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Abstract The formation of learning and memory is regulated by synaptic plasticity in hippocampal

neurons. Here we explored how gestational exposure to dexamethasone, a synthetic glucocorticoid

commonly used in clinical practice, has lasting effects on offspring’s learning and memory. Adult

offspring rats of prenatal dexamethasone exposure (PDE) displayed significant impairments in novelty

recognition and spatial learning memory, with some phenotypes maintained transgenerationally. PDE

impaired synaptic transmission of hippocampal excitatory neurons in offspring of F1 to F3 generations,

and abnormalities of neurotransmitters and receptors would impair synaptic plasticity and lead to

impaired learning and memory, but these changes failed to carry over to offspring of F5 and F7 gener-

ations. Mechanistically, altered hippocampal miR-133a-3p-SIRT1-CDK5-NR2B signaling axis in PDE

multigeneration caused inhibition of excitatory synaptic transmission, which might be related to

oocyte-specific high expression and transmission of miR-133a-3p. Together, PDE affects hippocampal
du.cn (Dan Xu).
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excitatory synaptic transmission, with lasting consequences across generations, and CDK5 in offspring’s

peripheral blood might be used as an early-warning marker for fetal-originated learning and memory

impairment.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dexamethasone (DEX) is a synthetic glucocorticoid commonly
used clinically for the treatment of conditions associated with
preterm birth1. Studies have shown that prenatal application of
DEX has a “double-edged sword” effect, which can not only
effectively prevent and treat preterm birth-related diseases, but
also cause a series of developmental toxicities such as fetal or
intrauterine growth restriction (FGR/IUGR) and impaired neuro-
genesis in offspring2e4. Clinical studies have shown that IUGR
fetuses display intrauterine neurodevelopmental delay, low post-
natal intelligence index, and altered executive functions related to
long-term and short-term memory5e7. Children treated with
dexamethasone before birth also have shown some cognitive
deficits8,9. Animal studies in our and other laboratories have also
demonstrated that prenatal dexamethasone exposure (PDE) can
induce neurobehavioral changes in adult offspring10,11. However,
the mechanistic underpinnings linking early-life DEX exposure
and later behavioral outcomes in life has lagged these findings.

The hippocampus is a highly sensitive brain region that is
primarily responsible for the production and transformation of
learning and memory. Numerous animal models of brain injury or
related disorders have shown that sustained learning and memory
impairment is associated with damaged excitatory synaptic
transmission in the hippocampal region12,13. NR2B, an important
subtype of N-methyl-D-aspartate receptor (NMDAR), is highly
expressed in hippocampal pyramidal and granule cells and plays
an important role in hippocampal excitatory synaptic trans-
mission; inhibition of its activity can reduce excitatory post-
synaptic currents and inhibit excitatory synaptic function14.
Cyclin-dependent kinase 5 (CDK5) is a proline-guided serine/
threonine kinase that plays a variety of biological roles by phos-
phorylating different substrates, including participating in syn-
aptogenesis and transmission, neuronal migration, and so on15.
Abnormal activation of CDK5 in a variety of different conditions
has been shown to be involved in hippocampal synaptic injury and
learning and memory impairment16,17. CDK5-dependent phos-
phorylation of NR2B has been reported to reduce the expression
of cell membrane NR2B, thereby attenuating synaptic trans-
mission in stressed rats18.

Given that PDE may have lasting effects on learning and
memory in offspring, we investigated whether fetal exposure to
DEX affected synaptic transmission in hippocampal neurons. We
determined that hippocampal neurons were particularly sensitive
to PDE and showed that impaired synaptic transmission in hip-
pocampal neurons had lasting effects on learning and memory that
persisted across multi-generation. As an important epigenetic
regulatory mechanism, microRNA (miRNA) plays a vital role in
mediating multigenerational inheritance19. We further revealed the
molecular mechanism of hippocampal CDK5/NR2B signaling
changes induced by miR-133a-3p overexpression in mediating the
multi-generation of learning and memory impairment in PDE
offspring, which might be associated with oocyte-specific miR-
133a-3p overexpression and transmission. At the same time, it is
proposed that the detection of CDK5 level in the peripheral blood
of offspring may be used as an early warning marker for PDE-
related fetal-originated learning and memory impairment.

2. Materials and methods

2.1. Experimental design

This study was designed to assess the effects of gestational
exposure to clinically relevant doses of DEX delivered via
maternal rat injection to mimic human exposure levels, on the
developing hippocampus of offspring. All animal and experi-
mental protocols were approved by the Animal Experiment Ethics
Committee of Wuhan University School of Medicine (Permit:
2017-0018) and followed the Guidelines for the Care and Use of
Laboratory Animals of the Chinese Animal Welfare Committee.
The number of samples was determined based on the experimental
methods, availability, and feasibility required to obtain results and
was described in the detailed methods or results below. Male
animals were used for all behavioral experiments. Where feasible,
all data points were shown in the graphs. To reduce bias in animal
experiments, rats were housed by one technician, while different
co-authors were in charge of rats’ treatment, sample collection,
detection, and data analysis respectively.

2.2. Rat husbandry and breeding offspring

Rats were housed and maintained at the Center for Animal Ex-
periments of Wuhan University (Wuhan, China). Specific
pathogen-free Wistar rats from Hubei Provincial Academy of
Preventive Medicine (Wuhan, Hubei, China) were paired. The
breeding success of females was monitored by vaginal smear
every morning, and the day when sperm was observed was the
gestational Day (GD) 0. From GD9 to GD20, pregnant rats in the
experimental group were subcutaneously injected with 0.2 mg/
kg$day of DEX (Shuanghe Pharmaceutical Company, Wuhan,
China), while the control group was given an equal volume of
normal saline. On GD20, part of the pregnant rats was euthanized
under 2% isoflurane anesthesia (Baxter Healthcare Co., Deerfield,
IL, USA). Pregnant rats with litter sizes of 8e14 were qualified.
Fetal blood and hippocampus were collected, and serum was
separated. The hippocampus and blood of all male fetuses in each
litter were combined into one independent sample respectively,
and reserved in �80 �C for follow-up experiment.

The remaining pregnant rats were raised to normal delivery
and produced the F1 generation of offspring. The number of
pregnant rats in each group was assigned to 12 (the litter size was

http://creativecommons.org/licenses/by-nc-nd/4.0/
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comprised from 8 to 14 at birth and the male/female ratio was
approximately 1:1). After weaning, randomly 1 male and 2 female
offspring of F1 generation from each litter were left to feed ad
libitum. Part of the offspring were sacrificed at postnatal Week
(PW) 28 after behavioral tests, and the samples including the
hippocampus, serum, and peripheral blood mononuclear cells
(PBMC) were collected.

The female offspring of F1 generation were outcrossed to wild-
type males at PW12 to generate F2 generation for analysis of
behavior or treated with pregnant mare serum gonadotropin
(PMSG, 40 IU, Head Biotechnology Co., Ltd., Beijing, China) and
human chorionic gonadotropin (hCG, 40 IU, ProSpec-Tany
TechnoGene Ltd., Ness-Ziona, Israel) to obtain oocytes. The fe-
male offspring of F2 generation were given the same treatment to
obtain the offspring of F3 generation and the oocytes of F2 gen-
eration. Similarly, F4eF7 generations were obtained in sequence
according to the above method. The mating method was shown
briefly as in Fig. 1A1.

2.3. CDK5-RNAi by AAV vector injection

The AAV vector used was derived from adenovirus serotype 9.
Vectors containing sequences encoding rat CDK5-RNAi (AAV9-
CDK5-RNAi: 4.08E12v.g/mL) and relevant control vectors (AAV-
EMPTY: 4.08E12v.g/mL) were generated, produced, and purified
by Genechem Technology (Shanghai, China). Rats were anes-
thetized with a mixture of isoflurane and air (5% isoflurane in-
duction, 2.5% isoflurane maintenance), placed in a stereotaxic
frame on a heated plate at 37 �C, and the scalp was cut after local
disinfection. According to the rat brain in stereotaxic coordinates20,
the anterior fontanel (anterior and posterior Z 0 mm, beside the
sagittal line Z 0 mm, under the dura mater Z 0 mm) was used as
the origin point. 2 mL viral carrier suspension and 1 mL mannitol
mixture were injected into the bilateral hippocampus (anterior-
posterior, �3.3 mm; Medial-lateral, 1.8 mm; Dorsal-Ventral,
�2.6 mm). The pipette was left in place for 5 min after injection
to prevent the return of virus particles through the injection tract,
and then was slowly exited for the next 5 min. The rats were further
subjected to topical penicillin disinfection and skin suture, and then
returned to the feeding room. For the ventricular localization in-
jection experiment, two offspring of F1 generation from the same
litter were randomly divided into the control AAV group and the
CDK5-RNAi group, and a total of four groups of offspring were
obtained, with 8e10 animals in each group. Behavioral tests were
performed 3e4 weeks after the viral injection.

2.4. Behavioral tests

The offspring of F1, F2, F3, F5, and F7 generations were raised to
PW28 and then underwent behavioral testing for 7e10 days. The
rats were moved into the behavioral room a week early for
adaptive feeding. All behavioral tests were conducted between
8:00 a.m. and 6:00 p.m. The novel object recognition (NOR)
experiment was conducted on an open field
(80 cm � 80 cm � 40 cm) to evaluate the cognitive ability of rats.
The resolution in new object recognition Z TB1/(TA3þTB1)
(TA3 Z the time spent in exploring the object A3; TB1 Z the
time spent in exploring object B1). A 180 cm diameter and 60 cm
height circular black pool were used in the Morris water maze
(MWM) test, which was divided into four hypothetical, equal
quadrants. A platform (diameter: 10 cm) was placed 1 cm below
the water surface in the middle of the target quadrant. The water
temperature was controlled at 22 � 1 �C. As previously
described10, for the training test, each rat was placed in a slot from
one of four virtual quadrants to find the platform, which was
hidden 1 cm below the surface of the water. The rats need to reach
the platform within 60 s and stay on the platform for 15 s. The
escape incubation period and escape distance were recorded using
a video tracking program for analysis. If the rats failed to find the
platform within the specified time, they were guided to the target
and kept for 15 s, and the escape incubation period was recorded
as 60 s. The training tests were carried out twice a day for five
consecutive days. For the exploration test, on the 6th day, the
platform was removed, and each rat was allowed 60 s to search the
pool for the platform. The incubation period of escape and the
time spent in the target quadrant of the platform were recorded by
the Smart V3.0 intelligent video tracking system (Panlab, Spain)
and analyzed. For all behavioral data analyses, there were 8e12
male rats in each group, all from different litters.

2.5. Cell culture and treatment

The H19-7 fetal rat hippocampal neuronal cell line (No. CRL-
2526™) was obtained from American Type Culture Collection
(ATCC). The details of the H19-7 cell line culture have been
described in our previous study21. The cells were treated with 0,
20, 100, and 500 nmol/L DEX for 3 days and then collected for
further analysis. To confirm the role of the glucocorticoid receptor
(GR), miR-133a-3p and CDK5, the cells were cultured for 3 days
with 500 nmol/L DEX and (or) 2.5 mmol/L RU486 (HY-13683,
MedchemExpress Biotechnology Inc., USA, a GR antagonist),
500 nmol/L DEX and (or) 10 mmol/L miR-133a-3p inhibitor
(RiboBio Technology, Guangzhou, China), or 500 nmol/L DEX
and (or) 25 mmol/L Roscovitine (HY-B0231, Medchem Express
Biotechnology Inc., a CDK5 inhibitor), respectively, and har-
vested for subsequent analysis. The miR-133a-3p oligonucleotides
were as follows, miR-133a-3p inhibitor: 50-CAGCUGGUU-
GAAGGGGACCAAA-30; inhibitor NC: 50-CAGUACUUUUGU-
GUAGUACAAA-30.

2.6. Zebrafish rearing, microinjection, and detection

Sexually mature zebrafish were reared in a constant temperature
environment at 28 �C. One male and two female zebrafish were
placed in separate tanks one day in advance. After 12 h, the di-
viders were removed to fertilize the males and females. The
fertilized eggs were collected after 30 min. Morpholino oligonu-
cleotides (MOs) were purchased from Gene Tools (Philomath,
OR, USA). The MOs sequences used were as follows, miR-133a
MO: 50-TGATTTGGTTCCATTTTACCAGCTT-30, control MO:
50-CCTCTTACCTCAGTTACAATTTATA-30. MOs were stored in
RNase-free water diluted to a concentration of 1 mmol/L and
diluted to the appropriate concentration before use22. MOs were
injected into the yolk of zebrafish at the single-cell stage using a
glass microinjection needle (0.07 mm inner diameter at the tip).
The injection volume was 1.5e15 nL. The spontaneous tail curl
rate of zebrafish embryos was measured at 24 h post-injection, and
embryo death and hatching were observed and recorded every
24 h. At 120 hpf, zebrafish brains were collected. 10e15 zebrafish
brains were combined to form an independent sample.



Figure 1 Prenatal dexamethasone exposure (PDE) caused learning and memory impairment in male adult offspring rats with transgenerational

inheritance effects. (A1) PDE treatment model and multigenerational transmission via maternal-line. GD, gestational day; PW, postnatal week.

(A2, A3) Novel object recognition (NOR) and Morris water maze (MWM) pattern diagram. (B1eB3) The discrimination ratio in NOR test

(n Z 9e12). (C1eC3) (left) The escape latency and movement distance to find the hidden platform during the five consecutive days of the

training phase. (middle) Representative swim patterns of rats for spatial orientation during the hidden platform trials. The escape latency and

movement distance to find the hidden platform during the hidden platform trials. (right) Representative swim patterns of rats for spatial orientation

during the probe trials. The number of swim crossings over the previous platform location and time spent in the previous platform location during

the probe trials (n Z 11e12). Mean � SEM; *P < 0.05, **P < 0.01 vs. respective controls. Using unpaired t test.
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2.7. Human subjects, blood collection, and PBMC isolation

Human blood samples were obtained from Renmin Hospital of
Wuhan University, China (Ethics Permit No. Whu2021-jc015).
According to medication use during pregnancy, 39 infants were
recruited: control male infants who did not receive dexamethasone
(n Z 18) and male infants whose mothers received a single course
of dexamethasone at 24e37 weeks of gestation (n Z 21). We
compared maternal age, corrected gestational age and birth weight
of the infants between the two groups. Patients with any of the
following conditions were considered ineligible for the study: (i)
Receiving other synthetic glucocorticoids during pregnancy, such
as betamethasone and prednisone; (ii) Hereditary disease; (iii)
Any other clinical conditions that, in the opinion of the investi-
gator, would render the subject unsuitable for the study. Umbilical
cord blood or peripheral blood samples (2e3 mL) were obtained
from infants aged 0e1 years with ethylene diamine tetraacetic
acid vacuum catheters, and PBMC were immediately separated by
peripheral blood lymphocyte isolation solution (Catalog # 17-
1440-02, GE) or serum was collected after centrifugation. All the
above analyses were performed in a single sample.

2.8. Real-time quantitative PCR (RT-qPCR) assays

Total RNA was extracted from rat hippocampus, H19-7 cells,
zebrafish brain and PBMC, using TRIzol reagent (Invitrogen,
USA). cDNA was prepared from total RNA using the Reverse
Transcription Kit (Takara Biotechnology, Japan). For miRNA,
Qiagen miRNA Reverse Transcription Kit (miScript II RT Kit,
Qiagen Bio, Germany) was used. All oligonucleotide primers
were synthesized by Tianyihuiyuan Biotechnology Co. Primers
for miR-133a-3p were designed and synthesized by RiboBio
Technology Co. RNU6A (u6) primers were provided by QIAGEN
Bio Co. (miScript Primer Assays). The results were calculated
using the 2�DDCt method by normalizing with glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and beta-actin (b-actin), or
u6 gene. The corresponding primers are shown in Supporting
Information Table S1.

2.9. Western blotting assays

Rat hippocampus, H19-7 cells, and zebrafish brain were lysed in
RIPA buffer (Beyotime Biotechnology, China) containing phe-
nylmethanesulfonyl fluoride (PMSF, Beyotime Biotechnology,
China) and phosphatase inhibitors. Lysates were centrifuged and
protein concentrations were determined using the bicinchoninic
acid (BCA) protein assay kit (Beyotime Biotechnology, China).
The boiled samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Lab.,
Hercules, CA, USA). After soaking in the blocking solution at
room temperature for 2 h, the membranes were incubated over-
night at 4 �C with the following primary antibodies, including
rabbit anti-SIRT1 (dilution at 1:1000, ab189494, Abcam, USA),
rabbit anti-CDK5 (dilution at 1:1000, ab40773, Abcam, USA),
rabbit anti-NR2B (dilution at 1:1000, ab65783, Abcam, USA),
rabbit anti-NR2B Ser1303 (dilution at 1:1000, ab81271, Abcam,
USA), mouse anti-GR antibody (dilution at 1:50, sc-12763, Santa
Cruz, USA) and rabbit anti-b-actin (dilution at 1:50,000,
AC026, ABclonal, China), respectively. Then incubation with
appropriate secondary antibodies was performed for 2 h at room
temperature and the signal was detected using an enhanced
chemiluminescence (ECL) kit (Bridgen, China) and visualized by
an imaging system (Bio-ID VL, Conn France). The grayscale of
the target protein bands was analyzed with Image-Pro Plus 6.0
(Media Cybernetics, Silver Spring, MD, USA).

2.10. Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde at 4 �C for 15 min
and then were blocked at room temperature for 2 h by adding 10%
goat serum-PBS blocking solution. Cells were then incubated with
rabbit anti-NR2B antibody (dilution at 1:100, ab65783; Abcam,
USA) at 4 �C in a wet box overnight. After washing 5 times with
deionized water, a cy3-labeled goat anti-rabbit antibody
(B100802, Baiqiandu Inc., China) was added and the dark box
was incubated at room temperature for 40e60 min. 40,6-
diamidino-2-phenylindole (DAPI, B0011, Baiqiandu Inc., China)
was added and incubated at room temperature in the dark for
20 min. Photographs were taken after washing with deionized
water for 15 min.

Brain tissues were fixed in 4% paraformaldehyde for 24 h,
paraffin embedded and cut into 2 mm thick sections. Sections were
dewaxed and washed in PBS. After antigen repair, the sections were
blocked with blocking solution for 2 h. The sections were subse-
quently incubated with rabbit anti-CDK5 antibody (dilution at
1:100, ab40773, Abcam, USA) or mouse anti-GR antibody (dilution
at 1:50, sc-12763, Santa Cruz, USA) at 4 �C overnight, washed and
incubated with cy3-labeled goat anti-rabbit antibody (B100802,
Baiqiandu Inc., China) or FITC-labeled goat anti-mouse antibody
(AS001, Abclonal, China). DAPI (B0011, Baiqiandu Inc., China)
was added and incubated at room temperature in the dark for
20 min. The sections were then washed with deionized water for
15 min before filming. Images were collected using inverted fluo-
rescence microscopy for both cells and tissues, and fluorescence
intensity was determined by measuring 3 random average optical
densities for each sample and quantified using Image-Pro Plus 6.0
(Media Cybernetics, Silver Spring, MD, USA).

2.11. Luciferase reporter assays

H19-7 cells were co-transfected with luciferase reporter plasmids
containing wild-type (WT) or mutant (MUT) Sirt1 30UTR binding
sites and miR-133a-3p mimic or negative control of mimic NC.
The luciferase reporter plasmids were constructed by GenePharma
Technology (Shanghai, China). After transfection, the Firefly/
Renilla Luciferase Reporter Assay Kit (MA0518-1; Dalian Meilun
Co., Ltd., China) and the Glomax 20/20Luminometer (Promega,
USA) were used to measure the Firefly/Renilla Luciferase activity
ratio. miR-133a-3p mimic and mimic NC were provided by
RiboBio Technology (Guangzhou, China), and the oligonucleo-
tides were as follows, miR-133a-3p mimic: 50-UUUGGUCCC-
CUUCAACCAGCUG-30, 30-AAACCAGGGGAAGUUGGUCGA
C-50; mimic NC: 50-UUUGUACUACACAAAAGUACUG-30, 30-
AAACAUGAUGUGUUUUCAUGAC-50.

2.12. Chromatin immunoprecipitation (ChIP) assay

Homogenates of hippocampal tissue or H19-7 cells were fixed
with 1% formaldehyde for 15 min to cross-link DNA and its
associated proteins. Glycine (final concentration of 0.125 mol/L)
was added, and the reaction was terminated at 4 �C. Then after
shearing the DNA in the lysate to a size of 200e800 bp using
ultrasound, the samples were collected by centrifugation and
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dilution buffer was added. After mixing, 10 mL of supernatant was
aspirated as Input and used for Input chromatin normalization.
The remaining solution was transferred to a new Eppendorf tube
containing Protein G agar beads at 200 mL of solution per tube.
The samples were incubated with the following antibodies: 4 mg of
acetyl-histone H3 at lys9 (H3K9ac, A7255, ABclonal, China), or
4 mg of H3K27ac (A7253, ABclonal, China), or 4 mg of normal
rabbit IgG (AC005, ABclonal, China), respectively, spun at 4 �C
overnight, and then eluted in stages. Samples were incubated with
200 mg/mL proteinase K at 65 �C overnight. DNA was subse-
quently purified and collected using the DNA Purification Kit
(639549, Tiangen Biotech Co., China), and the purified DNA was
detected by q-PCR. The IgG negative control values were used as
the background and the Input values were quantified. The primer
sequences were as follows: Forward primers: 50-TAGGGT-
GAGGTAAAGGCTGC-30, Reverse primer: 50-GGCAGGT-
CAGTTACTTCCCT-30.

2.13. miRNA sequencing

The hippocampal tissues of male fetal rats from three different
litters in each group and provided them to Genergy (Shanghai,
China). The subsequent miRNA sequencing and results analysis
were completed by Genergy.

2.14. CDK5 ELISA assays

Serum samples were collected from male fetal rats at GD20, male
offspring rats at PW28, and male infants aged 0e1 years old, and
CDK5 levels in serum were measured according to the kit in-
structions (HY31782, HY13509, HYCEZMBIO, China). A four-
parameter logistic curve fitting (4-pl) was used to create a standard
curve equation, and the concentration values of the samples were
calculated from the absorbance (450 nm) of the samples. All the
above analyses were performed in a single sample.

2.15. Golgi staining

The Golgi staining kit (FD RapidGolgiStain Kit, PK401) was
purchased from FD NeuroTechnologies, lnc. (USA). The rat
brains were washed with clean PBS and placed in a mixture of
solution A and solution B prepared 24 h in advance. After soaking
for 6 h, replaced with new dipping solution. After 2 weeks at room
temperature and away from light, the tissues were transferred to
solution C. After soaking for 24 h, replaced with new liquid C, and
stored at room temperature away from light for 7 days. The frozen
microtome prepared brain tissue into slices of 100e200 mm and
transferred the slices to gelatin coated slides containing solution
C. After drying at room temperature for 3 days, the slides were
rinsed with distilled water twice for 4 min each time. The mixture
of solution D, solution E and distilled water (1:1:2) was propor-
tioned and the slides were placed in the mixture for 10 min. The
slides were then rinsed with distilled water twice for 4 min each
time. The sections were dehydrated in 50%, 75%, and 95%
ethanol for 4 min per concentration gradient. Then the slices were
dehydrated in anhydrous ethanol 4 times for 4 min each time. The
sections were transparent in xylene 3 times for 4 min each time.
After the film was sealed with tablet sealer, the image of neurons
in the hippocampus was collected by orthographic microscopy,
and the Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring,
MD, USA) was used for quantitative analysis.
2.16. Statistical analysis

SPSS22 (SPSS Science Inc., Chicago, IL, USA) and Prism 8.0
(GraphPad Software, La Jolla, CA, USA) were used to analyze
experimental data. All data are expressed as mean � standard
error of mean (SEM). Independent Student’s t-test compared
means between the control and treated group. Multiple groups
comparison analyzed by one-way ANOVA test, and then use
Dunnett-t-test to identify significant differences between the two
groups. The Pearson correlation analysis was used to analyze the
correlation between two indicators. A value of P < 0.05 was
considered statistically significant.
3. Results

We established a rat model of gestational DEX exposure based on
clinical medication practice, and the F1eF7 multigenerational
offspring were obtained through maternal transmission (Fig. 1A1).
Due to the difficulty of early diagnosis of preterm birth, pregnant
women who do not respond to a single course of DEX treatment
are switched from preventive medication to continuous medica-
tion, resulting in multiple courses of treatment, sometimes even
more than 11 courses23. Combined with the present situation of
the treatment, and to avoid the occurrence of early embryo
abortion and stillbirth, we chose to use 0.2 mg/kg$day DEX to
treat pregnant mice at GD9eGD20. According to the dose con-
version relationship between humans and rats (1:6.17), 0.2 mg/
kg$day DEX is equivalent to a crowd dose of 0.03 mg/kg$day24,
and does not exceed the clinical DEX dosing criteria of
0.05e0.2 mg/kg$day25. The fetal blood DEX concentration of
267 nmol/L was measured in a 0.2 mg/kg$day PDE rat model in
our previous study26, so 20, 100, and 500 nmol/L DEX were used
to treat H19-7 fetal hippocampal neuron cell line in vitro.
Therefore, the timing, dose, or concentration of DEX used in this
study in both in vivo and in vitro experiments were reasonable and
had clinical practical significance. At the same time, considering
that female individuals are more prone to emotional problems
under the influence of hormones and sexual cycles, we chose male
offspring as the object of this study to clarify the mechanism of
learning and memory impairment.

3.1. PDE caused learning and memory impairment in offspring
rats and had transgenerational effects

To test whether PDE offspring exhibited hippocampal-dependent
changes in learning and memory, we examined the behavior of
offspring rats in NOR experiments and MWM tests
(Fig. 1A2eA3). In the F1 generation, PDE male offspring at
PW28 showed a decline in cognitive ability for novel objects, as
assessed by a significant reduction in the time spent in the novelty
(red cylinder) in NOR experiments (Fig. 1B1). Further MWM
tests showed significantly longer escape latencies and movement
distances for the PDE offspring both over 5 consecutive days of
training and in place navigation test, indicating their reduced
spatial learning and memory ability (Fig. 1C1). In spatial probe
test, the reduced number of platform crossings and time spent in
the target quadrant of the PDE offspring further confirmed their
reduced spatial learning and memory abilities (Fig. 1C1). We went
on to examine the behavior of F2 generation at PW28. Compared
with the control group, the PDE male offspring of F2 generation
spent less time on novel objects in NOR experiments (Fig. 1B2).
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In MWM tests for 5 consecutive days of training and place
navigation test, the PDE offspring of F2 generation showed
significantly prolonged escape latencies and movement distances,
as well as reduced number of platform crossings and time spent in
the target quadrant in spatial probe test (Fig. 1C2). These sug-
gested that, like the F1 generation, the PDE offspring of F2
generation showed reduced cognitive and memory ability for
novelty and spatial learning.

Under PDE, the mother, fetus, and its primordial germ cells
were all directly exposed to DEX, so the persistent changes in the
F1 and F2 generations caused by PDE are only intergenerational
changes. There was no direct DEX exposure in the F3 generation,
so the effect of PDE on the F3 generation and subsequent gen-
erations was a transgenerational inheritance effect. Therefore, we
continued to examine the behavioral changes of F3, F5, and F7
generations at PW28. Compared with the control group, the PDE
offspring of F3 generation spent less time staying on novel objects
in NOR experiments (Fig. 1B3) and showed prolonged escape
latencies and movement distances in training test and place nav-
igation test, as well as reduced number of platform crossings and
time spent in the target quadrant of spatial probe test in MWM
experiments (Fig. 1C3). However, in the F5 and F7 generations,
we did not observe changes for the PDE group in various
behavioral tests (Supporting Information Fig. S1A1eS1D1 and
S1A2eS1D2). It was suggested that the learning and memory
impairment of male adult offspring caused by PDE could persist to
the F2 generation and could be transmitted across generations to
the F3 generation, but not to the F5 and F7 generations.

3.2. PDE induced changes in hippocampal CDK5/NR2B
signaling and synaptic damages in multigenerational adult
offspring rats

In the offspring of F1 generation at PW28, the mRNA expression
of Cdk5 and P35 in hippocampus of PDE group was significantly
increased compared with that of control group (Fig. 2A1 and
Supporting Information Fig. S2A). Immunofluorescence detection
and semi-quantitative analysis showed that CDK5 (red) was
mainly expressed in neurons in different regions of the hippo-
campus, and the expression of CDK5 in hippocampal neurons in
the PDE group was higher than that in the control group
(Fig. 2B1), suggesting that CDK5 was overactivated in hippo-
campal neurons of PDE offspring. Protein detection revealed that
compared with the control group, the total protein of NR2B in the
hippocampus of the PDE group had no change, but the phos-
phorylation level of NR2B Ser1303 was increased and the
expression of the cell membrane NR2B was decreased (Fig. 2C1).
The NetPhos-3.1 website was used to predict and found that ki-
nases such as CDK5, protein kinase A (PKA), ribosomal protein
S6 kinase (RSK), calcium/calmodulin dependent protein kinase II
alpha (CaMK2a), protein kinase C (PKC), and death associated
protein kinase 1 (DAPK1), could act at the Ser1303 site of
NR2B27,28. It was further found that the mRNA expression of the
above kinases (Pka, Rsk, Camk2a, Pkc, and Dapk1) did not
change in the hippocampus of PDE offspring (Fig. S2B), except
for the increased expression of CDK5, suggesting that CDK5
overactivation might mediate the change of the phosphorylation
level of NR2B Ser1303. Subsequent Golgi staining showed that,
compared with the control group, the dendritic complexity and the
dendritic length of hippocampal neurons were reduced, the num-
ber of branching points of neurons was decreased, the density of
total dendritic spines and the number of mushroom-type dendritic
spines (mature dendritic spines) were also decreased in PDE
offspring (Fig. 2D1 and E1). It was also accompanied by a sig-
nificant inhibition of mRNA expression of hippocampal synaptic
proteins-synapsin I (Syn1) and synaptosome-associated protein 25
(Snap25) in PDE offspring (Fig. 2F1).

Like the F1 generation, the mRNA expression and immuno-
fluorescence semi-quantification of CDK5, as well as the mRNA
expression of P35 in the hippocampus of PDE adult offspring of
F2 and F3 generations were significantly increased (Fig. 2A2, B2,
A3 and B3 and Fig. S2A). Protein detection also showed no
changes in the total protein of hippocampal NR2B, but the
phosphorylation level of NR2B Ser1303 was increased and the
expression of the cell membrane NR2B was decreased (Fig. 2C2
and C3). Moreover, the dendritic complexity and the dendritic
length of hippocampal neurons were reduced, the number of
branching points of neurons was decreased, while the density of
total dendritic spines and the number of mushroom-type dendritic
spines (mature dendritic spines) were also decreased (Fig. 2D2,
E2, D3 and E3) in the hippocampus of PDE adult offspring of F2
and F3 generations, and accompanied by a significant decrease in
hippocampal Syn1 and Snap25 mRNA expression (Fig. 2F2 and
F3). We did not observe changes in the expression of hippocampal
Syn1 and Snap25 in the offspring of F5 and F7 generations
(Supporting Information Fig. S1E1 and S1E2). These results
suggest that PDE could induce hippocampal CDK5/NR2B
signaling changes and synaptic damages in male adult offspring
and persisted to F2 and F3 generations, but not to F5 and F7
generations.

3.3. Aberrant epigenetic modification of CDK5 was involved in
intrauterine origin and multigenerational programming effects of
altered hippocampal CDK5/NR2B signaling in PDE offspring rats

To confirm the direct regulation of DEX on CDK5/NR2B
signaling in the fetal hippocampus, we first treated the H19-7 rat
fetal hippocampal neuron cell line with different concentrations of
DEX (0, 20, 100, 500 nmol/L) for 3 days. Compared with the
control group, the mRNA expression of Cdk5 in fetal hippocampal
neurons in the DEX-treated group was increased in a
concentration-dependent manner (Fig. 3A). The total protein of
NR2B was not altered in the 500 nmol/L DEX-treated group, but
the phosphorylation level of NR2B Ser1303 was increased and the
expression of the cell membrane NR2B was decreased (Fig. 3B).
Immunofluorescence assay further showed a DEX concentration-
dependent decrease in NR2B membrane expression in fetal hip-
pocampal neurons (Fig. 3C). The mRNA expression of Syn1 and
Snap25 also decreased in a DEX concentration-dependent manner
(Fig. 3D).

We further examined the changes of CDK5/NR2B signaling in
fetal rat hippocampus of F1 generation at GD20. Compared with
the control group, the mRNA expression of Cdk5 and P35 in the
hippocampus of PDE male fetal rats was significantly increased
(Fig. 3F and Fig. S2A), which suggested that CDK5 was also
overactivated in hippocampal neurons of PDE fetal rats. Immuno-
fluorescence results showed that the level of CDK5 was higher in
the PDE group than in the control group (Fig. 3G). Protein detec-
tion also revealed the total protein of NR2B in the fetal hippo-
campus of the PDE group had no change, but the phosphorylation
level of NR2B Ser1303 was increased and the expression of the cell
membrane NR2B was decreased (Fig. 3H). Moreover, the dendritic
complexity and the dendritic length of fetal hippocampal neurons
were reduced, the number of branching points of neurons, the



Figure 2 Prenatal dexamethasone exposure (PDE) induced changes in hippocampal CDK5/NR2B signaling and synaptic damages in multi-

generational adult offspring rats. (A1eA3, F1eF3) mRNA expression of hippocampal cyclin-dependent kinase 5 (Cdk5), synapsin I (Syn1) and

synaptosome-associated protein 25 (Snap25) (n Z 8e12). (B1eB3) Immunofluorescence co-labeling and quantification for hippocampal CDK5

(red) and 40,6-diamidino-2-phenylindole (DAPI) (blue) (n Z 4e5). Scale bar, 600 mm. (C1eC3) Protein levels of hippocampal N-methyl-D-

aspartate receptor (NR2B) (nZ 3). (D1eD3, E1eE3) Golgi staining of hippocampal neurons, the neuronal dendrite length, the number of branch

points, the density of total dendritic spines and the number of mushroom spines in adult offspring (n Z 3e5). Mean � SEM; *P < 0.05,

**P < 0.01 vs. respective controls. Using unpaired t test.
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density of total dendritic spines and the number of mushroom-type
dendritic spines (mature dendritic spines) were also decreased in
PDE group (Fig. 3I and J), accompanied by the inhibited mRNA
expression of series hippocampal synaptic proteins, including Syn1
and Snap25 (Fig. 3K). These changes are consistent with multi-
generation of adult offspring.
Critical periods of intrauterine development are most susceptible
to epigenetic regulation29, and epigenetic mechanisms may well
explain the programming and multigenerational transmission of
phenotypes associated with intrauterine growth restriction30.
Studies have suggested that histone acetylation-mediated regulation
of CDK5 expression played a key role in determining neurite length



Figure 3 Aberrant epigenetic modification of CDK5 was involved in intrauterine origin and multigenerational programming effects of altered

hippocampal CDK5/NR2B signaling and synaptic damages in male offspring rats of prenatal dexamethasone exposure (PDE). (A, D, F, K) mRNA

expression of hippocampal cyclin-dependent kinase 5 (Cdk5), synapsin I (Syn1), synaptosome-associated protein 25 (Snap25) in H19-7 cell line

(n Z 6) or in fetal rats (n Z 8e12). (B, H) Protein levels of hippocampal N-methyl-D-aspartate receptor (NR2B) in H19-7 cell line or fetal rats

(n Z 3). (C) Immunofluorescence co-labeling and quantification for NR2B (red) and 40,6-diamidino-2-phenylindole (DAPI) (blue) in H19-7 cell

line (n Z 3). Scale bar, 50 mm. (E, L, M) Levels of acetyl-histone H3 at lys9 (H3K9ac), H3K14ac, and H3K27ac in the promoter of hippocampal

Cdk5 in fetal and adult offspring rats, as well as in H19-7 cell line (n Z 6e8). (G) Immunofluorescence co-labeling and quantification for

hippocampal CDK5 (red) and DAPI (blue) in fetal rats (n Z 5). Scale bar, 300 mm. (I, J) Golgi staining of hippocampal neurons, the neuronal

dendrite length, the number of branch points, the density of total dendritic spines and the number of mushroom spines in fetal rats (n Z 3e5).

Mean � SEM; *P < 0.05, **P < 0.01 vs. respective controls. Using unpaired t-test compared means between the control and treated groups. The

comparisons among multiple groups were analyzed by one-way ANOVA test, followed by Dunnett-t test.
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in embryonic neurons31. We screened for altered acetylation mod-
ifications at different histone sites in the hippocampal Cdk5 pro-
moter region of fetal rats at GD20 and found increased levels of
H3K9ac and H3K27ac in the Cdk5 promoter region of the PDE
group, while H3K14ac did not change (Fig. 3L). Simultaneously
the increased levels of H3K9ac and H3K27ac persisted until after
birth and continued into the F2 and F3 generations (Fig. 3M).
In vitro experiments on H19-7 cell line also confirmed a marked
increase of H3K9ac and H3K27ac levels in the Cdk5 promoter
region in the 500 nmol/L DEX-treated group (Fig. 3E). These ef-
fects were consistent with high expression of CDK5, altered CDK5/
NR2B signaling and synaptic damages in the in vivo and in vitro
experiments. It was suggested that persistent alterations of H3K9ac
and H3K27ac in the Cdk5 promoter region might be essential in
mediating the intrauterine origin and multigenerational program-
ming effects of altered hippocampal CDK5/NR2B signaling and
synaptic damages in PDE offspring.

3.4. Intervention of CDK5 could reverse the changes of
hippocampal NR2B phosphorylation and learning and memory
impairment in PDE offspring rats

To confirm the key regulatory role of CDK5, we first observed the
effect of roscovitine, a CDK5 inhibitor, on DEX-induced synaptic
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damages in H19-7 cell line in vitro. Immunofluorescence assay
displayed that the expression of the cell membrane NR2B was
lower in the DEX group than of the control group, but it was
significantly higher in the DEX þ roscovitine group than of the
DEX group after 3 days of roscovitine treatment (Fig. 4A). The
Western blotting assay showed that the total protein of NR2B was
not changed in all groups, but roscovitine reversed the increase of
the phosphorylation level of NR2B Ser1303 and the decrease of
the expression of cell membrane NR2B induced by DEX
(Fig. 4B). Also, roscovitine reversed the DEX-induced reduction
in the mRNA expression of Syn1 and Snap25 in fetal hippocampal
neurons (Fig. 4C). It was suggested that in vitro intervention of
CDK5 reversed the altered NR2B phosphorylation and synaptic
damages induced by DEX in fetal hippocampal neurons.

We continued to intervene CDK5 expression by ventricular
localization injection of AAV9-CDK5-RNAi in PDE male
offspring rats at PW24 and detected behavioral and hippocampus-
related indexes three weeks later (Fig. 4D). Compared with the
control group, the mRNA expression of hippocampal Cdk5 in the
CDK5-RNAi group was decreased (Fig. 4E), confirming the
effectiveness of ventricular localization injection of AAV9-CDK5-
RNAi. In NOR experiments, the time spent in the novelty of the
PDE offspring decreased, while the PDE þ CDK5-RNAi group
spent considerably longer time in the novelty compared to the
PDE group, and the CDK5-RNAi group also showed a significant
increase in the dwell time (Fig. 4F). In the training test, the place
navigation test and the spatial probe test of MWM tests, PDE
offspring showed longer escape latencies and movement distances,
as well as reduced number of platform crossings and time spent in
the target quadrant, while CDK5-RNAi reversed these changes
caused by PDE (Fig. 4G). It was suggested that CDK5-RNAi
treatment notably ameliorated the reduced novelty cognition
ability and spatial learning and memory impairment in PDE
offspring. Subsequently, the Western blotting assay revealed that
compared with the PDE group, the total protein of NR2B in the
hippocampus of the PDE þ CDK5 RNAi group had no change,
but the phosphorylation level of NR2B Ser1303 was decreased
and the expression of the cell membrane NR2B was increased
(Fig. 4H), accompanied by the upregulation of the mRNA
expression of hippocampal Syn1 and Snap25 (Fig. 4I).

Combined with the results of CDK5 intervention both in vivo
and in vitro, it was suggested that CDK5 could mediate the change
of the phosphorylation level of NR2B Ser1303, and silencing of
hippocampal CDK5 could significantly reverse the changes of
NR2B phosphorylation and learning and memory impairment in
offspring induced by PDE.

3.5. miR-133a-3p mediated the altered epigenetic modifications
of hippocampal CDK5 in multi-generation of PDE offspring rats,
which might be related to the high expression and transmission of
miR-133a-3p in oocytes

miRNAs are abundantly expressed, target a wide variety of genes,
and are highly genetically conserved. To determine whether
miRNAs are involved in the regulation of epigenetic modifications
of hippocampal CDK5 in the multi-generation of PDE offspring,
we sequenced miRNAs in the hippocampus of fetal rats of F1
generation at GD20. We found that 259 miRNAs were up-
regulated, and 248 miRNAs were down-regulated in the PDE
group, and 97 significantly differentially expressed miRNAs were
obtained by calculation. Conservativeness analysis of the top ten
differentially paired up-regulated miRNAs by using the miRBase
database32 and the Clustal Omega website33 revealed that miR-
450a-3p, miR-362-3p, miR-369-3p, miR-133a-3p, miR-144-3p,
miR-296-5p, miR-362-5p are well conserved with high sequence
homology and are expressed in human and rat, as well as in
mouse, where miR-133a-3p, miR-144-3p are also highly
conserved in zebrafish (Fig. 5AeC and Fig. S2C).

Axon guidance is the process by which neurons send out axons
and form synapses at the correct location. We found that only miR-
133a-3p was highly associated with neuronal axon guidance
among the dozens of significantly variable and highly conserved
miRNAs by GO and KEGG pathway enrichment analysis (Fig. 5D
and Fig. S2D)34,35. We detected the expression of miR-133a-3p in
multiple tissues of fetal rats of F1 generation at GD20 and found
that the basal expression of miR-133a-3p was high in hippocam-
pus, long bones, cartilage, and adrenal gland, and low in liver,
kidney, and placenta (Fig. S2E). At the same time, the expression
of miR-133a-3p in fetal hippocampus was specifically increased
under the PDE model (Fig. 5E), but there was no change in other
tissues (Fig. 5E and Fig. S2E). The expression of miR-133a-3p in
the hippocampus of fetal rats of F1 generation and adult offspring
of F1, F2, and F3 generations, were further detected, which were
significantly higher than that of the respective control groups
(Fig. 5F). In vitro experiments also confirmed that 500 nmol/L
DEX could significantly up-regulate the expression of miR-133a-
3p in H19-7 neurons (Fig. 5F).

However, is the highly expressed miR-133a-3p involved in the
regulation of histone acetylation in the Cdk5 promoter region?
Sirtuin (Sirt), a nicotinamide adenosine dinucleotide-dependent
deacetylase, is an important enzyme family mediating deacetyla-
tion and is involved in the regulation of cell cycle and develop-
ment, cellular senescence and neuroprotection36,37. We found that
the mRNA expression and protein levels of SIRT1 in the hippo-
campus of PDE fetal rats were decreased (Fig. 5G and H), but the
mRNA expression of Sirt2, Sirt3, Sirt4, Sirt5, Sirt6, Sirt7 were not
changed (Fig. S2F). At the same time, the expression of hippo-
campal SIRT1 of adult offspring of F1, F2, and F3 generations
also showed consistent inhibitory changes with that of fetal rats of
F1 generation (Fig. 5G and H). The expression of SIRT1 in H19-
7 cell line also decreased after DEX treatment (Fig. 5G and H).
The Target Scan website38 predicted that miR-133a-3p has a
binding site for Sirt1 30UTR (Fig. 5I). Therefore, a dual luciferase
reporter gene was used to detect the interaction between Sirt1
30UTR and miR-133a-3p in H19-7 cell line. It was found that the
luciferase activity was decreased in fetal hippocampal neurons
transfected with the wild-type Sirt1 construct, compared with the
negative control group (Fig. 5I), whereas the luciferase activity
remained unchanged in fetal hippocampal neurons transfected
with the mut-type Sirt1 construct. These results indicated that
miR-133a-3p and Sirt1 had a direct negative regulatory effect. It
was further found that intervention of miR-133a-3p (Fig. 5J) in
fetal hippocampal neurons could reverse the DEX-induced low
expression of Sirt1, the increase of H3K9ac and H3K27ac levels
in the Cdk5 promoter region, and the high expression of Cdk5
(Fig. 5K and L). It was preliminary suggested that high expression
of miR-133a-3p could mediate the regulation of epigenetic
modification and expression of hippocampal Cdk5 in multi-
generation of PDE offspring by targeted inhibition of Sirt1.

Substantial evidence suggests that epigenetically induced
phenotypic changes can persist for generations39, which means
that the memory of these epigenetic changes must be retained



Figure 4 Intervention of CDK5 could reverse the changes of hippocampal NR2B phosphorylation and learning and memory impairment in

male offspring rats of prenatal dexamethasone exposure (PDE). (AeC) The H19-7 cell line was treated with 500 nmol/L DEX and (or) 25 mmol/L

roscovitine. (A) Immunofluorescence co-labeling and quantification for N-methyl-D-aspartate receptor (NR2B) (red) and 40,6-diamidino-2-

phenylindole (DAPI) (blue) (n Z 3e4). Scale bar, 50 mm. (B) Protein levels of NR2B (n Z 3). (C) mRNA expression of Synapsin I (Syn1)

and Synaptosome-associated protein 25 (Snap25) (n Z 6). (D) Diagram summarizing the experimental procedure. 3 weeks after the appropriate

adeno-associated virus (AAV) injection, rats were undergone novel object recognition (NOR) experiments and Morris water maze (MWM) tests.

(E) mRNA expression of hippocampal cyclin-dependent kinase 5 (Cdk5) 3 weeks after AAV injection (n Z 8). (F) The discrimination ratio in

NOR experiment (nZ 8e10). (G) (left) The escape latencies and movement distances to find the hidden platform during the five consecutive days

of the training phase. (middle) Representative swim patterns of rats for spatial orientation during the hidden platform trials. The escape latencies

and movement distances to find the hidden platform during the hidden platform trials. (right) Representative swim patterns of rats for spatial

orientation during the probe trials. The number of swim crossings over the previous platform location and time spent in the previous platform

location during the probe trials (n Z 8e9). (H) Protein levels of hippocampal NR2B (n Z 3). (I) mRNA expression of hippocampal Syn1 and

Snap25 (n Z 8). Mean � SEM; *P < 0.05, **P < 0.01 vs. Control; #P < 0.05, ##P < 0.01 vs. DEX or PDE. Using one-way ANOVA.
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during germ cell development and passed on to the next genera-
tion. Studies have shown that parental stress-induced changes in
the miR-200 family in offspring’s uterus extended to the F2 gen-
eration, and these changes appeared in both the uterus and the
cerebral cortex of the F2 generation40. Our previous studies found
that miR-320a-3p and miR-17-5p were inhibited in the oocytes of
the F1 and F2 generations directly and indirectly exposed to DEX,
which caused abnormal development of ovarian follicles, inhibi-
tion of estrogen synthesis function and decreased ovarian reserve,
and could persist until F3 generation19,41. To determine whether
the persistently high expression of miR-133a-3p in the hippo-
campus of F2 and F3 generations was associated with oocyte germ
cells, we detected the expression of miR-133a-3p in the oocytes of
F1 and F2 generations, and found that their expressions were
dramatically increased compared to the respective control groups
(Fig. 5M), and were consistent with the results in hippocampus.
These results suggest that the high expression of miR-133a-3p in
offspring induced by PDE is stably inherited in maternal germ
cells and may be transmitted to the hippocampus, thereby causing
the sustained high expression of miR-133a-3p in the hippocampus
of multi-generation, and then participating in the regulation of
CDK5 epigenetic modification.

3.6. miR-133a-3p was confirmed to mediate dexamethasone-
induced changes in brain SIRT1/CDK5/NR2B signaling axis by
using zebrafish embryos

Zebrafish is a powerful model organism for studying vertebrate
embryonic development, but the developmental process is accel-
erated in zebrafish. Zebrafish embryos begin to develop ganglia at
10 h post fertilization (hpf), hatch at 48e72 hpf, and open for
foraging at 120 hpf42. Spontaneous tail contraction (STC) in
zebrafish is a good parameter reflecting neurodevelopmental and
neurobehavioral changes43. We treated zebrafish embryos with 0,
25, 50, and 100 mmol/L DEX at 10e72 hpf and found no changes
in the survival of zebrafish embryos in the 25e100 mmol/L DEX
treatment group, compared with the 0 mmol/L DEX treatment
group. The hatchability increased in a DEX concentration-
dependent manner at 48 hpf. The hatchability of the DEX-treated
group was higher than that of the control group at 72 hpf, and
there was no difference between the groups at 96 hpf (Supporting
Information Fig. S3A). At 120 hpf, the expression of miR-133a-
3p in the brain of DEX-treated zebrafish was increased, while the
expression of sirt1 and cdk5 were inhibited or up-regulated
respectively, with the most significant in the 50 mmol/L group
(Fig. S3BeS3E). At this time, the phosphorylation level of Nr2b
Ser1303 was increased and the expression of the cell membrane
Nr2b was decreased (Fig. S3E). Meanwhile, the mRNA expression
of brain-derived neurotrophic factor (bdnf ), syn1, and snap25 were
inhibited (Fig. S3F), and the STC of zebrafish embryos at 24 hpf
treated with 50 mmol/L DEX was decreased (Fig. S3G). It was
suggested that although DEX could promote the hatching of
zebrafish embryos to some extent, the neurotoxicity of 50 mmol/L
DEX on zebrafish embryos was like that of PDE rats.

Like humans, early developmental events in fish are regulated
by maternally supplied gene products44. The developmental pro-
cess of zebrafish embryos is like that of humans and rodents. To
confirm the transgenerational effect mediated by miR-133a-3p
alterations in germ cell, we inhibited miR-133a-3p expression in
fertilized eggs by microinjection of miR-133a MO into zebrafish
embryos at the zygote stage. Compared with the control group, the
expression of miR-133a-3p in zebrafish brain was decreased at
120 hpf (Fig. 6A), confirming that the microinjection of miR-133a
MO was effective. At the same time, after injection of miR-133a
MO, there was no difference in embryo survival rate among all
treatment groups (Fig. 6B). Subsequently, it was found that
compared with the DEX group, the expression of sirt1 and cdk5
were inhibited or up-regulated respectively (Fig. 6C and D), the
total protein of Nr2b was not changed, the phosphorylation level
of Nr2b Ser1303 was decreased while the expression of the cell
membrane Nr2b was increased in the DEX þ miR-133a MO
group (Fig. 6D). In CON þ miR-133a MO group, the protein
expression of Sirt1 was increased, while the protein expression of
Cdk5 and Nr2b did not change (Fig. 6D). In addition, miR-133a
MO could reverse DEX-induced down-regulation of syn1 and
snap25 mRNA expression (Fig. 6E), as well as the inhibition of
STC at 24 hpf (Fig. 6F), while there was no change in
CON þ miR-133a MO group (Fig. 6F). These results suggest that
the intervention of miR-133a-3p in zebrafish zygote could reverse
the DEX-induced CDK5/NR2B signaling changes and synaptic
function by regulating Sirt1.

3.7. The level or expression of CDK5 in peripheral blood might
serve as a potential early-warning marker for learning and
memory impairment in PDE offspring

The exploration of biomarkers provides a direction for the pre-
vention and treatment of complex neurological diseases. The
discovery of highly specific peripheral blood biomarkers would
greatly improve the early warning and diagnosis of neurological
disorders. Based on the key regulatory role of CDK5 in learning
and memory impairment in PDE offspring, we attempted to
explore the peripheral blood biomarkers of fetal-originated
learning and memory impairment. Compared with the control
group, the level or expression of CDK5, in the serum of fetal rats
at GD20 as well as in the serum and PBMC of offspring rats at
PW28, were increased in the PDE group, and they were all
positively correlated with the expression of Cdk5 in the hippo-
campus. The expression of CDK5 in the PBMC was also posi-
tively correlated with the level of CDK5 in the serum. The above
correlation was more obvious in the PDE group (Fig. 7AeC).
Further analysis revealed that the level or expression of CDK5 in
the serum and PBMC of the PDE offspring at PW28 were nega-
tively correlated with the time spent in novelty, the number of
crossing platforms, and the time spent in the target quadrant, and
positively correlated with the escape latencies and movement
distances in the behavioral tests. However, there was no correla-
tion in the control group (Fig. 7DeH). These results suggest that
the level or expression of CDK5 in the serum and PBMC were
well correlated with CDK5 expression in the hippocampus and
could reflect the behavioral changes of the offspring with learning
and memory impairment.

To further explore the clinical translational potential of this
peripheral blood biomarker, we collected plasma samples from 21
male infants under one year of age who received a single course of
prenatal DEX and 18 age-matched control infants. Preterm infants
perform worse on tests of cognitive and motor development than
their full-term peers of similar chronological age45. To avoid
underestimating their abilities in early assessments, age is usually
adjusted using chronological age minus the number of weeks the
child was born premature46. Our statistical analysis of relevant
clinical information confirmed that there were no differences in
maternal age (30.61 � 2.73 in the control group, 31.00 � 4.85 in
the DEX group), corrected infant age (23.86 � 16.23 in the



Figure 5 The high expression and transmission of oocyte miR-133a-3p might mediate the epigenetic regulation of hippocampal Cdk5 in multi-

generation of male offspring rats of prenatal dexamethasone exposure (PDE). (A, B) Heat map and volcano map showing the top 20 differentially

expressed miRNAs in the hippocampus of PDE male fetal rats on gestational day 20 (GD20). (C) Sequence conservation of miR-133a-3p in rat,

human, mouse, and zebrafish. (D) Signaling enrichment map of miR-133a-3p targeted genes. (E) Relative expression of miR-133a-3p in the

hippocampus, long bones, cartilage, liver, adrenal gland, kidney, and placenta in male fetal rats (n Z 4e6). (F, G) Relative expression of miR-
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Figure 6 miR-133a-3p was confirmed to mediate dexamethasone-induced changes in brain SIRT1/CDK5/NR2B signaling axis by using

zebrafish embryos. (A) (left) Schematic diagram of the microinjection of miR-133a Morpholinos (miR-133a MO) into zebrafish embryos at

zygote stage. After microinjection, the zebrafish embryos were treated with 50 mmol/L dexamethasone (DEX) or not; (right) Relative expression

of miR-133a-3p in zebrafish embryos at 120-h post fertilization (hpf) (nZ 6). (B) Probability of survival and hatching rate of zebrafish embryos at

24, 48, 72, 96, and 120 hpf (nZ 12). (C, E) mRNA expression of silent information regulator 1 (sirt1), cyclin-dependent kinase 5 (cdk5), synapsin

I (syn1) and synaptosome-associated protein 25 (snap25) in zebrafish at 120 hpf (n Z 6). (D) Protein levels of Sirt1, Cdk5 and N-methyl-D-

aspartate receptor (Nr2b) in zebrafish at 120 hpf (n Z 3). (F) The spontaneous tail contractions (STC) of zebrafish embryos at 24 hpf (n Z 10).

Mean � SEM; *P < 0.05, **P < 0.01 vs. Control; #P < 0.05, ##P < 0.01 vs. DEX. Using one-way ANOVA.
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control group, 27.20 � 14.89 in the DEX group), or infant birth
weight (3.14 � 0.34 in the control group, 2.87 � 0.47 in the DEX
group) between the control and the DEX group, indicating that the
basic information of the two groups was consistent (Fig. 7I and
Supporting Information Table S2). Further detection of CDK5
level or expression in the serum and PBMC showed that they were
higher in the DEX group than that of the control group, and the
level or expression of CDK5 in serum and PBMC was positively
correlated (Fig. 7J). These results indicate that the effect of PDE
on CDK5 was consistent in rat models and humans, and the level
or expression of CDK5 in peripheral blood might serve as an early
warning marker for PDE-related fetal-originated learning and
memory impairment.
133a-3p and mRNA expression of Sirt1 in the hippocampus of male fetal an

7 cell line (nZ 6e8). (H) Protein levels of SIRT1 in the hippocampus of m

as in H19-7 cell line (n Z 3). (I) (left) The complementary sequences of

Scan; (right) Relative luciferase activity was analyzed after wild-type or

plasmids in H19-7 cell line (n Z 6). (JeL) Relative expression of miR-133

and H3K27ac in the promoter of Cdk5 in the H19-7 cell line treated with

(M) Expression of miR-133a-3p in oocytes in adult offspring rats of F1 and

Control; #P < 0.05, ##P < 0.01 vs. DEX. Using unpaired t test compa

comparison was analyzed by one-way ANOVA test, followed by Dunnett
4. Discussion

Here, we investigated the effects of clinically equivalent doses of
DEX on hippocampal synaptic development and learning and
memory function in offspring rats and reported the specific
sensitivity of hippocampal excitatory synapses to this synthetic
glucocorticoid. Specifically, we observed reduced cell membrane
translocation of hippocampal excitatory glutamate receptor
NR2B, damaged neuronal dendrites and dendritic spines, inhibited
expression of synaptic proteins, and the onset of learning and
memory impairments in offspring, using a rather clinically clas-
sical usage of prenatal DEX exposure. Despite the lack of sus-
tained DEX exposure, hippocampal excitatory synaptic damage
d adult offspring rats of F1, F2, and F3 generations, as well as in H19-

ale fetal and adult offspring rats of F1, F2, and F3 generations, as well

miR-133a-3p were discovered in 30UTR of Sirt1 mRNA using Target

mutant 30UTR reporter plasmids were co-transfected with different

a-3p, mRNA expression of Sirt1 and Cdk5, and the levels of H3K9ac

500 nmol/L DEX and (or) 10 mmol/L miR-133a-3p inhibitor (n Z 6).

F2 generations (n Z 6e8). Mean � SEM; *P < 0.05, **P < 0.01 vs.

red means between the control and treated groups. Multiple groups

-t-test.



Figure 7 The level or expression of CDK5 in peripheral blood might serve as a potential early-warning marker for learning and memory

impairment in offspring of prenatal dexamethasone exposure (PDE). (AeC) Serum CDK5 levels and mRNA expression of CDK5 in peripheral

blood mononuclear cell (PBMC) (nZ 9e14), and the correlation analysis of CDK5 in serum or PBMC and in hippocampus of male offspring rats

(nZ 7e12). (DeH) The correlation analysis of CDK5 in serum or PBMC and novel object recognition (NOR) experiments or Morris water maze

(MWM) tests of male adult offspring rats (nZ 11e12). (I) Maternal age, corrected age, and birth weight of clinical infants (nZ 18e21). (J) (left)

Serum CDK5 levels and mRNA expression of CDK5 in PBMC of clinical male infants. (right) The correlation analysis of CDK5 in serum and in

PBMC of clinical male infants (n Z 18e21). Mean � SEM; *P < 0.05, **P < 0.01 vs. Control. Using unpaired t test compared means between

the control and treated groups. Pearson correlation analysis was used to analyze the correlation between two indicators.
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and learning and memory impairments persist over multiple
generations, underscoring the lasting effects of DEX on hippo-
campal excitatory synapses in offspring. In addition, using rat,
H19-7 fetal hippocampal neuron cell line, zebrafish model, and
clinical peripheral blood samples, we showed that miR-133a-3p-
mediated alterations in SIRT1/CDK5/NR2B signaling axis might
be involved in hippocampal excitatory synaptic damage and
learning and memory impairment in PDE offspring. The specific
high expression of miR-133a-3p in oocytes could be an important
reason for its transgenerational inheritance. Detection of CDK5
level in peripheral blood might forewarn the susceptibility of PDE
offspring to learning and memory impairment. Taken together,
these findings served as further evidence that PDE had trans-
generational effects on brain development and revealed previously
unknown cellular and molecular mechanisms underlying PDE-
induced sustained hippocampal developmental damage,
providing further evidence to re-examine the pros and cons of
current DEX use during pregnancy.

With the deepening of research, the influence of adverse
environment during pregnancy on offspring may not be limited
to F1 generation, for example, mammalian embryos exposed to
adverse environment can cause abnormal lipid metabolism in
offspring until F3 generation47. Our previous studies also found
that PDE could inhibit ovarian estrogen synthesis function and
reduce ovarian reserve in offspring, which could extend to F3
generation19,41. PDE caused increased susceptibility to temporal
lobe epilepsy in offspring rats, and lithium chloride-pilocarpine
induced seizures accompanied by cognitive impairment could
extend to the F2 generation48. These results suggest that PDE
could cause persistent damage in offspring for multiple genera-
tions, thereby seriously impairing the quality of life of the
offspring. We used NOR and MWM to assess the learning and
memory abilities of rodents. NOR experiments showed that the
PDE male offspring of the F1, F2 and F3 generations exhibited
impairment in recognizing novel objects. MWM tests further
show that the spatial learning and memory abilities of PDE
offspring rats were weakened. In addition, the membrane trans-
location of the excitatory glutamate receptor NR2B in the hip-
pocampus of the F1, F2 and F3 offspring was reduced, the
neuronal dendrites and the dendritic spines were damaged, and
the expression of the synaptic markers Syn1 and Snap25 was
inhibited. This further refined our understanding of the
hippocampus-dependent impairment of persistent learning and
memory abilities in PDE offspring.

Various evidence highlighted the synaptic dysregulation in
cognitive-related disorders49. Our study reveals a strong long-
term effect of PDE on synaptic regulation of hippocampal
excitatory neurons in offspring, which was directly related to
CDK5. Notably, CDK5 can inhibit NR2B translocation to the
cell membrane through direct or indirect phosphorylation,
resulting in reduced synaptic plasticity18,50. Exposed of mice to
propofol in the early postnatal period increased the phosphor-
ylation of NR2B and decreased its membrane translocation in
the hippocampus, accompanied by spatial memory deficits in
pubertal period, whereas promoting the expression of the
membrane NR2B in the hippocampal neurons improves their
learning and memory functions18,51. Like previous results, our
data indicate that NR2B phosphorylation and membrane trans-
location were abnormal in the hippocampus of PDE offspring.
The downregulation of CDK5 by AAV not only reversed the
expression changes of NR2B, but also alleviated the reduction
of excitatory synaptic proteins and learning and memory
impairment induced by PDE. Administration of CDK5 inhibitor
roscovitine to H19-7 fetal hippocampal neurons similarly
reversed the expression changes of NR2B and synaptic damage
caused by DEX. These results suggest that CDK5 played
an essential role in PDE-induced hippocampal excitatory syn-
aptic inhibition and learning and memory impairment in
offspring.

Previous studies have described that the expression of CDK5 in
the rodent hippocampus is regulated by histone acetylation mod-
ifications in the promoter region52,53. Coincidentally, our data
show that the expression of CDK5 and the levels of H3K9ac and
H3K27ac in its promoter regions in the hippocampus of the PDE
offspring increased continuously from in utero to adulthood in the
F1 generation, and then to the F2 and F3 generations. SIRT1 is
widely distributed in the rodent brain and is highly expressed in
hippocampal neurons54. Sirt1 knockout mice develop
hippocampus-dependent learning and memory impairment55.
Interestingly, our results show a persistent decrease in hippo-
campal SIRT1 in PDE offspring from intrauterine to postnatal
until F2 and F3 generations. H19-7 cells treated with DEX show
similar results. This suggest that persistent changes of SIRT1 in
the epigenetic profile may partially explain the persistent histone
hyperacetylation status in the CDK5 promoter region and its high
expression.

Biogenesis, activity, and degradation of specific miRNAs have
been shown to be involved in the regulation of neuroplasticity
responsible for learning and memory formation56. The
hippocampus-specifically enriched miR-34c mediated learning
impairment in Alzheimer’s mice by suppressing Sirt1 expres-
sion57. Like miR-34c, we screened that the expression of SIRT1
was suppressed in the hippocampus of PDE offspring, which
might be mediated by the specific miR-133a-3p transcriptional
activation, and this effect could be extended to the F2 and F3
generations. The dual luciferase reporter gene further confirmed
the direct negative regulatory effect of miR-133a-3p and Sirt1 in
H19-7 cells, and miR-133a-3p inhibitor could reverse the
expression changes of Sirt1, CDK5, NR2B and the inhibition of
synaptic protein expression caused by DEX. As mentioned pre-
viously, spontaneous curly tail movement in zebrafish embryos is
a commonly used parameter to assess the effects of exogenous
agents on early development of the zebrafish nervous system58.
Our data show that DEX induced a decrease in the rate of
spontaneous curling in zebrafish embryos at 24 hpf. It was
further found that miR-133a-3p is highly conserved in human,
rat, mouse and zebrafish, and DEX exposure resulted in upre-
gulation of miR-133a-3p expression and suppression of Sirt1
expression in zebrafish brain, along with aberrant activation of
Cdk5, increased phosphorylation level of NR2B and decreased
expression of the membrane NR2B, and these changes were
consistent with the PDE rat model. These data suggest that
altered miR-133a-3p/SIRT1/CDK5/NR2B signaling axis
appeared to be an important mechanism for impaired learning
and memory in PDE offspring.

Epigenetic modifications in germ cells are closely related to
the transgenerational inheritance of altered phenotypic in
offspring caused by adverse pregnancy environments59. Evidence
suggested that epigenetic marks at specific genomic locations
could evade reprogramming during germ cell maturation, thereby
supporting transmission of epigenetic changes across genera-
tions60,61. Epigenetic information carried by non-coding RNAs,
etc., could be tracked in germ cells and passed on to offspring62,63.
For example, the offspring and even grandchildren of diabetic
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mothers exhibited a similar diabetic phenotype, which has been
shown to be associated with altered epigenetic modifications and
transmission in oocytes64. Mice injected with miR-1 in fertilized
eggs developed cardiac hypertrophy in three generations of their
offspring and all three generations of sperm showed elevated miR-
165. In the maternal cross-generational inheritance of this study,
the hippocampal-specific upregulation of miR-133a-3p in PDE
male offspring continued from intrauterine to postnatal in F1
generation, until F2 and F3 generation. At the same time, the
expression of miR-133a-3p in the oocytes of F1 and F2 genera-
tions of PDE offspring also showed a consistent upregulation. This
suggested that the high expression of miR-133a-3p in zygotic
oocytes of PDE offspring might escape reprogramming during
oocyte formation and early embryonic development and was
specifically transmitted to the hippocampus of multigeneration.
Further, we microinjected miR-133a MO into zygotic zebrafish
embryos to suppress miR-133a-3p expression and found that
DEX-induced alterations in zebrafish brain miR-133a-3p/Sirt1/
Cdk5/Nr2b signaling, synaptic protein expression and the sup-
pression of spontaneous tail curl rate of zebrafish, were all
reversed. It was suggested that intervention of miR-133a-3p
expression in fertilized eggs could reverse DEX-induced abnor-
malities in the early neurodevelopment of the offspring. To sum
up, PDE could increase the expression of miR-133a-3p in oocytes
of offspring, and the epigenetic information carried by miR-133a-
3p was transmitted to F2 and F3 generations via oocytes, which
could mediate the change of SIRT1/CDK5/NR2B signaling axis
by specifically upregulating miR-133a-3p in hippocampus. This
might be the underlying molecular basis for the transgenerational
genetic effect of learning and memory impairment in PDE
offspring.

As a long-acting glucocorticoid, DEX exerts biological effects
by activating GR. In this study, the expression of GR and its target
genes in PDE fetal rats was significantly up-regulated, while H19-7
cells treated with DEX showed the same changes (Supporting
Information Fig. S4AeS4D), suggesting the activation of GR in
PDE fetal hippocampal neurons. Activated GR regulates tran-
scription by acting on the glucocorticoid response element (GRE)
of the target genes. Bioinformatics analysis revealed the presence of
GRE sites in the promoter region of miR-133a-3p precursor tran-
scripts (Fig. S4E). Meanwhile, GR antagonist RU486 could reverse
the changes of miR-133a-3p/SIRT1/CDK5/NR2B signaling axis
induced by DEX in fetal hippocampal neurons (Fig. S4FeS4J).
These results suggest that PDE might upregulate the expression of
miR-133a-3p in fetal hippocampus by activating GR, and then
regulate the CDK5/NR2B pathway by targeting SIRT1.

Fetal-originated diseases originate from the in uterus, but most
of them develop in adulthood, with complex mechanisms and
unclear targets, making it difficult for early warning in clinical
practice. Studies have demonstrated that altered expression of
functionally regulated genes in early life can be used as bio-
markers for long-term disease66,67. Unlike invasive methods such
as brain biopsy or cerebrospinal fluid analysis, peripheral blood is
a clinically accessible biological sample. Despite the influence of
the bloodebrain barrier, gene expression in peripheral blood can
be used for the diagnosis of brain disorders including Alzheimer’s
disease, schizophrenia, and bipolar disorder68,69. CDK5 has highly
specific kinase activity in the nervous system. Studies have
confirmed the presence of CDK5 in human and rat monocytes70.
Co-culture of HIV-infected monocyte-derived macrophages with
primary neurons increases CDK5 activity and induces neuronal
death71. This suggests that changes in CDK5 levels in PBMC may
reflect neuronal states to some extent. In this study, we observed
that the level or expression of CDK5 in peripheral blood serum
and PBMC of PDE fetal rats and adult offspring rats were
significantly increased, and it was significantly correlated with the
expression of Cdk5 in the hippocampus and the behavioral
changes related to learning and memory impairment in the
offspring. Further, significant increases in CDK5 levels were also
detected in serum and/or PBMC of male infants exposed to DEX
in utero. It was suggested that the changes of CDK5 in peripheral
blood were consistent in PDE offspring rats and infants, and the
level or expression of CDK5 in peripheral blood might be an early
warning marker for PDE-related fetal-originated learning and
memory impairment.

Our study had certain limitations. In this study, it was not
known how DEX led to the alteration of oocyte miR-133a-3p, and
how miR-133a-3p in oocytes escaped the developing reprogram-
ming and specifically transmitted to the hippocampus of offspring.
Typically, differential methylation of imprinted genes can be
erased in primordial germ cells and re-methylated de novo during
gametogenesis. It has been shown that differential methylation
changes in some imprinted genes such as H19 can be transmitted
from oocytes to somatic cells72. Whether the transmission effect
of oocyte miR-133a-3p escape reprogramming in this study is
regulated by differential methylation of imprinted genes remains
to be further explored. Genes have a natural self-repair function
and can develop a corresponding repair remedy for possible ge-
netic damage. In this study, the F5 and F7 generations of PDE
offspring did not show obvious hippocampal synaptic damage and
neurobehavioral changes, which might be caused by the repair-
ment of the overexpression of miR-133a-3p, by gene recombina-
tion repair, excision repair, and other ways in the genetic process.
In addition, although both epidemiological surveys and our studies
had confirmed that PDE was an important cause of learning and
memory impairment in offspring, and based on the PDE rat model
and the peripheral blood samples of infants exposed to intrauterine
DEX, we also proposed that the level of CDK5 in peripheral blood
was expected to become an early warning marker for fetal-derived
learning and memory impairment, but this still needs more clinical
samples, including long-term neurobehavioral changes in subjects
to be further validated.

5. Conclusions

We confirmed that PDE could cause learning and memory
impairment in offspring and had transgenerational genetic effects,
that is, PDE upregulated the expression of miR-133a-3p in oocytes
and hippocampus in the offspring of F1 generation, while the
epigenetic information carried by miR-133a-3p was transmitted to
the offspring of F2 and F3 generations via oocytes. By specifically
regulating the high expression of miR-133a-3p in the hippocam-
pus, and further by targeting SIRT1 to mediate the increase of
histone acetylation level in the CDK5 promoter region and the
high expression of CDK5, the latter could increase the phos-
phorylation of NR2B Ser1303 and reduce the membrane trans-
location of NR2B, causing the inhibition of excitatory synaptic
transmission in the hippocampus. Eventually, learning and mem-
ory impairment and transgenerational transmission occurred in the
offspring. Detection of CDK5 level in peripheral blood of
offspring might be an early warning of PDE-related fetal-origi-
nated learning and memory impairment.
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