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Abstract. Inhibition of the N-methyl-D-aspartate (NMDA) 
receptor by MK-801 reduces ischemia/reperfusion (I/R) injury 
in the central nervous system. However, few previous studies 
have evaluated the neuroprotective effects of MK-801 against 
peripheral I/R injury. The present study aimed to investigate 
the protective effects of MK-801 pretreatment against I/R 
injury in the rat sciatic nerve (SN). Sprague-Dawley rats were 
subjected to a sham surgery (n=8) or to a 5-h ischemic insult 
by femoral artery clamping (I/R and I/R+MK-801 groups; 
n=48 per group). I/R+MK-801 rats were intraperitoneally 
injected with MK-801 (0.5 ml or 1 mg/kg) at 15 min prior to 
reperfusion. The rats were sacrificed at 0, 6, 12, 24, 72 h, or 
7 days following reperfusion. Plasma malondialdehyde (MDA) 
and nitric oxide (NO) concentrations, and SN inducible NO 
synthase (iNOS) protein expression levels, were measured 
using colorimetry. In addition, the protein expression levels of 
tumor necrosis factor-α (TNF-α) were measured using immu-
nohistochemistry, and histological analyses of the rat SN were 
conducted using light and electron microscopy. Alterations in 
the mRNA expression levels of TNF-α and TNF-α converting 
enzyme (TACE) in the rat SN were detected using reverse 
transcription-quantitative polymerase chain reaction. In the 
I/R group, plasma concentrations of NO (175.3±4.2 µmol/l) 
and MDA (16.2±1.9 mmol/l), and the levels of iNOS 
(2.5±0.3) in the SN, peaked at 24 h post-reperfusion. At 24 h, 
pretreatment with MK‑801 significantly reduced plasma NO 
(107.3±3.6 µmol/l) and MDA (11.8±1.6 mmol/l), and SN iNOS 
(1.65±0.2) levels (all P<0.01). The mRNA expression levels of 

TNF-α and TACE in the SN were significantly reduced in the 
I/R+MK-801 group, as compared with the I/R group (P<0.05). 
Furthermore, MK-801 pretreatment was shown to have allevi-
ated histological signs of I/R injury, including immune cell 
infiltration and axon demyelination. The results of the present 
study suggested that pretreatment with MK-801 may alleviate 
I/R injury of the SN by inhibiting the activation of TNF-α and 
reducing the levels of iNOS in the SN.

Introduction

Peripheral nerve injury is a complication that is commonly 
observed following orthopedic surgery or trauma (1-3). 
Peripheral nerve ischemia and reperfusion (I/R), which may 
be the cause of nerve injury, may occur following incision 
for pressure-relief in extremity intracompartment syndrome, 
during compression for repair of vascular rupture or from 
nerve trunk oppression (4). Numerous interacting mechanisms 
may contribute to axonal degeneration following I/R, including 
immune cell activation/infiltration, calcium dysregulation, and 
free radical generation (5).

In the central nervous system (CNS), glutamate release and 
the concomitant overstimulation of synaptic glutamate recep-
tors, particularly the N-methyl-D-aspartate (NMDA) subtype, 
is a critical early event in I/R injury (6). The involvement of 
glutamate receptors in I/R injury has been extensively studied 
in the CNS (5); however, peripheral nerves also express 
glutamate receptors, which may contribute to axonal injury 
and nerve dysfunction, including initiation of neuropathic 
pain (7-13). Oxidative stress is a hallmark of peripheral nervous 
system (PNS) axon I/R injury, and occurs due to the genera-
tion of free-radicals (4,14-17). Free-radical scavengers have 
previously been shown to mitigate I/R injury in the PNS (18). 
Activation of nitric oxide (NO) synthase (NOS) may induce 
oxidative damage during I/R (19-22); NO is highly reactive 
and may form toxic reactive nitrogen species during reperfu-
sion (23,24). Conversely, as a major vascular relaxation factor, 
NO may also protect against ischemic injury (25).

The pro-inflammatory cytokine tumor necrosis factor 
(TNF)-α has previously been shown to be upregulated in isch-
emic peripheral nerves (26,27). Conversely, downregulation of 
TNF-α expression levels appeared to protect peripheral nerve 
integrity and mitigate neurological sequela (28). TNF-α activity 
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is influenced by the TNF‑α converting enzyme (TACE) (29). 
Therefore, TACE has been considered a potential therapeutic 
target for CNS inflammatory disorders (29); however, there 
is limited information regarding its function in the PNS. In 
a previous study, stress-induced increases in TACE activity, 
and increased expression levels of TNF-α, were blocked by 
the noncompetitive NMDA receptor antagonist MK-801 (30). 
This was consistent with the results of previous studies, which 
demonstrated neuroprotective effects for MK-801 in various 
models of strokes (31,32).

The present study hypothesized that MK-801 may 
protect peripheral nerves against I/R injury by inhibiting 
the activation of TNF-α by TACE, and thereby suppressing 
inflammation‑mediated damage, and by inhibiting the acti-
vation of iNOS, and thereby suppressing oxidative damage. 
Therefore, the present study aimed to investigate the effects of 
MK-801 on the expression levels of TNF-α, TACE and iNOS, 
and the peripheral nerve histology, in a rat model of I/R injury.

Materials and methods

Animals. A total of 104 male Sprague-Dawley rats (age, 
8-9 weeks; weight, 250-300 g) were supplied by the Animal 
Laboratory of the Fujian Medical University (Fuzhou, China). 
The rats were maintained under a 12-h light/dark cycle at 
20‑25˚C and 50±5% humidity, with ad libitum access to 
food and water. The rats were acclimatized for 1 week prior 
to the experiments. All procedures and animal experiments 
were approved by the Animal Care and Use Committee of the 
Fujian Medical University, and were conducted in accordance 
with all state regulations.

Rat model of sciatic nerve I/R injury. The rat model of SN I/R 
injury was established as described in a previous study (33). 
Briefly, the rats were fasted for 12 h, with ad libitum access to 
water, prior to experiments. Subsequently, the rats were anes-
thetized by intraperitoneal injection with 3% pentobarbital 
sodium (30 mg/kg; Maixin Biological Technology Development 
Co., Fuzhou, China) and placed onto the operating board in 
the supine position. The groin on the right side was depilated 
using a knife and disinfected with iodine complex, after which 
a bevel cut was made in the right lower quadrant. In order to 
induce lower limb ischemia, the right arteria iliaca communis, 
femoral artery and arteria circumflexa iliaca superficialis were 
clamped for 5 h with micro-artery forceps using an extraperi-
toneal approach.

Animal grouping. The rats were randomly divided into the 
following groups: i) Sham group (n=8); ii) I/R group (n=48); 
and iii) I/R+MK-801 group (n=48). The rats in the sham 
group were subjected to anesthesia, skin preparation involving 
depilation and disinfection with iodine, and bevel cutting into 
the right groin; however, the arteries were not clamped. Blood 
samples (8 ml) were obtained from all rats and the right SN 
were collected 24 h after stitching of the wound.

The rats in the I/R group underwent I/R and were injected 
intraperitoneally with 0.5 ml normal saline at 15 min prior 
to reperfusion. The rats in the I/R+MK-801 group underwent 
I/R and were intraperitoneally injected with 0.5 ml MK-801 
(1 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) at 15 min prior 

to reperfusion. The rats in the I/R and I/R+MK-801 groups 
were divided into six subgroups (n=8 per subgroup), depending 
on the time at which they were sacrificed following reperfusion 
(0, 6, 12, 24, 72 h, or 7 days). Rats in the same subgroup did not 
vary in body weight by >10 g. Blood samples were collected 
from the jugular vein immediately prior to sacrifice. The rats 
were sacrificed by acute blood loss following anesthetization 
with 10 mg/kg xylazine hydrochloride (Maixin Biological 
Technology Development Co.) and 70 mg/kg ketamine (Maixin 
Biological Technology Development Co.). Following sacrifice, 
a 5-cm section of the ipsilateral SN, ending 2 cm above the 
right knee joint, was removed.

Detection of iNOS activity in SN tissues. A 0.5-g sample of 
SN was rinsed with ice-cold normal saline for removal of 
blood, dried with filter paper, and homogenized in ice‑cold 
normal saline (dilution, 1:9) containing 0.86% sodium chlo-
ride. The concentration of iNOS was detected using a Nitric 
Oxide Synthase typed assay kit (A014-1; Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) and a type 721 spec-
trophotometer (Shanghai Precision & Scientific Instrument 
Co., Ltd., Shanghai, China). The protein concentration was 
quantified using a Bicinchoninic Acid Protein Assay kit 
(Beyotime Institute of Biotechnology, Nantong, China), 
according to the manufacturer's instructions. Activity of iNOS 
is expressed per mg of proteins.

Plasma NO levels. The plasma concentration of NO was 
determined using a commercial NO Assay kit (A012; Nanjing 
Jiancheng Bioengineering Institute), according to the manu-
facturer's protocol. Absorbance was measured at 550 nm using 
the type 721 spectrophotometer (Shanghai Precise Scientific 
Instrument Co., Ltd.).

Plasma malondialdehyde (MDA) levels. The plasma concen-
tration of MDA was detected in 0.1 ml plasma samples using the 
MDA Assay kit (A003-1; Nanjing Jiancheng Bioengineering 
Institute), according to the manufacturer's protocol. Absorbance 
was measured at 721 nm using a type 721 spectrophotometer 
(Shanghai Precise Scientific Instrument Co., Ltd.).

Hematoxylin & eosin (H&E) staining. SNs were collected, 
fixed with 10% formaldehyde and embedded in paraffin. 
Slices (4 µm) were prepared and heated at 60˚C for 6 h to dry. 
Following removal of paraffin, the slices were stained with 
H&E (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
and visualized under an inverted phase contrast microscope 
(Olympus Corporation, Tokyo, Japan).

Immunohistochemical analysis. Protein expression levels of 
TNF-α in the SN were measured using the Elivision TM Plus 
Polymer HRP (Mouse/Rabbit) Immunohistochemistry kit 
(Maixin Biological Technology Development Co.) based on 
streptavidin-biotin-peroxidase visualization (Wuhan Boster 
Bio-Engineering Co., Ltd., Wuhan, China). Tissue slices were 
incubated with rabbit anti-mouse TNF-α polyclonal antibody 
(1:100; BA14901; Wuhan Boster Bio-Engineering Co., Ltd.) 
at 4˚C overnight. After washing in phosphate‑buffered saline 
(Maixin Biological Technology Development Co.), labeled 
slices were incubated with biotin-conjugated goat anti-mouse 
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immunoglobulin G polyclonal antibody (1:10,000; BA1001; 
Wuhan Boster Bio-Engineering Co., Ltd.) at 25˚C for 20 min, 
followed by incubation with a streptavidin-biotin-peroxidase 
complex for 20 min at 25˚C. Staining was visualized by incu-
bating the tissue sections with 99% diaminobenzidine solution 
(Maixin Biological Technology Development Co.) at room 
temperature for 3-5 min, followed by counterstaining with 
hematoxylin and mounting with fluorescent mounting medium 
(DakoCytomation, Glostrup, Denmark). Immunostaining was 
semi‑quantified using the Image‑Pro Plus software, version 5 
(Media Cybernetics, Inc., Rockville, MD, USA). Total cell 
numbers and the fluorescence intensity of each cell were 
counted and quantified in six separate fields (75‑100 cells/field) 
for each of the conditions. The relative fluorescence intensity 
was calculated by dividing the total integrated optical density 
(IOD) by the total number of cells in each field. Mean fluo-
rescence intensity measurements were. All sections were 
examined by a pathologist blinded to the grouping.

Electron microscopy. SNs were fixed in a solution containing 
25% glutaric dialdehyde (Maixin Biological Technology 
Development Co.) and 1.5% paraformaldehyde (Nanjing Sen 
Beijia biotechnology Co., Ltd., Nanjing, China). Following 
fixation with 1% osmium tetroxide (Maixin Biological 
Technology Development Co.), and dehydration with ethanol 
and acetone, the SNs were embedded in epoxy resin 618 
(Maixin Biological Technology Development Co.). Ultrathin 
sections were prepared with a LKB-5 Ultramicrotome (GE 
Healthcare Life Sciences, Uppsala, Sweden), double-stained 
with uranyl acetate and calcium citrate (both Maixin Biological 
Technology Development Co.), and examined using an HU-12A 
Transmission Electron Microscope (Hitachi, Ltd., Tokyo, Japan).

Semi‑quantitative reverse transcription‑polymerase chain 
reaction (RT‑PCR). Total RNA was isolated from SN tissues 

(0.1 mg) using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). RNA purity was determined by measuring 
the absorbance ratio at 260 and 280 nm (A260/A280) using 
a NanoVue UV spectrophotometer (GE Healthcare Life 
Sciences). cDNA was synthesized using the PrimeScript First 
Strand cDNA Synthesis kit (Takara Biotechnology Co., Ltd., 
Dalian, China) according to the manufacturer's protocol. PCR 
amplification was performed in a volume of 50 µl containing 
200 ng cDNA, 25 pmol/l of each primer, 0.25 mmol/l deoxyri-
bonucleotide triphosphates, 5 µl 10X buffer, 21.5 mmol/l MgCl 
and 2.0 U Taq HS polymerase (Takara Biotechnology Co., 
Ltd.). Primers for the PCR were as follows: TNF-α forward, 
5'-CAA ACC ACC AAG CAG AGG AGC-3' and reverse, 5'-CAA 
AGT GAG CTT GCC CGG ACT-3'; TACE forward, 5'-CAC 
TTT  GGT GCC TTT CGT CC-3' and reverse, 5'-AGC TCG CCT 
CTT  CGC TCG AC-3'; and β-actin forward, 5'-ATC CGT AAA 
GAC CTC TAT GC-3' and reverse, 5'-AAC GCA GCT CAG TAA 
CAGTC-3' (BIO Asia Biotechnology Co., Ltd., Shanghai, 
China). PCR cycling conditions were as follows: An initial 
denaturation step at 94˚C for 3 min, followed by 35 cycles 
of 94˚C for 30 sec, 52/48˚C for 30 sec (TNF‑α/TACE), and 
72˚C for 60 sec. The PCR products were subjected to agarose 
gel electrophoresis and the abundance of each mRNA was 
normalized against β-actin using the Gel Doc 1000 UV Gel 
Imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA).

Statistical analysis. SPSS software, version 10.0 (SPSS, Inc., 
Chicago, IL, USA) was used to conduct statistical analyses. Data 
are presented as the mean ± standard deviation. Homogeneity 
of variance was evaluated using the Levene's test. In the case 
of homogeneity, one-way analysis of variance was conducted, 
followed by pair-wise between- and within-group comparisons 
using least significant difference (LSD) tests. In the case of 
heterogeneity, the Games-Howell test was used for analysis. 

Table I. Effects of MK-801 on siatic nerve iNOS activity, and plasma NO and MDA levels following I/R injury.
 
  Time post-reperfusion
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Marker 0 h 6 h 12 h 24 h 72 h 7 days

iNOS (U/mg) 
  Sham 0.23±0.11 0.25±0.08 0.30±0.15 0.27±0.10 0.23±0.07 0.19±0.05
  I/R 0.29±0.10 0.62±0.13a 1.68±0.18b 2.45±0.25b 1.80±0.21b 0.68±0.25b

  I/R+MK-801 0.26±0.13 0.47±0.15a 1.25±0.10b,c 1.65±0.23b,d 1.36±0.19b,c 0.49±0.15a,c

NO (µmol/l)
  Sham 38.35±5.12 43.28±6.17 50.63±8.25 48.43±9.52 42.83±5.92 35.74±6.29
  I/R 53.64±3.51a 75.16±2.65b 127.85±3.18b 175.29±4.15b 97.74±2.18b 75.91±1.76b

  I/R+MK-801 48.03±4.13a 60.15±1.77b,c 84.78±3.78b,d 107.25±3.62b,d 63.65±1.47b,c 55.28±2.76a,c

MDA (µmol/l)
  Sham 4.52±0.62 4.81±1.18 6.12±1.30 5.34±1.11 4.82±0.96 4.23±0.45
  I/R 6.30±0.73 9.73±1.21a 12.54±1.46b 16.23±1.92b 10.63±1.23b 6.56±0.5a

  I/R+MK-801 5.95±0.65 7.22±1.05a,c 9.08±1.20b,c 11.83±1.64b,d 7.95±0.81a,c 5.14±0.52

Data are presented as the mean ± standard deviation (n=6). aP<0.05, bP<0.01 vs. the sham-operated group; cP<0.05, dP<0.01 vs. the I/R group.
I/R, ischemia/reperfusion; iNOS, inducible-nitric oxide (NO) synthase; MDA, malondialdehyde.
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P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of MK‑801 pretreatment on I/R‑induced iNOS activity 
in the SN. The SNs isolated from the sham-operated group 
exhibited low levels of iNOS activity (Table I). In the I/R 
group, the activity of iNOS was not significantly different to 
the sham group immediately following reperfusion (0 h time 
point; P>0.05); however, it gradually increased thereafter 
(P<0.05 at ≥6 h), and peaked at 24 h following reperfu-
sion (P<0.01; Table I). The activity of iNOS was decreased 
in the I/R group at >24 h post-reperfusion; however, it 
remained significantly different to the sham group at 7 days 
post-reperfusion (P<0.05; Table I). In the I/R+MK-801 group, 
the activity of iNOS followed the same temporal course as 
the I/R group; however, the activity was markedly lower at 
each time point, and the differences were significant at 12, 24, 
72 h, and 7 days post-reperfusion, as compared with the I/R 
group (all P<0.05).

Effects of MK‑801 pretreatment on I/R‑induced increases 
in plasma NO and MDA levels. As compared with the sham 
group, the I/R group exhibited elevated plasma levels of NO 
immediately following reperfusion, which peaked at 24 h 
post‑reperfusion, and remained significantly elevated at 7 days 
post-reperfusion (P<0.05; Table I). The mean plasma levels 
of NO in the I/R+MK-801 group followed the same general 
trend; however, the plasma levels of NO were always lower 
in the I/R+MK-801 group, as compared with the I/R group, 
and were significantly lower at 6, 12, 24, 72 h, and 7 days 
post-reperfusion (P<0.05; Table I).

Plasma concentrations of MDA were significantly elevated 
in the I/R group at all time points, as compared with the sham 
group (P<0.05; Table I). In addition, the I/R+MK-801 group 
exhibited lower mean plasma MDA levels at all time points, 
as compared with the I/R group, and were significantly 
different at 6, 12, 24 and 72 h post-reperfusion (all P<0.05; 
Table I). 

A temporal correlation between iNOS activity and levels 
of NO suggested that iNOS activity is the primary source of 
plasma NO, and lower plasma levels of MDA and NO in the 

Figure 1. Effects of MK-801 on histological alterations in the rat sciatic nerve (SN) following ischemia/reperfusion (I/R) injury. Histological changes were 
determined using hematoxylin & eosin (H&E) staining (magnification, x400). (A) SN fibers and the outer membrane of blood vessels from a sham‑operated 
rat. (B) SN fibers and the outer membrane of blood vessels from a rat in the I/R group at 6 h post-reperfusion. Obvious edema around the epineurium, leakage 
and infiltration of neutrophils around blood vessels, and swelling of nerve fibers (arrow) were observed. (C) SN fibers and the outer membrane of blood ves-
sels from a rat in the I/R group at 24 h post‑reperfusion. Infiltration of neutrophils into the nerve fiber bundle peaks, more severe fiber swelling, and partial 
demyelination (white arrows) was observed. (D) SN fibers from a rat in the I/R group at 7 days post‑reperfusion. Large numbers of infiltrating macrophages and 
monocytes were observed around the Schwann cells, which was accompanied by extensive axonal demyelination. (E) SN fibers and blood vessels surrounding 
the epineurium from a rat in the I/R + MK-801 group at 6 h post-reperfusion. Pretreatment with MK-801 resulted in milder edema around the epineurium, 
fewer infiltrating neutrophils around blood vessels, and only minor swelling of nerve fibers. (F) SN fibers and blood vessels around the epineurium from a rat 
in the I/R + MK-801 group at 24 h post-reperfusion. As compared with the I/R group rats at the same post-reperfusion time point, there was less extensive 
axonal swelling and edema of the endoneurium and myelin sheath, fewer infiltrating neutrophils, and no observable demyelination. (G) SN from a rat in the 
I/R + MK-801 group at 7 days post-reperfusion. As compared with the I/R group rats at the same post-reperfusion time point, swelling of myelin sheathes, 
infiltration of macrophages and monocytes around Schwann cells, and demyelination were less severe.
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I/R+MK-801 group, as compared with the I/R group, indicated 
that MK-801 may reduce MDA levels by reducing the concen-
tration of plasma NO.

Effects of MK‑801 on I/R‑induced histological changes in 
the SN. SNs from the sham group exhibited no significant 
histological alterations after 5 h of ischemia, with only 
moderate swelling of endothelial cells and edema around the 
blood vessels (Fig. 1A). At 6 h post-reperfusion, neutrophils 
were adhered to the blood vessel walls and had infiltrated 
the surrounding endoneurium and epineurium (Fig. 1B). 
At 12 h post-reperfusion, further neutrophil adherence and 
infiltration was observed. In addition, the myelin sheathes 
were vesicular in appearance, and degranulation of neutro-
phils was detected. At 24 h post-reperfusion, the leakage 
of neutrophils out of blood vessels and infiltration into the 
SN reached a peak, and this was accompanied by detec-
tion of neutrophils around myelinated fibers, adherence of 
monocytes to vessels surrounding the endoneurium, and 
obvious edema and swelling of the endoneurium and myelin 
sheathes (Fig. 1C). At 72 h post‑reperfusion, marked infiltra-
tion of monocytes was observed, macrophages were detected 
around Schwann cells and axon demyelination was observed. 
At 7 days post‑reperfusion, numerous infiltrated macrophages 
and monocytes were detected, and this was accompanied by 
widespread demyelination and edema of the myelin sheathes, 
endoneurium and endothelial cells (Fig. 1D).

No significant morphological alterations were observed 
in the SNs from rats in the I/R+MK-801 group immedi-
ately following reperfusion, and there was less edema, as 
compared with the I/R group. At 6 and 12 h post-reperfusion, 
fewer adherent and infiltrated neutrophils were observed, as 
compared with the I/R group (Fig. 1E). At 24 h post-reperfusion 
in the I/R+MK-801 group only mild inflammation was 
observed, with comparatively less edema and swelling of the 

endoneurium and myelin sheathes and no detectable demy-
elination (Fig. 1F). At 72 h and 7 days post-reperfusion, there 
remained fewer infiltrated monocytes surrounding Schwann 
cells and less demyelination, as compared with the I/R 
group (Fig. 1G).

Effects of MK‑801 on I/R‑induced ultrastructural changes 
in the SN. SNs isolated from the sham, I/R and I/R+MK-801 
groups were also examined by TEM. Consistent with the 
histopathological observations, inflammatory cells were 
detected in the blood vessels and surrounding the epineurium 
of the SNs from the I/R group, which was accompanied by 
the adherence of neutrophils to the blood vessel walls and 
the leakage of neutrophils out of blood vessels. In addition, 
spaces between endothelial cells were broadened, which 
indicated a loss of blood vessel integrity (Fig. 2A). Certain 
neutrophils were observed to be distant from the blood vessel 
walls, and small numbers of lymphocytes were shown to 
surround detached collagen fibers. Furthermore, deformed 
erythrocytes were observed within various blood vessels, and 
signs of thrombosis and platelet aggregation, with concomi-
tant narrowing or even complete blockage of blood vessels by 
fibrin and blood cells, was detected (Fig. 2B). Small numbers 
of infiltrating neutrophils and other inflammatory cells were 
detected around nerve bundles, and fissures of various sizes 
due to detached myelin were observed. In addition, swelling 
of various axons was observed and irregularly shaped effu-
sion cavities were shown to have formed due to the separation 
of myelin sheathes from axons (Fig. 2C). Certain myelin 
sheathes showed signs of erosion, and various axons exhib-
ited swollen mitochondria and endoplasmic reticulum (ER). 
Swollen mitochondria were also observed in the Schwann 
cells (Fig. 2D).

I/R injury-induced ultrastructural changes appeared to 
be less severe in the SNs from the I/R+MK-801 group rats, 

Figure 2. Effects of MK-801 on ultrastructural changes in the rat sciatic nerve (SN) following ischemia/reperfusion (I/R) injury. The ultramicrostructure was 
examined using transmission electron microscopy. (A) Blood vessels surrounding the epineurium from a rat in the I/R group at 24 h post‑reperfusion (magnifi-
cation, x7,000). Neutrophils (black arrow) were adhered to the blood vessel wall and were infiltrating the nerve. (B) Blood vessels surrounding the epineurium 
from a rat in the I/R group at 24 h post‑reperfusion (magnification, x7,000). Thrombosis (black arrow), platelet aggregation and deformed erythrocytes were 
detected. (C) Myelin sheathes in a SN from a rat in the I/R group at 24 h post‑reperfusion (magnification, x10,000). Fissures (black arrow) were detected 
between the axonal membrane and myelin sheath. (D) Myelin sheathes in a SN from a rat in the I/R group at 24 h post‑reperfusion (magnification, x7,000). 
Erosion (black arrow) was detected. (E) Myelin sheathes in the SN from a rat in the I/R + MK‑801 group at 24 h post‑reperfusion (magnification, x8,000). 
Myelin sheathes exhibited mild shrinkage and occasional small fissures (black arrow) were observed between the axonal membrane and myelin sheath.
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which exhibited fewer infiltrating inflammatory cells, swollen 
mitochondria in axons and Schwann cells, and less severe 
ER swelling. In addition, no thrombosis, platelet aggregation, 
or clots were observed in the blood vessels of the SNs from 

the I/R+MK-801 group. Furthermore, there were no signs 
of demyelination, including fissures and effusion cavities, 
between axons and myelin sheathes (Fig. 2E).

Ef fects of MK‑801 on I/R‑induced TNF‑α protein 
expression in the SN. SNs isolated from the sham group 
exhibited no detectable expression of TNF-α in the Schwann 
cells (Fig. 3A). At the initiation of reperfusion following 
5-h ischemia, low protein expression levels of TNF-α were 
detected in the Schwann cells. Concomitant with inflam-
matory cell accumulation at the vessel walls and infiltration 
at 6-12 h post-reperfusion, the protein expression levels 
of TNF-α increased rapidly (Fig. 3B), and peaked at 24 h 
post-reperfusion (Fig. 3C). At 72 h post-reperfusion, the 
migration of neutrophils had ceased, macrophages had 
infiltrated and were surrounding the Schwann cells, demy-
elination was detected, and the protein expression levels of 
TNF-α were gradually returned to baseline levels (Fig. 3D). 
At 7 days post-reperfusion, widespread general demy-
elination was detected and the protein expression levels of 
TNF-α had remained 2-fold higher, as compared with base-
line levels (Fig. 3E).

Figure 3. Effects of MK-801 on tumor necrosis factor (TNF)-α protein expression levels in the rat sciatic nerve (SN) following ischemia/reperfusion (I/R) 
injury. Protein expression levels of TNF-α were determined using immunohistochemistry (magnification, x400). (A) No TNF‑α expression was detected in 
the Schwann cells derived from the SN of a sham-operated rat. (B) Moderate protein expression levels of TNF-α were detected in the Schwann cells derived 
from the SN fiber of a rat in the 12 h post‑reperfusion I/R subgroup. (C) Higher protein expression levels of TNF-α were detected in the Schwann cells derived 
from the SN of a rat in the 24 h post-reperfusion I/R subgroup. (D) Numerous inflammatory cells had infiltrated the area surrounding the Schwann cells and 
moderate protein expression levels of TNF-α were detected in the SN of a rat in the 72 h post-reperfusion I/R subgroup. (E) Widespread demyelination and 
mild-to-moderate TNF-α protein expression levels in Schwann cells were detected in the SN derived from a rat in the 7 days post-reperfusion I/R subgroup. 
(F) A SN from a rat in the I/R + MK-801 group at 12 h post-reperfusion exhibited mild-to-moderate TNF-α protein expression levels in Schwann cells. 
(G) A SN from a rat in the I/R + MK‑801 group at 24 h post‑reperfusion exhibited markedly fewer infiltrating cells, as compared with the SN derived from 
I/R rats at the same time point post-reperfusion. Moderate protein expression levels of TNF-α expression were observed. (H) A SN derived from a rat in the 
I/R + MK-801 group at 7 days post-reperfusion. As compared with the SNs derived from the I/R rats, the extent of demyelination was markedly reduced and 
Schwann cells exhibited only low protein expression levels of TNF-α.

  A   B   C

  D   E   F

  G   H

Figure 4. Protein expression levels of tumor necrosis factor-α in the various 
treatment subgroups were quantified using the integrated optical density 
method, and are presented as the mean ± standard deviation (n=6). ΔP<0.05, 
ΔΔP<0.01 vs. the I/R group. I/R, ischemia reperfusion.
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MK-801 pre-treatment markedly reduced the protein 
expression levels of TNF-α during reperfusion (Fig. 3F-H), as 
demonstrated by a reduction in the number of cells positive 
for TNF-α and the intensity of staining. IOD measurements 
demonstrated that the protein expression levels TNF-α were 
significantly reduced at 12 and 24 h post-reperfusion, as 
compared with the I/R group (Fig. 4).

Effect of MK‑801 on I/R‑induced mRNA expression of TNF‑α 
and TACE in the SN. Following 5 h of ischemia, the mRNA 

expression levels of TNF-α in the SNs from the I/R group rats 
were not significantly different, as compared with the sham 
group (P>0.05). However, reperfusion significantly increased 
the mRNA expression levels of TNF-α, which peaked at 24 h 
post-reperfusion, prior to decreasing to a level ~2-fold above 
the baseline at 7 days post-reperfusion (Fig. 5A-G). Similarly, 
the mRNA expression levels of TACE were increased 
during reperfusion, and peaked at 12 h post-reperfusion, 
prior to returning to the baseline at 7 days post-reperfusion 
(Fig. 5A-F and H). Pretreatment with MK-801 markedly 

Figure 5. Effects of MK-801 on TNF-α and TACE mRNA expression levels in the rat sciatic nerve (SN) following ischemia/reperfusion (I/R) injury. TNF-α 
and TACE mRNA expression levels were determined using reverse transcription-quantitative polymerase chain reaction and are expressed relative to 
β-actin. Agarose gel images showing TNF-α and TACE mRNA expression levels in the SN homogenates at (A) 0, (B) 6, (C) 12 , (D) 24 and (E) 72 h and 
(F) 7 days post‑reperfusion. β‑actin=280 bp; TNF‑α=402 bp; TACE=624 bp. Relative (G) TNF-α and (H) TACE mRNA expression levels are presented as 
the mean ± standard deviation (n=6). *P<0.05, **P<0.01 vs. the sham-operated group; ΔP<0.05, ΔΔP<0.01 vs. the I/R group. TNF-α, tumor necrosis factor-α; 
TACE, TNF-α‑converting enzyme. 
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reduced the mRNA expression levels of TNF-α and TACE 
throughout the reperfusion period, with significant differences 
at 12-72 h post-reperfusion (P<0.05).

Discussion

Glutamate neurotoxicity (excitotoxicity) is a seminal upstream 
event in the pathogenesis of I/R-induced neuronal injury in the 
CNS (6). NMDAR is a major contributor to this process, since 
it is the predominant calcium-permeable glutamate receptor 
isoform and thus the major link between the accumulation of 
extracellular glutamate from dysregulated synaptic release 
and reverse transport (34-37), and intracellular neurodegen-
erative pathways triggered by intracellular calcium elevation, 
including proteolytic and free radical damage (5,6,38). The 
results of the present study suggested that NMDAR stimula-
tion may be a critical early trigger of I/R-induced neuronal 
injury in the PNS. Notably, MK-801 pre-treatment was able to 
inhibit numerous neurodegenerative downstream pathways in 
the SN, including edema, cell swelling, mitochondrial damage, 
immune cell infiltration and demyelination. Activation of 
TNF-α, TACE, and iNOS, which are mediators of nerve inflam-
mation and oxidative stress, may be a key NMDAR-dependent 
intermediate step in this process, as rescue from I/R-induced 
injury was associated with reduced iNOS, TNF-α, and TACE 
expression levels, as well as decreased accumulation of MDA, 
which is an indicator of oxidative stress.

The tissue microenvironment surrounding peripheral 
nerves is distinct from the white matter of the CNS; thus major 
differences in the underlying pathogenesis of I/R-induced 
nerve injury in the CNS and the PNS may be expected. For 
example, the source of the excitotoxic glutamate (synaptic vs. 
non-synaptic), the role of the supporting cells (astrocytes vs. 
Schwann cells), the immunoresponse, and the neuroprotective 
and cytotoxic intermediates are distinct (39). However, the 
rat SN exhibited a similar sequence of pathogenic processes 
following I/R, as compared with the CNS, including early 
edema and cell swelling, followed by delayed inflamma-
tion, axonal degeneration and demyelination. Notably, these 
processes were blocked or reduced in severity by MK-801 
pre-treatment; thus suggesting that early NMDAR activation 
may be involved in the events leading to I/R injury (40,41).

In a previous study, peripheral application of MK-801 was 
shown to prevent peripheral nerve damage (30), whereas acti-
vation of peripheral glutamate receptors was shown to induce 
peripheral nerve damage or dysfunction (30). For example, 
the thermogenic flare induced by subdermal injection of the 
bee venom toxin was associated with local extracellular gluta-
mate accumulation and was attenuated by co-injection with 
MK-801 (12); thus suggesting a role for local NMDARs on 
sensory afferents as opposed to spinal NMDARs. Similarly, 
peripheral glutamate released by damaged tissues and reverse 
transport or glutamate influx from damaged capillaries, may 
have induced SN damage during and following ischemia (37). 
Sodium influx upon NMDAR activation may lead to axonal 
swelling by osmotic water movement, consistent with the 
observed relief by MK‑801 (42). Calcium influx associated with 
NMDAR activation and ischemic-depolarization may initiate 
a chain of biochemical events leading to axonal damage, 
including calcium-dependent calcium release (43). At least 

within central axons, a form of excitation-calcium coupling 
analogous to that in muscle cells may exist, which induces 
calcium release from ryanodine-sensitive stores (5,44). In addi-
tion, the ER is a major calcium store (45), and the ultrastructural 
investigations conducted in the present study detected signs of 
axonal ER damage, possibly resulting in calcium egress. In 
turn, dysregulated calcium may activate proteases that damage 
the axonal cytoskeleton, resulting in disruption of axonal trans-
port with concomitant inhibition of retrograde growth factor 
signaling (46). These same processes may also be triggered at 
the proximal end of the nerve (closer to the spinal cord), since 
glutamate within the dorsal root ganglia was enhanced by 
SN injury, and cells within the dorsal root ganglia responded 
to direct application of various glutamate receptor agonists, 
including NMDA (13).

NO may relieve or exacerbate ischemic neural injury, 
depending on context (47). As a vasorelaxant, NO synthe-
sized by neuronal NOS and iNOS may rescue tissue by 
promoting reperfusion (48). Notably, ischemic precondi-
tioning involves iNOS induction (49). Conversely, in previous 
studies, silencing iNOS exerted neuroprotective effects 
against neurodegenerative diseases by reducing microglial 
activation (50) and/or oxidative stress (51). The present 
study demonstrated a temporal correlation between iNOS 
activation and lipid peroxidation during reperfusion; thus 
suggesting that iNOS was a major source of free radicals in 
the reperfused SN axons.

Comparable to NO, TNF-α may exert protective and 
deleterious effects during ischemia (52,53), with low levels 
mediating preconditioning, possibly by enhancing the 
sensitivity of neurons to growth factors. However, TNF-α 
is a central inflammatory mediator and higher concentra-
tions have previously been shown to be deleterious (26). 
In the present study, the reduction of TNF-α levels by 
blocking NMDA receptors and reducing the expression 
levels of TACE markedly suppressed the neuroinflammatory 
response, leading to maintenance of the integrity of blood 
vessels, axonal myelination, mitochondria, ER and Schwann 
cells during reperfusion.

The present study included a number of limitations. First, 
the clamping of the femoral artery induced I/R in the entire 
limb; although only the SN was sampled and examined, the 
effects of I/R on the entire limb may have affected the present 
results. Second, the H&E sections and electron microscopy 
examinations were analyzed subjectively. Third, the experi-
mental approach did not allow the determination of exact 
cause‑to‑effect relationships, nor clarify the specific mecha-
nisms underlying peripheral nerve I/R injury. Furthermore, 
the lack of homology between rodent and human anatomy, 
physiology and response to injury and inflammation may limit 
the relevance of the results of the present study to humans. 
Further studies are required in order to address these issues 
and to improve the current understanding of peripheral nerve 
I/R injury.

In conclusion, the present study demonstrated that systemic 
injection of the NMDA receptor antagonist MK-801 was able 
to protect the rat SN against I/R injury, including attenuating 
immune cell infiltration and demyelination, possibly by inhib-
iting the activation of TNF-α and reducing the expression 
levels of iNOS in the SN.
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