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Abstract

Background: Therapeutic electrical stimulation (ES) applied to repaired nerve is a promising treatment option to improve
regeneration. However, few studies address the impact of ES following nerve graft reconstruction. The purpose of this study
was to determine if ES applied to a nerve repair using nerve isograft in a rodent model could improve nerve regeneration
and functional recovery. Methods: Adult rats were randomized to 2 groups: “ES” and “Control.” Rats received a tibial
nerve transection that was repaired using a tibial nerve isograft (1.0 cm length), where ES was applied immediately after
repair in the applicable group. Nerve was harvested 2 weeks postrepair for immunohistochemical analysis of axon growth
and macrophage accumulation. Independently, rats were assessed using walking track and grid-walk analysis for up to 21
weeks. Results: At 2 weeks, more robust axon regeneration and greater macrophage accumulation was observed within
the isografts for the ES compared to Control groups. Both walking track and grid-walk analysis revealed that return of
functional recovery was accelerated by ES. The ES group demonstrated improved functional recovery over time, as well
as improved recovery compared to the Control group at 2| weeks. Conclusions: ES improved early axon regeneration
into a nerve isograft and was associated with increased macrophage and beneficial M2 macrophage accumulation within
the isograft. ES ultimately improved functional recovery compared to isograft repair alone. This study supports the clinical
potential of ES to improve the management of nerve injuries requiring a nerve graft repair.
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Introduction repair improves the speed at which axons cross the repair
site, as well as the accuracy at which motor and sensory
axons regenerate to their appropriate end-organ targets.” 2
However, as promising as ES appears in its neuro-regen-
erative abilities, the majority of animal studies have only
evaluated ES in end-to-end nerve repairs. End-to-end neu-
rorrhaphies are generally considered to have superior out-
comes compared to nerve grafting. However, in practice an
end-to-end repair is frequently not feasible.!* Nerve graft-
ing presents additional regenerative challenges, as the axons

Despite their regenerative ability, repaired peripheral nerve
injuries typically result in modest functional recovery.! A major
factor affecting functional recovery in repaired nerve injuries is
the inability of axons to regenerate long distances to reach their
appropriate end-organ target (ie, muscle and skin),>* as well as
the potential misdirection of axon growth to inappropriate tar-
gets.* Additionally, axon growth is further challenged by cel-
lular and structural changes to the nerve microenvironment
that accompany injury and repair. Taken together, these cumu-
latively limit functional recovery potential.

Therapeutic electrical stimulation (ES) applied to
repaired nerve is a promising treatment option to overcome
these issues and improve upon reconstructive limitations.>” ~ Corresponding Author:
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must cross multiple suture lines, grow through the less per-
missive microenvironment of a nerve graft, and regenerate
longer distances. Given this increased regenerative chal-
lenge, it remains unclear if ES provides similar benefits in
nerve graft repair as direct repair.

The capabilities of ES to improve nerve repair using
grafting still remains relatively understudied. Recently, it
was demonstrated that a clinically relevant ES protocol in a
rodent animal model of nerve isograft repair (considered an
animal equivalent of autograft repair) improved axon regen-
eration across the nerve grafts. Therefore, conceptionally,
this work demonstrated that ES improves axon regenera-
tion, but it is unclear if functional recovery can also be
achieved.'* Our studies sought to address these shortcom-
ings. Our studies provide additional evidence regarding
ES’s efficacy in the context of nerve grafting reconstruc-
tion. Furthermore, our studies assess whether a clinically
relevant ES protocol applied to a nerve repair using a clini-
cally relevant, nerve isograft repair in a rodent model could
improve early axon regeneration into the isograft, as well as
functional recovery.

Materials and Methods

Animals

Adult male Lewis rats weighing 226 to 250 g (Charles River
Laboratories; Wilmington, MA) were used for both experi-
mental and donor animals to generate sciatic nerve iso-
grafts. Animals were housed in a central housing facility
and received food (PicoLab rodent diet 20, Purina Animal
Nutrition LLC; St. Louis, MO) and water ad libitum. All
procedures were carried out in strict accordance with the
guidelines set forth by the National Institutes of Health and
were approved by the Division of Comparative Medicine at
the institution. Specifically, surgical procedures and periop-
erative care measures were conducted in compliance with
the Association for Assessment and Accreditation of Labo-
ratory Animal Care (AAALAC) accredited Washington
University Institutional Animal Care and Use Committee
under animal protocol #20170111.

Experimental Design

The study was executed using 2 arms. Eight (Arm 1) and 18
(Arm 2) Lewis rats were randomized equally to 1 of 2
groups: 0 min ES (Control group) or 60 min ES (ES group).
These groups sought to determine the effect to nerve regen-
eration following tibial nerve transection and nerve isograft
repair. In both arms, animals received a tibial nerve transec-
tion followed by immediate nerve isograft repair, described
in the Surgical Procedures section. Arm 1 assessed whether
ES had an impact on early axon outgrowth and macrophage
recruitment and accumulation within the nerve grafts, mea-

sured using immunohistochemistry (IHC) on nerve har-
vested 2 weeks after procedures. Two weeks was chosen as
previous studies demonstrated ES resulted in near maximal
numbers of axons crossing a suture line by 2 weeks postop-
eratively compared to control.”'> Arm 2 assessed the long-
term outcome and recovery, where functional recovery was
evaluated over 21 weeks, and the quality of nerve regenera-
tion was evaluated using histology from this nerve har-
vested at 21 weeks. A 21-week endpoint was chosen based
on previous studies demonstrating that a tibial nerve tran-
section-repair model took at least 16 weeks to recover func-
tionally to its maximum using walking track analysis,'® and
at least 16 weeks to recover its capable muscle contractile
force.!”1®

Surgical Procedures

All procedures were carried out in strict accordance with
the guidelines set forth by the National Institutes of Health
and were approved by the Division of Comparative Medi-
cine at the institution. Surgical procedures and peri-opera-
tive care measures were conducted in compliance with the
AAALAC accredited Washington University Institutional
Animal Care. Surgeries were performed using aseptic tech-
nique and with the aid of an operating microscope. Anes-
thesia was delivered using a cocktail of ketamine (75 mg/
kg; Zoetis Inc, Kalamazoo, MI) and dexmedetomidine (0.5
mg/kg; Zoetis Inc). During surgery, animals were placed
on a warming pad for body temperature maintenance and
given 1 mL of normal saline subcutaneously for hydration.
The tibial nerve was exposed using a gluteal muscle-split-
ting approach. To obtain donor tibial nerve for isograft, the
tibial nerve was measured and dissected to achieve the
needed length bilaterally in donor animals. In the animals
randomized to the experimental groups, the right sciatic
nerve was exposed, and the tibial nerve transected 3 mm
distal to the trifurcation. The defect was reconstructed
using 1 cm reversed isografts with 9-0 nylon micro-suture
proximally and distally. Then, in applicable groups, a stain-
less steel 304 wire electrode (Component Supply Com-
pany, Sparta, TN) was hooked around the tibial nerve 2 mm
proximal to the cut and repair site (Figure 1). The nerve
was hooked by fashioning the wire into a half circle and
applying gentle upward tension to the wire to secure it to
the nerve without compressing the nerve. A return current
electrode was placed securely in musculocutaneous facia
in the dorsum of the animal just proximal to the injured
nerve. In the ES group, the ES device (Checkpoint® Stim-
ulator/Locator, Checkpoint Surgical, Inc, Cleveland, OH)
delivered 60 minutes of intraoperative current at 0.5 mA, at
a pulse width of 100 us and frequency of 16 Hz, setting
based on previous studies.!” To confirm ES, the device
used provided feedback via a LED light indicating whether
current was provided and circuit complete. Evidence of
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Figure |. Schematic of electrical stimulation (ES) applied after nerve grafting. Experimental groups receiving ES therapy had a
mono-polar electrode hooked around the tibial nerve proximal to the cut and repair site. A return electrode was placed securely in

musculocutaneous facia.

Note. ES was delivered immediately after nerve graft repair for 60 minutes using intraoperative constant current at 0.5 mA, a pulse width of 100 ps,

and a frequency of 16 Hz.

excitation of nerve was also verified based on the contrac-
tions of the foot for the period of stimulation. After the
completion, the electrodes were gently removed from the
nerve and fascia. Wounds were closed in a layered fashion,
using 4-0 vicryl suture for muscle and 4-0 nylon suture for
skin (Ethicon, Somerville, NJ). Animals were recovered
with a subcutaneous injection of atipamezole HCI (1 mg/
kg, Antisedan®, Orion Corporation, Finland) and placed
on a warming pad postoperatively. Postoperative pain and
hypersensitivity were managed using a single dose of
Buprenorphine SR (1 mg/kg, ZooPharm, Windsor, CO)
given intraoperatively. Animals were returned to the cen-
tral housing facility and closely monitored for infection,
distress, and other morbidities. For all nonsurvival proce-
dures described later, animals were killed by i.p. adminis-
tered pentobarbital (150m¢ke),

Immunohistochemistry IHC

In Arm 1, to assess axon regeneration and macrophage popu-
lations within nerve grafts, animals were sacrificed at 2 weeks
postoperatively and nerve samples were explanted and imme-
diately placed in 4% paraformaldehyde in phosphate buffered
saline (PBS) overnight followed by immersion in 30% sucrose
in PBS solution for 24 to 48 hours. Samples were frozen
in OCT Compound (VWR, Radnor, PA) and sectioned at
15 pum onto pretreated charged glass slides. Sections were
rehydrated and blocked using 5% normal goat serum diluted
in PBS before primary antibody staining. Primary antibodies
(Abcam, Boston, MA) were applied overnight and included
axons (B-III-Tubulin [1:500]) and macrophages (CD68
[1:500], CD206 (1:250)). Sections were then washed in PBS
and stained for appropriate secondary antibodies (1:500) for 1



Keane et al

543

hour at room temperature (Thermofisher Scientific, Waltham,
MA). All sections were mounted with Fluoroshield mounting
medium with 4',6-diamidino-2-phenylindole (DAPI; Abcam)
and then imaged using a Fluoview FV1000 confocal micro-
scope system (Olympus, Waltham, MA). A minimum of 3
sections were analyzed and averaged for each nerve using
ImagelJ (NIH) to obtain a value for each single animal (n = 1).
For axon density, an ImageJ macro was used to both threshold
a minimum expression to qualify as positive expression, and
then quantify the percentage of the area positive for expres-
sion from standardized distances. For cell counts, a 600x stan-
dardized standard field was used and colocalization of the
marker(s) with DAPI was considered a positive cell.

Wialking Track Functional Assessment

In Arm 2, behavioral recovery was monitored weekly for up
to 15 weeks, and then biweekly until the endpoint at 21
weeks. Animal hind feet were glazed with water-soluble,
nontoxic paint before the animal was placed on a plexiglass
track lined with construction paper. Each animal walked
down the track until at least 3 pairs of footprints with clear
markings were obtained. On each footprint, parameters
were measured to calculate the tibial functional index (TFI)
developed by Bain?

TFI= 372 EPL=NPL o, JETS—NTS
NTS
1456 T =NIT g g
NIT
Grid-Walk Assessment

Animals in Arm 2 also underwent a grid-walk behavioral
assessment for functional recovery at the 21-week endpoint
following walking track assessment. Animals were placed on
an elevated grid with a grid size measuring 3.5 cm by 3.5 cm.
After animals had acclimated to the grid for at least 5 mins,
they were recorded with a video camera for at least 5 minutes
moving upon the grid. From the video considering the injured
limb, the total number of steps with that foot and steps that
resulted in a foot placement missing the mesh and going
through the grid (slipped steps) was measured. Foot fault was
calculated as the proportion of slipped steps to total steps.

Nerve Histomorphometry

At 21 weeks postoperatively after behavioral testing was
completed, en bloc specimens of the tibial nerve mid-graft
and tibial nerve 5 mm distal to the repair site underwent
histomorphometric analysis as previously described.?!??
Sectioned slides were analyzed to quantify nerve fiber
counts, percent neural tissue, fiber sizes, and myelin thick-
ness. All analyses were done by an observer blinded to the
experimental groups.

Statistical Analysis

Prism 8 (GraphPad Software Inc, LaJolla, CA) was used for all
statistical analyses. Data are presented as mean * standard
deviation (SD). Data for walking track analyses were analyzed
using 2-way analysis of variance (ANOVA) with repeated
measures, followed by Tukey’s multiple comparisons test for
posthoc analysis between groups at each time point and within
each group over time. All other data were analyzed using
unpaired t-tests. The study was adequately powered (f =
0.80), and significance (ot) was set at 0.05 (P < .05).

Results

ES Improved Early Axon Regeneration and
Increased Macrophage Accumulation Within
Isografts

Both experimental groups demonstrated axon regenera-
tion, as measured by PIII-tubulin staining for axon density.
Both groups had positive BIII-tubulin within the mid-graft
and distal graft, as well as distal nerve indicating that some
quantity of axons traversed the entire distance by 2 weeks
after surgery (Figure 2). The ES group demonstrated
improved axon regeneration into the nerve isograft, based
on increased axon density (% BIII-tubulin area) in the mid-
graft vs the Control group (P < .01). No significant differ-
ences in axonal density were observed within the distal
graft or distal nerve between groups.

At this 2-week endpoint, macrophage accumulation
within the isograft was also observed for both experimental
groups (Figure 3). The ES group contained an increased
proportion of macrophages (CD68+ cells) among all cells
within both the mid-graft (P < .01) and distal graft (P <
.05) compared to the Control group. Furthermore, the ES
group also contained an increased proportion of M2 macro-
phages (CD206+ and CD68+ ) among all cells within the
mid-graft (P < .05), but not distal graft (P > .05), com-
pared to the Control group.

ES Improved Functional Recovery Following
Nerve Repair Using Isografts

All animals in the study demonstrated functional impairment
after the nerve injury and repair (Figure 4). Walking track
analysis was performed weekly until Week 15, and then
biweekly until Week 21, where both groups demonstrated a
trend toward improved recovery over time. However, only the
ES group demonstrated improved recovery at Week 21 com-
pared to Week 1 based on TFI values (P < .05; Figure 4a). As
well, the ES group demonstrated increased functional recov-
ery based on TFI values compared to the Control group start-
ing at Week 19 (P < .05), which was sustained until the end
of measurements at Week 21 (P < .01). Additionally, at Week
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Figure 2. ES improved early axon regeneration within isografts. Representative immunofluorescence images and quantification of
axons (Blll-tubulin) within nerve isografts 2 weeks postrepair. Inset boxes represent magnified fields presented within the graft and

distal nerve.
Note. Scale bars represent 20 pm. Mean * SD, n = 4/group; * indicates P < .05. ES = electrical stimulation.

After behavioral assessments, the quality of final nerve
regeneration was assessed within the mid-graft and distal
nerve at Week 21, which demonstrated robust axon regen-
eration for both experimental groups (Figure 5 and Table 1).

21, grid-walk analysis was performed, which revealed that the
ES group had improved recovery, as measured by fewer foot
faults compared to the Control group (P < .01; Figure 4b).
Neither group recovered to their preinjury measurements.
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Figure 3. ES increased macrophage accumulation within isografts. Representative immunofluorescence images and quantification of
macrophages (pan: CD68; M2: CD206) within nerve isografts 2 weeks postrepair. Scale bars represent 20 um. Mean = SD, n = 4/

group; * indicates P < .05. ES = electrical stimulation.
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Figure 4. ES improved functional recovery across isografts. Quantification of walking track using tibial functional index (a) and grid-
walk analysis (b) at 21 weeks postrepair. Mean = SD, n = 9/group; * indicates P < .05 vs Control and * indicates P < .05 vs postinjury

(I week).

Note. ES = electrical stimulation.

Nerve isograft and distal nerve demonstrated no histomor-
phometric differences at the end of the experiment, regard-
less of experimental treatment, across all histomorphometric
parameters.

Discussion

In order to understand the potential of therapeutic ES to
improve nerve grafting outcomes for the clinic, we explored

the effect of ES on nerve regeneration across 1 cm isografts
in a rat tibial nerve gap injury model. We determined that
ES not only improved early axon regeneration across the
isograft, but was associated with increased macrophage and
beneficial M2 macrophage accumulation within the iso-
graft, and ultimately improved functional recovery com-
pared to no ES.

Previous studies that employed an end-to-end nerve
repair model demonstrated that axonal growth across the
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Figure 5. Final nerve regeneration quality within and across isografts. Representative histological images of repaired nerve within the
isograft (graft-mid) and distal nerve at 2| weeks postrepair. Scale bars represent 20 pm. ES = electrical stimulation.

Table 1. Histomorphometric Data 21 Weeks Posttibial Nerve Injury and Isograft Repair.

Myelinated axon number Nerve density (#/pm?) Percent nerve (%) Fiber width (um) Myelin width (um)
Group Graft-mid Distal nerve Graft-mid Distal nerve  Graft-mid Distal nerve Graft-mid Distal nerve Graft-mid Distal nerve
ES (60 20 138 * 4356 6783 * 1846 35556 = 6502 23844 = 8001 47 =5 38+6 3.32*0.253.72 £ 035 0.77 = 0.06 0.82 * 0.06
C:r:::;rS) 18797 + 4200 6189 = 2031 35235 + 5542 23721 = 4956 44 *5 40*+9 320 *0.18 3.72 = 0.32 0.77 = 0.05 0.82 = 0.05
(no ES)

Note. ES = electrical stimulation.

repair site was accelerated due to ES, where ES resulted in
near maximal numbers of axons crossing the suture line by
2 weeks instead of 4 weeks postoperatively.’ As well,
recently it was also demonstrated that ES in a nerve isograft
repair improved axon regeneration across nerve isografts.'*
Our results similarly demonstrated that ES improved the
speed of axon regeneration across a repair site, as axon
density within the isografts was increased compared to the

control. Therefore, our results corroborate that ES in the
context of nerve grafting still accelerates axon regeneration
across a repair site.

In addition to assessing early axon regeneration, ES
increased the proportion of macrophages and M2 macro-
phages within isografts. This general correlation of
increased macrophages due to ES therapy has been noted in
other studies of ES applied to nerve,?*2* but not previously
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to nerve grafts. This novel finding holds importance as mac-
rophages play a key beneficial role in regeneration. Follow-
ing nerve injury, macrophages accumulate to promote nerve
regeneration, as well as angiogenesis.”>?® Furthermore,
additional studies delineate a beneficial role for so-called
“M2” macrophages in nerve regeneration, where these mac-
rophages promote Schwann cell functions including
myelination during regeneration.”’” While we observed an
increase in macrophages and M2 macrophages, it is unclear
if this increase is directly or indirectly attributable to ES. As
axon regeneration improved with ES, the resulting increase
in macrophage accumulation might be due to the greater
number of axons, and thus only indirectly associated with
the ES therapy. Alternatively, the increased macrophage
accumulation might be directly due to ES, potentially impli-
cating macrophage recruitment in the mechanism of
improved nerve regeneration with ES. This mechanism is
not yet clear, and further exploration is required to uncover
the mechanism of action for macrophage accumulation due
to ES.

Long-term recovery was evaluated through both histo-
logical and functional analyses, and showed that ES sig-
nificantly improved functional recovery compared to
Control. Both walking track and grid-walk analysis
revealed that return of functional recovery was facilitated
by ES, as the ES group demonstrated superior functional
recovery compared to Control. These results corroborate
other animal studies employing ES therapy during nerve
repair.®?® But, these findings are novel for the context of
nerve grafting reconstruction. Despite this evidence, final
nerve regeneration based on histology, revealed no differ-
ences at 21 weeks. While these data appear to conflict
with the early axon regeneration outcomes measured at 2
weeks and the functional outcomes, the rodent model is
known to have histological assessment limitations at late
endpoints.?’ Rodent models are known to have superior
neural regeneration compared to humans,*® and as well,
later endpoints often find no histological differences
between experimental groups in rodent models of nerve
injury and regeneration.?%231:32 Early histological assess-
ments, such as the IHC assessed at 2 weeks in our studies,
provide valuable information indicating more rapid axon
regeneration that can be measured more sensitively than
at later endpoints. Therefore, the 21-week endpoint serves
not to demonstrate any superior axon regeneration
between the groups, but to validate that no issues pre-
vented regeneration in this nerve isograft repair model.
Specifically, the control group was capable of regenerat-
ing similar numbers of axons across the isograft, but it
proceeded at a slower rate than the ES group and did not
result in similar levels of functional improvement. Inter-
preting the overall results, it appears that improved early
axon regrowth is key to improved function when deliver-
ing ES in an isograft model.

Conclusion

In conclusion, ES applied following nerve injury and graft
repair improves early axon regeneration across a nerve
graft. And, this early axon outgrowth stimulated by ES
may in turn promote and improve functional recovery
compared to graft repair alone. Based on these preclinical
model findings, the use of ES to promote clinical out-
comes following reconstruction of nerve gap injuries is
supported.
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