Chapter 7
Organic Cation Transporters (OCTs)
as Modulators of Behavior and Mood

Alejandro Orrico and Sophie Gautron

Abstract The organic cation transporters (OCTs) fulfill important functions in the
absorption and excretion of endogenous compounds and xenobiotics in peripheral
organs, which have been well documented. Two OCT subtypes, OCT2 and OCT3,
are also expressed in the brain and predominant in aminergic projection regions.
The last decade has seen substantial advances in our understanding of the implica-
tion of these transporters in a range of integrated functions of the central nervous
system. Various approaches exploiting pharmacological inhibitors and mutant mice
models for OCTs have disclosed that they are involved in particular in behaviors
related to osmoregulation, anxiety, stress, antidepressant action and addiction. We
summarize in this chapter recent developments on the roles of OCTs in central ner-
vous system, focusing on mood-related behaviors.
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5-HT  Serotonin

D22 Decynium 22

DA Dopamine

DAT  Dopamine transporter
FST Forced-swim test

NE Norepinephrine

NET  Norepinephrine transporter
OCT  Organic cation transporter
SERT  Serotonin transporter
SFO  Subfornical organ

TST Tail suspension test
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Introduction

Organic cation transporters (OCTs) belonging to the SLC22 family fulfill important
roles in the absorption and excretion of endogenous compounds and xenobiotics in
peripheral organs, which have been well documented. Three main OCT subtypes
(OCT1, OCT2 and OCT3) were identified by molecular cloning, followed by their
pharmacological characterization in heterologous expression systems. Studies over
time showed that a large number of endogenous and exogenous substances can
interact with these transporters as substrates or inhibitors. OCT ligands include vari-
ous therapeutic drugs such as antivirals, cytostatics, antidiabetics and antihistamin-
ergic agents, as well as hormones and neurotoxins [1, 2]. Interestingly, certain
metabolites and neurotransmitters were also shown to be transported by OCTs, in
particularthebiogenicmonoaminesdopamine (DA), serotonin (5-hydroxytryptamine,
5-HT), norepinephrine (NE), epinephrine and histamine [3-8].

Aminergic neurotransmitters modulate fundamental integrated behaviors related
to mood, aggression, attention, motor function, motivation and reward. An impor-
tant step in the control of the action of monoamines at the synapse is their rapid
reinternalization into the presynaptic terminals by high-affinity reuptake transport-
ers, DAT, NET and SERT, for DA, NE and 5-HT, respectively [9]. In agreement
with this fundamental role in amine clearance, the high-affinity transporters are the
principal targets of potent psychoactive drugs including psychostimulants and sev-
eral commonly used antidepressants. The finding that OCTs can transport mono-
amines, albeit with lower affinity than the classical reuptake transporters, opened
stimulating perspectives for the identification of novel mechanisms modulating cen-
tral behaviors and therapeutic innovation.

Convincing data concerning the role of OCTs in the central nervous system was
obtained only in the last decade. The study of the contribution of these transporters
to monoamine clearance in vivo in the brain was complicated by their wide sub-
strate specificity and their low-affinity, making difficult to distinguish their activity
from that of the high-affinity transporters, much more easily detected. The creation
of mouse mutants deficient for these transporters [10—12] was an essential step in
the understanding of their role in neurotransmitter clearance in the brain of live
animals. Since then, the number of specialized central functions implicating OCTs
has been steadily expanding and will probably continue to expand in the coming
years. This chapter provides an overview of the general knowledge on the role of
OCTs in various behaviors and integrated functions, ranging from salt-intake regu-
lation to mood-related behaviors and addiction.

OCTs Modulate Aminergic Neurotransmission

The OCTs display the low-affinity kinetics and overall characteristics of uptake,, a
catecholamine uptake system detected earlier in peripheral tissues with sympathetic
innervation [13, 14]. In contrast with the high-affinity transporters [15], transport by
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OCTs is independent of Na* and Cl- ions and highly sensitive to the cyanine dye
derivatives disprocynium 24 (D24) and decynium 22 (D22) [16, 17]. The properties
of OCT3 were found to resemble most accurately those of uptake,, in particular
regarding sensitivity to corticosteroids and O-methylated catecholamines [5, 6, 8,
18, 19].

Although predominantly expressed in peripheral tissues, two subtypes, OCT2
and OCTS3, are expressed in the central nervous system [4, 6, 8, 18, 20-26]. The first
hints that these OCTs could be implicated in monoamine transport in the brain
originated from studies using selective inhibitors as discriminatory pharmacologi-
cal tools. By high-speed chronoamperometry, L. Daws and colleagues demonstrated
the existence in rat hippocampus of a 5-HT clearance component sensitive to the
local application of D22 and corticosterone [27, 28], both previously described to
interact with OCTs. Remarkably, this component could be only detected in condi-
tions of pharmacological blockade [27] or genetic [28] invalidation of SERT. In
another study, P. Gasser and collaborators showed that the OCT substrate histamine,
for which no high-affinity transporter has been identified, could accumulate in rat
dorsomedial hypothalamus minces, and that this accumulation was sensitive to cor-
ticosterone, 5-HT, estradiol and D22 [29]. By the use of microdialysis, it was also
shown that extracellular 5-HT levels in rat medial hypothalamus were notably
increased by D22 perfusion [30].

Subsequently, the use of mouse mutants harboring an invalidated OCT2 or OCT3
gene allowed to tease apart the contribution of these transporters in monoamine
transport in the brain and in central functions. A number of neurochemical studies
confirmed the importance of both these transporters in the modulation of mono-
amine neurotransmission in the brain with, however, some differences in the nature
of the neurotransmitters implicated. The analysis of tissue content of monoamines
by high-performance liquid chromatography showed that OCT3 deletion leads to
decreased intracellular levels and increased turnover of these neurotransmitters,
with a preferential impact on DA content and metabolism compared to the other
monoamines [24]. In rats, in agreement with a role of OCT3 in DA clearance, inhi-
bition of OCT3 through infusion of antisense oligonucleotides into the third ven-
tricle was shown to increase extracellular DA levels in nucleus accumbens and
prefrontal cortex [31] as well as methamphetamine-induced hyperactivity, a behav-
ioral response relying on the activation of dopaminergic pathways [32]. In contrast,
OCT2 was found to be more selective of 5-HT and NE, as supported by a set of
neurochemical and electrophysiological evidence. OCT2 deletion was associated
with significant reductions in the content in brain tissue concentrations of 5-HT and
NE [25], suggesting a role for this transporter in the preferential uptake of these two
amines in vivo. This hypothesis was further supported by functional studies
evaluating monoamine transport activity ex vivo, in cell suspensions from highly-
expressing brain regions, in conditions where the high-affinity transporters are
inhibited. These experiments showed a significant decrease in D22-sensitive 5-HT
and NE uptake in OCT2 mutant mice, whereas DA uptake appeared less affected [25].
This decrease in ex vivo uptake could not be explained by modifications in the
expression of other high or low-affinity transporters, as shown by quantification by
ligand binding and immunoautoradiography. Consolidating these findings, combined
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microiontophoresis and electrophysiology studies revealed dramatic consequences
of OCT2 deletion on monoamine clearance in vivo in dorsal hippocampus [25].
These studies showed that the recovery of the firing activity of CA3 pyramidal neu-
rons after 5-HT and NE application was significantly decreased in OCT2-deleted
mice treated with the dual 5-HT/NE antidepressant venlafaxine. Besides revealing a
key role of OCT2 in monoamine clearance, these findings indicate that this trans-
porter modulates postsynaptic neuron activity in vivo when the SERT and NET are
pharmacologically inactivated. Taken together, the above studies suggest that OCTs
function as an alternate monoamine clearance mechanism in brain areas lacking the
high-affinity transporters, at distance from the aminergic nerve endings, or when
these high-affinity transporters are saturated or inhibited, as may be the case after
antidepressants or psychostimulants administration (Fig. 7.1).

Distribution and Functional Specialization of Brain OCTs

OCT?2 and OCT3 show a similar expression pattern in the brain. As expected for
monoamine transporters, both are expressed in aminergic nuclei such as raphe,
locus coeruleus and tuberomammillary nucleus. However, a distinguishing feature
of these low-affinity transporters is their predominant expression in the major brain
areas receiving aminergic innervation, like the cortex, hippocampus, thalamus,
hypothalamus, amygdala and hindbrain [4, 23-26]. Contrarily to the classical reup-
take transporters enriched in nerve terminals, OCT2 and OCT3 are expressed in the
cells bodies and processes (of neurons and occasionally astrocytes) in these projec-
tion regions [24, 33], thus strategically positioned to internalize monoamines post-
synaptically. This potential role in postsynaptic uptake is compatible with the known
mode of transmission of monoamines, which may diffuse away from the site of
liberation to reach remote targets [34-36] and with the high capacity of OCTs,
which may compensates for low-affinity. In agreement with the participation of
OCTs in aminergic clearance in physiological conditions, OCT2 and OCT3 knock-
out mice show diminished monoamine contents in several brain regions compared
to wild-type mice, in absence of any pharmacological treatment [24, 25].
Interestingly, a similar decrease in monoamine levels was previously found in DAT,
SERT and NET knockout mice brain [37-39].

In spite of their comparable general distribution, OCT2 and OCT3 also show
varying expression levels and selective expression within restricted brain areas.
Contrarily to OCT2, OCT3 is highly expressed in circumventricular organs (CVO)
[22, 23] and in the dopaminergic nuclei substantia nigra [40]. At the cellular level,
while both transporters are principally located in neurons, OCT3 was also detected
in astrocytes in certain areas such as dorsomedial hypothalamus nucleus and
substantia nigra. These subtle differences in expression could reflect the need for
selective clearance within an area. As summarized above, OCT2 seems to prefer
5-HT and NE in vivo [25], while OCT3 appears more specialized for DA in several
brain areas [24] except in dorsomedial hypothalamus nucleus [29]. Differential
OCT expression could thus allow a precise tuning of clearance according to the
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Fig. 7.1 Schematic representation of the role of OCTs in monoamine clearance in the brain.
Monoamines (5-HT, NE or DA) are transported into the synaptic vesicles by the vesicular trans-
porter 2 (VMAT?2) and released in the synaptic cleft by exocytosis (/). High-affinity uptake trans-
porters (SERT, NET and DAT) control the clearance of extracellular monoamines by ensuring their
reinternalization into the pre-synaptic terminals (2). Pharmacological inhibition of these high-
affinity uptake transporters by antidepressants and psychostimulants (3) increases the extracellular
concentration of monoamines, modulating central behaviors (4). OCT2 and OCT3 (5) located on
proximal or distal post-synaptic sites contribute to clearance when the high-affinity transporters
are saturated, inhibited or absent. OCT blockers such as decynium 22 (D22) and corticosterone (6)
potentiate the neurochemical and behavioral effects (4) of high-affinity transporter inhibitors (3)

nature of the aminergic afferent fibers received by the brain regions. A body of work
over the last years has revealed the role of the brain OCTs in a number of integrated
functions (Fig. 7.2). Although the roles of OCT2 and OCT3 are far from being fully
understood, these studies implicate these two subtypes in somewhat different behav-
iors, which may be determined by their anatomical and functional specialization.
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One of the earliest demonstrations of the role of OCT3 in central functions directly
proceeds from its peculiar distribution. This transporter is highly expressed in CVOs
such as area postrema and subfornical organ (SFO), structures located at the blood—
brain interface and controlling fluid exchange and osmotic homeostasis [23]. This
initial observation led to challenge the role of OCT3 in the processing of osmotic
information in the brain. Concerted sodium and water balance regulation is a com-
plex function implicating osmoreceptors for blood-borne information located in the
sensory CVOs and secondary neural circuits in forebrain and hindbrain, all inter-
connected. In agreement with the expression profile of this transporter, mice lacking
OCT3 show an abnormal salt ingestion behavior, in particular increased preference
for hypertonic saline under sodium depletion and water deprivation conditions.
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Furthermore, induction of the c-Fos protein was established as a reliable indicator
of neural activation in osmosensitive and relay regions. Specifically, modifications
of this functional response in mice exposed to salt deprivation can be detected by
quantitating the number of c-Fos expressing cells in these structures. Under condi-
tions of salt deprivation, c-Fos induction in the SFO, where OCT3 is highly
expressed, was found significantly decreased in OCT3-deficient mice in compari-
son with wild-type animals, reflecting a blunted neural response in this structure
[23]. This study demonstrates that OCT3 modulates the neural and behavioral
responses to variations in osmolarity in the environment. However, how OCT3
achieves this modulation remains to be determined. The SFO neurons themselves
are sensitive to variations in extracellular osmotic pressure, presumably through the
activation of ionic channels, but salt-intake is also subject to extensive control by
secondary neural circuits and neuroendocrine signaling. Based on its fundamental
properties, it seems unlikely that OCT3 could be implicated in osmolarity sensing
per se, but rather that it could play a role in modulation of the primary neural
response, either within the SFO or by afferent connections [23]. Several forebrain
regions implicated in relaying osmoregulatory responses express OCT3 at a low
level. Thus, OCT3 could also be required for activation of secondary neural circuits
participating in the response, or for correct neurotransmission between osmosensi-
tive structures and these relay regions [23]. The CVOs and in particular the SFO
have been proposed to participate in sympathetic-mediated hypertension [41]. It
will interesting to determine in the coming years whether OCT3 function may influ-
ence blood pressure in various conditions and possibly predisposition to hyperten-
sion, as suggested for other components controlling both osmolarity sensing within
CVOs and salt-intake behavior [42].

Mood-Related Behaviors
Anxiety

The role of the OCTs in mood was intensively studied, instigated by the fact that
these transporters could transport biogenic amines. Alterations in anxiety-related
behaviors were found in mice mutants for OCT2 [25] or OCT3 [24, 43], as expected
from the involvement of aminergic neurotransmission pathways systems in these
behaviors [44]. OCT?2 knockout mice showed decreased anxiety-related behavior in
two distinct paradigms, the elevated O-maze and the novelty-suppressed feeding
test [25]. This anxiolytic phenotype was confirmed in the open-field, with the
mutants showing significant increases in the time and spontaneous locomotor activ-
ity in the center of the field, and no change in activity at the periphery [25].
Contrasting with this clear phenotype, inconsistent observations were found after
OCT3 genetic deletion, with decreased anxiety levels found in one mice line [43]
and increased anxiety levels found in another [24]. The causes for this discrepancy
are unclear but might be linked to the genetic background of the mice lines, a
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parameter that may influence the expression of diverse molecules participating in
aminergic signaling. In particular, the existence of eventual variations in the expres-
sion of monoamine uptake transporters was not explored in the two mice lines. The
activity of the high-affinity 5-HT reuptake transporter, SERT, may for instance
modulate anxiety-related behaviors [45]. In spite of these contradictions, these
results point to a role of OCT3 activity in anxiety-related behavior in mice.
Reinforcing this possibility, an OCT3 variant with decreased NE transport capacity
was identified in patients with the anxiety-related obsessive-compulsive disorder
[46, 47].

Stress Response and Vulnerability

Several studies demonstrate that the brain OCTs modulate the physiological
response to stress in mammals, although the exact mechanisms of this action remain
unclear. As mentioned earlier, OCTs expressed in heterologous systems can be
inhibited by the stress hormone corticosterone, contrarily to the high-affinity mono-
amine transporters [5, 6, 19, 48, 49]. These observations laid the basis for the idea
that interactions between OCTs and corticosterone could somehow play a part in the
biological processes occurring during stress. One of the brain OCTs, OCT2, was
detected in brain regions implicated in the response to stress, like the prelimbic and
infralimbic cortices, hippocampus, amygdala, dorsomedial and arcuate nuclei of
hypothalamus, paraventricular nucleus of the thalamus and pituitary, as well as in
the adrenals [25, 26]. The above-mentioned circuits have been shown to modulate,
through direct and indirect connections with the paraventricular nucleus (PVN) and
periPVN regions, the activation of the hypothalamic-pituitary-adrenocortical (HPA)
axis, which culminates in corticosteroid secretion [50, 51]. In agreement with this
localization, OCT2 was found to profoundly modulate the hormonal response to
acute stress. In particular, OCT2 knockout mice showed important increases in cir-
culating corticosterone concentrations following acute stress, as well as modifica-
tions of HPA axis function at basal state [26].

Interactions between genetic and environmental factors like exposure to stress
play an important role in the pathogenesis of mood-related psychiatric disorders,
including major depressive disorder and post-traumatic stress disorder [52, 53]. In
rodents, chronic stress paradigms such as unpredictable chronic mild stress (UCMS)
can mimic these noxious effects, inducing progressive neurobiological and behav-
ioral anomalies resembling symptoms of human depression [54, 55]. It was thus
hypothesized that their increased hormonal response to acute stress could confer to
OCT?2 knockout mice vulnerability to repeated stressful conditions. Indeed, during
UCMS, the OCT?2 mutants developed more intensely than wild-type mice several
depression-related phenotypes involving self-care, social interaction, spatial mem-
ory and stress-sensitive spontaneous behavior [26]. Along with these behavioral
anomalies, the mutants also showed significant variations of brain glycogen syn-
thase kinase-3f (GSK3p) signaling, an intracellular pathway highly sensitive to
stress [26, 55]. Interestingly, GSK3p signaling anomalies have also been associated
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with major depression [56] and depressive-like behavior in rodents [57]. Taken
together these data indicate that in rodents OCT?2 can directly modulate the molecu-
lar and hormonal events occurring during acute stress and attenuate the harmful
consequences of chronic stress. These biological processes may not be without con-
sequences for human disorders. A prediction, which remains to be tested, is that
pharmacological or genetic inhibition of OCT2 could enhance vulnerability to
repeated adverse events, leading to stress-related disorders. This could occur for
instance during prolonged treatment with antivirals, cytostatics and antidiabetics
inhibiting OCTs [58, 59], or in individuals with genetic polymorphisms in the
OCT?2 gene affecting transport activity.

While the above-mentioned experiments illustrate that the OCTs exert a control
over corticosterone release in the blood stream, other studies also suggest that the
reverse may also hold true and that this hormone could reciprocally impair OCT-
mediated clearance in vivo. In support of this possibility, the influx of histamine in
dorsomedial hypothalamus nucleus minces was shown to be inhibited by corticos-
terone [29]. Since to date no high-affinity transporter for histamine has been identi-
fied and this amine is selectively transported by OCT2 and OCT3, the authors of the
study suggested that during acute stress direct inhibition of OCTs by corticosterone
could increase extracellular monoamine levels in this brain area [29]. A similar
mechanism was proposed by Baganz and collaborators, who demonstrated by cyclic
voltametry the existence of a corticosterone-sensitive 5-HT clearance component in
hippocampus of SERT knockout mice [28]. Repeated swim stress was also found to
attenuate 5-HT clearance in the same brain region in normal but not adrenalecto-
mized mice, demonstrating that endogenous corticosterone release was implicated
[60]. Moreover, supporting the implication of OCTs, repeated swim stress was
found to decrease histamine clearance in hippocampus [60]. Blockade of the OCTs,
rather than regulation of expression of this specific transporter, was proposed to be
the underlying cause of this decrease in histamine transport, since it was associated
with only a slight decrease in protein OCT3.

The involvement of OCT2 was not investigated in the latter study, yet recent
observations suggest that monoamine uptake mediated by this transporter as well
could be affected by corticosterone in physiological conditions [26]. In vivo
microiontophoretic electrophysiology was used to assess the consequences on hip-
pocampal monoamine clearance of the systemic administration of corticosterone.
In this experimental set-up, subchronic corticosterone administration had an inhibi-
tory effect on 5-HT and NE clearance in presence of venlafaxine, a dual SERT and
NET inhibitor, in the hippocampus of wild-type mice but not OCT2 knockout mice.
Altogether, these studies suggest that endogenous corticosterone in physiological
conditions may modulate the activity of OCT2, OCT3 or both in certain brain
areas. Such a mechanism could contribute to the biological processes underlying
the response to stress, by directly impacting on aminergic signaling. In the case of
OCT?2, modulation of its activity by corticosterone would also provide a novel
feed-forward mechanism by which this hormone could enhance its own release in
the blood stream. However, direct interaction between OCT and corticosteroids
in vivo still remains to be demonstrated. Indeed, corticosterone induces a number
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of alterations in the brain [61] which could influence by diverse other mechanisms
the expression or the activity of low or high-affinity transporters at the plasma
membrane and account for the observations reported above.

Antidepressant Response and Efficacy

A number of antidepressants traditionally used to treat depression modulate 5S-HT
and NE neurotransmission, especially the activity of the high-affinity reuptake
transporters. This has provided the underlying rationale for the long-lived “mono-
amine” hypothesis, which stipulates that toning-down of 5-HT and NE signaling
occurs during depression, which may be restored by long-term antidepressant treat-
ment [62]. Mainstream antidepressants do not however provide positive treatment
outcomes for all patients. In this context, low-affinity monoamine transporters of
the brain such as the OCTs represent promising novel pathways to develop alternate
therapeutic approaches.

Some of the biological processes that underlie the effects of antidepressants can
be investigated in detail using animal models. Behavioral despair paradigms like the
tail suspension (TST) and the forced-swim (FST) tests have been used during
decades to measure what is commonly called “depressive-like” behavior. These tests
evaluating immobility during exposure to inescapable stress show high predictive
value for evaluating antidepressants efficacy. However, they do not reflect symptoms
of depression per se but the state of resignation of the animals [63]. The OCT inhibi-
tor D22 was shown to decrease immobility in the TST when applied in the hippo-
campus of SERT-deficient mice [28], suggesting that brain OCTs could control this
behavior. Likewise, intracerebral infusion of an OCT3 antisense RNA to reduce
OCT3 function was shown to decrease immobility in the same paradigm [32]. OCT2
knockout mice, on the other hand, showed a marked increase in immobility in the
TST and the FST [25], suggesting an opposite role to OCT3 for this transporter.
Unraveling the neurochemical mechanisms underlying these contrasting roles may
however prove to be difficult, since multiple neurotransmission pathways and com-
ponents in the brain can influence performance in these rudimentary paradigms [64].

Both OCT2 and OCT?3 appear to modulate the acute action of 5-HT/NE reuptake
antidepressants on behavioral despair. Infusion of antisense OCT3 RNA in mice
brain was found to increase the anti-immobility action of imipramine in the FST
[32]. This observation implicating OCT3 in acute antidepressant action contrasts
with another study, which proposed this transporter was not implicated in the effects
of three antidepressants, fluvoxamine, fluoxetine and desipramine in the TST [60].
In the latter study, however, OCT3 blockade was tentatively achieved by repeated
swim-stress and not monitored, and only one dose of antidepressant was tested,
which may explain this discrepancy. Supporting a role of OCTs in constraining the
short-term antidepressant action, normetanephrine, a NE metabolite and potent
inhibitor of uptake,, was shown to accentuate the releasing effects of venlafaxine on
extracellular NE in rat cortex, as well as on immobility in the FST [65]. A similar
effect was found in mice with D22, which was shown to increase the anti-immobility
action of a subactive dose of fluvoxamine in the TST [66].
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OCT?2 as well seems to be involved in the short-term effects of 5-HT/NE antide-
pressants [25]. OCT2 knockout mice showed compared to wild-type mice striking
modifications in the effects in the FST of the dual 5-HT/NE reuptake inhibitor ven-
lafaxine and of the SERT- and NET-selective reuptake inhibitors, citalopram and
reboxetine. In particular, genetic deletion of OCT2 increased sensitivity to the anti-
immobility action of low doses of each of these antidepressants. This genetic dele-
tion also had complex consequences on the action of higher doses of the same
antidepressants, such as increasing the anti-immobility action of reboxetine and
decreasing that of citalopram [25]. These observations could be related to the way
each antidepressant modulates given aminergic neurotransmission pathways and
how OCT2 disruption interferes with these pathways in different brain regions.
Additional investigations will be needed to clarify these fine mechanisms.

As mentioned earlier, the tests evaluating resignation used in the above-mentioned
studies fall far from reproducing the symptoms of depressive disorders. Furthermore,
immobility in the FST or TST in rodents is influenced by the pharmacological
blockade or genetic invalidation of numerous components controlling central neu-
rotransmission [64]. Therefore, despite their complexity, well-validated long-term
models of depression such as UCMS represent invaluable tools to investigate the
complex neurobiological anomalies underlying this disorder. Another relevant para-
digm, chronic corticosterone exposure, was used to gain insight into the role of
OCT2 in antidepressant response. As for UCMS, rodents exposed to chronic corti-
costerone develop anhedonia, increased anxiety and social aversion [25, 67]. As
human depression, these stable alterations induced by corticosterone may be
reversed by long-term but not acute antidepressant treatment. In these experiments,
chronic corticosterone administration induced depression-like anomalies in both
wild-type and OCT?2 knockout mice [25]. As expected, the administration of the
dual antidepressant venlafaxine in a second phase reversed the anomalies induced
by chronic corticosterone in wild-type mice. In contrast, the anomalies developed in
OCT?2 knockout mice remained insensitive to venlafaxine treatment, demonstrating
that this transporter was essential for long-term antidepressant efficacy [25].

This long-term effect contrasts strikingly with the role of OCT2 in the FST. The
explanation for this apparent contradiction may reside in the fact that the beneficial
effects of antidepressants, which appear only after several weeks of treatment,
involve different mechanisms than their short-term action. Specific neurotrophic
and neurochemical processes occur during long-term treatments with NE and 5-HT/
NE antidepressant [67, 68], for instance the desensitization of 5-HT1A autorecep-
tors [69] and the decrease in the firing of NE neurons in the locus coeruleus [70, 71].
In addition, OCT?2 knockout mice show constitutive alterations in the expression
of 5-HT1A receptors and of the SERT, which may also participate in long-term
resistance to venlafaxine [25]. In the future, a better understanding of the neuro-
chemical mechanisms underlying the role of OCT2 in antidepressant action may be
gained by the investigation of the firing properties of raphe (5-HT) and locus coeru-
leus (NE) neurons and the activation state of monoamine receptors in these path-
ways. In any event, these findings emphasize the importance of OCT2 in the
long-term antidepressant action. Since OCT2 appears to have a similar distribution
in human and in rodent brain [4], it may be speculated that variations in the activity
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of this transporter in humans might contribute to antidepressant resistance and,
importantly, that antidepressant efficacy should be amenable to modulation by
manipulation of this activity.

Addiction

DA is one of the central players in the effects of drugs of abuse. All psychoactive
drugs increase DA release in the striatum and nucleus accumbens, an action mediat-
ing in part their locomotor and addictive properties [72]. In agreement with its
involvement in DA signaling in the nigrostriatal and mesolimbic pathways, OCT3
has been implicated in the locomotor response to psychostimulants and in addictive
behavior. In a study by Kitaichi and co-workers, intracerebral infusion of OCT3
antisense RNA in mice was found to increase the locomotor response to metham-
phetamine [32]. This attenuating action of OCT3 on drug-induced locomotion was
confirmed in another study using OCT3-deficient mice, which showed enhanced
response of the psychostimulants amphetamine and cocaine at high doses, support-
ing a role for this transporter when the high-affinity transporters are inhibited [24].

OCTs were also recently shown to be involved in the effects of stress on addictive
behaviors. Chronic stress is a well-known risk factor for the development of addic-
tion. In particular, craving in presence of drug-associated stimuli is perceived as
increased by drug addicts during periods of stress [73], an effect that can be repro-
duced in rodents. In an exciting study, Graf and colleagues demonstrated that foot-
shock stress could enhance cocaine-induced reinstatement of drug seeking behavior
in rats [74]. This enhancing action of stress on reinstatement of drug seeking, found
with a subthreshold dose of cocaine, was dependent upon corticosterone secretion,
as shown by adrenalectomy, and mimicked by intra-accumbens infusion of either
corticosterone or the uptake, blocker normetanephrine. A set of complementary
experiments indicates that these effects of stress involve blockade of DA clearance
in the nucleus accumbens. These findings identify a novel mechanism by which
corticosterone enhances the effects of cocaine on DA transmission by decreasing
OCT-mediated clearance in the nucleus accumbens. Consistent with the implication
of this mechanism in drug relapse in humans, a previous study reported a correlation
between single nucleotide polymorphisms in the OCT3 gene and the development
of polysubstance use in patients with methamphetamine dependence [75].

Drug Action at Brain OCTs

A large proportion of therapeutic drugs is composed of organic cations, a number of
which can interact with OCTs, at least in heterologous expression systems [2].
Molecules acting on central nervous system with the potential to inhibit OCTs
include antidepressants [8, 21, 76—79], psychostimulants like cocaine, amphetamine
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and 3,4-methylenedioxy-methamphetamine (MDMA) [8, 80] and NMDA receptor
antagonists, like phencyclidine, MK-801, ketamine, memantine and amantadine
[4, 80, 81]. Several classes of adrenergic ligands also functionally interact with both
OCTs and a-adrenoceptors, two families that share close anatomical and functional
relationships. The potent cyanine-related OCT inhibitors behave as a-adrenoceptor
antagonists and, reciprocally, a number of other a- and f-adrenoceptor agonists
and antagonists inhibit diverse OCT subtypes [2, 19, 82]. This promiscuity between
pharmacophores recognizing a-adrenoceptors and OCTs raises the possibility
that some adrenergic ligands could act concomitantly on OCT-mediated mono-
amine uptake and at a-adrenoceptors in sympathetically-innervated tissues or the
CNS, either in a cooperative or opposite manner. Finally, various neurotoxins
such as N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) [82], 1-methyl-4-
phenylpyridinium (MPP*) [33, 83] and paraquat [84] have also been shown to inter-
act with the OCTs. For the two latter, it was shown that these interactions underlie
in part their neurotoxic effects in the brain [33, 84].

Besides compounds intended to act on CNS, various drugs aimed at peripheral
targets could also influence central OCT activity. In this line we can mention the
antiacid cimetidine [85], the antimalarial drug quinine [86], the antiviral drugs acy-
clovir, lamivudine, abacavir and azidothymidine (AZT) [58, 87], antidiabetics like
metformin [59], cytostatics like cisplatin [88] and the antispasmodic trospium [89].
Whether these different categories of therapeutic drugs inhibit OCTs in the brain
remains uncertain, considering their low affinity and the high first-pass effect of
organic cations [90]. Several lines of data support however this possibility. First,
higher concentrations of some of these drugs in the brain compared to circulation
could allow local interaction with the brain OCTs [77]. Second, high-affinity bind-
ing sites for some of these compounds may have gone undetected in OCTs, as docu-
mented for abacavir and AZT [87]. Third, most inhibition constants at OCTs were
defined previously using artificial and not endogenous substrates, but these con-
stants seem to vary depending on the substrate tested [91]. Finally, the affinity of
these ligands for OCTs could be influenced differentially by the environment in vivo
than in vitro and thus differ in vivo from those established in heterologous expres-
sion systems. The identification of interactions between the above-mentioned drugs
and OCTs in vivo is an arduous task, complicated by the multiplicity of their targets
and actions. If these interactions do occur in the brain, the administration of these
molecules could on the long-term affect central neurotransmission, leading to unex-
pected and potentially undesirable secondary effects.

Conclusion and Perspectives

In recent years, a substantial body of evidence has accumulated suggesting that
OCTs function as an alternate monoamine clearance system in the brain, in addition
to the high-affinity monoamine transporters. These studies have disclosed that this
transporter family participates in a variety of integrated central functions in rodents,
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ranging from salt-intake regulatory behavior to stress response and antidepressant
efficacy. It can be hypothesized that genetic and epigenetic-based variations in the
activity of the brain OCTs in humans could influence individual predisposition to
various disorders such as hypertension, anxiety and depression as well as the
response to antidepressant therapies. Another indirect consequence of these find-
ings might be that prolonged treatments with routinely used therapeutics could
increase vulnerability to the above-mentioned disorders, through interaction with
these low-affinity transporters. In the future, the design of molecules capable of
modulating selectively the activity of OCTs may lead to the development of novel
therapeutic strategies in several clinical fields, in particular for the treatment of
mood disorders.
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