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Brain protection against ischemic stroke using
choline as a new molecular bypass treatment
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Neurosurgery, the 307 Hospital of PLA, Beijing 100071, China

Aim: To determine whether administration of choline could attenuate brain injury in a rat model of ischemic stroke and the underlying

mechanisms.

Methods: A rat model of ischemic stroke was established through permanent middle cerebral artery occlusion (pMCAO). After the
surgery, the rats were treated with choline or choline plus the specific a7 nAChR antagonist methyllycaconitine (MLA), or with the
control drug nimodipine for 10 days. The neurological deficits, brain-infarct volume, pial vessel density and the number of microvessels
in the cortex were assessed. Rat brain microvascular endothelial cells (rBMECs) cultured under hypoxic conditions were used in in

vitro experiments.

Results: Oral administration of choline (100 or 200 mg-kg*-d™) or nimodipine (20 mg-kg™*-d™) significantly improved neurological
deficits, and reduced infarct volume and nerve cell loss in the ischemic cerebral cortices in pMCAO rats. Furthermore, oral
administration of choline, but not nimodipine, promoted the pial arteriogenesis and cerebral-cortical capillary angiogenesis in the
ischemic regions. Moreover, oral administration of choline significantly augmented pMCAO-induced increases in the expression levels
of a7 nAChR, HIF-1a and VEGF in the ischemic cerebral cortices as well as in the serum levels of VEGF. Choline-induced protective
effects were prevented by co-treatment with MLA (1 mg-kg*-d?, ip). Treatment of rBMECs cultured under hypoxic conditions in vitro
with choline (1, 10 and 100 umol/L) dose-dependently promoted the endothelial-cell proliferation, migration and tube formation, as
well as VEGF secretion, which were prevented by co-treatment with MLA (1 pmol/L) or by transfection with HIF-1o siRNA.

Conclusion: Choline effectively attenuates brain ischemic injury in pMCAO rats, possibly by facilitating pial arteriogenesis and cerebral-
cortical capillary angiogenesis via upregulating a7 nAChR levels and inducing the expression of HIF-1a and VEGF.
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Introduction

Ischemic stroke is characterized by a high incidence and
high rates of mortality and disability and is severely detri-
mental to public health. The pathogenesis of ischemic stroke
is extremely complicated, and neuroprotective drugs that
counteract calcium overload, oxidation and apoptosis have
not been clinically efficacious therapies for ischemic stroke!™.
However, producing collateral circulation in the ischemic
region through the anastomosis of blood vessels or molecular
bypass using the vascular endothelial growth factor (VEGF)
preparations has been successfully used to treat cerebral or

*To whom correspondence should be addressed.
E-mail wh9588@sina.com (Hai WANG)
Received 2015-07-30 Accepted 2015-09-29

B4 Follow-up investigations have been

myocardial infarctions
conducted to develop a new molecular bypass therapy using
an oral drug.

Because compensatory angiogenesis occurs in the ischemic
brains of stroke patients®, it would be interesting to evaluate
a new brain-protective therapy that acts through an angiogen-
esis pathway. A series of experiments have revealed that the
a7’ nicotinic acetylcholine receptor (a7 nAChR) is involved in
ischemia-induced angiogenesis'®®. Choline, a highly specific
agonist of the a7 receptor’” %, has been found to promote the
proliferation and tube formation of endothelial cells in vitro,
and we have also observed that choline treatment increases
the capillary density in the ischemic hearts of rats that suffered
a myocardial infarction™. These results suggest that choline

could be an important molecular bypass treatment for myo-



www.chinaphar.com
Jin Xetal

®

1417

cardial infarction, and therefore, we hypothesized that choline
might be effective against ischemic stroke. In this study, the
brain-protective efficacy of choline against ischemic stroke
was evaluated, and the possible molecular pathway through
which it facilitates angiogenesis in ischemic brains was also
investigated.

Materials and methods

Animals and drugs

Male Sprague-Dawley (SD) rats (8 weeks old, 280+20 g and
3 weeks old, 50+10 g) were provided by the Experimental
Animal Center of the Academy of Military Medical Sciences
(Beijing, China). All of the animal procedures were conducted
in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No
80-23, revised in 1996) and were approved by the local animal
care and use committee. Choline chloride (catalog number
C7527), nimodipine and methyllycaconitine (MLA) citrate
were purchased from Sigma-Aldrich (St Louis, MO, USA).
The other reagents used were obtained from local commercial
sources.

Animal groups and the permanent middle cerebral artery occlusion
(pPMCAO) operation

The rats were divided into the following 8 groups with 18 rats
in each group: sham-operated control rats (sham); pMCAO
rats (model); pMCAO rats treated with 50 mg/kg, 100 mg/kg
and 200 mg/kg choline (Cho50, Cho100, and Cho200, respec-
tively); pMCAO rats treated with 20 mg/kg nimodipine
(Nim), which was used as the control drug to determine the
reliability of the experimental conditions; pMCAO rats treated
with 100 mg/kg choline plus 1 mg/kg MLA, a selective a7
nAChR antagonist (Cho100+MLA); and pMCAO rats treated
with 1 mg/kg MLA (MLA). pMCAO was performed using a
modified filament technique[™. Briefly, the rats were anesthe-
tized using chloral hydrate (300 mg/kg, intraperitoneal injec-
tion). The right common carotid artery (CCA) and external
carotid artery were exposed and ligated. A 19-mm, 4-0 mono-
filament nylon suture (Sunbio Biotech, Beijing, China) was
introduced through the right CCA into the internal carotid
artery until resistance was encountered, and then the suture
was tied to the right CCA. The body temperature was main-
tained at 37°C using a heating pad. Choline and nimodipine
were administered via gavage, whereas MLA was adminis-
tered subcutaneously. The rats were treated with drugs at 4 h
after surgery and then once daily at a dose of 2 mL/kg for 10
days. The sham and model groups were treated with sterile
water for injection. A total of 42 rats were excluded from fur-
ther assessment because 35 rats died before d 10, and 7 rats
did not succeed because of the surgical operation. The pos-
sible causes of death included a subarachnoid hemorrhage or
a large hemispheric infarction.

Neurological function test
The neurological functions of the rats were tested within 10
days after the pMCAO operation. The rats were evaluated

daily for neurological deficits using the Bederson scoring
system!". Their bilateral grasp and beam-walking behav-
iors were assessed as described previously!* ™. Their body
weights were also measured.

Infarction volume analysis

The rats were sacrificed, and their brains were quickly removed
and divided into coronal sections (2-mm thickness) start-
ing from the frontal pole. The slices were immersed in a 2%
2,3,5-triphenyltetrazolium chloride (TTC) saline solution in a
Petri dish and were incubated at 37 °C for 30 min before fixation
for 4 h using 4% paraformaldehyde. The infarct area was mea-
sured by a blinded observer using Image-Pro Plus software ver-
sion 6.0 (IPP 6.0, Media Cybernetics, Silver Spring, MD, USA),
and the area was multiplied by the section thickness to obtain the
infarct volume. The infarct volume was calculated as a percent-
age of the contralateral hemisphere using the following formula:
100(contralateral hemisphere volume-non-infarct ipsilateral
hemisphere volume)/contralateral hemisphere volume!™.

Determination of the pial vessel density

The pial vessel density was determined using a modified
method™. Briefly, the brains were removed and rinsed using
saline to remove the blood. Stereomicroscopic images of the
right ischemic hemispheres were captured. Each hemisphere was
divided into 6 grids of equal areas, and the total lengths of the
cortical collateral vessels of the middle cerebral arteries (MCAs)
and their control regions were measured using IPP 6.0 software.
The vessel density was defined as the total length of the MCA
collateral vessels within the control regions (um/mm?).

Determination of the capillary density

We applied immunohistochemistry using an antibody
directed against the cluster of differentiation 34 (CD34) pro-
tein to evaluate angiogenesis in the ischemic cortical areas”.
Briefly, a series of coronal sections (3 pm) of the ischemic brain
regions (bregma 5.2 to 5.8 mm) were cut at 200-pm intervals.
The capillary density was examined using a primary rabbit
anti-rat CD34 antibody (Bioss, Beijing, China). The number of
microvessels/mm?’ was used to determine the capillary densi-
ties in 6 randomly selected fields within each section, which
were analyzed using IPP 6.0 software.

Hematoxylin and eosin (HE) staining

Rats were anesthetized and intracardially perfused using
phosphate-buffered saline followed by 4% paraformaldehyde.
Their brains were then embedded in paraffin and cut into
3-um sections. HE staining was performed to evaluate mor-
phological changes in the nerve cells of the ischemic cerebral
cortices using light microscopy.

Determination of the VEGF level

Blood was collected from the abdominal aorta and then
centrifuged to obtain serum; the rat brain microvascular
endothelial cells (rBMECs) were seeded in 96-well plates and
treated as described in the section “Cell proliferation assay”
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below followed by the centrifugation of the collected medium
24 h later to obtain supernatants. The levels of VEGF in
abovemention serum or supernatants were measured using a
VEGF ELISA Kit (Boster Biotechnology Inc, Wuhan, China)

Real-time polymerase chain reaction analysis

Total RNA was extracted from the ischemic region of the brain
cortex using TRIzol reagent (Invitrogen, CA, USA). cDNA
was synthesized using qPCR RT Master Mix (TOYOBO,
Osaka, Japan). Real-time PCR was performed using SYBR
Green Real-time PCR Master Mix Plus (TOYOBO) and an
iCycler iQ5 system (Bio-Rad, Hercules, CA, USA). The primer
sequences were as follows: a7 nAChR, sense 5'-TCCCTC-
CAGGCATATTCAAGAGC-3" and antisense 5-ATTTGCAG-
GTCCAGTGACCACC-3’; HIF-1a, sense 5 -TGCTGGCT
CCCTATATCCCAA-3" and antisense 5'-TGGCAGTGA-
CAGTGATGGTAG-3"; VEGEF, sense 5-TGGACCCTGGCTT-
TACTGCT-3" and antisense 5'-TGAACTTCACCACTTC
ATGGGC-3’; GAPDH, sense 5-AGGGCTCATGACCA-
CAGTCCAT-3" and antisense 5-ATGCCAGTGAGCTTCCC-
GTT-3’. The PCR amplification conditions were as follows:
95°C for 60 s, followed by 40 cycles of 95°C for 15 s, 60°C for
15 s and 72°C for 30 s. The data were quantified using the
244 method, and the relative fold changes were corrected
according to the level of GAPDH expression and were normal-
ized according to the sham group values.

Western blotting analysis

The ischemic brain cortex was homogenized, and the protein
concentration was determined using bicinchoninic acid (BCA)
reagent (Applygen, Beijing, China). Fifty micrograms of pro-
tein was separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), transferred from the gel to
a polyvinylidene fluoride (PVDF) membrane, and stained
using the following primary antibodies prior to incubation
with a secondary antibody: anti-a7 nAChR, (1:1000; Abcam,
Boston, MA, USA), anti-HIF-1a (1:500, Novus, Cambridge,
UK), and anti-VEGF (1:500; Santa Cruz, Dallas, TX, USA). The
labeled protein bands were visualized using chemilumines-
cence detection reagents (Applygen, Beijing, China) and were
analyzed using a chemiluminescence imaging system (Sage
Creation Science, Beijing, China). All of the blots were probed
with an anti-GAPDH antibody to correct for loading.

Cultivation of rBMECs

rBMECs were isolated from the brains of 3-week-old SD rats
using a modified collagenase/dispase-based digestion proto-
coll™!, Briefly, the cerebral cortex was minced, homogenized
and passed through 200-pm and 77-pm strainers. The tissue
remaining on the strainer was digested using a 0.1% collage-
nase/dispase solution for 25 min at 37°C. The pellet was sep-
arated by centrifugation at 1000xg for 20 min in 25% bovine
serum albumin-Dulbecco’s modified Eagle medium (DMEM).
The precipitate was cultured at 37°C in a humidified atmo-
sphere of 95% air and 5% CO, in complete DMEM culture
medium. The cells used in the present study were passaged
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three times and were positive for CD34, as determined using
immunocytochemistry.

HIF-1a siRNA transfer

rBMECs were seeded at a density of 2x10° cells per well in a
six-well plate and were grown in antibiotic-free medium until
they reached 60%-80% confluence. They were then subjected
to gene silencing using small-interfering-RNA (siRNA) target-
ing HIF-1a or an HIF-1a scrambled control and a transfection
reagent (sc-45919, sc-37007 and sc-29528, Santa Cruz) accord-
ing to the manufacturer’s instructions. The transfection effi-
ciency was evaluated using Western blot analysis of HIF-1a.

Cell proliferation assay

rBMECs were seeded at a density of 5000 cells per well in
96-well plates and were cultured in a humidified atmosphere
of 95% air and 5% CO, for 24 h. Next, the cells were cultured
in a humidified hypoxic incubator (CB150, Binder, Tuttlingen,
Germany) containing 1% O,, 5% CO, and 95% air for 24 h
and were then exposed to the following treatments: special
DMEM without choline (Merck Millipore Beijing Skywing,
Beijing, China); 1, 10 or 100 pmol/L choline; 10 umol/L cho-
line plus 1 pmol/L MLA or 100 nmol/L HIF-1a siRNA; or
1 umol/L MLA. After 24 h, the number of viable cells was
quantified using a cell proliferation assay kit (Promega, Madi-
son, WI, USA), which is based on a tetrazolium compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS]. Briefly, 20 uL of
the assay reagent was added to 100 pL of medium and the mix-
ture was incubated at 37°C for 2 h, after which the absorbance
was measured at 490 nm using a multifunction microplate
reader (Flexstation 3, Molecular Devices, Sunnyvale, CA, USA).

Wound healing assay

A wound-healing assay was performed as previously described
with minor modifications™. Briefly, a confluent rBMEC
monolayer in a 12-well plate was wounded by scraping with
a pipette tip. The cell treatments were the same as described
above. The cell migration distance from the wound edge to
the end point was calculated at 24 h using IPP 6.0 software.

Tube formation assay

A tube formation assay was performed as previously
described™.. rBMECs were seeded in 96-well plates that had
been pre-coated with a thin layer of Matrigel (BD Biosciences,
Shanghai, China) and were allowed to form tube-like struc-
tures. The cell treatments were the same as described above.
Tube formation was analyzed using the online WimTube
image analysis tool and was quantified according to the total
tube lengths at 10 h.

Statistical analysis

All of the data were presented as the mean valueststandard
error of the mean (SEM). Statistical analysis of the data was
performed using the SPSS version 13.0 software package (SPSS
Inc, Chicago, IL, USA). The differences were assessed using a



one-way analysis of variance (ANOVA) followed by a post hoc
Bonferroni’s test. Differences were considered significant at a
P value of less than 0.05.

Results

Choline provides brain protection against ischemic stroke

The neurological deficits, infarct volumes and necrotic neu-
rocyte populations were determined to evaluate the extent of
brain damage due to an ischemic stroke, which was imitated
through surgical pMCAO in rats. The rats were randomly
divided into eight groups, which are described in detail in the
experimental procedures section. The extent of brain damage
due to an ischemic stroke was evaluated by determining the
differences between the sham-operated and pMCAO-operated
rats, and the pharmacological effects of choline against isch-
emic stroke were evaluated by determining the differences
between the pMCAO-operated rats treated with choline or its
solvent. Treatment using nimodipine was designed to ensure
the reliability of the methods used to evaluate the brain-pro-
tective efficacy of the tested drugs against the effects of stroke.

In this experiment, brain damage due to stroke was charac-
terized by an increase in the Bederson score (Figure 1A) and
beam-walking score (Figure 1C) and a decrease in the muscle-
strength score (Figure 1B) and body weight (Figure 1D), all of
which were attenuated by treatment with nimodipine, except
the decrease in the beam-walking score. Under the same
experimental conditions, after treatment with choline at doses
of 100 or 200 mg-kg™+d™ (po) for 10 days, the body weight and
muscle-strength score of the pMCAO rats increased and the
Bederson score decreased, whereas the beam-walking score
decreased to some extent but not significantly (P>0.05); these
improvements, except that of the beam-walking score, were
attenuated by treatment with MLA, a specific antagonist of the
a7 nAChR, at a dose of 1 mg-kg™”-d™ for 10 days before the oral
administration of choline at 100 mg/kg.

Assays were conducted to observe the pathological damage
due to ischemic stroke. As shown in Figure 2, the infarct vol-
ume and the number of necrotic neurocytes in the brains of the
PMCADO rats were reduced by treatment with choline at doses of
50, 100 or 200 mg-kg™"-d” (po) for 10 days, which were also pre-
vented by treatment with MLA at a dose of 1 mg/kg. The above
findings indicated that oral treatment with choline ameliorated
the neurological deficits and alleviated the pathological damage
due to ischemic stroke through the a7 receptor pathway.

Choline treatment facilitated ischemia-induced angiogenesis in
the stroke-damaged brains

As shown in Figure 3, 10 days after the pMCAO operation, we
observed ischemia-induced angiogenesis at the surface of the
ischemic cortex, which was characterized by findings including
increases in the blood vessel density at the cortical surface and
the number of microvessels in the cortex. The choline treat-
ments clearly facilitated ischemia-induced angiogenesis, which
was prevented by treatment with MLA at a dose of 1 mg/kg.
Moreover, similar facilitative effects were not observed in
PMCAO-rats treated with nimodipine at a dose of 20 mg/kg.
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Molecular mechanisms by which choline facilitated angiogenesis
in stroke-damaged brains

To understand the molecular pathway through which choline
facilitated angiogenesis in the stroke-damaged brains, we
investigated possible changes in the levels of molecular targets
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Figure 1. Effects of oral choline treatment on the neurologic functions and
body weight of rats 10 days after the surgical permanent middle cerebral
artery occlusion (pPMCAO). (A) Bederson score (n=10). (B) Muscle strength
score (n=10). (C) Beam walking score (n=9). (D) Body weight (n=12).
Mean+SEM. °P<0.05, °P<0.01 vs sham; °P<0.05, 'P<0.01 vs pMCAO.
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Figure 2. Effects of oral choline treatment on the infarct volume and pathological changes in the ischemic brains. (A) Macroscopic images of TTC-stained brain slices. (B)
Infarct volumes (n=6). (C) Microscopic images of HE-stained ischemic cerebral cortex sections. (D) Number of neurons (n=3). Mean+SEM. °P<0.05, °P<0.01 vs sham;
p<0.05, 'P<0.01 vs pMCAO. The arrows indicate neurons with different pathological changes. Scale bar=50 pm.
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Figure 3. Effects of oral choline treatment on angiogenesis in the ischemic brains. (A) Macroscopic images of the pial vasculature. (B) Microscopic
images of ischemic cerebral cortex sections immunohistochemically stained using an anti-CD34 antibody to analyze vessel density, scale bar=20 ym. (C)
Vessel density (n=6). (D) Number of microvessels in the cortex (n=3). Mean+SEM. °P<0.05, °P<0.01 vs sham; °P<0.05, 'P<0.01 vs pMCAO.
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involved in this process. Increases in the expression of the
a7 receptor, HIF-1a and VEGF at both the gene (Figure 4A)
and protein (Figure 4B) levels were observed in the pMCAO-
operated rats when ischemia-induced angiogenesis occurred,
and the facilitative effects of choline treatment were character-
ized by a further increase in the expression of the a7 receptor,
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HIF-1a and VEGF at both the gene and protein levels, which
could be prevented by MLA treatment. At the same time, the
serum level of VEGF was further increased by treatment with
choline at doses of 50, 100 or 200 mg-kg"-d” for 10 days (Fig-
ure 5A). Based on these results, it was reasonable to suggest
that choline might facilitate ischemia-induced angiogenesis in
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Figure 4. Effects of oral choline treatment on the gene and protein expression levels, respectively, of a7 nAChR (A and B), HIF-1« (C and D), and VEGF (E
and F) in the ischemic cerebral cortex. Mean+SEM. n=3. °P<0.05, °P<0.01 vs sham; °P<0.05, 'P<0.01 vs pMCAO.
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stroke-damaged brains through upregulation of a7 receptor
level, which might induce the expression of HIF-1a and VEGF.

In rBMECs cultured under hypoxic conditions, the release
of VEGF into the medium was stimulated by the presence of
choline at concentrations of 1, 10, and 100 pmol/L in a con-
centration-dependent manner and prevented by the presence
of MLA at 1 pmol/L or by decreasing the amount of HIF-1a
with siRNA (Figure 5B; the interfering effect of siRNA was
determined with Western blotting, Supplementary Figure S1).
Moreover, the proliferation (Figure 6A) and migration (Figures
6B and 6E) of rBMECs, as well as their tube formation (Figures
6C and 6D), were also facilitated by the presence of choline in
a concentration-dependent manner, which was also prevented
by the presence of MLA at 1 umol/L or by HIF-1a siRNA.
Therefore, it was reasonable to suggest that hypoxia-induced

endothelial-cell proliferation, migration and tube formation,
which contribute to ischemia-induced angiogenesis, might be
facilitated by choline stimulating the release of HIF-1a and
VEGEF from endothelial cells through the a7 receptor.

Discussion

Promoting the development of collateral circulation in isch-
emic regions has been shown to be effective in treating vas-
cular ischemic diseases. Blood-vessel anastomosis has been
successfully used to develop collateral circulation after myo-
cardial infarction and in patients with Moyamoya disease™".
Molecular bypass using VEGF preparations has also been
used to promote the development of collateral circulation after
myocardial infarction and in patients with peripheral vascular

ischemic diseases™". Follow-up investigations have been con-
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Figure 6. Effects of choline treatment on the proliferation (A, n=4), migration (B, n=3) and tube formation (C, n=4) of rBMECs cultured under hypoxic
conditions. (D) Microscopic images for the tube formation assay. (E) Microscopic images for the wound healing assay. Mean+SEM. Scale bar=200 pm.
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ducted to develop new molecular bypass therapies using oral
drugs. Choline, a specific a7 receptor agonist” ', can stimu-
late angiogenesis and can protect the heart from ischemic inju-
ries by promoting angiogenesis in ischemic regions"l. Thus,
in this study, we tested the effects of choline treatment on
brains subjected to ischemia and analyzed the molecular path-
way underlying its stimulation of angiogenesis.

The results of this study indicated that choline-based brain
protection against stroke is characterized by the improvement
of neurologic deficits, decreases in brain-infarct volume and
the number of necrotic neurocytes, and the reversal of neuro-
nal swelling and cytoplasmic vacuole formation, which could
be prevented by MLA treatment, suggesting that choline pro-
tected the brain against stroke through the a7 receptor.

This study showed that the vascular density at the brain sur-
face and the number of microvessels in the ischemic cerebral
cortex were increased at 10 d after surgical pMCAO. These
findings are consistent with the ischemia-induced angiogenesis
observed in the brains of stroke patients. The more extensive
the ischemia-induced angiogenesis, the longer the survival
of these stroke patients®™. Promoting the compensatory pro-
cess of ischemia-induced angiogenesis may be a therapeutic
strategy for the treatment of stroke. A series of studies have
demonstrated that the a7 receptor is involved in the regulation
of ischemia-induced angiogenesis’®®. In our previous studies,
choline, a selective agonist of the a7 receptor[g‘ 0 was shown
to enhance angiogenesis in the chick-embryo chorioallantoic
membrane™ and to promote the proliferation and tube forma-
tion of endothelial cells and increase the capillary density in the
hearts of rats that suffered a myocardial infarction™. These
observations suggest that ischemia-induced angiogenesis may
be a target for the treatment of myocardial infarction.

This study provides additional support of the feasibility
of choline for promoting angiogenesis. Our in vitro results
showed that choline stimulated the proliferation, migration,
tube formation, and VEGEF release of cultured rBMECs grown
under hypoxic conditions, which could be prevented by MLA
treatment. The proliferation and migration of endothelial cells
are critical processes during angiogenesis. VEGF is an impor-
tant angiogenic factor™ *1. Our results indicate that choline
promotes rBMEC proliferation, migration, tube formation, and
VEGEF release, which may contribute to its stimulating angio-
genesis. The results of our in vivo experiments indicated that
oral choline treatment led to increases in the vascular density
and the number of microvessels in the ischemic cerebral cor-
tex, which was blocked by MLA treatment. The above-men-
tioned results demonstrated that choline could be used as a
novel therapeutic approach to treat ischemic stroke via the a7
receptor pathway, resulting in the promotion of angiogenesis
and the development of collateral circulation, thereby improv-
ing the blood supply to the ischemic region.

The expression of angiogenesis-related genes is upregu-
lated within a few minutes after a cerebral ischemic attack®.
This study showed that a7 receptor gene and protein expres-
sion were upregulated in the ischemic cerebral cortex of the
PMCAO-operated rats, which was potentiated by choline

treatment. Data demonstrating increases in the level of a7
nAChR expression in different brain regions after dietary cho-
line intake support our current results™. Nicotine increased
the levels of HIF-1a and VEGF expression through the a7
nAChR pathway in non-small cell lung cancer cells®”. HIF-1a
upregulates the expression of hypoxia-responsive genes
and induces angiogenesis. VEGF, the expression of which
is regulated by HIF-1aq, is the most powerful angiogenic fac-
tor that has been reported to date. The expression levels of
HIF-1a and of VEGF and its receptors in ischemic brains are
elevated after cerebral ischemia has occurred® ?'; therefore,
the HIF-1a/VEGF pathway is important in the regulation of
angiogenesis. Our in vivo results showed that the levels of
HIF-1a and VEGF gene and protein expression were upregu-
lated in the ischemic cerebral cortices of the pMCAO-operated
rats and that these effects were potentiated by orally admin-
istered choline. Choline treatment led to an elevated serum
VEGEF level in the pMCAO-operated rats, which was reversed
by MLA treatment. These results suggest that the molecular
mechanisms of the choline-induced angiogenesis in the isch-
emic brain include upregulation of the expression of the a7
receptor, HIF-1, and VEGF genes and proteins in the ischemic
cerebral cortex and elevation of the serum VEGF level via the
a’-receptor pathway. A previous study by YU JG et al has
suggested that increasing endogenous ACh through enhanc-
ing baroreflex sensitivity increases angiogenesis in ischemic
myocardium and promotes expression of VEGF via activating
a7 nAChR", which also supports our results.

A Dattery of tests was conducted to investigate the effi-
cacy of choline in treating ischemic stroke and the molecular
mechanism underlying its effects. We suggest that choline is
neuroprotective against ischemic stroke through the a7 recep-
tor pathway, resulting in upregulation of a7 receptor, HIF-1q,
and VEGF expression in the ischemic brain. Additionally,
we found that nimodipine, a calcium-channel blocker that is
recognized as a neuroprotective drug, showed neuroprotec-
tive activity against ischemic stroke, but did not promote
neovascularization in the ischemic brains. These data suggest
that the mechanism through which choline protects against
ischemic stroke is different from that of the calcium-channel
blocker. In this study, we observed that oral choline treatment
stimulated compensatory angiogenesis in the stroke-damaged
brain, although we did not eliminate other pathways through
which this treatment provided brain protection. Compensa-
tory angiogenesis and the development of collateral circula-
tion in ischemic regions play an important role in limiting the
pathogenesis and progression of the effects of stroke and are
closely related to the prognosis of stroke. Thus, molecular
bypass treatment using a specific a7 receptor agonist such as
choline is potentially valuable for the clinical management of
stroke, especially Moyamoya disease.

In summary, choline conferred brain protection against
ischemic stroke in the pMCAO-operated rats and, as shown in
Figure 7, the underlying molecular mechanisms of the novel
pathway through which choline facilitated arteriogenesis of
the pial vessels and angiogenesis in the cerebral cortex at the
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capillary level include activating the a7 receptor, up-regulat-
ing HIF-1 expression, and increasing VEGF release, resulting
in endothelial cell proliferation, migration, and tube formation.

rBMECs
e AT

Proliferation
Migration
Tube formation*

¥

Angiogenesis
Brain
Protection

Figure 7. Schematic illustration of a new molecular bypass therapy
against ischemic stroke using choline. Choline confers brain protection
against ischemic stroke in the pMCAO-operated rats possibly via a pathway
that facilitates angiogenesis through mechanisms that include activating
the o7 receptor, up-regulating HIF-1a expression, and increasing VEGF
release, resulting in endothelial cell proliferation, migration, and tube
formation.
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