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Chemotherapeutic regimens have been indicated to negatively impact the quality of life for patients.
Adriamycin (ADR) is an effective chemotherapeutic agent widely employed for the treatment of human's
malignancies; however, it may cause serious side effects. The present study was aimed at investigating the
effects of acute administration of ADR on cognitive alterations, brain oxidative status and immune
dysregulation in male Wistar rats. Treated animals received a single intraperitoneal injection of ADR
(7 mg/kg). Control ones received physiological saline only. Behavioral effects were tested in the elevated plus-
maze and the open field which showed that drug-treated rats displayed anxious behavior and deteriorations
in the locomotive and exploratory activities over the 72 h following ADR injection as compared to controls.
Assessment of brain antioxidant capacity in ADR-injected animals revealed an increase in glutathione-S-
transferase activities and malondialdehyde levels while a decrease in glutathione concentrations when
compared with the vehicle-treated group. Our results indicated that ADR administration decreased total
leukocyte, lymphocyte and granulocyte counts, while enhanced monocyte levels. Moreover, white blood cells
(WBC) relative counts in ADR-treated rats showed a significant increase in monocytes and granulocytes and a
decrease in lymphocytes as compared to controls. This study suggests that ADR-related cognitive impairments
are associated with brain oxidative stress and myelosuppression.
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1. Introduction

Chemotherapy is considered as a systemic treatment, in which
chemical agents are used to destroy cancer cells or to stop them from
growing. Although chemotherapy exerts preferential cytotoxic effects
on malignant cells, it often affects healthy ones as well (Ménard et al.,
2008). This undesired result is referred to as side effects that include
myelosuppression, hair loss, fatigue, nausea, peripheral neuropathy
and cognitive impairment, which may be acute, chronic or permanent
(Meyers et al., 2005). Particularly, chemotherapy-induced cognitive
deficits are related to peripheral and/or central neurotoxicity and
the neuropsychological disorders, recognized in adults who receive
chemotherapy, are labeled as “chemobrain” or “chemofog” (Weiss,
2008).
Among chemotherapeutic drugs, adriamycin (ADR) is an antineo-
plastic anthracycline commonly used in the treatment of human
malignancies including solid tumors and malignant hematological
diseases (Quiles et al., 2002). Its anticancermechanism is attributed to
the intercalation into the deoxyribonucleic acid (DNA) double helix,
inhibition of nucleic acid synthesis and topoisomerase II activity
(Cutts et al., 2003). In spite of this potent antitumor action, the clinical
use of ADR is limited by the concomitant normal tissue injuries, such
as cardiomyopathy (Sacco et al., 2003).

Recently, chemotherapy-related cognitive impairment has been
reported in patients who receive cancer therapy not only for the brain
but also for peripheral locales such as the breast (Jansen et al., 2008;
Morse et al., 2003). These persistent cognitive changes frequently
resulted in a decrease of information processing speed, motor and
executive dysfunctions, visual and verbal memory loss, attention and
concentration deficits and spatial skill impairment (Ahles and Saykin,
2007; Jansen et al., 2008; Tannock et al., 2004). In this respect,
adriamycin-based chemotherapy of advanced malignant diseases,
especially in breast cancer patients, has shown consistent cognitive
problems (Freeman and Broshek, 2002).

Since clinical determination of these cognitive deficits is difficult,
several studies in established rodent models have been reported
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(ELBeltagy et al., 2010; Liedke et al., 2009;Macleod et al., 2007;Mustafa
et al., 2008). These experimental studies, in which animals were
exposed to single or combined chemotherapeutic drugs, have tested
rodents' performance in multiple tasks such as Morris water maze (Lee
et al., 2006; Seigers et al., 2008), Stone 14-unit T-maze, (Lee et al., 2006),
inhibitory avoidance (Liedke et al., 2009), open field (Konat et al., 2008;
Liedke et al., 2009), contextual conditioned response (ELBeltagy et al.,
2010), fear conditioning (Macleod et al., 2007) and object location
recognition (ELBeltagy et al., 2010; Mustafa et al., 2008). A great part of
these animal studies have found a pronounced cognitive impairment
following chemotherapy treatment (Konat et al., 2008; Mustafa et al.,
2008). However, some reports have shownnoeffect or an improvement
in cognition (Gandal et al., 2008; Lee et al., 2006). Interestingly, ADR-
induced memory impairment has been approved in both humans and
animals when the molecule is used either alone or in combination with
other agents such as cyclophosphamide (Jansen et al., 2008; Liedkeet al.,
2009; Macleod et al., 2007).

Recent studies have revealed that brain tissue is highly susceptible to
chemotherapeutic drugs (Ahles and Saykin, 2007; Chen et al., 2007;
ObohandOgunruku, 2010).AlthoughADR is unable of crossingan intact
blood–brain barrier (Ohnishi et al., 1995), it can potentiate plasma and
brain levels of cytokines such as tumor necrosis factor (TNF) alpha
(Tangpong et al., 2006; Usta et al., 2004). These mechanisms have been
shown to especially result in brain oxidative stress (Joshi et al., 2005,
2007; Tangpong et al., 2006, 2007), which may predispose subjects to
cognitive impairment andneurodegenerative conditions (Cardoso et al.,
2008; Dubovický, 2010). Oxidative stress, caused by the increase of free
radical generation and/or the impairment of endogenous antioxidant
mechanisms, has been implicated in various neurodegenerative
diseases (Butterfield and Lauderback, 2002; Moreira et al., 2005). The
brainmay especially be at risk of free radical-mediated injury because it
is characterized by low concentration of antioxidant enzymes and free
radical scavengers as well as neuronal membranes that are rich in
polyunsaturated fatty acids (Shulman et al., 2004). Interestingly, ADR-
generated free radicals in the brain may enhance protein oxidation and
lipidperoxidation and lead toneuronal tissuedysfunction and cell death
(Joshi et al., 2005, 2007, 2010). Furthermore, Cardoso et al. (2008)
revealed that ADR treatment increases the susceptibility of brain mito-
chondria to oxidative stress and Ca2+-induced permeability transition
pore opening. However, the mechanisms by which ADR causes brain
oxidative stress are still unclear.

Chemotherapy-associated immunosuppression is due to toxic
effects of drugs on immune cells in bone marrow and peripheral
lymphoid tissues (Wijermans et al., 1993; Park et al., 2009). Thus, the
increase in anthracycline doses has been associated with an elevation
in the incidence of myelotoxicity, resulting in a higher incidence of
neutropenia (Debled et al., 2007) and lymphopenia (Sfikakis et al.,
2005; Tolaney et al., 2008). For example, Branda et al. (2006) reported
that increasing doses of adriamycin, injected in female Fisher 344 rats,
were paralleled with decreasing levels of hematocrit and total white
blood cells at the 4th day post treatment. This chemotherapy-induced
myelosuppression might result in release of inflammatory cytokines
that cross the blood–brain barrier, leading to cognitive dysfunction
and/or fatigue (Ahles and Saykin, 2007; Branks et al., 2003; Meyers
et al., 2005). In this respect, several investigations have shown that
central nervous (CNS) and immune (IS) systems are intimately linked
(Banks and Erickson, 2010; Wrona, 2006). Hence, the CNS can mod-
ulate immune responses not only via neurotransmitters, neuropep-
tides, neurotrophic factors and endocannabinoids (Irani, 2002; Tian
et al., 2009), but also following activation of the hypothalamic–
pituitary–adrenal (HPA) axis (Haddad et al., 2002; Wrona, 2006) and
the sympathetic nervous system (SNS) (Madden, 2003; Wrona,
2006). Conversely, cytokines released by immune cells are believed
to directly regulate neuronal function (Engelhardt, 2008; Xiao and
Link, 1998), or to stimulate the CNS-derived cytokines production
(Adler et al., 2006; Jean-Gilles et al., 2010).
The purpose of this study aims at investigating the effects of a
single chemotherapeutic drug, adriamycin, on post-treatment behav-
ioral and hematological changes as well as brain oxidative stress
parameters in male Wistar rats.

2. Methods

2.1. Animals and housing

Eighty-three (83) male Wistar rats obtained from Pasteur Institute
(Algiers, Algeria) were housed in transparent cages at a constant
temperature (23±1 °C) with a 12 h/12 h light/dark cycle (lights on at
07:30 a.m.). Rats had access to standard rodents chow and tap water
ad libitum. Weighing 230–250 g at the beginning of the experiment,
the animals were weighed daily before any other experimental
procedure in order to calculate the 24 h-body weight gains. The study
protocol was carried out according to the NIH revised Guidelines for
the Care and Use of Laboratory Animals (no. 80–23, 1996).

2.2. Treatment and experimental groups

Clinically, doses of ADR are administered in the range of 30–
70 mg/m2 of human body surface, which are approximately equiva-
lent to 4–10 mg/kg of body weight respectively in the rat (Food and
Drug Administration, 2010). Thus, we have chosen a middle dose of
7 mg/kg of body weight. Rats were either treated with a single
intraperitoneal (i.p.) injection of 0.9% saline-dissolved adriamycin
(doxorubicin hydrochloride, Sigma-Aldrich Co., Steinheim, Germany)
or the same volume of 0.9% saline as control. For this study, two
experiments were realized with different groups of rats.

2.2.1. Experiment 1
Thirty-eight (38) rats, housed individually, were divided into two

groups (n=19). Group 1 received saline solution (control) and group
2 received ADR by single i.p. injection. Animals of the two groupswere
behaviorally tested in the elevated plus-maze and the open field
performance tasks 1 h, 24 h, 48 h or 72 h after treatment.

2.2.2. Experiment 2
Forty-five (45) rats were divided into five groups (n=9) and

submitted a single i.p. injection. Group 1 received saline and served as
control. Groups 2, 3, 4 and 5 received ADR. Animals were sacrificed by
decapitation, under mild diethyl ether anesthesia, 1 h (groups 1 and 2),
24 h (group 3), 48 h (group 4) or 72 h (group 5) after treatment. Blood
samples for white blood cells counting were collected into ethylene-
diaminetetraacetic acid (EDTA)-coated tubes. Animals were immedi-
ately dissected and their brains were removed and rinsed with ice-cold
isotonic saline. Brains were homogenized with ice-cold 0.1 mol/l
phosphate buffer (pH 7.4) to obtain 1:10 (w/v) whole homogenates,
which were centrifuged at 10,000 g (4 °C) for 15 min. Aliquots of
supernatant were separated and used for oxidative stress assessment.

2.3. Behavioral assessment

2.3.1. Open field test
The open field (OF) can be considered as a non-conditioned anxiety

test based on the creation of a conflict between the exploratory drive of
the rat and its innate fear of exposure to an open area (Angrini et al.,
1998). The OF test was performed to measure spontaneous activity in
rodents (Sherif and Oreland, 1995). Briefly, the apparatus, as previously
described (Sáenz et al., 2006), consisted of a gray square
(70 cm x 70 cm x 40 cm) divided into 16 equal squares that had been
drawn in the floor of the arena. The test room was dimly illuminated
with a red bulb (25W) located 130 cm above the center of the arena
under the same environmental conditions as the colony room. Each rat
was placed in the arena individually, and allowed to freely explore for
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5 min, while its activities were tracked and recorded using ANYmaze™
computer software (Stoelting Co., USA). Upon completing the task, the
rat was removed from the arena by the experimenter and returned to
the home cage. After each test, the apparatus was cleaned with an
alcoholic solution followed by wet and dry paper towels to avoid
transfer of olfactory cues between animals.

2.3.2. Elevated plus-maze test
The elevated plus-maze (EPM) test is a widely used paradigm to

investigate anxiety-related behavior in rats (Pellow et al., 1985). The
EPMwas made of painted wood cross (arms 50 cm long x 10 cmwide)
elevated 50 cm above the floor. Two opposite arms were enclosed by
walls (10 cm x 50 cm x 45 cmhigh) and two armswere open. The arms
extended from a central platform (10 x 10 cm) (Patin et al., 2005). The
open arms in themaze thatweusedonot have a railing, but addition of a
3–5 mm high railing on the open arms of the plus maze has been used
with success to increase open armexploration. The test roomwas lit by a
60-Welectric bulb hanging directly 175 cmabove the central area of the
maze (Estanislau andMorato, 2005). The rat was placed in the center of
the apparatus facing one of the open arms, for a free exploration of
5 min. Entry into an armwas defined as the animal placing all four paws
on the arm. The animal's activities were tracked and recorded by an
overhead camera and ANY-maze™ computer software (Stoelting Co.,
USA). After each test, the ratwas returned to its homecage and themaze
was cleaned with an alcoholic solution followed by wet and dry paper
towels, prior to the next trial.

2.4. Oxidative stress analyses

2.4.1. Glutathione-S-transferase assay
Glutathione-S-transferase (GST) activity was determined accord-

ing to the method of Habig et al. (1974). In brief, the GST activity
toward 1-chloro-2-4-di-nitrobenzene (CDNB) in presence of gluta-
thione as a co-substrate was measured spectrophotometrically. The
enzyme activity was determined by monitoring the changes in
absorbance at 340 nm and expressed as nmol/min/mg protein.

2.4.2. Reduced glutathione assay
Reduced glutathione (GSH) was estimated according to the

method described by Ellman (1959). A 1.0 ml supernatant was
precipitated with 1.0 ml of 4% sulphosalicylic acid and cold digested
at 4 °C for 1 h. The samples were centrifuged at 1200 g for 15 min at
4 °C. The assay mixture contained 1 ml of supernatant, 2.7 ml of
0.1 M phosphate buffer (pH 8.0) and 0.2 ml of DTNB (5-5′dithio-bis-
(2-nitrobenzoic acid)). The yellow color developed was read
immediately at 412 nm spectrophotometrically. The results were
expressed as nmol GSH/mg protein.

2.4.3. Lipid peroxidation assay
As an index of lipid peroxidation, we used the formation of

malondialdehyde (MDA) during an acid-heating reaction, which is
widely adopted for measurement of lipid redox state, as previously
described (Draper and Hadley, 1990). For this purpose, 2.5 ml of 10%
trichloroacetic acid (TCA) was added to 0.5 ml of samples in each
centrifuge tube and placed in a boiling water bath for 15 min. After
cooling in tap water, the mixture was centrifuged at 1000 g for
10 min, and 2.0 ml of the supernatant was added to 1.0 ml of 0.67%
thiobarbituric acid (TBA) solution in a test tube and placed in a boiling
water bath for 15 min. The solution was then cooled in tap water and
its absorbance was measured at 532 nm. The concentration of MDA
was calculated by the absorbance coefficient of MDA-TBA complex
1.56×105 cm−1 M−1, and was expressed in nmol MDA/mg protein.

2.4.4. Brain protein assay
Protein content in the supernatant was measured using bovine

serum albumin as standard, as described previously (Bradford, 1976).
2.5. Hematological analysis

Selected hematological parameters (WBC — total white blood cell
count, LYM — Lymphocytes, MONO — Monocytes and GRAN —

Granulocytes) were measured using a full automated blood cell
counter (PCE-210 model 2009, Japan).

2.6. Statistical analysis

All data are expressed as the mean±SEM (Standard Error of the
Mean). All groups showed normal distributions, so a parametric
statistical method; one way analysis of variance (ANOVA) followed by
the post-hoc Dunnett's test, when necessary, was used for multiple
comparisons. Twoway analysis of variance treatment×time was used
for behavioral tests. The value of pb0.05 or less was considered as the
significant difference. Data were analyzed using MINITAB (Minitab®

15.1.1.0., Minitab Inc., USA).

3. Results

3.1. Body weight gain

Intergroup comparisons indicated a significant decrease of body
weight gain 24 h, 48 h and 72 h (pb0.001) post-ADR compared to
control. In fact, ADR-injected rats had a trend of losing more weight
24 h after treatment (data not shown). A two way ANOVA revealed
significant effects of treatment (pb0.001), time (pb0.05) factors and
treatment×time interaction (pb0.01).

3.2. Anxiety-like behavioral effects of adriamycin in the open field test

Fig. 1(A) illustrates the locomotive distance of the vehicle- and
drug-injected animals in the open field. Comparison of individual
group means indicated that, compared to saline, ADR decreased the
distance traveled in the apparatus at 1 h and 24 h (pb0.01), 48 h and
72 h (pb0.001). ADR-treated rats show significantly lesser locomotive
activity than vehicle-treated rats. Moreover, average and maximum
speeds decreased significantly in rats treated with ADR as compared
with the control (Fig. 1(C) and (D)). The highest average speed was
registered 1 h post-ADR injection. Furthermore, a two way ANOVA on
these parameters revealed a significant effect of the treatment
(pb0.001) but not the time factor nor the treatment×time interac-
tion. In the same way, Fig. 1(B) shows a decrease of rearings in the
ADR-treated animals at 1 h, 24 h (pb0.01) and at 72 h (pb0.05)
compared to control. Multiple comparisons using two way ANOVA
indicated a significant effect not only of the treatment and time factors
(pb0.001), but also the treatment×time interaction (pb0.05). As
shown in Fig. 1(E) and (F), drug-treated rats spent significantly less
time in the center area (pb0.001), but more time in the peripheral
one (pb0.001), of the maze than control rats. Two way ANOVA
analysis exhibited significant effects of both treatment (pb0.001) and
time (pb0.05) factors, but not the treatment×time interaction.

3.3. Anxiety-like behavioral effects of adriamycin in the elevated
plus-maze test

Fig. 2(A) demonstrates that the distance traveled by adriamycin-
treated rats in the apparatus decreased significantly as comparedwith
vehicle-treated rats. The twoway ANOVA indicated a significant effect
of treatment factor (pb0.001), but not time factor nor the treatment×
time interaction. On the other hand, the results showed that the
average speed of drug-treated animals was significantly reduced in
comparison with the saline-treated ones (1 h and 24 h: pb0.01; 48 h
and 72 h: pb0.001, Fig. 2(B)). Multiple comparisons using two way
ANOVA exhibited significant effects of both treatment (pb0.001) and
time (pb0.01) factors but not the treatment×time interaction.
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Furthermore, Fig. 2(C) illustrated that the maximum speed decreased
significantly in rats administered ADR (pb0.001) compared to control
group. A two way ANOVA analysis indicated significant effects of
both treatment factor and treatment×time interaction (pb0.001) but
not the time factor. Moreover, intergroup comparisons showed that
ADR suppressed the number of open arm entries at 1 h (pb0.01), at
24 h, 48 h and 72 h (pb0.001) compared with saline-treated rats
(Fig. 2(D)). The two way ANOVA revealed a significant effect of
treatment factor (pb0.001), but not time factor nor the treatment×
time interaction. In addition, data presented in Fig. 2(F) indicate that
ADR treatment reduce the time spent in open arms as compared with
the vehicle control group (pb0.001). Multiple comparisons using the
two way ANOVA showed significant effects of treatment factor
(pb0.001), time factor (pb0.05) and the treatment×time interaction
(pb0.01).

On the contrary, the numbers of closed arm entries were sig-
nificantly increased by ADR only at 1 h and 72 h (pb0.05) compared
with vehicle-treated group (Fig. 2(E)). Two way ANOVA analysis
revealed that there were main effects of both treatment and time
(pb0.001) but not the treatment×time interaction. In the same way,
the data collected demonstrate that ADR-treated rats spent significantly
more time in the closed arms of the apparatus along the test sessions
(pb0.001) compared to vehicle-treated rats (Fig. 2(G)). The two way
ANOVA analysis exhibited significant effects of both treatment
(pb0.001) and time (pb0.01) factors but not the treatment×time
interaction.
3.4. Effects of adriamycin on brain biomarkers

From the results depicted, ADR was found to elicit a significant
elevation in GST activity when compared to vehicle-treated group
(pb0.001, Fig. 3) over the treatment period, but this increase was
more registered at 24 h post-ADR exposition.

Fig. 4 shows the modulation of GSH by ADR treatment. In drug-
treated rats, there was a significant reduction in the GSH content from
controls over the 72-h time after ADR injection (pb0.001).

This depletion of antioxidant defense in brain induced by ADR was
associated by a significant increase in lipid peroxidation, revealed by
the accumulation of MDA in ADR-injected animals as compared to
control ones (1 h: pb0.05, 24 h: pb0.01, 48 h and 72 h: pb0.001,
Fig. 5).

3.5. Effects of adriamycin on hematological parameters

Total leukocyte counts and WBC relative counts (%) during ADR
treatment of rats are presented in Table 1. Compared with the control
group, leukocyte count decreased significantly in drug-treated rats
(1 h, 24 h and 72 h: pb0.001, 48 h: pb0.01). The lowest value was
registered 24 h post-ADR injection.

Significant lymphopenia (pb0.001) was observed in ADR-injected
animals when compared to control. The decreased lymphocyte levels
were detectable as early as 1 h andwere persisted throughout the 72-h
period after ADR treatment. In the same way, the percentage of
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lymphocytes in the total number of leukocytes decreased significantly
over the time of exposition (pb0.001), but lower at 48 h after ADR
injection.

The mean monocyte values increased significantly 1 h, 48 h
(pb0.001) and 72 h (pb0.05) post-ADR as compared to vehicle group,
while decreased non-significantly at 24 h. When compared to control,
the percentage of monocytes in leukocytes resulted in a statistically
significant increase over the 72-h time after ADR injection (pb0.001).
The highest level was noted as early as 1 h after ADR treatment.

As compared to saline-treatedgroup, the granulocyte levels decrease
significantly only at 24 h (pb0.01) after drug injection, while increased
non-significantly 48 h post-ADR. Furthermore, the relative count of
granulocytes in the leukocytes increased significantly in ADR-treated
rats (pb0.001) at the earliest time point examined (1 h post-ADR) and
was maintained over the 72 h of treatment.

4. Discussion

Despite beneficial effects of chemotherapy regimens, recent in-
vestigations have reported that they cause neuropsychological disor-
ders including cognitive symptoms, confusion, memory loss and
difficulties in attention and concentration (Freeman and Broshek,
2002; Tannock et al., 2004). Actually, chemotherapy-induced cognitive
impairments have been revealed inwomenwho receive combination of
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ADR and cyclophosphamide therapy for breast cancer. These cognitive
dysfunctions persisted even after controlling for changes in anxiety,
depression, fatigue and perceived cognitive function (Bender et al.,
2006; Jansen et al., 2008). Moreover, combined chemotherapy with
cyclophosphamide, methotrexate and fluorouracil has shown that the
course of general and physical fatigue during and after chemotherapy
treatment was significantly different from adriamycin-based chemo-
therapy. Thus, direct increase in fatiguewas seen in ADR group after the
start of chemotherapy, whereas the increase in the combined treatment
did not show until after the fifth cycle of chemotherapy (De Jong et al.,
2004, 2005).

In order to appreciate this somnolence syndrome, collectively
referred to as “chemobrain”, it was necessary to investigate the effects
of chemotherapeutics drugs on animal models. Since it is not known if
chemotherapy-related neurotoxicity is caused by the combination of
multiple chemotherapeutic agents or by one drug in particular (Morse
et al., 2003), we have elicited in the present study, the effects of
ADR on locomotor and exploratory activities and anxiety-like
behavior in male Wistar rat over a period of 72 h. In the OF test,
acute ADR treatment decreased the time spent in the central zone
while increased the time spent in the peripheral area, indicating that
treated animals prefer staying close to the walls which is commonly
known as “Thigmotaxis” (Treit and Fundytus, 1988). A decline of
rearings was also seen in ADR-exposed rats, which suggests that this
drug interfered with the exploratory behavior (Liedke et al., 2009). In
the same way, the EPM test revealed that ADR injection reduced the
time spent in and the number of entries into the open arms, while
consequently enhanced the time spent in and the number of entries
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Fig. 4. Effect of adriamycinon reducedglutathione (nmol/mgprotein) level inbrainofmale
Wistar rats. Data are reported as mean±SEM (n=9). C (Control); ADR (Adriamycin).
c pb0.001, compared to control.
into the closed arms. These findings elicited that drug-treated rats
displayed anxious behavior in the two paradigms compared to control
animals. Furthermore, we confirmed that ADR decreased the
locomotive distance and the average and maximum speeds in both
the OF and EPM tasks, suggesting that ADR suppressed the locomotor
activity which is an index of the sickness behavior (Konat et al., 2008).

To our knowledge, ADR-related anxiety-like behavior has not been
investigated. Only one study has examined the effects of ADR on
locomotor and exploratory activities in male Wistar rat (Liedke et al.,
2009). The authors demonstrated that a single i.p. injection of ADR at
8 mg/kg of body weight had no effect on latency to start locomotion,
crossings, rearings and number of fecal boli in the OF test, 20 min after
treatment. When tested 24 h after ADR injection, the only difference
observed was in respect of the number of rearings. These results are
not consistent with our findings, except for rearings, probably because
of differences in the experimental procedures.

Interestingly, prenatal exposure to different doses of ADR (5, 7 and
9 mg/kg) induced neurobehavioral alterations in 3-month-old
C57BL/6J-mice (Van Calsteren et al., 2009). Indeed, the open field
test indicated that ADR reduced the total path length and the number
of entries in the center with increasing dose, while enhanced the
number of entries in the corners. When tested in the elevated plus
maze, ADR-exposedmice spent less time in the open arms and elicited
signs of hyperlocomotion (i.e. increase of total arm entries). Together,
these results indicated changes in emotional behavior and increased
anxiety in mice, which are exposed to ADR in utero. These findings
corroborate our study, in which male rats were directly treated with
ADR.

Since cognitive alterations were identified in womenwho received
chemotherapy regimens for breast cancer or other malignant diseases
(Jansen et al., 2008; Morse et al., 2003), recent studies have
investigated the effects of different chemotherapeutic drugs on
female animal models. As described by Konat et al. (2008), combined
chemotherapy regimen with i.p. injections of 25 mg/kg cyclophos-
phamide and 2.5 mg/kg ADR was administered four times weekly
during four weeks in ten-month-old female Sprague Dawley rats.
When compared to controls, this chronic treatment elicited no dif-
ferences in the number of crossings and rearings during 30 min in the
OF test, which indicates no effects on locomotor and exploratory
activities. On the other hand, the passive avoidance test revealed a
profound dysfunction of short-termmemory, which was mitigated by
a powerful GSH booster, the N-acetyl cysteine (NAC).

Among various groups of antineoplastic drugs, the anthracyclines,
such as ADR, generate the highest level of free radicals, leading to
oxidative stress in non-targeted organs (Conklin, 2004). In the current
study, the brain homogenates of drug-exposed rats showed a
persistent increase in GST activity and lipid peroxidation (i.e. increase



Table 1
Blood count parameters after adriamycin or vehicle injection.

Parameters Control ADR — 1 h ADR — 24 h ADR — 48 h ADR — 72 h

WBC (x10³/μl) 7.78±0.96 4.16±0.49⁎ 3.40±0.73⁎ 5.60±1.16⁎⁎ 4.33±0.85⁎

LYM (x10³/μl) 5.36±0.46 1.58±0.24⁎ 1.78±0.64⁎ 1.76±0.36⁎ 1.81±0.53⁎

MONO (x10³/μl) 0.57±0.11 1.18±0.19⁎ 0.53±0.16 1.41±0.45⁎ 0.77±0.14⁎⁎⁎

GRAN (x10³/μl) 1.86±0.62 1.38±0.18 1.06±0.21⁎⁎ 2.41±0.56 1.73±0.48
LYM (%) 69.06±3.98 37.87±1.78⁎ 51.23±8.23⁎ 32.16±4.08⁎ 41.80±8.63⁎

MONO (%) 7.78±2.35 28.80±3.48⁎ 15.78±1.35⁎ 24.98±5.58⁎ 17.90±2.03⁎

GRAN (%) 23.16±5.71 33.33±2.51⁎ 32.98±8.61⁎⁎⁎ 42.86±3.65⁎ 40.30±7.66⁎

Data are reported as mean±SEM for 9 animals per group.
⁎ pb0.001 compared to the control group.

⁎⁎ pb0.01 compared to the control group.
⁎⁎⁎ pb0.05 compared to the control group.
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ofMDA level) and depletion in GSH level, indicating that ADR-induced
anxiety-like and sickness behaviors are paralleled with a pronounced
oxidative stress on neuronal tissues. Increasing amounts of reactive
oxygen species (ROS) within the brain resulted in lipid peroxidation,
which is revealed through MDA determination (Niki, 2009). In
response to these deleterious conditions, the elevation of GST activity
may be involved in the protection of CNS against oxidative stress
through the transport of toxins away from axons and out of myelin
sheaths (Sagara and Sugita, 2001). Importantly, oxidative injury in
brain tissues induced GSH depletion (Dringen, 2000), which may be
responsible of neuronal cells death (Bains and Shaw, 1997) and
neurobehavioral and cognitive deficits in rats (Cruz-Aguado et al.,
2001). Our findings confirmed prior results, in which ADR treatment
has been shown to cause an alteration in antioxidant enzymatic
activity and GSH level resulting in an increase of ROS which induced
lipid peroxides generation in neuronal tissues (Joshi et al., 2005, 2007,
2010; Julka et al., 1993). On the other hand, ADR increased nitric oxide
which may participate in the CNS toxicity by generating peroxynitrite
(Tangpong et al., 2007). Previously, Tangpong et al. (2006) reported
that ADR has been detected in the choroid plexus but not in the cortex
and hippocampus, indicating that it does not pass the blood–brain
barrier. Indeed, ADR enhanced circulating levels of TNF-α, which cross
the blood–brain barrier and activate glial cells to further increase local
TNF production, leading to reactive nitrogen species (RNS) generation
(Chen et al., 2007; Tangpong et al., 2006, 2007). This may support the
hypothesis that TNF-mediated ROS and RNS production are involved
in ADR-induced brain oxidative stress (Chen et al., 2007), which may
lead to chemobrain (Joshi et al., 2005, 2007, 2010).

Most chemotherapy regimens are often considered as myelosup-
pressants, indicating damage of bone marrow progenitors (Jenkins and
Freeman, 2009). Indeed, chemotherapy-induced immunosuppression
resulted from depletion of B or T lymphocyte numbers, which may
reduce immune response (Steele, 2002). Recent investigations have
demonstrated that anthracyclines increase the incidence of myelotoxi-
city predisposing to life-threatening infections (Debled et al., 2007). In
the present study, acute ADR treatment profoundly impacts hemato-
logical parameters of the rats.Weobserved fewer totalWBC, a reduction
in lymphocyte and granulocyte counts and an elevation of monocytes.
The percentage of granulocytes and monocytes in the total number of
leukocytes showed an important increase, while the percentage of
lymphocytes decreased over the time of exposition. ADR-induced
lymphopenia may be resulted from the elimination of lymphocyte
precursors and the destruction of mature lymphocyte populations
leading to immunodeficiency (Steele, 2002). Monocyte populations
have been suggested to be expanded in vivo following cytotoxic
antineoplastic therapy which may contribute to T-cell immunosup-
pression by the production of suppressive factors inhibiting T-cell
function (Ageitos et al., 1999; Mackall, 2000). Granulocytopenia
following chemotherapeutic regimens increased risk of bacterial, viral,
and fungal infections (Tsang et al., 2007). Grant et al. (1991) previously
elicited myelo- and immune-suppressive functions of ADR. Thus, three
i.p. injections ofADR (cumulativedoses: 6 and12 mg/kg) in femalemice
dose-dependently depleted the thymus and spleen cells, and the
peripheral blood leukocytes and lymphocytes (Pourtier-Manzanedo et
al., 1995). Moreover, ADR at 4 mg/kg injected twice a week for a total of
8 i.v. injections in female FVB mice increased blood monocytes 4 days
after the fourth injection and 7 days after the last one as compared to
saline-treated mice (Asmis et al., 2006). The immune system has been
implicated in neurodegenerative diseases that accompany CNS injuries.
Interestingly, immunodeficient mice (i.e. severe combined immunode-
ficiency, SCID) exhibited an impaired cognitive performance in the
water morris maze, which was restored following exogenous T cells
injection from wild-type mice (Kipnis et al., 2008). These findings
support the hypothesis that cognitive deficits could be related to
chemotherapy-associated immunosuppression (Ahles and Saykin,
2007; Kipnis et al., 2008; Vardy and Tannock, 2007).

In conclusion, we have demonstrated in this experimental study
that ADR, in a single administration, induced anxiety-like behavior
and exploratory disorders in male Wistar rats. These chemotherapy-
related cognitive dysfunctions were associated with a pronounced
brain oxidative stress and an impairment of the immune function,
which suggest that both the nervous and the immune systems are
intimately linked.
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