PERIPHERAL NERVE SURGERY AND RESEARCH

Immediate Enhancement of Nerve Function Using a Novel Axonal
Fusion Device After Neurotmesis
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Background: The management of peripheral nerve injuries remains a large chal-
lenge for plastic surgeons. With the inability to fuse axonal endings, results after
microsurgical nerve repair have been inconsistent. Our current nerve repair strat-
egies rely upon the slow and lengthy process of axonal regeneration (~1 mm/d).
Polyethylene glycol (PEG) has been investigated as a potential axonal fusion
agent; however, the percentage of axonal fusion has been inconsistent. The pur-
pose of this study was to identify a PEG delivery device to standardize outcomes
after attempted axonal fusion with PEG.

Materials and Methods: We used a rat sciatic nerve injury model in which we
completely transected and repaired the left sciatic nerve to evaluate the efficacy
of PEG fusion over a span of 12 weeks. In addition, we evaluated the effective-
ness of a delivery device's ability to optimize results after PEG fusion.

Results: We found that PEG rapidly (within minutes) restores axonal continuity
as assessed by electrophysiology, fluorescent retrograde tracer, and diffusion ten-
sor imaging. Immunohistochemical analysis shows that motor axon counts are
significantly increased at 1 week, 4 weeks, and 12 weeks postoperatively in
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PEG-treated animals. Furthermore, PEG restored behavioral functions up to
50% compared with animals that received the criterion standard epineurial repair
(control animals).

Conclusions: The ability of PEG to rapidly restore nerve function after
neurotmesis could have vast implications on the clinical management of trau-
matic injuries to peripheral nerves.

Key Words: peripheral nerve injury, neurotmesis, nerve transection,
Wallerian degeneration, traumatic neuropathy, axonal fusion,
polyethylene glycol, diffusion tensor tractography
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eripheral nerve injuries can result in life-long pain and disability.

Extremity trauma is responsible for most Americans who suffer
from peripheral nerve injury."? These injuries disproportionately af-
fect the younger and healthy civilian population, as well as military
members, who are at greater risk for traumatic injuries.> Advances
in the treatment of military and civilian injuries have increased the
number of survivors from motor vehicle accidents and military
trauma, which have further increased the number of patients living
with mutilated extremities. In fact, for some traumatic extremity in-
juries, the expected poor recovery of nerve function is an indication
for completion amputation over replantation. Despite improvements
in the understanding of peripheral nerve injury pathophysiology,
epineurial repair remains the criterion standard for surgical nerve re-
construction with a continued reliance on the slow and inefficient pro-
cess of peripheral nerve growth.?

Factors such as a patient's age, type of injury, location of injury,
and delay before intervention play a critical role in determining the po-
tential recovery after traumatic injury to peripheral nerves.® The poor
clinical outcomes of peripheral nerve injury are due in large part to
the slow and lengthy process of axonal elongation. In order for practical
recovery to occur, axons in the proximal stump must reach their target
muscles and remake functional connections. Muscle atrophy initiates
immediately after muscle denervation and plateaus after approximately
3 to 4 months after 60% to 80% loss in muscle volume.* In addition,
motor axons must reach the target muscle in a critical time window
(12—18 months). After this time period, muscle is less amenable to rein-
nervation.” In the case of neurotmesis (Sunderland Type V), it is esti-
mated that there is a 50% loss of axons across each coaptation site.
Furthermore, of the small percentage of axons that do reach their target
muscle, it is estimated that even a smaller percentage are able to remake
functional connections.® Axonal regeneration occurs over lengths of up
to 1 m in humans, making recovery lengthy and minimally effective.
For example, complete brachial plexus injuries have anticipated recov-
ery times ranging from 2 to 3 years after repair, with such cases being
recognized clinically as having little to no chance of restored motor or
sensory function in the distal-most targets of the hand. In most cases,
surgeons agree on elbow flexion as the ultimate measure of surgical
success in the event of complete brachial plexus severance.”®
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Current research strategies are focused on enhancement of axo-
nal regeneration and/or a reduction in environmental inflammation
given the lack of ability to fuse severed axonal endings. Biological road-
blocks such as Wallerian degeneration have hampered clinicians and
neuroscientists from developing a rapid and effective technique to sig-
nificantly augment recovery after traumatic injuries to peripheral
nerves.”'® However, it has been observed in many phyla that severed
peripheral nerves naturally, rapidly, and effectively restore lost nerve
function via outgrowths from proximal stumps that fuse and/or activate
functional connections.'®!'! For decades, scientists have used the hydro-
philic properties of polyethylene glycol (PEG) to fuse together cells to
immortalize desired cell lines such as monoclonal antibody producing
B cells.'? Taking advantage of the hydrophilic properties of PEG, me-
dial giant axons of giant squid were first fused in 1986.'* Closely ap-
posed ends of severed earthworm medial giant axons have since been
artificially fused by PEG,'*!® laser beams,'® and electric fields.!”
Building on these reports, researchers demonstrated that both physio-
logic and behavioral recovery could be regained in a crushed rat sciatic
nerve model.'® We recently reported the first successful fusion of sev-
ered mammalian nerves that demonstrated long-term histological and
behavioral improvements.'”

Although the mechanism of PEG fusion is unknown, it is hy-
pothesized that PEG enables lipid bilayer fusion by removing H,O mol-
ecules surrounding the axolemma and allowing the lipid membranes to
flow together.20 In our modified PEG fusion technique, we use a se-
quence of steps to rapidly re-establish axonal continuity and restore
up to 50% lost behavioral function in a rat sciatic nerve injury model.
Our protocol involves irrigating the injured nerve in an isotonic,
calcium-free solution to maintain open axonal ends. In addition, meth-
ylene blue (MB), an antioxidant, is added to the nerve ends to prevent/
reduce vesicle formation. Once the nerve ends have been re-
approximated, typically through the use of microsutures, PEG is added
to induce membrane fusion between open axonal ends. Polyethylene
glycol is then washed away by an isotonic, calcium containing solution
to seal the remaining holes in the axolemma (Fig. 1).

Previous in vivo and ex vivo studies have shown inconsistencies
in morphological and functional recovery of PEG-fused animals.'**!*?
The data suggest that factors such as the quality of repair, time of sur-
gical intervention, and a surgeon's level of experience with the tech-
nique play a critical role in achieving successful PEG fusion.!%?!723
A deficiency of surgeons with subspecialty training in peripheral
nerve injury has emphasized the need for a device to simplify and
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FIGURE 1. Mechanism of PEG axonal fusion. In the absence of PEG, calcium-mediated vesicles form and seal axonal endings,
preventing fusion. The PEG and MB or melatonin reduce vesicle formations and promote axonal fusion. Reprint from

Rodriquez-Feo (2013).
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improve functional results of peripheral nerve repairs in the clinic.>*2

Previous studies have applied the PEG solution manually through a
syringe with the needle held at the surface of the neurorrhaphy. Man-
ual application of PEG is subject to inconsistency in PEG delivery to
the neurorrhaphy site. A simple delivery device, which secures a short
needle at the anastomosis and can be removed without disturbing the
neurorrhaphy, could remove some of the sources of manual variability
from PEG-based nerve fusion.

MATERIALS AND METHODS

All experimental procedures were approved by and performed in
accordance with the standards set forth by the Institutional Animal Care
and Use Committee at Vanderbilt University. Every effort was made to
minimize the amount of suffering of animals in the study. Animals were
caged in groups of 3 and supplied with water and food (Purina Rodent
Diet) at all times. Animal cages were inspected daily to ensure animal
health and cleanliness of housing by both the Vanderbilt Veterinary staff
and surgical research personnel.

Experimental Design

The objective of this study was to evaluate the efficacy of PEG-
fusion nerve repair and optimize a device for effective delivery of PEG
into the neurorrhaphy. We used a rat sciatic nerve injury model to eval-
uate the following 3 groups: cut + repair (control, n = 30), cut + re-
pair + PEG (PEG, n = 30), and cut + repair + PEG (device) (PEG
[device], n = 30). The entire study required a total of 96 animals (an ad-
ditional group of rats [n = 6] were used as unoperated control for
retrograde analysis).

PEG Delivery Device

The devices were assembled under 4x loupe magnification.
First, a 4- to 5-mm length (blunt ended) 27G stainless steel tubing cut
from a hypodermic needle was inserted inside a 5.5-cm length of
3-French silicone tubing (Strategic Applications, Inc) using high vis-
cosity epoxy adhesive (Loctite Ultra Gel Control Super Glue). Approx-
imately 0.5 to 1 mm of blunt needle was present outside of the silicone
tubing. The hub of the 27-G hypodermic needle was then trimmed to
approximately 15 mm in tubing length and attached to the other end
of the silicone tubing. This construct was then cured overnight and
checked for patency and fluid flow. A 1 x 15-cm strip of 3 mil polyeth-
ylene sheeting was attached to the silicone tubing by coating the sheet-
ing with a film of silicone adhesive and aligning the entubulated end of
the blunt needle stub at the start of the silicone adhesive before pressing
the tubing into the film and allowing to cure overnight. Five punctures
in the sheeting were made with a 27-G needle before silicone adhesive
application to allow the adhesive to set within the punctures and in-
crease the retention strength.(Figs. 2, 3)

Surgical Procedures

Female Sprague-Dawley rats (n = 96) were anesthetized via in-
haled isoflurane (2%). A 3-cm dermal incision was made parallel and
just posterior to the left femur. Using sharp dissection, the cephalad bor-
der of the biceps femoris was manipulated to allow for exposure of the
left sciatic nerve. Once exposed, the nerve was trimmed free of any peri-
neural connective tissue. The exposed nerve was thoroughly rinsed in a
calcium-free saline, Plasmalyte-A (Baxter, Deerfield, I11). Electrophys-
iological testing was performed to obtain baseline preinjury compound
action potential (CAP) conduction recordings.

A complete transection of the left sciatic nerve was made to imitate
a Sunderland-type V nerve injury. The wound was bathed in additional
Plasmalyte-A, and the nerve ends resected back even with the epineurium.
Immediately after, a 1% MB solution was applied to both nerve ends.
Using standard microsurgical technique, a standard end-to-end nerve
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FIGURE 2. A, Nerve wrap with needle secured by clips.

B, Nerve wrap implanted on a rat sciatic nerve. The single arrow
indicates the nerve repair site inside the nerve wrap. The double
arrow indicates the needle inside the nerve wrap through
which PEG is delivered.

repair was made using 9-0 ethilon (Ethicon, Somerville, NJ) under a
surgical microscope. The PEG and PEG (device) animals had 1 mL
of PEG through either a standard hand-held needle (PEG group) or a
nerve wrap with the delivery device described previously (PEG [device]
group) for 1 minute. All experimental animals received PEG within
2 hours after injury. Control animals did not receive PEG.

The wound was flushed with a calcium-containing saline, lac-
tated ringer's (Hospira, Lake Forect, Ill), until all residual PEG was
rinsed free from the injury site. Postrepair CAPs were tested for CAPs
across the injury site. The skin was reapproximated using a running
subcuticular 5-0 monocryl suture (Ethicon). All survival animals re-
ceived a subcutaneous injection of ketoprofen (5 mg/kg) and were
allowed to recover from anesthesia under careful monitoring. In addi-
tion, injections of ketoprofen were made daily for 3 days postoperation.

No animals died during surgical procedures or were euthanized
before planned endpoints. In the case of illness or injury, as assessed
by Vanderbilt University Animal Care Veterinary staff, animals would
be euthanized within 24 hours of discovery via intracardiac injection
of euthasol. The dysesthesia and paresthesia that occurs in laboratory

© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. A, Representative CAPs recorded preinjury (gray
traces) and postrepair (dark traces) from a control, PEG-fused,
and PEG-fused [device] nerve. B, The CAPs (mV, mean + SE)
recorded preinjury and postrepair for 3 groups: cut + suture

(n =18), cut + suture + PEG (n = 18) cut + suture + PEG (device)
(n =18). The PEG treatment groups demonstrated statistically
significant (P < 0.001: ***) physiological recovery compared
with the cut + suture group.

rats after peripheral nerve injury results in autophagy and self-
mutilation of the affected limb. Symptoms such as “toe-biting” can
be seen as early as 2 to 3 weeks postinjury. This destructive behavior
interferes with functional assessments such as the footfault asymme-
try and sciatic functional index tests. To prevent as much autophagy
and self-mutilation as possible, the rats were monitored daily for all
preliminary signs. Rats that showed signs of autophagy had the af-
fected limb coated with a bitter topical mixture (Thum; Oakhurst
Company Levittown, NY) that has been shown to minimize autoph-
agy. All animals were euthanized via intracardiac injection of euthasol
(euthanasia solution).

Electrophysiological Testing

Compound action potentials are a measure of axonal continuity
and conduction between electrodes.!*! All CAPs (n = 54;) were ob-
tained with a PowerLab data acquisition system (AD Instruments,
Colorado Springs, Colo) interfaced with a LabChart 7 (Ad Instru-
ments). A stimulating electrode was placed under the sciatic nerve prox-
imal to the injury, whereas the recording electrode was placed under the
sciatic nerve distal to the repair site. The CAPS were recorded at 2 sep-
arate time points: before the injury (preinjury) and immediately after ap-
plication of Ca®* containing saline rinse (postrepair).

Retrograde Tracer

We performed analysis of axonal continuity using a retrograde
tracer technique on a subset of rats in each group (unoperated control,
n = 6; control, n = 6; PEG, n = 6; PEG [device], n = 6). Immediately
after repair, the nerve was transected distal to the repair, and the proxi-
mal end was dipped into a polypropylene tube containing 5 uLL of 2%
fast blue retrograde tracer (Polysciences, Inc, Warrington, Pa). After
1 hour, the excess tracer has washed off the nerve with calcium-free so-
lution (Plasmalyte A). The skin was reapproximated using a running
subcuticular 5-0 monocryl suture (Ethicon). One week later, the rats
were anesthesized with 3% isoflurane and then injected with a mixture
of Ketamine (100 mg/kg) + xylazine (10 mg/kg) intraperitoneally in the
right lower quadrant. After 5 minutes of induction time, the animals are
perfusion fixed, intracardially, with 150 mL of 1X phosphate buffered
saline (PBS) and 250 mL of 4% paraformaldehyde. The left sciatic

© 2017 Wolters Kluwer Health, Inc. All rights reserved.

nerve and the spinal cord from L2 to L4 segments were dissected.
The sciatic nerve and spinal cord segment was washed twice in 1X
PBS after isolation from the animal. The tissue is immediately frozen
with OCT using dry ice. Sciatic nerve and spinal cord cross sections
are made at 30 microns with cryostat and serially mounted on glass
slides. The sections are immediately examined under the Nikon
AZ100M wide field fluorescent microscope using the DAPI filter to
examine fast blue fluorescent tracer (excitation, 365 nm; emission,
420 nm). The neuronal cells with identifiable nucleus were counted
in every 10th section of the spinal cord. Fast blue labels the cytoplasm
producing intense blue fluorescence with a central dark nucleus. Some
cells also had nuclear staining with white to bluish fluorescence.

Behavioral Testing

Behavioral assessments were performed at 3 days followed by
weekly intervals up to 12 weeks, postoperatively. Animals were not
tested earlier to allow adequate time to recover from the effects of
ketoprofen administration at the time of surgery. People blind to the
treatment assessed behavioral measurements in an effort to eliminate
possible bias. Each animal underwent the foot fault (FF) asymmetry
and sciatic functional index test at each time point. In addition, each an-
imal that was behaviorally assessed underwent electrophysiology test-
ing (CAP recordings) at the time of surgery.

FF Asymmetry Score

Animals were allowed to roam freely on a wire mesh grid mea-
suring 45 x 30 cm, with square openings measuring 2.5 x 2.5 cm.
The grid was elevated 2 cm above a solid base. Trials of 50 total steps
for each hind limb were recorded for each animal individually. A full
fault was recorded if the animal's hind limb fell through the opening
in the grid and touched the floor. A partial fault was recorded in the
event that the animal's hind limb fell through the opening but did not
touch the floor. We calculated a composite FF score using the previ-
ously reported and following equation'®?®: composite FF score = (n
partial faults x 1) + (n full faults x 2), %FF = (composite FF score/
total number of steps) x 100%, FF asymmetry score = %FF (normal
hind limb) — %FF (surgical hind limb).

Sciatic Functional Index

The Sciatic Functional Index (SFI) is a well-established measure
of sciatic function that includes both sensory feedback and motor con-
trol.'?2%27 Before surgery, rats were trained to transverse an inclined
beam into a home cage. After these initial habituation trials, the rats
would navigate the beam into their cage without hesitation. The hind
limbs were inked, such that black designated the unoperated limb
and red designated the surgical limb. Animals were placed on the
beam farthest from the cage, and 6 consecutive (3 from each limb)
foot prints were recorded. As previously published, the SFI was scored
in the following manner. Normal print length (NPL), normal toe
spread (NTS), normal intermediary toe spread (NIT), Experimental
print length (EPL), experimental toe spread (ETS), and experimental
NIT. Print length is measured from the heel to the tip of toe 3, toe
spread was measured from toes 1 to 5, and NIT was measured
from toes 2 to 4. The SFI scores were calculated using the following
formula: SFI = =38.3([EPL — NPL]/NPL) + 109.5([ETS — NTSJ/
NTS) + 13.3([EIT — NIT]/NIT) — 8.8. An SFI score of —100 or less
indicates complete loss of sciatic nerve function, and scores of —10
or greater indicate normal sciatic nerve function.

Histology

We performed analysis of axonal counts using an immunohisto-
chemistry staining technique on a subset of rats (n = 54) in each group
(control, PEG, and PEG [device]) at 3 separate time points [1 week

www.annalsplasticsurgery.com | 593


http://www.annalsplasticsurgery.com

Riley et al

Annals of Plastic Surgery o Volume 79, Number 6, December 2017

(n = 6/group), 4 weeks (n = 6/group), and 12 weeks (n = 6/group)]. Im-
munohistochemical staining was performed using commercial antibod-
ies specifically directed against choline acetyltransferase (Millipore,
Temecula, Calif). Formalin-fixed, paraffin-embedded tissues were sec-
tioned at 5 mm, placed on slides, and warmed overnight at 60°C. Slides
were deparaffinized and rehydrated with graded alcohols ending in
Tris-buffered saline (TBS-T Wash Buffer; LabVision, Freemont, Calif).
Heat-mediated target retrieval was performed in 1X Target Retrieval
Buffer (DAKO, Carpinteria, Calif) using a Decloaking chamber
(BioCare Medical, Concord, Calif) with the following settings: SP1 at
125°C for 1 minute and SP2 at 90°C for 10 seconds. Slides were then
removed from the chamber and allowed to cool on the bench for
20 minutes, after which they were placed in TBS-T for at least
3 minutes before proceeding. Endogenous peroxidases were blocked
by incubation in 3% H202 (Fisher, Suwanee, Ga) in TBS-T for
40 minutes. Nonspecific background (40 minutes), secondary (30 mi-
nutes), and tertiary labeling (30 minutes) of target was accomplished
by use of Vector ABC Elite Goat IgG kit (Vector Laboratories, Burlin-
game, Calif). Primary antibody to choline acetyltransferase was used at
1:200 for 1 hour. Slides were rinsed with TBS-T between each reagent
treatment, and all steps were carried out at room temperature. Visualiza-
tion was achieved with DAB+ chromogen (DAKO). Slides were coun-
terstained with Mayer's hematoxylin, dehydrated through a series of
alcohols and xylenes, and then coverslipped with Acrytol Mounting
Media (Surgipath, Richmond, I11).

Diffusion Tensor Magnetic Resonance Imaging

We performed diffusion tensor magnetic resonance imaging
(MRI) on each group. Nerves were harvested immediately after repair
for imaging.

Tissue Sample Preparation

After 24 hours of postfixation, excised nerves were placed in
PBS + 2 mM Gd-DTPA (Magnevist; Bayer HealthCare, Wayne, NJ)
at 4°C for at least 24 hours before imaging. For imaging, excised nerves
were trimmed to 1 cm in length (with the injury site centered) and
placed in a 2-mm outer diameter glass capillary tubes filled with a
perfluoropolyether liquid (Fomblin; Solvay Solexis, Thorofare, NJ)
for susceptibility matching, preventing tissue dehydration, and a
signal-free background. For higher throughput, 6 excised sciatic nerves
in a hexagonal arrangement were imaged simultaneously. Hind limb
samples were postfixed for a period of 1 week, followed by at least
1 week of washing in PBS + 2 mM Gd-DTPA before imaging. For im-
aging, hind limbs were placed in MR-compatible tubes filled with
perfluoropolyether liquid.

Diffusion Tensor MRI

The MRI was performed on a 4.7-T 31-cm horizontal bore
Agilent DirectDrive scanner (Agilent Technologies, Santa Clara, Calif)
using a 38-mm Litz quadrature coil (Doty Scientific, Columbia, SC) for
radiofrequency transmission and reception. For excised nerve imaging,
field of view =9.6 x 9.6 x 12 mm3 and matrix size =96 x 96 x 32 for
a nominal resolution of 100 x 100 x 375 mm3 (375 mm along the
nerve). For hind limb imaging, field of view = 48.0 x 25.6 x
28.8 mm3 and matrix size = 192 x 128 x 144 for a nominal resolution
of 250 x 200 x 200 mm3 (250 mm along the nerve). Diffusion tensor
imaging (DTI) data were acquired using a 3D diffusion-weighted spin-
echo sequence with TR/TE of 170/23.0 milliseconds and 12 signal av-
erages for excised nerves, and TR/TE of 170/22.1 milliseconds and
2 signal averages for hind limbs. Diffusion weighting was achieved with
6/A = 4/12 milliseconds, prescribed b-value = 2000 seconds/mm?2, and
6 directions. One b = 0 image was acquired for a total of 7 images in a
scan time of 12 hours.
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DTI Postprocessing and Analysis

Image data reconstruction was performed in MATLAB
(Mathworks, Natick, Mass), and DTI analysis was implemented using
ExploreDTI. During reconstruction from k-space data, 3D image vol-
umes were zero-padded 2x in each direction. Then, a diffusion tensor
for each voxel was estimated using a linear least-squares approach.
From the diffusion tensor, DTI metrics including fractional anisotropy
(FA) and mean, axial and radial diffusivity (mean diffusivity [MD], ax-
ial diffusivity, and radial diffusivity, respectively) were computed on a
voxel-wise basis, and DTI tractography was performed.

Statistical Analyses

All statistical analyses were performed using GraphPad Prism
(GraphPad Software, San Diego, Calif). To compare CAPs, MR DTI,
and retrograde tracer analysis, we used a Kruskal-Wallis with Dunn's
multiple comparison test. Behavioral tests (fault asymmetry [FF] and
SFI scores) were compared using a two-way analysis of variance with
the Bonferroni multiple comparison method. This allowed for specific
comparisons between treatment and control groups. For motor axon
counts, we used a Student 7 test to compare specific groups. All P values
were two-tailed. All means were reported with their respective standard
error values (mean + SE).

RESULTS

Electrophysiology of Sciatic Nerves

The CAPs were evaluated at 2 time points: preinjury and
postrepair (Fig. 3). The CAPs were recorded by stimulating the entire
rat sciatic nerve. To prevent possible electrical stimulation across the
injury site, the stimulating electrode was placed a minimum of 1 cm
proximal to the injury and the recording electrode 0.5 cm distal. Elec-
trophysiological studies showed that preinjury CAPs were present in all
animals (n = 54). The CAPs were associated with a twitch in the mus-
cles they innervated in the lower calf and foot. No statistically signifi-
cant differences in CAP amplitudes were detected between control
(mean: 2.46 £ 0.24 mV, n = 18), PEG (mean: 2.33 £ 0.21 mV,
n = 18), and PEG [device] groups (mean: 2.34 + 0.21 mV, n = 18) be-
fore complete transection of the rat sciatic nerve. After 100% transec-
tion and repair of the sciatic nerve, no CAPs were recorded in any
control animals. By contrast, we found that 72% (13/18) of PEG and
83% (15/18) of PEG (device) animals had restored CAP function
within minutes after repair and application of PEG (Fig. 3A).
Postrepair CAP recordings for both PEG (mean: 0.80 + 0.18 mV) and
PEG (device) (mean: 0.96 + 0.17 mV) groups were significantly
decreased compared with their respective preinjury CAP amplitudes,
however, both exhibited a statistically significant improvement in-post
repair CAP amplitudes (P < 0.001 and P < 0.001, respectively)
compared with controls (Fig. 3B). No statistical difference was found
between PEG and PEG (device) postrepair CAP recordings.

Retrograde Labeling of Spinal Motor Neurons

Fast blue, a fluorescent retrograde label, was used to assess axo-
nal continuity as well as intra-axonal transport across the injury site in
uncut (n = 6), control (n = 6), PEG (n = 6), and PEG (device) (n = 6)
nerves. Fluorescent spinal motor neurons labeled by fast-blue tracer
were counted from L2 to L4 of rat spinal cords (Fig. 4). Morphological
data showed that the fluorescent label was transported intracellularly in
all uncut nerves (mean, 179.83 + 14.74). However, only a minimal
number of spinal motor neurons were labeled in control animals (mean,
2.33 £ 1.96). The PEG animals were associated with a statistically sig-
nificant (P < 0.05) increase in the number of retrograde labeled cells
(mean: 38.50 £ 9.45, n = 6). Using the delivery device, PEG (device)
animals showed an even higher statistically significant increase
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FIGURE 4. Fast blue retrograde labeling of sciatic spinal motor neurons. Representative cross sections taken from L2 to L4 of the spinal
cord showing neuronal cells labeled with fast blue retrograde tracer from an (A) uncut control, (B) control, (C) PEG, and (D) PEG
(device) animal. Fluorescent spinal motor neurons (mean + SE) were counted from 150 cross sections (E). The PEG and PEG (device)
groups (E) were associated with a statistically significant increase (P < 0.05 and P < 0.01, respectively) in the number of fast-blue

labeled cells.

(P < 0.01) in the number of labeled spinal motor neurons (mean:
53.50 £ 11.45, n = 6) compared with control animals. The number of
labeled cells in both PEG and PEG (device) animals were significantly
less (P < 0.001) compared with uninjured nerves.

DTI of Surgically Repaired Sciatic Nerves
The DTI of excised sciatic nerves (Fig. 5) were assessed at 3 re-
gions of interest (ROI): repair site, S mm proximal, and 5 mm distal. A
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margin of approximately 100 pm around the exterior of the nerve was
excluded to prevent partial volume effects and eliminate suture material
in ROI calculations. The FA and MD were used to evaluate each ROI.
The FA did not statistically differ in either the proximal or distal ROIs
among control (n = 6), PEG (n = 6), and PEG (device) (n = 6) groups.
All animals were associated with decreased FA at the site of injury com-
pared with the proximal ROI. However, PEG and PEG (device) groups
were associated with significantly higher FA at the repair site (P < 0.05
and P < 0.01, respectively) compared with controls. As expected,
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FIGURE 5. Diffusion tensor tractography of fixed rat sciatic nerves. A, Representative tractography of transected nerves harvested
immediately after repair: control (left), PEG (middle), and PEG (device) (right). Green arrows indicate zone of repair. B, The FA and
(C) number of tracts (mean + SE) at the site of injury displayed significant increases in PEG and PEG (device) groups.
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control animals were associated with the lowest value of MD and
highest value of radial diffusivity of the 3 groups. Continuous fiber
tracking was achieved by creating seed points at the 5 mm proximal
ROI and tracing through the repair site until the 5 mm distal ROI
(10 mm tract length). Representative tractography images (Fig. 5SA)
show that axonal tracts do not extend more than a couple millimeters
distal to the repair site in control nerves. The PEG (mean:
38.17 £ 7.68, n = 6) and PEG (device) (mean: 53.83 + 7.68, n = 6)
groups both exhibited a statistically significant increase in the number
of tracts that travelled through the repair site (P <0.05 and P <0.01, re-
spectively) compared with controls (mean: 1.17 + 1.17, n = 6)
(Fig. 5B). However, both PEG and PEG (device) groups showed a
significant amount of tract discontinuities at the repair site.

Immunohistochemistry of Sciatic Nerves

Motor axons stained for choline acetyltransferase were counted
from paraffin-embedded cross sections from animals that underwent
electrophysiology and behavioral assessments at 1 week (n = 18),
4 weeks (n = 18), and 12 weeks (n = 18) postoperatively for control,
PEG, and PEG (device) groups (Fig. 6). Axons outside the epineurium
were eliminated for counting purposes. Counts were made from 10x
photomicrographs of cross sections 5 mm proximal and 5 mm distal
to the repair site by the presence of choline acetyltransferase stain. Axon
counts in the proximal section of sciatic nerve did not differ signifi-
cantly between any of the groups at any time point (1 week, 4 week,
and 12 weeks). In the distal stump, PEG nerves demonstrated a signif-
icant increase in the number of axons compared with controls at 1 week
and 4 weeks postoperatively (P < 0.01), but not at 12 weeks. The PEG
(device) nerves had a significant increase in the number of motor axons
distal to the repair site at 1 week, 4 weeks, and 12 weeks postoperatively
compared with control nerves (P < 0.001, P <0.001, and P < 0.01, re-
spectively). Furthermore, PEG (device) animals displayed a statistically
significant increase in distal motor axon counts at 4 weeks and 12 weeks
postoperatively compared with PEG animals. Control, PEG, and PEG
(device) animals all displayed a decrease in distal axons counts from
1 week to 4 weeks postoperatively (28%, 36%, and 8%, respectively).
This decline was followed by an increase in the number of distal axons
at 12 weeks postoperatively for all groups.

Representative photomicrographs imaged at 20x, show differ-
ences in motor axon morphology between each of the 3 groups at
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FIGURE 6. Motor axon counts (mean + SE) from cross sections
both proximal and distal to the repair site at 1 week, 4 weeks,
and 12 weeks postoperatively. The PEG (device) significantly
increased the number of distal axons compared with controls.
Significance comparisons between control and both PEG groups
are indicated by *, **, ***: P<0.05, P< 0.01, and P < 0.001,
respectively. Significance comparisons between PEG and PEG
(device) groups are indicated by #, ##, ###.

596 | www.annalsplasticsurgery.com

1 week, 4 weeks, and 12 weeks postoperatively (Fig. 7). Control,
PEG, and PEG (device) groups at 1 week all contain axons of increased
axonal caliber and uneven staining. Control nerves at 4 weeks postop-
eratively (Fig. 7B) on average seems to be composed of axons of
significantly smaller diameter that appear mostly around the inner
edges of the epineurium. The PEG and PEG (devices) cross sections
at 4 weeks (Fig. 7E, H) are composed of 2 populations of motor
axons: large diameter and small diameter axons distributed evenly
throughout the epineurium. At 12 weeks, postoperatively control
nerves display a more uniform distribution of axons, however, as
reflected in the axon counts (Fig. 6) PEG and PEG (device) nerves
have a more dense distribution of axons within the epineurium.

Behavioral Evaluations of Sciatic Nerve Function

Behavioral assessments were evaluated from 3 days to 12 weeks
postoperatively via the FF asymmetry (Fig. 8A, B) and SFI (Figs. 8C, D).
Before surgery animals participated in habituation trials to acclimate
as well as establish baseline control data. The FF and SFI scores
ranging from —10 to +10 represent normal sciatic nerve function. To
prevent possible bias, behavioral testers were blinded to the surgical
protocols of each animal. In addition, all FF scores showed a
statistically significant correlation (> = 0.56, P < 0.001) with SFI
scores graphed for each individual animal at all time points (Fig. 8E).
Control animals demonstrated minimal behavioral recovery, with FF
and SFI scores ranging from —94 to —72 and —101 to —84, respectively.
The PEG animals demonstrated significantly improved FF scores at all
but 1 time point (5 W; P = 0.062) compared with controls. The SFI
scores showed a similar trend with PEG animals showing significantly
improved scores at all time points (P < 0.05). The PEG (device)
animals demonstrated statistically significant recovery of SFI and FF
scores at all time points (P < 0.01) compared with controls.

Correlations Between Immunohistochemistry and
Behavioral Assessments

Correlations between motor axon counts and SFI scores were
evaluated at 1 week, 4 weeks, and 12 weeks (Fig. 9) postoperatively.
A significant correlation was demonstrated at both 1 week (2 = 0.56,
P <0.001) and 4 weeks (+* = 0.65, P < 0.001). However, this positive
correlation was lost at 12 weeks (r2 =0.05, P> 0.05). The loss of cor-
relation at 12 weeks is due in large part to the increase in the number of
motor axons in control animals with a lack of improvement in behav-
ioral function, suggesting that the increased number of motor axons
are not reestablishing functional connections with their respective mus-
cle targets. However, a few outliers showing improved behavioral func-
tion with a lack of increased motor axon counts could point to axonal
pruning. Further examination at the neuromuscular level is needed
to confirm.

DISCUSSION

Because of the variety of fair to poor outcomes after traumatic
injury to peripheral nerves in civilian and military populations, a sub-
stantial amount of research is being conducted to manipulate regen-
eration mechanisms in the hopes of improving clinical outcomes.
Regardless of half a decade's worth of intense investigation, results
after peripheral nerve injury are rather discouraging, with less than
50% of patients with proximal nerve injuries regaining “useful” func-
tion.* Currently, research strategies into peripheral nerve injury fall
into 2 major categories: techniques to enhance axonal regeneration
and techniques to decrease environmental inflammation. All of these
experimental methods still rely on axons regenerating toward their
end organ at a slow and lengthy rate of approximately 1 mm/d. A pro-
cess that as previously mentioned often results in debilitating life-
long disability.
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FIGURE 7. Representative photomicrographs of paraffin embedded cross section used for counts generated in Figure 4. Control (A-C),
PEG (D-F), and PEG (device) (G-I) stained for choline acetyltransferase to label motor axons at 1 week (A, D, G), 4 weeks (B, E, H), and

12 weeks (C, F, I) postoperatively.

The aforementioned data suggest that PEG fusion may provide
the ability to rapidly re-establish functional connections as well as res-
cue the distal stump from undergoing Wallerian degeneration. The loss
of CAP (rodents) and electromyography (humans) signals are the ear-
liest signs of axonal injury (ie, Wallerian degeneration).” 3" These
experiments further demonstrate that PEG directly restores electro-
physiological functions immediately after surgical intervention. Fur-
thermore, similar results were found using DTI as a diagnostic tool to
verify the success of axonal fusion instantly after repair. The uptake
of fluorescently labeled retrograde tracer in spinal motor neurons sug-
gest that not only is axonal continuity maintained in the days after sur-
gery, but that intra-axonal transport systems undergo rapid restructuring
in successfully PEG-fused axons. A concern at the moment is that CAP
amplitudes, number of fluorescently labeled cells, and DTI injury tracts
in post PEG-fused animals are decreased compared with baseline con-
trols. These findings suggest that PEG does not completely restore con-
tinuity to all axons within the epineurium. However, it does suggest
restoration of a subset of axonal connections. The inability to have com-
plete fusion of all axonal connections is most likely a result of surgical
limitations to properly align axons within micrometers of one another
as required for plasmalemmal fusion to occur. Therefore, we hypothe-
size that the percentage of axons displaying successful fusion depends
heavily on the ability to achieve superior juxtapositioning before appli-
cation of PEG.

Although immediate enhancement of nerve function is the goal
of PEG fusion, it is vital that these connections maintain permanent vi-
ability. The histological findings from these studies suggest that motor
axon counts within the epineurium are significantly increased within
1 week and maintained until 12 weeks postoperatively. The significant
increase in the number of motor axons in PEG and PEG (device) ani-
mals at 1 week postoperatively compared with controls suggests that
the process of Wallerian degeneration is prevented within a subset of
successfully fused axons. The findings at 4 weeks and 12 weeks postop-
eratively suggest that axons initially preserved from Wallerian degener-
ation remain permanently viable. Although the data suggest that axonal
fusion occurs at the cellular level, it certainly does not suggest that these

© 2017 Wolters Kluwer Health, Inc. All rights reserved.

axons are fusing with regard to individual axon specificity. Further-
more, it is possible that proximal portions of motor axons are fusing
with distal portions of sensory axons. Currently, no evidence exists to
suggest whether distal portions are reorganized by proximal portions,
proximal portions are reorganized by distal portions, or whether higher
central nervous system centers undergo rapid relearning.

Although morphological data is important to understanding the
mechanism behind enhanced outcomes following PEG fusion, behav-
ioral evaluations are often considered the most vital assessment of nerve
function. Our data indicate that PEG significantly improves behavioral
outcomes up to 25% by 3 days, 50% by 5 weeks, and is maintained until
12 weeks postoperatively according to the FF asymmetry and SFI. Cor-
relations between behavioral assessments and motor axon counts sug-
gest that further examination at the neuromuscular level is warranted.
Our data indicate a significant correlation between the number of motor
axons and behavioral outcomes at 1 and 4 weeks. However, this corre-
lation is lost at 12 weeks postoperatively. This lack of correlation at
12 weeks is currently not understood and could be evidence of axonal
pruning or nonfunctioning neuromuscular junctions. Previous studies
in rodent models suggest an impaired capacity of regenerating axons
to remake functional connections 8 weeks after injury. Therefore,
the loss in correlation between axon counts and behavioral outcomes
may be because of regenerating axonal outgrowths inability to re-
establish functional connections with their respective muscle targets
after 8 weeks postoperatively.

Surgical interventions to repair peripheral nerve injury have
much better outcomes if completed earlier rather than later. Unfortu-
nately, peripheral nerve injury is not often treated surgically within
the ideal window for surgical intervention.?>! In large part, this is be-
cause of the fact that no diagnostic test exists to differentiate between
different grades (specifically Sunderland types Il and IV) of nerve in-
jury.® Peripheral nerve injury does not have criterion standard diagnos-
tic imaging studies. High-resolution ultrasound has shown the ability to
accurately identify transected nerves, however, traumatic injuries have
proven difficult for diagnosis using ultrasonography because of large
hematomas, extensive skin lacerations, edema, and disruption of the

www.annalsplasticsurgery.com | 597


http://www.annalsplasticsurgery.com

Riley et al

Annals of Plastic Surgery o Volume 79, Number 6, December 2017

FF Score

SFl Score

0 | --a--Cut+ Suture
-20 -| —®— Cut + Suture + PEG
—a&— Cut + Suture + PEG (Device)

FF Score
&
o

-160 -140 -120 -100

-80 -60 -40 -20 0

SFl Score

FIGURE 8. Behavioral assessments of sciatic nerve function according to the FF asymmetry test (A, B) and sciatic functional index (C, D). The FF and
SFI scores (A, C: mean * SE) were assessed from 3D to 12 weeks postoperatively for 3 groups: control (black dotted line), PEG (light-gray dotted
line), and PEG (device) (dark gray solid line). Individual animals (B, D) for all 12 weeks animals were graphed according to the aforementioned
group color scheme. E, Behavioral correlates indicate a highly significant (P < 0.001) positive correlation between SFl and FF scores.

normal anatomy. Furthermore, no studies have shown the ability of high-
resolution ultrasonography to detect early nerve regeneration, which
ultimately would indicate whether additional surgical intervention is
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FIGURE 9. Correlation between motor axon counts (Fig. 6)
and SFl score (Fig. 8) at 1 week (n = 18), 4 weeks (n = 18),
and 12 weeks (n = 18) postoperatively. At 1 week and 4 weeks
postoperatively, animals showed a significant correlation
between distal axon counts and functional recovery. At

12 weeks postoperatively, no significant correlation between
axon count and behavioral assessment was found.
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required. DTT is an imaging modality that could revolutionize nerve in-
jury evaluation. DTI yields quantitative metrics that report axonal integ-
rity and demyelination. Here, we present findings that high-resolution
DTl is not only capable of noninvasively detecting complete nerve tran-
section but also capable of validating the success of PEG-fusion post-
surgical intervention. The data suggests that DTI could have vast
implication as a diagnostic tool in determining whether a nerve fusion
was a success or failure. Although similar methods exist to assess mor-
phological continuity (electrophysiology, histology, and fluorescent
tracers), DTI is unique in that it has potential as in vivo method that
is capable of assessing axonal continuity and viability over periods of
time in the same animal. In addition, DTI is a technique that could be
readily transitioned to the clinic to assess PEG fusion and peripheral
nerve regeneration. A current limitation of PEG fusion is that no studies
have determined the amount of time following injury that axons can be
successfully fused and maintained. The use of DTI could rapidly expe-
dite the process of physicians deciding whether further surgical inter-
vention (ie, refusion) is necessary. A setback at the moment is the
large degree of variation in DTI measurements that are influenced
by confounding effects of edema and inflammation. In the future,
the use of multicompartment diffusion-MRI models may help isolate
these effects and deliver more consistent results among groups. In ad-
dition, nerves scanned for DTI in this study were excised and fixed.
However, preliminary data not presented on amputated rat hind limbs
have revealed success with only minor complications from surround-
ing tissue and edema.
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The importance of a simplified PEG-fusion delivery device is
evident from previous inconsistencies in functional, behavioral, and his-
tological studies using PEG.!*?!'"?3 Our findings suggest that while
PEG (device) animals were associated with a statistically significant in-
crease in the number of distal motor axons at 4 and 12 weeks postoper-
atively, they were not associated with a significant improvement in CAP
restoration, number of retrograde labeled cells, DTI tracts, or behavioral
outcomes compared with PEG (no device) animals. Analysis of indi-
vidual animals as seen in Figures 8B and 8D suggest that the higher
level of significance seen in PEG (device) compared with PEG animals
is due in large part to the increased consistency of successful fusions
and not necessarily the level of recovery. These data suggest inconsis-
tencies in the manual application of PEG and the need for further inves-
tigation into a simplified and more consistent method of PEG delivery.

The limited numbers of studies to date that evaluate the efficacy
of PEG fusion have occurred in an acute setting, typically within an
hour of injury. Clinically, it is more common to see nerve repairs occur
after several hours, if not days, after nerve severance. Our current stud-
ies are focused on determining the time point at which successful PEG
fusion repairs can occur and maintain long term viability after nerve
severance. The ability to determine a timeframe in which successful
PEG fusion may occur is vital to implementation of PEG fusion in a
clinical setting in the future.
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