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Abstract
It is well established that insulin-like growth factor (IGF)-I is critical for the regulation of peak
bone mineral density (BMD) and bone width. However, the role of systemic vs. local IGF-I is not
well understood. To determine the role local IGF-I plays in regulating BMD and bone width, we
crossed IGF-I flox/flox mice with procollagen, typeIIαI-Cre mice to generate conditional mutants
in which chondrocyte-derived IGF-I was disrupted. Bone parameters were measured by dual X-
ray absorptiometry at 2, 4, 8, and 12 wk of age and peripheral quantitative computed tomography
at 12 wk of age. Body length, areal BMD, and bone mineral content (BMC) were reduced (P <
0.05) between 4 and 12 wk in the conditional mutant mice. Bone width was reduced 7% in the
vertebrae and femur (P < 0.05) of conditional mutant mice at 12 wk. Gains in body length and
total body BMC and BMD were reduced by 27, 22, and 18%, respectively (P < 0.05) in
conditional mutant mice between 2 and 4 wk of age. Expression of parathyroid hormone related
protein, parathyroid hormone receptor, distal-less homeobox (Dlx)-5, SRY-box containing gene-9,
and IGF binding protein (IGFBP)-5 were reduced 27, 36, 45, 33, and 45%, respectively, in the
conditional mutant cartilage (P < 0.05); however, no changes in Indian hedgehog, Dlx-3, growth
hormone receptor, IGF-I receptor, and IGFBP-3 expression were observed (P ≥ 0.20). In
conclusion, IGF-I from cells expressing procollagen type IIαI regulates bone accretion that occurs
during postnatal growth period.
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THE INSULIN-LIKE GROWTH FACTORS (IGF) are the most abundant growth factors stored in bone and
produced by osteoblasts (38). It has been well established that IGF-I plays an important role
in the regulation of peak bone mineral density (BMD) and bone width (31,32), as
demonstrated by the severe deficit in femur BMD and periosteal circumference observed in
IGF-I knockout mice (32). Regarding the mechanism by which IGF-I regulates skeletal
growth and maintenance, following the discovery of IGF-I as a sulfation factor/
somatomedin by Daughaday (7), it has been proposed that IGF-I functions in an endocrine
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manner whereby it is released from the liver, after stimulation by growth hormone (GH),
and travels to target tissues, such as bone (17,23). To evaluate the role of endocrine IGF-I
actions, recent studies have used the Cre/loxP approach to conditionally delete IGF-I in the
liver. Surprisingly, a 75% reduction in circulating IGF-I in the liver-derived IGF-I knockout
(KO) mice had very little effect on growth and skeletal parameters (45,46,52). However, in a
recent study, disruption of both the acid-labile subunit (ALS) and IGF-I in the liver led to a
dramatic 90% reduction in circulating IGF-I and a 35% reduction in periosteal
circumference (53), thus suggesting that a threshold concentration of circulating IGF-I is
necessary for normal bone growth in mice. In addition to the endocrine actions of IGF-I,
studies in our laboratory and others' have suggested that locally produced IGF-I acts in an
autocrine/paracrine manner to regulate proliferation, differentiation, and apoptosis of
osteoblast cells (46,52,54). Accordingly, it was shown in a recent study that disruption of the
IGF-I receptor in mature osteoblasts led to a significant reduction in bone volume (54),
suggesting that local signaling of IGF-I is important in the regulation of bone accretion as
well.

Past studies using transgenic mouse models lacking IGF-I or overexpressing IGF-I have
shown that IGF-I influences bone accretion by regulating longitudinal growth, bone width,
and material bone density (3,18,31,32,42,46,49,53,54). However, the question of whether
endocrine or local sources of IGF-I play a predominant role in regulating one or more of the
above processes remains to be determined. Furthermore, it is also not known whether IGF-I
produced by different cell types within the bone (i.e., osteoblast, chondroblast, osteoclast, or
marrow cells) exerts differential effects on longitudinal growth, bone width, and mineral
deposition. In this regard, IGF-I produced by chondrocytes has been proposed to play a
significant role in the regulation of longitudinal bone growth (33,47). This prediction is
based on the findings that 1) chondrocytes both produce and respond to IGF-I (34,40), and
2) the rate of longitudinal growth is dependent on the rate of chondrocyte proliferation, as
well as hypertrophic differentiation, which is accompanied by cell enlargement, which is
disturbed in the IGF-I KO mice (49,50,53). To evaluate whether IGF-I produced locally by
cells that express procollagen, type IIαI [Col2α1 (36)], which are primarily chondrocyte
cells, exerts a significant role in promoting longitudinal growth, we used the Cre/loxP
approach to disrupt IGF-I production in cells that express Col2α1. Accordingly, we
determined that production of IGF-I from Col2α1-expressing cells not only regulates
longitudinal bone growth, but also bone width.

MATERIALS AND METHODS
Generation of Cre/loxP mice

Breeding pairs of transgenic mice in which Cre recombinase is driven by the procollagen
type IIαI gene (Col2α1-Cre) were generated as previously described in a C57BL/6 × SJL
background (36). Breeding pairs of transgenic mice in which exon 4 of the IGF-I gene is
flanked by the loxP gene (IGF-I flox/flox) in a C57BL/6 background were kindly provided
by Dr. Derek LeRoith. Crosses to generate IGF-I flox/flox, Col2α1-Cre mice (hereafter
called Col2α1 conditional mutants or simply conditional mutants), were performed
according to the following breeding scheme. IGF-I flox/flox mice were bred to Col2α1-Cre-
positive (+) mice to generate IGF-I flox/−; Col2α1-Cre+ mice. These mice were then bred to
IGF-I flox/flox mice to generate conditional mutants (IGF-I flox/flox; Col2α1-Cre+/−). The
conditional mutants were bred to IGF-I flox/flox mice to generate littermate conditional
mutant and control offspring that were used for our experiments. All the Cre+ mice were
heterozygous for Cre; therefore, any variation observed within the conditional mutant group
was not due to a difference in gene dosage. Since the mice used for experiments were of a
mixed genetic background, we used littermate controls to account for variation due to the
mixed genetic background.
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The experimental procedures performed in this study were in compliance with the National
Institutes of Health 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.

Genotyping of Cre/loxP mice
At 3 wk of age, DNA was extracted from ear or tail tissue using a PUREGENE DNA Purification
Kit (Gentra Systems, Minneapolis, MN) according to the manufacturer's protocol. PCR was
performed to identify mice with Cre recombinase and/or loxP sites. Primers specific for the
Cre recombinase gene (forward: 5′-GTGTAGAGAAGGCACTTAGC-3′ and reverse: 5′-
CTGACCAGAGTCATCCTTAG-3′) were used under the following conditions: 94°C for 4
min; 41 cycles at 94°C for 1 min, 60°C for 1 min, 72°C for 2 min; and 72°C for 10 min.
loxP sites were amplified using primers previously described (26) under the following
conditions: 93°C for 2 min; 30 cycles at 93°C for 20 s, 57°C for 1 min, 70°C for 1 min; and
70°C for 10 min. The PCR products were run on a 2% agarose gel, and the image was taken
with a ChemiImager 4400 (Alpha Innotech, San Leandro, CA).

Bone densitometry by dual X-ray absorptiometry
Bone mineral content (BMC) and areal (a) BMD were measured by dual X-ray
absorptiometry (DXA), using the PIXImus instrument (Lunar, Madison, WI). The precision
for the BMC and BMD was ± 1% for repeat measurements of the same bones several times
(29). Animals were anesthetized by a ketamine-xylazine (50/5 mg/kg body wt) injection
prior to measurement.

Volumetric BMD and geometric parameters
Volumetric BMD (vBMD) and geometric parameters at the middiaphysis of the femur and
distance between the fourth and fifth lumbar vertebrae of bones isolated at 12 wk of age
were determined by peripheral quantitative computed tomography (pQCT; Norland Stratec
XCT, Stratec Medzizintechnik, Madison, WI). Analysis of the scans was performed using
the manufacturer-supplied software program (Stratec Medzizintechnik Bone Density
Software, version 5.40 C). Total BMD and geometric parameters were estimated with Loop
analysis. The threshold was set at 230–630 mg/cm3. For femur analysis, nine scans per bone
were measured, and the data presented are the average of the fourth, fifth, and six scans
(middiaphysis region). For the vertebrae analysis, six to nine scans at a set distance of 0.7
mm between each scan were measured, and the data presented are the average of the four to
six scans that ran through the fourth and fifth vertebrae (scans between the two vertebrae or
at either end of the vertebrae were eliminated). The coefficient of variation for total BMD,
periosteal circumference, and endosteal circumference for repeat measurements of four
mouse femurs (2–5 measurements) was <3%, <1, and <2%, respectively (29). The
longitudinal lengths of the femurs and the entire distance between and including the fourth
and fifth lumbar vertebrae were measured with a caliper.

Histological measurements
Growth rate of femurs between 3 and 4 wk of age was determined as previously described
(18,43) using calcein (20 mg/kg body wt) as the double label. The length of hypertrophic
and proliferating zones in the tibias was also determined at 4 wk of age. Specifically, four
measurements were manually taken at each region, while avoiding the perichondrium, and
averaged together for each mouse.
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Serum IGF-I radioimmunoassay
IGF-I was measured by radioimmunoassay (RIA) using rabbit polyclonal antiserum and
recombinant IGF-I as standard and tracer, respectively. IGF binding proteins (IGFBP) were
removed from serum prior to RIA by acid gel filtration protocol (30).

RNA extraction
RNA was extracted from the tissues using a Lipid Tissue Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer's protocol. For bone sample collection (metaphysis and
diaphysis regions), muscle and tissue were removed, and bone marrow was flushed from the
femur and tibia bones. With mice at both 2 and 12 wk of age, we collected the region
between the femur and tibia (epiphysis), which was made up of primarily cartilage tissue.
Although the diaphysis/metaphysis of femur/tibia did express low levels of Col2α1, there
was about a 14-fold greater expression of Col2α1 in the cartilage samples. Therefore, the
cartilage samples from the epiphysis at 2 wk were used for further gene expression analysis.
Liver and kidney tissues were also collected. Following RNA extraction, residual DNA was
removed from up to 10 μg of RNA with a DNA-free kit (Ambion, Austin, TX). RNA quality
was determined using a 2100 Bioanalyzer (Agilent, Palo Alto, CA) and RNA was quantified
using a NanoDrop Spectrophotometer (Wilmington, DE).

Gene expression analysis
Quantitative real-time RT-PCR analysis was used to determine the expression levels of IGF-
I, Cre, Col2α1, GH receptor (GHR), IGF-I receptor (IGF-IR), parathyroid hormone (PTH)-
related protein (PTHrP), Indian hedgehog (Ihh), PTH/PTHrP receptor (PTH1R), distal-less
homeobox (Dlx)3, Dlx5, SRY-box containing gene (Sox)9, IGFBP-3 and -5, and PPIA
(peptidylprolyl isomerase A; endogenous control) as previously described (13). PPIA was
chosen as an internal control based on the determination that its expression is not different
between different tissues or control and conditional mutant mice (data not shown). Briefly,
Stratagene Brilliant SYBRGreen Master Mix (Stratagene, La Jolla, CA) and a 7000 ABI
Prism sequence detection system (Applied Biosystems, Foster City, CA) were used to
determine gene expression. Primers were validated as previously described (13), and primer
sequences are located in Table 1. Delta cycle threshold (Ct) values were determined (Ct
value for gene of interest minus Ct value for control gene), and comparisons of the Ct values
were used for relative quantification of gene expression (8). This provides a quantitative
value for the expression of the gene of interest, adjusted for any variation in total RNA
concentrations. Data are presented as fold change or relative to control using the well
accepted 2−ΔΔCt method (27).

Primary chondroblast culture
Primary mouse chondrocytes were isolated from conditional mutant and control mice as
previously described (24,35) with the following modifications. In brief, rib cartilage was
isolated from 2- to 4-day-old pups and rinsed with 0.25% trypsin at 37°C for 20 min,
following by addition of DMEM + 10% FBS. Tissues were rinsed with PBS and incubated
with collagenase D (3 mg/ml; Roche, Indianapolis, IN) for 60–90 min on a shaker at 37°C
until all soft tissue was detached, and the majority of the perichondrial cells were removed.
Following incubation, ribs were washed with PBS and incubated for an additional 4 h in
collagenase D. Following incubation, cells were passed through a 70-μm filter using DMEM
+ 10% FBS + 50 μg/ml AA2P (ascorbic acid-2-P). Cells were plated at a density of
1,000,000 cells per well in six-well plates and grown for 2 days. For experiments, cells were
passaged by incubating in collagenase D for 90 min, counted, and plated at a density of
400,000 cells per well in six-well plates. Cells were allowed to attach for 24 h and left in
serum-free conditions for 48 h, and then RNA was extracted as presently described.
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Primary osteoblast culture
Calvaria were removed from 2- to 4-day-old pups, and tissue was removed. Calvaria were
cut into small pieces and incubated in collagenase A (2 mg/ml, Sigma) for 90 min at 37°C
and shaken every 15 min. Supernatant was collected and plated in α-MEM + 10% FBS + 1%
fungizone. After 2 days, cells were passaged with 0.25% trypsin and plated at a density of
up to 400,000 cells per well in six-well plates. Cells were allowed to attach for 24 h and left
in serum-free conditions for 48 h, and then RNA was extracted as presently described.

Statistical analysis
Bone parameters analyzed by DXA analysis at 4, 8, and 12 wk of age were analyzed by
repeated-measures ANOVA. Bone parameters and gene expression data at 2 and 12 wk of
age, histological analysis, and in vitro data were analyzed by ANOVA, and post hoc analysis
was performed by Newman-Keuls analysis. When appropriate, the interaction between
transgenic line (control and conditional mutant) versus sex (male and female) was included
in the analysis. However, for presentation of data, if a significant interaction was not
observed, the male and female data were averaged together. Statistical analysis presented is
based on the analysis performed with main effects and the interaction. Data were analyzed
using Statistica 6 software (StatSoft, Tulsa, OK). Data are presented as means ± SE, and a
significant difference was determined at P ≤ 0.05.

RESULTS
Circulating and mRNA expression of IGF-I

To confirm that Cre recombinase expression was specific to tissues that express Col2α1, we
determined Cre expression and Col2α1 expression in different tissues at 2 wk of age.
Accordingly, expression of Cre was greater in tissues (cartilage) that had the greatest
expression of Col2α1 and the least in tissues (diaphysis/metaphysis of femur/tibia,
calvarium, and liver) with the lowest expression of Col2α1 (Table 2). Accordingly,
expression of Cre was positively correlated with Col2α1 expression (R = 0.5905, P < 0.001).
To determine if Cre expression driven by the Col2α1 promoter leads to disruption of the
IGF-I gene specifically in tissues that express high levels of Col2α1, we measured IGF-I
mRNA expression by real-time RT-PCR in bone and liver tissues at 2 wk of age. IGF-I PCR
primers for real-time RT-PCR were targeted against exon 4, which would be deleted by Cre
recombinase action in the conditional mutant mice. Accordingly, we determined that IGF-I
expression was reduced 40% (P < 0.05) in cartilage and ~30% (P < 0.05) in the diaphysis/
metaphysis of femur/tibia, which are tissues that express Col2α1 in the conditional mutants
at 2 wk of age (Fig. 1). This reduction in mRNA expression was confirmed in the whole
femur and tibia bones at 12 wk of age (P < 0.05, data not shown). In contrast, there was no
change in IGF-I expression in the liver and kidney tissues of the mice at 2 wk of age (P =
0.75). To determine if chondrocyte disruption of IGF-I in Col2α1-expressing cells leads to a
reduction in circulating IGF-I, we measured IGF-I in the serum at 12 wk of age.
Accordingly, there was no difference in serum concentrations of IGF-I (P = 0.78) between
conditional mutant mice and control mice (248 ± 8 vs. 252 ± 13 ng/ml, respectively).

To confirm the specificity of the Cre expression in chondrocytes, we isolated primarily
chondrocytes and osteoblasts from conditional mutant mice. To verify the primary cell
types, we evaluated expression of Col2α1 and determined its expression was 32-fold greater
in the primary chondrocytes than in the primary osteoblasts (P < 0.05). Consistent with these
data, Cre expression was observed in the primary chondrocytes but not observed in the
primary osteoblasts (Fig. 2), thus confirming the specificity of Cre expression in our model.
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Growth and skeletal parameters
Changes in growth and skeletal parameters are shown in Fig. 3 and Table 3. All pups born
were at the expected ratio of 50% conditional mutant and 50% control. In addition, body
weights were not significantly different between conditional mutant and control mice at 3–4
days of age (data not shown). Interestingly, there were no significant differences for any of
the growth and skeletal parameters at 2 wk of age (Fig. 3 and Table 3). However, at 8 wk of
age, body weights of the conditional mutants were reduced 10% (P < 0.01) compared with
their littermate controls, and this remained significant through 12 wk of age (P < 0.05, Fig.
3A). In addition, body lengths of the conditional mutant mice were reduced by 7% beginning
at 4 wk of age and remained significant through 12 wk of age (P ≤ 0.001, Fig. 3B). Total
body BMC was reduced 14, 13, and 11% at 4, 8, and 12 wk, respectively (P < 0.01), in the
conditional mutant mice, while total body aBMD was reduced 5% at all three time points (P
< 0.05). During prepubertal growth, a period of rapid bone accretion, there was a 27, 22, and
18% reduction in the rate of gain for body length, total body BMC, and total body aBMD,
respectively, (P < 0.05, Fig. 4) in the conditional mutants compared with controls. Spine
BMC was reduced 19 and 12% at 8 and 12 wk of age (P < 0.05, Table 3), respectively, in
the conditional mutant mice. Spine aBMD was reduced 11% (P < 0.05) and 8% (P = 0.06) at
8 and 12 wk of age, respectively (Table 3).

vBMD and geometric parameters
Since the conditional mutants were slightly smaller than the control mice, which can
influence BMD measurements by DXA analysis, we also measured vBMD by pQCT. Femur
length was reduced 3.5% in the conditional mutants (P = 0.01); however, no difference in
total vBMD at the middiaphysis was observed at 12 wk of age (Table 4). Interestingly, a 4
and 9% reduction in periosteal and endosteal circumference, respectively (P < 0.05, Table
4), was observed in the conditional mutant mice compared with their littermate controls.

The lengths of the fourth and fifth vertebrae in the conditional mutants was reduced 6%
compared with controls (Table 5). We observed a 14, 10, and 18% reduction in total,
trabecular, and cortical content, respectively (P ≤ 0.01), in the conditional mutants (data not
shown). Conditional mutant mice had a 4% reduction in cortical density compared with
controls (P = 0.05, Table 5). Total, trabecular, and cortical area were reduced 13, 12, and
14%, respectively (P < 0.01), in the conditional mutants compared with controls (data not
shown). Similar to the femurs, a 6.5% reduction (P < 0.001) in periosteal and endosteal
circumference was observed in the spines of the conditional mutants (Table 5).

For all growth and skeletal parameters, the expected sex differences were observed with
males being greater than females for several of the parameters measured, beginning at 4 or 8
wk of age. However, an interaction between the main effects (sex and treatment) was not
observed for any of the parameters, except spine length, which was due to a greater length in
the control males.

Histological analysis
Histomorphometric measurements were made between 3 and 4 wk of age by use of a calcein
double label. We did not observe a significant difference between conditional mutants and
controls for bone formation rate (data not shown). To determine if the reduced longitudinal
growth in the conditional mutants was due to reduced number or size of hypertrophic
chondrocytes, as previously observed in the total IGF-I knockout mice (49,50), we measured
the proliferation and hypertrophic region of the growth plate in the tibias at 4 wk of age.
Although we observed a 15% reduction in the size of the hypertrophic region, in the
conditional mutants compared with control mice, this difference was not statistically
significant.
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mRNA expression of cartilage growth factors and IGFBPs
To determine the molecular basis for the skeletal deficit in the conditional mutant mice, we
proposed in the current study, that IGF-I regulates longitudinal growth and bone width, in
part, via regulating the expression of one or more messenger molecules (PTHrP, Ihh, and
transcription factors) that are involved in chondrocyte proliferation and/or differentiation. To
test this hypothesis we determined the expression of PTHrP, PTH1R, Ihh, Sox9, Dlx3, and
Dlx5 in conditional mutant and control cartilage tissue at 2 wk of age. We chose 2 wk of age
because the rate of gain in various skeletal parameters were significantly reduced in the
conditional mutants between 2 and 4 wk of age, and we anticipated that the expression of
key regulatory genes, known to be actively involved in regulating bone development, to
proceed before skeletal changes. Interestingly expression of PTHrP, PTH1R, Dlx5, and
Sox9 were reduced 27, 36, 45, and 33%, respectively in the conditional mutants (P < 0.05,
Fig. 5); however, no change in Ihh and Dlx3 expression was observed (P = 0.44, Fig. 5).

The GH/IGF axis is regulated by several feedback loops. Therefore, to determine if
disruption of local IGF-I alters other local members of the axis, we determined expression of
GHR and IGF-IR. The expression of neither IGF-IR nor GHR was significantly altered in
the cartilage tissue of the conditional mutant mice (P = 0.20, Fig. 5).

Since the IGFBPs are key regulators of IGF-I action in bone as well as other tissues, we
hypothesized that IGF-I from Col2α1-expressing cells regulates IGFBP expression in
cartilage tissue. Accordingly, expression of IGFBP-5 was reduced 45% in the conditional
mutant mice (P < 0.01, Fig. 5). Although the expression of IGFBP-3 was reduced by 20%,
this reduction was not statistically significant (P = 0.20, Fig. 5).

DISCUSSION
In the current study, we have provided the first in vivo evidence that local chondrocyte-
produced IGF-I is an important regulator of longitudinal growth and bone width in mice.
Previous experiments have demonstrated the importance of IGF-I in regulating growth and
BMD using the total IGF-I KO mouse model (1,3,32,37,50). Interestingly, when liver-
derived IGF-I was disrupted, the skeletal phenotype was only slightly compromised despite
a 75–80% reduction in circulating IGF-I (52,53). However, when liver-derived IGF-I KO
mice were crossed with ALS KO mice, a significant reduction in bone density and width
was observed. These findings suggest that circulating IGF-I levels may need to be reduced
below a certain threshold to produce a change in the skeletal phenotype (53). However, the
liver-derived IGF-I KO/ALS KO crossed mice still did not account for the even greater
reduction in growth and BMD observed in the total IGF-I KO mouse, thus suggesting that
local IGF-I may be critical for growth and bone development in mice. As demonstrated in
the current study, IGF-I derived from Col2α1-expressing cells, which were previously
determined to be primarily chondrocytes (36), and this was confirmed in the present study
by demonstrating Cre expression in primary chondroblasts, but not osteoblasts, is required
for optimal longitudinal growth and bone width in mice. However, since bone contains other
cells besides chondrocytes, such as osteoblasts, osteoclasts, and bone marrow cells, the
relative contribution of each of these other cell types alone and in combination needs to be
evaluated to completely determine the relative contribution of local vs. systemic IGF-I in the
regulation of BMD. Studies are currently in progress to determine the role of osteoblast-
derived IGF-I in attaining peak BMD.

The Cre/loxP method is a well-established method that is often used to determine the role of
genes, and when this model is used to conditionally disrupt a gene of interest, the efficiency
of the Cre recombinase, as well as the disruption of the gene of interest, is critical. We
demonstrated that Cre recombinase expression was positively correlated with Col2α1
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expression and confirmed that expression of IGF-I was significantly reduced in cartilage
tissue, which expresses high levels of Col2α1, but did not alter circulating concentrations of
IGF-I. Therefore, our model specifically evaluates the role of local IGF-I on skeletal tissue.
Surprisingly, IGF-I expression was reduced in diaphysis/metaphysis of femur/tibia. We
speculate that this may be caused by the following: 1) albeit at lower levels compared with
cartilage, Col2α1 is expressed in these tissues; 2) the samples collected were whole tissue
and, therefore, may contain other cell types, including chondrocytes; and 3) the loss of IGF-I
in chondrocytes may alter the expression of IGF-I in other cell types, such as osteoblasts,
through paracrine signaling. Importantly, we confirmed that Cre was expressed in primary
chondrocytes, but not osteoblasts, in our conditional mutants and that IGF-I expression was
decreased in bone and cartilage, but not in liver and kidney, thus providing evidence for the
specificity of the promoter used for Cre expression to disrupt IGF-I in tissues that express
Col2α1.

In a previous study, we found that disruption of total IGF-I resulted in reduced bone
accretion during prepubertal, pubertal, and postpubertal growth in mice (25,32), thus
demonstrating that IGF-I is critical for bone accretion during all three periods of growth.
Accordingly, we found that disruption of IGF-I in chondrocytes led to a 27% reduction in
the rate of gain in body length between 2 and 4 wk of age. Furthermore, rate of gain in total
body BMC and BMD were reduced by 18 to 22%. Surprisingly, we did not observe an effect
of reduced IGF-I expression in chondrocytes during early states of development when
chondrocytes are more present. This may be due to the predominant role of IGF-II during
early postnatal development. Importantly, these data demonstrate that IGF-I from Col2α1-
expressing cells is an important determinant of bone accretion that occurs during postnatal
growth in mice.

Surprisingly, we observed a reduction in periosteal and endosteal circumference in the
conditional mutant mice. Although these parameters are thought to be primarily regulated by
osteoblasts and osteocytes, we hypothesize that the decreased bone width observed with
disruption of IGF-I in Col2α1 expressing cells may be due to 1) decreased proliferation and/
or differentiation of perichondrial cells caused by disruption of IGF-I produced by the cells.
Since Col2α1 is known to be expressed in the perichondrium during embryonic development
(14,44), Col2α1 promoter-driven Cre expression could lead to disruption of IGF-I gene and/
or 2) the reduction in local IGF-I from chondrocytes possibly affecting growth of cells in the
periochondrium in a paracrine manner. In addition, there is recent evidence that factors
produced by chondrocytes can regulate perichondrial cells (bone collar) and in turn
influence bone width (5). Further studies are needed to determine the specific mechanism(s)
by which local IGF-I regulates periosteal and endosteal circumference in growing mice.

The mechanism by which IGF-I regulates longitudinal bone growth was previously
demonstrated by Wang et al. (49,50), in which a lack of IGF-I reduced chondrocyte
hypertrophy but did not affect proliferation in the growth plate. Consistent with these
findings, Long et al. (28) demonstrated that chondrocyte proliferation was not altered in
IGF-IR null mice. However, more recent evidence suggests that lack of local and circulating
IGF-I reduces proliferation of chondrocytes (51). Consistent with these data, overexpression,
by retroviral vector, of IGFBP-2 in developing long bones of chicks reduced chondrocyte
proliferation by blocking IGF-I action (11). In addition, administration of IGF-I to
hypophysectomized rats increased both chondrocyte proliferation and differentiation (16).
That we did not find a significant difference by histomorphometric analysis may be due to
either the moderate reduction in bone length and width observed in the conditional mutants
or the variation associated with histomorphometric analysis, and/or the number of mice used
may be too small to detect a significant difference. Similarly, a significant reduction in the
growth plate size was not observed in the liver-derived IGF-I KO mouse in which the
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phenotypic changes were small (46). Therefore, further analysis is needed to determine
whether chondrocyte-derived IGF-I or another source of local IGF-I is responsible for the
reduction in chondrocyte hypertrophy observed in the total IGF-I knockout mouse.

Previous findings demonstrate that IGFBPs are important regulators of IGF actions (10,17).
In this regard, it is known that IGFBP-5 potentiated IGF-I actions on chondrocyte
differentiation (21). Furthermore, it has also been shown that IGF-I stimulates IGFBP-5
expression in chondrocytes (22). Our finding that expression of IGFBP-5 was reduced in the
cartilage derived from conditional mutant mice is consistent with these previous findings
and further demonstrates an important role for IGFBP-5 in regulating cartilage growth.

It is well established that long bones are formed by endochondral ossification in which
cartilage is replaced by bone. Based on the reduction in bone length and width in response to
disruption of IGF-I from Col2α1-expressing cells, we hypothesized that IGF-I regulates
longitudinal growth and bone width, in part, via regulating the expression of one or more
messenger molecules (PTHrP, Ihh, and transcription factors) that are involved in
chondrocyte proliferation and/or differentiation (39,48). The reduction in PTHrP and
PTH1R, but no change in Ihh, which is upstream of PTHrP, suggests that IGF-I regulates
chondrocyte proliferation and/or differentiation through factors downstream of Ihh. Our data
are consistent with previous findings that IGF-I affects PTHrP production and/or action
(4,41). The reduced expression of PTH1R is opposite from previous reports in osteoblast
cells that demonstrate that IGF-I suppresses PTH1R (19,20), thus suggesting that IGF-I may
differentially regulate PTH1R in chondroblasts vs. osteoblasts. In addition, our data suggest
that Sox9 may mediate IGF-I action in cartilage development; however, this may be an
indirect effect of IGF-I through the PTHrP pathway since Sox9 is downstream of PTHrP
(15). The reduced expression of Dlx5, an important regulator of chondrocyte differentiation
(2), suggests a potentially important role for Dlx5 in mediating IGF-I actions in cartilage
development. Dlx3, which is upregulated in prehypertrophic chondrocytes, is reduced in
hypertrophic chondrocytes and has similar expression patterns to Ihh (12). However, it does
not appear to play a critical role in IGF-I regulation of chondrocyte proliferation and
differentiation. It should be noted that these were whole tissue samples and may also contain
bone, perichondrium, and periosteum cells in addition to cartilage cells. Therefore, the
differences observed between control and conditional mutant expression of these genes may
be due to expression in one or more of these cell types. Overall, our data suggest that these
messenger molecules may play a role in mediating local IGF-I action in bone; however,
further analysis is needed to determine their specific roles in mediating IGF-I in
chondrocytes.

In conclusion, using the Cre/loxP method, we demonstrated that local IGF-I from Col2α1-
expressing cells is important for long bone formation, as well as bone width. In addition, we
have provided preliminary evidence that IGF-I from Col2α1-expressing cells appears to be
involved in the regulation of chondrocyte development, longitudinal growth, and bone width
by interacting with or regulating the expression of PTHrP, PTH1R, Sox9, Dlx5, and
IGFBP-5. Further studies are in progress to determine how IGF-I interacts with these factors
to regulate cartilage growth, as well as to elucidate the relative contributions of
chondroblast- vs. osteoblast-derived IGF-I in regulating peak BMD and bone width.
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Fig. 1.
Reduced insulin-like growth factor (IGF)-I expression in the bones of conditional mutant
mice at 2 wk of age. Gene expression was determined by real-time RT-PCR and expressed
as a percent of controls. A 50% change is equal to a 2-fold change in expression. Data are
presented as means ± SE. *Significant difference from controls at P < 0.05. Conditional
mutant mice (n = 7) and control mice (n = 8). Dia/Met, diaphysis/metaphysis of femur/tibia.
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Fig. 2.
Cre expression is specific to chondrocyte cells. Image presented is the PCR product of Cre
and GAPDH for primary chondrocytes (C) and osteoblasts (O). We amplified 30 and 15 ng
of RNA for 40 cycles for Cre and GAPDH, respectively. Cre expression was not detectable
in primary osteoblast cells by PCR analysis or real-time RT-PCR.
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Fig. 3.
Body weight and length are reduced in conditional mutant mice. Body weights (A) and
lengths (B) were determined between 2 and 12 wk of age. Diamond with solid line,
conditional mutant females; diamond with dashed line, conditional mutant males; circle with
solid line, control females; circle with dashed line, control males. *Significant difference
between conditional mutant and control mice at P < 0.05.
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Fig. 4.
Reduced rate of gain in body length, total body bone mineral density (BMD), and total body
bone mineral content (BMC) in conditional mutant mice during prepubertal growth. Growth
and bone parameters were determined by dual X-ray absorptiometry analysis and rate of
gain was calculated between 2 and 4 wk of age. Data are expressed as conditional mutants as
a percent of controls and presented as means ± SE. *Significant difference from controls at
P < 0.05. At 2 wk of age [conditional mutant female mice (n = 6), conditional mutant male
mice (n = 4), control female mice (n = 4), control male mice (n = 4)]. At 4 wk of age, n = 8
mice/sex/treatment group.
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Fig. 5.
Reduced PTHrP, PTH1R, Sox9, Dlx5, and IGFBP-5 expression in the cartilage of
conditional mutant mice at 2 wk of age. Gene expression was determined by real-time RT-
PCR and expressed as a percent of control. A 50% change is equal to a 2-fold change in
expression. Data are presented as means ± SE. *Significant difference from controls at P <
0.05. Conditional mutant mice (n = 7) and control mice (n = 8). Ihh, Indian hedgehog;
PTHrP, parathyroid hormone-related protein; PTH1R, PTHrP/PTH receptor; Sox, SRY-box
containing gene; Dlx, distal-less homeobox; GHR, growth hormone receptor; IGF-IR, IGF-I
receptor; BP, IGF binding protein.
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Table 1

Primer sequences used for real-time RT-PCR

Gene Forward (5′ to 3′) Reverse (5′ to 3′)

IGF-I GCTCTTCAGTTCGTGTGTGGAC CATCTCCAGTCTCCTCAGATC

Cre recombinase GTGTAGAGAAGGCACTTAGC CTGACCAGAGTCATCCTTAG

Col2α1 TGGCTTCCACTTCAGCTATG AGGTAGGCGATGCTGTTCTT

GHR TCTTAACCTTGGCACTGGCA GGGCATTCTTTCCATTCCTG

IGF-IR TGCCTTGGTCTCCTTGTCCT TATGTCCCCTTTGCTCTGGC

PTHrP TCCACACAGCCGAAATCAGA TGCCTTTCTTCTTCTTCCCG

Indian hedgehog CCCCAACTACAATCCCGACATC CGCCAGCAGTCCATACTTATTTCG

PTH1R ACTCCTTCCAGGGATTTTTTGTT GAAGTCCAATGCCAGTGTCCA

Dlx3 CACCTACCACCACCAGTTCAA GCTCCTCTTTCACCGACACTG

Dlx5 AGAAGAGTCCCAAGCATCCGA GCCATAAGAAGCAGAGGTAGG

Sox9 CCGCATCTGCACAACGC TCCTCCACGAAGGGTCTCTTC

IGFBP-3 CCAGAACTTCTCCTCCGAGTCTAAG CTCAGCACATTGAGGAACTTCAGAT

IGFBP-5 ATACAACCCAGAACGCCAGCT ACCTGGGCTATGCACTTGATG

PPIA TCCTGGACCCAAAACGCTCC CCATGGCAAATGCTGGACCA

Dlx, distal-less homeobox; GHR, growth hormone receptor; IGF-I, insulin-like growth factor-I; IGF-IR, IGF-I receptor; Col2α1, procollagen,
typeIIα1; PTHrP, parathyroid hormone related peptide; IGFBP, insulin-like growth factor binding protein; PPIA, peptidylprolyl isomerase A;
endogenous control; Sox, SRY-box containing gene.
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Table 2

Cre is highly expressed in tissues that express high levels of Col2α1

Tissue Cre Col2α1

Cartilage 1.0±0.16 1.0±0.06

Diaphysis/metaphysis of femur/tibia 0.10±0.03* 0.16±0.035*

Calvarium 0.03±0.01* 0.0032±0.0006*

Liver 0.04±0.01* 0.395 × 10−7±0.63 × 10−7*

Data are expressed as relative expression compared with cartilage for Cre or Col2α1 based on the 2−ΔΔCt method (27) and presented as means ±
SE.

*
Significant difference from cartilage at P < 0.05. Based on the ΔCt values, expression of Cre was positively correlated with Col2α1 expression (R

= 0.5905; P < 0.001).
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