (approximately when
external bone size is determined) and did not differ from
controls thereafter. A subgroup of the lymphoid cells express membrane bound and secreted RANKL, which is
critical for osteoclastogenesis. Taken together, these in
vitro/ex vivo data suggest that serum IGF-1 deficiency, as

seen in LID mice, leads to reduction in marrow osteoclast
progenitors and subsequently to impaired osteoclastogenesis on the endosteal surface. The reduced endosteal
resorption may be a factor leading to the inhibition of
subperiosteal expansion.

DISCUSSION
Our study combined phenotypic and functional analyses
of mouse femora, allowing a more comprehensive understanding of how alterations in serum IGF-1 affect bone
strength. We studied the LID mouse model (on a pure
FVB/N genetic background) during growth and development and assessed the relationships among serum IGF-1
levels, bone mass, architecture, and bone strength. Reduced serum levels of IGF-1 in LID mice were associated
with the development of slender bones during growth. This
slender phenotype was not simply related to serum IGF-1
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FIG. 5. The number of osteoclast precursors in the nonadherent population derived
from LID mice is decreased. Osteoclastogenesis was induced in nonadherent cells
derived from marrow of LID and control
mice (A). TRACP+ cells were detected after
5–6 days in culture; the bar graph represents
quantification of osteoclast number in cultures. FACS analysis of cell surface markers
in marrow derived from control and LID
mice. Percent of CD11b+ cells was reduced in
LID mice throughout development (B),
whereas percent B220+ cells reduced significantly only at 4 wk of age. Results are presented as mean ± SE of n > 8 mice age per
group per genotype.

levels but developed at an early pubertal age affecting
mostly transverse bone growth (subperiosteal expansion)
and minimally affecting linear growth. These alterations in
the proportion of growth in width relative to growth in
length lead to the slender adult phenotype of LID mice.
This phenotype resulted from different cellular behavior
on the endosteal and periosteal surfaces of cortical bone,
whereas only minor changes being detected in cancellous
bone. A functional analysis showed that morphological
compensation for the slender phenotype in LID mice was
impaired resulting in limited endosteal apposition (marrow
in-filling) and leading to a reduced amount of cortical bone
(CtAr) that could be used to construct a mechanically
functional bone during growth. Compensatory changes in
bone mineralization, which are highly correlated with tissue stiffness,(39) were not evident in LID mice, likely because these variations occur before 4 wk of age(40) and do
not depend on serum IGF-1 levels (which normally peak at
3–4 wk) but on skeletal igf-1 gene expression.
A slender phenotype does not necessarily translate to
reduced strength, because bone possesses strong adaptive
processes that compensate for the reduced subperiosteal
expansion during postnatal growth, a process called
‘‘functional adaptation.’’ Thus, finding reduced strength in

LID femora, independent of body weight, meant that additional structural or compositional traits, besides impaired
subperiosteal expansion, were altered by reduced serum
IGF-1. A comparison of femora from C3H/HeJ (high serum IGF-1, small bone diameter), C57BL/6J (low serum
IGF-1, large bone diameter), and A/J (low serum IGF-1,
small bone diameter; unpublished data) indicated that serum IGF-1 levels are not simply related to bone slenderness. Furthermore, examination of inbred mouse strains
with naturally occurring genetic variants leading to slender
phenotypes showed that mechanical function was established early postnatally, at ;2 wk of age, through increases
in both the relative amount of cortical bone and matrix
mineralization.(30,40,41) Surprisingly, reduced levels of serum IGF-1 in LID mice contributed to a slender phenotype
only after 4 wk of age, suggesting that additional liver
IGF-1–dependent factors expressed early postnatally contributed to the slender adult phenotype. Alternatively,
compensatory increases in serum GH before 4 wk in LID
mice may account for a normal skeletal phenotype up to 4
wk of age, whereas later in development these increases are
not sufficient to establish normal bone function. Furthermore, given the temporal differences in expression of the
slender phenotype (between 4 and 8 wk of age) versus
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marrow infilling (after 12 wk), we suspect that the impairment of subperiosteal expansion was a direct effect of
the reduced serum IGF-1 and that the compensatory response, although impaired, was an indirect effect mediated
by the strong adaptive nature of bone.
Although the physiological forces applied to the mouse
femur are not known, they are assumed to be proportional
to body weight.(4,42,43) Analyses of recombinant inbred
mouse strains showed that the Ct.Ar/body weight (BW)
relationship (a measure of the amount of bone relative to
body weight) is a highly heritable trait.(40) Given the
slender phenotype of male LID mice, we expected a tendency toward improved mechanical functionality, namely
an increase in Ct.Ar through endosteal apposition. When
regressing Tt.Ar/Le against body weight, we found positive
relations in control mice such that Tt.Ar/Le increased with
body weight. These relationships did not exist in LID mice,
indicating that subperiosteal bone expansion was inhibited
and requiring that the functional adaptation of LID femora
to physiological loads must come through a different
mechanism. Whereas control animals did not show any
relationship between Ct.Ar/Tt.Ar and body weight, LID
mice exhibited a strong, positive relationship between
those parameters, suggesting that LID femora adapted to
physiological loads through endosteal apposition (i.e.,
marrow in-filling). Therefore, male LID mice attempted to
compensate for the impaired subperiosteal expansion by
reversing the net cellular activity from marrow expansion
(resorption) to marrow infilling (apposition). This process
is similar to the way long bones from female mice adapt to
increased body weight during puberty.(41) We expected
that the LID mice would show reduced Ct.Ar relative to
body weight compared with the controls. This hypothesis
was supported, as the LID mice showed a significantly reduced Ct.Ar-BW regression through 52 wk of age. This
functional analysis indicated that reduced serum IGF-1
also impaired the amount of tissue that could be used to
build a mechanically functional structure. Additionally,
despite the shift in functional adaptation from subperiosteal expansion to endosteal bone apposition, the stiffness
and strength of LID femora were significantly decreased
relative to controls. This was expected, because adding
bone to the endosteal surface has limited mechanical
benefit to overall bone stiffness and strength. These results
indicated that the compensatory increase in endosteal infilling was not fully effective at establishing and maintaining strength for LID femora.
Bone stiffness depends largely on the degree of matrix
mineralization.(39) We expected that matrix mineralization
would be increased in LID femora to compensate for the
slender phenotype. However, matrix mineralization did
not differ between LID and controls through 52 wk of age,
even when variation in slenderness was corrected for body
weight. Ongoing research in our laboratories using inbred
mouse models indicated that the functional interactions
between bone slenderness and matrix mineralization may
begin early postnatally.(40) The degree of mineralization
was inversely related to the rate of subperiosteal expansion
from 1 day to 4 wk of age. Because endosteal apposition
contributes little to overall bone stiffness,(44) the degree of
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mineralization was a critical factor contributing to the establishment of mechanical function across mice with widely
varying growth patterns. The impairment of subperiosteal
expansion after 4 wk of age and the lack of a compensatory
increase in matrix mineralization for LID femora suggested that the timing in which the reduced serum IGF-1
altered subperiosteal expansion in LID femora may have
been a critical factor impairing a compensatory increase in
mineralization. Decreased serum IGF-1 levels in LID mice
may ultimately have impaired the compensatory changes in
mineralization that have been documented in numerous
other mouse and human models.(30,39,45) Together with
data on inbred mouse strains, it is suggested that, in states
of decreased serum IGF-1, achievement of full compensatory interactions (increased Ct.Ar. and TMD) depends
on the age at which the genetic variation occurred. In
LID mice, reduced serum IGF-1, which normally peaks at
3–4 wk of age, impaired functional adaptation later in
growth and thus deleteriously affected skeletal strength by
limiting the amount of morphological and compositional
compensation.
Impaired functional adaptation results from alterations
in bone cell activity. Reduced levels of serum IGF-1 modulate hematopoiesis and can indirectly affect skeletal integrity.(46) In our previous studies, we found a decrease in
splenic size in the LID mice, which was attributed to the
low levels of serum IGF-1.(29) In this study, we characterized marrow from LID mice and identified a decrease in
the CD11b+ cell population throughout growth and aging
and a temporal reduction of B220+ cells at early pubertal
age. These changes suggested that LID mice exhibit reductions in progenitor cell populations that indirectly may
be involved in bone formation and resorption processes.
In summary, our study used established methods for
assessing functional adaptation to better evaluate the
skeletal phenotype of mice with an engineered mutation
that lowered serum IGF-1. This functional analysis, which
assessed the co-variation of specific morphological and
compositional traits in the context of function, provided a
biomechanical mechanism explaining how reduced serum
IGF-1 altered bone strength. We showed that serum IGF-1
has two major effects on skeletal integrity: it determines
subperiosteal expansion (lateral growth of long bones) and
controls the total amount of mineralized cortical tissue that
can be deposited during growth (Fig. 6). These two actions
of serum IGF-1 require modulation of two cell populations,
osteoblasts and osteoclasts, on two spatially distinct bone
surfaces (periosteum and endosteum). These surface processes are superimposed on the formation and resorption
processes that generate normal cortical drift and permit
bone growth to match the overall growth of the animal.(47–49) Consequently, the effects of reduced serum
IGF-1 in this study cannot be easily related to traditional
measures of osteoblastic and osteoclastic activity. Serum
IGF-1 therefore seems to be a master regulator not just of
bone size, shape, and composition during growth, but our
data suggested that circulating IGF-1 also plays a more
fundamental role in skeletal biology—that of regulating an
individual’s ability to adapt its bone structure to mechanical loads during growth and development.
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FIG. 6. Schematic representation of the cortical bone envelope
during growth. Control mice show a marked increase in crosssectional area during the first 8 wk of life and later on a slight
increase in cross-sectional area associated with expansion of
marrow area to allow an efficient structure to support the agerelated increase in body weight. LID mice, however, show a
marked increase in cross-sectional area during the first 8 wk of life
but have a thinner cortical envelope. Later in life, LID mice fail to
increase cross-sectional area (because of impaired subperiosteal
expansion) and instead show endosteal apposition in an effort to
support the age-related increase in body weight.
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