
Experimental Neurology 339 (2021) 113650

Available online 16 February 2021
0014-4886/© 2021 Elsevier Inc. All rights reserved.

Research paper 

Defining the relative impact of muscle versus Schwann cell denervation on 
functional recovery after delayed nerve repair 

Karim A. Sarhane a,b,1, Benjamin R. Slavin a,c,1, Nicholas Hricz a,d, Harsha Malapati a, 
Yi-nan Guo a, Michael Grzelak a, Irene Aran Chang a, Heather Shappell e, 
Nicholas von Guionneau a,f, Alison L. Wong a, Ruifa Mi g,h, Ahmet Höke g,h, Sami H. Tuffaha a,* 
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A B S T R A C T   

Functional recovery following peripheral nerve injury worsens with increasing durations of delay prior to repair. 
From the time of injury until re-innervation occurs, denervated muscle undergoes progressive atrophy that limits 
the extent to which motor function can be restored. Similarly, Schwann cells (SC) in the distal nerve lacking 
axonal interaction progressively lose their capacity to proliferate and support regenerating axons. The relative 
contributions of these processes to diminished functional recovery is unclear. 

We developed a novel rat model to isolate the effects of SC vs. muscle denervation on functional recovery. Four 
different groups underwent the following interventions for 12 weeks prior to nerve transfer: 1) muscle dener-
vation; 2) SC denervation; 3) muscle + SC denervation (negative control); 4) no denervation (positive control). 
Functional recovery was measured weekly using the stimulated grip strength testing (SGST). Animals were 
sacrificed 13 weeks post nerve transfer. Retrograde labeling was used to assess the number of motor neurons that 
regenerated their axons. Immunofluorescence was performed to evaluate target muscle re-innervation and at-
rophy, and to assess the phenotype of the SC within the distal nerve segment. 

Functional recovery in the muscle denervation and SC denervation groups mirrored that of the negative and 
positive control groups, respectively. The SC denervation group achieved better functional recovery, with a 
greater number of reinnervated motor endplates and less muscle atrophy, than the muscle denervation group. 
Retrograde labeling suggested a higher number of neurons contributing to muscle reinnervation in the muscle 
denervation group as compared to SC denervation (p > 0.05). The distal nerve segment in the muscle denervation 
group had a greater proportion of SCs expressing the proliferation marker Ki67 as compared to the SC dener-
vation group (p < 0.05). Conversely, the SC denervation group had a higher percentage of senescent SCs 
expressing p16 as compared to the muscle denervation group (p < 0.05). 

The deleterious effects of muscle denervation are more consequential than the effects of SC denervation on 
functional recovery. The effects of 12 weeks of SC denervation on functional outcome were negligible. Future 
studies are needed to determine whether longer periods of SC denervation negatively impact functional recovery.   
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1. Introduction 

Suboptimal functional outcomes tend to occur following peripheral 
nerve injury (PNI) despite the advances that have been made in surgical 
repair. Among the many factors limiting functional recovery, the dura-
tion of time that elapses between injury and reinnervation is thought to 
be most important (Scheib and Höke, 2013). During the denervation 
period, muscle and Schwann cells (SC) lacking axonal interaction un-
dergo progressive, denervation-induced atrophy. While these two pro-
cesses are quite different, both are thought to ltimately manifest in 
diminished functional recovery. However, the extent to which muscle 
vs. SC denervation each contribute to poor functional outcomes remains 
unclear. 

Diminished functional recovery from delayed reinnervation was first 
attributed to denervation-induced atrophy of the target muscle. In the 
acute period following PNI, denervated skeletal muscle initially upre-
gulates neurotrophic factors (QT et al., 1998) and acetylcholine re-
ceptors (L et al., 1995) to enhance receptivity to reinnervation. 
However, chronically denervated muscle subsequently undergoes a 
number of progressive, irreversible changes that impair receptivity to 
reinnervation and contractility upon reinnervation, including motor 
endplate instability and fragmentation (L et al., 1995), diminished 
myofiber size and number (AP and A, 1989; SL et al., 2012), and fibrosis 
(SL et al., 2012). Conventional wisdom among clinicians continues to 
emphasize the importance of muscle denervation atrophy as the primary 
obstacle to achieving functional recovery, particularly in the setting of 
proximal nerve injury and delayed repair. However, studies by Gordon 
et al. and others (Fu and Gordon, 1995a; Furey et al., 2007; Sulaiman 
and Gordon, 2000a) have brought attention to the deleterious effects of 
chronic SC denervation on peripheral nerve regeneration. After PNI 
occurs, myelinating SC distal to the injury site dissociate from the 
degenerating axon, assume a proliferating phenotype, and play a critical 
role in supporting regenerating axons by secreting neurotrophic factors 
and maintaining the bands of Büngner through which the axons regen-
erate (Höke, 2006). In the setting of prolonged denervation, SC lacking 
axonal interaction progressively lose their capacity to proliferate and 
support axonal growth (Scheib and Höke, 2013). Some studies have 
suggested that the deleterious effects of chronic denervation on SC, 
rather than on muscle, are the prime factor limiting nerve regeneration 
and functional recovery (Gordon et al., 2011; Sulaiman and Gordon, 
2009). 

The lack of clarity regarding the relative importance of muscle vs. SC 
atrophy arises from the difficulty in experimentally isolating these two 
phenomena. Previously described in vivo models for chronic denerva-
tion induce concurrent denervation of both the muscle and nerve 
segment distal to the injury site, prior to nerve repair. Furthermore, the 
functional assays used in prior models were either limited by behavioral 
variability (Kappos et al., 2017; Sarhane et al., 2019a) or were per-
formed only once at the time of sacrifice. To address these limitations, 
we used a novel rodent model in which muscle and SC denervation are 
induced in isolation of the other while controlling for other surgical 
variables. Furthermore, we used a recently validated functional test that 
provides reliable measurements of functional recovery over time (Han-
wright et al., 2019). To investigate the mechanisms impacting functional 
recovery after muscle vs. SC denervation, we histologically assessed 
motor endplate reinnervation, muscle atrophy, axonal regeneration and 
evaluated the expression of markers for SC proliferation and senescence. 

2. Materials and methods 

2.1. Animals 

Thirty-two, 3–4 weeks old, male Lewis rats (75 g, Charles Rivers 
Laboratories) were used for this study. Surgical procedures and peri- 
operative care measures were carried out under the protocols 
approved by the Johns Hopkins University Animal Care and Use 

Committee (RA18M74) according to guidelines established by National 
Institutes of Health and American Association for the Accreditation of 
Laboratory Animal Care. Rats were allotted one week for acclimation 
prior to the start of the study. 

2.2. Experimental design 

Four experimental groups (n = 8, per group) were included (Fig. 1). 
Each animal underwent 2 surgeries: (1) denervation, followed 12 weeks 
later by (2) nerve transfers. The denervation surgery varied for each 
group to selectively denervate nerve/SC, muscle, both (negative con-
trol), or neither (sham surgery; positive control). Following nerve 
transfer, all animals underwent weekly functional testing for 13 weeks 
until sacrifice for tissue analysis. Whole animal trans-cardiac perfusion 
fixation was performed at sacrifice to fix the tissues, by infusing cold 
saline followed by 300 ml of 4% paraformaldehyde in 0.1 M PBS, pH 7.4 
into the left ventricle. 

2.3. Surgical procedures 

Surgeries were performed under aseptic techniques using an oper-
ating microscope (Leica M525 F40 surgical microscope). Induction of 
general anesthesia was accomplished with isoflurane delivery via a 
VetEquip anesthesia machine (VetEquip Inc). The fur was clipped over 
the right forelimb and the skin scrubbed with a 70% alcohol solution. 
Details of the surgery for each group are found below. During the entire 
procedure, the median and ulnar nerves were kept moist using sterile 
saline solution. At the end of each procedure, animals received analgesia 
(0.05 mg/kg of subcutaneous buprenorphine). They were then closely 
observed for the presence of infection or any sign of distress. 

2.3.1. Denervation surgery (Fig. 1) 
A longitudinal skin incision was made along the medial brachium. 

The biceps muscle was retracted to expose the underlying neurovascular 
structures. In the SC denervation group, the ulnar nerve was transected 
proximally at the level of the axilla, and its distal and proximal stumps 
were sutured to nearby muscles to prevent regeneration across the 
transection site and thereby ensure complete denervation of the distal 
nerve segment. In the muscle denervation group, the median nerve was 
transected as distally as possible, as it started branching into the fore-
limb digital flexors. Both the proximal and distal nerve stumps were 
sutured to the nearby muscles to prevent regeneration and ensure 
complete denervation of the median nerve-innervated muscles. In the 
negative control group (SC and muscle denervation), both the proximal 
ulnar nerve and distal median nerve were transected, as described 
above, to denervate both the ulnar nerve and the median nerve- 
innervated muscles. In the positive control group (no denervation), sham 
surgery was performed in which the nerves were exposed but not 
transected. 

2.3.2. Nerve transfer surgery (Fig. 1) 
After a 12-week period, all animals underwent the same procedure, 

which involved the following two nerve transfers: (1) the proximal 
stump of the median nerve was transferred to the proximal end of the 
ulnar nerve segment, and (2) the distal end of the ulnar nerve segment 
was transferred to the distal median nerve stump as it branched into the 
forelimb digital flexors. Hence, following these transfers the regenerat-
ing axons of the proximal median nerve crossed two coaptation sites in 
all animals and regenerated through the ulnar nerve segment (which 
was denervated in the SC denervation and negative control groups) and 
then into the median nerve-innervated muscles of the forearm (which 
were denervated in the muscle denervation and negative control 
groups). Of note, the ulnar nerve segment measured ~1.7 cm. All ani-
mals were sacrificed 13 weeks following nerve transfers. 
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2.4. Grip strength testing 

To track functional motor recovery over time, all animals underwent 
weekly stimulated grip strength testing (SGST), starting one week post 
nerve transfer. SGST is a recently validated method that provides reli-
able measurements of functional motor recovery over time (Hanwright 

et al., 2019). It involves percutaneous stimulation of the median nerve to 
induce maximal tetanic contraction of the digital flexors. With the ani-
mal under general anesthesia, the forelimb is secured in 90◦ of abduc-
tion. A pair of needle-point electrode stimulators (ADInstruments) are 
placed 1 mm apart in the axilla, just proximal to the insertion of the 
pectoralis major muscle onto the humerus. The proximal median nerve 

Fig. 1. Denervation model. Four groups were included in the study. The positive control group (no denervation) consisted of a sham surgery, followed 12 weeks later 
by two nerve transfers (proximal median to ulnar, and distal ulnar to median). The SC denervation group consisted of proximal ulnar nerve transection at the time of 
denervation surgery, followed 12 weeks later by the two nerve transfers described above. The muscle denervation group consisted of distal median nerve transection, 
followed 12 weeks later by the two nerve transfers. Finally, the negative control group consisted of both proximal ulnar nerve and distal median nerve transection, 
followed 12 weeks later by the two nerve transfers. Yellow color represents the median nerve. Green color represents the ulnar nerve. The muscle represents the median-nerve 
innervated flexor muscles in the forearm Faded color indicates a denervated structure (nerve or muscle). 

Fig. 2. Histological outcome measures. The target muscle was evaluated for the percentage of reinnervated motor endplates (A), and for the extent of denervation 
atrophy (B). The ventral horn of the spinal cord was evaluated for the number of motor neurons that regenerated their axons (C). The ulnar nerve segment was 
evaluated for the proportion of SC expressing proliferation markers (D) and senescence markers (E). 
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is then percutaneously, electrically stimulated supra-maximally at 10 V 
in order to ensure maximal tetanic contraction of the median-innervated 
flexors. Following induction of full digital flexion resulting in composite 
grasp, a metal loop fixed to an electronic force meter (Chatilon DE II, 
Ametek) is then placed on the palm of the animal and secured within the 
flexed digits and the force meter is distracted away from the animal until 
grasp is lost. The maximal force generated prior to loss of grasp (load to 
failure) is recorded in Newtons. Three trials were performed at both the 
50 and 100 Hz frequencies, and the greater mean value between the two 
frequencies was used. 

2.5. Muscle re-innervation analysis: neuromuscular junction co- 
immunofluorescence staining 

To assess re-innervation of target muscle, quantification of neuro-
muscular junctions (NMJs) of the flexor digitorum profundus (FDP) was 
performed (Fig. 2-A), using the co-detection of a presynaptic neuronal 
marker (neuron-specific class III β-tubulin, TUJ1), and a postsynaptic 
acetylcholine receptor marker (alpha-bungarotoxin, α-BTX). The entire 
muscle was sectioned into 20 μm longitudinal cryosections to enable the 
staining and counting of nearly all motor endplates. First, sections were 
stained with a 1:2000 rabbit anti-rat TUJ1 monoclonal antibody (MRB- 
435P) overnight. Subsequently, the sections were incubated with fluo-
rescein goat anti-rabbit (1:800, Vector, no FI-1000) and α-BTX/AF594 
(1:1000, Invitrogen B-13423) for one hour. Then, the sections were 
mounted using ProLong® Gold Antifade Mountant, which contained 
DAPI (Life technologies). Finally, the muscles were imaged under fluo-
rescent filtration with the use of a Zeiss Axio Imager-2 microscope (Carl 
Zeiss Microimaging LLC, Thornwood, NY, USA) that was outfitted with 
the appropriate corresponding single-bandpass filters (Semrock, 
Rochester, NY). All images were acquired using matched exposure set-
tings and with the experimenters blinded to each group. To evaluate re- 
innervation of the motor endplates, two spectral windows were captured 
using the ZEN 3.1 software. One window of the software included the 
emission profile of green fluorescent protein (GFP, 488 nm), while the 
other window included the emission profile of Alexa Fluor 594 (590 
nm). In order to analyze the irregular surface of the muscle, a “z-series” 
was created in order to provide a stack of images taken 5 μm apart which 
were then flattened into a two-dimensional image. The two acquired 
images were overlapped and merged in order to yield a final composite 
image. Upon further analysis, each motor endplate was categorized as 
either “occupied” (appearing yellow in color as a result of the super-
imposing of green-labeled axons onto red-labeled motor endplates), or 
“denervated” (appearing red in color and therefore suggestive of a non- 
reinnervated motor endplate). The ratio of occupied to unoccupied 
motor endplates was computed for each animal. Means ± standard de-
viation (SD) were calculated and compared between the groups. 

2.6. Muscle denervation atrophy analysis: laminin immunofluorescence 
staining 

Histological analysis of the flexor digitorum superficialis (FDS) was 
performed to assess target muscle atrophy (Fig. 2-B). Cryosections 
(taken consistently at the mid-point of the muscle) were stained using a 
laminin antibody and were then mounted with a DAPI solution. In brief, 
sections of 10 μm thickness were first blocked in 5% BSA/PBS, followed 
by an overnight incubation with a primary antibody against laminin-γ1 
(MAB1920) in 1% BSA/PBS at 4 ◦C. Slides were then washed with 1% 
BSA/PBS, incubated for 90 min at room temperature with a secondary 
antibody (fluorescein horse anti-mouse IgG antibody, Fl-2000, Vector 
Laboratories, Burlingame, CA), washed again with 1% BSA/PBS, and 
finally mounted using ProLong® Gold Antifade Mountant containing 
DAPI (Life technologies). The circumference of each fiber was outlined 
using Image J software to count the number of muscle fibers and mea-
sure their individual cross-sectional area (CSA). The criteria used in the 
selection of muscle fibers ensured that only fibers with an intact, distinct 

basement membrane without significant signs of distortion or folding 
were chosen. Elongated fibers suggestive of an oblique section were 
excluded. Morphometric measurements that were obtained from the 
muscle cross-section included: 1) average number of muscle fibers (N), 
2) average single-fiber CSA (μm2), and 3) single-fiber cross-section area 
distribution. A minimum of 300 fibers per muscle were measured. All 
values of morphometric parameters were expressed as mean ± SD. 

2.7. Retrograde labeling 

When thirteen weeks had elapsed from the time of nerve transfer, the 
incision site was reopened under general anesthesia. The distal median 
nerve just distal to the second coaptation site was transected. A parafilm 
patch was placed beneath the nerve stump to protect the underlying 
tissue from direct contact with the tracer in case of inadvertent leak. The 
proximal nerve stump was placed into a silastic tube containing 4% 
Fluoro-Gold™ (Fig. 2-C). Following a 1-h incubation period, the prox-
imal nerve stump was removed from the tube, rinsed with saline, and 
cleaned with a swab to ensure the removal of any excess tracer. 
Following this procedure, the incision was then sutured, and the animals 
allowed to recover. 

Two days later, the animals were sacrificed. The median nerve was 
traced back to the spinal cord. The spinal cord between C5 and T1 was 
harvested. It was post-fixed for 24 h in the same fixative at 4 ◦C, and then 
transferred into 30% sucrose in 0.1 M PBS. It was then placed in Tis-
sueTek O.C.T. Compound (Sakura Finetek, USA), and snap frozen in 
liquid nitrogen. Serial longitudinal 50 μm frozen sections were cut and 
mounted on coated slides. O.C.T. was removed from the air-dried sec-
tions by rinsing in PBS before the slides were finally mounted with DPX 
mounting media (Sigma-Aldrich, 06522). 

2.8. Microscopic analysis and stereological examination 

Fluorescently labeled neurons in the aforementioned spinal cord 
were identified using a Zeiss Axio Imager-2 (Carl Zeiss Microimaging 
LLC, Thornwood, NY, USA) fluorescent microscope, fitted with the 
appropriate corresponding single band pass filters (Semrock, Rochester, 
NY). Views of both the transverse and rostro-caudal planes were 
acquired. 

In order to obtain an unbiased estimation of their number, labeled 
neuron populations in spinal cord section for each animal were sampled 
utilizing the previously described optical dissector method (Gundersen 
et al., 1988). This method has been validated for use with frozen tissue 
(Messina et al., 2000). In order to account for the challenge of an uneven 
distribution of labeled neurons within the spinal cord tissue, a pre- 
determined sampling path was followed from a random beginning 
point for each section sampled. Additionally, individual neurons were 
counted only if their nuclei were clearly identifiable. Counts were 
recorded as mean ± SD. 

2.9. Schwann cell phenotype within the ulnar nerve segment: S100/Ki67 
and S100/p16 co-immunofluorescence staining 

Co-immunofluorescence studies were performed on the ulnar nerve 
segment to investigate the mechanisms underlying axonal regeneration. 
We specifically evaluated the phenotype of SCs, comparing the per-
centage of activated vs. senescent SCs. 

Activation of Schwann cells was defined by the expression of Ki67 
within S100 positive cells (Benito et al., 2017; Sarhane et al., 2019b). 
Schwann cell senescence was defined by the expression of p16 within 
S100 positive cells (Saheb-Al-Zamani et al., 2013). 

Slides were co-stained with either anti-S100/anti-Ki67 (Fig. 2-D) or 
anti-S100/anti-p16 (Fig. 2-E) antibodies. Briefly, the sections were 
initially treated with 0.2% Triton X-100 for 10 mins at room tempera-
ture (permeabilization step). After rinsing in PBS, the sections were 
covered with 10% normal goat serum and incubated for 60 min. The 
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slides were then washed in PBS buffer, and incubated overnight with the 
primary antibodies (diluted in PBS containing 5% normal goat serum) in 
a humidified chamber at 4 ◦C. Sixteen hours later, sections were washed 
in PBS buffer and incubated for one hour with the corresponding sec-
ondary antibodies in a humidified chamber at room temperature, and 
finally mounted using ProLong® Gold Antifade Mountant containing 
DAPI (Life technologies). Negative control slides were included in each 
of these experiments, using the exact staining steps but omitting the 
primary antibody. The nerves were imaged under fluorescent filtration 
with the use of a Zeiss Axio Imager-2. All images were obtained with 
matched exposure settings and in a blinded fashion. A list of the anti-
bodies that were used in these experiments is presented in Table 1. 

For quantitative analysis, ~ 100 cells per animal that stained posi-
tively for S100 were identified from 4 to 6 random 0.05 mm2 micro-
scopic fields. Of those cells, the ones that co-stained for Ki67 or p16 were 
counted, and the percentage of Ki67 or p16 expression among S100 cells 
was calculated and compared between the groups. 

2.10. Statistics 

Statistical analysis for the histological outcomes was performed 
using the Kruskal-Wallis one-way analysis of variance by ranks. Pro-
vided significant differences were detected, the Dwass-Steel-Chritchlow- 
Fligner post hoc analysis method was applied for multiple pairwise 
comparisons. As for the SGST, differences in muscle force recovery over 
time between the four groups was tested using a nonparametric analysis 
of longitudinal data (Noguchi et al., 2012). A p value <0.05 was 
considered significant. SPSS Statistics version 23 (IBM, Armonk, NY, 
USA) was used, as well as the R package “nparLD”. 

3. Results 

3.1. Motor function recovery 

SGST allowed for weekly measurements of maximal muscle con-
tractile force as a measure of motor functional recovery over time 
(Fig. 3). The first detectable motor recovery was noted at 4 weeks 
following nerve transfers in all groups. Grip strength was noted to be 
greater in the SC denervation group than the muscle denervation group, 
beginning at week 7 until sacrifice (p < 0.05). Functional recovery of the 
muscle denervation group mirrored that of the negative control group, 
whereas recovery of the SC denervation group was similar to that of the 
positive control group. 

3.2. Muscle re-innervation 

The extent of muscle reinnervation was assessed by quantifying the 
percentage of motor endplates that were reinnervated at the time of 
sacrifice (Fig. 4). This revealed that the percentage of reinnervated 
motor endplates in the SC denervation group (88.49% ± 3.15) was 
significantly higher than the muscle denervation group (56.48% ±

2.01). The percentage in the positive control group (93.65% ± 4.02) was 
statistically similar to that of the SC denervation group, and that in the 
negative control group (57.58% ± 1.58) was similar to the muscle 
denervation group. 

3.3. Retrograde labeling of motor neurons 

To calculate the proportion of motor neurons that regenerated their 
axons, Fluoro-Gold retrograde dye was applied to the median nerve 
stump, distal to the second coaptation (Fig. 5). Labeled cell bodies 
within the ventral horn of the spinal cord (levels C5-T1) were identified 
by red-yellow fluorescence corresponding with dye uptake. In most 
cases, identification of neuronal nuclei was possible due to their bigger 
size as compared to glial cell nuclei, and also due to the typical distri-
bution of glial cells around them. The histograms in Fig. 5 display the 
raw motor neuron count. 

The average number of motor neurons that regenerated their axons 
in the positive control group was 218.3 ± 11.1; in the muscle dener-
vation group, it was 130.8 ± 9.9; in the SC denervation group, it was 
69.3 ± 15.6; and in the negative control group, it was 28.5 ± 9.3. The 
difference between these groups did not reach a customary level of 
statistical significance with a p value of 0.1 (using Kruskal-Wallis: all 
pairwise comparisons). This potentially represents a type 2 error as the n 
value for this outcome measure specifically was only 4 per group. 

3.4. Denervation-induced muscle atrophy 

A detailed histological analysis of muscle denervation atrophy was 
performed (Fig. 6). The total number of muscle fibers and the average 
single-fiber CSA were quantified in all groups using an anti-laminin 
antibody that delimits the borders of muscle fibers. While the total 
number of muscle fibers was not statistically different between the 
groups (data not shown), there was a statistically significant difference 
in the average single-fiber CSA (χ2(2) = 26.12, p = 0.01). Greater 
average single-fiber CSA values were noted in the positive control (mean 
rank = 25.50) and SC denervation (mean rank = 23.38) groups as 
compared to the muscle denervation group (mean rank = 12.63). This 
can be explained by the fact that the muscle, in both the positive control 
and SC denervation groups, had not undergone denervation prior to 
nerve transfer. The average single-fiber CSA in the muscle denervation 
group was also significantly higher than in the negative control group 
(mean rank = 4.50) (Fig. 6). 

3.5. Denervation-induced Schwann cell proliferation and senescence 

3.5.1. Schwann cell senescence (S100/p16) - Fig. 7 
There was a statistically significant difference between the propor-

tion of SCs that expressed the senescence marker, p16, among the 
different groups (χ2(2) = 23.35, p = 0.01), with a mean rank of 24.50 for 
negative control, 22.50 for SC denervation, 6.50 for muscle denervation, 
and 9.31 for positive control. Pairwise comparisons revealed no signif-
icant differences between the SC denervation group and the negative 
control group, in both of which the ulnar nerve segment was denervated 
for the same period of time prior to repair. There were however signif-
icant differences between the SC denervation and positive control 
groups, and between the muscle denervation and negative control 
groups. This was expected given that the ulnar nerve segment in the 
positive control and SC denervation groups was not denervated. 

3.5.2. Schwann cell activation (S100/Ki67) - Fig. 8 
Similarly, there was a statistically significant difference in the pro-

portion of SC that expressed the proliferation marker, Ki67, between the 
various groups (χ2(2) = 28.20, p = 0.01), with a mean rank of 27.5 for 
positive control, 20.0 for muscle denervation, 12.5 for SC denervation, 
and 4.5 for negative control. Pairwise comparisons revealed significant 
differences between positive control and SC denervation groups, 

Table 1 
Antibody combinations used for the co-immunofluorescence studies.  

Co-staining combinations Source Catalog # / 
clone 

Dilution 

Primary Rabbit anti-S100 ThermoFisher RB-9018-P0 1:300 
Secondary Fluorescein goat anti- 

rabbit 
Vector labs FI-1000 1:400 

Primary Mouse anti-Ki67 BD Bioscience 550,609 1:100 
Secondary Cy5 goat anti-mouse Jackson labs 115–175-166 1:400 
Primary Rabbit anti-S100 ThermoFisher RB-9018-P0 1:300 
Secondary Fluorescein goat anti- 

rabbit 
Vector labs FI-1000 1:400 

Primary Mouse anti-p16 Abcam ab54210 1:250 
Secondary Cy5 goat anti-mouse Jackson labs 115–175-166 1:400  
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Fig. 3. Stimulated grip strength testing (n = 8). Motor recovery of the target muscle was assessed weekly using the stimulated grip strength testing method. This 
demonstrated greater functional recovery in the SC denervation group than the muscle denervation group. This difference was significant starting week 7 and 
remained significant until time of sacrifice (week 13). Moreover, the recovery pattern of the SC denervation group mirrored that of the positive control group, and 
that of the muscle denervation group was similar to the negative control group. 

Fig. 4. Quantification of reinnervated motor endplates (n = 8). The SC denervation group had a significantly higher percentage of reinnervated motor endplates as 
compared to the muscle denervation group (88.49% ± 3.15 vs. 56.48% ± 2.01). The percentage of NMJs was similar in the SC denervation and positive control 
group, and similar in the muscle denervation and negative control groups (p > 0.05). 
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between SC and muscle denervation groups, between muscle denerva-
tion and negative control groups, and between SC denervation and 
negative control groups. The latter finding is interesting as both the SC 
denervation and negative control groups had an ulnar nerve segment 
that was denervated for the same amount of time. The difference in SC 
Ki67 expression between these two groups can potentially be explained 
by the status of the target muscle (which was denervated in the negative 
control group but not in the SC denervation group). Acutely denervated 
muscle (as in the SC denervation group) is known to secrete neuro-
trophic factors that counteract the effects of chronic denervation on SC, 
whereas chronically denervated muscle (as in the negative control 
group) loses the capacity to provide this neurotrophic support to the 
distal nerve (Michalski et al., 2008; Sakuma and Yamaguchi, 2011). It is 
also possible that the SC in the distal-most nerve branches entering 
muscle that were acutely denervated in SC denervation group provided 

some neurotrophic support to the more proximal chronically denervated 
SC in the ulnar nerve segment. 

4. Discussion 

There is unresolved controversy in the literature as to the prime 
factor limiting functional recovery following delayed or proximal nerve 
repairs. Conventional wisdom has tended to attribute poor functional 
recovery to the deleterious effects of chronic denervation on muscle, 
resulting in diminished receptivity to reinnervation and diminished 
contractility when reinnervation occurs (Gutmann and Young, 1944; 
Holmes and Young, 1942; van der Meulen et al., 2003). However, 
Gordon et al., in a series of elegant experiments, brought to light the 
detrimental effects of chronic denervation on SC in the distal nerve, 
which limits their capacity to support regenerating axons. (Fu and 

Fig. 5. Retrograde labeling (n = 4). Representative longitudinal sections of the ventral horn of the spinal cords harvested 48 h after Fluoro-Gold labeling are shown. 
There were no statistically significant differences between groups in the number of labeled motor neurons that regenerated their axons. Scale bar, 20 μm. 

Fig. 6. Laminin staining (n = 8). The average single-fiber cross-section area (CSA) of the target muscle in the SC denervation group (970.16 ± 76.72 μm2) was 
significantly = greater than in the muscle denervation group (675.21 ± 135.03 μm2), indicating a lessened degree of muscle denervation atrophy in the SC 
denervation group. Furthermore, the single-fiber CSA in the muscle denervation group was significantly greater than in the negative control group (402.85 ± 75.06 
μm2). This is because the regeneration of the axons in the negative control group was slower than in the muscle denervation group as they had to regenerate through 
a denervated ulnar nerve segment. The slower regeneration resulted in more muscle atrophy in the negative control group. Scale bar, 20 μm. 
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Gordon, 1995b; Sulaiman and Gordon, 2000b; Sulaiman and Gordon, 
2009; Sulaiman and Gordon, 2002). 

In a study designed to evaluate the relative impact of muscle vs. SC 
denervation on diminished functional recovery, Gordon et al. concluded 
that functional recovery is limited in part by the effects of prolonged 
muscle denervation but primarily by the diminished capacity of chron-
ically denervated SC to support regeneration (Gordon et al., 2011). Their 
model was similar to the one we used in our study but with the following 
critical differences: the interposed nerve segment subjected to prolonged 
denervation in their SC denervation group consisted of a nerve graft 
taken from the contralateral limb, rather than a vascularized, in situ 
ulnar nerve segment as was used in our study. The use of a graft that is 
devascularized at the time of harvest requires revascularization 
following implantation. This introduces additional variables that must 
be taken into account, as the chronically denervated SC within the graft 
were also subjected to a period of ischemia that may have augmented 
the deleterious effects of denervation alone. In contrast, the model we 
used, in which the interposed ulnar nerve segment remained vascular-
ized, better models the typical clinical scenario of interest. Our study 
also used a recently validated functional assay that provides reliable 
measurement of motor functional over time, as opposed to a single 

measurement at sacrifice. 
It should be noted that Gordon et al. observed substantially dimin-

ished recovery of muscle tetanic force with prolonged denervation of 
muscle and distal-most nerve branches, whereas prolonged denervation 
of the SC within the interposed graft did not impact net motor functional 
recovery. These important findings seemingly conflict with their 
conclusion that SC denervation is more deleterious than muscle dener-
vation and they are corroborated by the results of our study. Our SC 
denervation group achieved greater muscle force and had a greater 
percentage of reinnervated motor endplates as compared to the muscle 
denervation group. Regardless of the number of motor neurons 
contributing to motor functional recovery (as will be discussed below), 
the net muscle force generated is arguably the most clinically important 
outcome of interest. 

Using electrophysiologic motor unit number estimation, Gordon 
et al. observed that prolonged SC denervation resulted in substantially 
fewer motor units contributing to motor functional recovery. Motor unit 
expansion and greater force generated per motor unit accounted for the 
lack of diminishment in cumulative muscle tetanic force generation. 
Using retrograde labelling of regenerated motor neuron cell bodies, we 
similarly observed a trend towards fewer motor neurons that 

Fig. 7. S100/p16 co-immunofluorescent staining (n = 8). The proportion of S100 cells expressing the senescent marker p16 was significantly higher in SC 
denervation group (23.75% ± 1.91), than in the muscle denervation group (3.27% ± 0.93). The SC denervation and positive control groups had similar percentages 
of S100/p16, as did the muscle denervation and negative control groups. Scale bar, 10 μm. 

Fig. 8. S100/Ki67 co-immunofluorescent staining (n = 8). The proportion of S100 cells expressing the proliferation marker Ki67 was higher in the muscle 
denervation group (24.50% ± 2.07), as compared to the SC denervation group (11.13% ± 2.75). The SC denervation group had a higher percentage of S100/Ki67 
than the negative control group (3.91% ± 1.41) although the ulnar nerve segment was denervated in both groups for the same period. Scale bar, 10 μm. 
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regenerated their axons in the SC denervation group in comparison to 
the positive control group that was not subjected to chronic denervation. 

Gordon et al. concluded that SC denervation is a greater impediment 
to motor functional recovery than muscle denervation, despite 
observing diminished total muscle force recovery and fewer motor units 
in their muscle denervation group, by pointing to the important caveat 
that their muscle denervation group also contained a short segment of 
denervated distal nerve entering the muscle. Our model also suffered 
from this limitation, as it was not possible to denervate the muscle alone 
without also including a few millimeters of nerve entering the muscle in 
order to perform the second coaptation. However, the length of nerve 
between the distal coaptation and muscle was shorter in our model than 
in the one used by Gordon et al. (~5 mm vs. ~15 mm). This might 
explain why Gordon et al. observed even fewer motor units in their 
muscle denervation group than their SC denervation group, while we 
observed no statistical difference and a trend towards fewer back- 
labeled motor neurons in our SC denervation group than our muscle 
denervation group. 

Importantly, it seems unlikely that the short segment of nerve 
included with muscle in our model could account for the stark differ-
ences in functional recovery between the muscle denervation and SC 
denervation groups. We observed substantially diminished muscle 
tetanic force recovery in our muscle denervation group mirroring that 
seen in our negative control group (consisting of both muscle and SC 
denervation). Moreover, we observed no measurable effect of isolated 
SC denervation on motor functional recovery, mirroring the positive 
control group. In the SC denervation group, there may have been some 
repopulation of the chronically-denervated ulnar segment with freshly- 
denervated, proliferating SC migrating from the distal- most nerve tis-
sue. It is also possible that the distal-most SC provided some neuro-
trophic support to the chronically denervated SC in the ulnar nerve 
segment. We did observe a smaller percentage of proliferating SC within 
the ulnar nerve segment in the negative control group than in the SC 
denervation group, supporting this possibility. However, there was ~2 
times greater percentage of proliferating SC and ~ 7 times lesser per-
centage of senescent SC in the muscle denervation group than in the SC 
denervation group, with no difference in the number of senescent SC 
between the SC denervation and negative control groups; these findings 
taken together with our functional data suggest minimal impact of the 
distal-most nerve included with the muscle and support the validity of 
this model meant to isolate the effects of muscle and SC denervation. 

The mechanisms underlying the diminished functional recovery 
noted with muscle denervation likely arose from denervation-induced 
muscle atrophy resulting in loss of myofiber size and motor endplate 
fragmentation limiting receptiveness to reinnervation. These effects 
have been well defined in prior studies and were again confirmed by our 
findings of diminished myofiber CSA and percent reinnervation of motor 
endplates in our muscle denervation and negative control groups. We 
did not specifically evaluate the impact of terminal SC (tSC) denervation 
in limiting muscle reinnervation and functional recovery. tSC located in 
terminal nerve endings and NMJs are known to play a critical and dy-
namic role in supporting regeneration following peripheral nerve injury. 
Soon after the muscle is denervated, they phagocytose cellular debris 
(Duregotti et al., 2015). As axons regenerate into muscle, tSC extend 
cytoplasmic processes that guide the growth cones towards motor end-
plates to facilitate reinnervation (Kang et al., 2014; Kang et al., 2003; 
Reynolds and Woolf, 1992). It is still unknown whether these cyto-
plasmic extensions reach areas beyond the NMJs. The observation made 
by Trachtenberg et al. (Trachtenberg and Thompson, 1997) that tSCs 
tend to migrate away from the motor endplate following prolonged 
muscle denervation (when they are subjected to the soluble neuregulin 
isoform GGF2, that is known to rescue them from denervation-induced 
apoptosis) suggests an additional role of tSCs beyond guiding NMJ 
reinnervation. The role of tSC in the setting of muscle denervation 
should be further defined in future studies. 

While we did not observe diminished functional recovery with 12 

weeks of SC denervation, we did not evaluate the impact of longer pe-
riods of SC denervation. Gordon et al. evaluated varying durations of SC 
denervation and found that the number of motor units decreased and 
force per motor unit increased with increasing durations of SC dener-
vation until 50 days, at which point these trends plateaued. This sug-
gests that the maximal effect of SC denervation on functional recovery 
should have been reached with a 12-week denervation period. However, 
the chronically denervated SCs in their study were also subjected to a 
period of ischemia prior to engraftment. It therefore remains possible 
that greater durations of denervation would have resulted in measurable 
diminishment in functional return in our model. This should be specif-
ically evaluated in future studies. 

5. Limitations 

In our study, we confirmed that prolonged denervation diminishes 
SC proliferation and increases the extent of SC senescence and muscle 
atrophy by evaluating muscle and nerve tissue harvested at the study 
endpoint. However, it would have been informative to also perform 
these assays following the 12-week denervation period, prior to per-
forming the nerve repair. Doing so would have provided a clearer pic-
ture regarding the impact of the denervation period on the affected 
nerve and muscle tissue in isolation of axonal regeneration and rein-
nervation. A number of prior studies have demonstrated SC senescence 
and muscle atrophy following denervation. Xiao et. al (Xiao et al., 2016) 
observed increased expression of senescence-associated beta galactosi-
dase (SA-β-gal) expression in rat SC within nerve tissue that was 
denervated for 8 weeks. Similarly, a study by Saheb-Al-Zamani et al. 
(Saheb-Al-Zamani et al., 2013) demonstrated positive p16 and ß-galac-
tosidase staining in SCs following 10 weeks of denervation, with asso-
ciated loss of supportive function and impaired axonal regeneration. 
With regards to changes in muscle resulting from prolonged denerva-
tion, Ma et al., (J et al., 2005) showed NMJ fragmentation, diminished 
muscle fiber diameter, and decreased muscle fiber conduction velocity. 
Numerous other studies have elucidated the cellular and molecular 
changes associated with denervation-induced muscle atrophy (AB et al., 
2001; Wu et al., 2014). 

It should also be noted that in our model the interposed segment of 
ulnar nerve that was chronically denervated in some groups was 1.7 cm 
in length. Saheb-Al-Zamani et al. (Saheb-Al-Zamani et al., 2013) showed 
that regeneration is still robust across completely acellular 2 cm nerve 
allografts. This raises the potential concern that the length of the nerve 
segment used in our study was insufficient to allow for the deleterious 
effects of SC denervation to manifest with regards to functional recov-
ery. It is possible that use of a longer segment of denervated nerve would 
have resulted in a measurable impact on functional recovery. However, 
we did observe diminished SC proliferation and a greater number of 
senescent SC in the denervated ulnar nerve segments resulting in a 
notable trend towards fewer retrograde-labeled cell bodies, suggesting 
that the 1.7 cm segment of denervated nerve likely had a measurable 
impact on axonal regeneration. Future studies in larger animal models 
amenable to a longer segment of denervated nerve are needed to eval-
uate this variable further. 

6. Conclusions 

The model we employed allows for the effects of prolonged muscle 
and SC denervation to be evaluated in isolation of the other. Twelve 
weeks of muscle denervation prior to nerve repair was found to sub-
stantially impede motor functional recovery as a result of diminished 
myofiber size and receptivity to reinnervation. The same duration of SC 
denervation did not impact motor functional recovery, despite reduced 
SC activation, increased production of senescence associated proteins 
and diminished motor neuron axonal regeneration; motor unit expan-
sion within receptive muscle that was not subject to chronic denervation 
likely compensated for diminished axonal regeneration occurring within 
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the chronically denervated nerve track. Future studies are needed to 
evaluate the impact of longer durations of SC denervation on functional 
recovery and the role of tSC within chronically denervated muscle. 
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