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Abstract

Background

Recently, an increasing number of human and animal studies have reported that exposure

to benzo(a)pyrene (BaP) induces neurological abnormalities and is also associated with

adverse effects, such as tumor formation, immunosuppression, teratogenicity, and hor-

monal disorders. However, the exact mechanisms underlying BaP-induced impairment

of neurological function remain unclear. The aim of this study was to examine the regulat-

ing mechanisms underlying the impact of chronic BaP exposure on neurobehavioral

performance.

Methods

C57BL mice received either BaP in different doses (1.0, 2.5, 6.25 mg/kg) or olive oil twice a

week for 90 days. Memory and emotional behaviors were evaluated using Y-maze and

open-field tests, respectively. Furthermore, levels of mRNA expression were measured by

using qPCR, and DNA methylation of NMDA receptor 2B subunit (NR2B) was examined

using bisulfate pyrosequencing in the prefrontal cortex and hippocampus.

Results

Compared to controls, mice that received BaP (2.5, 6.25 mg/kg) showed deficits in short-

term memory and an anxiety-like behavior. These behavioral alterations were associated

with a down-regulation of the NR2B gene and a concomitant increase in the level of DNA

methylation in the NR2B promoter in the two brain regions.
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Conclusions

Chronic BaP exposure induces an increase in DNA methylation in the NR2B gene promoter

and down-regulates NR2B expression, which may contribute to its neurotoxic effects on

behavioral performance. The results suggest that NR2B vulnerability represents a target for

environmental toxicants in the brain.

Introduction
It is well known that humans uptake polycyclic aromatic hydrocarbons (PAHs) in several ways
during daily environmental exposure [1]. Benzo(a)pyrene (BaP), a high molecular weight PAH
with a five-ring polycyclic aromatic hydrocarbon, is one of the most studied members of
PAHs. As one of the well-recognized environmental pollutants, BaP can be derived from many
sources, such as coal-processing waste products, petroleum sludge, asphalt, creosote and
tobacco smoke, as well as byproducts of indoor activities, such as cooking oil fumes. All of
these sources can produce high levels of BaP [2]. Due to its cytotoxic, mutagenic, genotoxic
and carcinogenic properties, exposure to BaP is associated with many adverse biological effects,
including immunosuppression, tumor formation, teratogenicity, and hormonal disorders [3–
6]. Compared to the carcinogenicity of BaP, the neurotoxic effects have received less attention.
As a lipophilic compound, BaP easily crosses the blood-brain barrier, giving it direct access to
the central nervous system (CNS). Moreover, when exposed to high levels, BaP and its metabo-
lites tend to accumulate both in the blood and in the brain [7], thus causing neurological
impairments [8, 9]. BaP-induced neurotoxicological effects have been demonstrated in both
adult and developing brains, particularly with regard to deficits in long-term spatial memory
due to its effects in the hippocampus and prefrontal cortex (PFC) [10–12]. Evidence from
human epidemiological studies has also shown that unintended prenatal exposure to BaP
adversely affects fetal development, resulting in low birth weight and reduced head circumfer-
ence, as well as neurobehavioral damage in the offspring [13].

Studies have recently been published investigating the mechanisms underlying BaP’s effect
on the CNS. Chronic exposure to BaP has been shown to modulate the levels of several neuro-
transmitters, including noradrenalin, acetylcholine, dopamine and serotonin [14]. The N-
methyl-D-aspartate receptors (NMDARs) are a class of ionotropic glutamate receptors that are
essential for neuronal development, synaptic plasticity, cognitive function and cell survival.
The level of NMDARs at synapse critically regulates brain function and cell survival. A func-
tional NMDA channel consists of four or five subunits from two sequence-related subunit fam-
ilies, namely NR1 and NR2A-D subunits [15, 16]. Increasing evidence is demonstrating the
importance of the NR2B subunit in determining the pharmacological and functional properties
of the NMDA receptor, particularly in working memory [17–19]. Transgenic mice with over-
expression of NR2B in the forebrain exhibit superior learning and memory abilities when
engaged in various behavioral tasks [17, 20]. In agreement with this observation, NR2B knock-
out mice performed worse on the Morris water maze task and contextual fear-conditioning
[21, 22]. Additionally, patients who have died of Alzheimer’s disease displayed cognitive defi-
cits as the most common symptoms with significant reductions in NR2B expression in the
hippocampus and cortex [23, 24]. Importantly, studies have shown that the NMDARs are sen-
sitive to various micro-pollutants including PAHs, tetrachlorodibenzo-para-dioxin, polychlori-
nated biphenyl, lead, methylmercury and toluene [12, 25–28]. Gestational exposure to a
mixture of environmental pollutants, including BaP induced a long-term deficit in learning
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ability and long-term potentiation (LTP). These deficiencies are associated with a decrease in
NR2B gene expression in the hippocampus [29]. Recovery of NR2B expression has a protective
effect in developing rats with BaP-induced learning impairments [30]. In addition, prenatal
exposure to BaP impaired cortical neuronal function during later-life and diminished mRNA
expression of NR2B in the offspring [31]. However, the exact mechanisms mediating the neu-
rotoxicity resulting from exposure to BaPs remain unclear.

Epigenetic mechanisms, including modulation of chromatin structure and DNAmethyla-
tion, have been shown to be potent regulators of gene transcription in the CNS. Experimental
and epidemiological studies have linked environmental factors to aberrant changes in epige-
netic pathways [32]. In our previous research, we have identified the role of DNAmethylation
in the expression of the NR2B associated with the effect of ethanol on neuroadaptation [33,
34], suggesting that NR2B is a target for environmental insults. Therefore, in the present study,
male mice were chronically exposed to BaP to test the hypothesis that the changes in DNA
methylation in the NR2B promoter mediate BaP-induced abnormalities.

Materials and Methods

Animals
Eight-week-old male C57BL/6J mice were used in this study. The animals were obtained from
the research animal center of Shanxi Medical University (Taiyuan, China) for Y-maze test and
Jackson Laboratory (Bar Harbor, ME, USA) for all rest experiments. All animals were given a
minimum of 14 days acclimation period prior to initiation of any experiments, and were
housed on a 12/12-h light/dark cycle chambers and fed ad libitum. All animal procedures were
approved by the Animal Care and Use Committee of Shanxi Medical University and the Insti-
tutional Animal Care in China and Use Committee of the University of Texas Health Science
Center at San Antonio in US. Since a Y-maze test was conducted in Shanxi Medical University
in China, which resulted in an obvious trend of lower percentage of spontaneous alternations
compared to the control mice, the same procedures were used in the University of Texas
Health Science Center at San Antonio in USA for the BaP treatment and Y-maze experiments.
The results of Y-maze test shown no difference compared with those in China (data not
shown). Therefore, we continued to conduct open field test and the tissues were isolated from
those animals for qPCR and DNAmethylation analysis.

BaP treatment
BaP was purchased from Sigma (A2385, St. Louis, MO) and dissolved in olive oil. Animals
were randomly divided into 4 groups, namely, control (CTL), olive oil only; BaP1.0, 1.0 mg/kg;
BaP2.5, 2.5 mg/kg; and BaP6.25, 6.25 mg/kg. The mice were administered with different doses
of BaP by intraperitoneal [35] injections (volume 50 μl) twice a week for 12 weeks.

Y-maze tests
Spontaneous alternation behavior in Y-maze has been used to assess short-term spatial mem-
ory. The Y-shaped maze used in this study is a three-arm horizontal maze with 120° angles
between each arm measuring 40 x 5 x 15 cm symmetrically. The apparatus was placed on the
floor of the experimental room and was illuminated with a 100-W bulb 200 cm above the floor.
Mice were initially placed at the end of one arm (A) (see Fig 1A) and were allowed to freely
explore the three arms. The number of arm entries and the number of triads were recorded to
calculate the percentage of alternation. Over the course of multiple arm entries, the entry
sequence (e.g., ABC, BCA or CAB, where letters indicate code of arms) was recorded manually
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over 6 min periods. Because animals have a tendency to enter a less recently visited arm, spon-
taneous alternation was determined for successive entries into the three different arms in
overlapping triplet sets. An actual alternation was defined as entries into all three arms consec-
utively, i.e., ABC, CAB, or BCA but not BAB. An entry was defined as placing all four paws
within the boundaries of the arm. The percentage of alternation (% alternation) was calculated
as spontaneous alternation/ (total number of arm entries—2) x100.

Open field tests
Mice were placed at a corner of the open field chamber that consisted of a 40 cm (W) × 40 cm
(L) × 30 cm (H) acrylic box with opaque walls [36]. They were allowed to freely explore the
whole field for 5 min of recording. The floor was divided into 16 equally-sized squares. The
central area was defined as the 20 × 20 cm interior central portion of the chamber, while the
duration in the periphery zone within 5 cm against the chamber wall was recorded as an index
for assessing anxiety-like tendency in mice. A camera was mounted above the open box to
record locomotor activity. The behavioral measurements analyzed included the total running
grids, the latency and times of entering the center of the area, and the total time in the periph-
ery zone. The chamber was cleaned with dilute alcohol (20% v/v) and dried between animals.

RNA isolation
Mice were cervical dislocated and sacrificed by decapitation. The brains were quickly removed.
The tissues from the PFC and hippocampus were dissected, and then snapped in liquid nitro-
gen before storage in -80°C. Total mRNA was extracted from these tissues using Agilent Total
RNA Isolation Mini kit (Agilent Technologies, Inc., Cedar Creek, TX, USA) according to the
manufacturer’s instructions. RNA concentration and integrity were determined by using a
NanoDrop1000 (Thermo Scientific Inc., Waltham, MA, USA).

Quantitative PCR (qPCR) assay
NR2B mRNA expression was measured by qPCR. Two-step qPCR was performed as previously
described [37]. Briefly, using 1 μg of total RNA as template, single-stranded cDNAs were syn-
thesized using random hexamers and the TaqMan Reverse Transcription Reagent Kit (Applied
Biosystems, Branchburg). qPCR was performed using the ABI 7900 sequence detection system.
The 2−ΔΔCt method was used for quantification with 18S as the endogenous control.

Fig 1. BaP impaired short-timememory in the Y-maze test. (A) A schematic view of Y-maze with three
arms, i.e., A, B, and C. (B) Y-maze test was used to evaluate short-term memory of the animals after BaP
chronic exposure. Percentages of spontaneous alternation (%) were calculated and the values are presented
as the mean ± SEM. *, p < 0.05 compared to CTL.

doi:10.1371/journal.pone.0149574.g001
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Genomic DNA extraction
To determine NR2B gene DNAmethylation status, genomic DNA from the PFC or hippocam-
pus was isolated as previously described [33]. Briefly, DNA was extracted with ChargeSwich
gDNAMini Tissue kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer’s protocol.
DNA concentration was quantitated with Nanodrop 1000 (Thermo Scientific, Waltham, MA,
USA).

DNAmethylation analysis
DNAmethylation analysis has been described in a previous study [33]. Briefly, genomic DNA
(1 μg) isolated from the PFC or hippocampus using Blood and Cell Culture DNA kit (Qiagen),
was treated with bisulfate using Zymo DNAMethylation Kit (Zymo research, Orange). Bisul-
fate-treated DNA was eluted in 10 μl volume, and 1 μl was used for each PCR reaction. PCR
was performed with primers biotinylated to convert the PCR product to single-stranded DNA
templates. The PCR products (10 μl) were then sequenced by pyrosequencing PSQ96 HS Sys-
tem (Biotage, Kungsgatan, Sweden) following the manufacturer’s instructions. The methyla-
tion status of each locus was analyzed individually as a T/C SNP using QCpG software.

Statistical analysis
The results were analyzed with GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) and
presented as the mean ± SEM. Significant differences between treatment groups and the con-
trol were determined using one-way ANOVA followed by Neumann—Keulls post hoc test
(p< 0.05) or student t-test (p< 0.05). For qPCR, significant differences between treatments
were determined on the linearized 2−ΔCT values.

Results

BaP impaired short-time memory
Twenty seven mice received BaP in three different doses groups: 1.0, 2.5 and 6.25 mg/kg (n = 9
per group) for three months. The Y-maze test was used to assess the effects of BaP on the
short-term memory of these mice. The results from one-way ANOVA analysis showed a signif-
icant effect of BaP treatment on short-time memory (F(3, 32) = 3.361, p< 0.05) (Fig 1B). Mice
in the two groups that received higher doses of BaP (i.e., 2.5 and 6.25 mg / kg) showed a lower
percentage of spontaneous alternations compared to the control mice (n = 9; p< 0.05), impli-
cating that chronic exposure to the higher doses of BaP impair short-term spatial memory in
mice.

BaP exposure induced an anxiety-like behavior in mice
To evaluate the impacts of BaP on exploratory locomotor activity and mood changes, open field
tests were conducted after chronic exposure of the mice to BaP. Exploratory locomotor activity
was assessed by the number of grids crossed by each mouse within the testing chamber, a pre-
ferred behavioral marker in exploratory behavior. The results of one-way ANOVA analysis
showed a significant effect of BaP treatment on the number of crossing grids (F(3, 35) = 22.78,
p< 0.01). Mice in the two groups receiving higher BaP doses (2.5 and 6.25 mg/kg) crossed
fewer grids than control mice. However, there was no such effect in the mice receiving the low
BaP dose (1.0 mg/kg) (Fig 2A). Anxiety-like behavior was also assessed by determining the
number of entries and the length of time spent exploring the central area of the chamber or hug-
ging the perimeter chamber walls. BaP treated animals entered the center area with significantly
less frequency than the control mice (F(3, 35) = 16.98, p< 0.01) (Fig 2B). However, no difference
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was detected in the latency that occurred prior to entering the center of the arena (Fig 2C)
among the 4 groups (F(3, 35) = 0.449, p = 0.720). Only the mice exposed to 6.25 mg/kg of BaP
spent more time in the periphery area (F(3, 35) = 4.061, p<0.05) (Fig 2D). These results indicate
that chronic BaP exposure induces a significant amount of anxiety-like behavior in mice.

BaP inhibited the levels of NR2B gene expression
To understand the mechanisms underlying the altered behavioral effects induced by BaP, we
examined mRNA levels of the NR2B gene in the PFC and hippocampus brain regions of these
mice. Normalized results are shown in Fig 3. The expression of NR2B mRNA significantly
decreased in BaP-exposed mice in dose-dependent manner in both the PFC and hippocampus.
In the PFC, BaP significantly inhibited NR2B expression in all three BaP-exposure groups
(F(3, 24) = 50.61, p< 0.01) while in the hippocampus, only mice in the two higher BaP dose
groups (2.5 and 6.25 mg/kg) were affected (F(3, 24) = 35.25, p< 0.01).

Fig 2. The effects of BaP onmice behavior. An open field test was used to evaluate the animal’s
behavioral performance, including total grids (A), number (B) and latency (C) of entry to the central area, and
the length of time in the periphery zone (D). n = 9 per BaP-treated group, n = 10 in control. Values are
mean ± SEM. *, p < 0.05 compared to CTL.

doi:10.1371/journal.pone.0149574.g002

Fig 3. BaP exposure decreases the level of NR2B gene transcription in the PFC and hippocampus.
Total RNA was isolated from the two brain regions. NR2BmRNA expression was determined by RT-qPCR,
and 18S was used as an internal control. The results are presented as the average ratio vs. control ± SEM of
seven independent experimental animals; *, p < 0.05; **, p < 0.01 compared with control levels.

doi:10.1371/journal.pone.0149574.g003
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BaP increased levels of DNA methylation in the NR2B promoter
The potential epigenetic modifications induced by chronic exposure to BaP in the NR2B pro-
moter were assessed. The levels of DNA methylation in 33 CpG sites in the region a, b and c
selected from the NR2B promoter [33] were measured using bisulfate pyrosequencing. Of
these sites, the methylation levels of CpG16, 17, 18, 35, 113, 114 and 116 in the NR2B promoter
in the PFC were significantly higher in the BaP-treated mice than in the control mice. In the
hippocampus, the methylation levels of CpG16, 17, 18, 21 and 33 were significantly higher in
the BaP-treated mice than in the control mice (Fig 4A). The detailed changes in DNA demeth-
ylation levels in each of the individual CpG sites of the PFC (Fig 4B) and hippocampus (Fig
4C) after BaP treatment were dose-dependent.

Fig 4. Effects of BaP on DNAmethylation of the NR2B gene promoter. (A) Schematic diagram of
selected CpG sites in the mouse NR2B gene promoter. Letters a-c represent the three regions in the NR2B
promoter, respectively (Qiang et al., 2010). Each bar represents an individual CpG. The black bars represent
a significant increase in methylation and the empty bars represent unchanged levels of methylation. The level
of DNAmethylation in the NR2B promoter was determined by pyrosequencing. The relative levels of NR2B
methylation per CpG sites were assessed in the PFC (B) and hippocampus (C). Data are shown as the
average of 5 separate experimental animals. Values are presented as the means ± SEM and represent the
fold increase over the control group (control = 1). *, p < 0.05; **, p < 0.01 compared with control levels.

doi:10.1371/journal.pone.0149574.g004
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Taken together, these data indicate that BaP-exposure induces an increase in DNAmethyla-
tion in the NR2B promoter and a concomitant down-regulation of NR2B gene transcription.
These alterations may contribute to the behavioral deficits observed in this study in Bap-treated
mice.

Discussion
The aim of the present study was to explore whether DNAmethylation of the NR2B gene con-
tributes to BaP-induced deficits in memory and stimulates anxiety-like behavior. To address
this aim, a chronic BaP-exposure animal model was developed and behavioral tests were con-
ducted. We observed that administration of BaP impaired short-time memory and behavioral
performance. These effects were concomitant with a BaP-induced reduction in NR2B mRNA
and a hypermethylation of the NR2B promoter in a dose-dependent manner. These results sug-
gest that BaP causes brain disorders through epigenetic mechanisms associated with gene
expression and neurotransmitter function. The harmful effects of exposure to BaP leading to
behavioral and cognitive functional impairments were first discovered in the late 20th century
[7, 38, 39, 40] and were found to affect all age groups ranging infants exposed during lactation
[41] to adults [7]. However, there has been controversy regarding the doses that are likely to
produce adverse effects. For example, in a sub-acute exposure in a Y-maze test, mice injected
with the two lowest doses of BaP (0.02 and 0.2 mg/kg) showed a learning disability, but no
effect was observed in mice treated with the higher doses (2–200 mg/kg) [42]. Another study in
which a hole board test and elevated-plus maze were used, higher doses of BaP (20 and 200
mg/kg) reduced anxiety-related behavior [7]. In a separate report of chronic BaP exposure, Xia
et al., found that a BaP dose of 6.25 mg/kg significantly impacted learning and memory [14].
Currently, among our chronic BaP-treated animals, mice in the higher dose groups (2.5 mg/kg
and 6.25 mg/kg) showed a lower percentage of spontaneous alternations, which supports that
BaP-induced effects on the CNS are dose-dependent.

There is increasing evidence that BaP affects behavioral performance, in particular by alter-
ing central neurotransmission [7, 38, 39, 42]. For example, Stephanou et al., found pollutant-
induced changes in the monoaminergic system in adult rats [39] in the striatum, hypothalamus
and midbrain. Another study found an increase in serotonin levels in the midbrain and cortex
[38]. NMDA receptors are crucial in the CNS. These receptors are not only involved in a wide
range of brain functions, including synaptic plasticity, learning and memory [43]. But they also
represent a site of major vulnerability to environmental insults and risk factors for adverse
effects on the brain. In particular, dysregulation of the NR2B receptor subunit has recently
been associated with cognitive deficits, drug addiction and psychiatric disorders [33, 44, 45].
Polymorphisms in the NR2B are associated with cognitive disorders in schizophrenia, Alzhei-
mer’s disease, Parkinson’s disease, obsessive-compulsive disorder, and bipolar disorder [35,
46–49]. In particular, an association between inhaled BaP and impaired NMDA-dependent
LTP in rat dentate gyrus has been reported [12]. Moreover, in utero BaP exposure was found to
impair the function of the somatic sensory cortex of the offspring of exposed-dams [7]. Inter-
estingly, BaP-specific antibodies reversed the impaired behavioral performances observed in
mice exposed to BaP [50]. These neurotoxic effects were further supported by evidence of a
reduction in NR2B mRNA levels [29, 31]. Due to the role of NMDA receptors in learning,
memory and emotional behavior [51], we examined the potential changes in the expression
of the NR2B gene associated with these neurobehavioral impairments. As expected, a down-
regulation of NR2B gene expression was found in the PFC and hippocampus of BaP-exposed
mice, suggesting that reduced expression of NR2B may be responsible for BaP-induced
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neurobehavioral abnormalities. However, the exact mechanisms underlying BaP-induced neu-
rotoxic effects through NR2B remain unknown.

Epigenetic mechanisms have been widely implicated in various aspects of CNS functions,
such as synaptic plasticity [52], and have been associated with learning and memory through
alterations in gene expression [53]. Specifically, alterations in DNA methylation of the NR2B
gene following ethanol exposure has been previously reported to be involved in development
of adverse drinking behavior [54]. The dynamic changes in DNAmethylation in the promoter
regions of the NR2B gene in response to ethanol insult have been reported in our earlier study
[33, 34, 37]. In vitro and in vivo experiments, alterations in DNA methylation of the 5’-regula-
tory regions in the NR2B promoter have confirmed their regulatory role in controlling gene
transcription [33]. Therefore, in the current study, we chose the same regions in the promoter
of the NR2B gene, where CpG sites had been identified to mediate ethanol insult, to assess the
potential alteration of DNAmethylation associated to BaP-induced neurobehavioral perfor-
mance. We found that the levels of DNA methylation in several CpG sites were significantly
increased in both the PFC and hippocampus of BaP-exposed mice compared to the control
mice. From the results in this study, it seems that the PFC is more sensitive to BaP due to the
lower dosage group reduced NR2B expression; while in hippocampus the methylation level
increased at a lower dosage of BaP. Therefore, further study is needed to find out which brain
region is more sensitive to BaP toxic effect.

Collectively, chronic BaP exposure increases methylation levels in the NR2B gene promoter
concomitantly with the down-regulation of NR2B mRNA expression. These changes may con-
tribute to BaP-induced neurotoxic effects on behavioral performance. Therefore, the vulnera-
bility of NR2B may represent an important molecular target for environmental toxicants.

Author Contributions
Conceived and designed the experiments: WZMQ. Performed the experiments: WZMQ FT.
Analyzed the data: WZ JZ SL. Contributed reagents/materials/analysis tools: SL. Wrote the
paper: WZMQ.

References
1. Brown LA, Khousbouei H, Goodwin JS, Irvin-Wilson CV, Ramesh A, Sheng L, et al. Down-regulation of

early ionotrophic glutamate receptor subunit developmental expression as a mechanism for observed
plasticity deficits following gestational exposure to benzo(a)pyrene. Neurotoxicology. 2007; 28(5):965–
78. doi: 10.1016/j.neuro.2007.05.005 PMID: 17606297; PubMed Central PMCID: PMC2276633.

2. IARC. Benzo(a)pyrene. NB: overall evaluation upgraded to group 1 based on mechanistic and other rel-
evant data. IARCMonogr Eval Carcinog Risk ChemMan. 2012; ( 92).

3. Verma N, Pink M, Rettenmeier AW, Schmitz-Spanke S. Review on proteomic analyses of benzo[a]pyr-
ene toxicity. Proteomics. 2012; 12(11):1731–55. doi: 10.1002/pmic.201100466 PMID: 22623321.

4. Cimino F, Speciale A, Siracusa L, Naccari C, Saija A, Mancari F, et al. Cytotoxic effects induced in vitro
by organic extracts from urban air particulate matter in human leukocytes. Drug and chemical toxicol-
ogy. 2014; 37(1):32–9. doi: 10.3109/01480545.2013.806529 PMID: 24195653.

5. David R, Ebbels T, Gooderham N. Synergistic and Antagonistic Mutation Responses of Human MCL-5
Cells to Mixtures of Benzo[a]pyrene and 2-Amino-1-Methyl-6-Phenylimidazo[4,5-b]pyridine: Dose-
Related Variation in the Joint Effects of Common Dietary Carcinogens. Environmental health perspec-
tives. 2015. doi: 10.1289/ehp.1409557 PMID: 26091049.

6. Palaszewska-Tkacz A, Czerczak S, Konieczko K. [Carcinogenic and mutagenic agents in the work-
place, Poland, 2011–2012]. Medycyna pracy. 2015; 66(1):29–38. PMID: 26016043.

7. Grova N, Schroeder H, Farinelle S, Prodhomme E, Valley A, Muller CP. Sub-acute administration of
benzo[a]pyrene (B[a]P) reduces anxiety-related behaviour in adult mice and modulates regional
expression of N-methyl-D-aspartate (NMDA) receptors genes in relevant brain regions. Chemosphere.
2008; 73(1 Suppl):S295–302. doi: 10.1016/j.chemosphere.2007.12.037 PMID: 18442843.

Benzo(a)pyrene Induces the Alterations in Behaviors and NR2B DNAMethylation

PLOS ONE | DOI:10.1371/journal.pone.0149574 February 22, 2016 9 / 12

http://dx.doi.org/10.1016/j.neuro.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17606297
http://dx.doi.org/10.1002/pmic.201100466
http://www.ncbi.nlm.nih.gov/pubmed/22623321
http://dx.doi.org/10.3109/01480545.2013.806529
http://www.ncbi.nlm.nih.gov/pubmed/24195653
http://dx.doi.org/10.1289/ehp.1409557
http://www.ncbi.nlm.nih.gov/pubmed/26091049
http://www.ncbi.nlm.nih.gov/pubmed/26016043
http://dx.doi.org/10.1016/j.chemosphere.2007.12.037
http://www.ncbi.nlm.nih.gov/pubmed/18442843


8. Ramesh A, Inyang F, Hood DB, Archibong AE, Knuckles ME, Nyanda AM. Metabolism, bioavailability,
and toxicokinetics of benzo(alpha)pyrene in F-344 rats following oral administration. Exp Toxicol
Pathol. 2001; 53(4):275–90. PMID: 11665852.

9. Das M, Seth PK, Mukhtar H. Distribution of benzo(a)pyrene in discrete regions of rat brain. Bull Environ
Contam Toxicol. 1985; 35(4):500–4. PMID: 4052652.

10. Maciel ES, Biasibetti R, Costa AP, Lunardi P, Schunck RV, Becker GC, et al. Subchronic oral adminis-
tration of Benzo[a]pyrene impairs motor and cognitive behavior and modulates S100B levels and
MAPKs in rats. Neurochem Res. 2014; 39(4):731–40. doi: 10.1007/s11064-014-1261-y PMID:
24584819.

11. Qiu C, Peng B, Cheng S, Xia Y, Tu B. The effect of occupational exposure to benzo[a]pyrene on neuro-
behavioral function in coke oven workers. Am J Ind Med. 2013; 56(3):347–55. doi: 10.1002/ajim.22119
PMID: 22996846.

12. Wormley DD, Chirwa S, Nayyar T, Wu J, Johnson S, Brown LA, et al. Inhaled benzo(a)pyrene impairs
long-term potentiation in the F1 generation rat dentate gyrus. Cell Mol Biol (Noisy-le-grand). 2004; 50
(6):715–21. PMID: 15641162.

13. Perera FP, Rauh V, Tsai WY, Kinney P, Camann D, Barr D, et al. Effects of transplacental exposure to
environmental pollutants on birth outcomes in a multiethnic population. Environ Health Perspect. 2003;
111(2):201–5. PMID: 12573906; PubMed Central PMCID: PMC1241351.

14. Xia Y, Cheng S, He J, Liu X, Tang Y, Yuan H, et al. Effects of subchronic exposure to benzo[a]pyrene
(B[a]P) on learning and memory, and neurotransmitters in male Sprague-Dawley rat. Neurotoxicology.
2011; 32(2):188–98. doi: 10.1016/j.neuro.2010.12.015 PMID: 21216261.

15. Nakanishi S. Molecular diversity of glutamate receptors and implications for brain function. Science.
1992; 258(5082):597–603. PMID: 1329206.

16. Seeburg PH. The TINS/TiPS Lecture. The molecular biology of mammalian glutamate receptor chan-
nels. Trends Neurosci. 1993; 16(9):359–65. PMID: 7694406.

17. Cui Y, Jin J, Zhang X, Xu H, Yang L, Du D, et al. Forebrain NR2B overexpression facilitating the pre-
frontal cortex long-term potentiation and enhancing working memory function in mice. PLoS One. 2011;
6(5):e20312. doi: 10.1371/journal.pone.0020312 PMID: 21655294; PubMed Central PMCID:
PMC3105019.

18. Cao X, Cui Z, Feng R, Tang YP, Qin Z, Mei B, et al. Maintenance of superior learning and memory func-
tion in NR2B transgenic mice during ageing. Eur J Neurosci. 2007; 25(6):1815–22. doi: 10.1111/j.1460-
9568.2007.05431.x PMID: 17432968.

19. Lett TA, Voineskos AN, Kennedy JL, Levine B, Daskalakis ZJ. Treating working memory deficits in
schizophrenia: a review of the neurobiology. Biol Psychiatry. 2014; 75(5):361–70. doi: 10.1016/j.
biopsych.2013.07.026 PMID: 24011822.

20. Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, ZhuoM, et al. Genetic enhancement of learn-
ing and memory in mice. Nature. 1999; 401(6748):63–9. doi: 10.1038/43432 PMID: 10485705.

21. Brigman JL, Wright T, Talani G, Prasad-Mulcare S, Jinde S, Seabold GK, et al. Loss of GluN2B-con-
taining NMDA receptors in CA1 hippocampus and cortex impairs long-term depression, reduces den-
dritic spine density, and disrupts learning. J Neurosci. 2010; 30(13):4590–600. doi: 10.1523/
JNEUROSCI.0640-10.2010 PMID: 20357110; PubMed Central PMCID: PMC2869199.

22. Yin X, Takei Y, Kido MA, Hirokawa N. Molecular motor KIF17 is fundamental for memory and learning
via differential support of synaptic NR2A/2B levels. Neuron. 2011; 70(2):310–25. doi: 10.1016/j.neuron.
2011.02.049 PMID: 21521616.

23. Sze C, Bi H, Kleinschmidt-DeMasters BK, Filley CM, Martin LJ. N-Methyl-D-aspartate receptor subunit
proteins and their phosphorylation status are altered selectively in Alzheimer's disease. J Neurol Sci.
2001; 182(2):151–9. PMID: 11137521.

24. Ma J, Choi BR, Chung C, Min SS, JeonWK, Han JS. Chronic brain inflammation causes a reduction in
GluN2A and GluN2B subunits of NMDA receptors and an increase in the phosphorylation of mitogen-
activated protein kinases in the hippocampus. Mol Brain. 2014; 7:33. doi: 10.1186/1756-6606-7-33
PMID: 24761931; PubMed Central PMCID: PMC4021635.

25. Altmann L, MundyWR,Ward TR, Fastabend A, Lilienthal H. Developmental exposure of rats to a
reconstituted PCBmixture or aroclor 1254: effects on long-term potentiation and [3H]MK-801 binding in
occipital cortex and hippocampus. Toxicol Sci. 2001; 61(2):321–30. PMID: 11353141.

26. Baraldi M, Zanoli P, Tascedda F, Blom JM, Brunello N. Cognitive deficits and changes in gene expres-
sion of NMDA receptors after prenatal methylmercury exposure. Environ Health Perspect. 2002; 110
Suppl 5:855–8. PMID: 12426146; PubMed Central PMCID: PMC1241260.

Benzo(a)pyrene Induces the Alterations in Behaviors and NR2B DNAMethylation

PLOS ONE | DOI:10.1371/journal.pone.0149574 February 22, 2016 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/11665852
http://www.ncbi.nlm.nih.gov/pubmed/4052652
http://dx.doi.org/10.1007/s11064-014-1261-y
http://www.ncbi.nlm.nih.gov/pubmed/24584819
http://dx.doi.org/10.1002/ajim.22119
http://www.ncbi.nlm.nih.gov/pubmed/22996846
http://www.ncbi.nlm.nih.gov/pubmed/15641162
http://www.ncbi.nlm.nih.gov/pubmed/12573906
http://dx.doi.org/10.1016/j.neuro.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21216261
http://www.ncbi.nlm.nih.gov/pubmed/1329206
http://www.ncbi.nlm.nih.gov/pubmed/7694406
http://dx.doi.org/10.1371/journal.pone.0020312
http://www.ncbi.nlm.nih.gov/pubmed/21655294
http://dx.doi.org/10.1111/j.1460-9568.2007.05431.x
http://dx.doi.org/10.1111/j.1460-9568.2007.05431.x
http://www.ncbi.nlm.nih.gov/pubmed/17432968
http://dx.doi.org/10.1016/j.biopsych.2013.07.026
http://dx.doi.org/10.1016/j.biopsych.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/24011822
http://dx.doi.org/10.1038/43432
http://www.ncbi.nlm.nih.gov/pubmed/10485705
http://dx.doi.org/10.1523/JNEUROSCI.0640-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0640-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20357110
http://dx.doi.org/10.1016/j.neuron.2011.02.049
http://dx.doi.org/10.1016/j.neuron.2011.02.049
http://www.ncbi.nlm.nih.gov/pubmed/21521616
http://www.ncbi.nlm.nih.gov/pubmed/11137521
http://dx.doi.org/10.1186/1756-6606-7-33
http://www.ncbi.nlm.nih.gov/pubmed/24761931
http://www.ncbi.nlm.nih.gov/pubmed/11353141
http://www.ncbi.nlm.nih.gov/pubmed/12426146


27. Chen HH, Lee YF, Chan MH, Lo PS. The role of N-methyl-D-aspartate receptors in neurobehavioral
changes induced by toluene exposure during synaptogenesis. Ann N Y Acad Sci. 2004; 1025:552–5.
doi: 10.1196/annals.1316.067 PMID: 15542761.

28. Kim SY, Yang JH. Neurotoxic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin in cerebellar granule cells.
Exp Mol Med. 2005; 37(1):58–64. doi: 10.1038/emm.2005.8 PMID: 15761253.

29. Wormley DD, Ramesh A, Hood DB. Environmental contaminant-mixture effects on CNS development,
plasticity, and behavior. Toxicol Appl Pharmacol. 2004; 197(1):49–65. doi: 10.1016/j.taap.2004.01.016
PMID: 15126074.

30. Patri M, Singh A, Mallick BN. Protective role of noradrenaline in benzo[a]pyrene-induced learning
impairment in developing rat. J Neurosci Res. 2013; 91(11):1450–62. doi: 10.1002/jnr.23265 PMID:
23996611.

31. McCallister MM, Maguire M, Ramesh A, Aimin Q, Liu S, Khoshbouei H, et al. Prenatal exposure to
benzo(a)pyrene impairs later-life cortical neuronal function. Neurotoxicology. 2008; 29(5):846–54. doi:
10.1016/j.neuro.2008.07.008 PMID: 18761371; PubMed Central PMCID: PMC2752856.

32. Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, Suh HH, et al. Rapid DNAmethylation
changes after exposure to traffic particles. Am J Respir Crit Care Med. 2009; 179(7):572–8. doi: 10.
1164/rccm.200807-1097OC PMID: 19136372; PubMed Central PMCID: PMC2720123.

33. Qiang M, Denny A, Chen J, Ticku MK, Yan B, Henderson G. The site specific demethylation in the 5'-
regulatory area of NMDA receptor 2B subunit gene associated with CIE-induced up-regulation of tran-
scription. PLoS One. 2010; 5(1):e8798. doi: 10.1371/journal.pone.0008798 PMID: 20098704; PubMed
Central PMCID: PMC2808353.

34. Qiang M, Li JG, Denny AD, Yao JM, Lieu M, Zhang K, et al. Epigenetic mechanisms are involved in the
regulation of ethanol consumption in mice. Int J Neuropsychopharmacol. 2014; 18(2). doi: 10.1093/ijnp/
pyu072 PMID: 25522411.

35. Seripa D, Matera MG, Franceschi M, Bizzarro A, Paris F, Cascavilla L, et al. Association analysis of
GRIN2B, encoding N-methyl-D-aspartate receptor 2B subunit, and Alzheimer's disease. Dement Ger-
iatr Cogn Disord. 2008; 25(3):287–92. doi: 10.1159/000118634 PMID: 18303265.

36. Salazar A, Gonzalez-Rivera BL, Redus L, Parrott JM, O'Connor JC. Indoleamine 2,3-dioxygenase
mediates anhedonia and anxiety-like behaviors caused by peripheral lipopolysaccharide immune chal-
lenge. Horm Behav. 2012; 62(3):202–9. doi: 10.1016/j.yhbeh.2012.03.010 PMID: 22504306; PubMed
Central PMCID: PMC3425718.

37. Qiang M, Denny A, Lieu M, Carreon S, Li J. Histone H3K9 modifications are a local chromatin event
involved in ethanol-induced neuroadaptation of the NR2B gene. Epigenetics. 2011; 6(9):1095–104.
doi: 10.4161/epi.6.9.16924 PMID: 21814037; PubMed Central PMCID: PMC3225745.

38. Jayasekara S, Sharma RP, Drown DB. Effects of benzo[a]pyrene on steady-state levels of biogenic
amines and metabolizing enzymes in mouse brain regions. Ecotoxicol Environ Saf. 1992; 24(1):1–12.
PMID: 1385071.

39. Stephanou P, Konstandi M, Pappas P, Marselos M. Alterations in central monoaminergic neurotrans-
mission induced by polycyclic aromatic hydrocarbons in rats. Eur J Drug Metab Pharmacokinet. 1998;
23(4):475–81. PMID: 10323330.

40. Saunders CR, Ramesh A, Shockley DC. Modulation of neurotoxic behavior in F-344 rats by temporal
disposition of benzo(a)pyrene. Toxicol Lett. 2002; 129(1–2):33–45. PMID: 11879972.

41. Bouayed J, Desor F, Rammal H, Kiemer AK, Tybl E, Schroeder H, et al. Effects of lactational exposure
to benzo[alpha]pyrene (B[alpha]P) on postnatal neurodevelopment, neuronal receptor gene expression
and behaviour in mice. Toxicology. 2009; 259(3):97–106. doi: 10.1016/j.tox.2009.02.010 PMID:
19428949.

42. Grova N, Valley A, Turner JD, Morel A, Muller CP, Schroeder H. Modulation of behavior and NMDA-R1
gene mRNA expression in adult female mice after sub-acute administration of benzo(a)pyrene. Neuro-
toxicology. 2007; 28(3):630–6. doi: 10.1016/j.neuro.2007.01.010 PMID: 17397927.

43. Kohr G. NMDA receptor function: subunit composition versus spatial distribution. Cell Tissue Res.
2006; 326(2):439–46. doi: 10.1007/s00441-006-0273-6 PMID: 16862427.

44. Fontan-Lozano A, Suarez-Pereira I, Gonzalez-Forero D, Carrion AM. The A-current modulates learning
via NMDA receptors containing the NR2B subunit. PLoS One. 2011; 6(9):e24915. doi: 10.1371/journal.
pone.0024915 PMID: 21966384; PubMed Central PMCID: PMC3180285.

45. Zhang XH, Wu LJ, Gong B, Ren M, Li BM, Zhuo M. Induction- and conditioning-protocol dependent
involvement of NR2B-containing NMDA receptors in synaptic potentiation and contextual fear memory
in the hippocampal CA1 region of rats. Mol Brain. 2008; 1:9. doi: 10.1186/1756-6606-1-9 PMID:
18826591; PubMed Central PMCID: PMC2570668.

Benzo(a)pyrene Induces the Alterations in Behaviors and NR2B DNAMethylation

PLOS ONE | DOI:10.1371/journal.pone.0149574 February 22, 2016 11 / 12

http://dx.doi.org/10.1196/annals.1316.067
http://www.ncbi.nlm.nih.gov/pubmed/15542761
http://dx.doi.org/10.1038/emm.2005.8
http://www.ncbi.nlm.nih.gov/pubmed/15761253
http://dx.doi.org/10.1016/j.taap.2004.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15126074
http://dx.doi.org/10.1002/jnr.23265
http://www.ncbi.nlm.nih.gov/pubmed/23996611
http://dx.doi.org/10.1016/j.neuro.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18761371
http://dx.doi.org/10.1164/rccm.200807-1097OC
http://dx.doi.org/10.1164/rccm.200807-1097OC
http://www.ncbi.nlm.nih.gov/pubmed/19136372
http://dx.doi.org/10.1371/journal.pone.0008798
http://www.ncbi.nlm.nih.gov/pubmed/20098704
http://dx.doi.org/10.1093/ijnp/pyu072
http://dx.doi.org/10.1093/ijnp/pyu072
http://www.ncbi.nlm.nih.gov/pubmed/25522411
http://dx.doi.org/10.1159/000118634
http://www.ncbi.nlm.nih.gov/pubmed/18303265
http://dx.doi.org/10.1016/j.yhbeh.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22504306
http://dx.doi.org/10.4161/epi.6.9.16924
http://www.ncbi.nlm.nih.gov/pubmed/21814037
http://www.ncbi.nlm.nih.gov/pubmed/1385071
http://www.ncbi.nlm.nih.gov/pubmed/10323330
http://www.ncbi.nlm.nih.gov/pubmed/11879972
http://dx.doi.org/10.1016/j.tox.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19428949
http://dx.doi.org/10.1016/j.neuro.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17397927
http://dx.doi.org/10.1007/s00441-006-0273-6
http://www.ncbi.nlm.nih.gov/pubmed/16862427
http://dx.doi.org/10.1371/journal.pone.0024915
http://dx.doi.org/10.1371/journal.pone.0024915
http://www.ncbi.nlm.nih.gov/pubmed/21966384
http://dx.doi.org/10.1186/1756-6606-1-9
http://www.ncbi.nlm.nih.gov/pubmed/18826591


46. Alonso P, Gratacos M, Segalas C, Escaramis G, Real E, Bayes M, et al. Association between the
NMDA glutamate receptor GRIN2B gene and obsessive-compulsive disorder. J Psychiatry Neurosci.
2012; 37(4):273–81. doi: 10.1503/jpn.110109 PMID: 22433450; PubMed Central PMCID:
PMC3380099.

47. Zhao Q, Che R, Zhang Z, Wang P, Li J, Li Y, et al. Positive association between GRIN2B gene and
bipolar disorder in the Chinese Han Population. Psychiatry Res. 2011; 185(1–2):290–2. doi: 10.1016/j.
psychres.2009.11.026 PMID: 20537720.

48. Jiang H, Jia J. Association between NR2B subunit gene (GRIN2B) promoter polymorphisms and spo-
radic Alzheimer's disease in the North Chinese population. Neurosci Lett. 2009; 450(3):356–60. doi:
10.1016/j.neulet.2008.10.075 PMID: 18983893.

49. Martucci L, Wong AH, De Luca V, Likhodi O, Wong GW, King N, et al. N-methyl-D-aspartate receptor
NR2B subunit gene GRIN2B in schizophrenia and bipolar disorder: Polymorphisms and mRNA levels.
Schizophr Res. 2006; 84(2–3):214–21. doi: 10.1016/j.schres.2006.02.001 PMID: 16549338.

50. Schellenberger MT, Grova N, Farinelle S, Willieme S, Schroeder H, Muller CP. Modulation of benzo[a]
pyrene induced neurotoxicity in female mice actively immunized with a B[a]P-diphtheria toxoid conju-
gate. Toxicol Appl Pharmacol. 2013; 271(2):175–83. doi: 10.1016/j.taap.2013.05.007 PMID:
23684556.

51. Boyce-Rustay JM, Holmes A. Ethanol-related behaviors in mice lacking the NMDA receptor NR2A sub-
unit. Psychopharmacology (Berl). 2006; 187(4):455–66. doi: 10.1007/s00213-006-0448-6 PMID:
16835771.

52. Maddox SA, Schafe GE. Epigenetic alterations in the lateral amygdala are required for reconsolidation
of a Pavlovian fear memory. Learn Mem. 2011; 18(9):579–93. doi: 10.1101/lm.2243411 PMID:
21868438; PubMed Central PMCID: PMC3166787.

53. Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, et al. Dnmt1 and Dnmt3a maintain DNAmethyla-
tion and regulate synaptic function in adult forebrain neurons. Nat Neurosci. 2010; 13(4):423–30. doi:
10.1038/nn.2514 PMID: 20228804; PubMed Central PMCID: PMC3060772.

54. Miller CA, Gavin CF, White JA, Parrish RR, Honasoge A, Yancey CR, et al. Cortical DNAmethylation
maintains remote memory. Nat Neurosci. 2010; 13(6):664–6. doi: 10.1038/nn.2560 PMID: 20495557;
PubMed Central PMCID: PMC3043549.

Benzo(a)pyrene Induces the Alterations in Behaviors and NR2B DNAMethylation

PLOS ONE | DOI:10.1371/journal.pone.0149574 February 22, 2016 12 / 12

http://dx.doi.org/10.1503/jpn.110109
http://www.ncbi.nlm.nih.gov/pubmed/22433450
http://dx.doi.org/10.1016/j.psychres.2009.11.026
http://dx.doi.org/10.1016/j.psychres.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20537720
http://dx.doi.org/10.1016/j.neulet.2008.10.075
http://www.ncbi.nlm.nih.gov/pubmed/18983893
http://dx.doi.org/10.1016/j.schres.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16549338
http://dx.doi.org/10.1016/j.taap.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23684556
http://dx.doi.org/10.1007/s00213-006-0448-6
http://www.ncbi.nlm.nih.gov/pubmed/16835771
http://dx.doi.org/10.1101/lm.2243411
http://www.ncbi.nlm.nih.gov/pubmed/21868438
http://dx.doi.org/10.1038/nn.2514
http://www.ncbi.nlm.nih.gov/pubmed/20228804
http://dx.doi.org/10.1038/nn.2560
http://www.ncbi.nlm.nih.gov/pubmed/20495557

