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The Muscarinic Acetylcholine Receptor Agonist BUTAC
Mediates Antipsychotic-Like Effects via the M4 Subtype

Marla L Watt', Linda Rorick-Kehn', David B Shaw', Karen M Knitowski', Anne T Quets',
Amy K Chesterfield', David L McKinzie' and Christian C Felder*'
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The generation of muscarinic acetylcholine receptor (MAChR) subtype-selective compounds has been challenging, requiring use of
nonpharmacological approaches, such as genetically engineered animals, to deepen our understanding of the potential that members of
the muscarinic receptor subtype family hold as therapeutic drug targets. The muscarinic receptor agonist ‘BuTAC' was previously shown
to exhibit efficacy in animal models of psychosis, although the particular receptor subtype(s) responsible for such activity was unclear.
Here, we evaluate the in vitro functional agonist and antagonist activity of BUTAC using an assay that provides a direct measure of G
protein activation. In addition, we employ the conditioned avoidance response paradigm, an in vivo model predictive of antipsychotic
activity, and mouse genetic deletion models to investigate which presynaptic mAChR subtype mediates the antipsychotic-like effects of
BUTAC. Our results show that, in vitro, BUTAC acts as a full agonist at the M2AChR and a partial agonist at the M| and M4 receptors,
with full antagonist activity at M3- and M5AChRs. In the mouse conditioned avoidance response (CAR) assay, BUTAC exhibits an
atypical antipsychotic-like profile by selectively decreasing avoidance responses at doses that do not induce escape failures.
CAR results using M27/ ™, M4~/~ and M2/M4 (MZ/I\’I47/7) mice found that the effects of BUTAC were near completely lost in
M2/M4 =/~ double-knockout mice and potency of BUTAC was right-shifted in M4~/ ~ as compared with wild-type and M2 =/~ mice.
The M2/M4 ="~ mice showed no altered sensitivity to the antipsychotic effects of either haloperidol or clozapine, suggesting that these
compounds mediate their actions in CAR via a non-mAChR-mediated mechanism. These data support a role for the M4AChR subtype
in mediating the antipsychotic-like activity of BUTAC and implicate M4AChR agonism as a potential novel therapeutic mechanism for

ameliorating symptoms associated with schizophrenia.

INTRODUCTION

All currently available antipsychotic medications share
dopamine D2 receptor antagonism as a common mechan-
ism of action (Wadenberg et al, 2001). Despite being
effective treatments, D2 antagonists have notable side
effects as well as significant gaps in treatment response.
Thus, there remains significant unmet clinical need for
effective medications with novel mechanisms of action with
improved efficacy and reduced side-effect profiles.

The muscarinic cholinergic system has potential as a novel
therapeutic for schizophrenia: muscarinic antagonists are
used to counter extrapyramidal side effects associated with
potent dopamine D2 antagonists and muscarinic agonists
have been hypothesized to be efficacious in treating positive
and negative symptoms and cognitive deficits in schizo-
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phrenic patients (Bymaster et al, 2002). Most recently, a
small placebo-controlled, double-blind clinical study with
the muscarinic agonist xanomeline improved positive and
negative symptoms, and cognitive deficits in treatment-
resistant schizophrenics (Shekhar et al, 2008). Although
xanomeline was relatively well tolerated in patients of this
study, nonselective muscarinic agonists produce parasym-
pathetic side effects that have limited their clinical utility.

There are currently five known muscarinic acetylcholine
receptor (mAChR) subtypes (M1-M5AChR), all of which
belong to the class A superfamily of G-protein-coupled
receptors (Feldman et al, 1997; Kristiansen, 2004). High
densities of the predominantly postsynaptically localized
MI1AChR subtype and presynaptically localized M2- and
M4AChR subtypes have been found in limbic and forebrain
areas implicated in the pathophysiology of schizophrenia,
such as the cerebral cortex, hippocampus, and striatum,
suggesting they may be promising targets for the develop-
ment of novel antipsychotic medications (Bernard et al,
1992; Bymaster et al, 2003a; Felder et al, 2000; Hersch et al,
1994; Woolf, 1991).

BuTAC is a mAChR ligand that has previously
been observed to exhibit efficacy in animal models


http://dx.doi.org/10.1038/npp.2013.186
mailto:felder@lilly.com
http://www.neuropsychopharmacology.org

.@

BuTAC mediates effects via muscarinic receptor subtype 4
ML Watt et al

2718

predictive of antipsychotic activity in schizophrenia
(Bymaster et al, 1998; Jones et al, 2005; Rasmussen et al,
2001). However, the precise mAChR subtype(s) responsible
for the antipsychotic-like effects remain unresolved. Gene
targeting technology has produced knockout mice with
deletions of specific mAChRs that have assisted in the
delineation of the roles that the different mAChR subtypes
play in both physiological and pharmacological processes
(Bymaster et al, 2003b). Such genetically modified animals
were used here to determine the role of presynaptic mAChR
subtypes (M2- and M4AChR) in mediating the antipsycho-
tic effects of BuTAC.

Historically, BuTAC and the structurally similar PTAC
have been described as M2-/M4AChR-preferring
partial agonists with M1-/M3-/M5AChR antagonist activity,
and both compounds exhibit efficacy in animal models
predictive of antipsychotic activity in schizophrenia
(Bymaster et al, 1998; Jones et al, 2005; Rasmussen et al,
2001). Our in vitro functional assay results outlined here
slightly revise this historical selectivity profile for
BuTAC. Assaying for mAChR functional activity with the
antibody capture method for G-protein activation,
we show that BUTAC exhibits full agonist activity at the
M2AChR and equipotent partial agonist activity at the
M1- and M4AChRs. In addition, BuTAC displays full
antagonist activity at the M3- and M5AChRs. Using mice
lacking individually the M2AChR, M4AChR, or both the
M2- and M4AChRs, we demonstrate that BuTAC is effective
in the conditioned avoidance response paradigm, a
model predictive of antipsychotic-like efficacy, and that
the M4AChR is an important subtype mediating effects in
this assay.

MATERIALS AND METHODS
Drugs

BuTAC ([5R-(ex0)]-6-[4-butylthio-1,2,5-thiadiazol-3-yl]-1-
azabicyclo-[3.2.1]-octane) was synthesized at Lilly Research
Laboratories. Haloperidol and clozapine were purchased
from Sigma Aldrich (St Louis, MO). BuTAC was mixed in
15ul 85% lactic acid and diluted with 0.9% saline.
Haloperidol and clozapine were solubilized in sterile water
with the addition of 10 pl 85% lactic acid. All drugs were
injected s.c. in a volume of 10 ml/kg.

In Vitro Muscarinic Selectivity Profile

GTP-y-[35S] binding was determined using the antibody
capture scintillation proximity technique previously de-
scribed by DeLapp et al (1999) in a 96-well plate format.
Briefly, 100 ul (20-40 fmol/well) of membrane preparation
from CHO cells that stably express human M1-M5AChRs
(PerkinElmer Life and Analytical Sciences, Boston, MA)
were incubated for 30 min with 50 pl of test compound. GDP
(1 pm final concentration) was added to M2 and M4 receptor
membranes before incubation. Antagonist curves were
generated in the presence of an ECg, concentration of
oxotremorine-M. Following the incubation period, 50 pl
diluted GTP-y-[35S] (500 pM final concentration; PerkinEl-
mer Life and Analytical Sciences) was added to each
well and incubated for 30 min. The labeled membranes
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were then solubilized with 0.27% Nonidet P40 for 30 min
followed by 60 min of incubation with 20 pl (final dilution of
1:400) of the appropriate rabbit polyclonal Go antibody
(Covance, Princeton, NJ). For the M1-, M3-, and M5AChR
membranes, anti-Gog,; antibody was used, whereas
anti-Go; 3 antibody was used for the M2- and M4AChR
membranes (Eli Lilly and Company, Indianapolis, IN).
Following 60 min of incubation, 50 pul (1.25mg/well) anti-
rabbit scintillation proximity assay (SPA) beads (GE
Healthcare, Piscataway, NJ) were added per well and the
plates incubated for an additional 3h. The plates were
centrifuged for 10 min at 700 x g and counted for 1 min per
well using a Wallac MicroBeta TriLux scintillation counter
(PerkinElmer). All incubations took place at room tem-
perature in GTP-binding assay buffer (20mM Hepes,
100 mm NaCl, 5mM MgCl,, pH 7.4). Data were analyzed
using nonlinear regression for a sigmoidal concentration
response curve (GraphPad Prism v. 4.0). Data were
normalized to a full agonist response (100 uM oxotremor-
ine-M) and percent efficacy (%E.,.x) wWas expressed as a
percentage of maximum signal observed in the presence
of 100 um oxotremorine-M. Antagonist percent inhibition
data were normalized to results generated with an ECg,
concentration of oxotremorine-M (clozapine and haloper-
idol) or an ECy, concentration of acetylcholine (BuTAC).
Mean relative ECsg, ICsg, and %E,,., values were calculated
as a mean of at least three independent experiments + SEM.
To allow for relevant comparisons between subtypes, the
experimental system is routinely calibrated with reference
compounds (oxotremorine-M, pilocarpine, MCN-A343) to
gauge full and partial agonism and ensure that the system is
not under- or over-reporting functional efficacies. Radi-
oligand binding assays were performed as described
previously (Sauerberg et al, 1998).

Subjects

The generation and initial characterization of the M2AChR
(M2~'7) and M4AChR (M4~ ’~) knockout mice, as well
as the M2/M4AChR double-knockout mice (M2/M4 /™),
has been described previously (Gomeza et al, 1999a;
Gomeza et al, 2001). The M2/M4~'~ double mice were
expressed upon a mixed genetic background (129/Jael
(25%) x 129SVEv (25%) x CF-1 (50%)). Two lines of single
M2 '~ and M4 '~ knockout mice were tested in the
present studies: (1) a mixed genetic background (M2 upon a
129Jael/CF-1 background and M4 upon a 129SvEv/CF-1
background); and (2) a C57BL/6 genetic background,
backcrossed for at least 10 breeding generations. Age-
matched littermate wild-type (WT; +/+ ) mice of the same
genetic background were used as control animals for each
knockout strain, with the exception of the single-point
BuTAC replication in M4 '~ mice on the C57BL/6
background, where wild types were age-matched standard
C57BL/6 mice, rather than littermates. Adult male mice
were obtained from private colonies at Taconic Farms
(Germantown, NY) and maintained in a light- and
humidity-controlled room on a 12-h light/dark cycle (lights
on at 0600h). Water and standard laboratory chow were
available ad libitum. All procedures were conducted in strict
adherence to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
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Table | Radioligand Binding and Functional Effects of BUTAC, Clozapine, and Haloperidol at the Five Muscarinic Acetylcholine Receptor

Subtypes
MIAChR M2AChR M3AChR M4AChR M5AChR
BuTAC
Rel pECso 9.22+9.80 956+ 1026 -+ - 1027 £ 1031 7.63+741
%E rmax 33.56+6.29 13653+ 17.20 -+ - 3553+ 1151 10.77 £ 10.87
Rel plCso 9.03% 1001 -+ - 855+859 9.19£9.13 829+8.16
% Inhibition 57.27+2.35 -+ - 100.00 +0.00 57.55+322 96.31 £3.87
pK 922%10.15 940 £ 1040 9.70%10.70 622+ 1040 9.15%£10.15
Clozapine
Rel pECso -t - 6.63+£6.95 -t - -* - -+ -
%E rmax - % - 25.78+378 -+ - - % - -t -
Rel plCso 7.35%8.67 596 £ 6.75 623+7.19 6524696 639674
% Inhibition 89.92+6.85 64.76 £523 95.06 +2.80 9794+ 1.15 93.88+6.35
Haloperidol
Rel pECso - - - - -
%BE e - - - - -
Rel plCso 4.65£5.08 445£492 - - 459 £5.04 -+ -
% Inhibition 69.97 £4.11 79.11£4.14 -x - 90.12£17.12 -t -

Plasma membranes were purified from cell lines stably expressing the five human muscarinic receptor subtypes and subjected to GTPy[35S] binding as described in the
Materials and Methods. For all compounds, pECsq values and %E .. were measured over a full concentration response curve for each ligand and are expressed as the
percent maximum signal observed at each receptor subtype in the presence of oxo-M (100 pum). For clozapine and haloperidol, plCsq values and percent inhibition
were measured in the presence of an experimentally determined ECgg concentration of oxo-M. For BUTAC, plCsg values and percent inhibition were measured in the
presence of an experimentally determined ECgyo concentration of ACh (determined for each individual subtype). For BUTAC, K; values were determined by
displacement of the radiolabeled antagonist [°H]-N-methylscopolamine. Data represent the mean + SEM from at least three independent experiments (each
performed in duplicate) and concentrations are expressed as the negative log-transformed values (M).

Apparatus

Mice were trained and tested in standard mouse operant
shuttle-avoidance chambers (Coulbourn Instruments,
Allentown, PA) placed within sound-attenuating chambers.
The apparatus consisted of two adjacent stainless steel
compartments (17 W x 18 D x 29 H cm) with clear Plexiglas
front and back walls. A stainless steel wall containing a
guillotine-style shuttle door (7 x8cm) separated the
compartments. The floor grid comprised 0.25 cm diameter
stainless steel rods, placed 1cm apart (center-to-center).
A house light (1.12 watts) located ~27 cm above the floor
grid on each side of the chamber served as the conditioned
stimulus (CS).

Behavioral Testing Procedures

Mice received five training sessions per week. Each session
consisted of 50 trials, with an intertrial interval of 30s. The
illumination of a house light and the opening of the shuttle
door signaled trial onset. For each trial, mice received 10s
to perform a shuttle response upon trial onset (termed the
avoidance period). If a shuttle response was not made after
10s, a mild footshock (0.75mA) was initiated for 10s
(shock period). Shuttle responses performed during the 10-s
avoidance period were recorded as avoidance responses and
no shocks were received. Shuttle responses made during the
10-s shock period were recorded as escape responses. If no
shuttle response was made during the shock period, an

escape failure was recorded, the shuttle door was closed,
and the shock was terminated. Movements of the animals
from one side to the other were measured by photocells and
recorded for offline analysis. For all mice, the session was
terminated after 50 trials (avoidance + escape), or if 20
escape failures occurred.

Mice were trained for ~3 weeks until performance was
consistently above 90% avoidance responding (45 out of
50 trials). Drug treatments began once the mice performed
>90% avoidance responses on three consecutive days.
A within-subject experimental design was used for drug
testing, and the day before testing of a drug dose, mice
received vehicle injections. If mice achieved criterion on the
vehicle day (>90% avoidance), drug treatments were
administered on the following day. For each test compound,
doses were administered in ascending order, two doses per
week, with at least 3 days of washout between doses.

Statistics

Separate 2-factor (1-within: dose; 1-between: genotype)
mixed-design ANOVAs were used for each cohort to
evaluate the effects of each drug on the percentage
conditioned avoidance responses and the percentage escape
failures (JMP statistics, SAS, Cary, NC). To control for
inflated type I error because of lack of sphericity, degrees of
freedom were adjusted using the Greenhouse-Geisser
correction. Statistically significant effects (main effects
and/or the interaction) were followed-up with post hoc

Neuropsychopharmacology

2719



@

BuTAC mediates effects via muscarinic receptor subtype 4

ML Watt et al
2720
a M1AChR
g 1501
£ -
§ 5 125
g S 100
x o G55
Es 75 4
-1 = ]
Ego 504
%8 il B - |
T 254
g; I—F."./r
& U L] T T T Ll T 1
25l 1 0 9 8 7 & 5
-log [BUTAC], M
b M2AChR
|
g 1501 T r-—%fj
S g 1251 ‘71;,%-&1
Qo - -
2 s 1004 &8
€2
23 g
w8
ST 254 »
-
5\6 n L] L] L] L] L L] 1
24 M 0 8 8 7 & 5
-log [BUTAC], M
c M3AChR
g 1501
= -4
sz 125
$ 9 1004
L]
§2 ®1 Iese
E o 504 I !
X o
ST 254
2 0 =
25d 11 09 8 7 -5

-log [BUTAC], M

Figure |

d M4AChR
g 1501
< =
§§ 125
el o
521 50 \
- =
é% 25 e
2 254 _,,.-74Tm, B
= ._7,./.k
s 0 Ll L] L Ll L) L 1
P I C I R I T
-log [BUTAC], M
e MS5AChR
g 150
c
ey i’—u*_v—J{
? g 100 4
0 15 &
g 21 50
E = 25
i g =S _{:
=\ u L] T L) L] L) L L
a5 A1 0 9 8 7 6 5

-log [BuTAC], M

m  Agonist Mode
O  Antagonist Mode

Effect of BUTAC on GTP-y-[35S] binding in membranes prepared from CHO cells heterologously expressing hMI-hM5AChRs (panels a—e,

respectively). Agonist %E. . data are expressed as the percentage of maximal signal observed in the presence of the nonselective orthosteric mAChR
agonist oxotremorine-M (100 um) and % inhibition data represent the relative antagonism of the agonist response observed using an experimentally
determined ECy concentration of ACh; potency data are expressed as the mean * SD of at least three separate experiments, each performed in duplicate.
Acetycholine was used in antagonist assays instead of oxotremorine-M to more accurately represent potential inhibition of endogenous signaling.

comparisons using Tukey’s HSD test («=0.05) for all
comparisons, where the family of comparisons of primary
interest were: (1) within each dose, the knockout line(s)
against the wild-type; and (2) within each genotype, the
drug dose(s) against the respective vehicle dose.

RESULTS
Functional Effects of BUuTAC at mAChR Subtypes

The functional selectivity of BuTAC, as determined by GTP-
7-[35S] binding, was compared with clozapine and haloper-
idol across the five human muscarinic receptor subtypes
(Table 1). BuTAC displayed full agonist activity at the
M2AChR (pECs0=9.56 £ 10.26 M; %E,,,.x = 136.53 + 17.20%)
and partial agonist activity at the MI1- and M4AChR
subtypes  (pEC50=9.22+9.80 and 10.27+10.31 M,
respectively; %E . =33.5616.29 and 35.53 £ 11.51%, re-
spectively; Figure la, b, and d). BuTAC demonstrated
concomitant partial antagonism at the M1 and M4 subtypes
(pICs0=9.03£10.01 and 9.1919.13, respectively; %
inhibition =57.27 £2.35 and 57.55 £ 3.22%, respectively;
Figure la and d) as well as full antagonist activity at the
M3 and M5 AChRs (pICs,=28.55%8.59 and 8.29£8.16 M,
respectively; % inhibition=100£0 and 96.31 % 3.87%,
respectively). In contrast to the activity profile of BuTAC,
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the typical antipsychotic haloperidol showed no agonist
activity at any of the five mAChR subtypes and displayed
weak partial antagonist activity at the M1-, M2-, and
M4AChRs (pICso=4.65+5.08, 4.45+4.92, and 4.59+
5.04 M, respectively; % inhibition=69.97 +4.11, 79.11 %
4.14, and 90.12+17.12%). The atypical antipsychotic
clozapine displayed weak partial agonism at the M2AChR
(PECso = 6.63 + 6.95 M; %E 4 = 25.78 + 3.78%) and exhib-
ited near-full antagonism at all other mAChR subtypes (M1-
, M3-, M4- and M5AChR; % inhibition =89.92 + 6.85,
95.06 £ 2.80, 97.94 £ 1.15, and 93.88 £ 6.35%, respectively).

Conditioned Avoidance Responding in Double
M2/M4 '~ Mice (Mixed Background)

Strikingly, the antipsychotic-like effects of BUTAC were
nearly absent in the mice lacking both the M2- and
M4AChRs (mixed genetic background), showing a >100-
fold decrease in sensitivity to the avoidance-suppressing
effects of BUTAC (Figure 2a). The main effects of genotype
and dose were observed on the percent avoidance responses
(F1)22 :42557, P<00001, F3,63 = 125.17, P<00001), as
well as significant dose x genotype interaction (F; ¢ =
77.23, P<0.0001). The post hoc analyses revealed that
although BuTAC suppressed avoidance responding in WT
mice at doses of 0.03, 0.1, 0.3, 1, and 3 mg/kg vs their vehicle
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Figure 2 Effects of BUTAC, haloperidol, and clozapine on the mean
(£ SEM) percent conditioned avoidance responses and escape failures in
M2/M4 double-knockout (M2/M4 =/~ and WT mice. (a) BUTAC produced
antipsychotic-like effects in wild-type (WT) mice, as demonstrated by
the dose-dependent suppression of avoidance responding. In contrast, M2/
M4~/~ mice showed a >100-fold decrease in sensitivity to the
antipsychotic-like effects of BUTAC (*P<0.05, M2/M4 '~ vs WT controls).
Detailed dose and genotype comparisons are reported in Results. No
significant differences were observed in percent escape failures between M2/
M4~/ and WT mice, indicating reduced propensity to produce
extrapyramidal side effects (Ps>0.05). (b) Antipsychotic-like effects of
haloperidol were not altered in M2/M4 =/~ mice, as indicated by the lack
of genotype or interaction effects on avoidance responding between M2/
M4~/~ and WT mice. Haloperidol dose-dependently increased escape
failures in both M2/M4 '~ and WT mice, consistent with its propensity to
produce extrapyramidal side effects in humans. Detailed dose and genotype
comparisons are reported in Results. (c) Antipsychotic-like effects of
clozapine were not altered in M2/M4~'~ mice, as indicated by the lack
of genotype or interaction effects on avoidance responding between
M2/M4~"~ and WT mice. Clozapine did not significantly increase escape
failures in either M2/M4 =/~ or WT mice. Detailed dose and genotype
comparisons are reported in Results.

control dose, avoidance responding in M2/M4 ~/~ mice was
suppressed only at the 3 mg/kg dose relative to their vehicle
control, and BuTAC suppressed avoidance responding to a
greater extent in WT mice relative to M2/M4 /~ mice at
doses of 0.03 mg/kg and greater. No significant main effects
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or interaction were observed on the percent escape failures
in M2/M4 ~/~ and WT mice (all Ps>0.05).

M2/M4 '~ and WT mice showed similar sensitivity to
the antipsychotic-like effects of both haloperidol and
clozapine (Figure 2b and c, respectively). A main effect of
dose was revealed on the percent avoidance responses in
mice receiving haloperidol (F; 4, =189.79, P<0.0001),
indicating a dose-dependent suppression in the absence of
a genotype main effect or interaction (all Ps>0.05). The
post-hoc analyses revealed that haloperidol suppressed
avoidance responding in WT mice at doses of 0.3, 1, and
3 mg/kg and in M2/M4 '~ mice at doses of 0.1, 0.3, 1, and
3 mg/kg, as compared with their respective vehicle doses.
A main effect of dose was also revealed on the percent
escape failures (F,,3; = 12.89, P<0.0001) in the absence of a
genotype main effect or interaction (all Ps>0.05), where
post hoc analyses indicated that haloperidol dose-depen-
dently produced escape failures in both M2/M4 '~ and
WT mice at the highest concentration (3 mg/kg).

A main effect of dose was observed on the percent
avoidance responses in mice receiving clozapine, indicating
a dose-dependent disruption of avoidance responding
(F,,23=1349.75, P<0.0001; Figure 2c), in the absence of a
genotype main effect or interaction (all Ps>0.05). The post hoc
analyses revealed that clozapine suppressed avoidance re-
sponding in both WT and M2/M4 /" mice at doses of 3 and
10 mg/kg as compared with their respective vehicle doses. In
contrast to haloperidol, clozapine did not significantly increase
escape failures (main effects and interaction: all Ps>0.05).

Conditioned Avoidance Responding in M2/~ and
M4 '~ Mice (Mixed CF-1 x 129 Substrain Background)

Recall that M2/~ mice were bred upon a mixed
129JAE1 x CF-1 genetic background, whereas M4 ~/~ mice
were maintained on a 129SvEv x CF-1 background. Of an
initial cohort of 14 M2 WT mice, 10 failed to achieve
avoidance response criterion, leaving few to progress to
drug testing (N=4). Thus, statistical analyses were only
conducted on M4/~ and WT mice. As seen in Figure 3,
BuTAC significantly disrupted avoidance responding simi-
larly in both M4/~ and WT mice, as indicated by a main
effect of dose (F, ,6=99.45, P<0.0001) and a lack of a
main effect of genotype or genotype x dose interaction
(Ps<0.05). The post hoc analyses revealed that BuTAC
significantly reduced avoidance responding in WT and
M4 ~’~ mice at doses of 0.03, 0.1, 0.3, 1, and 3mg/kg as
compared with their respective vehicle doses.

BuTAC dose-dependently increased escape failures, as
indicated by a main effect of dose (F, ;9=7.88, P=0.005;
Figure 3). A significant main effect of genotype was observed
on the percent escape failures (F; ;, =7.05, P<0.03), as well
as a dose x genotype interaction (F, 19 =5.84, P<0.02). The
post hoc analyses revealed that BuTAC significantly increased
escape failures only in WT mice at doses of 0.3, 1, and
3mg/kg vs their respective vehicle dose, and WT mice
demonstrated significantly more escape failures than M4~/ ~
mice at the 1 and 3 mg/kg doses.

Although not statistically analyzed because of low
N, M2/~ and WT mice exhibited comparable effects of
BuTAC: for instance, doses of 0.03 and 0.1 mg/kg produced
34.7% vs 28.5% and 21.3% vs 8.0% avoidances in M2/~
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Figure 3 Effects of BUTAC on the mean (£ SEM) percent conditioned
avoidance responses and escape failures in M4 =/~ and wild-type (WT)
mice on a mixed genetic background. BUuTAC produced antipsychotic-like
effects in all mice tested, as demonstrated by the dose-dependent
suppression of avoidance responding. No significant differences between
genotypes were observed in the percent avoidance responses (Ps>0.05).
However, BUTAC significantly increased escape failures in WT, but not
M4~/ mice on the mixed genetic background (*P<0.05, M2/M4 =/~ vs
WT controls). Detailed genotype and dose comparisons are reported in
Results.

and WT mice, respectively. Moreover, a 3mg/kg dose of
BuTAC produced 0.67% escape failures in M2 ~’~ mice and
0.0% escape failures in WT mice.

Conditioned Avoidance Responding in M2/~ and
M4/~ Mice (C57BL/6 Background)

Figure 4a shows the effects of BuTAC on the mean (+ SEM)
percent conditioned avoidance responses and escape failures
in M2~/~, M4/, and WT mice (C57BL/6 genetic back-
ground). BuTAC dose-dependently disrupted conditioned
avoidance responding, which was also dependent on
genotype, as indicated by significant main effects of dose
(F5,06=114.91, P<0.0001), genotype (F, 35=21.52,
P<0.0001), and a dose x genotype interaction (Fg 95=5.92,
P<0.0001). The post hoc analyses determined that M4 '~
mice were significantly less affected by each dose of BuTAC
than were WT controls. In contrast, however, M2 ™/~ and
WT mice did not differ in their responsiveness to each dose
of BuTAC. Both M2/~ and WT mice demonstrated reduced
avoidance responding at all doses (0.01-0.3mg/kg) as
compared with their respective vehicle doses, whereas
M4 '~ mice demonstrated reduced avoidance responding
only at 0.03, 0.1, and 0.3mg/kg as compared with their
respective vehicle dose. A main effect of dose was also
revealed on the percent escape failures (F, 33 =4.13, P<0.05)
in the absence of a genotype main effect or interaction (all
Ps>0.05); however, post hoc analyses indicated there were no
significant differences in individual comparisons.

The effects of haloperidol on the mean (+ SEM) percent
conditioned avoidance responses and escape failures in
M2~/~, M4~'~, and WT mice are depicted in Figure 4b.
Haloperidol dose-dependently disrupted avoidance re-
sponding (main effect of dose: F, go=105.61, P<0.0001].
A main effect of genotype was observed on the percent
avoidance responses (F, ;4 =4.07, P<0.03), as well as a
dose x genotype interaction (Fsgp=3.05, P<0.02). The
post hoc tests indicated that both M2/~ and WT mice
demonstrated reduced avoidance responding at 0.3-10 mg/
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Figure 4 Effects of BUTAC and haloperidol on the mean (+ SEM)
percent conditioned avoidance responses and escape failures in M2~/ 7,
M4~/ single-knockout, and wild-type (WT) mice on a Bé background. (a)
BuTAC produced antipsychotic-like effects in all mice tested, as demon-
strated by the dose-dependent suppression of avoidance responding.
M4/~ mice demonstrated a 30-fold less sensitivity to the antipsychotic
effects of BUTAC compared with M2 ™/~ and WT mice (*P<0.05 vs WT
controls). Detailed dose and genotype comparisons are reported in Results.
Importantly, BUTAC did not significantly increase escape failures in any of the
mice, indicating reduced propensity to produce extrapyramidal side effects
(all Ps>0.05). (b) Haloperidol produced antipsychotic-like effects in all mice
tested, as demonstrated by the dose-dependent suppression of avoidance
responding. Although M4/~ mice showed less sensitivity to the
antipsychotic-like effects of BUTAC than WT or M2 ™/~ mice, relative to
their respective vehicle controls, avoidance responses following haloperidol
treatment were not significantly different in either M2 =/~ or M4 =/~ mice
vs WT animals at any dose tested (*P<0.05 vs M2~/ ). Haloperidol dose-
dependently increased escape failures, consistent with its propensity to
produce extrapyramidal side effects in humans. Detailed dose and genotype
comparisons are reported in Results.

kg as compared with their respective vehicle doses, whereas
M4 '~ mice demonstrated reduced avoidance responding
only at 3 and 10 mg/kg as compared with their respective
vehicle dose. As neither M4/~ nor M2/~ mice differed
significantly from WT mice at any dose tested, the dose x
genotype interaction appears to have been largely driven by
a significant difference between M4 '~ and M2/~ mice
at the 1 and 3 mg/kg doses, where M4 ~/~ mice performed
significantly more avoidance responses than M2/~ mice.
A main effect of dose was also revealed on the percent
escape failures (F,, 40 =17.47, P<0.0001) in the absence of a
genotype main effect or interaction (all Ps > 0.05); however,
post hoc analyses indicated haloperidol significantly in-
duced escape failures only in WT mice at the 10 mg/kg dose.

To confirm the antipsychotic-like efficacy and genotype
effects of BuTAGC, a single dose of 0.03 mg/kg was tested in a
separate cohort of M4 '~ and WT mice on the C57BL/6
background. As in the previous experiments, BuTAC
significantly reduced avoidance responses, indicated by
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a significant main effect of dose on percent avoidance
responses (Table 2; F; ,,=171.79, P<0.0001). A significant
main effect of genotype was observed (F; ,;=11.94,
P<0.002), as was a significant dose x genotype interaction
(F1,27=16.03, P<0.001). The post hoc tests indicated that
M4~'~ mice receiving 0.03mg/kg BuTAC produced
significantly more avoidance responses than WT mice
(P<0.05), confirming the genotype-dependent effects of
BuTAC. The 0.3 mg/kg dose of BuTAC did not significantly
increase escape failures (main effects and interaction: all
Ps>0.05).

DISCUSSION

Previously, BuTAC had been suggested to act as a M2-/
M4AChR-preferring agonist with antagonist activity at the
M1-, M3-, and M5AChRs (Shannon et al, 1999; Rasmussen
et al, 2001). However, the results of the functional GTP-y-
[*°S] binding studies outlined here indicate that BuTAC acts
as a relatively equipotent M1-/M2-/M4AChR-preferring
agonist with relatively full efficacy at the M2AChR and
partial agonist activity at both the MI1- and M4AChRs
(Table 1 and Figure 1a, b, and d). Our results also show that
BuTAC demonstrates full antagonist activity at the M3- and
MS5AChRs, confirming previous findings (Figure lc and e)
(Shannon et al, 1999; Rasmussen et al, 2001). These data
modify the former observations made by Shannon et al
(1999) concerning the functional activity profile for BuTAC.
Such differences between in vitro study outcomes likely
reflect the technical advancements made in functional assay
development since the initial characterization of this
molecule. As has been demonstrated here, BuTAC displayed
potent, but nonselective, displacement of the radiolabeled
antagonist [’H]-NMS (Table 1). Such results highlight the
importance of in vitro functional studies, which were
required here, in combination with genetic deletion models,
to reveal the receptor subtype selectivity profile for BUTAC
and the subsequent physiological relevance. BuTAC exhibits
antipsychotic-like effects in animal models of psychosis,
including apomorphine-induced climbing and apomor-
phine-induced disruption of prepulse inhibition (Jones
et al, 2005; Rasmussen et al, 2001). The present study
extended these previous findings by demonstrating anti-
psychotic-like activity in the mouse conditioned avoidance
response (CAR) paradigm. Moreover, the contribution of
presynaptic mAChR signaling (via the predominantly
presynaptically localized M2- and M4AChRs) was evaluated
in corresponding gene deletion mice. The role of the
predominantly postsynaptically localized M1AChR in med-
iating the antipsychotic-like effects of BUTAC in vivo was
not specifically evaluated during these studies, leaving open
the possibility that M1AChR activity contributes to the
preclinical pharmacology of BuTAC.

BuTAC exhibited an atypical antipsychotic-like profile in
the CAR assay and, when compared with wild-type and
M2/~ mice, M4~'~ mice exhibited reduced sensitivity
to the effects of BuTAC upon conditioned avoidance res-
ponding, indicating that BuT AC mediates antipsychotic-like
activity in this assay predominantly via the M4AChR
subtype. Its efficacy was completely lost in double M2/
M4AChR knockout mice, suggesting that although likely
predominantly mediated by M4AChR, the efficacy of

Table 2 Effect of BUTAC on Conditioned Avoidance Responding
in M4 ="~ and wild-type (WT) Mice

% Avoidance responses
(£ SEM)

% Escape failures
(£SEM)

WT M4/~ WT M4/~

Vehicle control 972 (+£12) 958 (%07) 0 0
BUTAC 0.03mg/kg |12 (£4.1)* 500 (+87) " 02(£02) 0

The effect of a single active dose of BUTAC was tested in a separate cohort of
M4 ="~ and WT mice. Results confirmed the antipsychotic-like effects of
BuTAC without concomitant increases in escape failures. Results also confirmed
decreased sensitivity to BUTAC in M4~/ mice (*P<0.05 vs WT controls,
#P<0.05 vs respective vehicle controls). Importantly, BUTAC did not increase
escape failures in any mice tested. Detailed statistical analyses are reported in
Results.

BuTAC may also be somewhat dependent upon the integrity
of M2AChRs. The striking lack of BuTAC activity in the
M2/M4 '~ mice was contrasted with normal (ie, compar-
able activity to WT mice) avoidance response effects to
haloperidol and clozapine.

Evaluation of BuTAC in single M2 ~/~ and M4 ~/~ mice,
against a mixed (CF-1 x 129 substrain) genetic background,
revealed that M4/~ mice were less sensitive to BuTAC
only at higher doses that produced escape failures in the
WT controls of this particular hybrid mouse strain. As
shown by He and Shippenberg (2000), different strains of
mice exhibit altered basal dopamine dynamics and respond
differently to dopamine agonists such as cocaine. In our
study, the mice on the hybrid background may have a
higher M4 dependence in the nigrostriatal (A9) motor
pathways relative to the mesolimbic (A10) pathway, hence
offering a possible explanation on why genotypic differ-
ences of BuTAC emerged only at higher doses that
produced escape failures in WT mice. Consistent with this
hypothesis, the C57Bl/6 strain is less sensitive to escape
failures in the CAR assay. Although not analyzed because of
low power, the M2/~ mice on the hybrid background
were comparably affected by BuTAC relative to WT mice,
suggesting that a target(s) other than M2- or M4AChRs
mediated BuTAC activity at lower doses, but that the
M4AChR mediated high-dose motor impairment effects.

Because of the difficulty in training M2~/ ~ mice on a CF-
1 x 129]Jael background to a 90% avoidance criterion in the
CAR assay and in interpreting the relative role of M2- vs
M4AChRs in BuTAC CAR pharmacology in mice with
differing genetic backgrounds, we also tested BuTAC in
C57Bl/6-derived M2 '~ and M4 ~/~ mice. In these studies,
it was apparent that the M2AChR served little role in the
effect of BUTAC, whereas in M4/~ mice, sensitivity to
BuTAC was a ~30-fold right-shifted. This finding of
reduced BuTAC potency in M4 '~ mice was replicated in
a separate cohort. Although not tested in this study,
previous reports have demonstrated that mice lacking
M4AChRs exhibit enhanced sensitivity to dopaminergic
agonists (Gomeza et al, 1999b), suggesting that the right-
ward shift in the CAR assay demonstrated here may be
related to altered M4AChR modulation of dopamine tone.
Although our data in M2/~ and M4/~ mice strongly
implicate M2 and M4, it should be noted that both M1 and
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M5 receptors have also been postulated to regulate
dopaminergic pathways. For example, M1~'~ mice show
a heightened locomotor response to d-amphetamine
(Gerber et al, 2001), and M5 receptors are localized on
dopamine cell bodies in the VTA, suggesting direct
modulation (Schmidt et al, 2010; Steidl et al, 2011). Indeed,
M5/~ mice have demonstrated behavioral, neurochem-
ical, and electrophysiological responses consistent with
modulation of dopaminergic neurotransmission (Forster
et al, 2002; Schmidt et al, 2010). Nonetheless, the data
presented here strongly implicate a role for M4 receptors in
mediating the efficacy of BuTAC in the CAR assay. These
data support previous findings that suggested that M4AChR
activation improves both psychotic and cognitive symptoms
of schizophrenia and may be an important component of
the antipsychotic-like efficacy of atypical neuroleptics
(Chan et al, 2008; Perry et al, 2001; Shekhar et al, 2008;
Zeng et al, 1997). However, the finding that in the mixed
CF-1 x 120SvEv background, changes in BuTAC sensitivity
only occurred at high doses and that in C57Bl/6 mice
BuTAC was right-shifted—but still maintained activity—
suggests that the CAR activity of BuTAC is mediated by
additional pharmacology. The pattern of results from our
studies indicates a gene X pharmacology 1nteract1on Bu-
TAC was devoid of activity in double M2/M4 ~'~ mice and
M2~'" mice did not show altered sens1t1v1ty to BuTAC.
However, the sensitivity of M4 ™'~ mice to BuTAC was
affected, to a degree, by genetic background. The condi-
tioned avoidance responding task is heavily dependent on
mesolimbic dopaminergic neurotransmission (Reis et al,
2004); it is possible that different striatal muscarinic AChR
expression density patterns exist between C57BL/6 and CF-
1 x 129SvEv mice, which may be further amplified by
constitutive gene deletions of the M4AChR.

Although it is tempting to conclude that halopendol
differentially affected avmdance responding in M4 '~ mice
relative to M2/M4 mice, 1t should be noted that
avoidance responding in M4~ '~ on the C57Bl/6 back-
ground differed significantly from the M2~'~ mice on the
C57Bl/6 background but not from their WT controls.
Similarly, M2 ™'~ mice on the C57Bl/6 background did not
differ from WT controls. Thus, the effects of haloperidol on
av01dance respondmg did not differ between M2/M4 '~
and M4~ mice, confirming that the antipsychotic efficacy
of haloperidol is not mediated by M4AChRs. This is
consistent with binding and functional activity of haloper-
idol. Rather, the difference in haloperidol potency between
M4 '~ and M2/M4 ~/~ mice may be related to differences
in basal dopamine dynamics mediated by background
strain, as discussed above (He and Shippenberg, 2000).

Clozapine has been reported to display partial agonist
activity at the M2- and M4AChRs; however, the data
presented here suggest that its antipsychotic-like efficacy
may not be related to its reported partial agonist properties
at these receptor subtypes (Michal et al, 1999; Olianas et al,
1999; Zeng et al, 1997). Our in vitro functional selectivity
profile for clozapme at the M1-M5AChRs, obtained using
the GTP-y-[*>S] binding assay, showed only modest
M2AChR agonism and did not indicate any agonism at
the M4AChR (Table 1). Methodological differences may
account for interlab discrepancies in the in vitro pharma-
cology of clozapine, but the conditioned avoidance data
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reported here suggest little functional contribution of M2-
or M4AChR effects of clozapine in this assay. Our results do
confirm previous reports that clozapine exhibits greater
affinity for MIAChRs than M2- or M4AChRs and displays
partial antagonist activity at the M1AChR subtype (Bolden
et al, 1992; Table 1). Recently, another group evaluated
the role of the M1- and M4AChRs, via the use of M1~
M4~ ', and M1/M4AChR double-knockout mice, on the
modulation of prepulse inhibition (PPI) by clozapine
(Thomsen et al, 2010). PPI is a measure of sensorimotor
gating processes and is reliably found to be disrupted in
central nervous system disorders involving attention, such
as schizophrenia (Swerdlow et al, 2008). Our findings in the
conditioned avoidance responding assay support those of
Thomsen et al (2010) in which genetic ablation of M4AChR
does not appear to mediate the antipsychotic-like effects of
clozapine. Clozapine exhibits a rich pharmacological
profile, particularly across monoamine receptors, and the
antipsychotic-like effects of clozapine in the conditioned
avoidance assay are unlikely related to its activity at M2- or
M4AChRs. Our data also suggest that the major clozapine
metabolite N-desmethylclozapine does not exert significant
actions through M2 or M4AChRs; however, our study was
not able to evaluate its putative MIAChR agonist activity
(Sur et al, 2003). Interestingly, in the Thomsen et al (2010)
paper, the authors showed that M4AChR signaling does play
a role in mediating the antipsychotic-like effects of the M1-/
M4AChR-preferring agonist xanomeline, which has a
similar pharmacological signature to that of BuTAC.
Consistent with an atypical antipsychotic-like profile,
BuTAC showed a good dose separation for reducing
avoidance responding (ie, efficacy measure) vs propensity
for producing escape failures (ie, motor side-effect mea-
sure), although escape failures were observed at higher
doses in the mice on a mixed CF-1 x 129SvEv background.
Taken together, the therapeutic profile of BuTAC across the
studies indicates that efficacy in CAR was not likely
confounded by nonselective motor or sedative effects seen
with potent dopamine D2 blockers, such as haloperidol. The
atypical-like therapeutic profile of BuTAC (and xanomeline
from literature reports) suggests that mAChR agonist-
mediated antipsychotic medications may be less likely to
produce undesirable motor side effects than currently
available neuroleptics (Rasmussen et al, 2001; Shannon
et al, 2000; Stanhope et al, 2001). However, it was recently
reported that MAAChR knockout mice display an attenu-
ated cataleptic response to antipsychotics, suggesting that
an M4AChR agonist may induce motor side effects (Fink-
Jensen et al, 2011). Such findings highlight the need for
conditional knockout animals, as constitutive genetic
modifications may cause some neurodevelopmental altera-
tions that cannot presently be ruled out. M4AChR-positive
allosteric modulators have not been reported to cause
catalepsy in rodents, but definitive data will await clinical
studies with selective tools. This pattern of results suggests
that mAChR agonism preferentially modulates dopamine
signaling within mesolimbic (A10) pathways, rather than
nigrostriatal (A9) pathways believed to mediate extrapyr-
amidal side effects associated with potent DA D2 blockers.
The neuroanatomical locus by which mAChRs, and
M4AChRs in particular, exert influence upon dopaminergic
activity is not fully elucidated, but accumulating evidence



suggests a strong relationship with dopamine D1 receptor
function (Ince et al, 1997; Zhang et al, 2002). Specifically,
M4 receptor knockout mice show enhanced sensitivity to
the stimulating effects of D1 agonism (Gomez et al, 1999b).
M4AChHR is the predominant muscarinic receptor subtype
expressed in the striatum and is localized on cholinergic
interneurons and, along with D1 receptors, on GABAergic
projection neurons (Bernard et al, 1992; Weiner et al, 1990;
Yan et al, 2001). Consistent with these neuroanatomical
observations, M4AChR-deficient mice exhibit a significantly
reduced ability of the nonselective muscarinic agonist
oxotremorine to potentiate potassium-stimulated striatal
dopamine release (Zhang et al, 2002). Moreover, selective
and conditional genetic deletion of M4AChRs from D1-
expressing cells in the striatum resulted in a loss of
muscarinic agonist-mediated reversal of amphetamine-
stimulated activity in mice (Dencker et al, 2011). As DI
receptors reside on dendritic spines in key frontal cortical
structures and modulate the integrity of cortical networks
(Arnsten, 2011), the close neuroanatomical and functional
relationship between M4 and D1 receptors would be
predicted to affect both cortical and striatal functioning,
key substrates that are dysregulated in schizophrenia.
Recently, however, it was shown that M4AChRs and DI
receptors do not appear to colocalize in cortical areas
(Dencker et al, 2012).

An imbalance between dopaminergic and cholinergic
neurotransmitter systems in mesolimbic and frontocortical
areas may be involved in the pathophysiology of psychosis
and other psychiatric disorders. Accumulating evidence
suggests that modulating these systems via mAChRs may be
a safe, effective alternative to currently available medica-
tions (Ma et al, 2008; Rasmussen et al, 2001; Shekhar et al,
2008). As demonstrated here, BuTAC effectively inhibited
conditioned avoidance responding in mice, an animal
model predictive of clinical antipsychotic efficacy, without
inducing escape failures. The current data also indicate that
the antipsychotic-like effects of BuTAC are mediated
predominantly, although not exclusively, through M4AChR
signaling. The dense localization of M4AChRs in the
hippocampus, cerebral cortex, and striatum suggests that
this mAChR subtype may be useful as a pharmacological
target for the treatment of schizophrenia and other
psychiatric disorders (Ma et al, 2008). Recent post-mortem
findings suggest that M4AChR dysregulation may translate
into the clinic, as a subset of schizophrenic patients were
observed to have deficiencies in M4AChR expression (Scarr
et al, 2007). In addition to displaying full and partial agonist
activity at the M2- and M4AChRs, respectively, BuTAC also
acts as a potent partial agonist at the MIAChR (Table 1 and
Figure la, b, and d). Concomitant with this activity profile,
BuTAC also behaves as an antagonist at the M1-, M3-, M4-,
and M5AChRs (Table 1 and Figure la and c-e), activities
that may also contribute to its behavioral profile. Evaluation
of these other mAChR subtypes in the mediation of the
antipsychotic-like effects of BuTAC is currently under
investigation. The pharmacological profile of BuTAC
supports further evaluation of the M4AChR as a drug
target for psychotic disorders and may represent an
innovative therapeutic approach in the treatment of
psychosis with little potential for cognitive impairment or
motor side effects.
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