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ORIGINAL INVESTIGATION

Scopolamine disrupts place navigation in rats and humans:
a translational validation of the Hidden Goal Task in the Morris
water maze and a real maze for humans
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Abstract

Rationale Development of new drugs for treatment of
Alzheimer’s disease (AD) requires valid paradigms for testing
their efficacy and sensitive tests validated in translational
research.

Objectives We present validation of a place-navigation task, a
Hidden Goal Task (HGT) based on the Morris water maze
(MWM), in comparable animal and human protocols.
Methods We used scopolamine to model cognitive dysfunc-
tion similar to that seen in AD and donepezil, a symptomatic
medication for AD, to assess its potential reversible effect on
this scopolamine-induced cognitive dysfunction. We tested
the effects of scopolamine and the combination of scopol-
amine and donepezil on place navigation and compared their
effects in human and rat versions of the HGT. Place navigation
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testing consisted of 4 sessions of HGT performed at baseline,
2,4, and 8 h after dosing in humans or 1, 2.5, and 5 h in rats.
Results Scopolamine worsened performance in both animals
and humans. In the animal experiment, co-administration of
donepezil alleviated the negative effect of scopolamine. In the
human experiment, subjects co-administered with scopol-
amine and donepezil performed similarly to subjects on pla-
cebo and scopolamine, indicating a partial ameliorative effect
of donepezil.

Conclusions In the task based on the MWM, scopolamine
impaired place navigation, while co-administration of
donepezil alleviated this effect in comparable animal and hu-
man protocols. Using scopolamine and donepezil to challenge
place navigation testing can be studied concurrently in ani-
mals and humans and may be a valid and reliable model for
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translational research, as well as for preclinical and clinical
phases of drug trials.

Keywords Spatial orientation - Scopolamine -
Acetylcholinesterase inhibitor - Human - Rat

Abbreviations

AD Alzheimer’s disease
MWM  Morris water maze
HGT Hidden Goal Task
GLM  General linear model
RM Repeated measures
Introduction

Alzheimer’s disease (AD) is characterized by gradual worsen-
ing of cognitive functions, which reflect structural brain
changes due to the AD pathology. Various standardized neu-
ropsychological tests are used to detect cognitive impairment
in the dementia and pre-dementia stages of AD (Weintraub
et al. 2009; Albert et al. 2011). Besides these standardized
neuropsychological tests, experimental tests derived from an-
imal behavioral tasks have been increasingly used in an effort
to reliably detect subtle cognitive deficits in the very early
stages of AD (Rentz et al. 2013). Among these, tests focused
on place navigation and spatial memory play a very important
role, tapping the functions of the most early affected brain
areas in AD—the hippocampus, retrosplenial cortex, posterior
parietal cortex including the precuneus, and the prefrontal
cortex (Kesner and Hopkins 2006; Vi¢ek and Laczo 2014).
These place navigation and spatial memory tests may be use-
ful for the early diagnosis of AD and monitoring the effect of
AD therapy (Hort et al. 2014), but also for the reliable mea-
surement of cognitive changes in clinical trials with new
promising compounds. In addition, place navigation and spa-
tial memory tests can be administered to both animals and
humans. Direct comparison of constructs in humans and ani-
mals using similar pharmacological and testing procedures
may provide a sound basis for comparing the effect of
neurocognitive agents on cognitive functions than post hoc
analysis of studies using different methodologies.
Scopolamine, a centrally active anticholinergic drug with a
high specificity for muscarinic receptors (Frey et al. 1992), has
been commonly employed in both animals (Bartolini et al.
1992; Herrera-Morales et al. 2007; von Linstow Roloff et al.
2007) and humans (Snyder et al. 2005; Antonova et al. 2011)
to model cognitive dysfunctions similar to that seen in AD
(Whitehouse et al. 1982; Whitehouse and Au 1986), and for
this reason, it is commonly used in behavioral studies
(Herrera-Morales et al. 2007; Snyder et al. 2014). In humans,
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scopolamine consistently induces deficits in memory, learning
(Molchan et al. 1992; Robbins et al. 1997; Koller et al. 2003;
Sherman et al. 2003; Ellis et al. 2006; Thomas et al. 2008;
Voss et al. 2010), and attention (Molchan et al. 1992; Koller
et al. 2003; Ellis et al. 2006). However, results of studies with
scopolamine are ambiguous for working memory and execu-
tive functions (Thomas et al. 2008; Voss et al. 2010). The
inconsistent results may be explained by the heterogeneity
of tests used, as well as the fact that they were performed with
healthy volunteers (Snyder et al. 2005; Ellis et al. 2006). A
recent experiment applied a cognitive stress test using a low
dose of scopolamine in older adults with known risk factors
for AD (Snyder et al. 2014). In this study, a low dose caused a
detectable cognitive decline in executive function and work-
ing memory in the at-risk subjects and might have thus re-
vealed latent cognitive deficits in these participants.

In animals, numerous behavioral studies with scopolamine
have employed place navigation tasks, with convincing results
about the impairment of hippocampus-based learning and
memory (Cassel and Kelche 1989; Baxter and Gallagher
1996; Vales and Stuchlik 2005; Entlerova et al. 2013).
Scopolamine is thought to disrupt the functions of the hippo-
campus, an essential structure for various types of memory
(Stuchlik 2014). Although place navigation impairment is
well established early in the course of AD (Hort et al. 2007),
just one experiment with a place navigation task has been
conducted in humans (Antonova et al. 2011). In that study
(Antonova et al. 2011), scopolamine had an attenuating effect
on hippocampal activity as shown by reduced activity on
functional magnetic resonance imaging during navigation in
a virtual reality arena task. However, there was no effect of
scopolamine on spatial navigation performance.

Donepezil, an active acetylcholinesterase inhibitor, is used
as a symptomatic medication for AD that increases the level of
acetylcholine in the brain cholinergic system (Scali et al.
2002) and has been shown to improve cognitive functions in
both animal models (Guo et al. 2015) and human subjects
(Greenberg et al. 2000; Winblad et al. 2001; Bianchetti et al.
2006). Moreover, donepezil has the potential to reverse
scopolamine-induced cognitive deficits (Snyder et al. 2005).
In one study, the drug improved place navigation in AD pa-
tients (Hort et al. 2014).

To our knowledge, a direct comparison of the effect of
scopolamine and donepezil on place navigation concurrently
in human subjects and an animal model has not yet been
performed. The aim of our study, therefore, was to evaluate
the influence of scopolamine on hippocampal-based place
navigation and the modulatory effect of donepezil on such
performance in human subjects and an animal model. In our
main analyses, we address the hypothesis that administration
of scopolamine will impair spatial navigation performance
and that donepezil co-administered with scopolamine should
alleviate this deficit. These changes should be observable in
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both animals and humans. We employed the Morris water
maze (MWM) task, which is a classical task of precise place
navigation and memory, widely used in animal models of
cognitive disorders (Morris 1981; Morris 1984; Czéh et al.
2001; Stuchlik et al. 2007; Svoboda et al. 2015). In order to
be able to compare the results of human and animal experi-
ments, we created a version which parallels the Hidden Goal
Task (HGT; a human analog of the MWM) designed for the
Blue Velvet Arena, a real-space circular environment for spa-
tial navigation testing (Kalova et al. 2005).

Materials and methods
Animal experiment
Subjects

Thirty-nine naive adult male rats of the Wistar strain (3—
4 months old, weighing 250-350 g) were obtained from the
breeding colony of the Institute of Physiology ASCR.
Animals were housed in pairs and triplets in 30 x 30 x 40-
cm transparent plastic cages in an air-conditioned animal
room with a constant temperature (22 °C) and 12:12 light/
dark cycle (lights on at 7:00). Water and food was available
ad libitum. All animal procedures were approved by the Local
Animal Care Committee of the Institute of Physiology (No.
139/2013) and complied with the Animal Protection Act of
the Czech Republic and EU directive 2010/63/EC.

Study design and drug treatment

The study was conducted using a randomized, 3-way cross-
over within-subject design with repeated measures (Fig. 1a).
Animals were assigned to treatment groups prior to the exper-
iment: a saline group, a scopolamine (0.8 mg/kg) group, and a
scopolamine (0.8 mg/kg) + donepezil (1 mg/kg) group. Each
animal was assigned to each treatment group (i.e., went
through all the treatment conditions) but in a different order.
The sequence of the three treatment conditions was assigned
randomly for each animal. Each treatment administered dur-
ing the spatial navigation test was separated from the next one
with a 7-day wash-out period to eliminate effects of the pre-
vious treatment. One day prior to the spatial navigation test, all
animals were subjected to visible platform training to famil-
iarize them with the basic requirements for the MWM. On
each day of testing, animals completed the HGT in 4 spatial
navigation sessions—baseline, after which the treatment was
given, and then again at 1, 2.5, and 5 h after treatment.
Scopolamine hydrobromide was dissolved in sterile saline
(0.9 % NaCl) at a concentration of 0.8 mg/ml. Donepezil was
dissolved in distilled water at a concentration of 1 mg/ml.
Both drugs were purchased from Sigma-Aldrich,

Czech Republic, and their solutions were prepared fresh on
the day of testing. The saline group received sterile saline. All
solutions were injected intraperitoneally at a volume of 1 ml/
kg of body weight. All animals thus received the same volume
of liquid per body weight.

Behavioral apparatus and design of the test

The MWM consisted of a blue-painted metallic circular pool
(180 cm in diameter, 50 ¢cm high) filled with water (20 °C,
40 cm deep) (Fig. 1b). The water was rendered opaque by
adding small amount of a non-toxic white paint (Primalex,
PPG Deco, Czech Republic). A small, transparent Plexiglas
escape platform (10 cm in diameter) was placed in one of the
centers of arbitrarily defined quadrants in the pool (NE, NW,
SE, SW). The platform was either elevated above the water
surface and marked with a 2-cm-high blue plastic cap (the
visible goal condition) or submerged 1.5 cm below the water
surface (the hidden-goal condition). The maze was located in
aroom providing an abundance of extra-maze cues. Rats were
tracked by a computer-based tracking system (Tracker,
Biosignal Group, USA) via an overhead TV camera. The
tracking system recorded the rat’s position every 40 ms.
Position time series were stored for off-line analysis
(TrackAnalysis, Biosignal Group, USA).

In the visible platform training, rats underwent 4 swim
trials to search for the marked visible platform. Rats were
released facing the wall from the “south” point of the pool,
and the platform position varied between trials.

In the spatial navigation session (hidden-goal condition),
animals were trained to locate the position of the hidden plat-
form in 8 consecutive swims (spatial navigation trials). The
trial stopped when the rat found the hidden escape platform
and climbed upon it. If the rat failed to find the escape plat-
form in 60 s, it was gently guided to the platform by the
experimenter. The rat was allowed to stay on the platform
for 15 s, and then, it was placed in a warmed waiting cage.
Rats were released facing the wall from the pseudo-randomly
chosen 8 compass directions. To ensure a rat was learning the
spatial location of the platform and not the path itself, the
sequence of release points was unique for each spatial navi-
gation test. The probe trial was administered approximately
1.5 h after the first spatial navigation trial and 10 min after the
last trial. In the probe trial, the platform was removed, and the
rat, always released from south, was allowed to swim freely
for 60 s to display a preference for quadrants. The probe trial
was used as a retention test after completion of the spatial
navigation trial in order to provide an additional way how to
detect effects of drugs on memory because the acquisition
training with the platform may not always show the effects
of drugs on memory (D’Hooge and De Deyn 2001). The plat-
form position remained unchanged in all 4 spatial navigation
sessions and was then changed between testing days.
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Fig. 1 Design of the experiment and apparatus. a The subjects completed
the spatial navigation test (Hidden Goal Task) in 4 sessions: baseline, after
which treatment was applied, and then again 2/1, 4/2.5, and 8/5 h after
treatment in the animal/human experiments, respectively. Each session
consisted of 8 spatial navigation trials in which the subjects were trained
to locate the position of the hidden goal in relation to the distal orientation
cues in the room; and 1/2 probe trials in rats/humans, when the hidden
goal was removed and distal orientation cues were used for navigation. b

Human experiment
Subjects

Twenty-three healthy young volunteers (20-28 years old)
were recruited for the study through advertisements at the
Charles University in Prague. All participants were medical
or psychology students and received credits as compensation
for their participation in the study. All subjects were in good
health as determined by a medical history, physical examina-
tion, and vital signs, took no other medication, and all of them
had a body weight of greater than 50 kg. The study design was
approved by the Motol University Hospital Ethics Committee,
and all subjects gave written informed consent to participate.
The research was carried out according to The Code of Ethics
of the World Medical Association (Declaration of Helsinki),
informed consent was obtained, and the author’s institutional
review board had approved the study.

The demographic characteristics of study participants are
described in Table 1.

Study design and drug treatment

This study employed a randomized, double-blind, placebo-
controlled, 3-way crossover within-subject design using sco-
polamine (0.6 mg), scopolamine (0.6 mg) + donepezil (5 mg),
and placebo. Thus, each participant went through all the treat-
ment conditions (i.e., was assigned to each treatment group)
but in a different order. The sequence of the three treatment
conditions was assigned randomly for each participant using a
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The Morris Water Maze apparatus consisted of a circular pool filled with
opaque water in a room providing extra-maze cues. A small, submerged
escape platform was placed in one of the center of arbitrarily defined
quadrants of the pool. ¢ The Blue Velvet Arena is a real-space human
analog of the Morris water maze. A fully enclosed circular arena is
surrounded by a dark blue velvet curtain, where subjects were trained to
locate the position of the hidden platform relative to the distal orientation
cues

Latin Square design. Medical history including a dichotomic
(yes/no) question about subjectively perceived spatial naviga-
tion difficulties, physical examinations, and vital sign mea-
surements was performed at a screening assessment that oc-
curred 1 week prior to administration of the first dose of study
medication. At the screening visit, subjects also performed the
spatial navigation test (see below) to familiarize themselves
with the test requirements. Each treatment administered dur-
ing the spatial navigation test was separated from the next one
with a 7- to 14-day wash-out period. Trial medication was
administered between 9:00 and 11:30 on the day of testing.
In each test, subjects completed 4 spatial navigation sessions:

Table 1  Characteristics of cognitively healthy young volunteers
n=23
n %
Male/female 7/16  30.4/69.6
Right/left-handed 20/3  87.0/13.0
Subjective spatial orientation difficulties YES/NO  2/21 8.791.3
Side effects YES/NO
Scopolamine 14/9%* 61/39
Scopolamine + donepezil 15/8%* 65/35
Placebo 7/16 30/70
mean SD
Age (years) 22.09 2.19
Education (years) 16.35 1.87

Note: *p < 0.05 (Chi-square test), in comparison to placebo group



Psychopharmacology (2017) 234:535-547

539

at baseline before medication and then again at 2, 4, and 8 h
after dosing (Fig. 1a).

Scopolamine hydrobromide was dissolved in purified wa-
ter at a concentration of 3.0 mg/ml, which is equivalent to
0.1 mg in 1 drop. The participants received 0.6 mg of scopol-
amine (i.e., 6 drops) or the same volume of liquid placebo
(purified water PhEur) instilled on a teaspoon of sugar after
baseline testing. The participants were instructed to let the
sugar dissolve sublingually. The 5-mg dose of donepezil (or
placebo—corn starch PhEur) was given orally immediately
after dissolution of the sugar. The scopolamine, donepezil,
and placebo used in this study were supplied by the Motol
University Hospital Pharmacy and dispensed by an unblinded
third party (research pharmacist) at the study site.
Scopolamine was given sublingually, and donepezil was giv-
en orally as non-invasive forms of drug administration accord-
ing to the requirements of the ethics committee.

Behavioral apparatus and design of the test

The spatial navigation test was performed in the Laboratory of
Spatial Cognition, a joint workplace of the Department of
Neurology, 2nd Faculty of Medicine, Charles University,
Prague, Czech Republic and the Institute of Physiology,
Academy of Sciences of the Czech Republic, Prague,
Czech Republic. We used the real-space version of the HGT
(Kalova et al. 2005), a human analog of the MWM test that
was performed in a real-space navigation apparatus named the
Blue Velvet Arena, a fully enclosed circular arena 2.8 m in
diameter and 2.9 m high surrounded by a dark blue velvet
curtain with 8 large digital numerical displays used as distal
orientation cues (Fig. 1¢). The two subtests of the HGT used in
this study mimic the conditions in the original MWM task,
where animals are trained to locate the position of the hidden
platform: (a) in relation to the distal orientation cues in the
room while being released from the pool periphery in 8 trials
(spatial navigation trial) and (b) in the probe trial when the
hidden platform is removed and distal orientation cues are
used for navigation (probe trial).

In both, the spatial navigation trial and probe trial, the par-
ticipants were asked to locate an invisible goal using two distal
orientation cues at the perimeter of the arena (Fig. 2a). The
spatial navigation session consisted of § spatial navigation
trials performed in direct sequence and the probe including 2
consecutive trials (Fig. 1a). The positions of the goal (i.e.,
12 cm circle of laser light) on the arena floor were constant
across all trials relative to the positions of both orientation
cues (Fig. 2b). To begin the task, participants were asked to
enter the arena, and they were given a long standing pole with
an infrared light-emitting diode. The position of the goal on
the arena floor was shown to them. Before each trial, they
were asked to stand at the side of the arena, go directly as
quickly as possible from their start position to the goal, and

Fig.2 Scheme of orientation cues in the human experiment. a Two distal
orientation cues were at the perimeter of the arena in the Hidden Goal
Task. b The position of the goal on the arena floor was constant across all
trials relative to the positions of both distal orientation cues in the Hidden
Goal Task

to place the pole directly on the presumed goal position. In the
spatial navigation session, the goal was briefly shown after
each trial in order to facilitate learning. The probe trial was
then administered 30 min after the spatial navigation trial was
completed, and no feedback through showing the hidden goal
was provided. Performance was recorded automatically by the
computer as the distance error between the standing pole’s
final position and the actual goal location (in centimeters).

Measured parameters and statistical analyses
in the animal and human experiments

In the animal experiment, we analyzed the distance (m) trav-
eled to reach the platform in the spatial navigation trials, the
time (s) spent in the quadrant where the platform had been
previously positioned (target quadrant), and number of rats
which failed to find the platform in 60 s.

In the human experiment, the distance between the partic-
ipant’s final position and the correct goal location (distance
error) measured in centimeters was used as the measure of
navigational accuracy (dependent variable), whereas group
status was the independent variable.

The first set of analyses included an assessment of
between-treatment differences in spatial navigation trials (av-
eraged across each session) and probe trials in four sessions.
We used two general linear models (GLMs) with repeated
measures (RM) with one between-subject factor (group: sco-
polamine versus scopolamine-donepezil versus placebo in the
human experiment or saline in the animal experiment) and one
within-subject factor. In the first GLM analysis, we used spa-
tial navigation trials of sessions 1-4 (in animal experiment:
baseline, 1, 2.5, and 5 h after dosing; in human experiment:
baseline, 2, 4, and 8 h after dosing) as a within-subject factor.
In the second GLM analysis, we used probe trials of sessions
1-4 (in animal experiment: baseline, 1, 2.5, and 5 h after
dosing; in human experiment: baseline, 2, 4, and 8 h after
dosing) as a within-subject factor. Post hoc pairwise
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comparisons with Sidak’s test were used to compare individ-
ual groups.

The second set of analyses included an assessment of the
differences between 8 consecutive spatial navigation trials
within each of the 4 sessions (effect of trial). We used 4
GLMs with RM with one between-subject factor (group: sco-
polamine versus scopolamine-donepezil versus placebo or sa-
line) and one within-subject factor (trial: trials 1-8) for each
session separately. Again, post hoc pairwise comparisons
were used to compare individual groups.

All quantitative data from animal probe trials and from the
human experiment were found to be adequate for parametric
analysis. Data from the distance traveled in spatial navigation
trials in the animal experiment had skewed (not normal) dis-
tribution; therefore, we transformed them with the natural log-
arithm. In the human experiment, the participants with subjec-
tively perceived spatial navigation difficulties (n = 2) did not
differ in spatial navigation performance at the screening visit
from those who did not report spatial navigation difficulties.
Therefore, all participants were included in the analyses.
Statistical significance was set at two-tailed (alpha) of 0.05.
Effect sizes are reported using partial eta® for GLMs with RM
(Tabachnick and Fidell 2007). Partial eta® of 0.2 corresponds
to Cohen’s d of 1.0. All analyses were conducted by using
IBM SPSS for Windows version 20.0.

Results
Results of the animal experiment

For the rats’ performance in spatial navigation trials of ses-
sions 1-4 (Fig. 3a), we found a significant main effect for
group performance (F(2, 104) = 12.50, p < .001, partial
eta® = 0.19), which was driven by a significantly higher dis-
tance traveled by the scopolamine group compared to the
scopolamine-donepezil group and the saline group
(p’s < .001, Cohen’s d’s > 0.32). There were no differences
between the saline group and the scopolamine-donepezil
group (p = 0.900). We found a significant main effect for
session (F(3, 312) = 83.30, p < 0.001, partial eta® = 0.44),
which showed a decrease of distance traveled in sessions 2,
3, and 4 (p’s <.009, Cohen’s d’s > 0.28). There were no
differences between performances in session 3 and session 4
(p = .190). However, there was a significant group-by-session
interaction (F(6, 312) = 6.20, p < 0.001, partial eta® = 0.11),
with improvement of the saline group and the scopolamine-
donepezil group compared to the scopolamine group in sess-
ions 2 and 4 (p’s <.005, Cohen’s d’s > 1.18). The saline group
improved its performance throughout sessions 2 to 4
(p’s < .014, Cohen’s d’s > 0.45), while the scopolamine group
and the scopolamine-donepezil group improved their
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performance only in sessions 3 and 4 (p’s < .001, Cohen’s
d’s > 043).

In probe trials of sessions 1-4 (Fig. 3b), we found a signif-
icant main effect for group performance (F(2, 99) = 4.03,
p=0.021, partial eta® = 0.08), which was driven by significant
impairment of the scopolamine group compared to the saline
group (p = 0.017, Cohen’s d = 0.69). There were no differ-
ences between the saline group and the scopolamine-
donepezil group (p = .630) nor between the scopolamine
group and the scopolamine-donepezil group (p = 0.153).
Examples of the rats’ trajectories are shown in Fig. 3c. We
also found a significant main effect for session (F(3,
297) = 2.90, p = 0.034, partial eta® = 0.03), revealing an
improvement between sessions 3 and 4 (p = .019, Cohen’s
d = 0.26). There was no significant group-by-session interac-
tion, suggesting no differences in the time spent in the target
quadrant across 4 consecutive sessions among the groups
(F(6, 297) = 0.94, p = 0.470).

Next, in the analysis of spatial navigation trials for each of
the 4 sessions separately to determine the effect of 8 consec-
utive spatial navigation trials in each session (Fig. 3d), we
found a significant main effect for group performance in ses-
sion2 (F(2,94)=17.80, p < 0.001, partial eta’ = 0.30), session
3 (F(2,94)=6.50, p = .002, partial eta® = 0.13), and in session
4 (F(2,94)=15.80, p < 0.001, partial cta® = 0.32). In all these
sessions, the scopolamine group exhibited poorer perfor-
mance than both the saline group and the scopolamine-
donepezil group (p’s < .034, Cohen’s d’s > 0.70). The main
effect for trial was significant in session 1, indicating signifi-
cant learning across the 8 consecutive spatial navigation trials
in the sample overall (F(7, 623) = 19.70, p < 0.001, partial
eta” = 0.20). The subsequent analysis revealed that there was a
significant decrease of traveled distance in trials 2—8
(p’s <.001, Cohen’s d’s > 0.72). We also found a significant
main effect for trial in session 2 (F(7, 623) = 8.36, p < 0.001,
partial cta’ = 0.09) and in session 4 (F(7, 623)=3.50, p =.001,
partial eta® = 0.05). In session 2, there was a significant de-
crease of traveled distance in trials 4-8 (p’s < 0.014, Cohen’s
d’s > 0.20), while in session 4, traveled distance decreased
only in trial 7 (p < .001, Cohen’s d’s > 0.66). There was no
significant main effect for trial in session 3, indicating no
significant change across 8 consecutive trials in the sample
overall (F(7, 623) = 0.91, p = 0.500). We found a significant
group-by-trial interaction in session 4, suggesting a decrease
in traveled distance across 8 consecutive trials in the saline
and the scopolamine-donepezil groups compared to the sco-
polamine group (F(14, 623) = 2.60, p = 0.002, partial
eta” = 0.07).

If the rat failed to find the platform in 60 s, the trial was
stopped. Analyzing the effect of treatment on the number of
rats, which failed to find the hidden platform, we found a
significant main effect for group performance (F(2,
104) = 8.12, p < .001, partial eta® = 0.12). In average, 1.93
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Fig. 3 Effects of scopolamine
and donepezil on HGT in rats. a
Distance traveled to the target
platform in spatial navigation
trials according to treatment
condition and time of testing after
treatment (session 1 at baseline,
session 2 at 1 h, session 3 at2.5 h,
and session 4 at 5 h). b Time spent
in a target quadrant of the Morris
water maze in probe trials
according to treatment condition
and time of testing after treatment
(session 1 at baseline, session 2 at
1 h, session 3 at 2.5 h, and session
4 at 5 h). ¢ Example of rats’
trajectories in probe trials of
session 1 at baseline, session 2 at
1 h, session 3 at 2.5 h, and session
4 at 5 h according to treatment
condition. The area surrounded
by a dotted line shows the
quadrant of the maze in which the
platform was positioned in spatial
navigation sessions. d Distance
traveled to the target platform in
spatial navigation trials according
to treatment condition and time of
testing after treatment (session

1 at baseline, session 2 at 1 h,
session 3 at 2.5 h, and session 4 at
5 h) shown in detail for each
session
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rats per session in the scopolamine group failed to find the
platform compared to 0.15 rats per session in the saline group
and 0.86 rats per session in the scopolamine-donepezil group
(p’s < .019, Cohen’s d’s > 0.54). We did not find any differ-
ence between the saline group and the scopolamine-donepezil
group (p = 0.109).

Results of the human experiment

For the humans’ performance in spatial navigation trials of
sessions 1-4 (Fig. 4a), we found a significant main effect for
group performance (F(2, 60) = 3.40, p = .042, partial
eta® = 0.13), which was driven by a significantly higher dis-
tance error for the scopolamine group compared to the placebo

2.5 hours
—O— saline -@- scopolamine —A- scopolamine-donepezil

Values represent mean + S.E.M,, # p <.05, compared to the
saline and the scopolamine-donepezil groups
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group (p =.023, Cohen’s d = 0.63). There were no differences
between the scopolamine-donepezil group and the placebo
group or between the scopolamine-donepezil group and the
scopolamine group. The main effect for session was not sig-
nificant, indicating no significant change across 4 consecutive
sessions in the sample overall (F(3, 58) = 0.20, p = 0.794).
Further, there was no significant group-by-session interaction,
suggesting no differences in the change of distance errors
across 4 consecutive sessions among the groups (F(6,
118) = 1.83, p = 0.140).

In probe trials of sessions 14 (Fig. 4b), we found a signif-
icant main effect for group performance (F(2, 60) = 3.37,
p = 0.044, partial eta® = 0.14), which was driven by a signif-
icantly higher distance error for the scopolamine group

@ Springer



542

Psychopharmacology (2017) 234:535-547

»oul
vl ©

—

40

Distance error [cm
NN W W
o Ul o Ul o Ul

o

Baseline 2 hours 4 hours 8 hours

—O— placebo -@- scopolamine —A-scopolamine-donepezil

Values represent mean * S.E.M., * p <.05, compared to the
placebo group

N W W S U
Ul © 1 © U1 ©

[ )
S

Distance error [cm

=
o 1 ©

T1 T2 T3 T4 T5 T6 T7 T8
Baseline

2 hours

T1 T2 T3 T4 T5 T6 T7 T8

w1
(=}

IS
o v

Distance error [cm]

o= NN WW
o uU1To Ul oOwul

b

Baseline

o Ul

2 hours 4 hours 8 hours

—— placebo -@- scopolamine —A- scopolamine-donepezil

Values represent mean * S.E.M., * p <.05, compared to the
placebo group

T1 T2 T3 T4 T5 Té6 T7 T8
4 hours

T1 T2 T3 T4 T5 Té6 T7 T8
8 hours

—O— placebo -f- scopolamine —A-scopolamine-donepezil

Values represent mean * S.E.M., * p <.05, compared to the placebo group

Fig. 4 Effects of scopolamine and donepezil on HGT in humans. a
Effects of treatment condition on distance error made by subjects in
spatial navigation trials according to time of testing after treatment
(session 1 at baseline, session 2 at 2 h, session 3 at 4 h, and session 4 at
8 h). b Distance error in probe trials according to treatment condition and

compared to the placebo group (p = .023, Cohen’s d = 0.62).
The differences were most pronounced in session 3, where the
placebo group consistently outperformed the scopolamine
group (p = 0.040, Cohen’s d = 0.58). There were no differ-
ences between the scopolamine-donepezil group and the pla-
cebo group or between the scopolamine-donepezil group and
the scopolamine group. The main effect for session was not
significant, indicating no significant change across 4 consec-
utive sessions in the sample overall (F(3, 58) = 0.44, p = .656).
Further, there was no significant group-by-session interaction,
suggesting no differences in the change of distance errors
across 4 consecutive sessions among the groups (F(6,
118) = 0.66, p = .633).

Next, in the analysis of spatial navigation trials for each of
the 4 sessions separately to determine the effect of 8 consec-
utive spatial navigation trials in each session (Fig. 4c), we
found a significant main effect for group performance in ses-
sion 3 (F(2, 60) = 4.08, p = 0.024, partial eta’ = 0.15), where
the scopolamine group consistently exhibited higher distance
error than the placebo group (p = 0.017, Cohen’s d = 0.76), in
contrast to the scopolamine-donepezil group. There was no
significant main effect for group in the other sessions (F(2,
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time of testing after treatment (session 1 at baseline, session 2 at 2 h,
session 3 at 4 h, and session 4 at 8 h). ¢ Distance error made by
subjects in spatial navigation trials according to treatment condition and
time of testing after treatment (session 1 at baseline, session 2 at 2 h,
session 3 at 4 h, and session 4 at 8 h) shown in detail for each session

60)<2.57, p’s >.088). The main effect for trial was significant
in session 1, indicating a significant learning effect across 8
consecutive spatial navigation trials in the sample overall (F(7,
54) = 3.59, p = 0.006, partial eta® = 0.07). The subsequent
analysis revealed that there was a significant decrease of dis-
tance errors in trials 3-8 (F(1, 60) = 13.71, p = 0.001, partial
eta® = 0.23, quadratic effect). There was no significant main
effect for trial in other sessions, indicating no significant
change across 8 consecutive trials in the sample overall (F(7,
54)<0.72, p’s > .544). There was no significant group-by-trial
interaction in any session, suggesting no differences in the
change of distance errors across 8 consecutive trials among
the groups (F(14, 110) < 1.53, p’s > 0.140).

Discussion

Our results here show that a centrally active antagonist of
muscarinic acetylcholine receptors, scopolamine, significantly
impairs place navigation in both the rat and human versions of
the MWM (HGT). In rats, we found a clear ameliorative effect
of donepezil on spatial navigation trials in all sessions. In
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probe trials, the performance of the group co-administered
scopolamine and donepezil was statistically indistinguishable
from the performance of the placebo group. In humans, in
spatial navigation trials and probe trials, the performance of
the group co-administered scopolamine and donepezil was
also statistically indistinguishable from the performance of
the placebo group. This may indicate a potential modulatory
effect of donepezil on place navigation performance influ-
enced by scopolamine. However, in probe trials in rats and
in spatial navigation trials and probe trials in humans, the
performance of the groups co-administered scopolamine and
donepezil did not significantly differ from the scopolamine
groups; so, a clear ameliorative effect of donepezil was not
demonstrated.

The effect of scopolamine on place navigation in rats
and humans

Our aim was to design a translational testing protocol using
the MWM that could be validated by scopolamine and
donepezil treatment in both rats and humans. Acetylcholine
is known to facilitate place learning. Its action is mediated by
facilitation of synaptic plasticity in the hippocampus
(Mitsushima et al. 2013). Next, cholinergic projections from
the medial septum to the hippocampus maintain theta rhythm,
which is crucial for learning and memory (Jezek et al. 2011).
The systemic administration of anticholinergic drugs such as
scopolamine is used frequently as a fast screening model for
cognitive dysfunction resembling dementia in patients with
AD, despite the fact that the peripheral application of scopol-
amine yields many non-mnemonic adverse effects (von
Linstow Roloff et al. 2007). However, the responsivity of
these models to pro-cognitive drugs such as acetylcholinester-
ase inhibitors (Ogura et al. 2000) or even nootropics
(Christoffersen et al. 1998; Marisco et al. 2013) suggests some
predictive validity of this simple model. The fact that central
muscarinic blockade can impair learning is well established
(Koller et al. 2003; Ellis et al. 2006; Thomas et al. 2008),
although caution must be taken to separate amnestic effects
from procedural, motivational, and other general functions.

In our experiment, we used place navigation tasks adopted
for rat and human versions of the MWM (HGT). The advan-
tage of using place navigation tasks in the MWM is that these
tasks can be administered to both rats and humans and thus
provide a direct comparison between rat and human cognitive
performance. Place navigation tasks sensitive for the detection
of subtle hippocampal dysfunction (Nedelska et al. 2012) are
useful for the early diagnosis of cognitive disturbances occur-
ring very early in the course of AD (Hort et al. 2007) and are
useful for monitoring the effect of treatment with acetylcho-
linesterase inhibitors (Hort et al. 2014).

In rats, we found an inhibitory effect of scopolamine on
place navigation. The saline group outperformed the

scopolamine group consistently after drug administration in
both spatial navigation trials and probe trials. The rats treated
with scopolamine exhibited poor navigation performance par-
ticularly 1 h after drug administration. Separate analysis of
individual sessions showed a disruptive effect of scopolamine
in all sessions after drug administration, though we found a
decrease in the distance traveled to the hidden goal in scopol-
amine groups 2.5 and 5 h after treatment, indicating some
learning capability. This observed learning effect indicates
that scopolamine in lower doses did not impair the spatial
navigation completely, and that the scopolamine-treated rats
were still able to learn the hidden goal position.

In the human experiment, we found a deteriorating effect of
scopolamine on place navigation in all spatial navigation ses-
sions, but the largest effect was observed during the session 3—
4 h after dosing. The effect was not as clear 2 and 8 h after
dosing, as documented by the separate analyses of individual
sessions. These results are congruent with findings showing
the maximum effect of scopolamine on cognitive performance
3 or 5 h after dosing (Fredrickson et al. 2008; Lim et al. 2015).
However, a previous study on young healthy volunteers did
not demonstrate any effect of scopolamine on place navigation
performance and showed only reduced activity of the hippo-
campus, which is a crucial structure for place navigation
(Antonova et al. 2011). They used a lower dose of scopol-
amine (0.4 mg), and the tests were performed only 1.5 h after
scopolamine treatment. In addition, navigation tests in that
study were performed in virtual space, where it may have been
easier for subjects to use alternative non-allocentric strategies
(Taria et al. 2003). On the other hand, a low dose of scopol-
amine (0.2 mg) administered subcutaneously may be suffi-
cient to reveal spatial learning deficits in older adults with
preclinical AD as demonstrated by the recent study using a
2D hidden maze task (Lim et al. 2015).

The effect of donepezil on scopolamine-induced deficits
in rats and humans

Co-administration of donepezil and scopolamine in the rat
experiment improved place navigation in spatial navigation
trials, but not in probe trials. In spatial navigation trials, rats
treated with donepezil and scopolamine outperformed the
scopolamine-treated rats and did not differ from the saline-
treated rats, showing alleviating effects of donepezil on
scopolamine-induced impairment. However, in probe trials,
we only found significant differences between the saline and
the scopolamine groups, but no improvement in the
donepezil-treated group. Our results agree with Buccafusco
et al. (2008), who reported only a partial alleviating effect of
donepezil on scopolamine-induced impairment in a delayed
stimulus discrimination task and in the MWM. Similar to our
experiment, they did not find any effect of donepezil in probe
trials. Takahata et al. (2005) and Chen et al. (2002) also found
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an alleviating effect of donepezil on scopolamine-induced im-
pairment in the MWM, but did not test the rats” performance
in probe trials. On the contrary, Lindner et al. (2006) failed to
find any mitigating effects of donepezil on spatial navigation
trials and probe trials in the MWM using various doses of
scopolamine and donepezil. Still, they reported that donepezil
inhibits the effects of scopolamine on other tasks involving
mainly psychomotor functions and classical and attention con-
ditioning. Similar to these findings, we observed some effects
of donepezil on scopolamine-induced hyper locomotion (data
not shown). However, an effect of donepezil on swimming
speed cannot explain the decrease in distance traveled to the
hidden goal in the scopolamine-donepezil group.

In the human experiment, co-administration of donepezil
normalized performance in spatial navigation trials and probe
trials when compared to the placebo group. This may indicate
that donepezil may mitigate the negative effects of scopolamine
on place navigation. However, a clear ameliorating effect of
donepezil was not found as there were no significant differ-
ences between the scopolamine and scopolamine-donepezil
groups. In a recent study by Snyder et al. (2005), administration
of donepezil alleviated a spatial navigation impairment associ-
ated with scopolamine injection in a computer-screen maze.
However, that study used a lower dose of scopolamine
(0.3 mg) and also pretreated the subject with donepezil 3 h
before scopolamine treatment. Further, the alleviating effect
of donepezil emerged after 7 h of scopolamine administration;
such an effect could not have been demonstrated in our study,
because the effect of scopolamine on place navigation was no
longer present 8 h after administration of the medication. In
addition, the dose of scopolamine used in our study (0.6 mg)
can induce higher sedation and lower psychomotor speed
(Robbins et al. 1997). These adverse effects, which are not
reversible by donepezil, may have further negatively influenced
place navigation. Finally, our previous study found improve-
ments in place navigation among subjects with mild dementia
due to AD after daily administration of donepezil over 3 months
(Hort et al. 2014). This may indicate that long-term donepezil
treatment may be more beneficial for cognitive functioning
compared to administration of a single dose.

Differences between animal and human experimental
designs

In spite of the fact that our experiment was designed to be as
similar as possible for rats and humans, there were still some
minor differences that should be mentioned. In the human
experiment, we used a 0.6-mg dose of scopolamine, which
showed a robust impact on cognitive functioning, but also
higher side effects of sedation, lower psychomotor speed,
and attention (Robbins et al. 1997; Fredrickson et al. 2008).
Similarly, the subjects on scopolamine in our current study
reported more adverse effects than subjects on placebo
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(Table 1). Thus, we cannot fully exclude that the adverse side
effects of scopolamine may have influenced spatial navigation
performance to a certain extent in our subjects. For the animal
experiment, we calculated the ideal dose of scopolamine in
rats according to Reagan-Shaw et al. (2008) and Shin et al.
(2010) to be 0.05 mg/kg, but we failed to detect any effect of
this dose on place navigation (unpublished results). Based on
our previous findings (Vales and Stuchlik 2005; Entlerova
et al. 2013), we carefully increased the dose of scopolamine
to 0.8 mg/kg, as this low dose should have lower impacts on
psychomotor functions but still impair cognitive functioning.
The same situation was encountered in the administration of
donepezil, where for human subjects, we used a well-tolerated
initial 5-mg dose of donepezil, and for rats, we used a 1-mg
dose of donepezil. Again to convert the dose for humans to
suitable dose for rats, we used the guidelines of Reagan-Shaw
et al. (2008) and Shin et al. (2010). Another difference be-
tween the animal and the human design was the method of
drug administration. Rats were injected both scopolamine and
donepezil intraperitoneally while human participants received
scopolamine sublingually and donepezil orally. In general, the
sublingual administration of scopolamine and the oral admin-
istration of donepezil may result in slower pharmacokinetics
compared to intraperitoneal administration. However, this was
taken into account when designing the experiment and thus
may not significantly influence the results of our study. In rats
and human subjects, the design of baseline testing followed by
3 consecutive sessions was the same, although the timing of
the sessions was slightly different. In the human experiment,
we adopted a well-established design—2, 4, and 8 h after
dosing (Fredrickson et al. 2008; Snyder et al. 2014). In the
rat experiment, we used a timing of 1, 2.5, and 5 h after
dosing, adjusting the timing of the sessions according to the
different half-life of scopolamine in humans and rats (Golding
et al. 1991; Gupta 2012), which is approximately 1.5 times
shorter in rats upon intraperitoneal administration. Next, the
accumulative effect of learning may be a possible limitation.
However, due to different platform positions between testing
days, we observed no motor strategy to solve the task. Rats
searched the platform position by a random search in trial 1 of
the session 1 (data not reported).

Finally, the sample in the human experiment was highly
educated and inhomogeneous in demographic characteristics
(i.e., consisted of males and females and right- and left-handed
participants). Although the 3-way cross-over design should be
resistant to this inhomogeneity since each participant went
through all 3 treatment conditions (Snyder et al. 2005), we
cannot fully exclude that high education and inhomogeneity
of the sample may mitigate the differences between the treat-
ment conditions. This may be caused by the potentially un-
equal cognitive susceptibility to the effect of scopolamine and
donepezil among the participants and should be a focus of
future studies.
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Concluding remarks

In conclusion, this study demonstrated that the model using
scopolamine and donepezil to challenge place navigation test-
ing can be studied concurrently in laboratory animals and in
human volunteers. The animal and human versions of the
HGT in the MWM and in the real maze for humans, respec-
tively, may thus be useful and reliable tools for measuring the
effect of other pro-cognitive or anti-cognitive drugs on spatial
navigation. This approach may help reduce inconsistent re-
sults in preclinical and clinical phases of drug trials, which
may be partially caused by using different measures of cogni-
tive outcome. However, place navigation testing in the real
space requires special equipment that is not generally avail-
able. Therefore, easy-to-use and inexpensive 2D computer-
ized spatial navigation tests, which provide similar results to
real-space setting (Laczo et al. 2012; Lacz6 et al. 2014) and a
3D virtual reality route learning task (Tippett et al. 2009), may
be a reliable alternative to the real mazes for humans.
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