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Abstract Our previous investigations have demonstrated

that microinjection of acetylcholine (ACh) or muscarinic

ACh receptor activation in the cerebellar cortex induces a

systemic blood pressure depressor response. This study

aimed to determine the role of muscarinic ACh receptor-2

(M2 receptor) in the cerebellar cortex in cardiovascular

function regulation in rats. A nonselective muscarinic

receptor agonist (oxotremorine M, OXO; 30 mM), a

selective M2 receptor agonist (arecaidine but-2-ynyl ester

tosylate, ABET; 3, 10, and 30 mM), 30 mM OXO mixed

with a selective M2 receptor antagonist (methoctramine

hydrate, MCT; 0.3, 1, and 3 mM), and normal saline

(0.9 % NaCl) were separately microinjected (0.5 ll/5 s)

into the cerebellar cortex (lobule VI) of anaesthetized rats.

We measured the mean arterial pressure (MAP), maximum

change in MAP, and reactive time (RT; the duration

required for the blood pressure to return to basal levels),

heart rate (HR) and the maximum change in HR during the

RT in response to drug activation. The results demonstrated

that ABET dose-dependently decreased MAP and HR,

increased the maximum change in MAP and the maximum

change in HR, and prolonged the RT. Furthermore, MCT

dose-dependently blocked the OXO-mediated cardiovas-

cular depressor response. This study provides the first

evidence that M2 receptors in the cerebellar cortex are

involved in cardiovascular regulation, the activation of

which evokes significant depressor and bradycardic

responses.
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Introduction

In addition to the classic afferents of climbing and mossy

fibers, the cerebellum also receives many types of modu-

latory inputs from serotonergic, histaminergic, nore-

pinephrinergic, dopaminergic, and cholinergic fibers,

which are generalized as the third type of cerebellar

afferent inputs [1, 2]. Cerebellar cholinergic projections

predominantly originate from the lower brainstem, espe-

cially in the medial vestibular nucleus [3, 4]. These pro-

jections likely enter the cerebellum accompanied by mossy

fibers through the inferior cerebellar peduncles, which

subsequently innervate nearly all cerebellar regions and

directly contact various types of cerebellar neurons [4, 5].

Moreover, radioligand binding, in situ hybridization, and

immunohistochemical studies have demonstrated the exis-

tence of several subtypes of acetylcholine (ACh) receptors,

such as a3, a4, a6, a7, b2, and b4 [6, 7], and potentially all

subtypes of muscarinic (m)ACh receptors (M1–M5) [8, 9],

in the cerebellum. These cholinergic receptors have been

reported to have significant roles in cerebellar neuronal

functions, such as the modulation of neuronal firing and
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synaptic plasticity [10, 11]. However, to date, cerebellar

ACh receptor involvement in integral physiological func-

tions has received minimal attention. Our previous reports

demonstrated that muscarinic receptors in the cerebellar

cortex exhibited an important influence in the systemic

depressor response [12]. Nevertheless, the precise mecha-

nism that underlies the cerebellar muscarinic receptor-

mediated blood pressure down-regulation remains

enigmatic.

The mACh receptor family comprises the M1–M5 sub-

types. The M2 receptor has been the focus of substantial

research interest because of its role in cardiovascular func-

tions. For example, animals that lack functional M2 recep-

tors or the use of autoantibodies against M2 receptors

develop bradycardia and arrhythmia [13, 14]. In the present

study,we focused on the role of theM2 receptor on cerebellar

cortex-mediated cardiovascular modulation in anaesthetized

rats using immunohistochemical and neuropharmacological

techniques. The results demonstrate that M2 receptor acti-

vation in the cerebellar cortex dose-dependently decreases

mean arterial pressure (MAP) and heart rate (HR), which

may substantially contribute to the muscarinic receptor-

mediated blood pressure depressor response.

Materials and Methods

Animals

Young adult male Sprague-Dawley (SD) rats (2 months

old, 230–260 g; n = 20) obtained from Shanghai Sippr BK

Laboratory Animals Ltd. (Shanghai, China) were used in

this study. The animals were individually housed in a

temperature-controlled (23 ± 1 �C) environment with a

12/12 h light/dark-cycle with food and water ad libitum.

All animal experiments were conducted according to the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals (NIH Publication No. 80-23, revised

in 1996) and were approved by our University’s Animal

Care and Use Committee.

Surgical Procedures

The rats were anesthetized with urethane [1.4 g/kg, Sino-

pharm Chemical Reagent Co., Ltd., Shanghai, China;

intraperitoneal (i.p.) injection] and processed for cervical

surgery with tracheal intubation. Rectal temperature was

monitored, and body temperature was maintained at

37.0 ± 0.5 �C using an electric heating pad; supplemen-

tary doses of anesthesia (0.7 g/kg) were administered as

required. A catheter (BL-2020; Taimeng Sci-Tec Co., Ltd,

Chongqing, China) filled with normal saline and heparin

(500 IU/ml) was inserted into the left carotid artery; it was

connected to a signal collecting and processing instrument

(BL-420F; Taimeng Sci-Tec Co., Ltd.) through a blood

pressure transducer (PT-100, Taimeng Sci-Tech Co., Ltd.).

The pulsatile blood pressure trace was consecutively col-

lected through an analog-to-digital interface (sampling

rate = 100 Hz) and subsequently processed using software

(TM_WAV1; Taimeng Sci-Tec Co., Ltd.) that identifies

inflection points on signals and generates beat-by-beat time

series with systolic arterial pressure (SAP), diastolic arte-

rial pressure (DAP), MAP, and HR values. The rats were

then mounted on a stereotaxic instrument (51503 New

Standard Stereotaxic; Stoelting Co., Wood Dale, IL, USA),

and a craniotomy was performed under aseptic conditions.

A Hamilton syringe needle (0.3 mm inner diameter,

0.5 mm outer diameter) was lowered into the granular layer

of the cerebellar lobule VI (x: -10.8 to -11.8; y: 0.0–1.6;

z: 1.8–2.0; according to a rat brain atlas [15] ) (Fig. 1),

using a computer-controlled stepper motor (IVM-1000;

Scientifica, UK). Repeated injections were administered at

30 min intervals, and the injections were separated by at

least 1 mm to avoid interference between administrations.

It has previously been demonstrated that a volume of 0.5 ll
has an estimated diffusion range of 0.5–1.0 mm in brain

tissue [16]; thus, this dose of cholinergic reagent should be

restricted to the cerebellar cortex.

Microinjections

The cholinergic reagents included the nonselective mACh

receptor agonist oxotremorine M (OXO; 30 mM; Sigma-

Aldrich, St. Louis, MO, USA), the selective M2 receptor

agonist arecaidine but-2-ynyl ester tosylate (ABET; 3, 10,

and 30 mM; Tocris Cookson Ltd., Bristol, UK), 30 mM of

OXO mixed with the selective M2 receptor antagonist

methoctramine hydrate (MCT; 0.3, 1, and 3 mM; Sigma-

Aldrich), and normal saline (0.9 % NaCl).

In general, prior to drug injection, the blood pressure trace

was observed for at least 10 min to ensure stability. Each rat

received one saline injection (no blood pressure effect) and one

30 mM OXO injection (which induced a significant depressor

response [12] ) for confirmation of blood pressure regulation.

Each animal subsequently received 4–6 different drug injec-

tions based on the blood pressure status (blood pressure often

appeared unstable after longer experiments), which were sep-

aratelymicroinjected (0.5 ll/5 s) into the cerebellar cortex in at

least 10 rats (2–3 injections/drug type/rat).

MAP and HR Measurements

The drug effects on MAP and HR regulation were con-

sidered substance-specific provided they were reversible

and reproducible. The reactive time (RT; duration required

for the MAP to return to baseline values), MAP during the
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RT, and maximum change in MAP in each ACh trial, as

well as the HR (beats per minute; BPM) and the maximum

change in HR during the RT in response to drug activation

were calculated.

Immunohistochemistry

Three additional rats were anesthetized with sodium pento-

barbital (40 mg/kg, i.p.) and subsequently perfused through

the heart with 0.9 % NaCl until the liver became pale, fol-

lowed immediately by 200 ml of a fixative solution that

contained 4 % paraformaldehyde and 2.5 % glutaraldehyde

in 0.1 M phosphate buffered saline (PBS, pH 7.4). The

cerebellum was dissected and post-fixed overnight in the

perfusion fixative. The blocks of tissue that contained lobule

VI (approximately 5 mm 9 5 mm 9 3 mm) were subse-

quently washed in PBS, dehydrated in ethanol, cleared in

xylene, and embedded in paraffin. 5 lm thick consecutive

sagittal sectionswere cut using amicrotome (LeicaRM2245,

Leica Microsystems, Wetzlar, Germany) prior to mounting

on 3-aminopropyl-triethoxysilane (APES; Sigma-Aldrich,

St. Louis, MO, USA; dilution: 1:50 in acetone) coated

microscopic slides for histological staining.

Three sections of lobule VI [15], at intervals of

approximately 50 lm, were obtained from each animal for

immunohistochemical labeling, and the neighboring sec-

tions were processed as the negative controls; similar

protocols have been described in our previous report [17].

Briefly, the sections were deparaffinized in xylene, hydra-

ted using a graded ethanol series to distilled water, and then

incubated with 3 % hydrogen peroxide (H2O2) to quench

the endogenous peroxidase activity (10 min at room tem-

perature). After washing in PBS (3 9 10 min at room

temperature; the same washing procedure was performed

between each step), the sections were incubated with 10 %

goat serum to suppress the non-specific staining (10 min at

room temperature). The sections were subsequently incu-

bated for 24 h at 4 �C with anti-M2 receptor antibody

(1:200, rabbit monoclonal; Abcam, Cambridge, UK), fol-

lowed by incubation for 30 min at 37 �C with biotinylated

anti-rabbit IgG (Boster Bioengineering Co., Ltd., Wuhan,

China). The sections were then treated with preformed

avidin–biotin–peroxidase complexes (Boster Bioengineer-

ing Co., Ltd.) for 30 min at 37 �C. Finally, the sections

were incubated for 10 min in 0.05 % 3,30-diaminoben-

zidine (DAB)/0.01 % H2O2 (Boster Bioengineering Co.,

Ltd.). The sections were counterstained with thionine

(0.5 %, 37 �C, 10 min; Sigma-Aldrich, St. Louis, MO,

USA), dehydrated in gradient alcohol, cleared in xylene,

and cover slipped with permount. Immunohistochemical

Fig. 1 Schema of the cerebellar

cortex microinjection sites.

a Schematic diagram indicates

the dorsal view of the rat

cerebellum. The Latin numerals

denote the lobules of the vermis

according to Larsell’s

descriptions [32]. The box in the

dotted line (in lobule VI)

illustrates the microinjection

site region. b Histological

reconstructions indicate the

microinjection sites in the

cerebellar granular layers (x:

-10.8 to -11.8; y: 0.0–1.6; z:

1.8–2.0) according to a rat brain

atlas [15] across 20 rats. The

numbers in parentheses indicate

the measurements performed.

ML molecular layer, PCL

Purkinje cell layer, GL granular

layer, MS microinjection sites
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negative controls were performed on adjacent sections via

the substitution of PBS for the primary antibody.

Statistical Analysis

All data are presented as the mean ± SE. A Student’s t test

and one-way analysis of variance (ANOVA) followed by a

Bonferroni correction post hoc test were conducted for the

statistical analyses. P values \0.05 were considered

significant.

Results

The M2 Agonist ABET Dose-Dependently Decreases

MAP

The M2 receptors in the cerebellar cortex exhibited sig-

nificant effects on somatic MAP and HR modulations,

which typically recovered within 2.5 min after the

microinjections (Fig. 2). Compared to the saline treatment

(Fig. 2a), microinjection of the M2 receptor selective

Fig. 2 Representative

recordings of the pulsatile

arterial pressure and HR

responses to cerebellar

injections. a, b Compared to

saline treatment, microinjection

of 30 mM OXO (a nonselective

mACh receptor agonist) into the

cerebellar cortex induced a

significant decrease in MAP and

HR. c, d Dose-dependent effects

of ABET (M2 receptor selective

agonist) on MAP and HR

reductions. e, f MCT (selective

M2 receptor antagonist) dose-

dependently blocked the 30 mM

OXO mediated MAP and HR

reductions. In the blood pressure

recording, the gray line

indicates the pulsatile arterial

pressure, the black line indicates

the MAP, and the arrows

indicate the time of injection.

ABET arecaidine but-2-ynyl

ester tosylate, BP blood

pressure, HR heart rate, MAP

mean arterial pressure, MCT

methoctramine hydrate, OXO

oxotremorine M, MCMAP

maximum change in MAP, RT

reactive time
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agonist ABET into the cerebellar cortex induced a signif-

icant down-regulation of systemic MAP (Fig. 2c). ABET

administration (3, 10, and 30 mM) resulted in a significant

dose-dependent MAP response. Compared with the saline

administration, the MAP (F(3,84) = 30.524; P\ 0.001;

Fig. 3a) decreased by 7, 16, and 23 mmHg, respectively;

the maximum change in MAP (F(2,66) = 26.716;

P\ 0.001; Fig. 3b) was 19 ± 4, 24 ± 4, and

27 ± 4 mmHg, respectively; and the RT (F(2,66) = 70.858;

P\ 0.001; Fig. 3c) lasted 50 ± 6, 63 ± 7, and 77 ± 10 s,

respectively. These results demonstrate that ABET

decreases MAP via M2 receptor activation in the cerebellar

cortex, which indicates a homodromous characteristic of

OXO (Fig. 2a) and ACh administration [18].

The M2 Receptor Antagonist MCT Dose-

Dependently Blocks the OXO-Mediated MAP

Decrease

Microinjection of 30 mM OXO into the cerebellar cortex

induced a significant decrease in MAP compared to the

saline treatment (21.57 %; P\ 0.001 via t test; Fig. 2a),

which was consistent with our previous report [12]. As

shown in Fig. 2e, the selective M2 receptor antagonist

MCT blocked the OXO-mediated MAP depressor

response. One-way ANOVA demonstrated that MCT dose-

dependently (0.3, 1, and 10 mM) attenuated the 30 mM

OXO-mediated MAP decrease: MAP (F(3,89) = 34.546,

P\ 0.001; Fig. 3d) was blocked by 6, 13, and 19 mmHg,

respectively; the maximum change in MAP

(F(3,89) = 47.334, P\ 0.001; Fig. 3e) was attenuated by 6,

11, and 15 mmHg, respectively, and the RT

(F(3,89) = 79.081, P\ 0.001, Fig. 3f) was shortened by 13,

23, and 32 s, respectively. These results indicate that M2

receptor inactivation in the cerebellar cortex via MCT

effectively blocks the OXO-mediated MAP depressor

response.

Cerebellar M2 Receptor-Mediated HR Decrease

The HR response to drug stimulation during the RT was

also analyzed. The timing of HR change was almost syn-

chronous with MAP changes (Fig. 2b, d, f). Compared to

the saline treatment, ABET induced a reduction in HR

Fig. 3 Histograms of cerebellar cholinergic microinjectionon blood

pressure modulation. a MAP, b maximum change in MAP, and c RT
(the duration required for the blood pressure to return to basal values)

in response to ABET stimulation. d MAP, e maximum change in

MAP, and f RT in response to 30 mM OXO mixed with different

concentrations of MCT (0.3, 1, and 3 mM). There was no decrease in

MAP with saline; therefore, this group was not included in the

statistical analyses in b and c. The numbers presented in parentheses

denote the number of animals measured per group. *P\ 0.05;

**P\ 0.01. ABET arecaidine but-2-ynyl ester tosylate, BP blood

pressure, MAP mean arterial pressure, MCT methoctramine hydrate,

OXO oxotremorine M, RT reactive time

808 Neurochem Res (2016) 41:804–812
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activity (Fig. 2d). Statistical analysis indicated that ABET

(3, 10, and 30 mM) induced a dose-dependent decrease in

HR (F(3,85) = 28.026, P\ 0.001; Fig. 4a; which was

reduced by 22, 39, and 58 BPM, respectively) and an

increase in the maximum change in HR (F(2,66) = 128.422,

P\ 0.001; Fig. 4b; which was 19 ± 4, 34 ± 6, and

47 ± 7 BPM, respectively). Moreover, MCT blocked the

HR decrease in response to 30 mM OXO stimulation

(Fig. 2f). One-way ANOVA indicated that MCT dose-de-

pendently (0.3, 1, and 10 mM) attenuated the 30 mM

OXO-mediated bradycardia: the HR decrease

(F(3,89) = 28.388, P\ 0.001; Fig. 4b) was blocked by 15,

32, and 47 BPM, respectively; and the maximum change in

the HR (F(3,89) = 51.594, P\ 0.001; Fig. 4b) was atten-

uated by 13, 22, and 29 BPM, respectively. These results

indicate that cerebellar cortex M2 receptors are involved in

cardiac regulation, and the activation of these receptors

results in bradycardia.

Confirmation of M2 Receptor Expression

in the Cerebellar Cortex

The immunohistochemical results demonstrated that the

M2 receptor was expressed in the cerebellar cortex (lobule

VI) (Fig. 5a–c), whereas no positive staining was observed

in the negative control (Fig. 5d–f). These findings confirm

an unequivocal localization of M2 receptors in the cere-

bellar cortex.

Discussion

It has long been established that a cholinergic system is

present in the cerebellum [12, 18], and this brain area is

involved in central cardiovascular modulation [2]. Thus, it

is plausible to suggest that cholinergic neurotransmission

in the cerebellum may modulate cardiovascular activities.

Notably, the cholinergic effects on cardiovascular regula-

tion depend on the various brain sites and/or actions of

different ACh receptors. For example, mACh receptor

activation in the rostral ventrolateral medulla (RVLM)

resulted in a significant increase in MAP and HR [19],

whereas microinjection of ACh into the ventrolateral

periaqueductal gray areas and cuneiform nucleus caused a

significant MAP depressor response with no striking

alterations in HR [20, 21]. Furthermore, nicotinic ACh

(nACh) receptor activation in the caudal ventrolateral

medulla results in significant depressor and bradycardic

responses [22]. Our previous findings demonstrated that

ACh microinjection or muscarinic receptor activation in

the cerebellar cortex induced a marked down-regulation in

systemic MAP [12, 18]; however, the detailed mechanism

remains poorly understood.

The present study focused on the role of the muscarinic

family M2 receptor in cerebellar cortex-mediated cardio-

vascular functions. The selective M2 receptor agonist

ABET dose-dependently down-regulated systemic MAP

(Fig. 3a), and the selective M2 receptor antagonist MCT

dose-dependently blocked the nonselective muscarinic

agonist OXO-mediated depressor response (Fig. 3d). These

data indicate that the M2 receptor contributes homodro-

mously to the muscarinic receptor-mediated MAP depres-

sor response [12]. Moreover, the magnitude of the

cerebellar-mediated MAP depressor by an M2 receptor

agonist (30 mM, ABET) approached that of a non-selective

mACh receptor agonist (30 mM, OXO) (Fig. 3a vs. d in

MAP; Fig. 3b vs. e in maximum change in the MAP),

which suggests that M2 receptors in the cerebellar cortex

substantially contribute to the non-selective mACh recep-

tor-induced MAP depressor response. These physiological

effects were also in agreement with previous reports

showing that the M2 receptor represents the predominant

Fig. 4 Histograms of cerebellar cholinergic microinjectionon HR

modulation. a HR and maximum change in HR alterations in response

to different concentrations of ABET treatments. b HR and maximum

change in HR alterations in response to 30 mM OXO mixed with

different concentrations of MCT (0.3, 1, and 3 mM). The numbers

presented in parentheses denote the number of animals measured per

group. *P\ 0.05; **P\ 0.01. ABET arecaidine but-2-ynyl ester

tosylate, HR heart rate, MCT methoctramine hydrate, OXO oxotre-

morine M

Neurochem Res (2016) 41:804–812 809

123



mACh receptor subtype localized in the cerebellum based

on autoradiographic and immunohistochemical studies [8,

9, 23]. In addition, the current findings indicate that M2

receptor activation in the cerebellar cortex exerts a dose-

dependent decrease in HR (Fig. 4a), and inactivation of the

intrinsic M2 receptor with MCT effectively attenuates

OXO-mediated bradycardia, which indicates that the

cerebellar M2 receptor is involved in HR modulations.

Furthermore, the immunohistochemical results also con-

firm that the M2 receptor is unequivocally expressed in the

cerebellar cortex (Fig. 5).

In the current study and our previous research [12, 18],

we demonstrated that the cerebellar cortex induced a sig-

nificant MAP depressor response as a result of ACh stim-

ulation, and mACh receptors (M2 specifically)

substantially contributed to cerebellar ACh-mediated blood

pressure modulation; however, the neurochemical circuitry

that underlies this process remains largely unknown. The

cerebellar cortex is innervated with cholinergic projections

[24] and contains various mACh receptors [8, 9]. The

output of this region (lobule VI) is principally projected to

the fastigial nucleus (FN) [2], which is involved in the

baroreceptor reflex [25]. More importantly, the FN (espe-

cially in the rostral portion) modulates the renal sympa-

thetic nerve activity, which subsequently affects renal

vasoconstriction and blood redistribution [25]. Thus, we

speculate that cholinergic signaling in the cerebellar cortex

likely influences cardiovascular control through the FN and

baroreceptor reflex involvement.

Despite these novel findings, several study limitations

should be considered in the interpretation of the results to

improve future investigations. First, although MCT is an

M2 receptor-selective competitive antagonist, it exhibits

low-affinity binding to the M3 receptor at high concen-

trations [26], which raises the possibility of cross reactivity

with other muscarinic receptor subtypes at higher doses.

However, this cross reactivity effect, if present, is not

expected to be severe because the M2 receptor is the pre-

dominant mACh receptor subtype in the cerebellum, based

on mRNA expression and protein levels [8, 9]. Second,

anesthesia has been reported to blunt effects on baroreflex

activity [27, 28]. Although some reports have demonstrated

that urethane anesthesia did not significantly affect the

blood pressure response or baroreflexive HR activities [29],

Fig. 5 Expression and distribution of mACh receptor-2 in the

cerebellar cortex. a Immunohistochemical staining, counterstained

with thionine, indicates that mACh receptor-2 was present in a

sagittal section of the cerebellar cortex (lobule VI), b the molecular

layer, and c the Purkinje cell and granular layers at a higher

magnification. The arrowheads indicate immunoreaction. d Negative

controls were performed on adjacent sections via substitution of the

primary antibody for PBS and were counterstained by thionine. e The
molecular layer and f the Purkinje cell and granular layers at a higher

magnification. The dashed boxes in a and d indicate the origination of

‘‘b, c’’ and ‘‘e, f’’, respectively. Scale bars a and d = 200 lm; b and

e = 100 lm; c and f = 20 lm

810 Neurochem Res (2016) 41:804–812
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a similar experiment in conscious animals is worth con-

sideration in the future. Third, mACh receptors comprise

five subtypes, including M1, M3, and M5 receptors (which

are preferentially coupled to Gq/11 and activate neuronal

excitatory cascades) and M2 and M4 receptors (which link

to Gi/o and initiate inhibitory procedures) [30, 31].

Therefore, a thorough investigation of the elaborate

receptor mechanism for cerebellar mACh receptor-medi-

ated MAP depression is needed in future investigations.

In summary, the present study provides novel evidence

that M2 receptors in the cerebellar cortex are involved in

MAP and HR regulation, which may represent an impor-

tant contribution to the muscarinic receptor-mediated blood

pressure depressor response. Additional investigations

using electrophysiological techniques are needed to clarify

the mechanisms that underlie these effects.
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