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Abstract Electroacupuncture (EA) pretreatment elicits the
neuroprotective effect against cerebral ischemic injury
through cannabinoid receptor type 1 receptor (CB1R). In
current study, we aimed to investigate whether the signal
transducer and activator of transcription 3 (STAT3) and man-
ganese superoxide dismutase (Mn-SOD) were involved in the
antioxidant effect of EA pretreatment through CB1R. At 2 h
after EA pretreatment, focal cerebral ischemic injury was
induced by transient middle cerebral artery occlusion for
60 min in C57BL/6 mice. The expression of Mn-SOD in the
penumbr a was a s s e s s ed by Wes t e r n b l o t and
immunoflourescent staining at 2 h after reperfusion. In the
presence or absence of Mn-SOD small interfering RNA
(siRNA), the neurological deficit score, the infarct volume,
the terminal deoxynucleotidyl transferase-mediated dUDP-
biotin nick end labeling (TUNEL) staining, and oxidative
stress were evaluated. Furthermore, the Mn-SOD protein ex-
pression and phosphorylation of STAT3 at Y705 were also
determined in the presence and absence of CB1R antagonists
(AM251, SR141716) and CB1R agonists (arachidonyl-2-
chloroethylamide (ACEA), WIN 55,212-2). EA pretreatment
upregulated the Mn-SOD protein expression and Mn-SOD-

positive neuronal cells at 2 h after reperfusion. EA pretreat-
ment also attenuated oxidative stress, inhibited cellular apo-
ptosis, and induced neuroprotection against ischemic damage,
whereas these beneficial effects of EA pretreatment were
reversed by knockdown of Mn-SOD. Mn-SOD upregulation
and STAT3 phosphorylation by EA pretreatment were
abolished by two CB1R antagonists, while pretreatment with
two CB1R agonists increased the expression of Mn-SOD and
phosphorylation level of STAT3. Mn-SOD upregulation by
EA attenuates ischemic oxidative damage through CB1R-
mediated STAT3 phosphorylation in stroke mice, which may
represent one new mechanism of EA pretreatment-induced
neuroprotection against cerebral ischemia.
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STAT3 Signal transducer and activator of transcription 3
TUNEL Terminal deoxynucleotidyl transferase-mediated

dUDP-biotin nick end labeling

Introduction

Stroke, mainly ischemic stroke, is still one of the leading
causes of human mortality in China [1]. The administration
of tissue-type plasminogen activators (t-PA) is an effective
treatment against cerebral ischemic stroke, but this is effective
only in 4.5–8 % of patients [2].

Superoxide anions and reactive oxygen species (ROS),
generated in mitochondria after ischemia/reperfusion (I/R),
play an essential role in the pathogenesis of cerebral ischemic
injury [3]. So, to protect cells from oxidative stress, several
antioxidant defense mechanisms have been evolved by living
organisms. The major enzymatic defenses against oxidative
stress are provided by superoxide dismutase (SOD), glutathi-
one peroxidase, and catalase [4]. Manganese superoxide dis-
mutase (Mn-SOD) which is an important particle of cellular
antioxidant enzymes to prevent mitochondrial ROS produc-
tion also plays a protective role against cerebral ischemic
injury [5, 6]. Mice with Mn-SOD deficiency, subjected to
focal cerebral ischemic injury, presented increased apoptotic
signal cytochrome C releasing from mitochondria to cyto-
plasm, activated caspase-dependent cell death pathway, and
resulted in a marked increased ischemic injury insult, such as
more apoptosis and worse neurobehavioral outcome [7, 8]. In
vitro, by using molecule-regulated approach, Fukui et al. de-
termined a more critical role of Mn-SOD than Cu/Zn super-
oxide dismutase (Cu/Zn-SOD) in the endogenous ischemic
tolerance against H2O2 or glutamate toxicity [9]. Administra-
tion of resveratrol or other neuroprotective compounds could
also enhance the expression of antioxidant enzymes including
Mn-SOD and attenuated I/R injury in animals [10–12].

Ischemic preconditioning provides a new potential alterna-
tive approach to relieve I/R injury [13]. However, significant
challenges still need to be overcome before this approach can
be transferred from basic to bedside. As shortcomings of
ischemic preconditioning, various non-ischemic precondition-
ing approaches, such as inhaled anesthetics and hyperbaric
oxygen, could also induce ischemic tolerance [14, 15].
Electroacupuncture (EA), originating from traditional Chinese
medicine, is one of these most recently proposed techniques as
pretreatment strategies by our lab, in which EA pretreatment
at “Baihui (GV20)” acupoint for 30 min could induce ische-
mic tolerance against transient middle cerebral artery occlu-
sion (MCAO) injury in rats [16, 17]. Furthermore, our previ-
ous experiments have confirmed that EA pretreatment in-
creases the generation of the endocannabinoids 2-
a r a c h i d o n y l g l y c e r o l ( 2 - AG ) a n d N - a r a c h -

idonoylethanolamine-anandamide (AEA), activated cannabi-
noid receptor type 1 receptor (CB1R), and elicited neuropro-
tective effect [18], suggesting that the endogenous cannabi-
noid system was involved in EA pretreatment. Other studies
have reported that the activation of antioxidant system could
be mediated by exogenous cannabinoid supplementation [19,
20]. Recent studies also investigate that EA pretreatment
increases the activation of antioxidant enzymes thioredoxin
(Trx) and glutathione (GSH) and attenuates the production of
malondialdehyde (MDA) [21, 22]. In addition, our previous
study reported that EA pretreatment increases the tyrosine
phosphorylation of signal transducer and activator of tran-
scription 3 (STAT3) at Y727 through CB1R-dependent mech-
anism [23]. Interestingly, STAT3 was identified as a novel
transcription regulator that upregulated expression of the Mn-
SOD gene under normal conditions in the mouse brain [24].
Keeping together all these findings, it can be concluded that
Mn-SOD may be involved in neuroprotection of EA pretreat-
ment through CB1R-dependent STAT3 activation. Thus, in
the current study, we examined the hypothesis that whether
the Mn-SOD was involved in the EA pretreatment through
CB1R-mediated STAT3 phosphorylation in stroke mice.

Results

EA Pretreatment Upregulated Neuronal Expression
of Mn-SOD

The penumbra area is described in Fig. 1a. As shown in
Fig. 1b, there is no statistically significant difference in Mn-
SOD protein expression between sham and EA group without
MCAO injury. However, EA increased the expression of Mn-
SOD as compared with MCAO group at 2 h after reperfusion
(P<0.05).

In addition, immunohistochemical staining showed that
Mn-SOD was mainly colocated with neuronal maker NeuN
in ischemic penumbra. Upon comparing the Western blot
result, the Mn-SOD-positive neurons in EA+MCAO groups
were more than those in MCAO group at 2 h after reperfusion
(Fig. 1c).

Mn-SOD Knockdown Abolished the Preventive Effect of EA
Pretreatment on Ischemic Oxidative Stress

To determine the involvement of Mn-SOD in the neuro-
protective effect induced by EA pretreatment, we needed
to drive the inactivation of Mn-SOD. Thus, we used the
Mn-SOD siRNA to knockdown the expression of Mn-
SOD. Western blot analysis showed that Mn-SOD
siRNA effectively reduced the expression of Mn-SOD
(P<0.01, Fig. 2a).
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As presented in Fig. 2b, the oxidative stress was measured
by oxidative productions of ROS, MDA, 8-hydroxy-2-
deoxyguanosine (8-OHdG), and nitrotyrosine at 24 h after
reperfusion. It was observed that pretreatment with EA sig-
nificantly reduced the generation of ROS, MDA, 8-OHdG,
and nitrotyrosine than in MCAO group (P<0.05). The siRNA
microinjection, 24 h before the onset of each EA pretreatment,
reversed the antioxidant effect of EA pretreatment; the con-
tents of ROS, MDA, 8-OHdG, and nitrotyrosine in EA+Mn-
SOD siRNA group were similar as those in MCAO group
(P<0.05). As expected, no statistically significant difference
was detected among EA+MCAO and EA+control siRNA
group.

We also used dihydrothidium (DHE) staining to detect
the crucial role of Mn-SOD against the generation of
super oxidants after I/R. As shown in Fig. 2c, DHE
staining showed a reduction in the EA+MCAO group as
compared with MCAO group. Compared with EA+
MCAO group, the level of DHE oxidation appeared to
increase in EA+Mn-SOD siRNA group but had no
change in EA+control siRNA groups.

Mn-SOD Knockdown Reversed the Neuroprotection of EA
Pretreatment Against Ischemic Injury

As expected, the deficiency of Mn-SOD abolished the reduc-
tion in infarct volume by EA pretreatment as compared to
EA+MCAO group (P<0.05; Fig. 3a, b). In addition, Mn-

SOD siRNA reversed the improvement in neurological out-
come induced by EA pretreatment in EA+Mn-SOD siRNA
versus EA+MCAO group (P<0.05; Fig. 3c). In EA+control
siRNA group, no statistically significant difference was found
in infarct volume and neurological score compared with those
in EA+MCAO group.

Mn-SOD Knockdown Attenuated the Inhibitory Effect of EA
Pretreatment on Cellular Apoptosis

As shown in Fig. 3d, the number of terminal deoxynucleotidyl
transferase-mediated dUDP-biotin nick end labeling
(TUNEL)-positive cells in MCAO group was increased as
compared to sham group. EA pretreatment reduced the num-
ber of apoptotic cells as compared with the MCAO group
(P<0.05). And, the Mn-SOD knockdown by siRNA in-
creased the number of TUNEL-positive cells in EA+Mn-
SOD siRNA groups as compared to EA+MCAO group
(P<0.05).

Upregulation of Mn-SOD by EA Pretreatment
was CB1R-Dependent

To investigate whether the upregulation of Mn-SOD by EA
pretreatment was dependent on CB1R, we administered two
CB1R antagonists AM251 and SR141716. The expression of
Mn-SOD was decreased in EA+AM251 and EA+SR141716

Fig. 1 EA pretreatment increased
the expression of Mn-SOD
protein in the ischemic penumbra.
a Schematic of mouse ischemic
penumbra. b Western blot
analysis for the Mn-SOD protein
expression. Pretreatment with EA
significantly increased the protein
expression of Mn-SOD as
compared with MCAO group at
2 h after reperfusion. *, #P<0.05
versus sham group. c
Inmmunofluorescent staining of
Mn-SOD, neuronal nuclei
(NeuN), and nuclear marker
DAPI. EA pretreatment increased
the number of Mn-SOD-positive
neurons at 2 h after reperfusion as
compared with control group.
Scale bar=20 μm
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Fig. 2 Mn-SOD knockdown abolished the preventive effect of EA
pretreatment against oxidative stress. a Western blot result showed the
deficiency effect of Mn-SOD siRNA on the expression of Mn-SOD in
brain penumbra tissue. This data noted that the Mn-SOD protein expres-
sion was inhibited by siRNA as compared with either the vehicle or the
control siRNA group. **P<0.01 versus sham group. b The comparisons
of ROS, MDA, 8-OHdG, and nitrotyrosine level in sham, EA, MCAO,

EA+MCAO, EA+Mn-SOD siRNA, and EA+control siRNA groups
(n=6 for each group). *P<0.05 versus sham group; #P<0.05 versus
MCAO group; &P<0.05 versus EA+MCAO group. c Representative
immunofluorescence micrographs showing DHE oxidation staining for
super oxidants in each groups at 24 h after reperfusion (n=3 per group).
Scale bar=20 μm
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groups compared with EA+MCAO group (P<0.05;
Fig. 4a, b). However, no effect on Mn-SOD expression was
found in the EA+vehicle-treated group.

Pretreatment with CB1R Agonists Induced the Upregulation
of Mn-SOD

As shown in Fig. 4c, d, the pretreatment with ACEA andWIN
55,212-2 upregulated the expression of Mn-SOD in MCAO+
ACEA and MCAO+WIN groups compared with MCAO
group (P<0.05). No significant change was detected between
MCAO+vehicle group and MCAO group.

EA Pretreatment Promoted STAT3 Phosphorylation
Through CB1R

As shown in Fig. 5a, the difference of STAT3 phosphorylation
between sham and EA group was not statistically significant.
EA pretreatment increased the phosphorylation of STAT3 at
Y705 as compared to MCAO group at 2 h after reperfusion
(P<0.05). However, no significant change was detected in
overall expression of STAT3 among all the groups.

To determine that whether the STAT3 phosphorylation was
through CB1R pathway, the CB1R antagonist and agonist
were administrated in this experiment. As shown in Fig. 5b–
e, AM251 and SR141716 reversed the phosphorylation of

Fig. 3 Mn-SOD deficiency reversed the neuroprotective effect induced
by EA pretreatment. a, b Comparisons of percentages of infarct volume
among the six groups (n=6 for each group). *P<0.05 versus MCAO
group; #P<0.05 versus EA+MCAO group. c The effect of Mn-SOD
siRNA on neurobehavioral manifestations. Each symbol presents the
score of a single mouse. The horizontal bar indicates the mean value of
each group. *P<0.05 versus MCAO group; #P<0.05 versus EA+

MCAO group. d The cellular apoptosis at 24 h after reperfusion was
assessed by TUNEL staining in the ischemic penumbra. Black
arrowheads suggested the TUNEL-positive cells in penumbra area. Scale
bar=20 μm. The right panel is the quantitative statistical result of
TUNEL staining in each group. *P<0.05 versus MCAO group;
#P<0.05 versus EA+MCAO group. TUNEL terminal deoxynucleotidyl
transferase-mediated 2′-deoxyuridine 5′-triphosphate nick-end labeling
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STAT3 at Y705 induced by EA pretreatment (P<0.05,
Fig. 5b). Moreover, pretreatment with the two CB1R agonists,
ACEA and WIN 55,212-2, induced the phosphorylation of
STAT3 at Y705 (P<0.05, Fig. 5d).

Discussion

The present study demonstrated that EA pretreatment in-
creased the Mn-SOD expression and attenuated oxidative
stress damages after I/R. However, these beneficial effects
were reversed by Mn-SOD deficiency, indicating that the
upregulation of Mn-SOD was involved with the anti-
oxidative effect of EA pretreatment against transient focal
cerebral I/R. Furthermore, CB1R antagonists, AM251 and
SR141716, abolished the Mn-SOD upregulation and STAT3
phosphorylation by EA pretreatment, while CB1R agonists,
WIN 55,212-2 and ACEA, mimicked the effect of EA pre-
treatment on increasing Mn-SOD expression and STAT3

phosphorylation. These findings suggested that Mn-SOD up-
regulation by EA pretreatment attenuated ischemic oxidative
damage through CB1R-mediated STAT3 phosphorylation in
stroke mice, which may represent a novel mechanism of EA
pretreatment-induced neuroprotection against cerebral I/R.

It is well established that the overproduction of mitochon-
drial ROS is a key injurious mechanism during neurodegen-
eration damages, especially in the context of I/R injury [25].
One such extremely damaging ROS molecule is the superox-
ide radical, which can react with DNA, lipids, proteins, and
other biomolecules to induce mutagenesis and senescence and
cause cell apoptosis or necrosis [26].

Mn-SOD is involved primarily in mitochondrial mecha-
nism to eliminate or maintain the homeostatic level of O2

−, to
process ROS into less toxic substances [5]. It is also a crucial
particle of endogenous regulator during neural injury, includ-
ing cerebral ischemic damage. In this study, the expression of
Mn-SOD decreased in the ischemic hemispheres at 2 h after
reperfusion. This result was consistent with previous studies
subjected to the same focal cerebral ischemic reperfusion

Fig. 4 EA pretreatment increased
Mn-SOD protein expression via
CB1R. a, b The upper part is the
photograph of Mn-SOD and its
corresponding β-tubulin bands.
The lower histogram part shows
the result of statistical analysis in
MCAO, EA+MCAO, EA+
AM251, EA+SR141716, and
EA+vehicle groups (n=5 for
each group). *P<0.05 versus
MCAO group; #P<0.05 versus
EA+MCAO group. c, d The
CB1R agonsits ACEA and WIN
55,212-2 (WIN) increased Mn-
SOD protein expression. The
upper part is the photograph of
Mn-SOD and its corresponding
β-tubulin bands. The lower
histogram part shows the result of
statistical analysis in MCAO,
MCAO+ACEA, MCAO+WIN,
and MCAO+vehicle groups
(n=5 for each group). *P<0.05
versus MCAO group
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model [24]. In addition, in the EA-pretreated brain, the content
of protein was much more pronounced. In order to further
demonstrate the role of Mn-SOD in the ischemic tolerance
induced by EA pretreatment, we used Mn-SOD siRNA to
knockdown Mn-SOD protein level before ischemic injury.
Our result showed that the microinjection of Mn-SOD siRNA
blocked the attenuation of ischemic neurological deficiency,
infarct volume, and the number of TUNEL-positive cells
induced by EA pretreatment. The scrambled control siRNA
and vehicle did not alter the beneficial effect of EA pretreat-
ment. This data strongly indicated the involvement of

antioxidant enzyme Mn-SOD in the neuroprotective effect
induced by EA pretreatment. However, we still need more
evidence to prove that the upregulation ofMn-SOD attenuated
the ischemic oxidative stress damage.

Super oxidants such as O2
− have a very short half-life, so it is

very difficult to real-time monitor them directly in vivo. The
most used detection method is DHE staining, which could
detect the level of O2

−, the main source of reactive oxidative
sepsis. The breaking out of super oxidants induced by I/R also
induced the damage of DNA, lipid, and other biomolecules.
Thus, the evaluation of oxidative damaged biomolecules was

Fig. 5 EA pretreatment promoted STAT3 phosphorylation via CB1R. a
Western blot analysis for the phosphorylated level of STAT3 (Y705) in
sham, EA, MCAO, and EA+MCAO groups, respectively (n=5 per
group). The upper part is a photograph of pSTAT3 (Y705), total STAT3,
and the corresponding GAPDH bands, respectively. The lower histogram
part showed the results of statistical analysis. *P<0.05 versus MCAO
group. b Western blot analysis for the phosphorylated level of STAT3
(Y705) in MCAO, EA+MCAO, EA+AM251 (the left panel), EA+
SR141716 (the right panel), and EA+vehicle groups, respectively (n=5
per group). The upper part is a photograph of pSTAT3 (Y705), total

STAT3, and the corresponding GAPDH bands, respectively. The lower
histogram part showed the results of statistical analysis. *P<0.05 versus
MCAO group; #P<0.05 versus EA+MCAO group. c CB1R agonists
increased phosphorylation of STAT3 at 705Y in the ischemic penumbra.
Western blot analysis for the phosphorylated level of STAT3 (Y705) in
MCAO,MCAO+ACEA (the left panel), MCAO+WIN (the right panel),
and MCAO+vehicle groups, respectively (n=5 per group). The upper
part is a photograph of pSTAT3 (Y705), total STAT3, and the corre-
sponding GAPDH bands, respectively. The lower histogram part showed
the results of statistical analysis. *P<0.05 versus MCAO group
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also widely used to assess the oxidative stress. In the current
study, we examined the level of oxidative DNAdamage product
8-OHdG and oxidative lipid product MDA, and nitrotyrosine to
assess the generation of ROS.We observed that the pretreatment
with EA could reduce the level of these oxidative products,
while Mn-SOD siRNA reversed this antioxidant effect. In ad-
dition, the generation of ROS was measured, as expected, and
improved expression ofMn-SODmediated by EA pretreatment
reduced the ROS level, while Mn-SOD siRNA reversed the
inhibited ROS generation. According to these results, we con-
clude that the antioxidant effect of Mn-SOD may play a critical
role in the mechanism of EA pretreatment.

Similar to ischemic preconditioning, our previous studies
demonstrated that EA pretreatment at “Baihui” acupoint for
30 min at 2 h before lethal I/R insult could induce a significant
ischemic tolerance [18]. Further studies have been conducted
to understand the response mechanisms for the beneficial
effect of EA pretreatment in our lab and by other groups.
However, the cell-mediated signal transduction of EA pre-
treatment is not fully understood [18, 27–29]. Recent compel-
ling evidence suggested that EA pretreatment, which induced
ischemic tolerance, was mediated by endocannabinoid sys-
tem. EA pretreatment increased the generation of the 2-AG
and AEA, activated their receptor CB1R, and elicited neuro-
protective effect. However, more investigations are still need-
ed to determine which downstream effector mediated by
CB1R was involved in the mechanism of EA pretreatment.

Some investigators tried to demonstrate the correlation of
endogenous cannabinoid system and antioxidant system, but
the role of cannabinoids or their receptors in antioxidant
system are complicated. The cannabinoids could play as anti-
oxidants against oxidative stress in vivo or in vitro, but this
antioxidant effect was mainly mediated by CB2R [30, 31] or
by a receptor-independent mechanism [32]. However, CB1R
may not be involved in the cellular antioxidant neuroprotec-
tive effects of cannabinoids [33]. In other pathology models
such as doxorubicin-induced cardiomyopathy [34] or diabetic
cardiomyopathy model [35], the increased cannabinoid ex-
pression and CB1R activation promote oxidative stress and
induced cell death and cardiac dysfunction. Blockade or ge-
netic deletion of CB1R has been reported to have beneficial
effect in type 1 diabetic neuropathymodels or in high glucose-
induced experimental paradigms in vitro [36]. These studies
were all accomplished in periphery system or in chronic injury
models; the effect of cannabinoid systemmay be controversial
in an acute cerebral ischemic injury. As a response to acute
ischemic insult, the CB1R expression is increased, and CB1R
mutant mice have more severe ischemic injury than wild-type
mice after experimental brain injury [37, 38]. The increased
CB1R protein expression activated numerous neuroprotective
signals such as PI3K/Akt which mediated cerebral ischemic
tolerance. Exogenous cannabinoid supplementation could al-
so reduce ischemic stroke injury [39]. In the current study, two

different selective CB1R antagonists were used to demon-
strate the role of CB1R in EA pretreatment-regulated activa-
tion of Mn-SOD. Our data suggested that two antagonists
AM251 and SR141716 both inhibited the upregulation of
Mn-SOD induced by EA pretreatment. In addition, the sup-
plementation of two CB1R agonists also increases the Mn-
SOD protein level. These results strongly indicated that EA
pretreatment attenuated the ischemic injury though CB1R-
dependent Mn-SOD activation. Thus, we determined that
the link between EA pretreatment and activation of Mn-
SOD was postulated by CB1R.

However, the relationship between cell membrane receptor
CB1R and intracellular protein Mn-SOD may be through an
indirect correlation. This proves that CB1R may induce the
activation of Mn-SOD via some nuclear transcriptional fac-
tors. It now appears that the Mn-SOD activity is regulated by
several diverse cellular mechanisms. The activity of Mn-SOD
can undergo transcriptional, translational, and posttranslation-
al regulation. Under I/R condition, various cytokines such as
nuclear trans factors, STAT3, and some inflammatory cyto-
kines, like TNF-α, have been shown to activate the transcrip-
tion of Mn-SOD [40–42]. However, it is still unclear that
which upstream signal pathway transduced the activation of
Mn-SOD induced by EA pretreatment.

The correlation of STAT3 and oxidative stress has been
indicated by some reports previously [43, 44]. It has also been
reported the activation of Mn-SOD by the phosphorylation at
Y705 to defense hepatic oxidative injury or cerebral ischemia
injury [45]. So, we measured the STAT3 phosphorylation at
Y705 after EA pretreatment with and without CB1R antago-
nists. Not surprisingly, our data showed that the administration
of two selective CB1R antagonists reversed the STAT3 phos-
phorylation level at Y705 induced by EA pretreatment. In
addition, the CB1R agonists, WIN 55,212-2 and ACEA,
could also phosphorylate STAT3 at Y705. Jung et al. demon-
strated that STAT3 was a novel transcription factor of the
mouse Mn-SOD gene [24]. Considering this result, we can
conclude that EA pretreatment induced the Mn-SOD upregu-
lation via CB1R-dependent STAT3 phosphorylation and then
attenuated the oxidative stress, resulting in neuroprotective
effect.

Conclusion

Although more studies are still needed to fully elucidate the
involvement of transduction signal pathways between
endocannabinoids system and antioxidant system, our results
strongly demonstrate that EA pretreatment affords ischemic
tolerance to transient cerebral ischemic oxidative injury,
which was mediated by activation of Mn-SOD signaling
pathway via CB1R-dependent STAT3 phosphorylation. Our
findings in the present study reveal a novel antioxidant
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mechanism of EA pretreatment mediated by CB1R-dependent
activation of STAT3/Mn-SOD pathway (Fig. 6). This investi-
gation supports the potential for the clinical application of
activating endogenous Mn-SOD to defend ischemic stroke
damage.

Materials and Methods

Animals and Drugs

The experimental protocol was approved by the Ethics Com-
mittee for Animal Experimentation and was performed ac-
cording to the Guidelines for Animal Experimentation of the
Fourth Military Medical University, Xi’an, China. The exper-
iments were carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80–23) revised in 1996; in our
study, we have made efforts to minimize the number of
animals used and the sufferings caused to them.

Male C57BL/6 mice aged between 8 and 12 weeks
were obtained from the Animal Experimentation of the
Fourth Military Medical University, Xi’an, China. Before
drug treatment or surgery, mice were kept under control
conditions with a 12-h light–dark cycle, temperature at 21
±2 °C, and humidity of 60–70 % for at least 1 week.
Water and food were freely available. All the experimen-
tal mice weighed 20–25 g and were randomized into
different treatment groups.

CB1R antagonist agents AM251 and SR141716 were dis-
solved in dimethyl sulfoxide (DMSO) and Tween-80, respec-
tively, followed by dilution in saline. The proportion of
DMSO/Tween-80/saline was 1:1:18. On the basis of data used
in previous study [27], the dosage of 1 mg/kg was chosen for
both the antagonists.

Two CB1R agonist agents WIN 55,212-2 and arachidonyl-
2-chloroethylamide (ACEA) were purchased from Tocris Bio-
science (Bristol, Avon, UK). ACEA was administrated intra-
peritoneally (i.p.; 2.5 mg/kg) in 5 % DMSO, 30 min before
MCAO. The dosage selected for WIN 55,212-2 was of

Fig. 6 Hypothetical model of the
Mn-SOD is involved in EA pre-
treatment through cannabinoid
CB1-mediated STAT3
phosphorylation. EA pretreatment
increases the production of the
endogenous cannabinoids AEA
and 2-AG [18], which
subsequently activate CB1
receptor. Activated CB1R
promotes the phosphorylation of
STAT3 at Y705 followed by
ischemia and reperfusion. The
enhanced phosphorylation of
STAT3 increases the transcription
of Mn-SOD gene [24] and
upregulates the expression ofMn-
SOD protein. The upregulation of
Mn-SOD confers anti-oxidative
effects against transient focal
cerebral ischemia and
reperfusion, which results in
inhibition of neuronal apoptosis
and the desirable goal of
protecting cerebral neurons from
ischemia
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1 mg/kg which was based on detailed data from previous
study [46].

The small silence RNA of Mn-SOD and its scramble RNA
was supplied by QIAGEN (Germany). The sentence and anti-
sentence were as follows: 5′-GGCUUACUAUUAAACAUU
ATT-3′ and 5′-UAAUGUUUAAUAGUAAGCCTA-3′. The
administration paradigm of short interfering RNA (siRNA)
was applied by intracerebroventricular injection. The stereo-
taxic coordinates were 0.4 mm posterior and 1.0 mm lateral to
the bregma and 2.5 mm below the surface of the skull.

Experimental Protocol

Experiment I

To determine the effect of EA pretreatment on Mn-SOD
expression after cerebral ischemia/reperfusion, the mice were
randomly divided into four groups: sham, EA, MCAO, and
EA+MCAO (n=10 for each group). At 2 h after reperfusion,
the Mn-SOD protein was measured by usingWestern blot and
immunoflourescent staining.

Experiment II

To elucidate the role of the Mn-SOD in EA-induced neuro-
protection, the effect of Mn-SOD siRNA on neuroprotection
of EA pretreatment was evaluated. The mice were randomly
divided into sham, EA, MCAO, EA+MCAO, EA+Mn-SOD
siRNA, and EA+control siRNA groups (n=20 for each
group). The neuroprotective effect induced by EA pretreat-
ment was examined by neurological score and infarct volumes
at 24 h after reperfusion. In addition, the oxidative stress index
was measured by the content of ROS, MDA, 8-hydroxy-2-
deoxyguanos ine (8 -OHdG) , n i t ro ty ros ine , and
dihydrothidium (DHE) staining at the corresponding time
point. Terminal deoxynucleotidyl transferase-mediated
dUDP-biotin nick end labeling (TUNEL) staining was used
to evaluate the apoptotic level.

Experiment III

To assess the regulatory effect of EA pretreatment on Mn-
SOD expression and STAT3 activation via CB1R, the mice
were randomly assigned to MCAO, EA+MCAO, EA+
AM251, EA+SR141716, and EA+vehicle groups (n=5
for each group). The vehicle group received 10 μl of
50 % DMSO intraventricularly. Furthermore, two CB1R
agonists were used in this protocol. The mice were ran-
domly assigned to MCAO, MCAO+WIN, MCAO+
ACEA, and MCAO+vehicle groups (n=5 for each group).
The expression of Mn-SOD and STAT3 activation level
was assessed by Western blot at 2 h after reperfusion.

Electroacupuncture Pretreatment

EA pretreatment was performed as described in our previous
studies [17, 18, 27]. The acupoint Baihui (GV20) was stimu-
lated with the intensity of 1 mA and frequency of 2/15 Hz for
30 min by using the Hwato EA Instrument (Model No. SDZ-
V, Suzhou Medical Appliances Co., Ltd., Suzhou, China). At
2 h after EA pretreatment, mice were subjected to cerebral
ischemic injury or sham operation.

Transient MCAO Model

Firstly, all the mice were anesthetized with 10 % chloral
hydrate (350 mg/kg) by i.p. injection. The focal cerebral I/R
injury was induced in the mice according to previous practice
[47]. In brief, the right MCAwas occluded by an insertion of a
6-0-nylon monofilament suture (Ethicon Nylon Suture,
Ethicon Inc, Japan) with heat-blunted tip through the right
common carotid artery. The suture was allowed to remain in
position for 1 h and subsequently removed to allow reperfu-
sion. To control the MCAO severity, regional cerebral blood
flow was determined by transcranial laser Doppler flowmetry
(PeriFlux 5000, Perimed AB, Sweden). During the surgical
procedures, the rectal temperature of mice was monitored and
maintained at about 37±0.5 °C. After withdrawing the suture
and recovery from anesthesia, the mice were returned to their
cages with free access to food and water.

Neurobehavioral Evaluation and Infarct Measurement

At 24 h after reperfusion, a 5-point scoring system reported by
Longa with modifications was used to assess the neurological
deficiency by a blinded observer [48]. Then brains were
removed, from deeply anesthetized mice, and the infarct vol-
ume was measured according to the protocol described previ-
ously [16]. The brain sections were stained with standard 2 %
2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich, St.
Louis, MO) for 10 min at 37 °C followed by overnight
immersion in 4 % paraformaldehyde and were photographed
with a digital camera (Canon G11, Canon Inc., Japan). Un-
stained areas were defined as infarct and were measured using
an image analysis software (Adobe Photoshop 8.0 CS for
Windows) by an investigator blinded to the experimental
grouping. The evaluation of infarct volume was done accord-
ing to the fo l lowing equat ion : re la t ive infa rc t
volume=(contralateral area−ipsilateral non-infarct area)/con-
tralateral area.

TUNEL Staining

The apoptosis of neuronal cells in the ischemic penumbra was
detected by quantitative TUNEL staining as reported previ-
ously. In brief, tissues were fixed with 4 % paraformaldehyde
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at 24 h after reperfusion. Under a light microscope, 32 pixels
(0.10 mm [2] per one) were located by using a ×100 magni-
fication objective lens. The total number of apoptotic-positive
cells in the pixels was counted and expressed as cells per
millimeter [2].

Immunoflourescent Staining

After frozen preparation, brains were cut on a cryostat into
10-μm thick coronal sections at 1.3 mm rostral from bregma.
Mn-SOD labeling was performed incubating sections with
primary anti-Mn-SOD rabbit polyclonal antibody (Millipore;
1:50 dilution) and primary anti-mouse Neuronal Nuclei poly-
clonal antibody (NeuN, 1:500; Millipore) overnight at 4 °C.
Then, sections were followed by washing three times in
phosphate-buffered saline and incubated with green-
fluorescent Alexa Fluor 488 and red-fluorescent Alexa Fluor
594 (1:500 for both; Vector Laboratories, Inc., Burlingame,
CA) for 1 h at room temperature. By using a fluorescence
microscope (BX51, Olympus, Tokyo, Japan), all sections
were observed and the images were captured subsequently.

DHE Staining

At 24 h after reperfusion, mice were euthanized and perfused
with saline containing with 5 % heparin. Brain tissues were
dissected and frozen with TBS-tissue freezing medium in dry
ice for 15 min, then cut into 20 mm slices, and followed by
addition of 40 μl DHE working solution to every section.
Then, the slices were incubated at 37 °C for 30 min in the
dark, and sections were observed and the images were cap-
tured subsequently as described above.

Western blot

The brains of anesthetized mice were promptly removed at 2 h
after reperfusion. The harvest of ischemic penumbra was
performed according to the protocol reported previously
[28]. Brain tissue was homogenized in ice-cold RIPA lysis
buffer (Beyotime, Nantong, China), which was added to 1 %
phenylmethanesulfonyl fluoride (PMSF). Bradford method
was used to determine the whole protein concentration. West-
ern blot was performed in accordance with the standard pro-
tocol. Antibodies used in the present study were as follows:
anti-Mn-SOD rabbit polyclonal antibody (Millipore; 1:500
dilution), anti-phosphorylated STAT3 (Y705) rabbit monoclo-
nal antibody (Cell Signal Technology; 1:1000), anti-total
STAT3 rabbit monoclonal antibody (Cell Signal Technology;
1:1000), and GAPDHmonoclonal antibody (Abcam; 1:2000),
β-tubulin monoclonal antibody (Abcam; 1:1000). The mem-
branes were incubated with appropriate secondary horseradish
peroxidase-conjugated goat–anti-rabbit second antibody at
room temperature for 1 h, after washing three times in Tris-

buffered saline containing Tween-20. Quantitative analysis for
Western blot was districted after scanned the specific protein
bands by enhanced chemiluminescent reagent (ECL;
Millipore). The changes in protein activation were presented
with the ratio of β-tubulin or GAPDH.

ELISA Analysis

Penumbra samples from right ischemic hemisphere were ho-
mogenized in ice-cold saline with a 1:10 weight-to-volume
value. The homogenized samples were centrifuged at
3000 rpm for 15 min at 4 °C, and then the supernatant was
collected. The measurement of oxidative stress productions,
8-OHdG (Cayman, USA), MDA (Beyotime, Nantong, Chi-
na), ROS (West-tone, Shanghai, China), and nitrotyrosine
(Millipore, USA), was performed according to their
instructions.

Statistical Analysis

For statistical analysis, the software SPSS 18.0 for Windows
was used. The neurologic scores were described as the median
±interquartile range and were analyzed by the Kruskal–Wallis
test followed with the Mann–Whitney U test and Bonferroni
post hoc correction. The other values were expressed as mean
±SEM. The data was analyzed by one-way ANOVA and
followed by Bonferroni correction for post hoc t test. All
values of P<0.05 were accepted as statistically different.
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