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Abstract

Discovered and crystallized over sixty years ago, serotonin's important functions in the brain and
body were identified over the ensuing years by neurochemical, physiological and pharmacological
investigations. This 2008 M. Rapport Memorial Serotonin Review focuses on some of the most recent
discoveries in serotonin that are based on genetic methodologies. These include examples of the
consequences that result from direct serotonergic gene manipulation (gene deletion or
overexpression) in mice and other species; an evaluation of some phenotypes related to functional
human serotonergic gene variants, particularly in SLC6A4, the serotonin transporter gene; and finally,
a consideration of the pharmacogenomics of serotonergic drugs with respect to both their therapeutic
actions and side effects. The serotonin transporter (SERT) has been the most comprehensively studied
of the serotonin system molecular components, and will be the primary focus of this review. We
provide in-depth examples of gene-based discoveries primarily related to SLC6A4 that have clarified
serotonin's many important homeostatic functions in humans, non-human primates, mice and other
Sspecies.
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Introduction

Serotonin and the serotonin transporter modulate many brain and body processes involved in
health and disease (Fig. 1). Early vasoactive response assays and pharmacological studies by
M. Rapport, V. Erspamer, I. H. Page and others first identified serotonin as an endogenous
substance that stimulated smooth muscle responses in the periphery in studies that began over
sixty years ago (Erspamer, 1954;Page, 1976;Rapport, 1997;Rapport et al., 1948). However,
gene variants that change the components of the serotonergic system so as to alter peripheral
and central serotonin functions have only recently been discovered (Chen et al., 2001;Linder
et al., 2008;Murphy and Lesch, 2008). Many earlier books, reviews and research papers have
explicated the remarkable roles of the 14-plus serotonin receptors and the single mammalian
serotonin transporter in the functions that serotonin plays as a neurotransmitter and
neuromodulator in neurochemical, pharmacological, physiological and behavioral processes
(Baumgarten and Gothert, 2000;Fox et al., 2007a;Hahn and Blakely, 2002;Murphy et al.,
2004a;Murphy and Lesch, 2008;Roth, 2006;Vanhoutte et al., 1990).

This Rapport Memorial Review focuses on recent developments based upon gene
manipulations in non-human species and gene variant studies in humans that have challenged
and changed some of our more classical views and interpretations of the pharmacology and
physiology of serotonin's actions. In doing so, it highlights important examples of how gene-
based discoveries have been re-writing the history of the central and peripheral serotonergic
systems. The emphasis is on examples from experiments focused on one major component of
the serotonergic systems, the serotonin transporter and its gene (SLC6A4 in humans; Slc6a4
in mice, otherwise known in some published papers as 5-HTT or SERT).

Why focus on SLC6A4 and SERT?

SERT functions in all serotonergic systems via transport-mediated regulation of the availability
of serotonin to its homo- and hetero-receptors in brain, blood and peripheral organs. Changes
in SERT, as documented below, alter the expression and/or function of most, if not all, serotonin
receptors as well as the synthesis, clearance and metabolism of serotonin. These changes have
important clinical implications as SERT inhibitors. These include the drug classes of serotonin
reuptake inhibitors (SRIs), the specific serotonin reuptake inhibitors (SSRIs) and also
combined serotonin-norepinephrine reuptake inhibitors (SNRIs), which are among the world's
most widely-prescribed drugs for the treatment of neuropsychiatric and many other disorders
and are also the target of serotonergic recreational drugs such as MDMA (Ecstasy) as well as
cocaine. The review perspectives and additional supporting data presented here are from two
sources that have provided the most up-to-date recent history of the contributions attributable
to genetic alterations in serotonergic system genes, principally involving SLC6A4. The two
examples that are examined are primarily from our laboratory and from colleagues in this field:
(1) First, there are human gene variants in SLC6A4, many of which have now been documented
to produce changes in SERT expression, function and/or regulation. These changes have been
shown to be associated with alterations in brain SERT binding site densities, brain-imaged
responses to emotional stimuli, personality traits and multiple disorders involving the central
nervous system (CNS) and cardiac, pulmonary and other systems [Reviews: (Murphy et al.,
2004a; Murphy and Lesch, 2008)]. Additionally, some of these SLC6A4 variants have been
found to be associated with therapeutic responses as well as side effects of drugs affecting
SERT and the serotonergic systems, especially SRIs and related SERT-altering medications.
As human SLC6A4 variants are associated with prominent psychological and behavioral
phenotypes in anxiety-related emotional domains, special attention is directed towards studies
that have documented these findings in humans, and to relevant anxiety-related behavioral
phenotypes in mice. This review will note recent findings in one anxiety disorder, obsessive-
compulsive disorder (OCD) and related OCD spectrum disorders, as prime examples of
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conditions with exceptional serotonergic interest since specific functional SLC6A4 variants
have been found to be associated with these disorders in multiple studies (Delorme et al.,
2005; Hu et al., 2006; Kilic et al., 2003; Ozaki et al., 2003; Sutcliffe et al., 2005; Wendland et
al., 2008a; Wendland et al., 2008b). Of special interest, SRIs are the only drug group found in
replicated studies to be therapeutically useful in OCD, an anxiety disorder that does not respond
to other anxiolytic or antidepressant agents such as the tricyclic antidepressants (Greist et al.,
1995; Pigott et al., 1990).

(2) Secondly, we will discuss genetically engineered SERT-deficient mice (Bengel et al.,
1998; Murphy and Lesch, 2008), which have elucidated the roles of changes in extracellular
fluid (ECF) and intracellular (whole tissue) serotonin levels with regard to serotonin receptor
activation and adaptation, serotonin clearance and synthesis, plus pharmacological,
physiological and behavioral phenotypes that emerge in Slc6a4 knockout (-/-) mice, produced
by homologous recombination in ES cells, and in single-allele-deficient, heterozygous (+/-)
mice (Ansorge et al., 2004; Bengel et al., 1998; Fox et al., 2007a; Li, 2006), or in other mice
produced by transgenic techniques that are either SERT-deficient (Thakker et al., 2005; Zhao
et al., 2006) or have SERT over-expression (Jennings et al., 2006).

Human SLC6A4 Variants: Their Function And Relevance To Health And

Disease

Human SLC6A4 maps to chromosome 17q11.2 and is composed of 15 exons spanning ~40 kb
(Fig. 2). The sequence of the transcript predicts a protein comprised of 630 amino acids with
12 transmembrane domains. Alternative promoters, differential splicing involving exons 1A,
B, and C, and 3'-untranslated-region variability result in multiple mMRNA species, as well as
specifically-evaluated polymorphisms, that are likely to regulate gene expression SLC6A4 in
humans. Most well-studied is the promoter region SLC6A4 variant, SHTTLPR, which together
with two intrinsic single nucleotide polymorphisms (SNPs) [rs25531 and rs25532], all located
upstream of the transcription start site, modulate the transcriptional activity of SLC6A4 (Hu et
al., 2006;Lesch et al., 1996;Wendland et al., 2008b) (Fig. 2). Additional variants at the
SLC6A4 locus include a functional variable number of tandem repeats (VNTR) polymorphism
in intron 2 (Fig. 2) and a number of other coding region SNPs that change the structure or
function of the transporter protein, such as 1425V and G56A (Kilic et al., 2003;Lesch et al.,
1996;Lovejoy et al., 2003;Prasad et al., 2005;Sutcliffe et al., 2005). Most of these latter SNPs
are rare, but the promoter region rs25531 polymorphism has a minor allele frequency of 9-15%
in Caucasians and 24% in African-Americans (Hu et al., 2006;Wendland et al., 2006b). Several
of the less-common SLC6A4 SNPs and their haplotypes are associated with behavioral
phenotypes or disorders, including obsessive-compulsive disorder and autism (Hu et al.,
2006;Kilic et al., 2003;0zaki et al., 2003;Prasad et al., 2005;Sutcliffe et al., 2005;Wendland
et al., 2008b).

Human SLC6A4 Variants

Many of the phenotypes discovered in SERT-targeted mouse models (Murphy and Lesch,
2008) have been glimpsed in studies examining the association of human diseases or traits with
common human SLC6A4 variants such as SHTTLPR (including rs25531 and rs25532), and the
intron 2 VNTR, as well as the less common 1425V, 1425L, and G56A variants in SLC6A4
coding regions. The short variant of the SHTTLPR as well as the SNP rs25531 and rs25532
variants (and most likely the shorter STin 2 VNTR 9 and 10 repeat alleles) plus the P339L
SNP might confer as much as 50-80% lower expression levels of SERT. In contrast, the higher
expressing SERT alleles can confer up to 5-fold greater serotonin uptake capacity (Hu et al.,
2006; Prasad et al., 2005; Wendland et al., 2007; Wendland et al., 2008b). Thus, combinations
of the frequent SLC6A4 variants, and possibly also the less common variants such as P339L
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(Prasad et al., 2005), may act together to confer from five to twenty-fold differences in SERT
expression and function levels (Fig. 3).

Humans with the 5SHTTLPR SS genotype closely resemble heterozygote Slc6a4 +/- mice in
regard to levels of SERT expression and function (Fig. 4). These similarities allow predictive
appraisals of phenotypes across species (Fox et al., 2007a;Kalueff et al., 2007b;Lesch and
Murphy, 2003;Murphy et al., 2004a;Murphy et al., 2001;Murphy et al., 2003a). Thus, it is no
surprise to find that anxiety and depression-related personality traits and affective disorders
(Lesch et al., 1996;Munafo et al., 2006;Sen et al., 2004), alcohol and other drug dependencies
(Lesch, 2005), as well as some sleep and thermoregulatory disorders (Rausch et al., 2003;Wisor
et al., 2003), irritable bowel syndrome (IBS) (Chen et al., 2001;Colucci et al., 2008;Van
Kerkhoven et al., 2007;Yeo et al., 2004), the serotonin syndrome (Fox et al., 2007b;Fox and
Murphy, in press;Ishister and Buckley, 2005), pulmonary hypertension and chronic obstructive
pulmonary disease (Eddahibi et al., 2003;Eddahibi et al., 2000), musculoskeletal disorders
(Bliziotes et al., 2002;Sample et al., in press;Warden et al., 2005), autism (Sutcliffe et al.,
2005) and sudden infant death syndrome (SIDS) (Nonnis Marzano et al., 2008;Weese-Mayer
etal., 2007) are associated with SLC6A4 variants in humans and other species, especially when
interactions between SLC6A4 and life stress are taken into account (Canli et al., 2006;Caspi et
al., 2003;Kalin et al., 2008;Kendler et al., 2005;Uher and McGuffin, 2008) (Fig. 1). Some of
the disorders found to be associated with SLC6A4 in humans such as SIDS and myocardial
valvulopathy and infarction have not yet been investigated in Slc6a4 -/- and Slc6a4 +/- mice
(Fumeron et al., 2002;Nakatani et al., 2005). Likewise, some of the Slc6a4 -/- mouse
phenotypes, including obesity and type-2-diabetes, have yet to be studied for SLC6A4 variant
frequency distortions in cohorts of human patients; these would seem to be of high priority for
investigation.

A genetic contribution of SLC6A4 to temperament and behavioral traits including anxiety,
excess stress responsiveness, dominance relationships in non-human primate species and
alcohol and drug preferences have been established in humans and several other species,
probably reflecting selective forces among our ancestral and related animal species. Recent
research efforts in this area have therefore been focused on mice, rats and non-human primates,
especially rhesus macaques, and are currently proceeding towards the elaboration of an
interdisciplinary perspective that will blend behavioral genetics and evolutionary psychology,
as well as cognitive and social neuroscience (Barr et al., 2003; Homberg et al., 2007; Kalin et
al., 2008; Olivier et al., 2008b). In models ranging from non-human primates and to C.
elegans and D. melanogaster, environmental influences might be less complex than in humans
and thus less likely to confound associations between behavior and genes (Barr et al., 2003;
Canli and Lesch, 2007; Murakami and Murakami, 2007; Murphy et al., 2004a; Murphy and
Lesch, 2008; Park et al., 2006; Thimgan et al., 2006; Weiger, 1997). Maternal-separation gene-
environment studies in rhesus macaques have demonstrated the occurrence of interactions that
affect behavioral traits, including stress reactivity and alcohol preference and dependence,
based upon differential occurrence of a repeat-length promoter region variant that is
orthologous to the human SHTTLPR (Barr et al., 2003; Bennett et al., 2002). This is consistent
with data that the SHTTLPR, and most likely other SLC6A4 variants, influence the risk for
anxiety, affective and other behavioral disorders through gene-environment interactions.
However, the molecular and neural mechanisms that underlie the interplay of genes and
environmental adversity that constitute disease risk remain incompletely understood (Canli et
al., 2005; Canli et al., 2006; Caspi et al., 2003; Kendler et al., 2005; Lazary et al., 2008; Uher
and McGuffin, 2008).

Finally, gene-gene interactions have begun to be studied in combined association studies in

humans (Benjamin et al., 2000a; Benjamin et al., 2000b; Pattin and Moore, 2008; Smolka et
al., 2007; Strobel et al., 2003). More direct studies have been possible in mouse models: for
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example, Slc6a4 mutant mice have been interbred with mice that lacked either one or both
copies of the dopamine transporter gene (Slc6a3) (Fig. 5), the noradrenaline-transporter gene
(Slc6a2), the MAOA gene (Maoa), the 5-HTqp-receptor gene (Htrlb) or the BDNF gene
(Bdnf), with consequent amplified, reduced or qualitatively different new phenotypes (Holmes
et al., 2003a; Murphy et al., 2003a; Salichon et al., 2001; Shen et al., 2004; Sora et al., 2001;
Sora et al., 1998). These studies of ‘experimental epistasis’ complement those in which the
Slc6a4 -/- was placed on congenic C57BL/6J, 129S6 or CD-1 background strains to yield more
subtle SERT-related phenotype differences (Holmes et al., 2003a; Murphy et al., 2003a).

Sert-Deficient and Sert-Over-Expressing Mouse Models

To explore the question of what human genetic disorders might be attributable to life-long
SLC6A4 dysfunction, mice with reduced or absent SERT were generated by targeted disruption
of Slc6a4 (Bengel et al., 1998). The primary functional basis for the multiple phenotypic
changes that occur in SERT-deficient Slc6a4 +/- and Slc6a4 -/- mice is a profound alteration
in serotonin neurochemistry and regulatory responses (Bengel et al., 1998; Kim et al., 2005;
Mathews et al., 2004). These abnormalities act in somewhat different ways during development
(when excess serotonin has neurotrophic and morphogenic effects) than in adulthood (when
the continuing excess of extracellular serotonin or deficient tissue serotonin seems most
important) (Alexandre et al., 2006; Ansorge et al., 2008; Ansorge et al., 2004; Gaspar et al.,
2003; Gobbi et al., 2001; Kim et al., 2005; Lauder, 1990; Murphy et al., 2001; Sodhi and
Sanders-Bush, 2004).

Basal extracellular fluid serotonin concentrations are markedly increased in the brain regions
investigated thus far, the striatum and cortex of Slc6a4 +/- and Slc6a4 -/- mice. Likewise,
serotonin release following KCl-induced depolarization is markedly differentially changed in
these SERT-deficient mice (Fabre et al., 2000; Mathews et al., 2004) (Figs. 6, 7). In addition,
serotonin clearance as measured in the hippocampal CA3 region is prolonged in Slc6a4 -/-
mice, to the point where its removal cannot be distinguished from diffusion alone, and is
prolonged to an intermediate extent in Slc6a4 +/- mice (Montanez et al., 2003) (Fig. 7).

The consequentially increased extracellular serotonin concentrations thus amplify and extend
the duration of serotonin signaling at serotonin receptors, significantly altering the homeostatic
state of the entire serotonin system (Kim et al., 2005; Mathews et al., 2004) (Fig. 8). In contrast
to the increases in extracellular fluid levels, serotonin brain-tissue concentrations are decreased
by 40-60% in Slc6a4 -/- mice, a predictable result of the failure to re-accumulate released
serotonin due to the SERT-deficient state (Bengel et al., 1998; Fox and Murphy, in press; Kim
etal., 2005). Both blood plasma and platelets are devoid of serotonin in Slc6a4 -/- mice (Chen
et al., 2001; Eddahibi et al., 2000). Furthermore, most peripheral organs have markedly
depleted serotonin levels, confirming that their normal serotonin content is dependent upon
SERT (Bengel et al., 1998; Kim et al., 2005; Li et al., 2003; Tjurmina et al., 2002) (Fig. 9),
with a lack of or inadequate compensation by other transporters that may normally or under
special circumstances become more relevant in SERT-deficient mice (Chen et al., 2001;
Schmitt et al., 2003; Zhou et al., 2002).

As a consequence of the deficient recycling of serotonin by its transporter, serotonin synthesis
and turnover are increased across brain regions in Slc6a4 -/- mice, with some evidence
suggesting a greater increase in female than male mice (Fox and Murphy, in press; Kim et al.,
2005). Dopaminergic neurons in the substantia nigra can accumulate excess serotonin in
Slc6a4 -/- mice through the dopamine transporter (DAT) (Zhou et al., 2002). Furthermore,
expression of the organic cation transporters (OCTs), OCT1 and OCT3, which are low-affinity
transporters of monoamines, is increased (Chen et al., 2001; Lesch and Mossner, 2006; Schmitt
etal., 2003; Zhou et al., 2002), suggestive of some partial but inefficient attempt at
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compensation for SERT-deficient mice via heterologous, non-specific DAT, OCTs and
perhaps other monoamine transporters.

Likewise, Slc6a4 +/- mice have fewer specific SERT binding sites, decreased serotonin
clearance (Figs. 7, 10, 11), ~three-fold elevated extracellular serotonin concentrations in
striatum and cortex measured by no-net-flux microdialysis (Fig. 7) and reduced serotonin
uptake in synaptosomes studied in vitro (Bengel et al., 1998;Mathews et al., 2004;Montanez
et al., 2003;Perez and Andrews, 2005); however, there have unchanged tissue serotonin
concentrations in the brain and periphery and have unchanged brain serotonin synthesis and
turnover (Bengel et al., 1998;Kim et al., 2005;Mathews et al., 2004). Thus the loss of one
Slc6a4 allele leads to a decrease in many transporter functions, but this single copy of a
Slc6a4 allele is adequate to maintain most overall tissue serotonin homeostasis.

Electrophysiological Changes in SERT-Deficient Mice

The spontaneous firing rate of putative serotonergic neurons in the dorsal raphe of anesthesized
Slc6a4 -/- mice is ~35% of that of wild-type control mice, with intermediate values (~60%)
in Slc6a4 +/- mice (Gobbi et al., 2001). In addition, the time required for CA3 hippocampal
neurons to return to normal firing rates following microiontophoretic application of serotonin
is prolonged (Mannoury la Cour et al., 2001). This most likely represents the failure of the
rapid clearance of serotonin, as has been documented in the CA3 hippocampal region (Gobbi
etal., 2001; Montanez et al., 2003) (Fig. 7). As expected, the SRI, paroxetine, further increased
the serotonin-induced prolongation of hippocampal neuron recovery time in Slc6a4 +/- mice
(Gobbi et al., 2001). In brain slice preparations studied in vitro, similar changes were not
observed, suggesting that the sustained presence of excess ECF serotonin in vivo is a required
determinate of the in vivo alterations (Mannoury la Cour et al., 2001; Mannoury la Cour et al.,
2004)

5-HT 1A receptors in the brainstem raphe area are substantially decreased in Slc6a4 -/- female
mice (>60%), with somewhat smaller reductions in males and intermediate values in Slc6a4
+/- mice (Fig. 12). Female, but not male, Slc6a4 -/- mice also show modest reductions in 5-
HT1 receptors in the hypothalamus and in some areas of the amygdala and septum, but show
no changes in the cortex or hippocampus; thus, Slc6a4 +/- and Slc6a4 -/- mice display a
downregulation of 5-HT1 5 receptors at presynaptic somatodendritic sites, accompanied by
insensitivity of these receptors to 5-HTq -mediated neuroendocrine responses (Bouali et al.,
2003;Fabre et al., 2000;L.i et al., 2000;Li et al., 1999). This is similar to the changes observed
in rodents chronically treated with SSRIs. In SERT-deficient mice, restoration of 5-HT -
mediated function in the medial hypothalamus by addition of recombinant 5-HTq A receptors
via an adenoviral vector produced a rescue and near-normalization of the abnormal 5-HT 5
system neuroendocrine responses and behavioral abnormalities in these mice (Alexandre et
al., 2006;L.i et al., 2004a).

5-HT, receptor binding sites are decreased in the striatum, claustrum and cortex, but increased
in the septum and hypothalamus of Slc6a4 -/- mice (Li et al., 2003; Rioux et al., 1999). In
contrast, 5-HT¢ receptor binding sites are increased in the amygdala and choroid plexus of
Slc6a4 -/- mice, but unchanged in other regions (Li etal., 2003). Chronic SRI treatment likewise
usually increases 5-HT,¢ receptor expression, but does not affect 5-HToa receptor levels
(Laakso et al., 1996).

Pharmacological Changes in SERT-Deficient Mice

These relatively modest changes in receptor numbers were accompanied by much greater
changes in multiple responses to selective serotonin receptor agonists. For example, changes
in hippocampal neuron firing rates, temperature and other responses to the 5-HT 1 agonists
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8-OH-DPAT and ipsapirone (Fig. 12), suppressed locomotor-behavior responses to the 5-
HT1g agonist RU 24969, and in particular responses to DOI (a 5-HToa/2c agonist with
hallucinogenic effects) were all essentially absent in Slc6a4 -/- mice (Fig. 13), with
intermediate changes in Slc6a4 +/- mice on some measures (Holmes et al., 2002c;Lesch and
Mossner, 2006;Ren-Patterson et al., 2006). These diminished receptor-mediated responses do
not seem attributable to abnormalities in G-proteins or coupling, but recent evidence indicates
that signaling in the 5-HToa/>c.phospholipase A/arachidonic acid pathway is markedly
reduced in the cortex, striatum and substantia nigra of Slc6a4 +/- and Slc6a4 -/- mice (Gobbi
et al., 2001;Holmes et al., 2002c;L.i et al., 2000;L.i et al., 2003;Qu et al., 2005) (Fig. 13).

Phenotypical Changes in SERT-Deficient Mice

Various approaches have been used to experimentally alter Slc6a4 expression and SERT
function in mice, including the constitutive targeted disruption of Slc6a4 reviewed here in
greatest detail. In humans, the 5SHTTLPR short (s) variant and SS genotype, which results in
lower expression of SLC6A4, strongly resemble the reductions in expression and function of
Slc6a4 +/- mice (Fig. 14) associated with anxiety-related, harm-avoidant and negative
personality traits (Anguelova et al., 2003;Kendler et al., 2005;Lesch et al., 1996;Lesch and
Murphy, 2003;Sen et al., 2004). Slc6a4 +/- and Slc6a4 -/- mice were therefore predicted to
exhibit increased anxiety-like behaviors. This was indeed found using multiple measures of
anxiety-like behaviors in both male and female Slc6a4 -/- mice with different genetic
backgrounds, as well as in SERT-deficient mice produced by other transgenic approaches
(Holmes et al., 2003a;Holmes et al., 2003c;Lira et al., 2003;Zhao et al., 2006) (Fig. 11). A few
gender differences and an intermediate phenotype in heterozygote mice have also been
generally observed (Ansorge et al., 2004;Holmes et al., 2003c;Kalueff et al., 2007b;Lira et al.,
2003;Tjurmina et al., 2002;Zhao et al., 2006). After mild postnatal foot-shock stress
experiences or exposure to predator odors, anxiety-like behaviors were intensified in Slc6a4
-/- mice but not in +/+ mice (Adamec et al., 2006;Carroll et al., 2007). Latent anxiety-like
behaviors have also been reported in Slc6a4 +/- mice that experience poor maternal care. Brain-
derived neurotrophic factor (BDNF) has been identified as one molecular substrate of the
epigenetic programming that contributes these effects (Carola et al., 2008). Repeated stressful
experiences in adult Slc6a4 -/- mice promotes depression-like behavior (Wellman et al.,
2007). These mice show deficits in extinction recall following fear conditioning and
abnormalities in the dendritic morphology and spine density of pyramidal neurons in their
infralimbic cortex and basolateral amygdala (Wellman et al., 2007).

It has occasionally seemed paradoxical to some scientists that SERT-deficient mice have a
strong anxiety-like behavioral phenotype, while SRIs are used as drugs to treat anxiety and
depression disorders. One likely explanation for this discrepancy is the life-long developmental
presence of serotonin deficiency, with likely adaptive and compensatory rewiring of brain
circuits and systems in SERT-deficient mice, versus administration of an SRI for the first time
to adults who are anxious or depressed. In fact, mice treated with the SRI fluoxetine during
very early development also exhibited increased anxiety-like behavior as well as other related
behaviors that included avoidance of open-field, center-space exposure (Alexandre et al.,
2006; Ansorge etal., 2004; Maciag et al., 2006). Additionally, when SERT-deficient mice were
interbred with mice that lack one copy of the BDNF gene, the anxiety-like behaviors and tissue
serotonin depletion are substantially increased, in keeping with other data that show that BDNF
is required for the development and maintenance of the brain's serotonin system (Mamounas
etal., 2000; Ren-Patterson et al., 2006). Thus, strong developmental influences seem especially
important in this and perhaps other phenotypes of SERT-deficient mice.

In direct contrast to these results with SERT-deficient mice, amarked increase in SERT binding
sites and reduced anxiety-like behaviors was found in transgenic mice generated using a human
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yeast artificial chromosome (YAC) construct that causes a two- to three-fold overexpression
of SERT accompanied by reduced ECF serotonin concentrations (Jennings et al., 2006) (Fig.
6). This appears to confirm a direct, two-way relationship between serotonin availability and
anxiety-related behaviors (Jennings et al., 2006). The anxiety-like behavior in the Sic6a4 +/-
and Slc6a4 -/- mice can be normalized by the 5-HT; 4 antagonist WAY 100635, suggesting
that these receptors are a participant in their anxiety-like behaviors (Holmes et al., 2003c).

Neuroendocrine and Behavioral Sympathoadrenal Responses to Stress

Perhaps related to the anxiety-like behavioral phenotypes in SERT-deficient mice (and the
major anxiety-related phenotypes in humans with lesser SERT expression and function),
behavioral startle responses were markedly increased in Slc6a4 +/- and -/- male mice (Fig.
14A). Likewise, Slc6a4 -/- and Slc6a4 +/- mice respond to mild stress with greater than normal
levels of adrenocorticotropic hormone (ACTH) (Fig. 14B) and oxytocin release (Li et al.,
2000;Li et al., 1999;Li et al., 2003;Murphy et al., 2001), although they have reduced basal
plasma corticosterone levels. These exaggerated ACTH responses are further increased in
Slc6a4 -/- mice that have been interbred with Bdnf +/- mice (Ren-Patterson et al., 2006). ACTH
elevations in response to the placement of mice on the elevated plus maze, which increases
stress, are also exaggerated in Slc6a4 -/- mice (Li, 2006). Likewise, elevated plasma
corticosterone levels are found in Slc6a4 -/- mice in response to chronic mild stress (Lanfumey
et al., 2000).

Hypothalamo-pituitary adrenomedullary responses to restraint stress in conscious mice have
also been examined (Tjurmina et al., 2002). At baseline, adrenal and pituitary serotonin
concentrations in Slc6a4 -/- mice are markedly lower than in littermate controls. Restraint stress
increases plasma levels of catecholamines in all genotypes, but these responses are exaggerated
in Slc6a4 -/- mice (Fig. 14C). These responses are associated with significant reductions in
levels of epinephrine, norepinephrine and serotonin in the adrenal glands and similarly pituitary
tissue ACTH is also significantly reduced (Tjurminaetal., 2002) (Fig. 14D). These differences
suggest that one function of SERT is to restrain adrenomedullary activation in response to
stress (Tjurmina et al., 2004). The usual increase in tyrosine hydroxylase transcription and
adrenomedullary angiotensin-I1 receptor expression changes that follow adrenal epinephrine
and norepinephrine release in response to restraint and other forms of stress is absent in
Slc6a4 -/- mice (Armando et al., 2003). Thus, exaggerated adrenomedullary responses seem
to be an autonomic correlate of the anxiety-like behaviors and exaggerated hypothalamo-
pituitary adrenal responses that occur in Slc6a4 -/- mice (Armando et al., 2003; Tjurmina et
al., 2002; Tjurmina et al., 2004).

Somatosensory Cortex involving the Whisker Barrel Pathway

Cytoarchitectonic changes are found in the somatosensory barrelfield layer 1V cortex of
Slc6a4 -/- mice and to an intermediate extent, in Slc6a4 +/- mice (Persico et al., 2001; Salichon
et al., 2001) (Fig. 15). Of interest, similar changes are also found in mice that lack the gene
that codes for monoamine oxidase A (Maoa), the major enzyme involved in the metabolism
of serotonin (Salichon et al., 2001) (Fig. 15). To evaluate whether these morphological changes
were of functional importance, responses to brief whisker stimulation in cortical barrelfields
were investigated using cerebral glucose utilization measurements (Esaki et al., 2005). In
Slc6a4 +/+ mice, unilateral stimulation of whiskers leads to a significant glucose utilization
response in the contralateral somatosensory cortex. The magnitude of this response is
significantly reduced in Slc6a4 -/- mice (Esaki et al., 2005) (Fig. 16). Remarkably, this
reduction is also observed in other components of the trigeminal nerve as well as spinal and
thalamocortical somatosensory pathways, which are components of barrelfield activation
pathway (Esaki et al., 2005) (Fig. 16).
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Rescue of cortical barrel architecture abnormalities in Slc6a4 -/- and +/- mice can be
accomplished by treatment with the serotonin-synthesis inhibitor parachlorophenylalanine
(PCPA) in a narrow developmental time window between postnatal days 1 and 2 but markedly
less so thereafter (Persico et al., 2001) (Fig. 16). Partial genetic rescue also occurs following
inactivation of 5-HT,g in this cortical area (Salichon et al., 2001), confirming the importance
of serotonin and its 5-HTg receptor in barrelfield development (Fig. 15).

Sleep, Brain Excitability, Body Temperature and Gut Motility

Slc6a4 -/- and Slc6a4 +/- mice have substantially increased rapid eye movement (REM) sleep
time (Wisor et al., 2003). Furthermore, brain excitability (as reflected in their susceptibility to
pentylenetetrazole-induced seizures) is reduced in these mice (Fox etal., 2007a). Baseline body
temperature is also increased (Li et al., 2004a). Gut physiological function is abnormal in
Slc6a4 -/- mice, which have increased colonic motility and other symptoms that resemble those
found in the human irritable bowel syndrome (Chen et al., 2001). These gut function changes
have also been found to accompany the serotonin precursor (5-hydroxytryptophan; 5-HTP)-
induced serotonin syndrome (Fox et al., 2007b; Fox and Murphy, in press), (Fox and Murphy,
unpublished observations).

Sensory, bladder and vascular function

Sensory function is reduced in Slc6a4 -/- mice, as reflected by their reduced spinal reflexes
and reduced responses to mildly painful thermal or nerve crush injuries (Ren-Patterson et al.,
2005; Vogel et al., 2003). Likewise, bladder responses to stretching are reduced in female
Slc6a4 -/- mice (Cornelissen et al., 2005). However, basic neurological and motor testing
reveals no overt changes in other reflexes, including the eye blink, whisker or righting reflexes
(Holmes et al., 2002a).

The elevated blood pressure that normally develops in response to reduced oxygen availability
at simulated high altitudes is reduced or absent in Slc6a4 -/- mice (Eddahibi et al., 2000). This
might provide an explanation for the protection against the development of human pulmonary
hypertension that is apparently afforded by the lesser-expressing S allele and SS genotype of
the SLC6A4 SHTTLPR (Eddahibi et al., 2000; Murphy et al., 2004a). Also, Slc6a4 -/- mice
display lower left cardiac ventricular weight relative to body weight and develop cardiac
fibrosis as well as valvulopathy (Eddahibi et al., 2000; Mekontso-Dessap et al., 2006)
phenomena which may be related to deficient platelet 5-HT availability, including the
availability of 5-HT to cardiac 5-HTg receptors, according to results in 5-HTg genetically-
deficient mice (Jaffre et al., 2004). Thus, serotonin and SERT play a role not only in visceral
function but also in cardiovascular and lung function.

Bone and Muscle Strength, and Agility

The ability to cling to a wire mesh screen (a test of strength) and to maintain a grasp on a
rotating metal rod is reduced in Slc6a4 -/- mice (Holmes et al., 2002a). Likewise, bone weight,
thickness and structural resistance to fracture in vitro are also significantly reduced (Bliziotes
et al., 2002; Sample et al., in press; Warden et al., 2005). One plausible basis for these
impairments is the lifetime reduction in physical activity and exercise that results from reduced
horizontal, vertical and risk-assessment behaviors (including standing and surveying and
sniffing the environment) in Slc6a4-deficient mice, since bone changes are most marked in
weight-bearing bones and not cranium in these mice (Holmes et al., 2002a; Holmes et al.,
2002b). There do not appear to have been any comparable evaluations of the effect of human
SLC6A4-variant associations on physical fitness or strength. However, similar results would
be predicted from these observations in Slc6a4 -/- and Slc6a4 +/- mice, particularly because
reductions in bone mineral density and osteoporosis are found in humans receiving long-term
SRI treatment (Diem et al., 2007; Haney et al., 2007).
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Slc6a4d-/- mice are less aggressive than control mice in the isolated-resident/intruder test
(Holmes et al., 2002a). Additionally, Slc6a4 -/- and +/- mice failed to shorten the latency time
to first attack in a second intruder-encounter experiment, unlike Slc6a4 +/+ mice. This confirms
arole for altered SERT levels in aggressive behaviors and also indicates that Slc6a4 -/- and
Slc6a4 +/- mice have a reduced learning capacity in this paradigm in comparison with wild-
type mice. The findings might also be related to other social interaction deficits in the
Slc6a4 -/- and Slc6a4 +/- mice and suggest that they might be a useful model of some aspects
of social anxiety and autism (Holmes et al., 2002a; Kalueff et al., 2007c), (Moy S et al., under
review). Reports of altered aggression in mice with a deletion of one Bdnf allele suggest that
studies of the Slc6a4 x Bdnf double-mutant mice might provide further evidence of specific
epistasis that is similar to that observed for anxiety-like behaviors and neuroendocrine
responses in these dual gene-deficient mice models (Murphy et al., 2003a; Ren-Patterson et
al., 2006; Ren-Patterson et al., 2005).

Pharmacological Challenges in SERT-Deficient Mice

Many pharmacologic agents that act through SERT (including 3,4-
methylenedioxymethamphetamine (MDMA, Ecstasy), 2'-NH,-1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (2'-NH,-MPTP) and SRIs), have reduced efficacy in Slc6a4 -/- and
Slc6a4 +/- mice reflecting the reduced availability or downregulated receptor function of these
drug targets (Bengel et al., 1998; Fox et al., 2007a; Gobbi et al., 2001; Holmes et al., 2002a;
Lietal., 1999; Qu et al., 2005). MDMA self-administration is absent in Slc6a4 -/- mice, and
alcohol preference and ingestion are reduced (although alcohol's sedative effects are increased)
(Boyce-Rustay et al., 2006; Daws et al., 2006; Kelai et al., 2003; Montanez et al., 2003; Trigo
etal., 2007). By contrast, cocaine preference is intact or enhanced in Slc6a4 -/- and Slc6a4 +/-
mice (Sora et al., 1998) (Fig. 5). However, in Slc6a4-mutant mice that have been interbred
with mice that lack the dopamine transporter, cocaine preference is abolished (Sora et al.,
2001; Sora et al., 1998) (Fig. 5).

Genetic vulnerability to an exaggerated, ‘serotonin syndrome’ is present in Slc6a4 +/- and
Slc6a4 -/- mice with a targeted disruption of SERT and has implications for similar SRI side
effects in humans with polymorphisms that reduce SERT gene function. One of the most
remarkable group of drug response alterations observed in SERT-deficient mice are serotonin
syndrome behaviors and temperature changes produced by serotonin agonists (Fox et al.,
2007b; Fox and Murphy, in press). These may prove to provide a model for humans with
genetic vulnerabilities to this syndrome (Fox et al., 2007b; Fox and Murphy, in press; Murphy
et al., 2004b; Murphy et al., 2003b; Murphy et al., 2000; Pato et al., 1988; Perlis et al., 2003;
Popp et al., 2006; Serretti et al., 2006).

Spontaneous serotonin-syndrome behaviors were first observed in untreated Slc6a4 -/- mice
(Foxetal., 2007h; Kalueff etal., 2007a). Follow-up investigations identified serotonin agonists
and antagonists that exaggerated or blocked the serotonin syndrome (Fox et al., 2007b). As
shown in Fig. 17, markedly exaggerated serotonin syndrome behavioral responses to the amino
acid precursor of serotonin, 5-HTP and the MAOI, tranylcypromine occurred in SERT-
deficient mice (Fox et al., 2007b). Tranylcypromine is a clinically available antidepressant
drug, and 5-HTP is promulgated on more than 100 internet sites and sold over-the-counter as
a dietary supplement. 5-HTP is advertised as having antidepressant effects and, like MAO-
inhibitors, as a treatment that can enhance and prolong the actions of both these agents as well
as therapeutically-used SRIs and illicit drugs of abuse such as MDMA (Silins et al., 2007;
Vuori et al., 2003).
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These findings in this mouse genetic model raise the possibility that humans with lower-
expressing SS genotypes or other SERT variants that lead to 50-80% decreases in SERT
binding sites or transport function (Lesch et al., 1996; Prasad et al., 2005) may be at higher
risk to develop serotonin syndrome neurotoxicity. This is based on highly congruent data from
imaging, neuroendocrine, neurophysiologic and other studies that have compared SERT-
deficient mice to humans with SERT gene variants that convey lower SERT expression and
function (Murphy et al., 2004a; Murphy and Lesch, 2008).

As treatment for the human serotonin syndrome is mostly supportive or targeted towards
clinical signs and symptoms using non-specific agents such as benzodiazepines or broad-
spectrum serotonin antagonists such as cyproheptidine, we undertook investigations using
selective serotonin antagonists and other agents. The selective 5-HT 5 antagonist, WAY
100635, essentially blocked all of the abnormal serotonin-syndrome behaviors that followed
5-HTP in Slc6a4 -/- mice, whereas other antagonists were without effect (Fox et al., 2007b).
This is notable in that prior studies with higher doses of 5-HTP plus MAOIs in strictly
pharmacologic model studies in rats found that 5-HT, antagonists such as ritanserin or
risperidone (an atypical neuroleptic) were effective in preventing temperature change and
lethality. In our hands, 5-HT,a antagonists failed to mitigate serotonin syndrome behaviors in
SERT-deficient mice (Fox et al., 2007b). These findings may be reflective of a species
difference (mouse vs. rat) or model difference (genetic vs. pharmacologic), or may be related
to drug dose differences.

The 5-HT; 5 antagonist WAY 100635 had no effects on Slc6a4 +/+ mice. However, it blocked
the occurrence of the small but distinct features of serotonin syndrome behaviors seen in
vehicle-treated mice Slc6a4 -/- mice, behaviors we previously reported in untreated Slc6a4 -/-
mice (Fox et al., 2007b; Kalueff et al., 2007a). Anxiety-like and/or stress-related phenomena
may be involved to some extent in these spontaneous behaviors, as in prior studies WAY
100635 blocked several anxiety-like behaviors in Slc6a4 -/- mice, without any effects in
Slc6a4 +/+ mice (Holmes et al., 2003c). Likewise genetic manipulations of hypothalamic 5-
HT1a receptors blocked the excess ACTH responses that Slc6a4 -/- mice demonstrate in
response to minor stressors (Holmes et al., 2003c; Li et al., 2004a; Li et al., 1999; Murphy et
al., 2001).

The results of the present study raise a new consideration of 5-HTq A receptor agents as potential
treatments in some human serotonin syndrome cases, such as those with SLC6A4
polymorphism-related vulnerability. Positive results with 5-HT1 agents have not been
previously reported in different animal studies of the serotonin syndrome based on drug
interaction models alone. Unfortunately, highly selective 5-HTq 5 antagonists are not yet
clinically available, although propranolol, and other partial 5-HT1 antagonists such as
buspirone, in addition to adrenergic beta-receptor antagonists, have occasionally been used to
treat the serotonin syndrome. Buspirone and related azaspirones have strong 5-HT 4 binding
capabilities and buspirone is clinically available. However, one of these azapirone compounds,
ipsapirone, did not affect 8-OH-DPAT-induced serotonin syndrome behaviors in mice and,
thus, the partial agonist properties of these azapirones render them questionable for
consideration (Goodwin et al., 1986). Thus, there appears to be a need for selective 5-HT1a
antagonist development for use in humans.

As temperature dysregulation is sometimes, although not always, a feature of the human
serotonin syndrome, we investigated this particular phenotypic measure. As with behavioral
changes, we found gene dose-dependent temperature alterations in SERT-deficient mice, with
profound hypothermia (a 7°C change) following 5-HTP, with substantially smaller responses
in Slc6a4 +/- and Slc6a4 +/+ mice (Fox and Murphy, in press). This temperature dysregulation
may correspond to the diaphoresis and shivering frequently described in case reports of the
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human serotonin syndrome, where hyperthermia (but not hypothermia) is reported in ~50%
of cases. Hypothermia rather than hyperthermia may also reflect incompletely understood
temperature regulation differences between mice, rats and humans, as pro-serotonergic agents
may more commonly produce hypothermia in mice and hyperthermia in rats and humans.
However, there is considerable variability across drug studies, including differences clearly
related to pre-synaptic mechanisms in mice and post-synaptic mechanisms in rats, as well as
to effects of ambient temperature differences in some studies that include neurotoxic
consequences (Bill et al., 1991; Insel et al., 1982).

The behavioral and physiological serotonin syndrome was initially characterized in rodents
given serotonin agonists (Jacobs et al., 2006). The human serotonin syndrome was first
identified by name in 1982 (Insel et al., 1982), although toxic reactions related to MAOI drug
interactions had been described earlier, and Sternbach (1990) described criteria for their
diagnosis, which has been refined in subsequent reports and reviews (Dunkley et al., 2003;
Insel et al., 1982; Isbister and Buckley, 2005; Kalueff et al., 2008). Considerable data indicates
that the severity and duration of the serotonin syndrome is a strong function of the amount of
excess serotonin produced, usually by combined administration of pro-serotonergic agents
such as SRIs and MAOIs. This has been partly based on moderate correlations of amounts of
drug ingested in suicide attempts relative to outcomes. There is nonetheless considerable
variability within the spectrum of both occurrences and outcomes, including mild, sometimes
subclinical states, as well as lethality. Of special note, it is likely that relatively mild serotonin
syndrome occurrence may contribute to early discontinuation of SRIs and side effects during
SRI treatment that are strongly associated with the SS genotype and S allele of the SERT variant
(Murphy et al., 2004b; Murphy et al., 2003b; Pato et al., 1988; Serretti et al., 2006). Two
examples from several studies illustrate these phenomena: (1) delayed but essentially universal
occurrence of OCD and depressive symptoms re-occur in OCD patients following
clomipramine discontinuation (Pato et al., 1988) (Fig 18) and (2) adverse effects and treatment
discontinuation in depressed patients following paroxetine discontinuation are highly related
to SERT SHTTLPR genotype (Murphy et al., 2003b) (Fig. 19).

These data provide evidence that genetic variation in murine SERT expression and function
have direct consequences on the outcome, severity and lethality of the same doses or
combinations of drugs that have been associated with the serotonin syndrome or non-
tolerability of SRIs in humans. Common human SERT polymorphisms can lead to a four-fold
variation in SERT mRNA and transport capacity (Hu et al., 2006), and rare variants can reduce
transport by as much as 80%, or raise it an additional five-fold by different mechanisms leading
to an overall theoretical 20-fold difference in SERT expression and function (Kilic et al.,
2003; Murphy and Lesch, 2008; Prasad et al., 2005) (Fig. 3). Thus, SERT provides an
interesting example of likely mouse-human congruence in genetic vulnerability to serotonin
syndrome features and likely milder symptomatology that may lead to discontinuation of SRI
and related medications in humans. Functional variants exist in additional genes that might be
expected to confer vulnerability to serotonin neurotoxicity, including MAOA, serotonin
receptor genes and catecholamine-related genes (Murphy et al., 2004b; Murphy et al.,
2003b). Additional examples likely exist and might be modeled in gene-targeted mice that have
been created for these genes and for some of the gene x gene epistatic double knockout models
constructed, as already reported (Berger and Tecot, 2006; Murphy et al., 2003a; Sallinen et al.,
1998).

In regard to SERT, similar heterogeneity in responses across individuals might be shown to
exist for the serotonin syndrome as has been found for antidepressant efficacy and other side
effects of antidepressant treatment (Murphy et al., 2004b; Murphy et al., 2003b; Serretti et al.,
2006). Likewise, there may be considerable differences in beneficial treatments for the
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serotonin syndrome, with some individuals responding better to one class of drugs than others
—all examples of the projected, soon-to-come “personalized medicine”.

Relevance To Human Disease

As described above, serotonin functions as both a short-range neurotransmitter, a paracrine
neuronal modulator along axons and relatively large brain regions at heterologous receptors
and also as a long-range signaling modulator, with multiple effects on whole-organism
functions via plasma, platelet and neuroendocrine, gut, adrenal and other peripheral systems
across many species (Barnes and Sharp, 1999; Lucki, 1998; Murphy et al., 2004a; Weiger,
1997). This extensive pleiotropy is clearly demonstrated in this review of the multiple mouse
phenotypes that result from the single gene alterations of Slc6a4. Additional sources of
alterations related to human SLC6A4 variants and to differences in the expression and function
of SERT in other species may relate to the existence of multiple central and peripheral
serotonergic systems and differential changes in these systems.

One perspective suggests that the anatomy of the serotonin system may be considered as four-
interacting subsystems (Fig. 20). Of these, the serotonin subsystem in the CNS has been the
most comprehensively studied (Fig. 10). Cell bodies in the dorsal, medial and other raphe nuclei
provide modulatory serotonergic input to multiple neuronal circuits in the brain through the
midbrain and upper pons cell groups, plus input to the spinal cord from its brainstem caudal
raphe cell groups (Figs. 10, 20). The genetic lineage of these different brain raphe serotonin
cell groups has recently been described (Jensen et al., 2008).

In the periphery, a partially separate serotonergic enteric neural system (ENS) exists within
the gut (Gershon et al., 1993; Gershon et al., 1983) and interacts with other CNS and peripheral
serotonergic mechanisms (Fig. 20). Furthermore, several other tissues without any prominent
serotonergic innervations (such as the lung, heart, blood vessel and pancreatic tissue, as well
as platelets) contain functional SERT (Kim et al., 2005). These tissues normally take up and
store serotonin in vesicles, and can release it in response to local stimuli. Thus, they may be
considered to be a peripheral serotonergic system (PNS) (Fig. 20). A neuroendocrine
serotonergic system responds to serotonin release with diverse signaling through hormones
such as prolactin, CRH, ACTH, corticosterone and oxytocin. This system has frequently been
used as an accessible way to evaluate serotonergic system function in humans through the so-
called serotonergic pharmacologic challenge strategy (Power and Cowen, 1992).

In human studies, mRNA localization and brain imaging of SERT using PET and SPECT
methodology has become increasingly utilized, although precise localization of specific
structures is quite modest (Fig. 10). In rodents, SERT mRNA in brain closely parallels the
distribution of tryptophan hydroxylase in serotonin-containing cell bodies, with concentrations
highest in the dorsal raphe, lower concentrations in other raphe nuclei and still lower
concentrations in a few other areas such as the dorsomedial nucleus of the hypothalamus and
cortex (Hoffman et al., 1998). Likewise, SERT protein expression is highest overall in raphe
areas. During development, it extends in spatiotemporal congruence with axons of raphe
neurons prior to synapse formation. An exception is the transient expression of SERT protein
and mRNA during early postnatal development in two patterns: a) together with vesicular
transporter (VMAT2) mRNA in trigeminal, cochlear and solitary nuclei of the brainstem and
sensory nuclei of the thalamus (ventrobasal, lateral and medial geniculate nuclei); and b)
without VMAT2 mRNA in some limbic areas including septum, olfactory areas, and
hippocampus (Hansson et al., 1998).

Attempts to evaluate localization and density of SERT in humans and rodents during the past

decade used [1231]-BCIT [(I-2p-carbomethoxy-3p-(4-iodophenyl)tropane] (RTI-55) in
SPECT studies, although BCIT's equal affinity for DAT results in visualization of SERT
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verified by SRI antagonism only in a single midbrain region. There is evident need for
replication of the results found with BCIT using positron emission tomography (PET)
methodology. In fact, more selective SERT ligands have become available recently for human
PET studies including McN 5652 ([+]-6p-(4-methylthiophenyl)-1, 2, 3, 5, 6a, 10p-
hexahydropyrrolo[2,1-a]isoquinoline), and a group of diarylsulfides, particularly DASB (3-
amino-4[2-(dimethyl-aminomethylphenylthio)] benzonitrile) and AFM (2-[2-(dimethyl-
aminomethylphenylthio)]-5-fluoromethylphenylamine) (Ginovart et al., 2001; Houle et al.,
2000; Huang et al., 2002; Ichise et al., 2003; Li et al., 2004b; Oquendo et al., 2007; Reimold
et al., 2007). These compounds are in early stages of evaluation in humans, where DASB has
promising properties (Fig. 10).

[11C]-DASB is highly selective for cloned hSERT, with nanomolar affinity for SERT (Ki =
1nM) and much lower, micromolar affinity for the dopamine transporter (DAT), (Ki = 1420
nM), and norepinephrine transporter (NET) (Ki = 1350 nM) (62). DASB penetrates the blood-
brain barrier well and is rapidly metabolized, such that approximately 50% of the parent
compound is cleared from plasma by twenty minutes post-injection (Ginovart et al., 2001;
Ichise et al., 2003). The metabolites of DASB are mainly polar, hydrophilic species, which are
unlikely to pass the blood-brain barrier. Scanning time required for DASB is the shortest of
all for the newly available ligands (Huang et al., 2002).

PET studies in humans show that [11C]-DASB binds reversibly to SERT throughout the brain.
The highest uptake is in hypothalamus; intermediate levels are seen in the midbrain, thalamus,
and striatum with lower levels observed in cortical regions and white matter and with no
apparent binding in the cerebellum (Ginovart et al., 2001; Houle et al., 2000; Ichise et al.,
2003). These data agree with SERT densities found in post-mortem human brain (Cortes et al.,
1988; Laruelle et al., 1988) and in rodent brain regions (Bengel et al., 1997; Ginovart et al.,
2001). A simplified method of [11C]-DASB tissue data analysis using a one-compartment
model has been proposed for routine use where the cerebellum, because of its negligible levels
of SERT binding, is used as a reference tissue to estimate SERT binding potential instead of
an arterial input function (Ginovart etal., 2001; Ichise et al., 2003). [11C]-DASB displays quite
high signal-to-noise ratios in vivo (Ginovart et al., 2001; Houle et al., 2000).

[11C]-DASB's specificity for SERT in vivo in humans was demonstrated by an 80% decrease
in brain radioactivity after blockade of SERT sites with a single 40 mg oral dose of the highly
selective SR, citalopram (Houle et al., 2000). In addition, treatment of patients with depression
using lower doses (20 mg/day) of either paroxetine or citalopram for four weeks produced a
mean decrease of 80% in striatal [11C]-DASB-labeled SERT sites (Meyer et al., 2001). A
number of studies have documented associations between DASB-labeled SERT binding sites
and SLC6A4 5HTTLPR genotypes (Praschak-Rieder et al., 2007; Reimold et al., 2007), but
others did not find a consistent association, although ethnicity and clinical state differences,
including levels of anxiety, were found to influence these results (Oquendo et al., 2007). In
mice with a targeted disruption of SERT studied autoradiographically with [11C]-DASB,
Slc6a4 -/- mice had no specific binding, whereas Slc6a4 +/- mice had a ~50% decrease in
SERT sites in all brain regions, consistent with prior studies using the ligands RTI-55 and
cyanoimipramine in these mice, and thus validating DASB as a highly specific SERT ligand
(Bengel et al., 1997; Li et al., 2004b; Montanez et al., 2003).

Disorders with Implicated SERT Involvement

SERT may contribute to several human disorders, based on the genetic association studies
focused primarily on the SLC6A4 SHTTLPR polymorphism, and to a lesser degree on the
intronic VNTR near exon 2 plus additional studies of newly discovered rarer SLC6A4 variants.
Recent studies have begun to incorporate SERT SNPs and haplotypes (Conroy et al., 2004;
Hu et al., 2006; Mynett-Johnson et al., 2000; Weese-Mayer et al., 2003; Wendland et al.,
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2008a; Wendland et al., 2007; Wendland et al., 2006a; Wendland et al., 2006b; Wendland et
al., 2008b). Simple case-control comparisons have been most common in all of these studies,
and most reports (>400 total) comprise investigations of neuropsychiatric diagnostic
phenotypes, some of which have been partially catalogued and reviewed elsewhere (Anguelova
et al., 2003; Glatt et al., 2001; Hahn and Blakely, 2002). Many of these studies acknowledge
limitations, which often include small sample sizes, recognized or suspected variability in the
clinical phenotype, and coexisting disorders. Nonetheless, a few examples of special interest
warrant discussion, including several examples of apparent SERT-related dysfunction in the
periphery, a somewhat neglected area of interest (Blakely, 2001), as well as OCD.

Obsessive-Compulsive Disorder

OCD is frequently familial, with a five -to eight-fold increase in lifetime risk found for sibs or
other first degree relatives of OCD probands compared to control probands (Hanna et al.,
2002; Shugart et al., 2006). Even higher relative recurrence risks are found in early childhood-
onset OCD, which is frequently distinguished by high comorbidity with Tourette disorder and
chronic tics (Hemmings and Stein, 2006). Other than the reported relationship of streptococcal
infection in a subset of ‘PANDAS’ (Pediatric Autoimmune Neuropsychiatric Disorders
Associated with Streptococcal infection) OCD cases (Snider and Swedo, 2004), there are no
current environmental hypotheses with strong empirical support. Treatments for this chronic,
disabling disorder, while helpful, generally bring only partial relief. No cure exists and thus,
the discovery of genes seems important for elucidation of pathogenic mechanisms and
development of rational treatments. The main features of OCD are persistent, intrusive,
senseless thoughts and impulses (obsessions) and repetitive, intentional behaviors
(compulsions). Individuals with the disorder recognize that their thoughts and behaviors are
excessive and unreasonable, and they struggle to resist them. The lifetime prevalence of OCD
is estimated to be 1-3%, based on population-based surveys conducted in many communities
nationally and internationally. Although the disorder affects individuals of all ages, the period
of greatest risk is from childhood to early adulthood (Neale and Sham, 2004; Nestadt et al.,
2000). Patients experience a chronic or episodic course with exacerbations that can
substantially impair social, occupational, and academic functioning. According to the World
Health Organization, OCD is among the ten most disabling medical conditions worldwide
(Murray and Lopez, 1996).

Because SERT inhibitors are the single most effective OCD medication, serotonin system
genes, especially SCL6A4 and HTR1Dg, HTR2A and HTR2C serotonin receptors and
tryptophan hydroxylase genes have been most thoroughly investigated (Cavallini et al.,
1998; Chabane etal., 2004; Enoch et al., 2001; Hemmings et al., 2003; Hu et al., 2006; Mossner
et al., 2005; Mundo et al., 2002; Walitza et al., 2002). Most of these reports are case-control
comparisons of one single common gene variant and SNP-based haplotypes within these genes;
a few are within-family investigations of trios. In addition, a small number of studies have
identified hints of within-family associations of uncommon or rare gene variants or
chromosomal anomalies with an OCD phenotype and related comorbid disorders.

One example of a rare variant associated with OCD is SLC6A4 Ileu425Val, a missense SNP
producing a gain-of-function and loss of normal regulation of the serotonin transporter (Kilic
et al., 2003; Ozaki et al., 2003). This was found to segregate with a primarily obsessive-
compulsive disorder but complexly-comorbid phenotype in two studies that showed SLC6A4
1425V as having a 1.5% prevalence in 530 individuals with OCD from five unrelated families
and a 0.23% frequency in four control populations totaling 1300 individuals, yielding a
significant OCD-control difference (Fisher's exact test corrected for family coefficient of
identity p = 0.004, odds ratio = 6.54) (Delorme et al., 2005; Kilic et al., 2003; Ozaki et al.,
2003; Wendland et al., 2008a). SLC6A4 1425V occurred relatively recently in evolution, as
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[leud25 is conserved across at least nine other species including some as distant from H.
sapiens as the fly, D. melanogaster, and the worm, C. elegans (Murphy et al., 2004a; Sutcliffe
et al., 2005) (Fig. 21). Of interest, another SLC6A4 1425 variant, lleu425Leu, was recently
reported in male sib pairs, both of whom had autism (Sutcliffe et al., 2005). SLC6A4 1425V
was the first SERT coding region variant demonstrated to be functional and proposed to be
associated with an OCD spectrum phenotype (Delorme et al., 2005; Kilic et al., 2003; Ozaki
et al., 2003). SLC6A4 1425V has been designated OCD1 in Online Mendelian Inheritance in
Man (OMIM). It is located in transmembrane domain 8 of the transporter, where it may modify
the a-helical secondary structure of the SERT protein and thereby transport function (Murphy
et al., 2004a) or where it may more directly affect the 5-HT translocation channel (Reimold et
al., 2007; Yamashita et al., 2005). Expression studies of SLC6A4 1425V cDNA in COS7 and
HelLa cells documented a transporter gain-of-function via constitutive activation of serotonin
transport in a nitric oxide-dependent pathway that resulted in an approximate two-fold increase
in serotonin uptake accompanied by an increase in serotonin affinity (Kilic et al., 2003; Zai et
al., 2004; Zhang and Rudnick, 2005). This SLC6A4 1425V variant may also lead to other
differences, for example changes in SERT trafficking to the membrane surface (Prasad et al.,
2005) or changes in phosphorylation status producing alterations in substrate or ion transport
or in the ability to interact with regulatory proteins. The high resolution structure of a bacterial
SERT homologue shows that transmembrane domain 8 contributes to the substrate binding
site and that the position corresponding to SLC6A4 1425 interacts with residues (Ser-190 and
Leu-191) in transmembrane domain 3, which also contribute to the binding site (Rudnick,
2006; Yamashita et al., 2005) (Fig. 22). This may be responsible for the recently reported
differential ability of SRIs to interact with SERT function: SLC6A4 1425V was associated with
decreased potency of sertraline and citalopram to inhibit serotonin transport; furthermore,
sertraline's potency to inhibit binding of 12°1-B-CIT was reduced by SLC6A4 1425V in
transfected HeLa cell lines (Prasad et al., 2005; Zhang and Rudnick, 2005).

SLC6A4 1425V and other rare gene variants associated with OCD phenotypes are represented
in less than 2% of OCD cases. Investigation of rare candidate genes and chromosomal regions
is an alternative to the broader scale genome-wide evaluations of the dominant hypothesis of
common variants accounting for common diseases. It seems possible that a relatively common
disease like OCD might well have uncommon, more highly penetrant functional variants that
might more directly contribute to the common OCD phenotype — a scenario that has recently
been shown to be relevant in autism (Sutcliffe et al., 2005), whereas other OCD spectrum
disorders may be contributed to by other genetic variants (Samuels et al., 2007).

Nonetheless, two recent studies that exploited a more thorough investigation of SLC6A4 for
additional variants have provided evidence for more common gene contributions to OCD. Hu
and colleagues (Hu et al., 2006) demonstrated that a possible explanation for the lack of
consistent association between SLC6A4 and OCD was the previously unappreciated presence
of a single nucleotide polymorphism (SNP), rs25531, within the repetitive region that
comprises the SHTTLPR. The minor allele (G) of rs25531 is almost always in phase with the
long allele of the SHTTLPR and attenuates the initially reported gain-of-function relative to
the short allele (Heils et al., 1996). Thus, modulation of SHTTLPR by rs25531 results in three
common alleles: LA (highest-expressing), LG and S (both lower-expressing). With this refined
understanding of SHTTLPR functionality, we and our colleagues found an association in two
independent samples, one case—control and the other family-based, of the higher-expressing
LA allele and LALA genotype with OCD (Hu et al., 2006). A replication attempt (Wendland
et al., 2007) using a large case—control design did not corroborate this finding after correction
for multiple testing, although an increased frequency of the LA allele and LALA genotype was
also observed in OCD probands (Hu et al., 2006; Wendland et al., 2007). However, when the
entire 5SHTTLPR was sequenced to identify for additional common and possibly functional
variants, our group observed that a common SNP, rs25532, modulates SHTTLPR-conferred
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SERT expression about as strongly as rs25531(Wendland et al., 2008b). When, in addition to
SHTTLPR and rs25532 and rs25531, two recently described SNPs associated with allelic
expression imbalance of SLC6A4, rs2020933 and rs16965628 (Martin et al., 2007), were
included in haplotype analyses, our group further discovered a highly significant omnibus
association in this large case-control sample (Wendland et al., 2008b). Remarkably, and in
keeping with the hypothesis of increased SERT functioning in OCD, a haplotype containing
the higher-expressing variant at each locus was significantly more common in OCD probands
than in controls. These results illustrate the usefulness of integrating newly-discovered,
multiple functional SLC6A4 variants by haplotypic analyses. While it may seem less
straightforward to determine functional interactions at the molecular level for several variants
spanning many kbp within SLC6A4, haplotypic analyses in additional OCD collections and in
other, also presumably serotonin-linked disorders, now seemed warranted. These results may
also help to stimulate further study of recently developed mouse and rat models with altered
Slc6a4 expression and function (Homberg et al., 2007; Olivier et al., 2008a; Olivier et al.,
2008b).

Affective Disorders: Major Depressive Disorder, Recurrent Depression, Bipolar Disorder,

Suicide

The different affective disorders, plus a separate complex behavior, suicide, have been the
object of many association studies with SLC6A4, as well as several genome-wide scans - that
is, testing the chosen trait for linkage to polymorphic markers spread throughout the genome.
The latter have been principally focused on bipolar disorder and recurrent affective disorder
(Anguelova et al., 2003). Although reliable diagnoses can be made of these disorders based on
strong rater agreement, boundary problems arise because of overlapping phenotypes, including
some extending towards psychosis (e.g., schizoaffective disorder, psychotic depression) as
well as with other “primary” neuropsychiatric disorders such as OCD. For example, probands
ascertained as bipolar have ~20% coexisting OCD, whereas studies of individuals with a
primary diagnosis of OCD reveal a ~10% incidence of comorbid bipolar disorder (LaSalle et
al., 2004).

In addition to phenotypic diversity, evidence of genetic heterogeneity has been commented on
in several studies of bipolar disorder (Anguelova et al., 2003). Gene-environment interactions
are another source of complexity. A landmark study - one of the first to tackle this question of
gene-environment complexity epidemiologically in humans - evaluated >800 individuals who
had been followed since age three. The hypothesized interaction of SHTTLPR genotypes and
of recent traumatic life events upon depression diagnosis and other depression-related problems
like suicide was confirmed: more depressive events occurred in individuals who had the SS
genotype and who had four or more recent life traumas, whereas those with the LL genotype
were protected (Caspi et al., 2003). One interpretation discussed in several subsequent studies
and reviews suggested the possibility that SHTTLPR may not be directly associated with
depression or suicide, but may rather modulate the serotonergic response to life stress (Grabe
et al., 2005; Kutcher and Gardner, 2008; Roy et al., 2007; Uher and McGuffin, 2008); this
interpretation was derived from (1) recent brain imaging findings of exaggerated amygdala
and startle responses to fearful stimuli in individuals with the SSHTTLPR allele and in SERT-
deficient mice (Bertolino et al., 2005; Brocke et al., 2006; Hariri et al., 2002; Holmes, in
press; Pezawas et al., 2005; Rhodes et al., 2007; Wellman et al., 2007); and (2) exaggerated
ACTH and epinephrine and other neuroendocrine responses to handling or restraint in
Slc6a4d +/- or Slc6ad -/- mice (Caspi et al., 2003; Hariri et al., 2002; Murphy et al., 2001;
Tjurmina et al., 2002).

The dependence of a strong association of depression with SLC6A4 upon the environmental
influence of severe life-events illustrates a principle known from murine genetic models,
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including specific studies of SERT-stress interactions (Murphy et al., 2001; Tjurmina et al.,
2002), namely that gene effects in complex human disorders may be identifiable and prove
etiologically important only when coupled with additional factors (Murphy and Lesch, 2008;
Murphy et al., 2003a). As mentioned above and depicted in Figs. 5 and 15, interactions among
two or more SERT and related gene variants such as those in BDNF may also yield greater
SERT expression and function changes as well as more extreme clinical phenotypes (Deltheil
et al., 2008; Kilic et al., 2003; Ozaki et al., 2003; Pezawas et al., 2008).

Primary Pulmonary Hypertension

The progressive and frequently fatal disorder primary pulmonary hypertension (PPH) is
characterized by local blood pressure increases associated with abnormal vascular proliferation
in the pulmonary artery bed. Serotonin is a potent inducer of smooth muscle cell proliferation
in lung vessels, an effect that is attributable to serotonin's cellular internalization via SERT, as
it is dose-dependently inhibited by SRIs but not by serotonin receptor antagonists (Eddahibi
et al., 2001). latrogenic pulmonary hypertension has been identified during the last decade as
the result of treatment of obesity by fenfluramine alone or together with phentermine
(Abenhaim et al., 1996; Connolly et al., 1997). Fenfluramine is a SERT substrate that also
releases serotonin from vesicles once it enters cells via SERT (Schuldiner et al., 1993).
Individuals with spontaneous PPH more frequently have the SHTTLPR LL genotype together
with greater SERT mRNA and immunoreactivity in lung tissue as well as greater uptake of
serotonin in platelets (Eddahibi et al., 2001). Hypoxia can lead to smooth muscle hyperplasia.
Hypoxia leads to increased expression of SERT in lung vessels; a causative role for hypoxia
in pulmonary hypertension has been inferred from evidence that Slc6a4 -/- mice are protected
against hypoxia-induced pulmonary hypertension (Eddahibi et al., 1999; Eddahibi et al.,
2000). Unlike PPH patients, hypoxic patients with chronic obstructive pulmonary disease
(COPD) do not differ from controls in 5SHTTLPR genotype frequencies; however, the LL
variant of 5HTTLPR in COPD patients, who have higher SERT expression in pulmonary artery
cells, had significantly more severe pulmonary hypertension than did LS or SS patients, a
finding which is in accord with findings in rodent models (Eddahibi et al., 2003; Eddahibi et
al., 2000). In addition, a complementary, epistatic interaction has been proposed between this
SHTTLPR genotype and a common bone morphogenetic protein 2 receptor (BMPR2) variant,
which is also involved in smooth muscle cell proliferation and has additionally been implicated
in familial PPH (Rabinovitch, 2001). These results from both humans and rodents raise the
question of whether SRIs might constitute an experimental treatment for PPH.

Myocardial Infarction

Two studies, which together enrolled 976 individuals with myocardial infarction (MI) and 926
controls, found significantly greater risk for M1 in individuals with the SHTTLPR LL genotype
(Coto et al., 2003; Fumeron et al., 2002). Remarkable complementary evidence from a study
of over 5,000 individuals with Mls receiving antidepressants with high SERT affinity revealed
a protective effect of these drugs (a highly significant odds ratio of 0.59) (Sauer et al., 2003).
Furthermore, increased SERT affinity among the different SRIs was correlated with reduced
risk of Ml in these SRI-treated patients (Sauer et al., 2003). Potential interactions with smoking
history, platelet aggregation, plasma lipids including cholesterol, depression, anxiety and other
variables like cardiovascular reactivity may also be involved (Comings et al., 1999; Coto et
al., 2003; Fumeron et al., 2002; McCaffery et al., 2003; Williams et al., 2001).

Irritable Bowel Syndrome (IBS) and its Treatment

Guttissue has, by far, the greatest (95%) amount of serotonin in the body. Serotonin participates
in the local regulation of gut function. Its release from mucosal enterocytes initiates peristaltic
and secretory reflexes, whereas its release from enteric neurons mediates fast and slow
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excitatory neurotransmission. SERT helps to regulate the activity of serotonin in the bowel via
SERT's presence in several cell types, including crypt and villus epithelial cells (enterocytes)
and enteric serotonergic neurons. Both in the mucosa and in the enteric nervous system, SERT
terminates serotonin's actions (Gershon, 1999).

In three case-control studies of IBS, the SHTTLPR SS genotype was significantly more
frequent in diarrhea-predominant subgroups, although a large metanalysis of associations
between the originally-described SLC6A4 variant and all types of IBS in different ethnicities
was negative (Van Kerkhoven et al., 2007). A subsequent, in-depth review of IBS subtypes
and genetic as well as environmental contributions to the disorder pointed out the many
complexities in examining relationships between the multiple genetic and other variables that
may contribute to IBS and similar Gl diseases (Colucci et al., 2008). IBS treatment responses
(reductions in colonic transit time) to the 5-HT3 receptor antagonist, alosetron, were
significantly more prevalent in diarrhea-predominant patients with the LL genotype (Camilleri
et al., 2002). Of related interest, Slc6a4 -/- mice have increased gut motility together with
frequent diarrhea alternating with occasional constipation in an IBS-like clinical syndrome
(Chen et al., 2001). Adaptive changes occur in the subunit composition of enteric 5-HT3
receptors of Slc6a4 -/- mice. Expression of the 5-HT3g subunit is decreased and this is
accompanied by a decrease in the affinity of 5-HT3 receptors for 5-HT and a greater tendency
for 5-HT3 receptors to be desensitized. These changes are protective against an environment
of excessive 5-HT availability (Liu et al., 2002).

Other Studies

Linkage has been observed to 17q regions containing SLC6A4, the SERT locus in genome-
wide scans of DNA collected from individuals with various disorders including bipolar disorder
(Dick et al., 2003; Liu et al., 2003; Murphy et al., 2000); ADHD (Fisher et al., 2002; Kent et
al., 2002); Tourette's syndrome (Zhang et al., 2002), and autism (IMGSAC, 2001; Yonan et
al., 2003). In addition, highly relevant investigations to SLC6A4 are being conducted of
potential disease-related quantitative traits — also termed endophenotypes — which include
biochemical, endocrinological, or other physiological and psychological measurements that
are studied in human populations. These endophenotypes may interact with other vulnerability
factors, sometimes with gender and ethnicity differences (Weese-Mayer et al., 2003) that
contribute to specific disorders. Some examples include personality characteristics such as
anxiety, neuroticism, and harm avoidance (Lesch et al., 1996; Mazzanti et al., 1998), fear
conditioning (Garpenstrand et al., 2001), and exaggerated amygdala or cardiovascular
responsivity to stressful and other stimuli (Hariri et al., 2002; Schmidt et al., 2000; Williams
etal., 2001).

Furthermore, results from investigations of Slc6a4 +/- and -/- mice suggest that SERT
differences may contribute to additional genetically complex disorders including
polysubstance abuse (Bengel et al., 1998; Lesch and Murphy, 2003; Sora et al., 2001; Sora et
al., 1999), REM sleep disorders (Wisor et al., 2003), obesity (Holmes et al., 2003d), gastro-
intestinal disorders in addition to IBS (Chen et al., 2001), pain-related disorders (Vogel et al.,
2003), and anxiety disorders (Gingrich and Hen, 2001; Holmes et al., 2003b; Holmes et al.,
2003c; Jacob et al., 2004; Murphy et al., 2001; Murphy et al., 2003a). A general principle
underlying all of these proposals of SLC6A4 as a genetically vulnerability factor for multiple
CNS and peripheral disorders is that genetic variants of SERT may act both in the brain and
in specific organs like heart, lung, gut, and adrenal gland plus other endocrine and immune
systems during development in particular and in some instances, continuing during adulthood
(Meredith et al., 2005a; Meredith et al., 2005b; Persico et al., 2001; Yavarone et al., 1993).
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A Role for SERT in SRI Pharmacogenetics, Therapeutic Responses, and Major Side Effects

The serotonin reuptake inhibitors (SRIs) include fluoxetine, fluvoxamine, paroxetine,
sertraline, citalopram and escitalopram, all of which are highly potent (Ki ~1 nM) and selective
inhibitors of SERT's function at presynaptic terminals, axons, dendrites, neuronal cell bodies
and other cells that express SERT. Blockade of SERT by SRIs under normal circumstances
has minimal immediate consequences for physiological or behavioral endpoints in humans.
Repeated, long-term administration for three to six weeks is required for antidepressant actions
and most other beneficial effects, while treatment for ten-to-twelve weeks or longer is required
for efficacy in obsessive-compulsive disorder. It appears that slowly-developing adaptations
in receptor and post-receptor neuronal signaling, responses to multiple neurotrophins as well
as plastic remodeling of brain regions such as the hippocampus via neurogenesis appear to be
required for therapeutic efficacy in OCD, as in depression (Manji et al., 2003; Schmitt et al.,
2007).

Among the other large class of less-selective reuptake-inhibiting tricyclic antidepressants,
clomipramine has relatively greater efficacy at SERT than does desipramine or other tricyclics.
Although depression and most anxiety disorders respond equally well to all tricyclics, SRISs,
SSRIs and SNRIs, treatment efficacy in OCD and autism appears restricted to the SRIs or to
clomipramine (Blier and de Montigny, 1998; McDougle et al., 1998).

SRI Drug Metabolism

Most investigations of the role of genes in individual differences in drug response have focused
on pathways involved in drug metabolism (Weinshilboum, 2003; Weinshilboum and Wang,
2004). All tricyclic antidepressants and most SRIs (fluoxetine, fluvoxamine, paroxetine, and
desmethylcitalopram, but not citalopram) are substrates of the drug-metabolizing enzyme,
CYP2D6; some of these and other SRIs are metabolized by CYP3A4 (e.g., sertraline and
norfluoxetine) or CYP1A2 (fluvoxamine). Variants in the genes that encode these enzymes
occur and can result in ultrarapid or slow metabolism of these drugs in 7-10% of Caucasians,
and in different proportions in other ethnic groups, with resultant drug plasma level differences
in patients (Steimer et al., 2001). Microarray-based gene chips are now available to evaluate
genotypes but have not yet been exploited in clinical trials (de Leon et al., 2006).

Drug-metabolizing variability among patients is of special clinical concern because tricyclic
antidepressants have a relatively narrow therapeutic index and exhibit significantly increased
toxicity at elevated drug concentrations. In contrast, SRIs have a flat dose-response curve and
wide therapeutic index, and hence toxicity due to excessive drug concentrations seems to be
uncommon. However, the 1-10% of Caucasians who are CYP2D6 specific ultra-rapid
metabolizers would seem to be at some risk for SRI under-dosing (Dahl et al., 1995; Steimer
etal., 2001). In addition, both SRI and tricyclic drug metabolism may be affected by drug-drug
interactions due to the large number of agents that are substrates of these hepatic enzymes, as
recently documented in an epidemiologic study (Preskorn et al., 2007). Of course, many
independent non-gene factors including gender, age, body fat, disease, and time of
administration as well as ethnic differences may affect drug concentrations in plasma and
tissues, including brain (Fig. 23).

SERT and SRI Pharmacogenetics

Associations between the SERT SHTTLPR polymorphism and both therapeutic responses and
adverse reactions to SRIs have been reported (Binder and Holsboer, 2006). Thirteen out of
eighteen investigations, which enrolled a total of ~2100 individuals, found the SHTTLPR SS
genotype or S allele predictive of reduced antidepressant efficacy; other studies found greater
numbers and a greater variety of side effects during SRI treatment in S allele or SS genotype
individuals (Murphy et al., 2004b; Perlis et al., 2003; Popp et al., 2006; Putzhammer et al.,
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2005; Smits et al., 2007). Two meta-analyses evaluated possible relationships between
antidepressant responses to SRIs and the SERT allelic 5SHTTLPR. The first one collected
nineteen reports in the literature as of 2006 (Murphy et al., 2006). When inclusion criteria such
as sufficient statistical information, primary diagnoses of major depressive disorder (MDD,
DSM criteria), and a treatment response of >50% reduction from basal MDD symptoms, were
applied, ten studies with a total of 719 patients were included in the meta-analysis. An odds
ratio was calculated comparing responding versus non-responding patients with the LL
genotype versus those with an S allele (SS and SL genotypes), based on our prior data available
at the time that S was the dominant allele (Lesch et al., 1996). A fixed effects model, with
effect sizes weighted by sample size (Cooper and Hedges, 1994), yielded a weighted effect
size of 2.09 £ 1.02 (p = 0.002), indicating that individuals with the LL genotype were
predominantly in the responder groups across these studies (Fig. 24). A secondary analysis
revealed that all of the studies with an odds ratio <1 included mostly Asian subjects, and that
in these three studies (Kato et al., 2005; Kim et al., 2000; Yoshida et al., 2002) the percentage
of individuals with LL genotypes averaged 7% (range 4-11%). In the investigations that utilized
predominantly Caucasian samples (Arias et al., 2003; Durham et al., 2004; Joyce et al.,
2003; Pollock et al., 2000), the percentage of individuals with LL genotypes was 26% (range
16-37%). This suggests that a biasing effect related to ethnicity may have influenced the results
of this meta-analysis (Murphy et al., 2006).

The second meta-analysis, utilized the same investigations as those reported on in the initial
meta-analysis, but added additional subjects and data not available for the first meta-analysis
(Serretti et al., 2006). These data came from two sources: primarily this group's own treatment
studies (n = 4) and a few reports that did not meet inclusion criteria for the previous meta-
analysis conducted by our group (n = 3) (Murphy et al., 2006). In this additional, larger report,
15 different sub-analyses were conducted based on “remission”, “response” or “responses
within 4 weeks” for different combinations of genotypes and ethnicities (Asian or Caucasians)
(Serretti et al., 2006). “Response” rate was most robust for LL genotype patients (OR = 2.01);
this comparison was based on the largest number of studies (N = 10) included in the different
sub-analyses. Thus both meta-analyses concur in finding the S allele associated with poorer
antidepressant responses and best responses found in those with the LL genotype (Murphy et
al., 2006; Serretti et al., 2006).

Curiously, in contrast to these results in depressed patients, two studies of responses to SRIs
in patients with OCD did not observe associations between the SERT SHTTLPR genotypes
and therapeutic responses (Billett etal., 1997; Di Bella et al., 2002). Whether or how this might
relate to reports of more frequent LL and other higher-expressing genotypes in OCD or to the
fact that patients with OCD only respond to SRI antidepressants, whereas depressed patients
respond to all types of antidepressants, including norepinephrine reuptake inhibitors and MAO
inhibitors, remains to be evaluated (Bengel et al., 1999; McDougle et al., 1998; Wendland et
al., 2008b). Of interest, Slc6a4 +/- and -/- mice failed to reliably demonstrate the usual
“antidepressant responses” in helplessness-related behaviors (e.g., immobility in a swim test),
although responses to other non-SRI antidepressants were unchanged (Holmes et al., 2002c¢)
(Fig. 25). One explanation about why humans with the SS genotype and mice with lesser-
expressing SERT have deficient responses to antidepressants is that a true “floor” effect may
be responsible - that is, further SRI-dependent inhibition of SERT activity might not be
biologically meaningful or adequate.

Regarding adverse reactions observed during SRI treatment of depression, a 3.5-fold greater
incidence of insomnia and a 9.5-fold greater incidence of agitation but not other side effects
including nausea or headache were found during treatment with fluoxetine in individuals with
the SS SHTTLPR genotype compared to SL or LL individuals (Perlis et al., 2003) (Fig. 26).
Similarly, a 5.3-fold higher incidence of hypomania as a side effect occurred in bipolar patients
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receiving “serotonergic” (mostly SRI) antidepressants who possessed the SS genotype versus
the other genotypes (Mundo et al., 2001) (Fig. 26). A subsequent study found an association
between the SS genotype and a rapid cycling bipolar course of illness (four or more episodes
per year) in individuals in an SRI study, but not a direct association between the SS genotype
and hypomania, raising the question as to whether the original finding was reflective of a
clinical subgroup rather than a pharmacogenetic phenotype (Rousseva et al., 2003). The largest
study to date found that intolerance to antidepressant treatment with citalopram was strongly
associated with the SHTTLPR S allele and SS genotype; therapeutic responses were not
different in those with the different SHTTLPR alleles, including rs25531 (Hu et al., 2007).
Suicide attempts, which represent a controversial possible side effect of SRIs, were found to
be significantly associated with the SHTTLPR SS genotype and S allele as well as the SLC6A4
STin2 shorter [*10°] allele in a recent large review and several subsequent studies, including
some showing interactive effects with prior traumatic life events (Anguelova et al., 2003; Caspi
et al., 2003; Kalin et al., 2008; Lin and Tsai, 2004; Lopez de Lara et al., 2006; Roy et al.,
2007). If further studies continue to support these treatment and side effect associations,
SHTTLPR genotyping may prove to be clinically important in avoiding lengthy treatment trials
with one and then a second SRI (as some current guidelines for antidepressant treatment with
SRIs suggest) before considering another drug class or treatment modality (Trivedi et al.,
2006). One conjecture about mechanisms underlying both the possible enhanced susceptibility
to hypomania and to impulsive, violent suicide is that serotonergic modulation is diminished
in SS individuals, leading to unrestrained activation, perhaps via catecholamine influences, as
suggested some years ago for “switches” into mania (Bunney et al., 1972; Kamali et al.,
2001; Murphy et al., 1971).

In addition to the SLC6A4 polymorphism-SRI interactions, a single nucleotide polymorphism
in the 5-HT,a receptor (T102C variant), one of the 14-plus post-synaptic serotonin receptors
atwhich increased serotonin concentrations produced by SRI administration acts, has also been
found to be strongly associated with intolerance to paroxetine (Murphy et al., 2003b). Another
very large study also implicated the 5-HToa receptor in response to SRIs (McMahon et al.,
2006). Subjects with the T102C 5-HT>a variant discontinued paroxetine early during the
double-blind study and exhibited significantly greater side effect severity (Murphy et al.,
2003b). SLC6A4 genotyping was not reported in these studies, and other possible interactions
between SLC6A4 variants and the above-mentioned 5-HT,a receptor gene variant have not yet
been published.

Additional considerations are that in humans, as has been shown in mice, one or more genes
interact with SERT alleles to yield altered neurochemistry and behavior. Studies of such
epistatic involvement have only recently begun and include investigations of genes that encode
DAT, NET, MAOA and BDNF, all of which have functional variants in humans (Murphy et
al., 2003a). For example, it is plausible that uncommon side effects such as the serotonin
syndrome - which includes dilated pupils, facial flushing, diaphoresis, shivering, myoclonic
jerks, and tremors - or reactions to tyramine-containing products, or even other toxically
mediated behaviors observed in SRI or MAOI-treated individuals might represent specific
consequences of individual SLC6A4 x functional MAOA gene interactions (Insel et al., 1982;
Murphy, 1977).

Conclusions

Elevations in extracellular serotonin occur in gene dose-proportionate ratios in SERT-deficient
mice and these provide the basis for virtually all of the extensive pleiotropic phenotypic changes
discovered in these mice. Secondary changes in central and peripheral serotonin system
homeostasis as evaluated in brain, gut, and neuroendocrine functions are all in keeping with
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predictions from prior pharmacologic investigations and from some studies of gene-targeted
serotonin receptor mice (Berger and Tecot, 2006).

In summary, SERT-deficient mice constitute a behaviorally inhibited mouse,
underexploratory, underactive, underaggressive, harm avoidant and “anxious”. At the same
time, they are over-sensitive to mild to moderate stimulation, with exaggerated neuroendocrine
(ACTH, catecholamine) and behavioral (startle) responses and they are liable to gut
dysfunction (IBS), bone weakness and substance abuse, including being alcohol and cocaine-
preferring (Fig. 27). Thus, they represent a model for not just any one human genetic disease,
but rather a single gene pleiotropy model for multiply-comorbid, complex disorders of modern
western civilization, all related to serotonin.

Likewise, secondary changes in serotonin receptor regulation might well have been anticipated
from pharmacologic and gene-targeting studies, such as the major 5-HT1 5 alterations and their
associations with an anxiety-like behavioral phenotype found in mice with deleted 5-HT1 5
receptors (Gross et al., 2000). Others, such as the 5-HT,a/oc Signaling and behavioral changes
associated with the arachidonic acid pathway were unanticipated.

Similarly, the phenotypic abnormalities associated with human SLC6A4 have been partially
anticipated from prior knowledge of the multiple roles for serotonin found in earlier physiologic
and pharmacologic studies, but the extent of these associations now documented in over four
hundred papers (mostly investigating the originally-reported SHTTLPR polymorphism (Lesch
et al., 1996) was unanticipated. The strong relationship of this polymorphism to treatment
responses to serotonin reuptake inhibitors in humans and the related susceptibility of Slc6a4-
deficient mice to fail to respond to SRIs and to develop serotonin syndrome abnormal behaviors
represent additional new illustrations of gene-based influences on serotonergic pharmacologic
responses — a new SERT pharmacogenomics.

In the future, more extensive genotyping of SLC6A4 taking into account the newly discovered
variants within the gene and its 5’, 3’ and intronic regions as well as the use of gene chips
beyond the already available chips targeted exclusively to the CYP450 system may become
possible (de Leon et al., 2006; Kaddurah-Daouk et al., 2008; Perlis, 2007; Sjoqvist and
Eliasson, 2007). More extensive ascertainment of life stresses and other environmental factors
that may contribute increased vulnerability to adverse events in susceptible individuals or
subgroups may assist difficult decision-making in clinical practice, such as that found in the
currently much-debated treatment of pediatric and adolescent patients with SRIs (Caspi et al.,
2003; Wooltorton, 2003) (Fig. 23). It is also possible that correct evaluation of the association
between side effects including suicide attempts in SRI-treated subgroups may depend upon
knowing the frequency of especially vulnerable individuals, such as those with certain
SLC6A4 genotype variants, in each study. SLC6A4 and MAOA variants have already begun to
appear in the statements provided for defendants in legal court-oriented manuscripts (Bernet
etal., 2007).
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Figure 1. Serotonin: Modulatory involvement in Complex Quantitative Traits and Complex

Disorders
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Figure 2. Human SERT Gene Organization, with Multiple Functional Variants
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Most prominent, well studied SLC6A4Phenotypes:
Human and Non-Human Primates

SHTTLPR Allele or SS Genotype: Anxiety, NEQ Neuroticism, Negative
Emotionality (Lesch et al., 1996; Greenberg et al, 2000;Review: Sen et al., 2004)

In G x E Interactions with Life Trauma/Stress: Depression, Suicide
proneness (Caspi et al., 2003; review: Uher and McGuffin, 2008)

Amygdala-Over-Reactivity to Anary, Fearful Aversive Faces or Public
Speakingin 8 Studies of Volunteers or Patients with Panic Disorder or Social
Phobia {8 studies, total N = 311) (Review: Hariri & Holmes, 2006)

Muitiple Human Disorders: Conditions such as bipolar disorder,
depression, anxiety disorders (especially obsessive—compulsive disorder),
suicide, eating disorders, substan ce-abu se disorders, autism, attention-
deficithyperactivity disorder and neurodegenerative disorders (Hu et al., 2006;
Lesch and Murphy, 2003; Murphy et al., 2004; Greenberg et al., 2000).

In addiition, therapeutic responses and side effects following treatmentwith
selective seratonin-reuptake inhibitors (SSRIs) have been foundto be associated
with SLCBA4 variants (Hu et al., 2007). Other disorders with SLC6A4 associations
include myocardial infarction, pulmonary hyperten sion, irritable bowel syndrome
andsudden infant death syndrome (SIDS) (Review: Murphy et al., 2004).

Figure 3. Potential Five-Fold Range of SERT Expression/Function Related to Common Plus Rare

Human SLC6A4 Gene Variants
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Figure 4. Comparison of serotonin-transporter (SERT) expression and function in Slc6a4-mutant

mice and in humans with different SLC6A4 5-HTTLPR genotypes
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Figure 5. Increased Cocaine Preference in SERT +/+, +/- and -/- Mice and Consequent Decreased
Cocaine Preference in these Mice Cross-Bred with Dopamine Transporter (DAT)-Deficient Mice
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Figure 6. Comparisons of SERT-Deficient vs. SERT Over-Expressing Mice: ECF Serotonin

Concentration Differences
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Figure 8. Comparison of Serotonin Dynamic Homeostasis in SERT +/+ vs. SERT -/- Mice
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Figure 9. Tissue Serotonin Reductions in the Periphery and in Five Brain Regions of SERT -/- Mice
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Figure 10. Differential Expression of SERT in SERT +/+, +/- and -/- Mice and Comparison to mC-
DASB Binding in Human Brain
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Figure 11. Comparisons of SERT-Deficient vs. SERT Over-Expressing Mice: SERT Binding Sites
and Anxiety-Like Behavioral Differences
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Figure 12. Absent or Attenuated 5-HT1a - Mediated Raphe 5-HT Neuron Firing Rate and
Temperature Responses to the 5-HT1 Agonist, 8-OH-DPAT
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Figure 13. Attenuation of Post-Receptor Signaling via PLA2 and 3H-Arachidonic Acid Induced by
the HTRya Receptor Agonist DOI, Accompanied by a Reduction in the Head Twitch Response to
DOI
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Figure 14. Acoustic Startle, Plasma ACTH and Plasma and Adrenal Gland Epinephrine Responses

to Stress in SERT-Deficient Mice
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Figure 15. Whisker Barrel Disruption in Layer IV Somatosensory Cortex of SERT Mutant Mice,
Compared To Findings in Studies of Other Mutant Mice
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Figure 16. SERT -/- Mice Show Reduced Local Cerebral Glucose Utilization in Whisker-to-Barrel
Pathway in Response to Unilateral Vibrissal Stimulation
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Figure 17. Exaggerated Serotonin Syndrome Responses to 5-HTP and to Tranylcypromine In
SERT-Deficient Mice
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Figure 18. Return of Depression and OCD Symptoms After Treatment Discontinuation In
Recovered Patients (Mean Rating Changes in 18 Patients with Obsessive-Compulsive Disorder
Before And During Double-Blind Discontinuation of Clomipramine, with Placebo Substitution)
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ENS (Enteric Nervous System)

Figure 20. Central and Peripheral Serotonergic Systems

Serotonin also functions in the enteric nervous system (ENS), the hypothalamo-pituitary-
adrenocortical (HPA) system, the adrenomedullary neuroendocrine serotonin system (NSS)
and the peripheral serotonin system (PSS), which includes the lungs, the heart, the blood
vessels, the pancreas and platelets DRN, dorsal raphe nucleus; MFB, medial frontal bundle;
MRN, median raphe nucleus.
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Figure 21. Evolutionary Relatedness and Sequence Comparison of SERT from Several Species:
11e425 and Gly56 are Highly Conserved Across >8 of 10 Species
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-

¥

Figure 22. Bacterial LeuT Homology Model for hRSERT

(A) The first high resolution transporter structure resolved: bacterial LeuT (20); (B) homology
model of hNSERT, with [leu425 on TM8. (C, D, E, F) location of other hSERT variants described
recently. TM4 (Leu255Met, TM5 (Ser293Phe); TM6 Pro339Leu); TM7 (Leu362Met) 99 (Sing
S, personal communication, March, 2007).
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Figure 23. SERT and Other Putative Serotonin-Related Pharmacogenetic Interactions in Humans

and Mice

Genes studied include SLC6A4 (SERT), Environmenral Factors include traumetic life events
(TLE). Other medications such as Monoamine Oxidase Inhibitor (MAOI), Tryptophan (TP),
5-hydroxytryptophan (5-HTP), Lysergic Acid (LSD), Methylenedioxymethamphetamine

(MDMA), which can lead to the serotonin syndrome (S/S).
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Figure 25. Lack of Behavioral Immobility Response to Fluoxetine in SERT -/- Mice (C57BL/6J
background), but Intact or Exaggerated Responses to Tricyclic Antidepressants
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SRIEfficacy in Major Depressive Disorder: Overall Summary

13 of 18 studies Findings:
(SRIs.N ~ 2100) SS (and s allele) << LS, LL

Side Effects: Overall Summary

6 Studies
(SRIs. N ~ 322)
® Insomnia' (20%) 3.5xT (78% vs. 22%)
® Agitation' (20%) 9.5x T (67% vs. 7%)
® Hypomania? 53x T (37% vs. 7%)

® Reversed diurnal variation
® Night time motor activity
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Figure 26. Antidepressant Response and Side Effects: Associations with SERT SHTTLPR
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Figure 27. Phenotypical Consequences of the Targeted Disruption of SERT in the Mouse
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