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Abstract The neuregulin/erbB-signaling axis contributes
to the development and growth of multiple mammalian
tissues including skeletal muscle. In this study, we
sought to characterize the native expression of this sys-
tem in human skeletal muscle and test the hypothesis
that a program of progressive resistance training (PRT)
would regulate the expression of neuregulin (NRG) and
its cognate receptors. Twelve healthy-male subjects
underwent 8-weeks of lower-extremity PRT and muscle
biopsies were performed at baseline and following 1- and
8-weeks of the intervention. PRT resulted in significant
gains in skeletal muscle strength without appreciable
changes in fiber size or myosin heavy chain (MHC)
composition. At baseline, Western Blot analysis dem-
onstrated expression of erbB2, erbB3 and erbB4 recep-
tors and multiple NRG isoforms. Following 1- and
8-weeks of PRT, no changes erbB2, erbB4 or NRG
expression were observed. ErbB3 expression, however,
was significantly increased at both time points compared
to baseline. Double labeling of muscle cross-sections
revealed increased expression of erbB3 following PRT

was not exclusive to fibers staining positive for MHC
IIa. Thus, erbB2, erbB3, erbB4 and multiple NRG iso-
forms are natively expressed in human skeletal muscle.
Following PRT, a significant increase in erbB3 was ob-
served. The ability to detect basal expression and alter-
ations in response to physiologic stimuli merit further
studies examining the role of this system in skeletal
muscle.

Keywords Exercise Æ Strength Æ Growth
factor Æ Receptor tyrosine kinase

Introduction

The epidermal growth factor (EGF)-like protein neu-
regulin (NRG) has emerged as a fundamental com-
ponent of skeletal muscle developmental biology. The
complex family of NRG ligands consists of 15 identi-
fied soluble or membrane-anchored isoforms derived
from the single gene, Nrg1 (Marchionni et al. 1993).
NRGs initiate cell-to-cell signaling by stimulating the
formation of receptor homo- or hetero-dimers com-
prised of the erythroblastic leukemia viral oncogene
homolog 2 (erbB2/Her2/neu), 3 (erbB3/Her3) and 4
(erbB4/Her4) (Holmes et al. 1992; Plowman et al.
1993; Carraway et al. 1994; Tzahar et al. 1994).
Activated erbB complexes trigger intracellular kinase
pathways leading to diverse biological responses that
include differentiation, growth and survival that vary
by cell type and receptor expression (Yarden et al.
2001).

In humans, the interest in NRG and its cognate
receptors, particularly erbB2, has evolved from their
over-expression and over-activity in the pathogenesis of
several forms of cancer. In health, both NRG and the
erbB receptors have proven essential for the develop-
ment of the breast (Li et al. 2002), nervous system and
cardiovascular system (Gassmann et al. 1995; Lee et al.
1995; Meyer et al. 1995).
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Previous reports in skeletal muscle have characterized
the contribution of NRG to the differentiation of myo-
blasts and the proliferation of myotubes (Florini et al.
1996; Kim et al. 1999) and the development of neuro-
muscular junctions (Tansey et al. 1996; Si et al. 1998; Leu
et al. 2003). A metabolic role of NRG has been recog-
nized in muscle where NRG stimulates glucose transport
in a manner that is similar and additive to insulin (Suarez
et al. 2001). Recently we have demonstrated the expres-
sion of NRG proteins and the erbB2, erbB3 and erbB4
receptors in adult rat skeletal muscle and the physiologic
activation of this system in response to a single bout of
contractile activity (Lebrasseur et al. 2003). Thus, we
propose that in addition to the central role of NRG/erbB
signaling in skeletal muscle development, this system
may in part mediate acute and long-term proliferative
and metabolic adaptations to exercise training.

In this study we sought to characterize the native
expression of the NRG/erbB system in human skeletal
muscle. Furthermore, we tested the hypothesis that
expression of NRG and the erbB receptors is dynami-
cally regulated in response to a program of progressive
resistance training.

Methods

Human subjects

Twelve healthy males (age 20.3±0.5 yrs, BMI
25.7±1.3 kg/m2) who had not participated in a regular
program of resistance or endurance exercise training in
the previous 12 months participated in this investiga-
tion. This research study was approved by the Boston
University Institutional Review Board. All subjects
provided written informed consent.

Experimental procedures

Eligible subjects were assigned to the 8-week progressive
resistance training (PRT) intervention that has been
previously described (Fielding et al. 2002; Mizer et al.
2002). Briefly, after baseline assessment, subjects reported
to the laboratory 3 times a week for 8 weeks and per-
formed 3 sets of 10 repetitions at 80%of their 1-repetition
maximum (1-RM) for each of the following exercises:
seated knee extension (KE), recumbent leg press (LP),
and prone knee flexion (KF). Training was performed
using pneumatic resistance machines for KE and LP
(Keiser Sports Health Equipment, Fresno, CA), and a
universal stack resistance apparatus for KF (California
Gym Apollo). Strength was reassessed every 2 weeks to
maintain the training intensity at 80% of the 1-RM.

Muscle biopsies

Percutaneous needle (5 mm) biopsies were obtained
under local anesthesia (1% lidocaine) from the vastus

lateralis muscle at baseline, week 1 and week 8. Biopsies
at weeks 1 and 8 were taken 18–24 hrs after the previous
exercise training session. For immunofluorescence
studies, a portion of muscle was transversely oriented
and mounted in OCT compound (Sakura, Torrance,
CA), quick-frozen in isopentane cooled to the temper-
ature of liquid nitrogen and then stored at �80�C.

Preparation of skeletal muscle tissue lysates

For protein studies, biopsy specimens were homogenized
on ice in lysis buffer as previously detailed (Lebrasseur
et al. 2003). Protein concentrations of the supernatants
were determined by the Bradford method using bovine
serum albumin (BSA) as the standard. Muscle lysates
were frozen in liquid nitrogen and stored in aliquots at
�80�C.

Analysis of erbB and neuregulin expression

ErbB receptor subtype and NRG isoform expression in
human muscle lysates were measured by Western Blot
strategy as previously described with antibodies specific
to erbB2, erbB3 or erbB4 (Santa Cruz Biotechnology,
Santa Cruz, CA) or with NRG antibody for common
EGF-specific sequences (Neuregulin Ab-1, Neomarkers
Inc., Fremont, CA) (Lebrasseur et al. 2003). Protein
immunoblots were visualized by enhanced chemilumi-
nescence and bands were quantified with scanning den-
sitometry.

Immunofluorescence Studies

To localize the erbB3 receptor within muscle fibers,
baseline- and week 8-muscle serial tissue cross-sections
(8 lm) were cut using a cryostat microtome (Leica Mi-
crosystems) and then labeled with anti-erbB3 as previ-
ously described (Lebrasseur et al. 2003). To determine
fiber type specificity of the erbB3 receptor, sections were
incubated with anti-MHC IIa as reported (Parkington
et al. 2003). Slides were examined using a Nikon Eclipse
E400 (Melville, NY) at 40x magnification. Images were
captured using the Bioquant Nova image analysis sys-
tem (Bioquant Image Analysis Corp. Nashville, TN).
Overlay images were processed in Adobe Photoshop.

Statistics

Data are expressed as means±standard error. Statistical
analysis was undertaken using a one-way analysis of
variance. When analysis of variance revealed significant
differences, further analysis was performed using
Tukey’s post hoc test for multiple comparisons. Differ-
ences between time points were considered statistically
significant when p < 0.05.
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Results

Changes in muscle strength and morphology

As previously reported, muscle strength increased sig-
nificantly (46%, 30% and 40% by week 8 compared to
baseline for KE, LP and KF, respectively (n=12, p <
0.05 for all 3 comparisons)) in response to the PRT
intervention. The mean cross sectional area of type I
and II muscle fibers did not change through the course
of the study, and alterations in vastus lateralis fiber
composition were not observed as cells expressing
MHC IIa accounted for 66±3.6, 59±4.1 and
62±3.6% of the total fiber population at baseline,
week 1, and week 8, respectively (n=12, p > 0.05)
(Mizer et al. 2002).

ErbB receptor and neuregulin expression in human
skeletal muscle

To quantify the relative expression of erbB receptors in
adult skeletal muscle, we probed baseline muscle lysates
(n=8) using specific erbB receptor antibodies. As shown
in Figure 1, erbB2, erbB3 and erbB4 were abundant in
human vastus lateralis muscle prior to training. Fur-
thermore, we examined NRG expression using an anti-
body to the common EGF-like domain of NRG. Under
basal conditions several bands were detected in human
muscle consistent with the expression of multiple secr-
etable and transmembrane splice variants (Figure 1)
(Montero et al. 2000; Aguilar et al. 2001; Shirakabe et al.
2001; Wang et al. 2001).

ErbB3 expression is detected in both fast and slow
muscle fibers

Previously, we reported increased expression of erbB3
protein in the predominantly fast, glycolytic MHC II
expressing rat extensor digitorum longus muscle com-
pared to the predominantly slow, oxidative MHC I
expressing soleus muscle (Lebrasseur et al. 2003). In the
vastus lateralis muscle specimens, fibers expressing
MHC IIa accounted for approximately 60% of the total
fiber population at baseline, week 1, and week 8. Co-
labeling analysis of baseline muscle cross-sections,
however, illustrated that erbB3 receptors were not
exclusive to the membranes of fibers expressing MHC
IIa (Figure 2, top panel).

Changes in erbB receptors and neuregulin expression
with progressive resistance training

Following 1 week and 8 weeks of PRT, we assessed
changes in the expression of erbB receptors and NRG
compared to baseline. As illustrated in Figure 3A (top

and bottom panels), no changes in erbB2 or erbB4
expression were noted through the course of the study.
However, significant increases in erbB3 expression were
measured at both 1 week and 8 weeks (Figure 3A,
middle panel). Compared to baseline, erbB3 expression
increased 2.9±0.61-fold at week 1, and 2.5±0.49-fold
at week 8 (p < 0.05) Figure 3B). In muscle cross-sec-
tions from week 8 samples, increased erbB3 immuno-
reactivity was apparent compared to baseline
specimens, and increased staining was observed in fi-
bers that were positive and fibers that were negative for
MHC IIa staining (Figure 2, lower panel). No change
in the expression profile of NRG was observed in week
1 or week 8 samples compared to baseline (data not
shown).

Fig. 1 ErbB2, erbB3 and erbB4 receptors and multiple neuregulin
isoforms are expressed in human skeletal muscle. Percutaneous
muscle biopsies were performed prior to the training intervention
(baseline) and samples were analyzed using Western blot strategy
with antibodies specific to erbB2 (top panel), erbB3 (second panel)
and erbB4 (third panel) receptor proteins or the EGF-domain of
NRG (bottom panel) (representative of 8 subjects). Relative
molecular weights are noted to the left of the panels
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Discussion

The complexity of the NRG/erbB network is manifest in
the development and maintenance of multiple organ
systems. Perturbations in components of this signaling
axis have led to their discovery and the advance of novel
therapies for diseases including cancer and neural
degeneration. In this report, we characterize for the first
time the native expression of NRG and the erbB
receptors in human skeletal muscle, and describe the
effects of progressive resistance training on this system.

Human studies examining NRG and erbB receptor
expression have primarily been performed in tumors,
particularly those of epithelial origin such as mammary
and ovarian carcinomas. In adult rodent skeletal muscle,
we have recently characterized the expression of multiple
NRG isoforms and the erbB2, erbB3 and erbB4 recep-
tors, and reported markedly greater expression of erbB3
in predominantly fast twitch, glycolytic muscles com-
pared to predominantly slow twitch, oxidative muscles
(Lebrasseur et al. 2003). Consistent with these observa-
tions, in the present study we demonstrate the expression
of multiple transmembrane and secretable NRG iso-
forms in human skeletal muscle. The importance of the
diversity of NRG proteins remains to be determined.
Moreover, we observed high levels erbB2, erbB3 and
erbB4 protein expression in the mixed phenotype vastus
lateralis muscle. We did not distinguish, however,

differences in erbB3 receptor content in human fibers of
differing MHC composition.

Beyond development and disease, regulation of NRG
and erbB receptor expression has not been previously

Fig. 2 ErbB3 expression is detected in both fast and slow muscle
fibers. To localize erbB3 to muscle fibers expressing MHC IIa,
baseline and week 8 muscle cross sections were co-labeled with
antibodies specific to these proteins. Positive erbB3 staining (green)
was observed in the membranes of fibers staining both positively
and negatively for MHC IIa (red). Following 8 weeks of PRT
(lower panel), increased erbB3 reactivity was noted in muscle cross-
sections both positive and negative for MHC IIa

Fig. 3 Increased erbB3 expression in response to progressive
resistance training. A, to identify changes in erbB receptor
expression with PRT, muscle samples taken at baseline, week 1
and week 8 were analyzed with antibodies specific to erbB2, erbB3
and erbB4. Protein loading was normalized to actin (representative
of 8 subjects). B, mean changes in expression of erbB2 (white bars),
erbB3 (black bars) and erbB4 (hatched bars) following 1 week and
8 weeks of PRT relative to baseline (*p < 0.05 vs. baseline)
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examined. Here we demonstrate a significant increase in
skeletal muscle erbB3 expression in response to a PRT
intervention in healthy male subjects. While the impli-
cations of erbB3 upregulation in the absence of in-
creased expression of its partner receptors (erbB2 and
erbB4) and ligand (NRG) are unclear, one may specu-
late this may reflect this receptor’s unique characteris-
tics. Of note, erbB3 contains six PI3-K binding motifs in
its C-terminal and is therefore considered a primary
mediator of NRG-dependent PI3-K activation (Hellyer
et al. 1998). In theory, increased erbB3 expression may
be a proximal event in response to exercise training to
enhance activation of downstream targets of PI3-K
associated with fiber hypertrophy (i.e., p70 s6 k and
mTOR), and/or glucose uptake (i.e. protein kinase B/
Akt and GSK3b). Coupled with our previous research
demonstrating the acute activation of NRG/erbB sig-
naling by contractile activity (Lebrasseur et al. 2003),
augmented erbB3 expression may in part contribute to
exercise-related adaptations in trained muscle.

In conclusion, these discoveries are preliminary steps
in determining whether NRG/erbB signaling is a critical
component of adult skeletal muscle biology. The ability
to detect basal expression and alterations in response to
physiologic stimuli merit further studies examining this
system in states of health and disease. In particular,
examination of NRG/erbB signaling in the pathogenesis
of diabetes, sarcopenia and cachexia will contribute to
our understanding of this system’s role in skeletal muscle
physiology.
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