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Abstract
Exposure of neonates to oxidative stress may increase the risk of psychiatric
disorders such as schizophrenia in adulthood. However, the effects of moderate
oxidative stress on the adult brain are not completely understood. To address this
issue, we systemically administrated 2-cyclohexen-1-one (CHX) to adult rats to
transiently reduce glutathione levels. Repeated administration of CHX did not affect
the acquisition or motivation of an appetitive instrumental behavior (lever pressing)
rewarded by a food outcome under a progressive ratio schedule. In addition,
response discrimination and reversal learning were not affected. However, acute
CHX administration blunted the sensitivity of the instrumental performance to
outcome devaluation, and this effect was prolonged in rats with a history of
repeated CHX exposure, representing pro-depression-like phenotypes. On the
other hand, repeated CHX administration reduced immobility in forced swimming
tests and blunted acute cocaine-induced behaviors, implicating antidepressant-like
effects. Multivariate analyses segregated a characteristic group of behavioral
variables influenced by repeated CHX administration. Taken together, these
findings suggest that repeated administration of CHX to adult rats did not cause a
specific mental disorder, but it induced long-term alterations in behavioral and
cognitive functions, possibly related to specific neural correlates.
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Introduction
Stressors evoke various adaptive or maladaptive responses in individuals that may
strengthen or weaken their response, respectively, to forthcoming stress in the
near or distant future [1–2]. Many psychiatric disorders of humans, such as
schizophrenia, major depression, posttraumatic stress disorder, and drug
addiction, can be triggered, reversed, or exacerbated when there is unexpected
excessive exposure to diverse stressors or when individuals are vulnerable to these
stressors [3–5].
A traditional approach to study stress-induced psychiatric disorders was to
investigate the relationship between each stressor and each evoked phenotype or
pathophysiological response (e.g., social defeat stress and depression). However,
one major pitfall of this strategy is the difficulty of dealing with the diversity of
stress and the redundancy of its outcome. Humans or animals are often
simultaneously exposed to various stressors that generate overlapping responses
that are difficult to distinguish from each other. For example, fatigue is generally
considered a hallmark of physical stress, but it can be induced by psychological
stresses, including social defeat. Depressive mood can be induced by both social
defeat and lack of sleep. In addition, a stressor induces various signaling responses
(including the hypothalamic–pituitary–adrenal axis, inflammatory reactions,
oxidative stress, and the redox system), which mediate stressors and pathological
and/or adaptive phenotypes but evoke intertwined biochemical interactions
among them [6]. As a result, the relationship between a cause (stressor) and an
outcome (symptom or phenotype) is extremely complicated and far from
stoichiometric.
To study the roles of stress in animal models of psychiatric disorders in a
simplified manner, we used oxidative stress. Oxidative stress has been proposed as
a major intracellular mediator for most primary stressors, including physical stress
[7] or social stress [8], and it induces relatively characterized and quantifiable
biochemical reactions [9]. The relevance of oxidative stress has been repeatedly
demonstrated in both clinical and preclinical studies. For example, prenatal or
neonatal exposure to oxidative stress caused by infection or a lack of a redox
system is proposed to increase the risk of schizophrenia in adolescents [10–11].
However, in cases of major depression or drug addiction, critical exposure to
oxidative stress may occur in adolescence or adulthood. Thus, the pathological
significance of oxidative stress in adulthood must be completely addressed by both
preclinical and clinical studies.
A promising approach for studying the relevance of oxidative stress to brain
functions is to utilize animals lacking genes encoding enzymes required for
glutathione synthesis because glutathione is one of the most abundant
antioxidants in the body [12–13]. One of the most representative molecules
causing oxidative stress, reactive oxygen species (ROS), is continuously generated
in the brain, which consumes more oxygen than other organs (approximately 20%
in the resting state), and the concentration of glutathione in the organs is tightly
regulated to counterbalance ROS generation [14]. Thus, any manipulation to
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reduce glutathione will result in an immediate imbalance of the equilibrium
between ROS production and anti-oxidative systems, leading to an immediate
increase in ROS. However, using this genetic tool, it is extremely difficult to
mimic intermittent stress loading that animals typically encounter in the natural
world, and a constitutive non-physiological decrease in glutathione levels may
induce stronger neurotoxicity that may cause a neurodegenerative disease-like,
rather than a neuropsychiatric disease-like, condition. It is also difficult to
distinguish between the direct and indirect effects of oxidative stress (e.g., the
consequence of an oxidative stress-induced redox reaction) because of the
inability to observe sequential alterations that occur after exposure to stress.
Therefore, in this study, we used a pharmacological method that directly
induces moderate and intermittent oxidative stress accompanied by minimal
concomitant psychological and physical stress. Among several pharmacological
approaches to reduce glutathione in animals [15], 2-cyclohexen-1-one (CHX)
binds and enhances the rapid degradation of glutathione and temporally reduces
the level of glutathione. In addition, CHX can be systemically administrated to
subjects. Moreover, the pharmacological depletion of glutathione is an established
method used to investigate the effect of glutathione on memory performance in
the Morris water maze test, suggesting a relevant role of redox balance in
cognition [16].
However, the effect of a minimal dose of CHX on the behavior and cognition of
adult rodents, particularly when administrated repeatedly, remains almost
unknown, except a few studies [17]. In this study, we administrated CHX acutely
or repeatedly to adult rats to investigate the effects of repeated mild, rather than
severe, oxidative stress exposure on behavioral or cognitive functions that are
primarily mediated by the mesocorticolimbic dopamine (DA) system. The reason
why we focused on the system was that this system plays a pivotal role in both the
process of decision-making in healthy animals/humans [18] and the pathophysiology of schizophrenia, major depression, and drug addiction [19–20]. In
addition, it is vulnerable to oxidative stress [21]. We aimed to identify a specific
neural correlate that is sensitive to oxidative stress by employing various
behavioral and cognitive tasks and clarify whether this type of exposure to
oxidative stress would impair various neural functions in a uniform manner. We
report that repeated CHX administration did not necessarily induce a certain type
of DA-related mental disorder, but it altered several major variables that appeared
to be primarily regulated by the DA system.

Materials and Methods
Animals
All protocols for animal care and experimentation followed the Guidelines for
Proper Conduct of Animal Experiments (Science Council of Japan, June 2006),
and they were approved by the Kanazawa University Institutional Animal Care
and Use Committee (Permit Number: AP-132850). Male Sprague–Dawley rats
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(Japan SLC, Hamamatsu, Japan) 60–65 days of age that weighed 275–300 g at the
start of the experiments were used. During behavioral experiments, the rats were
housed individually in Plexiglas cages (38 cm633.5 cm617 cm). For biochemical experiments, the animals were housed in groups of 2–3 in identical cages.
These home cages were located in a climate-controlled vivarium with a 12-h/12-h
light/dark cycle, and all experimental procedures were conducted during the light
cycle (between 8:45 and 20:45 h). All surgeries were performed under ketamine
hydrochloride and xylazine hydrochloride anesthesia, and all efforts were made to
minimize suffering.

Apparatus
Instrumental training and testing were conducted in three operant chambers
(30 cm624 cm625 cm; Med Associates, St. Albans, VT, USA) located in a
soundproof room. Each chamber was equipped with a dispenser that delivered a
45-mg food pellet (BioServ, Frenchtown, NJ) into a recessed magazine, and a
miniature solenoid-activated valve was used to deliver 0.1 ml of a 20% sucrose
solution into the magazine. Two retractable levers were located on both sides of
the magazine. Illumination of the operant chamber was provided by a single
100 mA incandescent bulb located on the top center of the wall opposite of the
levers. Microcomputers equipped with MED-PC software (Med Associates)
controlled and recorded behaviors. For outcome devaluation tests, three Plexiglas
cages (38 cm633.5 cm617 cm) with floors covered by wood chips served as the
outcome consumption context, and they were placed in the room for
instrumental training. Cocaine-induced behaviors were monitored using three
photoelectric actimeters (Panlab, Barcelona, Spain). Each actimeter comprised an
open field constructed of transparent acrylic plastic (45 cm645 cm630 cm)
under faint illumination (approximately 0.5 lx) with a wood chip-covered floor
and two planar square frames in which 16616 infrared beams were arranged to
surround the open field. When an animal in the open field interrupted the beams,
its location and movements were revealed (5 Hz polling rate). ActiTrack software
(Panlab, Holliston, MA, USA) was used to analyze the locomotion, rearing, and
stereotyping scores. The forced swimming test employed a glass cylinder (52 cm
height624 cm diameter) filled with water (24¡1 ˚C) to a depth of 26 cm.

Procedure
Instrumental learning

Training on a time-constraint progressive ratio (PR) schedule. Seven days before
conducting the behavioral procedures, rats were handled daily and placed on a
food-deprivation schedule to maintain them at approximately 85% of their ad
libitum feeding body weight. They had free access to water in their home cage. The
animals (N534) were trained with food pellet and sucrose outcomes. One
outcome was delivered dependent on lever pressing, whereas another outcome
was delivered indifferent to lever pressing (lever press-non-contingent outcome);
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the latter served as the control condition for the outcome devaluation test. The
contingency between the outcome (pellets/sucrose) and the lever used in training
(left/right) was counterbalanced among the animals. After two daily 30-min initial
training sessions, including apparatus habituation and magazine training, the rats
were manually trained with a specific lever with the lever press-contingent
outcome (Days 26 to 24). Then, they received three daily training sessions, first
on a fixed ratio (FR) of 1, then on an FR-2, and finally on an FR-5 schedule (Days
23 to 21). Each session lasted until the rat received 50 outcomes. After the FR
training, the animals underwent daily training sessions on a PR schedule for 7
consecutive days (Days 1–7). The PR schedule was based on exponential
progression as follows: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, etc., calculated using
the formula (56e0.2n) 25, rounded to the nearest integer, where n is the position
in the sequence of the ratio [22]. Each 60-min daily session began with turning on
the light and inserting the lever. The session ended with retracting the lever and
turning off the light. The lever press-non-contingent outcome was delivered on a
variable time schedule that averaged every 180 s (approximately 20 outcomes
were delivered in a 60-min period). A delay prevented this outcome from being
delivered within 3 s of each lever press.
Outcome devaluation test. Four outcome devaluation tests were conducted
after PR training. Devaluation test 1 commenced 24 h after the last PR training
session (Days 8 and 9, N534). On each test day, the animals were allowed to
consume ad libitum either the lever press-contingent (devalued condition) or
non-contingent outcome (non-devalued condition) for 1 h in the outcome
consumption context as follows: the animals received 25 g of pellets in a metal
bowl or 150 ml of sucrose solution in a bottle. Immediately after this feeding
period, the animals underwent a 10-min test in extinction with the training lever
available. The order of the devalued and non-devalued conditions was counterbalanced across the experimental groups. Around half of the animals (N518)
were administrated a similar devaluation test 13 days after the last PR training
session (test 2, Days 20 and 21). Follow-up devaluation tests were administrated
to the remaining animals (N516) 6 (test 3, Days 13 and 14) and 11 days (test 4,
Days 18 and 19) after the last PR training session. No experimental treatment was
administrated to animals between these tests. The schedules for instrumental
training, the devaluation tests, as well as other behavioral tests are depicted in
Fig. 1A.
Response discrimination training and reversal. We assessed the acquisition of
response discrimination and its reversal learning of the animals subjected to
devaluation test 2 (N518). The training commenced on the day following
devaluation test 2 and lasted for 5 days (Days 22–26); the procedures are described
in S1 Text.
Cocaine-induced behaviors

Following the instrumental learning sessions, the food-restriction schedule was
discontinued, and animals had free access to food and water in their home cage
(Day 26). On Day 32, the day before an acute cocaine administration, each animal
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Fig. 1. Effects of repeated 2-cyclohexen-1-one (CHX) administration on motivation and behavioral flexibility in an instrumental learning. (A) Time
course, 7-day time-constraint progressive ratio (PR) instrumental training and outcome devaluation tests. Animals (N534) were injected with CHX (25 mg/
kg, i.p.) or vehicle 60 min before the start of each training session. (B) The mean number of lever presses (corresponding completed ratio) on PR training.
(C–F) Mean response rates (lever presses/min) during the non-devalued versus the devalued condition of the devaluation tests normalized to the response
rate of the last day of PR training (C: N534, D: N518, E & F: N516). Data represent the mean ¡/+ SEM. #p,0.005, ##p,0.001 compared with the nondevalued condition.
doi:10.1371/journal.pone.0114024.g001

(N518) was acclimated to the open field of the actimeter for 1 h. On the next day
(Day 33), each rat was placed into the open field for 30 min to determine the
baseline levels of behaviors without injection. After the 30-min period, each
animal received cocaine (15 mg/kg, intraperitoneally [i.p.]), and it was placed in
the open field for 120 min. In each session, infrared beams detected horizontal
motor activity (distance traveled in cm), rearing (vertical activity over 14 cm),
and stereotypy (number of samples where the position of animal was different
from its position during the previous sample and equal to its position during the
2nd sample back in time).
Forced swimming test

On Day 42, animals (N518) were individually placed for 15 min in a glass
cylinder containing water. The water was changed after each session, and the
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cylinder was cleaned to eliminate the possible influence of alarm pheromones left
behind by previous animals. The behaviors of the animals were recorded using a
video camera (HDR-CX560, Sony, Tokyo, Japan) and analyzed by a trained
observer uninformed of the experimental design to rate the behavior as
immobility or mobility at the end of each 5-s interval. Immobility was defined as
no additional activity other than that required maintaining the rat’s head above
water with at least three of the rat’s paws being immobile [23]. Mobility was
defined as climbing, swimming, and diving. The immobility ratio was determined
as the ratio of immobility behaviors to the sum of immobility plus mobility
behaviors.

Drugs
CHX (Sigma-Aldrich, St. Louis, MO, USA) was diluted with 0.9% saline and i.p.
administrated at 12.5, 25, and 50 mg/kg of body weight to determine glutathione
levels in the brain. For behavioral experiments, a dose of 25 mg/kg CHX (for
Group CHX) or saline (for Group Veh) was administrated 60 min before each
session of the 7 days of PR training. N-acetylcysteine (Sigma-Aldrich) was
dissolved in saline and i.p. administrated at a dose of 1 g/kg. For outcome
devaluation test 3, all animals were injected with CHX at a dose of 25 mg/kg
60 min before the test (i.e., the ad-lib outcome consumption start point). Cocaine
hydrochloride (Takeda Pharmaceutical Co., Japan) dissolved in saline was i.p.
administrated at a dose of 15 mg/kg.

Statistical analyses
The numbers of lever presses by animals that received repeated CHX pretreatment
(Group CHX) and those that received vehicle (Group Veh) during the 7-day PR
training sessions were compared using two-way repeated measures analysis of
variance (ANOVA). Because the inter-individual difference in lever presses during
PR training (i.e., baseline performance for outcome devaluation tests) was not
negligible, we utilized the response rate for the first 10-min period on the last day
of the PR training to normalize the data for the 10-min devaluation tests. Twoway repeated measures ANOVA (Group 6 Value of outcome: non-devalued vs.
devalued) was used to evaluate the scores. Animal behaviors in the actimeter
(distance traveled and the numbers of rearing and stereotypy behaviors) were
recorded at 5-min intervals and analyzed using two-way repeated measures
ANOVA. Simple main effect tests were performed as post hoc group comparisons
when indicated by a significant interaction between factors. One-way ANOVA was
used to analyze the immobility ratio of the forced swimming test. The
aforementioned statistical analyses were performed using ANOVA 4 on the web
(http://www.hju.ac.jp/,kiriki/anova4). The Pearson correlation coefficients (r)
between the principal behavioral measures and t-tests for the correlation
coefficients were analyzed using GraphPad Prism ver. 5.04 software (Graph Pad
Software Inc., San Diego, CA, USA) with Bonferroni’s method for correction of
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multiple tests. This software was also used for the analyses of biochemical
experiments, one- or two-way ANOVAs, and subsequent multiple comparisons by
using Student’s t-test. Principal component analysis (PCA) of the behavioral
measures and subsequent t-tests (corrected with Bonferroni’s method) for the
group differences of each principal component (PC) score were performed using
R ver. 2.15.3 software [24]. The reliability of all statistical tests was assessed against
a type I error rate (a) of 0.05.

Results
Optimization of the CHX dose for behavioral experiments to
minimize drug-induced neurotoxicity
Before determining the effect of acute or repeated CHX administration on various
behaviors, we determined the most appropriate dose of CHX (S1 Text). First, we
administrated varying doses of CHX i.p. to rats and determined the effect of CHX
on the glutathione concentration in the nucleus accumbens (NAc). The
concentration of glutathione in the NAc or dorsal striatum (dSt) of the control
animals administrated saline was approximately 30–40 nmol/mg, nearly compatible with previous reports that employed similar methods [25–26], and there was
no significant difference between these two regions (data not shown). Acute
administration of 12.5 mg/kg CHX did not detectably reduce glutathione levels,
whereas CHX doses $25 mg/kg induced a significant reduction in total
glutathione levels in the NAc, confirming a dose-dependent effect of CHX on total
glutathione levels (one-way ANOVA, F[3, 14] 573.61, p,0.001; post hoc t-test,
saline vs. CHX 25 mg, p,0.001; saline vs. CHX 50 mg, p,0.0001; CHX 12.5 mg
vs. CHX 25 mg, p,0.01; CHX 12.5 mg vs. CHX 50 mg, p,0.0001; CHX 25 mg
vs. CHX 50 mg, p,0.0001; Figure A in S1 Figure). This effect was blocked by an
excess amount of the precursor of cysteine, N-acetylcysteine (1 g/kg, i.p.) (oneway ANOVA, F[2, 11]56.367, p,0.05; post hoc t-test, saline vs. CHX, p,0.05;
CHX vs. CHX + NAC, p,0.05; Figure B in S1 Figure). As the supply of cysteine
(or N-acetylcysteine) is the rate-limiting factor in glutathione synthesis in
astrocytes [27], this result further confirmed the expected effect of CHX on total
glutathione levels.
We next determined the effect of 25 mg/kg CHX on glutathione turnover. In
the NAc, the effect of acute CHX administration was restored after 3 h (one-way
ANOVA, F[2, 11]54.62, p,0.05; post hoc t-test, saline vs. CHX 1 h, p,0.05;
Figure C in S1 Figure). In contrast, in the dSt, the effect of CHX was detected at
3 h but not 1 h after CHX administration (one-way ANOVA, F[2, 12]55.75,
p,0.05; post hoc t-test, saline vs. CHX 3h, p,0.05; Figure D in S1 Figure),
suggesting a region-specific difference in glutathione turnover. In consistent with
the acute effect of CHX, consecutive CHX administration for 7 days altered the
glutathione levels of the dSt, but not of the NAc, versus baseline 24 h after the last
CHX session (t-test; NAc, p50.9156; dSt, p50.0143; Figure E in S1 Figure).
However, after a 3-week withdrawal period, there was no significant effect of
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previous CHX administration on the glutathione levels of the NAc or dSt (t-test:
NAc, p50.9856; dSt, p50.9757; Figure F in S1 Figure).
We then determined whether the administration of 25 mg/kg CHX induced
neural cell apoptosis by conducting in situ assays of TdT-mediated dUTP-biotin
nick end labeling (TUNEL) in the dSt and NAc using kainic acid-induced
apoptosis as the positive control (S1 Text). Microinjection of kainic acid into the
dSt of naïve rats induced robust TUNEL signals as expected, whereas in the
animals that were repeatedly administrated CHX, TUNEL signals were
undetectable in the dSt or NAc on the day following the last CHX administration
(S2 Figure). Accordingly, we used a CHX dose of 25 mg/kg for behavioral studies
because this dose was appropriate for minimizing the adverse effects of CHX, such
as prolonged reduction in glutathione levels or apoptosis.

Effect of repeated CHX administration on instrumental learning
CHX pretreatment and time-constraint PR instrumental training

An appetitive instrumental performance trained under a PR schedule has been
widely used for investigating the acquisition process of reward-seeking and the
motivation required for the learning [28]. By employing this strategy, we first
investigated the effect of CHX administrated 60 min before each training session
on these two factors, which are essential for effort-based reinforcement learning.
Animals readily acquired the PR task from the first training session, and there was
no obvious variation in the PR performance without any significant group
difference during the seven sessions (Fig. 1B). Although we defined the
breakpoint as the last ratio measured before 5 min elapsed without any lever
press, this breakpoint criterion was not met in most cases. An ANOVA (2 [Group:
Vehicle vs. CHX] 67 [Session]) did not indicate significant main effects (Group:
F[1, 32],1; Session: F[6, 192],1) or interactions (F[6, 192]51.02).
Outcome devaluation tests after 7 days of PR training

The learning and performance of an instrumental behavior are balanced between
two distinct mutually competing processes called goal-directed and habitual
processes [29–33]. In addition, the sensitivity of instrumental performance to
outcome devaluation is widely used as an index to distinguish goal-directed
process from habitual process. In short, as long as an instrumental performance is
sensitive to outcome devaluation, it is goal-directed; otherwise, it is habitual [29–
33]. To examine whether lever-pressing performance trained with CHX
pretreatment is goal-directed or habitual, we evaluated the sensitivity of the
animals to outcome devaluation induced by outcome-specific satiation. The
devaluation tests performed immediately (test 1; Fig. 1C) and 13 days after the
last PR training (test 2, Fig. 1D) revealed significant sensitivities of the
instrumental performance for outcome devaluation in both groups. ANOVAs (2
[Group: Vehicle vs. CHX]62 [Value: non-devalued vs. devalued]) revealed a
significant main effect of Value for test 1 (F[1, 32]545.78, p,0.001) and 2
(F[1, 16]549.00, p,0.001).
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Outcome devaluation tests with CHX challenge

Next, we determined whether acute administration of CHX would alter the effect
of outcome devaluation in both groups. The first devaluation test (test 3, 6 days
after the last PR session) was performed 60 min after a CHX injection (Fig. 1E),
and the second devaluation test was performed 4 days after test 3 for the same
animals to await CHX washout. Test 4 was performed without any CHX
administration to determine whether the previous CHX administration induced
any long-term effect (Fig. 1F). An ANOVA for test 3 (2 [Group: Veh vs. CHX]
62 [Value]) did not indicate significant main effects (Group: F[1, 14]51.56;
Value: F[1, 14]52.86) or interaction (F[1, 14]51.67). However, a similar ANOVA
for test 4 revealed a significant interaction between the factors (F[1, 14]56.78,
p,0.05). In addition, a significant simple main effect of Value was revealed in
Group Veh (F[1, 14]510.15, p,0.01). In contrast, the animals in Group CHX did
not respond differently to the two Value conditions (F[1, 14],1).
Response discrimination training and reversal

To assess the effect of CHX on flexible behavior in response to changing
environmental contingencies, we analyzed the acquisition of response discrimination and learning of its reversal (S1 Text). For the initial discrimination, the
animals were trained to consistently press a particular lever between two (left or
right) until they reached a criterion of eight consecutive correct choices. On the
following day, the animals were trained to press the other lever. Repeated CHX
administration did not affect the initial response discrimination or reversal
learning (S3 Figure).

Effect of repeated CHX administration on acute cocaine-induced
behaviors
We examined the effects of repeated CHX pretreatment during the 7-day PR
training sessions on cocaine-induced behaviors at 26 days after the last CHX
administration. Although a single dose of cocaine markedly increased locomotor
activity, rearing, and stereotypy for Groups Veh and CHX, repeated CHX
administration attenuated these cocaine-induced behaviors (Fig. 2A-2C). An
ANOVA (2 [Group: Veh vs. CHX]624 [Time bin]) for locomotor activity
indicated significant main effects of Group (F[1, 16]54.81, p,0.05) and Time bin
(F[23, 368]532.51, p,0.001), along with a significant interaction between the
factors (F[23, 368]53.02, p,0.001: Fig. 2A). ANOVAs for rearing and stereotypy
indicated significant main effects of Time bin (for rearing, F[23, 368]513.09,
p,0.001; for stereotypy, F[23, 368]533.30, p,0.001) and significant interactions
between the factors (for rearing, F[23, 368]51.81, p,0.05; for stereotypy, F[23,
368]51.89, p,0.01; Fig. 2B-2C). CHX exerted a significant effect on open-field
behaviors during the precocaine injection period (Fig. 2A). An ANOVA (2
[Group]66 [Time bin]) for locomotor activity during the precocaine period
revealed a significant main effect of Time bin (F[5, 80]566.95, p,0.001) and a
significant interaction between factors (F[5, 80]52.35, p,0.005). A subsequent
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Fig. 2. Effects of repeated 2-cyclohexen-1-one (CHX) administration on behavioral responses to an
acute cocaine injection. (A) Locomotor activity (distance traveled in cm), (B) number of rearings, and (C)
number of stereotypic movements before and after an acute injection of cocaine (15 mg/kg intraperitoneally;
arrow). The test was conducted 26 days after repeated CHX or vehicle administration (N59/each). Data
represent the mean ¡ SEM. *p,0.05, **p,0.01, #p,0.005, ##p,0.001 compared with control (Veh).
doi:10.1371/journal.pone.0114024.g002

simple main effect test revealed that during the first 5 min, the animals in Group
CHX traveled more than those in Group Veh (F[1, 96]57.75, p,0.01). Similar
ANOVAs on rearing and stereotypy during the precocaine period indicated only
significant main effects of Time bin (for rearing, F[5, 80]540.44, p,0.001; for
stereotypy, F[5, 80]551.29, p,0.001; Fig. 2B-2C). The behaviors during 1-h
acclimation sessions on one day before acute cocaine administration did not
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display any significance group differences (ANOVAs, 2 [Group]612 [Time bin];
main effect or interactions, F,1.72; S4 Figure), excluding the main effects of
Time bin (Fs[11, 176]579.77, 121.16, and 43.87, p,0.001, for locomotor activity,
rearing, and stereotypy, respectively).

Effect of repeated CHX administration on the forced swimming test
The effect of repeated CHX administration on immobility induced by forced
swimming was assessed 35 days after the last CHX administration. Repeated CHX
administration significantly reduced immobility (one-way ANOVA [Group:
Vehicle vs. CHX], F[1, 16]56.39, p ,0.05; Fig. 3).

Effect of repeated CHX administration on body weight
Repeated CHX administration did affect body weight during the food restriction
and subsequent ad libitum feeding periods (S5 Figure).

Multivariate analyses through behavioral variables
To clarify the relationships between the numerous behavioral variables of the two
groups and to study the putative neural substrates underlying alterations induced
by CHX, we performed principal component analyses (PCAs). S1 Table shows the
matrix of Pearson’s correlation coefficients between all 19 behavioral variables
described previously for the vehicle- and CHX-treated animals (N59 each). Based
on the correlation matrix, we first conducted a preliminary PCA to extract the
principal behavioral variables and identified 6 principal components (PCs) with
eigenvalues.1 consolidated from the 19 variables, representing 84.6% of the
variability (data not shown). We then selected 15 variables with contributions of
loading exceeding 0.80 as the principal behavioral variables for secondary PCA,
which was conducted with more stringent criteria. The 15 behavioral variables
were consolidated into 5 PCs with eigenvalues.1, representing 84.7% of the
variability (Table 1).
PCs I, II, III, IV, and V accounted for 30.0%, 20.5%, 13.1%, 11.2%, and 9.8% of
the variance, respectively. For PC I, positively loading behavioral variables with
contributions exceeding 0.50 (absolute value) represented spontaneous behaviors
in the open field, locomotion, rearing, and stereotypy, suggesting that PC I is
likely related to motor functions. For PC II, the behavioral variables loading
negatively were the response rate in the devalued condition of devaluation test 1
and the open-field activity prior to acute cocaine injection, whereas the positively
loaded variables corresponded to the open-field activity after acute cocaine
administration and the immobility ratio in forced swimming test (S6 Figure). PC
III was negatively loaded by the number of perseverative errors in reversal learning
and the immobility ratio. PC IV was positively loaded by the number of lever
presses in the final PR training and the number of regressive errors in reversal
learning and negatively loaded by the response rate in the devalued condition of
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Fig. 3. Effects of 2-cyclohexen-1-one (CHX) on immobility during the forced swimming test. The test
was conducted 35 days after repeated CHX or vehicle administration control (N59/each). Data represent the
mean + SEM. *p,0.05 compared with control (Veh).
doi:10.1371/journal.pone.0114024.g003

Table 1. Results of principal component analysis of 15 principal behavioral variables.
Principal components
Behavioral variable

I

II

III

IV

V

Contribution

Prg 7

20.286

20.208

20.575

0.558

20.113

0.780

Dvl 1 (non-dev)

20.134

20.128

0.434

0.354

0.698

0.836

Dvl 1 (dev)

0.081

20.615

0.201

20.551

0.347

0.849

Dvl 2 (non-dev)

0.439

0.081

0.309

0.433

0.573

0.810

Rv psv er

0.288

20.199

20.655

0.388

0.354

0.827

Rv rgr er

0.235

20.378

0.485

0.509

20.418

0.867

Nvl dst

0.864

0.085

0.020

20.288

0.127

0.853

Nvl str

0.794

20.096

20.130

20.234

20.076

0.717

Precoc dst

0.641

20.703

20.172

20.167

0.026

0.963

Precoc r

0.616

20.521

0.143

0.290

20.322

0.859

Precoc str

0.624

20.642

20.284

20.020

0.033

0.884

Postcoc dst

0.696

0.653

0.007

0.061

0.152

0.937

Postcoc r

0.756

0.355

0.209

0.297

20.226

0.881

Postcoc str

0.620

0.648

0.171

20.095

20.115

0.856
0.782

Im

0.255

0.524

20.657

20.007

0.103

Eigenvalue

4.499

3.068

1.971

1.687

1.474

Contribution

0.300

0.205

0.131

0.112

.098

Contribution (cumulative)

0.300

0.504

0.636

0.748

.847

Notes: Factor loadings exceeding 0.50 (absolute value) are shown in bold. Prg 5 progressive ratio instrumental training; Dvl 5 response rate during the
outcome devaluation test; non-dev 5 non-devalued condition; dev 5 devalued condition; Rv psv er 5 number of perseverative errors in reversal training; Rv
rgr er 5 number of regressive errors in reversal training; Nvl 5 activity monitoring in a novel environment; Precoc 5 period prior to acute cocaine
administration; Postcoc 5 period after acute cocaine administration; dst 5 distance traveled; r 5 number of rearing; str 5 number of stereotypy; Im 5
immobility ratio in forced swimming test.
doi:10.1371/journal.pone.0114024.t001
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devaluation test 1. PC V was positively loaded by the response rates in the valued
condition of devaluation tests 1 and 2.
Finally, we analyzed the PC scores that were calculated for individuals in
Groups Veh and CHX on the basis of loadings derived from PCA (S2 Table).
Multiple unpaired t-tests with Bonferroni’s correction revealed that the scores for
PCs I, III, IV, and V were similar between the two groups (the largest;
t[16]51.08). In contrast, the scores for the animals in Group CHX were
significantly lower for PC II than those for animals in Group Veh (t[16]52.96,
p0.05; Fig. 4).

Discussion
In the present study, we found that acute or repeated CHX administration exerted
various effects on several behavioral and cognitive functions of adult rats that were
relatively short-lived or prolonged, respectively. Previous studies on acute
glutathione depletion by CHX or other molecules such as buthionine sulfoximine
or diethylmaleate on a Y-maze or Morris water maze task have suggested a role of
glutathione homeostasis in certain learning and memory tasks [16, 34–36]. In this
study, we employed a lower concentration of CHX than that employed in those
studies (75 mg/kg vs. 25 mg/kg), but this concentration of CHX was sufficient to
significantly reduce the levels of total glutathione in the rat NAc and dSt. In this
study, we investigated the effect of repeated CHX administration on glutathione
levels, but not on other indices of oxidative stress, such as ROS, directly. As
mentioned in Introduction, exposure to oxidative stress does not necessarily
occur in a sporadic or accidental manner. ROS are endogenously present, but
their effect is masked by glutathione, which is also continuously generated [14].
Thus, any alteration in total glutathione content is inevitably expected to produce
a concomitant fluctuation of ROS levels, particularly in the brain, although it
could be too subtle and transient to monitor. Similar to the relatively mild
reduction in glutathione in the present study, it has been reported that during
early postnatal period repeated administration of buthionine sulfoximine, which
causes a 20% reduction in glutathione levels in the rat brain, results in many
cognitive deficits in adulthood [37].
We found that repeated CHX administration increased locomotor activity
compared with control during the first 5 min of the second apparatus habituation
training, which was performed before cocaine was administered acutely (Fig. 2A).
This finding suggests impaired spatial memory in CHX animals in line with
previous reports, as the novelty-induced activity recorded on the previous day
(the first habituation session) did not differ between the two groups (S4 Figure).
CHX did not appear to have any significant temporal effect on either the
acquisition of instrumental behavior or the motivation to perform it because
compared to Group Veh there was no alteration in the instrumental performance
in Group CHX during the PR training period (Fig. 1B). Moreover, repeated CHX
administration did not significantly alter the sensitivity to outcome devaluation
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Fig. 4. Principal component scores derived from principal component analysis (PCA) of the behavioral
variables. The scores were calculated for individual animals administrated saline or 2-cyclohexen-1-one
(N59/each) using loadings derived from PCA. Data represent the mean ¡ SEM. *p,0.05 (Bonferroni’s
corrected a-value of 0.01) compared with control (Veh).
doi:10.1371/journal.pone.0114024.g004

immediately or 13 days after the last PR session (Fig. 1C-1D). Once animals
acquired the instrumental behavior in the absence of CHX pretreatment (Group
Veh), acute CHX administration reduced the sensitivity to outcome devaluation,
although this sensitivity was recovered after washout (Fig. 1E-1F). However, in
Group CHX, the insensitivity of the instrumental performance to outcome
devaluation induced by a CHX challenge was prolonged even after CHX washout
(Fig. 1E-1F, Group CHX). Thus, we concluded that the insensitivity of
instrumental performance to outcome devaluation was induced by the acute effect
of CHX but not by the long-term effect of repeated CHX administration.
However, in Group CHX, the restoring process of the original sensitivity to the
outcome devaluation from the effect of CHX challenge was delayed, probably due
to increased vulnerability to acute oxidative stress, another long-term effect of
previous repeated exposures to oxidative stress.
In addition to general acquisition or expression, the acquisition and
performance of instrumental behavior are being balanced between two distinct
mutually competing intrinsic systems called goal-directed and habitual processes
[29–33]. Goal-directed process consists of the formation of an association
between an action and the information regarding the outcome produced by the
action (i.e., sensory properties and incentive values of the outcome) and feedforward control of action performance based on current value of the outcome. On
the other hand, habitual process represents reinforcement learning between a
behavior and its antecedent environmental stimuli, indifferent to outcome
information, leading to stimuli-induced behavior that is insensitive to outcome
devaluation. The results of the present study suggest that a single dose of CHX
transiently interfered with the expression, but not the acquisition, in goal-directed
process. Similar to that finding, previous studies demonstrated that a single
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episode of stress acutely reduces the sensitivity of human appetitive instrumental
performance to outcome devaluation [38–40].
In the present study, despite the fact that stressed animals have demonstrated
augmented response to psychostimulants [41], acute cocaine administration
attenuated the responses in Group CHX. Although cocaine binds to the DA
transporter (DAT) and serotonin and norepinephrine transporters with almost
equal affinity [42], its major motor effects are provoked by the blockade of DAT at
low or moderate concentrations and a consequent elevation of extracellular DA
levels (DA tone) in all terminal fields expressing DAT [43–44]. The extent of DA
efflux following psychostimulant administration in the NAc, the terminus of the
mesoaccumbal DA pathway, is implicated in hyperlocomotion [44–47].
Meanwhile, increased DA transmission in the dSt, the terminus of the nigrostriatal
DA pathway, is associated with augmented species-specific stereotyped behaviors
[46, 48–49]. Rearing of rats is often described as a landmark of cocaine-induced
stereotyped behaviors [50–51]. Thus, our results suggest that repeated CHX
administration interfered with the acute cocaine-induced DAergic signaling
pathway in the NAc and dSt.
A plausible neural mechanism underlying the attenuated response to cocaine is
that repeated CHX administration decreased the number of functional DATs in
the mesoaccumbal/nigrostriatal DAergic pathways. Indeed, DAT knockout (KO)
mice do not exhibit an increase in locomotor activity in response to cocaine
[43, 52]. In addition, compared with wild-type mice, DAT-KO mice exhibit
attenuated habituation [43, 53–54], which is consistent with our findings
(Fig. 2A). However, similar phenotypes may be generated when tyrosine
hydroxylase mRNA is upregulated because both events may result in
hyperactivation of D2 receptor-mediated signaling pathways followed by
counterbalancing desensitization of functional D2 receptors [55].
Another finding opposite to the typical stressed model was that CHX-treated
rats displayed antidepressant-like behavior in the forced swimming test. Reduced
immobility of rodents is a validated experimental index of a potential
antidepressant-like effect [56], and it is directly controlled, at least in part, by
mesoaccumbal DAergic projections [57], although some research suggests that
immobility in the forced swimming test is a readily learned adaptation to stress
that conserves energy opposed to an impairment of coping with the stress [58].
The DAT hypothesis described previously may also be applicable because DATKO animals exhibit increased mobility than wild-type animals in the forced
swimming test [43, 59].
Because we sought to evaluate the interactions between numerous behavioral
variables and the effects of CHX on these variables, we employed multivariate
analyses using PCA. These analyses revealed functional relationships among
behavioral variables consolidated in each PC as well as the specific effects of
repeated CHX administration on PC II, which included instrumental performance
under the devalued condition, open-field activities before and after acute cocaine
administration, and the immobility ratio of the forced swimming test (Table 1,
Fig. 4, and S6 Figure). As described previously, in the outcome devaluation test
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following the instrumental learning, a reduction in lever pressing during the
devalued condition reflects the action controlled predominantly by goal-directed
process that is sensitive to the current value of the outcome, whereas the outcome
insensitivity manifests the predominance of habitual process to goal-directed
process. Thus, the lower PC II score of CHX-treated animals versus controls
indicates that the former are prone to habitual performance. Then, a raised
question is whether outcome devaluation is related to striatal DA tone, as
proposed for other variables in this component. A study using DAT KO mice
illustrated that the outcome devaluation effect is unaltered [60]. However, because
the DAT expression in this transgenic line was inhibited at all times, other neural
mechanisms may compensate for the lack of DAT function, at least in part [61]. In
addition, late-developing long-term neuroadaptation induced by repeated
exposure to CHX, as noted for repeated psychostimulant administration [62],
could be responsible for unknown mechanism.
Although the detailed mechanism by which each PC is functionally segregated
or how CHX specifically influences PC II remains unknown, striatal DA-mediated
regulation may play a pivotal role in integrating most of the behavioral variables
of PC II and making them sensitive to repeated CHX administration. Supporting
this idea, repeated administration of methamphetamine, which induces much
stronger oxidative stress than cocaine, reduces the number of DAT molecules in
the rat striatum [63]. In addition, methamphetamine promotes habit formation
in rats [64]. It is possible that repeated CHX administration works on DAT in a
similar manner as methamphetamine. Nevertheless, the effect of CHX on neural
substrates other than the DA system is also possible, and the possibility that CHX
affects molecules other than glutathione must be fairly considered.
At this point, it is not conclusive that how much the alterations we observed in
the present work were due to the direct effect of oxidative stress. However,
because the effects of repeated CHX administration were observed when there was
no change in the levels of glutathione (S1 Figure) or apoptosis (S2 Figure), it is
possible that these effects were developed at a later stage as long-lasting
neuroadaptations of the redox system and not by oxidative stress itself. In
accordance with this hypothesis, at present, the concept that oxidative stress
always acts invasively whereas the redox system always works protectively in
mitigating disease is under revision [65]. Therefore, investigating the effect of
repeated CHX administration on the striatal DA system and decision-making will
be more important in the future. In addition, studies are required to answer the
question of whether CHX-induced alterations are restored by manipulating the
redox system.
In this study, we were unable to detect an effect of CHX on the performance of
response discrimination, its reversal learning, or any significant group difference
in PCs that were significantly loaded by these variables. In contrast, it is proposed
that oxidative stress may affect reversal learning, as reported in a recent study of
transgenic mice expressing a putative dominant-negative disrupted in schizophrenia 1 (DISC1). This report implicates that oxidative stress may be involved in
the loss of motivation in instrumental performance with a PR schedule,
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accelerated habit formation of instrumental learning, and degradation of a
reversal learning performance [66]. Another model exhibiting some discrepancy
with our findings is glutathione-cysteine-ligase modifier (GCLM) KO mice in
which glutathione synthesis is reduced. Whereas the mice were less immobile in
the forced swimming tests similar to our findings, psychostimulants induced an
excessive hyperlocomotion in the KO mice [13]. However, it is noteworthy that
these studies employed transgenic mice with compromised DICS1 or GCLM
function from the early neonatal stage but not from adulthood, and the level of
glutathione reduction was far greater than that observed in our model,
particularly in GCLM-KO mice. Those factors could explain the differences
between these reports and our findings.
Another point to be mentioned is the difference of our findings from those in
animal models of depression. Although there are some studies reporting the
induction of oxidative stress in rodents exposed to chronic mild stress [67–68],
Group CHX displayed a mixture of pro-depression- (attenuated habituation in
novel environment and habit-prone in decision making) and antidepression-like
phenotypes (blunted immobility in forced swimming and attenuated response to
acute cocaine). This could be attributed to the systemic administration of CHX,
which may affect the entire brain, whereas in major depression, oxidative stress
may be induced in more specific brain regions or circuits.
In conclusion, repeated CHX administration produced a habit-prone
phenotype by prolonging the effect of CHX challenge on outcome devaluation,
although it did not affect the acquisition or motivation of an instrumental
learning trained under a PR schedule. Response discrimination and reversal
learning were not affected by CHX. Repeated CHX administration reduced
immobility in the forced swimming tests and blunted cocaine-induced behaviors.
Combined with the results of multivariate analyses, these findings suggest that
repeated CHX administration to adult rats did not generate an animal model of a
certain specific mental disorder, but it may have persistently altered a group of
functionally related behavioral and cognitive variables.

Supporting Information
S1 Figure. Dose-, timing-, and brain region-dependent effect of CHX on total
glutathione levels in the nucleus accumbens (NAc) and dorsal striatum (dSt).
(A) Effects of various doses of CHX on total glutathione levels in the NAc at 1 h
after acute CHX administration. Data are represented as relative ratios of the
concentration of total glutathione after an acute administration of varying doses
of CHX (12.5, 25, and 50 mg/kg, i.p.) to that of saline (N54–5 each: *p,0.05 vs.
saline). (B) Effects of an excess amount of the glutathione precursor Nacetylcysteine on total glutathione levels in the NAc when co-administrated with
CHX. N-acetylcysteine (1 g/kg) was i.p. administrated 1.5 h before acute injection
of 25 mg/kg CHX (N54–5: *p,0.05, vs. saline). (C-D) Temporal effects of an
acute CHX administration (25 mg/kg) on the total glutathione levels in the NAc
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(C; N54–5) and dSt (D; N55). Data are represented as the relative ratios of the
concentrations of total glutathione at 1 and 3 h after the acute administration of
25 mg/kg of CHX to that at 1 h after acute administration of saline (*p,0.05, vs.
saline). (E–F) Effects of repeated CHX administration for 7 days on total
glutathione levels in the NAc and dSt at 1 day (E; N55 each; dSt, *p,0.05, vs.
saline) or 3 weeks (F; N58 each) after the final CHX administration. Data are
represented as relative ratios compared with the concentration of total glutathione
after repeated saline administration for 7 days in the same region of the brain.
Error bars represent SEM.
doi:10.1371/journal.pone.0114024.s001 (PDF)
S2 Figure. TUNEL assay of the NAc and dSt of the animals which received
25 mg/kg of CHX for 7 consecutive days. Animals were perfused on the day
following the last Vehicle/CHX administration. The brain sections from the core
and shell subregions of the NAc and the dSt were compared with sections of the
dSt where kainic acid was microinjected. KA: kainic acid, Veh: vehicle. Green:
TUNEL, Blue: DAPI.
doi:10.1371/journal.pone.0114024.s002 (TIFF)
S3 Figure. Repeated CHX administration did not affect performance in
response discrimination learning and its reversal. (A) Mean number of trials to
reach the criterion of the response discrimination training. A one-way ANOVA
(Group: vehicle vs. CHX) did not reveal any significant group difference
(F[1, 16]51.67). (B) Mean number of errors committed during the response
discrimination training without a significant group difference (F[1, 16]51.58).
(C) Mean number of trials to reach the criterion of the response reversal learning
without a significant group difference (F[1, 16],1). (D) Mean numbers of the
two error subtypes, perseverative and regressive, recorded during the response
reversal learning. A two-way ANOVA, 2 (Group: vehicle vs. CHX)62 (Error type:
perseverative vs. regressive), did not demonstrate significant main effects of
Group and Error type (Fs[1, 16],1) or interaction between factors
(F[1, 16]52.10). Data represent the mean + SEM.
doi:10.1371/journal.pone.0114024.s003 (TIF)
S4 Figure. Repeated CHX administration did not affect spontaneous activity in
a novel environment. The spontaneous activities in actimeter, locomotor activity
(A), rearing counts (B), and stereotypic counts (C) were monitored on the
preceding day of the acute cocaine administration (apparatus habituation
training, 25 days after repeated vehicle/CHX administration). Separate two-way
ANOVAs, 2 (Group) 612 (Time bin), revealed only significant main effects of
Time bin (F[11, 176]579.77, 121.16, and 43.87; ps ,0.001) for locomotor
activity, rearing, and stereotypy, respectively, without the Group effects (main
effect or interactions: Fs ,1.72). Data represent the mean ¡ SEM.
doi:10.1371/journal.pone.0114024.s004 (TIF)
S5 Figure. Repeated CHX administration did not affect body weights. Robust
group differences were not detected during repeated CHX administration (7
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days), food deprivation, or subsequent ad-libitum feeding. Analysis using two-way
ANOVA of 2 (Group) 67 (Time point) revealed only a significant main effect of
Time point, F(6, 96)51560.48, p,0.001. Data represent the mean ¡ SEM.
doi:10.1371/journal.pone.0114024.s005 (TIF)
S6 Figure. Structure of principal component (PC) II. PC II accounted for 20.5%
of the variance. This component was negatively loaded by the response rate in the
devalued condition of devaluation test 1 as well as open field activity before acute
cocaine injection, and positively loaded by open field activity after acute cocaine
injection as well as the immobility ratio of the forced swimming test. Analysis of
the PC scores calculated for individual animals in Groups Veh and CHX revealed
that the scores of animals in Group CHX were significantly lower on PC II than
those of animals in Group Veh, t(16)52.96, p,0.05.
doi:10.1371/journal.pone.0114024.s006 (TIF)
S1 Table. Intercorrelations (Pearson correlation coefficient) between behavioral phenotypes.
doi:10.1371/journal.pone.0114024.s007 (DOCX)
S2 Table. Principal component scores calculated for each animal in Groups
Veh and CHX.
doi:10.1371/journal.pone.0114024.s008 (DOCX)
S1 Text. Supporting materials and methods.
doi:10.1371/journal.pone.0114024.s009 (DOCX)
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