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Connective tissue growth factor (CTGF), a member of the cysteine-rich 61 (Cyr 61), CTGF, nephro-
blastoma overexpressed (NOV) (CCN) family of proteins, is synthesized by osteoblasts, and its
overexpression inhibits osteoblastogenesis and causes osteopenia. The global inactivation of Ctgf
leads to defective endochondral bone formation and perinatal lethality; therefore, the conse-
quences of Ctgf inactivation on the postnatal skeleton are not known. To study the function of
CTGF, we generated Ctgf�/LacZ heterozygous null mice and tissue-specific null Ctgf mice by mating
Ctgf conditional mice, where Ctgf is flanked by lox sequences with mice expressing the Cre re-
combinase under the control of the paired-related homeobox gene 1 (Prx1) enhancer (Prx1-Cre) or
the osteocalcin promoter (Oc-Cre). Ctgf�/LacZ heterozygous mice exhibited transient osteopenia at
1 month of age secondary to decreased trabecular number. A similar osteopenic phenotype was
observed in 1-month-old Ctgf conditional null male mice generated with Prx1-Cre, suggesting that
the decreased trabecular number was secondary to impaired endochondral bone formation. In
contrast, when the conditional deletion of Ctgf was achieved by Oc-Cre, an osteopenic phenotype
was observed only in 6-month-old male mice. Osteoblast and osteoclast number, bone formation,
and eroded surface were not affected in Ctgf heterozygous or conditional null mice. In conclusion,
CTGF is necessary for normal skeletal development but to a lesser extent for postnatal skeletal
homeostasis. (Endocrinology 151: 3490–3501, 2010)

Cysteine-rich 61 (Cyr 61), connective tissue growth fac-
tor (CTGF), nephroblastoma overexpressed (NOV)

(CCN) and Wnt-inducible secreted proteins (WISP) 1, 2,
and 3 are a family of cysteine-rich secreted proteins (1, 2).
CCN proteins are structurally related and share four dis-
tinct modules: 1) an IGF-binding domain, 2) a von Wil-
lebrand type C domain, 3) a thrombospondin-1 domain,
and 4) a C-terminal domain, the latter absent in WISP-2
and important for protein interactions (1, 2). CCN pro-
teins bear a structural relationship with certain bone mor-
phogenetic protein (BMP) antagonists, such as twisted

gastrulation and chordin, and can have important inter-
actions with regulators of osteoblast cell growth and dif-
ferentiation (3).

CTGF is expressed in bone and cartilage; and in osteo-
blasts, CTGF expression is induced by BMP, TGF-�, and
Wnt (4, 5). In addition, CTGF has important interactions
with these signaling molecules. CTGF binds to BMP and
Wnt coreceptors and can decrease BMP and Wnt signaling
(6, 7). CTGF enhances TGF-� activity and mediates effects
of TGF-� on mesenchymal cell condensation (6, 8). In
addition to its interactions with members of the TGF-�
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superfamily and Wnt, CTGF inhibits Notch signaling in
osteoblastic cells, and Notch receptors play a critical role
in cell fate decisions (9–11).

CTGF regulates different cellular events, including ad-
hesion, proliferation, migration, and differentiation. Tar-
geted disruption of Ctgf in mice leads to perinatal lethality
and severe skeletal developmental abnormalities as a re-
sult of impaired cartilage/bone development and defective
growth plate angiogenesis (12). The function of CTGF in
cells of the osteoblastic lineage is not well understood, and
the study of the effects of CTGF in these cells has yielded
controversial results (6, 11, 13, 14). Down-regulation of
CTGF using RNA interference revealed that CTGF may be
required for osteoblastogenesis, but overexpression of
CTGF or addition of CTGF protein to cells of the osteo-
blastic lineage were reported to both favor and oppose
osteoblastogenesis (4, 6, 11, 13, 14). These observations
suggest that different in vitro experimental conditions can
lead to different interactions between CTGF and osteo-
genic signals and, as a consequence, to different biological
events. Recently, we examined the effect of CTGF overex-
pression on skeletal cells in vivo. Transgenic mice overex-
pressingCTGFunderthecontrolof theosteocalcinpromoter
exhibiteddecreasedboneformationcausingosteopenia (15).
Osteoblastic cells from CTGF transgenics exhibited de-
creased osteoblastogenesis and impaired BMP/Smad, Wnt,
and IGF-I signaling. These observations demonstrate that
CTGF in excess has the potential to act as a BMP, Wnt, and
IGF-I antagonist. However, the consequences of Ctgf inac-
tivation on adult skeletal homeostasis have not been defined,
because the skeletal developmental phenotype of Ctgf-null
mice leads to perinatal death (12).

The intent of the present study was to define the func-
tion of CTGF in skeletal tissue in vivo. For this purpose, we
created Ctgf global and conditional null mice. In the con-
ditional null model, Ctgf was inactivated by Cre recombina-
tion directed by either the paired-related homeobox 1 (Prx1)
enhancer expressed in limb buds at d 10.5 of embryonic life
(E10.5) or the osteocalcin promoter expressed at E18.5 in
osteoblasts. This approach would allow the inactivation of
Ctgf in the pre- and perinatal skeleton. The skeletal pheno-
typeofCtgfglobalandconditionalnullmicewasdetermined
by histomorphometric and structural analyses.

Materials and Methods

Generation of Ctgf-null mice
To generate a conditional null allele of Ctgf, we applied a

conditional-by-inversion (COIN) approach using Velocigene
(16). Briefly, a bacterial artificial chromosome (BAC) containing
mouse genomic DNA encompassing Ctgf was selected from a
BAC library of 129/SvJ mouse genomic DNA (id 460d11) con-

taining approximately 170 kb of mouse genomic DNA. The
COIN intron was introduced into exon 2 of Ctgf to generate the
BAC-based targeting vector for the Ctgf e2COIN allele (Fig. 1). In
this process, exon 2 (223 bp) of Ctgf is split into two exons so that
the 5� end of exon 2 to the COIN intron is 120 bp, and the 3� end
of exon 2 to the COIN intron is 103 bp (Fig. 1). This modifica-
tion does not disrupt expression of Ctgf as evidenced by the fact
that Ctgf e2COIN/e2COIN mice express Ctgf mRNA. The COIN
intron is a modified intron derived from intron 2 of the rabbit
�-globin gene. The COIN element contains a lox66_SA-egfp)-
polyA_lox71 sequence placed in the antisense strand, where SA
is the 5� spliced region from rabbit �-globin intron 2 and polyA
is from the 3� untranslated region of the rabbit �-globin gene.
The SA-EGFP-polyA cassette was optimized to block transcrip-
tion when brought into the sense strand after Cre recombination.
The COIN element also contained the selection cassette hy-
gromycin phosphotransferase-� thymidine kinase mini gene
(Hyg�TK), which was used for the initial selection of embryonic
stem (ES) cells and was flanked by flippase (FLP) recognition
targets for its removal (17, 18). Conversion of a COIN allele
from silent to a null allele is brought about by the Cre recombi-
nase that recognizes left/right mutant lox sites lox71 and lox66
(19, 20). Because lox66 is in the reverse complement orientation
with respect to lox71, upon exposure to the enzyme, the lox66
site recombines with the lox71 site, inverting the COIN sequence
flanked by these sites (21). Within the COIN element, the lox66
and lox71 sites were engineered in a configuration enabling the
permanent inversion of the loxP flanked sequences by Cre re-
combinase (22, 23). After inversion, the transcriptional machin-
ery does not access exons 2–5 of Ctgf, resulting in a message
comprised of exons 1, a fraction of exon 2, and eGFP, containing
minimal Ctgf coding sequences. This should result in the inac-
tivation of Ctgf because CTGF is not active in conventional Ctgf-
null mice containing an intact exon 2 (24).

Using restriction mapping, it was determined that the mod-
ified BAC had homology arms of approximately 120 and 40 kb
flanking the COIN intron, and it was used as a vector to target
Ctgf in a C57BL/6-129SvJ hybrid ES line, F1H4 286A-B8, that
already harbors a null allele of Ctgf (24). ES cell clones were
genotyped using a loss-of-allele assay, and 12 of 192 clones
screened were targeted, indicating a targeting frequency of
6.25%. Targeted ES cell lines were used to generate chimeric
male mice at the transgenic facility of the University of Connect-
icut Health Center (Farmington, CT). Chimeras that were com-
plete transmitters of ES-derived sperm were bred to 129/SvJ mice
expressing the FLP recombinase under the control of the
Gt(ROSA)26Sor promoter (The Jackson Laboratory, Bar Har-
bor, ME) for the removal of the Hyg�TK selection cassette (17,
18). The excision of the selection cassette was confirmed by PCR,
and the resulting FLP recombinase transgene was segregated by
mating the mice with C57BL/6 wild-type mice. Heterozygous
mice were intermated to create homozygous Ctgf e2COIN/e2COIN

mice in a 129SvJ/C57BL/6 genetic background.
To study the consequences of the Ctgf inactivation during

early limb development, Ctgf e2COIN/e2COIN mice were bred to
homozygous Prx1-Cre mice in a C57BL/6 genetic background
(The Jackson Laboratory) to create heterozygous Prx1-Cre/�;
Ctgf e2COIN/� mice (25). These were mated with Ctgf e2COIN/e2COIN

mice to create Prx1-Cre/�;Ctgf e2COIN/e2COIN to be mated with
Ctgf e2COIN/e2COIN to generate an experimental cohort, in which
the COIN element is inverted by Cre (Ctgf INV/INV) and a control
group without Cre-mediated inversion (Ctgf e2COIN/e2COIN) and
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studied at 1 month of age. Ctgf e2COIN/e2COIN mice also were
compared with wild-type littermate controls to ensure that be-
fore recombination they did not exhibit a skeletal phenotype. To
study the inactivation of Ctgf in mature osteoblasts, transgenic
mice expressing the Cre recombinase under the control of a
3.9-kb human osteocalcin promoter (Oc-Cre), created in a
Friend virus B type (FVB) genetic background, were obtained
from T. Clemens (Baltimore, MD) (26). Ctgf e2COIN/e2COIN mice
were studied in a Ctgf heterozygous null background. For
this purpose, Oc-Cre mice were mated to Ctgf heterozygous
(Ctgf �/LacZ) null mice, backcrossed eight times into a C57BL/6
background after the excision of a neomycin selection cassette
by breeding with mice expressing the Cre recombinase under
the control of the cytomegalovirus (CMV) promoter (24). Oc-
Cre and Ctgf heterozygous mice were intermated for the cre-

ation of Oc-Cre/Oc-Cre homozygous mice
in a heterozygous Ctgf �/LacZ null back-
ground. These were mated with homozy-
gous Ctgf e2COIN/e2COIN mice, generating
an experimental cohort, where Cre inverts
the COIN element from the Ctgf e2COIN al-
lele and where a Ctgf-null allele is retained
(Ctgf INV/LacZ), and a control littermate co-
hort is carrying a Cre-inverted Ctgf e2COIN

allele and a wild-type allele (Ctgf INV/�). To
ensure that the latter were appropriate con-
trols, the skeletal phenotype of Ctgf �/LacZ

mice was compared with that of wild-type
littermate C57BL/6 mice. Conditional null
mice were compared with littermate con-
trols of identical genetic composition at 1, 4,
and 6 months of age.

Genotyping of Oc-Cre, Prx1-Cre,
Ctgf e2COIN, and Ctgf LacZ alleles was car-
ried out by PCR in tail DNA extracts (Sup-
plemental Table 1 published on The Endo-
crine Society’s Journals Online web site at
http://endo.endojournals.org). Deletion of
the neo cassette in Ctgf LacZ mice by Cre
recombination and deletion of the Hyg�TK
cassette in Ctgf e2COIN/e2COIN mice by FLP
recombination was determined by PCR in
tail DNA and inversion of lox71-lox66
flanked sequences in Ctgf e2COIN/e2COIN

mice by Cre recombination was docu-
mented by PCR in DNA extracted from cal-
variae (Fig. 1). The Ctgf-null state was con-
firmed by documenting suppressed Ctgf
mRNA in calvarial extracts by real-time
RT-PCR (27, 28). All animal experiments
were approved by the Animal Care and Use
Committee of Saint Francis Hospital and
Medical Center.

X-ray analysis, bone mineral
density (BMD), and femoral length

X-rays were performed on eviscerated
mice at an intensity of 30 kW for 20 sec on
a Faxitron x-ray system (model MX 20;
Faxitron X-Ray Corp., Wheeling, IL). Total
BMD (grams per square centimeter) was
measured on anesthetized mice using the

PIXImus small-animal dual-energy x-ray absorptiometry system
(GE Medical System/LUNAR, Madison, WI) (29). Femoral im-
ages were used to determine femoral length in millimeters. Cal-
ibrations were performed with a phantom of defined value, and
quality assurance measurements were performed before each
use. The coefficient of variation for total BMD is less than 1%
(n � 9).

Bone histomorphometric analysis
Static and dynamic histomorphometry was carried out on

experimental and control mice after they were injected with cal-
cein (20 mg/kg) and demeclocycline (50 mg/kg) at an interval of
2 d for 1-month-old animals and 7 d for 4- and 6-month-old
animals. Mice were killed by CO2 inhalation 2 d after the de-

FIG. 1. Engineering of the Ctgf e2COIN allele and strategy for the conditional inactivation of
Ctgf. The upper panel reveals the exon and intron structure of Ctgf (adapted from
Ensembl.org). Dark gray boxes indicate coding sequences, whereas white boxes indicate
untranslated regions (UTR). The introns are shown as dotted lines. In the Ctgf e2COIN allele,
exon 2 (223 bp) is split by inserting a COIN intron into two new exons of 120 and 103 bp
upstream and downstream of the COIN intron, respectively. The COIN intron contains a COIN
element that is comprised of lox66_SA-Egpf-polyA_lox71, placed in the antisense orientation
with respect to the transcription of the Ctgf. A single FLP recognition target (FRT) site
indicates the placement of the Hyg�TK drug selection cassette, which was removed by the
action of FLP. A normal CTGF mRNA is expressed by the Ctgf e2COIN allele. The middle panel
shows that exposure to Cre recombinase results in the virtually irreversible inversion of the
COIN element and conversion of the lox66-lox71 pair to lox71-loxP. A new message is
expressed, comprised of exons 1, the new exon 2, and COIN element exon, which encodes
for a transmembrane domain-eGFP fusion protein (TMeGFP). In the lower panel, a
representative PCR analysis, using primers 1, 2, and 3 (P1, P2, and P3) depicted in the upper
and middle panels and described in Supplemental Table 1, is shown. Calvarial DNA from Ctgf
conditional null and control mice before and after recombination by Cre expressed under the
control of the Prx1 enhancer (left panel) or of the osteocalcin promoter (right panel) is shown.
A 710-bp band is detected in the Ctgf INV allele, and a 650-bp band is detected in the
noninverted allele.
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meclocycline injection. Longitudinal sections of femurs, 5 �m
thick, were cut on a microtome (Microm; Richards-Allan Sci-
entific, Kalamazoo, MI) and stained with 0.1% toluidine blue or
von Kossa. Static parameters of bone formation and resorption
were measured in a defined area between 360 and 2160 �m from
the growth plate, using an OsteoMeasure morphometry system
(Osteometrics, Atlanta, GA) (30). For dynamic histomorphom-
etry, mineralizing surface per bone surface and mineral apposi-
tion rate were measured on unstained sections under UV light,
using a triple diamidino-2-phenylindole fluorescein set long-pass
filter, and bone formation rate was calculated. The terminology
and units used are those recommended by the Histomorphom-
etry Nomenclature Committee of the American Society for Bone
and Mineral Research (31).

Microcomputed tomography (�CT)
Bone microarchitecture of femurs from experimental and

control mice was analyzed by �CT (MicroCT40; Scanco Med-
ical AG, Bassersdorf, Switzerland) (32). The metaphyseal region
of the distal femur was scanned for microarchitecture, and cor-
tical thickness was obtained at the midshaft. The femurs were
scanned at a resolution of 12 �m, energy level of 45 keV, and
intensity of 177 �A. The distal trabecular scan started about 0.6
mm proximal to the growth plate and extended proximally 1.5
mm. One hundred fifty cross-sectional slices were obtained at
12-�m intervals at the distal end beginning at the edge of the
growth plate and extending in a proximal direction, and 100
contiguous slices were selected for analysis. Trabecular regions
were assessed for bone volume fraction (bone volume/total vol-
ume), trabecular thickness, trabecular number, trabecular sep-
aration, connectivity density, and structure model index. The
midshaft cortical thickness values were obtained by averaging 18
slices at the midpoint of the femur.

Serum C-terminal cross-linked telopeptide of type I
collagen (CTX)

The serum bone remodeling marker CTX was measured by
ELISA using RatLaps ELISA kits (Nordic Bioscience Diag-
nostics, Herlev, Denmark), according to manufacturer’s
instructions.

Primary osteoblast cell cultures and adenoviral
infection

Osteoblastic cells were isolated from parietal bones of 3- to 5-d-
old Ctgf e2COIN/e2COIN mice. Cells were obtained by five sequential
digestions of the parietal bones using bacterial collagenase (CLS II;
Worthington Biochemical, Freehold, NJ) (33). Cell populations
harvested from the third to the fifth digestions were cultured as a
pool and were previously shown to have osteoblast characteristics.
Osteoblastic cells were cultured in DMEM (Life Technologies, Inc.,
GrandIsland,NY)supplementedwithnonessentialaminoacids,20
mM HEPES, 100 �g/ml ascorbic acid, and 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA) at 37 C in a humid-
ified 5% CO2 incubator. Subconfluent Ctgf e2COIN/e2COIN cells
were trypsinized and plated at a density of 25,000 cells/cm2 and
cultured to subconfluence (�35,000 cells/cm2). Cells were trans-
ferred to DMEM containing 2% FBS and transduced with 100
multiplicity of infection of replication-defective recombinant ade-
novirus. An adenoviral vector expressing Cre recombinase under
the control of the CMV promoter (Ad-CMV-Cre; Vector Biolabs,

Philadelphia, PA) was used to induce recombination of lox se-
quences in vitro, and an adenoviral vector expressing green fluo-
rescent protein (GFP) under the control of the CMV promoter (Ad-
CMV-GFP)wasusedasacontrol (34).After24h,cellswerewashed
with versene (Invitrogen, Carlsbad, CA), trypsinized, plated, and
cultured in DMEM containing 10% FBS. Ctgf and alkaline phos-
phatase mRNA were measured by real-time RT-PCR. Alkaline
phosphatase activity was determined in 0.5% Triton X-100 cell
extracts by the hydrolysis of p-nitrophenol phosphate to p-nitro-
phenol and measured by spectroscopy at 405 nm after 10 min of
incubation at room temperature according to manufacturer’s in-
structions (Sigma-Aldrich, St. Louis, MO). Data are expressed as
nanomoles of p-nitrophenol released per minute per microgram of
protein.Totalproteincontentwasdetermined incell extractsby the
DC protein assay, in accordance with manufacturer’s instructions
(Bio-Rad, Hercules, CA).

Real-time RT-PCR
Total RNA was extracted from calvariae or from osteoblast

cultures and mRNA levels determined by real-time RT-PCR (27,

FIG. 2. Weight, femoral length, BMD, and Ctgf mRNA expression in
male (upper panels) and female (lower panels) Ctgf �/LacZ heterozygous
null mice (F) and wild-type littermate controls (E). The weight in
grams (A), femoral length in millimeters (B), total BMD in grams per
square centimeter (C), and Ctgf mRNA levels in total calvarial extracts
(D), expressed as Ctgf copy number corrected for Rpl38 and
normalized to 100 at 1, 4, and 6 months of age, are shown. Values are
means � SEM (n � 5–17) except for mRNA levels, which are expressed
as percentage of control for each independent age (n � 3–4).
* Significantly different from control mice, P � 0.05.
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TABLE 1. Femoral histomorphometry of 1-, 4-, and 6-month-old male and female Ctgf �/LacZ heterozygous mice
and wild-type controls

1 month 4 months 6 months

Wild type Ctgf �/LacZ Wild type Ctgf �/LacZ Wild type Ctgf �/LacZ

Males
Bone volume/tissue

volume (%)
7.7 � 0.7 5.2 � 0.6a 9.2 � 0.7 7.7 � 0.8 7.1 � 1.1 6.7 � 1.1

Trabecular separation (�m) 292 � 25 482 � 70a 252 � 19 266 � 13 409 � 51 372 � 33
Trabecular number (mm�1) 3.4 � 0.2 2.5 � 0.2a 3.7 � 0.2 3.5 � 0.2 2.5 � 0.3 2.6 � 0.2
Trabecular thickness (�m) 22.2 � 1.0 20.8 � 0.6 24.7 � 0.6 23.2 � 0.6 27.4 � 1.7 25.4 � 2.6
Osteoblast surface/bone

surface (%)
24.5 � 1.1 25.9 � 1.5 16.4 � 1.5 18.4 � 1.4 15.5 � 1.2 14.2 � 0.6

Number of osteoblasts/
bone perimeter (mm�1)

27 � 1 30 � 2 13.3 � 1.4 15.0 � 1.1 11.9 � 1 11.1 � 1

Number of osteoblasts/
tissue area (mm�2)

142 � 9 112 � 11a 77 � 7 82 � 5 47 � 8 45 � 4

Osteoclast surface/bone
surface (%)

16.1 � 0.6 17.0 � 0.6 4.4 � 0.4 4.8 � 0.5 5.2 � 0.4 5.6 � 0.5

Number of osteoclasts/
bone perimeter (mm�1)

7.3 � 0.3 8.2 � 0.2 2.1 � 0.2 2.3 � 0.2 2.2 � 0.1 2.5 � 0.2

Number of osteoclasts/
tissue area (mm�2)

43 � 3 32 � 3a 12 � 1 13 � 2 9 � 1 10 � 1

Eroded surface/bone
surface (%)

28 � 1 29 � 1 10 � 1 11 � 1 10 � 1 11 � 1

Mineral apposition rate
(�m/d)

2.20 � 0.11 2.38 � 0.09 0.77 � 0.04 0.85 � 0.04 0.64 � 0.03 0.70 � 0.04

Mineralizing surface/bone
surface (%)

1.86 � 0.35 2.56 � 0.28 3.69 � 0.55 3.73 � 0.49 3.43 � 0.63 3.15 � 0.91

Bone formation rate
(�m3/�m2/d)

0.043 � 0.009 0.061 � 0.007 0.029 � 0.005 0.032 � 0.005 0.023 � 0.004 0.023 � 0.007

Females
Bone volume/tissue

volume (%)
7.1 � 0.6 4.0 � 0.8a 3.1 � 3.3 3.3 � 0.3 3.0 � 0.4 3.2 � 0.4

Trabecular separation (�m) 273 � 31 468 � 69a 695 � 62 631 � 54 752 � 97 704 � 81
Trabecular number (mm�1) 3.6 � 0.3 2.3 � 0.4a 1.5 � 0.2 1.6 � 0.1 1.4 � 0.2 1.4 � 0.1
Trabecular thickness (�m) 19.9 � 0.8 17.2 � 1.2 19.8 � 0.4 20.1 � 0.9 21.5 � 0.7 21.7 � 1.1
Osteoblast surface/bone

surface (%)
27.7 � 1.7 27.3 � 2.1 23.3 � 2.1 17.8 � 2.2 26.6 � 3.2 21.0 � 1.6

Number of osteoblasts/
bone perimeter (mm�1)

31 � 1 32 � 3 20 � 2 14 � 2 19.7 � 2.5 16.0 � 1.1

Number of osteoblasts/
tissue area (mm�2)

171 � 14 110 � 10a 47 � 5 34 � 3a 41 � 5 36 � 5

Osteoclast surface/bone
surface (%)

16.0 � 0.9 15.6 � 0.7 8.4 � 0.6 9.7 � 0.5 6.8 � 0.7 7.4 � 1.4

Number of osteoclasts/
bone perimeter (mm�1)

8.0 � 0.4 7.9 � 0.4 4.3 � 0.3 4.9 � 0.3 2.8 � 0.3 3.2 � 0.7

Number of osteoclasts/
tissue area (mm�2)

44 � 3 28 � 5a 10 � 1 12 � 1 6 � 1 7 � 1

Eroded surface/bone
surface (%)

29 � 2 29 � 1 18 � 1 22 � 0 13 � 1 15 � 3

Mineral apposition rate
(�m/d)

2.12 � 0.14 2.13 � 0.36 1.01 � 0.11 1.14 � 0.07 1.11 � 0.04 1.14 � 0.07

Mineralizing surface/bone
surface (%)

3.9 � 0.6 3.8 � 0.5 1.84 � 0.40 1.57 � 0.29 6.68 � 1.61 10.55 � 1.03

Bone formation rate
(�m3/�m2/d)

0.084 � 0.014 0.080 � 0.009 0.019 � 0.004 0.018 � 0.003 0.076 � 0.020 0.118 � 0.009

Bone histomorphometry was performed on femurs from 1-, 4-, and 6-month-old male and female Ctgf�/LacZ heterozygous mice and wild-type
littermate controls. Values are means � SEM (n � 5–13).
a Significantly different from controls, P � 0.05 by unpaired t test.
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28). For this purpose, RNA was reverse transcribed using Super-
Script III Platinum Two-Step qRT-PCR kit (Invitrogen), according
to manufacturer’s instructions. Product amplification was con-
ducted in the presence of 5�-CACTCCGGGAAATGCTGCA-
AGGAG[FAM]G-3� and 5�-GTTGGGTCTGGGCCAAATGT-3�
primers for CTGF (GenBank accession number NM_010217),
which binds at base 772 and 840 of the CTGF reverse-transcri-
bed DNA; 5�-CGGTTAGGGCGTCTCCACAGTAAC[FAM]G-
3� and 5�-CTTGGAGAGGGCCACAAAGG-3� primers for al-
kaline phosphatase (GenBank accession no. NM_007431),
which binds at base 439 and 514 of the alkaline phosphatase
reverse-transcribed DNA; and 5�-CGAACCGGATAATGT-
GAAGTTCAAGGTT[FAM]G-3� and 5�-CTGCTTCAGCT-
TCTCTGCCTTT-3� primers for ribosomal protein L38 (RPL38)
(GenBank accession no. NM_001048057), which binds at base
223 and 268 of the RPL38 reverse-transcribed DNA. Primers were
mixed with Platinum Quantitative PCR SuperMix-UDG (Invitro-
gen) and amplification conducted at 60 C for 45 cycles (35). Tran-

script copy number was estimated by comparison with a standard
curve constructed using CTGF (R. P. Rysek, Princeton, NJ), alka-
line phosphatase, or RPL38 (both from American Type Culture
Collection, Manassas, VA) cDNA (36). Reactions were conducted
in a 96-well spectrofluorometric thermal iCycler (Bio-Rad), and
fluorescence was monitored during every PCR cycle at the anneal-
ing step. Data are expressed as copy number corrected for Rpl38.

Statistical analysis
Data are expressed as means � SEM. Statistical differences

were determined by unpaired Student’s t test or ANOVA.

Results

Ctgf heterozygous null mice
To study Ctgf heterozygous null mice, Ctgf �/LacZ mice

were mated with wild-type mice to obtain Ctgf �/LacZ mice
and wild-type littermate controls. Ctgf mRNA levels were
20–80% lower in calvariae from 1-, 4-, and 6-month-old
Ctgf �/LacZ than in calvarial extracts from wild-type con-
trols (Fig. 2). Ctgf �/LacZ heterozygous null mice appeared
normal and not different from their wild-type littermates.
Contact radiographyat1,4,and6monthsofage revealedno
apparent skeletal abnormalities in Ctgf �/LacZ mice (not
shown).Ctgf �/LacZheterozygousnullmicehadnormalbody
weight, femoral length,andBMDat1,4,and6monthsofage
(Fig. 2). Static and dynamic histomorphometric analysis re-
vealed a 30–45% decrease in bone volume/tissue volume at
1 month of age in male and female Ctgf �/LacZ mice (Table 1
and Fig. 3). In accordance with the endochondral skeletal
developmental phenotype of homozygous Ctgf-null mice,
theosteopeniaappeared tobesecondary toadecreasednum-

FIG. 3. Representative histological sections and calcein/demeclocycline
labeling of bone femoral sections from 1-month-old Ctgf �/LacZ

heterozygous mice (A), 1-month-old Prx1-Cre/�;Ctgf INV/INV conditional
null mice and littermate Ctgf e2COIN/e2COIN controls (B), and 6-month-
old Oc-Cre/�;Ctgf INV/LacZ conditional null mice and Oc-Cre/�;Ctgf INV/

� littermate controls (C). Sections from male mice were stained with
von Kossa without counterstain (final magnification, 	40) or unstained
and examined under fluorescence microscopy (final magnification,
	400). WT, Wild type.

FIG. 4. Weight, femoral length, BMD, and Ctgf expression in male
and female Prx1-Cre/�;Ctgf INV/INV conditional null mice (black bars)
and littermate Ctgf e2COIN/e2COIN controls (white bars). The weight in
grams (A), femoral length in millimeters (B), total BMD in grams per
square centimeter (C), and Ctgf mRNA levels in total calvarial extracts
(D), expressed as Ctgf copy number corrected for Rpl38 and
normalized to 100, are shown. Values are means � SEM (n � 3–6),
except for RNA levels, which are expressed as percentage of control
(n � 2–6).
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ber of trabeculae by 27% in male and 36% in female mice
(P � 0.05). Trabecular thickness was not decreased signifi-
cantly (6–14%), and the osteopenia was transient and not
observed in 4- or 6-month-old Ctgf �/LacZ heterozygous
mice. Osteoblast and osteoclast number per perimeter and
parameters of bone formation or bone resorption were not
different between Ctgf �/LacZ and wild-type controls at 1–6
months of age.

Conditional Ctgf-null mice
To induce the conditional inactivation of Ctgf in the

limb bud at E10.5, Prx1-Cre/�;Ctgf e2COIN/e2COIN mice
were mated with Ctgf e2COIN/e2COIN mice to create limb
bud-specific Prx1-Cre/�;Ctgf INV/INV conditional null
and Ctgf e2COIN/e2COIN toserveas littermatecontrols (25). In
preliminary experiments, we documented that Ctgf e2COIN/

e2COIN mice were not different from wild-type controls by
bone histomorphometric analysis (not shown). Ctgf
mRNA levels in calvarial extracts from conditional Prx1-
Cre/�;Ctgf INV/INV-null mice were about 50% lower than
in control mice (Fig. 4). The conditional inactivation of
Ctgf in the developing limb bud caused a similar pheno-

type as that described for heterozygous Ctgf �/LacZ mice at
1 month of age. Conditional Prx1-Cre/�;Ctgf INV/INV

mice appeared normal; their weight, femoral length, and
BMDwerenotdifferent fromcontrols (Fig. 4), andcontact
radiography did not reveal skeletal abnormalities (not
shown). Bone histomorphometric analysis revealed os-
teopenia secondary to decreased trabecular number in
male, but not in female, mice, suggesting impaired forma-
tion of bone trabeculae during development (Table 2 and
Fig. 3). The number of osteoblasts and osteoclasts in con-
ditional Prx1-Cre/�;Ctgf INV/INV-null mice were not dif-
ferent from control mice, and eroded surface and bone
formation were not affected. Serum levels of the marker of
bone remodeling CTX were not different between Ctgf
conditional null mice and controls (not shown). �CT re-
vealed a 25% decrease in trabecular bone volume in male
Ctgf conditional null mice, but that decrease was not sta-
tistically significant, and other parameters of bone struc-
ture were not affected (Supplemental Table 2).

For the conditionaldeletionofCtgf inmatureosteoblasts,
Oc-Cre/Oc-Cre;Ctgf �/LacZ were mated with homozygous

TABLE 2. Femoral histomorphometry of 1-month-old male and female Prx1-Cre/�;CtgfINV/INV conditional null mice
and controls

Ctgf e2COIN/e2COIN Ctgf INV/INV

Males
Bone volume/tissue volume (%) 13.2 � 1.2 9.2 � 0.8a

Trabecular separation (�m) 189 � 15 250 � 18a

Trabecular number (mm�1) 4.7 � 0.3 3.7 � 0.2a

Trabecular thickness (�m) 27.7 � 1.7 24.6 � 1.2
Osteoblast surface/bone surface (%) 36.2 � 2.5 35.9 � 1.8
Number of osteoblasts/bone perimeter (mm�1) 36.5 � 2.3 37.4 � 2.5
Number of osteoblasts/tissue area (mm�2) 272 � 26 221 � 24
Osteoclast surface/bone surface (%) 10.8 � 0.7 10.1 � 0.8
Number of osteoclasts/bone perimeter (mm�1) 5.2 � 0.3 4.8 � 0.3
Number of osteoclasts/tissue area (mm�2) 39 � 3 28 � 2a

Eroded surface/bone surface (%) 23 � 2 21 � 1
Mineral apposition rate (�m/d) 3.33 � 0.18 3.35 � 0.11
Mineralizing surface/bone surface (%) 1.67 � 0.28 3.52 � 1.17
Bone formation rate (�m3/�m2/d) 0.055 � 0.009 0.123 � 0.042

Females
Bone volume/tissue volume (%) 10.2 � 0.6 9.7 � 1.1
Trabecular separation (�m) 293 � 12 309 � 26
Trabecular number (mm�1) 3.1 � 0.1 3.0 � 0.2
Trabecular thickness (�m) 33.2 � 0.8 31.6 � 1.1
Osteoblast surface/bone surface (%) 36.1 � 2.1 32.8 � 1.4
Number of osteoblasts/bone perimeter (mm�1) 34.2 � 0.9 33.4 � 1.2
Number of osteoblasts/tissue area (mm�2) 210 � 2 202 � 17
Osteoclast surface/bone surface (%) 7.1 � 0.1 8.0 � 0.6
Number of osteoclasts/bone perimeter (mm�1) 4.4 � 0.3 5.2 � 0.4
Number of osteoclasts/tissue area (mm�2) 27 � 2 31 � 3
Eroded surface/bone surface (%) 19 � 2 22 � 1
Mineral apposition rate (�m/d) 4.01 � 0.13 3.95 � 0.21
Mineralizing surface/bone surface (%) 1.33 � 0.42 1.84 � 0.45
Bone formation rate (�m3/�m2/d) 0.052 � 0.015 0.071 � 0.015

Bone histomorphometry was performed on femurs from 1-month-old male and female Prx1-Cre/�;Ctgf INV/INV conditional null mice and
Ctgf e2COIN/e2COIN littermate controls. Values are means � SEM (n � 6–7).
a Significantly different from controls, P � 0.05 by unpaired t test.
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Ctgf e2COIN/e2COIN mice to create Oc-Cre/�;Ctgf INV/LacZ

as an experimental group and Oc-Cre/�;Ctgf INV/� as lit-
termate controls. CTGF mRNA levels in calvarial extracts
from Oc-Cre/�;Ctgf INV/LacZ conditional null mice were
suppressed by 60–90% in relation to those measured in
littermate controls. Although heterozygous Ctgf �/LacZ

mice had an osteopenic phenotype at 1 month of age (Ta-
ble 1), it was transient and not observed at 4 and 6 months
of age. Consequently, heterozygous Oc-Cre/�;Ctgf INV/�

mice were considered to be comparable to wild-type
mice at 4 and 6 months of age. When compared with
heterozygous Oc-Cre/�;Ctgf INV/� littermates, Oc-Cre/�;
Ctgf INV/LacZ conditional null mice appeared visually normal
and had normal weight, femoral length, and BMD (Fig. 5),
and contact radiography did not reveal obvious skeletal ab-
normalities (not shown). Although 1-month-old heterozy-
gous Ctgf �/LacZ mice were osteopenic compared with
wild-type mice, removal of a second allele in conditional

Oc-Cre/�;Ctgf INV/LacZ mice did not accentuate the phe-
notype (Table 3). Female 1-month-old conditional Ctgf-
null mice exhibited decreased trabecular separation, but
bone volume was not significantly affected. Bone histo-
morphometric analysis of femurs from 4-month-old
male and female Oc-Cre/�;Ctgf INV/LacZ conditional null
mice revealed no skeletal phenotype when compared with
Oc-Cre/�;Ctgf INV/� mice (Table 3 and Fig. 3). A decrease
in trabecular bone volume was observed at 6 months of
age in male Oc-Cre/�;Ctgf INV/LacZ-null mice. The de-
crease in bone volume was secondary to a decrease in
trabecular number. Osteoblast number/perimeter and os-
teoblast surface were not different from controls. Fluo-
rescence microscopy of Oc-Cre/�;Ctgf INV/LacZ condi-
tional null male and female mice did not reveal changes in
bone formation rate. Changes in trabecular bone volume
in 6-month-old male mice were not associated with
changes in bone resorption, because osteoclast number
and eroded surface were normal, and serum CTX levels
were not different from control mice (not shown). �CT
of Oc-Cre/�;Ctgf INV/LacZ revealed microarchitectural
changes in male mice consistent with the histomorpho-
metric data (Table 4). Bone volume and trabecular num-
ber were decreased, and connectivity was reduced by
70%. The changes affected the trabecular compartment
only, and cortical thickness was not different between
Oc-Cre/�;Ctgf INV/LacZ and controls.

Inactivation of Ctgf in osteoblast cultures
To investigate the consequences of the Ctgf inactivation

in vitro, calvarial osteoblasts from Ctgf e2COIN/e2COIN

mice were cultured and transduced either with Ad-CMV-
Cre to ablate Ctgf or with Ad-CMV-GFP as a control.
Ad-CMV-Cre decreased the expression of Ctgf mRNA by
50–70% in cultured osteoblasts, and down-regulation of
Ctgf resulted in decreased expression of alkaline phospha-
tase mRNA and alkaline phosphatase activity, suggesting
that CTGF is required for normal osteoblastic function
(Supplemental Table 3).

Discussion

Our findings demonstrate that heterozygous Ctgf-null
mice survive postnatally and confirm that Ctgf is required
for normal skeletal development because Ctgf haploinsuf-
ficiency caused reduced trabecular number (12). How-
ever, Ctgf haploinsufficiency did not appear to influence
postnatal growth beyond 1 month of age, because the skel-
etal phenotype observed at 1 month resolves at 4 months
of age. The skeletal phenotype of heterozygous Ctgf-null
mice was reproduced by the conditional inactivation of

FIG. 5. Weight, femoral length, BMD, and Ctgf expression in male
(upper panels) and female (lower panels) Oc-Cre/�;Ctgf INV/LacZ

conditional null mice (F) and Oc-Cre/�;Ctgf INV/� littermate controls
(E). The weight in grams (A), femoral length in millimeters (B), total
BMD in grams per square centimeter (C), and Ctgf mRNA levels in total
calvarial extracts (D), expressed as Ctgf copy number corrected for
Rpl38 and normalized to 100 at 1, 4, and 6 months of age, are shown.
Values are means � SEM (n � 4–13) except for mRNA levels, which are
expressed as percentage of control for each independent age (n � 2–
6). *, Significantly different from controls by unpaired t test, P � 0.05.
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TABLE 3. Femoral histomorphometry of 1-, 4-, and 6-month-old male and female Oc-Cre/�;Ctgf INV/LacZ conditional
null mice and controls

1 Month 4 Months 6 Months

Ctgf INV/� Ctgf INV/LacZ Ctgf INV/� Ctgf INV/LacZ Ctgf INV/� Ctgf INV/LacZ

Males
Bone volume/tissue

volume (%)
10.0 � 1.4 9.2 � 1.0 7.6 � 1.2 6.4 � 0.7 8.3 � 0.8 5.4 � 0.6a

Trabecular separation (�m) 205 � 27 234 � 27 328 � 51 347 � 26 305 � 21 444 � 43a

Trabecular number (mm�1) 4.6 � 0.6 4.3 � 0.4 3.0 � 0.4 2.8 � 0.2 3.1 � 0.2 2.3 � 0.2a

Trabecular thickness (�m) 21.7 � 1.4 21.6 � 0.6 25.1 � 1.7 22.8 � 1.2 26.6 � 1.6 23.4 � 1.2
Osteoblast surface/bone

surface (%)
22.4 � 1.8 20.2 � 1.3 12.6 � 0.9 13.4 � 1.2 15.0 � 1.8 18.1 � 1.0

Number of osteoblasts/
bone perimeter (mm�1)

24.4 � 2.5 22.0 � 1.5 12.2 � 0.8 13.5 � 1.0 11.9 � 1.4 15.0 � 1.1

Number of osteoblasts/
tissue area (mm�2)

183 � 40 145 � 15 58 � 10 58 � 5 57 � 7 52 � 4

Osteoclast surface/bone
surface (%)

13.4 � 1.6 14.4 � 0.8 8.4 � 0.7 9.9 � 0.7 4.6 � 0.5 5.2 � 0.5

Number of osteoclasts/
bone perimeter (mm�1)

5.9 � 0.7 6.4 � 0.4 4.8 � 0.4 5.5 � 0.3 2.1 � 0.2 2.5 � 0.2

Number of osteoclasts/
tissue area (mm�2)

41 � 3 42 � 4 22 � 2 24 � 3 10 � 1 9 � 1

Eroded surface/bone
surface (%)

21.8 � 2.0 25.0 � 1.6 23.2 � 2.3 25.9 � 1.1 10.5 � 1.1 11.6 � 1.1

Mineral apposition rate
(�m/d)

1.93 � 0.20 1.86 � 0.09 0.62 � 0.06 0.50 � 0.05 0.60 � 0.03 0.60 � 0.03

Mineralizing surface/bone
surface (%)

2.62 � 0.60 3.68 � 0.42 5.35 � 2.14 3.47 � 1.35 3.35 � 0.71 2.08 � 0.55

Bone formation rate
(�m3/�m2/d)

0.053 � 0.017 0.067 � 0.006 0.03 � 0.02 0.02 � 0.01 0.020 � 0.005 0.013 � 0.004

Females
Bone volume/tissue

volume (%)
3.8 � 0.3 5.9 � 0.7 3.4 � 0.5 2.5 � 0.7 1.8 � 0.4 2.6 � 0.5

Trabecular separation (�m) 554 � 32 366 � 52a 662 � 73 913 � 167 1188 � 204 982 � 237
Trabecular number (mm�1) 1.8 � 0.1 2.8 � 0.4 1.5 � 0.2 1.2 � 0.2 0.9 � 0.1 1.2 � 0.2
Trabecular thickness (�m) 21.6 � 1.1 21.5 � 0.7 22.2 � 1.8 19.8 � 1.5 18.6 � 1.5 20.9 � 2.0
Osteoblast surface/bone

surface (%)
24.3 � 3.5 21.8 � 1.1 16.1 � 1.5 16.7 � 4.7 19.1 � 2.1 16.7 � 1.7

Number of osteoblasts/
bone perimeter (mm�1)

25.0 � 3.8 23.1 � 1.2 16.2 � 1.4 15.8 � 3.8 22.0 � 2.3 18.9 � 1.8

Number of osteoblasts/
tissue area (mm�2)

68 � 10 102 � 18 40 � 7 33 � 12 33 � 7 36 � 6

Osteoclast surface/
bone surface (%)

15.4 � 2.1 15.8 � 0.7 9.4 � 0.2 9.8 � 0.8 13.3 � 1.7 13.1 � 0.8

Number of osteoclasts/
bone perimeter (mm�1)

7.1 � 1.0 7.0 � 0.4 6.0 � 0.2 6.8 � 0.4 6.8 � 0.8 6.3 � 0.4

Number of osteoclasts/
tissue area (mm�2)

19 � 3 31 � 5 14 � 2 13 � 3 10 � 2 12 � 2

Eroded surface/bone
surface (%)

27.9 � 3.4 25.6 � 0.9 24.6 � 0.5 28.6 � 2.9 21.9 � 2.5 23.3 � 1.4

Mineral apposition rate
(�m/d)

1.84 � 0.01 2.14 � 0.17 0.87 � 0.05 0.99 � 0.20 0.66 � 0.08 0.81 � 0.06

Mineralizing surface/bone
surface (%)

5.09 � 1.00 2.99 � 0.19a 6.02 � 0.91 4.43 � 1.03 12.45 � 2.96 11.25 � 1.77

Bone formation rate
(�m3/�m2/d)

0.094 � 0.019 0.064 � 0.007 0.053 � 0.01 0.035 � 0.01 0.093 � 0.031 0.10 � 0.02

Bone histomorphometry was performed on femurs from 1-, 4-, and 6-month-old male and female Oc-Cre/�;Ctgf INV/LacZ conditional null mice and
Oc-Cre/�;Ctgf INV/� littermate controls. Values are means � SEM (n � 3–10).
a Significantly different from controls, P � 0.05 by unpaired t test.
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Ctgf in male mice using the Prx1 enhancer to direct the Cre
recombinase. This is in agreement with the expression of
the Prx1 enhancer at E10.5 in the limb bud (25). The
osteopenic phenotype of both the global and the condi-
tional inactivation of Ctgf was characterized by a de-
creased number of bone trabeculae, confirming that
CTGF is required for the formation of normal trabeculae
and for endochondral bone formation (12). The condi-
tional inactivation of Ctgf in the adult skeletal environ-
ment was achieved by expressing the Cre recombinase
under the control of the osteocalcin promoter. Ctgf in-
activation caused a decrease in trabecular bone volume
secondary to a decrease in the number of trabeculae in
older male mice. It is of interest that the conditional de-
letion of Ctgf caused a skeletal phenotype in male, but not
in female, mice when directing Cre under either the os-
teocalcin promoter or the Prx1 enhancer. There is no im-
mediate explanation for the sexual dimorphism observed
in the skeletal phenotype of Ctgf conditional null mice,
although probably it is due to inherent differences in the
skeletal architecture of male and female mice. In this study,
we confirm earlier observations demonstrating a more
rapid age-dependent decline in trabecular bone volume in
C57BL/6 female than in male mice, so that at the same age,
the bone architecture differs between the two sexes (32).
The lack of a skeletal phenotype at 6 months of age in
Ctgf-null female mice may be because they have little tra-
becular bone structure, possibly precluding an additional
decrease by the Ctgf inactivation. Another alternative is
that the Cre recombination is more efficient in skeletal
cells from male than from female mice. This does not seem
probable because the decrease in skeletal Ctgf mRNA lev-
els was not appreciably different between male and female
Ctgf conditional null mice. The in vivo phenotype we de-
scribe indicates that CTGF is required not only for skeletal
development but also to maintain adult skeletal homeosta-
sis in male mice. Cyr 61, NOV, WISP-1, and WISP-2 are
expressed by osteoblasts but did not appear to compensate

for the absence of CTGF in the postnatal skeleton of male
mice (5).

The osteopenia observed in adult Ctgf conditional null
male mice is to an extent contradictory to previous work
demonstrating that transgenic overexpression of CTGF
under the control of the osteocalcin or the type XI collagen
promoter causes osteopenia (15, 37). This was secondary
to decreased bone formation and interpreted to be sec-
ondary to the binding of BMP, Wnt, and IGF-I by CTGF,
resulting in decreased activity of these osteogenic signals.
A mechanism of action of CTGF entails the inhibition of
BMP-2 activity by direct binding of CTGF to BMP-2 (6, 7).
Other CCN proteins, such as NOV, appear to act by sim-
ilar mechanisms, because NOV binds BMPs (38). This is
not surprising in view of the structural similarities among
CCN proteins, and between CCN proteins and classic
BMP antagonists, such as twisted gastrulation and chor-
din (1–3). Recently, we demonstrated that whereas NOV
overexpression causes osteopenia, its global inactivation
does not cause an obvious skeletal phenotype (39). These
results bear similarities to those obtained in mice misex-
pressing CTGF and suggest that overexpression of CCN
proteins prevent the actions of the osteogenic signals they
bind; but until now, CCN proteins appear to be mostly
dispensable for skeletal homeostasis. These observations
do not exclude an important role of CCN proteins in skel-
etal homeostasis during conditions of induction. For
CTGF, this occurs after BMP signaling and may serve to
temper the activity of the osteogenic signal. It is of interest
that neither the inactivation nor the overexpression of
WISP-3 in an array of tissues caused a phenotype (40, 41).

An expectation of the Ctgf inactivation would have
been enhanced activity of BMP, Wnt, and IGF-I and, as a
consequence, increased bone formation and bone volume.
An alternate explanation of the findings is that the Ctgf
inactivation caused a sensitization to BMP-2 and IGF-I
activity and, as a consequence, increased bone resorption
(42–45). However, if the phenotype observed in condi-
tional Ctgf-null mice was caused by increased BMP and
IGF-I activity and bone resorption, this would have been
modest and transient because neither histomorphometric
parameters nor biochemical markers of bone resorption
revealed any differences between experimental and con-
trol mice under the conditions of this study.

The in vivo phenotype of the conditional inactivation of
Ctgf also could be due to direct actions of CTGF on skel-
etal homeostasis. In accordance with this possibility,
short-term cultures of Ctgf e2COIN/e2COIN osteoblasts
where Ctgf was inactivated in vitro after the transduction
of an Ad-CMV-Cre adenoviral vector exhibited decreased
alkaline phosphatase expression, suggesting that CTGF is
required for normal osteoblastic function. These results

TABLE 4. Femoral bone microarchitecture assessed by
�CT of 6-month-old male Oc-Cre/�;Ctgf INV/LacZ

conditional null mice and controls

Ctgf INV/� Ctgf INV/LacZ

Bone volume/tissue volume (%) 9.7 � 2.0 5.9 � 0.9b

Trabecular separation (�m) 221 � 9 288 � 13a

Trabecular number (mm�1) 4.4 � 0.2 3.5 � 0.1a

Trabecular thickness (�m) 48 � 2 52 � 3
Connectivity density (1/mm3) 60.7 � 14.2 17.2 � 4.7a

Structure model index 3.0 � 0.2 3.5 � 0.3
Cortical thickness (�m) 224 � 4 216 � 4

Bone �CT was performed on femurs from Oc-Cre/�;Ctgf INV/LacZ

conditional null mice and Oc-Cre/�;Ctgf INV/� littermate controls.
a Significantly different from controls, P � 0.05 by unpaired t test.
b P � 0.057 by unpaired t test.
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are in agreement with previous work in ST-2 stromal cells,
where CTGF induces osteoblastogenesis (11). CTGF in-
hibits Notch signaling in ST-2 stromal cells, and CTGF
may be necessary to temper the activity of Notch in vivo,
a signal that inhibits osteoblastogenesis and causes os-
teopenia (34, 46). Therefore, in the absence of CTGF,
Notch activity may be enhanced and cause the osteopenia
observed in Ctgf-null male mice. However, there were no
changes in osteoblast number or significant changes in
bone formation in Ctgf-null mice, suggesting that if en-
hanced Notch signaling was a factor, it played either a
transient or a modest role.

In conclusion, our studies reveal that CTGF is necessary
for normal skeletal development and postnatal skeletal
homeostasis in male, but not female, mice.
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