TISSUE ENGINEERING: Part A
Volume 18, Numbers 17 and 18, 2012
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2011.0225

Functional Recovery of Completely Denervated Muscle:
Implications for Innervation of Tissue-Engineered Muscle
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Tissue-engineered muscle has been proposed as a solution to repair volumetric muscle defects and to restore
muscle function. To achieve functional recovery, engineered muscle tissue requires integration of the host nerve.
In this study, we investigated whether denervated muscle, which is analogous to tissue-engineered muscle
tissue, can be reinnervated and can recover muscle function using an in vivo model of denervation followed by
neurotization. The outcomes of this investigation may provide insights on the ability of tissue-engineered muscle
to integrate with the host nerve and acquire normal muscle function. Eighty Lewis rats were classified into three
groups: a normal control group (n=16); a denervated group in which sciatic innervations to the gastrocnemius
muscle were disrupted (n=32); and a transplantation group in which the denervated gastrocnemius was re-
paired with a common peroneal nerve graft into the muscle (n=32). Neurofunctional behavior, including ex-
tensor postural thrust (EPT), withdrawal reflex latency (WRL), and compound muscle action potential (CMAP),
as well as histological evaluations using alpha-bungarotoxin and anti-NF-200 were performed at 2, 4, 8, and 12
weeks (n=8) after surgery. We found that EPT was improved by transplantation of the nerve grafts, but the EPT
values in the transplanted animals at 12 weeks postsurgery were still significantly lower than those measured for
the normal control group at 4 weeks (EPT, 155.0+38.9 vs. 26.3+13.8g, p<0.001; WRL, 2.7+2.30 vs. 8.3%+5.55,
p=0.027). In addition, CMAP latency and amplitude significantly improved with time after surgery in the
transplantation group (p <0.001, one-way analysis of variance), and at 12 weeks postsurgery, CMAP latency and
amplitude were not statistically different from normal control values (latency, 0.9+0.0 vs. 1.3+£0.7ms, p=0.164;
amplitude, 30.2+7.0 vs. 46.4+26.9mV, p=0.184). Histologically, regeneration of neuromuscular junctions was
seen in the transplantation group. This study indicates that transplanted nerve tissue is able to regenerate
neuromuscular junctions within denervated muscle, and thus the muscle can recover partial function. However,
the function of the denervated muscle remains in the subnormal range even at 12 weeks after direct nerve
transplantation. These results suggest that tissue-engineered muscle, which is similarly denervated, could be
innervated and become functional in vivo if it is properly integrated with the host nerve.

Introduction Injuries to motor neurons can lead to denervation atrophy

VOLUMETRIC MUSCLE DEFECTS due to traumatic injury are
usually repaired with vascularized muscle flaps or
grafts." However, debilitation remains a problem when
donor muscle tissue is unavailable, and the defect is not
completely repaired."® Studies in tissue engineering have
devised techniques that utilize in vitro-cultured muscle cells
to create muscle tissue for functional restoration in vivo.” !
However, to achieve functional recovery, engineered muscle
tissues require integration of a host nerve to facilitate a co-
ordinated motion.'**? It is currently unclear whether in vitro-
engineered muscle constructs are able to integrate with the
host nerve and develop normal contractility.

of the associated muscle and functional impairment.’*'¢ A
denervated muscle mass undergoes a rapid decline, and can
lose up to two-thirds of its mass within 1 month."* The
motor neuron exerts a trophic influence on muscle fibers
that is mediated by a number of substances and by nerve
impulses themselves. This effect is thought to act through
the synapse, and if this connection is disrupted by injury or
disease, protein synthesis in the muscle slows and the
muscle atrophies. This is manifested as a reduction in
muscle fiber diameter, significant fibrosis, and replacement
of muscle tissue with fat. These structural changes lead to
observed reductions in electrophysiological processes and
muscle function.
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RECOVERY OF DENERVATED MUSCLE

Several surgical methods for repairing damaged nerves
have been developed in an attempt to restore and maintain
proper nerve and muscle function. In some trauma cases, a
transected nerve can be repaired using an end-to-end anas-
tomosis technique, and this can prevent denervation atrophy
and restore some function. However, in many cases, this type
of primary nerve repair is not possible. In these cases, nerve
grafts, nerve conduits, nerve transfer!” and nerve-muscle
pedicles18 can be used; however, all of these techniques re-
quire that the patient has an adequate distal nerve stump
that can be connected to the proximal stump either directly
or through a conduit.

In patients who lack a distal nerve segment for anasto-
mosis, direct nerve transplantation into the denervated
muscle (neurotization)'*® is indicated. This group would
include those receiving a transplant of tissue-engineered
muscle to repair volumetric muscle loss, because the en-
gineered muscle does not contain host nerve tissue and thus
cannot be anastomosed. In the neurotization procedure, a
healthy nerve segment is taken from another site and used to
repair the injured nerve site. Although this method was first
developed at the beginning of the 20th century,™ its effect on
muscle functionality is not fully understood.*"**?%® Pre-
vious studies designed to determine whether functional re-
covery occurs after nerve transplantation did not investigate
endpoints beyond the electrophysiological  recov-

2022,2427,33,34 1n addition, many preclinical and clinical
studies'?**?3#28333637 4id not exclude the possible effects
of the presence of uninjured collateral nerves on muscle
function and regeneration.

Because in vitro-engineered muscle constructs are analo-
gous to denervated muscle tissue, a denervation model can
be used to study some of the potential responses of such
constructs in vivo. We investigated whether denervated
muscle tissue can be reinnervated by neurotization and
whether this procedure has an impact on the development or
recovery of muscle function. We created an in vivo model of
denervation and tested whether reinnervation of the muscle
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using neurotization would induce recovery of the muscle
function. We hypothesized that the outcomes of this inves-
tigation would provide insights into the ability of tissue-
engineered muscle, if provided with sufficient nerve tissue,
to integrate with host nerve and acquire the function of
normal muscle tissue.

Materials and Methods
Animals

The Animal Care and Use Committee at Wake Forest
University Health Sciences approved all procedures per-
formed on animals. All experiments were conducted using 3-
week-old (200250 g) male Lewis rats. All rats had access to
food and water and were inspected daily during the pre-
operative and the 12-week postoperative periods. Rats were
divided into three groups: a normal control group (1=16), a
denervation group (n=32), and a transplantation group
(n=32). Animals from the normal control group were sacri-
ficed 2 and 4 weeks postoperatively (n=8 at each time point).
Animals from the two experimental groups were sacrificed
at 2, 4, 8, and 12 weeks postoperatively (n=8 for each time
point).

Surgical procedures

All animals were anesthetized with 3% isoflurane before
the surgical procedure. An aseptic technique was used for all
procedures. An incision of 10 mm was made in the posterior
area of the right hind limb. In the denervation group, a 10-
mm segment of the sciatic nerve, including the common
peroneal nerve, tibial nerve, and sensory nerve branches,
was removed. In the transplantation group, a graft created
from the common peroneal nerve was imbedded into the
gastrocnemius muscle (GM) after excision of the tibial nerve
and sensory nerve branch (Fig. 1). The nerve graft was
placed close to the native motor end plate of the GM. The
epineurium of the common peroneal nerve was anastomosed

FIG.1. Diagram of the surgical site used to denervate the gastrocnemius muscle (GM) in a typical animal from the study.
All animals were anesthetized with 3% isoflurane before the surgical procedure. An incision of 10 mm was made in the
posterior area of the right hind limb. (A) Normal anatomy of the branches of the sciatic nerve at right popliteal area.
Landmarks: sciatic nerve (SN), tibial nerve (TN), common peroneal nerve (CPN), sensory nerve branch (SB), gastrocnemius
muscle (GM). In the denervation group, a 10-mm segment of the sciatic nerve (SN), including the common peroneal nerve
(CPN), tibial nerve (TN) and sensory nerve branches (SB), was removed. In the transplantation group, a graft created from the
common peroneal nerve was imbedded into the GM after excision of the tibial nerve and sensory nerve branch (B). The nerve
graft was placed close to the native motor end plate of the GM. Color images available online at www.liebertpub.com/tea
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microsurgically to the epimysium of the muscle with two 7-0
Pronova sutures (Ethicon). The anastomotic procedure was
carried out under a dissecting microscope under sterile
conditions. After repair, the muscle and skin were closed
using 5-0 Vicryl sutures (Ethicon).

Neurobehavioral studies

The development of postural changes of the injured limb
was observed after surgery. Motor functional recovery after
nerve transplantation was examined by measuring the ex-
tensor postural thrust (EPT), as proposed by Thalhammer
et al.®® The entire body of the rat, with the exception of the
hind limbs, was wrapped in a surgical towel. EPT was eli-
cited by supporting the animal by the thorax and by low-
ering the affected hind limb to the platform of a digital
balance. As the animal was lowered to the platform, it ex-
tended its hind limb in anticipation of contact made by the
distal metatarsus and digits. EPT was measured as the force
applied to the digital platform balance by the heel. Sensory
functional recovery was evaluated by measuring nociceptive
withdrawal reflex. To evaluate the withdrawal reflex latency
(WRL), proposed by Masters et al.* a modified version of
the hotplate test was used. Briefly, the rat was wrapped in a
surgical towel above its midsection and then positioned such
that the affected hind paw was in contact with a hot plate set
to 56°C. WRL was defined as time elapsed from the onset of
hotplate contact to withdrawal of the hind paw. This was
measured with a stopwatch. The cutoff time for heat stim-
ulation was 12, to avoid skin damage to the foot.

Electrophysiological assessment

Under anesthesia, the tibial nerve (control group) and the
transplanted common peroneal nerve (transplantation
group) were exposed. A disposable monopolar needle elec-
trode (25 mmx0.45mm, 26G; Cadwelllnc) was used. The
ground electrode was put on the back of the animal, and
stimuli were applied using a hook-shaped bipolar tungsten
electrode placed 1cm proximal to the insertion site of the
common peroneal nerve into the GM. A recording electrode
was placed in the midsection of the GM, and a reference
electrode was placed at the distal area of the muscle. The
nerve was electrically stimulated by 2.0 mA using a gener-
ator. Electrodiagnostics were performed using the Cadwell-
Sierra LT EMG setup (Cadwell, Inc.). Digitalized data were
stored on a personal computer, and latency and amplitude of
the compound muscle action potential (CMAP) of the GM
were calculated from these data.

Histological assessment

At the end of the experiment, animals were sacrificed, and
the GMs were dissected. Sections were taken to include the
transplanted nerve and attached muscle such that the nerve
bundles and nerve terminals were parallel with the long axis
of the muscle. For histological analyses, the specimens were
frozen in an OCT compound (Sakura Finetek USA, Inc.).
Twenty-micrometer longitudinal and transverse sections
were cut on a cryotome (Frigocut) at —20°C for immuno-
fluorescence and hematoxylin and eosin (H&E) staining.
Rabbit anti-NF-200 (polyclonal 1:80; Sigma), which reacts
with the 200-kDa neurofilament protein, was used to visu-
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alize axonal sprouting from the transplanted nerve at the
nerve/muscle junctions. Rhodamine-conjugated goat anti-
rabbitlgG antibody (1:200; Jackson-immunogens) was used
as the secondary antibody. Alexa Fluor® 488-conjugated
alpha-bungarotoxin (1:400; Invitrogen/Molecular Probes)
was used to stain the acetylcholine receptor (AchR). After
staining, slides were washed and mounted with a Vecta-
shield (Vector)-mounting medium.

Statistical analysis

Data for the electrophysiological and functional studies
are presented as mean *standard deviation. Student’s t-tests
were utilized for comparisons of means between groups.
The recovery of muscle function as defined by the times
above was analyzed using a one-way analysis of variance
(ANOVA). p-values <0.05 were considered to be statistically
significant. All calculations were conducted using SPSS 11.0
software (SPSS).

Results

All animals recovered uneventfully from surgery. Self-
mutilation after denervation of the limb was not observed,
and all surgical incisions healed without complications.
At the time of implant retrieval, all transplanted nerves
were intact, with no anastomotic disruptions. Grossly, there
was no evidence of significant inflammatory reactions or
neuromas.

Neurobehavioral study

Dorsal flexion contracture of the ankle joint was observed
in all animals in the denervation group, but no contracture
was seen in the transplantation group (Fig. 2A, B). EPT was
significantly higher in the transplantation group than in the
denervation group at 4 and 12 weeks postoperatively
(p=0.012 and 0.036, respectively) (Fig. 2C). In the trans-
plantation group, EPT was significantly different between
time points (p=0.024, one-way ANOVA), suggesting a trend
toward functional improvement over time in this group. On
post hoc analysis, a difference was identified at 12 weeks
(p=0.031, Tukey HSD test). However, all EPT values were
significantly lower than those seen in the normal control
group (155.0+38.9 vs. 26.3+13.8g, normal at 4 weeks vs.
transplantation group at 12 weeks post-transplant, p <0.001).

The WRL in the transplantation group was significantly
lower than that of the denervation group at 8 weeks
(p=0.036) (Fig. 2D). However, there was no significant dif-
ference between the denervated and transplanted groups
over time (p=0.595, one-way ANOVA). WRL values were
consistently in the subnormal range, even in the transplan-
tation group at 12 weeks postoperatively (2.7+2.30 vs.
8.3%5.5s, normal vs. transplantation group, p=0.027).

Electrophysiological study

Electrophysiological stimulation studies indicated that
the CMAPs of the animals in the transplantation group
improved over time (Fig. 3A-E). The first visible signs of
recovery occurred at 4 weeks post-transplant, when weak
contractions in response to nerve stimulation could be seen.
This response had improved dramatically after 8 weeks. At
12 weeks, the contractions grew in amplitude and became
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FIG. 2. (A) Image showing dorsal flexion contracture of the ankle joint (black arrow) in a Lewis rat from the denervated
group. (B) Image indicating lack of contracture of the ankle joint (black arrow) in a Lewis rat receiving a nerve transplant after
denervation of the gastrocnemius muscle. (C) Bar graph illustrating the values for extensor postural thrust (EPT) measured in
the study animals. EPT was significantly higher in the transplantation group than in the denervation group at 4 and 12 weeks
postoperatively (p=0.012 and 0.036, respectively). In the transplantation group, EPT was also significantly different between
time points (p=0.024, one-way analysis of variance [ANOVA]), suggesting a trend toward functional improvement over time
in this group. On post hoc analysis, a difference was identified at 12 weeks (p=0.031, Tukey HSD test). However, all EPT
values were still significantly lower than those seen in the normal control group (155.0+38.9 vs. 26.3+13.8 g, normal at 4
weeks vs. transplantation group at 12 weeks post-transplant, p <0.001). The * symbol denotes statistically significant dif-
ferences between groups. (D) Bar graph illustrating the values for withdrawal reflex latency (WRL) measured in the study
animals. The WRL in the transplantation group was significantly lower than that of the denervation group at 8 weeks
(p=0.036). However, there was no significant difference between the denervated and transplanted groups over time (p=0.595,

one-way ANOVA). WRL values were consistently in the subnormal range, even in the transplantation group at 12 weeks

postoperatively (2.7+2.30 vs. 8.3+5.55, normal vs. transplantation group, p=0.027). The

“g

symbol denotes statistically sig-

nificant differences between groups. Color images available online at www liebertpub.com/tea

hard to distinguish from those measured in the normal
control group. Latencies in the transplantation group de-
creased with time (p<0.001, one-way ANOVA) (Fig. 3F). On
a post hoc analysis, differences were identified at 8 and 12
weeks (p<0.001, Tukey HSD test). However, despite the
improvement seen in the transplantation group, the mea-
sured values were still significantly different from those
measured in the normal control group (0.9£0.0 wvs.
1.3+0.7ms, normal vs. transplantation group, p=0.012). In
addition, the CMAP amplitude measured in the transplanted
animals significantly increased with time (p <0.001, one-way
ANOVA) (Fig. 3G). On post hoc analysis, the largest differ-
ence was identified at 8 and 12 weeks after transplantation
(p=0.042 and p<0.001, respectively, Tukey HSD test). The
CMAP at 12 weeks after transplantation was not different
from the normal control group (30.2+7.0 vs. 46.4+26.9mV,
normal vs. transplantation group, p=0.184).

Histology

H&E staining indicated that recovery of muscle fibers in
the transplantation group occurred with time, whereas in the
denervation group, increased fatty infiltration, decreases in
the sarcomere size, and increased nuclear packing were ob-
served (Fig. 4). At 12 weeks, reinnervated muscle from the
transplantation group did not appear to be different from the
muscles in the normal control group. In the phase-contrast
image of the transplantation group at 12 weeks, axonal
sprouts from the proximal terminal axon grew prominently,
with even distribution of axon fibers (Fig. 5A, B). In the de-
nervation group, remnant axon filaments had disappeared
almost completely, although staining for the AchR remained
even at 12 weeks (Fig. 5D-G). By counting NF-positive (red)
cells per field at 200x magnification, we determined that in
the denervated group, visible axon filaments were reduced
to 17% of control at 2 weeks, 2.1% of control at 4 weeks, and

6.4% of control at both 8 and 12 weeks after the denervation
procedure. In the transplantation group, however, we found
that NF staining was nearly normal at 2 weeks after trans-
plant (85.1% of control), but then it declined to 36.1% of
control by 4 weeks and 40.4% of the control by 8 weeks.
Interestingly, by 12 weeks after transplantation, the NF
staining in the sections had once again returned to near
normal levels (87.2% of the control). This indicates that even
after transplantation, there is a period in which axon fila-
ments regress, possibly due to trauma to the transplanted
nerve. However, the nerve appears to recover by 12 weeks
after transplantation. Additionally, the integration of axon
and the AchR improved with time (Fig. 5H-K) in the trans-
plantation group. Clusters of AchR, adjacent to the growing
sprouts, were apparent from about 8 weeks after transplan-
tation (Fig. 6).

Discussion

While volumetric tissue restoration for aesthetic purposes
is the prime goal in repairing muscle tissue defects using
tissue-engineered muscle, recovery of muscle function is es-
sential in achieving coordinated motion and would be ideal.
Innervation of engineered muscle tissue is also critical for
preventing muscle tissue atrophy.**™* As such, currently
available tissue-engineered constructs consisting of cultured
muscle cells, which do not contain nerve supplies and are
thus analogous to denervated muscle, would need to be in-
tegrated with host nerve to become functional. It is currently
unclear whether such tissue-engineered constructs can be
completely innervated by host nerve and become fully
functional in vivo. To that end, we used an animal model in
which denervated GM represented a tissue-engineered
muscle construct. Using this model, we examined whether
neurotization of the denervated muscle tissue has the ability
to reinnervate and recover muscle function. Using this
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FIG. 3. Electrophysiological stimulation of the gastrocnemius muscle indicated that CMAPs of the animals in the trans-
plantation group improved over time: (A) Control animal; (B) denervated animal; (C) 4 weeks post-transplant; (D) 8 weeks
post-transplant; (E) 12 weeks post-transplant; (F) measured latencies decrease with time after nerve transplantation; (G)
amplitude of muscle contraction increases with time after nerve transplant. (*=difference is statistically significant).

model, we were able to determine the levels of functional
recovery of muscle after direct nerve transplantation (neu-
rotization) into denervated muscle. We show that the
transplanted nerve is able to regenerate the neuromuscular
junction within the muscle and leads to partial functional
recovery, but that the muscle function achieved using this
technique subnormal despite the fact that electrophysiologi-
cal measurements indicate almost complete recovery.

Until recently, there has not been a way to quantify the
functional recovery of muscle other than through mea-
surement of the electrophysiological response, although
there are some clinical methods that have been used for
measurement of muscle function recovery after nerve
damage.zg’m’31 However, these methods did not exclude
the effect of collateral nerve input into the muscle, and thus
could not determine the functional result of replacing a
single nerve. In the present study, both of these issues have
been addressed. First, we have developed a set of tests that
can objectively measure specific muscle function after nerve
transplantation, and we have developed a model in which
the contribution of a single nerve to functional muscle re-
covery can be measured. The data presented here indicate
that the actual function of denervated muscle remains in

the subnormal range even at 12 weeks after direct nerve
transplantation, although transplantation appeared to re-
generate the neuromuscular junction and provided elec-
trophysiological recovery. In this study, the functional
recovery of the GM was just 17% of normal control muscle
even at 12 weeks after nerve transplantation, despite the
fact that electrophysiological parameters appeared to re-
cover. These parameters, particularly CMAP amplitude, are
not related to the number of muscle fibers in each motor
unit, but rather to the diameter of the muscle fibers and the
density of muscle fibers comprising the motor unit closest
to the electrode.®’ Therefore, CMAP is dependent on the
electrode location, and its recovery does not necessarily
indicate recovery of normal muscular function. However,
CMAP has been considered a functional indicator in a
number of studies,****>**?*”333* and our study suggests that
this is not the case.

In this study, the direct nerve transplantation groups did
not display dorsal flexion contracture of the ankle joint, al-
though there was no new voluntary movement in the GM.
The quantitative analysis of neurofunctional recovery is a
complicated issue in animal studies of reinnervation, because
it is not possible to selectively observe a voluntary



RECOVERY OF DENERVATED MUSCLE

A Normal

B D-2weeks C D-4 weeks

F T-2 weeks G T-4 weeks

1917

D D-S Weeks

E D-12 weeks!

H T-8 weeks

FIG. 4. Histological studies. Hematoxylin and eosin (H&E) staining of normal muscle tissue is shown in (A). H&E staining
indicates that recovery of muscle fibers in the transplantation group occurred with time (F-I), whereas in the denervation
group, increased fatty infiltration, decreases in the sarcomere size, and increased nuclear packing were observed (B-E). At 12
weeks, reinnervated muscle from the transplantation group did not appear to be different from the muscles in the normal
control group (compare A and I). Color images available online at www liebertpub.com/tea

movement in animals. Here, we used EPT for measurement
of motor function and WRL to measure the sensory function.
Both of these have been validated in studies of functional
recovery of sciatic nerve.®* In this study, the functional
recovery of denervated muscle in terms of EPT and WRL
was minimal, despite the fact that the CMAP amplitude was
near normal after 8-12 weeks. This functional recovery was
much lower than that reported in other studies (50%), which
used muscle force measurement to determine recovery.*'*
In addition, the functional delay in our study was longer
than 25 days as reported by Gutmann.” It is possible that the
delayed recovery observed in our study may be due to dif-
ferences in methodology rather than an actual delay in
muscular recovery, since muscle force or CMAP measure-
ment produces different results than EPT measurement,
which was used here.

In this study, expression of the AchR and axonal sprouting
were shown to be time dependent. In the denervated muscle,
even though axonal sprouting did not occur, as shown via
immunohistochemistry for NF-200. In the transplanted
group, however, several interesting findings were revealed
using NF-200 immunohistochemistry, indicating that even in
this group, the number of sprouting axons fluctuates after
transplantation of a nerve segment. The regression of axonal
sprouting seen between 4 and 12 weeks after transplantation
may be due to trauma incurred by the nerve segment during

the transplantation surgery, or it may be a result of inflam-
mation or the wound-healing response that likely occurs
within the muscle tissue itself during the postoperative pe-
riod. However, the data suggest that the transplanted nerve
segment is eventually able to recover from this after 12
weeks and form functional neuromuscular junctions in its
new environment. Further studies are ongoing to determine
the molecular and cellular mechanisms governing the pro-
cess of axonal sprouting from the transplanted nerve.

In addition, it is important to note that the axonal sprouts
from the proximal terminal axon grew predominantly in the
vicinity of the wound, and there was a large variability in the
direction of the new fibers. Direct contact of the transplanted
nerve with the surface of the sarcoplasm gives trophic support
for axonal regeneration and induces differentiation of a motor
endplate.”***” However, functional regeneration occurs
when the distal nerve segment lost during degeneration is re-
placed, allowing reinnervation of target organs and a subse-
quent functional recovery.*® Therefore, our data suggest that
restoration of the electrophysiological response in these animals
may be associated with axonal sprouting that creates multiple
endplate connections from a single motor neuron. However,
this is different from normal muscle, and the change in neural
structure may cause the observed delay in functional recovery.

It is also important to note that the delay of functional
recovery observed in this study may be prolonged, because
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FIG. 5. Rabbit anti-NF-200 (polyclonal 1:80, Sigma), which reacts with the 200-kDa neurofilament protein, was used to
visualize axonal sprouting from the transplanted nerve at the nerve/muscle junctions. In the phase-contrast image of the
transplantation group at 12 weeks, axonal sprouts from the proximal terminal axon grew prominently, with an even
distribution of axon fibers (A and B). Alexa Fluor® 488-conjugated alpha-bungarotoxin (1:400, Invitrogen/Molecular Probes)
was used to stain the acetylcholine receptor (AchR). (C) A double stained image of normal muscle shows an intact neuro-
muscular junction. In the denervation group, remnant axon filaments had disappeared almost completely, although staining
for the AchR remained even at 12 weeks (D-G). In the transplantation group, the integration of axon and AchR improved

with time (H-K).

FIG. 6. Images illustrating clusters of
the AchR, stained with Alexa Fluor
488-conjugated alpha-bungarotoxin, in
the regenerating neuromuscular junc-
tion. These appeared adjacent to the
growing nerve sprouts and were ap-
parent from about 8 weeks after
transplantation. Consecutive magnifi-
cation views are shown in the four
panels: (A) 25X, (B) 100X, (C) 200X,
and (D) 400X.




RECOVERY OF DENERVATED MUSCLE

the surgical technique used was designed to exclude the ef-
fect of collateral sprouting by uninjured nerves. Many pre-
vious studies'??%#22325:28333637 4id not exclude any
effects from uninjured collateral nerves in denervated
muscle. In the present study, the common peroneal nerve
was implanted into the GM after excision of a 10-mm
segment of the tibial nerve and a sensory nerve branch.
Rupp et al. have shown that electrical activity recorded in
the GM after stimulation of the proximal nerve was gen-
erated by surrounding hind limb muscles unaffected by
denervation.’” Although Becker et al. have shown that an
active muscle movement was restored after nerve trans-
plantation in 7 neurotized patients,® their study could be
biased by the effect of collateral nerve function, as this was
a clinical study, and the collateral nerves could not be
removed.

The outcome of direct nerve transplantation is dependent
upon the chronicity of denervation,?*** regeneration
distance,***”° distance between the nerve implantation site
and the native motor endplate zone,*® patient age, quantity
and quality of remaining muscle mass,** status of donor
nerve, and surgical technique.>%?® This study is minimally
biased based on these factors, because the donor nerve was
transplanted immediately after transection of all branches of
the recipient’s nerve, and the graft was placed close to the
native motor endplate zone. However, this model does not
address issues that may arise when implanting a 3D muscle
construct into the environment of a severe traumatic injury.
The structural and biochemical events after trauma may
provide different results from those presented here, as the
injury environment would contain a number of molecular
and cellular cues (proinflammatory cytokines, growth fac-
tors, the presence of T cells, and a number of other factors)
that are not present in the model described in this article.
Such a complete study was beyond the scope of this article;
however, creating a model that takes into account the envi-
ronment of a traumatic injury would be an exciting follow-
up study.

Direct nerve transplantation is an option when a primary
suture, nerve transfer, or a graft is not available, although
functional recovery may not be achieved for a long period
after Surtgery.zgso’31 As we have shown, abundant axonal
regrowth and normalized CMAP response do not necessarily
indicate a return of the muscular function. However, we
have not investigated the effect of exogenous enhancing
factors, such as neurotrophic factors, on the functional re-
covery after nerve transplantation. It is possible that, for a
faster functional recovery, the extensive branching of the
nerve endings seen after transplantation could be organized
into well-structured integrations using supportive tools such
as these exogenous factors.
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