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Signaling mediated by ErbB2 is thought to play a critical role in numerous developmental processes.
However, due to the embryonic lethality associated with the germ line inactivation of erbB2, its role in adult
tissues remains largely obscure. Given the expression of ErbB2 at the neuromuscular junction, we have created
a muscle-specific knockout to assess its role there. This resulted in viable mice with a progressive defect in
proprioception due to loss of muscle spindles. Interestingly, a partial reduction of ErbB2 levels also reduced
the number of muscle spindles. Although histological analysis of the muscle revealed an otherwise normal
architecture, induction of muscle injury revealed a defect in muscle regeneration. Consistent with these
observations, primary myoblasts lacking ErbB2 exhibit extensive apoptosis upon differentiation into myofibers.
Taken together, these results illustrate a dual role for ErbB2 in both muscle spindle maintenance and survival

of myoblasts.

ErbB2 (also known as Neu and HER2) is a member of the
epidermal growth factor receptor (EGFR) family of receptor
tyrosine kinases (7, 13, 23). This family is comprised of EGFR
(48), ErbB2 (4, 12, 36, 39, 48, 51), ErbB3 (27), and ErbB4 (35).
Gene targeting experiments have revealed that each of these
EGFR family members plays a critical role in regulating em-
bryonic development. For example, germ line elimination of
erbB2 or erbB4 results in embryonic lethality at day 10.5 of
embryogenesis due to defects in cardiac and neural develop-
ment (19, 28). Although inactivation of erbB3 function has a
less severe impact on cardiac development, embryonic lethality
is also observed due to defects in neural and Schwann cell
differentiation (5, 14, 38). Interestingly, elimination of EGFR
receptor function results in a strain-dependent perinatal lethal-
ity (21, 41, 46).

Given the importance of EGFR family members in embry-
onic development, it has been difficult to elucidate the relative
contribution of this family to the maintenance and develop-
ment of adult tissues. The embryonic lethality associated with
inactivation of erbB2 has previously been rescued by myocar-
dial expression of an erbB2 transgene (29, 33, 49). However,
these mice die at birth due to loss of motor neurons and
defects in Schwann cell development. To avoid this perinatal
lethality, specific deletions may be created to address the role
of ErbB2 in various adult tissues through the use of the Cre/
LOXP1 recombinase system. Indeed this approach has been
used to generate a peripheral-nerve-specific deletion of erbB2
that resulted in the extensive demyelination of the nerves (17,
18).
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In addition to its role in Schwann cell development, ErbB2
is expressed in skeletal muscle and is concentrated at the neu-
romuscular junction (NMJ) along with ErbB3 and ErbB4
EGFR family members (1, 34, 52). Indeed, EGFR family
members have been implicated as important functional com-
ponents of the NMJ (24). Neuregulins serve as ligands for
ErbB3 and ErbB4 and are released from the motor neuron end
plate, where they are thought to activate these receptor ty-
rosine kinases (34). Heterodimerization and tyrosine phos-
phorylation of ErbB2/ErbB3 has been shown to regulate the
expression of various subunits of the acetylcholine receptor
(40, 45, 50). In addition to stimulating acetylcholine receptor
subunit expression, neuregulin-mediated ErbB2/ErbB3 het-
erodimers can stimulate the phosphatidylinositol 3’-kinase cell
survival pathway (45). ErbB2/ErbB3-mediated activation of
phosphatidylinositol 3'-kinase (25, 43) has been implicated in
stimulation of a number of important cell survival elements,
including Akt serine kinase (8, 16). Indeed, ErbB2 is thought
to play a central role in the EGFR family signaling pathway,
since it is the preferred heterodimeric partner for the other
EGFR members (22). However, the precise roles of the indi-
vidual EGFR family members, including ErbB2, in muscle
physiology have not been previously elucidated.

Given the expression pattern and potential role of ErbB2 in
NMJ development and its importance in mediating EGFR
family signaling, we sought to determine whether a functional
ErbB2 was required for muscle development and maintenance.
In this report, we describe a conditional knockout of erbB2 in
adult muscle using mice expressing Cre recombinase under the
control of the muscle creatine kinase (Mck) promoter en-
hancer. Strikingly, mice devoid of ErbB2 in skeletal muscle had
proprioception defects and lacked muscle spindles. Muscle-
specific elimination of erbB2 also correlated with the induction
of apoptosis in myoblasts upon differentiation to myofibers,
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which correlated with an inhibition of regeneration after mus-
cle injury. These results illustrate a dual role for ErbB2 in
survival during myoblast differentiation and for maintenance
of muscle spindles.

MATERIALS AND METHODS

Generation of ErbB2"1°¥Flox Mice. ErbB2 genomic sequences were isolated
from a 129/SvJ genomic library. A 2.5-kb 5" arm of homology (Sphl to Narl), 5’
to exon 1, and an 8-kb 3" arm of homology (KpnI to Sall) including exons 2 and
3 were designed. The complete cDNA for neuN was flanked by loxP sites and was
followed by a simian virus 40 polyadenylation sequence. 3’ to the cDNA and
poly(A), a PGK-neomycin-herpes simplex virus poly(A) selectable marker was
added. This loxP-flanked neuN poly(A) PGK-neo-poly(A) sequence replaced
exon 1 of the genomic allele. All subsequent techniques to generate the mice
were performed as described previously (2).

Excision analysis. Upon interbreeding with the Mck/Cre transgenic mice,
DNA from ErbB2F1o¥Flox Mck/Cre muscle was prepared using standard phenol-
chloroform isolation methods and was digested using HindIIl. The DNA was
electrophoresed on a 0.8% gel, and the Southern blot was probed using a PstI
fragment of neomycin. Quantification of the extent of excision was measured and
compared by PhosphorImager analysis (Molecular Dynamics) using the illus-
trated controls to determine the extent of excision by comparison of intensity of
the wild-type and loxP-flanked alleles.

Track analysis. To obtain a record of the footpad placement during a normal
gait, the hind limb was dipped in India ink and the mouse was allowed to walk
down a 15-cm-wide corridor on several pieces of Whatman paper. The track was
then scanned into Adobe Photoshop and adjusted for light and contrast.

Histology. Fixation of all hind limb extensor muscle was achieved by cardiac
perfusion using phosphate-buffered saline (PBS) followed by 10% formalin. The
muscle was then fixed in 10% formalin for at least 24 h. Horizontal sections (6
pm thick) of paraffin-embedded sample were cut and stained with hematoxylin
and eosin according to standard methods. Urea-silver nitrate staining followed
the method described for sensory neurons (9). Briefly, the extensor digitorum
longus (EDL) was fixed in Bouins solution for 12 to 18 h and embedded in
paraffin wax, and serial longitudinal sections were cut at a thickness of 12 or 14
wm and stained as previously described.

Induced regeneration of skeletal muscle. Skeletal muscle regeneration was
induced by an applied crush injury as previously described (31). Briefly, after
mice were anesthetized, the tibialis anterior (TA) muscle was exposed and a
crush injury was applied. Two weeks post-crush injury, the crushed TA muscle
and the contralateral control were examined through serial hematoxylin-and-
eosin-stained sections.

Cell culture. Primary myoblast cells were generated from FVB, ErbB2Flox/Flox,
and Mck/Cre ErbB2F'¥Flox mice using previously established techniques (37).
Following isolation, cells were cultured in proliferation medium composed of
Ham’s medium, 20% fetal calf serum, bovine fibroblast growth factor (2.5 ng/ml),
penicillin-streptomycin (200 U/ml), and 0.002% amphotericin B (Fungizone;
Gibco). To induce differentiation, the medium was switched to 5% horse serum
in Ham’s F-10 medium with the same antibiotic supplements. The proliferation
medium was changed daily, while the differentiation medium was changed every
second day. To achieve complete excision of the loxP-flanked allele, an adeno-
virus containing Cre recombinase was added at a multiplicity of infection of 20
in PBS supplemented with CaCl, (to 0.7 M) and MgCl, (to 0.5 M) (3).

Immunohistochemistry. Complete differentiation of myofibers was detected
with MF20, an antibody against myosin heavy chain MF20 (Developmental
Studies Hybridoma Bank, Iowa City, Iowa). At day 5 of differentiation, cells were
washed with PBS, fixed in ice-cold 90% methanol for 2 min, rinsed three times
in PBS with 5% skim milk, and incubated with MF20 for 1 h at a 1:10 dilution.
Following incubation with the primary antibody, cells were washed with PBS and
were incubated with the goat anti-mouse immunoglobulin G-horseradish peroxi-
date conjugate secondary antibody (Bio-Rad) for 1 h. After being rinsed three
times in PBS, the reaction was developed with DAB (0.6 mg/ml; Sigma) and
images were captured using the Zeiss Axiovision system. Expression of ErbB2 in
intrafusal muscle fibers was detected using an antibody against ErbB2 (C18;
Santa Cruz Biotechnology, Inc.), and a biotinylated goat anti-rabbit secondary
antibody was used (Vector Laboratories) in conjunction with the Vectastain Elite
ABC kit and DAB substrate (Vector Laboratories). These sections were coun-
terstained with hematoxylin.

Immunoprecipitation and immunoblotting. Cell lysates were prepared accord-
ing to previously described methods (42). ErbB2 was detected by a mouse
monoclonal antibody (AB-3; Oncogene Research Products, Inc.). Immunoblot-
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ting for ErbB3 (C-17) and Grb-2 (C-23) was performed using rabbit polyclonal
antibodies (Santa Cruz Biotechnology, Inc.). Immunoprecipitations were com-
pleted in accordance with standard protocols using a rabbit polyclonal antibody
for ErbB3 (C-17) and were probed using an antiphosphotyrosine antibody
(PY20; Transduction Labs).

RESULTS

Muscle-specific elimination of erbB2 is associated with a
background-dependent defect in proprioception. To assess the
effect of a lack of erbB2 in muscle development and mainte-
nance, we employed a strategy in which the first coding exon of
the endogenous erbB2 gene was replaced by a loxP-flanked
wild-type ¢cDNA. Replacement of the first coding exon of
mouse erbB2 with the wild-type rat erbB2 cDNA completely
rescued the embryonic lethality associated with the germ line
inactivation of erbB2. However, it should be noted that these
mice express only 10% of the expected amount of ErbB2 pro-
tein and are thus hypomorphic for ErbB2 expression (11).
Using a similar strategy, we replaced the first coding exon of
erbB2 with the loxP-flanked rat c-erbB2 cDNA (neu) followed
immediately downstream by a PGK-neomycin (Neo) selection
cassette (Fig. 1A). The targeting vector was electroporated
into R1 embryonic stem (ES) cells, and independent clonal cell
lines were isolated. To confirm that a successful targeting event
had occurred (Fig. 1B), genomic DNA from individual cell
lines was subjected to Southern blot analyses with a probe
external to the targeting event. The results of these analyses
revealed that six independent ES cell lines contained evidence
of a successful recombination event. After blastocyst injection
of ES cell lines and derivation of resultant chimeric mice, germ
line transmission of the LOXP1-flanked erbB2 allele yielded
mice that were heterozygous for the recombinant allele (Fig.
1C). Subsequent interbreeding of mice heterozygous for this
mutation (ErbB2%WTF'°%) yielded the expected Mendelian ratio
of wild-type, heterozygous, and homozygous (ErbB2Fox/Flox)
mutant mice. Although the level of ErbB2 protein was reduced
in pooled hind limb muscle (Fig. 1D, lanes 1 and 2 versus lanes
3 and 4), the ErbB2"'°¥F'°* mijce exhibited no obvious pheno-
typic or histological abnormalities. Further, immunoblot anal-
ysis for ErbB3 did not show a difference in protein levels when
muscle (data not shown) or primary myoblasts (see Fig. 7A)
were examined.

To elucidate the role of ErbB2 in muscle development, we
interbred the ErbB2"**F°* mice with transgenic mice express-
ing Cre recombinase under the transcriptional control of the
Mck promoter enhancer (Mck/Cre) (6). To determine the ex-
tent of excision of the LOXP1-flanked allele in the muscle (Fig
2A), genomic DNA was prepared from pooled hind limb mus-
cle of Mck/Cre ErbB2F'*¥F1oX mice and subjected to Southern
analysis (Fig. 2B). The results revealed that approximately
40% of the muscle-derived DNA exhibited evidence of Cre-
mediated excision as measured by Phosphorlmager analysis.
To ensure that this was a muscle-specific deletion of ErbB2,
DNA was prepared from various tissues and was subjected to
a Southern analysis. This revealed that excision was limited to
cardiac and skeletal muscle (Fig. 2C). To ensure that the mod-
erate level of excision seen in Fig. 2B and C was not due to
contamination by nonmuscle components, three independent
myoblast cell lines were derived from pooled hind limb muscle
of adult Mck/Cre ErbB2"¥°* mice. These cell lines were
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FIG. 1. Targeting of the loxP-flanked erbB2 allele. (A) A schematic
representation of the targeting construct and the genomic allele is shown.
The 2.5-kb 5" arm of homology (Sph to Nar) and the 8-kb 3’ arm of
homology (Kpn to Sal) were employed to direct the homologous recom-
bination to the wild-type allele, illustrated by the dashed lines. Exon 1 of
the endogenous allele was replaced by a loxP (triangle)-flanked neuN
cDNA followed by a simian virus 40 poly(A) (Neu) and a PGK-neomycin-
herpes simplex virus poly(A) (Neo). The targeted allele has replaced exon
1 contained within the Nar/Kpn fragment. The size of the genomic HindII-
restricted fragment when detected by a probe 5’ to the site of homologous
recombination is also depicted. (B) The recombinant allele containing the
loxP-flanked neuN allele in place of exon 1 and the corresponding size of
the HindIII restriction fragment detected by the external probe are
shown. (C) A representative Southern blot of tail DNA from mice that are
wild type (WT) and heterozygous for the knockin (KI) allele illustrates the
various alleles. (D) Immunoprecipitation of ErbB2 followed by immuno-
blotting for ErbB2 revealed that the ErbB2"*¥"°* muscle expresses a
reduced level of protein compared to the wild-type controls (lanes 1 and
2 versus lanes 3 and 4).

then differentiated to induce Mck-regulated Cre expression,
which should peak at 24 h after the initiation of differentiation
of the myoblasts to myofibers (10). During the induction of
differentiated myofibers, excision was first noted at day 2 of
differentiation. However, upon terminal differentiation only
40% of the myofibers exhibited evidence of Cre-mediated ex-
cision of the LOXP1-flanked erbB2 allele (Fig. 2D). The extent
of excision shown in Fig. 2D is consistent across the three
primary cell lines that were surveyed (data not shown).
Despite the moderate levels of excision observed in the
Mck/Cre ErbB2"°¥Flo* muscle, approximately 50% of the
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mice exhibited loss of motor coordination and displayed alter-
ations of gait in the initial crosses. Further, these mice often
maintained their limbs in an abnormal posture, progressing
from a flexor to an extensor posture. The phenotypic difference
between severely affected and mildly affected mice was not due
to the extent of excision of erbB2, since hind limb muscle DNA
exhibited comparable levels of excision for mice with and with-
out the severe manifestation of the phenotype (Fig. 2B, lanes
3 to 6 versus lanes 7 to 10). Because the initial interbreedings
were conducted on a mixed SV129/FVB/BALB/c background,
we have selectively bred affected animals and achieved an
approximately 80% penetrance of the phenotype. However,
attempts to achieve full penetrance of the phenotype were
hampered due to an inability of severely affected animals to
breed. Backcrossing the mice into a pure FVB background also
revealed a deficit in proprioception, and these animals exhib-
ited the same level of penetrance. The variable penetrance of
the phenotype is likely due to genetic modifiers inherent in the
genetic background of the mice.

In order to examine alterations in the gait, the hind limbs of
control and conditional null mice were dipped into India ink
and the mice were allowed to move across a sheet of blotting
paper to create a record of their footprints. In contrast to the
wild-type control (Fig. 3A), the Mck/Cre ErbB2"'¥¥1° track
(Fig. 3B) clearly revealed that a large portion of the leg is in
contact with the surface during movement. Additionally, the
footpad is no longer aligned with the direction of travel but is
rotated medially at an unusual angle. This altered gait is ob-
served early in the progression of the phenotype when the mice
tend to maintain the hind limb in a flexed position during
movement. As the affected mice aged, the phenotype increased
in severity and the posture of the mice was dramatically al-
tered. In comparison to the wild-type control (Fig. 3C), the
Mck/Cre ErbB2F'*Fl°* mice (Fig. 3D) frequently maintained
their hind limbs in extension, and the forelimbs were also
occasionally extended. Additionally, these mice lacked coordi-
nated motor control and frequently suffered from malocclu-
sions, poor body condition, and wasting, sporadically resulting
in early mortality in severely affected mice. In many respects
the observed phenotype resembles proprioception defects
characteristic of strains deficient for EGR-3, NT-3, and TrkC
(15, 26, 47).

To explore the deficit in proprioception, we examined the
mice for a lack of muscle spindles through serial longitudinal
sections of the EDL muscle after urea-silver nitrate staining
(9). The nonselective silver stain is preferentially taken up by
the annulospiral primary sensory endings in the equatorial
region of the intrafusal muscle fibers and is a reliable method
to easily assess the presence of muscle spindles (Fig. 4A).
While spindles were readily observed in wild-type controls
(Fig. 4A and B), spindles were difficult to locate (though oc-
casionally present) in ErbB2F'°¥F!°* mice and were not ob-
served at all in Mck/Cre ErbB2F'*F'°* mice (n = 6 for each).
The only neural structures observed in these mice were asso-
ciated with motor innervation (Fig. 4C). Additionally, muscle
spindle counts from serial sections showed a significant reduc-
tion in spindles in ErbB2'*¥F'°* mice compared to the wild-
type counts (Fig. 4D). A further reduction in the levels of
ErbB2 due to introduction of the Mck/Cre transgene resulted
in a complete loss of spindles (Fig. 4D). Interestingly, although
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FIG. 2. Mck/Cre-mediated excision of loxP-flanked ErbB2. (A) The
schematic of the recombinant allele under the control of the endoge-
nous promoter is shown, as is the effect of Cre-mediated recombina-
tion. Using a HindlIII digest and the PstI fragment of the neomycin
cassette as a probe, the size of the recombinant and null alleles in a
Southern analysis are shown. (B) A Southern analysis on pooled hind
limb muscle from eight Mck/Cre ErbB2FVFlox mice is shown. Also
included are a control for no excision in the ErbB2FF1 (Jane 1) and
a control to illustrate when excision is complete for one allele (lane 2).
This complete excision control is a knockin/Flox knockout (K-In/Flox
K-out), has one recombinant allele and one null allele, and was gen-
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the ErbB2F'°¥FloX mice had on average 2.3 spindles in the
EDL, versus 11 in the wild type, they were phenotypically
indistinguishable from the wild-type controls.

To further explore the pathological basis for the defect in
proprioception, the muscle tissue from these mice was sub-
jected to extensive histological analyses. Although no obvious
pathological abnormalities were noted in the muscle fibers
(compare Fig. SA and B), these analyses again revealed that
muscle spindles were absent in muscle tissue derived from
Mck/Cre ErbB2F'*¥Flo* mice (Fig. 5B). In contrast, the encap-
sulated muscle spindles were readily detected in the wild-type
control animals (Fig. 5A). Consistent with the initial findings,
these analyses demonstrated that the observed phenotype cor-
related with the absence of spindles. Because muscle spindles
are required for normal proprioception, the observed progres-
sive defect in gait and posture is likely due to the loss of
proprioception associated with the absence of muscle spindles.
These observations suggest that a functional ErbB2 product is
required for the maintenance of muscle spindles. Therefore, to
determine whether ErbB2 was expressed in the muscle spindle,
immunohistochemistry for ErbB2 was completed in sections
containing multiple muscle spindles. Interestingly, ErbB2 ex-
pression was noted in the intrafusal muscle fibers and the
capsule in addition to the nervous tissue in the equatorial
region of the spindle (Fig. 5C). However, when the distal
portion of the muscle spindle was examined, expression of
ErbB2 was not detected in the intrafusal muscle fibers (Fig.
5E). Clearly, ErbB2 is concentrated in the intrafusal muscle
fibers near the annulospiral primary sensory endings.

ErbB2 provides an important cell survival signal during
muscle differentiation. Although the skeletal muscle appeared
structurally normal in routine histology, we assessed whether
lack of functional ErbB2 was involved in the myogenic differ-
entiation program. Since wild-type muscle should undergo a
complete regeneration within 2 weeks after injury (20), we
compared the regeneration after an induced muscle injury in
ErbB2%VTWT ErbB2"'¥F'X and Mck/Cre ErbB2"'¥F°* mice.
Two weeks after a muscle crush injury was applied, the
ErbB2%T"WT and ErbB2"'°¥F1°* muscle had regenerated com-
pletely with continuous fibers and fiber caliber similar to un-
damaged muscle when hematoxylin-and-eosin-stained longitu-
dinal sections of the TA muscle were examined (Fig. 6A).
However, when the Mck/Cre ErbB2F'*¥FIoX mice were exam-

erated from an embryonic control (Chan and Muller, unpublished
observations). Quantification of the extent of excision by PhosphorIm-
ager analysis revealed that excision varied from 30 to 40% complete for
the muscle samples (lanes 3 to 10). The extent of the observed phe-
notype is stated above the lanes and does not correlate with an in-
creased level of excision (severe, lanes3 to 6; mild, lanes 7 to 10).
(C) To examine the specificity of the excision, DNA was harvested
from various organs and was examined through a Southern analysis for
excision of the loxP-flanked cDNA. This reveals that excision is limited
to skeletal and cardiac muscle. (D) To determine whether excision was
complete in the myofibers, several myoblast cell lines were prepared
from the Mck/Cre ErbB2F¥F1°% mice and were allowed to differenti-
ate. The number of days in differentiation medium is shown from day
0 (D0) to day 6 (D6). Upon initiation of differentiation, the Mck
promoter is activated, and excision is noted by day 2 of differentiation
(lane 4). However, when differentiation is complete at day 6, excision
remains incomplete (lane 8).
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FIG. 3. Altered gait and posture in ErbB2F°¥Flox Mck/Cre mice.
(A) The hind limbs of a wild-type mouse were immersed in India ink,
and the mouse was permitted to move across a sheet of blotting paper.
The mouse was moving from left to right across the sample area in a
normal gait where only the footpad was in contact with the surface that
it moved across. (B) The track from a mildly affected Mck/Cre
ErbB2F1o¥Flox mouse as it moves across the blotting paper reveals
several distinct differences. In addition to the footpad coming in con-
tact with the surface the mouse was traversing, a large region of the leg
also was in contact due to incomplete extension of the leg during
movement (closed arrow). Additionally, due to abnormal weight bear-
ing on the hocks, the toes are turned in during movement, resulting in
the pigeon-toed track (open arrow). These alterations in the gait ap-
pear to be due to a lack of complete extension of the hind limbs during
movement. In addition to the altered gait, the Mck/Cre ErbB2FloxFlox
mice have an abnormal posture at rest. In comparison to wild-type (C)
and ErbB2FIo¥Flox controls, the severely affected ErbB2FoFlox Mck/
Cre mice (D) suffer from an extensor posture, extending their limbs
and resting upon the abdomen.

ined, the injured area was visible during autopsy and by histo-
logical examination (Fig. 6B). Clearly, the fibers that have
regenerated in the Mck/Cre ErbB2M*F°* mice are not con-
tinuous and are interspersed with encapsulated cellular debris,
indicating a defect in the regeneration of the muscle.

To examine how ErbB2 is involved in the differentiation of
myoblasts to myofibers, primary myoblasts were prepared from
wild-type controls, ErbB2"°¥1°* ‘and Mck/Cre ErbB2F!ox/Flox
pooled adult hind limb muscle. Consistent with our in vivo
observations, complete excision of the LOXP1-flanked erbB2
allele was not observed (Fig. 2D), resulting in expression of
residual levels of ErbB2 (data not shown). To derive myoblast
cell lines that were completely devoid of ErbB2 we introduced
an adenovirus containing the Cre recombinase gene (Ad-Cre)
(3) into both ErbB2F'*¥F!°* and Mck/Cre ErbB2F'o¥Flox cell
lines. Immunoblot analyses revealed that these Ad-Cre-
infected cells failed to express significant levels of ErbB2 pro-
tein (Fig. 7A, lanes 1 to 3 versus lanes 4 to 5). Interestingly,
both the mock-infected cells and myoblasts infected with 3-ga-
lactosidase (32) control virus (Ad-Bgal) derived from the
ErbB2F'o¥Flox cells expressed levels of ErbB2 protein about
10% of those observed in the wild-type control line, consistent
with the hypomorphic nature of the ErbB2 knockin allele (Fig.
1D). The observed differences in ErbB2 protein levels were
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clearly not due to inadequate loading, since all cell lines tested
expressed comparable levels of ErbB3 and Grb2 (Fig. 7A).

To assess the effects of elimination of erbB2 on myoblast
differentiation, these cell lines were incubated under condi-
tions that induced differentiation. During differentiation, an
abnormally large number of dead cells were found in the su-
pernatant in the cell lines lacking ErbB2 (Fig. 7B). Impor-
tantly, wild-type myoblast cell lines infected with Ad-Cre and
ErbB2F'o¥Flox cel] lines infected with Ad-Bgal did not exhibit
an abnormal number of cells in the supernatant. To determine
whether the cells in the supernatant were undergoing apopto-
sis, the cell lines were subjected to annexin-propidium iodide
staining (Fig. 7C to F). This clearly illustrated that the cells
lacking ErbB2 were undergoing apoptosis during the course of
differentiation (Fig. 7F). Quantification of annexin-propidium
iodide staining revealed that apoptosis correlated with the
number of cells in the supernatant the following days for all
cell lines. While up to 35% of differentiating myoblasts under-
went apoptosis during the course of differentiation in the
ErbB2-null cell lines, it appeared that the remaining myoblasts
could fuse into myofibers. To verify that terminal differentia-
tion was complete, cells were examined for myosin heavy chain
by immunohistochemistry using MF20. The results revealed
that all cell lines tested were capable of terminal differentiation
(Fig. 7G to I). Taken together, these observations suggest that
although ErbB2 function is dispensable for terminal myotube
differentiation, it provides an important cell survival signal
during the differentiation process.

DISCUSSION

To explore the importance of erbB2 in muscle development,
we employed Mck/Cre transgenic mice (6) to delete a loxP-
flanked erbB2 cDNA in skeletal muscle. The initial phenotypic
analyses of these strains revealed that these mice exhibited a
background-dependent deficit in proprioception due to the
loss of muscle spindle cells. It should be noted that the 80%
penetrance of the proprioception defect was not related to the
extent of excision, since affected and unaffected mice exhibited
comparable levels of excision. Despite the dramatic phenotype
and prior reports of the utility of the Mck/Cre transgenic mice
(6, 53), only 40% of pooled skeletal muscle tissue exhibited
excision of the LOXP1-flanked allele. Consistent with these
observations, examination of myoblast lines from these mice
revealed comparable levels of excision that correlated with
residual levels of ErbB2 protein. Since the ErbB2F°¥F!** mice
already express reduced levels of ErbB2, the observed muscle-
specific excision results in a further 40% reduction in ErbB2
levels and results in the dramatic phenotype. The progressive
nature of the proprioception phenotype in the ErbB2Flox/Flox
Mck/Cre mice and the complete lack of spindles in the EDL
suggest an essential role for ErbB2 in spindle maintenance.
Interestingly, the number of muscle spindles observed in the
ErbB2F1o¥Flox mice was significantly reduced compared to that
in wild-type mice. Taken together, these observations suggest a
crucial threshold of ErbB-2 is required to maintain the muscle
spindles. This argument is further supported by the detection
of ErbB2 expression in the intrafusal muscle fibers at the
equatorial region of the muscle spindle. Additionally, a global
reduction from 10% of wild-type ErbB2 levels to 5% was
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FIG. 4. Muscle spindle loss due to ErbB2 reduction. (A) Longitu-
dinal sections of the EDL muscle were examined for the presence of
muscle spindles through urea-silver nitrate staining. This method re-
sults in readily visible muscle spindles in the thick sections. (B) Muscle
spindles are easily detected in wild-type muscle when the nonselective
silver stain is preferentially taken up by the neurons. The primary
sensory annulospiral endings surrounding the equatorial region of
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FIG. 5. Histological comparison of ErbB2W"WT and Mck/Cre
ErbB2F'o¥Flox muscle. (A) A cross section of TA muscle reveals the
presence of numerous muscle spindles in the wild-type controls after
hematoxylin and eosin staining (arrows). However, these muscle spin-
dles were not observed in serial sections of Mck/Cre ErbB2Fx/Flox
mice (B). In all other aspects, there are no readily discernible differ-
ences between histology of wild-type and conditional null muscle
(compare panels A and B). (C) Since the targeted deletion of ErbB2
resulted in a loss of muscle spindles, we examined ErbB2 expression in
the muscle spindle through immunohistochemistry. ErbB2 expression
was readily observed in wild-type intrafusal muscle fibers, in the cap-
sule surrounding the equatorial region, and in the neuron adjacent to
the muscle spindle. (D) A serial section is shown after hematoxylin and
eosin staining. (E) In contrast to the expression in the intrafusal muscle
fibers in the equatorial region of the spindle, ErbB2 is not detected in
the intrafusal muscle fibers towards the distal terminus of the muscle
spindle. (F) The corresponding hematoxylin-and-eosin-stained serial
section is also shown.

intrafusal muscle fibers are shown (A and B). (C) While neurons were
readily observed in EDL from the ErbB2Fo¥Flox Mck/Cre mice, no
muscle spindles were found in serial sections through the entire mus-
cle. Only motor innervation was observed in the serial sections. Inter-
estingly, it was also difficult to detect muscle spindles in the EDL
muscle from ErbB2FoFIoX mice. Accordingly, we counted the number
of spindles in EDL muscles from ErbB2V"WT  ErbB2Fox/Flox and
ErbB2F'¥Flox Mck/Cre mice. (D) The result of the spindle count is
shown. Strikingly, the number of spindles observed in ErbB2FloxFlox
mice was significantly reduced compared to those observed in wild-
type mice, although no phenotypic effects were visible in these mice.
The further reduction in ErbB2 levels in ErbB2"¥** Mck/Cre mice
correlated with a complete loss of spindles and the associated propri-
oception defects. Error bars, standard deviations.
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achieved by interbreeding the ErbB2F'°¥Flox mice with the
ErbB2 knockout mice. Interestingly, this resulted in embryonic
lethality in the heterozygotes, which again supports the argu-
ment for a critical threshold of ErbB2 for proper development
(R. Chan and W. J. Muller, unpublished data).

The reduction of spindle numbers, without a discernible
alteration in gait or posture, in the ErbB2"'*F°* mice has
raised the important question of how many spindles are re-
quired for normal proprioception. However, the loss of pro-
prioception observed in Mck/Cre ErbB2"'°¥"'°* mjce bears a
striking similarity to that in other knockout mutants. For ex-
ample, germ line elimination of EGR3 results in a propriocep-
tion defect associated with a loss of spindles (47). Given the
similarity of two phenotypes, it is conceivable that EGR3 and
ErbB2 are on an identical signaling pathway that is required
for normal spindle maintenance. Interestingly, previous work
has shown that EGR3 is a downstream target of ErbB2-medi-
ated signaling (44). In addition, it has recently been reported
that ErbB2 and another EGR family member known as EGR2
are required for Schwann cell development (17, 18). These
observations suggest that a conserved ErbB2/EGR signaling
axis may be required for development or maintenance of mul-
tiple cell lineages.

Previous studies have implicated a role for ErbB2 in the
induction of acetylcholine receptor subunits at the NMJ. Al-
though clear defects in cell survival were noted in the ErbB2-
deficient myoblast cell lines, we failed to note any effect on
induction of acetylcholine receptor subunits in ErbB2-null
myoblasts or myofibers (data not shown). These observations
argue that the presence of functional ErbB2 is dispensable for
induction of acetylcholine receptor subunits. Further, given the
presence of other members of the EGFR family at the NMJ,
including ErbB3 and ErbB4, these data argue that the other
EGFR family members may compensate for loss of ErbB2 in
the induction of acetylcholine receptor subunits. Future stud-
ies with muscle cell-specific eliminations of other EGFR family
members should allow this hypothesis to be tested. However,
the previous studies that described ErbB2 expression at the
NM]J did not document expression of ErbB2 in the muscle
spindle. Given the lack of spindles in the mice with a targeted
deletion, we examined ErbB2 expression in the muscle spindle
itself. In addition to expression in the primary afferent adjacent
to the spindle, we noted expression of ErbB2 in the capsule
and in the intrafusal muscle fibers in the equatorial region of
the spindle.

Apart from the dramatic loss of muscle spindle cells, histo-
logical sections of the muscle of Mck/Cre ErbB2F1o¥Flox mice
did not reveal any apparent abnormalities. However, upon
induction of muscle injury the mice exhibited incomplete re-
generation, with numerous areas containing encapsulated cel-
lular debris. Consistent with these in vivo observations, induc-
tion of differentiation in ErbB2-null myoblast cell lines
stimulated a large increase in the number of apoptotic cells.
These results suggest that although differentiation can occur in
the absence of a functional ErbB2, it provides an important
cell survival signal that is critical during myoblast differentia-
tion. However, terminal differentiation is still possible for the
myoblasts that survive the early stages of differentiation.

In addition to EGFR family, other receptor tyrosine kinases
have been implicated in muscle spindle development. For ex-
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FIG. 6. Impaired regeneration after an induced muscle injury. Two
weeks after a muscle crush injury in the TA muscle, serial sections were
examined. Serial longitudinal sections of ErbB2%WT and ErbB2FovFlox
muscle revealed that regeneration was essentially complete, with con-
tinuous fibers of normal caliber. (A) The only evidence of the crush
injury are the areas with numerous centrally located nuclei shown in
the ErbB2F°Flox myscle. In contrast, regeneration at the same time
point is not complete in the ErbB2"°¥F1°* Mck/Cre mice. (B) Numer-
ous regions with encapsulated cellular debris are observed at the site of
the injury and there are fewer continuous fibers.

ample, signaling through specific neurotrophins and their re-
ceptors plays an integral role in muscle spindle formation.
Consistent with this view, germ line elimination of NT-3 and its
receptor, TrkC, both resulted in a loss of muscle spindle cells
(15, 26). Our results indicate that the reciprocal signaling loop
proposed to occur between intrafusal fibers and their afferents
to maintain the spindle (30) may well funnel through an
ErbB2/ErbB3 heterodimer. Indeed, our observations suggest
that other distinct growth factor signaling pathways may coop-
erate with ErbB2 in promoting development and maintenance
of this cell lineage. Further exploration of the role of cross talk
between these distinct growth factor signaling pathways should
provide important insight into molecular basis for muscle spin-
dle development and maintenance.
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FIG. 7. Increased apoptosis in ErbB2-null myoblasts during differ-
entiation. (A) Myoblast cells were prepared from adult FVB wild-type
controls, ErbB2M"o¥Flox and Mck/Cre ErbB2F'°¥Flox mice. Given the
residual ErbB2 expression in Mck/Cre ErbB2F¥Flox cel] lines (not
shown), we infected ErbB2"°¥F!°* and Mck/Cre ErbB2"¥F'x (Aff2)
cell lines with Ad-Cre. A mock infection and Ad-Bgal were included as
controls. At day 5 of differentiation, ErbB2 was detected in the wild-
type and ErbB2F°FloX infection controls (lanes 1 to 3) but was not
seen in the ErbB2Fo¥F1oX Ad-Cre or Aff2 Ad-Cre cells (lanes 4 and 5).
ErbB3 was found to be present at equal levels in all cells, and Grb2 was
included as an internal loading control. (B) During differentiation, it
was noted that a large number of cells were lifting off the plates in cell
lines lacking ErbB2. Quantification of the percentage of cells in sus-
pension at each differentiation time point revealed that in cells con-
taining ErbB2, usually less than 5% of the cells were in suspension (@,
FVB; [, mock; A, Ad-Bgal). In contrast, by day 3 of differentiation, on
average 12 and 25% of cells were in suspension in the ErbB2Flo¥Flox
Ad-Cre () and Aff2 Ad-Cre (m) cell lines, respectively. Apoptosis
was confirmed through annexin-propidium iodide staining for FVB (C
and D) and Aff2 Ad-Cre (E and F) (by light microscopy [C and E],
annexin fluorescence [D and F], and propidium staining [not
shown]). Although many cells lacking ErbB2 underwent apoptosis,
the remaining myoblasts were still capable of terminal differentia-
tion. Mock-infected (G), Ad-Bgal-infected (H), and Ad-Cre-in-
fected (I) ErbB2F19¥Flox cells at day 5 of differentiation are shown
after immunostaining for myosin heavy chain (MF20). No differences
were noted in the ability of the cells to reach terminal differentiation.
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