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SUMMARY

Aims: Decreased baroreflex sensitivity is associated with poor outcome in many cardiovas-
cular diseases including stroke, but the molecular mechanism underlying this relationship
is unclear. This work was designed to test the hypothesis that acetylcholine (ACh) and o7
nicotinic ACh receptor (¢7nAChR) mediate the protection of arterial baroreflex against
stroke. Methods: Sinoaortic denervation (SAD) was used to impair the function of arterial
baroreflex, and anticholinesterase agents were used to activate the cholinergic system and
increase endogenous ACh. Middle cerebral artery occlusion (MCAO) was performed in the
o7nAChR knockout (KO) mice and Sprague-Dawley rats. Results: We found decreased
expression of vesicular ACh transporter (VAChT) and «7nAChR in rat brain after SAD. In
rats subjected to MCAO, neostigmine significantly reduced the infarct size. The protective
effects of neostigmine were abolished by selective nAChR antagonist vecuronium but not
by mAChR antagonist anisodamine. In addition, the effect of neostigmine disappeared in
o7nAChR KO mice. In cultured neurons, ACh inhibited cell death induced by H,0,. In cul-
tured microglial cells, ACh decreased the release of proinflammatory cytokines induced by
lipopolysaccharide. These in vitro effects were blocked by selective «7nAChR antagonists.
Conclusion: Taken together, these findings indicate that the ACh-27nAChR involved in
the protective effects of arterial baroreflex against ischemic stroke.

this work.

Introduction

Stroke is an age-related disease and the second most common
cause of death [1,2]. It is also a major cause of disability worldwide
and has a profound negative impact on the individuals it affects
[3,4]. Arterial baroreflex is one of the most important mechanisms
regulating cardiovascular activities [5-7]. Impaired baroreflex sen-
sitivity (BRS) is evident with increasing age [8] and has been
repeatedly shown to be present in acute stroke [9-11]. Robinson
and colleagues reported that post-stroke patients with impaired
BRS values (<5.0 ms/mmHg) had a significantly poorer prognosis
than patients with relatively higher BRS (>5.0 ms/mmHg) [12].
Recently, we demonstrated that BRS is an important factor in
determining the survival time in stroke-prone spontaneously
hypertensive rats (SHR-SPs) [7]. Rescuing BRS by ketanserin post-
poned stroke in SHR-SPs [7]. We also showed that impairing BRS
using different approaches all leads to increased susceptibility to
middle cerebral artery occlusion (MCAO) [13]. These findings
suggest a potential therapeutic strategy by the restoration of BRS
or activation of the down-stream pathway of arterial baroreflex in
the prevention and treatment for ischemic stroke. Regrettably,
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molecular basis of such an important biological and medical phe-
nomenon is lacking. The current study investigated the possible
roles of the conserved cholinergic system.

Cholinergic system, including acetylcholine (ACh), vesicular
ACh transporter (VAChT), choline acetyl transferase (ChAT),
ACh receptors, high-affinity choline uptake, esterase, has been
demonstrated in mammalian neuronal or non-neuronal cells
[14]. ACh modulates responses of neurons as well as non-neuro-
nal cells to internal or external stimuli via two types of receptors:
muscarinic ACh receptor (mAChR) and nicotinic ACh receptor
(nAChR) [14]. Recent studies have implicated «7 nicotinic ACh
receptor (#7nAChR), a sub-type of nAChR, in many important
biological events, including anti-inflammation and anti-apoptosis
[15-18].

In this study, we conducted a series of experiments to examine
the potential role of cholinergic system on the protective effect of
arterial baroreflex against stroke using several rodent models of
stroke. Sinoaortic denervation (SAD) was used to impair the func-
tion of arterial baroreflex, and anticholinesterase agents were used
to activate the cholinergic system and increase endogenous ACh.
The «7nAChR knockout (KO) mice were used to examine its
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potential role and the down-stream pathways of arterial barore-
flex on stroke.

Materials and Methods
Animals

Male Sprague-Dawley (SD) rats and ICR mice were purchased
from Sino-British SIPPR/BK Laboratory Animals (Shanghai,
China). Male SHR-SPs were provided by the Animal Center of the
Second Military Medical University. The «7nAChR KO mice were
purchased from Jackson Laboratory (Bar Harbor, MA, USA)
(B6.129S7-Chrna7tml Bay, Stock Number: 003232). All animals
were used in accordance with the guidelines of Second Military
Medical University for Animal Care.

Sinoaortic Denervation

Sinoaortic denervation was carried out as described previously
[13].

Middle Cerebral Artery Occlusion

The animals were anesthetized with chloral hydrate (300 mg/kg
for both rats and mice). The surgery was performed as described
previously [19].

Blood Pressure Recording and BRS
Measurement in Conscious Animals

Systolic blood pressure (SBP), diastolic blood pressure and heart
period were continuously recorded in conscious, freely moving
rats [7,13]. BRS was measured using a pharmacological method
[7,13].

Neuron Culture and Apoptosis Assay

Primary rat and mouse neuronal cells were obtained from the
cerebral cortex of neonatal animals within 6 h after birth. One
day after isolation, the cultures were replenished with Neuro-
basal medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 2% B27 (Invitrogen). Glial growth was suppressed by
the addition of uridine (10 yM). Staining for MAP-2 (neuron
marker; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
and glial fibrillary acidic protein (GFAP, an astrocyte marker;
Cell Signaling Technology, Inc., Danvers, MA, USA) revealed
cultured cells contained >90% neurons. After 7 days in vitro,
cultured cells were exposed to H,0, (100 uM; Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) for 24 h prior to
apoptosis assay. In some experiments, cells were co-stained
with Annexin V-FITC and propidium iodide (PI) (Keygen Bio-
tech, Nanjing, China) prior to flow cytometry (BD FACSCali-
burTM Flow Cytometer, BD Biosciences, San Jose, CA, USA).
Fluorescence-activated cell sorting (FACS) analysis was used to
detect 10,000 cells for each experiment.

Cell survival was examined by manually counting the cells dou-
ble stained with dihydrochloride (DAPL Beyotime, Jiangsu,
China) and in situ cell death detection kit (Roche, Mannheim,
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Germany). The cell nuclei were counterstained with DAPI (1 mg/
mL). The dead cells were labeled green with the kit. Images were
acquired under a fluorescent microscope (IX-71; Olympus, Tokyo,
Japan) with 12.8 M pixel recording digital color-cooled camera
(DP72; Olympus). The ratio of cells labeled green versus blue is
used to define apoptotic rate [20]. We also assessed cell death by
manually counting the cells stained with 1 pg/mL Hoechst 33342
(Sigma-Aldrich, St. Louis, MO, USA) under the fluorescent micro-
scope (IX-71).

Primary Microgliocytes Culture

Primary rat or mouse microgliocytes were obtained from the cere-
bral cortex of neonatal animals within 6 h after birth. The cultures
were replenished with Dulbecco minimum essential medium
(DMEM; Gibco, Grand Island, NY, USA) adding 10% fetal bovine
serum (FBS; Gibco) and 10% equine serum (Gibco). Ten days
after a confluent monolayer of microgliocytes obtained, cells were
collected with agitation (200 rpm) and centrifuged for 5 min
(240 g). Staining for OX-42 (a microgliocyte marker; Serotec, AbD
Serotec, Raleigh, NC, USA) revealed cultured cells contained
>95% microgliocytes. Cells were seeded at 5 x 10°> and 1 x 10°/
well in 24- and 96-well plates and used for treatment the follow-
ing day. The lipopolysaccharide (0.5 pug/mL; Sigma-Aldrich) is
used to stimulate the release of proinflammatory cytokine.

Immunochemistry and Immunofluorescence for
VAChT

The experiment was performed as described previously [21].
Tissue sections (20 um) or cultured neurons were fixed in 4%
paraformaldehyde, blocked by 8% normal donkey serum, and
incubated in a VAChT antibody (ab62140, 1:1000; Abcam, Cam-
bridge, MA, USA). Cy3-labeled donkey secondary anti-goat IgG
(H+ L) (A0502; Beyotime Biotechnology, Haimen, Jiangsu,
China) was used for immunochemical and immunofluorescent
imaging. Images were acquired using a fluorescent confocal
microscopy (Leica TCS-SP5, Leica, Wetzlar, Germany). The data
were analyzed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Immunoblotting

The experiment was performed as described previously [22]. Tis-
sue/cells lysates were boiled in 4x loading buffer, subjected to
the SDS-PAGE, and transferred onto the pure nitrocellulose blot-
ting membranes. The membranes were incubated with one of
the following antibodies: caspase 8 rabbit mAb (Cell Signaling),
cleaved caspase 8 antibody (Cell Signaling), Bcl-xl rabbit mAb
(Cell Signaling), Bax antibody (Cell Signaling), Bcl-2 rabbit mAb
(Cell Signaling), Bad rabbit mAb (Cell Signaling), purified rabbit
anti-caspase 12 (BD Biosciences), goat polyclonal to VAChT
(Abcam), and «7nAChR antibody (Sigma-Aldrich) prior to incu-
bation with IRDye800CW-conjugated secondary antibody. The
image was captured by the Odyssey infrared imaging system
(Li-Cor Bioscience, Lincoln, NE, USA). The data were analyzed
using ImageJ software (NIH). The immunoblotting experiments
were performed on samples from three different animals. The
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average from the 3 was used to indicate the value for each ani-
mal subject.

Analysis of Proinflammatory Cytokines in Blood

The levels of tumor necrosis factor alpha (TNF«), interleukin-6
(IL-6), and interleukin-1 (IL-1) in the serum were measured on the
detection system (Infinite M200; Tecan Austria GmbH, Grodig,
Austria) with ELISA kits (R&D Systems, Minneapolis, MN, USA).

Statistical Analysis

Data are expressed as the mean + SD. Data were analyzed with
Student’s t-test or one-way analysis of variance (ANOVA) fol-
lowed by LSD t-test for pair-wise comparison. P < 0.05 was con-
sidered statistically significant.

Results

SAD Impaired the Function of Arterial
Baroreflex, Aggravated the Ischemic Cerebral
Injury

One month after SAD, SD rats were subjected to MCAO under
anesthesia. SAD significantly decreased the BRS values
(0.24 £ 0.21 vs. 0.95 £ 0.07 ms/mmHg in sham operated rats,
P<0.01), but did not affect SBP (124 £11.0 vs.
122 + 14.4 mmHg, P > 0.05, Figure 1A). The infarct size was sig-
nificantly larger in SAD rats than in sham operated rats
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Figure 1 Sinoaortic denervation (SAD) impaired the arterial baroreflex
and aggravated the cerebary injury. Male SD rats (250-300 g) received
SAD or sham operation. (A) Blood pressure, heart period, and baroreflex
sensitivity (BRS) values were measured in conscious, free-moving rats. (B)
SAD increased the infarction size of SD rats. The panel shows
representative 2-3-5-triphenyltetrazolium-chloride (TTC)-stained of seven
corresponding coronal brain sections of sham operation and SAD groups
rats on day 1 after MCAO (n = 10-11 in each group of A and B). MCAO,
middle cerebral artery occlusion.
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(49.0 £ 6.9% vs. 28.0 £ 5.1%). SAD significantly reduced the
neurological function (neurological score 3.5 £ 0.5 vs. 2.0 £ 0.5
in sham operation group, P < 0.05, Figure 1B).

SAD Decreased Vagal Outflow

Baroreflex sensitivity values were measured in 25 SD rats. The vagal
tone correlated positively with BRS in SD rats (r = 0.75, P < 0.001;
Figure 2A). SAD significantly decreased the spontaneous discharge
of the mneurons in the nuceus ambiguous (NA; from
15.0 + 4.00 spikes/second in control rats to 6.47 + 2.23 spikes/sec-
ond in SAD rats, Figure 2C,D). The tachycardia induced by atropine
was markedly attenuated by SAD (13.0 + 4.60 vs. 30.0 = 9.50 beats/
min in sham operated rats, 57 % reduction, Figure 2E).

SAD Decreased the Expression of VAChT and
a7nAChR in the Brain

Vesicular ACh transporter protein level, as determined by immu-
nohistochemistry and Western blot in the cerebrocortex, was
significantly decreased by SAD (Figure 3A). The expression of
o7nAChR in the cerebrocortex was also significantly decreased by
SAD (Figure 3B).

Increasing Endogenous ACh by Neostigmine
Decreased the Ischemic Cerebral Injury,
Decreased the Apoptosis and Reduced the
Release of Proinflammatory Cytokines

Neostigmine (40 ug/kg; Shanghai Xinyijinzhu Pharmaceutical
Co., Ltd, Shanghai, China) significantly reduced the infarct size
(22.2 £7.59% vs. 34.2 £ 9.86% in the vehicle control group,
P < 0.05; Figure 4A). Neostigmine also significantly decreased the
expression of cleaved caspase 8 and the ratio of cleaved caspase 8
to total caspase 8 in the ischemic penumbra of SD rats subjected to
MCAO (Figure 5A), but did not change the expression of caspase
12. Neostigmine significantly decreased the expression of Bad and
Bax. Bcl-2, Bcl-x], and the ratio of Bcl-x1 to Bax were significantly
increased. Serum levels of TNFa, IL-6, but not IL-1¢ or IL-1f in
the serum, were significantly decreased (Figure 5B).

Neostigmine Decreased the Ischemic Cerebral
Injury Through the nAChR

Neostigmine significantly reduced the infarct size. This effect was
completely abolished by the nAChR antagonist vecuronium
(400 ug/kg; Zhejiang Xianju Pharmaceutical Co., Ltd, China), but
not by the mAChR antagonist anisodamine (anisodamine hydro-
chloride, 20 mg/kg; Shanghai 1st Biochemistry Pharmaceutical
Co., Ltd, Shanghai, China). Data are showed in Figure 4A.

The Protective Effect of Neostigmine on
Ischemic Cerebral Injury Depends on «7nAChR

The «7nAChR KO mice (3 months old) were subjected to MCAO
then administrated by neostigmine or the vehicle. The infarct size
was significantly larger, by approximately 65%, in «7nAChR KO
mice than in the WT controls (50.8 = 15% vs. 30.8 £ 10%,
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Figure 2 Cholinergic tone is diminished in rats with Sinoaortic denervation (SAD). (A) In male SD rats (350-400 g) with intact but varying degrees of
arterial baroreflex function. The cholinergic tone was expressed as the changes of heart period induced by atropine sulfate (0.03 mg/kg, iv) in conscious,
freely moving rats, n = 25. The relationships between the peripheral cholinergic tone and the baroreflex sensitivity (BRS) are assessed by univariate
regression analysis. The Pearson r-values were calculated. (B, C, D) SAD decreased the rate of spontaneous discharge. Single-unit extracellular recording
was made in nucleus ambiguous (NA) on both sides. The site of extracellular recording in NA is shown in B. Data are expressed as mean = SD.*P < 0.05,
**p < 0.01. Student’s t-test. n = 5-7. Neurons for each rats, n = 5 in each group. (E) SAD decreased the change of heart period induced by atropine
sulfate. The systolic blood pressure (SBP) had no change. Data are expressed as mean + SD.*P < 0.05, **P < 0.01. Paired Student’s t-test. n = 9-11 in
each group.

Figure 4B). The «7nAChR KO mice also had significantly worse reduced the infarct size (21.4 £ 7.6% vs. 34.8 £ 10.0% in the

overall neurological function (neurological score 4.5 + 0.5 vs. vehicle control group, P < 0.05) in WT mice, but not in 7nAChR
2.2 £ 0.4 in WT controls). Neostigmine (80 ug/kg, ip) significantly KO mice (50.9 = 4.9% vs. 50.8 + 15.2%, Figure 4B).
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Figure 3 Sinoaortic denervation (SAD) decreased the expression of vesicular acetylcholine transporter (VAChT) and &7 nicotinic acetylcholine receptor
(¢7nAChR) in the brain of SD rats. (A) Representative images of VAChT in the cerebrocortex under a con-focal fluorescent microscope. Scale bar, 50 pm.
(B, C) Representative Western blots of VAChT and «7nAChR in the cerebrocortex, using beta-actin as an internal control. Cerebrocortex homogenate was
incubated with the VAChT or «7nAChR antibody, n = 3 in each group. Data are expressed as mean + SD. *P < 0.05, **P < 0.01. Student’s t-test.
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Figure 4 The protective effect of neostigmine
(Neo) on acute ischemic cerebral injury induced
by middle cerebral artery occlusion (MCAO)
depends on nAChR-a7nAChR. (A) The cerebral
protective effect of Neo depends on nAChR.
The upper panel shows representative 2-3-5-
triphenyltetrazolium-chloride (TTC)-stained of
seven corresponding coronal brain sections of
vehicle control (Con), Neo (40 ug/kg),

Neo + anisodamine (Ani, 20 mg/kg), and

Neo + vecuronium (Vec, 400 ug/kg) treatment
group rats on day 1 after MCAO. (B) The
cerebral protective effect of Neo depends on
the subunit of nAChR, «7nAChR. The upper
panel shows representative TTC-stained of
seven corresponding coronal brain sections of
o7nAChR knockout (KO) and WT mice on day 1
after MCAO. Neo (80ug/kg) significantly
decreased the infarct size and improved the
neurological score in «7nAChR WT mice but
not in KO mice. Data are expressed as

mean + SD. Data were analyzed by one-way
analysis of variance (ANOVA) followed by LSD t-
test.*P < 0.05, **P < 0.01.n = 9-12in each
group of A; n = 6-7 in each group of B.
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The Protective Effect of ACh was Mediated by
aZnAChR in Primary Neurons

Pretreatment with ACh (0.5 h before adding H,0,) decreased
neuronal death induced by H,O,. Methyllycaconitine (Sigma-
Aldrich), a selective «7nAChR blocker, abolished the protective
effect of ACh (Figure 6A-C left). In cultured neurons obtained
from «7nAChR KO mice, ACh did not attenuate H,O, damage
(Figure 6C,D).

The Anti-inflammatory Effect of ACh was
Inhibited by the «7ZnAChR Blocker

In cultured primary microglial cells, ACh pretreatment decreased
the production of IL-1, IL-6, and TNFa« induced by lipopolysaccha-
ride. This effect was abolished by methyllycaconitine (Figure 7).

Discussion

Baroreflex sensitivity is an important determinant of many car-
diovascular diseases. Patients with a lower BRS exhibit shorter
survival after myocardial infarction [5], heart failure [6] or
stroke [12]. We reported that,

in rats, arterial baroreflex

© 2012 Blackwell Publishing Ltd

dysfunction promotes the development of atherosclerosis [23],
determines the survival time in lipopolysaccharide-induced
lethal shock [24]. Intact arterial baroreflex function is necessary
to prevent aconitine-induced ventricular arrhythmias [25]. BRS
is also an independent predictor for the incidence of stroke in
hypertension [7]. In that work, death after stroke was signifi-
cantly delayed in rats with high BRS than those with low BRS.
Restoration of BRS by ketanserin delayed stroke in SHR-SPs [7].
In the current study, we showed that impaired BRS increases
the ischemic cerebral injury. The main parameters observed are
the infarction area and neurological deficit score. It is well
known that neuronal death or apoptosis and inflammation are
very important in the pathogenesis of stroke. Therefore, apopto-
sis and inflammation were also used as valuing parameters in
this work.

Arterial baroreflex consists of two arms with opposing action:
the sympathetic and parasympathetic nervous systems [26]. The
sympathetic component is largely unaffected with increasing age
or in cardiovascular diseases. In contrast, loss of parasympathetic
activation is typically associated with old age as well as many
cardiovascular diseases [27]. Arterial baroreflex dysfunction could
manifest as a decrease in reflex activity and also a decrease in tonic
vagal activity. SAD decreased the spontaneous discharge of the

CNS Neuroscience & Therapeutics 18 (2012) 918-926 923
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Figure 6 The neuroprotective effect of ACh depends on a7nAChR in cultured neurons. (A, B) Neocortical neurons were pretreated with ACh, with or
without methyllycaconitine (MLA, the antagonist of 7nAChR), for 1 h prior to exposure to H,0, for 24 h. The cells were co-stained with Annexin V-FITC
and PI (propidium iodide) and detected by flow cytometry. (C) Neocortical neurons from a7nAChR knockout (KO) or WT mice were pretreated with ACh for
1 h prior to exposure to H,0, for 24 h. Cells were labeled with TUNEL reaction mixture. The nuclei were counterstained with DAPI (dihydrochloride) (blue)
for visualization. Cell survival was assessed by manually counting the cells. (n = 5 in each group). *P < 0.05, **P < 0.01. Data were analyzed with one-
way analysis of variance (ANOVA) followed by LSD t-test. Scale bars: 20 um. Data are presented as mean + SD.

neurons in the NA, the main nucleus driving the vagal nerve, of SAD in our study highlighted a close parallel relationship between
rats recorded under anesthesia. Tachycardia induced by atropine, the ACh and arterial baroreflex function. Functionally, increasing
reflecting the cardiac vagal tonic activity, was also significantly endogenous ACh with the anticholinesterase neostigmine signifi-
attenuated by SAD [28]. Thus, vagal nerve may participate in the cantly attenuated the ischemic cerebral injury after MCAO.
protective effects of arterial baroreflex against stroke. There are multiple nAChR subtypes in the brain [31,32]. Loss
Vesicular ACh transporter is responsible for recycling ACh from of neuronal nAChRs is associated with a number of central ner-
cytoplasm to vesicles and is critical for maintaining the activity of vous system diseases [17]. The nAChRs, particularly «7nAChR,
cholinergic terminals [29,30]. Decreased VAChT and BRS upon are reported to be involved in neuronal survival and synaptic
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Figure 7 The anti-inflammation effect of acetylcholine (ACh) was inhibited by methyllycaconitine. Microgliocytes were pretreated with ACh (0.1 mM) in
the presence or absence of methyllycaconitine (MLA, 1 nM) for 2 h, then challenged with lipopolysaccharide (LPS, 0.5 ug/mL) for 24 h. Pro-inflammatory
cytokines in the supernatant were measured using ELISA. Experiments were repeated for three times. Data were analyzed with one-way analysis of
variance (ANOVA) followed by LSD t-test. Data are presented as mean + SD. *P < 0.05, **P < 0.01.

plasticity [33,34]. In the current study, MCAO produced much
larger infarct size in #7nAChR KO mice than in WT controls. The
protective effects of neostigmine on ischemic cerebral injury were
nearly abolished by «7nAChR KO. Indeed, the protective effects
of ACh in cultured neurons were also abolished by a «7nAChR
antagonist or by «7nAChR KO.

It is well known that neostigmine does not increase cerebral
blood flow in intact animals presumably because it is less perme-
able across the blood brain barrier [35], it likely does get into the
brain during MCAO when the blood brain barrier is damaged.
Indeed, neostigmine significantly decreased the infarct injury and
increased antiapoptotic proteins and decreased proapoptotic pro-
tein in the ischemic penumbra. In cultured neurons, ACh
decreased the cell apoptosis or death in an «7nAChR-dependent
manner. The 7nAChR activation also could reduce the release of
proinflammatory cytokine [36,37], which in turn plays a critical
role in the outcome after stroke [38]. In our experiments, neostig-
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