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• Herceptin administration after nerve repair increases axonal outgrowth.
• Neuregulin mediated ErbB2 activation does not change with Herceptin treatment.
• Motor and sensory neuron regeneration is not altered by Herceptin treatment.
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a b s t r a c t
Accumulating evidence suggests that neuregulin, a potent Schwann cell mitogen, and its receptor, ErbB2,
have an important role in regulating peripheral nerve regeneration. We hypothesized that Herceptin
(Trastuzumab), a monoclonal antibody that binds ErbB2, would disrupt ErbB2 signaling, allowing us
to evaluate ErbB2’s importance in peripheral nerve regeneration. In this study, the extent of peripheral
motor and sensory nerve regeneration and distal axonal outgrowth was analyzed two and four weeks after
common peroneal (CP) nerve injury in rats. Outcomes analyzed included neuron counts after retrograde
labeling, histomorphometry, and protein analysis. The data analysis revealed that there was no impact of
Herceptin administration on either the numbers of motor or sensory neurons that regenerated their axons
but histomorphometry revealed that Herceptin signiﬁcantly increased the number of regenerated axons
in the distal repaired nerve after 4 weeks. Protein analysis with Western blotting revealed no difference in
either expression levels of ErbB2 or the amount of activated, phosphorylated ErbB2 in injured nerves. In
conclusion, administration of the ErbB2 receptor inhibitor after nerve transection and surgical repair did
not alter the number of regenerating neurons but markedly increased the number of regenerated axons
per neuron in the distal nerve stump. Enhanced axon outgrowth in the presence of this ErbB2 inhibitor
indicates that ErbB2 signaling may limit the numbers of axons that are emitted from each regenerating
neuron.
© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Abbreviations: CP, common peroneal nerve; DRG, dorsal root ganglion; NRG,
neuregulin; PI3-K, phosphatidylinositol 3-kinase; s.c., subcutaneously.
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Patients with nerve lacerations rarely recover completely
despite application of state-of-the-art microsurgical reconstructive techniques. After nerve transection, Schwann cells in the distal
nerve stump de-differentiate into a non-myelinating, growthpermissive phenotype and proliferate in response to soluble
neuregulin type II [7,16,20,33]. These neuregulins bind to ErbB2
and ErbB3 receptor heterodimers on the Schwann cell membrane
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[19,23,30]. The receptors are upregulated within 3 days following injury and are responsible for activating downstream pathways
that include the Ras/raf/MEK/MAPK, PI3-Akt pathways, and several
others [12]. Following surgical repair, regenerating axons provoke a
second phase of Schwann cell proliferation [10,14,31,32,38] driven
by axon-derived neuregulin-1 [3,5,7,11,17,26,27,35,37].
The neuregulin/ErbB2 signaling system has been implicated in
peripheral nerve regeneration [7,15] but its role is complex and
incompletely understood. Conditional downregulation of neuregulin delays the rate of early axon regeneration without signiﬁcantly
changing the number of axons that regenerate [3,15]. Despite
neuregulin’s role as an established Schwann cell mitogen, knockout
of its membrane receptor, ErbB2, has no impact on Schwann cell
proliferation following injury [3]. In ErbB2-overexpressing mice,
improvement in grip strength was observed after median nerve
crush in addition to increased distal axonal outgrowth in the regenerating nerve [29]. However, the confounding effects of ErbB2
auto-activation that also drives ErbB2 over-expressing tumor formation were not be ruled out in the study of Guena and colleagues
[29]. These ﬁndings highlight the complexities of the neuregulin/ErbB2 signaling network in nerve regeneration and emphasize
the importance of complementary molecular and in vivo data to
further our understanding.
In this study, we examined whether inhibiting the neuregulin
receptor ErbB2 at the 4D5 epitope with the monoclonal antibody
Herceptin (Trastuzumab) that is used in treatment of HER2 positive
human breast cancer [4,8,9,13], would disrupt neuregulin signaling
and, in turn, diminish metrics of successful nerve regeneration
in vivo.
2. Materials and methods
2.1. Experimental animals
Female Sprague Dawley rats (n = 48) weighing 250–300 g (Harlan, Indianapolis, IN) were used in this study. The rats were divided
into: (1) a control group, (2) a 1-week group for protein analysis,
(3) a 2-week regeneration group, (4) 4-week regeneration group.
Each group was subdivided into rats that received Herceptin and
those that received 0.9% saline (n = 8 per group; n = 2 for group 2).
Institutional animal care and ethics approval for this experimental
design and protocol was granted by the Hospital for Sick Children,
Toronto, Canada. The animal care, handling and all operative procedures were performed according to the Canadian Council of Animal
Care guidelines for animal care and safety.
2.2. Animal surgery
All operative procedures were performed under 2.5% isoﬂurane gas anesthesia using aseptic technique. Meloxicam (1.0 mg/kg)
was administered by subcutaneous injection as the intraoperative analgesic. The sciatic nerve was exposed bilaterally through
gluteal muscle splitting incisions. The CP nerve was cut approximately 5 mm distal to the trifurcation and immediately repaired
by suturing the transected proximal and distal CP nerve stumps
together using interrupted 10-0 nylon epineurial sutures. In the
sham groups, the CP nerve was exposed as described above, but
left uninjured. Nerves collected for protein analysis were cut and
surgically repaired proximally to generate sufﬁcient tissue for analysis. The wound was closed in layers and with 4-0 and 5-0 Vicryl
sutures, and animals allowed to recover.
2.3. ErbB2 receptor inhibition
Herceptin was administered intraperitoneally at a dose of
8 mg/kg immediately after surgery and three times per week until

either the two or four-week endpoint was reached. Rats in the
control groups were injected with 0.9% saline following the same
regimen. The half-life of Herceptin is much shorter in rodents that
in humans: 7 days compared to 21 days in humans [25]. Therefore
the dose of 8 mg/kg three times per week was chosen for this rat
study to achieve a serum concentration similar to that achieved in
clinical application in humans.
2.4. Retrograde labeling of motor and sensory neurons that
regenerated their axons
Two or four weeks after CP nerve cut and repair, the repair site in
the right leg was opened under isoﬂurane anesthesia as described
above. The CP nerve was transected 10 mm distal to the repair
site. Retrograde labeling procedures involved dye concentration
and incubations times consistent with those known to produce
reliable staining [6,34]. The proximal nerve stump was placed in
a petroleum well which contained 4% Fluoro-GoldTM (Hydroxystilbamidine bis[methanesulfonate], Sigma Aldrich, St. Louis, MO),
a ﬂuorochrome, for 1 h. The distal nerve stump was harvested for
histomorphometry, as described below. One week after the retrograde labeling, the rats were perfused with 0.9% saline and 4%
paraformaldehyde in PBS. The lumbar spinal cord segments and the
L4 and L5 dorsal root ganglia (DRG) were harvested, snap frozen
with liquid nitrogen and stored at −80 ◦ C until cryosectioning.
The spinal cord and DRGs were cut into 50 m and 20 m sagittal sections, respectively, using a cryostat (Leica). In each spinal
cord section, the number of labeled motor and sensory neuronal
cell bodies was counted under the ﬂuorescent microscope (100×
magniﬁcation, Leica). The spinal cord counts were corrected using
the method previously described by Abercrombie [1] to account
for split nuclei. Every ﬁfth section was counted for labeled sensory neurons within the DRG under the ﬂuorescent microscope and
multiplied by the correction factor of 5 [36].
2.5. Histomorphometry of myelinated axons
The CP nerve was harvested 10 mm distal to the repair site,
ﬁxed in 2% glutaraldehyde, post-ﬁxed with 1% osmium tetroxide,
ethanol dehydrated, and embedded in Araldite 502 (Polyscience
Inc., Warrington, PA). Thin (0.6 m) sections were cut using a LKB
II Ultramicrotome (LKB-Produckter A.B., Broma, Sweden) and then
stained with 1% toluidine blue for examination by light microscopy.
At 1000× overall magniﬁcation, the entire nerve cross-section was
captured and the number, size and myelination of the axons evaluated with image analysis software (Image-Pro Analyzer version 7.0,
Media Cybernetics, Bethesda, MD) using a custom designed macro,
based on previous methodology for nerve morphometry [18]. The
slides were evaluated for overall nerve architecture and quality
of the regenerated ﬁbers. The number of myelinated axons was
counted and the nerve ﬁber size and myelination thickness were
measured from the entire imaged nerve cross-section.
2.6. Protein analysis
The subgroup of 4 rats described above that underwent sciatic
nerve transection were surgically repaired and allowed to regenerate for 7 days. Thereafter, nerve tissue distal to the repair site
was harvested, snap frozen with liquid nitrogen and ground into
a ﬁne powder in a mortar and pestle that was cooled with liquid
nitrogen at −196 ◦ C. This powder was dissolved and incubated in a
hypotonic solution that included protease inhibitor cocktail (Sigma
P8340) and phosphatase inhibitors (Sigma P5726) for 15 min on ice.
A hypotonic lysis buffer was added to the nerve preparation and
incubated for 20 min at 4 ◦ C. The nerve samples were then subjected
to a tissue homogenizer for 60 s followed by sonication to further
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break apart and dissolve membrane bound protein. Samples were
then centrifuged at 10,000 rpm for 10 min and the supernatant kept
for analysis at 20 ◦ C.
Protein (120 g) was separated on a 12% polyacrylamide gel
(Precise Protein Gels, Pierce Thermoscience) and transferred to
PVDF membrane (Biorad). After transferring for 1.5 h at 220 mA the
membrane was blocked with 5% BSA (w/v) in TBST for 2 h. Primary
antibodies included anti-ErbB2 (Abcam Inc.), anti-phospho-ErbB2
(Millipore Inc.), anti-Akt and anti-Phospho Akt (Cell Signaling Technology Inc.). Primary antibodies were incubated overnight at 4 ◦ C,
the membrane rinsed and horseradish peroxidase (HRP) conjugated secondary antibodies (1:1000) were applied for 1 h at room
temperature. HRP was activated with ECL (Thermoscientiﬁc) and
the blot imaged with a Li-COR Odyssey Chemiluminescent imager
(Li-COR Biosciences, Lincoln, NE).
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2.7. Statistical analysis
The groups were ﬁrst evaluated to conﬁrm the normal distribution of the data with the Kolmogorov–Smirnov test. The two
treatment groups (Herceptin/Saline) were compared using two
tailed t-tests of independent samples. The p-value of <0.05 was
considered signiﬁcant for all statistical analysis.
3. Results
3.1. Herceptin did not affect motor or sensory neuron
regeneration
Animal surgeries were tolerated well, with only one death
occurring during anesthesia in the sham group of rats. Two weeks

Fig. 1. Herceptin did not alter the number of neurons that regenerated their axons. Retrogradely labeled motoneurons were counted in the ventral horn of lumbar spinal cord
sections (A) and labeled sensory neurons were counted in dorsal root ganglia (B) 2 and 4 weeks post-CP nerve cut and repair and compared to the sham operated animals,
each treated with either Herceptin or saline injections. There was no signiﬁcant difference in the axon regeneration of motor (C–E) or sensory (F–H) neurons under Herceptin
treatment. (C&R: CP nerve cut and repair). Scale bars represent 100 m.
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of nerve regeneration after cut and repair (C&R) of the CP nerve, no
signiﬁcant difference in the number of motoneurons that regenerated their axons was observed in rats treated with Herceptin
(309 ± 14), compared to those treated with saline (367 ± 23;
p > 0.05; Fig. 1D). At 4 weeks, Herceptin treatment also did not
signiﬁcantly alter the numbers of motoneurons regenerating their
axons [330 ± 11 for the Herceptin-treated rats as compared to
saline treatment (336 ± 8; p > 0.05); Fig. 1E]. Herceptin also did not
signiﬁcantly alter the number of sensory neurons that regenerated
their axons at either 2 or 4 weeks after CP C&R surgery (Fig. 1G and
H).
3.2. Histomorphometry of myelinated axons
The density of regenerated and remyelinated nerves after 4
weeks of regeneration, was visibly greater in the nerve crosssections from rats treated with Herceptin (Fig. 2B) compared with
the nerves in the rats treated with saline (Fig. 2A). In the sham
groups, no difference was observed after Herceptin or saline treatment (data not shown). Note, that 2-week histomorphometry
specimens could not be analyzed due to poor myelination of regenerated axons and artifact from Wallerian degeneration.
Quantitative analysis of the nerve morphology, 4 weeks post
repair, revealed that indeed the myelinated axon numbers were
signiﬁcantly higher in the Herceptin group compared to the
saline group (Herceptin: 2144.4 ± 308.3; control: 1599.6 ± 532.9;
p = 0.0253) (Fig. 2C). No signiﬁcant difference was observed in the
counts in the sham groups (Herceptin: 1655.3 ± 244.9, control:
1780 ± 87.3; p > 0.05) (Fig. 2C; dotted line denotes the mean in

the sham group). There were no signiﬁcant differences in axon
diameter, myelin thicknesses or g-ratio in the Herceptin-treated
group compared to the saline-treated control (Fig. 2D–F).
3.3. Protein analysis
Protein electrophoresis of whole tissue lysate of the nerve harvested distal to the transection site revealed that, surprisingly, the
total ErbB2 expression (Fig. 3) in regenerating CP nerves from rats
treated with Herceptin or saline solution alone was the same. There
was no difference in the expression of activated, phosphorylated
ErbB2 (Fig. 3A). Herceptin exerted its anticipated biological effect
by decreasing the activation of Akt, a second messenger downstream from ErbB2 (Fig. 3B).
4. Discussion
In this study, the effect of inhibiting the neuregulin receptor
ErbB2 on peripheral nerve regeneration was investigated using
the monoclonal antibody Herceptin. Herceptin treatment did not
affect the numbers of either motor or sensory neurons that regenerated their axons two and four weeks after repair (Fig. 1). However,
Herceptin did increase the number of axons emitted from these
proximal neurons, which were seen within the distal nerve stump
after 4 weeks (Fig. 2). The comparison of retrograde labeling counts
with histomorphometry from the same injured nerve allows direct
assessment of both regenerative success and also axonal sprouting
at the repair site. In this case, Herceptin administration preferentially inﬂuenced axonal sprouting and not the overall numbers

Fig. 2. Herceptin increased regenerated axons in the distal nerve stump. Representative histomorphometric cross-sections of the CP nerve 10 mm distal to the repair site
4 weeks postoperatively (100× magniﬁcation under light microscopy). (A) 4 weeks after cut-and-repair and treated with saline. (B) 4 weeks after cut-and-repair treated
with Herceptin. Note that Herceptin treatment increased the observed density of myelinated ﬁbers in these sections. Further, Herceptin treatment signiﬁcantly increased
the numbers of myelinated axons (C) but did not affect other histomorphometric indices (D and F). Dotted lines indicate the values in sham-operated rats (C and D).
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for Schwann cell proliferation post-injury [3], and (4) ErbB2
receptor over-expression after nerve injury leads to increased
axonal sprouting and higher Schwann cell numbers [29].
5. Conclusion

Fig. 3. Herceptin does not downregulate the activation of ErbB2 but does downregulate the second messenger Akt (Protein electrophoresis of whole nerve distal stump
lysate). (A) Protein expression and activation levels of the ErbB2 receptor. There
is no difference in intensity of the ErbB2 band in the case of either total ErbB2 or
phosphorylated ErbB2 at tyrosine 1248. (B) Expression and activation of Akt. There
is no difference in total Akt observed, however there is a reduction in amount of
phosphorylated Akt, demonstrating that Herceptin reduces the activation of Akt.

of regenerated motor or sensory neurons. Further, the increased
axonal outgrowth was independent of neuregulin signaling, the
levels of ErbB2 receptor phosphorylation being the same for saline
and Herceptin treatments (Fig. 3). This observation is also supported by in vitro assays from the literature that show no impact of
Herceptin neuregulin-induced ErbB2 activation [2,21].
Herceptin is known to recruit the phosphatase PTEN to the
intracellular plasma membrane to block the phosphorylation
of serine-threonine kinase phosphorylated Akt by phosphatidylinositol 3-kinase (PI3-K) [21,24]. Our ﬁnding that Herceptin
signiﬁcantly reduced Akt phosphorylation (Fig. 3B) assured the
pharmacological efﬁcacy of the Herceptin that was administered
to the rats.
The blockade of the 4D5 epitope on the ErbB2 receptor with
consequent reduced neuregulin signaling was expected of the
administered Herceptin, but, Herceptin did not reduce ErbB2 phosphorylation in our model (Fig. 3A). If neuregulin signaling was
downregulated as expected with Herceptin administration, similar
to the knockout of neuregulin in transgenic mice [15,22], reduced
numbers of regenerating axons and extent of the axon myelination
was anticipated. In other words, the clinically used ErbB2 inhibitor
(Herceptin) in this study was expected to replicate the neuregulin knockout phenotype. Instead, more and not less regenerated
axons were observed after Herceptin treatment and the extent of
their myelination was normal (Fig. 2). Hence, our conclusion that
these positive effects of Heregulin were independent of neuregulin
signaling.
In the presence of conﬁrmed pharmacological activity, the effect
of the ErbB2 inhibitor Herceptin in promoting axon outgrowth
across the suture site (Fig. 2) must be reconciled with neuregulin’s reported known pro-regenerative activity following nerve
injury [5,7,15]. Possible mechanisms include a disinhibition of
ErbB2 by Herceptin to promote axon outgrowth and/or that ErbB2
and neuregulin signaling are uncoupled by the inhibition of Akt
activation by Herceptin.
Despite our current understanding, untangling the relationships
within the ErbB receptor signaling network and their roles in nerve
regeneration is complex. ErbB2, ErbB3 and neuregulin are essential
to embryonic development and survival [3,5,15,28]. As such, their
null-mutant phenotype is lethal in utero. Mutant models of neuregulin and ErbB2 revealed that (1) neuregulin helps regulate early
axonal regeneration, (2) neuregulin is required for remyelination
of regenerating axons post-injury [15], (3) ErbB2 is dispensable

Our in vivo study of the administration of Herceptin during the
regeneration of axons after immediate surgical repair of a transected peripheral nerve demonstrated a positive effect of the drug
in promoting axon outgrowth. ErbB2 phosphorylation in the presence of Herceptin demonstrates that neuregulin signaling remains
intact via ErbB2/ErbB3 dimerization [10] and that increased axonal
outgrowth must be accounted for by alternative mechanisms.
That Herceptin reduces Akt phosphorylation, and thereby its activation, indicates a pathway that is independent of ErbB2 and
ErbB3 association, which may be a therapeutic target to improve
nerve regeneration. Future work will aim to describe the molecular pathways by which this effect is mediated, in addition to
detailed functional and electrophysiological studies that may further demonstrate Herceptin’s enhancement of nerve regeneration.
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