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dentifying Molecular Substrates in a Mouse Model
f the Serotonin Transporter � Environment
isk Factor for Anxiety and Depression

aleria Carola, Giovanni Frazzetto, Tiziana Pascucci, Enrica Audero, Stefano Puglisi-Allegra,
imona Cabib, Klaus-Peter Lesch, and Cornelius Gross

ackground: A polymorphism in the serotonin transporter (5-HTT) gene modulates the association between adverse early experiences
nd risk for major depression in adulthood. Although human imaging studies have begun to elucidate the neural circuits involved in the
-HTT � environment risk factor, a molecular understanding of this phenomenon is lacking. Such an understanding might help to identify
ovel targets for the diagnosis and therapy of mood disorders. To address this need, we developed a gene-environment screening paradigm

n the mouse.

ethods: We established a mouse model in which a heterozygous null mutation in 5-HTT moderates the effects of poor maternal care on
dult anxiety and depression-related behavior. Biochemical analysis of brains from these animals was performed to identify molecular
ubstrates of the gene, environment, and gene � environment effects.

esults: Mice experiencing low maternal care showed deficient �-aminobutyric acid–A receptor binding in the amygdala and 5-HTT
eterozygous null mice showed decreased serotonin turnover in hippocampus and striatum. Strikingly, levels of brain-derived neurotrophic

actor (BDNF) messenger RNA in hippocampus were elevated exclusively in 5-HTT heterozygous null mice experiencing poor maternal care,
uggesting that developmental programming of hippocampal circuits might underlie the 5-HTT � environment risk factor.

onclusions: These findings demonstrate that serotonin plays a similar role in modifying the long-term behavioral effects of rearing

nvironment in diverse mammalian species and identifies BDNF as a molecular substrate of this risk factor.
ey Words: 5-HTT, anxiety, depression, gene � environment,
aternal behavior

isk for depression is determined by both genetic and
environmental factors (1), particularly adverse childhood
experiences (2). The low-functioning allele of a common

unctional polymorphism (5-HTTLPR short-variant) in the pro-
oter of the serotonin transporter gene (5-HTT, SLC6A4) has
een associated with increased neuroticism (3) and increased
ncidence of major depression selectively in persons experienc-
ng childhood maltreatment or other life stress events (4).
unctional magnetic resonance imaging (fMRI) studies have
hown that the 5-HTTLPR short-variant confers increased base-
ine neural activity in a wide range of forebrain structures (5),
ncreased neural responses to the presentation of aversive versus
eutral stimuli in structures associated with affective processing
uch as amygdala and hippocampus (6,7), as well as increased
unctional coupling between amygdala and ventromedial pre-
rontal cortex during similar tasks (8). Moreover, a recent fMRI
tudy has shown that baseline neural activity in both amygdala
nd hippocampus correlates positively with the number of
elf-reported life stress events in short-variant carriers but nega-

rom the Mouse Biology Unit (VC, GF, EA, CG), European Molecular Biology
Laboratory (EMBL), Monterotondo; Department of Psychology and Cen-
ter Daniel Bovet (TP, SP-A, SC), University of Rome La Sapienza; Santa
Lucia Foundation (SP-A, SC), European Centre for Brain Research (CERC),
Rome, Italy; and Molecular and Clinical Psychobiology (K-PL), Depart-
ment of Psychiatry and Psychotherapy, University of Würzburg,
Germany.

ddress reprint requests to Cornelius Gross, Ph.D., European Molecular
Biology Laboratory (EMBL) Mouse Biology Unit, Via Ramarini 32, 00015
Monterotondo (Rome), Italy; E-mail: gross@embl.it.
eceived April 7, 2007; revised July 19, 2007; accepted August 24, 2007.

006-3223/08/$34.00
oi:10.1016/j.biopsych.2007.08.013
tively in long-variant carriers (5). These findings suggest that
5-HTT influences the long-term impact of stressful life experi-
ences on brain activity that, in turn, influences the response to
aversive stimuli and contributes to altered behavioral patterns
that are risk factors for depression.

Although human imaging studies have begun to elucidate the
neural circuits involved in the 5-HTT � environment risk factor,
a molecular understanding of this phenomenon is lacking. Such
an understanding might help to identify novel targets for the
diagnosis and therapy of mood disorders. To address this need,
we developed a gene-environment screening paradigm in the
mouse (9). In rodents, low maternal care is associated with high
anxiety-related behavior and exaggerated stress response in
adulthood (10,11). This maternal programming phenomenon in
rodents has been proposed to serve as a model for the increased
psychopathology and stress hormone responses associated with
poor maternal care and adverse childhood environment in
humans (12). Thus, we set out to ask whether the 5-HTT �
environment risk factor reported for depression in humans could
be modeled with maternal programming of anxiety and depres-
sion-related behavior in mouse. To study maternal programming
in a genetically controlled manner in mice, we established
offspring that were exposed to different levels of maternal care
but were nevertheless derived from genetically identical parents.
We performed reciprocal inter-crosses between two inbred
strains, C57BL/6J (B6) and BALB/cByJ (C) that are known to
exhibit large differences in maternal care. Females derived from
these crosses (B6xC and CxB6) are genetically identical but
provide different levels of maternal care, owing to the inter-
generational transmission of maternal behavior from mother to
daughter (13). Offspring of B6xC mothers are exposed to high
maternal care, whereas offspring of CxB6 mothers are exposed to
low maternal care (9,10). Low maternal care in our paradigm is

associated with increased anxiety-related behavior, consistent
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ith previous studies (10,14). By introducing targeted mutations
nto these mice, we can identify mutations that moderate this
aternal programming phenomenon and model early gene �

nvironment risk factors for behavioral traits (15).
With this paradigm, we sought to determine whether a

eterozygous null mutation in mouse 5-HTT (16–18) could
odulate susceptibility to the long-term behavioral effects of

ltered maternal care. Our findings demonstrate that maternal
rogramming of anxiety and depression-related behavior is
nhanced in mice carrying a heterozygous null mutation in
-HTT in a way that mimics the 5-HTT � environment risk factor
or depression described in humans. Moreover, biochemical
nalysis of these mice allowed us to identify molecular substrates
f the 5-HTT, environment, and 5-HTT � environment effects
hat point to alterations in hippocampal function as an underly-
ng risk factor for depression and anxiety.

ethods and Materials

nimals
Breeding to obtain B6x(B6xC) and B6x(CxB6) offspring for

ehavioral and biochemical phenotyping was performed as
reviously described (9) except that F1 females were mated with
-HTT �/� male mice (�10 generation backcross to C57BL/6J)
t 12 weeks of age (litters: B6xC, n � 13; CxB6, n � 14; litter size:
6xC, 10.2 � .34; CxB6, 9.85 � .59; t test, p � .59). Mice were
oused on a 12:12 light/dark cycle with lights on at 7:00 AM until
weeks before behavioral testing, when the mice were moved to
room close to the testing room and switched to a reverse 12:12
ark/light cycle with lights off at 10:30 AM for the remainder of
he testing period as previously described (9). Genotyping for the
-HTT null (19) and Tph2-P447R alleles were performed by
olymerase chain reaction of tail biopsies as previously de-
cribed (20,21). All work with animals was performed in accor-
ance with European Molecular Biology Laboratory (EMBL) and
talian guidelines for the ethical treatment of animals under
pproval of the Italian Ministry of Health (decree number
25/2004-B).

ehavioral Testing
Maternal observations were performed on F1 hybrid mothers

f the two pedigrees (B6xC and CxB6) for 3 hours during the
ight period and 1 hour during the dark period each day from
ostnatal day 1 to 7 and every other day thereafter until postnatal
ay 19 as previously described (9). Testing in the open field and
levated-plus maze was performed as previously described (9).
ll mice were male and 8–10 weeks of age at the beginning of

esting, and behavioral tests were separated by 2-week intervals
o reduce inter-test interactions and performed in the following
rder: open field, elevated-plus maze, tail suspension, ambigu-
us cue fear conditioning. The tail suspension test was carried
ut according to the method of Steru et al. (22). The mice were
ndividually hung by the tail with an adhesive tape placed
pproximately 1 cm from the tip of the tail attached to a wooden
tick and hanging 40 cm above the floor. Periods of immobility
ere scored during a 6-min test session with the aid of Observer

oftware (Noldus, Wageningen, Netherlands). Fear conditioning
as carried out according to Tsetsenis et al. (23). The training

ession lasted 18 min, with three .5-mA, 1-sec shocks delivered at
19, 579, and 939 sec. A small exposed light bulb (28 V DC, 100
A) was used as the light cue and was presented three times for

0 sec, co-terminating with foot shock. The tone (85 dB, 3 kHz)

as presented five times for 20 sec, three times co-terminating
with light onset and two times alone at 360 and 720 sec. Freezing
was scored during 3-min habituation to the testing chamber,
during 3-min tone presentation, and during 3-min light presen-
tation.

Neurochemical Analysis
Neurochemical analysis was carried out, as previously de-

scribed (24), on tissue punches from frozen brains of mice
selected by discriminant analysis to show group-representative
behavior. Punches were obtained from coronal brain slices of the
left hemisphere no thicker than 300 �m according to Puglisi-
Allegra et al. (24). Whole brains were used for the analysis of
Tph2 genotype effects. For autoradiography frozen 16-�m coro-
nal sections from the right hemisphere of brains used for
high-pressure liquid chromatography (HPLC) analysis earlier
were thaw-mounted onto gel-coated slides and stored at �80°C.
Non-selective benzodiazepine receptor binding (for 	1, 	2, 	3,
	5 subtypes) was performed on sections containing frontal
cortex, dorsal hippocampus, and central nucleus of the amyg-
dala. Slides were thawed and pre-incubated in buffer (.17 mol/L
Tris–hydrochloric acid, pH 7.7) at 0°�4°C for 40 min and then
incubated at room temperature for 60 min in buffer containing 2
nmol/L [3H]-flunitrazepam, a nonselective benzodiazepine re-
ceptor agonist (85.2 Ci/mmol, PerkinElmer, Boston, Massachu-
setts). The sections were then washed three times in ice-cold
buffer followed by ice-cold water, left to dry overnight, and
exposed to Kodak MS film (Kodak, Rochester, New York) for 14
days. Quantitative measurements were made with Image
J software (National Institutes of Health, Bethesda, Maryland)
and [3H] microscales. Quantitative autoradiographic study of
5-HTT protein expression levels in hippocampus and amygdala
was preformed with the selective radioligand 125I-IDAM (25) as
previously described (26). For in situ hybridization frozen 16 �m
sections from the same right hemisphere as described earlier
were used for brain-derived neurotrophic factor (BDNF) in situ
hybridization following the protocol of Nibuya et al. (27). The rat
BDNF complementary DNA clone was a gift of R. Duman, Yale
University School of Medicine, New Haven, Connecticut.

Statistical Analysis
Analysis of the main effects of rearing environment, 5-HTT

genotype, Tph2 background, and interactions between these
variables on behavioral and biochemical measures was per-
formed with multivariate analysis of variance (MANOVA) fol-
lowed by analysis of variance (ANOVA) and, in cases of signifi-
cance (p 
 .05), either Duncan or planned comparison post hoc
testing. Fear conditioning data were analyzed with mixed
MANOVA, where the different testing conditions were consid-
ered a repeated factor and 5-HTT genotype, Tph2 background,
and rearing environment were considered independent factors.
Repeated-measure ANOVA was performed to analyze the effect
of the rearing environment and its interaction with time on
licking and grooming behavior of F1 mothers. All statistical
analyses were carried out with the help of Statistica (StatSoft,
Tulsa, Oklahoma).

Results

Modeling the 5-HTT � Environment Risk Factor in Mouse
To test whether a mutation in 5-HTT could moderate maternal

programming, B6xC and CxB6 females were backcrossed to
males carrying a heterozygous null mutation in 5-HTT (Figure
1A; 19). In this way, offspring from the two pedigrees were either

wild-type or heterozygous at the 5-HTT locus and were exposed

www.sobp.org/journal
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o either high or low maternal care. To confirm high and low
aternal care behavior in mothers from the two pedigrees, we
erformed systematic observations of maternal behavior in the
ome cage from birth to postnatal day 21 (P21). The B6xC
others displayed significantly higher levels of licking and
rooming behavior than CxB6 mothers [F (1,25) � 14.58; p �
001], consistent with previous reports (9,10), an effect that was
reatest during the first 2 postnatal weeks [repeated measure
NOVA: F (12,300) � 1.93; p � .031; Figure 1B; 9,10].

Because the B6 and C strains carry different alleles of a
unctional polymorphism in the serotonin synthetic enzyme,
ryptophan hydroxylase 2 (Tph2-Pro447Arg, 20), offspring from
he two pedigrees were either Tph2P/P or Tph2P/R (Supplement 1).
utations in 5-HTT block the re-uptake of serotonin (5-HT) from

he extra-cellular space, and this function depends critically on
evels of available 5-HT. To determine whether the Tph2-
ro447Arg polymorphism could perturb 5-HT homeostasis in our
ffspring and thus potentially alter the penetrance and/or ex-
ressivity of the 5-HTT mutation, we performed neurochemical
nalyses of 5-HT and its metabolite, 5-hydroxy-indole acetic acid
5-HIAA), in extracts from whole brains of Tph2P/P and Tph2P/R

nimals. We found, consistent with previous reports (20), signif-

igure 1. Breeding scheme used for testing interactions between heterozy-
ous null mutation in serotonin transporter (5-HTT) and rearing environ-
ent. (A) Reciprocal inter-crosses between C57BL/6J and BALB/cByJ mice

roduced genetically identical F1 hybrid female offspring (B6xC and CxB6)
ith epigenetically inherited differences in maternal behavior. Backcrossing

1 hybrid females from the two pedigrees to C57BL/6J males carrying a
eterozygous null mutation in the 5-HTT �/� produced offspring either
ild-type or heterozygous for 5-HTT and exposed to high or low maternal

are. (B) Despite being genetically identical, B6xC females perform signifi-
antly more licking and grooming of their offspring than CxB6 females
B6xC, n � 13; CxB6, n � 14). (C) Serotonin (5-HT) turnover as assessed by the
atio of whole brain tissue levels of the 5-HT metabolite, 5-hydroxyindole
cetic acid, to serotonin (5-HIAA/5-HT) is dose-dependently increased in
ph2-447P versus Tph2-447R mice (P/P, n � 7; P/R, n � 16; R/R, n � 8). *p 


05, **p 
 .01, ***p 
 .001.
cantly reduced 5-HT turnover (5-HIAA/5-HT) in Tph2P/R mice

ww.sobp.org/journal
compared with Tph2P/P mice [F (1,28) � 32.77, p � .000; Figure
1C]. Thus, in subsequent analyses we treated Tph2P/P and
Tph2P/R offspring as distinct genetic backgrounds providing high
and low levels of 5-HT synthesis, respectively.

5-HTT Modulates the Effect of Rearing Environment
on Adult Behavior

We have shown previously that mice exposed to low mater-
nal care show increased anxiety-related behavior in the open
field and elevated-plus maze (9). Thus, we first evaluated
whether 5-HTT could moderate the maternal programming of
anxiety-related behavior in our model. Mice from the low
maternal care group demonstrated significantly increased anxi-
ety-related behavior (consistent with our previous results [9]),
showing increased avoidance in the open field [time in center,
F (1,124) � 3.99, p � .041] and increased risk assessment
[sniffing, F (1,125) � 60.55, p � .000] and decreased risk seeking
[unprotected head dips, F (1,125) � 11.17, p � .001] in the
elevated-plus maze (Supplement 2). No significant effect of
maternal care on total locomotion in either test was detected
(data not shown). Analysis of the effects of 5-HTT genotype and
Tph2 background on maternal programming revealed a signifi-
cant three-way interaction among genotype, background, and
maternal care for avoidance measures in the open field [time in
center, F (1,127) � 4.56, p � .035; time in corners, F (1,127) �
4.15, p � .043] and elevated plus maze [time in central platform,
F (1,125) � 13.26, p � .000; time in closed arms, F (1,125) � 7.75;
p � .006]. Notably, significant interactions between 5-HTT geno-
type and maternal care were found only for mice on the Tph2P/P

background, with the highest avoidance behavior seen in 5-HTT
�/� mice experiencing low maternal care (Figures 2A–2D and
Supplement 3). Our finding that this gene � environment effect

Figure 2. Heterozygous null mutation in serotonin transporter moderates
the effect of rearing environment on anxiety and depression-related behav-
ior. Anxiety-related behavioral measures were obtained from the (A,B) open
field and (C,D) elevated-plus maze tests. Depression-related measures were
obtained from the (E,F) tail suspension test. For the open field and elevated-
plus maze data only Tph2P/P mice are shown (�/�, High, n � 15; �/�, Low,
n � 13; �/�, High, n � 15; �/�, Low, n � 18). For the tail suspension test
data from both backgrounds were included (�/�, High, n � 21; �/�, Low,

n � 22; �/�, High, n � 21; �/�, Low, n � 23). *p 
 .05, **p 
 .01.
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s greater in the Tph2P/P than in the Tph2P/R background is
onsistent with a role for increased 5-HT synthesis in amplifying
he penetrance and/or expressivity of the 5-HTT mutation.

Next we examined whether the 5-HTT mutation could mod-
rate the impact of poor maternal care on depression-related
ehavior. We found that mice carrying the heterozygous 5-HTT
ull allele and exposed to poor maternal care showed signifi-
antly shorter latencies to immobility in the tail-suspension test
28), a model of behavioral despair that has been extensively
sed to assess depression-related behavior in mice [genotype �
aternal care: F (1,83) � 4.10; p � .049; Figure 2E; (29)]. No
ifferences in percent time immobile were observed (Figure 2F).
lthough latency to immobility is not a canonical measure of
ehavioral despair in the tail suspension test, we found that acute
reatment with the antidepressant fluoxetine specifically in-
reased latency to immobility without an effect on percent time
mmobile in our mice (Supplement 4). Interestingly, in this test,
ph2 background did not further modify the interaction between
enotype and maternal care (data not shown). These data
upport the conclusion that the 5-HTT � environment effect
odulates susceptibility to a form of behavioral inhibition char-

cterized by increased anxiety and depression-related behavior.
Human fMRI studies have implicated altered neural activity in

mygdala and hippocampus in the 5-HTT � environment risk
actor for depression (5–8). To more selectively examine amyg-
ala- and hippocampus-dependent fear-related behavior in our
ouse model, we tested mice in a partial cue fear conditioning
aradigm that assesses an animal’s bias in responding to ambig-
ous threatening cues (23,30). A bias in responding to threaten-
ng cues is a hallmark of human anxiety and has been correlated
ith rumination, a risk factor for major depression (5,31). Mice
ere simultaneously conditioned to a perfect and partial cue

3 � tone–light–shock and 2 � tone alone), and freezing
ehavior during cue presentation was quantified 24 hours later in
n unfamiliar context. As expected, mice showed lower amounts
f freezing to the partially conditioned cue (tone) when com-
ared with the perfectly conditioned cue (light). However,
reezing to the partially conditioned cue but not the perfect cue
as significantly higher in low maternal care mice [maternal care
ffect: F (1,32) � 11.46, p � .002], suggesting a bias in responding
o ambiguous cues and a failure to discriminate between ambig-
ous and non-ambiguous contingencies in these mice (Figures
A and 3B). Freezing to the partially conditioned cue is hip-
ocampal-dependent, whereas freezing to both partial and per-
ect cues is amygdala-dependent (23). The increased responding
f low maternal care mice was further enhanced by the 5-HTT

igure 3. Heterozygous null mutation in serotonin transporter (5-HTT) mod-
rates the effect of rearing environment on ambiguous cue fear condition-

ng. Percentage of time freezing to the partial (tone) but not perfect (light)
onditioned cue was increased in low compared with high maternal care
ice. The effect of low maternal care on freezing to the tone was signifi-

antly greater in (B) 5-HTT �/� mice when compared with (A) 5-HTT �/�
ittermates (�/�, High, n � 9; �/�, Low, n � 8; �/�, High, n � 10; �/�,

ow, n � 9). **p 
 .01, ***p 
 .001.
�/� mutation (5-HTT �/�, p � .07 vs. 5-HTT �/� p � .006).
However, increased freezing in 5-HTT �/� mice experiencing
low maternal care was not restricted to the ambiguous cue and
thus might reflect a more general effect of genotype on brain
circuits controlling the processing of aversive conditioned cues.

Molecular Substrates of the Gene � Environment Effect
We hypothesized that molecular substrates within the amyg-

dala and/or hippocampus might underlie the 5-HTT � environ-
ment effect. To begin to identify such molecules with our mouse
model, we screened a series of candidate downstream substrates
that had been shown to be influenced by either 5-HTT genotype
or maternal care or both. Previous work has shown that low
maternal care in rodents is associated with decreases in �-amino-
butyric acid (GABA)-A receptor binding in the amygdala, and this
change has been proposed to underlie the increased anxiety-
related behavior seen in these animals (14). To determine
whether GABA-A receptors could be a common molecular
substrate of 5-HTT and maternal care, we quantified GABA-A
receptor binding in brain sections from our mice with the
benzodiazepine ligand, 3H-flunitrazepam. Low maternal care
was associated with decreased 3H-flunitrazepam binding in the
amygdala [F (1,26) � 4.59; p � .041; Figure 4A], consistent with
previous studies, but no effect of 5-HTT genotype or interaction
between 5-HTT genotype and maternal care was observed. No
difference in 3H-flunitrazepam binding was seen in hippocampus
or frontal cortex (Supplement 5). Moreover, regression analysis
revealed a significant positive correlation between 3H-flunitrazepam
binding in the amygdala and anxiety-related behavior in open field
(time in the center: R2 � .158; R2

a � .129; p � .026; Figure 4B),
suggesting that a deficit in inhibitory neurotransmission in this
structure accounts for a significant fraction (approximately13%) of
the variation in anxiety-related behavior in our assay. No correlation
was seen for non–anxiety-related measures, such as total locomo-
tion in the open field (R2� .033; p � .333).

To examine whether the interaction between 5-HTT and
maternal care could occur at the level of 5-HT homeostasis, we

Figure 4. Molecular substrates of serotonin transporter (5-HTT) and rearing
environment. (A) Binding to the benzodiazepine receptor agonist [3H]-
flunitrazepam is decreased in central nucleus of amygdala in mice experi-
encing low maternal care (relative optical density units; High, n � 14; Low,
n � 16). (B) Regression analysis revealed a significant correlation between
[3H]-flunitrazepam binding and time in the center of the open field.
(C) Serotonin turnover (5-HIAA/5-HT) is decreased in hippocampus (HIP)
and caudate putamen (CAU), but not frontal cortex (CTX) of 5-HTT �/� mice
(�/�, n � 12; �/�, n � 19). (D) Regression analysis revealed a significant
correlation between serotonin turnover and time in the center of the open
field.
analyzed levels of 5-HT and its metabolite, 5-HIAA, in hippocam-

www.sobp.org/journal
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us, striatum, and frontal cortex of our mice. As expected, levels
f 5-HT turnover were significantly reduced in hippocampus

F (1,27) � 8.64; p � .0008] and striatum [F (1,29) � 6.06; p � .020]
ut not frontal cortex of 5-HTT �/� mice compared with
ild-type littermates (Figure 4C). However, no significant effect
f maternal care or interaction between 5-HTT genotype and
aternal care were observed. Quantitative autoradiographic

nalysis of 5-HTT expression with the selective ligand 125I-IDAM
25) revealed lower levels of 5-HTT protein binding in heterozy-
ous mice compared with wild-type littermates in hippocampus
genotype effect: F (2, 27) � 26,21; p � .0000; Supplement 6] and
mygdala [genotype effect: F (2,20) � 15,18; p � .0001; Supple-
ent 6] and no significant effect of maternal care or interaction
etween genotype and maternal care. Nevertheless, we detected
significant negative correlation between 5-HT turnover in

ippocampus (but not striatum or frontal cortex) and anxiety-
elated behavioral measures in the open field (time in center:
2 � .139, R2

a � .109, p � .042; Figure 4D) suggesting that
hanges in 5-HT homeostasis in this structure contribute a small
ut significant portion (approximately 11%) of the variance in
nxiety-related behavior we observed. These findings point to a role
or decreased hippocampal 5-HT turnover as a risk factor for
nxiety-related behavior and argue for an interaction between
-HTT and maternal care at a level downstream of 5-HT
omeostasis.

Brain-derived neurotrophic factor is a secreted factor crucial
or proper neuronal survival, growth, and synaptic plasticity (32)
hose expression has been shown to be altered in hippocampus
f both homozygous 5-HTT knockout mice (33) and mice
xposed to low maternal care (34). These findings suggest that
hanges in the expression of BDNF could be a common target of
-HTT and maternal care in our paradigm. In situ hybridization
nalysis of BDNF messenger RNA (mRNA) in amygdala and
ippocampus of our mice revealed a significant interaction of
-HTT genotype and maternal care on BDNF levels specifically in
he CA1 region of the hippocampus [F (1,14) � 5.55; p � .033].
trikingly, BDNF mRNA was elevated solely in 5-HTT �/� mice

igure 5. Brain-derived neurotrophic factor (BDNF) is a molecular substrate
f both serotonin transporter (5-HTT) and rearing environment. (A) Repre-
entative in situ hybridization data and (B) quantification of BDNF messen-
er RNA (mRNA) (relative optical density units) in CA1 hippocampus show-

ng increased BDNF expression in 5-HTT �/� mice experiencing low
aternal care (�/�, High, n � 4; �/�, Low, n � 3; �/�, High, n � 5; �/�,

ow, n � 6). (C) Regression analysis revealed a correlation between BDNF

RNA and time in the center of the open field. *p 
 .05, **p 
 .01.

ww.sobp.org/journal
experiencing low maternal care (Figures 5A and 5B and Supple-
ment 7 and Supplement 8). Moreover, levels of BDNF mRNA in
hippocampus were positively correlated with anxiety-related
behavior in the open field (time in center: R2 � .209, R2

a � .159,
p � .050; Figure 5C). These findings demonstrate that enhanced
hippocampal BDNF activity is a common molecular substrate of
5-HTT genotype and maternal care that explains approximately
16% of the variance in anxiety-related behavior in our paradigm.

Discussion

Our findings of increased anxiety and depression-related
behavior in heterozygous 5-HTT knockout mice experiencing
low maternal care model the increased risk for major depression
seen in individuals carrying the 5-HTTLPR short-variant and
exposed to childhood maltreatment (4). These data demonstrate
that decreased 5-HT re-uptake capacity is able to exacerbate the
long-term behavioral effects of adverse rearing environment
across mammalian species and argues for a common molecular
mechanism underlying the role of 5-HT in the developmental
programming of anxiety- and depression-related behavior.

Unexpectedly, we found that the Tph2-P447R polymorphism
moderated some but not all behaviors affected by 5-HTT and
maternal care. In the open field, for example, anxiety-related
behaviors were found to be increased only in 5-HTT �/� mice
experiencing low maternal care on the Tph2P/P background,
whereas both the tail suspension and ambiguous cue fear
conditioning phenotypes were found to be independent of Tph2
background (Figures 2E, 2F, 3A, and 3B). These findings point to
a role for 5-HT synthesis capacity in setting the penetrance
and/or expressivity of the 5-HTT heterozygous null mutation
under selected environmental circumstances. Presumably, either
the threshold for modulation by 5-HT differs for each behavior
or, alternatively, distinct serotonergic circuits are involved. One
recent association study has described similar interactions be-
tween 5-HTTLPR and a single nucleotide polymorphism in Tph2
on human anxiety-related traits (35). Further studies will be
required to determine whether this interaction is phenotype-spe-
cific. At the same time, it will be important to identify additional
polymorphisms in our mouse study that moderate the 5-HTT �
environment risk factor. In principle, genome-wide genotyping
could be used to identify interacting quantitative trait loci.

Biochemical analysis identified changes in several molecular
substrates in response to 5-HTT genotype and/or rearing envi-
ronment. In the amygdala, low maternal care was associated with
reduced GABA-A receptor binding to the benzodiazepine ligand,
flunitrazepam (Figure 4A; 14), a finding that is consistent with
reduced inhibitory neurotransmission in this structure. Injection
of benzodiazepines into the amygdala is anxiolytic in rodents
(36), and regression analysis revealed a significant negative
correlation between GABA-A receptor binding and anxiety-
related behavioral measures in the open field in our mice (Figure
4B). A reduction in inhibitory neurotransmission in the amygdala
in low maternal care mice is also consistent with the positive
correlation between life stress events and baseline neural activity
seen in fMRI studies (5). However, the absence of a 5-HTT
genotype effect on this biochemical measure in our mice sug-
gests that the molecular interaction between 5-HTT and rearing
environment occurs either downstream of GABA-A receptor
function or in another structure.

In the hippocampus, 5-HTT �/� mice showed decreased
5-HT turnover, and regression analysis revealed a significant

negative correlation between 5-HT turnover and anxiety-related
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easures (Figures 4C and 4D). The functional consequences of
ltered hippocampal 5-HT turnover are difficult to predict, given
he large number of 5-HT receptors expressed in this structure
37). However, the major effect of 5-HT in adult hippocampus is
nhibitory (38), and thus reduced turnover might contribute to a
isinhibition of neural activity. Changes in amygdala GABA-A
eceptor binding and hippocampal 5-HT turnover accounted for,
espectively, 13% and 11% of the variance in anxiety-related
ehavior in the open field, suggesting that these molecular
ubstrates explain a significant portion of the behavioral differ-
nces we observed.

Finally, our discovery that levels of BDNF mRNA are selec-
ively elevated in the hippocampus of 5-HTT �/� mice exposed
o low maternal care (Figures 5A and 5B) raises the possibility
hat excess BDNF activity contributes to the increased neural
ctivity seen in this brain structure in humans carrying the
-HTTLPR short-variant and reporting increased life stress events
5). This hypothesis is consistent with human imaging studies
howing that increased BDNF activity is associated with in-
reased neural activity and metabolism in the hippocampus
uring memory tasks (39). Moreover, over-expression of BDNF
electively in the postnatal mouse forebrain causes increased
nxiety-related behavior (40), and levels of BDNF protein in the
orsal hippocampus but not amygdala of mice is positively
orrelated with anxiety-related behavior (41). These results,
ogether with our findings, argue that increased hippocampal
DNF expression is associated with increased hippocampal-
ependent anxiety-related behavior.

In summary, we have produced a mouse model of the 5-HTT �
nvironment risk factor for human depression and have used this
odel to identify molecular substrates underlying this risk factor.
levated GABA-A receptor expression in amygdala, decreased
-HT turnover in hippocampus, and enhanced BDNF expression
n hippocampus each correlated significantly with the behavioral
henotype seen in our mice. In particular, increased expression
f BDNF in CA1 pyramidal neurons was found in mice with
educed 5-HTT function and exposed to low maternal care. This
efect was accompanied by an increased bias in the response to
hreatening cues as assessed by ambiguous cue fear condition-
ng. Our data suggest that alterations in hippocampal gene
xpression and function underlie at least part of the interaction
etween 5-HTT and rearing environment and point to a role for
his structure in the increased anxiety and depression-related
ehavior that is a risk factor for major depression.

This work was supported by grants from the Fritz Thyssen
tiftung (CG and K-PL), NARSAD (CG) and European Commis-
ion (NEWMOOD LSHM-CT-2003-503474; K-PL). All authors
ave no conflicts of interest to declare.

We would like to thank Ralph Klein, Olga Ermakova, Thodoris
setsenis, and Alessandro Bartolomucci for essential comments
nd criticism; Emerald Perlas for help with in situ hybridization;
nd Simone Santanelli and Francesca Zonfrillo for mouse
usbandry.

Supplementary material cited in this article is available
nline.

1. Lesch KP (2004): Gene-environment interaction and the genetics of
depression. J Psychiatry Neurosci 29:174 –184.

2. Chapman DP, Whitfield CL, Felitti VJ, Dube SR, Edwards VJ, Anda RF
(2004): Adverse childhood experiences and the risk of depressive disor-

ders in adulthood. J Affect Disord 82:217–225.
3. Schinka JA, Busch RM, Robichaux-Keene N (2004): A meta-analysis of the
association between the serotonin transporter gene polymorphism (5-
HTTLPR) and trait anxiety. Mol Psychiatry 9:197–202.

4. Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H, et al.
(2003): Influence of life stress on depression: Moderation by a polymor-
phism in the 5-HTT gene. Science 301:386 –389.

5. Canli T, Qiu M, Omura K, Congdon E, Haas BW, Amin Z, et al. (2006):
Neural correlates of epigenesis. Proc Natl Acad Sci U S A 103:16033–
16038.

6. Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D, et al.
(2002): Serotonin transporter genetic variation and the response of the
human amygdala. Science 297:400 – 403.

7. Canli T, Omura K, Haas BW, Fallgatter A, Constable RT, Lesch KP (2005):
Beyond affect: A role for genetic variation of the serotonin transporter in
neural activation during a cognitive attention task. Proc Natl Acad Sci
U S A 102:12224 –12229.

8. Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE,
Kolachana BS, et al. (2005): 5-HTTLPR polymorphism impacts human
cingulated-amygdala interactions: A genetic susceptibility mechanism
for depression. Nat Neurosci 8:828 – 834.

9. Carola V, Frazzetto G, Gross C (2006): Identifying interactions between
genes and early environment in the mouse. Genes Brain Behav 5:189 –
199.

10. Calatayud F, Coubard S, Belzung C (2004): Emotional reactivity in mice
may not be inherited but influenced by parents. Physiol Behav 80:465–
474.

11. Anisman H, Zaharia MD, Meaney MJ, Merali Z (1998): Do early-life events
permanently alter behavioral and hormonal responses to stressors? Int J
Dev Neurosci 16:149 –164.

12. Lupien SJ, King S, Meaney MJ, McEwen BS (2000): Child’s stress hormone
levels correlate with mother’s socioeconomic status and depressive
state. Biol Psychiatry 48:976 –980.

13. Francis DD, Diorio J, Liu D, Meaney MJ (1999): Nongenomic transmission
across generations of maternal behavior and stress responses in the rat.
Science 286:1155–1158.

14. Caldji C, Diorio J, Anisman H, Meaney MJ (2004): Maternal behavior
regulates benzodiazepine/GABAA receptor subunit expression in brain
regions associated with fear in BALB/c and C57BL/6 mice. Neuropsycho-
pharmacology 29:1344 –1352.

15. Hettema JM, Neale MC, Kendler KS (2001): A review and meta-analysis of
the genetic epidemiology of anxiety disorders. Am J Psychiatry 158:
1568 –1578.

16. Holmes A, Yang RJ, Murphy DL, Crawley JN (2002): Evaluation of antide-
pressant-related behavioral responses in mice lacking the serotonin
transporter. Neuropsychopharmacology 27:914 –923.

17. Holmes A, Yang RJ, Lesch KP, Crawley JN, Murphy DL (2003): Mice
lacking the serotonin transporter exhibit 5-HT1a receptor-mediated
abnormalities in tests for anxiety-like behavior. Neuropsychopharmacol-
ogy 28:2077–2088.

18. Holmes A, Li Q, Murphy DL, Gold E, Crawley JN (2003): Abnormal anxi-
ety-related behavior in serotonin transporter null mutant mice: The
influence of genetic background. Genes Brain Behav 2:365–380.

19. Bengel D, Murphy DL, Andrews AM, Wichems CH, Feltner D, Heils A, et al.
(1998): Altered brain serotonin homeostasis and locomotor insensitivity
to 3, 4-methylenedioxymethamphetamine (“Ecstasy”) in serotonin
transporter-deficient mice. Mol Pharmacol 53:649 – 655.

20. Zhang X, Beaulieu JM, Sotnikova TD, Gainetdinov RR, Caron MG (2004):
Tryptophan hydroxylase-2 controls brain serotonin synthesis Science
305:217.

21. Ernfors P, Lee KF, Jaenisch R (1994): Mice lacking brain-derived neuro-
trophic factor develop with sensory deficits. Nature 368:147–150.

22. Steru L, Chermat R, Thierry B, Simon P (1985): The tail suspension test: A
new method for screening antidepressants in mice. Psychopharmacol-
ogy (Berl) 85:367–370.

23. Tsetsenis T, Ma XH, Lo Iacono L, Beck SG, Gross C (2007): Suppression of
conditioned responses to ambiguous cues by pharmacogenetic inhibi-
tion of dentate gyrus granule cells. Nat Neurosci 7:896 –902.

24. Puglisi-Allegra S, Cabib S, Pascucci T, Ventura R, Cali F, Romano V (2000):
Dramatic brain aminergic deficit in a genetic mouse model of phenylk-
etonuria. Neuroreport 11:1361–1364.

25. Choi SR, Hou C, Oya S, Mu M, Kung MP, Siciliano M, et al. (2000) Selective
in vitro and in vivo binding of [(125)I]ADAM to serotonin transporters in

rat brain. Synapse 4:403– 412.

www.sobp.org/journal



2

2

2

2

3

3

3

3

3

846 BIOL PSYCHIATRY 2008;63:840–846 V. Carola et al.

w

6. Gross C, Zhuang X, Stark K, Ramboz S, Oosting R, et al. (2002) Serotonin
1A receptor acts during development to establish normal anxiety-like
behavior in the adult. Nature 416:396 – 400.

7. Nibuya M, Morinobu S, Duman RS (1995): Regulation of BDNF and trkB in
rat brain by chronic electroconvulsive seizure and antidepressant drug
treatments. J Neurosci 15:7539 –7547.

8. Mineur YS, Belzung C, Crusio WE (2006): Effects of unpredictable chronic
mild stress on anxiety and depression-like behavior in mice. Behav Brain
Res 175:43–50.

9. Cryan JF, Mombereau C, Vassout A (2005): The tail suspension test as a
model for assessing antidepressant activity: Review of pharmacological
and genetic studies in mice. Neurosci Biobehav Rev 29:571– 625.

0. Crestani F, Martin JR, Mohler H, Rudolph U (1999): Decreased GABAA-
receptor clustering results in enhanced anxiety and a bias for threat
cues. Nat Neurosci 2:833– 839.

1. Hazlett-Stevens H, Borkovec TD (2004): Interpretive cues and ambiguity
in generalized anxiety disorder. Behav Res Ther 42:881– 892.

2. Lu B (2003): BDNF and activity-dependent synaptic modulation. Learn
Mem 10:86 –98.

3. Szapacs ME, Mathews TA, Tessarollo L, Ernest Lyons W, Mamounas LA,
Andrews AM (2004): Exploring the relationship between serotonin and
brain-derived neurotrophic factor: Analysis of BDNF protein and extra-
neuronal 5-HT in mice with reduced serotonin transporter or BDNF
expression. J Neurosci Methods 140:81– 89.

4. Liu D, Diorio J, Day JC, Francis DD, Meaney MJ (2000): Maternal care,

hippocampal synaptogenesis and cognitive development in rats. Nat
Neurosci 3:799 – 806.

ww.sobp.org/journal
35. Herrmann MJ, Huter T, Müller F, Mühlberger A, Pauli P, Reif A, et al.
(2007): Additive effects of serotonin transporter and tryptophan hy-
droxylase-2 gene variation on emotional processing. Cereb Cortex
5:1160 –1163.

36. Menard J, Treit D (1999): Effects of centrally administered anxiolytic
compounds in animal models of anxiety. Neurosci Biobehav Rev 23:591–
613.

37. Hoyer D, Hannon JP, Martin GR (2002): Molecular, pharmacological and
functional diversity of 5-HT receptors. Pharmacol Biochem Behav 71:
533–554.

38. Beique JC, Campbell B, Perring P, Hamblin MW, Walker P, Mladenovic L,
et al. (2004): Serotonergic regulation of membrane potential in devel-
oping rat prefrontal cortex: Coordinated expression of 5-hydroxytryp-
tamine (5-HT)1A, 5-HT2A, and 5-HT7 receptors. J Neurosci 24:4807–
4817.

39. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A,
et al. (2003): The BDNF val66met polymorphism affects activity-depen-
dent secretion of BDNF and human memory and hippocampal function.
Cell 112:257–269.

40. Govindarajan A, Rao BS, Nair D, Trinh M, Mawjee N, Tonegawa S, et al.
(2006): Transgenic brain-derived neurotrophic factor expression causes
both anxiogenic and antidepressant effects. Proc Natl Acad Sci U S A
103:13208 –13213.

41. Yee BK, Zhu SW, Mohammed AH, Feldon J (2007): Levels of neurotro-
phic factors in the hippocampus and amygdala correlate with anxi-

ety- and fear-related behavior in C57BL6 mice. J Neural Transm
4:431– 444.


	Identifying Molecular Substrates in a Mouse Model of the Serotonin Transporter × Environment Risk Factor for Anxiety and Depression
	Methods and Materials
	Animals
	Behavioral Testing
	Neurochemical Analysis
	Statistical Analysis

	Results
	Modeling the 5-HTT × Environment Risk Factor in Mouse
	5-HTT Modulates the Effect of Rearing Environment on Adult Behavior
	Molecular Substrates of the Gene × Environment Effect

	Discussion
	Acknowledgment
	References


