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␤1 Integrins in Muscle, But Not in Motor Neurons,
Are Required for Skeletal Muscle Innervation
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1

In vitro studies have provided evidence that ␤1 integrins in motor neurons promote neurite outgrowth, whereas ␤1 integrins in myotubes
regulate acetylcholine receptor (AChR) clustering. Surprisingly, using genetic studies in mice, we show here that motor axon outgrowth
and neuromuscular junction (NMJ) formation in large part are unaffected when the integrin ␤1 gene (Itgb1) is inactivated in motor
neurons. In the absence of Itgb1 expression in skeletal muscle, interactions between motor neurons and muscle are defective, preventing
normal presynaptic differentiation. Motor neurons fail to terminate their growth at the muscle midline, branch excessively, and develop
abnormal nerve terminals. These defects resemble the phenotype of agrin-null mice, suggesting that signaling molecules such as agrin,
which coordinate presynaptic and postsynaptic differentiation, are not presented properly to nerve terminals. We conclude that Itgb1
expression in muscle, but not in motor neurons, is critical for NMJ development.
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Introduction
Motor neurons encounter during their development extracellular matrix (ECM) glycoproteins, including isoforms of laminin
(LN) and agrin, and they respond in vitro to ECM glycoproteins
in distinct ways. LN1/2 promote neurite outgrowth (Tomaselli
and Reichardt, 1988; Varnum-Finney et al., 1995; Weaver et al.,
1995). In contrast, a neuron-specific splice variant of agrin and
isoforms of LN that contain the ␤2 chain are deposited into the
synaptic basal lamina and are growth inhibitory; these molecules
may act as a “stop signal” for motor neurons and induce synapse
formation (Campagna et al., 1995; Porter et al., 1995). The effect
of LN isoforms on axon outgrowth has not been studied in vivo,
but genetic evidence supports a role for specific isoforms of LN
and agrin during synaptogenesis. Synaptic defects are observed at
the neuromuscular junctions (NMJs) in mice null for the LN ␤2
and ␣4 chain genes (Noakes et al., 1995; Patton et al., 2001). In
agrin-null mice the motor axons fail to terminate their growth at
the muscle midline and exhibit poorly differentiated nerve terminals (Gautam et al., 1996). The receptors that mediate effects of
ECM components on motor neurons are not well defined. ECM
receptors of the ␤1 integrin family mediate the growthpromoting effects of LN1/2 in vitro (Tomaselli and Reichardt,
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1988; Weaver et al., 1995). However, it is unclear whether ␤1
integrins are essential for axon outgrowth in vivo and whether
they are required in motor neurons for the formation of NMJs.
ECM glycoproteins also regulate the assembly of the postsynaptic apparatus of the NMJ. Postsynaptic differentiation is initiated before innervation by motor neurons and can be visualized
by the formation of acetylcholine receptor (AChR) clusters in the
muscle membrane (Sanes and Lichtman, 2001). An agrin isoform
that is secreted by motor neurons and the muscle-specific kinase
(MuSK) that is activated by neural agrin are required to consolidate this AChR prepattern into stable postsynaptic specializations (Reist et al., 1992; DeChiara et al., 1996; Glass et al., 1996).
Interestingly, MuSK, but not neural agrin, is essential for the
initial formation of the AChR prepattern (Lin et al., 2001; Yang et
al., 2001). This suggests that at early stages of skeletal muscle
differentiation MuSK is activated by an agrin-independent
mechanism. In myotubes in culture AChR clustering is initiated
not only by agrin but also by LN1/2/4. Moreover, LN1/2/4 and
agrin act synergistically to induce AChRs clustering, a process
that is modulated by antibodies that recognize ␤1 integrins. Because LN, but not agrin, is present in early muscle, a LN/␤1dependent signaling pathway may regulate the development of
the AChR prepattern; LN and neural agrin subsequently may
cooperate to regulate postsynaptic differentiation (Martin and
Sanes, 1997; Sugiyama et al., 1997; Montanaro et al., 1998; Burkin
et al., 2000; Marangi et al., 2002; Willmann and Fuhrer, 2002).
To determine the function of ␤1 integrins in neuromuscular
development, we have analyzed mice genetically engineered to
lack expression of the Itgb1 gene in spinal motor neurons and in
skeletal muscle, respectively. In contrast to expectations, we show
that ␤1 integrins in motor neurons are not essential for axon
outgrowth and for the innervation of skeletal muscle fibers. We
have shown previously that ␤1 integrins in myoblasts regulate
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skeletal muscle fiber development
(Schwander et al., 2003). AChR clusters
still form in the Itgb1-deficient muscle fibers, but motor axons do not stop in the
prospective endplate zone and fail to consolidate this AChR prepattern into stable
synaptic contacts. These defects likely are
caused by abnormal muscle fiber development that prevents normal adhesive and
signaling interactions between motor neurons and muscle.

Materials and Methods
Mouse lines

The mouse lines and protocols for genotyping
have been described as follows: Rosa26lacZflox
(Mao et al., 1999), Itgb1⫹/⫺ (Stephens et al.,
1995), Itgb1flox (Graus-Porta et al., 2001), HSACre (Leu et al., 2003; Schwander et al., 2003),
nestin-CRE (Tronche et al., 1999; Graus-Porta
et al., 2001), and HB9-GFP mice (Lee et al.,
2004).

Histology and immunohistochemistry

Figure 1. Analysis of the nestin-Cre mice. Nestin-Cre mice were crossed with Rosa26lacZflox/flox mice. The Cre recombination
pattern was analyzed by LacZ staining (blue). a, Whole-mount staining at E10.5. LacZ was expressed throughout the entire neural
tube (arrow). b, c, Sections of P3 animals. In transversal sections through spinal cord at forelimb ( b) and hindlimb ( c) levels LacZ
expression was detected in the spinal cord. It was pronounced in motor neuron pools of the ventral horn (b, arrowhead). LacZ
expression was also evident in dorsal root ganglia (asterisk). d, Higher magnification view of a transversal section through spinal
cord at P3. Sections were stained with Nissl (violet) to label motor neuron nuclei and with LacZ (blue). Essentially all motor neurons
(arrowheads) were lacZ-positive. Scale bars: a, 200 m; b, c, 100 m; d, 30 m.

Sections and cells in culture. Nissl and LacZ
staining were performed as described (Farinas
et al., 1996; Graus-Porta et al., 2001). Cryostat
sections and cells in culture were processed for
immunohistochemistry as described (Schwander et al., 2003). Primary antibodies were as follows: mouse monoclonal anti-rapsyn (Froehner, 1984), mouse monoclonal anti-utrophin (provided by M. Ruegg,
Biozentrum Basel, Basel, Switzerland), rabbit polyclonal anti-␤dystroglycan (also provided by M. Ruegg), rabbit polyclonal antiintegrin ␣7B subunit (provided by U. Mayer, University of Manchester,
Manchester, UK), mouse monoclonal anti-glial fibrillary acidic protein
(GFAP; Dako, High Wycombe, UK), and mouse monoclonal antisynaptophysin (Dako, Glostrup, Denmark). The ␤1-specific antibody
was raised in rabbits against a peptide encompassing the cytoplasmic
domain of the ␤1 integrins. For immunofluorescence, FITC-labeled secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were
mixed with TRITC-labeled ␣-bungarotoxin (Molecular Probes, Eugene,
OR). Images were collected on a Deltavision microscope and processed
by deconvolution.
Whole-mount neurofilament/␣-bungarotoxin staining. Embryos were
placed into Ca- and Mg-free PBS and eviscerated; small tail pieces were
cut for genotyping. Subsequent steps were performed at 4°C. Rib cages
and diaphragm muscle were stained for 2 hr with TRITC-labeled
␣-bungarotoxin (diluted 1:1000; Molecular Probes) in L-15 medium.
Samples were washed four times for 15 min with PBS, fixed for 5 min at
⫺20°C in methanol, washed for 10 min with PBS, blocked, and permeabilized for 2 hr in PBS containing 5% horse serum, 1% BSA, 1% Triton
X-100, and 0.1% sodium azide (blocking solution). Samples were incubated for 2 d with neurofilament antibody (diluted 1:200; Chemicon,
Temecula, CA) in blocking solution, washed at least four times for 2 hr
with PBS containing 0.2% Triton X-100, and incubated overnight with
FITC-conjugated secondary antibody (diluted 1:200; Jackson ImmunoResearch) in blocking solution. Samples were washed at least four
times for 2 hr with PBS containing 0.2% Triton X-100. Muscles were
dissected from rib cages and mounted in Vectashield (Vector Laboratories, Burlingame, CA). The size and number of AChR clusters were determined in three diaphragm muscles each from embryonic day 14.5
(E14.5) wild-type and mutant embryos. To quantify clusters (⬃150/
sample), we analyzed random fields (0.004 mm 2) of muscle fibers in the
medial diaphragm.
Whole-mount neurofilament/diaminobenzidine staining. Embryos
were recovered, tail pieces were cut for genotyping, and the embryos were
eviscerated; heads were sliced open dorsally to allow for antibody pene-

tration. Embryos were fixed overnight at 4°C in methanol/DMSO (4:1),
and bleached for 6 hr at 4°C with fixative/30% H2O2 (5:1). Samples were
rehydrated by successive 1 hr incubations at room temperature (RT) in
80, 50, 30, and 0% methanol in PBS/0.25% Triton X-100. The samples
were incubated for 2 d at 4°C in blocking solution [fetal calf serum
(Invitrogen, Gaithersburg, MD)/DMSO (4:1), 0.1% thimerosal] containing a 1:1000 dilution of ␣-neurofilament antibody (Chemicon). After six 1 hr washes in PBS the embryos were incubated overnight at 4°C in
blocking solution containing a 1:200 dilution of horseradish peroxidaseconjugated goat anti-mouse IgG secondary antibody (Pierce, Rockford,
IL). After six 1 hr washes at RT in PBS the embryos were incubated for 1
hr at RT in 0.3 mg/ml diaminobenzidine and 5 mg/ml NiCl2. H2O2 was
added to 0.03%. The reaction was stopped after 10 –30 min by washing
the samples with PBS.

Spinal motor column explants and primary muscle cell cultures
Explant cultures from E10.5 embryos were prepared for neurite outgrowth assays. The ventral third of the spinal cords at forelimb level were
dissected, treated for 1 hr on ice with 0.5% trypsin in Ca 2⫹/Mg 2⫹-free
Hanks’ solution, and transferred into ice-cold DMEM/F-12 (Invitrogen,
Carlsbad, CA) supplemented with 25% fetal bovine serum. After complete removal of the floor plate the motor column explants were placed
on coverslips double-coated with poly-D-lysine and 10 g/ml LN1/2 (Invitrogen) in 24-well culture plates (Corning, Acton, MA). Culture conditions were essentially the same as previously described (Shirasaki et al.,
1998). After 24 hr in culture the explants were fixed with 4% paraformaldehyde in PBS containing 10% sucrose. Neurites extending from the
explants were stained with TRITC-labeled phalloidin (Molecular
Probes). The length and number of neurites were determined in four
motor column explants each from wild-type and mutant embryos. Statistical significance was evaluated by Student’s t test.
Myoblasts were isolated from hindlimb muscle, cultured, and induced
to differentiate into myotubes as described (Schwander et al., 2003).
AChR clustering was induced by adding a C-terminal fragment of the
neuronal isoform of chick agrin (200 pM–2 nM) (Ruegg, 1996). Myotubes
were analyzed 24 hr later by immunohistochemistry as described above.
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gene inactivation (Graus-Porta et al.,
2001); (2) HSA-Cre mice, which express
Cre in developing skeletal muscle
(Schwander et al., 2003); (3) nestin-Cre
mice, which express Cre in the developing
nervous system (Tronche et al., 1999;
Graus-Porta et al., 2001). In HSA-Cre mice
Cre is expressed by E9.5 in somites in cells
that are committed to the myogenic lineage and stays high throughout skeletal
muscle development (Leu et al., 2003;
Schwander et al., 2003). In nestin-Cre mice
Cre is expressed by E10.5 in the developing
cerebral cortex in the precursors of neurons and glia (Graus-Porta et al., 2001). To
monitor Cre recombination in the spinal
cord also, we crossed nestin-Cre mice with
a reporter mouse line that carries a
Rosa26lacZflox gene. In this line LacZ expression is activated by Cre recombination
(Mao et al., 1999). Stainings of embryos in
whole mount revealed that nestin-Cre induced recombination throughout the neural tube as early as E10.5 at a time when the
first motor neurons become postmitotic
(Fig. 1a). In histological sections of P3
mice the LacZ staining was evident
throughout the spinal cord, with pronounced staining in the ventral motor
neuron pools (Fig. 1b). LacZ-positive motor neurons were identified by their position and by the morphological appearance
of their nuclei in Nissl staining (Fig. 1d,
arrowheads). Additional expression was
observed in sensory neurons of the dorsal
root ganglia (DRGs) (Fig. 1b– d, asterisks).
We conclude that the nestin-Cre mouse
line used here induces recombination in
developing spinal motor neurons and in
sensory neurons of the DRGs.
Inactivation of the Itgb1 gene in spinal
motor neurons
To analyze the function of the Itgb1 gene
in spinal motor neurons, we crossed
Itgb1 flox/flox mice with Itgb1 ⫹/ ⫺nestinCre mice. As previously described, the
Figure 2. Expression and inactivation of ␤1 integrin expression in motor neurons. a, Transverse sections from E11.5 HB9-GFP
embryos were analyzed for GFP fluorescence (green) and ␤1 expression (red). The GFP transgene is expressed specifically in the Itgb1-deficient offspring, called here nescell bodies and projections of spinal motor neurons. Prominent ␤1 expression was detected in motor neurons (thick arrows), in tin-Itgb1Ko mice, are viable and fertile
DRG neurons (thin arrows), and in skin (arrowheads). b, Transverse sections from E11.5 wild-type and nestin-Itgb1Ko animals but display malformations in cortical strucwere stained with antibodies to ␤-tubulin to visualize neurons and with antibodies to ␤1 integrin. The ␤1 expression was tures in the CNS. Mutant mice are ataxic and
diminished drastically in motor neurons (thick arrows), DRG neurons (thin arrows), and peripheral nerve bundles (asterisks), but fail to stretch their hindlimbs when picked up
not in skin (arrowhead). c, Western blot analysis for the ␤1 protein. Extracts were prepared from the neural tube dissected from by the tail (Graus-Porta et al., 2001) (data not
E12.5 wild-type and nestin-Itgb1Ko embryos. The ␤1 protein was readily detectable in wild-type mice, but not in mutant mice. shown).Defectsinthecerebellumorthemotor
Scale bars: a, left, 200 m; a, right, 25 m; b, 200 m.
cortex or perturbations in neuromuscular
transmission could account for motor deficits.
To demonstrate first that the Itgb1 gene was expressed in moResults
Cre mice for the inactivation of the Itgb1 gene in motor
tor neurons of wild-type embryos, we stained cross sections of
neurons and in muscle
E11.5 animals with an antibody to the integrin ␤1 subunit. The
To analyze the function of ␤1 integrins in the development of
sections were prepared from wild-type embryos expressing an
motor neurons and the formation of the NMJ, we have used three
HB9-GFP transgene in motor neurons (Fig. 2a) (Lee et al., 2004).
mouse lines that we have described as follows: (1) Itgb1flox mice,
The ␤1 protein was expressed prominently in the cell bodies and
which carry an allele of the Itgb1 gene suitable for Cre-mediated
axonal projections of GFP-positive motor neurons (Fig. 2a, thick
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arrow). Additional staining was observed
in sensory neurons of the DRGs (Fig. 2a,
thin arrows) and in skin (Fig. 2a, arrowhead). We next stained sections of nestinItgb1Ko embryos with antibodies directed
against ␤-tubulin to visualize nerve fibers
and with antibodies to the ␤1 integrin subunit (Fib. 2b). As expected, ␤1 expression
in motor neurons (thick arrows) and sensory neurons (thin arrows) was reduced
drastically in the mutants. We also performed Western blots with neural tube tissue from E12.5 embryos. Consistent with
the immunohistochemical data, we readily
observed ␤1 protein in extracts from wildtype embryos, but not in extracts from
nestin-Itgb1Ko embryos (Fig. 2c).
To provide additional evidence that ␤1
integrin expression was abolished in motor neurons of nestin-Itgb1Ko mice, we
performed in vitro neurite outgrowth assays with ventral neural tube explants on
purified LN1/2 substrates. Cultures obtained from mice expressing the HB9-GFP
transgene demonstrated that the neurites
that grew in culture were derived from
motor neurons (data not shown). Extensive motor neurite outgrowth was observed in explants from wild-type mice,
but it was diminished dramatically in explants from the nestin-Itgb1Ko mice (Fig.
3a). The number of neurites and neurite
length were strongly reduced (Fig. 3c– e).
The few neurites that were present in mutant explants tended to grow in fascicles
Figure 3. Neurite outgrowth assay in vitro. a, Phase-contrast and fluorescent images of spinal motor neuron explants prepared
(Fig. 3a). Occasionally, fibroblasts emi- from E10.5 wild-type and nestin-Itgb1Ko embryos plated on poly-D-lysine/LN-coated coverslips. Wild-type explants formed numerous
grated from explants onto the surround- processes. In explants derived from nestin-Itgb1Ko embryos the neurite outgrowth was strongly impaired, and neurites formed fascicles
ing LN substrate. In these cultures exten- (bottompanel).b,Thegrowthof ␤1-deficientmotorneuronswasnotimpairedoncoculturedfibroblasts.c,Themeannumberofneurites
sive neurite outgrowth was observed on perexplantonLNsubstrateswasreducedsignificantlyinnestin-Itgb1Koascomparedwithwild-typeembryos.d,Theresultsofthemeans
top of the fibroblasts layer, and there was of neurite lengths per explant on LN substrates were calculated, demonstrating a strong reduction in neurite length between wild-type
no difference in neurite length in cultures and nestin-Itgb1Ko explants; ***p ⫽ 0.0012. Error bars indicate SEM. The SEM was determined and a Student t test was performed. e,
derived from wild-type or nestin-Itgb1Ko CumulativefrequencydistributionplotofneuritelengthonLNsubstratesshowsashiftfornestin-Itgb1Koexplantstowardshorterneurite
lengths.f,Cumulativefrequencydistributionplotofneuritelengthonfibroblastsubstratesshowsnodifferenceinneuritelengthbetween
mice (Fig. 3b,f ).
We conclude that ␤1 integrins in spinal wild-type and nestin-Itgb1Ko explants. Scale bars: a, b, 120 m.
motor neurons are required for efficient
phrenic nerve even among wild-type littermates, its overall proneurite outgrowth on LN1/2 substrates. Consistent with earlier
jection pattern is nevertheless stereotypic. After reaching the difindings (Tomaselli et al., 1988; Drazba and Lemmon, 1990),
aphragm, the phrenic nerve splits into three primary trunks. The
neurite outgrowth on top of cells was ␤1-independent and likely
two largest enter the muscle and then turn in opposite directions
promoted by additional cell surface molecules.
and run perpendicular to developing muscle fibers; the third runs
dorsally to innervate the crus. Small groups of axons extend from
Development of peripheral nerves and motor neurons in the
the nerve trunks, branch further, and innervate muscle fibers
absence of ␤1 integrins
(Greer et al., 1999). To examine the branching of intramuscular
To examine the role of ␤1 integrins in the development of axonal
nerves and the distribution of synapses, we stained E16.5 whole
projections in peripheral nerve, we performed whole-mount
mounts with neurofilament antibodies to visualize nerve fibers
stainings of E11.5 and E12.5 embryos with antibodies to neuroand with ␣-bungarotoxin to label AChR clusters at developing
filament (Fig. 4a) (data not shown). Axons that project toward
NMJs. The overall branching pattern was similar in wild-type and
intercostal and limb muscles were present in both wild-type and
nestin-Itgb1Ko mice (Fig. 4b). Innervation was confined to a narnestin-Itgb1Ko mice. Axon length and ramification were not afrow band in the muscle midline, the endplate band, in which
fected in the mutants, suggesting that the rate of axon outgrowth
nerve terminals are in close apposition to postsynaptic AChR
was not impaired significantly in the absence of ␤1 integrins.
clusters (Fig. 4c).
We next analyzed in detail the projection pattern of the
We conclude that in the absence of ␤1 integrins in spinal
phrenic nerve, which innervates the diaphragm muscle. Almotor neurons the outgrowth of peripheral nerve fibers was not
though there are differences in the branching pattern of the
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clusters at the NMJ. Components of the
dystrophin/utrophin-associated glycoprotein complex, such as ␤-dystroglycan
and utrophin (Bewick et al., 1992), but
also the integrin ␣7␤1 (Martin et al., 1996)
were concentrated in the postsynaptic
membrane of NMJs in wild-type and
nestin-Itgb1Ko mice (Fig. 5a). In addition,
the presence of the laminin ␣5 chain at
mutant NMJs indicated that synaptic
laminins were recruited into the synaptic
basal lamina (data not shown). Together,
these results provide evidence that the molecular assembly of the postsynaptic apparatus was not affected by the loss of ␤1
integrins in motor neurons.
Next we analyzed the extent to which
presynaptic differentiation was affected in
the mutants. Defects in motor neurons often are reflected by changes in gene expression in terminal Schwann cells that cap the
nerve terminals (Son et al., 1996). In particular, the expression of GFAP is upregulated in terminal Schwann cells in response
to impaired synaptic transmission (Georgiou et al., 1994). In wild-type and nestinItgb1Ko mice the expression levels of
GFAP were comparable, indicating that
capping of nerve terminals and synaptic
transmission probably were not affected
(Fig. 5b).
Differentiated nerve terminals contain
neurotransmitter vesicles near vesicle release sites, which align with AChR clusters
in the postsynaptic membrane. No obvious difference in the expression of the synaptic vesicle protein synaptophysin was
evident between nerve terminals of wildtype and nestin-Itgb1Ko mice (Fig. 5c).
Synaptophysin was concentrated in
patches that aligned with AChR aggregates
Figure 4. Analysis of axonal projections in vivo. a, Side views of E12.5 wild-type and nestin-Itgb1Ko embryos stained in whole
(Fig. 5c, arrowheads). We therefore conmount with an antibody to neurofilament to visualize axonal projections in limbs (arrowheads) and the intercostal areas (asterisks). Staining occasionally was observed within the body cavity of the eviscerated embryos, likely caused by nonspecific trapping clude that, in the absence of ␤1 integrins in
of antibodies (arrows). b, Top view of one-half of a diaphragm from a E16.5 wild-type and nestin-Itgb1Ko embryo stained for motor neurons, the recruitment of a large
neurofilament (green) to reveal motor neurons. The phrenic nerve and its side branches that terminated in the central endplate number of presynaptic and postsynaptic
zone (arrowheads) were present in wild-type and nestin-Itgb1Ko embryos. c, Higher magnification view of the diaphragm shown proteins to NMJs was unaffected. These
in b. Neurofilament staining is shown in green and ␣-bungarotoxin staining in red. AChRs were clustered at synaptic sites in the data provide evidence that ␤1 integrins in
medial part of the muscle. Scale bars: a, 400 m; b, 100 m; c, 50 m.
motor neurons are not essential to initiate
assembly of the presynaptic and postsynimpaired significantly. No gross defects were observed in the
aptic apparatus at the NMJ. However, we cannot exclude that
branching and innervation pattern of the phrenic nerve.
recruitment of some proteins is affected, for example of calcium
channels that have been shown to associate with the integrin
␣3␤1 at the frog NMJ (Cohen et al., 2000). Additional studies will
NMJ formation in the absence of ␤1 integrins in spinal
motor neurons
be necessary to address this possibility.
Synaptic differentiation depends on interactions of nerve terminals with the synaptic basal lamina of muscle fibers (Sanes et al.,
Defective nerve branching in the absence of ␤1 integrins in
skeletal muscle
1978; Noakes et al., 1995), suggesting a role for presynaptic ␤1
integrins in this process. Nascent synapses were evident in the
We recently have described the phenotype of mice in which
diaphragm muscle midline of wild-type and nestin-Itgb1Ko mice,
expression of the Itgb1 gene has been inactivated in muscle
as demonstrated by the formation of AChR clusters (Fig. 4c). The
with the use of a HSA-Cre mouse line (Schwander et al., 2003).
distribution of postsynaptic antigens was qualitatively normal in
The mutant mice, referred here to as HSA-Itgb1Ko mice, die at
muscle from nestin-Itgb1Ko mice (Fig. 5a). The cytoplasmic probirth with muscle defects and non-inflated lungs. Overall
tein rapsyn (Noakes et al., 1993) colocalized perfectly with AChR
muscle mass is reduced, and the remaining muscle fibers are
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short. Mutant embryos never move, do
not respond to a tail pinch, and show a
bent posture. These are characteristic
features of flaccid paralysis. We therefore analyzed the innervation pattern
and the development of neuromuscular
synapses in the diaphragm muscle. In
wild-type mice small-caliber axonal projections left the two major trunks of the
phrenic nerve, formed secondary arbors,
and established synaptic contacts with
muscle fibers at the muscle midline (Fig.
6a,c,e). In HSA-Itgb1Ko mice the main
nerve trunks as well as axonal side
branches that invaded muscle were apparent. However, axons failed to stop
and arborize at the prospective central
endplate band and instead projected
over long distances toward the borders
of muscle (Fig. 6b,d,f ). Excessive axonal
branches and arbors were evident in
those sections of nerve that had projected beyond the prospective central
endplate band. Nerve defects were evident by E15.5 and became more pronounced at later embryonic stages (Fig.
6). Remarkably, defects were confined
mainly to intramuscular portions of the
nerve, supporting the idea that they were
a result of defective interactions between
nerve and muscle.
Figure 5. Analysis of presynaptic and postsynaptic differentiation. Sections of gastrocnemius muscle from 4-week-old wildAChR prepatterning and maturation
type and nestin-Itgb1Ko mice were stained with TRITC-␣-bungarotoxin (red) and antibodies against presynaptic and postsynaptic
of NMJs
Defects in axon growth and arborization proteins (green). a, The postsynaptic markers rapsyn (RAP), utrophin (UTP), ␤-dystroglycan (␤-DG), and integrin ␣7B (Itg-␣7B)
were colocalized with AChR clusters at synaptic sites in wild-type and nestin-Itgb1Ko mice. b, GFAP-positive terminal Schwann
could be caused by defects in synapse forcells apposing AChR clusters were clearly visible in longitudinal sections. c, Synaptophysin (SYN) was enriched in areas that were
mation. We therefore asked whether the in register with AChR clusters in the postsynaptic membrane (arrowheads). Scale bars, 5 m.
loss of ␤1 integrins in muscle could interfere
with the formation of AChR clusters in the
clusters were evident (Fig. 7c). The AChR clusters in the mutants
muscle membrane before innervation by motor neurons or with the
no longer were restricted to a medial band but scattered along the
subsequent consolidation of this AChR prepattern into stable synlength of muscle fibers. They also were reduced markedly in size
aptic contacts.
and staining intensity (Fig. 7c, arrowheads) and usually not opAChR clusters that were concentrated in the medial part of the
posed by nerve terminals. Motor nerve terminals were still visible,
diaphragm muscle were evident at E14.5 in wild-type and HSAbut they were abnormally shaped and not opposed by AChR
Itgb1Ko mice (Fig. 7a). Many clusters were not opposed by nerve
clusters. Terminal boutons in the mutants frequently exhibited a
terminals because motor axon terminals had just started to reach
ball-like shape or ended without apparent specializations, in conmuscle. The overall number of AChR clusters was not signifitrast to the rather flat nerve endings in wild-type mice (Fig. 7c). At
cantly different in wild-type and HSA-Itgb1Ko mice, but we obE17.5 many mutant muscle fibers bore no or few AChR clusters,
served a difference in the size distribution of AChR clusters (Fig.
and the clusters that formed were mostly not opposed by nerve
7b). Although the number of clusters in the size range between 4
(Fig. 7d). At birth the muscle in the mutant mice basically was
and 10 m was comparable in wild-type and HSA-Itgb1Ko mice,
devoid of synapses, suggesting that the AChR clusters had disthe mutants had approximately twofold more clusters ⬍2 m
persed (Fig. 7e).
and fourfold less clusters ⬎12 m. These findings are consistent
We conclude that in HSA-Itgb1Ko mice the AChR clusters
with the interpretation that the AChR prepattern was established
form
before innervation by motor neurons. However, the AChR
normally in HSA-Itgb1Ko mice by E14.5; the clusters remained
prepattern is not consolidated in mature synaptic contacts. These
small in the mutants and started to disperse, whereas clusters in
defects in postsynaptic differentiation are accompanied by dewild-type mice started to be consolidated into larger AChR
fects in presynaptic nerve terminals that show an aberrant morpatches, presumably in response to neural agrin that was released
phology and fail to terminate their growth in the prospective
from the first motor neuron terminals that had invaded muscle
endplate band. Similar defects have been reported for mice lackby E14.5.
ing agrin (Gautam et al., 1996; Lin et al., 2001; Yang et al., 2001),
At E15.5 many nerve fibers in wild-type mice had invaded the
suggesting that agrin signaling may be defective in HSA-Itgb1Ko
muscle, and AChR clusters were abundant and opposed by nerve
mice.
terminals. In contrast, in HSA-Itgb1Ko mice substantially fewer
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AChR clustering (Gautam et al., 1995; DeChiara et al., 1996; Glass
et al., 1996). Function perturbation studies with ␤1 integrinspecific antibodies and myotubes in culture have provided evidence that ␤1 integrins modulate responses to agrin (Martin and
Sanes, 1997). Therefore, defects in the maturation of NMJs in
HSA-Itgb1Ko mice could be caused by defects in agrin signaling.
To test genetically whether ␤1 integrins in muscle fibers are essential for the formation of AChR clusters in response to agrin,
we cultured myoblasts from mutant and control embryos, allowed them to form myotubes, and treated them with recombinant agrin. As previously described, only a few myotubes formed
in cultures containing ␤1-deficient myoblasts (Schwander et al.,
2003). Nevertheless, small AChR clusters, so-called AChR “hot
spots”(Anderson and Cohen, 1977; Frank and Fischbach, 1979),
could be visualized in both wild-type and ␤1-deficient myotubes
before the addition of agrin (Fig. 8a,b). In response to recombinant agrin, large and numerous AChR clusters formed that contained additional postsynaptic proteins such as utrophin (Fig.
8c– h). These data provide strong evidence that essential components of the agrin signaling pathway, such as MuSK/rapsyn (Gautam et al., 1995; DeChiara et al., 1996; Glass et al., 1996), were
expressed in ␤1-deficient myotubes. The data also suggest that ␤1
integrins are not essential for agrin-induced postsynaptic differentiation. However, ␤1 integrins still may modulate responses to
agrin, as previously demonstrated in function perturbation studies with ␤1 integrin-specific antibodies (Martin and Sanes, 1997).
Unfortunately, we could not address this issue further because
only a few ␤1-deficient myotubes formed in culture, and they
showed defects in their cytoskeletal architecture (Schwander et
al., 2003). Therefore, potential primary defects in agrin signaling
could not be distinguished from secondary effects caused by
structural defects in ␤1-deficient myotubes.
Together, the data suggest that defects in NMJ formation and
nerve branching in HSA-Itgb1Ko mice are probably not a consequence of the inability of ␤1-deficient myotubes to respond to
agrin. The data are more consistent with a model in which a
retrograde signal that regulates presynaptic differentiation is not
presented appropriately by ␤1-deficient muscle fibers to motor
neurons.

Discussion

Figure 6. Defective innervation of ␤1-deficient muscle. a–f, Anti-neurofilament staining of the
phrenic nerve innervating diaphragm muscle in wild-type and HSA-Itgb1Ko embryos. a, b, At E15.5
themotoraxonsextendedbeyondthemedialendplatezoneinthemutants(arrowheads).c,d,Severe
nerve defasciculation and overgrowth were evident in mutant muscle at E17.5. e, f, The defects were
pronounced even more at P0. In the mutants the axons occasionally failed to respect muscle boundaries and grew onto the tendon organ. Note that some axons had abnormal nerve terminals with a
round morphology (d, f, arrowheads). Scale bars: a, b, 200 m; c–f, 300 m.

Agrin-dependent induction of AChR clusters in myotubes
in culture
Previous in vivo and in vitro studies have shown that expression of
MuSK and rapsyn in muscle fibers is essential for agrin-induced

We show here that ␤1 integrins in motor neurons are in vivo not
essential for axon outgrowth and the formation of NMJ. The ␤1
expression in skeletal muscle is also not essential for the formation of the AChR prepattern that develops before innervation by
motor neurons. However, motor neurons fail to consolidate the
AChR clusters into stable synaptic contacts and instead branch
excessively on ␤1-deficient muscle fibers. These defects are likely
a consequence of perturbations in interactions between motor
axons and muscle fibers that are required to restrict the outgrowth of motor axons and to induce presynaptic differentiation.
The ␤1 integrins and motor axon outgrowth
In vitro studies with function-blocking antibodies have shown
that integrins regulate neurite outgrowth of motor neurons on
purified ECM substrates (Tomaselli and Reichardt, 1988;
Varnum-Finney et al., 1995). Using motor neurons genetically
modified to lack ␤1 integrin expression, we could confirm these
findings. However, one major novel finding of our study is that
␤1 integrins in motor neurons are not essential for axon outgrowth and for synaptic differentiation during neuromuscular
development in the in vivo environment. In nestin-Itgb1Ko em-
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bryos the outgrowth of peripheral nerve
fibers was not obviously affected; the
phrenic nerve invaded the diaphragm
muscle, formed normal branches, and established synaptic contacts with muscle fibers. Importantly, ␤1-deficient neurons
were impaired in their ability to grow neurites on LN substrates, but not on fibroblast monolayers; this shows that failure to
grow neurites in vitro was not a consequence of a general inability of the cells to
extend neurites but specifically of defects
in a LN/integrin-dependent pathway.
Function-blocking antibodies against ␤1
integrins and other cell surface receptors
such as L1 and N-cadherin have additive
effects on the inhibition of neurite outgrowth on astrocyte surfaces (Tomaselli et
al., 1988). Therefore, motor neurons may
use several receptors to promote axon outgrowth in the more complex in vivo environment. Recent studies also have provided evidence that receptors and signaling
molecules that regulate axonal pathfinding,
including netrins and semaphorins, may exert their effects in part in cooperation with
␤1 integrin-dependent pathways (Pasterkamp et al., 2003; Serini et al., 2003; Yebra
et al., 2003). In the future it will be important
to analyze interactions between ␤1 integrins
and axonal guidance molecules that could
cause more subtle defects, such as perturbation in the formation of topographically organized axonal projections.
The ␤1 integrin functions at
presynaptic sites
Presynaptic differentiation is affected in
mice that lack synaptic LNs (Noakes et al.,
1995; Patton et al., 2001). Our findings
suggest that ␤1 integrins in motor neurons
are mainly not essential to mediate effects
of synaptic LNs on presynaptic differentiation. In nestin-Itgb1Ko mice the synaptic
marker proteins are localized appropriately at NMJ, including synaptophysin
that is expressed presynaptically and
aligned with AChRs in the postsynaptic
membrane. In mice that lack synaptic LNs,
terminal Schwann cell processes invade
the synaptic cleft (Noakes et al., 1995). As
one possibility, ␤1 integrins may regulate
interactions of Schwann cells with ECM
components at synaptic sites; presynaptic
defects in motor nerve terminals therefore
may be a consequence of Schwann cell defects. Alternatively, receptors other than
␤1 integrins may mediate interactions of
motor nerve terminals with synaptic
LNs. Interestingly, calcium channels in
the presynaptic membrane and vesicleassociated proteins copurify with synaptic LNs, suggesting that LNs may affect

Figure 7. Defects in AChR clustering and presynaptic differentiation. Diaphragm muscles from wild-type and HSA-Itgb1Ko
embryos were stained with antibodies to neurofilament (green) and with TRITC-␣-bungarotoxin (red) to reveal motor neurons
and AChRs, respectively. a, At E14.5 the clustering of AChRs was observed in a broad endplate band in muscle of wild-type and
HSA-Itgb1Ko embryos. Small aneural AChR clusters were present (arrowheads) in muscle of wild-type and mutant animals,
whereas bigger clusters that were opposed by nerve were visible only in wild-type animals (asterisks). b, The size distribution of
AChR clusters was compared in diaphragm muscle from wild-type and HSA-Itgb1Ko embryos. (Figure legend continues.)
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mutants, although not affecting AChR
prepatterning before innervation, may
have contributed to the observed defects in
synaptic maturation. Alternatively, ␤1 integrins may modulate agrin signaling during maturation of the AChR prepattern
into mature synaptic contacts. This interpretation is consistent with previous experiments that have shown that ␤1
integrin-specific antibodies modulate
agrin signaling in myotubes in culture
(Martin and Sanes, 1997). Although we
show here that ␤1-deficient myotubes still
respond to agrin signaling, we cannot exFigure 8. The ␤1-deficient primary myotubes are responsive to recombinant agrin. Myotubes were generated in vitro with clude at present a modulatory role for ␤1
cells from wild-type (a, c, e, g) or HSA-Itgb1Ko embryos (b, d, f, h). Some myotubes (c– h) were treated for 24 hr with recombinant integrins. The structural defects in ␤1neural agrin. Cultures were stained with TRITC-␣-bungarotoxin (a– d, red) or antibodies to utrophin (e– h, green) and DAPI deficient myotubes prevented us from an(blue). Wild-type and ␤1-deficient myotubes formed few AChR clusters in the absence of recombinant agrin (a, b, arrow). alyzing the cultures quantitatively in a
Wild-type and ␤1-deficient myotubes were similarly responsive to recombinant agrin (c, d, arrows), and utrophin was concen- meaningful way and distinguishing pritrated at AChR clusters (e– h, arrows). Scale bar, 20 m.
mary defects in agrin signaling from secondary effects caused by structural defects
presynaptic differentiation in part by interacting with compoin ␤1-deficient myotubes. Additional studies will be necessary to
nents of the vesicle release apparatus (Son et al., 2000; Sunderresolve this issue.
land et al., 2000).
The ␤1 integrins and presynaptic differentiation
The ␤1 integrins and postsynaptic differentiation
One intriguing finding of our study is that the phenotype of
In wild-type mice AChR clusters form at E14.5 in muscle fibers in
HSA-Itgb1Ko mice closely resembles the phenotype of mice null
the absence of innervation by motor neurons and, therefore, in
for agrin. In these mice the development of postsynaptic specialthe absence of neural agrin. Agrin subsequently is required to
izations is defective, and motor neurons fail to terminate their
consolidate this AChR prepattern into a stable postsynaptic
growth at the muscle midline and instead form exuberant
structure. Intriguingly, the formation of AChR clusters before
branches on muscle fibers (Gautam et al., 1996). These findings
innervation, although independent of agrin, is still dependent on
and the observation that agrin and synaptic LNs inhibit neurite
MuSK, suggesting that MuSK is activated by an agrinoutgrowth in vitro have led to the hypothesis that agrin and/or
independent pathway (Lin et al., 2001; Yang et al., 2001). In myoLNs could provide a stop signal for motor axons (Campagna et
tubes LN-1 can induce clustering of AChRs via a pathway that
al., 1995; Porter et al., 1995). Basement membrane (BM) compoinvolves tyrosine kinases downstream of MuSK (Marangi et al.,
nents such as neural agrin and synaptic LNs interact with ␤1
2002). Because LN-1, but not neural agrin, is present at early
integrins (Hunter et al., 1991; Martin and Sanes, 1997; Burgess et
developmental stages, it has been suggested that LN/integrinal., 2002), and assembly of the muscle fiber BM is defective in the
mediated signaling may be involved in the agrin-independent
absence of ␤1 integrins in muscle (Schwander et al., 2003).
AChR clustering at E14.5 (Marangi et al., 2002; Willmann and
Therefore, the excessive branching of motor neurons over ␤1Fuhrer, 2002). Our results do not support this model. At E14.5
deficient muscle fibers could be caused because ␤1 integrins are
small AChR clusters form in ␤1-deficient diaphragm muscle,
required for the appropriate presentation of agrin and/or LN to
many of which are not associated with nerve terminals. Defects
motor nerve terminals. We have attempted to analyze the distribecome obvious subsequently, when AChRs fail to assemble into
bution of putative “stop signals” such as neural agrin and synapstable complexes that oppose nerve terminals. We have shown
tic LNs in ␤1-deficient muscle. Unfortunately, available antibodpreviously that the cytoskeleton of ␤1-deficient skeletal muscle
ies do not allow us to distinguish between agrin isoforms that are
fibers shows structural defects. F-actin filaments are assembled
expressed by nerve and muscle. In addition, although readily
and aligned parallel to the long axis of muscle fibers, but the
detectable in muscle at postnatal day 0 (P0), we failed to detect
formation of sarcomeres is defective (Schwander et al., 2003).
synaptic LNs on the surface of E14.5 diaphragm muscle fibers,
Previous studies also have shown that the formation of AChR
presumably because of low expression levels at this developmenclusters is regulated by interactions of AChR with the F-actin
tal stage. Finally, it has been shown recently that motor neurons
cytoskeleton and that AChR clusters are disrupted by drugs that
branch excessively on muscle in mice in which expression of the
interfere with F-actin assembly (Borges and Ferns, 2001). As one
gene encoding choline acetyltransferase is inactivated (Misgeld et
possibility, defects in the muscle fiber cytoskeleton in the ␤1
al., 2002). In these mice neurotransmission at NMJs is blocked.
Some of the defects that we are reporting
here could be the result of defects in neu4
rotransmission that arise as a consequence
(Figure legend continued.) Wild-type mice had a higher percentage of clusters ⬎12 m and fewer clusters ⬍2 m. Error bars
of defects in the assembly of the presynapindicate SEM. c, By E15.5 the AChR clusters in muscle in wild-type embryos had grown in size and were concentrated in the
endplate zone, opposing flat terminal nerve boutons. In contrast, muscle of HSA-Itgb1Ko embryos displayed only a few and small tic and postsynaptic apparatus. Additional
AChR clusters, which were opposed by nerve terminals with a ball-like shape (arrowheads). d, At E17.5 some dispersed AChR studies will be necessary to distinguish
clusters were present in muscle of mutant animals (arrowheads). e, At P0 all AChR clusters in muscle of wild-type embryos were among these possibilities.
In conclusion, we provide here several
opposed by nerve. Only a few small and weakly stained AChR clusters remained in the muscle of mutant animals. Motor axons
novel insights into the function of ␤1 integrew extensively in P0 mutants. Scale bars: a, 100 m; c, left, 100 m; c, right, 5 m; d, e, 100 m.
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grins in neuromuscular development. We demonstrate that ␤1
integrins in spinal motor neurons are not essential for axon outgrowth and for the development of NMJs. The ␤1 integrins in
muscle are also not essential for the establishment of the AChR
prepattern. However, in the absence of ␤1 integrins in muscle,
interactions between motor neurons and muscle are defective,
preventing normal presynaptic differentiation and the cessation
of growth of motor axons in the endplate zone of muscle. The
defects likely are caused in part because ␤1 integrins regulate
aspects of cytoskeletal differentiation and BM organization in
skeletal muscle fibers that are essential to organize the postsynaptic apparatus and to present stop signals to growing motor
axons.
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