
www.elsevier.com/locate/pharmbiochembeh

Pharmacology, Biochemistry and Behavior 76 (2003) 53–61
Role of cholinergic receptors in locomotion induced by

scopolamine and oxotremorine-M

Araba Chintoh, James Fulton, Nicole Koziel, Mariam Aziz, Manu Sud, John S. Yeomans*

Department of Psychology, University of Toronto, 100 St. George Street, Toronto, Ontario, Canada M5S 3G3
Received 27 June 2002; received in revised form 17 June 2003; accepted 24 June 2003
Abstract

Mesopontine cholinergic neurons activate dopamine neurons important for reward-seeking and locomotor activity. The present studies

tested whether cholinergic receptor blockade in the ventral tegmental area (VTA) altered locomotion induced by scopolamine (3 mg/kg ip) or

by oxotremorine-M (0.1 Ag bilaterally in the VTA). It was predicted that cholinergic blockers in the VTAwould attenuate these cholinergic-

induced locomotor increases. Locomotor activity was increased by scopolamine and oxotremorine-M administration in all treatments. When

dihydro-h-erythroidine (DHBE), a nicotinic receptor antagonist, was applied in VTA prior to oxotremorine-M, locomotion was reduced to

slightly above saline baseline levels, but atropine, a muscarinic antagonist, had no effect. This suggests that the locomotor effect of

oxotremorine-M at this dose was mediated mainly via nicotinic, not muscarinic, receptors. Intra-VTA injections of DHBE, however, did not

attenuate scopolamine-induced locomotion indicating that scopolamine-induced locomotion is not mediated mainly via VTA cholinergic

receptors. In mutant mice with a deletion in the M5 muscarinic receptor gene, scopolamine-induced locomotion was increased versus wild

type mice after scopolamine injection. This suggests that the M5 receptor has an inhibitory effect on scopolamine-induced locomotion.
D 2003 Elsevier Inc. All rights reserved.
Keywords: Dihydro-h-erythroidine; Locomotion; Muscarinic; Nicotinic; Reward; M5
1. Introduction

Locomotor activity in rats can be increased by systemic

administration of nicotinic (e.g., nicotine 0.1–0.4 mg/kg sc

in nicotine tolerant rats) or muscarinic antagonists (e.g.,

scopolamine 0.5–10 mg/kg ip) (Abood and Biel, 1962;

Clarke and Kumar, 1983). It has been proposed that dopa-

mine neurons of the substantia nigra and ventral tegmental

area (VTA), which are directly activated by mesopontine

cholinergic neurons via nicotinic and muscarinic receptors,

are important for these effects (Clarke et al., 1988; Mathur et

al., 1997; Yeomans, 1995). For example, nicotinic agonists

infused directly into the VTA increase locomotor activity

(Reavill and Stolerman, 1990; Museo and Wise, 1990a,b;

Panagis et al., 1996). Nicotine injections in VTA also

increase dopamine release in the nucleus accumbens (Blaha

et al., 1996) and facilitate brain stimulation reward (Bauco

and Wise, 1994). The facilitating effects of systemic nicotine

on locomotor activity, dopamine release, and nicotine self-

administration are blocked by nicotinic blockers in VTA or
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by 6-hydroxydopamine lesions of mesolimbic dopamine

neurons (Clarke et al., 1988; Corrigall et al., 1992, 1994;

Louis and Clarke, 1998; Nissell et al., 1994).

The facilitating effects of systemic muscarinic antago-

nists are associated with mesopontine cholinergic neurons.

Increases in locomotor activity and striatal dopamine re-

lease result following infusions of scopolamine (10–150

Ag) into the pedunculopontine tegmental nucleus (Chapman

et al., 1997; Mathur et al., 1997). Lesions of the laterodor-

sal tegmental nucleus or carbachol infusions in the pedun-

culopontine tegmental nucleus reduce the locomotor-

activating effects of systemic scopolamine (LaViolette et

al., 2000; Mathur et al., 1997). Therefore, disinhibition of

mesopontine cholinergic neurons via muscarinic autorecep-

tors is one mechanism by which scopolamine could in-

crease locomotion.

Whether the locomotor-activating effects of scopolamine

are due to activation of dopamine neurons, however, is less

clear. Systemic scopolamine (1–10 mg/kg ip) increases

dopamine release in the striatum (Chapman et al., 1997) at

the same doses that increase locomotor activity (Joyce and

Koob, 1981; Mathur et al., 1997). Although locomotion

induced by antimuscarinics was attenuated in mice by
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systemic administration of a-methyltyrosine, a catechol-

amine synthesis inhibitor (Thornberg and Moore, 1990),

6-hydroxydopamine lesions of the nucleus accumbens did

not block scopolamine-induced locomotion in rats (Joyce

and Koob, 1981).

The present studies tested whether nicotinic or musca-

rinic receptors in the VTA are important for the locomotor-

activating effects of scopolamine or oxotremorine-M. Oxo-

tremorine-M is a potent cholinergic agonist that, when

infused into the VTA, increases the firing rate of dopamine

neurons in a dose-dependent way mainly via muscarinic

receptors (Gronier and Rasmussen, 1998). Oxotremorine-M

in VTA also increases dopamine levels in the nucleus

accumbens and frontal cortex (Gronier et al., 2000). In the

first study, we measured the locomotor-activating effect of

oxotremorine-M in VTA of rats and tested whether this

effect is blocked by VTA pretreatment of the nicotinic

antagonist, dihydro-h-erythroidine (DHBE), or the musca-

rinic antagonist, atropine, at doses found to inhibit brain

stimulation reward (Yeomans and Baptista, 1997). In the

second study, we tested whether DHBE similarly attenuates

the locomotor-activating effect of systemic scopolamine.

Systemically administered scopolamine can increase lo-

comotor activity in mice (Shannon and Peters, 1990).

Mutant mice with altered cholinergic receptor genes have

been used to identify genetically defined receptors needed

for the locomotor effects of stimulants (e.g., Picciotto et al.,

1998; Gomeza et al., 1999). M5 muscarinic receptor mRNA

is associated with dopamine neurons of the VTA and

substantia nigra, pars compacta (Vilaro et al., 1990; Weiner

et al., 1990). Six-hydroxydopamine lesions of these dopa-

mine neurons remove M5 mRNA and reduce M5-selective

receptor binding (Vilaro et al., 1990; Reever et al., 1997;

Yeomans et al., 2001). Infusions of M5 antisense oligonu-

cleotides into the VTA inhibited brain stimulation reward in

rats (Yeomans et al., 2000), suggesting that M5 receptors in

VTA mediate activation of dopamine neurons.

Mutant mice with truncated M5 receptor genes showed a

complete loss in sustained dopamine release in the nucleus

accumbens core in response to electrical stimulation of the

laterodorsal tegmental nucleus (Forster et al., 2001; Take-

uchi et al., 2002; Yeomans et al., 2001). This sustained

dopamine release was also blocked by the muscarinic

receptor blocker scopolamine in the VTA of rats (Forster

and Blaha, 2000). In the third study, therefore, we tested

whether M5 mutant mice show reduced locomotion in

response to systemic scopolamine.
2. Methods

2.1. Subjects

2.1.1. Rats

Male Wistar rats (Charles River, Quebec) weighing 300–

400 g at the time of surgery were individually housed in
plastic cages with food pellets and water available ad

libitum. The cages were kept in temperature controlled

quarters (21F1 jC) on a 12:12-h light–dark cycle (lights

on at 7:00 a.m.).

2.1.2. Mice

Mutant mice were bred in our colony from 129SvJ X

CD-1 mice described previously (Takeuchi et al., 2002). The

deletion in the M5 muscarinic receptor gene included most

of the third intracellular loop. This change is expected to

block expression of the second half of the M5 receptor

protein from AA251-531.

Twenty-four male mice were housed on a 12:12-

h light–dark cycle (lights turned on at 10 a.m.) at an

ambient temperature of 21 jC. Twelve mice were homo-

zygous (� /� ) for the M5 mutation and 12 were wild

type (+/+). The two groups were matched for age (3–4

months old) and generation and were kept in separate

cages with food and water in the mouse colony for at

least 3 days prior to the beginning of the first locomotor

activity tests.

2.2. Surgery

The rats were pretreated with atropine (0.4 mg/kg

ip) (Sigma, St. Louis, MO) and anaesthetized with

sodium pentobarbital (60 mg/kg ip) (MTC Pharmaceut-

icals, Cambridge, ON, Canada). Supplements of sodium

pentobarbital were administered as necessary. The rats

were placed in a stereotaxic instrument using blunt

ear bars. Bilateral stainless steel guide cannulae (23

gauge) were aimed at the VTA based on the coordinates

of Paxinos and Watson (1997) (anterior/posterior � 5.0

mm, medial/lateral � 0.9 mm, dorsal/ventral � 7.0 mm,

relative to bregma). The rats were allowed at least 1

week to recover from surgery before any experimental

manipulations.

2.3. Apparatus

Locomotor activity was measured in three automated,

open-field locomotion boxes (43� 43� 30 cm) (MED

Associates, St. Alban’s VT). Infrared beams across the base

of the box, and 15 cm above the floor, recorded horizontal

movements made by each animal. Activity was recorded in

5-min bins. Each test session lasted 60 min and locomotion

was measured in terms of total distance traveled in each 5-

min period.

2.4. Systemic injections

All systemic injections of scopolamine hydrobromide

(Sigma) were given immediately after VTA injections

(Mathur et al., 1997). Scopolamine (3.0 mg/kg ip) was

injected in a volume of 0.6 ml sterile physiological

saline.
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2.5. Intracranial microinjections

All VTA microinjections were made bilaterally via a

Hamilton microsyringe. The 0.5-Al volume on each side

was slowly infused over a 120-s period, and the injector

was left in place for 30 s after injection before slow

removal. DHBE (Research Biochemicals, Natick, MA)

was administered at a concentration of 60 mg/ml. Oxotre-

morine-M (Research Biochemicals) was administered at a

concentration of 0.2 mg/ml. Atropine was administered at a

concentration of 60 mg/ml.

2.6. General procedure for rats

Rats were given 3 h of habituation (1 h/day for 3 days) in

the locomotion boxes prior to drug testing. In addition, rats

were placed in the activity boxes for 30 min before each test

session as pretest habituation. All testing occurred between

9 a.m. and 1 p.m. The experimental protocol used in these

experiments was approved by the University of Toronto

Animal Care Committee, following the rules of the Cana-

dian Council on Animal Care.

2.7. Experiment 1: Oxotremorine-M

Eleven rats were infused intracranially on four different

days separated by at least 48 h between infusions. On the

first day, all animals were administered with an infusion of

saline followed 20 min later by saline to establish baseline

locomotor activity. On the next three infusion days, the

animals were given counterbalanced infusions of (1) DHBE

(30 Ag on each side) followed 20 min later by infusion of

oxotremorine-M (0.1 Ag on each side); (2) saline followed

20 min later by oxotremorine-M; and (3) DHBE followed

20 min later by saline. Conditions were counterbalanced

within each group of three rats (except for the last group of

two rats) by assigning one rat on each infusion day to a

given drug. Activity was assessed for 60 min in the

locomotion boxes in a darkened atmosphere following the

final injection on each day.

In 4 of the 11 previously tested rats, a fifth day of drug

testing was added: atropine (30 Ag on each side), followed

20 min later by oxotremorine-M.

2.8. Experiment 2: Scopolamine

Eight rats were given three intracranial infusions (each

in a volume of 0.5 Al saline) on 3 days, with infusions

separated by 48 h. (1) Rats were infused intracranially with

DHBE (30 Ag on each side of the VTA) prior to a

systemic injection of scopolamine (3.0 mg/kg ip). (2)

Saline (0.5 Al) was administered prior to a systemic

scopolamine injection. (3) Saline (0.5 Al) was administered

prior to a systemic saline injection as a control condition

and to test whether any carry-over effects from Experiment

1 were evident in the six rats that were tested in both

A. Chintoh et al. / Pharmacology, Bi
experiments. Rats were counterbalanced into drug condi-

tions as in Experiment 1.

2.9. Histology

Upon completion of behavioral studies, rats were acutely

anaesthetized with sodium pentobarbital (60 mg/kg), then

perfused intracardially with 100 ml of sterile physiological

saline, followed by 100 ml of 10% formalin. The rats were

decapitated and the brains were removed and stored for at

least 1 day in vials containing 10% formalin and 30%

sucrose solution. The brains were sliced in a cryostat

(Cryocut 1800, Reichert Jung) at � 20 jC. The 40-Am
thick sections were mounted onto slides and stained with

cresyl violet for histological localization of the cannula

placements.

2.10. Statistical analysis

The total distance traveled during the entire 60-min

period from each animal in each condition was analyzed

using a two-way repeated measures ANOVA (Statistica),

with drug condition and time as the variables. In the first

experiment, the results from the four drug conditions

(saline/saline, DHBE/saline, DHBE/oxotremorine, atro-

pine/oxotremorine, and saline/oxotremorine) were com-

pared statistically. The results using atropine were tested

separately. In the second experiment, the results from the

three drug conditions (saline/saline, DHBE/scopolamine,

and saline/scopolamine) were compared in a two-way

ANOVA with time and drug condition as the two variables.

Subsequently, Fisher’s least significant difference (LSD) test

was applied to assess individual differences between the

drug conditions.

2.11. Experiment 3: Scopolamine in M5 mutant mice

Procedure. The 24 mice were divided into four sets of

mice (mutants injected with saline, mutants injected with

scopolamine, wild types injected with saline, and wild types

injected with scopolamine), with six mice in each group.

Each experiment was run for 5 days on a set of six mice,

three from each genotype. The mice were tested for loco-

motor activity between 1 and 5 p.m. each day. The open-

field locomotor boxes (described above) were cleaned with

10% ethanol at the end of each test day. Mice were tested in

different boxes each day in a counterbalanced order to

minimize any effect of the location of the box or of the

previous exposure.

The first 3 days of testing for each set of mice involved

90 min of habituation in an open-field box for each mouse.

On Day 4, each mouse was placed in the box for 30 min to

habituate, then was removed and given an injection of saline

(0.7 ml ip) or scopolamine (3 mg/kg ip) followed by 60 min

of recording locomotor activity. On Day 5, after 30 min of

habituation to the apparatus, each mouse was given an
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injection of scopolamine (if given saline previously) or

saline (if given scopolamine previously). This same proce-

dure was followed for five subsequent days for each of the

other three sets of mice. Statistical analysis of locomotor

activity was performed using a three-way repeated measures

ANOVA (Statistica) with genotype, drug, and time as the

three variables.
3. Results

3.1. Histology

Locations of cannula tips in rats are shown in Fig. 1.

All sites were within 1 mm of the boundaries of the VTA,

with a range in anterior/posterior coordinates from � 4.2
Fig. 1. Histologically determined injection sites displayed on coronal sections from

indicate the distance in millimeters posterior to bregma. Sites identified by square

both Experiments 1 and 2. Sites identified by stars were tested in Experiment 2 o
to � 5.2 mm, medial/lateral coordinates from 0.3 to 1.2

mm, and dorsal/ventral coordinates from 6.8 to 8.8 mm.

One rat used in Experiment 1 was deleted from further

analysis because of extensive cell damage and gliosis

observed near both VTA cannulae postmortem. All other

subjects were included in the statistical analysis. No differ-

ences were found between the distribution of VTA sites

that were used in Experiment 1 only (N = 4, shown as

squares in Fig. 1), or used in both Experiments 1 and 2

(N = 6, shown as circles), or used only in Experiment 2

(N = 2, shown as stars in Fig. 1).

3.2. Experiment 1: Oxotremorine-M

Bilateral injections of oxotremorine-M (0.1 Ag) in 11 VTA
sites significantly increased locomotor activity (Fig. 2). A
the Paxinos and Watson (1997) atlas. Numbers to the right of each section

s were tested in Experiment 1 only; sites identified by circles were tested in

nly.



Fig. 2. Locomotion induced by bilateral VTA injections of oxotremorine-M (0.1 Ag) following bilateral VTA injections of 30 Ag dihydro-h-erythroidine
(‘‘DHBE/oxoM’’), 30 Ag atropine (‘‘atro/oxoM’’), or saline (‘‘sal/oxoM’’) in VTA of rats. Control conditions consisted of either two bilateral saline injections

(‘‘sal/sal’’) or bilateral injections of dihydro-h-erythroidine followed by bilateral injections of saline (‘‘DHBE/sal’’). Distance in inches is shown on the vertical

axis and time in minutes after oxotremorine injection is shown on the horizontal axis. The number of rats tested was 11 in all conditions except 4 in the ‘‘atro/

oxoM’’ condition. Error bars in all figures indicate the standard error of the mean.
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two-way repeated measures ANOVA found a significant

difference between the means of the drug conditions

[F(3,27) = 12.2, P < .0001], a significant effect of time

[F(11,99) = 33.3 P < .0001], and a significant interaction

between drug and time [F(33,297) = 3.09, P < .0001]. Post

hoc analysis with Fisher’s LSD revealed no significant

difference between the means of the saline/saline condition

and the DHBE/saline condition (Fisher’s LSD: P=.805),

indicating no reliable effect of DHBE. These means differed

from both the oxotremorine-M conditions (saline/saline vs.

DHBE/oxotremorine-M, P=.07; DHBE/saline vs. DHBE/

oxotremorine-M, P=.032; saline/saline vs. saline/oxotremor-

ine-M, P < .0001; DHBE/saline vs. saline/oxotremorine-M,

P < .0001), indicating a reliable effect of oxotremorine-M

without DHBE and a reliable effect of oxotremorine-M with

DHBE. In addition, a significant difference was found

between the means of the DHBE/oxotremorine-M and sa-

line/oxotremorine-M conditions (Fisher’s LSD: P=.0021),

indicating a reliable reduction in the oxotremorine-M effect

on locomotion by DHBE.

The mean total distance traveled in the oxotremorine-

M condition was almost three times that for the saline

control condition. In particular, the locomotor-activating

effect of oxotremorine-M was greatest in the first 15 min

postinjection but remained above control conditions for

35 min.

A subanalysis was conducted for the four rats tested

with atropine (30 Ag) in VTA. The mean distances

traveled for these four rats were saline/saline = 544 in.;
atropine/oxotremorine-M= 1250 in.; and saline/oxotremor-

ine-M = 1619 in. The mean locomotor activity in the

saline condition differed significantly from the saline/

oxotremorine-M group (P=.028) but not the atropine/

oxotremorine-M condition (P=.108). The two oxotremor-

ine-M conditions were not significantly different

(P=.363), indicating no reliable inhibition of locomotion

by atropine.

3.3. Experiment 2: Scopolamine

Systemic injections of scopolamine (3 mg/kg) in both

experimental conditions resulted in a significant increase in

locomotor activity (Fig. 3). The main effect of drug condition

was found to be significant [F(2,14) = 14.75, P < .0004]. The

main effect of time was significant [ F(11,77) = 8.55,

P < .0001]. The interaction between drug and time was also

significant [F(22,154) = 2.18, P < .0031]. The mean distance

traveled for the saline/scopolamine group was over six

times that in the saline/saline group. These groups differed

significantly as assessed by post hoc tests, Fisher’s LSD:

P < .0001. The mean locomotor activity for the rats treated

with bilateral DHBE in VTA and systemic scopolamine

also differed significantly from saline controls (Fisher’s

LSD: P < .0001) but did not differ significantly from the

saline/scopolamine group (Fisher’s LSD: P=.379). There-

fore, scopolamine increased activity, as expected, but

DHBE in VTA did not reduce scopolamine-induced

activity.



Fig. 3. Locomotion induced by scopolamine (3 mg/kg ip) in rats. Preinjection of DHBE 30 Ag bilaterally in VTA (‘‘scop/DHBE’’) was no more effective than

saline (‘‘scop/sal’’) in reducing the effect of scopolamine. Scales and error bars the same as Fig. 2. Saline control tests consisted of a systemic injection of

aline (‘‘sal/sal’’). Eight rats were tested in all conditions.
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3.4. Experiment 3: Scopolamine in M5 mutant mice

Both groups of mice were much more active than rats in

all conditions tested. Scopolamine (3 mg/kg ip) significant-

ly increased locomotor activity in both mutant and wild

type mice as compared to saline controls (Fig. 4). Similar

locomotor activity was observed in the two groups of mice

in saline control conditions at all times postinjection, with

little decline in activity as a function of time. After

scopolamine injections, wild type mice increased locomo-

tor distance traveled by about twice over saline levels,

physiological saline immediately preceded by bilateral VTA injections of s
Fig. 4. Locomotion induced by scopolamine (3 mg/kg ip) in M5 mutant mice. Sc

(� /� ) and wild type (+/+) mice. Spontaneous locomotion, observed after saline (‘

each group.
while mutant mice increased distance traveled by almost

three times over saline controls. In both groups, activity

reached a peak 10 min after scopolamine injection and then

declined.

Statistically, the main effect of drug was significant

[F(22) = 9.594, P < .0052], as was the main effect of time

[F(242) = 5.324, P < .0001]. The main effect of genotype

was not significant [F(22) = 1.42, P=.246], but the inter-

action between genotype and time was highly significant

[F(242) = 2.971, P=.0010], indicating that the inhibitory

effect of the M5 receptor increased as a function of time
opolamine (‘‘scop’’) increased mean total distance traveled for both mutant

‘sal’’) injections, was similar in both groups of mice. Six mice were tested in
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after injection. In addition, the interaction between drug

and time was highly significant [F(242) = 5.58, P < .0001],

indicating that the effect of scopolamine decreased over

time.
4. General discussion

The strong locomotor-activating effects of oxotremorine-

M (0.1 Ag bilaterally) in VTA, found here in rats, depended

mainly on nicotinic receptors, and not muscarinic receptors,

near the VTA. By contrast, the locomotor-activating effects

of systemic scopolamine in rats were not dependent on

nicotinic receptors in the VTA. In addition, the activating

effects of scopolamine were not dependent on M5 musca-

rinic receptors in M5 mutant mice, but, in fact, the M5

receptor had an inhibitory effect on scopolamine-induced

locomotion.

4.1. Oxotremorine-M-induced locomotion in rats

Oxotremorine-M is a potent, muscarinic agonist that

can also activate nicotinic receptors (Akk and Auerbach,

1999; Reitstetter et al., 1994). VTA dopamine neurons

are activated by oxotremorine-M mainly via muscarinic

receptors (Gronier and Rasmussen, 1998; Gronier et al.,

2000). In Experiment 1, oxotremorine-M (0.1 Ag bilater-

ally) increased locomotor activity by three times as

compared with saline. This effect was not significantly

reduced by pretreatment with the muscarinic blocker,

atropine, but was strongly inhibited by the nicotinic

blocker, DHBE. The dose of atropine used (30 Ag in

VTA) is the same dose that was effective in inhibiting

brain stimulation reward (Yeomans and Baptista, 1997) but

which did not inhibit nicotine self-administration (Corrigall

et al., 1994) in rats. The dose of DHBE used (30 Ag in VTA)
is the same dose used to inhibit nicotine self-administration

(Corrigall et al., 1994) and brain stimulation reward in rats

(Yeomans and Baptista, 1997). These results indicate that

the locomotor-activating effect of oxotremorine-M at this

dose is mediated mainly through nicotinic receptors near

VTA.

This conclusion, while unexpected, is consistent with

other results. First, although atropine methyl nitrate injec-

tions in VTA blocked cocaine self-administration, they

increased locomotor activity (Munn and Wise, 1999). Pre-

viously, we have found that locomotor activity is increased

by VTA infusions of the nonselective cholinergic agonist

carbachol (1–4 Ag) (Kofman, unpublished dissertation), but

not by the muscarinic agonist pilocarpine (1–4 Ag). Finally,
oxotremorine-M can activate a-4,h-2 nicotinic receptors,

the most abundant of many nicotinic receptor subtypes in

the VTA region (Akk and Auerbach, 1999; Klink et al.,

2001). Together, these results suggest that nicotinic recep-

tors in VTA mediate locomotor stimulating effects (as

previously found by Reavill and Stolerman, 1990, and
Museo and Wise, 1990a,b) and further indicate that musca-

rinic receptors in VTA do not mediate the increase of

locomotor activity but rather have a weak inhibitory effect.

Although atropine in the present study had no effect on

oxotremorine-M-induced locomotion, it is possible that this

lack of effect includes both facilitating effects of atropine

alone (not tested) and inhibiting effects of atropine on

oxotremorine-M-induced locomotion.

Muscarinic receptors in VTA are important for the slow

activation of many mesolimbic VTA dopamine neurons

(Lacey et al., 1990; Gronier and Rasmussen, 1998; Gronier

et al., 2000; Forster and Blaha, 2000; Forster et al., 2001).

VTA muscarinic receptors are also important for the re-

warding effects of hypothalamic brain stimulation (Yeomans

et al., 1985, 2001; Kofman et al., 1990; Yeomans and

Baptista, 1997) of cocaine (Munn and Wise, 1999) of

carbachol (Ikemoto and Wise, 2002) and possibly of feeding

(Rada et al., 2000). It is not yet clear why muscarinic

receptors have no role in locomotor-activating functions.

One possibility is that locomotor activation occurs via a

select population of nicotinic-activated, but not muscarinic-

activated, neurons near VTA or that a select population of

muscarinic-activated neurons inhibit locomotor activity.

Given the diversity of nicotinic and muscarinic receptor

subtypes on dopaminergic and GABAergic neurons in the

VTA, many selective mechanisms are possible (Klink et al.,

2001; Levey, 1993).

4.2. Scopolamine-induced locomotion in rats

Scopolamine (3 mg/kg ip) increased locomotion for over

60 min, as has been shown many times previously. Intra-

VTA infusion of the nicotinic blocker DHBE, however, did

not significantly attenuate scopolamine-induced locomotion.

DHBE infusions in VTA at the same dose in these rats

inhibited oxotremorine-M-induced locomotion. The differ-

ence in these results indicates that nicotinic receptors near

VTA are not important for the locomotion induced by

systemic scopolamine at this dose. This suggests that sco-

polamine induces locomotion via systems other than direct

mesopontine cholinergic activation of dopamine neurons.

This conclusion is consistent with previous work show-

ing that nucleus accumbens dopamine terminals are not

critical for scopolamine-induced locomotion (Joyce and

Koob, 1981). Mesopontine neurons are important for sco-

polamine-induced locomotion, however, since lesions of the

laterodorsal tegmental nucleus inhibit scopolamine-induced

locomotion (LaViolette et al., 2000). Also, scopolamine in

the pedunculopontine tegmental nucleus increases locomo-

tion by blocking muscarinic receptors (Mathur et al., 1997).

Therefore, scopolamine-induced locomotion is likely medi-

ated by another nondopaminergic projection of mesopon-

tine cholinergic neurons (LaViolette et al., 2000) or by

blockade of other muscarinic receptors such as those

associated with basal forebrain neurons and their projec-

tions (Mattson et al., 2002).
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4.3. Scopolamine-induced locomotion in M5 mutant mice

M5 receptors in VTA are important for hypothalamic

brain stimulation reward in rats (Yeomans et al., 2000) and

critical for sustained dopamine release in the nucleus

accumbens activated by stimulation of the laterodorsal

tegmental nucleus in M5 mutant mice (Forster et al.,

2001). In the M5 mutant mice here, scopolamine-induced

locomotion was slightly increased, an unexpected finding,

while spontaneous locomotor activity (observed after saline

injections) was unaffected. These results further indicate

that M5 receptors, while important for reward and sustained

activation of dopamine neurons projecting to the nucleus

accumbens core, are not critical for locomotion evoked by

systemic scopolamine. The small increase in locomotor

activity in M5 mutant mice may be related to the increase

in locomotor activity following atropine methyl nitrate in

VTA of rats found by Munn and Wise (1999). In the present

study, however, it cannot be determined where in the mouse

brain, the M5 mutation facilitates scopolamine-induced

locomotion.

In fact, lesion of nucleus accumbens dopamine terminals

with 6-hydroxydopamine block amphetamine-induced loco-

motion, but not scopolamine-induced locomotion (Joyce

and Koob, 1981). M5 receptors facilitate dopamine release

in the nucleus accumbens following terminal activation by

potassium (Zhang et al., 2002) or stimulation of laterodorsal

tegmental nucleus cholinergic neurons (Forster et al., 2001).

Consistent with this, amphetamine-induced locomotion is

reduced in M5 knockout mice (Yeomans et al., 2003).

Therefore, scopolamine-induced locomotion is likely inde-

pendent of mesolimbic dopamine neuron activation.
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