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Organic cation transporters (OCTs), comprising OCT1, OCT2 and OCT3 subtypes, control absorption and
elimination of xenobiotics and endogenous compounds in kidney, liver and placenta. In addition, they ensure
“uptake,”, low-affinity catecholamine clearance in sympathetically-innervated tissue and the CNS. The
prototypical OCT ligand, disprocynium24 (D24), recognises OCT3, but its actions at OCT1 and OCT2 remain
unknown. Herein, together with two other isocyanine derivatives (AAC291 and AAC301) and chemically-
related adrenergic agents, we evaluated actions of D24 at OCTs, monoamine transporters and o;- and o;-
adrenoceptors. D24 concentration-dependently suppressed [>H]-1-methyl-4-phenylpyridinium (MPP*)
transport at human (h) and rat (r) OCT1, OCT2 and OCT3 in stably transfected HEK293 cells. Interestingly,
low concentrations of D24 enhanced transport by h/rOCT2, a substrate-dependent effect suppressed by
inhibition of protein kinase C. AAC291 and AAC301 likewise inhibited transport by all classes of h/r OCT and
at low concentrations induced even more marked increases in transport by h/rOCT2. Further, by analogy to
D24, they displayed antagonist properties at houa/p-adrenoceptors (Ca®*-flux) and haya p/c-adrenoceptors
([*>S]GTPYS binding). They were, however, less potent than D24 at serotonin transporters ([>H]citalopram
binding) and AAC291 did not bind to dopamine and norepinephrine transporters. The preferential oy~
adrenoceptor antagonist, AH11110A, the oy-adrenoceptor agonist, RWJ52353, and the adrenergic
neurotoxin DSP-4 likewise affected [*H]MPP™* transport, in an OCT-subtype and species-dependent manner.
In conclusion, D24, other isocyanine congeners and chemically-related adrenergic agents inhibit OCT-
mediated [*H]MPP* transport, and all drugs display significant activity at a;- and o;-adrenoceptor subtypes,
expanding previous reports of promiscuity between pharmacophores recognising o-adrenoceptors and
OCTs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

charged organic cations but also in some cases neutral compounds
(Koepsell et al., 2007). Drugs transported by this category of

Organic cation transporters (OCTs) belong to the Slc22 family of
membrane transporters. They play important roles in controlling
the bioavailability and detoxification of a wide range of endoge-
nous substances and xenobiotics in peripheral organs (Koepsell
et al,, 2007). The three major OCT subtypes, OCT1, OCT2 and OCT3,
accept a variety of substrates generally comprising small, positively
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transporter include antimalarials like quinine, antidiabetics like
metformin, various antiviral agents and cytostatics and several
histamine H, receptor antagonists, such as cimetidine (Koepsell
et al.,, 2007). In agreement with their distribution and localization
in kidney, liver, intestine and placenta, OCTs tightly control the
balance between absorption and excretion of their substrates. In
addition, these transporters ensure uptake,, a low-affinity cate-
cholamine clearance system present in sympathetically-innervated
organs and tissues, which is also called “extraneuronal monoamine
transport” (Iversen, 1965; Trendelenburg, 1988). The role of this
system was particularly well illustrated for cardiac muscle (Iversen,
1965), and smooth muscle (Trendelenburg, 1988) in early studies
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of catecholamine uptake in isolated perfused organs or infused
animals.

The importance of the overall contribution of OCTs to the handling
of organic cations in peripheral organs was confirmed by studies of
mouse mutants deficient for one or several of these transporters
(Jonker et al., 2001, 2003; Zwart et al., 2001). Furthermore, OCT3 was
shown to be essential for the homeostastic regulation of aminergic
neurotransmission in the brain (Millan, 2006). Mice deficient for OCT3
show changes of the neural and behavioural responses to environ-
mentally-induced variations in osmolarity (Vialou et al., 2004),
altered monoamine neurotransmission in the brain, increased
sensitivity to psychostimulants and decreased sensitivity to dopami-
nergic neurotoxicity induced by MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) (Cui et al., 2009; Vialou et al., 2008). This «back-
up» role in monoamine clearance is supported by studies of mice
injected with OCT3-antisense oligonucleotides (Nakayama et al.,
2007) or lacking serotonin (5-HT) transporters (Baganz et al., 2008;
Daws, 2009).

The above observations suggest that OCTs participate in various
physiological functions, and that alterations in their activity may
influence drug absorption and clearance, as well as aminergic
neurotransmission in the central and peripheral nervous systems.
OCT activity is regulated both at the transcriptional level (Asaka et al.,
2006) and by phosphorylation (see Discussion), but the best
characterised mechanism of modulation of OCT activity is via direct
action of inhibitors. These include OCT cognate substrates themselves,
many (often larger) organic cations, organic anions and neutral
compounds such as corticosteroids, ion channel blockers, neurotrans-
mitter receptor ligands, psychostimulants and antidepressants
(Koepsell et al., 2007).

Interestingly, relatively potent inhibition is exerted by certain o-
adrenoceptor ligands, such as the oy-adrenoceptor antagonists
phenoxybenzamine and prazosin and the o,-adrenoceptor partial
agonist clonidine (Hayer-Zillgen et al., 2002). Furthermore, earlier
studies of extraneuronal catecholamine transport in an ex vivo model,
Caki-1 cells, led to identification of high-affinity OCT inhibitors,
decynium22 (1,1’-diethyl-2,2’-cyanine) and the structurally-related
disprocynium24 (D24, 1,1’-diisopropyl-2,4-cyanine). These com-
pounds bind native rodent o;- and op-adrenoceptors (Russ et al.,
1993, 1996), but their actions at human o;- and oa,-adrenoceptor
subtypes remain to be characterised. D24 and decynium22 have
proven invaluable in establishing OCT identity with hepatic and renal
organic cation transport systems (Grundemann et al., 1998; Zhang et
al., 1997) and with “extraneuronal monoamine transport” (Eisenhofer
et al., 1996; Graefe et al., 1997; Grundemann et al., 1997). Further,
with the exception of the very recently-described OCT ligand
lamivudine (a nucleoside reverse transcriptase inhibitor) (Minuesa
et al.,, 2009), they remain the most potent and specific OCT inhibitors
identified to date (Russ et al., 1996). Notably, D24 has proven a
particularly effective inhibitor of extraneuronal transport (Russ et al.,
1993) and OCT3 (Grundemann et al., 1998, 2002), but its efficacy at
OCT1 and OCT2 has not as yet been determined.

In light of the above observations, the present studies: first,
investigated the effects of D24 and two structurally-related analogues,
AAC291 and AAC301 (Fig. 1), on [°’H]MPP™ transport in HEK293 cells
transfected with human or rat OCT1, OCT2 or OCT3. Second, the
actions of DSP-4, an adrenergic neurotoxin that shares the quaternary
ammonium structure of D24 (Lyons et al., 1989), were investigated.
Further, we also examined the effects of the a,-adrenoceptor agonist,
RW]J52353 (Ross et al., 2000) and of the selective og-adrenoceptor
antagonist, AH11110A, since they likewise possess basic nitrogens
protonable at physiological pH (Assari et al., 2003; Eltze et al., 2001;
Giardina et al., 1996) (Fig. 1). Third, the affinities of all drugs were
determined at human 5-HT, norepinephrine and dopamine transpor-
ters, and we also determined both affinities and functional actions of
drugs at multiple subtypes of cloned ho-adrenoceptors and hot,-
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Fig. 1. Chemical structures of drugs studied for their influence upon [*H]MPP*
transport in HEK293 cells stably transfected with human (h) or rat (r) organic cation
transporters (OCTs). Disprocynium24 (D24), AAC291 and AAC301 are isocyanine
derivatives; AH11110A is a preferential hog-adrenoceptor antagonist (see Table 1),
RW]J52353, an a,-adrenoceptor agonist (see Table 1) and DSP-4, which shares the
quaternary structure of D24, is an adrenergic neurotoxin.

adrenoceptors. Finally, we extended our studies to an initial
exploration of potential cellular mechanisms underlying the activa-
tion of hOCT2-mediated transport by low concentrations of D24.

2. Materials and methods
2.1. Drugs and substances

[H]-1-methyl-4-phenylpyridinium acetate ([*H]MPP™) (3.09 Thq/
mmol), and [*°S]GTPyS (37 Tbq/mmol) were obtained from PerkinEl-
mer (Life Sciences, Inc., Boston) and [*H]5-HT (570 Gbq/mmol) from
Amersham (Amersham Biosciences, Buckinghamshire, UK). 1,1’-diiso-
propyl-2,4-cyanine iodide (disprocynium24), 1,1’-diethyl-2,4-cyanine
iodide (AAC 291) and 1,1’-dimethyl-2,4-cyanine iodide (AAC 301)
were synthesized by Servier Laboratories (AC). These disprocynium
derivatives, fully verified by NMR studies, are isomers of structures
disclosed in the original papers on these compounds (Russ et al., 1993).
1-(Biphenyl-2-yloxy)-4-imino-4-piperidin-1-ylbutan-2-ol
(AH11110A), 4-(6,7-Dihydro-benzo (b)thiophen-4-yl)-1H-imidazole
(RW]J52353) and N-(2-Chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP-4) were also synthesized by Servier. Ro 32-0432, KT 5720, and
KN 93 were purchased from Sigma-Aldrich (St Louis, MO, USA).

2.2. Cell culture

Stably transfected HEK293 (ATCC-CRL-1573) cells expressing
human (Hayer-Zillgen et al., 2002) or rat (Amphoux et al., 2006)
OCT1, OCT2 or OCT3 have been described previously. HEK293 cells
were used to generate stably transfectants in view of the very low
expression of endogenous OCTs in this cell line, as demonstrated by
the absence of significant uptake of [3H]MPP™ in non transfected cells.
All cells were grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum, 100 IU/ml penicillin and
100 pg/ml streptomycin (Invitrogen, Gaithersburg, MD) at 37 °C in a
humidified atmosphere (5% CO,). The cells were subcultured every
5 days to maintain exponential growth, and medium was replaced
every 2 to 3 days.
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2.3. Transport assays

Stably transfected HEK293 cells expressing human or rat OCTs
were plated at the density of 5.10% cell/well in 24-well plates coated
with 0.1 g/1 poly-L-ornithine (Sigma-Aldrich, St Louis, MO, USA) and
grown to subconfluence. Cells were preincubated for 15 min at 37 °C
in a Krebs Ringer Hepes (KRH) buffer (25 mM HEPES-NaOH, pH 7.4,
125 mM NaCl, 4.8 mM KCl, 5.6 mM bD(+)-glucose, 1.2 mM CaCly,
1.2 mM KH,PO4 and 1.2 mM MgSQO,4) then incubated for 15 min at
37 °C in the same buffer containing 25 nM [*H]MPP* or 100 nM [>H]
5-HT as described (Amphoux et al., 2006). The cells were rinsed 3
times with ice-cold KRH buffer and the proteins were solubilized with
0.1 M NaOH. Radioactivity was then assessed by liquid scintillation
counting and protein concentration was measured by the method of
Bradford standardized with bovine serum albumine in order to
normalize uptake values. Specificity of MPP™ uptake was verified by
inhibition with D24 (10~*M). Uptake of 25nM 3H-MPP* under
control conditions was: 304 2.5 fmolmg™ 'min~' for rOCT1, 30+
3 fmolmg™ 'min~ ! for rOCT2, 60 + 8.7 fmolmg™ 'min~"' for rOCT3,
30+9.2 fmolmg™ 'min~"! for hOCT1, 40+ 4.9 fmolmg™ 'min~ ! for
hOCT2 and 60+ 8.3 fmolmg™ 'min~! for hOCT3, respectively. For
transport inhibition experiments, increasing concentrations of drugs
were added during pre-incubation and maintained during uptake. To
determine whether D24 interacted irreversibly with hOCT2, washing
steps in KRH buffer (3 x5 min) were added after pre-incubation. To
evaluate the potential involvement of protein kinase pathways in the
activation of hOCT2 by low concentrations of D24, specific inhibitors
of protein kinase A, protein kinase C and calmodulin kinase II
(CaMKII), KT 5720 (Hidaka et al., 1984), Ro 32-0432 (Wilkinson et al.,
1993) and KN 93 (Mamiya et al., 1993) respectively, were added
during the pre-incubation and incubation period.

2.4. Data analysis of drug modulation of [PHIMPP™ transport

The effect of various compounds on OCT transport was determined
by non-linear regression analysis with a one site binding model for
standard inhibition and a bell-shaped model in case of activation
(GraphPad Prism software, San Diego, CA, USA). For standard
inhibition, non-saturating concentrations of [’H]MPP* (25 nM)
were used, much lower than K, values for MPP* uptake by OCTs
(10 to 150 pM). ICsq values were calculated as arithmetic means of up
to 5 experiments 4 S.E.M.

2.5. Membrane preparations

Frontal cortices from male Wistar rats (225-300 g) (Charles River,
L'Arbresle, France) were thawed and homogenized using a Polytron in
20 volumes of ice-cold assay buffer containing Tris-HCI (50 mM, pH
7.6), CaCl, (4 mM), ascorbic acid (0.1% w/v) and pargyline (10 pM)
and centrifuged (20 min, 35,000g) at 4 °C. The supernatant was
discarded and pellets were resuspended in 20 volumes of ice-cold
assay buffer. The homogenate was incubated 15 min at 37 °C to
remove endogenous ligand and then recentrifuged (20 min, 35,000g).
Finally, the resulting pellets were resuspended in the same buffer (1/
300, w/v) and used for determination of drug affinities at 1A and
a2D receptors.

2.6. Determination of drug affinities at monoamine transporters and
subtypes of hay and hoy, adrenergic receptors

Methods employed either on rat cortex membrane preparation or
on stably transfected cell membrane preparation (summarized in
Table 1) were described previously (Millan et al., 2000, 2004).
Isotherms were analysed by non-linear regression using PRISM
(GraphPad Software, San Diego, CA) to generate inhibitory concen-
tration (IC) values. They were transformed into K; values according to

Cheng-Prussof (Cheng and Prusoff, 1973): K;=inhibitory
concentrationsg/ (1 L/Kd), where L is the radioligand concentration
and Kd is the dissociation constant, and are presented as pK; values
(negative log10 of K;).

2.7. Agonist and antagonist properties at subtypes of haz-adrenoceptors:
guanosine-5'0-(3-[35S]thio)-triphosphate ([*>S]GTPyS) binding

The procedures used for determination of the functional action of
compounds at hass, hopg and hopc-adrenoceptors expressed in
Chinese Hamster Ovary (CHO) cells by [>*S]GTPYS (1000 Ci/mmol,
PerkinElmer Life Sciences, Boston, MA) binding have been described
in detail elsewhere (Millan et al., 2000, 2004; Newman-Tancredi et al.,
1998). Briefly, [*>S]GTP~S was employed at a concentration of 0.2 nM.
In each case, the pH was 7.4, the temperature was 22 °C and the
incubation period was 40 min. The buffer comprised HEPES (20 mM),
NaCl (100 mM), guanosine diphosphate (GDP) (3 uM) and MgCl,
(3 mM). For evaluation of the agonist actions, membranes were
incubated with incremental concentrations of compounds. For
evaluation of the antagonist properties of compounds, interaction
studies were undertaken with a fixed concentration of norepineph-
rine (10 uM). Experiments were terminated by rapid filtration
through Unifilter-96 GF/B filters using a filtermate harvester (Perki-
nElmer). The radioactivity retained on the filters was quantified by
scintillation counting. Kg values for inhibition of norepinephrine-
stimulated [*>S]GTPyS binding by compounds were calculated
according to Cheng-Prusoff: Kz=1Cs¢/(1 + (agonist/ECsq)), where
ICso = inhibitory concentrationsy of compound, agonist = concentra-
tion of norepinephrine and ECsq=-effective concentrationsg of
norepinephrine alone.

2.8. Agonist and antagonist properties at hoya-adrenoceptors:
measurement of intracellular Ca®" concentrations by fluorometry

CHO cells stably expressing the human recombinant adrenoceptors
(celllines established in-house) were seeded 24 h before assay at 40000
cells per well into 96-well black-walled culture plates coated with poly-
p-lysine. Cells were loaded with a calcium kit assay buffer (Molecular
Devices) containing 2.5 mM probenecid and incubated at 37 °Cfor 1 hin
6% CO, atmosphere. After 10 s, the agonist was added. For antagonist
studies, the compounds to be tested were added 10 min before the
addition of norepinephrine. The increase of intracellular Ca?>* was
monitored using the FLIPR detection system (Fluorometric Imaging
Plate Reader, Molecular Devices) at 488 nm for 120 s. Agonist efficacy
(Emax) is expressed relative to that of norepinephrine (=100%) which
was tested at a maximally effective concentration of 1 uM in each
experiment. Antagonist potencies are expressed as ICsg, where ICsq is
the inhibitory concentration of antagonist that gives 50% inhibition of
calcium flux in the presence of a fixed concentration of agonist ([ago])
and ECspago is the ECsg of the agonist when tested alone.

3. Results

3.1. Comparative influence of D24 and related isocyanine analogues
upon OCT-mediated [°H]MPP™ uptake in stably transfected HEK293 cells

When increasing concentrations of D24 or the two other cyanine
derivatives (Fig. 1) were added during pre-incubation and uptake, two
different types of effect upon [*H]MPP* uptake by human and rat OCTs
were observed (Fig. 2). An inhibitory effect with a standard sigmoid
curve was found with all 3 isocyanines on hOCT3, as well as with D24 on
rOCT1 and hOCT1. In the other instances, more complex bell-shaped
profiles were seen, with transport initially enhanced by low concentra-
tions (in the 0.1-1 uM range) of isocyanines followed by inhibition at
higher concentrations. In terms of inhibition, D24 was the most potent
drug, with inhibitory constants (ICso values) of 400 nM, 2.8 utM and
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Fig. 2. Influence of isocyanine derivatives upon [°’H]MPP* uptake in HEK293 cells stably
transfected with human (h) or rat (r) OCTs. Uptake of [*H]MPP* (25nM) was
evaluated for 15 min at 37 °C in the presence of increasing concentrations of D24 (M),
its ethyl analogue, AAC291(A) or its methyl analogue, AAC301 (®) during pre-
incubation and incubation. Data are expressed as arithmetic means + S.E.M. of control
uptake (in the absence of inhibitors) values for up to 5 independent experiments
performed in triplicate.

17.8 uM for rOCT1, rOCT2 and rOCT3, and 306 nM, 280 nM and 31 nM,
for hOCT1, hOCT2 and hOCT3, respectively (Fig. 2). The ethyl and methyl
isocyanine derivatives, AAC291 and AAC301, were less potent inhibitors
compared to D24, yielding values of respectively 2.26 nM for AAC301 at
hOCT1 and about 0.5-0.7 uM for both compounds at hOCT3 (Fig. 2). For
the rat OCT subtypes, ICso values for AAC291 and AAC301 were 14 and
16 uM for rOCT1, 40 and 126 uM for rOCT2 and 22.4 and 89 uM for
rOCT3, respectively. The inhibition constant determined here for D24 at
hOCT3 is consistent with that reported for hOCT3-transfected cells
(Grundemann et al., 1998), and for norepinephrine uptake by Caki cells,
a model system for OCT3 study.

For hOCT2, a maximum activation of [°’H]MPP™ uptake was
achieved at approximately 10 nM of D24, whereas higher concentra-
tions (approximately 1 uM) of AAC291 and AAC301 were needed for
activation (Fig. 2). Interestingly, with these two D24 analogues, the
activating effect was not only displaced toward higher concentrations,
but also significantly (2-fold) stronger than with D24 itself. Hence, in
the 0.1 uM range, these two isocyanines selectively activated hOCT2
without affecting hOCT1 or hOCT3. For rOCT subtypes as well, an
activation peak was induced by the 3 cyanine compounds at
concentrations of approximately 1 pM (Fig. 2). Again, the intensity
of this activation was noticeably stronger (3 to 5 fold) for AAC291 and
AAC301 as compared with D24.

Thus, the isocyanine analogues AAC 291 and AAC 301 were less
potent inhibitors than D24 itself but exhibited (at higher
concentrations) stronger activating properties. Overall, these data
confirm the interaction of isocyanine-like structures with all OCT
subtypes.

3.2. Influence of the «-adrenoceptor ligands AH11110A and RWJ52353
upon OCT-mediated [PH]MPP™ uptake in stably transfected HEK293 cells

Based on the observation that isocyanine-related OCT inhibitors
recognise a1- and ax-adrenoceptors (Russ et al., 1993), we explored
the effect on OCT transport of the preferential o z-adrenoceptor
antagonist, AH111101A (Assari et al., 2003; Eltze et al., 2001; Giardina
et al., 1996) and the ap-adrenoceptor agonist, RWJ52353 (Ross et al.,
2000) (Fig. 1). At first glance, the structural similarity between these
«a-adrenoceptor ligands and D24 is not evident, but these (and certain
other) agents possess basic nitrogen atom which can be protonated at
physiological pH, mimicking the quaternary ammonium function
present in disprocynium. AH11110A showed comparable inhibitory
effects on rat and human OCT1 subtypes, with ICsq values of 12.6 and
2.5 pM, respectively (Fig. 3). Similar effects were likewise apparent for
rOCT2 and hOCT2 with a marked activation peak in both cases in the
0.1 uM to 10 pM range and inhibition seen at higher concentrations
with ICs0s of 112 and 63 pM, respectively. Only for OCT3 did the action
of the compound differ between species, with a facilitation peak for
rOCT3 but not its human counterpart, and inhibition with ICsos of 316
and 11.2 uM, respectively (Fig. 3).

The «oy-adrenoceptor agonist RWJ]52353 exerted an inhibitory
effect on rOCT1 and rOCT?2 at relatively high concentrations (ICsq 100
and 20 uM, respectively), whereas it strongly activated rOCT3 (3-
fold). For this subtype, as well as for the 3 human subtypes, ICsos were
above the 100 pM range (Fig. 3). At concentrations lower than those
causing inhibition, an activation peak was also seen with this agent in
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Fig. 3. Influence of adrenergic ligands upon [*H]MPP* uptake in HEK293 cells stably
transfected with human (h) or rat (r) OCTs. Uptake of [*H]MPP™ (25nM) was
evaluated for 15 min at 37 °C in the presence of increasing concentrations of
AH11110A, a preferential hog-adrenoceptor antagonist; RWJ52353, an o,-adreno-
ceptor agonist and DSP-4, an adrenergic neurotoxin. Data for rat and human OCT1 (M),
OCT2 (A) and OCT3 (@) mediated transport is expressed as the arithmetic means 4 S.E.
M. of control uptake (in the absence of inhibitors) values for up to 5 independent
experiments performed in triplicate.
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the 1-10 pM range for all human OCT subtypes, though it was more
pronounced for hOCT2.

3.3. Influence of the adrenergic neurotoxin, DSP-4, upon OCT-mediated
[PH-MPP*] uptake in stably transfected HEK293 cells

DSP-4 is a neurotoxin chemically related to D24 which selectively
lesions noradrenergic neurons emanating from the locus coeruleus
(Lyons et al., 1989). While the norepinephrine transporter (NET) has
been assumed to be its major target, via which it enters cells (Grzanna
etal., 1989), this has never actually been shown, and other sites of action
have also been suspected (Lyles and Callingham, 1981). DSP-4 robustly
suppressed transport at all 3 classes of rat OCT and, in distinction to
other ligands examined, displayed in most cases a straightforward
inhibitory effect, with IC50s of 6.3 and 5 uM for rOCT1 and hOCT1, 0.5 pM
for rOCT2 and 3.2 and 1.6 pM for rOCT3 and hOCT3, respectively (Fig. 3).
Only at hOCT2 was an activating component observed, with DSP-4
concentrations in the subuM range, while higher concentrations fully
inhibited MPP™ transport (ICso 7.1 uM).

3.4. Interactions of isocyanines and adrenergic ligands with multiple
subtypes of cloned, human and native, rat o; and a-adrenoceptors

D24 displayed affinity for all subtypes of hai;-adrenoceptors, but
with significantly lower affinity for the ho;g-adrenoceptor over other
hai-adrenoceptors. It also displayed comparable affinity for native rat
ay-adrenoceptors (Table 1). The affinities of D24 for ha,-adrenocep-
tor subtypes and for native rat a;p-adrenoceptors were overall higher
than for ha;-adrenoceptors, with a mild but significant preference for
hoa-adrenoceptors. AAC291 displayed a very similar profile to D24
with significantly lower affinity for hay - vs other hays - and hayp-
adrenoceptors. Also like D24, it showed a modest but significant
preference for hoa-adrenoceptor over other has-adrenoceptor
subtypes. Overall, its affinities at ha;-adrenoceptors were somewhat
higher than for D24, and its affinities at ho;-adrenoceptor subtypes,
somewhat lower, though differences were not significant statistically
(Table 1). Overall, AAC301 revealed a profile across hoi- and hot,-
adrenoceptor subtypes similar to those of D24 and AAC291 (Table 1).

As previously reported (Assari et al., 2003; Giardina et al., 1996),
AH11110A displayed high affinity for all hat;-adrenoceptor subtypes,
with significantly higher affinity at hayg-adrenoceptors, followed by
hot - then hoyyp-adrenoceptors (Table 1). In comparison, its affinities
at hay-adrenoceptor subtypes were clearly lower. RW]52353 revealed
lower affinities at ha;-adrenoceptors than AH11110A but, conversely,
higher affinities at ha-adrenoceptors (Table 1). It showed a modest
preference for has-adrenoceptors over other ho-adrenoceptor
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Fig. 4. Antagonist properties at ha;a-adrenoceptors. The increase of intracellular Ca?™
is expressed as a percentage of the maximal increase acquired with norepinephrine
(1 uM NE, defined as 100%). Data are expressed as means of duplicate determinations
from representative experiments repeated on at least two independent occasions. For
pKy, values, see Table 2.

subtypes (Table 1). DSP-4 was inactive at hay-adrenoceptors but,
surprisingly, interacted at hoa-adrenoceptors with a significant
preference for the 2B subtype.

Antagonist properties at hoa-adrenoceptors were evaluated
using measurements of intracellular Ca®* concentrations by fluorom-
etry. D24, AAC291, AAC301 and AH11110A all behaved as pure
antagonists at hai;-adrenoceptors and induced between 99 and 107%
inhibition of the increase in Ca®" concentrations obtained in the
presence of 1 pM norepinephrine (Fig. 4). These compounds exhibited
however contrasting potencies, and AAC301 was the least potent
agent (significantly P<0.05 less potent than the other agents)
(Table 2). By contrast to the above-mentioned drugs, RW]52353
was a partial agonist at hoya-adrenoceptors (25% efficacy). In a
procedure of [>>S]GTPYS binding, D24, AAC291, AAC301, AH11110A
and RW]J52353 all showed antagonist properties at each subtype of
hop-adrenoceptor (Table 2). Overall, D24 and AAC291 were the most
potent ligands and AH11110A the least potent (P<0.05 vs D24 and
AAC291 for all subtypes). As in binding studies, AH11110A was
significantly more potent as an antagonist of haja-adrenoceptors
than in blocking ha,-adrenoceptors.

3.5. Interactions of isocyanines and adrenergic ligands with cloned
human monoamine transporters

D24 displayed low affinity for both human dopamine transporter
(hDAT) and hNET, but its affinity for human serotonin transporter
(hSERT) was significantly higher (Table 1). By analogy, the affinities
of AAC291 and AAC 301 for hDAT and hNET were low and, in contrast
to D24, they also displayed only low affinities for hSERT. The affinities
of both AH11110A and RW]52353 for each class of monoamine

Table 1

Affinities (pK; values) of compounds at human monoamine transporters and at multiple subtypes of ha, haw, rai; and rap adrenoceptors.
Receptor Cells Radioligand (nM) D24 AAC291 AAC301 AH11110A RW]J52353 DSP-4
hotia CHO [H] Prazosin (0.3) 6.9040.02 7.0940.01 6.8640.18 7.57+0.19 6.64-+0.11" nd
hop CHO [?H] Prazosin (0.3) 6.18-0.00" 6.40+0.01" 6.85+0.21 8.02+021° 6.07 4+ 0.09 nd
hayp CHO [2H] Prazosin (0.3) 6.65 4 0.04 6.89 +£0.05 7.07+£0.18 6.81+£0.05 6.04+0.14 nd
haiza CHO [>H] RX 821002 (1) 7.55+0.03" 7.38+0.04" 7.124+0.04 6.124+0.01 6.49 4+ 0.05 5.65+0.14
haizp CHO [>H] RX 821002 (2) 6.8640.08 6.7440.20 6.4440.03 5.3040.05 5.8540.05 7.11+0.04"
hotye CHO [H] RX 821002 (1) 7.1840.01 7.08 £0.02 7.0440.05 6.0140.06 6.19+£0.08 5.79 +£0.07
oy Frontal cortex [H] Prazosin (0.5) 6.64+0.00 6.92 +0.02 6.82+0.01 7.23+£0.20 5.58 +£0.04 6.06 +£0.13
rop Frontal cortex [>H] RX 821002 (1) 7.1940.02 7.564+0.01 6.734+0.01 6.27 4+ 0.06 6.464+0.01 <5
hSERT HEK293 [?H] Citalopram (2) 6.61+0.06" <5 5.44+0.02 5.59+0.05 <5 <5
hNET MDCK [H] Nisoxetine (2) 5.384+0.02 <5 5.69+0.10 5.8640.01 5.6740.11 <5
hDAT CHO [>H] GBR12935 (1) 5.6040.33 <5 5.0440.01 <5 <5 <5

Data are means + S.E.M. of two to three determinations, each one performed in duplicate. SERT, serotonin transporter; NET, norepinephrine transporter; DAT, dopamine transporter;
h, human; r, rat; D24: 1,1’-diisopropyl-2,4-cyanine iodide (disprocynium24). See text for further details.

* P<0.05 indicates significance of differences vs other ha; or ha, subtypes, and for serotonin vs norepinephrine and dopamine transporters.
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Table 2
Antagonist properties at multiple subtypes of how, receptors.
haiza haog hoic ha s

D24 7.1540.20 7.07+£0.14 7.77 £0.07 7.12+0.02
AAC 291 747 +£0.22 6.93 +£0.07 6.99+0.13 7.15+0.15
AAC301 7.00+0.04 6.62 +0.00 6.86 +£0.00 6.38+£0.08
AH 11110 5.85+0.10 5.38+0.07 5.65+0.13 7.27+0.03"
RW]J 52353 6.2040.07 531+0.16 5.40+0.15 6.57 £0.27
DSP-4 591+0.11 6.54+0.07 578 +£0.18 nd

Antagonist properties at subtypes of ha, and at hoya receptors were determined by
[3°S]GTPYS binding and by measurement of intracellular Ca?>* concentrations,
respectively. Values are pKp. Data are means+S.E.M. of two determinations, each
one performed in duplicate. See text for further details.

* P<0.05 indicates significance of differences to affinities for hasa-adrenoceptor
subtypes.

transporter were modest. DSP-4 displayed low affinity for hNET,
hSERT and hDAT (Table 1).

3.6. Mechanisms of activation of hOCT2-mediated [’ H]MPP™ transport
by low concentrations of D24

To explore the mechanisms underlying the activation of hOCT2
transport by low concentrations of inhibitors, we chose to focus on
the high-affinity prototypical OCT inhibitor, D24, and first tested
whether irreversible binding might be implicated. This was done by
examining the effect on hOCT2 transport of washing with the
transport buffer (3 times during 15 min) after pre-incubation.
Following this washing step, the inhibition curve was essentially
identical to that obtained without washing (Fig. 5A), indicating that
activation could take place through irreversible binding of the ligand,
as is the case for inhibition.

Grundemann et al. (2002) previously showed for rOCT3 that the
activating effect of D24 (as well as cimetidine) depends upon the
nature of the substrate. Therefore, the putative substrate-dependency
of hOCT2 activation by D24 was tested using serotonin (5-HT), a
preferred substrate of this transporter. Contrarily to [>H[MPP™, when
[3H]5-HT was employed, increasing concentrations of D24 mono-
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Fig. 5. Influence of “washing” and substrate upon activation of hOCT2-mediated
transport by low concentrations of D24. Panel A), [PH]MPP™* (25 nM) uptake was
determined for 15 min at 37 °C in the presence of increasing concentrations of D24 with
or without washing (15 min) after the pre-incubation period. Panel B), the uptake of
[>H]5-HT (100 nM) and [*H]MPP* (25 nM) was evaluated for 15 min at 37 °C in the
presence of increasing concentrations of D24. Data are expressed as the arithmetic
means + S.E.M. of control (in the absence of inhibitors).

phasically inhibited transport with an ICso below 10 nM, and in the
absence of any activation (Fig. 5B). The activating effect of low
concentrations of D24 on hOCT2-mediated transport is, thus,
dependent upon the substrate internalized.

Since protein kinase pathways have been shown to modulate OCT
activity (see Discussion), we explored whether they may be
implicated in the activation of hOCT2-mediated transport at low
concentrations of D24. We investigated the effects of inhibition of
protein kinase C (PKC), protein kinase A (PKA) and the calmodulin
kinase Il complex (CaMKII), using the selective inhibitors Ro 32-0432,
KT 5720 and KN 93, respectively. These inhibitors were tested in the
presence of two concentrations of D24, 10 nM, which produces
maximum activation, and 10 uM, which completely inhibits transport.
In the absence of D24, Ro 32-0432 did not modify hOCT2-mediated
uptake. One pM Ro 32-0432 failed to influence activation of [?H]MPP™*
uptake by a low concentration of D24 (10 nM) whereas, at a
concentration of 10 uM, Ro-32-0432 blocked this facilitation. Inhib-
itory concentrations of D24 (10 uM) completely abolished uptake,
irrespective of the presence or concentration of Ro 32-0432 (Fig. 6A).
KT 5720 did not modify basal hOCT2-mediated [*H]MPP™ uptake, nor
uptake in the presence of D24 at activating or inhibitory concentra-
tions (Fig. 6B). Likewise, KN93 did not alter significantly the influence
of D24 upon transport (Fig. 6C). These results indicate that D24-
mediated activation is principally dependent upon PKC activation.
Underpinning these observations, in a separate study of the full dose-
response curve for D24, the activation peak was abolished in the
presence of 10 uM Ro 32-0432 (Fig. 6D).

4. Discussion

4.1. Actions of D24 and isocyanine derivatives at OCTs and oy-
adrenoceptors

This present study demonstrates that several classes of “adrener-
gic” ligand functionally interact with all three subtypes of OCT,
underpinning and amplifying previous observations of promiscuity
amongst pharmacophores interacting with o;- and a;-adrenoceptors
on the one hand, and OCT transporters on the other. Cyanine dyes
themselves behave as oj-adrenoceptor antagonists, while a number
of other o- and P-adrenoceptor agonists and antagonists inhibit
specific OCT subtypes (Hayer-Zillgen et al., 2002; Koepsell et al.,
2007). It was therefore important to evaluate and compare the
relative affinity of these compounds for OCTs and adrenoceptors to
better interpret their actions in vivo.

Both D24 and the two other isocyanine derivatives produced two
different types of effect on OCT-mediated [H]MPP* uptake. D24,
AAC291 and AAC301 all inhibited hOCT3-mediated transport in a
standard concentration-dependent manner, as did D24 for rOCT1- and
hOCT1-mediated transport. In contrast, low concentrations of all three
agents enhanced OCT2-mediated transport, while higher concentra-
tions were inhibitory, generating a complex bell-shaped profile. Neither
of the two D24 analogues tested was more potent for inhibiting OCT
transport than D24 itself, but they showed more robust activating
properties, stimulating transport by up to threefold. Such an activating
effect of low concentrations of D24 was initially reported for rOCT3 and
mimicked by MPP™ as well as other OCT substrates like cimetidine
(Grundemann et al,, 2002). Here, we show that this phenomenon
extends to OCT1 and OCT2, of both rat and human species.

D24 has been shown to interact with native o;-adrenoceptors in
rat myocardium (240 nM) (Russ et al., 1996) and the present study
provides the first comprehensive evaluation of its interaction with all
known subtypes of ha;-adrenoceptors and hay-adrenoceptors at
which it displayed modest affinity and behaved as an antagonist
(Table 1). Obviously, these effects should be carefully considered in
future studies exploiting D24 as a tool for characterisation of the
influence of OCTs upon monoaminergic and other pathways
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Fig. 6. Influence of inhibitors of protein kinase C (PKC), protein kinase A (PKA) and
calmodulin kinase II (CaMKII) upon activation of hOCT2-mediated transport by low
concentrations of D24. Selective PKC, PKA, and Ca/CaMKII protein inhibitors were
tested for their effect on hOCT2-mediated [*H]MPP™" transport in stably transfected
HEK293 cells. For panels A to C, [*H]MPP* (25 nM) uptake was evaluated for 15 min at
37 °Cin the presence of two concentrations of D24 (one low, facilitatory and one high,
inhibitory), plus the specified inhibitor which was added during the pre-incubation
period. In panel d, a full range of concentrations of D24 was evaluated. Panel a: 1 and
10 pM of the specific PKC inhibitor, Ro 32-0432. Panel B), 1 and 5 pM of the specific PKA
inhibitor, KT 5720. Panel C), 1 and 10 pM of the specific Ca/CaMKII protein inhibitor, KN
96. Panel D): 10 pM of Ro 32-043. Data are expressed as the arithmetic means + S.E.M.s
of control uptake (in the absence of inhibitors). **Indicates the significance (P<0.01,
Student's two-tailed t-test) of the differences between inhibitor and control values for
D24 at a concentration of 10~ 8 M.

(Invernizzi and Garattini, 2004; Millan et al., 2000). In addition, the
present study also reveals modest affinity of D24 for SERT, which
supports interest in this compound as a basis for developing “dual-
active” ligands for the treatment of depression and other disorders
(Millan, 2006). AAC291 and AAC301, with lower affinity for SERT,
clearly present an advantage as tools for investigation of the influence
of OCTs upon serotonergic neurotransmission.

4.2. Actions of the adrenergic ligands AH11110A and RWJ52353 at OCTs
and o-adrenoceptors

As also shown herein, the preferential o;g-adrenoceptor antago-
nist, AH11110A concentration-dependently inhibited [>H]MPP*
transport by all 3 OCT subtypes, acting most potently at OCTI1.
Further, an activating component was seen for rOCT1 and rOCT2 as
well as hOCT2. In contrast to other agents tested herein, the ;-
adrenoceptor agonist, RW]52353, only weakly attenuated transport at
OCTs, though it elicited a striking activating effect (threefold) at
rOCT3 and also enhanced transport at hOCT2. Collectively, these data
indicate that these structurally distinct a-adrenoceptor agents
interact with OCTs, possibly reflecting their protonation at physio-
logical pH.

The present data corroborate the modest preference of AH11110A
for a1~ over other adrenoceptor subtypes and demonstrate antag-
onist properties using a common measure of Ca®* flux: these findings
extend older studies where its actions at a range of o;-adrenoceptor
receptor subtypes from various species were examined using diverse
functional measures (Assari et al., 2003; Eltze et al., 2001; Giardina
et al.,, 1996). As regards RW]52353, its affinities for hoi;4- and hog-
adrenoceptors correspond closely to those documented by Ross et al.
(2000) (who did not examine hayc-adrenoceptors), whereas its
affinity for razp-adrenoceptors herein was far lower than originally
reported. This difference can be explained by the common use of the
radiolabelled antagonist, [*H]RX821,002 to label human sites, where-
as, in contrast to [2H|RX821,002/rat cortex in this study, Ross et al.
(2000) determined affinities at razp-adrenoceptors using a radiola-
belled agonist, [*H]para-aminoclonidine, and the spinal cord. Inas-
much as RWJ52353 appears on the basis of in vivo observations to be
an agonist at ropp-adrenoceptors, its affinity at these sites was
strongly favoured. Hence, employing comparable binding procedures,
RW]J52353 is not a preferential ligand of rop-adrenoceptors.
Moreover, to our surprise, in a GTPysS binding assay, it behaved as
an antagonist at hay-adrenoceptors in contrast to its agonist actions in
rats (Ross et al., 2000). It is possible that a more sensitive downstream
measure of efficacy (like ERK1/2 phosphorylation) might have picked
up agonist properties. Nonetheless, these observations may explain
why this drug is no longer in development as an analgesic.

4.3. Molecular mechanisms involved in OCT2-mediated transport
facilitation by low concentrations of D24

Activation of hOCT2-mediated MPP™ transport by low concentra-
tions of D24 is substrate-dependent and blocked by the PKC inhibitor Ro
32-0432, transforming its effects into a monophasic inhibition curve.
Our findings also suggest that D24 irreversibly binds to hOCT2, since its
activating and inhibiting effect on MPP™ transport remained unchanged
after washing. Several other lines of data support the hypothesis that
activation is mediated by an interaction of D24 with OCTs and strongly
argue against a role at a-adrenoceptors. First, all ligands tested
interacted with o;- and a,-adrenoceptors but did not act in the same
manner at various OCT subtypes. Second, activation was found
previously with OCT substrates not interacting with adrenoceptors,
such as cimetidine and DMPBI (Grundemann et al,, 2002). Third, the
transfected cell line HEK293 used in the experiments does not express
o or ax-adrenoceptors (Lei et al., 2002; Olli-Lahdesmaki et al., 2004).

The mechanisms of interaction of OCTs with substrates and
inhibitors have not been fully elucidated. A series of studies collectively
argue for the existence of partially distinct and overlapping sites for
ligand binding and translocation (Ciarimboli et al., 2005) and in
particular, a model featuring one or more high-affinity sites and a
low-affinity site, the latter required for transition from an outward to an
inward-oriented conformation and substrate translocation (Gorbunov
et al., 2008). Such multiple co-existing binding sites allowing allosteric
structural changes could explain the activating effect of D24 and other
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compounds (Grundemann et al., 2002). Binding of low concentrations of
D24 at a high-affinity site would induce an allosteric transition favouring
substrate interaction and/or transport at the low-affinity site, while
higher D24 concentrations would directly block the low-affinity site and
substrate translocation. This model is also compatible with the
substrate-dependence of the activating effect of D24 and argues in
favour of distinct and partially overlapping binding sites also for MPP™
and serotonin. A similar dependence of activation on the nature of
substrate was found previously (Grundemann et al., 2002), in that low
concentrations of D24 activated the transport of MPP™ but not
cimetidine and DMPBI by rOCT3.

Previous ex vivo experiments with the model substrate 4-(4-
dimethylaminostyryl)-N-methylpyridinium (ASP*) have also shown
that OCTs activity can be regulated, depending on subtype, by
multiple phosphorylation pathways, including PKC, PKA and Ca/
CaMKIL In the case of rOCT1, PKC phosphorylation sites located in the
binding pocket were shown to differentially contribute to the affinity
for diverse substrates (Ciarimboli et al., 2005 and references within).
Here, we show that the activation of hOCT2-mediated MPP* transport
by low concentrations of D24 depends on PKC activation. Distinct
phosphorylation patterns could thus account for the fact that only
some OCT subtypes are sensitive to the activating effect of D24.
Possibly D24 and, by extension other activating compounds, induce a
conformational change leading to the unmasking of PKC recognition
motifs on hOCT2 (Ciarimboli et al., 2005; Ciarimboli and Schlatter,
2005): phosphorylation would then lead to a modification in activity.
Alternatively, phosphorylation of specific motifs by PKC could induce
conformational changes in the transporter favouring interaction with
low concentration of D24 and increased transporter activity. Further
experiments are needed to elucidate the precise relationship between
the phosphorylation state of the transporter and the activation
process by low concentrations of inhibitors.

4.4. Action of the adrenergic neurotoxin DSP-4 at OCTs, monoamine
transporters and a-adrenoceptors

Interestingly the present studies revealed an unexpected and
particularly strong influence of another category of compound, the
neurotoxin DSP-4, upon MPP* transport by all 3 classes of OCT.
Mechanisms underlying the effects of DSP-4 on highly-vulnerable locus
coeruleus adrenergic neurons are, perhaps surprisingly, not fully
understood (Fritschy and Grzanna, 1991; Lyles and Callingham, 1981).
In this study, DSP-4 actions at OCTs were observed over a range of
concentrations comparable to those (200-400 nM) reported active for
native rat NETs, as estimated by norepinephrine reuptake into
synaptosomes (Zaczek et al., 1990), but intriguingly no interaction
with human NET could be detected herein in binding studies, even at 10
fold higher concentrations. Whether this reflects a species difference,
contrasting methods for determining potencies, use of a different
radioligand, multiple binding sites on SERTS, the fact that synaptosomes
are not a pure preparation of NETSs, or other factors, remains to be
established (Millan, 2006). In any event OCTs, and in particular OCT2,
could be additional targets for DSP-4 in the brain, an interaction which
could underlie some of its neurochemical or neurotoxic effects (Lyons
etal., 1989).In this regard, the present study also revealed unanticipated
actions of DSP-4 at o;- and ha-adrenoceptors (though not at ropp-
adrenoceptors), which should also be taken into account in its utilisation
as a neurotoxic tool or in vitro studies.

4.5. Potential functional and therapeutic significance

Taken together, the present studies have some interesting physio-
logical and therapeutic implications as regards the functional roles of
OCTs and adrenergic neurotransmission, and the actions and availability
of drugs.

The enhancement of OCT activity by low concentrations of
inhibitors or substrates appears to be a common yet OCT subtype-
and species-dependent phenomenon. To date, mainly high-affinity
exogenous compounds such as D24, the isocyanine analogues studied
herein, adrenergic ligands, DSP-4, cimetidine, MPP" and DMBPI have
been shown to provoke this effect (Grundemann et al, 2002).
However, other as yet unidentified drugs may prove to act similarly
and, based on the present observations, it would be interesting to
pursue this line of research in the hope of finding more potent agents
that discriminate OCT subtypes and display improved selectivity vs
a1/>-adrenoceptors and monoamine transporters.

Indeed, the present work identifies several pharmacophores
that recognise both OCTs and «-adrenoceptors, two families that
share a close anatomical and functional relationship in sympathet-
ically-innervated tissues and the brain. It raises the intriguing
possibility that some adrenergic ligands may act concomitantly on
OCT-mediated catecholamine uptake and at «,-adrenoceptors,
either in a cooperative or opposite manner, in vivo in sympathet-
ically-innervated tissues or the CNS. At low doses, antihypertensive
drugs acting as o-adrenoceptor antagonists may, for instance,
reinforce their actions by increasing norepinephrine clearance
through OCTs (Hayer-Zillgen et al., 2002). In this light, it would be
instructive to assess whether other adrenergic drugs, in particular
therapeutically-employed agents, are capable of activating OCT
transport at low concentrations. In addition, OCTs could potentially
regulate the pharmacokinetics and action of these ligands if these
are also transported by OCTs, a possibility which remains to be
investigated.

The activating and inhibitory properties of compounds charac-
terised herein may also have implications for human disease as well
as positive and negative drug interactions. Due to their strategic
localization in peripheral organs, OCTs tightly control the pharma-
cokinetics of a variety of compounds, such as antimalarials,
antidiabetics, antiviral agents, cytostatics and H, receptor antago-
nists (Koepsell et al., 2007). Alterations of OCT activity may enhance
the sensitivity to endogenous and environmental neurotoxins and
contribute to neurodegenerative disease. In the brain, OCT3 was
recently shown to play a pivotal role in neurodegeneration in
dopaminergic pathways (Cui et al., 2009). Our study suggests that
these diverse functions could be affected by the administration of
low concentrations of adrenergic compounds that act at OCTs. In
particular, genetic variants of hOCT2 have been associated with
reduced renal or tubular clearance of the biguanide metformin, a
drug used to treat type-II diabetes (Chen et al., 2009; Song et al.,
2008; Wang et al., 2008; Zolk et al., 2009). Shu et al. (2003) have
raised the possibility that an imbalance in OCT1 vs OCT2 activity
could affect plasma metformin levels, lead to its accumulation in the
liver and result in lactic acidosis, a side-effect which could be
prevented by increasing kidney excretion through OCT2. The
isocyanine derivatives tested in the present study selectively
enhance hOCT2 activity and have the potential in the subuM
range to activate hOCT2 with a limited effect on hOCT1 and hOCTS3.
These or other compounds with similar but improved profiles
represent an interesting therapeutic approach to selectively stim-
ulate OCT2-driven clearance in the kidney without interfering with
the activity of the other transporters.
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