e\ Open

€2 EXPERIMENTAL I

Detergentfree Decellularized Nerve Grafts for
Long-gap Peripheral Nerve Reconstruction

Srikanth Vasudevan, PhD*}
Jiying Huang, BS*

Barry Botterman, PhD

Hani S. Matloub, MD, FACS§
Edward Keefer, PhD{
Jonathan Cheng, MD, FACS*

Background: Long-gap peripheral nerve defects arising from tumor,
trauma, or birth-related injuries requiring nerve reconstruction are cur-
rently treated using nerve autografts and nerve allografts. Autografts are
associated with limited supply and donor-site morbidity. Allografts require
administration of transient immunosuppressants, which has substantial as-
sociated risks. To overcome these limitations, we investigated the use of
detergentfree decellularized nerve grafts to reconstruct long-gap nerve
defects in a rodent model and compared it with existing detergent process-
ing techniques.

Methods: Nerve grafts were harvested from the sciatic nerves of 9 donor
rats. Twenty-four recipient rats were divided into 4 groups (6 animals per
group): (1) nerve grafts (NG, positive control), (2) detergentfree decel-
lularized (DFD) grafts, (3) detergent decellularized grafts, and (4) silicone
tube conduits (negative control). Each recipient rat had a 3.5-cm graft or
conduit sutured across a sciatic nerve transection injury. All animals were
harvested at 12 weeks postimplantation for functional muscle analysis and
nerve histomorphometry.

Results: Histomorphometry results indicated maximum growth in NG
when compared with other groups. DFD and detergent decellularized
groups showed comparable regeneration at 12 weeks. Silicone tube group
showed no regeneration as expected. Muscle force data indicated func-
tional recovery in NG and DFD groups only.

Conclusions: This study describes a detergent-free nerve decellularization
technique for reconstruction of long-gap nerve injuries. We compared DFD
grafts with an established detergent processing technique and found that
DFD nerve grafts are successful in promoting regeneration across long-
gap peripheral nerve defects as an alternative to existing strategies. (Plast
Reconstr Surg Glob Open 2014;2:¢201; doi: 10.1097/GOX.0000000000000118;
Published online 14 August 2014.)

common, accounting for approximately 2.8%
of all traumatic injuries leading to lifelong
disabilities.! Upon injury, the peripheral nervous
system has an inherent capacity to regenerate to a

Peripheral nervous system injuries are very
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certain extent. In cases of severe injury, such as long-
gap defects measuring =3 cm, the outcome of treat-
ment is often unsatisfactory.?* The “gold standard”
for treating long-gap injuries uses autologous nerve
grafts (autografts) obtained from the patient’s own
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body. Although there are many benefits of using au-
tografts, limitations such as donor-site morbidity and
inadequate supply have led to the search for alterna-
tive treatment strategies.**

Allogeneic nerve grafts (allografts) are a proven
clinical substitute for autografts. They are readily
available and contain cellular and structural com-
ponents similar to autografts that support nerve re-
generation.” Even though allografts support nerve
regeneration, their major limiting factor is the re-
quirement for systemic immunosuppression. This
exposes patients to risks of infection, toxicity, malig-
nancy, and other complications.®’

There is an increasing interest in decellular-
ized nerve grafts for peripheral nerve repair.”*!°
Decellularized nerve grafts have intact basal lam-
ina and extracellular matrix proteins to support
nerve regeneration. The advantage of decellular-
ized nerve grafts is that the cellular components
from the nerve tissues are eliminated, overcom-
ing the issue of antigenicity.'""'? Some of the exist-
ing nerve decellularization techniques include (a)
cold preservation; (b) freezing and freeze-thaw; (c)
chemical detergent clearing; and (d) irradiation
technique.'”'" Although initial results have been
promising, decellularized nerve grafts are still lim-
ited by disrupted endoneurial tubes, damaged basal
lamina, poor axonal regeneration, and reduced dis-
tance of regeneration, which hinder their use for
long-gap nerve repair.”"

In this work, we sought to develop a detergent-
free nerve decellularization technique to obtain
functional regeneration across a 35-mm long nerve
gap in a rat model of peripheral nerve injury. We
also compared our detergent-free technique with es-
tablished detergent-processed nerve grafts for recon-
structing a long-gap nerve injury.

MATERIALS AND METHODS
All animal procedures were performed as per
approved Institutional Animal Care and Use Com-
mittee protocols of the University of Texas South-
western Medical Center at Dallas, Texas. Rats were
anesthetized using intraperitoneal injection of ket-

Disclosure: The authors have no financial inter-
est to declare in relation to the content of this article.
This work was conducted with support from UT
Southwestern Clinical and Translational Alliance
for Research and National Institutes of Health/
National Center for Advancing Translational Sci-
ences (grant number UL1ITR0O00451). The Article
Processing Charge was paid for by the authors.

PRS GO ¢ 2014

amine hydrochloride (75mg/kg)/dexmeditomi-
dine hydrochloride (0.5mg/kg) cocktail. Animals
were euthanized with intraperitoneal injection of
sodium pentobarbital (120mg/kg).

Sciatic Nerve Harvest

Sciatic nerves were harvested from both hind
limbs of 9 donor rats (male, Lewis, >350g). Rats
were anesthetized as described above and both hind
limbs were shaved and sterilized using alcohol prep
pads and povidone-iodine 3 times. Under aseptic
conditions, the skin was incised using a scalpel, and
the sciatic nerve was exposed by a thigh muscle-
splitting procedure. The entire length of the sciatic
nerve from the sciatic notch to the distal trifurca-
tion was dissected and harvested, yielding nerves
measuring approximately 4.2 cm in length. All nerve
processing was performed under sterile conditions.
After nerve harvest, donor animals were euthanized
as noted above.

Detergent-free Decellularized Nerve Grafts

Detergent-free decellularized (DFD) nerve
grafts were obtained using a protocol developed
in our laboratory. Freshly harvested sciatic nerves
were rinsed in a solution containing Dulbecco’s
modified Eagle medium (DMEM, Gibco) with 10%
fetal bovine serum (HyClone) and 4% penicillin/
streptomycin/amphotericin B (Antibiotic-Antimy-
cotic, Gibco). Nerves were secured to sterile rubber
holders (5 x1 x 1 cm) using 10-0 nylon suture (ARO-
Surgical) for maintaining nerve length throughout
graft processing.

Nerves were transferred into 15-ml conical tubes
containing 7-ml DMEM with 10% fetal bovine se-
rum and 2% penicillin/streptomycin/amphotericin
(DMEM-10) and were cultured at 37°C with 5% CO,
for 2 weeks under constant agitation. During the cul-
ture period, 3ml of medium was replaced with 3.5ml
of fresh DMEM-10 every 3 days to replenish nutri-
ents in the medium. This process was performed
to initiate Wallerian degeneration (WD) in vitro to
clear axonal and myelin debris inside the nerves.

After the 2-week culture period, nerves were
transferred to new 15-ml conical tubes containing
phosphate-buffered saline (PBS) and kept for 1
week at 37°C with 5% CO, under constant agitation.
This process was used to decellularize the nerves by
abruptly terminating nutrient supply.

Once the processing was complete, DFD grafts
were stored at 4°C until implantation. At the time
of implantation, DFD grafts were trimmed to 3.5cm
length and implanted in reversed orientation across
transected right sciatic nerves as described below.
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Sample DFD grafts were processed for histologic
assessment. Processed grafts were immersion fixed
in 4% paraformaldehyde overnight and washed in
PBS. Nerves were embedded in optimal cutting tem-
perature compound and snap frozen in liquid nitro-
gen for cryosectioning. Cross-sections were blocked
with 4% goat serum (Life Technologies) and stained
with mouse anti-laminin B2 gamma 1 (D18) primary
antibody (Abcam, ab80581, 1:300) and goat anti-
mouse Alexa Fluor 488 secondary antibody (Molecu-
lar Probes, A11017, 1:300). For imaging myelin and
cellular components in DFD-processed grafts, sam-
ples were immersion fixed in 3% glutaraldehyde,
postfixed in osmium tetroxide and embedded in
Araldite 502. Ultrathin sections were stained using
uranyl acetate-lead citrate solution for high-magni-
fication imaging using transmission electron micros-
copy (TEM, FEI Tecnai G2 Spirit Biotwin)."

Detergent Decellularized Grafts

For processing detergent decellularized (DD)
grafts, established protocols by Hudson et al** and
Neubauer et al'® were used to perform detergent
processing and to eliminate chondroitin sulfate pro-
teoglycans. All reagents used were purchased from
Sigma-Aldrich Chemicals, unless specified. Freshly
harvested sciatic nerves (4.2cm) were placed in
Roswell Park Memorial Institute medium to clear
connective and fatty tissues. As described previously,
nerves were secured to sterile rubber holders (5x1 x
1 cm) using 10-0 nylon suture for maintaining nerve
length throughout the decellularization process.

Detergent processing was performed first to de-
cellularize the nerves. Nerves were placed in 15-ml
conical tubes containing deionized distilled water
and agitated at 25°C for 7 hours. Table 1 describes
the formulation of buffers and solutions used for DD
graft processing. Following deionized water wash,
the nerves were transferred to 15-ml conical tubes
containing sulfobetaine-10 buffer and agitated at

25°C for 15 hours. Nerves were rinsed with washing
buffer for 15 minutes. The washing buffer was re-
placed with SB-16 buffer, and the nerves were again
agitated at 25°C for 24 hours. Nerves were rinsed in
washing buffer 3 times for 5 minutes each. Nerves
were then transferred into new 15-ml tubes contain-
ing SB-10 buffer and agitated at 25°C for 7 hours
and rinsed with washing buffer for 15 minutes. The
washing buffer was replaced with SB-16 buffer and
agitated at 25°C for 15 hours, followed by 3 washes
with 10mM phosphate-50 mM sodium buffer for 15
minutes each.

Following detergent processing, treatment with
chondroitinase ABC was performed to eliminate
inhibitory chondroitin sulfate proteoglycans.'
Detergent-processed nerves were incubated in
PBS containing 2U/ml chondroitinase ABC for
16 hours at 37°C and 5% CO, in a cell culture in-
cubator. To complete the process, the nerves were
washed using cold Ringer’s solution 3 times for 15
minutes each and stored in Ringer’s solution at 4°C
until implantation. At the time of implantation, DD
grafts were trimmed to 3.5 cm length and implant-
ed in reversed orientation across transected right
sciatic nerves as described below.

Experimental Setup

Twenty-four rats (male, Lewis, 250-300g) were
randomly assigned to 4 groups: (1) nerve grafts (NG,
unprocessed grafts used as positive control, n = 6),
(2) DFD grafts (n = 6), (3) DD grafts (n = 6), and
(4) silicone tube (ST) conduits (1.6mm internal
diameter, negative control, n = 6). All groups were
assessed at 12 weeks postimplantation to measure
gastrocnemius muscle tetanic tension and wet mus-
cle mass and to obtain distal sciatic nerve samples for
histomorphometry.

In recipient rats, the right sciatic nerve was ex-
posed using a thigh-splitting approach under anes-
thesia. The sciatic nerve was transected at midthigh

Table 1. Formulations Used for Preparing Buffers and Detergent Solutions

S. No. Buffer Solution Formulations
1 10mM Phosphate-50 mM sodium buffer 1.86g NaCl
0.262 g NaH,PO,-H,0
9.17g Na,HPO - 7H.O
AddDIHOto1L
2 50mM phosphate-100 mM sodium buffer (wash buffer) 0.56g NaCl
1.31g NaH,PO,-H,O
10.85g Na,HPO -7H,O
Add DIH,Oto 1 L
3 SB-10 solution 125 mM Sulfobetaine-10
10mM Phosphate-50 mM sodium buffer
4 SB-16 solution 0.6 mM Sulfobetaine-16
0.14% Triton X-200
10 mM Phosphate-50 mM sodium buffer
DI, deionized.



(1 cm proximal to trifurcation) and reconstructed
using 3.5-cm-long reversed nerve graft (NG, DFD,
and DD) or 3.5-cm-long hollow ST conduit. In the
NG group, nerve grafts were implanted immediate-
ly after harvest from donor rats. For accommodat-
ing the long length of grafts/conduits, constructs
were looped around the anterior head of biceps
femoris muscle as described in our previous work.'®
Nerve grafts were coapted to the proximal and
distal stumps of the sciatic nerve using 10-0 nylon
(AROSurgical) epineurial sutures under an operat-
ing microscope. In the ST group, proximal and dis-
tal stumps were placed inside the lumen of the tube
and secured using horizontal mattress sutures of
7-0 polypropylene (Ethicon). Muscles were closed
using 4-0 Vicryl sutures (Ethicon), and skin was
closed using staples (Appose ULC, 35R). Animals
were given buprenorphine, and carprofen tablets
(Rimadyl, Pfizer) were placed in the cage for post-
operative analgesia. All groups were harvested at 12
weeks postimplantation for analysis of recovery in
the gastrocnemius muscle and regeneration in the
distal sciatic nerve.

Gastrocnemius Tetanic-specific Tension and Wet
Muscle Mass

At 12 weeks postimplantation, animals were
anesthetized for evaluation of muscle functional re-
covery. Animals were immobilized in a rigid frame
consisting of a stereotaxic head holder and clamps
on the pelvis. The hind limb under study was fur-
ther stabilized with a clamp on the hind foot. The
gastrocnemius muscle in both experimental and
contralateral sides was exposed and freed from the
soleus and plantaris muscles that were excised. The
Achilles tendon was isolated with its calcaneal inser-
tion and detached from the remainder of the bone.
A 4-0 nylon suture was tied to form a loop at the ten-
don insertion and attached to a strain gauge (Kulite
BG1250) along the line of pull of the muscle for ten-
sion measurements. Stimulation of the sciatic nerve
was performed using a bipolar hook electrode placed
proximal to the nerve reconstruction. For tension
measurements, the nerve was stimulated with 100 ps
square pulses with voltage strength 3x above twitch
threshold. Muscle length was then adjusted to pro-
duce peak twitch tension, and all remaining tension
measurements were digitized and recorded at this
length (CED 1401 Plus, Signal 3.0). To determine
the peak tetanic tension that the muscle could pro-
duce, the sciatic nerve was stimulated at 100 pulses/s
for 600ms. The gastrocnemius muscles were then
harvested to measure wet muscle mass. The ratio of
experimental to contralateral muscle mass was used
for comparison among groups. For comparison of
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tetanic tension between groups, ratio of experimen-
tal to contralateral muscle-specific tension (tension
per gram of tissue) was calculated. Muscle-specific
tension and wet mass ratios were compared between
groups using Student’s ¢ test.

Semiautomated Quantitative Histomorphometry

The distal sciatic nerve stumps were harvested
for nerve histomorphometry. Nerves were prepared
as per established protocols.'”® Nerve tissues were
immersion fixed in 3% glutaraldehyde at 4°C and
postfixed using 1% osmium tetroxide. Serial dehy-
dration was performed following fixation using etha-
nol, and specimens were embedded using Araldite
502 and cut into semithin sections followed by stain-
ing with 1% toluidine blue dye and mounting onto
glass slides for imaging. Leco IA32 Image Analysis
System was used for quantification of nerve samples.
This setup was used to calculate the total fascicle area
of the nerve specimen. To calculate the total axons,
myelin width, percentage fibers, and axonal den-
sity, b randomly selected high-magnification images
(1000x) per sample were used. Data comparison was
performed using Newman-Keul’s post hoc test.

RESULTS

Characterization of DFD Grafts

Immunohistochemistry revealed intact endoneu-
rial basal lamina, shown by the maintenance of lam-
inin rings in the DFD nerve grafts as seen in Figure 1.
TEM evaluation of the DFD grafts showed myelin re-
duction and degradation, clearance of axonal com-
ponents, and elimination of cellular nuclei inside
the grafts. Through these studies, we confirmed the
degradation of myelin and the elimination of axonal
and cellular material using our in vitro detergent-
free processing technique.

Muscle Tension Recovery

Only NG (3 animals out of 6) and DFD (3 animals
out of 5 that regenerated) groups demonstrated re-
covery of gastrocnemius function upon sciatic nerve
stimulation. The DD group did not show any gastroc-
nemius contractile function. There was no signifi-
cant difference in tetanic-specific tension between
NG and DFD groups. However, wet muscle mass ra-
tio in NG group was significantly greater than that of
DFD group (Fig. 2).

Myelinated Axon Quantification Using
Histomorphometry

Total axon count, percent myelinated fibers, and
axon density were significantly higher in NG group;
DFD and DD groups showed comparable nerve re-
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Fig. 1. Anti-laminin staining of DFD nerve grafts showing intact endoneurial basal lamina. TEM image show-
ing absence of nuclei and degraded myelin as an indication that decellularization has occurred.

generation. The myelin width indicated no signifi-
cant difference in maturity of axonal myelination
among all groups (Fig. 3). There was no initiation
of nerve regeneration in the ST group, as expected
for the negative control (previously described “no
regrowth” model).'

DISCUSSION

Regeneration across long-gap peripheral nerve
injuries has been a frequently investigated research
topic due to incomplete or absent functional recov-
ery using existing modalities." Although autografts
provide partial restoration of function, reconstruc-
tion is obtained by sacrificing function at the donor
site. Other concerns of using autografts include inad-
equate supply and risk of pain or infection at the do-
nor site.” Allografts, on the other hand, are plentiful
and are supplied with the native cellular and struc-

TETANIC SPECIFIC TENSION

Expt/ Contra Ratio
(Tension / Gram of Tissue)
°

0.0-

tural components that promote nerve regeneration.
The use of allografts is limited by the strong immune
reaction induced upon implantation into the recipi-
ent. To overcome this, systemic immunosuppression
is required, which places the patient at risk of infec-
tion, malignancy, toxicity, and other complications."
Synthetic nerve conduits have been used to over-
come the disadvantages associated with autografts
and allografts but are limited to noncritical defects
(<8cm) and are susceptible to misdirected target
reinnervation.” Because the above-mentioned strat-
egies for nerve repair have substantial associated
drawbacks, decellularized nerve grafts have been in-
creasingly favored by peripheral nerve surgeons.
Decellularized nerve grafts possess structural
components for supporting nerve growth, minimal
immunogenicity, and ready availability, which make
them a suitable alternative for nerve reconstruc-
tion."? Clinical use of decellularized nerve grafts for
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Fig. 2. Muscle tetanic-specific tension ratio and wet muscle mass ratio comparison between NG and DFD groups. Stu-

dent’s t test was used for statistical analysis.
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Fig. 3. Quantitative histomorphometry comparison among NG, DFD, and DD groups. Total axons, myelin width, percent-
age fibers, and axonal density were used for comparison. Newman-Keul’s post hoc test was used for statistical analysis.

extremely large critical defects (~7cm) is being per-
formed without sufficient experimental evidence,?
and to date, there have been no animal studies show-
ing functional nerve regeneration across critical de-
fects (=3 cm) using decellularized nerve grafts.
Currently available options that use chemical de-
tergents for decellularization of tissues can have toxic
side effects if the detergents are not completely elimi-
nated after processing.”*** Because lipids are the ma-
jor constituents of peripheral nerve myelin,?* residual
chemical detergents from decellularized nerve grafts
theoretically could hinder myelin formation and im-
pair long-term maintenance of the myelin sheath.
On the other hand, freeze-thaw techniques can be
employed to avoid the use of chemicals, but they have
their own limitations. Freeze-thawing kills the cells
but does not eliminate their residue. Freeze-thawed
nerves possess critical length limitations (2-3 cm),™
and the rapid tissue expansion and contraction as-
sociated with the freeze-thaw process can damage the
continuity of the basal lamina and thereby impede
axonal regeneration across a long nerve gap defect.
To overcome the limitations associated with cur-
rently available processing techniques, we inves-
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tigated a detergentfree-processed nerve graft for
reconstructing a 3.5-cm long-gap nerve injury. Our
processing technique is inspired by WD, which is
widely known as a naturally occurring in vivo event
after nerve injury. WD occurs in the distal nerve
stump, where activated Schwann cells, along with
recruited extraneural cells, clear axonal and myelin
debris and local inhibitory factors. WD is imperative
for providing a growth-permissive environment for
regenerating axons.” Our processing technique uses
the Schwann cells contained within our nerve grafts
to degrade the residual myelin and to condition the
environment for regenerating axons.

DFD grafts were first placed in growth-supportive
DMEM-10 to support Schwann cells that are located
within the grafts,® to initiate in vitro WD. To subse-
quently eliminate these cells, we terminated the nu-
trient supply by replacing DMEM-10 with PBS. This
nerve processing protocol yielded grafts with degen-
eration of myelin and absence of axonal components
as seen by TEM (Fig. 1). We were able to maintain
intact basal lamina rings as seen in Figure 1. This
preserved endoneurial environment could provide a
natural pathway for regenerating axons.
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After axons regenerate across a nerve graft, re-
covery of muscle function is obtained when the re-
generated axons innervate the appropriate targets.
We measured gastrocnemius muscle tetanic-specific
tension and wet muscle mass to compare functional
muscle recovery following nerve regeneration across
NG, DFD, and DD groups. At 12 weeks, we observed
muscle function across NG and DFD reconstruc-
tions. There was no significant difference between
the 2 groups in terms of tetanic-specific tension, but
the wet muscle mass in NG group was significantly
higher than that of DFD group (Fig. 2). One possi-
ble reason behind the greater muscle mass recovery
in NG animals could be faster nerve regeneration
leading to earlier muscle reinnervation.?” Unpro-
cessed nerve grafts (NG group) contain all of the cel-
lular and structural components required for nerve
regeneration, which can optimize speed of nerve
regeneration and thereby minimize time of muscle
denervation, leading to reduced muscle atrophy and
higher muscle mass compared with DFD group.

We examined the distal nerve stumps to compare
nerve regeneration in NG, DFD, and DD groups us-
ing quantitative histomorphometry (Fig. 3). Param-
eters used for evaluation were total axons, myelin
width, percentage fibers, and axonal density within
the nerve. Axonal regeneration into the distal nerve
stump was observed in all 3 groups. NG group had
superior regeneration and was significantly higher
when compared with DFD and DD groups in terms
of total axons, percentage of myelinated fibers, and
axon density. This also could account for the im-
proved wet muscle mass in the NG group compared
with the DFD group as mentioned earlier. Myelin
width was comparable among all 3 groups, indicat-
ing that the maturity of myelination is similar among
regenerated axons. It is notable that the DFD and
DD groups had comparable nerve regeneration in
terms of total axons, percentage myelinated fibers,
and axon density. Even though nerve regeneration
was similar in the 2 groups (DFD and DD), muscle
functional recovery was observed only in the DFD
group. This outcome indicates that our processing
technique is more favorable for obtaining functional
nerve regeneration across a long-gap nerve defect.

CONCLUSIONS

In this work, we have demonstrated a detergent-
free decellularization technique for long-gap pe-
ripheral nerve reconstruction. By initiating WD
inside the nerve grafts in vitro, a growth-permissive
environment for regenerating axons was established.
Nerve regeneration was similar to that of detergent-
processed grafts, but our detergentfree-processed

grafts yielded functional nerve regeneration that was
not present in detergent-processed grafts.
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