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• Effect of maternal exposure to 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD)
was studied.
• The open ﬁeld test was performed on
mice upon the gestational and lactational TCDD exposure.
• The females showed hyperactivity-like
behaviors after the exposure.
• Dysregulation of cholinergic molecules
was found in their brains.
• Certain synaptogenesis-related genes
were up-regulated in their brains.
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a b s t r a c t
Emerging evidence suggests that perinatal dioxin exposure affects neurodevelopment and impairs multiple brain
functions, including cognitive, language, learning and emotion, in the offspring. However, the impacts of gestational and lactational exposure to dioxin on behavior and related molecular events are still not fully understood.
In this study, female C57BL/6J mice were orally administered three doses of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin
(TCDD) (0.1 or 10 μg/kg body weight (bw)) during the pregnancy and lactation periods. The locomotion, exploration and anxiety-related behaviors were examined by an open ﬁeld test of the young adult female offspring at
postnatal day 68. We found that the maternal TCDD exposure, particularly at a low dose, increased movement
ability, novelty-exploration and certain anxiety-related behaviors in the offspring. Such hyperactivity-like behaviors were accompanied by the upregulation of certain genes associated with cholinergic neurotransmission or
synaptogenesis in the offspring brain. In accordance with the potential enhancement of cholinergic neurotransmission due to the gene upregulations, the enzymatic activity of acetylcholinesterase was decreased, which
might lead to excess acetylcholine and consequent hyper-excitation at the synapses. Thus, we found that gestational and lactational TCDD exposure at low dose caused hyperactivity-like behaviors in young adult female
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offspring and speculated the enhancement of cholinergic neurotransmission and synaptogenesis as potential
molecular events underlying the neurobehavioral effects.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Dioxins are persistent organic pollutants (POPs) with bioaccumulative effects and critical toxicities (Schecter et al., 2006). Dioxins enter the human body mainly through the food chain and can
also be transferred from mother to infant mainly through the placenta
and breast milk (Chobtang et al., 2011; Shibamoto et al., 2007). A cohort
study on 1- to 2-year infants born in dioxin-contaminated areas in
Vietnam has suggested that maternal dioxin exposure level might be
signiﬁcantly associated with impaired cognition, motor functions, poor
language, difﬁcult social communication and increased risk of autism
in the offspring (Nghiem et al., 2019; Pham et al., 2015; Tai et al.,
2013). Another study also found that among 8.5- to 9.5-year-old children with prenatal or perinatal exposure to certain polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) or polychlorinated biphenyls (PCBs), the exposure level was signiﬁcantly associated with the
occurrence of attention-deﬁcit hyperactivity disorder (ADHD)
(Neugebauer et al., 2015). Meanwhile, in 7- to 8-year-old children, a signiﬁcant positive association was found between PCBs and dioxin-like
compounds levels in the umbilical cord blood and the onset of hyperactivity (Sioen et al., 2013). Give the presence of dioxin and dioxin-like
compounds in both umbilical cord blood and breastmilk and the time
window of the aforementioned dioxin-induced neurobehavioral effects,
both gestational and lactational exposure to dioxin might notably contribute to the neurobehavioral effects.
Gestational or lactational dioxin exposure leads to
neurodevelopmental disorders and affects neurobehaviors in experimental animals. It has been found that prenatal exposure to 2, 3, 7, 8tetrachlorodibenzo-p-dioxin (TCDD) impacted the interactions between the offspring and their caregivers in mice (Kimura and
Tohyama, 2018). Kakeyama et al. reported that perinatal TCDD or
2,3,7,8-tetrabromodibenzo-p-dioxin (TBDD) exposure caused anxietylike behaviors in Long-Evans rat offspring, manifested by longer latencies in pair-associated learning tests compared to control mice
(Kakeyama et al., 2014). Moreover, prenatal co-exposure to TCDD and
3, 3′, 4, 4′, 5-pentachlorobiphenyl (PCB126), a dioxin-like PCB, could induce hyperactive behavior and abnormal learning behavior in the offspring (Hojo et al., 2008). In general, maternal exposure to dioxin or
dioxin-like compounds induces hyperactivity or anxiety-like behaviors
in rodent offspring, although the resulting behavioral effects might differ in the details depending on the different maternal exposure conditions. However, the behavioral impacts of the maternal exposure to
dioxin covering the entire pregnancy and lactation periods are still
under investigation. Furthermore, the molecular events and mechanisms underlining these dioxin-induced neurobehavioral effects are
still unclear.
Dysfunctions of certain neurotransmissions have been considered as
important molecular events of anxiety or hyperactivity-related
behaviors or diseases. The cholinergic system, located in the cortical
and subcortical brain, is one of the neurotransmission systems related
to anxiety, locomotor-related behavior and stress responses
(Morganstern et al., 2012). It utilizes acetylcholine (ACh) as the major
neurotransmitter, which is biosynthesized by the choline acetyltransferase (ChAT) and loaded into synaptic vesicles by vesicular acetylcholine transporter (VAChT) in the presynaptic neurons (Sugita et al.,
2016). Upon the release of ACh to the synaptic cleft, the muscarinic
and/or nicotinic acetylcholine receptors (mAChRs and nAChRs) are activated to induce postsynaptic effects (Toyoda, 2019). On the other hand,
the synaptic acetylcholinesterase (AChE) hydrolyzes ACh in the

synaptic cleft to modulate the neurotransmission process (DarrehShori et al., 2019). It has been found that treatment with nicotine, one
of the agonists of nAChR, elicits hyperactivity and risk-taking behaviors
in adolescent mice (Buck et al., 2019). Moreover, enhancement of α7
nAChR activity in hypothalamic regions and reduction of AChE activity
in the frontal cortex were found in high-fat diet treated rats, accompanied by the stimulation of novelty-seeking and exploration
(Morganstern et al., 2012). Additionally, the female offspring with maternal exposure to PCBs showed hyperactivity behavior and decreased
AChE activity in the brain (Dridi et al., 2016). The evidence all suggests
that dysregulations or hyper-function of the cholinergic system in the
brain may be involved in hyperactivity-like behaviors induced by either
bioactive molecules or pollutants. Thus, it is noteworthy to investigate
molecules related to cholinergic function in offspring with gestational
and lactational dioxin exposure and the concurrent neurobehavioral effects. Furthermore, given the important roles of AChE in preventing
hyper-excitation of cholinergic synapses, the enzymatic activity of
AChE may serve as an indicator for evaluating cholinergic function. It
has been demonstrated that enzymatic activity and/or gene expression
of AChE can be suppressed in TCDD treated neuronal cells originating
from humans (Xie et al., 2013; Xu et al., 2014) or rodents (Xu et al.,
2016; Sha et al., 2019), as well as in the offspring brain, after high
level maternal TCDD exposure (Ahmed, 2011). Therefore, we hypothesized that maternal TCDD exposure might cause dysregulation of the
cholinergic molecules and subsequently have impacts on cholinergic
function, which might be one of the molecular bases of the resulted neurobehavioral effects in the offspring.
Synaptogenesis processing might serve as another biological event
involved in hyperactivity-related behaviors (Morley, 2005; Kratsios
et al., 2015). Synaptogenesis is a key process of synaptic formation
and maturation during brain development, and its related genes, including synaptotagmin (Syt), postsynaptic density 95 (PSD95), neurexin
(Nrxn), neuroligin (Nlgn) and SH3 and multiple ankyrin repeat domains (Shank), can directly regulate the structure and function of the
synapses (Shahjin et al., 2019). Alterations of these synaptogenesis
genes are associated with abnormal behavior and other
neurodevelopmental diseases. Syt IV is a presynaptic gene, and the absence of Syt IV was found to enhance locomotor activity and weaken
anxiety-like behavior (Ferguson et al., 2004). Nrxn and Nlgn are not
only important components of the synaptogenesis machinery but also
markers of autism spectrum disorder (ASD) (Sudhof, 2008). Moreover,
the same phenotypic variations of the NRXN1 gene can be found in clinical samples from both ASD and ADHD patients (Gudmundsson et al.,
2019; Rommelse et al., 2010). On the other hand, certain synaptogenesis related genes are responsive to pollutant exposures. Wolstenholme
et al. found gestational exposure to bisphenol A (BPA) disrupted social
interactions in C57BL/6J mice in parallel with dysregulations of the
Shank1 and PSD95 genes (Wolstenholme et al., 2019). Moreover, the
mRNA expression levels of Syt1 and PSD95 were altered in TCDD
treated rat cortical neurons (Cho et al., 2002). However, whether maternal dioxin exposure can cause alterations in the synaptogenesis-related
genes is still not clear.
Therefore, in this study, to address the impacts of maternal dioxin
exposure on neurobehavioral development, two doses of TCDD (0.1 or
10 μg/kg body weight (bw)) or dimethyl sulfoxide (DMSO) were administered to female mice via oral gavage during the pregnancy and lactation, and the locomotor activity, exploration and anxiety-related
behaviors were examined by an open ﬁeld test in the young adult offspring. AChE activity and the gene expression and cholinergic molecules
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were examined in the brains of the offspring to reveal potential alterations in the cholinergic function. Meanwhile, the expression of synaptogenesis related genes was also evaluated.
2. Materials and methods
2.1. Chemicals and reagents
TCDD in DMSO (0.1 mM, purity ≥98%) was customized and purchased from Wellington Laboratories Inc. (Ontario, Canada). Two stock
solutions of TCDD (1 mg/L and 100 mg/L) were prepared by dissolving
the original reagent in DMSO (Sigma-Aldrich, St. Louis, MO). Equal volumes of TCDD stock solution and DMSO (Sigma-Aldrich) were diluted at
a 1:100 (v/v) ratio in olive oil for animal exposure.
2.2. Animals and TCDD exposure
A total of 45 pregnant female C57BL/6J mice were purchased from
Vital River Laboratories (VRL; Beijing, China) and housed in speciﬁc
pathogen free conditions at a temperature of 24 ± 2 °C and humidity
of 50 ± 10%, with a 12/12 h light/dark cycle in VRL. Standard rodent
chow and distilled water were available ad libitum. These pregnant
mice were randomly divided into three groups (15 mice in each
group) and were orally administered with DMSO or TCDD (0.1 or
10 μg/kg bw) at gestational day 0.5 (GD 0.5), gestational day 12.5 (GD
12.5), and postnatal day 7.5 (PND 7.5). Their offspring were allowed
to be fed until postnatal day 21 (PND 21). The offspring were subjected
to an open ﬁeld test at postnatal day 68 (PND 68), and then sacriﬁced at
postnatal day 72 (PND 72). Brain tissue was dissected and stored at
−80 °C for further studies. All animal experimentation protocols were
approved by the Animal Ethics Committee of the Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences.
2.3. Open ﬁeld test
The open ﬁeld test is a behavioral test to assess novelty exploration,
locomotor activity and anxiety-like behaviors, which was performed
mainly according to the literature of Wesierska et al. (Wesierska et al.,
2003). The open ﬁeld apparatus used in this study was a white square
plastic box (40 × 40 × 30 cm), in which a central area (20 × 20 cm)
was deﬁned. At the beginning of each trial, the offspring were individually allowed to freely move for 10 min in the open ﬁeld box in the dark.
Three trials were conducted on three consecutive days. The locomotion
and anxiety-related behaviors were characterized by parameters calculated based on each ~10-min recording using a Xeye Aba 3.2 tracking
system (Beijing Macroambitior S&T Development Co., Ltd., Beijing,
China) (Carey et al., 1998; Wesierska et al., 2003). Based on the literature, the locomotion parameters included distance (total distance traveled during each trial; unit: mm) (Kulesskaya and Voikar, 2014;
Sturman et al., 2018), immobility (total duration when the mouse was
completely stationary during each trial; unit: s) and mean speed
((total distance traveled)/(total time duration of moving) during each
trial; unit: mm/s) (Yuan et al., 2019). The anxiety behavior parameters
included grooming (total number of licking or scratching events during
each trial) and rearing (total number of times standing on the hind legs
or leaning against the walls during each trial) (Brown et al., 1999;
Lalonde and Strazielle, 2009).
2.4. Isolation of total RNA
Fifty-hundred milligrams of brain tissue was added into 1 mL
TRIzol™ Reagent (Invitrogen, Carlsbad, CA) and homogenized by a homogenizer (D-130; Wiggens, Straubenhardt, Germany). The resulting
sample was incubated for 5 min at room temperature (RT), then centrifuged for 5 min at 12,000 × g at 4 °C. The supernatant was transferred to
a new 1.5 mL tube and mixed with 200 μL 1-bromo-3-chloropropane
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with rapid shaking. After 2 to 3-min incubation at RT, each sample
was centrifuged for 15 min at 12,000 × g at 4 °C. The colorless upper
aqueous phase was transferred to a new 1.5 mL tube and mixed with
an equal volume of isopropanol for 10 min at 15–30 °C, which was centrifuged for 10 min at 12,000 × g at 4 °C. The resulting total RNA precipitate at the bottom of the tube was resuspended in 1 mL of 75% ethanol,
and then centrifuged for 5 min at 7500 ×g at 4 °C after a brief vortex. The
total RNA was air dried for 5–10 min and resuspended in 80 μL DNase/
RNase-Free water. The total RNA concentration was measured with a
Nanodrop 2000 (Thermo, Wilmington, DE). The ratio of A260/A280 of
all total RNA samples was in a range of 1.8–2.0.
2.5. Quantitative PCR analyses (qPCR)
Two micrograms of total RNA extracted from the brain tissue was
reverse-transcribed into cDNA by using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientiﬁc, Waltham, MA), according to the manufacturer's instructions. The cDNA samples were diluted 20-fold before
the real-time qPCR analyses using GoTaq qPCR Master Mix (Promega,
Madison, WI). The SYBR green signal was collected via a
QuantStudion™ 6 Flex Real-Time PCR System (Thermo Fisher). The results were analyzed by the Biosystems qPCR Analysis Modules (Thermo
Fisher). In brief, a calculation was conducted by using the Ct value of an
internal control, β-actin (Actb) to normalize the Ct value of the target
gene in each sample to obtain the ΔΔCt value, which was then used to
compare it among the different samples. The primers (forward and reverse) were designed by Oligo 7 (Molecular Biology Insights) from sequences obtained from GeneBank, and synthesized by Sangon
(Beijing, China). The ampliﬁcation efﬁciency of each primer was veriﬁed
and was in a range of 90–105%, which was ﬁt to the requirements of the
ΔΔCt method. All samples were run in triplicate. In each reaction, the
mixture was incubated at 95 °C for 2 min, followed by 40 cycles of ampliﬁcation (denaturation at 95 °C for 15 s, annealing at 60 °C for 20 s and
extension at 72 °C for 20 s). The primers were as follows: Actb (Gene ID:
11461; Access No: NM_007393.5), forward: 5′- CTG ACC CTG AAG TAC
CCC AT -3′, reverse: 5′- CAT CTT TTC ACG GTT GGC CTT -3′; Nrxn1
(Gene ID: 18189; Access No: NM_001346957.1), forward: 5′- CTC ATC
CTC CTC TAT GCC ATG -3′, reverse: 5′- TTG ACC ACA GCC CCA TTG GA
-3′; Nlgn1: (Gene ID: 192167; Access No: NM_001163387.2), forward:
5′- GAT ACC ACA TAG CCT TTG GAC -3′, reverse: 5′- TTC CCC TTG GTT
AAC TCC C-3′; Shank3: (Gene ID: 58234; Access No: NM_021423.4), forward: 5′- TCT CTT CCG CCA CTA CAC T -3′, reverse: 5′- CGG AGA ACA
AAG CCA AAC CC -3′; Syt1: (Gene ID: 20979; Access No:
NM_001252341.1), sense: 5′- ACA TCT GCT TCT CCC TCC GCT A -3′; reverse: 5′- CAG ATA AGC CAC CCA CAT CCA -3′; PSD95: (Gene ID: 13385;
Access No: NM_001109752.1), forward: 5′- CTA CCC CAC AGC CAT GAC
C -3′, reverse: 5′- CGC CCA CAA TGT TGA AGC C -3′; AChE T subunit
(AChET): (Gene ID: 11423; Access No: MH423444.1), forward: 5′- ATT
TTG CCC GCA CAG GGG AC -3′, reverse: 5′- CGC CTC GTC CAG AGT
ATC GGT -3′; proline-rich membrane anchor (PRiMA): (Gene ID:
170952; Access No: NM_133364.2), forward: 5′- GCT GGT GGT CTG
GTC TGG TGA T -3′, reverse: 5′- GCG ACA CTG GTG CCA TTC TCA T -3′;
ChAT: (Gene ID: 12647; Access No: NM_009891.2), forward: 5′- ACA
GCC AAT CCA TTC CCA C -3′, reverse: 5′- CAG GCC ACG ATG ACA TGC
TC -3′; α7 nAChR: (Gene ID: 11441; Access No: NM_007390.3), forward: 5′- TAC ACA GTA ACC ATG CGC CGT A -3′, reverse: 5′- CAG GCA
GCA AGA ATA CCA GC -3′; M1 mAChR: (Gene ID: 12669; Access No:
NM_001112697.1), forward: 5′- CCT GGC TGC AAT GAA CAC C -3′, reverse: 5′- TGA TCC CGA TGA ATG CCA CT -3′; VAChT: (Gene ID:
20508; Access No: NM_021712.3), forward: 5′- TCC ATC GCC TCA TGC
TAG ACC -3′; reverse: 5′- CCA TGC CCA TCT CCC ACT CG -3′.
2.6. Determination of AChE activity
AChE enzymatic activity in the offspring brain was determined by a
modiﬁed Ellman method (Ellman et al., 1961; Xie et al., 2013). Offspring
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brain tissues were lysed in high-salt lysis buffer (1 M NaCl and 80 mM
disodium hydrogen phosphate, pH 7.5, supplemented with 0.5% Triton
X-100) including a protease inhibitor, benzamidine hydrochloride
(2.5 mM; Sigma-Aldrich) and homogenized by a homogenizer (D130; Wiggens) at 4 °C. The resulting lysate was allowed to stand alone
for 30 min at 4 °C and then was incubated with Mix1 (containing
0.2 M NaH2PO4, 0.2 M Na2HPO4, 0.1 mM tetraisopropylpyrophosphoramide and 0.5 mM 5,5′-dithiobis (2-nitrobenzenoic acid))
for 30 min at room temperature. The Mix2 (containing 0.625 mM
acetylthiocholine iodide and water) was subsequently added to start
the AChE-speciﬁc reaction. The absorbance of the samples at 405 nm
was determined in a multifunctional microplate spectrometer (TECAN
Inﬁnite F200 Pro; Männedorf, Switzerland). The recording was repeated
at 1 min intervals for 60 min. The protein concentration of the brain tissue was determined using a kit from TIANGEN (Beijing, China) by the
Bradford method (Bradford, 1976). The results were calculated from
the slope of the OD linearly with time and were expressed as velocity
(mOD per minute) per microgram of protein (Sha et al., 2019).
2.7. Statistical analysis and other assays
Data were analyzed and ﬁgures were plotted using GraphPad Prism
software (version 5). Statistical tests were conducted by one-way
ANOVA. Statistically signiﬁcant changes were classiﬁed as [*] where
p < 0.05; [**] where p < 0.01 and; [***] where p < 0.001, compared
with the control (DMSO group).
3. Results
3.1. The basic index in the offspring after maternal TCDD exposure
We recorded the sex ratio and mortality of the offspring at birth
(within PND 2), and body weight and brain-to-body mass ratio at PND
72. The birth rate of female offspring was signiﬁcantly higher than
that of males in the control and 10 μg/kg TCDD groups, and such a
change was not found in the 0.1 μg/kg TCDD group (Table 1). The
early birth mortality rate (within two days after birth) of all offspring
was 62.50% (25 died from among the total 40 offspring) in the
10 μg/kg bw TCDD group, which was much higher than the other groups
(Table 1). At PND 72, we found that the brain masses were slightly but
signiﬁcantly decreased with a decreased trend of body weight in female
offspring from the 10 μg/kg TCDD group, but the brain-to-body mass
ratio was not changed compared to the control (Fig. 1). Additionally,
there was no signiﬁcant change in body weight or brain-to-body mass
ratio in the 0.1 μg/kg TCDD group. Due to the low birth rate of male
mice in the control and 10 μg/kg TCDD groups, we only evaluated the female offspring for the following studies.

Fig. 1. Brain mass, body weight and brain-to-body mass ratio in female offspring after
maternal TCDD exposure. After maternal TCDD exposure, body weight, brain and brainto-body mass ratio were recorded and calculated at PND 72. Data are shown as fold of
control and expressed as mean ± SEM (n = 6–7). Statistical analyses were conducted
by one-way ANOVA with the Bonferroni test. Statistically signiﬁcant difference
***p < 0.001 compared with the DMSO groups.

or at the corners of the open ﬁeld were denser in the 10 μg/kg TCDD
group compared with the control (Fig. 2; Supplementary Fig. S1). Quantitative data integrated among the three trials showed that total distance and the mean speed exhibited increased trends in the offspring
of the 10 μg/kg TCDD group. In line with the higher density of the trajectories, the offspring of the 0.1 μg/kg TCDD group showed a signiﬁcantly
increased total distance (F = 11.53, p = 0.0011) and mean speed (F =
9.005, p = 0.0031) of moving compared to the control (Fig. 3A and C). In
accordance with the higher locomotor activity, the immobility was signiﬁcantly decreased in the 0.1 μg/kg TCDD group compared to the control (F = 11.27, p = 0.0012) (Fig. 3B). Anxiety-related behaviors were
also evaluated by the number of grooming and rearing events based
on all of the trials. Compared with the control, the total number of
grooming events in the two TCDD groups was decreased (F = 4.57,
p = 0.0297) (Fig. 4A). In addition, the total number of rearing events

3.2. Alterations in behaviors of the female offspring by an open ﬁeld test
The effect of maternal TCDD exposure on the spontaneous locomotion and anxiety-related behaviors of the female offspring were
assessed by an open ﬁeld test. We observed that the trajectories were
denser in the 0.1 μg/kg TCDD group than in those of the control group
(Fig. 2; Supplementary Fig. S1), while their trajectories along the walls

Table 1
Sex ratio and mortality rate of the offspring.
Group

Female/male

Mortalitya

DMSO (n = 15)
0.1 μg/kg TCDD (n = 32)
10 μg/kg TCDD (n = 15)

11:4
13:19
11:4

6.25%
3.03%
62.50%

a
Mortality: the percent of the number of offspring that died within PND 2 among the
total number of offspring born.

Fig. 2. Representative trajectories of the offspring in an open ﬁeld test. After maternal
TCDD exposure, 10-min moving trajectories of the offspring were recorded by the
XeyeABA3.2 tracking system in an open ﬁeld test at PND 68. For each treatment group,
one of the representative performances in three trials carried out on three consecutive
days is shown (n = 4–7). The red dots represent start points, while the blue dots
represent end points of the movement. Bar = 20 cm.
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was signiﬁcantly higher only in the 0.1 μg/kg TCDD group than that of
the control (F = 24.88, p < 0.0001) (Fig. 4B).
Moreover, the involvement of the time factor in the test behaviors
was revealed by comparing the performance of the mice among the
three different trials. Performances of individual test animals are
shown in Supplementary Fig. S2. We found that the values of the
locomotion-related parameters changed in different trials. In the control
group, the distance and mean speed were gradually decreased from the
ﬁrst to the third trial, while the immobility exhibited a trend of a slight
increase (Fig. 3D-F). Similar trends of changes in these locomotionrelated parameters were observed in the two TCDD groups, in which
more obvious changes were found in the 10 μg/kg TCDD group
(Fig. 3D-F). In terms of the anxiety-related parameters, we found the
number of rearing events did not change much in the offspring of the
control group, whereas in the TCDD groups, signiﬁcant increases were
found when comparing the second and/or third trial(s) with the ﬁrst
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one (Fig. 4C-D). However, regarding the number of grooming events,
all test groups had similar trends of change in the different trials
(Fig. 4C-D). In the ﬁrst trial, the totally novel environment might disturb
the subjects and modify their behaviors (Morganstern et al., 2012;
Wesierska et al., 2003). Based on the time factor study, in order to
avoid the possible interferences of the ﬁrst trial, we also analyzed the
parameters by integrating data from merely the second and third trials,
and obtained the same results as those obtained from all three trials
(Supplementary Fig. S3).
3.3. Expression of cholinergic synapse-related genes in brains from the
offspring
We ﬁrstly measured the enzymatic activity of AChE in the brain tissue of the offspring. The enzymatic activity of AChE in the 0.1 μg/kg
TCDD group was signiﬁcantly suppressed by about 20% compared

Fig. 3. Characterization of locomotor behavior of the offspring by an open ﬁeld test. After maternal TCDD exposure, the locomotor behaviors of female offspring were investigated by an
open ﬁeld test at PND 68. Total distance (A), immobility (B) and mean speed (C) of the movement were calculated based on data from the three trials; performance in each individual trial
is shown in (D-F) as indicated. Values are expressed as mean ± SEM (n = 4–7). Statistical analyses were conducted by one-way ANOVA with the Bonferroni test. Statistically signiﬁcant
difference *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the DMSO groups.
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Fig. 4. Characterization of anxiety-like behavior of the offspring by an open ﬁeld test. After maternal TCDD exposure, the anxiety-like behaviors of female offspring were assessed by an
open ﬁeld test at PND 68. The number of grooming (A) and rearing (B) events were calculated based on data from the three trials; performance in individual trials is shown in (C) and
(D) as indicated. Values are expressed as mean ± SEM (n = 4–7). Statistical analyses were conducted by one-way ANOVA with the Bonferroni test. Statistically signiﬁcant difference
*p < 0.05 and ***p < 0.001 compared with the DMSO groups.

with the control group (Fig. 5A). We further examined the expression of
AChET, the dominant alternative splicing variant of AChE mRNA in the
brain, and PRiMA, the major structural subunit of AChE in the brain.
We found an increase of AChET mRNA and a decrease of PRiMA mRNA
in the TCDD groups compared with control, in which expression in the
10 μg/kg TCDD group was signiﬁcantly higher than that of the control
(Fig. 5B and C). However, there was no statistical difference in the expression of AChER mRNA in all three groups, which is associated with
stress (Supplementary Fig. S4).
We further evaluated the gene expression of ChAT, VAChT, α7
nAChR and M1 mAChR in the offspring brain to reveal alterations in
cholinergic synapse-related molecules in response to the maternal
TCDD exposure. The results showed that maternal TCDD exposure led
to a decrease in ChAT mRNA expression in a dose-dependent manner
(Fig. 5D). The mRNA expressions levels of VAChT and α7 nAChR were
signiﬁcantly up-regulated by about 1.5- and 1.3-fold, respectively, in
the 10 μg/kg TCDD group compared with the control group (Fig. 5E
and F). However, the M1 mAChR mRNA level was not signiﬁcantly
changed in response to TCDD exposure (Fig. 5G).
3.4. Expression of synaptogenesis-related genes in brains from the offspring
We also investigated the expression of synaptogenesis-related genes
in the offspring brains after the maternal TCDD exposure. The mRNA expression of Syt1 in the 0.1 μg/kg TCDD group was reduced by about 16%

compared to the control group (Fig. 6A). Meanwhile, the mRNA expression of PSD95 in the 10 μg/kg TCDD group was signiﬁcantly upregulated compared to the control group (Fig. 6B). As shown in
Fig. 6C, there was no signiﬁcant effect on the expression of Nrxn1
mRNA. We also found that the mRNA expressions levels of Nlgn1
(Fig. 6D) and Shank3 (Fig. 6E) were signiﬁcantly up-regulated in response to maternal exposure to 10 μg/kg TCDD.
4. Discussion
Upon gestational exposure, dioxin and dioxin-like compounds with
lipophilic properties can enter offspring across the placental barrier and
affect the brain development of the fetus after passing through the
blood-brain barrier (Miyazaki et al., 2016; Zhang et al., 2018). Besides,
as one of the most toxic dioxins, TCDD can be transferred to nursing infants via breast milk, which might result in long-lasting neurological
damages (Faroon et al., 2000). Thus, once a woman of childbearing
age is exposed to TCDD, pregnancy and lactation are both critical windows to study the impacts of dioxin on the neurodevelopment of the
next generation. However, in most of the reported animal studies related to this issue, prenatal or lactational TCDD administration have
been employed separately (Haijima et al., 2010; Jin et al., 2010;
Kimura et al., 2016; Safe and Luebke, 2016). So far, based on our knowledge, maternal exposure covering both the gestation and lactation periods has been seldom studied. Given the known half-life of TCDD

Fig. 5. Effect on the expression of cholinergic molecules in female offspring brains. After maternal TCDD exposure, AChE activity (A) in the cerebrum of the offspring was determined by the
modiﬁed Ellman assay; the mRNA expression of AChET (B), PRiMA (C), ChAT (D), VAChT (E), α7 nAChR (F), and M1 mAChR (G) were determined by qPCR. Actb was used as an internal
control for quantiﬁcation. Data are shown as fold of control and expressed as mean ± SEM (n = 6–7). Statistical analyses were conducted by one-way ANOVA with the Bonferroni test.
Statistically signiﬁcant difference *p < 0.05 and **p < 0.01 compared with the DMSO groups.

R. Sha et al. / Science of the Total Environment 752 (2021) 141784

7

8

R. Sha et al. / Science of the Total Environment 752 (2021) 141784

Fig. 6. Effect on expression of synaptogenesis-related genes in female offspring brains. After maternal TCDD exposure, the mRNA expression of Syt1 (A), PSD95 (B), Nrxn1 (C), Nlgn1
(D) and Shank3 (E) were determined by qPCR. Actb was used as an internal control for quantiﬁcation. Data are shown as fold of control and expressed as mean ± SEM (n = 6–7).
Statistical analyses were conducted by one-way ANOVA with the Bonferroni test. Statistically signiﬁcant difference *p < 0.05 compared with the DMSO groups.

(around 2 weeks) in rodents (Miniero et al., 2001), we administered
TCDD to the mother mice once every two weeks, and employed three
oral doses over a 6-week exposure period to maintain a relatively stable
TCDD level in the animals. Since GD 12.5 has been frequently used as the
prenatal exposure time point in neurodevelopment studies (Mitsui
et al., 2011; Kimura and Tohyama, 2018), we administered the three
doses of TCDD on GD 0.5, GD 12.5 and PND 7.5 (around 2-week before
weaning).
In this study, two dosages of TCDD were employed, including a low
dose at 0.1 μg/kg bw and a high dose at 10 μg/kg bw. TCDD exposure at

0.1 μg/kg bw is the lowest level that has ever been used in related animal studies based on our knowledge. It has been reported that upon
gestational TCDD exposure at 0.1 μg/kg bw, a delay of fetal brain growth
and neurodevelopment were found in the offspring (Nishijo et al.,
2007). After this low dose exposure, we found hyperactivity-like behaviors in the offspring by using an open ﬁeld test. The high dose (100-fold
of the low dose) was determined referring to the dioxin level in umbilical cord serum or breast milk in women from dioxin-contaminated
areas and the tolerance of mice. For example, the mean concentration
of PCDD/Fs has been reported as 3037 pg/g lipid in umbilical cord
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serum from pregnant women living near a dioxin contaminated area
(Yu et al., 2019). It was also found that children, who monthly ingested
a total amount of dioxins in a range of 3.05–146.76 ngTEQWHO2005
(ΣPCDD/Fs) in breast milk, might have a higher risk of developing
ADHD-related behaviors in a heavy industry area (Neugebauer et al.,
2015). In these epidemiological studies, the dioxin level in umbilical
cord serum or breast milk reached a level of 3–100 μg/kg, suggesting
that the exposure level to their mothers might be higher than this. However, TCDD exposure at 15 μg/kg during GD 14 caused approximately
70% of the neonates to die (Luster et al., 1980). Moreover, maternal exposure to 10 μg/kg bw TCDD has been used to reveal its effect on epidermal permeability barrier development in C57BL/6J mice (Muenyi et al.,
2014). Therefore, we decided to use 10 μg/kg bw as the high dose of maternal exposure in the study, which is 100-fold of the low dose we chose
and lower than the highly lethal dosage to the offspring. We did ﬁnd the
overall early birth mortality rate was 62.50% (25 died from among the
total 40 offspring) in offspring with maternal exposure to 10 μg/kg bw
TCDD, and there were no additional deaths thereafter. Thus, we assumed the reason for the early deaths might be impaired mammary
gland differentiation in mothers caused by the TCDD exposure as reported previously (Vorderstrasse et al., 2004). We found similar but
less obvious alterations in offspring from the high dose group in terms
of most test behavioral parameters compared to those of the low dose,
which might be attribute to larger variations among individuals in the
high dose group. However, regarding the number of rearing events,
one of the anxiety-related parameters, we found signiﬁcant changes in
offspring from the low dose group, but no change at all in the high
dose group. Such unclassical dose responses have also been found in
dioxin-induced impairments in paired-associate learning, executive
function and social behaviors (Kakeyama et al., 2014; Endo et al., 2012).
The open ﬁeld test as a common and popular paradigm has been
widely used to systematically assess the locomotor ability, noveltyseeking, exploration activity and emotional behavior (such as fear, anxiety and stress) in rodents (Manchanda et al., 2011; McFadyen et al.,
2002). Increased cross session activity, average speed and the number
of rearing evens and reduced immobility have been found in ADHD
model animals by an open ﬁeld test (Lalonde and Strazielle, 2009;
Yuan et al., 2019). Similar alterations in these parameters on the open
ﬁeld test were also found in this study, particularly at 0.1 μg/kg bw. Similar hyperactivity-like behaviors have also been found in other studies
using single stage maternal TCDD exposure. It has been reported that
1.0 μg/kg TCDD exposure on GD 15 led to a higher frequency and duration of locomotion, and a consecutive daily dose of TCDD (200 or
800 ng/day/kg) exposure on GD 8–14 resulted in premature motor activity in the offspring (Nguyen et al., 2013; Zhang et al., 2018). However,
to determine if maternal dioxin exposure covering the entire gestation
and lactation stages has a higher risk of inducing hyperactivity-like behavior than single stage exposures, sophisticated in parallel comparisons are needed.
The cholinergic system is one of the neurotransmission systems associated with behavior and emotion (Day et al., 1991; Rosenblad and
Nilsson, 1993). In this study, we found hyperactivity-like behaviors accompanying the decline of AChE enzymatic activity in the brain from
offspring with maternal TCDD exposure at 0.1 μg/kg bw. Similar changes
of AChE activity have been found in high-fat-diet or maternal PCB
exposure-induced anxiety and hyperactivity (Morganstern et al.,
2012; Dridi et al., 2016). Moreover, a decrease in enzymatic activity of
AChE has also been reported in the offspring brain caused by maternal
TCDD (0.2 or 0.4 μg/kg bw) exposure from GD 1 to PND 30 (Ahmed,
2011) and in TCDD-treated neuronal cells derived from human, rat
and mouse (Xie et al., 2013; Xu et al., 2014; Xu et al., 2016; Sha et al.,
2019). The disturbance of AChE at the transcriptional or posttranslational level is the mechanism behind the TCDD-induced decrease in
AChE activity in human or rat neuronal cell lines, respectively (Xie
et al., 2013; Xu et al., 2014; Xu et al., 2016). Thus, the decreased AChE
activity may be due to a disturbance of its biosynthesis processes. In
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this study, the decreased AChE activity in the offspring was found in parallel with the decreased mRNA expression of PRiMA, which encodes the
structural subunit of AChE oligomers in the brain. However, mRNA expression of AChET, the dominant splicing variant of AChE mRNA in the
vertebrate brain, was signiﬁcantly increased only in the offspring of
the high dose group. Thus, we presumed that in the offspring of the
low dose group, the decrease in AChE activity might be due to the alteration in PRiMA, which is the key protein for assembly and membranetargeting of the tetrameric AChE enzyme in the brain (Perrier et al.,
2003) and during neuronal differentiation (Xie et al., 2009, 2010). On
the other hand, the simultaneous increase in AChE mRNA expression
and decrease in PRiMA mRNA expression might contribute to the unchanged AChE enzymatic activity in the offspring of the high dose
group. Such inconsistency between AChE mRNA and enzymatic activity
has been found in other studies as well, in which posttranslational processes are proposed to make contributions (Bernard et al., 1995;
Hammond et al., 1994; Xu et al., 2016; Sha et al., 2019). A decease in
AChE activity may result in the accumulation of ACh in the synaptic
cleft in the brain, and we also found potential enhancement of ACh release in the offspring of the high dose group, manifested by a signiﬁcant
increase in VAChT mRNA. Thus, with the dysfunction of AChE and the
potential enhancement of ACh release, excessive ACh might access the
AChRs to induce hyper-function of the cholinergic system. Meanwhile,
the upregulation of α7 nAChR in the offspring might reinforce the
hyper-function. Since enhancement of the cholinergic function has
been found in anxiety and locomotor behavior (Janickova et al., 2017;
Akaike et al., 2018; Fernandes et al., 2018), the alterations in the cholinergic molecules found in this study might contribute to the hyperactivity or anxiety-like behaviors in the offspring with maternal TCDD
exposure.
Previous studies by others have demonstrated that alterations in the
excitatory neurotransmission during development are accompanied by
abnormal synaptogenesis. Nrxn1, as one of the presynaptic celladhesion molecules, is the ligand of Nlgn1 which is one of the postsynaptic cell-adhesion molecules expressed at excitatory postsynaptic sites
in neurons. Nlgn1 was found connected to Shank3 or PSD95 at the postsynaptic sites (Almandil et al., 2019; Sindi et al., 2014). Although hyperactive behaviors were induced signiﬁcantly in Nrxn 1 knockout rats as
assessed in an open ﬁeld test (Esclassan et al., 2015), the gene-based
replication of Nlgn1 has also been correlated with higher reactivity
and anxiety (Kilaru et al., 2016), which is consistent with the upregulation of the Nlgn1 gene and the parallel neurobehavioral effects found in
mice offspring in this study. At the same time, in Shank3 transgenic
mice, the locomotor ability and speed were increased in an open ﬁeld
test, and manic-like behavior was exhibited (Han et al., 2013). Moreover, 22q13 duplications spanning Shank3 have been found in ADHD
patients, indicating that over-expression of Shank3 may be related to
ADHD (Han et al., 2013; Moessner et al., 2007). In this study, we demonstrated for the ﬁrst time that these synaptogenesis related genes are
dysregulated in offspring brain by maternal TCDD exposure. Given the
general roles of their expression in hyperactivity-related diseases, we
proposed that the newly found dysregulation of these genes might
also serve as potential molecular events underlying the behavioral effects caused by TCDD. In addition, the mRNA expression of two known
TCDD responsive genes in neurons, Syt1 and PSD95 (Cho et al., 2002),
were down and up-regulated in the offspring after maternal TCDD exposure, respectively, which reinforces that these synaptic molecules
are responsive to TCDD. However, the involvement of their
dysregulations in the behavioral effects are still ambiguous due to the
complex correlation of Syt1 or PSD95 with certain anxiety-like behaviors and ADHD (Sun et al., 2009; Zhang et al., 2014; Fan et al., 2018).
5. Conclusion
In conclusion, upon multi-stage maternal exposure to TCDD,
hyperactivity-like behavior was observed in young adult female
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offspring by an open ﬁeld test, particularly in those of the low dose
group. In the offspring brain, enhanced cholinergic neurotransmission
and synaptogenesis were induced by dysregulation of related genes,
which might serve as potential molecular events underlying the neurobehavioral effects of the maternal TCDD exposure.
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