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Abstract

Purpose These studies determined whether the acetylcholinesterase inhibitors, donepezil and galantamine, both of which
are approved for the treatment of cognitive deficits in Alzheimer’s disease, can prevent or reverse spatial memory deficits in
mice induced by cyclophosphamide and doxorubicin, cytotoxic agents commonly used to treat breast cancer.

Methods Female BALB/C mice were trained in the Morris water maze to identify the location of a submerged platform, and,
following baseline assessment of spatial memory, received injections of cyclophosphamide and doxorubicin once per week
for 4 weeks to impair spatial memory. Saline or acetylcholinesterase inhibitors were administered daily either concurrent
with the chemotherapy injections (prevention) or beginning 1 week following the final chemotherapy injections (reversal),
and spatial memory was assessed weekly.

Results Spatial memory declined during and following weekly injections of cyclophosphamide and doxorubicin, and was
unaltered when the acetylcholinesterase inhibitors were administered following the manifestation of chemotherapy-induced
deficits. In contrast, spatial memory of mice receiving the acetylcholinesterase inhibitors concurrent with chemotherapy did
not differ from that at baseline.

Conclusions Results indicate that chemotherapy-induced spatial memory deficits in mice can be prevented, but not reversed
by the use of acetylcholinesterase inhibitors concomitant with chemotherapy, suggesting that these agents should be inves-

tigated further for the prevention of chemobrain.
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Introduction

Chemotherapy-related cognitive deficits (CRCDs) are
reported by cancer patients receiving chemotherapeutic
agents, with a frequency ranging from 15 to 75% [1-3]. The
majority of patients who report CRCDs are women [4, 5],
with most research conducted in breast cancer patients, many
of whom experience declines in at least one neuropsycho-
logical test during standard-dose chemotherapy [2, 6]. For
some, cognition improves after treatment, but, for more than
50% of those who experience a cognitive deficit, impair-
ment in one or more cognitive domains persists indefinitely
[2, 6]. These deficits of attention, learning, memory, and
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information processing speed [8] are sufficient to impair day-
to-day functioning and adversely affect quality of life [7, 8].

The acetylcholinesterase (AChE) inhibitors donepezil
and galantamine improve information acquisition, memory,
and attention in patients with Alzheimer’s disease [9], and
improve information processing and memory in schizo-
phrenic patients [10]. These agents prevent the hydrolysis
of the neurotransmitter acetylcholine (ACh), whose role in
cognitive processes is well established [11]. Thus, AChE
inhibitors may be effective for the treatment of CRCDs.
Indeed, a recent clinical study reported that the administra-
tion of donepezil for 24 weeks to breast cancer patients who
received chemotherapy in the prior 1-5 years significantly
alleviated verbal memory impairments; no alterations in
other cognitive variables were observed [12].

Preclinical studies have demonstrated that donepezil can
attenuate learning and memory deficits and impaired execu-
tive function exhibited by female BALB/C mice exposed
to the combination methotrexate and 5-fluorouracil when
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administered both during and following chemotherapy [13].
However, whether the beneficial effects of donepezil extend
to deficits induced by the administration of cyclophospha-
mide and doxorubicin, a combination that produces cogni-
tive deficits in rats [14, 15] and mice [16, 17] and is com-
monly used for the treatment of breast cancer, is unknown.
It is also not known whether galantamine, an AChE inhibi-
tor and positive allosteric modulator of a7-containing neu-
ronal nicotinic acetylcholine receptors (nAChRs) [18] that
improves cognitive performance in several animal models
[19], has beneficial effects similar to donepezil. Thus, the
objective of these studies was to determine whether done-
pezil prevents or reverses spatial memory deficits that
ensue as a consequence of cyclophosphamide and doxo-
rubicin administration, and whether similar effects could
be achieved with galantamine. Because multiple preclini-
cal studies have demonstrated that cyclophosphamide and
doxorubicin impair hippocampal neurogenesis and disrupt
hippocampal-mediated cognitive function [14, 20-22], and
methotrexate and 5-fluorouracil produce similar effects [23,
24], the present study assessed hippocampal-dependent spa-
tial memory in the Morris Water Maze (MWM), a classic
behavioral test sensitive to hippocampal damage [25].

Materials and methods
Animals

Adult female BALB/C mice (N =120; Envigo, Indianapolis,
USA), 8 weeks of age upon arrival, were housed 2—4 per
cage in a temperature and humidity-controlled vivarium on a
12-12 h light—dark cycle (6 am to 6 pm) with food and water
available ad libitum. For enrichment, all cages contained a
yellow or orange translucent plastic dome with which mice
interacted, explored and in which they often rested. Animals
were handled daily and acclimated for 1 week prior to study.
All behavioral assessments took place between 9 am and
3 pm.

Behavioral training and spatial memory assessment

Morris water maze (MWM) training and assessment of
spatial memory were conducted in a circular pool (130 cm
diameter, 30 cm high) filled with opaque water maintained at
24 °C. A clear Plexiglas tiered platform (Bottom tier: 15 cm
diameter; Top tier: 9.5 cm diameter) was present in the water
on all non-probe trials. The pool was enclosed with a white
polyvinyl curtain (632 cm X 182 cm) to prevent orienta-
tion on the experimenter or other extraneous distal visual
cues. Distinct visual stimuli were placed on the interior lin-
ing of the curtain to provide static visual cues for spatial
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orientation. A video camera, mounted above the pool, was
used to record all behaviors.

One week following arrival, on day 8, mice received ori-
entation training consisting of five trials/day for a period of
2 days, as described [16]. Spatial memory training began
on day 10 and consisted of five trials/day on days 10-14.
During each trial, the platform was placed a few cm below
the surface of the water in a consistent location for each
animal. Mice were placed in the water, facing the wall, in a
randomized location different from the location of the plat-
form. Randomization was conducted without replacement,
so that each mouse began one trial in each of five possible
non-platform zones each day. Each trial continued until the
mouse mounted the platform with all four paws, or until
60 s elapsed. If a mouse failed to locate the platform within
60 s, the animal was gently guided to the platform. All mice
were left on the platform for a minimum of 15 s before being
removed from the water.

On day 15, trials 1 and 2 occurred as described, with trial
3 serving as a probe trial to assess spatial memory. During
the probe trial, the platform was removed and mice were
allowed to swim for a total of 60 s before being removed
from the apparatus. Following the probe trial, two additional
platform trials were performed (trials 4 and 5) to prevent
possible extinction of spatial memory. Performance was
measured in the MWM every 6 days throughout the chemo-
therapeutic regimen, and weekly for 5 weeks thereafter
(Fig. 1). Each assessment day included four platform trials
(trials 1, 2, 4, and 5) with the probe trial (trial 3) used to
assess spatial memory. Repeated probe trials across 9 weeks
of behavioral assessment do not impair memory of the plat-
form location in control BALB/C mice [16], likely due to
the presence of two platform trials prior to and following
each probe.

Noldus Ethovision tracking software was used for the
analysis of behavior in the pool and in each of six equal-
sized “virtual” zones that were created using this software.
For each trial, the total distance moved and the number
of zone entries were determined, and the percent distance
moved in and percent entries into the correct zone were cal-
culated. In addition, the mean distance from the pool edge
was determined to assess the tendency to maintain contact
with, or remain near, the physical barrier of the open field,
an indicator of increased anxiety and stress [26, 27]. A
significant reduction in distance to the pool edge, relative
to baseline performance, was considered an indication of
increased anxiety.

Pharmacological agents and administration
Donepezil HCI (Tocris Bioscience, Bristol, UK) and galan-

tamine hydrobromide (Tocris Bioscience) were dissolved
[1.5 mg freebase/ml] in 0.9% phosphate-buffered saline
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Fig. 1 Experimental timeline. Mice were trained in the Morris water
maze from days 8 to 15, and probe trials were performed weekly for
9 weeks beginning on day 15. Activity and spatial memory were
assessed by measures of total swim distance, total zone entries, % of
the total distance moved in the correct zone, and % entries into the
correct zone. Cyclophosphamide (CYP; 25 mg/kg) and doxorubicin

(PBS), resulting in a pH of 7.0-7.4, and stored at 4 °C for
no longer than 1 week. Cyclophosphamide (Tocris Biosci-
ence) was dissolved [5 mg/ml] in 0.9% PBS, resulting in a
pH of 7.4, and stored at — 20 °C for no longer than 1 month.
Doxorubicin [2 mg/ml] was purchased as a solution (pH
2.5-4.5) from Teva Parenteral Medicines, Inc (Irvine, CA)
and stored at 4 °C.

On day 16, mice began receiving tail vein injections of
2.5 mg/kg doxorubicin followed by 25 mg/kg cyclophos-
phamide (CYP+DOX) once per week for 4 weeks (days
16, 23, 30 and 37). Because the goal of the present study
was to determine whether AChE inhibitors could prevent
or reverse the prolonged impairment of spatial memory
in female BALB/C mice induced by this dose combina-
tion of CYP+DOX, which we have demonstrated [16],
and to use the least number of experimental animals as
per the ARRIVE guidelines [28], all mice were exposed to
CYP+DOX and were either treated with donepezil or galan-
tamine or administered saline to serve as controls.

Donepezil (3 mg/kg, s.c.), galantamine (3 mg/kg, s.c.),
or equivalent volumes PBS (s.c.) were administered daily
either following cessation of or concurrently with the chem-
otherapeutic regimen. For experiment 1, the AChE inhibitors
or PBS was administered from days 44—71 at 1 h prior to
behavioral testing, whereas, for experiment 2, drugs were
administered 1 h following behavioral testing. For experi-
ment 3, PBS, donepezil, or galantamine was administered

(DOX; 2.5 mg/kg) were administered once per week for 4 weeks as
indicated, and PBS, donepezil (DON), or galantamine (GAL) was
injected daily as shown either 1 h prior to behavioral assessments
for experiments 1 and 3 or 1 h following behavioral assessments for
experiment 2

daily during the 4 weeks of chemotherapy, from days 16-43
at 1 h prior to chemotherapy injections or behavioral assess-
ments. The timelines for injections and behavioral measures
for the three experiments are shown in Fig. 1. Neither the
chemotherapeutic agents nor the AChE inhibitors had a sus-
tained effect on the weight of the mice. One week after the
administration of CYP+DOX, weight decreased by 2% in
some animals, but all mice exhibited a weight gain by day
50, irrespective of treatment group. The average weight of
the mice on day 15 ranged from 18.8 to 20.1 g and final
weights on day 71 ranged from 19.3 to 21.0 g, a 3-9%
increase with no significant differences among groups.

Statistical analysis

Analyses were conducted using Prism (GraphPad Software;
San Diego, CA). To verify an established spatial memory,
single-sample ¢ tests were performed comparing the % of
distance moved in the correct zone and % of correct zone
entries to chance performance (1/6 zones=16.67% for %
distance moved in and % entries into the correct zone) on
the baseline (day 15) probe trial. For experiments 1 and 2,
data from probe trials on days 15-36 were analyzed using a
repeated-measure ANOVA with subsequent multiple com-
parisons (Fishers LSD) to assess changes from baseline per-
formance (day 15) due to cyclophosphamide and doxoru-
bicin administration. Probe trial data from days 43—71 were
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analyzed using a multiple 3 x5 mixed factor ANOVA with
subsequent multiple comparisons (Fishers LSD) to assess
changes from post-chemotherapy performance (day 43) and
to determine differences between treatment groups. For
experiment 3, data from probe trials on days 15-71 were
assessed using a multiple 3 X9 ANOVA with subsequent
multiple comparisons (Fishers LSD) to assess changes from
baseline performance (day 15) and to determine differences
between treatment groups. A value of 0.05 was considered
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Fig.2 The effect of chemotherapy on spatial memory is not reversed
by the administration of AChEIs prior to behavioral testing. Fol-
lowing training and baseline determinations, mice (n=20) received
weekly injections of cyclophosphamide (CYP; 25 mg/kg) and doxo-
rubicin (DOX; 2.5 mg/kg) followed by daily injections of PBS, done-
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Results

Effects of donepezil and galantamine
on chemotherapy-induced spatial memory deficits

Because a recent clinical study reported that donepezil
reversed chemotherapy-induced memory deficits [12], the
first experiment determined whether donepezil or galan-
tamine could reverse chemotherapy-induced deficits in spa-
tial memory. Of the 40 mice that began this experiment, 17
engaged in floating behavior during training and testing and
failed to meet baseline criteria for spatial memory (>20% of
distance moved in the correct zone during the baseline probe
trial) and three developed necrosis at the injection site and
could not complete the study; these mice were not included
in the analyses.

Baseline performance on day 15 (Fig. 2) indicated that
mice swam a mean total distance of 693 +36 cm with
41+2.6% in the correct zone, significantly greater than

60
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pezil, or galantamine as shown in Fig. 1 for experiment 1, and activ-
ity and spatial memory assessed as described. The symbols denote
significance at p<0.05: ¢, significantly different from chance; *,
significantly different from day 15; and T, significantly different from
day 43
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chance performance (16.67%), indicating spatial memory of
the platform location [#(19)=9.18, Cohen’s d=2.05]. The
mean total number of zone entries at baseline was 14.7 + 1.4,
with 33 +1.9% into the correct zone, significantly greater
than chance performance (16.67%), indicating spatial mem-
ory of the platform location [#(19)=8.62, d=1.93].
Although the absolute values for mean total swim distance
and the mean total number of zone entries did not change
significantly throughout chemotherapy administration, both
the % distance and % entries into the correct zone decreased,
the former by 9-21% relative to baseline on days 22-36
[F(3,57)=15.63, ngmml=0.45], and the latter by 7-16% on
days 22-36 [F(3,57)=14.19, ”garuau: 0.43]. These effects did
not appear to be mediated increased anxiety in the MWM as
the distance to the pool edge did not change significantly
from baseline (18.57 + 1.24 cm), ranging from 18.33 +1.40
to 19.73 +1.33 cm, across days 22-36. Although the present
study did not include a control group receiving saline instead
of CYP+DOX, we have demonstrated that unexposed con-
trol mice do not exhibit a decrement in MWM performance
and spatial memory across weeks when using this paradigm
[16]. Thus, the reduction in % distance and % entries into the
correct zone following CYP+DOX administration is indica-
tive of impaired spatial memory.

On day 43, mice were assigned to treatment groups in
a pseudorandom fashion, using the % distance moved in
the correct zone to counterbalance spatial memory across
groups. The mean total swim distance on day 43 ranged from
748 to 761 cm and did not differ significantly among groups.
Furthermore, the mean % distance moved in the correct zone
ranged from 18 to 22% and was not significantly different
from chance performance (16.67%), indicating impaired
spatial memory. Similarly, the average total zone entries
ranged from 12 to 18 and did not differ significantly among
groups, and the mean % entries into the correct zone ranged
from 20 to 23% and did not differ from chance performance
(16.67%), indicating impaired spatial memory.

PBS, donepezil, or galantamine was injected daily (days
44-7T1) approximately 1 h prior to beginning behavioral test-
ing. The mean distance to the pool edge did not decrease
significantly on days 50-71 relative to day 43
(18.85+1.72 cm), with group means ranging from
18.39+2.46 to 21.78 +3.40 cm, indicating that drug treat-
ment did not alter anxiety during the probe trial. PBS did not
affect either the total swim distance, percent distance in the
correct zone, the number of total zone entries or the percent
of zone entries into the correct zone on days 50-71 relative
to day 43. In contrast, the AChE inhibitors decreased total
swim distance with a significant effect on days 57-71 for
donepezil-injected mice, and a significant reduction on day
50 for galantamine-injected mice [F(4,68)=4.09,

nﬁartial =0.19]. However, there were no significant differences

in the percent distance in the correct zone (’lsamal =0.06), the
2

partial 0.18), or the percent

of zone entries into the correct zone (1> . =0.05) on days
partial

50-71 relative to day 43. Thus, the daily administration of
the AChE inhibitors for 4 weeks did not reverse chemother-
apy-induced impairments in spatial memory. However, mice
who received the AChE inhibitors exhibited reduced swim
distance during behavioral assessment, suggesting that the
acute effects of an AChE inhibitor administered immediately
prior to behavioral testing might have interfered with perfor-
mance and the assessment of spatial memory.

To investigate this possibility, mice were trained, exposed
to CYP+DOX, assigned to treatment groups as in experi-
ment 1, but injections of the AChE inhibitors were at 1 h
following behavioral testing to minimize any possible effects
of these drugs on behavior. Of the 40 mice that began train-
ing for experiment 2, 19 engaged in floating behavior during
training and testing and did not meet a minimum criterion
for spatial memory (>20% of distance moved in the correct
zone during the baseline probe trial) and three mice pre-
sented necrosis at the injection site and could not complete
the study; these mice were not included in the analyses.

Baseline performance on day 15 (Fig. 3) indicated that
mice swam a total distance of 784 +56 cm with 53 +3.4%
of swim distance in the correct zone, significantly greater
than chance performance (16.67%), indicating spatial mem-
ory of the platform location [#(17)=10.68, d=2.52]. The
total number of zone entries was 16.4 +2.0 with 34+ 1.8%
into the correct zone, significantly greater than chance per-
formance (16.67%), indicating spatial memory of the plat-
form location [#(17)=9.43, d=2.22]. As in experiment 1,
the absolute values for total swim distance and the number
of total zone entries did not change significantly throughout
chemotherapy administration, but both the % distance and
% entries into the correct zone decreased, the former by
11-21% compared to baseline [F(3,51)=6.73, ns =0.28],

number of total zone entries (7

artial

and the latter by 10-12% compared to baseline
[F(3,51)=5.61, ”gamal =0.25], indicating impairment of spa-
tial memory. These effects did not appear to be mediated by
anxiety in the MWM as the distance to the pool edge did not
decrease significantly from baseline (18.00 +1.21 cm), with
group means ranging from 18.74 +1.28 to 19.87 + 1.26 cm,
across days 22-36.

On day 43, the mean total swim distance ranged from 706
to 828 cm and the mean total zone entries ranged from 11
to 16; neither measure differed significantly among groups.
The mean % distance moved in the correct zone ranged from
15 to 24% was not significantly different among groups, and
did not differ from chance performance (16.67%), indicating
impaired spatial memory. The mean % of entries into the
correct zone on day 43 ranged from 19 to 31%, and although
group means did not differ significantly, the mean % entries
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Fig.3 The effect of chemotherapy on spatial memory is not reversed
by the administration of AChEIs following behavioral testing. Fol-
lowing training and baseline determinations, mice (n=20) received
weekly injections of cyclophosphamide (CYP; 25 mg/kg) and doxo-
rubicin (DOX; 2.5 mg/kg) followed by daily injections of PBS, done-

into the correct zone for mice assigned to receive PBS were
significantly greater than chance (16.67%) performance
[t(5)=3.87, d=2.26], while the values for mice assigned
to receive donepezil and galantamine did not differ from
chance, suggesting a smaller impairment in PBS animals
for this measure.

The mean distance to the pool edge ranged from
19.36 +£2.89 to 23.17 +£3.27 cm on days 50-71 and did not
change significantly relative to day 43 (20.21 + 1.81 cm) for
any group, indicating that drug treatment did not alter anxi-
ety during the probe trial. Similar to results from experiment
1, PBS injections had no effect on any subsequent measure
when administered following behavioral testing on days
50-71, whereas the administration of donepezil led to a sig-
nificant decrease in total swim distance on day 50, and gal-
antamine led to significant reductions in total swim distance
on days 50, 57, and 71 [F(4,60)=4.49, rl;arlial=0'23]' No
significant alterations were determined for measures in the

correct zone (2 . =0.07 for the mean percent distance
partial
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ity and spatial memory assessed as described. The symbols denote
significance at p <0.05: #, significantly different from chance; *, sig-
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2
partial

of entries to the correct zone). Thus, the absence of improved
spatial memory during treatment with AChE inhibitors is
not a consequence of the enzyme inhibitors interfering with
performance during behavioral testing, indicating that these
compounds cannot reverse chemotherapy-induced spatial
memory deficits.

moved in the correct zone; i =0.09 for the mean percent

Effects of donepezil and galantamine
on the induction of spatial memory deficits
by chemotherapy

Although the AChE inhibitors could not reverse chemother-
apy-induced spatial memory deficits, it was possible that
these agents could prevent induction of the deficit. This idea
is supported by evidence that donepezil administration to
mice both during and following exposure to methotrexate
and 5-fluorouracil prevented several chemotherapy-induced
memory deficits [13]. Thus, experiment 3 determined
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whether the AChE inhibitors were effective when adminis-
tered concurrent with the chemotherapeutic agents.

Mice were trained in the MWM on days 8—14, baseline
performance assessed on day 15, and animals were assigned
to receive PBS, donepezil or galantamine in a pseudorandom
fashion, using the % distance moved in the correct zone to
counterbalance spatial memory across groups. Mice received
PBS, donepezil or galantamine daily from days 16-43, and
injections of CYP+DOX were administered weekly for
4 weeks on days 16, 23, 30 and 37 (Fig. 1). On these days,
PBS, donepezil or galantamine was administered 1 h prior
to CYP+DOX.

Of the 40 mice that began experiment 3, 16 mice engaged
in floating behavior during training and testing and did not
meet the minimum criteria for spatial memory (>20% of
distance moved in the correct zone during the baseline
probe trial) and two mice presented necrosis at the injection
site and could not complete the study; these mice were not
included in the analyses.
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Total swim distance ranged from 806 to 902 cm and did
not differ significantly among groups on baseline day 15
(Fig. 4). Similarly, the mean % distance in the correct zone
ranged from 48 to 50%, and did not differ among groups,
verifying effective randomization. Furthermore, the overall
mean % distance swam in the correct zone (49.4+0.4%)
differed significantly from chance (16.67%) performance
[#(21)=15.39, d=3.28], indicating spatial memory of the
platform location. Pseudorandom assignment based on %
swim distance in the correct zone did not result in groups
balanced for total number of zone entries. Mice assigned to
the PBS group exhibited 36% fewer zone entries than mice
assigned to the donepezil group [F(16,152)=3.97,
nsmialz 0.29], while the total zone entries of mice assigned
to the galantamine group did not differ from other groups.
Despite the group differences in total zone entries, the %
entries into the correct zone did not differ among groups and
the overall mean (33.2+0.7%) was significantly greater than
chance (16.67%) performance [#(21)=13.31, d=2.88],
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Fig.4 The administration of AChEIs concurrent with chemotherapy
attenuates induced deficits in activity and spatial memory. Follow-
ing training and baseline determinations, mice (n=20) received daily
injections of PBS, donepezil, or galantamine, and weekly injections
of cyclophosphamide (CYP; 25 mg/kg) and doxorubicin (DOX;

2.5 mg/kg) 1 h later, as shown in Fig. 1 for experiment 3; activity and
spatial memory were assessed as described. The symbols denote sig-
nificance at p <0.05: #, significantly different from chance; *, signifi-
cantly different from day 15; f, significantly different among groups
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again indicating spatial memory of the platform location.
The group means for distance to the pool edge at baseline
ranged from 19.81+2.17 to 23.66+0.95 cm and did not
differ significantly from each other, suggesting similar anxi-
ety in the MWM between groups at baseline.

There was a significant interaction between drug admin-
istration and day of assessment for the mean distance to the
pool edge [F(16,152)=2.12, 5> . =0.18]. For mice who

partial —
received PBS or galantamine, the distance to the pool edge

did not differ significantly from baseline across days of
assessment. However, mice that received donepezil swam
closer to the pool edge on day 71 (21.40 + 1.24 cm) than at
baseline (23.66+0.95 cm), suggesting an increase in anxiety
on the final day of assessment for this group.

The total swim distance of mice who received PBS and
the chemotherapeutic agents decreased significantly by
15-47% from days 43-71, indicating reduced activity fol-
lowing 4 weeks of chemotherapy. The total swim distance
of donepezil-injected mice was unchanged and was signifi-
cantly greater than that of PBS-injected mice on days 50, 64,
and 71, while the total swim distance of galantamine-
injected mice decreased by 15-26% from days 50-71 and
did not differ from that of PBS-injected mice
[F(16,152)=3.40, 2 . =0.26]. The % distance moved in

partial
the correct zone by mice who received PBS and were

exposed to CYP+DOX decreased by 34—-69% during days
29-71, indicating spatial memory impairment. Both done-
pezil- and galantamine-injected mice exhibited a smaller
reduction (14-21%) in % distance moved in the correct zone,
with the former performing significantly better than PBS-
injected mice on day 64, and the latter performing signifi-
cantly better than PBS-injected mice on days 57-71
[F(16,152)=2.29, n> _ =0.19]. Furthermore, the % dis-

partial
tance moved in the correct zone by mice receiving the AChE

inhibitors did not differ significantly from baseline day 15.

The number of total zone entries by PBS-injected mice
declined on days 57-71, paralleling the decrease in total
swim distance by this group. In contrast, donepezil-injected
mice exhibited a 29% reduction in total zone entries on day
29, but significantly more zone entries than PBS-injected
mice on days 43—71, while galantamine-injected mice exhib-
ited a 27-28% increase in zone entries on days 22 and 29,
but did not differ from PBS-injected mice at any assessment
time point [F(16,152)=3.97, ngama] =0.29].

The % entries into the correct zone by PBS-injected mice
exposed to CYP+DOX deceased significantly by 28-62%
from days 29-71, indicating impaired performance. Done-
pezil- and galantamine-injected mice exhibited a smaller
reduction (25-36%) in the % of entries into the correct zone,
and donepezil-injected mice performed significantly better
than PBS-injected mice on days 64 and 71, while galan-
tamine-injected mice performed significantly better than
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PBS-injected mice on days 57-71 [F(16,152)=1.81,
nsmialz 0.16]. Furthermore, the % entries in the correct zone
by mice receiving the AChE inhibitors did not differ signifi-
cantly from baseline day 15. Thus, results indicate that when
ACHhE inhibitors are administered concurrently with chemo-
therapy, spatial memory is preserved, obviating chemother-

apy-induced deficits.

Discussion

Results indicate that when donepezil or galantamine is
administered during chemotherapy with CYP+DOX, the
induction of spatial memory deficits is attenuated. In con-
trast, neither AChE inhibitor could reverse an established
deficit in spatial memory when administered either imme-
diately prior to or following behavioral assessment. Thus,
enhancing cholinergic function by administering AChE
inhibitors during chemotherapy has a prophylactic effect on
cognitive function, but cannot reverse a deficit induced by
CYP+DOX administration.

Results extend the findings of Winocur et al. [13] and sug-
gest that the occurrence of spatial memory deficits induced
by several chemotherapeutic combinations can be attenuated
by AChE inhibitors. The present study, and the study by
Winocur et al., utilized healthy mice to examine the use of
ACHhE inhibitors for the prevention or treatment of spatial
memory deficits that manifest following the administration
of cyclophosphamide and doxorubicin or methotrexate and
5-fluorouracil. One limitation of this approach is that cancer
itself may contribute to cognitive decline and chemothera-
peutic agents may have more complex effects on cognitive
function when administered to individuals with tumors [29,
30]. Thus, it is possible that the beneficial effects of AChE
inhibitors observed in the present study and reported by
Winocur et al. would not be observed in individuals suffer-
ing from cancer. Alternatively, the presence of tumors and/or
the interaction of tumors with chemotherapy might produce
unique adverse effects on cognitive function for which AChE
inhibitors provide some therapeutic benefit.

To this latter point, Lawrence et al. [12] reported that the
administration of donepezil to breast cancer patients who
had received chemotherapy resulted in significant improve-
ments in two out of five components of the Hopkins Verbal
Learning Test (Revised), without improvement on several
other tests of cognitive function, suggesting that donepezil
may lead to improvements in some cognitive domains of
cancer patients receiving chemotherapy, but not others. In
this clinical trial, donepezil treatment was initiated 1-5 years
following cessation of chemotherapy with the drug adminis-
tered for 24 weeks prior to assessment. For the present study,
donepezil did not reverse chemotherapy-induced spatial
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memory deficits in otherwise healthy mice when adminis-
tered for 4 weeks beginning 7 days following the final expo-
sure to the chemotherapeutic agents. The present findings
suggest that: (1) treatment with donepezil may not reverse
chemotherapy-induced deficits in spatial memory; (2) there
may be a window immediately following chemotherapy dur-
ing which time the administration of AChE inhibitors cannot
improve cognitive function; (3) that a longer duration of
drug administration may be necessary to observe a reversal
of the cognitive impairment; and/or (4) that chemotherapy
alone may have adverse effects on cognitive function that
differ from the cognitive-impairing effects of cancer and
chemotherapy combined, and that the latter can benefit from
treatment with AChE inhibitors. Further studies are war-
ranted to investigate these possibilities.

It has been suggested that cognitive deficits observed
in cancer patients are a consequence of, or exacerbated by,
depression and increased anxiety precipitated by cancer
diagnosis and treatment. In the present study, 43% of mice
were removed from the analysis due to poor acquisition of
task and/or floating behavior during training and testing,
the latter an indicator of anxiety. Similar rates of perfor-
mance difficulties have been reported for BALB/C mice
in the MWM; however, findings indicate that a subset of
BALB/C mice perform MWM spatial memory tasks very
well [31, 32]. Because immobility, a gold standard indica-
tor of depressive-like behavior in rodents [33] was used as
a criterion to remove mice from the study, it is unlikely that
depressive-like behavior mediated the impairment of spatial
memory demonstrated in the present study. Furthermore,
it is unlikely that increased anxiety mediated the observed
impairment of spatial memory, since the mean distance
to the pool edge among mice that remained in the study
indicated little change in anxiety across groups and days of
spatial memory testing. Therefore, the preventative effects
reported here likely represents the effect of AChE inhibi-
tors on cognitive function rather than an anti-depressant or
anxiolytic effect. It should be noted that because this study
contained few, if any, mice exhibiting depression-like behav-
ior or increased anxiety during or following chemotherapy,
the possibility that AChE inhibitors can prevent or reverse
cognitive deficits mediated by depressive-like or anxious
behavior remains to be explored.

Because cyclophosphamide, doxorubicin, methotrexate,
and 5-fluorouracil all initiate cell death, it is possible that the
AChE inhibitors prevent chemotherapy-induced apoptosis
via activation of mitochondrial nAChRs and the resulting
attenuation of cytochrome c release [34]. However, because
these chemotherapeutic agents do not appear to cross the
blood-brain barrier in sufficient quantities to induce cell
death when administered peripherally at therapeutic doses
[35, 36], damage to the central nervous system (CNS) is
likely to be a consequence of a peripheral action.

Many chemotherapeutic agents, including cyclophos-
phamide, doxorubicin, and 5-fluorouracil, increase circu-
lating pro-inflammatory cytokines [37, 38], which may
cross the blood—brain barrier or may stimulate central
cytokine expression through the vagus nerve [39, 40],
leading to neuronal injury [37]. In the periphery, increas-
ing cholinergic activity by inhibiting ACh hydrolysis may
attenuate toxicity or damage to cells [41, 42] by suppress-
ing cytokine synthesis via stimulation of a7 nAChRs
expressed by macrophages and other cytokine-producing
cells, thereby inhibiting inflammation [43]. In the CNS,
increasing cholinergic activity can stimulate a7 nAChRs
on microglia and attenuate pro-inflammatory responses
[44]. Thus, the anti-inflammatory actions of ACh may
underlie the ability of AChE inhibitors to attenuate cog-
nitive impairment resulting from chemotherapy, and this
possibility should be examined in future studies.

The beneficial effects of galantamine may be attrib-
uted to its antioxidant activity, as it has been suggested
that CRCDs may result from increased oxidative stress.
Konat et al. [15] demonstrated that the concurrent admin-
istration of an antioxidant with CYP+DOX can prevent
impaired passive avoidance performance in rats. Galan-
tamine, which exerts significant antioxidant activity [45],
may prevent an induced memory deficit when administered
concurrent with chemotherapy by acting as an antioxidant.
A dose-response characterization of the effects of done-
pezil and galantamine on spatial memory is necessary to
determine whether positive allosteric modulation of a7
nAChRs by galantamine provides benefits over donepezil
and whether galantamine exerts significant antioxidant
effects at prophylactic doses. In addition, whether the pro-
phylactic effects of galantamine are exclusive to spatial
memory deficits associated with CYP+DOX administra-
tion or apply to other cognitive domains (e.g., working
memory, procedural memory), and other chemotherapeutic
regimens, remains to be examined.

Conclusions

As cancer survival rates and patient longevity continue to
increase, it is important to ensure quality of life of those
who suffer from CRCDs. The development of approaches
that protect against CRCD development in cancer patients
would be beneficial. Further research is necessary to deter-
mine how AChE inhibitors interact with chemotherapeutic
agents and whether they interfere with the effectiveness of
chemotherapy. However, the results of the present studies
are promising, and suggest that enhancing cholinergic func-
tion during chemotherapy may be a viable approach for the
prevention CRCDs.

@ Springer



588

Cancer Chemotherapy and Pharmacology (2019) 84:579-589

Acknowledgements The authors would like to thank April Lindon for
her technical assistance during this study and Dr. Heather Jim for her
valuable suggestions and feedback.

Funding These studies were supported in part by USF Research and
Innovation Proposal Enhancement Grant and the American Cancer
Society Institutional Research Grant, Moffitt Cancer Center.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The care and use of animals were approved in accord-
ance with guidelines set by the University of South Florida Institutional
Animal Care and Use Committee, the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines of
the National Centre for the Replacement, Refinement and Reduction
of Animals in Research.

References

1. Wieneke MH, Dienst ER (1995) Neuropsychological assessment
of cognitive functioning following chemotherapy for breast can-
cer. Psychooncology 4:61-66

2. Wefel JS, Lenzi R, Theriault RL, Davis RN, Meyers CA (2004)
The cognitive sequelae of standard-dose adjuvant chemotherapy
in women with breast carcinoma: results of a prospective, rand-
omized, longitudinal trial. Cancer 100(11):2292-2299. https://doi.
org/10.1002/cncr.20272

3. Ahles TA, Root JC, Ryan EL (2012) Cancer- and cancer treat-
ment-associated cognitive change: an update on the state of the
science. J Clin Oncol 30(30):3675-3686. https://doi.org/10.1200/
JCO.2012.43.0116

4. Tannock IF, Ahles TA, Ganz PA, Van Dam FS (2004) Cogni-
tive impairment associated with chemotherapy for cancer: report
of a workshop. J Clin Oncol 22(11):2233-2239. https://doi.
org/10.1200/1C0O.2004.08.094

5. Kohli S, Griggs JJ, Roscoe JA, Jean-Pierre P, Bole C, Mustian
KM, Hill R, Smith K, Gross H, Morrow GR (2007) Self-reported
cognitive impairment in patients with cancer. J Oncol Pract
3(2):54-59. https://doi.org/10.1200/JOP.0722001

6. Wefel JS, Saleeba AK, Buzdar AU, Meyers CA (2010) Acute and
late onset cognitive dysfunction associated with chemotherapy in
women with breast cancer. Cancer 116(14):3348-3356. https://
doi.org/10.1002/cncr.25098

7. RaffaRB (2010) Is a picture worth a thousand (forgotten) words?:
neuroimaging evidence for the cognitive deficits in ‘chemo-
fog’/’chemo-brain’. J Clin Pharm Ther 35(1):1-9. https://doi.org
/10.1111/j.1365-2710.2009.01044.x

8. Koppelmans V, Breteler MM, Boogerd W, Seynaeve C, Gundy
C, Schagen SB (2012) Neuropsychological performance in sur-
vivors of breast cancer more than 20 years after adjuvant chemo-
therapy. J Clin Oncol 30(10):1080-1086. https://doi.org/10.1200/
JCO.2011.37.0189

9. Wilkinson DG, Francis PT, Schwam E, Payne-Parrish J (2004)
Cholinesterase inhibitors used in the treatment of Alzheimer’s
disease: the relationship between pharmacological effects and
clinical efficacy. Drugs Aging 21(7):453-478

10. Ribeiz SR, Bassitt DP, Arrais JA, Avila R, Steffens DC, Bottino
CM (2010) Cholinesterase inhibitors as adjunctive therapy in

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

patients with schizophrenia and schizoaffective disorder: a review
and meta-analysis of the literature. CNS Drugs 24(4):303-317.
https://doi.org/10.2165/11530260-000000000-00000

Everitt BJ, Robbins TW (1997) Central cholinergic systems
and cognition. Annu Rev Psychol 48:649-684. https://doi.
org/10.1146/annurev.psych.48.1.649

Lawrence JA, Griffin L, Balcueva EP, Groteluschen DL, Samuel
TA, Lesser GJ, Naughton MJ, Case LD, Shaw EG, Rapp SR
(2016) A study of donepezil in female breast cancer survivors
with self-reported cognitive dysfunction 1 to 5 years following
adjuvant chemotherapy. J Cancer Surviv 10(1):176-184. https://
doi.org/10.1007/s11764-015-0463-x

Winocur G, Binns MA, Tannock I (2011) Donepezil reduces
cognitive impairment associated with anti-cancer drugs in a
mouse model. Neuropharmacology 61(8):1222-1228. https://doi.
org/10.1016/j.neuropharm.2011.07.013

Macleod JE, DeLeo JA, Hickey WF, Ahles TA, Saykin AJ, Bucci
DJ (2007) Cancer chemotherapy impairs contextual but not cue-
specific fear memory. Behav Brain Res 181(1):168-172. https://
doi.org/10.1016/j.bbr.2007.04.003

Konat GW, Kraszpulski M, James I, Zhang HT, Abraham J
(2008) Cognitive dysfunction induced by chronic administration
of common cancer chemotherapeutics in rats. Metab Brain Dis
23(3):325-333. https://doi.org/10.1007/s11011-008-9100-y
Philpot RM, Ficken M, Wecker L (2016) Doxorubicin and cyclo-
phosphamide lead to long-lasting impairment of spatial memory
in female, but not male mice. Behav Brain Res 307:165-175. https
://doi.org/10.1016/j.bbr.2016.04.017

Rendeiro C, Sheriff A, Bhattacharya TK, Gogola JV, Baxter JH,
Chen H, Helferich WG, Roy EJ, Rhodes JS (2016) Long-lasting
impairments in adult neurogenesis, spatial learning and mem-
ory from a standard chemotherapy regimen used to treat breast
cancer. Behav Brain Res 315:10-22. https://doi.org/10.1016/j.
bbr.2016.07.043

Samochocki M, Hoffle A, Fehrenbacher A, Jostock R, Ludwig
J, Christner C, Radina M, Zerlin M, Ullmer C, Pereira EF, Lub-
bert H, Albuquerque EX, Maelicke A (2003) Galantamine is an
allosterically potentiating ligand of neuronal nicotinic but not
of muscarinic acetylcholine receptors. J Pharmacol Exp Ther
305(3):1024-1036. https://doi.org/10.1124/jpet.102.045773
Thomsen MS, Hansen HH, Timmerman DB, Mikkelsen JD (2010)
Cognitive improvement by activation of alpha7 nicotinic acetyl-
choline receptors: from animal models to human pathophysiology.
Curr Pharm Des 16(3):323-343

Yang M, Kim JS, Song MS, Kim SH, Kang SS, Bae CS, Kim
JC, Wang H, Shin T, Moon C (2010) Cyclophosphamide impairs
hippocampus-dependent learning and memory in adult mice: pos-
sible involvement of hippocampal neurogenesis in chemotherapy-
induced memory deficits. Neurobiol Learn Mem 93(4):487-494.
https://doi.org/10.1016/j.nlm.2010.01.006

Christie LA, Acharya MM, Parihar VK, Nguyen A, Martirosian
V, Limoli CL (2012) Impaired cognitive function and hippocam-
pal neurogenesis following cancer chemotherapy. Clin Can-
cer Res 18(7):1954-1965. https://doi.org/10.1158/1078-0432.
CCR-11-2000

Kitamura Y, Hattori S, Yoneda S, Watanabe S, Kanemoto E, Sugi-
moto M, Kawai T, Machida A, Kanzaki H, Miyazaki I, Asanuma
M, Sendo T (2015) Doxorubicin and cyclophosphamide treatment
produces anxiety-like behavior and spatial cognition impairment
in rats: possible involvement of hippocampal neurogenesis via
brain-derived neurotrophic factor and cyclin D1 regulation. Behav
Brain Res 292:184-193. https://doi.org/10.1016/j.bbr.2015.06.007
Mustafa S, Walker A, Bennett G, Wigmore PM (2008) 5-Fluoro-
uracil chemotherapy affects spatial working memory and newborn
neurons in the adult rat hippocampus. Eur J Neurosci 28(2):323—
330. https://doi.org/10.1111/j.1460-9568.2008.06325.x


https://doi.org/10.1002/cncr.20272
https://doi.org/10.1002/cncr.20272
https://doi.org/10.1200/JCO.2012.43.0116
https://doi.org/10.1200/JCO.2012.43.0116
https://doi.org/10.1200/JCO.2004.08.094
https://doi.org/10.1200/JCO.2004.08.094
https://doi.org/10.1200/JOP.0722001
https://doi.org/10.1002/cncr.25098
https://doi.org/10.1002/cncr.25098
https://doi.org/10.1111/j.1365-2710.2009.01044.x
https://doi.org/10.1111/j.1365-2710.2009.01044.x
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.2165/11530260-000000000-00000
https://doi.org/10.1146/annurev.psych.48.1.649
https://doi.org/10.1146/annurev.psych.48.1.649
https://doi.org/10.1007/s11764-015-0463-x
https://doi.org/10.1007/s11764-015-0463-x
https://doi.org/10.1016/j.neuropharm.2011.07.013
https://doi.org/10.1016/j.neuropharm.2011.07.013
https://doi.org/10.1016/j.bbr.2007.04.003
https://doi.org/10.1016/j.bbr.2007.04.003
https://doi.org/10.1007/s11011-008-9100-y
https://doi.org/10.1016/j.bbr.2016.04.017
https://doi.org/10.1016/j.bbr.2016.04.017
https://doi.org/10.1016/j.bbr.2016.07.043
https://doi.org/10.1016/j.bbr.2016.07.043
https://doi.org/10.1124/jpet.102.045773
https://doi.org/10.1016/j.nlm.2010.01.006
https://doi.org/10.1158/1078-0432.CCR-11-2000
https://doi.org/10.1158/1078-0432.CCR-11-2000
https://doi.org/10.1016/j.bbr.2015.06.007
https://doi.org/10.1111/j.1460-9568.2008.06325.x

Cancer Chemotherapy and Pharmacology (2019) 84:579-589

589

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lyons L, ElBeltagy M, Umka J, Markwick R, Startin C, Bennett
G, Wigmore P (2011) Fluoxetine reverses the memory impair-
ment and reduction in proliferation and survival of hippocam-
pal cells caused by methotrexate chemotherapy. Psychopharma-
cology (Berl) 215(1):105-115. https://doi.org/10.1007/s0021
3-010-2122-2

Morris RG, Garrud P, Rawlins JN, O’Keefe J (1982) Place
navigation impaired in rats with hippocampal lesions. Nature
297(5868):681-683

Beiko J, Lander R, Hampson E, Boon F, Cain DP (2004) Contri-
bution of sex differences in the acute stress response to sex dif-
ferences in water maze performance in the rat. Behav Brain Res
151(1-2):239-253. https://doi.org/10.1016/j.bbr.2003.08.019
Huang Y, Zhou W, Zhang Y (2012) Bright lighting conditions
during testing increase thigmotaxis and impair water maze per-
formance in BALB/c mice. Behav Brain Res 226(1):26-31. https
://doi.org/10.1016/j.bbr.2011.08.043

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG
(2010) Improving bioscience research reporting: the ARRIVE
guidelines for reporting animal research. J Pharmacol Pharmaco-
ther 1(2):94-99. https://doi.org/10.4103/0976-500X.72351
Jenkins V, Shilling V, Deutsch G, Bloomfield D, Morris R, Allan
S, Bishop H, Hodson N, Mitra S, Sadler G, Shah E, Stein R,
Whitehead S, Winstanley J (2006) A 3-year prospective study
of the effects of adjuvant treatments on cognition in women with
early stage breast cancer. Br J Cancer 94(6):828-834. https://doi.
org/10.1038/sj.bjc.6603029

Wefel JS, Witgert ME, Meyers CA (2008) Neuropsychological
sequelae of non-central nervous system cancer and cancer therapy.
Neuropsychol Rev 18(2):121-131. https://doi.org/10.1007/s1106
5-008-9058-x

Francis DD, Zaharia MD, Shanks N, Anisman H (1995) Stress-
induced disturbances in Morris water-maze performance: inter-
strain variability. Physiol Behav 58(1):57-65

Wahlsten D, Cooper SF, Crabbe JC (2005) Different rankings of
inbred mouse strains on the Morris maze and a refined 4-arm
water escape task. Behav Brain Res 165(1):36-51. https://doi.
org/10.1016/1.bbr.2005.06.047

Castagne V, Moser P, Roux S, Porsolt RD (2011) Rodent mod-
els of depression: forced swim and tail suspension behavioral
despair tests in rats and mice. Curr Protoc Neurosci. https://doi.
org/10.1002/0471142301.ns0810as55 (Chapter 8:Unit 8 10A)
Gergalova G, Lykhmus O, Komisarenko S, Skok M (2014) a7
nicotinic acetylcholine receptors control cytochrome c release
from isolated mitochondria through kinase-mediated pathways.
Int J Biochem Cell Biol 49:26-31. https://doi.org/10.1016/j.bioce
1.2014.01.001

Genka S, Deutsch J, Stahle PL, Shetty UH, John V, Robinson
C, Rapoport SI, Greig NH (1990) Brain and plasma pharma-
cokinetics and anticancer activities of cyclophosphamide and

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

phosphoramide mustard in the rat. Cancer Chemother Pharmacol
27(1):1-7

von Holst H, Knochenhauer E, Blomgren H, Collins VP, Ehn L,
Lindquist M, Noren G, Peterson C (1990) Uptake of adriamycin
in tumour and surrounding brain tissue in patients with malignant
gliomas. Acta Neurochir (Wien) 104(1-2):13-16

Janelsins MC, Mustian KM, Palesh OG, Mohile SG, Peppone
LJ, Sprod LK, Heckler CE, Roscoe JA, Katz AW, Williams JP,
Morrow GR (2012) Differential expression of cytokines in breast
cancer patients receiving different chemotherapies: implica-
tions for cognitive impairment research. Support Care Cancer
20(4):831-839. https://doi.org/10.1007/s00520-011-1158-0
Cheung YT, Ng T, Shwe M, Ho HK, Foo KM, Cham MT, Lee
JA, Fan G, Tan YP, Yong WS, Madhukumar P, Loo SK, Ang
SF, Wong M, Chay WY, Ooi WS, Dent RA, Yap YS, Ng R,
Chan A (2015) Association of proinflammatory cytokines and
chemotherapy-associated cognitive impairment in breast cancer
patients: a multi-centered, prospective, cohort study. Ann Oncol
26(7):1446-1451. https://doi.org/10.1093/annonc/mdv206
Wilson CJ, Finch CE, Cohen HJ (2002) Cytokines and cognition—
the case for a head-to-toe inflammatory paradigm. J Am Geriatr
Soc 50(12):2041-2056

Kelley KW, Bluthe RM, Dantzer R, Zhou JH, Shen WH, Johnson
RW, Broussard SR (2003) Cytokine-induced sickness behavior.
Brain Behav Immun 17(Suppl 1):S112-S118

Kawashima K, Fujii T (2008) Basic and clinical aspects of non-
neuronal acetylcholine: overview of non-neuronal choliner-
gic systems and their biological significance. J Pharmacol Sci
106(2):167-173

Tracey KJ (2007) Physiology and immunology of the cholinergic
antiinflammatory pathway. J Clin Investig 117(2):289-296. https
://doi.org/10.1172/JCI30555

Wang DW, Zhou RB, Yao YM (2009) Role of cholinergic anti-
inflammatory pathway in regulating host response and its inter-
ventional strategy for inflammatory diseases. Chin J Traumatol
12(6):355-364

Carnevale D, De Simone R, Minghetti L (2007) Microglia-neu-
ron interaction in inflammatory and degenerative diseases: role
of cholinergic and noradrenergic systems. CNS Neurol Disord
Drug Targ 6(6):388-397

Tsvetkova D, Obreshkova D, Zheleva-Dimitrova D, Saso L (2013)
Antioxidant activity of galantamine and some of its derivatives.
Curr Med Chem 20(36):4595-4608

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00213-010-2122-2
https://doi.org/10.1007/s00213-010-2122-2
https://doi.org/10.1016/j.bbr.2003.08.019
https://doi.org/10.1016/j.bbr.2011.08.043
https://doi.org/10.1016/j.bbr.2011.08.043
https://doi.org/10.4103/0976-500X.72351
https://doi.org/10.1038/sj.bjc.6603029
https://doi.org/10.1038/sj.bjc.6603029
https://doi.org/10.1007/s11065-008-9058-x
https://doi.org/10.1007/s11065-008-9058-x
https://doi.org/10.1016/j.bbr.2005.06.047
https://doi.org/10.1016/j.bbr.2005.06.047
https://doi.org/10.1002/0471142301.ns0810as55
https://doi.org/10.1002/0471142301.ns0810as55
https://doi.org/10.1016/j.biocel.2014.01.001
https://doi.org/10.1016/j.biocel.2014.01.001
https://doi.org/10.1007/s00520-011-1158-0
https://doi.org/10.1093/annonc/mdv206
https://doi.org/10.1172/JCI30555
https://doi.org/10.1172/JCI30555

	Spatial memory deficits in mice induced by chemotherapeutic agents are prevented by acetylcholinesterase inhibitors
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Behavioral training and spatial memory assessment
	Pharmacological agents and administration
	Statistical analysis

	Results
	Effects of donepezil and galantamine on chemotherapy-induced spatial memory deficits
	Effects of donepezil and galantamine on the induction of spatial memory deficits by chemotherapy

	Discussion
	Conclusions
	Acknowledgements 
	References




