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Abstract

Background Despite their ability to regenerate as well as autografts, the use of nerve allografts is limited by the need
for immunosuppression and the risk of disease transmission. Further, decellularized allografts lacking Schwann cells
limit axonal regeneration in long nerve defects. This study evaluated sciatic nerve regeneration in rats implanted

with cold- or cryopreserved allografts, and examined the effects of FK506, an immunosuppressant that targets cal-
cineurin function, on motor recovery.

Methods Sixty-five male Lewis rats were divided into five groups of 13, each with a 10-mm sciatic nerve gap. Group |
received an autograft, whereas Groups Il and lll received allografts pretreated with cryopreservation and cold preser-
vation, respectively. Groups IV and V were also implanted with cryo- and cold-preserved allografts, but were treated
with a low dose of FK506. Motor regeneration was assessed at 20 weeks by the measurement of ankle contracture,
compound muscle action potential, maximal isometric tetanic force, wet muscle weight of the tibialis anterior, pero-
neal nerve histomorphometry, and immunohistochemistry of the reconstructed sciatic nerve.

Results Similar motor recovery was observed between the autografts and both types of allografts. The groups
treated with FK506 showed improved recovery, particularly in terms of ankle angle and tibialis anterior muscle weight.
Histomorphometry revealed a superior myelinated fiber area and nerve ratio in the cold-preserved allograft group,
while Group Il displayed a less well-organized morphology.

Conclusion This study demonstrates that cold- or cryopreserved nerve allografts represent effective alternatives
to autografts for peripheral nerve reconstruction, with low-dose FK506 enhancing motor recovery without necessitat-
ing immunosuppression.

Level of Evidence | Basic Science Level I.
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Background

Nerve autografts facilitate excellent nerve regeneration,
often outperforming artificial and biological substitutes
[1-3]. However, their use is limited by donor site morbid-
ity and the limited availability of autologous nerve tissue.
Nerve allografts offer an alternative, serving as tempo-
rary scaffolds for host nerve regeneration with outcomes
comparable to those of autografts [4—6]. Further, nerve
allografts, which provide an unlimited source of graft
material, allow the repair of significant long segmen-
tal nerve injuries [7-9]. Despite these advantages, nerve
allografts have not gained widespread acceptance in
the decades since their development, owing to the need
for immunomodulatory therapy and the risk of disease
transmission [7].

Recently, decellularization of allograft nerves has
gained attention as a strategy to eliminate the need for
immunosuppressive therapy by removing the cellu-
lar components that trigger the immune response. This
process involves the removal of cellular debris, antigens,
and other immunogenic material, while preserving the
extracellular matrix, which serves as a scaffold for nerve
regeneration [10]. Recent studies have further shown that
decellularized nerve allografts can effectively support
nerve repair in short gaps. However, their application
to long-gap nerve injuries remains limited, particularly
those exceeding 3 c¢cm in size [7, 11, 12]. This is primarily
due to the absence of live Schwann cells, which are criti-
cal for axonal regeneration and remyelination [13]. Cur-
rent research is exploring methods to overcome these
limitations, such as repopulating decellularized scaffolds
with Schwann or stem cells, to enhance their regenerative
potential, and expand their clinical applicability to longer
nerve gaps.

A series of experimental studies have focused on pre-
treatment methods for peripheral nerve grafts, such as
cold preservation [14, 15] and cryopreservation [16, 17],
to decrease antigenicity or eliminate cellular components.
Evans et al. [17] previously reported that controlled cryo-
preservation can lower the immune response and reduce
graft rejection in patients undergoing procedures aimed
at preserving Schwann cell viability [17]. Squintani et al.
[16] further demonstrated that cryopreserved nerve allo-
grafts harvested from cadaveric donors can effectively
restore nerve function, without the need for immuno-
suppressive treatments in patients who require extensive
reconstruction of the brachial and lumbosacral plexuses.

FK506, also known as tacrolimus, is widely recognized
for its potent immunosuppressive effects driven by T-cell
inhibition; however, recent studies have highlighted its
significant neuroregenerative properties. These neurore-
generative effects are mediated by various pathways and
molecules, including FK binding protein 52 (FKBP 52),
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growth-associated protein 43 (GAP 43), and heat shock
protein 56 (HSP 56), all of which play critical roles in
nerve growth and repair [18-21]. Recent animal studies
have further shown that continuous low-dose admin-
istration of FK506 following sciatic nerve allografting
can result in a functional recovery comparable to that of
autografts [22, 23]. These findings underscore the thera-
peutic potential of FK506 not only as an immunosup-
pressant, but also as a potent neuroregenerative agent,
which could play a pivotal role in improving outcomes in
peripheral nerve reconstruction.

In the present study, we compared the motor recov-
ery following sciatic nerve reconstruction in model rats
separated into three different groups: autograft, cold, and
cryopreserved nerve allografts. Additionally, we investi-
gated the effects of administering a continuous low dose
of FK506 following the grafting procedure on nerve allo-
grafts pre-treated with either cold or cryopreservation.
Ultimately, our goal was to establish an effective nerve
graft substitute, through a comprehensive assessment of
motor recovery, to facilitate a better understanding of the
associated recovery mechanisms.

Methods

Experimental design

This study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Dankook University
(DKU-16-039). A total of sixty-five male Lewis (LEW)
rats and twenty-six male) rats weighing 300-400 g (10
weeks old) were used as models. Animal strains were
chosen based on strong major histocompatibility com-
plex mismatches. The LEW rats were randomized into
five groups, as follows:

+ Group I (n=13): Unilateral 10-mm sciatic nerve gap,
repaired with an ipsilateral autologous graft, serving
as the control group.

« Group II (n=13): The nerve gap was reconstructed
with a 10-mm allograft pretreated with cryopreserva-
tion in RPMI 1640 solution containing cryoprotect-
ant for 12 weeks.

« Group III (n=13): Nerve gap reconstructed with a
10-mm allograft preserved in cold University of Wis-
consin (UW) solution (SPS-1®: Orange Recovery
Systems, Inc., Chicago, IL) for 7 weeks.

« Group IV (n=13): Nerve gap reconstructed with a
cryopreserved allograft (12 weeks) and treated with
low-dose FK506 (0.1 mg/kg) until sacrifice.

+ Group V (n=13): Nerve gap reconstructed with a
UW-preserved allograft (7 weeks) and treated with
low-dose FK506 (0.1 mg/kg) until sacrifice.

The sides of the surgical procedures were randomized.
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Twenty weeks after surgery, motor nerve regeneration
was evaluated by measuring the rate of ankle contrac-
ture, compound muscle action potential (CMAP), maxi-
mal isometric tetanic force (MITF), wet muscle weight of
the tibialis anterior (TA), and through histomorphomet-
ric and immunohistochemical analyses of the peroneal
nerve.

Surgical procedure

The rats were anesthetized with isoflurane (Forane;
Choongwae Pharma, Seoul, Korea). The sciatic nerve on
the experimental side of each rat was exposed through a
lateral skin incision. Bilateral sciatic donor nerves were
harvested for pretreatment with either cold or cryo-
preservation as inlay grafts, and donor SD rats were killed
using an overdose of pentobarbital. The recipient sciatic
nerve was fully exposed from the inferior margin of the
piriformis muscle to a point 5-mm distal to the bifurca-
tion of the peroneal and distal tibial branches. Subse-
quently, a 10-mm segment of the nerve was excised and
repaired by interposing a 10-mm nerve segment obtained
from the ipsilateral side for Group I, or pretreated allo-
grafts from SD donor rats for the other groups, using
10-0 nylon epineural sutures under an operating micro-
scope. All rats had a sciatic nerve gap bridged by revers-
ing the excised nerve segment (Fig. 1).

The muscle was approximated using 4—0 absorbable
sutures, and the skin was closed using 4—0 nylon sutures.
Postoperatively, the rats were kept warm with towels, and
300 mg/kg acetaminophen (equate; Wal-Mart Stores,
Inc., Bentonville, AR, USA) was added once to the water.

Processing of the cryo-preserved nerve allograft
Twenty-six segments of the 15-mm sciatic nerve
obtained bilaterally from 26 SD rats were immersed in
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Fig. 1 Reconstruction of a 10-mm sciatic nerve gap by reversing
the excised or pretreated nerve segment
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gentamycin solution for decontamination. The segments
were then preserved in sterile polypropylene cryogenic
vials, each containing a solution composed of RPMI1640
with L-glutamine, 10% dimethyl sulfoxide as cryoprotect-
ant, and 2% human albumin. These were then placed in
a liquid nitrogen computer-controlled freezer (ICECUBE
1860) that facilitates a controlled decrease in temperature
(1 °C/min) to —140 °C. Dimethyl sulfoxide quickly pen-
etrates the cells and binds to water molecules, forming a
liquid phase that prevents the formation of ice crystals,
which can cause mechanical stress on the cell walls and
damage the cells. At very low temperatures, all biological
processes and chemical reactions are suspended, while
the cell architecture is preserved. After freezing, the tis-
sues were stored at between —140 °C and —160 °C in liq-
uid nitrogen vapor for at least 3 months. Before use, the
nerves were thawed at 4 °C, and their structural integrity
was confirmed.

Processing of cold-preservation

Twenty-six 15-mm sciatic nerve segments obtained bilat-
erally from donor SD rats were immersed in an antibiotic
solution for decontamination. The nerves were subse-
quently transferred directly into sterile Petri dishes con-
taining UW solution (SPS-1®: Orange Recovery Systems,
Inc., Chicago, IL) with penicillin G (200,000 U/L), regu-
lar insulin (40 U/L), and dexamethasone (16 mg/L). The
petri dishes with nerve segments were maintained at 4 °C
until surgical implantation, or tissue fixation for 7 weeks.
The solution was changed weekly for prolonged periods
of cold preservation.

Preparation of FK506

FK506 (Prograf®, Astellas Pharma US, Inc., Deerfield,
I1l.) was reconstituted with saline to a concentration of
0.1 mg/ml for subcutaneous injection. A dose of 0.1 mg/
kg was administered daily to Groups IV and V, start-
ing on the operative day, and continuing until sacrifice
at 20 weeks. Doses were based on the animals’ body
weights. The rats were carefully observed for dehydration
and diarrhea, weighed weekly to ensure accurate dosing,
and monitored for weight loss and morbidity.

Measurement and sacrifice procedure at twenty weeks
Ankle contracture

At 20 weeks, rats were re-anesthetized to ensure sur-
vival. The ankle contracture angle was determined on the
experimental side by measuring the angle between the
longitudinal axes of the tibia and foot with the ankle in
maximal passive plantar flexion. This measurement was
then compared with that of the contralateral normal side
(Fig. 2).
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Fig. 2 Measurement of the ankle contracture

Electrophysiology

After the sciatic nerve on the experimental side was
fully exposed, electrical stimulation was applied using
a miniature bipolar stimulating electrode (Harvard
Apparatus, Holliston, MA, USA) clamped proximal to
the graft site. The stimulation mode was set to pulse
(5 mA stimulus intensity, 1 Hz frequency, 1 ms dura-
tion). The active surface electrode was then placed in
the gastrocnemius muscle belly on the experimental
side, the reference surface electrode was placed near
the distal tendon, and the ground electrode was placed
in the tail. Using a data acquisition system (Powerlab
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8/35; AD Instruments Inc., Colorado Springs, CO,
USA) and Labchart 7 software (AD Instruments Inc.,
Colorado Springs, CO, USA) connected to a Bio-ampli-
fier (Bioamp; AD Instruments Inc., Colorado Springs,
CO, USA), the peak amplitude of the compound motor
action potential (CMAP) was measured. This exposure
and measurement procedure was then repeated for the
contralateral side, and the CMAP results were normal-
ized using data from the contralateral side (Fig. 3). See
the Additional file for more details.

Maximum isometric tetanic force (MITF)

MITF measurements of the anterior tibial muscles were
performed, as previously described [24]. In brief, the tibi-
alis anterior tendon was exposed through an anterior skin
incision on the ankle and rigidly fixed to a platform by
transfixation using a Kirschner wire. The tibialis anterior
tendon was the oriented horizontally and connected to a
force transducer (FS05; Inelta Inc., Miinchen, Germany),
which was mounted on an adjustable lever arm using a
custom clamp to regulate muscle tension during isomet-
ric contractions. Electrical stimulation was applied using
a miniature bipolar stimulating electrode (Harvard Appa-
ratus, Holliston, MA) clamped to the peroneal nerve, and
the signal acquired from the force transducer was pro-
cessed using LabView software (National Instruments,
Austin, TX, USA). With an optimal preload, the MITF
was measured by applying stimulation with a frequency
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Fig. 3 Experimental setup for maximal isometric tetanic force testing (A) and the stimulator (B). C The maximal isometric tetanic force
was measured using LabView software (National Instruments, Austin, TX), applying stimulation with a frequency from 125 to 175 Hzat 10V

and 0.4 ms of duration under an optimal preload
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from 125 to 175 Hz at 10 V and a 0.4 ms duration. The
contralateral side was measured in an identical fashion
after the skin was closed (Fig. 3; See the Additional file).

Wet muscle weight

After muscle force testing, the animals were euthanized
using an overdose of pentobarbital. The tibialis anterior
muscles were carefully dissected, and the wet muscles
were weighed in grams. See the Additional file.

Histomorphometry of the peroneal nerve

After harvesting of the tibialis anterior muscles, all of
the animals were deeply anesthetized, transcardially per-
fused with saline, and fixed in 4% paraformaldehyde. The
sciatic nerve graft segment, including the proximal and
distal repair sites, and peroneal nerve segments were
harvested.

The peroneal nerve sections were stored in a solution
of 2.5% purified glutaraldehyde and 0.5% saccharose,
washed in phosphate buffer, and postfixed in 2% osmium
tetroxide [25]. The tissue samples were subsequently
dehydrated with a graded series of alcohol and embed-
ded in resin, followed by polymerization in a 60 C oven.
Finally, the samples were cut into 1-pm sections and
stained with toluidine blue (Fisher Scientific, Pittsburgh,
Pennsylvania). Histomorphometric analysis was per-
formed using i-Solution software (i-Solution DT: i-Solu-
tion Inc., Vancouver, BC, Canada), after digitizing the
microscopic images of the nerve sections at 200 X mag-
nification. The morphometric parameters measured
included the total nerve area, myelinated fiber area, total
number of axons, N-ratio, and nerve fiber density. The
N-ratio was calculated as the total myelinated fiber area,
divided by the total tissue cable area, which provided
information on the number of sprouting events in the
regenerating nerve [26]. The nerve fiber density was cal-
culated by dividing the total number of axons by the total
nerve area. All histomorphometric measurements were
repeated and the results were averaged.

Immunohistochemistry

Immunohistochemical analysis of the nerve specimens
was performed as previously described [27]. In brief,
the sciatic nerve segments were post-fixed in 4% para-
formaldehyde and immersed for 3 days in 30% sucrose
solution. The tissues were subsequently embedded in
M1 compound (Thermo Fisher Scientific Inc.), and sec-
tioned sagittally on a cryostat at 16 pm. Sections were
then treated with 0.2% Triton X-100 in 2% BSA/PBS solu-
tion, and blocked with 10% normal serum. Samples were
then incubated in primary antibodies (mouse SMI312
monoclonal antibody, 1:1000, Covance, Princeton, NJ,
USA; rabbit S-100 polyclonal antibody, 1:1000, Dako
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Cytomation, Carpinteria, CA, USA) overnight at 4 C,
and secondary antibodies (FITC-conjugated goat anti-
mouse IgG, 1:200, and Rhodamine conjugated goat anti-
rabbit IgG, 1:200, both from Jackson ImmunoResearch
Labs Inc.) for 2 h at room temperature. Sections were
treated with PBS containing DAPI, and coverslipped with
Vectashield (Vector Laboratories). Whole SM1312-posi-
tive axons at the distal stump (1 mm from the distal end
of the scaffold) were observed using confocal microscopy
(Carl Zeiss Inc., Oberkochen, Germany) to evaluate the
patterns of SMI312-positive axons crossing the allograft
and S100-positive Schwann cells along the axon.

Statistical analysis

All results are expressed as a percentage of the value
on the contralateral side, to minimize the effect of nor-
mal biological variability between animals. The number
of rats required in each group was determined based on
the results of previous studies on the primary outcome,
i.e., the isometric tetanic force of the muscle [24, 28]. It
was estimated that 11 rats in each group would provide
an 80% power to detect a 10% difference in the mean iso-
metric tetanic muscle force between the groups (a=0.05,
two-sided). To prevent potential attrition, the sam-
ple size was increased to 13 rats per group. The groups
were compared with respect to weight gain, ankle con-
tracture, CMAP, maximum isometric tetanic force, wet
muscle weight, and nerve histomorphometry. All results
are expressed as a percentage of the contralateral side to
reduce the effect of normal biological variability between
animals. One-way analysis of variance (ANOVA) cor-
rected with the Bonferroni post-hoc test was applied to
determine statistical differences between groups. All
results are reported as the mean + standard deviation and
the level of significance was set at a<0.05. Analysis was
performed using SPSS ver. 23.0 (SPSS Inc., Chicago, IL,
USA).

Results

Of the sixty-five rats, five were excluded from the analy-
sis, including one from Group I, two from Group II, and
two from Group V. These animals died under anesthesia
during either the survival or sacrifice procedure. Apart
from these five cases, no complications, such as wound
infection or separation at the nerve coaptation site, were
noted in the remaining animals. The results are summa-
rized in Tables 1 and 2.

Animal weight

At twenty weeks, the mean percentage of animal
weight gain at sacrifice was 52.7+11.7% for Group
I, 60.2+10.2% for Group II, 64.2+9.1% for Group III,
47.7+8.1% for Group IV, and 44.4 +8.0% for Group V.
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Table 1 Summary of motor function recovery at 20 weeks

Group | Group Il Group Il Group IV Group V p-value
Medication after autograft(control) Cryopreserved Cold preserved Cryopreserved Cold preserved
allograft allograft allograft allograft+FK506 allograft+ FK506

(0.1 mg/kg) (0.1 mg/kg)

No. of animals tested 12 11 13 13 11
Animal weight
Initial weight (g) 34141335 339+264 327+11.1 329+176 3384251 p=0.132
Final weight (g) 521+284 543+29.1 537+£19.2 486+25.1 488+19.1 p=0.011
Ankle angle
Maximum passive 127+13.0 128485 134+12.7 138+6.5 137+98 p=0.070
plantar flexion angle
©)
% of contralateral side 86.1+8.67 87.2+6.23 90.3+5.91 96.5+7.26 96.2+5.32 p<0.001
CMAP
Amplitude (mV) 16.0+524 15.7+5.51 18.9+5.66 149+4.08 189+5.07 p=0.064
% of contralateral side  63.3+23.67 599+17.75 553+14.89 61.6+17.75 61.0+1524 p=0.082
MITF
Tibialis anterior mus- ~ 691.9+115.11 609.0+64.57 719.0+111.16 690.8+111.16 682.0+174.59 p=0.020
cle force (g)
% of contralateral side  60.9+17.91 604+16.68 60.2+21.29 63.7+19.21 67.1+19.77 p=0.148
Wet muscle weight
Tibialis anterior mus-  0.62+0.063 0.62+0.050 0.597+0.058 0.66+0.037 0.593+0.064 p=0.022
cle force (g)
% of contralateral side  72.1+6.13 725+6.24 69.3+6.53 80.5+6.58 79.0+8.75 p=0.001
Table 2 Morphological analysis of the peroneal nerve at 20 weeks

Group | Group Il Group Il Group IV Group V p-value
Medication after Autograft (control) Cryopreserved Cold preserved Cryopreserved Cold preserved
allograft allograft allograft allograft + FK506 allograft+ FK506

(0.2 mg/kg) (0.2 mg/kg)

No. of animals tested 12 11 13 13 11
Total nerve area (umz) 880183 +£268850 872014 +123240 826854+ 165708 849256+ 155056 812159+169737 p=0.920
% of contralateral 109.48+38.2 88.90+1842 96.91+£28.44 111.22+4341 93.16+21.51 p=0.336
Myelinated axon 3529+1001.04 3866 +860.92 4776+97745 3580+773.11 4532+953.92 p=0.003
count
% of contralateral side  148.92+59.70 17431+46.10 140.76+47.13 134.45+48.18 148.43+42.55 p=0.369
I\/lyezline fiber area 265942 +73308 214999+ 49393 272209+53276 246158+41720 289754 £ 64044 p=0.037
(um?)
% of contralateral side  71.32+17.40 59.06+ 1744 79.77+18.23 77.58+2047 87.56+20.57 p=0.013
N ratio 0.3136£0.0371 0.2473+0.0470 0.3379+0.0515 0.2972+0.0370 0.3542+0.0872 p<0.001
% of contralateral side 64.80+7.38 58.21+£10.85 68.93+£1348 76.28+11.74 79.09+8.26 p<0.001
Nerve fiber density 4106+903 4457 +902 5919+1436 4314+1005 5599+ 896 p<0.001
% of contralateral side 141.86+58.10 198.83+54.07 161.46+87.51 129.64+£87.51 161.48+37.83 p=0.072
Myelinated axon 22.77+5.07 22454558 19.59+6.84 24.32+498 19.00+£3.32 p=0.123
Diameter (um)
% of contralateral side 33.65+12.28 27.20+£9.59 3951+17.49 4026+1245 38.24+877 p=0.085
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Fig. 4 Motor regeneration was assessed at 20 weeks. A Weight gain of rats at sacrifice compared to in the survival procedure. B Group comparison
for recovery of the ankle angle compared to the contralateral side. C Group comparison for recovery of the compound muscle action potential
(CMAP) compared to the contralateral side. D Group comparison for recovery of the Maximum Isomeetric Tetanic Force (MITF), compared

to contralateral side. E Group comparison for recovery of muscle weight of the tibialis anterior compared to the contralateral side. *p < 0.05 (vs

Group I); Tp <0.05 (vs Group Il); p < 0.05 (vs Group lll). ns, not significant

Group IV and V, which received FK 506 following nerve
allograft, showed significantly lower weight gain com-
pared to the other groups (all comparisons, p <0.001);
however, there were no differences between Groups IV
and V (p=0.997; Fig. 4A).

Ankle contracture

The normalized ankle plantar flexion angle recovery on
the experimental side, expressed as a percentage of the
control side, was 86.1% + 8.7% for Group I, 87.2% + 6.2%
for Group II, 90.3% +5.9% for Group III, 96.5% +7.3%
for Group IV, and 96.2+5.3% for Group V. Group IV
and V, which received a low dose of FK506, demon-
strated superior recovery of the ankle angle compared
to the other groups (all comparisons, p <0.05); however,

there was no significant difference between Groups IV
and V (p=0.853; Fig. 4B).

Compound muscle action potential (CMAP)

The normalized CMAP amplitudes were 63.3+5.2% for
Group I, 59.9+17.8% for Group II, 55.3 + 14.9% for Group
111, 61.6 + 17.8% for Group IV, and 61.0+ 15.2% for Group
V. Group I showed a higher CMAP amplitude compared
to the other groups; however, no significant differences
were found among the groups (all comparisons, p >0.05;
Fig. 4C).

Maximum isometric tetanic force (MITF)

The mean normalized isometric tetanic force was
60.9+17.9% for Group I, 60.4+6.7% for Group II,
60.2+21.3% for Group III, 63.7£9.2% for Group IV,
and 65.1+19.8% for Group V. Groups IV and V showed
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significantly improved recovery of MITF compared to
Groups I, II, and III; however, these differences were not
statistically significant (all comparisons, p >0.05; Fig. 4D).

Muscle weight

The tibialis anterior muscle weight was 72.1+6.1% in
Group I, 72.5+6.2% in Group II, 69.3+£6.5% in Group
I11, 80.5+6.6% in Group IV, and 79.0+8.8% in Group
V, compared to the contralateral side. Group IV and
V, which received a low dose of FK506 after surgery,
demonstrated significantly superior recovery of the wet
muscle weight compared to the other groups (all com-
parisons, p <0.05), while there was no significant differ-
ence between group IV and V (p=0.899; Fig. 4E).

Histomorphometry

The total area of the peroneal nerve on the allograft-
transplanted side showed no significant difference
between the groups (p=0.920); however, the pero-
neal nerve contained more myelinated axons than
the contralateral side. The normalized value of the
total number of axons was 148. 9+59.7% for Group I,
174.3 £46.1% for Group II, 140.8 £ 47.1% for Group III,
134.5 +48.2% for Group IV, and 148.4 + 42.6% for Group
V compared to the contralateral side. None of the
groups showed any significant differences (p=0.369;
Fig. 5A and B).

The normalized myeline fiber area with respect to
the contralateral side was 71.3+17.4% for Group I,
59.1+17.4% for Group II, 79.8+18.2% for Group III,
77.6+20.5% for Group IV, and 87.6+20.6% Group V.
Group V exhibited a higher myelinated fiber area than
the other groups, with a statistically significant difference
compared to Group II (p=0.007; Fig. 5C).

The N-ratio was 64.8+7.4% for Group I, 58.2+10.9%
for Group 1I, 76.3+11.8% for Group III, 68.9+13.5% for
Group IV, and 79.1+8.3% for Group V (p<0.001). Post
hoc analysis revealed that Groups IV and V had higher
N ratios than Groups I and II (»p=0.048 and p=0.002
for group IV; p=0.019 and p<0.001 for group V, respec-
tively). However, no significant differences were found
between group III and the other groups (p >0.05; Fig. 5D).

The average axon diameter on the operated side was
22.8+5.1 um for Group I, 22.5+5.6 um for Group II,
19.6+6.8 um for Group III, 24.3+5.0 pum for Group
IV, and 19.0+3.3 um for Group V, corresponding to
33.7+12.3%, 27.2+£9.6%, 39.5+17.5%, 40.3+12.5%, and
38.2+8.8% of the contralateral side, respectively. No sig-
nificant differences were found between the groups with
respect to these parameters (p=0.123 and p=0.085,
respectively; Fig. 5E).
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The normalized nerve fiber density was 141.9+58.0%
in Group I, 198.8+54.1% in Group II, 161.5+87.5% in
Group III, 129. 6 +87.5% in Group 1V, and 161.5+33.7%
in Group V. No significant differences were found
between the groups (p=0.072; Fig. 5F).

Immunohistochemistry

Immunohistochemical analysis of the transplanted sciatic
nerve 20 weeks after surgery revealed that axons stained
with SMI312 were present across the transplanted allo-
graft in all groups, while the morphology and distri-
bution patterns of the axons were similar in all groups,
except for Group II, in which the axons were less densely
packed and slightly disorganized (Fig. 6).

Discussion

Owing to the readily supply of nerve tissues of vari-
ous lengths and diameters, nerve allografts have been
extensively investigated in both experimental and clini-
cal research. However, nerve allografts are subject to
rejection, necessitating the continuous use of immuno-
suppressive drugs linked with secondary risks and poten-
tially toxic effects [22, 29-31].

Several animal studies have previously demonstrated
that cold- and cryo-preservation techniques decrease
the immune response and risk of graft rejection, preserve
Schwann cell viability, and maintain the basal lamina of
the nerve [17, 32, 33]. These techniques have also been
shown to decrease the expression of Class II human leu-
kocyte antigens (HLAs) and intercellular adhesion mol-
ecule—1, which are both essential for the immunological
recognition of foreign tissues. This reduced expression
supports axonal regeneration across the short periph-
eral nerve gaps. Studies have indicated that cold cryo-
preservation of nerve allografts harvested from cadaveric
donors is an effective surgical strategy to restore the
function of damaged peripheral nerves without the need
for immunosuppressants.

According to one study by Konofaos et al. [34], periph-
eral nerves preserved in cold storage for at least 3 weeks
have a lower proportion of Schwann cells and a reduced
number of viable cells compared to freshly harvested
nerves. However, cold preservation for extended peri-
ods can diminish lymphocytic infiltration, and delay
or prevent the typical biphasic increase in lymphocyte
output observed in fresh allografts [35]. Furthermore,
cold preservation maintains the intricate basal lamina
microstructure and laminin, which is an important extra-
cellular membrane component [17, 33]. Based on previ-
ous studies showing that 7 weeks of cold preservation
reduces the cellular immune response more effectively
than 1 or 4 weeks, we used allografts preserved in UW
solution for 7 weeks [32]. Consequently, we confirmed
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Fig. 5 Histomorphometry and group comparison for recovery of the peroneal nerve. A Histomorphometry of the peroneal nerve at 20 weeks
(Bars =200 pm). B Group comparison for the total numbers of axon. C Group comparison for myeline fiber area, with respect to the contralateral
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Fig. 6 Immunohistochemistry of the transplanted sciatic nerve at 20 weeks. A Autograft. B Cryo-preserved allograft. C Cold-preserved allograft. D
Cryo-preserved allograft received FK506. E Cold-presefrved allograft received FK506 (Bars =200 um)

that cold-preserved nerve allografts provided compara-
ble motor function recovery and nerve regeneration to
autografts, indicating that prolonged cold preservation
could be an effective method for producing unlimited
graft material for peripheral nerve reconstruction [32].
Additionally, Mackinnon et al. [4] demonstrated the suc-
cessful recovery of motor and sensory functions in seven
patients with an average nerve gap of 23 cm using several
allograft cables followed by immunosuppression.
Schwann cells, which produce neurotrophic factors
and basal lamina components essential for support-
ing regenerating axons, are sensitive to freezing [7, 36,
37]. Recent research by Fasna et al. [37] reported good
axonal regeneration without any impairment at 6 weeks
after surgery, utilizing DMSO as a cryoprotectant in a
rat model, although the results were not as favorable as
with fresh autografts. In their study, the basal lamina of
Schwann cells and the perineurium remained largely
intact after six weeks of cryopreservation. However, in
our study, we found no significant differences in histo-
morphometric parameters between the cryopreserva-
tion and autograft groups at 20 weeks post-operatively.

Immunohistochemistry of the transplanted sciatic
nerve in the cryopreservation group revealed a similar
number of SM312-stained axons crossing the trans-
planted allograft, although their organization was less
structured than that of the autograft group. Further-
more, functional recovery measures, including ankle
contracture, CMAP, MITE, and wet muscle weight of
the tibialis anterior were comparable with those in the
autograft group. These findings indicate that cryopre-
served nerve allografts can achieve sufficient axonal
regeneration, both histologically and clinically, poten-
tially serving as an alternative to autografts without
requiring immunosuppressive treatments. Squintani
et al. [16] previously reported promising results in 10
clinical cases in which peripheral nerve reconstruction
was performed using cryopreserved allografts ranging
from 4 to 10 cm. All patients had regained motor func-
tion at the 2-year follow-up.

Although several pharmacological agents have been
investigated for their potential neuroregenerative prop-
erties, most studies have focused on the immunosup-
pressive agent FK506 [22, 23, 38-41], which exerts
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neuroregenerative properties linked to its potent T-cell
inhibitory effects. The pathways and mediators involved
in these effects include FKBP 52, GAP 43, and HSP 56
[18-21]. In fact, continuous FK506 administration over
extended time periods has produced functional recov-
ery levels comparable to those achieved with autografts
in animal studies involving sciatic nerve reconstruction
using allografts [40-42].

Previous studies have addressed the dose-dependent
effects of FK506 on nerve regeneration in composite tis-
sue allografts. According to Wang et al. [43], 5 mg/kg is
the most effective dose for promoting axonal regenera-
tion in a rat model of sciatic nerve crush. Yang et al. [23]
further determined that a dose of 2.0 mg/kg FK506 sig-
nificantly increased the nerve percentage, density, fiber
width, and total number of fibers. However, they also
found notable neuroregenerative effects at low doses of
0.5 or 1.0 mg/kg FK506 per day, although these doses
were insufficient for immunosuppression in compos-
ite tissue allografts. In contrast, Rustemeyer et al. [22]
reported that 0.2 mg/kg FK506 was less effective than
0.1 mg/kg for nerve regeneration. This discrepancy may
be due to the factors that influence FK506s affinity for
FKBD, as their study involved slightly mismatched strains
(Lewis and Dark Agouti strains).

In this study, which used strongly mismatched major
histocompatibility complex rats as a model, allograft
groups treated with 0.1 mg/kg FK506 showed superior
recovery in some functional and histological parameters
compared to the allograft group without FK506 admin-
istration, demonstrating the neuroregeneration effects of
a low dose of FK506 [44, 45]. The results of this and prior
studies could be explained by Udina et al. [46] and Ruste-
meyer et al. [22], who suggested that a low dose of FK506
induces neuroregenerative effects by activating the
immunuophilin FKBP-52 without significantly activating
FKBP-12, which mediates immunosuppressive effects.
Conversely, at higher doses, FK506 preferentially bound
to FKBP-12, leading to enhanced immunosuppression
and reduced neuroregenerative effects. However, factors
influencing the affinity of FK506 for FKBPs depending on
concentration still remain unclear.

Previous studies have indicated that cold- or cryopre-
served allografts may delay revascularization, resulting
in inferior early axonal regeneration [17, 47, 48]. Zhang
et al. [49] suggested that cryopreservation of allografts
might compromise endoneurial revascularization [37].
However, as noted in our study, immunohistochemical
analysis of the cryopreservation group without FK506
administration revealed less densely packed, and some-
what disorganized axons compared with the cryopreser-
vation group treated with FK506, despite no significant
differences in motor function and histomorphometry of
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the nerve distal to the repair site between the cryopreser-
vation group without FK506 and the autograft group.
The decreased survival of resident Schwann cells in cryo-
preserved allografts may further adversely affect regen-
eration due to the lack of neurotrophic and neurotropic
factors, as well as adhesion molecules typically provided
by Schwann cells during early regeneration [37]. This
further suggests that axonal regeneration in the cryopre-
served allograft may primarily depend not on the migra-
tion ability of host Schwann cells, but rather on resident
Schwann cells in early regeneration [50]. Therefore, cryo-
preservation alone may not sufficiently support axonal
regeneration in patients with long-segment peripheral
nerve defects.

This study is limited by the use of only a single dose of
0.1 mg/kg FK506 and a single endpoint (20 weeks), which
may not be optimal for observing motor recovery. Fur-
ther, we did not select an FK506 dose based on clinically
relevant scenarios. Evaluating multiple time points before
sacrifice would provide a better understanding of the
progress of nerve regeneration; however, this approach
would be challenging because of the potential for attri-
tion. Additionally, mechanical testing, such as tensile
strength measurements, and functional assessments, like
the Sciatic Functional Index (SFI), were not performed
in this study. Including these evaluations would have
provided a more comprehensive understanding of the
structural and functional outcomes of nerve regenera-
tion. Their omission represents a limitation of this study,
and future research should consider these assessments to
further enhance the evaluation of nerve reconstruction
techniques [51]. One noteworthy finding in this study
was the lower weight gain observed in the groups treated
with FK506 (Groups IV and V) compared to the other
groups. FK506 is known to induce unexpected weight
loss, which may be attributed to gastrointestinal side
effects such as nausea, vomiting, or diarrhea, as well as
metabolic alterations or immunosuppression. Although
the exact mechanisms remain unclear, some studies have
reported significant weight loss associated with FK506
administration [52-54]. This association highlights the
importance of monitoring systemic effects in future stud-
ies involving FK506 treatment.

Conclusion

Overall, the results of this study indicate that pretreat-
ment of allograft nerves could be an effective alterna-
tive for reconstructing peripheral nerve defects. The
administration of a low dose of FK506 accelerated motor
recovery after nerve reconstruction using cold or cryo-
preserved allografts. Based on this rat model, using cold-
or cryopreserved allograft nerves from cadaveric donors
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appears to be a valid surgical strategy to restore motor
function in damaged peripheral nerves without the need
for immunosuppression.
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