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Abstract

An increasing prevalence of mental health problems has been partly ascribed to abnormal brain development that is
induced upon exposure to environmental chemicals. However, it has been extremely difficult to detect and assess such
causality particularly at low exposure levels. To address this question, we here investigated higher brain function in mice
exposed to dioxin in utero and via lactation by using our recently developed automated behavioral flexibility test and
immunohistochemistry of neuronal activation markers Arc, at the 14 brain areas. Pregnant C57BL/6 mice were given orally a
low dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) at a dose of either 0, 0.6 or 3.0 mg/kg on gestation day 12.5. When
the pups reached adulthood, they were group-housed in IntelliCage to assess their behavior. As a result, the offspring born
to dams exposed to 0.6 mg TCDD/kg were shown to have behavioral inflexibility, compulsive repetitive behavior, and
dramatically lowered competitive dominance. In these mice, immunohistochemistry of Arc exhibited the signs of
hypoactivation of the medial prefrontal cortex (mPFC) and hyperactivation of the amygdala. Intriguingly, mice exposed to
3.0 mg/kg were hardly affected in both the behavioral and neuronal activation indices, indicating that the robust, non-
monotonic dose-response relationship. In conclusion, this study showed for the first time that perinatal exposure to a low
dose of TCDD in mice develops executive function deficits and social behavioral abnormality accompanied with the signs of
imbalanced mPFC-amygdala activation.
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Introduction

The development of the brain is highly sensitive to be perturbed

by various kinds of environmental factors including chemical

exposure [1,2,3,4]. These environmental factors may account for

an increasing prevalence of children’s mental problems such as

learning disability [5], autism spectrum disorders (ASD) [6], and

attention-deficit/hyperactivity disorder [7]. However, there is a

scarcity of direct evidence to link brain dysfunctions with clinically

measurable mental and behavioral abnormalities induced by

chemical exposure at an environmentally-relevant level.

Among the environmental chemicals, dioxin has long been a

potential threat to the brain function and behavior of children

[8,9]. Dioxins are a group of chemicals unintentionally produced

in combustion processes or byproducts of manufacturing certain

kinds of herbicides. Due to their persistency in the environment,

humans have been exposed to non-negligible amounts of dioxins

mainly through daily food [10]. Clinical and epidemiological

studies have revealed the occurrence of a variety of signs and

symptoms in dioxin-exposed human populations, including

disturbances in psychomotor and neurobehavioral functions in

children [8,9,11]. In utero and lactational exposure of rodents to

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most toxic con-

gener among dioxin family, induces abnormal sexually dimorphic

behaviors in adulthood [12,13,14,15,16,17], and alters learning

behaviors [18,19,20,21,22,23,24,25,26]. Previous studies have

shown that the cerebral cortex is a vulnerable target to TCDD

insult. For example, the expression of NMDA receptor subunits in

the neocortex and hippocampus, and activity-dependent expres-

sion of brain derived neurotrophic factor in the neocortex was

altered in rats exposed to TCDD in utero and via lactation [15,27].

Recently, Mitsuhashi and associates [28] showed that in utero

exposure of mice to TCDD impairs histogenesis of the neocortex,

albeit at a high dose corresponding to approximately one-ninth of

its 50% lethal dose (LD 50) [29]. However, it is largely unknown
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whether and how exposure to dioxin, particularly at a low dose,

affects higher brain function.

As higher brain function, executive function and social brain

function require a particular attention because impairment of

these functions has been implicated in a variety of neurodevelop-

mental disorders and psychiatric illnesses [30,31,32,33,34,35,36].

Executive function is a set of cognitive processes responsible for

organizing appropriate goal-directed actions in an ever-changing

environment, which is subserved by the prefrontal cortex

[36,37,38,39,40]. To evaluate executive function in mice, we have

recently established the behavioral flexibility test using IntelliCage,

a fully automated behavioral testing apparatus for mice under a

group-housed condition [41]. This test provides comprehensive

and reproducible indices of behavioral flexibility over a variety of

time scales (i.e., intervals of hours, days, and weeks). Brain function

responsible for social behavior is also one of the important roles of

the cerebral cortex [42,43,44,45]. In the present study using

IntelliCage, competitive dominance for limited sources of water

reward after water deprivation was also analyzed to investigate the

possible alterations in social status in a group-housed environment.

It is important to elucidate the biological basis that determines

individual’s social status because social status is associated with a

wide variety of stress-related health problems, such as hormonal,

reproductive, immunological, and cognitive dysfunctions [46].

The brain areas associated with cognition of ‘social hierarchy’

were found in the dorsolateral and medial prefrontal cortex in

humans [45]. In addition, Wang and associates [47] showed that

‘social hierarchy’ in mice can be controlled by manipulating the

synaptic efficacy in the medial prefrontal cortex (mPFC) neurons.

Thus, executive function and competitive dominance are worth

investigating as possible targets of chemical exposure which is

suspected to affect the development of higher brain function.

In this study, we found that in utero and lactational exposure to a

low dose of TCDD, which corresponds to approximately 1/300th

of the LD50 and is comparable to the dose from which was used to

derive a tolerable daily intake level in humans [48], perturbs

executive functions and induce low competitive dominance for

limited sources of water reward after water deprivation of

offspring, and that such behavioral alterations are consistent with

altered signs of neuronal activity in the mPFC and amygdala.

Materials and Methods

Reagents and Chemicals
TCDD (purity .99.5%) was purchased from Cambridge

Isotope Laboratory (Andover, MA, USA). Antibodies for c-Fos

and NeuroTrace were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA, USA) and Invitrogen Japan (Tokyo, Japan),

respectively. A rabbit polyclonal anti-Arc antibody (OP-1, crude)

was produced as described previously, and the specificity of the

anti-Arc antibody was verified by Western blotting (Fig. S1) and

immunocytochemistry [49]. Biotinylated anti-rabbit IgG was

obtained from Vector Laboratories (Burlingame, CA, USA).

Reagents for tyramide signal amplification were obtained from

Perkin Elmer (Waltham, MA, USA). The other reagents were

obtained from Nakalai Tesque (Kyoto, Japan).

Animals and Treatment
Pregnant C57BL/6 mice purchased from CLEA Japan (Tokyo,

Japan) were housed in the animal facility with temperature at 22–

24uC and humidity at 40–60%, on a 12/12 hr light-dark cycle

(lights on: 8:00–20:00). Laboratory rodent chow (Lab MR Stock,

Nosan, Yokohama, Japan) and distilled water were provided ad

libitum unless otherwise specified. In the behavioral test using

IntelliCage, the access to water, not diet, was restricted and

permitted during the 3-hr test period (22:00–1:00) per day only.

The pregnant mice were orally administered vehicle (corn oil

containing 0.6% n-nonane) or TCDD in vehicle at a dose of 0, 0.6

or 3.0 mg/kg once on gestation day 12.5. This mode of exposure

causes in utero and lactational exposure of offspring organs

including brain [18,50]. The pups were culled to eight per dam

at postnatal day (PND) 0, weaned at PND 21, and kept under the

same conditions thereafter as their dams. A male offspring was

randomly selected per dam for the behavioral flexibility test using

IntelliCage to minimize litter effects. Three groups, named

Control, TC-0.6, and TC-3.0, were prepared, according to the

doses given to their dams (n = 8/group). At the postnatal day 180,

they were lightly anesthetized with diethyl ether and implanted

subcutaneously a glass-covered transponder having a unique ID

code (Datamars, SA, USA) for radiation frequency identification

(RFID) for behavioral experiments using IntelliCage. For the

competition task using IntelliCage, open field test and rota rod

test, and, a male offspring, which was a littermate used in the

behavioral flexibility test, was randomly selected per dam to make

another set of three groups (Control, TC-0.6, and TC-3.0; n = 8/

group). The experimental protocols of animal experiments of this

study were approved by the Animal Care and Use Committee of

the Graduate School of Medicine of the University of Tokyo.

IntelliCage Apparatus
IntelliCage (TSE Systems GmbH, Bad Homburg, Germany) is

a computer-based, fully automated testing apparatus that can be

used to monitor the spontaneous and cognitive behavior of group-

housed RFID-tagged mice housed in a large home cage (Fig. 1A

and S2A) [51]. In short, a large plastic cage (55637.5620.5 cm3)

is equipped with 4 triangular operant chambers (corners,

hereafter) (15615621 cm3). RFID readers, infrared sensors, and

lickometers has a capability to perform simultaneous monitoring of

as many as 16 RFID-tagged mice in an IntelliCage apparatus. In

this unit, only one mouse can enter a corner at a time because of

the size of the tunnel and corner. In the inner space of the corner,

mice can have access to two nose-poke holes equipped with an

infrared beam-break response detector. A nose poke at the hole

triggers the opening of a motorized access gate to water-bottle

nipples (gate, hereafter) (Fig. S2B). In IntelliCage, the time and

duration of each behavioral event (corner visit, nose poke, and

licking), mouse ID and corner ID were automatically recorded

through RFID readers, infrared sensors and lickometers.

IntelliCage Test Procedures
Acclimation. All the groups of mice were introduced to

IntelliCage apparatuses at 10:00 a.m. on the same day. In each

IntelliCage apparatus, the numbers of mice were counterbalanced

among groups (see Fig. 1B for the behavioral flexibility test and 4G

for the competition task). Then, the acclimation and behavioral

tests were conducted by the following procedures. During the

acclimation phase 1 (3 days), the gates through which mice can

have access to water-bottle nipples in all the corners were kept

opened, and thus, the mice were allowed to have water in each

corner ad libitum. In this phase, indices of exploratory and

spontaneous activities and the circadian index [52] were analyzed

(Table S1). In the acclimation phase 2 (1 day), the mice were

trained nose poking behavior. In this phase, all the gates in front of

the water bottles were closed initially so that mice had to nose poke

to open the gate and drink water. The gate could be opened only

by the first nose poke per corner visit, and was closed 4 seconds

later. Mice could obtain water by a nose poke throughout the day.

In the acclimation phase 3 (5 days), mice were given a chance to

Chemical Exposure and Higher Brain Function
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open the gate by a nose poke during a 3-hr period (22:00 to 1:00)

per day. Beside default LEDs in each corner, we put an additional

blue LED on a side wall of the cage to let mice know the session

period: the blue LED was turned on throughout the 3-hr period.

Likewise, during this period, red LEDs in the corner were turned

on when a mouse made a visit, and turned off when the gate was

closed. During acclimation, all the mice visited all the four corners

extensively. Because their preferences to a particular corner

among four corners varied between 20–30% (chance level = 25%),

all the mice were considered to get accustomed evenly to all the

corners (Table S1).

Behavioral Flexibility Test. The experimental procedure

was essentially the same as the one used in the previous study [41].

Briefly, the behavioral flexibility test was composed of the

acquisition phase and its serial reversal task phase. The former

and the latter consist of behavioral sequencing task (Session 1–7,

Figure 1. Impaired behavioral flexibility in TCDD-exposed mice (inter-session analysis). (A) Overview of IntelliCage apparatus. (B) Group
composition of mice housed and tested in each IntelliCage apparatus. (C) Behavioral sequencing task. Mice were allowed to obtain water reward for
4 seconds when they visited an ‘‘active’’ rewarded corner (blue circle). The location of the active rewarded corner was alternately switched between
the two diagonally positioned corners each time the mouse received a reward. Thus, the mice had to acquire the behavioral sequence of alternating
between the two rewarded corners to continuously obtain rewards. A visit to the never-rewarded corners (gray circles with a diagonal line) was
counted as a discrimination error. (D) Serial reversal task. For each mouse, the assigned spatial patterns of the rewarded corners (seq. 1 or seq. 2) were
reversed 11 times every 7 or 4 sessions. (E) Time-line of the experiment for each day. (F, G) Learning performance on the behavioral flexibility test. For
the purpose of readability, data from the TC-0.6 and TC-3.0 groups of mice were separately plotted in F and G, respectively, whereas the data from
the Control group are shown in F and G. Discrimination error rates (the number of discrimination errors in the first 100 corner visits in the session) are
indicated as the means 6 S.E.M. (n = 8/group). For each session, the individual mouse’s discrimination error rate was transformed into a z-score
calculated among all the mice. The bars in the insets in F and G indicate the averaged z-scores for each group in the first sessions of all the Revs (early
stage of reversal learning) and in the second to fourth sessions of all Revs (late stage of reversal learning). * indicates a significant difference from the
Control group (P,0.05, ANOVA followed by Tukey’s post hoc test).
doi:10.1371/journal.pone.0050741.g001
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Fig. 1C) and repetitions of reversal task (Rev. 1–Rev. 11, Fig. 1D),

respectively. The water-deprived mice had 4-second access to

water as a reward when they visited the assigned corners during

the 3-hr test session (22:00–1:00) per day (Fig. 1E). A total of 57

sessions were conducted. In each session, mice could gain rewards

continuously by alternating the visits between the two diagonally

positioned rewarded corners (Fig. 1C). Each of the two rewarded

corners had two distinct states, ‘‘active’’ or ‘‘inactive’’, in a

mutually exclusive manner. That is, for a given mouse, there is

always one ‘‘active’’ rewarded corner, one ‘‘inactive’’ rewarded

corner, and two never-rewarded corners at the same time. A

mouse was allowed to open a gate in an ‘‘active’’ rewarded corner

by a nose poke and drink water for 4 seconds. After that, the

corner became ‘‘inactive’’ instantaneously, and this signal was

synchronized to change the other rewarded corner, which was

previously ‘‘inactive’’, to become ‘‘active’’. The alternation of the

corner assignment was controlled for each mouse independently

by the IntelliCage software program. Thus, the mice had to shuttle

between the two diagonally positioned rewarded corners to

acquire rewards continuously. A visit to the never-rewarded

corner was regarded as a discrimination error. The number of

discrimination errors within the first 100 visits in each session

( = discrimination error rate) was utilized for inter-session com-

parisons of learning performance. All the corner assignments were

counterbalanced among groups of mice in each cage so that no

specific corners would receive more traffic than others. For the

evaluation of the behavioral abnormality of useless repetitive nose

poking, we extracted the number of nose pokes per visit to either

the rewarded corner or non-rewarded corner, i.e., neutral and

never-rewarded corner, within the first 100 visits by utilizing filter

function of the IntelliCage Analyzer software (TSE Systems

GmbH, Bad Homburg, Germany). For each session, the number

of nose pokes of each mouse that entered rewarded corner or non-

rewarded corner was averaged on the group basis. The excessive

number of nose pokes per visit, i.e., more than two nose pokes per

visit, to the rewarded and non-rewarded corner was defined as

compulsive and impulsive repetitive nose poking behavior,

respectively. To evaluate competitive dominance for the limited

sources of water reward, corner visit frequencies per minute were

calculated by Excel (Microsoft) from ‘visit file’ exported from the

IntelliCage Analyzer software.

Competition Task. This task differed from that of the

behavioral flexibility test in that mice could drink water at any of

the corners during the 3-hr period. To investigate the effects of

variation in social environment on the competitive dominance

index, all of the mice were tested under a highly competitive

condition on Days 1–4 (14 mice per cage), under a less competitive

condition on Days 5–8 (7 mice per cage), and again under a highly

competitive condition (14 mice per cage) on Days 9–12.

Acclimation of mice to IntelliCage apparatus was conducted in

the same way as the behavioral flexibility test. After acclimation,

the task lasted for 12 days. In the task, mice were deprived of water

for 21 hr per day, and allowed to drink water for 4 seconds per

corner visit during 22:00–1:00. In the same way as the behavioral

flexibility test, an additional blue LED was fixed on a side wall of

the cage and used as a signal during the 3-hr period. The number

of corner visits during the first five minutes in each session was

used as an index to assess the level of competitive dominance of

mice in the competition for water reward.

Open Field Test
A dimly lighted (15 lux), open field (50650650 cm3) was used

to assess the basal activity level in a novel environment for 60 min.

The ‘‘center area’’ was defined as 25 cm625 cm area located at

the center of the open field (Fig. S3).

Rota Rod Test
A rota rod treadmill machine MK-670 (Muromachi Kikai Co.,

Tokyo, Japan) and a 30-mm-diameter rotating bar for mice were

used to assess motor coordination. First, a consecutive three-day

training was conducted followed by a consecutive four-day session

per mouse. In the training, each mouse was put on a rotating bar 4

times a day. The speed of the rotating bar was linearly increased in

each 60-second trial from 3 rpm at the start to 3, 10, 20, and

20 rpm at the end of Trial 1, 2, 3, and 4, respectively. In the test,

each mouse was put on a rotating bar 4 times a day, the speed of

which was linearly increased in each 60-second trial from 3 rpm at

the start to 10, 20, 30, and 40 rpm at the end of Trial 1, 2, 3 and 4,

respectively (Fig. S3).

Immunohistochemistry
To analyze immunohistochemically the signs of neuronal

activation in specific brain areas, mice were killed by cervical

dislocation 1 hr after the last session started. Brains were collected

and immediately frozen in powdered dry ice, and stored at

280uC. Frozen brain tissues were cryosectioned to make 20-mm

thick sections at 220uC (Leica, Tokyo, Japan). Anti-Arc and anti-

c-Fos antibodies were used to detect Arc and c-Fos as neuronal

activation marker proteins, and fluorescent Nissl staining was

performed using NeuroTrace to count neuronal cell numbers. The

rest of the procedures were essentially the same as described in a

previous study [53]. Briefly, brain sections on slides were washed

in 0.05% Triton 6100 in phosphate-buffered saline (PBST), and

then fixed in 4% paraformaldehyde for 10 min. The sections were

incubated in a solution containing 0.3% H2O2 in methanol for

30 min to quench endogenous peroxidase activity. After incuba-

tion with a primary antibody (anti-c-Fos, 1:1000; anti-Arc,

1:10000), Tyramide signal amplification (TSA Biotin System,

Perkin Elmer, Waltham, MA, USA) was then performed. Finally,

the signals were visualized with 3,39-diaminobenzidine (DAB). For

fluorescent Nissl staining, the sections were incubated with

NeuroTrace (1:200) for 1 hr, followed by washing in PBS for

5 min, and mounted for fluorescence microscopy.

Quantification of Immunolabeled Cells
Stereological analysis for immunolabeled cell counting was

conducted utilizing a semiautomated optical fractionator method

with Stereo Investigator software (Microbrightfield Williston, VT,

USA). Cell counts were conducted in the following 14 areas:

prelimbic cortex (PrL), orbital cortex (Orb), infralimbic cortex (IL),

anterior cingulate cortex (ACC), dorsal lateral caudate putamen

(dlCPu), nucleus accumbens core (AcbC), primary motor cortex

(M1), primary somatosensory cortex barrel field (S1BF), retro-

splenial granular cortex (RSGc), ectorhinal cortex (Ect), CA1 field

of hippocampus (CA1), CA3 field of hippocampus (CA3),

basolateral nucleus of the amygdala (BLA), and central nucleus

of the amygdala (CeA). The boundary between areas was

determined by referring to the mouse brain atlas [54] in each

section at low magnification using Stereo Investigator software.

Cells were counted in a semiautomated fashion under a 40-fold

magnification. Cell densities in each brain area were then

automatically estimated in 3D from three consecutive sections

using the same software. The group average numbers of Arc- and

c-Fos-positive cells in each area were calculated from five brains of

mice per group.

Chemical Exposure and Higher Brain Function

PLOS ONE | www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | e50741



Statistical analysis
For both behavioral and immunohistochemical data analyses,

one-way or two-way ANOVA followed by Tukey’s HSD post hoc

test for multiple comparisons was used. P-values at 0.05 or less

were considered statistically significant. All the statistical analyses

were carried out by using SAS (Cary, NC, USA) and SPSS

(Chicago, IL, USA) software. To study the possible relationships

among the behavioral parameters in this experiment, we made a

correlation coefficient matrix for 16 behavioral variables which

included indices of basal activity, water licking, behavioral

flexibility, compulsive and impulsive repetitive behavior, and

competitive dominance (for each description, see Table S2).

Correlation coefficient was calculated using z-scores of each

behavioral parameter (Fig. S4).

Results

Normal Basal Activity Levels and Motor Coordination
No dams or their offspring were found to develop significant

abnormalities in general health parameters including the body

weight gain of the dams during pregnancy, maternal death, the

number of live pups, and the birth weight of the pups. In addition,

no significant differences in the levels of exploratory or sponta-

neous activities and the motor coordination of the offspring were

found among the three groups (Control, TC-0.6, and TC-3.0) in

the acclimation phase of the behavioral flexibility test, open field

test, and rota rod test (Fig. S3, Table S1). These observations are

consistent with our previous study [18].

Impaired Behavioral Flexibility in TCDD-exposed Mice
In the acquisition phase, the discrimination error rate of each of

the three groups of mice was found to decrease to approximately

10% by Session 7, showing that they equally acquired the

behavioral sequencing task (Figs. 1F and 1G). In the subsequent

serial reversal task, the discrimination error rate of each group was

found to be clearly elevated in the first session in each Rev.,

reflecting that each group of mice firmly acquired the behavioral

sequence assigned to the mice in the previous phase.

To assess behavioral flexibility, we defined the first session and

the 2nd to 4th sessions in each Rev. as the early and late stages of

reversal learning, respectively. For each session, the individual

mouse’s discrimination error rate was transformed into a z-score

calculated among the discrimination error rates of all the groups of

mice in the session. For each group, the z-scores were averaged for

all the early stage sessions (the first sessions of Rev. 1–Rev. 11) and

for all the late stage sessions (the 2nd to 4th sessions of Rev. 1–Rev.

11). These averaged z-scores were used for comparison among

groups (insets in Figs. 1F and 1G). It was found that the TC-0.6

group had a significantly higher z-score of error rate in the late

stage than the Control group (Fig. 1F), showing that the TC-0.6

group attained a lesser degree of reversal leaning than the Control

group in the late stage.

In the early stage of reversal learning, both TC-0.6 and TC-3.0

groups showed a tendency to have higher z-score than the Control

group. Thus, we next performed detailed intra-session analyses of

the early stage using the cumulative error visit and 20-visit block

error rate, as indicators (Fig. 2). We selected the first sessions of

Rev. 1, Rev. 2, and Rev. 11 in each group for intensive analysis for

the following reasons. The first session of Rev. 1 (Rev. 1-1) is

considered to be unique because mice were forced to shift their

behavior to a new behavioral sequence for the first time. The first

session of Rev. 2 (Rev. 2-1) has also a unique feature in that it is

the session in which mice relearned the previously acquired

behavioral sequence for the first time. During the subsequent

Revs., mice were found to gradually make their behavioral shift to

a new sequence more efficiently by repeating the reversal task.

Thus, we selected to analyze the performance of the first session in

the final Rev. (i.e., Rev. 11-1, in this study) as a representative of

the over-trained learning phase. In Rev. 1-1, each of these three

groups of mice made error visits at a higher frequency than chance

throughout the session, indicating that these mice, on a group

basis, strongly adhered to the behavioral sequence that they had

acquired in the acquisition phase, and could not adapt their

behavior to the reversal task. In Rev. 2-1, the increase rate of the

cumulative error visit and the 20-visit block error rate of the three

groups of mice were remarkably decreased compared with the

corresponding groups in Rev. 1-1. Thus, these mice, on a group

basis, were shown to adapt their behavior to the reversal task

within a session of Rev. 2-1. However, the degree of behavioral

adaptation in this session differed among the groups. In the

Control group, the cumulative error visit was significantly

decreased less than chance within the session (Fig. 2A), and the

20-visit block error rate was also significantly decreased than

chance as early as block 3 (Fig. 2B). In contrast, both TC-0.6 and

TC-3.0 groups could not improve their performance better than

chance in these indices within the session. In Rev. 11-1, the final

Rev., the three groups of mice were found to have attained a rapid

behavioral shift to the reversed contingency. These results show

that in utero and lactational exposure to TCDD induces a delay in

the process of attaining rapid behavioral shift in the serial reversal

task.

Compulsive Repetitive Nose Poking in Mice Exposed to a
Low TCDD Dose

In this test, nose pokes of more than twice per corner visit were

considered useless behavior as they did not result in additional

rewards. We defined the number of nose pokes per visit to

rewarded and non-rewarded corner as indices of compulsive and

impulsive repetitive behavior, respectively. The mice belonging to

the Control and TC-3.0 groups learned not to make useless nose

pokes, regardless of rewarded or non-rewarded visits, during the

57 sessions (Figs. 3A and 3C). In contrast, the TC-0.6 group mice

made multiple useless nose pokes in the rewarded corner

throughout the sessions (Fig. 3B). When the average number of

nose pokes throughout the sessions was compared, the TC-0.6

group had a significantly greater number of nose pokes at

rewarded visits than the Control and TC-3.0 groups (Fig. 3D). In

contrast, such behavior was not observed in non-rewarded visits.

Thus, the TC-0.6 group was shown to have compulsive repetitive

nose poking responses as a sign of a deficit in executive function,

while the TC-3.0 group did not.

Low Competitive Dominance in Mice Exposed to a Low
TCDD Dose

At the start of each session, the mice were observed to make

intensive visits to the four corners of the apparatus competing

against each other, presumably due to thirst after a water

deprivation period. However, the mice in the TC-0.6 group made

far less corner visits than the other two groups, especially during

the first 5 minutes (Figs. 4A, 4B, and 4C). In addition, the number

of corner visits made by the TC-0.6 group peaked approximately

5 minutes later than the other groups. The suppressed corner visit

behavior during the first 5 minutes of the task of the TC-0.6 group

was clearly demonstrated throughout the sessions in a robust, non-

monotonic dose-dependent manner (Fig. 4D). As the total number

of lickings and the duration of water licking in each session were

not different among the groups, it was unlikely that the motivation
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of the TC-0.6 group for the water reward was affected by TCDD

(Figs. 4E and 4F). Since the time spent per corner visit was not

found to differ among the three groups during the first three 5-

minute periods after cessation of deprivation of water (22:00–

22:05, 22:05–22:10, 22:10–22:15), the significant reduction in visit

frequency of the TC-0.6 group was not likely to be due to

differences in the dwelling time at the corners (Fig. S5).

To confirm whether the suppressed competitive behavior in the

TC-0.6 group was attributable to social factors under the group-

housed condition, the competition task was conducted using the

littermates of the mice used in the behavioral flexibility test

(Fig. 4G). Again, the TC-0.6 group made a significantly lower

number of corner visits than the Control group during the first

5 minutes after cessation of water deprivation (Fig. 4H, Days 1 to

4). However, the suppressed corner visit behavior was not

observed when each group was separately housed (Days 5 to 8).

When the Control and TC-0.6 groups of mice were housed

together again, the TC-0.6 group showed a significantly lower

number of corner visits than the Control group (Days 9 to 12).

These results show that the suppressed corner visits of the TC-0.6

group were not due to their unawareness or apathy at the start of

the session, but, instead, were dependent on social context, i.e., the

presence of the other group of mice.

Brain Areas Associated with TCDD-induced Behavioral
Alterations

The number of Arc-positive cells in the TC-0.6 group was found

to be significantly decreased in ACC, and was increased in CeA

and BLA, compared with the Control group and TC-3.0 group

(Figs. 5A, 5B and 5C). Besides, a decreasing tendency was

observed in PrL. On the other hand, no significant differences in

the number of Arc-positive cells were observed in other 11 brain

areas of the three groups of mice (Table 1). To study whether such

an observation could be consistently obtained using another

neuronal activation marker, we analyzed the levels of c-Fos

expression in PrL, ACC, CeA and BLA. In the TC-0.6 group, the

number of c-Fos-positive cells was found to be significantly

decreased in the PrL and ACC, and was significantly increased in

the CeA, compared with not only the Control but also TC-3.0

group (Fig. S5). That is, the numbers of Arc and c-Fos-positive

cells in the TC-3.0 group were similar to that of the Control

group. Thus, the signs of hypo-activation in the mPFC and hyper-

activation in the amygdala in the TC-0.6 group represent a

potential biological basis of the observed severe behavioral

alterations, which supports the non-monotonic dose-response

relationship observed in the behavioral test.

Discussion

Using our recently developed behavioral task for group-housed

mice, we investigated how a low dose of perinatal dioxin exposure

Figure 2. Impaired behavioral flexibility in TCDD-exposed mice (intra-session analysis). (A) The curves of cumulative error visit (mean 6
S.E.M., n = 8/group) in the first sessions of Rev. 1, 2, and 11 (Rev.1-1, Rev.2-1, and Rev.11-1, respectively) of each group are shown. * represents a
significantly lower cumulative error visit than chance in the Control group within a range of 80th–100th total visit (P,0.05, repeated ANOVA). (B)
Error rates per 20-visit block in Rev. 1-1, Rev. 2-1, and Rev. 11-1 (mean 6 S.E.M., n = 8/group). The first 100 corner visits in each session were divided
into five blocks (block 1 to 5) and analyzed using factorial ANOVA. The black, red and green bars indicate the data from the Control, TC-0.6, and TC-3.0
groups, respectively. { and * indicate a significantly higher or lower difference from chance (50%, gray line), respectively.
doi:10.1371/journal.pone.0050741.g002
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affects executive function and social-emotional behavior in

adulthood and analyzed immediate early gene products to

determine the neurobiological basis of the observed behavioral

alterations. We found the following four major findings in the

TCDD-exposed mice: (i) impairment of two components of

executive function, i.e., behavioral inflexibility and compulsive

repetitive behavior, (ii) a dramatically lowered competitive

dominance for limited sources of water reward after water

deprivation, (iii) a remarkable association of the sign of altered

mPFC and amygdala activities with behavioral abnormalities, and

(iv) a robust, non-monotonic dose-response relationship in the

behavioral and immunohistochemical assessments.

Behavioral Inflexibility and Compulsive Repetitive
Behavior

The first major finding was impairments in two components of

the executive function, behavioral inflexibility and compulsive

repetitive behavior, in the TCDD-exposed mice. Behavioral

flexibility is the ability to adapt a series of habitual behaviors that

are acquired in daily life to changes in the environment and it has

been assessed using rule-shift learning task paradigms typified by

reversal task [55,56,57]. We observed that the TCDD-exposed

mice manifested behavioral inflexibility in the early and late stages

of reversal learning.

In the early stage of reversal learning, which corresponds to the

initial adaptation process, we found that all the groups of mice

could facilitate their adaptation for the serial reversal task. They

became ‘‘fast learners’’ by repetition of reversal tasks and were

found to adapt in a considerably rapid manner to a reversed

contingency as shown by the intra-session analysis in Rev.11,

indicating the establishment of a ‘‘reversal learning-set’’ [58,59].

However, in the first session of Rev. 2, the time when the Control

group was found to markedly facilitate reversal learning compared

to the first session of Rev.1, the TCDD-exposed groups were not

able to shift their behavior to the reversed contingency as swiftly as

the Control group, showing that TCDD-exposed mice had a delay

in facilitation of reversal learning.

In the late stage of reversal learning, the TC-0.6 group was

found to have a significantly lower degree of achievement in

reversal learning than the Control group, indicating the occur-

rence of behavioral inflexibility in the maturing process of reversal

learning. Because this result was comprehensively evaluated by

analyzing all the data in Rev. 1- Rev. 11, we consider this trend

consistent throughout the experiment. Furthermore, the difference

in achievement between the Control and the TC-0.6 groups was

more prominent in the sessions after Rev. 3, in which the reversal

task was performed on a 4-session basis, compared with the

sessions of Rev. 1 and Rev. 2, which were carried out on 7-session

basis. In summary, it can be postulated that repetition of reversal

learning during a short period made it difficult for the TC-0.6

group to sufficiently acquire reversal learning, and that the

difference in degree of reversal learning attainment became more

prominent between the Control and TC-0.6 group.

The TC-0.6 group was also found to show compulsive repetitive

nose poking. In this study, the term compulsive is used to describe

the perseverative character that manifested as repeated useless

nose pokes in the corner that no longer yielded additional rewards.

This phenotype was considered a sign of impairment in the

inhibitory control of inappropriate behavior, a key component of

executive function [60]. These two signs of impairment in

executive function are related to the inability to inhibit or

extinguish a behavior that no longer yields a desired outcome and

have been associated with prefrontal dysfunction and observed in

people with both neurodevelopmental and psychiatric disorders

[61].

In contrast to our expectations, the actions of TCDD on

executive function were much more prominent in the lower dose

group (TC-0.6) than in the higher dose group (TC-3.0). The TC-

0.6 group was found to have behavioral inflexibility and

compulsive nose poking behavior consistently throughout the

sessions, suggesting that the results are considered highly

reproducible. It is intriguing that the TC-3.0 group did not show

significant behavioral abnormalities compared to the Control,

except for the learning performance in the first session of Rev. 2.

As described in the Results section, the first session of Rev. 2 is

unique in that it is the session in which mice relearned the

previously acquired behavioral sequence for the first time. Thus, it

is plausible to speculate that the TC-3.0 group had difficulty in

applying the previously acquired knowledge to achieve a rapid

behavioral shift. However, as shown in the inter-session analysis,

such behavioral inflexibility in the TC-3.0 group might be masked

by the training effect in the later sessions. The non-monotonicity of

the action of TCDD is discussed later.

Low Competitive Dominance in a Group-housed
Environment

The second major finding of this study was low competitive

dominance in the lower TCDD-exposed mice. In this study, the

mice in the TC-0.6 group appeared hesitant to make an access to

water reward at the beginning of the session. We first hypothesized

that the TC-0.6 group had any physical abnormalities which

resulted in their suppressed corner visit behavior. However, the

TC-0.6 mice were not significantly different from the Control mice

in terms of body size, motor function, daily water drinking

Figure 3. Compulsive repetitive nose poking in mice exposed
to a low TCDD dose (TC-0.6). (A, B, C) The number of nose pokes per
rewarded visit (open triangle) and non-rewarded visit (closed circle): (A)
Control, (B) TC-0.6, (C) TC-3.0. Each plotted point indicates the average
number of nose pokes per visit made by an individual mouse in a
session. (D) Group-averaged numbers of nose pokes throughout the
sessions per rewarded visit or non-rewarded visit. Error bars indicate 6
S.E.M., n = 8/group. * indicates a significant difference from the Control
and TC-3.0 groups (P,0.05, ANOVA, followed by Tukey’s post hoc test).
doi:10.1371/journal.pone.0050741.g003
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behavior, and quick response to the start of the water-available

period. In addition, the suppressed corner visit behavior was

ameliorated by changing the social environment from a highly to

less competitive condition by omitting the ‘‘dominant’’ group of

mice. Thus, the low competitive dominance shown in the TC-0.6

group was confirmed to be attributable to social factors in the

environment, and it can be referred to as social behavioral

abnormality due to their possible altered social status. The present

results suggest that perinatal exposure to TCDD may result in the

development of a lifelong vulnerability to social-emotional

challenges and induces a severe submissive or social-phobic

temperament, as observed in human social anxiety disorder or

ASD. In addition, the social defeat stress, to which the mice might

have been subjected under such a low competitive dominance

condition, could itself be a social risk factor or a causal contributor

to the pathogenesis of mental or physical disorders, such as

schizophrenia [62,63]. Thus, it remains to be investigated whether

or how abnormal competitive dominance is linked to the mental

and physical health effects of TCDD exposure.

Only a few standardized behavioral methods are available to

study the formation and maintenance of social status in rodents.

For example, the tube test [64] and the urine-marking assay [65]

has been applied to a pair of mice, whereas the visible burrow

system [66] and the barber test [67] has been applied to more than

three rodents in the group-housed condition. In comparison with

these methods, our present method to assess competitive

dominance has three unique features: (i) it can be applied to

more than a dozen mice in a cage at once, (ii) it allows us to

Figure 4. Low competitive dominance in the low TCDD dose (TC-0.6) group. (A, B, C) Time-course of visit frequency in the first session of the
day (21:50–22:40). The gray-colored period indicates the first five minutes (22:00–22:05) of the task. Vertical dotted lines indicate a peak in the group-
averaged number of visits. (A, B, C) Time-course of visit frequency at the beginning of the session (21:50–22:40). Colored lines indicate the averaged
visit frequency across all the sessions of each mouse, and the black thick lines indicate the average of each group: (A) Control, (B) TC-0.6, and (C) TC-
3.0. (D) Visit frequency in the first five minutes throughout the sessions for each group (mean 6 S.E.M., n = 8/group). (E, F) Average number of visits
and duration of licking per session are shown as indices of daily water consumption. Error bars indicate 6 S.E.M., n = 8/group. (G) A diagram of the
competition task, in which the Control and TC-0.6 groups of mice (littermates of the mice used in the behavioral flexibility task) were subjected to the
same water deprivation schedule as in the behavioral flexibility task. From days 1 to 4, all of the mice (a total of 14 mice, comprised of the Control and
TC-0.6 groups) were housed in the same IntelliCage apparatus (a highly competitive condition). From days 5 to 8, each group of mice was housed
separately in two different IntelliCage apparatuses (a less competitive condition). From days 9 to 12, all the mice were again housed in the same
IntelliCage apparatus (a highly competitive condition). (H) Visit frequency in the first five minutes in the competition task. * and { indicate a
significant difference from the Control group in the identical time period and from the TC-0.6 group on days 5 to 8, respectively. Error bars indicate 6
S.E.M., n = 7/group.
doi:10.1371/journal.pone.0050741.g004
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automatically monitor the establishment, maintenance, and

transition of competitive dominance over a long period over days

to months, (iii) the degree of competition can be easily

manipulated by changing the number of animals per group and

the composition of the experimental groups in a cage. These

features will advance our understanding of the biological bases of

the normal and pathological social behaviors observed in a diverse

social structure.

Signs of Altered Neuronal Activity in the mPFC and in the
Amygdala

The third major finding of this study is the clear link between

the behavioral alterations and the signs of hypo-activity in the

mPFC and hyper-activity in the amygdala during the last session

(Session 57). The mPFC and the amygdala are reciprocally

connected to each other and regulate various cognitive and

emotional processes, such as behavioral inhibition [68], the

conditioning and extinction of fear [69,70,71,72], and the response

to stressful events [73,74,75,76]. Perturbations in the functional

connectivity or imbalances in the activity between the mPFC and

the amygdala have been implicated in human mental disorders

[77,78]. Similar to the findings in human patients, rodent models

of post-traumatic stress disorder and major depressive disorder-like

behaviors induced by inescapable repeated tail-shocks [79,80] and

social defeat [81,82] were found to show altered signs of neuronal

activity in the mPFC and the amygdala [83]. This indicates that

the imbalance of activity in these brain areas is strongly associated

with the pathophysiological states of emotional dysfunction and

that perinatal exposure to TCDD may contribute to the

pathogenesis.

The TC-0.6 mice also shared a specific commonality in their

pattern of neural activation with a recently reported mouse model

of a submissive social state. Wang and associates showed that

dominance rank in mice, as determined by the tube test, can be

directly associated with the synaptic efficacy in the mPFC [47]. In

their study, the level of excitatory synaptic inputs and the task-

related c-Fos expression level in the mPFC were significantly

reduced in subordinate mice, an observation which is consistent

with our present result in the TC-0.6 mice that manifested as low

competitive dominance in a group-housed environment. Interest-

ingly, a recent study has also associated the establishment of ‘social

hierarchy’ with amygdala activity in humans [45]. Thus, as

indicated in the present study, it is possible that the altered

activation of neurons in the amygdala, as well as in the mPFC,

may be an additional determinant of abnormal social status in

animals and humans.

Non-monotonicity of Dioxin Actions
The fourth major finding of this study is the non-monotonic

actions of TCDD on toxicological endpoints found in the lower-

dose groups as alterations in the behavioral and neuronal activity

indices (See also Fig. S4). It is a premise in pharmacology and

toxicology that chemical exposure will exert a dose-dependent

physiological response. This principle has been used as a dogma

on which drug treatment and toxicity testing are based. However,

in recent years, such a premise has been challenged by piles of

evidence that shows the presence of non-monotonic modes of

action of chemicals and hormones in a low-dose range and may

elucidate the underlying mechanisms [84]. As the non-monotonic

dose-response relationship found in this study was widely

consistent among the indices of behavior and immunohistochem-

istry, the present results strongly suggest that TCDD is a chemical

that can induce a non-monotonic dose-response effect on a

systemic level, an observation that is consistent with previous

studies on rat progeny [14,19,20]. To address mental disorders

and related health problems as the endpoints of low-dose exposure

of TCDD, further studies are required to clarify the non-

monotonic association between a low dose of TCDD and its

effects on the brain and behavior on both the molecular and

systemic levels.

TCDD that was dosed in dams such as the present study can

transfer to offspring brain tissue via in utero and lactational routes,

from just after the exposure until weaning [50]. We also reported,

in rats, that TCDD concentration of offspring brain decreased to a

level close to the detection limit [15], indicating that the retained

amounts of TCDD in adulthood, if any, is not likely to be large

enough to affect the brain. Therefore, it is reasonable to suspect

that a critical window of the brain development should be paid

Figure 5. Brain areas associated with TCDD-induced behavioral
alterations. (A) Regions of interest. Illustrations are modified with
permission from [54]. (B) Representative photomicrographs of Arc-
positive cells in the PrL, ACC, CeA, and BLA. (C) Numbers of Arc-positive
cells in each brain area as estimated by stereological analysis. Bars,
open, red, and green, indicate the Control, TC-0.6, and TC-3.0 groups of
mice, respectively (mean 6 S.E.M, n = 5/group). * indicates a significant
difference from the Control group. (P,0.05, two-way ANOVA followed
by Tukey’s post hoc test).
doi:10.1371/journal.pone.0050741.g005
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attention in terms of induction of the executive function deficits

and low competitive dominance in adulthood. Further studies are

needed to elucidate how TCDD, particularly at a low dose,

disrupts neuronal development including neuronal migration,

axonal elongation and synaptic formation.

Advances in Higher Brain Function Behavior Analysis of
Mice

In this study, we made important methodological advances in

the behavioral analysis of higher brain function in mice. First, the

present test was shown to be useful for assessing multiple aspects of

cognitive behavior in mice, including a social-emotional aspect. In

addition to the acquisition of place discrimination and behavioral

sequence, behavioral flexibility, and reversal learning-set exam-

ined in the previous study [41], we showed here that the

assessment of compulsive repetitive nose poking and competitive

dominance for limited sources of water reward after water

deprivation are useful behavioral hallmarks of cognitive abnor-

malities in mice. Second, the continuous monitoring of home cage

cognitive behaviors over a period of weeks can be achieved using

the present behavioral flexibility test or a competition task, which

provides reliable evidence and consistent data for interpreting

complex mouse behaviors. These tests will be useful to monitor the

intervention effects of drugs, toxicants, or other experimental

manipulations on mouse behavior during a long-term experiment.

Supporting Information

Figure S1 Validation of Arc antibody in Western
blotting. Western blotting was performed by the essentially same

method as described previously (Kawashima et al., 2009). Mouse

brain homogenates (10 mg protein/lane) were separated on

standard SDS-polyacrylamide gels and transferred onto nylon

membranes. The membranes were allowed to react with the anti-

Arc pAb or the antigen-absorbed anti-Arc aAb, and then

chemiluminescence was detected using ECL-Plus reagent (GE

Healthcare, Buckinghamshire, UK). Cell lysates prepared from

Arc-transfected HEK293T cells were used as a positive control.

Arc immunoreactivity was detected as a 55 kDa band in Arc-

overexpressing HEK293T cells and in the mouse brain by

Western blotting with the rabbit anti-Arc antibody used for

immunohistochemistry. The band disappeared when the antibody

was pre-treated with an excess amount of recombinant Arc protein

(right blot, antigen-absorption+).

(TIF)

Figure S2 Photographs of mice in IntelliCage appara-
tus. (A) Group-housed condition in IntelliCage. (B) Nose poking

behavior in a corner chamber. An inset and a large picture each

shows a mouse that is before and doing a nose poke.

(TIF)

Figure S3 Basal activity in open field test and motor
coordination tested by accelerating rota rod test. No

significant difference in the average travel distance and time spent

in the center area (25 cm625 cm) among groups was detected (A,

B). No significant difference in latency to fall-down among groups

was detected in accelerating rota rod test (C). Data are shown as

average 6 S.E.M., n = 8/group.

(TIF)

Figure S4 Correlation coefficient matrix of 16 behav-
ioral parameters described in Table S2 in Control (A),
TC-0.6 (B) and TC-3.0 (C) mice. Numbers in the table

indicate the correlation coefficient between the corresponding two

parameters. Bold face indicates a significant correlation (P,0.05,

test of significance for Pearson product-moment correlation

coefficient). Each table was made from data of all the animals or

of each group. A total of 16 parameters were included. Numbers

indicate a correlation coefficient between the corresponding two

variables. Each cell is color coded according to the degree of

correlation: negative correlation, no correlation, and positive

correlation are shown in blue, white, and red, respectively. We

found that the TC-0.6 group showed unique correlations among

the following parameters. The variable of competitive dominance

([V 9]) was significantly correlated with both the number of

impulsive nose pokes ([V 11]) and the behavioral flexibility scores

([V 13] and [V 14]). In contrast, such correlations were not

Table 1. Numbers of Arc-positive cells in 14 brain areas.

Area Symbol Brain Area Control TC-0.6 TC-3.0

PrL Prelimbic cortex 163.4623.8 117.9611.7 129.4623.7

IL Infralimbic cortex 151.2619.2 141.567.2 142.6617.1

Orb orbital cortex 171.1615.7 132.768.9 156.3623.6

ACC anterior cingulate cortex 179.4616.7 90.5623.7 147.2635.1

M1 primary motor cortex 140.665.9 138.2615.1 158.1632.9

S1BF primary somatosensory cortex barrel field 172.9623.3 156.6629.4 177.3635.1

dlCPu dorsal lateral caudate putamen 125.3614.7 132.967.6 138.8613.9

AcbC nucleus accumbens core 182.3622.0 174.2624.1 190.1627.6

RSGc retrosplenial granular cortex 118.2629.2 99.3620.8 105.3618.1

CA1 CA1 field of hippocampus 529.1651.1 566.1637.5 558.8623.8

CA3 CA3 field of hippocampus 321.6651.5 256.3615.0 283.7636.3

Ect ectorhinal cortex 110.8615.3 95.8621.3 106.9613.8

BLA basolateral nucleus of the amygdala 62.5614.7 113.5622.3 82.767.3

CeA central nucleus of the amygdala 88.9625.3 182.266.7 141.4617.6

Legend:
Data are shown as average 6 S.E.M., n = 5/group. The values of PrL, ACC, BLA, and CeA are same as the data shown in Fig. 5C.
doi:10.1371/journal.pone.0050741.t001

Chemical Exposure and Higher Brain Function

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e50741



observed in the Control and TC-3.0 groups. Thus, the behavior of

the TC-0.6 group can be characterized by the strong correlations

between competitive dominance, impulsivity and behavioral

flexibility.

(TIF)

Figure S5 Averaged time spent per visit (visit duration)
during the first three 5-minute time frames after the
task started throughout the behavioral flexibility test.
Bars, open, red, and green, indicate the Control, TC-0.6, and TC-

3.0 groups of mice, respectively (mean 6 S.E.M, n = 8/group).

(TIF)

Figure S6 c-Fos-positive cells in each brain area as
estimated by stereological analysis. Bars, open, red, and

green, indicate the Control, TC-0.6, and TC-3.0 groups of mice,

respectively (mean 6 S.E.M, n = 5/group). * indicates a significant

difference from other two groups. (P,0.05, two-way ANOVA

followed by Tukey’s post hoc test).

(TIF)

Table S1 The exploratory and spontaneous activity
indices extracted from the acclimation phase 1 of
IntelliCage test. Data are shown as average 6 S.E.M., n = 8/

group.

(DOC)

Table S2 Descriptions of observed behavioral variables
extracted from IntelliCage test (prepared for Figure S4).

(DOC)
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