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Abstract

Background: Epidemiological studies have identified prenatal exposure to famine as a risk factor for schizophrenia,
and animal models of prenatal malnutrition display structural and functional brain abnormalities implicated in
schizophrenia.

Methods: The offspring of the RLP50 rat, a recently developed animal model of prenatal famine malnutrition exposure,
was used to investigate the changes of gene expression and epigenetic modifications in the brain regions. Microarray
gene expression analysis was carried out in the prefrontal cortex and the hippocampus from 8 RLP50 offspring rats and 8
controls. MBD-seq was used to test the changes in DNA methylation in hippocampus depending on prenatal malnutrition
exposure.

Results: In the prefrontal cortex, offspring of RLP50 exhibit differences in neurotransmitters and olfactory-associated gene
expression. In the hippocampus, the differentially-expressed genes are related to synaptic function and transcription
regulation. DNA methylome profiling of the hippocampus also shows widespread but systematic epigenetic changes; in most
cases (87%) this involves hypermethylation. Remarkably, genes encoded for the plasma membrane are significantly enriched
for changes in both gene expression and DNA methylome profiling screens (p = 2.37x10° and 5.36x 107, respectively).
Interestingly, Mecp2 and Slc2al, two genes associated with cognitive impairment, show significant down-regulation, and
Slc2a1 is hypermethylated in the hippocampus of the RLP50 offspring.
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Conclusions: Collectively, our results indicate that prenatal exposure to malnutrition leads to the reprogramming of postnatal
brain gene expression and that the epigenetic modifications contribute to the reprogramming. The process may impair
learning and memory ability and result in higher susceptibility to schizophrenia.

Keywords: DNA methylation, hippocampus, prefrontal cortex, schizophrenia, transcriptome

Introduction

Converging evidence suggests that schizophrenia is a neurode-
velopmental disease with environmental influences during
early brain development (Brandon and Sawa, 2011; Owen et al.,
2011), A multitude of epidemiological studies have demon-
strated that maternal exposure to various harmful environmen-
tal events, such as famine, infections, and nutritional deficits,
during critical stages of pregnancy significantly increases
the risk of schizophrenia in the offspring (Brown et al., 1996;
Malaspina et al., 2008; Brown, 2011). The first direct evidence
for the association between prenatal exposure to famine and
schizophrenia arose from a study of the Dutch Hunger Winter
of 1944-1945, at the end of World War II (Susser and Lin, 1992;
Jones, 1994). The offspring of mothers who suffered a nutrition
deficiency in the first trimester of gestation showed a two-fold
increase in their risk of schizophrenia in adulthood (Roseboom
et al., 2001; Painter et al., 2005). We have performed replica-
tion studies in two independent birth cohorts exposed to the
1959-1961 famine in China, and in both studies our findings are
remarkably similar to the Dutch data (St Clair et al., 2005; Xu
et al., 2009). Overall, previous Dutch and Chinese studies pro-
vide strong evidence that prenatal famine plays a role in the
risk of schizophrenia (for a detailed comparison of the converg-
ing evidence, see Susser and St Clair, 2013).

There are several mechanisms, none of which are mutually
exclusive, by which prenatal exposure to malnutrition could
increase the risk of schizophrenia in adulthood (Xu et al., 2009).
Although they are difficult to study retrospectively in humans,
some of these mechanisms can potentially be explored using
well-designed animal models (Brown and Susser, 2008). We
hypothesized that maternal protein deficiency, along with expo-
sure to prenatal nutrition defection, may play an important role
in the association between prenatal famine exposure and risk
of schizophrenia. Maternal protein deficiency leads to low birth
weight, which is common among people exposed prenatally to
famine; there is also a well-established association between low
birth weight and increased risk of schizophrenia. Using the prena-
tal protein deprivation (PPD) model, rats were placed on protein-
deficient diets during pregnancy, and the offspring demonstrated
neurotransmitter, cellular, electrophysiological, and behavioral
disruptions that were associated with schizophrenia, which has
been reviewed previously (Brown and Susser, 2008). These include
abnormal hippocampal structures and functions, deficits in sen-
sorimotor gating, enhanced behavioral sensitivity to acute treat-
ment with dopamine receptor agonists and N-methyl-D-aspartic
acid receptor antagonists, working memory impairments, and
reduced pre-pulse inhibition (Palmer et al., 2004 2008).

We have established a prenatal malnutrition (famine) rat
model, named RLP50, which was induced by prenatal expo-
sure to a diet restricted to 50% of a low-protein (6%) diet. We
observed higher levels of tumor necrosis factor alpha (TNFA) and
Interleukin 6 (IL6) in placentas and fetal livers and lower levels
in brains. This suggests TNFA and IL6 mediate dysfunction in a
common pathway that plays an important role in brain develop-
ment; in humans these abnormalities may increase the risk of

schizophrenia and other psychiatric diseases (Shen et al.). What
is more, using metabonomic and metallomic profiling strategies,
we have observed significantly different patterns of metabolites
and trace elements in pregnant rats of the RLP50 group. This
broadens still further our understanding of the complex bio-
chemical perturbations that prenatal exposure to famine can
induce, which may eventually lead to impairment of fetal neu-
rodevelopment (Shen et al., 2008). However, we didn’t explore
whether prenatal malnutrition could affect gene expression in
brains prior to adulthood. If yes, we would conclude that epige-
netic modification would play an important role.

Epigenetic modifications regulate long-term gene expres-
sion and are reprogrammed genome-wide during early embryo
development. Previous studies reported that prenatal protein
deficiency resulted in changes in methylation and gene expres-
sion in the liver, suggesting the fetal reprogramming contributes
to adult metabolism abnormality (Gong et al., 2010; Mortensen
et al,, 2010). However, few studies have investigated the changes
of gene expression and epigenetic modifications in the brain
regions of the animals after prenatal malnutrition. The prefron-
tal cortex (PFC) and hippocampus are two of the brain regions
most implicated in schizophrenia (Berman et al., 1986; Mirnics
et al., 2000; Harrison, 2004). Are gene expression and DNA meth-
ylation patterns altered by prenatal malnutrition in RLP50 rats
in those brain regions? This was the next question we wished
to explore. Since gene expression in brains shows major spatial
as well as temporal differences, it was essential to detect whole-
genome gene expression in the PFC and hippocampus, as well
as DNA methylation in these two regions (Maniatis et al., 1987;
Stein et al., 1990). In the present study, we set out to investigate
the PFC and hippocampus in adult offspring of control and RLP50
groups using a combined transcriptomic and epigenetic strategy.

Methods

Animal Model

Sprague-Dawley rats (Shanghai Slack Laboratory Animal Co. Ltd.),
were used in all experiments under the Guide for the Care and
Use of Laboratory Animals (Washington, DC: National Academic
Press;  http://www.nap.edu/readingroom/books/labrats).  All
experimental procedures and protocols were approved by the
Institutional Animal Care and Use Committee at the Institutes
of Biomedical Sciences (School of Life Science, Fudan University).

Seventeen Sprague-Dawley female rats were separated into
three groups on the first day after mating, and were fed their
respective diets until they were put down at E18 (embryo, 18
days), two days before parturition (control: 5 dams; malnourished
group [LP]: 5 dams; famine group [RLP50]: 7 dams). The control
group was given a standard rodent diet (20% protein, Research
Diets, Inc. D12450B; see Supplementary Table 1) and water ad
libitum and the LP group was given a low-protein (6% protein,
Research Diets, Inc. D06022301; see Supplementary Table 1) diet
and water ad libitum. The RLP50 group were given 50% of the LP
group’s low-protein diet, reflecting both the protein malnutrition
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and food-deficiency likely to prevail during famine. The treat-
ment of the pregnant rats in RLP50 was according to our previous
model (Shen et al. 2008). All litters were culled to 8 pups, which
were fostered by their own mothers. Rats were raised to be 10
weeks old and were anesthetized before being killed. The PFC and
hippocampus from the adult offspring of both control (n = 40) and
RLP50 (n = 56) rats were then isolated and stored in RNAlater®
Solution (Lifetechnologies).

Microarray Gene Expression Analysis of the PFC and
Hippocampus

RNA was extracted from the total PFCs and hippocampi of 8
controls and 8 RLP50 rats each from 5 control and 7 RLP50 dams
using mirVana™ miRNA Isolation Ki. An RNA integrity number
(RIN, Agilent) >7.5 was selected for microarray gene expression
analysis using NimbleGen Rat Gene Expression 12 x 135K Arrays.
NimbleGen probe-set data were normalized using the robust
multi-array average method. Seven genes from the PFC and 12
genes from the hippocampus were selected for validation using
quantitative real-time polymerase chain reaction (QRT-PCR) in
the different samples, as used for the microarray experiments.
GO and annotation analysis was conducted using DAVID Tools
(Huang da et al., 2009). We also mapped differentially-expressed
genes atp < 0.05 and fold change > 1.25 to KEGG (Nget al., 2010).).
The molecular networks, consisting of differentially-expressed
genes, were generated through Ingenuity pathways analysis.

MBD-Seq and Data Analysis

Briefly, we pooled equal quantities of DNA from the hip-
pocampi of 5 samples of the same gender but from different
dams. A total of 5 pg of genomic DNA was sheared randomly
between 100 and 500bp and the DNA fragments were then
ligated with ligator. DNA fragments were incubated with
recombinant his-tagged methyl-CpG binding domain proteins
(MBD), conjugated to magnetic beads. The bound DNA frag-
ments were eluted using Proteinase K digestion, and puri-
fied and precipitated using phenol:choloroform:isopropanol.
We then prepared GAII libraries from the isolated DNA
according to the manufacturer’s protocol to generate 36bp
single-end reads.

Sequencing reads were mapped to the reference rat genome
(Baylor 3.4/rn4) using Bowtie (Langmead et al., 2009). Only
uniquely-mapped reads were retained for downstream analy-
sis. We assembled the individual DNA methylomes as previ-
ously described (Serre et al., 2010); the peaks were called using
MACS (Zhang et al., 2008) and the peaks were annotated using
PeakAnalyzer (Salmon-Divon et al., 2010).

Sequenom EpiTYPER™ validation of the difference
in methylation regions

We wused Sequenom EpiTYPER™ to amplify the target
sequence. The mass spectra were collected and spectra meth-
ylation proportions were generated using the EpiTYPER™
software v1.0 under the user’s manual. The significance of
single loci methylation differences was examined using a
two-tailed student’s t-test.

Luminometric Methylation Assay

The principle of the luminometric methylation assay (LUMA) has
been described in detail elsewhere (Muthayya et al., 2009). Briefly,
200-500ng genomic DNA was digested for 4h by Hpall + EcoRI
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or MsplI + EcoRI (New England Biolabs) in 2 separate reactions.
Then, 15 pl annealing buffer was added to the digestion product,
and samples were analyzed with a PyroMark Q24 system. The
LUMA methylation level was expressed as a percentage obtained
from the following equation: methylation (%) = [1 - (Hpall 3G/3T)
/ (Mspl 3G/3T)] x 100. Eight RLP50 cases and eight controls were
assayed at the same time under the manual (Salmon, 1994).

Results

Phenotype of Famine Pregnant Rats and
Neonatal Rats

Prenatal malnutrition did not significantly alter birth num-
bers (see Supplementary Table 2). However, the neonatal birth
weights of both the LP and RLP50 groups were lower than those
of the control group, with the RLP50 group having the lowest
birth weights (p < 0.001; Figure 1A). Meanwhile, the RLP50 group
showed significant maternal weight percent gain compared to
the other two groups (p < 0.001; Figure 1B). The maternal weight
trend during gestation also supported this (Figure 1D). As pre-
viously reported in our lab, we observed a tendency for the LP
group to build a smaller nest and a complete disappearance of
nest building in the RLP50 group after gestational exposure to
simulated famine (p = 0.00055; Figure 1C), indicating that ges-
tational exposure to malnutrition and the stress of starvation
resulted in maternal behavior disruption.

Prenatal Exposure to Famine-Disturbed Gene
Expression in PFC of RLP50 Adult Offspring

PFC has been implicated in both memory dysfunction and the
pathophysiology of schizophrenia (Perlstein et al., 2001). In order
to test the hypothesis that prenatal exposure to famine will dis-
turb the gene expression in the PFC in offspring, we identified
415 genes showing modest to significant expression differences
(p < 0.05), of which 48 genes showed high significance (p < 0.01):
37 genes showed up-regulation, while 11 genes showed down-
regulation using NimbleGen Rat microarray. Seven genes were
selected for technical validation using qRT-PCR, and the results
are shown in Table 1.

In particular, Comt was up-regulated (p = 0.0024, fold
change = 1.6) in the RLP50 group. Comt has been considered
especially relevant in the control of the dopamine signal in the
PFC in both humans and rats (Karoum et al., 1994; Matsumoto
et al,, 2003; Williams et al., 2007). Up-regulation of Comt sug-
gests that the dopamine transmission may be disturbed, lead-
ing to deficits in the modulation of synaptic inputs to prefrontal
neurons, considered to be a prominent component of cognitive
dysfunction in schizophrenia. The neurotransmitter receptors
Htrld (5-hydroxytryptamine receptor 1D) and Gabrg3 (gamma-
aminobutyric acid [GABA] A receptor, gamma 3) were also sig-
nificantly down-regulated; 5-hydroxytryptamine and GABA are
important neurotransmitters in modulating mental activity, and
reduced expression of their receptors could result in impaired
PFC cognition. Hierarchical clustering analysis based on the top
330 differentially-expressed genes showed distinct clustering of
the majority of PFC samples in both groups (Figure 2A): this sug-
gests that gene expression may be reprogrammed in the PFC of
adult offspring after prenatal exposure to famine.

We used 330 genes (p < 0.05, fold change > 1.25) for Gene Ontology
(GO) analysis. All gene-associated biological annotation categories
are shown in Supplementary Table 2. The highly significant GO
categories were membrane, development, signal transduction, and
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Figure 1. Maternal exposure to famine alters behavior of pregnant rats. (A) Body weight of neonatal rats; (B) maternal weight percent gain (WPG); (C) maternal nest-
building behavior; (D) maternal body weight during gestation. Data are expressed as mean + standard error of the mean. Two-tailed student’s t-tests and Kruskal-Wallis
H tests were used to calculate the statistical significance. Asterisks indicate a particular level of significance (*p < 0.01, *p < 0.001, #p > 0.05). All statistical analyses and

data manipulations were carried out using the R package.

Table 1. Microarray and gRT-PCR Results in PFCs and Hippocampi of Both Control and RLP50 Offspring

Gene Fold change RLP50/C p-value Fold change

Roch probe # SEQ_ID name (Microarray) (Microarray) RLP50/C (qPCR) P-value
PFC
40 NM_012531 Comt 1.53 0.0016 2.05 0.001
77 NM_012852 Htrld 0.51 0.048 0.39 0.031

NM_012972 Kcna5 0.5 0.01 0.43 0.027
1 NM_013125 SCn5a 0.41 0.028 0.23 0.035
82 NM_024370 Gabrg3 0.63 0.021 0.55 0.017
38 NM_080693 Cacng5 0.59 0.027 0.51 0.029
113 XM_001071808 Cplx3 1.82 0.011 1.75 0.0048
Hippocampus
129 NM_024483 Adrald 0.6 0.04 0.41 0.000088
78 NM_153735 Nptx1 0.67 0.048 0.65 0.0063
75 NM_133381 Crebbp 0.56 0.0024 0.87 0.015
2 NM_012832 Chrna7 0.58 0.0052 0.58 0.0056
55 NM_080773 Chrm1 0.58 0.034 0.66 0.0031
69 NM_021679 Nxph3 0.41 0.029 0.3 0.037
29 NM_012574 Grin2b 0.61 0.0094 0.64 0.0024
58 NM_012768 Drd5 0.55 0.005 0.54 0.014
117 NM_017078 Chrna5 0.59 0.042 0.32 0.001
122 NM_012706 Grpr 0.64 0.013 0.27 0.00064
130 NM_012524 Cebpa 0.67 0.0039 0.63 0.03
80 NM_022673 Mecp2 0.76 0.007 0.61 0.0042
20 NM_053870.2 Kcnj4 0.67 0.031 0.57 0.00075

PFC: pre-frontal cortex; qPCR: quantitative polymerase chain reaction; qRT-PCR: quantitative real-time polymerase chain reaction; RLP50: mice fed a famine diet

cognition associated (Figure 2B). Interestingly, the olfactory func-
tion associated GO categories was also highly significant. Recent
studies have provided evidence for olfactory physiological impair-
ment in schizophrenia patients and their first-degree relatives

(Turetsky et al., 2003, 2009; Turetsky and Moberg, 2009), suggesting
that olfactory dysfunction might be an endophenotype relevant to
schizophrenia. Molecular networks were also identified using IPA:
the top network is shown in Supplementary Figure 1A.
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Figure 2. Prenatal exposure to famine reprogrammed gene expression in RLP50 offspring’s PFCs and hippocampi.. (A) Heat map of top 330 genes differentially
expressed between RLP50 and control PFC samples. The top bar indicates the groups: blue = RLP50; red = control. (B) PFC-relevant gene ontology categories enriched.
(C) Heat map of top 300 genes differentially expressed between RLPS0 and control hippocampus samples. The top bar indicates the groups: blue = RLP50; red = control.

(D) Hippocampus-relevant gene ontology categories enriched.

Gene Expression was Large-Scale Reprogrammed
in Hippocampus of RLP50 Offspring Due to Prenatal
Malnutrition

The hippocampus has long been implicated in the pathophysi-
ology of schizophrenia. We observed a large-scale reprogram-
ming of gene expression in the hippocampi of RLP50 adult
offspring. We identified 2987 genes with significant (p < 0.05)
expression differences, and 841 genes with highly significant
(p < 0.01) expression differences, of which 356 genes were up-
regulated and 485 genes were down-regulated. Hierarchical
clustering analysis based on the top 300 differentially-expressed
genes also supported the view that prenatal exposure to famine
reprograms gene expression in the hippocampus (Figure 2C). We
selected 13 genes which were significantly differently expressed
for validation of the microarray (Table 1).

We used 1372 genes with p < 0.05 and fold change > 1.25
for GO analysis, and the results are shown in Supplementary
Table 3. The differential-expression genes related to synaptic
function and neurodevelopment were highly enriched, suggest-
ing that prenatal exposure to famine severely disturbs the func-
tion of the hippocampus. Interestingly, the genes implicated
in transcription regulation were also significantly enriched
(Figure 2D). Hierarchical clustering of the 95 genes in the tran-
scription regulator activity term is displayed in Figure 3A.
Transcription regulators may bind a promoter or enhancer DNA
sequence or interact with a DNA-binding transcription factor.
Most of the genes in the transcription regulator activity cate-
gory showed modest down-regulation, including the Mecp2 gene
(p = 0.0070, fold change = -1.32), which encodes an important
transcriptional regulator for RNA polymerase II promoter. Mecp2
has been shown to activate many genes, binding to DNA in the

hypothalamus of mice, and the transcriptional activator Creb1 is
involved in the process (Chahrour et al., 2008). We also detected
that the expression of Crebl (p = 0.029, fold change = -1.18) and
its co-activator Crebbp (p = 0.0072, fold change = -1.79) were
down-regulated.

Molecular networks were also identified using IPA, with the
top five networks being shown in Supplementary Figure 1B-F.
The top molecular networks and the top molecules are involved
in neurological disease, psychological disorders, and develop-
ment disorders.

Region-Specific CpGs Methylation Altered in the
Hippocampus of RLP50 Adult Offspring

Our gene-expression microarray results suggested there might
be gene- or region-specific DNA methylation differences in the
hippocampus between adult offspring of the control and RLP50
groups. We therefore performed genome-wide methylation
studies to search for differentially-methylated loci between
adult offspring of the RLP50 and control groups, using MBD fol-
lowing next-generation sequencing. We identified 6627 signifi-
cant peaks with fold enrichment >3, among which 5762 (86.9%)
peaks suggested hypermethylation in the hippocampi of RLP50
offspring, and the remaining 865 (13.1%) peaks suggested
potential hypomethylation. After annotating 1754 peaks, the
false discovery rate is lower than 0.05, with PeakAnalyzer
detecting the genes most probably affected. We observed that
most peaks were located in the gene body, and only a small
portion were located in the promoter region (Figure 3A). Then
the annotated genes were subjected to GO analysis; the most
significant GO terms are shown in Figure 3B. As expected, sev-
eral function terms were enriched in the methylome profiling,
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as well as in the gene-expression profiling analysis (Figure 3C),
including the plasma membrane, which was highly significant
(p = 2.37x10”° in gene expression, and p = 5.36x10? in DNA
methylome). The plasma membrane controls the movement of
ions and organic molecules in and out of cells. Therefore, the
abnormity of the plasma membrane will lead to dysfunction
in the transporting of materials needed for functioning of the
hippocampus. The intrageneic peaks in Slc2al showed high sig-
nificance for down-regulation (p = 0.0022, fold change = -1.61)
in adult offspring of RLP50; we validated this using the
MassARRAY EpiTYPER (Sequenom), showing hypermethylation
in adult offspring of the RLP50 group (Figure 3C and D). Our
results suggested that epigenetic alteration contributed partly
to the regulation of large-scale gene-expression reprogram-
ming in the hippocampi of adult offspring of the RLP50 group.

Estimation of Genome-Wide Global DNA
Methylation Between the Hippocampi of Adult
Offspring of Control and RLP50 Groups

Changes in genomic DNA methylation are crucial for tissue-spe-
cific gene expression, and global DNA methylation may partly
contribute to gene activity (Li, 2002). To explore whether the
large-scale gene-expression reprogramming in the hippocampus
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Figure 4. Genome-wide global DNA methylation between the hippocampi of
adult offspring of the control and RLP50 groups.

is associated with global genomic DNA methylation, we used
LUMA to detect the global genomic DNA methylation in the hip-
pocampus. However, we didn’t observe global genomic methyla-
tion differences between the adult offspring of the control and
RLP50 groups (Figure 4). Prenatal exposure to famine represents



a kind of environmental change in gestation, which McClellan
et al. (2006) conjectured would lead to genome-wide epigenetic
alterations in offspring. We concluded that there might be gene-
or region-specific DNA methylation to regulate gene expression
in the hippocampus.

Discussion

In the present study, we performed the first genome-wide
screen of transciptome and DNA methylome in mammals’ brain
after exposure to prenatal nutrition deficiency. We demonstrate
that prenatal nutrition deficiency affects gene expression in the
PFC and hippocampus regions of adult brains. There was larger-
scale gene-expression reprogramming in the hippocampus than
in the PFC. The differentially-expressed genes in the hippocam-
pus were enriched in several gene ontology categories related to
synaptic function and neurodevelopment, consistent with pre-
vious finding in PPD models that prenatal nutrition deficiency
leads to hippocampus abnormality associated with schizophre-
nia (Bronzino et al., 1997; Morgane et al., 2002). The hippocam-
pus is believed to be crucially involved in the neuropathology
and pathophysiology of schizophrenia, and many reports have
found that hippocampus dysfunction is caused by deficits of
some gene expression in synapses in schizophrenic subjects,
and that the changes probably result from altered develop-
ment rather than tissue damage (Harrison, 2004). Therefore, the
impairment of hippocampal development and functions may be
important for the increased risk to schizophrenia after prenatal
exposure to malnutrition.

Changes in epigenetic modification may contribute to the
gene-expression reprogramming in the hippocampus caused
by prenatal nutrition deficiency. We observed that the differ-
entially-expressed genes in the hippocampus were enriched
in the gene ontology categories implicated in transcrip-
tion regulation, which are tightly associated with epigenetic
modifications. The important epigenetic regulator Mecp2 was
down-regulated. Mecp2 plays a critical role in neurodevelop-
ment, and loss of function as well as increased dosage of its
human homologue cause a number of neuropsychiatric disor-
ders, including schizophrenia (Chahrour et al., 2008). The DNA
methylome analyses in the hippocampus identified numer-
ous region-specific changes of DNA methylation. Moreover,
we demonstrated hypermethylation of Slc2al, which showed
down-regulated expression in the hippocampus of the RLP50
offspring. Epigenetic modifications have been considered to be
involved in the pathophysiology of schizophrenia. Changes of
DNA methylation were identified in the brain tissues of schizo-
phrenia patients in several post-mortem studies. However,
none of these studies were performed in the hippocampus, and
therefore it is difficult to compare our results with published
studies on DNA methylation and schizophrenia. Our results
are intriguing and suggest that epigenetic profiling in the hip-
pocampi of schizophrenia patients may be partly responsible
for their disease development.

DNA methylation and gene expression were poorly correlated
in our study. This is consistent with recent reports (Kulis et al.,
2012). Nevertheless, several gene ontology categories were func-
tionally enriched in both gene expression and DNA methylome-
profiling screens. This suggests an indirect association between
DNA methylation and expression. Notably, the most differentially
methylated regions we identified were hypermethylated in the
gene body region in RLP50 offspring. This is consistent with well-
established data that show an association between the methyl-
ated promoter and repressed transcription start sites, while gene
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body methylation is not associated with transcriptional repres-
sion. DNA methylation in the gene body has been proposed to
function in the regulation of alternative splicing via repressed
transcriptional regulator protein CTCF binding that will pause on
RNA polymerase II (Shukla et al., 2011). It is possible that changes
of intragenic DNA methylation affect gene splicing, and influ-
ence the expression of their functionally-related genes. Further
transcriptome assay, such as RNA-seq, may prove or clarify this
hypothesis. Another explanation would be cell-specificity: the
gene expression and methylation patterns are highly different
between distinct cell types such as neurons and glia cells. In the
present study, cell type specificity was not accounted for and
might thus have contributed to the weak correlation between
DNA methylation and gene expression. Moreover, the Methyl-CpG
binding domain proteins followed by next generation sequencing
used in this study were sensitive to highly-methylated and high-
CpG density regions, so there may be some methodological bias
in the DNA methylome profiling. Finally, DNA methylation is only
a part of epigenetic regulations: the role of histone modifications
and DNA hydroxymethylation in prenatal nutrition deficency
should be investigated in further studies.

The prefrontal cortex is responsible for complex cognitive
behavior and its dysfunction is associated with schizophrenia.
However, there were few studies that have reported changes
of gene expression after prenatal exposure to nutrition defi-
ciency. In our study, the gene-expression reprogramming
was less significant in the PFC of RLP50 offspring compared
with that of the hippocampus. At the same time, we did not
observe significant changes in cytosine (data not shown).
Nevertheless, we observed that maternal nutrition deficiency
disturbed the expression of neurotransmitter receptors, cog-
nition, and neurological system-associated genes in offspring
PFCs, suggesting that cognitive impairments result from pre-
natal malnutrition.

There were some limitations in our study. On account of
the limited number of animals on which gene-expression pro-
filing was performed, we did not try to identify sex-specific
changes of gene expression. We thought this was appropri-
ate since prenatal exposure to famine increases the risk of
schizophrenia in both males and females. However, females
are more vulnerable than the males to development of some
schizophrenia-related functional abnormalities, such as a dis-
ruption of sensorimotor gating and enhanced sensitivity to
dopaminergic drugs in the PPD model. There may therefore be
some specific changes of gene expression in the female off-
spring of RLP50 that our results have failed to detect. Also, in
our RLP50 model we mainly focused on maternal protein defi-
ciency that would result in low birth weights. However, some
micronutrients, such as folate, Vitamin D, and iron, may also be
involved in the association between famine and schizophre-
nia. It will be of great interest to compare our results to those
where the reprogramming of gene expression and epigenetic
modifications occur in models in which only specific micro-
nutrients are restricted. Finally, prenatal exposure to famine
alone is unlikely to cause increased risk of schizophrenia inde-
pendent of other as-yet-unidentified factors. Schizophrenia
is a highly-heritable disorder and risk/protective alleles for
schizophrenia may also influence the reprogramming process
induced by prenatal malnutrition. Our results are interesting
and merit follow-up studies; it will be interesting to determine
whether field studies examining prenatally famine-exposed
schizophrenia cases and unexposed siblings and other control
groups can detect any of the differences we have observed in
our animal studies. In the meantime, testing the expression
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reprogramming due to prenatal malnutrition in transgenetic
animals promises to be a valuable next step in investigating
and understanding gene and environment interactions in
schizophrenia, and how epigenetic modifications may play a
crucial role in these processes.

In summary, we have shown that maternal exposure to
nutrition deficiency results in genome-wide reprogramming of
gene expression in the brains of adult offspring, and causes dys-
function of the prefrontal cortices and hippocampi. Our study
represents an initial step toward characterizing the molecular
mechanisms of increased risk for schizophrenia after prenatal
exposure to famine.
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http://www.ijnp.oxfordjournals.org/

Acknowledgments

This work was supported by the 973 Program (2009825606 to
Xinzhi Zhao, 2010CB529600 to Guang He), the National Natural
Science Foundation of China (30800616 to Xinzhi Zhao, 31171237
to Guang He, 81121001 to Lei Wang), the National Key Technology
R&D Program (2012BAI01B09 to Lin He), the Shanghai Municipal
Commission of Science and Technology Program (09DJ1400601
to Lin He), the Shanghai Rising-Star Program (09QA1400500 to
Xinzhi Zhao) and the Shanghai Leading Academic Discipline
Project (B205). Drs Xu and G He designed and conducted the
experiments and collected data. Dr J.ZH. also analyzed data
and prepared the first draft of the manuscript. Dr Zhu designed
and supervised experiments involving MBD sequencing. Drs
T. Wang, Xiang, and Xinyao Zhou provided help in performing
experiments and contributed to discussions. Drs Xing and St
Clair helped in data analyses and in writing the manuscript. Dr
Liu provided technical help in next-generation sequencing. Dr
L Wang provided technical help in DNA methylation validation
using MassARRAY platform. Dr Li provided reagents and tech-
nical advice. Dr Lin He supervised the project and edited the
manuscript. Dr Guang He designed the experiments and edited
the manuscript. Dr Xinzhi Zhao designed and supervised exper-
iments analyzed data and wrote the manuscript. This work was
supported by grants to Drs Lin He Guang He, and Xinzhi Zhao.

Statement of Interest

None

References

Berman KF, Zec RF, Weinberger DR (1986) Physiologic dysfunc-
tion of dorsolateral prefrontal cortex in schizophrenia. II.
Role of neuroleptic treatment, attention, and mental effort.
Arch Gen Psychiatry 43:126-135.

Brandon NJ, Sawa A (2011) Linking neurodevelopmental and
synaptic theories of mental illness through DISC1. Nat Rev
Neurosci 12:707-722.

Bronzino JD, Austin-LaFrance RJ, Mokler D, Morgane PJ (1997)
Effects of prenatal protein malnutrition on hippocampal long-
term potentiation in freely moving rats. Exp Neurol 148:317-
323.

Brown AS (2011) The environment and susceptibility to schizo-
phrenia. Prog Neurobiol 93:23-58.

Brown AS, Susser ES (2008) Prenatal nutritional deficiency and
risk of adult schizophrenia. Schizophr Bull 34:1054-1063.

Brown AS, Susser ES, Butler PD, Richardson AR, Kaufmann CA,
Gorman JM (1996) Neurobiological plausibility of prenatal
nutritional deprivation as a risk factor for schizophrenia. J
Nerv Ment Dis 184:71-85.

Chahrour M, Jung SY, Shaw C, Zhou X, Wong ST, Qin J, Zoghbi
HY (2008) MeCP2, a key contributor to neurological disease,
activates and represses transcription. Science 320:1224-1229.

Gong L, Pan YX, Chen H (2010) Gestational low protein diet in
the rat mediates Igf2 gene expression in male offspring via
altered hepatic DNA methylation. Epigenetics 5:619-626.

Harrison PJ (2004) The hippocampus in schizophrenia: a review
of the neuropathological evidence and its pathophysiological
implications. Psychopharmacology (Berl) 174:151-162.

Huang da W, Sherman BT, Lempicki RA (2009) Systematic and
integrative analysis of large gene lists using DAVID bioinfor-
matics resources. Nat Protoc 4:44-57.

Jones P (1994) Schizophrenia after prenatal exposure to the Dutch
hunger winter of 1944-1945. Arch Gen Psychiatry 51:333-334.

Karoum F, Chrapusta SJ, Egan MF (1994) 3-Methoxytyramine is
the major metabolite of released dopamine in the rat frontal
cortex: reassessment of the effects of antipsychotics on the
dynamics of dopamine release and metabolism in the fron-
tal cortex, nucleus accumbens, and striatum by a simple two
pool model. ] Neurochem 63:972-979.

Kulis M et al. (2012) Epigenomic analysis detects widespread
gene-body DNA hypomethylation in chronic lymphocytic
leukemia. Nat Genet 44:1236-1242.

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and
memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol 10:R25.

Li E (2002) Chromatin modification and epigenetic reprogram-
ming in mammalian development. Nat Rev Genet 3:662-673.

Malaspina D, Corcoran C, Kleinhaus KR, Perrin MC, Fennig S,
Nahon D, FriedlanderY, Harlap S (2008) Acute maternal stress
in pregnancy and schizophrenia in offspring: a cohort pro-
spective study. BMC Psychiatry 8:71.

Maniatis T, Goodbourn S, Fischer JA (1987) Regulation of inducible
and tissue-specific gene expression. Science 236:1237-1245.
Matsumoto M, Weickert CS, Akil M, Lipska BK, Hyde TM, Herman
MM, Kleinman JE, Weinberger DR (2003) Catechol O-methyltrans-
ferase mRNA expression in human and rat brain: evidence for a

role in cortical neuronal function. Neuroscience 116:127-137.

McClellan JM, Susser E, King MC (2006) Maternal famine, de novo
mutations, and schizophrenia. JAMA 296:582-584.

Mirnics K, Middleton FA, Marquez A, Lewis DA, Levitt P (2000)
Molecular characterization of schizophrenia viewed by
microarray analysis of gene expression in prefrontal cortex.
Neuron 28:53-67.

Morgane PJ, Mokler DJ, Galler JR (2002) Effects of prenatal protein
malnutrition on the hippocampal formation. Neurosci Biobe-
hav Rev 26:471-483.

Mortensen OH, Olsen HL, Frandsen L, Nielsen PE, Nielsen FC,
Grunnet N, Quistorff B (2010) Gestational protein restriction
in mice has pronounced effects on gene expression in new-
born offspring’s liver and skeletal muscle; protective effect of
taurine. Pediatr Res 67:47-53.

Muthayya S, Eilander A, Transler C, Thomas T, van der Knaap HC,
Srinivasan K, van Klinken BJ, Osendarp SJ, Kurpad AV (2009)
Effect of fortification with multiple micronutrients and n-3
fatty acids on growth and cognitive performance in Indian
schoolchildren: the CHAMPION (Children’s Health and Men-


http://www.ijnp.oxfordjournals.org/

tal Performance Influenced by Optimal Nutrition) Study. Am J
Clin Nutr 89:1766-1775.

Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ (2010)
Chronic high-fat diet in fathers programs beta-cell dysfunc-
tion in female rat offspring. Nature 467:963-966.

Owen M]J, O’'Donovan MC, Thapar A, Craddock N (2011) Neurode-
velopmental hypothesis of schizophrenia. Br ] Psychiatry
198:173-175.

Painter RC, Roseboom TJ, Bleker OP (2005) Prenatal exposure
to the Dutch famine and disease in later life: an overview.
Reprod Toxicol 20:345-352.

Palmer AA, Printz D], Butler PD, Dulawa SC, Printz MP (2004)
Prenatal protein deprivation in rats induces changes in
prepulse inhibition and NMDA receptor binding. Brain Res
996:193-201.

Palmer AA, Brown AS, Keegan D, Siska LD, Susser E, Rotrosen
J, Butler PD (2008) Prenatal protein deprivation alters dopa-
mine-mediated behaviors and dopaminergic and gluta-
matergic receptor binding. Brain Res 1237:62-74.

Perlstein WM, Carter CS, Noll DC, Cohen JD (2001) Relation of
prefrontal cortex dysfunction to working memory and symp-
toms in schizophrenia. Am ] Psych 158:1105-1113.

Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond C, Barker
DJ, Bleker OP (2001) Effects of prenatal exposure to the Dutch
famine on adult disease in later life: an overview. Twin Res
Hum Genet 4:293-298.

Salmon P (1994) Nutrition, cognitive performance, and mental
fatigue. Nutrition 10:427-428.

Salmon-Divon M, Dvinge H, Tammoja K, Bertone P (2010)
PeakAnalyzer: genome-wide annotation of chromatin bind-
ing and modification loci. BMC Bioinformatics 11:415.

Serre D, Lee BH, Ting AH (2010) MBD-isolated Genome Sequenc-
ing provides a high-throughput and comprehensive survey of
DNA methylation in the human genome. Nucleic Acids Res
38:391-399.

Shen Q, Li ZQ, SunY,Wang T, Wan CL, Li XW, Zhao XZ, Feng GY, Li S,
Clair DS, He L, Yu L (2008) The role of pro-inflammatory factors
in mediating the effects on the fetus of prenatal undernutri-
tion: Implications for schizophrenia. Schizophr Res 99:48-55.

Xuetal. | 9

Shen Q, Li X, QiuY, Su M, LiuY, Li H, Wang X, Zou X, Yan C, Yu L,
Li S, Wan C, He L, Jia W (2008) Metabonomic and metallomic
profiling in the amniotic fluid of malnourished pregnant rats.
J Proteome Res 7:2151-2157.

Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski B,
Kashlev M, Oberdoerffer P, Sandberg R, Oberdoerffer S (2011)
CTCF-promoted RNA polymerase II pausing links DNA meth-
ylation to splicing. Nature 479:74-79.

St CD, Xu M, Wang P, Yu Y, Fang Y, Zhang F, Zheng X, Gu N, Feng
G, Sham P, He L (2005) Rates of adult schizophrenia following
prenatal exposure to the Chinese famine of 1959-1961. JAMA
294:557-562.

Stein GS, Lian JB, Owen TA (1990) Relationship of cell growth to
the regulation of tissue-specific gene expression during oste-
oblast differentiation. FASEB J 4:3111-3123.

Susser E, St Clair D (2013) Prenatal famine and adult mental ill-
ness: Interpreting concordant and discordant results from
the Dutch and Chinese Famines. Soc Sci Med 97:325-30.

Susser ES, Lin SP (1992) Schizophrenia after prenatal exposure to
the Dutch Hunger Winter of 1944-1945. Arch Gen Psychiatry
49:983-988.

Turetsky BI, Moberg PJ (2009) An odor-specific threshold deficit
implicates abnormal intracellular cyclic AMP signaling in
schizophrenia. Am J Psych 166:226-233.

Turetsky BI, Moberg PJ, Owzar K, Johnson SC, Doty RL, Gur RE
(2003) Physiologic impairment of olfactory stimulus process-
ing in schizophrenia. Biol Psychiatry 53:403-411.

Turetsky BI, Hahn CG, Arnold SE, Moberg PJ (2009) Olfactory
receptor neuron dysfunction in schizophrenia. Neuropsy-
chopharmacology 34:767-774.

Williams HJ, Owen MJ, O’'Donovan MC (2007) Is COMT a suscepti-
bility gene for schizophrenia? Schizophr Bull 33:635-641.

Xu MQ, Sun WS, Liu BX, Feng GY, Yu L, Yang L, He G, Sham P,
Susser E, St Clair D, He L (2009) Prenatal malnutrition and
adult schizophrenia: further evidence from the 1959-1961
Chinese famine. Schizophr Bull 35:568-576.

Zhang, Liu T, Meyer CA, Eeckhoute ], Johnson DS, Bernstein BE,
Nusbaum C, Myers RM, Brown M, Li W, Liu XS (2008) Model-
based analysis of ChIP-Seq (MACS). Genome Biol 9:R137.



