Chinese Journal of Physiology 43(1): 23-28, 2000

GO

EJ106200000023 23
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Abstract

The action of arecoline on rat locus coeruleus neurons was studied by intracellular recording from

the in vitro brain slice preparation. Superfusion of arecoline (0.1-100 uM) caused two dose-related

effects, an increased firing rate and, in neurons previously hyperpolarized to a constant potential by

passing a steady hyperpolarizing current across the membrane, depolarization. Both effects were

associated with a reduction in membrane input resistance. Moreover, the arecoline-induced excitatory

effects were antagonized by the muscarinic receptor antagonist, atropine, but not by the nicotinic

receptor antagonist, hexamethonium. Methoctramine, a selective M,-muscarinic receptor antagonist,

was also effective in reversing the arecoline-induced effects, with a dissociation equilibrium constant of
14.2+1.2 nM (n=6). These results therefore suggest that arecoline exerts its excitatory actions by binding
to M,-muscarinic receptors on the cell membrane of neurons of the locus coeruleus.
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Introduction

It is estimated that between 10 % and 25 % of the
world’s population chews betel (29). Betel chewing
is as prevalent as the use of tobacco, and has an
enormous influence on medical, social, and public
health issues in Taiwan; however, the long-term health
effects of continuous betel chewing remain
controversial. Betel is said to produce feelings of
euphoria and a mild state of intoxication similar to
that produced by ethanol. Arecoline, a cholinergic
alkaloid and a major constituent of betel nut, is
responsible for the euphoric effects. It readily
penetrates the blood-brain barrier (33) and is a
nonselective muscarinic receptor agonist (23, 26, 34).
It is reported to attenuate specific cholinergic cognitive
impairment in both rodents and the marmoset (15,
28), improve age-related deficits in a delayed-recall
task in primates (11), and enhance memory in healthy
human subjects (36). Moreover, intravenous

administration of arecoline reproducibly improves
memory in some subjects with Alzheimer’s disease
(31, 32, 37). Recently, Raffaele et al. (30) reported
that, in subjects with Alzheimer’s disease, verbal
ability tends to improve at low doses of arecoline,
whereas attention and visuospatial ability tend to
improve at higher doses of arecoline. Although
arecoline is known to stimulate muscarinic cholinergic
activity, its cellular mechanism or the site of action on
the central nervous system involved in improving
cognitive function has not yet been entirely elucidated.

The central norepinephrine system appears to
play an important role in cognitive function. The

"locus coeruleus (LC) is a compact group of

norepinephrine-containing cell bodies located near
the floor of the fourth ventricle at the upper border of
the pons, and neurons from this small pontine nucleus
give rise to more than half the noradrenergic
projections in the brain (4). The widespread nature of
the coeruleo-cortical projection indicates that

Corresponding author: Dr. T. H. Chiu, Department of Physiology, National Yang-Ming University, Shih-Pai, Taipei 112, Taiwan, ROC. Tel:

886-2-28267084, Fax: 886-2-28264049, E-mail: thchiu@ym.edu.tw

Received February 1, 2000; Revised February 19, 2000; Accepted February 20, 2000.



24 YANG, CHANG, CHEN AND CHIU

activation of this noradrenergic cell group will have
pervasive effects in diverse terminal regions. Thus, it
1s perhaps no surprise that LC neurons may play a key
role in the regulation of vigilance, attention, learning,
memory, and anxiety, and are affected in neuro-
degenerative disorders (35). Additionally, it has been
demonstrated that the LC receives cholinergic input
from cells in the neighboring pontine reticular
formation (pedunculopontine tegmental nucleus and
laterodorsal tegmental nucleus, see ref. 5) and that the
LC is rich in acetylcholinesterase (3). The nora-
drenergic neurons of the LC contain both nicotinic
and muscarinic receptors (18, 21). Electrophy-
siological studies indicate that cholinergic agonists,
acting via nicotinic and/or muscarinic receptors,
markedly increase the firing rate of LC neurons
(1, 21). The aims of the present study were therefore
to investigate the effects of arecoline on LC neurons,
using intracellular recording techniques, and to
characterize the receptor subtype involved in the
arecoline-induced effects.

Materials and Methods
Preparation and Maintenance of LC Slices

The methods used to prepare and maintain LC
slices from the rat were similar to those previously
described (17, 40, 41). Male Sprague-Dawley rats
(120-200 g) were sacrificed and their brains rapidly
removed. A block of tissue containing the pons was
excised and attached to a small Plexiglass stage with
cyanoacrylate glue, an agar block, placed next to the
tissue, acting as a support during sectioning. The
tissue was then submerged in oxygenated artificial
cerebrospinal fluid (aCSF), maintained at 3-5°C, in
the well of a Lancer 1000 vibratome. Several 300-
350 um thick coronal sections of pons were cut, then
a slice containing a cross-section through the caudal
end of the LC was mounted in the recording chamber
and allowed to equilibrate for I hr. The slice was then
completely submerged in a heated (33-34°C) flowing
(2.3 ml/min) solution with the following millimolar
composition : NaCl 126, KCI1 2.5, NaH,PO, 1.2,
NaHCO; 26.2, MgCl, 1.3, CaCl, 2.4, glucose 11.1,
gassed with 95% O,/5% CO,. The slice was viewed
from above using a dissection microscope; in the
trans-illuminated slice, the LC was seen as a
translucent area lying on the lateral aspect of the
periventricular gray, below the fourth ventricle.

Intracellular Recording
Intracellular recording from LC neurons was

performed using sharp microelectrodes, filled with
2M KCIl, with a d.c. tip resistance of 40-70 MQ. The

recording microelectrodes were inserted into the LC
under visual control. Intracellular potentials were
recorded using an amplifier with an active bridge
circuit, permitting current injection through the
recording electrode (WPI M707). Current and voltage
traces were displayed on a storage oscilloscope
(Textronix 5113) and a rectilinear pen recorder (Gould
2400). Input resistance was measured by passing
hyperpolarizing constant current pulses of sufficient
duration to fully charge the membrane capacitance
and reach a steady-state voltage deflection.

Perfusion of Solutions and Drugs

A valve system was employed for switching the
solution superfusing the preparation between control
and drug-containing aCSF. The period required for
test solutions to reach the chamber was known, and
ranged from 25-35 sec. The drugs used in the present
experiments were arecoline, hexamethonium bromide,
atropine (Sigma), and methoctramine (Research
Biochemicals Inc.) and were administered for a long
enough duration to attain a steady-state response
(5 min or longer).

Data Analysis

Numerical data are expressed as the meantthe
standard error of the mean (S.E.M.). Paired or unpaired
Student’s ¢ tests were used to determine whether the
differences in the means were statistically significant.
p-Values equal to, or less than, 0.05 were judged to be
statistically significant.

Results
Membrane Properties of LC Neurons

Electrophysiological properties were examined
in a total of 88 LC neurons by stable intracellular
impalement. All the LC neurons included in this
study showed spontaneous activity, the frequency of
spontaneous firing ranging from 0.2 to 4.2 Hz (1.9%
0.1 Hz, n=88). The pattern of LC neuron spontaneous
firing recorded in each slice was very regular, i.e. the
interspike interval was remarkably uniform. The
neurons had resting membrane potentials of -49 to -70
mV (-57.8£0.5 mV, n=88) and apparent input
resistances of 125 to 416 MQ(184+7 MQ, n=88).
These data are similar to those obtained in our previous
studies (17, 40, 41).

Effects of Arecoline

As shown in Fig. 1 (A & B), arecoline (0.1-100
UM) reversibly increased the firing rate and decreased
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Fig. |. Dose-dependent effects of arecoline on the firing rate (A), input resistance (B), and membrane potential (C) of neurons of the locus coeruleus.
In (C), constant current was passed through the electrode to hyperpolarize the neurons by about 25 mV. The vertical bars represent the S.E.M.

for the number of neurons indicated.

the input resistance of all LC neurons tested. Although
neurons varied in their sensitivity to arecoline, the
increase in firing rate and reduction in input resistance
depended on the concentration. At concentrations of
0.1 or 1 uM arecoline caused an increase in neuronal
firing rate of 11.8 % (n=16) or 59.7 % (n=15),
respectively, with only a small reduction in input
resistance, while, at higher concentrations (10 or 100
wM), a greater increase in firing rate was seen, together
with a decrease in input resistance. At a given
concentration of arecoline, considerable inter-neuron
variation was seen in the increase in firing and decrease
in input resistance. For example, in response to
100 uM arecoline, the increase in firing rate and
decrease in input resistance ranged from 159.1 to
225.9 % (190.3+30.9 %, n=16) and from 15.7 to
29.3 % (22.246.5 %, n=16), respectively. In another
set of experiments, shown in Figure 1C, in cells
previously hyperpolarized to a constant potential (-70
—-75 mV) by passing a steady hyperpolarizing current
across the membrane, arecoline caused a con-
centration-dependent depolarization, which was
accompanied by a fall in input resistance (not shown).

Interaction of Arecoline with Atropine and
Hexamethonium

To study the effects of a muscarinic receptor
antagonist (atropine) and a nicotinic receptor
antagonist (hexamethonium), a single concentration
of atropine (10 nM) or hexamethonium (400 uM) was
first applied for 15 minutes before the perfusate was
changed to atropine (10 nM) plus arecoline (100 uM)
or hexamethonium (400 uM) plus arecoline (0.3 pM).
Atropine alone had no significant effect on firing rate,
membrane potential, or input resistance, but drastically

Table 1. Effects of Nicotinic and Muscarinic Receptor
Antagonists on Arecoline-Induced Changes
in Firing Rate and Input Resistance

n Increase in Decrease in

firing rate - Rinput
(%) (%)
Arecoline (0.3 uM) 6  38.5%4.7 6.81+2.3
Arecoline (0.3 uM)
+ 6 36.7£3.1 7.1+1.2
Hexamethonium
(400 uM) p>0.05 p > 0.05
Arecoline (100 uM) 8 202.2424.5 24.1+£3.0
Arecoline (100 pM)
+ 8 3.1+£0.8 0.7+0.1
Atropine (10 nM)
p<0.005 p<0.005
Arecoline (0.3 uM) 6 36.916.7 7.812.6
Arecoline (0.3 uM)
+ 6 2.1+0.7 1.240.3
Methoctramine
(30 uM) p<0.005 p<0.005

Rinpu: Input resistance

modified the arecoline-induced responses (Tables 1
and 2). On average, atropine (10 nM) produced a 98.
5 % and 97.1 %, respectively, reduction in the increase
in firing rate and decrease in input resistance induced
by arecoline (100 uM). In cells previously
hyperpolarized by about 25 mV, atropine reduced the
arecoline-induced depolarization and decrease in input
resistance by 92.7 % and 96.6 %, respectively. In
contrast, the excitatory effects resulting from
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Table 2. Effects of Nicotinic and Muscarinic Receptor
Antagonists on Arecoline-Induced Changes
in Membrane Potential and Input Resistance
While Passing a Steady Hyperpolarizing Cur-
rent to Hyperpolarize the Neurons by about
25 mV

n Depolarization Decrease in

(mV) Rinput (%)
Arecoline (0.3 uM) 6 4.5+1.3 6.9+1.4
Arecoline (0.3 uM)
+ 6 4.1+1.8 5.7£1.5
Hexamethonium
(400 uM) p > 0.05 p> 0.05
Arecoline (100 uM) 6 16.5£2.7 20.812.1
Arecoline (100 uM)
+ 6 1.21£0.3 0.710.1
Atropine (10 nM)
p < 0.005 p < 0.005
Arecoline (0.3 uM) 8 4.2+1.2 6.3£1.6
Arecoline (0.3 uM)
+ 8 0.3£0.1 0.840.1
Methoctramine
(30 uM) p < 0.005 p < 0.005

Rinpue: Input resistance

superfusion of arecoline (0.3 uM) were not
significantly affected by concurrent superfusion of
hexamethonium (400 uM) (Tables 1 and 2).

Effect of Methoctramine on the Arecoline-Evoked
Excitatory Responses

In this study, the receptor subtype involved in
the arecoline-induced effects was characterized by
the use of a selective Mj-muscarinic receptor
antagonist, methoctramine. Pretreatment with
methoctramine (30 uM) before applying a mixture of
methoctramine (30 M) plus arecoline (0.3 pM)
resulted in almost complete block of the effects of
arecoline on firing rate, membrane potential, and
input resistance (Tables 1 and 2). In another six
neurons, the concentration-response relationship for
arecoline, constructed in the presence or absence of
increasing methoctramine concentrations while
recording from a single neuron, was used to determine
the dissociation equilibrium constant (Ky) for the
antagonist; an example is shown in Fig. 2.
Methoctramine (30-300 nM) produced a parallel, dose-
related shift to the right of the arecoline concentration-
response curve (Fig. 2A). To determine the K, for
methoctramine, we calculated the dose-ratios by
dividing the concentration of arecoline required to
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Fig. 2. Methoctramine antagonism of the arecoline-induced increase in
firing rate. (A) Dose-response curves for arecoline in the
presence of 0 (0), 30 (e), 100 (V), or 300 nM (¥) methoctramine.
The data were obtained by recording from a single neuron. (B)
Schild plot of the data from (A) at a response level of 80 %. The
dissociation equilibrium constant was 14.1 nM in this neuron.

produce a given increase in firing rate in the presence
of methoctramine by that required to produce the
same increase in firing rate in the absence of
methoctramine; these dose-ratios were then used to
construct the Schild plots (Fig. 2B). These experiments
yielded a K4 value of 14.2£0.9 nM (n=6) for
methoctramine antagonism of the arecoline-induced
activation.

Discussion

Our present investigation provides evidence that,
in LC neurons, arecoline can increase the spontaneous
firing rate, reduce the input resistance, and depolarize
the membrane potential. Previous studies on animals
or using brain slice preparations have shown that
neurons in the LC are excited by cholinergic agonists
(1, 20, 21). Using electrophysiological methods,
arecoline has been shown to induce dose-dependent
depolarization of the fast coxal depressor motor neuron
in the metathoracic ganglion of the cockroach,
Periplaneta americana (9). Kurihara et al. (24) also
demonstrated that bath-applied arecoline produced
inhibition of the mono-synaptic reflex and
depolarization of motoneurons. The present results
are compatible with these findings. The functional
significance of the excitatory effects would be to
decrease the threshold of impulse initiation and thus
to increase the probability of a cell discharge in
response to a given excitatory synaptic input.
Furthermore, the LC is the major norepinephrine-
containing cell group in the central nervous system
(22) and has been implicated in attention, learning,
and memory processes (35). Electrophysiological
and behavioral studies have shown that corticotropin-
releasing factor or yohimbine increases the firing rate
of LC neurons (2, 38) and significantly improves
retention of the passive avoidance responses in rats
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after infusion into the LC (16). Our present results
show that arecoline has a similar effect in exciting LC
neurons. Several studies have shown that arecoline
may improve cognitive function (see Introduction
section). Taken together, the present data imply that
the effect of arecoline to improve cognitive function
is probably mediated in part through LC activation.
However, more studies are required to prove this.

Regarding the receptor subtype involved in the
arecoline-induced effects, autoradiographic and
electrophysiological studies have shown that LC
neurons possess both muscarinic and nicotinic
receptors (18, 21). In the present investigation the
receptor subtype involved in the action of arecoline
on rat LC neurons was characterized. The effect is
mediated through muscarinic receptors, since the
excitatory effect of arecoline on LC neurons was
blocked by atropine, a muscarinic receptor antagonist,
but not by hexamethonium, a nicotinic receptor
antagonist. Three distinct muscarinic receptor
subtypes, M|, M,, and M3, have been identified by
functional and binding studies (13), and cloning
studies have identified five genetically distinct
muscarinic receptor subtypes, m;-ms (12). The
antagonist binding properties and tissue distribution
of the cloned m,, m,, and mj3 receptor proteins
correspond closely to those of the pharmacologically
defined subtypes, M, M,, and M3 (14, 25). This
study showed that the selective M,-muscarinic
receptor antagonist, methoctramine, was able to cause
almost complete block of the excitatory effect of
arecoline on LC neurons, with a dissociation
equilibrium constant of about 14.2 nM, consistent
with the previously described methoctramine K4 range
for the M, subtype (4-47 nM) (19, 27). Based on our
findings, it is reasonable to conclude that the
muscarinic receptor mediating the excitatory effects
of arecoline in these LC neurons is the M, subtype,
although we do not definititely rule out the
involvement of other muscarinic receptor subtypes.
This is in agreement with results obtained in previous
studies. Using an in vitro autoradiographic technique,
the rat and cat pons, including the LC, was found to
contain a relatively high density of M; binding sites
(7, 8). Vanderheyden et al. (39) also indicated that
the majority of M,-type muscarinic receptors are
found in the pons. In addition, an electrophysiological
study has revealed that excitation of LC neurons by
the muscarinic receptor agonists, muscarine,
methylfurmethide, and oxotremorine, is mediated by
the M,-type muscarinic receptor (20).

In conclusion, our data suggest that arecoline
binds to M,-muscarinic receptors on the cell membrane
of LC neurons, resulting in the observed excitatory
effects. Furthermore, based on the present and
previous findings, it is reasonable to hypothesize that

arecoline, by activating LC neurons, increases their
firing rate and consequently increases norepinephrine
release from axon terminals in diverse regions such as
the neocortex, hippocampus, and amygdala, thus
improving cognitive functions. Recently, several
studies have been designed to investigate the clinical
pharmacokinetics and therapeutic efficacy of arecoline
in subjects with Alzheimer’s disease (6, 10, 30). We
believe that the data from the present investigation
could provide important information for the design of
further studies aimed at understanding the mechanism
of cognitive enhancement by arecoline in patients
with Alzheimer’s disease.
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