
Introduction
Growth hormone (GH) regulates both increased bone
size and mass during growth and is considered a major
regulator of postnatal body growth (1). GH, accompa-
nied by its binding protein (GHBP), regulates growth
directly through the GH receptor (GHR) and indirect-
ly by stimulating IGF-I expression (1). In the circula-
tion, IGFs are bound to binding proteins (IGFBPs) that
vary in their ability to prolong IGF half-life and may
play a role in delivering them to target tissues. GHR
activation also stimulates IGF-I expression in target
cells (2). GH signals through the Jak/Stat signaling
pathway via Jak2 tyrosine kinase phosphorylation of
the two very homologous transcription factors, Stat5a
and Stat5b (3). Jak2 activation may also lead to other
signaling pathways implied in GH signaling, such as
Src kinase, Ras/Raf/MAP kinase or insulin-receptor
substrate 1 (IRS-1) or IRS-2 activation (4).

Within bone, a number of cell types responsible for
bone growth and increased bone mass respond to both
GH and IGF-I. In all, GH acts both directly and indi-

rectly by regulating IGF or IGFBP production. Chon-
drocyte proliferation is stimulated directly by GH (5)
and indirectly by increased local IGF-I production (6).
GH stimulates osteoblast collagen production and pro-
liferation directly (7, 8) and indirectly by increased IGF-
I (9) and IGFBP production (9, 10). GH also stimulates
bone resorption, although it is unclear whether this is
direct or mediated by osteoblastic IGF-I (or IGFBP) pro-
duction (11, 12). In short, IGF-I appears to be involved
in GH effects on chondrocytes, osteoblasts, and osteo-
clasts, but it remains unclear whether these effects are
local, dependent on direct GH, or which IGFBPs medi-
ate these effects. The involvement of different signaling
pathways in the GH and IGF-I effects on bone have not
yet been analyzed, although it has been suggested that
Stat5 mediates GH effects on bone growth (13).

In humans, Laron syndrome (GH insensitivity syn-
drome) is a hereditary dwarfism resulting from a vari-
ety of GHR mutations (14, 15). Affected patients are
characterized by short stature, truncal obesity, low
serum IGF-I, and elevated serum GH and GH resist-
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Growth hormone (GH) regulates both bone growth and remodeling, but it is unclear whether these
actions are mediated directly by the GH receptor (GHR) and/or IGF-I signaling. The actions of GH
are transduced by the Jak/Stat signaling pathway via Stat5, which is thought to regulate IGF-I expres-
sion. To determine the respective roles of GHR and IGF-I in bone growth and remodeling, we exam-
ined bones of wild-type, GHR knockout (GHR–/–), Stat5ab–/–, and GHR–/– mice treated with IGF-I.
Reduced bone growth in GHR–/– mice, due to a premature reduction in chondrocyte proliferation and
cortical bone growth, was detected after 2 weeks of age. Additionally, although trabecular bone vol-
ume was unchanged, bone turnover was significantly reduced in GHR–/– mice, indicating GH involve-
ment in the high bone-turnover level during growth. IGF-I treatment almost completely rescued all
effects of the GHR–/– on both bone growth and remodeling, supporting a direct effect of IGF-I on
both osteoblasts and chondrocytes. Whereas bone length was reduced in Stat5ab–/– mice, there was
no reduction in trabecular bone remodeling or growth-plate width as observed in GHR–/– mice, indi-
cating that the effects of GH in bone may not involve Stat5 activation.
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ance (15), and growth can be partially restored by IGF-
I treatment (16, 17). Recently, Zhou et al. (18) reported
a GHR/binding protein–knockout mouse model
exhibiting severe postnatal growth retardation, pro-
portionate dwarfism, absence of the GHR and GHBP,
greatly decreased serum IGF-I, and elevated serum GH
levels, thus representing the Laron phenotype. In addi-
tion, growth retardation has been described in the
Stat5ab–/– model, suggesting that the Stat5 proteins
mediate GH effects on bone growth (13).

The present study examines bone growth, structure,
and turnover in normal, GHR–/–, and Stat5ab–/– mice,
and GHR–/– mice treated with IGF-I, to determine the
extent to which any alterations caused by GHR defi-
ciency could be rescued by IGF-I treatment or the
extent to which they are related to Stat5 activation.

Methods
Mouse generation and care. Wild-type, GHR+/–, and
GHR–/– littermates were bred from heterozygous mice
with the genetic background Sv129Ola/Balb/c, and
offspring were genotyped using PCR amplification as
described previously (18). Wild-type and Stat5ab–/– lit-
termates were on the background Sv129J/C57BL/6
and PCR was used to determine their genotype as
described previously (13). Animal care was in accor-
dance with institutional guidelines.

Histomorphometry and dual-energy x-ray absorptiometry.
Animals were injected with 20 mg/kg calcein and deme-
clocycline at 7-day intervals and sacrificed 2 days after
the second injection. Bones were fixed in 3.7% formalde-
hyde and embedded in methylmethacrylate using a pro-
cedure modified from Baron et al. (19). Bones were
dehydrated for 1 hour each in 70%, 90%, and twice in
100% acetone, then infiltrated and embedded in 85%
activated methacrylate (20), 15% dibutylphthalate, and
4% benzoyl peroxide. Five-micrometer sections were
stained with toluidine blue or coverslipped unstained
for analysis. Histomorphometry was carried out accord-
ing to standard procedures (21) in the proximal tibia
using the Osteomeasure system (OsteoMetrics Inc.,
Atlanta, Georgia, USA). Marrow adipose volume was
measured in the same region and is expressed as per-
centage of total marrow volume. Growth-plate widths
were measured across at least 1.2 mm (using two sec-
tions for GHR–/– mice). Tibial cortical thickness and
periosteal mineral apposition rate were measured along
1.02 mm, beginning 680 µm (400 µm for GHR–/–) below
the chondro-osseous junction on the anterofibular side.
Bone mineral density (BMD) and bone mineral content
(BMC) were measured by dual-energy x-ray absorp-
tiometry (DEXA) with a QDR 1000 instrument (Holog-
ic Inc., Waltham, Massachusetts, USA) adapted for the
mouse, as described previously (22). Coefficient of vari-
ation of three measurements on the same mouse was
1.4% for total tibia, 1.7% for proximal tibia, and 2.3% for
the midshaft tibia. Statistical differences were deter-
mined by ANOVA and Fisher’s post hoc test. All values
are expressed as means plus or minus SEM.

Western ligand blotting. Recombinant human (h)IGF-I
was iodinated using the iodogen method (Sigma-
Aldrich, St. Quentin, France) and purified using
Sephadex G-50 chromatography (23). Western ligand
blotting was performed as described previously (24) and
analyzed using densitometry (Storm; Molecular Dynam-
ics, Rondoufle Cedex, France). Relative [125I]-IGF-I
bound to IGFBPs was calculated from the integrated
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Figure 1
Impaired growth of GHR–/– mice. (a) Growth curves of total body
length (left) and femoral length (right) in wild-type (+/+) and
GHR–/– (–/–) mice (n = 8 per group). AP < 0.01, and BP < 0.001 vs.
wild-type. (b) Toluidine blue–stained proximal tibial sections from
wild-type and GHR–/– mice at 2, 3, 4, 6, and 10 weeks. Horizontal
bars indicate limits of the proliferative (Prol) and hypertrophic
(Hyp) zones. Scale bar, 100 µm. (c) Growth-plate and prolifera-
tive-zone width (Prol Z width) were reduced in GHR–/– mice (open)
versus wild-type littermates (filled); n = 8 per group. AP < 0.05, 
BP < 0.01, and CP < 0.001 vs. wild-type. (d) Total femoral BMD
(left) in 16-week-old littermates in wild-type (filled), heterozygote
(gray, GHR+/–), and knockout (open, GHR–/–) mice. Proximal
femoral BMC (right) at 8, 16, and 24 weeks of age in wild-type
(filled), GHR+/– (gray), and GHR–/– (open) mice (n = 8 per group).
AP < 0.05 and BP < 0.0001 vs. wild-type; CP < 0.001 and DP < 0.01
vs. same transgene group at previous time point.



OD per sample. Bands at 44–45 kDa, 29–32 kDa, and 24
kDa correspond to IGFBP-3; IGFBP-2, -1, and -5; and
IGFBP-4, respectively (24).

Serum and urinary biochemistry. Serum IGF-I levels were
determined after acid-ethanol extraction using a human
IGF-I RIA kit (Nichols Diagnostic, Paris, France) (18).
Serum osteocalcin and urinary deoxypyridinoline
crosslinks were evaluated with mouse-specific kits (Bio-
medical Technologies, Stoughton, Massachusetts, USA,
and Biometrics, Tampa, Florida, USA, respectively). Uri-
nary deoxypyridinoline was divided by urinary creati-
nine concentration to correct for water excretion. Serum
estradiol and testosterone were measured using human
RIA kits (Immunotech, Paris, France). Serum estradiol
was measured on the morning of estrus, which was con-
firmed by vaginal smears. Serum parathyroid hormone
(PTH) was measured using a rat PTH RIA kit (Nichols
Institute Diagnostic, Avon, France).

IGF-I treatment. GHR–/– mice were treated with recom-
binant hIGF-I (Genentech Inc., South San Francisco,
California, USA) using micropumps (ALZET, Palo Alto,
California, USA) releasing 6 mg/kg/d for 14 days.
Micropumps were inserted dorsally at 2 weeks of age and
removed at 4 weeks of age (2–4 weeks) or inserted at 4
weeks of age (4–6 weeks) or at both 2 weeks and at 4
weeks of age (2–6 weeks). Serum was collected for IGF-I
and IGFBP determination from 2- to 6-week-old mice
when the implant was replaced at 4 weeks.

Results
Body and longitudinal bone growth in GHR–/– mice. No radi-
ographic evidence of skeletal malformation other than
reduced size was seen in adult GHR–/– mice. No differ-
ence in the effect of GHR deficiency was detected
between males and females, except where indicated,
therefore data are combined for both genders.

Whereas body or femoral length were not altered until
2 weeks of age, GHR–/– mice exhibited reduced size com-
pared with wild-type animals from this time onward
(Figure 1a). Growth rate from 2 to 6 weeks of age was
reduced in GHR–/– mice compared with
wild-type mice (Figure 1a, left graph), and
subsequent growth continued at equal
rates in GHR–/– and wild-type mice.

To further analyze the delayed growth
in GHR–/– mice, growth-plate dynamics
were studied (Figure 1b). Growth-plate
organization remained normal; chondro-
cytes were arranged in columnar stacks
and appeared to progress normally
through hypertrophy, because there was
no change in the ratio of hypertrophic to
proliferative zones at any age (data not
shown). After 2 weeks of age, however, the
growth plate narrows earlier in GHR–/–

mice compared with wild-type animals
(Figure 1, b and c). The altered growth-
plate width is characterized by reduced
proliferative-zone width (Figure 1c).

Cortical bone growth in GHR–/– mice. Cortical thickness
(CoTh) was not altered at 2 or 3 weeks of age (mean
CoTh in micrometers at 2 weeks ± SEM: wild-type, 53.4
± 10.7; GHR–/–, 45.7 ± 5.0); reduced CoTh was first
detected at 4 weeks (mean CoTh in micrometers at 4
weeks ± SEM: wild-type, 83.5 ± 8.0; GHR–/–, 57.9 ± 2.9; 
P < 0.01). Femoral width and tibial CoTh were reduced
in 10-week-old GHR–/– mice (Table 1) and associated
with reduced periosteal bone growth, indicated by
periosteal mineral apposition rate (PeriMAR) (Table 1).
In many GHR–/– mice, no periosteal growth was detect-
ed at 10 weeks of age; fluorochrome labels appeared in
patches deposited at different intervals, rather than two
labeled fronts as in control animals. In heterozygous
mice, neither CoTh nor femoral width were altered, but
PeriMAR was reduced at 10 weeks of age (Table 1).

Reduced BMD and BMC confirmed the reduced
CoTh in GHR–/– mice (Figure 1d). In addition, the nor-
mal increase in BMC between 8 and 16 weeks was
almost attenuated in GHR–/– mice (Figure 1d). To
account for differences in trabecular and cortical bone
distribution, the tibia was divided into three equal
regions (22). In the proximal tibia, an area comprised of
both cortical and trabecular bone, BMD was reduced by
16.1%, whereas in the diaphysis, which is almost exclu-
sively cortical bone, BMD was reduced by 28.3%. Since
bone mass is reduced mainly in the diaphysis, and CoTh
is also reduced, the reduced BMD and BMC in GHR–/–

mice is probably due to reduced cortical bone mineral.
Trabecular bone and bone turnover in GHR–/– mice. Tra-

becular bone volume, number, and thickness were not
altered in GHR–/– mice (Table 1 and data not shown);
however, bone turnover was significantly reduced (Table
1). Trabecular bone-formation rate was dramatically
reduced in GHR–/– and GHR+/– mice compared with
wild-type littermates. No other bone-turnover parame-
ters were significantly altered in heterozygote mice.
Most histomorphometric markers of bone formation
and resorption were reduced in GHR–/– mice (Table 1),
but despite reduced osteoblast and osteoid surfaces,
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Table 1
Reduced bone growth and turnover in 10-week-old GHR–/– mice

Wild-type GHR+/– GHR–/–

Cortical bone

Femoral width (mm) 1.15 ± 0.03 1.08 ± 0.04 0.85 ± 0.03B

Cortical thickness (µm) 109 ± 4 107 ± 5 83 ± 4B

PeriMAR (µm/d) 0.83 ± 0.13 0.37 ± 0.16A 0.08 ± 0.05B

Trabecular bone

BV/TV (%) 6.04 ± 0.63 5.91 ± 0.46 7.95 ± 1.34
BFR/BS (µm3/µm2/d) 143.44 ± 11.21 113.55 ± 10.95 86.90 ± 7.55B

MS/BS (%) 31.8 ± 1.8 32.9 ± 1.8 33.8 ± 0.9
MAR (µm/d) 1.23 ± 0.06 0.96 ± 0.10A 0.71 ± 0.05B

ObS/BS (%) 14.86 ± 1.86 14.13 ± 2.63 5.07 ± 1.10B

OS/BS (%) 12.56 ± 1.91 12.75 ± 1.75 5.51 ± 1.14B

O. Th (µm) 1.20 ± 0.09 1.16 ± 0.10 0.75 ± 0.10B

OcS/BS (%) 10.61 ± 1.19 11.22 ± 1.51 6.35 ± 1.96A

BV/TV, trabecular bone volume; BFR/BS, bone formation rate; MS/BS, mineralizing surface; MAR,
mineral apposition rate; ObS/BS, osteoblast surface; OS/BS, osteoid surface; O. Th, osteoid thick-
ness; OcS/BS, osteoclast surface. n = 10–13 for each group. AP < 0.05. BP < 0.001 vs. wild-type.



mineralizing surface was not altered in GHR–/– mice.
Since osteoclast surface was reduced, fluorochrome
labels remaining in the matrix longer than expected due
to reduced bone resorption may have masked an altered
mineralizing surface (25). Neither serum osteocalcin
nor urinary deoxypyridinoline crosslinks were signifi-
cantly altered (data not shown).

Circulating PTH was normal in GHR–/– mice (34.3 ±
9.5 pg/ml) versus wild-type mice (28.4 ± 7.8 pg/ml), indi-
cating that bone turnover was not altered secondary to
changed PTH levels. Estradiol and testosterone levels in
GHR–/– and wild-type mice were normal (31.1 ± 9.3
pg/ml vs. 25.7 ± 6.1 pg/ml for estradiol and 2.37 ± 0.9
ng/ml vs. 2.84 ± 0.3 ng/ml for testosterone, respectively).

Marrow adipocyte volume was increased in male
GHR–/– mice (mean percentage of marrow volume ±
SEM: wild-type, 0.27 ± 0.25; GHR+/–, 0.53 ± 0.32; GHR–/–,
1.3 ± 0.54; GHR–/– significant at P < 0.05 vs. wild-type).
This was not observed in female mice (data not shown).

Histomorphometric analysis of Stat5ab–/– mice. Stat5ab–/–

mice were significantly smaller than wild-type litter-
mates, as described previously (13). In contrast to
GHR–/– mice, the difference in femur length was detect-
ed at 2 weeks, but was less severe in mature mice (Fig-
ure 2). In 10-week-old Stat5ab–/– mice, both femoral
length and width were reduced to 90% of control,
whereas in GHR–/– mice, femoral length and width were
reduced to 75% of their control. The difference in
femur length and width between Stat5ab–/– mice and
GHR–/– mice, compared with their relative controls, was
statistically significant (P < 0.0001 for both).

Reduced femoral length in Stat5ab–/– mice appeared to
relate to a development defect, since irregularities in the

growth plate were observed at 2 weeks, but not thereafter.
At 2 weeks, while growth-plate width was unchanged in
Stat5ab–/– mice, the proliferative-zone width was reduced
while the hypertrophic-zone width was increased, sug-
gesting reduced chondrocyte proliferation and delayed
chondrocyte hypertrophy or apoptosis in the absence of
Stat5 signaling (Figure 2b). Whereas tibial cortical width
was reduced in both GHR–/– and Stat5ab–/– mice, periosteal
bone growth was not reduced in Stat5ab–/– mice (Table 2).

In direct contrast to GHR–/– mice, bone turnover was
not reduced in Stat5ab–/– mice (Table 2). In fact, bone
turnover was slightly higher than in wild-type mice,
suggesting that the effect of GH on bone turnover is
not mediated by Stat5 activation and compensatory
signaling pathways exist in Stat5-deficient mice.
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Table 2
Bone remodeling is not reduced in 10-week-old Stat5ab–/– mice

Wild-type Stat5ab–/–

Cortical bone

Femoral width (mm) 1.13 ± 0.02 1.01 ± 0.02B

Cortical thickness (µm) 86.3 ± 4.3 77.04 ± 6.4
PeriMAR (µm/d) 0.48 ± 0.07 0.40 ± 0.14

Trabecular bone

BV/TV (%) 8.49 ± 1.15 8.32 ± 0.81
BFR/BS (µm3/µm2/d) 151.8 ± 13.9 169.9 ± 16.3
MS/BS (%) 34.6 ± 2.9 45.8 ± 2.3A

MAR (µm/d) 1.21 ± 0.07 1.02 ± 0.09
ObS/BS (%) 18.17 ± 2.11 21.19 ± 2.63
OS/BS (%) 15.43 ± 2.06 18.42 ± 2.81
O. Th (µm) 1.03 ± 0.13 1.15 ± 0.08
OcS/BS (%) 9.21 ± 0.80 9.10 ± 1.11

n = 11–12 for each group. AP < 0.01. BP < 0.001 vs. wild type.

Figure 2
Longitudinal bone-growth and growth-plate dynamics are altered in 2-week-old, but not mature, Stat5ab–/– mice. (a) Representative proxi-
mal tibial sections stained with toluidine blue from 2-, 6-, and 10-week-old wild-type and Stat5ab–/– mice. Horizontal bars indicate the lim-
its of the proliferative (Prol) and hypertrophic (Hyp) zones. Scale bar, 100 µm. (b) Femoral length, femoral width, and widths of the prolif-
erative and hypertrophic zones of the proximal tibial growth plate in wild-type and Stat5ab–/– mice at 2, 6, and 10 weeks of age; n = 6–12 per
group. AP < 0.05, BP < 0.01 vs. control mice.



GH/IGF-I axis and IGFBPs in GHR–/– mice. Serum IGF-
I levels in GHR–/– mice were decreased by approximate-
ly 90% (mean ng/ml ± SEM: wild-type, 287 ± 21;
GHR–/–, 37 ± 6; P < 0.0001). Western ligand blot analy-
sis suggested reduced IGFBP-3 levels in GHR–/– sera
(Figure 3). Wild-type serum exhibited a doublet at
44–45 kDa (IGFBP-3), poorly defined bands at 29, 30,
and 32 kDa (IGFBP-5, IGFBP-1, and IGFBP-2, respec-
tively), and one band at 24 kDa (IGFBP-4), as described

previously (24) (Figure 3a). In contrast, GHR–/– sera
demonstrated very little IGFBP-3 binding to IGF-I, sug-
gesting reduced IGFBP-3 levels (Figure 3a). There were
no differences in the binding of other IGFBPs between
GHR–/– and wild-type mice (Figure 3b).

Effects of IGF-I treatment in GHR–/– mice: IGF/GH axis and
IGFBP levels. IGF-I treatment restored serum IGF-I to
207.2 ± 19.0 ng/ml, compared with 37 ng/ml in GHR–/–

mice, but still lower than levels in wild-type mice (approx-
imately 287 ng/ml). Therefore, treatment was sufficient
to increase circulating IGF-I by 5.6-fold compared with
GHR–/– mice and only 25% less than in wild-type mice.

Reduced IGF-I binding by IGFBP-3 in GHR–/– mice
was partially restored by IGF-I treatment (Figure 3, a
and b). IGF-I binding to the IGFBP-1, -2, or -5 was also
increased, but it is not possible to determine which
IGFBP is elevated by this technique.

IGF-I treatment restores longitudinal growth in GHR–/–

mice. All IGF-I–treated mice were larger than untreated
GHR–/– mice, but not fully restored to normal size (Fig-
ure 4, a and b). Body weight and length at 6 weeks was
increased in all IGF-I–treated animals (Figures 4, b and
c). Femoral length was significantly increased only in
mice treated with IGF-I from 2 to 6 weeks (Figure 4b).

Both growth-plate and proliferative-zone width were
fully restored in GHR–/– mice treated with IGF-I until 6
weeks of age, but not when treatment was discontinued
at 4 weeks (Figure 5, a and b). Even when IGF-I treat-
ment was commenced at 4 weeks (when chondrocyte
proliferation is reduced by 60% in GHR–/– mice) growth-
plate and proliferative-zone width were increased. While
striking, this was insufficient to increase femoral length
relative to GHR–/– mice, probably because growth rate is
at a low level for both genotypes between 4 and 6 weeks.

IGF-I treatment restores cortical growth and trabecular bone
turnover in GHR–/– mice. As at 10 weeks, femoral and cor-
tical width and PeriMAR were all reduced in 6-week-old
GHR–/– mice (Table 3). In all IGF-I–treated groups, Per-
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Figure 3
Reduced IGFBP-3 profile in GHR–/– mouse serum and partial restora-
tion by IGF-I treatment. (a) Western ligand blot of serum from 6-
week-old wild-type, GHR–/–, and GHR–/– mice treated with IGF-I for
2 weeks (GHR–/– + IGF-I). (b) Densitometric analysis of IGF-binding
activity; male and female results combined. AP < 0.001, BP < 0.01 vs.
wild-type, and CP < 0.001, DP < 0.01 vs. GHR–/–.

Table 3
Reduced cortical bone growth and trabecular bone turnover in GHR–/– mice is restored by IGF-I treatment

Wild-type GHR–/– IGF-I 2–6 weeks IGF-I 4–6 weeks IGF-I 2–4 weeks

Cortical bone

Femoral width (mm) 1.22 ± 0.04 0.95 ± 0.02C 1.10 ± 0.2D 1.05± 0.03B,D 1.00 ± 0.03C

Cortical thickness (µm) 78.3 ± 4.5 60.7 ± 0.7A 75.6 ± 2.5D 82.9 ± 6.8E 73.2 ± 6.7
PeriMAR (µm/d) 0.89 ± 0.19 0.26 ± 0.12A 0.63 ± 0.12 0.78 ± 0.13D 1.12 ± 0.5D

Trabecular bone

BV/TV (%) 5.97 ± 0.82 4.83 ± 1.08 5.41 ± 0.94 7.26 ± 1.19 4.01 ± 1.00
Tb.Th (µm) 17.57 ± 0.80 17.09 ± 0.95 17.64 ± 0.80 20.13 ± 0.99A,D 16.47 ± 2.43
BFR/BS (µm3/µm2/d) 126.8 ± 13.6 56.2 ± 3.7B 108.8 ± 13.9D 98.9 ± 15.6 55.26 ± 17.1B

MS/BS (%) 32.1 ± 1.9 20.8 ± 2.8A 32.6 ± 2.8D 24.3 ± 1.1 21.4 ± 5.8A

MAR (µm/d) 1.08 ± 0.07 0.69 ± 0.17A 0.91 ± 0.08 1.11 ± 0.17C 0.69 ± 0.09A

ObS/BS (%) 22.49 ± 2.32 13.73 ± 1.76B 22.77 ± 1.69E 35.62 ± 0.92C,F 33.56 ± 3.56B,E

OS/BS (%) 18.60 ± 0.78 9.80 ± 0.77C 19.34 ± 1.53E 32.71 ± 1.58C,F 27.18 ± 2.26B,F

O. Th (µm) 1.27 ± 0.11 0.97 ± 0.10A 1.25 ± 0.11 1.41 ± 0.30C,F 1.41 ± 0.09E

OcS/BS (%) 18.43 ± 0.78 11.37 ± 1.87A 13.33 ± 2.45 17.14 ± 2.56C 8.16 ± 1.94B

AV/TV (%) 0.29 ± 0.11 0.72 ± 0.33 0.10 ± 0.04 0.32 ± 0.09 0.58 ± 0.13

Histomorphometric analysis of 6-week-old wild-type, GHR–/–, and GHR–/– mice treated with IGF-I (6 mg/kg/d) from 2 to 6 weeks of age (2–6 weeks), 4 to 6
weeks of age (4–6 weeks), or 2 to 4 weeks of age (2–4 weeks). Tb.Th, trabecular thickness; AV/TV, marrow adipocyte volume. n = 5–12 for each group. 
AP < 0.05, BP < 0.01, CP < 0.001 vs. wild type; DP < 0.05, EP < 0.01, FP < 0.001 vs. untreated GHR–/–.



iMAR and CoTh were no longer lower than in wild-type
mice, but femoral width was restored only in mice
treated for 4 weeks (Table 3).

Bone turnover was reduced in 6-week-old GHR–/–

mice (Table 3). IGF-I treatment restored bone turnover
in GHR–/– mice, and in the 4- to 6-week-old and 2- to 4-
week-old treated mice osteoblast and osteoid surface
was increased above that of wild-type mice (Table 3).
The 4- to 6-week-old treated mice demonstrated a dra-
matic increase in bone formation, such that trabecular
bone volume and trabecular thickness were slightly ele-
vated. Fluorochrome markers of bone formation (bone
formation rate and mineralizing surface) were restored
only in mice treated for 4 weeks, probably because these
are measured over a 7-day period. The slight increase in
trabecular bone volume and trabecular thickness may
indicate a more potent effect on bone formation (Table
2), given that IGF-I–induced increases in osteoclast sur-
face were quite modest (Table 3). When treatment was
suspended at 4 weeks, most histomorphometric indi-
cators of bone turnover were equivalent to levels in
GHR–/– mice by 6 weeks of age, except for osteoblast or
osteoid surface (Table 3).

Adipocyte volume was slightly, but not significant-
ly, increased in 6-week-old male GHR–/– mice. While
GHR status did not affect adipocyte volume in
females, adipocyte volume was slightly reduced by
IGF-I treatment in all GHR–/– mice (Table 3). Similar-
ly, the ratio of body fat to total body weight was ele-
vated in 6-week-old GHR–/– mice and reduced by IGF-
I treatment. (Mean ratio ± SEM: wild-type, 0.77 ± 0.09;
GHR–/–, 1.89 ± 0.11A; 2–6 weeks, 0.80 ± 0.12B; 4–6
weeks: 0.32 ± 0.08A,B; 2–4 weeks: 1.36 ± 0.12A. AP < 0.05
vs. wild-type; BP < 0.05 vs. GHR–/–.)

Discussion
It is well known that GH plays an important role in
longitudinal bone growth, because bone growth is
impaired both in GH-deficient humans (14, 15) and in
the GHR–/– mouse (18, 26). Although the growth plate
does not fully close in rodents as it does in humans,
reduced bone length in GHR–/– mice is associated with

premature growth-plate contraction and reduced
chondrocyte proliferation. This is consistent with GH-
stimulated chondrocyte-colony formation in vitro (27)
and growth-plate narrowing with age, associated with
reduced circulating GH, IGF-I, and IGFBP3 (28) and
reduced local IGF-I (29). Reduced chondrocyte prolif-
eration in the GHR–/– mouse is not detectable until 3
weeks of age; before this, bone growth proceeded nor-
mally, confirming that GH is not required for normal
murine prenatal development or early postnatal
growth (30). This is consistent with low serum IGF-I
and GH levels in fetal and early postnatal development
(2) and low IGF-I expression in fetal growth plates (29).
Maternal IGFs and IGFBPs may play a role in develop-
mental and postnatal growth before weaning (3 weeks
of age) in normal and GHR–/– mice (30).

While hIGF-I treatment of GHR–/– mice did not
completely prevent growth retardation, femoral
length was greater in treated GHR–/– mice. Similarly,
growth-plate and proliferative-zone widths in treated
GHR–/– mice were equivalent to wild-type mice at 6
weeks. This is consistent with IGF-I–stimulated chon-
drocyte proliferation in vitro (27) and IGF-I–stimu-
lated growth in rodents and humans (16, 17, 31).
When treatment was suspended at 4 weeks, increased
body length, but not proliferative-zone width, was
maintained until 6 weeks of age, suggesting that con-
tinued IGF-I treatment is needed to maintain normal
chondrocyte proliferation in GHR–/– mice. Thus, IGF-
I can prevent the early reduction in chondrocyte pro-
liferation in GHR–/– mice and restore longitudinal
bone growth if treatment is continued, supporting a
direct effect of IGF-I on chondrocyte proliferation.
Circulating IGF-I levels in our studies remained at
about 75% of normal at 4 weeks of postnatal growth.
This suggests that early recombinant IGF-I treatment
can compensate for the absence of GHR and that
administration to human patients should begin
before atrophy of the growth-plate starts. Thus, earli-
er treatment and stabilized circulating IGF-I levels
could be useful in the treatment of retarded growth
due to malfunction of the GH system in humans.
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Figure 4
Body size and bone length are increased in GHR–/– mice after IGF-I treatment. (a) Representative photograph of 6-week-old wild-type (left),
GHR–/– (center), and GHR–/– treated with IGF-I (6 mg/kg/d) from age 2 to 6 weeks (right). (b) Body weight in untreated (open circles) and
IGF-I–treated knockout mice. Mice were treated with IGF-I from weeks 2–6 (black squares), 4–6 (light gray triangles), or 2–4 (dark gray dia-
monds). (c) Body length at 6 weeks of age was increased by all IGF-I treatment regimens. (d) Femoral length was significantly increased only
in mice treated for 4 weeks. n = 5–10 per group. AP < 0.001 vs. wild-type, BP < 0.001, CP < 0.01, DP < 0.05 vs. GHR–/–.



While longitudinal growth was impaired in Stat5ab–/–

mice, this occurred earlier and was less severe in mature
mice than in GHR–/– animals. Similarly, there was no dif-
ference in growth-plate or proliferative-zone width in
mature Stat5ab–/– mice. Rather, the reduced growth in
Stat5ab–/– mice appears to relate to a developmental or
early postnatal defect in endochondral ossification
since altered growth-plate organization was observed at
2 weeks, but not thereafter. Since IGF-I levels in
Stat5ab–/– mice are reduced to only 50% of control (13)
and the growth-plate defect occurs while maternal IGF-
I is still available, IGF-I treatment alone may be insuffi-
cient to counteract the growth defect in Stat5ab–/– mice.
The altered ratio of proliferative- to hypertrophic-zone
width suggests reduced chondrocyte proliferation and
delayed chondrocyte hypertrophy/apoptosis in the
absence of Stat5 signaling. It also indicates that regula-
tion of chondrocyte proliferation by GH may not be
mediated through Stat5 only or that redundant path-
ways exist, probably emanating from Jak2 activation,
which phosphorylates multiple substrates.

Cortical bone is widened by osteoblastic bone forma-
tion on the outer bone surface (the periosteum) during
growth until late adulthood in humans and rodents.
Consistent with effects of GHR deficiency on longitudi-
nal growth, impaired cortical growth was not detected
before 4 weeks of age in GHR–/– mice, indicating an
important role of GH in postdevelopmental bone mod-
eling through mesenchymal-derived periosteal osteo-
blasts. In most 10-week-old GHR–/– mice, no mineral
apposition could be detected at all, whereas this growth
continues until 40 weeks in wild-type mice of this strain
(unpublished observations), suggesting that periosteal

growth has prematurely ceased in GHR–/– mice. In con-
trast, while cortical width was reduced in Stat5ab–/– mice,
periosteal bone growth was not, suggesting that this
GHR effect is also not mediated through Stat5.

Recombinant hIGF-I treatment restored periosteal
growth in GHR–/– mice, although femoral width was
significantly elevated only after 4 weeks of treatment,
demonstrating that IGF-I stimulates bone formation
by mesenchymal-derived osteoblasts.

Reduced cortical growth in GHR–/– mice indicates a
strong anabolic effect of GH on cortical bone mass, con-
sistent with reduced midshaft BMD and BMC reported
here. This confirms previous reports in humans and
rodents (26, 32), but also demonstrates that the low cor-
tical bone mass in GHR–/– mice relates to an early cessa-
tion of periosteal bone growth. Previous densitometry
studies suggested reduced trabecular bone mass in GH
deficiency (26, 32), while others suggest this relates to
reduced cortical width, since most mouse-bone densit-
ometry techniques do not adequately account for
altered bone size (33). Here we specifically measure tra-
becular bone volume histomorphometrically and
observe that while cortical bone mass is reduced, tra-
becular bone volume is not altered in GHR–/– mice.

Trabecular bone remodeling is markedly reduced in
GHR–/– mice, again reflecting effects of aging (34).
While reduced bone turnover with age occurs simulta-
neously with reduced circulating GH, IGF-I, and
IGFBP-3 levels (28), it has been difficult to determine a
direct relationship between these variables.

Reduced osteoblast surface in GHR–/– mice suggests
impaired osteoblast proliferation or life span and is
consistent with direct GH stimulation of osteoblast
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Figure 5
Chondrocyte proliferation is restored in GHR–/– mice treated with IGF-I. (a) Representative proximal tibial sections stained with toluidine
blue from 6-week-old wild-type, GHR–/–, and GHR–/– mice treated with IGF-I from weeks 2–6, 4–6, and 2–4. Scale bar, 100 µm. (b) Tibial
growth-plate width, proliferative-zone width, and longitudinal growth rate were increased in IGF-I–treated mice. n = 4–10 per group. 
AP < 0.01, BP < 0.001 vs. wild-type, CP < 0.05, DP < 0.01 vs. GHR–/–.



proliferation in vitro and in vivo (8, 35). Reduced min-
eral appositional rate and osteoid thickness are also
consistent with GH-stimulated collagen production
by mature osteoblasts (7). Few studies have measured
bone turnover in patients with Laron syndrome, but
biochemical markers of bone formation are lowered in
adults and children with Laron syndrome (36). Osteo-
clast function in GH deficiency has not been reported
in either rodent models or humans; we note here a sig-
nificant reduction in osteoclast surface. Recent stud-
ies demonstrate that while osteoblasts mediate GH
stimulation of osteoclast proliferation, osteoclastic
bone resorption can also be stimulated directly by GH
(11, 12). It remains unclear, however, whether the
reduced bone resorption in GHR–/– mice reflects a loss
of direct GH stimulation or relates to coupling of
osteoclast proliferation to the low level of bone for-
mation in these mice.

As with other skeletal effects, reduced bone forma-
tion in GHR–/– mice was rescued by hIGF-I treatment.
This is consistent with IGF-I stimulation of
osteoblast proliferation and function in vitro and in
vivo (37, 38) and increased markers of bone formation
in IGF-I–treated women (39) and patients with Laron
syndrome (36). These observations suggest that
reduced bone formation in GHR–/– mice may reflect
not only the loss of effective GH, but also reduced
IGF-I levels. IGF-I treatment affects osteoclast func-
tion less dramatically: as in humans, where only the
highest dose increased bone resorption (40), osteo-
clast surface was increased only in the 4 to 6–week
treatment group and did not compensate for the
increased bone formation, such that trabecular bone
volume increased. While local IGF-I perfusion increas-
es bone formation in rats, but either does not change
(38) or reduces osteoclast surface (41), the present
study suggests IGF-I may increase osteoclast number
by an endocrine or paracrine mechanism rather than
by a direct effect on osteoclasts.

Bone turnover was not reduced in Stat5ab–/– mice, but
was slightly increased, suggesting that Stat5 is not the
only mediator of GH in osteoblasts and osteoclasts.
Trabecular bone formation is also reduced in the pro-
lactin-receptor knockout (PrlR–/–) mouse (22). The PrlR
is structurally similar to the GHR, and PrlR signaling
is disturbed in mice lacking Stat5, indicated by mam-
mary gland and ovarian defects in Stat5ab–/– mice (13)
which are also observed in the PrlR–/– mouse (42).
Altered expression of liver enzymes in Stat5ab–/– mice
also demonstrates Stat5 involvement in GH signaling
in the liver (13). Taken together, these results suggest
that while Stat5 is essential for prolactin and GH sig-
naling in other tissues, the effects of prolactin and GH
in bone are not mediated by Stat5 only, but may involve
other signaling cascades such Ras/Raf/MAP kinase or
the adaptor proteins IRS-1 and IRS-2 (4).

Increased marrow adiposity in adult male GHR–/–

mice is consistent with reduced adiposity after short-
term GH treatment in a male patient (43), and GH

inhibited adipogenesis in vitro (44). Surprisingly, mar-
row adiposity was not altered in female GHR–/– mice,
suggesting that testosterone, while unchanged in
GHR–/– mice, may be involved in this effect. Recombi-
nant hIGF-I treatment reduced marrow adiposity and
the ratio of body fat to total body weight in GHR–/–

mice, indicating IGF-I mediation of this GH effect also.
In GHR–/– mice, serum IGF-I decreased to approxi-

mately 10% of wild-type levels, whereas Stat5ab–/– IGF-
I levels are approximately 50% of wild-type (13). Since
partial restoration of IGF-I levels in GHR–/– mice
almost completely rescues the effects of the knockout
on bone growth and remodeling, the difference in bone
phenotype between the GHR- and Stat5-deficient mice
may relate solely to the higher circulating IGF-I level in
the Stat5ab–/– mice. This further supports a major role
for IGF-I in mediating GH effects in bone and suggests
that pathways other than Stat5 may be important for
GH stimulation of IGF-I production.

In GHR–/– mice, IGFBP-3 is virtually absent, result-
ing in an altered ratio between the different binding
proteins, as in Laron syndrome (45). IGF-I treatment
increased both serum IGFBP-3 and one of the IGFBPs,
IGFBP-1, -2, or -5, probably IGFBP-2. This is consis-
tent with GH and IGF-I treatment of Laron syndrome
(45, 46) and suggests that IGF-I alone can partially
restore the IGFBP profile, though more detailed stud-
ies remain to be done.

This study clearly demonstrates that while cortical
and longitudinal bone growth and bone turnover are
all reduced in GHR deficiency, many of these effects
can be substantially reversed by IGF-I treatment, sug-
gesting that the main defect may relate to reduced 
IGF-I levels in the absence of GHR. Since longitudinal
bone growth was not affected in the liver-specific IGF-
I–knockout mouse (47, 48), locally produced IGF-I
and/or direct effects of GH may substitute for deficient
systemic IGF-I. Although the actions of GH on a range
of cell types may be mediated by Stat5 signaling, the
bone phenotypes in GHR- and Stat5-knockout animals
are surprisingly different, suggesting that the effects of
GH on bone, whether mediated directly or through
IGF-I, are not mediated by the Stat5 transcription fac-
tors but by other cytokine or signaling cascades.
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