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Abstract
An imbalance of excitatory and inhibitory signals in the brain has been proposed to be one of the main pathological
features of various diseases related to hypothalamic–pituitary–adrenal axis (HPAA) dysfunction. Excessive glutamate
release induces neuronal excitotoxicity, while glutamic acid decarboxylase (GAD) 67 promotes the transformation of
excessive glutamate to γ-aminobutyric acid (GABA). Our previous studies demonstrated that prenatal ethanol exposure
(PEE) causes foetal over-exposure to maternal corticosterone and hypersensitivity of the HPAA after birth, but its
intrauterine programming mechanism is unknown. In this study, PEE was shown to lead to an enhanced potential
excitatory ability of the hypothalamus and hypersensitivity of the HPAA, as well as mild abnormal hippocampal
morphology, demethylation of the -1019 to -691-bp region in the hippocampal GAD67 promoter and upregulation of
GAD67 expression accompanied by a reduction in glutamatergic neurons and increase in GABAergic neurons in PEE
male offspring. Similar changes were also found in PEE male foetal rats. Furthermore, corticosterone increased the
expression of the glucocorticoid receptor (GR) and GAD67 in foetal hippocampal H19-7 cells in a concentration-
dependent manner, accompanied by demethylation of the GAD67 promoter, a decrease in glutamatergic neurons
and increase in GABAergic neurons. The GR inhibitor, mifepristone, reversed the effects of corticosterone on H19-7
cells. These results suggested that PEE-induced excessive corticosterone can lead to upregulation of GAD67 through
epigenetic modification mediated by the GR in the male foetal hippocampus, thereby weakening the negative
regulation of the HPAA by the hippocampus and increasing the potential excitatory ability of the hypothalamus. These
changes persisted until after birth, resulting in hypersensitivity of the HPAA. However, gender differences were
observed in the hippocampal development, morphology and GAD67 expression associated with PEE. Programming
for the increased expression of hippocampal GAD67 is a potential mechanism responsible for the hypersensitivity of
the HPAA in PEE male rats.

Introduction
The hypothalamic–pituitary–adrenal axis (HPAA) is an

important neuroendocrine axis involved in the stress
response and metabolic regulation. A large number of
studies have suggested that an adverse intrauterine
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environment can cause developmental programming
alterations of the HPAA and have a permanent effect on
neuroendocrine function1–3. The pathogenesis of abnor-
mal developmental HPAA programming is the final
common pathway in foetal-originated metabolic syn-
drome and a series of emotional disorders4–9. Our pre-
vious research introduced a mechanism of “HPAA-
associated neuroendocrine metabolic programming
alteration” to explain the increased susceptibility to
metabolic diseases of intrauterine growth retardation
(IUGR) offspring rats with prenatal ethanol exposure
(PEE)10. The mechanism may be associated with over-
exposure of the foetus to elevated maternal glucocorti-
coids resulting from impaired placental glucocorticoid
barriers. Excessive maternal glucocorticoids not only
inhibit the development of foetal HPAA function but also
alter glucose and lipid metabolism in peripheral tissues,
eventually resulting in IUGR10, 11. These intrauterine
neuroendocrine and metabolic changes can be extended
to after birth even into adulthood, embodied by hyper-
sensitivity of the HPAA to chronic stress (CS) and
glucocorticoid-dependent changes in glucose and lipid
metabolism in peripheral tissues in PEE offspring with a
post-weaning high-fat diet, thereby causing metabolic
syndrome and non-alcoholic fatty liver disease10, 12.
However, whether hypersensitivity of the HPAA to CS
also exists in PEE offspring fed a normal diet, whether
gender differences exist in the mechanism resulting in
HPAA hypersensitivity and whether epigenetic modifica-
tion is involved in the hypersensitivity of the HPAA are
unclear.
The hypothalamic paraventricular nucleus (PVN) directly

controls the activity of the HPAA. During stress,
corticotrophin-releasing hormone (CRH) and arginine
vasopressin (AVP) are secreted from parvocellular neurons
in the PVN to stimulate the secretion of adrenocortico-
tropic hormone (ACTH) from the pituitary gland. ACTH
subsequently promotes the release of glucocorticoids
(corticosterone in rodents) from the adrenal cortex. The
hippocampus, as the advanced negative control centre of
the HPAA, not only suppresses the stress response of the
HPAA but also restores the excessive stress state of the
HPAA to baseline levels through governing the negative
regulation of the hypothalamus13. Glutamate and γ-
aminobutyric acid (GABA) are, respectively, important
excitatory and inhibitory neurotransmitters in the mam-
malian brain, and the dynamic balance between them
maintains the activities of multiple brain regions, including
the hippocampus14. Glutamic acid decarboxylase (GAD) is
the rate-limiting enzyme in the synthesis of GABA by
decarboxylation of glutamate into GABA, playing a vital
role in the glutamate and GABA balance.
In this study, we observed PEE-induced dysfunction of

the HPAA in male IUGR offspring rats before and after

birth, as well as in adulthood with CS. Additionally, we
explored the intrauterine programming mechanism
resulting in HPAA hypersensitivity in PEE offspring rats
by examining hypothalamic excitatory/inhibitory neuro-
nal differentiation and hippocampal negative regulation
dysfunction. This study provides important theoretical
value and practical significance for clarifying the hippo-
campal neurotoxic mechanism of ethanol/alcohol,
understanding the intrauterine programming of adult
diseases associated with HPAA dysfunction, and
improving the quality of life of the population.

Results
Adult offspring rats
Birthweight, HPAA activity and potential hypothalamic
excitatory ability
Consistent with the results of our previous studies12, 15,

our results confirmed that PEE can cause low birthweight
and high IUGR rate in male offspring rats (Fig. 1a, b).
Moreover, using this stable IUGR rat model induced by
PEE, we demonstrated a hypersensitivity of the HPAA to
CS in male adult offspring, embodied by increased
expression levels of CRH and AVP in the hypothalamus
and elevated levels of serum ACTH and corticosterone
after CS (Fig. 1c–f). We next observed the potential
excitatory activity of the hypothalamus, which is the direct
control centre of the HPAA. GAD65 is the major synthase
of GABA, and Reelin is involved in its synaptic trans-
mission and plasticity. Vesicular glutamate transporter 2
(VGluT2) is a key transporter of glutamate, while post-
synaptic density 95 (PSD95) and Ca2+/calmodulin-
dependent protein kinase II-α (α-CaMKII) are marker
proteins of glutamatergic neurons. VGluT2 and GAD65
are considered to be specific markers of glutamatergic and
GABAergic nerve fibres16, 17. Results showed significant
downregulation of hypothalamic GAD65 and Reelin
expression in PEE male offspring both without and after
CS, accompanied by an increase in the VGluT2/GAD65
expression ratio with no significant changes in VGluT2,
PSD95 or α-CaMKII (Fig. 1g–l). These findings suggested
that PEE may enhance the potential excitatory ability of
the hypothalamus in male offspring rats mainly through
downregulation of the expression of GABAergic neuronal
proteins in the hypothalamus both without and after CS.

Hippocampal morphology, the IGF1 signalling pathway, and
the glutamatergic and GABAergic neuron balance
We further investigated functional and morphological

changes of the hippocampus, which is the advanced reg-
ulative centre of the HPAA. HE staining showed that
there were only a few neuronal nuclei in the cornu
ammonis (CA) three region that were dense and darkly
stained in the PEE group both without and after CS
(Fig. 2a). The insulin-like growth factor 1 (IGF1)
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signalling pathway (and the related genes including IGF1,
IGF1 receptor (IGF1R) and protein kinase B (AKT1)) is
known to be closely related to hippocampal neuronal
development and synaptogenesis18, and synapsin 1, as a
stress response gene, regulates the release of hippocampal
neurotransmitters19. The findings indicated that PEE can

induce morphological damage to hippocampal tissue
(especially in the CA3 area) and upregulate the
IGF1 signalling pathway (higher expression levels of
IGF1R and AKT1) and synapsin 1 expression (Fig. 2b–e),
whereas the IGF1 signalling pathway was downregulated
after CS.

Fig. 1 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on the bodyweight, intrauterine growth retardation (IUGR) rate,
hypothalamic–pituitary–adrenal axis activity and potential hypothalamic excitatory ability without and after chronic stress in male adult
offspring rats. a Birthweight and IUGR rate. b Bodyweight after birth. c, d Serum adrenocorticotropic hormone (ACTH) and corticosterone
concentrations. e–k Hypothalamic corticotrophin-releasing hormone (CRH), arginine vasopressin (AVP), vesicular glutamate transporter 2 (VGluT2),
post-synaptic density-95 (PSD95), Ca2+/calmodulin-dependent protein kinase II-α (α-CaMKII), glutamic acid decarboxylase 65 (GAD65) and Reelin
mRNA expression. l Hypothalamic expression ratio of VGluT2/GAD65. Mean ± S.E.M., n= 8 offspring from eight litters. *P < 0.05, **P < 0.01 vs. control;
#P < 0.05, ##P < 0.01 vs. without stress
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Fig. 2 (See legend on next page.)
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We also quantified the number of hippocampal gluta-
matergic and GABAergic neurons, the neurotransmitter
concentrations and the expression levels of neuro-
transmitter receptors. In the immunofluorescence analy-
sis, glutamate and GAD67 were used to represent the
glutamatergic and GABAergic neurons, respectively
(Fig. 2f). The quantitative analysis showed that compared
to the number of glutamatergic neurons in the control
group, there were significantly fewer glutamatergic neu-
rons in the hippocampal CA3 and granular cells in the
dentate gyrus (DG) areas of the PEE group (Fig. 2g, i) and
significantly more GABAergic neurons in the PEE groups
both without CS and after CS (Fig. 2h, J). The hippo-
campal glutamate and GABA concentrations in the PEE
group without CS were no different than the concentra-
tions in the control group, but the glutamate concentra-
tion was significantly lower, while the GABA
concentration was significantly higher in the PEE group
after CS compared to the concentrations in the control
groups (Fig. 2k, l). The expression levels of hippocampal
glutamate receptors, N-methyl-D-aspartate-subtype glu-
tamate receptor (NR) 1, NR2A and NR2B, in the PEE
group were downregulated without CS but upregulated
after CS (Fig. 2m–o) when compared with the corre-
sponding control levels.

Hippocampal GR and GAD67 expression and epigenetic
modifications of GAD67
The glucocorticoid receptor (GR) is known to mediate

the negative regulation of the HPAA by the hippocampus,
and GAD67 is a regulatory enzyme that balances the
excitatory/inhibitory signal. We further investigated the
expression levels of hippocampal GR and GAD67 in adult
male rats with PEE. The results showed that the expres-
sion level of hippocampal GR was unchanged without CS
but significantly increased after CS in the PEE male rats
compared with the levels in the control group (Fig. 3a).
Meanwhile, the expression levels of hippocampal GAD67
were upregulated significantly both without and after CS
in the PEE group compared to the levels in the control
group (Fig. 3b). The immunohistochemistry staining
showed that the brown GAD67 signal was distributed in

the cytoplasm and vesicles of hippocampal neurons
(Fig. 3c). Compared with the levels in the control group,
the protein expression levels of GAD67 in the hippo-
campal DG and CA3 areas were significantly upregulated
in the PEE group both without and after CS (Fig. 3d, e). In
addition, the bisulfite sequencing PCR (BSP) results
showed that the total methylation rate in the -1019 to
-691-bp region of the hippocampal GAD67 promoter was
significantly lower in the PEE male offspring rats than in
the control group without CS (Fig. 3f). These observations
might suggest that PEE induced demethylation of the
GAD67 promoter and increased the expression of hip-
pocampal GAD67. Moreover, the expression of GR was
significantly higher and the expression of GAD67
remained higher in the PEE male rats than in the control
rats exposed to CS.

Foetal rats
Serum corticosterone concentration and potential
hypothalamic excitatory ability
To investigate whether the enhanced potential excit-

ability of the hypothalamus in PEE male offspring origi-
nated intrauterine, we analysed the hypothalamic-related
indexes in the PEE male foetuses. As paired box 6 (Pax6),
T-box brain protein 2 (Tbr2) and mammalian achaete-
scute homologue-1 (Mash1) are important transcriptional
factors that govern glutamatergic/GABAergic differ-
entiation during foetal neuronal development20–22, tran-
sient expression of intrauterine Pax6, Tbr2 and Mash1
can induce persistent changes in the expression of glu-
tamatergic proteins including VGluT2, PSD95 and α-
CaMKII, and GABAergic proteins including GAD65 and
Reelin22. We further found that there was an increase in
the serum corticosterone level (Fig. 4a), a trend towards a
reduction in hypothalamic Pax6, Tbr2, PSD95 and α-
CaMKII expression, and a significant downregulation in
Mash1, Reelin and GAD65 expression but an increase in
the expression ratio of VGluT2/GAD65 in the foetuses
(Fig. 4b–l). These results suggested that the PEE-induced
high-glucocorticoid level in foetal rats may inhibit
GABAergic differentiation and upregulate the equilibrium
point between excitability and inhibitory signals of the

(see figure on previous page)
Fig. 2 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on hippocampal morphology, glutamatergic and GABAergic neuron
numbers, and mRNA expression of insulin-like growth factor 1 (IGF1) signalling pathway-related genes and N-methyl-D-aspartate-
subtype glutamate receptors (NRs) without and after chronic stress in male adult offspring rats. a Morphologic changes in the whole
hippocampus (HE, × 100), granular cells in the dentate gyrus (DG) areas and pyramidal cells in the cornu ammonis 3 (CA3) (HE, × 200). There were
only a few neuronal nuclei in the CA3 region that were dense and darkly stained in the PEE group both without and after CS. b–e Hippocampal IGF1,
IGF1 receptor (IGF1R), protein kinase B (AKT1) and synapsin 1 mRNA expression. f Photomicrographs of immunofluorescence-labelled glutamatergic
neurons (glutamate, red), GABAergic neurons (GAD67, red) and neurons (NeuN, green). Scale bars= 200 μm. g–j Quantitative analysis of the
glutamatergic or GABAergic neurons in the hippocampal CA3 and DG areas; three brain sections from the same levels of the hippocampus were
selected from each animal and quantified. k, l Hippocampal glutamate and gamma aminobutyric acid (GABA) concentrations. m–o Hippocampal
NR1, NR2A, and NR2B expression. Mean ± S.E.M., n= 8 offspring from eight litters. *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. without stress
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Fig. 4 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on the serum corticosterone (CORT) concentration and potential
hypothalamic excitatory ability in male foetal rats. a Serum CORT concentration. b–k Hypothalamic expression of corticotrophin-releasing
hormone (CRH), arginine vasopressin (AVP), paired box 6 (Pax6), T-box brain protein 2 (Tbr2), vesicular glutamate transporter 2 (VGluT2), post-synaptic
density 95 (PSD95), Ca2+/calmodulin-dependent protein kinase II-α (α-CaMKII), mammalian achaete-scute homologue-1 (Mash1), glutamic acid
decarboxylase 65 (GAD65) and Reelin. l Hypothalamic expression ratio of VGluT2/GAD65. Mean ± S.E.M., n= 8 litters. *P < 0.05, *P < 0.01 vs. control

Fig. 3 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on hippocampal glucocorticoid receptor (GR) and glutamic acid
decarboxylase 67 (GAD67) expression and the total methylation rate of the GAD67 promoter (-1019 to -691 bp) without and after chronic
stress in male adult offspring rats. a, b Hippocampal GR and GAD67 mRNA expression. c Photomicrographs of immunohistochemistry for
hippocampal GAD67; the brown signal was distributed in the cytoplasm and vesicles of hippocampal neurons. d, e Quantitative analysis of GAD67 in
the hippocampal CA3 and DG areas; three brain sections from different levels of the hippocampus were selected from each animal and quantified. f
Total methylation rate of the GAD67 promoter (-1019 to -691 bp); % methylation was used to quantify the methylations status of the GAD67
promoter (-1019 to -691 bp). Mean ± S.E.M., n= 8 offspring from eight litters. *P < 0.05, **P < 0.01 vs. control
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foetal hypothalamus, resulting in an enhanced potential
excitatory ability of the foetal hypothalamus, thereby
mediating the initial hypersensitive response of the HPA
axis to CS.

Hippocampal morphology, the IGF1 signalling pathway and
the glutamatergic and GABAergic neuron balance
Furthermore, we investigated the hippocampal mor-

phology, expression of IGF1 signalling pathway-related
genes and synapsin 1 in the male foetuses with PEE. The
results of the HE staining showed no obvious morpho-
logical difference between the control group and the PEE
group (Fig. 5a). Further observations of the foetal hippo-
campal ultrastructure under electron microscopy showed
visible dilatation of the endoplasmic reticulum and
hypertrophy of the golgi body in the foetal hippocampal
neurons of the PEE group (Fig. 5b). The expression levels
of IGF1 signalling pathway-related proteins and synapsin
1 were increased in the PEE male foetal hippocampus
compared to the levels in the control group (Fig. 5c–f).
These results indicated that the ultrastructure of the male
foetal hippocampus was slightly affected by PEE and that
the IGF1 signalling pathway and synapsin 1 expression
levels were enhanced by PEE.
We further quantified the glutamatergic and GABAergic

neurons and the expression levels of glutamate receptors in
the foetal hippocampus. Compared with the number of
glutamatergic and GABAergic neurons in the control
group, quantitative analysis of immunofluorescence
showed significantly fewer glutamatergic neurons (Fig. 5g)
and significantly more GABAergic neurons (Fig. 5h) in the
PEE group, and the quantitative real-time RT-PCR (qRT-
PCR) results showed significantly higher expression of
NR1, NR2A and NR2B in the male foetal hippocampus
with PEE than in the control hippocampus (Fig. 5i–k).

Hippocampal glucocorticoid metabolic activation system,
GAD67 expression and epigenetic modifications
Moreover, we quantified the mRNA expression levels of

foetal hippocampal glucocorticoid metabolic activation
system and GAD67, as well as the methylation status of the
GAD67 promotor region. Compared with the expression
levels in the control group, the expression levels of 11β-
hydroxysteroid dehydrogenases (11β-HSD) 2, GR, CCAAT
enhancer-binding protein (C/EBP) α and GAD67 in the
hippocampus were significantly upregulated, and the 11β-
HSD1/11β-HSD2 expression ratio was downregulated in
the PEE male rats (Fig. 6b–f). Immunohistochemistry
staining showed that the brown signal for GAD67 was
widely distributed in the foetal hippocampus (Fig. 6g).
Compared with the expression in the control group, the
protein expression level of GAD67 in the hippocampus was
significantly upregulated in the PEE group (Fig. 6h). The
BSP results also showed that the rate of total methylation

in the -1019 to -691-bp region of the GAD67 promoter in
the foetal hippocampus with PEE was much lower than in
the control hippocampus (Fig. 6i). Therefore, glucocorti-
coid metabolic activation and inactivation co-existed in the
male foetal hippocampus with PEE. Additionally, these
results suggested that PEE can induce demethylation in the
GAD67 promoter and increase GAD67 expression in the
male foetal hippocampus.

Foetal hippocampal cell line
Glutamatergic/GABAergic neuron numbers and the
expression and epigenetic modifications of GAD67
According to the above serum corticosterone levels of

the PEE foetus, we set the maximum concentration of
corticosterone at 500 ng/ml for the in vitro study. To
confirm the effect of GR and the high level of corticos-
terone on foetal hippocampal neuron numbers, cells were
treated with 500 ng/ml corticosterone with or without the
GR inhibitor mifepristone (RU486, 5 μM) for 5 days. The
results indicated that a high level of corticosterone can
reduce the number of glutamatergic neurons (Fig. 7a) and
increase the number of GABAergic neurons (Fig. 7b). We
further observed that the expression level of GAD67 was
upregulated in a concentration-dependent manner after
treatment with corticosterone (20, 100 and 500 ng/ml)
(Fig. 7c). Furthermore, corticosterone (500 ng/ml) alone
induced demethylation in the -1019 to -691-bp region of
the GAD67 promoter (Fig. 7d), whereas co-treatment
with RU486 reversed the above changes. Meanwhile, GR
and GAD67 expression was upregulated, while DNA
methyltransferase 1 (DNMT1) expression was down-
regulated by corticosterone (500 ng/ml) alone (Fig. 7e–g).
However, the above changes were reversed after co-
treatment with RU486 (Fig. 7a, b, d–g), suggesting that
these effects were mediated by GR activation.

Discussion
An increasing number of studies have reported that

ethanol has a direct and damaging effect on the hippo-
campus23–25, which can impair the balance of glutama-
tergic/GABAergic synapses of the hippocampus and
further lead to the excitement of pyramidal neurons26.
Ethanol can be metabolised into acetaldehyde by alcohol
dehydrogenase (ADH) 327. As ADH3 is mainly expressed
in pyramidal neurons, acetaldehyde generated by high
doses of ethanol is most likely to damage pyramidal
neurons28. Our previous studies confirmed that PEE (4 g/
kg per day) resulted in a high ethanol level in foetal
serum10. In the present study, PEE induced mild changes
in the ultrastructure of the hippocampus in male foetal
rats. HE staining showed that there were a small number
of injured pyramidal neurons in the hippocampal CA3
area of PEE male adult rats both exposed and not exposed
to CS. We hypothesise that these changes may be related
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Fig. 5 (See legend on next page.)
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to the local excitatory injury of the hippocampus caused
by the increased release of glutamate from the hippo-
campus induced by ethanol.
When the glucocorticoid level rises (e.g., stress

response), the excess glucocorticoids activate GRs in the
hippocampus to release glutamate and further inhibits the
CRH neurons in the PVN region, thereby playing a
negative regulatory role to avoid excessive activation of
the HPAA29. GAD plays an important role in the balance
of hippocampal excitatory and inhibitory amino acids.
Studies have shown that the foetal hippocampus primarily
expresses GAD6730, 31, while GR has been reported to be
co-localised in GAD67-positive neurons31. Our previous
studies confirmed that PEE can cause over-exposure of
the foetus to maternal glucocorticoids10, 11. We further
found that the expression of GAD67 in the male foetal
hippocampus were upregulated and that the number of
glutamatergic neurons and the amount of glutamate were

decreased by PEE. However, the number of GABAergic
neurons and the GABA content were increased. Mean-
while, we confirmed that the glucocorticoid-induced
upregulation of GAD67 expression in the cell experi-
ments was mediated by hippocampal GR. Therefore, we
hypothesise that the upregulation of GAD67 expression in
the hippocampus is a protective compensatory response
to reduce the excitotoxicity of excessive glutamate locally
in hippocampal tissue through promoting the bio-
conversion of glutamate to GABA. However, this com-
pensatory effect of the hippocampus attenuated the
GABAergic signal, as well as permanently changing the
stress onset and sensitivity of the hypothalamus. Inter-
estingly, the upregulation of hippocampal GAD67 was not
observed in the PEE female offspring in the same
experiment (Supplementary Fig. 1), suggesting that the
mechanism for the enhanced potential excitatory ability of
hypothalamus is gender-specific32.

(see figure on previous page)
Fig. 5 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on hippocampal morphology, the number of glutamatergic and
GABAergic neurons, and expression of insulin-like growth factor 1 (IGF1) signal pathway-related genes and N-methyl-D-aspartate-
subtype glutamate receptors (NRs) in male foetal rats. a The morphology of the foetal hippocampus (HE, ×400). b The ultrastructure of the foetal
hippocampus (Transmission electron microscopy, ×8000, ×15,000). Visible dilatation of the endoplasmic reticulum and hypertrophy of the golgi body
are shown in the foetal hippocampal neurons of the PEE group. c–f Hippocampal expression of IGF1, IGF1 receptor (IGF1R), protein kinase B (AKT1)
and synapsin 1. g, h Photomicrographs and quantitative analysis of immunofluorescence for glutamatergic neurons (glutamate, red), GABAergic
neurons (GAD67, red) and neurons (NeuN, green). Scale bars= 200 μm. Quantitative analysis of glutamatergic and GABAergic neurons in the whole
hippocampus; three brain sections from different levels of the hippocampus were selected from each animal and quantified. i–k Hippocampal
expression of NR1, NR2A and NR2B. Mean ± S.E.M., n= 8 litters. *P < 0.05, **P < 0.01 vs. control

Fig. 6 Effects of prenatal ethanol exposure (PEE, 4 g/kg per day) on the expression of hippocampal glucocorticoid metabolic activation
system and glutamic acid decarboxylase 67 (GAD67) expression and the total methylation rate of the GAD67 promoter region (-1019 to
-691 bp) in male foetal rats. a–f The mRNA expression of the metabolic activation system (11β-hydroxysteroid dehydrogenases (11β-HSDs), 11β-
HSD1/11β-HSD2 expression ratio, glucocorticoid receptor (GR), CCAAT enhancer-binding protein α (C/EBPα) and GAD67. g Photomicrographs of
immunohistochemistry for hippocampal GAD67; the brown signal was distributed in the whole hippocampus. h Quantitative analysis of GAD67 in
the hippocampus; three brain sections from different levels of the hippocampus were selected from each animal and were quantified. i Total
methylation rate of the GAD67 promoter region (-1019 to -691 bp); % methylation was used to quantify the methylations status of the GAD67
promoter (-1019 to -691 bp). Mean ± S.E.M., n= 8 litters. *P < 0.05, **P < 0.01 vs. control
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Fig. 7 (See legend on next page.)
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Correct synaptic formation is the basis of the structure
and function of the nervous system and is regulated by a
variety of nerve growth factors, including IGF1. As a
phosphate protein for nerve cells, synapsin 1 plays a vital
role in the release of neurotransmitters. Glucocorticoids
have been reported to be able to upregulate the expression
of synapsin 1 in the DG/CA319. In the present study, we
found that the expression levels of the hippocampal
IGF1 signalling pathway and synapsin 1 before and after
birth were increased, which persisted into adulthood. We
speculate that over-expression of the IGF1 signalling
pathway and synapsin 1 in the PEE male foetal hippo-
campus may be similar to the above increase in GAD67
expression in its role as one of the intrauterine compen-
satory responses. Interestingly, downregulation and
downward trends in the IGF1 signalling pathway (Sup-
plementary Fig. 2) as well as relatively heavy damage
(Supplementary Fig. 3) to the female hippocampus were
induced by PEE. A large number of studies have suggested
that over-exposure to glucocorticoids during pregnancy
can affect foetal development33–35 and show gender dif-
ferences33, 34. Our present study showed that PEE can lead
to foetal over-exposure to maternal glucocorticoids,
accompanied with gender differences in the altered hip-
pocampal morphology and expression levels of GAD67
and IGF1. Therefore, we believe that these changes are
mainly caused by maternal glucocorticoid over-exposure.
Glucocorticoid participates in the regulation of cell pro-

liferation, differentiation and metabolism, mainly by
interacting with a variety of transcription factors (such as
C/EBPs) through its corticoid receptors (CRs)36, 37. C/
EBPs, including C/EBPα, act as one of the important
transcription factors that cooperate with glucocorticoid/CR
and participate in the rapid regulation of downstream gene
expression38. C/EBPα has been reported to be able to
activate 11β-HSD1 gene transcription39, 40, and increased
11β-HSD1 can enhance the intracellular glucocorticoid
level by bioactivation of inactive cortisone to active
hydrocortisone41. Our results showed that glucocorticoid
metabolic activation and inactivation co-existed in the male
foetal hippocampus with PEE, but the female foetal hip-
pocampus showed typical glucocorticoid metabolic acti-
vation (Supplementary Fig. 1). These results suggested that
females were more exposed to local active glucocorticoid
than males by PEE. High-glucocorticoid levels have been

reported to be able to downregulate IGF1 expression by
acting on the oestrogen receptor42, 43, consistent with the
significant inhibition of the expression of IGF1 pathway-
related genes in the PEE female foetal hippocampus
observed in our study (Supplementary Fig. 1). These
observations suggested that the typical glucocorticoid
metabolic activation of the PEE female foetal hippocampus
may mediate hippocampal developmental damage by
inhibiting the IGF1 pathway. Although glucocorticoid
metabolic activation of the foetal hippocampus was not
obvious in PEE males, GAD67 upregulation can not only
promote the conversion of glutamate to GABA and reduce
local glutamate excitotoxicity in the hippocampus but also
alter the stress onset and sensitivity of the hypothalamus,
thereby mediating HPAA hypersensitivity.
Epigenetic modifications exist in normal embryonic and

foetal development44, and these modifications are sensi-
tive to exogenous environmental factors (e.g., gluco-
corticoids)45, 46. The intrauterine programming of the
HPAA mediates the susceptibility to metabolic syndrome
in IUGR adult offspring47. Studies have demonstrated that
there are epigenetic modification abnormalities in dis-
eases related to environmental and genetic interactions48–
51. Studies have shown that the stable expression of
DNMT1 in the hippocampus can cause methylation of the
CpG island in the GAD67 promoter to maintain the
normal expression of GAD6752–55. Furthermore, gluco-
corticoids can reduce DNMT1 expression in AtT-20 cells
in a concentration-dependent manner56. In the present
study, we confirmed that corticosterone can upregulate
GAD67 expression and decrease DNMT1 expression in
H19-7 cells, accompanied by a decrease in glutamatergic
neurons and increase in GABAergic neurons. What is
more, the BSP results further confirmed that the total
methylation rate was much lower in the -1019 to -691-bp
region of the GAD67 promoter of corticosterone-exposed
cells than in that of control cells, while the GR inhibitor
RU486 reversed these changes, suggesting that GR
mediated these effects of corticosterone. These results
implied that the PEE-induced high-glucocorticoid blood
level was able to decrease methylation in the -1019 to
-691-bp region of the GAD67 promoter by promoting the
expression of GR in the foetal hippocampus. The deme-
thylation of the GAD67 promoter and enhanced expres-
sion of GAD67 induced by glucocorticoid/GR was

(see figure on previous page)
Fig. 7 Effects of corticosterone (20–500 ng/ml) and mifepristone (RU486, 5 μM) on glutamatergic (glutamate)/GABAergic (GAD67) neuron
numbers, the expression of glucocorticoid receptor (GR), glutamic acid decarboxylase 67 (GAD67) and DNA methylation transferase 1
(DNMT1) and the total methylation rate of the GAD67 promoter region (-1019 to -691 bp) in the foetal hippocampal cell line H19-7. a, b
Photomicrographs and quantitative analysis of immunofluorescence for glutamatergic neurons (glutamate, red), GABAergic neurons (GAD67, red)
and neurons (NeuN, green) (Scale bars= 200 μm, n= 6). Quantitative analysis of glutamatergic and GABAergic neurons. c, e–g The mRNA expression
of GAD67, GR and DNMT1 (n= 3). D Total methylation rate of the GAD67 promoter region (-1019 to -691 bp); % methylation was used to quantify the
methylations status of the GAD67 promoter (-1019 to -691 bp). Mean ± S.E.M., n= 3. *P < 0.05, **P < 0.01 vs. control
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maintained until birth and even into adulthood as com-
pensatory responses to the hippocampal injury caused by
PEE, mediating the hypersensitivity of the HPAA to CS
and increasing the susceptibility to foetus-originated
diseases.
In summary, we proposed that the high-glucocorticoid

level mediated the intrauterine programming mechanism
responsible for the hypersensitivity of the HPAA in male
PEE-induced IUGR offspring (Fig. 8). That is, PEE
induced an over-exposure of maternal glucocorticoid in
foetal rats and resulted in the demethylation of the
GAD67 promoter and upregulation of GAD67 expression
through activation of hippocampal GR, thereby promot-
ing the biotransformation of glutamate to GABA in the
cytoplasm and vesicles of hippocampal neurons to bal-
ance the excitatory/inhibitory neuronal activity and neu-
rotransmitter levels and reducing the excitotoxicity
resulting from the ethanol-induced over-release of gluta-
mate in hippocampal neurons (the compensatory effect).
However, these intrauterine changes may alleviate the
hippocampal excitatory effects on the glutamate-GABA
synaptic connections, resulting in weakening negative
regulation of the hypothalamus, ultimately leading to an
increased excitatory ability of the hypothalamus.
Increased expression of GAD67 as a compensatory effect
was programmed in utero by epigenetic modifications,
which continued until after birth or even into adulthood,
and mediated the hypersensitivity of the HPAA to CS in
the PEE male offspring.

Materials and methods
Animals and treatment
Specific pathogen-free (SPF) Wistar rats (10-weeks-old)

(No. 2012-2014, certification number: 42000600002258,

license number: SCXK (Hubei)) weighing 180–220 g
(females) and 260–300 g (males) were obtained from the
Experimental Centre of Hubei Medical Scientific Acad-
emy (Wuhan, China). The animal experiments were
performed in the Centre for Animal Experiment of
Wuhan University (Wuhan, China), which is accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC Inter-
national). The committee on the Ethics of Animal
Experiments of the Wuhan University School of Medicine
approved the protocol (permit number: 201719). All
animal experimental procedures were performed in
accordance with the Guidelines for the Care and Use of
Laboratory Animals of the Chinese Animal Welfare
Committee.
Animals were housed in metal cages with wire-mesh

floors in an air-conditioned room under standard con-
ditions (room temperature: 18–22 °C; humidity:
40%–60%; light cycle: 12-hour light–dark cycle; 10–15
air changes per hour) and allowed free access to rat
chow and tap water. All rats were acclimated 1 week
before experimentation, and two female rats and one
male rat were placed together in a cage for mating
overnight. Pregnant rats were randomly divided into
either the control group or PEE group. The appearance
of sperm in a vaginal smear confirmed mating, and the
day of mating was used as gestational day (GD) 0. A
schematic illustrating the animal treatment procedure
is shown in Supplementary Fig. 444. The pregnant
Wistar rats were treated with 4 g/kg per day of ethanol
(cat. no. GB678-90, Zhen Xin Co., Ltd., Shanghai,
China) by oral gavage from GD9 to GD20, while those
of the control group were given an equal volume of
saline.

Fig. 8 The intrauterine programming mechanism responsible for the hypothalamic–pituitary–adrenal (HPA) axis hypersensitivity in male
adult offspring rats with prenatal ethanol exposure. GABA gamma aminobutyric acid, GAD67 glutamic acid decarboxylase 67, GR glucocorticoid
receptor
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To examine the foetal rats, 16 pregnant rats from each
group were euthanized on GD20. Pregnant rats with a
litter size of 8–14 pups were deemed to be qualified.
The male and female foetuses were quickly removed
and weighed. IUGR was diagnosed when the body-
weight of a foetus was two standard deviations lower
than the mean bodyweight of the control group57.
Foetal blood samples were collected to prepare the
serum. The foetal hippocampus and hypothalamus were
isolated under a dissecting microscope. Eight foetal
samples from two pregnant rats were pooled as an
independent sample (n= 8) and stored at −80 °C for
qRT-PCR. The remaining samples were fixed in 2.5%
glutaraldehyde (cat. no. GX72-2.5 Yuanmu, Shanghai,
China) for transmission electron microscopy analysis,
except four foetal brains per group were immediately
frozen in liquid nitrogen after they were embedded in
Opti-mum cutting temperature compound and then
stored at −80 °C for pathological and immuno-
fluorescence analysis.
For the examination of the adult rats, the remaining

pregnant rats from each group were allowed to deliver
at full term. On postnatal day (PD) 1, the litter size was
normalised to 12 pups including six males and six
females per litter to assure adequate and standardised
nutrition until weaning at postnatal week (PW) 4. After
weaning, two male pups were randomly selected from
each pregnant rat in both the control and PEE groups
(n= 8). One of the two male pups was exposed to a 2-
week ice-water swimming test (4 to 8 °C for 5 min
per day) beginning at PW10. Eleven hours after the last
swim, all rats were euthanized at PW12. The serum was
obtained and subsequently stored at −80 °C. The hip-
pocampus and hypothalamus were also rapidly col-
lected and stored at −80 °C until further analysis. Four
whole brains from each group were randomly selected
and processed for pathological and immuno-
fluorescence analysis. Female pups were treated in the
same way.

Serum ACTH and corticosterone detection
The serum ACTH and corticosterone concentrations

were measured by the radioimmunoassay kit (cat. no.
suer0018, Suer Biological Technology Co. Ltd., Shanghai,
China) and the enzyme linked immunosorbent assay
(ELISA) assay kit (cat. no. KGE009, R&D Systems Inc.,
MN, USA), respectively, as previously described44. Addi-
tionally, the gain rates of serum ACTH and corticosterone
were calculated as described below and presented as a
percentage (%).

ACTHðCORTÞcon:gainrate ð%Þ
¼ ACTHðCORTÞ con:af ter stress�ACTHðCORTÞ con:bef ore stress

ACTHðCORTÞ con:bef ore stress ´ 100:

Hippocampal haematoxylin-eosin (HE) staining and
transmission electron microscopy (TEM) analysis
Hippocampus tissues stained with HE were processed

by standard procedures. The sections (5 μm) were
observed and photographed with an Olympus AH-2 light
microscope (Olympus, Tokyo, Japan). For TEM analysis,
1-mm3 tissue blocks of the hippocampus samples were
placed in 3% glutaraldehyde solution with 0.1M
phosphate-buffered solution (PBS). Samples were post-
fixed for 1.5 h in 1% osmium tetroxide solution, washed in
0.1M PBS, dehydrated in graded concentrations of etha-
nol, and embedded in Epon 618. The epoxy blocks were
sliced on an ultramicrotome (LKB-V, LKB, Stockholm,
Sweden, 70 nm), stained with uranyl acetate and lead
citrate, and examined using a Hitachi H600 transmission
electron microscope (Hitachi, Co., Tokyo, Japan). Digital
images were computationally acquired.

Analysis of hypothalamic and hippocampal
function-associated gene mRNA expression
Detailed protocols for total RNA extraction, reverse

transcription and qRT-PCR were reported in our previous
study32. The sequences and annealing conditions for the
genes are listed in Table 1. The expression levels of the
cellular genes were calculated using the ΔΔCt method.

Immunohistochemistry analysis of hippocampal GAD67
The immunohistochemical procedures were performed

using a streptavidin-peroxidase (SP)-conjugated method
according to the manufacturer’s instructions. Paraffin-
embedded tissues were cut into 5-μm-thick serial sections
and stained with the mouse anti-GAD67 antibody (1:200
dilutions; cat. no. sc-28376, Santa Cruz Biotechnology
Inc., Texas, USA). All subfields from each section were
examined (n= 4). A cytoplasmic brown granule in the
neuron cells was marked as positive expression of GAD67.
At least five random fields from each section were
examined using light microscopy and analysed by
HMIAS-2000. Positive content=mean absorbance ×
positive area.

Analysis of hippocampal neurotransmitters, glutamate and
GABA
The levels of GABA in the hippocampus tissue were

measured by the ELISA kit (cat. no. E0900Ge, EIAab
science Co. Ltd., Wuhan, China), and the hippocampal
glutamate concentration was assayed using a biochemical
analysis kit (cat. no. A074, Jianchen Bio-Tek Inc., Nanjing,
China), according to the provided protocol.

Immunofluorescence analysis of hippocampal
glutamatergic neurons and GABAergic neurons
The adjacent hippocampal brain sections (10 μm) from

the same levels used for the detection of glutamatergic
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neurons and GABAergic neurons were incubated in 2 N
HCl for DNA denaturation (n= 3), neutralised with 0.1M
boric buffer (pH 8.5) and then incubated in bovine serum
and the primary antibodies: the mouse anti-glutamate
(1:2000 dilutions, cat. no. 22523, Immuno Star Inc., WI,
USA) or the mouse anti-GAD67 (1:500 dilutions, cat. no.
sc-28376, Santa Cruz Biotechnology Inc., Texas, USA)
antibody in combination with the rabbit anti-NeuN
antibody (1:500 dilutions, cat. no. ab104225, Abcam
Inc., MA, USA) for 120 min at 4 °C overnight. The
negative control group was incubated with 0.01M PBS.
Then, sections were washed and incubated in the
respective secondary antibody: goat anti-rabbit IgG® FITC
(1:200 dilutions, cat. no. bs-0295G-FITC, Bioss Bio-
technology, Beijing, China) or goat anti-mouse IgG®Cy3

(1:200 dilutions, cat. no. 115-166-003, Jackson Immuno
Research Laboratories Inc., Baltimore, USA). The stained
sections were examined with a Leica fluorescence
microscope (Leica, DM5000B; Leica CTR5000; Leica,
Germany). The Leica Application Suite Advanced Fluor-
escence (LAS AF, Leica Microsystems, Germany) software
was used for quantification.

DNA extraction and BSP
Hippocampal GAD67 promoter methylation levels

were detected by BSP. Genomic DNA was extracted
using a TIANamp Genomic DNA kit (cat. no. DP304,
Tiangen Co., Ltd., Beijing, China), Then, the bisulfite
conversion of DNA (1 μg) was performed with an EZ
DNA Methylation kit (cat. no. D5005, ZYMO

Table 1 Rat oligonucleotide primers and reaction conditions used for quantitative real-time PCR

Genes Forward primers Reverse primers Products (bp) Annealing

α-CaMKII GCATCTGCCGCTTGTTGAA AGTGTAGCACAGCCTCCAAG 192 58 °C, 20 s

β-actin GTTGCCAATAGTGATGACCT GGACCTGACAGACTACCTCA 208 54 °C, 20 s

11β-HSD1 GGAGCCCATGTGGTATTGA AGTGCCGGCAATGTAGTGA 105 58 °C, 20 s

11β-HSD2 TGGCCAACTTGCCTAGAGAG TTCAGGAATTGCCCATGC 76 58 °C, 20 s

AKT1 ATGAGCGACGTGGCTATTGTGAAG GAGGCCGTCAGCCACAGTCTGGATG 330 60 °C, 30 s

AVP AAGAGGGCCACATCCGACA AGGGCAGGTAGTTCTCCTCCTG 160 58 °C, 20 s

C/EBPα CGCAAGAGCCGAGATAAAGC CCTAGAGATCCAGCGACCCT 270 62 °C, 30 s

CRH AGAACAACAGTGCGGGCTCA GCTCCGGTTGCAAGAAATTCA 196 60 °C, 30 s

DNMT1 GCTAAGGACGATGATGAGACGC CTTTTTGGGTGACGGCAACTC 447 60 °C, 30 s

GAD65 TGCAGCCTTGGGGATCGGAA CCCCAAGCAGCATCCACATGCA 237 60 °C, 30 s

GAD67 CAAGTTCTGGCTGATGTGGA GCCACCCTGTGTAGCTTTTC 231 60 °C, 30 s

GR CACCCATGACCCTGTCAGTC AAAGCCTCCCTCTGCTAACC 156 61 °C, 30 s

IGF1 GACCAAGGGGCTTTTACTTCAAC TTTGTAGGCTTCAGCGGAGCAC 148 60 °C, 30 s

IGF1R GTCCTTCGGGATGGTCTA TGGCCTTGGGATACTACAC 195 60 °C, 30 s

Mash1 GAAGATGAGCAAGGTGGAGACG CGGAGAACCCGCCATAGAGT 169 60 °C, 30 s

NR1 TCCTGCTGGTCAGCGACGAC CCAGCCACACGTACCCAGAG 255 60 °C, 30 s

NR2A GTGATGCCTGTCTGCGGATGG TAGGAGTGCTGTCGGTTA 169 60 °C, 30 s

NR2B TGGAATGGCATGATCGGTGAG AGCCACCGCAGAAACAAT 240 60 °C, 30 s

Pax6 AAGCAAAATAGCCCAGTATAAACG TAATGGGTCCTCTCAAACTCTTTC 450 58 °C, 20 s

PSD95 TATGTAACGAAGATCATCGAAGGA GAGAATACGAGGTTGTGATGTCTG 229 58 °C, 20 s

Reelin CAGCAATGGGCTCGTGGTTT TGTGGGTCTTGTCCTTCTTTT 233 58 °C, 20 s

Synapsin I GTTCTTCGGAATGGGGTCAAA GAACCATCTGGGCAAACACC 202 60 °C, 30 s

Tbr2 CCCCAACAGAGCGAAGAGGT GGGAAGACAGGTGGGCTCATT 290 58 °C, 20 s

VGluT2 TCCACCGGGGTGGCAAAGTT TGCGATGTATCCGCCCGGAA 128 60 °C, 30 s

α-CaMKII Ca2+/calmodulin-dependent protein kinase II-α, 11β-HSDs 11β-hydroxysteroid dehydrogenases, AKT1 protien kinase B, AVP arginine vasopressin, C/EBPα
CCAAT enhancer-binding protein, CRH corticotrophin-releasing hormone, DNMT1 DNA methyltransferase 1, GAD glutamic acid decarboxylase, GR glucocorticoid
receptor, IGF1 insulin-like growth factor 1, IGF1R insulin-like growth factor receptor 1, Mash1 mammalian achaete-scutehomolog-1, NR N-methyl-D-aspartate-subtype
glutamate receptor, Pax6 paired box 6, PSD95 post-synaptic density 95, Tbr2 T-box brain protein 2, VGluT2 vesicular glutamate transporter 2
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RESEARCH, Orange County, CA, USA) according to the
manufacturer’s instructions. After the bisulfite treat-
ment, the DNA was diluted to a concentration of 20 ng/
μl. The GAD67 primer sequences were designed by
MethPrimer software58 and were as follows: forward, 5'-
TTAGTAYGGGGTTTTTGTGTGTTTG-3'; reverse, 5'-
CTATTTCCCTTTCTCTAAACCCTC-3'.Then, 3 μL
DNA sample in a 50-μL amplification reaction system,
including 5 μL TaKaRa Taq Hot Start (cat. no. DR007A,
TaKaRa, Tokyo, Honshu, Japan), was amplified with
PCR. Touchdown PCR was used for amplification using
the following steps: denaturation at 98 °C for 4 min; an
initial heat-start at 98 °C for 4 minutes followed by 20
cycles of 95 °C for 45 s, 66 °C for 45 s, and 72 °C for 45 s
and then 20 cycles of 95 °C for 45 s, 56 °C for 45 s, and 72
°C for 30 s; with a final elongation step at 72 °C for 8 min.
PCR products were purified using a SanPrep Column
PCR Product Purification kit (SK8141, Sangon, Shanghai,
China). The purified PCR product then was cloned into a
pUCm-T Vector (cat. no. BS433, BBI, Boston, MA,
USA). The competent cells were prepared using a One
Step Competent Cell Preparation Kit (cat. no. SK9307,
Sangon, Shanghai, China) and transformed. Plasmids
were extracted with an Endotoxin-Free Plasmid Mini-
Preps Kit (cat. no. SK8161, Sangon, Shanghai, China) and
sequenced after blue and white screening. The methy-
lation status was analysed using the online BiQ Analyser
software (http://biq-analyser.bioinf.mpi-inf.mpg.de/
tools/Methylation Diagrams/index.php).

Rat hippocampus cell line H19-7 culture and treatment
The foetal rat hippocampus cell line H19-7 (ATCC®

No. CRL-2526™) grows at 34 °C but differentiates to a
neuronal phenotype at 39 °C in DMEM/high-glucose
medium supplemented with 10% foetal bovine serum
(cat. no. 10100147, Gibco, Carlsbad, CA, USA), 4 mM L-
glutamine (cat. no. 25030149, Gibco, Carlsbad, CA,
USA), 1.5 g/l sodium bicarbonate (cat. no. 144-55-8,
Macklin Biochemical Co., Ltd.), 0.2 mg/ml G418 (cat. no.
108321-42-2, Sigma-Aldrich, Louis, MO, USA) and
0.001 mg/ml puromycin (cat. no. 58-58-2, Sigma-
Aldrich, Louis, MO, USA). The cells were transferred to
6-well plates with 3 × 105 cells per well. After incubation
of cells at 34 °C and 5% CO2 in complete medium for 24
h, the cells were treated with different concentrations of
corticosterone (0, 20, 100, 500 ng/ml) (cat. no. C2505,
Sigma-Aldrich, Louis, MO, USA) or supplemented with
500 ng/ml corticosterone and different concentrations of
mifepristone (0, 5 μM) (cat. no. M8046, Sigma-Aldrich,
Louis, MO, USA) and maintained at 39 °C and 5% CO2

for 5 days. The complete medium containing the cor-
responding drugs was replaced every day, and the cells
were collected on the 5th day.

Statistical analysis
SPSS 17 (SPSS Science Inc., Chicago, IL, USA) and

Prism 5.0 (GraphPad Software, La Jolla, CA, USA) were
used only for data analysis. The quantitative data were
expressed as the mean ± S.E.M. Student’s two-tailed t-test
was performed on one factor of prenatal ethanol treat-
ment. Paired t-tests were used to compare the means of
the groups without and after CS. The data from cell
experiments with different drug concentrations were
analysed using one-way ANOVA. A chi-square analysis
was performed to test for a difference in the proportions
of the categorical variables between groups, such as the
methylation rate and the IUGR rate. Statistical sig-
nificance was defined as P < 0.05.

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(No. 81660544, 81430089, 81673524 and 81671472), the National Key Research
and Development Programme of China (No. 2017YFC1001300), and Hubei
Province Health and Family Planning Scientific Research Project (No.
WJ2017C0003).

Author details
1Department of Pharmacology, Basic Medical School of Wuhan University,
Wuhan, Hubei Province, China. 2Hubei Provincial Key Laboratory of
Developmentally Originated Disease, Wuhan, Hubei Province, China.
3Department of Neurology, Renmin Hospital of Wuhan University, Wuhan
430060, China. 4Gansu provincial hospital of TCM Affiliated to Gansu University
of Chinese Medicine, Gansu 730050, China

Authors' contributions
J.L. performed the experiments, analysed the data and wrote the manuscript.
Z.X.J. performed the animal experiments. Y.Y. carried out the
immunofluorescence experiments. C.Z. contributed to the HE staining and
qRT-PCR. X.H. contributed to the cell experiments as well as the analysis. Q.L.
designed the figure artwork. D.X. and H.W. supervised the study and the
writing of the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-018-0663-1).

Received: 5 December 2017 Revised: 28 March 2018 Accepted: 26 April
2018

References
1. Kapoor, A., Dunn, E., Kostaki, A., Andrews, M. H. & Matthews, S. G. Fetal

programming of hypothalamo-pituitary-adrenal function: prenatal stress and
glucocorticoids. J. Physiol. 572, 31–44 (2006).

2. Glover, V., O’Connor, T. G. & O’Donnell, K. Prenatal stress and the programming
of the HPA axis. Neurosci. Biobehav. Rev. 35, 17–22 (2010).

3. Erni, K., Shaqiri-Emini, L., La Marca, R., Zimmermann, R. & Ehlert, U. Psycho-
biological effects of prenatal glucocorticoid exposure in 10-year-old-children.
Front. Psychiatry 3, 104 (2012).

Lu et al. Cell Death and Disease  (2018) 9:659 Page 15 of 17

Official journal of the Cell Death Differentiation Association

http://biq-analyzer.bioinf.mpi-inf.mpg.de/tools/Methylation
http://biq-analyzer.bioinf.mpi-inf.mpg.de/tools/Methylation
https://doi.org/10.1038/s41419-018-0663-1
https://doi.org/10.1038/s41419-018-0663-1


4. Phillips, D. I. et al. Maternal body composition, offspring blood pressure and
the hypothalamic-pituitary-adrenal axis. Paediatr. Perinat. Epidemiol. 19,
294–302 (2005).

5. Cohen, M., Brown, D. R. & Myers, M. M. Cardiorespiratory measures before and
after feeding challenge in term infants are related to birth weight. Acta
Paediatr. 98, 1183–1188 (2009).

6. Xita, N. & Tsatsoulis, A. Fetal origins of the metabolic syndrome. Ann. N. Y.
Acad. Sci. 1205, 148–155 (2010).

7. Bao, A. M., Meynen, G. & Swaab, D. F. The stress system in depression and
neurodegeneration: focus on the human hypothalamus. Brain Res. Rev. 57,
531–553 (2008).

8. Schutter, D. J. The cerebello-hypothalamic-pituitary-adrenal axis dysregulation
hypothesis in depressive disorder. Med. Hypotheses 79, 779–783 (2012).

9. Pruett, D., Waterman, E. H. & Caughey, A. B. Fetal alcohol exposure: con-
sequences, diagnosis, and treatment. Obstet. Gynecol. Surv. 68, 62–69 (2013).

10. Liang, G., Chen, M., Pan, X. L., Zheng, J. & Wang, H. Ethanol-induced inhibition
of fetal hypothalamic-pituitary-adrenal axis due to prenatal overexposure to
maternal glucocorticoid in mice. Exp. Toxicol. Pathol. 63, 607–611 (2011).

11. Shen, L. et al. Prenatal ethanol exposure programs an increased susceptibility
of non-alcoholic fatty liver disease in female adult offspring rats. Toxicol. Appl.
Pharmacol. 274, 263–273 (2014).

12. Xia, L. P. et al. Prenatal ethanol exposure enhances the susceptibility to
metabolic syndrome in offspring rats by HPA axis-associated neuroendocrine
metabolic programming. Toxicol. Lett. 226, 98–105 (2014).

13. Snyder, J. S., Soumier, A., Brewer, M., Pickel, J. & Cameron, H. A. Adult hippo-
campal neurogenesis buffers stress responses and depressive behaviour.
Nature 476, 458–461 (2011).

14. Waagepetersen, H. S., Sonnewald, U. & Schousboe, A. Compartmentation of
glutamine, glutamate, and GABA metabolism in neurons and astrocytes:
functional implications. Neuroscientist 9, 398–403 (2003).

15. Huang, H. et al. Prenatal ethanol exposure-induced adrenal developmental
abnormality of male offspring rats and its possible intrauterine programming
mechanisms. Toxicol. Appl. Pharmacol. 288, 84–94 (2015).

16. Sheikh, S. N., Martin, S. B. & Martin, D. L. Regional distribution and relative
amounts of glutamate decarboxylase isoforms in rat and mouse brain. Neu-
rochem. Int. 35, 73–80 (1999).

17. Moechars, D. et al. Vesicular glutamate transporter VGLUT2 expression levels
control quantal size and neuropathic pain. J. Neurosci. 26, 12055–12066 (2006).

18. Liu, W., Ye, P., O’Kusky, J. R. & D’Ercole, A. J. Type 1 insulin-like growth factor
receptor signaling is essential for the development of the hippocampal for-
mation and dentate gyrus. J. Neurosci. Res. 87, 2821–2832 (2009).

19. Wu, L. M. et al. Mifepristone repairs region-dependent alteration of synapsin I
in hippocampus in rat model of depression. Neuropsychopharmacology 32,
2500–2510 (2007).

20. Kroll, T. T. & O’Leary, D. D. Ventralized dorsal telencephalic progenitors in Pax6
mutant mice generate GABA interneurons of a lateral ganglionic eminence
fate. Proc Natl. Acad. Sci. USA 102, 7374–7379 (2005).

21. Hevner, R. F., Hodge, R. D., Daza, R. A. & Englund, C. Transcription factors in
glutamatergic neurogenesis: conserved programs in neocortex, cerebellum,
and adult hippocampus. Neurosci. Res. 55, 223–233 (2006).

22. Kim, K. C. et al. Pax6-dependent cortical glutamatergic neuronal differentiation
regulates autism-like behavior in prenatally valproic acid-exposed rat offspring.
Mol. Neurobiol. 49, 512–528 (2014).

23. Zorumski, C. F., Mennerick, S. & Izumi, Y. Acute and chronic effects of ethanol
on learning-related synaptic plasticity. Alcohol 48, 1–17 (2014).

24. Wang, L. et al. Prenatal alcohol exposure inducing the apoptosis of mossy cells
in hippocampus of SMS2-/- mice. Environ. Toxicol. Pharmacol. 40, 975–982
(2015).

25. Frischknecht, U. et al. Negative association between MR-spectroscopic gluta-
mate markers and gray matter volume after alcohol withdrawal in the hip-
pocampus: A translational study in humans and rats. Alcohol Clin. Exp. Res. 41,
323–333 (2017).

26. Krawczyk, M. et al. Hippocampal hyperexcitability in fetal alcohol spectrum
disorder: Pathological sharp waves and excitatory/inhibitory synaptic imbal-
ance. Exp. Neurol. 280, 70–79 (2016).

27. Tokuda, K., Izumi, Y. & Zorumski, C. F. Locally-generated Acetaldehyde Con-
tributes to the effects of ethanol on neurosteroids and LTP in the hippo-
campus. Neurol. Clin. Neurosci. 1, 138–147 (2013).

28. Galter, D., Carmine, A., Buervenich, S., Duester, G. & Olson, L. Distribution of
class I, III and IV alcohol dehydrogenase mRNAs in the adult rat, mouse and
human brain. Eur. J. Biochem. 270, 1316–1326 (2003).

29. Myers, B., Mark, D. C., Kasckow, J., Cullinan, W. E. & Herman, J. P. Central stress-
integrative circuits: forebrain glutamatergic and GABAergic projections to the
dorsomedial hypothalamus, medial preoptic area, and bed nucleus of the stria
terminalis. Brain Struct. Funct. 219, 1287–1303 (2014).

30. Wu, H. et al. Role of glutamate decarboxylase (GAD) isoform, GAD65, in GABA
synthesis and transport into synaptic vesicles-Evidence from GAD65-knockout
mice studies. Brain Res. 1154, 80–83 (2007).

31. de Souza, L. M. & Franci, C. R. Differential immunoreactivity of glucocorticoid
receptor and GABA in GABAergic afferents to parvocellular neurons in the
paraventricular nucleus. Neurosci. Lett. 534, 199–204 (2013).

32. Lu, J. et al. Prenatal ethanol exposure induces an intrauterine programming of
enhanced sensitivity of the hypothalamic-pituitary-adrenal axis in female off-
spring rats fed with post-weaning high-fat diet. Toxicol. Res. 4, 1238–1249
(2015).

33. Hiroi, R., Carbone, D. L., Zuloaga, D. G., Bimonte-Nelson, H. A. & Handa, R. J. Sex-
dependent programming effects of prenatal glucocorticoid treatment on the
developing serotonin system and stress-related behaviors in adulthood.
Neuroscience 320, 43–56 (2016).

34. Wallensteen, L. et al. Sex-dimorphic effects of prenatal treatment with dex-
amethasone. J. Clin. Endocrinol. Metab. 101, 3838–3846 (2016).

35. Anacker, C. et al. Role for the kinase SGK1 in stress, depression, and gluco-
corticoid effects on hippocampal neurogenesis. Proc. Natl Acad. Sci. USA 110,
8708–8713 (2013).

36. Kadmiel, M. & Cidlowski, J. A. Glucocorticoid receptor signaling in health and
disease. Trends Pharmacol. Sci. 34, 518–530 (2013).

37. Ratman, D. et al. How glucocorticoid receptors modulate the activity of other
transcription factors: a scope beyond tethering. Mol. Cell. Endocrinol. 380,
41–54 (2013).

38. Nerlov, C. C/EBPs: recipients of extracellular signals through proteome mod-
ulation. Curr. Opin. Cell Biol. 20, 180–185 (2008).

39. Williams, L. J. et al. C/EBP regulates hepatic transcription of 11beta -hydro-
xysteroid dehydrogenase type 1. A novel mechanism for cross-talk between
the C/EBP and glucocorticoid signaling pathways. J. Biol. Chem. 275,
30232–30239 (2000).

40. Balazs, Z., Schweizer, R. A., Frey, F. J., Rohner-Jeanrenaud, F. & Odermatt, A.
DHEA induces 11 -HSD2 by acting on CCAAT/enhancer-binding proteins. J.
Am. Soc. Nephrol. 19, 92–101 (2008).

41. Seckl, J. R. 11 beta-hydroxysteroid dehydrogenase isoforms and their
implications for blood pressure regulation. Eur. J. Clin. Invest. 23,
589–601 (1993).

42. Fowden, A. L. The insulin-like growth factors and feto-placental growth. Pla-
centa 24, 803–812 (2003).

43. Ferris, J., Li, M., Leatherland, J. F. & King, W. A. Estrogen and glucocorticoid
receptor agonists and antagonists in oocytes modulate the pattern of
expression of genes that encode nuclear receptor proteins in very early stage
rainbow trout (Oncorhynchus mykiss) embryos. Fish Physiol. Biochem. 41,
255–265 (2015).

44. Hajkova, P. et al. Epigenetic reprogramming in mouse primordial germ cells.
Mech. Dev. 117, 15–23 (2002).

45. Moisiadis, V. G. & Matthews, S. G. Glucocorticoids and fetal programming part
1: Outcomes. Nat. Rev. Endocrinol. 10, 391–402 (2014).

46. Moisiadis, V. G. & Matthews, S. G. Glucocorticoids and fetal programming part
2: Mechanisms. Nat. Rev. Endocrinol. 10, 403–411 (2014).

47. Neitzke, U., Harder, T. & Plagemann, A. Intrauterine growth restriction and
developmental programming of the metabolic syndrome: a critical appraisal.
Microcirculation 18, 304–311 (2011).

48. Fu, Q., McKnight, R. A., Yu, X., Callaway, C. W. & Lane, R. H. Growth retardation
alters the epigenetic characteristics of hepatic dual specificity phosphatase 5.
FASEB J. 20, 2127–2129 (2006).

49. Schwitzgebel, V. M., Somm, E. & Klee, P. Modeling intrauterine growth retar-
dation in rodents: Impact on pancreas development and glucose home-
ostasis. Mol. Cell. Endocrinol. 304, 78–83 (2009).

50. Baserga, M. et al. Fetal growth restriction alters transcription factor binding and
epigenetic mechanisms of renal 11beta-hydroxysteroid dehydrogenase type 2
in a sex-specific manner. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299,
R334–R342 (2010).

51. Tan, Y. et al. Caffeine-induced fetal rat over-exposure to maternal glucocorti-
coid and histone methylation of liver IGF-1 might cause skeletal growth
retardation. Toxicol. Lett. 214, 279–287 (2012).

52. Subburaju, S., Coleman, A. J., Ruzicka, W. B. & Benes, F. M. Toward dissecting
the etiology of schizophrenia: HDAC1 and DAXX regulate GAD67 expression

Lu et al. Cell Death and Disease  (2018) 9:659 Page 16 of 17

Official journal of the Cell Death Differentiation Association



in an in vitro hippocampal GABA neuron model. Transl. Psychiatry 6, e723
(2016).

53. Kundakovic, M., Chen, Y., Costa, E. & Grayson, D. R. DNA methyltransferase
inhibitors coordinately induce expression of the human reelin and glutamic
acid decarboxylase 67 genes. Mol. Pharmacol. 71, 644–653 (2007).

54. Luo, Y., Lathia, J., Mughal, M. & Mattson, M. P. SDF1alpha/CXCR4 signaling, via
ERKs and the transcription factor Egr1, induces expression of a 67-kDa form of
glutamic acid decarboxylase in embryonic hippocampal neurons. J. Biol.
Chem. 283, 24789–24800 (2008).

55. Zhang, T. Y. et al. Maternal care and DNA methylation of a glutamic acid
decarboxylase 1 promoter in rat hippocampus. J. Neurosci. 30, 13130–13137
(2010).

56. Yang, X. et al. Glucocorticoid-induced loss of DNA methylation in non-
neuronal cells and potential involvement of DNMT1 in epigenetic regulation
of Fkbp5. Biochem. Biophys. Res. Commun. 420, 570–575 (2012).

57. Engelbregt, M. J., van Weissenbruch, M. M., Popp-Snijders, C., Lips, P. & de Waal,
H. A. D. Body mass index, body composition, and leptin at onset of puberty in
male and female rats after intrauterine growth retardation and after early
postnatal food restriction. Pediatr. Res. 50, 474–478 (2001).

58. Li, L. C. & Dahiya, R. MethPrimer: designing primers for methylation PCRs.
Bioinformatics 18, 1427–1431 (2002).

Lu et al. Cell Death and Disease  (2018) 9:659 Page 17 of 17

Official journal of the Cell Death Differentiation Association


	Programming for increased expression of hippocampal GAD67 mediated the hypersensitivity of the hypothalamic–nobreakpituitary–nobreakadrenal axis in male offspring rats with prenatal ethanol exposure
	Introduction
	Results
	Adult offspring rats
	Birthweight, HPAA activity and potential hypothalamic excitatory ability
	Hippocampal morphology, the IGF1�signalling pathway, and the glutamatergic and GABAergic neuron balance
	Hippocampal GR and GAD67 expression and epigenetic modifications of GAD67

	Foetal rats
	Serum corticosterone concentration and potential hypothalamic excitatory ability
	Hippocampal morphology, the IGF1�signalling pathway and the glutamatergic and GABAergic neuron balance
	Hippocampal glucocorticoid metabolic activation system, GAD67 expression and epigenetic modifications

	Foetal hippocampal cell line
	Glutamatergic/GABAergic neuron numbers and the expression and epigenetic modifications of GAD67


	Discussion
	Materials and methods
	Animals and treatment
	Serum ACTH and corticosterone detection
	Hippocampal haematoxylin-eosin (HE) staining and transmission electron microscopy (TEM) analysis
	Analysis of hypothalamic and hippocampal function-associated gene mRNA expression
	Immunohistochemistry analysis of hippocampal GAD67
	Analysis of hippocampal neurotransmitters, glutamate and GABA
	Immunofluorescence analysis of hippocampal glutamatergic neurons and GABAergic neurons
	DNA extraction and BSP
	Rat hippocampus cell line H19-7 culture and treatment
	Statistical analysis

	ACKNOWLEDGMENTS




