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Abstract

Prenatal stress (PS) has been shown to influence the development of the fetal brain and to increase the risk for the
development of psychiatric disorders in later life. Furthermore, the variation of human serotonin transporter (5-HTT, SLC6A4)
gene was suggested to exert a modulating effect on the association between early life stress and the risk for depression. In
the present study, we used a 5-HttxPS paradigm to investigate whether the effects of PS are dependent on the 5-Htt
genotype. For this purpose, the effects of PS on cognition, anxiety- and depression-related behavior were examined using a
maternal restraint stress paradigm of PS in C57BL6 wild-type (WT) and heterozygous 5-Htt deficient (5-Htt +/—) mice.
Additionally, in female offspring, a genome-wide hippocampal gene expression profiling was performed using the
Affymetrix GeneChip® Mouse Genome 430 2.0 Array. 5-Htt +/— offspring showed enhanced memory performance and signs
of reduced anxiety as compared to WT offspring. In contrast, exposure of 5-Htt +/— mice to PS was associated with
increased depressive-like behavior, an effect that tended to be more pronounced in female offspring. Further, 5-Htt
genotype, PS and their interaction differentially affected the expression of numerous genes and related pathways within the
female hippocampus. Specifically, MAPK and neurotrophin signaling were regulated by both the 5-Htt +/— genotype and
PS exposure, whereas cytokine and Wnt signaling were affected in a 5-Htt genotypexPS manner, indicating a
gene xenvironment interaction at the molecular level. In conclusion, our data suggest that although the 5-Htt +/—
genotype shows clear adaptive capacity, 5-Htt +/— mice —particularly females— at the same time appear to be more
vulnerable to developmental stress exposure when compared to WT offspring. Moreover, hippocampal gene expression
profiles suggest that distinct molecular mechanisms mediate the behavioral effects of the 5-Htt genotype, PS exposure, and
their interaction.
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Introduction

Physical or emotional stress during pregnancy has been shown
to influence the development of the fetal brain thereby increasing
the risk for neuropsychiatric disorders in adulthood, particularly
disorders of emotion regulation such as depression (see review by
[1]). Likewise, prenatal stress (PS) exposure in rodents, particularly
when exposure occurs during the last phase of pregnancy, is
associated with a dysregulated hypothalamo-—pituitary—adrenal
(HPA) axis, concomitant with an increase in learning and memory
deficits, as well as increased anxiety and depressive-like behavior in
adulthood ([2—4]; see also reviews by [5,6]). Nevertheless, the
biological mechanisms by which PS exposure renders subjects

@ PLoS ONE | www.plosone.org

vulnerable to the development of neuropsychiatric disorders are as
yet not fully understood.

Moreover, variation in the serotonin transporter (5-HTT) gene
were suggested to exert a modulating effect on the association
between adverse experiences and the risk for depression [7,8]. It has
been argued that carriers of the short (s)-allele of the 5-HT'T gene-
linked polymorphic region (5-HTTLPR) are at greater risk for
developing mood disorders associated with poor stress adaptation,
while carriers of the long (I)-allele are relatively protected in this
respect [9]. For example, a higher risk for depression was detected in
maltreated children homozygous for the s-allele [10].

5-Hitt deficient mice have been used to model the human allelic
variation in 5-HTT function [11]. Generally, these mice show
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altered stress coping abilities, elevated anxiety- and depressive-like
behaviors and memory deficits like a disability in extinction recall
[12-18]. Interestingly, heterozygous 5-Htt deficient (5-Htt+/—)
mice, which display a gene dose-dependent 50% reduction of the
5-Htt protein level, show an intermediate behavioral phenotype
when compared to 5-Htt null mutant (5-Htt —/—) mice. This
implies that 5-Htt +/— mice require an additional (stressful)
trigger to develop signs of impaired emotional regulation. For
example, Carola and colleagues revealed that maternal neglect
early in life is required to increase anxiety-like behavior in 5-Hitt
+/— mice, an effect which was accompanied with an elevated brain
derived neurotrophic factor (Bdnf) expression in the hippocampus [19].
As such behavioral responses to gene (G)xenvironment (E)
interactions resemble findings of human studies [20], it was
suggested that stress exposure of 5-Htt deficient rodents could
serve as a model for the increased vulnerability to early life
adversity in individuals with one or two 5-HTTLPR s-alleles [7].
Less is known, however, about the possible interaction between
variation in the 5-HTT genotype and prenatal stress (PS)
exposure.

The present study aimed to examine the effects of PS on
cognition, anxiety- and depressive-like behavior using a maternal
restraint stress paradigm of PS in C57BL6 wild-type (W) and 5-
Htt +/— mice. More knowledge on the molecular basis of such a
GxE interaction might help to identify novel targets for the
diagnosis and treatment of disorders of cognition and emotion
regulation. For that purpose, we performed a genome-wide
expression profiling on the hippocampus derived from the female
offspring, which showed most pronounced behavioral changes
mediated by variation in 5-Htt genotype, PS, and their interaction.

Materials and Methods

Ethics Statement

This study was approved by the Animal Ethics Board of
Maastricht University, The Netherlands (Permit number: OE
2007-109). All efforts were made to minimize suffering.

Animals and procedures

For this study, acclimatized male 5-Htt +/— and female 5-Hitt
+/— deficient mice ([B6.129(Cg)-Slc6a4tm1Kpl/J] [21]) were
used for breeding. The animals were housed individually within a
temperature-controlled environment (21%1°C) with 12 h light/
12 h dark cycle (lights on from 7.00 h) and standard rodent chow
and water available ad lbitum. Pregnancy was determined by
observation of vaginal plugs (embryonic day 0-E0). Prenatal
maternal stress (n = 15) was performed daily during the last part of
pregnancy (E13-E17) by restraining the dams in transparent
250 ml glass cylinders filled up to a height of 5 mm with water,
whilst being exposed to bright light, 3 times daily (between 8.00
and 10.00 h, 12.00 and 14.00 h and 16.00 and 18.00 h), for
45 min per session (adapted from [22]).Control pregnant females
(n=14) were left undisturbed in their home cages. Maternal
weight was measured at EO, E12 and E17. Litters were left
undisturbed for 5 days after birth (P5) to prevent cannibalism.
Only litters of 5 or more pups were included in the present study.
Genotyping was performed by using polymerase chain reaction
(PCR). DNA-fragments of either 225 bp refer to 5-Htt +/+,
272 bp to 5-Htt —/— or both to 5-Htt +/— mice. Offspring were
individually housed in ventilated cages (TouchSLIMLine, Tech-
niplast, Italy) after weaning (P25) under a reversed day-night cycle
(12 h light/12 h dark cycle; lights on from 19.00 h). Pup mortality
was monitored from P5 onwards. No more than two male and/or
two female pups per litter were used to prevent litter effects [23].
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When the offspring reached the age of 2 months (P60), behavioral
experiments were started (n=10-14/group). First, memory
abilities were assessed using the object recognition task (ORT).
Following this, anxiety- and depressive-like behavior were tested
using the elevated zero maze (EZM) and forced swim task (FST),
respectively. Tests were always performed in the dark phase
(between 9.00 and 17.00 h for the ORT and between 9.00 and
13.00 h for the other tasks). In all experiments, males and females
were tested separately. One week after behavioral tests, stress-
induced plasma corticosterone (CORT) secretion was examined.
One week later, the mice were sacrificed and brains removed. In
addition, the adrenals were removed and weighted. Brains and
blood samples were immediately placed on dry ice and stored at
—80°C for future experiments.

Object recognition task (ORT). Object recognition
memory with mice was performed as described elsewhere [24].
The apparatus consisted of a circular arena, 43 cm in diameter.
The test was performed with a constant illumination of
approximately 20 lux. Two objects were placed symmetrically
5 cm away from the wall. We used four objects, (1) a cone made of
brass (maximal diameter 6 cm and total height 3.8 cm), (2) a
transparent glass bottle (diameter 2.7 cm, height 8.5 cm) filled
with sand, (3) a metal cube (2.5 cm x5 cmX7.5 cm) with two holes
(diameter 1.5 cm), and (4) an aluminium cube with a tapering top
(4.5 cmx4.5 cmx8.5 cm). Each object was available in triplicate.
In the first week, the animals were handled daily and were allowed
to explore the arena, without any objects, twice for 5 min each
day. Next, the mice were tested until they showed a good
discrimination performance. A testing session comprised of two
trials. The duration of each trial was 5 min. During the first trial
(T1) the apparatus contained two identical objects. A mouse was
always placed in the apparatus facing the wall at the middle of the
front (transparent) segment. After the first exploration period, the
mouse was put back in its home cage. Subsequently, after a
predetermined delay interval (2, 3 or 4 h), the mouse was put back
in the apparatus for the second trial (T2), but now with two
dissimilar objects, a familiar one and a new one. The times spent
exploring each object during T1 and T2 were recorded manually
using a personal computer. Exploration was defined as follows:
directing the nose to the object at a distance of no more than 2 cm
and/or touching the object with the nose. Sitting on the object was
not considered as exploratory behavior. In order to avoid the
presence of olfactory cues the objects were always thoroughly
cleaned with 70% ethanol before each trial. All combinations and
locations of objects were used in a balanced manner to reduce
potential biases due to preferences for particular locations or
objects. Each delay interval was tested once in each animal. At
least a two-day period was in between any delay test sessions with a
particular animal. The testing order was determined randomly.
The relative discrimination index (RDI) [time spent on new object
in the second trial T2 - time spent on familiar object in T2]/total
exploration time during T2) was determined for all mice.

Elevated zero maze (EZM). The EZM is a task to measure
anxiety-like behavior [25]. The test was carried out on a maze
constructed of black plastic, transparent for infrared light. The
circular runway was 50 cm in diameter, with a pathway width of
5 cm placed 10 cm above floor level. The maze was equally
divided in 2 opposite open and 2 opposite closed parts enclosed by
50 cm high side walls. To prevent falls, a 5 mm high rim lined the
open parts. A mouse was placed into the middle of one of the open
parts, facing the outside of the maze and was allowed to explore
the arena for a 5 min period. The distance travelled and % of time
spent in the open parts of the maze was determined under low
light conditions (20 lux) by use of an infrared video tracking system
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(Ethovision Pro, Noldus, The Netherlands; [26]). In order to avoid
the presence of olfactory cues the arena was always thoroughly
cleaned with 70% ethanol before each trial.

Forced swim test (FST). The FST is commonly used to
score behavioral despair in rodents [26,27]. Animals were
individually placed in a transparent perspex cylinder (40 cm tall;
19 cm in diameter; filled to a height of 15 cm with water of 31°C;
[26]). Distance moved, as an indicator of mobility of the mice was
scored in a 5 min session using a computerized system (Ethovision
Pro, Noldus, The Netherlands).

CORT response

When the offspring used in the behavioral testing reached an
age of 3 months (P90) a blood sample was taken from the
saphenous vein (basal CORT level). Subsequently, these mice
were subjected to 20 min of restraint stress by a procedure
identical to the PS procedure applied to the dams. Immediately
following restraint stress, a second blood sample was taken (stress-
induced CORT level). The mice were then returned to their
home-cage for a 40 min recovery period, after which a third and
final blood sample was taken (‘recovery’ CORT level). Blood
collection, sample preparation and determination of plasma
CORT levels was done as described in detail previously [28].
All blood samples were taken between 10:30-13:00 h.

RNA isolation and microarray

In this study the left half of the hippocampus of females were used.
The tissue was homogenized using 500 ul PegGOLD RNAPure
(Peglab, Erlangen, Germany) and metal beads (3 min, 20 Hz in a
Tissue Lyser (Qiagen, Hilden, Germany)). After that 100 pl
chloroform was added and centrifuged (5 min, 4°C, 12.000x g).
The water phase was then mixed with 250 pl ethanol and from that
point on the protocol of the RNeasy Mini Kit (Qiagen, Hilden,
Germany) was followed. RNA-quality was checked via Experion
(Bio-Rad, Munich, Germany). Afterwards, the RNA was pooled,
creating 3 pools per group. Prior to hybridization, RNA integrity and
comparability were tested by a BioAnalyzer (Agilent Technologies,
Palo Alto, CA). RNA integrity numbers (RIN) of all RNAs was
between 8.3 and 8.6. cDNA synthesis, labelling and the actual
microarray analysis was performed by the Interdisciplinary Centre
for Clinical Research (IZKF) at the University of Wuerzburg.
Generation of double-stranded cDNA, preparation and labelling of
cRNA, hybridization to GeneChip® Mouse Genome 430 2.0 Arrays
(Affymetrix, Santa Clara, CA) and washing was performed according
to the standard Affymetrix protocol. The arrays were scanned using a
GeneChip® Scanner 3000 (Affymetrix Santa Clara, CA). Data
analysis was done using different R packages from the Bioconductor
project (www.bioconductor.org). Probe sets were summarized using
the PLIER algorithm. Resulting signal intensities (signal intensity
from a specific probeset is referred to as the expression of the
associated gene from here onwards) were normalized by variance
stabilization normalization (VSN) [29]. Quality and comparability of
all data sets were tested by density plot, RNA degradation plot and
correspondence analysis. All data is MIAME compliant and the raw
data has been deposited in the Gene Expression Omnibus (GEO)
(accession number: GSE26025).

Enriched pathway analysis

The Database for Annotation, Visualization and Integrated
Discovery (DAVID) 2007 Functional Annotation Clustering was
used to search the database of the Kyoto Encyclopedia of Genes
and Genomes (KEGG) [30,31] in order to identify significantly
over-represented pathways in the subset of differentially expressed
genes. More specifically, the latter is a curated pathway database

@ PLoS ONE | www.plosone.org

Prenatal Stress in 5-Htt Deficient Mice

comprising biological signaling pathways that are based on current
knowledge of molecular interactions involved in various cellular
processes. Settings used were: Count (2); EASE (0.1); P<0.05.

Quantitative PCR

The validity of the microarray results was subsequently tested
via quantitative real-time PCR (qQRT-PCR) employing the Bio-
Rad CFX384 Real-Time PCR Detection System (in technical
triplicates). For validation we selected 8 genes which showed a fold
change (FC)>1.5 (or 2.5) in the microarray (see below). The same
RNA as for the microarray was utilized for cDNA synthesis which
was performed by the use of the iScript™ kit (Bio-Rad, Munich,
Germany) according to the manufacturer’s instructions. Mean
efficiencies were calculated by LinReg [32]. Reference genes for
normalization were selected from the microarray and tested for
stability using geNorm [33]. CCCTC-binding factor (Clcf), guanosine
diphosphate (GDP) dissociation inhibitor 2 (Gdi2) and gap junction protein,
alpha 1 (Gjal) were used for normalization. Relative expression
data were calculated with the normalization factors obtained from
geNorm and the mean efficiencies from LinReg.

Statistical analysis

Percentage of maternal weight increase over the last week of
gestation was compared using a one-way ANOVA (condition).
EZM and FST data were explored by three-way ANOVAs
(genotype Xcondition Xsex). Data on the OR'T were analyzed using
a repeated measures ANOVA, as well as by a separate analysis at
the distinct time-points. Furthermore, for the ORT the RDI from
every group was compared to an RDI of 0 (no discrimination) as
described previously [24]. CORT data were In-transformed prior to
ANOVA and were analyzed using a repeated measures ANOVA, as
well as by a separate analysis at the distinct time-points. Overall
interaction effects were examined in more detail using Least
Significant Difference (LSD) tests. In the absence of an interaction,
main effects of genotype and condition were analyzed by an
additional stratified analysis — i.e. stratified per genotype and sex in
case of a condition effect, in order to test whether overall effects
were specific to, or more pronounced in, a particular genotype or
sex. This was expected, since the 5-HT'T genotype is known to have
specific effects on various behavioral phenotypes and may selectively
affect the interaction with stressful life events (see e.g. [34]), whereas,
in addition, PS is known for its sex-specific effects on offspring
outcome (e.g. [22]). The failure to detect significant interactions
using the three-way ANOVA approach may be explained by the
relative conservative nature of F-tests in general, in combination
with the intricate logistical experimental design (with its associated
breeding restrictions), resulting in a relative lack of statistical power.
Perinatal and post-weaning mortality were examined using a one-
sided Fisher’s exact test. Statistical analysis to select differentially
expressed genes was performed using the Linear Models for
Microarray Analysis (LIMMA) package [35,36]. LIMMA is a
library for the analysis of gene expression microarray data,
especially concerning the use of linear models for analyzing
designed experiments and the assessment of differential gene
expression profiles. As an output a table of the top-ranked genes
from the linear model fit including a gene list, ratio on the log?2 scale,
average gene intensities, moderated t-statistic, adjusted P-value
(false discovery rate) and log odds were created. By using LIMMA
we calculated the following differences: between 5-Htt +/— (HET)
and WT mice [HETPS+HETC)-WTPS+WTC)] (G effect),
between PS and control (C) animals [WTPS+HETPS)-
(WTC+HETC)] (E effect) and the interaction of G and E
[HETPS-HETC)-WTPS-WTC)] (GxXE effects). Genes were

identified as differentially expressed if they showed a nominal P-
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Table 1. Dam weight during pregnancy and litter size.

% Weight increase % Weight increase

Condition Litter size
(E0-E12) (E12-E17)

C 33.78%2.41 30.04+1.16 7.08%+0.72

PS 33.44+2.13 17.52£1.94%* 7.25+0.66

During the last part of pregnancy (E12-E17), stressed (PS) dams
gained significantly less weight compared to control (C) animals
(***P<0.001). Data represent means = S.E.M. N=12-15 litters/
condition.

doi:10.1371/journal.pone.0022715.t001

value less than 0.01. There was no “cut off” for the linear FC
concerning the microarray data (FC of 1 indicates no change, while
a FC of 2 equals a double amount of cRNA). Results of the
microarray were validated by means of qRT-PCR. For the G and E
effects we considered only genes with a FC>1.5 to achieve reliable
validation. We further restricted the selection by only choosing
genes with an annotation grade (see affymetrix.com) of A or B into
account. For an exact validation, we used only those genes for which
we were able to amplify the same sequence as recognized by the
microarray. These criteria encouraged us to pick FBY osteosarcoma
oncogene (Fos) and paired-like homeobox 2a (Phox2a) out of the 15 genes
altered >1.5 fold by PS. Of the 29 genes altered >1.5 fold by the 5-
Htt+/— genotype we selected XIAP associated factor 1 (XafI), zinc
Singer, ZZ-type with EF hand domain 1 (zefl), protein phosphatase 1,
regulatory (infubitor) subunit 1B (PppIrlb), Kv channel-interacting protemn 2
(Kemp2) and myelin basic proten (Mbp). In addition, we validated the
GxE effect of the thyrotropin releasing hormone receptor (Trhr), as the
expression of this gene between WTC and WTPS differed 2.5 fold.
Gene expression data using qRT-PCR were analysed by two-way
ANOVA (genotype xcondition). The level of statistical significance
was assumed to exist at P<<0.05 in all tests. Except for microarray
data analysis, all statistical analyses were performed using the SPSS
15.0 software package.

Results

Dam weights during gestation and litter sizes
Dam weight increase during pregnancy is depicted in Table 1.
No differences in weight increase during the first two weeks of

Prenatal Stress in 5-Htt Deficient Mice

gestation between stressed versus unstressed dams were observed.
Over the last week of pregnancy stressed dams gained significantly
less weight when compared to control animals (F; 95 =25.024;
P<0.001). Further, no differences were found in the litter sizes
from stressed and control dams.

Pre- and postweaning mortality

Preweaning mortality was not different between the various
groups (data not shown). A significantly higher postweaning
mortality (P=0.04) was observed in PS offspring (7 out of 51
[13.7%] in PS animals vs. 1 out of 44 [2.3%] in controls; data not
shown). Genotype had no effect on postweaning mortality.

Offspring cognition, anxiety, and depressive-like
behavior

Memory performance in the object recognition task is depicted
in Table 2. With increasing interval duration, animals showed
lower recognition scores (Fgs55=21.993; P<0.001). Further,
overall, an interval xgenotype (Fgs3=24.851; P=0.027) and a
condition xsex interaction (F;s3=4.273; P=0.043) were ob-
served, the latter of which indicated that PS particularly impaired
memory performance in female offspring. When looking at the
individual intervals, at the 2-hour interval, all animals were able to
distinguish the old from the new object. Further, a significant
condition xsex interaction was seen (F740=6.518; P=0.013).
Specifically, PS was associated with impaired memory perfor-
mance In female offspring as post-hoc analysis was showing a
significant decrease in memory performance in PS versus control
females (P =0.049). At the 3-hour interval, among males, only WT
controls were able to remember the old object. Further, all 5-Htt
+/— groups still showed intact memory performance. In line with
this, a significant overall effect of genotype was observed at this
interval (F7 6o =4.501; P=10.038), with 5-Htt +/— mice showing
improved memory function as compared to WT animals. At the 4-
hour interval, all groups showed impaired memory performance.
Of note, no differences in exploration times between groups were
observed at any interval.

The effects of PS on anxiety-like behavior in the EZM are
shown in Figure 1. Time spent in the open arms of the EZM was
significantly increased in 5-Htt +/— versus WT animals
(F7 64 =4.466; P =0.038), indicating lower levels of anxiety in 5-
Htt +/ — offspring. In addition, females spent less time in the open

Table 2. Memory performance as assessed in the Object Recognition Test (ORT).

Group 2h 3h 4 h Exploration Time
wT M C 0.286+0.092 0.296+0.066 0.081+0.074 18,161+0,838
PS 0.452+0.080 0.195%0.103 0.148+0.066 17,825%+0,730
F C 0.358+0.078 0.096+0.065 0.225+0.086 18,373+0,831
PS 0.319+0.082 0.116+0.102 —0.132+0.123 17,976+0,951
SHtt +/— M C 0.355+0.067 0.248+0.070 0.0540.085 18,578+0,669
PS 0.436+0.075 0.393+0.056 —0.014+0.066 17,910£0,742
F C 0.509+0.087 0.281+0.062 0.001£0.099 18,131£1,400
PS 0.217+0.071 0.266+0.098 0.056+0.093 17,657+0,758

mice/group.
doi:10.1371/journal.pone.0022715.t002
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Bold data indicate intact memory performance, i.e., when animals were able to distinguish the old from the new object. At the 2-hour interval, a
significant condition xsex interaction was observed (P =0.013). At the 3-hour interval, a significant overall effect of 5-Htt genotype was observed
(P =0.038). See results section for more details. Data in the first three columns represent mean relative discrimination index (RDI) = S.E.M. The last
column shows the average exploration times (the average time spent exploring each object during T1 and T2, averaged over the 3 intervals), which
did not differ between groups. Abbreviations: WT, wild-type; M, males; F, females; C, control offspring; PS, prenatally stressed offspring. N=7-10
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arms of the EZM (F;44=20.091; P<<0.001), indicating higher
levels of anxiety in this sex. Distance covered within the EZM was
decreased by PS (I 64 =10.314; P=0.002). When stratifying the
analysis per genotype, the observed PS effect was only significant
in WT, but not in 5-Htt +/— offspring (F3 99 =8.343; P=0.007,
versus Fs30=2.493; P=0.123, respectively). Similarly, when
stratifying for sex, the PS effect was only significant for males
and not for females (F3 34 =7.199; P=0.011, versus F3 30 =3.527;
P=0.070, respectively).

Depressive-like behavior in the FST is depicted in Figure 2.
Overall, a significant effect of condition was observed, indicating

A Percentage of time spent in open arms in the EZM (5 min)

Prenatal Stress in 5-Htt Deficient Mice

that PS animals exhibit more depressive-like behavior
(F7,67=4.544; P=0.037). When stratifying the FST analysis per
genotype, the observed PS effect was only significant in 5-Htt +/
—, but not in WT offspring (Fs35=16.869; P=0.013, versus
F33,=0.395; P=0.534, respectively). Similarly, when stratifying
for sex, the PS effect was only significant for females (I3 35 = 0.980;
P=0.329 versus F330=>5.494; P=0.025, for males and females,
respectively). Of note, these observations also suggests that the
effect in the FST was independent from the lower mobility as
observed in the EZM, the latter of which was primarily seen in
WT male offspring (Figure 1B).

35 - ts
. WT M/C
C—1 WT MIPS

30 EEE WT F/IC
= 1 WT F/PS
ol s SHTT +/- M/C
2 25 1 771 SHTT +- MIPS
£ EZA 5HTT +/- FIC
S 90 EZA SHTT +/- FIPS
[0} T I — |
o
o
£
E 15 1
(4]
Q
w
o 10
E
'_

5 -4

TOverall effect of genotype: P=0.038
SOverall effect of sex: P<0.001
0 -
Groups
B Distance moved (cm) in the EZM (5 min)
1200 - *
1000 |

=23

[=3

(=]
'

Distance moved (cm)
2
o

200 4

Groups

*Overall effect of condition: P=0.002"?

Figure 1. Performance in the Elevated Zero Maze (EZM). A) Time spent in the open arms of the EZM was significantly increased in 5-Htt +/—
versus wild-type (WT) animals (P =0.038). In addition, females (F) spent less time in the open arms of the EZM when compared to male (M) offspring
(P<<0.001). B) Distance covered within the EZM was decreased by prenatal stress (PS; P =0.002). Data represent mean+S.E.M. Abbreviation: C, control
offspring. N =7-10 mice/group. 'Only significant in WT offspring when stratified for genotype; *Only significant in male offspring when stratified for

sex (see results section for more details).
doi:10.1371/journal.pone.0022715.g001
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Figure 2. Performance in the Forced Swim Test (FST). Distance swum in the FST (5-minute period) was significantly decreased in prenatally
stressed (PS) versus control (C) animals (P =0.037). Data represent mean+S.E.M. Abbreviation: WT, wild-type. N=7-10 mice/group. 1OnIy significant in
5-Htt +/— offspring when stratified for genotype; “Only significant in female offspring when stratified for sex (see results section for more details).

doi:10.1371/journal.pone.0022715.9002

Stress-induced plasma corticosterone (CORT) secretion

Data on stress-induced plasma CORT secretion of the offspring
are shown in Figure 3. Overall, a significant effect of time was seen
(Fe,65 =263.413; P<<0.001). Furthermore, a time Xgenotype inter-
action was observed (Fg g3 = 3.594; P =0.030). In addition, over all
3 time points, significant effects of genotype and sex (F; 64 = 4.000;
P=0.050 and F;44=92.908; P<<0.001, respectively) were seen,
indicating lower CORT levels in 5-Htt +/— versus W'T mice and
higher levels in female versus male offspring, respectively. When
looking at the individual time points, female offspring had higher
CORT levels when compared to male offspring at all time points
(overall sex effect; F>37.187; P<<0.001 in all cases). Further, at
baseline, an overall genotype effect (F7 65 =6.476; P=0.013) was
observed, indicating that basal CORT levels were lower in 5-Hitt
+/— as compared to WT mice, an effect that tended to be more
profound in male offspring (when stratified for sex; Fs3 33=16.678;
P=0.014, versus F3 39 = 1.444; P=0.238, in males versus females;
see Figure 3).

Adrenal weight

Adrenal weight was higher in female versus male offspring
(F7,56=166.817; P<0.001; Figure 4). In addition, overall, adrenal
weight was higher in 5-Htt +/— offspring when compared to WT
animals (F756=15.524; P=0.022), an effect that seemed to be
particularly present in females (F330=25.902; P=0.021, versus
F396=0.517; P=0.478, for females and males, respectively; see
Figure 4 for more details).

Gene expression analysis

Microarray analysis. To further investigate the molecular
mechanisms underlying the behavioral observations in female
offspring —which showed most pronounced behavioral changes
mediated by variation in 5-Htt genotype, PS, and their
interaction—, we conducted a microarray-based expression
profiling on the female hippocampus, a brain region
participating in learning and memory as well as in emotion
regulation [37]. For microarray analysis we focused on three
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different comparisons. We assessed the changes between 5-Htt +/
— and WT mice (G effect), in the differences between PS and
control mice (E effect), and, moreover, in the interaction between
G and E (GXE effects), i.e. indicating those genes of which the
effect of PS exposure depended upon the 5-Htt genotype. In brief,
the 5-Htt +/— genotype and PS exposure altered the expression of
773 and 960 genes, respectively (Figure 5; also see Text S1 and S2
for a complete overview of all genes significantly affected by G and
E, respectively). Furthermore, 651 genes were affected in a GxE
manner (Text S3; also see Figure 5). In addition, G and E showed
overlap in the expression of 110 genes. Of those, 22 genes were
upregulated, and 77 were downregulated by both. 11 genes were
affected by G and E in an opposite direction (see Iigure 5) whereas
the expression of 3 genes was altered by G, E and in a GXE
manner. To functionally categorize the differentially expressed
genes we performed a pathway analysis using DAVID. We found
10 KEGG pathways affected by G, 9 by E and 10 by GxE
(Table 3).

Gene expression changes accompanying variations in 5-
Htt genotype. Of the 773 genes affected by the 5-Htt +/—
genotype, 300 genes were upregulated and 473 downregulated
(Figure 5; also see Text S1 for a complete overview of all genes
regulated by 5-Htt genotype). Amongst others, DAVID analysis
revealed the mitogen-activated protein kinase (MAPK) signaling
pathway and  neurotrophin  signaling as  significantly
overrepresented pathways affected by G (see Table 3 for a
complete overview of the functionally enriched pathways). In the
MAPK  signaling pathway, 73% of the 26 genes were
downregulated, such as fibroblast growth factor 1 (Fgfl), calcium
channel voltage dependent, L type, alpha 1D subunit (Cacnald) and mitogen-
activated protein kinase 8 interacting protein 3 (Mapk8ip3; see Table 4 for
an overview of all genes affected in the MAPK signaling pathway).
In the neurotrophin signaling pathway, 10 genes were significantly
affected, among which was the neurotrophic tyrosine kinase, receptor type
2 (Ntrk2; also known as T7kB receptor) and transformation related protein
53 (Trp53; see Table 4 for a complete overview). Of note, the
MAPK and neurotrophin signaling KEGG pathway partially
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Figure 3. Stress-induced plasma corticosterone (CORT) secretion. At all time points, female (F) offspring had higher CORT levels when
compared to male (M) offspring (overall sex effect; P<<0.001 in all cases). At baseline, a significant genotype effect was observed (P=0.013).
Abbreviations: WT, wild-type; C, control offspring. Data represent mean+S.E.M. N=7-10 mice/group. 'Only significant in male offspring when

stratified for sex (see results section for more details).
doi:10.1371/journal.pone.0022715.g003

overlap. One gene, namely the v-crk sarcoma virus CT10 oncogene
homolog (avian; Crk), was affected in both KEGG pathways. Of note,
the expression of the solute carrier family 6, member 4 (Slcba4, encoding
for the 5-Htt) was upregulated in 5Htt +/— mice 10.6 fold
indicating an upregulation of the allele leading to a truncated
protein (see [38]).

Gene expression changes induced by PS exposure. The
expression of 960 genes was changed by PS exposure, of which
462 were upregulated and 498 downregulated (Figure 5; also see

Adrenal weight (mg)

Text S2 for a complete overview of all genes regulated by PS
exposure). Furthermore, 9 KEGG pathways with significant P-
values were detected by DAVID analysis (see Table 3). As the
S5Htt +/— genotype, PS affected the MAPK and the
neurotrophin signaling pathway (Table 5; see Table 3 for a
complete overview of the functionally enriched pathways). The
calcium channel, voltage-dependent, gamma subunit 3 (Cacng3) and protein
kinase C, gamma (PrRec) are examples of genes negatively
influenced by both G and E.

T
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Figure 4. Adrenal weight. Adrenal weight was higher in female (F) versus male (M) offspring (P<<0.001). Adrenal weight was increased in 5-Htt +/—
offspring when compared to wild-type (WT) animals (P=0.022). Data represent mean+S.E.M. Abbreviations: C, control offspring; PS, prenatally
stressed offspring. N=7-10 mice/group. 'Only significant in female offspring when stratified for sex (see results section for more details).

doi:10.1371/journal.pone.0022715.g004
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Figure 5. Gene expression analysis. A) Venn diagram illustrating the number of genes altered by the genotype (G; i.e. 5-Htt +/— versus wild-type,
773 genes), the environment (E; i.e. prenatal stress versus control, 960 genes), both (110 genes), or in an interactive manner (G xE; i.e. indicating those
genes of which the effect of the environment depends upon the genotype, 651 genes). B) Venn diagram illustrating the number of genes regulated
by G, E or both, including the corresponding direction in which the 5-Htt +/— genotype and PS regulated their expression. Eleven genes were
regulated in an opposite direction by G and E (not shown); *Percentage of probesets examined.

doi:10.1371/journal.pone.0022715.g005

Gene expression profiles indicating a gene Xenvironment
At the GXE level, 651 genes showed a significant
expression pattern (Figure 5; see Text S3 for a complete overview
of all genes regulated in a G xE fashion). DAVID pathway analysis
revealed that G xE significantly enriched 10 pathways (Table 3).
The most significantly enriched biological process was cytokine-
cytokine receptor interactions (T'able 6; see Table 3 for a complete
overview of the functionally enriched pathways). Examples of
genes affected within this pathway are terleukin 4 (114), interleukin
12a (1112a) and tumor necrosis factor receplor superfamily, member Ila
(Tnfrsfla). Another pathway significantly influenced in a GxE
manner was the Wnt signaling pathway amongst which the RAS-
related C3  botulinum substrate 2 (Rac2), Rho-associated coiled-coil
containing protein kinase 1 (Rockl), calcium/calmodulin-dependent protein
kinase II, delta (Camk2d) and presenilin 1(Psenl) were differentially
expressed.

Validation of microarrays by qRT-PCR. Using qRT-PCR
we attempted to confirm the microarray data. Of the 8 genes, 6
were replicated in terms of the overall G, E or G XE effects, such as
Fos (F539=7.076; P=0.012), Mbp (G effect: Fs39=9.421;
P=0.004; E effect: Fs535,=12.152; P=0.001; GXE effect:
F330=4.897; P=0.034), Ppplrlb (F339=9.055; P=0.005), Trhr
(E effect: F330=5.087; P=0.031; GXE effect: F539=15.599;
P<0.001), XafI (F339=102.615; P<0.001) and <zefl
(F330=14.128; P=0.001). For the Kemp2 (G effect:
F330=2.048; P=0.162; GxE effect: F33,=5.612; P=0.024),
the overall effect of 5-Htt genotype and for the Phox2a
(F3,30=2.871; P=0.101) the overall effect of PS was not
replicated (see table 7 for more details).

interaction.

Discussion

The present study demonstrates that exposure of 5-Htt +/—
mice to prenatal maternal stress is associated with increased
depressive-like behavior, an effect that appeared to be more
pronounced in female offspring. Conversely, adult 5-Htt +/—
mice showed enhanced memory performance as well as signs of
reduced anxiety as compared to WT offspring. Further, female 5-
Htt genotype, PS and their interaction were associated with
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distinct hippocampal gene expression profiles, the implications of
which are discussed in more detail below.

Combined behavioral effects of offspring 5-Htt genotype
and PS

This is the first study assessing the effects of developmental stress
exposure on adult cognition, anxiety and depressive-like behavior
as well as HPA axis responsivity in both male and female 5-Htt +/
— offspring.

While, 5-Htt +/ — mice showed improved memory performance
in the ORT when compared to WT offspring, PS exposure
seemed to impair object memory performance in the same task.
Further, rather unexpectedly, 5-Htt +/— mice seemed to be less
anxious when compared to WT mice, as indicated by an increased
time spent in the open arms of the EZM. While PS exposure did
not affect this particular type of anxiety-like behavior, it did reduce
exploratory behavior in the same task, as indicated by a reduced
distance moved, primarily in W'T' offspring. In addition, exposure
to the FST was associated with increased depressive-like behavior
in PS mice, an effect which appeared to be particularly manifest in
5-Htt +/— female offspring. Furthermore, 5-Htt +/— mice
showed reduced basal CORT levels when compared to WT
offspring.

While, the 5-Htt +/— genotype conveyed beneficial effects in
the ORT, PS exposure seemed to impair object memory
performance, which is in line with previous observations [22].
The ‘protective’ genotype effect is in contrast with a previous study
by Olivier et al. [39], which showed that 5-Htt +/— rats have
impaired object memory when using longer intervals in the ORT.
Evidence for a role of the human 5-HT'T genotype in learning and
memory is limited. In line with our data, Roiser and colleagues
[40] found that individuals homozygous for the SHTTLPR s-allele
show improved memory and attention as compared to ll-carriers.
Recently, it has been suggested that the beneficial cognitive effects
of the s-allele may explain why genetic variation resulting in low 5-
HTT function has been maintained throughout evolution [34].
The exact role of the 5-HTT in cognition remains to be
elucidated, though. For example, it would be of particular interest
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to study the effects of 5-Htt genotype variation in spatial,
hippocampus-dependent memory processing, by e.g. using a
spatial variant of the ORT, i.e., the object location test (OLT; see
[41))

A recent study by Heiming et al. [18], which assessed exposure
of 5-Htt +/— females to olfactory cues of unfamiliar adult males
during pregnancy and lactation did not reveal any differences in
anxiety between 5-Htt +/— and WT offspring. Another recent
investigation by Jones and coworkers [42] showed that offspring of
both 5-Htt +/— and WT dams stressed during pregnancy showed
signs of decreased anxiety in the elevated plus maze (increased
time spent in the open arms; as compared to control offspring),
whereas, at the same time, maternal stress exposure increased
anxiety-like behavior in the open field test (reduced time spent in
the centre) in offspring from WT mothers only. Another study by
Carola and colleagues [19] showed clear signs of evidence for
increased anxiety in male 5-Htt +/— mice when exposed to low
levels of maternal care during early life. The observed discrepancy
between the various investigations might be explained by the

@ PLoS ONE | www.plosone.org

Table 3. Significant KEGG pathways' affected by genotype (G; i.e. 5-Htt +/— versus wild-type), the environment (E; i.e. prenatal

stress versus control) or in an interactive manner (GxE; i.e. indicating those genes of which the effect of the environment depends

upon the genotype).

Factor DAVID ID Name # Genes P-Value

Genotype (G) mmu04010 MAPK signaling pathway 26 1.79E-10
mmu05200 Pathways in cancer 20 0.011
mmu05412 Arrhythmogenic right ventricular cardiomyopathy (ARVC) 8 0.012
mmu04810 Regulation of actin cytoskeleton 15 0.013
mmu05410 Hypertrophic cardiomyopathy (HCM) 8 0.021
mmu04722 Neurotrophin signaling pathway 10 0.029
mmu05218 Melanoma 7 0.030
mmu05414 Dilated cardiomyopathy 8 0.033
mmu04114 Oocyte meiosis 9 0.037
mmu04142 Lysosome 9 0.044

Environment (E) mmu04010 MAPK signaling pathway 24 5.24E-11
mmu04510 Focal adhesion 18 0.003
mmu04012 ErbB signaling pathway 10 0.009
mmu04722 Neurotrophin signaling pathway 12 0.018
mmu04150 mTOR signaling pathway 7 0.023
mmu00052 Galactose metabolism 5 0.024
mmu05219 Bladder cancer 6 0.028
mmu04520 Adherens junction 8 0.037
mmu04114 Oocyte meiosis 10 0.047

GxE mmu04060 Cytokine-cytokine receptor interaction 12 0.009
mmu04310 Whnt signaling pathway 9 0.009
mmu04672 Intestinal immune network for IgA production 5 0.022
mmu04640 Hematopoietic cell lineage 6 0.023
mmu05310 Asthma 4 0.027
mmu05330 Allograft rejection 5 0.028
mmu04012 ErbB signaling pathway 6 0.029
mmu04514 Cell adhesion molecules (CAM) 8 0.033
mmu04510 Focal adhesion 9 0.043
mmu04360 Axon guidance 7 0.045

'Acquired using DAVID analysis.

doi:10.1371/journal.pone.0022715.t003

different study designs, involving e.g. diverse breeding schemes,
concomitant with 1) variations in maternal and/or paternal
genotype, 2) different experimentally induced variations in the pre-
and postnatal environment, and 3) a distinct age at which the
behavioral testing was performed. For example, in the study by
Heiming et al. [18], 5-Htt +/ — dams were exposed to stress during
both pregnancy and the postpartum period. In the study by Jones
and colleagues [42], next to a different breeding design, a chronic
variable stress paradigm was used, starting from gestational day 6
and lasting until parturition. In addition, offspring genotype was
not taken into account in that study, which makes accurate
interpretation of the data difficult. In the study by Carola et al.
[19], reciprocal inter-crossing between C57BL/6] and BALB/
cByJ was applied, in order to assess the effect of variations in
maternal care. Both strains carried different alleles of the serotonin
synthesizing enzyme Tph2, thereby introducing additional genetic
variation to the study design. In fact, the Tph2 genotype
significantly affected the behavioral outcome, indicating a
GXxGxE effect. Furthermore, only WT mothers were used for
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Table 4. Differentially expressed genes within the mitogen-activated protein kinase (MAPK) signaling and neurotrophin signaling
pathways (5-Htt +/— versus wild-type).

MAPK signaling pathway

Effect Affy ID DAVID Gene name Entrez Symbol # (%) Genes FC' P-Value
up 1432647 _at epidermal growth factor receptor Egfr 1.27 0.007
1444344 _at fibroblast growth factor 10 Fgf10 1.22 0.007
1460296_a_at fibroblast growth factor 22 Fgf22 1.26 0.005
1421473_at interleukin 1 alpha a 117 0.005
1452383_at ribosomal protein S6 kinase polypeptide 3 Rps6ka3 1.21 0.009
1449901_a_at mitogen-activated protein kinase kinase kinase 6 Map3ké 1.24 0.007
1460176_at v-crk sarcoma virus CT10 oncogene homolog (avian) Crk 7 (27%) 1.39 4.68E-04
down 1438031_at RAS, guanyl releasing protein 3 Rasgrp3 1.27 0.003
1421297_a_at calcium channel, voltage-dependent, L type, alpha 1C subunit Cacnalc 117 0.008
1428051_a_at calcium channel, voltage-dependent, L type, alpha 1D subunit ~ Cacnald 1.21 0.004
1425812_a_at calcium channel, voltage-dependent, N type, alpha 1B subunit ~ Cacnalb 1.37 0.004
1450520_at calcium channel, voltage-dependent, gamma subunit 3 Cacng3 1.33 0.001
1450869_at fibroblast growth factor 1 Fgf1 1.19 0.004
1418498_at fibroblast growth factor 13 Fgf13 1.35 0.009
1425911_a_at fibroblast growth factor receptor 1 Fgfr1 1.34 0.003
1427776_a_at fibroblast growth factor receptor 4 Fgfr4 1.26 0.003
1426677 _at filamin, alpha Fina 1.15 0.009
1450097_s_at guanine nucleotide binding protein, alpha 12 Gnail2 1.27 0.002
1417885_at microtubule-associated protein tau Mapt 1.29 0.001
1425679_a_at mitogen-activated protein kinase 8 interacting protein 1 MAPKSip1 1.19 0.008
1416437_a_at mitogen-activated protein kinase 8 interacting protein 3 MAPK8ip3 1.32 0.003
1421446_at protein kinase C, gamma Prkcc 1.39 6.73E-04
1424287_at protein kinase, X-linked Prkx 1.30 0.004
1450368_a_at protein phosphatase 3, regulatory subunit B, alpha isoform Ppp3ri1 1.36 0.007
(calcineurin B, type 1)
1427739_a_at transformation related protein 53 Trp53 1.28 0.010
1420837_at neurotrophic tyrosine kinase, receptor, type 2 Ntrk2 19 (73%) 1.57 2.93E-04
Total 26
Neurotrophin signaling pathway
up 1437122_at predicted gene 3655; B-cell leukemia/lymphoma 2 Bcl2 1.16 0.008
1454378_at predicted gene, EG546165; predicted gene 2423; hypothetical Ywhaq 1.78 0.008
protein LOC674211; tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, theta polypeptide
1452383_at ribosomal protein S6 kinase polypeptide 3 Rps6ka3 1.21 0.009
1439005_x_at tyrosine 3-monooxygenase/tryptophan 5-monooxygenase Ywhaz* 1.26 0.009
activation protein, zeta polypeptide; predicted gene 4202
1460176_at v-crk sarcoma virus CT10 oncogene homolog (avian) Crk 5 (45%) 1.39 4.68E-04
down 1448668_a_at interleukin-1 receptor-associated kinase 1 Irak1 1.20 0.005
1420837_at neurotrophic tyrosine kinase, receptor, type 2 Ntrk2 1.57 2.93E-04
1425070_at neurotrophic tyrosine kinase, receptor, type 3; similar to Ntrk3 1.23 0.008
neurotrophic tyrosine kinase, receptor, type 3
1427739_a_at transformation related protein 53 Trp53 1.28 0.010
1452325_at transformation related protein 73 Trp73 1.21 0.008
1448218_s_at tyrosine 3-monooxygenase/tryptophan 5-monooxygenase Ywhaz* 6 (55%) 1.24 0.004
activation protein, zeta polypeptid; predicted gene 4202
Total 11

'Abbreviation: FC, fold change.
*Probesets recognize different transcripts.
doi:10.1371/journal.pone.0022715.t004
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Table 5. Differentially expressed genes within the mitogen-activated protein kinase (MAPK) signaling and neurotrophin signaling
pathways (PS versus control).

MAPK signaling pathway

Effect Affy ID DAVID Gene name Entrez Symbol  # (%) Genes FC' P-Value

up 1444199_at ELK4, member of ETS oncogene family Elk4 1.16 0.007
1423100_at FBJ osteosarcoma oncogene Fos 1.76 0.001
1417409_at Jun oncogene Jun 1.22 0.005
1438992_x_at activating transcription factor 4 Atf4 1.30 1.16E-04
1447511_at calcium channel, voltage-dependent, N type, alpha 1B subunit Cacnalb 1.28 0.006
1420287 _at calcium channel, voltage-dependent, P/Q type, alpha 1A subunit Cacnala 1.32 7.17E-04
1449773_s_at growth arrest and DNA-damage-inducible 45 beta Gadd45b 1.19 0.003
1452318_a_at heat shock protein 1B Hspalb 1.35 0.001
1448950_at interleukin 1 receptor, type | nri 1.20 0.006
1443540_at mitogen-activated protein kinase kinase kinase 1 Map3k1 1.24 0.009
1438908_at mitogen-activated protein kinase kinase kinase 12 Map3k12 1.19 0.003
1447667 _x_at mitogen-activated protein kinase kinase kinase 4 Map3k4 1.14 0.010
1456467 _s_at nemo like kinase NIk 1.15 0.007
1421416_at predicted gene 14378; similar to transforming growth factor, Map2k7 14 (58%) 1.18 0.004

beta receptor lll (betaglycan, 300kDa); mitogen-activated
protein kinase kinase 7

down 1447941_x_at Braf transforming gene Braf 1.21 0.006
1450520_at calcium channel, voltage-dependent, gamma subunit 3 Cacng3 134 3.88E-04
1424932_at epidermal growth factor receptor Egfr 113 0.007
1425911_a_at fibroblast growth factor receptor 1 Fgfr1 1.27 0.006
1426677_at filamin, alpha Flna 1.19 0.001
1453712_a_at mitogen-activated protein kinase kinase 5 Map2k5 1.22 0.010
1455441_at mitogen-activated protein kinase kinase kinase 7; predicted gene 8188Map3k7 1.23 0.005
1421446_at protein kinase C, gamma Prkcc 1.31 0.001
1451943 _a_at protein phosphatase 1A, magnesium dependent, alpha isoform Ppmia 1.18 0.006
1429759_at ribosomal protein S6 kinase polypeptide 6 Rps6ka6 10 (42%) 1.31 1.48E-04

Total 24

Neurotrophin signaling pathway

up 1417409_at Jun oncogene Jun 1.21 0.005
1438992_x_at activating transcription factor 4 Atf4 1.29 1.16E-04
1443540_at mitogen-activated protein kinase kinase kinase 1 Map3k1 1.24 0.009
1425514 _at phosphatidylinositol 3-kinase, regulatory subunit, Pik3r1 1.18 0.005
polypeptide 1 (p85 alpha)

1421416_at predicted gene 14378; similar to transforming growth factor, beta ~ Map2k7 1.18 0.004
receptor lll (betaglycan, 300kDa); mitogen-activated protein kinase
kinase 7

1454378_at predicted gene, EG546165; predicted gene 2423; hypothetical Ywhaq 1.79 0.004

protein LOC674211; tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, theta polypeptide

1439005_x_at tyrosine 3-monooxygenase/tryptophan 5-monooxygenase Ywhaz 136 5.72E-04
activation protein, zeta polypeptide
1436981_a_at tyrosine 3-monooxygenase/tryptophan 5-monooxygenase Ywhaz 8 (62%) 1.28 0.005
activation protein, zeta polypeptide
down 1447941 _x_at Braf transforming gene Braf 1.21 0.006
1455869_at calcium/calmodulin-dependent protein kinase Il, beta Camk2b 1.77 9.13E-04
1453712_a_at mitogen-activated protein kinase kinase 5 Map2k5 1.22 0.010
1429759_at ribosomal protein S6 kinase polypeptide 6 Rps6ka6 1.31 1.48E-04
1438839_a_at tyrosine 3-monooxygenase/tryptophan 5-monooxygenase Ywhae 5 (38%) 1.19 0.008

activation protein, epsilon polypeptide

Total 13

"Abbreviation: FC, fold change.
doi:10.1371/journal.pone.0022715.t005
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breeding in that study. All in all, when it comes to adult anxiety-
like behavior, exposure of 5-Htt +/— mice to developmental stress
may have various, differential, complex programming effects, the
nature of which is dependent on numerous factors.

Interestingly, predominantly male 5-Htt +/— mice appeared
to have lower basal CORT levels when compared to WT
offspring, while, conversely, female 5-Htt +/— mice appeared to
have enlarged adrenals as compared to W'T mice. Thus, it is
tempting to speculate that the 5-Htt +/— genotype is associated
with a sex-dependent alteration in the set-point of the HPA axis,

Table 7. Genes validated by qRT-PCR.

Table 6. Differentially expressed genes within the cytokine-cytokine receptor interactions and Wnt signaling pathways involving
genes regulated in a genotype (G)xenvironment (E) manner, i.e. indicating those genes of which the effect of the (prenatal)
environment depends upon the 5-Htt genotype).

Cytokine-cytokine receptor interactions

Affy ID DAVID Gene name Entrez Symbol P-Value
1437382_at activin receptor IIA Acvr2a 0.004
1421188_at chemokine (C-C motif) receptor 2 Cer2 0.003
1421843 _at interleukin 1 receptor accessory protein I1rap 0.005
1425454_a_at interleukin 12a I12a 0.004
1422397_a_at interleukin 15 receptor, alpha chain I115ra 0.008
1449864 _at interleukin 4 114 0.009
1415855_at kit ligand Kitl 0.006
1450272_at tumor necrosis factor (ligand) superfamily, member 8 Tnfsf8 0.009
1430259_at tumor necrosis factor receptor superfamily, member 11a Tnfrsflla 0.003
1427600_at tumor necrosis factor receptor superfamily, member 19 Tnfrsf19 0.005
1417291_at tumor necrosis factor receptor superfamily, member 1a Tnfrsfla 0.006
1448951_at tumor necrosis factor receptor superfamily, member 1b Tnfrsf1b 0.007
Whnt signaling pathway

1417620_at RAS-related C3 botulinum substrate 2 Rac2 4.86E-04
1441162_at Rho-associated coiled-coil containing protein kinase 1 Rock1 0.007
1422659_at calcium/calmodulin-dependent protein kinase I, delta Camk2d 0.009
1449730_s_at frizzled homolog 3 (Drosophila) Fzd3 0.007
1458002_at mitogen-activated protein kinase 10 Mapk10 0.002
1434275_at naked cuticle 2 homolog (Drosophila) Nkd2 0.007
1425549 _at presenilin 1 Psen1 0.005
1443270_at prickle-like 2 (Drosophila) Prickle2 0.005
doi:10.1371/journal.pone.0022715.t006

which, in turn, may be related to the different vulnerability of
both sexes when it comes to e.g. developmental stress exposure.
In this context, Wuest and colleagues revealed that male ss-allele
carriers display the lowest cortisol awakening response (an
indirect assessment of the basal cortisol secretion) when
compared to sl- and ll-carriers, whereas female ss-carriers
showed the highest [43]. Whether the decreased basal CORT
levels in 5-Htt +/— offspring contribute to the reduced levels of
anxiety as seen in the EZM in 5-Htt +/— mice remains to be
elucidated.

Main effect(s)

Gene WTFC WTFPS 5-Htt +/— FC 5-Htt +/— FPS Microarray Main effect(s) qRT-PCR
Fos 100+22.2 123.9+10.5 943+14.0 137.7%+15.6 E(1]) E(1)

Kcnip2 100+5.3 97.6+6.8 86.1+:5.4 101.0+3.8 G(l) GxE

Mbp 100+4.7 127.4+7.7 95.9+4.9 102.0+5.8 G(l) G(l) E(]) GxE
Phox2a 100+20.0 98.6+9.2 774%11.6 118.6+19.7 E(T) -

Pppirib 100+14.3 118.4+13.6 89.1+8.2 83.6+2.9 G(|) G(l)

Trhr 10020.4 51.2%20.8 74.9%9.5 88.2+8.3 GxE E(]) GxE

Xaf1 100143 478.0+117.9 2582.7+83 2599.3+9.4 G (1) G (1)

Zzef1 100=3.5 102.7+3.7 86.6+5.2 91.3+6.1 G () G ()

doi:10.1371/journal.pone.0022715.t007
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Values indicate average expression as percentage of wild-type female control offspring. Data represent mean + S.E.M. Abbreviations: WT, wild-
type; F, females; C, control offspring; PS, prenatally stressed offspring.
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Adaptive capacity of variations in the 5-Htt genotype. All
in all, the enhanced memory performance and reduced anxiety as
seen in 5-Htt +/— mice underscore the adaptive capacity of this
specific genetic variation [34]. In fact, along similar lines, when
looking more closely at the FST data, control 5-Htt +/— offspring
even seemed to show lower levels of depressive-like behavior when
compared to W'T mice, while only 5-Htt +/— mice exposed to PS
showed increased levels of depressive-like behavior. Taken
together, these findings reiterate the notion that the classical
deficit-oriented association of the 5-HTTLPR variants may be
oversimplified. In effect, our current data suggest that variation in
the 5-Htt genotype acts in concert with variations in the pre-/
perinatal environment, thereby determining (i.e. programming), in
a sex-specific manner, whether a response to an acute
environmental challenge in adulthood (e.g. cognitive and/or
emotional) will turn out to be positive or negative.

Altogether, the current data suggest that although the 5-Htt +/
— genotype shows clear adaptive capacity, it at the same time
seems to increase the vulnerability to developmental stress
exposure, predominantly in female offspring.

Hippocampal gene expression profiles

Microarray analysis revealed various effects of female 5-Htt
genotype, PS, and their interaction on hippocampal gene
expression profiles, which may, at least in part, explain the
distinct behavioral phenotypes observed among the different
experimental groups. Below, we discuss the role of several relevant
genes and biological pathways in more detail.

MAPK signaling. DAVID analysis revealed an overall
negative effect of the 5-Htt +/— genotype and a neutral to
positive effect of PS on the MAPK signaling pathway within the
female hippocampus. MAPK signaling is known to play an
important role in embryogenesis, cell differentiation, cell
proliferation and cell death [44,45], whereas aberrant signaling
has been implicated in the course and development of several
psychiatric disorders [46,47]. The MAPK pathway comprises
three major signaling cascades, i.e. the extracellular signal-
regulated kinases 1 and 2 (ERK 1/2) cascade, the c-Jun N-
terminal kinases (JNK) cascade and the p38 pathway, all of which
are regulated in a complex, interactive manner. Downstream
signaling i3 mediated via a kinase phosphorylation cascade
culminating in the activation of transcription factors and the
expression of specific genes.

When looking more closely to effects of the 5-Htt +/— genotype
and PS exposure, we found that PS, but not the 5-Htt +/—
genotype, exerts a strong positive impact on the JNK cascade,
whereas the p38 cascade remains nearly unaffected. Liu ef al. [48]
and Meller et al. [49] showed a similar effect after acute stress in
both the mouse and rat hippocampus. We found three JNK-
activating genes, the nterleukin 1 receptor, type 1 (Il1rl), maitogen-
actiated protein kinase kinase kinase 12 (Map3k12, also known as Muk)
and mutogen-activated protein kinase kinase 7 (Map2k7, also known as
Mkk7) and one Jnk-substrate, jun oncogene (fun, also known as ¢-fun)
being up-regulated by PS. Further, both the 5Htt +/— genotype
and PS exhibited an overall negative effect on the ERK1/2
cascade. Genes which were down-regulated by both factors are
e.g. the calctum channel, voltage-dependent, gamma subunit 53 (Cacng3),
proten kinase C (Prkec) and the fibroblast growth factor receptor 1 (Fgfrl).
In addition, the 5Htt +/— genotype reduced the expression of
Sibroblast  growth  factor 1 (Fgfl), the major ligand of Fgfil.
Interestingly, a dysfunction in FGF signaling has been suggested
to play an important role in the etiology of mood disorders [50],
which is underscored by the finding that patients with major
depression disorder (MDD) show an increased FGFRI expression
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in various hippocampal subregions [51]. In addition, the
expression of [Fos, a recognized transcription factor, which
represents a critical downstream target of the ERK pathway,
was increased after PS exposure (an effect which was validated by
RT-PCR).

Neurotrophin signaling pathway. The neurotrophin
family of proteins consists of BDNF, nerve growth factor (NGF),
neurotrophin 3 (N'T-3), and neurotrophin 4 (NT-4), which bind to
the tyrosine kinase (Irk receptor family (including TrkA, TrkB
and TrkC as well as to the p75 neurotrophin receptor; p75™ v,
leading to the activation of different downstream signaling
cascades which modulate neuronal and synaptic plasticity. Thus,
the neurotrophin signaling pathway is implicated in the etiology
and therapy of depression (“neurotrophin hypothesis of
depression”; [52,53]). We found that both the 5-Htt +/—
genotype and PS exposure significantly affect neurotrophin
signaling indicating that both genetic and environmental factors
contribute to dynamic neuronal and synaptic plasticity in the
hippocampus. More specifically, TrkB signaling was affected by
both the 5Htt +/— genotype and PS. For example, Nirk2 (TrkB)
receptor expression itself was decreased in 5-Htt +/— offspring.
Next to its essential role in promoting long-term potentiation,
hippocampal TrkB signaling is critical in cell survival ([54]; see
below). The TrkB receptor is activated by Bdnf and controls three
different major pathways, the P13 kinase cascade, the PLC-y1
cascade and the ERK1/2 MAPK cascade [55], the last one of
which was predominantly affected by both 5-Htt +/— and PS.
This cascade targets Crebl whose nuclear activation is an
important component of a general switch that converts short-
term into long-term plasticity [56]. Before inducing Crebl-
dependent transcription, its transcriptional repressor Creb2 (or
activating transcription factor 4; Atf4) has to be released.
Consequently, it could be postulated that the observed decrease
in Nirk2 expression in 5-Htt +/— animals, in combination with the
increase in Creb2 expression, induced by PS exposure, contributed
to impaired Bdnf signaling and related neuronal and synaptic
plasticity, thereby eliciting depressive-like behavior [57].

While both 5-Htt +/— genotype and PS seem to impair TrkB
signaling in a similar manner, G and E seem to affect p751\”R
signaling in an opposite way. The majority of genes affected by the
5-Htt +/— genotype showed decreased expression patterns,
among which the transformation-related protein 75 (Trp73), transforma-
tion-related protem 53 (Trp53), tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase actwation protemn, zeta polypeptide (Ywhaz), and the
interleukin-1 receptor-associated kinase 1 (Irakl). On the other hand,
the vast majority of genes affected by PS in this pathway showed
increased expression patterns, among which the mutogen-activated
protein kinase kinase kinase 1 (Map3kl1, also known as MekkI), mitogen-
activated protein kinase kinase 7 (Map2k7, also known as Mekk7) and ¢-
Fun. Activation of the P75N™ pathway is suggested to play a
prodepressive role [58]. In more detail the activation of the
P75N™ pathway has been linked to an increase in long term
depression (LTD) [59]. Emerging evidence supports the idea that
LTD may have a role in regulating stress- and depressive-like
behavior. For example, several studies reported a correlation
between (behavioral) stress and the induction of LTD in adult rats
[60,61]. Moreover, chronic mild stress—induced LTD could be
reversed by chronic treatment by antidepressant treatment [61].
All in all, hypothetically, dysfunctional neurotrophin signaling,
might mediate, at least in part, the altered depressive-like behavior
observed in PS 5-Htt +/— mice.

Cytokine-Cytokine receptor interaction. Although the 5-
Htt +/— genotype and PS exposure often act on distinct specific
molecular targets, there is a considerable degree of overlap when it
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comes to the biological signaling pathways they affect (independently
from each other). When considering hippocampal gene expression
profiles that indicate a G XE interaction, i.e. those genes of which
the regulatory effect of PS is dependent upon the 5-Htt genotype, a
different pattern is observed. In this respect, our data suggest that
cytokine-cytokine receptor interactions play a vital role when a
dysfunctional 5-HT system and stress interact. This idea is
supported by the study of Fredericks et al. [62] who found that
healthy women homozygous for the s-allele of the 5-HTTLPR
have elevated pro-inflammatory cytokine levels and a higher IL-6/
IL-10 ratio both at baseline and during stress, when compared to
() individuals. Interestingly, the risk for developing a clinically
relevant depression after cytokine therapy is increased in people
who carry the s-allele [63]. Further, the pro-inflammatory cytokine
level of patients suffering from major depression is higher
compared to non-depressed individuals [64-67]. However,
treatment with selective serotonin reuptake inhibitors (SSRIs) is
able to reduce this enhancement [65,68]. In addition, after
experimental or therapeutic administration of pro-inflammatory
cytokines, humans with originally no signs of depression, display
depressive symptoms [69-72]. For example, about half of all
patients treated for a long period with interferon get depressed,
and this state of mood can be meliorated by SSRI treatment [73].
Interestingly, it has been suggested that interferon-induced
immune activation on depression may be explained in part by
alterations in neurotrophin signaling capacity, reflected by
decreases in serum BDNF following interferon treatment [74].
In the present study neurotrophin signaling was affected by both G
and E. In this context, it has been suggested that pro-inflammatory
cytokines like interferon-y (INF-y) and tumour necrosis factor o
(I'NFo) reduce the availability of tryptophan, the precursor for 5-
HT, by inducing indoleamine-2,3-dioxygenase IDO) [75-77]. In
addition, the expression of several members of the Tnf and Tnf
receptor superfamily, such as Tufsf8, Tnfrsf11a, Tnfrsf1a, Tnfrsf1b,
was regulated in a G xE manner. Further evidence for a molecular
interaction between 5-HT and cytokines is given by the
observation that mice lacking the interleukin-15 receptor
(I115ra), the expression of which was also affected within our
model in a GXE manner, showed increased depressive-like
behavior, whereas fluoxetine was able to reduce it. These Il115ra
knockout mice showed decreased hippocampal expression of 5-
Ht; o receptor, increased hippocampal expression of 5-Hty, and
region-specific  changes of J5Htt immunoreactivity [78].
Furthermore, the lack of Ill5ra resulted in reduced anxiety in
these mice [79], which indicates a comparable behavioral
phenotype as observed in the present study. All in all, it may be
hypothesized that, when challenged by e.g. developmental stress
exposure, a dysfunctional 5-HT system could lead to a disturbed
cytokine balance thereby increasing the vulnerability to stress,
eventually resulting in psychiatric conditions.

Wnt signaling pathway. Next to cytokine-cytokine receptor
interactions, also Wnt signaling was significantly affected in a G xE
manner. Wnt proteins are required for basic developmental
processes and act via at least 3 different Wnt pathways: the
canonical pathway, the planar cell polarity (PCP) pathway and the
Wnt/Ca®" pathway [80]. All 3 cascades are initiated via Wnt
binding to frizzled (Fzd). Interestingly, the mRNA expression of
Jrizzled homolog 3 (Fzd3) was altered in the present study in a GXE
fashion, indicating that all three abovementioned cascades are
influenced in our model. Furthermore, our microarray analysis
revealed 4 other affected genes in the PCP signaling pathway,
among which were Ras-related C3 botulinum substrate 2 (Rac2) and
Rho-associated coiled-coil containing protein kinase 1 (Rockl). With respect
to this pathway, binding to Fzd3 leads to the activation of the small
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GTPases RhoA and Racl, which activate the stress kinase Jnk (Jun
N-terminal kinase) and Rock, which eventually induces
remodelling of the cytoskeleton and associated changes in cell
adhesion and motility. The canonical Wnt pathway and especially
2 of its key players, glycogen synthase kinase 3beta (GSK-3beta)
and beta-catenin, have been highly implicated in the etiology of
psychiatric disorders such as depression, schizophrenia and bipolar
disorder [81-84]. Moreover, decreased Gsk-3beta and increased
beta-catenin levels in the mouse brain have been associated with a
better performance in the FST [81]. Although these two key
players were not directly affected in terms of gene expression
within our 5-HttxPS model, the mRNA expression of presenilinl
(psenl), whose protein product is known to bind and stabilize beta-
catenin [85], was regulated in a G XE fashion.

Xafl, Mbp and Trhr. Quantitative RT-PCR validation
indicated significant genotype effects for e.g. XafI, Mbp and Trhr.
Xafl is known to play an important role in programmed cell death
by inhibiting the anti-apoptotic functions of the X-linked inhibitor
of apoptosis (XIAP) and of other members of the family of
inhibitors of apoptosis (IAP), like survivin [86]. Xiap has trophic
effects on hippocampal neurons by increasing Bdnf and TikB
activity [87]. Thus, the observed increase in Xaf! and the decrease
in 77kB expression (see above) in adult 5-Htt +/— mice suggest a
decreased resistance to apoptosis in these animals. Previous
investigations by Ravary e al. [38] and Persico et al. [88] showed
no signs of increased neuronal apoptosis in 5-Htt +/— versus WT
mice. Whether additional environmental stress exposure affects
the levels of apoptosis in 5-Htt +/— animals remains to be
elucidated. Next to Xafl, the effects of e.g. Mbp and Trhr were also
validated by RT-PCR. Mbp is known to be involved in
myelinisation of the central nervous system and has recently
been associated with schizophrenia [89]. Trhr plays a role in the
hormone system and neuromodulation. Interestingly, mice with a
deficiency for the Trhrl/ show an anxiety- and depressive-like
behavior [90]. Evidently, the implications of the present findings
await further research.

Limitations

It should be noted that the animals were housed individually
from weaning onwards in order to prevent the establishment of a
hierarchy. Although the cages were in close proximity to each
other (enabling visual contact between neighbouring mice) and the
home cage was enriched with paper tissues and a cardboard tube,
the isolated housing conditions could represent an additional
stressor to the animals. Further, it is likely that the behavioral
testing paradigms exerted an independent effect on hippocampal
gene expression profiles. Although behavioral task exposure was
identical for all groups, one cannot exclude that the animals’
response to it was different among groups. Thus, behavioral testing
may have left a permanent imprint on hippocampal gene
expression patterns in a genotype- and/or condition-dependent
manner. Evidently, examining behavior and its underlying
biological mechanisms in the same set of animals enables the
possibility of linking both features in a more direct way. Similarly,
prior behavioral testing may have had an influence on the basal
and stress-induced CORT levels. Nevertheless, an acute effect can
be excluded, since the animals were left undisturbed for a week in
between behavioral test sessions and blood sampling. Another
remarkable notion is the fact that PS was associated with a higher
degree of mortality in the offspring. Although a similar effect has
been reported previously (e.g. [91]), in the present study this effect
was observed immediately after weaning, when the offspring were
moved to IVC cages. Personal observations suggest that the
affected mice were too small and weak to force enough water
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through the IVC sipper tubes. In light of previous work from our
group, which has shown a direct correlation between low birth
weight —as a consequence of restricted fetal growth associated with
PS exposure— and, amongst others, adult depressive-like behavior
[4], the consequent loss of these mice in the behavioral comparison
later in life may have even weakened some of the observed
behavioral effects of PS.

Conclusion

Taken together, the present data suggest that the 5-Htt +/—
genotype is associated with improved object memory function as
well as signs of reduced anxiety. In contrast, exposure of 5-Htt +/
— mice to PS was associated with increased depressive-like
behavior, an effect that tended to be more pronounced in female
offspring. Furthermore, 5-Htt genotype, PS and their interaction
differentially affected the expression of numerous genes and
related pathways within the female hippocampus. Whereas
MAPK and neurotrophin signaling were regulated by both the
5-Htt +/— genotype and PS exposure, cytokine and Wnt signaling
were affected in a 5-Htt genotype xPS manner, indicating a G xXE
interaction at the molecular level. Thus, the present study
indicates that the long-term stress- and depression-related
behavioral effects of PS in C57BL6 mice are partly dependent
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on the 5-Htt genotype. Moreover, our gene expression findings
provide evidence for a molecular basis of such a G xE interaction,
which eventually might help to identify novel targets for the
diagnostic assessment and treatment of disorders of emotion
regulation.
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