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Spinal cord ischemia-reperfusion injury (SCI/R) is a rare but devastating disorder with
a poor prognosis. Small conductance calcium-activated K+ (SK/KCa) channels are a
family of voltage-independent potassium channels that are shown to participate in the
pathological process of several neurological disorders. The aim of this study was to
investigate the role of SK/KCa channels in experimental SCI/R in rabbits. The expression
of SK/KCa1 protein significantly decreased in both cytoplasm and mitochondria in spinal
cord tissues after SCI/R. Treatment with 2 mg/kg NS309, a pharmacological activator
for SK/KCa channel, attenuated SCI/R-induced neuronal loss, spinal cord edema and
neurological dysfunction. These effects were still observed when the administration
was delayed by 6 h after SCI/R initiation. NS309 decreased the levels of oxidative
products and promoted activities of antioxidant enzymes in both serum and spinal
cord tissues. The results of ELISA assay showed that NS309 markedly decreased
levels of pro-inflammatory cytokines while increased anti-inflammatory cytokines levels
after SCI/R. In addition, treatment with NS309 was shown to preserve mitochondrial
respiratory complexes activities and enhance mitochondrial biogenesis. The results
of western blot analysis showed that NS309 differentially regulated the expression of
mitochondrial dynamic proteins. In summary, our results demonstrated that the SK/KCa

channel activator NS309 protects against SCI/R via anti-oxidative activity and inhibition
of mitochondrial dysfunction, indicating a therapeutic potential of NS309 for SCI/R.

Keywords: SK/KCa channels, NS309, spinal cord ischemia and reperfusion, mitochondrial dysfunction,
mitochondrial dynamic

INTRODUCTION

Spinal cord ischemia-reperfusion injury (SCI/R) is a rare but devastating disorder induced by
a period of deterioration of the spinal cord blood supply. SCI/R is associated with several
pathophysiological states, while thoracoabdominal surgery and atherosclerotic disease are the most
frequent causes (New and McFarlane, 2012). It has been shown that approximately 32% of patients
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with thoracic or thoracoabdominal aortic repair surgery
suffered from SCI/R, and the incidence of paraplegia was
up to 5% (LeMaire et al., 2012; Panthee and Ono, 2015).
Many neuroprotective drugs, such as mannitol, corticosteroids
and naloxone, have been demonstrated to be beneficial
to function recovery in experimental SCI/R models, but
none of them was convincingly confirmed in clinical trials
(Griepp and Griepp, 2007).

Small conductance calcium-activated K+ (SK/KCa) channels
are a family of voltage-independent potassium channels that
are activated solely by intracellular Ca2+. SK/KCa channels are
extensively expressed throughout the central nervous system,
including the brain and spinal cord tissues (Kuiper et al., 2012).
They are encoded by the KCNN gene family, and three different
subtypes of SK/KCa channels, including SK/KCa1, SK/KCa2, and
SK/KCa3, have been cloned in mammals (Stocker, 2004). SK/KCa
channels are activated by increases in intracellular Ca2+, and they
not only contribute to the after-hyperpolarization that follows
action potentials, but also play key roles in regulating dendritic
excitability, synaptic transmission and synaptic plasticity (Faber
and Sah, 2007). Three decades of research has shown that
SK/KCa channels are involved in multiple neurological diseases
caused by neuronal excitotoxicity and dysfunction of Ca2+

homeostasis (Kuiper et al., 2012). By using pharmacological
inhibitors and activators, Dolga and colleagues found that
SK/KCa channels participated in the pathological process of
stroke, Parkinson’s disease (PD), Alzheimer’s disease (AD) and
schizophrenia (Anderson et al., 2006; Dolga et al., 2011, 2012;
Dolga and Culmsee, 2012). A previous study showed that
activation of the SK/KCa channel protected against glutamate-
induced oxytosis through inhibiting mitochondrial dysfunction
(Dolga et al., 2013). More importantly, activation of the SK/KCa
channel in the spinal cord was shown to reduce the NMDA
receptor antagonist dose needed to produce anti-nociception
in an inflammatory pain model (Hipolito et al., 2015). In the
present study, we investigated the role of SK/KCa channels in a
SCI/R model in rabbits. Previous studies have demonstrated that
SK/KCa channels were also located in mitochondrial-enriched
fraction, and this type of subcellular expression of SK/KCa
channels was associated with normal mitochondrial function
in dopaminergic neurons (Dolga et al., 2014). Thus, we also
determined the underlying mechanism with focus on oxidative
stress and mitochondrial function.

MATERIALS AND METHODS

Animals and Agents
Adult New Zealand white rabbits (2.5–3.0 kg) were obtained
from the Laboratory Animal Center of Anhui Medical University.
All rabbits were kept in standard laboratory conditions with
free access to rabbit chow and tap water. All experimental
procedures were performed in compliance with the NIH
guidelines for the use of experimental animals and approved
by the Ethics Review Committee of Anhui Medical University.
The mitochondrial isolation kit, malondialdehyde (MDA) assay
kit, 8-iso-prostaglandin F2α (8-iso-PGF2α) assay kit, superoxide

dismutase (SOD) assay kit and catalase (CAT) assay kit
was purchased from Jiancheng Biotech Company (Nanjing,
Jiangsu, China). The anti-SK/KCa1 (ab66624), anti-COX IV
(ab66739), and anti-Tubulin (ab56676) antibodies were obtained
from abcam (CA, United States). The anti-Opa-1 (sc-30573),
anti-Mfn-1 (sc-166644), anti-Drp-1 (sc-101270), anti-Fis-1 (sc-
376447), and anti-β-actin (sc-47778) antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, United States).

SCI/R Model
SCI/R was established by infrarenal aortic occlusion as previously
described (Zhou et al., 2013). The animals were anesthetized
by intramuscular administration of 25 mg/kg ketamine and
0.10 mg/kg atropine. The right femoral artery was catheterized
for measuring distal blood pressure and ear artery was used to
collect blood sample. A 5-cm-long midline incision was made
to expose abdominal aorta, and aortic clamping was performed
using artery clips just below renal artery after administration
of 200 units of heparin. After 20 min occlusion, the clips were
removed to restore the blood flow. Then, the incision was sutured
layer-by-layer, and the rabbits were allowed to recover. During
the operation process, the body temperature was maintained
close to 38.2◦C using a heating lamp.

Experimental Design
Experimental 1
To investigate the effect of SCI/R on the expression of
SK/KCa1 and mitochondrial dynamic proteins, forty animals
were randomly divided into sham (n = 8) and SCI/R (n = 32)
group. The animals in sham group were given operation without
artery occlusion. The animals in SCI/R group were treated with
SCI/R and spinal cord tissues were obtained at 3, 6, 12, and 24 h.

Experimental 2
To investigate the protective effect of NS309 against SCI/R, thirty-
two animals were randomly divided into vehicle (n = 16) and
NS309 (n = 16) group. The animals in NS309 group were treated
with 2 mg/kg NS309 by intraperitoneal injection at the time of
spinal cord ischemia initiation, and the animals in vehicle group
were treated with saline (0.9%) with 1% DMSO. Eight animals
in each group were used to measure neurological function and
H&E staining, and the other 8 animals were used to measure
spinal cord edema.

Experimental 3
To investigate the therapeutic time window of NS309, sixty-four
animals were randomly divided into vehicle (n = 16), NS309 at 3 h
(n = 16), NS39 at 6 h (n = 16) and NS309 at 9 h (n = 16) group.
The animals in vehicle group were treated with saline (0.9%)
with 1% DMSO, and the animals in NS309 groups were treated
with 2 mg/kg NS309 by intraperitoneal injection at 3, 6, or 9 h
after spinal cord ischemia initiation, respectively. Eight animals
in each group were used to measure neurological function and
H&E staining, and the other 8 animals were used to measure
spinal cord edema.
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Experimental 4
To investigate the effect of NS309 on oxidative stress, and
mitochondrial dysfunction, sixteen animals were randomly
divided into vehicle (n = 8) and NS309 (n = 8) group. The
animals in NS309 group were treated with 2 mg/kg NS309 by
intraperitoneal injection at the time of spinal cord ischemia
initiation, and the animals in vehicle group were treated with
saline (0.9%) with 1% DMSO. The blood samples were collected
at 0, 3, 6, 12, 24, and 48 h after spinal cord ischemia initiation,
and the spinal cord tissues were collected at 72 h.

Mitochondrial Isolation
After treatments, the spinal cord tissues were removed and
homogenized, and mitochondria was isolated using the
mitochondrial isolation kit following the manufacturer’s
suggested protocol. Mitochondrial pellets were resuspended,
and the protein content was quantified using a BCA method.
The mitochondrial and cytosolic fractions were used to detect
SK/KCa1 expression, and the total protein was used to detect the
expression of mitochondrial dynamic proteins.

Hematoxylin and Eosin (H&E) Staining
After various treatments, the spinal cord tissues were removed,
and the paraffin embedded blocks were made. The 5 µm sections
from each group was subjected to standard H&E staining and
evaluated microscopically. The number of normal motor neurons
was counted by an investigator blinded to the grouping.

Spinal Cord Edema Measurement
Spinal cord edema was evaluated by spinal cord water content
using the wet-dry method at 72 h after SCI/R. Briefly, after the
animals were sacrificed, the spinal cord tissues (L4-6 segments)
were quickly removed. Tissue samples were weighed immediately
to get wet weight. After drying in an oven for 48 h at 100◦C,
the tissues were re-weighed to get the dry weight. Spinal cord
water content was then calculated using the following formula:
% H2O=(1-dry weight/wet weight)× 100%.

Neurological Function Assay
The hind-limb motor function was determined by the modified
Tarlov criteria: no voluntary hind-limb function as score 0;
only perceptible joint movement as score 1; active movement
but unable to stand as score 2; able to stand but unable
to walk as score 3; and complete normal hind-limb motor
function as score 4.

Sample Collection
At 0, 3, 6, 12, 24, and 48 after SCI/R, 2 mL of blood was
collected from auricular vein, and the serum was separated by
centrifugation at 3,000 × g for 15 min at 4◦C. At 72 h after
reperfusion, the animals were sacrificed, the spinal cord tissues
(L4-6 segments) were removed. The spinal cord samples were
homogenized in chilled PBS, and then centrifuged at 10,000 × g
at 4◦C for 10 min. The protein concentration was quantified
using a BCA method.

Quantification of Oxidative Products and
Antioxidant Enzymes
The levels MDA and 8-iso-PGF2α and the enzymatic activities
of SOD and CAT in the serum and spinal cord samples
were measured by commercial kits following the manufacturer’s
suggested protocol.

Quantification of Inflammatory Cytokines
To detect the levels of inflammatory cytokines, animals were
sacrificed at 12, 24, or 48 h after SCI/R, and the spinal
cord homogenates were obtained. The concentrations of tumor
necrosis factor-α (TNF-α), IL-1β, IL-10 and transforming growth
factor-β1 (TGF-β1) were measured using specific ELISA kits
according to the manufacturers’ instructions (Boster Biological
Technology, Wuhan, China).

Determination of Mitochondrial
Complexes Activities
After treatment with NS309 or vehicle, spinal cord mitochondria
were isolated from each group and the enzymatic activities
of mitochondrial complexes were assayed using the following
methods: NADH dehydrogenase for complex I, succinate
dehydrogenase for complex II, ubiquinol cytochrome c oxidase
for complex III, and cytochrome c oxidase for complex IV as
previously described (Ye et al., 2011).

Real-Time RT-PCR
Total RNA was extracted from the spinal cord tissues using the
Trizol reagent (Invitrogen, Carlsbad, CA, United States). Reverse
transcription was performed according to the manufacturer’s
instructions of the real-time PCR kit (BioTNT Co., Ltd.,
Shanghai, China). The primers sequences used are shown in
Table 1. The mRNA levels were normalized using GAPDH as an
internal control.

Western Blot Analysis
Total proteins from spinal cord tissues were extracted and
the protein concentration was determined using a BCA assay
kit (Jiancheng Biotech Company, Jiangsu, China). Equivalent
proteins (60 µg per sample) were separated using 10 or
12% sodium dodecyl sulfate (SDS)-PAGE, and then electro-
transferred onto polyvinylidene fluoride (PVDF) membranes.

TABLE 1 | Primers sequences used in real-time PCR.

Gene Forward sequences Reverse sequences

D-loop 5′-AGGCATCTGGTTCTTACTTC-3′ 5′-TGACGGCTATGTTGAGGA-3′

ATP8 5′-CTTCCCAAACCTTTCCTG-3′ 5′-GGTAATGAAAGAGGCA
AATAGA-3′

PGC-1 5′-GTGCAGCCAAGACTCTG
TATGG-3′

5′-GTCCAGGTCATTCACAT
CAAGTTC-3′

NRF-1 5′-GAGTGACCCAAACCGAACA-3′ 5′-GGAGTTGAGTATGTCC
GAGT-3′

TFAM 5′-GGTGTATGAAGCGGATTT-3′ 5′-CTTTCTTCTTTAGGCGTTT-3′

GAPDH 5′-ATGTATCCGTTGTGGAT
CTGAC-3′

5′-CCTGCTTCACCACCTT
CTTG-3′
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The membranes were incubated with the following primary
antibodies: SK/KCa1 (1:500), COX IV (1:800), Tubulin (1:1000),
Opa-1 (1:500), Mfn-1 (1:800), Drp-1 (1:800), Fis-1 (1:500), and
β-actin (1:2000). After incubation with secondary antibodies for 1
h, the bands were visualized by using chemiluminescent detection
system. Image J (Scion Corporation) was used to quantify the
optical density of each band. The expression of each protein
was calculated from the optical density of each band normalized
against the optical density of β-actin, tubulin or COX IV, and
expressed as the fold of control levels.

Statistical Analysis
Each experiment was repeated at least three times. Statistical
analysis was performed using SPSS. Statistical evaluation of the
data was performed by the Student’s t-test between two groups.
A value of p < 0.05 referred to the statistical difference.

RESULTS

SCI/R Decreases the Expression of
SK/KCa1 Subtype
The changes of arterial pH, PaO2, PaCO2, and blood glucose
levels in vehicle or 2 mg/kg NS309 treated rabbits were measured
at 10 min before ischemia, 10 min after ischemia initiation and

10 min after reperfusion, respectively. As shown in Table 2, no
significant differences in blood pH, PaO2, PaCO2, or glucose were
observed among all groups. The results of distal blood pressure
(DBP) showed that an approximate 90% reduction in DBP was
observed during the time when artery was clamped. The value
of DBP was recovered to 90–95% of the baseline within 10 min
after reperfusion.

To investigate the effect of SCI/R on SK/KCa channels
expression, western blot analysis was used to detect the changes of
SK/KCa1 subtype at 3, 6, 12, or 24 h after reperfusion (Figure 1A).
The results showed that the expression of SK/KCa1 protein
significantly decreased at 12 and 24 h after reperfusion. To
determine the subcellular localization of SK/KCa1 after SCI/R, the
expression of SK/KCa1 protein was assayed after mitochondria
isolation (Figure 1B). The results showed an enrichment of
SK/KCa1 from whole cell extracts to cytoplasm, as well as
in mitochondrial fractions, and the decreased expression of
SK/KCa1 protein was also observed in isolated mitochondria after
SCI/R (Figure 1C).

The SK/KCa Channel Activator NS309
Protects Against SCI/R
To investigate the effect of SK/KCa channel activation on SCI/R,
rabbits were treated with 2 mg/kg NS309, a pharmacological
activator for SK/KCa channel, at the time of spinal cord ischemia

TABLE 2 | Physiological parameters.

Rectal temperature (◦C) pH PaO2 (mm Hg) PaCO2 (mm Hg) Glucose (mg/dl) DBP (mm Hg)

10 min before ischemia

Vehicle 38.3 ± 0.2 7.41 ± 0.13 124.2 ± 11.4 34.4 ± 3.8 157 ± 17 106 ± 5.7

NS309 2 mg/kg 38.1 ± 0.2 7.39 ± 0.09 129.5 ± 13.9 31.1 ± 4.6 168 ± 19 104 ± 7.1

10 min after ischemia

Vehicle 38.3 ± 0.3 7.35 ± 0.19 133.4 ± 15.3 34.3 ± 2.5 154 ± 18 13 ± 2.9∗

NS309 2 mg/kg 38.2 ± 0.2 7.38 ± 0.17 127.9 ± 15.2 32.7 ± 4.3 164 ± 23 17 ± 4.3∗

10 min after reperfusion

Vehicle 38.0 ± 0.1 7.37 ± 0.10 125.9 ± 11.4 36.8 ± 3.3 153 ± 19 100 ± 10.4

NS309 2 mg/kg 38.4 ± 0.4 7.41 ± 0.18 131.6 ± 12.3 38.3 ± 3.1 160 ± 22 98 ± 9.3

Data are presented as mean ± SEM. ∗p < 0.05 vs. 10 min before ischemia.

FIGURE 1 | SCI/R decreases the expression of SK/KCa1 subtypes. The animals were exposed to spinal I/R, and the expression of SK/KCa1 protein in spinal cord
tissues was detected by western blot analysis at 3, 6, 12, or 24 h after reperfusion (A). Immunoblot analysis of whole-cell extract (depicted as “Cell”), cytosol
supernatant (depicted as “Cyto”) or crude mitochondrial pellets (depicted as “Mito”) were also performed (B), and calculated (C) to determine subcellular expression
of SK/KCa1 protein. Data are shown as mean ± SEM (n = 8). ∗p < 0.05 vs. Sham.
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FIGURE 2 | The SK/KCa channel activator NS309 protects against SCI/R. The animals were treated with 2 mg/kg NS309 or vehicle at the beginning of SCI/R
operation. Hematoxylin and eosin staining was performed in the ventral horn of L4 spinal cord segment at 72 h after reperfusion (A), and the number of normal
motor neurons was countered (B). The spinal cord edema was assayed by measuring spinal cord water content at 72 h (C). Neurological function scores were
assessed at 72 h after reperfusion by an independent observer (D). Arrowheads indicate normal neurons. The data were represented as means ± SEM (n = 8).
∗p < 0.05 vs. Vehicle.

initiation. The representative micrographs of H&E staining in
the ventral horn of L4 spinal cord segment at 72 h after
reperfusion are shown in Figure 2A. The number of normal
motor neurons in NS309 group was higher than that in vehicle
group (Figure 2B). We also determined spinal cord edema by
measuring water content of spinal cord tissues at 72 h after
injury, and a marked decrease in spinal cord water content was
observed in NS309 treated animals as compared with vehicle
group (Figure 2C). Next, we measured hind-limb motor function
scores at 72 h after injury. As shown in Figure 2D, treatment with
NS309 significantly improved neurological outcome of SCI/R
challenged rabbits.

To determine the therapeutic time window of NS309-induced
protective effects, the post-injury administration pattern was
used, and the rabbits were treated with 2 mg/kg NS309 at different
time points (3, 6, or 9 h after ischemia initiation). A significant
reduction in spinal cord water content (Figure 3A) and increased

numbers of normal motor neurons (Figure 3B) were observed
when NS309 was administrated 3 or 6 h after ischemia initiation
but not when the administration was delayed by 9 h. In consistent
with these results, a significant improvement of neurologic
outcome was still detected when NS309 treatment was started 3
or 6 h, but not 9 h after ischemia initiation (Figure 3C).

NS309 Reduces Oxidative Stress and
Regulates Inflammation After SCI/R
The levels of MDA and 8-iso-PGF2α, two classic oxidative
products, in serum and spinal cord tissues were measured after
SCI/R. The results showed that the levels of MDA (Figure 4A)
and 8-iso-PGF2α (Figure 4B) in serum significantly increased
after SCI/R in a time-dependent manner, but these increases were
attenuated by NS309 treatment. The levels of MDA (Figure 4C)
and 8-iso-PGF2α (Figure 4D) in spinal cord tissues from
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FIGURE 3 | Time window of NS309-induced neuroprotection. The animals were exposed to SCI/R and treated with 2 mg/kg NS309 at different time points (3, 6, or
9 h after SCI/R beginning). The spinal cord water content (A), number of normal motor neurons (B) and neurological function scores (C) were measured 72 h later.
The data were represented as means ± SEM (n = 8). ∗p < 0.05 vs. Vehicle.

FIGURE 4 | NS309 reduces the expression of oxidative products after SCI/R. The animals were treated with 2 mg/kg NS309 or vehicle at the beginning of SCI/R.
The expression levels of MDA (A) and 8-iso-PGF2α (B) in serum were measured at different time points (0, 3, 6, 12, 24, and 48 h). The expression levels of MDA
(C) and 8-iso-PGF2α (D) in spinal cord tissues were detected at 72 h after reperfusion. The data were represented as means ± SEM (n = 8). ∗p < 0.05 vs. Sham.
#p < 0.05 vs. Vehicle.
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FIGURE 5 | NS309 preserves the activity of antioxidant enzymes after SCI/R. The animals were treated with 2 mg/kg NS309 or vehicle at the beginning of SCI/R. The
enzymatic activities of SOD (A) and CAT (B) in serum were measured at different time points (0, 3, 6, 12, 24, and 48 h). The enzymatic activities of SOD (C) and CAT
(D) in spinal cord tissues were detected at 72 h after reperfusion. The data were represented as means ± SEM (n = 8). ∗p < 0.05 vs. Sham. #p < 0.05 vs. Vehicle.

NS309-treated animals was lower than that in vehicle group. In
addition, we also detected the activities of SOD and CAT, two
endogenous antioxidant enzymes. The results showed that the
activities of SOD (Figure 5A) and CAT (Figure 5B) in serum
from NS309-treated animals was higher than that in vehicle
group from 12 to 48 h after SCI/R. As shown in Figures 5C,D,
NS309 also markedly increased SOD and CAT activities in
spinal cord tissues.

To investigate the effect of NS309 on inflammatory
responses after SCI/R, the levels of inflammatory cytokines
were determined in spinal cord tissues at different time points.
The results showed that SCI/R significantly increased the
levels of TNF-α (Figure 6A) and IL-1β (Figure 6B), two
pro-inflammatory cytokines. However, application of NS309
significantly reduced the levels of these two cytokines in
spinal cord tissues at 12, 24 and 48 h. Furthermore, we also
measured the levels of IL-10 and TGF-β1, two anti-inflammatory
cytokines. We found that NS309 markedly increased the
levels of IL-10 at 24 and 48 h, but not at 12 h after SCI/R
(Figure 6C). The TGF-β1 levels in NS309-treated group

were higher than that in vehicle group at all time points
measured (Figure 6D).

NS309 Inhibits Mitochondrial
Dysfunction After SCI/R
Mitochondrial function plays a key role in regulating oxidative
stress under ischemia and reperfusion injury. Thus, we
detected the activities of mitochondrial complexes in spinal
cord tissues. The results showed that SCI/R significantly
decreased the activities of all four mitochondrial complexes,
and the activities of complex I (Figure 7A), complex III
(Figure 7C) and complex IV (Figure 7D), but not complex
II Figure 7B), were preserved by NS309 treatment. In
addition, we investigated the effect of NS309 on mitochondrial
biogenesis. NS309 increased mtDNA levels (Figure 7E) and
elevated the levels of NRF-1 and PGC-1 mRNA after SCI/R
(Figure 7F).

Mitochondrial dynamics are also involved in mitochondrial
dysfunction under oxidative stress. As shown in Figure 8A, we
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FIGURE 6 | NS309 regulates inflammatory cytokines after SCI/R. The animals were treated with 2 mg/kg NS309 or vehicle at the beginning of SCI/R. The levels of
TNF-α (A), IL-1β (B), IL-10 (C), and TGF-β1 (D) in spinal cord tissues were determined at different time points (0, 12, 24, and 48 h). The data were represented as
means ± SEM (n = 8). ∗p < 0.05 vs. Sham. #p < 0.05 vs. Vehicle.

FIGURE 7 | NS309 preserves mitochondrial complex activity and mitochondrial biogenesis after SCI/R. The animals were treated with 2 mg/kg NS309 or vehicle at
the beginning of SCI/R. The activities of mitochondrial complex I (A), II (B), III (C), and IV (D) were observed in spinal cord, respectively. Real-time RT-PCR was used
to detect mtNDA ratio (E) and the expression of mitochondrial biogenesis factors (F). The data were represented as means ± SEM (n = 8). ∗p < 0.05 vs. Sham.
#p < 0.05 vs. Vehicle.
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FIGURE 8 | NS309 differently regulates the expression of mitochondrial dynamic proteins. The animals were treated with 2 mg/kg NS309, and the expression of
Opa-1, Mfn-1, Drp-1, and Fis-1 at different time points (0, 3, 6, 12, and 24 h) was detected by western blot analysis (A,B). The animals were treated with 2 mg/kg
NS309 or vehicle at the beginning of SCI/R. The expression of Opa-1, Mfn-1, Drp-1, and Fis-1 was detected by western blot analysis (C) and calculated (D). The
data were represented as means ± SEM (n = 8). ∗p < 0.05 vs. Sham. #p < 0.05 vs. Vehicle.

detected the expression of mitochondrial dynamic proteins in
spinal cord tissues after SCI/R at different time points. The results
showed that SCI/R decreased the expression of Opa-1 and Mfn-1
at 12 and 24 h but increased the expression of Fis-1 from 3 to 24 h,
with no effect on Drp-1 expression (Figure 8B). Furthermore, we
detected the expression of these proteins after NS309 treatment
(Figure 8C). We found that the decreased expression of Opa-1
and Mfn-1, as well as increased expression of Fis-1 after SCI/R,
were all partially prevented by NS309 treatment (Figure 8D).

DISCUSSION

Due to the lack of data from randomized controlled clinical
trials, contemporary concepts about SCI/R protection are mainly
adapted from guidelines for brain ischemia, cardiovascular
ischemia and spinal cord trauma (Nardone et al., 2016).
This study provides evidence that NS309, a pharmacological
activator for SK/KCa channel, protects against experimental
SCI/R in rabbits. Our results showed that (a) SCI/R decreases
SK/KCa1 protein expression in spinal cord tissues; (b) NS309
attenuates neuronal loss and neurological dysfunction after
SCI/R; (c) NS309 reduces oxidative stress and regulates the
levels of inflammatory cytokines after SCI/R; (d) NS309
preserves mitochondrial function and promotes mitochondrial

biogenesis; and (e) NS309 differently regulates mitochondrial
dynamic proteins.

The SK/KCa channels are extensively expressed throughout
the central nervous system, but the three subtypes are
differentially expressed. SK/KCa1 can be found in cortex,
hippocampus, midbrain, cerebellum and spinal cord; SK/KCa2 is
localized in cortex, amygdala, medial habenula and the inferior
olivary complex; SK/KCa3 is expressed in olfactory bulbs, dentate
gyrus thalamus and the locus coeruleus (Sailer et al., 2004). Thus,
we detected the expression of SK/KCa1 protein to investigate
the effect of SCI/R on SK/KCa channels. Significant decrease in
SK/KCa1 expression was observed at 12 and 24 h after SCI/R, and
this decrease was detected in both cytosolic and mitochondrial
fractions. In neuronal cells, SK/KCa channels were originally
thought to be predominantly presented in the plasma membrane
where they regulates K+ efflux (Honrath et al., 2017). However,
a previous study showed that SK/KCa channels were also located
in the inner mitochondrial membrane of neuronal mitochondria
(Dolga et al., 2013). In addition, Dolga et al. demonstrated
that the SK/KCa2 subtype expressed in mitochondrial-enriched
fractions and co-localized with the mitochondrial markers in
neuronal dopaminergic cells (Dolga et al., 2014). Our results here
demonstrated that SK/KCa1 was also localized in mitochondria
in spinal cord, and was downregulated after SCI/R, indicating a
potential role in mitochondrial function after SCI/R.

Frontiers in Pharmacology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 325

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00325 March 29, 2019 Time: 18:52 # 10

Zhu et al. SK/KCa Channel Protects Against SCI/R

Activation of SK/KCa channels has been demonstrated to
exert protective effects in many in vitro neuronal models,
and is considered as an emerging therapeutic approach for
the treatment of several neurological diseases (Anderson
et al., 2006; Dolga et al., 2011, 2012, 2013, 2014; Dolga
and Culmsee, 2012). NS309 is a selective and potent SK/KCa
channel opener that activates SK/KCa channels via increasing
their Ca2+ sensitivity (Strobaek et al., 2006). The EC50 of
NS309 to SK/KCa channels is 30 nM, and it has been
demonstrated to be safe and could activate SK/KCa channels
in both in vitro and in vivo experimental models (Hipolito
et al., 2015; Honrath et al., 2017). In this study, we found
that NS309 treatment reduced spinal cord edema and spinal
cord neuronal loss after SCI/R, which were accompanied
by preserved neurological function. Our data extended the
neuroprotective effects of SK/KCa channels activation into
SCI/R. Importantly, we found that the protective effects of
NS309 were still observed when it was administrated at 6 h
after ischemia initiation. One of the serious problems of
preclinical experiments is that many neuroprotective agents are
administrated prior to injury initiation (Menon, 2009). It is
of little clinical relevance due to the difficulty in obtaining
informed consent. Our results showed that the therapeutic
time window of NS309 was up to 6 h after ischemia
initiation, which is useful for future clinical trials. This time
window of administration makes it possible to treat SCI/R
with NS309 associated neuroprotective agents. Considering the
safety of NS309 treatment in previous experimental animal
models, NS309 might be an ideal candidate for clinical drug
research for SCI/R.

Free radicals-associated oxidative damage is one of the
most important mechanisms underlying secondary injury
after SCI/R, especially in the reperfusion phase (Chen X.P.
et al., 2011). The overproduced ROS causes protein and
lipid peroxidation, thereby leading to loss of membrane
potential and corruption of membrane fluidity, which eventually
results in the release of organelle content. In this study,
increased levels of MDA and 8-iso-PGF2α, two oxidative
products that correlate with the extent of ROS-mediated
damage, was observed in both serum and spinal cord tissues
after SCI/R, which were reduced by NS309. Neuronal fate
under oxidative stress is dependent on the balance between
ROS and the anti-oxidative defense mechanisms within the
cell (Jia et al., 2012). SOD and CAT are two endogenous
antioxidant enzymes, that can scavenge the superoxide radicals
by changing the O2

− into less damaging species (Rodrigo
et al., 2011). At 24 and 48 h after SCI/R, reduced activities
of SOD and CAT was found to be preserved by NS309,
indicating the anti-oxidative activity of NS309 in our model.
Thus, the effects of NS309 on prevention of oxidative stress
after SCI/R might be the direct result of the increased
activity of antioxidant enzymes, which needs to be further
determined in the future. Inflammation is a subsequent event
of SCI/R, and inflammatory cell infiltration and release of
inflammatory cytokines were observed in spinal cords (Zhu
et al., 2013). The pro-inflammatory cytokines, such as TNF-
α and IL-1β, and anti-inflammatory cytokines, including IL-10

and TGF-β1, play opposite roles in inflammation regulation
(Spitzbarth et al., 2012). Here, NS309 treatment was shown
to upregulate anti-inflammatory cytokines but downregulate
pro-inflammatory cytokines in the spinal cord tissues. Thus,
inhibition of inflammatory responses via differentially regulating
inflammatory cytokines might also contribute to NS309-induced
protection against SCI/R.

Considering that the SK/KCa1 subtype was found in spinal
cord mitochondria, and that NS309 alleviated oxidative
stress after SCI/R, we speculated that activation of SK/KCa
channels could regulate mitochondrial function in the spinal
cord. Thus, we further measured mitochondrial complexes
activity. It has been demonstrated that dysfunction of
mitochondrial complexes occurred within 4–6 h after
reperfusion and resulted in permanent mitochondrial
damage (Sims and Muyderman, 2010). As expected,
we found that the reduced activities of mitochondrial
complexes after SCI/R, except for complex II, were all
partially prevented by NS309. In addition, these effects
were accompanied by the changes in mitochondrial
biogenesis factors. Mitochondrial biogenesis is defined
as the regulation of mitochondrial mass and turnover, a
mechanism aimed to maintain diverse homeostatic demands
under physiological and pathological conditions (Chen S.D.
et al., 2011). It requires exquisite communication between
the mitochondrial genome and the nuclear genome, and
can be measured by the copy number and integrity of
mtDNA, as well as the levels of many transcription factors,
such as NRF-1, PGC-1, and TFAM (Kelly and Scarpulla,
2004). Previous studies have shown that these candidate
mitochondrial biogenesis regulatory proteins correlate with
mitochondrial respiratory capacity and could augment
tolerance to ischemic injury via activating antioxidant
system (McLeod et al., 2005). Thus, our results strongly
indicate that NS309 might promote mitochondrial biogenesis,
leading to inhibition of oxidative stress, and thereby induce
protection against SCI/R.

Dynamic structural changes of the mitochondrial network,
named as mitochondrial dynamics, are governed by the
delicate balance between frequent fusion and fission events,
and can adapt mitochondrial function to meet energy demand
under stress (Otera et al., 2013). Impaired regulation of
mitochondrial dynamic proteins contributes to ischemic
injury via reducing energy production and promoting
ROS generation (Calo et al., 2013). Multiple mitochondrial
guanosine triphosphates hydrolases (GTPases) that regulate
mitochondrial networking have been identified, among
which DRP-1 and Fis-1 are related to mitochondrial fission,
whereas mitochondrial fusion is mediated by Opa-1 and
Mfn-1 (Karbowski et al., 2002; Hoppins et al., 2007). We
found that SCI/R decreased the expression of Opa-1 and
Mfn-1 but increased the levels of Fis-1 rather than Drp-1,
indicating the induction of mitochondrial fragmentation
in spinal cord after injury. In addition, the changes of
these proteins after SCI/R were significantly prevented by
NS309 treatment. Previous studies have shown that Opa-1
and Mfn-1 functionally interact to promote mitochondrial
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elongation, while Fis-1 was required in the recruitment of Drp-
1 to mitochondria during mitochondrial fission (Cipolat et al.,
2004; De Palma et al., 2010). However, no significant changes
in Drp-1 expression after SCI/R and/or NS309 treatment was
observed in this study. Thus, a Drp-1-independent mechanism
after SCI/R might exist, which need to be further determined.

In conclusion, our present study demonstrated the
neuroprotective effects of NS309, a pharmacological activator
for SK/KCa channel, against SCI/R in rabbits, which may involve
an integrated process of the suppression of oxidative stress and
the preservation of mitochondrial function.
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