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Background The treatment of painful neuroma remains challenging. Recently, a
nerve-end capping technique using a bioabsorbable nerve conduit was newly intro-
duced to treat amputation neuroma. A collagen-coated polyglycolic acid (PGA) conduit
has been commercially available for the reconstruction of peripheral nerve defects,
yielding successful clinical outcomes. However, no experimental research has been
conducted using this PGA nerve conduit as capping device for treating amputation
neuroma. The purpose of this study was to investigate nerve-end capping treatment
with the PGA conduit in the rat sciatic nerve amputation model, focusing on
histological scar formation and neuroinflammation.

Methods Forty-seven rats were divided into two groups: no capping (transected
nerve stump without capping; n=25) and capping (nerve-end capping with collagen-
coated PGA nerve conduit; n = 22). Twelve weeks after sciatic neurectomy, neuropathic
pain was evaluated using the autotomy score. Stump neuromas were histologically
evaluated or perineural scar and neuroinflammation.

Results While autotomy scores gradually exacerbated in both groups, they were
consistently lower in the capping group at 4, 8, and 12 weeks postprocedure. Twelve
weeks after surgery, the transected nerve stumps in the no-capping group had formed
macroscopic bulbous neuromas strongly adhering to surrounding tissues, whereas
they remained wrapped with the PGA nerve conduits loosely adhering to surrounding
tissues in the capping group. Histologically, distal axonal fibers were expanded radially
and formed neuromas in the no-capping group, while they were terminated within the
PGA conduitin the capping group. Perineural scars and neuroinflammation were widely
found surrounding the randomly sprouting nerve end in the no-capping group. In
capped counterparts, scars and inflammation were limited to closely around the
terminated nerve end.
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Conclusion Nerve-end capping with a collagen-coated PGA conduit after rat sciatic
neurectomy might prevent neuroma formation by suppressing perineural scar forma-
tion and neuroinflammation around the nerve stump, potentially relieving neuropathic

pain.

Amputation neuroma often induces neuropathic pain, inter-
fering with the patient’s activity of daily life.!-3 Many kinds
of surgical treatments have been reported in this context,
such as simple resection of the neuroma, translocation of the
resected nerve stump into a bone cavity or a muscle belly,
wrapping it with a vein, covering it with an adipofascial flap,
and targeted muscle reinnervation (TMR)."*'% However,
given the paucity of superior standard surgical treatment
for painful amputation neuroma and the fact that treating it
is still challenging, there remains plenty of room for
improvement.

Recently, several bioabsorbable artificial nerve conduits
have been commercially available for the treatment of pe-
ripheral nerve defects as an alternative to autologous nerve
grafting.'" Moreover, the nerve-end capping technique using
a bioabsorbable nerve conduit has been newly developed for
treating painful amputation neuroma, both in basic animal
studies and clinical cases; this method serves to protect a
peripheral nerve stump from surrounding scarring to reduce
the development of a symptomatic end-neuroma.'?~?3 In
Japan, a collagen-coated polyglycolic acid (PGA) conduit
containing porous collagen fibers within the tube was intro-
duced in 2013; it has been successfully used for the treat-
ment of peripheral nerve defects ever since, producing
clinical outcomes similar to autologous nerve grafting.?42’
This PGA nerve conduit was also approved for regenerating
peripheral nerves by the Food and Drug Administration in
the United States in 2016.22 However, no experimental data
are available for using the conduit as a capping device for
preventing and treating amputation neuroma.

In the current study, we preliminary investigated whether
nerve-end capping with a collagen-coated PGA nerve con-
duit could prevent formation of painful neuroma using the
rat sciatic nerve amputation model. In the evaluation of this
novel method, we focused on histological scar formation and
neuroinflammation.

Materials and Methods

Study approval was obtained from the Animal Care and Use
Committee at Osaka City University Graduate School of
Medicine. According to a previous systematic review, the
rat sciatic nerve transection model was used to cause
terminal neuromas and neuropathic pain in the current
study.>'® Forty-seven male Sprague-Dawley rats (8 weeks
old) weighing approximately 250 g were randomly allocated
into two groups: (1) no-capping group, transected nerve
stump without capping (n=25); and (2) capping group,
nerve-end capping with a collagen-coated PGA nerve con-

duit (Nerbridge; Toyobo Co., Ltd., Osaka, Japan; n=22)
(=Fig. 1). All rats were treated according to the Federal
Animal Care Guidelines and had free access to rat chow and
water. Twelve weeks after sciatic neurectomy, neuropathic
pain was assessed using autotomy scoring based on the
states of rat toenails. Stump neuromas were histologically
evaluated with regard to perineural scar formation and
neuroinflammation.

Surgical Procedure

Rats were anesthetized by subcutaneous injection of 1 mL
of ketamine (50 mg/mL) and 0.3 mL of 2% xylazine into the
right dorsal back. Following exposure of the left sciatic
nerve, which had a diameter of approximately 1.5 mm, it
was sharply transected at the mid-thigh level; the trans-
ected nerve was removed to prevent nerve regeneration,
resulting in a 15-mm nerve defect.®'820 In the no-
capping group, the proximal nerve stump was left without
capping. In the capping group, the proximal nerve stump
was pulled by 2 mm into the proximal end of the collagen-
coated PGA nerve conduit, which had an inner diameter of
2mm and a length of 8 mm, and sutured with 9-0 nylon
sutures in a horizontal mattress pattern on the lumen wall
under a microscope. The distal end of the PGA nerve
conduit remained open. The muscle wound beds and
skin incisions were closed with a 4-0 nylon suture in
both groups.

Evaluation of Neuropathic Pain: Autotomy Score
Autotomy is a behavior observed in animal models with
neuropathic pain, such as allodynia, anesthesia dolorosa, or
phantom limb pain (~Fig. 1).216:18:20.22.29 The scoring scale
devised by Wall et al was used to assess the severity of
neuropathic pain in the current study.?® Briefly, one point
was assigned for the removal of one or more toenails, an
additional point for each distal half digit attacked, and one
more point for each proximal half digit attacked. Thus, if all
digits were attacked, a maximum score of 11 was achieved.
The autotomy scores of all rats in each group were recorded
at 4, 8, and 12 weeks after surgery.

Histological Evaluation of Neuroma

The proximal nerve stumps with and without capping with a
PGA conduit, including their surrounding soft tissue, were
harvested at 12 weeks after surgery (=Fig. 1). The specimens
were immersed in 4% paraformaldehyde overnight and
embedded in paraffin. Five-micrometer-thick longitudinal
sections were stained with Masson’s trichrome method to
evaluate scarring surrounding stump neuromas.'®3°
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Fig. 1 (A, B) Intraoperative gross findings of the transected sciatic proximal nerve stump with and without capping with the polyglycolic acid
nerve conduit. (C, D) Gross appearances of the nerve stump and toes at 12 weeks after neurectomy in the no-capping (C) and capping (D) groups.

Furthermore, they were immunohistochemically stained
using anti-neurofilament antibody (1:200, rabbit; Millipore,
Temecula, CA) to evaluate axons, anti-a smooth muscle actin
(ax-SMA) antibody (1:400, mouse; Sigma Aldrich, St. Louis,
MO) to evaluate scarring surrounding the nerve stump, and
anti-sigma-1 receptor (S1R) antibody (1:400, rabbit; Pro-
teintech, Chicago, IL) to evaluate neuroinflammation of
stump neuromas.'®'®1% The neurofilament-, a-SMA-, and
S1R-positive areas were morphometrically analyzed using
computer-assisted imaging as previously described.'® Five
random sections of two representative proximal nerve
stumps in each group were photographed at 200x magnifi-
cation using an Olympus DP74 microscope (Olympus Corpo-
ration, Tokyo, Japan), and the percentages of areas positive
for neurofilament, a-SMA, and S1R were counted automati-

cally using the Image] software (National Institutes of Health,
Bethesda, MD) and averaged.

Statistical Analysis

All data were expressed as mean and 95% confidence interval
(CI), and statistically analyzed using the Student’s t-test. A p-
value of < 0.05 denoted statistical significance. To determine
an adequate sample size, a power analysis was performed for
the autotomy score evaluation. At a two-tailed significance
level of 5%, 40 rats (20 rats per group) were required to achieve
80% statistical power based on our pilot study. Assuming that
approximately 20% of rats might die in the present study, the
final sample size was found to be 50 rats (25 rats in each group).
However, the final sample size decreased to 47 rats because 3
rats in the capping group died during surgery.
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Results

Autotomy behavior was observed on the left side of rats, on
which the sciatic neurectomy with and without nerve-end
capping was performed. At sacrifice 12 weeks postoperative-
ly, the proximal nerve stumps in the no-capping group had
formed macroscopic bulbous neuromas strongly adhering to
surrounding tissues. In contrast, those in the capping group
had remained wrapped with the PGA nerve conduits, which
were macroscopically visible but mostly dissolved, loosely
adhering to surrounding tissues (=Fig. 1).

The representative gross appearances of the left toes after
neurectomy with and without nerve-end capping, which were
assessed using the autotomy score, are shown in =Fig. 1. The
autotomy scores of both groups gradually exacerbated at 4, 8,
and 12 weeks after surgery. However, lower mean autotomy
scores were consistently observed in the capping group com-
pared with the non-capped counterparts, although there was
no statistically significant difference between the two groups
at all points (=Fig. 2). The mean autotomy scores at 12 weeks
after surgery in the no-capping and capping groups were 4.92
(95% Cl=4.07-5.76) and 4.05 (95% Cl = 2.90-5.19), respective-
ly (p=0.206). These results suggest that nerve-end capping
with the PGA nerve conduit after neurotomy could have a
potential to relieve neuroma-induced neuropathic pain.

Histologically, distal axonal fibers, visualized by anti-neu-
rofilament antibody, were expanded radially and formed a

Onode et al.

typical bulbous neuroma in the no-capping group. In the
capping group, these fibers became thinner and terminated
within the PGA nerve conduit (~Fig. 3). Morphometric analy-
sis showed that the areas of distal axons that were positive for
anti-neurofilament antibody were significantly lower in the
capping group than in the no-capping group. Fibrotic adhe-
sion, including collagenous fibers analyzed with Masson’s
trichrome staining, was widely found surrounding the ran-
domly sprouting distal nerve end in the no-capping group. In
contrast, fibrotic adhesion was limited to the immediate
proximity of the tapering distal nerve end in the capping
group. Notable perineural fibrotic scar formation, immuno-
histochemically visualized using anti-a-SMA antibody, was
observed around the bulbous end-neuroma in the no-capping
group, whereas minimal scar formation was observed around
the terminated axonal fibers in the capping group. Morpho-
metric analysis revealed significantly lower percentages of
areas positive for anti-a-SMA antibody in the capping group
compared with the no-capping group (~Fig. 4). Immuno-
staining demonstrated extensive expression of S1R in the
nerve end in the no-capping group. However, in the capping
group, only slight STR expression was observed in the termi-
nated axonal fibers (~Fig. 5); morphometric analysis showed
that this difference was significant. Together, these histological
results indicate that terminated axonal fibers were protected
from perineural scar formation and neuroinflammation by
nerve-end capping with the PGA nerve conduit.

Autotomy score

—— No capping
—— Capping

12 (weeks)

Fig. 2 Autotomy scores over time in the no-capping and capping groups. Data are expressed as mean and 95% confidence interval.
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Fig. 3 Histological images showing longitudinal sections of the proximal nerve stump immunohistochemically stained with anti-neurofilament
antibody (A-D) and Masson’s trichrome method (E-H) at 12 weeks after neurectomy in the no-capping (A, B, E, and F) and capping (C, D, G, and
H) groups. Regions marked with rectangles in A, C, E, and G are depicted at a higher magnification in B, D, F, and H, respectively. Scale
bars=500pum (A, C, E,and G) and 50 um (B, D, F, and H). (1) Quantitative analysis of the percentages of areas positive for neurofilament. *p < 0.05
versus the no-capping group.
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Fig. 4 Histological images showing longitudinal sections of the proximal nerve stump immunohistochemically stained with anti-a smooth
muscle actin (a-SMA) antibody at 12 weeks after neurectomy in the no-capping (A and B) and capping (C and D) groups. Regions marked with
rectangles in A and C are depicted at a higher magnification in B and D, respectively. Scale bars =500 um (A and C) and 50 um (B and D). (E)
Quantitative analysis of the percentages of areas positive for a-SMA. Data are expressed as mean and 95% confidence interval. *p < 0.05 versus
the no-capping group.

Discussion development of stump neuromas, potentially relieving

neuropathic pain. Perineural scar formation and neuro-
In this study, we used the rat sciatic nerve amputation inflammation around the nerve stump was blocked by
model preliminary to show that nerve-end capping with  the PGA nerve conduit. A peripheral nerve-end capping
the collagen-coated PGA nerve conduit prevented the device, NEUROCAP (Polyganics, Groningen, Netherland),
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Fig. 5 Histological images showing longitudinal sections of the proximal nerve stump immunohistochemically stained with anti-sigma-1

receptor (S1R) antibody at 12 weeks after neurectomy in the no-capping (A and B) and capping (C and D) groups. Regions marked with rectangles
in A and C are depicted at a higher magnification in B and D, respectively. Scale bars =500 um (A and C) and 50 um (B and D). (E) Quantitative
analysis of the percentages of areas positive for STR. Data are expressed as mean and 95% confidence interval. *p < 0.05 versus the no-capping

group.

has been clinically used for the treatment of painful
amputation neuroma mainly in Europe since
2017.1413:31.32 However, no nerve-end capping device
is commercially available in Asia, including Japan. Based
on the results of the current study, the Nerbridge colla-

gen-coated PGA nerve conduit is a promising nerve-end
capping device suitable to treat painful amputation
neuroma.

Clinical reports on the treatment of painful neuromas
utilizing the nerve-end capping technique with bioabsorbable
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nerve conduits have been limited to two case series and four
case reports.'>1> Gould et al reported on 69 painful neuromas
of the foot and ankle in 50 patients treated with simple
excision of the neuroma and capping of the resected nerve
stump with a collagen conduit, Neuroflex (Stryker, NJ).'% de
Vrij et al reported 10 patients having end-neuromas of 8
superficial radial nerves and 2 median nerves treated by the
capping device, NEUROCAP, with 12 months of follow-up.3' de
Ru et al documented the treatment of three patients who
underwent transection of the causative nerves, including two
greater auricular nerves and a supraorbital nerve, followed by
capping of their nerve ends with a NEUROCAP, which resulted
in a marked reduction in pain scores.' George et al also
demonstrated that nerve-end capping with NEUROCAP was
effective in a case of digital end-neuroma.>? Parker and
Merced-O'Neil presented a 49-year-old female treated by
capping of the intermetatarsal neuroma with a processed
porcine extracellular matrix wrap, Axoguard (AxoGen, FL),
the distal open end of which was sealed using MicroClip
(Synovis, AL), and implanting it into the intrinsic muscle
belly."* Our own work presented the first clinical case of a
painful digital amputation neuroma of a 49-year-old female
successfully treated by nerve-end capping with a collagen
nerve conduit, Renreve (Nipro, Osaka, Japan)."” Thus, there
have been no reports of applying a collagen-coated PGA nerve
conduit as a capping device to treat painful amputation
neuroma. On the other hand, recently, TMR has offered a novel
and potentially more effective therapy for the management of
neuroma pain after limb amputation.'%33-34 TMR surgically
transfers amputated nerves to nearby motor nerves for pre-
vention of neuroma and reinnervation of functional target
muscles. However, TMR is utilized in extremity major ampu-
tations, mainly proximal to the elbow and rarely proximal to
the metacarpophalangeal joints, while nerve-end capping
technique is available in more distal parts, such as hands
and fingers.

In contrast, numerous animal studies have revealed the
effectiveness and pain relief mechanism of nerve-end cap-
ping with nerve conduits for the treatment of painful neuro-
ma since Swanson et al have first introduced this technique in
this context using a silicone tube.'®?33> The findings dem-
onstrated that the expression of such pain-related factors as
cfos and substance P in the local neuroma or lumbar spinal
cord were notably suppressed by nerve-end capping with a
nerve conduit in the acute inflammation phase.’%?3 In the
chronic inflammation phase, as examined in the current
study, the elevation of S1R expression within the stump
neuroma was sufficiently suppressed by nerve-end capping
with a nerve conduit.'®3® S1R is known as a molecular
biomarker of nerve injury and neuroinflammation and is
associated not only with acute pain but also with memorizing
pain, which is responsible for the chronic and self-perpetuat-
ing nature of certain pain conditions.>’° In addition, a-SMA
is involved in painful neuroma as a direct cause of neuroma-
associated pain or an indirect marker of local mechanical
stimuli.’'®2" The expression of a-SMA was observed to be
higher in neuroma resulting from rat sciatic neurectomy and
suppressed by nerve capping in previous reports.”’.'18 Thus,
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nerve-end capping using a nerve conduit protected the
transected nerve stump from scarring, fibrotic adhesion,
and neuroinflammation, thereby suppressing pain-related
factors within the local neuroma or spinal cord.

The main limitation of the present study is that the follow-
up period was 12 weeks after the operation. We think that
the time point of 12 weeks seems reasonable, as our study
has an advantage in terms of the longer follow-up of 12 weeks
compared with other studies using animal models for exper-
imental amputation neuroma with a follow-up duration of 4
or 8 weeks.>17720-22.23 The distal axonal fibers were termi-
nated within the PGA nerve conduits without forming neu-
romas at 12 weeks in the present study. We can hypothesize
that the distal axonal fibers remain tapered without reform-
ing the bulbous end-neuroma and comfortable in the sur-
rounding soft tissue environment keeping minimal
perineural scar adhesions after the nerve conduits are
completely dissolved, because the nerve conduits are gradu-
ally and slowly absorbed at approximately 3 to 4 months
without foreign body response and excessive inflammation
reaction.’® Moreover, it is important for pain relief to prevent
perineural scar formation and neuroinflammation in the
early stage, as some authors described that scar adhesion
occurs earlier than 3 or 6 weeks after the peripheral nerve
surgery.*%41 If the distal axonal fibers are protected by the
nerve conduits from perineural adhesion, which is a direct
cause of neuroma-associated pain, in the early stage, the
minimal adhesion-related nerve damage can be maintained
for a long time after the nerve conduit is dissolved. Further
studies are warranted to evaluate the long-term effects of
nerve capping with a PGA nerve conduit after the nerve
conduit is absorbed completely.

In the current study, while the autotomy score was lower in
the capping group than in the no-capping group, this difference
was not statistically significant. That could be due to the
properties of the material of the PGA nerve conduit used. The
PGA conduit is soft and degrades relatively quickly, being
completely dissolved by 12 weeks postimple1nt;:1tion.25'26'28
Consequently, the axonal extension originating from the trans-
ected nerve stump might have been blocked prior to its com-
plete termination by collapse of the PGA conduit, which
diminishes the protective effect of the capping.?>*? On the
other hand, in our previous study of nerve-end capping with
a nerve conduit consisting of poly L-lactide and polycaprolac-
tone copolymer, the axonal extension could be terminated
without collapse of the conduit and the neuropathic pain was
significantly reduced.'® The nerve conduit had a higher tubular
rigidity and longer degradation time than the PGA conduit, so
that it remained structurally stable at 12 weeks postprocedure.
Future studies will be needed to corroborate the effects of the
conduit material and design, to further improve the PGA nerve
conduit as a suitable capping device for the treatment of painful
stump neuromas.

Conclusion

Nerve-end capping with a collagen-coated PGA conduit
after rat sciatic neurectomy might prevent neuroma
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formation by suppressing perineural scar formation and
neuroinflammation around the nerve stump, potentially
relieving neuropathic pain.
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