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Thee polyspecific organic cation transporters 1 and 2 transport a broad range of 
substrates,, including drugs, toxins and endogenous compounds. Their  strategic 
localizationn in the basolateral membrane of epithelial cells in the liver, intestine 
(Octl )) and kidney (Octl and Oct2) suggests that they play an essential role in 
removingg noxious compounds from the body. We previously showed that in OctVf' 
mice,, the hepatic uptake and intestinal excretion of organic cations is greatly 
reduced.. Since Octl and Oct2 have extensively overlapping substrate specificities 
theyy might be functionally redundant. To investigate the pharmacologic and 
physiologicc roles of these proteins we generated Oct! single and OctI/2 double 
knockoutt  mice. Octl*'  and Octl/I^  mice are viable and fertile, and display no 
obviouss phenotypic abnormalities. Absence of Oct2 in itself had littl e effect on the 
pharmacokineticss of tetraethylammonium (TEA), but in Octl/I;'  mice the renal 
secretionn of this compound was completely abolished, leaving only glomerular 
filtratio nn as a TEA clearance mechanism. As a consequence, plasma levels of TEA 
weree substantially increased in Octl/2v~ mice. This study shows that Octl and Oct2 
aree together  essential for  renal secretion of (small) organic cations. A deficiency in 
thesee proteins may thus result in increased drug sensitivity and toxicity. 

Thee elimination of drugs, xenobiotics and 
endogenouss compounds is mediated by a variety 
off  transporters primarily expressed in the liver, 
kidneyy and intestine. Among these transporters, 
thee polyspecific organic cation transporters 1 and 
22 (OCT1 and 2) have been shown in vitro to 
mediatee the electrogenic transport of a broad 
rangee of structurally diverse cationic compounds. 
Thesee include the prototypic organic cation 
tetraethylammoniumm (TEA). antidiabetics, 
neurotoxinss and a variety of endogenous 
compoundss such as choline and monoamine 
neurotransmitterss (1, 2, II , 33). OCT1 and 2 
(SLC22A11 and 2) belong to the Solute Carrier 
Familyy 22 (SLC22) of organic ion transporters 
whichh now consists of 12 members and includes 
thee extraneuronal monoamine transporter 
(EMT/OCT3/SLC22A3)) (8, 35, 36), the carnitine 
transporterr (OCTN2/SLC22A5) (34), the urate 

anion-exchangerr (URAT1/SLC22A12) (5) and 
severall  polyspecific organic anion transporters 
(OATs).. The members of this family are 
characterizedd by a predicted 12-transmembrane-
domainn (TMD) structure and are generally 
localizedd in the plasma membrane of epithelial 
cellss (3. 8). 

Inn rodents, Octl (Slc22al) is expressed in the 
liver,, kidney and small intestine (11, 13, 26), 
whereass in humans OCT1 is primarily expressed 
inn liver (6). Oct2 (Slc22a2) has a substrate 
specificityy similar to that of Octl but is 
predominantlyy expressed in the kidney in both 
rodentss and humans (10). Immunohistochemical 
studiess in rats have demonstrated that Octl is 
localizedd at the sinusoidal (basolateral) membrane 
off  hepatocytes in the liver, whereas in the kidney 
Octll  and Oct2 are both localized at the 
basolaterall  membrane of epithelial cells of the 
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proximall  tubules (15, 21, 30). The broad substrate 
specificityy and strategic localization of Octl and 
Oct22 in the major excretory organs suggest that 
thesee proteins are essential in the removal of 
cationicc toxins and waste products from the body 
viaa liver, kidney and intestine. 

Previously,, we generated Octl" mice and 
showedd that absence of Octl resulted in greatly 
reducedd hepatic uptake and direct intestinal 
excretionn of substrate organic cations, indicating 
thatt Octl plays an essential role in the disposition 
off  organic cations by the liver and intestine (13, 
33).. Despite its high expression in the kidney, the 
exactt role of Octl in the renal elimination of 
organicc cations remained unclear. In Octl 
knockoutt mice, loss of Octl from the liver and 
intestinee resulted in increased excretion of drugs 
viaa the kidney. Loss of Octl from the kidney did 
notnot appear to affect the renal elimination of 
organicc cations. This might be due to 
compensationn by redundant transporters such as 
Oct2(13). . 

Inn this study we generated Oct2 knockout mice 
andd Oct 1/2 double knockout mice to study the 
respectivee and possibly overlapping roles of Oct2 
andd Octl in physiology and pharmacology. We 
showw here that the renal secretion of the model 
organicc cation tetraethylammonium (TEA) was 
completelyy abolished in the Octl/2" mice, 
resultingg in substantially increased plasma levels. 
Thesee findings indicate that Octl and Oct2 
togetherr play an essential role in the renal 
secretionn of organic cations and that a deficiency 
inn these transporters may result in increased drug 
sensitivityy and/or toxicity. 

Materialss and methods 

Animals.Animals. Mice were housed and handled 
accordingg to institutional guidelines complying 
withh Dutch legislation. The animals used were 
Octl"Octl" (13), Octl'. Octl/2". and wild-type mice. 
Al ll  genotypes were of a comparable mixed 
geneticc background (on average 50% 129/OLA, 
50%% FVB), between 9-14 weeks of age. Animals 
weree kept in a temperature-controlled 
environmentt with a 12-hour light'12-hour dark 
cycle.. They received a standard diet (AM-II , 

Hopee Farms, Woerden, The Netherlands) and 
acidifiedd water ad libitum. 

Materials.Materials. [,4C]TEA (55 Ci/mol) was from 
Americann Radiolabeled Chemicals, Inc. (St. 
Louis,, MO, U.S.A.); TEA (tetraethylammonium 
chloride)) was from Fluka Chemie AG (Buchs, 
Switzerland);; [3H]MPP+ (l-Methyl-4-
phenylpyridiniumm acetate, N-[Methyl- H]-) (82 
Ci/mmol)) was from NEN Life Science Products, 
Inc.. (Boston, MA, U.S.A.); MPP+ iodide was 
fromfrom Research Biochemicals International 
(Natick,, MA, U.S.A.); Methoxyflurane 
(Metofane*)) was from Medical Developments 
Australiaa Pty Ltd (Springvale, Victoria, 
Australia);; [l C]inulin (6.7 Ci/mol) was from 
Amershamm Life Science; Anti-Rat Cytochrome 
P4500 3al (monoclonal) was from Oxford 
Biomedicall  Research, Inc. (Oxford, MI, U.S.A.); 
DonkeyDonkey anti-rabbit Ig, F(ab')2 fragment was from 
Amershamm Pharmacia Biotech; Goat anti-mouse 
Igg was from DAK.0 (Glostrup, Denmark); All 
otherr compounds were reagent grade. 

CloningCloning of 129/OLA Oct2 genomic DNA and 
constructionconstruction of the targeting vector. Mouse Octl 
genomicc DNA sequences were cloned from a 
129/OLA-derivedd genomic library constructed in 
bacteriophagee ^.GEM12. A genomic sequence 
containingg exon 1 was identified and cloned into 
thee pGEM5 vector (Promega). From this 
construct,, fragments were subcloned into the 
pGEM33 vector (Promega), resulting in 
replacementt of a 2.3 kb Sml-/fs/?718-fragment 
containingg exon 1 with a 1.9 kb pgk-neo cassette 
inn reverse transcriptional orientation (Fig. la). 
Deletionn of exon 1 resulted in removal of the start 
codon,, and of sequences encoding the putative 
TMD11 and the large extracellular loop located 
betweenn the putative TMD1 and -2. 

ElectroporationElectroporation and selection for recombinant 
ESES cells. 129/OLA-derived E14 ES cells were 
culturedd as described (13). For the generation of 
Octl/2Octl/2 double knockout mice, ES cells were used 
inn which Octl had previously been disrupted (13). 
Forr electroporation, 4 x 10 cells were mixed with 
1000 ug of ///w/111-linearized targeting DNA in 
6000 p.1 of phosphate buffered saline. 
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Figuree 1. Targeted disruption of the Oct2 gene by 
homologouss recombination. (A) In structures of the wild-
typee and mutant alleles exons arc indicated by closed boxes 
(exactt sizes of exons arc not drawn to scale). In the 
targetingg construct, exon 1 was replaced with an inverted 
(ass indicated with an arrow)pgk-neo cassette. Only relevant 
restrictionn sites arc indicated. For Southern analysis, 5' and 
3""  probes were used on Sea] (5") and Hind]]  (3') digested 
genomicc DNA. Sizes of diagnostic restriction fragments for 
wild-typee and targeted alleles are indicated by double-
headedd arrows (drawn to scale). (B) Schematic 
representationn (drawn to scale) of the OctI-3 (Slc22al-3) 
genee cluster localized on mouse chromosome 17. Based on 
thee physical map of the mouse genome (7). 

Electroporationn was done in a 0.4 cm cuvette 
usingg the Biorad gene pulser (model 1652078) at 
33 JJ.F and 0.8 kV per 0.4 cm. The cells were then 
seededd on 10 cm tissue culture dishes without 
feederr cells. After 1 day. selection was started 
withh 200 ug/ml G418 Sulphate (Gibco). G418-
resistantt clones were picked and seeded onto 
feederr cells. 

SouthernSouthern analysis of ES cells and generation of 
chimericchimeric mice. Correct targeting in G418-
rcsistantt clones was verified by Southern analysis 
usingg 5' and 3' Oe/2-specific probes. 
Hybridizationn of Hindi I -digested genomic DNA 
withh the 3' probe resulted in a wild-type band of 
9.99 kb and a mutant band of 6.6 kb (probes and 
fragmentt sizes are indicated in Fig. la). 
Hybridizationn of Seal-digested genomic DNA 
withh a 5" probe resulted in a wild-type band of 

16.11 kb and a mutant band of 5.9 kb. Absence of 
additionall  pgk-neo cassettes inserted elsewhere in 
thee genome was confirmed by hybridization with 
aa neo specific probe (data not shown). Chimeric 
micee were generated by microinjection of two 
independentlyy targeted ES cell clones into 
blastocysts.. Using this approach, two independent 
Oct2"Oct2" and Octl/2" mouse lines were established. 

Clinical-chemicalClinical-chemical analysis of plasma. Standard 
clinicall  chemistry analyses on plasma were 
performedd on a Hitachi 911 analyzer to determine 
levelss of bilirubin, alkaline phosphatase, aspartate 
aminotransferase.. alanine aminotransferase, 
lactatee dehydrogenase, creatinine, urea. Na", K+, 
Caa , CI", phosphate, total protein and albumin. 

HistopathologicalHistopathological analysis. Complete necropsy 
waswas performed on adult and aged mice of both 
sexes.. For microscopic examination, tissues were 
fixedfixed in 4% phosphate-buffered formalin, 
embeddedd in paraffin, sectioned at 4 |im, and 
stainedd with hematoxylin and eosin according to 
standardd procedures. 

RNaseRNase Protection Analysis. Total RNA was 
isolatedd from mouse tissues by use of TRIzol 
reagentt (Life Technologies, Inc. [GIBCO BRL], 
Rockville,, MD. U.S.A.) according to the 
manufacturer'ss instructions. Ribonuclease 
(RNase)) protection assays were performed as 
describedd previously (13. 25) with 10 u.g of total 
RNAA per sample. A mouse probe for Oct2 was 
madee by cloning a 1147 nt PCR fragment 
(positionss 457-1603 relative to the translation 
start)) into the pGEM-T vector. After linearization 
withh EcoRI, a 246 nt antisense RNA probe was 
generatedd by transcription with SP6 RNA 
polymerase,, yielding a protected probe fragment 
off  197 nt. The mouse Gapdh probe was described 
previouslyy (25). 

NorthernNorthern analysis. Northern blots were 
performedd according to standard procedures. 
Blotss were hybridized with a 617 nt probe for 
mousee Oct! (positions 989-1605 relative to the 
translationn start). The same blot was re-hybridized 
withh an Igflr probe (cDNA covering exons 3-6) 
too check the amount and integrity of RNA loaded. 
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WesternWestern analysis. Crude membrane fractions 
weree prepared as described (23). Protein 
concentrationss were determined using the 
BradfordBradford protein assay (Bio-Rad Laboratories. 
Munich,, Germany). Proteins were subjected to 
SDS-PAGEE and transferred to nitrocellulose 
(Hybond™ECL™,, Amersham Pharmacia 
Biotech).. The filters were blocked for 1 h at RT 
withh TBS-T (100 mM Tris, pH 7.6, 150 mM 
NaCl,, 0.1% (w/v) Tween 20) with 5% skim milk 
powder.. Incubation with the affinity purified 
polyclonall  antibody (abl) (Meyer-Wentrup et al., 
1998)) against rat Octl (dilution of 1:5000) or with 
ann anti-Rat Cytochrome P450 3al (Cyp3al) 
monoclonall  antibody (dilution 1:1000) was 
performedd at 4°C o/n (in TBS-T containing 5% 
skimm milk powder). Antibodies were detected by 
incubatingg the blot with horseradish peroxidase-
conjugatedd donkey anti-rabbit (for Octl 
detection)) or goat anti-mouse (for Cyp3a 
detection)) IgG for lh at RT in TBS-T containing 
5%% skim milk powder. Antibody binding was 
visualizedd with the ECL western blotting 
detectionn system (Amersham Pharmacia Biotech). 

PharmacokineticPharmacokinetic experiments. For intravenous 
drugg administration, 5 \i\ drug solution per g body 
weightt was injected into the tail vein of mice 
lightlyy anesthetized with methoxyflurane. 
Animalss were sacrificed at indicated time points 
byy axillary bleeding after anesthesia with 
methoxyflurane.. Urine was collected from the 
bladder,, and organs and tissues were removed and 
homogenizedd in a 4% (w/v) bovine serum 
albuminn (BSA) solution. Where applicable, 
intestinall  content was separated from intestinal 
tissuee before homogenization. Levels of 
radioactivityy in homogenates were determined by 
liquidd scintillation counting. Continuous infusion 
experimentss were performed using 
intraperitoneallyy implanted micro-osmotic pumps 
withh a pumping rate of 1 ^l/h, a capacity of 100 
pj.11 and a duration of 3 days (Alzet 1003D, Alza 
Corporation.. Palo Alto, CA, U.S.A.). For 
implantation,, mice were first anesthetized with 
methoxyflurane,, a median incision was made in 
thee abdomen and pumps were intraperitoneally 
inserted.. Subsequently, the musculoperitoneal 
layerr and skin were closed with a silk suture (size 

5/0.. Perma-hand silk, Ethicon, Norderstedt, 
Germany).. Finally, mice received an intravenous 
boluss injection (5 |il per g body weight) of the 
samee drug solution in order to accelerate the 
pointt at which the distribution equilibrium was 
achieved.. In all cases, a steady state was achieved 
withinn 1 day as determined by repeated sampling 
off  plasma radioactivity. Two days after 
implantation,, mice were sacrificed and steady-
statee drug levels were determined in plasma, 
tissuess and urine. 

DeterminationDetermination of the renal clearance of TEA. 
Mice,, anesthetized with a combination of 
ketaminee (100 mg/kg) and xylazine (6.7 mg/kg), 
receivedd intravenous [14C]TEA (0.2 mg/kg) and 
bloodd samples (of about 40 (il) were taken from 
thee tail at 2.5, 5, 10, 20, 30, 40, 50 and 60 min. 
Urinee was collected from the bladder after 60 
min.. The renal clearance (CLrctiai) was determined 
usingg the following equation: CLrena| = TEAuniie <o-
mm I AUC(o-60). Where TEAumc «wo, and AUC(0-60) 
aree the cumulative urinary excretion of TEA up to 
600 min and the area under the plasma 
concentration-timee curve as calculated from 0 to 
600 min by use of the linear trapezoidal rule, 
respectively. . 

DeterminationDetermination of the glomerular filtration  rate. 
Thee glomerular filtration rate (GFR) was 
determinedd by measuring the clearance of inulin. 
Mice,, anesthetized with a combination of 
ketaminee (100 mg/kg) and xylazine (6.7 mg/kg), 
receivedd intravenous [ C]inulin (25 mg/kg) and 
bloodd samples (of about 40 (il) were taken from 
thee tail at 5, 10, 20, 30. 40. 50 and 60 min. The 
GFRR was determined using the following 
equation:: GFR = CLinuijnL. = Dose / AUC(o.,.,. 
Wheree AUQo-*) is the area under the plasma 
concentration-timee curve, extrapolated to infinity 
usingg the MW/Pharm software package (24). For 
calculationn of the estimated GFR, the following 
equationn was used: GFR = 0.036-BŴ  " 
mL/hr,, where BW is body weight (12). 

StatisticalStatistical analysis. Alt values are given as means 
 SD. The two-tailed unpaired Student's t-test 

waswas used to assess the significance of difference 
betweenn two sets of data. Differences were 
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consideredd to be statistically significant when P < 
0.05. . 

Results s 

Generationn and analysis of OctT' and Octl/2''' 
mice.. The mouse Oct2 gene was disrupted by 
replacingg exon 1 with an inverted pgk-neo 
cassettee via homologous recombination in ES 
cellss (Fig. I A). By deletion of exon I and 
upstreamm sequences, the start codon and 
sequencess encoding the putative TMD1 and the 
largee extracellular loop located between the 
putativee TMD1 and -2 were removed, and 
presumablyy the transcription start site as well. 
Becausee the Oct! and Oct2 genes are closely 
linkedd within a cluster on mouse chromosome 17 
(Fig.. IB), we had to sequentially inactivate both 
geness in one chromosome in order to generate 
Octl/2Octl/2 double knockout mice. To do this, we 
disruptedd the Oc/2 gene in Oct I*'  ES cells in 
whichh Oct I had previously been disrupted (13). 
Correctt targeting of the Oct2 allele in ES cell 
clonesclones was verified by Southern analysis (data not 
shown).. Using standard blastocyst injection 
techniques,, mice heterozygous and homozygous 
forr the Oct2 and Octl/2 disruption were generated 
fromm two independent ES clones each. Absence of 
Oct2Oct2 mRNA in Oct2" and Octl/2'1' mice was 
confirmedd by northern blot and RNasc protection 
analysiss (Fig. 2A and not shown). Western 
analysiss using a polyclonal antibody (21) 
recognizingg the C-terminal part of rat and mouse 
Octll  confirmed that Octl protein was 
undetectablee in liver and kidney of Octl/2 " mice 
(Fig.. 2B). OctT' and Octl/2'' mice were fertile, 
hadd a normal life span and were born at the 
expectedd Mendelian ratio, indicating that there 
waswas no reduced embryonic viability. Standard 
plasmaa clinical chemical analysis and histological 
analysiss with an emphasis on liver, kidney, and 
intestine,, revealed no abnormalities. Absence of 
Oct22 and of Octl and Oct2 together therefore 
appearss to be compatible with normal physiologic 
functioningg of mice. 

Pharmacokineticss of |14C|TEA in Octl'' and 
wild-typee mice. To study the pharmacologic role 
off  Oct2. we compared the pharmacokinetics of 

22 ö Ö 
lg(2, lg(2, 

Oct2 Oct2 
1212 2 kD) 

.. » . 

Cyp3n Cyp3n 

Figuree 2. Octl and Oct2 RNA and protein analysis. (A) 
Northernn analysis of total RNA from kidney of wild-type 
andd Oci2" mice. Octl- and /g/2/-bands originate from the 
samee gel, and their sizes are indicated. (B) 
Immunodetectionn of Octl in liver and kidney of wild-type 
andd Oct 1/2' mice. A polyclonal antibody raised against 
ratt Octl (which cross-reacts with mouse Octl) was used 
onn crude membrane fractions of liver (20 ug per lane) and 
kidneyy (10 ug per lane). The same blot was incubated 
withh a monoclonal antibody raised against rat cytochrome 
P4500 3a (Cyp3a; expressed only in the liver), used as a 
proteinn loading control. Molecular weight markers are 
indicatedd in kilodaltons. Part of these data was published 
(13). . 

thee prototypic organic cation tetraethylammonium 
(TEA)) in Octl' and wild-type mice. TEA is an 
excellentt transported substrate for OCT1 and 
OCT22 but not for OCT3 (6, 9. II) . The renal 
clearancee of TEA is substantially greater than the 
glomerularr filtration rate (GFR), indicating that 
thee renal clearance occurs mainly via tubular 
secretionn (4, 22). TEA is not significantly bound 
too plasma proteins and it is not substantially 
metabolizedd in mice, so radioactivity values give 
aa good representation of unchanged TEA levels 
(4,, 28). 

Micee received intravenous [ CJTEA (0.2 mg/kg) 
andd after 20 min, levels of radioactivity were 
measuredd in plasma, organs, feces and urine 
(Tablee 1). No significant differences were 
observedd in the distribution and excretion of TEA 
betweenn OctT' and wild-type mice, except for the 
brain,, in which levels were reduced with 
borderlinee significance in the OctT' mice (P = 
0.046).. The excretion of TEA in both the OctT' 
andd wild-type mice was mainly via renal 
clearancee (nearly 40 % of the dose in 20 min) and 
aa substantial amount accumulated in the liver 
(aboutt 10 % of the dose in 20 min) which 
correspondedd well with our previous findings in 
wild-typee mice (13). From these results it can be 
concludedd that absence of Oct2 in itself has littl e 
effectt on the pharmacokinetics of TEA, 
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Tablee 1. Levels of radioactivity in female wild-type and Oct2" mice at 20 min 
afterr intravenous injection of 0.2 mg kg [ C]TEA". 

Tissue e 

Plasma a 

Brain n 

Spleen n 

Kidney y 
Liver r 

Liverr Co) 

Excretionn (%)h 

Smalll  intestine 

Cecum m 

Colon n 
11 rine 

wild-type wild-type 

34.2 2 

1.8 8 

33.1 1 

552 2 

482 2 

11.8 8 

5.1 1 

0.2 2 

0.2 2 

37 7 

9 9 

4 4 

 3.3 

 150 

2 2 

5 5 

 1.3 

1 1 

 0.1 

 22 

Octl Octl 

38.3 3 

1.3 3 

32.7 7 

548 8 

435 5 

10.3 3 

3.2 2 

0.2 2 

0.12 2 

39 9 

6 6 

* * 

5 5 

0 0 

9 9 

8 8 

 1.6 

 0.06 

 0.08 

8 8 

ratioo - -:wt 

1.1 1 

0.7 7 

1.0 0 

1.0 0 

0.9 9 

0.9 9 

0.6 6 

0.8 8 

0.5 5 

1.1 1 

'Resultss are expressed as [l4C|TEA concentrations ng-equivalent (g ' or ml"1) 
orr as percentage of administered dose  SD, n = 3-4: *P < 0.05. 'Excretion 
representss total [ C]TF.A found in the contents of small intestine, cecum and 
colon.. Urine was collected from the bladder. 

suggestingg that its absence can be compensated 
forr by other transporters in the kidney. 

Decreasedd renal excretion of TEA in Octl/2" 
micee versus Octl ' mice. To further investigate 
thee roles of Octl and Oct2 in renal secretion, we 
comparedd the pharmacokinetics of TEA in Octl" 
andd Octl/2'' mice. By directly comparing Octl" 
micee with Octl/2" mice, the pharmacologic 
effectt of Octl on the hepatic accumulation and 

intestinall  secretion was eliminated (13). Octl' 
andd Octl/2 " mice received intravenous 0.2 mg/kg 
[ l4C]TEAA and after 60 min. levels of radioactivity 
weree measured in plasma, various organs, and 
urinee (Fig. 3). The plasma concentration of TEA 
wass 4-fold increased in Octl/2" mice, whereas 
urinaryy excretion was significantly decreased as 
comparedd with Octl" mice (79.5  8.4 % of the 
dosee in Octl" mice versus 56.3  13.3 % in 
Octl/2Octl/2 " mice: P < 0.05). These results show that 
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Octl"' ''  Oct1/2 -/-- Octl" '"" Oct1/2 -/--
Figuree 3. Plasma concentrations and renal excretion of TF.A in Octl" versus Octl/2' 
mice.. Levels of radioactivity in Octl' and Octl/2' mice at 60 min after i.v. injection ol 
[l4C]TEAA (0.2 mgkg). (A) Plasma levels of [MC]TF.A. (B) Percentage of dose of [14C]TEA 
excretedd into the urine. Urine was collected from the bladder: * P < 0.05: **  P < 0.01. 
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Figuree 4. Steady slate pharmacokinetics of TEA. Steady state levels of [MC]TEA in wild-
type.. Oct I . Oct-'' Oct-'' and Oct 1-2" mice. [I4C]T1£A was continuously infused at a rate of 37 ng/hr, 
usingg i.p. implanted micro-osmotic pumps. (A) Steady state plasma levels of [ ("]TEA. (B) 
Urinee plasma ratios of [MC]TEA concentrations. (C) Liver plasma ratios of [ "CJ'I'KA 
concentrations.. (D) Kidney plasma ratios of [IJC]TEA concentrations. Results are means  SD 
(nn = 4); * P<0.05; **  P< 0.01, compared to wild-type values. 

whenn both Octl and Oct2 are absent, the renal 
eliminationn of TEA is impaired and that this 
resultss in substantially increased plasma levels of 
TEA. . 

Steadyy state pharmacokinetics of TEA and 
\1PP~.. To better study the effect of the absence of 
Octll  and Oct2 on the renal elimination, we 
determinedd the pharmacokinetics of TEA under 
steadyy state infusion conditions. This has the 
advantagee that the plasma concentration of a drug 
att steady state is determined only by the rate of 

infusionn and the rate of elimination. For constant 
infusionn of TEA, we intraperitoneally implanted 
micro-osmoticc pumps into wild-type. Octl", 
Octl'Octl' and Oct 1/2" mice. After implantation, an 
intravenouss bolus of the same drug solution was 
givenn to accelerate the point at which the 
distributionn equilibrium was achieved. A steady 
statee was reached within 1 day. and maintained 
forr at least 3 days, as determined by repeated 
samplingg of plasma radioactivity. Two days after 
implantation,, levels of radioactivity were 
measuredd in plasma, organs, and urine (Fig. 4). 
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Figuree 5. Clearance of inulin and TEA in wild-type versus Octl/2' mice. (A) Plasma [MC"]inulin concentration versus 
timee curves in wild-type and Oct 1/2' mice. Plasma levels of radioactivity were determined at 5, 10. 20. 30. 40, 50 and 60 
minutess after intravenous administration of 25 mg/kg [l4C]inulin. Results are the means  SD (n = 5). (B) Plasma 
[[  'C]TEA concentration versus time curves in wild-type and Octl/2''' mice. Plasma levels of radioactivity were 
determinedd at 2.5. 5, 10. 20. 30. 40, 50 and 60 minutes after intravenous administration of 0.2 mg/kg [14C]TEA. Results 
aree the means  SD (n = 5-7). (C) Renal clearance (CLrena|) of TEA in wild-type and Oct 1/2 mice. CLrena| was calculated 
byy dividing the amount of TEA excreted in the urine over 60 minutes by the plasma AUC,o.hlll. The estimated GFR was 
approximatelyy 21 ml/h for both genotypes and is indicated with a dashed line: **  P < 0.01. 

Thee steady state plasma concentration of TEA 
wass about 6-fold higher in Octl/2 " mice as 
comparedd to wild-type. Oct I' and Oct!' mice, 
indicatingg that under these conditions the 
eliminationn of TEA was substantially impaired 
onlyy in the Octl/2" mice (Fig. 4A). Despite the 6-
foldd increased plasma levels in the Octl/2" mice, 
thee urinary steady state TEA concentration was 
notnot different from wild-type mice. The 
liver/plasmaa ratios for TEA in the Octl" and 
Octl/2"Octl/2" mice were significantly reduced, 
confirmingg that absence of Octl results in 
decreasedd hepatic accumulation (Fig. 4C. ref. 13). 
Surprisingly,, absence of either Octl or Oct2 also 
resultedd in an about 2-fold reduction in the 
accumulationn of TEA in kidney, whereas at the 
samee time plasma and urine levels of TEA in 
thesee mice were not different from those in wild-
typee mice. When both transporters were absent, 
thiss ratio was drastically decreased to about 10% 
off  that in wild-type mice (Fig. 4D). Apparently, 
whereass both Octl and Oct2 contribute to the 
accumulationn of TEA in the kidney, only when 
bothh transporters are absent this has a pronounced 
effectt on the renal secretion of this compound. 
Wee also investigated the effect of absence of Octl 
andd Oct2 on plasma levels and renal secretion of 

thee neurotoxin MPP'. using the same steady state 
infusionn approach. Previously it has been shown 
thatt MPP" is transported in vitro and in vivo by 
Octll  (13, 20) and in vitro by Oct2 (6). However, 
inn contrast to TEA, we did not find significantly 
differentt steady state plasma levels of MPP+ when 
wee compared Octl/2" and wild-type mice (3.4
0.44 ng/ml in wild-type mice versus 4.7  1.1 
ng/mll  in Octl/2 " mice, at a continuous infusion 
ratee of 37 ng/hr). Possibly. MPP~ is not efficiently 
secretedd by Octl and Oct2 or alternatively there 
mayy be other functionally redundant transporters 
suchh as Oct3 which is expressed at low to 
moderatee levels in the kidney and which has been 
shownn to transport MPP̂  (8. 16). 

Renall  secretion of TEA is abolished in Octl/2 " 
mice.. The renal clearance (CLrenai) of a drug is the 
resultantt of glomerular filtration, and tubular 
secretionn and reabsorption. This means that when 
theree is net tubular secretion of a drug, the CLrenai 
off  that drug is higher than the glomerular 
filtrationfiltration rate (GFR). As the renal clearance of 
TEAA is primarily mediated via secretion, it is an 
excellentt substrate to study this process (4. 22. 
29).. To establish the contribution of Octl and 
Oct22 to the secretion of TEA. we determined the 
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Tablee 2. Pharmacokinetic parameters for the clearance of [14C]inulin and 
[l4C]TEAA in male wiid-type and Oct 1/2"' mice. 

CL,nulin
J J 

AUQo-x, , 
GFRR measured'' 

GFRR estimated' 

CU.„„ l 0 fTEA J J 

A U C M I , , 

CLCL i 

GFRR estimated 

C L ^ i / G FR R 

wild-type wild-type 

25.00 2 

27.77 8 

25.00 6 

51.677 +4.6 

51.88 +5.3 

21.22 4 

2.4 4 

OctOct 1/2 

25.66 3 

27.77 9 

25.33 6 

1344 ' 

19.22 + t .0' 

20.77 4 

0.93 3 

hug 'mL L 

mL/hr r 

mL/hr r 

h-ng/'mL L 

mL/hr r 

mL/hr r 

"Pharmacokineticc parameters for the clearance of inulin after intravenous 
administrationn of 25 mg/kg [l4C]inulin. data are shown as mean  SD, n = 5. 
''GFRR measured was calculated from: DOSC/AUCHJ.,,. 'GFR estimated was 
calculatedd from the mean body weights as described (12). '̂ Pharmacokinetic 
parameterss for the clearance of TEA after intravenous administration of 0.2 
mg/kgg [l4C]TEA, data are shown as mean + SD, n = 5-7; 'P< 0.01. 

CLrcnaii  of TEA in Oct 1/2" and wild-type mice and 
comparedd them with the GFR. First, we 
determinedd the GFR in Octl/2~'~ and wild-type 
micee by measuring the clearance of inulin. 
[14C]inuIinn was administered intravenously at a 
dosee of 25 mg/kg and plasma concentration 
profiless were determined (Fig. 5A). The GFR (see 
methods)) was not significantly different between 
OctOct 1/2'" and wild-type mice and corresponded 
welll  with the estimated GFR as calculated from 
thee mean body weights (12) (Table 2). Next, we 
determinedd the CLrenai of TEA after intravenous 
administrationn of 0.2 mg/kg [' C]TEA. The 
eliminationn of TEA from the plasma and CLTCnai of 
TEAA (see methods) were substantially decreased 
inn the Oct 1/2"" mice as compared to wild-type 
micee (Fig. 5B and C). The ratio of CLrenai of TEA 
overr the GFR was about 2.4 for wild-type mice, 
whichh is comparable to what has been found by 
otherss (4. 22, 29). In Octl/f' mice CLrcna| of 
TEA// GFR was reduced to about 1. indicating 
thatt the net tubular secretion of TEA was 
completelyy abolished in these mice. 

Discussion n 

Inn this study we examined the in vivo functions 
off  the polyspecific organic cation transporters 
Octll  and Oct2 by analyzing Octl, Oct2 and 
OctOct 1/2 knockout mouse models. We show here 
thatt Octl and Oct2 are together essential for the 
renall  tubular secretion of the prototypic organic 
cationn TEA. Moreover, we found a pronounced 
mutuall  redundancy between Octl and Oct2 in this 
function.. The decreased renal secretion in 
OctOct 1/2"" mice resulted in substantially increased 
plasmaa levels of TEA, indicating that these 
proteinss can potentially reduce the systemic and 
tissuee toxicity of noxious compounds and drugs 
thatt are Octl and Oct2 substrates. This study 
provides,, to our knowledge, the first direct in vivo 
demonstrationn that molecularly defined 
basolaterall  drug transporters are essential for the 
renall  tubular secretion of a substrate. 

Manyy of the polyspecific drug transporters that 
havee been identified and characterized to date are 
expressedd in the liver and kidney. In the past 
decade,, for several of these transporters knockout 
mousee models have been generated to elucidate 
theirr respective physiologic and pharmacologic 
functions.. Whereas often a clear pharmacologic 
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functionn of these transporters could be 
demonstratedd in the liver, their exact in vivo role 
inn the renal excretion of compounds remained 
essentiallyy unclear (13, 14, 25, 27). The 
complexityy of renal drug elimination, which 
involvess passive filtration at the glomerulus, 
tubularr secretion and reabsorption, makes it 
intrinsicallyy difficult to study this process in vivo. 
Inn contrast, hepatobiliary elimination is a 
relativelyy simple process, just involving the 
uptakee of a compound from the bloodstream at 
thee sinusoidal membrane of hepatocytes and its 
subsequentt excretion at the canalicular membrane 
intoo the bile. 

Inn our previous study, we showed that mice 
withh a deficiency in Octl displayed a greatly 
reducedd hepatic uptake and direct intestinal 
excretionn of substrate organic cations, 
demonstratingg that Octl plays art essential role in 
thee disposition of organic cations by the liver and 
intestinee (13, 33). Based on our current study, it 
appearss that absence of Oct2 in itself has no 
immediatelyy apparent physiologic or 
pharmacologicc consequences. This is consistent 
withh the possibility that Octl and Oct2 are 
mutuallyy redundant in the kidney, the primary 
organn where both transporters are co-expressed. 
However,, although Octl and Oct2 have similar 
substratee specificities, they are not identical (30, 
31),, and a deficiency in either Octl or Oct2 may 
alreadyy be sufficient to impair the renal secretion 
off  some substrates. Moreover, in contrast to 
rodents,, that express both Octl and Oct2 in the 
kidney,, humans only express OCT2 (10). 
Therefore,, a deficiency in OCT2 in humans might 
havee similar effects on the renal elimination as a 
deficiencyy in both Octl and Oct2 in mice. 

Unexpectedly,, we found that at steady state 
plasmaa levels, the relative accumulation of TEA 
inn the kidney was about two-fold decreased in 
bothh Octl and Oct2 knockout mice as compared 
withh wild-type mice, whereas at the same time the 
plasmaa and urinary concentrations of TEA were 
nott different (Fig. 4). This can be explained if the 
transcellularr transport rate of TEA through 
proximall  tubular cells is primarily limited by the 
effluxx processes across the apical membrane in 
wild-type.. Octl' and Oct?' mice. In that case, 
losss of either Octl or Oct2 from the basolateral 
membranee of proximal tubular cells will reduce 

thee accumulation of TEA in tubular cells but wil l 
nott necessarily reduce the net transcellular 
transportt rate and secretion. That the effect is 
almostt exactly two-fold is probably determined 
byy a fortuitous combination of infusion rate and 
transportt characteristics of Octl and Oct2. The 
similarr effects of either Oct 1 or Oct2 deficiency 
indicatee that under the conditions applied, the 
TEAA transport capacity of renal tubular Octl and 
Oct22 is virtually identical. In Oct 1/2'" mice, the 
relativee accumulation of TEA in the kidney was 
reducedd even more, to about 10% of that in wild-
typee mice, and TEA secretion was (virtually) 
abolished.. Apparently, when both Octl and 2 are 
absent,, the transcellular transport of TEA across 
thee proximal tubular cells is primarily limited by 
passagee over the basolateral membrane, resulting 
inn drastically decreased accumulation and net 
secretion. . 

Thee organic cation transporters may also be 
importantt for the transport of natural toxins or 
endogenouss compounds. Many studies in vitro 
havee shown that OCT1 and OCT2 can transport 
physiologicallyy relevant endogenous compounds 
suchh as monoamine neurotransmitters (e.g. 
adrenaline,, noradrenaline, dopamine), choline and 
guanidine,, suggesting that absence of these 
transporterss might have physiologic consequences 
(1,, 9, 10). The fact that our knockout mice are 
apparentlyy healthy and show no signs of abnormal 
physiologyy indicates that these transporters are 
nott absolutely essential and may possibly be 
compensatedd for by redundant transporters. It 
shouldd be noted, however, that many physiologic 
aberrationss only become apparent under specific 
orr extreme conditions that may not occur under 
thee relatively controlled conditions of our animal 
facility.. For example, we have shown previously 
thatt mice with a deficiency in another 
polyspecificc drug transporter, the breast cancer 
resistancee protein (Bcrpl/Abcg2), are 
hypersensitivee to a dietary phototoxin which is 
onlyy sporadically present at toxic levels in the 
mousee diet (14). 

Recently,, several groups have reported the 
occurrencee of polymorphisms in the human OCT! 
andd OCT2 genes, some of which have been shown 
too result in severely reduced transport activity 
(17.. 19). Genetic deficiencies for these genes may 
havee both positive and negative consequences for 

100 0 



RenalRenal secretion of organic cations involves Octl Octl and Oct2 

drugg therapy. In the case of an 0CT1 deficiency, 
reducedd uptake of drugs into the liver may result 
inn a decreased efficacy of drugs that have their 
therapeuticc action in the liver. On the other hand, 
reducedd uptake of drugs into the liver could be 
beneficiall  for drugs that have adverse effects in 
thee liver, or need hepatic metabolic activation. 
Thee latter is exemplified by the antidiabetic drug 
metformin,, which has been shown to have 
reducedd toxicity in Octl'"'' mice (32, 33). Unlike 
rodentss that express both Octl and Oct2 in the 
kidney,, humans express only OCT2 (10). 
Therefore,, it is likely that the Oct1/2"' mouse 
modell  better reflects the effect on renal function 
off  an OCT2 deficiency in humans than the Oct2''" 
mousee model. Based on our findings, we expect 
thatt humans with a deficiency in OCT2 will have 
ann impaired renal elimination of some drugs and 
thatt this may result in increased exposure to these 
drugs.. It will therefore be of interest to determine 
whetherr polymorphisms in the human OCT1 and 
OCT2OCT2 genes also correlate with altered drug 
pharmacokineticss in patients. If indeed our 
findingsfindings can be extrapolated to humans, these 
knockoutt mouse models wil l provide powerful 
toolss for predicting and explaining drug 
sensitivityy and toxicity, which may ultimately 
resultt in improved drug therapy. 
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