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Abstract The organic cation transporter (OCT) mediates
translocation of various cationic molecules including drugs,
toxins and endogenous substances. We examined gender
differences in the expression of rat (r) OCT2 in the kidney.
Slices and basolateral membrane vesicles of male rat kidney
showed a higher transport activity for tetraethylammonium than
those of female rat kidney. The expression levels of rOCT2
mRNA and protein in the kidney of males were much higher than
those in females. There was no gender difference in mRNA
expression of rOCT1 and rOCT3. These findings suggest that
rOCT2 is responsible for the gender differences in renal
basolateral membrane organic cation transport activity.
© 1999 Federation of European Biochemical Societies.

Key words: Organic cation transporter;
Tetraethylammonium; Basolateral membrane;
Renal tubular secretion; (Rat kidney)

1. Introduction

Renal organic cation transport systems regulate the homeo-
stasis of various positively charged organic solutes including
xenobiotics and endogenous substances by mediating tubular
secretion and reabsorption [1-3]. Functional studies using iso-
lated membrane vesicles [4-7] and cultured renal epithelial
cells [8] suggested that renal tubular secretion of cationic sub-
stances is operated effectively by a concerted function of two
distinct classes of organic cation transporters: one facilitated
by the transmembrane potential difference in the basolateral
membranes and the other driven by the transmembrane H*
gradient in the brush-border membranes. After the first or-
ganic cation transporter, rOCT1, was cloned from rat kidney
[9], several other members of a common OCT gene family
have been identified including OCT2 [10], OCT2p [11], and
OCT3 [12]. rOCT1A has been identified from rat intestine as a
splice variant of rOCT1 [13]. We identified the second member
of the OCT family, rOCT2, in rat kidney, which shows 67%
amino acid identity with rOCT1 and transports various cati-
onic solutes such as tetraecthylammonium (TEA), cimetidine
and guanidine [10,14,15]. There are marked differences in tis-
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sue distribution of OCT1, OCT2 and OCT3. rOCT1 was ex-
pressed abundantly in the liver and kidney, whereas rOCT?2
was found predominantly in the kidney [10], and in dopamine-
rich brain areas of rats [11]. rOCT3 has 48% amino acid
identity with rOCT1 and is expressed most abundantly in
the placenta, but is also detected in the intestine, heart, brain,
lung and very weakly in kidney [12]. Functional studies using
Xenopus oocytes [9,10,15,16] and transfectants of mammalian
kidney cells [14,17,18] suggested that both OCT1 and OCT?2
from different species are multispecific facilitative transporters
which mediate translocation of small organic cations, such as
TEA, 1-methyl-4-phenylpyridinium (MPP), N'-methylnicotin-
amide (NMN), choline and dopamine, and that both trans-
porters depend on a transmembrane potential difference.
Therefore, rOCT1 and rOCT2 have transport properties pe-
culiar to the basolateral membrane transporters of renal prox-
imal tubular cells, although their distributions along the neph-
ron segments are suggested to be different [3]. To gain further
insight into the physiological roles of the OCT gene family in
renal secretion of xenobiotics, comparative studies are re-
quired to show correlations between the organic cation trans-
port activity and expression levels of the cloned transporters
in the kidney.

It was demonstrated that renal transport of p-aminohippu-
rate (PAH) is higher in male rats than in female rats [19].
Reyes et al. [20] suggested that testosterone could be respon-
sible for the gender differences in renal secretion of PAH by
affecting the number of functional transporter proteins. Bow-
man and Hook [21] reported that the uptake of PAH and
TEA by renal cortical slices of male rats was greater than
that by female rats, suggesting gender differences in the baso-
lateral membrane transport capacities for both organic anions
and cations. There is no information available on the molec-
ular mechanisms underlying the gender differences observed in
renal transport of organic ions.

This study was undertaken to examine whether rOCT1
and/or rOCT?2 contribute to the gender differences in organic
cation transport activity in rat kidney. We report here that
rOCT2 should be responsible for the gender differences in
organic cation transport of the renal basolateral membranes.

2. Materials and methods

2.1. Materials

[I-"*C]JTEA bromide (185.0 MBg/mmol) and p-[glycyl-'*Clamino-
hippurate (PAH) (1.6 GBg/mmol) were obtained from Du Pont-
New England Nuclear Research Products (Boston, MA, USA).
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) was
purchased from Nacalai Tesque (Kyoto, Japan). Testosterone and
estradiol were obtained from Nacalai Tesque (Kyoto, Japan). All
other chemicals were of the highest purity available.
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2.2. Uptake study by kidney slices

Slices of whole kidneys from male and female Wistar rats (8 weeks
old, 190-230 g body weight) were put in ice-cold oxygenated incuba-
tion buffer consisting of 120 mM NaCl, 16.2 mM KCl, | mM CaCl,,
1.2 mM MgSO4 and 10 mM NaH,PO4/Na,HPO,, pH 7.5 as de-
scribed previously [22]. Slices, each weighing 40-90 mg, from three
rats were randomly selected and placed for incubation in a flask con-
taining 3 ml of the incubation buffer with [“C]TEA (50 uM, 0.89
kBg/ml) or ["*C]JPAH (5 uM, 0.74 kBq/ml). The uptake of ['*C]TEA
or [“C]PAH was carried out at 25°C under an atmosphere of 100%
oxygen. p-[’H]Mannitol (50 pM or 5 pM, 3.7 kBq/ml) was used to
estimate the extracellular trapping and non-specific uptake of
["*CITEA or [“CJPAH. After incubation for an appropriate time,
each slice was rapidly removed from the flask, washed twice in 3 ml
of ice-cold incubation medium, blotted on filter paper, weighed, and
solubilized in 0.5 ml of NCS II (Amersham International, Bucking-
hamshire, UK). The radioactivity was determined in 5 ml of ACS II
(Amersham) by liquid scintillation counting.

2.3. Uptake study by basolateral membrane vesicles

Basolateral membrane vesicles were isolated from the kidneys of
male and female Wistar rats (8 weeks old, 190-230 g body weight)
according to the method of Percoll density gradient centrifugation [4].
The purified basolateral membranes were suspended in buffer com-
prising 100 mM p-mannitol, 10 mM HEPES (pH 7.5), and 100 mM
KClI (buffer A). The uptake of ['*CJTEA by membrane vesicles was
measured by a rapid filtration technique [4]. Briefly, the uptake was
rapidly initiated by addition of buffer A containing ['*C]TEA (20 ul)
to 20 pl of membrane suspension at 37°C. At the stated times, incu-
bation was terminated by diluting the reaction mixture with 1 ml of
ice-cold stop solution. The stop solution contained 150 mM KCI and
20 mM HEPES-Tris (pH 7.5). The contents of the tube were poured
immediately onto Millipore filters (HAWP, 0.45 um), washed once
with 5 ml of ice-cold stop solution and counted in 5 ml of ACS II
by liquid scintillation counting. The data are presented as specific
uptake activity which was inhibited in the presence of 10 mM unla-
beled TEA. The protein amount in vesicles was determined by the
method of Bradford [23], using a Bio-Rad Protein Assay Kit (Bio-
Rad Laboratories, Hercules, CA, USA) with bovine y-globulin as
standard.

2.4. Northern blot hybridization

Total RNA was extracted from whole kidney using the guanidine/
isothiocyanate method [24]. In brief, 10 pg of total RNA was electro-
phoresed in 1% denaturing agarose gel containing formaldehyde and
transferred onto nylon membranes. The quality of RNA was assessed
by ethidium bromide staining. After transfer, blots were hybridized at
high stringency (50% formamide, 5XSSPE [1 XSSPE=0.15 M NaCl,
10 mM NaH,POy4, and 1 mM EDTA], 5X Denhardt’s solution, 0.2%
SDS, 10 pg/ml salmon sperm DNA at 42°C) with cDNA encoding
either rOCT1, rOCT2, rOAT]I or rat glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) labeled with [0-3>P]JdCTP. The cDNA probes
corresponded to the nucleotide positions at 399—-1882 (rOCT1), 362—
2114 (rOCT2), 966-1773 (rOCT3), 1-2227, (rOAT1) and 10-1047
(GAPDH) of the published sequences in the GenBank/EBI Data
Bank. After hybridization, the blots were washed twice in 2XSSC
(1XSSC=0.15 M NaCl, 15 mM sodium citrate, pH 7.0)/0.5% SDS
at room temperature for 10 min, and then twice in 0.2 X SSC/0.5%
SDS at 65°C for 30 min. Dried membranes were exposed to the
imaging plates of FUJIX BIO-Imaging Analyzer BAS 2000 II (Fuji
Photo Film).

2.5. Polyclonal antibodies against rat OCT2 and Western blot analysis
According to the previously reported methods [25], polyclonal anti-
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Fig. 1. Accumulation of TEA and PAH by slices of male and fe-
male rat kidneys. Renal slices were incubated at 25°C in buffer con-
taining 50 uM [“C]TEA (A) or 5 uM [“CJPAH (B) for the indi-
cated periods. p-[*H]Mannitol was used to estimate the extracellular
trapping and non-specific uptake of ['*C]TEA and ['*C]PAH. Each
point represents the mean £ S.E.M. of three slices from a typical ex-
periment. *P < 0.05, significantly higher than female.

bodies were raised against a synthetic peptide corresponding to the
intracellular domains of rOCT2 (LTPDEDAGKKLKPSI) in New
Zealand White rabbits. The peptide was synthesized with cysteine at
its NH,-terminal and conjugated to keyhole limpet hemocyanin.
Crude plasma membrane fractions were prepared from rat kidneys
as reported previously [26]. The membrane fractions were solubilized
in lysis buffer (2% SDS, 125 mM Tris, 20% glycerol). The samples
were separated by 10% SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes (Immobilon-P,
Millipore) by semi-dry electroblotting. The blots were blocked with
5% non-fat dry milk and 5% bovine serum albumin in phosphate-
buffered saline containing 0.5% Tween 20 (PBS-T; 137 mM NaCl,
3 mM KCl, 8§ mM Na,HPO,, | mM KH;PO4, pH 7.5), and left
overnight at 4°C. The blots were washed three times in PBS-T and
incubated with the anti-rOCT2 antiserum (1:1000) for 2 h at 25°C.
The blots were washed three times with PBS-T, and the bound anti-
body was detected on X-ray film by enhanced chemiluminescence
(ECL) with a horseradish peroxidase-conjugated anti-rabbit IgG anti-
body and cyclic diacylhydrazides (Amersham).

2.6. Statistical analysis

Statistical analysis was performed by the Student’s #-test, or by the
one-way analysis of variance followed by Fisher’s z-test, when multi-
ple comparisons against the control were needed.

3. Results

First, in order to gain information about the gender differ-
ences in organic cation transport activity, we examined accu-
mulation of TEA by slices of the kidneys from male and
female rats. Fig. 1 shows the time course for accumulation
of TEA and PAH. The TEA accumulation rate was approx-

Uptake of [“C]TEA by basolateral membrane vesicles isolated from male and female rat kidneys

Male (pmol/mg of protein/30 s)

Female (pmol/mg of protein/30 s)

Cortex Medulla

Cortex Medulla

336.2£37.0 210.7 £22.6*

232.2%453 124.7£5.2

Basolateral membrane vesicles from cortex and medulla of rat kidneys were incubated with ["*C]JTEA for 30 s at 37°C. Each point represents
the mean + S.E.M. of three separate experiments performed in three determinations. TEA uptake by the vesicles from medulla of male rat kid-

ney was significantly greater than that of female rat kidney (*P <.05).
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imately twofold greater in renal slices of male rats than female
rats (Fig. 1A), which was comparable to the finding reported
previously [21]. In contrast, there was no significant difference
in PAH accumulation by male and female renal slices (Fig.
1B).

To ascertain if there were gender differences in TEA trans-
port activity of the renal basolateral membranes, uptake of
TEA was examined using isolated basolateral membrane
vesicles from male and female kidneys. Consistent with the
results for TEA accumulation by renal slices (Fig. 1A), TEA
uptake was greater in the vesicles of male kidney compared to
that of female kidney (Table 1). TEA uptake by the vesicles
from cortex of male kidney showed a tendency to be higher
than that of female kidney.

Total RNA from male and female kidneys was analyzed by
Northern blot hybridization for the mRNA expressions of
rOCT1, rOCT2, rOCT3 and rOAT1. An mRNA of 1.9 kb
was detected for rOCT1, and there was no appreciable differ-
ence in abundance of the transcript between male and female
kidneys (Fig. 2). In contrast, the amount of the rOCT2
mRNA of 2.2 kb was much lower in females than in males.
The mRNA level of GAPDH did not differ between males
and females. The signal for rOCT3 mRNA of 3.5 kb was
very weak and showed no difference in abundance of the
transcript between male and female kidneys. The amount of
the rOAT1 mRNA, a kidney-specific organic anion transport-
er [27], also did not differ between male and female kidneys.

Crude plasma membranes isolated from male rat tissues
were subjected to immunoblot analysis for rOCT2 protein.
A primary band with a size of 74 kDa (calculated molecular
weight of 66 kDa) was detected exclusively in the membranes
of kidney (Fig. 3A), and was more intense in the medulla than
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Fig. 2. Northern blot analysis of total RNA from male and female
rat kidneys. A: Total RNA (10 pg) from male and female rat kid-
neys, hybridized with rOCT1, rOCT2, rOCT3, rOAT1 or GAPDH
cDNA probe under high stringency. B: Densitometric quantitation
of rOCT1, rOCT2, rOCT3 and rOAT]I, corrected for loading using
GAPDH. Male levels were set at 100%. No differences in GAPDH
were measured between male and female rats. Each column repre-
sents meant S.E.M. of three rats. *P <0.05, significantly higher
than female.
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Fig. 3. Immunoblot analysis of membrane proteins from male and
female rat kidneys. A: Crude membranes (20 pg) isolated from
brain (lane 1), heart (lane 2), lung (lane 3), liver (lane 4), small in-
testine (lane 5), spleen (lane 6), kidney cortex (lane 7), and kidney
medulla (lane 8) were separated on SDS-PAGE. B: Crude mem-
branes (50 pg) from the kidneys of three male and three female rats
were separated on SDS-PAGE. rOCT2 was identified using polyclo-
nal antibodies as described in Section 2. The arrows indicate the po-
sition of rOCT?2.

in the cortex. Fig. 3B shows rOCT?2 protein in the kidneys of
male and female rats. The density of the band for male kidney
was much more intense than for female kidney. The rOCT2
protein of 74 kDa disappeared when the antibody was pre-
absorbed to the synthetic antigen peptide (data not shown).

4. Discussion

This study demonstrates that the gender difference in the
expression of rOCT2 in the kidney is responsible for the gen-
der differences in organic cation transport activity of the baso-
lateral membrane of renal tubular cells. Gender differences in
organic anion and cation transport activities of rat kidney
have been described by Bowman and Hook [21], demonstrat-
ing that accumulation of TEA was greater in renal cortical
slices from male than female rats, which is consistent with the
present findings (Fig. 1). They concluded that male rat kidney
had a more effective transport system for TEA than female rat
kidney. Since uptake by renal slices is considered to reflect
predominantly transport across the basolateral membranes,
the gender differences in TEA transport could result from
differences in the expression of basolateral membrane trans-
porter(s).

rOCT1, rOCT2 and rOCT3 have been shown to be ex-
pressed in the kidney [9,10,12]. Functional studies suggested
that these OCT gene members possess transport characteris-
tics peculiar to those of the basolateral membrane transport
system for small organic cations [4,7,8]. It is noteworthy that
rOCT1 mRNA is abundantly expressed in the liver as well as
in the kidney, and that OCT1 mRNA is not detected in the
human kidney [28], probably due to species differences. In
contrast, rOCT2 mRNA is expressed predominantly in the
kidney [10], and in neurons [11]. Initially, we determined the
precise amount of mRNA for rOCT1 and rOCT2 in rat kid-
ney, and observed that the steady-state mRNA level of
rOCT2 was sixfold higher than that of rOCT1 (unpublished
data). To date, there is no information available on the gender
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differences and hormonal regulation of OCT gene family ex-
pression.

In the present study, Northern blot and immunoblot anal-
yses revealed that the amounts of both rOCT?2 transcript and
protein expression were greater in the kidneys of male rats
than of female rats (Figs. 2 and 3). In contrast, there were
no appreciable gender differences in the mRNA expression of
rOCT1, rOCT3 and rOAT1 (Fig. 2). Thus, we assumed that
rOCT2 could be an organic cation transporter whose expres-
sion is regulated by gender-related factors, whereas rOCT1
may be a constitutive type of the transporter.

Gender differences in the hepatic transport of endogenous
organic anions including taurocholate [29] and estradiol 17f-
glucuronide [30], and the mechanisms involved in these differ-
ences have been described. Simon et al. [29] suggested that the
protein content of Ntcp, the sodium taurocholate transporting
polypeptide, was significantly greater in male liver, and that
the expression of Ntcp was transcriptionally controlled. Also,
the studies demonstrated that sex steroid hormones possibly
working with growth hormones may contribute to the regu-
lation of hepatic sinusoidal transport of taurocholate. Endog-
enous hormones responsible for the regulation of Ntcp
mRNA expression have not yet been identified. Lu et al.
[30] reported that the steady-state levels of mRNA expression
of renal but not hepatic organic anion transporting polypep-
tide (oatp) were strongly regulated by testosterone and, to a
lesser extent, estradiol. In the present study, we determined
the steady-state rOCT2 mRNA levels by Northern blot hy-
bridization. Thus, it has not been clarified whether the gender
differences in rOCT2 mRNA expression are transcriptional or
posttranscriptional. Further studies such as nuclear run-on
analysis and mRNA stabilities, and promoter identification
are needed to address this issue. Treatment of rats with tes-
tosterone and estradiol may also provide information on the
transcriptional regulation of rOCT2 expression. Although it is
still unclear why the expression of rOCT2, but not of rOCT1
or rOCT3, is regulated sexually in the kidney, we speculate
that this transporter might play a physiological role in the
metabolic clearance of endogenous substances, which may
be generated differentially in males and females, for effective
removal from the circulation to maintain hormone balance.

By functional studies using Xenopus oocytes and stable
transfectants, we found that rOCT1 and rOCT2 possess sim-
ilar but not identical affinities for a variety of compounds
[14,15]. The physiological implication of the difference in roles
of these transporters in the renal handling of organic cations
has not been clarified. Considering the present findings, it is
likely that rOCT1 and rOCT2 share the metabolic clearance
of small cationic solutes in the kidney, and that rOCT2-medi-
ated cation uptake could be modulated by endogenous fac-
tor(s). The reason why rOCT1, but not rOCT?2, is expressed
not only in the kidney but also in the liver might be related to
the functional role of each transporter in the homeostasis of
cationic substances.

In conclusion, we demonstrated that rOCT?2 is responsible
for the gender differences in renal organic cation transport
activity, possibly in the basolateral membranes of tubular epi-
thelial cells. These findings suggest that rOCT2 may play
physiological and pharmacological roles in renal clearance
of endogenous and exogenous organic cations from the blood.
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