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A B S T R A C T

The serotonin transporter knockout (SERT�/�) mouse, generated in 1998, was followed by the SERT�/�

rat, developed in 2006. The availability of SERT�/� rodents creates the unique possibility to study the

conservation of gene function across species. Here we summarize SERT�/� mouse and rat data, and

discuss species (dis)similarities in neurobehavioral endophenotypes. Both SERT�/� rodent models show

a disturbed serotonergic system, altered nociception, higher anxiety, decreased social behavior, as well

as increased negative emotionality, behavioral inhibition and decision making. Used to model a wide

range of psychiatric disorders, SERT�/� rodents may be particularly valuable in research on

neurodevelopmental disorders such as depression, anxiety, and possibly autism. We conclude that

SERT function is conserved across mice and rats and that their behavioral profile arises from common

neurodevelopmental alterations. Because mice and rats have species-specific characteristics that confer

differential research advantages, a comparison of the two models has heuristic value in understanding

the mechanisms and behavioral outcome of SERT genetic variation in humans.
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1. Introduction

Serotonin (5-HT) is a highly conserved neuromodulator that
plays a key role in various brain processes, including emotion,
motivation, cognition, feeding, sleep and nociception (Serretti
et al., 2006). Extracellular 5-HT levels are regulated by the reuptake
function of the 5-HT transporter (SERT) (Murphy et al., 2001, 2004,
2008). Created in 1998, the SERT knockout (�/�) mouse (Bengel
et al., 1998) soon became a popular model for translational
biomedical research focusing on brain processes in health and
disease (Adamec et al., 2006; Armando et al., 2003; Holmes et al.,
2002b, 2003b; Murphy et al., 2001, 2003; Perona et al., 2008;
Persico et al., 2001; Sora et al., 1998). Several different SERT�/�

mouse strains are currently available for researchers, all demon-
strating a substantial similarity in their neurobehavioral abnorm-
alities (Gardier, 2009; Zhao et al., 2006), also see recent reviews in
(Fox et al., 2007a; Murphy et al., 2008; Murphy and Lesch, 2008).

Because the rat is commonly used in behavioral, pharmacolo-
gical, toxicological and neurochemical studies, attempts have been
made to generate knockout rats using the ‘mouse’ homologous
recombination technique in embryonic stem cells. Although this
technique failed in rats, N-ethyl-N-nitrosuea (ENU)-driven target-
selected mutagenesis has proven to be a promising alternative
approach. Using this approach, several knockout rats have been
generated (Smits et al., 2006), including a SERT�/� rat. In 2007,
Homberg and co-workers presented the first data on characteriza-
tion of the SERT�/� rat (Homberg et al., 2007a). This unique
situation, when both mouse and rat SERT�/� models became
available, was the focus of an international symposium on SERT
knockout models, held in 2008 at Radboud University (Nijmegen,
the Netherlands). Co-organized by AVK and JRH, this symposium
was aimed at fostering a multidisciplinary dialogue between
several SERT�/�mouse and rat laboratories, with a particular focus
on (dis)similarities in neurobehavioral domains between the two
species.

Notably, mice and rats not only differ in size, but there are also
species differences in the number of chromosomes, genomic
characteristics (Guryev et al., 2008), cognitive capabilities (this
review), and receptor functions (Goodwin et al., 1985, 1987). Yet,
the toolbox to manipulate the animal genome is far more extensive
for mouse than for the rat. Because both mice and rats are used to
model human health and disease, it is important to establish
whether gene function is conserved across mouse and rat (Kalueff
et al., 2008b; Kas et al., 2007).

Here we comprehensively evaluate SERT�/� mouse and rat
endophenotypes, summarize their differences and similarities
(Table 1), cluster these endophenotypes into major neuropsy-
chiatric domains, and outline their common underlying
mechanisms (Figs. 1 and 2). As discussed during the Nijmegen
symposium, the overall SERT gene function in the brain appears
to be conserved across mice and rats. We also posit that the
wide range of endophenotypes displayed by SERT�/� rodents
may be traced back to common neurodevelopmental changes,
making these rodents particularly valuable for modeling
developmental brain disorders. Because mice and rats have
species-specific characteristics that confer research advantages,
joining forces will have heuristic value to obtain new insights
into the mechanisms and behavioral outcomes of SERT genetic
variation in humans.
2. Brain neurochemistry

The function of the SERT is to reuptake 5-HT from the synaptic
cleft into the presynaptic neuron for recycling or metabolic
degradation. Under normal physiological conditions, the reuptake
by SERT is the principle means for actively clearing 5-HT from the
synaptic cleft. The major consequence of SERT inactivation is rapid
increase in extraneuronal 5-HT levels, as determined by micro-
dialysis in both SERT�/� mice (Fabre et al., 2000; Mathews et al.,
2004; Murphy et al., 1999; Shen et al., 2004) and rats (Homberg
et al., 2007a; Olivier et al., 2008c). The extent of this increase is
quite similar (7–9-fold) in both SERT�/� mice and rats. SERT�/�

mice show a lack of 5-HT uptake in brain synaptosomes (Bengel
et al., 1998), and a very weak uptake in primary neuronal cultures
derived from embryonic cells (Pan et al., 2001). In SERT�/� rat
synaptosomes, 5-HT uptake is reduced, but not absent (Homberg
et al., 2007a). Furthermore, a marked reduction in 5-HT tissue
levels has been found in several brain regions of SERT�/� mice
(Bengel et al., 1998; Fabre et al., 2000; Murphy et al., 1999) and rats
(Homberg et al., 2007a). While reduced 5-HT uptake is a likely
explanation, decreased 5-HT synthesis, as found in SERT�/� mice
(Kim et al., 2005), could also contribute to lowered 5-HT levels.

As a consequence of the altered 5-HT homeostasis in SERT�/�

animals, the density and/or function of 5-HT receptors are likely to
change (Table 1). The presynaptic inhibitory 5-HT1A receptor in the
raphe nuclei is important for regulation of raphe neuronal firing
rate, whereas postsynaptic 5-HT1A receptors in terminal regions
contribute to 5-HT neurotransmission. SERT�/� mice display
decreased 5-HT1A binding sites, mRNA, and protein levels in the
raphe nuclei and terminal regions (Li et al., 1999). Although
inhibitory 5-HT1A receptors are desensitized in SERT�/� mice
(Bouali, 2003; Gobbi et al., 2001; Mannoury la et al., 2001), the
spontaneous firing rate of raphe neurons is decreased in these mice
(Gobbi et al., 2001; Lira et al., 2003), possibly representing an
additional mechanism to counteract the high extracellular 5-HT
levels. The SERT�/� mouse postsynaptic 5-HT1A receptors in the
hippocampus are unaltered in the CA1 area (Mannoury la et al.,
2001) and less functional in the CA3 area (Gobbi et al., 2001),
suggesting region-specific function of these receptors. Likewise,
SERT�/� rats display decreased 5-HT1A receptor density in raphe
nuclei and several terminal regions (Homberg et al., 2008a), as well
as reduced firing rate of raphe neurons after 8-OH-DPAT
application (Olivier et al., unpublished observations). In line with
5-HT1A receptor down-regulation, 8-OHDPAT- (Homberg et al.,
2008a; Li et al., 1999) and flesinoxan-induced (Olivier et al., 2008a)
hypothermia is reduced in mice and rats. Despite these consistent
findings, the 5-HT1A-receptor-mediated hypothermia in mice most
likely reflects 5-HT1A autoreceptor desensitization, while the same
response in rats is thought to be mediated by postsynaptic 5-HT1A

receptors (Goodwin et al., 1985, 1987). Interestingly, 5-HT1A

receptor antagonist-mediated reduction of stress-induced
hyperthermia is still intact in SERT�/� rats (Olivier et al., 2008a),
which could be due to the high endogenous 5-HT levels. While the
hypothermic responses could reflect both receptor desensitization
and/or increased receptor occupation, reduced 5-HT1A receptor
density and firing in SERT�/� animals support the former.

Functional alterations have also been found for 5-HT1B

receptors in SERT�/� mice and rats. In SERT�/� rats, the 5-HT1B

receptor agonist CP94253 fails to potentiate cocaine’s locomotor



Table 1
Summary of neurobehavioral phenotypes observed in SERT knockout rodent models.

Endpoints SERT knockout mice SERT knockout rats

Effect References Effect References

I. Neurochemistry
Extracellular 5-HT levels " Fabre et al. (2000),

Mathews et al. (2004),

Shen et al. (2004)

" Homberg et al. (2007a),

Olivier et al. (2008c)

5-HT tissue levels # Bengel et al. (1998),

Fabre et al. (2000),

Murphy et al. (1999)

# Homberg et al. (2007a)

5-HT1A sensitivity # Bouali (2003),

Gobbi et al. (2001),

Mannoury la et al. (2001)

# Homberg et al. (2008a),

Olivier et al. (2008a)

5-HT1A binding/mRNA/protein # Li et al. (1999) # Homberg et al. (2008a)

Firing rate in raphe following 5-HT1A agonist
administration

# Gobbi et al. (2001),

Lira et al. (2003)

# *,**

5-HT1A agonist-induced hypothermia # Li et al. (1999) # Homberg et al. (2008a),

Olivier et al. (2008a)

5-HT1B receptor sensitivity # Holmes et al. (2002a),

Fabre et al. (2000),

Shanahan et al. (2009)

# Homberg et al. (2008a)

Brain synaptosomes 5-HT uptake Absent Bengel et al. (1998) # Homberg et al. (2007a)

Number of 5-HT1B receptors # Fabre et al. (2000),

Shanahan et al. (2009)

= Homberg et al. (2008a)

5-HT uptake in primary neuronal cultures # Pan et al. (2001)

5-HT synthesis # Kim et al. (2005)

5-HT1B receptor G-protein coupling # Fabre et al. (2000)

Density of 5-HT2A receptors = Qu et al. (2005),

Rioux et al. (1999)

5-HT2A/2C agonist-induced incorporation of

arachidonic acid

" Basselin et al. (2009)

Phospholipase A2 coupling of 5-HT2A receptors # Qu et al. (2005),

Rioux et al. (1999)

Barrel-like patterns in somatosensory cortex Absent Persico et al. (2001)

Functional integrity of barrel cortex # Esaki et al. (2005)

Maturity of thalamic axons # Rebsam et al. (2002)

Cell density in neocortex and macrocephaly " Altamura et al. (2007),

Page et al. (2009)

Length of apical dendritic branches of

prefrontal cortical pyramidal neurons

" Wellman et al. (2007)

II. Nociception
Thermal hyperalgesia after incomplete sciatic

nerve injury (females)

# Vogel et al. (2003)

Bilateral mechanical allodynia after nerve

injury in females

" Vogel et al. (2003)

Complete Freud’s adjuvant-induced

hyperalgesia (females)

# Palm et al. (2008)

Mechanical, thermal, and formalin-induced

nociception (males)

= Kayser et al. (2007)

III. Miscellaneous behaviors
Grooming frequency = Kalueff et al. (2007a) " *

5-HT syndrome behaviors " Kalueff et al. (2007a) = *

Pharmacogenic 5-HT behaviors " Fox et al. (2007a,b, 2009)

Homecage activity # Hariri and Holmes (2006)

Marble burying and digging activity # Kalueff et al. (2006)

IV. Exploratory behavior
Motor and neurological functions = Kalueff et al. (2007a, 2008a),

Zhao et al. (2006)

= Olivier et al. (2008d)

Open arm activity in the elevated plus maze # Lira et al. (2003) # Olivier et al. (2008c)

Open field central horizontal exploration # Alexandre et al. (2006),

Kalueff et al. (2007a)

# Olivier et al. (2008c)

Perseverance-like turning and meandering
behavior

" Kalueff et al. (2007a,b),

Shanahan et al. (2009)

" *

Open field vertical exploration # Kalueff et al. (2007a) = Olivier et al. (2008c)

Between-trial habituation for horizontal activity # Alexandre et al. (2006),

Kalueff et al. (2007a)

V. Negative emotionality: anxiety and fear
Open arm time in the elevated plus maze # Ansorge et al. (2004),

Holmes et al. (2003a),

Popa et al. (2008)

# Olivier et al. (2008a)

Latency to start eating in novelty
suppressed feeding test

" Ansorge et al. (2004),

Lira et al. (2003)#

" Olivier et al. (2008a)

Thigmotaxis on the open field " Holmes et al. (2003a),

Ansorge et al. (2004),

Kalueff et al. (2007a)

" Olivier et al. (2008a)

A.V. Kalueff et al. / Neuroscience and Biobehavioral Reviews 34 (2010) 373–386 375



Table 1 (Continued )

Endpoints SERT knockout mice SERT knockout rats

Effect References Effect References

Locomotor activity in novel environment # Ansorge et al. (2004),

Alexandre et al. (2006),

Holmes et al. (2003a,b),

Kalueff et al. (2007a),

Zhao et al. (2006)

= Olivier et al. (2008a)

Aversion for open environments under

red light

= Adamec et al. (2006)

Open arm time in the elevated plus maze

with cat odor

# Adamec et al. (2006)

Light time in the dark–light test # Popa et al. (2008)

Recall of conditioned fear " Wellman et al. (2007)

Escaping latency in the emergence test " Olivier et al. (2008a)

VI. Negative emotionality: behavioral
despair and anhedonia

Immobility in forced swim test# " Holmes et al. (2002b)#,

Lira et al. (2003)#

" Olivier et al. (2008a)

Sucrose preference# # Popa et al. (2008)# # Olivier et al. (2008a)

Sucrose preference = Kalueff et al. (2006)#,

Perona et al. (2008)#

# Olivier et al. (2008a)

Immobility in tail suspension test " Alexandre et al. (2006)#,

Zhao et al. (2006)#,

Popa et al. (2008)#

Immobility in repeated forced swim test " Wellman et al. (2007)#

Footshock-induced place aversion " *

Latency foot shock escape " Ansorge et al. (2004)

VII. Positive emotionality
Cocaine-induced conditioned place

preference
" Sora et al. (1998, 2001) " Homberg et al. (2008a)

Cocaine-induced dopamine release = Shen et al. (2004) = **

Intravenous cocaine self-administration = Thomsen et al. (2009) " Homberg et al. (2008a)

Breakpoints in food-reinforced paradigm # Sanders et al. (2007)

Food intake " Homberg et al. (2009)

Locomotor effects following cocaine

administration

" Homberg et al. (2008a)

VIII. Social behavior
Aggression in the resident-intruder test # Holmes et al. (2002a) # Homberg et al. (2007b)

Social interaction # Kalueff et al. (2007a),

Moy et al. (2009),

Page et al. (2009)

= Homberg et al. (2007b)

Play behavior # Homberg et al. (2007c)

IX. Cognitive functions
Spatial working memory (open field and

elevated plus maze habituation)

= Kalueff et al. (2007b)

Premature responding in 5-choice serial

reaction time task

# Homberg et al. (2007b)

Correct response latency in 5-choice serial

reaction time task

" Homberg et al. (2007b)

Behavior in the Pavlovian-to-Instrumental

transfer task

= Sanders et al. (2007)

Correct responding in serial spatial reversal

learning task

= Homberg et al. (2007b)

Emotional decision making in Iowa

Gambling Task

" Homberg et al. (2008b)

Latency to find hidden platform in the

Morris water maze

" Olivier et al. (2008d)

Object recognition after 8 h # Olivier et al. (2009)

Acute tryptophan depletion-induced

object memory

# Olivier et al. (2008b)

" Increased, # reduced, = no difference. Bold text indicates domain similarities between mouse and rat phenotypes, gray color indicates phenotypes that show species-specific

difference.
* Nonkes and Homberg, unpublished observations.
** Olivier, Homberg and Cremers, unpublished observations.
# Strain-specific effect (some other mouse strains show the opposite phenotype).
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effects (Homberg et al., 2008a), while in SERT�/� mice the 5-HT1A/

1B agonist RU24969 has no effects on locomotion (Holmes et al.,
2002a) or prepulse inhibition (Fabre et al., 2000; Shanahan et al.,
2009). In mice, such 5-HT1B receptor desensitization is due to
reduced density of the 5-HT1B receptor (Fabre et al., 2000;
Shanahan et al., 2009) and reduced G-protein coupling (Fabre et al.,
2000). In SERT�/� rats, no changes were found in 5-HT1B receptor
density (Homberg et al., 2008a), suggesting that solely G-protein
uncoupling contributes to the receptor desensitization.

Examining 5-HT2A receptors, both the density and phospholi-
pase A2 coupling of the receptors are region-specifically altered in
SERT�/� mice (Qu et al., 2005; Rioux et al., 1999). Recent studies



Fig. 1. A working model of how neurodevelopmental changes in multiple brain regions of SERT�/� rodents could account for the diversity of observed endophenotypes.

Sensory information of the external and internal world is first processed by the somatosensory cortex and insular cortex. The absence of a barrel-like pattern in the

somatosensory cortex (SERT�/�mouse; Persico et al., 2001) and the alterations in insula cortical gray matter (5-HTTLPR; Canli et al., 2005; Wassink et al., 2007) may account

for the alterations in exploratory behavior, nociception and social behavior as observed in SERT�/� animals. The amygdala orchestrates the allocation of emotional values to

sensory information, and its increased connectivity with the prefrontal cortex (PFC) (Heinz et al., 2005) may be important for associative learning and thereby adaptive

behavior in response to environmental changes. Enhanced positive and negative emotionality is likely to arise from structural and functional changes in the amygdala of

SERT�/� rodents (Wellman et al., 2007). Additional reduced PFC inhibitory control over the amygdala, as found in human s allele carriers, may be responsible for reduced

cognitive control over emotion (Pezawas et al., 2005) and increased emotional memory (Wellman et al., 2007). Morphometric changes in the hippocampus (O’Hara et al.,

2007) may contribute to altered contextual memory. Finally, SERT�/� rodents may be stress-sensitive because desensitization of the 5-HT1A receptor in the dorsal raphe

nucleus (DRN) confers the animals a reduced capacity to buffer stress-induced increases in serotonin release (Uher, 2008).

A.V. Kalueff et al. / Neuroscience and Biobehavioral Reviews 34 (2010) 373–386 377
reported elevated incorporation of arachidonic acid induced by
DOI (a partial 5-HT2A/2C agonist) in SERT�/� mice, which may
reflect tonic phospholipase A2 stimulation through 5-HT2A/2C

receptors occupied by excess 5-HT (Basselin et al., 2009). This
indicates that not all 5-HT receptors desensitize in response to
constitutive high 5-HT levels. Apparently, 5-HT2A receptor signal-
Fig. 2. Proposed domain structure of SERT knockout rodent phenotypes. S - reduced

sociability, BI - behavioral instability, AD - affective disorders (D - depression, AN -

anxiety), NC - negative cognitions, PC positive cognitions.
ing is necessary to compensate for SERT deficiency. It has been
reported that 5-HT, via 5-HT1A and 5-HT2A/C receptor activation,
regulates glutamate receptor function in prefrontal cortex (PFC)
neurons in a counteractive manner (Yuen et al., 2008), suggesting
that 5-HT2A receptor-mediated cortical glutamate transmission is
important in modulating the serotonergic system. This may also
render an individual susceptible to environmental factors because
the capacity to buffer large fluctuations in 5-HT levels is lost (Uher,
2008).

3. Serotonin syndrome

5-HT syndrome occurs when there is an excess of 5-HT in the
brain, and its common symptoms include muscle rigidity,
hyperreflexia and seizures (Isbister et al., 2004). The autonomic
system also undergoes atypical stimulation resulting in acceler-
ated heart beat, tremors, flushing and fever. Mental symptoms,
such as anxiety, agitation and confusion, are also commonly
observed (Kalueff et al., 2008a). Although the exact causes of 5-HT
toxicity are unknown, an overdose of antidepressant drugs such as
selective 5-HT reuptake inhibitors (SSRIs), resulting in accumula-
tion of 5-HT in the brain, can cause these symptoms in humans.
Life-threatening 5-HT toxicity is usually observed when two or
more pharmacological compounds cause a synergistic serotonergic
effect. However, due to the variability in genetic susceptibility to
this syndrome, some individuals may be affected by a single drug
alone (Isbister et al., 2004).

5-HT-like syndrome has been evoked in experimental animals,
and may occur spontaneously in SERT�/� rodents. For example,
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SERT�/� mice on C57BL/6J genetic background display sponta-
neous 5-HT syndrome-like behaviors, including low body posture,
Straub tail, tremors, tics and backward gait (Kalueff et al., 2007b,
2008a). These studies, which lead to the first genetic animal model
of 5-HT syndrome, were subsequently reconfirmed pharmacolo-
gically, using a wide spectrum of serotonergic drugs (Fox et al.,
2007b, 2009). Interestingly, SERT�/� rats do not show spontaneous
5-HT syndrome-like behaviors, despite the fact that both SERT�/�

mice and rats display elevated extracellular 5-HT levels. While the
exact reason for these differences remains unclear, there may be
species-specific differences in compensatory mechanisms for
coping with elevated 5-HT levels. Another aspect to consider here
is the potential contribution of states similar to 5-HT syndrome
(Kalueff et al., 2008a) to animal exploratory behavior. For example,
anxiety and confusion can be part of 5-HT-like syndrome in SERT�/

� rodents, contributing to anxiety behavior reported in these
animals (Kalueff et al., 2007b). Likewise, low/flat body posture and
backward gait in SERT�/� mice may contribute to their reduced
vertical exploration (Kalueff et al., 2007c) (see further).

4. Neurodevelopment

5-HT not only serves as a neurotransmitter, but also exerts
morphogenic activity during early brain development (Gaspar
et al., 2003), when axons with SERT follow the path taken by the
serotonergic axons. By embryonic day 16–20, SERT is expressed in
the cortex, olfactory bulbs and several other brain regions (Zhou
et al., 2000). In vivo and in vitro evidence indicates that 5-HT and
SERT can influence biochemical and morphological differentiation
of raphe neurons and receptive target cells, implying that 5-HT
modulates neurodevelopment, including neurite outgrowth, cell
proliferation, migration, cell–cell coupling, synaptogenesis and
maturation. These functions are mediated by a variety of 5-HT
receptors that are expressed within specific time-windows
(Lauder, 1990) and may modulate specific neurodevelopmental
processes in SERT�/� mice and rats.

The non-aminergic neurons express SERT transiently, and
belong to highly topographically organized sensory systems, such
as the sensory relay thalamic neurons that form somatosensory
maps. The importance of SERT in directing neuronal outgrowth is
reflected by the finding that the barrel-like patterns in the
somatosensory cortex are absent in SERT�/� mice (Persico et al.,
2001), and that the functional integrity of the barrel cortex is
reduced (Esaki et al., 2005). Specifically, the thalamic axons that
carry sensory afferents from one whisker and form clusters in
cortical layer IV (barrels), do not cluster and remain immature in
SERT�/� mice (Rebsam et al., 2002). Other neurodevelopmental
changes observed in SERT�/�mice include an increased cell density
in the neocortex (Altamura et al., 2007), macrocephaly (Page et al.,
2009), an increased length of the apical dendritic branches of PFC
pyramidal neurons, and greater spine density of amygdalar
pyramidal neurons (Wellman et al., 2007). Overall, these data
suggest an important role for SERT in neurodevelopmental
abnormalities, which may also contribute to the behavioral profile
of SERT�/� rodents (see further).

5. Nociception

Endogenous 5-HT is implicated in the origin and maintenance
of central neuropathic pain. SERT is also thought to play a role in
nociceptive processing since antinociceptive effects are produced
by SSRIs (Gatch et al., 1998; Schreiber et al., 1996). In support of the
role for SERT in nociception, incomplete sciatic nerve injury in
SERT�/�mice abolishes thermal hyperalgesia (Vogel et al., 2003), a
pain-related syndrome associated with reduced 5-HT levels in the
injured peripheral nerves. SERT�/�mice show bilateral mechanical
allodynia after the nerve injury, which is also associated with
decreased spinal 5-HT concentrations, or even a lack of spinal
inhibition (Vogel et al., 2003). Another study found that
intraplantar complete Freund’s adjuvant injection attenuates
hyperalgesia in SERT�/� mice, but can be reversed by an
intraplantar injection of 5-HT (Palm et al., 2008). It is possible
that diminished 5-HT levels seen in the injured peripheral nerve,
and in nervous and adrenal tissue, causes the reduced hyper-
algesia.

Nociception involves the neural processes of encoding and
processing of noxious stimuli, from nociceptors in peripheral
tissues to the somatosensory cortex via spinothalamic tracts. Given
the structural changes that have been reported for the thalamo-
cortical neurons in SERT�/�mice (Gaspar et al., 2003; Rebsam et al.,
2002), it is possible that reduced hyperalgesia in SERT�/� mice
could be related to neurodevelopmental changes in the thalamo-
cortical projections and thereby the processing of pain information
by the somatosensory cortex. The finding that microinjection of the
SSRI paroxetine into the primary somatosensory cortex signifi-
cantly attenuates thermal hyperalgesia in mice (Matsuzawa-
Yanagida et al., 2008) strongly supports the role of SERT in both
somatosensory function and nociception.

6. Exploratory behavior

Evaluation of the spatiotemporal patterning is extremely
informative to understand how SERT�/� rodents organize their
behavior. Because motor functions are not severely impaired in
SERT�/� rodents (Kalueff et al., 2007b; Olivier et al., 2008c; Zhao
et al., 2006), alterations in exploratory behavior are likely to be
associated with anxiety, motivation and memory.

Extensive analysis of SERT�/� mouse exploratory behavior in
the open field revealed reduced vertical exploration, reduced
central (but not peripheral) horizontal exploration, unaltered
within-trial habituation, and slightly poorer between-trial habi-
tuation for horizontal activity (Alexandre et al., 2006; Kalueff et al.,
2007b). In the elevated plus maze (EPM) test, SERT�/� mice
demonstrate anxiety-like avoidance of open arms, hypoactivity, as
well as unaltered within-trial and between-trial habituation. In
both tests, SERT�/� mice show greater prevalence of horizontal
over vertical dimension of their exploration in the areas protected
by the walls, but not in open aversive areas. Moreover, SERT�/�

mice on C57BL/6 background consistently display increased
turning behavior and meandering (Kalueff et al., 2007b,c) which
may represent an altered spatial exploration strategy, as recently
reconfirmed by Shanahan et al. (2009) using a mixed BALB/c-
129SvEv genetic background. Because behavior of SERT�/� rodents
is strongly cue-driven (Uher, 2008; see below), and several cues are
encountered during exploration, it is possible that these findings
reflect cue-induced switches in exploration path or direction
consistent with an anxiety endophenotype.

Exploratory behavior in SERT�/� rats has been assessed in the
open field and in the Phenotyper (Noldus Information Technol-
ogy, Wageningen, The Netherlands), an automatic homecage
behavior observation system equipped with an infrared camera
on the top, a shelter, feeding station and two drinking bottles.
Although SERT�/� rats do not display reduced locomotion
(Olivier et al., 2008c), they, like SERT�/� mice, show elevated
thigmotaxis (Olivier et al., 2008c), increased meandering, and a
tendency to higher angular velocity (Nonkes and Homberg,
unpublished observations). Interestingly, the frequency of
immobility, mobility and high mobility are strongly increased
in SERT�/� rats, as is the speed by which the rats move towards
their shelter (Nonkes and Homberg, unpublished observations).
The increased frequency of (im)mobility in SERT�/� rats suggest
that they explore by running and stopping (rather than by
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smooth controlled exploration, as is seen in wild type controls)
indicative of an anxiety-like endophenotype.

Another interesting rodent behavior to consider is grooming.
While grooming activity and its sequencing were unaffected in
SERT�/� mice (Kalueff et al., 2007a; Kalueff, unpublished
observations), SERT�/� rats did show increased self-grooming
behavior (Nonkes, Homberg, unpublished observations). Since
grooming behavior in rodents is highly relevant to anxiety and
obsessive compulsive disorder (OCD) (Kalueff et al., 2007a; Kalueff
and Tuohimaa, 2004; Kalueff and Tuohimaa, 2005), this finding is
in line with elevated anxiety in SERT�/� rodents (Fig. 2).

In summary, SERT�/� rodents show increased anxiety-like
behavior and aberrant strategy of exploration. At least in SERT�/�

mice, these changes may also be due to neurodevelopmental
changes in somatosensory cortex (Persico et al., 2001). For
example, if the barrel cortex is less functional (Esaki et al.,
2005), the animals will have to gather information by means other
than their whiskers, and may use increased meandering/turning to
aid in making the decision with respect to which direction to move.

7. Positive and negative emotionality

5-HT plays a key role in emotional regulation, including both
negative (e.g., anxiety and depression) and positive, reward-
related (e.g., obesity and drug addiction) disorders (Tops et al.,
2009). Used in behavioral tests of rodent emotionality, SERT�/�

mice and rats are very valuable to increase our insight into 5-HT’s
role in negative and positive emotionality.

7.1. Negative emotionality: anxiety and fear

5-HT is widely accepted to be implicated in the pathophysiol-
ogy and treatment of anxiety-related disorders (Neumeister et al.,
2002). Well-known supportive examples are the anxiolytic
potentials of SSRIs and the link between the 5-HTTLPR and
anxiety-related disorders (Brown and Harris, 2008). Nevertheless,
it is still unclear how the serotonergic system contributes to the
pathology underlying anxiety-related disorders.

SERT�/� mice generally show increased aversion for lit and
open environments (Ansorge et al., 2004; Holmes et al., 2003a,b;
Holmes and Hariri, 2003; Popa et al., 2008). However, strain
differences may influence the behavioral outcomes of the SERT
deficiency. For example, SERT�/� mice on 129S6/SvEv genetic
background do not display anxiety-like behavior in the open field
and EPM, but show higher anxiety in the novelty-induced
suppressed feeding test (Lira et al., 2003). SERT�/� mice on CD-1
background show reduced locomotor activity in a novel environ-
ment (Alexandre et al., 2006), also found in SERT�/� mice on
C57BL/6J background (Holmes et al., 2003a,c; Kalueff et al., 2007b;
Zhao et al., 2006). Furthermore, while C57BL/6J SERT�/�mice fail to
show anxiety-related behavior in the light-dark box under basal
conditions, exposure to cat odor causes lasting anxiety in the EPM
test in these mice (Adamec et al., 2006). Finally, in the fear
conditioning test, C57/6J SERT�/� mice display increased recall of
conditioned fear (Wellman et al., 2007), indicating that not only
acute, but also conditioned responses to stress are increased.
Overall, SERT�/� mice generally exhibit a robust anxiety-like
behavior (Table 1).

In the open field test, SERT�/� rats show an increased aversion
to the center of the field, indicating higher stress or anxiety (Olivier
et al., 2008c). Moreover, in the EPM, SERT�/� rats spend less time
on the open arms compared to the closed arms (Olivier et al.,
2008c) and show unaltered total distance moved, suggesting that
their thigmotaxis is unlikely to be due to differences in exploratory
drive. In the novelty-suppressed feeding paradigm, an increased
latency to start eating has been found in male, but not in female
SERT�/� rats (Olivier et al., 2008c). Finally, in the home cage
emergence test, SERT�/� rats demonstrate an increased latency for
escaping from their home cage compared to SERT+/+ rats (Olivier
et al., 2008c), collectively confirming that loss of SERT induces
anxiety-like behavior in SERT�/� rats as well. Importantly, there
are also pronounced strain differences in neurobehavioral
endophenotypes in rats (Yilmazer-Hanke, 2008). Thus far, only
SERT�/� rats on a Wistar genetic background have been studied for
the parameters described above (although the effect of genetic
background on SERT�/� rat behavior is currently being studied in a
genetic modifier screen). Considering the contribution of genetic
background is important, because it may influence the correct
interpretation of biobehavioral findings. Simultaneously, it may
also provide an important tool to identify genetic modifiers of the
SERT gene, and thereby new molecular pathways that could be
valuable in treating patients that respond poorly to drugs like
SSRIs.

7.2. Negative emotionality: behavioral despair and anhedonia

5-HT is strongly implicated in depression, with the most well-
known example evidenced by the antidepressant potential of
SSRIs. Although anxiety- and depression-related disorders share
several endophenotypes, including increased negative (condi-
tioned) emotionality and stress-sensitivity, depression more
strongly involves behavioral despair and anhedonia.

In the forced swim test of behavioral despair, SERT�/� mice on
129S6 or CD1 backgrounds displayed increased immobility
(Holmes et al., 2002b; Lira et al., 2003; Popa et al., 2008). In
contrast, SERT�/� mice generated on C57BL/6J (Holmes et al.,
2002b; Wellman et al., 2007) or mixed C57BL/6-129SvJ (Perona
et al., 2008) genetic backgrounds showed unaltered responses in
this test. Importantly, an increased immobility was observed in
SERT mutants on C57BL/6J background following repeated
exposure to the forced swim test (Wellman et al., 2007).

Depression-like behaviors were further examined in SERT�/�

mice on CD-1 (Alexandre et al., 2006; Popa et al., 2008) or C57BL/6J
(Zhao et al., 2006) genetic backgrounds, displaying an increased
immobility in the tail suspension test. However, SERT�/� mice on
129S6 (Holmes et al., 2002b; Lira et al., 2003) or mixed C57BL/6-
129SvJ (Perona et al., 2008) genetic backgrounds showed reduced
immobility in this test, negating their higher baseline depression.
Since anhedonia is a core symptom of depression (Orsetti et al.,
2007), its assessment in SERT�/� mutant rodents represents an
important direction of research. SERT�/� mice on C57BL/6 back-
ground did not show reduced preference of sucrose (Kalueff et al.,
2006). Similar results were obtained in SERT�/� mice on mixed
C57BL/6-129SvJ (Perona et al., 2008) genetic background, suggest-
ing that anhedonia is not robustly affected in SERT mutant mice.

Depression-like behaviors have also been measured in SERT�/�

rats, displaying increased immobility in the forced swim test,
compared to SERT+/+ rats (Olivier et al., 2008c). In a two-bottle
paradigm with increasing concentrations of sucrose (2–10%),
SERT�/� rats consumed significantly less sucrose compared to wild
type rats (Olivier et al., 2008c). Although this is consistent with
increased anhedonia, it is possible that cognitive mechanisms (i.e.,
‘learned’ reduced sucrose preference) have contributed to these
findings.

Clearly, there is general consensus that SERT�/� rodents display
symptoms representing negative emotionality as seen in mood
disorders (Fig. 1). Initially these findings were rather puzzling,
since both SSRIs and SERT knockout increase 5-HT levels. However,
it is possible that these symptoms arise from an inability of the 5-
HTergic system to buffer stress-induced increases in 5-HT release
(Uher, 2008), in line with a recent focus on SERT�/�-related
neurodevelopmental changes. For instance, a higher vigilance state
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of the amygdala, as suggested for individuals carrying the s allelic
variant of the 5-HTTLPR (Canli et al., 2005), may explain the
increased responsivity to unconditioned adversity in SERT�/�

rodents. Likewise, the loss of cortical top-down control over
emotion, as reported in association with the 5-HTTLPR (Pezawas
et al., 2005), could further contribute to increased fear memory as
measured in the fear conditioning test (Wellman et al., 2007).

7.3. Positive emotionality: food intake and responsivity to

psychostimulants

Although the rewarding effects of natural and drug reinforcers
are generally thought to be mediated by dopamine, serotonin has
also been implicated in reward. For example, serotonergic drugs
have pronounced effects on food intake (Halford et al., 2007) and
responsivity to psychostimulants (Walsh and Cunningham, 1997).
A difficulty in interpreting most of these studies is that
responsivity to natural reinforcers and drugs of abuse have often
been measured in operant paradigms which are interspersed by
associative and operant learning. Nevertheless, these tests may
provide some insights into the role of 5-HT in positive emotion-
ality. Examining natural reinforcers, it was found that baseline
sucrose consumption is unaltered in SERT�/� mice (Kalueff et al.,
2006). In contrast, SERT�/� mice have been found to reach lower
break points in a food-reinforced progressive ratio paradigm
(Sanders et al., 2007), suggesting reduced reward properties of
food intake. Trigo et al. (2007) failed to replicate this finding, albeit
there was a tendency for a reduced break point in SERT�/� mice.

Despite unaltered or reduced food intake, SERT�/� mice show
an obesity phenotype that emerges at the age of 3 months and
becomes more exaggerated throughout life (Murphy and Lesch,
2008). Reduced activity may contribute to this phenomenon in
SERT�/� mice (Alexandre et al., 2006; Kalueff et al., 2007b). In
SERT�/� rats, sucrose consumption is decreased (Olivier et al.,
2008c), chow intake is slightly increased, and lard intake is
unaltered (Homberg et al., 2009). Like SERT�/� mice (Murphy and
Lesch, 2008), SERT�/� rats show obesity, which, however, does not
involve an increase in body weight, but rather an increase in
abdominal fat deposition (Homberg et al., 2009). Furthermore, this
highly consistent and robust finding was only observed in female,
but not male, SERT�/� rats, while obesity for SERT�/�mice has been
reported for males. The nature of these species differences are
unclear, but since there are age differences between the mouse and
rat studies, it is possible that increased abdominal fat develops at
an early age, while weight gain/obesity becomes overt later in life.
Taken together, these data imply that there are some marginal
differences in responsivity to natural (positive) rewards in SERT�/�

rodents, although direct comparisons within and between species
are hampered by a lack of coherence in test set-ups.

Among psychostimulant drugs, the effects of cocaine have been
most extensively studied. Since cocaine inhibits the dopamine,
noradrenaline and 5-HT transporters (Heikkila et al., 1975), the
absence of SERT will affect the behavioral outcome of cocaine in
SERT�/� rodents. Indeed, it has been reported that the psycho-
motor effects of cocaine are increased in SERT�/� rats (Homberg
et al., 2008a). Cocaine-induced conditioned place preference is also
increased in both SERT�/� mice and rats (Homberg et al., 2008a;
Sora et al., 1998, 2001). In addition to producing place preference,
cocaine also evoked conditioned locomotion response in SERT�/�

mice, which habituated across the conditioning trials (Hall et al.,
2009). Likewise, cocaine self-administration is increased in SERT�/

� rats (Homberg et al., 2008a), but not in mice (Thomsen et al.,
2009). While the reason for this discrepancy is unclear, these data
show that SERT�/� rodents are more sensitive to cocaine.

Overall, these data suggest that sensitivity to natural rewards is
reduced, while sensitivity to cocaine is increased, making it hard to
conclude whether positive emotionality, like negative emotion-
ality, is increased in SERT�/� animals. Likewise, 5-HT is not known
to have rewarding effects, and it is currently unclear how 5-HT
affects positively reinforced behavior. Since 5-HT promotes
behaviors that lead to avoidance of adversity (Dayan and Huys,
2008), a possible mechanism could be that 5-HT increases reward
by inhibition of behaviors that lead to a negative outcome.
Alternatively, increased vigilance due to a hyper-arousal state of
the amygdala (Canli et al., 2005) may not only lead to increased
negative emotionality, but also to increased positive emotionality,
since the amygdala processes both types of emotional information
(Murray, 2007). Our data on cocaine conditioned place preference
and foot shock-induced conditioned place aversion (Nonkes and
Homberg, unpublished observations) seem to support the later
idea. In line with this notion, recent imaging data (Bearer et al.,
2009) showed markedly altered corticolimbic pathways in SERT�/�

mice, biased towards reward circuits.

8. Social behaviors

In addition to modulating emotionality, 5-HT is an important
regulator of social behavior, which is impaired in many psychiatric
disorders caused by 5-HT imbalances. Therefore, it is important to
examine and compare social behaviors in SERT�/� mice and rats.
Several studies have reported abnormal social behaviors in SERT�/

� mice. For example, isolated male SERT�/� mice show reduced
aggression in the resident-intruder test (Holmes et al., 2002a).
Compared to their wild type C57BL/6J littermates, SERT�/� mice
are slower to initiate the first attack, and attack with a lower
frequency and intensity. Furthermore, a repeated exposure to the
intruder animal a week later increases the amount of aggression in
SERT+/+ and +/� mice, but not in SERT�/� animals (Holmes et al.,
2002a).

While altered aggression indicates aberrant social domain in
SERT�/� mice, additional studies were needed to examine their
social behavior per se. The finding that social interaction is
reduced in these mice (Kalueff et al., 2007b) suggests that
SERT�/� mice may represent an animal model of autism
spectrum disorders. This possibility was later supported by
other studies showing that not only physical interactions, but
also social approach behavior is strongly reduced in SERT�/�

mice (Moy et al., 2009), as reflected by reduced time spent in the
compartment containing a stimulus mouse (Page et al., 2009).
Nevertheless, some caution is required while interpreting social
behavior, since anxiety may be a confounding factor, and is
highly expressed in SERT�/� mice.

Like SERT�/� mice, SERT�/� rats show reduced aggression
behavior in the resident-intruder test (Homberg et al., 2007b).
During multiple encounters, SERT�/� rats were less likely to
initiate an attack than SERT+/+ littermates, yet maintained
unaltered levels of general social investigation (Homberg et al.,
2007b; Olivier, Jans, unpublished findings).

The reduction in social behavior may well have a develop-
mental nature, since social behavior is acquired during childhood
and youth. As such, social play behavior, which takes place during
the peri-adolescent period (�28–35 days), reflects behaviors found
in adult sexual, affiliative and aggressive encounters (Baenninger,
1967; Bolles and Woods, 1964; Meaney and Sterwart, 1981; Poole
and Fish, 1975), but displayed in an exaggerated and/or out-of-
context fashion (Poole and Fish, 1975). Play behavior of SERT+/+ rats
has been compared to that of SERT�/� play couples. While play
behavior is markedly reduced in SERT�/� rats, their non-playful
social events remained unaffected. Strikingly, SERT�/� rats are
interested in their play partner, spend a considerable amount of
time chasing him, but display a markedly reduced initiation to play
(Homberg et al., 2007c).
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Collectively, these data indicate that social interaction and
approach are impaired in SERT�/� rodents, suggesting a trait-like
relationship (Higley and Linnoila, 1997). These SERT�/� rodent
findings are in line with reduced gazing at faces and eyes in rhesus
macaques carrying the 5-HTTLPR s allele (Watson et al., 2009), and
parallel clinical findings implicating the SERT gene in autism
(Huang and Santangelo, 2008; Moy et al., 2009; Raznahan et al.,
2009; Serretti et al., 2006). Hyperserotonemia, reflecting increased
blood platelet 5-HT levels, is consistently found in one-third of
autistic subjects, suggesting that low brain 5-HT levels have
neurodevelopmental consequences that may lead to autism-
related symptoms (Whitaker-Azmitia, 2005). However, inconsis-
tent findings have been reported for the association between the
human SERT polymorphism and hyperserotonemia (Anderson
et al., 2002; Coutinho et al., 2004; Hranilovic et al., 2008; Ramoz
et al., 2006; but see Betancur et al., 2002; Tordjman et al., 2001).
Furthermore, as SERT�/� rats (Homberg et al., 2006) exhibit very
low 5-HT levels in blood platelets, but have high 5-HT levels in the
brain (Homberg et al., 2007a; Olivier et al., 2008c), there seems to
be no link between hyperserotonemia and reduced social behavior.
Thus, although the role of SERT in social behaviors has begun to
emerge, further research is needed to unveil its significance and
relationship to the central and peripheral markers of autism.

9. Cognitive functions

The SERT and 5-HT receptor subtypes are highly expressed in
cortical areas involved in cognitive functions, implying that 5-HT
plays an important role in cognition, beyond emotionality and
sociability. Additionally, 5-HT plays a role in inhibitory control, for
which an inverse relationship between 5-HT and impulsivity has
been suggested (Soubrié, 1986). 5-HT is also implicated in
associative learning, which is supported by findings that chronic
SSRI treatment potentiates conditioned reinforcement (Sasaki-
Adams and Kelley, 2001) and appetitive Pavlovian conditioning
(Valluzzi and Chan, 2007). Collectively, this implicates 5-HT in
cognitive flexibility (Clarke et al., 2004, 2005), based on stimulus–
response contingencies and new associative learning in response
to changes in these contingencies. It has not yet been established
whether response-outcome contingencies, which are implicated in
goal-directed behavior and habit formation, are modulated by 5-
HT. However, because flexibility in response-outcome contingen-
cies requires associative learning, 5-HT may be involved in this
form of flexibility as well. Not only is associative learning
modulated by 5-HT, it has also been shown to mediate other
forms of learning and memory, such as the consolidation of new
information into long-term memory (Buhot et al., 2000). Clearly, 5-
HT influences cognitive functions, and through its central role in
emotionality, 5-HT may particularly affect those cognitive
processes that are driven by emotional incentives. Cognition has
received relatively little attention in SERT�/� research so far, but it
is promising and may foster our understanding of the precise role
of 5-HT in specific cognitive functions.

9.1. Inhibitory control

In the 5-choice serial reaction time task (5-CSRTT) it has been
found that SERT�/� rats display a reduction in premature
responding (Homberg et al., 2007b), indicative of decreased motor
impulsivity. In addition, the correct response latency was
increased in these rats. These findings are consistent with the
hypothesis of an inverse relationship between 5-HT and impul-
sivity (Soubrié, 1986). As seen for social behavior, SERT�/� rats may
have difficulties in initiating a response, or their behavior may be
driven by the avoidance of a negative outcome. It is also possible
that increased vigilance contributes to decreased impulsivity due
to a strong focus on the food-predicting cue. Although no
analogous test has been performed in SERT�/� mice, the finding
that SERT�/� mice (Holmes et al., 2002a) and rats (Homberg et al.,
2007b) are less aggressive is in line with inhibitory control being a
core aspect of the SERT mutant endophenotype across species.

Other dimensions of impulsivity, which include an inability to
inhibit ongoing behavior or to forego an immediate small reward in
favor of a delayed larger reward (Torregrossa et al., 2008), have not
been addressed so far in SERT�/� rodents. Pharmacological studies
imply that 5-HT is involved in impulsive choices driven by delay
(Denk et al., 2005; Eagle et al., 2009), but not in choices driven by
probability and effort (Denk et al., 2005; Mobini et al., 2000),
raising the expectation that SERT�/� rats may demonstrate
improved ‘waiting’ when reward is delayed.

9.2. Associative learning and cognitive flexibility

Associative learning involves learning an association between
reinforcers and environmental stimuli, and is utilized in several
behavioral paradigms. For instance, increased cocaine-induced
conditioned place preference in both SERT�/� mice and rats
(Homberg et al., 2008a; Sora et al., 1998, 2001) may relate to
increased associative learning beyond increased cocaine sensitiv-
ity. Increased recall of conditioned fear in SERT�/� mice (Wellman
et al., 2007) may also reflect increased associative learning,
although no changes in acquisition for fear conditioning have been
found. Sanders et al. (2007) have tested the SERT�/� mouse in the
Pavlovian-to-Instrumental transfer (PIT) task, measuring the
ability of a conditioned stimulus to reinforce ongoing instrumental
behavior. The fact that SERT�/� mice did not differ from SERT+/+

mice in the PIT test (Sanders et al., 2007) suggests that transfer of
conditioned responses is not altered in SERT�/� animals.

Cognitive flexibility reflects the ability to change contingencies
between a stimulus and response, and is strongly PFC-dependent.
In the serial spatial reversal learning task, which measures
flexibility in stimulus–response contingencies, no genotype
differences have been found between SERT�/�, SERT+/� and
SERT+/+ rats in the percent of correct responses (Homberg et al.,
2007b). This suggests that reversals of stimulus–response con-
tingencies are not affected by SERT inactivation. Given that
prefrontal/orbitofrontal 5-HT depletion impairs reversal learning
and thereby induces perseveration (Clarke et al., 2004, 2005), this
finding is quite unexpected. The discrepancy could relate to the
fact that reversal learning deals with three different processes,
namely extinction of the previously rewarded operandum, the
acquisition of a new stimulus–response association, and learned
indifference or anxiety to approach a new stimulus. In the Iowa
Gambling Task, SERT�/� rats show increased emotional decision
making (Homberg et al., 2008b), which requires adaptive behavior
(shifting) when punishments are encountered. If adaptive behavior
is increased, the acquisition of a new stimulus–response con-
tingency should be facilitated. Furthermore, increased anxiety, as
seen in SERT�/� rodents, could counteract such a facilitation of
associative learning in the reversal learning paradigm. Otherwise,
perseveration could neutralize increases in adaptive behavior in
the reversal learning paradigm. Re-analysis of data, however, did
not reveal genotype differences in new learning and perseveration
(Homberg et al. unpublished observations). In relation to the 5-
HTTLPR, improved performance of the Wisconsin Card Sorting test
has been reported (Borg et al., 2009), implying that SERT genetic
variation affects some forms of cognitive flexibility.

9.3. Memory

In addition to associative learning, other forms of learning have
been measured in SERT�/� rodents. Analyzing short-term memory,
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no genotype differences were found for within-trial habituation of
horizontal and vertical exploration the open field and EPM tests in
SERT�/� mice. Between-trial habituation, which assesses long-
term memory, was slightly reduced in SERT�/� mice, most likely
reflecting initial behavior inhibition during Trial 1, rather than poor
habituation on Trial 2 (Kalueff et al., 2007c).

In SERT�/� rats, memory has been assessed in a variety of tasks.
In the Morris water maze test, which assesses spatial hippocam-
pal-dependent memory, SERT�/� rats are slightly impaired in
finding the hidden platform. No motor coordination or vision
differences were found between the genotypes, as assessed in both
the visible platform test and the probe trial (Olivier et al., 2008d). In
the object recognition test, which measures recognition memory,
SERT�/� rats, compared to SERT+/+ rats, are able to recognize a
familiar object after 1-, 2-, 4-, but not 8-h interval (Olivier et al.,
2009). Upon acute tryptophan depletion (ATD), object recognition
memory after a 1-h interval is impaired in SERT�/� rats, but not
SERT+/+ rats, suggesting a stronger central depletion effect in these
rats (Olivier et al., 2008b). These data suggest that the absence of
the SERT slightly impairs hippocampus-dependent spatial/object
memory, in striking contrast with improved amygdala-dependent
emotional memory (e.g., fear conditioning) in SERT�/� rodents.
Differential neurodevelopmental changes in the hippocampus and
amygdala (Fig. 1) are likely to explain this discrepancy.

10. Understanding neural substrates and mechanisms

As emphasized here, genetic SERT inactivation has profound
effects on brain chemistry and development, reflecting the dual
function of 5-HT. We also show that SERT deficiency affects several
important behavioral domains, which explains the widespread
implication of 5-HT in health and disease. Specifically, SERT�/�

mice and rats show anxiety-like exploratory behavior, increased
negative (and perhaps positive) emotionality, reduced social
approach, and altered nociception (Table 1). Changes in cognitive
functions are also found in SERT�/� rodents, and point towards
increased behavioral inhibition, improved decision making and
reduced contextual memory. However, further research is needed
to elaborate the role of SERT in different cognitive functions. Rather
than being fragmented, these domains interact and may be traced
back to a common process (Fig. 1). Indeed, most of these
endophenotypes co-occur in complex neurodevelopmental neu-
ropsychiatric disorders, such as anxiety, depression and possibly
autism. An intriguing question then becomes: what are these
common mechanisms, and how do they relate to changes in brain
development, 5-HT neurotransmission, or both? In the design of
therapies, these distinctions are becoming particularly crucial.

To answer this question, it is helpful to trace SERT�/� rodent
endophenotypes back to findings related to the common 5-HTTLPR
in humans. That is, the s allele reduces the transcriptional activity
of the SERT gene (Lesch et al., 1996) and is strongly linked to
several major psychiatric disorders. This implies that the 5-HTTLPR
is biologically important, although its precise role in personality
and related disorders remains unclear. Due to small effect sizes,
ethnic differences and environmental factors, inconsistent findings
have been reported for the 5-HTTLPR. Nonetheless, the general
picture is that the s allele is associated with anxiety, social
impairments, disorders of emotional regulation (Canli and Lesch,
2007; Dick et al., 2007; Mann et al., 2000; Schmitz et al., 2007), and
perhaps improved cognitive functioning (Borg et al., 2009; Roiser
et al., 2006; Strobel et al., 2007). The l allele seems to be associated
with compulsive or repetitive elements in psychiatric conditions
(Bloch et al., 2008). Disorders that combine emotional distur-
bances, social impairments and repetitive tendencies, such as
autism and OCD, are associated with both the s and l allele (Bloch
et al., 2008; Brune et al., 2006). Because the prevalence of major
psychiatric disorders such as anxiety and depression is lower than
that of the 5-HTTLPR, it is thought that the 5-HTTLPR shapes
personality, which in combination with other genetic and
environmental factors contributes to disease pathology (Lesch,
2009; Uher, 2008). Thus, the s allele, compared to the l allele may
increase sensitivity to environmental challenges, leading to
increased (negative) emotionality, and thereby adaptive behavior
as reflected by reduced sociability, and possibly increased
cognition. These characteristics are also seen in SERT�/� rodents,
although their cognitive domain requires further research.

It is well established that the 5-HTTLPR is associated with brain
endophenotypes, most likely arising from 5-HT’s neurotrophic
effects during brain development. Several studies have reported
neurodevelopmental changes in SERT�/� mice as well (Altamura
et al., 2007; Persico et al., 2001; Rebsam et al., 2002; Wellman et al.,
2007). Although differences in applied morphometric techniques
hampers the comparison between mouse and human data, the fact
that changes are found in the same brain regions suggests that 5-
HT’s neurotrophic actions are conserved across species. For
instance, SERT�/� mice show structural changes in the PFC and
amygdala (Wellman et al., 2007), and s allele carriers, compared to
l allele carriers, show alterations in the connectivity between these
two brain regions, as well as volume changes (Hariri et al., 2002;
Hariri and Holmes, 2006; Heinz et al., 2005; Pezawas et al., 2005).

It is possible that particular neurodevelopmental changes in the
amygdala and cortical regions contribute to the endophenotypes
associated with the 5-HTTLPR and in SERT�/� rodents (Fig. 1 and
Table 1). Specifically, the s allele is associated with a smaller, but
hyper-reactive (Hariri et al., 2002) and hyper-aroused (Canli et al.,
2005, 2006) amygdala, leading to increased emotional vigilance.
Thereby emotional stimuli, both negative and positive (Murray,
2007), may be perceived very strongly and drive the behavior, as
reflected by increased anxiety-like behavior. Further, the 5-
HTTLPR s allele is associated with an increased connectivity
between the amygdala and PFC (Heinz et al., 2005), a pathway
involved in associative learning (Phelps and LeDoux, 2005). The s
allele has also been found to be associated with a functional
uncoupling between the PFC and amygdala (Pezawas et al., 2005), a
pathway that provides cortical top-down control over emotion.
While the former may contribute to improved cognitive functions
and perhaps increased adaptive behavior, the latter could lead to
excessive emotional memories, as seen in s allele carriers and
SERT�/� rodents. Therefore, neurodevelopmental changes in
cortico-amygdala circuits may represent common pathways in
the widespread behavioral endophenotypes exerted by SERT
genetic variation, as postulated previously by others (Hariri and
Holmes, 2006; Holmes, 2008). A volume reduction of the
hippocampus in elderly (O’Hara et al., 2007), may be associated
with poor memory, specifically contextual memory, as found in
SERT�/� rats (Olivier et al., 2008d; Olivier et al., unpublished
observations). Interestingly, the connectivity between the amyg-
dala and hippocampus is altered by early life stress as a function of
the 5-HTTLPR genotype (Canli et al., 2006). In line with this notion,
increased emotional memory may be accompanied by poor
contextual memory (as, for example, seen in depression).

Furthermore, in human s allele carriers and SERT�/� mice,
alterations in neocortical and insular cortical gray matter (Canli
et al., 2005; Wassink et al., 2007), as well as in neocortical cell
density (Altamura et al., 2007; Persico et al., 2001) have been
reported. The insula cortex is implicated in appraisal of self-
relevance and empathy (Schmitz and Johnson, 2007). Hence, it is
possible that insula cortex changes contribute to deficits in social
interaction as seen in s allele carriers and SERT�/� rodents (Brune
et al., 2006; Holmes et al., 2002a; Homberg et al., 2007b,c; Moy
et al., 2009; Page et al., 2009; Watson et al., 2009). Because the
insula is part of the ventral medial PFC-anterior cingulated–insula–
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amygdala circuitry, insular functional changes could be directly
related to the emotionality and cognitive functions mediated by
the PFC-amygdala top-down control system.

Collectively, these data imply a strong neurodevelopmental
basis for the widespread endophenotypes associated with the
SERT�/� in rodents and the 5-HTTLPR in humans (as well as non-
human primates). The recent finding that genetically induced 5-HT
depletion increases fear conditioning (Dai et al., 2008) in SERT�/�

mice exhibiting high 5-HT levels, suggests that 5-HT levels per se

are not directly linked to a particular behavioral outcome.
Nevertheless, because 5-HT depletion during early development
reduces anxiety (Dai et al., 2008), there is heterogeneity in the
outcome of 5-HT depletion versus 5-HT increment. As negative
emotionality and reduced sociability have been well established in
SERT�/� rodents, it can be argued that SERT�/� rodents are
particularly suited to model the emotional and social aspects of
neurodevelopmental disorders like anxiety (OCD), depression, and
possibly autism. Whether SERT�/� rodents are useful to model
cognitive domains of psychiatric disorders remains to be
established.

While the s allele by itself does not cause diseases, but rather
shapes the personality, the complete absence of the SERT may
represent an exaggerated condition. A complete knockout of the
SERT does not exist in humans, although some rare human
mutations may lead to an almost complete loss of SERT function.
However, we regard SERT�/� as models of the s allele of 5-HTTLPR,
based on findings that SERT�/� rodents display increased negative
emotionality and neurodevelopmental changes that are compar-
able to the effects of the s allele (Altamura et al., 2007; Hariri and
Holmes, 2006; Holmes and Hariri, 2003; Homberg et al., 2008b;
Wellman et al., 2007). SERT+/�would be more like the s allele from
a molecular and biochemical point of view (Bengel et al., 1998;
Hariri and Holmes, 2006; Homberg et al., 2007a), but generally
they do not show such robustly affected endophenotypes
compared to SERT+/+ controls (see Kalueff et al., 2007d for details).
However, upon early adverse life events (Carola et al., 2008), SERT+/

� rodents may develop behavioral changes, consistent with the
strong 5-HTTLPR � environment interaction in depression (Caspi
et al., 2003; Lesch, 2009; Uher, 2008; but see Risch et al., 2009).

11. Concluding remarks

In summary, although SERT�/� mice and rats show some
species-specific differences, overall these differences are small
compared to major similarities in multiple neurobehavioral
domains (Table 1), including altered nociception, anxiety-like
exploratory behavior, impaired sociability, pronounced affective
endophenotypes, and somewhat improved cognitive functions.
What lessons can be learned from such cross-species compar-
isons? First, the fact that most endophenotypes are comparable
between the two species indicates that SERT function and down-
stream neurobehavioral processes are highly conserved between
species. Second, such comparisons strengthen the use of SERT�/�

rodents in understanding human health and disease conditions,
particularly from a neurodevelopmental point of view. The third
important conclusion is that SERT�/� mice and rats are highly
complementary for modeling serotonergic brain disorders. For
example, while mice may be an excellent model for testing
affective endophenotypes, SERT�/� rats may be valuable for
research focusing on complex cognitive functions associated with
SERT. Thus, while each species has its limitations, extrapolation of
findings between species will increase our understanding of key
affected brain mechanisms, representing a heuristic way to obtain
new insights in SERT research. Fourth, one may use advantageously
the relative simplicity and robustness of SERT�/� rodent neuro-
behavioral endophenotypes (vs. more complex human neuropsy-
chiatric disorders). Analysis of simpler models and more
distinguishable endophenotypes in mutant mice and rats allows
for a better identification of key neuropsychiatric domains (Figs. 1
and 2) associated with SERT genetic differences. Finally, our
analysis, summarized in Table 1, highlights the ‘‘white areas’’ of
research where more knowledge needs to be generated in order to
fully understand neurobehavioral abnormalities associated with
SERT genetic knockout in animals. Serotonergic receptor differ-
ences, nociception, and especially cognitive functions require
further efforts from biomedical researchers. The core role of
cognitive endophenotypes in the pathobiology of various brain
disorders has been emphasized recently (Kalueff and Nutt, 1996,
2007; Kalueff and Murphy, 2007; Korff and Harvey, 2006; McGrath
et al., 1999). Therefore, it is likely that, in addition to neurode-
velopmental abnormalities, cognitive deficits represent a common
pathogenetic pathway (Figs. 1 and 2) underlying the rich spectrum
of neurobehavioral domains (Table 1) in SERT�/� models.

Acknowledgements

This research was supported by Tulane University Intramural
funds, NARSAD YI Award (to AVK) and the Netherlands Organisa-
tion for Scientific Research (NWO) Grant 91676160 (to JRH). The
authors thank Peter C. Hart and Jonathan M. Cachat for their help
with the manuscript preparation.

References

Adamec, R., Burton, P., Blundell, J., Murphy, D.L., Holmes, A., 2006. Vulnerability to
mild predator stress in serotonin transporter knockout mice. Behav. Brain Res.
170, 126–140.

Alexandre, C., Popa, D., Fabre, V., Bouali, S., Venault, P., Lesch, K.P., Hamon, M.,
Adrien, J., 2006. Early life blockade of 5-hydroxytryptamine 1A receptors
normalizes sleep and depression-like behavior in adult knock-out mice lacking
the serotonin transporter. J. Neurosci. 26, 5554–5564.

Altamura, C., Dell’Acqua, M.L., Moessner, R., Murphy, D.L., Lesch, K.P., Persico, A.M.,
2007. Altered neocortical cell density and layer thickness in serotonin trans-
porter knockout mice: a quantitation study. Cereb. Cortex 17, 1394–1401.

Anderson, G.M., Gutknecht, L., Cohen, D.J., Brailly-Tabard, S., Cohen, J.H., Ferrari, P.,
Roubertoux, P.L., Tordjman, S., 2002. Serotonin transporter promoter variants in
autism: functional effects and relationship to platelet hyperserotonemia. Mol.
Psychiatry 7, 831–836.

Ansorge, M.S., Zhou, M., Lira, A., Hen, R., Gingrich, J.A., 2004. Early-life blockade of
the 5-HT transporter alters emotional behavior in adult mice. Science 306, 879–
881.

Armando, I., Tjurmina, O.A., Li, Q., Murphy, D.L., Saavedra, J.M., 2003. The serotonin
transporter is required for stress-evoked increases in adrenal catecholamine
synthesis and angiotensin II AT(2) receptor expression. Neuroendocrinology 78,
217–225.

Baenninger, L.P., 1967. Comparison of behavioural development in socially isolated
and grouped rats. Anim. Behav. 15, 312–323.

Basselin, M., Fox, M.A., Chang, L., Bell, J.M., Greenstein, D., Chen, M., Murphy, D.L.,
Rapoport, S.I., 2009. Imaging elevated brain arachidonic acid signaling in
unanesthetized serotonin transporter (5-HTT)-deficient mice. Neuropsycho-
pharmacology 34, 1695–1709.

Bearer, E.L., Zhang, X., Janvelyan, D., Boulat, B., Jacobs, R.E., 2009. Reward circuitry is
perturbed in the absence of the serotonin transporter. Neuroimage 46, 1091–
1104.

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 home-
ostasis and locomotor insensitivity to 3, 4-methylenedioxymethamphetamine
(‘‘Ecstasy’’) in serotonin transporter-deficient mice. Mol. Pharmacol. 53, 649–
655.

Betancur, C., Corbex, M., Spielewoy, C., Philippe, A., Laplanche, J.L., Launay, J.M.,
Gillberg, C., Mouren-Simeoni, M.C., Hamon, M., Giros, B., Nosten-Bertrand, M.,
Leboyer, M., 2002. Serotonin transporter gene polymorphisms and hyperser-
otonemia in autistic disorder. Mol. Psychiatry 7, 67–71.

Bloch, M.H., Landeros-Weisenberger, A., Sen, S., Dombrowski, P., Kelmendi, B., Coric,
V., Pittenger, C., Leckman, J.F., 2008. Association of the serotonin transporter
polymorphism and obsessive–compulsive disorder: systematic review. Am. J.
Med. Genet. B: Neuropsychiatr. Genet. 147B, 850–858.

Bolles, R.C., Woods, P.J., 1964. The ontogeny of behaviour in the albino rat. Anim.
Behav. 12, 427–441.

Borg, J., Henningsson, S., Saijo, T., Inoue, M., Bah, J., Westberg, L., Lundberg, J.,
Jovanovic, H., Andree, B., Nordstrom, A.L., Halldin, C., Eriksson, E., Farde, L., 2009.
Serotonin transporter genotype is associated with cognitive performance but
not regional 5-HT1A receptor binding in humans. Int. J. Neuropsychopharmacol.
12, 783–792.



A.V. Kalueff et al. / Neuroscience and Biobehavioral Reviews 34 (2010) 373–386384
Bouali, S., 2003. Sex hormone-dependent desensitization of 5-HT1A autoreceptors
in knockout mice deficient in the 5-HT transporter. Eur. J. Neurosci. 18, 2203–
2212.

Brown, G.W., Harris, T.O., 2008. Depression and the serotonin transporter 5-HTTLPR
polymorphism: a review and a hypothesis concerning gene-environment inter-
action. J. Affect. Disord. 111, 1–12.

Brune, C.W., Kim, S.J., Salt, J., Leventhal, B.L., Lord, C., Cook Jr., E.H., 2006. 5-HTTLPR
genotype-specific phenotype in children and adolescents with autism. Am. J.
Psychiatry 163, 2148–2156.

Buhot, M.C., Martin, S., Segu, L., 2000. Role of serotonin in memory impairment. Ann.
Med. 32, 210–221.

Canli, T., Lesch, K.P., 2007. Long story short: the serotonin transporter in emotion
regulation and social cognition. Nat. Neurosci. 10, 1103–1109.

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. U.S.A. 102,
12224–12229.

Canli, T., Qiu, M., Omura, K., Congdon, E., Haas, B.W., Amin, Z., Herrmann, M.J.,
Constable, R.T., Lesch, K.P., 2006. Neural correlates of epigenesis. Proc. Natl.
Acad. Sci. U.S.A. 103, 16033–16038.

Carola, V., Frazzetto, G., Pascucci, T., Audero, E., Puglisi-Allegra, S., Cabib, S., Lesch,
K.P., Gross, C., 2008. Identifying molecular substrates in a mouse model of the
serotonin transporter � environment risk factor for anxiety and depression.
Biol. Psychiatry 63, 840–846.

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,
386–389.

Clarke, H.F., Dalley, J.W., Crofts, H.S., Robbins, T.W., Roberts, A.C., 2004. Cognitive
inflexibility after prefrontal serotonin depletion. Science 304, 878–880.

Clarke, H.F., Walker, S.C., Crofts, H.S., Dalley, J.W., Robbins, T.W., Roberts, A.C., 2005.
Prefrontal serotonin depletion affects reversal learning but not attentional set
shifting. J. Neurosci. 25, 532–538.

Coutinho, A.M., Oliveira, G., Morgadinho, T., Fesel, C., Macedo, T.R., Bento, C.,
Marques, C., Ataide, A., Miguel, T., Borges, L., Vicente, A.M., 2004. Variants of
the serotonin transporter gene (SLC6A4) significantly contribute to hyperser-
otonemia in autism. Mol. Psychiatry 9, 264–271.

Dai, J.X., Han, H.L., Tian, M., Cao, J., Xiu, J.B., Song, N.N., Huang, Y., Xu, T.L., Ding, Y.Q.,
Xu, L., 2008. Enhanced contextual fear memory in central serotonin-deficient
mice. Proc. Natl. Acad. Sci. U.S.A. 105, 11981–11986.

Dayan, P., Huys, Q.J., 2008. Serotonin, inhibition, and negative mood. PLoS Comput.
Biol. 4, e4.

Denk, F., Walton, M.E., Jennings, K.A., Sharp, T., Rushworth, M.F., Bannerman, D.M.,
2005. Differential involvement of serotonin and dopamine systems in cost–
benefit decisions about delay or effort. Psychopharmacology (Berl.) 179, 587–
596.

Dick, D.M., Plunkett, J., Hamlin, D., Nurnberger Jr., J., Kuperman, S., Schuckit, M.,
Hesselbrock, V., Edenberg, H., Bierut, L., 2007. Association analyses of the
serotonin transporter gene with lifetime depression and alcohol dependence
in the Collaborative Study on the Genetics of Alcoholism (COGA) sample.
Psychiatr. Genet. 17, 35–38.

Eagle, D.M., Lehmann, O., Theobald, D.E., Pena, Y., Zakaria, R., Ghosh, R., Dalley, J.W.,
Robbins, T.W., 2009. Serotonin depletion impairs waiting but not stop-signal
reaction time in rats: implications for theories of the role of 5-HT in behavioral
inhibition. Neuropsychopharmacology 34, 1311–1321.

Esaki, T., Cook, M., Shimoji, K., Murphy, D.L., Sokoloff, L., Holmes, A., 2005. Devel-
opmental disruption of serotonin transporter function impairs cerebral
responses to whisker stimulation in mice. Proc. Natl. Acad. Sci. U.S.A. 102,
5582–5587.

Fabre, V., Beaufour, C., Evrard, A., Rioux, A., Hanoun, N., Lesch, K.P., Murphy, D.L.,
Lanfumey, L., Hamon, M., Martres, M.P., 2000. Altered expression and functions
of serotonin 5-HT1A and 5-HT1B receptors in knock-out mice lacking the 5-HT
transporter. Eur. J. Neurosci. 12, 2299–2310.

Fox, M.A., Andrews, A.M., Wendland, J.R., Lesch, K.P., Holmes, A., Murphy, D.L.,
2007a. A pharmacological analysis of mice with a targeted disruption of the
serotonin transporter. Psychopharmacology (Berl.) 195, 147–166.

Fox, M.A., Jensen, C.L., Gallagher, P.S., Murphy, D.L., 2007b. Receptor mediation of
exaggerated responses to serotonin-enhancing drugs in serotonin transporter
(SERT)-deficient mice. Neuropharmacology 53, 643–656.

Fox, M.A., Jensen, C.L., Murphy, D.L., 2009. Tramadol and another atypical opioid
meperidine have exaggerated serotonin syndrome behavioural effects, but
decreased analgesic effects, in genetically deficient serotonin transporter
(SERT) mice. Int. J. Neuropsychopharmacol. 1–11.

Gardier, A.M., 2009. Mutant mouse models and antidepressant drug research: focus
on serotonin and brain-derived neurotrophic factor. Behav. Pharmacol. 20, 18–32.

Gaspar, P., Cases, O., Maroteaux, L., 2003. The developmental role of serotonin: news
from mouse molecular genetics. Nat. Rev. Neurosci. 4, 1002–1012.

Gatch, M.B., Negus, S.S., Mello, N.K., 1998. Antinociceptive effects of monoamine
reuptake inhibitors administered alone or in combination with mu opioid
agonists in rhesus monkeys. Psychopharmacology (Berl.) 135, 99–106.

Gobbi, G., Murphy, D.L., Lesch, K., Blier, P., 2001. Modifications of the serotonergic
system in mice lacking serotonin transporters: an in vivo electrophysiological
study. J. Pharmacol. Exp. Ther. 296, 987–995.

Goodwin, G.M., De Souza, R.J., Green, A.R., 1985. Presynaptic serotonin receptor-
mediated response in mice attenuated by antidepressant drugs and electro-
convulsive shock. Nature 317, 531–533.
Goodwin, G.M., De Souza, R.J., Green, A.R., Heal, D.J., 1987. The pharmacology of the
behavioural and hypothermic responses of rats to 8-hydroxy-2-(di-n-propyla-
mino)tetralin (8-OH-DPAT). Psychopharmacology (Berl.) 91, 506–511.

Guryev, V., Saar, K., Adamovic, T., Verheul, M., van Heesch, S.A., Cook, S., Pravenec,
M., Aitman, T., Jacob, H., Shull, J.D., Hubner, N., Cuppen, E., 2008. Distribution
and functional impact of DNA copy number variation in the rat. Nat. Genet. 40,
538–545.

Halford, J.C., Harrold, J.A., Boyland, E.J., Lawton, C.L., Blundell, J.E., 2007. Serotonergic
drugs: effects on appetite expression and use for the treatment of obesity. Drugs
67, 27–55.

Hall, F.S., Li, X.F., Randall-Thompson, J., Sora, I., Murphy, D.L., Lesch, K.P., Caron, M.,
Uhl, G.R., 2009. Cocaine-conditioned locomotion in dopamine transporter,
norepinephrine transporter and 5-HT transporter knockout mice. Neuroscience
162, 870–880.

Hariri, A.R., Holmes, A., 2006. Genetics of emotional regulation: the role of the
serotonin transporter in neural function. Trends Cogn. Sci. 10, 182–191.

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 amygdale. Science 297, 400–403.

Heikkila, R.E., Orlansky, H., Cohen, G., 1975. Studies on the distinction between
uptake inhibition and release of (3H)dopamine in rat brain tissue slices.
Biochem. Pharmacol. 24, 847–852.

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, 20–21.

Higley, J.D., Linnoila, M., 1997. Low central nervous system serotonergic activity is
traitlike and correlates with impulsive behavior. A nonhuman primate model
investigating genetic and environmental influences on neurotransmission. Ann.
N. Y. Acad. Sci. 836, 39–56.

Holmes, A., 2008. Genetic variation in cortico-amygdala serotonin function and risk
for stress-related disease. Neurosci. Biobehav. Rev. 32, 1293–1314.

Holmes, A., Hariri, A.R., 2003. The serotonin transporter gene-linked polymorphism
and negative emotionality: placing single gene effects in the context of genetic
background and environment. Genes Brain Behav. 2, 332–335.

Holmes, A., Li, 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, 365–380.

Holmes, A., Murphy, D.L., Crawley, J.N., 2002a. Reduced aggression in mice lacking
the serotonin transporter. Psychopharmacology (Berl.) 161, 160–167.

Holmes, A., Murphy, D.L., Crawley, J.N., 2003b. Abnormal behavioral phenotypes of
serotonin transporter knockout mice: parallels with human anxiety and
depression. Biol. Psychiatry 54, 953–959.

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

Holmes, A., Yang, R.J., Murphy, D.L., Crawley, J.N., 2002b. Evaluation of antidepres-
sant-related behavioral responses in mice lacking the serotonin transporter.
Neuropsychopharmacology 27, 914–923.

Homberg, J., Mudde, J., Braam, B., Ellenbroek, B., Cuppen, E., Joles, J.A., 2006. Blood
pressure in mutant rats lacking the 5-hydroxytryptamine transporter. Hyper-
tension 48, e115–e116.

Homberg, J.R., de Boer, S.F., Raaso, H.S., Olivier, J.D., Verheul, M., Ronken, E., Cools,
A.R., Ellenbroek, B.A., Schoffelmeer, A.N., Vanderschuren, L.J., De Vries, T.J.,
Cuppen, E., 2008a. Adaptations in pre- and postsynaptic 5-HT(1A) receptor
function and cocaine supersensitivity in serotonin transporter knockout rats.
Psychopharmacology (Berl.) 200, 367–380.

Homberg, J.R., la Fleur, S.E., Cuppen, E., 2009. Serotonin transporter deficiency
increases abdominal fat in female, but not male rats. Obesity. Epub ahead of
print, May 14: doi:10.1038/oby.2009.139.

Homberg, J.R., Olivier, J.D., Smits, B.M., Mul, J.D., Mudde, J., Verheul, M., Nieuwen-
huizen, O.F., Cools, A.R., Ronken, E., Cremers, T., Schoffelmeer, A.N., Ellenbroek,
B.A., Cuppen, E., 2007a. Characterization of the serotonin transporter knockout
rat: a selective change in the functioning of the serotonergic system. Neu-
roscience 146, 1662–1676.

Homberg, J.R., Pattij, T., Janssen, M.C., Ronken, E., de Boer, S.F., Schoffelmeer, A.N.,
Cuppen, E., 2007b. Serotonin transporter deficiency in rats improves inhibitory
control but not behavioural flexibility. Eur. J. Neurosci. 26, 2066–2073.

Homberg, J.R., Schiepers, O.J., Schoffelmeer, A.N., Cuppen, E., Vanderschuren, L.J.,
2007c. Acute and constitutive increases in central serotonin levels reduce social
play behaviour in peri-adolescent rats. Psychopharmacology (Berl.) 195, 175–
182.

Homberg, J.R., van den, B.R., den, H.E., Suer, R., Cuppen, E., 2008b. Serotonin
transporter dosage modulates long-term decision-making in rat and human.
Neuropharmacology 55, 80–84.

Hranilovic, D., Novak, R., Babic, M., Novokmet, M., Bujas-Petkovic, Z., Jernej, B., 2008.
Hyperserotonemia in autism: the potential role of 5HT-related gene variants.
Coll. Antropol. 32 (Suppl. 1), 75–80.

Huang, C.H., Santangelo, S.L., 2008. Autism and serotonin transporter gene poly-
morphisms: a systematic review and meta-analysis. Am. J. Med. Genet. B:
Neuropsychiatr. Genet. 147B, 903–913.

Isbister, G.K., Bowe, S.J., Dawson, A., Whyte, I.M., 2004. Relative toxicity of selective
serotonin reuptake inhibitors (SSRIs) in overdose. J. Toxicol. Clin. Toxicol. 42,
277–285.

Kalueff, A., Nutt, D.J., 1996. Role of GABA in memory and anxiety. Depress. Anxiety 4,
100–110.

http://dx.doi.org/10.1038/oby.2009.139


A.V. Kalueff et al. / Neuroscience and Biobehavioral Reviews 34 (2010) 373–386 385
Kalueff, A.V., Aldridge, J.W., LaPorte, J.L., Murphy, D.L., Tuohimaa, P., 2007a. Analyz-
ing grooming microstructure in neurobehavioral experiments. Nat. Protoc. 2,
2538–2544.

Kalueff, A.V., Fox, M.A., Gallagher, P.S., Murphy, D.L., 2007b. Hypolocomotion,
anxiety and serotonin syndrome-like behavior contribute to the complex
phenotype of serotonin transporter knockout mice. Genes Brain Behav. 6,
389–400.

Kalueff, A.V., Gallagher, P.S., Murphy, D.L., 2006. Are serotonin transporter knockout
mice ‘depressed’?: hypoactivity but no anhedonia. Neuroreport 17, 1347–1351.

Kalueff, A.V., Jensen, C.L., Murphy, D.L., 2007c. Locomotory patterns, spatiotemporal
organization of exploration and spatial memory in serotonin transporter knock-
out mice. Brain Res. 1169, 87–97.

Kalueff, A.V., LaPorte, J.L., Murphy, D.L., 2008a. Perspectives on genetic animal
models of serotonin toxicity. Neurochem. Int. 52, 649–658.

Kalueff, A.V., Murphy, D.L., 2007. The importance of cognitive phenotypes in
experimental modeling of animal anxiety and depression. Neural Plast. 2007,
52087.

Kalueff, A.V., Nutt, D.J., 2007. Role of GABA in anxiety and depression. Depress.
Anxiety 24, 495–517.

Kalueff, A.V., Ren-Patterson, R.F., LaPorte, J.L., Murphy, D.L., 2008b. Domain
interplay concept in animal models of neuropsychiatric disorders: a new
strategy for high-throughput neurophenotyping research. Behav. Brain Res.
188, 243–249.

Kalueff, A.V., Ren-Patterson, R.F., Murphy, D.L., 2007d. The developing use of
heterozygous mutant mouse models in brain monoamine transporter research.
Trends Pharmacol. Sci. 28, 122–127.

Kalueff, A.V., Tuohimaa, P., 2004. Grooming analysis algorithm for neurobeha-
vioural stress research. Brain Res. Brain Res. Protoc. 13, 151–158.

Kalueff, A.V., Tuohimaa, P., 2005. The grooming analysis algorithm discriminates
between different levels of anxiety in rats: potential utility for neurobeha-
vioural stress research. J. Neurosci. Methods 143, 169–177.

Kas, M.J., Fernandes, C., Schalkwyk, L.C., Collier, D.A., 2007. Genetics of behavioural
domains across the neuropsychiatric spectrum; of mice and men. Mol. Psy-
chiatry 12, 324–330.

Kayser, V., Elfassi, I.E., Aubel, B., Melfort, M., Julius, D., Gingrich, J.A., Hamon, M.,
Bourgoin, S., 2007. Mechanical, thermal and formalin-induced nociception is
differentially altered in 5-HT1A�/�, 5-HT1B�/�, 5-HT2A�/�, 5-HT3A�/� and
5-HTT�/� knock-out male mice. Pain 130, 235–248.

Kim, D.K., Tolliver, T.J., Huang, S.J., Martin, B.J., Andrews, A.M., Wichems, C., Holmes,
A., Lesch, K.P., Murphy, D.L., 2005. Altered serotonin synthesis, turnover and
dynamic regulation in multiple brain regions of mice lacking the serotonin
transporter. Neuropharmacology 49, 798–810.

Korff, S., Harvey, B.H., 2006. Animal models of obsessive–compulsive disorder:
rationale to understanding psychobiology and pharmacology. Psychiatr. Clin.
North Am. 29, 371–390.

Lauder, J.M., 1990. Ontogeny of the serotonergic system in the rat: serotonin as a
developmental signal. Ann. N. Y. Acad. Sci. 600, 297–313.

Lesch, K.P., 2009. The role of serotonin transporter in modelling psychiatric dis-
orders: focus on depression, emotion regulation, and the social brain. In:
Kaluev, A. (Ed.), Experimental Models in Serotonin Transporter Research. Nova
Science Publishers, NY.

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, 1527–1531.

Li, Q., Wichems, C., Heils, A., Van De Kar, L.D., Lesch, K.P., Murphy, D.L., 1999.
Reduction of 5-hydroxytryptamine (5-HT)(1A)-mediated temperature and neu-
roendocrine responses and 5-HT(1A) binding sites in 5-HT transporter knock-
out mice. J. Pharmacol. Exp. Ther. 291, 999–1007.

Lira, A., Zhou, M., Castanon, N., Ansorge, M.S., Gordon, J.A., Francis, J.H., Bradley
Moore, M., Lira, J., Underwood, M.D., Arango, V., Kung, H.F., Hofer, M.A., Hen, R.,
Gingrich, J.A., 2003. Altered depression-related behaviors and functional
changes in the dorsal raphe nucleus of serotonin transporter-deficient mice.
Biol. Psychiatry 54, 960–971.

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 poly-
morphism (5-HTTLPR) and prefrontal cortical binding in major depression and
suicide. Arch. Gen. Psychiatry 57, 729–738.

Mannoury la, C.C., Boni, C., Hanoun, N., Lesch, K.P., Hamon, M., Lanfumey, L., 2001.
Functional consequences of 5-HT transporter gene disruption on 5-HT(1a)
receptor-mediated regulation of dorsal raphe and hippocampal cell activity.
J. Neurosci. 21, 2178–2185.

Mathews, T.A., Fedele, D.E., Coppelli, F.M., Avila, A.M., Murphy, D.L., Andrews, A.M.,
2004. Gene dose-dependent alterations in extraneuronal serotonin but not
dopamine in mice with reduced serotonin transporter expression. J. Neurosci.
Methods 140, 169–181.

Matsuzawa-Yanagida, K., Narita, M., Nakajima, M., Kuzumaki, N., Niikura, K., Nozaki,
H., Takagi, T., Tamai, E., Hareyama, N., Terada, M., Yamazaki, M., Suzuki, T., 2008.
Usefulness of antidepressants for improving the neuropathic pain-like state and
pain-induced anxiety through actions at different brain sites. Neuropsycho-
pharmacology 33, 1952–1965.

McGrath, M.J., Campbell, K.M., Burton, F.H., 1999. The role of cognitive and affective
processing in a transgenic mouse model of cortical-limbic neuropotentiated
compulsive behavior. Behav. Neurosci. 113, 1249–1256.

Meaney, M.J., Sterwart, J., 1981. A descriptive study of social development in the rat
(Rattus norvegicus). Anim. Behav. 29, 34–45.
Mobini, S., Chiang, T.J., Ho, M.Y., Bradshaw, C.M., Szabadi, E., 2000. Effects of central
5-hydroxytryptamine depletion on sensitivity to delayed and probabilistic
reinforcement. Psychopharmacology (Berl.) 152, 390–397.

Moy, S.S., Nadler, J.J., Young, N.B., Nonneman, R.J., Grossman, A.W., Murphy, D.L.,
D’Ercole, A.J., Crawley, J.N., Magnuson, T.R., Lauder, J.M., 2009. Social approach
in genetically-engineered mouse lines relevant to autism. Genes Brain Behav. 8,
129–142.

Murphy, D.L., Fox, M.A., Timpano, K.R., Moya, P.R., Ren-Patterson, R., Andrews, A.M.,
Holmes, A., Lesch, K.P., Wendland, J.R., 2008. How the serotonin story is being
rewritten by new gene-based discoveries principally related to SLC6A4, the
serotonin transporter gene, which functions to influence all cellular serotonin
systems. Neuropharmacology 55, 932–960.

Murphy, D.L., Lerner, A., Rudnick, G., Lesch, K.P., 2004. Serotonin transporter: gene,
genetic disorders, and pharmacogenetics. Mol. Interv. 4, 109–123.

Murphy, D.L., Lesch, K.P., 2008. Targeting the murine serotonin transporter: insights
into human neurobiology. Nat. Rev. Neurosci. 9, 85–96.

Murphy, D.L., Li, Q., Engel, S., Wichems, C., Andrews, A., Lesch, K.P., Uhl, G., 2001.
Genetic perspectives on the serotonin transporter. Brain Res. Bull. 56, 487–494.

Murphy, D.L., Uhl, G.R., Holmes, A., Ren-Patterson, R., Hall, F.S., Sora, I., tera-
Wadleigh, S., Lesch, K.P., 2003. Experimental gene interaction studies with
SERT mutant mice as models for human polygenic and epistatic traits and
disorders. Genes Brain Behav. 2, 350–364.

Murphy, D.L., Wichems, C., Andrews, A.M., Li, Q., Hamer, D., Greenberg, B.D., 1999.
Consequences of engineered and spontaneous genetic alterations of the 5-HT
transporter in mice, men and women. Behav. Pharmacol. 10, S65.

Murray, E.A., 2007. The amygdala, reward and emotion. Trends Cogn Sci. 11, 489–
497.

Neumeister, A., Konstantinidis, A., Stastny, J., Schwarz, M.J., Vitouch, O., Willeit, M.,
Praschak-Rieder, N., Zach, J., de, Z.M., Bondy, B., Ackenheil, M., Kasper, S., 2002.
Association between serotonin transporter gene promoter polymorphism
(5HTTLPR) and behavioral responses to tryptophan depletion in healthy women
with and without family history of depression. Arch. Gen. Psychiatry 59, 613–
620.

O’Hara, R., Schroder, C.M., Mahadevan, R., Schatzberg, A.F., Lindley, S., Fox, S.,
Weiner, M., Kraemer, H.C., Noda, A., Lin, X., Gray, H.L., Hallmayer, J.F., 2007.
Serotonin transporter polymorphism, memory and hippocampal volume in the
elderly: association and interaction with cortisol. Mol. Psychiatry 12, 544–555.

Olivier, J.D., Cools, A.R., Olivier, B., Homberg, J.R., Cuppen, E., Ellenbroek, B.A., 2008a.
Stress-induced hyperthermia and basal body temperature are mediated by
different 5-HT(1A) receptor populations: a study in SERT knockout rats. Eur. J.
Pharmacol. 590, 190–197.

Olivier, J.D., Jans, L.A., Korte-Bouws, G.A., Korte, S.M., Deen, P.M., Cools, A.R.,
Ellenbroek, B.A., Blokland, A., 2008b. Acute tryptophan depletion dose depen-
dently impairs object memory in serotonin transporter knockout rats. Psycho-
pharmacology (Berl.) 200, 243–254.

Olivier, J.D., Van Der Hart, M.G., Van Swelm, R.P., Dederen, P.J., Homberg, J.R.,
Cremers, T., Deen, P.M., Cuppen, E., Cools, A.R., Ellenbroek, B.A., 2008c. A study
in male and female 5-HT transporter knockout rats: an animal model for anxiety
and depression disorders. Neuroscience 152, 573–584.

Olivier, J.D.A., Cools, A.R., Ellenbroek, B.A., Cuppen, E., Homberg, J.R., 2008d. The
serotonin transporter knockout rat: a review. In: Kaluev, A. (Ed.), Experimental
Models in Serotonin Transporter Research. Nova Science Publishers, NY.

Olivier, J.D.A., Jans, L.A., Blokland, A., Broers, N.J., Homberg, J.R., Ellenbroek, B.A.,
Cools, A.R., 2009. Serotonin transporter deficiency in rats contributes
to impaired object memory. Genes Brain Behav., doi:10.1111/j.1601-183X.
2009.00530.x.

Orsetti, M., Canonico, P.L., Dellarole, A., Colella, L., Di, B.F., Ghi, P., 2007. Quetiapine
prevents anhedonia induced by acute or chronic stress. Neuropsychopharma-
cology 32, 1783–1790.

Page, D.T., Kuti, O.J., Prestia, C., Sur, M., 2009. Haploinsufficiency for Pten and
serotonin transporter cooperatively influences brain size and social behavior.
Proc. Natl. Acad. Sci. U.S.A. 106, 1989–1994.

Palm, F., Mossner, R., Chen, Y., He, L., Gerlach, M., Bischofs, S., Riederer, P., Lesch, K.P.,
Sommer, C., 2008. Reduced thermal hyperalgesia and enhanced peripheral
nerve injury after hind paw inflammation in mice lacking the serotonin-
transporter. Eur. J. Pain 12, 790–797.

Pan, Y., Gembom, E., Peng, W., Lesch, K.P., Mossner, R., Simantov, R., 2001. Plasticity
in serotonin uptake in primary neuronal cultures of serotonin transporter
knockout mice. Brain Res. Dev. Brain Res. 126, 125–129.

Perona, M.T., Waters, S., Hall, F.S., Sora, I., Lesch, K.P., Murphy, D.L., Caron, M., Uhl,
G.R., 2008. Animal models of depression in dopamine, serotonin, and norepi-
nephrine transporter knockout mice: prominent effects of dopamine transpor-
ter deletions. Behav. Pharmacol. 19, 566–574.

Persico, A.M., Mengual, E., Moessner, R., Hall, F.S., Revay, R.S., Sora, I., Arellano, J.,
DeFelipe, J., Gimenez-Amaya, J.M., Conciatori, M., Marino, R., Baldi, A., Cabib, S.,
Pascucci, T., Uhl, G.R., Murphy, D.L., Lesch, K.P., Keller, F., 2001. Barrel pattern
formation requires serotonin uptake by thalamocortical afferents, and not
vesicular monoamine release. J. Neurosci. 21, 6862–6873.

Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A., Munoz, K.E.,
Kolachana, B.S., Egan, M.F., Mattay, V.S., Hariri, A.R., Weinberger, D.R., 2005. 5-
HTTLPR polymorphism impacts human cingulate-amygdala interactions: a
genetic susceptibility mechanism for depression. Nat. Neurosci. 8, 828–834.

Phelps, E.A., LeDoux, J.E., 2005. Contributions of the amygdala to emotion proces-
sing: from animal models to human behavior. Neuron 48, 175–187.

Poole, T.B., Fish, J., 1975. An investigation of playful behavior in Rattus norvegicus
and Mus musculus (Mammalia). J. Zool. 165, 61–71.

http://dx.doi.org/10.1111/j.1601-183X.2009.00530.x
http://dx.doi.org/10.1111/j.1601-183X.2009.00530.x


A.V. Kalueff et al. / Neuroscience and Biobehavioral Reviews 34 (2010) 373–386386
Popa, D., Lena, C., Alexandre, C., Adrien, J., 2008. Lasting syndrome of depression
produced by reduction in serotonin uptake during postnatal development:
evidence from sleep, stress, and behavior. J. Neurosci. 28, 3546–3554.

Qu, Y., Villacreses, N., Murphy, D.L., Rapoport, S.I., 2005. 5-HT2A/2C receptor
signaling via phospholipase A2 and arachidonic acid is attenuated in mice
lacking the serotonin reuptake transporter. Psychopharmacology (Berl.) 180,
12–20.

Ramoz, N., Reichert, J.G., Corwin, T.E., Smith, C.J., Silverman, J.M., Hollander, E.,
Buxbaum, J.D., 2006. Lack of evidence for association of the serotonin trans-
porter gene SLC6A4 with autism. Biol. Psychiatry 60, 186–191.

Raznahan, A., Pugliese, L., Barker, G.J., Daly, E., Powell, J., Bolton, P.F., Murphy, D.G.,
2009. Serotonin transporter genotype and neuroanatomy in autism spectrum
disorders. Psychiatr. Genet. 19, 147–150.

Rebsam, A., Seif, I., Gaspar, P., 2002. Refinement of thalamocortical arbors and
emergence of barrel domains in the primary somatosensory cortex: a study of
normal and monoamine oxidase a knock-out mice. J. Neurosci. 22, 8541–8552.

Rioux, A., Fabre, V., Lesch, K.P., Moessner, R., Murphy, D.L., Lanfumey, L., Hamon, M.,
Martres, M.P., 1999. Adaptive changes of serotonin 5-HT2A receptors in mice
lacking the serotonin transporter. Neurosci. Lett. 262, 113–116.

Risch, N., Herrell, R., Lehner, T., Liang, K.Y., Eaves, L., Hoh, J., Griem, A., Kovacs, M.,
Ott, J., Merikangas, K.R., 2009. Interaction between the serotonin transporter
gene (5-HTTLPR), stressful life events, and risk of depression: a meta-analysis.
JAMA 301, 2462–2471.

Roiser, J.P., Rogers, R.D., Cook, L.J., Sahakian, B.J., 2006. The effect of polymorphism at
the serotonin transporter gene on decision-making, memory and executive
function in ecstasy users and controls. Psychopharmacology (Berl.) 188, 213–227.

Sanders, A.C., Hussain, A.J., Hen, R., Zhuang, X., 2007. Chronic blockade or consti-
tutive deletion of the serotonin transporter reduces operant responding for food
reward. Neuropsychopharmacology 32, 2321–2329.

Sasaki-Adams, D.M., Kelley, A.E., 2001. Serotonin–dopamine interactions in the
control of conditioned reinforcement and motor behavior. Neuropsychophar-
macology 25, 440–452.

Schmitz, A., Hennig, J., Kuepper, Y., Reuter, M., 2007. The association between
neurotism and the serotonin transporter polymorphism depends on structural
differences between personality measures. Pers. Individ. Differences 42, 789–
799.

Schmitz, T.W., Johnson, S.C., 2007. Relevance to self: a brief review and framework
of neural systems underlying appraisal. Neurosci. Biobehav. Rev. 31, 585–596.

Schreiber, S., Backer, M.M., Yanai, J., Pick, C.G., 1996. The antinociceptive effect of
fluvoxamine. Eur. Neuropsychopharmacol. 6, 281–284.

Serretti, A., Calati, R., Mandelli, L., De, R.D., 2006. Serotonin transporter gene variants
and behavior: a comprehensive review. Curr. Drug Targets 7, 1659–1669.

Shanahan, N.A., Holick Pierz, K.A., Masten, V.L., Waeber, C., Ansorge, M., Gingrich,
J.A., Geyer, M.A., Hen, R., Dulawa, S.C., 2009. Chronic reductions in serotonin
transporter function prevent 5-HT1B-induced behavioral effects in mice. Biol.
Psychiatry 65, 401–408.

Shen, H.W., Hagino, Y., Kobayashi, H., Shinohara-Tanaka, K., Ikeda, K., Yamamoto, H.,
Yamamoto, T., Lesch, K.P., Murphy, D.L., Hall, F.S., Uhl, G.R., Sora, I., 2004.
Regional differences in extracellular dopamine and serotonin assessed by in
vivo microdialysis in mice lacking dopamine and/or serotonin transporters.
Neuropsychopharmacology 29, 1790–1799.

Smits, B.M., Mudde, J.B., van de Belt, J., Verheul, M., Olivier, J., Homberg, J., Guryev, V.,
Cools, A.R., Ellenbroek, B.A., Plasterk, R.H., Cuppen, E., 2006. Generation of gene
knockouts and mutant models in the laboratory rat by ENU-driven target-
selected mutagenesis. Pharmacogenet. Genomics 16, 159–169.

Sora, I., Hall, F.S., Andrews, A.M., Itokawa, M., Li, X.F., Wei, H.B., Wichems, C., Lesch,
K.P., Murphy, D.L., Uhl, G.R., 2001. Molecular mechanisms of cocaine reward:
combined dopamine and serotonin transporter knockouts eliminate cocaine
place preference. Proc. Natl. Acad. Sci. U.S.A. 98, 5300–5305.
Sora, I., Wichems, C., Takahashi, N., Li, X.F., Zeng, Z., Revay, R., Lesch, K.P., Murphy,
D.L., Uhl, G.R., 1998. Cocaine reward models: conditioned place preference can
be established in dopamine- and in serotonin-transporter knockout mice. Proc.
Natl. Acad. Sci. U.S.A. 95, 7699–7704.
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