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Abstract

Ischemic preconditioning or postconditioning has been shown to have neuroprotective effect on cerebral ischemia, but it has not been
studied in peripheral nerve injury. In this study, a rat model of sciatic nerve transection was established, and subjected to three cycles of
ischemia for 10 minutes + reperfusion for 10 minutes, once a day. After ischemic postconditioning, serum insulin-like growth factor 1 ex-
pression increased; sciatic nerve Schwann cell myelination increased; sensory function and motor function were restored. These findings
indicate that ischemic postconditioning can effectively protect injured sciatic nerve. The protective effect is possibly associated with upreg-

ulation of insulin-like growth factor 1.
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Introduction
Kitagawa et al. (1990) found that the brain has ischemic toler-
ance, and proposed the concept of ischemic preconditioning.
The phenomenon of ischemic tolerance is a perfect example
of “what does not kill you makes you stronger”. Ischemic
preconditioning or postconditioning is the strongest known
procedure to prevent or reverse neurodegeneration. Numer-
ous studies have demonstrated the neuroprotective effects of
tolerance to cerebral ischemia. Liu et al. (2014) reported that
ischemic preconditioning protected the brain from the effects
of focal cerebral infarction by upregulating vascular endothe-
lial growth factor. Other research found that ischemic pre-
conditioning could adjust lower integrin av levels in the brain
following ischemia (Ma et al., 2016). Based on these findings,
we wondered whether ischemic tolerance might have protec-
tive effects on peripheral nerve injury.

Schwann cells form the important part of the peripheral
nerve myelin sheath, and play an essential role in peripheral
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nerve regeneration. They can release neurotrophic factors
to promote the regeneration of peripheral nerves and guide
axonal regeneration in the direction of the Bands of Biing-
ner (Terenghi, 1999). Therefore, the production and release
of nerve growth factor directly affect the speed and quality
of nerve regeneration. We speculate that ischemic toler-
ance possibly accelerates nerve regeneration by promoting
Schwann cells to secrete nerve growth factors. To verify this
point, we used ischemic postconditioning that mimics isch-
emic tolerance, in order to observe the effects of postcondi-
tioning on peripheral nerves. We measured the expression
of insulin-like growth factor 1 (IGF-1) to examine the mech-
anism underlying the protective effect of ischemic postcon-
ditioning on sciatic nerve regeneration.

Materials and Methods

Animals
Seventy-two specific-pathogen-free adult male Sprague-
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Figure 1 Effect of ischemic postconditioning on sensory function in
the sciatic nerve transection rats.

Von-Frey measurements (average values) = right hind paw (lesioned)
response threshold/left hind paw (non-lesioned) response threshold.
Data are expressed as the mean + SD (n = 6 rats per group), and an-
alyzed by one-way analysis of variance. *P < 0.05, **P < 0.01. Treat-
ment group: Ischemia after sciatic nerve transection; model group:
sciatic nerve transection only; sham group: no injury.
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Figure 2 Effect of ischemic postconditioning on right limb motor
recovery in the sciatic nerve transection rats at eight weeks after
surgery detected by electrophysiological measurement.

(A) Upper line: Action potential records of the gastrocnemius muscle
of proximal stimulation of the sciatic nerve; lower line: action poten-
tial records of the gastrocnemius muscle of distal stimulation of the
sciatic nerve. (B) Nerve conduction velocity: Data are expressed as the
mean + SD (n = 6 rats per group), and analyzed by one-way analysis
of variance. **P < 0.01. Treatment group: Ischemia after sciatic nerve
transection; model group: sciatic nerve transection only; control group:
no injury.

Dawley rats weighing 160-220 g and aged 8 weeks were
purchased from Beijing Vital River Laboratory Animal
Technology, China (license No. SCXK Jing 2016-0011). Pro-
tocols were approved by the Ethics Committee of the Capi-
tal Medical University of China (approval No. AEEI-2017-
055), and adhered to the guidelines of the National Research
Council Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996).
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Figure 3 Effect of ischemic postconditioning on MBP expression in
the injured sciatic nerve (immunohistochemical analysis).

(A) MBP immunoreaction was found in the injured sciatic nerve
Schwann cells. Positive MBP immunoreactive nerves stained dark
brown. Scale bars: 50 um. (B) Quantitative results of MBP immunore-
action, as number of stained nerves per nerve cross section. Data are
expressed as the mean + SD (n = 6 rats per group), and analyzed by
one-way analysis of variance. *P < 0.05, **P < 0.01. Treatment group:
Ischemia after sciatic nerve transection; model group: sciatic nerve
transection only; sham group: no injury. MBP: Myelin basic protein.
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Figure 4 Effect of ischemic postconditioning on serum IGF-1
expression in the sciatic nerve transection rats at 4, 8 and 12 weeks
after surgery (enzyme linked immunosorbent assay).

Data are expressed as the mean + SD (n = 6 rats per group), and ana-
lyzed by one-way analysis of variance. *P < 0.05, **P < 0.01. Treatment
group: Ischemia after sciatic nerve transection; model group: sciatic
nerve transection only; sham group: no injury. IGF-1: Insulin-like
growth factor 1.
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Before the experiment, the rats were adaptively trained
for two weeks. The rats were placed at room temperature
(22 + 3°C), with a diurnal cycle of 12:12 hours, and allowed
adequate supply of water and feed. The rats were randomly
divided into three groups: treatment group (ischemic post-
conditioning + sciatic nerve injury), model group (sciatic
nerve injury) and sham group (n = 24 per group).

Model establishment of sciatic nerve transection

Rats were anesthetized by an intraperitoneal injection of 2%
sodium pentobarbital at 40 mg/kg, then fixed in the prone
position on the table and maintained at a constant tempera-
ture of 37°C. After anesthesia, a 1.5-cm incision was made
on the right leg, and the sciatic nerve was transversely cut
through under the greater trochanter of the femur 0.5-1 cm
from the inferior border of the piriform muscle. Further-
more, it was ensured that the nerve stumps were located
in the middle part of the femur, making it convenient for
ischemic postconditioning with a tourniquet. Under a 10x
microscope (Olympus, Tokyo Japan), an end-to-end suture
was performed with 10-0 monofilament nylon sutures; and
the incision was sutured layer by layer. Rats were routinely
fed after the operation (Hsu et al., 2017).

Ischemic postconditioning

The ischemic postconditioning of the limbs was achieved
through three cycles of 10-minute occlusion and 10-minute
reperfusion at the proximal end of the femur on the right
side by a tourniquet (Chaoyang Hospital, Beijing, China)
(~300 mmHg). During hind limb ischemia, rats were anes-
thetized and maintained at a body temperature of 37°C. Af-
ter removal of the tourniquet, rats were placed in individual
cages to recover from the anesthesia (Zhang et al., 2016).
The ischemic postconditioning was carried out once a day,
every day after surgery. The model rats did not receive isch-
emic postconditioning after surgery. The sham group rats
were submitted to non-nerve injury, the sciatic nerve was
just exposed and then the incision was sutured.

Sensory function recovery assessed by von Frey algesimetry
The mechanical pain threshold was detected by von Frey
algesimetry (North coast Medical, Inc., San Jose, CA, USA)
for assessing the sensory recovery (Cobianchi et al., 2014).
Six rats from each group were placed on a wire net platform
located by plastic chambers 15 minutes before starting the
experiment for habituation. We stimulated the medial (cov-
ered by tibial nerves) regions of the hind paw plantar sur-
face; a non-noxious pointed probe was gently applied to the
test site; and pressure was slowly increased. The probe fiber
was slightly bent into an S-shape. The threshold, shown in
grams (g), was applied to trigger the “flinch” response. Three
measurements per test site were used to determine the mean
value, with five minutes intervals between each measurement.
A cut-off force was set to 40 g when either no withdrawal or
no active response occurred. To minimize variations between
rats, the values were stated by the following formula: lesioned
side [g]/non-lesioned side [g] (Cobianchi et al., 2014; Meyer
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et al,, 2016a, b). Four weeks after lesioning, rats in the treat-
ment and model groups did not show a flinch response when
set at 40 g, indicating no sensory recovery. Hence, this test
was performed at 8 and 12 weeks after lesion.

Motor function recovery assessed by electrophysiological
measurement

Motor function recovery of sciatic nerves was detected by
electrophysiological measurement. Eight weeks after sur-
gery, following the mechanical pain threshold test, six rats
from each group were anesthetized and the sciatic nerves
were exposed to measure nerve conduction velocity using
a Medelec Synergy system (Oxford, UK). The belly of the
gastrocnemius muscle was punctured with concentric nee-
dle electrodes, which were used as recording electrodes. The
sciatic nerve was exposed at the lesion, and single electrical
pulses (100 ms durations, 5 mA) were delivered via the bi-
polar hook electrode placed under the sutured nerve, alter-
nating between 5 mm proximal and 5 mm distal to the nerve
lesion site. For each rat, three independent measurements
for the latency of the action potential were recorded and
averaged. The distance between two stimulating electrodes
was measured with a Vernier caliper (AoSen instrument
equipment Co., Ltd., Dongguan, China). The motor nerve
conduction velocity of the regenerated nerve was calculated
as distance/latency of the action potential (m/s).

Immunohistochemical analysis

Myelin basic protein (MBP) was used as a marker for the
myelin sheath (Forghani et al., 2001). The remaining six
rats in each group were sacrificed at 4, 8 and 12 weeks af-
ter surgery and 5 mL tail venous blood was collected for
enzyme-linked immunosorbent assay (ELISA). The sciatic
nerves were fixed in 4% paraformaldehyde and embedded in
paraffin. Subsequently, the tissues were cut into 5-pm thick
serial sections, and rehydrated in phosphate buffered saline
(PBS). To block endogenous peroxidases, the sections were
incubated with 3% hydrogen peroxide for 20 minutes and 2%
goat serum in PBS for one hour at room temperature; and
incubated at 4°C overnight with rabbit anti-rat MBP (1:1,000;
Boster Inc., Beijing, China). Afterwards, the sections were
washed three times with PBS and incubated in biotinylated
sheep anti-rabbit IgG (1:400; Beijing Zhongshan Golden
Bridge Biotechnology, Beijing, China) solution for one hour
at room temperature. The sections were developed with
3,3'-diaminobenzidine for five minutes. Finally, the sections
were counterstained with hematoxylin. Immunoreactive
cells were counted under a light microscope (Olympus, To-
kyo, Japan) and assessed by two independent investigators.

ELISA

ELISA was adopted to detect the serum IGF-1 concentrations
of the different groups at 4, 8, and 12 weeks after surgery. Six
rats in each group at each time point were used. The proto-
col was performed according to manufacturer’s instructions
(QuantiCyto Inc., Shenzhen, China). The optical density (OD)
of each well was measured at a wavelength of 450 nm, using a
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full wavelength spectrophotometer (Thermo Fisher, Chicago,
IL, USA). A standard curve was drawn with the standard con-
centrations on the X-axis and OD value on the Y-axis. The
concentrations of samples were calculated from the graph.

Statistical analysis

Data were expressed as the mean + SD, and analyzed using
SPSS 17.0 software (SPSS, Chicago, IL, USA). A P-value <
0.05 was considered statistically significant. One-way analy-
sis of variance followed by Dunnett’s test was used for com-
parison among all experimental groups.

Results

Ischemic postconditioning improved sensory function in
the sciatic nerve transection rats

Sensory recovery was measured using the Von-Frey test. Eight
weeks after the lesion, the von-Frey measurement values in
both the treatment group and model group were higher than
that in the sham group (P < 0.05); and the treatment group
consistently performed better compared with the model group.
This situation did not change over the 12 weeks (Figure 1).

Ischemic postconditioning accelerated motor recovery of

sciatic nerves after injury in the sciatic nerve transection rats
Electrophysiology recordings of the action potentials in the
right limb motor nerves in the three groups were obtained at
eight weeks. These indicate that the latencies are shorter in
the ischemia pre-conditioned group than the model group
(Figure 2A). Nerve conduction velocity was significantly
different across the three groups (P < 0.01), and nerve con-
duction velocity in the treatment group was higher than in
model group at eight weeks (P < 0.01; Figure 2B).

Ischemic postconditioning increased Schwann cell
remyelination in the injured sciatic nerve

To investigate the effects of ischemic postconditioning on
the myelinization of nerve fibers, the number of neurons
expressing MBP was measured in sections of nerves. At 4,
8 and 12 weeks post-surgery, the levels of axonal remyelin-
ation, assessed by the number of neurons expressing MBP
per section, increased following treatment with ischemic
postconditioning, when compared with untreated rats (P <
0.01) (Figure 3). On the other hand, MBP expression was
still lower in the treatment group than in the sham group
even at 12 weeks post lesion (P < 0.05).

Ischemic postconditioning increased the expression of
serum IGF-1 in the sciatic nerve transection rats

The expression of serum IGF-1 in the treatment group was
significantly higher than that in the model and sham groups
at 4, 8 and 12 weeks (P < 0.05; Figure 4).

Discussion

The effectors contributing to ischemic tolerance partially re-
semble the naturally occurring adaptive mechanisms at the
cellular level (Obrenovitch, 2008). However, these adaptive
responses have not been studied in a model of peripheral

nerve transection injury. In the present study, we used a
variety of assessments, including electromyograms, immu-
nohistochemistry and von Frey tests, to characterize sciatic
nerves subjected to injury and treatment by ischemic post-
conditioning. The results showed that ischemic postcondi-
tioning has a neuroprotective action in accelerating sciatic
nerve regeneration.

To assess the degree of recovery of sciatic nerve sensory
function we used the von Frey test. This provides a nonin-
vasive and easily quantifiable method in the rat model when
a limb on one side was injured. In the trauma models, data
reveal a significant difference at 8 and 12 weeks in sensory
functional evaluation among groups. The treatment group
has a better sensory function. Hence, ischemic postcondi-
tioning promotes the recovery of sensory nerve and its func-
tion after sciatic nerve injury.

The conduction velocity of sciatic nerve is an important
measure of the functional recovery of the regenerating nerve
(Johnson et al., 2005; Wang et al., 2016; Badri et al., 2017). The
conduction velocities in the ischemic postconditioning treat-
ment group are higher than those in the model group because
the latencies are shorter, reflecting a high number of axons
functioning normally.

MBP is expressed by Schwann cells in the peripheral ner-
vous system (Gupta et al., 2005). In this study, there was a
higher MBP density in myelinated nerve fibers at 4, 8 and 12
weeks post ischemic injury, which demonstrates better nerve
regeneration and axon myelinization after injury.

The neurotrophin factor, IGF-1, has a therapeutic effect
on injured neurons. It is a single-chain polypeptide that
consists of 70 amino acids with endocrine, autocrine and
paracrine functions (Twigg and Baxter, 1998; Rosen and
Pollak, 1999; Wang et al., 2017). There is increasing evidence
that the expression of IGF-I genes in rat sciatic nerves after
a crush promotes the survival (Kostereva et al., 2016), mo-
tility (Cheng et al., 2000), proliferation (Ju et al., 2015) and
myelination (Liang et al., 2007) of Schwann cells. IGF-1 ac-
celerated glucose uptake in cells, stimulated mitotic activity
and cell proliferation, and inhibited apoptosis (Decourtye
et al., 2017). The cerebral mRNA expression of IGF-I was
increased by ischemic preconditioning (Naylor et al., 2005).
In this experiment, ELISA data reveal that IGF-1 increases
in the serum of the treatment group. We speculate that the
expression of IGF-I is upregulated through ischemic post-
conditioning.

In this study, MBP immunohistochemistry, nerve con-
duction velocity and the von Frey test reveal that ischemic
postconditioning leads to the recovery of sensory and motor
functions in crushed sciatic nerves. Mechanistically, the
healing effect of ischemic postconditioning on sciatic nerve
regeneration can be partly ascribed to improving IGF-1 ex-
pression at the protein level. It was known that hypoxic or
ischemic preconditioning activated IGF-I expression, which
then increased the hypoxia-inducible factor la (HIF-1a)
receptor nuclear translocator DNA binding activity (Zelzer
et al., 1998). The HIF-1a accumulated in the nucleus, where
it trans-activated adaptive genes, such as glucose transporter
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1, vascular endothelial growth factor, and erythropoietin
(Semenza, 1999), which play a role in neuroprotective activ-
ity. These findings indicated that IGF-I improved neuronal
survival in hypoxic or ischemic tolerance after hypoxic-isch-
emic injury in part by activating HIF-1a (Wang et al., 2004).

The strengths of this study are the assessment of three
different aspects of nerve regeneration: the sensory function,
electrophysiological and morphological evaluations. Howev-
er, we did not explore the mechanism. In our future research
we will study and evaluate changes in HIF-1a expression and
their correlation with the results of this study. The mecha-
nism underlying the protective effect of ischemic tolerance
remains unknown. The effects of ischemic postconditioning
on the expression of other neurotrophic factors, which may
mediate the neurotrophic effects on peripheral nerves, also
need further research. Further studies should focus on the
exact mechanism and key factors that underpin the healing
of nerves after ischemic postconditioning.

In summary, this study demonstrates the protective effect
of ischemic postconditioning against peripheral nerve inju-
ry. We speculate that IGF-1 is key to a potential treatment
in ischemic tolerance for the reconstruction of peripheral
nerve crush injury. It is hoped that this study would pro-
vide a possible basis for the clinical application of ischemic
postconditioning to enhance regeneration and recovery, and
reduce disability after nerve injury.
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