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The plasma membrane transporters that clear extracellular se-
rotonin (5-HT) and norepinephrine (NE), serotonin transporters
(SERTs) and NE transporters (NETs), have received consider-
able attention over the past four decades because of their roles
in amine neurotransmitter inactivation. In addition, they interact
with many centrally active drugs, including multiple classes of
antidepressants such as the serotonin-selective reuptake inhib-
itors, typified by fluoxetine (Prozac), and the more recently
developed norepinephrine-selective transporter antagonists,
such as reboxetine. The therapeutic utility of these agents
supports biogenic amine theories of affective disorders and
raises the question as to whether SERT and NET exhibit a
functional genetic variation that could influence risk for behav-
ioral disorders. Although evidence exists that a promoter poly-
morphism in SERT may influence behavioral states, this con-
tention is not without complexity and its mechanism of action
remains poorly understood. The identification of coding vari-

ants of NETs and SERTs would offer important opportunities to
connect genotype to phenotype. However, given the limited
frequency of transporter coding variations evident to date in
general population surveys or in psychiatric genetic studies, the
identification of informative functional variants of transporters
will likely require refined phenotypes. In this regard, NET and
SERT play critical roles in cardiovascular and gastrointestinal
physiology, respectively. This perspective reviews recent hu-
man and mouse studies that suggest how peripheral autonomic
phenotypes, linked to genetic disruption of NET and SERT
function, can aid in the phenotypic segregation needed for
advanced theories of biogenic amine dysfunction and
pharmacogenetics.
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Ashcroft’s wonderful compilation of ion channel defects that
underlie clinical syndromes (Ashcroft, 2000), the so-called “chan-
nelopathies,” frustrates me to no end. Of course, ion channels
support all fundamental aspects of membrane biology and with-
out ion channels, the nervous system would grow as quiet as a
church mouse. But chemical signaling in the brain and periphery
also uses another class of channel-like proteins, the neurotrans-
mitter transporters (Barker and Blakely, 1995; Masson et al.,
1999), that do the heavy lifting in neurotransmitter inactivation.
As one devoted to studying the structure and regulation of these
transporters, particularly the antidepressant-sensitive norepi-
nephrine (NE) transporters (NETs) and serotonin (5-HT) trans-
porters (SERTs), I am puzzled that only a single, validated coding
polymorphism has been identified that supports a clinical syn-
drome (Shannon et al., 2000). Perhaps to date we have only
looked for genetic transporter dysfunctions in the light cast by
past research in psychopharmacology, rather than by following

leads taken from more systemic considerations of NE and 5-HT
(and their transporters) actions throughout the body. In my view,
those in the hunt for transporter contributions to disease should
perhaps think “outside the brain” to develop richer, more biolog-
ically consistent phenotypes linked to amine distribution and
function in the periphery.

Genetic support for NET dysfunction: “you gotta
have heart”
The human NET was the first of the biogenic amine transporters
to be cloned and characterized (Pacholczyk et al., 1991), apropos
given that NETs were the first neurotransmitter transporters to
be understood in terms of a contribution to synaptic signaling and
drug response. After decades of physiologic and pharmacologic
studies, we entered the 1990s knowing that at some synapses
NETs can recover as much as 90% of released NE and that NETs
are high-affinity targets for cocaine and secondary amine tricyclic
antidepressants, typified by desipramine. With the cloning stud-
ies, we learned that NET proteins possess 12 transmembrane
domains (TMDs) and that a single cDNA could generate fully
functional catecholamine transporters once transfected into cell
hosts, complete with cocaine, amphetamine, and tricyclic antide-
pressant sensitivity. Subsequently, a single NET gene (SLC6A2)
was identified and mapped to chromosome 16q12.2 (Brüss et al.,
1993; Gelernter et al., 1993b). For those hoping to identify ge-
netic disorders supported by NET loss- or gain-of-function mu-
tations, a single gene is ideal because it limits opportunities for
compensation by closely related subtypes. The related dopamine
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transporter (DAT) can transport NE (Buck and Amara, 1994);
however, DATs are not expressed in central or peripheral norad-
renergic neurons (Lorang et al., 1993).

After the isolation and mapping of the human NET gene,
several noncoding and coding polymorphisms were identified, but
none showed association with bipolar disorder or major depres-
sion (Gelernter et al., 1993a; Hadley et al., 1995) or with schizo-
phrenia or Tourette’s syndrome (Stöber et al., 1996, 1999). Five
single-nucleotide polymorphisms (SNPs), known as “nonsynony-
mous SNPs,” were found to change the coding sequence of NETs,
but these variants fail to markedly influence NET function in
vitro. Possibly, these variants could perturb NET function or
regulation but might require more complex interrogation, such as
response to drugs that alter noradrenergic signaling. In this re-
gard, NET knock-out mice are not overtly distinct from their
wild-type littermates but can be distinguished behaviorally when
stressed or challenged pharmacologically (hypersensitivity to psy-
chostimulants, opiates) (Bohn et al., 2000; Xu et al., 2000). Pos-
sibly, the identified variants could support physiological alter-
ations, but the critical physiological system has yet to be queried.

The fact that a single gene encodes NETs in the CNS and
periphery means that any coding polymorphisms have the poten-
tial to influence NE clearance in both the central and autonomic
nervous systems. Because the complexity and plasticity of the
CNS might mute many of the influences of NET genetic variation
altogether, we have turned our attention to the noradrenergic
control of heart rate, where NET dysfunction might be expected
to elicit a quantifiable and clinically relevant phenotype. NETs
have long been implicated in the tight control of synaptic NE in
the heart (Esler et al., 1990; Eisenhofer et al., 1991). Moreover,
Robertson (1999) brought to our attention patients presenting
with orthostatic intolerance (OI), an autonomic disorder of per-
haps half a million Americans, mostly women. OI (Jacob and

Biaggioni, 1999; Robertson, 1999) is characterized by sustained
tachycardia on standing (�30 beats per minute) without a fall in
blood pressure (orthostatic hypotension) and is often accompa-
nied by chronic fatigue, headache, dizziness, and syncope (faint-
ing). Studies by Robertson’s group demonstrated that OI in a set
of twins resulted in signs of NET dysfunction [e.g., elevated
plasma NE spillover, decreased NE disappearance (clearance),
and insensitivity to the indirect agonist tyramine]. We sequenced
the exons and splice junctions of the NET gene in one of the
probands and found a single coding mutation: a G to C transver-
sion that results in a proline for alanine substitution in a highly
conserved region of NET TMD 9 (Shannon et al., 2000). Studies
of the mutant NET in vitro reveal an essentially complete loss of
function as well as a failure of NET protein to mature and reach
the surface in normal levels (M. Hahn and R. D. Blakely, unpub-
lished observations). Analysis of the relatives of the initial pro-
bands revealed that tilt-induced tachycardia and plasma catechol-
amine abnormalities track the presence of the mutant allele
(Shannon et al., 2000). We have found recently that NET A457P
can negatively impact the surface expression of wild-type NET
proteins in cotransfection studies, perhaps explaining how the
heterozygosity of our probands results in such a profound phe-
notype (M. Hahn and R. D. Blakely, unpublished observations).
We suspect that other subjects with OI-like phenotypes may
harbor additional nonsynonymous NET mutations or have alter-
ations in critical regulatory regions.

OI, like depression or anxiety, is also likely to be a heteroge-
neous disorder with multiple genetic and environmental determi-
nants. Indeed it is likely that OI in general is not attributable to
a NET defect. Rather, OI-like phenotypes may arise from a
number of other control points in NE synthesis, packaging, re-
lease, and response. What is clear is that NET deficiency can
present with OI-like symptoms. Thus, as studies progress with
NET as a candidate gene, culling out subjects on the basis of
cardiovascular symptoms, particularly those evident in our OI
study, would appear valuable in identifying or associating NET
polymorphisms. In fact, Halushka et al. (1999) more than doubled
the known coding polymorphisms in NET using subjects col-
lected on the basis of blood-pressure abnormalities. One of these
variants shows a trafficking abnormality and loss of function like
A457P (M. Hahn and R. D. Blakely, unpublished observations),
whereas another displays a gain of function that could hold
important clues as to how transport activity is normally con-
strained. In this regard, regulatory stimuli have been shown to
downregulate transporter proteins in vitro via altered surface
trafficking, and many sites in vivo have significant cytoplasmic
pools of NET protein (Blakely and Bauman, 2000; Schroeter et
al., 2000). Perhaps novel coding variants display altered regula-
tion, revealing important facets of regulatory biology that may be
influenced in disease states. Together these studies remind us that
although a gene such as NET may be expressed in multiple
tissues, one locale may be more visibly compromised than an-
other. Making strategic choices based on a more global physio-
logic assessment can reveal enriched populations to mine for
candidate gene variants. Studies of families with functional vari-
ants can then in turn lead to a richer classification of clinical
phenotypes.

Serotonin transporters: a gut reaction to the search
for genetic variants
SERTs reside in the same gene family as NETs and are also
high-affinity targets of antidepressant medications (Ramamoorthy

Fig 1. Serotonin and SERT localization in the dorsal raphe. A fluores-
cence micrograph of serotonin (green) and SERT (red) immunoreactivity
is shown (S. Schroeter and R. D. Blakely).
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et al., 1993; Tatsumi et al., 1997). Altered SERT expression or
function has long been suggested to contribute to anxiety and
affective disorders (Owens and Nemeroff, 1994), and serotonin-
selective reuptake inhibitors have found extensive use in the
treatment of depression, anxiety disorders, obsessive–compulsive
disorder (OCD), and certain aspects of substance abuse. As with
NET, a single gene (SLC6A4, 5-HTT), located in this case at
17q11.2 (Ramamoorthy et al., 1993), encodes SERTs in the CNS
(Fig. 1) and periphery. Genetic variation in the SERT promoter
(5HTTLPR) has received substantial attention as a potential risk
factor for anxiety, alcoholism, and mood disorders (Veenstra-
VanderWeele et al., 2000) ever since Lesch et al. (1996) revealed
its polymorphic character and documented both a correlation
with functional expression of SERT mRNAs in lymphocytes and
an association with neuroticism and anxiety traits. The model
proposed in these initial studies was that the short variant (fewer
repeats) of the 5HTTLPR yields less robust mRNA transcription
than the long variant and presumably diminished 5-HT clearance
in vivo. Recently, Mundo et al. (2001) have noted that the
5HTTLPR influences risk for mania in bipolar subjects treated
with antidepressants, suggesting that drug-targeted phenotypes
may be an exciting area for future analyses. The degree to
which the 5HTTLPR influences SERT expression in vivo is
controversial, with both supportive (Little et al., 1998; Heinz et
al., 2000) and contradictory (Willeit et al., 2001) evidence. The
identification of genetic variants that actually change the struc-
ture of SERT proteins and lead to demonstrable functional
variation in 5-HT transport activity would be exceedingly
useful in understanding how SERT dysfunction supports dis-
ease states.

To date studies searching for coding variants of SERT proteins
have focused either on normal subjects or on psychiatric diag-
noses. In initial studies, no coding variants were found in SERTs
with respect to OCD (Altemus et al., 1996), major depression, or
bipolar disorder (Lesch et al., 1995). In these studies, which
focused exclusively on psychiatric abnormalities, only a single
synonymous SNP in one bipolar patient was observed. In a recent
SNP survey study of candidate genes for cardiovascular (unfor-
tunately no SNPs in NET were explored), hormonal, or neuro-
psychiatric disorders, Cargill et al. (1999) identified four new
SNPs for SERT. Of the coding variants described, one results in
an alanine for glycine substitution at amino acid 77 in the NH2
terminus of the transporter, whereas the second is a nonconser-
vative substitution of an aspartate for a lysine residue at amino
acid 605 in the SERT COOH terminus. Neither of these variants
has yet to be explored for functional impact or association with a
specific disorder. Their location in cytoplasmic domains suggests
that they could influence transporter regulation. Recently, Glatt
et al. (2001) sought evidence for SERT variation in a large (450
subjects, 900 chromosomes) panel of clinically uncharacterized
subjects. As in the other studies noted, coding variants were
exceedingly rare (all �1%), although a new set of SERT coding
variants was identified. The SERT gene, like that of NET, is
composed of more than a dozen exons comprising �2 kb of
sequence, but stretched out by introns across �40 kb of genomic
sequence. Possibly this distribution of exons results in fewer
exonic alterations than seen in intronic regions. Eight of the nine
coding variants in the study by Glatt et al. (2001) were found to be
associated only with a single chromosome, whereas the ninth was
found only on four chromosomes.

From these studies, one might conclude that coding variants

in SERTs are rare and perhaps of limited value for additional
investigation. Although rare, these variants could harbor im-
portant information as to how structural variation limits func-
tion, drug interactions, or SERT regulation, lessons that could
influence subsequent studies in more defined populations.
Moreover, by analogy to our NET studies in OI, even a single
family with traits defined by functionally validated transporter
alleles can provide fundamental insights into transporter struc-
ture and processing and also sharpen phenotypic classifications
for the benefit of patients and therapies. Certainly a realistic
interpretation of the low frequency of coding alleles is that
meaningful SERT coding variants will only be rarely detected
without a priori phenotypic enrichment. I contend that for
SERT, like NET, we can obtain the needed subject enrichment
using inclusion criteria that derive from a more peripheral
view of transporter function.

5-HT plays a number of important roles outside the CNS
(Fozzard, 1989). 5-HT is secreted in copious amounts from gut
enterochromaffin cells and serves as a critical messenger for
gastrointestinal (GI) fluid secretion and gut motility (Ormsbee
and Fondacaro, 1985; Gershon, 1999). Disruption of GI 5-HT
function may underlie components of irritable bowel syndrome
(IBS) (Sanger, 1996; Crowell, 2001). Indeed, until its recent
removal from the market by the Unites States Food and Drug
Administration, alosetron, a 5-HT-3 receptor antagonist, was on
the front line in the treatment of IBS, suggesting that the disorder
may arise from or result in hyperserotonergic signaling in the gut.
To control 5-HT actions in the gut and limit 5-HT receptor
desensitization, both neurons and crypt epithelial cells synthesize
SERT proteins (Wade et al., 1996; Chen et al., 1998). Moreover,
SERT knock-out mice are not only anxious when examined in
standardized behavioral tests (A. Holmes et. al., personal com-
munication) but also exhibit altered GI function reminiscent of
IBS (Chen et al., 2001). It seems reasonable therefore to suggest
that studies of psychiatric disorders hypothesizing SERT alter-
ations may benefit from a careful consideration of GI comorbid-
ity. The thesis is not that IBS is equivalent to SERT dysfunction
but rather that SERT dysfunction should present just as likely
with a GI phenotype as a behavioral disorder. In line with this
notion, anxiety disorders are commonly observed to be comorbid
with IBS (Walker et al., 1992; Addolorato et al., 1998; Wood-
man et al., 1998) and gastrointestinal side effects can accom-
pany antidepressant treatment. SERTs are also found in other
peripheral sites including platelets (Lesch et al., 1993), the
pulmonary endothelium (Lee and Fanburg, 1986), and the
placenta (Balkovetz et al., 1989). Indeed, human SERTs were
initially cloned from the placenta (Ramamoorthy et al., 1993).
A greater understanding of the role of placental 5-HT may add
an additional peripheral phenotype, in addition to functional
bowel disorders, for the evaluation of clinically relevant SERT
variation.

In summary, the hunt for functional coding variants in NET
has benefited from orienting genetic studies toward cardiovascu-
lar phenotypes. Studies exploring SERT contributions to psychi-
atric disorders would likely benefit from considering the impor-
tant roles of 5-HT in the periphery, particularly in sustaining GI
function. Even for DATs, where overt hyperactivity of knock-out
mice (Giros et al., 1996) suggests that tracking behavioral per-
turbations alone might be sufficient to reveal novel transporter
alleles in human hyperactivity syndromes, increasing evidence
points to a role for this transporter in the periphery (Mezey et
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al., 1996; Chen et al., 2001). Given the highly distributed exons
of amine transporter genes, we should not be so surprised
by the rarity of coding variants in the general population.
However, it would not be wise to dismiss the opportunity to
identif y important and revealing functional variants of trans-
porter proteins until the most biologically consistent pheno-
types have been surveyed. I know it in my heart and feel it in
my gut.
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