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Acetylcholine serves an important modulatory role in the central
nervous system. Pharmacological evidence has suggested that
cholinergic activity can modulate central dopaminergic transmission; however, the nature of this interaction and the receptors
involved remain undefined. In this study we have generated mice
lacking the M1 muscarinic acetylcholine receptor and examined the
effects of M1 deletion on dopaminergic transmission and locomotor behavior. We report that M1 deficiency leads to elevated
dopaminergic transmission in the striatum and significantly increased locomotor activity. M1-deficient mice also have an increased response to the stimulatory effects of amphetamine. Our
results provide direct evidence for regulation of dopaminergic
transmission by the M1 receptor and are consistent with the idea
that M1 dysfunction could be a contributing factor in psychiatric
disorders in which altered dopaminergic transmission has been
implicated.

role of specific muscarinic receptor subtypes in the regulation of
striatal dopaminergic transmission has remained unclear.
We report here the generation and characterization of mice
deficient for the M1 muscarinic receptor. These mice exhibit
increased locomotor activity and have elevated levels of extracellular dopamine in the striatum, which likely underlies their
locomotor behavioral abnormalities. In addition, these mice
display an increased response to the stimulatory effects of
amphetamine. Our results demonstrate that disruption of M1
receptor function leads to increased striatal dopaminergic transmission with consequent behavioral abnormalities. These findings support the notion that M1 receptor dysfunction could
contribute to psychiatric disorders such as schizophrenia, in
which altered subcortical dopaminergic transmission has been
implicated.

M

Generation of M1ⴚ兾ⴚ Mice. Genomic clones spanning the M1

Materials and Methods
uscarinic acetylcholine receptors are members of the
family of G protein-coupled receptors and are widely
expressed in the central nervous system and periphery (1, 2).
Molecular cloning studies identified genes for five distinct
muscarinic receptors, M1–M5, which are expressed in overlapping patterns in the brain. Of these, M1 is predominant in the
cortex and hippocampus (3) and, together with M4, is the major
muscarinic receptor in the striatum (4), where it is expressed on
the majority of cell types (5, 6). M1 receptors couple with a Gq
type of G protein, and activation of this pathway leads to
stimulation of phospholipase C-␤, mobilization of intracellular
calcium, and increased neuronal excitability (2). Activation of
pharmacologically defined M1 receptors has been shown to
enhance the excitability of cortical (7) and striatal (8) neurons.
Muscarinic receptors mediate many of the cholinergic effects
described in the central nervous system and have been implicated in a variety of central processes, including locomotion,
sleep, thermoregulation, generation of seizures, antinociception,
and learning and memory (1, 2, 9).
A large body of evidence suggests the existence of a complex
balance between the cholinergic and dopaminergic systems in
the basal ganglia and that disruption of this balance could
contribute to movement disorders such as parkinsonism (10, 11).
Dopamine can exert both positive and negative regulatory
influences on striatal cholinergic transmission, with D1 and D2
receptors exerting facilitative and inhibitory actions, respectively
(11). Cholinergic regulation of striatal dopaminergic transmission is less well defined and can occur at multiple levels of the
nigrostriatal system. Although a number of pharmacological
studies have addressed the effects of muscarinic function on
striatal dopaminergic transmission, such studies are limited by
the lack of highly subtype-specific muscarinic antagonists (2) and
the expression of multiple muscarinic receptors affecting nigrostriatal function. Thus, evidence for both facilitative (12–15) and
inhibitory (16–19) muscarinic effects has been reported, and the
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locus were isolated from a C57BL兾6 genomic phage library,
mapped by restriction analysis, and used to create the targeting
construct. Fifty micrograms of the targeting vector was linearized with SacII and introduced into C57BL兾6 embryonic stem
cells (a gift from Colin Stewart, National Cancer Institute,
Frederick, MD) by electroporation (Bio-Rad Gene Pulser set at
800 V and 3 F). G418 selection was applied 24 h after
transfection, and G418-resistant colonies were isolated on days
5–8 of selection. Isolated colonies were screened for homologous recombination by Southern hybridization, and clones that
were correctly recombined on both sides were injected into
BALB兾c blastocysts to generate chimeras. Resulting chimeras
were bred to C57BL兾6 mice to obtain pure C57BL兾6 M1⫹兾⫺
mice. These mice were used to generate a breeding colony from
which all M1⫹兾⫹, ⫹兾⫺, and ⫺兾⫺ mice were derived. Behavioral, pharmacological, and dopamine measurement analyses
were performed on 3- to 6-month-old male mice. All procedures
relating to animal care and treatment conformed to institutional
and National Institutes of Health guidelines.
Probes and Genotyping. The cDNA probe used for library screening
and Northern hybridization was generated by PCR and consists of
nucleotides 24–656 of the M1 coding sequence. For in situ hybridization this PCR product was cloned into the pSP72 vector
(Promega), so that a cRNA probe could be generated. The 5⬘
external probe is a 900-bp HindIII–PstI fragment located just
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Northern Analysis. Total brain RNA was isolated with the use of

TriReagent (Sigma). Fifteen micrograms of RNA per lane was
electrophoresed on a 1% agarose gel containing 2.2 M formaldehyde, transferred in 20⫻ SSC (1⫻ SSC ⫽ 0.15 M sodium
chloride兾0.015 M sodium citrate, pH 7) to zetaprobe nylon
membrane (Bio-Rad), and hybridized with the M1 cDNA probe.
After washing (final wash, 0.1⫻ SSC, 0.1% SDS, 65°C), the
membrane was exposed to Biomax MS film (Kodak) at ⫺80°C.
The membrane was stripped and reprobed with a glyceraldehyde-3-phosphate dehydrogenase (G3PDH) probe (CLONTECH)
as a positive control.
In Situ Hybridization. In situ hybridization was performed according to a described protocol (20) with some modifications.
Analysis of Locomotor Behavior. Mice were tested for motor

behaviors with the use of an automated Digiscan apparatus
(Accuscan Instruments, Columbus, OH) in which activity is
measured by IR beam interruption. Horizontal activity, measured as the total distance traveled by each mouse, and vertical
movements, measured as total independent interruptions of an
elevated array of beams, were recorded in 5-min intervals over
a 90-min or 2-h period. Raw numbers were averaged to give
values for each 5-min interval. To evaluate the effects of
amphetamine or saline on locomotor behavior, mice were
habituated to the activity monitoring chamber for 1 h, and then
drugs were administered i.p. Amphetamine was dissolved in
saline and administered at 0.1 ml兾10 g body weight. Clozapine
and haloperidol (Sigma) were dissolved in a drop of glacial acetic
acid and quickly diluted in saline. Clozapine and haloperidol
were freshly prepared before each experiment and delivered by
i.p. injection in a volume of 0.1 ml兾25 g body weight, 15 min
before activity was monitored.

HPLC Assessment of Brain Content of Monoamines and Metabolites.

Striatum or frontal cortex of mice was homogenized in 0.1 M
HClO4 containing 100 ng兾ml 3,4-dihydroxybenzylamine as an
internal standard. Homogenates were centrifuged for 10 min at
10,000 ⫻ g. Supernatants were filtered through a 0.22-m filter
and analyzed for levels of dopamine, serotonin, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and
5-hydroxyindoleacetic acid with the use of HPLC with electrochemical detection. Monoamines and metabolites were separated on a microbore reverse-phase column (C-18, 5 m, 1 ⫻ 150
mm, Unijet; BAS, West Lafayette, IN) with a mobile phase
consisting of 0.03 M citrate-phosphate buffer with 2.1 mM octyl
sodium sulfate, 0.1 mM EDTA, 10 mM NaCl, and 17% methanol
(pH 3.6) at a flow rate of 90 l兾min and detected by a 3-mm glass
carbon electrode (Unijet; BAS) set at ⫹0.8 V. The volume of
injection was 5 l.
Determination of Monoamine Synthesis Rates in Vivo. To measure
rates of dopamine synthesis in the striatum, mice were injected
i.p. with the L-aromatic acid decarboxylase inhibitor 3-hydroxybenzylhydrazine (NSD-1015) at 100 mg兾kg. Forty minutes later,
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the concentration of L-DOPA in the striatum was determined
with the use of HPLC with electrochemical detection for in vivo
measurement of tyrosine hydroxylase activity. Determinations
were performed with the use of the same column and apparatus
as described above with a mobile phase consisting of 50 mM
monobasic sodium phosphate, 0.2 mM octyl sodium sulfate, 0.1
mM EDTA, 10 mM NaCl, and 10% methanol (pH 2.6). The
potential applied was ⫹0.65 V.
In Vivo Microdialysis. Mice were anesthetized with chloral hydrate

(400 mg兾kg, i.p.) and placed in a stereotaxic frame. Dialysis
probes (2-mm membrane length, 0.24-mm o.d., Cuprophane,
6-kDa cut-off, CMA-11; CMA兾Microdialysis, Solna, Sweden)
with CMA-11 guide cannulae were implanted in the right
striatum. The stereotaxic coordinates for implantation of microdialysis probes were 0.0 mm AP, ⫺4.4 DV mm, L2.5 relative
to bregma. Placement of the probe was verified by histological
examination subsequent to the experiments.
After surgery, animals were returned to their home cages with
free access to food and water. Twenty-four hours after surgery,
the dialysis probe was connected to a syringe pump and perfused
at 1 l兾min with artificial cerebrospinal fluid (147 mM NaCl兾2.7
mM KCl兾1.2 mM CaCl2兾0.85 mM MgCl2) (CMA兾Microdialysis). After an equilibration period of at least 1 h, the perfusates
were collected every 20 min. At least four control samples were
taken before amphetamine, cocaine, or saline was administered
i.p. Data are presented as a percentage of the basal levels.
To measure the ‘‘absolute’’ extracellular concentration of
dopamine, quantitative ‘‘low perfusion rate’’ microdialysis was
performed (21). Ringer’s solution was perfused at a flow rate of
80 nl兾min for 6–7 h and collected into a tube containing 2 l of
0.5 M HClO4 each 90 min. Perfusate samples were assayed for
dopamine, DOPAC, and HVA with the use of HPLC with
electrochemical detection under the chromatographic conditions described above.
Statistical Analysis. All data are presented as means ⫾ SEM. Data

were statistically analyzed by a two-tailed Student’s t test with the
use of the Microsoft EXCEL program, or by two-way or repeated
measure ANOVA with STATVIEW 5.0.1.

Results
Generation of M1-Deficient Mice. To generate inbred C57BL兾6

mice lacking the M1 receptor gene, we first isolated DNA clones
flanking the M1 gene from a B6 genomic library. These clones
were used to create a targeting construct designed to replace a
3-kb genomic fragment containing the entire M1 coding sequence with the neomycin resistance gene upon homologous
integration (Fig. 1A). The construct was transfected by electroporation into C57BL兾6 (B6) embryonic stem cells, and desired
recombinant clones were identified by Southern hybridization
with 5⬘ and 3⬘ external probes. Injection of two clones, 126 and
348, into BALB兾c blastocysts yielded chimeras that transmitted
the targeted allele when crossed with B6 breeders (Fig. 1B).
Experiments described in this article were performed with mice
derived from the 348 clone.
Heterozygous M1 mutant mice (M1⫹兾⫺) were interbred to
produce homozygous mutant mice (M1⫺兾⫺). As described (22),
M1⫺兾⫺ mice are viable and fertile, and heterozygous crosses
yielded the expected Mendelian ratio of genotypes, 45兾180
(⫹兾⫹) ⫽ 25%, 46兾180 (⫺兾⫺) ⫽ 25.6%, and 89兾180 (⫹兾⫺) ⫽
49.4%. To confirm that M1 function is disrupted in the targeted
mice, Northern analysis of total forebrain RNA from M1⫺兾⫺,
M1⫹兾⫺, and M1⫹兾⫹ mice was performed with the use of a M1
cDNA probe. As shown in Fig. 1C, M1 mRNA is completely
absent in the forebrain of M1⫺兾⫺ mice and reduced in M1⫹兾⫺
mice relative to wild-type controls. Glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) hybridization was used to control for
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upstream of the 5⬘ arm. To generate the 3⬘ external probe, a 2.5-kb
BamHI–KpnI fragment adjacent to the 3⬘ arm was digested with
RsaI, yielding four fragments, of which the 1-kb fragment was used
for the probe. Initially, mice were genotyped by Southern hybridization of tail DNA. Tail DNA was digested with HindIII and
hybridized with the 5⬘ probe, which distinguishes the 6-kb targeted
allele and 11-kb endogenous allele. Subsequently, mice were typed
by PCR with the use of primers for the M1 coding sequence, m1pr1:
5⬘-TGTCAGTCCCAACATCACCG-3⬘ and m1pr2: 5⬘-GCTCGGTTTTCTGTCTCCCG-3⬘ and for the neo gene, neo1: 5⬘-GCTTGGGTGGAGAGGCTATTC-3⬘ and neo2: 5⬘-CAAGGTGAGATGACAGGAGATC-3⬘.

Fig. 1. Targeted disruption of the mouse M1 gene. (A) Homologous recombination between the targeting construct and the M1 genomic locus replaces
a 3-kb KpnI–BamHI genomic fragment containing the entire M1 coding
sequence with the neomycin resistance gene. B, BamHI; H, HindIII; K, KpnI; P,
PstI. Not all sites are shown. (B) Germ-line transmission of the targeted allele.
HindIII digests of tail DNA from progeny of a heterozygous cross were
screened with the 5⬘ probe. The endogenous allele is 11 kb, and the targeted
allele is 6 kb. Lanes 4 and 7, ⫹兾⫹; lanes 1, 2, 5, 9, and 10, ⫹兾⫺; lanes 3, 6, and
8, ⫺兾⫺. (C) Absence of M1 message in the M1 ⫺兾⫺ mice. Total forebrain RNA
was prepared from M1 ⫹兾⫹, ⫹兾⫺, and ⫺兾⫺ mice and analyzed by Northern
hybridization with a M1 cDNA probe (Left). Lanes 1 and 4, ⫹兾⫹; lane 2, ⫹兾⫺;
lane 3, ⫺兾⫺. The filter was stripped and rehybridized with a glyceraldehyde3-phosphate dehydrogenase (G3DPH) control probe (Right). (D) In situ hybridization of sagittal brain sections from M1 ⫹兾⫹ (Left) and M1 ⫺兾⫺ (Right)
mice. M1 mRNA is strongly expressed in the cortex, hippocampus, and striatum
of ⫹兾⫹ mice and absent in ⫺兾⫺ mice.

RNA quality and loading (Fig. 1C Right). In situ hybridization of
sagittal brain sections with an M1 cRNA probe revealed strong
expression of M1 RNA in the cortex, hippocampus, and striatum
of M1⫹兾⫹ mice and the absence of M1 RNA in the M1⫺兾⫺
brain (Fig. 1D). Thus, as expected, the targeted M1 allele is a null
allele.
Abnormal Motor Behaviors in M1 Mutant Mice. Casual inspection of

M1 mutant mice suggested that they are more active than their
wild-type littermates. To confirm that M1⫺兾⫺ mice are hyperactive, locomotor activity was analyzed over a 2-h period in a
digital activity monitor that comprised a novel environment. As
shown in Fig. 2A Left, M1⫺兾⫺ mice displayed an increase in
locomotion throughout the monitoring period relative to
M1⫹兾⫹ mice. The average total distance traveled by M1⫺兾⫺
mice in 2 h was ⬇1.5-fold higher (P ⬍ 0.0006) than that of
M1⫹兾⫹ controls (Fig. 2 A Right). An intermediate increase
(1.3-fold, P ⬍ 0.022) in locomotor activity was observed in
M1⫹兾⫺ mice, suggesting that decreased M1 expression is sufficient to cause abnormal motor activity (Fig. 2 A). Habituation
to the novel environment was similar in M1⫺兾⫺ and M1⫹兾⫹
mice (Fig. 2 A). Total vertical rearing activity was also significantly increased (P ⬍ 0.05) in M1⫺兾⫺ and M1⫹兾⫺ mice relative
to M1⫹兾⫹ controls (Fig. 2B). The increased locomotion of
15314 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.261583798

Fig. 2. Increased locomotion of M1 mutant mice. (A) Locomotor activity of
M1⫹兾⫹ (n ⫽ 18), M1⫹兾⫺ (n ⫽ 19), and M1⫺兾⫺ (n ⫽ 18) mice. The distance
traveled during a 2-h period was monitored in 5-min intervals (Left). The total
distance traveled by M1⫺兾⫺ and M1⫹兾⫺ mice in 2 h was 1.5-fold higher (**,
P ⬍ 0.00052) and 1.3-fold higher (*, P ⬍ 0.022), respectively, than the distance
traveled by M1⫹兾⫹ mice (Right). (B) Vertical activity of M1⫹兾⫹ (n ⫽ 18),
M1⫹兾⫺ (n ⫽ 19), and M1⫺兾⫺ (n ⫽ 18) mice. The number of vertical movements made during a 2-h period was monitored in 5-min intervals (Left). The
total number of vertical movements made by M1⫺兾⫺ mice was 1.3-fold
greater (*, P ⬍ 0.05) and that by M1 ⫹兾⫺ mice was 1.25-fold greater (*, P ⬍
0.05) than that by M1⫹兾⫹ mice (Right). (C) The dose response to haloperidol
is similar in M1⫹兾⫹ and M1⫺兾⫺ mice. The total distance traveled in 90 min
after drug or saline administration was measured. A significant difference
between M1⫹兾⫹ and M1⫺兾⫺ mice was not observed at any dose tested (P ⬎
0.05). M1⫹兾⫹ and M1⫺兾⫺ mice: for 0 and 0.05 doses, n ⫽ 16 –18; for all other
doses, n ⫽ 8 –9). (D) The dose–response to clozapine is similar in M1⫹兾⫹ and
M1⫺兾⫺ mice. The total distance traveled in 90 min after drug or saline
administration was measured. A significant difference between M1⫹兾⫹ and
M1⫺兾⫺ mice was not observed at any dose tested (P ⬎ 0.05). M1⫹兾⫹ and
M1⫺兾⫺ mice: n ⫽ 7– 8 for all doses tested.

M1⫺兾⫺ mice could be attenuated by the administration of
haloperidol (Fig. 2C), which has dopamine D2 receptor antagonistic activity, or clozapine (Fig. 2D), which has dopamine D1,
D2, and serotonin 5HT2A receptor antagonistic properties, in a
dose-dependent manner. The dose –response to these
compounds was similar in M1⫺兾⫺ and M1⫹兾⫹ mice (Fig. 2 C
and D).
Elevated Striatal Extracellular Dopamine in M1ⴚ兾ⴚ Mice. Increased

locomotor activity in rodents is often associated with elevated
dopaminergic tone (23). To investigate whether deletion of M1
muscarinic receptors could have an effect on dopaminergic
function, HPLC analysis of striatal tissue contents of dopamine
and two metabolites, DOPAC and HVA, was performed.
Whereas total tissue contents of dopamine and DOPAC were
unchanged in the striatum of M1⫺兾⫺ mice, the level of striatal
HVA was significantly elevated by about 40% (P ⬍ 0.004) (Fig.
Gerber et al.

3A). Inasmuch as HVA accumulation is primarily a reflection of
extracellular metabolism of dopamine, this observation indirectly suggests that M1⫺兾⫺ mice may have an elevation in the
concentration of extracellular striatal dopamine.
To directly determine whether the level of extracellular striatal dopamine is altered in M1⫺兾⫺ mice, quantitative in vivo
microdialysis [low perfusion rate technique (21)] was performed
on freely moving animals. This analysis revealed a 2-fold elevation in striatal extracellular dopamine (P ⬍ 0.036), as well as
DOPAC and HVA in M1⫺兾⫺ mice relative to M1⫹兾⫹ controls
(Fig. 3B). Assessment of the rate of dopamine biosynthesis by
analysis of L-DOPA accumulation after inhibition of L-aromatic
acid decarboxylase with NSD-1015 (21) did not reveal a significant difference between M1⫺兾⫺ and M1⫹兾⫹ mice, suggesting
that dopamine synthesis is not significantly altered in M1⫺兾⫺
mice (data not shown). No alterations in the striatal tissue
content of serotonin or its metabolite, 5-hydroxyindoleacetic
acid, were detected in M1⫺兾⫺ mice, suggesting that striatal
serotonergic function is normal in these mice (Fig. 3A). HPLC
analysis of frontal cortical tissue content of dopamine and
serotonin and their metabolites detected no difference between
M1⫺兾⫺ mice and M1⫹兾⫹ controls (data not shown).
Response of M1ⴚ兾ⴚ Mice to Amphetamine. The elevated dopami-

nergic tone in M1⫺兾⫺ mice suggested that these mice might be
prone to enhanced potentiation of dopaminergic transmission
induced by indirect dopaminergic agonists, such as amphetamine. Administration of amphetamine (3 mg兾kg i.p.), which
elevates extracellular dopamine by reversing the plasma membrane dopamine transporter (24), resulted in significantly stronger behavioral effects in M1⫺兾⫺ mice relative to M1⫹兾⫹ mice
(P ⬍ 0.02, repeated measure ANOVA), as indicated by increased
locomotion (Fig. 4A). Analysis of the dose–response of M1⫹兾⫹
and M1⫺兾⫺ mice to amphetamine (Fig. 4B) revealed significant
genotype (P ⬍ 0.02) and dose (P ⬍ 0.0001) effects (two-way
ANOVA). The total distance traveled by M1⫺兾⫺ mice was
1.5-fold higher (P ⬍ 0.05) than that of M1⫹兾⫹ mice after
administration of amphetamine (3 mg兾kg i.p.) (Fig. 4B). A
similar trend was observed for doses of 1 and 2 mg兾kg amphetamine (Fig. 4B). Thus the increased locomotion of M1⫺兾⫺ mice
in response to amphetamine appears to be proportional to that
observed in untreated M1⫺兾⫺ mice relative to M1⫹兾⫹ controls
(Fig. 2 A).
Consistent with the observed behavioral response of M1⫺兾⫺
Gerber et al.

Fig. 4. M1⫺兾⫺ mice exhibit increased locomotor activity in response to
amphetamine. (A) Locomotor activity of M1⫹兾⫹ (n ⫽ 15) and M1⫺兾⫺ (n ⫽ 13)
mice in response to d-amphetamine (AMP) administration (3 mg兾kg i.p.).
Locomotor activity was monitored in 5-min intervals 1 h before and 2 h after
AMP administration. Activity of M1⫺兾⫺ mice was significantly increased
during an 80-min period after amphetamine administration (P ⬍ 0.02, repeated measure ANOVA). (B) Dose–response to amphetamine (0, 1, 2, and 3
mg兾kg) in M1⫺兾⫺ and M1⫹兾⫹ mice. Significant genotype (P ⬍ 0.02) and dose
effects (P ⬍ 0.0001) were observed (two-way ANOVA). M1⫺兾⫺: saline (n ⫽ 10),
1 mg兾kg (n ⫽ 13), 2 mg兾kg (n ⫽ 17), 3 mg兾kg (n ⫽ 13); M1 ⫹兾⫹: saline (n ⫽ 10),
1 mg兾kg (n ⫽ 15), 2 mg兾kg (n ⫽ 18), 3 mg兾kg (n ⫽ 15).

mice to amphetamine, assessment of the dynamics of striatal
extracellular dopamine accumulation by in vivo microdialysis
revealed a similar percentage elevation in striatal extracellular
dopamine concentration in M1⫹兾⫹ and M1⫺兾⫺ mice in response to amphetamine administration (1 and 3 mg兾kg i.p.) (Fig.
5 A and B). However, because the basal level of striatal dopamine
in M1⫺兾⫺ mice is on average 2-fold higher than that of M1⫹兾⫹
mice (Fig. 3B), this would result in substantially enhanced
dopaminergic tone in the M1⫺兾⫺ mice (Fig. 5C), which likely
underlies their heightened locomotor activity in response to
amphetamine. Similar effects on locomotor behavior and striatal
dopamine outflow were observed after administration of cocaine (data not shown).
Discussion
We have generated mice deficient for the M1 muscarinic acetylcholine receptor and characterized the effects of M1 deletion
on locomotor behavior and striatal dopaminergic transmission.
M1 mutant mice were found to have a significantly elevated level
of extracellular dopamine in the striatum with correspondingly
increased locomotion and vertical rearing activity. The increased
locomotion of M1 mutant mice could be attenuated by administration of haloperidol or clozapine, and the dose–response to
these compounds was similar in M1 mutant mice and wild-type
controls. Administration of amphetamine yielded higher levels
of locomotor activity and striatal extracellular dopamine accumulation in M1⫺兾⫺ mice relative to M1⫹兾⫹ mice. Moreover,
these increases were proportional to those observed in M1
mutants relative to controls under basal conditions. These
findings demonstrate that M1 receptor function is required for
regulation of subcortical dopaminergic transmission and for
maintaining normal control of locomotor behavior.
Several additional studies have described analysis of mice
deficient for the M1 muscarinic receptor. One study reported
deficits in muscarinic regulation of the M current and absence of
pilocarpine-induced seizures in M1 mutant mice (22). Another
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Fig. 3. Altered dopaminergic transmission in M1⫺兾⫺ mice. (A) HPLC analysis
of striatal tissue content of dopamine, serotonin, and metabolites in M1⫺兾⫺
(n ⫽ 6) and M1⫹兾⫹ (n ⫽ 8) mice. HVA content is increased 1.4-fold (*, P ⬍
0.004) in M1⫺兾⫺ mice. (B) Extracellular levels of dopamine and metabolites in
M1⫺兾⫺ (n ⫽ 6) and M1⫹兾⫹ (n ⫽ 7) mice. The extracellular levels of dopamine,
DOPAC, and HVA are increased by 2-fold (*, P ⬍ 0.036), 1.9-fold (*, P ⬍ 0.04),
and 1.9-fold (*, P ⬍ 0.05), respectively, in M1⫺兾⫺ mice. DA, dopamine; 5-HT,
5-hydroxytryptamine; 5-HIAA, 5-hydroxyindoleacetic acid.

Fig. 5. Dynamics of striatal extracellular dopamine levels in response to
amphetamine. (A) Extracellular dopamine dynamics after administration of
saline or amphetamine (AMP) (1 mg兾kg or 3 mg兾kg i.p.) to M1⫹兾⫹ mice.
Saline (n ⫽ 9): 1 mg兾kg, n ⫽ 7; 3 mg兾kg, n ⫽ 6. (B) Extracellular dopamine
dynamics after the administration of saline or amphetamine (AMP) (1 mg兾kg
or 3 mg兾kg i.p.) to M1 ⫺兾⫺ mice. Saline (n ⫽ 9): 1 mg兾kg, n ⫽ 6; 3 mg兾kg, n ⫽
5. Administration of amphetamine (AMP) (1 mg兾kg or 3 mg兾kg i.p.) causes a
similar percentage increase in striatal extracellular dopamine levels in M1⫹兾⫹
and M1⫺兾⫺ mice. In vivo microdialysis was performed in freely moving mice
as described in Materials and Methods. (C) Estimated extracellular dopamine
(DA) levels 40 min after amphetamine administration. The basal extracellular
levels determined in Fig. 3B (M1⫹兾⫹, 9.9 nM; M1⫺兾⫺, 21.4 nM) were used to
estimate the extracellular levels at 40 min after saline or amphetamine (1, 3
mg兾kg) administration.

recent report also describes hyperactivity in M1-deficient mice,
and those mice were shown to have intact hippocampal learning
(25). The mechanism of the observed hyperactivity was not
addressed in that study. Both reports demonstrated that M1
deletion does not lead to compensatory changes in the expression of other muscarinic receptors (22, 25). Previous studies of
M1 mutant mice did not assess the consequences of M1 deficiency on dopaminergic transmission. Our finding of elevated
striatal dopaminergic transmission in M1 mutant mice elucidates
the mechanism by which M1 deficiency leads to abnormal motor
behavior and provides primary genetic evidence for a role of the
M1 receptor in regulating dopaminergic transmission. In addition to the increased dopaminergic tone, direct effects of M1
deficiency on cortical, hippocampal, or striatopallidal function
could contribute to the abnormal locomotor behavior observed
in the M1 mutant mice.
Elevated extracellular dopamine could be a consequence of
decreased uptake or increased release. The higher dopamine
level observed in the M1 mutant mice is likely a consequence of
increased release, based on two lines of reasoning. First, in situ
(4) and immunohistochemical (3) analyses have failed to detect
M1 expression in neurons of the substantia nigra. Therefore, it
is unlikely that M1 receptors are present on the nerve terminals
of dopaminergic cells, which express the dopamine transporter
and comprise the major site of dopamine uptake (26, 27). Thus,
modulation of dopamine uptake by the M1 receptor appears
unlikely. Second, administration of amphetamine or cocaine,
which affect dopamine uptake (28, 29), to the M1⫺兾⫺ mice
caused an increase in extracellular dopamine proportional to
that observed in wild-type mice. This proportional increase
should not be observed if dopamine uptake is already attenuated
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Fig. 6. Disinhibition models for increased dopamine release in M1 mutant
mice. (A) Under normal conditions, striosomal inhibitory projection neurons
receive excitatory glutamatergic input from prelimbic cortical cells. A subset of
the striosomal neurons projects to the substantia nigra pars compacta and
inhibits the resident dopaminergic neurons, thereby regulating dopaminergic
transmission. Cortical and striosomal cells receive facilitative cholinergic modulation by means of M1 receptors. (B) When M1 expression is absent or
reduced on striosomal cells, facilitative cholinergic modulation of these cells
is reduced, causing a decrease in their firing, leading to disinhibition of
dopaminergic neurons and consequent increased dopamine release. (C) When
M1 expression is absent or reduced on cortical cells, facilitative cholinergic
modulation of these cells is lowered, causing decreased firing of the cortical
cells and consequent decreased excitation of their striosomal target neurons,
leading to disinhibition of nigral dopaminergic neurons and higher dopamine
release. Dark green, excitatory input; light green, cholinergic facilitative
input; red, inhibitory input; blue, dopaminergic input. Dashed lines indicate
attenuated pathways. BF, basal forebrain; I, cholinergic interneuron; PLC,
prelimbic cortex; SNC, substantia nigra pars compacta; Strio., striosome.

by M1 deficiency. Indeed, elevated extracellular dopamine in
response to cocaine and amphetamine is not observed in dopamine transporter-deficient mice, which have increased extracellular dopamine as a consequence of decreased uptake (30).
A number of pharmacological studies have addressed the role
of muscarinic receptors in striatal dopaminergic transmission;
however, specific effects of muscarinic receptor function on the
regulation of striatal extracelluar dopamine levels have been
difficult to define. Inasmuch as expression of M1 receptors has
not been observed in the substantia nigra (3, 4), it is unlikely that
M1 function could exert direct or presynaptic effects on dopaminergic neurons. Cholinergic modulation has been suggested to
indirectly affect striatal dopaminergic transmission by enhancing
an inhibitory striatonigral feedback pathway (31). Consistent
with this idea, in vivo studies have shown that systemic administration of general muscarinic antagonists can lead to increased
dopamine outflow in the striatum (19).
Several previous in vivo studies of the effects of pirenzepine on
striatal dopamine release have suggested that M1 receptors may
play a facilitative role in striatal dopaminergic transmission (32,
33). Conclusions from such studies are complicated by the lack
of a high degree of subtype specificity among the muscarinic
receptor antagonists (2). Although it is difficult to compare the
consequences of acute pharmacological intervention with those
of chronic, specific genetic ablation, our results do not support
these previous interpretations and suggest rather that M1 function serves to restrict striatal dopaminergic transmission.
How could M1 deficiency lead to increased dopamine release
in the striatum? We suggest two related explanatory models for
indirect regulation of striatal dopaminergic transmission by M1
receptors based on the prominent localization of M1 receptors
to the cortex and striatum. The striatum is divided into two
anatomically and functionally distinct compartments, the striosome and matrix (34). Inhibitory projection neurons of the
striosome receive excitatory glutamatergic inputs from the prelimbic cortex, an area of frontal cortex that processes inputs from
the limbic system (35). A subset of inhibitory striosomal neurons
projects to the substantia nigra pars compacta and regulates the
resident dopaminergic neurons (35, 36). We propose that activation of M1 receptors expressed on these striosomal cells by
Gerber et al.

locally released acetylcholine facilitates this inhibitory pathway
(Fig. 6A). In the absence of M1, inhibition of the dopaminergic
cells is dampened, leading to elevation of dopamine release (Fig.
6B). A similar disinhibition model has been proposed to explain
increased striatal dopamine levels caused by general muscarinic
blockade (19). Alternatively, it is possible that optimal excitation
of the prelimbic cortical cells that project to the striosomal cells
requires facilitative cholinergic input via cortical M1 receptors.
In the absence of M1 expression, activity of cortical cells is
decreased, leading to decreased excitation of the striosomal
projection neurons and disinhibition of nigral dopaminergic cells
(Fig. 6C). This idea is reminiscent of a neuro-anatomical model
of schizophrenia that proposes that dysfunction of the frontal
cortex could lead to increased subcortical dopaminergic transmission underlying the positive symptoms of that disease (37). In
addition to a lack of striatal or cortical M1 receptors, a possible
effect of hippocampal M1 deficiency on interactions between the
hippocampus and the cortex or the nucleus accumbens that
influences striatal dopaminergic transmission cannot be formally
excluded.
A number of studies have suggested that muscarinic dysfunction could be a contributing factor in schizophrenia
(38 – 40). Moreover, several recent pharmacological studies
have raised the possibility that compounds with muscarinic
agonistic properties may have useful therapeutic effects in the
treatment of psychiatric diseases such as schizophrenia (41,
42), although a potential mechanism of action has not been

determined. Elevated subcortical dopaminergic transmission
has been a long-standing element of one of the major explanatory hypotheses for the molecular basis of schizophrenia (23,
37, 43), and recent studies have provided direct evidence
supporting this concept (44 – 46). The observation that M1
deficiency leads to increased striatal dopaminergic transmission with consequent behavioral abnormalities is consistent
with the possibility that M1 dysfunction could contribute to
alterations in dopaminergic transmission that have been implicated in certain manifestations of schizophrenia. These
findings also provide direct genetic evidence supporting the
idea that primary deficits in neurotransmitter systems other
than the dopaminergic system could lead to secondary alterations in dopaminergic transmission associated with this disease (47). It will be of considerable interest to determine
whether additional genetic or pharmacological manipulations
in combination with M1 deficiency can evoke further behavioral manifestations associated with schizophrenia or related
psychiatric disorders (48).
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