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Cancer patients who have been treated with systemic adjuvant chemotherapy have described experi-
encing deteriorations in cognition. A widely used chemotherapeutic agent, 5-fluorouracil (5-FU), readily
crosses the blood–brain barrier and so could have a direct effect on brain function. In particular this
anti mitotic drug could reduce cell proliferation in the neurogenic regions of the adult brain. In con-
trast reports indicate that hippocampal dependent neurogenesis and cognition are enhanced by the SSRI
antidepressant Fluoxetine. In this investigation the behavioural effects of chronic (two week) treatment
with 5-FU and (three weeks) with Fluoxetine either separately or in combination with 5-FU were tested
on adult Lister hooded rats. Behavioural effects were tested using a context dependent conditioned emo-
tional response test (CER) which showed that animals treated with 5-FU had a significant reduction in
freezing time compared to controls. A separate group of animals was tested using a hippocampal depen-
dent spatial working memory test, the object location recognition test (OLR). Animals treated only with

5-FU showed significant deficits in their ability to carry out the OLR task but co administration of Flu-
oxetine improved their performance. 5-FU chemotherapy caused a significant reduction in the number
of proliferating cells in the sub granular zone of the dentate gyrus compared to controls. This reduction
was eliminated when Fluoxetine was co administered with 5-FU. Fluoxetine on its own had no effect on
proliferating cell number or behaviour. These findings suggest that 5-FU can negatively affect both cell
proliferation and hippocampal dependent working memory and that these deficits can be reversed by

strati
the simultaneous admini

. Introduction

Systemic adjuvant chemotherapy is used in the treatment of
any cancers including breast cancer. For some time breast can-

er patients have reported that chemotherapy can have negative
ffects on cognition, a phenomenon which has led to the use of the
erms chemobrain or chemofog [1,2]. This together with the real-

sation that many chemotherapy agents can cross the blood brain
arrier has led to cross sectional and longitudinal studies of patient
ognition during and after chemotherapy has been carried out. The
ajority of these studies have shown a mild to moderate cogni-

Abbreviations: 5-FU, 5-Fluorouracil; OLR, object location recognition; CER,
onditioned emotional response; BDNF, brain derived neurotrophic factor; PI, pref-
rence index.
∗ Corresponding author at: School of Biomedical Sciences, Institute of Neuro-

cience, University of Nottingham, Queen’s Medical Centre, Nottingham NG7 2UH,
K. Tel.: +7804122092.

E-mail address: mbxme1@nottingham.ac.uk (M. ELBeltagy).
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on of the antidepressant Fluoxetine.
© 2009 Elsevier B.V. All rights reserved.

tive deficits as reviewed in Collins et al. [3]. In particular four meta
analyses of the literature have concluded that working, visual and
verbal memory appear to be consistently affected in patients who
have completed a course of chemotherapy [2,4–6]. Animal studies
using a variety of chemotherapy drugs have produced mixed results
on the cognitive effects of drug treatment. Most studies have shown
cognitive impairment after chemotherapy treatment [7–12]. While
some have shown no effect or an improvement in cognition [13,14].
In the present study we have sought to investigate the effects of the
commonly used chemotherapy agent 5-fluorouracil (5-FU) which
has been associated with chemobrain in reports by breast cancer
survivors [4,15]. Chemotherapy drugs target proliferating cells and
5-FU works by blocking the synthesis of thymidine required in DNA
replication [16] and easily crosses the blood–brain barrier by simple
diffusion [17,18]. It has been suggested that the cognitive problems

associated with chemotherapy could be associated with a reduction
in the proliferation of cells in neurogenic brain areas including the
dentate gyrus of the hippocampus [9,19,20,10,21]. The subgranular
zone (SGZ) on the inside of the dentate gyrus contains continuously
proliferating neural stem cells which contribute new neurons to

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:mbxme1@nottingham.ac.uk
dx.doi.org/10.1016/j.bbr.2009.11.017


M. ELBeltagy et al. / Behavioural Brain Research 208 (2010) 112–117 113

F s. On
f ith th
o the sa

t
r
d

t
m
i
i
c
s
S

t
o
C
t
a
a
p
m

2

2

t
t
o
m
b
l
B
8
l
5

t
i
o
c
a
p
b
o
a
i
d
t
a
p

(
(
6
t
o
b
o
r
i

ig. 1. The object location recognition test protocol was carried out over two day
ollowing day, two identical objects were placed in different locations of the box w
utside the box for 5 min inter-trial interval (ITI) after which the animal was put in

he dentate gyrus itself throughout life [22]. This neurogenesis is
equired for spatial working memory, a particular function of the
entate gyrus [23].

A number of human studies have found that treatment with
he SSRI antidepressant, Fluoxetine, can improve cognition and

emory in patients suffering from mild to moderate cognitive
mpairment [24–28]. The improvement in memory appears to be
ndependent of depressive symptoms and the original causes of
ognitive decline. Animal studies have confirmed these results and
hown that antidepressants can increase cell proliferation in the
GZ [29–31].

In the present study we show, with two behavioural tests,
hat 5-FU, causes impairments in spatial and contextual mem-
ry and reduces the number of the proliferating cells in the SGZ.
o-administration of Fluoxetine however reduces the impact of
hese cognitive deficits and prevents the decrease in cell prolifer-
tion in the SGZ. Both chemotherapy and antidepressants may be
ltering hippocampal function and an understanding of this may
rovide a mechanism for improving cognition during cancer treat-
ent.

. Materials and methods

.1. Animals, drug administration and behavioural testing

All experiments and animal care were in accordance with UK Animals (Scien-
ific procedures) Act 1986 and in accordance with Ethics committee guidelines of
he school of Biomedical Sciences, University of Nottingham. All experiments were
n male Lister hooded rats (Charles River UK) of 150–170 g at the start of experi-
ents and were weighed daily. Animals were allowed to habituate for two weeks

efore treatment and housed in groups of 3 or 4 under a standard condition of 12 h
ight–12 h dark cycle (from 8.30 a.m. to 8.30 pm) with free access to food and water.
ehavioural testing of all animals was performed one day after treatment between
.30 am and 2 pm. Doses given of 5-FU are within the range which reduces tumour

oad in rats [73,74], and are the standard doses used to investigate the effects of
-FU which are within the human dose range [32]

20 rats, (10 controls and 10 5-FU treated) were randomly assigned to con-
rol and drug treated groups for the conditioned emotional response test (housed
n groups of 3 or 4). Animals received 5 i.v. (tail vein) injections every other day
ver two weeks of either saline or 5-FU (25 mg/kg) (Mayne Pharma PLC) with leu-
ovorin (25 mg/kg/day) (Teva UK Ltd.) under isoflurane anaesthesia. 5-FU is often
dministered to patients in combination with calcium folinate (leucovorin), which
otentiates its action [33]. The contextual conditioned response (CER) was tested
y association of foot shock with location using a previous protocol [34]. On day
ne, each animal was put individually in the CER box (25 cm × 24 cm × 25 cm) with
metallic grid floor through which 10 shocks (0.04 mA) one per minute, each last-

ng for 1 s were given. The box was cleaned between trials with 20% alcohol. On
ay two, each animal was put in the same box for 10 min, without shocks, and
he freezing behaviour recorded by video camera. Freezing behaviour was defined
s absence of movement during which the animal adopts a characteristic tense
osture.

In a separate experiment 45 rats were randomly assigned to 4 groups (Saline
n = 12), 5-FU (n = 12), Fluoxetine (n = 11) and combined 5-FU and Fluoxetine treated
n = 10)). Animals were housed in groups of 4 or 3. 5-FU treated animals received

intravenous (i.v) bolus injections of 5-FU 20 mg/kg/day (MAYNE Pharma PLC)

ogether with leucovorin, 20 mg/kg/day (TEVA UK LTD) under isoflurane anaesthesia
ver two weeks. This is a similar total dose to that given in the previous experiment
ut spread over 6 injections to reduce toxicity. Saline treated control animals (n = 12)
r Fluoxetine treated (n = 11) received an identical sequence of injections. Animals
eceiving Fluoxetine (PINEWOOD Healthcare Colonel, Ireland) were given the drug
n the drinking water with a dose of 10 mg/kg/day over three weeks being calculated
the first day, animals were allowed to habituate to the test arena for 1 h. On the
e animal to explore for 3 min (Familiarization trial). Animals were then removed
me box after changing the objects location for 3 min (choice trial).

from the amount of daily water intake [35]. The concentration of Fluoxetine given in
drinking water was calculated to give the animals 25 mg/5 ml of water consumed.
Water intake decreases with Fluoxetine treatment but dosages were recalculated
every other day depending on water consumption and animal weights. Drinking
water containing Fluoxetine was freely available to the animals. The solution of
Fluoxetine was changed every other day.

2.2. Object location recognition task

This was modified from a previous protocol [36] and was recorded by video
camcorder as done previously in our laboratory [9]. The test apparatus consisted of
plastic boxes (39 × 23.5 × 30 cm). The procedure consisted of habituating the ani-
mals for 1 h in the box on the day prior to testing. The following day, two identical
objects (water bottles) were placed in separate locations in the box and the ani-
mals allowed 3 min to explore (Familiarization trial). Animals were returned to their
home cage for 5 min (inter-trial interval) during which the box was cleaned with 20%
ethanol. For the choice trial the animals were returned to the box for 3 min where
one object remained in its original position (familiar location) while the other object
was moved to a new position (novel location) see (Fig. 1).

Exploration of the object was scored when the animal sniffed, licked, chewed or
directed its nose at a distance ≤1 cm from the object [9]. Exploration was scored as
the total time spent on each object (familiar and novel locations) and a discrimina-
tion index was calculated as the difference between the time spent on each object
divided by the total exploration time [36,37].

2.3. Brain tissue preparation

On the following day after the OLR test, rats were put down by rapid stun-
ning followed by decapitation. 29 brains from all groups were randomly chosen
from animals undergoing behavioural testing. These brains were divided sagittally;
one half was cryoprotected in a 30% sucrose solution for 3 h at 4 ◦C. before embed-
ding in OCT, Embedding medium for frozen tissue specimens (VWR International
Ltd., Lutterworth, UK) and stored at −80 ◦C. Frozen brains were serially sectioned
(20 �m) in the coronal plane chosen from animals undergoing behavioural test-
ing.from Bregma point −2.12 to −6.08 mm [38] to include the entire hippocampus
using a Leica CM 100 cryostat (Leica Microsystems, Knowlhill, UK). Sections were
mounted onto 3-aminopropyl-methoxysilane (APES) – coated slides and stored at
−80 ◦C. for immunohistochemistry.

2.4. Immunohistochemistry

A systemic random sampling technique [39] was used to choose every 21th sec-
tion throughout the length of the dentate gyrus (overall 10 sections). Sections were
fixed with 0.5% paraformaldehyde (PFA) for 3 min, before incubation with polyclonal
rabbit Ki67 (1:250); Vector Laboratories, Orton Southgate, UK) for 1 h, followed by
1 h incubation with Alexa 488 (Invitrogen/molecular Probes, UK) goat anti-rabbit
secondary antibody (1:300) according to the manufacturer’s protocol. Propidium
Iodide 1:3000 (PI, Sigma) was used as a counterstain before mounting the sections
in glycerol and viewing at X40 on a Nikon EFD-3 fluorescence microscope. Ki67 pos-
itive cells were counted within the SGZ, defined as within three cell diameters of the
inner edge of the dentate gyrus [9]. Counts from all sections of one dentate gyrus
were averaged to provide a number per section [9].

2.5. Statistical analysis
All statistical parameters were calculated using Graph pad Prism 4.0 software,
USA. Paired Student t-test (two-tailed) and repeated-measures of ANOVA were used
to analyse data of the OLR task, unpaired Student t-test was used to analyse data of
the CER test and one way ANOVA with Bonferroni’s post hoc test was used to analyse
data of the proliferating cell count, the preference index and the mean velocity of
animals. A probability level of P < 0.05 was considered statistically significant
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Fig. 3. The figure shows that the saline treated animals explored the new location
(dark shaded) significantly more than the old location (white shaded) (P = 0.01).
Whereas the 5-FU treated animals failed to discriminate between the new and the
old objects (P = 0.06). There was a non significant increase in the exploration time
of the new object than the old one in the combined (5-FU and Fluoxetine) group
(P = 0.1). Concerning Fluoxetine treated rats, their exploration of the new location
was significantly more than the old location (P = 0.02). The analysis was done using
paired T test (two-tailed) to compare between the mean exploratory time of the old
and the new location in the choice trial after treatment within each group.

Fig. 4. The preference index is defined as the calculated exploration time of the
ig. 2. The 5-FU treated group freezing time in the CER test is significantly less
han the saline treated (P = 0.01). The analysis used was unpaired Student t-test
two-tailed).

. Results

.1. Effect of different treatments on weights of animals

Animals were weighed daily (data not shown). Animals on 5-FU
howed a weight loss during drug administration and although they
howed improved weight gain after the end of drug treatment they
ere still significantly below control weights. Animals on Fluoxe-

ine or Fluoxetine and 5-FU were significantly lighter than controls
uring drug administration but recovered to control weights by
he end of the experiment. This effect is a well-known side effect of
-FU attributed to effects on the gastrointestinal tract lining [70].
nimals on 5-FU showed a 24 h drop in weight after each injection
hich was reversed on the following day. Animals treated with Flu-

xetine also put on weight less than controls as found in previous
tudies [40]. It is possible that absorption of Fluoxetine could have
een affected by 5-FU treatment.

.2. Behavioural effects of 5-FU

In separate experiments the behavioural effects of i.v. injection
f 5-FU was tested using the OLR and CER tests.

For the CER test, freezing behaviour was recorded 24 h after
onditioning when animals were returned to the test box. Vehi-
le treated animals spent an average of 148.2 s in this behaviour.
n contrast 5-FU treated animals spent an average of only 70.8 s
xhibiting this type of behaviour, which was significantly less than
ontrols (P = 0.01) see Fig. 2.

The OLR test measures interactions with objects either in famil-
ar or novel locations within a test arena. During the familiarization
rial, when animals explore two identical objects, both vehicle and
rug treated groups showed no preference for either object or the
otal exploration time (data not shown). In addition there was
o significant difference in speed of movement (mean velocity)
etween the groups (Fig. 5).

Following a 5 min inter-trial interval, one object is moved to a
ew location (choice trial) and object preference is recorded.

Saline injected controls and animals receiving Fluoxetine in
heir drinking water both explored the novel object significantly

ore than the old one (P = 0.01 and 0.02 respectively) (Fig. 3).
owever, animals treated with 5-FU by i.v. injection failed to

how discrimination between objects in familiar and novel loca-
ions (P = 0.06). Surprisingly 5-FU treated animals spent more time
xamining the familiar object although this was not significantly
ifferent from the time spent on the novel object.

Animals which had received Fluoxetine in their drinking water
hroughout the experiment as well as i.v. injections of 5-FU spent
ore time exploring the novel object but this was not significantly
ifferent from the time spent on the familiar object. Further analysis
sing the preference index (PI) was done to compare between the
our groups, see Fig. 4. Comparing the PI between the control and
he 5-FU treated group demonstrated a significant decrease after
new location, represented as a percentage of the combined exploration time of both
novel and familiar locations of an object. The preference index showed a signifi-
cant decrease in the 5-FU treated rats in comparison to the other three groups. The
analysis used was one way ANOVA with Bonferroni’s post hoc test.

treatment with the chemotherapy drug (P < 0.01). Similarly animals
treated with Fluoxetine on its own showed a significantly higher
preference index to 5-FU treated animals (P < 0.05). Comparing the
PI of animals treated with 5-FU on its own and that of animals
simultaneously given Fluoxetine and 5-FU showed that co- admin-
istration of Fluoxetine significantly improved preference compared
with animals on 5-FU alone (P < 0.05). These findings indicate that
animals receiving 5-FU show deficits in spatial memory which are
improved by simultaneous administration of Fluoxetine.

3.3. Effect of treatments on proliferating cell counts

As shown in Fig. 6A. A there was a significant reduction in the
total number of Ki67 positive cells of the 5-FU treated group com-
pared to saline treated (P < 0.05). This difference was abolished
by co-treatment with Fluoxetine (P > 0.05). Fluoxetine only didn’t
have any effect on the total number of Ki67 positive cells com-
pared to controls (P > 0.05). Fig. 6B shows a representative image of
Ki67 positive proliferating cells within the dentate gyrus counter-
stained with propidium iodide. Although 5-FU affected behaviour
and reduced cell proliferation across the groups, there was no direct
correlation between proliferating cell number and performance in
the behavioural test between individual animals (data not shown).
4. Discussion

Reports by patients undertaking chemotherapy have indicated
that systemic chemotherapy can produce a wide range of cogni-
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Fig. 6. (A) There was a significant reduction of the number of Ki67 positive cells of
the 5-FU treated group compared to controls (P < 0.05) which was abolished after
co-treatment (Fluoxetine and 5-FU) (P > 0.05). There was no difference in the prolif-
erating cell count between controls and Fluoxetine only treated group (P > 0.05). The
analysis used was one way ANOVA with Bonferroni’s post hoc test. (B) Proliferating
cells in cluster (circled) within the dentate gyrus (DG) are immunostained for Ki67
(green) and counterstained with Propidium iodine nuclear strain (red). Regions of
ig. 5. There was no difference between all groups in the mean velocity after treat-
ent during the object location recognition test (cm/s) (P = 0.1). The analysis used
as one way ANOVA with Bonferroni’s post hoc test.

ive symptoms including difficulties in concentration, attention and
emory which have become collectively known as “chemobrain”

41]. These effects can have a significant impact on patient quality
f life and in their ability to return to work [42,43]. Psychome-
ric testing of patients during and after systemic chemotherapy
as confirmed patient reports and indicate that chemotherapy can
roduce a range of mild to moderate cognitive deficits which are
ose dependent and can last for several years after the cessa-
ion of treatment [2,44,4,72]. The symptoms described by patients
fter chemotherapy treatment almost always include deficits in
eclarative memory. These involve difficulties in the recall of both
emantic (factual) and episodic (temporal) aspects of memory for
hich the hippocampal formation is known to be required [45]. For

his reason we have used two tests of hippocampal function as a
eans of assessing the cognitive effects of a therapeutically rele-

ant dose of the commonly used chemotherapy agent 5-FU. Drug
reated animals showed no difference in activity (total distance and

ean velocity) (Fig. 5). The CER test as carried out here, measures
ecall of the context of an unpleasant stimulus after a 24 h interval
nd is a good measure of declarative memory [46]. Memory is quan-
ified by the amount of freezing behaviour exhibited by the animal
n being returned to the same arena (context) as the delivery of
he unpleasant stimulus. Our results showed that treatment with
-FU significantly reduced the amount of time animals spent in a
reezing posture when returned to the arena compared to saline
reated animals indicating a failure in the recall of the context of
his experience.

Performance of the CER behavioural test where the stimulus is
aired to a context requires the hippocampal formation [47,48]
ut also involves input and modulation from other brain struc-
ures notably the amygdala and anterior cingulate gyrus which
re involved in the emotional and nociceptive aspects of the test
49–52]. In order to further test the hippocampal involvement in
he memory impairment produced by 5-FU, a second behavioural
est was carried out on a separate group of rats. This used the object
ocation recognition task which has been shown to require an intact
ippocampal dentate gyrus [53].

Confirming our previous results [9], these results show that 5-FU
reatment caused deficits in this task. Control animals were read-
ly able to discriminate between the novel and familiar locations
f objects and spent significantly more time on the objects in the
ovel location. In contrast 5-FU treated animals showed no signif-

cant difference in the time spent on the two objects and in fact
pent more time on the object in the familiar location. The total
istance moved (cm) and the mean velocity (cm/s) performed by
nimals during the test were not different between all groups after
reatment (Fig. 5).
As the OLR test requires an intact dentate gyrus and adult
eurogenesis which contributes cells to this region is thought to
e required for spatial memory, this test was chosen to look at
he affects of the anti depressant Fluoxetine. Fluoxetine has been
the DG are highlighted: granular cell layer (GCL); subgranular zone (SGZ) and the
hilus (HILUS) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article).

reported to increase hippocampal neurogenesis and improve spa-
tial memory [54,55] making this a possible intervention to reverse
the effects of chemotherapy.

Animals receiving both i.v. injections of 5-FU and Fluoxetine in
their drinking water, although showing an improvement in their
discrimination between familiar and novel object locations, still
did not significantly discriminate between these positions (Fig. 3).
However, calculation of the preference index, a measure of the
percentage of the combined exploration time of both novel and
familiar locations of an object [37] showed a significant improve-
ment in selecting the object in the novel location over the 5-FU
treated animals (Fig. 4).

Regarding the effect of 5-FU chemotherapy on memory, one pos-
sible cause could be disruption of adult hippocampal neurogenesis.
The production of new neurons in the SGZ for incorporation into
the dentate gyrus, is a well-characterized phenomenon in all mam-
mals including humans [56,57]. Reductions in cell proliferation
in the SGZ by pharmacological, environmental or genetic means

are associated with deficits in memory [58,37,59]. In the present
study, we showed that 5-FU chemotherapy significantly decreased
the number of proliferating cells in the SGZ of the dentate gyrus
using immunohistochemistry for the proliferative marker Ki67. No
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egional effects (dorsal versus ventral hippocampus) were found
hen different groups were compared. Animals were put down

our weeks after the start of drug treatment. This period is long
nough for changes in neurogenesis to affect behaviour [60,61].

In line with previous investigations on changes in this process
his was associated with a decline in the performance of mem-
ry specific tasks. Understanding the effects of chemotherapy on
atients is complicated by other aspects of the disease and treat-
ent and cancer patients can exhibit cognitive impairments prior

o treatment [41]. The present study shows that 5-FU can produce
ognitive decline in at least two behavioural tests and that this is
ssociated with a decrease in proliferation in the neurogenic region
f the hippocampus. These results are in line with animal studies
f other chemotherapy agents which have found cognitive declines
fter treatment [7–10,12,13,19]. In a previous investigation we
howed that 5-FU produced a non significant reduction in cell pro-
iferation in the SGZ [9]. The present investigation increased the
umber of injections which were sufficient to significantly reduce
ell proliferation.

Further, because our study was based on the whole dentate
yrus, future studies will have to determine if a reduction in hip-
ocampal neurogenesis results in impaired performance in tasks
hat are specifically designed to assess differential functions associ-
ted with ventral vs dorsal areas of the hippocampus [75] although
o regional differences (dorsal versus ventral hippocampus) were

ound when different groups were compared in the present study.
Clinically, it has been reported that antidepressants can improve

emory function in patients suffering from a variety of conditions
26,25,28]. Similarly, in animal models, SSRI antidepressants have
een reported to improve cognition after stroke or stress [55,62,63]
ut not in normal animals [35,64]. Some reports have found that
ntidepressants increase proliferation of cells in the SGZ [54] while
thers have failed to find this effect [65,66]. Our results show that
o-treatment of Fluoxetine with 5-FU abolished the reduction in
ell proliferation in the SGZ caused by 5-FU and improved per-
ormance in the OLR test. Fluoxetine on its own had no effect on
roliferation or behaviour. It is unlikely that the effects of Fluox-
tine are limited to neurogenesis in the hippocampus as several
tudies have shown positive effects on other brain regions associ-
ted with cognition notably frontal, cingulate and temporal lobes
67,68,69,71]. The action of fluoxetine on these regions as well as
he hippocampus may therefore underlie its effects on cognition.

In conclusion, our results show that 5-FU treatment caused
ognitive deficits which were associated with a reduction in cell
roliferation in the SGZ of the dentate gyrus. These deficits were
educed when Fluoxetine was administered throughout the 5-FU
reatment period.

cknowledgments

Authors thanks to Mr Aaraan Thrope, Dr Simon Beckett, and Mr
an Topham for technical and scientific support and the Egyptian
overnment for funding this work.

eferences

[1] Myers JS. A comparison of the theory of unpleasant symptoms and the concep-
tual model of chemotherapy-related changes in cognitive function. Oncol Nurs
Forum 2009;36:E1–10.

[2] Anderson-Hanley C, Sherman ML, Riggs R, Agocha VB, Compas BE. Neuropsy-
chological effects of treatments for adults with cancer: a meta-analysis and
review of the literature. J Int Neuropsychol Soc 2003;9:967–82.

[3] Collins B, Mackenzie J, Stewart A, Bielajew C, Verma S. Cognitive effects of

chemotherapy in post-menopausal breast cancer patients 1 year after treat-
ment. Psychooncology 2009;18:134–43.

[4] Falleti MG, Sanfilippo A, Maruff P, Weih L, Phillips KA. The nature and severity
of cognitive impairment associated with adjuvant chemotherapy in women
with breast cancer: a meta-analysis of the current literature. Brain Cogn
2005;59:60–70.

[

[

Research 208 (2010) 112–117

[5] Jansen CE, Miaskowski C, Dodd M, Dowling G, Kramer J. A meta-analysis of
studies of the effects of cancer chemotherapy on various domains of cognitive
function. Cancer 2005;104:2222–33.

[6] Stewart A, Bielajew C, Collins B, Parkinson M, Tomiak E. A meta-analysis of
the neuropsychological effects of adjuvant chemotherapy treatment in women
treated for breast cancer. Clin Neuropsychol 2006;20:76–89.

[7] Foley JJ, Raffa RB, Walker EA. Effects of chemotherapeutic agents 5-fluorouracil
and methotrexate alone and combined in a mouse model of learning and mem-
ory. Psychopharmacology (Berl) 2008;199:527–38.

[8] Konat GW, Kraszpulski M, James I, Zhang HT, Abraham J. Cognitive dysfunction
induced by chronic administration of common cancer chemotherapeutics in
rats. Metab Brain Dis 2008;23:325–33.

[9] Mustafa S, Walker A, Bennett G, Wigmore PM. 5-Fluorouracil chemotherapy
affects spatial working memory and newborn neurons in the adult rat hip-
pocampus. Eur J Neurosci 2008;28:323–30.

10] Seigers R, Schagen SB, Beerling W, Boogerd W, Van Tellingen O, Van Dam
FS, et al. Long-lasting suppression of hippocampal cell proliferation and
impaired cognitive performance by methotrexate in the rat. Behav Brain Res
2008;186:168–75.

11] Macleod JE, Deleo JA, Hickey WF, Ahles TA, Saykin AJ, Bucci DJ. Cancer
chemotherapy impairs contextual but not cue-specific fear memory. Behav
Brain Res 2007;181:168–72.

12] Winocur G, Vardy J, Binns MA, Kerr L, Tannock I. The effects of the anti-cancer
drugs, methotrexate and 5-fluorouracil, on cognitive function in mice. Phar-
macol Biochem Behav 2006;85:66–75.

13] Gandal MJ, Ehrlichman RS, Rudnick ND, Siegel SJ. A novel electrophysiological
model of chemotherapy-induced cognitive impairments in mice. Neuroscience
2008;157:95–104.

14] Lee GD, Longo DL, Wang Y, Rifkind JM, Abdul-Raman L, Mamczarz JA, et al.
Transient improvement in cognitive function and synaptic plasticity in rats
following cancer chemotherapy. Clin Cancer Res 2006;12:198–205.

15] Blaney SM, Berg SL, Boddy AV. Drug delivery. In: Walker DA, Perilongo G, Punt
G, Taylor RE, editors. Brain and Spinal Tumours of Childhood. Hodder Arnold;
2004.

16] Longley DB, Harkin DP, Johnston PG. 5-fluorouracil: mechanisms of action and
clinical strategies. Nat Rev Cancer 2003;3:330–8.

17] Bourke RS, West CR, Chheda G, Tower DB. Kinetics of entry and distribution of
5-fluorouracil in cerebrospinal fluid and brain following intravenous injection
in a primate. Cancer Res 1973;33:1735–46.

18] Kerr IG, Zimm S, Collins JM, O’Neill D, Poplack DG. Effect of intravenous dose
and schedule on cerebrospinal fluid pharmacokinetics of 5-fluorouracil in the
monkey. Cancer Res 1984;44:4929–32.

19] Han R, Yang YM, Dietrich J, Luebke A, Mayer-Proschel M, Noble M. Systemic
5-fluorouracil treatment causes a syndrome of delayed myelin destruction in
the central nervous system. J Biol 2008;7:12.

20] Dietrich J, Han R, Yang Y, Mayer-Proschel M, Noble M. CNS progenitor cells and
oligodendrocytes are targets of chemotherapeutic agents in vitro and in vivo. J
Biol 2006;5:22.

21] Mignone RG, Weber ET. Potent inhibition of cell proliferation in the hippocam-
pal dentate gyrus of mice by the chemotherapeutic drug thioTEPA. Brain Res
2006;1111:26–9.

22] Kempermann G. Adult Neurogenesis:Stem Cells And Neuronal Developmentin
The Adult Brain. New York: Oxford University Press,Oxford; 2006.

23] Kitabatake Y, Sailor KA, Ming GL, Song H. Adult neurogenesis and hippocampal
memory function: new cells, more plasticity, new memories? Neurosurg Clin
N Am 2007;18:105–13, x.

24] Cassano GB, Puca F, Scapicchio PL, Trabucchi M. Paroxetine and Fluoxetine
effects on mood and cognitive functions in depressed nondemented elderly
patients. J Clin Psychiatry 2002;63:396–402.

25] Horsfield SA, Rosse RB, Tomasino V, Schwartz BL, Mastropaolo J, Deutsch SI.
Fluoxetine’s effects on cognitive performance in patients with traumatic brain
injury. Int J Psychiatry Med 2002;32:337–44.

26] Levkovitz Y, Caftori R, Avital A, Richter-Levin G. The SSRIs drug Fluoxetine, but
not the noradrenergic tricyclic drug Desipramine, improves memory perfor-
mance during acute major depression. Brain Res Bull 2002;58:345–50.

27] Mowla A, Mosavinasab M, Pani A. Does Fluoxetine have any effect on the
cognition of patients with mild cognitive impairment? A double-blind, placebo-
controlled, clinical trial. J Clin Psychopharmacol 2007;27:67–70.

28] Vermetten E, Vythilingam M, Southwick SM, Charney DS, Bremner JD.
Long-term treatment with paroxetine increases verbal declarative memory
and hippocampal volume in posttraumatic stress disorder. Biol Psychiatry
2003;54:693–702.

29] Chen H, Pandey GN, Dwivedi Y. Hippocampal cell proliferation regulation by
repeated stress and antidepressants. Neuroreport 2006;17:863–7.

30] Marcussen AB, Flagstad P, Kristjansen PE, Johansen FF, Englund U. Increase in
neurogenesis and behavioural benefit after chronic Fluoxetine treatment in
Wistar rats. Acta Neurol Scand 2008;117:94–100.

31] Monleon S, Vinader-Caerols C, Arenas MC, Parra A. Antidepressant drugs and
memory: Insights from animal studies. Eur Neuropsychopharmacol 2007.

32] Reagan S, Nihal M, Ahmad N. Dose translation from animal to human studies

revisited. FASEB J 2008;22:659–61.

33] Herrmann R, Reuter J, Port R, Osswald H. Folinic acid effect on 5-fluorouracil
kinetics in vivo. J Cancer Res Clin Oncol 1988;114:87–90.

34] Resstel LB, Joca SR, Moreira FA, Correa FM, Guimaraes FS. Effects of cannabidiol
and diazepam on behavioral and cardiovascular responses induced by contex-
tual conditioned fear in rats. Behav Brain Res 2006;172:294–8.



l Brain

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M. ELBeltagy et al. / Behavioura

35] Yau JL, Hibberd C, Noble J, Seckl JR. The effect of chronic Fluoxetine treatment on
brain corticosteroid receptor mRNA expression and spatial memory in young
and aged rats. Brain Res Mol Brain Res 2002;106:117–23.

36] Dix SL, Aggleton JP. Extending the spontaneous preference test of recognition:
evidence of object location and object-context recognition. Behav Brain Res
1999;99:191–200.

37] Bruel-Jungerman E, Laroche S, Paalme V. New neurons in the dentate gyrus are
involved in the expression of enhanced long-term memory following environ-
mental enrichment. Eur J Neurosci 2005;21:513–21.

38] Paxinos G, Watson C. The Rat Brain In Stereotaxic Coordinates. San Diego:
Academic Press; 1997, pp 79.

39] Mayhew TM, Burton GJ. Methodological problems in placental morphometry:
apologia for the use of stereology based on sound sampling practice. Placenta
1988;9:565–81.

40] Mancini MC, Halpern A. Pharmacological treatment of obesity. Arq Bras
Endocrinol Metab 2006;50:377–89.

41] Wefel JS, Lenzi R, Theriault R, Buzdar AU, Cruickshank S, Meyers CA. Chemo-
brain’ in breast carcinoma?: a prologue. Cancer 2004;101:466–75.

42] Scherwath A, Mehnert A, Schleimer B, Schirmer L, Fehlauer F, Kreienberg R,
et al. Neuropsychological function in high-risk breast cancer survivors after
stem cell supported high-dose therapy versus standard dose chemotherapy:
evaluation of long-term treatment effects. Ann Oncol 2006;17:415–23.

43] Ahles TA, Saykin AJ, Furstenberg CT, Cole B, Mott LA, Titus-Ernstoff L, et al.
Quality of life of long-term survivors of breast cancer and lymphoma treated
with standard dose chemotherapy or local therapy. J Clin Oncol 2005;23:
4399–405.

44] Castellon SA, Silverman DH, Ganz PA. Breast cancer treatment and cognitive
functioning: current status and future challenges in assessment. Breast Cancer
Res Treat 2005;92:199–206.

45] Eichenbaum H, Yonelinas AP, Ranganath C. The medial temporal lobe and recog-
nition memory. Annu Rev Neurosci 2007;30:123–52.

46] Rudy JW, Huff NC, Matus-Amat P. Understanding contextual fear condition-
ing: insights from a two-process model. Neurosci Biobehav Rev 2004;28:
675–85.

47] Rudy JW, Barrientos RM, O’Reilly RC. Hippocampal formation supports condi-
tioning to memory of a context. Behav Neurosci 2002;116:530–8.

48] Matus-Amat P, Higgins EA, Barrientos RM, Rudy JW. The role of the dorsal hip-
pocampus in the acquisition and retrieval of context memory representations.
J Neurosci 2004;24:2431–9.

49] Malin EL, McGaugh JL. Differential involvement of the hippocampus, anterior
cingulate cortex, and basolateral amygdala in memory for context and foot-
shock. Proc Natl Acad Sci U S A 2006;103:1959–63.

50] Huff NC, Rudy JW. The amygdala modulates hippocampus-dependent con-
text memory formation and stores cue-shock associations. Behav Neurosci
2004;118:53–62.

51] McGaugh JL. The amygdala modulates the consolidation of memories of emo-
tionally arousing experiences. Annu Rev Neurosci 2004;27:1–28.

52] Ponnusamy R, Poulos AM, Fanselow MS. Amygdala-dependent and amygdala-
independent pathways for contextual fear conditioning. Neuroscience
2007;147:919–27.

53] Mumby DG, Gaskin S, Glenn MJ, Schramek TE, Lehmann H. Hippocampal
damage and exploratory preferences in rats: memory for objects, places, and
contexts. Learn Mem 2002;9:49–57.
54] Kodama M, Fujioka T, Duman RS. Chronic olanzapine or Fluoxetine administra-
tion increases cell proliferation in hippocampus and prefrontal cortex of adult
rat. Biol Psychiatry 2004;56:570–80.

55] Song L, Che W, Min-Wei W, Murakami Y, Matsumoto K. Impairment of the
spatial learning and memory induced by learned helplessness and chronic mild
stress. Pharmacol Biochem Behav 2006;83:186–93.

[

Research 208 (2010) 112–117 117

56] Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA,
et al. Neurogenesis in the adult human hippocampus. Nat Med 1998;4:1313–7.

57] Imayoshi I, Sakamoto M, Ohtsuka T, Kageyama R. Continuous neurogenesis in
the adult brain. Dev Growth Differ 2009.

58] Jessberger S, Clark RE, Broadbent NJ, Clemenson Jr GD, Consiglio A, Lie DC, et al.
Dentate gyrus-specific knockdown of adult neurogenesis impairs spatial and
object recognition memory in adult rats. Learn Mem 2009;16:147–54.

59] Zhao C, Deng W, Gage FH. Mechanisms and functional implications of adult
neurogenesis. Cell 2008;132:645–60.

60] Abrous DN, Koehl M, Le Moal M. Adult neurogenesis: from precursors to net-
work and physiology. Physiol Rev 2005;85:523–69.

61] Lee KJ, Kim SJ, Kim SW, Choi SH, Shin YC, Park SH, et al. Chronic mild stress
decreases survival, but not proliferation, of new-born cells in adult rat hip-
pocampus. Exp Mol Med 2006;38:44–54.

62] Li WL, Cai HH, Wang B, Chen L, Zhou QG, Luo CX, et al. Chronic Fluoxetine treat-
ment improves ischemia-induced spatial cognitive deficits through increasing
hippocampal neurogenesis after stroke. J Neurosci Res 2009;87:112–22.

63] Ramanathan M, Kumar SN, Suresh B. Evaluation of cognitive function of Flu-
oxetine, sertraline and tianeptine in isolation and chronic unpredictable mild
stress-induced depressive Wistar rats. Indian J Exp Biol 2003;41:1269–72.

64] Stewart CA, Reid IC. Repeated ECS and Fluoxetine administration have equiv-
alent effects on hippocampal synaptic plasticity. Psychopharmacology (Berl)
2000;148:217–23.

65] Holick KA, Lee DC, Hen R, Dulawa SC. Behavioral effects of chronic Fluoxetine in
BALB/cJ mice do not require adult hippocampal neurogenesis or the serotonin
1A receptor. Neuropsychopharmacology 2008;33:406–17.

66] Cowen DS, Takase LF, Fornal CA, Jacobs BL. Age-dependent decline in hippocam-
pal neurogenesis is not altered by chronic treatment with Fluoxetine. Brain Res
2008;1228:14–9.

67] Smith GS, Reynolds 3rd CF, Houck PR, Dew MA, Ma Y, Mulsant BH, et al. Glu-
cose metabolic response to total sleep deprivation, recovery sleep, and acute
antidepressant treatment as functional neuroanatomic correlates of treatment
outcome in geriatric depression. Am J Geriatr Psychiatry 2002;10:561–7.

68] Saxena S, Brody AL, Ho ML, Zohrabi N, Maidment KM, Baxter Jr LR. Differential
brain metabolic predictors of response to paroxetine in obsessive-compulsive
disorder versus major depression. Am J Psychiatry 2003;160:522–32.

69] Brody AL, Saxena S, Stoessel P, Gillies LA, Fairbanks LA, Alborzian S, et al.
Regional brain metabolic changes in patients with major depression treated
with either paroxetine or interpersonal therapy: preliminary findings. Arch
Gen Psychiatry 2001;58:631–40.

70] Huang F, Kemp CJ, Williams JL, Erwin CR, Warner BW. Role of epidermal growth
factor and its receptor in chemotherapy-induced intestinal injury. Am J Physiol
Gastrointest Liver Physiol 2002;282:432–42.

71] Mayberg Hs BS, Tekell JL, Silva JA, Mahurin RK, McGinnis S, Jerabek PA. Regional
metabolic effects of Fluoxetine in major depression: serial changes and rela-
tionship to clinical response. Biol Psychiatry 2000;8:830–43.

72] Van Dam FS, Schagen SB, Muller MJ, Boogerd W, Vd Wall E, Droogleever
Fortuyn ME, et al. Impairment of cognitive function in women receiving adju-
vant treatment for high-risk breast cancer: high-dose versus standard dose
chemotherapy. J Natl Cancer Inst 1998;90:210–8.

73] Au JL, Walker JS, Rustum Y. Pharmacokinetic studies of 5-fluorouracil and 5′-
deoxy-5-fluorouridine in rats. J Pharmacol Exp Ther 1983;227:174–80.

74] Watson SA, Michael D, Justin TA, Grimes S, Morris TM, Robinson G, Clarke PA,

Hardcastle JD. Pre-clinical evaluation of the Gastrimmune immunogen alone
and in combination with 5-fluorouracil/leucovorin in a rat colorectal cancer
model. Int J Cancer 1998;75:873–7.

75] Moser E, Moser MB, Andersen P. Spatial learning impairment parallels the mag-
nitude of dorsal hippocampal lesions, but is hardly present following ventral
lesions. J Neurosci 1993;13:3916–25.


	Fluoxetine improves the memory deficits caused by the chemotherapy agent 5-fluorouracil
	Introduction
	Materials and methods
	Animals, drug administration and behavioural testing
	Object location recognition task
	Brain tissue preparation
	Immunohistochemistry
	Statistical analysis

	Results
	Effect of different treatments on weights of animals
	Behavioural effects of 5-FU
	Effect of treatments on proliferating cell counts

	Discussion
	Acknowledgments
	References


