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Abstract
Rationale—We previously showed that muscarinic agonists with M1 and/or M4 receptor
affinities attenuated cocaine discrimination and self-administration in wild type mice but not in
M1/M4 double-knockout mice.

Objective—To elucidate the respective contributions of M1 and M4 receptors to this effect.

Methods—Knockout mice lacking either the M1 subtype (M1
−/−) or the M4 subtype (M4

−/−),
and wild-type mice were trained to discriminate 10 mg/kg cocaine from saline. Muscarinic ligands
were tested for modulation of cocaine discrimination: xanomeline (M1/M4-preferring agonist),
VU0357017 (M1-selective partial agonist), 77-LH-28-1(M1 agonist), and BQCA (M1-selective
positive allosteric modulator).

Results—Xanomeline produced rightward shifts in the cocaine dose-effect curve in all three
genotypes, but most robustly in wild-type mice. VU0357017 produced rightward shifts in the
cocaine dose-effect curve in wild-type and M4

−/− mice, but not M1
−/− mice. Response rates were

suppressed by xanomeline in wild-type and M1
−/−, but not in M4

−/− mice, and were unaltered by
VU0357017. 77-LH-28-1 and BQCA also showed evidence of attenuating cocaine’s
discriminative stimulus, but at doses that suppressed responding or had other undesirable effects.
Intriguingly, both VU0357017 and 77-LH-28-1 exhibited U-shaped dose-effect functions in
attenuating cocaine discrimination. None of the drugs substituted for the cocaine stimulus.

Conclusions—Attenuation of the cocaine stimulus by VU0357017 depended upon M1
receptors, and full effects of xanomeline depended upon both M1 and M4 receptors. Therefore M1-
selective agonists and mixed M1/M4 agonists may be promising leads for developing medications
that block cocaine’s effects.

Introduction
Growing evidence implicates brain cholinergic muscarinic systems in the abuse-related
effects of stimulant drugs such as cocaine, and in the development of drug addictions (for
reviews see Williams and Adinoff 2008; Sofuoglu and Mooney 2009). The muscarinic
receptor family consists of five subtypes (M1–M5), which regulate many important central
and peripheral functions (for reviews see Wess 2004; Eglen 2006; Langmead et al. 2008b).
With respect to reward systems, stimulation of muscarinic receptors in different brain
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regions has opposing effects. Main areas of interest regarding muscarinic receptor
localization include 1) the ventral tegmental area (VTA) and substantia nigra (SN), which
receive cholinergic input from the laterodorsal (LDT) and pedunculopontine tegmental
nuclei (PPT), and project to the striatum, including the nucleus accumbens (NAc) medium
spiny neurons, 2) striatal cholinergic interneurons, and 3) the prefrontal cortex (Loughlin
and Fallon 1984; Bolam et al. 1991; Di Chiara et al. 1994; Oakman et al. 1995; Blaha et al.
1996).

Evidence from preclinical investigations indicates that muscarinic receptors in the VTA and
PPT facilitate rewarding and reinforcing effects of both drug and non-drug stimuli
(Yeomans et al. 1985; Bechara and van der Kooy 1989; Olmstead and Franklin 1993;
Yeomans and Baptista 1997; Ikemoto and Wise 2002; Alderson et al. 2004; You et al. 2008;
see also Shabani et al. 2010). Those effects are generally attributed to the M5 receptor, the
only muscarinic receptor subtype detected in VTA dopaminergic neurons (Vilaro et al.
1990; Weiner et al. 1990). Thus M5 selective antagonists may prove useful in the treatment
of addictions (Yeomans et al. 2000; Fink-Jensen et al. 2003; Thomsen et al. 2005; Lester et
al. 2010; see Raffa et al. 2009 for review). Conversely, stimulation of striatal muscarinic
receptors reduced abuse-related effects of cocaine, while pharmacological blockade of
striatal muscarinic receptors or destruction of striatal cholinergic neurons increased the
effects of cocaine (Hikida et al. 2001; Smith et al. 2004; Mark et al. 2006). Thus striatal
muscarinic receptors appear to oppose abuse-related effects of cocaine. The striatum
contains predominantly the M1, M4, and M2 subtypes, the latter mostly presynaptic
inhibitory autoreceptors (Weiner et al. 1990; Bernard et al. 1992; Hersch et al. 1994; Hersch
and Levey 1995; Smiley et al. 1999).

Acetylcholinesterase (AChE) inhibitors (e.g., donepezil, galantamine, tacrine) indirectly
stimulate nicotinic and muscarinic receptors by increasing synaptic levels of acetylcholine.
Various AChE inhibitors have been tested in laboratory animals and humans, generally
decreasing stimulant drug effects. AChE inhibitors prevented the development of
conditioned place preference (CPP) to morphine or cocaine in mice, and decreased cocaine
self-administration in rats, although with moderate selectivity over decreases in food-
maintained behavior (Hikida et al. 2003; Takamatsu et al. 2006; Grasing et al. 2008, 2009).
Galantamine reduced amphetamine-induced arousal, unrest, and stereotyped behaviors in
monkeys (Andersen et al. 2007). In humans, AChE inhibitors have provided mixed results
but generally failed to decrease drug-taking behaviors (Winhusen et al. 2005; De La Garza
et al. 2008a,b; Grasing et al. 2010). Thus the clinical usefulness of AChE inhibitors may be
limited by opposing effects at different receptors (including effects at sites other than AChE
due to poor selectivity) and by adverse effects that prevent high doses from being used.

Subtype-selective muscarinic agonists may represent a better alternative to AChE inhibitors
for medications aimed at reducing psychostimulant use and dependence. We previously
showed attenuation of cocaine’s discriminative stimulus by the M1 agonist TBPB and the
M1/M4-preferring agonist xanomeline (Thomsen et al. 2010). We further found that both
drugs could abolish cocaine self-administration behavior in mice (Thomsen et al. 2010).
Xanomeline is moderately selective for M1 and M4 receptors over other muscarinic and non-
cholinergic receptors (Shannon et al. 1994; Heinrich et al. 2009). TBPB, while lacking
agonist function at M2–M5 receptors, demonstrated antagonist properties at those receptors,
and also binds with low affinity to dopamine D2 receptors (Jones et al. 2008; Heinrich et al.
2009; Lebois et al. 2009). However, xanomeline failed to attenuate cocaine discrimination in
knockout mice lacking both M1 and M4 receptors, indicating that M1 and/or M4 receptor
stimulation was responsible for the observed “anti-cocaine”effects.
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The objectives of the present experiments were 1) to confirm the cocaine-attenuating effects
of M1 receptor stimulation and 2) to evaluate whether stimulation of M1, M4 or both
receptors contributed to the effects of a less selective agonist. To this aim we trained and
tested knockout mice lacking either M1 or M4 receptors (having the other subtype intact) in
the cocaine discrimination assay, as well as intact wild-type mice and Swiss-Webster mice.
In addition to xanomeline, we tested the M1-selective partial agonist VU0357017, an
MLPCN probe, (Lebois et al. 2009), the M1 agonist 77-LH-28-1 (Langmead et al. 2008a),
and the M1-selective positive allosteric modulator benzylquinolone carboxylic acid (BQCA;
Ma et al. 2009; Shirey et al. 2009). Table 1 shows the functional M1 selectivity of each drug.
Pretreatment with the dopamine D2 antagonist eticlopride was evaluated for comparison, in
wild-type mice only.

Materials and methods
Animals

Male Swiss-Webster, C57BL/6NTac, M1
−/− and M4

−/− mice were acquired from Taconic
Farms (Germantown, NY) at 4–8 weeks of age. M1

−/− and M4
−/− mice were generated as

described previously (Gomeza et al. 1999; Miyakawa et al. 2001) and backcrossed 11
generations to C57BL/6NTac females. Age- and sex-matched C57BL/6NTac mice were
used as wild-type controls. Mice were acclimated to the housing facilities for ≥7 days before
experiments began. During this time they were handled, and were anesthetized briefly for
subcutaneous implantation of an identification microchip. Mice were kept in a 12-h light/
dark cycle at ~22°C and ~55% humidity, group housed up to five per cage. Water was
accessible ad libitum and food (rodent diet 5001; PMI Feeds, Inc., St. Louis, MO) was
provided daily after training/testing sessions, 4 g/mouse/day. Rodent “treats”, nesting
material, and exercise/nesting devices were provided for enrichment. All testing was
conducted during the light phase of the circadian cycle.

Training and evaluation in cocaine discrimination
Operant-conditioning chambers as well as the procedure have been described (Thomsen et
al. 2010). In brief, each chamber contained two nose-poke holes each equipped with a
photocell and a yellow cue light. Centered between the holes was a plate into which liquid
food was delivered. Mice were trained to discriminate 10 mg/kg cocaine from saline,
administered intraperitoneally (i.p.). The reinforcer was 25 μl vanilla-flavored Ensure
nutrition drink (water, sucrose, corn maltodextrin, milk protein concentrate, soy oil, canola
oil, flavors, vitamins, minerals), 30 reinforcers were available per 20-min session. Mice
were trained initially under an FR 1 schedule, the FR was then gradually increased to a final
FR 10, with increasing pretreatment time spent in the chamber (rather than the home cage).
Eventually sessions were preceded by the entire 10-min pretreatment period in the chamber,
during which all lights were off and responding had no scheduled consequences. Cocaine
and saline were presented in pseudorandom order across daily training sessions typically
five days per week, and mice were counterbalanced with cocaine trained on the left or right
nose-poke. Stable discrimination was defined as at least 7 of 8 consecutive sessions
satisfying the following criteria: 1) ≥10 reinforcers earned per session, 2) ≥80% correct
responses for the first reinforcer, and 3) ≥90% correct total responses.

Once criteria were met, mice were tested with saline and 0.32, 1.0, 3.2, 10 and 18 mg/kg
cocaine to generate dose-effect functions. In pretreatment tests, xanomeline (1.8mg/kg,
selected based on previous studies; Thomsen et al. 2010), VU0357017 (1–18 mg/kg), 77-
LH-28-1 (1–10 mg/kg), BQCA (1–18 mg/kg), or eticlopride (0.01–0.56 mg/kg) was
administered s.c. before cocaine. VU0357017 and xanomeline were administered 15 min
before cocaine, 77-LH-28-1 and eticlopride, 10 min before cocaine, and BQCA 30 min
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before cocaine. For each drug including cocaine, doses were tested within-subjects in a
pseudorandom order, counterbalanced between subjects and genotypes. At least one training
session was interspersed between each test session, and tests were only performed when
mice satisfied discrimination criteria. Because of the protracted latency to stable
discrimination in M4

−/− mice, tests were often performed in duplicate or triplicate in this
strain to ensure the data were reliable. In the few cases when responding was suppressed to
the point that no reinforcers were earned, the quantity of behavior was considered
insufficient to evaluate the percentage of cocaine-appropriate responses and that calculation
was not included in the data presentation or analysis.

Drugs
Cocaine hydrochloride was supplied by the National Institute on Drug Abuse (National
Institutes of Health, Bethesda, MD). S(−)-eticlopride was purchased from Sigma-Aldrich
(St. Louis, MO). VU0357017 (ethyl 4-(2-(2-methylbenzamido)ethylamino)piperidine-1-
carboxylate) and BQCA were synthesized at Vanderbilt University. Xanomeline and 77-
LH-28-1 (1-[3-(4-butyl-1-piperidinyl)propyl]-3,4-dihydro-2(1H)-quinolinone) were
synthesized at the McLean Hospital according to previously published methods (Kane et al.
2008; Langmead et al. 2008a). VU0357017 was dissolved in sterile water, and BQCA was
dissolved in 5% β-cyclodextrin in sterile water. Eticlopride was dissolved in ethanol then
diluted in sterile water (final concentration ethanol 1%). Other drugs were dissolved in 0.9%
saline. Cocaine and eticlopride solutions were refrigerated, other drug solutions were
prepared daily. Drug doses refer to the weights of the respective salts.

Data analysis
Acquisition of cocaine discrimination was compared between each mutant to the wild-type
group using the Logrank test, with sessions to criteria as the measure. For drug
discrimination results, the percentage of drug-appropriate responding (DAR) for the whole
session and total response rates (i.e., in both holes) are presented. Comparable effects were
always observed in %DAR for the first reinforcer (not shown). For cocaine dose-effect
curves, %DAR and response rates were analyzed by ANOVA with drug dose as a repeated-
measures factor and genotype as a between-subjects factor. Because we had no a priori
reason to expect an interaction between M1 and M4 genotypes, we compared each mutant
vs. wild-type separately, while comparisons between M1

−/− and M4
−/− mice were not done.

For drug pretreatments, one- or two-way repeated measures ANOVA were performed with
dose of pretreatment drug and/or cocaine as factors, on %DAR and response rate, within
each genotype separately. Dunnett’s multiple comparisons test (cocaine dose or pretreatment
dose vs. vehicle) or Bonferroni posttest (pair-wise, pretreatment vs. cocaine alone) was
performed where appropriate. Missing values due to suppression of behavior by the test drug
(e.g., xanomeline) sometimes precluded the use of ANOVA on %DAR data. Therefore, A50
values in cocaine dose-effect functions were also calculated in each genotype, i.e., the dose
of cocaine estimated to produce 50% DAR. For pre-treatment drugs, doses estimated to
produce 50% decrease in DAR, and doses estimated to produce 50% decrease in response
rates were calculated. A50 values were obtained in each mouse by interpolation of the dose-
effect curves, and then group means and 95% confidence intervals (95%CI) were calculated.
Significance level was set at p < 0.05, and for A50 values comparisons, non-overlapping
95%CI were considered significant.

Results
Discriminative stimulus of cocaine in M1−/− and M4−/− mice

Mice were trained to discriminate 10 mg/kg cocaine from saline under an FR 10 schedule of
food reinforcement. Figure 1 shows the percentage of mice meeting criteria as a function of
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time for each genotype. All wild-type mice met criteria within 6 months of training, but 3 of
15 M1

−/− mice and 6 of 17 M4
−/− mice failed to meet criteria, having had 3–9 months of

training (e.g., excluded due to health complications, or failed to meet criteria after ≥9
months). A Logrank test on sessions to criteria revealed significantly longer training was
needed in the M4

−/− relative to wild-type (χ2 = 12.2, p < 0.001), while the M1 mutation had
no significant effect.

Once criteria were met, mice of all three genotypes showed dose-dependent cocaine-
appropriate responding, as shown in Table 2 and Figure 2. ANOVA on the percent drug-
appropriate responses (DAR) between M1

−/− and wild-type mice, and between M4
−/− and

wild-type mice, both showed an effect of cocaine dose ([F(5,100) = 77.4, p < 0.0001] and
[F(5,95) = 86.2, p < 0.0001], respectively), but no effect of genotype or interaction. %DAR
increased with cocaine dose in each genotype (all p < 0.0001), with 1–18 mg/kg reaching
significance vs. saline in wild-type and M4

−/− mice, and 3.2–18 mg/kg reaching significance
in M1

−/− mice (p < 0.05 to p < 0.01, Dunnett’s). Response rates decreased with increasing
cocaine dose regardless of genotype in both the M1 comparison [F(5,100) = 24.1, p <
0.0001], and the M4 comparison [F(5,95) = 12.8, p < 0.0001] (see Fig. 2). One-way
ANOVA in each genotype and post-hoc tests showed rates were significantly lower for 10
and 18 mg/kg cocaine relative to saline in the wild-type mice, 18 mg/kg only for M1

−/− mice
(p < 0.05 to p < 0.01, Dunnett’s), while the main effect of cocaine on rates just failed to
reach significance in the M4

−/− mice (p < 0.06). Calculated doses estimated to elicit 50%
DAR, or to reduce response rates by 50% (A50 values), were also comparable between
genotypes (see Table 2).

Xanomeline pretreatment
The effect of a 1.8 mg/kg xanomeline pretreatment on the cocaine dose-effect function was
assessed in wild-type mice, M1

−/− mice and M4
−/− mice (Fig. 3). ANOVAs were not

performed in the wild-type mice due to missing DAR values as xanomeline suppressed
behavior in some subjects. Table 3 shows A50 values for %DAR with and without
xanomeline, as well as the average -fold shift in cocaine’s potencies. Xanomeline produced
a significant 8-fold rightward shift in the wild-type mice (non-overlapping 95%CI).
Xanomeline also produced a significant rightward shift in the M1

−/− mice, although it was
only 3-fold on average (non-overlapping 95%CI). In the M4

−/− mice, xanomeline produced
on average an 8-fold rightward shift in the cocaine curve, but with substantial variability, so
that 95%CI were just overlapping (see Table 3). ANOVA showed a significant effect of
xanomeline in the M1

−/− mice [F(1,40) = 21.9, p < 0.0001] and in the M4
−/− mice [F(1,38) =

5.60, p < 0.05], with a xanomeline by cocaine interaction in the M1
−/− mice only [F(4,40) =

18.5, p < 0.0001].

ANOVAs on response rates showed a significant effect of both cocaine [F(4,70) = 2.69, p <
0.05] and xanomeline [F(1,70) = 27.52, p < 0.0001] in the wild-type mice, with a significant
interaction [F(4,70) = 3.03, p < 0.05]. In the M1

−/− mice, rate was affected by xanomeline
[F(1,40) = 29.4, p < 0.0001], with a cocaine by xanomeline interaction [F(4,40) = 4.32, p <
0.01], while the main effect of cocaine did not reach significance. In the M4

−/− mice, rate
was affected by cocaine [F(4,40) = 3.81, p = 0.01], with no significant effect of xanomeline
or interaction. Bonferroni posttests showed that in both wild-type mice and M1

−/− mice,
rates were significantly suppressed by xanomeline when xanomeline was administered
before saline, 1.0 or 3.2 mg/kg cocaine (p < 0.01 to p < 0.001).

VU0357017 pretreatment and substitution
The effect of pretreatment with 3.2 mg/kg VU0357017, an M1-selective partial agonist, on
the cocaine dose-effect function was similarly evaluated in each genotype (Fig. 4). In the
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wild-type mice, VU0357017 produced a significant rightward shift of the cocaine curve,
supported by a significant effect of pretreatment [F(1,70) = 24.3, p < 0.0001], with a
significant cocaine by VU0357017 interaction [F(4,70) = 4.66, p < 0.01]. In this and all
subsequent comparisons of cocaine dose effect functions with and without pretreatment, the
effect of cocaine dose was always significant (p < 0.0001), and is not reported further for the
sake of brevity. In the M1

−/− mice, VU0357017 had no significant effect on %DAR. In the
M4

−/− mice, ANOVA confirmed a significant rightward shift in cocaine discrimination
[F(1,50) = 4.77, p < 0.05], without significant cocaine by pretreatment interaction. In all
genotypes, response rates were affected by cocaine dose (p < 0.0001) but not by
VU0357017. Table 3 shows calculated A50 values for %DAR with and without VU0357017,
as well as the average -fold shift in cocaine’s potency in each genotype. This analysis was in
general agreement with the ANOVAs, as VU0357017 produced a significant 5-fold
rightward shift in the wild-type mice based on non-overlapping 95%CI. In the M1

−/− mice,
VU0357017 did not change cocaine’s potency as a discriminative stimulus. In the M4

−/−

mice, VU0357017 produced only an approximate 2-fold shift in cocaine discrimination, but
with overlapping 95%CI (despite the significant ANOVA).

A range of VU0357017 doses were also tested as pretreatment to the training dose of
cocaine in wild-type mice, M1

−/− mice and M4
−/− mice (data not shown). Over this dose

range, VU0357017 reduced %DAR to 50% or lower in 5 of the 8 wild-type mice (achieving
saline levels in 4 of those, 35% in the fifth). However, VU0357017 appeared effective only
in a narrow dose range, which differed between animals, so that the maximum average
attenuation in %DAR at any given dose was only 29%. In the M1

−/− mice, VU0357017 only
reduced %DAR in one of 6 mice, at the highest dose. In the M4

−/− mice, VU0357017
decreased %DAR to saline-like levels in 2 of 5 mice tested, and to a small degree in one
mouse. Response rates were not significantly affected by VU0357017. For comparison, we
also tested the effects of the dopamine D2 antagonist eticlopride in wild-type mice (data not
shown). The mean peak effect of eticlopride on %DAR was 36% (± 32% s.e.m). In contrast
to VU0357017, eticlopride produced a monotonic function, up to doses that suppressed or
eliminated responding. The dose of eticlopride which decreased %DAR, 0.32 mg/kg, also
suppressed behavior to less than one reinforcer earned in two of the four subjects (thus
ANOVA could not be performed on %DAR due to missing values; average rate reduction
was 87%). The reduction in %DAR reflected an effect of eticlopride in one, but not the
other, of the two mice in which at least one reinforcer was earned. ANOVA on response
rates confirmed an effect of eticlopride [F(5,15) = 4.08, p < 0.05], reaching significance at
0.32 mg/kg post-hoc (p < 0.05). Only one mouse was tested up to 0.56 mg/kg, at which dose
responding was suppressed completely.

We also tested the high range of VU0357017 doses (10–32 mg/kg) as a substitution for
cocaine in Swiss-Webster mice, to examine the possibility of cocaine-like effects
contributing to the U-shaped curve observed in %DAR modulation. We saw no evidence of
substitution (Fig. 5), while these doses did decrease response rates moderately [F(3,12) =
5.05, p < 0.05], significant at 18 and 32 mg/kg (p < 0.05 and p < 0.01 vs. saline). Finally,
VU0357017 (1–18 mg/kg) was also tested as a pretreatment to 10 mg/kg cocaine in five
Swiss Webster mice, and decreased %DAR to <1% in two of the five, with a third showing
complete blockade only for the first reinforcer but not the total session (data not shown).
The compound was not tested further in this strain since it would likely only represent
confirmatory data similar to the wild-type findings.

77-LH-28-1 and BQCA pretreatment
To further confirm that M1 receptor stimulation can modulate cocaine’s discriminative
stimulus, another M1 agonist, 77-LH-28-1, was tested in Swiss-Webster mice. Figure 6
shows modest and statistically non-significant decreases in %DAR across a range of 77-
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LH-28-1 doses tested in combination with 10 mg/kg cocaine, again showing evidence of a
U-shaped curve. 77-LH-28-1 also suppressed response rates [F(4,28) = 8.05, p < 0.001],
significantly at the highest dose (p < 0.01). A dose of 3.2 mg/kg 77-LH-28-1 was selected as
a pretreatment dose to be evaluated with the cocaine dose-effect function, and produced both
a significant rightward shift in %DAR [F(1,50) = 11.4, p < 0.01] and significant decreases in
response rates [F(1,50) = 6.91, p < 0.05]. Table 3 shows A50 values with overlapping
95%CI, despite a 4-fold average shift to the right.

We also tested the M1-selective positive allosteric modulator BQCA as a pre-treatment to 10
mg/kg cocaine in Swiss-Webster mice (data not shown) and wild-type C57BL/6NTac mice
(Figure 7). Although BQCA produced some decrease in %DAR, it did so in a dose range
that also produced marked diarrhea, despite showing only inconsistent decreases in response
rate. Neither effects on DAR or on rate reached statistical significance. The Swiss-Webster
strain appeared more sensitive to the diarrhea than the C57BL/6NTac strain, and testing was
discontinued in the Swiss-Webster strain after 3–4 mice. While 18 mg/kg BQCA produced a
rightward shift in the cocaine discrimination dose-effect curve in a few wild-type mice (data
not shown), testing was discontinued due to the diarrhea. Consequently, BQCA was not
tested further, including in the mutant mice.

Discussion
The present investigation confirmed and extended our previous report on the muscarinic
agonist-attenuation of abuse-related effects of cocaine in mice (Thomsen et al. 2010). Here,
we combined the use of knockout mice lacking either M1 or M4 receptors with novel
subtype-selective muscarinic receptor ligands to evaluate the contributions of each receptor
to the “anti-cocaine” effects of muscarinic agonists. There were three main findings of the
present study. First, we confirmed using structurally unrelated ligands that M1 receptor
stimulation can attenuate the discriminative stimulus of cocaine, and this effect was absent
in M1

−/− mice. Second, as in our prior study, we observed no rate suppressing effects of the
M1 selective partial agonist VU0357017 at doses that attenuated cocaine’s behavioral
effects. This observation stands in contrast to the coordinate cocaine-attenuating and rate-
suppressing effects of other drugs, such as dopamine D2 antagonists. Third, our data
indicated that stimulation of both M1 and M4 subtypes contributed to the anti-cocaine effects
of the M1/M4-preferring agonist xanomeline, while M4 receptors may mediate some of the
rate-suppressing effects of xanomeline. Collectively, these data suggest that VU0357017
and other M1-selective agonists, as well as mixed M1/M4 agonists, may be promising leads
for developing medications that block cocaine’s effects.

Both M1
−/− mice and M4

−/− mice acquired cocaine discrimination, and showed cocaine
dose-effect functions comparable to wild-type mice, indicating that neither receptor is
essential for cocaine to produce a discriminative stimulus. The M4

−/− mice, but not the
M1

−/− mice, showed protracted acquisition of the procedure. This could indicate altered
learning/performance, or an altered discriminative stimulus of cocaine. In agreement with
their performance in the present experiment, M1

−/− mice showed performance deficits only
in some, but not all, tests of cognitive function, and deficits appeared attributable to the
hyperactive phenotype of these mutants (Miyakawa et al. 2001; Anagnostaras et al. 2003).
M1

−/− mice also showed cocaine CPP comparable to wild-type mice at 10 mg/kg, although
CPP was reduced at 5 mg/kg (Carrigan and Dykstra 2007). Thus it is possible that M1

−/−

mice may have acquired discrimination of a lower cocaine dose less readily. Cognitive
function has been studied less in M4

−/− mice, but electrophysiological recordings in striatal
slices showed deficits in long-term depression, suggesting learning and memory could well
be affected (Bonsi et al. 2008). Reminiscent of the M4

−/− phenotype in the present
investigation, immunotoxic destruction of striatal cholinergic neurons impaired acquisition
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of a food-rewarded T-maze task in mice (Kitabatake et al. 2003). We recently reported
greater cocaine-induced increases in extracellular dopamine, locomotor activity, and cocaine
self-administration in M4

−/− mice, suggesting that the protracted acquisition of
discrimination was not attributable to decreased detectability of cocaine (Schmidt et al.
2011). One caveat of the investigation is that some mutant mice were excluded from the
studies because reliable discrimination was not achieved – it is possible that this selection
created, by necessity, a bias in the pharmacological responses observed. The repeated
cocaine administrations needed for the discrimination procedure may also have affected the
mutant strains differentially (e.g., sensitization).

We tested the M1/M4-preferring agonist xanomeline, the M1-selective partial agonist
VU0357017, the M1 agonist 77-LH-28-1, and the M1-selective positive allosteric modulator
BQCA as pretreatments to cocaine. Each drug showed evidence of attenuating the
discriminative stimulus of cocaine in intact mice. Thus we confirmed, with structurally
distinct compounds, our recent report using xanomeline and the M1 agonist TBPB (Thomsen
et al. 2010). These results are also in agreement with the reduction of amphetamine-induced
hyperlocomotion by BQCA in mice (Ma et al. 2009). Because TBPB has modest affinity for
the dopamine D2 receptor, there was some concern that D2 receptor antagonism might have
contributed to its observed “anti-cocaine” effects (Jones et al. 2008). While similar potential
concerns apply to xanomeline and 77-LH-28-1, VU0357017 and BQCA had no effect at D2,
5HT, and several other receptors (Heinrich et al. 2009; Lebois et al. 2009; Ma et al. 2009,
Shirey et al. 2009; see Table 1). To confirm that the effects of VU0357017 were attributable
to M1 receptor stimulation, we tested this compound in M1

−/− mice and M4
−/− mice:

VU0357017 shifted the cocaine dose-effect curve to the right in the wild-type mice and the
M4

−/− mice, but had no effect in the M1
−/− mice. Intriguingly, the effect appeared reduced

or less consistent in the M4
−/− mice, perhaps suggesting a permissive role of M4 receptors in

the effects of M1 receptor activation. Ongoing studies in our laboratory indicate that M4
−/−

mice show attenuation of cocaine discrimination at least comparable to wild-type mice when
pre-treated with a dopamine receptor antagonist. Therefore it is unlikely that the smaller
effect observed here reflected a generally reduced responsiveness to modulation of cocaine
discrimination in the M4

−/− mice. Taken together with our previous report (Thomsen et al.
2010), the present findings strongly support the hypothesis that selective stimulation of M1
receptors can attenuate abuse-related effects of cocaine in mice.

We previously reported a ≈60% reduction in cocaine discrimination (10 mg/kg cocaine) in
Swiss-Webster mice and C57BL/6NTac wild-type mice (Thomsen et al. 2010). In contrast,
xanomeline had no effect on cocaine discrimination in mice lacking both M1 and M4
receptors up to doses that almost completely suppressed responding, indicating that
activation of M1 and/or M4 receptors was responsible for these anti-cocaine effects
(Thomsen et al. 2010). Here we tested xanomeline in the single gene knockout mice to
evaluate the respective contributions of M1 and M4 receptor stimulation. In the C57BL/
6NTac wild-type mice, xanomeline shifted the cocaine dose-effect function to the right, the
present data closely matching our previous findings in Swiss-Webster mice (Thomsen et al.
2010). Xanomeline also shifted the cocaine curve to the right in M1

−/− mice and in M4
−/−

mice, indicating that stimulation of neither receptor alone was obligatory to attenuate
cocaine discrimination. However, the effect was smaller in the M1

−/− mice and more
variable in the M4

−/− mice, indicating that both receptors contributed to the anti-cocaine
effects of xanomeline.

VU0357017, 77-LH-28-1 and BQCA produced only modest reduction in cocaine
discrimination (10 mg/kg cocaine), ≈29–40%. It is tempting to speculate that the apparently
larger effect size of xanomeline was attributable to the combined effects of M1 and M4
activation. However, the D2 antagonist eticlopride also produced only approximately 40%
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attenuation of cocaine discrimination in wild-type mice, indicating that cocaine
discrimination is difficult to modulate in C57BL/6 mice. Other factors may explain the
modest effects of VU0357017 and BQCA. Both TBPB and VU0357017 behaved like partial
agonists in some assays (Lebois et al. 2009). For BQCA, the dose range was limited by the
occurrence of side effects (diarrhea). Thus activation of brain M1 receptors with higher
efficacy M1 selective agonists may be able to attenuate cocaine’s effects more fully than
observed here, and should be explored in future studies.

Both xanomeline and TBPB in the previous investigation, and VU0357017 and 77-LH-28-1
in the present investigation, produced U-shaped dose-effect functions, i.e., they appeared to
attenuate cocaine’s effects at a fairly narrow range of doses, with effects diminishing at
higher doses (Thomsen et al. 2010). This also contributed to the average maximum effect
being modest, as not all mice responded at the same dose. Because TBPB showed antagonist
properties at M2–M5 receptors, M4 (or other subtype) antagonism may have limited its
efficacy at higher doses (Lebois et al. 2009). However, VU0357017 showed no antagonist
activity at M2–M5 receptors (Lebois et al. 2009). It appears unlikely that the biphasic nature
of the effect is due to a cocaine-like stimulus of the muscarinic agonists at higher doses,
since VU0357017 failed to substitute for the cocaine stimulus. This type of dose-effect
relationship is not uncommon for muscarinic drug effects. For example, oxotremorine
reduced amphetamine-induced increases in extracellular NAc dopamine most effectively at
an intermediate dose (Ichikawa et al. 2002). This phenomenon may reflect the complex
nature of dopamine/cholinergic interactions at the neuronal level: a recent investigation
revealed bidirectional modulation of striatal dopamine release by M2 and M4 receptors
(Threlfell et al. 2010).

How, and where in the brain, M1/M4 stimulation modulates behavioral effects of cocaine
remains uncertain. The AChE inhibitor rivastigmine attenuated cardiovascular effects of
methamphetamine in humans, and we cannot exclude the possibility that cardiovascular or
other peripheral effects contributed to the attenuation of cocaine discrimination in our
studies (De La Garza et al. 2008b). However, this appears unlikely for several reasons. First,
M1 receptor stimulation moderately increases heart rate in rodents, and would thus be
expected to enhance cocaine’s cardiovascular effects, not attenuate them (Hardouin et al.
2002; Ma et al. 2009). Second, we previously showed that muscarinic ligands with poor
brain penetration had lower potency or lacked effects in the cocaine discrimination assay,
suggesting that this modulation is centrally mediated (Thomsen et al. 2010). Third,
muscarinic antagonists can enhance, and muscarinic agonists attenuate, stimulant-induced
increases in extracellular striatal (NAc) dopamine, consistent with at least some of the
modulation of stimulant drug effects occurring in the striatum (Ichikawa et al. 2002; Tanda
et al. 2007). Immunotoxic destruction of NAc cholinergic neurons enhanced cocaine-
induced locomotor activity and CPP, effects that are remarkably similar to observations
made with cocaine and d-amphetamine in whole-body and D1 receptor neuron-specific M4
receptor knockout mice, supporting the NAc/striatum as a site of muscarinic modulation of
psychostimulant effects (Hikida et al. 2001; Jeon et al. 2010; Schmidt et al. 2011; Dencker
et al. 2011).

Finally, VU0357017 in this investigation, like TBPB in a previous investigation, did not
affect response rates in any genotype, and no undesirable effects were observed (Thomsen et
al. 2010). Xanomeline produced no overt side effects but did decrease response rates in
wild-type and M1

−/− mice, while this effect was blunted in the M4
−/− mice. We previously

observed comparable rate-decreasing effects of xanomeline in M1
−/−M4

−/− double knockout
mice and wild-type mice (Thomsen et al. 2010), and the contribution of M4 receptors to
reductions in response rate (and thus presumably to side effects in humans), remains
uncertain. 77-LH-28-1 also suppressed response rates, likely due to its lower selectivity
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(e.g., relative to dopamine and 5HT receptors; Heinrich et al. 2009). Unexpectedly, BQCA
caused diarrhea at doses that decreased cocaine-appropriate responding. Unlike xanomeline,
VU0357017 and 77-LH-28-1, which have good brain penetration, BQCA produced a
brain:plasma ratio of about 1:10 in rats, which may explain its less favorable side effect
profile (Sauerberg et al. 1992; Langmead et al. 2008a; Lebois et al. 2009; Ma et al. 2009;
Shirey et al. 2009). No side effects were reported for BQCA in previous studies, and this
may represent a species/strain difference (Ma et al. 2009; Shirey et al. 2009). Taken
together, our previous and present findings are consistent with the idea that brain-penetrant,
M1-selective agonists may have a low risk of side effects as medications.

In summary, we observed attenuation of cocaine’s discriminative stimulus with several M1
agonists/potentiators. Studies in M1

−/− and M4
−/− mice confirmed that M1 receptors

mediated the effects of the M1-selective partial agonist VU0357017, and indicated that both
M1 and M4 receptors contributed to the effects of the M1/M4-preferring agonist xanomeline.
With selective stimulation of brain M1 receptors we observed no undesirable effects or rate
suppression (the latter associated with dopamine D2 antagonists). Therefore we suggest that
both the M1 and the M4 receptor may be viable drug targets for the treatment of cocaine
addiction, and we will continue to evaluate new M1 and M4 agonists/potentiators. Drug
combination studies may be also warranted to determine whether activation of M1 and M4
receptors produces additive, synergistic, or less-than-additive effects (both therapeutic and
undesirable).
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Figure 1.
Acquisition of cocaine discrimination in wild-type, M1

−/− and M4
−/− mice. Abscissa:

Training time in sessions; ordinate: number of mice meeting discrimination criteria.
Acquisition of the procedure was significantly protracted in the M4−/− mice (p < 0.001,
Logrank test vs. wild-type). N = 14–17.
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Figure 2.
Cocaine dose-effect functions in wild-type, M1

−/− and M4
−/− mice trained to discriminate

10 mg/kg cocaine from saline. Abscissae: cocaine dose in mg/kg, “Sal” indicates saline;
ordinates: percentage cocaine-appropriate responses (top panels), response rates in responses
per second (bottom panels). Wild-type data are shown in both left (M1

−/−) and right (M4
−/−)

panels to facilitate comparison. Data are groups means ± one S.E.M. Group sizes: wild-type,
N=13; M1

−/−, N=9; M4
−/−, N=8.
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Figure 3.
Effect of pretreatment with 1.8 mg/kg xanomeline on the cocaine dose-effect function in
wild-type mice (left), M1

−/− mice (center) and M4
−/− mice (right). Abscissae: dose cocaine

in mg/kg, “Sal” indicates saline. Ordinates: percentage cocaine-appropriate responses (top);
response rate in responses per second (bottom). Data are groups means ± one S.E.M, N=5–8.
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Figure 4.
Effect of pretreatment with 3.2 mg/kg VU0357017, an M1-selective partial agonist, on the
cocaine dose-effect function in wild-type, M1

−/− and M4
−/− mice. Abscissae: dose cocaine

in mg/kg, “Sal” indicates saline. Ordinates: percentage cocaine-appropriate responses (top);
response rate in responses per second (bottom). Data are groups means ± one S.E.M. Group
sizes: N=6–8.
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Figure 5.
The M1-selective partial agonist VU0357017 did not substitute for cocaine in Swiss-Webster
mice. Abscissae: dose VU0357017 in mg/kg, “V” indicates vehicle; ordinates: percentage
cocaine-appropriate responses (top); response rate in responses per second (bottom). Data
are groups means ± one S.E.M., N=5.
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Figure 6.
Effects of the M1 agonist 77-LH-28-1 as pretreatment to cocaine in Swiss-Webster mice.
Leftmost panels show 77-LH-28-1 doses tested with 10 mg/kg cocaine, right panels show
rightward shifts in the cocaine dose-effect function after administration of 3.2 mg/kg 77-
LH-28-1. Abscissae, left panels: dose 77-LH-28-1 in mg/kg, “V” indicates vehicle; right
panels: dose cocaine in mg/kg, “Sal” indicates saline. Ordinates: percentage cocaine-
appropriate responses (top); response rate in responses per second (bottom). Data are groups
means ± one S.E.M., N=8 (left), N=6 (right).
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Figure 7.
Effects of the M1-selective PAM BQCA as pretreatment to 10 mg/kg cocaine in wild-type
C57BL/6NTac mice. Abscissae: dose BQCA in mg/kg, “V” indicates vehicle; ordinates:
percentage cocaine-appropriate responses (top); response rate in responses per second
(bottom). Data are groups means ± one S.E.M., N=6.
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Table 2

Cocaine discrimination accuracy at criteria and dose-effect curve

Genotype %DAR saline %DAR cocaine A50 DAR A50 rate reduction

Wild-type 1.9 ± 0.6 98.6 ± 0.5 1.49 [1.04 – 2.14] 9.77 [8.22 – 11.6]

M1
−/− 1.0 ± 0.6 97.4 ± 0.8 2.05 [1.23 – 3.43] 11.8 [7.42 – 16.6]

M4
−/− 1.2 ± 0.4 98.6 ± 0.7 1.49 [0.69 – 3.19] 10.3 [6.42 – 16.5]

%DAR saline and %DAR cocaine represent average performance over the block of sessions that satisfied discrimination criteria (group means ±

s.e.m.). Group sizes: wild-type, N = 13, M1−/−, N = 9, M4−/− mice, N = 8. Reductions in response rates by at least 50% were not observed in all

of the subjects, and A50 for rate reduction was calculated from 12 wild-type mice, 5 M1−/− mice, and 6 M4−/− mice.
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Table 3

Pretreatment-induced shifts in cocaine dose-effect function

Pretreatment - genotype A50 cocaine alone A50 pretreatment Fold shift Rate decrease

Xanomeline - Wild-type 1.58 [0.96 – 2.61] 8.87 [4.05 – 19.4]* 8.1 −36% [−10 – −62]

Xanomeline - M1
−/− 1.81 [1.64 – 2.00] 5.18 [3.50 – 7.65]* 3.1 −36% [−19 – −54]

Xanomeline - M4
−/− 0.99 [0.49 – 1.99] 5.22 [1.86 – 20.3] 8.6 ns

VU0357017 - Wild-type 1.25 [0.74 – 2.10] 4.95 [2.81 –8.73]* 5.5 ns

VU0357017 - M1
−/− 1.43 [1.07 – 1.90] 1.24 [0.67 – 2.28] 1.0 ns

VU0357017 - M4
−/− 2.04 [0.85 – 4.93] 3.49 [1.84 – 6.62] 2.1 ns

77-LH-28-1 - SW 0.80 [0.51 – 1.27] 2.32 [1.03 – 5.21] 4.1 −18% [−4 – −31]

*
non-overlapping 95% confidence intervals. Fold shift in A50 was calculated in each mouse, then averaged. Rate decrease was calculated as the %

decrease from cocaine alone in each mouse, then averaged across mice and cocaine doses.

ns: non-significant.
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