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Purpose. This study was performed to determine the detailed mRNA
distribution of organic cation transporters, rOCT1 and rOCT2, along
the rat nephron and to distinguish the substrate affinities of these
transporters.

Methods. The distributions of rOCT1 and rOCT2 mRNA were de-
termined by reverse transcriptase polymerase chain reaction analysis
of microdissected nephron segments. Using MDCK cells transfected
with rOCT1 or rOCT2 ¢cDNA, the inhibitory effects of various com-
pounds on the uptake of ['*C]tetraethylammonium were assessed.
Results. rOCT1 mRNA was detected primarily in the superficial and
juxtamedullary proximal convoluted tubules, whereas rOCT2 mRNA
was detected widely in the superficial and juxtamedullary proximal
straight and convoluted tubules, medullary thick ascending limbs,
distal convoluted tubule, and cortical collecting duct. The ICs, values
for cationic drugs and endogenous cations on [*C]tetracthylammo-
nium uptake across the basolateral membranes in the transfectants
indicated that rOCT1 and rOCT?2 had similar inhibitor specificity for
many compounds but showed moderate differences in the specificity
for several compounds, such as 1-methyl-4-phenylpyridinium, dopa-
mine, disopyramide, and chlorpheniramine.

Conclusions. rOCT1 and rOCT2 possess similar but not identical
multispecificities for various compounds with distinct distributions
along the nephron, indicating that the two transporters share physi-
ologic and pharmacologic roles in the renal handling of cationic com-
pounds.

KEY WORDS: renal tubular secretion; basolateral membranes;
rOCT1; rOCT2; neurotransmitter; antiarrhythmic.

INTRODUCTION

Renal organic cation transporters play an important
physiologic role in the elimination of a wide variety of posi-
tively charged molecules, including drugs, xenobiotics, exog-
enous toxins, and endogenous bioactive amines. Renal tubu-
lar secretion of organic cations is mediated sequentially by
two distinct transport systems: a transporter stimulated by the
transmembrane potential difference in the basolateral mem-
branes, which is responsible for the first uptake step in or-
ganic cation secretion, and a secondary active transporter
driven by the transmembrane H" gradient, i.e., an electroneu-
tral antiporter for organic cation with luminal H* in the
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brush-border membranes mediating the second efflux step in
the secretion of small organic cations (1-4).

Several homologous transporters that mediate the trans-
port of small cationic molecules have been identified, includ-
ing OCT1 (5), OCT2 (6), and OCT3 (7). Sequence alignment
of these gene products has shown that rat (r) OCT2 and
rOCT3 have 67% and 48% amino acid identity with rOCT1,
respectively. rOCT1 is expressed abundantly in the liver and
kidney (5), whereas rOCT?2 is expressed predominantly in the
kidney but not in the liver (6). Busch et al. (8) reported that
the human (h) OCT2 homologue is transcribed mainly in the
kidney. rOCT3 is expressed predominantly in the placenta
but also has been detected in the intestine, heart, brain, lung,
and very weakly in the kidney (7). Functional studies using
Xenopus oocytes (5,6,8-11) and mammalian transfected cells
(7,8,12) have suggested that these cloned transporters have
multispecific substrate specificity and translocate various
structurally unrelated cationic compounds in an electrogenic
fashion, indicating that these transporters possess character-
istics peculiar to the basolateral membrane organic cation
transport system of hepatocytes or renal tubular cells. Re-
cently, Koepsell’s group and our’s have demonstrated by im-
munohistochemic analysis that both rOCT1 and rOCT2 are
localized at the basolateral membrane of renal tubular cells
(13,14).

There have been several reports describing the substrate
specificities of OCT1 and OCT2. On expression in Xenopus
oocytes (5,8,15,16) and mammalian cells (8,12,17,18), the ap-
parent K, or K, values for various compounds were assessed
to determine the substrate specificity of OCT1 or OCT2 un-
der various experimental conditions. To distinguish the speci-
ficity of the two transporters, comparisons should be made
using kinetic values determined under identical conditions,
because concentrations of inhibitors used, and the presence of
membrane potential, etc, may affect both K; and K, values.
In this study, using Madin-Darby canine kidney (MDCK)
cells expressing rOCT1 or rOCT2 in the basolateral mem-
brane (19), we examined the distinct substrate specificity of
rOCT1 and rOCT?2. In addition, we investigated the different
distribution of rOCT1 and rOCT?2 along the rat nephron seg-
ment, because the expression of rOCT2 in the kidney was
regulated by testosterone (20). We report here the results of
a comparative study done on the substrate specificity of
rOCT1 and rOCT?2 for organic cation, and the distribution of
rOCT1 and rOCT2 along the rat nephron.

MATERIALS AND METHODS

Materials

['*C]Tetraethylammonium bromide (88.8 Mbg/mmol)
and [*H]1-methyl-4-phenylpyridinium acetate (3.03 TBq/
mmol) were purchased from DuPont/New England Nuclear
Research Products (Boston, MA). [*H]|Cimetidine (814 GBgq/
mmol) was purchased from Amersham Int. (Buckingham-
shire, UK). ['*C]Guanidine hydrochloride (2.04 GBg/mmol)
was purchased from Moravek Biochemicals, Inc, (Brea, CA).
n-Tetraalkylammonium compounds, histamine, serotonin,
dopamine hydrochloride, L-adrenaline hydrogen tartrate,
thiamine hydrochloride, guanidine hydrochloride, amiloride
hydrochloride, cimetidine, (+)-chlorpheniramine maleate,
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and imipramine hydrochloride were obtained from Nacalai
Tesque Inc. (Kyoto, Japan). N'-Methylnicotinamide iodide
and N-acetylprocainamide hydrochloride were purchased
from Sigma Chemical Co (St. Louis, MO). 1-Methyl-4-
phenylpyridinium was purchased from Research Biochemi-
cals International (Natic, MA). Disopyramide was from
Wako Pure Chemical Industries (Osaka, Japan). Diphenhy-
dramine hydrochloride was obtained from Tokyo Kasei Ko-
gyo Co (Tokyo, Japan). All other compounds used were of
the highest purity available.

Reverse Transcription Polymerase Chain Reaction
Detection of rOCT1 and rOCT2 mRNA in Microdissected
Nephron Segments

Microdissection of nephron of rats (200 g body weight)
was performed as described previously (21). Total RNA was
extracted from nephron segments using an RNeasy Mini Kit
(Qiagen Gmbh, Hilden, Germany). Reverse transcription
(RT) was performed using the SuperScript II"™ preamplifica-
tion system (Gibco BRL, Life Technologies, Inc., Gaithers-
burg, MD). The synthesized first strand cDNA was used for
subsequent polymerase chain reaction (PCR) using a set of
primers for rOCT1 (sense strand, 5'-GAAAAGC-
GAAGTCCTTCGTTTGCC-3" (base 1022-1045); antisense
strand, 5'-CTGGTGCATATATACAAGAGTCTG-3' (base
1791-1814), rOCT2 (sense strand, 5'-ACCTTCAATCCTG-
GACTTGG-3" (base 1087-1106); antisense strand, 5'-
ACATCAGTGCAACAGACCGT-3' (base 1901-1920) or
rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(sense strand, 5'-CGGCCTCGTCTCATAGACAA-3' (base
10-29); antisense strand, 5'-TGGTCCAGGGGTTTCT-
TACT-3" (base 1028-1047). PCR amplification was per-
formed under the following conditions: rOCT1, 94°C for 1
min, 60°C for 1 min, 72°C for 1 min 30 sec % 30 cycles; rOCT2,
94°C for 1 min, 59°C for 1 min, 72°C for 1 min 30 sec x 33
cycles; GAPDH, 94°C for 1 min, 59°C for 1 min, 72°C for 1
min 30 sec x 33 cycles. The nucleotide sequence of the PCR
products was confirmed by the chain-termination method by
using a fluorescence 373A DNA sequencer (Applied Biosys-
tem, Foster, CA).

Uptake by MDCK Transfectants

The uptake experiments using MDCK cells stably trans-
fected with cDNA encoding for either rOCT1 or rOCT2,
MDCK-rOCT1 or MDCK-rOCT2, were performed as de-
scribed (19). The uptake of ligands by the cells was measured
using cell monolayers grown on microporous membrane fil-
ters (3.0-pum pores, 1.0 cm? growth area) in Transwell cell
chambers (Costar, Cambrige, MA). The amount of protein in
the solubilized cells was determined by the method of Brad-
ford (22), using Bio-Rad Protein Assay Kit (Bio-Rad Labo-
ratories, Hercules, CA) with bovine y-globulin as a standard.
For cis-inhibition study, the uptake of ['*C]tetraecthylammo-
nium was achieved by adding various concentrations of unla-
beled inhibitors to the incubation medium. The ICs, values
were calculated from the inhibition plots based on the equa-
tion, V. = V, / [1 + (I /ICs,)"] by nonlinear least square
regression analysis with Kaleidagraph Version 3.5 (Synergy
Software). V and V,, are the uptake of [**C]tetracthyammo-
nium in the presence and absence of inhibitor, respectively, I
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is the concentration of inhibitor, and n is the Hill coefficient.
The apparent K; values were calculated from the 1Cs,, K; =
IC5, / (1 + K,/ S). K, is the Michaelis-Menten constant of
tetracthyammonuim uptake by MDCK cells expressing rat
OCT1 or rat OCT2 (19), and S is the concentration of
['*C]tetracthyammonium. For trans-stimulation study, the
cells were preincubated with either incubation medium (con-
trol) or incubation medium plus the indicated concentration
of unlabeled compounds on both sides at 37°C for 1 h. The
cells were rinsed twice with 1 mL of ice-cold incubation me-
dium on each side before the uptake experiments.

Statistical Analysis

Data were analyzed statistically using non-paired Stu-
dent’s ¢ test or the one-way analysis of variance followed by
Scheffé’s test.

RESULTS

To determine the detailed distributions of rOCT1 and
rOCT2 mRNA in the rat nephron, RT-PCR analysis was per-
formed to detect the mRNA expression. As shown in Figure
1, the PCR product with the expected size of 793 bp for
rOCT1 mRNA was detected in proximal convoluted tubule
from superficial and juxtamedullary nephron segments. In
contrast, the PCR product (834 bp) for rOCT2 mRNA was
detected in the superficial and juxtamedullary proximal
straight and convoluted tubules, medullary thick ascending
limb, distal convoluted tubule, and cortical collecting duct.
These results clearly demonstrated that the distributions of
rOCT1 and rOCT2 mRNA along the nephron were different.

To compare the substrate specificity of rOCT1 and
rOCT2, the inhibitory effects of several groups of cationic
compounds on the uptake of ['*C]tetraethylammonium were
examined to assess the ICs, values. First, the interactions of
various n-tetraalkylammonium compounds with rOCT1 and
rOCT2 were evaluated (Fig. 2). These inhibitors at various
concentrations were added simultaneously to the incubation
medium containing ['*C]tetracthylammonium on the basolat-
eral side, and the inhibitory effects on uptake were compared.
n-Tetraalkylammonium compounds inhibited ["*C]tetraethyl-
ammonium uptake in a dose-dependent manner with the fol-
lowing inhibitory potencies: tetrapentylammonium > tetrabu-
tylammonium > tetrapropylammonium > tetraethylammoni-
um > tetramethylammonium (Fig. 2, Table I). The order of
inhibition appeared to be correlated with the length of the
alkyl side chain. rOCT1 had a higher affinity for tetrapropyl-
ammonium and tetrametylammonium than rOCT2 by a fac-
tor of 0.59 and 0.68, respectively (Table I).

Next, the specificity of rOCT1 and rOCT?2 for other cat-
ionic drugs was determined. As shown in Figure 3, imipra-
mine had the strongest inhibitory effect on ['*C]tetraethyl-
ammonium uptake by both rOCT1 and rOCT?2 transfectants
followed by amiloride > N-acetylprocainamide, chlorphenir-
amine, diphenhydramine > disopyramide, procainamide.
rOCT2 showed moderately higher affinities for procainamide
and disopyramide than rOCT1 by a factor of 1.4 and
2.2, respectively (Table I). In contrast, rOCT1 had higher
inhibitor specificity for chlorpheniramine and diphenhydra-
mine than rOCT2 by a factor of 0.55 and 0.74, respectively
(Table I).
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Fig. 1. Reverse transcriptaste polymerase chain reaction (RT-PCR)
detection of rOCT1 and rOCT2 mRNA in microdissected nephron
segments. (A) PCR amplification was performed using either 5 glo-
meruli or a 2-mm length of renal tubule. After microdissection, each
dissected tubular segment was reverse-transcribed, and the cDNA
synthesized was amplified using a set of primers for rOCT1 (a),
rOCT2 (b) and GAPDH (c) as described in Materials and Methods.
The PCR products were separated by electrophoresis through 2%
agarose gels. (B) Schematic illustration of microdissected nephron
segments. 1: glomerulus; 2: proximal convoluted tubule (superficial);
3: proximal straight tubule (superficial); 4: proximal convoluted tu-
bule (juxtamedullary); 5: proximal straight tubule (juxtamedullary) 6:
medullary thick ascending limb; 7: cortical thick ascending limb; 8:
distal convoluted tubule, 9: cortical collecting duct; 10: outer medul-
lary collecting duct; 11: inner medullary collecting duct.

Figure 4 shows the inhibition curves of several mono-
amines and endogenous organic cations for ['*C]tetraethyl-
ammonium uptake. Histamine had the most potent inhibitory
effect on the uptake by rOCT2 transfectant, followed by se-
rotonin > thiamine, dopamine > choline > adrenaline. Rat
OCT2 showed higher affinities for serotonin and dopamine
than rOCT1 by a factor of 1.7 and 1.9, respectively. The in-
hibitory effects on histamine and thiamine were comparable
between rOCT1 and rOCT2.

The uptakes of structurally unrelated cationic com-
pounds by the MDCK transfectant expressing rOCT1 or
rOCT2 was assayed. As shown in Figure 5, the uptake of
[**C]tetraethylammonium, [?H]1-methyl-4-phenylpyridinium,
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Fig. 2. Effects of n-tetraalkylammonium compounds on ['*C]tetra-
ethylammonium uptake by Madin-Darby canine kidney (MDCK)-
rOCT1 and MDCK-rOCT2. Monolayers of MDCK-rOCT1 (A) and
MDCK-rOCT2 (B) in 1.0-cm? chambers were incubated for 15 min at
37°C with 50 uM [*C]tetraethylammonium in the presence of tetra-
pentylammonium (@), tetrabutylamminuim (O), tetrapropylammo-
nium (A), or tetramethylammonium (A) added to the basolateral
side (pH 7.4). After incubation, the radioactivity of solubilized cells
was measured. Each point represents the mean + standard error of
the mean of three independent experiments.

[*H]cimetidine and ['*C]guanidine was markedly stimulated
in both rOCT1 and rOCT2 transfectants as compared to
MDCK cells.

To investigate whether other inhibitors might also be
substrates of rOCT1 and rOCT2, trans-stimulation experi-
ments were performed. We preincubated the transfectants
with concentrations equivalent to approximately 1.5-fold the
ICs, value of unlabeled compounds and observed the trans-
stimulation of ['*C]tetraethylammonium influx by preincu-
bated transfectants. As shown in Figure 6, after preincubation
of MDCK-rOCT1 and MDCK-rOCT2 with tetraecthylammo-
nium or N'-methylnicotinamide, ['*C]tetracthylammonium
uptake by both transfectants was significantly enhanced (*P <
0.05). The uptake by rOCT transfectants was significantly en-
hanced after preincubation with procainamide, N-acetyl-
procainamide. or disopyramide. This trans-stimulation effect
was not observed on preincubation of either transfectant with
quinidine.

trans-Stimulation experiments were also performed with
amiloride, chlorpheniramine, imipramine, and various mono-
amines. As shown in Figure 7, [**C]tetraethylammonium up-
take by rOCT1 and rOCT?2 transfectants was significantly en-
hanced by preincubation with amiloride, histamine, adrena-
line, serotonin, or dopamine. In contrast, preincubation with
chlorpheniramine did not induce any significant changes in
['*C]tetraethylammonium uptake whereas preincubation
with imipramine significantly decreased ['*C]tetraethylam-
monium uptake, in both transfectants.

DISCUSSION

The results of the present study indicated that the distri-
butions of rOCT1 and rOCT2 mRNA along the rat nephron
were different and that the two transporters have similar but
not identical affinities for various compounds, including ex-
ogenous and endogenous cationic compounds.

To clarify the physiologic roles of rOCT1 and rOCT2 in
the renal handling of organic cations, their precise distribu-
tion and localization in the nephron should be determined.
Organic cation transporters in the basolateral and brush-
border membranes have been well characterized functionally
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Table I. The ICy, and Apparent K; Values of Various Organic Cations for ['*C]Tetraethylammonium

Uptake by rOCT1 and rOCT2

The ICs, or apparent K; (in
parentheses) values for
[**C]tetracthylammonium uptake

(M) 1C5, rOCT1/
Organic cations rOCT1 rOCT2 1C5, rOCT2
Tetraalkylammoniums
Tetrapentylammonium 1.3+0.29 1.7+ 0.16 0.79
Tetrabutylammonium 79+14 5.7 +0.56 14
Tetrapropylammonium 23+3.1 39 +0.74° 0.59
Tetraethylammonium 47)° (52)° 0.90
Tetramethylammonium 1138 + 344 1674 + 239 0.68
Neurotoxin and monoamines
1-Methl-4-phenylpyridinium (0.77)* (1.7)° 0.45
Nicotine (64)“ (50)“ 1.3
Histamine 324 +59 363 + 108 0.89
(141 +25) (171 £ 51)
Serotonin 897 + 42 513+5.2° 1.7
(390 + 18) (242 £2.5)
Dopamine 1385 £ 62 733 + 58" 1.9
(603 +27) (347 £ 28)
Adrenaline 3678 + 156 2519 + 618 1.5
(1600 + 68) (1191 +£292)
Endogenous cations
Thiamine 736 +70 646 + 112 1.1
N'-Methylnicotinamide (669)“ (403)“ 1.7
Choline 1452 + 108 1450 + 58 1.0
Guanidine (724)° (713)° 1.0
Antiarrhythmic drugs
N-Acetylprocainamide 20+3.1 11 +0.63" 1.9
(8.8 +1.4) (5.0£0.30)
Quinidine (15)¢ 19)* 0.79
Disopyramide 142 +19 64 +1.3° 22
(62 +8.0) (30 +0.63)
Procainamide 109 + 10 76 + 520 1.4
(47 £4.5) (36 +2.4)
Cationic drugs
Imipramine 16 +8.2 99+14 1.6
Amiloride 13 +£0.60 13 +£0.80 1.1
(6.9 +£3.6) (4.7 +0.66)
Cimetidine (5.7)" (9.4)¢ 0.61
Chlorpheniramine 14+32 26+ 1.8° 0.55
Diphenhydramine 24 +0.56 324220 0.74

The uptake of ['*C]tetracthylammonium (50 pM) was achieved by adding various concentrations of
unlabeled inhibitors to the incubation medium. The ICs, values were calculated from inhibition plots
based on the equation with nonlinear regression analysis as described in Materials and Methods. The
apparent K; values of the inhibitors that trans-stimulation effect were observed by were calculated from
the ICs, values as described in Materials and Methods. The coefficients of correlation were more than
0.93 when all inhibition plots were fitted. The data represent the mean + SEM of three independent

experiments.

“The apparent K; values obtained from the previous paper (19).

b P < 0.05, different from the ICs, value of rOCT1.

(1-4). We reported that both rOCT1 and rOCT?2 localized to
the basolateral membrane of renal tubular cells (14). Further-
more, by immunofluorescence microscopy, rOCT1 was shown
to be concentrated in the proximal tubules in the renal cortex,
whereas rOCT2 was abundant in the proximal tubules in the
outer stripe of the outer medulla (14). Therefore, rOCT1 and
rOCT2 could mediate translocation of organic cations in the
proximal convoluted and straight tubules (Fig. 1), where the
organic cation transport system has been well characterized.

Several reports indicate that dopamine D, , receptor was lo-
calized to the proximal tubule, distal tubule, and cortical col-
lecting duct (23), and renal dopamine plays an important role
in the regulation of salt balance (24). Although the functions
of rOCT?2 in other nephron segments, including thick ascend-
ing limbs, distal convoluted tubule, and cortical collecting
duct, remain unknown (Fig. 1), it might be involved physi-
ologically in renal tubular handling, which modulates trans-
epithelial flux of sodium ion.
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Fig. 3. Effects of cationic drugs on ['*C]tetraethylammonium uptake
by Madin-Darby canine kidney (MDCK)-rOCT1 and MDCK-
rOCT?2. Monolayers of MDCK-rOCT1 (A) and MDCK-rOCT2 (B)
in 1.0-cm? chambers were incubated for 15 min at 37°C with 50 uM
[*“C]tetracthylammonium in the presence of imipramine (@), amilo-
ride (O), N-acetylprocainamide (A), chlorpheniramine (A), diphen-
hydramine (M), disopyramide ([J), or procainamide (V) added to the
basolateral side (pH 7.4). After incubation, the radioactivity of solu-
bilized cells was measured. Each point represents the mean =+ stan-
dard error of the mean of three independent experiments.

We performed a comparative characterization of the sub-
strate affinities of rOCT1 and rOCT2 systematically under
carefully controlled conditions. Because both OCT1 and
OCT?2 are thought to be localized to basolateral membranes
of renal tubular cells (13,14,19,25), MDCK transfectants al-
lowed us to assess the functional properties of the transport-
ers localized to the basolateral membranes in a physiologi-
cally convincing manner.

In the present study, we observed that the inhibitory
patterns of n-tetraalkylammonium compounds were closely
related with the length of their alkyl side chain (Fig. 2). In
general, an increase in the length of the alkyl side chain is
associated with an increase in hydrophobicity. In fact, double
logarithmic plots showed a good correlation between the 1Cs,,
values and the lipophilicities of the n-tetraalkylammonium
compounds examined (data not shown). A similar correlation
is generally observed for these compounds in a inhibition of
organic cation transport (26). Recently, Zhang et al. (27)
found using HeLa cells transfected with hOCT1 that a longer
alkyl chain was associated with a higher affinity of the n-
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Fig. 4. Effects of monoamines and endogenous cations on [**C]tet-
raecthylammonium uptake by Madin-Darby canine kidney (MDCK)-
rOCT1 and MDCK-rOCT2. Monolayers of MDCK-rOCT1 (A) and
MDCK-rOCT2 (B) in 1.0-cm? chambers were incubated for 15 min at
37°C with 50 uM [*C]tetraethylammonium in the presence of hista-
mine (@), serotonin (O), thiamine (A), dopamine (A), choline (M),
or adrenaline ([J) added to the basolateral side (pH 7.4). After incu-
bation, the radioactivity of solubilized cells was measured. Each point
represents the mean + standard error of the mean of three indepen-
dent experiments.
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Fig. 5. Uptake of cationic compounds by Madin-Darby canine kid-
ney (MDCK)-rOCT1 and MDCK-rOCT2. Monolayers of MDCK
(O), MDCK-rOCT1 (@), and MDCK-rOCT2 (A) in 1.0-cm? cham-
bers were incubated for specified periods at 37°C with 50 uM
[**C]tetracthylammonium (A), 100 nM [*H]1-methyl-4-phenyl-
pyridinium (B), 100 nM [*H]cimetidine (C), or 50 uM ['*C]guanidine
(D) added to the basolateral side (pH 7.4). Unlabeled incubation
medium was added to the apical side (pH 7.4). After incubation, the
radioactivity of solubilized cells was measured. Each point represents
the mean + standard error of the mean of three monolayers from a
typical experiment.

tetraalkylammonium compounds for hOCT1 but a slower
rate of transport. The 1Cs, value appears to be a useful pa-
rameter for distinguishing substrate specificities, but not for
identifying transported or nontransported substrates, of
rOCT1 and rOCT2. Among the n-tetraalkylammonium com-
pounds examined, rOCT2 showed a moderately low specific-
ity for tetrapropylammonium and tetramethylammonium, but
not for other compounds, when compared with rOCT1 (Fig.
2, Table I). These results suggested that rOCT1 and rOCT2
differ in the hydrophobic interaction and/or binding affinity
for quaternary alkylammonium compounds.

Among the cationic compounds examined (including
monoamines and antiarrhythmics), rOCT2 had a moderately
high substrate affinity for serotonin, dopamine, procain-
amide, and disopyramide as compared to rOCT1 (Table I).
Busch et al. (8) clearly demonstrated that hOCT?2 transports
monoamine neurotransmitters such as norepinephrine, sero-
tonin, histamine and dopamine. When hOCT2 was expressed
in Xenopus oocytes, apparent K, values of 1.9 mM (nor-
adrenaline), 1.3 mM (histamine), 0.39 mM (dopamine), and
0.08 mM (serotonin) were estimated for the neurotransmit-
ters. Griindemann et al. (17) reported apparent K, values of
2.1 mM (dopamine), 4.4 mM (noradrenaline), 1.9 mM
(adrenaline), and 3.6 mM (serotonin) human embryonic kid-
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Fig. 6. trans-Stimulation effects of antiarrhythmic drugs on [**C]tet-
raethylammonium uptake by MDCK-rOCT1 and MDCK-rOCT2.
Monolayers of MDCK-rOCT1 (A) and MDCK-rOCT2 (B) in 1.0-
cm? chambers were incubated for 15 min at 37°C with 50 uM [*C]tet-
racthylammonium after preincubation with incubation medium (con-
trol) or incubation medium containing tetraethyammonium (150 pM,
rOCT1; 150 pM, rOCT2), N'-methynicotinamide (2 mM, rOCT1; 1.5
mM, rOCT?2), quinidine (45 pM, rOCT1; 60 pM, rOCT2), procain-
amide (150 uM, rOCT1; 60 pM, rOCT2), N-acetylprocainamide (12
rM, rOCT1; 10 pM, rOCT?2), and disopyramide (200 uM, rOCT1; 75
M, rOCT2) for 60 min at 37°C, respectively. Data are expressed as
a percentage of control value. Control values for MDCK-rOCT1 and
MDCK-rOCT2 were 825 + 16 and 474 + 33 pmol/mg protein/15 min,
respectively. Each column represents the mean + standard error of
the mean of three monolayers from a typical experiment. *P < 0.05,
significantly different from control.

ney 293 cells using stably transfected with rOCT2. Notably,
there was a marked difference in the K, value for serotonin.
The K,, value for dopamine was also five-fold greater in
rOCT2 than hOCT2. These disparities may have been due to
species differences and/or differences in experimental condi-
tions including the expression systems. Therefore, a compari-
son of the substrate specificity of different transporters should
be carried out under the same experimental conditions. The
present results showed that rOCT2 had a 1.5-fold higher sub-
strate affinity for dopamine and serotonin than rOCT1 (Table
I). The two transporters had comparable substrate affinities
for histamine. OCT2 has been assumed to play a physiological
role in the central nervous system by regulating interstitial
concentrations of monoamine neurotransmitters (8). On the
other hand, OCT1 has been suggested to be a high capacity
transporter responsible for the first step in the excretion of
these monoamines (28). The differences in apparent K; values
obtained in the present study would be related to the distinct
functions of OCT1 and OCT?2 in maintaining the homeostasis
of bioactive monoamines.

Griindemann et al. (29) reported that clear-cut differ-
ences between rOCT1 and rOCT2 were observed for the
transport of cimetidine, creatinine, guanidine, histamine, cho-
line, and tetraethylammonium, respectively. Furthermore,
these substrates exhibited key differences in solute recogni-
tion and turnover. In contrast, our findings are not necessarily
comparable to those of Griindemann et al. As shown in Fig. 5,
rOCT1 showed the ability to transport guanidine as well as
rOCT2, and both transporters appeared to have a similar
affinity for guanidine (Table I). In addition, Griindemann et
al. (29) indicated that rOCT1 transports choline, although
rOCT2 does not. In contrast, we have found that rOCT1 and
rOCT?2 have a similar affinity for choline (Table I), and both
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Fig. 7. trans-Stimulation effects of cationic drugs and monoamines on
[**C]tetraecthylammonium uptake by MDCK-rOCT1 and MDCK-
rOCT2. Monolayers of MDCK-rOCT1 (A) and MDCK-rOCT2 (B)
in 1.0-cm? chambers were incubated for 15 min at 37°C with 50 uM
[**C]tetraethylammonium after preincubation with incubation me-
dium (control) or incubation medium containing amiloride (20 pM,
rOCT1; 15 pM, rOCT2), chlorpheniramine (15 pM, rOCT1; 40 pM,
rOCT2), imipramine (13 pM, rOCT1; 15 pM, rOCT2), histamine
(350 pM, rOCT1; 300 pM, rOCT2), adrenaline (4.5 mM, rOCT1; 3
mM, rOCT2), serotonin (1.2 mM, rOCT1; 650 pM, rOCT2), and
dopamine (2.4 mM, rOCT1; 850 pwM, rOCT2) for 60 min at 37°C,
respectively. Data are expressed as a percentage of control value.
Control values for MDCK-rOCT1 and MDCK-rOCT?2 were 887 + 10
and 518 + 19 pmol/mg protein/15 min, respectively. Each column
represents the mean + standard error of the mean of three monolay-
ers from typical experiment. *P < 0.05, significantly different from
control.

transporters mediated significant uptake of choline (unpub-
lished observation). Furthermore, using rOCT2-expressing
oocytes, Budimann et al. (30) reported that choline evoked
changes in electrical current measured by the patch clamp
technique. Considering these findings, it seems clear that
rOCT2 mediates transport of choline. The reason why Griin-
demann et al. could not detect transport of choline by rOCT2,
and obtained the different K; values for guanidine between
rOCT1 and rOCT2 remains unknown. The different systems
used for the expression of the transporter and/or uptake ex-
periments might be related to this issue.

In the present study, we performed trans-stimulation
studies to investigate whether various inhibitors might be sub-
strates of OCT1 or OCT2. trans-Stimulation is a frequently
used as the method to investigate whether two molecules
share a common transport pathway. As shown in Figure 6,
procainamide, N-acetylprocainamide and disopyramide in-
duced tetracthylammonium uptake by OCT transfectants.
These results suggested that those antiarrhythmic drugs are
translocated not only by OCT2 but also by OCT1. In contrast,
trans-stimulation effects were not observed by preincubation
of either transfectant with concentrations representing five
times the IC, values of quinidine and chlorpheniramine
(data not shown). Moreover, imipramine demonstrated an
apparent trans-inhibition effect (Fig. 7), suggesting that OCT1
and OCT2 loaded with imipramine have slower turnover
rates than those of the unloaded transporters.

In conclusion, the results of the present study suggested
that rOCT1 and rOCT2 possess similar but not identical mul-
tispecificities for various endogenous and exogenous com-
pounds, and are expressed differentially along the rat neph-
ron. Therefore, the two transporters could serve distinct
physiologic and pharmacologic functions in renal handling of
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cationic compounds by mediating basolateral uptake into tu-
bular cells.
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