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Abstract

Human gene association studies have produced conflicting findings regarding the relationship
between the 5-HT transporter (5-HTT) and anxiety. In the present study genetically modified
mice were utilised to examine the effects of changes in 5-HTT expression on anxiety. In addition,
the influence of 5-HTT expression on two innate “species-typical” behaviours (burrowing and
marble burying) and body weight was explored. Across a range of models, 5-HTT overexpressing

mice displayed reduced anxiety-like behaviour whilst 5-HTT knockout mice showed increased
anxiety-like behaviour, compared to wildtype controls. In tests of species-typical behaviour 5-
HTT overexpressing mice showed some facilitation whilst 5-HTT knockout mice were impaired.
Reciprocal effects were also seen on body weight, as 5-HTT overexpressors were lighter and 5-
HTT knockouts were heavier than wildtype controls. These findings show that variation in 5-HTT
gene expression produces robust changes in anxiety and species-typical behaviour. Furthermore,
the data add further support to findings that variation of 5-HTT expression in the human
population is linked to changes in anxiety-related personality traits.
© 2010 Elsevier B.V. and ECNP. Open access under CC BY license.
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1. Introduction disorders, including depression, anxiety, obsessive compulsive
The neurotransmitter 5-hydroxytryptamine (5-HT/serotonin)
has been linked to the pathology of a number of psychiatric
se.
disorder and eating disorders (Owens and Nemeroff, 1994;
Handley, 1995; Gorwood, 2004; Hu et al., 2006). After release,
5-HT is removed from the synapse primarily by the 5-HT
transporter (5-HTT), which is thus instrumental in regulating 5-
HT activity (Bradley and Blakely, 1997). Studies have demon-
strated large natural variation in 5-HTT expression, which is
likely to be influenced by both genetic and environmental
factors (Pirker et al., 2000; Rhodes et al., 2007). However, the
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effects of this variation on personality, cognition, and psycho-
pathology are poorly understood.

The 5-HTT-linked promoter region (5-HTTLPR) contains a 44
base pair insertion/deletion polymorphism which gives rise to a
long (l) or a short (s) allele (Heils et al., 1996) with the s allele
leading to reduced 5-HTT expression and the l allele increasing
5-HTT expression (Heils et al., 1996; Lesch et al., 1996; Hu et
al., 2006), although this remains controversial (Mann et al.,
2000; Preuss et al., 2000; Parsey et al., 2006). The s allele has
been associated with a number of outcomes, including anxiety-
related personality traits (Lesch et al., 1996; Du et al., 2000;
Greenberg et al., 2000; Melke et al., 2001), mood disorders
(Lotrich and Pollock, 2004; Lasky-Su et al., 2005), and suicide
(Anguelova et al., 2003; Roy et al., 2007). s allele carriers have
also been found to display significantly greater amygdala
activation to fearful faces (Hariri et al., 2002; Hariri et al.,
2005) aversive pictures (Heinz et al., 2005) and negative words
(Canli et al., 2005) compared to non-carriers, which may
indicate a role for amygdala hyperresponsivity in the observed
vulnerabilities. In addition, s allele carriers appear to be more
sensitive to stressful life events (Caspi et al., 2003; Pluess et al.,
2010).

A major difficulty with these studies is that the multitude of
genetic and environmental factors which influence behaviour in
heterogeneous human populations makes it difficult to firmly
establish the role of single genes. Because of this, geneticmouse
models have been developed to examine the effect of changes
in the expression of the 5-HTT in isolation fromother influences.
Initial studies examined the effects of loss-of-function of the 5-
HTT and observed increased anxiety in some circumstances
(Holmes et al., 2001; Holmes et al., 2003a; Holmes et al.,
2003b). However, although the 5-HTT knockout (KO) mouse
provides useful clues as to the role of the 5-HTT, complete loss-
of-function of the 5-HTT is not observed in humans. Thus, an
overexpressor (OE)mousewas developedwith 5-HTT expression
increased to levels similar to those expected from the high
expressing human 5-HTT gene variants (Heils et al., 1996; Lesch
et al., 1996; Jennings et al., 2006). Furthermore, in comparison
to the effects of 5-HTT KO, an initial study indicated reduced
anxiety in these animals (Jennings et al., 2006).

Hereweaimed to compare 5-HTTKOand5-HTTOEmicewith
respective wildtype controls on a range of anxiety tasks with
varying sensorimotor and motivational demands. In addition,
the performance of these mice in three measures of “species-
typical” behaviour was investigated. Although previous findings
have suggested impaired species-typical behaviour in 5-HTT KO
mice (Zhao et al., 2006), 5-HTT OE mice have not been
examined. This is significant as these behaviours are sensitive to
pharmacological blockade of the 5-HTT (Njung'e and Handley,
1991; Ichimaru et al., 1995).

2. Experimental procedures

For full methods please see supporting supplementary information.

2.1. Animals

Experiments were conducted in accordance with the United Kingdom
Animals (Scientific Procedures) Act of 1986. 5-HTT OE mice and
wildtype (WT) littermates were generated on a CBA x C57BL/6J
background, as described previously (Jennings et al., 2006), and bred
in the University of Oxford. 5-HTT KO mice and WT littermates were
generated on a 129P1 (129P1/ReJ) x C57BL/6J hybrid background,
before being repeatedly backcrossed onto a C57BL/6J background for
more than eight generations (Bengel et al., 1998). Both males and
females were examined on all tasks. Mice were group housed (4–6 per
cage) and all animals were provided with enrichment and ad libitum
food and water unless otherwise stated. Mice were maintained on a
12 h light/dark cycle (lights off 19:00 to 7:00) in a temperature-
controlled environment (21±1 °C). Three separate cohorts were used
for the tests of anxiety, locomotor activity and species-typical
behaviour.

2.2. Behavioural protocols

Tasks were performed in the order described with no more than one
task performed per day.

2.2.1. Anxiety tasks

2.2.1.1. Elevated plus maze.The plus maze consisted of two “open”
arms and two “closed” arms, arranged in a plus formation, joined by
a central rectangular region Animals were placed individually at the
distal end of a closed arm facing away from the centre, and were
allowed to explore the apparatus for 300 s. The amount of time
spent in the open arms, number of entries into the open arms, total
number of arm entries, and latency to first enter an open arm were
measured.

2.2.1.2. Hyponeophagia. Prior to testing animals were food deprived
overnight for approximately 18 h. Animals were presented with a novel
food in an unfamiliar environment and the latency to begin continuous
eating was recorded.

2.2.1.3. Successive alleys.The apparatus consisted of four successive,
increasingly anxiogenic (each succeeding alley was painted a lighter
colour, had lower walls and/or was narrower than the previous alley)
linearly connected alleys. Animals were placed at the closed end of
alley 1, facing the end wall. The latency to first enter each alley, the
amount of time spent in each alley, and the number of entries into
each alley were recorded during a total test time of 300 s.

2.2.1.4. Black-white alley. The test apparatus consisted of a long
alley with the floor and walls of one half painted black and the other
half painted white. Each mouse was placed individually into the
black section of the test alley facing the end wall. The mouse was
observed for 120 s. Latency to first cross from the black section to
the white section, total time spent in the white section, and number
of crossings between the two sections were recorded.

2.2.2. Locomotor activity
Spontaneous locomotor activity was assessed by placing mice
individually in transparent plastic cages. Two infrared beams crossed
each cage and the number of beam breaks made per 5 min time bin
was recorded during a 2 h test session.

2.2.3. Species-typical behaviour

2.2.3.1. Burrowing.Burrows consisted of grey plastic cylinders raised
at the open end and filled with 200 g of standard laboratory chow.
Each animal was left undisturbed with a burrow for 2 h, after which
the amount burrowed was recorded (Deacon, 2006).

2.2.3.2. Marble burying.Transparent plastic cages were filled with a
10 cm deep layer of sawdust on top of which 10 glass marbles were
placed in two rows. Each animal was left undisturbed in a cage for
30 min, after which the number of marbles that were buried to at
least 2/3 of their depth was recorded.
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2.3. Statistical analysis

Data from the two cohorts (5-HTT OEs and KOs) were analysed
separately. Parametric data were analysed using two-way ANOVAs
(genotype and sex as between-subject factors). Where data violated
assumptions of normality or equality of variance, transformations
(log10 or square root) were utilised. For repeated measures ANOVAs,
homogeneity of variance was tested using Mauchly's test of
sphericity, and where this was violated, Huyn–Feldt corrections
were used. Non-parametric data were analysed using Mann–Whitney
U tests. A p-valueb0.05 was considered statistically significant
throughout.
3. Results

3.1. Anxiety tests

3.1.1. Elevated plus maze
5-HTT OE mice were significantly faster to enter an open arm
[F(1,34)=9.17 pb0.01] (Fig. 1A), spent a significantly greater
proportion of time in the open arms [F(1,34)=10.16 pb0.005]
(Fig. 1B) and made a greater proportion of entries into the open
arms [F(1,34)=6.42 pb0.05] than their wildtype littermates. In
contrast, although 5-HTT KOmice did not differ fromwildtypes on
the latency to first enter an open arm [F(1,12)=2.20 p=0.16]
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Figure 1 5-HTT OEmice on anxiety tasks. A: Elevated plus maze— la
maze— percentage time spent in open arms and percentage of entries
begin eating (WT n=21; OE n=22). D: Successive alleys— latency to ent
OE n=25). E: Black-white alley — latency to enter white alley and
mean±SEM. *pb0.05; **pb0.01; ***pb0.005 compared to wildtype litt
(Fig. 2A), they spent a significantly reduced proportion of time in
the open arms [F(1,12)=11.64 pb0.01], and made a significantly
smaller proportion of entries into these arms [F(1,12)=15.23
pb0.005] (Fig. 2B) compared to wildtypes. Neither the 5-HTT OE
mice [F(1,34)=2.73 p=0.11], nor the 5-HTT KO mice [F(1,12)=
1.59 p=0.23], differed from their wildtype littermates on the
number of entries made into the closed arms of the maze,
suggesting that differences in open arm behaviour do not simply
reflect general changes in locomotor activity. There were no
significant effects of sex or genotype*sex interactions on any
measure.
3.1.2. Hyponeophagia
When presented with a novel food in a novel environment, 5-HTT
OE mice did not differ from wildtypes on the latency to make first
contact with the food [F(1,39)=1.12 p=0.30] (data not shown),
but were significantly faster to begin eating [F(1,39)=11.32
pb0.005] (Fig. 1C). Although males had a significantly longer
latency to begin eating than females [F(1,39)=4.22 pb0.05],
there was no significant genotype*sex interaction. In contrast to
5-HTT OE mice, 5-HTT KO mice took significantly longer to begin
eating than their wildtype littermates [F(1,12)=4.78 pb0.05]
(Fig. 2C). There were no significant effects of sex or a
genotype*sex interaction.
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Figure 2 5-HTT KO mice on anxiety tasks. A: Elevated plus maze — latency to enter an open arm (WT n=9; KO n=7). B: Elevated plus
maze — percentage time spent in open arms and percentage of entries to open arms (WT n=9; KO n=7). C: Hyponeophagia — latency to
begin eating (WT n=9; KO n=7). D: Successive alleys — latency to enter the first open alley and time spent in open alleys (WT n=9; KO
n=7). E: Black-white alley — latency to enter white alley and time in white alley (WT n=9; KO n=7). Values represent the mean±SEM.
*pb0.05; **pb0.01 compared to wildtype littermates.
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3.1.3. Successive alleys
Because only a very small number of animals explored further
than alley 2, the results from alleys 2 to 4 (the “open” alleys)
were combined. The 5-HTT OE mice displayed a significantly
shorter latency to enter the first open alley [F(1,44)=4.08
p=0.05] (Fig. 1D) and spent significantly more time in the open
alleys [F(1,44)=5.62 pb0.05] than wildtypes. They also made
more crossings between alleys [F(1,44)=6.71 pb0.05]. In the
5-HTT KO cohort no significant effects of genotype were present
on any measure [Fb1] (Fig. 2D). There were no significant
effects of sex or genotype*sex interactions in either cohort.

3.1.4. Black-white alley
5-HTT OE mice did not differ from wildtypes on either the
latency to enter the white half of the alley [F(1,44)=1.80
p=0.19] (Fig. 1E) or the total amount of time spent in this
region [F(1,44)=1.04 p=0.31]. However, 5-HTT KO mice were
significantly slower to enter the white part of the alley [F(1,12)
=8.93 pb0.05] (Fig. 2E) and spent significantly less time in this
region [F(1,12)=5.36 pb0.05] compared to wildtypes. Neither
the 5-HTT OE mice nor the 5-HTT KO mice differed from their
wildtype littermates on the number of crossings made between
the two regions ([Fb1] and [F(1,12)=2.48 pb0.14], respec-
tively). Although female 5-HTT KO mice made significantly
fewer crossings than male 5-HTT KO mice [F(1,12)=5.10
pb0.05], no other effects of sex or genotype*sex interactions
were present.

3.2. Locomotor activity

Both 5-HTT OE and 5-HTT KO mice exhibited significantly less
spontaneous locomotor activity than their wildtype littermates
([F(1,44)=7.27 pb0.05] (Fig. 3A) and [F(1,12)=13.60 pb0.005]
(Fig. 3B), respectively). Although males were more active than
females in the KO cohort [F(1,12)=10.68 pb0.01], there were
no genotype*sex interactions in either cohort.

3.3. Species-typical behaviour

3.3.1. Burrowing
5-HTT OE mice burrowed a significantly greater weight of
pellets than wildtypes [F(1,37)=4.96 pb0.05] (Fig. 4A). In
contrast, 5-HTT KO mice failed to burrow [U(7,8) =52.5
pb0.005] (Fig. 5A). There were no significant effects of sex.

3.3.2. Marble burying
The number of marbles buried by the 5-HTT OE mice did not
differ from the number buried by their wildtype littermates [U
(21,29)=270 p=0.48] (Fig. 4B). However, 5-HTT KO mice buried
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significantly fewer marbles than wildtypes [U(7,8) = 55.5
pb0.001] (Fig. 5B).
3.4. Body weight

Mice were weighed at approximately 6 months of age. 5-HTT OE
mice were significantly lighter than their wildtype littermates
(wildtype=31.4 g±0.9 OE=24.5 g±0.6 [F(1,42)=56.14 pb0.001])
whilst 5-HTT KO mice were significantly heavier than wildtypes
(wildtype=23.6 g±1.4 KO=30.4.5 g±3.5 [F(1,12)=7.23 pb0.05]).
Males were heavier than females in both cohorts ([F(1,42)=8.07
pb0.01] and [F(1,12)=24.87 pb0.001], respectively). In addition,
therewas a trend towards a genotype*sex interaction in the 5-HTT
OEmice [F(1,42)=3.68 p=0.06] because the genetic manipulation
had a greater effect on males than females, and a significant
genotype*sex interaction in the 5-HTT KO mice [F(1,12)=5.48
pb0.05], because loss of the 5-HTT only had an effect on the body
weight of males.
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Figure 4 Species-typical behaviour in 5-HTT OE mice. A:
Weight of pellets burrowed (mean±SEM). B: Marbles buried out
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wildtype littermates.
4. Discussion

The results of these studies demonstrate a powerful impact
of variation in 5-HTT expression on anxiety-related behav-
iour. Thus, across a range of tasks, genetically-manipulated
mice with increased 5-HTT expression showed reduced
anxiety-like behaviour, whereas mice lacking 5-HTT expres-
sion showed increased anxiety. The results also indicate the
importance of 5-HTT expression in species-typical behaviour,
with increased and decreased 5-HTT expression being
associated with facilitation and disruption, respectively.
These differences were observed in both male and female
mice, suggesting that the effects of altered 5-HTT expression
on anxiety are not influenced by sex in these tests.

4.1. Anxiety

5-HTT OE mice displayed reduced anxiety on the elevated
plus maze, hyponeophagia and successive alleys tasks, whilst
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Figure 5 Species-typical behaviour in 5-HTT KO mice. A:
Weight of pellets burrowed (median±IQR). B: Marbles buried out
of 10 (median±IQR). WT n=8; KO n=7. ***pb0.005 compared to
wildtype littermates.
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5-HTT KO animals showed increased anxiety on the elevated
plus maze, hyponeophagia and black-white alleys tasks. The
finding that differences were not observed in both strains on
all tasks may result from floor/ceiling effects (e.g. 5-HTT KO
on the successive alleys). However, the present data suggest
that both lines exhibit robust changes in anxiety. In
particular, the findings of altered anxiety in both (i) the
hyponeophagia test and (ii) the elevated plus maze/
successive alleys tests suggest that the observed anxiety
phenotypes are unlikely to be due to non-specific alterations
in motivation or locomotion as these tests produced
corresponding results despite differing sensorimotor and
motivational demands.

Anxiety can be conceptualised as occurring when an animal
experiences conflict between approach and avoidance
responses (Gray and McNaughton, 2000). As such, increased
anxiety manifests as a greater degree of behavioural inhibi-
tion, resulting in increased threat avoidance. Therefore,
changes in baseline locomotor activity can present a difficulty
when interpreting the results of anxiety tasks as they can both
result from, and give the appearance of, alterations in anxiety.
For example, reduced locomotor activity in the 5-HTT KOmice
might result in reduced open arm entries on the plus maze and
thus cause them to appear anxious. However, the lack of a
change in closed arm entries suggests that the change in open
arm behaviour cannot be explained solely by altered locomo-
tor activity. In addition, the 5-HTT KO animals were
significantly slower to begin eating on the test of hyponeo-
phagia, suggesting increased anxiety independent of locomo-
tor activity (Britton and Britton, 1981; Shephard and
Broadhurst, 1982; Shephard et al., 1984). Changes in baseline
locomotor activity are also unable to explain the reduction in
anxiety-like behaviour of the 5-HTT OE mice as the reduced
spontaneous activity seen in these animals would be expected
tomake themappearmore– not less– anxious on tests such as
the elevated plus maze, successive alleys and black-white
alley. Therefore, it is unlikely that differences in baseline
locomotor activity account for the observed relationship
between anxiety and 5-HTT expression.

The behaviour of the two groups of wildtypes differed
considerably, which is likely to result from the different
genetic background of the two lines. The 5-HTT KO mutation
was backcrossed onto a C57/BL6 background whilst the 5-
HTT OE mutation remained on a hybrid background, which
would be expected to increase intra-group variation in these
animals. However, because transgenic animals were com-
pared only to their respective wildtype littermates, and
because the observed phenotypes were diametrically oppo-
site, the differing background strains of the two cohorts are
unlikely to account for the pattern of results seen.

The observed anxiety phenotypes are in agreement with
the putative effects of the 5-HTTLPR on 5-HTT expression and
anxiety traits in humans. In studies of human personality, the
l allele of the 5-HTT has been associated with lower levels of
neuroticismand associated anxiety-related traits (Lesch et al.,
1996; Du et al., 2000; Greenberg et al., 2000; Melke et al.,
2001). Although not all studies have concurred, there is
evidence that individuals carrying two copies of the l allele (in
particular, the lA allele) of the 5-HTTLPR exhibit 2–3 times
higher levels of 5-HTT expression and/or uptake activity (Heils
et al., 1996; Lesch et al., 1996; Hanna et al., 1998; Greenberg
et al., 1999;Heinz et al., 2000; Huet al., 2006). This increase is
comparable in magnitude to that seen in 5-HTT OE mice (both
approximately 1.5 to 3-fold) (Jennings et al., 2006). Thus, the
current findings suggest a direct link between increased 5-HTT
expression and reduced anxiety, and that decreased levels of
anxiety-related traits observed in l allele homozygotes may be
the result of higher levels of expression of the 5-HTT. In
contrast, selective serotonin reuptake inhibitors (SSRIs) act to
reduce the activity of the 5-HTTandyet have anxiolytic effects
(Katzman, 2009). This suggests that genetic alterations in 5-
HTT expression (which are present throughout development)
result in qualitatively different effects on anxiety to those
produced bypharmacologicalmanipulations during adulthood.
The causes of this are likely to be complex, but may reflect
developmental alterations in stress reactivity (Mueller et al.,
2010; Way and Taylor, 2010).

Previouswork suggests that 5-HTTOEmice display a normal
distribution of 5-HTT expression, which is largely confined to
raphé 5-HT neurons and their projections (Jennings et al.,
2006). However, because these projections are spread across a
variety of cortical and subcortical regions, changes in 5-HTT
expression results in altered 5-HT activity in a number of brain
regions. This makes it difficult to draw firm conclusions
regarding the anatomical basis of the phenotypes displayed by
5-HTTOE and KOanimals. Despite this, it is notable that all the
anxiety tasks described here are sensitive to lesions of the
ventral hippocampus (Bannerman et al., 2003; Bannerman et
al., 2004; McHugh et al., 2004), whereas they are not affected
by amygdala lesions (Treit et al., 1993; Kjelstrup et al., 2002;
McHugh et al., 2004). Thus these data – coupled with the
known serotonergic innervation of the hippocampus (McQuade
and Sharp, 1997; Adams et al., 2008) – implicate the
hippocampal formation as a possible anatomical substrate of
some of the altered behaviours seen in 5-HTT mutants.

4.2. Species-typical behaviour

5-HTT KO mice have previously been found to display
reduced marble burying behaviour (Zhao et al., 2006),
which was confirmed by the present study, whereas 5-HTT
OE mice did not differ from wildtypes on this test (although
this may have been due to ceiling effects). Exploration of
species-typical behaviours was expanded with an examina-
tion of burrowing. Although burrowing has been utilised less
than marble burying in the laboratory, it represents a
sensitive and robust test of species-typical behaviour and –
like marble burying – has been shown to be hippocampal-
dependent (Deacon et al., 2002; Deacon, 2006). 5-HTT KO
mice displayed a dramatic impairment in burrowing (none of
these mice performed any burrowing), whilst 5-HTT OE
animals showed a significant increase in this behaviour. This
indicates that – as with anxiety-like behaviour – opposing
alterations in 5-HTT expression produce opposite effects on
species-typical behaviour.

4.3. Body weight

5-HT is known to have a suppressive effect on feeding through
its actions in both the central nervous system and periphery
(Blundell, 1986; Silverstone and Goodall, 1986; Leibowitz et
al., 1988; Neill and Cooper, 1989) and drugswhich act on the 5-
HTT to increase 5-HT availability (such as fenfluramine) have
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been used clinically to induce weight-loss (Davis and Faulds,
1996; Carvajal et al., 2000). However – as was seen with
anxiety – the effects of genetically-induced changes in 5-HTT
activity on body weight were diametrically opposed to the
effects of acute pharmacological manipulations. Thus, 5-HTT
overexpression caused a significant reduction in body weight
compared to wildtypes, whereas 5-HTT knockout resulted in
an increase in body weight. These results also concord with
studies associating the s allele of the 5-HTTLPR with obesity
(Sookoian et al., 2007; Sookoian et al., 2008; Lan et al., 2009).
As these animals have previously been found to display normal
feeding behaviour (Pringle et al., 2008), 5-HTT overexpression
may result in peripheral metabolic or developmental changes.
It is also interesting to note that there are indications that the
geneticmanipulation had a larger effect on the bodyweight of
males than females. This is in agreementwithprevious findings
in animals (Uceyler et al., 2010), and raises the possibility that
the 5-HTTLPR might have a greater influence on obesity in
males than females.
4.4. Conclusions

Overall, these findings provide direct evidence that changes in
5-HTT gene expression have robust effects on anxiety and
species-typical behaviour. In addition, the findings of this
study correlate well with what is known of the behavioural
effects of 5-HTT gene variants in humans, supporting the
hypothesis that these phenotypes are the result of altered 5-
HTT expression.

Supplementary materials related to this article can be
found online at doi:10.1016/j.euroneuro.2010.08.005.
Role of the funding source

Funding for this study was provided by a Wellcome Trust studentship
awarded to Samantha Line and a grant from NEWMOOD awarded to
Trevor Sharp. The funding bodies had no further role in study design;
in the collection, analysis and interpretation of data; in the writing
of the report; and in the decision to submit the paper for
publication.
Contributors

S. Line performedmost of the experimental work and prepared the first
draft of themanuscript. C. Barkus performed some of the experimental
studies of species-typical behaviour and assisted in the preparation of
themanuscript. C. Coyleperformedsomeof theexperimental studies of
the 5-HTT KO mice. K. Jennings genotyped the animals and maintained
the mouse colonies. R. Deacon designed and assisted in the tests of
species-typical behaviour. K. Lesch provided the 5-HTT KO mice. T.
Sharp advised on experimental design and assisted in the preparation of
the manuscript. D. Bannerman advised on experimental design,
interpretation and statistical analysis and assisted in the preparation
of the manuscript.
Conflict of interest

C. Barkus's PhD studentship is funded by GSK, but none of the studies
described in this manuscript were carried out as part of his doctoral
work.
Acknowledgements

We would like to acknowledge Amy Taylor for assistance with the
behavioural studies and Edith Sim, Hilary Long and Larissa Wakefield
for assistance with genotyping.
References

Adams, W., Kusljic, S., van den Buuse, M., 2008. Serotonin depletion
in the dorsal and ventral hippocampus: effects on locomotor
hyperactivity, prepulse inhibition and learning and memory.
Neuropharmacology 55 (6), 1048–1055.

Anguelova, M., Benkelfat, C., Turecki, G., 2003. A systematic review
of association studies investigating genes coding for serotonin
receptors and the serotonin transporter: II. Suicidal behavior.
Mol. Psychiatry 8 (7), 646–653.

Bannerman, D.M., Grubb, M., Deacon, R.M., Yee, B.K., Feldon, J.,
Rawlins, J.N., 2003. Ventral hippocampal lesions affect anxiety
but not spatial learning. Behav. Brain Res. 139 (1–2), 197–213.

Bannerman, D.M., Rawlins, J.N., McHugh, S.B., Deacon, R.M., Yee,
B.K., Bast, T., Zhang, W.N., Pothuizen, H.H., Feldon, J., 2004.
Regional dissociations within the hippocampus—memory and
anxiety. Neurosci. Biobehav. Rev. 28 (3), 273–283.

Bengel, D., Murphy, D.L., Andrews, A.M., Wichems, C.H., Feltner,
D., Heils, A., Mossner, R., Westphal, H., Lesch, K.P., 1998.
Altered brain serotonin homeostasis and locomotor insensitivity
to 3, 4-methylenedioxymethamphetamine (“Ecstasy”) in seroto-
nin transporter-deficient mice. Mol. Pharmacol. 53 (4), 649–655.

Blundell, J.E., 1986. Serotonin manipulations and the structure of
feeding behaviour. Appetite 7 (Suppl), 39–56.

Bradley, C.C., Blakely, R.D., 1997. Alternative splicing of the human
serotonin transporter gene. J. Neurochem. 69 (4), 1356–1367.

Britton, D.R., Britton, K.T., 1981. A sensitive open field measure of
anxiolytic drug activity. Pharmacol. Biochem. Behav. 15 (4),
577–582.

Canli, T., Omura, K., Haas, B.W., Fallgatter, A., Constable, R.T.,
Lesch, K.P., 2005. Beyond affect: a role for genetic variation of
the serotonin transporter in neural activation during a cognitive
attention task. Proc. Natl. Acad. Sci. USA 102 (34), 12224–12229.

Carvajal, A., Garcia del Pozo, J., Martin de Diego, I., Rueda de
Castro, A.M., Velasco, A., 2000. Efficacy of fenfluramine and
dexfenfluramine in the treatment of obesity: a meta-analysis.
Methods Find Exp. Clin. Pharmacol. 22 (5), 285–290.

Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, I.W.,
Harrington, H., McClay, J., Mill, J., Martin, J., Braithwaite, A.,
Poulton, R., 2003. Influence of life stress on depression:
moderation by a polymorphism in the 5-HTT gene. Science 301
(5631), 386–389.

Davis, R., Faulds, D., 1996. Dexfenfluramine. An updated review of
its therapeutic use in the management of obesity. Drugs 52 (5),
696–724.

Deacon, R.M., 2006. Burrowing in rodents: a sensitive method for
detecting behavioral dysfunction. Nat. Protoc. 1 (1), 118–121.

Deacon, R.M., Croucher, A., Rawlins, J.N., 2002. Hippocampal
cytotoxic lesion effects on species-typical behaviours in mice.
Behav. Brain Res. 132 (2), 203–213.

Du, L., Bakish, D., Hrdina, P.D., 2000. Gender differences in
association between serotonin transporter gene polymorphism
and personality traits. Psychiatr. Genet. 10 (4), 159–164.

Gorwood, P., 2004. Eating disorders, serotonin transporter poly-
morphisms and potential treatment response. Am. J. Pharmaco-
genomics 4 (1), 9–17.

Gray, J.A., McNaughton, N., 2000. The Neuropsychology of Anxiety.
Oxford University Press.

Greenberg, B.D., Tolliver, T.J., Huang, S.J., Li, Q., Bengel, D.,
Murphy, D.L., 1999. Genetic variation in the serotonin

http://dx.doi.org/10.1016/j.euroneuro.2010.08.005


115Opposing alternations in anxiety and species-typical behaviours
transporter promoter region affects serotonin uptake in human
blood platelets. Am. J. Med. Genet. 88 (1), 83–87.

Greenberg, B.D., Li, Q., Lucas, F.R., Hu, S., Sirota, L.A., Benjamin,
J., Lesch, K.P., Hamer, D., Murphy, D.L., 2000. Association
between the serotonin transporter promoter polymorphism and
personality traits in a primarily female population sample. Am. J.
Med. Genet. 96 (2), 202–216.

Handley, S.L., 1995. 5-Hydroxytryptamine pathways in anxiety and
its treatment. Pharmacol. Ther. 66 (1), 103–148.

Hanna, G.L., Himle, J.A., Curtis, G.C., Koram, D.Q., Veenstra-
VanderWeele, J., Leventhal, B.L., Cook Jr., E.H., 1998.
Serotonin transporter and seasonal variation in blood serotonin
in families with obsessive–compulsive disorder. Neuropsycho-
pharmacology 18 (2), 102–111.

Hariri, A.R., Mattay, V.S., Tessitore, A., Kolachana, B., Fera, F.,
Goldman, D., Egan, M.F., Weinberger, D.R., 2002. Serotonin
transporter genetic variation and the response of the human
amygdala. Science 297 (5580), 400–403.

Hariri, A.R., Drabant, E.M., Munoz, K.E., Kolachana, B.S., Mattay, V.S.,
Egan, M.F., Weinberger, D.R., 2005. A susceptibility gene for
affective disorders and the response of the human amygdala. Arch.
Gen. Psychiatry 62 (2), 146–152.

Heils, A., Teufel, A., Petri, S., Stober, G., Riederer, P., Bengel, D.,
Lesch, K.P., 1996. Allelic variation of human serotonin trans-
porter gene expression. J. Neurochem. 66 (6), 2621–2624.

Heinz, A., Jones, D.W., Mazzanti, C., Goldman, D., Ragan, P., Hommer,
D., Linnoila, M., Weinberger, D.R., 2000. A relationship between
serotonin transporter genotype and in vivo protein expression and
alcohol neurotoxicity. Biol. Psychiatry 47 (7), 643–649.

Heinz, A., Braus, D.F., Smolka, M.N., Wrase, J., Puls, I., Hermann,
D., Klein, S., Grusser, S.M., Flor, H., Schumann, G., Mann, K.,
Buchel, C., 2005. Amygdala-prefrontal coupling depends on a
genetic variation of the serotonin transporter. Nat. Neurosci.
8 (1), 20–21.

Holmes, A., Yang, R.J., Murphy, D.L., Crawley, J.N., 2001. Genetic
background determines behavioral phenotypes in serotonin
transporter knockout mice. International Behavioural and Neural
Genetics Society Annual Meeting. . San Diego, USA.

Holmes, A., Lit, Q., Murphy, D.L., Gold, E., Crawley, J.N., 2003a.
Abnormal anxiety-related behavior in serotonin transporter null
mutant mice: the influence of genetic background. Genes Brain
Behav. 2 (6), 365–380.

Holmes, A., Yang, R.J., Lesch, K.P., Crawley, J.N., Murphy, D.L.,
2003b. Mice lacking the serotonin transporter exhibit 5-HT(1A)
receptor-mediated abnormalities in tests for anxiety-like behav-
ior. Neuropsychopharmacology 28 (12), 2077–2088.

Hu, X.Z., Lipsky, R.H., Zhu, G., Akhtar, L.A., Taubman, J.,
Greenberg, B.D., Xu, K., Arnold, P.D., Richter, M.A., Kennedy,
J.L., Murphy, D.L., Goldman, D., 2006. Serotonin transporter
promoter gain-of-function genotypes are linked to obsessive–
compulsive disorder. Am. J. Hum. Genet. 78 (5), 815–826.

Ichimaru, Y., Egawa, T., Sawa, A., 1995. 5-HT1A-receptor subtype
mediates the effect of fluvoxamine, a selective serotonin
reuptake inhibitor, on marble-burying behavior in mice. Jpn J.
Pharmacol. 68 (1), 65–70.

Jennings, K.A., Loder, M.K., Sheward, W.J., Pei, Q., Deacon, R.M.,
Benson, M.A., Olverman, H.J., Hastie, N.D., Harmar, A.J., Shen,
S., Sharp, T., 2006. Increased expression of the 5-HT transporter
confers a low-anxiety phenotype linked to decreased 5-HT
transmission. J. Neurosci. 26 (35), 8955–8964.

Katzman, M.A., 2009. Current considerations in the treatment of
generalized anxiety disorder. CNS Drugs 23 (2), 103–120.

Kjelstrup, K.G., Tuvnes, F.A., Steffenach, H.A., Murison, R., Moser,
E.I., Moser, M.B., 2002. Reduced fear expression after lesions of
the ventral hippocampus. Proc. Natl. Acad. Sci. USA 99 (16),
10825–10830.

Lan, M.Y., Chang, Y.Y., Chen, W.H., Kao, Y.F., Lin, H.S., Liu, J.S.,
2009. Serotonin transporter gene promoter polymorphism is
associated with body mass index and obesity in non-elderly
stroke patients. J. Endocrinol. Invest. 32 (2), 119–122.

Lasky-Su, J.A., Faraone, S.V., Glatt, S.J., Tsuang, M.T., 2005. Meta-
analysis of the association between two polymorphisms in the
serotonin transporter gene and affective disorders. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 133 (1), 110–115.

Leibowitz, S.F., Weiss, G.F., Shor-Posner, G., 1988. Hypothalamic
serotonin: pharmacological, biochemical, and behavioral analy-
ses of its feeding-suppressive action. Clin. Neuropharmacol. 11
(Suppl 1), S51–S71.

Lesch, K.P., Bengel, D., Heils, A., Sabol, S.Z., Greenberg, B.D.,
Petri, S., Benjamin, J., Muller, C.R., Hamer, D.H., Murphy, D.L.,
1996. Association of anxiety-related traits with a polymorphism
in the serotonin transporter gene regulatory region. Science 274
(5292), 1527–1531.

Lotrich, F.E., Pollock, B.G., 2004. Meta-analysis of serotonin
transporter polymorphisms and affective disorders. Psychiatr.
Genet. 14 (3), 121–129.

Mann, J.J., Huang, Y.Y., Underwood, M.D., Kassir, S.A., Oppenheim,
S., Kelly, T.M., Dwork, A.J., Arango, V., 2000. A serotonin
transporter gene promoter polymorphism (5-HTTLPR) and pre-
frontal cortical binding in major depression and suicide. Arch.
Gen. Psychiatry 57 (8), 729–738.

McHugh, S.B., Deacon, R.M., Rawlins, J.N., Bannerman, D.M., 2004.
Amygdala and ventral hippocampus contribute differentially to
mechanisms of fear and anxiety. Behav. Neurosci. 118 (1),
63–78.

McQuade, R., Sharp, T., 1997. Functional mapping of dorsal and
median raphe 5-hydroxytryptamine pathways in forebrain of the
rat using microdialysis. J. Neurochem. 69 (2), 791–796.

Melke, J., Landen, M., Baghei, F., Rosmond, R., Holm, G., Bjorntorp,
P., Westberg, L., Hellstrand, M., Eriksson, E., 2001. Serotonin
transporter gene polymorphisms are associated with anxiety-
related personality traits in women. Am. J. Med. Genet. 105 (5),
458–463.

Mueller, A., Brocke, B., Fries, E., Lesch, K.P., Kirschbaum, C., 2010.
The role of the serotonin transporter polymorphism for the
endocrine stress response in newborns. Psychoneuroendocrinol-
ogy 35 (2), 289–296.

Neill, J.C., Cooper, S.J., 1989. Evidence that D-fenfluramine
anorexia is mediated by 5-HT1 receptors. Psychopharmacology
(Berl) 97 (2), 213–218.

Njung'e, K., Handley, S.L., 1991. Effects of 5-HT uptake inhibitors,
agonists and antagonists on the burying of harmless objects by
mice; a putative test for anxiolytic agents. Br. J. Pharmacol. 104
(1), 105–112.

Owens, M.J., Nemeroff, C.B., 1994. Role of serotonin in the
pathophysiology of depression: focus on the serotonin transport-
er. Clin. Chem. 40 (2), 288–295.

Parsey, R.V., Hastings, R.S., Oquendo, M.A., Hu, X., Goldman, D.,
Huang, Y.Y., Simpson, N., Arcement, J., Huang, Y., Ogden, R.T.,
Van Heertum, R.L., Arango, V., Mann, J.J., 2006. Effect of a
triallelic functional polymorphism of the serotonin-transporter-
linked promoter region on expression of serotonin transporter in
the human brain. Am. J. Psychiatry 163 (1), 48–51.

Pirker, W., Asenbaum, S., Hauk, M., Kandlhofer, S., Tauscher, J.,
Willeit, M., Neumeister, A., Praschak-Rieder, N., Angelberger,
P., Brucke, T., 2000. Imaging serotonin and dopamine transpor-
ters with 123I-beta-CIT SPECT: binding kinetics and effects of
normal aging. J. Nucl. Med. 41 (1), 36–44.

Pluess, M., Belsky, J., Way, B.M., Taylor, S.E., 2010. 5-HTTLPR
moderates effects of current life events on neuroticism:
differential susceptibility to environmental influences. Prog.
Neuropsychopharmacol. Biol. Psychiatry 34 (6), 1070–1074.

Preuss, U.W., Soyka, M., Bahlmann, M., Wenzel, K., Behrens, S., de
Jonge, S., Kruger, M., Bondy, B., 2000. Serotonin transporter
gene regulatory region polymorphism (5-HTTLPR), [3H]parox-
etine binding in healthy control subjects and alcohol-dependent



116 S.J. Line et al.
patients and their relationships to impulsivity. Psychiatry Res. 96
(1), 51–61.

Pringle, A., Jennings, K.A., Line, S., Bannerman, D.M., Higgs, S.,
Sharp, T., 2008. Mice overexpressing the 5-hydroxytryptamine
transporter show no alterations in feeding behaviour and
increased non-feeding responses to fenfluramine. Psychophar-
macology (Berl) 200 (2), 291–300.

Rhodes, R.A., Murthy, N.V., Dresner, M.A., Selvaraj, S., Stavrakakis,
N., Babar, S., Cowen, P.J., Grasby, P.M., 2007. Human 5-HT
transporter availability predicts amygdala reactivity in vivo. J.
Neurosci. 27 (34), 9233–9237.

Roy, A., Hu, X.Z., Janal, M.N., Goldman, D., 2007. Interaction
between childhood trauma and serotonin transporter gene
variation in suicide. Neuropsychopharmacology 32 (9),
2046–2052.

Shephard, R.A., Broadhurst, P.L., 1982. Effects of diazepam and
picrotoxin on hyponeophagia in rats. Neuropharmacology 21 (8),
771–773.

Shephard, R.A., Jackson, H.F., Broadhurst, P.L., Deakin, J.F., 1984.
Relationships between hyponeophagia, diazepam sensitivity and
benzodiazepine receptor binding in eighteen rat genotypes.
Pharmacol. Biochem. Behav. 20 (6), 845–847.

Silverstone, T., Goodall, E., 1986. Serotoninergic mechanisms in
human feeding: the pharmacological evidence. Appetite 7
(Suppl), 85–97.
Sookoian, S., Gemma, C., Garcia, S.I., Gianotti, T.F., Dieuzeide, G.,
Roussos, A., Tonietti,M., Trifone, L., Kanevsky, D., Gonzalez, C.D.,
Pirola, C.J., 2007. Short allele of serotonin transporter gene
promoter is a risk factor for obesity in adolescents. Obesity (Silver
Spring) 15 (2), 271–276.

Sookoian, S., Gianotti, T.F., Gemma, C., Burgueno, A., Pirola, C.J.,
2008. Contribution of the functional 5-HTTLPR variant of the
SLC6A4 gene to obesity risk in male adults. Obesity (Silver Spring)
16 (2), 488–491.

Treit, D., Pesold, C., Rotzinger, S., 1993. Dissociating the anti-fear
effects of septal and amygdaloid lesions using two pharmacolog-
ically validated models of rat anxiety. Behav. Neurosci. 107 (5),
770–785.

Uceyler, N., Schutt, M., Palm, F., Vogel, C., Meier, M., Schmitt, A.,
Lesch, K.P., Mossner, R., Sommer, C., 2010. Lack of the serotonin
transporter inmice reduces locomotor activity and leads to gender-
dependent late onset obesity. Int. J. Obes. (Lond) 34 (4), 701–711.

Way, B.M., Taylor, S.E., 2010. The serotonin transporter promoter
polymorphism is associated with cortisol response to psychosocial
stress. Biol. Psychiatry 67 (5), 487–492.

Zhao, S., Edwards, J., Carroll, J., Wiedholz, L., Millstein, R.A.,
Jaing, C., Murphy, D.L., Lanthorn, T.H., Holmes, A., 2006.
Insertion mutation at the C-terminus of the serotonin transporter
disrupts brain serotonin function and emotion-related behaviors
in mice. Neuroscience 140 (1), 321–334.


	Opposing alterations in anxiety and species-typical behaviours in serotonin transporter overexpressor and knockout mice
	Introduction
	Experimental procedures
	Animals
	Behavioural protocols
	Anxiety tasks
	Elevated plus maze
	Hyponeophagia
	Successive alleys
	Black-white alley

	Locomotor activity
	Species-typical behaviour
	Burrowing
	Marble burying


	Statistical analysis

	Results
	Anxiety tests
	Elevated plus maze
	Hyponeophagia
	Successive alleys
	Black-white alley

	Locomotor activity
	Species-typical behaviour
	Burrowing
	Marble burying

	Body weight

	Discussion
	Anxiety
	Species-typical behaviour
	Body weight
	Conclusions

	Role of the funding source
	Contributors
	Conflict of interest
	Acknowledgements
	References




