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a b s t r a c t

For some cancer survivors chemotherapy treatment is associated with lasting cognitive impairment, long
after treatment cessation. Several candidate mechanisms have been suggested, yet clinical research has
been unable to clearly tease apart these hypotheses. Rodent research has allowed a systematic study
of these underlying mechanisms in the absence of potential patient confounds. Herein, this research is
reviewed with emphasis on the role of the blood–brain barrier, neurogenesis, oxidative stress, white mat-
ter, immune system/(neuro) inflammation, HPA axis, blood flow, and cancer in chemotherapy-induced
cognitive impairment. Furthermore, potential pharmacotherapy and behavioral intervention strategies
hemotherapy
ytostatics
ehavior
eurobiology

ntervention strategies
earning

are reviewed. This paper ends with methodological considerations in study of chemotherapy and cogni-
tion.
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. Introduction

Chemotherapy is a frequently used adjuvant treatment strat-
gy for cancer, often given in combination with surgery, radiation,
nd/or hormonal treatment. Besides affecting cancer cells, cyto-
tatic agents also affect healthy cells in the body leading to a
umber of side effects that generally disappear over time after
reatment cessation (Schagen et al., 2002). However, clinical evi-
ence suggests for some cancer survivors chemotherapy treatment

s associated with lasting cognitive impairment. This cognitive
mpairment ranges from very subtle to more severe, with mem-
ry, processing speed, and more complex aspects of attention being
ost affected. The decline in cognitive functioning is often noticed

round two years after treatment although variation in this first
wareness occurs (Correa and Ahles, 2008).

Despite the large increase in the number of clinical studies, cog-
itive decline is difficult to investigate in patients, partly due to
ethodological issues, such as relatively small samples sizes, dif-

erences in age of the patients, nature and location of the tumor(s),
dditional anti-cancer treatments (e.g. hormonal), and intensity
f the adjuvant treatment. Further, not all cancer survivors suffer
rom cognitive decline due to their cancer treatment, with point
stimates ranging between 17% and 34%. This suggests individ-
al patient characteristics, related to IQ or level of education, may

nteract with chemotherapy-treatment effects (Ahles et al., 2002,
008). Across studies, there is also large variation in the neuropsy-
hological tests employed, as well as the criteria used to determine
ognitive impairment. Furthermore, not every study uses appropri-
te control groups, study designs, or statistical measures (Schagen
nd Vardy, 2007), making definite conclusions difficult. This urges a
eed for animal studies objectively exploring cognitive impairment
fter peripheral cytostatic treatment and the associated underlying
echanism(s).
An animal model approach allows a systematic study of the

nderlying physiological mechanisms involved in cognitive decline
ue to chemotherapeutic treatment in the absence of cancer and
ther potential patient confounds. Increasing our knowledge of the
otential mechanisms involved in cognitive impairment is essential
or the improvement of chemotherapeutic strategies. However, the
umber of animal studies is still surprisingly scarce and the results

rom some studies are inconclusive. Most research has shown treat-
ent with various cytostatic agents impairs performance in one or

ore tests of cognition in rodents free of cancer (Boyette-Davis and

uchs, 2009; Elbeltagy et al., 2009; Fardell et al., 2009; Foley et al.,
008; Gandal et al., 2008; Konat et al., 2008; Li et al., 2008, 2010;
iedke et al., 2009; Macleod et al., 2007; Madhyastha et al., 2002;
ondie et al., 2010; Mustafa et al., 2008; Phillips et al., 1986; Reiriz
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 738

et al., 2006; Seigers et al., 2008, 2009; Sieklucka-Dziuba et al., 1998;
Stock et al., 1995; Winocur et al., 2006a; Yang et al., 2010; Yanovski
et al., 1989) (see Table 1), but this appears to be highly dependent
on treatment protocol and the learning task. One study even reports
positive learning effects of cytostatic treatment (Lee et al., 2006).

This review will give an overview of animal studies explor-
ing the effect of cytostatics on cognition and neurobiology. While
many cytostatics have been used for cancer treatment, only a small
number of chemotherapeutic agents have been studied for their
effects on cognition and the brain. Therefore, we will first give a
brief overview of the different classes of cytostatics, their work-
ing mechanisms, and demonstrated effects on cognition. We will
further review potential mechanisms that may underlie these cog-
nitive impairments as seen in patients and animals after adjuvant
chemotherapy and potential intervention strategies. This review
ends with an overview of differences between clinical and animal
studies as well as discrepancies between the animal studies.

2. Cognitive and neurobiological effects of cytostatic agents
in animal studies

2.1. Alkylating agents

Alkylating agents alkylate electron-rich atoms to form covalent
bonds and the most important antitumor activities are reactions
with DNA bases. Monofunctional alkylating agents react with only
one DNA strand, whereas bifunctional alkylating agents react with
an atom on each DNA strand to produce cross-links. This reac-
tion of the alkylating agents with the DNA will prevent the cell
from replicating (DeVita et al., 2005). Of the alkylating agents, the
effect of cyclophosphamide on cognitive performance has most fre-
quently been described in the literature. Furthermore, some work
has shown thioTEPA treatment induces inhibition in hippocampal
cell proliferation and impairments in both object placement recog-
nition and novel object recognition (NOR, Table 1) (Mignone and
Weber, 2006; Mondie et al., 2010).

Cyclophosphamide-associated cognitive impairment has been
explored in a number of animal studies (Table 1). In these stud-
ies, mice or rats are treated with cyclophosphamide alone (Lee et
al., 2006; Reiriz et al., 2006; Yang et al., 2010), or in combination
with doxorubicin (Konat et al., 2008; Macleod et al., 2007). Briefly,
cyclophosphamide does not affect anxiety behavior (Konat et al.,

2008; Reiriz et al., 2006) or cued fear (Macleod et al., 2007). How-
ever, in rats it does impair passive avoidance task learning (Konat
et al., 2008) and contextual fear conditioning (Macleod et al., 2007).
In mice cyclophosphamide impairs memory retention as measured
by a step-down inhibitory avoidance conditioning task (Reiriz et
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Table 1
Summary of animal research investigating the effect of chemotherapeutic treatment on cognition.

First author Cytostatic(s) Animalsa Cognitive assessment Cognitive outcome Comments

Alkylating agents
Konat Cyclophosphamide +

doxorubicin
Female Sprague-Dawley rats (10
months old)

Passive avoidance + open
field

Impaired passive
avoidance learning

No effect on anxiety
behavior

Lee Cyclophosphamide or
5-fluorouracil

Female Fischer-344 rats (young
seven months and aged 18
months)

MWM + Stone 14-unit
T-maze

No impairment Transient improvement
in MWM and Stone
14-unit T-maze seven to
nine weeks post
treatment

Macleod Cyclophosphamide +
doxorubicin

Female ovariectomized
Sprague-Dawley rats (eight
weeks old)

Cued and contextual fear
conditioning

Impaired contextual fear
memory

No effect on cued-fear or
acquisition of fear
response

Mondie thioTEPA Male C57BL/6J mice (five weeks
old)

NOR + OLR Impairment in NOR and
OLR

No effect on depressive
behavior

Reiriz Cyclophosphamide Male CF1 mice (70–90 days old) Step-down inhibitory
avoidance

Impaired inhibitory
avoidance

No effect on anxiety
behavior

Yang Cyclophosphamide Male ICR mice (8–10 weeks old) Passive avoidance + NOR Impaired passive
avoidance learning
Impaired NOR

Cisplatin and analogues
Fardell Oxaliplatin + 5-

fluorouracil
Male Sprague-Dawley rats (nine
weeks old)

MWM + NOR + fear
conditioning

Impairment in MWM,
NOR and contextual fear
memory

No impairment in
cued-fear memory

Antimetabolites
Elbeltagy 5-Fluorouracil Male Lister-hooded rats

(150–170 g)
Fear conditioning + OLR Impairment in recall of

fear conditioning
memory and OLR

Foley Methotrexate + 5-
fluorouracil

Male Swiss-Webster mice
(20–35 g)

Operant conditioning Combined MTX + 5-FU
impair acquisition and
retrieval of an operant
response

No impairment due to
MTX
5-FU failed to impair
operant conditioning
except at high doses

Gandal Methotrexate + 5-
fluorouracil

Male C57BL/6Hsd mice (seven to
eight weeks of age)

Contextual fear
conditioning + NOR

No impairment in NOR Increased freezing
during test of fear
conditioning

Li Cytosine arabinoside Male Sprague-Dawley rats
(200–250 g)

MWM Impairment in remote
recall of MWM

No impairment in MWM
learning or recent recall

Li Methotrexate Male Long-Evans rats (12 weeks
old) and young female and male
Long-Evans (two weeks old)

NOR + OLR Impaired OLR No impairment in
NOR + open field activity

Madhyastha Methotrexate Male Wistar rats (four months
old)

Conditioned avoidance
test

Impaired conditioned
avoidance learning and
memory

No effect on anxiety
behavior

Mustafa 5-Fluorouracil Male Lister-hooded rats
(200–250 g)

OLR Subtle impairment in
OLR

Seigers Methotrexate Male Wistar rats (three months
old)

MWM + NOR + contextual
fear conditioning

Impairment in MWM
and NOR after MTX
When trained prior to
MTX treatment,
impairment in MWM
and fear conditioning
memory

Sieklucka-Dziuba Methotrexate Male and female Albino Swiss
mice (20–25 g)

Passive avoidance task Impaired passive
avoidance learning

Stock Methotrexate Male and female
Sprague-Dawley rats. MTX
treatment at 17 days old.
Behavioral testing at 80 days old

Appetitive Pavlovian
discrimina-
tion + conditioned taste
aversion

No impairment in either
appetitive or aversive
conditioning

Yanovski Methotrexate Male and female Lewis-inbred
rats. MTX treatment at 16–17
days age. Behavioral testing at
12–14 weeks old

Conditioned emotional
response + conditioned
taste aversion

Impaired conditional
emotional response
learning
Impairment in
conditioned taste
aversion acquisition

Winocur Methotrexate + 5-
fluorouracil

Female BALB/C mice
(approximately two months old)

Spatial MWM, cued
memory, discrimination
learning, NMTS, dNMTS

Impairment in spatial
MWM, NMTS and
dNMTS

No impairment in cued
memory or
discrimination learning

Topoisomerase interactive agents
Liedke Doxorubicin Male Wistar rats (180–350 g) Inhibitory avoidance

conditioning
Impairment of memory
retention

Sieklucka-Dziuba Doxorubicin Male and female Albino Swiss
mice (20–25 g)

Passive avoidance task No impairment

Antimicrotubule agents
Boyette-Davis Paclitaxel Male Long-Evans rats Five choice serial

reaction time task
No impairment

Abbreviations – MTX: methotrexate; 5-FU: 5-fluorouracil; NOR: novel object recognition; MWM: Morris water maze; OLR: object location recognition; NMTS: non-matching
to sample; and dNMTS: delayed non-matching to sample.

a Age and weight of animals where provided.
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l., 2006), passive avoidance learning (Yang et al., 2010) and NOR
Yang et al., 2010). Surprisingly, Lee et al. found that female rats
how improved cognition as measured in a Morris water maze
MWM) and a Stone 14-unit T-maze seven weeks after treatment
ith cyclophosphamide or 5-Fluorouracil (5-FU). However, this rel-

tive improvement was gone seven months after treatment. The
uthors suggest that this unexpected beneficial effect of cyclophos-
hamide and 5-FU on learning behavior can be explained by the
strogen cycle. Cytostatic treatment causes premature menopause,
nd whereas lowered estrogen levels have a negative effect on cog-
ition in humans, it has a positive effect on learning behavior in rats
Lee et al., 2006).

There has only been one animal study to address the causal
elationship between cyclophosphamide treatment and behav-
oral changes (Konat et al., 2008). Konat et al. (2008) found
reatment with N-acetyl cysteine, an antioxidant, ameliorated
ognitive impairment due to cyclophosphamide and doxorubicin
o-treatment, suggesting oxidative stress may in part cause the cog-
itive impairments associated with chemotherapeutic treatment.
everal studies have shown cyclophosphamide treatment induces
xidative stress (Bhatia et al., 2006; Manda and Bhatia, 2003;
boh and Ogunruku, 2010), decreases HPA axis activity (Navarra
nd Preziosi, 1997), decreases neurogenesis (Dietrich et al., 2006;
ignone and Weber, 2006; Yang et al., 2010), and induces apoptosis

Maslinska, 1986; Rzeski et al., 2004; Wick et al., 2004).

.2. Cisplatin and its analogues

Cisplatin and its analogues form a variety of monofunctional and
ifunctional adducts which may lead to the formation of intrastrand
r interstrand DNA cross-links. Furthermore, this adduct formation
nterrupts certain cellular processes, such as separation, replica-
ion, and transcription of the DNA strands (DeVita et al., 2005).

hile the platinum drugs have not yet been extensively studied
or their effects on cognition in animal models; unpublished work
as shown when administered to healthy rats, oxaliplatin impairs
ovel object recognition, spatial reference memory, and contextual

ear condition. Furthermore, when oxaliplatin is administered in
ombination with 5-FU, performance in these same tasks is worse
Table 1) (Fardell et al., in preparation). A number of animal studies
ave shown these drugs affect several neurobiological processes,

ncluding oxidative stress (Husain et al., 2001, 2003) and neurotoxic
ffects/apoptosis (Avella et al., 2006; Dietrich et al., 2006; Rzeski et
l., 2004; Wick et al., 2004).

.3. Antimetabolites

Antimetabolites are metabolic substances which disturb the
iosynthesis or the function of nucleic acids and impair the forma-
ion of new DNA or RNA, which leads to an arrest in the cell cycle
DeVita et al., 2005). The most frequently studied antimetabolites in
elation to cognitive behavior are methotrexate (MTX) alone (Foley
t al., 2008; Li et al., 2010; Madhyastha et al., 2002; Mullenix et al.,
990; Phillips et al., 1986; Seigers et al., 2008, 2009; Sieklucka-
ziuba et al., 1998; Stock et al., 1995; Yanovski et al., 1989) and
-FU alone (Foley et al., 2008; Mustafa et al., 2008) as well as their
ombination (Foley et al., 2008; Gandal et al., 2008; Winocur et al.,
006a) (Table 1). However, one paper has shown cytosine arabi-
oside appears to affect remote recall of MWM spatial location but
ot acquisition or recent recall in the MWM in rats (Li et al., 2008)
Table 1).
MTX is an inhibitor of dihydrofolate reductase, an important
nzyme in folate metabolism. This enzyme maintains the intra-
ellular folate pool which serves as a carrier for the synthesis of
hymidylate, purine nucleotides, and certain amino acids (DeVita
t al., 2005). 5-FU is a pyrimidine analogue that acts primarily by
ehavioral Reviews 35 (2011) 729–741

inhibiting thymidylate synthase resulting in blocked synthesis of
thymidine which is important for DNA replication (DeVita et al.,
2005). In a number of studies, MTX has been shown to decrease
explorative behavior in rats in a variety of contexts (Madhyastha
et al., 2002; Mullenix et al., 1990; Phillips et al., 1986). In contrast,
Gandal et al. (2008) found mice treated with MTX and 5-FU show
more exploration behavior in a NOR task, yet display increased anx-
iety behavior in fear conditioning. Rats treated with MTX show a
variety of cognitive impairments; spatial MWM learning (Seigers
et al., 2008), NOR (Seigers et al., 2008), object placement recogni-
tion (Li et al., 2010), conditioned emotional response (Yanovski et
al., 1989), and operant response learning (Foley et al., 2008) have
been found to be impaired post-MTX treatment. Similarly, 5-FU
treatment alone impairs object placement recognition (Mustafa et
al., 2008) and retrieval of a learned operant response (Foley et al.,
2008). Further, MTX also impairs the ability to consolidate a previ-
ously learned memory when given directly after MWM training
or contextual fear conditioning (Seigers et al., 2009). No cogni-
tive impairment was seen in appetitive Pavlovian tasks (Stock et
al., 1995), and impairment in a conditioned taste aversion task
observed at two weeks post-MTX (Yanovski et al., 1989) was unaf-
fected at nine weeks after treatment (Stock et al., 1995). Mice
treated with MTX show impaired learning in a passive avoid-
ance task (Sieklucka-Dziuba et al., 1998), and after treatment with
MTX and 5-FU in spatial MWM, non-matching to sample learn-
ing, and delayed non-matching to sample learning (Winocur et al.,
2006a). MTX has been found to have a number of neurobiologi-
cal effects; being reduced neurogenesis (Seigers et al., 2008, 2009),
reduced blood flow/glucose metabolism (Mizusawa et al., 1988;
Phillips et al., 1989; Seigers et al., 2010b), increased neurotoxic
effects/apoptosis (Billingsley et al., 1982; Gregorios et al., 1989;
Igarashi et al., 1989; Madhyastha et al., 2002; Morris et al., 1995;
Phillips et al., 1989; Silverstein and Johnston, 1986), oxidative stress
(Rajamani et al., 2006; Uzar et al., 2006), and white matter damage
(Gilbert et al., 1989; Gregorios et al., 1989; Seigers et al., 2009).

2.4. Topoisomerase interactive agents

DNA topoisomerases change the topology of DNA by forming
single- (type I topoisomerases) or double-strand (type II topoi-
somerases) breaks in the double helix. This relaxes the torsional
stress that occurs when the DNA double helix unwinds when
DNA and RNA polymerases access the DNA. When topoisomerases
are absent, the torsionally strained supercoiled DNA accumulates
which will interfere with vital cellular functions. Topoisomerase
interactive agents cause accumulation of DNA cleavage complexes
of protein-linked DNA strand breaks. These lesions in the ongoing
DNA replication or RNA transcription lead to cytotoxic DNA dam-
age, causing cell-arrest, apoptosis, or cell necrosis (DeVita et al.,
2005).

Of the different topoisomerase interactive agents, doxorubicin
is the most studied agent for its effect on cognition given alone
(Liedke et al., 2009; Sieklucka-Dziuba et al., 1998), or in com-
bination with cyclophosphamide (Konat et al., 2008; Macleod et
al., 2007) (Table 1). Together with cyclophosphamide, doxorubicin
failed to affect anxiety (Konat et al., 2008), while doxorubicin alone
did impair inhibitory avoidance conditioning in rats but not pas-
sive avoidance in mice (Sieklucka-Dziuba et al., 1998). In rats,
combined doxorubicin and cyclophosphamide has been shown to
impair context- but not cue-specific memory of fear (Macleod et al.,
2007) and impair passive avoidance learning (Konat et al., 2008).

Although doxorubicin is extensively distributed to tissues, the brain
penetration of doxorubicin is low (Bigotte and Olsson, 1984). In
part this is due to the fact that doxorubicin is a good substrate
for P-glycoprotein, one of the most important drug transporters
responsible for transporting drugs, such as doxorubicin, out of the
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rain (see Section 3.1). However, in P-glycoprotein deficient mice
he brain levels were only moderately (3-fold) higher than in wild-
ype controls and still 20–100-fold lower than in tissues like liver
nd kidney (van Asperen et al., 1999). This suggests that observed
mpairments in cognition may not be due to the direct effects of
oxorubicin on brain regions protected by the blood–brain bar-
ier that are associated with learning and memory. Furthermore,
eripherally administered doxorubicin is associated with oxidative
tress (Joshi et al., 2005; Montilla et al., 1997; Öz and Ilhan, 2006),
nd neurotoxicity/apoptosis in brain regions without a blood–brain
arrier (Bigotte and Olsson, 1984).

.5. Antimicrotubule agents

Microtubuli form the mitotic spindle that is necessary for the
eparation of replicated DNA; disruption of the dynamics of micro-
ubuli by antimicrotubule agents interferes with cell division and
roliferation. Furthermore, antimicrotubule agents may disrupt
any of the nonmitotic functions of microtubules, such as chemo-

axis; membrane and intracellular scaffolding; transport, secretion,
nd/or anchorage of organelles and receptors; adhesion; locomo-
ion; and mitogenic signaling (DeVita et al., 2005).

Paclitaxel is an antimicrotubule agent associated with cogni-
ive impairment in patients (Hurria et al., 2006; Tchen et al., 2003).
owever, similar to doxorubicin, paclitaxel does not cross the
lood–brain barrier readily (Schiff et al., 2008). Paclitaxel is also
very good substrate for P-glycoprotein; knockout mice deficient

n P-glycoprotein show brain exposure to paclitaxel 10-fold higher
han wild-type controls (Kemper et al., 2003). The only animal study
onducted so far found that rats treated with paclitaxel during the
raining phase of a five choice serial reaction time task displayed
o cognitive impairment (Boyette-Davis and Fuchs, 2009) (Table 1).
owever, the authors suggest that the treatment with a single cyto-

tatic given during the training phase does not accurately model
he clinical setting where multiple cytostatics are given. Further,
he effects of paclitaxel on cognition were explored only acutely
fter administration, yet cognitive deficits may only become appar-
nt after longer delay periods (Boyette-Davis and Fuchs, 2009). The
PA axis (Navarra and Preziosi, 1997) and the immune system (Cata
t al., 2008) appear to be important for the neurotoxicity/apoptosis
ffects (Rzeski et al., 2004; Wick et al., 2004) of the antimicrotubuli
gents.

. Neurobiological processes involved in cognitive
mpairment

.1. The blood–brain barrier

The brain is effectively protected against potentially harmful
ompounds by the blood–brain barrier (BBB). This BBB is formed
y the capillary endothelial cells of the brain, which are closely

inked by tight junctions. Moreover, brain endothelial cells lack
enestrations and have low pinocytic activity, and together these
haracteristics build a rigid wall. On top of this, the physical archi-
ecture of the BBB is equipped with a range of efflux transporters
hat restrict the BBB penetration of drugs that might otherwise
e able to accumulate. The best-known and most dominant drug
ransporter is ABCB1 (also called P-glycoprotein), with other ABC-
ransporters such as ABCG2 and ABCC4 also involved. Only drugs
hat are sufficiently lipophilic to allow passive diffusion and/or are

ble to (ab)use an inward directed transport system and that are
lso not recognized by any of the efflux transporters will penetrate
he brain in appreciable amounts (de Vries et al., 2006). Never-
heless, all drugs, even those that do not fulfill these criteria may
ccumulate in the brain to some extent and, even at low concen-
ehavioral Reviews 35 (2011) 729–741 733

trations, may negatively affect cognitive functioning. However, the
behavioral and neurobiological effects of cytostatic agents may also
be indirectly induced, potentially involving secondary and perhaps
peripherally released, mediators.

3.2. Neurogenesis

Since cytostatics are aimed at the inhibition of the process of
cell division, they will likely also affect cell proliferation in the
brain if they are capable of passing the BBB. Stem cells can produce
new neurons which can be integrated in specific brain regions in
the process of neurogenesis. One of the most prominent regions
in which neurogenesis occurs is the subgranular zone of the hip-
pocampal dentate gyrus (Gould et al., 2000; Kempermann et al.,
2004). Carmustine (Dietrich et al., 2006), cisplatin (Dietrich et al.,
2006), cyclophosphamide (Yang et al., 2010), 5-FU (Han et al.,
2008; Mustafa et al., 2008), MTX (Seigers et al., 2008, 2009), and
thiotepa (Mignone and Weber, 2006; Mondie et al., 2010) have
all been shown to decrease neurogenesis and/or hippocampal cell
proliferation, and this correlates with increased cell death in the
hippocampus for carmustine, cisplatin, and 5-FU treated animals
(Dietrich et al., 2006; Han et al., 2008; Wick et al., 2004). The hip-
pocampal formation is well known for its involvement in learning
and memory processes (Gould et al., 2000; Kempermann et al.,
2004). However, the functionality of neurogenesis in this area is
highly debated; the role of the newly formed neurons in cogni-
tive behavior is far from clear. While a number of studies report
that neurogenesis plays a role in learning (Bendel et al., 2005;
Bruel-Jungerman et al., 2005; Van der Borght et al., 2007; Wati et
al., 2006), others report changes in hippocampal cell proliferation
only have a partial, or no effect on learning and memory (Madsen
et al., 2003; Raber et al., 2004; Shors et al., 2002; Snyder et al.,
2005; Winocur et al., 2006b; Wojtowicz et al., 2008). Therefore it
seems likely that more neurobiological processes, such as apopto-
sis and cell death (Courtney and Coffey, 1999; Koros and Kitraki,
2009; Rzeski et al., 2004; Wick et al., 2004) are involved in the
development of cognitive impairment after chemotherapy, consis-
tent with clinical studies showing cognitive impairment is mostly
noticed in non-hippocampal dependent tasks (Ahles and Saykin,
2007).

3.3. Oxidative stress

Oxidative stress is caused by the formation of reactive oxy-
gen species (ROS) which are mainly produced by the respiratory
chain of mitochondria. The formation of ROS can lead to mutations
in mitochondrial DNA; in turn leading to errors in mitochon-
drial DNA coded proteins, altered electron transfer, and eventually
again ROS generation, in a vicious circle (Lenaz et al., 1999). Since
cytostatic agents in general disturb DNA, one can expect that
mitochondrial DNA is also altered by chemotherapy treatment
leading to ROS formation and oxidative stress. In fact, the pres-
ence of oxidative stress after cytostatic treatment has been shown
for a number of agents, including carboplatin (Geller et al., 2001;
Husain et al., 2001, 2003), cyclophosphamide (Oboh and Ogunruku,
2010), cytarabine (Geller et al., 2001; Koros et al., 2007; Koros
and Kitraki, 2009), doxorubicin (Joshi et al., 2005; Montilla et
al., 1997; Öz and Ilhan, 2006), and MTX (Rajamani et al., 2006;
Uzar et al., 2006). Interestingly, Konat et al. (2008) found cog-
nitive impairments due to chemotherapy were absent when rats
were co-treated with an antioxidant. This suggests that oxidative

stress indeed plays an important role in the development of cogni-
tive impairment after treatment with the chemotherapeutic agents
used in this study (cyclophosphamide and doxorubicin) and pos-
sibly after treatment with other substances that cause oxidative
stress.
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.4. White matter

5-FU has been shown to decrease myelin sheets and deregulate
lig2 expression, crucial for generating functional oligodendro-
ytes, in the corpus callosum of rats (Han et al., 2008). Furthermore,
armustine, cisplatin, cytarabine, and 5-FU all affect oligodendro-
yte precursors in vivo (Dietrich et al., 2006). Similarly, MTX is also
ssociated with degeneration of white matter and white matter
ecrosis (Gregorios et al., 1989), and reduced thickness of the lateral
orpus callosum (Seigers et al., 2009). White matter and oligo-
endrocytes are important for neuronal impulse conduction, and
amage to white matter may explain the reduced speed of infor-
ation processing noticed in patients after adjuvant chemotherapy

Han et al., 2008).

.5. Immune system/(neuro) inflammation

Cytostatic agents may also indirectly affect cognition through
heir action on the immune system, since activation of the immune
ystem is associated with cognitive impairment (Banks et al., 2002).
ytostatics can reduce cell proliferation in the gastrointestinal
ucosa possibly leading to a decreased barrier function and an

nhanced risk of developing infections caused by micro-organisms
riginating from the intestines (DeVita et al., 2005). This mucosi-
is is associated with elevated cytokine release in the periphery
de Koning et al., 2006) which can induce inflammation, cytokine
elease, and sickness behavior in the central nervous system (CNS)
Seruga et al., 2008; Wilson et al., 2002). Central cytokine release
an activate microglia (Hanisch and Kettenmann, 2007; Seruga et
l., 2008) possibly leading to neuroinflammation, which is associ-
ted with cognitive impairment (Wilson et al., 2002). Furthermore,
euroinflammation and microglia activation are also known to
ave a negative effect on neurogenesis (Das and Basu, 2008; Ekdahl
t al., 2003). This indirect route of cytostatic compounds via periph-
ral cytokines that may facilitate the process of neuroinflammation
as hardly been explored. Recently, MTX has been shown to acti-
ate microglia; however, this activation was not associated with
euroinflammation, as no effect was seen in the uptake of a tracer

or peripheral benzodiazepine receptors or in central cytokine
evels, despite the observed cognitive impairment (Seigers et al.,
010b). This suggests that cognitive impairment after MTX treat-
ent may not be caused by neuroinflammation.

.6. HPA axis

The HPA axis appears to play an important role in the tolerability
f several cytostatics; animals that have received hypophysectomy
r adrenalectomy are more susceptible to the lethal effects of busul-
an, carmustine, cyclophosphamide, 5-FU, and vindesine, possibly
ue to the omitted corticosterone (Navarra and Preziosi, 1997).
orticosterone inhibits nuclear factor kappaB (NF-�B), a transcrip-
ion factor associated with apoptosis. This inhibition can occur via
inding of the corticosterone–cytoplasmic receptor complex to NF-
b, or corticosterone can up-regulate synthesis of NF-�B inhibitors

Navarra and Preziosi, 1997). This is consistent with the observa-
ion that the toxicity of MTX in rats appears to be dependent on
he corticosteroid plasma levels; MTX toxicity was decreased when
upplementary corticosterone was given, whereas a low level of
orticosterone resulted in increased toxicity (English et al., 1987).

.7. Blood flow
A reduction in blood flow or damage to blood vessels can result
n altered neuronal functioning and impaired cognition (de Vos et
l., 2004). It is known that chemotherapy reduces local cerebral
lood flow (Mizusawa et al., 1988) and has a negative effect on
ehavioral Reviews 35 (2011) 729–741

cerebral glucose metabolism in patients (Silverman et al., 2006) as
well as in rats (Phillips et al., 1989). This effect may be caused by
the anti-angiogenic effect of cytostatic agents, which also induce
vascular toxicity (de Vos et al., 2004). Seigers et al. have shown that
MTX indeed reduces the density of blood vessels in the hippocam-
pal area. This reduced blood vessel density may be related to the
decreased central glucose metabolism, as measured with [18F]FDG
PET (Seigers et al., 2010b). Neurogenesis and angiogenesis appear
to be closely related; up to 37% of the BrdU positive cells are posi-
tive for endothelial markers and brain microvascular endothelium
secretes brain-derived neurotrophic factor (BDNF) which promotes
the survival and differentiation of neuronal precursors (Palmer et
al., 2000). This suggests that the reduction in blood vessel density
with the accompanying reduction in energy supply and prolifer-
ative signals may be the cause of the decreased hippocampal cell
proliferation which has been seen in a number of studies (Dietrich
et al., 2006; Han et al., 2008; Mignone and Weber, 2006; Mustafa
et al., 2008; Seigers et al., 2008, 2009).

3.8. Cancer

Almost all animal experiments described in this overview made
use of healthy animals to test the effects of several cytostatics on
cognition and biological processes. However, one should not forget
that in the clinic, cytostatics are prescribed as an adjuvant treat-
ment of cancer. Furthermore, cognitive impairment can also be
noticed after the diagnosis of cancer and before the onset of any sys-
temic treatment (Hermelink et al., 2007; Wefel et al., 2004a,b). In
rats, the presence of a tumor appears to decrease the number of pro-
liferating cells in the hippocampus (Seigers et al., 2010a), suggest-
ing that the cancer itself may contribute to the cognitive impair-
ment observed in patients before any treatment is initiated. How-
ever, in patients, additional explanations for this early cognitive
impairment can be found in diagnosis related emotional stress, or
DNA damage/deficiencies in DNA repair mechanisms (Hermelink et
al., 2007; Wefel et al., 2004a,b) with the latter two being linked both
to the development of cancer and neurodegenerative disorders.

4. Potential intervention strategies for
chemotherapy-induced cognitive impairment

4.1. Pharmacotherapies and supplements

4.1.1. Targeting oxidative stress
As aforementioned in Section 3.3, oxidative stress has been

found after administration of several chemotherapeutic agents;
which suggests a possible mode of intervention targeting both the
production and clearance of ROS by increasing antioxidant levels.
Research suggests that antioxidants help improve normal age-
related cognitive decline (Willis et al., 2009). Although the human
evidence is somewhat equivocal regarding vitamin supplementa-
tion, several randomized control trials have shown a positive effect
of Ginkgo biloba on cognitive performance (Kanowski and Hoerr,
2003; Le Bars et al., 1997). Further, long-term consumption of foods
high in antioxidants (e.g. grape juice, berries, and walnuts) reduces
vulnerability to oxidative stress and improves verbal memory per-
formance in mildly cognitive impaired humans (Joseph et al., 2009).
Animal models of senescence and neurodegenerative disorders,
including Alzheimer’s disease, which are associated with oxidative

imbalance also show improvements in cognition after treatment
with antioxidants either through diet (e.g. red fruits, spinach, and
apple juice) or supplementation alone (e.g. Ginkgo biloba extract,
vitamin E, and N-acetyl cysteine) (Ancelin et al., 2007; Yuede et al.,
2007).
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Given this brief review it is perhaps not surprising that Konat
t al. (2008) found cognitive dysfunction induced by weekly co-
dministration of cyclophosphamide and doxorubicin over four
eeks was ameliorated by administration of an N-acetyl cysteine.

his promising result suggests that targeting oxidative stress dur-
ng chemotherapeutic treatment for cancer may circumvent the
ccurrence of any cognitive dysfunction.

.1.2. Targeting cytokine regulation and inflammation
Research suggests that cytokines are involved in cognition

n the healthy population, and that the neurophysiological pro-
esses subserving complex cognition involve IL-1, IL-6, and TNF
McAfoose and Baune, 2009). On the other hand, high levels of
ro-inflammatory cytokines have been associated with cognitive
roblems and dementias in the general population, and Alzheimer’s
isease in clinical cohorts (Dik et al., 2005; Holmes et al., 2003).
s such targeting cytokines has proved useful in the treatment
f Alzheimer’s disease in clinical studies and in improving cogni-
ion in animal models. Use of etanercept, a TNF-alpha inhibitor,
as improved cognition in Alzheimer’s patients (Tobinick, 2008;
obinick and Gross, 2008). In aged animals, treatment with non-
teroidal anti-inflammatory agents has led to improvements in
ater-maze performance (Casolini et al., 2002).

As yet no studies have trialed the use of cytokine inhibitors
r nonsteroidal anti-inflammatory agents in the treatment of
hemotherapy-induced cognitive impairment. However, since
ytokine balance irregularities, particularly increased levels of
ro-inflammatory cytokines, have been associated with some
hemotherapeutic regimes (Seruga et al., 2008), targeting cytokine
roduction may prove beneficial for the treatment of cognitive

mpairment due to chemotherapy.

.1.3. Neural repair and neurotransmitters
Several key neurotransmitters involved in cognition are impli-

ated in the effects of chemotherapy on the central nerves
ystem (Ahles and Saykin, 2007). For example, Madhyastha et al.
2002) found that MTX treatment decreased brain levels of nore-
inephrine, dopamine, serotonin, and the serotonin metabolite
-hydroxyindoleacetic acid in rats which was associated with cog-
itive impairments in conditioned avoidance testing. These same
eurotransmitters are also implicated in other neurodegenerative
iseases and treatments targeted accordingly have proved worth-
hile. For example dopamine, which is implicated in Alzheimer’s
isease, Parkinson’s disease, and Schizophrenia, has a key role in

earning and memory modulation (Savitz et al., 2006). Furthermore,
dministration of l-DOPA, a commonly used Parkinson’s treatment,
mproved long-term spatial memory in healthy rats (Reinholz et
l., 2009). Similar effects have been found in a transgenic mouse
odel of Alzheimer’s disease in which administration of l-DOPA

mproved object recognition as well as spatial learning (Ambree
t al., 2009). Interestingly, impairments in object location recogni-
ion due to 5-FU treatment were improved with co-administration
f fluoxetine, a selective serotonin reuptake inhibitor (Elbeltagy
t al., 2009). Further, while 5-FU treatment was associated with
reduction in proliferating cells within the dentate gyrus rela-

ive to controls, treatment with fluoxetine abolished this difference
Elbeltagy et al., 2009).

In addition, therapies targeting neural growth factors may
lso be a beneficial intervention strategy. Of particular interest,
n healthy populations BDNF appears to play an integral role in
oth the acquisition and retention of long-term memory, poten-

ially through mediation of late-phase long-term potentiation (Lu
t al., 2008). Perhaps not surprisingly, irregularities with BDNF
roduction have been associated with cognitive impairment in
chizophrenic patients and animal models of dementia (Egan et
l., 2003; Yu et al., 2009). The effects of BDNF on cognition have
ehavioral Reviews 35 (2011) 729–741 735

been well demonstrated in rodent models; blocking BDNF synthe-
sis impairs contextual fear conditioning (Liu et al., 2004), while
infusion of BDNF into the hippocampus after training in the Morris
water maze improves retention of a spatial location (Alonso et al.,
2002). Interestingly, Mustafa et al. found that healthy rats treated
with 5-FU had significantly reduced levels of BDNF in the hip-
pocampus, although this neurological difference was not reflected
by an equally significant impairment in an object location recog-
nition test (Mustafa et al., 2008). Taken together, this evidence
suggests that targeting BDNF production may potentially provide
some therapeutic relief to patients reporting cognitive dysfunction
due to adjuvant chemotherapy.

4.2. Behavioral interventions

4.2.1. Exercise
There is a growing body of evidence that physical activity

improves cognitive function (Hillman et al., 2008). Moreover, while
physical activity has a mild effect on cognition in healthy peo-
ple, it seems to have a particularly beneficial effect on people
suffering cognitive impairment from disease (e.g. Alzheimer’s dis-
ease, depression) or ageing (Colcombe and Kramer, 2003). Notably
these effects are also found in both transgenic animal models of
Alzheimer’s disease and senescent rodents (Nichol et al., 2007;
Parachikova et al., 2008; van Praag et al., 2005). Importantly,
physical evidence improves the domains of cognition affected by
chemotherapy; namely working memory and executive process-
ing. In addition, exercise improves cognitive function by affecting
the neural systems that have been shown to be impaired by
chemotherapy: cell proliferation and survival in the hippocampus
(van Praag et al., 1999); oxidative stress (Radak et al., 2001); white
matter integrity (Marks et al., 2007); inflammation (Ajijola et al.,
2009; Petersen and Pedersen, 2005); CNS blood flow via produc-
tion of vascular endothelial growth factor (Fabel et al., 2003); and a
range of neurotransmitter systems (Cotman and Berchtold, 2002).
In addition, preliminary findings suggest that rats given wheel
access after treatment with oxaliplatin and 5-FU performed bet-
ter than those with no wheel access on NOR and MWM (Fardell et
al., in preparation).

4.2.2. Reminding
In animal models of cognition, lesions of the hippocampus prior

to training lead to poor acquisition of spatial memory, while lesions
of the hippocampus post training also lead to poor performance
in probe tests of spatial memory (D’Hooge and De Deyn, 2001).
However, investigations into the retrieval of ‘lost’ spatial mem-
ory suggest that reminding procedures can reactivate dormant
memory traces (de Hoz et al., 2004). Specifically, hippocampal
lesions that occur after successful training of rodents to find the
hidden spatial location of a platform in the standard MWM proce-
dure, cause failures in spatial reference memory. However, if these
lesions are partial, rats that are ‘reminded’ of the spatial location,
simply by re-exposure to the task are able to recall the original
pre-lesion location of the platform (de Hoz et al., 2004; Martin et
al., 2005). Interestingly, these simple ‘reminding’ strategies may be
effective in ameliorating cognitive impairments due to administra-
tion of methotrexate. Specifically, rats that show impaired spatial
memory recall four months post treatment due to treatment with
MTX were able to perform at a level indistinguishable from controls
after 2 re-training trials were given (Fardell et al., 2009).

These animal studies may offer an explanation for Ferguson et

al.’s successful behavioral intervention (Ferguson et al., 2007). They
found that Memory and Attention Adaptation Training (MAAT)
resulted in improved self-report of cognitive function, quality of
life, and standard neuropsychological testing results. This training
involved consultation with a trained clinician and development
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f cognitive compensatory skills tailored to the individual’s own
ognitive complaints. These compensatory skills involved verbal
ehearsal, list making and external cuing types of reminding.

. Methodological considerations in study of
hemotherapy and cognition

.1. Differences between clinical and animal studies

.1.1. Individual vulnerability for cognitive impairment
In the clinic, only a subgroup of patients suffers from cognitive

mpairment. Similarly it could be expected that only a subgroup of
nimals treated with chemotherapy show impairments in cogni-
ion and neurobiological processes, leading to false positive or false
egative results. However, most animal studies use rodent species
hich are fairly genetically homogeneous in which individual dif-

erence is minimal; furthermore, developmental environment is
ept fairly uniform, at least within suppliers. In contrast the devel-
pmental history of humans is highly varied, as are differences in
ene expression, IQ, and other disease co-morbidities, which could
ead to differences in cognitive reserve and subsequent impairment
Ahles et al., 2002, 2008). From an experimental point of view, it
eems most appropriate to first explore the effects of chemotherapy
n cognition and neurobiological processes involved in a homoge-
ous set of animals. When the affected processes are fully explored,
hey should also be studied in a less homogenous group of ani-

als as well, to examine the basis of the individual variation as
een in patients. These studies could be conducted in a wild-type
opulation or in animals that have been genetically manipulated.

.1.2. Differences in treatment strategy
In the clinic, cytostatic agents are always given in a chemother-

py cocktail which is repeatedly administered for a number of
ays/weeks since this treatment strategy increases the efficacy of
he agents by enabling multiple pathways of cancer cell division
o be attacked. In contrast, in the studies described in this review,
he animals were generally treated with one or two chemother-
peutic agents for a small number of times. This suggests that a
ingle treatment with only one cytostatic could yield an under-
stimation of the damage caused by chemotherapeutic cocktails.
owever, from an experimental point of view, treating animals
ith multiple cytostatics or multiple injections with one cytostatic
as a number of downsides. First, when more than one cytostatic is
iven, it is impossible to state which cytostatic agent is responsible
or which effect. Second, multiple injections of/or multiple cyto-
tatics and the timing of the administrations increase the risk of
ide effects such as sickness, which in itself can also have an effect
n cognition (Lee et al., 2006). Third, it is stressful for an animal to
eceive multiple injections, and stress is also known to have a nega-
ive effect on learning and memory (Alzoubi et al., 2009; Bowman,
005; Kasar et al., 2009; Wang et al., 2010). To fully explore the
ffects of a chemotherapeutic agent on neurobiological processes,
he agent should preferably be given alone in a single high dose,
efore combination or multiple dose studies are performed.

However, not all animal model researchers have employed
his approach, making comparisons across studies difficult. For
xample, Lee et al. (2006) administered five intraperitoneal injec-
ions of 150 mg/kg cyclophosphamide to seven-month-old female
ischer-344 rats over 18 weeks and failed to find any cognitive
ysfunction as measured by water maze and stone maze perfor-

ance. In fact, as already mentioned in Section 2.1, Lee et al. (2006)

ound transient improvements in water and stone maze perfor-
ance. Yet Macleod et al. (2007) found two-month-old female

variectomized Sprague-Dawley rats administered three tail vein
njections of combined 40 mg/kg cyclophosphamide and 4 mg/kg
ehavioral Reviews 35 (2011) 729–741

doxorubicin displayed impairments in contextual fear recall but not
cued-fear recall. Similarly, Konat et al. (2008) found impairments
in passive avoidance learning due to treatment with 25 mg/kg
cyclophosphamide and 2.5 mg/kg doxorubicin. Taking these results
together we may conclude that cyclophosphamide is less toxic
than doxorubicin. However, Lee et al. (2006) note that cyclophos-
phamide induced toxicities in their animals; loss of weight, change
in teeth and claw growth, and poor coat quality, and Yang et
al. (2010) recently found mice treated with 40 mg/kg cyclophos-
phamide alone induced impairments in object recognition. Further
complicating interpretation is the difference in route of adminis-
tration; Lee et al. (2006) employed intraperitoneal injection, while
Macleod et al. (2007) used tail vein injections, however this differ-
ence is unlikely to explain the discrepant in findings; as Yang et al.
(2010) used a single intraperitoneal injection. The key differences
between these papers appears to be the time frame over which the
cytostatic(s) were administered, and when cognitive testing was
commenced after treatment. In rodents, it appears that chemother-
apeutic treatment schedules given over a shorter time are more
toxic than those given over longer periods of time, even when the
cumulative dose is similar. However, these questions are yet to
be investigated thoroughly, and certainly differences in treatment
strategies have important implications for patients.

5.1.3. Age and gender differences
A large difference between clinical and animal studies is the

age of the subjects. Most clinical studies are performed in middle
aged people, since this age group is most at risk to develop can-
cer. In contrast, the majority of animal studies are performed in
young, healthy animals. Yet for both humans and rodents ageing
increases the incidence of cognitive impairment either due to other
age-related disorders or age-related changes in brain structure and
function (Raz and Rodrigue, 2006; van Praag et al., 2005). Despite
this, the research papers described in this review found young,
healthy animals developed cognitive impairment after treatment
with chemotherapy, suggesting that the process of aging is not pre-
requisite for these impairments. However, the impact of older age
has yet to be fully examined, and one may anticipate that while
young animals, show few impairments in cognition long after treat-
ment, older animals may have less cognitive reserve and therefore
demonstrate greater long-term impairments.

In most papers described in this review, male rats or mice
were used to study the effect of chemotherapy on cognition. In
contrast, the overwhelming majority of clinical studies are per-
formed in women suffering from breast cancer. This may suggest
women are at a disproportionately greater risk of developing cog-
nitive impairments post chemotherapy, yet a (small) number of
studies that have explored the effects of chemotherapy on cogni-
tion in men show that men are just as vulnerable as women to
developing cognitive impairment (Ahles et al., 2002, 2005, 2003).
Given that both female and male humans present with cogni-
tive impairments post chemotherapeutic treatment, it suggests use
of male rodents is as appropriate as using female rodents. Fur-
thermore, there are large physiological differences between males
and females. Most notably, males have constant hormone levels,
whereas females show changes according to estrogen cycle. This
variation in estrogen levels is associated with changes in cogni-
tive performance in humans (Hampson, 1990) as well as in rodents
(Bimonte-Nelson et al., 2003). However, this situation is not analo-
gous; in women decreased estrogen is associated with decrements
in verbal memory and fluency (Sherwin, 2000), yet low estrogen

levels in female rodents are associated with increased learning
ability (Bimonte-Nelson et al., 2004; Healy et al., 1999). Further
complicating the issue, chemotherapy is known to induce pre-
mature menopause (Ganz, 2005; van Dam et al., 1998) which is
associated with decreased estrogen levels (Buckler, 2005). While
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his may explain cognitive impairments in female cancer survivors,
t may not be so relevant for male cancer survivors [though it should
e noted that hormonal anti-cancer treatments are associated with
ognitive impairments in both sexes (Ahles and Saykin, 2007)].
ince changes in hormone levels appear to have an effect on cogni-
ion independent of chemotherapy, use of male rodents to explore
he neurobiological processes underlying cognitive impairment,
ather than female animals, may be advantageous.

.1.4. What is the role of cancer in the development of cognitive
mpairment?

As mentioned in Section 3.8, only one study in this review was
erformed in tumor-bearing rats, to study the combined effect of
TX and cancer on hippocampal cell proliferation (Seigers et al.,

010a). In this study, no interaction effect between MTX and the
resence of a tumor was found, meaning that the cancer did not
ave an additional negative effect on hippocampal cell prolifera-
ion when combined with MTX. This suggests that using a healthy,
ancer-free animal model is sufficient to explore the potential neu-
obiological processes involved in cognitive impairment. However,
o other animal studies have investigated the combined effect of
hemotherapy and the presence of a tumor on cognition. While
tudies in healthy animals demonstrate that cytostatics alone are
ssociated with cognitive dysfunction and provide a starting point
or investigating the underlying neurological mechanisms, more
ork needs to be done on the interaction between cancer and anti-

ancer treatments affects on cognition.

.2. Which cognitive tasks to use?

.2.1. Cognitive domains assessed
The results obtained from clinical studies employing neuropsy-

hological testing show that verbal and visual memory, processing
peed, attention, and executive function are most affected by
hemotherapeutic treatment (Vardy and Tannock, 2007). These
esults suggest a profile of frontal and subcortical damage (Ahles
nd Saykin, 2007; Vardy et al., 2008). However, a large number
f cognitive tasks employed in the animal research are hip-
ocampal in nature. Most cognitive tasks in the clinical setting

nvolve word/color recollection which is impossible to perform
ith rodents. It may be argued, since in animals spatial memory

s affected after chemotherapeutic treatment, as seen in a Morris
ater maze paradigm (Eijkenboom and Van Der Staay, 1999; Li et

l., 2008; Seigers et al., 2008, 2009; Winocur et al., 2006a), test-
ng spatial memory in animals may be representative for cognitive
mpairment as seen in patients.

Interestingly in the only (known) animal models study of atten-
ion, executive function, and information processing speed, as
oted in Section 2.5, Boyette-Davis and Fuchs (2009) found treat-
ent with paclitaxel had no affect on performance of the five choice

erial reaction task. However, several experimental design factors
ay explain these results. Firstly, a low dose was used; animals
ere treated with four intraperitoneal injections of 1 mg/kg pacli-

axel, though this was sufficient to induce mechanical sensitivity.
econd, while it may be optimal to assess peripheral neuropathy
ithin 24 h of treatment (Weng et al., 2005), it may not be the

ptimal time to assess cognition (discussed in Section 5.3 below).
inally, it is difficult to conclude that paclitaxel has no affect on
ognition without assessment in other cognitive domains, such as
hose measured by the Morris water maze paradigm. Indeed, others
ave found that treatment with chemotherapeutic agents induces

ifferential effects on cognition, similar to those found in the clinic.
or example, Winocur et al. (2006a) found mice treated with MTX
nd 5-FU had impaired non-matching to sample rule learning,
mpaired delayed-non-matching to sample learning, and impaired
patial reference memory while both cued memory and discrimi-
ehavioral Reviews 35 (2011) 729–741 737

nation learning were intact. These results show that tasks that rely
on the hippocampus and frontal lobe structures are impaired after
treatment with MTX and 5-FU, while tasks more reliant on caudate
nucleus and related striatal structures appear to be left undam-
aged (Winocur et al., 2006a). This urges a need for researchers to
employ a battery of cognitive tests, similar to that employed in
the clinic, to explore the domains of cognitive function affected by
chemotherapy.

5.2.2. Sensitivity of tests
One of the biggest problems facing clinical studies is the sen-

sitivity of the cognitive tests employed. Not all clinical studies
have found that chemotherapeutic treatment for cancer is asso-
ciated with cognitive impairment, with some finding only a small
degree of impairment, a transient effect, or no impairment at all
(Hermelink et al., 2008). The majority of animal studies reviewed
here demonstrate that treatment with various different cytostat-
ics is associated with cognitive dysfunction (Table 1), however, a
few studies have failed to find an effect of chemotherapy on cog-
nition (Boyette-Davis and Fuchs, 2009; Gandal et al., 2008; Lee et
al., 2006; Sieklucka-Dziuba et al., 1998; Stock et al., 1995). As high-
lighted in Section 5.1.2, it appears that differences in experimental
design likely account for these discrepant findings. However, ani-
mal model researchers need also to be mindful of the sensitivity
of the tests employed to assess cognitive effects of chemother-
apy. For example, Gandal et al. (2008) found in C57BL/6 mice
combined MTX and 5-FU treatment did not significantly affect
novel object recognition two weeks after treatment completion,
yet others have found combined MTX and 5-FU impairs spatial
memory one week post treatment (Winocur et al., 2006a) and
operant condition at 24 h post treatment (Foley et al., 2008). The
results of Gandal et al. (2008) are surprising, particularly as the
treatment schedule was near identical to that of Winocur et al.’s
(2006a) where mice received three intraperitoneal injections of
37.5 mg/kg MTX and 75 mg/kg 5-FU over three weeks; whereas
Gandal et al. (2008) administered the combined treatment for a
total of four weeks instead of three. Since different cognitive tests
were employed in these papers this once again highlights that ani-
mal model researchers should be more aware of the sensitivity of
the tasks preformed.

5.3. Duration of cognitive impairment post-chemotherapeutic
treatment

A large difference between clinical and animal studies is the
time period in which cognitive impairment can be seen. In cancer
survivors the cognitive impairment after adjuvant chemotherapy
can be noticed up to years after treatment (Bender et al., 2006;
Correa and Ahles, 2008; Wefel et al., 2008). However, in the animal
studies most cognitive tests are executed shortly after treatment,
with time periods ranging from minutes (Boyette-Davis and Fuchs,
2009; Foley et al., 2008; Phillips et al., 1986) to days or weeks
(Eijkenboom and Van Der Staay, 1999; Gandal et al., 2008; Konat
et al., 2008; Li et al., 2008; Macleod et al., 2007; Madhyastha et
al., 2002; Reiriz et al., 2006; Seigers et al., 2008, 2009; Sieklucka-
Dziuba et al., 1998; Winocur et al., 2006a). Though a few studies
have examined rodent cognitive function up to several months post
treatment there have been mixed findings; with some research sug-
gesting that chemotherapy is associated with long-lasting cognitive
impairment (Li et al., 2008; Yanovski et al., 1989), while others
have failed to find lasting impairments (Lee et al., 2006; Stock et al.,

1995). This suggests that chemotherapy may induce only transient
changes in cognition in rodents. However, Han et al. (2008) found
mice administered 5-FU displayed progressive damage to myelin
tracts with time. That is, while there was cell death acutely after
treatment, cell proliferation and white matter integrity was sig-
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ificantly decreased up to six months post 5-FU treatment. Though
he authors did not assess cognition, it is likely these changes in the
NS are associated with cognitive impairment as reduced myelin

ntegrity is associated with impairments in processing speed and
emory in humans (Bucur et al., 2008). Interestingly, Li et al. (2008)

ound rats treated with cytosine arabinoside displayed no impair-
ent in learning or failure to remember the location of a hidden

latform in the Morris water maze when trained and tested one
eek after treatment completion. However, when the same ani-
als were tested again 30 days later, memory impairments in the

reated animals became apparent and were associated with a sig-
ificant reduction in dendritic length, number of branch points, and
pine density of apical dendrites of pyramidal neurons in the ante-
ior cingulate cortex but not the basal neurons of the hippocampus
elative to control animals. This data fits with the suggestion that
NS damage induced by treatment with cytostatic agents may only
ecome apparent with time. As such, attention should be paid to
ifferences in the time course of chemotherapy-induced cognitive
hanges when designing experiments.

. Concluding remarks

For some cancer survivors cognitive impairment is a long-term
ide effect of adjuvant chemotherapy which can have a large impact
n quality of life. While many clinical studies have been per-
ormed to describe the nature and severity of cognitive impairment,
hese studies have been unable to adequately explore and identify
ossible causal mechanisms involved due to, for example, method-
logical and ethical constraints. Furthermore, these studies have
een unable to clearly show which cytostatics are causally involved

n cognitive impairment and which individuals are most at risk of
eveloping cognitive impairment (Ahles and Saykin, 2007).

Due to the impact of cognitive impairment on the quality of
ife and the individual variation in the occurrence and severity of
his phenomenon, there has been an increase in the number of ani-

al studies performed during the last years. However, comparisons
etween these studies are difficult due to differences in species,
ender, age of the animals, cytostatic used, treatment strategy,
oute of administration, time between treatment and testing, and
ehavioral tasks used in the various studies. Despite this, several
ossible pathways that may contribute to the cognitive impair-
ent observed after chemotherapy have been elucidated including

nhibition of neurogenesis (Dietrich et al., 2006; Han et al., 2008;
ignone and Weber, 2006; Mondie et al., 2010; Mustafa et al.,

008; Seigers et al., 2008, 2009; Yang et al., 2010), oxidative damage
Geller et al., 2001; Husain et al., 2001, 2003; Joshi et al., 2005; Konat
t al., 2008; Koros et al., 2007; Koros and Kitraki, 2009; Montilla et
l., 1997; Oboh and Ogunruku, 2010; Öz and Ilhan, 2006; Rajamani
t al., 2006; Uzar et al., 2006), white matter damage (Dietrich et
l., 2006; Gregorios et al., 1989; Han et al., 2008; Seigers et al.,
009), decreased HPA axis activity (English et al., 1987; Navarra
nd Preziosi, 1997), and reduced brain vascularization/blood flow
Mizusawa et al., 1988; Phillips et al., 1989; Seigers et al., 2010b).

hile the studies are based on a variety of cytostatic agents, this
eview indicates that each of these pathways may contribute to the
ehavioral consequences of chemotherapy. However, it is hard to
onclude which brain pathways are directly affected by cytostatic
gent, and which pathways are secondarily affected via changes in
.g. vascularization or peripheral factors. There is still a clear lack of
ystematic studies exploring effects of single cytostatic compounds

ithin different classes on a range of neurobiological mechanisms
aired with an appropriate cognitive-behavioral measure.

While far from complete, the research conducted thus far sug-
ests that several cytostatics are implicated in cognitive changes
ost-treatment in rodents. These investigations are important as
ehavioral Reviews 35 (2011) 729–741

using animal models has enabled researchers to explore likely
causal mechanisms and provide targeted candidates for therapeu-
tic and remedial intervention.
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