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Scopolamine induced deficits in a battery of rat cognitive
tests: comparisons of sensitivity and specificity
Donald Bartholomew Hodges Jr*°, Mark D. Lindner®, John B. Hogan®,

Kelly M. Jones® and Etan J. Markus®

Despite much research, the cognitive effects of
scopolamine hydrobromide, a cholinergic antagonist,
remain controversial. Scopolamine affects multiple
systems each of which can impact behavior. One way to
tease apart the effects of the drug is to determine the
effects of low scopolamine doses on different abilities. The
present experiments compared the effects of low doses of
scopolamine on a single group of rats conducting a battery
of behavioral tasks: Morris water maze, radial arm maze,
delayed non-matching to position tasks, and fixed ratio 5
bar pressing. The behavioral battery ranged from tasks
having little cognitive demand to those thought to be based
more on attention and spatial-working memory. Control
experiments using additional groups of rats assessing
peripheral versus central effects were conducted with both
liquid and dry reinforcement and with methyl scopolamine.
Furthermore, the 5-choice serial reaction time test
assessed scopolamine effects on attention. The data show
a wide spectrum of central and peripheral cholinergic
involvement. The central effects include attention and

Introduction

Anticholinergic agents, such as the muscarinic receptor
antagonist scopolamine, produce cognitive deficits in
humans, rats, and monkeys (Bartus e @/., 1978; Murray
et al., 1991; Pontecorvo ef al., 1991; Rupniak ez 4/, 1991).
However, high doses of scopolamine have been shown
to cause impairment in many cognitive tasks, and
therefore interpreting the results is complex. Acetylcholine
is widespread in the brain, and therefore scopolamine
could potentially impact many different systems.
Similarly ‘cognitive tasks’ rely, to some degree, on
noncognitive processes, such as motivation and motor
ability, which could potentially impact the subjects’
performance (Hodges, 1996). Given these confounds, it
is not surprising that reports on the cognitive effects
of scopolamine vary widely across labs and tasks (see
Blokland, 1996; Ebert and Kirch, 1998). Although there is
a large literature examining the effects of scopolamine,
the research is mostly focused on the effect of high doses
and/or on a single task.

One strategy to distinguish between the different effects
of scopolamine is to examine how the same drug dose
impacts on the performance in tasks that differ in their
nonmnemonic demands. A second approach is to use
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motor initiation, both of which impact and interact with the
mnemonic function of acetylcholine. These results show
that a limited disruption of the central cholinergic

system can have profound effects on attention and/or
psychomotor control before any measurable mnemonic
disruption. Behavioural Pharmacology 20:237-251 © 2009
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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very-low doses of the drug, determining at what dose the
different behavioral effects are first seen.

This study examined one of scopolamine’s well-documented
cognitive effects, impairment of ‘working memory’.
The effects on working memory were assessed using
low doses and a range of working memory tasks. These
included the eight-arm radial maze (RAM; Olton and
Samuelson, 1976), Morris water maze (MWM; Morris
et al., 1982), and delayed non-matching to position
(DNMTP; Ruotsalainen ¢z al., 1997).

To ensure consistency, the same animals were tested
in different tasks. Testing was counterbalanced and/or
repeated to control for possible drug tolerance and
carryover effects. In addition, factors such as reward type
and the central versus peripheral effects of scopolamine
were examined. In most of the tasks, there was an effect
of scopolamine on performance. However, the degree
to which this effect was related to working memory
and other cognitive and noncognitive functions varied.
Changes in attention and/or psychomotor control (i.e.
ability to coordinate timely and appropriate responses to
stimuli) occurred at low doses, long before any measurable
working memory disruption was found.
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Methods

Subjects

All rats were singly housed males, maintained on
scheduled feedings of 15-20g per day of standard
rat chow (Noyes Formula A/I; Research Diets,
New Brunswick, New Jersey, USA). Study 1 used
Long-Evans Hooded (LLE) rats (Harlan Sprague Dawley
Inc., Indianapolis, Indiana, USA), which were 3 months
old (335 *2.2g) at the start of testing and 10 months
old (392 £3.5g, n=42) at study completion. Study 2
used naive LE rats (Harlan Sprague Dawley Inc.), which
were 9 months old (447 = 4.0 g, » = 53). Studies 3 and 4
started training with a group of 75 naive Sprague—Dawley
(SD) rats (Harlan Sprague Dawley Inc.), which were
11 months old (423%=1.9g). Study 5 used 32 rats
(452 £3.0g) seclected from the SD rats completing
Study 4. All experimental procedures were reviewed
and approved by the Bristol-Myers Squibb Institutional
Animal Care and Use Committee and conducted in an
Association for Accreditation of Laboratory Animal Care
accredited facility, in compliance with the Guide for
the Care and Use of Laboratory Animals (National
Research Council, 2003).

Study 1: behavioral battery

Study 1 was a behavioral battery of fixed ratio 5 (FRS),
DNMTP, MWM, and RAM to compare the sensitivity to
low doses of scopolamine of these tasks. In each task,
after the animals were trained to asymptote and scores
were stable for 3 days, 2 weeks of drug testing was continued.
During testing, each rat received an intraperitoneal injec-
tion (1ml/kg) of saline or one of five scopolamine
doses 20min before the daily test procedure, using
a within-subject, counterbalanced Latin square design
(Fig. 1). This was repeated using a different dose order
the next week. The 20-min pretest injection interval
was chosen because the plasma half-life of scopolamine is
approximately 20 min (Lyeth ez @/, 1992). To control for
order effects, rats were divided into two subgroups: one

subgroup received the radial maze before the water maze
and vice versa for another. Animals also received the
DNMTP both before and after the FR5 task. The
repetition of the DNMTP and FRS5 tasks allowed for
examinations of possible drug sensitization/tolerance,
and overtraining effects.

Morris water maze

MWM testing was conducted in a 1.5-m diameter x 0.6-m
depth black polyvinyl water tank, located off center in a
large [length (L) 6.1 x width (W) 6.1 x height (H) 2.6 m]
well-lit room (260 lux) containing many stable extra-maze
cues. The tank contained a black hidden escape platform
(14.5cm diameter) submerged 1.0 cm below the water
surface. The water was 45cm deep and 22 = 1°C. Data
were collected using an EthoVision video tracking system
(version 2.0; Noldus Information Technology Inc.,
Leesburg, Virginia, USA). Rats were initially trained with
four trials per day for 5 days, with the submerged platform
fixed in the center of one quadrant. This was followed by
a repeated-acquisition task where the platform location
was changed daily, but kept at least 15 cm from the wall.
Start points were also varied for each trial, all at least
45 cm from the platform. Within a given day, the platform
location remained fixed; rats were given three trials with
the platform submerged and a fourth with the platform
visible. This was repeated for 3 days after which drug
testing was conducted. Training scores were stable over
these 3 days. The information trial was the rat’s first swim
trial of the day: the rat was required to find the new
placement of the submerged platform. Working memory
trials were the second and third swim trials of the day:
the rat used the information gained in the first swim
trial to find the submerged platform.

In each trial, rats were placed in the tank facing the wall,
and allowed to swim until they found the platform. If the
rat did not find the platform in 1 min, it was placed on the
platform by the experimenter. Rats were given 10's to stay
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Experimental design for Study 1. The animals were given a battery of tests. To control for order effects, half the animals received the water maze
before the radial maze. Animals also received the delayed non-matched to position (DNMTP) both before and after the fixed ratio 5 (FR5) task.
The repetition of the DNMTP and FR5 tasks also allowed for examinations of possible drug sensitization/tolerance, and overtraining effects.
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on the platform, and a 10 min intertrial interval. Cumulative
error (Gallagher ¢ @, 1993), the sum of the mean distance
(cm) from the platform for each second (sampled at 6 Hz)
was recorded.

Radial arm maze

The eight radial maze arms (L. 73.7 x W 8.9 x H 10.8 cm;
Coulbourn Instruments, Allentown, Pennsylvania, USA)
extended from a central hub, were placed on a circular
table 90 cm above the floor in a small (L 2.7 xW 2.7 x H
2.6m), dimly lit (40lux) room. A 45mg food pellet
(Noyes Formula A/I; Research Diets) was used to bait
a maze arm. Rats were tested on the RAM with
four ‘once-baited’ dark arms (dark drop pans) to test
spatial-working memory; alternating with four ‘never-baited’
white arms (white drop pans) to test cued-reference
memory (Oler and Markus, 1998; Ward e7 4/, 1999). In
this version of the RAM, aged and hippocampal-lesioned
animals only perform well on the cued-reference task
(Oler and Markus, 1998; Ward ¢ @/., 1999). Each rat was
placed in the central hub for 10s, the hub doors were
opened, and it remained in the maze until all four baited
arms were visited or 10min elapsed. Entry into
a previously visited baited arm was scored as a spatial-
working memory error; and entry into a never-baited arm
scored as a cued-reference memory error (Beninger ¢z a/.,
1986). Training continued to asymptote. After the rats
showed 3 days of three or more consecutive correct
working memory choices, drug testing was conducted.

Operant conditioning chambers

The FR5, DNMTP, and food pellet consumption studies
were conducted in 16 operant conditioning chambers
(model # H10-11R-T'C; Coulbourn Instruments). Each
operant conditioning chamber was enclosed in a sound
and light-attenuating box (with vent fan). Two retractable
levers were located on the outer bays of one wall with
a house light located at the top of the central bay. The
food magazine was located on the central bay of the
opposite wall. Free access to water was provided during all
sessions. Data were collected using Coulbourn Instruments
Graphics States I software (version 1.014-00; Coulbourn
Instruments).

Fixed ratio 5

During the FRS training, rats were presented with
a single lever and every fifth lever press was reinforced
by the delivery of a food pellet (45mg food
pellet = 0.142 kcal; Noyes Formula A/I; Research Diets).
After every 50 presses, the side on which the lever was
presented alternated. Rats were given one daily session
lasting for 20 min or until 15g of food were delivered,
and the number of lever presses was recorded. No rat
achieved 15g of food reward in a 20 min session. Rats
were trained until bar pressing reached asymptote and
was stable over 3 days.
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Delayed non-matching to position

For the DNMTP, ecither the right or left lever was
presented, and retracted as soon as it was pressed.
A retention delay followed (0, 4, 8, or 12, in pseudo-
random order) at the end of which the rat had to poke its
nose into a food bin on the other side of the operant
conditioning chamber, after which both levers were
presented. (For the pseudo-random order, listed delays
were randomized into a sequence, which was completed
before another randomized sequence began.) The rat was
rewarded with a 45 mg pellet for choosing the lever that
had not been presented (non-match). After the rat
pressed one of the choice levers, both levers were
retracted for 5s and the house light turned off. To
prevent side biases, incorrect trials were followed by
a trial on the same side until a correct choice was made.
"Training continued until rats reached 85% correct choices
at each delay value and was stable over 3 days.

Study 2: dry food consumption

Rats were placed in an operant conditioning chamber and
five food pellets were dropped into the food trough. As
soon as the pellets were eaten, another five pellets were
dropped into the food trough. This continued until
50 pellets had been eaten or 30 min passed. Each rat
received a single injection of scopolamine (0, 0.005, 0.01,
0.03, 0.05, and 0.10mg/kg; =38, 9, 8, 9, 9, and 7,
respectively) 20 min before testing.

Study 3: FR5 and DNMTP - scopolamine versus
methyl-scopolamine and liquid reward versus

dry food reward

In Study 3, experiments were conducted to compare
performance with a liquid reward versus a dry food
reward, 30min after receiving scopolamine or methyl-
scopolamine. For the DNMTP task, doses of 0.0, 0.025,
and 0.20 mg/kg were used with dry food reward, and 0.0,
0.1, and 0.2 mg/kg with liquid reward. For FR5, doses of
0.0, 0.1, 0.2, and 0.4 mg/kg were used with both reward
types. In these studies, eight of the 16 operant
conditioning chambers had the pellet feeders replaced
with liquid dippers (model # H14-05R; Coulbourn
Instruments). The liquid reward was 0.6 ml of 50:50
sweetened condensed milk and water (0.144 kcal). The
rats were divided into two subgroups, those receiving
a liquid reward (» =30) and those receiving a dry food
reward (7 = 25).

Study 4: 5-choice serial reaction time test

The 5-choice serial reaction time test (CSRTT) was carried
out in specially designed operant conditioning chambers
(model # H10-11R-T'C; Coulbourn Instruments), consist-
ing of five response holes and a food magazine on the
opposite wall. Rats were trained (100 trials/day) to nose
poke into the illuminated (100 lux) response hole, which
was randomly presented among the five locations, to
receive food pellets, with progressively shorter light/cue
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durations, until the 2-s cue duration was reached. The
rationale for this relatively easy attention task was to
show a scopolamine-induced deficit. During testing, rats
were allowed a 5-s limited hold after the end of the cue
to respond. If the animal did not respond within the
limited hold, it was recorded as an ‘omitted’ trial. Incorrect
responses were followed by 5s timeout with house lights
on. The rats were divided into five groups (0.0, 0.05, 0.1,
0.2, and 0.4 mg/kg; » =6, 7, 6, 7, and 6, respectively), and
injected with scopolamine 30 min before testing.

Drugs

Scopolamine hydrobromide and scopolamine methyl
bromide (methyl-scopolamine; both from Sigma,
St. Louis, Missouri, USA) were dissolved in isotonic
saline in free base equivalents. Drug solutions were
prepared fresh each day. Vehicle used was isotonic saline.
All injections were intraperitoneal at 1 ml/kg. Given the
wide array of reported central effects for scopolamine,
rather than injecting drug into a specific brain region
a systemic injection was used.

Data analyses

Data are presented in the text and all figures as
mean + SEM. Statistical analyses were performed with
SAS-PC (version 8.02). Analyses of variance (ANOVAs)
were conducted using the procedures for general linear
models, with options for repeated measures where
appropriate (SAS Institute Inc., 1999). One-way ANOVAs
were used for Studies 2 and 4, and factorial analyses were
used for Studies 1 and 3 (for details, see below).

Omega squared (®%) is a measure of effect size and is
relatively unaffected by sample size (Cohen, 1988); it
represents the proportion of total variance accounted for
by an effect (Dodd and Schultz, 1973). The o values of
less than 0.06 are considered small, 0.06-0.15 are
considered medium sized, and greater than 0.15 large
(Cohen, 1988). Effect sizes for comparison across tasks
were calculated using the standardized mean difference
between a treatment group and a control group in terms
of a unit-free outcome variable, ‘@ or Cohen’s & (Glass
et al., 1981; Cohen, 1988). Cohen’s # estimates were
adjusted taking into account sample size (Hedges and
Olkin, 1985).

In Study 1, cumulative error swim distances in the
MWM, for the first or ‘information’ trial, the average of
the second and third trials, and the fourth trial (visible
platform) were analyzed usinga 6 x 2 x 2 ANOVA, with
the within-group factors scopolamine dose (five doses
plus saline) and test period (two dosing regimes) and the
between-group factor, subgroup (two groups, tested in
the order MWM-RAM or RAM-MWM). The same analysis
was used for spatial-working memory, cued-reference
memory, total arm entries, and latency per arm in the

RAM. For the DMTP, the percentage of correct choices,
sample latency, total latency, and number of completed
trials were analyzed using a 6 x 4 x 4 x 2 ANOVA, with
the within-group factors dose (0, 0.01, 0.03, 0.05, 0.10 and
0.30 mg/kg), retention delays (0, 4, 8 and 12s), and
test period, and the between-group factor, subgroup
(as described above). Bar presses at FR5 were analyzed in
a 6 x 4x 2 ANOVA, with the within-group factors dose
(0.005, 0.01, 0.03, 0.05, and 0.10 mg/kg) plus saline
and test period, and the between-group factor, subgroup
(as described above).

In the first part of Study 3, lever presses were analyzed in
a 2x 4 ANOVA with the between-group factor reward
type (liquid vs. dry food) and the within-group factor,
dose of either scopolamine or methyl-scopolamine
(saline, 0.1, 0.2, and 0.4 mg/kg). In the second part of
Study 3, the percentage of correct choices for liquid
reward was analyzed in a 5 x 5 ANOVA with the within-
group factors of treatment (saline, 0.1 and 0.2 mg/kg
methyl-scopolamine, and 0.1 and 0.2 mg/kg scopolamine)
and retention delays (0, 2, 4, 8, and 12s). The same
analysis was used for the percentage of correct choices for
dry food reward, except that the drug doses were saline,
0.025 and 0.2 mg/kg. Sample latency and total latency
were analyzed using a 2 x 3 ANOVA, with the between-
group factor reward group (liquid vs. dry chow) and the
within-group factor, scopolamine dose (saline, 0.2 mg/kg
methyl-scopolamine, and 0.2 mg/kg scopolamine).

Results

Study 1: behavioral battery

Morris water maze

The ANOVA failed to detect a significant main effect of
scopolamine dose on measures of cumulative error during
the ‘information trial’ [F(5,200) = 1.48, NS, ®?=0.01;
Fig. 2a]. With repeated testing, there was a reduction in
cumulative error from the first to second test period,
indicating an improved initial search strategy with
experience; however, this accounted for a small portion
of variance in cumulative error distance measures
[F(1,40) = 13.39, P < 0.01, ®*> = 0.03]. The subgroup by
test period interaction was significant, but accounted for
a small proportion of variance [£(1,40) =17.3, P<0.01,
®”<0.01]. Given that the test period and subgroup,
although significant, had very little impact on behavior,
Fig. 2 shows the overall effects of scopolamine dose on
cumulative error distances.

For the two working memory trials, there was a significant
main effect for scopolamine dose, but it only accounted
for a small proportion of variance in the cumulative error
distance measure [F(5,200) = 2.27, P = 0.049, ®* = 0.03;
Fig. 2b]. With repeated testing, cumulative error distance
improved, which resulted in a significant main effect for
test period that accounted for a large portion of variance
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(@) (b) Spatial learning () (d) Swim speed
Information first trial second and third trials Cued fourth trial second and third trials
4000 4000 40
7000
35
6000
3000 — 3000 30
g 5000 =
= 2 25
S L
® 4000 - o
2 2000 ;J_\%I 2000 3 20___,/‘&'«
Lé 3000 §/ g
= 3 15
S ()
O -
2000 1000 1000 10
1000 5
0 T T T T T T o T T T T T T O T T T T T Q; O T T T
QDL AL AN D QH NN D QD O N? QDN D AN o
090 L O 090 TSNS 090 S R 090 QO o

Scopolamine (mg/kg i.p.)

Scopolamine effects on different aspects of the Morris water maze task (Study 1). (a) Information trial — platform placed in a novel location. There
was no significant effect of scopolamine on cumulative search error. (b) Spatial working memory trials — after finding the platform in the first trial, rats
were better at finding the platform in the two subsequent trials. Planned comparisons with saline control showed a significant disruption of
performance only at 0.10 and 0.30 mg/kg doses [F(1,40)=4.76, P<0.05 and F(1,40)=6.19, P<0.02, respectively]. (c) Visible platform trial — in
the fourth trial, the platform was visible and placed in a new location. There was no effect of scopolamine on cumulative search errors, or (d) swim
speed. Values are expressed as mean*SEM; *P<0.05 versus control. There were also significant effects of test period and subgroup; however,
their effect sizes were small (not shown in the figure, see text). i.p., intraperitoneal.

in cumulative error distance measures [F(1,40) = 15.28,
P<0.01, c02=0.12]. However, the effects of different
doses of scopolamine did not change with repeated
testing (NS). Cumulative error swim distances during
the fourth trial, to the visible platform, showed no sig-
nificant effect of scopolamine dose [#(5,200) = 0.55, NS,
o® < 0.01; Fig. 2c]. No significant effect of scopolamine
dose was detected for the average swim speed of the
second and third trials (Fig. 2d). The doses of
scopolamine used were well below doses that induce
thigmotaxis, and no rats in this study showed thigmotaxis.

Radial arm maze

Correct entries until the first spatial-working memory
error (Fig. 3a) were affected by scopolamine dose, but
this accounted for only a small proportion of variance
[F(5,200) = 2.39, P=0.04, ®* = 0.03]. There was also a
significant main effect of subgroup, which did not account
for a large proportion of variance [F(5,200) =4.09,
P=0.05, ®* =0.05]. Correct entries until the first
cued-reference memory error (Fig. 3b) were not affected
by scopolamine dose (NS, ®> <0.06). There was a
significant effect of test period, which accounted for

a large proportion of variance in the cued-reference
memory measure [F(5,200) = 28.44, P < 0.01, o* = 0.30].
Thus, with repeated testing, the rats improved their
cued-reference memory performance. Total arm entries
(Fig. 3c) were not affected by scopolamine dose (NS,
©*<0.06). Arm entries per minute (Fig. 3d) were
affected by dose and accounted for a large proportion of
variance [£(5,200) = 16.89, P < 0.01, ®* = 0.25]. None of
the other factors or interactions in the analysis was
significant (P > 0.10) or accounted for any substantial
proportion of variance (®* < 0.06).

Delayed non-matching to position

The percentage of correct choices was affected by
dose, which accounted for a large proportion of the
variance [F(5,170) = 29.48, P < 0.01, ®° = 0.30; Fig. 4a].
There was also a significant effect of retention delay,
which accounted for a large proportion of variance
[F(3,102) = 32.23, P<0.01, ®* =0.15]. With repeated
testing, the percentage of correct choices increased but
this effect accounted for only a small portion of the
variance [F(3,102) = 6.36, P < 0.01, ®> = 0.04]. The effects
of dose changed with retention delays, resulting in a
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Fig. 3
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Scopolamine effects on different aspects of the radial arm maze task (Study 1). (a) Correct arm entries until the first working memory error. Planned
comparisons with saline control showed that spatial working memory was disrupted at a 0.3 mg/kg scopolamine dose [F(1,40)=11.17, P<0.01].
(b) The correct arm entries until the first cued reference memory error were as unaffected by scopolamine. (c) The total number of arm entries was
unaffected by scopolamine. (d) The rate of arm entries (number of entries/min) showed, by planned comparisons with saline control, a scopolamine-
induced disruption at 0.1 and 0.3 mg/kg [F(1,40)=20.33, P<0.01 and F(1,40)=40.61, P<0.01, respectivelyl. Values are expressed as

mean £ SEM; *P<0.05 versus control. i.p., intraperitoneal.

significant dose by delay interaction [F(15,525) = 3.48,
P<0.01, ® =0.02]. The small ®* value implies this
interaction, although significant, had only a little impact
on behavior.

Sample latency (time taken to press the target lever
at the beginning of each trial) was affected by dose,
which accounted for a large proportion of variance
[F(5,185) = 47.25, P<0.01, o*=0.40; Fig. 4b]. Total
latency (time from when the rat pressed the sample lever
to when it pressed a choice lever) was also affected by
dose, which accounted for a moderate proportion of
variance [F(5,190) = 4.21, P <0.01, o*=0.06; Fig. 4c].
There was also a significant effect of repeated testing,
but this accounted for only a small portion of variance in
total latency [F(3,114) = 2.70, P = 0.05, ®> =0.03]. The
number of completed trials was affected by dose,
which accounted for a large proportion of the variance
[£(5,190) = 10.87, P <0.01, o* = 0.34; Fig. 4d]. There
was also a significant effect of repeated testing, which
accounted for a large portion of the variance in the number
of completed trials [F(3,111) = 14.23, P < 0.01, o =0.28].

Fixed ratio 5

The number of bar presses was significantly affected
by dose and accounted for a large proportion of the
variance [F(5,200) = 99.98, P < 0.01, o* = 0.47; Fig. 5a].
Repeated testing increased bar pressing and accounted
for a large portion of the variance [F(3,120) =42.24,
P <0.01, ®=0.42]. The effects of different doses of
scopolamine on bar pressing changed over time, result-
ing in a significant dose by test period interaction
[F(15,600) =2.79, P<0.01], but this interaction was
small (®*=0.02). None of the other factors in the
analysis was significant (NS) or accounted for any
substantial proportion of variance (©” < 0.06). Given that
the dose by test period interaction, although significant,
had very little impact on behavior, Fig. 5a shows the
overall effects of scopolamine doses on bar pressing.

"To determine any change in bar pressing over the 20-min
trial, FR5 data were broken down into bar presses per
two 10-min bins and analyzed in a 6 x 2 mixed ANOVA,
with the within-group factors scopolamine dose (0.005,
0.01, 0.03, 0.05, and 0.10 mg/kg) plus saline and time
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Fig. 4
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Scopolamine effects on different aspects of the delayed non-matching to position task (Study 1). (a) The percentage of correct non-match responses
showed a significant scopolamine-induced disruption of working memory. At the zero retention delay, only the highest dose (0.3 mg/kg) was
significantly different from saline showing a delay independent of disruption. Planned comparisons with saline control showed a significant disruption
of performance at 0.10 and 0.30 mg/kg [F(1,34)=13.82, P<0.01 and F(1,34)=39.34, P<0.01, respectively] across the retention delays. For
clarity, significant differences from control are not shown. (b) Sample latencies: time from sample lever presentation until it was pressed increased
with a relatively low dose of scopolamine (0.05 mg/kg). Planned comparisons with saline control showed a significant disruption of performance at
0.05, 0.10, and 0.30 mg/kg [F(1,38)=6.38, P<0.02, F(1,38) =23.61, P<0.01, and F(1,38) =13.24, P<0.01, respectively]. (c) Total latency, time
from sample lever pressed to pressing a choice lever, was disrupted only at the highest scopolamine dose (0.30 mg/kg). Planned comparisons with
saline control showed a significant disruption of performance at 0.30 mg/kg [F(1,38)=4.21, P<0.05]. (d) Total trials completed (regardless if
correct) showed a scopolamine-induced disruption already with the relatively low dose of 0.05 mg/kg. Planned comparisons with saline control

showed a significant disruption of performance at 0.05, 0.10, and 0.30 mg/kg [F(1,37)=23.33, P<0.02, F(1,37)=28.65, P<0.01, and
F(1,37)="72.01, P<0.01 respectively]. Values are expressed as mean £ SEM; *P<0.05 versus control. i.p., intraperitoneal.

(two 10-min time bins). Both dose [F(5,1002) = 7.54,
P <0.01] and time bin [/(1,1002) = 160.32, P < 0.01]
significantly affected the performance, but there was no
significant dose by time bin interaction (P > 0.10). At all
six doses, more bar presses were seen in the first 10 min
than for the second 10-min period.

Study 2: dry food consumption

Scopolamine, in humans, is known to cause ‘dry mouth’
and may reduce salivation in the rat through the M3
receptors prevalent in the salivary glands. The FRS
results might be explained by scopolamine-induced ‘dry
mouth’ reducing the rat’s ability to consume dry food
pellets. Therefore, an additional group of rats was given
the dry food consumption test to determine whether
there was any scopolamine-induced impairment in their
ability to consume dry food (Fig. 5b). The saline control
condition rats consumed approximately 40 pellets in
30 min. At 0.01-0.1 mg/kg scopolamine doses, rats were
only consuming approximately 15 pellets in 30 min. A

significant treatment effect was observed for total food
pellets consumed [F£(5,45) = 6.16, P < 0.01].

The dry food consumption task showed a dose-related
impairment on the ability to consume dry food from 0 to
0.01 mg/kg scopolamine, but no additional effect was seen
at the higher doses (Fig. 5b). These results show that at
higher doses, ability and motivation to consume dry food
remain constant. If ability and motivation to consume dry
food remain constant, then scopolamine in the FRS5 task
must be affecting another factor, possibly psychomotor
ability. In the FRS task (Fig. 5a), changes in the ability to
consume dry food likely influenced bar pressing, but the
dose-related decrease in bar pressing could not be explained.

Study 3: FR5 and DNMTP - scopolamine versus
methyl-scopolamine and liquid reward versus

dry food reward

Rats were tested on the FRS5 using liquid reward and dry
food rewards and two types of scopolamine (Fig. 6). With
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Scopolamine effects on tasks involving the consumption of a large
amount of dry food reward. (a) The fixed ratio 5 (FR5) task (Study 1):
a 0.1 mg/kg dose of scopolamine reduced total bar presses from

a baseline of approximately 550 presses (110 pellets) to approximately
325 (65 pellets). A significant scopolamine-induced disruption was
found at a low dose of 0.005 mg/kg. Planned comparisons with saline
control showed a significant disruption of performance at the 0.005,
0.010, 0.03, 0.05, and 0.10 mg/kg [F(1,40)=6.25, P<0.02,
F(1,40)=29.17, P<0.01, F(1,40)=82.73, P<0.01, F(1,40)=222.19,
P<0.01, and F(1,40)=256.27, P<0.01, respectively]. There was also
a significant dose by test period interaction; however, the effect size
was small (not shown in the figure, see text). (b) Dry food consumption
(Study 2): the control study measured the effects of scopolamine on the
ability to eat multiple reward pellets. The number of pellets consumed
during a 30-min session was reduced from approximately 40 pellets
(eight bins) to 15 pellets (three bins). Least significant difference
post-hoc comparisons showed that a dose of 0.01 mg/kg was
sufficient to significantly disrupt the rat's ability to eat multiple pellets.
Values are expressed as mean + SEM; *P<0.05 versus control.

i.p., intraperitoneal.

scopolamine, there was only a trend toward significance
for reward type, which accounted for only a small
proportion of wvariance [F£(1,53) =3.72, P =0.059,
©”=0.02]. There was a significant main effect of
scopolamine, which accounted for a large proportion of
variance in total lever presses [F(1,159) =55.47,
P<0.01, ®*=0.46]. With methyl-scopolamine, there
was a significant main effect for reward type, which
accounted for a large proportion of variance
[F(1,53) =49.49, P <0.01, ®* =0.79], and a significant
main effect of methyl-scopolamine, which accounted for
a moderate proportion of variance in total lever presses
[F(1,159) =10.39, P<0.01, ®°=0.10]. There was also
a significant methyl-scopolamine by reward-type inter-
action, which accounted for a small proportion of variance
[F(1,159) =547, P<0.01, ©°=0.05]. Although an
increase in lever pressing was seen with liquid reward

FR5 pellet vs. liquid reward
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Central versus peripheral scopolamine effects. In the fixed ratio 5 (FR5)
task (Study 8), scopolamine at all doses used significantly (P<0.05 vs.
control) reduced total bar presses in both liquid and dry reward groups.
In the liquid reward group, planned comparisons with saline control
showed that 0.1, 0.2, and 0.4 mg/kg scopolamine treatment decreased
total lever presses [F(1,29)=110.46, P<0.01, F(1,29)=52.46,
P<0.01, and F(1,29)=50.70, P<0.01, respectivelyl. In the dry chow
reward group, planned comparisons with saline control showed

that 0.1, 0.2, and 0.4 mg/kg scopolamine treatment decreased total
lever presses [F(1,24)=37.37, P<0.01, F(1,24)=38.30, P<0.01,
and F(1,24)=29.23, P<0.01, respectively]. Methyl-scopolamine
significantly reduced bar pressing at all doses used in the dry food
reward group, but had no effect in the liquid reward group. In the
liquid reward group, planned comparisons with saline control showed
that methyl-scopolamine treatments were not significantly different.

In the dry chow reward group, planned comparisons with saline
control showed that 0.1, 0.2, and 0.4 mg/kg methyl-scopolamine
treatment decreased total lever presses [F(1,24)=21.38, P<0.01,
F(1,24)=19.73, P<0.01, and F(1,24)=36.51, P<0.01, respectively].
For clarity, significant differences from control are not shown. Values
are expressed as mean+ SEM.
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Central versus peripheral scopolamine effects — the delayed non-matching to position task (Study 3). (a) The percentage of correct non-match
responses for liquid reward showed a significant scopolamine treatment effect (P<0.05). Planned comparisons with saline control showed that
0.1 mg/kg scopolamine treatment reduced the percentage of correct choices [F(1,21)=4.05, P=0.06], as did 0.2 mg/kg scopolamine group
[F(1,21)=9.01, P<0.01], whereas the two methyl-scopolamine doses did not differ from control. The effect was delay-independent. (b) Total
completed trials for liquid reward: planned comparisons with saline control again showed that both doses of scopolamine reduced the number of
completed trials [F(1,21)=17.95, P<0.01, and F(1,21)=13.77, P<0.01, for 0.1 and 0.2 mg/kg, respectively]. The two methyl-scopolamine doses
did not differ from control. (c) Total rewards gained for liquid reward: planned comparisons with saline control showed that both doses of
scopolamine reduced the number of rewards gained [F(1,21)=17.54, P<0.01 and F(1,21)=13.72, P<0.01, respectively]. The two methyl-
scopolamine doses did not differ from control. (d) The percentage of correct non-match responses for dry food reward: planned comparisons with
saline control showed that only 0.2 mg/kg of scopolamine treatment reduced the percentage of correct choices [F(1,24)=9.60, P<0.01]; none of
the other treatments had significant effects. (e) Total completed trials for dry food reward: planned comparisons with saline control also showed that
0.2 mg/kg scopolamine and 0.2 mg/kg methyl-scopolamine both reduced the number of completed trials [F(1,24)=17.18, P<0.01 and

F(1,24) =25.84, P<0.01, for scopolamine and methyl scopolamine, respectively]. None of the other treatments had significant effects. (f) Total
rewards gained for dry food reward: planned comparisons with saline control showed that 0.2 mg/kg scopolamine and 0.2 mg/kg methyl-
scopolamine both reduced total rewards gained [F(1,24) =19.34, P<0.01 and F(1,24) =28.93, P<0.01, for scopolamine and methyl-scopolamine,
respectively]. None of the other treatments had significant effects. Values are expressed as mean+ SEM; *P<0.05 versus control. Me, methyl;
Scop, scopolamine.
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Central versus peripheral scopolamine effects — the delayed non-
matching to position task latencies (Study 3). (a) Sample latency: in the
liquid reward group, planned comparisons with saline control showed
that the 0.2 mg/kg scopolamine treatment increased sample latencies
[F(1,21)=5.05, P=0.04], but 0.2 mg/kg methyl-scopolamine did not.
In the dry chow reward group, planned comparisons with saline control
indicated that both scopolamine and methyl-scopolamine increased
sample latencies [F(1,24)=10.25, P<0.01 and F(1,24)=13.80,
P<0.01, respectively]l. Methyl-scopolamine affected latency under dry
but not liquid reward conditions. (b) Total latency: in the liquid reward
group, planned comparisons with saline control showed that 0.2 mg/kg
scopolamine treatment increased total latencies [F(1,21)=6.93,
P=0.02], but 0.2 mg/kg methyl-scopolamine did not. In the dry chow
reward group, planned comparisons with saline control showed that
0.2 mg/kg scopolamine treatment increased total latencies
[F(1,24)=6.49, P=0.02], but 0.2 mg/kg methyl-scopolamine did not.
Methyl-scopolamine had no effect in either reward condition. For clarity,
significant differences from control are not shown. Values are
expressed as mean £ SEM. i.p., intraperitoneal.

versus dry food reward, scopolamine caused disruption
with liquid reward, but methyl-scopolamine did not.

To further examine the peripheral effects of scopolamine,
rats were tested on DNMTP using liquid reward and
dry food reward and two types of scopolamine. The
percentage of correct choices for liquid reward was
affected by treatment, which accounted for a moderate
proportion of the variance [F(4,84) =4.82, P<0.01,
®”=0.07; Fig. 7a]. There was a significant main effect
for retention delays, which accounted for a large
proportion of variance in the percentage of correct
choices [F(4,84) =39.02, P<0.01, ®°=0.54]. The
number of completed trials and the number of rewards
gained were analyzed using a one-way ANOVA. There

was a significant main effect of treatment on number of
completed trials, which accounted for a large proportion
of variance [F(4,84) = 8.33, P < 0.01, ®* = 0.25; Fig. 7b],
and similarly, a significant main effect of treatment on
the number of rewards gained , which accounted for a
large proportion of variance [F(4,84) =8.43, P<0.01,
o® = 0.25; Fig. 7c].

The percentage of correct choices for dry food reward
was significantly affected by treatment, which accounted
for a large proportion of the variance in the percentage of
correct responses [F(4,96) =8.33, P<0.01, o’ =0.12;
Fig. 7d]. The main effect for retention delays was
statistically significant and also accounted for a large
proportion of variance in the percentage of correct choices
[F(4,96) = 33.87, P<0.01, ®® = 0.47]. There was also a
significant effect of treatment on number of completed
trials, which accounted for a large proportion of the
variance [F(4,96) = 11.76, P<0.01, o*=0.30; Fig. 7e].
The effect of treatment on number of rewards gained
was also significant and accounted for a large proportion of
the variance [F(4,96) = 13.68, P < 0.01, ®* = 0.33; Fig. 7f].

In the liquid reward group, there was a significant main
effect of scopolamine dose on sample latency (latency to
respond to sample lever) (Fig. 8a), which accounted for a
large proportion of variance in latency to respond to the
sample lever [F(1,42) = 5.92, P=0.01, ®® = 0.18]. In the
dry chow reward group, the main effect of scopolamine
dose was also significant and accounted for a large
proportion of variance in the latency to respond to the
sample lever [F(1,48) = 6.35, P < 0.01, ®* = 0.17].

In the liquid reward group, there was a significant effect
of dose on total latency (from pressing the sample lever
to responding to target levers) (Fig. 8b), which ac-
counted for a large proportion of variance in total latency
[F(1,42) = 4.54, P=0.02, ®® =0.14]. In the dry chow
reward group, there was also a significant effect of dose,
which accounted for a large proportion of variance in total
latency [F(1,48) = 5.64, P=0.01, o* = 0.15].

Study 4: 5-choice serial reaction time test

Rats from Study 3 were tested on a 5-CSRTT task to
measure scopolamine effects on visuo-spatial attentional
performance. All measures were analyzed by ANOVA
with treatment as the main factor (Fig. 9). There was a
significant effect of treatment on the percentage of
omissions [F(4,31) = 7.41, P <0.01; Fig. 9a]. There was
no significant effect of scopolamine treatment on the
percentage of correct responses [£(4,31) =1.22, P> 0.10;
Fig. 9b], or latencies to respond during completed trials
[£(4,30) = 2.42, P=0.07; Fig. 9c].

Discussion
In this study, we examined a well-documented cognitive
effect of scopolamine, impairment of ‘working memory’.
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Scopolamine effects on different aspects of the 5-choice serial reaction time test task (Study 4). (a) Percentage of omissions. Planned comparisons
with saline control showed that 0.1, 0.2, 0.3, and 0.4 mg/kg scopolamine increased the percentage of omissions [F(1,31)=5.6, P<0.05;
F(1,31)=13.19, P<0.01; F(1,31)=26.74, P<0.01; and F(1,31)=12.36, P<0.01, respectively]. Scopolamine increased the percentage of trials
omitted. For trials in which the animals responded, there was no effect of scopolamine treatment on (b) the percentage of correct responses and
(c) latencies to respond. Values are expressed as mean+ SEM; *P<0.05 versus control.

Given the ubiquitous nature of acetylcholine, interfering
with the cholinergic system is likely, not only influencing
mnemonic processes but also many other facets of
behavior. To distinguish among the different effects of
scopolamine, we examined how similar low drug doses
impact performance on tasks that differ in their non-
mnemonic demands. A single group of animals was given
tasks that ranged from one thought to have little
cognitive demand (i.e. FR5) to those based more on
attention and spatial working memory (i.c. RAM, MWM).
Scopolamine was shown to disrupt all working memory
measures but not reference memory measures. In most
tasks, there was also an effect of scopolamine on motor
function measures (decreased bar pressing rate and
radial maze speed). Control experiments, using different
groups of animals, examined possible confounding factors,
such as reward type and scopolamine’s central versus
peripheral effects. Testing the same animals on an array
of tasks allowed for a better assessment of drug effects
than using a single task. However, repeated testing could
introduce confounds, such as carryover effects from one
task to the next or the development of tolerance/
sensitization.

Effect of repeated testing

Rats were well trained before drug testing, and a Latin
square design was used for each task to control
for treatment and individual differences. Despite the
pretraining, there was improved performance with
repeated testing on some aspects of the tasks. Specifi-
cally, some MWM and DNMTP cognitive measures, as
well as the FRS total presses and MWM swim speed,
showed improved performance with repeated testing.
Importantly, besides a small interaction with FRS5 bar
presses (0 < 0.06) the improved performance did not
interact with scopolamine treatment.

Tolerance and test order

Animals can, over multiple injections, develop tolerance
or sensitivity to the test drug (Timmons and Hamilton,
1990b). Comparing the FR5 and DNMTP task results
at the beginning and end of the test battery, the
treatment by test period interactions were small
(®% < 0.06), indicating no development of tolerance
or sensitization. The use of very-low scopolamine doses
and the fact that injections were spread out over a
6-month period were likely factors in avoiding drug
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Effect size comparisons across tasks. Effect size calculations used summary statistics (n, means, and standard deviations). The effect size is the
standardized mean difference between a treatment group and a control group in terms of a unit-free outcome variable, ‘d’ (Glass et al., 1981; Cohen,
1988). Effect size estimates were adjusted taking into account sample size (Hedges and Olkin, 1985). The working memory (WM) measures in the
Long—Evans Hooded (LE) rats showed the ability of scopolamine to disrupt WM. In the Sprague—Dawley (SD) rats, the WM measure for the Morris water
maze (MWM) was similar to that seen in the LE rats. Furthermore, the delayed non-matching to position (DNMTP) WM measures with scopolamine and
methyl-scopolamine (which does not cross blood-brain barrier) showed that the WM disruption is of central origin. In both LE and SD rats, the WM
disruption was not as robust as that seen in the motor measures. MWM swim speed in both LE and SD was unaffected by scopolamine, but the other
motor measures showed robust scopolamine effects. The effects of scopolamine and methyl-scopolamine showed that though there were peripheral
scopolamine effects when dry reward pellets were used, there was a strong central effect on the motor measures. Methyl-scopolamine did not affect
motor measures when a liquid reward was used but scopolamine did. Overall, the effect sizes show a stronger scopolamine effect on motor measures
than on WM measures. HBr, scopolamine hydrobromide; Me, methyl-scopolamine, both dosed in free base equivalents.

tolerance and sensitivity issues (Park e 4/, 2000;
Ortega-Alvaro et al., 2005). Another potential effect
of repeated testing is that experience with one task
may affect the performance in the subsequent
task (Burghardt ez 4/, 2004). The behavioral battery
design allowed for the examination of two different
carryover effects. First, the sequence of FR5 and
DNMTP was reversed, and second, half of the animals
were given the MWM before the RAM, and this sequence
was reversed for the second group. Besides a weak
(®% < 0.06) effect on correct entries until first spatial
working memory error in the RAM, there were no other
order effects found, and no interactions of task order
with scopolamine dose.

Central versus peripheral effects

Systemic injections of scopolamine can have both central
and peripheral effects. The control studies showed that
there was a central effect of scopolamine on psychomotor
control and scopolamine disruption of working memory
was not related to peripheral effects of scopolamine. The
only peripheral effect shown in the control studies was
scopolamine-induced ‘dry mouth’. Scopolamine is known
to induce drying of the mouth or ‘dry mouth’ in humans
(Spinks ez al., 2004; Renner ez al., 2005). In the dry food
consumption control study, ‘dry mouth’ could explain
how a low dose of scopolamine (0.01 mg/kg) can disrupt
a rat’s ability to eat multiple food pellets. No peripheral
scopolamine effect was shown in the FR5 and DNMTP
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control studies when a liquid reward was used. Methyl-
scopolamine, which does not readily cross the blood-brain
barrier (Timmons and Hamilton, 1990a), decreased FR5
lever-pressing performance when using dry food reward
but not liquid reward. Similarly, methyl-scopolamine
affected the DNMTP task only when dry food reward
was used. Nevertheless, scopolamine decreased FRS5 and
DNMTP performance even when using a liquid reward.
These data show that a peripheral effect was manifested
when using dry food rewards. In addition, there was also a
central effect, because with a liquid reward, scopolamine
caused similar disruptions as those seen with dry food
pellets in the FR5 and DNMTP control studies.

In the behavioral battery, there was likely a scopolamine-
induced ‘dry mouth’ effect and the central effect on
motor function measures as well. The decrease in motor
function could potentially be interpreted as peripheral
effect: this cannot be ruled out, as methyl-scopolamine
was not tested in the behavioral battery. Although
a peripheral effect on motor ability in Study 1 cannot
be refuted, this is unlikely, as the peripheral effects of
scopolamine are related to its anticholinergic effect on
parasympathetic postsynaptic receptors and hyperactivity
would be expected as a peripheral effect. In these
studies, hyperactivity was not seen at the low doses of
scopolamine used. In Study 3, methyl-scopolamine was
used in the SD rats. The two rat strains used in these
studies may differ in ability to perform a particular
task (Whishaw ¢ 4/, 2003; Rosen er al., 2006) and/or
susceptibility to a pharmacological manipulation (Gleason
et al., 1999; Rosen er al., 2006). In these studies, both LE
and SD rats showed similar scopolamine response
profiles, with no differences in their abilities to perform
the behavioral tasks. It is unlikely that the response
to scopolamine in the two strains was by differing
physiological mechanisms. Furthermore, if the effects
on motor ability were purely peripheral, then motor
disruption should be seen in the MWM, and in the
DNMTP similar effects would be expected for both
sample latency and total latency. This was not the case,
as seen in Figs 4 and 8.

Motor function versus attention versus memory

A scopolamine-induced central disruption limited to the
motor system is unlikely, because in some motor tasks
there was no effect of scopolamine. The MWM swim
speed and 5-CSRTT response latencies on correct trials
were also unaffected by high scopolamine doses. In
addition, at 0.05 and 0.10 mg/kg doses there was a delay
in response to the sample lever in DNMTP, but there was
no effect of scopolamine on total latency (pressing lever,
turning to food hopper, and back to choose a bar).
Presumably, the ability to produce this sequence of motor
behaviors was unaffected. Taken together, it would seem
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that factors related to movement initiation rather than
motor ability per se, played a role in the increased
latencies that were observed.

Attention

In the 5-CSRTT control study, scopolamine increased
omissions with a trend for increased response latency.
However, in those trials in which the animals responded,
there was no drug effect on correct choice. If scopolamine
was primarily affecting attention, it should have reduced
the percentage of correct choices as well as causing the
animals to miss trials (omissions). Although these results
do not argue against a scopolamine effect on attention,
they suggest a disruption in the ability to initiate a motor
response (psychomotor function). This was also seen in
the DNMTP, where scopolamine dose-dependently
increased the latency to respond to the sample lever.
However, once started, the ability to perform a
well-rehearsed sequence of movements (total latency)
was unaffected by scopolamine. Although scopolamine
increased omissions in the 5-CSRT'T, it did not affect the
rat’s ability to finish trials once initiated (Higgs er @/,
2000). An increased number of omissions reflects possible
failures in detection (Chudasama e &/, 2004) or
disruption of sustained attention (Jones and Higgins,
1995; Nelson ez al., 2002). If a rat was unable to sustain its
attention to task, it would not immediately detect and
react to task stimuli. This would result in disrupted
motor performance (e.g. DNMTP sample latency), and in
certain timed trials increased trial omissions (e.g.
5-CSRTT). The FR5 disruption in bar pressing and the
motor delay in the RAM could be related to the inability
to sustain attention but could also be because of impaired
psychomotor function. Disruption of movement initiation
or psychomotor function could also explain the inability
to react to task stimuli. These performance changes
induced by scopolamine were likely independent of
changes in basic sensory and motor ability, or in
motivation (Jones ez al., 1995; Higgs et al., 2000). Taken
together, these data suggest that in addition to attention,
scopolamine affects the psychomotor function.

Working memory

A problem in accessing working memory distinguishes
a mnemonic deficit from a disruption in attention (Park
et al., 2000). Significant deficit in attention and/or
psychomotor function could disrupt working memory
measures. Working memory in the RAM and DNMTP
was disrupted by scopolamine, but motor performance
measures were affected at doses not disrupting the
working memory. In the DNMTP, scopolamine caused
a delay-independent decrease in choice accuracy. Further-
more, an increase in retention delay interval should
increase working memory errors. Although the interaction
between retention interval and drug was significant, the
magnitude of the interaction was relatively minor.
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These data suggest that in the DNMTP, the drug effect
was related to the attentional aspects of the task
(Dunnett, 1985). In the MWM learning set task,
scopolamine caused disruption of working memory
(second and third trials) but not the animals’ search
strategy (initial trial of the day) or motor performance.
The scopolamine-induced deficits in working memory
seen in the RAM, DNMTP, and MWM may be caused by
disruption of the cortical cholinergic system modulating
both attentional and mnemonic processing (Gu, 2002).

A comparison of tasks

Each task in the battery and the other four control studies
depended on the integrity of many different systems only
some of which were cognitive. Thus, factors such as
perceptual ability, motivational state, and motor ability all
played a role in these ‘cognitive’ tasks (Hodges, 1996). In
models designed to detect a memory deficit it is unlikely
that other subtle behavioral changes would be detected,
especially in a single behavioral task. Assessing the
relative involvement of scopolamine in mnemonic and
nonmnemonic function requires a comparison of the
effect of scopolamine in different types of tasks. In the
five tasks of the battery, a direct comparison of minimal
dose needed to induce a disruption showed scopolamine
to be most potent in the FR5 and DNMTP (with large,
o”> 0.3, effects already apparent at 0.05 mg/kg). This
was followed by the MWM (with small, ®* approximately
0.03, effects from 0.1 mg/kg, in LE rats) and by the RAM
(with small, o approximately 0.05, effects from 0.3 mg/kg).

To compare the effect size across all five studies (Fig. 10), a
unit-free outcome variable was used (Glass ¢ @/, 1981;
Cohen, 1988). In both the LE and SD rats, the most robust
and least robust responses to scopolamine were seen in the
motor function domain. The FR5 total bar pressing and
DNMTTP trials completed had the most robust response to
scopolamine, yet the MWM swim speed effect was very
small. This difference was not explained by the use of dry
food, as a robust response to scopolamine was seen in both
FR5 and DNMTP when using a liquid reward. Thus, the
motor disruption is not likely related to a disruption of
physical ability, but to attention and/or psychomotor
function. The working memory measures were relatively
similar in size across tasks, but were relatively small
when compared with the motor measures. This suggests
that scopolamine perturbs attention and psychomotor
function before affecting working memory. Disruption
of working memory by scopolamine may be based on
the interference with attentional control and cognitive
processes involved with movement initiation (LaBar ez @/,
1999; Simon ¢ a/., 2002).

As a whole, the results of these studies show that low
doses of scopolamine had limited peripheral effects (e.g.
salivation), but had a wide spectrum of central effects,

including disruption of attention and movement
initiation, both of which impact and interact with the
mnemonic function. These results show that a limited
disruption of the central cholinergic system can have
profound effects on attention and/or psychomotor control
before any measurable mnemonic disruption.
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