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Twoo uptake systems have been described that control the extracellular  concen-
tration ss of released monoamine neurotransmitters such as noradrenaline and adrena-
line.. Uptake, is present at pre-synaptic nerve endings, whereas uptake2 is extraneuronal 
andd has been identified in myocardium and vascular  and non-vascular  smooth muscle 
cells.. The gene encoding the uptake2 transporter  has recently been identified in human 
(EMT),(EMT), rat {OCT3\ and mice (Orct3ISlc22a3). To generate an in vivo model for  uptake,, 
wee have inactivated the mouse Orct3 gene. Homozygous mutant mice are viable, fertile, 
withh no obvious physiological defect and also show no significant imbalance of nora-
drenalinee or  dopamine. However, Orct3 null mice show an impaired uptake2 activity as 
measuredd by accumulation of intravenous administered [3H]-MPP+. A 72 % reduction in 
MPP++ levels was measured in hearts of both male and female Orct3 mutant mice. No sig-
nificantt  differences were found in any other  adult organ or  in plasma between wildtyp e 
andd mutant mice. When [3H1-MPP+ was injected into pregnant females, a threefold 
reducedd MPP+ accumulation was observed in homozygous mutant embryos, but not in 
theirr  placenta or  amniotic fluid . These data show that Orct3 is the principal component 
forr  uptake2 function in adult heart, and identify placenta as a novel site of action of 
uptake22 that acts at the feto-placental interface. 

Keywords:: EMT, OCT3, Orct3, Slc22a3, extraneuronal monoamine transporter, in vivo MPP+ 

transport,, placenta, heart, uptake2 
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Chapterr 5 

Introductio n n 

Thee catecholamines adrenaline, noradrenaline, dopamine, and the tryptophan deriv-
ativee serotonin, function as neurotransmitters of the monoaminergic neurons and as hormones 
inn the control of physiological processes like glucose storage and metabolism, thermoregula-
tion,, and blood pressure. Changes in synaptic concentration or temporary availability of 
monoaminess are associated with mental dysfunction, neuropsychiatric disorders, and drug 
addictionn (1). Furthermore, altered plasma concentrations can result in physiological dysfunc-
tionn (2). Tight control of the levels of synaptic and circulating catecholamines is thus essential 
forr proper neuronal signaling and maintenance of internal homeostasis. 

Twoo uptake systems have been described that clear extracellular monoamines. The 
neuronall  uptake, system is present at pre-synaptic nerve endings and mediates the re-uptake 
off  released monoamines from the synaptic cleft. Uptake, is a high-affinity and Na" and (In-
dependentt uptake system mediated by the noradrenaline (Net), dopamine (Dat), and serotonin 
(Sert)) transporter proteins (reviewed in (3)). Targeted inactivation experiments in mice have 
shownn that the uptake, transporter proteins are a target for anti-depressant and psychostimula-
toryy treatments and are pivotal in the control of synaptic catecholamine concentrations and 
preventionn of neurobehavioral changes (4-6). 

Thee extraneuronal uptake2 system was originally discovered in myocardial cells of 
thee rat heart, but has also been identified in vascular and non-vascular smooth muscle cells like 
uterus,, as well as in human CNS glial and kidney carcinoma cell lines (7-11). Uptake2 can be 
discriminatedd from uptake, in substrate specificity and transport kinetics (reviewed in (11)). In 
addition,, corticosteroids, p-haloalkylamines, and O-methylated catecholamines are inhibitors 
off  uptake2, but not of uptake,. The cyanine derivative disprocynium 24 (D24) was isolated as 
aa highly potent uptake2 inhibitor in vitro (12). However, the application of D24 in vivo to study 
uptake22 was revealed to be limited as it was shown that D24 not only blocks uptake2, but also 
otherr transport mechanisms that clear catecholamines (13,14). 

Recently,, molecular identification of the uptake2 transporter protein has been report-
ed.. Called Extraneuronal Monoamine Transporter (EMT) in humans, and Organic Cation 
Transporterr 3 (OCT3) in rat, the protein is predicted to contain a 12 transmembrane domain 
structuree (15,16). The mouse homotogue of the EMT and OCT3 genes, called Orct3 (locus 
namee Slc22a3), was isolated from the critical region of the natural embryonic lethal mouse 
mutantmutant tw7\ and shown to be tightly linked to the closely related OrctllSlc22al and 
Orct2ISlc22a2Orct2ISlc22a2 organic cation transporter genes (17). This physical linkage is conserved in 
humanss and suggests that these genes have evolved from a common ancestor. Further evidence 
forr this comes from in vitro studies, in which it hass been shown that the Orctl, Orct2 and Orcfi 
proteinss can all transport catecholamines and the neurotoxin MPP+ (1-methyl-4-phenylpyri-
dinium)) (15,18-20). However, transport inhibition studies have shown that only Orct3 is sensi-
tivee to all uptake2 antagonists, including O-methylisoprenaline, with nearly identical kinetics 
(15,21).. In mice, the Orctl, 2, and 3 genes have clearly distinct expression profiles. Orctl is 
expressedd in liver, kidney, and intestine, whereas Orct2 expression is restricted to the kidney 
andd brain (22,23). In contrast, Orct3 expression is seen in a wide range of tissues. Highest 
levelss of expression are found in skeletal muscle, in heart, and uterus for which uptake2 activ-
ityy has been described (11,17). Similarly, high expression of the human homologue is found in 
aorta,, prostate, adrenal gland, skeletal muscle, and liver (17). During mouse embryonic devel-
opmentt Orct3 is expressed in the early post-implantation embryo (R. Zwart et ai, submitted). 
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Impairedd uptake2 in Orcti deficient mice 

Att later stages expression is restricted to the labyrinth layer of the placenta, in which Orcti is 
co-expressedd with the monoamine oxidase A (Maoa) metabolizing enzyme (24). Thus, both the 
inin vitro studies and the expression data have provided strong evidence that Orct3 is the mole-
cularr component of the extraneuronal monoamine transport (uptake2) system. 

Too test whether Orcti has a major role in uptake2 activity in any particular organ in 
vivo,vivo, we have generated mice deficient for Orcti by homologous recombination in ES cells. 
Thesee mice are viable, fertile, show no obvious physiological defect, and no significant imbal-
ancee of two tested monoamines, noradrenaline and dopamine. However, using MPP+ as a sub-
stratee we show that Orcti is an essential component for uptake2 function in adult heart and pla-
centaa but not in other adult organs. These data establish the presence of uptake2 in heart, and 
identifyy placenta as a novel uptake2 site of action, where it functions at the feto-placental inter-
face. . 

Result s s 

OrctiOrcti gene targeting 
Too inactivate the Orcti gene, a two-step targeting approach was performed. First, a 

4.33 kb genomic BamHl fragment that contains the complete first exon of the Orcti gene and 
6500 bp of upstream sequences, was replaced with a pGKneo/pGKtk selection cassette flanked 
byy loxP sites (Fig. 1A). Successful homologous recombination was monitored by Southern 
blottingg with a 3' external probe, detecting a 17 kb wildtype (+/+) Bglll fragment and a 9.5 kb 
fragmentt of the recombined allele (+/neo) (Fig. IB). Subsequently, four independently target-
edd clones were transiently transfected with a CRE-recombinase expression vector to remove 
thee pGKneo/pGKtk selection cassette. CRE-mediated recombination resulted in a Orcti 
knockoutt allele (+/-) that could be identified as a 12 kb Bglll fragment (Fig. 1C). Thus, the 
resultingg Orcti knockout allele lacked exon 1 and contained a single loxP site replacing a 4.3 
kbb genomic BamHl fragment (Fig. 1 A). 

Twoo independently targeted and CRE-recombined embryonic stem (ES) cell clones 
weree used for blastocyst injections to generate chimeric mice and both ES clones passed 
throughh the germline. 

TheThe Orcti targeted allele is a complete null 
Itt was anticipated that removal of the first exon and 650 bp of upstream sequences 

wouldd result in the complete absence of Orcti gene expression. To test this, RNA was isolat-
edd from various organs of adult wildtype and Orcti homozygous knockout mice and analyzed 
byy Northern blot (Fig. 2A). wildtype mice show high expression in heart and skeletal muscle. 
Noo Orcti expression was detected in these tissues of homozygous mutant mice. Also in brain, 
whichh shows low levels of expression in wildtype mice, Orcti expression is absent. In pla-
centass of homozygous mutant embryos no Orcti expression was detected at 11.5 days of ges-
tationn (Fig. 2B). At later time points however, expression of an aberrant Orcti transcript was 
observed.. Figure 2B shows expression of this aberrant transcript in 12.5 to 17.5 dpc placentas, 
whichh is approximately 700 bp shorter than the wildtype transcript. RT-PCR with different sets 
off  intron-spanning Orcti oligonucleotide primers confirmed the presence of an Orcti tran-
scriptt in the homozygous mutant placentas, and showed that exons 3 to 11 of the Orcti gene 
weree contained within this mRNA (data not shown, see map in Fig. 3A). A 5' RACE experi-
mentt was performed with Or/i-specific oligonucleotides on homozygous mutant placenta 
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Figuree 1 Disruption of the mouse Orcti gene in embryonic stem (ES) cells. 
AA  Orcti gene targeting strategy. The top line is a schematic overview of the Oreti gene locus. Exon 1 is 
shownn as a gray box. The arrow marks the wildtype Orcti promoter and the direction of transcription. 
Restrictionn enzyme sites for Aspl 18 (A), BamHl (B), Bglll (Bg), and Spel (S) are indicated. In the target-
ingg construct a 4.3 kb BamHl genomic fragment containing exonl was replaced by the selection cassette 
(neo)) flanked by loxP sites (arrowheads). Following homologous recombination the selection cassette was 
removedd by CRE-mediated recombination, leaving a single loxP site in place of the 4.3 kb BamHl frag-
mentt containing exon 1. B and C Genotype analysis of the targeted ES cell clones (B) and the CRE trans-
fectedd ES cells (C). A 800 bp 3' external Aspl 18-Spe 1 fragment was used as a probe on Bglll digested ES 
celll  genomic DNA, detecting a 17 kb wildtype (+/+), a 9.5 kb homologous recombined (+/neo). and a 12.5 
kbb floxed (+/-) allele. 

RNA.. A unique 158 bp sequence was identified that is not present in the wildtype Orcti tran-
script.. This sequence was mapped to intron 2 of the Orcti gene and contains a consensus splice 
donorr sequence by which it splices to exon 3 of the Orcti gene (data not shown). The 158 bp 
sequencee does not re-introduce an ATG translation start codon into the mutant transcript, 
whichh was removed with exon 1. The first in frame ATG is within the fourth transmembrane 
domainn and if it was used, the predicted protein would contain only 8 of the 12 transmembrane 
domainss of the wildtype protein. Transient overexpression of the mutant RNA in transfected 
celll  lines confirmed that the short transcript is incapable of generating a protein product (Fig. 
3).. These results show that the targeting strategy resulted in the complete absence of Orcti 

genee expression in adult mice and in early placentas, whereas at later stages in embryonic 
developmentt an aberrant, non-coding Orcti mRNA is expressed in placenta. 
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Figuree 2 Gene expression analysis in Orcti mutant mice. 
AA Northern blot analysis of Orcti expression in different organs of wildtype and homozygous mutant adult 
mice.. GAPDH was used as a loading control. B Orcti expression in wildtype and homozygous mutant pla-
centass at different stages of development. The 3.5 kb wildtype and 2.8 kb aberrant transcripts are indicat-
ed.. Pail hybridization was used as a loading control. 

OrctiOrcti null mice are viable and show no obvious phenotype 
Micee heterozygous for the two independent Orcti null allele were bred to establish 

twoo independent Orcti knockout mouse lines that behaved similarly in all tests (see Material 
andd Methods). Mice homozygous for the targeted allele appeared in normal Mendelian ratios 
(dataa not shown), indicating that Orcti is dispensable for embryonic development. Orcti null 
micee appear normal in stature and have a normal life span (the oldest mice in the colony are 
noww 15-16 months). Both males and females Orcti null mice are fertile with normal breeding 
behavior.. In addition, female mice show normal maternal nurturing behavior and reared the 
samee sized litters as wildtype mice. Finally, the Orcti null mice show no abnormal behavior 
underr routine housing and handling indicating a degree of tolerance to normal stress. 
Histologicall  examination of Orcti (-/-) placentas, which is the highest Orcti expressing organ 
att any stage, and of heart, which is the highest Orct3 expressing organ in adult mice, similar-
lyy revealed no cellular or structural alterations (data not shown). The heart in Orcti null mice 
wass of a normal size range, color, and appearance. In addition, the weight of the heart in Orcti 
nulll  mice was unchanged compared to wildtype mice (Table 1). 

ImpairedImpaired uptake2 activity in adult Orcti deficient mice 
Too study uptake2 in Orcti deficient mice, we designed a protocol measuring uptake2 

mediatedd accumulation of the neurotoxin MPP" after intravenous injection. MPP+ has been 
describedd as a good uptake2 substrate and is not subject to metabolism in vivo, in contrast to 
thee monoamines (25,26). Monoamines are converted into antagonistic metabolites for uptake2, 
whichh complicates their use as substrates in the analysis of uptake2 activity in vivo (11). To 
measuree a maximal effect in primary uptake, we first determined the temporal curve of MPP+ 

accumulation,, wildtype FVB/N female mice were injected intravenously with 1.0 mg/kg [3H]-
MPP++ and MPP+ concentrations in heart, liver, and plasma were determined 5, 10, 15, and 60 
minutess after injection (Fig. 4). In both heart and liver, an increase in MPP+ concentration was 
seenn up to 15 minutes. At later time points, the MPP+ levels decreased in both organs, follow-
ingg the rapid decline in MPP+ plasma concentrations (Fig. 4). Based on these data, in subse-
quentt studies the primary uptake of MPPf was determined 10 minutes after intravenous injec-
tion. . 

Uptake22 has been particularly well defined in heart, which has high levels of Orcti 
genee expression, whereas liver is one of the few organs that is completely lacking Orcti gene 
expressionn in mice. To analyze the consequences of a loss of Orcti on uptake2 activity MPP+ 
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Figuree 3. The KO-specific 2.8 kb transcript is not translated. 
AA Exon map of the KO-specific RNA 2.8 kb and the wildtype mRNA. The 2.8 kb lacks exon 1 and 2 but 
containss a novel exon (gray box labeled 1') from intron 2 spliced on to exon 3 to 11 (there are 11 exons 
inn wildtype Orcti). The first in frame ATG is within the fourth transmembrane domain and if it was used, 
thee predicted protein would contain only 8 of the 12 transmembrane domains of the wildtype protein. The 
positionn of the 4.3 kb deleted sequences that span the Orct3 promoter are indicated by the dotted line. B 
RNasee protection assay of 293 cells transiently transfected. Four constructs were prepared, Orct3: wild-
typee Orcf3/Slc22a3 cDNA, Orct3myc: wildtype OrctS/S\c22ai cDNA with a myc tag inserted into a 
HindlUHindlU site located 6 codons before the 0rct3 translation stop, Orct3KO: the knockout-specific cDNA, 
Orct3KOmyc:: the knockout-specific cDNA containing a myc tag inserted into a HindlU site located 6 
codonss before the translation stop. All constructs generated abundant RNA following transfection into 293 
cells.. 13.5 dpc wildtype placental RNA served as a control for Orct3/Slc22a3 production, nt; non-trans-
fectedd control cells. C Western blot using antiserum raised to an Orcl3/Slc22a3 peptide as described in 
Materialss and Methods. Only the wildtype cDNA is translated, the wildtype Or/J-myc tagged protein 
cannott be recognized by the Orct3 antiserum, because the myc tag is inserted in the epitope recognized 
byy the antiserum. D Western blot of the same samples using an antimyc antiserum only the wildtype myc 
taggedd protein is recognized. 

Tablee 1: Weights of hearts from wildtype and Orct3 null adult mice aged 12 weeks 

mean: : 

std: : 

p-value: : 

malee heart (g) 

wildtype e 

0.1472 2 
0.1638 8 
0.1364 4 
0.1886 6 
0.1597 7 
0.1512 2 
0.1716 6 

0.1598 8 

0.0172 2 

0.1376 6 

Orcl3Orcl3 KO 

0.1236 6 
0.1174 4 
0.1418 8 
0.1652 2 
0.1510 0 
0.1558 8 
0.1586 6 

0.1448 8 

0.0181 1 

femalee heart (g) 

wildtype e 

0.1316 6 
0.1358 8 
0.1138 8 
0.1115 5 
0.1240 0 
0.1282 2 
0.1502 2 

0.1279 9 

0.0133 3 

0.7971 1 

Orcl3Orcl3 KO 

0.1183 3 
0.1477 7 
0.1454 4 
0.1076 6 
0.1192 2 
0.1195 5 
0.1235 5 

0.1259 9 

0.0149 9 
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Figuree 4. Time curve of MPP* accumulation in heart and liver of wildtype female mice. 
Levelss of MPP+ in heart ) and liver ) (plotted on the primary y-axis in ng/g tissue) are indicated at 
differentt time points after intravenous injection. The MPP+ plasma levels are shown by the dashed line (A) 
andd plotted on the secondary y-axis in ng/ml. 

concentrationss were determined in plasma, heart, liver and other organs of wildtype and Orcti 
mutantt male and female mice (Fig. 5). In wildtype female hearts MPP+ concentrations reached 
24155  331 ng per gram of tissue, whereas the levels in Orcti mutant hearts were only 674
1377 ng/g (Fig. 5A). This reduction is nearly fourfold (72 %) with a p < 0.0001. In males an 
identicall  reduction (72 %; p < 0.0001)) in MPP+ accumulation was measured in heart (Fig. 5B). 
Thee reduced uptake in heart does not reflect differences in plasma concentrations of MPP+, as 
thosee were comparable between wildtype and mutant animals (Fig. 5A and 5B). In liver, no 
differencee was found in MPP+ accumulation between wildtype and Orcti mutant mice. As 
OrctiOrcti is not expressed in liver, this result indicates that other systems in addition to the Orcti 
transporterr mediate MPP+ uptake, and that the activity of these systems are not affected by a 
deletionn of Orcti (Fig. 5A and 5B). A total of 12 additional organs of wildtype and Orcti 
mutantt mice were analyzed for a difference in MPP+ uptake (Fig. 5C and 5D). A similar dis-
tributiontribution of MPP+ was seen in males and females, with some sex specific differences in adre-
nalss and skeletal muscle. Highest accumulation was detected in adrenals and only very low 
MPP++ concentrations were measured in brain, which is due to the inability of MPP+ to cross 
thee blood-brain-barrier (27). Taken together, these data show that in adult mice Orcti defi-
ciencyy results in a specific impairment of uptake2 activity in heart. 

OrctiOrcti transports MPP* at the feto-placental interface 
Wee next addressed the role of Orcti in the placenta. Pregnant females of an Orcti 

heterozygouss cross were injected at 15.5 days post coitum (dpc) with 1.0 mg/kg [3H]- MPP+. 
Thee MPP+ concentrations were determined in embryos, placentas, and amniotic fluid 10 min-
utess after injection (Fig. 6). Highest levels of MPP+ were detected in the placenta, intermedi-
atee levels in the embryo, and lowest levels in the amniotic fluid. In embryos a threefold reduc-
tionn in MPP+ accumulation from 64.7  22.7 ng/g in wildtypes to 20.4  4.4 ng/g in mutants 
waswas detected (p < 0.001). However, no differences in MPP+ accumulation were found in pla-
centaa and amniotic fluid of both groups. Since Orcti is not expressed in embryonic tissue, 
thesee data indicate that Orcti is the rate-limiting step in MPP+ transport from the placenta to 
thee fetus, but does not play a major role in placental uptake from the maternal circulation. 
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Figuree 5 MPPT transport in adult Orcti deficient mice. 
AA and B Concentration of MPP~ in heart and liver (plotted on the primary y-axis in ng/g tissue) of adult 
wildtypee (black bars) and Orct3 mutant (white bars) females (A) and males (B). The plasma levels are also 
shownn and are potted on the secondary y-axis in ng/ml. The asterisk (*) indicates a statistically significant 
difference,, p-values were < 0.0001 in both male and female heart. C and D MPP' distribution in different 
organss of adult wildtype (black bars) and Orct3 mutant (white bars) female (C) and male (D) mice. 
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Figuree 6 Placental MPP+ transport. 
MPP++ distribution in wildtype (black bars) and Orcti mutant (white bars) placenta (plotted on the primary 
y-axis),, embryo, and amniotic fluid (plotted on the secondary y-axis). The asterisk (*) indicates a statisti-
callyy significant difference. The p-value was < 0.001 in embryo. 

Thesee results identify the placenta as a novel uptake2 site of action. 

NoradrenalineNoradrenaline and dopamine levels in Orcti null mice 
12.55 dpc embryos and placenta with a wildtype and Orcti null genotype were 

obtainedd from a heterozygous mating. Noradrenaline and dopamine steady-state levels were 
measuredd by HPLC. Table 2 shows that although both noradrenaline and dopamine levels are 
reducedd by approximately 50% in Orcti null embryos, the results are not statistically signifi-
cantt (p-value: 0.1015). Samples with the same genotype and obtained from the same litter 
showedd a very large variation in noradrenaline and dopamine steady-state levels, for which 
theree is no current explanation. An independent examination of monoamine levels in heart tis-
suee has also found a large variation in animals with the same genotype with no significant dif-
ferencee between wildtype and Orcti null mice (Dr. Bruno Giros, personal communication) 

Discussio n n 

Inn this report we have described the targeted inactivation of the mouse extraneuronal 
monoaminemonoamine transporter gene Orcti that has been shown to function as uptaker Removal of 
exonn 1 abolished transcription in tissues of adult mice, but resulted in an aberrant non-coding 
transcriptt in placenta. We have analyzed uptake2 activity in Orcti null mice using the neuro-
toxinn MPP+ as a substrate, and identified a transport phenotype in adult heart and in embryo-
nicc placenta. Despite the large differences in MPP+ transport in embryos and adult heart, an 
overtt physiological or neural phenotype in Orcti mutant mice that may be associated with 
alteredd extracellular monoamine concentrations was not observed. In addition, no significant 
differencess in the steady-state levels of noradrenaline and dopamine could be detected in either 
embryoo or placenta. 

Targetedd inactivation of the Orcti gene was performed by deletion of a 4.3 kb 
genomicc fragment that contains the Orcti promoter and exon 1. The Orcti promoter consists 
off  two closely linked transcription start sites that were mapped 150 and 170 bp upstream of 

w w 
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Tablee 2: Noradrenaline and dopamine levels in 12.5 dpc embryonic and placental tissue. 
Sevenn embryos and placentas for each genotype were analyzed and a two tailed unpaired Student's t-test 
appliedd to the data. 

Embryoo 12.5 dpc 

mean: : 

std: : 

p-value: : 

Noradrenaline e 

wildtype e 

26.58 8 
34.68 8 
12.78 8 
72.58 8 
177.04 4 
157.85 5 
33.56 6 
157.22 2 

84.04 4 

68.61 1 

(ng/mgg prot.) 

0.1015 5 

Orct3Orct3 KO 

33.95 5 
24.72 2 
20.04 4 
43.62 2 
20.94 4 
79.64 4 
62.67 7 
30.33 3 

39.49 9 

21.45 5 

Dopaminee (ng/mg prot.) 

wildtype e 

1.13 3 
1.79 9 
0.82 2 
4.01 1 
10.81 1 
8.70 0 
1.63 3 
7.00 0 

4.49 9 

3.86 6 

0.1933 3 

Orct3Orct3 KO 

2.00 0 
1.24 4 
0.98 8 
2.18 8 
1.39 9 
4.70 0 
5.34 4 
1.84 4 

2.46 6 

1.64 4 

Placentaa 12.5 dpc 

mean: : 

std: : 

p-value: : 

Noradrenaline e 

wildtype e 

517.37 7 
166.97 7 
101.67 7 
162.72 2 
182.39 9 
227.60 0 
125.52 2 
136.79 9 

202.63 3 

132.79 9 

(pg/mgprot.) ) 

0.7094 4 

Orcl3Orcl3 KO 

149.30 0 
144.15 5 
119.90 0 
80.69 9 
433.78 8 
230.92 2 
172.90 0 
102.06 6 

179.21 1 

112.64 4 

Dopaminee (pg/mg prot.) 

wildtype e 

70.44 4 
35.65 5 
26.03 3 
40.95 5 
43.34 4 
41.50 0 
29.29 9 
40.64 4 

40.98 8 

13.43 3 

0.7341 1 

Orct3Orct3 KO 

35.14 4 
30.04 4 
26.88 8 
28.96 6 
76.34 4 
44.37 44.37 
45.44 4 
20.25 5 

38.30 0 

17.24 4 
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thee beginning of the CpG-island in which exon 1 is embedded and were fully removed by the 
deletionn (data not shown). Orcti expression was completely abolished in all tissues of adult 
homozygouss mutant mice. Later stage placentas from 12.5 dpc to term, however, express an 
aberrant,, non-coding transcript. This transcript is not driven by the wildtype Orcti promoter, 
ass it was fully included in the targeted deletion. These data indicate that deletion of the wild-
typee transcription start sites activated an ectopic promoter sequence to drive expression of the 
aberrantt transcript. Alternatively, deletion of the wildtype promoter may have fortuitously 
joinedd together a DNA sequence that can drive expression of the aberrant transcript. The 
expressionn however, of the aberrant non-coding transcript is tissue-specific and temporally 
restrictedd in development. 

Too study the role of Orcti in uptake., function in vivo, we performed transport stu-
diess using the neurotoxin MPP+ as a substrate. MPP+ has been described in the etiology of 
1,2,3,6-methyl-phenyl-tetrahydropyridinee (MPTP) induced Parkinson's disease (reviewed in 
(1)).. To exert its neurotoxic effect on the central catecholaminergic neurons, MPTP requires 
conversionn to MPP+ by monoamine oxidase B (Maob) in glial cells. Subsequently, MPP+ has 
too leave the glial cells, upon which it is transported into the catecholaminergic neurons by the 
neuronall  dopamine uptake system. Previously, it has been shown by in vitro cell culture that 
MPP++ is able to make use of the extraneuronal monoamine transport system to exit human glial 
cellss (9). In this report, we have shown that Orcti transports MPP+ in vivo in mice, raising the 
possibilityy that Orcti is an important mediator of MPTP neurotoxicity. In addition to its effect 
inn the central nervous system, it has been described that systemic injection of MPP+ or MPTP 
resultss in severe depletion of heart noradrenaline concentrations (28). The cardiac depletion is 
resistantt to desipramine and GBR 12909, suggesting that there is no involvement of the uptake, 
transporterss Net and Dat (29,30). Our transport studies show reduced MPP+ uptake in hearts of 
OrctiOrcti deficient mice, which suggests that Orcti might be involved in the action of 
MPP+/MPTPP mediated depletion of cardiac noradrenaline. 

Uptake22 has been identified in various organs, like heart and uterus. Both organs 
expresss high levels of Orcti. However, our results only identified a major effect of Orcti defi-
ciencyy on MPP+ uptake in adult heart. MPP+ accumulation was reduced by 72% in Orcti 
mutantt hearts in males and females. This reduction is identical, despite the fact that in wild-
typee males nearly two-fold lower levels of MPP+ were measured compared to the females (Fig. 
5AA and 5B). This indicates that the relative contribution of uptake2 in MPP+ transport is not 
differentt between males and females. A second difference in the amount of MPP+ accumula-
tionn was found in hearts of inbred FVB/N females and wildtype females of a mixed genetic 
backgroundd (Fig. 4 and 5A). The difference in MPP+ accumulation might be explained by a 
differentiall  contribution of different genetic backgrounds. However, there is also an age dif-
ferencee between the two cohorts (7 and 12 weeks, respectively), which may be an important 
contributor.. In uterus a nearly two-fold reduction in MPP+ accumulation was observed 
betweenn wildtype and Orcti knockout females, but this was not statistically significant (Fig. 
5C).. In pigs it was demonstrated that uptake, and uptake2 activity in the uterine artery vary 
duringg the estrous cycle (31). Since the mice in our experiments were not synchronized, this 
couldd explain the large variation seen in uterus that may potentially mask an effect of Orcti 
deficiency.. Other Orcti expressing organs showed no difference in MPP+ uptake. This might 
bee caused by a functional redundancy with other transporter genes. Orcti is moderately 
expressedd in kidney for instance, whereas high levels of the closely related organic cation 
transporterr gene Orct2 are found (23). As Orct2 is also capable of MPP+ transport, expression 
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off  this gene could contribute significantly to the total MPP+ accumulation in kidney (20). 
Similarly,, the Orctl gene is highly expressed in liver, which may account for the MPP+ uptake 
measuredd in this tissue (Fig. 4 and 5). 

Thee placental MPP+ transport studies show that Orct3 transports between placenta 
andd fetus, but not to the maternal circulation, and identify placenta as a novel uptake2 site of 
actionn (Fig. 6). It has been reported that during development embryos show a higher 
monoaminee turnover compared with any other physiological condition seen in adults (32). In 
sheepp it has been determined that nearly 50% of the total in utero monoamine clearance was 
mediatedd by the placenta. Only part of the placental activity was assigned to the action of neu-
ronall  monoamine transporters, as was determined by cocaine mediated inhibition, which is a 
neuronall  monoamine transporter antagonist (33). Using RNA in situ hybridization, we have 
recentlyy described the cellular expression pattern of OrctS and the monoamine degrading 
enzymee Maoa in the mouse placenta. Both genes are expressed in a similar pattern in the 
labyrinthh layer (24), indicating that they could form a functional monoamine degradation path-
way.. This interpretation is supported by the transport studies presented here that have identi-
fiedfied an Orct3 mediated uptake., activity at the feto-placental interface. 

Thee MPP+ transport studies show that Orcti is an essential component in vivo for the 
transportt activity of the extraneuronal monoamine clearance system known as uptake. 
Transportt defects in Orct3 deficient mice were observed in embryonic development. However, 
despitee a broad expression pattern in adult animals, an essential function is only seen in one 
adultt organ, the heart. Surprisingly, despite significant differences in MPP+ uptake, the Orcti 
nulll  mice show no overt neural or physiological dysfunction as embryos or adults that may 
indicatee a monoamine imbalance. In addition, we have been unable to identify a significant 
differencee in the levels of two tested monoamines in Orct3 null embryos that show a 65% 
reductionn in MPP+ levels. Thus, the functional significance of the role of the Orct3 gene in 
monoaminee transport remains unclear. These results do not dismiss a function for the Orct3 
genee in extraneuronal monoamine transport, but they indicate the possibility that its role is 
moree sophisticated than predicted. 

Material ss  and Method s 

Orct3Orct3 gene targeting 
Forr constructing the targeting vector, a 17.5 kb BgJW fragment spanning the first 

exonn of the mouse Orct3 gene was isolated from the genomic BAC clone 228C21 (Research 
Genetics,, Inc.; (17)). To generate plasmid pl6£g/II, a 1.4 kb fragment from the 3' end of the 
subclonee was removed using Aspl\%, followed by re-ligation. In pl65g/II a 4.3 kb BamHl 
fragmentt containing exonl, 0.65 kb of upstream, and 2.9 kb of downstream genomic 
sequences,, was replaced by the pGK-neo/pGK-Tk selection cassette flanked by loxP sites (34). 
Thee targeting vector was linearized with Xhol, and 50 ug were used in an electroporation of 
144 dpc (129/Ola) mouse embryonic stem (ES) cells. 192 individual colonies were screened for 
homologouss recombination by hybridization with a 0.8 kb Aspll&Spel 3' external probe of 
BgtllBgtll digested genomic DNA. 6 homologous recombinant clones were identified (i.e. a 3% 
recombinationn frequency). The integrity of the homologous recombination event was verified 
withh a Sa\\-Bglil 5' external probe in a Spel digest (data not shown). The subclonal appearance 
off  the targeted allele is caused by a contamination of the clones with surviving non-targeted 
ESS cells (Fig.IB). Four individually targeted ES cell clones were transiently transfected with 
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aa CRE expression plasmid to remove the neomycin/tk selection cassette. Individual clones 
weree picked and analyzed for CRE-mediated recombination. Upon karyotyping two inde-
pendentlyy derived ES cell clones with the Orct3 (+/-) genotype were used for blastocyst injec-
tionss to generate chimeric mice. Both clones resulted in germ line transmission and yielded 
similarr results. The mutant Orct3 allele was bred into a FVB/N genetic background for analy-
sis. . 

GenomicGenomic Southern blot analysis 
ESS cell genomic DNA was isolated by proteinase K digestion (100 Hg/ml) in 100 

mMM Tris pH8.0/ 5 mM EDTA/ 200 mM NaCl/ 0.2 % SDS. 5 |J.g of DNA was used for diges-
tionn and run on a 0.6 % agarose gel. Upon transfer of the DNA to Hybond-N+ nylon membrane 
(Amersham)) hybridization was performed in Church hybridization conditions (35). 

NorthernNorthern blot analysis 
Totall  RNA of mouse tissues was isolated by the lithium chloride extraction method 

(36).. Analysis of the RNAs by Northern blotting was done as described (17). The Orct3 probe 
wass a 2.7 kb fragment from the 3' end of the Orcti cDNA, mouse Pail and human GAPDH 
cDNAss were used as probes for loading control. 

MPPMPP++  transport studies 
Thee mice used for the time curve were 7 weeks old wildtype FVB/N female mice. 

Fourr mice were injected for the 5 and 10 minutes time points and three mice for the 15 and 60 
minutess time points. For the adult transport experiment, homozygous mutant Orct3 or wild-
typee litter mates of a mixed genetic background (25% 129/OLA, 75% FVB/N) were injected 
att the age of twelve weeks. Seven mice of each genotype were used. Timed matings were per-
formedd for the placental transport studies. Three pregnant mothers were injected at 15.5 dpc 
off  gestation, resulting in a total of eight wildtype and six mutant embryos. [3H]-MPP+ (Methyl-
4-Phenylpyridiniumm acetate, N-[Methyl-3H]-, 77.5 Ci/mMol) was obtained from NEN Lif e 
Sciencee Products, Inc. and was diluted 1:150 with cold MPP+ iodide (Research Biochemicals 
International)) to a final concentration of 0.2 mg/ml in 0.9 % NaCl. After anesthesia with 
Methoxyfluranee (Medical Developments), animals were injected intravenously in the tail vein 
withh 1.0 mg/kg body weight of the drug. The mice were killed at the indicated time points by 
axillaryy bleeding after renewed anesthesia. Plasma and organs were collected, weighed, and 
frozenn til l further processing. Intestinal contents were separated from intestinal tissues. For the 
placentall  transport studies, placentas, embryos, and amniotic fluid as well as maternal blood 
weree collected. Tissues were homogenized in 4% Bovine Serum Albumin (BSA) and concen-
trationss of pHj-MPP^-derived radioactivity were measured by liquid scintillation counting. 

StatisticalStatistical analysis 
Alll  values are given as means  standard deviation (SD). The two-tailed unpaired 

Student'ss t-test was used to assess the significance of differences between data sets. 
Differencess were considered to be statistically significant when p-value < 0.01. 

Orct3Orct3 antiserum 
Threee polyclonal antibodies were raised in rabbits (a) against a c-terminal peptide at 

aminoo acid 524-542, synthesized onto a lysine tree, (b) against a fusion protein of the large 
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extracellularr loop between TM1 and TM2 fused to MBP, (c) a similar fusion protein, which 
containedd the large intracellular loop between TM6 and 7. These regions are the least con-
servedd between the Orctl, Orctl, and Orct3 family members. Only the first antigen gave an 
antiserumm which recognized the Orct3 protein in lysates from cells transfected with the wild-
typee Orct3 gene in a Western blot assay. However, this antiserum was unable to detect Orct3 
inn placental or adult organ lysates. The Orct3 gene is heavily glycosylated in vivo, and Western 
blotss only produce bands if transfected cells are treated with tunicamycin (5ug/ml). 

HPLCHPLC analysis of noradrenaline and dopamine 
12.55 dpc embryos and placentas with a wildtype and Orct3 null genotype were 

obtainedd from heterozygous matings. The samples were prepared as described (37). 
Noradrenalinee and dopamine concentration were measured by HPLC (Gynkotec, Separations) 
withh electrochemical detection (Antec, Leyden) using 3,4-dihydroxybenzylamine as an inter-
nall  standard. Protein concentrations were determined as described (37) and noradrenaline and 
dopaminee concentrations were expressed as ng per mg of protein or as pg per mg of protein, 
dependingg on the tissue. 
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