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A wide variety of endogenous organic ions and xenobiotics are secreted into the urine via organic 
anion and cation transport systems, expressed in brush-border and basolateral membranes of renal 
tubular cells. Using membrane vesicles isolated from the kidney, cultured renal epithelial cells, 
isolated renal tubules, and slices of renal cortex, extensive studies have been done regarding the 
mechanisms of renal tubular secretion of organic ions. Basolateral entry of organic anions is 
mediated by the organic anion/dicarboxylate exchange system, whereas apical extrusion of organic 
anions from epithelial cells is mediated by an anion exchanger and/or by membrane potential- 
sensitive transport systems. Studies using membrane vesicles have made clear the fact that the 
basolateral transport of organic cations is stimulated by inside-negative membrane potential, 
whereas the transport of organic cations in brush-border membranes is achieved by a proton 
gradient. Transport studies using cultured renal epithelial cells have shown other aspects of organic 
ion transport, such as regulatory mechanisms for transcellular transport of organic anions and 
cations. The recent development of molecular techniques has greatly advanced our understanding 
of the molecular aspects of various transport processes. In 1994, a cDNA clone encoding the 
prototype organic cation transporter was isolated from rat kidney. Within the last 3 years, several 
organic anion and cation transporters in the kidney have been identified by different cloning 
techniques. In this review, we describe the mechanisms mediating renal tubular secretion of organic 
anions and cations, including recent topics in this area. 
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The secretion of endogenous metabolites, drugs, and 
xenobiotics is an important physiologic function of 
the renal proximal tubules. In general, these com- 
pounds are negatively or positively charged organic 
species. The process of secreting organic anions and 
cations through the proximal tubular cells is achieved 
via unidirectional transcellular transport, involving 
the uptake of organic ions into the cells from blood 
across the basolateral membranes, followed by ex- 
trusion across brush-border membranes into the 
tubular fluid) ,2 

A variety of experimental techniques have been 
used to study organic ion transport in the kidney. 
The clearance technique is the principal means of 
studying the renal handling of organic anions and 
cations in vivo. Slices of renal cortex and tubule 
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suspensions have been studied extensively in vitro. 
Since the lumina of the tubules are collapsed in slice 
preparations, the movement of organic molecules 
into and out of the cells takes place almost exclu- 
sively across the peritubular membranes, accumu- 
lating levels of organic ions higher than those in the 
extracellular medium. 

It has been difficult, however, to characterize the 
specific membrane events underlying the transepi- 
thelial transport of organic ions because of its complex 
structure, being composed of 2 distinct membranes, 
the luminal brush-border and contraluminal baso- 
lateral membranes. These 2 membranes differ in 
their enzyme compositions and in their transport 
mechanisms for solutes. Isolated brush-border and 
basolateral membrane vesicles have been used as in 
vitro model systems for studying renal transport. 
The advantages of using membrane vesicles are that 
1) vesicles are free of metabolic reactions; 2) the 
composition of the intra and extra vesicular spaces 
can be manipulated, allowing analysis of the driving 
forces for transports; and 3) the transport properties 
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of the 2 membranes can be studied separately. Fur- 
thermore, the development of cell culture techniques 
has offered advantages for the study oftranscellular 
transport of solutes. 

As the renal secretion of organic ions is a trans- 
cellular transport event across the proximal tubular 
epithelial cells, it is essential to study the transcellu- 
lar transport and its regulation at the cellular level. 
In 1994, a new era in the study of the tubular transport 
of organic ions began with the cloning of the rat 
organic cation transporter, OCT1, by functional ex- 
pression in Xenopus laevis oocytes. 3 Within the last 
3 years, several organic anion and cation transport- 
ers in the kidney have been identified by different 
cloning techniques. This review focuses on recent 
progress in the study of the cellular and molecular 
mechanisms mediating renal secretion of organic 
anions and cations. 

ORGANIC ANION TRANSPORT SYSTEMS 

Organic Anion Transport by Brush-Border 
and Basolateral  Membrane Vesic les  
The organic anion transport system has been the 
subject of extensive investigation, and p-aminohip- 
purate is commonly used as the prototype anion. 
Organic anions are taken up from the blood and 
secreted into the luminal fluid in the proximal tu- 
bules (Fig. 1). Studies of isolated membrane vesicles 
have helped greatly in understanding the mecha- 
nisms of organic anion transport in renal brush- 
border and basolateral membranes. 

The transport ofp-aminohippurate across baso- 
lateral membranes is a carrier-mediated process. It 
has been reported that p-aminohippurate transport 
in basolateral membranes was indirectly coupled to 
the Na § gradient. 4,5 The transport ofdicarboxylates, 
such as glutarate and a-ketoglutarate, is actively 
driven by a Na § gradient via the Na§ 
cotransporter in renal basolateral membranes, re- 
sulting in an outward dicarboxylate gradient. This 
gradient, in turn, can drive p-aminohippurate up- 
take against its concentration gradient via the p- 
aminohippurate/dicarboxylate exchange system. 
Conversely, in brush-border membranes, p-amino- 
hippurate is transported by an anion exchanger that  
transports many organic and inorganic anions, such 
as urate, lactate, OH-, and C]-, and/or by a potential- 
sensitive transport system. 6-s 

Transcellular Transport o f  Organic Anions  in 
OK Kidney Epithel ial  Cells 
Cultured epithelial cells derived from the kidney have 
been useful in studying a variety of renal cellular 
functions, including transepithelial transport and 
the regulation of transport by hormones and drugs.9,1~ 
We recently reported that the transcellular trans- 
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Fig, 1. Transport mechanisms of organic anions and cations in renal 
tubular cells. ATP, adenosine triphosphate; ADP, adenosine diphos- 
phate; H § hydrogen ion; Na +, sodium ion; K +, potassium ion; X-, anion; 
mV, millivolts. 

port ofp-aminohippurate  occurs unidirectionally 
from the basal to apical side across OK cell (kidney, 
American opossum) monolayers, and that the p- 
aminohippurate transport system in OK cells showed 
a substrate specificity similar to that in rat renal 
proximal tubules. 11,12 In addition, effiux ofintracellu- 
lar a-ketoglutarate from the OK cells to the basolateral 
side was increased by applyingp-aminohippurate on 
the basolateral side of the cell monolayers) 3 Thus, 
OK cells are a good model system to study the secretory 
process of anionic drugs across renal epithelial cells. 

Numerous studies have demonstrated that pro- 
tein kinase C plays a central role in signal transduc- 
tion induced by various hormones, and participates 
in the modulation of a variety of transport pro- 
cesses. 14,15 There is little information, however, con- 
cerning the regulation of organic anion transport by 
the intracellular signal transduction systems in the 
kidney. OK cells have specific parathyroid hormone 
receptors coupled to the protein kinase C and protein 
kinase A pathways, and several reports have shown 
that parathyroid hormone regulates the activities of 
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apicallylocated Na§ cotransport, 14 as well 
as Na+/H + exchange, 15 via the protein kinase A and/ 
or protein kinase C pathways.  During the course of 
studying the regulation of organic anion transport,  
we demonstra ted that  active phorbol esters inhibit 
p-aminohippurate  t ranspor t  in OK cells, most likely 
via the activation of protein kinase C. 16 Parathyroid 
hormone also inhibited the transcellular t ransport  
of p-aminohippurate  from the basal  to the apical 
side, as well as the accumulation ofp-aminohippurate 
in OK cel ls)  7 Conversely, protein kinase A activa- 
tors did not affect the transcellular  t ransport  or 
accumulation ofp-aminohippurate.  The parathyroid 
hormone-induced p-aminohippurate  t ransport  was 
blocked by a protein kinase C inhibitor, staurosporine. 
Thus, protein kinase C may play an important role in 
the regulation of organic anion transport in the kidney. 

Molecular Cloning  and F u n c t i o n a l  Character- 
i za t ion  of  Organic An ion  Transporters  
Using the functional expression cloning s trategy in 
Xenopus laevis oocytes, a Na+-independent organic 
anion t ranspor ter  of the  rat  liver was identified 
(organic anion t ransport ing polypeptide)J  s A hu- 
man analogue of the organic anion t ransporter  was 
subsequently isolated by Kullak-Ublick et al. 19 The 
detection of messenger RNA transcripts,  related to 
the organic anion t ransport ing polypeptide in the rat  
kidney, suggested the localization of multispecific, 
organic anion t ransporters  along the nephron. 

These findings encouraged us to investigate the 
expression of t ranspor ter  proteins, homologous to 
ra t  organic anion transport ing polypeptide, in the 
renal tubules. We isolated a cDNA encoding a ra t  
kidney-specific organic anion transporter,  designated 
OAT-K1, which showed a 72% amino acid identity 
with the rat  organic anion t ransport ing polypep- 
tide.2~ In t ransport  studies, methotrexate  and folate, 
but  not  p-aminohippurate  or taurocholate,  were ac- 
cumulated by stably transfected renal cells express- 
ing ra t  OAT-K1. The distribution of OAT-K1 mRNA 
along microdissected nephron segments  was ana- 
lyzed, and the immunolocalization of this molecule 
was examined in isolated plasma membranes  from 
rat  kidney (Fig. 2). 21 Using reverse transcription 
polymerase chain reaction (PCR), OAT-K1 mRNA 
was detected predominantly in the superficial and 
juxtamedul lary  proximal straight tubules.  Western 
blotting with ant iserum for OAT-K1 showed that  the  
t ranspor ter  protein, with an apparent  molecular 
mass  of 40 kDa, was expressed exclusively in brush- 
border membranes  from rat  kidney. Whether  or not 
OAT-K1 transport contributes to secretion and/or re- 
absorption of methotrexate in renal tubules is pres- 
ently unknown. 

Expression cloninginXenopus laevis oocytes was 
recently used to isolate an organic anion t ransport  
protein from rat  kidney and winter  f lounder kidney 
by 3 groups, independently. Sekine et al.22 and Sweet 
et al. 23 isolated a cDNA from rat  kidney tha t  encodes 

Fig, 2. Distribution of OAT-K1 mRNA in microdissected renal nephron segments. (A) Detection by reverse 
transcription-polymerase chain reaction. (B) Autoradiograms of corresponding Southern blots. Gim, 
glomerulus; PCT, proximal convoluted tubule; PST, proximal straight tubule; $3, late proximal straight 
tubule; MAL, medullary thick ascending limb; CAL, cortical thick ascending limb; CCD, cortical collecting 
duct; OMCD, outer medullary collecting duct; IMCD, inner medullary collecting duct; RT, reverse 
transcription, aSuperficial; bjuxtamedullary. Data reproduced, with permission, from Masuda et al? 1 
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a 55 l -amino  acid res idue protein,  with  12 pu ta t ive  
membrane - spann ing  domains,  des igna ted  OAT1 
and ROAT1, respectively. The amino acid sequences 
of OAT1 and ROAT1 were identical.  Both  OAT1 
and ROAT1 mediated sodium-independent, p-amino- 
hippurate uptake, and the uptake rate of p-amino- 
h ippura te  was increased by the outwardly directed 
dicarboxylate gradient, consistent with the charac- 
teristics ofa  basolateral,  organic anion/dicarboxylate 
exchanger in membrane  vesicle studies. Wolffet  al.24 
also reported a cDNA encoding a basolateralp-amino- 
hippurate t ranspor ter  from winter  flounder kidney, 
designated fROAT. Characterist ics of organic anion 
t ransporters  identified are listed in Table 1. 

ORGANIC CATION TRANSPORT SYSTEMS 

Organic Cation Transport by Brush-Border 
and Basolateral  Membrane Ves ic les  
To characterize organic cation t ranspor t  systems, 
the uptake  of te t rae thylammonium,  a prototype cat- 
ion, was studied, using brush-border and basolateral  
membrane vesicles. ~~ The characteristics of car- 
r ier-mediated t ransport  for te t rae thylammonium 
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were shown in brush-border  and basolateral  mem- 
brane vesicles. The uptake  was saturable, was stimu- 
lated by the counter t ransport  effect, and showed 
discontinuity in an Arrhenius plot. In brush-border 
membrane  vesicles, the  presence of an outward H § 
gradient ([pH] inside = 6.0, [pH] outside = 7.5) induced 
the t ransient  uphill t ranspor t  of te t raethylammo- 
nium (overshoot phenomenon), but  this was not 
observed in basolateral membrane  vesicles. The pres- 
ence of carbonyl cyanide p-trifluoromethoxyphenyl- 
hydrazone, a protonophore tha t  rapidly dissipates 
the proton gradient, markedly  decreased the H § 
gradient-induced st imulation of te t raethylammo- 
nium uptake. The uptake  of te t rae thylammonium 
driven by the H § gradient  was completely inhibited 
by sulfhydryl reagents, the inhibitory effects of which 
were also observed in the absence of the H § gradi- 
ent. 32 Tetrae thylammonium uptake  by basolateral  
membrane  vesicles was s t imulated by a valinomy- 
cin-induced, inside-negative membrane potential, 
while no effect on membrane  potential was observed 
in brush-border membrane vesicles. 

These results  suggest tha t  te t rae thylammonium 
is t ransported across basolateral  membranes  via a 

Table 1. Characteristics of organic anion and cation transporters. 

Tissue 
Transporters Species Amino acids Substrates References 

distribution 

Organic anion transporters 
oatp rat Liver, kidney, brain 670 BSP, bile acids, 

steroid-glucuronides 
Jacquemin et al., 199418 

human Liver, brain, lung, 670 BSP, bile acids Kullak-Ublick et al., 199519 
kidney, testes 

OAT-K1 rat Kidney 669 Methotrexate, relate Saito et al., 199620 

OAT1, ROAT1 rat Kidney 551 PAH, cAMP, cGMP, PGE 2, Sekine et al., 199722 
urate, a-ketoglutarate Sweet et al., 199723 

fROAT winter flounder Kidney 562 PAH Wolff et al., 199724 

Organic cation transporters 
OCT1 rat Kidney, liver, 556 TEA, MPP, choline, Gr0ndemann et al., 19943 

small intestine procainamide, NMN, 
dopamine 

human Liver 554 TEA, MPP Zhang et al., 19972~ 

rOCT1A rat Kidney, liver, 430 TEA Zhang et al., 199726 
small intestine 

OCT2 rat Kidney 593 TEA, MPP, choline Okuda et al., 199627 

human Kidney 555 TEA, MPP, NMN, choline Gorboulev et al., 199728 

OCT2p pig LLC-PK 1 cells 554 TEA GrOndemann et al., 199729 

oatp, organic anion transporting polypeptide; BSP, sulfobromophthalein; PAH, p-aminohippurate; cAMP, cyclic adenosine monophosphate; 
cGMP, cyclic guanosine monophosphate; PGE 2, prostaglandin E2; TEA, tetraethylammonium; MPP, 1-methyl-4-phenylpyridinium; NMN, N 1- 
methylnicotinamide. 
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carrier-mediated system, that  this process is stimu- 
lated by an inside-negative membrane  potential, 
and tha t  t e t r ae thy lammonium t ranspor t  across 
brush-border  membranes  is driven by an H § gradi- 
ent via an electroneutral,  H§ 
antiport system (Fig. 1). 30 Under  physiologic condi- 
tions, acidic luminal pH can be generated by the Na§ 
H § antiport system in brush-border  membranes.  In 
addition, cimetidine 33 (cation) and amino-fl- lactam 
antibiotics 34 (zwitterions), which are widely used 
drugs, share a common carrier transport system with 
te t rae thylammonium in brush-border  membranes.  

TransceUular Transport of  Organic Cations 
in LLC-PK I Kidney Epithelial  Cells 
The pig kidney epithelial cell line, 35 LLC-PK 1, has 
been used extensively as a model for the analysis of 
epithelial functions in the proximal tubules .36,37 These 
cells form an oriented monolayer with microvilli and 
tight junctions, and exhibit unidirectional t ransport  
of electrolytes and some nutrients.  We demonstrated 
that  the apical membranes  ofLLC-PK 1 cells express 
the H+/organic cation antiport  system. 3s Fauth  and 
coworkers 39 used LLC-PK 1 cell monolayers grown on 
permeable supports to examine the transepithelial  
t ransport  of organic cations. We a t tempted to clarify 
the mechanisms of the transcellular  t ransport  of 
te t rae thylammonium by LLC-PK 1 cell monolayers, 
grown on microporous membrane  filters. 4~ Tetra- 
e thylammonium was accumulated progressively in 
the monolayers from the basolateral  side, and was 
t ransported unidirectionally to the apical side. The 
transcellular  t ransport  o f te t rae thy lammonium was 
saturable,  temperature-dependent ,  and sensitive to 
the pH of the apical side of the monolayers. 

As shown in Fig. 3, unlabeled te traethylammo- 
nium, amiloride, procainamide, cimetidine, and cho- 
line inhibited the basolateral uptake and transcellular 
transport of [14C]tetraethylammonium. Interestingly, 
ofloxacin, a pyridonecarboxylic acid antibacterial drug, 
had a potent  inhibitory effect on the transcellular 
t ransport  of [14C]tetraethylammonium, but  not on 
its accumulation. A sulfhydryl reagent  inhibited the 
te t rae thylammonium transport  at  both the basolat- 
eral and apical membranes  of the LLC-PK 1 cells. 
These findings suggest  tha t  LLC-PK 1 monolayers 
possess unidirectional t ransport  systems for organic 
cations, and demonstra te  the validity of LLC-PK 1 
cell monolayers as a model for the renal proximal 
tubular  secretion of organic cations. 

Consistent with the inhibitory effect of ofloxacin 
on t e t rae thy lammonium uptake  in brush-border  
membrane vesicles, 41 levofloxacin, an optical isomer 
of ofloxacin, interacted with the apical H+/organic 
cation antiport  system to a greater  extent  than with 
the basolateral  system. 42 However,  transcellular  
t ransport  oflevofloxacin would be mediated by trans- 

port systems which are distinct from those for tetra- 
e thylammonium in LLC-PK 1 cells. Based on the 
results  ofpharmacokinetic analysis of te t rae thylam- 
monium transport  in the LLC-PK 1 monolayers,  we 
also confirmed that  levofloxacin interacts  with or- 
ganic cation transporters,  mostly in the apical mem- 
branes.  43 

Molecular Cloning and Funct ional  Character- 
i zat ion  of  Organic Cation Transporters 
Although a number  of studies regarding the charac- 
teristics of organic cation t ransport  in renal tubules 
have been performed, little information is available 
about  the molecular s t ructures of organic cation 
transporters .  Holohan et al. 44 and Gilsdorf et al. 45 
demonstra ted that  the molecular size of the H§ 
organic cation antiporter in brush-border  membrane  
vesicles was 41 kDa, using [3H]azidopine as a 
photoaffni ty- label ing reagent. Using a cimetidine 
analogue, Kimura et al.46 iden t i fed  a 35 kDa protein 
as a candidate for the organic cation t ranspor ter  in 
brush-border  membranes.  

By functional expression cloning using Xenopus 
oocytes, Grfindemann et al. 3 isolated a cDNA encod- 
ing an organic cation transporter ,  OCT1 (556 amino 
acids), from rat  kidney. They deduced tha t  OCT1 is 
a polyspecific organic cation transporter ,  mediat ing 
the basolateral  uptake  of organic cations in the liver 
and kidney. Using cDNA fragments  encoding ra t  
OCT1, we isolated a novel organic cation trans- 
porter, OCT2, from a rat  kidney cDNA l ib ra ryY The 
full-length, rat  OCT2 cDNA clone consisted of 2205 
base pairs, including a polyadenylation signal and a 
poly (A) § sequence at the 3' terminus.  The open 
reading frame of rat  OCT2 encoded a protein of 593 
amino acids, showing a 67% identity with ra t  OCT1. 
The hydropathy profile and the secondary s tructure 
of ra t  OCT2 indicated that  the t ranspor ter  has 12 
putat ive,  membrane-spanning a-helices. Northern 
hybridization and reverse transcription PCR analy- 
ses showed that  the rat  OCT2 transcript  was ex- 
pressed predominantly in the kidney, at higher levels 
in the medulla than in the cortex. 

H u m a n  analogues of these organic cation trans- 
porters, hOCT125 and hOCT2, 2s have recently been 
isolated. Human  OCT1 mRNAwas  expressed prima- 
rily in the human  liver, whereas  hOCT2 mRNA was 
predominantly expressed in the kidney. Further-  
more, Zhang et al. ~6 reported the presence of a 
splicing var iant  of rat  OCT1 (rOCT1A) in the ra t  
kidney, indicating heterogeneity of the organic cat- 
ion t ranspor ter  family. It is noteworthy that  the 
amino acid sequences of the recently identified ra t  
rena l  organic anion t r anspor te r s ,  OAT122 and 
ROAT1, 23 showed homologywith rat  OCT1 and OCT2 
(33% and 31% identity, respectively). Protein struc- 
ture-function analysis of these t ranspor ters  may 
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Fig. 3. Effect of various drugs on transcellular transport and accumulation of tetraethylammonium by LLC-PK 1 (pig kidney) monolayers. 
At 6 days after inoculation, LLC-PK 1 cell monolayers were incubated at 37~ for 60 minutes with 50/zmol/L [14C]tetraethylammonium 
(pH 7.4) added to basolateral side in the presence and absence of various cationic drugs at same side. Appearance of radioactivity 
Jn apical side (pH 7.4) and cellular accumulation were measured. Data were expressed as percentage of control value. Each column 
represents mean + SEM of 3 monolayers. Modified data, used with permission, from Saito et al.4~ 

provide relevant information regarding the mecha- 
nisms ofsubstrate recognition by these transporters. 

Transport Characterist ics  o f  Organic Cation 
Transporters OCT1 and OCT2 
By comparing the functional characteristics of 1- 
methyl-4-phenylpyridinium uptake between isolated 
rat hepatocytes and rat OCT1, Martel et al. 47 demon- 
strated that rat  OCT1 is responsible for the hepatic 
uptake of small organic cations, which are classified 
as classical type I substrates. Busch et al. 4s reported 
tracer uptake studies and electrophysiological mea- 
surements, using Xenopus oocytes expressing rat 
OCT 1. N l-methylnicotinamide, l-methyl-4-phenylpy- 
ridinium, tetraethylammonium, and choline were 
accumulated by OCTl-expressing oocytes. The trans- 
port of tetraethylammonium and choline was elec- 
trogenic, and independent of extracellular ion 
composition and pH. They also showed that rat 
OCT1 is responsible for the tubular secretion of 
monoamine neurotransmitters , such as dopamine, 
serotonin, nor/~drenaline, histamine, and acetylcho- 
line, by using voltage-clamped Xenopus oocytes ex- 
pressing rat OCT1. 49 

When in vitro-synthesized rat OCT2 RNA was 
injected into Xenopus oocytes, tetraethylammonium 
uptake into the oocytes was markedly elevated, and 
was saturated at high concentrations. 5~ In the up- 
take buffer at various pHs from 5.4 to 8.0, OCT2- 
mediated te t rae thylammonium uptake did not 
change significantly, suggesting that the transport 
oftetraethylammonium by OCT2 is not driven by the 
H § gradient. Xenopus oocytes form a transmem- 
brane electrical potential under physiologic condi- 
tions, and this potential  is decreased by the 
replacement of extracellular Na § with K § Uptake of 
tetraethylammonium by OCT2-expressing oocytes 
was decreased by high K § levels (100 mmol/L), sug- 
gesting that OCT2 was dependent on the transmem- 
brane electrical potential. Tetraethylammonium 
uptake by oocytes expressing OCT2 was also mark- 
edly inhibited by cimetidine, procainamide, tetra- 
ethylammonium,N z-methylnicotinamide, guanidine, 
and choline, although p-aminohippurate did not in- 
hibit OCT2-mediated tetraethylammonium uptake 
(Fig. 4). 

These studies suggest that  rat OCT2 is a multi- 
specific organic cation transporter, with characteris- 
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tics of tha t  in the renal  basolateral  membranes. 
Grtindemann et al.29 isolated a porcine analogue of the 
organic cation transporter ,  OCT2p, from LLC-PK 1 
kidney epithelial cells. They reported that tetraethyl- 
ammonium uptake by OCT2p is pH dependent.  In 
addition, by comparing the order of inhibitory poten- 
cies of several organic compounds on cellular accu- 
mulation of tetraethylammonium between OCT2p- 
transfected cells and LLC-PK 1 cells from the apical 
side, they deduced that  OCT2 is an apical organic 
cation transporter,  expressed in LLC-PK~ cells. These 
controversial points should be resolved by further  
studies. 

To further clarify the transport characteristics of 
rat OCT1 and OCT2, we constructed stable transfec- 
rants expressing rat  OCT1 (MDCK-OCT1) and OCT2 
(MDCK-OCT2), respectively. 51 The transfected MDCK 
cells were cultured on microporous membrane filters, 
and accumulation of tetraethylammonium by the cell 
monolayers was determined. When added to the baso- 
lateral medium, tetraethylammonium uptake by both 
MDCK-OCT1 and MDCK-OCT2 cells was markedly 
enhanced, but  the uptake was minimal when tetra- 
ethylammonium was added to the apical medium. The 
effiux of tetraethylammonium from both transfectant 
lines was not changed by extracellular pH, suggesting 
that both rat  OCT1 and rat  OCT2 are basolateral-type 
organic cation transporters. The Michaelis constant 
(K m) values for tetraethylammonium uptake by both 

MDCK-OCT1 and MDCK-OCT2 cells were similar. 
The inhibitory potencies of various organic cations, 
including 1-methyl-4-phenylpyridinium, cimetidine, 
quinidine, nicotine,Nl-methylnicotinamide, and guani- 
dine on tetraethylammonium uptake were also similar 
between rat OCT1 and OCT2, suggesting that  both rat  
OCT1 and OCT2 are responsible for the tubular  trans- 
port of common organic cations. Characteristics of 
organic cation transporters identified are listed in 
Table 1. 

C O N C L U S I O N  

Our unders tanding of the tubular  secretion of or- 
ganic anions and cations has greatly progressed in 
recent years, due to the development of new tech- 
niques. Molecular studies of organic ion transport-  
ers especially have provided new insight into the 
tubular  secretion of drugs and xenobiotics. Trans- 
porter  protein structure-function relationships are 
poorly understood at this time, however. The roles of 
organic ion t ransporters  in physiologic conditions 
and their  relation to the kidney diseases still remain 
to be clarified. Fur ther  studies must  be done to 
achieve sufficient understanding of the renal  secre- 
tion of organic ions, including the identification of 
other t ransporters  in brush-border membranes,  such 
as H§ cation antiporter. 

Fig. 4. Effect of various organic cations on tetraethylammonium uptake by OCT2 RNA- 
injected Xenopus oocytes. Uptake by oocytes was assayed at 25~ for 2 hours in 
incubation buffer containing 250,umol/L [14C]tetraethylammonium, in the presence and 
absence of various organic cations (2.5 mmol/L), 1 day after injection of 50 nL of water 
or OCT2 RNA. Each column represents the mean + SEM of 4 experiments. Four oocytes 
were used for each uptake experiment. Con, control; CIM, cimetidine; PA, procainamide; 
TEA, tetraethylammonium; NMN,/~-methyinicotinamide; GUA, guanidine; CHO, cho- 
line; PAH, p-aminohippurate. 

106  



ACKNOWLEDGMENTS 

This work was supported in part by a Grant-in-Aid for 
Scientific Research (B) and a Grant-in-Aid for Scientific 
Research on Priority Areas of "Channel-Transporter Cor- 
relation" from the Ministry of Education, Science, and 
Culture of Japan, and by a Grant-in-Aid from the Japan 
Health Sciences Foundation. 

REFERENCES 

1. Pritchard JB, Miller DS. Mechanisms mediating renal 
secretion of organic anions and cations. Physiol Rev 
1993;73:765-796. 

2. Ullrich KJ. Specificity of transporters for 'organic ani- 
ons' and 'organic cations' in the kidney. Biochim 
Biophys Acta 1994;1197:45-62. 

3. Griindemann D, Gorboulev V, Gambaryan S, Veyhl M, 
Koepsell H. Drug excretion mediated by a new proto- 
type ofpolyspecific transporter. Nature 1994;372:549- 
552. 

4. Shimada H, Moewes B, Burckhardt G. Indirect cou- 
pling to Na § ofp-aminohippuric acid uptake into rat 
renal basolateral membrane vesicles. Am J Physiol 
1987;253:F795-F801. 

5. Pritchard JB. Coupled transport ofp-aminohippurate 
by rat kidney basolateral membrane vesicles. Am J 
Physiol 1988;255:F597-F604. 

6. Steffens TG, Holohan PD, Ross CR. Operational modes 
of the organic anion exchanger in canine renal brush- 
border membrane vesicles. Am J Physiol 1989;256: 
F596-F609. 

7. Mart inez F, Manganel M, Montrose-Rafizadeh C, 
Werner D, Roch-Ramel F. Transport of urate and p- 
aminohippurate in rabbit renal brush-border mem- 
branes. Am J Physiol 1990;258:Fl145-Fl153. 

8. Ohoka K, Takano M, Okano T, Maeda S, Inui K, Hori R. 
p-Aminohippurate transport in rat renal brush-border 
membranes: a potential-sensitive transport system and 
an anion exchanger. Biol Pharm Bull 1993;16: 395--401. 

9. Handler JS. Studies of kidney cells in culture. Kidney 
Int 1986;30:208-215. 

10. Kreisberg JI, Wilson PD. Renal cell culture. J Electron 
Microsc Tech 1988;9 235-263. 

11. Takano M, Hirozane K, Okamura M, Takayama A, 
Nagai J, Hori R.p-aminohippurate transport in apical 
and basolateral membranes of the OK kidney epithe- 
lial cells. J Pharmacol Exp Ther 1994;269:970-975. 

12. Nagai J, Takano M, Hirozane K, ~asuhara M, Inui K. 
Specificity of p-aminohippurate transport system in 
the OK kidney epithelial cell line. J Pharmacol Exp 
Ther 1995;274:1161-1166. 

13. Nagai J, Yano I, Hashimoto Y, Takano M, Inui K. Effiux 
of intracellular a-ketoglutarate via p-aminohippurate/ 
dicarboxylate exchange in OK kidney epithelial cells. J 
Pharmacol Exp Ther 1998;285:422-427. 

14. Quamme G, Pfeilschifter J, Murer H. Parathyroid hor- 
mone inhibition of Na§ cotransport in OK 
cells: requirement of protein kinase C-dependent path- 
way. Biochim Biophys Acta 1989;1013:159-165. 

15. Helmle-Korb C, Montrose MH, Stange G, Murer H. 
Regulation ofNa+/H + exchange in opossum kidney cells 
by parathyroid hormone, cyclic AMP and phorbol es- 
ters. Pfl6gerS Arch 1990;415:461-470. 

16. Takano M, Nagai J, Yasuhara M, Inui K. Regulation ofp- 
aminohippurate transport by protein kinase C in OK kid- 

Inui and Okuda 

ney epithelial cells. Am J Physiol 1996;271:F469-F475. 
17. Nagai J, Yano I, tlashimoto Y, Takano M, Inui K. Inhi- 

bition of PAH transport by parathyroid hormone in OK 
cells: involvement of protein kinase C pathway. Am J 
Physiol 1997;273:F674-F679. 

18. Jacquemin E, Hagenbuch B, Stieger B, Wolkoff AW, 
Meier PJ. Expression cloning of a rat  liver Na+-inde - 
pendent organic anion transporter. Proc Nat] Acad Sci 
USA 1994;91:133-137. 

19. Kul lak-Ubl ick  GA, Hagenbuch  B, S t ieger  B, 
Schteingart CD, Hofmann AF, Wolkoff AW, Meier PJ. 
Molecular and functional characterization of an organic 
anion transporting polypeptide cloned from human 
liver. Gastroenterology 1995;109:1274-1282. 

20. Saito H, Masuda S, Inui K. Cloning and functional char- 
acterization of a novel rat  organic anion transporter 
mediating basoIateral uptake of methotrexate in the 
kidney. J Biol Chem 1996;271:20719-20725. 

21. Masuda S, Saito H, Nonoguchi H, Tomita K, Inui K. 
mRNA distribution and membrane localization of the 
OAT-K1 organic anion transporter in rat  renal tubules. 
FEBS Lett 1997;407:127-131. 

22. Sekine T, Watanabe N, Hosoyamada M, Kanai Y, Endou 
H. Expression cloning and characterization of a novel 
multispecific organic anion transporter. J Biol Chem 
1997;272:18526-18529. 

23. Sweet DH, Wolff NA, Pritchard JB. Expression clon- 
ing and characterization of ROATI: the basolateral 
organic anion transporter in rat  kidney. J Biol Chem 
1997;272:30088-30095. 

24. WolffNA, Werner A, Burckhardt S, Burckhardt G. Ex- 
pression cloning and characterization of a renal organic 
anion transporter from winter flounder. FEBS Lett 
1997;417:287-291. 

25. Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S, 
Giacomini KM. Cloning and functional expression of a 
human liver organic cation transporter. Mol Pharmacol 
1997;51:913-921. 

26. Zhang L, Dresser MJ, Chun JK, Babbitt PC, Giacomini 
KM. Cloning and functional characterization of a rat  
renal organic cation transporter isoform (rOCT1A). J 
Biol Chem 1997;272:16548-16554. 

27. Okuda M, Saito H, Urakami Y, Takano M, Inui K. cDNA 
cloning and functional expression of a novel rat  kid- 
ney organic cation transporter, OCT2. Biochem Biophys 
Res Commun 1996;224:500-507. 

28. Gorboulev V, Ulzheimer JC, Akhoundova A, Ulzheimer- 
Teuber I, Karbach U, Quester S, Baumann C, Lang F, 
Busch AE, Koepsell H. Cloning and characterization 
of two human polyspecific organic cation transporters. 
DNA Cell Biol 1997;16:871-881. 

29. Griindemann D, Babin-Ebell J, Martel F, 0rding N, 
Schmidt A, SchSmig E. Primary structure and func- 
tional expression of the apical organic cation trans- 
porter from kidney epithelial LLC-PK 1 cells. J Biol 
Chem 1997;272:10408-10413. 

30. Takano M, Inui K, Okano T, Saito H, Hori R. Carrier- 
mediated transport systems of tetraethylammonium 
in rat renal brush-border and basolateral membrane 
vesicles. Biochim Biophys Acta 1984;773:113-124. 

31. Inui K, Takano M, Hori R. Organic cation transport in 
the renal brush-border and basolateral membranes. In: 
Hatano M (ed) Nephrology. Tokyo: Springer-Verlag, 
1991:1391-1398. 

32. Hori R, Maegawa H, Okano T, Takano M, Inui K. Ef- 
fect of sulfhydryl reagents on tetraethylammonium 
transport  in rat  renal brush border membranes. J 
Pharmacol Exp Ther 1987;241:1010-1016. 

107  



Secretion of Organic Anions and Cations 

33. Takano M, Inui K, Okano T, Hori R. Cimetidine trans- 
port in ra t  renal brush border and basolateral mem- 
brane vesicles. Life Sci 1985;37:1579-1585. 

34. Inui K, Takano M, Okano T, Hori R. H § gradient-de- 
pendent transport  of aminocephalosporins in rat  re- 
nal brush border membrane vesicles: role of H+/organic 
cation antiport system. J Pharmacol Exp Ther 1985; 
233:181-185. 

35. Hull RN, CherryWR, Weaver GW. The origin and char- 
acteristics of a pig kidney cell strain, LLC-PK r In Vitro 
1976;12:670-677. 

36. Amsler K, Cook JS. Development of Na§ 
hexose transport  in a cultured line of porcine kidney 
cells. Am J Physiol 1982;242:C94-C101. 

37. Hori R, Yamamoto K, Saito H, Kohno M, Inui K. Effect 
of aminoglycoside antibiotics on cellular functions of 
kidney epithelial cell line (LLC-PK1): a model system 
for aminoglycoside nephrotoxicity. J Pharmacol Exp 
Ther 1984;230:742-748. 

38. Inui K, Saito H, Hori R. H+-gradient-dependent active 
t ransport  of te t rae thylammonium cation in apical- 
membrane vesicles isolated from kidney epithelial cell 
line LLC-PK 1. Biochem J 1985;227:199-203. 

39. Fauth C, Rossier B, Roch-Ramel F. Transport of tetra- 
ethylammonium by a kidney epithelial cell line (LLC- 
PK1). Am J Physiol 1988;254:F351-F357. 

40. Saito H, Yamamoto M, Inui K, Hori R. Transcellular 
transport  of organic cation across monolayers of kid- 
ney epithelial cell line LLC-PK r Am J Physiol 1992; 
262:C59-C66. 

41. Okano T, Maegawa H, Inui K, Hori R. Interaction of 
ofloxacin with organic cation transport  system in rat  
renal brush-border membranes. J Pharmacol Exp Ther 
1990;255:1033-1037. 

42. Ohtomo T, Saito H, Inotsume N, Yasuhara M, Inui K. 
Transport oflevofloxacin in a kidney epithelial cell line, 
LLC-PKI: interaction with organic cation transport- 
ers in apical and basolateral membranes. J Pharmacol 
Exp Ther 1996;276:1143-1148. 

43. Tomita Y, OtsukiY, HashimotoY, Inui K. Kinetic analy- 

sis of te t raethytammonium transport  in the kidney 
epithelial cell line, LLC-PK r Pharm Res 1997;14:1236- 
1240. 

44. Holohan PD, White KE, Sokol PP, Rebbeor J. Photoaf- 
finity labeling of the organic cation/H + exchanger in 
renal brush border membrane vesicles. J Biol Chem 
1992;267:13513-13519. 

45. Gilsdorf JS, Rebbeor JF, Holohan PD. Evidence that  
the organic cation/H + exchanger in the brush border 
m e m b r a n e  of dog kidney is a 41-kDa protein.  J 
Pharmacol Exp Ther 1997;280:1043-1050. 

46. Kimura M, Nabekura T, Katsura  T. Takano M, Hori R. 
Identification of organic cation transporter  in rat  re- 
nal brush-border membrane by photoaffinity labeling. 
Biol Pharm Bull 1995;18:388-395. 

47. Martel F, Vetter T, Russ H, Griindemann D, Azevedo I, 
Koepsell H, Sch6mig E. Transport of small organic cati- 
ons in the rat  liver: the role of the small organic cation 
t r a n s p o r t e r  OCT1. Naunyn-Schmiedebe rgs  Arch 
Pharmacol 1996;354:320-326. 

48. Busch AE, Quester  S, Ulzheimer JC, Waldegger S, 
Gorboulev V, Arndt P, Lang F, Koepsell H. Electrogenic 
properties and substrate specificity of the polyspecific 
ra t  cation transporter  rOCT1. J Biol Chem 1996;271: 
32599-32604. 

49. Busch AE, Quester  S, U1zheimer JC, Gorboulev V, 
Akhoundova A, Waldegger S, Lang F, Koepsell H. 
Monoamine neurotransmitter  t ransport  mediated by 
the polyspecific cation transporter rOCT1. FEBS Lett 
1996;395:153-156. 

50. Okuda M, Urakami Y, Saito H, Inui K. Functional char- 
acterization of rat  renal organic cation transporter, 
OCT2, mediating tubular secretion of cationic drugs. 
Nephrology 1997;3:suppl 1 (Abstracts of XIVth Inter- 
national Congress of Nephrology):S15. 

51. UrakamiY, Okuda M, Masuda S, Saito H, Inui K. Func- 
tional characteristics and membrane localization of rat  
multispecific organic cation transporters, OCT1 and 
OCT2, mediating tubular secretion of cationic drugs. J 
Pharmacol Exp Ther (in press). 

108 


