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ErbB2 Blockade with Herceptin
(Trastuzumab) Enhances Peripheral Nerve
Regeneration after Repair of Acute or
Chronic Peripheral Nerve Injury
J. Michael Hendry, MD,1,2,3 M. Cecilia Alvarez-Veronesi, MASc,1,4
Eva Placheta, MD,5 Jennifer J. Zhang, MD,1 Tessa Gordon, PhD,1 and
Gregory H. Borschel, MD1,2,3,4
Objective: Attenuation of the growth supportive environment within the distal nerve stump after delayed peripheral
nerve repair profoundly limits nerve regeneration. Levels of the potent Schwann cell mitogen neuregulin and its
receptor ErbB2 decline during this period, but the regenerative impact of this change is not completely understood.
Herein, the ErbB2 receptor pathway is inhibited with the selective monoclonal antibody Herceptin (trastuzumab) to
determine its significance in regulating acute and chronic regeneration in a rat hindlimb.
Methods: The common peroneal nerve of Sprague–Dawley rats was transected and repaired immediately or after 4
months of chronic denervation, followed by administration of Herceptin or saline solution. Regenerated motor and
sensory neurons were counted using a retrograde tracer 1, 2, or 4, weeks after repair. Distal myelinated axon outgrowth after 4 weeks was quantified using histomorphometry. Immunofluorescent imaging was used to evaluate
Schwann cell proliferation and epidermal growth factor receptor (EGFR) activation in the regenerating nerves.
Results: Herceptin administration increased the rate of motor and sensory neuron regeneration and the number of
proliferating Schwann cells in the distal stump after the first week. Herceptin also increased the number of myelinated axons that regenerated 4 weeks after immediate and delayed repair. Reduced EGFR activation was observed
using immunofluorescent imaging.
Interpretation: Inhibition of the ErbB2 receptor with Herceptin unexpectedly enhances nerve regeneration after acute
and delayed nerve repair. This finding raises the possibility of using targeted molecular therapies to improve outcomes
of peripheral nerve injuries. The mechanism may involve a novel inhibitory association between ErbB2 and EGFR.
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hronic denervation of Schwann cells during nerve
regeneration over distance and time is one of the
major contributors to poor functional outcomes following peripheral nerve injuries.1 The transient expression of
growth-associated genes by denervated Schwann cells is
the basis of the decay in the regenerative environment
within the chronically denervated distal nerve stump.2–6
Exogenous supplementation of this neurotrophic environment through microsphere delivery systems7 and adeno-

viral delivery systems8 can restore the regenerative
capacity of chronically denervated nerves. However, these
effects are dose dependent and optimizing their delivery
is being actively researched.7–10 Alternative strategies have
involved the endogenous support or “protection” of
denervated Schwann cells in the distal nerve stump using
axons from an uninjured donor nerve. We demonstrated
that multiple nerve isografts, termed “side-to-side
bridges,” allowed axons to regenerate through epineurial
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TABLE . Summary of the Experimental Groups Used in This Study

Cohort
Immediate repair

Group

Sample Size,
No.

1 week

16

2 weeks

20

4 weeks

24

Sham
Delayed repair

16

Acutely axotomized nerve
repaired to chronically denervated
stump (TIB–CP cross suture)
Chronically axotomized nerve
repaired to chronically denervated
stump (CP–CP suture)

a

12

4 weeksb

13

2 weeks

10

2 weeks

The sample size was the number of nerves used in each experimental group. Bilateral surgeries were performed in each rat in all
cases.
a
Retrograde labeling only.
b
Histomorphometry data only.
CP 5 common peroneal; TIB 5 tibial.

windows from the side of an intact donor nerve into the
side of an injured recipient nerve.11–13 Their opposition
of chronic denervation led to complete reinnervation of
the denervated muscles by increasing motor and sensory
axonal regeneration 2- to 3-fold, thereby restoring muscle
weight and contractile force.11,12 However, the molecular
mechanisms of this effect are poorly understood and
therefore investigations were undertaken to implicate the
potent neurotrophic factor neuregulin (NRG) in mediating these effects.
NRG signals through the ErbB2–ErbB3 heterodimer combination and has many well-established roles
in Schwann cell mitogenesis, dedifferentiation after
peripheral nerve injury, and redifferentiation after axonal
contact with regenerating nerves.14–17 Despite these
known roles, we reported the paradoxical finding that
blockade of the NRG receptor, ErbB2, with the chemotherapeutic monoclonal antibody Herceptin (trastuzumab)18,19 increased axonal regeneration after immediate
repair. Furthermore, these effects likely occurred independently of NRG signaling, as there was no change in
the levels of ErbB2 activation in the treatment group.20
Other inconsistencies in the literature include the decline
in Schwann cell proliferation 18 days postinjury despite
persistently elevated levels of soluble NRG14 and the
observation that selective knockout of the ErbB2 receptor
on Schwann cells in a regenerating nerve has no impact
on their rate of proliferation 4 and 12 days postinjury.21
The purpose of this study was to clarify the role of
ErbB2 signaling in peripheral nerve regeneration by re2

examining the effects of Herceptin’s blockade of the
ErbB2 receptor on peripheral nerve regeneration in a rat
model of acute and chronic nerve injury. We report that
in both models, Herceptin administration has the unexpected effect of accelerating early axon regeneration of
both motor and sensory neurons whether or not the distal nerve stump was chronically denervated, the enhanced
axon outgrowth stimulating Schwann cell proliferation.
Herceptin was however ineffective if the neurons were
chronically axotomized. Findings that Herceptin reduced
the activation of epidermal growth factor receptors
(EGFRs) provide the basis for a novel role of Herceptin
in peripheral nerve regeneration, because the binding
likely blocks the inhibitory heterodimerization of ErbB2
with EGFR, independent from the NRG pathway.

Materials and Methods
Experimental Design
We aimed to implicate the NRG receptor, ErbB2, as a key
regulator of axon regeneration following acute nerve transection. To this end, the common peroneal (CP) nerve of thy-1
green fluorescent protein (GFP)-positive rats whose axons fluoresce green22 were transected and repaired either immediately
or after a 3-month delay (Fig 1). In the immediate repair
cohort, outcomes were analyzed at 1, 2, and 4-week endpoints. In the delayed repair cohort, the relative contributions
of chronic axotomy and chronic denervation to this model
were isolated by performing 2 types of repair. In every case,
the chronically denervated distal CP nerve stumps was mobilized followed by repair to either an acutely axotomized (Subgroup 1) tibial (TIB) nerve or the chronically axotomized
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FIGURE 1: Surgical methods for the immediate repair and chronic denervation experiments. (A) The rat hindlimb was opened,
and the common peroneal (CP) and the tibial (TIB) nerves were exposed. The CP nerve was sharply divided and repaired in the
same surgery. (B) The 2 cut ends of the CP nerve were sutured with two 9-0 epineurial sutures. This repair was incorporated
within a silicone tube as shown in the panel that demonstrates the repaired CP nerve and the TIB nerve. (C) To distinguish
between the effects of chronic denervation and chronic axotomy, 2 methods of delayed repair were performed and are presented schematically. The first surgery involved transection of the CP nerve and suturing proximal and distal stumps into adjacent muscle in opposite directions. After 15.5 weeks, the distal CP nerve stump was either cross-sutured to a freshly cut TIB
proximal nerve stump (Subgroup 1) or sutured to the chronically axotomized proximal CP nerve stump (Subgroup 2). (D) The
TIB cross-suturing technique involved mobilizing the distal CP nerve stump from its attachment to the adjacent muscle (i, ii)
and repairing it to an acutely transected TIB nerve in a tension-free manner (iii, iv).

(Subgroup 2) original proximal CP nerve stump. In each of
these cohorts, rats weighed between 250 and 300g. See the
Table for a summary of the 6 experimental groups and their
sample sizes.
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In all cases, transected nerves regenerated their axons in
the presence or absence of Herceptin, an inhibitory monoclonal
antibody specific to the 4D5 epitope of the ErbB2 receptor
(Roche Pharmaceuticals, Hoffmann-La Roche, Basel,
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Switzerland). Rats in the experimental group received 2 intraperitoneal Herceptin doses of 8mg/kg to ensure therapeutic levels prior to CP nerve transection.23–25 Thereafter, rats in the
Herceptin group received 8mg/kg of Herceptin diluted to a volume of 0.3ml with sterile saline every 3 days. Rats in the control group received 0.3ml of saline injected intraperitoneally
every 3 days.
All protocols used in this study were approved by the
Hospital for Sick Children’s Laboratory Animal Services Committee (Toronto, Ontario, Canada), and adhered strictly to the
Canadian Council on Animal Care guidelines.

Surgical Techniques
IMMEDIATE REPAIR COHORT. All surgical procedures were
carried out under isoflurane inhalation anesthesia and performed in an aseptic manner using standard microsurgical techniques with an operating microscope. Both hindlimbs were
shaved in all the rats and a lateral skin incision was made. The
intermuscular septum between the biceps femoris and the vastus
lateralis muscles was divided and the sural, TIB, and CP nerves
were identified (see Fig 1A).
The CP nerve was identified and separated from the TIB
nerve using blunt dissection as far proximally as possible without
compromising the epineurium. The dissected CP nerve was
transected sharply with iris scissors 5mm distal to the bifurcation,
after which the proximal and distal nerve stumps were opposed
for immediate repair (see Fig 1A). The nerve was repaired with 2
epineurial 9-0 nylon microsutures that apposed proximal and distal nerve stumps within a silicone cuff that maximizes epineurial
alignment, as described previously,26 and is shown in the example of surgery in Figure 1B. The wound was closed in layers.
Routine postoperative monitoring and analgesia with meloxicam
(0.5mg/kg) were provided during recovery.

In the first surgery on the
delayed repair cohort, the surgical exposure was the same as for
the immediate nerve repair cohort. During this denervation
procedure, the proximal and distal stumps of the transected CP
nerve were sutured in opposite directions to the innervated
muscle to prevent reinnervation. The second repair was carried
out after a mean duration of 15.5 weeks of chronic injury. The
repairs were performed in one of two ways as depicted in Figure 1C and D. The chronically denervated distal CP nerve
stump was sutured to the chronically axotomized proximal CP
nerve stump (Subgroup 2) or cross-sutured to the acutely transected proximal stump of the adjacent TIB nerve (Subgroup 1).

DELAYED REPAIR COHORT.

Retrograde Labeling
In a final surgery, the retrograde fluorescent neurotracer Fluorogold (FG; hydroxystilbamidine bis[methanesulfonate]; Sigma, St
Louis, MO; #39286; 4% [wt/vol]) was applied to the cut surface of the distal CP nerve stump 10mm from the site of surgical repair. Thereby the cell bodies of motor and sensory
neurons within the spinal cord and dorsal root ganglia (DRG)
that had regenerated their axons 10mm distal to the repair sites
were back-labeled with the FG dye. To accomplish this, the rats
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were positioned prone and the bilateral, repaired CP nerve
stumps were exposed beyond the knee joint. The CP nerve in
all cases was sharply transected 10mm beyond the repair site
and the transected tip of the proximal nerve stump was submerged in a Vaseline well containing 10ll of 4% FG. After 60
minutes, the well was removed and the wound was then irrigated and closed in layers.
One week following the retrograde labeling procedure,
rats were euthanized with an intraperitoneal injection of sodium
pentobarbital (240mg/kg). The rats underwent immediate
transcardial perfusion with 240ml of ice-cold saline followed by
120ml of 4% paraformaldehyde (PFA). The lumbar enlargement containing the sciatic nerve motoneurons and the L4/L5
DRG were harvested and fixed in a solution of 4% PFA with
30% sucrose for 5 days. All tissue was embedded in frozen
OCT medium (Tissue-Tek; Andwin Scientific, Woodland Hills,
CA) and mounted on cryostat blocks for sagittal sectioning of
the spinal cords and cross-sectioning of the DRG. Spinal cord
and DRG at 50lm and 20lm thickness, respectively, were
mounted on Fisher Scientific (Pittsburgh, PA) Superior glass
slides. Motoneurons were counted on every spinal cord section
under a fluorescent microscope, the experimenter blinded to
the group from which the spinal cords were removed for analysis. Counts for sensory neurons involved counting every fifth
section and multiplying the raw total by a factor of 5. Final
raw counts were multiplied by a correction coefficient as
described by Abercrombie.27

Histomorphometry
In the immediate repair 4 week cohort and a subset of rats
from Subgroup 1 from the delayed repair cohort, a 2mm segment of CP nerve was harvested immediately distal to the site
of retrograde labeling. This segment was fixed in 2% glutaraldehyde, postfixed with 1% osmium tetroxide, ethanol dehydrated,
and embedded in Araldite 502 (Polyscience, Warrington, PA).
Thin (0.6lm) sections were cut using a LKB II Ultramicrotome
(LKB-Produckter, Stockholm, Sweden) and then stained with
1% toluidine blue for examination by light microscopy. At
3100 overall magnification, the entire nerve cross section was
captured using Image-Pro Analyzer v9.0 (Media Cybernetics,
Rockville, MD) and the number, size and myelination of the
axons evaluated using a custom designed program in MATLAB
(MathWorks, Natick, MA). The sections 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.

Immunohistochemistry
Rats from both
the Herceptin and saline control groups that had undergone
CP nerve transection with immediate repair 1 week earlier (see
Table) were administered a sterile solution of 100mg/kg bromodeoxyuridine (Sigma) through intraperitoneal injection. Two
hours later, the remaining CP nerve distal to the site of
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histomorphometry sample collection was removed for assay of
cellular proliferation. The dissected CP nerve was straightened
and fixed in 4% PFA with 30% sucrose, embedded in frozen
media, and sectioned at 30lm thickness. Antigen retrieval using
a brief 5-minute enzymatic digestion with 0.1M proteinase K
was performed. Slides were then incubated in 2M HCl for 30
minutes at room temperature to denature the double-stranded
DNA of all nuclei, followed by neutralization in 0.1M borate
buffer (pH 8.3) for 5 minutes. The sections were then blocked
with a 5% solution of bovine serum albumin and incubated
overnight with anti-bromodeoxyuridine (BrdU) monoclonal primary antibodies (1:50; Sigma #B8434). The remainder of the
immunostaining procedure followed the general immunohistochemistry protocol outlined below. Double immunostaining
with immunoglobulin G antibodies to S100 b-chain (1:50;
Santa Cruz Biotechnology, Santa Cruz, CA; sc-7852) and ED1
(1:100; Abcam, Cambridge, MA; ab31630) was performed to
label Schwann cells and macrophages, respectively. Proliferating
cell density estimates (cells/100lm2) were generated by counting within a measured area of the proximal transected tip of
the distal nerve segment that was 12mm distal to the original
repair site. This analysis was carried out using Image-Pro Premier software (Media Cybernetics).
EGFR IMMUNOHISTOCHEMISTRY. Six CP nerves from thy-1
GFP transgenic rats underwent transection with immediate
repair to be analyzed for activated phospho-EGFR expression
levels after 1 week of regeneration (see Table). Two additional
nerves, 1 from each of the Herceptin and saline treatment
group, were intended for analysis but damaged during tissue
removal and excluded. The CP nerves were straightened, fixed
in 4% PFA with 30% sucrose, and sectioned at 20lm thickness
on a cryostat. Specimens were postfixed with ice-cold 100%
ethanol, rinsed with phosphate-buffered saline (PBS; pH 7.6),
and washed with PBS with 0.1% Triton X-100 (PBST; Sigma).
Nonspecific staining was blocked using PBST with 1% bovine
serum albumin (Fisher Scientific) and 10% donkey serum
(Sigma). Polyclonal anti–phospho-EGFR primary antibodies
(1:200; Abcam ab5652) were applied and incubated overnight
at 48C, followed by the fluorescent secondary antibodies (Alexa
Fluor series; Invitrogen, Carlsbad, CA; 1:200). The CP nerve
was imaged longitudinally on either side of the repair site using
a standard fluorescence microscope (DM2000; Leica Biosystems, Wetzlar, Germany). The region of interest proximal to
the repair site was delineated clearly by the strong GFP signal
of intact axons that had not undergone distal Wallerian degeneration. Within this region, EGFR fluorescence intensities were
normalized relative to the GFP fluorescence intensity of the
same section using ImageJ software (National Institute of
Health, Bethesda, MD). A mean relative fluorescence intensity
level was derived for nerve sections from Herceptin-treated animals and saline-treated animals (n 5 3 per treatment group).

Statistical Analysis
Normalcy of the data sets was compared using the Kolmogorov–Smirnov goodness-of-fit test (p > 0.05). Comparisons of
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data in the immediate repair cohort used a 2-tailed t test, and
those of delayed repair cohort used a 1-tailed t test. An alpha
of 0.05 was used in all cases and significance was determined if
p < 0.05. Means and standard error of the mean (SEM) were
reported.

Results
Animal Survival
All surgeries and intraperitoneal injections of Herceptin
or saline were tolerated well with 1 exception. One rat in
the Herceptin group died intraoperatively from anesthetic
complications while undergoing retrograde labeling. The
labeling could not be completed, but the CP nerve tissue
distal to the surgical repair site was harvested for immunohistochemistry and histomorphometry.
Administration of Herceptin Enhances Early
Motor and Sensory Neuron Regeneration after
Immediate Repair
Fifty-two CP nerves from 26 rats were successfully transected and repaired immediately within a silicone tube
followed by retrograde labeling and blinded analysis (see
Table, immediate repair cohort). After 1 week, but not 2
and 4 weeks of nerve regeneration, there was a significant
increase (p < 0.05) in the number of motor and sensory
neurons that regenerated axons 10mm beyond the repair
site in the rats that received intraperitoneal injections of
Herceptin as compared to rats that received saline injections of the same volume (Fig 2).
The overall extent of regeneration observed in these
experiments was excellent when compared to the pool of
uninjured motor and sensory neurons. After 4 weeks of
regeneration, motoneuron counts reached 84% of uninjured controls (see Fig 2, dotted line). This was attributed to meticulous 2-suture epineurial repair,
incorporating the repair site within a silicone cuff, and
rigid application of the criteria for counting the neurons
in the spinal cord and the DRGs (see Fig 1). The technique of performing the repair within a cuff is believed
to limit the extent of extraneural, misguided regeneration
into the extraneural space and was demonstrated to be
superior to repair without a cuff in a rat model.28
Herceptin Administration Increases the Number
of Myelinated Axons Regenerating into the
Acutely Denervated CP Distal Nerve Stump
The CP nerve was harvested 10mm distal to the site of
transection and surgical repair for histomorphometric
analysis 2 and 4 weeks after repair. There was no visible
difference between the nerves of uninjured, shamoperated animals from either Herceptin or saline groups
(Fig 3). Histomorphometry sections after 2 weeks of
nerve regeneration were not cut because of the limited
5
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FIGURE 2: Administration of Herceptin-enhanced motor and sensory neuron regeneration 1 week after immediate repair. Retrograde tracer was applied to the cut end of the common peroneal nerve at 1, 2, and 4 weeks following immediate repair. (A) Significantly more motoneurons had regenerated their axons into the distal stump at 1 week after repair in the rats that received
intraperitoneal Herceptin compared to saline. (B, C) There was no difference in the number of motoneurons that regenerated at
either 2 (B) or 4 (C) weeks in rats that had received saline or Herceptin. (D) Similarly, there were significantly more sensory neurons counted in the dorsal root ganglia that regenerated their axons after 1 week in the rats that were administered Herceptin
as compared to saline. (E, F) The maximal number of regenerated neurons was observed at 2 (E) and (F) 4 weeks after repair.
The error bars represent 1standard error of the mean, and significance is denoted by an asterisk (p < 0.05). [Color figure can be
viewed in the online issue, which is available at www.annalsofneurology.org.]

myelination at this time point and excessive debris of the
ongoing Wallerian degeneration. In the 4-week group,
CP nerve cross sections from the rats treated with Herceptin demonstrated increased density of regenerated,
myelinated fibers in the CP nerves compared with the
densities in the CP nerves of rats treated with saline.
6

Quantitatively, there were significantly more
myelinated axons counted in distal nerve cross sections 4
weeks after the CP nerve repair from rats treated with
Herceptin (2,752 6 180) as compared with salinetreated animals (2,071 6 220; p < 0.05; Fig 4). There
were no significant differences in the fiber and axon
Volume 00, No. 00
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FIGURE 3: Herceptin increased the number of axons in the distal nerve stump after immediate repair. Representative histomorphometric cross sections are shown of the common peroneal (CP) nerve 10mm distal to the repair site 4 weeks postoperatively
(original magnification, 3100 under light microscopy). (A–D) Representative images of sham-injured (Uninjured) CP nerves
treated with Herceptin injections (A) or saline injections (B), 4 weeks after cut-and-repair treated with Herceptin (C), and 4
weeks after cut-and-repair treated with saline (D). (E, F) Magnifications of C and D are shown in E and F to better visualize
myelinated axons. Note that regenerated axons in Herceptin-treated rats are dispersed throughout the cross section of the
nerve as opposed to clustering within endoneurial channels.

diameters, myelin thicknesses, or g-ratio in the Herceptintreated animals compared to controls after 4 weeks of
regeneration. The frequency distribution of fiber diameters
between these two groups was significantly different (p <
0.001) using Kolmogorov–Smirnov test.
Herceptin Enhances Nerve Regeneration when
Acutely but Not Chronically Axotomized
Motoneurons Regenerate Their Axons through
a Chronically Denervated Nerve Stump
The distal stumps of 22 CP nerves were denervated for 15.5
weeks and repaired to either an adjacent TIB nerve transMonth 2016

ected acutely at the time of delayed repair, or to the chronically axotomized proximal CP nerve stump (see Fig 1;
Table, delayed repair cohort). When compared after 2 weeks
of regeneration, Herceptin was found to significantly
increase the regeneration of acutely axotomized TIB motoneurons regenerating into the chronically denervated CP
nerve (Herceptin, 282 6 31; saline, 210 6 24; p < 0.05;
Fig 5, Top). In contrast, no effect of the Herceptin was
observed on the regeneration of chronically axotomized
motoneurons with the same number of motoneurons regenerating into the distal denervated CP nerve in animals
treated with Herceptin or saline injections (Herceptin, 84 6
7
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FIGURE 4: Herceptin increased the number of axons in the distal nerve stump after immediate nerve repair. The common peroneal
nerve stump >10mm distal to the repair site was harvested 4 weeks postoperatively for histomorphometric analysis of nerve cross
sections. (A–E) Herceptin treatment significantly increased the numbers of myelinated axons (A) but did not affect other histomorphometric indices (B–E). (F) Histograms present distributions of fiber diameters in regenerating nerve between saline and Herceptin
treatment groups. The error bars represent 1standard error of the mean, and significance is denoted by an asterisk (p < 0.05).
[Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.]

25; saline 87 6 32; see Fig 5, Bottom). As acutely and
chronically axotomized motoneurons both regenerated into
similar chronically denervated distal CP nerve stumps, these
findings indicate that the neurons and not the distal nerve
stump are the likely site of the enhanced regeneration of the
acutely axotomized motoneurons by Herceptin.
8

Herceptin Administration Increases Axonal
Outgrowth of Acutely Axotomized
Motoneurons into the Distal Denervated CP
Nerve Stump
Histomorphometry was performed after 4 weeks of nerve
regeneration following delayed repair of the acutely
Volume 00, No. 00
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acutely but not chronically axotomized motoneurons that
regenerated their axons into the distal nerve stump
observed after 2 weeks, irrespective of chronic denervation
of the stumps. There was no other difference in structural
features of the regenerated nerves between these groups,
including axon diameter, g-ratio, and mean fiber diameter.
The frequency distribution of fiber diameters between
these two groups was significantly different (p < 0.001)
using Kolmogorov–Smirnov test.

FIGURE 5: Herceptin increased the number of acutely but not
chronically axotomized motoneurons that regenerated into
chronically denervated distal common peroneal (CP) stumps.
Top: The number of acutely axotomized motoneurons that
regenerated axons 2 weeks after repair into a 15.5-week chronically denervated distal CP stump. Bottom: The number of
chronically axotomized CP motoneurons that regenerated
axons 2 weeks after repair into a 15.5-week chronically denervated distal CP stump. The error bars represent 1standard error
of the mean, and significance is denoted by an asterisk (p <
0.05). [Color figure can be viewed in the online issue, which is
available at www.annalsofneurology.org.]

axotomized TIB proximal nerve stump to the distal CP
nerve stump (see Table, delayed repair cohort, TIB-CP
cross suture group). Visualization of nerve cross sections
taken beyond 10mm from the repair site from rats treated
with Herceptin indicated an increased density of myelinated axons compared with sections from rats treated with
saline (Fig 6). Consistent with this, significantly greater
numbers of myelinated axons 10mm beyond the repair
site were counted in Herceptin-treated animals (1,714 6
156) compared with saline-treated animals (1,178 6 262;
p < 0.05). This correlates with the increased number of
Month 2016

Herceptin Administration Increases Cellular
Proliferation in the Nerve Distal to the Repair
Site after 1 Week
A possible reason for the Herceptin-induced enhancement of axon regeneration by both motor and sensory
neurons may be due to enhanced proliferation of
Schwann cells in the distal nerve stumps. Using intraperitoneal injection of a thymidine analogue, BrdU (100mg/
kg), 2 hours prior to retrograde labeling of the motor
and sensory neurons, we examined the proliferation of
cells in the distal nerve stumps of GFP transgenic rats
(Fig 7). The number of proliferating cells was significantly greater in rats treated with Herceptin (2.3 6 0.32
cells/100lm2, mean 6 SEM) compared with rats treated
with saline (0.9 6 0.18 cells/100lm2, mean 6 SEM) 1
week after immediate repair. The proliferating cells were
predominantly Schwann cells and macrophages as determined by morphological criteria described by Asbury29
in addition to colabeling with both S100 and ED1. In
comparison with the background of DAPI-stained nuclei
of all cells within the distal nerve stumps, a clear increase
of mitotically active BrdU-stained cells is seen amidst the
actively degenerating GFP fluorescent axonal debris.
Herceptin Administration Decreases EGFR
Phosphorylation in the Proximal Stump of the
Regenerating CP Nerve
An alternative mechanism was explored whereby Herceptin alters the interaction of ErbB2 with EGFR, a receptor
pathway known to inhibit axonal regeneration. The
chronic denervation experiments described above indicated that Herceptin might exert its influence on neurons
proximal to the repair site. Therefore, comparison of
phosphorylated EGFR activity proximal to the repair site
was undertaken between rats treated with Herceptin or
saline 1 week following immediate repair. Interestingly,
there was a significant decrease in EGFR immunoreactivity on nerves proximal to the repair sites when comparing Herceptin-treated and saline-treated animals (Fig
8A). A comparison of EGFR fluorescence intensity, normalized to nerve GFP intensity from the same section,
was consistent with these observations. There was a significant reduction in EGFR fluorescence intensity noted
9
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FIGURE 6: Herceptin significantly increased the number of acutely axotomized myelinated fibers regenerating into a 15.5-week
chronically denervated common peroneal (CP) nerve stump. Nerve tissue 10mm distal to the repair site was harvested 4 weeks
after delayed repair of acutely axotomized tibial nerves to chronically denervated CP nerves. Herceptin treatment as compared
to saline treatment significantly increased the numbers of myelinated axons (A–C) but did not affect axon size (D), g-ratio (E),
or mean fiber diameter (F). The frequency distribution of fiber diameters between saline and Herceptin treatment groups was
significantly different when compared using the Kolmogorov–Smirnov test (F). The error bars represent 1standard error of the
mean, and significance is denoted by an asterisk (p < 0.05). NS 5 not significant. [Color figure can be viewed in the online
issue, which is available at www.annalsofneurology.org.]

proximal to the repair site in animals treated with Herceptin (p < 0.05; see Fig 8B), a finding that suggests a
novel inhibitory action of ErbB2 on axonal regeneration
acting through the EGFR.

Discussion
This study demonstrated that Herceptin, a systemically
administered chemotherapeutic monoclonal antibody
against the ErbB2 receptor for breast cancer, significantly
accelerated early axonal regeneration of motor and sen10

sory neurons after peripheral nerve transection and surgical repair in rats (see Figs 2 and 5). Back-labeling
experiments demonstrated more neurons regenerating
axons after 1 week and more axons regenerating in distal
nerve stumps after 4 weeks of regeneration in rats treated
with Herceptin (see Figs 2–6). The enhanced regeneration was isolated to acutely and not to chronically
injured neurons, the acutely injured neurons regenerating
their axons as well through freshly denervated nerve
stumps as through chronically denervated distal nerve
Volume 00, No. 00
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FIGURE 7: Herceptin increased cellular proliferation within the distal stump of the common peroneal nerve 1 week following
immediate repair. (A, B) Longitudinal sections of common peroneal nerve 12mm distal to the repair site. More mitotically active
cells stained for bromodeoxyuridine (BrdU; red) were seen in nerve sections from rats that received Herceptin injections (A) compared to rats that received saline injections (B). Inset panels depict only BrdU-labeled proliferating cells for clarity at a 1:1 scale
with their adjacent sections. Cell nuclei are counterstained with DAPI (blue) seen among the actively degenerating axonal debris
(green). (C) A colabeled Schwann cell (S100) with its sheath encasing a core of axonal debris (green; original magnification,
3100). (D) The proliferating macrophages double-staining with ED1 (blue) and BrdU (red; original magnification, 3100). (E) The
significant increase in mean number (1standard error of the mean) of BrdU-labeled proliferating nuclei in Herceptin-treated animals after 1 week is shown in the bar graph. Scale bars in panels C and D represent 10lm. GFP 5 green fluorescent protein.

stumps (see Figs 5 and 6). Hence, Herceptin’s efficacy of
promoting nerve regeneration overcomes the less permissive growth environment of chronically denervated distal
nerve stumps.
Herceptin appears to operate through a mechanism
separate from the NRG pathway, as our previous study
had indicated, where ErbB2 receptor activation was not
affected by its administration despite demonstrations of
normal pharmacological activity.20 Furthermore, axonderived NRG also functions as a critical myelination signal postinjury.17 Our finding that myelin thickness was
preserved in the presence of Herceptin (see Figs 4 and
6), the average (6 standard error) g-ratio being 0.52 6
0.02 as compared to >0.85 in NRG knockout models,17
further indicates that Herceptin does not impact on
NRG signal transduction.
Month 2016

Given the apparent lack of altered NRG signaling,
we explored alternative mechanisms to explain the efficacy of Herceptin in enhancing early nerve regeneration.
An alternative mechanism that we examined was whether
Herceptin blocked the normally strong binding and activation of the EGFR (also known as ErbB1), a recently
identified inhibitor of axon regeneration.30–33 This possibility was verified by the significant effect of Herceptin
in reducing the EGFR phosphorylation on neurons proximal to the repair site in rats treated with Herceptin (see
Fig 8). Blockade of this transactivation of inhibitory
EGFR by ErbB2 provides an explanation for the paradoxical finding that Herceptin enhances peripheral nerve
regeneration independent of NRG signaling.
The ErbB receptor family is comprised of 4 highly
homologous transmembrane receptors (ErbB1, ErbB2,
11
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FIGURE 8: Herceptin administration is associated with a reduction in epidermal growth factor receptor (EGFR) activation. (A)
Longitudinal sections of common peroneal nerves at the repair site. Note the presence of microsutures. The region proximal
to the repair site (outlined, indicating intact proximal axons) demonstrates reduced levels of phospho-EGFR (p-egfr) immunoreactivity in rats treated with Herceptin compared with those treated with saline. (B) Quantitation of the relative phospho-EGFR
fluorescence intensity on the axons proximal to the repair site is compared for Herceptin-treated and saline-treated rats. There
was a significant reduction in the mean intensity (1standard error of the mean) on the axons proximal to the repair site in the
presence of Herceptin. Significance is denoted by an asterisk (p < 0.05).
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ErbB3, and ErbB4) that are versatile because they are
capable of interacting and dimerizing in different combinations to produce a breadth of signals for complex signaling regulation.34–38 The extracellular region of these
receptors has 4 discrete domains.39 Herceptin binds to
the 4D5 epitope on the extracellular juxtamembrane
domain of the ErbB2 receptor.18,19
ErbB2 is the preferred binding partner of the other
3 ErbB transmembrane receptors. Interestingly, ErbB2
has no endogenous ligand of its own, but rather adopts a
constitutively active conformation that forms the strongest signaling transducer pairings with the other ErbB
family members.30,34,37,38 These pairings result from the
projection of a binding loop that forms strong hydrogen
bonds with the core of its adjacent binding partner. The
close extracellular pairing aligns the intracellular domains
of the receptors where the catalytic intracellular domain
of one receptor can transactivate (phosphorylate) the
other and propagate downstream signals.40 Importantly,
this receptor interaction is stabilized by hydrophobic contacts between adjacent receptor juxtamembrane regions
that are allosterically blocked by binding of the 4D5 epitope on ErbB2 by Herceptin.34,35,41
The hypothesis that EGFR/ErbB2 dimer formation
has an inhibitory effect on peripheral nerve regeneration
is supported by the finding that activated EGFR is an
established inhibitor of axon regeneration in the central
nervous system. Activated EGFR acts through mechanisms involving transactivation by an unknown factor.32,33,42 Of note, transactivation of EGFR by ErbB2
elicits a strong and unique signal that can be blocked by
in vitro application of antibodies directed at the ErbB2
receptor.30,31,37,43 Last, EGFR and ErbB2 are both
expressed on the surface of peripheral motor and sensory
neurons as well as Schwann cells.44,45
The findings in this study may also add to our
understanding of how ErbB2 participates in Schwann
cell proliferation. Typically, the soluble NRG isoform,
known as glial growth factor (NRG type II), is upregulated in the proximal nerve stump of an injured peripheral nerve within 3 days of injury, and its expression
coincides with a surge in Schwann cell proliferation
within the distal nerve stump.14,46,47 Thereafter, a second
wave of proliferation proceeds as the front of regenerating axons progresses distally through the nerve stump.46
This second wave of proliferation is triggered by
Schwann cell contact with the axon-bound NRG I type
III isoform known as sensory and motoneuron-derived
factor.15 Herceptin appeared to have the additional effect
of increasing cellular proliferation, with both proliferating Schwann cells and macrophages identified in greater
numbers 12mm distal to the repair site after 1 week in
Month 2016

rats treated with Herceptin (see Fig 7). Given the
observed acceleration in axon regeneration and prior
observation of unaltered NRG signaling, we hypothesize
that this effect relates to earlier axonal contact with
denervated Schwann cells. This in turn induces a subsequent earlier second wave of the axon-induced Schwann
cell proliferation first described by Pellegrino and
Spencer.46 This indirect influence on Schwann cell proliferation is also consistent with some reports in the literature that NRG signaling through Schwann cell–derived
ErbB2 is dispensable for proliferation in response to
nerve injury.14,21
The ErbB family of receptors are known to regulate
axon regeneration through soluble and axon-bound NRG
acting through the ErbB2 receptor in addition to inhibitory regulation by activated Erb1 (EGFR).14,17,21,32,33
We now demonstrate that the ErbB2 receptor may negatively regulate axonal outgrowth through its potential
inhibitory association with the EGFR. This expanded
role of ErbB2 emphasizes its function of integrating multiple signals for regeneration and remyelination and now
possibly as a way to limit vigorous, inefficient sprouting
at the repair site through the EGFR pathway. One may
speculate that it could also serve as a form of maturation
signal that directs axons to stop elongating and Schwann
cells to start myelinating.
Targeted molecular therapies are increasingly used
to treat a wide range of disease states. From a translational perspective, Herceptin is already US Food and
Drug Administration–approved and is an established
therapy for treating HER2/ErbB2-overexpressing breast
cancer.18,48,49 Based on the evidence presented in this
study and the evidence suggesting the inhibitory function
of neuronal EGFR activation on peripheral nerve regeneration,32,33 it would be important to examine how other
ErbB2 and EGFR inhibitors perform in similar animal
and clinical models of peripheral nerve injury. Of note,
dual EGFR and ErbB2 small molecule inhibitors such as
afatinib and lapatinib are now available and can inhibit
the activation of both receptors in an EGFR–ErbB2 heterodimer.50 Future work must clarify the functional and
sensory outcomes following the administration of Herceptin as an adjunct to the surgical treatment of peripheral nerve injuries.
Conclusion
Unexpectedly, Herceptin promotes nerve regeneration
through a mechanism that blocks ErbB2’s transactivation
of a negative regulator of axon regeneration, the EGFR.
This hypothesis was validated by demonstrating that
EGFR is activated in the presence of ErbB2 and that
EGFR and ErbB2 colocalize on injured neurons. This is
13

ANNALS

of Neurology

a newly identified pathway that regulates peripheral nerve
regeneration. These data also suggest that ErbB2 participates in Schwann cell proliferation indirectly by increasing axonal contact due to the accelerated outgrowth seen
with Herceptin administration.
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