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ABSTRACT. Dioxins are widespread persistent environmental contaminants with adverse impacts on humans and experimental animals. 
Behavioral and cognitive functions are impaired by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure. TCDD exerts its toxicity via 
the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor. The hippocampus, which plays important roles in episodic 
memory and spatial function, is considered vulnerable to TCDD-induced neurotoxicity, because it contains the AhR. We herein investigated 
the effects of TCDD toxicity on hippocampal development in embryonic mice. TCDD was administered to dams at 8.5 days postcoitum 
with a single dose of 20, 200, 2,000 and 5,000 ng/kg body weight (groups T20, T200, T2000 and T5000, respectively), and the brains were 
dissected from their pups at embryonic day 18.5. Immunohistochemical analysis demonstrated that the Glial Fibrillary Acidic Protein 
(GFAP) immunoreactivities in the dentate gyrus (DG) were reduced in the T5000 group. Granular GFAP immunoreactivity was observed 
in the hippocampal fimbria, and the number of immunoreactive fimbria was significantly decreased in the T5000 group. The number of 
Proliferating Cell Nuclear Antigen (PCNA)-positive cells was decreased in all TCDD-exposed groups and significantly reduced in the 
T20, T200 and T5000 groups. Together, these results demonstrate that maternal TCDD exposure has adverse impacts on neural stem cells 
(NSCs), neural precursor cells (NPCs) and granular cells in the DG and disrupts the NSC maintenance and timing of differentiation in the 
hippocampal fimbria, which in turn interrupt neuronal development in future generations of mice.
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Endocrine-disrupting chemicals (EDCs) are exogenous 
chemicals that have various adverse effects on the endocrine 
system by interfering with the hormonal signaling. Dioxins, 
one of the EDCs, are widespread persistent environmental 
contaminants and are produced by burning waste materials 
containing chlorine, such as plastics [50]. Polychlorinated 
dibenzo-p-dioxin (PCDD), polychlorinated dibenzofuran 
(PCDF) and dioxin-like polychlorinated biphenyl (DL-PCB) 
are called dioxins. 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) is a kind of PCDD and is the most toxic chemical 
among dioxins [46]. TCDD has various adverse impacts on 
the body weight, sex ratio, reproductive systems and immune 
systems in humans and experimental animals [16, 19, 20, 

39, 40]. In the central nervous system, it is reported that 
TCDD exposure induces an aberrational increase of neurons 
containing tyrosine hydroxylase and cognitive deficits in 
rhesus monkeys [35] and mice [39].

Dioxins accumulate in maternal adipose tissue and affect 
not only a dam itself but also its pups [37]. Dioxins contained 
in maternal blood and breast milk are transferred to the 
fetal and neonatal circulation via the placenta and lactation 
[14, 45]. Moreover, it is suspected that the developing fetus 
and neonates are vulnerable to dioxins due to the immaturity 
of the blood-brain barrier. A low dose of TCDD at embryonic 
day (E) 12.5 actually impairs the executive functions and 
social behaviors in C57BL/6 mice [10]. Therefore, TCDD 
can affect development of the brain.

Dioxins exert their toxicity via the aryl hydrocarbon 
receptor (AhR), a ligand-activated transcription factor 
belonging to a basic helix-loop-helix/Per-ARNT-Sim 
(bHLH-PAS) transcription factor superfamily [5]. Upon 
binding to a ligand, the AhR is translocated into the nucleus 
and forms a heterodimer with the AhR nuclear translocator 
(ARNT) [28]. The AhR/ARNT heterodimer recognizes a 
xenobiotic responsive element (XRE) in the enhancer of 
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its target genes and regulates its expression; the XRE is 
associated with xenobiotic metabolism, cell proliferation, 
differentiation or apoptosis [9, 26, 27]. AhR mRNA in 
adult male rats is expressed by the dentate gyrus (DG) in 
the hippocampus [32], and AhR and ARNT mRNA in the 
mouse embryo are also present in the neuroepithelium [1, 2], 
suggesting that the hippocampus is vulnerable to TCDD-
induced neurotoxicity.

The hippocampus is implicated in the episodic memory 
and spatial function [34]. It has been reported that the 
activation of the AhR by TCDD exposure decreases adult 
hippocampal neurogenesis and impairs contextual fear 
memory [24]. Furthermore, it was suggested that exposure 
to EDC (bisphenol A) causes fluctuations in hippocampal 
neurogenesis in young adult mice that result in spatial 
learning and memory impairment via a brain-derived 
neurotrophic factor-independent pathway [21]. However, 
the effects of TCDD exposure on the hippocampus of 
future generations of mice remain unclear. In this study, 
therefore, we investigated the effects of TCDD toxicity on 
the hippocampal development in embryonic mice.

MATERIALS AND METHODS

Animals: Female and male C57BL/6N mice were 
purchased from Japan SLC, Inc. (Hamamatsu, Japan) for 
breeding stock. The animals used for the experiments were 
bred in a laboratory at the Department of Animal Science at 
Kobe University, under a 12-hr light/dark cycle at 21–24°C 
and 40–60% humidity. A laboratory diet (Lab MR Stock; 
Nihon Nosan Co., Yokohama, Japan) and filtered water were 
available ad libitum. This experiment was approved by the 
Institutional Animal Care and Used Committee (Permission 
number: 24-10-03) and carried out according to the Kobe 
University Animal Experimentation Regulation.

TCDD exposure: The applied dose of TCDD (Wako 
Pure Chemical Ind., Ltd., Osaka, Japan) was based on the 
dose associated with the lowest observed adverse effect 
level (LOAEL) [200 ng/kg body weight (BW)] [11, 12]. 
Laboratory-grade sesame oil was the vehicle for the dosing 
solutions. The volumes for oral administration were adjusted 
to 25 µl/30 g BW of sesame oil. Female mice in proestrus 
were mated 1:1 with males overnight, and females that had 

a vaginal plug on the following morning were designated as 
being at E0.5. Vehicle or TCDD (20, 200, 2,000 or 5,000 ng/
kg BW) was orally administered on E8.5. These groups were 
defined as the control, T20, T200, T2000 and T5000 groups, 
respectively.

Tissue preparation: At the time of necropsy, all dams 
were deeply anesthetized with diethyl ether. Fetuses were 
excised at E18.5 from the dam uteri and were weighed. The 
brains were dissected from the skulls and weighed. They 
were then fixed in 4% paraformaldehyde in 0.1 M phosphate 
buffer overnight at 4°C, dehydrated through a graded series 
of ethanol followed by xylene and embedded in paraffin. 
Coronal serial sections of 10 µm thickness were then cut and 
mounted on a glass slide (Platinum Pro; Matsunami Glass 
Ind., Ltd., Kishiwada, Japan), and a series of semi-serial 
sections was made by collection at 100-µm intervals (one of 
every 10 tissue sections).

Cresyl fast violet staining: After deparaffinization and 
rehydration, the sections were stained with 0.1% cresyl 
fast violet solution for 5 min. They were then placed in 
distilled water and a graded series of ethanol for appropriate 
bleaching of dye, dehydrated with ethanol and coverslipped 
with Eukitt (O. Kindler, GmbH, Freiburg, Germany).

Immunohistochemistry and immunohistoplanimetry: The 
combination of blocking agents and antibodies used for the 
detection of each protein by immunohistochemistry is listed 
in Table 1. The sections were deparaffinized and rehydrated 
and were heated at 121°C for 20 min in 10 mM sodium citrate 
buffer (pH 6.0) for antigen retrieval. After cooling, they were 
immersed in absolute methanol and 0.5% H2O2 for 30 min 
each at room temperature (RT) to quench the endogenous 
peroxidase activity. The specimens were incubated with 
each blocking agent for 1 hr at RT and then with each 
primary antibody for 18 hr at 4°C (Table 1). After washing 
with phosphate buffered saline (PBS), each secondary 
antibody was reacted for 1 hr at RT (Table 1). The excess 
antibodies were rinsed in PBS, and the immunoreactivities 
were detected by incubation with 3,3′-diaminobenzidine 
solution (EnVision+ kit/HRP [DAB]; Dako, Glostrup, 
Denmark). The sections were counterstained lightly with 
hematoxylin. Finally, they were dehydrated and cleared 
through an ethanol-xylene series and coverslipped with 
Eukitt (O. Kindler, GmbH).

Table 1.	 The combination of blocking agents and antibodies used for immunohistochemistry

Detection Blocking Reagent Primary Antibody Secondary Antibody

GFAP
Blocking One Histo 
(Nacalai Tesque, Inc., Kyoto, Japan)

Mouse monoclonal antibody against GFAP  
(NE1015; 1:1,000) 
(Merck, KGaA, Darmstadt, Germany)

Histofine MAX-PO (M) (Histofine 
Simplestain system) 
(Nichirei Bioscience, Inc., Tokyo, Japan)

PCNA
Blocking reagent A and B 
(Nichirei Bioscience, Inc.)

Mouse monoclonal antibody against PCNA  
(NA03; 1:100) 
(Merck, KGaA)

Histofine MAX-PO (M)  
(Nichirei Bioscience, Inc.)

DCX
Blocking One Histo 
(Nacalai Tesque, Inc.)

Goat polyclonal antibody against DCX 
(sc-8066; 1:100) 
(Santa Cruz Biotechnology, Inc., Dallas, TX, U.S.A.)

Horseradish peroxidase-conjugated anti 
goat IgG mouse IgG (AP186P; 1:100) 
(Merck, KGaA)

GFAP: Glial fibrillary acidic protein, PCNA: Proliferating cell nuclear antigen, DCX: Doublecortin.
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Immunohistoplanimetry: Coronal sections containing 
the hippocampus stained immunohistochemically were 
observed under a light microscope (Nikon, Corp., Tokyo, 
Japan). The granular immunoreactivities of Glial Fibrillary 
Acidic Protein (GFAP) and Proliferating Cell Nuclear 
Antigen (PCNA)-positive cells were counted in 3 sections 
per 100 µm.

Statistical analysis: Statistical analysis was performed 
with Excel Statistics 2012 for Windows (SSRI, Co., Ltd., 
Tokyo, Japan). Results are presented as the mean ± S.D. 

Values were considered statistically significant if P<0.05. 
The Tukey-Kramer or Steel-Dwass test after One-way 
ANOVA analysis was used to determine differences between 
groups.

RESULTS

Body and brain weights: No significant differences in BW 
or brain weight were found between the control and TCDD-
exposed groups (data not shown).

Fig. 1.	 Representative histology and immunohistochemistry in the DG in the hippocampus at E18.5. (A–E) The cell density in the DG was 
decreased in the T5000 compared with the control group, whereas no obvious changes were observed in the shape or somatic size of cells 
(E). (F–J) The fibrous immunoreactivities of GFAP were detected, but were decreased in the T5000 group (J). (K–O) The numbers of PCNA-
positive cells were smaller in the T5000 (O) than the other groups (K–N). (P–T) The intensity of DCX staining did not differ between the 
control and TCDD-exposed groups. MOL: molecular layer; GCL: granule cell layer; Pia: pia mater; Bar=50 µm.
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Histological findings: The DG at E18.5 was immature, 
and the granular cell layer could not be clearly distinguished 
from the molecular layer and polymorphic layer based 
on its morphology (Fig. 1A–1E). The cell density in the 
DG appeared to be decreased slightly in the T5000 group 
compared with the control group, whereas no obvious 
changes were observed in the shape or somatic size of cells. 
However, no notable differences in the hippocampal fimbria 
were found between the control and TCDD-exposed groups 
(Fig. 2A–2E).

Immunohistological findings: The fibrous 
immunoreactivities of GFAP were detected in the cell body and 
process of neural stem cells (NSCs) and astrocytes in the DG. 
GFAP-immunoreactive NSCs and astrocytes were localized 
in the molecular layer, granular cell layer and next to the pia 
mater (Fig. 1F–1J). GFAP immunoreactivities in the DG were 
reduced in the T5000 group (Fig. 1J). In the hippocampal 
fimbria, the fibrous and granular GFAP immunoreactivities 
were observed in the cell body and process of NSCs and 
astrocytes (Fig. 2F–2J). The granular immunoreactivities of 
GFAP appeared to be reduced in the T5000 group, and in fact, 
the number of them was significantly decreased (Figs. 2J and 
3A). The number of PCNA-positive cells was decreased in all 
TCDD-exposed groups and significantly reduced in the T20, 
T200 and T5000 groups (Figs. 1K–1O and 3B). Doublecortin 
(DCX) immunoreactivity was detected in axons and dendrites 
of the immature neurons. The intensity of DCX staining did 
not differ between the control and TCDD-exposed groups 
(Fig. 1P–1T).

Fig. 2.	 Representative histology and immunohistochemistry in 
the hippocampal fimbria in the hippocampus at E18.5. (A–E) No 
notable differences were found between the control and TCDD-
exposed groups based on cresyl fast violet staining. (F–J) The 
fibrous and granular immunoreactivities of GFAP were observed, 
and the latter was reduced in the T5000 group (J). LV: lateral ven-
tricle; Bar=50 µm (inset: 20 µm).

Fig. 3.	 The results of immunohistoplanimetry for the number of 
PCNA-positive cells in the DG (A) and the granular immunoreac-
tivities of GFAP in the hippocampal fimbria (B). (A) The number of 
PCNA-positive cells was decreased in all TCDD-exposed groups 
and significantly reduced in the T20, T200 and T5000 groups. 
(B) The number of the granular immunoreactivities of GFAP was 
significantly decreased in the T5000 group. The values represent 
the mean ± SD. *P<0.05, **P<0.01.
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DISCUSSION

This study demonstrated maternal TCDD exposure 
in C57BL/6N mice disrupted the fetal hippocampal 
development at E18.5. To our knowledge, this is the first in 
vivo study reporting the effect of maternal exposure to TCDD 
on the DG and the hippocampal fimbria in fetal mice in 
which the decreases of the GFAP immunoreactivities and the 
number of PCNA positive cells in the DG, and the reduction 
of the number of granular GFAP immunoreactivities in the 
hippocampal fimbria were shown. These results suggest that 
the cumulative dioxins in fetus mediated via the placenta 
already affect the cells in the DG and the hippocampal 
fimbria in the fetal period and result in an adverse effect on 
the development of the hippocampus.

Neurons and glial cells in the DG derive from a 
pseudostratified neuroepithelium of ectodermal origin 
during early embryonic development. At around E9–10 in 
mice, cortical neurogenesis begins, and neuroepithelial cells 
begin to differentiate into radial glia (RG), which are NSCs 
and express GFAP [23]. The RG generates neurons directly 
or indirectly through neural precursor cells (NPCs). In the 
present study, the GFAP immunoreactivities were reduced 
in the DG of the T5000 group at E18.5, and the number of 
PCNA-positive cells was significantly reduced in the DG of 
the T20, T200 and T5000 groups at E18.5. Moreover, the cell 
density in the DG was decreased in the T5000 group compared 
with the control group. These results suggest that TCDD 
exposure impairs NSCs, NPCs or granular cells, resulting in 
a disruption of neuronal development in the fetal DG. We can 
suggest two possible explanations for these findings.

One possibility is that the proliferation of NSCs or NPCs 
was impaired. TCDD exposure is known to affect cell 
proliferation via the activation of Mitogen-activated Protein 
Kinases (MAPKs), such as ERK or JNK, and the induction 
of p21Kip1 or p27Waf1/Cip1, which are involved in the cell 
cycle [3, 22, 33, 38]. Moreover, TCDD also inhibits DNA 
synthesis in rat primary hepatocytes, and the proliferation of 
primary NPCs is arrested in the G1 phase of the cell cycle 
by TCDD exposure [18, 25]. Considering that the AhR is 
present in proliferating NSCs and NPCs in vivo [2], TCDD 
exposure likely altered the proliferation of NSCs or NPCs in 
the present study, resulting in a reduction in the number of 
PCNA-positive cells.

Another possibility is that the number of cells in the 
hippocampus was reduced through the promotion of 
apoptosis. During the developmental period, a surplus of 
new neurons is produced, and the inappropriate neurons are 
excluded by apoptosis [7, 31]. As a result, the net number 
of neurons is properly retained. Therefore, apoptosis 
plays important roles in hippocampal formation in the 
developmental brain. It has been reported that AhR-mediated 
oxidative stress generated by the induction of cytochrome 
P450 enzymes may be an upstream event in the apoptosis 
cascade [29]. In addition, TCDD exposure has been shown 
to increase apoptosis of granule neuron precursor cells in 
the developing cerebellum [9]. In this study, it is possible 
that the mechanism for regulating the number of cells in the 

hippocampus was disrupted via TCDD-induced promotion 
of NSC, NPC or granular cell apoptosis.

In the hippocampus, astrocytes and NSCs express 
an astroglial intermediate filament, GFAP [4, 49]. 
Immunoreactivities of GFAP were observed fibrously 
and granularly in the hippocampal fimbria at E18.5. The 
former is considered as the cell processes of astrocytes 
and NSCs and the latter as the branching point of the cell 
process. The number of granular GFAP immunoreactivities 
was significantly decreased in the T5000 group, which 
may indicate the delay of astrogenesis. During embryonic 
development, RGs give rise to neurons first and glial cells 
later [42]. At the end of embryonic development, most NSCs 
begin to detach from the ventricular zone and convert into 
astrocytes [23]. So, it seemed that glial cell lines were more 
affected in E18.5. The basic helix-loop-helix genes Hes1 and 
Hes5 are known Notch signaling genes, and Hes1 and Hes5 
keep NSCs undifferentiated during early development and 
promote differentiation into glial cells [15]. In addition, it 
has been reported that the AhR regulates Hes1 [43]. These 
data suggest that the toxicity of TCDD mediated via the 
AhR disrupts the maintenance of NSCs at the point of their 
differentiation into astrocytes, resulting in the induction of 
developmental delay of astrogenesis in the hippocampal 
fimbria. The hippocampal fimbria is mainly composed 
of a band of efferent axons that forms part of the cerebral 
fornix. CA3 subcortical efferents in the hippocampal fimbria 
support the acquisition of contextual fear [17]. It is known 
that astrocytes surrounding the synapses participate in 
neurotransmission and that astrocytes are also an important 
component in glutamate uptake and metabolism [6]. 
Therefore, astrocytes are also considered to support neural 
activity in the hippocampal fimbria. These facts suggest that 
the developmental delay of astrocytes by TCDD exposure 
disrupts neuronal activity in the hippocampal fimbria.

In adult mice, new neurons are produced in the 
subgranular zone (SGZ) of the DG [8]. Unlike in fetal mice, 
radial astrocytes in the adult SGZ play a role as the primary 
precursors of new neurons in the adult hippocampus [36] 
and increased in SGZ differentiation into granular cells at 
1–4 weeks [48]. Neurogenesis in the DG becomes persistent 
throughout postnatal life and is regulated by behavior and 
the environment [44]. The hippocampus is functionally 
engaged in learning and memory, and newborn cells are 
increased by hippocampal-dependent learning tasks [41, 
47]. Therefore, it is suggested that neurogenesis exerts an 
influence on learning and memory. It has been reported 
that in utero and lactational exposure to dioxin deficit the 
fear memory of male offspring in adulthood, and latency 
in the active avoidance learning was longer in the TCDD 
exposed male offspring in the 41–44 postnatal day [13, 30]. 
Considering these reports, the effects of TCDD observed 
in the fetal period, such as the decrease in the numbers of 
GFAP- and PCNA-positive cells, may persist into adulthood, 
or neurogenesis in the DG may be negatively affected by 
TCDD exposure-mediated lactation.

Based on the present data, we conclude that maternal 
TCDD exposure has adverse impacts on NSCs, NPCs, 
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granular cells or astrocytes in the DG or hippocampal 
fimbria, resulting in a disturbance of neuronal development 
in future generations of mice. It is possible that these effects 
remain until adulthood, and so, whether the influences of 
TCDD toxicity on the developing hippocampus persist and 
impair learning and memory in adulthood is needed to be 
examined as a further study.
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