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Functional recovery and muscle atrophy in pre-clinical 
models of peripheral nerve transection and gap-grafting 
in mice: effects of 4-aminopyridine

Abstract  
We recently demonstrated a repurposing beneficial effect of 4-aminopyridine (4-AP), a potassium channel blocker, on functional recovery and muscle atrophy 
after sciatic nerve crush injury in rodents. However, this effect of 4-AP is unknown in nerve transection, gap, and grafting models. To evaluate and compare 
the functional recovery, nerve morphology, and muscle atrophy, we used a novel stepwise nerve transection with gluing (STG), as well as 7-mm irreparable 
nerve gap (G-7/0) and 7-mm isografting in 5-mm gap (G-5/7) models in the absence and presence of 4-AP treatment. Following surgery, sciatic functional 
index was determined weekly to evaluate the direct in vivo global motor functional recovery. After 12 weeks, nerves were processed for whole-mount 
immunofluorescence imaging, and tibialis anterior muscles were harvested for wet weight and quantitative histomorphological analyses for muscle fiber cross-
sectional area and minimal Feret’s diameter. Average post-injury sciatic functional index values in STG and G-5/7 models were significantly greater than those in 
the G-7/0 model. 4-AP did not affect the sciatic functional index recovery in any model. Compared to STG, nerve imaging revealed more misdirected axons and 
distorted nerve architecture with isografting. While muscle weight, cross-sectional area, and minimal Feret’s diameter were significantly smaller in G-7/0 model 
compared with STG and G-5/7, 4-AP treatment significantly increased right TA muscle mass, cross-sectional area, and minimal Feret’s diameter in G-7/0 model. 
These findings demonstrate that functional recovery and muscle atrophy after peripheral nerve injury are directly related to the intervening nerve gap, and 4-AP 
exerts differential effects on functional recovery and muscle atrophy. 
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Introduction 
Peripheral nerve injury (PNI) is a major clinical and public health problem 
costing billions of dollars annually (Noble et al., 1998; Robinson, 2000; Foster 
et al., 2019; Karsy et al., 2019). PNI can occur from injuries in which some 
axonal continuity is maintained and injuries where the nerve is completely 
transected with an intervening gap (Robinson, 2004; Campbell, 2008; 
Menorca et al., 2013). The key consequence of PNI is poor functional recovery 
and denervation-induced muscle loss (Engel and Stonnington, 1974; Day et 
al., 2001; Lien et al., 2008; Wong and Pomerantz, 2019), which predispose to 
permanent disability. The treatment of choice for nerve transection injury is 
end-to-end repair with tensionless epineurial sutures or nerve grafting, nerve 
conduits, or nerve transfer if the end-to-end anastomosis is not possible 
(Siemionow and Brzezicki, 2009; Isaacs, 2013). Despite these advanced 
microsurgical techniques, the functional outcomes after nerve repair and 
grafting are poor (Zochodne, 2012; Faroni et al., 2015), and full functional 
recovery is rare. 

While it is not possible to investigate the mechanisms of poor functional 
outcomes in humans, we developed a novel standardized peripheral nerve 

transection technique which we refer to as stepwise transection and fibrin 
glue (STG) in mice (Lee et al., 2020). Our STG method demonstrated a close 
resemblance to the pathophysiological characteristics of nerve transection 
with gold-standard epineural suturing. However, the situation is different with 
a transection injury where two ends of the severed nerve are separated by a 
large intervening gap, and the impact of nerve grafting of irreparable nerve 
gaps with fibrin gluing remains poorly characterized for functional recovery 
and muscle atrophy.

Although no medical treatment exists for PNI, several pharmacological agents 
and rehabilitation strategies have been reported to enhance functional 
recovery in preclinical studies (Martínez de Albornoz et al., 2011; Udina et 
al., 2011; Isaacs, 2013; Chan et al., 2014; Fernandez et al., 2018; Hussain 
et al., 2020; Modrak et al., 2020). Among the pharmacological agents, 
erythropoietin, tacrolimus (FK506), steroids, N-acetyl-cysteine, and rolipram, 
have shown some promise in animal studies (Chan et al., 2014; Fernandez 
et al., 2018; Modrak et al., 2020); however, they have significant limitations 
with optimal dosing, timing and duration of treatment, and adverse effects. 
We have demonstrated a potential repurposing effect of 4-aminopyridine (4-
AP), a potent potassium channel blocker and a Food and Drug Administration-
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Differential effects of 4-aminopyridine (4-AP) on functional recovery and muscle atrophy in 
mouse models of peripheral nerve injury (PNI) and repair
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approved drug for neurodegenerative disorders, on nerve myelination, nerve 
conduction, neurogenic muscle atrophy, muscle regenerating stem cells, 
and functional recovery after sciatic nerve crush injury in mice (Tseng et al., 
2016; Clark et al., 2019; Noble et al., 2019; Hsu et al., 2020). However, it is 
unknown whether the beneficial effects of 4-AP in functional recovery and 
muscle atrophy are present after nerve transection and repair, especially in 
the setting of the nerve gap. 

In this study, we present a novel peripheral nerve gap and grafting model 
in a series of mice using fibrin glue. The main objective of this study was to 
evaluate the long-term functional recovery, nerve morphology, and muscle 
atrophy in nerve transection, gap, and grafting models, and the effects of 4-AP 
in these models.
 
Methods   
Animals 
The experimental animal protocol was approved by the Institutional Animal 
Care and Use Committee (IACUC) at The Pennsylvania State University College 
of Medicine (PRAMS201747923) on November 18, 2020. Ninety-six 10-week-
old male C57BL/6J mice (Cat# 000664; Jackson Laboratories, Bar Harbor, ME, 
USA) weighing 20–25 g, were used in this study: Sixty mice (n = 10/group) were 
used for nerve transection, isografting, and gap models, and thirty-six mice (n 
= 6/group) were used for the dose effects of 4-AP in severe sciatic nerve crush 
injury model (see Additional file 1 for the supplemental methods). 

Mouse models of peripheral nerve transection injury and isografting
Briefly, under deep anesthesia with an intraperitoneal injection of ketamine 
(100 mg/kg) and xylazine (10 mg/kg) mixture (supplied by Animal Care 
Facility), the mice were prepped and draped in a sterile fashion. A 2-cm 
long skin incision was made on the extended posterior right hind limb to 
expose the right sciatic nerve under an operating microscope (Model PZMIII, 
World Precision Instruments, Sarasota, FL, USA). As described recently for 
the stepwise transection and fibrin glue (STG) method (Lee et al., 2020) 
and shown in Figure 1A, the nerve was first transected to 80% of its width 
to prevent gap formation between the cutends, then 10 µL of fibrin glue 
was applied around the transection site and the nerve was completely 
transected before complete clotting of fibrin glue. This method effectively 
standardized gap formation between the transected nerve ends to 1–2 mm 
while minimizing manipulation of the nerve. In the graded nerve gap and 
grafting model (Figure 1B and C), pairs of mice were used in series for cascade 
syngeneic nerve grafting in 1 set of experiments. In mouse #1, a large gap 
was created by dissecting out 7 mm (G-7/0) of the right sciatic nerve section. 
The proximal stump of the sciatic nerve was buried underneath the muscle 
with 10 µL of fibrin glue. Then, in mouse #2, a medium gap was created by 
dissecting out 5 mm of the right sciatic nerve section and the 7 mm dissected 
nerve section from mouse #1 was grafted and kept in good alignment with 
fibrin glue at both ends (G-5/7). The skin was closed with surgical staples and 
post-operative slow-release buprenorphine (0.05 mg/kg, supplied by Animal 
Care Facility) was given subcutaneously to all animals as an analgesic. Animals 
were monitored on the warming pad until active and then returned to the 
animal facility under the supervision of the attending veterinarian. Post-injury 
functional recovery was assessed by walking track analysis (sciatic functional 
index [SFI]). After 12 weeks of surgery, nerves and muscles were processed 
for whole-mount imaging and histomorphometric analysis, respectively.

dose in humans (10 mg daily) (Nair and Jacob, 2016), and twice daily dosing 
was chosen based on our dose-escalating effect in severe (34 MPa pressure) 
nerve crush injury model (Supplemental methods [Additional file 1] and 
Additional Figure 1).

C

B

A

Figure 1 ｜ Surgical steps and gross nerve images in STG and cascade syngeneic nerve 
grafting. 
In STG (A), the nerve was first transected to 80% of its width to prevent gap formation 
between the cut ends, then 10 µL of fibrin glue was applied around the transection site 
and the nerve was completely transected before complete clotting of fibrin glue. In G-7/0 
(B), a large gap was created by dissecting a 7 mm nerve section from mouse #1. In G-5/7 
(C), a medium gap was created by dissecting the 5 mm nerve section and the 7 mm 
dissected nerve section from the mouse in G-7/0 was grafted and kept in good alignment 
with fibrin glue. G-5/7: 5 mm gap and 7 mm nerve grafting; G-7/0: 7 mm permanent 
nerve gap; STG: stepwise transection and fibrin glue.

As shown in Figure 2, the experimental animals were randomized using the 
random number table method immediately after surgery to intraperitoneal 
normal saline (0.1 mL/mouse) and 4-AP (MilliporeSigma, Burlington, MA, 
USA; 40 μg/20 g mouse) treatment twice daily for 12 weeks. This body mass-
adjusted dose of 4-AP (2 mg/kg) is equivalent to the lowest available starting 

Figure 2 ｜ Experimental timeline/design. 
The experimental design was for 12 weeks and 10 C57BL/6J mice were randomly 
assigned to each group. Experimental groups: STG-Saline; STG-4-AP; G-5/7-Saline; G-5/7-
4-AP; G-7/0-Saline; G-7/0- 4-AP. G-5/7: 5 mm gap and 7 mm nerve grafting; G-7/0: 7 mm 
permanent nerve gap; STG: stepwise transection, and fibrin glue. BW: Body weight (g); 
Function: walking track analysis for sciatic function index; Treatment (Rx): intraperitoneal 
saline (100 µL) or 40 µg/20 g twice daily for 12 weeks; TS: tissue sampling for histological 
and immunohistochemical studies; WK: week or weekly.

Sciatic functional index
To evaluate post-injury global motor function recovery, the sciatic functional 
index (SFI) was determined in all experimental mice by walking track analysis 
1 week before injury (pre-injury baseline) and weekly after surgery for 12 
weeks, as previously described (Varejão et al., 2001; Yue et al., 2019). Briefly, 
mice were trained to walk freely along a wooden corridor lined with white 
paper and individual footprints of the hind limbs was obtained by painting 
each foot with ink. At least three measurable footprints for each hind limb 
were obtained. Two blinded observers selected three footprints per hind 
limb, which were measured by digital calipers. SFI was calculated using three 
parameters of footprints: (1) toe spread (TS, first to the fifth toe), (2) total print 
length (PL), and (3) intermediate toe spread (IT, second to the fourth toe) and 
the following formula: SFI = –38.3 [(EPL–NPL)/NPL] + 109.5 [(ETS–NTS)/NTS] + 
13.3 [(EIT–NIT)/NIT] – 8.8, where E for experimental (injured) and N for normal 
(contralateral uninjured) sides. The SFI score is expressed on a scale of 0 to 
–100, where 0 is the baseline SFI and –100 is the worst possible SFI after PNI.

Whole-mount immunostaining of nerves
The whole-mount nerve immunostaining was performed as described (Lee 
et al., 2020). Briefly, after 12 weeks of surgery, entire left and right sciatic 
nerves from both saline and 4-AP groups were fixed in 4% paraformaldehyde 
at 4°C for 5 hours, washed three times 10 minutes each with PTX (phosphate-
buffered saline [PBS] with 1% Triton X-100 [CAS 9002-93-1, MilliporeSigma]) 
and incubated in blocking solution (10% normal goat serum [Jackson 
Immunoresearch, 005-000-121]) in 5% bovine serum albumin (BSA)-PTX 
overnight at 4°C. On the next day, nerves were transferred into primary 
antibodies in 5% bovine serum albumin-PTX and incubated for 72 hours at 
4°C with gentle rocking. Primary antibodies for mouse were used to detect 
neurofilament heavy chain (NF-H) (1:1000; NB300-135, Novus biologicals, 
Littleton, CO, USA), P-zero Myelin protein (MP0) (1:500; PZ0, Aves Labs, Davis, 
CA, USA), and endothelial cells (CD31) (1:100; 553370, BD Pharmingen, Bath, 
UK). For fluorescent detection and visualization of target proteins (primary 
antibodies), Alexa Fluor secondary antibodies were used. After PTX washes, 
nerves were incubated with Alexa Fluor 488, 594, and 647-conjugated 
secondary antibodies (1:500; Invitrogen, Waltham, MA, USA) for 48 hours 
at 4°C with gentle rocking. Nerves were washed in PTX three times for 15 
minutes each, followed by 4-hour washing in PTX with PTX change at every 
hour. Nerves were then washed overnight without changing PTX at 4°C. 
The next day, nerves were washed with PBS (three times 10 minutes each) 
for the removal of triton and cleared sequentially in 25%, 50% glycerol 
(G6279, MilliporeSigma) in PBS for 6 and 12 hours respectively for each 
glycerol concentration. Then, nerves were mounted in SlowFadeTM Gold 
Antifade Mountant with DAPI (S36939, Invitrogen) or without DAPI (S36937, 
Invitrogen). Stained whole nerves were imaged using ZEISS Axio Observer 7 
equipped with an Apotome.2 (Carl Zeiss Microscopy GmbH, Jena, Germany). 
Tiling and Z-stack functions both were employed to image the whole nerve. 
Maximum Intensity projection was used to pull the data from all Z-stacks and 
represented as a 2D image.

Hematoxylin and eosin staining and histomorphometric analysis of muscles
After final SFI on post-surgery week 12, tibialis anterior (TA) muscles of both 
hind limbs were harvested and weighed. H&E staining and histomorphometric 
analysis of TA muscles were performed as described previously (Yue et al., 
2019; Lee et al., 2020). Briefly, four paired TA muscles from healthy (uninjured) 
left hindlimb and from injured right hindlimb were used for cryosectioning. 
Three 10 μm thick sections from each muscle were cut at –21°C using a 
Cryostat (Microm HM505e, Thermo Fisher Scientific, Waltham, MA, USA) 
and collected on superfrost plus microscopic slides (Fisherbrand, 12-550-15; 
Fisher Scientific, Hampton, NH, USA). Slides were then stained for hematoxylin 
and eosin (H&E) and imaged on an Olympus BX53 microscope (Hunt Optics 
and Imaging, Pittsburgh, PA, USA). Quantitative analysis for cross-sectional 
area (CSA), minimum Feret’s diameter (MFD), and fiber distribution of muscle 
fiber were done with ImageJ software (version 1.41; NIH, Bethesda, MD, USA; 
Schneider et al., 2012) on three random microscopic fields from each muscle.

Data analysis
The number of animals (n) needed was based on the conservative use of 
animals for the least sensitive data type and was determined based on the 
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desired power level greater than 80% and a significance value of < 0.05. This 
resulted in n = 8–9 animals per group for in vivo functional analysis (SFI), with 
fewer animals (n = 3–4) needed for in vitro analyses. The probability that an 
animal dies of causes unrelated to the experiment in our longest group was 
approximately 10% based on previous experience. We, therefore, arrived at 
a preliminary calculation of 10 animals in this study. All results are presented 
as mean ± SEM. Data were analyzed using GraphPad Prism 8 (GraphPad 
Software, San Diego, CA, USA, www.graphpad.com). Statistical analyses were 
performed using either paired Student’s t-test, or one- or two-way analysis of 
variance followed by Tukey’s post hoc test for multiple comparisons. A P value 
of < 0.05 was considered to be statistically significant.

Results
Functional recovery and animal loss following nerve transection and 
gap-grafting: effects of 4-AP
We have consistently demonstrated a beneficial effect of 4-AP on the 
functional recovery after sciatic nerve crush injury in mice (Tseng et al., 2016; 
Clark et al., 2019; Noble et al., 2019; Yue et al., 2019; Hsu et al., 2020). Here 
we sought to explore the long-term effects of systemic 4-AP treatment on 
post-injury functional recovery in three severe peripheral nerve injury models: 
(1) stepwise nerve transection with gluing (STG); (2) 7 mm irreparable nerve 
gap (G-7/0), and (3) 7 mm isografting in 5 mm gap (G-5/7) (Figure 1A–C). As 
described recently (Lee et al., 2020), in STG method as shown in Figure 1A, 
the nerve was first transected to 80% of its width to prevent gap formation 
between the cut ends, then 10 µL of fibrin glue was applied around the 
transection site and the nerve was completely transected before complete 
clotting of fibrin glue. In the graded nerve gap and grafting model (Figure 1B 
and C), in mouse #1, a large gap was created by dissecting 7 mm (G-7/0) of 
the right sciatic nerve section. The proximal stump of the sciatic nerve was 
buried underneath the muscle with 10 µL of fibrin glue. Then, in mouse #2, a 
medium gap was created by dissecting 5 mm of the right sciatic nerve section, 
and the 7 mm dissected nerve section from mouse #1 was grafted and kept in 
good alignment with fibrin glue at both ends (G-5/7).

SFI is the most frequently used regenerative outcome measure after sciatic 
nerve injury and uses ink prints of the hind paw on paper to measure the 
distances of the paw print length, toe spread, and intermediate toe spread 
(Wood et al., 2011). The measures from these footprints are used to calculate 
SFI, as described in detail in the Methods section. Figure 3A shows that 
average post-injury SFI values in the saline STG model were significantly 
greater than the G-7/0 model and it was ~40–50% of the pre-injury baseline 
value. The SFI in the G-5/7 model demonstrated an erratic recovery which 
was variable across mice in the group. The SFI in G-7/0 remained persistently 
worse and further degraded over time compared with STG and G-5/7 models, 
and this worsening in walking function was consistent across mice in the 
G-7/0 group.  Of note, we had 10 mice in each injury model, only one mouse 
in the G-7/0 4-AP group died after 8 weeks of surgery. In the STG model, two 
mice in both saline and 4-AP groups failed to produce measurable footprints 
after 4 weeks of surgery. In the G-5/7 model, nearly half of the mice in saline 
and 4-AP groups were unable to walk properly 4 weeks after surgery, that is, 
to walk in a way that produces measurable footprints. Footprints from these 
mice were not used in the data analysis because they were not quantifiable. 
While mice in the G-5/7 model did not show any SFI recovery compared with 
the STG model until 4 weeks post-surgery, SFI recovery between STG and 
G-5/7 was comparable after 6 weeks of surgery. In contrast, all mice in the 
G-7/0 model were able to produce quantifiable footprints until the end of 
the 12-week experimental period, although the footprints were persistently 
abnormal. Taken together, these findings demonstrate that regardless of 
nerve transection, gap-grafting, and irreparable gap, 4-AP treatment has no 
beneficial effect on the SFI recovery in any model (Figure 3B–D).  

Visualization of peripheral nerve regeneration after nerve transection and 
gap-grafting
To examine the histology of the regenerating nerve after 12 weeks of surgery, 
we performed immunofluorescence staining of the whole nerve stained 
with NF-H to label neurofilament, CD31 to label blood vessels, MP0 to label 
myelin, and DAPI to label nuclei. We first compared the STG model treated 
with saline and 4-AP (Figure 4). Figure 4 shows representative whole-mount 
immunofluorescence images of left (uninjured; A) and right (injured) sciatic 
nerves in saline (injured-saline; B) and 4-AP (injured-4-AP; C) groups of the 
STG model stained with NF-H, CD31, MP0, and DAPI. Uninjured nerve displays 
normal nerve architecture with uniform neurofilaments (NF-H), blood vessels 
(CD31), myelination (MP0), DAPI, and merged staining over the entire length. 
In contrast, peri-injury and distal ends of the injured nerve in both saline and 
4-AP groups are markedly different with misdirected neurofilaments and 
branched blood vessels. We did not observe any noticeable effect of 4-AP on 
the regenerating nerve after STG surgery.

We next examined the G-5/7 model treated with saline and 4-AP for 
nerve histology (Figure 5). Figure 5 shows representative whole-mount 
immunofluorescence images of left (uninjured; A) and right (injured) sciatic 
nerves in saline (injured-saline; B) and 4-AP (injured-4-AP; C) groups of the 
G-5/7 model stained with NF-H, CD31, MP0, and DAPI. While the uninjured 
nerve demonstrates normal nerve architecture with uniform NF-H, MP0, 
and DAPI and merged staining over the entire length, the isografted nerve 
(G-5/7) in both saline and 4-AP groups was strikingly different from the 
uninjured nerve with bulging at the peri-isograft areas, aberrant distribution 
of neurofilaments, and disruption of myelination. The magnified images of 
an isografted nerve (G-5/7 saline) in Figure 6 shows markedly distorted and 
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Figure 3 ｜ Functional recovery as SFI from baseline in saline and 4-AP treatment 
groups of STG, G-5/7, and G-7/0 models.
An irreparable gap (G-7/0) caused persistently worse and degrading SFI throughout the 
experimental protocol compared with STG and G-5/7 models (A). 4-AP treatment did 
not affect SFI recovery in any model (B–D). Data are expressed as the mean ± SEM, and 
data at each point came from 5–10 mice. Pre-injury baseline SFI value is shown at 0 time 
point of the x-axis. *P < 0.05, **P < 0.01, ***P < 0.001, STG or G-5/7 vs. G-7/0; fffP < 
0.001, STG vs. G-5/7 (two-way analysis of variance followed by Tukey’s post hoc test). 4-AP: 
4-Aminopyridine; G-5/7: 5 mm gap and 7 mm nerve grafting; G-7/0: 7 mm permanent 
nerve gap; SFI: sciatic functional index; STG: stepwise transection and fibrin glue.

Figure 4 ｜ Whole-mount immunofluorescence imaging of the sciatic nerve for 
neurofilaments, blood vessels, and myelin proteins.
Representative compact images, from an uninjured left sciatic nerve (A) and glue-
repaired transected right sciatic nerves of STG model with saline (B) or 4-AP treatment 
(C), to show the orientation and distribution of neurofilaments (NF-H, green), blood 
vessels (CD31, purple), myelination (MP0, red), and DAPI (blue), as well as the merged 
view from proximal to distal end of the nerve. White asterisks indicate misdirectional 
neurofilaments and branched blood vessels extending from the peri-injury area to the 
distal end of the nerve. Scale bars: 500 µm, original magnification, 5×. Each image is 
representative of at least four immunostained whole nerves from four different mice. 
4-AP: 4-Aminopyridine; DAPI: 4′,6-diamidino-2-phenylindole; STG: stepwise transection 
and fibrin glue.

Figure 5 ｜ Whole-mount immunofluorescence imaging of the sciatic nerve for 
neurofilaments, blood vessels, and myelin proteins.
Representative compact images, from an uninjured left sciatic nerve (A) and isografted 
right sciatic nerves of G-5/7 model with saline (B) or 4-AP treatment (C), to show the 
orientation and distribution of neurofilaments (NF-H, green), myelination (MP0, red), 
and DAPI (blue), as well as the merged view at different zones of the nerve. Isogrfated 
nerve and peri-isograft areas in between two yellow horizontal lines display distorted 
and aberrant distribution of neurofilaments and myelin. Scale bars: 500 µm; original 
magnification, 5×. Each image is representative of at least four immunostained whole 
nerves from four different mice. 4-AP: 4-Aminopyridine; DAPI: 4′,6-diamidino-2-
phenylindole; G-5/7: 5 mm gap and 7 mm nerve grafting.

haphazardly arranged neurofilament-stained regenerating axons with myelin 
breakdown. Similar to the STG model we did not observe any noticeable effect 
of 4-AP on the regenerating nerve in the G-5/7 model. In the G-7/0 model, 
there was no nerve to examine because it was dissected out for isografting 
and the proximal end was buried inside the adjacent muscle.
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Figure 6 ｜ Whole-mount immunofluorescence imaging of the sciatic nerve for 
neurofilaments, blood vessels, and myelin proteins.
Representative (5×) and positional Z-stack compact images at 10× from an isografted 
right sciatic nerve (G-5/7) with saline treatment to show the orientation and distribution 
of neurofilaments (NF-H, green), myelination (MP0, red), and DAPI (blue), as well as the 
merged view at different zones of the nerve. White asterisks indicate an abundance of 
aberrant neurofilaments, and yellow asterisks indicate myelin disruption. Scale bars: 100 
µm for 10× images and 100 µm for 5× images. Each image is representative of at least 
four immunostained whole nerves from four different mice. DAPI: 4′,6-Diamidino-2-
phenylindole; G-5/7: 5 mm gap and 7 mm nerve grafting.

Muscle atrophy after nerve transection and gap-grafting: effects of 4-AP
Denervation causes rapid muscle atrophy within weeks of the injury (Lien et 
al., 2008; Wu et al., 2014) and we have recently demonstrated a significant 
beneficial effect of 4-AP on neurogenic muscle atrophy, muscle regenerating 
stem cell numbers, and ex vivo muscle force after sciatic nerve crush injury 
in mice (Yue et al., 2019). Here we wanted to investigate the long-term 
effects of 4-AP treatment on neurogenic muscle atrophy in three severe 
peripheral nerve injury models: STG, G-5/7, and G-7/0. To evaluate the extent 
of denervation muscle atrophy and the effect of 4-AP: First, we checked 
the changes in muscle mass and then we performed the histological and 
histomorphometric analysis of the muscles to determine CSA and MFD in 
both left tibialis anterior (LTA) and right tibialis anterior (RTA) muscles after 12 
weeks of surgery. Of note, while muscle wet weight is a gross measurement 
of whole muscle mass and is used as an index of muscle innervation, CSA and 
MFD represent muscle atrophy at a single muscle fiber level and are used 
to assess muscle contractile properties. Table 1 shows the absolute values 
and Figure 7 shows quantitative RTA muscle mass (A), CSA (B) and MFD (C) 
normalized to LTA (contralateral healthy left limb). While muscle mass in the 
saline and 4-AP groups of G-7/0 was significantly reduced compared with 
STG and G-5/7, 4-AP treatment attenuated muscle loss significantly in G-7/0. 
Similarly, while CSA and MFD in the saline G-7/0 were significantly smaller 
compared with STG and G-5/7, 4-AP treatment significantly improved CSA and 
MFD in G-7/0 such that the data in the 4-AP-treated animals of G-7/0 group 
were comparable to STG and G-5/7 models. These findings demonstrate that 
4-AP treatment can reduce muscle atrophy with marked increases in both CSA 
and MFD only in the irreparable nerve gap model (G-7/0) indicating a muscle 
protective and perhaps muscle force enhancing effect of 4-AP in long-term 
denervation.
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Figure 7 ｜ Effects of STG, G-5/7, and G-7/0 on TA muscle mass and quantitative 
measurements of the muscle fibers. 
(A) Right TA (RTA) muscle mass as % of contralateral (left) side, n = 9–10/group (shown at 
each bar); (B) cross-sectional area (CSA) of RTA muscle as % of contralateral (left) side, n = 
4/group; and (C) minimum Feret’s diameter (MFD) of RTA muscle as % of contralateral (left) 
side. Data are expressed as the mean ± SEM. Data derived from three random microscopic 
fields from each muscle, and four muscle sections from different mice were used (n = 4/
group). ¥P < 0.05, ¥¥P < 0.01, ¥¥¥P < 0.001, vs. STG saline; fP < 0.05, ffP < 0.01, fffP < 0.001, 
vs. G-5/7 saline; $P < 0.05, $$$P < 0.001, vs. STG 4-AP; ###P < 0.001, vs. G-5/7 4-AP; *P 
< 0.05, vs. G-7/0 saline (two-way analysis of variance followed by Tukey’s post hoc test). 
G-5/7: 5 mm gap and 7 mm nerve grafting; G-7/0: 7 mm permanent nerve gap; SFI: sciatic 
functional index; STG: stepwise transection and fibrin glue; TA: tibialis anterior.

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0

Fi
be

r f
re

qu
en

cy
 

(%
 o

f t
ot

al
 n

um
be

r)

A 0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0

Fi
be

r f
re

qu
en

cy
 

(%
 o

f t
ot

al
 n

um
be

r)

B

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0

Fi
be

r f
re

qu
en

cy
 

(%
 o

f t
ot

al
 n

um
be

r)

C
MFD (μm)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
MFD (μm)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

MFD (μm)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Saline LTA
Saline RTA

4-AP LTA
4-AP RTA

Saline LTA
4-AP RTA

*

*

*

* * * * *

*

*

Figure 8 ｜ Effect of G-7/0 models on muscle fiber distribution. 
Quantitative muscle fiber size distribution from the minimal Feret’s diameter value (µm) 
in each group as a percentage of total fiber number. (A) Fiber distribution between 
LTA and RTA muscles in the saline group. (B) Fiber distribution between LTA and RTA 
muscles in the 4-AP group. (C) Fiber distribution between RTA muscles in the saline and 
4-AP groups. Data are expressed as the mean ± SEM. Data derived from three random 
microscopic fields from each muscle, and 4 muscle sections from different mice were 
used (n = 4/group); *P < 0.05, respective RTA vs. LTA in A and B; *P < 0.05, saline RTA 
vs. 4-AP RTA in C (two-way analysis of variance followed by Tukey’s post hoc test). 
G-5/7: 5 mm gap and 7 mm nerve grafting; G-7/0: 7 mm permanent nerve gap; LTA: left 
tibialis anterior; RTA: right tibialis anterior; SFI: sciatic functional index; STG: stepwise 
transection and fibrin glue.

Finally, we determined the muscle fiber distribution ratio in the G-7/0 group 
after 12 weeks of surgery (Figure 8) based on the MFD data to evaluate the 
impact of 4-AP treatment on the frequency of different muscle fiber sizes. In 
the saline group (Figure 8A), while most of the LTA muscle fibers (uninjured) 
were distributed in the range 40–60 µm diameters, the RTA muscle fibers 
(injured) revealed a leftward shift in fiber distribution with a predominance 
of smaller fibers in the range 25–40 µm diameters. In contrast, in the 4-AP 
treatment group (Figure 8B), muscle fiber distribution frequency between 
LTA (uninjured) and RTA (injured) muscles was comparable: LTA muscle fibers 
were distributed in the range 40–60 µm diameters and RTA muscle fibers 
were distributed in the range 35–55 µm diameters, indicating an optimal 
distribution ratio. Figure 8C comparing the fiber distribution frequency in 
the injured RTA muscle of saline and 4-AP groups clearly demonstrates that 
4-AP treatment was able to preserve most muscle fiber size-frequency within 
35–55 µm ranges compared with the saline group at 25–40 µm ranges. Taken 
together, improved muscle mass, CSA, MFD, and muscle fiber distribution in 
the G-7/0 model provides significant evidence to suggest that 4-AP treatment 
at least has some beneficial effect on long-term neurogenic muscle atrophy. 
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Table 1 ｜ Average muscle mass, CSA, and MFD after 12 weeks of nerve transection 
(STG), isografting (G-5/7), and irreparable gap (G-7/0)

LTA RTA n P-value

Muscle mass  (mg)

STG: Saline 58.34±1.77 51.81±2.01 10 P < 0.05, Saline: STG LTA vs. RTA
STG: 4-AP 56.30±1.92 50.53±1.67 10 P < 0.05, 4-AP: STG LTA vs. RTA
G-5/7: Saline 63.01±1.25 50.41±0.70 10 P < 0.001, Saline: G-5/7 LTA vs. RTA
G-5/7: 4-AP 62.07±1.68 51.05±0.67 10 P < 0.001, 4-AP: G-5/7 LTA vs. RTA
G-7/0: Saline 66.98±2.80 15.93±0.51 10 P < 0.001, Saline: G-7/0 LTA vs. RTA
G-7/0: 4-AP 59.91±1.67 16.69±1.07 9 P < 0.001, 4-AP: G-7/0 LTA vs. RTA
CSA (µm2)

STG: Saline 1887.11±7.43 1538.23±13.97 4 P < 0.05, Saline: STG LTA vs. G-5/7 
LTA

STG: 4-AP 1759.58±6.20 1670.14±7.04 4 P < 0.01, 4-AP: STG LTA vs. G-7/0 LTA
G-5/7: Saline 2236.25±8.02 2035.16±12.80 4 P < 0.01, Saline: G-5/7 RTA vs. G-7/0 

RTA
G-5/7: 4-AP 2358.45±9.76 2032.46±14.52 4 P < 0.01, 4-AP: G-5/7 LTA vs. STG LTA
G-7/0: Saline 1946.79±13.16 1047.52±4.03 4 P < 0.01, Saline: G-7/0 RTA vs. LTA
G-7/0: 4-AP 2467.26±11.76 1918.08±29.04 4
MFD (µm)

STG: Saline 43.68±0.10 41.72±0.14 4 P < 0.01, Saline: STG RTA vs. G-7/0 
RTA

STG: 4-AP 42.89±0.08 42.75±0.07 4 P < 0.05, 4-AP: STG LTA vs. G-7/0 LTA
G-5/7: Saline 45.79±0.07 44.92±0.15 4 P < 0.01, Saline: G-5/7 RTA vs. G-7/0 

RTA
G-5/7: 4-AP 47.61±0.09 44.66±0.14 4 P < 0.05, 4-AP: G-5/7 LTA vs. STG LTA
G-7/0: Saline 45.53±0.04 31.91±0.04 4 P < 0.01, Saline: G-7/0 RTA vs. LTA
G-7/0: 4-AP 48.89±0.11 42.20±0.28 4 P < 0.05, G-7/0: Saline RTA vs. 4-AP 

RTA

CSA: Cross-sectional area; LTA: left tibialis anterior; MFD: minimal Feret’s diameter; RTA: 
right tibialis anterior; STG: stepwise transection and fibrin glue.
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Discussion
The functional outcomes following advanced microsurgical peripheral nerve 
repair and reconstruction are disappointing and unpredictable, particularly 
when PNI results in large gaps between the severed nerve ends. In our recent 
short-term study with a novel nerve transection and repair model in mice (Lee 
et al., 2020), we reported that fibrin glue can replace sutures with favorable 
findings on the nerves and muscles. While we demonstrated that systemic 
4-AP treatment improves functional recovery and neurogenic muscle atrophy 
after sciatic nerve crush injury in mice (Tseng et al., 2016; Clark et al., 2019; 
Noble et al., 2019; Hsu et al., 2020), nerve gap filled with collagen gel mixed 
with 4-AP had no effect on the axonal counts after 6 weeks of sciatic nerve 
transection injury in rats (Harman et al., 1991) and sustained release of 4-AP 
from biopolymer-nanotube nerve guidance drug-conduit showed similar 
functional recovery and regenerative efficacy as compared with autograft 
alone after eight weeks of sciatic nerve transection injury in rats (Manoukian 
et al., 2021). Therefore, we designed this study to evaluate the long-term 
outcomes of novel nerve transection and syngeneic nerve grafting with gluing 
and the effect of 4-AP. Overall, we found that the functional recovery, nerve 
morphology, and muscle atrophy after PNI and repair are directly related to 
the size/severity of the intervening nerve gap, and 4-AP exerts differential 
effects on the functional recovery and muscle atrophy: No effect on post-
injury functional recovery in STG, G-5/7, and G-7/0 models, but significant 
muscle atrophy-mitigating effects in irreparable nerve gap model (G-7/0). 
Since fibrin glue is widely used for nerve transection, nerve graft, or nerve 
transfer repairs (Martins et al., 2005; Sameem et al., 2011; Spotnitz, 2014; 
Koulaxouzidis et al., 2015; Benfield et al., 2021), these pre-clinical mouse 
models of nerve transection and nerve gap-grafting could be useful tools to 
investigate morphological, functional, cellular, and molecular characteristics 
of PNI for novel therapeutic strategies. 

While there are several microsurgical repair options, such as direct repair, 
nerve grafting, nerve transfer, nerve transplant, or nerve conduits, the gold 
standard of nerve repair is end-to-end neurorrhaphy if the nerve gap is less 
than 1 cm (Siemionow and Brzezicki, 2009; Evans, 2001; Isaacs, 2013). For 
larger nerve gaps (> 1 cm), the gold standard for the treatment of nerve gaps 
is autologous nerve grafting which is primarily a sensory nerve in patients 
(Sachanandani et al., 2014; Bassilios Habre et al., 2018). Currently, there is 
limited information on how each method of nerve repair with glue might 
influence the long-term functional outcome and morphological aspect of 
nerve regeneration (Koulaxouzidis et al., 2015). Macroscopically, we observed 
that the nerves in STG and G-5/7 were in well-connected condition and had 
good continuity with a bulge at the repair site, and there was no dehiscence 
12 weeks after surgery. Consistent with our recent short-term study (Lee et al., 
2020), we observed comparable long-term functional recovery and qualitative 
morphological changes with whole-mount nerve imaging after STG. However, 
even with an identical syngeneic nerve grafting, we observed erratic and 
poor functional recovery in the G-5/7 model associated with morphologically 
distorted nerve and an abundance of misdirected nerve fibers at the repaired 
sites when compared with the whole mount nerve images of STG. Although 
the mechanisms of these findings with isografting were not investigated 
in this study, the pathophysiological and nerve regeneration processes 
associated with nerve grafting could be quite different, more complex, and 
multifactorial compared to STG because nerve grafting has two repair sites 
compared to single repair site with STG. This can lead to slow staggered 
regeneration of axons across the repair sites before entering the distal nerve 
stump. Moreover, isograft may also have donor site mismatch, limited blood 
supply, scarring, and secondary removal of degenerated axons and myelin by 
the host from the graft itself (Sachanandani et al., 2014; Bassilios Habre et 
al., 2018). In contrast to STG and G-5/7, the increasingly degraded functional 
deficit over time with G-7/0 reflected the extreme feature of long-term 
denervation. 

Denervation muscle atrophy occurs very rapidly following a nerve injury 
and we found that muscle atrophy in the injured hindlimb after 12 weeks 
of surgery progressively increased with injury severity from STG to G-7/0 
(STG < G-5/7 < G-7/0). The denervated muscle is characterized by reduced 
muscle mass, decreased CSA, increased connective tissue, and altered muscle 
fiber distribution (Engel and Stonnington, 1974; Dedkov et al., 2003; Lien 
et al., 2008; Sobotka and Mu, 2015). Muscle wet weight is used to evaluate 
muscle innervation (Liu et al., 1999; Sobotka and Mu, 2015), thus decreasing 
muscle mass with increasing gap length in this study suggests poor muscle 
innervation with increasing injury severity. The severity of muscle atrophy in 
the G-7/0 model also suggests that reapproximation of severed nerve ends 
with fibrin glue or isografting is important for muscle mass preservation. CSA 
is commonly used for single muscle fiber size, but values can be distorted by 
the orientation of the muscle sectioning angle. To verify CSA, we also used 
MFD which provides a better estimate of muscle fiber diameter because it is 
least influenced by the sectioning angle (Briguet et al., 2004). We found that 
both CSA and MFD in the saline group of STG and G-5/7 were comparable, 
while they were significantly smaller in G-7/0. Taken together, these findings 
confirm that repair of the severed nerve is critical to retard denervation 
muscle atrophy.

Our findings in this study with 4-AP on sciatic nerve transection, gap, and 

grafting were mixed and somewhat interesting. While 4-AP treatment had no 
effect on the functional recovery in STG, G-5/7, and G-7/0 models, or on the 
muscle atrophy in STG and G-5/7 models, 4-AP significantly reduced muscle 
atrophy in the G-7/0 model and it was associated with markedly improved 
CSA and MFD. Importantly, the 4-AP treatment improved muscle fiber size 
distribution in the injured hindlimb by shifting it from lower (leftward) to 
higher (rightward) size ranges. It is widely believed that when muscle remains 
denervated for a long time, its function cannot be recovered because 
regenerating nerve fibers cannot reinnervate the terminally atrophied 
target muscles (Engel and Stonnington, 1974; Lien et al., 2008). Although 
these findings clearly indicate a direct effect of 4-AP on muscle fiber size 
and mass recovery in an exclusively denervated muscle, the mechanisms 
of this recovery and the force-generating capacity of this muscle remain to 
be explored. It should also be noted that our study has several limitations, 
specifically the absence of nerve fiber quantification, neuromuscular junction 
structure, muscle force, and electrophysiological data, which might better 
reveal the functional recovery and muscle atrophy. 

It is impossible with animal studies to exactly mimic the pathophysiological 
changes seen with nerve transection, gap, and grafting in humans. However, 
using fibrin glue in nerve transection repair and grafting in mice, we were 
able to show that increased nerve gap length and injury severity is associated 
with decreased functional recovery, aberrant nerve fiber regeneration, and 
increased muscle atrophy. Our interesting pre-clinical findings with 4-AP on 
long-term muscle atrophy in irreparable nerve gaps have tremendous clinical 
implications because it opens up a novel avenue for further investigations of 
4-AP in diverse pre-clinical disease models of muscle atrophy in larger animals 
for better clinical extrapolation and comparison. 
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Additional Figure 1 Dose-escalating effect of 4-AP on the functional recovery as sciatic function index in
saline and 4-AP treatment groups before (baseline) and after severe sciatic nerve crush injury (on
post-injury days 3, 7, 14, and 21).
4-AP was given intraperitoneally daily as 10, 40, and 80 µg per 20 g mouse. Data are expressed as the mean ±
SEM, and data at each point is derived from 9 mice. *P < 0.05, vs. saline; #P < 0.05, vs. 4-AP 10 µg (two-way
analysis of variance followed by Tukey’s post hoc test for multiple comparisons). 4-AP: 4-Aminopyridine.


