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Abstract

Objective: To determine the mechanisms by which protein deficiency during pregnancy can lead
to long-term alterations in learning and memory abilities of the offspring in rats. Study design:
Fourty-two pregnant rats were fed control (n = 23) or low protein (n = 19) diets ad libitum until
parturition. On the 8th week of post-natal life which represented early adulthood, eighty-four off-
springs (control group: n = 52, LP group: n = 32) were determined their learning & memory ability
by using the Morris water maze test. Six offprings’ brain tissue (control group: n = 3, LP group: n =
3) was also analysed for DNA methylating profiles, the GO and KEGG pathways, methylation status
and twelve for protein expression (control group: n = 6, LP group: n = 6). Results: The offsprings of
the protein-deficient-diet fed rats learnt faster initially then lagged behind those of the control
rats, especially in female rats (p = 0.035). There were a series of genes methylated in the CpG island
and pormoter area. Quantitative Mass Array data showed methylation differences in Grin2b and
Grin2b_3CpG 3, 4, & 5 might be the target sites as shown by dual-luciferase assay. A decreased lev-
el of protein expression of NMDAR2B was observed. Conclusion: Differential methylation status in
Grin2b and changes in expression of NMDARZ2B may partially explain the long-term impact of ma-
ternal protein deficiency on the cognitive and learning capabilities of offsprings.
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1. Introduction

A hypothesis concerning the fetal origins of adult disease (FOAD) which was based on initial retrospective co-
hort studies that were performed by Barker et al. [1] [2] in 1980s stated that these late-onset diseases can origi-
nate from events that occur in utero, and the adverse intrauterine environment can influence fetal developmental
programming, causing permanent changes in organ structure and function and leading to functional disorders
and adult diseases [3] [4].

Studies on FOAD have obtained retrospective analyses of human [5] and animal models that have linked low
birth weight with diabetes [6]-[8] and hypertension [9] in adulthood, as well as epidemiological research has re-
ported the relationship between birth weight and long-term cognitive and behavioral defects of offspring. But
still few studies focused on the long-term impact of maternal protein malnutrition on the cognitive and learning
capabilities of the offspring [10] [11].

It is well known that DNA methylation is an important mechanism that plays important roles in the mainten-
ance of cell function, in the embryonic development process and in genetic imprinting [12]. Studies have found
that a number of imprinted genes produce important effects on the embryo and fetus after their birth, influencing
the regulation of behavior and brain function [13]. DNA demethylation [14] [15] and hypermethylation [16]-[18]
effects lead to changes in aging-related and psycho-related genes [19]. Thus, we hypothesized that maternal
protein malnutrition could influence the epigenetic status of the offspring during the embryonic development
period.

The aim of this study was to explore the possible mechanism of long-term alterations in learning and memory
abilities of the offspring of rats with protein deficiency during pregnancy. Using rat models, we investigated the
long-term effects on the learning and cognitive abilities of 8-week-old offspring and investigated changes in the
epigenetic state and protein expression levels.

2. Materials and Methods
2.1. Animals

Virgin female Sprague-Dawley rats, weighing 230 - 260 g, were obtained from B & K Laboratory Animal CO.
(Shanghai, China), and mated to males of the same strain at a proportion of 1 to 1. After mating was confirmed
by the visualization of spermatozoa in a vaginal smear, the pregnant rats were divided randomly into a control
(C group, n = 23) and a low-protein (LP group, n = 19) group. Rats in the control group were fed with a diet
containing 18% protein (180 g protein/kg), while those in the low-protein group were fed with a low-protein diet
that contained 7% protein (70 g protein/kg).

Figure 1 showed the animal treatments and monitoring: Pregnant rats (C group n = 13, LP group n = 9) were
fed ad libitum during lactation and at birth each litter was culled to 6 - 10 pups maintaining as close to a 1:1
male to female ratio. After weaning (21 days), all pups received a standard laboratory chow diet until the end of
the experiment. They participated in the Morris water maze task, and body weight and serum glucose measure-
ments were obtained at postnatal 8 weeks. The 8-week-old offspring rats’ whole brain tissue was prepared as
paraffin sections for immunohistochemistry. The other rats’ brain tissue were removed after anesthesia, frozen
in liquid nitrogen, and saved in clean uniform freezing tubes. All the hippocampus tissue of those samples were
placed in an —80°C refrigerator for storage before undergoing NimbleGen MeDIP-chip assays, Western Blot and
real-time PCR. When the offsprings reached the age of 1 year, they were again tested with the Morris water maze.
The weight of each pup was recorded on the day after birth and every 7 days thereafter, until 100 days after birth.
Additional measurements were taken after 100, 120, 150, and 180 days, and 1 year. Serum glucose concentrations
of the offspring in the control and low-protein groups were determined with a blood glucose monitor (One Touch
Ultra, Johnson Company) after 100 days, 120 days, 150 days, 180 days, and 1 year. (C group n =12, LP group n =
12, 1:1 male to female ratio). The other pregnant rats (C group, n = 10; LP group, n = 10) were killed by cervical
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Figure 1. Animal treatments and monitoring.

vertebra dislocation on the 21st day of gestation, and the truncal blood was collected. Blood and relative organs
of all live fetal rats were collected by decapitation. The maternal and fetal blood samples were collected for the
measurement of corticosterone, ACTH and insulin. The maternal and fetal blood samples were collected and
centrifuged immediately at 3000 g for 10 min. Serum was stored at —70°C until the assay was conducted. Corti-
costerone, ACTH and insulin were analyzed by enzyme-linked immunosorbent assay (DSL-1081100 (Rat Cor-
ticosterone, EIA); BACHEM S-1130.0001 (ACTH (1-39)-EIA Kit); Alpco Diagnostics (80-INSRTU-E01; de-
tected by SUNRISE: 03930004914). The decapitated fetal rats were perfused with physiological saline fol-
lowed by 10% formalin. Their organs, such as the brain, adrenals, etc. were placed in 10% formalin. They were
then dehydrated in ethanol and embedded in paraffin and cut into sections on glass slides, and examined under a
light microscope (OLYMPUS, BX60, Japan).

2.2. Morris Water Maze

The Morris water maze is one of the most widely used tasks in behavioral neuroscience for studying the psy-
chological processes and neural mechanisms of spatial learning and memory [20] [21]. The apparatus was a
black circular swimming pool, made of plastic. It measured 1.60 m in diameter and 0.50 m deep, and was filled
to a depth of 0.30 m with water. The water temperature was maintained at 20°C + 2°C. The pool was divided in-
to 4 quadrants (I, Il, I11, 1V), and a black circular platform, 0.10 m in diameter, could be placed in the center of
the quadrant IV, submerged 2 cm below the water surface (Figure 2(a)). Spatial learning is assessed across re-
peated trials (navigation trial) and reference memory is determined by preference for the platform area when the
platform is absent (probe trial). Eight-week-old and one-year-old offspring of both groups were placed in a large
circular pool of water, and they were required to escape from the water onto a hidden platform, the location of
which could normally be identified using only spatial memory. In the navigation trial, each rat was given daily
trials using a random set of start locations for four days. The rats can learn to navigate a direct path to the hidden
platform. We recorded swimming distance and the time as escape latency. In the probe trial, the platform was
removed. Each rat was given trial using a fixing set of start locations for just one day. A video camera was fixed
above the pool, and its picture was relayed to recording equipment.

2.3. NimbleGen MeDIP-Chip, Bioinformatics, and Statistical Analysis

The methylation status of the global DNA of three individual samples of each group was determined with a
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Figure 2. Appearance at birth and growth trend of offspring rats. (a) Body weight of rats in postnatal 21 days; (b) Body
weight of rats in both sexes in postnatal 1 year; (c) Fetal cerebral pathological changes in both group; (d) Serum glucose of
rats in both sexes at different ages in postnatal 1 year; (e) Fetal and maternal corticosterone, ACTH and insulin levels in LP
and control groups.

MeDIP-chip using the MeDIP-chip kit, according to the NimbleGen MeDIP-chip protocol. Genomic DNA from
whole brain tissues was extracted and sonicated to random fragments of approximately 500 bp in size. Immuno-
precipitation of methylated DNA was performed using a mouse monoclonal antibody against 5-methylcytidine
(Diagenode) and Biomag™ magnetic beads (Bangs laboratories, Inc.) coupled to anti-mouse IgG (Jackson).
Immunoprecipitated DNA was eluted and purified by phenol chloroform extraction and ethanol precipitation.
The Input and IP DNA were labeled with Cy3- and Cy5-labeled random 9-mers (TriLink Biotechnologies, Cat.
# N46-0001-50, N46-0002-50), respectively, and hybridized to NimbleGenRN34 CpG IslandPro arrays. These
components comprise a single array design containing all known CpG islands, annotated by UCSC and all well-
characterized RefSeq promoter regions (from about —1300 bp to +500 bp of the TSSs),which are completely
covered by ~385,000 probes. Scanning was performed with the Axon GenePix 4000B microarray scanner. The
sample analysis was accomplished using Kangcheng Bio-tech, Shanghai by Nimble Scan software.

Based on the results of microarray hybridization data, the area of each sample in which DNA methylation
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most likely occurred was called peak. Genes with altered DNA methylation in the CpG islands of the promoter
or with changes between the two groups of rats were subjected to the following bioinformatics analyses.

Comparisons between groups were performed with selected genes with elevated or decreased peaks between
the samples in each group. Those possibly differentially methylated genes underwent further GO enrichment
analysis. GO terms with an enrichment P-value of 0.05 or less were considered to be significant. Similar to GO
enrichment analysis, we also analyzed the enrichment of the KEGG pathway. Here, the cut-off for significance
was set at <0.05.

2.4. Methylation Status of CpG Islands of 5 Genes and Dual-Luciferase Report Detection

The methylation profiles of 5 genes (Grinl, Grin2b, Drd1a, Drd2 and Nr3c1, which corresponded to NMDARL,
NMDAR2B, DR1, DR2 and GR, respectively) in the brain tissue of the 8-week-old offspring of both groups
were determined by bisulfite DNA sequencing, following the MASSARRY EpiTyper protocol. The resultant
methylation profiles were analyzed on EpiTyper software to generate quantitative CpG methylation results.

A Dual-Luciferase® Reporter Assay System (P/N E1910) was purchased from Promega Corporation (Madi-
son WI). The target sequences were based on the CpG island methylation results, which were amplified with
RT-PCR (Supplementary Table 1 shows the primer sequences), and then cloned into PGL3-Basic vector and
PGL3-Promoter vector. The recombinant vectors were confirmed by restriction enzyme digestion, colony PCR
and sequencing; they then were transfected into HEK293T cells to detect the most probable binding site by
dual-luciferase report assay. Each bar represents the mean + SE of five replicate samples and the data are rep-
resentative of three independent experiments.

2.5. Protein Expression

2.5.1. Immunohistochemistry

Deparaffinized samples were prepared with 0.3% H,O, for 15 min, followed by blocking with 0.1% Triton-x-
100 3% BSA for 30 min. Dropped antibody NMDAR1, NMDAR2B, DR1 (Wuhan Boster Company BA0612,
BA0614, BA08031:100), DR2 (Wuhan Boster Company BA0804 1:20), GR (Wuhan Boster Company BA0895
1:40) were diluted by Triton-x-100 TBS (PH = 7) and applied onto the sections, with TBS as a negative control.
These sections were maintained at 4°C overnight in a humidified chamber. Then, the sections were dropped in
SABC (Gene Technology Co., Ltd. Shanghai) liquid at room temperature for 30 min, colored by DAB, and washed
with water and hematoxylin for 10 s. Sections were examined under a light microscope (OLYMPUS, BX60, Japan).

2.5.2, Western Blotting

Sixty micrograms of each sample were resolved by polycrylamide gel electrophoresis on 12% SDS-PAGE po-
lycrylamide gels and electro transferred to PVDF membranes. After blocking in 10% non-fat dry milk for
120min, membranes were incubated with specific primary antibodies overnight at 4°C. The horseradish-off
oxide enzyme-labeled goat anti-rabbit antibody (Beijing Dingguo BioCo IA-0072.) was used as a secondary an-
tibody for 60 min with a dilution of 1:2500. Each step was rinsed by TBST 5 min three times. Chemilumines-
cent detection methods were used for the membranes. Band Scan 5.0 graphical analysis of the system was used
for the results. The gray value ratios of the target protein and the internal reference GAPDH represented the rela-
tive expression levels of NMDAR1, NMDAR2B, DR1, DR2 and GR in the rats” brain tissues.

2.5.3. Real-Time Polymerase Chain Reaction
Total RNA was extracted from the brain tissue using Tirol (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions. The cDNA was synthesized from 2 pg of total RNA extraction. The primers used in the
experiment were synthesized by the Shanghai Yingjun Company (Supplementary Table 2 shows the primer se-
quences). The amount of template cDNA and the number of cycles used were as described in the SYBR Premix
Ex TaqTM kit (TaKaRa Biotechnology (Dalian) Co., Ltd). The results were normalized for 18 s as an internal
standard. The following formulas were used to analyze the results of the relative quantitative real-time PCR.
Relative quantification of the target gene was obtained by comparing its CT values with that of the internal
reference gene. Formula: the relative content (%) = 2722CT x 100%, in which AACT = (CT target gene — CThousekeeping
gene)experimental group — (CTtarget gene — CThousekeeping gene)control group- The data of the experimental groups were standar-
dized via the detection and data analysis of the SYBR Green | fluorescence real-time quantitative PCR method.
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2.6. Data Analysis

Experimental results are expressed as the means + SEM. Significant differences between the groups were ana-
lyzed using t-tests and one-way ANOVA. The statistical software package SPSS 12.0 (SPSS Inc., Chicago, IL)
was used for all data analysis.

3. Results
3.1. Appearance at Birth and Growth Trend of the Offspring Rats

At birth, the offspring rats of the low-protein group (7.89 + 0.84 g) weighed less than those of the control group
(10.44 + 0.72 g) by 22.50% (Figure 2(a)), and they had neurogliocyte hyperplasia in the cerebral cortex and
medullary substance and neurogliocyte hyperplasia in the hippocampus (Figure 2(c)). The fetal serum corticos-
terone and insulin levels in the low-protein group were significantly lower than those of the control group (p =
0.003, p = 0.020, respectively) (Figure 2(e)). However, there was no significant change in the maternal hormone
level between the two groups. The fetal serum corticosterone and insulin levels in low-protein group was signifi-
cantly lower than control group (680.56 + 161.78 ng/ml vs. 1073.20 + 294.37 ng/ml, p = 0.003, 0.91 + 0.28
ng/ml vs. 1.48 + 0.62 ng/ml, p = 0.020, respectively) (Figure 2(e)).

After birth, there was no significant difference in body weight between the low-protein and control groups
from 7 postnatal days to 1 year of age (Figure 2(b)). However, the serum glucose in the low-protein group trend-
ed to be higher than that in the control group, especially in males on day 120 (p = 0.001) and in females on day
180 (p = 0.045) (Figure 2(d)).

3.2. Assessment of Offspring Rats’ Spatial Ability

Figure 3(b) shows the learning curves of the training trials for all rats. The latencies tended to decrease from
Day 1 to Day 4 in both two groups, in both 8-week-old and 1-year-old animals. At 8 weeks old, all rats of the
control group improved their performance as the training trials progressed. However, the learning pattern of the
low-protein rats was different from that of the control group: the latency decreased sharply on Day 2, especially
in female rats (p = 0.035), and then was maintained at almost the same level on Day 3 and Day 4. At 1 year of
age, all rats of both groups improved their performances as the training trials progressed. However, the latencies
of the female offspring in the low-protein group tended to increase compared with those of the control group,
which indicated a worse performance, especially on Day 3 (p = 0.041). However, the male rats of the low-pro-
tein group learned the Morris water maze task in the same manner as the control animals, with no significant
changes in the latency in reaching the platform.

Figure 3(c) shows the percentage of time spent in quadrant IV during the 30 s probe trial provided after
training. The percent of time in the target quadrant did not significantly differ between low-protein and control
groups at either 8 weeks or 1 year old. One-year-old female rats of the low-protein group spent slightly less time
swimming in quadrant IV (which previously contained the platform)

3.3. Changes of DNA Methylation in the Brain Tissue of Offspring in 8-Week-0ld

MeDIP-chip revealed that there were 1181 genes with changed methylation statesin the CpG island, with 542
(45.85%) genes hypermethylated and 639 (54.15%) genes demethylated in the low-protein group. GO analysis
of the low-protein group demonstrated that53 GO terms were enriched in hypermethylated genes in CpG islands.
In addition, there were 138 GO terms enriched in demethylated genes, with one GO term related to memory (p =
0.0029), three GO terms related to neurodevelopment, including forebrain development (p = 5.58E—-06), mid-
brain development (p = 0.0032) and neuron maturation (p = 0.0342), as well as one GO term related to the neu-
ropeptide signaling pathway (p = 0.0047) (Table 1). Five different methylation pathways were found with
KEGG pathway analysis, including a neuroactive ligand-receptor interaction (p = 0.0028) (Table 2). Supple-
mentary Table 3 and Table 4 show more details.

Furthermore, 2008 genes showed changes in methylation in the promoter area, with 1018 (50.70%) genes
hypermethylated and 990 (49.30%) genes demethylated. GO analysis revealed that hypermethylated and deme-
thylated genes were enriched with 52 and 140 GO terms, respectively. Out of 140 GO terms, two were related to
neurodevelopment, including central nerve system development (p = 0.0252) and brain development (p = 0.0426),
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Table 1. Genetic function classification of demethylated genes in the experimental group, which was associated with the
nervous system.

GO ID GO Description Gene number p value
CpG island
G0:0030900 forebrain development 11 5.58E-06
G0:0007613 memory 5 0.0029
G0:0030901 midbrain development 4 0.0032
G0:0007218 neuropeptide signaling pathway 9 0.0047
G0:0042551 neuron maturation 2 0.0342

Promoter area

G0:0007218 neuropeptide signaling pathway 12 0.0042
G0:0007417 central nervous system development 11 0.0252
G0:0050767 regulation of neurogenesis 2 0.0336
G0:0007420 brain development 10 0.0426

Table 2. Differential methylation pathways.

KEGG pathways Genes Gene number  p value

CpG island

HCRTR1, SSTR2, ADRB2, ADRB1, ADORA2A,

Neuroactive ligand-receptor interaction OXTR, UTS2R, LHB. VIPR2, GRID1 10 0.0028
Bladder cancer CDKNI1A, E2F3, FGFR3 3 0.0669
. WNT5A, FGF8, CDKN1A, E2F3, FGFR3, PPARG,
Pathways in cancer PTCHL, TCF3 8 0.0776
Lysine degradation ALDH1B1, TMLHE, NSD1 3 0.0839
Prostate cancer CDKNI1A, E2F3, RGD1566107, TCF3 4 0.0918
Promoter area
- - - SSTR2, ADRB2, ADRB1, GRM2, HRH2, ADORA2A,
Neuroactive ligand-receptor interaction AVPR1B, OXTR, NTSRL, VIPR2, GRID1 11 0.0109
. I ADRB2, ADRB1, HRH2, ADORA2A, AVPR1B,
Calcium signaling pathway CACNALI OXTR, NTSR1 8 0.0338
ECM-receptor interaction CD44, COL1A2, ITGA11, TNN, COL1A 5 0.0393
MAPK signaling pathway ACVRI1B, FGFR3, PDGFB, MAPK13, RASGRP4, 9 0.0647

CACNALI, PLA2G1B, HSPB1, RASA1

one was related to the neuropeptide signaling pathway (p = 0.0042), and one was related to the regulation of
neurogenesis (p = 0.0336) (Table 1). Four different methylation pathways were screened with KEGG pathway
analysis (Table 2), and the neuroactive ligand-receptor interaction, the calcium signaling pathway and the ECM-
receptor interaction were highly correlated (p < 0.05). Supplementary Table 5 and Table 6 show more details.

In addition, KEGG pathway analysis showed that the neuroactive ligand-receptor interaction, the calcium
signaling pathway and the ECM-receptor interaction were the three methylated pathways that participate in
long-term potentiation (LTP) and synaptic transmission. LTP is a form of synaptic plasticity in the cells of the
nervous system that is the basis of learning and memory. The NMDA receptor channel, a voltage, dual ligand-
gated channel, plays an important role in the induction and maintenance of LTP (Figure 4(d)).
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Figure 4. Comparison of mean methylation for each CpG site between LP cases and controls in 8-week-old offspring rats’
brain tissue. The X-axis represents informative CpG sites within two MassArray amplicons for the (a) Grin2b, (b) Drd1a, or
(c) Nr3cl promoter; the Y-axis shows the average methylation value of each CpG site (or clusters of CpG sites). Error bars =
SD. The methylation status of LP cases shows significant differences in Grin2b and Drd1a.

3.4. Methylation Status of CpG Islands in 5 Genes

Beyond the results of GO analysis and the analysis of the KEGG pathway, we focused on the changes in the
methylation status of NMDA (N-methy-D-aspartate) receptor genes (Grinl and Grin2b), as well as dopamine
receptor (DR) genes (Drdla and Drd2) and glucocorticoid receptor (GR) gene (Nr3cl), which are based on cur-
rent studies on the receptors involved in study and memory abilities.

The methylation status was studied in the hippocampus tissue of the 8-week-old offspring of both the low-
protein group and the control group. The MASSARRY EpiTyper results showed that there were 3 Grin2b pro-
moters that contained 50 CpG sites, 4 Drdla promoters that contained 54 CpG sites, and the Nr3cl promoter
contained 18 CpG sites in the 8-week-old offspring rats’ brain tissue; however, there were few CpG sites in the
Grinl and Drd2 promoters. On the basis of the above sequencing data, we proceeded to validate the degree of
methylation of the Grin2b, Drda and Nr3c1 promoters.
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Though the CpG sites, Grin2b 3CpG_1, 2 (p = 0.037), Grin2b 3CpG 3, 4, 5 (p = 0.000) (Figure 4(a)) and
Drdla 2_CpG_14 (p = 0.016) (Figure 4(b)) exhibited statistically significant differences between the two
groups, there were no significant differences in the other CpG sites of gene promoters (Figure 4(c)).

3.5. Dual-Luciferase Report Detection

The target sequences were Grin2b_3CpG 3, 4, 5, which were 89bp. PCR and sequencing results indicated that
the amplified sequence was correct (Figure 5(A)), which indicated that the recombinant vectors PGL3-Basic-
Grin2b and PGL3-Promoter-Grin2b were successfully constructed.

The luciferase reporter system showed that the transcription activation of pGL3-Basic-Grin2b was lower than
that of pGL3-Basic after 28 h (p = 0.0013) and after 40 h (p = 0.0449) (Figure 5(B1)). The transcription activa-
tion of pGL3-Promoter-Grin2b was greater than that of the pGL3-promoter after 28 h (p = 0.07), but was much
lower after 40 h (p = 0.0033) (Figure 5(B2)).

3.6. Changes of Related Protein Expression in the Brain Tissue of Adolescent Offspring

To determine whether the effect of maternal protein malnutrition on offspring rats would change protein expres-
sion in the offspring’s brains, the location and expression of those five related proteins were evaluated in 8-
week-old offspring’s brain tissue in both groups.

Compared with the control group, there were decreases in NMDAR1 and NMDAR2B in 8-week-old offspring
rats’ brain tissue, which were reflected in the reduction of total immune reactive neuron cell numbers in either
NMDARlor NMRAR2B, and significantly lower relative expression levels (p = 0.02 and p = 0.03, respectively).
In addition, the gene expression of NMDAR2B mRNA was relatively decreased in the low-protein group (p =
0.02) (Figure 6(a), Figure 6(b) and Figure 6(f)).

Though there were no significant differences between both groups in DR1, DR2 or GR in 8-week-old off-
spring rats’ brain tissue, there was an obvious reduction in the number of pyramidal cells and in the synaptic
staining of immunoreactive neurons of DR1. Additionally, a downward trend of immunoreactive neurons of
DR2 was found in the number of total cells in the low-protein group (Figure 6(c) to Figure 6(f))

4. Discussion

Our study showed that maternal protein malnutrition resulted in epigenetic changes of uterine environment,
which induced long-term neurological damage and influenced the cognitive and learning capabilities of the
offspring after birth. These effects were indicated by the changes in learning and memory abilities in both
8-week-old and 1-year-old rat, which relative age is about 13-year-old and 30-year-old in human respectively, as
well as by the varying patterns of DNA methylation and changes in protein expression, especially in the Grin2b
gene and the NMDARZ2B protein receptor.

We detected a significant decrease in transcription activation in the target site, which might cause hyperme-
thylation at the Grin2b_3CpG 3, 4, & 5 site and influence the gene expression of NMDAR2B, which was de-
creased in the experimental group. Generally, methylation at the CpG islands in the gene promoter favors tran-
scriptional repression [22]. A recent study shows that NMDA receptor-mediated synaptic activity drives DNA

[/} - - + +  promoter B1) (B2)
M . + _ + . Zb 00 P=0.0033 I
P=0.0449

P=0.0013 P=007
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500bp
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Figure 5. Signal of Firefly and Renilla Luciferase when measured in a Dual Luciferase Assay. (A) Identification of the re-
combinant plasmid pGL3-Basic+/-Grin2b and pGL3-Promoter+/-Grin2b with restriction enzyme digestion and colony PCR.
M) DNA marker; (B1) Vector pGL3-Basic vs vector pGL3-Basic-Grin2b (28 h; 40 h); (B2) Vector pGL3-Promoter vs vector

pGL3-Promoter-Grin2b (28 h; 40 h).
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Figure 6. Protein expressions in 8-week-old offspring rats’ brain tissue. (a)-(e) show Western blotting and immunohisto-
chemical results for NMDAR1, NMDAR2B, DR1, DR2 and GR; (f) The reference factor was the data gathered on the five
types of target gene mRNAs of the control group.

demethylation within mature neurons and suppresses synaptic function [23]. Thus, several changes in methyla-
tion in the hippocampus of 8-week-old offspring rats was found, and had an effect on the methylation status of
the Grin2b promoter; it also produced a decrease in the expression of NMDAR2B in offspring, which played an
important role in the LTP effect. The LTP effect is the basis of learning and memory in the hippocampus, the
key structure in controlling spatial orientation [24] [25], which is susceptible to damage under acute and chronic
stress [26]. The embryonic and fetal period is the most vulnerable stage during pregnancy. It was speculated that
thein utero effect on the hippocampus might be the early stage of cognitive and learning dysfunction of offspring,
as previous studies have shown that this anatomical abnormality may lead to deficits in hippocampal-related
behaviors [27]-[29]. The LTP effect involved histone modification and DNA methylation [30]-[33]. Additional-
ly, the key receptors, NMDA receptors, are involved in a wide range of learning and memory activities, synaptic
plasticity, neural development, ischemic brain injury, neurodegeneration, epilepsy, cancer and many other im-
portant physiological and pathological processes [34]-[37].

Also, there was an adverse impact on the learning pattern in both 8-week-old and 1-year-old offspring, ac-
companied by a lower birth weight associated with catch-up growth, increased serum glucose level, reduced se-
rum corticosterone and ACTH levels of offspring, and morphological changes in cerebral histiocytes, including
the fetal hippocampus, similar to the findings of human epidemiology studies [38]-[40].

5. Conclusion

In summary, maternal protein malnutrition resulted in themethylation of the Grin2b promoter in the offspring’s
brain tissues, which had a long-term impact on NMDAR2B expression during the embryonic development pe-
riod and facilitated themaintenance of differential expression as aging progressed. Through the methylation sta-
tus of Grin2b and the differential expression of NMDAR2B, the offspring presented with a long-term dysfunc-
tion in cognitive and learning abilities. However, our findings do not support a causal link between methylation
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regulation of Grin2b promoters and the dysfunction in cognitive and learning abilities, which strongly suggests
that other mechanisms may be also involved. Results from more animals should be compared and analyzed, and
further clinical evidence is needed to prove this theory.
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Supplemental Materials

Supplementary Table 1. Primer sequences used in Real-time PCR.

Genes

18S rRNA

NMDAR1

NMDAR2

DR1

DR2

GR

Primer sequence 5' to 3'
For 5-GTAACCCGTTGAACCCCATT-3

Rev 5-CCATCCAATCGGTAGTAGCG-3

For 5-CAGACTCCAGAGGGCTGAG-3
Rev 5-ACACTGGGACACTGGGAGAG-3
For 5-TCCACCATTCCTGTTTCCAT-3
Rev 5-CAGAACACCTTCGCTTCCTC-3
For 5-TGAGCCAATGAAACATACGC-3
Rev 5-GGAGCATTGGTGGCATTAGT-3

For 5-GCCTTCCTTGACCTTCCTCT-3
Rev 5-TTCCCTGCTTTCCTATGTGG-3
For 5-CTAATTCCCCACCTCCCATT-3
Rev 5-CCTCCCTCTGCTAACCTGTG-3

Supplementary Table 2. Primer sequences used in luciferase gene reporter.

Genes

Basic-Grin2b_|If

Basic-Grin2b_Ir

Promoter-Grin2b_If

Promoter-Grin2b_Ir

Primer sequence 5' to 3'
tgectttggtttttctgagy
ccgaggattggactggag

cgc ggtacc tgcctttggtttttctgagg

cgc ctcgag ccgaggattggactggag

Supplementary Table 3. GO analysis: Hypermethylating genes of LP group in CpG island.

GO ID
G0:0007275
G0:0000122
G0:0010512
G0:0035196
G0:0030326
G0:0009954
G0:0042472
G0:0045453
G0:0006474
G0:0010544
G0:0016188
G0:0042770
G0:0043068
G0:0045880
G0:0007224
G0:0003007
G0:0006417

GO Description

multicellular organismal development

negative regulation of transcription from RNA polymerase |l promoter

negative regulation of phosphatidylinositol biosynthetic process

production of miRNAs involved in gene silencing by miRNA

embryonic limb morphogenesis
proximal/distal pattern formation

inner ear morphogenesis

bone resorption

N-terminal protein amino acid acetylation
negative regulation of platelet activation
synaptic vesicle maturation

DNA damage response, signal transduction
positive regulation of programmed cell death
positive regulation of smoothened signaling pathway
smoothened signaling pathway

heart morphogenesis

regulation of translation

Gene(n)
42
15

p-Value
0.0031
0.0033
0.0047
0.0047
0.0058
0.0067
0.0095
0.0097
0.0112
0.0112
0.0112
0.0112
0.0112
0.0112
0.0115
0.0137
0.0144
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Continued
G0:0043433 negative regulation of transcription factor activity 4 0.0152
G0:0005976 polysaccharide metabolic process 2 0.0154
G0:0014047 glutamate secretion 2 0.0154
G0:0045019 negative regulation of nitric oxide hiosynthetic process 2 0.0154
G0:0002053 positive regulation of mesenchymal cell proliferation 3 0.0157
G0:0007399 nervous system development 19 0.0188
G0:0030031 cell projection assembly 2 0.0201
G0:0035137 hindlimb morphogenesis 2 0.0201
G0:0045926 negative regulation of growth 2 0.0201
G0:0048268 clathrin coat assembly 2 0.0201
G0:0048008 platelet-derived growth factor receptor signaling pathway 3 0.0207
GO0:0007519 skeletal muscle tissue development 4 0.0222
GO0:0006468 protein amino acid phosphorylation 23 0.0224
G0:0001822 kidney development 5 0.0242
G0:0001841 neural tube formation 2 0.0254
G0:0007184 SMAD protein nuclear translocation 2 0.0254
G0:0042491 auditory receptor cell differentiation 2 0.0254
G0:0043113 receptor clustering 2 0.0254
G0:0048741 skeletal muscle fiber development 2 0.0254
G0:0032355 response to estradiol stimulus 5 0.0258
G0:0008584 male gonad development 4 0.0262
G0:0010033 response to organic substance 4 0.0262
G0:0032526 response to retinoic acid 4 0.0262
G0:0045944 positive regulation of transcription from RNA polymerase Il promoter 15 0.0299
G0:0009887 organ morphogenesis 8 0.0310
G0:0006491 N-glycan processing 2 0.0312
G0:0030238 male sex determination 2 0.0312
G0:0006413 translational initiation 4 0.0332
G0:0001578 microtubule bundle formation 2 0.0374
G0:0006536 glutamate metabolic process 2 0.0374
G0:0032438 melanosome organization 2 0.0374
G0:0033189 response to vitamin A 2 0.0374
G0:0006888 ER to Golgi vesicle-mediated transport 4 0.0383
G0:0048701 embryonic cranial skeleton morphogenesis 2 0.0440
G0:0050730 regulation of peptidyl-tyrosine phosphorylation 2 0.0440
G0:0045740 positive regulation of DNA replication 3 0.0482




H.Zhu et al

Supplementary Table 4. GO analysis: Demethylating genes of LP group in CpG island (p < 0.01).

GO ID GO Description Gene(n)  p-Value
G0:0030900 forebrain development 11 5.58E-06
G0:0007189 activation of adenylate cyclase activity by G-protein signaling pathway 9 1.45E-05
GO0:0007267 cell-cell signaling 22 8.41E-05
GO0:0008543 fibroblast growth factor receptor signaling pathway 7 0.0002
G0:0016338 calcium-independent cell-cell adhesion 6 0.0003
G0:0007204 elevation of cytosolic calcium ion concentration 11 0.0005
G0:0008286 insulin receptor signaling pathway 7 0.0005
G0:0010552 positive regulation of gene-specific transcription from RNA polymerase || promoter 9 0.0006
G0:0021983 pituitary gland development 5 0.0007
G0:0007588 excretion 7 0.0007
GO0:0003337 mesenchymal to epithelial transition involved in metanephros morphogenesis 3 0.0007
G0:0000080 G1 phase of mitotic cell cycle 4 0.0012
G0:0045941 positive regulation of transcription 13 0.0014

G0:0007190 activation of adenylate cyclase activity 5 0.0025
G0:0032526 response to retinoic acid 6 0.0025
G0:0007613 memory 5 0.0029
G0:0030901 midbrain development 4 0.0032
5 0.0033
6
4

0.0036

G0:0031100 organ regeneration

G0:0007187 G-protein signaling, coupled to cyclic nucleotide second messenger

GO0:0045776 negative regulation of blood pressure 0.0039
GO0:0006813 potassium ion transport 13 0.0040
G0:0006928 cellular component movement 10 0.0042
G0:0008285 negative regulation of cell proliferation 19 0.0046
G0:0007218 neuropeptide signaling pathway 9 0.0047
G0:0045995 regulation of embryonic development 3 0.0050
G0:0060173 limb development 3 0.0050
G0:0007193 inhibition of adenylate cyclase activity by G-protein signaling pathway 5 0.0050
G0:0014070 response to organic cyclic substance 8 0.0059
G0:0001558 regulation of cell growth 7 0.0063
G0:0001994 gftreer?;?te)?gg:jng}zzénfshrme vasoconstriction involved in regulation of systemic 2 0.0064
G0O:0002025 Zisec;icie:llag;ggdbgrggsrﬁfelnephrlne-eplnephrme involved in regulation of systemic 2 0.0064
G0:0010871 negative regulation of receptor biosynthetic process 2 0.0064
G0:0031649 heat generation 2 0.0064
G0:0090083 regulation of inclusion body assembly 2 0.0064
G0:0032582 negative regulation of gene-specific transcription 4 0.0065
G0:0032496 response to lipopolysaccharide 8 0.0074
G0:0042593 glucose homeostasis 6 0.0074
G0:0043627 response to estrogen stimulus 6 0.0074
G0:0045944 positive regulation of transcription from RNA polymerase Il promoter 19 0.0085
G0:0042755 eating behavior 4 0.0088
G0:0050873 brown fat cell differentiation 4 0.0088
G0:0008283 cell proliferation 19 0.0093
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Supplementary Table 5. GO analysis: Hypermethylating genes of LP group in promoter area.

GO ID
G0:0006936
G0:0006811
G0:0045588
G0:0008016
G0:0008625
G0:0034372
G0:0000288
G0:0002227
G0:0035196
G0:0044240
G0:0019433
G0:0030261
G0:0045779
G0:0007159
G0:0001944
G0:0034371
G0:0042866
G0:0050921
G0:0009566
G0:0043434
G0:0048535
G0:0019370
G0:0006813
G0:0007584
G0:0006259
G0:0009156
G0:0010544
G0:0016188
G0:0031536
G0:0043267
G0:0045071
G0:0045187
G0:0045217
G0:0046487
G0:0032355
G0:0030217
G0:0006810
G0:0043473
G0:0007271
G0:0045086
G0:0001960
G0:0002925
G0:0005976
G0:0006308
G0:0006534
G0:0033261
G0:0034382
G0:0045019
G0:0045070
G0:0008203
G0:0007602

GO Description
muscle contraction
ion transport
positive regulation of gamma-delta T cell differentiation
regulation of heart contraction
induction of apoptosis via death domain receptors
very-low-density lipoprotein particle remodeling
nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay
innate immune response in mucosa
production of miRNAs involved in gene silencing by miRNA
multicellular organismal lipid catabolic process
triglyceride catabolic process
chromosome condensation
negative regulation of bone resorption
leukocyte cell-cell adhesion
vasculature development
chylomicron remodeling
pyruvate biosynthetic process
positive regulation of chemotaxis
fertilization
response to peptide hormone stimulus
lymph node development
leukotriene biosynthetic process
potassium ion transport
response to nutrient
DNA metabolic process
ribonucleoside monophosphate biosynthetic process
negative regulation of platelet activation
synaptic vesicle maturation
positive regulation of exit from mitosis
negative regulation of potassium ion transport
negative regulation of viral genome replication
regulation of circadian sleep/wake cycle, sleep
cell-cell junction maintenance
glyoxylate metabolic process
response to estradiol stimulus
T cell differentiation
transport
pigmentation
synaptic transmission, cholinergic
positive regulation of interleukin-2 biosynthetic process
negative regulation of cytokine-mediated signaling pathway
positive regulation of humoral immune response mediated by circulating immunoglobulin
polysaccharide metabolic process
DNA catabolic process
cysteine metabolic process
regulation of S phase
chylomicron remnant clearance
negative regulation of nitric oxide biosynthetic process
positive regulation of viral genome replication
cholesterol metabolic process
phototransduction

Gene(n)
14
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p-Value
0.0024
0.0061
0.0093
0.0114
0.0124
0.0128
0.0151
0.0151
0.0151
0.0151
0.0169
0.0169
0.0169
0.0236
0.0244
0.0244
0.0244
0.0244
0.0252
0.0255
0.0272
0.0293
0.0307
0.0307
0.0337
0.0353
0.0353
0.0353
0.0353
0.0353
0.0353
0.0353
0.0353
0.0353
0.0384
0.0386
0.0394
0.0438
0.0474
0.0474
0.0477
0.0477
0.0477
0.0477
0.0477
0.0477
0.0477
0.0477
0.0477
0.0480
0.0493
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Supplementary Table 6. GO analysis: Demethylating genes of LP group in promoter area (p < 0.01).

GO ID
G0:0007267
G0:0007204
G0:0007189
G0:0001558
G0:0045907
G0:0007193
G0:0006811
GO:0045777
G0:0007202
G0:0043627
G0:0045941
G0:0006954
G0:0006957
G0:0014070
G0:0032099
G0:0007218
G0:0042060
G0:0010553
G0:0001501
G0:0042593
G0:0030321
G0:0032230
G0:0006813
G0:0042157
G0:0006958
G0:0043434
G0:0007171
G0:0008366
G0:0010310
G0:0030212
G0:0050957
G0:0007223
G0:0042755
G0:0006171
G0:0007274
G0:0045987

GO Description
cell-cell signaling
elevation of cytosolic calcium ion concentration
activation of adenylate cyclase activity by G-protein signaling pathway
regulation of cell growth
positive regulation of vasoconstriction
inhibition of adenylate cyclase activity by G-protein signaling pathway
ion transport
positive regulation of blood pressure
activation of phospholipase C activity
response to estrogen stimulus
positive regulation of transcription
inflammatory response
complement activation, alternative pathway
response to organic cyclic substance
negative regulation of appetite
neuropeptide signaling pathway
wound healing
negative regulation of gene-specific transcription from RNA polymerase Il promoter
skeletal system development
glucose homeostasis
transepithelial chloride transport
positive regulation of synaptic transmission, GABAergic
potassium ion transport
lipoprotein metabolic process
complement activation, classical pathway
response to peptide hormone stimulus
activation of transmembrane receptor protein tyrosine kinase activity
axon ensheathment
regulation of hydrogen peroxide metabolic process
hyaluronan metabolic process
equilibrioception
Wt receptor signaling pathway, calcium modulating pathway
eating behavior
cAMP biosynthetic process
neuromuscular synaptic transmission

positive regulation of smooth muscle contraction

Gene(n)
33
16
10
12
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p-Value
4.35E-06
6.70E-05
8.23E-05
0.0002
0.0004
0.0004
0.0008
0.0009
0.0016
0.0017
0.0018
0.0023
0.0027
0.0037
0.0039
0.0043
0.0044
0.0049
0.0053
0.0055
0.0060
0.0060
0.0062
0.0063
0.0077
0.0077
0.0087
0.0087
0.0087
0.0087
0.0087
0.0090
0.0090
0.0092
0.0092
0.0092




www.scirp.org

Scientific
Research

Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide
range of academic disciplines. SCIRP serves the worldwide academic communities and

contributes to the progress and application of science with its publication.

Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either

submit@scirp.org or Online Submission Portal.

American Journal of | i <
Plant Sciences ( Applied Mathematics

Special Issue on Experimental Design!

Advances in

Bioseience and Biotechnology

. & scand

Agricultural Sciences Food and Nutrition Sciences

Special Issue on Research on Rice

Journal of Computer
and Communications

Journal of
Modern Physics Natsuglaeln -

Editor-in-Chief
Kuo-Chen Chou
s arg e



http://www.scirp.org/
http://www.scirp.org/
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
mailto:submit@scirp.org

	Long-Term Impact of Maternal Protein Malnutrition on Learning and Memory Abilities and DNA Methylating Profiles of the Nervous System in Offspring Rats
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Morris Water Maze
	2.3. NimbleGen MeDIP-Chip, Bioinformatics, and Statistical Analysis
	2.4. Methylation Status of CpG Islands of 5 Genes and Dual-Luciferase Report Detection
	2.5. Protein Expression
	2.5.1. Immunohistochemistry
	2.5.2. Western Blotting
	2.5.3. Real-Time Polymerase Chain Reaction

	2.6. Data Analysis

	3. Results
	3.1. Appearance at Birth and Growth Trend of the Offspring Rats
	3.2. Assessment of Offspring Rats’ Spatial Ability
	3.3. Changes of DNA Methylation in the Brain Tissue of Offspring in 8-Week-Old
	3.4. Methylation Status of CpG Islands in 5 Genes
	3.5. Dual-Luciferase Report Detection
	3.6. Changes of Related Protein Expression in the Brain Tissue of Adolescent Offspring

	4. Discussion
	5. Conclusion
	Acknowledgements
	References
	Supplemental Materials

