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Abstract: Neuropathic pain (NPP) is deemed as a potential risk of stroke; however, recent pieces of evidence showed
that calcitonin gene-related peptide is involving in pain progression as well as organ protection. The mechanisms un-
derlying the neuroprotection of calcitonin gene-related peptide are yet poorly described with respect to stroke. The
present study showed that the elevated level of calcitonin gene-related peptide-induced by NPP exerts a protective
effect against stroke in rats, which was further confirmed in vivo and vitro via mitigation of inflammatory response,
inhibition of neuronal cell apoptosis, and increase in regional cerebral blood flow. Repetitive transcranial magnetic
stimulation at trigeminal ganglion was performed to simulate to facilitate the release of calcitonin gene-related
peptide for a similar neuroprotective effect. Together, these findings posit that the release of calcitonin gene-related
peptide-induced by NPP or repetitive transcranial magnetic stimulation protects against stroke in rats. Thus, repeti-
tive transcranial magnetic stimulation could have high application prospects for the prevention and treatment of
stroke.
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Introduction

Stroke is also known as ischemic stroke and
hemorrhagic stroke and the second leading
cause that compromises the human species
[1]. The ischemic stroke produces immediate
neurological deficits and massive cerebral
infarction, which leads to neuronal cell death,
exacerbating blood-brain barrier damage, mi-
crovascular failure, and brain edema, eventu-
ally causing death and disability [2]. Numerous
modifiable risk factors, such as hypertension,
diabetes mellitus, dyslipidemia, and inflamma-
tion, are responsible for stroke [3]. Hypertension
has been associated with hemorrhagic stroke
and also contributes to atherosclerotic disease,
which can also initiate ischemic stroke [4].
Chronic pain is widely recognized to impact
blood pressure and is associated with an
increased risk of hypertension [5]. However,
the correlation between pain and stroke is not
yet clarified.

Neuropathic pain (NPP) is a lesion affecting the
somatosensory system that leads to a long-
term debilitating condition, thereby declining
the quality of life. A series of pathophysiological
changes of NPP cause patients to suffer anxi-
ety, depression, and elevated blood pressure
[6]. Nevertheless, recent evidence demonstrat-
ed that various NPP-related molecules, includ-
ing calcitonin gene-related peptide (CGRP) and
adenosine (ADO) are involved in pain progres-
sion as well as organ protection [7, 8]. Therefore,
studies evaluating the correlation between NPP
and stroke occurrence and severity were war-
ranted. Previous studies also indicated that
inflammatory responses after a stroke have a
pivotal role in secondary brain injury and other
pathophysiological consequences [9]. Addi-
tionally, the transformation of focal inflamma-
tion to global inflammation might continuously
shape the evolving pathological process and
directly affect the clinical outcome of patients
[3]. Although the study of the pathological pro-


http://www.ajtr.org

CGRP protects against stroke in rats

cess is well documented, the neuroprotection
in stroke remains a conundrum that has not
been elucidated unequivocally.

Herein, we examined the effect of long-term
NPP established through nerve chronic con-
striction injury (CCl) on ischemic stroke rats
and stroke-prone spontaneously hypertensive
(SHRSP) rats. Surprisingly, the neuroprotective
effects of NPP on stroke rats further demon-
strated that the protective effect was predomi-
nantly attributed to the release of CGRP, which
was accompanied by changes in pro-inflamma-
tory cytokines, neuronal apoptosis, and region-
al cerebral blood flow (rCBF). Finally, the repeti-
tive transcranial magnetic stimulation (rTMS)
was manipulated at the trigeminal ganglion
with similar neuroprotection, which provided
the potential value of the clinical practice.

Materials and methods
Study design

The present study was designed to character-
ize the effects of NPP on stroke in vitro and in
vivo and further investigate the potential mech-
anism. The initial research focused on the phe-
notype of rats subjected to chronic constriction
injury to the left infraorbital nerve (CCI-ION),
then compared the infarction volume after mid-
dle cerebral artery occlusion (MCAO) injury.
SHRSP rats were further used to confirm the
neuroprotective effects, including the observa-
tion of demyelinating neuropathy and survival
rate. Then, as potential effectors, ADO and
CGRP were selected and detected for further
study. The expression of inflammatory cyto-
kines, apoptosis of neuronal cells and regional
blood flow were measured to characterize the
potential mechanism. Finally, stimulation of tri-
geminal ganglion with rTMS was also adminis-
trated to confirm whether the protective effect
consistently exists.

Animals

All the animal experiments were approved by
the Institutional Animal Care and Use Com-
mittee of The Second Military Medical Uni-
versity. Healthy male Sprague-Dawley (SD) rats
(6-8 weeks) and SHRSP (8-12 weeks) rats were
supplied by the Experimental Animal Center of
The Second Military Medical University. All the
rats were housed in a temperature-controlled
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facility (25 + 1°C) on a 12 h light-dark cycle.
Food and water were provided ad libitum. After
2 weeks acclimatizing to the vivrium, the experi-
ments were conducted in accordance with
institutional guidelines of Second Military Me-
dical University for health and care of experi-
mental animals. SHRSP rats were administrat-
ed with 8% high salt diet 20 d after CCI-ION. All
rats were randomized to groups, the whole pro-
cess was blinded to operators who perform the
MCAO.

NPP model of CCI-ION

Rats were anesthetized by intraperitoneal in-
jection of pentobarbital sodium (10 mg/kg).
A 0.5 cm incision was made at approximately
0.5 cm along the facio-nasal furrow of the rats
on the left side of the face, below the zygoma-
tic bone in the rats’ cheeks. The subcutaneous
tissues, muscle, and surrounding fascia were
blunt separated to expose the infraorbital fora-
men. The infraorbital nerve traveled from the
infraorbital foramen was observed in a fan-
shape distribution. A glass dissecting needle
was used to free the infraorbital nerve from the
proximal end for approximately 4 mm. The
infraorbital nerve was ligated using two pieces
of absorbable thread (5-0 chromic catgut
suture) under a microscope (about 2 mm spac-
ing) around the nerve with proper strength to
mainly form a constriction ring. The incision
was sutured using 4-0 chromic catgut suture.
In the sham operated rats, infraorbital nerve
was exposed using the same method without
any ligated. The entire operation was conduct-
ed under sterile condition. The operated rats
were sent to cages after recovering from anes-
thesia on a warming pad.

Mechanic pain threshold and rCBF measure-
ment

Behavioral reactions of the rats were tested
one day before the CCI-ION surgery and every
10 d postoperatively using the Von-Frey fla-
ments. The stimulation strengths were admin-
istrated from low to high (0.07, 0.16, 0.4, 0.6,
1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0 and 15.0 g,
respectively). Each stimulation was tested five
times on the bilateral whisker pads of the rats.
The positive symptoms are as follows: (1) Dodge
behaviors including backward movement, turn-
ing around or shaking the head to avoid the
stimuli, the rats would curl their body, move
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closer to the cage walls or hide their face and
head under their body. (2) Scratching the stimu-
lated region of the face more than three times.
(3) Aggressive behaviors of grasping and biting
the stimulating device. The mechanical pain
threshold value was recorded if one or more
symptoms were presented by the rats. rCBF in
the middle cerebral artery (MCA) dominated
area measured by Laser Doppler Flowmetry
after MCAO has been completed.

Middle cerebral artery occlusion (MCAQO) mod-
el establishment

40 d after NPP model establishment of SD ra-
ts, transient focal cerebral ischemia was
induced by the intraluminal occlusion model as
previously described [10]. SD rats were anes-
thetized with intraperitoneal injection of pen-
tobarbital sodium (10 mg/kg). The left com-
mon carotid artery (CCA) and the external carot-
id artery (ECA) were exposed via a midline ne-
ck incision. A poly-L-lysine coated monofila-
ment suture (Shadong Biotechnology Co. Ltd.,
Shanghai, China) was chosen according to the
body weight of the rats. After inserted from the
ECA into the internal carotid artery (ICA), the
monofilament suture was gently advanced into
the proximal anterior cerebral artery (18-20
mm from CCA bifurcation) to occlude the MCA.
The incision was sutured using 4-0 chromic cat-
gut suture with part of the monofilament suture
exposed. Two hours later, the monofilament
suture was pulled out to allow reperfusion for
22 h. Evaluation of neurological behavior was
administrated 24 hours after MCAOQ, the brain
and serum samples were collected for further
analysis. Body core temperature was measured
rectally and maintained at 37 + 2°C with a
heating pad and a heating lamp throughout the
procedure.

Evaluation of neurological behavior

Zea Longa test was performed by a blinded
observer to evaluate the neurological function
after 24 h following MCAO. Neurological deficit
was evaluated on a four-point scale (0-4) as
previously described [11]. (O = no deficit, 1 =
failure to fully extend right forepaw, 2 = circling
to the right side, 3 = falling to the right side, 4 =
no spontaneous walking with a depressed level
of consciousness).

Evaluation of infarction volume
Rats were sacrificed 24 h after MCAO, and the

brain was removed immediately. Serial 2 mm
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thick coronal sections were prepared with a
brain-cutting matrix (ASI Instruments, Warren,
MI, USA), and immersed in 2% 2,3,5-triphenyl-
tetrazolium chloride (TTC) solution (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) at
37°C for 30 min and then fixed with 4% phos-
phate-buffered formalin solution. Infarct size
was calculated using Image) software (NIH,
MD, USA) and corrected the possible interfer-
ence of brain edema by subtracting the volume
of the non-ischemic hemisphere from that of
the ischemic hemisphere. These values were
then multiplied by the thickness of the respec-
tive slices and summed to yield the total infarct
volume. Infarct volume (%) = total infarct vol-
ume/total section volume x 100.

Microinjection of the drugs

Rats were fixed in a stereotaxic apparatus
(Shanghai Alcott Biotech Co. Ltd., Shanghai,
China) after anesthetized. Sterile vehicle (nor-
mal saline, NS), CGRP (4 ug/kg, Abcam, UK) or
CGRP antagonist (CGRP8-37, 2 ug/kg; Sigma
Aldrich, USA) were injected into the left cerebral
cortex (1 mm anterior to the bregma and 2 mm
left of the midline) in 30 min followed by MCAO
operation. The injection velocity was 0.1 ul/min
and the total volume was 1 ul. At the end of the
injection, the micro injector was kept immobile
for 10 min before withdrawal.

Repetitive transcranial magnetic stimulation
(rTMS)

The center of the coil was in contact with the
petrous portion of left temporal bone. During
the stimulation, rats were tested while keep
them restrained, awake and calm for real and
sham stimulation. Repeated rTMS or sham
stimulation was administrated for 7 d (twice/
day) before MCAO and followed by 2 times stim-
ulation during reperfusion. The rTMS treatment
protocol for one time comprised ten 5 s strains
at a rate of 20 Hz with a 55 s intertrain interval.
The resting motor threshold (RMT) was defined
as the lowest stimulator output when the peak-
to-peak amplitude of motor evoked potentials
was greater than 5% of its maximal amplitude
in at least half of the 10 trials. The stimulation
intensity was set at 100% of the average RMT
[12, 13]. The sham treatment consisted of posi-
tioning the coil perpendicular to the scalp of the
same area and using the same frequency and
intensity sham stimulation.
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Enzyme-linked immunosorbent assay (ELISA)

The TNF-«, IL-13 and CGRP concentration lev-
els in serum and cerebral cortex were deter-
mined using ELISA kits (Westang Biotechnolo-
gy Co. Ltd., Shanghai, China) according to the
manufacturer’s instructions, respectively.

Quantitative real time-PCR (RT-gPCR)

Total RNA of brain tissue and cells was pre-
pared with the NucleoSpin RNA Il kit (MA-
CHEREY-NAGEL) according to the manufactur-
er's protocol. The expression levels of IL-1(,
TNF-a, Bcl-2 and Bax were detected by RT-
gPCR using a 7500 Real-Time PCR System
(Applied Biosystems). The primer sequences
were designed as follows: forward, 5-TGAG-
AGGGAAATCGTGCGTGAC-3’; reverse, 5’-GCTCG-
TTGCCAATAGTGATGACC-3’ (B-actin of rat); for-
ward, 5-ATCCCAAACAATACCCA-3’; reverse,
5-CAACTATGTCCCGACCA-3’ (IL-1B of rat); for-
ward, 5-CCCCAATCTGTGTCCTTCTAA-3’; rever-
se, 5-TTCAGCGTCTCGTGTGTTTC-3" (TNF-a of
rat); forward, 5-ATGTGTGTGGGGAGCGTCAA-3’;
reverse, 5-CAGAGACAGCCAGGAGAAATCAAA-3’
(Bcl-2 of rat); forward, 5-CATGAAGACAGGGG-
CCTTTTTG-3’; reverse, 5-TCAGCTTCTTGGTG-
GATGCGTC-3’ (Bax of rat). All expression levels
were normalized to B-actin gene expression
levels.

Kluver-Barrera staining

The demyelinating neuropathy of SHRSP rats
was shown with Kluver-Barrera staining. The
hippocampal CA1 region of brain tissues were
obtained 40 d after CCI-ION or sham operation.
After washed in phosphate buffer 4 times (30
min each time) and dried overnight, slides were
incubated in ddH,0 for 5 min and then dehy-
drated in 50% ethanol (EtOH) and 70% EtOH for
5 min each. Slides were placed in 0.1% luxol
fast blue MBS solution in a 65°C water bath for
24 h. The samples were rehydrated in 95%
EtOH, 70% EtOH, 50% EtOH, and ddH,0 (5 min
each), and then placed in 0.05% lithium car-
bonate solution, aqueous for 12 min with con-
stant agitation, followed by 70% EtOH (2 min),
70% EtOH (1 min), and 50% EtOH (1 min). After
counterstained in 0.1% cresyl violet acetate
solution, aqueous for 10 min, the tissues were
dehydrated in 50% EtOH (2 min), 70% EtOH (2
min), 95% EtOH (2 times, 2 min/time), 100%
EtOH (2 times, 2 min/time). The slides were
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placed in xylene (2 times, 2 min/time) and then
coverslipped with Eukitt.

Immunohistochemistry

The brain tissues of MCAO rats were obtained
for the immunohistochemical staining 22 h
after reperfusion. Briefly, rats were sacrificed
and perfused with 4% paraformaldehyde. The
brains were removed and kept in 4% parafor-
maldehyde for 6 h, then immersed in 30%
sucrose at 4°C for 4 d. After embedding in a
mixture of 25% sucrose and OCT compound
(Sakura Finetek, Torrance, CA), 15 um sections
were cut on a cryostat. The avidin-biotin com-
plex technique was used in the staining and
haematoxylin was used for counterstaining.
The primary antibodies were rabbit anti-rat
Iba-1 (1:2000, Cell Signaling). Normal goat
serum and absence of primary antibody were
used as negative control.

High performance liquid chromatography
(HPLC) and analysis

Adenosine content in brain tissues was mea-
sured by HPLC 40 d after CCI-ION. Brain tissues
were homogenized in 0.1 M perchloric acid wi-
th probe sonication (Vibra-Cell, Sonics &
Materials, CT, USA) and centrifuged at 12,000
rom for 5 min. After sieved using a 4 mm 0.22
uM nylon syringe filter (MicroSolv Technology
Corporation, NJ, USA), the supernatant was
eluted on a reverse-phase column (3 mm x 250
mm i.d., Lichrospher-100, Merck, Philadelphia,
PA, USA) with a particle size of 5 mm, at a flow
rate of 0.4 mL/min using a mobile phase (215
mM KH,PO,, 2.3 mM tetrabutylammonium
hydrogen sulfate and 4% acetonitrile) adjusted
to pH 6 with KOH. A UV detector (D-UV 6000;
Alltech, Deerfield, IL, USA) was used to detect
the signals at 260 nm. The treatment of stan-
dard solutions was the same as the samples.
All peak areas were within the linear range of
the standard curves. The adenosine values
were calculated from the linear regression
curve based on standard solutions.

Cell culture

The BV-2 and PC12 cell line was purchased
from Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences. BV-2
cells were cultured in DMEM medium and PC12
cells were cultured in RPMI 1640 medium,
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which was supplemented with 10% FBS, 100
U/mL of penicillin and streptomycin in a satu-
rated humidified incubator (37°C, 5% COz;
Thermo Fisher Scientific, MA, USA). The cells
were allowed to grow for 24 h in the culture
medium prior to treatment in all experiments.

Oxygen-glucose deprivation and reoxygenation
(OGD/R) model and cell treatments

The BV-2 and PC12 cells were pretreated pri-
marily with PBS or CGRP for 30 min, the cells
were then incubated in glucose-free Earle’s
balanced salt solution (BSS) in the Billups-
Rothenberg anaerobic chamber containing
95% nitrogen and 5% CO,. The chamber was
sealed and incubated for 2 h at 37°C. Cells
were removed from the chamber and replaced
with normal medium, normoxia and 5% CO,
conditions at 37°C for 3 h. Control cells were
incubated in a common medium under normal
conditions during the entire experiment. Cells
were then collected for further detection.

Flow cytometry

The cell death was detected by Annexin V/7AAD
staining analysis (Annexin V staining for early
apoptotic cells, and 7AAD staining for late
apoptotic or necrotic cells). Alexa Fluor 488
labeled-Annexin V and 7AAD (Invitrogen) were
used according to the manufacturer’s instruc-
tion. Flow cytometric analysis was performed
with a BD FACScalibur flow cytometer (BD
FACSCalibur TM Flow Cytometer, USA) to count
5000 cells for each experiment.

Histopathological examination

After 22 h reperfusion, the MCAO rats were
deeply anesthetized and perfused with 4°C
phosphate-buffered saline (PBS), followed by
4% paraformaldehyde through the heart. Is-
chemic brain tissues in the hippocampal CA1
region of left hemisphere were obtained and
fixed in 4% paraformaldehyde. After embedded
in paraffin and cut for 5 um slice, hematoxylin-
eosin (H&E) staining was performed according
to the manufacturer’s instructions.

Western blotting assay

The total protein from OGD/R cells was pre-
pared with cold lysis buffer containing 1 mM
phenylmethylsulfonyl fluoride according to the
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manufacturer’s instructions. After boiled in 4x
loading buffer, cell extract was subjected to
SDS-PAGE and transferred onto the PVDF mem-
branes (Millipore, USA). After blocking nonspe-
cific binding sites for 1 h with 5% dried skim
milk in TBS at 37°C, the membrane was incu-
bated with primary antibodies against Bcl-2,
Bax at 4°C overnight prior to incubation with
IRDye800CW-conjugated secondary antibody
(Rockland). The image was captured by the
Odyssey infrared imaging system (Li-Cor
Bioscience, Lincoln, NE, USA). The data were
analyzed using Imagel) software (NIH). B-actin
was used as loading control.

Statistical analysis

All the data were analyzed using statistical soft-
ware SPSS 23.0 and expressed as means +*
standard deviation. Differences among groups
were determined using one-way ANOVA, fol-
lowed by a post hoc LSD test. Comparisons
between two groups were performed using a
Student’s t test. Survival rate was compared
using Log-rank (Mantel-Cox) test. P < 0.05 were
considered to be significant.

Results

Neuropathic pain protects against stroke in
both ischemia-reperfusion and SHRSP rats

To investigate the influence of neuropathic pain
on stroke model, CCI-ION was used in the pres-
ent study (Figure S1). The neuropathic pain
induced by CCI-ION lasted for about 80 d evalu-
ated by pain threshold (Figure S2). After CCI-
ION for 40 d, SD rats were subjected to MCAO
for 2 h followed by 22 h reperfusion. Cerebral
infarction and neurological deficit scores were
evaluated by 2% TTC staining and Zea Longa
score, respectively. In comparison with the
sham-operated rats, CCI-ION rats have shown
a smaller cerebral infarct volume (Figure 1A
and 1B) and the alleviated neurological deficit
(Figure 1C). Such protective effect was consis-
tent in rats subjected to chronic constriction
injury to the sciatic nerve (CCI-SN) (Figure S3).

To further explore the role of neuropathic pain
for stroke, CCI-ION was performed in SHRSP
rats. The demyelinating neuropathy of SHRSP
was shown with Kluver-Barrera staining 40 d
after CCI-ION or sham operation. CCI-ION obvi-
ously mitigated the demyelinating neuropathy
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Figure 1. Neuropathic pain protects against stroke in both ischemia-reperfusion and SHRSP rats. (A, B) 2% TTC
staining of coronal brain sections and quantitative analysis of the infarct volume were shown that CCI-ION signifi-
cantly decreased the infarction volume than sham group. Areas of brain infarction appear white. n=5 rats. (C) Zea
Longa score of the MCAO rats indicated rats in CCI-ION group had better neurological behavior than sham group,
n=>5 rats. (D) The demyelinating neuropathy was shown with Kluver-Barrera staining, rats in CCI-ION group suffer
less demyelinating neuropathy than sham group, scale bar =100 um. (E) Longer survival rate of SHRSP rats had
been found in CCI-ION group compared with sham group, n=10 rats. Data are shown as mean + SD. Significance is
determined by Student’s t test (B, C) or Log-rank (Mantel-Cox) test (E). *P < 0.05 compared with sham group. TTC:
2,3,5-triphenyltetrazolium chloride; CCI-ION: chronic constriction injury to the left infraorbital nerve; MCAO: middle

cerebral artery occlusion.

compared with sham group (Figure 1D). Mo-
reover, 120 d survival rate of SHRSP model was
significantly higher in CCI-ION group than sham
group (Figure 1E).

CCI-ION induced neuroprotective effects were
mediated by CGRP rather than ADO

The content of ADO in cortical tissues was mea-
sured by HPLC, but it was failed to show any
significant difference between CCI-ION and
sham group (Figure S5A and S5B). Pretreatment
of 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX),
a selective high affinity antagonist ligand for A1
adenosine receptors dissolved in DMSO (5
mM), failed to abolish the effect of CCI-ION on
cerebral injury induced by MCAO (Figure S5C-
E). The results indicated that ADO may not par-
ticipate in the protective effects of CCI-ION for
stroke.
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Another pain-related molecule, CGRP, was
increased in cerebral cortex and serum of the
rats subjected to CCI-ION for 40 d compared
with sham group (Figure 2A and 2B). CGRP was
found difficult to pass through the vascular
endothelium, to identify the effects of CGRP on
ischemia-reperfusion injury, different doses of
CGRP were microinjected into cerebral cortex
30 min before MCAOQ. Cortical microinjection of
CGRP (4 ug/kg) 30 min before MCAO imitated
the protective effects of CCI-ION and decreased
the infarct volume. Preconditioning of CGRP8-
37 30 min before MCAO largely attenuated the
protective effects of CCI-ION in response to
ischemic insults (Figure 2C-E). The protective
effects were shown in a dose-dependent man-
ner (Figures S6 and S7). To sum up, these
results demonstrated CCI-ION induced neuro-
protective effects were mediated by CGRP rath-
er than ADO.
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Figure 2. CCI-ION induced CGRP elevation protects against ischemic injuries. (A) The expression levels of CGRP in
cortical tissues and (B) serum were elevated in rats subjected to CCI-ION for 40 days. n=5 rats. (C) 1 ul sterile NS,
CGRP (800 ng/ul, 4 ug/kg) or CGRP8-37 (400 ng/ul, 2 ug/kg) were injected into cerebral cortex 30 min before
MCAO in both CCI-ION and sham-operated rats. Zea Longa indicated CGRP treatment had similar protective effect
with ICC-ION model, it alleviated neurological deficits when compared with sham group. n=5 rats. (D, E) 2% TTC
staining of coronal brain sections and quantitative analysis of the infarct volume was shown that CGRP could sub-
stantially shrink the infarction volume compared with sham group, which was similar to CCI-ION model. n=5 rats.
Data are shown as mean + SD. Significance is determined by Student’s t test (A, B) or ANOVA followed by LSD post-
hoc testing (C, E). *P < 0.05 compared with sham or sham-NS group. *P < 0.05 compared with CCI-ION-NS group.

Neuroprotective mechanisms underlying the
effects of CGRP mediate via mitigate inflam-
mation and apoptosis

To investigate the potential neuroprotective
mechanisms of CGRP, we detected the expres-
sion of inflammatory cytokines in cerebral cor-
tex of MCAO rats 24 h after MCAO. Pretreatment
of CGRP (4 ug/kg) decreased the expression of
IL-1B8 and TNF-a in both mRNA and protein lev-
els compared with NS group. In contrast,
CGRP8-37 antagonized the effect and showed
increased expression of IL-13 and TNF-« (Figure
3A and 3B). Besides, immunohistochemical
staining of Iba-1 indicated that CGRP pretreat-
ment reduced the number of activated microg-
lia compared with NS group (Figure 3C). The
expressions of Bcl-2 and Bax were measured
by RT-gPCR after MCAO followed by 22 h reper-
fusion to research the effect of CGRP on neuro-
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nal apoptosis. Increased Bcl-2 expression and
decreased Bax expression in CGRP pretreat-
ment compared with NS group and the reverse
effect in CGRP8-37 group suggested that neu-
ronal apoptosis could be attenuated via CGRP
(Figure 3D and 3E). Reduced blood supply in
brain tissues is the major feature of stroke. We
found CGRP pretreatment significantly aug-
mented rCBF in the MCA dominated area,
which measured by Laser Doppler Flowmetry
after MCAO. CGRP8-37 pretreatment reduced
the blood flow conversely (Figure 3F).

CGRP regulates inflammatory response of
microglia and benefits neuron survival under
oxygen-glucose deprivation and reoxygenation
(OGD/R)

In cultured BV-2 cells, different doses of CGRP
(0, 40, 80, 160 nM) were preconditioned 30
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MCA: middle cerebral artery; rCBF: regional cerebral blood flow.

min before 2 hour’s OGD and 3 hour’s reoxy- CGRP pretreatment inhibited neuronal apopto-

genation. The mRNA and protein levels of IL-13 sis and benefited neuron survival.

and TNF-a were measured in BV-2 cells and the ) ) o

medium supernatant by RT-gPCR and ELISA, Neuroprotecttve .mec.hanlsr.n of repetitive ?ran-
scranial magnetic stimulation (rTMS) against

respectively. Pretreatment of CGRP significant-
ly diminished the expression of IL-13 and TNF-a
in a dose-dependent manner (Figure 4A-D).
The results indicated that CGRP alleviated the
inflammatory response of microglia underwent
OGD/R. In cultured PC-12 cells, CGRP (160 nM)

stroke

Nociceptive stimulus targeting trigeminal nerve
showed protective effects on stroke, however,
the neuropathic pain induced by CCI-ION leads
to physical and mental suffering. In order to

reduced the cell death induced by OGD/R as test whether magnetic stimulation of trigeminal
assessed by flow cytometric analysis of annex- nerve system could protect against stroke, we
in V staining (Figure 4E and 4F). The expression introduced fTMS at trigeminal ganglion for
of Bcl-2 and Bax in PC-12 cells under OGD/R stroke model in rats. SD rats were subjected to
were measured by Western blot. CGRP pre- tTMS or sham stimulation for 7 d (twice/day)
treatment (160 nM) elevated the expression of before MCAO followed by 2 times stimulation
Bcl-2 and reduced the expression of Bax (Figure during reperfusion. Rats subjected to CCI-ION
4G and 4H). The results above indicated that for 40 d before MCAO were served as positive

61 Am J Transl Res 2020;12(1):54-69



CGRP protects against stroke in rats

A 8- B 4
6 < 3-
% =z *
; : ;
- * o
c:.4 g 2 *
b L
- =
= 2 = 1-
0- 0-
CGRP 0 0 40 80 160 (M) CGRP 0 0 40 80 160 (nM)
OGD/R OGDIR
C 250, D 50-
200- __ 404
) E
%,150- pat S 304 *
£ - < *
2100+ g 201
2 z
= =
50- 10
0- 0-
CGRP 0 0 40 80 160 (nM) CGRP 0 0 40 80 160 (nM)
OGD/R OGD/R
E PBS CGRP(160nM)  F .
:9 4 Q21 Qz2-2 29 4 Q2-1 Q2-2 o
1.71% e o 23.42% 0.15% N 13.74% >
=4 21 A =]
= AT Q'B‘E
a 5 fa T e ) ) *
3o o & : S St >§2°
= = o £6
. b = o S e 104
C& g : 21 % o e
~ Q23 T Q2-4 o |23 3 : Q24 <
s FO 19% i 11«: 68% < 78.57% _ =" 7.55%
1001 1! 102 10*  10%° "10""‘ 16‘ 16" 163 1039
Annexin V Annexin V QQ? oQg
<
G 2.0- H __1.5-
I I
$8 . 1
S % 154 s <
N2 2 O 1.0-
Bcl-2 Se—— ) Bax s x o
3 -qa, 1.0 % g
B-actin GG ° D B-actin WEEPE— > =
ET® ® e *
S £ 0.5 3 E
PBS CGRP & & PBS CGRP X &
=z £
0.0- 0.0-
IR ) ]
2 & Q0 Q&
RV o ¥ (O

Figure 4. CGRP regulates inflammatory response of microglia and benefits neuron survival under OGD/R. (A-D) The
mRNA levels and protein levels of IL-13 and TNF-a were measured after preconditioning with different doses of
CGRP (0, 40, 80, 160 nM), it was indicated that CGRP mitigated inflammatory response of BV-2 in dose-dependent
manner underwent OGD/R model, n=3. (E, F) The cell death of PC-12 cells was analyzed by flow cytometer (Annexin
V and 7AAD staining), CGRP pretreatment (160 nM) reduced cell death compared with PBS group, n=3. (G, H) Im-
munoblotting and quantification analysis suggested neuronal apoptosis could be inhibited by CGRP pretreatment
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(160 nM). Data are shown as mean + SD. Significance is determined by ANOVA followed by LSD post-hoc testing
(A-D) or Student’s t test (F-H). *P < 0.05 compared with cells under OGD/R without CGRP preconditioning (A-D) or
PBS group (F-H). OGD/R: Oxygen-glucose deprivation and reoxygenation.
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Figure 5. Repetitive transcranial magnetic stimulation (rTMS) protects against stroke in both ischemia-reperfusion
and SHRSP rats. (A, B) 2% TTC staining of coronal brain sections and quantitative analysis of infarct volume and (C)
Zea Longa score of the MCAO rats indicated rTMS had similar protective effect with CCI-ION model, CGRP8-37 could
reverse the effect, n=5 rats. (D) The expression levels of CGRP in cortical tissues and (E) serum were elevated in
rats subjected to CCI-ION and rTMS, n=5 rats. (F) Survival rate (120 days) of SHRSP rats shown that longer survival
rate had been found in rTMS and CCI-ION group compared with sham group. n=10 rats. (G) The HE staining shown
the pathological changes mitigated in CCI-ION and rTMS group when compared with sham group at day 40. Scale
bar =200 um. Data are shown as mean + SD. Significance is determined by ANOVA followed by LSD post-hoc testing
(B-E) or Log-rank (Mantel-Cox) test (F). *P < 0.05 compared with sham group, #*P < 0.05 compared with rTMS group.

roprotective effects of rTMS, SHRSP rats were
treated with rTMS at trigeminal ganglion twice/
day for 80 d, successive rTMS treatment signifi-
cantly improved survival rate of SHRSP rats
(Figure 5F). The cerebral neuropathy is shown

control. Both infarct volume and neurological
deficit were improved in rTMS treatment group
(Figure 5A-C). Cortical microinjection of CGRP8-
37 (400 ng/ul, 2 ug/kg) 30 min before MCAO
significantly diminished the protective effects

of ITMS (Figure 5A-C). Similar to CCI-ION, CGRP
was also increased in cerebral cortex and
serum of the rats subjected to rTMS for 7 days
(Figure 5D and 5E). To further identify the neu-
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with HE staining in SHRSP rats after CCI-ION,
rTMS (twice/day) or sham stimulation (twice/
day). Neurological tissue disorganized and wid-
ening intercellular space was presented with
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Figure 6. Neuroprotective mechanism of rTMS on cerebral ischemia-reperfusion injury. (A, B) The mRNA levels and
protein levels of IL-1 and TNF-a were shown that rTMS alleviated the inflammatory response significantly compared
with sham group, and CGRP8-37 could reverse the effect, n=5 rats. (C) Activated microglia (indicated by arrows) was
shown by immunohistochemical staining of Iba-1, less microglia had been activated in rTMS group and CGRP8-37
could reverse the protective effect, scale bar =50 um. (D, E) Neuronal apoptosis was indicated by the mRNA levels
of Bcl-2 and Bax. Increased Bcl-2 and decreased Bax suggested neuronal apoptosis was reduced after rTMS treat-
ment compared with sham group, and CGRP8-37 could reverse the effect, n=5 rats. (F) Cerebral blood flow in MCA
dominated area indicated that rTMS treatment increased rCBF, while CGRP8-37 could reverse the effect, n=5 rats.
Data are shown as mean + SD, and analyzed by ANOVA followed by LSD post-hoc testing. *P < 0.05 compared with
Sham group. #*P < 0.05 compared with rTMS group.

HE staining in sham group, while amelioration 2 times rTMS during reperfusion. CGRP8-37
of these pathological changes were presented was injected 30 min before MCAO. The expres-
in CCI-ION and rTMS group (Figure 5G). sion of inflammatory cytokines including IL-13

and TNF-a in cerebral cortex was significantly
To further disclose the potential mechanism of decreased in the rats received rTMS treatment
rTMS on cerebral ischemia-reperfusion injury compared with sham group. CGRP8-37 admin-
and identify whether CGRP is involved in the istration abolished the anti-infammatory eff-
neuroprotective effects, SD rats were subject- ects (Figure 6A and 6B). Immunohistochemical
ed to rTMS for 7 d (twice/day) before MCAO and staining of Iba-1 indicated that rTMS treatment
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Figure 7. Schematic diagram of pain/rTMS induced neuroprotection against

stroke.

reduced the number of activated microglia, the
effect was also diminished by CGRP8-37 (Fi-
gure 6C). The influence of rTMS on neuronal
apoptosis was detected by the expressions of
Bcl-2 and Bax. Bcl-2 was highly expressed in
rats treated with rTMS, and the expression of
Bax was decreased. Inhibition of apoptosis was
almost abolished when CGRP8-37 was admin-
istrated (Figure 6D and 6E). Similarly, the aug-
mentation of rCBF in the MCA dominated area
was significantly increased by rTMS and re-
versed by CGRP8-37 (Figure 6F). The results
together indicated that rTMS induced anti-
inflammatory, anti-apoptosis and rCBF aug-
mentation to protect against stroke, and CGRP
played a key role in the neuroprotective effects
of ITMS.

Discussion

Stroke is a major issue, and although the cor-
relation between stroke and pain has been dis-
cussed, it is poorly described. The studies on
NPP mainly concentrate on the formation of the
nociceptive transduction pathway and damage-
related impact. Accumulating evidence sug-
gested that molecules involved in pain prog-
ress show in vivo and in vitro neuroprotective
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2 Trigeminal ganglion

effects [14-17]. A double-ed-
ged effect makes it difficult to
assert the influence of NPP on
stroke. The present study was
conducted to disclose the pro-
tective effects of NPP on the
occurrence and severity of
stroke. Herein, we showed th-
at NPP reduced the infarct vol-
ume and improved the neuro-
logical behavior in rats suffer-
ing from MCAO. Unexpectedly,
neuroprotective effects were
still recognized in SHRSP rats,
including demyelinating neu-
ropathy alleviation and pro-
longed survival rate.

As pain-related molecules,
A S, ADO was reported to be in-
volved in cerebral hypoxia tol-

" Vasodilation

cBF

R erance [18], while CGRP was

mainly stored at the end of the
sympathetic nerve fiber and
around the cerebral artery as
a potential microvascular neu-
ropeptide vasodilator [19]. The changes in
CGRP and ADO demonstrated that the protec-
tive effects were mainly related to increased
CGRP rather than ADO. CGRP mitigated the
inflammatory response of activated microglia
and benefited the survival of neurons in vivo
and in vitro. Moreover, cerebral blood flow was
also verified to be increased in MCAO rats with
the application of CGRP. Continuous rTMS at
trigeminal ganglion was successfully imple-
mented to stimulate the trigeminal nerve sys-
tem in order to trigger the effects of the NPP
model; protective effects were observed in
both ischemic stroke rats and SHRSP rats.
Notably, CGRP plays a crucial role in the cere-
bral protection of stroke.

Typically, the pain has been linked to detrimen-
tal effects. A previous population-based follow-
up study showed that the possibility of stroke
significantly increases in patients with trigemi-
nal neuralgia [20]. Nevertheless, the majority
of patients with trigeminal neuralgia exhibit
various comorbidities, such as hypertension,
hyperlipidemia, and coronary heart disease.
Additionally, the information about the medical
history of smoking, alcohol intake, drug abuse,
body mass index, and physical activity was not
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provided, which might obscure the assessment
of the risk of stroke. As a single factor, the sig-
nificant role of NPP has been found to modu-
late the inflammatory response [21-23]. More-
over, neuroglobin carries oxygen and protects
the brain from experimental stroke; this capac-
ity was increased in cerebrospinal fluid of fe-
males suffering from chronic pain [24, 25].
Although the mechanisms underlying these
findings have not been elucidated, the potential
protective role of pain needs to be investigated
further. Interestingly, animal studies revealed
that squid suffering long-term hyperalgesia
after a bodily injury has enhanced the physical
ability to escape from predation [26]. Accu-
mulating evidence indicated that pain is a warn-
ing signal that might boost the activation of the
defense system of the body and produce pre-
protective effects.

In the current study, CCI-ION and CCI-SN are
typically used as NPP models. Although the
model does not represent assorted types of
pain, it was still desirable due to the simulation
of the most common vascular compressive
neuralgia in humans. NPP was characterized by
concomitant hyperalgesia, allodynia, and long-
term pain, which had been successfully
observed in the CCI model. The pain threshold
in @ model reaches the lowest level in a couple
of days after the operation, is maintained for
several weeks, followed by gradual recovery. All
the tests were conducted during this period. It
was observed that the CCI-ION group of SHRSP
rats had higher survival rate within 120 d as
compared to the sham group; however, the dif-
ference did not reach statistical significance in
145-d survival rate (Figure S4). This phenome-
non could be attributed to the decreased CGRP
level during gradual recovery, which was after
80 d post-CCI-ION operation (Figure S2). The
high-salt diet was widely administered in vari-
ous experiments; it promotes earlier stroke
attack in rats [27, 28]. In the present study, 8%
was chosen for the high-salt diet as it is suit-
able for long-term observation of the effects of
NPP. This pilot study showed that CCI-ION-
induced mean arterial pressure substantially
increased in the first 10 days and gradually nor-
malized around on day 20. In order to avert the
peak blood pressure induced by CCI-ION, the
high-salt diet was postponed for a couple of
days after CCI-ION or rTMS in the present study.

CGRP is an important neurotransmitter and pri-
marily localized to C and Ad sensory fibers [19],
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and plays a major role in pain-induced neuro-
protection in this study. CGRP synthesis is
known to be upregulated in models of nerve
damage. The molecule can be released togeth-
er with the P substance to the peripheral tis-
sues induced by chronic pain [29]. This accords
with our observation that CGRP is increased in
the cerebral cortex and the serum of the rats
subjected to CCI-ION. For the potential positive
effects, CGRP might benefit the physiological
response to ischemia in several organs, includ-
ing the heart, intestine, and kidney [30-32]. The
mechanisms that trigger ischemia-reperfusion
damages and secondary injuries are compli-
cated, including global inflammation, mitochon-
drial dysfunction, overproduction of free radi-
cals, neural necrosis, and apoptosis [3, 33,
34]. The upregulation of endogenous neuroin-
flammation and the transformation of focal
inflammation to global inflammation facilitates
neurological damage following the initial epi-
sode of ischemic stroke. Similarly, the current
findings indicated that CCI-ION promotes CGRP
release, thereby suppressing the activation of
microglia and mitigating the post-stroke inflam-
matory response. Then, apoptosis within the
ischemic penumbra, which occurs after several
hours of the stroke, may contribute to a signifi-
cant proportion of neuronal death [35]. In this
study, CGRP significantly inhibited apoptosis
via enhancing the expression of Bcl-2 and
decreasing that of Bax. Also, flow cytometric
analysis using annexin V staining demonstrat-
ed that CGRP reduces the cell death induced by
OGD/R in vitro. Moreover, the major cardiovas-
cular activity of CGRP is a potent vasodilator in
physiological conditions [36]. Herein, CGRP
pretreatment significantly augmented rCBF in
the MCA-dominated area, which protects aga-
inst ischemic injury in the early stage.

In order to simulate the protective effect of NPP
on stroke and develop a potential strategy in
clinical practice, rTMS, a new frontier in the
treatment of neuropsychiatric maladies, was
introduced in the present study. Recent reports
show that high-frequency rTMS (20 Hz) triggers
the expression of brain-derived neurotrophic
factor (BDNF) in several brain areas in rats to
improve the post-stroke depression outcome in
patients [37]. Moreover, preconditioning with
rTMS was demonstrated to produce an anti-
apoptotic effect in the rat model of transient
cerebral ischemia [38]. Intriguingly, the center
of the coil was in contact with the cerebral cor-
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tex of the rats. In this study, continuous rTMS at
trigeminal ganglion led to increased CGRP in
the cerebral cortex and serum, reduced the
infarct volume and neuronal apoptosis (Figure
7), improved the neurological outcome of isch-
emic rats, and prolonged the survival rate of
SHRSP rats. The safety and therapeutic effects
of ITMS have been verified in the sundry dis-
eases [37-39]. The neuroprotection in the pres-
ent study predicts that continuous rTMS could
be a promising therapy for stroke patients or
patients with a high risk of stroke.

One fly-in-the-ointment in the study, the protec-
tive mechanism of CGRP on hemorrhagic str-
oke, also known as the SHRSP rat model, is not
as well-established as the ischemic model.
Also, the prolonged survival rate and improved
demyelinating neuropathy staining need to be
supplemented with a molecular basis to sup-
port this phenotype in order to confirm the
function of CGRP on hemorrhagic stroke.

Conclusions

The current study delineated that the CGRP
release induced by NPP protects against stroke
in vivo and in vitro. The application of ITMS at
trigeminal ganglion produces similar neuropro-
tective effects via the mitigation of inflamma-
tory responses, inhibition of apoptosis, and
improvement of rCBF. An understanding of the
pain-related protective mechanism is crucial
for developing novel approaches for stroke
therapy.
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Figure S1. A. Operation diagram of CCI-ION model and microinjection via stereotaxic apparatus. B. Schematic dia-
gram of time line of CCI-ION/MCAO model and SHRSP model. C. Schematic diagram of time line of rTMS/MCAO
model and SHRSP model.
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Figure S2. Continuous detection of pain threshold on rats subjected to CCI-ION or sham operation for 120 days. n=5
rats. Data are shown as mean + SD, and analyzed by Student’s t test. *P < 0.05 compared with CCI-ION group at
each time point. *P < 0.05 compared with rats before CCI-ION (day 0).
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Figure S3. CCI-SN protects against stroke induced by MCAO. A, B. 2% TTC staining of coronal brain sections and
quantitative analysis of the infarct volume was shown that CCI-SN significantly decreased the infarction volume than
sham group. Areas of brain infarction appear white. n=5 rats. C. Zea Longa score indicated that it was decreased
in CCI-SN group compared than sham group, n=5 rats. Data are shown as mean + SD. Significance is determined
by Student’s t test. *P < 0.05 compared with sham group. CCI-SN: chronic constriction injury to the sciatic nerve.
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Figure S4. Survival rate of SHRSP rats subjected to CCI-ION or sham operation for 145 days. Significant differences
had been found in 120 days survival rate between sham and CCI-ION group, not in 145 days survival rate. n=10 rats.
Significance is determined by Log-rank (Mantel-Cox) test. ns, no significant.
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Figure S5. Adenosine (ADO) was not involved in CCI-ION induced protective effects on ischemic injuries. (A, B) The
content of ADO in cortical tissues was measured by High Performance Liquid Chromatography (HPLC), which shows
no significant elevation of ADO compared with sham group, n=5 rats. (C-E) Zea Longa scores, 2% TTC staining of
coronal brain sections and quantitative analysis of the infarct volume between sham+DMSO and sham+DPCPX
group, CCI-ION+DMSO and CCI-ION+DPCPX group had no significant differences respectively, n=5 rats. The data
above were indicated that ADO was not involved in protective effect in stroke. Data are shown as mean + SD. Signifi-
cance is determined by Student’s t test (B) or ANOVA followed by LSD post-hoc testing (C, E). *P < 0.05 compared
with sham+DMSO group. P < 0.05 compared with Sham+DPCPX group. ns, not signifcant.
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Figure S6. Effect of different doses of CGRP on MCAO induced ischemic injury. A, B. 2% TTC staining of coronal brain
sections and quantitative analysis of the infarct volume were expressed that CGRP alleviated the infarct volume in
a dose-dependent manner, n=5 rats. Data are shown as mean + SD. Significance is determined by ANOVA followed
by LSD post-hoc testing. *P < 0.05 compared with rats without CGRP preconditioning (O ug/kg CGRP).
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Figure S7. Effect of different doses of CGRP on neuron survival under OGD/R model. It was suggested that CGRP
reduced the neuronal apoptosis in a dose-dependent manner, n=3. Data are shown as mean + SD. Significance is
determined by ANOVA followed by LSD post-hoc testing. *P < 0.05 compared with cells under OGD/R without CGRP
preconditioning.



