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Ankyrin-3 as a molecular marker of early-life stress and
vulnerability to psychiatric disorders
A Luoni1, R Massart2, V Nieratschker3,4, Z Nemoda2,5, G Blasi6, M Gilles7, SH Witt3, MJ Suderman2,5,8, SJ Suomi9, A Porcelli6, G Rizzo6,
L Fazio6, S Torretta6, A Rampino6, A Berry10, P Gass7, F Cirulli10, M Rietschel3, A Bertolino6, M Deuschle7, M Szyf2,5 and MA Riva1

Exposure to early-life stress (ELS) may heighten the risk for psychopathology at adulthood. Here, in order to identify common genes
that may keep the memory of ELS through changes in their methylation status, we intersected methylome analyses performed in
different tissues and time points in rats, non-human primates and humans, all characterized by ELS. We identified Ankyrin-3 (Ank3),
a scaffolding protein with a strong genetic association for psychiatric disorders, as a gene persistently affected by stress exposure.
In rats, Ank3 methylation and mRNA changes displayed a specific temporal profile during the postnatal development. Moreover,
exposure to prenatal stress altered the interaction of ankyrin-G, the protein encoded by Ank3 enriched in the post-synaptic
compartment, with PSD95. Notably, to model in humans a gene by early stress interplay on brain phenotypes during cognitive
performance, we demonstrated an interaction between functional variation in Ank3 gene and obstetric complications on working
memory in healthy adult subjects. Our data suggest that alterations of Ank3 expression and function may contribute to the effects
of ELS on the development of psychiatric disorders.
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INTRODUCTION
Adverse events during prenatal and early postnatal periods have a
pivotal role in the later susceptibility to neuropsychiatric
disorders1–3 by interfering with the developmental trajectories
of different systems, thus leading to long-lasting reprogramming
consequences.4 A growing body of evidence in the last decade
has ascribed a key role to the epigenome, an array of chemical
modifications to the DNA and histone proteins that affect gene
expression without altering the DNA sequence, in bridging the
experience of early insults with the appearance of a pathological
phenotype at adulthood.5–7 In particular, several rodent and
human studies have proven that among epigenetic mechanisms,
DNA methylation is dynamically sensitive to external cues
particularly in the perinatal period, when most of the DNA
methylation patterns are arranged to shape and define the cellular
destiny and thus are also highly responsive and susceptible to
environmental stressors that could alter such programming, thus
increasing the vulnerability to later psychopathology.8–13 In order
to investigate the underlying causative mechanisms responsible of
the long-term effects, several animal models have been devel-
oped that replicate the exposure to different types of stressors, of
diverse intensities, in specific time windows during early perinatal
life.14–17 Although these animal models bear the advantages of
studying, in few months, the effects of neonatal stress on adult
behavior, both in the brain as well as at peripheral level, they have
the limitation of lacking a direct relevance to the human
condition. Here, in order to circumvent these problems, we used

a cross-species genome-wide approach to identify shared DNA
methylation patterns that are associated with early-life stress (ELS).
In detail, we analyzed: (1) in humans the methylome signature
characterizing CD34+ cells derived from the cord blood of
newborns whose mothers have been characterized for stressful
experiences during the last trimester of gestation;18 (2) in rhesus
monkeys (Macaca mulatta) the DNA methylation patterns in the
peripheral blood and in the prefrontal cortex (PFC) of monkeys
that were exposed to different early-life social and rearing
conditions;19,20 (3) in rodents (Rattus norvegicus) we addressed
the PFC of early-adult rats exposed to prenatal stress (PNS), a well-
established model of vulnerability to altered adult behavior.18,21–24

This combined analysis pointed to Ankyrin-3 (Ank3), a genetic
risk factor for bipolar disorder and schizophrenia 25–27 that plays a
pivotal role as scaffolding protein in specific membrane domains,
such as the node of Ranvier and the axon initial segment.28–30

Moreover, a role for ankyrin-G (ANKG) protein in regulating the
post-synaptic compartment organization and function has
recently emerged,31,32 suggesting its potential for mediating the
effects of stress exposure on dysfunctions associated with several
psychiatric conditions.33–36

Finally, we demonstrated, in healthy adult subjects, that
variation in the Ank3 gene affecting gene expression interacted
with an early stress factor (obstetric complications), in modulating
prefrontostriatal connectivity and behavioral correlates of working
memory, a cognitive phenotype tightly linked with different
psychiatric disorders.37 Overall, our results suggest that alterations
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of Ank3 expression may contribute to the effects of perinatal stress
on the vulnerability to psychiatric conditions.

MATERIALS AND METHODS
Human cohort for MeDIP-chip analysis
Data were obtained from a cohort of mothers and their infants (n=180)
recruited during the third trimester of pregnancy in the Rhine-Neckar
Region of Germany. For inclusion and exclusion criteria see Supplementary
Information. The study protocol was approved by the Ethics Committee of
the Medical Faculty Mannheim of the University of Heidelberg. The study
was conducted in accordance with the Declaration of Helsinki. All mothers
provided written informed consent before participation. Investigator was
blinded for the laboratory analyses.

Animals and experimental paradigms
Rhesus monkeys were reared as previously described.18,19 Venous blood
samples were obtained from 30 days old and 2-year-old monkeys, whole
blood and buccal epithelial cell samples were taken at 2-years or older age,
while PFCs were obtained from 7-year-old male monkeys. The Institutional
Animal Care and Use Committee of the NICHD approved protocols for the
use of experimental animals.
Pregnant rats were randomly assigned to control (Ctrl, n=7) or PNS

(n=9) conditions. The stress paradigm was carried out as previously
described.18,38,39 Male offspring PFC was dissected at different postnatal
days (PND: 7 (Ctrl, n= 7; PNS, n= 9), 21 (Ctrl, n= 6; PNS, n=6) and 62 (Ctrl,
n= 7; PNS, n= 9)). Rat handling and experimental procedures were
performed in accordance with the EC guidelines (EC Council Directive
86/609 1987) and with the Italian legislation on animal experimentation (D.
L. 116/92), in accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals.
All efforts were made to minimize animal suffering and to reduce the

number of animals used, which has been set, using G*Power 3 software,40

to take into account mortality and to allow n= 7–9 in each final group, also
based upon our own previous data.39 No pre-established inclusion/
exclusion criteria were used for subsequent analyses. All samples were
processed and analyzed by experimenters blind to rearing or prenatal
stress conditions.

Extraction of DNA
Genomic DNA was extracted using Qiagen (Hilden, Germany) or Promega
(Madison, WI, USA) systems, sheared by sonication and quantified using
the Qubit system (Life Technologies, Burlington, ON, Canada).

Analysis of genome-wide promoter DNA methylation
MeDIP analysis was adapted from previously published protocols.18,19 In
detail, the final sample size for the methylome analysis was the following:
rat PFC, Ctrl N= 4, PNS N= 4; human cohort, Ctrl N= 8, ELS N= 10; monkey
PFC, Ctrl N= 4, ELS N= 4; monkey whole blood, Ctrl N= 5, ELS N= 5;
monkey buccal samples, Ctrl N= 3, ELS N=3; monkey CD3+ (30 days old),
Ctrl N= 10, ELS N=10; monkey CD3+ (2 years old), Ctrl N= 6, ELS N= 4 (the
monkey CD3+ samples were pooled and subjected to 3 parallel MeDIP
analyses, that is 3 Ctrl and 3 ELS pools per time point). Briefly, 2 μg of DNA
were sonicated, and methylated DNA was immunoprecipitated using anti-
5-methyl-cytosine (Cat. No. BI-MECY-0100, Eurogentec, Fremont, CA, USA).
The DNA–antibody complex was immunoprecipitated with protein G, and
the methylated DNA was re-suspended in digestion buffer (50 mM TrisHCl
pH8; 10 mM EDTA; 0.5 % SDS) and treated with proteinase K overnight at
55 °C. The input and bound fractions were purified, amplified using the
Whole Genome Amplification Kit (Sigma-Aldrich, St. Louis, MO, USA), and
labeled for microarray hybridization with Cy3-dUTP and Cy5-dUTP,
respectively, using the CGH Enzymatic Labeling Kit (Agilent Technologies,
Mississauga, ON, Canada) in accordance with the manufacturer’s instruc-
tions. Custom designed tiling arrays were used (Agilent Technologies). All
steps of the hybridization, washing, scanning and feature extraction
procedures were performed in accordance with the Agilent Technologies
protocol for chip-on-chip analysis. Extracted microarray intensities were
processed and analyzed using the R software environment for statistical
computing (http://www.r-project.org/). The data discussed in this publica-
tion have been deposited in NCBI’s Gene Expression Omnibus41 and are
accessible through GEO series accession numbers GSE84028 (subseries
accession numbers: GSE84018, GSE84020, GSE84021 and GSE84024).

Validation using qPCR
Gene-specific validation of MeDIP data was performed applying
quantitative-real-time PCR (qPCR) (see Supplementary Table 2) using the
2−ΔΔCt method. Data are expressed as group means± s.e.m. To test for
statistical significance, the Student’s t-test was used (two-tailed), and the
alpha level was set at 0.05.

Gene expression analysis in rats
RNA was isolated from rat PFC using AllPrep DNA/RNA Mini kit (Qiagen).
RNA was analyzed by TaqMan qRT-PCR instrument (CFX384 real-time
system, Bio-Rad Laboratories, Segrate, Italy) using the iScriptTM one-step
RT-PCR kit for probes (Bio-Rad Laboratories) in triplicate as multiplexed
reactions with a normalizing internal control (36b4).

Protein analysis
Protein subcellular fractionating was obtained homogenizing the tissues in
a Teflon-glass potter in ice-cold 0.32 M sucrose buffer containing 1 mM

HEPES, 1 mM MgCl2, 1 mM NaHCO3 and 0.1 mM phenylmethylsulfonyl
fluoride, pH= 7.4, in the presence of a complete set of protease (Roche,
Monza, Italy) and phosphatase (Sigma-Aldrich) inhibitors. Total cell
homogenate was next processed to obtain the crude membrane fraction
(P2) and the Triton-Insoluble post-synaptic fraction (TIF) as described in
detail in the Supplementary S1 Materials and Methods.
For western blot analysis, samples were run on SDS-polyacrylamide gel

electrophoresis (PAGE) and analyzed using the Chemidoc MP Imaging
System after normalization on β-actin levels.
Co-immunoprecipitation assays were performed as in Vastagh et al.42

with the introduction of some methodological modifications. Briefly, total
cell homogenates from the rat PFC were immunoprecipitated with 3 μg of
antibody overnight at 4 °C, followed by a 2 h incubation with protein A/G
beads. Beads were then washed extensively and bound complexes were
analyzed by SDS-PAGE and western blotting.
For all the above-mentioned molecular and biochemical analyses, all

data met the assumptions of normal distribution and equality of variance.

Interaction between functional variation in Ank3 and obstetric
complications on working memory processing
Association of rs9804190 with human post-mortem prefrontal Ank3 mRNA
expression. Earlier results have indicated association of an intronic single-
nucleotide polymorphism in the Ank3 gene, that is rs9804190, with gene
expression levels in the superior temporal gyrus of patients with
schizophrenia.28 We therefore tested such association in a large group of
samples from PFC (BA46) of 268 non-psychiatric individuals using
Braincloud (http://braincloud.jhmi.edu/) (Supplementary Information and
Supplementary Table 3). In particular, analysis of covariance was
performed, with rs9804190 genotype as the independent variable, Ank3
mRNA expression as the dependent variable, and non-matched variables
between groups (that is, age, sex, RNA integrity number) and ethnicity as
covariates of no interest. A statistical threshold of Po0.05 was used for
this analysis.

In vivo fMRI and behavioral study
Three hundred six healthy adults (Supplementary Information and
Supplementary Table 4) were enrolled in a behavioral study. One hundred
seventy four of these individuals (supplementary Table 4) also participated
in a functional magnetic resonance imaging (fMRI) study. In both studies, all
individuals performed the 1- and 2-back versions of the N-back task, eliciting
two loads of working memory (WM) processing and were genotyped
for rs9804190 (Supplementary S1 Materials and Methods). Furthermore,
mothers of all individuals completed the McNeil-Sjöström Scale,43 which
allowed to split individuals based on the Obstetric Complications (OC) score
(Supplementary S1 Materials and Methods).44 Sample sizes were: (a) in the
fMRI sample, 57 CC with OC, 48 CC without OC, 38 T carriers with OC, 31 T
carriers without OC; (b) in the behavioral study sample, 115 CC with OC, 66
CC without OC, 86 T carriers with OC, 39 T carriers without OC.

fMRI data acquisition and analysis
fMRI data were acquired with a 3T GE scanner and processed with SPM8
(see Supplementary S1 Materials and Methods). Second-level random
effects multiple regression were performed to investigate Ank3×OC
interaction on prefrontal activity during performance of the 1- and 2-back
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WM tasks, using task load as the repeated-measures factor, and Ank3
rs9804190 genotype as well as OC (absence/presence) as the between-
subjects factor. We used a statistical threshold of Po0.05, family-wise error
small volume corrected for the left dorsolateral PFC (DLPFC), whose role is
crucial in WM processing45 and the greater involvement of the left portion
of DLPFC during WM tasks eliciting both verbal and visuospatial
processing.46,47 Then, we explored the interaction between ANK3 and OC
on prefrontostriatal connectivity. With this aim, psychophysiological
interaction analysis 48 was performed for each subject. In particular, we
used a 5 mm region of interest centered on the peak activity (x=− 48,
y= 38, z=30) in left DLPFC as seed region (Supplementary S1 Materials and
Methods). Individual psychophysiological interaction contrasts were then
entered in second-level random effects multiple regressions using task
load as the repeated-measures factor, and Ank3 rs9804190 genotype as
well as OC (absence/presence) as the between-subjects factors. We used a
statistical threshold of Po0.05, family-wise error small-volume corrected
within the left striatum (see Supplementary S1 Materials and Methods).

Analysis of behavioral data
A repeated measure factorial analysis of variance was performed, with
genotype and OC presence/absence as the between-subjects factors, load
(1- and 2-back) as the repeated-measures factor and behavioral accuracy
(% of correct responses) or reaction time as the dependent variable.
Tukey’s test was used for post hoc analyses.

RESULTS
Genome-wide DNA methylation analyses in different paradigms of
ELS exposure
MeDIP-chip analysis at PND62 in the PFC of male rats uncovered
7660 probes associated with 3475 distinct genes whose methyla-
tion status was different between control (Ctrl) and animals
exposed to PNS (false discovery rate (FDR)o0.2). In particular,
3362 probes, related to 1508 genes, were hypomethylated in PNS
animals, whereas 4298 probes, corresponding to 1773 genes, were
hypermethylated in PNS animals. Furthermore, the remaining 194
genes showed mixed methylation patterns. Using Ingenuity
Pathway Analysis, we found enrichment for several neuronal
functions, including ‘psychological disorders’ (Supplementary
Table 5), among other important biological mechanisms.
In order to prioritize the genes that may be important in

keeping the memory of the adverse perinatal experience through
the regulation of their methylation status, we performed a cross-
species analysis overlapping the list of genes differentially
methylated in the PFC of rats exposed to PNS with the results
of MeDIP-chip genome-wide analyses in two different species,
humans and non-human primates, which were also characterized
by exposure to adversities during the perinatal life. In the human
cohort, we analyzed the methylation status of genes in CD34+

hematopoietic stem cells collected from the umbilical cord of
newborns from mothers with different levels of stress during
gestation.18 In addition, we used two groups of monkeys
characterized by different early-life social and rearing conditions,
in which we performed genome-wide analyses in the PFC of 7-
year-old animals and in the peripheral T cells (CD3+) at ages
30 days and 2 years, in order to look for stable peripheral DNA
signatures in response to different early environmental
conditions.49,50 The analyses in monkeys, in particular, at a
difference from our previously published work,18 fill a gap as the
addition of the data from the monkey PFC further integrates the
results obtained at brain level (in adult rats and monkeys) with
data obtained at peripheral level (in monkeys and human
newborns), providing more reliability and authenticity to our
trans-species approach. We identified eight genes commonly
affected—regardless the direction of the methylation changes—
after exposure to ELS in all the conditions described above:
Ankyrin-3 (Ank3), Cyclic nucleotide gated channel alpha 4 (Cnga4),
Aspartyl-tRNA synthetase 2, mitochondrial (Dars2), GABA A receptor,
gamma 2 (Gabrg2), 5-hydroxytryptamine receptor 4 (Htr4),

Latrophilin 2 (Lphn2), Solute carrier family 22, member 2 (Slc22a2)
and T-cell lymphoma invasion and metastasis 1 (Tiam1; Figure 1).
Almost all these genes showed a mixed direction of the
methylation changes, with the exception of Ank3 and Gabrg2,
which showed a consistently higher methylation in the stressed
group across all the conditions (Supplementary Table 6). Ank3 has
previously emerged as a common genetic risk factor for
neurodevelopmental and psychiatric disorders, such as bipolar
disorder26,27 and schizophrenia,28 whereas a strong dysfunction of
the GABAergic system has also been demonstrated in anxiety and
depression.51,52 We focused our subsequent analyses on Ank3
since its methylation status was affected in the same direction also
in the whole blood and buccal cells from 2-year-old monkeys
exposed to ELS, whereas Gabrg2 did not (Supplementary Table 7).
The extent of the methylation differences pertaining all the Ank3
probes hypermethylated in the stressed groups is listed in
Supplementary Table 8 using similar significance (P-values) and
effect size estimates (as differential expressed in log2) as
previously reported.18,19

Validation of MeDIP-chip
We next characterized in more detail the modulation of Ank3 in
the rat model of PNS. Three genomic locations showed a different
methylation status between Ctrl and PNS rats in the PFC at PND62
(Figure 2a and Supplementary Table 6). In detail, the probes
located at chr20:19420344-19420403 and at chr20:19420705-
19420764 were hypomethylated in PNS rats, whereas the probe
located at chr20:19580638-19580697 was hypermethylated in PNS
rats. qPCR analysis was used to validate the array data indicated by
the arrow in Figures 2a and b, and confirmed the result obtained
with MeDIP-chip (Figure 2c). We focused on this probe, as it was
the only showing an increased methylation status in the stressed
group, according with all the other conditions (Supplementary
Tables 6 and 7).

Postnatal developmental expression of Ankyrin-3 in the PFC of
male rats
Using qRT-PCR, we next examined if the altered methylation
status of Ank3 was associated with changes in its transcriptional
regulation during the postnatal development until early

Figure 1. Venn diagram showing the overlap of the number of
differentially methylated genes regulated by exposure to early-life
stress in different species (see Materials and Methods for details).
The eight genes listed below emerged as differentially methylated
after early-life stress in all conditions. PFC, prefrontal cortex.
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adulthood. We found a significant effect of PNS exposure
(F1,41 = 14.795, Po0.001), of AGE (F2,41 = 39.885, Po0.001), and a
significant PNS×AGE interaction (F2,41 = 7.303, Po0.01). Indeed,
as depicted in Figure 3a, Ctrl rats showed a relative stable

expression of Ank3 from PND7 to PND21, followed by a steady
increase at PND62, whereas PNS rats showed statistically significant
lower Ank3 mRNA levels at PND62 (Po0.001), but not earlier
(Figure 3a). Next, in order to establish a correlation between these
changes and the epigenetic modifications at the Ank3 gene, we
investigated DNA methylation at the same gene location found to
be affected using MeDIP-chip and validated with qPCR at PND62 in
PNS rats. As depicted in Figure 3b, Ctrl rats showed a progressive
decrease in the methylation levels of Ank3 from PND7 to PND62,
whereas PNS rats showed a stable methylation between PND7 and
PND21, with a steady increase at early adulthood. Statistical analysis
revealed a significant effect of PNS (F1,29 = 10.315, Po0.01) and a
significant PNS×AGE interaction (F2,29 = 3.897, Po0.05), supporting
the fact that PNS and Ctrl rats showed comparable methylation
levels of Ank3 at PND7 that progressively diverge, leading to a
statistical difference at PND62 (Po0.01).

Analysis of ANKG protein modulation following PNS exposure in
the PFC of male rats at PND62
Ankyrin-3 encodes for a protein, ANKG, which exists in different
isoforms that are expressed in nearly all tissues, although with some
peculiarities. It has been recently demonstrated, for example, that
the 190 kDa isoform of ANKG localizes at post-synaptic level, where
it interacts with both PSD95 and GLUR1.32 Since it has been amply
demonstrated that neuropsychiatric disorders can be characterized
by synaptic dysfunction,33,34 we decided to investigate whether the
long-term changes in Ank3 expression observed in PNS animals may
also involve alterations in the synaptic compartment.

Figure 2. Expanded views from the UCSC genome browser at the rat Ank3 gene location are depicted. (a) The first track shows average
methylation probe fold differences (Log2), whereas the second track shows the regions whose methylation status is significantly different as a
consequence of PNS. The three tracks at the bottom show exons and introns boundaries taken from the rat N-SCAN Gene Predictions, NCBI
Reference Sequence Database (RefSeq) and Ensembl Gene Predictions, respectively. Arrow indicates the location of DNA amplification for
qPCR validation. (b) Zoomed view of a showing every single probe in the region selected for the validation in the rat prenatal stress model. (c)
Bar graph of the qPCR validation of Ank3 relative DNA methylation enrichment between PNS and Ctrl groups, shown as relative bound
fraction concentrations. The data represent the mean± s.e.m. of 3–4 independent determinations. *Po0.05 vs Ctrl (Student’s t-test). Ctrl,
control; PNS, prenatal stress.

Figure 3. Exposure to prenatal stress in rats alters the DNA
methylation status and the expression levels of Ank3 with a specific
time-profile. (a) mRNA expression levels of Ankyrin-3 during the
postnatal development in the prefrontal cortex of PNS male rats as
compared with control animals (Ctrl). The data, expressed as fold
change (where ΔCt is the difference between the threshold cycle of
the target gene and the housekeeping gene) are the mean± s.e.m.
of 6–9 independent determinations. (b) Relative DNA methylation
enrichment of Ankyrin-3 during the postnatal development in
the prefrontal cortex of PNS male rats as compared with Ctrl. The
data, expressed as relative bound fraction concentration, are the
mean± s.e.m. of 3–7 independent determinations. **Po0.01 and
***Po0.001 vs Ctrl at the same postnatal age (2-way analysis of
variance (ANOVA) followed by Fisher’s LSD post hoc comparison).
PND, postnatal day; PNS, prenatal stress.
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Using western blot analysis, we first established the expression
of ANKG 190 kDa in different subcellular fractions from the rat
brain. As shown in Figure 4a, ANKG 190 kDa is enriched in the
crude membrane fraction (P2) and in the TIF, which represents the
post-synaptic compartment, as also occurred for the post-synaptic
density marker PSD95, but not for MECP2, a marker of the nuclear
compartment, or synaptophysin, a presynaptic marker (Figure 4a).
Moreover, we found that ANKG 190 kDa levels were reduced by
PNS in the P2 (−26% vs Ctrl, P= 0.057, Figure 4b).
Seen ANKG 190 kDa enrichment in the post-synaptic compart-

ment (Figure 4a) and its trend toward a decrease in the P2 fraction
(Figure 4b), we investigated, by co-immunoprecipitation assay,
whether ANKG 190 kDa interacts with key molecules localized at
the post-synaptic site and if PNS exposure may alter these
interactions. As shown in Figure 4c, ANKG 190 kDa interacted with
PSD95 as well as with GLUR1. Interestingly, we found that while
GLUR1/ANKG interaction was not affected by PNS (+9% vs Ctrl,
P40.05, Figure 4d), PSD95/ANKG interaction was significantly
increased in the PFC of adult rats that were exposed to PNS
(+155% vs Ctrl, Po0.05, Figure 4e), possibly leading to alterations
in the functional integrity of the post-synaptic compartment.
Indeed, although we did not detect changes of PSD95 protein
levels in the P2 (−13% vs Ctrl, P40.05, Figure 4f), we found a
significant decrease of the phosphorylated (pS845) form of the

obligatory AMPA GLUR1 subunit (−24% vs Ctrl, Po0.05,
Figure 4g), a proxy for receptor activation.53

Interaction between the Ank3 single-nucleotide polymorphism
rs9804190 and OC on prefrontostriatal functional connectivity and
behavior during working memory
Analysis of human post-mortem data, using the Braincloud data
set,54 indicated that the Ank3 single-nucleotide polymorphism
rs9804190 was associated with Ank3 mRNA expression in the
DLPFC (F2, 261 = 6.66; P= 0.001), with greater expression in the TT
genotype as compared with CT (Po0.0001) and CC (Po0.0001).
We next investigated the influence of rs9804190 on brain

function and the possible modulation following exposure to early-
life adversities, in the form of OC. fMRI results did not indicate
significant main effects of OC, of rs9804190, or their interaction on
brain activity. There was a rs9804190 genotype by WM load
interaction in bilateral DLPFC (Right BA9, x, y, z = 28, 40, 36; K = 68;
Z score = 3.28; uncorrected P= 0.001. Left BA9/10, x, y, z =− 40, 46,
20; K = 60; Z score = 3.31; uncorrected P= 0.001). Consistent with
previous studies,28,55 CC subjects exhibited greater recruitment of
bilateral PFC during 2-back compared with T carriers. On the other
hand, psychophysiological interaction analysis revealed a geno-
type ×OC×WM load interaction on functional connectivity
between left DLPFC and left striatum (x,y,z=− 26, − 16, 9;
K= 111; Z score = 3.59; family-wise error corrected P= 0.037). Post
hoc analysis on values of connectivity extracted from the
significant striatal cluster revealed, in presence of OC, a greater
connectivity strength in T carriers as compared with CC individuals
during 2-Back (Po0.007; Figures 5a and b). No other statistically
significant difference was found in between genotype group
comparisons within each load (Tukey’s HSD post hoc test, all
P40.1).
Analysis of WM behavioral data indicated a main effect of

genotype reaching significance (F1.287 = 3.2; P= 0.07), with greater
mean values of percent correct responses in T carriers compared
with CC individuals. Furthermore, there was a trend for an
interaction between genotype and load (F1.287 = 3.5; P= 0.06], with
T carrier subjects having greater mean accuracy than CC at 2-Back.
No significant main effect of OC or of its interaction with WM load
or rs9804190 was found (all P40.1). Notably, and similarly to the
psychophysiological interaction analysis of fMRI data, there was a
genotype×OC×WM load interaction on percent correct
responses (F1,287 = 3.88; P= 0.049). More specifically, post hoc
analysis demonstrated greater accuracy in T carriers compared
with CC subjects at 2-Back in presence of OC (Tukey’s HSD post
hoc test P= 0.0005). No other statistically significant difference was
found between genotypic group comparisons within each load
(Tukey’s test, all P40.9; Figure 5c). No statistically significant main
effects or interaction was present on reaction time data (all
P40.05).

DISCUSSION
In the present study, using a ‘converging evolutionary’ approach,
we identified an association between the exposure to ELS and the
methylation status of Ank3 gene, which may support its role in the
vulnerability to psychiatric disorders. Ank3methylation, mRNA and
protein levels were indeed significantly altered in rats exposed to
PNS with a specific temporal profile.33 Furthermore, in humans we
found an interaction between a polymorphism affecting Ank3
expression and OC, modulating prefrontostriatal functional con-
nectivity and behavior during WM, whose deficits are manifested
in several psychiatric conditions.37

First, in line with previous studies showing the impact of ELS on
the epigenome,49,50,56 we found that PNS in rats persistently
affected a large set of genes involved in specific biological
functions. Subsequently, our cross-species, cross-tissues and

Figure 4. ANKG interaction with PSD95 and GLUR1: modulation
following prenatal stress exposure in rats. (a) Western blot analysis
of ANKG enrichment in different subcellular fractions, as compared
with PSD95, MECP2 and synaptophysin. (b) Bar graph of ANKG
protein levels in the crude membrane fraction from the prefrontal
cortex of adult Ctrl and PNS male rats. (c) Western blot analysis of
co-immunoprecipitation experiments of ANKG with GLUR1 or PSD95
from the prefrontal cortex of male rats at PND62. (d and e) Bar graph
of GLUR1/ANKG (d) and PSD95/ANKG (e) interaction in the
prefrontal cortex of Ctrl and PNS male rats at PND62. (f, g). Bar
graphs of PSD95 (f) and pGLUR1 S845 (g) protein levels in the crude
membrane fraction from the prefrontal cortex of adult Ctrl and PNS
male rats. Data in bar graphs are presented as mean± s.e.m. of 7–8
independent determinations. *Po0.05 vs Ctrl (Student’s t-test).
ANKG, ankyrin-G; Homo, whole homogenate; P1, nuclear fraction;
P2, crude membrane fraction; PNS, prenatal stress; S2, cytosolic
fraction; TIF, triton insoluble fraction; TSF, triton soluble fraction.
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longitudinal approach pointed to the identification of eight genes
whose methylation status was affected in all the investigated
cohorts, which may be relevant for the long-lasting nature of the
effects brought about by ELS. Although the heterogeneity of all
the conditions in this study has to be taken into account (tissues,
species and timing), we strongly believe that this assortment
represents the strength of our experimental procedure, seeing
that we, and others, already demonstrated the high validity of
these convergent approaches.18,22–24

We found that some of the overlapping genes have not yet
been previously associated with stress or psychopathology
(Cnga4, Dars2, Lphn2 and Tiam1). Instead, other groups have
previously demonstrated an involvement of Slc22a2 or Htr4 in the
efficacy of antidepressant medication,57,58 whereas Gabrg2 holds

high relevance seen the involvement of GABAergic transmission in
several psychiatric disorders.51,59

Seen the concordance of the methylation changes across all the
conditions and species investigated in the present study, we
decided to focus our attention on Ank3, which is among the most
consistently replicated and statistically significant genetic risk
factor for neuropsychiatric diseases.25–28,30

In the adult PFC from PNS rats, we detected an increase in DNA
methylation in the first intron of Ank3, although we also found two
differentially methylated regions downstream, within intron 24,
which were more methylated in Ctrl rats. Interestingly, this same
location was also found to be hypermethylated in the hippocam-
pus of PNS male rats compared with Ctrl (chr20.19580650-
19580709, FDR= 0.006), an effect that we validated also at mRNA
level (Ctrl: 100 ± 8 and PNS: 77 ± 7, Po0.05), as in the PFC.
Although hypermethylation within a promoter is frequently
correlated with transcriptional silencing,60–62 it has been also
shown that hypermethylated promoters could be activated in a
transient way through chromatin remodeling, without
demethylation63 and, on the contrary, that the promoter
hypomethylation does not necessarily correlate with active
transcription, as other epigenetic mechanisms could act in concert
to repress gene expression.64 Moreover, although DNA methyla-
tion of CpG islands associated to promoter regions has been
amply investigated, several studies, including our own, have
shown that also intragenic and intronic regions are widely
modulated after environmental stressors through methylation,
thus affecting transcriptional regulation using different mechan-
isms, such as alternative splicing rather than alternative
promoters.62,65 Indeed, we showed that PNS rats have decreased
total mRNA levels of Ank3 at PND62 as a function of different
methylation levels at this genomic location. Several studies, at
least in mice, have shown the complexity of Ank3 gene
organization and the existence of different mRNA isoforms with
a specific tissue and cellular localization and function,66 and based
on NCBI Genbank, rats seems to share a similar transcriptional
organization to mice and humans. However, in this work, using
qRT-PCR, we evaluated the total mRNA levels of Ank3, as the
differentially methylated region is within a locus included in all
Ank3 rat mRNA transcript variants. We found that Ank3 mRNA
levels are relatively stable before weaning, with a steep increase
thereafter to reach adult expression, suggesting a role for Ank3
across the postnatal neurodevelopment and in the impending
maturational steps, as already hypothesized.67–69 Conversely, the
shift between weaning and adulthood is affected in PNS rats,
leading to a significant reduction of Ank3 expression at adulthood.
Interestingly, we have recently shown that the expression of Bdnf,
a neurotrophin involved in psychiatric disorders, is significantly
downregulated in PNS rats only after adolescence,39 thus
supporting the idea that exposure to ELS may influence life-long
genome adaptation thus resulting in behavioral disorders, such as
bipolar disorder, depression and schizophrenia, that frequently
become manifest during adolescence.13,70–72

Indeed, ELS can affect the epigenome in a persistent
manner.18,73–75 However, it is not clear whether DNA methylation
changes represent a direct consequence of the early-life
experiences or a result of the psychopathological phenotype
associated with perinatal adversities. We demonstrated that PNS
animals not only failed to show a progressive decrease in the DNA
methylation levels of Ank3 as occurring in Ctrl, but they displayed
a gradual increase after weaning. It may be inferred that two
concomitant events may lead to a reduction of Ank3 expression
from weaning to adulthood: a failure of the mechanisms that
reduce gene methylation (as occurring in Ctrl rats), together with
an activation of de novo methylation as long-term consequence of
stress exposure. Similar to these findings, Weaver and colleagues
have previously demonstrated that maternal behavior alters the
methylation status of the glucocorticoid receptor during the first

Figure 5. Healthy humans with a history of obstetric complications
combined with functional variation in Ank3 gene, show altered
prefrontostriatal connectivity and working memory performance. (a)
Section of the brain depicting the left striatal cluster whose
functional connection with the left DLPFC is associated with an
Ank3 rs9804190 ×OC interaction during WM processing. (b) Graph
with functional connectivity values (arbitrary units) extracted from
the cluster depicted in a. T carrier healthy subjects had greater
connectivity strength compared with CC healthy individuals in the
presence of OC. See text for statistics. (c) Graph showing an Ank3
rs9804190 ×OC interaction on behavioral accuracy (% correct
responses) during WM in healthy subjects. T carriers were associated
with greater accuracy compared with subjects with the CC genotype
(see text for statistics). DLPFC, dorsolateral prefrontal cortex; OC,
Obstetric Complications; WM, working memory.
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week of life, thus affecting its expression in the hippocampus until
adulthood.76

We also showed that exposure to PNS led to functional
alterations in the protein encoded by Ank3 gene, namely ANKG.
We found that ANKG is enriched in the membrane compartment
(P2 and TIF), as previously demonstrated using primary cortical
neurons,32 and that PNS may affect its subcellular distribution
reducing its protein levels selectively in this fraction (compart-
ment). Furthermore, we showed that the interaction of ANKG with
PSD95 was significantly increased in PNS animals, which may alter
the functional integrity of the post-synaptic domain. As an
example, Yaka et al.77 demonstrated that a mild form of PNS
determined an increase of synaptic PSD95 levels in the
hippocampus in juvenile rats, thus altering glutamate receptor
clustering and leading to impairments in LTP and memory tasks.
Even if we failed to detect changes of PSD95 protein levels in PNS
animals, the abnormal interaction of PSD95 with ANKG 190 kDa
could contribute to a disrupted AMPAR clustering and function, as
also demonstrated by the reduction of the phosphorylation levels
of GLUA1 S845 in PNS rats, a proxy for receptor activation.53 As the
glutamatergic synapse represents a key player in the pathogenesis
and development of neuropsychiatric disorders,33,34 our data
suggest that ANKG may mediate some of the detrimental effects
of PNS exposure on the glutamatergic architecture.
Furthermore, we provided evidence for a functional outcome of

reduced Ank3 expression in humans. Indeed, by investigating an
Ank3 single-nucleotide polymorphism, rs9804190, which has
previously been associated with heightened risk for different
psychiatric disorders,27,28,78,79,80 we found that the C allele predicts
lower post-mortem prefrontal Ank3 expression in non-psychiatric
subjects. Interestingly, CC subjects with OC had lower prefrontos-
triatal functional connectivity strength and lower behavioral
accuracy at the higher WM demand, as compared with T carriers
with OC. These results suggest that a genetic context leading to
lower Ank3 expression interacts with the presence of OC, a
relevant factor of early stress, in determining sub-optimal patterns
of brain functional connections and behavior during WM. Some
limitations of our study need to be considered. First, the relatively
small sample size in the MeDIP studies, which is due to technical
issues. Second, for the animal cohorts (both rats and monkeys)
only males have been used, which could limit the conclusions to a
sex-specific effect. Seen the existence of sex bias in the prevalence
and severity of many neurodevelopmental and psychiatric
disorders, and evidence suggesting that environment has a sex-
dependent effect on DNA methylation itself,81,82 future studies are
needed to investigate whether such alterations may characterize
also the female counterpart. It is also important to mention that
following ELS the methylation differences across species occur in
different regions, whose functional impact on gene function
remains to be established. Last, although we limited the analysis
to the PFC for performing cross-species investigation, we cannot
rule out the possibility that methylation changes in other key brain
regions, such as the hippocampus and the basal ganglia, may
mediate the long-term effect of ELS on the susceptibility to
psychopathology.
The results in humans at the imaging and behavioral level,

together with those obtained by our methylation analysis, suggest
that Ank3 may represent an important link between ELS and the
development of psychopathology, through alterations in neuronal
circuits relevant for psychiatric diseases. Moreover, given the
possibility that Ank3 expression can be modulated by pharmaco-
logical intervention 31 and that the behavioral phenotype induced
by Ank3 suppression in the mouse brain may be reverted by
chronic lithium administration,83 we believe that Ank3 may
represent a novel molecular marker as well as a target for drug
intervention in stress-related disorders with a neurodevelopmen-
tal origin.
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 1 

SUPPLEMENTARY DETAILED METHODS 

 Human cohort for MeDIP-chip analysis 

Subjects 

The human cohort of mothers and their infants (n=180) has been recruited between 

03/2011 and 03/2012 from two obstetric hospitals in the Rhine-Neckar Region of 

Germany (Mannheim, Ludwigshafen). The mothers were recruited during the third 

trimester of pregnancy (i.e. 4-8 weeks prior to delivery). Inclusion criteria for 

mothers were: Caucasian descent; main caregiver; German-speaking; and age 16 – 

40 years. Exclusion criteria were: maternal hepatitis B, hepatitis C or HIV-infection; 

any current psychiatric disorders requiring inpatient treatment; a history, current 

diagnosis, of schizophrenia / psychotic disorder, or any substance dependence other 

than nicotine during pregnancy. Exclusion criteria for infants were: birth weight < 1 

500 grams; gestational age at birth < 32 week; multiples; or any congenital diseases; 

malformations; deformations or chromosomal abnormality. The study protocol was 

approved by the Ethics Committee of the Medical Faculty Mannheim of the 

University of Heidelberg, and the study was conducted in accordance with the 

Declaration of Helsinki. All mothers provided written informed consent prior to 

participation. 

Assessment of exposure to stress during the third trimester of gestation and 

selection of samples for the genome-wide methylome analysis  

The mothers were assessed using a structured interview and a series of 

questionnaires in order to collect information concerning a broad range of 

environmental and socio-demographic risk factors, prenatal medical risk factors, 

general medical characteristics, and psychosocial risk factors (see supplementary 
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Table 1a for a summary of this phenotypic assessment). Cord blood was collected 

immediately after birth. Eight main stressor variables derived from eight different 

questionnaires were selected to represent a variety of prenatal adversities, and to 

take three different dimensions of stress into account: a) maternal psychopathology 

(primarily depressive and anxiety symptoms); b) perceived stress; c) socioeconomic 

and psychosocial stress (for details see supplementary Table 1b). In addition, an 

“adversity score” was calculated by summing up the number of dichotomous 

stressful prenatal adverse conditions and environmental circumstances (for details 

see supplementary Table 1b). To obtain a homogeneous composite measure of 

prenatal stress, a principal component analysis (PCA) was performed. This involved 

the eight main stressor variables and the total adversity score as a ninth main 

variable. This analysis yielded a first principal component (PC1), which explained 

around 60% of the common variance. PC1 was then used to determine the following 

two extreme groups: 10 infants with extremely high levels of prenatal ELS and 10 

infants with extremely low levels of prenatal ELS. 

The socio-demographic and medical characteristics of the mothers and infants in the 

extreme groups are shown in supplementary Table 1c. The psychopathology, 

perceived stress, and psychosocial and socioeconomic stress status of the mothers 

are shown in supplementary Table 1b. For the comparison of the extreme groups, 

two-tailed t-tests for independent samples were used (SPSS® Statistics 20). The 

nominal level of significance was set at α = 0.05. All data and results are expressed as 

means ± standard deviation (SD) or as a percentage, as appropriate. The epigenome 

data sets of two infants in the low ELS group did not pass our quality control filters, 

and the group size decreased to n = 8. 
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 Animals and experimental paradigms 

Monkeys and rearing procedures 

Prefrontal cortices (PFC), whole blood, CD3+ and buccal samples were obtained from 

rhesus monkeys (Macaca mulatta), randomly divided into two groups at birth 

resulting in different early life social and rearing experience, as previously 

described 1,2. In detail, the “mother-reared” (MR) monkeys were raised by their 

biological mother in a social group, whereas “surrogate peer-reared” (SPR) monkeys 

were reared with an inanimate surrogate as well as daily socialization periods with 

age-mate peers. For the first month of life, the SPR monkeys were placed in a 

nursery until they were able to drink milk from a bottle by themselves at which point 

they were transferred to a cage with their surrogate mother. At approximately 7 

months of age, animals were socially housed in large, mixed sex peer groups. PFC 

samples were obtained from 7-year-old male monkeys 2. Venous blood samples 

were obtained from 30 days old and 2-years old monkeys at their routine medical 

check-up under chemical restrain (using ketamine), in order to look for stable 

peripheral DNA signals in response to different early environmental conditions 3,4. 

Whole blood and buccal swab samples were taken at 2 years or older age. The use of 

experimental animals was approved by the Institutional Animal Care and Use 

Committee of the NICHD. All animal experiments were carried out in accordance 

with the National Institute of Health Guide for the Care and Use of Laboratory 

Animals. All efforts were made to minimize animal suffering and to reduce the 

number of animals used.  

Rats and prenatal stress exposure 
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Nulliparous adult female (body weight 230–260 g) and male (400 g) Sprague-Dawley 

rats were purchased from a commercial breeder (Charles River, Calco, Italy). Upon 

arrival, they were pair-housed with a same-sex conspecific with food and water 

available ad libitum (21±1 °C, 60±10% relative humidity, regular 12/12 h light/dark 

cycle).  

After 10 days of habituation in the facility, rats were mated for 24 h and individually 

housed immediately thereafter. Pregnant females were randomly assigned to 

control (Ctrl) or prenatal stress (PNS) conditions, as previously described 1,5,6. In 

particular, PNS consisted of restraining pregnant dams in a transparent Plexiglas 

cylinder (7.5 cm diameter, 19 cm length) under bright light for 45 min three times 

daily during the last week of gestation until delivery. PNS sessions were separated by 

2–3 h intervals and conducted at varying periods of the day in order to reduce 

habituation. Control rats were left undisturbed.  

On postnatal day (PND) 1, pups from Ctrl and PNS dams were weighted, and litters 

were culled to 5 males and 5 females. Weaning occurred on PND21 and same sex 

rats were housed in groups of 3 per cage. At PND7, PND21 and PND62 one male 

pertaining to each litter was sacrificed.  

All animal experiments were conducted according to the authorization from the 

Health Ministry n. 295/2012-A (20/12/2012), in full accordance with the Italian 

legislation on animal experimentation (D.L. 116/92) and adherent to EU 

recommendation (EEC Council Directive 86/609). All efforts were made to minimize 

animal suffering and to reduce the total number of animals used, while maintaining 

statistically valid group numbers.  

 



 5 

 Molecular analyses 

Separation of CD34+ cells from human cord blood and extraction of genomic DNA  

Human cord blood was drawn into ethylenediaminetetraacetic acid (EDTA) coated 

tubes immediately after birth. CD34+ cells were extracted within 24 h following 

delivery. Briefly, peripheral blood mononuclear cells (PBMC) were isolated by 

centrifuging the cord blood with Ficoll-Paque PLUS (GE Healthcare, Munich, 

Germany) in Leucosep tubes (Greiner Bio-One, Frickenhausen, Germany). CD34+ 

cells were then isolated from the PBMCs by immunomagnetic isolation using the 

Dynal CD34 Progenitor Cell Selection System (Life Technologies, Darmstadt, 

Germany) in accordance with the manufacturer´s instructions. The CD34+ cells were 

then stored at −80°C until DNA extraction. DNA was extracted from CD34+ cells using 

the Qiagen Blood Mini Kit (Qiagen, Hilden, Germany) in accordance with the 

instructions of the manufacturer. 

Prefrontal cortex dissection and DNA preparation from monkeys 

Animals were sedated with ketamine and brought to a deep surgical plane of 

anesthesia with pentobarbital administered intravenously, given to effect. A 

craniotomy was performed, followed by a thoracotomy and perfusion through the 

left ventricle of the heart for 1.5 min with a chilled, oxygenated buffer solution. The 

brain was then removed within 5 min and the prefrontal cortices (PFC) were flash 

frozen in isopentane at -55°C within 15 min of death and kept at -80°C until later 

analyses. The tissue consisted mostly of DLPFC and ventro-lateral PFC rostral to the 

caudal end of the arcuate sulcus, dorsal to the cingulate sulcus and lateral to the 

lateral orbital sulcus. PFC DNA was extracted using the Qiagen DNeasy kit following 

the protocol of the manufacturer. 
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Whole blood samples and buccal cell collection from monkeys 

A small fraction (0.3 ml) of the peripheral venous blood collected for T cell isolation 

was used for DNA isolation with the Wizard Genomic DNA Purification kit (Promega, 

Madison, WI, USA) following the instructions of the manufacturer. At the same 

medical check-up (when the monkeys were under chemical restrain) buccal cells 

were collected by rubbing the inner cheeck or gum with swabs 3 times. The 3 swabs 

were stored in one tube at −20°C until the DNA isolation, which started with 1 hour 

of incubation with 60 µg proteinase K in the Nuclei Lysis Solution of the Wizard 

Genomic DNA Purification kit. 

Separation of CD3+ T cells from monkey peripheral blood  

For the CD3+ T cell separation, 20 ml of peripheral blood was drawn into EDTA-

coated tubes from the 2-year old monkeys and stored at 4°C overnight. From 30-day 

old monkeys, 3 ml of blood was perfused in EDTA-coated tubes. PBMCs were 

isolated through centrifugation with Ficoll-Paque (GE Healthcare, Burnaby, BC, 

Canada). The PBMCs were than washed twice with HBSS (Life Technologies, 

Burlington, ON, Canada). T cells were isolated from the PBMCs by immune-magnetic 

isolation using CD3+ Dynabeads (Life Technologies). The beads were washed three 

times and incubated with the PBMCs for 45 min on a rotator at 4°C followed by a 

washing step (five times) with PBS/FBS. CD3+ T cells were then stored at −80°C until 

DNA extraction with the Wizard Genomic DNA Purification kit. 

PFC dissection and DNA/RNA preparation from rats 

After decapitation, brain tissues were dissected, immediately frozen on dry ice and 

stored at -80°C for later analyses. Dissections were performed according to the atlas 

of Paxinos and Watson 7. In detail, the prefrontal cortex was dissected from 2-mm 
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thick slices (prefrontal cortex defined as Cg1, Cg3, and IL sub-regions corresponding 

to the plates 6–9). Isolation of DNA and RNA from the same rat specimen was 

performed using the AllPrep DNA/RNA Mini kit (Qiagen, Milan, Italy), in accordance 

with the instructions of the manufacturer. 

Methylated DNA immunoprecipitation (MeDIP) analysis 

MeDIP analyses have been performed as previously described in our studies 1,2. 

Briefly, DNA was quantified by fluorometric analysis (Qubit® 2.0 Fluorometer, Life 

Technologies), 2 μg of DNA were sheared by sonication and methylated DNA was 

immunoprecipitated using 10μg of anti-5-methyl-cytosine (Cat. No. BI-MECY-0100, 

Eurogentec, Fremont, CA, USA). The human study comprised n = 10 infants with high 

levels of ELS and n = 8 infants with low levels of ELS. The monkey study involved 4 

MR and 4 SPR 7-year-old male animals for PFC analysis and 5 MR and 5 SPR 2-year-

old male animals for whole blood analysis. Buccal samples were analyzed from 3 MR 

and 3 SPR 2-year-old male animals. For CD3+ T cells analysis, pools of DNA were 

used, which consisted of: (i) 10 MR or 10 SPR monkeys sampled twice, i.e. at 

postnatal day 30, and (ii) 6 MR or 4 SPR monkeys sampled at age 2 years. Each DNA 

pool was subjected to 3 parallel MeDIP analyses (that is, 3 MR and 3 SPR pools per 

time point). For the rat study, samples of 4 Ctrl and 4 PNS male rats sacrificed at 

PND62 have been used for the hybridization on the microarray, while 4-7 males per 

group (Ctrl or PNS) were used for the MeDIP at PND7 and PND21. The DNA antibody 

complex was immunoprecipitated with protein G, and the methylated DNA was re-

suspended in 0.25 ml of digestion buffer (50 mM TRisHCl pH = 8; 10 mM EDTA; 0.5 % 

SDS) and treated with 40 μg of proteinase K overnight at 55°C. The input and bound 

fractions were phenol/chloroform-extracted and ethanol-precipitated. Specificity for 
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methylated DNA and the absence of unspecific binding were validated through PCR 

analysis of an un-methylated (β-actin or Gapdh) and a methylated (H19) control 

gene (for primer sequences see supplementary Table 2). For MeDIP-chip, the input 

and bound fractions were amplified using the Whole Genome Amplification Kit 

(Sigma-Aldrich; St. Luis; MO; USA) and then labeled for microarray hybridization with 

Cy3-dUTP and Cy5-dUTP, respectively, using the CGH Enzymatic Labeling Kit (Agilent 

Technologies; Mississauga; ON; Canada) in accordance with the manufacturer´s 

instructions. 

MeDIP microarray design, hybridization, scanning and analysis 

For all microarray studies, custom promoter tiling microarray designs were used 

(Agilent Technologies). Probes were selected to tile all transcription start sites 

defined in the Ensembl database. Probes were placed approximately every 100 bp. 

For rat, approximately 400 K probes were selected to tile intervals covering -1 000 

+200 bp around each transcription start site defined in the Ensembl database version 

62 (Agilent design: 030107). Any genomic coordinates are given with respect to the 

rn4 (RGSC 3.4) rat genome assembly. For monkey PFC, the microarray design has 

already been described 2. Approximately 240 K probes were selected to tile all 

transcription start sites defined in the Ensembl database version 46 (Agilent design: 

018390). Any genomic coordinates are given with respect to the rheMac2 monkey 

genome assembly. For monkey whole blood, CD3+ and buccal cells, approximately 

400K probes were selected to tile - 1 800 + 400 bp around each transcription start 

site defined in the Ensembl database version 64 (Agilent design: 0375811). Genomic 

coordinates are also given with respect to the rheMac2 genome assembly. For 

human CD34+ cells, the microarray design has already been described 1. 
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Approximately 400K probes were selected to tile – 2000 + 400 bp around each 

transcription start site defined in the Ensembl database version 59 (Agilent design: 

024757). Genomic coordinates are given with respect to the hg19 (GRCh37) human 

genome assembly. 

Probe intensities were extracted from scanned microarray images using Agilent's 

Feature Extraction 10.7.3.1 Image Analysis Software and analyzed using the R 

software environment for statistical computing (R Development Core Team, 2007) 

(http://www.r-project.org/). Log-ratios of the bound (Cy5) and input (Cy3) 

microarray channel intensities were computed for each microarray.  Microarray 

quality was assessed using plots generated by the feature extraction software in 

addition to correlation matrix visualizations. Microarrays were normalized using 

quantile-normalization 8. Estimates of DNA methylation levels based on microarray 

probe intensities were obtained using a Bayesian deconvolution algorithm 9. 

Differential methylation between groups was determined in two stages. The first 

stage used linear models implemented in the ‘limma’ package 10 of Bioconductor 11 

to compute a modified t-statistic at the individual probe level. As in typical 

microarray studies, the number of sample profiles is small so there is little 

information per probe from which to estimate probe variance. Hence, the modified 

t-statistic for each probe makes use of variance estimates derived from the other 

probes on the microarray. Correlation between technical replicates was modeled as 

a random effect using the “block” variable. An individual probe was called 

differentially methylated if the significance of its t-statistic was at most 0.05 

(uncorrected for multiple testing) and the associated difference of log-normalized 

means between the groups was at least 0.5. In the second stage, differential 
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statistics per promoter were derived from the t-statistics of the probes within the 

promoter. In particular, the Wilcoxon rank-sum test was used to identify enrichment 

for probes within the promoter having large positive or large negative t-statistics. 

The resulting promoter p-values were adjusted for multiple testing by calculating 

false discovery rates using the Benjamini-Hochberg algorithm. A promoter was called 

differentially methylated if its false discovery rate was at most 0.2 and it contained 

at least one probe called differentially methylated, as defined above. 

Validation using qPCR 

Gene-specific quantitative real-time PCR validation of microarray (Q-MeDIP) was 

performed on the amplified-bound fraction for the same subjects used for 

microarray experiments. QPCR was performed in 1X Power SYBR Green Master Mix 

(Life technologies) using 4 - 10ng of DNA and 1.5 - 4 μM gene specific primers 

(supplementary Table 2) which were designed using Primer 3 (http://primer3.ut.ee/) 

free software. Relative enrichment of triplicate reactions was determined after 

normalizing from the input fraction in each sample using the 2(-ΔΔCt) method. All data 

are expressed as group means ± SEM. To test for statistical significance the Student’s 

t test was used (two-tailed), and the alpha level was set at 0.05.  

QRT-PCR and analyses of mRNA levels in rats 

Total RNA was quantified by spectrophotometric analysis (NanoDrop, Thermo 

Scientific) and samples were processed for real-time polymerase chain reaction 

(qPCR) to assess mRNA levels. An aliquot of each sample was treated with DNase to 

avoid DNA contamination. 

RNA was analyzed by Taqman qRT-PCR instrument (CFX384 real time system, Bio-

Rad Laboratories) using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad 
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Laboratories). Samples were run in 384 well formats in triplicate as multiplexed 

reactions with a normalizing internal control (36b4). We choose 36b4 as internal 

standard for gene expression analyses since its expression was not affected by 

developmental changes and it was not altered by prenatal stress. 

Probe and primer sequences of 36b4 (Forward Primer: TCAGTGCCTCACTCCATCAT; 

Reverse Primer: AGGAAGGCCTTGACCTTTTC; Taqman Probe: 

TGGATACAAAAGGGTCCTGG) and Ankyrin-3 (Forward Primer: 

TCCTACAGAACGACACCAATG; Reverse Primer: CTCGGTTTAACAGCAACGTG; Taqman 

Probe: TGGCTTCACCCCACTCCACATAG) were purchased from Eurofins Genomics 

(Vimodrone, Italy). 

Thermal cycling was initiated with an incubation at 50°C for 10 min (RNA 

retrotranscription) and then at 95°C for 5 min (TaqMan polymerase activation). After 

this initial step, 39 cycles of PCR were performed. Each PCR cycle consisted of 

heating the samples at 95°C for 10 s to enable the melting process and then for 30 s 

at 60°C for the annealing and extension reaction. Relative target gene expression 

was calculated according to the 2(-ΔΔCt) method. Data are expressed as group means ± 

SEM. To test for statistical significance, a two-way ANalysis Of VAriance (ANOVA), 

followed by Fisher’s LSD post-hoc comparisons was performed using SPSS for Mac 

OS X (Release 22.0.0.0), with ‘PNS exposure’ or ‘AGE’ as independent factors. A 

probability level of p<0.05 was taken as significant in every test. 

 

 Biochemical analyses in rats 

Protein extraction, SDS-PAGE and western blot analysis 
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The prefrontal cortices of the second rat hemisphere were homogenized in a Teflon-

glass potter in ice-cold 0.32 M sucrose buffer containing 1 mM HEPES, 1 mM MgCl2, 

1 mM NaHCO3, and 0.1 mM phenylmethylsulfonyl fluoride, pH=7.4, in the presence 

of a complete set of protease (Roche) and phosphatase (Sigma-Aldrich) inhibitors. 

The homogenized tissue was centrifuged at 1 000g for 10 min to separate a pellet 

(P1) enriched in nuclear components from the supernatant (S1). S1 was then 

centrifuged at 13 000g for 15 min to obtain a clarified fraction of cytosolic proteins 

(S2). The pellet (P2), corresponding to the crude membrane fraction, was 

resuspended in 20 mM HEPES in the presence of a complete set of protease (Roche) 

and phosphatase (Sigma-Aldrich) inhibitors. An aliquot of the P2 was centrifuged at 

100 000 g for 1 h. The pellet (P3) was resuspended in buffer containing 150 mM KCl, 

0,5% Triton X-100 and 1mM HEPES in the presence of a complete set of protease 

(Roche) and phosphatase (Sigma-Aldrich) inhibitors with a Teflon-polycarbonate 

potter and centrifuged at 100 000 g for 1 h. The resulting supernatant (S4), referred 

as Triton X-100-soluble fraction (TSF), was stored at -20°C, while the pellet (P4), 

referred as the Triton X-100 insoluble fraction (TIF) which is enriched in the 

postsynaptic compartment, was homogenized in a glass-glass potter in 20 mM 

HEPES in the presence of a complete set of protease (Roche) and phosphatase 

(Sigma-Aldrich) inhibitors and stored at -20°C in the presence of glycerol 30%.  

Total protein content was measured according to the Bradford Protein Assay 

procedure (Bio-Rad Laboratories), using bovine serum albumin as a calibration 

standard. 

Qualitative enrichment analysis of ankyrin-G 190 kDa was performed on the above-

mentioned subcellular fractions, while semi-quantitative protein analyses were 
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performed in the crude membrane fraction (P2). Equal amounts of total protein (5 

μg for the TIF and 20 μg for all the other subcellular compartments) were run under 

reducing conditions (150 V at room temperature) on an SDS-polyacrylamide gel (7-8 

% SDS-PAGE) and then electrophoretically transferred onto nitrocellulose 

membranes at 250 mA for 2 h at 4°C. Transfer efficiency was controlled by Ponceau S 

staining and pre-stained protein standards. Unspecific binding sites were blocked for 

1 h in 10% non-fat dry milk in Tris-buffered saline solution containing 0.1% Tween-20 

(TBS-T). Membranes were then incubated at 4°C over night with the following 

primary antibodies: rabbit polyclonal anti-ANKG primary antibody (Cat. No. sc-

28561, Santa Cruz Biotechnology, 1:500 in 5 % non-fat dry milk in TBS-T), rabbit 

monoclonal anti-PSD95 primary antibody (Cat. No. 3450, Cell Signaling, 1:4 000 in 3 

% non-fat dry milk in TBS-T), rabbit monoclonal anti-MECP2 primary antibody (Cat. 

No. 3456P, Cell Signaling, 1:1 000 in 5 % bovine serum albumin in TBS-T), rabbit 

monoclonal anti-synaptophysin primary antibody (Cat. No. D35E7, Cell Signaling, 1:1 

000 in 3 % non-fat milk in TBS-T) and rabbit polyclonal anti-GLUR1 phosphoSer845 

primary antibody (Cat. No. AB5849, Millipore, 1:500 in 5 % bovine serum albumin in 

TBS-T).  

Membranes were then washed with TBS-T and incubated for 1 h at room 

temperature with a peroxidase-conjugated anti-rabbit IgG (Cat. No. BK4074S, Cell-

Signaling Technology) (ANKG, 1:4 000 in 5 % non-fat milk in TBS-T; PSD95, 1:8 000 in 

3 % non-fat milk in TBS-T; MECP2, 1:5 000 in 5 % non-fat milk in TBS-T; 

synaptophysin, 1:10 000 in 3 % non-fat milk in TBS-T; pGLUR1 S845, 1:2 000 in 3 % 

non-fat milk in TBS-T). Immunocomplexes were visualized by chemiluminescence 

using the ECL Western Blotting kit (Euroclone) according to the manufacturer’s 
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instructions using the Chemidoc MP Imaging System (Bio-Rad Laboratories) and 

protein levels were calculated by measuring the optical density of the 

autoradiographic bands using Image-Lab software (Bio-Rad Laboratories). Results 

were standardized using β-Actin as control protein that was detected by evaluating 

the band density at 43 kDa after blocking the membranes with 10% non-fat dry milk 

and probing it with monoclonal mouse primary antibody anti-β-Actin (Cat. No. 

A5441, Sigma-Aldrich, 1:10 000 in 3 % non-fat dry milk in TBS-T), followed by the 

incubation with a peroxidase-conjugated antibody anti-mouse IgG (Cat. No. A4416, 

Sigma-Aldrich, 1:10 000 in 3 % non-fat dry milk in TBS-T dilution). To ensure that 

autoradiographic bands were in the linear range of intensity, different exposure 

times were used. Actin was employed as an internal standard because its expression 

is not regulated by the experimental paradigm used. 

Data are expressed as group means ± SEM. To test for statistical significance the 

Student’s t test was used (two-tailed), and the alpha level was set at 0.05.  

Coimmunoprecipitation assay 

Co-immunoprecipitation assays were performed as in Vastagh et al. 12 with the 

introduction of some methodological modifications. In detail, Aliquots of total cell 

homogenate (200 μg) were incubated in RIA buffer (400 mM NaCl, 20 mM EDTA, 20 

mM Na2HPO4, 1% Nonidet P-40) and 0.1% sodium dodecylsulfate (SDS) with 3 μg of 

antibody against ankyrin-G (Cat. No. 75-146, Neuromab, clone N106/36) overnight at 

4°C on a wheel, except for the ‘white’, in which the antibody was not added. Protein 

A/G agarose beads (Santa Cruz Biotechnology) were added and incubated for 2 h at 

25°C on the wheel. Beads were collected by gravity and washed in RIA buffer 

containing 0.1 % SDS three times. Laemmli sample buffer was then added to the 
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samples and to the input (sample that did not undergo the IP and that were 

prepared with 10% of the starting material used for coimmunoprecipitation 

experiments, that is 20 μg of homogenate). The mixture was boiled for 10 minutes at 

100°C. Beads were collected by gravity and the supernatant of the 

immunoprecipitated samples, of the input and of the white was loaded onto a 7% 

acrylamide/bisacrylamide gel for SDS–PAGE. The proteins were run at 30 mA and 

then electrophoretically transferred onto nitrocellulose membranes at 250 mA for 2 

h at 4°C. We next performed Western blot analysis using mouse monoclonal anti-

GLUR1 primary antibody (Cat. No. MAB-2263, Millipore, 1:1 000 in 3 % non-fat milk 

in TBS-T) and rabbit monoclonal anti-PSD95 primary antibody (Cell Signaling, 1:4 000 

in 3 % non-fat dry milk in TBS-T). After, PSD95 was incubated for 1 h at room 

temperature with a peroxidase-conjugated anti-rabbit IgG (Sigma-Aldrich, 1:8 000 in 

3 % non-fat milk in TBS-T), while GLUR1 was incubated with a peroxidase-conjugated 

antibody anti-mouse IgG (Sigma-Aldrich, 1:3 000 in 3 % non-fat dry milk in TBS-T). 

Results were standardized using ANKG as normalizing protein that was detected by 

evaluating the band density at 190 kDa after blocking the membranes with 10 % 

non-fat dry milk and probing it with rabbit polyclonal anti-ankyrin-G primary 

antibody (Santa Cruz Biotechnologies, 1:400 in 3 % non-fat milk in TBS-T), followed 

by the incubation with a peroxidase-conjugated antibody anti-rabbit IgG (Sigma-

Aldrich, 1:3 000 in 5 % non-fat dry milk in TBS-T dilution). To ensure that 

autoradiographic bands were in the linear range of intensity, different exposure 

times were used. 

Data are expressed as group means ± SEM. To test for statistical significance, the 

Student’s t test was used (two-tailed), and the alpha level was set at 0.05. 
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 Bioinformatics analysis 

Venn diagrams 

Venn diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/) were used to 

show all the possible overlaps between the datasets obtained from the different 

MeDIP-chip analyses performed in our different paradigms of adversities early in life.  

Ingenuity Pathway Analysis 

Ingenuity Pathway Analysis (IPA) bioinformatics resource (www. ingenuity.com) was 

used to analyze, integrate and interpret the lists of genes obtained from -omics 

experiments. IPA scores our dataset of interest against pathways in the Ingenuity 

Knowledge Base which houses a large database of biological and chemical 

relationships extracted from scientific literature, integrating data from a variety of 

experimental platforms. For each analysis, IPA ranks each function or pathway using 

the right tailed Fisher Exact Test, which measures the likelihood that the lists of 

genes are associated with a certain pathway/function. 

 

Interaction between functional variation in Ank3 and obstetric 

complications on working memory processing 

Post-mortem investigation of Ank3 functional variation 

Earlier results have indicated association of an intronic SNP in the Ank3 gene, i.e. 

rs9804190, with gene expression levels in the superior temporal gyrus of patients 

with schizophrenia 13. We therefore used the Braincloud dataset available at 

http://braincloud.jhmi.edu 14 to probe the association between rs9804190 and Ank3 

transcription levels in human post mortem prefrontal cortex (Brodmann Area 46). In 

particular, we investigated 268 brains of Caucasian (N=112), African American 
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(N=146), Asiatic (N=4) and Hispanic (N=6) non-psychiatric individuals (supplementary 

Table 3). Details of tissue acquisition, handling, processing, dissection, clinical 

characterization, neuropathological examinations, RNA extraction and quality 

control measures were described previously 14,15. 

RNA from prefrontal grey matter was analyzed using spotted oligonucleotide 

microarrays yielding data from 30 176 gene expression probes and allowing us to 

focus on Ank3 mRNA expression. In particular, total RNA was extracted, amplified 

and fluorescently labeled. Reference RNA was pooled from all samples and treated 

identically to sample RNAs. After normalization 16, log2 intensity ratios were further 

adjusted to reduce the impact of known and unknown sources of systematic noise 

on gene expression measures using surrogate variable analysis 14,17. 

Data relative to 23 different transcription probes binding Ank3 gene were available 

in the Braincloud dataset. We selected the hHA034365 probe based on its specific 

affinity for Ank3 brain-specific isoform. In addition, differently from other available 

probes, the one on which we focused our analysis recognizes a central transcript 

region of the gene, thus softening possible artifacts due to low RNA integrity.  

DNA from cerebellar tissue was investigated with Illumina Bead Chips producing 

625,439 SNP genotypes called using the Bead Express software for each subject as 

previously described 14,17. We focused our attention on rs9804190 genotype for 

association analysis. Thus, ANCOVA was performed, with rs9804190 genotype as the 

independent variable, ANK3 mRNA expression as the dependent variable, and non-

matched variables between groups (i.e. age, sex, RNA integrity number) and 

ethnicity as covariates of no interest. A statistical threshold of p<0.05 was used for 

this analysis. 
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In vivo fMRI and behavioral studies 

Subjects 

306 healthy Caucasian subjects from the region of Apulia, Italy, were enrolled in a 

behavioral study and were evaluated with the Structured Clinical Interview for DSM-

IV 18 to exclude any psychiatric disorder. Further exclusion criteria were: history of 

drug or alcohol abuse, active drug use in the past year, head trauma with loss of 

consciousness, and any significant medical condition revealed by clinical assessment 

and magnetic resonance imaging. Handedness (Edinburgh Inventory) 19 and total IQ 

(WAIS-R) were also measured. All subjects participating to the protocol signed an 

informed consent before entering the study. The protocol was approved by the local 

ethics committee of the “Azienda Ospedaliero-Universitaria Consorziale Policlinico di 

Bari”. 174 of these individuals (supplementary Table 4) also participated to a fMRI 

study. In both studies, all individuals performed the 1- and 2-back versions of the N-

back task, eliciting two loads of working memory (WM) processing and were 

genotyped for rs9804190 (see below). Furthermore, mothers of all individuals 

completed the McNeil-Sjöström Scale 20, which allowed to split individuals based on 

the Obstetric Complications (OC) score (see below) 21. Because of the small number 

of subjects carrying the TT genotype, these subjects and those carrying the GT 

genotype were collapsed in a single group (T carriers) in both the fMRI and the 

behavioral studies. Sample sizes were: a) in the fMRI sample, 57 CC with OC, 48 CC 

without OC, 38 T carriers with OC, 31 T carriers without OC; b) in the behavioral 

study sample, 115 CC with OC, 66 CC without OC, 86 T carriers with OC, 39 T carriers 

without OC. All groups were matched for socio-demographic variables (i.e. age, 

gender, total IQ, handedness, Hollingshead index) (p > 0.05). 
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N-Back task 

Briefly, ‘N-back’ refers to how far back in the sequence of stimuli the subject had to 

recall. The stimuli consisted of numbers (1–4) shown in random sequence and 

displayed at the points of a diamond-shaped box. There was a visually paced motor 

task, which also served as a non-memory guided control condition (0-Back) that 

simply required subjects to identify the stimulus currently seen. In the working 

memory (WM) conditions, the task required recollection of a stimulus seen one (1-

Back) or two stimuli (2-Back) previously while continuing to encode additionally 

incoming stimuli. Performance data were recorded as the percentage of correct 

responses (accuracy) and reaction time (ms). 

During the fMRI data acquisition, subjects performed a blocked design version of the 

N-back task. In particular, there was a non memory-guided control condition (0-

Back) that simply required subjects to identify the stimulus currently seen and the 1-

Back and 2-Back conditions. The stimuli were arranged in eight blocks, each lasting 

30 seconds: four blocks of the control condition alternating with four blocks of each 

WM condition. Stimuli were presented via a back-projection system. Responses 

were recorded through a fiber optic response box allowing measurement of percent 

accuracy and reaction time (in milliseconds). All subjects were trained on the task 

prior to the fMRI session. 

Ank3 rs9804190 genotype determination 

Genomic DNA of all individuals was isolated from whole blood using the QIAamp 

DNA Blood Maxi Kit (Qiagen, Venlo, Netherlands). Rs9804190 genotype 

determination was performed using 20 ng gDNA, which was amplified according to 

manufacturer's directions through a TaqMan® SNP Genotyping Probe (Assay ID 

http://en.wikipedia.org/wiki/Venlo
http://en.wikipedia.org/wiki/Netherlands
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C_29667085_10) (Life Technologies, Carlsbad, CA, USA) in a MJ Mini Opticon thermal 

cycler (Bio-Rad, Hercules, CA, USA). Genotype calls were assessed with CFX 

Manager™ Software (Bio-Rad, Hercules, CA, USA). Minor allele homozygotes and 

heterozygous subjects were collapsed in one group in order to obtain sufficient 

sample sizes for the fMRI and behavioral analyses. 

Obstetric complications (OC) collection and scoring 

OC scores were determined through the McNeil-Sjöström Scale 20 that was 

administered to mothers of all participants. The purpose of the scale is to provide a 

standardized, functional system for the weighting of OC. Several hundred specific OC 

are included together with severity weights (representing an ordinal scale). The 

McNeil-Sjöström scale categorizes hundreds of different complications, rating each 

of them on a scale of 6 points, depending on its potential to determine a damage on 

the central nervous system of the newborn: 1) not harmful or relevant; 2) not likely 

harmful or relevant; 3) potentially but not clearly harmful or relevant; 4) potentially 

and clearly harmful or relevant; 5) potentially, clearly and greatly harmful/relevant; 

6) very great harm to or deviation in offspring. Consistent with earlier studies 22 

presence of OC were categorized depending on presence of at least one serious OC 

(severity score ≥3).  

 

fMRI data acquisition 

Blood oxygen level-dependent (BOLD) fMRI data were collected with a GE Signa 3T 

scanner (GE Healthcare), equipped with a standard quadrature head coil. A gradient-

echo planar imaging sequence (repetition time, 2000 ms; echo time, 30 ms; 

thickness 4 mm; gap, 1 mm; flip angle, 90°; field of view, 24 cm; matrix, 64 x 64; 120 

https://www.google.it/search?rlz=1C1ASRM_enIT612IT613&es_sm=122&biw=1920&bih=955&q=carlsbad&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiF1kUp6npZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSrWmve6Kdz946I1T64kb_72S-YVv3QKAHDwmgFhAAAA&sa=X&ei=aY_sVPv4JcTYap_dgdAD&sqi=2&ved=0CJQBEJsTKAEwEA
https://www.google.it/search?rlz=1C1ASRM_enIT612IT613&es_sm=122&biw=1920&bih=955&q=california&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiG2YZ16opZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSo-9GuRaiSL_N-PXgdL-Hla7v5v3dwJAFQmsKhhAAAA&sa=X&ei=aY_sVPv4JcTYap_dgdAD&sqi=2&ved=0CJUBEJsTKAIwEA
https://www.google.it/search?rlz=1C1ASRM_enIT612IT613&es_sm=122&biw=1920&bih=955&q=usa&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gUlVRUp8rhIniG2ZbF5uoKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q_v72Qrb3JLsr5f6M79sjfv6-eHgZAwBeCup1YgAAAA&sa=X&ei=aY_sVPv4JcTYap_dgdAD&sqi=2&ved=0CJYBEJsTKAMwEA
https://www.google.it/search?rlz=1C1ASRM_enIT612IT613&q=california+hercules&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUALCJywkQAAAA&sa=X&ved=0ahUKEwj4tZCqu7rJAhXEiQ8KHXluBwoQmxMIiQEoATAQ
https://www.google.it/search?rlz=1C1ASRM_enIT612IT613&q=california+hercules&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUALCJywkQAAAA&sa=X&ved=0ahUKEwj4tZCqu7rJAhXEiQ8KHXluBwoQmxMIiQEoATAQ
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volumes for each run, 20 interleaved axial slices; duration: 4 min and 8 s) was used. 

The first four scans were discarded to allow for T1 equilibration effect. 

fMRI data processing 

Analysis of the fMRI data was completed using Statistical Parametric Mapping 8 

(SPM8; http://www.fil.ion.ucl.ac.uk/spm). Images of each subject were slice timing 

corrected and pre-processed. In particular, standard procedures of realignment to 

the mean image were performed using the Realign and Unwarp algorithm provided 

in SPM8 in order to compensate for non-linear signal distortions potentially induced 

by head motion. Furthermore, movement parameters were extracted to eventually 

exclude subjects with excessive head motion (>2 mm translation, >2° rotation). 

Realigned images were resliced to a 2 mm isotropic voxel size, spatially normalized 

into a standard space (Montreal Neurological Institute template) with a 12 

parameter affine model and smoothed using a 6 mm full-width half-maximum 

isotropic gaussian kernel to minimize noise and to account for residual inter-subject 

differences. A box car model convolved with the hemodynamic response function at 

each voxel was modeled. Linear contrasts were then computed producing a t 

statistical map for the 1 and 2 Back conditions, assuming the 0-Back condition as 

baseline.  

Psychophysiological interaction (PPI) analysis 

We next explored the interaction between ANK3 and OC on prefronto-striatal 

connectivity. With this aim, psychophysiological interaction (PPI) analysis 23 was 

performed for each subject. In particular, we used a 5 mm ROI centered on the peak 

activity (x=-48, y=38, z=30) in left DLPFC as seed region. PPI was calculated using the 

first eigenvariate of individual raw activation time courses, extracted by using a 

http://www.fil.ion.ucl.ac.uk/spm
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singular value decomposition method from a volume of interest centered on the 

subject-specific peak cluster within the seed region. These time courses were then 

mean centered, high-pass filtered and deconvolved. A general linear model was 

computed using three regressors: a physiological regressor (the time course 

response in the volume of interest), a psychological regressor (task design) and a PPI 

term, calculated as the cross-product of the previous two terms. Second-level 

random effects multiple regression were performed to investigate Ank3 x OC 

interaction on prefrontal activity during performance of the 1- and 2-back WM tasks, 

using task load (1- and 2-back) as the repeated measures factor, and Ank3 rs9804190 

genotype as well as OC (absence/presence) as the between-subjects factor. We used 

a statistical threshold of p<0.05, family-wise error (FWE) small volume corrected for 

the left DLPFC, whose role is crucial in WM processing 24 and the greater 

involvement of the left portion of DLPFC during WM tasks eliciting both verbal and 

visuo-spatial processing 25,26. 

Analysis of behavioral data 

A repeated measure factorial ANOVA was performed, with genotype and OC 

presence/absence as the between-subjects factors, load (1- and 2-back) as the 

repeated-measures factor and behavioral accuracy (% of correct responses) or 

reaction time as the dependent variable. Tukey’s test was used for post-hoc 

analyses. 
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Supplementary	Table	1	
Phenotypic	characteristics	of	mothers	and	infants

Prenatal	/	3rd	Trimester Perinatal	/	birth

Exposure	to
early	life	stress

(ELS)

Perceived	stress	(PSS1)

Prenatal	distress	(PDQ2)

Life	events	(LES3)

Social	support	(Soz-U.4)
Socio-demographic	data

Maternal	health	risk	behavior	(e.g.	
smoking)

Psychosocial	risks

Pre-	and	perinatal	complications
Perinatal	stressors	(e.g.	asphyxia,	caesarian,	

preterm	birth)
Pregnancy	&	obstetric	history	(birth	weight,	

gestational	age,	birth	complications)

Maternal
mental	&	physical

health

Maternity	log	data
semi-	standardized	neuropsychiatric	

diagnostic	interview	(M.I.N.I.5)

Depression	screening	(EPDS6)

Anxiety	screening	(STAI-S7,	STAI-T7,	ASQ8)
Anthropometry

Individual	&	family	history	of	metabolic	
and	other	medical	disorders

1,	perceived	stress	scale;	2,	prenatal	distress	questionnaire;	3,	life	experiences	survey;	4,	social	support	questionnaire;	5,	
Mini-international	neuropsychiatric	interview;	6,	Edinburgh	postnatal	depression	scale;	7,	state-	trait	anxiety	inventory;	8,	

anxiety	screening	questionnaire

Supplementary	Table	1a:	Summary	of	the	phenotypic	assessment	of	mothers	and	infants	at	two	time	points	early	in	life



Supplementary	Table	1	
Phenotypic	characteristics	of	mothers	and	infants

Supplementary	Table	1b:	Summary	of	the	information	about	psychopathology,	socioeconomic-,	psychosocial-	and	perceived	stress	of	the	extreme	group	of	mothers	
expressed	as	mean	±	SD1	or	percentage

High	prenatal Low	prenatal

ELS ELS

(n	=10) (n	=8)

Maternal	psychopathology

EPDS	Score
3 15.40	±	4.95 2.13	±	1.25 0

STAI-S	Score
3 52.60	±	13.32 32.62	±	4.81 0.001

STAI-T	Score
3 50.90	±	10.50 28.75	±	4.53 0

ASQ	Score
3 5.40	±	1.84 0.25	±	0.46 0

M.I.N.I.	Diagnosis
4

none 20% 100% 0

depressive	disorders 50% 0% 0.015

anxiety	disorder 10% 0% ns2

Current	psychiatric	disorder
4
	(%)

none 30% 100% 0.001

depressive	disorder 50% 0% 0.015

anxiety	disorder 10% 0% ns2

Perceived	stress

PSS	Score
3 32.70	±	6.93 15.25	±	3.92 0

PDQ	Score
3 23.70	±	8.06 8.63	±	4.37 0

Socioeconomic	and	psychosocial	stress

LES-negative	events	Score
3 8.50	±	6.98 1.63	±	1.06 0.013

Soz-U	Score
3 37.80	±	10.68 48.00	±	6.78 0.026

Living	without	a	partner
4	
(%) 40% 0% 0.037

Encouragement	(Partner)
4
	(%) 70% 100% ns2

Separation(s)	in	the	last	year
4 50% 0% 0.015

Daily	arguments
4 20% 0% ns2

Physical	conflicts	within	the	preceding	12	months
4 60% 0% 0.005

Composition	of	household

>one	person	/room
4

No	graduation
4
	(%) 20% 0% ns2

No	professional	education
4
	(%) 40% 0% 0.037

Monthly	income	per	household

≤	1750	Euro
4	
(%)

Financial	debt
4
	(%) 50% 0% 0.015

70% 0% 0.001

1,	standard	deviation;	2,	not	significant;	3,	the	first	eight	main	variables	of	the	principal	component	analysis	(PCA);	
4,	the	twelve	prenatal	stressors	which	generate	the	adversity	score	as	the	ninth	main	variable	of	the	PCA

Variable p 	value

30% 0% 0.037



Supplementary	Table	1	
Phenotypic	characteristics	of	mothers	and	infants

Supplementary	Table	1c:	Summary	of	the	demographic	characteristics	and	general	medical	status	of	mothers	and	infants	included	in	the	methylome	analysis	
expressed	as	mean	±	SD	or	percentage

Maternal	Age	(in	years) 24.10	±	5.43 34.00	±	3.30 0.000

Smoking	during	early	pregnancy	

(4th	to	12th	wpma1;	%)

Cigarettes	in	total	(4th	to	12th	wpma1) 297.70	±	412.68 3.00	±	8.50

Range	of	cigarettes	smoked 0-1092 0-24

Smoking	during	late	pregnancy

(3rd	trimester,	%)

Cigarettes	per	day	(3rd	trimester) 3.30	±	6.31 0

Range	of	cigarettes	smoked 0-17 0

Alcohol	intake	during	early	pregnancy	

(4th	to	12th	wpma1;	%)

Total	alcohol	intake

(4th	to	12th	wpma1	in	g5)

Alcohol	during	late	pregnancy	

(3rd	trimester;	%)

Primiparous 30% 37.50% ns4

Number	of	risk	factors	in	the	maternity	log 4.60	±	2.38 3.17	±	1.51 ns4

Pre-Pregnancy	BMI2 25.53	±	7.08 21.69	±	4.57 ns4

Gestational	diabetes	(%) 20% 0% ns4

Gestational	age	at	birth	(wpma1) 38.70	±	2.00 39.63	±	1.60 ns4

Infant’s	Gender	(%),	male 50% 37.50% ns4

Variable High	prenatal	ELS	(n	=	10) Low	prenatal	ELS	(n	=	8) p	 value

70% 12.50% 0.013

1,	weeks	postmenstrual	age;	2,	body	mass	index;	3,	standard	deviation;	4,	not	significant;	5,	gram

0.050

ns4

30% 75% ns4

40% 0% 0.037

75.50	±	187.18 23.50	±	22.62 ns4

0% 0% ns4



Supplementary	Table	2		
Sequences	of	primers	used	for	enrichment	analyses	of	methylated	DNA	and	for	quantitative
PCR	(QPCR)	validation	of	MeDIP	data.

Gene Forward Reverse
H19 5´-	GAGCCGCACCAGATCTTCAG-3´ 5´-TTGGTGGAACACACTGTGATCA-3´

ß-actin 5´-	CCAACGCCAAAACTCTCCC-3´ 5´-	AGCCATAAAAGGCAACTTTCG-3´

Gene Forward Reverse
H19 5ʹ-TTGGTGGAACACGCTGTGATCA-3ʹ 5ʹ-GAGCCGCACCAGGTCTTCAG-3ʹ

Gapdh 5ʹ-TTTCTTTCCTTTCGCGCTCTG-3ʹ 5ʹ-CCATTCATTTCCTTCCCGGTT-3ʹ

Gene Forward Reverse
H19 5´-	CCAAGACAGAAGGGGACCAT-3´ 5´-	TAGATTTGGGGTTCGCCTGT-3´

ß-actin 5´-	TGGGATAGTGTCCACAAGGG	-3´ 5´-	GAAGAGTTTGGCGATGGGTG	-3´
Ankyrin-3 5ʹ-	CAGGGGCTGTATTCTAGCAACT-3ʹ 5ʹ-	CCCCTCCGTCTCACACTATTTT-3ʹ

Human

Monkey

Rat

H19 	=	methylated	control;	ß-actin,	Gapdh 	=	un-methylated	control



Supplementary	Table	3	
Characteristics	of	the	Braincloud	sample.

Sample	Size Female	(Male) Age RIN PMI pH
268 92	(176) 27.9	±	22.2 8.4	±	0.9 26.4	±	17.1 6.5	±	0.3

All	the	data	are	expressed	as	mean	±	SD



Supplementary	Table	4	
Characteristics	of	the	samples	used	for	the	human	behavioral	and	fMRI	WM	studies.

Behavior	 fMRI	
N	 306 174

Gender	(M/F) 138/168	 81/93
Age 26.0±6.2 26.9±6.4

Handedness 0.7±0.4 0.7±0.5
Parental	socioeconomic	status	 39.9±16.5 40.9±16.4

IQ 107.4±11.6 109.8±11.8



Supplementary	Table	5	
Top	diseases	and	biological	functions	associated	with	differentially	methylated	
genes	in	the	rat	prefrontal	cortex	at	PND62	after	prenatal	exposure	to	stress.

Diseases	and	Disorders 	p 	value
Neurological	Disease 4.22E-09
Organismal	Injury	and	Abnormalities 3.46E-08
Cardiovascular	Disease 2.67E-07
Hereditary	Disorder 4.71E-07
Psychological	Disorders 4.71E-07

Molecular	and	Cellular	Functions 	p 	value
Molecular	Transport 2.56E-08
Cell	Cycle 8.28E-08
Cell-To-Cell	Signaling	and	Interaction 4.30E-07
Cellular	Development 2.82E-06
Cellular	Growth	and	Proliferation 5.01E-06

Physiological	System	Development	and	Function 	p 	value
Nervous	System	Development	and	Function 2.56E-10
Organ	Morphology 1.72E-05
Embryonic	Development 2.40E-05
Organ	Development 2.40E-05
Organismal	Development 2.40E-05



Supplementary	Table	6	
List	of	probes	showing	differential	methylation	in	the	eight	genes	resulting	from	the	overlap	of	different	paradigms	of	early	life	stress	exposure	in	different	species	and	tissues.

diff	meth	probe q 	value diff	meth	probe q 	value diff	meth	probe q 	value diff	meth	probe q 	value diff	meth	probe q 	value
chr20:19580638-19580697 0.141959 chr9:76713019-76713067 0.143384 chr9:76897059-76897118 0.015381 chr9:76897219-76897278 0.100842 chr10:61900618-61900677 0.060659

chr9:76713128-76713178 0.143384 chr9:76897099-76897158 0.015381 chr9:76897299-76897358 0.100842 chr10:61901941-61902000 0.185321
chr9:76713244-76713294 0.143384 chr9:76897139-76897198 0.015381 chr9:76899099-76899158 0.017648
chr9:76713473-76713532 0.143384 chr9:76897179-76897238 0.015381 chr9:76899139-76899198 0.017648

chr9:76897299-76897358 0.015381
chr9:76897379-76897438 0.032022
chr9:77144454-77144513 0.015059
chr9:77144854-77144913 0.015059
chr9:77144934-77144993 0.015059

chr20:19420344-19420403 0.114085 chr10:62149544-62149598 0.146104
chr20:19420705-19420764 0.114085 chr10:62149595-62149639 0.146104

chr1:163137594-163137649 0.000065 chr14:65936603-65936662 0.086013 chr11:6256207-6256251 0.022758
chr1:163137327-163137372 0.000065 chr14:65936702-65936758 0.086013 chr11:6256284-6256328 0.022758

chr14:65936991-65937039 0.086013
chr14:65968017-65968072 0.191803
chr14:65968116-65968172 0.191803

chr14:65967196-65967255 0.000299 chr14:65967116-65967175 0.018034 chr11:6260165-6260210 0.095651
chr14:65967276-65967335 0.000299 chr14:65967316-65967375 0.018034 chr11:6260273-6260320 0.095651
chr14:65967476-65967535 0.000054 chr14:65967396-65967455 0.018034 chr11:6260342-6260386 0.095651
chr14:65967516-65967575 0.000054 chr14:65967476-65967535 0.018034
chr14:65967556-65967615 0.000054 chr14:65967516-65967575 0.018034
chr14:65967596-65967655 0.000054
chr14:65967676-65967735 0.000054
chr14:65967716-65967775 0.000054
chr14:65967916-65967975 0.000054
chr14:65967956-65968015 0.000054
chr14:65968036-65968095 0.000054
chr14:65968076-65968135 0.000054

chr13:76629115-76629165 0.005713 chr1:203489067-203489126 0.009011
chr1:203489147-203489206 0.009011
chr1:203489227-203489286 0.009011
chr1:203489307-203489366 0.009011

chr1:203460771-203460815 0.135128 chr1:203460535-203460594 0.016604 chr1:203460415-203460474 0.041125 chr1:173793860-173793907 0.152082
chr1:203460900-203460956 0.135128 chr1:203460615-203460674 0.016604 chr1:203461095-203461154 0.041125
chr1:203460981-203461036 0.135128

chr10:27127411-27127470 0.186921 chr6:158458645-158458691 0.143637 chr6:158458012-158458071 0.056063 chr6:158457932-158457991 0.161943 chr5:161493755-161493814 0.034243
chr6:158458052-158458111 0.056063 chr6:158458892-158458951 0.084601 chr5:161494278-161494337 0.034243
chr6:158458412-158458471 0.001017
chr6:158458772-158458831 0.001017
chr6:158458852-158458911 0.001017
chr6:158458892-158458951 0.001017

chr10:27130458-27130517 0.140810
chr10:27130465-27130524 0.140810
chr10:27130768-27130827 0.140810
chr10:27130966-27131025 0.140810
chr10:27131178-27131237 0.140810
chr10:27131397-27131456 0.140810
chr10:27104323-27104382 0.058220
chr10:27104987-27105046 0.164937

chr6:145085774-145085833 0.132238 chr5:148034080-148034124 0.010424
chr6:145085814-145085873 0.132238 chr5:148034081-148034125 0.010424
chr6:145085894-145085953 0.132238 chr5:148034081-148034125 0.010424
chr6:145163181-145163240 0.124103 chr5:148034443-148034495 0.010424
chr6:145163261-145163320 0.124103

Control chr18:58416260-58416319 0.164027 chr6:145163771-145163827 0.149301 chr6:145163981-145164040 0.100424

chr1:84116661-84116711 0.130892 chr1:84117017-84117076 0.077143 chr1:84506033-84506092 0.184338 chr1:81771325-81771384 0.176615
chr1:84117257-84117316 0.077143 chr1:84506193-84506252 0.184338
chr1:84117337-84117396 0.077143 chr1:84742988-84743047 0.042337
chr1:84117617-84117676 0.077143 chr1:84743548-84743607 0.042337
chr1:84505713-84505772 0.179901
chr1:84505993-84506052 0.179901
chr1:84506033-84506092 0.179901
chr1:84506193-84506252 0.179901

chr2:247201889-247201948 0.067236
chr2:247268119-247268163 0.012587

chr4:157239558-157239617 0.005790 chr6:160699502-160699557 0.195967
chr4:157240038-157240097 0.005790
chr4:157240078-157240137 0.005790

chr1:42443429-42443481 0.008736 chr4:157247817-157247861 0.198596 chr4:157238718-157238777 0.024379
chr4:157248155-157248199 0.198596

chr11:30218874-30218928 0.027820 chr3:15243884-15243943 0.015329
chr11:30218705-30218752 0.027820 chr3:15243964-15244023 0.015329
chr11:30218643-30218689 0.027820

chr3:14951518-14951562 0.123568 chr3:15241884-15241943 0.064748 chr3:15242844-15242903 0.037906 chr21:32932342-32932386 0.146465
chr3:15242084-15242143 0.064748 chr21:32932167-32932211 0.146465
chr3:15242164-15242223 0.003634
chr3:15242524-15242583 0.003634
chr3:15242564-15242623 0.003634
chr3:15242644-15242703 0.003634
chr3:15242684-15242743 0.003634
chr3:15242724-15242783 0.003634
chr3:15242764-15242823 0.003634

In	the	conditions	marked	with	✗,	we	found	no	probes	differentially	methylated	between	the	control	and	stressed	groups.

Tiam1

Stress � � �

Control �

� �

Slc22a2
Stress � � �

Control � �

Lphn2
Stress �

Control � �

�

Htr4
Stress � � �

� �

Gabrg2

Stress

Control � � �

Dars2

Stress � � �

Control �

Cnga4

Stress � �

Control � �

Human	CD34+	(cord	blood)

Ank3
Stress

Control � � �

Gene	name Higher	methylation	in Rat	PFC	(postnatal	day	62) Monkey	PFC	(7	years	old) Monkey	CD3+	(day	30	old) Monkey	CD3+	(2	years	old)



Supplementary	Table	7	
Summary	of	the	probes	associated	with	Ank3	and	Gabrg2	which	are	differentially	methylated	between	control	and	stressed	groups.	

Higher	 Rat	PFC Monkey	PFC	 Monkey	CD3+	 Monkey	CD3+ Human	CD34+	
methylation	in (7	years	old) (day	30	old) 	(2	years	old) (cord	blood) diff	meth	probe q 	value diff	meth	probe q 	value

chr9:77074944-77075003 0.038705 chr9:76897139-76897198 0.158048
chr9:77074984-77075043 0.038705

Control � � � � �

Stress � � � � �
chr6:158457292-158457351 0.001338 chr6:158457612-158457671 0.044732
chr6:158457372-158457431 0.001338 chr6:158457772-158457831 0.094282
chr6:158457852-158457911 0.001338 chr6:158458332-158458391 0.102620
chr6:158458092-158458151 0.001338 chr6:158458372-158458431 0.102620
chr6:158458132-158458191 0.001338

In	the	conditions	marked	with	✗,	we	found	no	probes	differentially	methylated	between	the	control	and	stressed	groups,	while	in	the	conditions	marked	with	✓	we	found	probes	
differentially	methylated	between	the	control	and	stressed	groups.

�

Gabrg2

� �

Control � � � � �

Ank3
Stress � � �

Monkey	Whole	Blood	(2	years	old) Monkey	Buccal	Cells	(2	years	old)

�

� �



Supplementary	Table	8	
List	of	the	p	values	and	effect	size	estimates	('differential')	associated	with	probes,	mapping	Ank3,	
which	were	more	methylated	in	the	stressed	group	compared	to	the	controls.	

Samples diff	meth	probe p 	value differential	(log2)
Rat	PFC	(postnatal	day	62) chr20:19580638-19580697 0.049 0.913

chr9:76713019-76713067 0.014 1.360
chr9:76713128-76713178 0.011 1.160
chr9:76713244-76713294 0.037 1.090
chr9:76713473-76713532 0.024 1.590
chr9:76897059-76897118 0.010 0.966
chr9:76897099-76897158 0.017 1.038
chr9:76897139-76897198 0.009 1.072
chr9:76897179-76897238 0.043 0.827
chr9:76897299-76897358 0.024 0.871
chr9:76897379-76897438 0.034 0.768
chr9:77144454-77144513 0.012 0.926
chr9:77144854-77144913 0.039 1.085
chr9:77144934-77144993 0.022 0.948
chr9:76897219-76897278 0.040 0.551
chr9:76897299-76897358 0.022 0.846
chr9:76899099-76899158 0.047 0.562
chr9:76899139-76899198 0.046 0.615
chr10:61900618-61900677 0.007 0.519
chr10:61901941-61902000 0.026 0.894
chr9:77074944-77075003 0.027 0.552
chr9:77074984-77075043 0.038 1.482

Monkey	Buccal	Cells	(2	years	old) chr9:76897139-76897198 0.007 1.651

Monkey	PFC	(7	years	old)

Monkey	CD3+	(day	30	old)

Monkey	CD3+	(2	years	old)

Human	CD34+	(cord	blood)

Monkey	Whole	Blood	(2	years	old)
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	Subjects
	The human cohort of mothers and their infants (n=180) has been recruited between 03/2011 and 03/2012 from two obstetric hospitals in the Rhine-Neckar Region of Germany (Mannheim, Ludwigshafen). The mothers were recruited during the third trimester of ...
	The mothers were assessed using a structured interview and a series of questionnaires in order to collect information concerning a broad range of environmental and socio-demographic risk factors, prenatal medical risk factors, general medical characte...
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	Animals and experimental paradigms
	Rats and prenatal stress exposure
	Separation of CD34+ cells from human cord blood and extraction of genomic DNA
	Human cord blood was drawn into ethylenediaminetetraacetic acid (EDTA) coated tubes immediately after birth. CD34+ cells were extracted within 24 h following delivery. Briefly, peripheral blood mononuclear cells (PBMC) were isolated by centrifuging th...
	Prefrontal cortex dissection and DNA preparation from monkeys
	Animals were sedated with ketamine and brought to a deep surgical plane of anesthesia with pentobarbital administered intravenously, given to effect. A craniotomy was performed, followed by a thoracotomy and perfusion through the left ventricle of the...
	Whole blood samples and buccal cell collection from monkeys
	A small fraction (0.3 ml) of the peripheral venous blood collected for T cell isolation was used for DNA isolation with the Wizard Genomic DNA Purification kit (Promega, Madison, WI, USA) following the instructions of the manufacturer. At the same med...
	Separation of CD3+ T cells from monkey peripheral blood
	For the CD3+ T cell separation, 20 ml of peripheral blood was drawn into EDTA-coated tubes from the 2-year old monkeys and stored at 4 C overnight. From 30-day old monkeys, 3 ml of blood was perfused in EDTA-coated tubes. PBMCs were isolated through c...
	Methylated DNA immunoprecipitation (MeDIP) analysis
	MeDIP analyses have been performed as previously described in our studies P1,2P. Briefly, DNA was quantified by fluorometric analysis (Qubit® 2.0 Fluorometer, Life Technologies), 2 μg of DNA were sheared by sonication and methylated DNA was immunoprec...
	MeDIP microarray design, hybridization, scanning and analysis
	For all microarray studies, custom promoter tiling microarray designs were used (Agilent Technologies). Probes were selected to tile all transcription start sites defined in the Ensembl database. Probes were placed approximately every 100 bp. For rat,...
	Validation using qPCR
	Gene-specific quantitative real-time PCR validation of microarray (Q-MeDIP) was performed on the amplified-bound fraction for the same subjects used for microarray experiments. QPCR was performed in 1X Power SYBR Green Master Mix (Life technologies) u...
	QRT-PCR and analyses of mRNA levels in rats
	Total RNA was quantified by spectrophotometric analysis (NanoDrop, Thermo Scientific) and samples were processed for real-time polymerase chain reaction (qPCR) to assess mRNA levels. An aliquot of each sample was treated with DNase to avoid DNA contam...
	RNA was analyzed by Taqman qRT-PCR instrument (CFX384 real time system, Bio-Rad Laboratories) using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories). Samples were run in 384 well formats in triplicate as multiplexed reactions with a...
	Probe and primer sequences of 36b4 (Forward Primer: TCAGTGCCTCACTCCATCAT; Reverse Primer: AGGAAGGCCTTGACCTTTTC; Taqman Probe: TGGATACAAAAGGGTCCTGG) and Ankyrin-3 (Forward Primer: TCCTACAGAACGACACCAATG; Reverse Primer: CTCGGTTTAACAGCAACGTG; Taqman Prob...
	Thermal cycling was initiated with an incubation at 50 C for 10 min (RNA retrotranscription) and then at 95 C for 5 min (TaqMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle consisted of heating the s...
	Biochemical analyses in rats
	Protein extraction, SDS-PAGE and western blot analysis
	The prefrontal cortices of the second rat hemisphere were homogenized in a Teflon-glass potter in ice-cold 0.32 M sucrose buffer containing 1 mM HEPES, 1 mM MgClR2R, 1 mM NaHCOR3R, and 0.1 mM phenylmethylsulfonyl fluoride, pH=7.4, in the presence of a...
	Total protein content was measured according to the Bradford Protein Assay procedure (Bio-Rad Laboratories), using bovine serum albumin as a calibration standard.
	Qualitative enrichment analysis of ankyrin-G 190 kDa was performed on the above-mentioned subcellular fractions, while semi-quantitative protein analyses were performed in the crude membrane fraction (P2). Equal amounts of total protein (5 μg for the ...
	Membranes were then washed with TBS-T and incubated for 1 h at room temperature with a peroxidase-conjugated anti-rabbit IgG (Cat. No. BK4074S, Cell-Signaling Technology) (ANKG, 1:4 000 in 5 % non-fat milk in TBS-T; PSD95, 1:8 000 in 3 % non-fat milk ...
	Data are expressed as group means ± SEM. To test for statistical significance the Student’s t test was used (two-tailed), and the alpha level was set at 0.05.
	Coimmunoprecipitation assay
	Co-immunoprecipitation assays were performed as in Vastagh et al. P12P with the introduction of some methodological modifications. In detail, Aliquots of total cell homogenate (200 μg) were incubated in RIA buffer (400 mM NaCl, 20 mM EDTA, 20 mM NaR2R...
	Data are expressed as group means ± SEM. To test for statistical significance, the Student’s t test was used (two-tailed), and the alpha level was set at 0.05.
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	Post-mortem investigation of Ank3 functional variation
	Earlier results have indicated association of an intronic SNP in the Ank3 gene, i.e. rs9804190, with gene expression levels in the superior temporal gyrus of patients with schizophrenia P13P. We therefore used the Braincloud dataset available at http:...
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