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STUDY DESIGN: Animal study.

OBJECTIVES: Explore the neuroprotective effect of remote limb ischemic postconditioning (Post C) in spinal cord ischemic

reperfusion injury (SCIl) and related mechanisms.

SETTING: Anesthesiology Laboratory of Southwest Medical University.

METHODS: We established a rabbit SCIl model and processed it with Post C. To evaluate the neural function, spinal cord tissue was
taken 48 h later, normal neurons were evaluated by HE staining, and the expression of ATP-sensitive potassium channel (Katp)
marker molecule Kir6.2 was detected by Western blot. Inmunofluorescence detection of spinal cord Iba-1 expression, ELISA
detection of M1 type microglia marker iNOS and M2 type microglia marker Arg, and Western blot detection of NF-kB and IL-1(3
expression. Through these experiments, we will explore the protective effect of Post C in SClI, observe the changes in the protective
effect after using Katp blockers, and verify that Post C can play a neuroprotective effect in SCIl by activating Katp.

RESULTS: We observed that Post C significantly improved exercise ability and the number of spinal motor neurons in the SCII
model. Microglia are activated and expression of M; microglia in the spinal cord was decreased, while M, was increased. This
neuroprotective effect was reversed by the nonspecific Karp inhibitor.

CONCLUSION: Post C has a neuroprotective effect on SCIl, and maybe a protective effect produced by activating Karp to regulate

spinal microglia polarization and improve neuroinflammation.

Spinal Cord (2022) 60:326-331; https://doi.org/10.1038/s41393-021-00714-5

INTRODUCTION

Severe ischemia can cause different degrees of damage to the spinal
cord, and subsequent spinal cord ischemic reperfusion injury (SClI) is
a further fatal process [1-3]. Applying a transient sublethal ischemic
load before fatal ischemia induces tolerance to subsequent ischemic
injury and is known as ischemic preconditioning [4, 5], which shows
a strong neuroprotective effect [6]. Studies have shown that the
opening of Karp channels is an important mechanism underlying
the neuroprotective effects of ischemic preconditioning and reduces
the degree of spinal cord injury during limb ischemia-reperfusion
[7, 8]. However, the clinic occurrence of the ischemic disease is
highly variable, and the occurrence of ischemia cannot be accurately
predicted at present. Therefore, the concept of ischemic post-
conditioning (Post C) has been proposed [9] in which two min
before opening of the abdominal aorta, a double lower limb
popliteal hemostatic belt 200 mmHg was pressed for 5min,
loosened for 5 min, and repeated three times, which has a protective
effect on ischemia-reperfusion of important organs, such as the
heart and brain [10, 11]. However, whether Post C reduces SCll
damage has not yet been reported.

ATP-sensitive potassium (Katp) channels are widely expressed in
the inner and outer mitochondrial membranes of the nervous and
cardiovascular systems [12] and play an important role in hypoxia
[13]. In cerebral ischemic disease, upregulating expression of Katp

channels reduces infarct size and improves nerve function, and
Katp channel inhibitors reverse this protective effect [14]. The
study has found that Karp channels are involved in the protective
process of ischemic preconditioning during spinal cord ischemia-
reperfusion injury. The possible mechanism is that after activation
of Karp channels, intracellular K* outflow causes hyperpolarization
of nerve cell membranes, and Ca®" intracellular transport is
reduced, causing intracellular Ca>* concentration to decrease [15]
and reducing cell damage caused by ischemia and excessive
hypoxia-induced glutamate release [16]. In spinal cord ischemia
and perfusion injury, ion overload causes intracellular edema,
which is an important cause of cell membrane injury. How to
reduce ion overload is an important research target at present,
and Karp channels play an important role in regulating cell ion
transport [17]. In addition, Karp is widely expressed on the cell
membrane of microglia cells and plays an important role in the
activation of microglia, thereby regulating microglia-related
neuroinflammation [18]. Polarization of microglial cells in
ischemia-reperfusion injury is gaining increasing attention [19].
Overactivated microglial (M1) cells undergo an inflammatory
cascade and release large amounts of NF-«B, IL-1{. Inflammatory
substances, with the occurrence of inflammatory damage, induce
the polarization of microglia to the M2 state. M2 microglia can
clear inflammatory substances such as IL-4 to produce a repairing
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effect. Balancing the polarization of microglia is an important
target for mitigating SCIl damage [20]. The existence of Katp
channels in microglia has been confirmed, and these Karp
channels have a regulatory effect on the activation of microglia
[21]. After ischemia and hypoxia, expression of Karp channels in
microglia is increased, and expression of SUR1 and SUR2 is
detected in activated microglia but not in resting microglia. The
Katp channel opener can reduce rotenone-induced microglial
activation and downregulates the expression TNF-a and
cyclooxygenase-2 (COX-2) mRNA [22]. Based on the existing
evidence, we hypothesized that Post C has a neuroprotective
effect in SCIl that is achieved by activating Karp channels to
regulate the polarization of microglia.

In this study, we established a SCIl model and observed the
neuroprotective effect of Post C treatment on the SCIl model, and
discussed whether Post C regulates microglia-related neuroinflam-
mation through Karp channels and produces neuroprotective effect

MATERIALS AND METHODS

Animals and groups

Sixty-four healthy adult male New Zealand white rabbits (1.2-1.5 kg) were
provided by the Animal Experimental Center of Southwest Medical
University, Keeping the day and night alternating and the temperature is
22 °C. All the rabbits were randomly divided into four groups by means of
random sequence (Sham, SCII, Post C, and GLI). Sham group was control
group, other three groups of rabbits had the abdomen aorta clamped for
25min and then were re-perfused. Ischemic postconditioning was
performed in Post C, and GLI groups. The GLI group was given
intraperitoneal injection of glibenclamide (1 mg/kg) 10 min before spinal
cord ischemia (Fig. 1A).

Determination of K,rp inhibitor dose (each group n =5)

The nonselective Karp channel inhibitor glibenclamide was diluted in vehicle
(20% DMSO-50% alcohol (96%)-30% saline). Blood glucose levels were
measured to determine the lowest effective dose of glyburide involved in
pancreatic Karp channel inhibition. The glibenclamide dose gradient was set
to 0.1, 1, and 2mg/kg. We found that the vehicle significantly increased
blood glucose of rabbits compared to the blank control (P<0.05), the
1mg/kg dose of glibenclamide lowered blood glucose levels by 50%
compared to vehicle (P <0.05), and 10 mg/kg dose did not further improve
this efficacy. We finally determined that the minimum effective dose of
glibenclamide in the vehicle was 1 mg/kg (Fig. 1B).

Establishment of the SCIl model

A classic ZIVIN method [23] was used to establish a rabbit spinal cord ischemia-
reperfusion model. Pentobarbital sodium provides adequate anesthesia and
relieves pain in animals. The abdominal aorta was clamped with a
nondamaged arterial clip for 25 min and then reopened. The waveform of
the femoral artery disappeared during occlusion. The pressure monitoring
value DAP<10mmHg to both lower limbs cyanosis indicates that the
abdominal aorta is completely blocked. After 25 min, the arterial clamp was
released to open the abdominal aorta, and femoral artery pressure waveform
was restored. We recorded the vital signs of the rabbits before spinal cord
ischemia, 15 min after ischemia, and 15 min after reperfusion, indicating that
the Post C treatment is safe (Supplementary Data 1).

Post C surgical process

The two ends of the two baby-type blood pressure cuffs were connected
to the pressure gauge and the air pump. After confirming that there was
no air leakage, the two blood pressure cuffs were looped to 1/3 of the
rabbit popliteal fossa, and the air pump knob was tightened. Before
resuming abdominal aortic infusion, the inflator was pressurized on both
sides at the same time until the pressure gauge showed a pressure of 200
mmHg. After maintaining the pressure for 5min, the pump knob was
unscrewed and the cuff was loosened and deflated to 0 mmHg for 5 min,
which was repeated three times.

Neurological score (each group n =8)
The modified Tarlov scoring method was used to evaluate motor function
of the hind limbs of the rabbits at 4, 12, 24, and 48 h after spinal cord
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ischemia and reperfusion. Modified Tarlov scoring criteria were computed
as follows: 0 points: no perceptible lower limb movement; one point:
perceptible hind limb joint voluntary movement; 2 points: hind limbs can
move freely but the animal cannot stand; three points: animal can stand
but cannot walk; four points: hind limb function is completely restored,
and animal can walk normally. 0-1 point is rated as paraplegic. Behavioral
studies are conducted at 10:00-12:00a.m. The ethology tests were
conducted by researchers who did not know what the groups were, and
were presented with “Group 1, 2, 3, 4".

Motor neuron count in anterior spinal cord (each group n = 8)
After 48 h of ischemia-reperfusion, animals were anesthetized, and the
lumbar spinal cord tissues (L5-7) were collected. Specimens were obtained
and fixed for 24 h with 10% neutral formaldehyde. Spinal cord tissue was
embedded, sliced thick (6 um) and HE stained to make 3 HE stained
sections from each animal and observed under 200x light microscopy to
observe histopathological changes of the spinal cord.

Immunofluorescence (each group n =5)

Fix for 30 min with 4% tissue cell fixative. Soak in Triton for 15 min, wash and
block with 1% BSA at room temperature for 1 h, add Iba-1 primary antibody,
add fluorescent secondary antibody and incubate for 1h at 4 °C overnight,
discard the secondary antibody, add DAPI, and add anti-fluorescence
quencher. Cover film. Observe under a fluorescence microscope.

ELISA: detection of inducible NOS (iNOS) and arginase (Arg)
expression in spinal cord tissue (each group n =5)

As soluble mediators produced by different types of macrophages, iNOS, and
Arg can indirectly reflect two different polarization states of microglia through
their expression levels. Taking an appropriate amount of tissue blocks in
prechilled PBS, tissue was homogenized, and the supernatant was collected.
The rabbit iNOS Elisa kit (Shanghai Qiaodu Biotech, China) and the rabbit Arg
Elisa kit (Shanghai Qiaodu Biotech, China) were used to detect polarization
status of spinal cord microglia. Standard flat preparations were created
according to the instructions (iNOS:0,2,4,8,16,32 U/L; Arg: 0,1,2,4,8,16 U/L), and
the OD of each well was measured at 450 nm within 15 min.

West blotting: detection of Kir6.2, NF-kB and IL-1p expression
in spinal cord tissue (each group n =5)

RIPA lysis buffer (Beyotime, Shanghai, China) was added to each sample,
which included the following ingredients: protease inhibitor (Beyotime,
Shanghai, China), phosphatase inhibitor (Beyotime, Shanghai, China) was
added at 100:1:1 to lyse spine tissues for 60 min. Fully homogenized tissue
and supernatants were then collected. The BCA method (Beyotime,
Shanghai, China) was used to determine protein concentrations for each
sample. Subsequently, protein samples were separated by 10% SDS
polyacrylamide gel and transferred onto PVDF membranes (IPYH00010,
Millipore, Billerica, MA, USA). Membranes were blocked with 10% nonfat
milk for 60 min at room temperature, followed by the addition of primary
antibodies (Rabbit Anti-Kir6.2/BIR antibody (1:1000, Abcam, US); Anti- NF-
KB p65 (phosphor-5536) (1:1000 Abcam, US); Anti-IL-1 beta (1:1000, Abcam,
US); Rabbit Anti-GAPDH antibody (1:1000 Abcam, US)) at 4 °C overnight.
Secondary antibody (IgG H&L (HRP), 1:5000, Proteintech, China) was
incubated with the membranes at 37°C for 60 min. Electrochemical
luminescence (Tambo, Chengdu, China) was used to display bands.

Statistical analysis

SPSS 24.0 statistical software was used for analysis. Nonparametric rank-
sum test (Kruskal-Wallis test) was used to compare neurological function
scores. One-factor analysis of variance (ANOVA) was used to compare the
expressions of lba-1, Kir6.2, iNOS, Arg-1, p-NF-kB, and IL-B. P<0.05
indicates statistical significance.

RESULTS

Post C exerts strong neuroprotective effects in SCII, and these
protective effects are reversed by the K,rp channel inhibitor
glibenclamide

First, by observing spinal cord motor neurons, we have observed
the neuroprotective effect of Post C (Fig. 1C). Second, the modified
Tarlov scoring method was used to evaluate motor function of the
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Fig. 1 A Processing timeline of experimental plotted. B Effects of gllbenclamlde (0.1-2 mg/kg, i.p.) on blood glucose levels (mmol/L), data
represent Mean = S.E.M (ANOVA, “P < 0.05 indicates comparlson with saline; *P < 0.05 indicates comparison with vehicle). C H&E stalnlng of
spinal cord. The yellow arrow indicates the motor neurons in the dorsal horn of the spinal cord. The number of motor neurons in the SCl|
group was significantly reduced. Post C reduced the loss of motor neurons, and KATP blocker weakened the neuronal protective effect of Post
C. D-G Nerve function score. data represent Mean + S.E.M (Kruskal-Wallis, P < 0.05 indicates comparison with Sham; *P < 0.05 comparlson
with SCII, P < 0.05 comparison with Post C). H Western blot results of Karp-related protein Kir6.2, based on quantlﬁcatlon using Image J

software, date are shown as Mean = S.EIM (ANOVA, P <0.05 indicates comparison with Sham; #P<005 comparison with SClII,

comparison with Post C).

hind limbs of rabbits 4, 12, 24, and 48 h after spinal cord ischemia
and reperfusion. Results showed that nerve function scores of the
Post C can improve the neurological score of SCII rabbits, and this
effect can be partially reversed by glibenclamide at all four time
points (Fig. 1D-G). From these results, we once again verified that
Post C has a neuroprotective effect on SCll, and Karp channel
blockers reverse this neuroprotective effect, indicating that the
neuroprotective effect of Post C maybe achieved through
activation of Kapp channels. We detected Kir6.2, the marker
molecule of Karp channels by Western blot. We found that the
expression of SCII, the Kir6.2 was reduced, while Post C treatment
could increase its expression, and it could be reversed by
glibenclamide (Fig. 1H).

Post C activates K,rp channels that play a neuroprotective role
by regulating microglia polarization

Next, we explored the mechanism of Kap channel activation and
its neuroprotective role in SCIl. Katp channels in the spinal cord are
highly expressed in microglia. We speculate that Post C may
activate the neuroprotective effects of Karp channels on microglia.
Immunofluorescence showed that Post C can significantly reduce
the expression of spinal cord lba-1, while the addition of
glibenclamide partially reversed this effect (Fig. 2A, B). We
detected the expression of the M1 state microglia marker
molecule iNOS and the M2 state microglia marker molecule Arg
in three groups of rabbit spinal cords by enzyme-linked
immunoassay (ELISA). We found that 48 h after ischemia-reperfu-
sion, iINOS expression in the Post C-treated rabbit spinal cord was
decreased compared to that in control rabbits, while Arg
expression was increased, and administration of glibenclamide
reversed this microglial polarization effect (Fig. 2C, D). To further
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prove that Post C may activate neuroprotection through Katp
channels that regulate the polarization status of microglia, we
examined the inflammatory factors NF-kB and IL-13, which are
closely related to microglia. Surprisingly, we found that Post C
significantly reduces the expression of NF-kB and IL-1B3, and
expression of these inflammatory factors was reversed by Karp
channel blockers (Fig. 3A-B). From these results, we conclude that
the neuroprotective effects of Post C-activated Karp channels in
SCII are related to microglia and maybe achieved by regulating
microglial polarization status. However, the specific mechanism
may require further research.

DISCUSSION

Spinal nerve cells are extremely sensitive to injury. Once nerve
cells are injured, spinal cord function is difficult to restore, and
disability is extremely high. SCII is an important cause of spinal
cord injury [1, 24]. The importance of exploring effective
neuroprotective methods is highlighted, but unfortunately, the
mechanism of spinal cord injury caused by SCIl has not yet been
fully elucidated. This study aimed to identify new therapeutic
targets for SCll and further explore the specific mechanism of SCII.
This study verified the neuroprotective effect of Post C in SCII by
establishing an SCIl model, demonstrating the neuroprotective
role of Post C in SCIl occurs through activation of Karp channels
that regulate microglial polarization.

Post C refers to the measures of carrying out multiple short and
repeated ischemia and reperfusion of the distal limbs after
ischemic injury to important organs, initiation endogenous
protection of the body, and protecting ischemic organs [9]. A
previous study in male mice performed coronary artery occlusion
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Fig.2 Activation of microglia in the spinal cord. A Iba-1 immunofluorescence staining 48 h after ischemia-reperfusion (magnification 200x,
green is Iba-1, blue is DAPI). B Iba-1 fluorescence quantification, analyzed by Image software, data represent Mean + S.E.M (ANOVA, P < 0.05
indicates comparison with Sham; *P < 0.05 comparison with SCII, P < 0.05 comparison with Post C). C, D M1 type microglia marker iNOS and
M2 type microglia marker Arg-1 are expressed. data represent Mean +S.E.M (ANOVA, "P < 0.05 indicates comparison with Sham; *P < 0.05

comparison with SCII, ¥P < 0.05 comparison with Post C).

for 45 min, at the beginning of the perfusion period, three cycles
of ischemia and 5 min of reperfusion were performed on the left
hind limb. After 2h of reperfusion, the area of myocardial
infarction, myocardial enzyme release, and cells in Post C mouse
apoptosis were reduced [25]. Some studies have reported that
giving three repeated ischemia-reperfusion treatments of 5 min to
clip the femoral artery significantly reduces the volume of cerebral
infarction in the limb posttreatment group, indicating that
transient and repeated limb posttreatment reduces cerebral
ischemia-reperfusion injury [11]. In a randomized clinical trial in
ischemic stroke patients, the experimental group was given four
cycles of 5min cuff inflation ischemia-reperfusion limb ischemia
treatment, and the posttreatment group had a smaller infarct size
than the control group. Post C reduces nerve cell damage in stroke
patients. Subsequent studies found that Post C also improves
prognosis and cognitive impairment after cerebral infarction [26].
Post C exhibited a protective effect on ischemia-reperfusion injury
to the heart and brain. Through our experiments, we verified that
Post C also demonstrated a neuroprotective effect, and to our
knowledge, this result is innovative. Judging from our experi-
ments, there was no obvious impact on the vital signs of animals
during Post C processing, suggesting that this processing is a
relatively safe method.

Spinal Cord (2022) 60:326 - 331

Katp channels are a kind of voltage-independent special
potassium channel that uses intracellular ATP/ADP levels as the
gating factor, coupling cell electrical activity and metabolism and
playing an important role in various physiological and patholo-
gical processes. Katp channels are composed of inwardly
rectifying potassium channel subunits and sulfonylurea receptors
(SURs). Therefore, Katp channels can be activated by a variety of
potassium channel openers and inhibited by sulfonylurea
complexes [13]. Studies have reported that Katp channel openers
significantly reduce infarct size after cerebral ischemic injury and
reduce the damage to nerve function, and Kamp channel
antagonists offset this protective effect [14]. One study found
that Katp channels are involved in the protective process of
ischemic preconditioning against spinal cord ischemia-
reperfusion injury. The possible mechanism is that after activation
of Katp channels, hyperpolarization of the nerve cell membrane
caused by K' outflow in the cell causes Ca®" to enter the cell.
Then, transport decreases and intracellular Ca®" concentration
decreases, thereby reducing cell damage caused by ischemia and
hypoxia-induced glutamate over release [15]. Based on studying
the protective effect of Post C on spinal cord ischemic injury, this
experiment explored whether Kyrp channels are also involved in
this process.
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Schematic diagram of the protective effect of Post C on SCIl through regulating the polarization state of microglia.

The Katp channel is closely related to the activation of microglia.
After ischemia and hypoxia, the expression of Karp channels in
microglia will increase. In the early stages of ischemia-reperfusion
injury, the Kamp blocker glibenclamide promotes microglial
activation, which enhances the phagocytic capacity of microglia
and the release of NF-kB, which promotes the removal of cell
debris and cytotoxic substances and inhibits neutrophils from
further releasing cytotoxic substances, thereby reducing nerve
damage [19]. In the later period, microglial cells continue to be
activated, releasing a large number of inflammatory cytotoxic
factors, and stimulating the inflammatory response will increase
damage to neurons [20]. Our results demonstrated that Post C
treatment inhibited the overactivation of microglia to produce a
neuroprotective effect, and Karp blockers block this protective
effect, which is contrary to the results of Morrison et al. The
primary point is that the time point we detected was 48 h after
ischemia-reperfusion. Inhibition of Kap channels during the early
stage of ischemia-reperfusion may appear to be short-lived and
inhibit the activation of microglia, but as time moves on,
activation of Kap channels can accelerate M2 type transition.
Microglial cells are activated, thereby fighting the nerve damage
of M1 type glial cells. The damage of SCIlI involves a long-term
inflammatory cascade reaction [21]. Imbalanced microglia activa-
tion aggravates nerve damage. Reasonable regulation of the
polarization state is an important target for neuroprotection. Our
results show that Post C activates Karp channels to regulate the
state of microglia polarization (Fig. 3C). Unfortunately, we did not
dynamically monitor the polarization status of microglia at
different time points, which maybe a problem that needs further
investigation in the future.

Clinically, the occurrence of ischemic injury is difficult to
predict. Timely intervention is an important strategy to reduce
further reperfusion injury. Post C is a kind of ischemic injury after
processing method, it can occur in spinal cord ischemia-
reperfusion after the purpose of the intervention [3], but our
results can only be concluded based on animal experiments,
further may require large sample randomized controlled clinical
trials explore Post C for spinal cord ischemia-reperfusion injury of
protection. On the other hand, the use of Katp agonists is another
research direction to enhance the neuroprotective effect of
Post C.

SPRINGER NATURE

CONCLUSION

In conclusion, our study verified that Post C exerts a neuropro-
tective effect in SCII. This neuroprotective effect maybe achieved
by activating Karp channels to regulate microglial polarization
status. However, the specific control mechanisms governing this
process needs further study.
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