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Abstract

The present studies were designed to assess whether the novel muscarinic M, receptor antagonist 4-cyclohexyl-a-{4[[4-metho-
xyphenyl]sul phinyl]-phenyl]-1-piperazineacetonitrile (SCH 57790) could increase acetylcholine release in the central nervous system
(CNS) and enhance cognitive performance in rodents and nonhuman primates. In vivo microdialysis studies show that SCH 57790
(0.1-10 mg/kg, p.o.) produced dose-related increases in acetylcholine release from rat hippocampus, cortex, and striatum. SCH 57790
(0.003-1.0 mg,/kg) increased retention times in young rat passive avoidance responding when given either before or after training. Also,
SCH 57790 reversed scopolamine-induced deficits in mice in a passive avoidance task. In a working memory operant task in squirrel
monkeys, administration of SCH 57790 (0.01-0.03 mg/kg) improved performance under a schedule of fixed-ratio discrimination with
titrating delay. The effects observed with SCH 57790 in behaviora studies were qualitatively similar to the effects produced by the
clinically used cholinesterase inhibitor donepezil, suggesting that blockade of muscarinic M, receptors is a viable approach to enhancing

cognitive performance. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Augmentation of cholinergic neuronal systems within
the central nervous system (CNS) has been shown to
improve cognitive performance in rats (Baratti et al., 1979;
Smith et a., 1996), and monkeys (Aigner and Mishkin,
1986; Rupniak et al., 1989, 1997). In addition, increasing
acetylcholine neurotransmission by blockade of cholines-
terase enzymes with drugs such as physostigmine, tacrine,
donepezil, and rivastigmine has been associated with mod-
est improvements in memory function in both healthy
volunteers (Davis and Mohs, 1982) and patients with
Alzheimer's disease (Christie et a., 1981; Farlow et a.,
1992; Rogers and Friedhoff, 1998; Rodler et al., 1999).
However, in Alzheimer’s patients, the use of this class of
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drug has been restricted due to both mechanism- and
nonmechanism-based side-effects that limit patient tolera-
bility (Beerman, 1993; Watkins et al., 1994). The difficulty
with compliance, as well as questionable efficacy in some
patients, has resulted in a continued search for better
pharmacotherapies for the treatment of the cognitive de-
cline associated with Alzheimer's disease and other de-
mentias.

Subtypes of acetylcholine muscarinic receptors have
been characterized and designated muscarinic M,—Mg
(Wess, 1996). Results from behavioral studies suggest that
alterations in memory and learning are mediated primarily
via receptors of the muscarinic M; subtype (Hunter and
Roberts, 1988; Messer et al., 1990). Muscarinic M, recep-
tors are located postsynaptically and activation of these
receptors with direct and indirect acting agonists has been
reported to lessen the cognitive decline associated with
early Alzheimer's disease (Chrigtie et al., 1981; Farlow et
al., 1992; Soncrant et al., 1993). In the CNS, muscarinic
M, receptors appear to be predominately located on presy-
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naptic terminals of acetylcholine containing neurons (Levey
et al., 1995). Moreover, pharmacological and electrophysi-
ological studies suggest these M, receptors serve as au-
toreceptors to regulate acetylcholine release, such that
stimulation results in decreased cholinergic transmission
(Consolo et al., 1987; Egan and North, 1986; McKinney et
al., 1993; Pohorecki et d., 1988; Stillman et al., 1996).
Thus, an aternative mechanism by which cholinergic neu-
rotransmission could be augmented is to facilitate its re-
lease from cholinergic presynaptic nerve terminals by
blocking muscarinic M, receptors with selective antago-
nists, thereby inhibiting autoreceptor feedback and increas-
ing acetylcholine release. Indeed, Lapchak et al. (1989),
Auld et al. (2000), and Richard et a. (1991) have shown
that blockade of muscarinic M, receptors produce in-
creases in measured acetylcholine release both in vitro and
in vivo. Additionally, Billard et al. (1995) showed using in
vivo microdialysis techniques that a range of muscarinic
receptor antagonists facilitated acetylcholine release from
rat brain in a manner that correlated with the affinity of the
antagonists for muscarinic M, receptors.

The present studies were designed to assess the effects
of a high-affinity muscarinic M, receptor antagonist 4-
cyclohexyl-a-[4[[4-methoxypheny!]sul phinyl]-phenyl]-1-pi-
perazineacetonitrile (SCH 55790) (Kozlowski et al., 2000)
in both rodents and a nonhuman primate species. SCH
57790 binds to cloned human muscarinic M, receptors
expressed in Chinese hamster ovary cells with high,
nanomolar affinity and 40-50-fold selectivity over the
muscarinic M, receptor. In pharmacological studies in
vitro, it acts as a competitive antagonist at the muscarinic
M, site (Lachowicz et a., 1999) (Fig. 1). In the present
study, using in vivo microdialysis, we have investigated
the ability of SCH 57790 to release acetylcholine in dis-
crete regions of the CNS of conscious rats, and associated
this release with cognitive performance in rats and mice in
a variety of behaviora tests. Additionaly, we have ex-
tended previous studies utilizing muscarinic M, antago-
nists in vivo by assessing the effects of SCH 57790 in a
cognitive task in squirrel monkeys (Moerschbaecher et al.,
1984; Pakarinen and Moerschbaecher, 1993).

SCH 57790

Fig. 1. SCH 57790, 4-cyclohexyl-a-{4[[4-methoxyphenyl]sulphinyl]-
phenyl]-1-pi perazineacetonitrile.

2. Materials and methods
2.1. Animals and housing

Male Sprague-Dawley rats [30-50 g (passive avoid-
ance responding) or 250—350 g (microdialysis, Irwin, car-
diovascular)], and male Balbc mice (20-30 g) were ob-
tained from Charles River laboratories. Mice and adult rats
were housed five per cage, young rats were housed eight to
ten per cage. Rats and mice were acclimated to a 12:12 h
light /dark cycle (lights on at 6:00 a.m.), at a room temper-
ature of 22—-23 °C with 50% humidity for several days
prior to the day of experimentation. Rats and mice were
given standard rodent chow, with water available ad libi-
tum.

Adult male squirrel monkeys (Saimiri sciureus) were
maintained at approximately 85—90% of their free feeding
weight with a diet consisting of banana-flavored food
pellets (FO021, Bio-Serv) earned during the experimental
session, Purina monkey chow, fruits and vegetables. Be-
tween sessions, monkeys were housed in individual home
cages maintained on 12:12 h light /dark cycle (lights on at
6:00 am.), where they had unlimited access to water. All
studies were carried out in accordance with the NIH Guide
to the Care and Use of Laboratory Animals and the
Animal Welfare Act, and guidelines established by Scher-
ing-Plough Research Institute and its Animal Care and Use
Committee, at Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC)-accredited
facilities.

2.2. Microdialysis

Male Sprague-Dawley rats (250-350 g) were anes-
thetized with ketamine/xylazine, and implanted with a
stainless-steel guide cannula into the frontal cortex, hip-
pocampus, and striatum using the following stereotaxic
coordinates taken from bregma; cortex—probe angled 28°
from vertical, A/P +1.2 mm, L £1.3 mm, D/V -25
mm; hippocampus, probe angled 18° from vertical, A /P
—-38mm,L —25 mm, D/V —25 mm; striatum A /P
+10 mm, L +4 mm, D/V —4 mm (Paxinos and
Watson, 1997). Following at least 3 days recovery, a
perfusable microdialysis probe (CMA /12, 3 0.5 mm,
CMA, Acton, MA) was inserted through the guide cannula
and into brain area of interest. Following insertion of the
probe, rats were placed into a large Plexiglas chamber
where the probe was perfused for 90 min to alow for
equilibration (2 wl/min) with Ringer's buffer (NaCl 147
mM; KCl 3.0 mM; CaCl, 1.2 mM; MgCl, 1.0 mM)
containing 1 wM neostigmine bromide (RBI, Natick, MA)
a pH 7.4. Following the period of equilibration, 20-p.l
fractions were collected every 10 (cortex, striatum) and 30
min (hippocampus) for up to 3 h using a refrigerated
collector (CMA /170, or CMA /200). The initia three or
four fractions were used to calculate the baseline level of
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acetylcholine. Drug or vehicle was administered between
the 3rd to 5th sample times, and the effect of drug on the
levels of acetylcholine was measured. Following comple-
tion of the microdialysis experiments, rats were sacrificed
and probe placement was verified histologicaly.

The amount of acetylcholine in the collected samples
was measured using high-pressure liquid chromatography
(Waters, Millford, MA) with electrochemica detection.
Briefly, acetylcholine was separated on an analytical ion
exchange column (BAS, West Lafayette, IN), and then
converted to hydrogen peroxide inside a column filled with
a polymeric matrix to which acetylcholinesterase and
choline oxidase enzymes had been covalently linked. The
hydrogen peroxide formed was detected electrochemically
by oxidation on a platinum electrode at +500 mV vs. an
Ag/AgCl reference electrode. The amount of acetyl-
choline released was not corrected for recovery, and the
effects of vehicle or drug administration were determined
by expressing the amount of acetylcholine in each fraction
as a percentage of the level of acetylcholine in the baseline
samples.

2.3. Young rat passive avoidance responding

The rat passive avoidance responding apparatus con-
sisted of black and clear Plexiglas chambers (20 X 20 X 24
cm) connected by a doorway (6 X 9 cm). The floor of the
dark chamber was made up of stainless steel rods 5 mm in
diameter spaced 1.7 cm apart, which were connected to a
shock generator (Coulbourn Institute, Allentown, PA). Pas-
sive avoidance responding experiments were carried out
using a procedure modified from Jarvic and Essman (1960).
Briefly, 18—22 day old rats (Smith et al., 1996) were given
a single training and test session. Training sessions con-
sisted of placing rats into the light chamber facing away
from the opening to the dark chamber. When rats entered
the dark chamber, a guillotine door was closed and rats
received a scrambled foot shock (0.5 mA) for 3 s. Rats
were immediately returned to their home cages. Rats were
tested for retention 24 h later. At this time, rats were
placed into the light chamber and the time for each animal
to move from the light chamber into the dark chamber was
recorded (step-through latency). Sessions ended either
when rats moved into the dark chamber or when 180 s had
elapsed. Drugs were administered either before the training
session (before training procedure), or immediately after
rats had experienced the scrambled foot shock (after train-
ing procedure). Drugs were considered to have memory
enhancing effects if they produced a statistically signifi-
cant increase in step-through latency during the testing
session.

2.4. Mouse passive avoidance responding

The mouse passive avoidance responding apparatus
consisted of black and clear Plexiglas chambers (42 x 16

X 20 cm) connected by a doorway (2.5 % 2.5 cm). The
floor of the dark chamber was made up of 3 mm diameter
stainless-steel rods spaced 0.5 cm apart, which were con-
nected to a shock generator (Coulbourn Ingtitute). A simi-
lar experimental protocol was used for Balbc mice as for
young rats. Before training, the nonselective muscarinic
antagonist scopolamine (3.0 mg/kg, s.c.) was adminis-
tered 10 min before various doses of SCH 57790 (0.003—
0.1 mg/kg, i.p.). Following a further 10-min pretreatment,
mice were placed into the light chamber of the passive
avoidance responding apparatus facing away from the door
to the dark chamber. When mice entered the dark chamber,
a door was closed behind them and a 1-mA scrambled foot
shock was delivered to the grid floor for 1 s. Following
delivery of the foot shock, mice were removed from the
apparatus and returned to their home cage. Retention test-
ing took place 24 h later. Mice were placed into the light
chamber and the time for each anima to move from the
light chamber into the dark chamber was recorded. Ses-
sions ended either when mice moved into the dark cham-
ber or when 180 s had elapsed.

2.5. Fixed-ratio discrimination with titrating delay

During experimental sessions, monkeys sat in a Plexi-
glas primate chair (Plas-Labs, Lansing M1), located inside
a ventilated, sound attenuated chamber. The chair was
positioned in front of an operant response panel (Coulbourn
Institute) equipped with three response levers arranged
horizontally 3.5 cm apart within easy reach of the monkey.
The center “response” lever was bracketed by two “choice”
levers. Three stimulus lights were positioned 2.5 cm above
each lever. Food pellets, to serve as reinforcers, could be
delivered from a pellet dispenser into an aperture measur-
ing 3 X 3 cm located 3 cm above the center response lever.
Depression of the levers with a force of approximately
0.25 N resulted in an audible click and was counted as a
response. A shielded 3 W house light was located at the
top and center of the operant panel. The presentation of the
schedule was controlled by a PC with SKED-11 software
and interface.

Monkeys were trained to respond under a schedule of
fixed-ratio discrimination with titrating delay. Under this
schedule, an amber stimulus light was illuminated above
the center response lever, and the monkey was required to
complete one of two fixed-ratios (8 or 16) on this lever.
Completion of the ratio turned off the stimulus light above
the center lever and turned on amber stimulus lights above
the left and right choice levers. If the ratio completed was
fixed-ratio 8, a response on the left lever was designated as
correct and resulted in the delivery of a food pellet and
illumination of the house light for 2 s. If the ratio com-
pleted was fixed-ratio 16, a response on the right lever was
designated correct and produced delivery of the food pellet
reinforcer and house light illumination. Incorrect responses
produced a brief 2-s time-out during which all lights were
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extinguished and responding had no programmed conse-
guences. Fixed-ratios were presented in a pseudorandom
order determined by the controlling computer program,
such that approximately half were fixed-ratio 8 and half
were fixed-ratio 16 in any one session.

During drug testing, monkeys completed one of two
fixed-ratios on the response lever, which extinguished the
stimulus light above the center lever and illuminated the
stimulus lights above the two choice levers. As above, a
correct choice was reinforced with a food pellet and
illumination of the house light for 2 s. An incorrect
response resulted in al lights being extinguished for 2 s
during which responding had no programmed conse-
guences. Trials were presented in blocks of five and after
completion of four of five correct choices, a 0.1-s delay
was imposed between completion of the fixed-ratios on the
center lever and illumination of the stimulus lights above
the choice levers. If performance was correct in four of
five trials at this delay, the time between completion of the
fixed-ratios on the center lever and stimulus light illumina-
tion above the choice levers was increased by a further 0.3
s, for atotal delay of 0.4 s. Thus, the delay was increased
by 0.3-s intervals if the monkey completed four of five
correct trials in a block of five. If two or more incorrect
choices were made in a block of five trias, the delay was
lowered by 0.3 s to the preceding delay. Thus, using this
schedule, the delay between completion of the fixed-ratios
on the response lever and illumination of the stimulus
lights above the choice levers was titrated by 0.3-s inter-
vals up or down as the session progressed in a manner that
was dependent on the performance of individual monkeys.
Test sessions were of 30-min duration, and were carried
out 5 days/week. Once performance had stabilized under
the schedule of fixed-ratio discrimination with titrating
delay, vehicle or doses of drug were given intramuscularly
or oraly, 10 and 60 min before testing. Behavior was
assessed as the mean delay at which monkeys could
perform accurately under both the vehicle or the drug
conditions. During these studies, a cross-over design was
utilized such that half of the group of monkeys received
drug and half received vehicle on any particular treatment
day. Then, following at least 1-week washout, treatments
were crossed over.

2.6. Observational studies

Behavioral, neurological, and autonomic changes fol-
lowing administration of drug were measured using a
modified version of the method of Irwin (1964). Vehicle
(0.4% methylcellulose) and doses of SCH 57790 (0.1-100
mg/kg, s.c.) were administered to male Sprague—Dawley
rats. One hour following injection, a semi-quantitative
scoring scale was used to assess any changes in a battery
of behavioral, neurological and autonomic measures. Each
treatment group consisted of six animals, with each group
receiving a single dose of either vehicle or SCH 57790. In

two separate groups of rats, the behavioral, neurological
and autonomic changes following administration of scopo-
lamine (0.1-100 mg/kg, s.c.) and donepezil (0.3-30
mg,/kg s.c.) were assessed.

2.7. Heart rate studies

Rats were anesthetized with isofluorane following an
overnight fast. The caudal artery was cannulated with PEg,
tubing (Clay Adams, Parsippany, NJ) to allow monitoring
of arterial blood pressure. The arterial line was connected
to a Spectramed blood pressure transducer and the arterial
waveform signal was digitized at a rate of 500 Hz by a
Gould P3 Plus physiology platform (Gould Instrument
Systems, Valley View, PA). Heart rate was derived from
the pulsatile pressure waveform. The analog signal was
displayed continuously on a direct writing chart recorder.
Following catheter implantation, the rats were placed into
plastic restrainers where they rapidly regained conscious-
ness. Rats were allowed to acclimate for 60 min prior to
drug administration. Hemodynamic variables were recorded
prior to drug administration (basal values were determined
as an average over 5 min) and as 1 min averages at 15, 30
and 45 min post dosing. Additional recordings were ob-
tained at 30-min intervals for 4 h post dosing.

2.8. Data analysis

In microdialysis experiments, percent changes in mea-
sured acetylcholine release were analyzed for individual
rats and expressed as the mean + 1 S.E.M. for three to six
rats a each treatment. Differences between vehicle and
drug treated groups were analyzed using analyses of vari-
ance with Duncan’s multiple range statistic. In rat and
mouse passive avoidance responding and rat heart rate
studies, comparisons between vehicle-treated and drug-
treated animals were carried out using one analysis of
variance followed, where appropriate, by post hoc Dun-
nett’s t-tests. In passive avoidance responding studies, a P
value of less than 0.05 was employed to denote statistical
significance. In heart rate studies, P less than 0.01 was
used. This alowed a 60% power to detect differences in
drug and vehicle responses that were within +2 S.D.’s of
one another. In monkey fixed-ratio discrimination experi-
ments, mean delay for individual monkeys were expressed
a percentage of the mean delay of the last nondrugged
session before the treatment day, and averaged for the
group of monkeys. The effects of vehicle or drug adminis-
tration were analyzed with paired t-tests. In Irwin studies
of behavioral, neurological and autonomic function, mea-
sures that were normally present (e.g., spontaneous activ-
ity, alertness, pupil size) were assigned a “normal” score
of O, or scores of +1, +2 and +3 indicating slight,
moderate, and marked increases (+) or decreases (—)
from “normality”. When a measure occurred that is not
normally present (e.g., convulsions, twitches), the magni-
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tude of the effect was graded on a 1-3 scale. All animals
were retained for 24 h following the last injection to
determine whether any delayed deaths occurred. When
observed, an effect was considered significant if a score of
2 or greater was recorded in 50% or more of the treated
animals.

2.9. Drugs

SCH 57790 was synthesized within the chemica re-
search division of Schering-Plough Research Institute.
Donepezil (Aricept®) was generously donated by Eisai.
Scopolamine was purchased from RBI. Drugs were dis-
solved in 0.4% methylcellulose and doses are expressed as
free base in milligrams per kilogram (mg /kg). Drugs were
administered via intraperitoneal (i.p.), subcutaneous (s.c.)
or ora (p.o.) routes as indicated in figure legends.

3. Results

3.1. Microdialysis

Under the present experimental conditions, analysis of
baseline samples revealed that average acetylcholine levels
were 1.12 +0.16 pmol from hippocampus, 0.77 + 0.05
pmol from frontal cortex, and 4.18 + 0.27 pmol from
striatum. Administration of SCH 57790 (0.1-10 mg/kg,
p.o.) produced dose-related increases in measured acetyl-
choline release from the hippocampus of conscious rats
(Fig. 2A). The levels of acetylcholine measured peaked
30-60 min after injection, and reached a maximum of
approximately 400% of baseline levels following adminis-
tration of the 10 mg,/kg dose. After this time, the levels
steadily declined. Also, administration of SCH 57790
(1.0-10.0 mg/kg, p.o.) produced a dose-related increase
in acetylcholine release from cortex of conscious rats. The
levels of acetylcholine measured peaked approximately
30—40 min following drug administration and reached a
maximum of approximately 500% of control levels (Fig.
2B). Additionally, both SCH 57790 (1.0-10 mg/kg, p.0.)
and nonselective muscarinic antagonist scopolamine (0.1—
10 mg/kg, i.p.) produced dose-related increases in acetyl-
choline release from striatum (Table 1). In striatum, SCH
57790 (10 mg/kg, p.o.) increased acetylcholine release to
approximately 230% of baseline. Similarly, scopolamine
increased acetylcholine release from striatum such that
levels were approximately 330% of baseline following
administration of 10 mg/kg, i.p.

3.2. Young rat passive avoidance responding
SCH 57790 produced increases in the mean step-through

latency times in young rats whether given before or after
the training session. In the before-training paradigm, SCH
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Fig. 2. Effect of SCH 57790 on acetylcholine release from rat hippocam-
pus (A) and frontal cortex (B) following oral administration. Abscissae:
time (min). Ordinates. increase in measured acetylcholine as percent of
predrug baseline. Each data point is mean+ S.E.M. of three to six rats at
each dose. Significant differences from predrug control are indicated by
“p < 0.05 (analysis of variance with Duncan’s multiple range statistic).

57790 (0.003-3.0 mg/kg, p.0.) produced statistically sig-
nificant increases in step-through latency following doses
of 0.01 and 0.1 mg/kg [F(7, 387) = 3.31, P = 0.0019].
Under these conditions, step-through latencies increased
from approximately 50 s following vehicle injections up to
86 and 92 s for the groups following injections of 0.01 and
0.1 mg/kg, respectively (Fig. 3A). When SCH 57790 was
given immediately following the training session, signifi-
cant elevations [F(7, 244) =6.29, P < 0.001] in step-
through latency were observed following doses of 0.3-1.0
rg/kg, p.o., which reached a maximum of approximately
100 s following an injection of 0.03 wg,/kg SCH 57790
compared to a mean step-through latency of 23 s after
vehicle injection. (Fig. 3B). These effects were qualita
tively similar to those observed following administration
of the clinically used cholinesterase inhibitor donepezil.
Administration of doses of donepezil (0.01-1.0 mg/kg)
before the training session resulted in significant increases
in step-through latency observed 24 h later. In this regard,
donepezil increased mean step-through latencies from ap-
proximately 87 s following injections of vehicle up to 168
s following a dose 1.0 mg/kg, p.o. (Fig. 3 insert).



194 G.J. Carey et al. / European Journal of Pharmacology 431 (2001) 189—200

Table 1

Effect of methylcellulose vehicle (p.o.), SCH 57790 (1.0-10.0 mg,/kg, p.0.) and scopolamine (Scop) (0.1-10.0 mg/kg, i.p.) on ACh release from striatum

of conscious rats

Dose Acetylcholine release (percent baseline)
(mg/kg) 20min  40min 60 min 80 min 100min ~ 120min  140min  160min 180 min
Vehicle 101+4 100+2  117+4 11546  100£5  109+6  111+10 125+14 10746
SCH57790 1.0 98+3 100+2 9%6+6  121+8° 124+7° 12546° 116+9° 113+4 11845’
30 9B+3  99+4 98+5  147+16° 142+9°  136+9°  137+11" 146+8°  132+14°
100 96+9 104+5  103+7  230+£23" 157+20° 156+20" 152+12° 154+12° 141+9°
Scop 01 95+2 101+2  100+6  112+17 113419 111422 112+13  101+19  95+16
10 95+4 101+7  134+23" 232+17° 176+23" 152+28° 130+12° 117427  94+31
100 103+36 166+34" 204+11" 216+16" 187+14° 167+19° 151+12° 132+9° 9745

Data presented are in 20 min bins for brevity, and are means+ 1 S.E.M. of percent increase above predrug baseline for three rats at each dose.
* p < 0.05 indicates significant increase in ACh release above predrug baseline.

3.3. Mouse passive avoidance responding

During retention testing, mice that received injections
of scopolamine had significantly shorter step-through la-
tencies than mice that had received vehicle injections.
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Fig. 3. Effect of SCH 57790 in a young rat passive avoidance responding
assay. SCH 57790 (0.01-10 mg/kg, p.0.) was given 60 min before the
training session (A), and SCH 57790 (0.03-30.0 wg/kg, p.0.) was given
immediately following the training session (B). Insert indicates effects of
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indicates mean+1 S.E.M. step-through latency of 36 rats at each dose.
Significant differences from vehicle are indicated by “p<0.05 and
" “p < 0.01 (one-way ANOVA followed by post hoc Dunnett’s t-test).

Step-through latencies were decreased from approximately
150 s following saline injection to around 55 s following
injections of scopolamine (3.0 mg/kg, s.c.) [F(5, 54) =
5.52, P < 0.001]. The scopolamine-induced passive avoid-
ance responding deficit observed was dose-dependently
reversed by increasing doses of the M, antagonist SCH
57790 (0.003—0.03 mg/kg, i.p.), such that following injec-
tion of 0.03 mg/kg SCH 57790, step-through latencies
were not statistically different (P> 0.05) from saline
treated animals and averaged 122 s for the group (Fig. 4).
Doses of SCH 57790 above 0.03 mg/kg did not produce
further reversal of the scopolamine-induced deficit in pas-
sive avoidance responding.

3.4. Fixed-ratio discrimination in primates

Under control conditions, squirrel monkeys performed
the fixed-ratio discrimination with titrating delay task in a
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male CD-1 mice. Abscissae: drug dose. Ordinates: mean step-through
latency (s). Each bar indicates mean+1 S.E.M. step-through latency of
10 mice at each dose combination. Significant differences from vehicle
are indicated by “p<0.05 (one-way ANOVA followed by post hoc
Dunnett’s t-test).
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manner that maintained stable baseline responding for the
duration of the current studies. The mean delays between
completion of the response requirements on the center
lever, and the responses on the choice levers that monkeys
could tolerate before inaccurate performance, varied be-
tween individuals and ranged from 0.7 up to 1.5 s for
individual monkeys (data not shown).

In the present study, oral administration of 0.4% meth-
ylcellulose vehicle produced little or no change in the
mean delays that monkeys could tolerate when compared
to predrug control days. SCH 57790 (0.01-0.03 mg/kg,
p.0.) produced a dose-related percent increases in mean
delay that monkeys could tolerate and still maintain accu-
rate performance This increase reached statistical signifi-
cance (P < 0.05) following administration of 0.03 mg/kg
and extrapolated to approximately 155% of predrug con-
trol performance (Fig. 5A). This percent increase in mean
delay was qualitatively similar to the percent increases
observed following administration of the cholinesterase
inhibitor donepezil (Fig. 5B). In this regard, donepezil
(0.3-1.0 mg /kg) produced significant increases (P < 0.05)
in mean delay that reached a maximum of approximately
175% of predrug control levels.

In contrast, the nonselective muscarinic antagonist
scopolamine (0.001-0.01 mg/kg, i.m.) produced a dose-
related decrease in the accuracy of performance in this
operant task such that percent mean delays decreased to
approximately 36% of control values following a dose of
0.01 mg/kg (Fig. 5 insert). Additionally, increasing doses
of scopolamine disrupted ongoing operant performance as
measured by overall rates of responding (data not shown).

3.5. Observational studies

The behavioral, neurological and autonomic changes
induced by SCH 57790 was assessed following administra-
200 A
180 -
160 -
140 -

120 I

100 -

PERCENT OF CONTROL

80 T ;
VEH 0.01 0.03 VEH

DOSE (mg/kg, p.o.)

Table 2

Minimum effective doses (MEDs) of SCH 57790, scopolamine and
donepezil to produce significant behavioral, autonomic and neurological
effects in male Sprague—Dawley rats

Drug MED (mg/kg, s.c.)
PAR Arousal Sedation Tremors Seizure Leathality
SCH 57790 0.01 10.0 >100 >100 >100 >100

Scopolamine NA  10.0 >100 >100 >100 >100
Donepezil 001 -2 3.0 3.0 10 30
NA—Not active.

PAR—passive avoidance responding.
#No effect measured.

tion of doses ranging from 0.1 up to and including 100
mg/kg. Little or no changes were observed in any mea-
sures following doses up to 3.0 mg/kg. Doses above 10.0
mg/kg appeared to produce a genera increase in aert-
ness,/reactivity, with an increase in vocalization aso ob-
served. Additionally, doses of SCH 57790 above 10.0
mg/kg produced a dose-related dilation of the pupils. No
tremors, convulsions or lethalities were observed in any rat
at any dose of SCH 57790 (Table 2). Administration of
scopolamine produced similar responses to that of SCH
57790. Doses above 10 mg/kg increased aertness and
activity, and no tremors, convulsions or lethalities were
observed in any rat at any dose of scopolamine up to 100
mg/kg. Following administration of 3.0 mg/kg donepezil
rats appeared to show an overall decrease in activity and
alertness. Also, tremors were observed in all rats following
the 3.0 mg/kg dose of donepezil. Administration of higher
doses (10-30 mg/kg) produced seizures and lethality.

3.6. Heart rate studies

SCH 57790 (1.0-10 mg/kg, s.c.) produced transient,
dose-related increases in heart rate in male Sprague—Daw-

(Percent of Control)

veh DODT 0003 00056 001
Scopolamine Dose (mglkg)

03 1

Fig. 5. Effect of (A) SCH 57790 (0.01-0.03 mg/kg p.0.) and (B) donepezil (0.3—1.0 mg,/kg, p.0.) on mean delay performance in squirrel monkeys
working under a schedule of fixed-ratio discrimination with titrating delay. Insert indicates effects of scopolamine (0.001-0.01 mg/kg, i.m.). Abscissae:
drug dose. Ordinates: mean delay as percent of predrug control level. Data represented is mean + 1 S.E.M. of mean titrating delay of five to seven squirrel
monkeys at each dose. Significant differences from vehicle are indicated by “p < 0.05 (paired t-test).
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Table 3

Effects of SCH 57790 (1.0-10.0 mg/kg, s.c.) and scopolamine (0.3-3.0 mg/kg, s.c.) on mean blood pressure and heart rate in conscious Sprague—Dawley rats

Heart rate (beats,/min)

Vehicle

10mg/kg 0.3mg/kg 1mg/kg 3mg/kg Omg/kg

MBP (mm Hg)

Vehicle

Scopolamine
0.3 mg/kg

SCH 57790
1mg/kg

Scopolamine

SCH 57790

3 mg/kg

1mg/kg

10 mg/kg

3 mg/kg

1mg/kg 3 mg/kg

0mg/kg
100+2

369+ 22 366+ 12

362+8

387+14

+ 101+2 372+12 371+10 363+12

100+ 4

98+4

+ 97+2 98+2 97+2

Basal

A at (h)
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Values represent means+ SEM for five rats per treatment. An asterisk denotes a significant (P < 0.01, ANOVA and Dunnett’s t-test) difference from the corresponding response in vehicle-treated animals.

ley rats. Heart rate in vehicle treated rats remained rela-
tively stable throughout the course of the experiment. SCH
57790 (1.0 mg/kg, s.c.) did not produce a statistically
significant change in heart rate. SCH 57790, 3.0 and 10
mg/kg, s.c., produced a statistically significant (P < 0.01)
dose-related elevation in heart rate during the initial 60
min of the study (Table 3). The nonselective muscarinic
antagonist scopolamine also elevated heart rate at doses of
0.3-3.0 mg/Kkg, s.c. Heart rate was elevated following the
0.3 mg/kg, s.c. scopolamine dose by approximately 140
beats/min. Increasing doses of scopolamine produced no
further increases the heart rate, with scopolamine at 1.0
and 3.0 mg/kg, s.c. elevating heart rate by approximately
140 and 134 beats/min, respectively. Following scopo-
lamine administration, heart rate was elevated for 45 min
following the 0.3 and 1.0 mg/kg doses, and 90 min
following the 3.0 mg/kg dose. At the doses tested, SCH
57790 or scopolamine did not alter mean blood pressure.

4, Discussion

SCH 57790 is a high-affinity, competitive antagonist at
muscarinic M , receptors with approximately 50-fold selec-
tivity for muscarinic M, over muscarinic M, sites
(Lachowicz et d., 1999), and further has no significant
affinity at over 20 other receptor and ion channel types
(Lachowicz, personal communication). In the present study,
SCH 57790 produced dose-related increases in acetyl-
choline release in rats, improved passive avoidance re-
sponding in rodents, and improved working memory per-
formance in squirrel monkeys at doses that did not produce
overt side-effects.

Peripheral administration of SCH 57790 produced a
dose-related increase in measured ACh release from the
hippocampus, cortex, and striatum of conscious rats. These
data are similar to the findings of Quirion et al. (1995) and
Vannucchi et al. (1997) who showed that administration of
the relatively nonselective muscarinic M, receptor an-
tagonists  5,11-dihydro-8-chloro-11-[[4-[3-[(2,2-dimethyl-
1-oxopentyl) ethylamino] propyl]-1-piperidinyl] acetyl]-6 H-
pyrido[2,3-b][1,4]benzodiazepin-6-one (BIBN-99) and 5,
11- dihydro-11-[ 2-[ 2-[( N, N-dipropylaminomethyl ) piperi-
din-1-yl]ethylamino]-carbonyl ]-6 H-pyrido[2,3-b][ 1, 4]ben-
zodiazepin-6-one (AF-DX 384), respectively, increased
acetylcholine release from hippocampus and cortex of
aged rats. In separate experiments, the nonselective mus-
carinic receptor antagonist scopolamine also augmented
acetylcholine release, suggesting that the in vivo micro-
dialysis assay is unable to differentiate nonselective and
selective muscarinic antagonists simply by measuring ace-
tylcholine release. However, previous work from this labo-
ratory (Billard et al., 1995) showed that the ability of
muscarinic receptor antagonists such as scopolamine,
pirenzapine, 11-[[2-[(diethylamino)methyl]-1-piperidinyl]
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acetyl]-5, 11-dihydro-6H-pyrido[2,3-b][1,4]benzodiaze-
pine-6-one (AF-DX 116) and himbacine to increase acetyl-
choline release correlated with their affinity for muscarinic
M, sites, and not with affinity at other muscarinic recep-
tors. These data further supports a role for blockade of
muscarinic M, sites in the facilitation of release of acetyl-
choline within the CNS.

In behavioral studies, administration of SCH 57790
improved memory retention in a young rat passive avoid-
ance test, an assay that may possess construct validity for
the cholinergic deficits associated with certain dementias.
Young rats (18—22 days old) display a naturally occurring
deficit in memory retention as measured by passive avoid-
ance responding, and it has been shown that these cogni-
tive deficits appear to be specific to the cholinergic system.
In particular, cholinomimetics such as muscarinic and
nicotinic agonists or cholinesterase inhibitors reverse this
deficit, whereas agents from other pharmacological classes
do not (Smith et al., 1996). The effects of muscarinic M,
receptor blockade were independent of whether SCH 57790
was given before or after training. These data suggest that
SCH 57790 can improve both memory acquisition and
consolidation in this assay, and the effects observed were
comparable to the effects produced by the cholinesterase
inhibitor donepezil. These data generated with SCH 57790
extend previous behavioral studies in which blockade of
muscarinic M, receptors with relatively nonselective an-
tagonists such as AF-DX 116 (3-fold M, vs. M ,), AF-DX
384 (2-fold M, vs. M) and BIBN 99 (20 fold M, vs. M)
was shown to improve cognitive function in mice as
measured by passive avoidance responding (Baratti et al.,
1993), reverse memory deficits associated with traumatic
brain injury (Pike and Hamm, 1995), and improve spatial
memory performance in water-maze in both normal adult
and aged rats (Quirion et al., 1995; Packard et al., 1990;
Vannucchi et d., 1997). These data add further to the
extensive literature describing the effects of cholinomimet-
ics in improving cognitive performance in behavioral tasks
(for reviews, see Sarter et al., 1992; Levin, 1996; Brioni et
al., 1997; Buccafuco and Terry, 2000).

Of interest are the potency differences with SCH 57790
observed in the young rat passive avoidance assay and
microdialysis experiments. Increases in cognitive perfor-
mance in passive avoidance responding were observed at
doses 300—1000 times lower than doses that produce
significant increases in measured acetylcholine release.
The reason for these discrepancies is not immediately
clear, but one possible explanation may be that the in-
creases in acetylcholine release required to enhance cogni-
tive performance are small, and below the detection capa-
bility of the chromatography apparatus used in the present
experiments. It is only when the higher doses of SCH
57790 are used that sufficient acetylcholineis released into
the extrasynaptic spaces to allow detection using the tech-
niques described herein. However, the results observed in
microdialysis and behavioral experiments suggest that the

increased acetylcholine release observed following block-
ade of muscarinic M, receptors with SCH 57790 is func-
tionally relevant and produces improved cognitive perfor-
mance. Data from this and other laboratories have shown
that while scopolamine produces a similar increase in
acetylcholine release, presumably via blockade of mus-
carinic M, dites, its overriding behaviora action is to
produce cognitive impairment via its post synaptic mus-
carinic M, receptor blocking actions. This effect was
clearly demonstrated in the present studies in mouse pas-
sive avoidance responding and the primate response dis-
crimination task. Administration of scopolamine to mice
significantly reduced 24-h memory retention, and this re-
tention deficit was reversed by doses of SCH 57790. These
data suggest that SCH 57790 can compete with scopo-
lamine for occupancy of presynaptic muscarinic M, sites
and enhance acetylcholine release to a degree great enough
to displace scopolamine from postsynaptic muscarinic M,
sSites.

In an operant procedure in squirrel monkeys, oral ad-
ministration of SCH 57790 was shown to produce a signif-
icant improvement in working memory performance as
measured by percentage increases in the delays that mon-
keys could tolerate and still maintain accurate performance
in a response discrimination task. To our knowledge, this
provides the first evidence that muscarinic M, receptor
blockade can improve cognitive performance in a nonhu-
man primate species. The fixed-ratio discrimination with
titrating delay schedule has the advantage that the task is
made steadily more difficult (by titrating up the delays) as
the experimental session progresses. This alows determi-
nation of a characteristic baseline performance for each
monkey, which can then be used to investigate potential
cognitive enhancers without the need to first disrupt per-
formance with drugs or lesions. Under these conditions, it
is apparent that selective blockade of muscarinic M, re-
ceptors, but not nonspecific muscarinic receptor blockade,
produces improvements in cognitive performance. Previ-
ous studies in monkeys have shown that cholinesterase
inhibitors such as tacrine and donepezil are able to reverse
scopolamine-induced impairments of working memory
(Rupniak et al., 1997, 1990). Also, Rupniak et al. (1997)
demonstrated that low doses of donepezil were able to
improve the performance of rhesus monkeys in a visual
recognition task in the absence of a scopolamine induced
deficit and, indeed, in the present studies, donepezil pro-
duced robust increases in working memory performance
under our response discrimination schedule. Together, these
data show that muscarinic M, receptor blockade or
cholinesterase inhibition can produce comparable improve-
ments in cognitive performance in squirrel monkeys in the
absence of an imposed cholinergic deficit. It has been
suggested that data generated in a nonhuman primate
possess a higher degree of predictive validity compared to
data generated in lower species (Buccafuco and Terry,
2000). As such, the improvement in cognitive performance
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observed following administration of SCH 57790 in squir-
rel monkeys further supports muscarinic M, receptor
blockade as a viable approach to improve cognition.

In observational studies, when groups of rats were
administered high doses of drug, SCH 57790 did not
produce overt behavioral, neurological or autonomic
changes even up to 100 mg/kg. This contrasts with the
cholinesterase inhibitor donepezil that, in our hands, pro-
duced decreases in alertness, sprawled body position,
tremors, seizures and lethality at doses above 10 mg/kg.
Given the mechanism- and nonmechanism-based side ef-
fects that can limit the use of cholinesterase inhibitors and
direct acting muscarinic M, agonists clinicaly, the rela-
tively innocuous nature of muscarinic M, receptor block-
ade observed following high doses of SCH 57790, sug-
gests that this mechanism may have an advantage in its
safety profile. Indeed comparison of the effects of SCH
57790 with scopolamine or donepezil indicate that high
doses of the M, receptor antagonist produce effects similar
to those of the nonselective muscarinic antagonist and not
the cholinesterase inhibitor.

In addition to presynaptic localization on cholinergic
neurons in the CNS, muscarinic M, receptors are aso
located in peripheral tissues including the heart (Levey,
1993). Muscarinic M, receptors are located postsynapti-
caly in cardiac tissue where they serve to slow heart rate
following stimulation by acetylcholine that is released
from the parasympathetic nervous system. As predicted,
blockade of these muscarinic M, sites with SCH 57790 or
scopolamine increased the heart rate of Sprague—Dawley
rats. The increase observed following administration of
SCH 57790 occurred at doses of 3.0 and 10 mg/kg. These
doses are at least 300—1000 times higher than the doses of
SCH 57790 that improved cognitive performance in the
young rat passive avoidance responding assay (0.01
mg,/Kkg).

Even though there is substantial loss of cholinergic
neurons in Alzheimer's disease (Francis et al., 1999),
postmortem studies have shown that some function re-
mains, even in the very late stages of the disease (Quirion
et al., 1995). This residual neurona activity suggests the
potential for efficacy with cholinomimetics, such as the
muscarinic M, receptor antagonist described in this
manuscript, during the progression of Alzheimer’s disease.
In addition, evidence is mounting that muscarinic M,
receptor activation by muscarinic M, agonists may have
neuroprotective actions. Specifically, muscarinic M ; stimu-
lation may decrease the formation of the characteristic
pathological markers of Alzheimer’s disease, namely amy-
loid plagues and neurofibrillary tangles. Work by Eckols et
al. (1995), and DeLapp et a. (1998) in vitro, and Nitsch et
al. (2000) in patients with Alzheimer's disease suggests
that muscarinic M receptor stimulation may reduce depo-
sition of amyloid protein by increasing the production of
the soluble A protein. Also, Sadot et a. (1996) showed
that muscarinic stimulation may decrease tau-protein phos-

phorylation, thereby decreasing the production of neurofib-
rillary tangles. Whether indirect muscarinic M, receptor
stimulation with acetylcholine released from presynaptic
terminals via muscarinic M, receptor blockade aso has
these neuroprotective actions will require further investiga-
tion.

In summary, the present study demonstrated that the
selective muscarinic M, receptor antagonist SCH 57790
produced robust increases in acetylcholine release in the
CNS, and through this neurochemical mechanism pro-
duced consistent improvements in cognitive performance
in both rodents and a nonhuman primate in a variety of
tests. These improvements were qualitatively similar to
those produced by the clinically used cholinesterase in-
hibitor donepezil. Further, in studies designed to assess
behavioral, neurological and autonomic functions follow-
ing high doses of drugs, SCH 57790 did not produce the
same effects as a cholinesterase inhibitor. SCH 57790 did
increase heart rate, but only at doses well above those
required to increase cognitive performance. These studies
demonstrate that blockade of muscarinic M, receptors
with SCH 57790 is a viable mechanism by which to
produce improved cognition in laboratory animals.

Acknowledgements

The authors wish to thank A. Brown, K.K. Pulaand Y.
Song for their expert technical assistance in the cardio-
vascular studies, and Drs. L. Gold, G.B. Varty, and J.H.
Hunter for their careful reading and helpful comments on
an earlier version of this manuscript.

References

Aigner, T.G., Mishkin, M., 1986. The effects of physostigmine and
scopolamine on recognition memory in monkeys. Behav. Neural Biol.
45, 81-87.

Auld, D.S,, Day, J.C., Mennicken, F., Quirion, R., 2000. Pharmacological
characterization of endogenous acetylcholine release from primary
septal cultures. J. Pharmacol. Exp. Ther. 292, 692-697.

Baratti, C.M., Huygens, P., Mino, J., Merlo, A., Gardella, J.,, 1979.
Memory facilitation with post tria injection of oxotremorine and
physostigmine in mice. Psychopharmacology (Berlin) 64, 85-88.

Baratti, C.M., Opezzo, JW., Kopf, S.R., 1993. Facilitation of memory
storage by the acetylcholine M2 muscarinic receptor antagonist AF-DX
116. Behav. Neural Biol. 60, 69-74.

Beerman, B., 1993. Side effects of long acting cholinesterase inhibitors.
Acta Neurol. Scand., Suppl. 149, 53-54.

Billard, W., Binch, H., Crosby, G., McQuade, R.D., 1995. Identification
of the primary muscarinic autoreceptor subtype in rat striatum as M2
through a correlation of in vivo microdialysis and in vitro receptor
binding data. J. Pharmacol. Exp. Ther. 273, 273-279.

Brioni, J.D., Decker, M.W., Arneric, S.P., 1997. The pharmacology of
(=) nicotine and novel cholinergic channel modulators. Adv. Phar-
macol. 37, 153-214.

Buccafuco, JJ., Terry, A.V. 2000. Multiple central nervous system



G.J. Carey et al. / European Journal of Pharmacology 431 (2001) 189-200 199

targets for eliciting beneficial effects on memory and cognition. J.
Pharmacol. Exp. Ther. 295, 438—446.

Christie, J.E., Shering, A., Ferguson, J., Glen, A.l., 1981. Physostigmine
and arecoline: effects of intravenous infusions in Alzheimer presenile
dementia. Br. J. Psychiatry 138, 46-50.

Consolo, S., Ladinksky, H., Vinci, R., Palazzi, E., Wang, J., 1987. Anin
vivo pharmacological study on muscarinic receptor subtypes regulat-
ing cholinergic neurotransmission in rat striatum. Biochem. Pharma-
col. 36, 3075-3077.

Davis, K.L., Mohs, R.C., 1982. Enhancement of memory processes in
Alzheimer's disease with multiple-dose intravenous physostigmine.
Am. J. Psychiatry 139, 1421-1424.

DelLapp, N., Wu, S, Belagaje, R., Johnstone, E., Little, S., Shannon, H.,
Bymaster, F., Cdligaro, D., Mitch, C., Whitesitt, C., Ward, J.,
Sheardown, M., Fink-Jensen, A., Jeppesen, L., Thomsen, C., Sauer-
berg, P., 1998. Effects of the M1 agonist xanolemine on processing of
human beta-amyloid precursor protein (FAD, Swedish mutant) trans-
fected into Chinese hamster ovary-M1 cells. Biochem. Biophys. Res.
Commun. 244, 156-160.

Eckols, K., Bymaster, F.P., Mitch, C.H., Shannon, H.E., Ward, J.S,,
DelLapp, N.W., 1995. The muscarinic M1 agonist xanomaline in-
creases soluble amyloid precursor protein release from Chinese ham-
ster ovary M1-cells. Life Sci. 57, 1183-1190.

Egan, T.M., North, R.AA., 1986. Acetylcholine hyperpolarizes central
neurones by acting on an M2 muscarinic receptor. Nature 319,
405-407.

Farlow, M., Gracon, S.I., Hershey, L.A., Lewis, K.W., Sadowsky, C.H.,
Dolan-Ureno, J.,, 1992. A controlled trial of tacrine in Alzheimer’'s
disease. The Tacrine Study Group [see comments] JAMA, J. Am.
Med. Assoc. 268, 2523—2529.

Francis, P.T., Pamer, A.M., Snape, M., Wilcock, G.K., 1999. The
cholinergic hypothesis of Alzheimer's disease: areview in progress. J.
Neurol., Neurosurg. Psychiatry 66, 135—147.

Hunter, A.J., Roberts, F.F., 1988. The effect of pirenzepine on spatial
learning in the Morris Water Maze. Pharmacol., Biochem. Behav. 30,
519-523.

Irwin, S., 1964. Drug screening and evaluation of new drugs in animals.
In: Nodine, JM., Siegler, P.E. (Eds.), Animal and Clinical Pharmaco-
logic Techniques in Drug Evauation. Year Book Medical Publishers,
Chicago, pp. 36-54.

Jarvic, M.E., Essman, W.B., 1960. A simple one-tria learning situation
for mice. Psychol. Rep. 6, 290—294.

Kozlowski, JA., Lowe, D.B., Guzik, H.S, Zhou, G., Ruperto, V.B.,
Duffy, R.A., McQuade, R., Croshy, G., Taylor, L.A., Billard, W.,
Binch, H., Lachowicz, JE., 2000. Diphenyl sulfoxides as selective
antagonists of the muscarinic M2 receptor. Bioorg. Med. Chem. Lett.
10, 2255-2257.

Lachowicz, JE., Lowe, D., Duffy, R.A., Ruperto, V., Taylor, L.A.,
Guzik, H., Brown, J.,, Berger, JG., Tice, M., McQuade, R., Ko-
zlowski, J., Clader, J., Strader, C.D., Murgolo, N., 1999. SCH 57790:
anovel M2 receptor selective antagonist. Life Sci. 64, 535-539.

Lapchak, P.A., Araujo, D.M., Quirion, R., Collier, B., 1989. Binding sites
for [3HJAF-DX 116 and effect of AF-DX 116 on endogenous acety!-
choline release from rat brain slices. Brain Res. 496, 285—-294.

Levey, A.l., 1993. Immunologica localization of m1-m5 muscarinic
acetylcholine receptors in periphera tissues and brain. Life Sci. 52,
441-448.

Levey, A.l,, Edmunds, SM., Koliastos, V., Wiley, R.G., Heilman, C.J,,
1995. Expression of M1-M4 muscarinic acetylcholine receptor pro-
teins in rat hippocampus and regulation by cholinergic innervation.
Neuroscience 15, 4077—-4092.

Levin, E.D., 1996. Nicotine agonist and antagonist effects on memory.
Drug Dev. Res. 38, 188—195.

McKinney, M., Miller, JH., Aagaard, P.J., 1993. Pharmacological char-
acterization of the rat hippocampal muscarinic autoreceptor. J. Phar-
macol. Exp. Ther. 264, 74-78.

Messer Jr., W.S,, Bohnett, M., Stibbe, J., 1990. Evidence for a preferen-

tia involvement of M1 muscarinic receptors in representational mem-
ory. Neurosci. Lett. 116, 184—189.

Moerschbaecher, J.M., Mastropaolo, J., Winsauer, P.J., Thompson, D.M.,
1984. Effects of opioids on accuracy of a fixed ratio discrimination in
monkeys and rats. J. Pharmacol. Exp. Ther. 230, 541-549.

Nitsch, R.M., Deng, M., Tennis, M., Schoenfeld, D., Growdon, JH.,
2000. The selective muscarinic M1 agonist AF102B decreases levels
of totad AR in cerebrospina fluid of patients with Alzheimer's
disease. Ann. Neurol. 48, 913-918.

Packard, M.G., Regenold, W., Quirion, R., White, N.M., 1990. Post-train-
ing injection of the acetylcholine M2 receptor antagonist AF-DX 116
improves memory. Brain Res. 524, 72—76.

Pakarinen, E.D., Moerschbaecher, J.M., 1993. Comparison of the effects
of scopolamine and methylscopolamine on the performance of a
fixed-ratio discrimination in squirrel monkeys. Pharmacol., Biochem.
Behav. 44, 815-819.

Paxinos, G., Watson, C., 1997. The Rat Brain in Stereotaxic Co-ordinates.
Academic Press, San Diego.

Pike, B.P., Hamm, R.J., 1995. Post-injury administration of BIBN 99, a
selective muscarinic M2 receptor antagonist, improves cognitive per-
formance following traumatic brain injury. Brain Res. 686, 37—-43.

Pohorecki, R., Head, R., Domino, E.F., 1988. Effects of selected mus-
carinic cholinergic antagonists on [3H]acetylcholine release from rat
hippocampa dlices. J. Pharmacol. Exp. Ther. 244, 213-217.

Quirion, R., Wilson, A., Rowe, W., Aubert, I., Richard, J., Doods, H.,
Parent, A., White, N., Meaney, M.J,, 1995. Fecilitation of acetyl-
choline release and cognitive performance by an M(2)-muscarinic
receptor antagonist in aged memory-impaired rats. J. Neurosci. 15,
1455-1462.

Richard, JW., Wilson, A., Quirion, R., 1991. Muscarinic M2 negative
autoreceptors regulate acetylcholine release in cortex and hippocam-
pus: amicrodialysis study in freely moving rats. Soc. Neurosci. Abstr.
17, 781.

Rogers, S.L., Friedhoff, L.T., 1998. Long term efficacy and safety of
donepezil in the treatment of Alzheimer’s disease: an interim analysis
of the results of a US multicenter open label extension study. Eur.
Neuropsychopharmacol. 8, 67—75.

Roder, M., Anand, R., Cicin-Sain, A., Gauthier, S., Agid, Y., Da-Bi-
anco, P., Stahelin, H.B., Hartman, R., Gharawabwi, M., 1999. Effi-
cacy and safety of rivastigmine in patients with Alzheimer’s disease:
international randomized controlled trial. Br. Med. J. 318, 633-638.

Rupniak, N.M., Steventon, M.J., Field, M.J., Jennings, C.A., Iversen,
S.D., 1989. Comparison of the effects of four cholinomimetic agents
on cognition in primates following disruption by scopolamine or by
lists of objects. Psychopharmacology (Berlin) 99, 189-195.

Rupniak, N.M., Field, M.J,, Samson, N.A., Steventon, M.J., Iversen,
S.D., 1990. Direct comparison of cognitive facilitation by physostig-
mine and tetrahydroaminoacridine in two primate models. Neurobiol.
Aging 11, 609-613.

Rupniak, N.M., Tye, S.J., Field, M.J.,, 1997. Enhanced performance of
spatial and visua recognition memory tasks by the selective acetyl-
cholinesterase inhibitor E2020 in rhesus monkeys. Psychopharmacol-
ogy (Berlin) 131, 406—410.

Sadot, E., Gurwitz, D., Barg, J., Behar, L., Ginzburg, |., Fisher, A., 1996.
Activation of M1 muscarinic acetylcholine receptor regulates tau
phosphorylation in transfected PC12 cells. J. Neurochem. 66, 877—
880.

Sarter, M., Hagan, J.,, Dudchenko, P., 1992. Behaviora screening for
cognition enhancers: from indiscriminate to valid testing: Part 1.
Psychopharmacology (Berlin) 107, 144-159.

Smith, R.D., Kistler, M.K., Cohen-Williams, M., Coffin, V.L., 1996.
Cholinergic improvement of a naturally-occurring memory deficit in
the young rat. Brain Res. 707, 13-21.

Soncrant, T.T., Raffaele, K.C., Asthana, S., Barardi, A., Morris, P,
Haxby, JV., 1993. Memory improvement without toxicity during
chronic, low dose intravenous arecoline in Alzheimer’s disease. Psy-
chopharmacology 112, 421-427.



200 G.J. Carey et al. / European Journal of Pharmacology 431 (2001) 189-200

Stillman, M.J., Shukitt-Hale, B., Galli, R.L., Levy, A., Lieberman, H.R,, Watkins, P.B., Zimmerman, H.J., Knapp, M.J., Gracon, S.l., Lewis,
1996. Effects of M2 antagonists on in vivo hippocampal acetylcholine K.W., 1994. Hepatotoxic effects of tacrine administration in patients
levels. Brain Res. Bull. 41, 221-226. with Alzheimer’s disease. [see comments] JAMA, J. Am. Med. Assoc.

Vannucchi, M.G., Scdli, C., Kopf, SR., Pepeu, G., Casamenti, F., 1997. 271, 992-998.

Selective muscarinic antagonists differentially affect in vivo acetyl- Wess, J., 1996. Molecular biology of muscarinic acetylcholine receptors.
choline release and memory performances of young and aged rats. Crit. Rev. Neurobiol. 10, 69—-99.

Neuroscience 79, 837—846.



