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Abstract: Exact mechanism of cerebral ischemic stroke remains unclear. The calcium-sensing receptor (CaSR), a
G-protein coupled receptor, has been reported to participate in the pathology of myocardial ischemia-reperfusion
(I/R) injury and myocardial hypertrophy. Nevertheless, only a limited number of studies have been conducted to in-
vestigate the role of CaSR in cerebral ischemic stroke. This study was to investigate the effect of CaSR activation on
cerebral ischemic stroke. Male adult Kunming mice were subjected to 2-h focal cerebral ischemia followed by 22-h
reperfusion. Then, the brain was collected, and the expression of CaSR, JNK, p38, Bcl-2, and Bax was detected by
Western blot assay. The morphology of neurons in the brain was evaluated by HE staining. Neurological function was
scored, and the infarct volume was determined by TTC (triphenyltetrazolium chloride) staining. Results showed that
ischemia/reperfusion (I/R) increased CaSR expression and induced neuronal apoptosis in the brain. Gadolinium
trichloride (GdCl,), an agonist of CaSR, further deteriorated neurological dysfunction, increased infarct volume,
enhanced CaSR expression, and promoted neuronal apoptosis. In addition, GdCI, unregulated expression of Bax,
p-JNK, and p-p38, and down-regulated Bcl-2 expression during I/R, which were attenuated by NPS2390, an inhibitor
of CaSR. In conclusion, the CaSR activation promotes apoptosis in focal cerebral I/R in mice, which may be related
to the activation of JNK/p38 MAPK signalling pathway. Targeting CaSR may be a novel strategy for the prevention
and treatment of cerebral ischemic stroke.
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Introduction mortality and disability remain at a high level in

many countries.
Ischemic stroke is one of the major causes of

human death and significantly increases the
social and family burden throughout the world
[1]. Restoration of the cerebral flow is funda-
mental for survival after ischemic stroke.
However, the reperfusion after recanalization
may further induce tissue damage through
some mechanisms involving excitotoxicity, cal-
cium overload, inflammation, apoptosis, and
blood-brain barrier (BBB) injury [2, 3], but the
exact mechanism is still poorly understood.
Although the survival and quality of life have
been improved in ischemic stroke patients with
the development of medical technologies, the

In 1993, Brown et al. cloned the calcium-sens-
ing receptors (CaSR), a seven transmembrane
family of class C G protein-coupled receptors
(GPCRs), from the parathyroid chief cells [4].
The human CaSR is a polypeptide composed of
1078 amino acids. It has an NH_-terminal extra-
cellular domain (ECD), a 7-transmembrane
region, and an intracellular COOH-terminal tail
[B]. CaSR is extensively expressed in many tis-
sues and organs, including the stomach, kid-
ney, bone marrow, thyroid, and smooth muscle
[6-8]. CaSR has been reported to play an essen-
tial role in modulating systemic calcium homeo-
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stasis, gene expression, apoptosis and differ-
entiation [9].

CaSR is expressed in many regions of the brain
at widely varying levels. Recent evidence sug-
gests that it is able to maintain the Ca?* con-
centration and ion permeability in the brain
[10]. CaSR can be activated by both extracellu-
lar Ca?* and many ligands, including divalent
and trivalent cations, L-amino acids, and poly-
amines [11]. CaSR activation may induce the
activation of some intracellular signaling path-
ways, including mitogen-activated protein kin-
ases (MAPKs). In adult rat heart, Wang et al.
reported for the first time that extracellular cal-
cium increased the intracellular free calcium
[Ca?"], through the Gg-PI3-PLC pathway [12].

It has been revealed that the CaSR activation is
involved in cardiac ischemia-reperfusion (I/R)
injury and may promote ventricular cardiomyo-
cyte apoptosis in neonatal rats through acti-
vating MAPK signalling pathway [13]. However,
few studies have been conductced to investi-
gate the role of CaSR in cerebral ischemic
stroke. This study was to establish a mouse
model of focal cerebral ischemia-reperfusion
with previosuly reported method and investi-
gate the expression of CaSR as well as the
effect of CaSR activation on the potential intra-
cellular signaling pathways in cerebral ischemic
stroke.

Materials and methods
Materials

Gadolinium trichloride (GdCl,), 2,3,5-triphenyl-
tetrazolium chloride (TTC) and NPS2390 were
purchased from Sigma-Aldrich Co. LLC. MO,
USA. The anti-CaSR antibody was from Santa
Cruz Biotechnology®, Inc., TX, USA. Antibodies
against JNK/p-JNK and p38/p-p38 were pur-
chased from Bioworld Technology Inc, MN, USA.
Antibodies against Bax, Bcl-2 and actin were
obtained from Beijing Zhongshan lJingiao
Biotechnology Co., Ltd, Beijing, China.

Animals
56 healthy male adult Kunming mice weighing

23-25 g were purchased from the Experimental
Animal Center of Anhui Medical University
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(License: SCXK [Wan] 2011-002). The animals
were allowed to accommodate the environment
for one week before experiments. Animals were
housed with a 12 h light/dark cycle and given
ad libitum access to food and water. The experi-
mental procedures used in this study were
reviewed and approved by the Animal Expe-
riment Ethics Committee of Anhui Medical
University.

Experimental protocol

The animals were randomly assigned to 4
groups (n = 14 per group): (1) Sham-operated
group (2) I/R group: mice were subjected to a
middle cerebral artery occlusion (MCAQ) for 2 h
followed by 22-h reperfusion (3) I/R + GdCl, (a
specific activator of CaSR) group: mice under-
went I/R injury and GdCl, (16 mg/kg) were
infused via the tail vein at 30 min and 120 min
after ischemia; (4) I/R + NPS2390 (an inhibitor
of CaSR) group: mice underwent I/R injury and
were infused subcutaneously with NPS2390
(1.5 mg/kg) at 30 min and 120 min after isch-
emia. After reperfusion, the mice were subject-
ed to following tests.

Establishment of MCAO model in mice

Focal cerebral I/R was induced with monofila-
ments according to described previously [14,
15]. Male Kunming mice were weighed and
intraperitoneally anesthetized with 7% chloral
hydrate (0.05 ml/10 g). A midline incision was
made in the neck, and the right common carot-
id artery (CCA), the external carotid artery (ECA),
and the internal carotid artery (ICA) were
exposed. The ECA and the CCA were ligated
using 6-0 sutures, while the ICA was occluded
with a clamp. Thereafter, a silicone-coated 6-0
nylon monofilament was advanced into the ICA
though a small hole in the CCA until the tip
blocked the origin of the middle cerebral artery
(MCA; about 10 mm away from the carotid
bifurcation). The surgical incisions were closed
with 6-0 sutures. During the operation, the rec-
tal temperature was maintained at 37°C. After
120 min, the monofilament was slowly with-
drawn for reperfusion and the mice were put
back into cages and housed at 26 + 2°C for 22
h. Similar procedures without MCA occlusion
were performed in mice of sham-operated
group.

Am J Transl Res 2016;8(2):911-921



Calcium-sensing receptor activation promotes apoptosis

Neurological deficit score

#4

o
3

%%
*%k

£
o
I

©
o
#

L]
?

*%k

Infarct volume(%)

-
o
1

Figure 1. The cerebral infarct volume and neurological function in different groups. A. TTC-staining of brain slices
(2 mm for each scale); B. Quantitative analysis of cerebral infarct volume; C. Quantitative analysis of neurological
function. a: Sham group, b: I/R group, ¢: I/R + Gdcl, group, d: I/R + NPS2390 group (n = 6 per group). #P<0.01 vs

sham group; "P<0.05, "*P<0.01 vs I/R group.

Neurofunction evaluation

Twenty-four hours following the surgery, the
neurological function was examined blindly
according to previously described [14]: O - no
neural function deficit; 1 - left forepaw weak-
ness; 2 - turns to the left; 3 - falling to the con-
tralateral side; 4 - unable to walk spontaneous-
ly and even coma.

Measurement of cerebral infarct volume

The brain was carefully removed after 22-h
reperfusion, and sectioned into 2-mm coronal
sclices. The brain slices were then incubated in
1% TTC in dark (37°C, 20 min) and then fixed in
10% formalin. Photographs of the brain slices
were taken with a digital camera (Nikon, Tokyo,
Japan) and the infarct area of each coronal
slice was analyzed using the Image J analysis
software. The ratio of infarct volume was calcu-
lated using the following formula [16]. Infarct
volume ratio = (XInfarct area x thickness)/
(2whole brain area x thickness) x 100%.

Histopathological examination

At the end of each experiment, the brain was
collected, fixed in 10% formalin, embedded in
paraffin, cut into sections (4 ym in thickness),
deparaffinized, and stained with haematoxylin
and eosin (H&E). The histological examination
was performed under a light microscope.

Western blot assay

The brain was collected and washed with nor-
mal saline (NS) at 4°C. The hippocampus and
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cortex of the injured hemisphere were then har-
vested and stored at -80°C until assay. The hip-
pocampus and cortex were homogenized, inde-
pendently, in cold lysis buffer containing PMSF.
After centrifugation for 10 min at 12,000 rpm
at 4°C, the supernatant was collected. The pro-
tein concentration was measured with the BCA
protein assay kit (Beyotime Institute of Bio-
technology, Jiangsu, China). The proteins were
mixed with loading buffer, loaded onto 8%,
10%, 12%, or 15% gels and separated by sodi-
um dodecy! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). All the proteins were
transferred onto polyvinylidene fluoride (PVDF)
membranes by wet electrophoresis (100 mA for
120 min), which were then blocked with 5%
milk at room temperature for 1 h. The mem-
branes were incubated overnight at 4°C with
primary antibodies: anti-CaSR (1:100), anti-p-
JNK/JNK (1:1,000), anti-p-p38/p38 (1:1,000),
anti-Bax (1:800), anti-Bcl-2 (1:800), and anti-3-
actin (1:1,000). After washing with TBST, the
membranes were exposed to anti-mouse or
anti-rabbit secondary antibodies (1:10,000) at
37°C for 2 h. The visualization was performed
using an enhanced chemiluminescence system
(ECL). B-actin was used as an internal control.
There were 6 samples in each group.

Statistical analysis

All data were expressed as mean + standard
deviation (SD) and then analysed with SPSS
version 15.0 for Windows. Comparisons were
done with one-way analysis of variance (ANO-
VA). A value of P<0.05 was considered statisti-
cally significant.

Am J Transl Res 2016;8(2):911-921
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Figure 2. Pathological changes of brain tissues after cerebral I/R. (A) Hematoxylin and eosin (HE) staining of the hippocampal CA1 region (a-h) and CA3 region (a-d,
i-l) in sham (a, e, i), I/R (b, f, j), I/R + Gdcl, (c, g, k) and I/R + NPS2390 (d, h, I) groups. (B) Hematoxylin and eosin (HE) staining of the cortex in sham (m), I/R (n), I/R
+ Gdcl, (0) and I/R + NPS2390 (p) groups. Scale bar = 50 pm.
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Figure 3. CaSR expression in the cortex (A, C) and hippocampus (B, D) after cerebral I/R (Western blot assay) (n =
6 per group), #P<0.05, #P<0.01 vs sham group; “P<0.05, ““P<0.01 vs I/R group.

Results

Neurological function and cerebral infarct vol-
ume

All the mice except for those in the sham group
presented neurological deficits (Figure 1B). The
neurofunction score of I/R group was 1.83 *
0.41, which increased significantly after admin-
istration of Gdcl, (2.83 + 0.41, P<0.01 vs I/R
group). However, the neurolofunction score of
NPS2390 group reduced dramatically (1.17 *
0.40, P<0.05 vs I/R group).

After TTC staining, the normal tissues were
stained deep red while the infarct area was
pale grey (Figure 1A). No infarction was
observed in sham group. The cerebral I/R
caused a significant increase in the infarct vol-
ume. After administration of Gdcls, the infarct
volume increased significantly, while NPS2390
dramatically decreased the infarct volume
(Figure 1C, P<0.01 vs I/R group). The cerebral
infarct volume of I/R group, Gdcl, group and
NPS2390 group was 24.34 + 5.06%, 40.07 +
10.21%, and 9.89 + 5.81%, respectively.

Histological changes in the brain

After HE staining, the hippocampal CA1 region,
CA3region, and cortex (Figure 2) were observed
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under a light microscope. The brains of sham
group had no evident pathological changes
(Figure 2e, 2i, 2m). Neurons in the hippocam-
pal CA1 region of I/R group exhibited anachro-
masis and pyknosis of nuclei as well as shrunk-
en cell body. There were deformation and swell-
ing of the nerve cells, interstitial edema, and
tissue damage in I/R group. The neurons were
sparse and showed disordered structures.
Moreover, a large number of neurons lost struc-
tural integrity with obvious karyopyknosis and
disintegration of nucleoli. Gdcl, significantly
aggravated the abnormalities caused by I/R,
especially in the hippocampal CA1l region
(Figure 2g, 2K, 20), while NPS2390 markedly
inhibited cellular swelling and nuclear loss in
the hippocampal CA1 region, CA3 region, and
cortex (Figure 2h, 21, 2p).

Expression of CaSR

The CaSR expression in the cortex and the hip-
pocampus was measured by Western blot
assay. The CaSR protein had the molecular
weight of 160 kDa. The CaSR expression was
at a low level in sham group, but significantly
increased in I/R group in both cortex and hip-
pocampus (P<0.05, P<0.01 vs sham group).
The CaSR expression was markedly higher in
I/R + Gdcl, group than in I/R group (P<0.05),

Am J Transl Res 2016;8(2):911-921
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Figure 4. Bax and Bcl-2 expression in the cortex after
cerebral I/R (Western blot assay). Western blot assay
for Bax (A, C) and Bcl-2 expression (A, B) in the cortex
(n = 6 per group). ¥P<0.05 vs sham group; "P<0.05
vs I/R group.

while NPS2390 decreased the CaSR expres-
sion (P<0.05, P<0.01 vs I/R group). (Figure 3A
and 3B).

Bcl-2 and Bax expressions

In order to investigate the pathway through
which GdCl, promotes apoptosis, the expres-
sion of pro-apoptotic Bax and anti-apoptotic
Bcl-2 was detected in the cortex and hippocam-
pus by Western blot assay. The Bax expression
significantly increased in the cortex and hippo-
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Figure 5. Bax and Bcl-2 expression in the hippocam-
pus after cerebral I/R (Western blot assay). Western
blot assay for Bax (A, C) and Bcl-2 expression (A, B) in
the cortex (n = 6 per group). ¥P<0.05 vs sham group;
“P<0.05 vs I/R group.

campus of I/R group as compared to the sham
group (P<0.05). Gdcl, treatment further incre-
ased Bax expression (P<0.05 vs I/R group),
while Bax expression markedly reduced in
NPS2390 group (P<0.05 vs I/R group). The
Bcl-2 expression was decreased after cerebral
I/R in the cortex and the hippocampus (P<0.05
and P<0.01 vs sham group, respectively), and
GdCl, further down-regulated Bcl-2 expression
(P<0.05 vs I/R group), while NPS-2390 mark-
edly increased Bcl-2 expression (P<0.05 vs
I/R). (Figures 4 and 5).

Am J Transl Res 2016;8(2):911-921
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Figure 6. p-JNK and p-p38 expression in the cortex after cerebral I/R (Western blot assay). Western blot assay for
p-JNK (A, C) and p-p38 (B, D) expression in the cortex (n = 6 per group). *P<0.05, #P<0.01 vs sham group; “P<0.05,

**P<0.01 vs I/R group.

Expression of phosphorylated JNK and p38

The activity of MAPK signalling pathway was
evaluated after CaSR activation in the cerebral
I/R. The expressions of phosphorylated JNK
(p-JNK) and phosphorylated p38 (p-p38) in the
cortex and hippocampus were detected by
Western blot assay. Our results showed that
the expression of total JNK and p38 in the bra-
in was comparable among groups. A low p-JNK
expression was detected in the cortex and hip-
pocampus of sham group, while p-JNK expres-
sion was up-regulated significantly after I/R
(P<0.01 vs sham group). GdCl, could further
enhance the p-JNK expression induced by I/R
(P<0.01 vs I/R group), but p-JNK expression
was dramatically inhibited by NPS2390 (P<
0.01, P<0.05 vs I/R group). Only a weak p-p38
expression was observed in sham group, but
p-p38 expression markedly increased in the
cortex and hippocampus after cerebral I/R
(P<0.05, P<0.01 vs sham group). GdCI, further
increased the p-p38 expression in the cortex
and hippocampus (P<0.05 vs I/R group), while
NPS2390 significantly inhibited the p-p38
expression (P<0.05 vs I/R group) (Figures 6
and 7).
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Discussion

Ischemic stroke significantly affects human
health, but few medicines are available and the
mortality of ischemic stroke is still at a high
level. Recanalization seems to be fundamental
for survival. However, it may cause reperfusion
injury, even deteriorating the general ischemia.
It is well known that calcium overload and
apoptosis are involved in the pathogenesis of
cerebral ischemic stroke. CaSR, a member of
the superfamily of class C GPCRs, has been
reported to participate in the pathology of myo-
cardial I/R and myocardial hypertrophy [17].
However, little is known about the role of CaSR
in the cerebral ischemic stroke. In the present
study, a mouse model of focal cerebral I/R inju-
ry was established, and GdCl, (a specific CaSR
activator) as well as NPS2390 (a specific CaSR
inhibitor) were employed, aiming to investigate
the potential role and mechanisms of CaSR in
the pathophysiological processes of cerebral
I/R injury.

In this study, neurological deficit scores were
evaluated and the infarct volume was deter-
mined by TTC (triphenyltetrazolium chloride)

Am J Transl Res 2016;8(2):911-921
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Figure 7. p-JNK and phosphor-p38 expression in the hippocampus after cerebral I/R (Western blot assay). Western
blot assay for p-JNK (A, C) and p-P38 (B, D) expression in the hippocampus (n = 6 per group). #P<0.05, #P<0.01 vs

sham group; “P<0.05, *"P<0.01 vs I/R group.

staining. Neuron apoptosis was examined by
HE staining and CaSR expression was evaluat-
ed by western blotting. Our results showed
cerebral I/R could significantly up-regulate the
CaSR expression, cause neurological dysfunc-
tion and infarction, and induce neuronal apop-
tosis. These changes were further deteriorated
by GdCl,, but improved by NPS2390. These
findings suggest that CaSR may contribute to
the development of cerebral ischemic stroke
and the increased CaSR expression is closely
related to the neuronal apoptosis during cere-
bral I/R.

There are two major forms of cell death after
brain ischemia injury: necrosis and apoptosis
[18]. A plethora of evidence has demonstrated
that apoptosis is several times more common
than necrosis. Apoptotic mechanisms are high-
ly intricate and sophisticated, involving an ener-
gy-dependent cascade of molecular events
[19]. To date, two central pathways for apopto-
sis induction have been described: the intrinsic
pathway (or mitochondria-mediated pathway)
and the extrinsic pathway (or death receptor-
mediated pathway) [20]. The intrinsic pathway
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appears to be more complex and its molecular
mechanism remains unclear. However, it is
known that mitochondria play a pivotal role in
this pathway [21]. Oxidative stress and calcium
overload may damage the mitochondria, caus-
ing the release of cytochrome C and then acti-
vating the caspase cascade [22]. The Bcl-2 pro-
tein family is a significant participant in the
mitochondrial pathway of apoptosis. Bcl-2 pro-
tein family includes two classes of regulatory
proteins, pro-apoptotic proteins Bax and Bak,
and anti-apoptosis proteins Bcl-2 and Bcl-x [23,
24]. Bcl-2 is an important anti-apoptotic protein
that protects cells against apoptosis [25].
Evidence has demonstrated that the Bcl-2 over-
expression can inhibit the neuronal apoptosis
[26, 27]. In contrast, Bax that is regulated by
the Bcl-2 family has been reported to play an
essential role in regulating apoptotic cell death.
The anti-apoptotic effect of Bcl-2 impedes the
activity of pro-apoptotic Bax.

To investigate the neuronal apoptosis after
cerebral I/R with respect to the activation of
CaSR, the expression of Bcl-2 and Bax was
detected by Western blot assay. Our results

Am J Transl Res 2016;8(2):911-921
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showed that |I/R considerably increased the
Bax expression but down-regulated the Bcl-2
expression. The CaSR agonist (GdCl,) or antag-
onist (NPS2390) further augmented or weak-
ened the effects of I/R on the expression of
apoptosis related proteins. These suggest that
the pro-apoptotic role of CaSR in cerebral I/R is
related to the down-regulation of Bcl-2 expres-
sion. Subsequently, the mechanism by which
CaSR regulates neuronal apoptosis in focal
cerebral I/R was further explored.

MAPKs play a prominent role in the adaptation,
proliferation, and differentiation of neurons.
Moreover, the MAPK signalling pathway is
essential for the regulation of inflammation and
apoptosis during cerebral I/R. The MAPK sig-
nalling pathway is generally organised into
three major subgroups, consisting of ERK1/2,
C-Jun N-terminal kinases (JNKs) and p38 kinas-
es [28-30]. Several studies have shown that
the ERK1/2 activation usually protects neurons
from apoptosis, whereas prolonged activation
of p38 and/or JNK often causes neuronal cell
death [31-35]. Tournier et al. found that the
phosphorylation of JNK could regulate down-
stream signalling pathways associated with
apoptosis in ischemic injury [36]. p38 MAPK
has been shown to be activated following focal
cerebral ischemia [37]. However, the role of
p38/MAPK in stroke is still controversial.
Although the inhibition of p38 MAPK is able to
protect neurons from apoptosis in permanent
and transient MCAO [38, 39], in one study, p38
was proven to deteriorate brain injury [40].
Moreover, p38 has been reported to mediate
the Bax translocation in nitric oxide-induced
apoptosis in neurons [41].

In order to investigate the relationship between
MAPK pathway and CaSR activation following
cerebral I/R, the expression of JNK and p38
was detected. Our results showed that cerebral
I/R and GdCl, had no influence on the expres-
sion of total JNK and p38 but significantly
increased the phosphorylation of JNK and p38,
which was accompanied by the elevated apop-
tosis and brain injury. However, NPS2390 mark-
edly attenuated the phosphorylation of JNK
and p38, which was accompanied by the atten-
uation of apoptosis and brain injury. These find-
ings suggest that CaSR is involved in cerebral
ischemic stroke, and may exert pro-apoptotic
effect in the mouse model of focal cerebral I/R.
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Conclusion

In summary, our results demonstrate that CaSR
is activated following focal cerebral I/R in mice
and may promote neuronal apoptosis via up-
regulating Bax expression and down-regulating
Bcl-2 expression, which may be regulated by
the JNK/p38 MAPK signalling pathway. Thus,
strategies targeting CaSR may be helpful for
the prevention and treatment of cerebral isch-
emic stroke.
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