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Abstract. In this work, regulation of organic cation
transporter type 2 from rat (rOCT2) stably trans-
fected in HEK293 cells was investigated by micro-
fluorimetry with 4-(4-(dimethylamino)styryl)-N-
methylpyridinium as substrate. The transport medi-
ated by rOCT2 was specifically stimulated by PKA,
phosphatidylinositol-3-kinase, p56lck tyrosine kinase,
mitogen-extracellular-signal-regulated-kinase-1/2,
calmodulin (CaM), and CaM-kinase-II. The regula-
tory pattern of rOCT2 differs markedly quantitatively
and qualitatively from that of other OCT isoforms.
Only CaM-dependent upregulation is conserved

throughout the OCT family. For this reason, CaM
regulation of rOCT2 was also investigated in isolated
S3-segments (known to express only rOCT2) of male
and female rat proximal tubules. Inhibition of CaM by
calmidazolium significantly decreased rOCT2 activity
(-49.0 � 13.6%, n = 4) in male but not female (9.0 �
13.0%, n = 4) rats. Real-time PCR and Western blot
investigations of CaM expression in rat kidneys
showed that male animals have significantly higher
CaM expression. This is the first study describing post-
translational gender-dependent rOCT2 regulation.
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Introduction

Organic cation transporters (OCTs) are membrane
proteins that have important physiological, pharma-
cological, and toxicological implications because of
their role in the transport of endogenous organic
cations, such as the dopaminergic neuromodulators
histidyl-proline diketopiperazine and salsolinol [1],
histamine [2] and xenobiotica such as metformin [3],
platin-derivatives [4– 6] and paraquat [7]. The trans-
port mediated by OCTs has been characterized as

polyspecific, bidirectional and electrogenic [8]. Three
OCT-isoforms (OCT1, OCT2 and OCT3), mainly
expressed in epithelia of intestine, liver, brain and
kidney in a species- and isoform-specific fashion, have
been identified in rat, mouse and man [9]. Common
structural properties of OCTs are the presence of 12
putative a-helical transmembrane domains (TMD)
with a large hydrophilic extracellular loop between
TMD1 and TMD2 and a big intracellular loop
between TMD6 and TMD7 containing several poten-
tial protein kinase phosphorylation sites [10].
The rat OCT2 (rOCT2, also called solute carrier 22a2)
is mainly expressed in the kidney at the basolateral
membrane of S2 and S3 segments of the proximal* Corresponding author.
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tubule in the outer stripe of the outer medulla [11, 12].
Rat OCT1 is also highly expressed in the kidney, but it
is localized at the basolateral membrane of S1 and S2
segments of superficial and juxtamedullary proximal
convoluted tubules [13]. The human kidney expresses
mainly the hOCT2 isoform on the basolateral cell
membrane of the entire proximal tubule [14].
Compared to female rats, males have a higher
expression of rOCT2 both at mRNA and protein
levels, which is dependent on testosterone [15, 16].
Androgen response elements (AREs) in the 5’-flank-
ing region of the rOCT2 gene are responsible for
stimulation of rOCT2 promoter activity by testoster-
one [17].
Although regulation of different OCT isoforms has
been extensively studied [18 – 22], there is no infor-
mation available about regulation of rOCT2. Since the
rat is a commonly used animal model for physiolog-
ical, pharmacological and toxicological studies, in this
work the properties of rOCT2 expressed in HEK-293
cells, with special emphasis on its regulation by
different intracellular pathways, were investigated.
Furthermore, the gender-dependency of regulation
was also examined in freshly isolated rat proximal
tubular S3 segments from male and female rats.

Materials and methods

HEK293 Cell culture. Experiments were performed
with human embryonic kidney (HEK)-293 cells
(CRL-1573; American Type Culture Collection,
Rockville, MD), which stably express rOCT2 or
rOCT1. rOCT2 or rOCT1 was cloned and stable
transfection was performed as described earlier [23,
24]. Cells were grown at 37 8C in 50 ml cell culture
flasks (Greiner, Frickenhausen, Germany) in DMEM
(Biochrom, Berlin, Germany) containing 3.7 g/l
NaHCO3, 1.0 g/l D-glucose, and 2.0 mM L-glutamine
(Biochrom), and gassed with 8 % CO2. Penicillin (100
U/ml), 100 mg/l streptomycin (Biochrom), 10% fetal
calf serum, and, only for OCT-transfected cells,
0.8 mg/ml geneticin (PAA Laboratories, Coelbe, Ger-
many) were added to the medium. Experiments were
performed with confluent cells grown on glass cover-
slips for 5 – 8 days or in 96-well-microplates for 2 – 3
days from passages 12 –90. No difference in the time at
which confluency was reached was noted over this
broad range of passages. Moreover, to check for
reproducibility of the experiments with cells of differ-
ent passages, the effects of substances such as for-
skolin, 8-Br-cGMP, and aminogenistein were periodi-
cally tested. Each set of experiments was performed
on the same day with cells of the same age and passage.
Culture and functional analyses of these cells were

approved by the state government Landesumweltamt
Nordrhein-Westfalen, Essen, Germany (no. 521.–M-
1.14/00).

Isolation of tubular segments for microfluorimetry.
Lewis–Brown–Norway (LBN) rats (240 – 290 g,
Charles River, Sulzfeld, Germany) with free access
to standard rat chow (Ssniff, Soest, Germany) and tap
water were used. Experiments were approved by a
governmental committee on animal welfare and were
performed in accordance with national animal pro-
tection guidelines. Proximal tubules (S3 segments)
were mechanically isolated in MEM-EARLE medi-
um (Biochrom), transferred to a perfusion chamber,
and fixed by two holding pipettes closing the lumina at
the ends of the tubule segment for microfluorimetric
measurements. In this way, only the basolateral side of
the tubules, where rOCT2 is located [12], could be
reached by the experimental solutions.

Fluorescence measurements. As substrate for OCTs,
the fluorescent organic cation 4-(4-(dimethylamino)s-
tyryl)-N-methylpyridinium (ASP+) at a concentration
of 1 mM was used. The ASP+-uptake by rOCT2
expressing cells was measured by two methods:

Method 1. The fluorescence measurement device and
experimental procedures used in this method were
already described in detail [18, 20, 25]. Measurements
were performed in the dark with an inverted micro-
scope (Axiovert 135; Zeiss, Oberkochen, Germany)
equipped with a 100x oil immersion objective. Ex-
citation light (450 to 490 nm) was reflected by a
dichroic mirror (560 nm) to a perfusion chamber. Cell
monolayers on cover slips formed the bottom of the
chamber. The preparations were superfused at a rate
of 10 ml/min with a HCO3

- free Ringer-like solution
containing (in mmol): NaCl 145, K2HPO4 1.6, KH2PO4

0.4, D-glucose 5, MgCl2 1, calcium gluconate 1.3, and
pH adjusted to 7.4 at 37 8C. Fluorescence emission
(575 to 640 nm) was measured by a photon counting
tube (Hamamatsu H 3460 – 04; Herrsching, Germa-
ny). To directly determine the affinity of rOCT2 for
ASP+, saturation experiments at 37 8C and 8 8C were
performed as already described [26]. This approach
was also used to determine Km and Vmax under the
regulatory influence of calmodulin inhibition. To
study regulation of rOCT2, ASP+-uptake was eval-
uated after incubation with the respective agonists or
inhibitors in the continued presence of these substan-
ces and compared to that observed in control experi-
ments performed under the same conditions without
agonists or inhibitors. Results are expressed as
changes of ASP+-uptake in percentage of control
experiments.
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Method 2. Taking advantage of the shift in the
emission spectrum of ASP+ when taken up by the
cells (Fig. 1), the microfluorimetric detection of
ASP+-uptake has been adapted to obtain a high
throughput measurement platform using a fluorescent
plate reader (Infinity M200, Tecan, Crailsheim, Ger-
many). Other known fluorescent substrates for OCTs
that do not show such an emission spectrum shift, as,
e.g. amiloride, are not suitable as substrate in this
application (data not shown). Briefly, cells confluently
grown on 96-well-microplates (Nunclon 96 Flat bot-
tom, Nunc, Wiesbaden, Germany) were excited with
monochromatic light of 450 nm and fluorescence
emission, filtered by a second monochromator at 590
nm, was finally measured by a fluorescence detector.
Fluorescence was measured in each well before and
after ASP+-injection. The IC50 values for inhibition of
ASP+ uptake by other organic cations obtained with
this technique were not different from those obtained
with method 1 (not shown). When investigating
regulation pathways, an incubation step with the
respective agonists or inhibitors was added. Also in
this case, initial results obtained with method 1 and
method 2 were the same (not shown). The regulation
effects reported here were determined with method 2.
All experiments were performed at 37 8C.

ASP+-uptake in isolated S3 segments of rat proximal
tubules. Experiments with freshly isolated proximal
tubules were performed as already described for
human tubules [25]. Briefly, dynamic fluorescence
microscopy with isolated tubules was performed in the
dark at 37 8C with an inverted microscope (Axiovert
135, Zeiss, Oberkochen, Germany) equipped with a
100 x 1.45 oil-immersion objective. Data acquisition
and analysis were performed with Metafluor Software
(Visitron Systems, Puchheim, Germany). Excitation

light (488 nm) from a polychromator system (Visi-
Chrome, Visitron Systems, Puchheim, Germany) was
reflected to the tubules by a dichroic mirror (560 nm)
and emission was detected after passing an emission
filter (575 – 640 nm) by a Photometrics CoolSNAPEZ

digital camera (Roper Scientific, Tuscon, USA). The
intensity of signal per region of interest across the
basolateral membrane of the tubules was corrected by
subtracting the intensity of background signal as
determined in a tubule-free region of the same size
and area.
In all fluorescent measurements, the initial linear
slope of cellular fluorescence increase during the first
10 to 40 s was used as the transport parameter. This
initial fluorescence increase directly represents the
ASP+ uptake across plasma membranes via OCTs and
is not significantly influenced by transport of ASP+

out of the cells, intracellular compartmentalization
and bleaching of the dye [27]. Since the technical
conditions of the experiments vary with time (for
example the intensity of the light source decreases
with time), it is not possible to compare experiments
using absolute values. For this reason, the results are
expressed as percentage of control experiments per-
formed on the same day with cells of the same passage
and age or in the same tubules.

Real time PCR. Gene expression profiles were
analyzed by real time PCR. Total RNA from male
and female LBN rat whole kidneys or S3-segments of
proximal tubules were isolated using RNeasy-kit
(Qiagen, Hilden, Germany). The S3-segments were
isolated according to the procedure described by
Schafer et al. [28]. For cDNA synthesis, 2 mg total
RNA was used with the SuperScript-III First-Strand
Synthesis SuperMix (Invitrogen, Carlsbad, CA,
USA). Real time PCR was performed using SYBR

Figure 1. Emission spectrum of
ASP+ (1 mM) at an excitation
wavelength of 450 nm in wells
with (closed circles) or without
(open circles) rOCT2-expressing
HEK-293 cells. The vertical line
indicates the wavelength chosen
for fluorescent emission read-
ings.
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Green PCR Master Mix on an ABI PRISM 7700
Sequence Detection System. Specific primer pairs as
listed in Table 1 were used. All instruments and
reagents were purchased from Applied Biosystems
(Darmstadt, Germany). Relative gene expression
values were evaluated with the 2-DDCt method using
Gapdh as housekeeping gene [29].

Western blot analyses. For Western blot analyses,
proteins from whole kidney lysates were separated by
SDS-polyacrylamide (4 – 20 %) electrophoresis and
transferred to a PVDF membrane incubated with 3 %
gelatine as a blocking agent. After incubation with the
primary antibody against calmodulin (rabbit polyclo-
nal calmodulin antibody, Cell Signaling Technology,
Danvers, MA, USA), membranes were incubated
with a peroxidase-conjugated anti-rabbit secondary
antibody and signals visualized by super signal chem-
inoluminescent detection (Perbio Science, Bonn,
Germany). Semi-quantification of specific signals
and the internal standard ß-tubulin (Sigma, Taufkirch-
en, Germany) blotted in parallel was performed using
the BioDoc analysis software (Biometra, Gçttingen,
Germany).

Chemicals. 8-Bromo 3’,5� -cyclic guanosine monophos-
phate (8-Br-cGMP), forskolin, quinine hydrochloride,
corticosterone, tetraethylammonium (TEA+), tetra-
penthylammonium (TPA+), cimetidine, rapamycin
and N-amidino-3,5-diamino-6-chloropyrazine-carbox-
amide (amiloride) were obtained from Sigma (Tauf-
kirchen, Germany). Aminogenistein, calmidazolium,
sn-1,2-dioctanoyl glycerol (DOG), 1-[N,O-bis-(5-iso-
quiolinesulfonyl)- N-methyl-L-tyrosyl]-4-phenylpiper-
azine (KN62), 1,4-diamino-2,3-dicyano-1,4-bis(2-ami-
nophenylthio)-butadiene (UO126), KT5823, KT5720,
1-(5-iodonapthalene-1-sulfonyl) homopiperazine
(ML-7), and wortmannin were purchased from Cal-
biochem (Bad Soden, Germany). ASP+ was purchased
from Molecular Probes (Invitrogen, Karlsruhe, Ger-
many). All other substances and standard chemicals
were obtained from Sigma or Merck (Darmstadt,
Germany). Compounds were dissolved in HCO3

- free

Ringer like solution and if necessary with ethanol or
dimethylsulphoxide (DMSO) as solvent. The final
concentration of these solvents did not affect the
results of the experiments (data not shown).

Statistical Analyses. Data are presented as mean
values � SEM, with (n) referring to the number of
monolayers, wells, or tubules. Km, Vmax and IC50 values
were obtained by sigmoidal concentration-response
curve fitting (constant Hill-slope) using GraphPad
Prism, Version 4.0 (GraphPad Software, Inc., San
Diego, USA). Unpaired two-sided Student�s t-test was
used to prove statistical significance of the effects.
When indicated, ANOVAwith Tukey posthoc test was
applied. A P-value < 0.05 was considered statistically
significant.

Results

Transport properties of rOCT2 stably expressed in
HEK293 cells. As shown in Figure 2, the uptake of
ASP+ in rOCT2 expressing cells increased in a
concentration-dependent manner and was tempera-
ture-dependent. At a concentration of 1 mM, the ASP+

uptake at 8 8C was around 10% of that observed at 37
8C, corresponding to the maximal effect of inhibitors on
the uptake of 1 mM ASP+ (see below and Fig. 3).
However, the ASP+ uptake at 8 8C showed a linear
increase with higher ASP+ concentrations (Fig. 2). As
the temperature-dependent uptake of ASP+ (deter-
mined by subtracting ASP+-uptake measured at 8 8C
from that measured at 37 oC) reached saturation
(Fig. 2), Km and Vmax values could be determined (Km

= 7 mM; Vmax = 203 photons/s2). The Km value is in the
same concentration range as that observed for hOCT2
(24 mM) using the same technique [26].
To validate measurements obtained with the high
throughput fluorescent plate reader (method 2), in
preliminary experiments IC50 values for TEA+, TPA+,
and quinine were obtained in parallel with our
previously used fluorescence device (method 1).
Results were always identical and therefore only

Table 1. Sequences of primers used for real time PCR

Gene description and acc. no. Primer sequences

Rattus norvegicus calmodulin 1
NM_031969.2

Sense-ACCTCGGGGAAAAGCTAACAGATG
Antisense-GGTCTTCATTTTGCAGTCATCATC

Rattus norvegicus solute carrier family 22, member 2 (Slc22a2)
NM_031584

Sense-GCAAGCAGACCGTCCGCTAAG
Antisense-CAGACCGTGCAAGCTACAGCAC

Rattus norvegicus glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
NM_017008

Sense- CATCAACGACCCCTTCATT
Antisense- ACTCCACGACATACTCAGCAC
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results obtained with method 2 are presented. When
performing a concentration-dependent inhibition
curve with these substances, several microtiter plates,
where different concentrations of the inhibitor were
tested, were used. In order to be able to compare the
results from different plates, control measurements
were run in every plate, resulting in a high number of
control measurements (86, 64, and 64 for TEA+,
TPA+, and quinine, respectively) and, consequently, in
a broad range of experiment numbers. Substrate
specificity of rOCT2 was investigated by studying
inhibition of ASP+-uptake by known substrates and
inhibitors of organic cation transport, like TPA+,
TEA+, cimetidine, quinine and corticosterone [30].
TPA+, TEA+, cimetidine, quinine and corticosterone
inhibited ASP+-uptake concentration-dependently,
with IC50 values of 1.3, 176, 23, 24, and 0.8 mM,
respectively (Fig. 3). Since corticosterone has been
described as a non-transported inhibitor of rOCT2
[31] and as binding rOCT2 with a much higher affinity
compared with rOCT1 [24], the effects of cortico-
sterone on rOCT2- and rOCT1-mediated transport
were compared. A concentration of 10 mM cortico-
sterone significantly inhibited (-85 � 2 %, n = 12) the
rOCT2-mediated ASP+-uptake, but had no effect on
transport mediated by rOCT1 (not shown). This
corticosterone concentration was therefore used to
confirm that the ASP+-uptake observed in experi-
ments with the freshly isolated rat kidney tubules was
mediated by rOCT2 (see below).

Regulation of rOCT2. Since the kidney is the target of
many hormones that can activate a series of regulation
pathways (See [10]), we examined the effects of
enzymes physiologically activated by stimulation of

G-protein coupled receptors (PKA, PKC, phosphati-
dylinositol-3-kinase) and ANP-receptors (PKG) on
transport mediated by rOCT2. Moreover, we have
also investigated the influence of calmodulin and of
p56lck tyrosine kinase signaling pathway on rOCT2
activity. These two enzymes have been already shown
to regulate other OCT isoforms (See below and [20,
22, 26, 27]).
Activation of the cAMP dependent protein kinase
PKA by 10 minute incubation with 1 mM forskolin
caused a slight but significant stimulation of ASP+-
uptake (+11.0 � 3.8%, n = 83; Fig. 4). Simultaneous
incubation with forskolin and the PKA inhibitor
KT5720 (1 mM) suppressed this stimulation (+0.8 �
5.2%, n = 16), demonstrating the specificity of the
effect. KT5720 alone had no significant effect on
ASP+-uptake (-6.2 � 6.4%, n = 16; Fig. 4). A similar
effect upon PKA-stimulation (approximately 20 %
stimulation) had also been observed measuring
[3H]TEA+-uptake in CHO-K1 cells stably transfected
with rbOCT2 [21]. A stronger activation of the ASP+-
transport (about 51 %) had been observed in HEK 293
cells expressing the rOCT1 [18], while in HEK 293
cells expressing hOCT2 stimulation of PKA had an
inhibitory effect on transporter activity [26]. These
results suggest that the PKA-regulation is species-
dependent and differs between the OCT isoforms.
To examine whether ASP+-uptake is influenced by the
activity of PKC, cells were incubated for 10 minutes
with the PKC activator DOG, which is a membrane-
permeable analogue of diacylglycerol. The effect of
DOG (1 mM) on ASP+ transport did not reach
significance (change of ASP+-uptake compared to
control: +10.0 � 4.0 %, n = 40). This DOG concen-
tration has been already shown to exert significant

Figure 2. Comparison of ASP+-
uptake in rOCT2 expressing cells
at the physiological temperature
of 37 8C (small dotted curve) with
the uptake at 8 8C (dashed
curve). The continuous black
curve is the temperature-de-
pendent ASP+-uptake by
rOCT2, calculated as difference
between uptake at 37 8C and 8 8C
(Km = 7 mM; Vmax = 203 photons/
s2). Values are means � SEM
with number of observation in
parentheses.
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regulatory effects on the ASP+-uptake by rOCT1
(around 90% increase [27]), and hOCT2 (around
30 % decrease [26]) stably expressed in HEK293 cells.
ASP+-uptake was not significantly influenced by
incubating cells with 100 mM 8-Br-cGMP, a mem-
brane-permeable analogue of cGMP which activates
PKG (-7.4 � 1.6 %, n = 44), in contrast to that
observed in rOCT1 and hOCT2 [32]. Also hOCT1 and
hOCT3 were not regulated by this pathway [20, 22].
Since a threonine with characteristics of a potential
PKG-phosphorylation site at position 348 – 351 is
present in all these transporters, these results suggest
that the effects observed in rOCT1 and hOCT2 are not

mediated by a direct interaction of PKG with the
transporters [32].
Incubation with the p56lck tyrosine kinase inhibitor
aminogenistein (5 mM, 10 min) significantly reduced
ASP+-uptake in rOCT2 cells (-14.7 � 2.6%, n = 48;
Fig. 5). This pathway is also involved in rOCT1 [18]
regulation, even though for this isoform effects are
much stronger than for rOCT2. Interestingly, inhib-
ition of p56lck tyrosine kinase did not significantly
change the hOCT2-mediated ASP+-transport (Ciar-
imboli, unpublished results), showing another signifi-
cantly different regulation between human and rat
OCT2.

Figure 3. Concentration-response
curves for the inhibition of initial
ASP+-uptake by TEA+, TPA+,
quinine, cimetidine and cortico-
sterone. Values are means� SEM
expressed as % ASP+-uptake in
the absence of the inhibitor with
number of observation in paren-
theses. IC50 values determined
from these curves were 176
(TEA+), 1.3 (TPA+), 24 (quinine),
23 mM (cimetidine), and 0.8 mM
(corticosterone).

Figure 4. Regulation of rOCT2-mediated ASP+-transport by PKA-
stimulation with forskolin. Cells were incubated at 37 8C for 10 min
with forskolin (1 mM) or KT5720 (1 mM) or with a combination of
both. Initial uptake rates of ASP+ after incubation with these
different effectors are presented in % uptake of controls. Values
are means � SEM of initial fluorescence increase with number of
cell monolayers in parentheses; * indicates statistically significant
effects (P < 0.05).

Figure 5. Regulation of rOCT2-mediated ASP+-transport by
inhibition of p56lck tyrosine kinase with aminogenistein (5 mM),
of PI3K with wortmannin (0.1 mM), and of MEK1 and MEK2 with
UO126 (1 mM). Cells were incubated at 37 8C for 10 min with the
respective regulator. Initial uptake rates of ASP+ after incubation
with these different effectors are presented in % uptake of controls.
Values are means � SEM of initial fluorescence increase with
number of cell monolayers in parentheses; * indicates statistically
significant effects (P < 0.05).
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Since activation of PI3K is a common pathway of G-
protein-coupled receptor and receptor tyrosine kinase
activation [33], we tested whether PI3K is involved in
the regulation of rOCT2. Ten minute incubation of the
cells with wortmannin, a potent inhibitor of PI3K
activity, significantly inhibited ASP+-uptake via
rOCT2 (-20.5 � 3.0 %, n = 15; Fig. 5), showing that
this kinase is endogenously active and activates
rOCT2. PI3K had also been demonstrated to regulate
hOCT2, even though in a different fashion: in this case
PI3K inhibition by wortmannin stimulated ASP+-
transport by hOCT2 [19, 26], meaning that this
isoform is endogenously inhibited by PI3K. The
components of the signaling pathway of G-protein-
coupled receptors downstream of PI3K probably are
also involved in regulation of rOCT2 activity, because
inhibition of the mitogen-activated kinase kinases
MEK1 and 2 by 10 min incubation with 1 mM UO126
significantly inhibited ASP+-transport (-32.1 �
11.8%, n = 15; Fig. 5), suggesting that MEK1 and 2
endogenously activate rOCT2, in analogy to what was
observed for PI3K. A similar effect had been demon-
strated for rbOCT2 [21], while hOCT2 activity was
not subject to this regulation [19]. Investigation of
rOCT2 regulation by mammalian-target-of-rapamy-
cin (mTOR), a downstream component of the PI3K
pathway [34], showed that inhibition of mTOR by
10 min incubation with different rapamycin concen-
trations (0.1, 1, and 10 mM) had no effect on the rOCT2
activity (not shown).
Inhibition of calmodulin (CaM) by calmidazolium (5
mM, 10 min) significantly reduced ASP+-transport (-
74 � 2 %, n = 13; Fig. 6a). The regulatory effect of
calmodulin seems to be associated rather with a
change of Km (20 vs. 5 mM after 10 min incubation with
or without calmidazolium, respectively) rather than
with an effect on Vmax (175 � 6 vs 190 � 16 photons/s2

after 10 min incubation with or without calmidazo-
lium, respectively) (Fig. 6b). To identify possible
downstream components of the Ca2+-CaM-mediated
regulation of rOCT2, we examined ASP+-uptake of
cells after incubation for 10 minutes with KN-62, an
inhibitor of the multifunctional Ca2+-CaM-dependent
protein kinase II (CamKII). KN-62 (1 mM) inhibited
ASP+-transport significantly (-35 � 6 %, n = 12;
Fig. 6a). Incubation of rOCT2 cells with KN-62 and
calmidazolium simultaneously induced a significant
inhibition of ASP+-uptake (-70� 5 %, n = 7), that was
not different from that seen using calmidazolium
alone (Fig. 6a). Because the Ca2+-CaM complex also
activates the myosin light chain kinase (MLCK), the
effect of the MLCK inhibitor ML-7 was tested. Ten
minutes incubation with ML-7 (3 mM) did not lead to a
significant effect on ASP+-transport (n = 16).

Table 2 summarizes the regulation pathways of
rOCT2 identified in this study and compares them
with those already described for hOCT2 and rbOCT2
and for the other renal OCT isoform of the rat,
rOCT1.

Figure 6a. Regulation of rOCT2-mediated ASP+-transport by
inhibition of CaM with calmidazolium (5 mM), CamKII with KN62
(1 mM) and with a combination of both. Cells were incubated at 37
8C for 10 min with the respective regulator. Initial uptake rates of
ASP+ after incubation with these different effectors are presented
in % uptake of controls. Values are means � SEM of initial
fluorescence increase with number of cell monolayers in paren-
theses; * indicates statistically significant effects from controls
(unpaired t-test) and # indicates statistically significant differences
from the other groups (ANOVA) (P < 0.05).

Figure 6b. Effect of inhibition of CaM with calmidazolium (5 mM,
10 min) on Km and Vmax of rOCT2. The continuous black curve
(closed circles) is the temperature-dependent ASP+-uptake by
rOCT2, calculated as difference between uptake at 37 8C and 8 8C
(Km = 5 mM, 95 % interval of confidence 4 to 6 mM; Vmax = 175� 6
photons/s2) after 10 min incubation without calmidazolium. The
dashed curve (open circles) is the temperature-dependent ASP+-
uptake by rOCT2, calculated as the difference between uptake at
37 8C and 8 8C (Km = 20 mM, 95% interval of confidence 12 to 31
mM; Vmax = 190 � 16 photons/s2) after 10 min incubation with
calmidazolium. Values are means � SEM. Number of cell
monolayers are indicated in standard and italic types for experi-
ments without and with calmidazolium incubation, respectively; *
indicates statistically significant effect differences at single con-
centrations between the curves with or without calmidazolium
incubation (unpaired t-test).
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Regulation of ASP+-uptake by CaM in S3 segments of
proximal tubules freshly isolated from rat kidney. The
physiological relevance of the most prominent regu-
lation by CaM observed in the expression system has
been confirmed by experiments in freshly isolated rat
proximal tubules. Addition of corticosterone (10 mM)
together with 1 mM ASP+ significantly reduced the
ASP+-accumulation in the tubule from male and
female animals, confirming the role of rOCT2 in this
segment (Fig. 7a and b). In HEK293 cells stably
transfected with either rOCT1 or rOCT2, this con-
centration of corticosterone caused an almost com-

plete inhibition of rOCT2-, while it had no effect on
the rOCT1-mediated ASP+-uptake (See above).
ASP+-uptake across the basolateral membrane of
S3-segments from male and female rat kidney was
evaluated before and after incubation with calmida-
zolium. Figure 7a shows a typical experiment per-
formed with female rat tubules. Incubation with
calmidazolium (5 mM) for 10 minutes significantly
decreased ASP+-uptake in S3-segments isolated from
male but not in those from female rat kidneys (-49.0�
13.6%, n = 4 and +9.0 � 13.0%, n = 4, respectively;
Fig. 7b).

Calmodulin and rOCT2 expression in male and
female kidneys. Calmodulin and OCT2 gene expres-
sion in rat kidneys was analyzed by real time PCR
using Gapdh expression as internal standard for
normalization. Male mRNA expression levels of
calmodulin and rOCT2 were set at 100 %. Female
expression of calmodulin and rOCT2 was significantly
lower compared to male rat kidneys (49 � 4 %, n = 5,
Fig. 8 and 23� 10 %, n = 5 of the expression in males,
respectively, not shown). Also in the isolated S3-
segments of proximal tubules a lower calmodulin
expression in female compared to male rats was
observed (50� 11 %, n = 3 of the expression in males,
Fig. 8). The renal calmodulin expression was also
investigated by semi-quantitative Western blot anal-
ysis using ß-tubulin as internal standard for quantifi-
cation (Fig. 9a). Calmodulin protein expression was

Table 2. Comparison of regulation pathways of rOCT2 as studied in
the present work with those of hOCT2 and rbOCT2. The regulation
pattern of rOCT1, the other rat renal OCT, is also shown. (›› =
strong � 50%- and › = weak < 50%-stimulation of the transport
activity;fl= inhibition of the transport activity; 0 = no effect on the
transport activity; n.i. = not investigated; * = Ciarimboli,
unpublished results)

rOCT2 hOCT2 rbOCT2 rOCT1

PKA › fl [19] › [21] ›› [18]

PKC 0 fl [19] n.i. ›› [18]

p56lck tyrosine kinase › 0* n.i. › [18]

cGMP 0 fl [32] n.i. fl [32]

CaM ›› › [19] n.i. ››*

CamKII › › [19] n.i. n.i.

MLCK 0 › [19] n.i. n.i.

PI3K › fl [19] n.i. n.i.

MEK1–2 › 0 [19] › [21] n.i.

Figure 7a. Example of an experi-
ment where the effect of inhib-
ition of calmodulin by 10 min
incubation with calmidazolium
(5 mM) in S3-segments of prox-
imal tubules from female rats is
tested. The X-axis indicates the
time and the Y-axis the fluores-
cence emission. The first bar
below the time axis shows the
time of ASP+ pulse addition; the
second bar shows incubation
with calmidazolium. To clearly
illustrate the time course of
ASP+-uptake, the insert presents
a magnification of the graph
representing the fluorescence in-
crease in the first 30 seconds after
ASP+-addition. For the sake of
clarity, only the curves 1 (control
ASP+-uptake), 2 (ASP+-uptake
after incubation with calmidazo-
lium), and 3 (ASP+-uptake in the
presence of 10 mM corticoster-
one) are shown.
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2.3 times higher in male than in female rat kidneys
(Fig. 9b).

Discussion

Since the liver, kidney, and intestine have to deal with
rapidly changing amounts of endogenous and exoge-
nous substances as a consequence of variable fluid and
food intake as well as metabolic activities, and since in
these organs the OCTs are key proteins for the
transport of organic cations, an acute regulation of
their activity following such various stimuli seems
plausible, although the respective coupling mecha-
nism is unknown. The kidney is the target of many

hormones that can activate a series of regulation
pathways (See [10]).
In this study we demonstrated that rOCT2 is regulated
by PKA, PI3K, MEK1 and 2, p56lck tyrosine kinase,
CaM and CamKII in corresponding intracellular
signalling pathways (Fig. 9) but not by PKG, mTOR,
MLCK, and PKC. Compared with rOCT1 [18], the
regulation of rOCT2 is qualitatively similar but
quantitatively less pronounced. Since rOCT1 is prin-
cipally localized in S1- and S2- proximal tubules, while
rOCT2 is distributed in S2- and S3-segments [12],
effects on rOCT1 could represent the bulk of the
regulation and those on rOCT2 the fine tuning of
transport activity. PKC had been shown to phosphor-
ylate rOCT1 directly, which apparently leads to a
conformational change at the substrate binding site
[18]. In a previous study it was also demonstrated that
all five PKC-phosphorylation sites of rOCT1 are
essential for its regulation by PKC [27], suggesting
that the special PKC-regulation of rOCT1 is due to its
peculiar composition of PKC-phosphorylation sites.
Mutations of only one of the five putative PKC-
phosphorylation sites of rOCT1 were able to render
the transporter insensitive to PKC-regulation [27]. In
the rOCT2 only two potential PKC-phosphorylation
sites (S286-S553) were identified [10], suggesting that
the different effects of PKC-activation on rOCT1 and
rOCT2 are indeed linked to the different composition
of PKC-phosphorylation sites of the two transporters.
Importantly, the rOCT2 regulation also differs from
that of hOCT2 [19, 26]: while PKA, PI3K and PKC
inhibited the activity of hOCT2, these kinases stimu-
lated (PKA and PI3K) or had no effect (PKC) on
rOCT2. MLCK stimulates hOCT2 but is not involved
in the rOCT2 regulation. The regulatory effects of a
specific regulation pathway in different OCT isoforms

Figure 7b. Effects of inhibition of
calmodulin by 10 min incubation
with calmidazolium (5 mM) in S3-
segments of proximal tubules
from male and female rats.
Changes of initial uptake rates
of ASP+ are presented in % of
control experiments. The effect
of 10 mM corticosterone on the
ASP+ uptake is also shown. Val-
ues are means � SEM of initial
fluorescence increase with num-
ber of tubules in parentheses; *
indicates statistically significant
effects from controls (paired t-
test) (P < 0.05).

Figure 8. Real-time PCR analysis of calmodulin expression in
whole kidneys and S3-segments from male and female rats. Results
are expressed as percentage calmodulin expression in female
compared to male rats. Gapdh expression was used as internal
standard for normalization. Values are means� SEM. The number
of animals used is indicated above the columns; * indicates
statistically significant different expression in female compared to
male animals (unpaired t-test) (P < 0.05).
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seem to be dependent on the number and position of
phosphorylation sites in the transporter. A detailed
description of the putative phosphorylation sites for
PKC, PKA, PKG, and tyrosine kinase in the cloned
OCT-isoforms can be found in [10].
Inhibition of CaM with calmidazolium resulted in a
reduction of rOCT2 transport by 74%, indicating that
the Ca2+-CaM pathway is endogenously active in this
expression system and stimulates rOCT2. A CaM
dependent regulation of organic cation transport is
also present in rOCT1 (G. Ciarimboli, unpublished
data), hOCT1 [20], hOCT2 [19] and hOCT3 [22],
showing that this regulation pathway is highly con-
served within this transporter family. For this reason,
we studied whether the calmodulin-associated regula-
tion is related to change in Km or Vmax of the rOCT2.
The comparison of saturation curves with or without
calmodulin inhibition (Fig. 6b) suggests that calmodu-
lin influences the Km of the transporter, in contrast to
that previously demonstrated for hOCT2, where calm-

odulin showed rather an effect on Vmax [26]. A search of
putative calmodulin binding sites in hOCT2 and
rOCT2 using the calmodulin binding database of the
Ikura Lab, Ontario Cancer Institute (http://calciu-
m.uhnres.utoronto.ca/ctdb/ctdb/home.html) showed
that hOCT2 has a putative calmodulin binding se-
quence at position 231–233. These sites in hOCT2 are
localized in a short intracellular sequence linking
transmembrane regions 4 and 5. Using a yeast two
hybrid system where hOCT2 is the bait and calmodulin
is the prey, we found no direct interaction of the two
proteins (Ciarimboli et al., unpublished results). Rat
OCT2 showed a putative calmodulin binding sequence
between positions 299 and 304, corresponding to the big
intracellular loop of the transporter. It is known that
this loop in all the OCT isoforms contains several
putative phosphorylation sites [10] and that changes in
these sites are often associated with changes in
apparent affinity of the transporter for its substrates
[27]. These observations suggest that calmodulin does
not interact directly with hOCT2, but possibly influen-
ces the trafficking of the transporter. On the other
hand, calmodulin and/or a protein of its signalling
pathway could directly interact with rOCT2, modifying
its affinity.
Furthermore, the effect of gender on rOCT2 regu-
lation by CaM was investigated in freshly isolated S3-
segments of proximal tubules from male or female rats
in the absence of hormonal stimulation. Since this part
of the nephron expresses mainly the rOCT2 [12], we
could directly attribute the observed effects on baso-
lateral ASP+-accumulation to this OCT-isoform. In
S3-segments from male rat kidneys, inhibition of CaM
caused a significant reduction of rOCT2-mediated
ASP+-transport (Fig. 7b). Conversely, inhibition of
CaM in freshly isolated S3-segments from female rat
proximal tubules did not change the rOCT2-mediated
ASP+-transport, showing a gender-dependent post-
translational regulation of OCT. The results of real-
time PCR and of Western blot analysis show for the
first time a gender-dependent expression of calm-
odulin. Oestrogens have been indeed shown to
regulate the expression of several signalling mole-
cules, such as CaMKII [35].
These findings show that the CaM pathway is of great
importance in regulating OCT2 in male rats. Interest-
ingly, cisplatin has been shown to be a substrate of
rOCT2 and male rats appear to be more sensitive to
cisplatin nephrotoxicity than female animals [36]. This
finding has been put into relation with a lower OCT2
expression in female compared to male rats [36].
Additionally, since CaM endogenously activates
rOCT2, a lower expression of CaM or of its down-
stream components, and therefore a lower rOCT2
activity, could render female renal cells less sensitive to

Figure 9a. Semi-quantitative Western blot analysis of calmodulin
expression from male (?) and female (!) whole rat kidneys. ß-
tubulin was used as internal standard. M indicates the lane with
molecular weight markers. Calmodulin has an apparent molecular
weight of around 20 kDa, ß-tubulin of around 55 kDa. Compared to
females, male rat kidneys have a significantly higher renal
expression of calmodulin.

Figure 9b. Signal intensity ratios of calmodulin and ß-tubulin in
male and female rat kidneys. Compared to females, male rat
kidneys have a significantly higher renal expression of calmodulin
(calmodulin/ß-tubulin quotient: 5.5� 0.9, n = 3 and 2.4� 0.4, n = 3,
in male and female kidneys, respectively).
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cisplatin toxicity. Indeed, there exists evidence that
CaM is involved in modulation of cisplatin sensitivity
[37]. Therefore, inhibition of CaM in proximal tubule
cells expressing rOCT2 could decrease accumulation of
cisplatin and hence associated nephrotoxicity. Because
cisplatin is also a substrate for hOCT2 [5, 6], these
correlations might lead to new options in reducing renal
damage caused by chemotherapeutic therapy.
The CaM regulation pathway, effective in all OCTs,
was confirmed to regulate OCT-mediated transport in
the intact proximal tubule from rat kidney, accrediting
relevance of results obtained in a cell system. This is
the first study showing that post-translational regu-
lation of rOCT2 is gender-dependent. These findings
clearly show important differences both in acute and
long-time regulation between the different OCT-
isoforms and will be of high relevance in planning
and interpreting further physiological and pharmaco-
logical investigations.
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