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SUMMARY

Neuregulins and their Erbb receptors have been implicated muscle spindle development. Sensory la afferent neurons
in neuromuscular synapse formation by regulating gene establish initial contact with Erbb2-deficient myotubes.
expression in subsynaptic nuclei. To analyze the function of However, functional spindles never develop. Taken
Erbb2 in this process, we have inactivated th&rbb2 gene  together, our data suggest that Erbb2 signaling regulates
in developing muscle fibers by Cre/Lox-mediated gene the formation of both neuromuscular synapses and muscle
ablation. Neuromuscular synapses form in the mutant spindles.

mice, but the synapses are less efficient and contain reduced

levels of acetylcholine receptors. Surprisingly, the mutant Key words: Erbb2, Nrgl, Muscle spindle, Synapse, Neuromuscular
mice also show proprioceptive defects caused by abnormal junction, Mouse

INTRODUCTION Nrgl and its Erbb receptors have also been implicated in the
regulation of gene expression in subsynaptic nuclei. Several

The development of striated muscle is dependent on thérgl isoforms are generated from thiy1 gene by alternative
exchange of signals between the nerve terminals of sensosplicing. Isoforms containing an EGF domain induce AChR
and motoneurons with developing muscle fibers. Motoneurogene expression in cultured myotubes in vitro (Buonanno and
derived signals regulate the development of neuromuscul&ischbach, 2001; Schaeffer et al., 2001). Mice heterozygous
junctions (NMJs) (Burden, 1998; Sanes and Lichtman, 1999jor a targeted mutation ablating an Ig-domain encoding exon
Sensory neuron derived signals are essential for thef theNrglgene have decreased numbers of synaptic AChRs,
development of muscle spindles (Maier, 1997; Walro anduggesting that Ig-domain containing Nrgl isoforms are
Kucera, 1999). important in vivo (Sandrock et al., 1997). The cellular source

During formation of the NMJ, synaptic proteins such asof Nrgl that regulates synaptic gene expression is at present
acetylcholine receptors (AChRs), rapsyn, Musk, Nrgl and itanclear. Mice that lack Nrg1l specifically in motoneurons still
Erbb receptors become clustered in the postsynaptic musaevelop NMJs (Schaeffer et al., 2001; Yang et al., 2001),
membrane. Furthermore, the expression of genes that encaoslegggesting that Nrgl may be provided by another cellular
postsynaptic proteins becomes restricted to subsynaptic nuckosurce, e.g. by muscle fibers. Consistent with this
(Burden, 1998; Sanes and Lichtman, 1999). Clustering ahterpretation, Nrgl/Erbb receptors are clustered at
proteins and synaptic gene expression are dependent on agswstsynaptic sites induced by ectopic expression of agrin in
that is released from motor nerve terminals and activates tmeuscle fibers in the absence of nerve terminals (Jones et al.,
Musk receptor tyrosine kinase in muscle. Accordingly, in micel996; Jones et al., 1999; Meier et al., 1998; Moore et al., 2001).
that lack agrin or Musk, the formation of stable synaptic AChRnterestingly, expression of synapse specific genes in
clusters and synaptic gene expression are defective (DeChiaretopically induced postsynaptic membranes is decreased
et al., 1996; Gautam et al., 1996). Agrin/Musk is not onlywhen the function of Erbb2 or Erbb4 is blocked in muscle
necessary, but also sufficient for postsynaptic differentiation(Jones et al., 1996; Jones et al., 1999; Meier et al., 1998; Moore
Ectopic expression of agrin or of constitutively active Musk inet al., 2001). Nrg1/Erbb are also concentrated at endogenous
muscle induces the formation of a postsynaptic apparatus ahtiMJs, but fail to cluster in mice that lack agrin or Musk
the upregulation of genes normally restricted to subsynapti@®eChiara et al., 1996; Gautam et al., 1996). Taken together,
nuclei (Cohen et al., 1997; Jones et al., 1997; Jones et al., 199%se data suggest that muscle derived Nrgl acts downstream
Meier et al., 1997; Moore et al., 2001). of nerve-derived agrin.
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Genetic evidence implicating Erbb receptors in NMJfor gene targeting (Fig. 1A). A double-stranded oligonucleotide
formation is still missing. Synapse formation and synaptic geneontaining aBamHI restriction site and a loxP site was inserted into
expression are initiated in mice that carry null mutations in thén Xbd site 5 of the first coding exon of thErbb2 gene. A loxP-
genes encodingrbb2 and Erbb3 but the synaptic band is neo-IRES-tk-loxP cassette was inserted in@a site 3 of the same
broadened (Gassmann et al., 1995; Lee et al., 1995; Meyer afiP"- ES cell transfection, selection and screening was carried out as

Birchmeier, 1995; Riethmacher et al., 1997). It is at preserﬁfscribEd (Graus-Porta et al., 2001; Miiller et al., 1997), using the

| hether the ch in th tic band arise d obe indicated in Fig. 1A. One positive clone was retransfected with
unciear whether the changes In the synaplic band arise duey re-expressing plasmid (Gu et al., 1993) and counterselected in

defects in muscle fibers or in Schwann cells that are alsgynciciovir, and clones that had retained two loxP sites flanking the
affected in the mutants (Lin et al., 2000; Morris et al., 1999%rst coding exon were identified by Southern blot (Fig. 1B).

Riethmacher et al., 1997; Woldeyesus et al., 1999; Wolpowitgermline-transmitting chimeras were generated as described (Miiller
et al., 2000). Furthermore, Erbb4 that is expressed in musode al., 1997).

(Zhu et al., 1995) may compensate for the loss of Erbb2/b i .
and account for the activation of synapse-specific gen eneration of HSA-Cre mice _

expression. A 2.2 kb fragment of the human skeledaactin (HSA) promoter was

Little is known about the signaling mechanisms that lead tHsed to drive skeletal muscle specific gene expression of Cre-

. . N . : ecombinase. A cDNA encoding a nuclear localization signal and Cre
muscle spindle differentiation. Muscle spindles consist OEkindIy provided by M. Lewandowski) was inserted into the

multiple fibers such as nuclear hagnd bag fibers and  EcRri/EcaRY sites of HSA-pA4 (Tinsley et al., 1996). Preparation of
multiple nuclear chain fibers. Nuclear bdpers differentiate  pNA for pronuclear injection was carried out as described (Aigner et
first, followed by the formation of nuclear hafibers and al., 1995). Founder mice were crossed with C57BI/6 mice, and F1
multiple nuclear chain fibers. The timing of ingrowths of nerveoffspring genotyped by PCR and Southern blot to identify germline-
fibers relative to the time when spindle development is initiatettansmitting founder mice. Positive F1 offspring were further crossed
suggests that muscle fibers are recruited to develop intgith C57BI/6 mice to obtain F2 offspring. F2 mice and mice from
spindle-forming intrafusal fibers by signals derived from thesubsequent generations were used to analyze Cre activity and to
innervating sensory la afferent neurons (Maier, 1997; Walr§1activate therbb2 gene.

and Kucera, 1999). Mice with a targeted mutation in the geN&fhalysis of Cre-mediated recombination

for neurqtrophm 3Ntf3) and itsTrkC (Ntrk3— Mouse Genome DNA was isolated and analyzed by PCR or Southern blot as described
Informatics) receptor lack la afferents and muscle spindlesgraus-porta et al., 2001; Muller et al., 1997). The sequence of the
providing genetic evidence that contact between SensOoBCR primers for theErbb2- allele are as follows: 'SCTCCC-
neurons and developing muscle fibers is required for musclRAGTCTGGGCTCTTTCTC-3 5GCGTGTTTTGCCTGTGTGTA-
spindle development (Ernfors et al., 1994; Farinas et al., 1994GTC-3 and 3-CCTTGGGAAAAGCGCCTCCCCTAC-3 Primers
Klein et al., 1994; Tessarollo et al., 1994). Interestingly, NT3hat amplify Cre were used to genotyp¢SA-Cre mice: S-
regulates the survival of proprioceptive sensory neurons pri¢pACATGTTCAGGGATCGCCAGGCG-3and 3-GACGGAAATC-

to innervation of muscle spindles, but is also required for th& ATCGCTCGACCAG-3 Primers to_ identify the recombined
survival of la afferent neurons once they reach their targdifPPZ allele were as follows: 'SSTGTTGCAAACAAATGCC-
(EIShamy and Ernfors, 1996; EIShamy et al., 1998; Farinas {3C-3 and S-CAGAATGGCTAAATCTGGGATC-3.

al., 1996; Kucera et al., 1995; Oakley et al., 1995; Oakley gicR conditions

al., 1997; Ockel et al., 1996; Ringstedt et al., 1997; Wright gtp2- ajiele: 5 minutes at 95°C followed by 35 amplification cycles
al., 1997). NT3 is expressed in spindles, and maintenance @ seconds at 95°C; 30 seconds at 62°C; 30 seconds at 72°C) and 10
NT3 expression is dependent on nerve contact (Chen et ahjnutes final extension at 72°C.

2002; Copray and Brouwer, 1994). These data suggest theCre transgene: 10 minutes at 94°C followed by 30 amplification
existence of a regulatory loop, where yet to be defined neuronglcles (1 minute at 94°C; 1 minute at 65°C; 1 minute at 72°C) and
signals induce muscle spindle formation and NT3 expressiod0 minutes extension at 72°C.

while NT3 serves to maintain la afferent neurons. RecombinedrbbZoXallele: as folCre, but 35 amplification cycles.

PCR reaction products were 520 Epl{p2"), 330 bp Erbb2), 170

To investigate the function of Erbb2 receptors in muscle, w , |
have generated a mouse line carrying a floxed allele of tfﬁeo l(re_corr}l():medErbeO)f) and 6|00 Ep ?rﬁ)l' Forh Sgﬁf\em blg.t
Erbb2 gene, and a second mouse line expressing Cre %nays's oftre fransgenic animais, the full-length ¢ enceding

developing skeletal muscle. Using these mice, we have

inactivatedErbb2 expression in muscle. We demonstrate thaHistology and electron microscopy

Erbb2 is not essential for the development of NMJs, althougiiissues were dissected, fixed overnight at 4°C in 4% PFA in PBS
the Erbb2-deficient synapses contain reduced numbers wfthout Mg?* and C&* (PBS), and incubated overnight at 4°C in
AChRs and are less efficient. Unexpectedly, the mutant mic&0% sucrose in PBSprior to freezing in OTC. Alternatively, fresh
also have proprioceptive defects. Consistent with this findingissue was embedded in OTC. Cryosections were stained with

we demonstrate that Erbb2 is essential for muscle spindf@@matoxylin and Eosin as described (Graus-Porta et al., 2001; Muller
development et al., 1997)lacZ staining was performed as described (Farinas et al.,

1996), either on whole-mount embryos or on 2Q480cryosections
of isolated soleus muscle, after fixation in 2% PFA in PBS
For electron microscopy, embryos were collected at different

re was used.

MATERIALS AND METHODS developmental stages and immersion fixed in 4% PFA/
) p ) 2%glutaraldehyde in PBSat 4°C overnight. Hindlimbs were
Generation of Erbb2"%% mice osmicated in 2% osmium tetroxide for 2 hours, stained with 2% uranyl

A 5.8 kb EccRI/BanHI fragment of genomic DNA containing the acetate in 70% ethanol en bloc, dehydrated and embedded in araldite
exon of theErbb2 gene encoding its signal sequence was use@Durcupan, Fluka). Complete serial of transvers@i2 sections
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through the thigh were stained with 1% Toluidine Blue for lightvisually, and miniature endplate currents (mepcs) were recorded at
microscopic inspection. Those sections containing nerve bundles odom temperature in Tyrode solution. Amplitudes and decay phases
recognizable muscle spindles were sectioned into 70 nm sections fof 20-50 mepcs per synapse were analyzed individually, assuming a

EM analysis after lead citrate staining. single exponential decay. Amplitudes and decay time constants
) ) (reflecting mean burst durations of the AChR channels) from 20-50
Immunohistochemistry mepcs per synapse were averaged. Only synapses with mepcs with

Immunohistochemistry with antibodies to Erbb2 (Santa Cruz, sc-284)se times of less than 7Q® were included in the analysis.
on histological sections of soleus muscle or with primary muscle cell N
in culture was carried out as described (Trinidad et al., 2000). Fdpuantitative immunofiuorescence measurements _
staining with antibodies ta-dystroglycan and utrophin (antibodies In order to measure AChR density in mutant versus wild-type
kindly provided by M. Ruegg) 3m cryosections of freshly endplates, confocal image stacks were recorded with calibrated
embedded soleus muscle were fixed for 10 minutes with 2% PFA iphotomultiplier settings. Images were truncated at a lower intensity
PBS,, washed three times for 5 minutes with PBSd permeabilized threshold of 10 because preliminary analysis showed that all voxels
for 10 minutes with 1% Triton X-100 in PBSSections were displaying intensity above 10 were associated with endplates. The
incubated in 100 mM glycine in PBSor 10 minutes at room remaininga-bungarotoxin Texas Red-positive voxels were processed
temperature, and in 3% normal goat serum (NGS), 0.3% Triton Xxas follows: the number of voxels at each intensity was multiplied by
100 in PBS for 1 hour at room temperature. Sections were incubateghis intensity and the products were summed. This sum was divided
overnight at 4C with primary antibody in 3% NGS, 0.3% Triton X- Dby the total number of voxels remaining after truncation, thus yielding
100 in PBS. For immunofluorescence detection, sections weredn estimate of average voxel intensity.

washed in PBSand incubated for 1 hour at room temperature

with FITC-, or TRITC-labeled secondary antibodies (Jackson

ImmunoResearch), or FITC- or TRITC-labelastbungarotoxin ~ RESULTS

(Molecular Probes). Sections were washed in P&% mounted in

Mowiol (Calbiochem). Erbb2ox and HSA-Cre mice

In experiments using an antibody against parvalbumin (Swantyry test for a function oErbb2in the development of striated
detection was performed with peroxidase-coupled secondar

antibodies and the Vectastain ABC kit (Vector Laboratories).PhUSCIe' we _establls_hed a mouse line carrying-eim? allele .
Embryonic muscles were dissected, fixed in 4% PFA for 2 hours here I(t)t(le f.'r5t coding exon was flanked by two loxP sites
4°C and incubated overnight at 4°C in 30% sucrose imPHSsue rbblox; Fig. 1A,B). Mice that were homozygous for the
was embedded in OTC and sections were cut at various thicknedsfbbZ!°* allele were indistinguishable from wild-type mice,
Prior to staining, sections were fixed again in 4% PFA for 10 minutegonfirming that the loxP sites did not interfere with Erbb2
at room temperature, washed three times in P8l endogenous function prior to Cre-mediated recombination (data not shown).
peroxidase was inactivated in 10% methanol, 3%@Hn PBS for ~ We also generated transgenic mouse lines expressing Cre
30 minutes. Blocking was performed in 0.4% Triton X-100, 10%recombinase under the control of the human skeletal alpha-actin
NGS, 3% bovine serum albumin (BSA) in PBBr 1 hour at room HSA) promoter (Fig. 1C; M.S., M.L. and U.M., unpublished).
;em%ertat;re. Prima}[_ry a“titioiy c‘:"’as d"“.tekﬂ insblockling S°'““°P atlﬂ his promoter directs transgene expression to developing
incubated on sections at 4°C overnight. Samples were fur : .
processed following the instructions in the Vectastain ABC kit. Digita?srtrlated muscle (Brennan and Ha_\rpleman, 1993; Mu_scat and
images were collected on a Deltavision microscope (Applie edes, 1987). To test for Cre activity, we crossed mice from

Precision) and processed by deconvolution. several independeRtSA-Cretransgenic lines with mice from a
reporter line that carriesRosa26-lac#*gene. In this lindacz
Primary muscle cell cultures expression is induced by Cre-mediated recombination (Mao et

Hindlimb muscles from P2 animals were dissected, minced andl., 1999). Whole-mouniacZ staining confirmed widespread
incubated at 37°C for 15 minutes in HBSS-CMF (Gibco-BRL)recombination in developing striated muscle with one Cre line.
containing collagenase type IV (100 U/ml, Sigma) and dispase typgicZ expression was detectable at embryonic day (E) 9.5 in the
1] (24 U/ml, ROChe MOleCUIar DlagnOStICS). The SO|utI0n Wasdeveloplng SOm'teS, and at Subsequent ages |n developlng
triturated to obtain a single cell suspension, and cell clumps Wer&éiated muscle (Fig. 1D; M.S., M.L. and U.M, unpublished). In

allowed to settle. The supernatant was collected and supplement; . : :
with 1/10 of the volume with fetal calf serum (FCS). The solutiong ctions of forelimbdacZ expression was detected throughout

was filtered through a cell strainer (Becton Dickinson), cells Weréjeve,IOpIng premusc',e masses (Fig. .1E)' In muscle Cross-
harvested by centrifugation at room temperature and resuspendedSRCtionsjacZ expression was detected in essentially all nuclei
DMEM supplemented with 25% 199 medium (Gibco-BRL), 10% Of muscle fibers, as well as in the nuclear bag and chain fibers
FCS and antibiotic-antimycotic (Gibco-BRL). Cells were plated ontoof muscle spindles (Fig. 1F). We conclude that inHIS#-Cre
plastic dishes coated with 1% gelatine (Sigma) and cultured in bne, Cre-mediated recombination is induced efficiently in
humidified atmosphere at 37°C/5% &£0o induce differentiation developing muscle fibers of striated muscle starting at or around
into myotubes, medium was changed to DMEM supplemented witgQ 5, including intrafusal and extrafusal muscle fibers. Ectopic
25% 199 medium, 2% horse serum, antibiotic-antimycotic and 1¢re expression was also detected in single cells scattered
ug/ml insulin (Sigma) when myoblast cultures had reachedy o ghout the skin, heart and lung, and in the trigeminal

subconfluency. - .
Postsynaptic differentiation was induced by adding a C—terminasfﬁmglllon (Fig. 1D.E, and data not shown).

fragment of the neuronal isoform of chick agrin (200 pM-2 nM) |nactivation of Erbb2 in skeletal muscle

(Ruegg, 1996) to myotubes in culture. Myotubes were analyzed -

hours after induction by immunohistochemistry as described above’ /e NeXt crossed thd_rISA-Cre transgene_ on arErbe
y y background. These mice were crossed it ZX10¥flox mice.

Electrophysiology Offspring that inherited onErbb2- allele, oneErbbZlox allele

Muscle fibers of the diaphragm were voltage clamped to =70 mV witend the HSA-Cre transgene were born with the expected
a conventional two-electrode clamp system at endplates identifidlendelian frequency and were viable. DNA analysis
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A probe B wt 173 243

uul.i.c?Rl > E=x| Ban:hHl Hln:cal.lf
Fig. 1. ErbbZloxandHSA-CREmice. (A) TheErbbZiox l Fago RO i B Guila
locus and the gene targeting strategy. A loxP-neo/tk-loxP ___EcoRl _ pExl_ BamHI Hindlll
cassette was inserted into the intronfXhe first coding ' = ' '
exon of theErbb2gene, and additional loxP-site was l P o o s e bt
inserted into the intron’ %o the exon (loxP-sites are shown
as red triangles; the start site of transcription by an arrow). | ....EspR! g DWmHI Hidll
ES cells were transfected with a DNA fragment extending
from theEcaRl site to theBanHlI site. Targeted ES clones
were identified by Southern blot, using a probe located
immediately 3of the targeting vector. One positive clone : 2.2 kb fragmant :
was retransfected with a Cre-expressing plasmid, and — — g CRE A
clones that had lost the neo-tk cassette, but retained two 260 bp
loxP sites flanking the first coding exon of txb2gene

were identified by Southern blot using the same probe as
described above. One positive clone was used to generalB
germ line transmitting chimeric mice. (B) Southern blot
analysis of targeted ES cells containing two loxP sites; wt,
no targeting; clones 173, 243, properly targeted ES cell
clones. (C) The HSA-Cre construct used to generate the
transgenic mouse lines. HAS, human skeletattin;

NLS, nuclear localization signal; pA, polyadenylation
signal. (D) Whole-mouriacZ staining of E12.5 (left panel)
and E14.5 (right panel) embryos obtained from intercrosses
between &Rosa26-lac#o* tester mouse with HSA-Cre

mouse. Arrows in the left panel indicate intercostal
muscles, arrowheads highlight muscle groups in the E
forelimb; the arrow in the right panel marks recombined
cells in the skin, the arrowheads mark muscle groups in
forelimb. (E) Cross-section through forelimb of a E12.5
mouse embryo stained ftacZ All muscle groups within

the forelimb werdacZ positive (arrows), as well as some
cells in the skin (arrowhead). (F) Extra- and intrafusal
muscle fibers show strong nucléacZ staining (arrows),
whereas perineural cells forming the spindle capsule are
lacZ negative (arrowhead). Scale bars: 200in D (left

panel) and E; 50Qm in D (right panel); 5@m in F.

confirmed that Cre induced efficient recombination of the In summary, we conclude that we had effectively inactivated
ErbbZlox allele in muscle (data not shown). To confirm thatErbb2 expression in developing muscle fibers. Furthermore,
Erbb2 protein was absent from muscle, we carried ouhe data demonstrate that agrin can induce AChR clusters in
immunohistochemistry with antibodies against Erbb2. In wild-myotubes in vitro in the absence of Erbb2 expression.
type mice, Erbb2 immunoreactivity was concentrated at NMJs ] o o
that were visualized by co-staining withbungarotoxin, to Reduced synaptic transmission at Erbb2-deficient
label AChR clusters (Fig. 2A). In the mutants, AChR clusterd\MJs
still formed, but Erbb2 was not expressed at the synapse (Fidle next analyzed by immunohistochemistry and
2B). Low levels of immunoreactivity for Erbb2 were still electrophysiology whether the structure and function of NMJs
detectable adjacent to synaptic sites, probably reflecting Erbb@as affected in vivo in the absence of Erbb2. Staining avith
expression in terminal Schwann cells that surround thbungarotoxin revealed that AChR clusters had formed in the
synapses, but where the HSA promoter used to drive Crautants, and that additional postsynaptic proteins, su@h as
expression was not active. dystroglycan and utrophin were appropriately localized to
To confirm further that Erbb2 expression was absent in thgynaptic sites. In addition, no defects were apparent in the
muscle fibers of mutant mice, we cultured myoblasts from P2haracteristic pretzel-shape of the NMJs (Fig. 3A-C).
hindlimb muscle and differentiated them in vitro into To test whether the NMJs in Erbb2-deficient mice
myotubes. We next induced AChR clusters by adding solubleinctioned normally, we analyzed their electrophysiological
agrin to the cultures. AChR clusters readily formed inproperties (Fig. 3D,E). For this purpose, mepcs were recorded
myotubes derived from myoblasts of both wild-type andfrom NMJs of the diaphragm. Quantitative analysis showed
mutant mice (Fig. 2C,D), and the AChR clusters containethat mepc amplitudes in mutant compared with wild-type
additional synaptic proteins such as utrophin (Fig. 2E)muscles were reduced by about 15% (37 wild-type and 39
However, while Erbb2 was concentrated at AChR clusters imutant endplates, from five wild-type and six mutant
wild-type mice, it was completely absent in the mutantsliaphragms). Decay time constants were 1-2 mseconds in both
(Fig. 2C,D). wild-type and mutant muscles, consistent with the induction of
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mutant diaphragms), consistent with the electrophysiological
data. Taken together, the data show that Erbb2 is not essential
for NMJ formation. However, in the absence of Erbb2, the
synapses are less efficient and contain reduced numbers of
AChRs.

Muscle spindle development

Mice that lacked Erbb2 in muscle showed abnormal hindlimb
extension reflexes and ataxia (Fig. 4A, panels 1-3). When
positioned on a slippery surface, the mutant mice were unable
to position their limbs properly (Fig. 4A, panel 4). They also
showed spastic movements (data not shown). This behavior is
consistent with proprioceptive defects, suggesting that muscle
spindle development or function may be defective in the
mutants.

To analyze whether Erbb2-deficient muscle was defective
in proprioceptive sense organs, we examined serial sections
through limb muscles of P9 and adult mice stained with
Hematoxylin and Eosin. Although muscle spindles could
readily be detected in the soleus muscle of wild-type mice, as
encapsulated bundles of intrafusal fibers with multiple nuclei
at the equatorial plane (84154), they were completely absent
in the mutants (0+M=10) (Fig. 4B). No spindles were present
in all other muscles analyzed, including gastrocnemius and
gluteus (data not shown). These data suggest that Erbb2 is
essential for muscle spindle development or maintenance.

To test whether Erbb2 was expressed in muscle spindles,
we stained transverse sections through skeletal muscle with
antibodies to Erbb2. Unfortunately, Erbb2 expression was

E difficult to detect in early developing muscle spindles,
presumably because it was expressed at low levels and
distributed diffusely (data not shown). However, we could
detect Erbb2 protein in mature muscle spindles, where it
became concentrated at synaptic sites whiyaretoneurons
innervate muscle spindles (Fig. 4C). These data suggest, that
Erbb2 is already expressed in early developing muscle

Fig. 2.Inactivation of theErbb2gene. (A) At the NMJ of soleus spindles, and becomes clustered upon synapse formation.

muscle in wild-type mice Erbb2 (red) formed co-clusters with AChR We next analyzed the embryonic development and

(green) as identified hy-bungarotoxin staininga-Btx). (B) No differentiation of muscle spindles in wild-type and Erbb2-

Erbb2 protein was detected at the NMJ of Erbb2-deficient mice.  deficient muscles using electron microscopy (EM) to determine

Diffuse staining of Erbb2 was seen in terminal Schwann cells. whether Erbb2 signaling in muscle was required for muscle

(C-E) Myoblasts from wild-type and mutant mice were isolated fromgpind|e induction, differentiation and/or maintenance (Fig. 5). In
P2 mice and induced to form myotubes in culture. Agrin was added wild-type mice, muscle spindle morphogenesis in hindlimb

to induce AChR clusters. In wild-type mice, Erbb2 (red) co-localized e B
with AChR clusters (green) (C). In the mutants, agrin induced AChRmuscle is initiated around E15.5-16.5, when sensory la afferents

clusters, but Erbb2 was absent from the clusters (D). Utrophin (red)reaChIng the muscle first contact_ myotubes. At this
still co-clustered with AChR (green) in the mutant muscle fibers (E).dévelopmental time, most nascent spindles are formed by a
Scale bars: 1fm in A,B; 10um in C-E. single myotube that is approached by one or more sensory

afferents arising from a neighboring nerve bundle (Kucera and

Walro, 1995). EM examination of E16.5 muscles revealed la

rapidly gating ‘adult type’ AChR channels (Mishina et al.,afferent nerve fiber-myotube contact in both wild-type and
1986) in the absence of Erbb2. mutant muscles, suggesting that initial contact is not dependent
The reduced efficiency of NMJs in Erbb2-deficient miceof Erbb2 expression in myotubes (Fig. 5A,B). These contacts
could be due to reduced AChR levels at synaptic sitedetween sensory la afferent axons and muscle fibers can readily
We therefore measured AChR levels by quantitativbe distinguished from putative contacts between motoneurons
immunofluorescence. Clusters of AChR at NMJs in wild-typeand muscle fibers because they lack a basal lamina between the

and mutant mice were stained with Texas Red-labeled axon terminal and the muscle fiber (Landon, 1972). Overall,
bungarotoxin, and serial optical sections were taken anehutant muscle did not appear to have fewer sensory terminals-
quantified. Integration of fluorescent intensities revealed ayotube contacts. The contacted myotubes represented early

decrease by about 20% in AChR numbers at endplates nficlear bag intrafusal fibers and those present in the mutant

mutant compared with wild-type muscles (Fig. 3F; 27 wild-muscle appeared less differentiated than in wild types, with
type and 27 mutant endplates, from five wild-type and fiveamaller size and less developed packages of myofibrils (data not
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A myotube were still evident, but morphological
differentiation was halted. Morphological analysis of
serial sections indicated that in Erbb2-deficient muscle
the initially contacted myotube did not become a nuclear
bag fiber and that a second myotube was never recruited.
Moreover, Schwann cells in the mutants extended
laterally following the axon terminals but they failed to
surround the muscle fiber that was contacted by the nerve
ending (Fig. 5D). At E18.5, wild-type muscle spindles
continue to develop normally but spindles in the Erbb2-
deficient muscles still resembled the initial stages of
muscle spindle formation (Fig. 5E,F). Despite the fact that
normal morphological differentiation of muscle spindles
was abrogate, sensory innervation became more extensive
and numerous around mutant myotubes (Fig. 5F). At
birth, when muscle spindles in wild-type muscle can be
easily identified by their characteristic surrounding
capsule and are composed of a few muscle bag fibers
innervated in much of their surface (Fig. 5G), it was still
possible to observe isolated muscle fibers completely
surrounded by afferent fibers in Erbb2-deficient muscle
(Fig. 5H). Some of the nerve terminals in the mutants
appeared altered, with a swollen morphology. Mature
muscle spindles were never observed in the Erbb2
conditional mutants. Taken together, the data suggest that
lack of Erbb2 signaling in muscle fibers is not essential
for the initial contact between sensory la afferent neurons
and myotubes but is necessary for the subsequent
development of the structure.

To confirm further that the neurons that contacted
muscle fibers were la afferent neurons, we stained
muscle sections with antibodies to parvalbumin that
E g Fig. 3. Formation and function of selectively labels la afferent neurons that contact muscle

NMJs. (A)a-bungarotoxin (red) stained spindles (stretch receptors), but also Ib afferent neurons

NMJ of diaphragm muscle of 4-week-  that innervate Golgi tendon organs (tension receptors)
olldﬁmlc%. Ma{“r? N'Mr;]tm v_vuld-tzpe 4 (Fig. 6) (Carr et al., 1989). la and Ib afferent neurons
fhee 2y6|:>ri]ca:npur§rz]el(-rlligke L{:ﬂg?ufe 02’[";; can readily be distinguished by their projection pattern

X as Golgi tendon organs are located towards the end of

Dystroglycan (green) and (C) utrophin . ’ .
wt ko (gyreen?s\//ere é?(presged in(th)e P muscles, while spindles are distributed throughout

postsynaptic membrane of NMJs of soleus muscle and co-localized-with Muscle. la and Ib afferent projections were present in
bungarotoxin (red) in both wild-type (left) and mutant (right) mice. wild-type mice, and they formed connections with
(D) Miniature endplate currents were decreased in amplitude by ~15% in muscle spindles and Golgi tendon organs, respectively
mutant mice when compared with wild-type mice, while decay time (Fig. 6A,C). In the mutants, both types of projections
constants (E) were similar (meansts.e.; data from 37 wild-type and 39 were visible (Fig. 6A-C), but contacts with muscle
mutant endplates, from five wild-type and six mutant diaphragms), as showjpindles appeared abnormal. Accordingly, the staining
in these representative recordings. (F) Quantitative immunofluorescence Ofntensity was much reduced and highly irregular (Fig.

o-bungarotoxin-labeled AChRs at NMJs of diaphragm muscle reveals :
decrease in AChR density by about 20% in mutant mice (meanszs.e.; dataGD)' Golgi tendon organs appeared unaffected.

from 27 wild-type and 27 mutant endplates, from five wild-type and five
mutant diaphragms), consistent with the reduction in mepc. amplitude
observed in electrophysiological recordings. Scale baim & A-C.
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80
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60
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Development of central projections of sensory
la afferents

It is at present unclear whether normal spindle

development is required for the development of central
shown). At E17, most spindles in wild-type muscles containe@rojections of la afferent neurons. la afferent neurons project
an extra myotube (nuclear kg addition to the initial nuclear to the ventral spinal cord where they establish synaptic contact
bag fiber (Fig. 5C). Normal morphogenesis of wild-type musclewith motoneurons. la and Ib afferents establish projections to
spindles was also characterized by the lateral expansion of thge Clark columns in the medial aspect of the spinal cord,
axon-associated Schwann cells around the intrafusal bag fibevkere they form synaptic contact with interneurons (Brown,
and by an increase in the myotube surface covered by the sensd881). Parvalbumin positive cell bodies of la and Ib afferent
axon terminals (Fig. 5C). By contrast, mutant spindles at E17.18eurons could readily be detected distributed throughout the
had the characteristic appearance of spindles at E16.5 (Fig. 5@prsal root ganglia of both wild-type and Erbb2-deficient mice
The initial contacts between sensory afferents and the primaf¥ig. 7A). Projections to Clark columns and to the motoneuron
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Fig. 4. Proprioceptive defects and absence of spindles.

(A) Wild-type animals but not the mutants showed an
abnormal hind-limb extension reflex (panels 1-3). They also
had difficulties in coordinating limb movement when placed
on a slippery platform (panel 4). (B) Hematoxylin/Eosin
stained cross-sections of P9 soleus muscle. Two muscle
spindles of a wild-type mouse are indicated by arrows. In
the mutant mice no spindles could be identified. (C) Erbb2
(green) was expressed in intrafusal muscle fibers of muscle
spindles. It co-localized witb-bungarotoxin labeled AChR
clusters in postsynaptic membraneg-afiotoneuron

contact sites (yellow, arrows). Scale barsp&din B;

15umin C.

function in NMJ development. We now show that mice
genetically modified to lack Erbb2 specifically in
muscle survive into adulthood and develop NMJs, but
the synapses are less efficient and contain reduced numbers of
AChRs. As the Erbb receptor ligand Nrgl has been implicated
in mediating its effect on muscle fibers by regulating gene
expression in subsynaptic nuclei (Burden, 1998; Sanes and
Lichtman, 1999), our data are consistent with a model where
Nrgl activates via Erbb2 gene expression in subsynaptic
nuclei. In the absence of Erbb2, Nrgl signaling may be less
effective, leading to decreased gene expression and reduced
levels of synaptic proteins.

Muscle fibers express not only Erbb2, but also Erbb3 and
Erbb4 (zZhu et al., 1995). It is therefore possible that
Erbb3/Erbb4 may have partially compensated for a loss of
Erbb2. Unfortunately, mice that carry a null mutation in the
pools in the ventral spinal cord were detected in both wild-typ&rbb4gene die during embryogenesis (Gassmann et al., 1995),
and mutant mice (Fig. 7B). We therefore conclude that in thpreventing an analysis of its function in NMJ formation by
absence of normal muscle spindle development la affereabnventional genetic approaches. However, our recent data
neurons are still able to establish their normal centramplicate Erbb4 in NMJ formation. When postsynaptic
projection pattern. differentiation is induced in Erbb2-deficient muscle fibers by

ectopic expression of agrin, clustering of proteins in the

postsynaptic membrane is less efficient. This defect can be
DISCUSSION rescued by overexpressing Erbb4 (Moore et al., 2001),

suggesting that both Erbb2 and Erbb4 are sufficient to induce
We provide here genetic evidence that Erbb2 receptors mene expression in subsynaptic nuclei. As we observed in vivo
skeletal muscle fibers regulate the formation of neuromusculaecreased levels of AChRs in muscle that only lacked Erbb2,
synapses and are essential for muscle spindle developmetite data also suggest that in the more physiological setting
Motoneurons contact Erbb2-deficient skeletal muscle fibersyhere Erbb2 and Erbb4 are expressed at lower levels than
and neuromuscular synapses develop. However, the synapsehieved by ectopic overexpression, both receptors may be
are less efficient and contain reduced levels of AChRs. Sensoegsential for maximal expression of AChR subunit genes. To
la afferent neurons also establish contact with Erbb2-deficiemést for a partially redundant function of Erbb2 and Erbb4 in
muscle fibers, but functional muscle spindles never developnuscle fibers, it will be important to inactivate both receptors
Importantly, la afferent neurons still elaborate their projectionsimultaneously in muscle fibers.
within the spinal cord, demonstrating that normal muscle ] ) )
spindle development is not essential for the development &fbb2 functions in muscle spindle development

central projections of la afferent neurons. Our data show that Erbb2 expression in skeletal muscle fibers
_ _ is essential for muscle spindle development. Previous studies
Erbb receptors in NMJ formation have provided strong evidence that muscle spindle

The function of Erbb receptors in NMJ formation has beemlevelopment is initiated by a signal from sensory la afferent
studied previously. Skeletal muscle fibers express Erbb2ieurons. We show here that contact of la afferents with
Erbb3 and Erbb4 receptors. NMJ formation and genenyotubes is initiated in the absence of Erbb2 expression in
expression in subsynaptic nuclei was observed in mice that lackyotubes, but muscle spindle formation does not progress and
Erbb2 or Erbb3 (Gassmann et al., 1995; Lee et al., 1995; Meytre rudimentary spindles degenerate. This suggests that Erbb2
and Birchmeier, 1995; Riethmacher et al., 1997). However, the not required for the establishment of the initial contact
previously described genetically modified mice died at birthbetween sensory neurons and myotubes, but for the
preventing a more detailed analysis of Erbb2/3 receptasubsequent differentiation of muscle spindles. Interestingly,
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Fig. 5. Analysis of muscle spindle development.

(A,B) EM pictures of a primary myotube being contact
by la afferent sensory fibers at E16 in a wild-type (A)
a mutant (B) embryo. Single myotubes (circled black)
were contacted by nerve terminals (circled green) as
indicated by the arrow. Schwann cells (circled yellow)
accompanied the ingrowing afferent fiber. (C,D) At E1
many muscle spindles in wild-type embryos consisted
two intrafusual fibers (black) contacted by multiple nel
endings (green). Schwann cells (yellow) accompanyir
the spindle nerve bundle formed a rudimentary uni-
lamelar capsule surrounding the developing spindle. |
some cases two nuclei were observed at the equatori
plane of the myotube that was developing into a nucle
bag fiber. In muscle in mutant mice (D), myotubes
contacted by sensory nerve terminals were still freque
observed close to nerve bundles but muscle spindle
differentiation appeared halted. Arrow in D indicates
contact between myotube and nerve terminal.
Rudimentary spindles were still formed by a single
myotube contacted by unexpanded afferent nerve
terminals and were not surrounded by Schwann cell
processes. Innervated myotubes did not progress tow
nuclear bag phenotype and other myotubes were not
recruited as intrafusal fibers. Nevertheless, synaptic
contacts by sensory nerve terminals, as revealed by tl
lack of a basal lamina in the sypnaptic cleft still persis
(E,F) By E18, spindles in wild-type mice were surroun
by a multi-lamellar spindle capsule, and spindle fibers
were innervated by a la afferent (boxed contact zone
enlarged in B. Spindles in the mutant mice (F) did not
differentiate further. Only one spindle fiber was preser
and no capsule had formed. However, contacts betwe
the muscle fiber and la-afferent was maintained (boxe
area enlarged in'f- (G,H) Plastic sections through PO
muscle of wild-type and mutant mice showed that
although muscle spindles in wild-type mice (G) typical ;
consisted of three or four encapsulated multinucleated intrafusal fibers innervated by multiple nerve terminals, spindigsinsti(e) only
consisted of one muscle fiber still surrounded by nerve terminals. Some of the afferents appeared abnormally enlargenl Sudlenudls: 2
pm in A-F; 5um in G,H.

Fig. 6. Analysis of la and Ib afferent projections by parvalbumin staining. (A) Immunohistochemical analysis using an antibody against
parvalbumin as a marker for la- and b afferents. At E18.5, spindles were innervated by sensory afferents in both wilditypatanite
(arrows). (B) Two enlarged innervated spindles in mutant mice (right) at E18.5 showing the la afferent spiraling arouaitislaé imiscle
fiber (arrows). Notice the presence of only one intrafusual fiber in mutant mice. Left panel, longitudinal; right panektmons§eGolgi
tendon organs formed and were properly innervated in wild-type and mutant animals at E18.5 (arrows). (D) At postnataidiag # sp
wild-type and mutant mice were innervated, but the nerve terminals in the mutants were weakly stained, appeared irregnéldessd w
frequently found. Scale bars: 10fh in A; 30pum in B; 200um in C; 40um in D.
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Fig. 7.Central projections of la and Ib afferent
neurons. (A) Parvalbumin positive cell bodies of
sensory neurons were present throughout the
dorsal root ganglia at lumbar levels in both
mutant and wild-type mice at P3. (B) Central
projections of la and Ib neurons were still
present at P3 in mutant mice (CC, Clark
columns; LMC, lateral motor columns. Scale
bars: 5qum in A; 150um in B.

Erbb2-deficient muscle (Andrechek et al.,
2002). As a likely explanation, the
previously described defects were not
caused by a defect in muscle spindle
maintenance, but rather in development.
Alternatively, differences in genetic
background could have contributed to the
different results.

Muscle spindle development and
central projections of la afferent
neurons

It has remained unclear whether spindle
during development of sympathetic neurons, NT3 expressiotevelopment is required for the development and maintenance
is activated by Nrgl (Verdi et al., 1996). Likewise, muscleof the monosynaptic reflex circuit. The data presented here
spindles express NT3 (Copray and Brouwer, 1994) and musgeovide evidence that large parts of the monosynaptic reflex
spindles are absent in NT3-deficient mice (Farinas et algircuit form in the absence of normal muscle spindle
1994). This raises the possibility that NT3 is more generallglevelopment. Sensory la afferent neurons not only develop
a downstream effector of Nrgl/Erbb signaling, and that it isheir peripheral projections into muscle. They also develop
an essential component by which Erbb2 regulates musctentral projections towards the ventral spinal cord to the
spindle development. In this model, activation of Erbb2 inrmotoneuron pools. These central projections are maintained
muscle fibers may regulate expression of NT3. As NT&ven in early postnatal animals when no signs of muscle
promotes survival of la afferent neurons (EIShamy andpindle development can be detected. However, although our
Ernfors, 1996; EIShamy et al., 1998; Farinas et al.,, 199&tudies demonstrate that sensory la afferent neurons develop
Oakley et al., 1995; Oakley et al., 1997; Ockel et al., 1996yormal projections, it will be important to establish whether
Ringstedt et al., 1997; Wright et al., 1997), and becaustney also develop functional synaptic connections. The
ectopic expression of Ntf3 induces muscle spindleavailability of the genetically modified mice described here
development (Wright et al., 1997), Nrg1/Erbb signaling maywill allow testing this hypothesis.
be essential to maintain NT3 expression in muscle spindles
during their deve|opment, which in turn may affect sensory la We thank members of the laboratory for comments and discussions;

afferent neurons. As the zinc-finger transcription factor Egr3!- Ruegg, M. Lewandowski and G. R. Martin for tools; W. Muller

; e ; for Erbb2"- mice; O. M. Dorchies and U. Ruegg for help with
appears to regulate spindie specific NT3 expression (Chen Qfoblast cultures; J. F. Spetz and P. Kopp for help with generating

al., 2002), and is essential for muscle spindle maintenance:

- e . ice; L. Landmann for help with quantitative immunofluroescence;
(Tourtellotte and Milbrandt, 1998), it is possible that Erbb.zand the technicians of the Servicio de Microscopia Electronica and

may act at least in part upstream of Egr3 thereby regulatingario Soriano for assistance with electron microscopy. This work was
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