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Background:Mice lacking integrins �2�1 and �11�1 are dwarfs.
Results: Bones are shorter and less mineralized in absence of osteoblast-specific defects. Severely reduced IGF-1, GH, and
GHRH levels result in proportional dwarfism.
Conclusion: Integrins �2�1 and �11�1 crucially regulate IGF-1 levels.
Significance: We present a novel concept for the role of integrins in growth control, thereby coupling ECM signaling to
endocrine homeostasis.

Mice with a combined deficiency in the �2�1 and �11�1
integrins lack the major receptors for collagen I. These mutants
are born with inconspicuous differences in size but develop
dwarfism within the first 4 weeks of life. Dwarfism correlates
with shorter, less mineralized and functionally weaker bones
that do not result from growth plate abnormalities or osteoblast
dysfunction. Besides skeletal dwarfism, internal organs are cor-
respondingly smaller, indicating proportional dwarfism and
suggesting a systemic cause for the overall size reduction. In
accordance with a critical role of insulin-like growth factor
(IGF)-1 in growth control and bone mineralization, circulating
IGF-1 levels in the sera of mice lacking either �2�1 or �11�1 or
both integrins were sharply reduced by 39%, 64%, or 81% of
normal levels, respectively. Low hepatic IGF-1 production
resulted from diminished growth hormone-releasing hormone
expression in the hypothalamus and, subsequently, reduced
growth hormone expression in the pituitary glands of these

mice. These findings point out a novel role of collagen-binding
integrin receptors in the control of growth hormone/IGF-1-de-
pendent biological activities. Thus, coupling hormone secretion
to extracellular matrix signaling via integrins represents a novel
concept in the control of endocrine homeostasis.

Nearly all cells in multicellular organisms are surrounded by
an extracellular matrix (ECM)4 that provides to tissues struc-
tural support, organization, and orientation, which are indis-
pensable for tissue morphogenesis, maintenance, and homeo-
stasis (1–4). Extensive communication between cells and the
surrounding ECM ismediatedmainly by receptors of the integ-
rin family (5–8). Integrins are heterodimeric transmembrane
receptors of one � and one � subunit in non-covalent associa-
tion that bind ligands with their extracellular domains, whereas
their intracellular tails associate via linker proteins with the
actin cytoskeleton. Signaling via integrins can proceed bidirec-
tionally, from the outside in and the inside out, thus regulating
virtually all cellular functions, including adhesion, polarity, dif-
ferentiation, and survival.
Collagens represent the most abundant fibrous component

of interstitial ECM, accounting for up to 30% of total protein
mass in multicellular animals (2, 9). The 28 different collagen
types can be grouped according to the supramolecular arrange-
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ment occurring in tissues (10). The fibril-forming collagen I is
the most abundant type in interstitial ECM, supporting cell
adhesion and migration and providing tensile strength. Colla-
gen I fibrils are recognized most efficiently by two of four col-
lagen-binding integrins, �2�1 (11) and �11�1 (12, 13), whereas
network-forming collagens are preferred ligands for integrins
�1�1 and �10�1 (14).

We aimed to delineate the functions of integrins �2�1 and
�11�1 in tissues rich in fibrillar collagen I by analyzing mice
deficient for either �2�1 (15–19) or �11�1 (20–23). These
studies yielded distinct functions in spatial collagen reorgani-
zation in vitro and in vivo. Both integrin receptors confer high
avidity cell binding to the sequence GFOGER (O � hydroxy-
proline) in triple helical collagen I (13, 24), and both receptors
have been implicated in the organization of interstitial collagen
fibrils (20, 25, 26). Integrin�2�1 iswidely distributed, including
expression by epithelial cells, mesenchymal cells such as fibro-
blasts, endothelial cells, chondrocytes, inflammatory and
immune cells, as well as platelets (18, 27, 28). Mice ablated for
the receptor are viable and fertile because of extensive func-
tional compensation by the other collagen-binding integrins
but display defects in homeostasis (15, 29), enhanced wound
and tumor angiogenesis (17, 19), and diminished mammary
gland branching morphogenesis (30). By contrast, �11�1 is
restricted to subsets of ectomesenchymal and mesenchymal
cells and detected abundantly during development in tissues
adjacent to forming cartilage and bone (21, 31). In mice defi-
cient for �11�1 the incisors fail to erupt normally because of
malfunction of fibroblasts in the periodontal ligament that
express �11�1 as the sole collagen receptor (21).

Here we concentrated on the role of integrins �2�1 and
�11�1 in bone development, function, and homeostasis inmice
deficient for either one or both integrins. Bone is highly
enriched in collagen I that is continuously remodeled to main-
tain mineral homeostasis and structural integrity (32). This is
accomplished by osteoclasts resorbing the mineralized matrix
and osteoblasts forming new bone matrix in a tightly coordi-
nated process (33). Several integrins have been suggested to
play a role in bone development. Aszodi et al. (34) reported the
essential role of the integrin �1 subunit for endochondral bone
formation. Apparently two �1 receptors recognizing collagen
are involved. Ekholm et al. (35) demonstrated the involvement
of integrin �1�1 in proper callus formation in the healing pro-
cess following bone fracture, and Bengtsson et al. (36) high-
lighted the importance of integrin �10�1, which is a collagen
receptor with cartilage-restricted expression, for growth plate
morphogenesis. Further functions for �v�3 and �1 integrins
were implicated in bone modeling and remodeling (37, 38) and
in transducing mechanical signals (39–41).
Mice constitutively ablated for integrin �11�1 are signifi-

cantly smaller in size than littermate controls, implicating this
collagen receptor in bone development (21), whereas no such
difference was noted in �2�1 deficient mice (15, 30). Bone
growth and metabolism, and hence body size, are regulated by
growth factors, including insulin-like growth factor (IGF)-1
(42). Its crucial role is illustrated by various IGF-1 knockout
mouse models with phenotypes ranging from embryonic
lethality to mild defects in skeletal development (43–46).

Serum IGF-1 is predominantly produced by liver cells upon
stimulation of the growth hormone receptor by growth hor-
mone (GH). GH is synthesized by the pituitary gland, and its
release is controlled by growth hormone-releasing hormone
(GHRH), which is secreted by the hypothalamus (47). In serum,
IGF-1 is detected in a complex with IGF-binding protein 3
(IGFBP-3) and acid-labile subunit (ALS), which prolongs the
half-life of IGF-1 (48).
Integrins can engage in reciprocal cross-talkwith growth fac-

tor receptors and are able to regulate their phosphorylation
(49). Interestingly, signaling via the IGF-1 receptor can bemod-
ulated by �1 integrins in response to IGF-1 stimulation (50).
Disruption of the interaction between integrins and the IGF-1
receptor blocks IGF-1-induced signaling, thereby influencing
bone remodeling (51).
The results presented here demonstrate that the combined

loss of integrins�2�1 and�11�1 severely compromises growth
as well as structural and mechanical bone properties. In all
aspects analyzed, loss of �11�1 seems to elicit more severe
effects than that of �2�1. In vitro functional tests show that
these alterations are not osteoblast autonomous but result from
a systemic defect characterized by sharply reduced serum
IGF-1 levels linked to dysregulated hypothalamic GHRH and
pituitary gland-derived GH expression.

EXPERIMENTAL PROCEDURES

Mice—Mice deficient for integrin �2�1 (15) and integrin
�11�1 (15, 21) were backcrossed into the C57Bl6 background
for six generations. Integrin �2�1-deficient and �11�1-defi-
cientmicewere bred to generate double-deficient animals. Ani-
mals were housed in specific pathogen-free facilities. All animal
protocols were approved by the local veterinary authorities.
Genotyping was performed by PCR of tail genomic DNA as
described (15, 21).
X-ray Analysis—Anesthetized mice were examined using a

bench x-ray unit (HP cabinet x-ray system, Faxitron series,
model 43855A, Hewlett-Packard), with single-side emulsion
film (Agfa-Ts Structurix D4DW, Non-Destructive Testing
(NDT) system) at 50 kV with an exposure time of 48 s.
Peripheral Quantitative Computed Tomography (pQCT)

Measurements—Right femora of 1- and 3-month-old mice
were scanned by pQCT using an XCT ResearchM scanner and
software 5.50 (Stratec Medizintechnik GmbH) as described
previously (52). Bones were scanned at the distal femoral
metaphysis (at 15%, 17.5%, and 20% of total bone length mea-
sured from the distal joint line) and at the midshaft (at 50% of
total bone length). Trabecular parameters (area, bone mineral
density, and bone mineral content) were determined as the
mean of the three slices at the distal femoral metaphysis. Cor-
tical parameters (area, bone mineral density, and bone mineral
content) as well as cortical thickness were evaluated at the
midshaft.
Mechanical Testing—Femora were loaded until failure by a

three-point bending test using a materials testing machine
(Z2.5/TN1S, ZwickGmbH&Co.) (53). Ultimate load (Fmax, N),
deformation (d, mm), energy (U, mJ) and stiffness (S, N/mm)
were determined from the load-deformation curve. Ultimate
stress (�, MPa), strain (�, %) and elastic modulus (E, MPa) were
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calculated as described (54). The cross-sectional moment of
inertia was obtained from the midshaft pQCT scan.
Determination of Circulating IGF-1 and IGFBP3 Levels—

Blood collected by cardiac puncture was centrifuged (1000� g,
30 min at 4 °C). Plasma was collected and stored at�80 °C, and
IGF-1 and IGFBP3 levels were analyzed by Radio-I Immuno-
assay kit and ELISA, respectively (Mediagnost).
Histology—Tibiae of newborn mice were fixed overnight in

4% paraformaldehyde in phosphate-buffered saline (pH 7.4)
and embedded in paraffin. Sections of 5 �m were deparaf-
finized, rehydrated, and stained with Alcian blue/hematoxylin-
eosin according to standard protocols.
Cell Culture—Primary osteoblasts were isolated from cal-

variae of P2-P5 mice by two 30-min digestion steps in 0.1%
collagenase IV (Sigma), seeded at 104/cm2, and cultured in
DMEM supplemented with 10% fetal bovine serum (PAA Lab-
oratories). Primary fibroblasts were isolated from trunk skin of
newborn animals and cultured as described (18).
Determination of Mineralization—Osteoblasts were seeded

in microwell plates at 104/cm2 and cultured in presence of 10
mM phosphoglycerate and 5 mM phosphoascorbate to induce
osteogenic differentiation and mineralization (day 0) for up to
18 days. At days 4, 7, 11, 14, and 18 triplicate wells of each
culture were fixed in methanol and washed in water, and min-
eralization was quantified in a microplate reader after Alizarin
red S staining as described (56). In three individual experi-
ments, cells from at least five animals per genotype were ana-
lyzed in triplicates.
Quantitative RT-PCR—cDNA was generated using a high-

capacity cDNA reverse transcription kit (Applied Biosystems)
and amplified using TaqMan Universal PCR Master Mix, No
AmpEraseUracilN-glycosylase (UNG)withTaqMan assay-on-
demand kits for IGF-1, GHRH, glucoronidase �, and HPRT
(Applied Biosystems). Further primer/probe sequences used
were integrin �2 (�2 probe, GCT-GCT-AAT-GCT-AGT-
TCA-AG; �2 sense primer, AGA-GAA-CTC-CTC-CGT-
ACA-GT; �2 antisense primer, CTG-GGA-GGC-CAA-CAT-
TAT-AC), integrin �11 (�11 probe, GCA-ACT-GCA-CCA-
AGC-TCA-ACC-TGG; �11 sense primer, GCT-GCC-TTC-
TTT-GGC-TAC-ACA-GTA-C; �11 antisense primer, TTG-
GGG-TTG-GTG-GCA-AGG-CT) and GH (GH probe, GTT-
CGA-GCG-TGC-CTA-CAT-TC; GH sense primer GCC-
CTT-GTC-CAG-TCT-GTT-TTC;GHantisense primerGAT-
GGT-CTC-TGA-GAA-GCA-GAA-AG). Total RNA input for
generation of cDNA was adjusted using a Nanodrop (Thermo-
Scientific) for each sample. Relative expression in samples was
adjusted for total RNA content by glucoronidase � or hypoxan-
thine guanine phosphoribosyl transferase expression. Calcula-
tions were performed by a comparative method 2���CT (69).
Quantitative RT-PCR was performed on an ABI Prism 7700
sequence detector (Applied Biosystems).
Statistical Analysis—Results are presented as mean � S.D.

Statistical differences between wild-type and knockout mice
were assessed by unpaired Student´s t test. Differences were
considered to be significant at p � 0.05. Statistical analysis of
mineralization assays was conducted using theWilcoxon rank-
sum test. One-way analysis of variance was used to test for
significant differences between wild-type and integrin-defi-

cient mice in pQCT measurements and a three-point bending
test. To detect significant differences between groups, signifi-
cant analysis of variance were followed by a post hoc Tukey test
for multiple comparisons. Differences were considered signifi-
cant at � � 0.05. Statistical calculations were performed using
SPSS for Windows (SPSS 18.0, SPSS Inc., Chicago, IL).

RESULTS

Decreased Bone Mineral Density and Bone Strength in Mice
Deficient for Integrin �11�1 or �2�1 and �11�1—Mice defi-
cient in �2�1, �11�1, or both integrin receptors were born
without any conspicuous difference in size or bone phenotype.
This observationwas confirmed by histological analysis of new-
born tibiae showing unaltered columnar arrangement of chon-
drocytes in epiphyseal cartilage of double-deficient mice com-
pared with wild-type controls (Fig. 1A). However, during the
first 4 weeks of postnatal life, growth of long bones, as exempli-
fied for femurs, was significantly attenuated especially in
mutants lacking integrin �11�1 and in double-deficient mice
(Fig. 1B). Significant femoral growth retardation in double-de-
ficient mice persisted during the first 3 months of age (Fig. 1B),
whereas animals lacking either integrin �2�1 or �11�1 showed
a tendency toward reduced femur length (Fig. 1B and supple-
mental Fig. S1A). In addition to length, bone density of femurs
and tibiae in double-deficient animals was severely reduced, as
shown by x-ray analysis confecting two-dimensional false color
images of the hind limbs (Fig. 1C).
To confirm this bone defect in double-deficient mice and to

dissect the contribution of each integrin, wild-type, �2�1,
�11�1, and double-deficient mice (aged 1 or 3 months) were
subjected to detailed bone geometrical and structural analysis
using pQCT. Scans through the femoral midshaft allowed eval-
uation of cortical bone parameters, whereas scans through the
distal epiphyseal bone were performed to quantify trabecular
determinants. Cortical bone mineral density (Ct. BMD) was
significantly reduced in 1- and 3-month-old animals lacking
�11�1 or both�2�1� �11�1 integrins, corroborating the false
color images (Fig. 1D and supplemental Fig. S1B). Cortical
thickness was also diminished, with the most significant
changes seen in double-deficient mice (Fig. 1E and supplemen-
tal Fig. S1C). �2�1 deficiency resulted inmild reduction of cor-
tical bone mineral density and cortical thickness. In contrast to
cortical parameters, trabecular bone mineral density and con-
tent were only affected in double-deficient mice at 4 weeks but
did not differ significantly from controls at 3 months (supple-
mental Table S1).
To test whether these altered bone geometrical and struc-

tural parameters translate into functional impairment, we sub-
jected femurs of control and mutant mice of 1 and 3 months to
three-point bending tests used to measure the maximal load
taken by a bone before it breaks (defined as ultimate load).
Femurs of integrin-deficient mice broke at significantly lower
load than that applied to wild-type femurs (Fig. 2A and supple-
mental Fig. S1D). Moreover, bone stiffness was particularly
reduced in mice lacking �2�1 and �11�1 (Fig. 2B and supple-
mental Fig. S1E). Energy and bending moment were decreased,
whereas the elastic modulus was unaffected in mutant mice
(supplemental Fig. S2).
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Taken together, these results showedmost severe alterations
in femur properties in mice deficient for integrins �2�1 �
�11�1, followed by severe alterations in �11�1-deficient and
mildest defects in �2�1-deficient mice.
Normal Osteoblast Function in Integrin-deficient Mice—As

mineralization of bone tissue is accomplished by osteoblasts,
we analyzed whether the loss of integrins �2�1 and/or �11�1
has a direct influence on osteoblast function. Therefore, differ-
entiation of primary osteoblasts, isolated from calvaria of new-
bornmice deficient in �2�1 or �2�1 and �11�1 as well as from
wild-type control animals, was induced by adding differentia-
tion-stimulatingmedia containing 2-phosphoascorbic acid and
�-phospho-glycerate. Expression of both collagen receptors
was detected in wild-type osteoblasts in culture (supplemental
Fig. S2A). Integrin �2 transcript levels increased with extent of
differentiation, whereas �11 expression was not modulated by
differentiation status.

Mineralization of osteoblast cultures was assessed after 0, 4,
7, 11, 14, and 18 days using Alizarin red solution, which stains
calcium-containing hydroxyapatite deposits. After 7 days, all
cultures displayed clearly visible Alizarin red-stained mineral
deposits, andmineralization progressed during the time course
of the experiment (Fig. 3A, one representative culture per gen-
otype shown). Staining intensities were comparable between
the different genotypes at all time points analyzed and quanti-
fication of the incorporated dye after acidic extraction did not
reveal statistically significant alterations in mineralization (Fig.
3B). No significant alterations were detected in osteoblast dif-
ferentiation as visualized by determining alkaline phosphatase
levels nor in osteoblast proliferation (supplemental Fig. S2, B
and C).
This result clearly indicated that �2�1 osteoblasts and �2�1

and �11�1-deficient osteoblasts are fully competent in depos-
iting a calcified bonematrix. Taken together, our results did not

FIGURE 1. Cartilage morphology and structural/geometrical bone parameters. A, hematoxylin/eosin staining of tibiae of newborn wild-type and double-
deficient (dko) mice reveal no obvious histological defects in cartilage morphology. B, femur length of male wild-type and integrin mutants was measured at
the age of 1 and 3 months, revealing reduced femur length in double-deficient animals. C, x-ray analysis confecting two-dimensional false color images of the
hind limbs illustrates the degree of mineralization from red, indicating high, to blue, indicating low mineralization. Particularly femurs of mice lacking �2�1 and
�11�1 integrins are mineralized to a lesser extent than wild-type controls. D and E, pQCT was carried out using male wild-type and integrin-deficient mice at
the age of 1 and 3 months. D, mean � S.D. cortical bone mineral density (ct. BMD). E, mean cortical (ct.) thickness of male mice is most severely reduced in �2�1
and �11�1-deficient animals. *, significant difference to WT, p � 0.05; †, significant difference to �2 KO, p � 0.05; #, significant difference to �11 KO, p � 0.05.

FIGURE 2. Functional bone parameters. A, mean � S.D. ultimate load. B, mean stiffness of femora of male wild-type and integrin-deficient mice were
measured using a three-point bending test. Integrin-deficient femora show a reduction in ultimate load and bone stiffness with a gradual decrease from
�2�1 � �11�1 � double-deficient (dko) animals, which show the most severe phenotype. *, significant difference to WT, p � 0.05; †, significant difference to
�2 KO, p � 0.05; #, significant difference to �11 KO, p � 0.05.
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reveal an osteoblast-specific phenotype caused by altered
osteoblast function.
Mice Lacking Integrins �2�1 and �11�1 Are Dwarfs—Mice

with combined ablation of integrins �2�1 and �11�1 were eas-
ily detectable among their littermates by reduced body size (Fig.
4A). To assess the contribution to this effect by the individual
integrins, detailed weight and size recordings were taken for
animals deficient in integrin �2�1 or �11�1 and for double-
deficient mice at 1 and 3 months. At the age of 1 month,
mutants were smaller (Fig. 4C and supplemental S1, F and G)
and weighed less (Fig. 4D and supplemental Fig. S1, H and I)
when compared with wild-type controls, with the mildest phe-
notype observed in �2-null and the most severe one in double-
deficient animals. These growth defects persisted until adult-
hood, as illustrated by size and weight recordings of animals at
3 months, pointing to growth impairment in integrin mutants
rather than to growth delay. The difference accounted for
20–25% in double deficient animals versus wild-type con-
trols and was similar to the reduction in size reported for
�11�1 single mutants (21). Mass and size of inner organs
were also reduced in �2�1 and �11�1 double mutants and in
�11�1-null animals versus controls (Fig. 4B, upper and cen-
ter panel). However, correlating organ weight with overall
body weight abrogated these differences (Fig. 4B, lower
panel). Hence, these mice developed severe proportional
dwarfism after birth.
Severely Decreased IGF-1 Levels in Sera of Integrin-deficient

Mice—The dwarfism aswell as structural and geometrical bone
properties observed, especially in �2�1 and �11�1-deficient

mice, could obviously not be attributed to growth plate altera-
tions nor to osteoblast dysfunction. To identify the underlying
mechanisms, systemic alterations, e.g. in IGF-1 levels and IGF-1
signaling, were explored.
First, we tested whether integrin-deficient cells were capable

of responding to IGF-1 stimulation in vitro by assessing phos-
phorylation of the serine/threonine protein kinase AKT, a well
established downstream signaling target of IGF-1. Cell lysates
harvested from cultured primary skin fibroblasts and osteo-
blasts after stimulationwith recombinant IGF-1were subjected
toWestern blot analysis using antibodies directed against phos-
phorylated AKT. Stimulation of phosphorylated AKT by insu-
lin was included as positive control. Similar phosphorylated

FIGURE 3. Functional analysis of primary osteoblasts. Osteoblasts were
isolated from calvaria of newborn wild-type (wt) mice and those deficient in
�2�1 (�2 ko) or double-deficient (�2�11 dko) and cultured for up to 14 days
with and without differentiation medium containing 2-phosphoascorbic acid
and �-phosphoglycerate. A, osteoblast cultures were stained with Alizarin red
at various time points. B, amounts of incorporated dye (mean � S.D.) reflect-
ing the degree of mineralization, quantified by assessing absorption at 405
nm, revealed no obvious differences between genotypes. n � 5 animals (�
cultures) per genotype. Each culture was analyzed in triplicate wells per assay.

FIGURE 4. Integrin-deficient mice are dwarfs. A, mice with combined abla-
tion of integrins �2�1 and �11�1 were easily detectable among their litter-
mates by reduced body size. B, reduced size of inner organs (heart, spleen,
kidney) of wild-type and integrin-deficient mice. Bar charts display wet
weight of organs (center panel) as well as wet weight of organs normalized to
body weight (lower panel). In �11�1 and double-deficient (dko) mice, wet
weight of heart, spleen, and liver is reduced, whereas in relation to body
weight, the difference is abrogated, illustrating a proportional dwarfism in
these animals. Body size from nose to anus (C) and weight (D) of male wild-
type and integrin-deficient mice at the age of one and three months. Integrin
�11�1 and double-deficient mice are smaller and weigh less when compared
with wild-type controls with the most prominent differences observed in ani-
mals lacking both integrin subunits. *, p � 0.05; **, p � 0.005; ***, p � 0.0005.
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AKT signals were detected upon stimulation with IGF-1 or
insulin regardless of cell type and genotype (supplemental Fig.
S3, A and B), clearly demonstrating that cells lacking �2�1
and/or �11�1 integrins were fully competent to activate the
endogenous PI3K-AKT signaling cascade in response to IGF-1
in vitro.
We then assessed circulating levels of IGF-1 and IGFBP3 in

the sera of 1- and 3-month oldmice.Dramatic alterations were
observed at the age of 1 month, with significantly reduced
serum levels in integrin-deficient mice (Fig. 5, A and B, and
supplemental Fig. S1, J–M). The most prominent reduction
of both IGF-1 and IGFBP-3 was seen in �11�1 and �2�1 and
�11�1 double-deficient animals at the age of 1 month, with
up to 85% reduction of IGF-1 and up to 70% reduction of
IGFBP-3. By 3 months, IGF-1 levels ameliorated but
remained markedly lower in double-deficient compared
with wild-type animals.
Reduced Hepatic IGF-1 Expression in Integrin-deficient Mice—

Reduced serum IGF-1 levels indicated that hepatic IGF-1 pro-
duction was affected, particularly in mice lacking integrins
�2�1 and �11�1. Impaired hepatic IGF-1 expression was con-
firmed by real-time analysis of liver extracts from wild-type,
�2�1, and �2�1 and �11�1 double-deficient animals (Fig. 6A).
In contrast to low systemic IGF-1 produced in the liver, locally
produced IGF-1 mRNA by primary cultured osteoblasts
derived from double-deficient integrinmutants was not altered
(Fig. 6B). These results demonstrated that the phenotype of
integrin-deficient mice is caused by insufficient hepatic IGF-1
production.
ReducedGHRHandGHExpression in Integrin-deficientMice—

The next experiments were aimed at elucidating whether

impaired hepatic IGF-1 production might be caused by altera-
tions inGHRHorGHproduction. Circulating IGF-1 levels pro-
duced by the liver are indirectly controlled by GHRH, which is
secreted by specialized hypothalamic neurons and acts on so-
called somatotrophs in the pituitary gland to produce and
releaseGH.GH in turn acts onGH receptors in the liver, induc-
ing IGF-1 transcription and release.
To identify at which step of theGH/IGF-1 axis the regulation

may be impaired, we micro-dissected hypothalami and pitui-
tary glands of wild-type as well as �2�1 and �2�1 and �11�1
double-deficient mutants at the age of 6 weeks. Expression of
both integrins was verified in microdissected wild-type tissues
(Fig. 6C). Hypothalami of mice lacking �2�1 and of double
mutants were characterized by significantly reduced GHRH
expression (Fig. 6D). In addition, GH expression in pituitary

FIGURE 5. IGF-1 and IGFBP-3 protein levels. Levels of IGF-1 (A) and IGFBP-3
(B) were assessed in sera of male mice at the age of one and three months.
Mutant mice show decreased IGF-1 and IGFBP-3 levels, with the most severe
reduction observed in 1-month-old double-deficient (dko) mice.

FIGURE 6. Analysis of the GH/IGF-1 axis. A, IGF-1 mRNA expression in liver
extracts of �2�1 and double-deficient female mice was significantly
decreased in comparison to the wild type. B, similar amounts of locally pro-
duced IGF-1 mRNA levels were assessed in cultured primary wild-type and
double-deficient osteoblasts at the beginning (day 0) and after 7 days in cul-
ture with osteogenic media. C, qRT-PCR analysis of integrin �11 and �2 tran-
scripts demonstrates expression in hypothalamus and pituitary glands of
wild-type mice. D, real-time analysis of hypothalamic GHRH mRNA expression
revealed significantly reduced levels in �2�1 as well as double-deficient (dko)
male mice. E, expression of GH mRNA in the pituitary gland was significantly
lower in male integrin-deficient mice.
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glands was significantly reduced in these mice (Fig. 6E). Corre-
lating with decreased GH mRNA transcripts, GH serum levels
were clearly diminished in 6-week-old double-deficient mice
(supplemental Fig. S3C). To rule out a generalized loss of hypo-
thalamic functions by integrin deficiency, we determined the
expression of several other hypothalamic neuropeptides, in-
cluding corticotrophin-releasing hormone, thyrotropin-releas-
ing hormone, gonadotropin-releasing hormone, and soma-
tostatin, which are involved in regulating glucocorticoid
synthesis, energy expenditure, sex hormone synthesis, aswell as
antagonismofGHRHsignaling.Unchanged expression of these
peptides in comparison to controls demonstrated that overall
hypothalamic function was not affected by integrin deficiency
(supplemental Fig. S4). This result clearly implicates reduced
GHRHproduction regulating systemic IGF-1 levels as a specific
defect resulting from loss of �2�1 and �11�1.

DISCUSSION

Mice with constitutive ablation of integrins �2�1 �
�11�1, the two major integrins binding to collagen I, were
born without any conspicuous abnormalities but failed to
grow to normal size. This defect developed within the first 4
weeks of life and persisted but was not amplified with age
(e.g. at 3 months). To assess the contribution of each individ-
ual integrin, we also characterized mice lacking either integ-
rin �2�1 or �11�1. All results obtained suggested that lack
of �2�1 created the mildest defects, whereas lack of �11�1
was more severe, and double-deficiency resulted in most
severe defects. Small size in double-deficient mice was illus-
trated by significantly shortened and functionally weakened
femurs but was not limited to skeletal dwarfism. Rather,
their internal organs are also smaller, indicating that these
animals display proportional dwarfism. This conclusion is
supported by normal growth plate architecture and unim-
paired osteoblast proliferation, differentiation, and ability to
deposit a mineralized bone matrix. Osteoclast activity has
not been assessed and can therefore not be excluded.
Proportional dwarfism could result from malnutrition

caused by tooth defects that were reported earlier (21). How-
ever, several findings speak against this mechanism. First, size
differences were striking before weaning (data not shown), and
themost severe defects were observed inmice at 4 weeks of age.
Thus, defects developed already during the time when pups
were fed milk by their mothers. Therefore, malnutrition
because of impaired tooth development appears unlikely. Sec-
ond, overall metabolism in integrin mutants was normal as
reflected by respiratory exchange rates, whichwere comparable
with thewild type (supplemental Table S3). Third, the dramatic
size reduction of mice lacking integrins �2�1 and �11�1 per-
sisted even when fed soft food (21) and was not amplified with
age (between 1 and 3 months), arguing against generalized
malnutrition.
As osteoblast-specific defects and malnutrition appear

unlikely as mechanisms causing dwarfism in integrin-deficient
mice, global or systemic metabolic modifications were ex-
plored. Here we demonstrate severely reduced levels of sys-
temic IGF-1 in mice lacking integrins �2�1 and �11�1. Con-
sistent with the well established role of IGF-1 in controlling

bone mass and strength and body size, reduced IGF-1
explains the bone alterations as well as the dwarfism seen in
these mice.
Low IGF-1 levels resulted from impaired hypothalamic

GHRH expression in the absence of integrin �2�1 and �11�1.
Decreased GHRH expression is a specific defect in integrin-
mutant hypothalamus, as expression of other hormones was
unaffected. Low GHRH levels, in turn, correlated with corre-
spondingly reduced GH expression in integrin-mutant pitui-
tary glands. In line with the finding that integrin double
mutants are born with normal size, GH was reported as not
being essential for intra-uterine growth and development, as
illustrated by normal-sized infants with deletions of the genes
encoding GH or GH receptor (57), and GH deficiency is a well
characterized condition that results in postnatal growth retar-
dation (58).
GH released by the pituitary gland in response to hypotha-

lamic GHRH and then acts on the liver to produce the bulk of
systemic IGF-1. The crucial importance of the GH/IGF-1 axis
for bone mineralization has been demonstrated in several
rodent models and was implicated in the pathogenesis of
osteopenia and osteoporosis (59). Mice carrying a mutation of
the GH receptor show very low levels of systemic IGF-1 and
display osteopenia with reduced cortical but normal trabecular
bone (60). In contrast, increased bone formation and increased
trabecular bone formationwas detected inmice overexpressing
IGF-1 in osteoblasts (61). The role of locally produced IGF-1 for
trabecular bone integrity was further strengthened using mice
with an osteoblast-restricted ablation of the IGF-1 receptor
that showed reduced trabecular bone volume (45). By contrast,
a global knockout of IGF-1 as well as IGF-1 haploinsufficiency
lead to low cortical bone mineral density (43, 62), which was
also observed in liver-specific IGF-1-deficient mice that are
characterized by reduced serum IGF-1 levels (44). Collectively,
these reports show that local skeletal IGF-1 regulates trabecular
bone formation and integrity, whereas systemic IGF-1 controls
cortical bone structure (63). Thus, our results on impaired cor-
tical bone properties and mineralization, but less or unaffected
trabecular bone in integrin double mutants, agree with the
observed low levels of systemic IGF-1 and normal osteoblast-
derived IGF-1 production.
The crucial role of IGF-1 as key growth regulator has been

documented by various mouse models that indicated that a
threshold level of circulating IGF-1 is required for normal body
size (46): Absence of serum IGF-1 in global IGF-1 knockout
mice results in severe growth retardation (43), as does residual
IGF-1, amounting to about 10% of normal levels, observed in
mice with simultaneous gene disruption of liver-specific IGF-1
and ALS (48). By contrast, IGF-1 amounting to 25% of normal
levels is sufficient to permit normal body size, as was demon-
strated by liver IGF-1-deficient (LID) mice (44, 64). Absence of
integrins �2�1 and �11�1 reduces serum IGF-1 to 15% of nor-
mal levels, clearly showing that the threshold level required for
normal growth is above this value.
As suggested by the phenotype of LID mice, a lacking nega-

tive feedback loop of liver-derived IGF-1 onGH secretion leads
to a compensatory increase in serumGH levels inmice (64, 65).
In addition, LID mice show increased expression of pituitary
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GHRH and ghrelin receptors indicating at least some feedback
to the pituitary (66). However, the target sites of IGF-1 for reg-
ulating GH release remain unclear and might either be located
in the hypothalamus and/or the pituitary. Recently, a cell-spe-
cific knockout mouse in which the IGF-1 receptor was ablated
from the somatotroph, the so-called somatotroph IGF-1 recep-
tor knockoutmouse, has been generated (67). The phenotype of
the somatotroph IGF-1 receptor knockout mouse includes
increased GH expression and secretion as well as increased
serum IGF-1 levels (67). The feedbackmechanisms to the hypo-
thalamus resulted in decreased GHRH and increased GHIH
mRNA levels. Furthermore, decreased growth hormone-re-
leasing hormone receptor expression was observed in the ante-
rior pituitary of these mice (67). However, these changes were
not able to reduce GH secretion in the somatotroph IGF-1
receptor knockout mouse, indicating a role of IGF-1R signaling
in the pituitary in addition to the hypothalamus in regulating
GH secretion (67). Thus, IGF-1 acts in the hypothalamus and
the pituitary to regulate GH secretion.
Collectively, our study implicates decreased GHRH and GH

expression as the crucial defect in �2�1 � �11�1 integrin-de-
ficient mice, leading to dramatically reduced GH and IGF-1
serum levels.
Having unraveled this mechanism, further work will now be

aimed at understanding how integrins �2�1 � �11�1 regulate
hypothalamicGHRHandpituitary gland-derivedGH.This will
require detailed analysis of the precise integrin repertoire on
the cell types involved in hormone production and release.
Two models appear feasible. First, the integrins are directly
involved in modulating production of GHRH or GH by being
expressed on the respective cell types. Alternatively, integ-
rin-dependent signals from the environment of hormone-
producing cells are required to induce proper hormone
release. Similar examples have been demonstrated for differ-
ent cell types that release defined mediators only if placed in
a collagen environment that activates integrin-dependent
signaling (for review, see Ref. 68).
In conclusion, the results presented here suggest a novel

function for integrins in the GH/IGF-1 axis and in growth con-
trol, thus, coupling of hormone secretion to ECM signaling via
integrinsmay represent a novel concept in control of endocrine
homeostasis.
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