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Abstract  
4-Aminopyridine (4-AP), an FDA-approved drug for the symptomatic treatment of multiple sclerosis, is used to improve neuromuscular 
function in patients with diverse demyelinating disorders. We recently demonstrated that local, transdermal or injectable forms of 4-AP 
improve myelination, nerve conduction velocity, muscle atrophy, and motor function after traumatic peripheral nerve injury in mice. While 
oral 4-AP is most commonly used in the clinic, it is unknown whether human equivalent oral doses of 4-AP have effects on traumatic pe-
ripheral nerve injury differentiation, myelination, muscle atrophy, functional recovery, and post-injury inflammatory processes in animals. 
Mice with sciatic nerve crush or denervation injury received oral or intraperitoneal 4-AP (10 µg) or vehicle alone and were examined for 
pharmacokinetics, motor function, muscle mass, intrinsic muscle force, nerve morphological and gene expression profiles. 4-AP showed 
linear pharmacokinetics and the maximum plasma 4-AP concentrations were proportional to 4-AP dose. Acute single dose of oral 4-AP 
administration induced a rapid transient improvement in motor function that was different in traumatic peripheral nerve injury with or 
without nerve continuity, chronic daily oral 4-AP treatment significantly enhanced post crush injury motor function recovery and this effect 
was associated with improved myelination, muscle mass, and ex vivo muscle force. Polymerase chain reaction array analysis with crushed 
nerve revealed significant alterations in gene involved in axonal inflammation and regeneration. These findings provide convincing evidence 
that regardless of the route of administration, 4-AP can acutely differentiate traumatic peripheral nerve injury with or without nerve con-
tinuity and can enhance in vivo functional recovery with better preservation of myelin sheaths, muscle mass, and muscle force. The animal 
experiments were approved by the University Committee on Animal Research (UCAR) at the University of Rochester (UCAR-2009-019) on 
March 31, 2017. 
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Graphical Abstract   

Peripheral nerve injury differentiation and therapeutic properties of 4-aminopyridine (4-AP)
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Introduction 
4-Aminopyridine (4-AP) is a broad-spectrum potassium 
channel blocker and FDA-approved drug for the symptomat-
ic treatment of multiple sclerosis (Egeberg et al., 2012; Jensen 
et al., 2016). 4-AP has been shown to improve neuromuscu-
lar function in patients with diverse demyelinating disorders 
(Lundh et al., 1979; Hansebout et al., 1993; Sanders et al., 
2000; Wirtz et al., 2009). In addition to improving nerve 
conduction (Sherratt et al., 1980; Targ and Kocsis, 1985), 
4-AP enhances neurotransmitter release (Lundh, 1978), syn-
aptic transmission (Jankowska et al., 1982), and contractile 
strength of the muscle (Agoston et al., 1982; Smith et al., 
2000). The efficacy, safety, and tolerability of 4-AP are well 
documented in demyelinating disorders (Uges et al., 1982; 
Davis et al., 1990; van Diemen et al., 1993; Pratt et al., 1995; 
Goodman and Stone, 2013). 

Traumatic peripheral nerve injury (TPNI) represents a 
major public health problem that often leads to significant 
functional impairment and permanent disability (Robinson, 
2000). After never injury, the distal stump of the injured 
nerve undergoes a series of molecular and cellular chang-
es, and a complex interaction exists between macrophages, 
fibroblasts, Schwann cells, inflammatory and anti-inflam-
matory cytokines during Wallerian degeneration (Allan and 
Rothwell, 2001; Stoll et al., 2002; Burnett and Zager, 2004; 
Campbell, 2008; Gaudet et al., 2011; Dubovy et al., 2013; 
Menorca et al., 2013). Schwann cells and macrophages in 
the injured nerves express pro-inflammatory cytokines and 
these in turn can induce the transcription of several enzymes 
(Terenghi, 1999; McDonald et al., 2007). Differential ex-
pression of genes has been reported after sciatic nerve crush 
and transection injuries in rats (Gillen et al., 1995; Bosse et 
al., 2001; Li et al., 2013). However, gene expression profile 
during peripheral nerve injury and regeneration in mice 
remains largely unknown and the effect of 4-AP on the gene 
expression profile of injured nerve is still lacking.

We previously demonstrated that chronic daily treatment 
with variable doses of 4-AP, either intraperitoneal, trans-
dermal or local, enhances global functional recovery of the 
affected limb, promotes remyelination of the nerve, improves 
the nerve conduction velocity, and attenuates neurogenic 
muscle atrophy in a mouse model of sciatic nerve crush in-
jury, in addition to its acute diagnostic utility (Tseng et al., 
2016; Clark et al., 2019; Noble et al., 2019; Yue et al., 2019). 
The oral formulation is the most commonly used form of 
a drug because it is easy, preferred by the patient, and sus-
tained slow-release preparation is available for prolonged 
duration of action. However, it is unknown whether human 
equivalent oral doses of 4-AP have any effect in TPNI. It 
also remains unknown whether the beneficial effect of 4-AP 
on muscle mass and force (Yue et al., 2019) depends on the 
nerve continuity and how gene expression is altered in the 
injured nerves. This study was designed to address these gaps 
by testing the acute effect of human equivalent oral dosage 
of 4-AP on TPNI with or without nerve continuity, and the 
chronic effect of oral 4-AP treatment was also investigated 
for functional recovery, muscle atrophy, nerve morphology, 

and gene expression profile.
  
Materials and Methods 
Animals
The experimental design and animal protocol was approved 
by the University Committee on Animal Research (UCAR) 
at the University of Rochester (UCAR-2009-019) on March 
31, 2017 and the experiments were performed according to 
the guidelines of UCAR. A total of 193 ten-week-old female 
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, 
USA) weighing 20–25 g were used in this study and mice 
were housed at the animal facility according to UCAR guide-
lines. We used female mice because they are easier to house 
together even after surgery than male mice and female mice 
have a much lower risk of fighting or mutilating wounds – 
which is a key reason for early post-surgical demise in mice 
(Tseng et al., 2016; Clark et al., 2019; Yue et al., 2019). 

Pharmacokinetics of 4-AP 
Since clinically relevant serum concentrations of 4-AP are 
in the range of 0.5–1 μM (Shi and Blight, 1997; Smith et al., 
2000), it was necessary to measure 4-AP concentration in the 
mouse serum. To determine the pharmacokinetic param-
eters of 4-AP (Sigma-Aldrich, St. Louis, MO, USA), 20 μg 
4-AP was administered directly into the stomach of awake 
mouse through oral gavage or 10 μg 4-AP was injected in-
traperitoneally (IP). Whole blood samples were collected in 
clean microcentrifuge tubes without anticoagulants at spec-
ified time points by cardiac puncture and kept at room tem-
perature for 1 hour. The blood samples were collected after 
30, 60, 120, and 180 minutes of oral 4-AP administrations 
and after 10, 20, 40, 60, and 120 minutes of IP 4-AP admin-
istrations. Serum was separated after centrifugation of the 
clotted blood sample at 1000 × g for 10 minutes and stored 
in –20°C until use. For the removal of serum protein, 150 μL 
of acetonitrile was added to 50 μL of serum, vortexed for 1 
minute, and then centrifuged at 3000 × g for 10 minutes at 
4°C. 

The relevant concentration of 4-AP in the serum follow-
ing a single oral or IP administration was determined by a 
modified liquid chromatography coupled with tandem mass 
spectrometry (LC/MS/MS) assay (Caggiano and Blight, 2013; 
Burnett et al., 2015). This method simultaneously determined 
4-AP and 3,4-diaminopyridine (3,4-DAP; Sigma-Aldrich) 
(as an internal control) in the mouse serum with a chro-
matographic run time of 3.5 minutes. Briefly, the supernatant 
layer was filtered through 0.2 μm syringe filter (Millex-FG, 
Millipore, Burlington, MA, USA) and 10 μL of the solution 
was analyzed with LC/MS/MS. Liquid chromatography sep-
aration was performed isocratically at 800 μL/min on the 
Waters Atlantis HILIC column at 25°C. The mobile phase 
was 5 mM ammonium acetate in 10/90/0.2 (v/v/v) water/
acetonitrile/formic acid. The mass spectrometry consisted of 
a Thermo Quantum Access Max Triple Quadrupole (GenTech 
Scientific, Arcade, NY, USA). The ion spray voltage was set at 
4500 V with the source temperature at 500°C. The sheath gas 
pressure and auxiliary gas pressure were set at 65 psi (pounds 
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per square inch) and 5 psi respectively. LC/MS/MS analysis 
was carried out with argon as the collision gas. Ion transi-
tions were 95/78 for 4-AP and 110/93 for 3,4-DAP. 4-AP was 
quantified with a calibration curve (0.01–20 μM), and was 
qualitatively assessed by comparison of analytical response 
for 4-AP with that of the internal standard, 3,4-DAP. The 
within-day and between-day precision was established by 
assaying quality control samples prepared at 0.01 μM (lower 
limit quantitation) and at 10 μM (higher limit quantitation) 
for three analyses with error within 15%. 

Sciatic nerve crush and denervation injuries, 4-AP 
treatment, and tissue harvesting
Sciatic nerve crush injury was performed as previously 
described (Elfar et al., 2008; Yue et al., 2019). Briefly, after 
IP ketamine (60 mg/kg)/xylazine (4 mg/kg) (McKesson, Ir-
ving, TX, USA) anesthesia, hair clipping and aseptic animal 
preparation, a lateral skin incision along the length of the 
femur was made, and right sciatic nerve was bluntly exposed 
through the iliotibial band and crushed proximal to the tibial 
and peroneal divisions using a smooth forceps with a metal 
calibration ring to standardize pressure for 30 seconds. For 
permanent denervation (complete transection or cut) injury, 
a 10 mm segment of the sciatic nerve was removed and the 
proximal stump was buried in the gluteal muscle to prevent 
any re-innervation. The wound was closed and subcutaneous 
buprenorphine (0.05 mg/kg) was given for postoperative an-
algesia immediately after surgery and every 12 hours there-
after for the next 3 days. 

For the acute single-dose diagnostic effect of oral 4-AP 
at 3 days post-injury, sciatic function index (SFI) was mea-
sured before and 30 minutes after the single dose of 4-AP (10 
μg/mouse) oral gavage. For the chronic effect of 4-AP treat-
ment, a daily dose of 10 μg 4-AP consisted of oral gavage 
(control: water) or IP injection (control: saline) immediately 
after injuries and continued until sacrifice. Before each day’s 
4-AP dose, mice were subjected to gait analysis. For the 
chronic 4-AP treatment groups, mice with crush injury were 
sacrificed at 14 days post-injury and mice with denervation 
injury were sacrificed at 28 days post-injury.

Unless otherwise mentioned, mice were given IP injection 
ketamine (60 mg/kg)/xylazine (4 mg/kg) mixture on the sac-
rifice day and blood samples, nerves, and muscles were then 
collected/harvested under deep anesthesia. Tibialis anterior 
(TA), extensor digitorum longus (EDL), and gastrocne-
mius-soleus muscles were harvested for in vitro and ex vivo 
studies.

SFI
The effects of transdermal 4-AP were evaluated by SFI, a 
noninvasive means to determine the direct in vivo function-
al recovery after sciatic nerve injury (Inserra et al., 1998; 
Varejao et al., 2001; Elfar et al., 2008). The SFI is measured 
on a scale of 0 (normal) to 100 (complete loss of function). 
Briefly, mice were trained to walk freely along a 77 cm by 7 
cm corridor lined with white paper and individual footprints 
were obtained by painting each hind foot. Paw prints were 

measured, using two blinded evaluators, for toe spread (dis-
tance from the 1st toe to the 5th toe) and paw length (length 
from the third toe to bottom of the print). Three prints from 
the experimental (injured) and normal (uninjured) sides 
were measured, and SFI was calculated for each animal by 
averaging these measurements and using the following for-
mula (Inserra et al., 1998): SFI = 118.9 ((ETS–NTS)/NTS)) – 
51.2 ((EPL–NPL)/NPL)) – 7.5. Where E is the experimental 
(injured: crush or denervated) paw, N is the normal (healthy: 
uninjured or control) paw, TS is toe spread, and PL is paw 
length. To make sure a successful crush injury, mouse with 
SFI lower than 80 at 1 day post-injury mice were excluded 
from the study.

Ex vivo muscle contraction measurement
Isolated right EDL muscle contraction was measured using 
an ASI muscle contraction system (Aurora Scientific, Auro-
ra, Canada) as previously described (Liu et al., 2015; Yue et 
al., 2019). Briefly, EDL muscles were carefully excised and 
mounted between two platinum electrodes and continuously 
perfused with oxygenated Ringer solution in the chamber. 
Muscle optimal length (L0) was determined using a 1 Hz 
stimulation series. Stimulus output was set at 120% of the 
voltage that elicited maximal force. Muscles were first equil-
ibrated using three 500 ms, 150 Hz tetani at 1 minute inter-
vals and then subjected to a force frequency. Maximum mus-
cle contractile force was measured at stimulation frequencies 
ranging from 25 to 250 Hz. To obtain specific force values, 
absolute force was normalized to muscle cross-sectional area 
determined by EDL weight and length (Hakim et al., 2011).

Real-time reverse transcription-polymerase chain 
reaction
Sciatic nerves were harvested from the injured site to the tib-
ial and peroneal division and were homogenized in TRIzol. 
The RNA was purified using RNeasy Mini Kit (QIAGEN, 
Hilden, Germany) according to the manufacture’s protocol 
and total RNA concentration was measured by NanoDrop 
ND-1000 spectrophotometer (ThermoFisher, Waltham, 
MA, USA). cDNA was synthesized from 1 µg RNA using the 
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). 
To detect the expressed genes of the nerve injury, a trauma 
nervous system mouse 96 well-plate (Bio-Rad) was used. 
The list of genes and detailed information primers used 
are in Additional Table 1. Quantitative polymerase chain 
reaction (PCR) reactions were performed using PerfeCTa 
SYBR Green Fast Mix (Quantabio, Beverly, MA, USA) in a 
CFX96 real-time PCR machine (Bio-rad). Changes in gene 
expression of nerve injury were normalized to GAPDH and 
the uninjured, water-treated group. Results were considered 
significant when genes showed at least 2-fold differential ex-
pression levels and P value was < 0.05 between groups.

Transmission electron microscopy and morphometric 
analysis
The crushed portion of sciatic nerves were excised and fixed 
for 24 hours in a combination fixative of 2.5% glutaralde-
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hyde/4.0% paraformaldehyde buffered in 0.1 M sodium 
cacodylate and post-fixed 1.5 hours in buffered 2.0% osmi-
um tetroxide, dehydrated in a graded series of ethanol up to 
100%, then transitioned into propylene oxide, and EPON/
Araldite epoxy resin overnight. The next day, the nerves 
were embedded in fresh epoxy resin and polymerized for 2 
days at 60°C. One micron sections were cut and stained with 
toluidine blue to assess the myelin before thin sectioning at 
70 nm using an ultramicrotome and diamond knife. These 
sections were placed onto formvar/carbon slot grids, stained 
with uranyl acetate and lead citrate and digitally imaged us-
ing a Hitachi 7650 transmission electron microscope (Hita-
chi, Tokyo, Japan) with an attached Gatan Erlangshen digital 
camera (Gatan, Inc., Warrington, PA, USA) at 3000× mag-
nification. The sections and images were randomly selected 
by staffs in Transmission Electron Microscopy Core. Images 
were analyzed using ImageJ (NIH, Bethesda, MD, USA). 
Three images from each mouse were analyzed, containing 
a total of approximately 20–40 axons per animal. The area 
and inner and outer perimeter of axons were measured with 
diameters calculated from these measurements and myelin 
thicknesses were calculated by the difference between these 
measurements. G-ratio was calculated by the ratio of the in-
ner axonal diameter to the outer diameter.

Statistical analysis
All data are expressed as mean ± standard error of the mean 
(SEM). One-compartmental pharmacokinetic analysis of 
the serum concentration-time data was performed using 
PKSolver (version 2.0, China Pharmaceutical University, 
Nanjing, China) to determine a complete pharmacokinetic 
profile. Data were analyzed using either two-tailed Student’s 
t-test for paired data from the same experiment or unpaired 
data from different experiments. SFI time-course and mus-
cle force data were analyzed by one-way analysis of variance 
followed by post hoc T tests using Bonferroni correction 
for multiple comparisons. Acute SFI, muscle weight, axon 
morphology, and PCR array data were analyzed by two-way 
analysis of variance followed by post hoc T test using Tukey 
correction for multiple comparisons, after confirmation of 
normally distributed data sets. Values of P < 0.05 were con-
sidered to be statistically significant.

Results
Pharmacokinetics of oral and IP administration of 4-AP  
Our results confirmed the straightforward sample prepara-
tions with small sample volume requirements for this assay, 
and this method proved useful for determining a pharmaco-
kinetic profile of 4-AP with the dosage utilized. Figure 1A 
and B show the serum 4-AP concentration versus time pro-
file for 20 μg oral 4-AP (n = 4–5 mice/time point) and 10 μg 
IP 4-AP (n = 3–4 mice/time point) administrations, respec-
tively. In the oral 4-AP experiment (Figure 1A), the time to 
maximum blood concentration (Tmax) was 30 minutes and 
the predicted maximum concentration (Cmax) of 4-AP was 
1.48 ± 0.09 μM. The mean residence time that 4-AP stayed 
in mice was 61.2 ± 1.74 minutes. In the IP 4-AP experiment 

(Figure 1B), Tmax was 15.5 ± 3.41 minutes, the predicted 
Cmax of 4-AP was 0.98 ± 0.07 μM, and mean residence time 
was 32.8 ± 3.17 minutes. Because serum 4-AP levels with 
oral 20 μg 4-AP were higher than reported in clinical use, 
we used 10 μg 4-AP for both oral and IP experiments for 
identical experiments. Selected pharmacokinetic parameters 
after oral and IP administration of 4-AP are shown in Addi-
tional Table 2. 

Oral 4-AP treatment differentiates crush injury from 
denervation injury, and promotes in vivo functional 
recovery after sciatic nerve crush injury
Figure 2 shows the functional evaluation of nerve injury 
and recovery using SFI at different experimental condi-
tions. Acute single dose of oral 4-AP (Figure 2A) at 3 days 
post-injury significantly improved SFI in crushed nerves 
within 30 minutes of administration from –96 ± 5.62 to –66 
± 4.27 (P < 0.001, n = 9 mice/group). In contrast, this effect 
was absent in mice with nerve denervation (SFI, –107 ± 3.68 
vs. –100 ± 1.84; P = 0.095, n = 10 mice/group). This imme-
diate improvement of gait function indicated that 4-AP can 
distinctly differentiate an incomplete nerve injury from a 
complete nerve injury. Furthermore, once-daily oral 4-AP (10 
μg) markedly accelerated the functional recovery (SFI) early 
on from crush injury as compared with water (Figure 2B) 
leading to demonstrable significant improvement by 3 days 
post-injury (water: 67 ± 7.24 vs. 4-AP: 29 ± 9.31; P < 0.01, 
n = 9 mice/group). By the 2-week time point, SFI reached 
recovery levels in both groups. In contrast, there was no 
functional recovery following denervation injury (Figure 
2C) and SFI was identical in both water and 4-AP groups 
even after 28 days of treatment (n = 5 mice/group). These re-
sults demonstrate that, in addition to acute diagnostic effect 
on motor function, daily oral 4-AP is effective in enhancing 
the long-term functional recovery of sciatic nerve crush 
injury. We also checked the effect of IP 4-AP treatment on 
the functional recovery following crush and denervation 
injuries (Additional Figure 1). Consistent with the findings 
of oral 4-AP, IP 4-AP also significantly improved SFI follow-
ing crush injury at day 3 and day 7 (P < 0.05; n = 5–6 mice/
group), but this beneficial effect was absent in mice with 
denervation injury (n = 5 mice/group) as reported in our 
previous work (Tseng et al., 2016).

Oral 4-AP treatment attenuates muscle weight loss 
following crush injury
Figure 3 shows TA and EDL muscle mass (mg) in contralat-
eral uninjured limbs (uninjured) and injured limbs (crush 
or denervation) with or without 4-AP treatment at 14 days 
post-injury. Uninjured, untreated mean TA or EDL muscle 
mass (mg) was not different from uninjured 4-AP treated 
counterparts in both crush and denervation groups. Unin-
jured untreated vs. uninjured 4-AP treated TA muscle mass 
in crush and denervation group was 39.1 ± 0.93 vs. 37.8 ± 
0.37 (n = 6 mice/group) and 42.4 ± 0.72 vs. 39.6 ± 0.98 (n = 6 
mice/group), respectively. Uninjured untreated vs. uninjured 
4-AP treated EDL muscle mass in crush and denervation 
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group was 8.8 ± 0.27 vs. 9.6 ± 0.28 (n = 5 mice/group) and 
10.1 ± 0.86 vs. 9.5 ± 0.20 (n = 5 mice/group), respectively. 
Both crush (Figures 3A and B) and denervation (Figures 
3C and D) injuries caused a significant loss of TA and EDL 
muscle mass in the injured limbs compared with respective 
contralateral uninjured limbs. Daily oral 4-AP treatment 
significantly prevented muscle loss in crush injury but not 
in denervation injury. On day 14, mean TA and EDL muscle 
mass (mg) in crush water vs. crush 4-AP group was 29.2 ± 
0.97 vs. 33.1 ± 0.92 (P < 0.05; n = 6 mice/group) and 7.6 ± 
0.32 vs. 9.0 ± 0.39 (P < 0.05; n = 6 mice/group), respectively, 
showing a significant protection against muscle loss in the 
injured limb early on. In contrast, this muscle protective ef-
fect of oral 4-AP was absent in denervation group, and mean 
TA and EDL muscle mass (mg) at 14 days post-injury in 
denervated water-treated vs. 4-AP treated groups was 26.9 ± 
0.96 vs. 25.7 ± 0.45 (n = 5 mice/group) and 7.0 ± 0.20 vs. 7.2 
± 0.28 (n = 5 mice/group), respectively. 

Oral 4-AP treatment improves ex vivo muscle force 
following crush injury
Figure 4 shows the effect of daily 4-AP treatment on the 
EDL muscle specific force and force frequency relationship 
at 14 days post-injury. In the crush injury group (Figure 
4A), daily 4-AP treatment significantly improved the specific 
force (mN/mm2) of EDL muscles compared with the wa-
ter-treated group and the maximal force at 250 Hz was 174.1 
± 8.4 vs. 136.2 ± 13.3 (P < 0.05, n = 5–6 mice/group). In con-
trast, the muscle force enhancing effect of 4-AP treatment 
was absent in the denervated EDL muscle, and the mean 
muscle force at 14 days post-injury was comparable between 
water and 4-AP groups at all frequencies (Figure 4B; n = 
4–5 mice/group). We also checked the effect of daily IP 4-AP 
treatments on muscle force (Additional Figure 2). Similar to 
the findings with oral 4-AP treatment, ex vivo EDL muscle 
force was significantly enhanced in crush injury IP-treated 
4-AP animals compared with the crush injury saline-treated 
group, and the maximal force at 175 Hz was 225.9 ± 12.6 vs. 
119.0 ± 36.5 (P < 0.05, n = 4 mice/group). The muscle force 
enhancing effect of daily IP 4-AP treatment was absent in 
the denervated EDL muscles and the muscle force was com-
parable between IP 4-AP and water-treated groups (n = 3–4 
mice/group). In the sham surgery group, the specific muscle 
force was identical between water and IP 4-AP groups at all 
frequencies (n = 3 mice/group).

Oral 4-AP treatment decreases G-ratio and improves 
myelination of the sciatic nerve after crush injury
Figure 5 shows representative transmission electron micros-
copy images, mean G-ratio and myelin thickness of contralat-
eral uninjured and injured (crushed) nerves with or without 
oral 4-AP treatment at 14 days post-injury. Figure 5A demon-
strates an increased representation of well-preserved axons 
in the crush 4-AP-treated group as compared with the crush 
water group. While axonal myelin thickness in the uninjured 
nerves was similar between water and oral 4-AP groups (Fig-
ure 5B), it was significantly increased in crushed nerves 4-AP 

group compared with water-treated group (0.84 ± 0.04 vs. 0.66 
± 0.04, P < 0.05, n = 6 mice/group). Consistent with these 
findings, we also observed small but significant reductions 
in G-ratio in crush 4-AP group compared with crush water 
group (0.69 ± 0.01 vs. 0.73 ± 0.01, P < 0.05, n = 6 mice/group). 
The uninjured nerve G-ratio was comparable between water 
and 4-AP groups (Figure 5C; n = 6 mice/group).

Gene expression profile in the crushed sciatic nerve and 
effect of 4-AP
Figure 6 depicts heat map for the quantitative real-time 
PCR array analysis of gene expression in the crushed sci-
atic nerves at 3 days post-injury (n = 6 mice/group). The 
frequency of differentially expressed genes in mouse sciatic 
nerve was identified by a trauma nervous system 96-well 
panel. PCR array analysis (Figure 6) revealed significant 
(P < 0.05) alterations in the level of several high-expressing 
and low-expressing genes after crush injury. Crush injury in 
water group caused significant up-regulation of IL1b, Timp1, 
Cd53, Lagals3, slpi, and Tnf genes and significant down-regu-
lation of Sod1 and Cat genes compared to the uninjured-wa-
ter group. Interestingly, 4-AP treatment alone significantly 
induced an up-regulation of Parp1, Mt1, Scn10a, Sod1, 
Scn9a, and Cat genes in uninjured nerves compared to the 
uninjured-water group. Compared to the uninjured-4-AP 
group, while we observed a significant up-regulation of 
Lgals3, C1qb, slpi, and C1qa genes in the injured nerves with 
4-AP treatment, there was a significant down-regulation of 
Mt1, Sod1 and Cat genes. Compared to the crush injury-wa-
ter group, IL1b gene was significantly down-regulated and 
Lgals3, Parp1, Scn10a, and Scn9a genes were significantly 
up-regulated in the crush inury-4-AP group. Of note, al-
though it was not significantly different, Sod1 and Cat genes 
in the crush injury-4-AP group was ≥ 2-fold higher than the 
crush injury-water group.

Discussion  
The main finding of the present study is that orally admin-
istered human equivalent dosage of 4-AP improves both 
neuronal function and muscle atrophy in a rodent model 
of TPNI. We further confirm two distinct and important 
properties of oral 4-AP in TPNI: acute single-dose efficacy 
test and long-term therapeutic effects. Acute single-dose 
efficacy test with oral 4-AP temporarily elicited a significant 
improvement in the global motor function of the affected 
limb with crushed nerve but not in the limb with transected 
nerve, allowing the differentiation of these two clinically 
indistinguishable injuries at an early time point. Long-term 
therapeutic benefit with daily oral administration of 4-AP 
was demonstrated by improved global motor function recov-
ery, nerve myelination, muscle atrophy, and ex vivo muscle 
force in limbs with crushed nerves but not in limbs with 
complete and permanent nerve discontinuity. In addition, 
PCR array revealed that crush injury caused distinct up-reg-
ulation of several high-expressing and down-regulation of 
low-expressing genes in the injured nerve and 4-AP had 
significant modulatory effects on different genes in the un-
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injured and injured nerves. These findings provide new in-
sights into the potential clinical use of 4-AP in TPNIs espe-
cially where an early differentiation of an injured nerve with 
or without axonal continuity is critical for surgical decision 
making surrounding the immediate need for surgical repair 
of nerves which are completely severed.

Traumatic peripheral nerve injuries occur along a spec-
trum from injuries in which some axonal continuity is main-
tained with demyelination (crush or compression injuries) 
all the way up to injuries involving complete nerve transec-
tion. Following an injury that causes demyelination, volt-
age-gated potassium channels are exposed and subsequent 
potassium leakage blocks action potential propagation caus-
ing conduction failure (Blight, 1989; Nashmi and Fehlings, 
2001). 4-AP is clinically used in diverse chronic demyelin-
ating disorders because it can enhance nerve excitability by 
restoring conduction in demyelinated axons via potassium 
channel blockade. In this study, with human equivalent oral 
dosage, we demonstrated that 4-AP can distinctly classify a 
crush injury from a transection injury by supporting tran-
sient motor function recovery – an effect most likely related 
to nerve conduction restoration, because the time course 
was too rapid to be explained by an axonal regeneration. In 
addition to the nerve injury differentiating property, contin-
uous daily oral 4-AP administration also promoted global 
limb functional improvement which was associated with im-
proved nerve morphology and myelination (increased my-
elin thickness and decreased G-ratio). All of these findings 
are consistent with our previous studies, where chronic 4-AP 
treatment significantly improved motor function and nerve 
conduction with thicker myelin sheaths (Tseng et al., 2016; 
Clark et al., 2019; Mordak et al., 2019). It is apparent that im-
proved nerve conduction and a faster communication with 
innervating muscle are intimately involved in 4-AP-mediated 
beneficial effects. Regardless of the route of administrations 
(oral, IP, local or transdermal), the acute single-dose efficacy 
in nerve injury differentiation and late long-term therapeutic 
benefits with 4-AP thus provide robust pre-clinical evidence 
for its potential use in peripheral nerve injury clinical trials.

While innervation of skeletal muscle is essential for the 
maintenance of muscle size, structure, and contractile func-
tion (Moresi et al., 2010), denervation results in contractile 
deficits and rapid muscle-fiber atrophy within the first 2 
weeks post-injury (Engel and Stonnington, 1974; Day et al., 
2001; Lien et al., 2008). Recently, we demonstrated that daily 
IP 4-AP (10 μg) treatment significantly attenuates muscle at-
rophy of the injured limb with increased regenerating mus-
cle fibers and improves ex vivo intrinsic contractile force of 
muscle. Muscle wet weight is widely used to evaluate muscle 
innervation after nerve injury (Sobotka and Mu, 2015). In 
this study, daily oral 4-AP treatment also significantly atten-
uated post-injury muscle loss and improved ex vivo muscle 
force following crush injury but not following nerve tran-
section, further demonstrating a musculo-protective role of 
4-AP against neurogenic muscle atrophy through a mecha-
nism that may depend on nerve continuity.

Despite extensive researches with TPNIs, the molecular 

mechanisms of nerve regeneration are still unclear, and cur-
rently no therapeutic options exist that can promote nerve 
regeneration and enhance functional recovery. Recently we 
demonstrated that 4-AP treatment can regulate several mus-
cle atrophy genes to attenuate neurogenic muscle atrophy 
(Yue et al., 2019). Although we identified several genes in the 
crushed nerve with different functional categories, it is be-
yond the scope of this study to discuss all genes. Moreover, 
there is a large group of genes with unknown function that 
need further investigation. Our interest was mainly focused 
on genes involved inflammatory and immune responses, cell 
differentiation, nerve damage and regeneration, and antiox-
idant function. Interleukin-1 beta (IL-1β) is a pro-inflam-
matory cytokine encoded by IL1b gene. Schwann cells and 
macrophages in the injured nerve express IL-1β (Terenghi, 
1999), and IL-1β can induce the production of toxic media-
tors, and promote inflammation and cell death (Dubovy et 
al., 2013). However, it is also reported that increased IL-1β 
could be detrimental or beneficial to nerve regeneration and 
functional recovery depending on the timing and degree of 
inflammation (Guenard et al., 1991; Wyss-Coray and Mucke, 
2002; Temporin et al., 2008; Dubovy et al., 2013). IL1b gene 
was significantly down-regulated by 4-AP treatment in the 
crushed nerves compared to crush injury-water group. Tu-
mor necrosis factor is a pro-inflammatory cytokine and it 
is encoded by Tnf gene. Tnf gene was significantly increased 
only in crush injury-water group. This finding is consistent 
with increased tumor necrosis factor protein expression 
within 3 days of sciatic nerve crush injury in mice and rats 
(George et al., 2004, 2005). Tissue inhibitor of metallopro-
teinases 1 is a glycoprotein encoded by Timp1 gene. We ob-
served significantly increased Timp1 gene expression only in 
crush injury-water group. Tissue inhibitor of metalloprotein-
ases is an endogenous inhibitor of the matrix metalloprotein-
ases and it is reported to play an important role in the dif-
ferentiation and function of myelin-forming Schwann cells 
in nerve regeneration (Kim et al., 2012). Galectin is an en-
dogenous glycoprotein encoded by Lgals gene. Galectin-1 is 
present in both central and peripheral nervous system (Hynes 
et al., 1990) and promotes axonal regeneration and recovery 
of locomotor activity after spinal cord injury (Quinta et al., 
2014). It is also demonstrated that galectin-1 is expressed 
in regenerating sciatic nerves and plays an important role 
in the initiation of axonal growth after nerve injury (Horie 
et al., 1999; Horie and Kadoya, 2000). We observed signifi-
cantly increased expression of Lgals3 gene in the crushed 
nerves and 4-AP treatment further increased this expression 
compared to crush injury-water group. Ploy(ADP-ribose) 
polymerase 1 is a nuclear protein that acts at the center of 
cellular stress (Kauppinen, 2007; Sriram et al., 2015) and it 
is encoded by Parp1 gene. Ploy(ADP-ribose) polymerase 1’s 
primary function is to repair DNA and it has been impli-
cated in many neurological diseases. Oxidative stress causes 
DNA damage and ploy(ADP-ribose) polymerase 1 activation 
is associated with DNA repair, cell death and inflamma-
tion (Sriram et al., 2014). We observed that 4-AP treatment 
alone significantly increased Parp1 gene in uninjured-4-AP 
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Figure 4 Effect of daily oral 4-AP (10 μg) 
treatment on the ex vivo contractile function 
in EDL muscles on day 14 following crush or 
denervation injury. 
Mean specific force in EDL muscles of wa-
ter-treated (open circles) and 4-AP-treated 
(closed circles) animals. (A) Force frequency 
relationship of EDL muscles isolated from the 
injured limbs of sciatic nerve crush injury (n = 
5–6 mice/group, *P < 0.05, vs. water group). (B) 
Force frequency relationship of EDL muscles 
isolated from the injured limbs of sciatic nerve 
denervation injury (n = 4–5 mice/group). Data 
are presented as the mean ± SEM. 4-AP: 4-Ami-
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Figure 5 TEM analysis of transverse sections of sciatic nerves within the crush injury site at 14 days post-injury for the effect of oral 4-AP (10 
μg) and vehicle (water) treatments on nerve myelination and G-ratio. 
(A) Representative TEM images of axon morphology from water- and 4-AP-treated mice (original magnification, 8000×; scale bar: 2 µm). (B) 
Myelin thickness (µm) and (C) G-ratio of the axons. Data are presented as the mean ± SEM; n = 6 mice/group; *P < 0.05. 4-AP: 4-Aminopyridine; 
TEM: transmission electron microscopy.

Figure 6 Heat map for quantitative real-time reverse transcription-polymerase chain reaction array data for gene expression profile in the 
injured (crush injury) and uninjured nerves at 3 days post-injury with or without daily oral 4-AP (10 μg) treatment. 
Data are presented as the mean ± SEM; n = 6 mice/group; *P < 0.05, uninjured-water vs. crush injury-water group; #P < 0.05, uninjured-4-AP vs. 
crush injury-4-AP group; ζP < 0.05, uninjured-water vs. uninjured-4-AP group; ¥P < 0.05, crush injury-water vs. crush injury-4-AP group. 4-AP: 
4-Aminopyridine.

group compared to uninjured-water group and there was 
no further increase in Parp1 gene in crush injury-4-AP 
group. Parp1 level in crush injury-4-AP group remained 
significantly elevated compared to crush injury-water group. 
Oxidative stress is one of the main causes of nerve damage 
after injury (Lanza et al., 2012). Antioxidant enzymes Cu, 
Zn-superoxide dismutase and catalase are encoded by Sod1 
and Cat genes, respectively. Crushed nerves in water group 
had significantly down-regulated anti-oxidative Sod1 and 
Cat genes compared to uninjured-water group. In contrast, 
4-AP treatment induced an up-regulation of Sod1 and Cat 

genes in the uninjured nerve and it also modestly attenuated 
their down-regulation in crushed nerves compared to crush 
injury-water group. In animal models, Cu, Zn-superoxide 
dismutase and catalase are well reported to play an import-
ant role in peripheral nerve injury and regeneration (Varija 
et al., 2009; Fisher et al., 2012; Lanza et al., 2012). While the 
exact impact of these different genes on TPNI requires fur-
ther investigations, these differentially regulated genes with 
crush injury and 4-AP suggest that these genes have func-
tional significance in nerve degeneration and/or repair. Our 
findings with improved nerve morphology and post-injury 
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functional recovery at least indicate that 4-AP may play an 
important immunomodulatory role in limiting post-injury 
inflammatory processes (Chandy et al., 1984; Espejo and 
Montalban, 2012).

Consistent with pharmacologic trials (Uges et al., 1982; 
Davis et al., 1990; Blight and Henney, 2009) and our recent 
study (Clark et al., 2019), we observed linear pharmacoki-
netics with oral and IP 4-AP where the peak serum con-
centrations were clearly dose dependent and the beneficial 
effects on the post nerve injury recovery were without side 
effects. Oral 4-AP both at single and daily doses conforms 
to our earlier pre-clinical findings with IP (Noble et al., 
2019; Yue et al., 2019), transdermal (Clark et al., 2019) and/
or local administration of 4-AP (Tseng et al., 2016). Taken 
together, we provide consistent and convincing pre-clini-
cal evidence that 4-AP has the potential to be used in the 
clinic as an acute single-dose efficacy tool to differentiate 
TPNI patients with or without continuity, and chronically 
to treat TPNI patients with nerve continuity for accelerated 
recovery.  
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Additional Figure 1 Effect of daily intraperitoneal 4-AP (10 μg) treatment on the motor functional recovery after sciatic

nerve crush or denervation injury.

(A) Time-course for the post-injury SFI recovery after crush injury (n = 5-6 mice/group; *P < 0.05, vs. respective 4-AP). (B)

Time-course for the post-injury SFI recovery after denervation injury (n = 5 mice/group). Data presented as the mean ± SEM.

4-AP: 4-Aminopyridine; SFI: sciatic function index.

Additional Figure 2 Effect of daily intraperitoneal 4-AP (10 μg) treatment on the ex vivo contractile function in EDL

muscles at 14 days following crush or denervation injury or sham surgery.

Mean specific force in EDL muscles of saline-treated (open circles) and 4-AP-treated (closed circles) animals. (A) Force

frequency relationship of EDL muscles isolated from the right hind limbs of sham surgery animals (n = 3 mice/group). (B) Force

frequency relationship of EDL muscles isolated from the injured limbs of sciatic nerve crush injury (n = 4 mice/group, *P < 0.05,

vs. saline group). (C) Force frequency relationship of EDL muscles isolated from the injured limbs of sciatic nerve denervation

injury (n = 3-4 mice/group) Data presented as the mean ± SEM. 4-AP: 4-Aminopyridine; EDL: extensor digitorum longus.



Additional Table 1 Primers used in real-time reverse transcription-polymerase chain reaction
Gene Name Gene

Symbol
RefSeq Accession No. Amplicon Context Sequence (5’-3’) Amplicon Length

(base pair)
Complement component
1, q subcomponent,
alpha polypeptide

C1qa NC_000070.6,NT_187033.1 CACTTGGAGATCACTTGGAAGTTGAAGTAATAGAAGCCGG
GCACTGCACAGATGAAGCGACCCGTGTGGTTCTGGTATGG
ACTCTCCTGGTT

92

complement component
1, q subcomponent, B
chain

C1qb NC_000001.10,NG_007283.1,
NT_004610.19

CAGCAACGCTCACTCTACCCCCAACACCACCCCTTGCCCAA
CCAATGCACACAGTAGGGCTTGGTGAATGCTGCTGAGTGA
AT

83

Catalase Cat NC_000068.7,NT_039207.8 AAGATCTCGGAGGCCATAATCCGGATCTTCCTGAGCAAGC
CTTCCTGCCTCTCCAACAGGCAAGTTTTTGATGCCCTGGTC
GGTCTTGTAATGGAACTTGCAATAGACTGCCT

113

CD53 antigen Cd53 NC_000069.6,NT_039240.8 CAATCTGGCAGTTGAGTGTCAGTGCAAAGGACATTCCCAG
CACCTGTATCACACATACACAGATGGTAATGATTCCA

77

F-box protein 32 Fbxo32 NC_000081.6,NT_039621.8 GCATGATGTTCAGTTGTAAGCACACAGGCAGGTCGGTGAT
CGTGAGGCCTTTGAAGGCAGGCCTGCTGATCTGGATGCTA
TTCAGC

86

Glyceraldehyde-3-phosp
hate dehydrogenase

Gapdh NC_000072.6,NT_039353.8 AACCTGGTCCTCAGTGTAGCCCAAGATGCCCTTCAGTGGG
CCCTCAGATGCCTGCTTCACCACCTTCTTGATGTC

75

Hypoxanthine guanine
phosphoribosyl
transferase

Hprt NC_000086.7,NT_187037.1 TTATCAGACTGAAGAGCTACTGTAATGATCAGTCAACGGG
GGACATAAAAGTTATTGGTGGAGATGATCT

70

Interleukin 1 beta Il1b NC_000068.7,NT_039207.8 TTGTCGTTGCTTGGTTCTCCTTGTACAAAGCTCATGGAGAA
TATCACTGGAGAAAGGAGAGGAGTCTTGTTGGTTGATATT
CTGTCCATTGAGGT

95

Lectin, galactose
binding, soluble 3

Lgals3 NC_000080.6,NT_039606.8 AACACGAAGCAGGACAATAACTGGGGAAAGGAAGAAAGA
CAGTCAGCCTTCCCCTTTGAGAGTGGCAAACCATTCAAAAT
ACAAGTCCTGGTTGAAGC

98

mitogen-activated
protein kinase 6

MAPK6 NC_000015.9,NT_010194.17 TCTCGATGAGTCGGAGAAGTCCCGTTGTATCAGAGTAAGA
TGGACGGTAGCTTTGATTGTGATTGTGGTGAGCT

74

Metallothionein 1 Mt1 NC_000074.6,NT_078575.7 CAGCGTCTTCCTATACAGTTCCACCCTGTTTACTAAACCCC
CGTTTTCTACCGAGTACGTGAATAATAA

69

Metallothionein 2 Mt2 NC_000074.6,NT_078575.7 CAATACTCTCCGCTATAAAGGTCGCGCTCCGCGTGCTTCTC
TCCATCACGCTCCTAGAACTCTTCAAACCGATCTCTCGTCG
AT

84

Metallothionein 3 Mt3 NC_000074.6,NT_078575.7 TGTGTGCAAAGGTGAAGAGGGGGCCAAGGCAGAGGCCGA
GAAATGCAGCTGCTGCCAGTGAGGACCCAGACCCTCCCAC
ACAGCCTATGTAAATAGTGCTGGGTGTCCCTGGTGGGGCA
CAACTGTTGTCTTCCCCCCCCCCCCCCCCCCCGCCGGCTGC
CTGCTCCGGGGTGTGAATAAATCCCATGCACAAC

194

Poly (ADP-ribose)
polymerase family,
member 1

Parp1 NC_000067.6,NT_039185.8 CCGGCCATCAAGAATGAAGGAAAGAGAAAAGGTGACGAG
GTGGATGGAACAGATGAAGTGGCCAAAAAGAAATCTAAG
AAAGGGAAGGACAAGGATAGTAGTAAGCTGGAGAAGGC

116

Sodium channel,
voltage-gated, type X,
alpha

Scn10a NC_000075.6,NT_039482.8 TGAGCTAAGGATCGCAGAAAACAACAGACTAGAAATGGA
CAGAATCACCACAATGAAGTCGAACACATTCCAGCCGTTG
GTGAAGTAATACTGCCG

96

Sodium channel,
voltage-gated, type II,
alpha 1

Scn2a1 NC_000068.7, NT_039207.8 CAGCAGTGAATCAGATATGGAAGAAAGCAAGGAGAAATT
GAATGCAACTAGTTCATCTGAAGGCAGTAC

69

Sodium channel,
voltage-gated, type IX,
alpha

Scn9a NC_000068.7, NT_039207.8 CGGTGTCTTCTTCAATTGCTGTAAGATTGTCAGAACTAAAG
GAACTCAGTAATAAAGCCAGAAACAGGTTCAGGACCACAA
GGTTCCCAATCACCATGACCATCAT

106

Secretory leukocyte
peptidase inhibitor

Slpi NC_000068.7, NT_039207.8 GCGAATGGGAACAGGATTCACGCACTTGGAACCGCAAGCA
TCTTGGCAGCACCTCTGCTTTCCCGGGCACTCCCAGTCAGT
ACGGCATTGTGGCTTCTCAAGCTTAAGGCACT

113

MAD homolog 7
(Drosophila)

Smad7 NC_000084.6, NT_039674.8 AAGTCAAGAGGCTGTGTTGCTGTGAATCTTACGGGAAGAT
CAACCCCGAGCTGGTGTGCTGCAACCCCCATCACCTTAGTC
GACTCTGTGAACTAGATTCCCAACTTCTTCTGGAGCCTG

120

Superoxide dismutase 1,
soluble

Sod1 NC_000082.6, NT_039625.8 GTCGGCTTCTCGTCTTGCTCTCTCTGGTCCCTCCGGAGGAG
GCCGCCGCGCGTCTCCCGGGGAAGCATGGCGATGAAAGCG
GTGTGCGTGCTGAAGGGCGACGGTCCGGTGCAGGGAACCA
TCCACTTCGAGCAGAAGGCAAGCGGTGAACCAGTTGTGTT
GTCAG

166

TATA box binding
protein

Tbp NC_000083.6, NT_039649.8 GGAGAATCATGGACCAGAACAACAGCCTTCCACCTTATGC
TCAGGGCTTGGCCTCCCCACAGGGCGCCATGACTCCTGGA
ATTCCCATCTTTAGTCCAATGA

102

Tissue inhibitor of
metalloproteinase 1

Timp1 NC_000086.7, NT_039700.8 GGCATCCTCTTGTTGCTATCACTGATAGCTTCCAGTAAGGC
CTGTAGCTGTGCCCCACCCCACCCACAGACAGCCTTCTGCA
ACTCGGACCTGGTCATAAGGGCTAAATTCATGGGTTCCCC
AGAAATCAACGAGACCACCTTATACCA

149

Tumor necrosis factor Tnf NC_000083.6, NT_039649.8,
NT_039662.3, NT_187004.1,
NT_187027.1

ATGAGAAGAGGCTGAGACATAGGCACCGCCTGGAGTTCTG
GAAGCCCCCCATCTTTTGGGGGAGTGCCTCTTCTGCCAGTT
CCACGTCGCGGATCATGCTTTCTGTGCTCATGGTGTCT

119

Tubulin, beta 3 class III Tubb3 NC_000074.6, NT_078575.7 TCTCTAGCCGCGTGAAGTCAGCATGAGGGAGATCGTGCAC
ATCCAGGCCGGCCAGTGCGGCAACCAGATAGGGGCCAAGT
TCTGGGAGGTCATCAGCGATGAGCACGGCATAGAC

115

Tubulin, beta 4A class
IVA

Tubb4a NC_000083.6, NT_039649.8 GACGGCATCCACTAACTCCGCGCCCTCGGTGTAGTGACCCT
TGGCCCAGTTGTTGCCTGCTCCGGATTGACCAAATACAAA
GTTGTCTGGCC

92



Additional Table 2 Selected pharmacokinetic parameters after oral or intraperitoneal 4-AP administration

Parameter Oral 20 μg IP 10 μg

Tmax (min) 30.0 ± 0.0 15.51 ± 3.41

Cmax (μM) 1.48 ± 0.09 0.98 ± 0.07

AUC (μM•min) 90.77 ± 5.99 43.39 ± 5.93

MRT (min) 61.20 ± 1.74 32.76 ± 3.17

Data presented as the mean ± SEM from 3-4 mice (IP) and 4-5 mice (oral) at each time point. 4-AP: 4-Aminopyridine; AUC:

area under the plasma concentration time curve; Cmax: predicted maximum concentration; IP: intraperitoneal; MRT: mean

residence time; Tmax: time to maximum blood concentration.




